L-Proline-mediated mechanisms driving
neural differentiation from mouse
embryonic stem cells

Sally Vuong
430110650

Supervisor: Dr. Michael B. Morris

This thesis is submitted in fulfilment of the requirements for the

degree of
Doctor of Philosophy

School of Medical Sciences
Faculty of Medicine and Health
University of Sydney, Australia

2024



Declaration of Authorship

This is to certify that to the best of my knowledge, the content of this thesis is my own work.
This thesis has not been submitted for any degree or other purposes.

1 certify that the intellectual content of this thesis is the product of my own work and that all the
assistance received in preparing this thesis and sources have been acknowledged.

Signature

Name

Sally Vuong



Abstract

i



Development of the nervous system in the mammalian embryo requires inner cell mass cells in
the blastocyst to transition to a second pluripotent population, primitive ectoderm, then the
multipotent germ layer, definitive ectoderm, and then the initial precursor of the nervous
system, neurectoderm, before differentiating into mature neural cells. The steps that produce
these cell types depend on complex molecular mechanisms that are tightly controlled in terms
of activity, timing and location. Early neural development in mammals, however, remains

poorly understood in part due to the relatively inaccessible environment of the embryo.

Amino acids and metabolic processes are now recognised as part of the complex system
of mechanisms required to drive cell fate. In particular, L-Proline acts as a growth factor driving
progression along the pluripotency spectrum and neural lineage commitment by (i) activating

signalling pathways such as mTOR and MAPK/ERK and (ii) through its metabolism.

This thesis investigates various mechanisms driving pluripotent cells to commit to the
neural lineage using mouse ESCs as an in vitro model of mammalian development. Emphasis
is placed on the amino acid L-Proline, its metabolism, and the effect it has on the transcription
of various genes and transcriptional circuits. While many studies have looked at neural-cell
production following the formation of neurectoderm, few have focused, as we do here, on
events prior to this: The formation of pluripotent primitive ectoderm, the multipotent germ layer

definitive ectoderm and the first tangible evidence of the nervous system, neurectoderm.

In addition, we also look at the expression of genes associated with motor neurone disease
(MND). According to the Developmental Origin of Health and Disease Hypothesis,
compromised expression of such genes during early development in utero may combine with

environmental factors which result in the onset of this neurodegenerative disease later in life.

We used bioinformatics to analyse previously collected RNA sequencing (RNAseq) data
sets representing 4 increasingly ‘primed’ cell types across the pluripotency spectrum: Ground-
state ESCs, naive ESCs, early primitive ectoderm-like cells (EPLCs; produced from naive ESCs
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by the addition of L-Proline) and EpiSCs, which are fully primed and ready to lose pluripotency
and form the three multipotent germ layers. Our approach consisted of examining changes in
gene expression in the 4 pluripotent cell types and transforming the data sets using
Transcriptional Regulatory Inference Analysis from Gene Expression (TRIAGE), which

provides candidate genes that are responsible for driving cell fate.

Our results show that many of these candidates are transcription factors, and that some of
these are part of gene circuits associated with (i) pluripotency (e.g., 7hx3 and Esrrb, which are
part of the extended pluripotency network), (ii) lineage commitment (e.g., members of PcG
complex of genes, which promote epigenetic changes), and (iii) L-Proline-mediated effects on
transcription (e.g., Dnmt3b and Fgf5). In addition, some candidates are genes whose products
control the cell cycle, are intermediates in cell signalling, or are enzymes in selected metabolic
pathways. Changes in cell cycle, cell signalling, and metabolism are all important mechanistic
contributors to cells moving across the pluripotency spectrum, including the L-Proline-
mediated ES-to-EPLC transition. Further TRIAGE analysis using TRIAGE-ParseR defines
gene and protein-protein interactions, which help define the biological relevance of circuitry
that drives progression along the pluripotency spectrum. These circuits indicate candidates of
genes/proteins which act as master regulators of cell fate. They also indicate that EPLCs are
likely more fated to become neural cells via the germ layer neurectoderm, while EpiSCs are

more like to lose pluripotency and become the other two germ layers: Mesoderm and endoderm.

In addition, results from RNAseq analysis are consistent with results from Seahorse
extracellular flux assays, which show reduced reliance on aerobic metabolism as cells transition
across the pluripotency spectrum. However, Seahorse assay results show that the addition of L-
Proline naive ESCs per se doesn’t affect either aerobic or anaerobic metabolism, at least not

over the 1-2 h time period of these experiments.
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We also examined the differentiation of ESCs to neural cell types using a modified
protocol that employs the conditioned medium, MEDII (which contains L-Proline as the
bioactive component), and L-Proline in place of MEDII. Gene expression and TRIAGE analysis
of previously collected microarray data of the MEDII-mediated differentiation to neural cell

types show that some genes are key mediators of neural fate (e.g., Neurogeninl).

Finally, we show that many MND-associated genes and proteins are expressed very early
in development, including prior to the first signs of the development of the nervous system.
These results provide a baseline for further examination of the timing, location and role of these

genes, including in mutated form, in contributing to the onset of MND in later life.
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Chapter 1: Literature Review



1.1. Introduction:

Development of the early nervous system from inner cell mass (ICM) cells requires their
lineage-directed differentiation to multiple cell types (Glover, 2018; Shparberg, 2018). In the
mouse, cell migration occurs in the ICM after blastocyst implantation into the uterine wall 4.5
days post coitus (dpc) to produce 2 distinct cell lineages: Gata6'/SoxI17" cells and
Nanog'/Rex1” cells. Gata6'/Sox17" cells move to the blastocoel surface to become the
hypoblast (or primitive endoderm) (Artus et al., 2011). These cells lay down a collagen-rich
extracellular matrix (ECM) that separates the ICM from the hypoblast (Chazaud et al., 2006;
Arnold and Robertson, 2009). Nanog'/RexI® cells remain as pluripotent epiblast cells,
contributing to the development of all cells of the embryo proper and extraembryonic tissue
(excluding the placenta) (Nichols and Smith, 2009; Krupinski et al., 2011). In keeping with
their pluripotency, epiblast cells maintain expression of Oct4 and alkaline phosphatase activity
(Chazaud et al., 2006; Nichols and Smith, 2009, 2012). By 5.5-6.5 dpc, the remaining epiblast
cells reduce doubling time from ~12 h to ~4 h (Snow, 1977) as they form the second pluripotent
cell population called primitive ectoderm which prepares the embryo for gastrulation (Tam and
Behringer, 1997; Pelton et al., 2002). Pluripotency markers Oct4 expression and alkaline
phosphatase activity are maintained in primitive ectoderm while the expression of ICM markers
such as Nanog and Rex! are downregulated and expression of primitive ectoderm markers Fgf5

and Dnmt3b are upregulated (Pelton et al., 2002; Nichols and Smith, 2009).

Primitive ectoderm undergoes gastrulation to form the 3 multipotent germ layers of the
embryo proper: Definitive ectoderm, definitive endoderm and definitive mesoderm by 7.5 dpc.
Gastrulation begins at ~6.5 dpc with the formation of the primitive streak which reaches its
final length by 7.5 dpc (Tam and Behringer, 1997; Loebel et al., 2003; Arnold and Robertson,
2009). Location-specific and highly regulated secretion of Nodal, Wnt3 and bone

morphogenetic protein (BMP)4 is responsible for primitive streak elongation (Tam et al., 2006;



Arnold and Robertson, 2009; Deepak and Sudipto, 2013; Shparberg et al., 2019b). Wnt3
signalling and downregulation of E-cadherin expression results in some primitive ectoderm
cells undergoing an epithelial-to-mesenchymal transition (EMT), resulting in their migration
through the primitive streak to form mesendoderm, and eventually the definitive mesoderm and
definitive endoderm (Tam and Behringer, 1997; Loebel et al., 2003; Arnold and Robertson,
2009). Primitive ectoderm cells that do not pass through primitive streak develop into definitive
ectoderm (Tam and Behringer, 1997; Lu et al., 2001; Tam et al., 2006; Tam and Loebel, 2007;
Li et al., 2013). Inhibition of Nodal, Wnt3 or BMP4 signalling (for instance, by culturing ex
vivo 6.5 dpc embryos in the presence of Nodal inhibitor, SB431542) results in a failure to
produce mesendoderm. Instead, the resulting primitive ectoderm differentiates into the
definitive ectoderm derivatives: surface ectoderm and neurectoderm (Inman et al., 2002; Li et

al., 2013).

Commitment to surface ectoderm or neurectoderm from definitive ectoderm depends, in
part, on the presence or absence of BMP4-mediated SMAD1/5/8 signalling, respectively (Di-
Gregorio et al., 2007). Penkl and Pard6b are two potential definitive ectoderm markers based
on an in vitro neural differentiation protocol derived from mouse embryonic stem cells (ESCs)
(Harvey et al., 2010). These markers have yet to be confirmed in the 6.5-7.0 dpc embryo.
Besides Penkl and Pard6b, there is a lack of definitive ectoderm markers, unlike mesendoderm
lineages for which several markers have been confirmed in vivo and in vitro; e.g. Mixl1, T, FlklI
and Sox17 (Arnold and Robertson, 2009; Ishitobi et al., 2011). The lack of markers makes it
more difficult to derive the molecular mechanisms driving definitive ectoderm formation
(Loebel et al., 2003; Tam et al., 2006, Arnold and Robertson, 2009; Harvey et al., 2010; Li et

al., 2013).

At 7.0-7.5 dpc, a transient population of ciliated Hnf-38" cells is produced at the distal tip

of the embryo, called the node. Primitive ectoderm cells that migrate through the node towards



the anterior side of the embryo produce the prechordal plate and notochord, which are required
for generating the neural plate and patterning of the neural tube (Ang and Rossant, 1994; Chiang
et al., 1996; Ding et al., 1998). The node secretes BMP4 antagonists including chordin, noggin
and follistatin at 7.0 dpc (Bachiller et al., 2000; Brazil et al., 2015). The portion of the definitive
ectoderm closest to the node (where BMP signalling is low) differentiates into neurectoderm,
which forms the neural plate and subsequent central nervous system (CNS). Neurectoderm
(neural plate) transiently expresses Sox/ followed closely by Pax6 in mice (Rathjen et al., 2002;
Suter et al., 2009). The neural plate thickens via proliferation, then begins to elevate and fold,
converging to the midline at 8.5 dpc (Ybot-Gonzalez et al., 2002). Lateral neural plate cells
come into contact with overlying surface ectoderm. The resulting neural tube is now exposed
to a dorsal-ventral gradient of morphogensfrom the prechordal plate and notochord (McMahon
et al., 1998; Placzek and Briscoe, 2005). Sonic hedgehog (Shh) is secreted from the floor plate
(ventral side) of the neural tube (Chiang et al., 1996; Ding et al., 1998; Briscoe and Ericson,
1999; Jeong and Epstein, 2003) and a range of BMPs, including BMP4/7, are secreted from the
roof plate (dorsal side) of the neural tube and overlying surface ectoderm (Liem et al., 1997,
Lee et al., 2000; Wine-Lee et al., 2004). These morphogen gradients help establish the dorsal-
ventral patterning of the CNS. Cells closest to Shh activity (ventral side) develop into V3
neurons. Cells with ‘moderate’ Shh activity develop into motor neurons. As Shh activity
decreases, BMP activity from the roof plate increases, where cells develop into V2, V1 then VO

interneurons, and D2 then D1 interneurons (Shparberg et al., 2019b).

In vitro models of early development (including ESCs) and neurogenesis (neural stem
cells) have been used to focus on cell signalling mechanisms that are coordinated to regulate
the transition through multiple cell types (Bratt-Leal et al., 2009; Martynoga et al., 2012; Shin
et al., 2015; Telley et al., 2016). Metabolism, including those of amino acids, are now known
to play their part in driving development and cell fate, with L-Proline acting as a growth factor

driving neural lineage commitment from pluripotent stem cells (Rathjen et al, 2002;
4



Washington et al., 2010; D’Aniello et al., 2015; Shparberg, 2018). The first section of the
literature review will focus on signalling pathways contributing to neural differentiation from
mouse ESCs. The second section will focus on emerging evidence of amino acids and
metabolism driving cell fate, and metabolism involvement in neural differentiation. The third
section will focus on transcriptional mechanisms contributing their part to drive cell fate and
how we can discover novel mechanisms that include, but are not limited to, metabolic pathways.
The fourth section will apply the in vitro model of early establishment of neural lineage
commitment to a potential mechanism of the onset of motor neurone disease (MND), a family

of related neurodegenerative diseases, later in life.

1.2.  Signalling pathways influencing neural cell fate from pluripotent
stem cells

1.2.1. LIF and BMP4 signalling are required for mouse ESC self-renewal and

maintenance in the naive pluripotency state
Studying mechanisms driving ICM-to-neural development is difficult in vivo because the
embryo develops very quickly, involves a small number of cells, and is hidden away in the
uterus (Jones et al., 2002; Anderson and Stern, 2016). ICM cells in pre-implanted mouse
blastocysts can be extracted and grown in tissue culture to produce mouse ESC lines (Figure
1.1) (Evans and Kaufman, 1981; Martin, 1981; Doetschman et al., 1985). Mouse ESCs express
the same pluripotency markers (e.g., Oct4 and alkaline phosphatase activity) and ICM markers
(e.g., Rexl, Nanog and Gbx?2) as the cells from which they were derived (Figure 1.1) (Rathjen
et al., 1999; Casalino et al., 2011). Mouse ESCs are defined by their ability to (i) self-renew,
(i1) maintain a normal karyotype, and (iii) display pluripotency as shown, for example,by their
ability to produce germ-line chimeras (Evans and Kaufman, 1981; Bryja et al., 2006). Leukemia
inhibitory factor (LIF) is one factor responsible for maintaining pluripotency and self-renewal

in mouse ESCs (Figure 1.1). LIF binds to the LIF receptor-glycoprotein 130 (LIFR-gp130)
5



complex to then activate 3 main intracellular pathways: (i) Janus kinase (JAK)/signal transducer
and activator of transcription 3 (STAT3), (ii) phosphoinositide 3-kinase (PI3K)/Akt and (iii)
mitogen-activated protein kinase (MAPK)/ERK (Figure 1.2) (Hirai et al., 2011). JAK/STAT3
and PI3K/Akt pathways promote self-renewal and proliferation (Burdon et al., 2002; Ying et
al., 2003; Cartwright et al., 2005; Graf et al., 2011), while the MAPK/ERK pathway promotes
differentiation (Figure 1.2) (Burdon et al., 2002; Nichols and Smith, 2009; Casanova et al.,
2011; Grafet al., 2011). In self-renewing mouse ESCs, the balance of LIF-mediated signalling
pathway activities lie in favour of self-renewal but the cells are primed for differentiation. This

state is considered to be the naive state of pluripotency (Nichols and Smith, 2009).
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Figure 1.1 The dynamic pluripotency spectrum recapitulates early embryo development.
Naive-state mouse embryonic stem cells (mESCs) can be derived from pre-implanted
blastocysts at 3.5-4.5 dpc. They express naive genes, such as Rex/ and K/f4 while maintaining
expression of core pluripotency genes Oct4, Nanog and Sox2. Naive mESCs can self-renew and
be maintained in LIF + serum or serum-derived BMP4 in vitro. Naive-state mESCs grow as a
mix of round, domed shaped colonies and colonies with irregular borders. The naive state can
be driven back to the ground state, which is derived from naive mESCs cultured in LIF and the
presence of MEK inhibitor PD0325901 and glycogen synthase kinase 3 inhibitor CHIR99021
(21). Ground-state mESCs represent in vivo ICM in the 4.0 dpc mouse embryo, can self-renew
and be maintained in vitro using LIF + 2i. The 2i system allows these ground-state mESCs to
resist pro-differentiation signals like Fgf4 and remain in a transcriptionally repressed state. Like
naive mESCs, ground-state mESCs demonstrate naive genes while maintaining core
pluripotency gene. However, ground-state mESCs have high expression of extended
pluripotency network genes such as Ste/la and ICM markers like Pecam . Ground-state mESCs
grow uniformly as round, domed shaped colonies. Addition of MEDII or L-Proline to the LIF +
BMP4/serum system (LIF + MEDII/L-Pro) produces early primitive ectoderm-like cells
(EPLCs). EPLCs represent an intermediate/formative stage between naive and primed states.
EPLCs grow as flat colonies with irregular borders and can be maintained in vitro in LIF +
MEDII/L-Pro. However, it is unknown if they can self-renew. The primed state is represented
by mouse epiblast stem cells (EpiSCs). They are derived from the egg cylinder in the 5.5-7.5
dpc post-implantation mouse embryo. EpiSCs have high expression of primed genes while
maintaining core pluripotency genes. EpiSCs grow as flat, compact colonies, self-renew and be
maintained in vitro on feeder layers such as mouse embryonic fibroblasts (MEFs) in the presence
of Knockout Serum Replacement (KOSR), activin A and Fgf2. Figure derived from Glover
2019.
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Figure 1.2 Cell signalling pathways contributing to the switch between self-renewal
and differentiation in mouse embryonic stem cells (ESCs). A. Leukemia inhibitory factor
(LIF) binds to LIF beta receptor (LIFRP) and glycoprotein-130 (gp130), forming a
heterodimeric complex. Janus kinase (JAK) gets recruited to the heterodimer and becomes
phosphorylated. This results in the heterodimer becoming a docking site to recruit signal
transducer and activator of transcription 3 (STAT3). Recruited STAT3 is phosphorylated at
Tyr’% | homodimerizes, then translocates to the nucleus to induce transcription of self-
renewal genes. The LIF-gp130-LIFR complex also activates the phosphoinositide 3-kinase
(PI3K) pathway, resulting in conversion of PIP; to PIP3 and downstream phosphorylation
of AKT. This results in cell-cycle progression and proliferation, contributing to self-
renewal. The LIF-gp130-LIFRP complex also contributes to differentiation by recruiting
the tyrosine phosphatase SHP2, growth factor receptor bound protein 2 (Grb2) and son of
sevenless guanine nucleotide exchange factor (SOS), which activates the mitogen-activated
protein kinase (MAPK)/ERK pathway. B. LIF-induced self-renewal is complemented by
bone morphogenetic protein 4 (BMP4) binding to BMP receptor (BMPR), resulting in
phosphorylation of SMADI1/5/8. Phosphorylated SMADI1/5/8 heterodimerises with
SMAD4, which translocates into the nucleus to upregulate expression of inhibitor of
differentiation (/d) genes. Id gene products prevent differentiation and induce self-renewal.
SMAD signalling also results in upregulation of expression of the phosphatase, DUSP9.
DUSP9 inhibits phosphorylation of ERK, thereby preventing differentiation. C. LIF-
induced activation of the MAPK/ERK differentiation pathway is complemented by the
actions of L-Proline. L-Proline enters mESCs via the sodium-coupled neutral amino acid
transporter 2 (SNAT2) to activate MAPK/ERK and mammalian target of rapamycin
(mTOR) signalling, indicated by phosphorylated downstream proteins, eukaryotic initiation
factor 4E-binding protein 1 (4EBP1) and ribosomal protein S6 kinase (S6K). MAPK/ERK
and mTOR signalling induces differentiation of mouse ESCs to early primitive ectoderm-
like cells. Figure adapted from: (Burdon et al. 2002, Ying et al. 2003, Cartwright et al. 2005,
Graf et al. 2011, Casanova et al. 2011, Hirai ef al. 2011, Washington et al. 2010, Shparberg
et al. 2019b).



BMP4, either added exogenously or present in serum, is also required to maintain self-
renewal in naive-state mouse ESCs (Figure 1.1). BMP4 stimulates SMAD1/5/8 signalling,
promoting expression of inhibitor of differentiation genes to supress lineage commitment
(Figure 1.2) (Ying et al., 2003; Qi et al., 2004). BMP4 signalling also attenuates MAPK/ERK
activity by upregulating expression of dual-specificity phosphatase 9 (DUSP9) (Figure 1.2) (Qi
et al., 2004; Hirai et al., 2011). DUSP9 dephosphorylates ERK in mouse ESCs, supressing
differentiation-mediated signalling via this pathway (Figure 1.2) (Qi et al., 2004; Li et al.,

2012).

1.2.2. Ground-state mouse ESCs are more resistant to pro-differentiation signals than
naive state mouse ESCs
The pluripotency continuum is a dynamic, reversible set of states ranging from the ground state
to naive state to a primed pluripotency state seen in primitive ectoderm and cell lines of epiblast
stem cells (EpiSCs) (Figure 1.1) (Hackett et al., 2013). Ground-state mouse ESCs represent
cells of the ICM at an earlier stage of blastocyst development (4.0 dpc) and are considered the
“blank state” or “zero state” of pluripotency (Figure 1.1) (Wray et al., 2010; Hackett and Surani,
2014; Glover et al., 2022). Ground-state mouse ESCs can be maintained in LIF + 2i medium,
where 2i represents the MAPK inhibitor PD0325091, and the glycogen synthase kinase (GSK)-
3P inhibitor CHIR99021 (Figure 1.1) (Ying et al., 2008; Wray et al., 2011; Marks et al., 2012;
Tosolini and Jouneau, 2015). GSK-3f inhibition makes the cells resistant to pro-differentiation
signals like Fgf4 (Kunath et al., 2007; Ying et al., 2008; Nichols and Smith, 2009; Chen, C. W.
etal.,2010). The colonies are uniformly round and dome shaped (Figure 1.1) (Ying et al., 2008;
Hackett et al., 2013; Glover, 2018; Glover et al., 2022). This contrasts with mouse ESCs in LIF
+ BMP4/serum medium, which are further along the pluripotency system and where colony
morphology is a mix of round and dome shaped together with colonies with somewhat irregular
borders (Figure 1.1) (Wray et al., 2010; Tosolini and Jouneau, 2015). Ground-state mouse ESCs

demonstrate high expression of genes in the extended pluripotency network such as Stella and
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ICM markers like Pecaml in combination with expression of the 3 core pluripotency genes,
Oct4, Nanog and Sox2 (Figure 1.1) (Hayashi et al., 2008; Zhou et al., 2010). Ground-state
mouse ESCs express Stella homogenously, while naive-state mouse ESCs also express Stella

but is distributed heterogeneously (Galonska et al., 2015).

1.2.3. Mouse EpiSCs are more responsive to pro-differentiation signals than naive
mouse ESCs and preferentially favour mesendoderm lineage commitment
Mouse EpiSC lines are derived from mouse post-implantation embryos at 5.5-7.5 dpc and can
generate chimeras when grafted into post-implantation embryos but not pre-implantation
embryos (Figure 1.1) (Brons et al., 2007; Bernemann et al., 2011). They also generally don’t
integrate when injected into embryos after gastrulation when pluripotency is lost, although this
depends on the cell line (Bernemann et al., 2011; Huang et al., 2012; Kojima et al., 2014). They
show strong resemblance to cells of the anterior primitive streak of the embryo, indicated by
their transcriptional signatures derived from transcriptome analysis such as RNA sequencing
(RNAseq) and microarray (Section 1.4.3) (Kojima et al., 2014; Peng et al., 2016). Mouse
EpiSCs are also similar to human ESCs: They do not rely on LIF but rely on activin A-mediated
Smad transcriptional activity and Fgf2-mediated MAPK/ERK signalling for self-renewal
(Figure 1.1 and 1.3) (Brons et al., 2007; Tesar et al., 2007; Vallier, Touboul, et al., 2009; Kim
et al., 2013; Kojima et al., 2014; Osteil et al., 2016). EpiSCs maintain expression of the core
pluripotency gene network consisting of Oct4, Nanog, and Sox2 but also begin to express higher
levels of genes associated with lineage specification and differentiation (Figure 1.1) (Brons et
al.,2007; Tesar et al., 2007; Bernemann et al., 2011; Kojima et al., 2014). For this reason, these
cells are said to be ‘primed’ and are ready to rapidly exit pluripotency if exposed to the right
exogenous signals which initiate differentiation (Vallier, Touboul, et al., 2009; Osteil et al.,
2016). EpiSCs can be maintained in culture with Fgf2, activin A and Knockout Serum

Replacement (KOSR) and generally require mouse embryonic fibroblasts (MEFs) as a feeder
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layer to maintain their primed pluripotent state (Figure 1.1) (Greber et al., 2007; Tesar et al.,

2007; Kim et al., 2013; Liu et al., 2019).

In contrast with MAPK/ERK signalling in mouse ESCs (Figure 1.2), MAPK/ERK
signalling in mouse EpiSCs and human ESCs, mediated by Fgf2, maintains self-renewal by
supressing differentiation (Figure 1.3A): Fgf receptor or MAPK/ERK inhibitors in self-renewal
medium causes mouse EpiSCs and human ESCs to differentiate to the neural lineage (Greber
et al., 2010). Fgf signalling also indirectly promotes self-renewal using feeder layers: Fgf2
stimulates MEFs to produce TGF-f ligands that bind to TGF-J3 receptors, which activates Smad
signalling to facilitate self-renewal (Figure 1.3A and 1.3B) (Greber et al., 2007). In mouse
EpiSCs, Fgf2-mediated MAPK/ERK signalling also maintains self-renewal by suppressing
KIf2 expression, a marker of naive pluripotency, to prevent conversion back to the naive state,
and prevents neurectoderm differentiation by repressing Pax6 expression (Greber ef al., 2007,

2010).
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Figure 1.3. Cell signalling pathways contributing to the switch between self-renewal
and differentiation in mouse epiblast stem cells and human embryonic stem cells. A)
Fibroblast growth factors, such as fibroblast growth factor 2 (FGF2) binds to FGF receptors
(FGFR), and this recruits scaffolding proteins SHP2, growth factor receptor bound protein
2 (Grb2) and FGF receptor substrate 2 (FRS2), which activates son of sevenless guanine
nucleotide exchange factor (SOS). As a result, SOS activates the mitogen-activated protein
kinase (MAPK)/ERK pathway, promoting self-renewal and supressing differentiation.
FGF2 also stimulates feeder layers like mouse embryonic fibroblasts to produce TGF-3
ligands to bind to TGF-p receptors (TGF-BR). B) Activin A or Nodal also binds to TGF-BR
and activin receptor-like kinase (ALK)4/5/7 receptors. This forms a heterodimeric complex
which results in transphosphorylation of SMAD2/3. SMAD4 dimerises with SMAD2/3,
which translocates into the nucleus and binds to Smad-binding elements on DNA to express
pluripotency genes such as Nanog to promote self-renewal and repress differentiation. C)
Bone morphogenetic protein 4 (BMP4) binds to BMP receptor (BMPR), resulting in
phosphorylation of SMADI1/5/8. Phosphorylated SMAD1/5/8 heterodimerises with
SMAD4, which translocates into the nucleus to promote transcription of differentiation
genes. Adapted from Glover, 2019.
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Activin A contributes to self-renewal and pluripotency in mouse EpiSCs and human ESCs
via Nodal/TGF-B/Smad signalling and also prevents neural differentiation in EpiSCs (Figure
1.3B) (Camus et al., 2006; Brons et al., 2007; Tesar et al., 2007; Smith et al., 2008; Vallier,
Mendjan, et al., 2009; Greber et al., 2010). Activin A binds to TGF- and activin receptor-like
kinase (ALK)4/5/7 receptors, which results in transphosphorylation of Smad2/3 (Figure 1.3B).
Smad?2/3 then dimerises with Smad4 (Figure 1.3B) and the resulting complex translocates into
the nucleus to bind Smad-binding elements on DNA, which regulate gene expression (Vallier,
Mendjan, et al., 2009; Pauklin and Vallier, 2015). In EpiSCs, this includes induction of Nanog
expression (Greber et al., 2008; Vallier, Mendjan, et al., 2009; Pauklin and Vallier, 2015). In
turn, Nanog inhibits Fgf-mediated signalling, limiting neurectoderm differentiation from
EpiSCs (Vallier, Mendjan, et al., 2009). Nanog also interacts directly with Smad2/3 proteins
that usually promote mesendoderm differentiation (Pauklin and Vallier, 2013; Dalton, 2015).
The end result is a negative feedback system that cancels out both neurectoderm and

mesendoderm differentiation, and promotes maintenance of pluripotency.

In contrast to naive state mouse ESCs, where BMP4 activation promotes self-renewal and
pluripotency (Figure 1.1 and 1.2), in mouse EpiSCs and human ESCs, BMP4 promotes
differentiation (Figure 1.3C). Thus, KOSR is used in mouse EpiSC and human ESC culture
since it lacks the BMP4 found in serum (Figure 1.1) (Xu et al., 2005; Greber et al., 2007; Osteil
etal.,2016; Liuetal.,2019). EpiSCs can also be derived from naive mouse ESCs by producing
chimeras. Naive mouse ESCs are incorporated into the blastocyst, then implanted into pseudo-
pregnant mice. After blastocysts are implanted, they develop further, then isolated and
maintained as an EpiSC line on an MEF feeder layer with the conventional Fgf2, activin A and
KOSR culture medium. This allows production of EpiSCs which have the same genetic
background, including any genetic modification, as the naive mouse ESC line from which they

were derived (Osteil et al., 2016).
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Wnt/B-catenin signalling facilitates both self-renewal and differentiation in mouse
EpiSCs and human ESCs (Kim et al., 2013). Its dual role in self-renewal and differentiation
relies on the location of stabilised -catenin: Retention of stabilised -catenin in the cytoplasm
maintains self-renewal, while translocation of B-catenin into the nucleus and subsequent
interaction with T-cell factors regulate gene expression for differentiation (Kim et al., 2013).
In the presence of Fgf2, activin A and KOSR, Wnt/B-catenin signalling lies in favour towards

self-renewal.

EpiSCs have the potential to commit to any of the three germ layers (Brons et al., 2007).
However, this is cell line-dependent and most of the available cell lines appear primed for
mesendoderm commitment (Bernemann ef al., 2011). This is also seen in their gene expression
profiles, where they express definitive mesoderm markers such as Brachyury/T and MixlI and
definitive endoderm markers such as Gata6 and Sox17 (Brons et al., 2007; Tesar et al., 2007,

Bernemann et al., 2011; Kojima et al., 2014).

1.2.4. L-Proline-mediated activation of mammalian target of rapamycin is required but
not sufficient for differentiation of mouse ESCs
An intermediate/formative stage of pluripotency between naive and primed can be produced
from naive mouse ESCs with MEDII (conditioned medium derived from the human
hepatocarcinoma cell line, HepG2) to homogeneously differentiate them to early primitive
ectoderm-like cells (EPLCs) (Figure 1.1) (Rathjen et al., 1999; Rodda et al., 2002). EPLCs are
analogous to primitive ectoderm, in that they have upregulated expression of primitive
ectoderm cell markers Figf5 and Dnmt3b and downregulate ICM cell markers Rex/, Gbx2 and
Nanog while maintaining pluripotency markers such as Oct4 and alkaline phosphatase activity
(Figure 1.1) (Rathjen et al., 1999; Pelton et al., 2002). Therefore, culturing mouse ESCs with

MEDII to produce EPLCs recapitulates in vivo primitive ectoderm formation from ICM.
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L-Proline is one of the main active components in MEDII driving mouse ESC-to-EPLC
transition (Washington et al., 2010). Culturing mouse ESCs with >0.1 mM L-Proline produces
EPLCs in the same manner as MEDII, as indicated by faster proliferation rates and gene
expression changes associated with the transition (Rathjen et al., 1999; Washington et al., 2010;
Casalino et al., 2011). Upon addition of MEDII or L-Proline, signalling activity occurs that
promotes differentiation over self-renewal. In part, this is due to a combination of L-Proline-
induced activation of MAPK/ERK and mammalian target of rapamycin (mTOR) pathways
(Figure 1.2). Activation of mTOR is necessary for L-Proline-mediated mouse ESC
differentiation. However, mTOR signalling is not sufficient as other amino acids that activate
mTOR, such as Glycine and L-Leucine, fail to induce gene expression changes associated with
EPLC formation (Washington et al., 2010; Tan et al., 2011). Inhibiting MAPK/ERK using
U0126 prevents gene expression changes associated with L-Proline-mediated EPLC formation
(Lonic, 2007; Washington et al., 2010; Tan et al., 2011). Therefore, mTOR must work together
with MAPK/ERK signalling to produce EPLCs from mouse ESCs (Burdon et al., 2002;

Gangloff et al., 2004; Lonic, 2007; Niwa et al., 2009; Washington et al., 2010).

1.2.5. L-Proline-mediated activation of mTOR and MAPK/ERK pathway activities are
required for neural differentiation
Culturing mouse ESCs with MEDII or L-Proline also promotes neural differentiation from
mouse ESCs via embryologically relevant intermediate stages including Fgf3" primitive
ectoderm, Penkl"/Pard6” definitive ectoderm and Sox!" neurectoderm (Rathjen et al., 2002;
Rodda et al., 2002; Harvey et al., 2010; Shparberg et al., 2019a). In fact, EPLCs appear to be
primed for neural differentiation, as indicated by upregulation of genes associated with
neurogenesis (Glover, 2018), as opposed to EpiSCs which appear to be more primed for
mesendoderm lineage commitment (Brons et al., 2007; Tesar et al., 2007; Bernemann et al.,

2011; Kojima et al., 2014; Glover, 2018). Furthermore, L-Proline-mediated mTOR and
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MAPK/ERK pathway activities not only are required for mouse ESC differentiation to EPLCs,

but also contribute to neural differentiation (Shparberg et al., 2019b; Glover et al., 2022).

1.3. Metabolism in stem-cell fate

1.3.1. Metabolism maintaining pluripotency and loss of pluripotency

ICM cells in the blastocyst proliferate and differentiate under hypoxic conditions of the
fallopian tubes and uterus (~5% Oz) and embryos rely more heavily on anaerobic metabolism
(the conversion of glucose to lactate), to produce ATP than on oxidative phosphorylation
(OxPhos) of glucose via the electron transport system (Figure 1.4) (Oh et al., 2005; Cho et al.,
2006; Rehman, 2010; Ochocki and Simon, 2013). This metabolic preference is also reflected in
vitro in highly proliferative ESCs, which rely more on aerobic glycolysis (i.e., the conversion
of glucose to lactate in the presence of 20% O3) to produce ATP — a phenomenon known as the
Warburg effect (Figure 1.4) (Liu et al., 2015; Sperber et al., 2015; Harvey et al., 2019).
Consistent with this, ESCs have immature mitochondria, as assessed by their morphology (Oh
etal.,2005; Cho et al., 2006; Mandal et al., 2010). The transition of ESCs-to-EpiSCs is marked
by changes in metabolic profile to a more glycolytic one (Zhou et al., 2012; Fiorenzano et al.,

2016; Minchiotti et al., 2022).
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Figure 1.4. L-Proline mediates anaerobic and aerobic metabolism in mouse ESCs. L-
Proline enters mESCs via the SNAT?2 transporter and moves into the mitochondria. L-proline
gets metabolised through the proline cycle: L-Proline produces pyrroline-5-carboxylate (P5C)
via proline oxidase (POX) and converts back to L-Proline by via P5C reductase (PSCR).
P5CR converts NADPH into NADP" which feeds into various reactions of the pentose
phosphate pathway (purple arrows) and is linked to anaerobic metabolism (orange arrows).
P5C can also be converted to L-Glutamate (L-Glu) through P5C dehydrogenase (P5CD),
which can be converted back to P5C via P5C synthase (P5CS). L-Ornithine (L-Orn) also
produces P5C via ornithine aminotransferase (OAT). L-Glu can be converted into alpha-
ketoglutarate (a-KG) contributing to the TCA cycle and, consequently, oxidative
phosphorylation. Pyruvate produced from glycolysis can contribute to the TCA cycle by
production of acetyl-CoA, catalysed by pyruvate dehydrogenase (PDH) (blue arrows). PDH
kinase (PDHK) inactivates PDH. GLUT: glucose transporter; MCT: monocarboxylate
transporter; Glucose-6P: glucose 6-phosphate; RS5P: ribose S-phosphate; Gly3P:
glyceraldehyde 3-phosphate; SucCoA: succinyl CoA; OAA: oxaloacetate. Figure produced
on Biorender and adapted from (Kim ef al., 2006; Tanner, 2008; Phang et al., 2010; Casalino
et al.,2011; Rodrigues et al., 2015).
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Low oxygen environments result in the stabilisation of hypoxia inducible factor-loa
(HIF1a), which translocates into the nucleus to induce transcription of pluripotency genes Oct4,
Sox2 and Nanog (Forristal et al., 2010) and key glycolytic genes (Ke and Costa, 2006).
Glycolytic genes include glucose transporters Glutl and Glut2, and pyruvate dehydrogenase
kinases (PDHKSs) which limit pyruvate dehydrogenases catalysing acetyl-CoA production from
pyruvate for the tricarboxylic acid (TCA) cycle (Figure 1.4) (Kim ef al., 2006; Prigione et al.,
2014). In ESCs, induction of HIF1a and its downstream targets activates the glycolytic program
and promotes pluripotency (Forristal et al., 2010; Fiorenza and Rava, 2019). As ESCs
differentiate to somatic cells (i.e., lose their pluripotency), their metabolic preference changes
from anaerobic metabolism to OxPhos, in part, due to maturation of mitochondria and the
increasing energy demand of differentiating cells (Rehman, 2010; Varum et al., 2011;
Agathocleous et al., 2012; Panopoulos et al., 2012; Knobloch and Jessberger, 2017; Arrazola

et al., 2019; Tsogtbaatar et al., 2020).

1.3.2. Amino acids and lineage commitment

1.3.2.1. Amino acids strongly influence ESC function and differentiation

Amino acids play critical roles as signalling molecules that regulate transcriptional networks
and epigenetics to influence ESC function and differentiation. For instance, L-Glutamine and
L-Threonine contribute to maintaining self-renewal and proliferation of mouse ESCs (Ryu and
Han, 2011; Chen and Wang, 2013; Ryu et al., 2015; Kilberg et al., 2016). In contrast, L-Proline
drives mouse ESC differentiation to EPLCs (Washington ef al., 2010; Casalino et al., 2011;

Comes et al., 2013; D’ Aniello et al., 2015).

Removal of L-Glutamine from mouse ESC culture causes downregulation of expression
of pluripotency factors such as Oct4; upregulation of the expression of the mesoderm marker
gene Brachyury/T and trophectoderm marker genes Cdx2, Fgf4 and Gata3, and decreases

expression of cell-cycle regulatory proteins, cyclin D1/CDK4 and cyclin E/CDK2 (Ryu et al.,
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2015). This response to L-Glutamine depends on PI3K/AKT pathway activity, which
subsequently stimulates the mTOR pathway via protein kinase C activation (Ryu et al., 2015).
The effects of L-Glutamine rely on its conversion to L-Glutamate. Inhibition of this conversion
by blocking glutaminase activity using compound 968 results a reduction of Oct4 and cell-cycle
regulatory protein expression in mouse ESCs, which in turn reduces the activity of the
pluripotency transcriptional network and proliferation, respectively (Ryu et al., 2015). L-
Glutamate can be converted to alpha-ketoglutarate (a-KG) which contributes to the TCA cycle
(Figure 1.4). A high a-KG-to-succinate ratio is thus maintained, causing an overall increase in
histone acetylation and DNA hypomethylation through inhibition of DNA methyltransferases,
Dnmt3a and Dnmt3b. Some of these histone and DNA modifications occur in the Oct4 gene,
resulting in increased Oct4 expression and thus pluripotency maintenance. L-Glutamine-
mediated signalling and epigenetic effects together contribute to mouse ESC self-renewal while
preparing the cells for differentiation when the right signals are available (Ryu et al., 2015;

Shparberg et al., 2019b).

Restricting L-Threonine in culture causes mouse ESCs to reduce proliferation,
downregulate expression of self-renewal markers and increase expression of trophectoderm and
mesoderm markers (Ryu and Han, 2011). Mouse ESC survival relies on threonine
dehydrogenase activity to convert L-Threonine to Glycine for one-carbon metabolism, and to
acetyl-CoA for energy production (Wang et al., 2009; Kilberg et al., 2016). Threonine
dehydrogenase activity is rapidly downregulated upon mouse ESC differentiation (Wang et al.,
2009; Shyh-Chang, Ng et al., 2013). L-Threonine also activates signalling pathways including
PI3K/AKT, MAPK/ERK and mTOR, contributing to proliferation and self-renewal of mouse
ESCs (Ryu and Han, 2011). L-Threonine metabolism is also coupled to S-adenosylmethionine
(SAM) metabolism and is required to maintain a high SAM: S-adenosylhomocysteine (SAH)
ratio (Shyh-Chang, Ng et al., 2013). SAM is a substrate used for protein methylation, including

histone methyltransferases used for epigenetic modifications, whereas SAH inhibits this action.
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Thus, a high SAM:SAH ratio in mouse ESCs results in increasing histone H3 lysine 4
trimethylation (H3K4me3), leading to cell-cycle progression and self-renewal, and is essential
for maintaining pluripotency (Bernstein ef al., 2006; Wang et al., 2009, 2011; Shyh-Chang, N

etal.,2013).

In contrast to L-Glutamine and L-Threonine, L-Proline initiates a different outcome in
mouse ESCs. L-Proline is a conditionally non-essential amino acid. This means L-Proline is
produced in mouse ESCs but not to a sufficient concentration to drive all differentiation events
(Wu, 2013; Wu et al., 2013). Endogenous L-Proline synthesis is modulated and maintained via
the amino-acid starvation response (AAR) pathway involving the Gen2-Eif2a-Atf4 circuit (i.e.,
general control non-repressed 2 - Eukaryotic Initiation Factor 2a - Activating Transcription
Factor 4) (D’Aniello et al., 2015). Mouse ESCs starved of L-Proline results in Proline-free
prolyl-tRNA binding to and activating the Gen2 protein kinase, phosphorylating Eif2a which
leads to increased translation of Atf4. Atf4 upregulates gene expression of enzymes for
endogenous L-Proline synthesis from L-Glutamate (D’Aniello et al., 2015). A negative
feedback loop then occurs where endogenous L-Proline that is produced reduces the amount of
Proline-free prolyl-tRNA. As a result, mouse ESC identity is maintained and cell proliferation
is limited (D’Aniello et al., 2015; Tsogtbaatar et al., 2020). Adding L-Proline exogenously
overwhelms and shuts down the AAR pathway, shifting the balance of pathway activities to
favour mouse ESC differentiation (D’Aniello et al., 2015) (Figure 1.2). Adding L-Proline to
mouse ESCs also increases trimethylation of histone H3 lysine 9 (H3K9me3) and H3 lysine 36
(H3K36me3), inducing changes in the epigenome and remodels the mouse ESC transcriptome

to induce the EPLC transition (Comes et al., 2013; Harvey et al., 2016).

1.3.2.2. L-Proline metabolism mediates anaerobic and aerobic metabolism in mESCs
L-Proline enters mESCs via the SNAT2 transporter (Tan et al., 2011). It is metabolised into
pyrroline-5-carboxylate (P5C) by proline oxidase in the mitochondria. P5C can be converted

back to L-Proline via P5C reductase. This conversion is redox coupled to the pentose phosphate
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pathway (PPP) (Figure 1.4) (Tanner, 2008; Pandhare et al., 2009; Phang et al., 2010; Casalino
et al., 2011). The PPP is required for protein and nucleotide production and is coupled with
anaerobic metabolism (i.e., the conversion of glucose to lactate) (Figure 1.4) to generate energy

in the form of ATP in highly proliferative cells such as cancer cells and mESCs (Liu et al.,

2015).

Like L-Proline, adding L-Ornithine onto mouse ESCs drives differentiation of mESCs to
EPLCs, as shown by gene expression changes associated with the transition (Casalino ef al.,
2011). This probably occurs via the conversion of L-Ornithine to P5SC by ornithine amino
transferase which is then converted to L-Proline by P5C reductase (Figure 1.4). P5C can also
be converted into L-Glutamate via P5C dehydrogenase, which can convert into a-KG to
contribute to the TCA cycle, and eventually to OxPhos to produce ATP (Figure 1.4) (Phang et
al., 2010). Overall, this demonstrates L-Proline metabolism is capable of stimulating either the

anaerobic or aerobic metabolic pathways (Figure 1.4).

1.3.2.3. Changes in metabolic preference across mouse ESC-to-neural lineage commitment

The overarching metabolic profile changes from anaerobic metabolism to OxPhos when ESCs
lose their pluripotency (Rehman, 2010; Varum et al., 2011; Agathocleous et al., 2012;
Panopoulos et al., 2012; Knobloch and Jessberger, 2017; Arrazola et al., 2019; Tsogtbaatar et
al., 2020). Continued culture of L-Proline on mouse ESCs not only drives differentiation to
EPLCs, but also induces neural differentiation (Shparberg et al., 2019a; Glover et al., 2022).
With neural differentiation, the metabolic switch correlates with decreased expression of
glycolysis enzymes lactate dehydrogenase (LDH) and hexokinase 2 (HK2) and increased
expression of master transcriptional regulators of mitochondrial biogenesis peroxisome
proliferator-activated receptor o (PPARa), PPARa coactivator-lo and mitochondrial
transcription factor A (Chen, C.-T. et al., 2010; Cheng et al., 2012; O’Brien et al., 2015;
Agostini et al., 2016; Arrazola et al., 2019). This results in an upregulation of mitochondrial

function (Chen, C.-T. et al., 2010; Cheng et al., 2012; O’Brien et al., 2015; Agostini et al.,
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2016; Arrazola et al., 2019). Reduction in aerobic glycolysis is shown to be essential for neural
progenitor-to-neural cell differentiation, indicating a metabolic preference of OxPhos over
anaerobic metabolism in neurons (Zheng et al., 2016). PI3K/AKT, mTOR and MAPK/ERK
pathway activities are involved in mitochondrial biogenesis and function during neural
differentiation and are involved in mouse ESC differentiation in response to L-Proline (Figure
1.2) (Lonic, 2007; Washington et al., 2010; Tan et al., 2011; Agostini et al., 2016). Thus,
metabolic mechanisms are worth investigating within the intermediate cell types (primitive
ectoderm, definitive ectoderm and neurectoderm) that lie between mouse ESCs and mature
neural cells in response to L-Proline. Changes in the metabolic profile can be verified using the
Seahorse Extracellular Flux assays (Martano et al., 2019). Metabolic pathways relevant in
definitive ectoderm and neurectoderm can be revealed by detecting metabolites using liquid

chromatography/mass spectrometry (Martano ef al., 2019).

1.4. Transcriptional mechanisms in stem-cell fate

1.4.1. Core and extended pluripotency networks maintain ESC self-renewal and
pluripotency
The molecular circuitry regulating pluripotency and self-renewal in ESCs involves a core
network of transcription factors comprised of Oct4, Nanog and Sox2 (Boyer et al., 2005;
Chambers et al., 2007; Xue et al., 2011; Glover, 2018; Shparberg et al., 2019b). The
concentrations, interactions, and functions of these proteins all determine the activity of this
core network (Mitsui et al., 2003; Niwa et al., 2009; Thomson et al., 2011; Xue et al., 2011).
These transcription factors regulate at least 353 genes, including their own as well as "extended
pluripotency network" genes like Fgf4, RexI and Kif4 (Boyer et al., 2005; Okumura-Nakanishi
et al., 2005; Xue et al., 2011). This extended network helps sustain the core network activity
and supresses lineage commitment pathways and the expression of differentiation-associated

genes (Boyer et al., 2005; Xue et al., 2011; Shparberg et al., 2019b). For example, Oct4 inhibits
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NeuroG1, which is associated with neurogenesis (Boyer et al., 2005; Jaenisch and Young,
2008). Downregulation of Nanog protein causes downregulation of proteins associated with the
pluripotency network, including itself, Sall4, Oct4 and Esrrb (Lu et al, 2009). The
downregulation of Nanog in ESCs also provides a temporary opportunity to prime for
differentiation (Chambers et al., 2007; MacArthur et al., 2009). Differentiation-associated
genes have bivalent histone modifications, meaning they have both active (H3K4me3) and
repressive (H3K27me3) epigenetic marks (Figure 1.5). As a result, these genes are silent in
ESCs whilst at the same time being primed for transcription under the right conditions

(Bernstein et al., 2006).
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Figure 1.5 Recruitment of polycomb and trithorax group proteins to repress and express genes
during cell-fate commitment. In the cell types denoted on the left-hand side, pluripotent cells transition
across a spectrum and become primed before lineage commitment to a particular cell fate. Core and
extended (ext.) pluripotency network genes: In naive pluripotent cells, core pluripotency genes, such
as Oct4, and ext. pluripotency network genes, such as Rex/, carry the active H3K4 trimethylation mark
mediated by trithorax group (TrxG) proteins. These marks maintain open chromatin and the genes are
expressed. In primed pluripotent cells, the genes are methylated at H3K27 mediated by polycomb group
(PcQG) proteins. This repressive mark and the bound PcG contributes to chromatin compaction and
reduced expression, but the genes are poised to be responsive to differentiation stimuli. In lineage-
committed cells, PcG proteins Ezh1/2 catalyse DNA methylation of core and ext. pluripotency genes on
top of chromatin compaction to ensure full silencing. For differentiation-associated genes, there are
three ways that PcG and TrxG proteins coordinate to mediate repression and expression of genes:
Differentiation gene A: In naive pluripotent cells, these genes (such as neurectoderm marker Sox/7) are
bivalent; i.e., they have the H3K27 and H3K4 trimethylation marks. Recruitment of PcG proteins
mediates gene repression in numerous ways, including chromatin compaction and transcription
interference preventing RNA polymerase II activity or SWI/SNF accessibility to promoter regions. In
primed pluripotent cells, these genes have acquired TrxG proteins to open chromatin. However, the
bivalent chromatin structure keeps these genes in a repressed state but are prepared for lineage-specific
transcription. In lineage-committed cells, most genes with these bivalent domains are resolved to contain
only active H3K4 trimethylation marks mediated by TrxG proteins. Chromatin remain open and RNA
polymerase II activity and/or SWI/SNF have access to promoter regions to contribute to gene
expression. Differentiation gene B: In naive pluripotent cells, these genes (such as mesendoderm
markers Brachyury and Mixl1) are bivalent with PcG-mediated chromatin compaction and transcription
interference, and so remain repressed. In primed pluripotent cells, these genes have open chromatin
mediated by TrxG proteins to prepare to respond to differentiation stimuli. In lineage-committed cells,
DNA methylation, combined with trimethylation of H3K27, chromatin compaction and promoter
regions marked by PcG proteins ensures these genes are completely silenced. Differentiation gene C:
In naive pluripotent cells, some genes (such as transcription factors regulating hematopoietic
development Gatal and Hesl), are bivalent and remain repressed by PcG protein-mediated chromatin
compaction and transcription interference. In primed pluripotent cells, PcG proteins are displaced in
response to certain differentiation stimuli and these genes acquire TrxG proteins to mediate and maintain
chromatin opening. In lineage-committed cells, these genes have chromatin that remains open to prepare
to respond to other differentiation stimuli at the right time and location, allowing for multilineage
priming; i.e., multipotency. By default, without differentiation stimuli, differentiation-associated genes
not bound by TrxG proteins are subjected to PcG-mediated repression to maintain long-term memory
of expression profiles upon replication. Figure derived from: (Santos et al., 2002; Ringrose and Paro,
2004; Bernstein et al., 2006; Boyer et al., 2006; Sampath et al., 2008; Wu et al., 2008; Lu et al., 2009;
MacArthur et al., 2009; Christophersen and Helin, 2010; De Gobbi et al., 2011; Herz et al., 2013;
Kingston and Tamkun, 2014; Lau and So, 2015; Sze et al., 2017; Li and Belmonte, 2017; Takahashi et
al., 2018; Argelaguet et al., 2019; Brand et al., 2019; Luo et al., 2020; Tam and Ho, 2020).

24



When differentiation-associated genes are silenced, they are occupied by polycomb group
(PcG) proteins, which act as transcription repressors, helping to maintain ESC pluripotency
(Figure 1.5 and 1.6) (Ringrose and Paro, 2004; Boyer et al., 2006; MacArthur et al., 2009). PcG
proteins form polycomb-repressive complexes 1 (PRC1) and 2 (PRC2). PRCI1 contains 4
essential subunits: The E3 ligase real interesting new gene 1A or 1B (RING1A/B), a posterior
sex comb ortholog from the polycomb group RING finger protein family (PCGF1-6), a
polyhomeotic homolog (PHC1-3) and a chromobox protein (Cbx2/4/6-8) (Figure 1.6A). PRC2
consists of 3 essential subunits: Enhancer of zeste 1 (EZH1) or its homolog EZH2, embryonic
ectoderm development (EED) protein and suppressor of zeste 12 (SUZ12) (Morey and Helin,
2010; Morey et al., 2012; Di Croce and Helin, 2013; Aranda et al., 2015; Santanach et al.,
2017) (Figure 1.6B). Both complexes are associated with the repressive epigenetic mark
H3K27me3 since PRC2 represses transcription of genes by catalysing trimethylation of H3K27.
H3K27me3 acts as a docking site for Cbx protein core units in PRC1. PRCI then catalyses
mono-ubiquination of histone H2A at lysine 119 by RINGIA/B activity. Other PRCI1
components BMI1, MEL-18, and Cbx family proteins have an affinity for H3K27me3 (Figure
1.6A) (Ku et al., 2008; Morey and Helin, 2010; Morey et al., 2012; Di Croce and Helin, 2013).
This provides a mechanism in ESCs for these complexes to co-repress 512 genes, including
genes from the Fox, Sox, Gata and Tbx transcription factor families that are associated with

development (Boyer et al., 2006).
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A) Core units of PRC1
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Pcgf2
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B) Core units of PRC2
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Figure 1.6 Core units of A) polycomb-repressive complexes 1 (PRC1) and B) PRC2
and their mammalian homologs. Enzymatic components are depicted in red. Core
components are depicted in blue. The mammalian homologs are depicted in boxes.
Functions of each PRC are listed under each complex. Different homologs in mammals
allow multiple forms of PRC1 and PRC2 complexes. RING1: Real interesting new gene 1;
Pcgf: Posterior sex comb ortholog from the Polycomb group RING finger protein family;
Phc: Polyhomeotic homolog; Cbx: chromobox protein; Ezh: Enhancer of zeste; RBBP:
Retinoblastoma binding protein; EED: Embryonic ectoderm development protein; SUZ12:
Suppressor of zeste 12. Figure adapted from: (Ku et al., 2008; Morey and Helin, 2010;
Morey et al., 2012; Di Croce and Helin, 2013; Lau and So, 2015).

26



Core pluripotency network transcription factors Oct4, Nanog and Sox2 and their genes
remain expressed to maintain pluripotency. Trithorax group (TrxG) proteins occupy these
genes, maintaining active gene expression (Figure 1.5 and 1.7). This is achieved via TrxG-
mediated trimethylation of H3K4 (H3K4me3) mark, which is associated with expression, and
other posttranslational modifications associated with TrxG complexes (Kingston and Tamkun,
2014; Lau and So, 2015). TrxG proteins form a more heterogenous group of complexes than
PcG proteins (Figure 1.7) (Schuettengruber et al., 2007, 2011; Lau and So, 2015). They are
categorized into 2 groups, based on their targeted modifications: Histone modifiers and

chromatin remodelling.

Histone modifiers contain a SET protein. In mammals, SET has 6 homologs: SET1A/B,
MLL1/2 and MLL3/4 (Miller et al., 2001) (Figure 1.7). Each of these proteins form a complex
associated with trithorax-related SET protein (COMPASS) and catalyses histone
methyltransferase activity to methylate H3K4 (Lau and So, 2015). All 6 COMPASS’s share
common subunits that include WD repeat-containing protein 5 (WDRSY), retinoblastoma
binding protein 5 (RBBPY), absent, small, or homeotic discs 2-like protein (ASH2L) and
Dumpy-30 (Dpy-30) (Figure 1.7) (Dou et al., 2006; Southall et al., 2009; Ang et al., 2011;
Jiang et al., 2011; Piunti and Shilatifard, 2016). RBBP5 and ASH2L stimulates histone
methyltransferase activity, WDRS is required to maintain complex integrity and substrate
binding, while Dpy-30 is responsible for regulating methylation of H3K4 (Dou et al., 2006;
Southall ef al., 2009; Ernst and Vakoc, 2012). COMPASS complexes also contain specific
subunits that may confer different functions due to their roles in regulating recruitment to
different target genes and interactions with other proteins (Figure 1.7) (Wu et al., 2008; Herz

et al.,2013; Lau and So, 2015).
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A) SET1A/B complex B) MLL1/2 complex C) MLL3/4 complex
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RBBP5 <

SET1A/B MLL1/2

Dpy-30 Dpy-30

WDR5 WDR5

Figure 1.7 COMPASS complexes are composed of trithorax proteins. Mammals have 6
COMPASS complexes, which can be categorized into A) SET1A/B, B) MLL1/2 and C)
MLL3/4. The SET domain enzymatic component that catalyses methylation of H3K4 is
depicted in red. Core components are depicted in blue. Complex-specific subunits are
indicated by the unique colours. SET1A/B: Su[var]3-9, Enhancer of Zeste, Trithorax 1A/B;
MLL1/2: Mixed-lineage leukemia 1/2; MLL3/4: Mixed-lineage leukemia 3/4; WDRS5: WD
repeat-containing protein 5; RBBP5: Retinoblastoma binding protein 5; ASH2L: Absent,
small, or homeotic discs 2-like protein; Dpy-30: Dumpy-30; HCF1: Host cell factor 1;
WDRS82: WD repeat-containing protein 82; CXXC1l: CXXC finger 1; MEN1: multiple
endrocrine neoplasia 1; NCOAG6: nuclear receptor coactivator 6; PTIP: PAX transcription
activation domain— interacting protein, UTX: Ubiquitously transcribed X chromosome
tetratricopeptide repeat protein; PA1: PTIP-associated 1. Figure derived from: (Dou et al.,
2006; Wu et al., 2008; Herz et al., 2013; Lau and So, 2015; Piunti and Shilatifard, 2016).
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Chromatin remodelling TrxG complexes are ATP-dependent and contain a catalytic
ATPase subunit (Schuettengruber et al., 2011; Lau and So, 2015). They use hydrolysis of ATP
to disrupt DNA-histone contacts, resulting in changes in position and composition of
nucleosomes on chromatin (Hargreaves and Crabtree, 2011; Lau and So, 2015). This is
mediated by either exchanging histone variants, complete eviction of nucleosomes from
chromatin, or sliding nucleosomes along DNA (Hargreaves and Crabtree, 2011; Lau and So,
2015). These various mechanisms allow varying accessibility of DNA to cellular proteins and
nucleosome positioning, which can induce gene repression (Hargreaves and Crabtree, 2011;
Lau and So, 2015). In ESCs, most COMPASS subunits are not required for self-renewal and
maintaining pluripotency except ASH2L and WDRS5. ASH2L is essential to maintain open
chromatin and pluripotency in mouse ESCs while WDRS directly interacts with Oct4 (Ang et
al., 2011; Wan et al., 2013; Tsai et al., 2019). Subunits from the SWI/SNF chromatin
remodelling TrxG complex occupies promoters of core pluripotency genes Oct4, Nanog and
Sox2; and Stat3 and Smadl, reflecting their role in LIF and BMP signalling for self-renewal
and pluripotency (Figure 1.2) (Ying et al., 2003; Ho et al., 2009; Hirai et al., 2011; Lau and So,

2015).

Overall, PcG and TrxG proteins coordinate to maintain gene expression patterns during
development: PcG proteins repress gene expression via chromatin compaction while TrxG
proteins antagonise this by mediating chromatin opening at specific loci determined by lineage-
specific transcription factors (Figure 1.5) (Brand ef al., 2019). Pluripotency is maintained by
stabilising the expression of core pluripotency genes Oct4, Nanog and Sox2 and other target
genes such as extended pluripotency network genes Rex/ and KIf4 that mediate self-renewal,
whereas differentiation-associated transcription factors have their targeted loci repressed via
PcG proteins. TrxG proteins are recruited to specific loci to establish cellular memory that
allows transcription of the same set of gene expression patterns in daughter cells upon

replication. This results in ESCs maintaining pluripotency and self-renewal upon replication.
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1.4.2. Multiple molecular networks work interdependently to drive ESC differentiation
and lineage commitment

1.4.2.1. Transcriptional control works interdependently with epigenetics, translational
control, and signalling to drive cellular activity during embryo development
The transition to different cell fates is driven by transcription factors, which works with other
regulatory mechanisms including epigenetics, translational control and signalling (Sampath et
al., 2008; Lu et al., 2009; MacArthur et al., 2009; Martynoga et al., 2012; Tam and Ho, 2020).
Transcription factors have access to enhancer sites to drive cell fate in a context-specific
manner, partly due to the dynamic nature of DNA methylation mediated by epigenetic
mechanisms (Figure 1.5) (Santos et al., 2002; Luo et al., 2020). Loss of pluripotency is
associated with changes in epigenetic-transcriptional molecular activity and increasing protein
translation efficiency (Sampath et al., 2008; Lu et al., 2009; Argelaguet et al., 2019; Tam and
Ho, 2020). Pluripotent cells have a generalised global repressive landscape, which is followed
by lineage-specific epigenetic changes upon gastrulation (Argelaguet et al., 2019; Luo et al.,
2020). Loss of methylation and increased chromatin activity in regulatory elements are
associated with expression of transcriptional factors that determine lineage commitment and
specificity. This priming of transcription factors via epigenetic modifications is what drives the
emergence of the three germ layers during gastrulation (Mohammed et al., 2017; Argelaguet et
al., 2019; Tam and Ho, 2020). For instance, DNA methylation enzyme Ten—Eleven-
Translocation DNA dioxygenase 1 (Tetl) coordinates with pluripotency transcription factors
such as Oct4, and differentiation-inducing signalling pathways such as Nodal-Smad2/3 and
Wnt/B-catenin signalling to drive mesendoderm and neurectoderm lineage commitment choice
(Funa et al., 2015; Wang et al., 2017; Luo et al., 2020). Tetl acts as an upstream negative
regulator of Wnt/B-catenin signalling which then favours neural lineage commitment (Luo et
al., 2020). Tetl also indirectly regulates chromatin activity of Oct4, allowing proper lineage

commitment to the neurepithelium by preventing Nodal and Wnt signalling (Luo et al., 2020).
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In addition, Tetl coordinates with zinc finger protein of the cerebellum 2 and basic helix—loop—
helix (bHLH) transcription factors Tcf12 and NeuroDI1 to occupy loci in the epiblast and

regulate epiblast cell fates (Luo ef al., 2020).

PcG and TrxG proteins establish an antagonistic relationship to maintain pluripotency
and self-renewal in ESCs (Section 1.4.1). For differentiation to occur, the PcG-TrxG
antagonistic relationship must be disrupted in order for ESCs to temporarily “forget” their
current cell fate and establish a new one. This can happen by providing the right internal and/or

external signals to shift this relationship (Brand et al., 2019).

PcG proteins compact chromatin at specific gene loci, allowing these genes to be
"avoided" by developmental programs and repress certain alternate cell fates (Figure 1.5). For
instance, PRC2 complexes ensure efficient specification towards the definitive ectoderm
lineage, which acts via PRC2 core subunit Ezh2 to repress mesendoderm-specific genes during
human ESC-derived embryoid body formation (Collinson et al., 2016; Shan et al., 2017). PRC1
complexes drive ESC specification to the mesodermal lineage via its core subunit PCGF2 by
positively regulating mesoderm-specific transcription factors and repressing pluripotency and
ectodermal genes (Morey et al., 2015). Cbx2-containing PRC1 complexes repress trophoblast-
specific genes but Cbx4-containing PRC1 complexes do not do this. However, Cbx2- and
Cbx4-containing PRC1 complexes commonly repress mesoderm and endoderm lineage genes
(Morey et al., 2012). PRC1 also can act to supress expression of signalling pathways (Brand et
al., 2019). For example, the PCGF6-containing PRC1 complex represses the SMAD2-TGFf
signalling pathway that would favour mesendoderm lineage commitment and so serve to drive

neural differentiation from ESCs (Yao et al., 2018).

TrxG proteins help establish and maintain cell-specific gene expression patterns during
differentiation (Figure 1.5). COMPASS complexes have evolved to create active gene

expression memory at loci with differentiation-associated genes (Wang et al., 2012, 2016; Sze
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et al., 2017). For instance, proliferating ESCs become primed for differentiation by Setl A-
COMPASS complexes marking differentiation-associated genes with H3K4me3 to create
bivalently marked promoters (Figure 1.5) (Sze et al., 2017). Upon differentiation, MLL3/4-
COMPASS complexes target transcription factor-dependent enhancers of lineage-specific
genes to allow activation of gene expression programs such as Brachyury and Wnt3 to
contribute to mesodermal-lineage commitment (Figure 1.5) (Wang et al., 2012, 2016).
SWI/SNF complexes are also essential to mediate ESC differentiation to different lineages,
depending on their subunits. For example, BAF250A-containing SWI/SNF complexes are
essential for mesodermal and endodermal lineage commitment (Gao et al, 2008).
Overexpression of SWI/SNF complex subunit BAF170 favours ectodermal lineage
commitment over endoderm formation in human ESCs (Wade et al., 2015). Overall, various
PcG and TrxG mechanisms work together with signalling and transcription to allow ESCs to

partially erase their cell-fate memory in order to differentiate (Figure 1.5) (Brand et al., 2019).

Transcriptional activities also directly influence signalling to drive cell fate (Martynoga
et al.,2012; Tam and Ho, 2020). For instance, a major binding partner of Id proteins in mouse
pluripotent cells is the bHLH transcription factor E2A (Rao ef al., 2020). E2A gene products
regulate transcription of target genes via homodimerisation or heterodimerisation with class II
bHLH transcription factors, like proneural factors Ascll and NeuroG1/2 (Murre ef al., 1989;
Imayoshi and Kageyama, 2014; Le Dréau et al., 2018; Rao et al., 2020). E2A is located
upstream from neural lineage-associated genes including Sox/ and Foxd4. It instructs the
promotion of neural lineage commitment in pluripotent cells by promoting transcription of
neural lineage-associated genes while suppressing Nodal signalling activity, which directs
differentiation to mesendoderm (Rao et al., 2020). Transcriptional activity changes in
sequential waves across developmental time, not just simply a “one after the other” scenario
(Telley et al., 2016; Marcy and Raineteau, 2019). Overall, transcriptional mechanisms play an

important part with other regulatory networks to drive differentiation and lineage commitment.
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1.4.2.2. A better understanding of the transcriptome is required to understand cell-fate
specification.
Regulatory control of transcriptional activity during embryo development is required to drive
pluripotent cells through multiple metastable states, lose pluripotency, and undergo
appropriately timed and located lineage commitment toward somatic cell types in the face of
the many other ‘noisy’ molecular processes taking place (Sampath et al., 2008; Lu et al., 2009;
MacArthur et al., 2009). For example, early transcriptional waves in newly produced mouse
neurons in vivo instruct sequencing and pacing of neuronal differentiation events (Telley ef al.,
2016). These waves help guide newborn neurons to their final fate. These transcriptional waves
can be used as a means to identify neural cell-fate specification (Kuegler et al., 2010; Spangler
et al., 2018; Marcy and Raineteau, 2019). Analysing diverging gene expression profiles can
uncover potential mechanisms that lead to different cell fates (Spangler et al., 2018; Tam and
Ho, 2020). For example, in the process of neurogenesis, all proliferative transcripts are
repressed first, then neurogenic transcripts repressed and finally neuronal transcripts induced
after cell division (Telley et al., 2016). Rn7SK, a highly conserved small nuclear RNA, which
is transcribed by RNA Polymerase III, mediates a global transcriptional regulation programme
that has an important role in driving ESC-to-neural cell transition (Bazi ef al., 2018), whereas
Brachyury and Wnt3 expression patterns indicate a mesodermal-lineage commitment (Wang et

al., 2012, 2016).

Transcription factors of the core pluripotency network Oct4, Sox2 and Nanog regulate
the transcriptional network necessary to maintain a gene expression profile to sustain self-
renewal and pluripotency (Boyer et al., 2005; Xue et al., 2011; Shparberg et al., 2019b). These
transcription factors also occupy gene promoters for glycolytic enzymes such as hexokinase 2
(Hk2) and pyruvate kinase M2 (Pkm?2) in ESCs (Kim et al., 2015). Maintenance of glycolysis
by overexpression of Hk2 and Pkm?2 causes mESCs to maintain pluripotency and self-renew,

even in the absence of LIF (Kim et al., 2015). Addition of 3-bromopyruvate, an analogue of
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pyruvate that is used to inhibit HK2 activity to inhibit glycolysis, causes mESCs to switch from
glycolysis to OxPhos and lose pluripotency even when cultured in the presence of LIF
(Rodrigues et al., 2015). The non-coding RNA Lncencl also regulates and enhances
transcription of glycolysis-associated genes by interacting with RNA-binding proteins
polypyrimidine tract-binding protein 1 (PTBP1) and heterogeneous nuclear ribonucleoprotein
K (HNRNPK) (Sun et al., 2018; Nishimura et al., 2019). Ablation of Lncencl in mESCs results
in poor colony formation, significantly reduces glycolysis-associated gene expression, >50%
decrease in glucose consumption and lactate production, and decreases expression of core
pluripotency genes. This indicates Lncencl, PTBP1 and HNRNPK are all necessary to
maintain self-renewal in ESCs (Sun et al., 2018; Nishimura et al., 2019) and shows that
transcriptional mechanisms can directly influence metabolism and vice versa to influence cell
fate (Son and Han, 2018; Nishimura et al., 2019). Therefore, it is worth investigating if
metabolic processes are driving differentiation by mediating changes in gene expression
profiles. An understanding of the transcriptome will reveal potential mechanisms that drive

cell-fate specification from pluripotent cells.

1.4.3. Profiling the transcriptome can be used to predict mechanisms, including
metabolic mechanisms, driving differentiation of mESCs to neural-cell fate

1.4.3.1. Single-cell RNAseq may reveal novel molecular mechanisms on differentiation while
accounting for heterogeneity and revealing new cell types and states
Analysis of the transcriptome across ESC differentiation will provide an overview of potential
mechanisms driving cell-fate specification. DNA microarray analysis using EBs as an in vitro
model to reconstruct molecular mechanisms driving embryo development (Bratt-Leal et al.,
2009; Lu et al., 2009; MacArthur ef al., 2009) show that EBs often express genes transiently in
a manner that recapitulates normal development from primitive ectoderm to gastrulation to
early cell-lineage commitment (Dvash et al., 2004). These transcriptional changes also indicate

a complementary relationship with the proteome (Fathi et al., 2009). Traditional microarray
34



analysis reveals the appearance and disappearance of mRNAs. However, a combination of
microarray and RNA sequencing (RNAseq) reveals non-coding RNAs also play a role in
driving development through mediating gene expression programming (Dinger et al., 2008;
Paulietal.,2011; Huetal.,2012; Baziet al., 2018; Fico et al., 2019). For example, microRNAs
in the Let-7 family and pluripotency factor LIN28 establish the antagonistic switch between
pluripotency and differentiation, where in mESCs LIN28 is on and Let-7 is off, while in
differentiating cells the opposite occurs (reviewed by Pauli et al., 2011). LIN28 is an RNA-
binding protein that binds to Let-7 at the terminal loop region to inhibit Let-7 activity to
maintain pluripotency (Newman et al., 2008; Piskounova et al., 2008; Melton et al., 2010).
With insufficient LIN28, Let-7 represses multiple pluripotency and self-renewal genes to

initiate somatic cell differentiation (Melton et al., 2010).

Bulk RNAseq is useful in looking at global transcriptome changes and profiles. For
instance, bulk RNAseq revealed decreased expression of pluripotency marker genes, including
Nanog, Pou5fl and Esrrb, in mouse EBs over 6 days of differentiation (Spangler et al., 2018).
This mimics the transcriptional changes in in vivo embryogenesis from E3.5-6.5 and priming
for the production of the post-implantation epiblast state (Spangler et al., 2018). Bulk RNAseq
of mouse EPLCs shows a transcriptional profile that diverges from EpiSCs derived from the
same ESC line: EPLCs are already primed for neuroectoderm commitment while EpiSCs are

primed for mesendoderm commitment (Glover, 2018).

Bulk RNAseq cannot easily account for heterogeneity within the tested sample. Different
cell types may escape detection or be detected as noise, and heterogeneity of expression within
cells of the same type cannot be determined. RNAseq at the single-cell level largely overcomes
these problems and can help identify previously uncharacterised cell types or states (Kumar et
al., 2017; Mohammed et al., 2017; Spangler et al., 2018; Zeng et al., 2018; Argelaguet et al.,
2019; Nishimura et al., 2019; Tam and Ho, 2020). For instance, does a portion of the cells in

an EB remain pluripotent even under conditions of spontaneous differentiation? This question
35



cannot be addressed at the bulk RNAseq level. Day 6 EBs do contain a subset of cells having a
pluripotent stem cell signature, including Zfp42 expression (Spangler et al., 2018; Tam and Ho,
2020) Single-cell RNAseq of EB stages reflecting embryos at E3.5-6.5 also reveals clusters
corresponding to various stages of embryo development (Spangler et al., 2018). Day 0 EB
population is significantly enriched in E3.5 ICM and E4.5 epiblast clusters. Day 4 EB
population, has the highest enrichment in E6.5 primitive streak clusters (Spangler ef al., 2018).
Single-cell RNAseq can determine the relationship between cell states and their developmental
progress within a narrow timeframe (reviewed by Kumar ef al., 2017; Tam and Ho, 2020). For
example, single-cell RN Aseq shows changes in transcriptional profiles during human inner cell
mass to an early-to-late epiblast stage (Warrier et al., 2018). The study reflects a crucial
developmental timepoint where transcriptional rewiring is required for human ICM cells to
leave the naive pluripotency state and begin the primed pluripotency state (Warrier et al., 2018).
Single-cell RNAseq has also shown decreasing signalling activity, increasing translational
machinery and regulatory switches in transcription factors, metabolism and energy sources
across adult hippocampal quiescent neural stem cells to neurogenesis initiation (Shin et al.,
2015). All proliferative transcripts were repressed first, then neurogenic transcripts were
repressed, and neuronal transcripts were induced after cell division. These transcripts occur in
waves, not simply a “one after the other” scenario, to instruct sequencing and pacing of
neurogenesis events. These waves help guide newly developed neurons to their final fate
(Telley et al., 2016). As there are a lack of markers for definitive ectoderm, single-cell RN Aseq
may help identify these cell types across neural lineage commitment (Loebel ef al., 2003; Tam
et al., 2006; Arnold and Robertson, 2009; Harvey et al., 2010; Li et al., 2013). However, care
must be taken in regards to identification of these new cell subpopulations, as the number of
parameters must be defined per step of the pipeline (Kiselev et al., 2017). This itself can be
time-consuming and difficult to optimise, as it risks producing false positives and negatives

with respect to cell subpopulations (Kiselev et al., 2017).
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1.4.3.2. Bioinformatics pipelining is required to process raw RNAseq data to generate
hypotheses for further studies
Raw bulk or single-cell RNAseq data must go through various pipelining processes before
anything meaningful can be interpreted (Koch et al., 2018). The RNAseq process involves
RNA, either as total RNA, enriched for mRNA, or with ribosomal RNA depleted, converted
into cDNA (Koch et al., 2018). The cDNA samples are then fragmented and have adapters and
indexes ligated onto the cDNA fragments for sequencing (Koch et al., 2018). These fragments
are to be sequenced or “read” using a high-throughput platform to generate raw RNAseq read

datasets (Koch et al., 2018).

These raw sequences then undergo various pipelining processes. First, raw sequences
must be assessed for their read quality using FastQC (Andrews, 2010). Each base in the
sequence is analysed to see if it has been read correctly; i.e., the base-calling error is low. With
good quality reads, the raw sequences are then aligned and mapped to a reference genome and
sequencing reads are quantified. For instance, alignment and quantification of reads can be done
at once using Spliced Transcripts Alignment to a Reference software (Dobin et al., 2013). Raw
reads are aligned to a reference genome and mapped to genes using an assigned gene annotation
of choice; e.g., from Ensembl. Reads are then quantified to produce a raw counts table, which
is subjected to bioinformatic tools and programs to do the following: produce principle
component analysis or Uniform Manifold Approximation and Projection plots from bulk and
single-cell RNAseq raw counts, respectively, to reduce the number of dimensions for easier
visualisation and identification of variability between and within groups; display heat maps to
visualise patterns of gene expression (i.e., genes that have been up- and/or downregulated); run
differential expression analysis to count the number of reads within each gene (Koch et al.,
2018; Mclnnes et al., 2018). The differences in dimensionality reduction between bulk and
single-cell RNAseq is due to higher variability between samples in single-cell compared to bulk

RNAseq. The use of Uniform Manifold Approximation and Projection can account for this
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higher variability than principle component analysis (Koch ef al., 2018; Mclnnes et al., 2018).
Differentially expressed genes (DEGs) are clustered by grouping them based on their distance
relative to each other in an unbiased manner (Kumar et al., 2017; Koch et al., 2018). These
clusters are useful to help identify different cell types or states across a developmental
timeframe based on a group of genes and to select genes for further study (Kumar et al., 2017,
Argelaguet et al., 2019; Nowotschin et al., 2019; Tam and Ho, 2020). ToppGene can be used
to annotate these clusters and assign biological relevance (Chen et al., 2009). With ToppGene,
DEG clusters can be analysed for Kyoto Encyclopedia of Genes and Genomes pathways and
Gene Ontology (GO) classifications, which has been used to identify markers as reference
points for development (Chen et al., 2009; Kuegler et al., 2010). GO classifications are also
further categorized into biological processes and molecular functions (Chen et al., 2009). The
significance of the assigned genes for a GO classification of interest is assessed using a
hypergeometric test, where the probability that an overlap between the number of genes
associated with the GO classification and the number of genes in the targeted set could occur
by chance, taking into account the number of genes in the background; i.e., the other genes not
associated with the GO classification (Falcon and Gentleman, 2008; Koch et al., 2018). It
should be noted that the tools used to produce comparisons between DEG clusters do not
account for multiple hypothesis testing, and thus do not actually reflect the true relative
expression changes (MacArthur et al., 2009; Koch et al., 2018). Identification of these
processes, however, are simply hypotheses of the possible drivers of changes between these
clusters (MacArthur et al., 2009; Koch et al., 2018). Other methods must be used to validate
these processes. For instance, western blots or qPCR should be used to validate the expression
of key genes (Lu et al., 2009; MacArthur et al., 2009; Glover, 2018). Ultimately, hypothesised
pathway(s) causing certain biological function(s) should be validated by functional studies such
as using pathway inhibitors or gene knockout studies (Lu et al., 2009; MacArthur et al., 2009;

Glover, 2018; Koch et al., 2018).
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1.5. Mechanisms driving mESCs to a neural fate during development
may highlight mechanisms responsible for the onset of

neurodegenerative diseases later in life

Neurodegenerative disease is the umbrella term for diseases caused by the degeneration of
neurons. For example, motor neuron disease (MND) results from degeneration of motor
neurons. In 2019, there was around 270 000 reported cases (including familial and sporadic
forms) of MND worldwide and over 39 000 deaths (Park et al., 2022), with case numbers and
number of deaths due to MND predicted to increase (Xu et al., 2020; McCluskey et al., 2022;
Park et al., 2022). Although familial cases of MND, where there is an inherited MND-
associated gene that passes on from one generation to the next, have been studied extensively,
much more limited knowledge is available about mechanisms causing sporadic MND, where a

combination of both spontaneous genetic mutations and environmental factors trigger onset.

MND is a genetically complex disease because multiple associated genes contribute
(Sterneckert et al., 2014; Teoh et al., 2017; Karagiannis and Inoue, 2020). While late onset is
common, early onset triggered anywhere from birth to adulthood also occurs (Teoh e al., 2017).
This also indicates that the mechanisms that trigger degeneration of neurons in MND is complex

and multifactorial.

1.5.1. MND-associated genes and proteins and their contribution to the mechanism of
neural degeneration

The prevalence of sporadic MND cases is increasing as the population ages (Xu et al., 2020;
McCluskey et al., 2022). This begs the question: what triggers the genetic and protein
mutation(s) profile in the first place? Mutations of certain genes and proteins are associated
with the onset of MND (Sterneckert et al., 2014; Karagiannis and Inoue, 2020). These mutations

have been used as diagnostic tools, and studies using next generation sequencing in part aim to
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define MND subtypes and associate them with various phenotypes (Teoh et al., 2017,
Karagiannis and Inoue, 2020). The following subsections briefly describe the effects of some
MND-associated genes and proteins within the physiological context, and the effect of these
mutations in the context of neural maintenance and MND. Chapter 5 (Section 5.1) goes into

further detail of these effects.

1.5.1.1. Fused in sarcoma (Fus) and Transactivating response DNA-binding protein of 43 kDa
(Tdp-43) are MND-associated proteins involved in RNA metabolism
Fus and Tdp-43 are RNA binding proteins that are associated with MND (Ling et al., 2013;
Renton et al., 2014; Biscarini et al., 2018). These proteins also function as regulators of RNA
metabolism (Mirra et al., 2017; Biscarini et al., 2018; Harley et al., 2021). RNA metabolism
involves processes that contribute to transcription and translation, including post-transcriptional
processes, RNA processing, pre-mRNA splicing, mRNA export, localization, turnover, and
translational control. Common pathophysiologies of neurodegenerative diseases include
abnormalities in RNA processing and protein homeostasis and quality control (Teoh ef al.,
2017; Biscarini et al., 2018). Mutations of Fus and Tardbp, which encode Fus and Tdp-43,
respectively, are markers of MND (Ricketts et al., 2014; Black et al., 2017; Toth and Atkin,
2018; Harley et al., 2021). Mutations of these genes cause mislocalisation of these RNA binding
proteins, which have major impacts downstream on protein homeostasis and production that
disrupt nervous system development and neural-cell maintenance, contributing to the onset of
MND (Biscarini et al., 2018; Harley et al., 2021). Dysfunctional epigenetic enzymes driving
histone and chromatin modifications disrupt proper FUS and TDP-43 protein expression and

activity, contributing to neurodegeneration (Bennett et al., 2019; Gimenez et al., 2023).

1.5.1.2.  Optineurin (Optn) and its association with trafficking and cell-cycle regulation
Optn is a protein ubiquitously expressed in mammalian organs (Li et al., 1998; Rezaie and
Sarfarazi, 2005; Rezaie et al., 2005; Ying and Yue, 2012). It undergoes post-translational

modifications that impact on its function; e.g., TANK-binding kinase 1 (Tbk-1) is one kinase
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capable of phosphorylating Optn (Toth and Atkin, 2018). Optn-mediated onset of MND is
potentially due to mutated Optn protein-protein interactions or protein binding to non-
physiological partners, triggering a toxic gain-of-function mechanism (Sirohi et al., 2013; Toth
and Atkin, 2018). Neurons are susceptible to dysfunctional cellular trafficking due to their long
and complex cell shape and so suboptimal vesicular trafficking due to mutated Optn will have
detrimental effects on the functions of endoplasmic reticulum and the Golgi apparatus,
compromising protein homoeostasis and cell-cycle maintenance (Akizuki et al., 2013; Toth and
Atkin, 2018). However, links between epigenetic phenomena, Optn mutations and
neurodegeneration are not, at present, well described, potentially due to the ubiquity of Optn
expression (Li et al., 1998; Rezaie and Sarfarazi, 2005; Rezaie et al., 2005; Ying and Yue,

2012).

1.5.1.3.  Survival motor neuron 1 (Smnl) and its coordinated role in RNA metabolism

Smn1 is associated with spinal muscular dystrophy, the most commonly inherited form of MND
(Teoh et al., 2017). The Smn1 protein regulates programmed cell death (Schrank et al., 1997,
Parker et al., 2008) and Smn[-deficient mouse embryos develop normally to the morula stage
but then degenerate and die prior to implantation (Schrank et al., 1997; Sephton et al., 2010).
Smnl is required for small nuclear ribonucleoprotein assembly for RNA splicing (Fischer et
al.,2011; Huo et al., 2014). Smn1 also coordinates with the Fus protein in pre-mRNA splicing
(Mirra et al., 2017; Biscarini et al., 2018). Mutations of the Smnl gene leads to a loss-of-
function phenotype (Schrank et al., 1997; Sephton et al., 2010; Sterneckert et al., 2014; Teoh
et al., 2017). Thus, mutated Smnl leads to depleted levels of functional Smnl protein,
disrupting Smn1-regulated processes including assembly of small nuclear ribonucleoproteins
and coordinated pre-mRNA splicing with the Fus protein. Mutated Smn1 and Fus proteins have
been reported in spinal muscular atrophy and other cases of MND (Mirra et al., 2017).

Dysfunctional chromatin remodelling in Smn genes leads to premature transcription termination
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and genomic instability, contributing to neurodegeneration (Yanling Zhao et al., 2016; Bennett

etal.,2019).

1.5.1.4. Superoxide dismutase (Sodl) and its role as an antioxidant

Oxidative stress is a major contributor to neurodegeneration (Halliwell, 2006; Spencer et al.,
2011; Ferreira et al., 2016). It impairs neurotransmitter release from the pre-synaptic motor
nerve terminal of the neuromuscular junction, which is essential for communication between
the brain and muscles for movement (Spencer et al., 2011; Ferreira et al., 2016). In the context
of MND, some mutations of Sod/ contribute to Sod1 protein aggregation, leading to increased
apoptosis and compromised production of neurofilaments resulting in altered neuronal
morphology (Ferreira et al., 2016; Black et al., 2017; Karagiannis and Inoue, 2020). Defective
Sodl protein also contributes to an increase in reactive oxygen species production in
mitochondria and abnormal mitochondrial morphology (Black et al., 2017). Patients suffering
from amyotrophic lateral sclerosis, a subset of MND, display decreased mitochondrial function
and impairment in Ca®" homeostasis, contributing to oxidative damage in the spinal cord
(Sterneckert et al., 2014). SOD1I has a non-methylated promoter region in amyotrophic lateral
sclerosis cases, indicating epigenetic-mediated contributions to disease onset (Oates and
Pamphlett, 2007; Figueroa-Romero et al., 2012; Jimenez-Pacheco et al., 2017). Thus, selected
Sod1 mutations probably contribute to the onset of MNDs through imbalances in antioxidant

activity and increased reactive oxygen species levels.

1.5.1.5. Vesicle-associated membrane protein-associated protein B and C (Vapb) and its
coordinated role in Sodl-linked MND

Vapb is a protein responsible for regulating endoplasmic reticulum stress, the unfolded protein

response, and Ca** homeostasis (Qiu et al., 2013). The protein is abundant in motor neurons

and is involved in the pathogenesis of Sodl-linked MND in humans (Teuling et al., 2007).

Reduced Vapb levels lead to the reduction of endoplasmic reticulum anchoring of lipid-binding

proteins, resulting in motor neuron degeneration (Teuling et al., 2007). Mutations of Vapb lead
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to increase in Vapb aggregates in the spinal cord (Teuling et al., 2007). However, this is not
sufficient for the onset of motor neuron degeneration, as overexpression of mutant Vapb alone
does not cause Sodl-linked MND (Qiu et al., 2013). Abnormal Vapb clusters are present in
peripheral blood mononuclear cells in sporadic ALS relative to healthy controls, which was
hypothesised to be a consequence of epigenetic modifications resulting in incorrect protein

localisation (Masala et al., 2018; Cadoni et al., 2020).

1.5.2. Developmental Origin of Health and Disease (DOHaD): A potential trigger of
sporadic MND later in life
The DOHaD Hypothesis states that adverse impacts during in-utero development can result in
changes in physiology and metabolism, resulting in increased risk of certain diseases later in
life (De Boo and Harding, 2006; Heindel and Vandenberg, 2015; Ferreira et al., 2016; Goyal et
al., 2019). This link is well established, for example, between reduced birthweight and
increased risk of heart disease, stroke, diabetes and hypertension in adulthood, and included
contributions from adverse environmental factors during postnatal growth (De Boo and
Harding, 2006; Goyal et al., 2019). Prenatal development is sensitive to environmental
stressors, in part due to the sensitivity of epigenetic marks during differentiation (Heindel and
Vandenberg, 2015). The resulting alterations to the epigenome can predispose newly formed
cells and tissues to disease and dysfunction (Heindel and Vandenberg, 2015; Singh et al., 2018;
Almeida et al., 2019; Goyal et al., 2019). During development, once pluripotent cells commit
towards multipotency, the tissue epigenome is relatively stable and less sensitive to
environmental influences (Heindel and Vandenberg, 2015) so it’s possible that epigenomic
triggers for the onset of MND later in life occur very early in development — possibly as early
as the preimplantation stages or post-implantation prior to and during embryonic development

of the nervous system.
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1.6. Concluding remarks

There is increasing appreciation that metabolic processes influence other molecular
mechanisms, including signalling and transcriptional changes, to drive development, consistent
with an emerging paradigm that changes in metabolism are a driver of development and
differentiation and not just a passenger to it. L-Proline-mediated mechanisms driving early
embryonic development, including neural cell fate, is now an archetypal example (Rathjen et
al., 2002; Washington et al., 2010; D’Aniello et al., 2015; Glover, 2018; Shparberg, 2018)
though the mechanisms remain poorly understood. Understanding these mechanisms should
result in improved protocols that increase efficiency of neural-cell production for stem-cell
therapies, and neurodevelopmental disease models. These mechanisms can also be studied to

determine which, if any, trigger onset of diseases later in life, such as MND.
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1.7. Overall aims and hypotheses

The overall aim of this thesis is to determine the L-Proline-mediated mechanisms that
contribute to driving pluripotent mouse ESCs to neural fate, and determine if these contributions

may play a factor in late onset MND.

L-Proline-mediated metabolic processes will be investigated to determine drivers of the
ES-to-EPLC transition. Inhibitors of various L-Proline-mediated metabolic pathways will be
used to assess the contribution of these metabolic processes towards the ES-to-EPLC transition
by analysing the emergent properties (i.e. colony morphology, proliferation rates, gene
expression profiles and overall metabolic statuses). These mechanisms will further our
understanding of the metabolic processes that produce pluripotent primitive ectoderm, the

precursor to gastrulation.

Mechanisms driving fate across the pluripotency spectrum will be investigated by
interrogating the transcriptomic profile of various stem-cell states: ground, naive, EPLCs and
primed EpiSCs. Focus will include candidate genes and protein-protein interactions predicted
to directly drive cell fate and identity. This information will provide hypothesized drivers of

pluripotency maintenance.

Mechanisms driving neural fate beyond the EPLC stage will also be investigated through
interrogating the transcriptomic profile across cell populations representing definitive ectoderm
and neurectoderm. Again, focus will include candidate genes and protein-protein interactions
predicted to directly drive neural fate and identity. The possible influence of metabolic
processes and PcG and TrxG proteins on the pluripotency spectrum and neural fate will also be
interrogated. This information will provide insight into some of the metabolic- and epigenetic-

mediated mechanisms in maintenance and loss of pluripotency and maintaining neural fate.

The L-Proline-mediated ESC-to-neural fate transition will be studied as a potential

predictor of MND onset, which utilises the concept of the DOHaD Hypothesis. Expression
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profiles of MND-associated genes and proteins will be analysed across various stages of the
ESC-to-neural fate transition. This will help us understand the importance of cell-fate decisions

as early as the setup of the nervous system in the context of disease onset.

Thus, the general hypotheses for this thesis are:

¢ Inhibiting L-Proline-mediated metabolic processes will prevent the ES-to-EPLC transition,
as shown via changes in colony morphology, proliferation rates and gene expression
profiles.

e As ESCs differentiate to EPLCs, the metabolic status will shift in response to L-Proline.

e Candidate genes that maintain pluripotency and drive neural fate will include genes
encoding for transcriptional activity, metabolic enzymes, and PcG and TrxG proteins.

e MND-associated genes and proteins contribute to cell-fate decisions across the

pluripotency spectrum and drive neural fate.
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2.1. Cell Culture
2.1.1. Materials

Reagent stocks and cell culture components

All water-based powders were prepared in MilliQ water (MQ) unless specified.
e 0.1% porcine gelatin [Sigma: #G1890-100G] in phosphate buffered saline (PBS)

e (.25% Trypsin/ ethylenediaminetetraacetic acid (EDTA) (1x) [Gibco: #25200-072]

e 0.05% Trypsin/EDTA (1x) [Gibco: #25300-054]

e B-mercaptoethanol (B-mec) [Sigma] 0.1 M stock in PBS

e CHIR99021 [Sigma #SML1046] 3 mM stock in dimethylsulfoxide (DMSO)

e Collagenase P [Roche #11213865001] 1mg/mL stock in PBS

e FI12 nutrient mixture (1X) [Sigma #N6760]

e F12 nutrient mixture (HAM) (1x) [Gibco Ref #ME16225L1; Lot #UNS11622901, no L-
Proline, no L-Glutamine]

e Fetal bovine serum (FBS) [AusGenex #FBS500-S or Gibco #16000-044]

e Dulbecco's Modified Eagle Medium (DMEM) [Gibco: #12800-017 or Sigma: #D7777]

¢ Insulin-transferrin-sodium selenite (ITSS) (100x) [Sigma: #11884]

¢ Knockout serum replacement (KOSR) [Gibco: #10828:028]

e Leukaemia inhibitory factor (LIF) [Millipore: #ESG1107 or Neuromics: #PR80000 or
StemCell Technologies #78056] 107 original stock aliquoted into 10° U/mL working stocks
in PBS

e L-Proline: [Sigma: #P5607] 0.1 M working stock

e PD0325901 [Sigma #PZ0162] 1 mM stock in DMSO

e Penicillin/streptomycin (pen-strep) (100x) containing 5000 U/ml Penicillin G Sodium Salt
[Sigma: #P3032-10MU], 5 mg/ml streptomycin sulfate [Sigma: #S-6501] in PBS

e PBS [Gibco: #21600-010 or Amresco: #E404]

e SB431542 [MedChemExpress: #HY-10431] 2.6 mM stock in DMSO
88



e Trypan blue: 0.4 g Trypan blue, 0.81 g NaCl, 0.06 g KH>PO4 in 95 ml MQ, pH: 7.2-7.3

e TrypLE (1X) [Gibco #12605010)

Chemicals

e O6-aminonicotinamide (6AN) [Sigma #A68203] 9 mM and 30 mM working stocks in
DMSO

e Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP) [ABCAM #ab120081]
(20 mM) working stock in DMSO

e 3.,4-Dehydro-L-Proline (DHP) [Chem-Supply #D3825] 120 mM working stock

¢ Dichloroacetic acid (DCA) [Sigma #347795]

e Tetrahydro-2-furoic acid (THFA) [Sigma #341517] 250 mM working stock

e Mitomycin C [Sigma #M0503]

e Y27632 [MedChem Express #HY-10583] in DMSO

Plasticware

e (.22 um 150 ml bottle top filters [Corning: #431161]

0.22 pum filter unit [Millipore: #SLGP33RS]

¢ 10 cm culture plates [Corning: #430591 or BD Falcon: #351029]

e 10 cm suspension culture petri dishes [ Technoplas: #59014UV20]

o 12-well culture plates [Corning #5313]

e 15 cm culture plates [Corning #430599]

o 24-well culture plates [Corning #3527]

o 48-well culture plates [Corning #3548 or BD Falcon #353078]

e 6 cm culture plates [Falcon: #353002]

e o6-well culture plates [Corning #3516]

e Agilent Seahorse unbuffered XF assay medium [In Vitro Technologies #SEA103335-100]

o Agilent Seahorse XF calibrant [In vitro Technologies #103059-000 or #100840-000]
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o Agilent Seahorse XFe96 FluxPaks [In Vitro Technologies #SEA102416100]

e Seahorse XF96 cell culture microplates [In Vitro Technologies #101085-004]

e T-150 culture flask [Corning #431465]

e T-175 culture flask [Corning #CLS431080]

e T-25 culture flask [Sarstedt: Lot #83.1810.002]

2.1.2. Cell culture media

Cell culture media with final concentrations of components are listed in Table 2.1. Volumes

used for cell culture were dependent on plate/flask surface area (Table 2.2).

Table 2.1. Cell culture media for mESC, HepG2, MEF and EpiSC maintenance, as well

as adherent culture and embryoid body culture experiments.

Adherent culture medium

mESC self-renewal medium

90% (v/v) DMEM, 10% (v/v) FBS, 1x pen-strep, 0.1 mM B-
mec, 1000 U/mL LIF

mESC freezing medium

40% (v/v) mESC self-renewal medium, 40% (v/v) FBS,
20% (v/v) DMSO

EPLC medium 90% (v/v) DMEM, 10% (v/v) FBS, 1x pen-strep, 0.1 mM -
mec, 330 U/mL LIF, 0.4 mM L-Pro
21 medium 90% (v/v) DMEM, 10% (v/v) FBS, 1x pen-strep, 0.1 mM B-

mec, 1000 U/mL LIF, 1 uM PD0325901, 3 uM CHIR99021

MEF and EpiSC culture medium

MEF culture medium

90% (v/v) DMEM, 10% (v/v) FBS, 1x pen-strep, 1x
glutamax, 1x NEAA

MEF freezing medium

60% (v/v) MEF culture medium, 20% (v/v) FBS, 20% (v/v)
DMSO

MEF conditioning medium

MEFs were grow in 80% (v/v) KO-DMEM, 20% (v/v)
KOSR, 1x pen-strep, 0.1 mM B-mec, 1x glutamax, 1x
NEAA. Media was collected after 24 h

Complete EpiSC medium

MEF conditioning medium supplemented with 20 ng/mL
Activin A and 10 ng/mL Fgf2

Embryoid body culture medium

Basal medium

90% (v/v) DMEM, 10% (v/v) FBS, 1x pen-strep, 0.1 mM -
mec

HepG2 culture medium

90% (v/v) DMEM, 1x pen-strep, 10% (v/v) FBS
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Complete MEDII (MEDII
medium)

HepG2 cells were grown for 4-5 days in HepG2 culture
medium for conditioning. This medium was then collected
and supplemented with 50% Basal medium, 0.1 mM p-mec
and 1 mM L-GIn

L-Proline-mediated
differentiation medium
(Day 0-5 embryoid body
suspension culture)

80% (v/v) DMEM, 10% (v/v) FBS, 1x pen-strep, 0.1 mM (-
mec, 10% (v/v) KOSR, 0.4 mM L-Pro

L-Proline-mediated
differentiation medium
(Day 6-9 embryoid body
suspension culture)

80% (v/v) DMEM, 10% (v/v) FBS, 1x pen-strep, 0.1 mM (-
mec, 10% (v/v) KOSR, 0.4 mM L-Pro, 10 uM SB431542

Serum-free medium (Day
10-15 embryoid body
adherent culture)

50% (v/v) DMEM, 50% (v/v) F12 nutrient mixture (HAM)
supplemented with 1x pen-strep, 1x ITSS

Serum-free + L-Proline
medium (Day 10-15
embryoid body adherent
culture)

50% (v/v) DMEM, 50% (v/v) F12 nutrient mixture
supplemented with 1x pen-strep, 1x ITSS, £ 0.25 mM L-
Pro

Table 2.2 Plate sizes, seeding densities, and media volumes for maintenance of adherent cells.

mESC maintenance mESC passaging

Seeding Medium Volume to
Plate density volume Trypsin deactivate Resuspended in for
type (cells) (mL) volume (uL) | trypsin (uL) | cell counting (uL)
6 cm 1-5x 10° 5 350 650 1000
10 cm 5-10x 10° 10 1000 1000 1000
6-well 1.5-2.5x 10° 2 250 250 500
12-well | 2-5x 10* 1 100 200 300
24-well | 2-5x 10* 0.5 100 200 300
HepG2 cell maintenance HepG2 cell passaging

Seeding Medium Trypsin Volume to
Plate density volume volume deactivate Resuspended in for
type (cells) (mL) (mL) trypsin (mL) | cell counting (mL)
T-25 1x10° 5 0.35 0.65 1
T-175 4x10° 50 5 20 5
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2.1.3. Cell lines

Wild type D3 feeder-independent mESCs were derived from the ICM of pre-implanted
blastocysts of the 129/Sv mouse strain (Doetschman et al., 1985). HepG2 cells were derived as
well-differentiated human hepatocarcinoma cells from the liver tissue of a 15-year-old

Caucasian male (Knowles et al., 1980).

A2 feeder-independent mESCs were obtained from Prof. Patrick Tam and Dr. Pierre
Osteil (Children’s Medical Research Institute, Westmead, NSW, Australia) and were used by
Dr. Hannah Glover for RNA sequencing (RNAseq) (Section 2.4). A2 mESCs were generated
from the E14Tg2a mouse ESCs (originally derived from 129/0Ola mice) and have the XY
karyotype (Wutz et al., 2002; lacovino ef al., 2011). This cell line has a doxycycline-inducible
Cre-LoxP modification in the constitutively expressed HPRT locus. This allows for
recombination after plasmid incorporation (Wutz et al., 2002; Tacovino et al., 2011). This cell
line also has a tetracycline-inducible promoter in the Rosa26 locus. This allows for inducible

gene expression (Chu et al., 2016).

A2-derived EpiSCs were also obtained from Prof. Patrick Tam and Dr Pierre Osteil and
used by Dr. Hannah Glover for RNAseq (Section 2.4). These cells were derived by
incorporating the A2 mESC line into the blastocyst, then implanted into a pseudopregnant
mouse. After blastocysts were implanted, they were allowed to develop into embryos, then
isolated and maintained as an EpiSC line. These were maintained on a feeder layer of mouse
embryonic fibroblasts (MEFs) (Section 2.1.8). A2 EpiSCs have the same genetic background

as A2 mESCs (Osteil et al., 2016).

2.1.4. Thawing mESCs and HepG2 cells

mESCs and HepG2 cells were removed from liquid nitrogen storage and thawed gradually in a
37°C water bath. Cells were gently transferred and resuspended into mESC medium and HepG2

medium, respectively (Table 2.1 and 2.2). Cells were centrifuged for 2 min at 1200 rpm, the
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supernatant removed, and cells gently resuspended in 5 mL mESC medium or HepG2,
respectively (Table 2.1). mESCs were seeded directly onto a pre-gelatinised (0.1% porcine
gelatin) 6 cm cell culture plate containing mESC medium (Table 2.2). HepG2 cells were seeded
onto a T-25 or T-75 flask containing HepG2 medium (Table 2.2). Cells were incubated in a
5% COz2, 21% O2, 37°C humidified incubator. Cells were passaged for 2-3 consecutive days

before experimental use or for maintenance as per Section 2.1.5.
2.1.5. Mouse ESCs and HepG2 cell maintenance

Cells were maintained by passaging when confluency reached 50-70% (Glover et al., 2022).
Briefly, medium was removed and cells were washed twice with PBS. Cells were trypsinised
with addition of the appropriate volume of 0.25% trypsin/EDTA (Table 2.2), swirled for 20-30
s for mESCs or incubated for 5 min for HepG2 cells. The trypsin was deactivated by addition
of mESC medium for mESCs or HepG2 culture medium for HepG2 cells (Table 2.2). Cells
were triturated and single-cell suspended. The cell suspension was centrifuged at 14,000 rpm
for 10 s for mESCs or 1200 rpm for 2 min for HepG2 cells. Cells were gently resuspended in
sterile PBS. A cell count was performed using a haemocytometer; 10 pL of cell suspension was
mixed with 40 or 90 uL 0.4% Trypan Blue. Dead cells, identified by uptake of Trypan Blue,
were not counted as part of the live-cell count. The mESC suspension was replated at a cell
density of 1-5 x 10° live cells in fresh mESC medium onto pre-gelatinised cell culture plates
(Table 2.1 and 2.2). The HepG2 cell suspension was replated at a cell density of 10° live cells
in HepG2 culture medium into T-25 flasks for maintenance and/or for the production of
conditioned medium (Table 2.1 and 2.2 and Section 2.1.6). Cells were incubated in a 5% COo,

21% Oz, 37°C humidified incubator.

2.1.6. Conditioned medium from HepG2 cells (MEDII)

HepG2 cells were passaged as per section 2.1.5 and cells replated at 4 x10° live cells into T-

175 flasks. Cells were cultured for 4-5 days (Table 2.1) and the medium collected and sterile
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filtered through a 0.22 um filter, after which it was supplemented with 50% Basal medium, 0.1
mM B-mec and 1 mM L-Gln and stored at -20°C for up to 6 months, or 4°C for a month (Table

2.1). Cells were passaged and either maintained as per Section 2.1.5 or conditioned again.

2.1.7. EPLC formation and ground-state mouse ESC maintenance from mouse

ESCs

EPLCs and ground-state mESCs were derived from both D3 and A2 mESC lines cultured as
per Section 2.1.5. After live-cell counts, mESCs were replated into EPLC medium and 2i
medium, respectively, in 6 cm plates (Table 2.1) (Ying et al., 2008; Glover et al., 2022). Cells
were passaged every 2-3 days when confluency reached 50-70% in the same way as mESCs as

per section 2.1.5.

2.1.8. Mouse embryonic fibroblast (MEF) derivation and culture and epiblast

stem cell (EpiSC) culture

MEFs and their culture, freezing, and conditioning media (Table 2.1) were prepared by Dr.
Hannah Glover in collaboration with A/Prof. Stuart Fraser (Bosch Institute, University of
Sydney) (Glover, 2018). To derive MEFs, mice were sacrificed and the 12.5 dpc embryos
removed from the uterine horns. The fetal liver and heads were removed, then embryos were
washed with PBS. Embryos were manually dissected in 0.25% trypsin until they formed a
suspension. Cells in this suspension were transferred into tissue culture flasks containing ~1
embryo per 10-15 cm? and cultured in a humidified incubator at 5% COa, 21% O at 37°C. Once
confluency reached 50-70%, medium was removed and washed twice with cold sterile PBS.
12.5 pL 0.5% trypsin/cm? was added to culture plates for 1 min before deactivating with an
equal volume of MEF culture medium (Table 2.1). Cells were removed via trituration and
resuspended into a sterile microfuge tube for cell counting with a haemocytometer as per

Section 2.1.4. Cells were centrifuged for 15 s and were either frozen down in MEF freezing
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medium (Table 2.1) at 3 x 10° cells/vial or replated at 10* cells/cm? in MEF culture medium in

a humidified incubator at 5% CO, 21% O> at 37°C.

For use as a feeder layer, MEFs were thawed into T-150 flasks and cultured until 50-70%
confluent. Cells were passaged the same way as deriving MEFs. >125 uL/cm? fresh MEF
culture medium was added to pre-gelatinized (0.1% porcine gelatin) cell-culture plates. MEFs
were replated at 10* cells/cm? and cultured in a humidified incubator at 5% COa, 21% O at
37°C. Upon reaching 100% confluency, 10 pg/mL mitomycin C was added to culture medium
for 2.5 h to mitotically arrest MEFs. Medium was aspirated and cells were washed twice in
MEF culture medium. MEFs were then available for use as a feeder layer for routine EpiSC

culture and experiments.

For EpiSC culture, complete EpiSC medium was derived by growing inactivated MEFs
in MEF culture medium for 24 h, then supplementing with 20 ng/mL Activin A and 10 ng/mL
Fgf2 (Table 2.1). EpiSCs were seeded onto MEF feeder layer and cultured in a humidified
incubator at 5% COz, 21% O at 37 °C. EpiSC colonies were removed from the MEF feeder
layer using 12.5 pL/cm? of 1 mg/mL collagenase for 1 min and collected into a sterile 15 mL
tube before adding an equal volume of TrypLE to dissociate the colonies into single cells. Cells
were centrifuged for 20 s at 12,000 rpm, resuspended into 1 mL complete EpiSC medium,
counted on the haemocytometer and seeded at 5 X 10° cells/cm? on a fresh MEF feeder layer in
complete EpiSC medium. This medium was supplemented with 50 uM Y27632 in the first 24

h after passaging to promote cell survival.
2.1.9. Neural cell formation from mESCs

Embryoid bodies (EBs) were derived from mESCs in suspension either in hanging drops (Wang
and Yang, 2008; Ohnuki and Kurosawa, 2013) or petri dishes (Shparberg et al., 2019) for the
first 3 days of culture. As hanging drops, mESCs were passaged and diluted to 5 x 10* cells/mL
in Complete MEDII, Basal medium, or L-Proline-mediated differentiation medium (Table 2.1)
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in parallel (Figure 2.1). Hanging drops of mESCs in either Basal medium, complete MEDII or
L-Proline-mediated differentiation medium (Table 2.1) were produced by aliquoting 20 uL
(containing 1000 cells) onto the underside of 15 cm tissue culture plate lids. The lids were
carefully and quickly inverted and placed onto 15 cm tissue culture plates (section 2.1.1)
containing 10 mL PBS. For suspension in 10 cm petri dishes, mESCs were passaged and
counted (Section 2.1.5); 5 x 10° cells per petri dish in either Basal medium, Complete MEDII
or L-Proline-mediated differentiation medium (Table 2.1). Hanging drops and EBs in
suspension culture were incubated at 5% COz, 21% Oz, 37°C for 3 days before continuing
suspension culture in either Complete MEDII, Basal medium or L-Proline-mediated
differentiation medium in 10 cm petri dishes for up to an additional 6 days in a 5% CO2, 21%
02, 37°C humidified incubator (Table 2.1) (Shparberg et al., 2019). For EBs cultured in L-
Proline-mediated protocol, medium was replaced with the appropriate L-Proline-mediated
differentiation medium (Table 2.1) on Days 5 and 7 (Figure 2.1). Medium was replaced by
swirling the EBs into the middle of the plate so old medium could be aspirated from the sides.
At the end of Day 9, individual EBs were transferred to gelatinized (0.1% porcine gelatin) 48-
well plates (2-3 EBs per well) for adherent culture in serum-free or serum-free + L-Proline
medium (Table 2.1). EBs were incubated as above for a further 6 days. Medium was replaced

on Day 12 and the experiment was terminated on Day 15 (Figure 2.1) (Shparberg et al., 2019).
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Figure 2.1 L-Proline-based protocol to model neural differentiation from mouse ESCs.
A. In vivo, the pluripotent inner cell mass cell population (ICM) is formed 3.5-4.5 days post
coitum (dpc), which develops further into another pluripotent cell primitive ectoderm (PE)
by 5.5 dpc. The PE is primed for gastrulation to form the trilaminar embryo which contains
the 3 germ layers by 7 dpc. The DE develops further in response to form the neurectoderm
(NE), which acts as a precursor to form the neural plate by 7.5 dpc. The neural plate
undergoes formation of the neural tube. The neuroepithelium in the neural tube at 10 dpc
develops into different neural cell types (N) by 14.5 dpc. B. Development of neural cells
from mouse ESCs occurs stepwise via multiple cell populations in vitro. Mouse ESCs
differentiate to a second pluripotent cell population called early primitive ectoderm-like cells
(EPLCs). Between Days 5-7, the DE-like population is formed transiently, before
differentiating into NE by Day 9. To recapitulate these cell populations across Days 0-9,
mESCs are cultured in suspension as embryoid bodies (EBs) for 9 days in one of (i) MEDII
(conditioned medium from the hepatocarcinoma cell line HepG2), (ii) L-Proline-mediated
differentiation medium for Days 0-5 before switching to L-Proline-mediated differentiation
medium plus 10 uM Nodal inhibitor SB431542 for Days 6-9, or (ii) basal medium (which
allows for spontaneous differentiation) (see Table 2.1 for media formulations). After this,
EBs are transferred to adherent culture to further differentiate to form neural cells (N) from
Days 10-15 using serum-free medium (see Table 2.1 for media formulations). Figure adapted
from published protocols (Shparberg ef al., 2019).
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2.2. Seahorse extracellular flux (XF) assay

The Seahorse XF assay was used to measure the oxygen consumption rate (OCR) and
extracellular acidification rate (ECAR) simultaneously in real time as indicators of aerobic and
anaerobic metabolism, respectively. Oxygen consumption results primarily from mitochondria
utilising it in the final reaction of the electron transport chain to produce adenosine triphosphase
(ATP). Alternatively, the production of lactic acid from glucose via glycolysis causes cells to

release protons, which leads to a change in pH, resulting in an ECAR.

The XF assay sensor cartridge contains 4 injection ports. Each of these injection ports
was used to inject specific compounds directly onto live cells. Raw measurements (oxygen
concentration in pmol and changes in pH) were converted into OCR and ECAR, respectively,

using the Wave Software (v 2.6.1).

The Seahorse XF assay was used to determine immediate changes in OCR and ECAR in
ground-state mESCs, naive-state mESCs, and EPLCs in response to injections of XF medium
(control), 0.4 mM, 1 mM and 3 mM L-Proline and 0.37 uM FCCP. FCCP uncouples oxidative
phosphorylation and is used to determine the maximum respiratory capacity of cells (Nicholls

et al., 2010; Silverthorn et al., 2010; Chaban et al., 2014).
2.2.1. Hydrating the sensor cartridge

The XF analyser, controller and workstation was turned on at least 2 days prior to running the
protocol to allow all items to warm up to 37°C. The sensor cartridge was hydrated as per
manufacturer’s instructions. Briefly, 24 h prior to running the assay, each well of the 96-well
utility plate was filled with 200 pL sterile MQ. The sensor cartridge was lowered to allow the
sensors to be completely submerged before incubating overnight for at least 12 h at 37°Cin a
non-CO; humidified incubator. On the day of the assay, MQ was replaced with 200 pL XF

calibrant pre-warmed to 37°C in a non-COz environment. The sensor cartridge was incubated
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further for another 45-60 min at 37°C in a non-CO; environment before injection ports were

loaded (Section 2.2.3).
2.2.2. Culturing and seeding cells

mESCs (ground state and naive state) and EPLCs were cultured in pre-gelatinized (0.1%
porcine gelatin) 6-well plates for 4 days before the assay was performed. 48 h prior to the assay,
mESCs and EPLCs were trypsinized and seeded into pre-gelatinized (0.1% porcine gelatin)
XF96 well microplates. 2 x 10* mESCs (ground state and naive state) and 1.5 x 10* EPLCs
were suspended in 80 pL medium into each well, with the lower seeding density for EPLCs
than mESCs to account for faster doubling time. The 4 corner wells of the XF96 well
microplates were filled with XF assay medium only as per manufacturer’s instructions. The
plate was left at room temperature for 1 h to allow cells to seed down evenly across the surface

of the wells before incubating in a 37°C, 21% O, 5% CO> incubator for at least 48 h.

On the day of the assay, cells underwent a confluency check using the IncuCyte ZOOM
before cell culture medium was removed, and the wells washed 2x with PBS pre-warmed to
37°C in a non-CO> environment before being replaced with unbuffered XF assay medium
(Section 2.2.3) pre-warmed to 37°C in the non-CO; environment. Cells were incubated at 37°C

in a non-CO; environment for 1-2 h before running the assay (Section 2.2.4).
2.2.3. Preparation of XF assay medium and injections

XF assay medium is unbuffered so as not to interfere with ECAR measurements. 24 h prior
running the assay, the XF assay medium was supplemented with 1 mM sodium pyruvate, 2 mM
L-GIn and 1 mM glucose. Injectable compounds containing L-Proline or FCCP were prepared
with XF medium as the diluent before storing overnight at 4°C. On the day of the assay,
supplemented XF assay medium and injectable compounds had their pH adjusted to 7.4 at 37°C

before loading them into the appropriate ports, making sure all ports were filled for all wells.
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2.2.4. Running the protocol and analysis

The sensor cartridge and utility plate containing XF calibrant (Section 2.7.1) was placed in the
XF analyser and was left to calibrate for 1 h as per manufacturer’s instructions. Cells in the
XF96 well microplate (section 2.7.2) were rechecked for confluency using the IncuCyte
ZOOM. Post-calibration, the utility plate was replaced with the XF96 well microplate (section

2.7.2) to run the assay.

Oxygen concentration and pH in each well was measured over 2 min and the values used
to compute OCR and ECAR, respectively. These measurements were repeated at 7-minute
intervals. 5 OCR and ECAR measurements were taken before the first port injection to establish

baseline values. 5 more measurements were taken after each of the injections from the ports.

The details of the 7-minute assay cycle were as follows:

1)  Mixing (3 min) — the sensor cartridge was repeatedly raised and lowered in each well to
mix. This evens out treatment, oxygen and proton concentrations in the medium.

11) Measuring (2 min) — the sensor cartridge is lowered 200 um above the layer of cells,
creating a microchamber of trapped medium. 12 measurements of oxygen concentration
and pH changes are taken at this stage.

1i1) Resting (2 min) — the sensor cartridge is raised after 12 measurements, which allows the
trapped media to mix with the rest of the medium and to re-equilibrate oxygen

concentration and pH with the rest of the medium in the well.

Seahorse data was analysed on the Wave Software (v 2.6.1), which converts oxygen
concentrations to OCR values and raw pH to ECAR values. Linear regression was used to
convert the slope produced by the 12 points of measurement to the corresponding metabolic
rate. Confluence (%) measured by the IncuCyte ZOOM was converted to decimal format and

used to normalise OCR and ECAR values to a scale factor of 0.5. OCR and ECAR values were
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excluded if the raw measurements were non-linear as were data from wells with <20%

confluence.
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2.3. Gene Expression

2.3.1. Materials

Molecular biology reagents and plasticware

Nuclease-free HO [Baxter #AHF7114]
TRIzol/Tri Reagent [Sigma: #19424 or #93289]
Glycogen [Sigma: #G1767]
Chloroform [Sigma: #C2432]
Isopropanol [Sigma: #19516]
Absolute Ethanol [Sigma #E7023]
RQ1 RNase-Free DNase kit [Promega: #M6101], contains the following:
o RNase-free DNase I [Promega: #M610A]
o 10x Reaction Buffer [Promega: #M198A]
o Stop solution [Promega: #M199A]
High-Capacity cDNA Reverse Transcription Kit [ Applied Biosystems: #4368813]
96-well MicroAmp Fast Optical PCR plate [Applied Biosystems: #4346906]
96-well MicroAmp Fast Optical PCR reaction plate seal [Applied Biosystems: #4311971]
TagMan™ Fast Advanced Master Mix [Applied Biosystems: #4444556]

PCR tubes/Eppendorf tubes

Tagman™ gene expression assays of genes of interest are described in Table 2.3. The

Tagman™ assay identification number used to amplify the splice variant was based on

previously determined primers (Glover, 2018; Shparberg, 2018; Glover et al., 2022).
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Table 2.3. Tagman™ gene expression assays for PCR of selected Mus musculus genes.
All primer sets were pre-made and selected from the ThermoFisher database. 18s ribosomal
RNA was used as the housekeeping gene. VIC: 2’-chloro-7’-phenyl-1,4-dichloro-6-
carboxyfluorescein; FAM: Fluorescein amidite.

Gene Assay identification | Assay Design ;:nmgl:ll:c((l):;) Reporter | Catalogue #

18s Hs03003631 gl Non-Standard 69 VIC 4448489
Annotation

Brachyury/T | Mm01318252 ml Probe spans exons | 57 FAM 4331182

Dnmt3b Mm01246232 gl Probe spans exons | 108 FAM 4351372

Fgf5 Mm00438918 ml Probe spans exons | 67 FAM 4331182

Fus MmO01271304 ml Probe spans exons | 95 FAM 4448892

Mixl1 Mm00489085 ml Probe spans exons | 74 FAM 4331182

Nanog Mm02384862 gl Probe spans exons | 93 FAM 4331182

Nestin Mm00450205 m1 Probe spans exons | 72 FAM 4331182

Oct4 Mm00658129 gH Probe spans exons | 148 FAM 4331182

Optn MmO01333241 ml Probe spans exons | 88 FAM 4448892

Pard6b Mm00480520 m1 Probe spans exons | 76 FAM 4331182

Penkl MmO01212875 ml Probe spans exons | 57 FAM 4331182
Both primers and

Rex1 Mm03053975 gl probe map within | 111 FAM 4331182
a single exon

Smnl MmO01282975 ml Probe spans exons | 58 FAM 4448892

Sod1 Mm01344233 gl Probe spans exons | 71 FAM 4453320
Both primers and

Sox1 MmO00486299 sl probe map within | 71 FAM 4331182
a single exon

Stella MmO01184198 gl Probe spans exons | 89 FAM 4331182

Tardbp MmO01257503 gl Probe spans exons | 108 FAM 4448892
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2.3.2. RNA isolation and purification

RNA was isolated and purified using TRIzol-chloroform protocol with samples kept on ice
(Joglekar et al., 2010). Briefly, samples were collected in TRIzol (50 pL/single EB or 150
uL/10 EBs or 500 uL/mESC cell suspension), flash frozen in liquid nitrogen and stored on ice
(if used immediately) or at —80°C until required. Upon thawing from —80°C, samples were
allowed to be left at room temperature to promote nucleoprotein complex dissociation.
Glycogen was added to 1 pg/uL per sample. Chloroform was then added to TRIzol (1:5), and
the sample was shaken vigorously by hand for 1 min before being centrifuged at 4°C for 15 min
at 12,000 g. The aqueous phase (containing RNA) of each sample was transferred to another
tube and isopropanol was added and mixed by inverting 10 times. The samples were incubated
at room temperature for 15 min before centrifuging at 4°C for 15 min at 12,000 g. Samples were
then washed with freshly made 75% ethanol, vortexed briefly to mix before centrifuging as
above. Supernatant was removed before air-drying at room temperature for <—5 min. Nuclease-
free water (50 pL/sample) was added, the RNA resuspended thoroughly, and incubated at 55-
60°C for 10 min to promote precipitation of nucleic acids before either being quantified for

RNA (Section 2.3.3) or stored at —80°C until required.

2.3.3. RNA quantification and assessment

The concentration of purified RNA samples were measured using the NanoDrop

spectrophotometer (ThermoFisher Scientific) using an RNA extinction coefficient of 40 pg/mL.

The machine was blanked using nuclease-free water (Section 2.3.1). Absorbance was
measured at 260 nm (A260) and 280 nm (A2g0) to detect nucleic acid and proteins, respectively.
Organic compounds like ethanol and phenol have strong absorbance at 230 nm and 270 nm,
respectively. The Aze0:A2so ratio was used to assess purity, with a ratio of 1.7-2.0 indicating

little protein contamination.
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2.3.4. DNase treatment

Up to 3 ug purified RNA (determined in Section 2.3.3) was taken into a new tube for DNA
decontamination. Each sample was diluted with nuclease-free water (Section 2.3.1) up to 24 uL
total volume. DNA decontamination was done using the RQ1 RNase-Free DNase kit (Promega)
as per manufacturer’s instructions. In addition to producing samples treated with DNase,
samples were made without DNase treatment by adding an equivalent amount of RNase-free
water (Section 2.3.1). Sample purity was compared to its replicate sample with no DNase
treatment using the NanoDrop spectrophotometer (ThermoFisher Scientific). Samples with an

Aoe0:Azgoratio of 1.7-2.0 were used to produce cDNA (Section 2.3.5).

2.3.5. cDNA production

Up to 1 pg purified, DNase-treated RNA was reverse transcribed to produce cDNA for qPCR.
Production of cDNA was done using the High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems) following the manufacturer’s instructions. In addition to producing
samples containing reverse transcriptase (+RT), samples were produced whereby RT was
replaced with an equivalent amount of nuclease-free water (—RT) (Section 2.3.1) to account for
residual genomic DNA. All samples were placed in the Eppendorf Master Cycler and thermal

cycling conditions were as follows:

25°C for 10 min (annealing)

37°C for 120 min (elongation)

85°C for 5 min (inactivation)

4°C hold (or store on ice)

cDNA samples were then diluted to 33.3 ng/uL based on the original RNA concentration
obtained from NanoDrop then stored at —20°C for long term storage or 4°C for immediate qPCR

(Section 2.3.6).
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2.3.6. Quantitative real-time polymerase chain reaction (QPCR) using Tagman™

gene expression assay

cDNA samples (both +RT and —RT samples) were prepared for quality assessment and qPCR

in a 5 pL reaction volume containing:

e 2.5 uL TagMan Fast Advanced Master Mix

e 0.25 uL 20x gene expression assay primer of interest/probe mix (Table 2.3)
e (.25 uL 20x gene expression assay /8s primer/probe mix (Table 2.3)

e 1 uL nuclease-free water (Section 2.3.1)

e 1 uL cDNA template (33.3 ng total)

A —RT mix containing all -RT samples (final concentration of 33.3 ng/uL) was produced.
A no-template control was also produced whereby an equivalent volume of nuclease-free water

was used to replace cDNA.

The quality of each cDNA sample was assessed by the cycle threshold (Ct) for the
reference gene /8s ribosomal RNA. If the Ct value was above the expected range (9-10 cycles),
new cDNA was produced and retested. qPCR for the different genes (Table 2.3) was performed
in duplicate. Samples were loaded into 96-well FAST PCR reaction plate and sealed (Applied

Biosystems).

The Applied Biosystems QuantStudio FAST ViiA7 Real-Time PCR system was set up to

run the following program:

e 95°C for 20 s (Holding)

Then 40 cycles of:

e 95°C for 3 s (Denaturing)

e 60°C for 30 s (Annealing)
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Raw sample Ct values for each gene of interest were normalised to raw /8s Ct values by

the following:

ACt(normalised gene of interest) — Average Ct value(gene of interest) — Raw Ct value(lSS)

A fold change of the condition of interest relative to the assigned control was calculated

using the following equation:

AACt = ACt(normalised gene of interest condition) — ACt(normalised gene of interest control)

Fold change = 272A¢t

2.4. RNA sequencing (RNAseq) analysis
2.4.1. Sample preparation

Samples were prepared, processed, quality checked and underwent cDNA production by Dr.
Hannah Glover (Glover, 2018). Quality of total RNA was checked and quantified using the
Agilent 2100 Bioanalyser by Dr Hannah Glover (Glover, 2018). An Agilent RNA 6000
Nanochip was prepared as per manufacturer’s instructions. RNA samples and RNA ladder were
loaded into the Nanochip and quantified using the Agilent 2100 Bioanalyser. Samples used for

RNAseq had a mean (£ SEM) RNA Integrity Number (RIN) of 9.8 £ 0.04 (mean + SEM, n=21).
2.4.2. Sequencing

Library construction and sequencing was sent to Macrogen (South Korea). Library construction
was done using TruSeq RNA Sample Prep Kit v2 (Illumina #RS-122-2001). Samples were
sequenced using paired-end 100 bp fragments using HiSeq 4000 (Illumina). Read depth ranged

from ~37 to ~57 million reads per sample.
2.4.3. RNAseq bioinformatics pipeline

Pipelining was performed using Artemis’ High Performance Computing (HPC) and Galaxy

interface. Raw RNAseq files were checked for quality using FastQC (v 0.11.8) (Figure 2.2) and
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visualised using MultiQC. Paired-end sequences were aligned to reference genome Mus
musculus mm10 using HISAT2 (v 2.1.0) with default settings (Figure 2.2) (Kim et al., 2019).
Alignments were visualised using the Integrated Genomics Viewer (IGV) (Figure 2.2). HISAT2
outputs were counted for the number of reads using FeatureCounts from the Subread package
(v 1.5.1) and the Mus musculus GRCm39 annotation GTF file from Gencode (Figure 2.2).
Differential expression and principle component analysis (PCA) plots were done using the
DESeq2 (v 1.33.4) pipeline with default settings on Rstudio (v 4.1.1) (Figure 2.2) (Anders and
Huber, 2010; Love et al., 2014). Raw counts were normalised using DESeq2’s median of ratios
to account for sequencing depth and RNA composition (Anders and Huber, 2010; Love et al.,

2014).

Published single-cell RNAseq data (accession number GEO: GSE100597) (Mohammed
et al.,2017) underwent PCA using the Scater library and single-cell consensus clustering (SC3)
previously to identify different cell clusters (Kiselev et al., 2017; Mohammed et al., 2017).
Differential expression analysis was done using the DESeq2 (v 1.33.4) pipeline, with the data
fitted to a Gamma-Poisson distribution as the model accounts for sampling variability of single-

cell RNAseq counts (Ahlmann-Eltze and Huber, 2020).

Raw counts were also normalised using fragments per kilobase of exon per million
fragments mapped (FPKM) to account for sequencing depth and gene length using a published
R package (Figure 2.2) (Trapnell et al., 2010; Alhendi, 2019). These normalised counts were
then used on Python (v 3.8.2) to run the Transcriptional Regulatory Inference Analysis from
Gene Expression (TRIAGE) pipeline to prioritize genes with cell-type specific regulatory
functions (Figure 2.2) (Shim et al., 2020). Repressing expression of genes that guide cell-fate
decisions, and pluripotency and lineage commitment are marked by H3K27me3 (see Sections
1.4.1 and 1.4.2.1 and Figure 1.5). The TRIAGE pipeline utilises this epigenomic mark to
transform normalised RNAseq counts to discordance scores (DS) (Figure 2.2). This score

depends on 2 things: 1) the extent of gene expression; ii) the degree of association of H3K27me3
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marks (or the tendency of gene repression) observed across the genome (Shim et al., 2020).

This is calculated as the following:

Discordance score gene of interest)
= Original expression gene of interest)

X Repressive Tendency Score gene of interest)

The Repressive Tendency Scores derived from the Mus musculus genome were built into
the Python scripts that were initially analysed from EpiMap data (Shim et al., 2020). Genes
were considered differentially expressed with a Benjamini-Hochberg adjusted P <0.05, with

different log: fold change thresholds as described in the figure legends.
2.4.4. Biological interpretation of TRIAGE-transformed genes

The top 100 genes based on their ranked DS relative to the mouse genome were categorized
using the gene clustering method TRIAGE-ParseR on Python (v 3.8.2) (Figure 2.2) (Sun ef al.,
2023). This method allows grouping or clustering of genes based on their “biological processes”
gene ontology term. Identification of these clusters were used to predict protein-protein

interactions (PPIs) (Figure 2.2) and mechanisms that determine cell fate and cell identity.
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Figure 2.2 RNA sequencing (RNAseq) bioinformatics pipeline. Data files (both raw and
output) are in black. RNAseq 100 bp reads were subjected to pipelining on Artemis’ HPC
and Galaxy interface. RNAseq 100 bp reads were aligned using the Mus musculus mm10
reference genome (purple). Each step of the pipeline is outlined (blue), with the annotation
file acquired from Gencode (purple). Data processing tools used in each pipelining step is
shown with their corresponding versions (red). Raw count data was subjected for further
pipelining on Rstudio platform. Figure adapted from Glover, 2019.
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2.5. Microarray analysis
cDNA samples were produced from EBs by Dr J. Rathjen (University of Adelaide) then

hybridised onto the Mus musculus 22k Affymetrix platform. The samples were as follows (also

see Figure 2.3):

D3 naive-state mESCs were cultured in MEDII (Section 2.1.6 and Table 2.1) in
suspension as EBs up to Day 3, 6 and 9 to produce EPLCs, definitive ectoderm and
neurectoderm, respectively. EB samples were collected on those respective days. In a different
set of experiments, D3 naive-state mESCs were cultured in MEDII (Section 2.1.6 and Table
2.1) in suspension as EBs up to Day 3 to produce EPLCs, then left to spontaneously differentiate
in basal medium (Table 2.1) up to Day 5 and 7, with EB samples collected on those respective
days. Total RNA was harvested from these EB samples with Trizol (Section 2.3.1) and
subjected to RNA extraction, purification and quantification procedures before producing

cDNA for microarray generation.

Microarray data (Affymetrix 22k Mus musculus microarray) was generated from these
samples across the 4 independent experiments and days, as per Affymetrix instructions (see
also Figure 2.3). The data was normalised to take into account differences in cDNA
concentration. Code was produced by Dr. J. Rathjen and Dr. C. Wilkinson (University of
Adelaide) to work up the raw data into graphical form. Code was run on the R interface (v 2.2.1)
and raw data was extracted using Rstudio (v 4.1.1). From these datasets, differential expression
of genes was calculated and also subjected to TRIAGE transformation and analysis (Section

2.4.3 and 2.4.4).
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Figure 2.3 Hybridisation strategy used for microarray datasets. Microarray was
performed on samples from 2 different but related experiments. For both A and B, D3 mouse
embryonic stem cells (mESCs) at the naive state (Day 0) represents the starting population
maintained in mESC medium (see Table 2.1 for medium formulation). D3 naive mESCs
were cultured for 3 days in suspension using MEDII to produce early primitive ectoderm-
like cells (EPLCs) (black arrows with condition in red). A Day 3 (EPLCs) were continued
to be cultured in suspension to produce Day 6 (DE: definitive ectoderm) and Day 9 (NE:
neurectoderm) EBs in MEDII (black arrows with condition in red). All pairwise
comparisons, except Day 6 EBs relative to Day 0, were performed (blue double arrows). B
Day 3 (EPLCs) derived from Day 0 samples from a separate set of experiments were allowed
to spontaneously differentiate to Day 5 and Day 7 in basal medium (see Table 2.1 for
medium formulation) (black arrows with conditions in red). All pairwise comparisons,
except Day 0 samples relative to Day 3, 5 and 7, were performed (blue double arrows). Both
sets of hybridisations (blue double arrows from both A and B were repeated 4 times each
from different passage numbers (n=4 independent experiments).
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2.6. Western blot analysis

2.6.1. Materials
Acetic acid [Sigma #A6283]
Acrylamide: bis-acrylamide 40% (w/v) (37.5:1) [Astral Scientific #BIOA0008]
Ammonium persulphate (APS) 10% (w/v) [Chem-Supply #A2098]
Bovine serum albumin (BSA) [Sigma #A9418]
Bromophenol Blue [Sigma #B8026]
Cell Lysis Buffer (10x) [Cell Signaling Technology #9803]
Dithiothreitol (DTT) (1 mM working stock) [Life Technologies #P2325]
Glycerol [Sigma #G5516]
Glycine [Sigma #G7126]
Micro BCA™ Protein Assay Kit [Thermofisher Scientific #23235]
Mini-PROTEAN® TGX™ Precast Gels (4-20%) [BioRad #456-1093]
Molecular weight markers [Bio-Rad #161-0374]
Nitrocellulose membrane, 0.45 um [GE Healthcare #10600002]
Odyssey Blocking Buffer [LI-COR #927-50000]

PBS [Gibco: #21600-010 or Amresco: #E404]

Phenylmethanesulfonyl fluoride (PMSF) (100 mM in ethanol/isopropanol) [Sigma #P7626]

Ponceau S (0.1% (w/v) in 5% (v/v) acetic acid) [Sigma #3504 ]
Precision Plus Protein Dual Colour Standards [Bio-Rad #161-0374]
Sodium dodecyl sulfate (SDS) (10% (w/v)) [Amresco #0227]
Sodium chloride [Sigma #S5886]

Tetramethylethylenediamine (TEMED) [Bio-Rad #1610801]

Tris Base [Amresco #0497

Tween-20 [Astral Scientific #BI00777]

Whatman cellulose chromatography paper (3MM) [GE Healthcare #3030917]
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Primary and secondary antibodies are listed in Tables 2.4 and 2.5, respectively. The
percentage of polyacrylamide use in gels depended on the range of sizes of the proteins of
interest. Gel formulations are shown in Table 2.6 and those for Western blot buffers and

solutions in Table 2.7.

Table 2.4 Primary antibodies used for Western blot analysis.

Primary | Species and Size
Antibody | specificity Dilution (kDa) | Company Catalogue #
C-term Rabbit Thermofisher
Fus polyclonal 1:10,000 73 (Bethyl) A300-294A
C-term Rabbit
Optn polyclonal 1:1000 70-74 | Cayman Chemical | 100000
Smnl Mouse monoclonal 1:5000 35 BD Biosciences 610647
Sodl Goat polyclonal 1:1000 19 R&D systems AF3787
Tardbp Rabbit polyclonal 1:1000 43 ProteinTech 12892-1-AP
Vapb Rabbit polyclonal 1:1000 27-30 | ProteinTech 14477-1-AP
Developmental
Studies Hybridoma
a-tubulin | Mouse monoclonal 1:5000 50-52 | Bank E7
1:5,000-
B-actin Mouse monoclonal 1:10,000 42 Sigma a5441
Table 2.5 Secondary antibodies used for Western blot analysis.
Fluorophore Species Dilution Company | Catalogue #
Donkey anti-mouse
IRDye 680 IgG 1:5000 LI-COR® | 926-32213
Donkey anti-rabbit
IRDye 800 IgG 1:5000 LI-COR® | 926-68022
IRDye 680 Donkey anti-goat IgG | 1:20,000 LI-COR® | 925-68024

2.6.2. Gel preparation

Table 2.6 Separating gel components for different acrylamide/bis-acrylamide % (v/v).

8% (v/v) 10% (v/v) 12% (v/v)
acrylamide/bis- | acrylamide/bis- | acrylamide/bis-
Reagent acrylamide acrylamide acrylamide
40% (w/v) acrylamide/bis-acrylamide | 2.0 mL 2.5mL 3.0 mL
1.5 M TrisCl, pH 8.8 2.5 mL 2.5 mL 2.5 mL
MQ 5.29 mL 4.79 mL 4.29 mL
10% (w/v) SDS 100 pL 100 pL 100 pL
10% (w/v) APS 100 puLL 100 puLL 100 puL.
TEMED 10 uL 10 uL 10 uL
Protein size detection 50-100 kDa 20-45 kDa <20 kDa
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Table 2.7 Western blot buffers and solutions and their components. DDT, dithiothreitol;
SDS, sodium dodecyl sulfate; TEMED, tetramethylethylenediamine; TBS, Tris-buffered
saline; TBST, 0.1% (v/v) Tween-20 in Tris-buffered saline.

Stacking Gel MQ, 4% (v/v) acrylamide/bis-acrylamide, 125 mM TrisCl (pH 6.8),
0.1% (w/v) SDS, 0.05% (v/v) APS, 0.1% (v/v) TEMED

Running Buffer | MQ, 125 mM Tris Base (pH 8.3), 960 mM Glycine, 0.5% (w/v)

(5x) SDS

Transfer Buffer

(1x) MQ, 20% (v/v) Ethanol, 25 mM Tris Base, 192 mM Glycine

TBS 10 mM TrisCl pH 7.4, 150 mM NaCl

TBST 10 mM TrisCl pH 7.4, 150 mM NaCl, 0.1% of 10% (v/v) Tween 20

Loading Buffer | 65.8 mM TrisCl (pH 6.8), 2.1% SDS, 26.3% (w/v) glycerol, 0.01%

(6x) Bromophenol Blue, 1 mM DTT (added as fresh liquid)

2.6.3. Cell lysis for protein quantification and Western blot

Medium was aspirated from cultured cells followed by 2x cold PBS washes. Cell Lysis Buffer
(Section 2.6.1) was added to a concentration of 1 puL./40 000 cells, immediately followed by
addition of 1 pL PMSF (100 mM)/100 pL Cell Lysis Buffer. Cells were scraped from the plate
before transferring them to pre-chilled microfuge tubes. Cells were spun at 12 000 rpm for 10
min at 4°C. Supernatant was transferred to new pre-chilled microfuge tubes and stored at -80°C

until required.

For suspension culture, 50-100 EBs were collected into pre-chilled microfuge tubes,
washed 2x with cold PBS before adding 100 puL Cell Lysis Buffer (Section 2.6.1) per 100 EBs,
immediately followed by 1 uL PMSF (100 mM)/100 pL Cell Lysis Buffer. Cells were spun
down at 12 000 rpm for 10 min at 4°C. Supernatant was transferred to new, pre-chilled
microfuge tubes and stored on ice used to produce dilutions in MQ (1 in 100, 1 in 200 and 1 in
500). The original concentration of supernatant was stored at —80°C until required. The diluted
samples were stored on ice to be quantified immediately using the Micro BCA™ Protein Assay
kit, as per manufacturer’s instructions, to determine the volume of the original concentration

required for 30 pg protein.
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2.6.4. Sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE)

Gel electrophoresis was conducted to separate proteins based on their molecular weight.
Separating gel (Table 2.6) was poured between 2 glass plates spaced 1.5 mm apart and sealed
with Parafilm at the base. MQ was gently overlayed using a P1000 pipette and the
polyacrylamide allowed to polymerise for 15 min. Excess MQ was poured off and stacking gel
(Table 2.7) was poured onto the separating gel. A 10-well comb was inserted between the plates
before allowing the stacking gel to polymerise for 15 min. Once polymerised, the comb was
removed, and wells were washed out with 1X running buffer in MQ. 5 pL Bio-Rad molecular
weight markers was loaded into the first well and last well. Protein samples (5 puL for adherent
culture samples) or 30 ug protein from suspension culture (as determined by Micro BCA™
Protein Assay) were mixed into 6x loading buffer containing DDT (Table 2.7) before being
loaded into the wells. Electrophoresis was carried out using the BioRad Mini Power Pack at
100 V, 0.15 Amps, followed by 120 V after proteins had passed halfway through the gel for a

total of 120 min.

2.6.5. Protein transfer and quality check

After SDS-PAGE, the proteins were transferred onto a nitrocellulose membrane (pore size 0.45
um) to be stained. The transfer sandwich consisted of the following layers: 1 fibre pad, 2 sheets
Whatman chromatography paper, the SDS-PAGE gel, nitrocellulose membrane, 2 sheets
oWhatman chromatography paper and 1 fibre pad. Bubbles were rolled out of the sandwich 1
layer at a time using a plastic roller. The transfer sandwich was put into a chamber filled with
1x transfer buffer (Section 2.6.2) and cooled with ice. Transfer was conducted at 100 V using

a Biorad Mini Power Pack for 1.5-3 h depending on size of the protein(s) of interest.

After protein transfer, the membrane was removed from the apparatus and stained with
0.1% (w/v) Ponceau S with 5% (v/v) acetic acid for 1-5 min. Protein bands were revealed by

rinsing with TBS and to check transfer quality.
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2.6.6. Membrane blocking and antibody staining

Membrane was blocked using TBS + 3% (w/v) skim milk powder and incubated for 2 h at room
temperature or overnight on a rocker at 4°C. Blocking solution was then poured off and the

membrane was washed 3x with TBS while leaving the last wash on the membrane.

For primary antibody staining, TBS was replaced with a fresh aliquot containing primary
antibody at the required dilution in Odyssey blocking buffer + TBST (1:1), covered in foil and
incubated for 2 h or overnight on a rocker at 4°C. Primary antibody was removed and the
membrane washed 3x with TBST while keeping the last wash on the membrane. The membrane
was covered with foil and placed on a rocker at room temperature for 30 min. TBST was
removed and the appropriate fluorophore-conjugated secondary antibody was then added at the
required dilution in fresh Odyssey blocking buffer + TBST (1:1) and incubated for 2 h at room
temperature on a rocker. Secondary antibody was removed, the membrane washed 3x with
TBST while leaving the last wash on the membrane, covered with foil and placed on a rocker
for 30 min at room temperature. TBST was removed then the membrane was washed 2x with
MQ to decrease background for imaging on the LI-COR® Odyssey infrared scanner and

quantification of band intensities using the Odyssey Software (v3).
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2.7. Microscopy

2.7.1. Phase contrast microscopy

Images of EBs in hanging drops were taken on Days 0 and 3 using the Axiocam 105 camera on
a Zeiss Stemi 305 stereomicroscope, under 10X, 20x or 30X magnification. For Days 5, 7, 9, 10,
12 and 15, EBs were imaged with phase-contract microscopy using 10X, 20x or 40X objectives
on an Olympus IX-81 Inverted Fluorescence Microscope or the EVOS FL Auto Cell Imaging
System (ThermoFisher Scientific). Adherent cultures were imaged on the culture plate using

10x, 20x or 40X objectives on the same microscopes.
2.7.2. Time-lapse microscopy with IncuCyte ZOOM

D3 mESCs were seeded at 18 000 cells/well onto pre-gelatinized (0.1% porcine gelatin) 12-
well plates. Cells were incubated at 37°C, 5% COz, 21% O for 96 h and imaged every 2 h with
the IncuCyte ZOOM (Essen BioScience). The application was programmed to take 9 images
per well and quantified confluency per image. Each image was assigned a random file name for

unbiased scoring (Section 2.7.4).
2.7.3. Colony morphology scoring

Colonies were scored based on a pre-determined scale of differentiation (Figure 2.4): Colonies
were scored as mESCs (1), morphology intermediate between ESCs and EPLCs (2), and

morphology consistent with being EPLCs (3).

For scoring neural features on seeded down EBs at day 15, the presence of neurites,
axonal bundles, neural progenitors and neural rosettes was assessed (Figure 2.5) (Shparberg et
al.,2019). Other features associated with mesendoderm lineage commitment, including beating

cardiomyocytes, were also identified.
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(1) mESCs (2) Intermediate (3) EPLCs

Figure 2.4 Representative reference images for scoring colony morphology. Colonies
were scored as (1) mESCs, (2) intermediate between mESCs and EPLCs, or (3) EPLCs.
Undifferentiated colonies were scored as having round, domed colonies and where
individual cells could not be distinguished, consistent with them being mouse ESCs
(mESCs). Colony morphologies intermediate between mESCs and EPLCs were scored
based on having irregular borders and/or mostly visible cells within the colony. Colonies
were also scored displaying irregular/jagged borders with extensions, visible cells breaking
out of the colony and displaying a monolayer-like structure, consistent with them being
EPLCs. Images were taken on IncuCyte ZOOM at 10x magnification. Scale bar = 150 pm.
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Figure 2.5 Representative images of neural features used for phenotypic scoring of EBs
in adherent culture at Day 15. Neural features included the following:
branched/unbranched neurites (broken black arrows); axonal projections/bundles (solid
black arrows); neural rosettes (broken white arrows); and neural progenitors (solid white
arrows). Original images were taken by Dr. R. Shparberg using phase contrast with a 10x
objective. Scale bars in A-D are as shown. Figure adapted from Shparberg et. al. 2019a.
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2.7.4. Doubling time calculations

Percentage confluence over time was calculated using the IncuCyte ZOOM software and
converted into doubling time by fitting the data with the exponential growth function in

GraphPad Prism v9:
Y=Y, xexp (k *X)
where:

* Yoisthe Y intercept, expressed in the same units as Y (% confluence)

e ks the rate constant, expressed as the reciprocal of the X axis unit (time in h)

From the rate constant, doubling time (DT) was determined by the following formula:

_In(2)
Tk

DT

2.8. Statistical analyses

For routine statistical analysis and post hoc tests, GraphPad Prism v9 was used. For RNAseq
and microarray analyses, DESeq2’s Wald test was used for hypothesis testing when comparing
between 2 groups, with the null hypothesis being no difference in log» fold change. P values
obtained from DEseq2 and microarray analyses were then adjusted for multiple testing using
the Benjamini-Hochberg method. These adjusted P values were used to determine significant
differences in relative gene expression while accounting for false discovery rates (Anders and
Huber, 2010; Koch et al., 2018). P values acquired from the TRIAGE pipeline is a combined
P value, which was calculated by using Fisher’s method (based on Chi-square distribution)
from 2 separate statistical tests: 1) the probability of observing a repressive tendency score of a
given gene (calculated from discordance scores) by chance; 2) the probability of observing an
expression value of the same gene by chance (Shim et al., 2020). Dunnett’s, Tukey’s, and
Sidak’s post hoc tests were used as described in the figure legends. Heatmaps were produced

on GraphPad Prism v9 and edited on Adobe Illustrator.
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Chapter 3: Investigating cell-fate
drivers and L-Proline-mediated
metabolic processes across the
pluripotency spectrum
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3.1. Introduction

Amino acids stimulate cell signalling and regulate gene expression to facilitate and drive
embryogenesis and differentiation (Wu, 2009; Washington et al., 2010; Shparberg et al.,
2019b). Embryogenesis requires pluripotent ICM cells to transition into another pluripotent
cell population called primitive ectoderm, the cellular substrate for gastrulation and the
generation of the 3 multipotent germ layers which go on to form all cell types of the embryo
proper (Rathjen et al., 1999; Pelton et al., 2002; Nichols and Smith, 2009; Krupinski et al.,
2011). Culturing mESCs, the in vitro equivalent of the ICM, with L-Proline causes
differentiation to EPLCs, the in vitro equivalent of primitive ectoderm (Rathjen et al., 2003;

Washington et al., 2010).

L-Proline acts as a growth factor to activate cell signalling pathways such as MAPK/ERK,
P38 and amino acid-sensing mammalian target of rapamycin (mTOR) to induce the mESC-to-
EPLC transition (Lonic, 2007; Washington et al., 2010; Glover, 2018). In addition, metabolism
of L-Proline contributes to stimulating the transition (Casalino et al., 2011; Comes et al., 2013;
D’Aniello et al., 2015, 2017). In particular, metabolism of L-Proline stimulates the phenotypic
transition of mESCs towards a mesenchymal-like state, which is reversible upon removal of L-
Proline or addition of antioxidants (Casalino ef al., 2011; Comes et al., 2013; D’ Aniello et al.,

2017).

In mESCs, L-Proline biosynthesis is regulated by the AAR pathway, which suppresses
production of L-Proline such that mESC identity and self-renewal is maintained (D’ Aniello et
al., 2015). Upon exogenous addition of L-Proline, the AAR pathway is overwhelmed, which
leads to the loss of controlled L-Proline production (D’Aniello et al., 2015) and promotes
mESCs to transition to EPLCs (Comes et al., 2013; D’Aniello et al., 2015, 2017) and their
further directed differentiation to neural cell fate (Rathjen ef al., 2002, 2003; Maye et al., 2004;

Shparberg et al., 2019a).
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L-Proline enters cells via the sodium-coupled neutral amino acid transporter 2 (SNAT2)
(Figure 3.1) (Tan et al., 2011). Once in the cytoplasm, it is metabolised in the proline cycle to
pyrroline-5-carobxylate (P5C) via proline oxidase (POX) (Figure 3.1) (Phang et al., 2010). The
proline cycle is redox coupled to the pentose phosphate pathway (PPP) (Figure 3.1), which
stimulates glycolysis in highly proliferative cells like cancer cells and ESCs (Phang et al., 2010;
Hancock et al., 2016). ESCs prefer anaerobic metabolism to support their growth and survival
in comparison to somatic mammalian cells which generally prefer to generate ATP by aerobic
metabolism (Rehman, 2010; Varum et al., 2011; Panopoulos ef al., 2012). Similar to ESCs,
when the blastocyst, with its ICM, implants into the uterine epithelium, glucose becomes the
major energy source for the embryo and is preferentially metabolised anaerobically to generate

ATP (Folmes et al., 2012; Lees et al., 2017).
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Figure 3.1 Metabolism in ESCs, including proposed emergent properties from
pathways active during ES-to-EPLC transition, and the role of metabolic inhibitors
dichloroacetate (DCA), L-tetrahydro-2-furoic acid (THFA), 3,4 dehydro-L-Proline
(DHP) and 6-aminonicotinamide (6AN). Glucose is transported into ESCs via GLUT
transporters and converted into glucose-6-phosphate (Glucose-6P), then to pyruvate through
intermediate steps (orange arrows). Pyruvate is used to generate energy in the form of ATP
by being converted to lactate for anaerobic metabolism (orange arrows) or acetyl-CoA for
aerobic metabolism via mitochondrial respiration (blue arrows). DCA inhibits pyruvate
dehydrogenase kinase (PDHK), alleviating phosphorylation of PDH that would otherwise
cause its inhibition. This increases the rate of pyruvate entry into mitochondrial respiration
and effectively reduces anaerobic metabolism of glucose to lactate. L-Proline enters
mammalian cells via SNAT2 and is metabolized via the proline cycle in which L-Proline is
converted to pyrroline-5-carboxylic acid (P5C) by proline oxidase (POX). P5C can be
converted back to L-Proline by P5C-reductase (PSCR). L-Proline metabolism can be
reduced by DHP or THFA inhibition of POX. The proline cycle is redox coupled to the
pentose phosphate pathway (PPP, purple arrows) for protein and nucleotide synthesis, where
NADP" can be used as an oxidizing agent at various stages. PPP activity is limited by the
availability of NADP" to act on rate-limiting enzyme, 6-phosphogluconate dehydrogenase
(6-PGD). 6AN inhibits the PPP by first being converted to 6-amino-NADP" (6ANP™) by
NAD" glycohydrolase, which then inhibits 6-PGD. The proposed emergent properties
during the L-Proline-mediated ES-to-EPLC transition that each of the metabolic pathways
affect and studied in this Chapter are shown in white boxes. MCT: monocarboxylate
transporter, Gly3P: glyceraldehyde-3-phosphate, RS5P: ribose-5-phosphate, OAA:
oxaloacetate, a-KG: alpha-ketoglutarate, SucCoA: succinyl-coA. Adapted from: (Kohler et
al., 1970; Michelakis et al., 2008; Casalino et al., 2011; Rawat et al., 2012; Tsouko et al.,
2014; De Preter et al., 2016; Hancock et al., 2016).
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As the embryo continues to develop the ICM transitions to the primed primitive ectoderm.
EpiSC cell lines are equivalent to this primed state. Therefore, they lie further along the
pluripotency spectrum than ground- and naive-state mESCs (Hackett et al., 2013; Kojima et
al.,2014; Peng et al., 2016). EpiSCs rely even more on anaerobic metabolism to generate ATP

than ESCs (Zhou et al., 2012; Fiorenzano et al., 2016; Minchiotti et al., 2022).

Glycolysis also produces large amounts of NADPH which help maintain nucleic acid and
protein synthesis necessary for the high proliferation rates of the early, rapidly growing embryo
(Figure 3.1) (Folmes et al., 2012; Tsouko et al., 2014; Lees et al., 2017). Rapidly proliferating
ESCs display similar requirements (Rodrigues et al., 2015) and although it has not been
specifically tested, addition of L-Proline may stimulate glycolysis along with the PPP to meet
the even higher proliferation rates that accompany the transition of ESCs along the pluripotency
spectrum to EPLCs (Figure 3.1) (Aral and Kamoun, 1997; Phang et al., 2008; Casalino et al.,

2011; Liu et al., 2015; De Preter et al., 2016).

A comparison of the metabolic profiles of ground- and naive-state mESCs, along with
EPLCs and primed EpiSCs, will help show how cells across the pluripotency spectrum respond
to exogenously added L-Proline (Figure 3.2). To facilitate this, the proline cycle can be
disrupted using the POX inhibitors 3,4-dehydro-L-proline (DHP) or L-tetrahydro-2-furoic acid
(THFA) (Figure 3.1 and 3.2). DHP is a substrate analogue of L-Proline and competitively
inhibits POX. DHP prevents proline-induced morphological changes in mESCs at a three-fold
molar excess over L-Proline (Figure 3.1) (Casalino ef al., 2011). THFA is also a competitive

inhibitor of POX (Figure 3.1) (Zhu et al., 2002; Krishnan et al., 2008; Elia et al., 2017).

Dichloroacetate (DCA) can be added to cultured mESCs in the presence of L-Proline to
assess the involvement of anaerobic metabolism on the L-Proline-mediated transition of mESCs
to EPLCs. DCA inhibits pyruvate dehydrogenase kinase (PDHK) and therefore alleviates

inhibition of pyruvate dehydrogenase (PDH) to allow pyruvate to enter mitochondrial
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respiration (Figure 3.1) (Michelakis et al., 2008; Sanchez et al., 2013; Rodrigues et al., 2015;
De Preter et al., 2016). In effect, this leads to a reduction in glycolysis to lactate and, therefore,

anaerobic metabolism.

6-aminonicotinamide (6AN) inhibits the PPP by acting on 6-phosphogluconate
dehydrogenase through an intermediate (Figure 3.1) (Kohler ef al., 1970; Rawat et al., 2012;
De Preter et al., 2016). Therefore, it can be used to determine the role of the PPP on changes in
colony morphology, proliferation rates and gene expression profile associated with the mESC-

to-EPLC transition.

In this Chapter, we use experimental and bioinformatics approaches to examine L-
Proline-mediated metabolic changes across the pluripotency spectrum from ground-state
mESCs to primed-state EpiSCs, which includes the metastable intermediate populations of

naive-state mESCs and EPLCs (Figure 3.2).
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Figure 3.2 Bioinformatics and experimental approaches used to determine L-Proline-mediated metabolic changes across the pluripotency
spectrum. D3 and A2 naive-state mESCs were either maintained in mESC medium (LIF + BMP4/serum), cultured in 2i medium (LIF + 21) to produce
and maintain ground state or cultured in EPLC medium (LIF + L-Proline) to produce and maintain EPLCs. A2 EpiSCs were derived from A2 mESCs
(Osteil et al. 2016) and maintained on MEFs in Complete EpiSC medium supplemented with KOSR (+ KOSR + Activin A + Fgf2). For bioinformatics
approaches, RNA samples (n=3) were subjected to RNAseq (by Dr H. Glover. Also see Methods Section 2.4). Raw counts were acquired and
underwent differential gene expression analysis (DESeq2) and TRIAGE analysis (Shim et al. 2020) to interrogate pluripotency and lineage restriction
genes. Metabolic enzyme genes of interest were also interrogated via the same analyses. For experimental approaches, D3 ground- and naive-state
mESCs and D3 EPLCs were subjected to metabolic profiling via the Seahorse Extracellular Flux (XF) assay protocol. The mESC-to-EPLC transition
was also assessed using metabolic inhibitors (see Figure 3.1) in the presence of L-Proline. 21 = MAPK inhibitor PD0325091 and the GSK-3f inhibitor

CHIR99021.
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3.2. Hypotheses and aims

In this Chapter, the following hypotheses will be tested:

1.

L-Proline added to pluripotent cells will result in changes in the expression of pluripotency-
associated genes and metabolism genes, as shown by bioinformatics analysis of RNAseq
data.

Interrogating genes encoding enzymes associated with metabolism will provide candidates
for those genes which play a role in cell identity and cell-fate decisions, as shown by
Transcriptional Regulatory Inference Analysis from Gene Expression (TRIAGE) analysis.
The addition of L-Proline to pluripotent cells will increase anaerobic metabolism across the
pluripotency spectrum, as measured by the Seahorse Extracellular Flux (XF) assay.

The mESC-to-EPLC transition requires the breakdown of L-Proline to P5C by POX, as

determined by the use of the POX inhibitors DHP and THFA in the presence of L-Proline.

. An L-Proline-mediated increase in the activity of the PPP and anaerobic glycolysis is

required for the mESC-to-EPLC transition, as determined by the 6-PGD inhibitor, 6AN,

and the PDHK inhibitor, DCA, in the presence of L-Proline.
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3.3. Results

3.3.1. RNAseq analysis of cells at various stages along the pluripotency spectrum from
ground state to primed state

The pluripotency spectrum is a dynamic, reversible set of states, which ranges from ground

state to naive state to a primed state of pluripotency, the last of which is represented by primitive

ectoderm in the embryo and cell lines derived from primitive ectoderm known as EpiSCs

(Hackett et al., 2013). An intermediate/formative stage of pluripotency exists between naive

and primed states in the form of EPLCs (Figure 3.2) (Rathjen et al., 1999; Rodda et al., 2002).

Briefly, ground-state mESCs are derived from naive-state mESCs by culturing in LIF +
2i medium, where 2i represents the MAPK inhibitor PD0325091, and the GSK-3p inhibitor
CHIR99021 (see Section 2.1). Naive-state mESCs are maintained in LIF + BMP4/serum
medium (see Section 2.1). EPLCs are derived from naive-state mESCs by culturing in LIF + L-
Proline medium (see Section 2.1). EpiSCs are derived from naive-state mESCs from the A2
cell line by chimera production (Osteil ef al., 2016). A2 naive mESCs were incorporated into
the blastocyst, then implanted into pseudopregnant mice. After blastocysts were implanted, they
developed into embryos, which at 6.5 dpc, were isolated and maintained as the self-renewing
A2 EpiSC line on a MEF feeder layer in a culture medium containing Fgf2, activin A and KOSR

(see Section 2.1) (Osteil et al., 2016).

Samples from these stages of pluripotency were collected and RNAseq was performed
by Dr. Hannah Glover, as described in Figure 3.2 and 3.3, over 3 independent experiments
(n=3) for D3 and A2 cell lines to obtain transcriptome profiles. We continued bioinformatics
interrogation of this RNAseq dataset, starting with principle component analysis (Section

33.1.1).
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3.3.1.1. Principle component analysis of RNAseq data

Raw RNAseq data produced by Dr Hannah Glover was processed by me, starting with a
principle component analysis (PCA). Samples from the same state of pluripotency should
cluster together, while samples at different stages across the pluripotency spectrum should
cluster separately. Figure 3.3 shows the PCA plot of samples from the D3 and A2 cell lines,
which cluster close together at the ground, naive and EPLC stages. Each of the clusters at these

stages are separate from one another and also separate from primed EpiSC state (Figure 3.3).
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Figure 3.3 Principle components analysis (PCA) of cells from the D3 and A2 cell lines
at various states along the pluripotency spectrum. Naive-state mESCs were maintained
as per Figure 3.2 and Methods (see Section 2.1). Ground-state mESCs were generated
from naive-state mESCs as shown in Figure 3.2 and Methods (see Section 2.1). EPLCs
were generated from naive-state mESCs by the addition of L-Proline (see Section 2.1).
The A2 EpiSCs represent the primed pluripotency state. 3 independently derived mRNA
samples (n = 3) from each cell line for each stage along the pluripotency continuum were
subjected to RNAseq (see Section 2.4). RN Aseq output was pipelined (see Section 2.4.3).
Briefly, RNAseq output was quality tested using FastQC, then aligned using HISAT2 to
the Mus musculus mml0 genome. The number of reads was quantified using
FeatureCounts and the Mus musculus GRCm39 annotation file from Gencode. The
DESeq?2 pipeline was used for differential gene expression analysis. PCA for each sample
was plotted using this DESeq2 pipeline on Rstudio. The arrows indicate the proposed
relationship between cell types along the pluripotency spectrum.
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3.3.1.2. Differential gene expression analysis across the pluripotency spectrum

Differential gene expression analysis was also performed on each of the states along the
pluripotency spectrum. Significant changes in expression were defined as having a Benjamini-
Hochberg P value or false discovery rate (FDR) <0.05, a value which helps reduce false

positives, regardless of the value of log> fold changes in expression (Koch et al., 2018).

Figure 3.4 shows changes in expression of various groups of genes associated with
pluripotency and early stages of development. The results are shown as heat maps, where
expression of ground-state mESCs, EPLCs and EpiSCs are compared to naive mESCs.
Asterisks on the heat maps indicate that gene expression is significantly different from the

expression in the naive state.

Figure 3.4 shows that genes of the core pluripotency network, Oct4, Nanog and Sox2, are
expressed across the pluripotency spectrum but expression tends to decrease towards the primed

end of the spectrum.

Similar results are seen for the genes of the extended pluripotency network with the

exception of Id/ and Id2, whose highest expression is at the naive state.

The first lineage commitment in the developing embryo is the formation of ICM cells and
the outer layer of trophectoderm, which goes on to form the placenta. Expression of genes
associated with the trophectoderm lineage (Cdx2, Gata3 and Tead4) were upregulated in
ground state relative to naive state and EPLCs, consistent with an early decision point in the

pluripotency spectrum for commitment to this lineage.

On the other hand, the expression of markers for primitive ectoderm (Dnmt3b, Fgf5, Otx2
and Lefty?2) increase across the pluripotency spectrum, as expected (Rathjen et al., 1999; Pelton

et al., 2002; Washington et al., 2010; Glover, 2018; Glover et al., 2022).
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Similarly, expression of markers for neurectoderm (Pax6 and Sox/), surface ectoderm
(Krt18) and definitive endoderm (Gata6 and Sox17) tend to increase across the pluripotency
spectrum, perhaps indicating preparation for lineage commitment to these cell types following

eventual loss of pluripotency.

Of note is that EPLCs show upregulated expression of the definitive ectoderm germ layer
markers Pard6b and Penkl (Harvey et al., 2010), at least in the D3 line, and downregulated
expression of the mesendoderm marker, 7, in both lines. On the other hand, EpiSCs show no
change in the expression of these definitive ectoderm markers and have upregulated expression
of both T"and Eomes mesendoderm markers. This is an initial indication that EPLCs represent
a branchpoint in the pluripotency spectrum (Figure 3.3), which is becoming committed to the
formation of the ectoderm germ layer, while EpiSCs are at a point in development which is

preparing to form the other two germ layers.
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3.3.1.3. TRIAGE transformation of RNAseq data

The same RNAseq raw data then underwent TRIAGE transformation to discover candidate
genes that contribute to cell fate and identity across the pluripotency spectrum (Figure 3.5)
(Shim et al., 2020). The TRIAGE method utilises the repressive H3K27me3 mark to quantify
discordance between gene-repressive tendency and expression, also known as the discordance
score (DS). A high DS rank (rank = 1-1359) indicates transient expression of genes, inferring a
role in regulating cell fate and determining cell identity (Figure 3.5) (Shim et al., 2020).
Medium-low (rank = 1360-2718) to low DS (rank >2718) indicates ubiquitous and consistent
expression of genes and roles associated with structural integrity and housekeeping,

respectively, and so probably not driving cell fate (Figure 3.5) (Shim et al., 2020).

Figure 3.5 shows an example of implementing the TRIAGE method using D3 ground-
state mESCs. Panel A shows DS plotted against genes ranked by DS. The 10 genes with the

highest DS are highlighted in red and appear at the left side of the plot.

Panel B shows DS plotted against gene expression levels in these ground-state cells. Note
that the 10 highlighted genes have very high DS compared to the vast majority of genes whose
DS lies very close to zero. The range of expression of the 10 highlighted genes is very wide.
Some, such as Hoxc12, appear to be highly expressed while others, such as Cnpy I, have much

lower expression.

Ground-state D3 cells express 8866 genes. However, Panel C shows that of the 10 genes
with the highest DS even the highest expresser, Esrrb, is the expressed at only 2% of the level
of the most highly expressed gene in ground-state D3 cells, Rplp! (encoding for a ribosomal
protein). Igf2bp1 is expressed at only 0.8% of the level of Rplpl. The other 8 genes with the
highest DS are expressed at levels between 0.05 and 0.5% of Rplpl expression. These low
levels of expression are consistent with the function of the products of these 10 genes: 7 are

genes for transcription factors, 2 are involved in the cell signalling, and 1 is involved in cell
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cycling. Thus, the functions of this group of 10 genes with the highest DS are consistent with

their involvement in determining cell fate.
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Figure 3.5 D3 ground-state mESC RNAseq data transformed using Transcriptional
Regulatory Inference Analysis from Gene Expression (TRIAGE). Mean Discordance
Scores (DS) from the TRIAGE transformation were calculated from the results obtained for
the three D3 ground-state ESC samples subjected to RNASeq analysis. A. Mean DS plotted
against the ranked DS values for all genes expressed in the D3 ground-state cells, with DS
rank threshold (1359) shown by the dotted blue line. The 10 genes with the highest DS are
highlighted in red and named. Raw FeatureCount reads from the RNAseq analysis were
normalised to fragments per kilobase of transcript per million mapped reads (FPKM) to
account for sequencing depth and gene length, and used as a measure of relative gene
expression. An arbitrary cut-off of > 3 FPKM was used to define genes that were expressed;
a total of 8866 genes in this case. B. Mean DS plotted against the ranked gene expression
(highest to lowest) for all genes expressed in D3 ground-state cells. C. Table of the 10 genes
with the highest DS and their percentage expression compared to most highly expressed
gene in D3 ground-state cells, Rplp1. The function of each gene product is also shown.

141



Figure 3.6 shows a comparison of TRIAGE results for D3 ground-state cells with A2
ground-state cells. Panels C and D show that the 10 genes with the highest DS are identical in
both cell lines (with small differences in order), and their percentage of expression compared
to the most highly expressed gene are very similar, indicating there is very close similarity in

the properties of these cell lines in the ground state, as measured by these parameters.
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Figure 3.6 D3 and A2 ground-state mESC RNAseq data transformed using TRIAGE.
Mean DS from the TRIAGE transformation were calculated from the results obtained for the
three ground-state mESC samples from both D3 and A2 cell lines subjected to RNASeq
analysis. Mean DS were plotted against the ranked DS values for all genes expressed in the
A. D3 ground-state cells and B. A2 ground-state cells, with DS rank threshold (1359) shown
on both graphs by the dotted blue line. The 10 genes with the highest DS are highlighted in
red and named. Raw FeatureCount reads from the RNAseq analysis were normalised to
FPKM to account for sequencing depth and gene length, and used as a measure of relative
gene expression. An arbitrary cut-off of > 3 FPKM was used to define genes that were
expressed; a total of 8866 genes for D3 cell line, and 8936 for the A2 cell line. The 10 genes
with the highest DS and their percentage expression compared to most highly expressed gene
in C. D3 ground-state cells, Rplp1 or D. A2 ground-state cells, mt-Col. The function of each
gene product is also shown.
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Figure 3.7 shows the same comparison of TRIAGE results for D3 naive-state cells and
A2 naive-state cells. 8 out of 10 genes with the highest DS are identical in both cell lines. Otx2
and Bub3 appear in the top 10 for D3 naive-state cells but do not appear in the A2 list. However,
they are still ranked highly in terms of DS coming in at positions 11 and 12, respectively.
Similarly, Dmrtl and Inhbb appear in the top 10 for A2 naive-state cells but do not appear in
the D3 list. However, they are still ranked highly in terms of DS coming in at positions 12 and
14, respectively. Again, this indicates that the two cell lines are behaving in a very similar

fashion at this stage of the pluripotency spectrum.

7 genes (Thx3, Cpnyl, En2, Esrrb, Rnf220, Igf2bp1 and Nr5a2) that appear in the top 10
DS list for ground-state cells also appear in the top 10 list for naive-state cells. 3 genes (Cdkn2a,
Hoxcl2, Hoxcl3) which appear in the list for ground-state cells don’t appear in the list for
naive-state cells. These 3 genes come in at DS positions 11, 143, and 56 in D3 naive cells,
respectively, and positions 14, 126 and 33, in A2 naive cells, respectively. Similarly, 5 genes
(Gbx2, Otx2, Bub3, Dmrtl, Inhbb) which appear in the top 10 DS list for naive cells come in at
DS positions 15, 25, 14, 19 and 63 in D3 ground-state cells, respectively, and positions 11, 113,

14, 20 and 22 in A2 ground-state cells, respectively.
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Figure 3.7 D3 and A2 naive-state mESC RNAseq data transformed using TRIAGE.
Mean DS from the TRIAGE transformation were calculated from the results obtained for
the three naive-state mESC samples from both D3 and A2 cell lines subjected to RNASeq
analysis. Mean DS were plotted against the ranked DS values for all genes expressed in the
A. D3 naive-state cells and B. A2 naive-state cells, with DS rank threshold (1359) shown
on both graphs by the dotted blue line. The 10 genes with the highest DS are highlighted in
red and named. Raw FeatureCount reads from the RNAseq analysis were normalised to
FPKM to account for sequencing depth and gene length, and used as a measure of relative
gene expression. An arbitrary cut-off of > 2 FPKM was used to define genes that were
expressed; a total of 10,049 genes for D3 cell line, and 10,258 for the A2 cell line. The 10
genes with the highest DS and their percentage expression compared to most highly
expressed gene in C. D3 naive-state cells, Rp/pl or D. A2 naive-state cells, mt-Col. The
function of each gene product is also shown.
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Figure 3.8 shows the same comparison of TRIAGE results for D3 EPLCs with A2 EPLCs.
8 out of 10 genes with the highest DS are identical in both cell lines. Gata4 and Zic5 appear in
the top 10 for D3 EPLCs but do not appear in the A2 list. However, they are still ranked highly
in terms of DS coming in at positions 21 and 15, respectively. Similarly, Nr5a2 and Nkx2-9
appear in the top 10 for A2 EPLCs but do not appear in the D3 list. However, they are still
ranked highly in terms of DS coming in at positions 13 and 16, respectively. Again, this
indicates that the two cell lines are behaving in a very similar fashion at this stage of the

pluripotency spectrum.

8 genes (Otx2, Cnpyl, Rnf220, Esrrb, En2, Igf2bpl, Dmrtl and Gbx2) that appear in the
top 10 DS list for EPLCs also appear in the top 10 list for ground- and naive-state cells. 2 genes
(Gata4 and Zic5) which appear in the top 10 for D3 EPLCs appear in D3 ground- and naive-
state cells with DS ranks within the top 50. 2 genes (Nkx2-9 and Nr5a2) which appear in the
top 10 DS list for A2 EPLCs also appear in A2 ground- and naive-state cells with DS ranks

within the top 30.
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Figure 3.8 D3 and A2 EPLC RNAseq data transformed using TRIAGE. Mean DS from
the TRIAGE transformation were calculated from the results obtained for the three EPLC
samples from both D3 and A2 cell lines subjected to RNAseq analysis. Mean DS were
plotted against the ranked DS values for all genes expressed in the A. D3 EPLCs and B. A2
EPLCs, with DS rank threshold (1359) shown on both graphs by the dotted blue line. The
10 genes with the highest DS are highlighted in red and named. Raw FeatureCount reads
from the RNAseq analysis were normalised to FPKM to account for sequencing depth and
gene length, and used as a measure of relative gene expression. An arbitrary cut-off of > 1
FPKM was used to define genes that were expressed; a total of 12,025 genes for D3 cell
line, and 12,030 for the A2 cell line. The 10 genes with the highest DS and their percentage
expression compared to most highly expressed gene, Rplpl, in C. D3 EPLCs or D. A2
EPLCs. The function of each gene product is also shown.
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Figure 3.9 shows TRIAGE results for EpiSCs. 6 genes (Cnpyl, Tbx3, Cdkn2a, Rnf220),
En2 and Esrrb) that appear in the top 10 DS list for EpiSCs also appear in the top 10 list for A2
ground- and naive-state cells and EPLCs. The 4 genes (Gata4, Pitx2, Hoxb13 and Enl) that
uniquely appear in the top 10 for EpiSCs appear in A2 ground- and naive-state cells and EPLCs

with DS ranks in the top 600.
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Figure 3.9 EpiSC RNAseq data transformed using TRIAGE. Mean DS from the
TRIAGE transformation were calculated from the results obtained for the three EpiSC
samples from the A2 cell line subjected to RNAseq analysis. A. Mean DS were plotted
against the ranked DS values for all genes expressed, with DS rank threshold (1359) shown
by the dotted blue line. The 10 genes with the highest DS are highlighted in red and named.
Raw FeatureCount reads from the RNAseq analysis were normalised to FPKM to account
for sequencing depth and gene length, and used as a measure of relative gene expression.
An arbitrary cut-off of > 2 FPKM was used to define genes that were expressed; a total of
11,481 genes. B. The 10 genes with the highest DS and their percentage expression
compared to most highly expressed gene, mt-Col. The function of each gene product is also
shown.
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3.3.1.4. Gene ontology and pathway analysis of top 100 DS genes

The mouse genes with the top 100 DS were converted to their respective human gene orthologs
and subjected to TRIAGE-ParseR for gene clustering analysis (Sun et al., 2023). The method
allows unbiased clustering of these genes and were assigned a random number to distinguish
between them. Clusters are then defined by using gene ontology (GO) enrichment analysis for
the “biological process” GO term, with significance denoted as Benjamini-Hochberg adjusted
P or false-discovery rate (FDR) set at <0.05 to account for false positives. Protein-protein
interactions (PPIs) were also predicted for each cluster using the STRING database with default
settings (Szklarczyk et al., 2019). PPIs predicted include functional and physical protein
associations. A PPI enrichment P value <0.001 indicates these associations, and therefore the

gene clusters, are biologically meaningful (Sun ef al., 2023).

Figure 3.10 shows results from TRIAGE-ParseR analysis for samples from the D3 cell
line. 2 clusters were identified in the ground state (Cluster 1 and 2), which is reduced to 1 cluster

at the naive mESC and EPLC stages each (Cluster 1).

For ground-state cells, Cluster 2 consists of HOX genes, and contains GO terms associated
with patterning and skeletal system morphogenesis. Most of the top 100 genes are in Cluster 1,
which contains an extensive list of GO terms associated with transcription, metabolism,
development and lineage commitment, including nervous system development as shown by

their Benjamini-Hochberg adjusted P values.

For naive-state cells and EPLCs, each Cluster contains extensive lists of GO terms
associated with transcription, metabolism, development and lineage commitment. All clusters
across each pluripotent cell state are biologically meaningful with PPI enrichment P values

<0.001.
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B. D3 Naive state
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C. D3 EPLGCs
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Figure 3.10 Gene ontology (GO) analysis of the top 100 ranked DS genes using TRIAGE-ParseR for the D3 cell line to identify biological
processes associated with the A. ground state, B. naive state and C. EPLCs. RNAseq data was subjected to TRIAGE transformation to produce
DS ranked across the entire Mus musculus genome. The top 100 ranked DS genes underwent TRIAGE-ParseR to both categorize these genes into
clusters and undergo GO enrichment analysis on the same clusters to identify their GO: biological process terms. Clusters were identified by the
percentage chance the gene is in that cluster using an arbitrary cut-off of >95%. The top 10 terms or less, based on their Benjamini-Hochberg adjusted
P value <0.05, or their false discovery rate (FDR), were graphed for each cluster. Protein-protein interactions (PPIs) for each cluster were predicted
using the STRING database (v 11.5) with default settings. PPI enrichment FDR P value <0.001 indicates significance and, therefore, biologically
meaningful PPIs.
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Figure 3.11 shows results from TRIAGE-ParseR analysis for samples from the A2 cell
line, including EpiSCs. The number of clusters identified across the ground, naive and EPLC
stages were the same as the D3 cell line: 2 clusters were identified in the ground state (Cluster
1 and 2), followed by 1 cluster each for naive and EPLC stages (Cluster 1). A2 ground state
also has the same type of terms under the same respective cluster, with Cluster 2 consisting of
HOX genes and the GO term “anterior/posterior pattern specification”, and Cluster 1 with most
terms associated with transcription, metabolism and development, including nervous system
development. A2 naive and EPLC states also have the same type of terms under the same
respective cluster as D3 naive and EPLC states, including terms associated with nervous
system. All clusters are predicted to be biologically meaningful with PPI enrichment P values

<0.001.

Figure 3.11D shows TRIAGE-ParseR results for the primed EpiSC state. 2 clusters were
identified (Cluster 1 and 2). However, only Cluster 1 is functionally meaningful, as no GO
terms are significant for Cluster 2 which consists of mostly HOX genes. This is also reflected
in the PPI enrichment P values, where Cluster 1 has a PPI enrichment P value <0.001, while

Cluster 2 has a PPI enrichment P value >0.001.
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B. A2 Naive state
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C. A2 EPLGCs
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D. EpiSCs
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Figure 3.11 Gene ontology (GO) analysis of the top 100 ranked DS genes using TRIAGE-ParseR for the A2 cell line to identify biological
processes associated with the A. ground state, B. naive state, C. EPLCs and D. EpiSCs. RNAseq data was subjected to TRIAGE transformation
using Python (v 3.8.2) to produce discordance scores (DS) ranked across the entire Mus musculus genome. The top 100 genes based on their DS then
underwent TRIAGE-ParseR to both categorize these genes into clusters and undergo GO enrichment analysis on the same clusters to identify their
GO: biological process terms. Clusters were identified by the percentage chance the gene is in that cluster using an arbitrary cut-off of > 95%. The
top 10 terms or less, based on their Benjamini-Hochberg adjusted P value <0.05, or their false discovery rate (FDR), were graphed for each cluster.
Protein-protein interactions (PPIs) for each cluster were predicted using the STRING database (v 11.5) with default settings. PPI enrichment FDR P
value <0.001 indicates significance and, therefore, biologically meaningful PPIs.
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3.3.2. Relative expression and TRIAGE analysis of L-Proline metabolism-associated

genes in cells across the pluripotency spectrum
L-Proline metabolites can feed into both anaerobic and aerobic metabolism (Figure 3.1) (Phang
et al., 2008; Pandhare et al., 2009; Casalino et al., 2011; Phang, 2012; Hancock et al., 2016).
L-Proline is also known to drive differentiation of pluripotent mESCs to a second pluripotent
cell population called EPLCs. This in vitro transition recapitulates the ICM-to-primitive
ectoderm transition in vivo (Rathjen et al., 2003; Washington et al., 2010; Glover et al., 2022).
The in vivo transition is important, as primitive ectoderm is ‘primed’ for gastrulation, where
pluripotency is lost and the three multipotent germ layers are formed, which go on to generate

all the cells of the developing embryo and adult (Snow, 1977; Tam and Behringer, 1997).

To explore this further, Figure 3.12 shows differential gene expression analysis of
RNAseq data generated for mESCs and EpiSCs, focused on the expression of genes encoding
for enzymes associated with L-Proline metabolism. Significant differences in expression are
denoted by an asterisk, which represents a Benjamini-Hochberg adjusted P value <0.05,
regardless of logz fold changes in expression, as any relative changes may be biologically

meaningful (Koch et al., 2018).

Expression of these L-Proline catabolism genes is most similar between naive cells and
EPLCs, with few significant differences in expression. EPLCs, however, do have significantly
higher expression of Slc38a2, which encodes for the SNAT2 transporter that allows L-Proline

to enter cells, and possibly Prodh, which encodes for the rate limiting enzyme, POX.

On the other hand, the ground-state profile is very different to the naive-state profile.
Expression of almost all these catabolism genes in the ground state is either upregulated or
downregulated compared to the naive state, with upregulation of the expression of genes
responsible for glutathione and o-KG production, and downregulation of G/ul, responsible for
L-Glutamine production.
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The expression profile of EpiSCs vs naive state is also distinct, with almost all EpiSCs

genes expressed significantly less than in the naive state.

Figure 3.13 shows where these L-Proline metabolism genes lie in the DS ranking
following TRIAGE transformation. All these genes across all stages of pluripotency and cell
lines have a DS rank >1359, which suggests L-Proline catabolism is not directly responsible
for cell fate (Shim et al., 2020). L-Proline catabolism may, however, affect the expression of

key genes which are responsible for cell fate.
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Figure 3.12 Relative expression of genes encoding enzymes associated with proline
catabolism across the pluripotency spectrum. A. L-Proline enters the cell via the SNAT2
transporter and is metabolised into pyrroline-5-carboxylate (P5SC) by proline oxidase (POX).
P5C spontaneously converts to glutamate-5-semialdehyde (GSA), and from there to
glutathione (GSH) or L-Glutamine (Gln) or [I-ketoglutarate ([ 1-KG). Enzymes are shown
in red with corresponding genes in parentheses. B. Relative gene expression was calculated
from RNAseq data for the D3 and A2 cell lines at the ground and naive states, EPLCs and
for A2 EpiSCs. Relative expression was compared within the same cell line. * Indicates
significant difference in expression based on the Benjamini-Hochberg adjusted P <0.05.
Abbreviations: SNAT2: Sodium-coupled neutral amino acid transporter 2; Slc38a2: Solute
Carrier Family 38 Member 2; POX: proline oxidase; Prodh: proline dehydrogenase; OAT:
Ornithine aminotransferase; PSCDH: pyrroline-5-carboxylate dehydrogenase; Aldh4al:
Aldehyde Dehydrogenase 4 Family, Member Al; Gcle: Glutamate-cysteine ligase catalytic
subunit; Gss. Glutathione synthetase; GS: Glutamine synthase; G/ul: Glutamate-ammonia
ligase; Gludl (GLUDH): Glutamate dehydrogenase 1; Glu: L-Glutamate.
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Figure 3.13 TRIAGE transformation of genes encoding enzymes associated with
proline catabolism across the pluripotency spectrum. Mean DS from the TRIAGE
transformation were calculated from the results obtained for the three samples of A. ground
state, B. naive state and C. EPLCs from both i) D3 and ii) A2 cell lines, and D. A2 EpiSCs
subjected to RNAseq analysis. Mean DS were plotted against the ranked DS values for all
genes expressed in each sample, with DS rank threshold (1359) shown by the dotted blue
line. Proline catabolism genes are labelled. Note no DS could be calculated for the Prodh
gene, and thus was not ranked.
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Figure 3.14 shows differential changes in expression for genes encoding enzymes

associated with L-Proline biosynthesis across the pluripotency spectrum.

EPLCs have downregulated expression of both Aldhi8al and Pycrl compared to naive
cells, suggesting they undertake reduced L-Proline synthesis in the face of exogenously added

L-Proline.

On the other hand, ground state cells have stable expression of these genes compared to
naive cells. The expression of Oat is upregulated suggesting these ground state cells may

preferentially generate L-Proline synthesis from ornithine.

The expression profile of EpiSCs vs naive state is much more distinct. Expression of
almost all these genes is either upregulated or downregulated compared to the naive state, with
upregulation of the expression of genes responsible for glutamic semialdehyde and glutamate

production, and downregulation of Pycrl, responsible for L-Proline synthesis.

TRIAGE transformation of genes encoding enzymes associated with L-Proline
biosynthesis shows all genes having DS rank >1359 across all stages of pluripotency and cell

lines (Figure 3.15).

171



Ground EPLCs

A B .
D3 A2 D3 A2 EpiSCs _
L-Proline 5
NADP+ —— Aldh18a1 %
(Pycrl/2/l) §
NADPH P5C Oat E
Spontaneous Pycr1 %
GS OAT (Oat)o i §
4 Pycr2 | * *
P5CS
(Aldh18al) GLS .
Glu [C52) Gin Pycrl | *
Gls * *
Gls2 *

Figure 3.14 Relative expression of genes encoding enzymes associated with proline
biosynthesis across the pluripotency spectrum. A. L-Proline can be produced from either
L-Glutamine (Gln) or L-Ornithine (Orn). Enzymes are shown in red with corresponding
genes in parentheses. B. Relative gene expression was calculated from RN Aseq data for the
D3 and A2 cell lines at the ground and naive states, EPLCs and A2 EpiSCs. Relative
expression was compared within the same cell line. * Indicates significant difference in
expression based on the Benjamini-Hochberg adjusted P <0.05. Abbreviations: Pycrl/2/I:
Pyrroline-5-carboxylate reductase 1/2/-like; Oat: ornithine aminotransferase, mitochondrial;
GSA: glutamic semialdehyde; Aldhi8al: Aldehyde dehydrogenase 18 family, member Al;
Gls/2: Glutaminase/glutaminase 2.
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Figure 3.15 TRIAGE transformation of genes encoding enzymes associated with
proline biosynthesis across the pluripotency spectrum. Mean DS from the TRIAGE
transformation were calculated from the results obtained for the three samples of A. ground
state, B. naive state and C. EPLCs from both i) D3 and ii) A2 cell lines, and D. A2 EpiSCs
subjected to RNAseq analysis. Mean DS were plotted against the ranked DS values for all
genes expressed in each sample, with DS rank threshold (1359) shown by the dotted blue
line. Proline biosynthesis genes are labelled.
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3.3.3. Relative expression and TRIAGE analysis of genes associated with glycolysis
in cells across the pluripotency spectrum

The metabolism of L-Proline also mediates other metabolic processes via the proline cycle,

which include some processes involved in glycolysis (Figure 3.1) (Phang et al., 2008; Pandhare

et al., 2009; Casalino et al., 2011; Phang, 2012; Hancock et al., 2016). Therefore, we focused

on interrogating genes encoding for enzymes associated with glycolysis across the pluripotency

spectrum and in response to exogenously added L-Proline.

Figure 3.16 shows differential expression of glycolysis genes in ground-state mESCs to
EpiSCs. EPLCs have a distinct profile to naive cells, generally having upregulated expression

of glycolysis enzyme genes.

Ground state also has a distinct profile to naive cells: There is upregulated expression of
genes near the start of the glycolysis pathway compared to naive, and downregulated expression

further downstream.

EpiSCs also have a distinct profile to naive cells, with most glycolysis genes being

downregulated.

TRIAGE transformation of genes encoding enzymes associated with glycolysis show all
genes having DS rank >1359 across all stages of pluripotency and cell lines, except for Sic/6a3

(the monocarboxylate transporter of lactate) in EPLCs (Figure 3.17).
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Figure 3.16 Expression of genes encoding enzymes associated with glycolysis across the pluripotency spectrum. A. Glucose gets converted into
two pyruvate molecules via intermediates. Pyruvate either converts to lactate, which gets exported out of the cell via monocarboxylate transporter 4
(MCT4) or transported into the mitochondria via mitochondrial pyruvate carrier 1/2 (MPC1/2) to contribute to the TCA cycle. Enzymes are shown
in red with corresponding genes in parentheses. B. Relative gene expression was calculated from RNAseq data for the D3 and A2 cell lines at the
ground and naive states, EPLCs and for A2 EpiSCs. Relative expression was compared within the same cell line. * Indicates significant difference in
expression based on the Benjamini-Hochberg adjusted P <0.05. HkI: Hexokinase 1.
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Figure 3.17 TRIAGE transformation of genes encoding enzymes associated with
glycolysis across the pluripotency spectrum. Mean DS from the TRIAGE transformation
were calculated from the results obtained for the three samples of A. ground state, B. naive
state and C. EPLCs from both i) D3 and ii) A2 cell lines, and D. A2 EpiSCs subjected to
RNAseq analysis. Mean DS were plotted against the ranked DS values for all genes
expressed in each sample, with DS rank threshold (1359) shown by the dotted blue line.
Glycolysis genes are labelled, with blue genes indicating a DS rank > 1359, and red genes
indicating a DS rank < 1359.
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3.3.4. Relative expression and TRIAGE analysis of genes associated with the pentose

phosphate pathway in cells across the pluripotency spectrum
The proline cycle is also redox coupled to the oxidative phase of the pentose phosphate pathway
(PPP) (Figure 3.1) (Phang et al., 2010; Hancock et al., 2016). In addition, the PPP contributes
to protein and nucleotide synthesis in highly proliferative cells, including cancer cells and ESCs
(DeBerardinis et al., 2008; Ito and Suda, 2014; Phang et al., 2015; Harvey et al., 2016; Browne,
2017; Tohyama et al., 2017; Shparberg et al., 2019b; Tsogtbaatar et al., 2020). Thus, we
interrogated genes encoding for enzymes associated with the PPP across the pluripotency

spectrum and in response to exogenously added L-Proline.

Figure 3.18 shows the expression of these PPP genes is most similar between naive cells
and EPLCs, with few significant differences in expression. However, EPLCs show upregulation
of rate-limiting enzyme gene G6pdx, indicating increasing PPP activity in response to

exogenously added L-Proline.

Expression of these PPP genes is also similar in ground state relative to naive state but

there is some changes in expression of genes in the top half of the pathway.

In contrast, the expression profile of EpiSCs vs naive state is more distinct. Most genes
are either significantly upregulated or downregulated in EpiSCs, including now in the non-

oxidative phase.

TRIAGE transformation of genes encoding enzymes associated with the PPP show all
genes having DS rank >1359 across all stages of pluripotency and cell lines, except for Tkz/1 in

EpiSCs (Figure 3.19).
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Figure 3.18 Expression of genes encoding enzymes associated with oxidative and non-
oxidative phases of the PPP across the pluripotency spectrum. A. The PPP and all the
associated enzymes, which are shown in red with corresponding genes in parentheses.
Metabolite intermediates in orange circles are involved in glycolysis. NADP' and H>O are
used as oxidizing agents in the oxidative phase. B. Relative gene expression was calculated
from RNAseq data for the D3 and A2 cell lines at the ground and naive states, EPLCs and
for A2 EpiSCs. Relative expression was compared within the same cell line. * Indicates
significant difference in expression based on the Benjamini-Hochberg adjusted P <0.05.
Abbreviations: Glucose-6P: glucose-6-phosphate; 6-PG: 6-phosphogluconate; Ru5P:
ribulose-5-phosphate; XuSP: xylulose-5-phosphate; Gly3P: glyceraldehyde 3-phosphate;
E4P: erythrose-4-phosphate; R5P: ribose-5-phosphate; S7P: sedoheptulose-7-phosphate;
F6P: fructose-6-phosphate; G6PD (G6pdx): glucose-6-phosphate dehydrogenase; 6PGL
(Pgls): 6-phosphogluconolactonase; 6PGD (Pgd): 6-phosphogluconate dehydrogenase;
RPE: ribulose phosphate 3-epimerase/ phosphopentose epimerase; RPI (Rpia): ribulose
phosphate 3-epimerase/ phosphopentose epimerase; TKT: transketolase; Tktll-2:
transketolase-like 1/2; TALDO (Taldol): transaldolase.
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Figure 3.19 TRIAGE transformation of genes encoding enzymes associated with
oxidative and non-oxidative phases of the PPP. Mean DS from the TRIAGE
transformation were calculated from the results obtained for the three samples of A. ground
state, B. naive state and C. EPLCs from both i) D3 and ii) A2 cell lines, and D. A2 EpiSCs
subjected to RNAseq analysis. Mean DS were plotted against the ranked DS values for all
genes expressed in each sample, with DS rank threshold (1359) shown by the dotted blue
line. PPP genes are labelled, with blue genes indicating a DS rank > 1359, and red genes
indicating a DS rank < 1359.
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3.3.5. Relative expression and TRIAGE analysis of genes associated with the TCA cycle
and the electron transport chain in cells across the pluripotency spectrum
The TCA cycle and electron transport chain (ETC) form the basis of aerobic metabolism in
mitochondria. As pluripotent cells transition from ground state to primed, there is an increased
reliance on anaerobic metabolism (Zhou et al., 2012; Fiorenzano et al., 2016; Minchiotti et al.,
2022). The proline cycle also can mediate TCA cycle activity by enhancing production of
pyruvate from glucose (Figure 3.1). Therefore, we interrogated genes encoding for enzymes
involved in the TCA cycle and complexes involved in the ETC across the pluripotency

spectrum.

Figure 3.20 shows differential gene expression analysis of RNAseq data generated for
mESCs and EpiSCs, focused on the expression of genes encoding for enzymes associated with

the TCA cycle.

Ground-state mESCs and EPLCs show a distinct profile to naive state, with some genes

having upregulated expression and some downregulated.

EpiSCs also display a distinct profile. The expression for most genes is downregulated.
This includes the expression of Pcx, the enzyme for which, pyruvate carboxylase, allows entry
of pyruvate into the TCA cycle through formation of oxaloacetate and Pdhal, the enzyme of
which, pyruvate dehydrogenase, allows entry of pyruvate into the cycle through formation of

acetyl-CoA (Figure 3.1 and 3.20A).

TRIAGE transformation of genes encoding enzymes and complexes associated with the
TCA cycle show all genes, except for Idh3g, having DS ranks >1359 across all stages of

pluripotency and cell lines (Figure 3.21).
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Figure 3.21 TRIAGE transformation of genes encoding enzymes associated with the
TCA cycle across the pluripotency spectrum. Mean DS from the TRIAGE transformation
were calculated from the results obtained for the three samples of A. ground state, B. naive
state and C. EPLCs from both i) D3 and ii) A2 cell lines, and D. A2 EpiSCs subjected to
RNAseq analysis. Mean DS were plotted against the ranked DS values for all genes
expressed in each sample, with DS rank threshold (1359) shown by the dotted blue line.
TCA cycle genes are labelled, with blue genes indicating a DS rank > 1359, and red genes
indicating a DS rank < 1359.

187



Figure 3.22 shows differential changes in expression for genes encoding enzymes and

complexes associated with the ETC across the pluripotency spectrum.

Here it’s apparent that expression of these genes is, in general, highest in the naive state
and ‘falls away’ towards the ground-state and EPLC/EpiSC ends of the pluripotency spectrum.
The exception is Ucp?2 but in fact the uncoupling protein, which is the product of this gene, is
responsible for lowering mitochondrial membrane potential and activity. This suggests that
ground state and EpiSCs are utilising increased expression of Ucp2 to limit ETC-mediated
production of ATP, and this has the additional benefit of reducing oxidative stress (Rousset et

al., 2004; Jastroch et al., 2010; Zhang et al., 2011).

In addition, the expression of Prodh, whose product is POX, is also downregulated in
ground-state and EpiSCs. POX converts L-Proline to P5SC and in addition produces high-energy
electrons for the ETC in the form of FADHo». This, in these same two states of the pluripotency
spectrum, ETC activity, and oxidative stress, may be lowered through reduced expression of

the POX gene.

TRIAGE transformation of genes encoding enzymes associated with the ETC shows all
genes, except for Ndufal0, having DS ranks >1359 across all stages of pluripotency and cell

lines (Figure 3.23).
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Figure 3.22 Expression of genes encoding complexes and enzymes involved in the ETC
across the pluripotency spectrum. A. NADH produced from the TCA cycle is used in
Complex I to initiate the proton gradient. Components of the ETC include other complexes
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was compared within the same cell line. * Indicates significant difference in expression
based on the Benjamini-Hochberg adjusted P <0.05.
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Figure 3.23 TRIAGE transformation of genes encoding complexes and enzymes
associated with the ETC across the pluripotency spectrum. Mean DS from the TRIAGE
transformation were calculated from the results obtained for the three samples of A. ground
state, B. naive state and C. EPLCs from both i) D3 and ii) A2 cell lines, and D. A2 EpiSCs
subjected to RNAseq analysis. Mean DS were plotted against the ranked DS values for all
genes expressed in each sample, with DS rank threshold (1359) shown by the dotted blue
line. ETC genes are labelled, with blue genes indicating a DS rank > 1359, and red genes
indicating a DS rank < 1359.
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3.3.6.  Metabolic profiles of ground- and naive-state mESCs and EPLCs in response
to L-Proline
As we previously mentioned, L-Proline metabolites can feed into both anaerobic and aerobic
processes (Figure 3.1) (Phang ef al., 2008; Pandhare et al., 2009; Casalino ef al., 2011; Phang,
2012; Hancock et al., 2016). ESCs have a preference for anaerobic metabolism to support their
growth and survival in comparison to somatic mammalian cells which generally prefer to
generate ATP by aerobic metabolism (Rehman, 2010; Varum et al., 2011; Panopoulos et al.,
2012). However, the transition of ESCs to primed EpiSCs is marked by changes in metabolic
profile to a more glycolytic one (Zhou et al., 2012; Fiorenzano et al., 2016; Minchiotti et al.,
2022). This aligns with the in vivo process: When the blastocyst, with its ICM, implants into
the uterine epithelium, glucose becomes the major energy source for the embryo and is
preferentially metabolised anaerobically to generate ATP (Folmes et al., 2012; Lees et al.,

2017).

We then questioned the following: How does metabolism change from the ground to the
formative/intermediate (EPLC) stages of the pluripotency spectrum? How do these stages of
pluripotency respond to exogenously added L-Proline? Does the L-Proline-mediated mESC-to-
EPLC transition stimulate anaerobic or aerobic processes? To answer these questions, we used
the Seahorse extracellular flux assay to compare metabolic profiles of ground- and naive-state
mESCs and EPLCs (Figure 3.2). The assay will help show how cells across the pluripotency
spectrum respond to exogenously added L-Proline (Figure 3.2). We also profile their basal
metabolic rates and maximum respiratory capacities to capture how these cells metabolise at
the “baseline level” and their maximum possible response following uncoupling of the ETC,

respectively (Divakaruni et al., 2014; Martano et al., 2019).
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Changes in oxygen consumption rates (OCR) and extracellular acidification rates
(ECAR) were calculated and are indicative of aerobic and anaerobic metabolism, respectively

(Divakaruni et al., 2014).

Figure 3.24A shows typical raw values of oxygen concentration and extracellular pH. 12
measurements of each are taken over 2 min at 7 min intervals, giving rise to a typical saw-tooth

pattern.

Panel B shows OCR and ECAR plots calculated from the raw values. 5 values of OCR
and ECAR are taken before any injections into the wells so that baseline values for each stage
of pluripotency can be measured. The last 3 measurements before the first injection are
averaged to give these baseline values. Values are corrected for differences in confluence as
calculated from IncuCyte images. Note that there are large differences in baseline OCR (but
not ECAR) values for the different pluripotency states with the ground state value being ~300

pmol/min, naive state ~200 pmol/min and EPLCs ~100 pmol/min (also see Figure 3.25A).

Panel B also shows 3 consecutive injections of L-Proline to give final concentration of
0.4, 1 and 3 mM, followed by a final injection of FCCP to uncouple the ETC so that spare

mitochondrial capacity can be measured.

Panels C and D, show two different types of corrected OCR and ECAR values. In C,
AOCR (%) and AECAR (%) show the percentage change in value compared to averaged
baseline value (i.e., the average of the three values before the first injection). In D, AAOCR (%)
and AAECAR (%) values make a further correction by subtracting the AOCR (%) and AECAR
(%) values obtained with injection of XF medium alone from the AOCR (%) and AECAR (%)

values with injection of L-Proline (or FCCP).
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Figure 3.24 Measurement of oxygen consumption rate (OCR) and extracellular acidification
rate (ECAR) in ground- and naive-state mESCs and EPLCs using the Seahorse extracellular
flux assay. A. Raw Seahorse data showing changes in i) oxygen concentration and ii) pH with time.
12 measurements are taken over 2 min at 7 min intervals. The plots show typical results for ground-
and naive-state mESCs and EPLCs. At 37 min, XF medium alone or XF medium + L-Pro (to give a
final concentration of 0.4 mM) was injected into the wells, as shown in the key to the right. B. Typical
plots of OCR and ECAR against time. To calculate OCR and ECR, the first and last point in each
set of 12 points in A is removed and then linear regressed. After 5 OCR/ECAR measurements, wells
were injected at the times shown either with XF medium alone or XF medium + L-Pro (to give final
concentrations of L-Pro of 0.4, 1 and 3 mM). OCR was also measured after a final injection of the
ETC uncoupler, FCCP (0.37 [OM final). Values are corrected for differences in confluence as
measured from IncuCyte images. C. Plots of OCR and ECAR converted into i) AOCR (%) and ii)
AECAR (%), respectively. These values represent the percentage change from the mean of the 3
measurements before the first injection. For the FCCP injection, it represents the percentage change
from the mean of the last 3 measurements after the 3™ injection. D. Plots of AOCR (%) and AECAR
(%) converted to produce i) AAOCR (%) and ii) AAECAR (%). In the conversion, the AOCR (%)
and AECAR (%) values with XF medium injection are subtracted from those values for L-Proline
(or FCCP) injection. This corrects for the fact that injection of medium alone can have a small effect,
particularly for ECAR. Error bars in B-D represent SEM across n >4 independent experiments.
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Figure 3.25 shows baseline OCR and ECAR values for ground- and naive-state mESCs
and EPLCs. ECAR values are not significantly different between the states but OCR values

drop by a third as ground state transitions to naive state and another third for EPLCs.
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Figure 3.25 Basal metabolic rates of ground and naive state ESCs and EPLCs. D3
mESCs were used to produce ground- and naive-state mESCs and EPLCs (see Figure 3.2).
5 baseline metabolic rate measurements were made, and an average of the last 3 metabolic
rates were used to produce A. average OCR and B. average ECAR. Error bars represent
mean = SEM from n =4 independent experiments. Statistical analysis was conducted using
a one-way ANOVA with Tukey’s post hoc test. ***P <(0.001, ****P <0.0001.
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Figure 3.26 shows the corrected OCR and ECAR values for injections of L-Proline and
the uncoupler, FCCP. None of the cells across the pluripotency spectrum responded to injection
of L-Proline at any of the three concentrations (Panels A—C). Panel D shows there are, however,
significant differences in mitochondrial spare capacity. Ground and naive mESCs have ~60%

spare capacity, whereas EPLCs have only ~40%.
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Figure 3.26 Corrected OCR and ECAR values of cells across the pluripotency spectrum in
response to acute injections of L-Proline and mitochondrial uncoupler FCCP. D3 mESCs were
used to produce ground- and naive-state mESCs and EPLCs (see Figure 3.2). The last 3 values before
the first injection were averaged to produce the baseline values, which were then used to calculate i)
AAOCR (%) and ii) AAECAR (%), which represent the percentage change compared to the baseline
value corrected for any changes that occur when XF medium alone is injected. A. 1% injection (0.4
mM L-Proline). B. 2" injection (1 mM L-Proline). C. 3" injection (3 mM L-Proline). D. Spare
respiratory capacity following injection of FCCP. Bars represent mean £ SEM, n > 3 independent
experiments. Statistical analysis was conducted using a one-way ANOVA with a Tukey’s post hoc
test. *P <0.05.
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3.3.7. The role of L-Proline metabolism in the mESC-to-EPLC transition

We used 3 parameters — changes in colony morphology, doubling time and gene expression —
to assess the role of L-Proline metabolism in mESC-to-EPLC transition (Rathjen et al., 1999,
2002; Washington et al., 2010; Casalino ef al., 2011). Given that we wanted to inhibit the key
enzyme POX, which catalyses L-Proline to P5C, with inhibitors that must be dissolved in

DMSO, we first tested if the presence of DMSO affected the L-Proline-mediated transition.

Figure 3.27 shows that when mESCs self-renew in the naive state, neither a reduction in
the concentration of LIF from 1000 U/mL to 330 U/mL nor the addition of 0.1% DMSO to
culture in 330 U/mL LIF had any significant effect on colony morphology or cell doubling time.
Most colonies remain round and dome-shaped, typical of self-renewing naive mESCs (Casalino
et al., 2011; Glover, 2018). Some were scored as “Intermediate” because they have small
protrusions from the edge, while only a very small percentage were scored as flattened
monolayers with irregular edges, which are typical of EPLC colonies (Casalino et al., 2011;

Glover, 2018).

In terms of doubling time, note that Panel Ci shows there are two growth phases: The first
in which the cells are seeding onto the tissue culture plate, and the second, exponential phase,

from ~32 h onwards, which was used for calculating doubling time.
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Figure 3.27 Colony morphology and doubling time profiles of naive mESCs cultured
in LIF and 0.1% DMSO vehicle control. D3 mESCs were cultured in 1000 U/mL LIF or
330 U/mL LIF % 0.1% DMSO for 4 days. A. Representative images of each condition using
IncuCyte ZOOM at 10x magnification at 4 days. Scale bars = 300 um. B. i) Plots of colony
morphology scores. In ii), % differentiated colonies refers to colonies with have an EPLC
morphology plus those whose morphology lies between mESCs and EPLCs. Data analysed
using one-way ANOVA with Dunnett’s post hoc test relative to 330 U/mL LIF only
condition. Bars represent mean + SEM, n >4. C. Growth curves plotted as % confluence
against time. The solid lines in i) and ii) show the regressed fit of the doubling time equation
(see Section 2.7.4). iii) Bar graph of the doubling time from 32-96 h for each condition. Data
are analysed using a one-way ANOV A with Dunnett’s post hoc test compared to 330 U/mL
LIF only condition. Bars represent mean = SEM, n >12.
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Figure 3.28 shows no significant changes in expression of pluripotency, ground-state or
EPLC marker genes in the presence of DMSO, except for Fgf5. However, the difference is
small (~1.4 fold), confined to this one gene, and not likely to be biologically meaningful given
that none of the other genes are affected and also given that change in expression of Fgf5 in
moving from naive ESCs to EPLCs is of the order of 50-fold (Glover ef al., 2022). This
indicates we can proceed to the use of POX inhibitors without being concerned with effects of

the vehicle control.
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Figure 3.28 Gene expression profiles of naive mESCs cultured in LIF and 0.1% DMSO vehicle control. D3 mESCs were cultured in 1000 U/mL
LIF or 330 U/mL LIF £ 0.1% DMSO for 4 days. Samples were subjected to qPCR, with gene expression normalised to /8s as the reference gene.
Relative expression compared to 330 U/mL LIF only of: A. Pluripotency-associated genes Oct4, Nanog and Rex! and ground-state marker Stella. B.
EPLC markers Fgf5 and Dnmt3b. One-way ANOVA was used with Dunnett’s post hoc test. Bars represent mean + SEM, n > 4, *P <0.05, ***pP

<0.001.
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3.3.8. Effect of POX inhibitors on the L-Proline-mediated mESC-to-EPLC transition

Both DHP and THFA are competitive inhibitors of POX and therefore should prevent POX-
mediated conversion of L-Proline to PSC (Tanner, 2008; Phang ef al., 2010; Casalino ef al.,

2011).

Figure 3.29 shows that the addition of L-Proline promotes differentiation to EPLC-like
colony morphology and reduces doubling time, as found in other studies (Washington et al.,

2010; Casalino et al., 2011; Tan et al., 2011).

The addition of DHP or THFA further promoted the formation of L-Proline-induced

colony morphology (Panel B) but did not affect L-Proline-mediated doubling time (Panel C).
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Figure 3.29 Colony morphology and doubling time profiles of naive mESCs cultured
in LIF + L-Proline with or without POX inhibitors. D3 mESCs were cultured in 330
U/mL LIF + 0.4 mM L-Proline (L-Pro) or LIF + L-Pro + either 1.2 mM DHP or 0.4 mM
THFA for 4 days. A. Representative images of each condition using IncuCyte ZOOM at
10x magnification. Scale bars = 300 pm. B. i) Plots of colony morphology scores. In ii), %
differentiated colonies refers to colonies with have an EPLC morphology plus those whose
morphology lies between mESCs and EPLCs. Data analysed using a one-way ANOV A with
Tukey’s post hoc test. Bars represent mean + SEM, n =4, **P <0.01, ***P <0.001, ****P
<0.0001 C. Bar graph of doubling times between 32 and 96 h based on % cell confluence
measured from IncuCyte images. The growth curves were fitted by regression using an
exponential growth curve equation (see Section 2.7.4). Data were analysed using a repeated
measures one-way ANOVA with Tukey’s post hoc test relative to 330 U/mL LIF. Bars
represent mean =+ SEM, n = §, *P <0.05, **P <0.01.
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Figure 3.30 shows the effect of DHP and THFA on gene expression. The addition of DHP
or THFA to L-Proline-treated cells had no effect on pluripotency marker expression (Figure

3.30A) compared to L-Proline alone, but downregulates Figf5 expression (Figure 3.30B).
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Figure 3.30 Gene expression profiles of naive mESCs cultured in LIF + L-Proline = DHP + THFA. D3 mESCs were cultured in 330 U/mL LIF +
0.4 mM L-Proline (L-Pro) or LIF + L-Pro + either 1.2 mM DHP or 0.4 mM THFA for 4 days. Samples were subjected to qPCR, with gene expression
normalised to /8s as the reference gene. Relative expression compared to 330 U/mL LIF only of: A. Pluripotency-associated genes Oct4, Nanog and
Rex1 and ground-state marker Stel/la. B. EPLC markers Fgf5 and Dnmt3b. One-way ANOVA was used with Tukey’s post hoc test. Bars represent
mean = SEM, n >4, *P <0.05, **P <0.01, ***P <0.001.

208



3.3.9. L-Proline effects on colony morphology, doubling time and gene expression
profiles in the presence of DCA

Pyruvate produced from glycolysis can be converted to lactate (resulting in anaerobic

metabolism) or converted into acetyl-CoA via PDH, which then enters the TCA cycle and

contributes to aerobic metabolism (Figure 3.1) (Michelakis et al., 2008; Sanchez et al., 2013;

Rodrigues et al., 2015).

DCA can be used to suppress anaerobic metabolism by inhibiting PDHK. Inhibiting
PDHK in turn relieves its inhibition of PDH and thus promotes conversion of pyruvate to acetyl-
CoA and entry into the TCA cycle (Figure 3.1) (Michelakis et al., 2008; Sanchez et al., 2013;

Rodrigues et al., 2015).

Figure 3.31 shows that DCA promotes EPLC colony morphology when added along with

L-Proline compared to L-Proline alone but increases doubling time.
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Figure 3.31 Colony morphology and doubling time profiles of naive mESCs cultured in LIF £
L-Proline with or without suppression of anaerobic metabolism by DCA. D3 mESCs were
cultured in 330 U/mL LIF £ 0.4 mM L-Proline (L-Pro) £ 30 mM DCA for 4 days. A. Representative
images of each condition using IncuCyte ZOOM at 10x magnification. Scale bars = 300 pm. B. i)
Plots of colony morphology scores. In ii), % differentiated colonies refers to colonies with have an
EPLC morphology plus those whose morphology lies between mESCs and EPLCs. Data analysed
using a one-way ANOVA with Tukey’s post hoc test. Bars represent mean + SEM, n =4, *P <0.05,
kP <0.001, ****P <0.0001 C. Bar graph of doubling time between 32 and 96 h based on % cell
confluence measured from IncuCyte images. The growth curves were fitted by regression using an
exponential growth curve equation (see Section 2.7.4). Data were analysed using a repeated
measures one-way ANOVA with Tukey’s post hoc test relative to 330 U/mL LIF. Bars represent
mean + SEM, n =8, **P <0.01
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Figure 3.32 shows that DCA had no effect on L-Proline-mediated gene expression
changes. In particular, the expression of the EPLC markers, Fgf5 and Dnmt3b, which are

upregulated in the presence of L-Proline are not affected by the addition of DCA.

211



>

4+ Oct4
° Bl Nanog

" I + - T+ - I —_——

Log, fold change
over 330 U/mL LIF
o

-6 T T T T T T T T T T T T
330 U/mL + L-Pro + L-Pro 330 U/mL + L-Pro + L-Pro 330 U/mL + L-Pro + L-Pro 330 U/mL + L-Pro + L-Pro
LIF + DCA LIF + DCA LIF + DCA LIF + DCA
k3
B 10- | * sk
— 1
. Fgf5
o L 8- * % . Dnmt3b
L I =
© °
S E 6 .
s 2 I
L g 4+
a — L] ° —_
° 0
- 3 2- I °
()
0 T ] ] T ] ]
330U/mL +L-Pro +L-Pro 330U/mL +L-Pro +L-Pro
LIF + DCA LIF + DCA

Figure 3.32 Gene expression profiles of naive mESCs cultured in LIF £ L-Proline + DCA. D3 mESCs were cultured in 330 U/mL LIF £ 0.4 mM

L-Proline (L-Pro) £ 30 mM DCA for 4 days. Samples were subjected to qPCR, with gene expression normalised to /8s as the reference gene. Relative
expression compared to 330 U/mL LIF only of: A. Pluripotency-associated genes Oct4, Nanog and Rexl and ground-state marker Stella. B. EPLC
markers Fgf5 and Dnmt3b. One-way ANOVA was used with Tukey’s post hoc test. Bars represent mean = SEM, n >4, *P <0.05, **P <0.01.
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3.3.10. The L-Proline effects on colony morphology, doubling time and gene expression
profiles in the presence of 6AN

6AN is an inhibitor of the first, and rate-limiting, enzyme of the PPP, 6-PGD (Figure 3.1)

(Kohler et al., 1970; Peters et al., 2008).

Figure 3.33 shows dose culture results for 6AN and its dose-dependent response on
doubling time on self-renewing naive mESCs in 0.1% DMSO (vehicle control). Doubling time
remained unaffected up to 3 pM, and this concentration was then used for subsequent

experiments.
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Figure 3.33 Dose culture of 6AN using doubling time to determine the optimal
concentration. D3 mESCs were cultured in 330 U/mL LIF + 0.1% DMSO or 6AN (0-15
uM) for 4 days. Bar graph of doubling times between A. 0-12h, B. 12-48h and C. 48-96h
based on % cell confluence measured from IncuCyte images. The growth curves were
fitted by regression using an exponential growth curve equation (see Section 2.7.4). Data
were analysed using a one-way ANOV A with Dunnett’s post hoc test relative to 330 U/mL
LIF + 0.1% DMSO. Bars represent mean £ SEM, n >3. *P <0.05, **P <0.01, ****p
<0.0001.
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Figure 3.34 shows that the addition of 3 uM 6AN doesn’t affect colony morphology when
added alone to self-renewing naive mESCs but it does significantly inhibit the colony
morphology change induced by L-Proline, although the reduction is quite small (~85% to
~72%). 6AN alone doesn’t affect doubling time but it does increase doubling time when added

to L-Proline-treated cells.
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Figure 3.34 Colony morphology and doubling time profiles of naive mESCs cultured
in LIF = L-Proline +£ 6AN. D3 mESCs were cultured in 330 U/mL LIF + 0.1% (v/v) DMSO
vehicle control or 3 uM 6AN £ 0.4 mM L-Proline (L-Pro) for 4 days. A. Representative
images of each condition using IncuCyte ZOOM at 10x magnification. Scale bars =300 um.
B. i) Plots of colony morphology scores. In ii), % differentiated colonies refers to colonies
with have an EPLC morphology plus those whose morphology lies between mESCs and
EPLCs. Data analysed using a one-way ANOV A with Tukey’s post hoc test. Bars represent
mean = SEM, n = 3, *P <0.05, ****P <0.0001 C. Bar graph of doubling times between 32
and 96 h based on % cell confluence measured from IncuCyte images. The growth curves
were fitted by regression using an exponential growth curve equation (see Section 2.7.4).
Data were analysed using a repeated measures one-way ANOVA with Tukey’s post hoc test.
Bars represent mean = SEM, n =4, *P <0.05, ***P <(0.001.
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Figure 3.35 shows the effect of 6AN on gene expression. Again, the addition of L-Proline
increases the expression of definitive ectoderm markers Fgf5 and Dnmit3b, as expected.

However, the addition of 6AN along with L-Proline doesn’t alter the gene expression profile.
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Figure 3.35 Gene expression profiles of naive mESCs cultured in LIF + L-Proline £ 6AN. D3 mESCs were cultured in 330 U/mL LIF + 0.1%
(v/v) DMSO vehicle control or 3 uM 6AN + 0.4 mM L-Proline (L-Pro) for 4 days. Samples were subjected to qPCR, with gene expression normalised
to /8s as the reference gene. Relative expression compared to 330 U/mL LIF + 0.1% (v/v) DMSO of: A. Pluripotency-associated genes Oct4, Nanog
and Rex! and ground-state marker Ste/la. B. EPLC markers Figf5 and Dnmt3b. One-way ANOV A was used with Tukey’s post hoc test. Bars represent
mean = SEM, n = 3, ****P <(0.0001. NoEx = no expression.
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3.4. Discussion

In this Chapter, we sought to elucidate L-Proline-mediated metabolic processes that drive cell
fate across the pluripotency spectrum. L-Proline added to cancer cells increases anaerobic
metabolism (a process known as aerobic glycolysis or the Warburg effect) and it does so in
cooperation with the PPP (Phang et al., 2008, 2010; Pandhare et al., 2009; Patra and Hay, 2014).
ESCs also use these mechanisms to maintain their pluripotency (Rodrigues et al., 2015; Hu et

al., 2016; Intlekofer and Finley, 2019; Tsogtbaatar et al., 2020).

3.4.1. Differential gene expression analysis and TRIAGE transformation provides
candidate genes and predict protein-protein interactions driving cell fate across
pluripotency

From the RNAseq results, PCA showed EPLCs cluster independently from ground- and naive-

state mESCs and from the primed (EpiSC) state (Figure 3.2). This indicates EPLCs are a unique

cell type within the pluripotency spectrum, and is consistent with their altered gene expression
profile compared to naive mESCs, which includes downregulation of the expression of core
and extended pluripotency gene networks and upregulation of the expression of primitive
ectoderm markers (Figure 3.4) both of which indicate EPLCs are moving towards a more

primed state of pluripotency similar to that of primitive ectoderm of the implanted ES.5 embryo

(Rathjen et al., 1999, 2003; Pelton et al., 2002; Washington et al., 2010).

On the other hand, ground-state mESCs upregulate the expression of many (though not
all) pluripotency genes compared to naive mESCs (Figure 3.4), consistent with them being less
responsive to pro-differentiation signals and with the core and extended pluripotency circuits
being interconnected and self-reinforcing (Boyer et al., 2005; Okumura-Nakanishi et al., 2005;
Casanova et al., 2011; Xue et al., 2011; Shparberg et al., 2019b). Further reinforcement of
ground-state status is seen with the reduced expression of markers further along the

pluripotency spectrum (in particular, EPLC markers) as well as many markers of lincage

219



commitment (in particular, those for neurectoderm, surface ectoderm, and the extraembryonic
primitive endoderm) (Figure 3.4). Thus, based on their gene expression profiles, ground-state

cells are ‘less fated’ to lineage commitment.

Consistent with this, in the embryo, at the early blastocyst stage (E3.5), gene/protein
expression in the ICM shows a ‘salt-and-pepper’ pattern with some cells expressing Nanog and
the others expressing Gata6 in stochastic fashion (Pelton et al., 2002; Chazaud et al., 2006;
Artus et al., 2011). Primitive endoderm is then formed by E4-4.5 (i.e., just prior to blastocyst
hatching and implantation) from the Gata6-expressing cells, which move to form the primitive
endoderm lining of the blastocoel (Pelton et al., 2002; Chazaud et al., 2006; Artus et al., 2011).
Our results (Figure 3.4) show that ground-state cells express ~32-fold less Gata6 compared to
naive cells, suggesting they represent a population of pluripotent cells less mature than the ICM

of the E3.5 embryo.

TRIAGE transformation of the RNAseq data (Figures 3.5-3.9) shows that the top 10
ranked genes by DS consist largely of transcription factors but also includes cell cycle and
signalling pathway genes. 5 of the top 10 are the same across all 4 cell types, including 7bx3
and Esrrb, which are part of the extended pluripotency network (Ivanova et al., 2006; Xue et
al., 2011; Shparberg et al., 2019b). This strongly suggests these genes are required to maintain
pluripotency, although it doesn’t exclude the possibility that each is also required for the
transition of one pluripotent cell type to another. If the latter is true, this is similar to, for
example, the mechanisms of action of Sox2: There is an absolute requirement for the expression
of Sox2 to maintain pluripotency (Okumura-Nakanishi et al., 2005; Nakatake et al., 2006; Niwa
et al., 2009; Casanova et al., 2011) but its expression is also required to drive development to
definitive ectoderm, neurectoderm and neural stem-cell populations (Kuegler ef al., 2010; Ng

et al., 2013; Schaefer and Lengerke, 2020).
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There is ‘drift’ in the composition of the top 10 DS with movement along the pluripotency
spectrum. For example, Pitx2, Hoxb13, and Enl are only found in the top 10 for EpiSCs and
Gata4 is found only in EpiSCs and EPLCs. To what extent these genes are required to drive the

transition to the more primed end of the pluripotency spectrum remains to be determined.

Cluster and GO analysis of the top 100 DS-ranked genes was undertaken using TRIAGE-
ParseR (Figures 3.10-3.11). The top 10 significant GO terms included terms associated with
transcription across all pluripotency states and cell lines (Figures 3.10-3.11). This is not
surprising given the nature of TRIAGE analysis (Shim et al., 2020; Sun et al., 2023). Significant
GO terms also included some metabolic processes beyond the top 10 (data not shown, further
discussed in Section 3.4.2). PPIs predicted include physical and functional interactions. This
means these interactions represent a collection of evidence based on in vitro and in vivo methods
(i.e. protein fusion, co-expression, co-occurrence and others) and computational predictions
(i.e. text mining and database searches) (Szklarczyk et al., 2019; Sun et al., 2023). Although
rather coarse-grained, the results suggest that EpiSCs are more geared towards commitment to
mesendoderm compared to EPLCs. To test this, the differentiation potential of these two
populations can be examined further by quantifying their capacity to commit to each of the 3
pluripotent germ layers. Gene expression analysis of L-Proline-derived EPLCs do indeed
indicate they represent a population of cells equivalent to the anterior (nervous system forming)

end of the embryo (Glover, 2018).

Where two GO/PPI clusters exist — as is the case with ground-state cells — the circuits
may act in parallel, and independently, to help drive development. As an analogous example,
failure of the rostral end of the neural tube to close during early development results in
anencephaly but many other parallel programs, such as limb development, proceed largely, if

not completely, normally.
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Though each gene/PPI cluster is, generally speaking, highly complex and interconnected,
those at the centre of the clusters are more likely to represent master regulators of development
and therefore among the first choices for further experiments; e.g., by knockdown and

knockout.

For instance, TFAP2A is shown to be a master regulator at ground to EPLC stages, but
not the EpiSC stage. TFAP2A is a transcription factor, which is active in the neural crest in the
embryo for craniofacial development (Schorle et al., 1996; Van Otterloo et al., 2018, 2022).
TFAP2A interacts with core pluripotency transcription factors OCT4 and SOX2 to reprogram
human ESCs to a neural crest stem cell fate (Hovland et al, 2022). Knockout of this

transcription factor would potentially result in a preference to EpiSC formation over EPLCs.

Another example is OTX2, which is at the centre of D3 ground, naive and EPLC states
(Figure 3.10). OTX2 a transcription factor essential for brain, cerebellum and retinal
development (Beby and Lamonerie, 2013). Otx2 also interacts with Oct4 to establish epigenetic
changes during the exit from ground state pluripotency (Yang et al., 2014). We hypothesise

Otx2 knockdown will prevent these epigenetic changes and maintain the ground state.

3.4.2. Selected genes encoding metabolic enzymes may drive cell fate and identity
across the pluripotency spectrum
We used differential gene expression analysis and TRIAGE transformation to gain insight into

what role various metabolic pathways may play across the pluripotency spectrum (Figure 3.12-

3.23).

Generally speaking, changes in expression of many genes in these pathways do change
between the ground- and naive states and EPLCs but very few have a DS rank which puts them

into the top 1359 genes, and therefore likely to be key drivers promoting lineage progression.

For example, in terms of L-Proline catabolism, ground-state cells compared to naive cells

have reduced expression of the Slc38a2, coding for the plasma-membrane L-Proline transporter
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SNAT?2 (Figure 3.12). If this change in expression is mapped to cellular uptake, this indicates
ground-state ESCs have a reduced requirement for L-Proline uptake. In fact, L-Proline is a non-
essential amino acid and so can be synthesised endogenously but its concentration is kept low
in these cells (~25 uM) in the L-Proline-free medium used here through a feedback loop
involving the amino-acid response pathway, and amino-acid starvation reduces expression of
amino-acid transporters such as SNAT2 (Tan et al., 2011, 2016; D’ Aniello et al., 2015; Glover,
2018). Thus, this profile would help promote self-renewal of these ground-state cells, as
reduced uptake of L-Proline and suppressed endogenous production keeps intracellular
concentrations of L-Proline at a level below that needed to induce differentiation (D’ Aniello et

al., 2015; Glover, 2018).

Downstream of SNAT2, ground-state cells have decreased expression of Glul, and
increased expression of both Gludl and Gss compared to naive cells. This would map to the
following with respect to L-Proline catabolism, respectively: (i) Reduced production of
glutamine, (i1) increased production of acetyl-CoA and flux into the TCA cycle (promoting
aerobic metabolism), and (iii) increased GSH production. This is consistent with ground-state
ESCs being more reliant on aerobic metabolism than cells further along the pluripotency
spectrum (Khoa et al., 2020; Tsogtbaatar et al., 2020; Diamante and Martello, 2022) but this
also generates more reactive oxygen species, which can be kept under homeostatic control by

increased production of GSH.

Several other aspects of the expression profiles are in keeping with this scenario: (i)
Ground-state mESCs also have increased expression of Oat, which would lead to more L-
Ornithine being converted to GSA (Figure 3.14). Since the expression of other L-Proline
biosynthesis genes are generally suppressed in ground-state cells compared to naive cells
(Figure 3.14), the increased GSA might also be expected to flux through the TCA cycle and
produce more GSH, consistent with a greater reliance on aerobic metabolism and the need to

control levels of reactive oxygen species. (i1) Expression of Pdkl, the gene for the kinase which
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inhibits PDH, is decreased, while that for the PDH gene itself, Pdhal, which converts pyruvate
to acetyl-CoA, is increased (Figure 3.16). (iii) The expression of Sic/6a3, the gene for the
monocarboxylate transport of lactate out of the cell is also decreased, in keeping with reduced
anaerobic metabolism via glycolysis. (iv) The expression of genes in the first ‘quarter’ of the
TCA cycle is also increased (Figure 3.20). What is not consistent with this scenario is the
generally reduced expression of ETC genes in ground-state cells compared to naive cells

(Figure 3.22).

In any case, each of these possibilities requires confirmation through pathway flux and

enzyme assays. However, our results do highlight obvious candidates for further testing.

Naive mESCs are further along the pluripotency spectrum and therefore more ‘prepared’
to receive exogenous signal leading to frank priming and loss of pluripotency. Consistent with
this, they have upregulated expression of the L-Proline transporter gene, Slac38a2, compared
to ground-state cells (Figure 3.12). When transition-inducing L-Proline is added to culture
medium, the amino-acid response pathway is overwhelmed in naive cells and, as a consequence,
intracellular L-Proline concentrations increase (Tan et al., 2011), expression of Slc38a2 will
increase (Figure 3.12), and the naive state will progress to EPLCs (Washington et al., 2010;

Casalino et al., 2011; Glover, 2018).

Once at the EPLC stage, not only is the expression of the SNAT2 gene increased even
further (Figure 3.12), presumably to take advantage of the added extracellular L-Proline, but
synthesis of L-Proline from the key precursor, L-Glutamate, appears to be reduced as evidenced
by reduced expression of the genes for the two required enzymes (Figure 3.14): (1) Aldhl8al,
the enzyme for which converts L-Glutamate to GSA, and (ii) Pycrl, the enzyme for which

converts P5C to L-Proline as part of the proline cycle.

In addition, it also appears that the balance shifts to anaerobic metabolism over aerobic
since in EPLCs compared to naive mESCs: (i) The expression for Pdkl increases and that for
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Pdhal decreases, consistent with reduced production of acetyl-CoA and flux through the TCA
cycle. (i1) The expression of Sic/6a3, the gene for transport of lactate out of the cell increases
(Figure 3.16). These results are consistent with increased reliance on anaerobic metabolism as

priming across the pluripotency spectrum continues.

These trends more or less continue for primed EpiSCs, again consistent with primed cells
having even more reliance on anaerobic metabolism than those earlier in the pluripotency
spectrum (Zhou et al., 2012; Fiorenzano et al., 2016; Minchiotti et al., 2022). In addition,
expression of the SNAT2 gene is again reduced in EpiSCs compared to naive mESCs (Figure
3.12). We speculate this is because these primed cells are geared to form mesendoderm
(Bernemann et al., 2011), which doesn’t require L-Proline, as opposed to EPLCs, which are
geared towards neurectoderm, which does require L-Proline (Harvey ef al., 2010; Washington
et al., 2010; Li et al., 2013; Glover, 2018; Shparberg, 2018). In addition, the expression of
Ndufal0, the gene for Complex I in the ETC, is strongly downregulated (Figure 3.22) and as
this is one of the main entry points for high-energy electrons into the ETC, reduced expression
culminating in reduced Complex I production is likely to lead to reduced aerobic metabolism,

consistent with the energy requirements of this cell type.

Of all the genes in all the pathways examined here, only 4 had a TRIAGE-transformed
DS ranking suggesting they play a direct role in cell fate. These results suggest each of these
genes is worthy of further work to establish their importance in driving cells across the

pluripotency spectrum and perhaps allowing them to exit pluripotency. These 4 genes are:

(1) The lactate transporter gene, Slcl6a3. It has a high DS only in EPLCs (Figure 3.17),
and this is where its expression is also strongly increased (Figure 3.16). It’s possible that
increased expression of this gene in this part of the pluripotency spectrum is a key driver of the

shift to more reliance on anaerobic metabolism.
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(11) Tktl1, the product for which is the enzyme in the PPP that catalyses the bi-directional
conversion of xylulose-5-phosphate to glyceraldehyde-3-phosphate and erythrose-4-phosphate,
and ribose-5-phosphate to sedoheptulose-7-phosphate (Figure 3.18). It has a high DS only in
EpiSCs (Figure 3.19), and this is where its expression is increased (Figure 3.18). Increased
expression of this gene may be required for primed cells to exit pluripotency. The enzyme
regulates the carbon flux between the PPP and glycolysis in both directions (Ge et al., 2020).
Therefore, the enzyme allows the PPP to directly influence the flux of metabolites between

itself and glycolysis.

(ii1) Ndufal0, the gene for Complex I in the ETC. It has a high DS in all 4 cell types of
the pluripotency spectrum (Figure 3.23) but its expression is decreased in EpiSCs (Figure 3.22),

as noted above. Again, it’s possible this gene is required for primed cells to exit pluripotency.

(iv) Idh3g, the product for which is the enzyme in the TCA cycle that catalyses the
conversion of isocitrate to a-KG (Figure 3.20). It also has a high DS in all 4 cell types of the
pluripotency spectrum, and its expression doesn’t change much. It’s possible this gene is
required to maintain pluripotency. The enzyme catalyses one of the main entry points for high-
energy electrons into the ETC, as well as producing a-KG, which contribute to epigenetic

modifications (Xiao et al., 2012; Ryu et al., 2015).

3.4.3. Ground and naive states and EPLCs have different basal aerobic profiles as
measured by the Seahorse extracellular flux assay but do not respond to acute
exposure to L-Proline

Basal rates of anaerobic metabolism (ECAR) don’t change in cells across the pluripotency

spectrum (Figure 3.25B) but that for aerobic metabolism drops by two-thirds (Figure 3.25A).

This indicates that reliance shifts to anaerobic metabolism, and that the cells become

metabolically quieter, as priming across the pluripotency spectrum proceeds. This aligns with

shifts in anaerobic/aerobic metabolism observed when ESCs transition to EpiSC (Zhou ef al.,
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2012; Fiorenzano et al., 2016; Minchiotti et al., 2022). However, the idea of ‘quiet metabolism’
is new. This idea is analogous to the Quiet Embryo Hypothesis, which proposes that embryos

with lower overall levels of metabolism have improved development and viability (Leese ef al.,

2008).

None of the cell types responded to acute injections of L-Proline in terms of anaerobic or
aerobic metabolism (Figure 3.26 A-C). This indicates, for example, that any L-Proline-mediated
effects on metabolism are not at this gross level of anaerobic/aerobic metabolism or that the
time-frame required is over several hours as opposed to the 1-2 h over which a Seahorse

experiment can be run.

Spare respiratory capacity indicates the reserve a cell type has to produce ATP via aerobic
metabolism (Divakaruni et al., 2014). A high spare capacity indicates that the cell type can
better meet a high acute demand for the production of ATP via aerobic metabolism (Divakaruni
et al., 2014). The spare capacity of these pluripotent cells does change, with that for EPLCs
dropping by around a third compared to ground and naive states (Figure 3.26D). This is
consistent with EPLCs having increased reliance of anaerobic metabolism over aerobic
metabolism to meet any acute demand in ATP production. Ground and naive states’ higher
spare capacities indicate the greater reliance of these pluripotency states on aerobic metabolism.
These results, together with the higher basal levels of OCR in ground-state ESCs, again indicate
reliance on aerobic metabolism drops as cells progress along the pluripotency spectrum (Yanes
et al., 2010; Sperber et al., 2015; Tohyama et al., 2017; Vlaski-Lafarge et al., 2019; Khoa et
al., 2020; Tsogtbaatar et al., 2020; Diamante and Martello, 2022). EpiSCs may demonstrate a
similar metabolic profile to EPLCs as EpiSCs are at the primed end of the pluripotency
spectrum. This can be tested but it would need to be done in the absence of a layer of MEF

feeder layer cells normally used to support EpiSC self-renewal and growth.
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3.4.4. Inhibition of POX-mediated conversion of L-Proline to P5C has different effects

on parameters associated with the mESC-to-EPLC transition
Inhibition of POX in the presence of L-Proline on mESCs inhibited morphological change
associated with transition to EPLCs (Casalino et al., 2011) but we see the reverse effect:
Inhibition of POX by DHP or THFA in ESCs exposed to L-Proline promotes changes in colony
morphology associated with the transition (Figure 3.29-3.30). Culture conditions in the two
studies are very similar. However, we use a lower concentration of LIF (330 U/mL instead of
1000 U/mL) and this can affect colony morphology change: The more LIF, the less colony
morphology change (Morris, unpublished results). This highlights that cooperation between
growth factors (in this case, LIF and L-Proline) to elicit biological change is dependent on their

relative concentrations.

POX inhibition failed to have any effect on the L-Proline-mediated reduction in doubling
time but it did inhibit L-Proline mediated increase in expression of the key EPLC marker, Fgf5.
Collectively, these results show that metabolism of L-Proline by POX have different effects on
different parameters of the transition: Colony morphology change is accentuated, doubling time
is unaffected, and changes in gene expression profile were observed. This is consistent with the
idea that specific mechanisms of action (in this case, L-Proline metabolism) contribute to some
but not all aspects of the complex processes involved in changes in cell identity. Similarly, the
various signalling pathways involved in the ES-to-EPLC transition (MEK/ERK, PI3K/Akt,
mTOR) contribute to different aspects of the transition, as shown by the use of selective

pathway inhibitors (Lonic, 2007; Glover et al., 2023).

3.4.5. Anaerobic metabolism and the PPP drive some aspects of the mESC-to-EPLC
transition

Similar to the POX inhibitor results above, the use of DCA (which effectively suppresses

anaerobic metabolism by accelerating aerobic metabolism) and 6 AN (which inhibits the PPP),
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have different effects on the parameters used to measure the ES-to-EPLC transition. DCA, like
the POX inhibitors, accentuates the L-Proline-mediated colony morphology change, but it
reverses the reduced doubling time that L-Proline induces, and has no effect on gene expression
change (Figures 3.31-3.32). On the other hand, 6AN (partially) reverses L-Proline-mediated
colony morphology change, reverses the reduced doubling time that L-Proline induces, and has

no effect on gene expression change (Figures 3.34-3.35).

These results show that flux via anaerobic/aerobic metabolism pathways and the PPP
contribute to the ES-to-EPLC transition, and it’s possible that this is because L-Proline

catabolism is linked to these (Figure 3.1).

Measurement of actual pathway flux would be valuable to examine the biological
complexity of the roles of these pathways. This would include taking timed samples following
the addition of L-Proline and measuring the activity of rate-limiting enzymes, and quantifying
the movement of metabolites of L-Proline into various metabolic pathways using radiolabelled

forms of the molecule in combination with LC-MS.
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4.1. Introduction

Development of the central nervous system in vivo requires transition from the pluripotent inner
cell mass to pluripotent primitive ectoderm, which is the precursor to gastrulation and the
formation of the three multipotent germ layers: definitive endoderm, definitive mesoderm and
definitive ectoderm (Rathjen et al., 1999; Pelton et al., 2002; Nichols and Smith, 2009;
Krupinski e al., 2011). The definitive ectoderm further differentiates to become the multipotent
cell populations of surface ectoderm and neurectoderm (Inman et al., 2002; Li et al., 2013). It
is the multipotent neurectoderm which will set up the central and peripheral nervous systems
(Rathjen et al., 2002; Maye et al., 2004; Suter et al., 2009; Dang and Tropepe, 2010; Li ef al.,
2013). Thus, this multi-step process is essential for the setup of the nervous system and mESCs,
which are an in vitro model of mammalian development, can be used to study mechanisms at

play (Rodda et al., 2002; Shparberg et al., 2019a; Glover et al., 2022).

The conditioned medium MEDII has been used to drive differentiation of mESCs to
neural cells (Rathjen et al., 2002; Rodda et al., 2002; Harvey et al., 2010) and later the
exogenous addition of L-Proline to culture medium was shown to achieve the same result
(Shparberg, 2018). Understanding the mechanisms by which L-Proline effects this
differentiation in vitro should help shed light on how its presence in uterine and oviductal fluid
promotes neural development in vivo (Aguilar and Reyley, 2005; Phang et al., 2010, 2015;
Krupinski et al., 2011; Patriarca et al., 2021). So far it is known that L-Proline can act via acute
activation of signalling pathways (Gangloff et al., 2004; Lonic, 2007; Washington et al., 2010;
D’Aniello et al., 2015), through mechanisms involving changes to the epigenetic landscape
(Comes et al., 2013; D’ Aniello et al., 2017; Harvey et al., 2019; Patriarca et al., 2021), and via
some of its metabolites (Phang, Pandhare, et al., 2008; Phang et al., 2010; Casalino et al., 2011;

Kilberg et al., 2016; Phang, 2019; Patriarca et al., 2021).

In terms of signalling pathways, changes in pathway activities drive cell fate. In mESCs,

leukemia inhibitor factor (LIF) activity and bone morphogenic protein 4 (BMP4) signalling
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pathway favour self-renewal and maintenance of pluripotency over differentiation (Section
1.2.1). Addition of L-Proline in the presence of LIF and BMP4 tips this balance to promote
differentiation via activation of MAPK/ERK and mTOR pathways (Section 1.2.1) (Lonic,
2007; Washington et al., 2010; Tan et al., 2011). As a result, mESCs transition to EPLCs and

thereafter to neural differentiation (Shparberg et al., 2019a; Glover et al., 2022).

Although the transcriptional profiles of mESCs and EPLCs have been analysed (Glover,
2018), other intermediate states of neural fate commitment (definitive ectoderm and
neurectoderm) are much more poorly understood. This chapter will use: (i) Microarray analysis
of mESCs that had undergone differentiation to neurectoderm in MEDII to identify gene
expression changes associated with neural fate commitment. (ii) An L-Proline-based protocol
using embryoid bodies and hanging drop culture conditions to promote neural differentiation
(Shparberg et al., 2019a). (iii) Transcriptional Regulatory Inference Analysis from Gene
Expression (TRIAGE) analysis to discover candidate genes that drive neural cell fate (Figure
4.1) (Shim et al., 2020). These approaches can also be used to identify candidate markers of
transient cell types, such as definitive ectoderm, for which only two candidate markers, Penkl
and Pard6b, are known (Harvey et al., 2010). This contrasts with the number of well-
established markers of mesoderm and endoderm germ layers e.g., Mix/I, T, Flkl and Sox17

(Arnold and Robertson, 2009; Ishitobi et al., 2011).
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Figure 4.1 MEDII-based (A, B) and L-Proline-based (C) protocols used to generate cell types as mESCs differentiate towards neural fate
via embryologically relevant cell types. A. D3 mESCs (Day 0) were cultured in suspension as embryoid bodies (EBs) in MEDII to produce
samples EPLCs (Day 3), the germ layer definitive ectoderm (DE; Day 6) and neurectoderm (NE; Day 9). B. As a control to the directed neural
differentiation in A, different staring populations of D3 mESCs were cultured in MEDII out to Day 3 then switched to Basal medium to allow
spontaneous differentiation to all cell types out to Day 5 and Day 7. For A and B, cDNA samples from individual experiments (n=4) from the cells
at the various days were produced, normalised to take into account differences in cDNA concentration, and used to generate microarray data using
the Mus musculus 22k Affymetrix platform (by Dr J. Rathjen). Hybridisation strategies are shown as double-headed blue arrows. Code in R was
produced to work the raw microarray data to graphical form (by Dr C. Wilkinson). Raw data was used for differential gene expression analysis and
TRIAGE analysis (by myself) throughout this chapter. C. The L-Proline-based protocol (Shparberg et al. 2019a) used to generate the same cell
types as for the MEDII-based protocol in A. D3 mESCs (Day 0) were cultured as hanging drops (1000 cells/20 pL) in either L-Proline-mediated
differentiation medium (Day 0-5) or Basal medium up to Day 3, before removal from the hanging drops and continued suspension culture in the
respective media. At Day 6 of the L-Proline-based protocol, the medium was changed to L-Proline-mediated differentiation medium (Day 6-9),
which still contains L-Proline and also SB431542, an inhibitor of mesendoderm production. At Day 9, EBs were transferred to adherent culture in
Serum-free £ L-Proline medium (Day 10-15). Samples were collected on Days 0, 3, 6 and 9 for gene expression analysis using qPCR, while EB
samples up to Day 15 were scored for neural cell types.
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In terms of epigenetic changes, histone modifications drive cell fate (Kingston and
Tamkun, 2014; Brand et al., 2019; Harvey et al., 2019; Shim et al., 2020) including via the
polycomb group (PcG) and trithorax group (TrxG) protein complexes (Ying, Nichols, et al.,
2003; Ringrose and Paro, 2004; Boyer et al., 2006, Ho et al., 2009; MacArthur et al., 2009;
Hirai et al., 2011; Lau and So, 2015; Brand et al., 2019). For example, pluripotency is
maintained by silencing of differentiation-associated genes and lineage commitment pathways
via PcG-mediated transcriptional repression (Ringrose and Paro, 2004; Boyer et al., 2006;
MacArthur et al., 2009), while TrxG proteins occupy promoter regions of core pluripotency
genes Oct4, Nanog and Sox2 to maintain their expression (Ang et al., 2011; Wan et al., 2013;
Kingston and Tamkun, 2014; Lau and So, 2015; Tsai et al., 2019). TrxG proteins also occupy
promoter regions of genes encoding proteins associated with LIF and BMP signalling to help
maintain self-renewal and pluripotency (Ying, Nichols, ef al., 2003; Ho et al., 2009; Hirai et
al.,2011; Lau and So, 2015). For differentiation to occur, disruption of PcG and TrxG activity
is required upon exposure to the right external and/or internal signals (Gao ef al., 2008; Morey
etal.,2015; Wade et al., 2015; Collinson et al., 2016; Shan et al., 2017; Yao et al., 2018; Brand

etal.,2019).

In the case of neural lineage commitment of mESCs, exposure to exogenously added L-
Proline disrupts the AAR pathway and activates mTOR and MAPK/ERK signalling pathways,
which trigger mESCs to prime themselves for differentiation to EPLCs and neural cell fate
(Lonic, 2007; D’ Aniello et al., 2015; Shparberg et al., 2019b, 2019a; Glover et al., 2022). How
does PcG and TrxG expression respond to exogenously added L-Proline? Does expression of
PcG and TrxG complex proteins change such that there is shift from maintaining pluripotency
to committing to a neural fate? This Chapter will investigate changes in expression of genes
encoding for PcG and TrxG components across the pluripotency spectrum and on towards the
production of neurectoderm. Figure 4.1 shows the experimental protocol for generating the

various cell types.
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RNAseq data (from Chapter 3) and microarray data (Figure 4.1A and 4.1B) will be used
to quantify expression of genes which contribute components of PcG and TrxG protein
complexes. TRIAGE analysis (Shim et al., 2020) will be used determine if components of these

complexes are candidates for controlling cell fate and identity.

A new paradigm in development is that metabolism also contributes to cell fate. For
example, mESCs rely on L-Threonine conversion to Glycine, catalysed by threonine
dehydrogenase, for survival and self-renewal (Wang et al., 2009; Kilberg et al., 2016).
Downregulation of threonine dehydrogenase activity causes mESCs to differentiate (Wang et
al., 2009; Shyh-Chang, Ng et al., 2013). L-Threonine restriction in mESC culture causes
reduction in proliferation rates, represses self-renewal markers and upregulates expression of
trophectoderm and mesoderm markers (Ryu and Han, 2011). L-Threonine metabolism is also
coupled to epigenetic modifications, including maintenance of the S-adenosylmethionine
(SAM):S-adenosylhomocysteine (SAH) ratio (Shyh-Chang, Ng et al, 2013). A high
SAM:SAH ratio in mESCs results in increasing trimethylation of histone H3 lysine 4
(H3K4me3), which is essential for maintenance of proliferation, self-renewal and pluripotency
(Bernstein et al., 2006; Wang et al., 2009, 2011; Shyh-Chang, N et al., 2013). mESCs also rely
on L-Glutamine for pluripotency maintenance and cell-cycle regulation (Ryu et al., 2015).
These effects depend on L-Glutamine’s conversion to L-Glutamate, catalysed by glutaminase,
as inhibition of this enzyme represses expression of core pluripotency gene Oct4 and cell-cycle
regulatory proteins in mESCs (Ryu et al., 2015). In addition, L-Glutamate’s conversion to
alpha-ketoglutarate (a-KG) contributes to the a-KG-to-succinate ratio (Ryu et al., 2015). A high
a-KG-to-succinate ratio results to inhibition of DNA methyltransferases, Dnmt3a and Dnmt3b
(Ryu et al., 2015; Shparberg et al., 2019b). This leads to an increase in histone acetylation and
DNA hypomethylation, which occurs on the Oct4 gene, resulting to increasing Oct4 production

and, therefore, core pluripotency activity (Ryu et al., 2015; Shparberg et al., 2019b).
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On the other hand, L-Proline stimulates a different outcome in mESCs. Endogenous
synthesis of L-Proline is maintained via the amino-acid starvation response (AAR) pathway,
which keeps endogenous production of L-Proline low (~25 uM). This helps maintain mESC
identity and limits cell proliferation (D’Aniello et al., 2015; Tsogtbaatar et al., 2020).
Exogenous addition of L-Proline overwhelms the AAR pathway, via uptake of L-Proline into
the mESCs by SNAT?2, shifting the balance of signalling pathway activities for mESCs to now
promote differentiation and increased proliferation (Tan ef al., 2011; D’Aniello et al., 2015).
The excess L-Proline undergoes catabolism, catalysed by proline oxidase (POX), resulting in a
change in mESC colony morphology to that of EPLCs (Casalino et al., 2011; Glover, 2018).
POX inhibition results in inhibition of these morphological changes (Casalino et al., 2011),
although this depends on LIF concentrations (Chapter 3). Exogenous L-Proline added to
mESCs also increases trimethylation of histone H3 lysine 9 (H3K9me3) and H3 lysine 36
(H3K36me3), inducing changes in the epigenome and remodels the mESC transcriptome to

permit induction of the formation of EPLC (Comes et al., 2013; Harvey et al., 2016).

It’s not known, however, if L-Proline-mediated changes in metabolism continue to play
a role in driving EPLCs to a neural cell fate. This Chapter will use microarray analysis and
TRIAGE to investigate the expression of genes encoding for metabolic enzymes as mESCs

commit to a neural fate (Figure 4.1).

4.2. Aims and hypotheses
This chapter will focus on:
(1) Using an L-Proline-based differentiation protocol on mESCs to drive neural differentiation,

which incorporates a hanging drop methodology.

(i) Analysing a microarray data set of mESCs differentiated to neurectoderm using the
conditioned medium MEDII. The analysis will include quantifying relative changes in gene
expression and TRIAGE transformation.
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We hypothesise that these approaches will help identify candidate genes that control
differentiation to neural fate via embryologically relevant intermediate cell types, including

genes encoding for PcG and TrxG proteins and metabolic enzymes.

4.3. Results

4.3.1. Differential expression analysis of genes associated with pluripotency and
lineage restriction in MEDII-treated embryoid bodies

Changes in the transcriptome are indicative of changing cell identity, and can be used to identify

mechanisms driving cell fate (Glover, 2018). For this Chapter, differential expression analysis

of genes associated with pluripotency and lineage restriction were performed on ESCs driven

to a neural fate in the conditioned medium MEDII, and compared to MEDII-treated ESCs left

to spontaneously differentiate (Figure 4.1A, 4.1B and 4.2).

D3 naive-state mESCs (Day 0) were cultured in suspension as EBs in MEDII up to Day
3, 6 and 9, representative of EPLCs, DE and NE, respectively (Figure 4.1A) (Dr J. Rathjen and
Dr C. Wilkinson, University of Adelaide). A different set of D3 naive-state mESCs were
cultured in suspension as EBs in MEDII up to Day 3, then switched to Basal medium to allow
spontaneous differentiation to all cell types up to Day 5 and 7 (Figure 4.1B) (Dr J. Rathjen and
Dr C. Wilkinson, University of Adelaide). These samples were used to produce separate but
related microarray datasets (Figure 4.1A-B) (Dr. J. Rathjen and Dr. C. Wilkinson, University

of Adelaide).

We interrogated these datasets to look at gene expression profiles of core and extended
pluripotency network genes, and lineage restriction genes (Figure 4.2). To limit false positives
(i.e. reduce the false discovery rate (FDR)) and restrict analysis of genes to those whose
expression changed significantly over the course of differentiation, we used a Benjamini-

Hochberg adjusted P <0.05, regardless of log fold change (Koch et al., 2018).
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Figure 4.2 Pluripotency network and lineage restriction genes in a MEDII-based
protocol driving mESCs to neural fate. A. D3 mESCs (Day 0) were cultured in suspension
as EBs in MEDII to Day 3, 6 and 9, representative of EPLCs, the germ layer definitive
ectoderm (DE) and neurectoderm (NE), respectively, as per Figure 4.1A. B. Different sets
of D3 mESCs were cultured in MEDII out to Day 3 then switched to Basal medium to allow
spontaneous differentiation to all cell types out to Day 5 and 7, as per Figure 4.1B.
Microarray data was generated (by Dr J. Rathjen and Dr C. Wilkinson). The raw data was
used by us for differential gene expression analysis. Some gene markers of interest are listed
under each intermediate stage of neural fate commitment. The expected changes in
expression of core and some extended pluripotency network genes are shown as mESCs
differentiate. It is unknown if mesendoderm markers, such as Mixl1, Gata6 and T, will be
expressed in Day 5 and 7 samples.
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Figure 4.3 A shows that for MEDII-treated naive mESCs, the expression of core and most
extended pluripotency network genes was downregulated as they differentiated over the course

of 9 days, consistent with the loss of pluripotency.

There is also significant upregulation of expression of EPLC markers at Day 3 and 6,
definitive ectoderm markers (Pard6b and Penkl) at Day 6, then neurectoderm markers (Pax6
and Sox/) by Day 9. These results are consistent with a ‘temporal wave’ of differentiation as

the naive mESCs differentiate via embryologically relevant intermediates.

There is no change in expression of the surface ectoderm marker, which is a branch point
of differentiation at the definite ectoderm stage, suggesting that those cells that do become
definitive ectoderm proceed to neurectoderm instead of surface ectoderm (Figure 4.3A). On the
other hand, there is upregulation of the expression of germ layer markers for mesoderm and
endoderm, suggesting that while MEDII promotes neural commitment, there is some off-

pathway differentiation.

Figure 4.3B helps confirm these findings. Here, expression is measured relative to Day 3
(EPLCs) for both the MEDII-treated and spontaneously differentiated cells in Basal medium.
The MEDII-treated cells show strong downregulation of the primitive ectoderm markers by
Day 9 compared to spontaneously differentiated cells, and also show upregulation of the
expression of definitive ectoderm and neurectoderm markers, which the spontaneously

differentiated cells do not.
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Figure 4.3 Differential expression analysis of genes associated with pluripotency and
lineage restriction in MEDII-treated and spontaneously differentiated naive ESCs. The
differentiation protocol is shown in Figure 4.1A and 4.1B. cDNA samples (n=4) (produced
by Dr J. Rathjen) were hybridized onto the Mus musculus 22k Affymetrix platform.
Microarray data was generated and normalized to take into account differences in cDNA
concentration across the experiments and days. Raw data was extracted on Rstudio by Dr C.
Wilkinson. We selected the marker genes for this analysis and generated the heatmaps using
Graphpad Prism. A. Relative expression for MEDII-treated cells compared to naive mESCs
(Day 0). B. Relative expression of MEDII-treated cells and spontaneously differentiated
cells compared to Day 3 MEDII-treated cells (EPLCs). * Indicates significant change in
expression as measured by a Benjamini-Hochberg adjusted P <0.05.
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4.3.2. Gene expression profile and phenotype changes across neural lineage
commitment

L-Proline is one of the bioactive components in MEDII and promotes the transition of naive

mESCs to EPLCs in adherent culture (Washington et al., 2010). More recently, L-Proline has

been shown to promote the differentiation of naive mESCs all the way out to mature neural

cells when cells are grown in suspension as embryoid bodies (EBs) (Shparberg, 2018;

Shparberg et al., 2019a).

Here, we modified this L-Proline-based suspension protocol by incorporating a hanging
drop step (Ohnuki and Kurosawa, 2013) in the first 3 days of suspension culture to control cell
number and proliferation. Figure 4.1C shows the protocol. The rationale to adjust the first 3
days of suspension culture to include hanging drop was that cell number and size of EBs are
factors affecting efficiency of directed neural differentiation using other (non-proline-based)

protocols (Ohnuki and Kurosawa, 2013).

Figure 4.4 shows qPCR results for this modified protocol as the EBs differentiated over
9 days in the presence of L-Proline or allowed to spontaneously differentiate by the removal of
L-Proline after Day 3. Most of the expected temporal changes in gene expression for
pluripotency factors, EPLC, definitive ectoderm and neurectoderm markers as the cell
differentiated were not observed with the hanging drop modification as they were with the L-
Proline protocol without hanging drop (Shparberg, 2018; Shparberg et al., 2019a) or with
MEDII-treated cells (Figure 4.3). This may be because the expression of many of these markers
is very restricted in time and the hanging drop samples may not have been collected at the best
days to observe this. However, the spontanecously differentiated cells did show reduced
expression of the neurectoderm marker Nestin at Day 9, whereas the L-Proline-treated cells at
least maintained the expression of this marker (Figure 4.4C). Spontaneously differentiated cells

also failed to express Dnmt3b or Sox1 (data not shown).
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Figure 4.4 Gene expression profiles of EBs cultured by the hanging drop method in L-Proline for neural lineage commitment or in Basal
medium to allow spontaneous differentiation. EBs derived from naive-state mESCs (Day 0) were produced using hanging drop method in either i)
L-Proline-based or ii) Basal medium for 9 days, as per Figure 4.1C. On Days 0, 3, 6 and 9, samples were collected, processed and subjected to qPCR.
Results for each sample were normalised to the expression of /8s as the housekeeping gene, and then shown relative to expression of the naive state
(Day 0) as a logz fold change. A. Pluripotency-associated genes, Oct4, Nanog and Rex1. B. EPLC markers, Figf5 and Dnmt3b. C. Genes associated
with neural lineage commitment, Sox/ and Nestin. D. Mesendoderm lineage commitment marker, Mix/I. Statistical analysis is by one-way ANOVA
with Dunnett’s post hoc test relative to Day 0. Bars represent mean + SEM, n > 3, *P <0.05, **P <0.01. NoEx: not expressed.
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Despite not showing the expected marker-gene expression profile, when these L-Proline-
treated hanging drop EBs were seeded down at Day 9 and allowed to grow out to Day 15, 50-
70% of the EBs showed neural features (Figure 4.5), significantly higher than for spontaneously

differentiated EBs (~10%) (Figure 4.5).

In addition, L-Proline was added to the serum-free medium at this late stage (Day 9) to
see if it improved the percentage of EBs which showed neural features, but it did not do so

(Figure 4.5).
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Figure 4.5 EBs scored for neural features following seeding down at Day 9 after suspension culture. EBs derived from D3 mESCs
produced in suspension culture (Days 0-9) were transferred to serum-free medium (SF) £ L-Proline in adherent culture for another 6 days up
to Day 15, as per Figure 4.1C. A. Representative images of EB morphology at Day 15, imaged at 10x magnification, showing in this case
numerous neurites and axonal bundles in the L-Proline protocol but not in the spontaneous differentiation protocol. Scale bar = 200 um. B.
EBs were scored based on a set of morphological images predetermined previously in a published protocol (Shparberg e al. 2019a). Statistical
analysis is by one-way ANOVA with Tukey’s post-hoc. Bars represent mean = SEM, n =7, **P<0.01 ***P<0.001.
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4.3.3. TRIAGE transformation provides candidate genes controlling differentiation of mESC
to neural fate
Part of initiating changes in cell fate requires epigenetic changes through histone modifications
(Kingston and Tamkun, 2014; Brand et al., 2019; Harvey et al., 2019; Shim et al., 2020).
Histone modifications activate or repress genes to guide cell fate decisions. H3K27me3 is a
histone mark that indicates gene repression. Selective absence of H3K27me3 domains can be
used as predictors of cell-type-specific and transient gene expression driving cell-fate decisions
(Shim et al., 2020). TRIAGE utilises this repressive mark to prioritise genes associated with
cell fate and identity over genes associated with housekeeping and cellular structure (Shim et

al., 2020).

Normally, TRIAGE is advantageous in that analysis is usually isolated to just the sample
of interest and does not require a comparison with the gene expression profile of a different cell
type along, for example, a differentiation pathway (Shim et al., 2020). However, in this case,
the microarray data available to us only shows relative changes in gene expression compared
to a selected day along the differentiation process. Here, we use TRIAGE to transform absolute
fold changes relative to Day 3 (EPLCs) (Figure 4.1A and 4.1B) to calculate discordance scores
(DS). This score depends on 2 things: (i) the extent of gene expression and (ii) the degree of
association of H3K27me3 marks (or the tendency of gene repression) observed across the

genome (Shim et al., 2020).

DS were ranked in descending order across the entire mouse microarray dataset; i.e.,
highest DS is ranked first. A DS rank <1359 is considered to be a gene likely associated with
cell fate and cell identity (Shim et al., 2020). Beyond this rank a gene is likely associated with

housekeeping and structural maintenance (Shim et al., 2020).

Figure 4.6A shows DS for Day 6 (definitive ectoderm) and Day 9 (neurectoderm) cells

following treatment with MEDII plotted against the absolute fold change in expression relative
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to that at Day 3 (EPLCs). 6 genes (Gata4, Pax2, Lmx1b, Pax7, Zic4 and Msx[) that appear in
the top 10 DS ranks are common between Day 6 and 9, while 4 are unique to each day. The 4
genes that appear on Day 6 (Hoxbl3, Lhx2, Lhx5 and Six3) also appear on Day 9 at DS ranks
15,12, 16 and 13, respectively. The 4 genes that appear on Day 9 (Enl, En2, Wntl and Neurogl)

also appear on Day 6 at DS ranks 11, 13, 81 and 28, respectively.

Figure 4.6B shows DS for Day 5 and Day 7 for spontaneously differentiated cells plotted
against the absolute fold change in expression relative to that at Day 3 (EPLCs). 8 genes (Gata4,
Pax2, Lmx1b, Hoxbl3, Pax7, Alx4, En2 and Zic4) that appear in the top 10 DS ranks are
common between Day 5 and 7, while 2 are unique to each day. The 2 genes that appear on Day
5 (Enl and Pax5) also appear on Day 7 at DS ranks 18 and 15, respectively. The 2 genes that

appear on Day 7 (Handl and Cdx2) also appear on Day 5 at DS ranks 36 and 19, respectively.

Across all these days and treatments, 4 genes in the top 10 DS-ranked are common, which

all encode for transcription factors (Gata4, Pax2, Pax7 and Zic4).
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Figure 4.6 TRIAGE transformation of microarray data for mESCs differentiated in MEDII to neural-cell fate (A) or allowed to spontaneously
differentiate (B). D3 mESCs were cultured in suspension as embryoid bodies (EBs) in MEDII out to Day 3. These EBs continued to be cultured in
A. MEDII out to i) Day 6 (definitive ectoderm) and ii) Day 9 (neurectoderm) or switched (with a different set of Day 3 EBs) to B. Basal medium to
allow spontaneous differentiation out to i) Day 5 and ii) Day 7 (as per Figure 4.1A and 4.1B). cDNA samples (n=4) were used to produce the
microarray data. Raw data was extracted on Rstudio, then fold changes relative to Day 3 (EPLCs) were calculated. These results were TRIAGE
transformed to produce DS plotted against ranked absolute fold change relative to Day 3 (EPLCs). For clarity, only the top 10 ranked DS genes are
shown. Genes in common in for MEDII-treated cells at Day 6 and 9 are shown in red. Genes in common in spontaneously differentiated cells at Day
5 and 7 are shown in orange. Genes in blue indicate genes unique to that day and treatment. * indicates genes in the top 10 DS common across all 4
samples. The function of each gene product is also shown.
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For further interpretation of the TRIAGE-transformed data, the top 100 genes based on
DS rank were converted to their respective human gene orthologs and underwent gene
clustering analysis using TRIAGE-ParseR (Sun et al., 2023). The method allows unbiased
grouping of these genes into clusters, which are assigned a random number to distinguish
between them. These numbered clusters are then defined using gene ontology (GO) enrichment
analysis (Sun et al., 2023). Protein-protein interactions (PPIs) were also predicted for each
cluster using the STRING database (Szklarczyk et al., 2019). A PPI enrichment P value <0.001

indicates these interactions are biologically meaningful (Sun et al., 2023).

Figure 4.7A shows that for MEDII-treated cells, Day 6 samples grouped into 5 gene
clusters (assigned as Cluster 1-5). Clusters 1-3 and Cluster 5 contained significant GO terms
(FDR < 0.05). The Clusters have extensive lists of GO terms associated with transcription,
metabolism, development, and lineage commitment, including development of the nervous
system by their Benjamini-Hochberg adjusted P values beyond the top 10. All 4 gene clusters
are biologically significant with Clusters 1, 2 and 5 having PPI enrichment P values <1.07'°,

and Cluster 3 with PPI enrichment P value <0.001.

Figure 4.7B shows that for MEDII-treated cells, Day 9 samples grouped into 3 gene
clusters (assigned as Cluster 1-3). Cluster 1 and 3 contained significant GO terms (FDR < 0.05).
Again, both clusters contain GO terms associated with transcription, metabolism, development,
and lineage commitment (Benjamini-Hochberg adjusted P values beyond the top 10), including
nervous system development. Both clusters are biologically significant having PPI enrichment

P values <1.07'°,
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Figure 4.7 TRIAGE-ParseR analysis of genes with the top 100 DS rank for cells at Day 6 and 9 differentiated in MEDII to neural fate. D3
mESCs were cultured in suspension as EBs in MEDII out to Day 3 (EPLCs), with culture continued in MEDII out to A. Day 6 (definitive ectoderm)
and B. Day 9 (neurectoderm), as per Figure 4.1A. cDNA samples (n=4) were used to produce microarray data from which fold changes in gene
expression were calculated relative to Day 3. The fold changes were TRIAGE transformed to produce discordance scores (DS) and ranked by mean
DS across n=4. The top 100 ranked DS underwent TRIAGE-ParseR to identify GO terms (FDR < 0.05), genes in the clusters (confidence threshold
> 95%) and predicted protein-protein interactions (PPIs) (STRING v 11.5) with default settings. PPI enrichment FDR P value < 0.001 indicates
significance and, therefore, biologically meaningful PPIs. Only the top 10 significant GO terms are shown for simplicity.
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Figure 4.8 shows the results for Day 3 (EPLCs) allowed to spontaneously differentiate in
Basal medium out to Day 5 and 7. While some of the GO terms are shared with the MEDII-
treated cells, by and large the genes in the clusters and the PPIs they are associated with are

very different.
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B. Day 7
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B. Day 7
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Figure 4.8 TRIAGE-ParseR analysis of genes with the top 100 DS rank for EPLCs left to spontaneously differentiate to Day 5 and Day 7. D3
mESCs were cultured in suspension as EBs in MEDII out to Day 3 (EPLCs), with culture switched to Basal medium out to A. Day 5 and B. Day 7,
as per Figure 4.1B. cDNA samples (n=4) were used to produce microarray data from which fold changes in gene expression were calculated relative
to Day 3. The fold changes were TRIAGE transformed to produce discordance scores (DS) and ranked by mean DS across n=4. The top 100 ranked
DS underwent TRIAGE-ParseR to identify GO terms (FDR < 0.05), genes in the clusters (confidence threshold > 95%) and predicted protein-protein
interactions (PPIs) (STRING v 11.5) with default settings. PPI enrichment FDR P value < 0.001 indicates significance and, therefore, biologically
meaningful PPIs. Only the top 10 significant GO terms are shown for simplicity.
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4.3.4. Relative expression and TRIAGE analysis of genes associated with PcG and

TrxG proteins across pluripotency and neural lineage commitment
L-Proline, one of the bioactive components in MEDII (Washington et al., 2010), can act via
mechanisms involving changes to the epigenetic landscape (Comes et al., 2013; D’ Aniello et
al., 2017; Harvey et al., 2019; Patriarca et al., 2021). Changes in the epigenetic landscape are
achieved via mechanisms which include PcG and TrxG protein complex activity (Ying,
Nichols, et al., 2003; Ringrose and Paro, 2004; Boyer et al., 2006; Ho et al., 2009; MacArthur
et al., 2009; Hirai et al., 2011; Lau and So, 2015; Brand et al., 2019). As cell fate is, in part,
determined by these activities, we used differential gene expression analysis to interrogate
genes encoding for PcG and TrxG proteins across (i) the pluripotency spectrum, which includes
ground and naive states, EPLCs and primed EpiSCs, based on the RNAseq data sets (see Figure
3.2) and (ii) the EPLC, definitive ectoderm (Day 6) and neurectoderm (Day 9) stages of MEDII-
mediated neural differentiation, based on the microarray data sets (see Figure 4.1A and 4.1B).
Significance is denoted with a Benjamini-Hochberg adjusted P <0.05 and a log> fold change >

1 or < -1 to restrict analysis to genes with large changes in expression.

PcG proteins form polycomb-repressive complexes 1 (PRCI1) and 2 (PRC2). PRCI1
contains 4 essential subunits: RING1A/B, a posterior sex comb ortholog from the polycomb
group RING finger protein family (PCGF1-6), a polyhomeotic homolog (PHCI1-3) and a
chromobox protein (Cbx2/4/6-8). PRC2 consists of 3 essential subunits: EZH1 or its homolog
EZH2, an embryonic ectoderm development (EED) protein and a SUZ12 protein (Morey and
Helin, 2010; Morey et al., 2012; Di Croce and Helin, 2013; Aranda et al., 2015; Santanach et

al., 2017).

Figure 4.9A shows changes in gene expression for PcG proteins across the pluripotency
spectrum from ground-state mESCs to primed EpiSCs in the D3 and A2 cell lines based on the

RNAseq data sets. Changes in gene expression are compared to naive mESCs.
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EPLCs demonstrate a very similar expression profile for these genes compared to naive
cells. In contrast, ground state cells demonstrate a distinct expression profile compared to naive
state. Upregulated expression of 4 PcG genes is observed; Chx4, Cbx8, Pcgfl and Bmil, which
represent genes from two different core components of the PcG complex. EpiSCs also
demonstrate a distinct expression profile compared to naive state. 4 PcG genes are upregulated

in EpiSCs (Cbx4, Cbx8, Phc2 and Bmil), and 2 (Phcl and Eed) are downregulated.

Figure 4.9B shows changes in gene expression for PcG proteins differentiated from
EPLCs (Day 3) out to definitive ectoderm and neurectoderm with MEDII (Day 6 and 9) versus

spontaneous differentiation with Basal medium (out to Day 5 and 7).

At Day 9 in MEDII, the expression of Cbx7 and Phcl is downregulated, while that for
Phc2 and Biml is upregulated compared to Day 3 (EPLCs). No change is seen for the

spontaneously differentiated cells, except that expression of Phcl is downregulated.
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Figure 4.9 Changes in PcG core component gene expression (A) across the pluripotency spectrum and (B) in MEDII-directed neural
differentiation and spontaneously differentiated cells. Changes in expression of genes of the homologs that encode units of polycomb repressive
complexes 1 (PRC1) and 2 (PRC2) are shown relative to the expression of A. naive cells and B. Day 3 (EPLCs). A. D3 and A2 mESCs were used to
produce naive-state mESCs, ground-state mESCs and EPLCs, as per Figure 3.2. A2 primed EpiSCs were maintained, as per Figure 3.2. Samples
(n=3) were subjected to RNAseq from which relative expressions were calculated. B. D3 mESCs were subjected to MEDII-mediated differentiation
in suspension as EBs to Day 3 (EPLCs) and either continued in MEDII to Day 6 and Day 9, or allowed to spontaneously differentiate in Basal medium
to Day 5 and Day 7. cDNA samples (n=4) were used to produce microarray data, as per Figure 4.1. * indicates a Benjamini-Hochberg adjusted P <
0.05 and log> fold change > 1 or <-1.
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TrxG proteins include a SET protein (SET1A/B, MLL1/2 or MLL3/4), which form a
complex associated with trithorax-related SET protein (COMPASS) each (Lau and So, 2015).
All COMPASS’s share common core subunits that include WD repeat-containing protein 5
(WDRY), retinoblastoma binding protein 5 (RBBPS), absent, small, or homeotic discs 2-like
protein (ASH2L) and Dumpy-30 (Dpy-30) (Dou et al., 2006; Southall et al., 2009; Ang et al.,
2011; Jiang et al., 2011; Piunti and Shilatifard, 2016). RBBP5 and ASH2L stimulates histone
methyltransferase activity, WDRS is required to maintain complex integrity and substrate
binding, while Dpy-30 is responsible for regulating methylation of H3K4 (Dou et al., 2006;
Southall et al., 2009; Ernst and Vakoc, 2012). COMPASS complexes also contain specific
subunits, such as Host cell factor 1 (HCF1) and nuclear receptor coactivator 6 (NCOA®6) that
confer different functions due to their roles in regulating recruitment to different target genes

and interactions with other proteins (Wu et al., 2008; Herz et al., 2013; Lau and So, 2015).

Figure 4.10A shows changes in gene expression for TrxG proteins across the pluripotency
spectrum from ground-state mESCs to primed EpiSCs in the D3 and A2 cell lines based on the

RNAseq data sets. Changes in gene expression are compared to naive mESCs.

EPLCs demonstrate a similar expression profile for these genes compared to naive cells.
Ground state also demonstrate a similar expression profile compared to naive state, except for
downregulated Setd1b (A2 only) and upregulated Ncoa6. EpiSCs demonstrate downregulation

of some COMPASS subunits.

Figure 4.10B shows changes in gene expression for TrxG proteins differentiated from
EPLCs (Day 3) out to definitive ectoderm and neurectoderm with MEDII (Day 6 and 9) versus
spontaneous differentiation with Basal medium (out to Day 5 and 7). No change is seen for both

conditions.
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Figure 4.10 Changes in TrxG gene expression (A) across the pluripotency spectrum and (B) in MEDII-directed neural differentiation and
spontaneously differentiated cells. Changes in expression of genes of the homologs that encode units of TrxG proteins that make COMPASS
complexes are shown relative to the expression of A. naive cells and B. Day 3 (EPLCs). A. D3 and A2 mESCs were used to produce naive-state
mESCs, ground-state mESCs and EPLCs, as per Figure 3.2. A2 primed EpiSCs were maintained, as per Figure 3.2. Samples (n=3) were subjected to
RNAseq from which relative expressions were calculated. B. D3 mESCs were subjected to MEDII-mediated differentiation in suspension as EBs to
Day 3 (EPLCs) and either continued in MEDII to Day 6 and Day 9, or allowed to spontaneously differentiate in Basal medium to Day 5 and Day 7.
cDNA samples (n=4) were used to produce microarray data, as per Figure 4.1. * indicates a Benjamini-Hochberg adjusted P < 0.05 and log2 fold
change > 1 or <-1.
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4.3.5 TRIAGE analysis of genes associated with PcG and TrxG proteins across the

pluripotency continuum and neural lineage commitment

We then used TRIAGE to transform raw counts from the RNAseq dataset to DS. DS were
ranked in descending order across the entire mouse genome; i.e., highest DS is ranked first. A
gene with a DS rank < 1359 is likely associated with cell fate and cell identity (Shim et al.,
2020). Beyond this rank a gene is likely associated with housekeeping and structural

maintenance (Shim et al., 2020).

Figure 4.11 shows DS highlighting PcG genes graphed in this manner for each of the 4
stages of pluripotency in order; i.e., ground state, naive state, EPLCs, and primed EpiSCs.
Figure 4.12 shows the same graphs as 4.11 except highlighting DS of TrxG genes. PcG and

TrxG genes in red have a DS rank <1359.

Several PcG genes (Cbx2, Rbbp7, Ringl, Phc2 and Bmil) have a high DS rank and appear
at all stages of pluripotency but for TrxG genes only one, Hcfcl, representing a COMPASS
subunit, has a high DS rank, and it also appears at all stages of the pluripotency continuum,

except for EpiSCs.
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Figure 4.11 TRIAGE-transformed PcG genes across the pluripotency spectrum. i) D3
and ii) A2 mESCs were used to produce A. ground-state mESCs, B. naive-state mESCs, and
C. EPLCs. D. shows primed A2 EpiSCs. Samples (n=3) were subjected to RNAseq and raw
counts were acquired. Raw counts were TRIAGE transformed to produce discordance scores
(DS) and these DS are plotted against DS rank. The blue dashed line indicates the ranked
DS threshold, where DS rank <1359. PcG genes in red have a DS rank <1359. PcG genes in
blue indicate DS rank >1359.
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Figure 4.12 TRIAGE-transformed TrxG genes across the pluripotency spectrum. i) D3
and ii) A2 mESCs were used to produce A. ground-state mESCs, B. naive-state mESCs, and
C. EPLCs. D. shows primed A2 EpiSCs. Samples (n=3) were subjected to RNAseq and raw
counts were acquired. Raw counts were TRIAGE transformed to produce discordance scores
(DS) and these DS are plotted against DS rank. The blue dashed line indicates the ranked
DS threshold, where DS rank <1359. TrxG genes in red have a DS rank <1359. TrxG genes
in blue indicate DS rank >1359.
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In terms of neural lineage commitment, TRIAGE was applied to transform fold changes
relative to Day 3 (EPLCs). Figure 4.13 and 4.14 show the DS plotted against DS rank

highlighting PcG and TrxG genes, respectively.

For MEDII-treated cells, several PcG genes have DS ranks <1359 but only one, Phc2,
does not appear in the highly ranked PcG genes in spontaneously differentiating cells (Figure

4.13). No TrxG genes have a high DS (Figure 4.14).
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Figure 4.13 TRIAGE-transformed PcG genes across intermediate stages of neural fate
commitment. D3 mESCs were cultured in suspension as EBs in MEDII medium (MEDII)
out to Day 3. These EBs were continued to be cultured in A. MEDII out to i) Day 6
(definitive ectoderm) and ii) Day 9 (neurectoderm) or switched (with a different set of Day
3 EBs) to B. Basal medium to spontaneously differentiate out to i) Day 5 and ii) Day 7 (as
per Figure 4.1A and 4.1B). cDNA samples (n=4) were used to produce microarray data.
Raw data was extracted on Rstudio, then fold changes relative to Day 3 were TRIAGE
transformed to produce discordance scores (DS). DS of PcG genes are plotted against DS
rank (n=4). Red genes indicate a DS rank <1359, while blue genes indicate a DS rank >1359.
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Figure 4.14 TRIAGE-transformed TrxG genes across intermediate stages of neural
fate commitment. D3 mESCs were cultured in suspension as EBs in MEDII medium
(MEDII) out to Day 3. These EBs were continued to be cultured in A. MEDII out to i) Day
6 (definitive ectoderm) and ii) Day 9 (neurectoderm) or switched (with a different set of Day
3 EBs) to B. Basal medium to spontaneously differentiate out to i) Day 5 and ii) Day 7 (as
per Figure 4.1A and 4.1B). cDNA samples (n=4) were used to produce microarray data.
Raw data was extracted on Rstudio, then fold changes relative to Day 3 were TRIAGE
transformed to produce discordance scores (DS). DS of TrxG genes are plotted against DS
rank (n=4). Blue genes indicate a DS rank >1359.

294



4.3.5. Relative expression and TRIAGE analysis of genes associated with L-Proline
metabolism across neural lineage commitment

Exogenously added L-Proline can replace MEDII to drive differentiation of mESCs to neural

cell types (Shparberg, 2018; Shparberg et al., 2019a).

A new paradigm in development is that metabolism also contributes to cell fate and L-
Proline metabolised through the proline cycle can drive changes in cell identity (Phang,
Pandhare, et al., 2008; Phang et al., 2010; Casalino et al., 2011; Kilberg et al., 2016; Phang,

2019; Patriarca et al., 2021).

With this rationale, we used differential gene expression analysis and TRIAGE
transformation of the MEDII microarray data to examine if various metabolic pathways,
including those associated with the metabolism of L-Proline metabolism, may contribute to
neural cell fate. To account for FDRs, we denoted significance as having a Benjamini-Hochberg

adjusted P <0.05 regardless of log> fold change (Koch et al., 2018).

Figure 4.15A shows the pathway of uptake of L-Proline into mESCs and subsequent
catabolism to various products. Figure 4.15B shows the relative changes in expression
compared to Day 3 (EPLCs) of the genes in this pathway for both MEDII-directed and
spontaneous differentiation. MEDII-treated cells at Day 9 (neurectoderm) show
downregulation of the expression of the L-Proline transporter, perhaps indicating a reduced

need to take up extracellular L-Proline at this stage of development.

Figure 4.15C shows that none of the genes in this pathway have a high DS rank, although
due to limitations of the TRIAGE pipeline, Prodh, the gene encoding for rate-limiting enzyme

POX, could not be TRIAGE transformed, and thus was not ranked (data not shown).
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Figure 4.15 Relative expression and TRIAGE transformation of proline catabolism
genes across neural lineage commitment. A. L-Proline enters the cell via the SNAT2
transporter and is metabolised to various products. Enzymes are shown in red and the
corresponding genes in italics in parentheses. B-C. D3 mESCs were subjected to MEDII
differentiation in suspension as EBs to Day 3 (EPLCs) and either continued in MEDII to i)
Day 6 (definitive ectoderm) and ii) Day 9 (neurectoderm), or spontaneous differentiation in
Basal medium (with a different set of Day 3 EBs) to iii) Day 5 and iv) Day 7. Samples (n=4)
were subjected to produce microarray data, as per Figure 4.1. Microarray data underwent B.
differential gene analysis with changes in gene expression made relative to Day 3 (EPLCs)
or C. TRIAGE analysis, with the discordance scores (DS) plotted against DS rank. Blue
genes indicate a DS rank >1359. * Indicates significance as measured by a Benjamini-
Hochberg adjusted P <0.05. Abbreviations: SNAT2: Sodium-coupled neutral amino acid
transporter 2; Slc38a2: Solute Carrier Family 38 Member 2; POX: proline oxidase; Prodh:
proline dehydrogenase, OAT: Ornithine aminotransferase; PSCDH: pyrroline-5-carboxylate
dehydrogenase; Aldh4al: Aldehyde Dehydrogenase 4 Family, Member Al; Gcle:
Glutamate-cysteine ligase catalytic subunit; Gss: Glutathione synthetase; GS: Glutamine
synthase; Glul: Glutamate-ammonia ligase; Glud! (GLUDH): Glutamate dehydrogenase 1;
Glu: L-Glutamate; Gln: L-Glutamine; GSH: Glutathione.

297



Figure 4.16A shows the process of L-Proline biosynthesis from other amino acid sources.
Figure 4.16B shows the relative changes in expression compared to Day 3 (EPLCs) of the genes
in this pathway for both MEDII-directed and spontaneous differentiation. MEDII-treated cells
at Day 9 (neurectoderm) show upregulation of L-Proline biosynthesis genes, perhaps indicating

an increased production of endogenous L-Proline at this stage of development.

Figure 4.16C shows that none of the genes in this pathway have a high DS rank.
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Figure 4.16 Relative expression and TRIAGE transformation of proline biosynthesis
genes across neural lineage commitment. A. Some amino acid sources of L-Proline can
be produced from either L-Glutamine (Gln) or L-Ornithine (Orn). Enzymes are shown in red
and the corresponding genes in italics in parentheses. B-C. D3 mESCs were subjected to
MEDII differentiation in suspension as EBs to Day 3 (EPLCs) and either continued in
MEDII to i) Day 6 (definitive ectoderm) and ii) Day 9 (neurectoderm), or spontaneous
differentiation in Basal medium (with a different set of Day 3 EBs) to iii) Day 5 and iv) Day
7. Samples (n=4) were subjected to produce microarray data, as per Figure 4.1A and 4.1B.
Microarray data underwent B. differential gene analysis with changes in gene expression
made relative to Day 3 (EPLCs) or C. TRIAGE analysis, with the discordance scores (DS)
plotted against DS rank. Blue genes indicate a DS rank >1359. * Indicates significance as
measured by a Benjamini-Hochberg adjusted P <0.05. Abbreviations: Aldhl8al.: Aldehyde
dehydrogenase 18 family, member Al; Oat: ornithine aminotransferase, mitochondrial;

Pycrl/2/1: Pyrroline-5-carboxylate reductase 1/2/-like.
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4.3.6. Relative expression and TRIAGE analysis of genes associated with glycolysis
across neural lineage commitment
The metabolism of L-Proline also mediates other metabolic processes, which include some
processes involved in glycolysis (also see Figure 3.1). With this rationale, we used differential
gene expression analysis and TRIAGE transformation of the MEDII microarray data to examine
if glycolysis may contribute to neural cell fate (Figure 4.18). We included monocarboxylate
transporter genes Slcl6al/7/8 in our analysis to determine the extent of expression of other
monocarboxylate transporters beyond the lactate transporter gene Slc/6a3 (Halestrap, 2013).
We are also interested in the Hiflo gene because the transcription factor in ESCs promotes
transcription of glycolytic genes such as glucose transporter genes Glut!/ and Glut2, and
pyruvate dehydrogenase kinases Pdki-4 (Ke and Costa, 2006; Kim et al., 2006; Forristal et al.,
2010; Prigione et al., 2014; Fiorenza and Rava, 2019). To account for FDRs, we denoted
significance as having a Benjamini-Hochberg adjusted P < 0.05 regardless of logz fold change

(Koch et al., 2018).

Figure 4.17A shows processes involved in glycolysis. Figure 4.17B shows the relative
changes in expression compared to Day 3 (EPLCs) of the genes in this pathway for both MEDII-
directed and spontaneous differentiation. Expression of glycolysis genes are upregulated in the

differentiation to neurectoderm.

Figure 4.17C shows none of the genes in this pathway have a high DS rank.
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Figure 4.17 Relative expression and
TRIAGE transformation of glycolysis
genes across neural lineage
commitment. A. The glycolysis pathway
and metabolite intermediates that converts
glucose into two pyruvate molecules.
Enzymes are shown in red and the
corresponding genes in italics in
parentheses B-C. D3 mESCs were
subjected to MEDII differentiation in
suspension as EBs to Day 3 (EPLCs) and
either continued in MEDII to i) Day 6
(definitive ectoderm) and ii) Day 9
(neurectoderm), or spontaneous
differentiation in Basal medium (with a
different set of Day 3 EBs) to iii) Day 5 and
iv) Day 7. Samples (n=4) were subjected to
produce microarray data, as per Figure
4.1A and 4.1B. Microarray data underwent
B. differential gene analysis with changes
in gene expression made relative to Day 3
(EPLCs) or C. TRIAGE analysis, with the
discordance scores (DS) plotted against
DS rank. Blue genes indicate a DS rank
>1359. * Indicates significance as
measured by a Benjamini-Hochberg
adjusted P <0.05. Hkl. hexokinase 1.
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4.3.7. Relative expression and TRIAGE analysis of genes associated with pentose

phosphate pathway across neural lineage commitment
Metabolism of L-Proline is also redox coupled to the oxidative phase of the pentose phosphate
pathway (PPP) (see also Figure 3.1) (Phang et al., 2010; Hancock et al., 2016). Glyceraldehyde-
3-phosphate and fructose-6-phosphate are the metabolites that are produced from the
subsequent non-oxidative phase of the PPP which contribute towards glycolysis (Figure 3.1 and

4.18A) (Ge et al., 2020).

With this rationale, we used differential gene expression analysis and TRIAGE
transformation of the MEDII microarray data to examine if the oxidative and/or non-oxidative
phases of the PPP contribute to neural cell fate. To account for FDRs, we denoted significance
as having a Benjamini-Hochberg adjusted P < 0.05 regardless of log> fold change (Koch et al.,

2018).

Figure 4.18 A shows processes involved in the PPP (oxidative and non-oxidative phases).
Figure 4.18B shows the relative changes in expression compared to Day 3 (EPLCs) of these
genes for both MEDII-directed and spontaneous differentiation. Consistent downregulation of
rate-limiting enzyme Go6pdx during differentiation to neurectoderm is shown, perhaps

indicating reduced PPP activity during this process.

Figure 4.18C shows none of the genes in this pathway have a high DS rank, except for

Thktll.
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Figure 4.18 Relative expression and TRIAGE transformation of PPP genes across
neural lineage commitment. A. The PPP (oxidative and non-oxidative phases) and its
metabolite intermediates. Enzymes are shown in red and the corresponding genes in italics
in parentheses. B-C. D3 mESCs were subjected to MEDII differentiation in suspension as
EBs to Day 3 (EPLCs) and either continued in MEDII to i) Day 6 and ii) Day 9, or
spontaneous differentiation in Basal medium (with a different set of Day 3 EBs) to iii) Day
5 and iv) Day 7. Samples (n=4) were subjected to produce microarray data, as per Figure
4.1A and 4.1B. Microarray data underwent B. differential gene analysis or C. TRIAGE
analysis. PPP genes were ranked by fold changes relative to Day 3 (Expression) and mean
DS across n=4 were plotted. The Tkt/I gene in red indicates a DS rank < 1359. Blue genes
indicate a DS rank > 1359. * Indicates significance as measured by a Benjamini-Hochberg
adjusted P <0.05. Abbreviations: Glucose-6P: glucose-6-phosphate; 6-PG: 6-
phosphogluconate; Ru5P: ribulose-5-phosphate; XuS5P: xylulose-5-phosphate; Gly3P:
glyceraldehyde 3-phosphate; E4P: erythrose-4-phosphate; R5P: ribose-5-phosphate; S7P:
sedoheptulose-7-phosphate; F6P: fructose-6-phosphate; G6PD (G6pdx): glucose-6-
phosphate dehydrogenase; 6PGL (Pgls): 6-phosphogluconolactonase; 6PGD (Pgd): 6-
phosphogluconate dehydrogenase; RPE: ribulose phosphate 3-epimerase/ phosphopentose
epimerase; RPI (Rpia): ribulose phosphate 3-epimerase/ phosphopentose epimerase; TKT:
transketolase; Tkt/1-2: transketolase-like 1/2; TALDO (Taldol): transaldolase.
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4.3.8. Relative expression and TRIAGE analysis of genes associated with the TCA cycle

across neural lineage commitment
As pluripotent cells commit to a particular lineage, preference of metabolic processes changes
from anaerobic metabolism to aerobic metabolism to keep up with higher energy demands for
specialised functions (Rehman, 2010; Varum et al, 2011; Agathocleous et al., 2012;
Panopoulos et al., 2012; Knobloch and Jessberger, 2017; Arrazola et al., 2019; Tsogtbaatar et
al.,2020). The proline cycle also has the capacity to mediate the TCA cycle through production

of pyruvate (see also Figure 1.4 and 3.1).

With this rationale, we used differential gene expression analysis and TRIAGE
transformation of the MEDII microarray data to examine if the TCA cycle contributes to neural
cell fate. To account for FDRs, we denoted significance as having a Benjamini-Hochberg

adjusted P < 0.05 regardless of log> fold change (Koch et al., 2018).

Figure 4.19A shows the processes involved in the TCA cycle. Figure 4.19B shows the
relative changes in expression compared to Day 3 (EPLCs) of the genes in the TCA cycle for
both MEDII-directed and spontaneous differentiation. A mixed expression profile is shown

upon MEDII-directed differentiation.

Figure 4.19C shows none of the genes, except for /dh3g, have high DS ranks.
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Figure 4.19 continued...
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Figure 4.19 Relative expression and
TRIAGE transformation of TCA
cycle genes across neural lineage
commitment. A. The TCA cycle and all
the metabolite intermediates. Enzymes
are shown in red and the corresponding
genes in italics in parentheses. B-C. D3
mESCs were subjected to MEDII
differentiation in suspension as EBs to
Day 3 (EPLCs) and either continued in
MEDII to i) Day 6 and ii) Day 9, or
spontaneous differentiation in Basal
medium (with a different set of Day 3
EBs) to iii) Day 5 and iv) Day 7.
Samples (n=4) were subjected to
produce microarray data, as per Figure
4.1A and 4.1B. Microarray data
underwent B. differential gene analysis
or C. TRIAGE analysis. PPP genes were
ranked by fold changes relative to Day 3
(Expression) and mean DS across n=4
were plotted. The Idh3g gene in red
indicates a DS rank < 1359. Blue genes
indicate a DS rank > 1359. * indicates
significance as measured by a
Benjamini-Hochberg adjusted P <0.05.

308



4.3.9. Relative expression and TRIAGE analysis of genes associated with the electron
transport chain across neural lineage commitment
NADH, produced from the TCA cycle, is utilised in the electron transport chain (ETC) to
produce ATP (Figure 4.20A). Proline oxidase, the rate limiting step of L-Proline metabolism
that catalyses L-Proline conversion to P5C, also mediates the mitochondrial ETC by donating
electrons through an intervening flavoprotein into complex II (Figure 4.20A) (Aral and
Kamoun, 1997; Phang, Donald, et al., 2008; Pallag et al., 2022). Cytochrome C accepts these
electrons to contribute to generation of ATP (Figure 4.20A) (Phang, Donald, et al., 2008;
Hancock et al., 2016). Proline oxidase also shares its localisation with the ETC in the inner
membrane of the mitochondria (Figure 4.20A) (Hancock et al., 2016; Pallag et al., 2022). In
addition, upon differentiation, there is an increase in energy demand for specialised functions
upon lineage commitment (Chen et al., 2010; Rehman, 2010; Varum et al., 2011; Agathocleous
et al., 2012; Panopoulos et al., 2012; Knobloch and Jessberger, 2017; Arrazola et al., 2019;
Tsogtbaatar et al., 2020). In keeping up with this higher energy demand, mitochondria mature

to accommodate for more efficient ETC activity to produce ATP.

With this rationale, we used differential gene expression analysis and TRIAGE
transformation of the MEDII microarray data to examine if the ETC contributes to neural cell
fate. To account for FDRs, we denoted significance as having a Benjamini-Hochberg adjusted

P <0.05 regardless of log» fold change (Koch et al., 2018).

Figure 4.20A shows complexes and enzymes that contribute to the ETC. Figure 4.20B
shows the relative changes in expression compared to Day 3 (EPLCs) of the genes in the ETC
for both MEDII-directed and spontaneous differentiation. Only the uncoupling protein gene

Ucp?2 is downregulated in differentiation to neurectoderm.

Figure 4.20C shows none of the genes in the ETC has a high DS rank.
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Figure 4.20 Relative expression and TRIAGE transformation of ETC genes across
neural lineage commitment. The ETC and some of the associated complexes (I-1V), as
well as proline oxidase (POX) and cytochrome-c oxidase (CytC) activity. Uncoupling
protein (UCP), is known to lower mitochondrial membrane potential as a negative feedback
mechanism in preventing oxidative stress accumulation. The genes encoding for each
complex are shown in italics in parentheses. B-C. D3 mESCs were subjected to MEDII
differentiation in suspension as EBs to Day 3 (EPLCs) and either continued in MEDII to i)
Day 6 and ii) Day 9, or spontaneous differentiation in Basal medium (with a different set of
Day 3 EBs) to iii) Day 5 and iv) Day 7. Samples (n=4) were subjected to produce microarray
data, as per Figure 4.1A and 4.1B. Microarray data underwent B. differential gene analysis
or C. TRIAGE analysis. PPP genes were ranked by fold changes relative to Day 3
(Expression) and mean DS across n=4 were plotted. Blue genes indicate a DS rank > 1359.
* indicates significance as measured by a Benjamini-Hochberg adjusted P <0.05.
Abbreviations: Ndufal() (NADH): NADH dehydrogenase [ubiquinone] 1; Prodh: Proline
(oxidase) dehydrogenase; SdhA: succinate dehydrogenase subunit A, flavoprotein (Fp);
SdhB: succinate dehydrogenase subunit B, iron sulfur (Ip); Ugcrfsl: Complex III Rieske
subunit; Cox4il: cytochrome C oxidase subunit IV; Cox/0: heme A: farnesyltransferase
cytochrome ¢ oxidase assembly factor 10.
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4.4. Discussion

For successful organism development, determining cell fate and establishing cell identity are
important processes for pluripotent cells to commit ultimately to a range of lineages.
Mechanisms that drive cell fate and identity include several classes of genes including, for
example, transcription factors whose expression can be repressed and activated, respectively,
by PcG and TrxG protein complexes (Ringrose and Paro, 2004; Boyer et al., 2006; MacArthur
et al., 2009; Kingston and Tamkun, 2014; Lau and So, 2015). These complexes include PRC1
and PRC2 that are composed of PcG proteins (Figure 1.5), and COMPASS complexes that are
composed of TrxG proteins (Figure 1.6) (Ringrose and Paro, 2004, 2007; Boyer et al., 2006;
MacArthur et al., 2009; Kingston and Tamkun, 2014; Lau and So, 2015; Luo et al., 2020). More
recently, metabolic processes are more frequently being recognised as drivers of cell fate (Shyh-
Chang, N et al., 2013; O’Brien et al., 2015; Agostini ef al., 2016; Zheng et al., 2016; Arrazola
et al., 2019) and presumably coordination of the activity of all these mechanisms (and others)

contribute to directing cell fate of pluripotent stem cells (Okazaki and Maltepe, 2006).

In the previous Chapter, we focused on investigating cell-fate drivers and L-Proline-
mediated metabolic processes that maintain cells in a pluripotent state. In this Chapter, we
focused on how cells exit the pluripotent state to start committing to neural fate. Results from
this Chapter have helped to identify candidate genes (such as those which encode for
transcription factors, cell cycle control and cell signalling) and metabolic mechanisms which

drive mESCs to neural cell fate when treated with L-Proline or MEDII.

4.4.1. MEDII and L-Proline primes mESCs to commit to neural fate as soon as mESCs
leaves the naive state

We took microarray datasets and looked at changes in gene expression across the whole mouse
genome for MEDII-treated cells, which are lineage-directed to neural fate, and spontaneously

differentiated cells, which can differentiate to all cell types. Figure 4.3 shows that MEDII-
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treated cells lose pluripotency over time, as measured by reduced expression of core
pluripotency and extended pluripotency genes, as they differentiate from naive mESCs to
pluripotent EPLCs (Day 3) to germ layer definitive ectoderm (Day 6) and neurectoderm (Day
9). This is consistent with the fact that robust expression of extended pluripotency genes
supports expression of core pluripotency genes (Boyer ef al., 2005; Okumura-Nakanishi et al.,
2005; Casanova et al., 2011; Xue et al., 2011; Shparberg et al., 2019b), and so reduced
expression of extended pluripotency genes will result in eventual loss of pluripotency. Although
some extended pluripotency genes have significantly upregulated, other downregulated
extended pluripotency genes contribute to a cancelling out effect which allows priming of EBs

to differentiate.

There is also temporally regulated increase in the expression of EPLC markers (at Day 3
and 6), definitive ectoderm markers (at Day 6) and neurectoderm markers (at Day 9). These
results indicate a ‘temporal wave’ of directed differentiation to neural cells via embryologically
relevant intermediate cell types. The results are consistent with the finding that when MEDII-
treated Day 9 EBs are seeded down and allowed to grow for a further 6 days, most of the EBs
show neural-cell features (Rathjen ef al., 1999, 2002). Similar morphological results for EBs
are achieved when L-Proline replaces MEDII (Figure 4.5) (Shparberg et al., 2019a) indicating
that 400 uM L-Proline, which is present at similar concentration in MEDII (Washington et al.,

2010), is capable of promoting neural lineage commitment.

Once formed, definitive ectoderm represents a bifurcation point in which cells commit
either to neurectoderm or surface ectoderm (Harvey et al., 2010; Li et al., 2013). However,
there is no change in the expression of surface ectoderm markers in MEDII-treated cells (Figure
4.3A). This indicates MEDII directs definitive ectoderm preferentially to neurectoderm rather
than surface ectoderm, and in fact directing definitive ectoderm to surface ectoderm requires

exogenous addition of BMP4 (Rathjen et al., 2002; Harvey et al., 2010).
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Similarly, there are no changes in the expression of trophectoderm markers with MEDII
(Figure 4.3A), indicating that it does not direct mESCs to this extraembryonic cell type, which

ultimately goes on to form the placenta.

Collectively these results are consistent with the idea that the amino acid L-Proline acts
in a growth factor-like manner to promote lineage commitment to neural cells. However, Figure
4.5 shows that L-Proline is not required for directing neurectoderm to mature neural cell types,
since its addition to serum-free medium at the neurectoderm stage made no significant
difference to the percentage of EBs showing neural features at Day 15 compared to its absence.
Rather, L-Proline promotes neural commitment at earlier stages; specifically, in the mESC-to-
EPLC transition (Rathjen et al., 1999; Washington et al., 2010; Casalino et al., 2011) and the
differentiation of EPLCs to definitive ectoderm and neurectoderm (Figure 4.3) (Shparberg,

2018; Shparberg et al., 2019a).

The results are also consistent with L-Proline (and L-GlIn) acting in a growth factor-like
manner to stimulate development in pre-implantation mouse embryos out to the hatching
blastocyst stage (Chatot et al., 1989; Erbach et al., 1994; Lane and Gardner, 1997; Morris et
al., 2020; Hardy, 2023). The number of growth factors is limited in number and so their re-use

at different stages of development is to be expected.

MEDII-treated mESCs also upregulated expression of definitive mesoderm and definitive
endoderm markers at Day 6 and 9 (Figure 4.3A). This likely reflects off-pathway differentiation
and is consistent with the fact that not all EBs scored at Day 15 after seeding down, and not all
cells in each seeded-down EB, show neural features (Figure 4.5) (Rathjen et al., 2002). There
is some evidence that with L-Proline-treated mESCs, the addition of the mesendoderm
inhibitor, SB431542, can prevent some of this off-pathway differentiation to these germ layers

(Shparberg, 2018).
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Generally speaking, the temporal changes in gene expression for pluripotency and
specific-cell markers seen for MEDII-directed differentiation weren’t observed, or were
inconsistently observed, for spontaneously differentiating cells, indicating the asynchronous,
heterogeneous nature of differentiation in Basal medium, where lineage commitment is not
directed (Figure 4.3B). In particular, there is no consistent change in the expression of primitive
ectoderm markers and no change in the expression of definitive ectoderm or neurectoderm
markers that are seen with the MEDII-treated cells (Figure 4.3A). There is, however,
upregulation of the expression of gene markers for definitive mesoderm suggesting that
spontaneously differentiating cells have some preference (likely not exclusive) for lineage

commitment to this germ layer.

We modified the L-Proline protocol for directed differentiation of mESCs to neural cells
by adding a hanging drop step when the EBs were first formed (Figure 4.1C). The purpose of
this was to generate single EBs, which will be of very uniform size compared to the very wide
range of EB sizes that result when large numbers of EBs form in bulk culture (Ohnuki and
Kurosawa, 2013; Shparberg, 2018; Shparberg et al., 2019a). In turn, this might be expected to
reduce off-pathway differentiation to cell types other than those on differentiating towards

neural cell types.

Although incorporation of the hanging drop still led to a large percentage of EBs having
neural features at Day 15 (Figure 4.5), it did not improve results compared to the previous
protocol without hanging drop (Shparberg, 2018; Shparberg et al., 2019a). Nor were the time-
dependent changes in marker expression over the course of the 9 days of differentiation
observed with hanging drop (Figure 4.4) as they were without it (Shparberg, 2018; Shparberg

etal.,2019a).

One possibility is that with the more uniformly sized EBs from hanging drop,

differentiation to the various intermediate cell populations (primitive ectoderm, definitive
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ectoderm, neurectoderm) en route to mature neural cell types is more synchronous. In culture,
and in the embryo, these cell types are transient and individual cells may spend only a few hours
as each type before differentiating further (Stavridis and Smith, 2003; Ying, Stavridis, et al.,
2003; Rao et al., 2020). If this is the case, then measuring marker gene expression on samples
collected every day (instead of only Day 0, 3, 6 and 9) may shed light on this issue. This would
also allow some transient markers such as Sox/, Penkl and Pard6b, to be captured during
differentiation (Suter et al., 2009; Harvey et al., 2010). Composition of these hanging drop EBs
can be assessed by using single-cell RNAseq. Bulk RNAseq and pipelining of L-Proline-
mediated differentiation of EBs can be used to validate relative gene expression changes that

were derived from the MEDII microarray dataset.

It’s also clear that while the addition of L-Proline alone leads to very efficient lineage
commitment to neural cell types, the process is not homogeneous. Two obvious strategies
present for trying to improve efficiency. One is to combine L-Proline with other factors known
to induce neural differentiation in mESCs, such as retinoic acid (Bibel et al., 2004, 2007; Lang
et al., 2004; Engberg et al., 2010; Stavridis ef al., 2010; Tonge and Andrews, 2010). Another
is to use a chemically defined culture medium, thus excluding FBS. In particular, FBS contains
BMP4, which helps maintain self-renewal of mESCs (Ying, Nichols, ef al., 2003; Qi et al.,
2004; Hirai et al., 2011) and therefore may prevent (or at least slow down) the progression of
mESCs to neural fate. BMP4 also promotes differentiation to mesendoderm (Inman et al., 2002;
Li et al., 2013), and definitive ectoderm differentiation to surface ectoderm (Harvey et al.,
2010), so its presence may work against the actions of L-Proline. The L-Proline-based protocol
used in this Chapter contains KOSR to reduce BMP4-mediated effects even in the presence of
FBS (Shparberg, 2018; Shparberg et al., 2019a). Combining L-Proline with BMP4 antagonists,
such as chordin, noggin and/or follistatin, with Nodal inhibitor SB431542 to limit
mesendoderm differentiation would be helpful (Bachiller ez al., 2000; Inman et al., 2002; Li et

al., 2013; Brazil et al., 2015; Shparberg et al., 2019a). Single-cell RNAseq of EBs undergoing
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this modified protocol may prove useful to validate the homogeneity of the process, and
discover markers of transient cell populations (Kumar et al., 2017; Mohammed et al., 2017,
Spangler et al., 2018; Zeng et al., 2018; Argelaguet et al., 2019; Nishimura et al., 2019; Tam

and Ho, 2020) such as definitive ectoderm.

4.4.2. TRIAGE transformation of genes shows candidate transcription factors directly driving
neural fate commitment

The microarray data was also transformed using TRIAGE to predict specific genes that drive

cell fate and identity (Shim et al., 2020). Candidate genes are selected based on their DS. Figure

4.6 identifies the top 10 ranked genes based on DS for both the MEDII-treated EPLCs and the

spontaneously differentiated EPLCs. All of the top ten are genes for transcription factors

(except for Wntl) and are known to be involved in embryo development (Figure 4.6).

Across both days of both conditions, the set of top 10 candidate genes is very similar
(Figure 4.6). On this basis, it’s difficult to say if these genes help drive generalised loss of
pluripotency and differentiation rather than directed differentiation to neural fate. The situation
is complicated by the fact that many of the spontaneously differentiating cells will adopt a

neural fate as well as a range of other fates.

However, note that the expression of the top 10 candidates in cells directed to a neural
fate with MEDII is high compared to other genes in the genome; i.e., they appear on the plots
in Figure 4.6A close to, or quite close to, the y-axis. On the other hand, the expression of the
top 10 candidates for the spontaneously differentiated cells (Figure 4.6B) are scattered across
the whole range of expression of genes in the genome. This indicates that the top candidates for
the MEDII-treated cells are indeed key genes involved in neural cell fate, and is consistent with
other research on directed differentiation of pluripotent cells showing that this requires
upregulation of the expression of specific transcription factors (Artus ef al., 2011; Telley et al.,

2016; Spangler et al., 2018; Oh and Jang, 2019; Rao et al., 2020). In particular, Neurogl is in
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the list for MEDII-treated cells at Day 9 (neurectoderm) and the gene’s product, neurogeninl,
is a transcription factor and key regulator of neuronal fate (Ma et al., 1998; Guillemot, 2005;

Kim et al., 2011; Onoguchi et al., 2012).

Each of these candidates can be tested further for their involvement, if any, in lineage
directed differentiation to neural fate, for example by gene expression knockdown using siRNA

or gene knockout. Ultimately, a gene knockout in an animal model may prove useful.

The top 100 DS-ranked genes were then subjected to cluster analysis using TRIAGE-

ParseR followed by STRING analysis (Figures 4.7 and 4.8).

In MEDII-directed differentiation of EBs, 4 clusters were identified by Day 6 (definitive
ectoderm), followed by a decrease in the number of clusters to only 2 by Day 9 (neurectoderm)
(Figure 4.7A and 4.7B). 3 out of 4 clusters at Day 6 (Cluster 1, 3 and 5) focus towards
transcriptional activity in combination with cell-fate commitment (Figure 4.7A). 2 of the
clusters at Day 6 (Cluster 1 and 5) focus towards lineage progression, which includes neural
lineage commitment (Figure 4.7A). Cluster 2 only contains HOX genes with only the GO term
“anterior/posterior pattern specification”, indicating a focus on body segmentation and
embryonic patterning (Figure 4.7A) (Hunt, 1992; Tam and Behringer, 1997; Rathjen et al.,
2002). This cluster may work cooperatively with another gene cluster (Cluster 3), which
contains GO terms also associated with body segmentation and embryonic patterning

(“regionalization” and “dorsal/ventral pattern formation™) (Figure 4.7A).

Clusters 1 and 3 at Day 9 focus more on lineage commitment, with nervous system
development being in the top 10 significant GO terms (Figure 4.7B). Both clusters contain GO
terms related to transcription (Figure 4.7B). This means as MEDII differentiation progresses,
pluripotent cells start to commit to multipotent cell lineages and the number of gene clusters
decreases as they control more neural lineage-specific processes. Transcription of related genes

contribute to neural lineage commitment. These results are consistent with work done
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previously using MEDII on mESCs to model neural lineage commitment (Rathjen ef al., 2002,

2003; Harvey et al., 2010).

In comparison to spontaneously differentiated EBs, 2 clusters were identified by Day 5,
which increased to 4 by Day 7 (Figure 4.8A and 4.8B). GO enrichment analysis of Day 5
spontaneously differentiated EBs identified significant GO: biological processes contain terms
associated with nervous system development beyond the top 10 (Cluster 1), followed by
mesoderm commitment (i.e., skeletal development) and regionalisation as emphasised with
HOX genes (Cluster 2) (Figure 4.8A). Most genes in the top 100 DS list are contained in Cluster
1, which focus on germ layer lineage progression, while Cluster 2 contained only HOX genes
which focus on body segmentation and embryonic patterning, as indicated by the GO term
“anterior/posterior pattern specification” (Figure 4.8 A). The HOX gene cluster aligns with work
by others, as Hox transcription factors are drivers of positional information to determine the

anterior-posterior body plan (Hunt, 1992; Tam and Behringer, 1997; Rathjen ef al., 2002).

By Day 7, cluster and GO enrichment analysis showed 2 clusters associated with
transcription, organism development, and germ layer lineage progression (Cluster 2 and 6), and
another 2 clusters associated with regionalisation and organism development that is not
necessarily lineage commitment-associated (Cluster 4 and 5) (Figure 4.8B). Overall, this means
as spontaneous differentiation progresses, or in the embryo itself, complexity increases as the
foundation of more body systems are established, and so more gene clusters are established that

are responsible for driving development.

These results also highlight differences between neural lineage-directed commitment vs
undirected lineage commitment from pluripotent stem cells: A decrease in cluster number with
MEDII indicates directed lineage progression, while an increase in the number of clusters in
spontaneously differentiated cells indicates a complex progression of development across

multiple lineages.
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The clustering, GO enrichment terms and PPI analyses only provide clues in the potential
developmental processes these gene clusters control. In addition, the TRIAGE-ParseR method
requires the conversion of mouse genes to human orthologs for clustering analysis. Thus, PPIs
are human-based and may not translate to the mouse model. Therefore, future work should
utilise the identified gene clusters to siRNA knockout or knockdown target genes to test their
relevance to development. A criterion to keep in mind when choosing a gene to knockout or
knockdown is one with many PPIs with other genes. For example, PAX2 is a known
transcription factor associated with hindbrain and kidney development (Lancaster ef al., 2013;
Xia et al., 2013, 2014). However, PPI analysis has shown it is associated with EN2, TLX1,
LMX1B and EVXI1 in Cluster 4 in Day 7 spontaneously differentiated EBs (Figure 4.8B). These
transcription factors are associated with various lineages, particularly neural (EN2, LMX1B
and EVX1), spleen (TLX1) and eye development (LMX1B) and anterior-posterior patterning
during gastrulation (EVX1) (Rathjen et al., 2002; Dang and Tropepe, 2010; Doucet-Beaupré et
al.,2015; Bell et al., 2016; Juarez-Morales et al., 2016; Poudel et al., 2022). siRNA knockdown
of the Pax2 gene would be a potential target to test the relevance of this master regulator of this
gene cluster in development. Knockdowns or knockouts of genes encoding proteins on the
edges of clusters, or no PPIs, like HOXBI3, would potentially have no effect on the
developmental progress, at least at this particular time of cell-fate determination under these
particular conditions (Figure 4.8B). Using this interrogative approach improves current
reductive methods to test relevance of genes associated with cell fate and identity during

embryonic development.

4.4.3. PcG genes drive cell fate and identity across neural fate commitment, but TrxG
genes do not
Drivers of cell fate and identity during embryo development and neural lineage commitment in

part requires gene repression and activation via PcG and TrxG protein complexes (Boyer et al.,

2006; Ringrose and Paro, 2007; MacArthur et al., 2009; Aranda et al., 2015; Brand et al., 2019).
320



The antagonistic mechanisms of PcG and TrxG complexes allow cells to ‘remember’ what gene
expression patterns and molecular mechanisms are required to establish a particular cell type
(Ringrose and Paro, 2004, 2007; Brand ef al., 2019). PcG proteins repress gene expression via
chromatin compaction while TrxG proteins antagonise this by opening chromatin at specific
loci determined by lineage-specific transcription factors (Ying, Nichols, ef al., 2003; Ringrose
and Paro, 2004; Boyer et al., 2006; Ho et al., 2009; MacArthur et al., 2009; Hirai et al., 2011;
Lau and So, 2015; Brand ef al., 2019). Thus, we used differential expression analysis and
TRIAGE transformation of genes encoding PcG and TrxG proteins to examine if their
expression plays a role in driving cells across the pluripotency spectrum and into lineage

commitment.

In terms of PcG complex genes, EPLCs demonstrated stable expression relative to naive
state (Figure 4.9A). However, ground state and primed EpiSCs demonstrated upregulation of
core PRCI subunits relative to naive state (Chx4/8, Pcgfl and Bmil) (Figure 4.9A). Primed
EpiSCs also demonstrate downregulation of PRC1 core subunit Phc/ and PRC2 core subunit
gene Eed (Figure 4.9A). As some genes for PRC1/2 core subunits (Cbx2/4/8, Bmil, Rbbp?7,
Pcgfl, Ringl and Phc2) were also identified in the top-scoring DS-ranked genes across the
pluripotency spectrum and neural lineage commitment, these subunits may play an important
role in controlling the transition of mESCs from the ‘immature’ ground state to the primed
EpiSC state (Figure 4.9A and 4.11), and exit out of pluripotency to neural fate, at least on a

transcriptional level (Figure 4.9B and 4.13).

Other research shows that maintenance of pluripotency and self-renewal depends on the
Cbx7-containing PRC1 complex which suppresses pro-differentiation Cbx protein activities,
including Cbx2 and Cbx4 (Morey et al., 2012; Santanach et al., 2017). However, our results
show no significant change in expression level Cbx2/6/7, and only Chx2 is found in the top-
ranked DS genes (Figure 4.9A and 4.11). Thus, maintaining Chx2 and not Cbx4 is required for

transition along the pluripotency spectrum (Morey ef al., 2012).
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In addition, the protein products of Phcl and Eed silence expression of differentiation-
associated genes in self-renewing ESCs (Pasini et al., 2007; Casanova et al., 2011), so
downregulation of their expression in primed EpiSCs (Figure 4.9A) is consistent with

preparation for the loss of pluripotency.

TrxG proteins are not generally required in ESCs to maintain pluripotency, except for
Ash2l and Wdr5 (Anget al.,2011; Wan et al.,2013; Lau and So, 2015; Tsai et al., 2019). Ash2l
and Wdr5 are 2 of the 4 core components of all COMPASS complexes, the others being Rbbp5
and Dpy-30 (Dou et al., 2006; Wu et al., 2008; Herz et al., 2013; Lau and So, 2015; Piunti and
Shilatifard, 2016). Ash2] and Wdr5 contribute to the core pluripotency circuitry by recruitment
of Oct4, Nanog and Sox2 to drive upregulation of expression of stemness genes such as K/f4

and c-Myc (Ang et al., 2011; Wan et al., 2013; Lau and So, 2015; Tsai et al., 2019).

Our differential gene expression analysis shows significant downregulation of RbbpS3,
Dpy-30 and Setd1b as cells progress from the ground to the primed state (Figure 4.10A), which

is consistent with pluripotent cells preparing to their pluripotency.

MII3/4 is one of the methyltransferases of the SET1-family that are involved in gene
regulatory networks (Ernst and Vakoc, 2012; Wang et al., 2016). The expression of the gene
encoding for its subunit, Ncoab, is significantly upregulated in the ground state relative to naive
state (Figure 4.10A). Hcfcl, which encodes for the subunit Hcfl as part of SET1A/B and
MLL1/2 COMPASS complexes, is the only gene to appear in the top-ranked DS across the
pluripotency spectrum (Figure 4.12) (Herz et al., 2013; Lau and So, 2015). It’s possible that
one or both of these genes plays a role in the transition of cells across the pluripotency spectrum

and regulate the expression should prove useful in this regard.

This leads to some of the limitations of this interrogation process: (i) Relative changes in
gene expression do not necessarily correlate with actual changes in histone modifications or
correlate to function or mechanisms directly, and (ii) the activity of PcG and TrxG complexes
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are not captured at the transcriptome level but rather the proteome/protein activity and
epigenome (histone modification and DNA methylation) levels. Coordination between various
regulatory mechanisms, including epigenetics, transcription, signalling and protein-protein
interactions are required to drive cell fate choices (Lu et al., 2009; MacArthur et al., 2009;
Martynoga et al., 2012; Luo et al., 2020). Investigating the epigenetic status of cells across the
pluripotency spectrum as well as EBs directed to the neural lineage using ChIPSeq pipelining
should prove valuable to understanding this complex interplay between various levels of

regulatory control.

4.4.4. Metabolism mediates other mechanisms driving neural fate commitment

When pluripotent cells commit to a particular lineage, energy production shifts from anaerobic
to aerobic metabolism due to increasing complexity and energy demands (Rehman, 2010;
Varum et al., 2011; Agathocleous et al., 2012; Panopoulos et al., 2012; O’Brien et al., 2015;
Hu et al., 2016; Knobloch and Jessberger, 2017; Arrazola et al., 2019; Tsogtbaatar et al., 2020).
In terms of differentiation to neural cells, mitochondrial biogenesis increases to accommodate
this increasing demand (O’Brien et al., 2015; Agostini et al., 2016; Zheng et al., 2016). In
keeping with this, neural stem cells have a preference for oxidative phosphorylation and fatty
acid oxidation (Hu et al., 2016; Zheng et al., 2016; Arrazola et al., 2019). L-Proline, the active
component in MEDII, drives neural lineage commitment of mESCs and is metabolised via the
proline cycle (Rathjen et al., 2002, 2003; Phang, Donald, et al., 2008; Pandhare et al., 2009;
Washington et al., 2010; Casalino et al., 2011; Shparberg, 2018; Glover et al., 2022; Pallag et

al., 2022).

Thus, we looked at the changes in gene expression of a range of metabolic processes,
which directly and indirectly included the metabolism of L-Proline as EBs were directed to
neural cells with MEDII to see if some of these play a direct role in this lineage commitment
(Figures 4.15-4.20). The data were also transformed using TRIAGE to assist in this process

(Figures 4.15-4.20).
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Overall, there are few changes in gene expression across the metabolic pathways
examined. L-Proline uptake and catabolism may decrease by Day 9 (neurectoderm), with
concomitant increase in L-Proline production (Figures 4.15 And 4.16) but none of the genes in
these pathways has a high DS rank. This doesn’t mean the balance of activity between these
two metabolic pathways isn’t important for lineage progression since, for example, increased
uptake and metabolism of L-Proline following its exogenous addition might be handled by
spare capacity in pathway activity and/or control of activity at the post-translational level. Thus,
it would appear that while metabolism of L-Proline is required for at least some aspects of
lineage progression of ESCs (Casalino et al., 2011; Comes et al., 2013; D’ Aniello et al., 2015),
the pathways themselves are not central to this process at the gene expression level but instead

that control lies downstream.

In terms of the other pathways examined, gene expression for many glycolysis genes is
upregulated at Day 9 (neurectoderm) (Figure 4.17) perhaps to increase flux through to the TCA
cycle and electron transport chain to allow increased ATP production required for
differentiation. However, changes in expression of genes for the TCA cycle (figure 4.19) and

ETC (Figure 4.20) are modest.

For the PPP, expression of the G6pdx, the gene for G6PD, which the is the rate-limiting
enzyme of the pathway, is downregulated at Day 6 (definitive ectoderm) and Day 9
(neurectoderm) (Figure 4.18). This may indicate a reduced dependence on this pathway as
differentiation to neural cells progresses. Measurement of actual pathway activity using
cytosolic extracts together with enzyme activity assays and/or metabolic flux assays with LC-

MS would help shed light on this issue.

Limitations of the current approach to interrogate metabolic processes include the
following: (i) TRIAGE relies on the prior knowledge of absence and presence of broad

H3K27me3 marks on genes to derive repressive tendency scores; (ii) the 22k mouse Affymetrix
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platform not detecting all genes, or extra fold changes of the same genes indicative of splice
variants; (ii1) TRIAGE is limited to only protein-coding genes; and (iv) results are speculative.
Like the limitations discussed previously (Section 4.4.3), future work must be done to verify
expression of genes of interest, and capture differential gene expression profiles of L-Proline-
mediated EB production using bulk RNAseq (Glover, 2018; Shparberg et al., 2019a; Glover et
al.,2022). A snapshot of a cell population’s metabolic state can be captured at the metabolomic
level using LC-MS (Martano et al., 2015, 2019). Metabolomics analysis can also help discover
what metabolites drive cell fate across neural vs spontaneous differentiation of EBs. A snapshot
of the metabolic preference in live EBs can be captured using the Seahorse XF assay. Metabolic
flux analysis can be used to compliment interrogation of metabolic states across neural lineage
commitment (Martano et al., 2019). This will determine what specific metabolic pathways
metabolites, as identified in metabolomics analysis, are active between different stages of neural
lineage commitment (Martano et al., 2019). This can be achieved using radioactive tracers on
substrates of interest (De Bock et al., 2013; Purnell, 2018; Martano et al., 2019). For example,
[*H]-L-Proline can be used to determine the fate in which L-Proline is metabolised during
mESC-to-neural transition vs. spontaneous differentiation (Purnell, 2018). ['3*C]-glucose can be
used to trace how glucose is metabolised, whether through glycolysis, PPP, and/or the TCA

cycle, across both conditions and days (De Bock et al., 2013; Martano et al., 2019).

So far, interrogation of genes associated with metabolism suggests the following: at the
first stage of neural lineage commitment, pluripotent cells transition from a bivalent metabolic
profile to a glycolytic one upon differentiation to cells equivalent to neurectoderm. Although
not direct drivers of cell fate, metabolism is still essential for cell signalling, cellular structure

and morphological changes associated with differentiation.
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Chapter 5: Modelling early neural
developmental processes to determine
contributors to onset of motor neurone
disease post-partum
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5.1. Introduction

Motor neurone disease (MND) is a family of diseases commonly caused by degeneration of
neurons, particularly motor neurons. There are two types of MNDs: Hereditary and sporadic
(Xu et al., 2020; McCluskey et al., 2022; Park et al., 2022). Although the onset of hereditary
MND has been studied to an extent, the onset of sporadic cases is not as well understood. In
other known sporadic diseases, which include coronary heart disease, stroke, diabetes and
hypertension, adverse impacts during early development, especially in utero, can result in
changes in physiology and metabolism, which result in increased susceptibility of disease later
in life (De Boo and Harding, 2006; Heindel and Vandenberg, 2015). This is known as the
“Developmental Origins of Health and Disease” Hypothesis. Based on this hypothesis, onset of
sporadic MND may occur during early development of the nervous system in utero (Ferreira et
al., 2016). However, the potential links between early neural development and the onset of

sporadic MND has not been well established, nor have the mechanisms been studied.

MND covers a wide range of diseases across age groups, from paediatric spinal muscular
dystrophy to the late onset of amyotrophic lateral sclerosis (ALS). Thus, the pathophysiology
of MND is complex and multifactorial (Sterneckert et al., 2014; Teoh et al., 2017; Karagiannis
and Inoue, 2020) and multiple genes are associated with the onset of the disease (Teoh et al.,
2017). For instance, C9orf72-associated onset of MND is caused by the hexanucleotide repeat
expansion in the gene’s non-coding region (Sterneckert et al., 2014; Black et al., 2017; Hao et
al., 2019; Karagiannis and Inoue, 2020). The expansion causes a decrease in C9orf72
expression, and this abnormal expression correlates with age-related neuroinflammation in
mouse models, as these models showed defects in lysosomal trafficking and immune responses
in microglia (O’Rourke et al., 2016; Karagiannis and Inoue, 2020). However, the mutation in
C9o0rf72 alone is insufficient to trigger onset of neurodegeneration or defects in motor function
in MND (Koppers et al., 2015). In human-derived cell models, C9ORF72 repeat expansions

cause excitotoxicity in motor neurons due to an increase in glutamate receptors and suppression
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of autophagy as toxic gain- and loss-of function mechanisms, respectively (Selvaraj et al., 2018;
Shi et al., 2018; Boivin et al., 2020; Karagiannis and Inoue, 2020). The C9rf72 gene also
regulates neural development in zebrafish embryos via Cyclin G1 activity (Yeh et al., 2018).
The COORF72 protein, derived from the C9ORF72 gene, undergoes changes in expression and
localisation during prenatal (E18) and up to 56 days postnatal transgenic mouse development

(Atkinson et al., 2015).

Progranulin (Grn) is a growth factor that regulates development, tissue remodelling,
wound repair and inflammation (Bateman and Bennett, 2009). In zebrafish embryos, Grn
enhances neuronal survival and outgrowth both in vitro and in vivo (De Muynck and Van
Damme, 2011). Null (or premature STOP codon reads) and missense mutations of the Grn gene
are associated with neurodegeneration. However, more cases are seen in dementia rather than
ALS (Hardy and Rogaeva, 2014; Sterneckert et al., 2014; Karch et al., 2016). The mutation
decreases production and secretion of the Grn protein, which increases sensitivity of cells to
stress (Almeida et al., 2012; Sterneckert et al., 2014). A major source of the Grn protein is
found in microglia where, after neuronal injury, activated microglia show an increase in the
level of this protein (Bateman and Bennett, 2009; Hu et al., 2010; Hardy and Rogaeva, 2014).

This is a biomarker of microglial response with progression of MND (Philips et al., 2010).

Mutations of Fus and Tardbp are also markers of MND (Liu et al., 2017; Harley et al.,
2021). Fus and Tardbp encode for RNA-binding proteins Fus and Tdp-43, respectively. They
are involved in RNA transcription, splicing, RNA localisation, function and decay. Thus, they
share processes contributing to RNA metabolism. Mutations in these genes result in the proteins
aggregating and mislocalising to the cytoplasm from the nucleus (Chen-Plotkin et al., 2010;
Ichiyanagi et al., 2016). RNA processing and long non-coding RNAs (IncRNAs) are crucial for
nervous system development. Thus, compromising these processes commonly leads to neuronal
cell death (Liu ef al., 2017; Biscarini et al., 2018; Harley et al., 2021). In embryos, knockout of

either Fus or Tardbp in mouse models is lethal (Sephton et al., 2010; Scekic-Zahirovic et al.,
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2016). Mislocalisation of Fus protein causes perinatal lethality, as well as a toxic gain-of-
function trigger to motor neuron death in mice models (Scekic-Zahirovic et al., 2016).
Knockout of Tardbp in mice results in death between E3.5-8.5, and mouse blastocysts grown
in vitro display an abnormally large inner cell mass (Kraemer et al., 2010; Sephton et al., 2010).
However, partial knockout, or heterozygous mutant 7ardbp mice, only display motor

deficiencies without loss of motor neurons (Kraemer ef al., 2010).

Missense mutations in Vep also contributes to onset of ALS (Yeo and Yu, 2016). VCP is
a ubiquitously expressed protein that is involved in various cellular functions, including protein
degradation via the ubiquinone-proteasome system and cellular homeostasis via apoptosis and
autophagy (Yeo and Yu, 2016). However, VCP-mediated ALS is commonly associated with
familial cases (Abramzon et al., 2012; Gonzalez-Perez et al., 2012). Occasional sporadic cases
that are VCP mutation-mediated have occurred, and contribute to the accumulation of
cytoplasmic TDP-43 that leads to neuronal degeneration (Yeo and Yu, 2016; Harley et al.,
2021). In mouse embryo development, deletion of the Vep gene is embryonically lethal (Miiller

etal.,2007).

NIMA-related kinase 1 (Nekl) protein is a mitotic checkpoint control protein (Chen et
al., 2008; Higelin et al., 2018). Nekl1 is required for activation of checkpoint kinases 1/2, which
mediate proper cell cycle arrest and efficient DNA repair after DNA damage at the G1/S, S- or
G2/M-phases (Chen et al., 2008, 2011; Higelin et al., 2018). In ALS cases, heterozygous loss-
of-function mutations in NEK/ compromise of DNA repair after DNA damage and increases
cell death of motor neurons (Higelin ef al., 2018). In mouse embryo models, Nek! itself is not
required during prenatal development of mice (Chen et al., 2011). However, as Nek1 protein is
essential for maintenance of chromosome stability and control, cells without functional Nek1
result in tumour generation due to unstable cell cycles. This leads to malignant tumourgenesis

in postnatal mice (Chen et al., 2008, 2011).
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Smn proteins are involved in protein homeostasis, as well as other housekeeping
processes, which include mRNA metabolism, localisation and trafficking, cytoskeletal
dynamics, endocytosis, autophagy, mitochondrial and bioenergetic pathways. Compromise in
these processes have detrimental effects on cellular physiology (Chaytow et al., 2018). For
instance, spinal muscular atrophy, a disease under the MND family, is caused by loss of SMN
protein due to loss-of-function mutations in SMN/ and retention of SMN2 protein (Lefebvre et
al., 1995; Dominguez et al., 2017). This leads to degeneration of motor neurons in the spinal
cord, causing paralysis with muscular atrophy. In mouse models, complete absence of Smn
proteins is embryonically lethal (Schrank ez al., 1997). Smnl1-deficient mice develop normally
up to the morula stage but then degenerate and die prior to implantation (Schrank et al., 1997;
Sephton et al., 2010). Thus, the Smnl gene and its products are essential for cellular survival
and function during preimplantation development and has an essential role in regulating
programmed cell death (Schrank et al., 1997). SMN proteins also interact with FUS proteins in
pre-mRNA splicing (Mirra et al., 2017; Biscarini et al., 2018). Mutation in SMN leads to
depletion of SMN protein, resulting in disrupted coordination with FUS proteins for pre-mRNA
splicing (Mirra et al., 2017; Biscarini et al., 2018). This has been associated with spinal

muscular atrophy and other cases of MND (Mirra et al., 2017).

Mutations in the gene encoding for the antioxidant superoxide dismutase 1 (Sodl) gene
account for 20% of ALS cases (Ferreira ef al., 2016). They cause defective protein aggregation,
leading to altered neurofilament levels, increased apoptosis, and altered neuronal and
mitochondrial morphology (Ferreira et al., 2016; Hayes et al., 2019). Mitochondrial function,
redox and reactive oxygen species homeostasis and Ca?* homeostasis are compromised, which
all contribute to oxidative stress in motor neurons in the lumbar and thoracic regions of the
spinal cord (Ferreira et al., 2016; Hayes et al., 2019). Sodl helps control redox potential and

homeostatic levels of reactive oxygen species, which are essential for preimplantation embryo
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development. Increasing oxidative stress compromises preimplantation development to the

blastocyst stage and organogenesis in embryos (Yon ef al., 2008; Hardy et al., 2021).

A proline-to-serine substitution at position-56 of vesicle-associated membrane protein-
associated protein B (Vapb) contributes to the pathogenesis of sporadic and Sod1-linked MND
(Teuling et al., 2007; Kabashi et al., 2013; Qiu et al., 2013; Borgese et al., 2021). Vapb encodes
for the Vapb protein, and is highly conserved and ubiquitously expressed protein involved in
vesicle transport and endoplasmic reticulum anchoring (Teuling et al., 2007). The protein is
highly abundant in motor neurons (Teuling et al., 2007). The proline-to-serine substitution
results in loss of function and vesicle aggregation in the spinal cord, leading to a reduction of
endoplasmic reticulum anchoring of lipid-binding proteins which contributes to motor neuron
degeneration (Teuling et al., 2007; Kabashi et al., 2013; Qiu et al., 2013). Compromise of Vapb
expression is not embryo lethal: Partial and complete deletion of Vapb in animal models still

allows them to survive into adulthood (Kabashi et al., 2013; Borgese et al., 2021).

Optineurin (Optn) is also an MND-associated gene (Akizuki et al., 2013; Toth and Atkin,
2018). This gene encodes for the ubiquitously expressed protein Optn, which is involved in
neuroinflammation, Golgi maintenance, vesicle trafficking, mitophagy and autophagy
(Sundaramoorthy et al., 2015; Toth and Atkin, 2018). Optn interacts with TANK-binding
kinase 1 (Tbk1) protein, which is also associated with MND (Niimi et al., 2004; Ying and Yue,
2012). Optn and Tbk1 act as activator and inhibitor, respectively, of the NF-kf pathway, which
is directly involved in CNS function (Bonnard et al., 2000; Delhase et al., 2012; Akizuki et al.,
2013; Kallstig et al., 2021). Missense mutations of these genes lead to suboptimal functioning
in Golgi maintenance, vesicle trafficking, mitophagy and autophagy, which compromise the
function of long cell types like motor neurons (Sundaramoorthy et al., 2015; Ito et al., 2016;
Harding et al., 2021). Mice deficient in Tbkl die during embryo development due to liver
apoptosis (Bonnard et al., 2000; Delhase et al., 2012). Optn defects in mice develop normally

without signs of organ abnormality (Slowicka et al., 2016), but demonstrate suboptimal
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autophagy (Sirohi et al., 2013) and mislocalisation of Tdp-43 protein in spinal cord motor

neurons (Kurashige et al., 2021).

As stated above, MND is associated with a diverse range of genes and proteins which
contribute to onset (Sterneckert et al., 2014; Teoh et al., 2017; Karagiannis and Inoue, 2020).
Although late onset is common, onset can be triggered anywhere from birth to adulthood (Teoh
et al., 2017). Whether MND-associated genes and proteins are expressed in earlier stages of
neuronal development, such as during pluripotent states and neural lineage commitment, has

not been examined.

The purpose of this Chapter is to quantify the expression profile of various MND-
associated genes and proteins across the pluripotency spectrum of mESCs and during their
commitment to neural fate using a combination of qPCR and western blot analysis (Shparberg
et al., 2019a; Glover et al., 2022). We also use our RNAseq data sets covering the pluripotency
spectrum and microarray data sets covering directed differentiation to neural cell types with
MEDII together with TRIAGE analysis to gain further insight (Figure 3.2, 4.1A and 4.1B). A
published single-cell RNAseq dataset representing early gastrulation (Mohammed et al., 2017)
will also be interrogated for the expression of MND-associated genes, together with TRIAGE

analysis.
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5.2.

Hypotheses and aims

In this Chapter, the following hypotheses will be tested:

1.

MND-associated genes will be expressed during states of pluripotency, early
gastrulation in vivo, and neural-fate commitment of mESCs, as shown by bioinformatics
analysis of RN Aseq and microarray data.

TRIAGE analysis of MND-associated genes will provide candidates for those genes
involved in cell identity and cell-fate decisions.

L-Proline-mediated differentiation of mESCs will result in changes in expression of
MND-associated genes and proteins, as shown by qPCR and Western blot analysis,

respectively.
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5.3. Results
5.3.1. Relative expression and TRIAGE analysis of MND-associated genes across the

pluripotency spectrum
Cells must transition across the pluripotency spectrum to prime themselves for the appropriate
lineage fate. mESCs transition to EPLCs in the presence of L-Proline, which are primed towards
neural fate for the basic set up of the nervous system (Glover, 2018; Shparberg, 2018).
Consistent with this, transcriptional/gene expression profiles and GO terms show expression of
markers of neurectoderm at the EPLC stages and beyond, such as Sox/, Pax6 and Nestin
(Chapter 3 and 4) (Glover, 2018; Shparberg, 2018) and GO terms associated with nervous
system development (Chapter 4) (Glover, 2018). In contrast, EpiSCs are primed towards
mesendoderm (Bernemann et al., 2011) and express definitive mesoderm markers such as
Brachyury/T and Mixl1, definitive endoderm markers such as Gata6 and Sox!7 and have GO
terms associated with mesendoderm lineage commitment such as skeletal and digestive system
development (Brons et al., 2007; Tesar et al., 2007; Bernemann et al., 2011; Kojima et al.,

2014; Glover, 2018). What is the expression of MND-associated genes in these scenarios?

For this Chapter, we used differential gene expression analysis to identify transcriptional
profiles of MND-associated genes across the pluripotency spectrum. To limit FDRs and restrict
analysis of genes by just their relative changes, we denoted significance as having a Benjamini-
Hochberg adjusted P <0.05 regardless of log> fold change (Koch et al., 2018). Concurrently,
we TRIAGE-transformed the same genes to produce DS and ranked them in descending order
of DS across the entire mouse genome; i.e., highest DS is ranked first. A DS rank <1359 is
indicates a gene likely associated with cell fate and cell identity (Shim et al., 2020). Beyond
this rank a gene is likely associated with housekeeping and structural maintenance (Shim et al.,

2020).
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Figure 5.1 shows changes in MND-associated gene expression across the pluripotency
spectrum from ground-state mESCs to primed-state EpiSCs in the D3 and A2 cell lines. All
MND-associated genes are expressed even at these early stages of development. The expression
profile of many of them also change over the course of pluripotency. E.g., the expression of
Grn is higher in the ground state, EPLCs and EpiSCs than in the naive state, and Nekl

expression increases across the pluripotency spectrum.
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Figure 5.1 Relative expression of MND-associated genes across the pluripotency
spectrum. D3 and A2 mESCs were used to produce naive-state mESCs, ground-state mESCs
and EPLCs, as per Figure 3.2. A2 primed-state EpiSCs were maintained, as per Figure 3.2.
Samples (n = 3) were subjected to RNAseq and raw counts were acquired. MND-associated
genes were selected for differential expression analysis relative to naive-state mESCs within
the same cell line. * Indicates significant change in expression based on a Benjamini-Hochberg
adjusted P <0.05.
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We then used TRIAGE to transform raw counts from the RNAseq dataset to generate DS.
Figure 5.2 shows DS ranked across the entire mouse genome. All MND-associated genes have
a DS rank >1359 and therefore more likely to be associated with housekeeping and structural

maintenance (Shim et al., 2020).
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Figure 5.2 TRIAGE transformation of MND-associated genes across the pluripotency
spectrum. Mean DS from the TRIAGE transformation were calculated from the results
obtained for the three samples of A. ground state, B. naive state and C. EPLCs from both i)
D3 and ii) A2 cell lines, and D. A2 EpiSCs subjected to RNAseq analysis. Mean DS were
plotted against the ranked DS values for all genes expressed in each sample, with DS rank
threshold (1359) shown by the dotted blue line. MND-associated genes are labelled, with
blue genes indicating a DS rank > 1359.
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5.3.2. Interrogation of MND-associated genes in relevant cell populations across early
gastrulation

Primitive ectoderm is the cellular substrate for gastrulation in which pluripotency is lost and

the 3 multipotent germ layers are formed (Rathjen ef al., 1999). Therefore, we analysed the

expression of MND-associated genes across relevant cell populations during early gastrulation

of the mouse embryo, using a published single-cell RNAseq dataset (accession number GEO:

GSE100597) (Mohammed et al., 2017).

Figure 5.3A shows the cell clusters we have identified using Uniform Manifold
Approximation and Projection (UMAP) clustering analysis in mouse embryos. The cell types
consist of a range of pluripotent populations (E3.5 ICM, E4.5, 5.5, and 6.5 Epiblast, and E6.5
primitive streak) and two extraembryonic populations (E4.5 primitive endoderm and E6.5
visceral endoderm). UMAP analysis is used here instead of PCA due to larger number of
samples and cell types. The markers used to identify each cell type are those used by

(Mohammed et al., 2017).

Figure 5.3B shows the same UMAP plots mapped to the expression of MND-associated
genes. Sodl, Smnl, Tardbp, Tbkl, Vapb and Vcp are expressed in all cell populations, although
the level of expression can vary. E.g., Sod! is expressed more highly in E4.4 and E6.5 epiblast
cells and extraembryonic E6.5 visceral endoderm than in other cell types. Some genes are
expressed only in certain cell types. E.g., Optn is highly expressed in E4.5 epiblast, more lowly
expressed in E5.5 epiblast and E3.5 ICM, and not expressed in the other cell types. C9orf72 is

not expressed abundantly in any of the cell populations (Figure 5.3B).
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Figure 5.3B continued
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Figure 5.3B continued
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Figure 5.3 Expression of MND-associated genes in different cell types of the mouse embryo during early gastrulation. Early embryo
samples were prepared for single cell collection and raw counts from single-cell RNA sequencing (scRNAseq) were initially done by Mohammed
et al. 2017. In summary, blastocysts (E3.5 and 4.5) and embryos at E5.5 and E6.5 were collected from C57BL/6Babr mice. Each sample was
prepared for scRNAseq. Raw scRNAseq count data was made publicly available and obtained from the Gene Expression Omnibus (GEO) website
(https://www.ncbi.nlm.nih.gov/geo/; accession number GEO: GSE100597). We then clustered data with the Single-Cell Consensus Clustering
tool and used lineage marker genes (as identified by Mohammed et al. 2017) to identify the different cell types in samples. A. Uniform Manifold
Approximation and Projection (UMAP) clustering analysis of the scRNAseq dataset. UMAP is used to visualise dimensionality reduction, by
taking information from the top principle components to arrange cells in a multidimensional space. 9 clusters are identified (0-8) along with the
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5.3.3. Relative expression and TRIAGE analysis of MND-associated genes across
neural lineage commitment

We used the microarray data set of neural lineage directed (MEDII treated) and spontaneously

differentiated mESCs to quantify changes in gene expression of NMD-associated genes.

Figure 5.4A shows some of these genes change expression (up or down) as differentiation
proceeds, with the changes for Fus, Grn, Sodl and Vapb occurring in MEDII-treated cells but
not spontaneously differentiating cells (Figure 5.4B), suggesting they are specific to neural
lineage commitment. Optn was not analysed in this model due to technical limitations of the

22k Affymetrix platform (data not shown).

Figure 5.5 shows that, once TRIAGE transformed, none of the discordance scores (DS)
for these MND-associated genes rank in the top 1359 genes, suggesting they don’t play a
leading role in cell fate. Due to limitations of the 22k Affymetrix platform, some MND-

associated genes couldn’t be TRIAGE transformed, and thus were not ranked (data not shown).
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Figure 5.4 Relative expression of
MND-associated genes across
neural lineage commitment. D3
mESCs  were  cultured in
suspension as embryoid bodies
(EBs) in MEDII to Day 3 (EPLCs).
These EBs continued to be cultured
in MEDII out to Day 6 (definitive
ectoderm) and Day 9
(neurectoderm) or switched (with a
different set of Day 3 EBs) to Basal
medium to spontaneously
differentiate out to Day 5 and Day
7. cDNA samples (n =4) (produced
by Dr J. Rathjen) were hybridized
onto the Mus musculus 22k
Affymetrix platform. Microarray
data was generated and normalized
to take into account differences in
cDNA concentration across the
experiments and days. Raw data
was extracted on Rstudio by Dr C.
Wilkinson. We selected the MND-
associated genes for this analysis
and generated the heatmaps using
Graphpad Prism. Relative
expression was calculated and
compared in A. to Day 0 for MEDII
treatment or in B. to Day 3 (EPLCs)
for both MEDII treatment and
spontaneous  differentiation.  *
Indicates significant change in
expression based on a Benjamini-
Hochberg adjusted P <0.05.
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Figure 5.5 TRIAGE transformation of MND-associated genes across neural lineage
commitment. D3 mESCs were cultured in suspension as EBs in MEDII to Day 3 (EPLCs).
Culture was continued in A. MEDII out to i) Day 6 (definitive ectoderm) and ii) Day 9
(neurectoderm) or switched (with a different set of Day 3 EBs) to B. Basal medium to allow
spontaneous differentiation out to i) Day 5 and ii) Day 7, as per Figure 4.1A and 4.1B. cDNA
samples (n = 4) were used to produce microarray data, as per Figure 4.1A and 4.1B. Raw
data was extracted on Rstudio, then fold changes relative to Day 3 were TRIAGE
transformed to produce discordance scores (DS). Mean DS were plotted against DS rank,
with DS rank threshold (1359) shown by the dotted blue line. MND-associated genes are
labelled, with blue genes indicating a DS rank > 1359.
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5.3.4. gPCR analysis of the expression of MND-associated genes across the
pluripotency spectrum and neural lineage commitment

To validate discoveries from our bioinformatics analysis, qPCR was used to quantify gene
expression for 5 MND-associated genes — Fus, Optn, Smnl, Sodl and Tardbp — across different

stages of pluripotency and neural lineage commitment.

All 5 genes were expressed at all stages of pluripotency and neural lineage commitment
but Figure 5.6 shows that only 2 of these genes showed significant changes in expression: Both

were downregulated during neural lineage commitment.
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Figure 5.6 Expression of 5 MND-associated genes (A-E) in i) cells across the
pluripotency spectrum and ii) EBs cultured by hanging drop method in L-Proline for
neural lineage commitment. i) D3 mESCs were used to produce naive-state mESCs,
ground-state mESCs and EPLCs, as per Figure 3.2. ii) EBs derived from naive-state mESCs
(Day 0) were produced using hanging drop method using the L-Proline-based protocol for
9 days, as per Figure 4.1C. Samples from ground- and naive-state mESCs, and EPLC and
EB samples at Days 0, 3, 6 and 9 were collected, processed and subjected to qPCR. Results
for each sample were normalized to the expression of /8s as the reference gene, then shown
relative to expression of i) the naive state or ii) Day 0 as a logs fold change. Statistical
analysis is by one-way ANOVA with Dunnett’s post hoc test relative to i) naive state or ii)
Day 0. Bars represent mean + SEM, n >3, *P <0.05.
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5.3.5. MND-associated protein expression analysis across the pluripotency spectrum

Figure 5.7 shows the Western blot analysis for 3 MND-associated proteins across pluripotency:
Fus (encoded by the Fus gene), Tdp-43 (encoded by the Tardbp gene) and Vapb (encoded by
the Vapb gene). All 3 proteins are expressed across all pluripotency states. The expression of
Fus is upregulated in EPLCs compared to the naive state and that for Vapb is downregulated in

the ground state compared to the naive state.
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Figure 5.7 Western blot analysis of the expression of 3 MND-associated proteins across
the pluripotency spectrum. D3 mESCs were used to produce ground- and naive-state mESCs
and EPLCs, as per Figure 3.2. Cell lysates were collected, processed and subjected to Western
blot analysis. A. Representative blots. These blots were imaged and quantified on the LI-COR®
Odyssey Infrared scanner for B. Fus, C. Tdp-43 and D. Vapb proteins. Fold changes are relative
to the naive state and normalised to loading control a-tubulin (8% (v/v) acrylamide/bis-
acrylamide gel for Fus) or B-actin (10% (v/v) acrylamide/bis-acrylamide gel for Tdp-43 and
Vapb). Data represents mean = SEM, n > 3 independent experiments. Statistical analysis was
conducted using a one-way ANOVA with Dunnett’s post hoc test relative to naive state. *P
<0.05, **P <0.01.
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5.3.6. MND-associated protein expression analysis across neural lineage commitment
Figure 5.8 shows the Western blots were for the same 3 MND-associated proteins (Fus, Tdp-
43 and Vapb) during neural lineage commitment. Again, all 3 proteins are expressed at all
stages. The only change is the increased expression of Fus at Day 3. The inclusion of SB431542,
the Nodal inhibitor used to suppress off-pathway differentiation to mesendoderm, did not alter

expression of any of the proteins.
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Figure 5.8 Western blot analysis
of the expression of 3 MND-
associated  proteins  across
neural lineage commitment.
Naive-state mESCs (Day 0) were
cultured as EBs by the hanging
drop method in L-Proline to
promote neural lineage
commitment over 9 days, as per
Figure 4.1C. Samples from Days
0, 3, 6 and 9 were collected,
processed and subjected to
Western blot analysis. A. Blots
showing all independent
experiments. These blots were
imaged and quantified on the LI-
COR® Odyssey Infrared scanner
for B. Fus, C. Tdp-43 and D. Vapb
proteins. Fold changes are relative
to the Day 0 and normalised to
loading control a-tubulin on the
same Mini-PROTEAN® TGX"
Precast Gel (4-20%). Data
represents mean + SEM, n=3.
Statistical analysis was conducted
using an ordinary one-way
ANOVA with Sidak's post hoc
test, ¥ P <0.05. SB: Nodal inhibitor
SB431542.
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5.4. Discussion

Results from this Chapter show that a range of MND-associated genes and proteins are
expressed in cells across the pluripotency spectrum, early gastrulation, and neural lineage
commitment. Various neural differentiation models, such as neuroblastoma cells, induced
pluripotent stem cells and adult neural stem cell models, demonstrate the mechanisms of motor
neuron differentiation, pathogenesis and potential mechanisms of onset of MND later in life
(Nizzardo et al., 2010; Wang et al., 2013; Sterneckert et al., 2014; Arrazola et al., 2019; Bax et
al., 2019). However, the potential contributors to late onset of MND have generally not been
looked at in the very early stages of development up to and including establishment of the
nascent nervous system. Errors in expression, or the localisation of expression, of one of more
of these genes at these early stages may not show phenotypically at this time but may, together
with environmental stressors in utero or later in life, contribute to susceptibility to MND later
in life per the Developmental Origins of Health and Disease hypothesis (De Boo and Harding,

2006; Ferreira et al., 2016; Goyal et al., 2019).

In vitro models recapitulating early development, from establishment of pluripotency to
neural lineage commitment, allow the production and interrogation of various time-dependent,
transient cell populations that are otherwise difficult to study in vivo (Rathjen et al., 2002, 2003;
Shparberg et al., 2019a, 2019b; Glover et al., 2022). Although we show that the expression of
nearly all these MND-associated genes is established very early in development, TRIAGE
transformation shows that none appears to contribute to cell fate decisions or cell identity at
these times. This does not mean that errors in expression at this time do not play important roles

in disease onset later in life.
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5.4.1. MND-associated genes are expressed across the pluripotency spectrum and
during neural fate commitment but do not appear to contribute directly to cell-
fate decisions

Several MND-associated genes, including Fus, Smnl, Tardbp, Tbkl and Vcp are embryonically

lethal when partially or fully knocked out (Schrank et al., 1997; Bonnard et al., 2000; Miiller

et al., 2007; Kraemer et al., 2010; Sephton et al., 2010; Delhase et al., 2012; Scekic-Zahirovic
et al.,2016). The requirement for their expression at these early stages may involve cell survival
and/or proliferation rather than as drivers of cell fate, given their low DS. The effect of knockout
or knockdown of these genes at these early stages using our in vitro model would shed light on
this distinction and the mechanisms of action of the protein products of these genes, with
particular reference to neural lineage commitment. This would include the use of ESC lines

expressing mutant forms of these genes known to be associated with MND.

Other MND-associated genes tested in this Chapter are important for embryo
development but are not lethal when knocked out (Rezaie et al., 2007; Yon et al., 2008;
Bateman and Bennett, 2009; Chen et al., 2011; Ying and Yue, 2012; Kabashi et al., 2013; Amin
et al., 2014; Atkinson et al., 2015; Borgese et al., 2021). The expression patterns cover a wide
range: That for C9orf72 appears to be low across pluripotency, early gastrulation and during
neural lineage commitment, (Figure 5.1, 5.3Bi and 5.4). It’s possible that inappropriate
expression during later stages of neural development than tested in our model are associated

with later onset of MND.

On the other hand, Grn progressively decreases in expression as neural lineage
commitment takes place (Figure 5.1, 5.3Bii and 5.4) while that for Sodl is low across
pluripotency, high across early gastrulation, and low again during neural lineage commitment
(Figure 5.1, 5.3Bvii and 5.4). Vapb progressively increases during early gastrulation and is

maintained across neural lineage commitment (Figure 5.1, 5.3Bx and 5.4). However, their low
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DS rank suggests that, like Fus, Smnl, Tardbp, Tbkl and Vcp, they don’t play key roles in cell

fate decisions, at least at these stages (Figure 5.2 and 5.5).

5.4.2. Expression of MND-associated genes and proteins do not always follow the same
trends as bioinformatics interrogation
Because of various layers of regulatory control in cells, protein expression does not necessarily
match gene expression. The 3 MND-associated proteins examined here by Western blot show
that they are robustly expressed across various stages of development (Figure 5.7 and 5.8) but
protein levels do not necessarily follow changes in gene expression. For example, the Fus gene
maintains expression across pluripotency and is downregulated at the definitive ectoderm stage
(Day 6) (Figure 5.6A). However, the Fus protein is upregulated only at the EPLC stage (Figure
5.7 and 5.8). This may indicate protein level changes are lagging behind gene expression

changes, and could follow the decline in gene expression patterns as both turn over.

Quantification of erroneous expression, mislocalisation, and aberrant function of mutant
forms of these proteins in our system may show their involvement in adversely affecting neural-
cell fate. Stressors to the system can also be simultaneously applied. For example, the addition

of reactive oxygen species in Sod1-compromised cells undergoing neural lineage commitment.

Nonetheless, expression and TRIAGE transformation of these MND-associated genes
confirm their roles in housekeeping and cell structure maintenance across pluripotency and

neural lineage commitment.

5.4.3. Expression of MND-associated proteins play their roles in housekeeping and cell
structure across pluripotency and neural lineage commitment

Fus, Tardbp and Vapb were the chosen MND-associated proteins for Western blot analysis

(Figure 5.7 and 5.8) because of the following rationale: Fus and Tardbp are proteins associated

with RNA metabolism, while Vapb proteins are associated with Golgi apparatus maintenance

and endoplasmic reticulum anchoring (Teuling et al., 2007; Harley et al., 2021). As Fus, Tardbp
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and Vapb are known to be expressed in the embryo, their respective proteins are expected to be
expressed during pluripotency and neural lineage commitment (Figure 5.7 and 5.8) (Sephton e?

al., 2010; Scekic-Zahirovic et al., 2016).

Inhibiting the Nodal pathway using SB431542 was done to prevent off-pathway
differentiation during the neural fate commitment process (Figure 4.1C) (Shparberg et al.,
2019a). However, this did not impact MND-associated protein expression throughout neural
fate commitment (Figure 5.8), indicating these proteins have no impact on the Nodal pathway.
However, given the genes’ low DS ranks (Figure 5.5) it remains to be seen if these protein

profiles have other roles beyond housekeeping and cellular structure.

5.4.4. Limitations and future directions

One of the limitations of this study is that TRIAGE transformation is only applicable to protein-
coding genes (Shim et al., 2020). Involvement of other non-protein-coding genes such as
microRNAs and long non-coding RNAs (IncRNAs) are known contributors to cell fate (Dinger
et al., 2008; Melton et al., 2010; Pauli et al., 2011; Hu et al., 2012; Fico et al., 2019). For
instance, microRNAs accelerate the de-adenylation and clearance of maternal mRNAs to
promote developmental transitions and maternal-to-zygotic transition during preimplantation
embryo development (Pauli ef al., 2011; Walser and Lipshitz, 2011). MicroRNAs regulate cell
fate specification by modulating various signalling pathways, like participate in bistable loops
that stabilize alternative cell fate decisions. For example, let-7 and Lin-28 establishes the trigger
to switch between pluripotent and differentiated cell fates (Newman et al., 2008; Piskounova et
al., 2008). IncRNAs can serve as scaffolds for the assembly of chromatin-modifying complexes
and transcriptional regulators. For example, the IncRNA HOTAIR establishes a repressive
chromatin state at multiple loci to promote epithelial-to-mesenchymal transition (Pauli et al.,
2011; Herz et al., 2013; Lau and So, 2015; Jarroux et al., 2021). Thus, a future direction can be

to determine the nature of these non-coding RNAs known to drive cell fate with the role of
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RNA-metabolism-associated proteins Fus and Tdp-43 and Smnl across neural lineage

commitment within the embryo.

In addition, mislocalisation of Fus and Tdp-43 is reversible via inhibition of the VCP D2
ATPase domain using the potent and selective inhibitor ML240 (Harley et al., 2021). Thus,
another future direction can be to determine the localisation of RNA-binding proteins using
immunofluorescence imaging of EPLCs, DE and NE cell populations, and determine the effect
of VCP D2 ATPase domain inhibition upon progression, using changes in EB morphology and
gene expression associated with the transition as indicators. This would align with research
demonstrated non-coding RNAs’ contribution to onset of MNDs later in life (Vangoor ef al.,

2021; Carvelli et al., 2022; Pellegrini et al., 2023).

As noted previously (Section 1.5 and Section 5.1), the pathophysiology of MND is
multifactorial and complex. Therefore, onset of motor neuron degeneration involves different
processes which, due to time constraints, have not been studied in this Chapter. One of these
processes involve the role of kinases and their downstream targets associated with (motor)
neuron survival (Guo et al., 2020). The NF-kf pathway is one of the main contributors to onset
of MND that involves kinases kB kinase (IKK)a and B (Kallstig et al., 2021). This pathway is
pro-inflammatory and is linked to many MND-associated genes. One of these is Optn, which
inhibits the pathway (Akizuki et al., 2013). Problems with expression of Optn protein
upregulates the NF-kB pathway, increasing expression of p38, Bax and Tnfa protein.
Inappropriate activation of these proapoptotic molecules induces neuronal cell death as shown
in multipotent cellular models (Shen et al., 2011; Akizuki et al., 2013; Toth and Atkin, 2018;
Killstig et al., 2021). Whether Optn-mediated inhibition of the NF-kP pathway is required for
neural lineage commitment remains to be determined. Knockdown of Optn via siRNA
transfection and Western blot analysis of p38, Bax and Tnfo protein expression would be useful

approaches to determine the involvement of the NF-kf pathway in neural lineage commitment.
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In the context of studying MND onset and processes involved in DOHaD, TRIAGE
transformation is limited to mechanisms that utilise epigenetic repression and transcriptional
patterns of protein-coding genes (Shim et al., 2020; Sun et al., 2023). For instance, although
CY9orf72 is categorized to be protein-coding (Figure 5.2), the hexanucleotide repeat expansion
in the gene’s non-coding region is the trigger towards C9orf72-associated MND onset
(Sterneckert et al., 2014; Black et al., 2017; Hao et al., 2019; Karagiannis and Inoue, 2020).
Genes acting as drivers of disease onset are also not limited to cell fate and identity. For
instance, spinal muscular atrophy is known to be associated with Smn mutations, which are, in
part, associated with various housekeeping processes, including mitochondrial activity
(Chaytow et al., 2018). Specific energetic demands of neurons and muscles make them
susceptible to mitochondrial dysfunction. Due to the ubiquitous nature of mitochondrial

activity, it is more likely genes encoding for such functions have very low DS.

There are limitations in the MEDII microarray dataset. These include the technical
limitations of the Mus musculus 22k Affymetrix platform to detect certain genes. For example,
Optn is missing (Figure 5.4 and 5.5). Additional probes for the same gene were detected for the
Sodl gene upon microarray analysis and TRIAGE transformation (data not shown). This
indicates other splice variants of the same gene may be expressed and/or contribute to neural
lineage commitment, although one splice variant shows low DS, indicating they aren’t involved

cell-fate decisions, at least at these early stages (Figure 5.5).

Another limitation to note is the use of MEDII instead of L-Proline directly to acquire the
microarray dataset. MEDII was the first medium used to culture mESCs to produce EPLCs and
consequent promotion of neural differentiation (Rathjen et al., 2002; Rodda et al., 2002; Harvey
et al., 2010). However, this conditioned medium is highly complex, chemically undefined and
likely to contain other (currently unknown) components which may assist and/or compromise
neural commitment. Fractionation of MEDII resulted in identification of L-Proline as at least

one of the pro-neural factors (Washington et al., 2010). Retinoic acid, which is pro-neural when
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added to ESCs (Bibel et al., 2004, 2007; Lang et al., 2004; Engberg et al., 2010; Stavridis et al.,
2010; Tonge and Andrews, 2010), isn’t detectable in MEDII (Morris, unpublished data). Thus,
the use of L-Proline, instead of MEDII, allows for a more facile approach for identifying
mechanisms which drive cell fate (Shparberg et al., 2019a; Glover ef al., 2022). This can be
exploited further by using technologies superior to microarray analysis, such as single-cell

RNAseq.
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Chapter 6: Final Discussion
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Maintenance of cell identity and cell-fate decisions are required for ICM cells in the blastocyst
to commit to formation of primitive ectoderm, definitive ectoderm, and neurectoderm
sequentially, which sets the embryo up to produce the nervous system. The complex molecular
mechanisms required must cooperate to ensure the correct cells in the correct number are
produced at the appropriate times and locations. Few studies have looked at the pre- and early
stages of nervous system development. This thesis investigates these early stages with an in
vitro model using either MEDII or L-Proline, which recapitulates the production of the
embryologically relevant populations required for the basic set up of the nervous system (Figure
6.1A) (Rathjen et al., 1999, 2002; Washington et al., 2010; Glover, 2018; Shparberg, 2018;

Glover et al., 2022).

Amino acids have only recently been recognised as growth factors (Washington et al.,
2010) and are now known to activate a variety of mechanisms to stimulate
development/differentiation in mESCs and pre-implantation embryos (Washington et al., 2010;
Tan et al., 2011, 2016; Shparberg et al., 2019b; Morris et al., 2020). In particular, L-Proline
stimulates development when added during fertilisation as well as when added at the late 2-to-
8-cell stages. It also promotes hatching of the blastocyst from the zona pellucida (Morris et al.,
2020; Treleaven et al., 2021, 2023). In mESC:s, it stimulates progression along the pluripotency
spectrum, as well as directing lineage commitment to neural cells (Washington et al., 2010;
Casalino et al., 2011; Shparberg et al., 2019a; Glover et al., 2022). Thus, like any growth factor,
it acts at multiple stages of development, works in cooperation with other growth factors (such
as LIF), and stimulates development by a variety of molecular mechanisms including cell
signalling resulting in a variety of cellular responses. These responses include differentiation,
changes in cell shape and motility, and changes in proliferation and apoptosis (Lonic, 2007,
Casalino et al., 2011; Comes et al., 2013; D’Aniello et al., 2015, 2017; Glover, 2018; Patriarca

et al., 2021). One particular interest in this thesis is that L-Proline’s metabolism, or changes in
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metabolism that it modulates, also helps drive development; i.e., that changes in metabolism

help drive cell fate and are not just a passenger to it.

Therefore, we used this in vitro L-Proline/MEDII mESC model to address the following
question: What are the factors that drive cell fate and identity decisions for setting up a normal
nervous system and can the model shed any light on the possible embryonic origins of the
neurodegenerative disease, MND, which manifests later in life? Figure 6.1 provides a coarse-

grained summary of some of the findings in this thesis.
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Figure 6.1 Summary of the proposed L-Proline-mediated mechanisms that drive neural fate commitment from mESCs. A. Ground-state
mESCs represent ICM from pre-implanted blastocysts and the earliest stage of the pluripotency spectrum captured in vitro. Upon transition to naive-
state mESCs, addition of L-Proline causes differentiation towards an intermediate/formative stage of pluripotency (EPLCs), which is fated to form
neural fate (N) via definitive ectoderm (DE) and neurectoderm (NE). This “priming” process is only required up towards the multipotent NE stage.
In contrast, EpiSCs are set for mesendoderm (ME) lineage commitment. Metabolism changes across these various stages, including how L-Proline
itself is metabolised. In addition, upregulation of genes encoding transcription factors, including those that drive neural development such as Neurogl,
contribute to lineage commitment to neurectoderm and subsequent neural-cell production. B. Coarse-grained view of the various layers of regulatory
control and their interconnection drawn from published work and the results from this thesis. L-Proline-mediated control of these layers of regulatory
control favour normal neurons being developed and maintained. Disruption in one or more layers of these regulatory controls (e.g., by mishandling
L-Proline) may compromise development, and in the case of MND combine with environmental factors predispose neurons to later dysfunction,
thereby contributing to onset in later life.
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Cell fate is in part driven by transcription factors whose gene expression is in part
controlled epigenetically (MacArthur ef al., 2009; Kingston and Tamkun, 2014; Brand ef al.,
2019; Harvey et al., 2019; Shim et al., 2020). In Chapters 3 and 4, we used TRIAGE
transformation, which allows candidates genes to be selected which contribute to cell fate
decisions. The advantage of this technique is it can be used on data sets which rely on relative
changes in expression between cell types (e.g., microarray data sets) and on cell types without
reference to any other cell type (e.g., RNAseq data sets). It effectively eschews genes which are
high expressers and involved in cell structural integrity and housekeeping functions and
narrows in on low expressers that mediate cell fate via the repressive epigenetic histone mark,

H3K27me3 (Shim et al., 2020).

This approach, together with analysis of changes in gene expression, including changes
in gene expression mapped onto metabolic pathways, has provided a wealth of ‘intuitively
sensible’ candidates for controlling cell fate. Many, as expected, are transcription factors but
there are also cell cycle and signalling pathway genes, both of which are known to be modulated
by the actions of L-Proline (Figures 3.5-3.9 and 4.6) (Lonic, 2007; Washington et al., 2010;
Tan et al., 2011; D’ Aniello et al., 2015; Glover, 2018). In addition, some candidates are genes
whose enzyme products are involved in metabolic pathway flux (Figures 3.16-3.23, 4.18 and

4.19), again suggest that L-Proline-mediated effects on cell metabolism help control cell fate.

Selecting candidates from any such list for further experiments remains a bottleneck in
terms of experimental time and effort and we haven’t directly tested any of these candidates.
However, because of the more directed/functional way the TRIAGE lists have been derived we
might expect a higher ‘hit rate’ for showing their critical importance in controlling cell fate
compared to more traditional approaches such as, for example, ranking candidates based solely
on fold-change in expression. In addition, the selection can be narrowed, if necessary, by
choosing gene products that lie near the centre of PPI networks, since this makes them more

likely to be master regulators of cell fate rather than ‘slaves’.
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The search for candidates can be narrowed in useful ways; for example, by focussing on
epigenetic control circuits such as PcG and TrxG complexes, which are also involved in
establishing lineage-commitment programs in pluripotent cells (Ringrose and Paro, 2004;
Boyer et al., 2006; MacArthur et al., 2009; Wang ef al., 2016, 2012; Morey et al., 2015; Wade
et al.,2015; Collinson et al., 2016; Shan et al., 2017; Sze et al., 2017; Yao et al., 2018; Brand
et al., 2019). Our results indicate that PcG genes are more likely to be involved in L-Proline-

mediated set up of the nervous system than TrxG genes (Figures 4.13 and 4.14).

Any chance that MND-associated genes are associated with development of the disease
later in life because of their expression early (or very early) in development depends, at least at
the first pass, in establishing whether or not they are expressed at those times. Chapter 5 showed
that many of these MND-associated genes/proteins are indeed expressed very early in
development, and during commitment to neural-cell fate. This provides baseline expression
patterns for future work, which can include examining any changes in expression when the
system is also challenged with environmental stressors (e.g., oxidative stress) or when ESC
lines are used which include specific genes with mutations known to be associated with MND,

or both.

None of the MND-associated genes appeared to be drivers of development, as measured
by TRIAGE transformation (Figures 5.2 and 5.5), but that may change when stressors are
applied to the system and mutant cell lines are used. If so, this would further cement links
between the role of genes and environment for this poorly understood, multifactorial umbrella
of diseases. With this approach, the time and location (i.e., the cell type) of the first signs of the
tipping point into disease progression, which normally is only observed several decades later,
might be established. These are not limited to disorders associated with neural degeneration but
can extend to other neurological disorders associated with neural wiring and connectivity, such

as schizophrenia and autism.
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