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The Developmental Origins of Health and Disease (DOHaD) hypothesis proposes that maternal
environment during pregnancy induces changes in early development, and influences adult
offspring health and chronic disease risk. Such developmental programming may occur within the
preimplantation embryo. In rodents, adverse maternal environments such as advanced
reproductive age and undernutrition have been shown to induce permanent and irreversible
changes in the preimplantation embryo which, following implantation and term delivery,
subsequently predisposes offspring to late onset non-communicable diseases such as
cardiometabolic dysfunction. Disease probability in adult offspring has been correlated with
perturbations in lineage specification and metabolism in preimplantation embryos. However,
limited cell numbers and the inaccessibility of post-implantation embryos have restricted our ability
to explore the underlying mechanisms that predispose to adult disease. To overcome these issues,
the current study utilised mouse embryonic stem cells (mESCs) derived from inbred C57BL/6 mice
as a model system. This presented the opportunity to overcome the aforementioned limitations
and to characterise the pluripotent population of cells within the embryo (at E3.5) in order to
investigate the effects of advanced maternal age (AMA) and maternal low protein diet (LPD, 9%
casein). Furthermore, with this model it was possible to consider the effects of LPD on the efficiency

of neural induction (NI).

Embryos retrieved from Old (7-8 months) dams exhibited developmental delay (i.e. an increased
proportion of morulae and a reduced proportion of blastocysts) compared to those recovered from
Young (7-8 weeks) dams. Mouse ESCs derived from blastocysts of Old and Young dams (i) showed

no differences in mESC derivation efficiency, (ii) displayed dominance towards male sex and (iii)



generally displayed a similar pattern of gene expression for pluripotency (except Sox2),
differentiation, early apoptosis and Dnmt (except Dnmt3b) markers. However, aneuploidy was
greater in Old male mESCs, which were less proliferative and viable compared to Young male mESC
lines. Old mESC lines were sexually dimorphic with respect to viability. Aneuploidy and apoptosis

was greater in Old Female than Old Male mESC lines.

Global metabolomics of derived male LPD (9% casein) and normal protein diet, NPD (18% casein)
mESC lines (undertaken in collaboration with Metabolon Inc.) showed evidence of altered glucose
and fatty acid (FA) metabolism, while amino acid levels generally remained similar between the two
dietary groups. Within the glycolytic pathway, LPD mESC lines exhibited increased levels of glucose
6-phosphate (G-6-P) and fructose 6-phosphate (F-6-P), and reduced downstream metabolites
including fructose-1,6-bisphosphate (F-1,6-bP). Further analysis suggested reduced activity of
phosphofructokinase (PFK), a key glycolytic enzyme that is allosterically regulated of LPD mESC
lines. Interestingly, unlike previously reported in vivo data, LPD mESC lines displayed increased

levels of n-3 and n-6 polyunsaturated FAs (PUFAs).

In separate experiments, derived male LPD and NPD mESC lines were expanded in serum-free
(KO/SR) mESC medium and differentiated towards neural lineages (with Biotalentum Ltd.) using an
optimised 14-day neural induction (NI) protocol, under standard NI medium (S-NIM) conditions.
Preliminary results suggest increased NI efficiency of LPD mESC lines compared to NPD mESC lines.
This was illustrated by precocious morphological appearance of rosettes and neurites, increased
and protracted gene, and qualitative protein, expression for neural stem cell (NSC) and mature

neuronal markers of differentiating LPD lines; all during the 14-day NI protocol.

Collectively, these data indicate that advanced maternal age and maternal diet can determine
pluripotent mESC phenotype. Despite protracted periods of culture, the effects of adverse maternal
environment on the developmental programming of blastocysts could be observed in derived mESC
lines and cell populations derived following NI. These findings encourage further investigation of
AMA and LPD on mechanistic adaptations in neural and other cell lineages to provide greater
mechanistic insights into the induction of later disease using mESC as an in vitro model system,

thereby reducing animal use.
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Introduction

Introduction

Several maternal health and lifestyle factors during pregnancy have been linked to the long-term
wellbeing of offspring (Barker and Thornburg, 2013; Godfrey et al., 2017; Dhana et al., 2018).
Epidemiological evidence has thus far supported the concept of the ‘Developmental Origins of
Health and Disease’ (DOHaD), which proposes that early life events, including poor in utero
environment, can predispose offspring to non-communicable diseases (NCDs) in later life
(Gluckman et al., 2007). Cardiovascular (including hypertension and ischaemic heart diseases (IHD))
and metabolic (including obesity, insulin resistance and type 2 diabetes) disorders are the leading
causes of death worldwide. However, emerging evidence has also revealed the deleterious effects
of maternal undernutrition on neurodevelopmental comorbidities, including schizophrenia, autism

spectrum disorders and behavioral abnormalities (such as anxiety and depression).

Some of the most compelling data have been obtained from human cohorts such as The Dutch
Hunger Winter, The Chinese Famine, Sub-Saharan Africa and The Gambia (Prentice et al., 1981;
Roseboom et al., 2011; Li et al., 2011). One common denominator among these studies has been
the prevalence of extreme undernutrition (associated with additional physical and mental distress)
experienced by pregnant mothers, and its effects on offspring health. These historic cohorts
continue to provide strong evidence of adverse long-term effects arising from poor nutrition in
utero and have, therefore, been used to understand the relationship between the timing of
nutritional insult and pregnancy outcome. Although environmental stressors throughout pregnancy
can affect offspring health, the most adverse outcomes occur when in utero insults were
experienced during the early stages of gestation (Painter et al., 2006). Several maternal lifestyle
factors are known to influence offspring health. These include maternal age, malnutrition,
infectious diseases, substance abuse, chemotherapy, and assisted reproductive technologies (ART)
(Wu et al., 2004; Severinski et al., 2006; Ornoy and Ergaz, 2010; Calsteren and Amant, 2011; Balasch
and Gratacés, 2012; Waldorf and McAdams, 2013).

Industrialization and socio-economic factors have introduced a global trend of increasing maternal
childbearing age (Powell et al., 2006). While this may also indicate improvement in women’s health,
educational and working status, there is growing concern regarding the health of offspring
conceived by the reproductively older woman. Several reports indicate that women of advanced
reproductive age are more prone to developing complications during pregnancy, such as stillbirths,
gestational diabetes and pre-eclampsia (Hansen, 1986; Carolan and Frankowska, 2011; Biro et al.,
2012); and their offspring have higher risks of developing chromosomal abnormalities, mental

disorders and cardiovascular diseases (CVDs). While the age of both parents has an influence,
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women have a shorter reproductive lifespan, with the reserve of ovarian follicles diminishing rapidly
from around 35 to 40 years of age (Carolan and Nelson, 2007; Baird, 2013). Additionally,
reproductive age varies among women of the same chronological age, which may be influenced by
their lifestyle, health, diet and/or genetic constitution. Moreover, given the increasing ‘success’ of
ART such as in vitro fertilization (IVF), many AMA women are now choosing this option over early
pregnancy (Blhler et al., 2014). While this may seem beneficial, it has compounded the adverse
effects of AMA and ART, and increased the susceptibility of offspring to non-communicable diseases

in later life.

Although human cohort studies have been invaluable in establishing the long-term effects of
adverse in utero environments, the data for the most part are observational, compromised by a
plethora of unavoidable confounding factors, and lack mechanistic insight. This makes it difficult to
identify preventative measures and to develop strategies for intervention. In contrast, animal
studies offer controlled experimental settings with fewer ethical issues in addition to facilitating
targeted interventions. Given that most reproductive failures occur during the periconceptional
period, several mouse models have been developed that focus on programming events that occur
during early embryo development (Langley and Jackson, 1994; Watson, 1992; Watson et al., 2004;
Eckert et al., 2012; Velazquez et al., 2016, 2018; Fleming et al., 2018). While such studies provide
important insights into developmental events and effects of in utero environment, they have their
limitations. For example, mouse embryos developing in vivo after E4.0 are inaccessible, as they
initiate the process of implantation. Earlier stage embryos have limited numbers of cells that limit
analysis, and restricted number of embryos obtained per mother (8-12 on average) necessitate the

use of many animals.

To overcome these issues, recent studies have turned to mouse embryonic stem cells (mESCs) as
an in vitro model system (Cox et al., 2011; Zhu and Huangfu, 2013; Shyh-chang and Ng, 2017).
Mouse ESCs are derived from the inner cell mass (ICM) of early embryos, and will thus have been
exposed to the maternal in utero environment for the first three days of gestation (i.e. during the
preimplantation period). The preimplantation period is now generally recognized as one of the
most critical stages of developmental programming, inducing irreversible changes in the embryo
that influence adult offspring health (Watkins et al., 2008). Previous studies from Southampton
have demonstrated that mESCs derived from embryos of mothers fed a low protein diet (LPD) retain
memory of nutritional adversity and propagate the effects in vitro (Cox et al., 2011). Phenotypic
changes observed in mESCs were further validated by the formation of embryoid bodies (EBs) (Sun
et al., 2014, 2015), which are three-dimensional aggregates of pluripotent cells and resemble an in
vivo embryo. Alterations detected in derived EBs were similar to observations made in the embryos

recovered from LPD-fed mothers, further confirming the value of in vitro model systems of mESCs.
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Therefore, the present series of studies in this thesis utilised the validated in vitro model of mESCs
to explore the biological mechanisms underlying developmental programming of long-term health
as influenced by AMA and maternal LPD. The AMA study broadly focused on derivation and
characterising mESC lines derived from Young (7-8 weeks) and Old (7-8 months) females mated
with reproductively mature males. Chromosomally normal mESCs were analysed for differences in
proliferation, viability and programmed cell death, pluripotency and differentiation capacity. To
investigate the impact of maternal LPD on cellular metabolism, derived LPD (9% protein) and
normal protein diet (NPD, 18% protein) mESC lines from Cox et al. (2011) were used for global
metabolomic profiling. Finally, to assess the impact of maternal undernutrition on
neurodevelopmental capacity, derived LPD and NPD mESC lines were differentiated to a neural
lineage (for 14 days) and analysed for neural induction efficiency (NI) between the two dietary
treatment groups. The overall findings from these series of studies indicated that mESC lines
derived from AMA and LPD projects had adverse phenotypes (including poor survival and increased
cell death), altered metabolism and increased NI efficiency; thus retaining and propagating
programming alterations in vitro and serving as emerging model systems for mammalian

developmental biology.
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Chapter 1

Chapter 1  Literature review

1.1 The DOHaD Hypothesis

Scientists have long postulated that the risk of acquiring coronary heart disease (CHD) in adult life
is related to an unhealthy lifestyle (particularly in the western world) and inherited genetics
(Segall, 1981). The other ‘traditional’ view of disease origin was a genetic mutation. However,
these beliefs failed to offer any preventive measures for the disease and raised questions like

why only a limited population becomes affected (Ebrahim and Smith, 1997).

It was David Barker and colleagues at the University of Southampton who, through their
epidemiological studies, provided the first clue regarding the origin of non-communicable diseases
(NCDs). Their studies proposed a strong geographical correlation between deaths that occurred
from ischaemic heart disease (IHD) in 1968-78 and infant mortality rates in 1921-25 across two
hundred local authority areas in the United Kingdom (Barker and Osmond, 1986). Other diseases,
which showed a similar link to infant mortality, included stomach cancer, bronchitis and
rheumatic heart disease. These studies showed that the regions of England and Wales that had
the highest rates of infant mortality also had the highest rates of mortality from CHDs decades
later (Williams et al., 1979). IHD in these areas was most prevalent in the poorer regions. This
suggested that poor nutrition in early development might enhance the susceptibility to CHD
just as an unhealthy lifestyle (i.e. high fat and cholesterol diet) could (Barker and Osmond, 1986).
Cohorts from different world populations have also demonstrated the impact of poor living
conditions on the health of newborns. Maternal nutrition plays a key role in the development and
health of the offspring. Hence, any change in maternal diet can directly or indirectly affect the
growth trajectory of the embryo (Robinson et al.,1999). Not only is prenatal health affected,
but the subsequent postnatal health of the offspring may also be permanently compromised

(Barker et al., 1993b; Godfrey and Barker, 2000; Morrison and Regnault, 2016).

111 DOHaD and Developmental Plasticity

Since the pioneering studies of David Barker, a number of additional related theoretical models
have been proposed to explain the underlying phenomena. The ability of a given genotype to
produce different phenotypes in response to different environments is termed ‘plasticity’ and is
part of the organism’s ‘adaptability’ to environmental cues (Hochberg, 2011) (Figure 1.1). The
DOHaD hypothesis proposes that the intrauterine environment plays a key role in determining
offspring development, health and wellbeing. Generally, exposure to adverse environments has a

detrimental effect on the developing embryo but, in some cases, this early exposure may modulate
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the normal developmental program to improve its immediate or future prospects of survival. For
instance, short babies at birth (that have increased head to body size ratios) can arise as a result

of poor maternal nutrition during late gestation (Barker et al., 1993b; Barker et al.,1993e; Barker,

1997).
{ Prenatal Environment ’ [ Postnatal Environment 1
| | |
Endocrine Control ]
1 | |
| Plasticity |

1 Onset of Puberty
Adrenarche v Adolescence
IC — Transition
* Juvenility
v Childhood
Prematurity

Prenatal growth T Infancy Fertility, Lifespan
Body composition
Size at birth
Adult disease Adult height

Figure 1.1 Periods of adaptive plasticity in the transition between life-history phases (double
arrows).

Prenatal growth affects adult health and disease. The transition from infancy to childhood confers
a predictive adaptive response (PAR) that determines adult height (Hanson and Gluckman, 2008).
The transition from childhood to juvenility bestows an adaptive response that resolves adult
body composition and metabolic consequences. The transition from juvenility to adolescence
establishes longevity and the age of reproduction and fecundity. IC, Infancy-childhood (transition)
(Adapted from (Hochberg, 2011)).

These infants tend to have a small abdominal circumference resulting in compromised liver size.
This could be a compensatory mechanism for redistribution of blood flow to the vital organs of the
body, such as the brain and the heart. As the liver is central to the synthesis and excretion of
cholesterol, and plays a vital role in blood coagulation, any disturbances in its function could

increase the risks of CHD in later life (Martyn et al., 1995). Hence, these immediate ‘adaptive

responses’ may occur to ensure short-term survival and competitive reproductive fitness of the
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fetus, but at the cost of compromised postnatal/ adult health (Mcmillen, 2005; Gluckman et al.,

2007).

A refinement to the concept of ‘developmental plasticity’ is the notion of ‘predictive adaptive
responses’ (PARs) (Hanson and Gluckman, 2008), which suggests that the fetus has the potential
to forecast, by sensing the current environment in utero, and to develop accordingly. Such
adaptations might not have immediate advantages, but can improve future postnatal health or
optimize body composition/ metabolism to the predicted postnatal environment. The association
of outcomes with birthweight is an epi-phenomenon of the relationship between nutrient
availability to the fetus and the predictive adaptive response, therefore anticipative of the later
life environment (Gluckman and Hanson, 2004; Gluckman et al., 2005a). The adaptive advantage
of these responses is determined by the probability that the choices made during early
development are suitable for the environment that the offspring will be exposed to in later life
(Gluckman et al., 2005a). If the prediction is accurate, then the organism is matched better to its
subsequent environment and will cope adequately. An example is poor intrauterine environment
inducing the reduced development of skeletal muscle and increased visceral fat deposition. This
helps survival of the fetus in a poor postnatal environment, often observed in some South Asian
babies (e.g. India) (Yajnik et al., 2003). However, if the developmental choices made are not suited,
the fetus may become more susceptible to diseases in later life. This becomes evident when the
expected postnatal conditions vary and start challenging the offspring’s own physiological
system leading to a ‘developmental mismatch’. This concept is relevant to the increasing obesity
epidemic (Gluckman et al., 2007a) and is observed mostly in populations experiencing rapid
dietary alterations such as in India, resulting in increased incidents of metabolic syndrome
(Gluckman et al., 2005c). Hence, it is the match-mismatch theory that determines the chances of

embryo survival and the health of the offspring in later life.

Although an array of nutritional alterations can inflict similar responses in offspring health, the
timing and duration of the alterations affect the severity and nature of the response. The offspring
may exhibit different responses to a particular stimulus depending on the stage of development

and gestation when the change occurs (McMillen and Robinson, 2005; Gluckman et al., 2007a).

1.1.2 DOHaD, birthweight and body composition

Coronary heart disease (CHD) is associated with low birthweight (LBW). Studies with large British
cohorts, showed that men with LBW had higher mortality rates from CHD (Barker et al., 1993b;
Osmond et al.,1993). This association between LBW and CHD has also been confirmed in studies

of men in Uppsala and Caerphilly (Frankel et al., 1996) and among women in the United States
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(Rich-Edwards et al., 1997). LBW has also been associated with increased insulin resistance and
incidence of type 2 diabetes mellitus (Beringue et al.,, 2002). These effects of LBW are
accentuated by slow infant growth and rapid weight gain in childhood (Barker et al., 2002). As
shown in the Helsinki cohort, people who developed CHD, hypertension and type 2 diabetes were
the ones who were short and thin at birth, had poor growth in the first year, and accelerated
weight gain in later childhood (Eriksson et al.,2001; Veening et al., 2003). These diseases were
believed to originate through two biological phenomena, that is developmental plasticity and

compensatory or ‘catch-up’ growth (Barker and Thornburg, 2013; Langley-Evans, 2015).

However, neonates with high birthweight are also susceptible to diseases such as polycystic
ovarian disease (PCOD) and hormone related cancers in later life, including breast, prostate and
testicular cancer (Huang et al., 1997; Mumm et al., 2013; Zhou et al., 2016). These longitudinal
studies led to the hypothesis that in utero development and infancy were influenced by environment
and poor social conditions that increase the probability of acquiring diseases in adult life. Cohorts in
Norway (Forsdahl, 1977), Finland (Notkola and Husman, 1988) and the USA (Buck and Simpson,
1982) also supported this hypothesis. The leading cause of neonatal deaths obtained from the cohorts
was low birth weight. As this cause was certified as a congenital cause, it was proposed that
undernutrition in utero and during infancy permanently changed the body’s structure, physiology and
metabolism, and led to a higher risk of acquiring diseases in later life (Frankel et al., 1996; Rich-

Edwards et al., 1997).

In Britain, cohorts demonstrated that children born small at birth (and small stature during
infancy) developed high blood pressure, and had high serum cholesterol and plasma fibrinogen
concentrations with impaired glucose tolerance in adulthood (Eriksson et. al., 2000). Increased
blood pressure, although marginal in childhood, could subsequently be magnified throughout life.
This further suggested that not only are diseases initiated during the fetal period, but they may
be amplified throughout the adult life span (Barker et. al.1990; Eriksson et. al., 2003).

Such a connection between reduced fetal growth and increased postnatal blood pressure has been
associated with the vascular structure of the arteries (reduced elasticity) (Berry et. al.,1976;
Martyn et al.,, 1995). Similar results in men and women showing an association between
birthweight with non-insulin dependent diabetes and impaired glucose tolerance in later life
have been reported in studies undertaken in Britain, United States and Sweden (Phipps et

al., 1993; Mccance et al., 1994; Valdez et. al., 1994)

In addition to birthweight, thinness of the baby at birth has also been associated with disease risk
in later life. For instance, insulin resistance is not only associated with low birthweight (LBW),

but more precisely with thinness at birth (Barker et al., 1993). Thin babies lack muscle and fat. As
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muscle is the peripheral site of insulin action, thin babies tend to become insulin resistant (Phillips
et. al., 1994). Small babies, who unlike the thin and short babies, are mostly proportionate
and may not develop CHD, may still develop increased blood pressure. Elevated blood pressure
is associated with fetal abnormality at almost every stage of gestation and with LBW, thin and

short babies.

1.1.3 DOHaD: Evidence from additional human cohorts

Several epidemiological studies have indicated a strong correlation between maternal health and
lifestyle, and the prenatal, postnatal and adult development of offspring. These are reviewed
extensively elsewhere (Stanner et al., 1997; Barker, 2007; Barker et al., 2009) and so only brief
reference is made here. The Dutch hunger winter cohort of children, either conceived or
experienced later pregnancy during a 5-month period (1944-1945) towards the end of the war
provided a unique opportunity to study the effects of undernutrition during different stages of
gestation in humans. Although exposure to famine during any stage of gestation was associated
with glucose intolerance, it was found that CHD, disturbed blood coagulation, increased stress
responsiveness, obesity and schizophrenia were more prevalent among those exposed to famine
in ‘early gestation’ (Roseboom et al., 2011). Similarly, in utero malnutrition during the first
trimester, as occurred during the Chinese Great Famine (1959-61) increased the risk of
hypertension (Li et al., 2011; Wang et al., 2016), schizophrenia (St Clair et al., 2005) and metabolic
disorders such as hyperglycemia (Li et al., 2011) and dyslipidemia (Xin et al., 2018) in adulthood.
Some of these effects (e.g. incidence of type-2-diabetes) were also observed in the second
generation, hinting at the prospect of transgenerational effect of severe malnutrition (Li et al.,

2017).

Similar effects are observed in regions of the world where there are marked seasonal fluctuations
in food availability. For example, in rural Matlab region of Bangladesh, Sub-Saharan Africa and in
The Gambia. For example, birth cohorts from three Gambian villages (1949-1994) show that people
born during the wet season of July-October, also referred to as the ‘annual hungry period’, are
about ten times more susceptible to premature death, than those born in the dry season. These
individuals suffered from intrauterine growth retardation, and severe growth faltering in infancy

and childhood (Prentice et al., 1981).

In contrast, the Leningrad study (now St. Petersburg) during 1941-1944 showed no differences
between individuals who experienced starvation in utero (prenatal life) or during infancy. Although
subjects in the intrauterine group showed increased correlation between obesity on high blood

pressure and endothelial dysfunction than in the infant group, unlike the Dutch cohort, this study
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did not show association between maternal intrauterine malnutrition and the development of
glucose intolerance, dyslipidemia, hypertension, or cardiovascular disease in adulthood (Stanner et
al., 1997). This could be explained by both the timing and duration of exposure (e.g. 5 months for
the Dutch Hunger Winter vs >1 year for the famine in China), and whether or not the extended
duration of malnutrition in the Leningrad study, led to a ‘mismatch’ between gestational and post-
natal nutritional status. Additionally, criticisms subjected to this study include high ascertainment
rates and lack of reliable birth weight data, as most candidates provided a recalled birth weight
which could have affected data accuracy (Antonov, 1947; Kramer and Joseph, 1996). Alternate
explanations include, as also observed by Godfrey and Barker (1995), that the effect of protein
deprivation is more evidently seen in women where protein diets are replaced by high carbohydrate
diets (like in developing countries). Other studies have shown more powerful relation between
growth retardation and disease development when the insults like malnutrition last for prolonged

periods or across generations (Martyn et al., 1996).

1.1.4 DOHaD and over nutrition

Whilst many of the early ‘Barker-hypothesis’ related studies, including the aforementioned cohort
studies, related to the effects of under or malnutrition, in recent years attention has focused more
on the effects of obesity, and over nutrition more generally. Indeed, there now exists an
overwhelming body of evidence that over nutrition in mothers and children also contributes to
later chronic diseases, including CHD, blood pressure and adult-onset type-2 diabetes. Maternal
obesity reduces fecundity (Luke et al., 2011; Broughton and Moley, 2017), success rates
following assisted reproduction (ART) (Kumbak et al.,2012), and increases the risk of congenital
anomalies in offspring (Stothard et al., 2009). Babies born to overweight mothers following
natural or assisted conception are more susceptible to obesity, metabolic dysfunction, impaired
glucose homeostasis, muscle metabolism and neuroendocrine changes (Wankhade et al., 2016).
Maternal obesity may also induce higher risks of neurodevelopmental disorders and affect
cognitive performance in offspring. As more studies show the association of maternal obesity with
the global obesity epidemic, determination of the factors that lead to such long-term effects has

now become an urgent global priority (published in WHO bulletin, Ota et al., 2011).

This association may be due to excess nutrition in utero or during infancy. Babies born with high
birthweight tend to become obese in adult life (Stettler et al., 2002; Dietz, 2004), although
studies also link over-nutrition with low birthweight and small body size during infancy (Frankel
et al., 1996). Slow growth patterns during fetal life followed by a rapid increase in body mass
index (BMI) after 2 years of age, are related to type-2 diabetes and CHD (Eriksson et al., 2003).

Some studies also indicate a relationship between maternal and childhood obesity. This is linked
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to shared eating habits and changes in hormonal or metabolic processes. High BMI amplifies
the probability of gestational diabetes in the mother and type-2-diabetes in offspring (Farmer et
al., 1988; Mccance et al., 1994). These offspring are born with excess adiposity, high birthweight
and tend to be overweight during childhood; thereby demonstrating a perfect example of in

utero events leading to obesity in later life (Nicholas et al., 2016).

1.15 Animal models of maternal malnutrition during pregnancy

Whilst studies of malnutrition in human populations under natural settings have been informative,
they largely remain observational, offering no mechanistic insights. Animal models on the other
hand are both controlled and interventional in nature, and are better to study the effects of specific
nutrient deficiencies with minimal confounding factors. Several animal models of maternal
malnutrition during pregnancy exist, and these have been reviewed extensively elsewhere
(McMillen and Robinson, 2005; Nathanielsz, 2006; Chavatte-Palmer et al., 2016), so only brief
reference is made to these later in the current thesis. The subsequent discussion, therefore, focuses
primarily on the effects of maternal low-protein diet (LPD) in rodents, which was originally
developed in Southampton during the 1990s (Langley and Jackson, 1994) and has been used

extensively by several laboratories since (Erhuma et al., 2007).

As mentioned previously, the maternal low-protein diet (LPD) model in rodents, was originally
developed in Southampton by Langley and Jackson (1994). In these early studies rat dams were
habituated to isocaloric (balanced by addition of carbohydrates), control (18% casein) or LPD (9%
casein) diets 14 days before mating, and thereon throughout gestation. The LPD (9%) diet was
calculated to meet the minimal nutrient requirements of non-pregnant dams. Lactating dams and
pups (normalized to a maximum litter of 8) were switched to standard chow diet (20% casein). In
these studies, pregnant LPD-fed dams (9%) typically consumed less energy, and gained less weight
compared to dams on control diet (18%). LPD-offspring displayed elevated systolic blood pressure,
which was associated with increased pulmonary angiotensin-converting enzyme activity, indicative
of physiological and biochemical functional changes in the fetus (Langley and Jackson, 1994). LPD-
offspring also developed additional phenotypic alterations in adulthood, including impaired brain,
liver and renal function, together with impaired immune responses, cardiovascular disease, and
reduced lifespan (Langley-Evans et al., 1996; Langley-Evans et. al., 1999; Aihie et al., 2001; Langley-
Evans, 2013). This model was later extended to consider the effects of LPD fed exclusively during
the preimplantation period (E0.5 to E3.5) (discussed in detail in Section 1.2). Briefly, the restricted
window of maternal LPD revealed significant reduction in the number of ICM and TE cells in the
blastocysts, decreased levels of insulin and essential amino acids in maternal serum, which further

correlated with elevated incidence of development of abnormal postnatal phenotypes (such as
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obesity, hypertension, and behavioral disorders). Moreover, recent studies have also shown that
maternal insults experienced exclusively during the limited window of pre-implantation compared
to extended periods throughout gestation and/ or through lactation, may already be sufficient in
inducing lasting consequences on offspring brain development and cognitive abilities (Gould et al.,

2018).

1.2 The Periconceptional period and DOHaD

Several human studies and animal experiments have identified the periconceptional period as the
most vulnerable stage of mammalian development. Definitions for this period vary according to
species and nutrient-sensitive developmental stages (both pre- and post-conception). They
typically range from 3 weeks pre-mating to 4 days post mating in many rodent studies (e.g. Sun et
al., 2015), and around 14 weeks pre-mating and 10 weeks post-mating in humans (e.g. Steegers-

Theunissen et al., 2013).

The preimplantation embryo initiates and directs a series of metabolic interactions with the uterus
to sustain normal fetal development (Watson, 1992; Watson et al., 2004). These interactions are
stimulated by autonomous signals from the oviductal and uterine fluid, and activation of the
embryo’s genome (Yeung et al., 2002; Schultz, 2005). Despite this autonomy, the signals may
be influenced by external environmental factors like maternal nutrition (Kwong et al., 2000;
Fleming et al., 2012), maternal age (Master et al., 2015), or in vitro embryo culture conditions like
IVF or cryopreservation techniques (Niemann and Wrenzycki, 2000). Such factors may influence
the implantation potential of the embryo directly and/ or reprogramme the embryo and affect
its adaptive capacity resulting in abnormal embryonic, fetal and/or postnatal growth, thereby
increasing disease susceptibility in adult life. It is therefore critical to understand the basic
programme controlling preimplantation development and to track the changes that are induced

by environmental factors to minimize the risk of disease development.

Preimplantation development is characterized by a series of cleavage divisions that give rise to
three cell lineages and enable implantation of the embryo into the uterus. Following
fertilization, the zygote undergoes a series of cell divisions until compaction, which commences
around the 8-cell stage in mice (Figure 1.2). It is at this stage that blastomeres undergo an
intracellular adhesion mediated by the calcium-dependent E-cadherin/catenin system (Fleming et
al., 2000). This coincides with the polarization of blastomeres such that asynchronous cell divisions
result in 16-cell morula stage with distinct outer and inner cell populations. The outer cells become
the trophectoderm (TE) of the blastocyst (formed from 32-cell stage) and the inner cells become

the inner cell mass (ICM) of the blastocyst. The TE comprises epithelial cells and surrounds the
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ICM, which constitute the pluripotent progenitor cells of the later fetus and extra-embryonic yolk

sac (Johnson and McConnell, 2004).

An important event in the preimplantation stage is the morphogenesis of the blastocyst. Fluid is
transported across TE from the embryo exterior forming a blastocoelic cavity (Watson et al., 2004).
The TE is the first differentiated cell type (multipotent) of development. It initiates implantation

and is the progenitor of chorio-allantoic placenta (Rossant, 2004).
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Figure 1.2 Periconceptional (PC) period and developmental stages of an embryo.

(Fleming et al., 2018)

The ICM is responsible for giving rise to all types of fetal tissues and a proportion of
extraembryonic membrane (yolk sac and allantois). Prior to hatching of the zona pellucida, the
ICM cells specialize to form the epiblast (Epi) and primitive endoderm (PE). The Epi continues to
differentiate to form the three fetal germ layers: ectoderm, mesoderm and definitive endoderm
(DE); while the PE forms the endoderm layers of the yolk sac placenta during post-implantation
pregnancy (Rossant and Cross, 2001). The programming of preimplantation development is
therefore, governed by the formation of the TE and the specification of the distinct cell lineages
(i.e. Epi and PE) (Duranthon et al., 2008). This stage also involves the activation of the embryonic
genome and ultimately the attachment of the embryo to the uterine wall (Watson, 1992).
Embryonic genome activation (EGA) is initiated early during pre-implantation development, from

around Day 2 in the mouse (Latham, 2001). Transcriptomic analyses suggest the initiation of a
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highly regulated gene expression programme as soon as embryonic genome expression begins

(Hamatani et. al., 2004; Wang et al., 2004; Zeng et al., 2004).

1.2.1 Neural induction during embryonic development

Neural induction in vertebrate embryos is mediated by coordinated FGF (fibroblast growth factor)
and WNT (wingless/ integrated) signalling along with the inhibition of BMP activity (Mufioz-Sanjuan
and Brivanlou, 2002). Together, these events contribute to the development of neuroectoderm
primordium, which eventually gives rise to the nervous system. In mouse embryos, the initial
neuroepithelial progenitors (NPs) express pan neural genes such as Sox1 and Sox2 (Wood and
Episkopou, 1999). As the primary NPs continue to develop, some mature into neurons and
contribute to the neural tube during neurulation, initiated by a signalling switch that controls
differentiation whereby FGF is replaced by retinoid signalling (Corral and Storey, 2004). During
neurulation, the embryonic tube consists of a layer of neuroepithelial cells with apico-basal polarity
that is delineated by apical protein complexes such as the PAR polarity complex and junctional
proteins like N-cadherin and B-catenin (Afonso and Henrique, 2006). The timing and production of
proliferating NPs and maturing neurons (or glial cells) is further controlled by the cross talk between
Delta/Jagged ligands and Notch receptors (Ohtsuka et al., 1999). Such assembly of the neural tube

is unique to the embryonic developmental phase.

Even though mouse models serve powerful tools to study mammalian neural tube closure thereby
providing deeper insight into neural tube defects, in utero development restricts embryo
manipulation in a controlled manner. Gray and Ross, (2011) illustrated that embryos cultured in
vitro in enriched media developed similar neural tube closure patterns as observed in vivo, i.e. from
neural plate formation (between E7 - E7.5) to the conclusion of cranial fold and caudal neuropore
closure (between E9.5 - E10) (Winter, 1993). In vitro neurulation isolates maternal environment
and its effect on embryonic and fetal development. However, the complex developmental
mechanisms and limited number of cells available at distinct embryonic developmental stages limits
the scope of such research. Differentiation potential of mouse embryonic stem cells (mESCs)
therefore, represents a valuable cellular system to circumvent such limitations and enhance the

sphere of developmental biology studies (discussed in detail in Section 1.6.2).

1.2.2 Preimplantation period and undernutrition

Changes induced within the three progenitor cell lineages (TE, Epi and PE) may have severe
effects on the development of the fetus (and/or offspring), establishing the significance of the

preimplantation period for fetal and adult health. Previous work at Southampton supports this
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hypothesis, where the effect of maternal LPD fed to rodents exclusively during the
preimplantation (embryonic) period (denoted as Emb-LPD; 9% casein) compared with isocaloric

normal protein diet (NPD; 18% casein), was investigated (Kwong et al., 2000).

The Emb-LPD led to reduced birthweight, postnatal growth rate, hypertension and altered
organ/body-weight ratio in rat offspring up to 12 weeks of age (Kwong et al., 2000). Preimplantation
embryos collected from LPD-exposed dams displayed significantly reduced cell numbers in both
ICM and TE lineages in blastocysts. By the fourth day of development, maternal serum contained
significantly reduced insulin and essential amino acids, and increased glucose levels (Kwong et al.,
2000). In subsequent LPD model studies, E3.5 LPD-exposed mouse blastocysts also developed
abnormal postnatal phenotypes associated with increased weight from birth, sustained

hypertension and anxiety-related behaviour (Watkins et al., 2008).

These data provide key insights into changes in the maternal uterine environment and
preimplantation embryo that lead to long-term programming of postnatal growth and physiology
of offspring. As described above, embryos at this stage are highly sensitive to their environment
and may develop irreversible damage depending upon the severity of the change. Data emanating
from Emb-LPD studies in mice point to a deficiency in branched chain amino acids (BCAA) and
insulin within the local environment which further leads to reduced signalling through the
mammalian target of rapamycin (mTOR) pathway (which is responsible for regulating growth
within blastocysts) (Eckert et al., 2012a). This altered embryo environment has an impact on the
normal development of TE and PE, thereby affecting gastrulation and future growth of the
blastocyst. The embryo senses the decrease in protein levels as harmful for its survival, and initiates
compensatory cellular responses in order to protect the conceptus. These responses include
events to extract more nutrients from the mother, facilitated by enhanced motility and

invasiveness of TE cells (forming trophoblast outgrowths) (Eckert et al., 2012a).

1.3 Pre-natal adversity and neurodevelopment

Birth cohorts obtained from the aforementioned famine-struck cities showed increased cases of
infant mortality and offspring with low birth weight. Babies conceived at the peak of the famine
also had elevated nervous system-related congenital abnormalities such as spina bifida,
hydrocephalus, and cerebral palsy (Stein and Susser, 1975). This was one of the first epidemiological
studies to link prenatal nutrition and neural tube defects which led to further research, and the
supplementation of folate to pregnant mothers to reduce the occurrence of these defects in the
offspring (Czeizel and Dudds, 1993). While spina bifida was more prevalent in males, females

showed increased cases of epilepsy, cerebral palsy, and spastic diplegia, displaying a sex-dependent
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effect of prenatal malnutrition. Gender bias was also observed in neuropsychiatric or behavioural
disorders such as affective psychoses and neurotic depression which dominantly affected men
(Brown et al., 1995b), while both men and women were diagnosed with schizophrenia (Susser et

al., 1996).

The Dutch Hunger Winter records have been very instrumental in providing data to diagnose latent
effects of prenatal malnutrition. This is especially beneficial to study age-related neurological
disorders in an ecological setting. Decades later the data of babies conceived at the peak of the
famine was compared with their adult health records. Many studies evaluated the relationship
between offspring born with congenital neural defects and who had also developed other
neurodevelopmental disorders in their mid- or late adult life. Amongst all the psychiatric anomalies
detected, schizophrenia was the most salient neurodevelopmental disorder in the birth cohort

exposed to the height of famine in the winter of 1944-1945 (Brown et al., 1995b).

The psychiatric data obtained from the Dutch Hunger study indicated the prevalence of
schizophrenia conceived at the height of the famine (Susser et al., 1997; Van, 1997). Although
diagnosed in late adult life, schizophrenia displayed early manifestations, possibly due to
environment-genetic interactions leading to disordered fetal brain development, thus classifying it
as a neurodevelopmental disorder. Apart from food restriction, in utero exposures to viral
infections, stress, hypoxia and other complications have also been linked with increased risks of this
disorder (Khashan et al., 2008). Schizophrenia is therefore a quintessential condition to study the

impact of early life quality on mental disorders.

The Dutch Winter Study also highlighted the critical effect of time of gestation. While- predominant
cases of schizophrenia were recorded in babies exposed to famine in the periconceptional period
(Susser and Lin, 1992), those exposed in the second and third trimester suffered from affective
disorders (Brown et al., 1995a). One drawback of this study, however, was the lack of nutrient
information in the total calorie intake of pregnant women, along with other confounding factors
(such as stress, anxiety etc.), thus raising many important questions pertaining to the role of

nutrient deficiency in such disorders.

Offspring from LPD-fed dams have been associated with neurological disorders and behavioural
abnormalities (Watkins et al., 2008) often displayed in open-field activities for locomotion and
hyperactivity or anxiety depicting assays (Crossland et al., 2017). Similar data indicating a two-fold
increase in the risk of developing mental health conditions, such as schizophrenia, had also been
observed in adults who were exposed to the aforementioned Chinese famine (Xu et al., 2009) and

Dutch winter famine (Susser et al., 1996); the latter during early gestation.
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In rodents, protein deficiency affects the neuroanatomy of the developing brain. It affects thickness
of visual cortex, parietal neocortex (Diaz-Cintra et al., 1990), and causes gender-dependent
disruption of cerebellar development (Hillman and Chen, 1981; Ranade et al., 2012), thereby
affecting overall brain size. Protein malnutrition has also been observed to reduce dendritic
arborisation (the process by which dendritic cells branch out to make new synapses) (Angulo-
Colmenares et al., 1979), number of neurons in the CA1 region of the hippocampus, and cellular
maturation (Lister et al., 2005). Such changes in brain organisation and anatomy, including reduced

connectivity and number of neurons, further influence adult behaviour and brain function.

Perinatal LPD has been associated with changes in neurotransmitters and oxidative status in the
brain. Apart from being building blocks for proteins, certain amino acids are precursors of many
neurotransmitters or are neurotransmitters in their own right, though protein deficiency may not
always correlate with effects on neurotransmitters. As observed in the glutamatergic system,
protein restriction in rats caused an increased density of hippocampal kainate receptors, but did
not affect NMDA (N-methyl-D-aspartate) and AMPA (a-amino-3-hydroxyl-5-methyl-4-isoxazole-
propionate) receptors (Fiacco et al., 2003). Other studies also suggest a decreased vesicular
glutamate uptake during gestational dietary restriction (Rotta et al., 2008), indicating a
deregulation of glutamate signalling through kainate receptors on the exposure of gestational and
lactation LPD. These effects have further been associated with a reduction in length, number and
complexity of dendrites in the cortex and CA3 regions (Noback and Eisenman, 1981; Alamy and
Bengelloun, 2012). Similar differential changes are observed in GABAnergic neurons (Diaz-Cintra et
al., 2007), and the mRNA expression of GABA receptor subunits (Steiger et al., 2003), by protein

malnutrition during gestation and lactation.

Malnutrition also reduces the serotonin (tyrosine) and noradrenaline (tryptophan) precursors
(Chen et al., 1997), although serotonin level is increased in the offspring (Resnick and Morgane,
1984). Dopamine levels are also compromised in the hypothalamus and hippocampus of deprived
rats (Kehoe et al., 2001). Protein restriction can influence the cellular health and integrity by
interfering with the redox status of the neurons (Bonatto et al., 2005). Increased lipid peroxidation
and protein oxidative damage (Feoli et al., 2006) is observed in the cortex, hippocampus and

cerebellum of deprived rats during gestation and lactation.

Mice born to protein deprived dams show reduced juvenile play and increased non-social rearing
(Almeida et al., 1996). Such behaviours are considered essential in preparation for adult life, the
disruption of which could impact physical growth, neurological reflexes and evoke neuropsychiatric
behaviours of depression and anxiety (Belluscio et al., 2014). In rodents, malnutrition induced

changes in the structure and neurochemistry of hippocampus, affect their memory and cognitive
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ability (Tonkiss et. al., 1990), while early damage of cerebellum and brain function, causes motor
coordination impairment (Ranade et al., 2012). Although malnutrition during gestation and
lactation period showed increased risks of anxiety-like behaviour in pups (Belluscio et al., 2014) and
juveniles, postnatal deprivation reduced such risks in adult rats (Reyes-Castro et al., 2012).
Nutritionally challenged (during gestation and lactation) mice also show increased incidents of
depression-behaviour (Belluscio et al., 2014), as compared to the controls indicating the
importance of period of protein deprivation and duration of deprived diet, and the susceptibility of

developing disorders.

1.4 Advanced Maternal Age (AMA)

The proportion of births in women aged 35 and above has been steadily rising in recent years
around the globe (Martin et al.,, 2017). According to the U.K. and Wales office for National
Statistics, from the mid 1970’s until 2016, there has been a continuous long-term rise in total
fertility rates (defined as number of children born per woman) for women aged 30 and over (Office
for National Statistics, 2016). Similarly, fertility rates for women aged 35 to 39; and 40 and over,
have trebled since 1980 and 1990 respectively, and are at their highest since 1938. Simultaneously,
there has been a steep decline in fertility rates for women under 20 years of age. As of 2016, the
largest percentage ‘increase’ in fertility rates was observed for women aged 40 and over (4.6%);
whereas those under age 20 had the largest percentage ‘decrease’ in fertility rates (5.5%). Overall,
since 2004, the age group with highest fertility has shifted from 25-29 to 30-34 (Office for National
Statistics, 2016). A similar trend in fertility rates having declined under 20, and increased for 35- 45,
including a further increase in 45 — 49, and 50 and over, has been observed in the United States

(Martin et al., 2015).

14.1 AMA and pregnancy associated-risk factors

It is known that older women (>35 years) have a much greater tendency to develop medical
disorders such as hypertension and diabetes mellitus than younger women (Hansen, 1986). They
also experience increased abnormal labour patterns such as preterm delivery (Aldous and
Edmonson, 1993; Jacobsson et al., 2004), placenta previa and abruptio placenta, often causing late
pregnancy bleeding, leading to caesarean section as the preferred method of delivery (Williams
and Mittendorf, 1993). Advanced maternal age is associated with increased pregnancy
complications including gestational diabetes (Biro et al., 2012), pregnancy-induced hypertension
and pre- eclampsia (Delbaere et al., 2007; Carolan, 2013), increasing the incidence of spontaneous

abortion and stillbirth in older women (Hansen, 1986).
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These risks are further accentuated in older multiparous women (Russell et al., 2003). Parity in older
women may also increase their likelihood to have twin or multiple births (Russell et al., 2003; Biro
etal.,2012). Older women (aged 30-34, 35-39, and 40-44 years) experienced an increase in multiple
births of 62%, 81%, and 110% respectively (Russell et al., 2003). The risk of multiple births in AMA
women also increases with ART treatment, where high order pregnancy is regarded as the most
important predictor of adverse maternal, obstetrical and perinatal outcomes (Okun et al., 2014).
Additionally, women >35 years have increased incidents of breech presentation, postpartum
haemorrhage, pre-term birth (birth <32 weeks) (Jolly et al., 2000), post-term pregnancy (birth >42
weeks) (Roos et al., 2010) and severe maternal morbidity (Huang et al., 2008; Knight et al., 2009).
These complications increase their probability of having medical interventions (Lialios et al., 1999;
Bayrampour and Heaman, 2010). Under extreme circumstances, these risks also contribute to

maternal mortality (McCall et al., 2016).

Pregnancy in older women is often associated with confounding factors like underlying pre-
existing medical disorders such as diabetes mellitus and hypertension; or parity, which must be
taken into account when the risks associated with AMA are quantified (Hansen, 1986; Chan and
Lao, 1999; Chan and Lao, 2008). Though older women with pre-existing conditions display
increased pregnancy-related risks (Balasch and Gratacds, 2012), other studies have shown a
linear increase in risks with advancing age, even in healthy women with no diagnosed medical

condition (Carolan and Frankowska, 2011).

1.4.2 AMA, natural conception and perinatal outcomes

Natural conception in AMA women is associated with adverse neonatal and perinatal outcomes
compared to that in younger women. Depending on parity, AMA women can have a significantly
increased incidence of small (SGA) or large (LGA) for gestational age babies and preterm births
(PTBs) (Schimmel et al., 2015; Joseph et al., 2005). AMA can further contribute to adverse outcomes
such as antepartum still-birth (Huang et al., 2008); intrapartum-related perinatal death (Pasupathy
et al., 2011) and early neonatal death (Gilbert et al., 1999; Joseph et al., 2005; Jacobsson et al.,
2004). Several studies highlight the effect of parity in determining maternal as well as neonatal
outcomes (Chan and Lao, 2008). When births from older nulliparous women were compared with
younger nulliparous counterparts, significantly increased incidence of birth asphyxia, fetal growth
restriction and mal-presentation were observed in the older women; similar to the older and
younger multiparous group (Gilbert et al., 1999). While older nulliparous women had significantly
lower mean birth weight as compared to the younger nulliparous women, no differences were

observed in the multiparous groups. Similarly, AMA was independently associated with birth and

15



Chapter 1

spontaneous PTB (<37 weeks); LBW in neonates of older nulliparous women; and PTB in older

multiparous women (Chan and Lao, 2008).

AMA is also postulated as an independent risk factor for intrauterine growth restriction (IUGR)
(Odibo et al., 2006) and low birth weight (LBW) (Lee et al., 1988; Aldous and Edmonson, 1993; Jolly
et al., 2000; Goisis et al., 2017). IUGR is significantly associated with chronic hypertension and pre-
gestational diabetes. A positive relationship was observed between increasing age, especially in >35
years, and incidence of IUGR (Odibo et al., 2006). Low-birth weight offspring are more likely to
exhibit postnatal ‘catch-up’ growth, altered body composition and increased adiposity (Varvarigou,
2010). LBW has also been associated with respiratory, cognitive and neurological problems (Hack
et al.,, 1995; Kelly et al., 2001). Thus, fetal growth restriction may predispose offspring to
subsequent metabolic dysregulation and development of non-communicable diseases such as
cardiovascular disease, type-2-diabetes mellitus, neurological disorders and obesity in adulthood

(Sharma et al., 2016).

1.4.2.1 AMA and chromosomal anomalies

In humans, about 20% eggs and 9% sperm display aneuploidy (Martin, 2008). Aneuploidy levels
tend to increase with the developmental age being examined. While newborns and stillborns
mostly display about 0.3% and 4% of trisomy 21 and sex- chromosome trisomies respectively;
clinically recognised abortions and early missed abortions show much higher, i.e. about 35% and
70% of trisomic or monosomic aneuploidy levels respectively (Hassold et al., 1996; Ferro et al.,

2003; Philipp et al., 2003).

Spontaneous conception in AMA women imposes additional risks of accumulated damage and
mutations in the older oocytes, leading to chromosomal anomalies in the fetus and offspring
(Chiang et al., 2012). About 3% of AMA-offspring are born with birth defects out of which about
20% are due to chromosomal or genetic mutations. Abnormalities such as trisomy 13, 18 and 21,
and sex-chromosome anomalies increase exponentially with maternal age from 30 years and over,
increasing dramatically in women aged > 45 years (Hansen, 1986; Kim et al., 2013). As 10 % of AMA
pregnancies result in miscarriage, this may explain the extent of damage induced in older oocytes

and embryos.

Although some chromosomal/genetic defects inhibit successful pregnancies and result in
miscarriage and stillbirths, others like trisomy 21 (Down’s syndrome), are compatible of
development into adulthood. With the identification of DNA polymorphisms, it has been possible
to classify trisomy 21 to parental origin and stage of the chromosomal error (meiosis | [MI], meiosis

Il [M11], or postzygotic mitotic) (P. W. Yoon et al., 1996). When blood samples of infants with trisomy
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21 and controls were analysed, the distribution was 86% maternal (75% MI and 25% MIl), 9%
paternal (50% Ml and 50% MIl) and 5% mitotic. As compared to younger mothers (<25 years), the
older mothers (> 40 years) displayed an odds ratio of 5.2 for maternal Ml (MMI) errors and 51.4 for
maternal MIl (MMII) errors., showing a strong association between AMA, and Ml and Mll errors. It
follows that the incidence of Down syndrome pregnancies in AMA mothers has doubled from about

25% in the 1980s to 50% in 2002 (Resta, 2005).

14.2.2 AMA and positive perinatal outcomes

In contrast to the studies cited above, some studies report little or no adverse outcomes associated
with pregnancy in older women. For example, Barkan and Bracken (1987) reported no evidence
of risk of AMA on LBW, preterm delivery, mean birth weight and gestational age in older women.
Similarly, Kirz et al. (1985) did not observe any significant differences relating to pregnancy
complications, delivery and neonatal outcome in the old (>35 years) vs young (20-25 years) women.
Other studies even reported positive effects of AMA. Sutcliffe et al. (2012) found that children born
to older mothers had fewer unintentional injuries, increased immunisation schedule by 9 months
of age, and improved language development. Similarly, Tearne (2015) reported better behavioural
and cognitive outcomes in children born to older mothers. AMA-conceived children were also taller,
fitter, displayed less abdominal adiposity and plasma concentration of IGF-2 (Savage et al., 2013).
Similarly, fasting glucose levels and cholesterol in adult male offspring were observed to be reduced
with increasing maternal age (235 years) (Charlotte et al., 2016; Verroken et al., 2017). These
findings are more indicative of better socioeconomic status, experience and healthier lifestyle
awareness (breastfeeding, nutrition, benefits of exercise etc.) of AMA women, rather than
beneficial effects of biological mechanisms induced by reproductive/ chronological ageing (Tearne,

2015).

1.4.23 AMA and factors associated with reduced fertility

Reproductive ageing is characterised by the progressive decline in both quantity and quality of
oocytes, that further decrease the fertility and fecundity with advancing age (Te Velde and Pearson,
2002). Female fertility is influenced by chronological age, where age-related factors further
depreciate or damage the ovarian pool of follicle-enclosed oocytes. Chronological ageing induces
changes in several biological processes such as oxidative damage, genomic instability, ribosomal
damage, mitochondrial DNA damage, shortening of telomeres, changes in genetic programming,
cell apoptosis or senescence leading to cell death and systemic control of ageing (Johnson et al.,
1999). While chronological age is determined by the passage of time since birth, ‘biological ageing’

depends on several additional physiological factors.
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14231 Ovarian reserve, oocyte quality and endometrial receptivity

Physiological factors such as ovarian reserve of follicles and response to stimulation are the most
important markers of ‘biological age’ of an ovary (De Carvalho et al., 2008; Broekmans et al., 2009).
Other markers of ovarian ageing and premature ovarian failure, and transition to menopause,
include- serum levels of Anti Mullerian Hormone (AMH), inhibin B, oestradiol and follicle
stimulating hormone (FSH) (Visser et al., 2006; De Carvalho et al., 2008; Soto et al., 2009; Knauff et
al., 2009). In humans, increasing maternal age causes decrease in antral-follicle count (AFC) and
serum levels of AMH; whereas FSH levels rise as maternal age progresses (Wiweko et al., 2013).
Thus in most ART assessments, AMH and AFC are regarded better markers to determine accurate
ovarian follicular status than other hormonal markers (Fanchin et al., 2003). Although chronological
ageing is an important factor in infertility, reproductive ageing differs greatly among individuals,

depending upon their genetics, environmental factors and lifestyle (Carlo et al., 2009).

Additionally, older women display reduced structural and functional quality of cytoplasmic
organelles, especially mitochondria of both oocytes and surrounding granulosa cells (Ford, 2013).
Age-related differences have also been reported for ATP content (embryos > zygotes > oocytes)

(Zzhao and Li, 2012) and structure of human oocytes (de Bruin et al., 2004).

Maternal ageing (> 45 years) greatly reduces the incidence of successful pregnancies and deliveries
(Ron-El et al., 2000). Apart from decreased ovarian reserve, endometrial receptivity also reduces
with advanced reproductive age and causes higher rates of implantation failure (Yaron et al., 1993).
Endometrial biopsies of older women show high incidence of delayed or absent secretary

maturation (Yaron et al., 1993).

143 AMA: Animal models of reproductive ageing

Animal models present opportunities to understand the mechanistic basis of maternal reproductive
ageing whilst circumventing confounding factors such as ethnicity, general lifestyle and paternal
age, which can separately or interactively induce adverse effects on the health outcome of offspring

(Kovac et al., 2013).

Delayed motherhood or AMA in mice has been associated with adverse post-natal development of
the offspring. Tarin et al. (2005) analysed the long-term effects of AMA on reproductive fitness and
longevity of offspring. First generation (F1) young (10 weeks old) or old (51 weeks old) females were
mated with 12- to 14-weeks old males. AMA in F1 generation promoted higher pup mortality in the
first 3 days of birth; reduced body weight (during pre-weaning period); induced behavioural

alterations (at 24-37 weeks of postnatal age); and reduced overall lifespan of F2 offspring.
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Similarly, AMA (30 weeks) led to behaviour alterations, increased anxiety, reduced nest-building
skills and sociability in female offspring (Lerch et al., 2015). A recent study analysed genome-wide
MRNA expression in the hippocampi of 4-month-old male offspring (conceived by 15-18 month
females with embryos transferred to 3-month old females) (Sampino et al., 2017). These offspring
displayed increased anxiety and ultrasound vocalisation activity when separated from their foster
mother, compared to offspring of young control females (2-month old). This was related to altered
hippocampal gene expression. Comparable effects have been observed in humans, where embryos
from older women were transferred to younger surrogates (Tearne et al., 2016). Collectively, these
findings indicate programming of neurological development and subsequent offspring behaviour

from the earliest stages of embryonic development.

Due to increased resorption rates, litter size and birth weights are reduced in mouse AMA-
pregnancies (Harman and Talbert, 1970). Older dams also display increased infanticide (Mohan,
1974), which is not observed when pups are fostered to younger dams (Sampino et al., 2017),
further suggesting age-related changes in maternal behaviour-related hormones (Mann et al.,

1983).

AMA in mice also induces long-term effects on metabolic and cardiovascular function of offspring
(Velazquez et al., 2016). Similar to the study design described above, blastocysts (E3.5) from old
(34-39 weeks) and young (8-9 weeks) C57BL/6 females (naturally mated with young CBA males
(13-15 weeks)), were immediately transferred (ET, embryo transfer) to young (MF1, 8-9 weeks)
surrogates, hence representing an experimental ART model of AMA. Pregnancy rates were reduced
in AMA dams. Sex-dependent postnatal differences were observed in offspring derived from
embryos of young and old dams. Whilst ‘old-ET” female offspring were heavier and less glucose
tolerant compared to their young counterparts, no differences were observed in male offspring
between the two treatment groups. However, hypertension appeared to be more persistent in
‘Old-ET’ male than female offspring, relative to their ‘young-ET’ counterparts. Once again, these
effects appear to originate from events occurring in the pre-implantation embryo. Similar effects
of periconceptional programming on altered post-natal behaviour have also been observed in the
embryo transfer studies of Watkins et al. (2007), Rexhaj et al. (2013) and Lopez-Cardona et al.
(2015).

1.5 Assisted reproductive Technologies (ART)

Since the birth of the first IVF baby in 1978, more than 6.5 million babies (WHO, 2013) have been
born through ART worldwide and this number is expected to rise to as high as 10 million by 2020.

Despite major technological advances achieved in ART over the last four decades, there is
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increasing evidence that ART conceived children may be at greater risk of perinatal complications
and NCDs than naturally conceived children (Barnhart, 2013; Hyrapetian et al., 2014). These
include a higher incidence of PTB and LBW (Schieve et al., 2002; Declercq et al., 2015; Luke et al.,
2017), and congenital abnormalities such as cardiac septal, neural tube defects and esophageal
atresia (DeBaun et al., 2003; McDonald et al., 2009; Kéllén et al., 2010a; Kallén et al., 2010b).
Furthermore, IVF-children show increased instances of advancement of bone age and potentially
subclinical thyroid disorders (Ceelen et al., 2008b; Hart and Norman, 2013). Compared to fertile
women, sub-fertile and IVF-treated women tend to be older, often with pre-existing chronic
conditions or underlying pathologies that further increase risks of developing complications during
pregnancy (Vulliemoz et al., 2012). Thus, ART may induce adverse effects in the developmental
programme of the embryo and thereby contribute to the DOHaD hypothesis (Wang and Sauer,
2006).

1.5.1 ART and DOHaD

Human cohort data highlight that IVF children and adolescents suffer from greater risks of
increased blood pressure and glucose intolerance (Ceelen et al., 2008a; Valenzuela-Alcaraz et
al., 2013; Guo et al., 2017), systemic and pulmonary vascular dysfunction (Scherrer et al.,
2012), and cardiovascular remodelling in utero (Valenzuela-Alcaraz et al., 2013), making ART
an important cardiovascular risk factor. Several studies have also demonstrated an association
of ART with increased incidents of genetic disorders such as Angelman syndrome (AS) (Ludwig
et al., 2005; Sutcliffe et al., 2006) and Beckwith-Wiedmann syndrome (BWS) (DeBaun et al.,
2003), with cohorts showing 4% of BWS cases from ART conceptions, compared to 1.2% in
general population (E. Maher et al., 2003). IVF children have also been associated with perinatal
morbidity (Kalra and Molinaro, 2008) and increased risks of chromosomal anomalies, the
incidents of which further increase with ICSI (intracytoplasmic sperm injection; Mukhopadhaya

and Arulkumaran, 2007).

In addition, ART has been associated with changes in DNA methylation, leading to an increased
likelihood of rare genetic disorders (Chiba et al., 2013; Uyar and Seli, 2014; Lazaraviciute et al.,
2014). Epigenetic alterations to embryonic DNA during the periconceptional period may induce
short or long-term effects in the development of offspring. For instance, though BWS is
characterized by genetic heterogeneity, more than 90% of BWS cases are caused by defects in
genomic imprinting (Pinborg et al., 2016; Niemitz and Feinberg, 2004). Epigenetic aberrations may
also be associated with different aspects of ART (e.g. in vitro culture, duration or media used)
or manifest in genes due to infertility (Khosla et al., 2001; Calle et al., 2012; Ventura et al., 2015).

In some species, these effects may even be inherited over many generations through changes in
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the structure of chromatin and lead to transgenerational defects (Seong et al., 2012). However, it
should be noted that due to ethical reasons, most human embryo data is derived from poor-
quality (discarded) embryos. Without proper comparison with naturally conceived, healthy
embryos, the alterations in ART embryos remain to be confirmed. Hence, it is necessary to study
the potential of different ART treatments that prompt changes in the early environment of the

embryo and the critical processes that affect fetal growth.

1.5.2 Factors influencing ART outcomes

Although the vast majority of children conceived using ART techniques are apparently normal
(Beydoun et al., 2010), concerns regarding safe use of ART for the treatment of infertility have
been voiced for several years (Caperton et al., 2007). Procedures such as ovarian stimulation, in
vitro maturation, or both are used in conjunction with extended periods of embryo culture, and
have become increasingly common in human ART (Langley et al., 2001). Their direct and
independent effects, however, are difficult to ascertain as inevitably they are confounded by
factors such as parental age and underlying fertility disorders. With these considerations in mind,

each of these aspects will briefly be considered in greater detail.

1.5.2.1 Advanced maternal age (AMA)

With the advent of ART, sub-fertile, infertile and older women (often past their menopausal age)
have increased possibility of becoming pregnant. Moreover with increasing technological advances
and simultaneous cultural shift (improvement in social, economic and educational status of
women), more and more women are now delaying childbirth. However, the growing evidence of
increased risks of maternal age on adverse pregnancy and offspring outcomes have raised ethical
concerns regarding the age-limit of women undergoing such artificial procedures (Benshushan and
Schenker, 1993; Paulson et al., 2002). Sauer et al. (1993) reported the rescue of age-related decline
in female fertility by using eggs from younger women, and that oocyte donation from younger
women resulted in comparable pregnancy outcomes following ET to both older (>50 years) and
younger (<25 years) surrogates. Similarly, Paulson et al., (2002) performed a retrospective study
comparing women >38 years of age undergoing IVF with donor oocytes across different IVF clinics.
He reported that the AMA women did not display any maternal or neonatal complications, except
for a very few cases of mild preeclampsia (25%), severe preeclampsia (10%) and gestational
diabetes (17.5%). His team concluded that women aged 50 years or older could have successful
pregnancies with oocytes donated from younger women, and experience similar pregnancy rates
without complications. This study confirmed findings from his previous study, where oocyte

donation was extended to women over 40 years of age (Sauer et al., 1990). From these and other
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studies (Sauer et al., 1992; Pantos et al., 1993; Antinori et al., 1995; Paulson et al., 1997; Cohen et
al.,, 1999; Wang et al., 2012), one can conclude that oocyte ‘donor age’ is a major determinant of
success in ART, and is more important than age of the recipient woman in determining pregnancy

success.

In other studies, however, AMA in otherwise medically fit subjects, led to complications during
pregnancy which can be harmful to both the mother and baby. In two separate studies (Wennberg
et al.,, 2016; Moaddab et al., 2017) the incidence of adverse maternal outcomes such as
hypertension during pregnancy (HDP), gestational diabetes, placental abruption, placenta previa
and caesarean delivery increased with maternal age and was greater following ART than with
natural conception. Furthermore, in the study of Wennberg et al. (2016), the incidence of adverse
neonatal outcomes such as PTB, LBW and perinatal mortality was increased in ART than natural

cycles.

1.5.2.2 Other procedures used in assisted reproduction (human studies)

In addition to advanced reproductive ageing, factors such as ovarian stimulation, IVF and ICSI,
embryo cryopreservation and transfers also influence ART outcomes. Similar to IVF, ovarian
stimulation with gonadotrophins has been associated with increased risks of inducing multiple
pregnancies (Ombelet et al., 2006), LBWs (Kallén et. al., 2005; Wang et al., 2005) and aneuploidy in
pre-implantation human embryos (Baart et al.,, 2007; Verberg et al., 2009). Separate studies
indicate that transfer of frozen embryos influences pregnancy outcomes in terms of PTB, incidence
of large (LGA) and small (SGA) for gestational age babies, together with the prevalence of
congenital abnormalities (Pandey et al., 2012; Spijkers et al., 2017; Alviggi et al., 2018). LGA babies
are further prone to neonatal complications leading to non-insulin-dependent diabetes mellitus,
hypertension, and hyperlipidemia (Das and Sysyn, 2004); show slower growth in early infancy
(Chiavaroli et al., 2015), and have increased insulin resistance and inflammation in adolescence
(Stansfield et al., 2016). In order to increase the success rate of ART, most laboratories prefer
multiple to single embryo transfer. Multiple pregnancies, which occur in 1 in 10 from IVF
compared to 1 in 80 from natural births (Schachter et al., 2001), are linked to the occurrence of
PTB and increased morbidity in offspring. Furthermore, 10-20% of twin gestational sacs undergo
spontaneous reduction and lead to singleton pregnancies (Pinborg et. al., 2006) and the singletons
born, show significantly increased risks of very low birthweight, PTB, cerebral palsy, ante
partum haemorrhage, premature delivery and growth restriction. Given the strong association of
LBW and PTB with adult-onset diseases like CHDs, hypertension, type-2 diabetes and neurological
disorders (Fleming et al., 2004; Laas et al., 2012), the aforementioned ART-associated factors may,

therefore, further develop adverse health outcomes in later life.
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153 Animal models of assisted reproduction

Maternal environment and reproductive technologies can alter the epigenetic status of oocytes and
early embryos thereby influencing post-natal health of offspring (Uyar and Seli, 2014; Markunas et
al., 2016; Banik et al., 2017). Adverse effects of ART have also been observed in large animals
(Young, 1998; Barry et al., 2008). ‘Environmental epigenomics’ is the interaction between
endogenous (hormones/immune status) and exogenous (maternal diet or ART) factors and the
epigenome. Genomic imprinting during early embryogenesis, which is characterised by monoallelic
gene expression and X-chromosome inactivation, is a critical event (Reamon-Buettner and Borlak,
2007), dysregulation of which induces disorders such as autism, Angelman (AS) and Beckwith-
Wiederman Syndromes (BWS), and certain cancers (Sandhu, 2010). In mammals, epigenetic
modifications are established during the earliest stages of mammalian development (prior to and
following conception) and maintained throughout life although there may be modifications in
organs after birth. Animal models lend themselves to the temporal study of mechanisms such as

these.

1.5.3.1 Advanced maternal age (AMA)

Following on from the observations reported under Section 1.4.3., maternal ageing increases
damage to reproductive and other biological systems with a simultaneous decrease in adaptability
and energy utilisation of the body. While genetic factors are necessary for survival (and healthy
ageing), they account for only 20-30% of variation throughout lifespan (Herskind et al., 1996;
Mitchell et al., 2001). Thus, variations in stochastic events, environmental and non-genetic factors
or ‘environmental epigenomics’, play a vital role in determining ageing phenotype in mammals

(Wilson and Jones, 1983; Lipman and Tiedje, 2006; McCauley and Dang, 2014).

Advance maternal ageing (AMA) may induce dysregulation of DNA methylation and alter expression
of imprinted genes in oocytes. In mice, maternal age has been associated with the alteration of
gene expression patterns in metaphase Il oocytes (Toshio Hamatani et al., 2004). These altered
genes were found to be involved in mitochondrial function, oxidative stress, chromatin structure,
DNA methylation, genome stability and RNA helicases. Similarly, Yue et al.,, (2012) reported
decreased expression of DNMTs (Dnmt1, Dnmt3a, Dnmt3b and Dnmt3L) in MIl oocytes, together
with changes in genome-wide DNA methylation in oocytes and pre-implantation embryos, which

were associated with reduced reproductive potential of AMA mice.

Paczkowski et al., (2015) analysed epigenetic changes in fetal, placental and ovarian tissue collected
from 16.5 day of pregnancy from AMA (15 months) and control young (4-5 weeks) mice. Maternal

age was associated with fetal growth restriction, placental overgrowth, dysregulation of
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methylation in fetal tissue and aberrant DNA methylation patterns in placental tissue with
abundant transcripts of imprinted genes. AMA also dysregulated ovarian methylation, and ovarian
and uterine gene expression, including nutrient transport genes. Although, gene expression was
not altered as much in oocytes (as shown in other studies (Hamatani et al., 2004)), significant
changes in Kcng1 transcript expression were observed (Paczkowski et al., 2015). Kcng1 is a tissue
specific imprinted gene located in chromosome 11, and is associated with Beckwith-Wiedemann
Syndrome (BWS) (NCBI gene report 3784). Advanced maternal age-induced changes in oocyte
competence, gene expression and maternal fertility have also been observed in other studies

(Armstrong, 2001; Guglielmino et al., 2011; Liu et al., 2011).

In contrast, some studies have not reported any age-related differences in methylation patterns of
the differentially methylated regions of imprinted genes- Snrpn, Kcnqlotl, U2afl-rs1, Pegl, Igf2r
and H19 (Lopes et al., 2009). However, AMA dams displayed increase in resorption sites,
morphological abnormalities (including abnormal placental morphology) and developmentally
delayed oocytes. This suggested that although AMA affects post-implantation embryo and
placental development, embryos that do develop to mid-gestation continue to undergo normal

acquisition of DNA methylation.

Thus, maternal ageing has been shown to induce adverse effects on the methylation and gene
expression of reproductive tissues, follicular changes in the ovary, oocytes, embryos and reduced
implantation capacity of the uterus, thus affecting overall fertility of AMA mothers. Such adverse
changes in epigenetic modifications may partly explain the increased incidence of hypertension,
obesity and other non-communicable diseases in adulthood offspring born from advance aged

mothers (Velazquez et. al., 2016).

1.5.3.2 Other procedures used in assisted reproduction (animal models)

Many studies have reported an association between ART especially ovarian stimulation, imprinted
disorders such as AS and BWS, and potential risks of health and development in offspring (Maheret
al., 2003; J.R. and C.J., 2005; Chang et al., 2005; Ludwig et al., 2005; Uyar and Seli, 2014). Studies
have reported that ovarian stimulation induced aberrations in oocyte pronuclei (Vogel and
Spielmann, 1992), increased congression failure at first meiotic metaphase and produced aneuploid
oocytes with compromised nuclear and cytoplasmic maturity (Hodges et al., 2002; Roberts et al.,
2005) and DNA-lesions in early mouse embryos (Elbling and Colot, 1985). Exogenous gonadotropins
have further been shown to both disrupt (Ertzeid and Storeng, 1992) and delay (Auwera and Hooghe,
2001) zygote development, reduce cell number in blastocysts (Champlin et al., 1987), thus impairing
preimplantation embryo development, increasing post-implantation embryo loss, thereby reducing

litter size and birth weight. During folliculogenesis, the maternal germ-line imprinting process is
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vulnerable to environmental influences and epimutations (Waal and Mccarrey, 2010). Some studies
also proposed that ovarian stimulated oocytes may have an incompletely programmed maternal
genome, which further increase the risks of imprinting errors in oocytes, embryos and placental
tissue. The association between increased AS and BWS incidence following ovarian endocrine
stimulation, further suggests imprinting errors on the maternal allele, and their origin in the
oocytes. This theory is supported by the findings of Shi and Haaf (2002), Sato et al. (2007) and
Fauque et al. (2007), who showed a higher rate of abnormal DNA methylation in mouse oocytes
and embryos derived from ovarian stimulated dams, compared to those derived from no exogenous

endocrine stimulation.

Similar to effects of ovarian stimulation on embryo and offspring growth, in mice, cryopreservation
of preimplantation embryos has been found to have long-term developmental consequences,
increasing body weight and inducing behavioural abnormalities in offspring (Dulioust et al., 1995).
Kader et al.,, (2009). Cryopreservation induces DNA damage and reduces survival of mouse
blastocysts, where the susceptibility increases with advancing stage of blastocyst development
(Massip et.al., 1984; Zander-Fox et al., 2013). Slow-controllable freezing also reduces ICM and
epiblast cell viability in mouse embryos, and delays blastocyst development, hatching and
implantation rate (Uechi et al., 1999; Zander-Fox et al., 2013). Furthermore, Homayoun et al. (2016)
observed vitrification-induced changes in morphological (increased zona pellucida thickness) and
morphometric (reduced blastomere volume) parameters of the embryos, thereby increasing the
incidence of aneuploidy (Wu et al. 1999). High concentrations of cryoprotectants used in
vitrification cause intense dehydration and shrinkage in embryos. For example, Dimethyl sulfoxide
(DMSO), cryoprotectant used in freezing, has been shown to induce detrimental effects on cellular
function (i.e. metabolism and enzymatic activity), growth (i.e. cell cycle and apoptosis) and
differentiation (Santos et al., 2003). In mouse preimplantation embryos, DMSO also increased early
oxidative stress responses by disrupting pro- and anti-oxidant balance, increased expression of
unfolded protein-response genes (Hspa5, Hsp90b1, Ddit3, Atf4, and Xbp1), subsequently causing
dose-dependent developmental arrest along with mitochondrial depolarization/dysfunction,
apoptotic cell death (via JNK/ATF2 pathway), and excessively increased autophagy and mitophagy
expression (Kang et al., 2017). This further led to decrease in ICM and trophectoderm cell number,
and decreased implantation and developmental rates (Zhou et al., 2014; Kang et al., 2017). Gene
ontology studies in mouse embryos have also revealed slow-freezing-induced altered expression of
genes involved in protein metabolism, transcription, cell organization, signal transduction,
intracellular transport and development (Mamo et al., 2006; Dhali et al., 2007; Larman et al., 2011).

Vitrification and culture can also lead to epigenetic dysregulation. Jahangiri et al. (2014; 2018)
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reported increased histone (H3) modifications in H19 imprinted genes, significantly increased levels

of Igf2 and, contrastingly, decreased expression of Oct4 in mouse blastocysts.

1.6 Mouse embryonic stem cells as a model system for DOHaD

Like humans, mice can develop most NCDs such as certain cancers, hypertension and diabetes,
making them a desirable animal model for studies in developmental biology and DOHaD more
generally (Edwards et. al., 1980; Bongso and Tan, 2005; Cockburn and Rossant, 2010). In addition,
mouse embryos share many common features to human embryos (Harlow and Quinn, 1982;
Edwards et al., 1981; Trounson et al., 1982). Physiological similarities in the temporal sequence of
events of cleavage, compaction and blastocoel formation make the mouse a good model to study
human preimplantation development. Specifically, the first three to four cleavage divisions occur
within 10 h of syngamy in the mouse embryo and within 13-16 h in the human embryo. Cell cycle
length thereafter is ~12 h for each species, reaching the fully expanded blastocyst stage after 84-
96 h (mouse) and 108-120 h (human) (Figure 1.4). It is around this time that the three major cell
lineages of the embryo and extraembryonic membranes are specified. As described in Section 1.2
(Figure 1.2), the epiblast (Epi) will give rise to the fetus, the trophectoderm (TE) will give rise to the
fetal contribution to placenta, and the primitive endoderm (PE) will develop into the parietal and

visceral endoderm, later forming the yolk sac (Cockburn and Rossant, 2010).

Human embryos, however, do differ in several subtle ways. For example, they differ with respect
to zygote centromere inherence (Mercader et al., 2006; Biggers and Summers, 2008), gene
expression patterns (Dobson et al., 2004; Hamatani et al., 2004; Bell et al., 2008), susceptibility to
genetic instability (Vanneste et al., 2009) and interval to embryonic genome activation (Braude et
al., 1988; Duranthon et al., 2008) relative to the mouse. Additionally, the average diameter of
mouse embryos at 70 um is about half that of human embryos, thus making the volume of the

human embryo ~8-fold larger than the mouse embryo.
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Figure 1.3 Stages of mouse and human preimplantation development.

(A) In the mouse, the fertilized egg undergoes three rounds of cell division to produce an eight-cell
embryo which later undergoes compaction. The blastocoel cavity forms on the inside of the embryo
at around the 32-cell stage and continues to expand as the embryo grows and matures into a late
blastocyst at E4.5. (B) Development is similar in the early human embryo, although compaction
occurs at the 16-cell stage and as development progresses. The timing of blastocyst formation
occurs around 36 h later in the human embryo which undergoes an additional round of cell division
prior to implantation, at ~256-cell stage compared to ~164 cells in the mouse blastocyst (Niakan
et al.,, 2012).

Additionally, mouse and human embryo metabolism is also similar. In both species, the early
preimplantation embryo relies, to a greater or lesser extent, on endogenous energy sources such
as ATP and glycogen and, for several mitotic cell cycles, they both use pyruvate, lactate and amino
acids to maintain intermediary substrate and cofactor levels (Quinn and Wales, 1973; Wales, 1975;
Blerkom et al., 1995). During compaction (from the 8-cell stage), and at the onset of blastocoel

cavity formation, the energy demand of the embryo increases and relies to a greater extent on

aerobic glycolysis (Barnett and Bavister, 1996; Lane and Gardner, 1996).

These changes have been studied during in vitro culture and endogenously by analysing the
metabolic components of the reproductive tract fluid (Quinn, 1997). The early mouse and human
embryo also has a requirement for glutamine and other non-essential amino acids (Quinn et al.,
1995; Lane and Gardner, 1996), together with inorganic phosphate (Pi). Above certain threshold
levels (typically > 1.5 mM) glucose and Pi together are inhibitory (Leese, 1995; Barnett and Bavister,
1996). The utilization of exogenous glucose increases during the latter half of preimplantation
development, and its presence in culture medium together with glutamine and other amino acids

is beneficial for development in both species (Conaghan et al., 1993; Lane and Gardner, 1996).
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These similarities in metabolism, therefore, render the mouse a valuable model to study the effects

of maternal age, diet and ART.

Previous work in Southampton (using the mouse as a model species) found that poor maternal
nutrition during the periconception period affects the formation and characteristics of early embryo
cell lineages leading to adult offspring cardiometabolic disease (Watkins et al., 2008; Watkins et
al., 2015; Sun et al., 2015). These developmental modifications could be retained and propagated
(possibly by epigenetic means) in embryonic stem cell (ESC) lines derived from nutritionally
deprived embryos. As changes in lineage specification causes permanent alterations in the
physiology and functionality of tissues (Morris and Zernicka-Goetz, 2012; Condic, 2014), analysing
the processes that regulate pluripotency and cellular differentiation during and following
preimplantation development would provide key insights into the adverse effects of advanced

maternal age (AMA), diet and ART.

1.6.1 Mouse embryonic stem cells (mESCs): Origin

Stem cells (SCs) are characterized by their developmental potential for self-renewal and
differentiation (Gardner and Beddington, 1988). In mammals, only the zygote and early
blastomeres are considered to be totipotent. Totipotent cells are capable of generating an entire
organism by self-replication and differentiation into all cell types including extra-embryonic tissues
that form the fetal placenta and membranes (Rossant and Tam, 2009; Mitalipov and Wolf, 2009).
As the zygote and early blastomeres undergo cleavage divisions to form a blastocyst, they lose this
potential. In mice, this formation occurs typically by 3.5 days after fertilization. After fertilization,
the zygote and the morula up to the early blastomere stage consist of totipotent stem cells. Mouse
embryonic stem cells (mESCs) are derived from the ICM of the pre-implantation blastocyst (E3.5),
and are said to be pluripotent. That is, these cells can self-renew and generate into almost all cell
types in the body, but not the entire organism as they lack the placenta forming cells
(extraembryonic trophoblast lineage) (Nagy et al., 1993; Brons et al., 2007). This is depicted in
Figure 1.5. The ICM of the blastocyst develops into the pluripotent epiblast (red) and primitive
endoderm (blue). Epi-stem cells (EpiSCs) are obtained from the pluripotent epiblast, present in

post-implantation embryos (E5.5-6.75) (Czechanski et al., 2014).
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Figure 1.4 Overview of preimplantation development in mice.
(Czechanski et al., 2014)
1.6.1.1 Mouse embryonic stem cells (mESCs): Derivation and maintenance

In the 1980s, two laboratories independently and simultaneously reported that they had derived
and cultured pluripotent mESCs in vitro (Martin, 1981; Evans and Kaufman, 1981). Embryonic stem
cells possess several fundamental properties including ‘self-renewal, multi-lineage differentiation,
clonogenicity, a normal karyotype, extensive proliferation, and the ability to be frozen and thawed’
(Smith, 2001). Ever since, a plethora of culture conditions and techniques have been developed to
derive mESC lines by the dissociation of ICM cells from plated blastocyst outgrowths (Nagy et al.,
1993; Czechanski et al., 2014). Murine embryonic fibroblasts (MEFs) (also called feeder or helper
cells) were first used in the 1970s to establish pluripotent teratocarcinoma (stem) cell lines (Martin
and Evans, 1974). Since then, feeder cells have also been used for studying embryonal carcinoma
cells and in the derivation of mESCs (Evans and Kaufman, 1981). Typically, MEFs are mitotically
inactivated using Mitomycin C (MMC) or by y-irradiation; although they continue to metabolise by
maintaining gene transcription and protein synthesis. Whilst MMC efficiently and specifically
crosslinks with the CpG regions of DNA; y-irradiation induces breaks in DNA strands (Ponchio et al.,

2000; Conner, 2001; Michalska, 2007).

Mitotic inactivation is an essential step in mESC derivation and prevents feeders from growing over
the stem cells. Though feeders are a different cell population, and their use in conjunction with
stem cells has been debatable, the cellular matrix assists embryos to attach and encourages stem
cells to proliferate (Li et al., 2004). In vitro, feeders release embryo trophic factors and reduce the
inhibitory effects of fetal bovine serum (FBS) in culture media. They overcome the developmental
block, activate the embryonic genome and promote embryonic survival and development by
secreting various growth factors. They also protect the embryo against oxygen toxicity (Vanroose
et al., 2001). Although human foreskin fibroblasts (hFF) also support the propagation of human and
mouse ESCs (Hovatta et al., 2003), MEFs are more commonly used for maintenance of mESCs

(Eiselleova et al., 2008).
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Additionally, FBS conditioned media has been used as a universal growth supplement media for cell
and tissue culture, including mESCs (Li and Kirschner, 2014). Fetal bovine serum contains a
combination of cell replication stimulators and cell differentiation inducers. As it is a biological
product, it has never been completely characterised, raising major concerns about its
immunogenicity and potential pathogenicity (i.e. presence of endotoxins, mycoplasma, viral
contaminants or prion proteins) (Jochems et al., 2002), along with batch to batch variations
(Gstraunthaler et al., 2013). Therefore, many researchers have replaced the use of FBS with
chemically defined media (CDM) (Lee et al., 2012) containing chemically-defined Knockout™ serum
replacement (KO/SR) (Goldsborough et al., 1998) and N2B27 (Nichols and Ying, 2006)

supplementation.

Mouse embryonic stem cells have a high rate of cell division and differentiation. Maintenance of
their phenotype (including pluripotency) in vitro requires their endogenous differentiation capacity
to be inhibited while maintaining their proliferation rate. This is achieved by using a haemopoietic
regulator, myeloid leukaemia inhibitory factor (LIF). LIF induces differentiation in M1 myeloid
leukemic cells and assists in the derivation and maintenance of mESCs pluripotency (Williams et

al., 1988; Smith et al., 1988) in feeder- and serum- free culture conditions (Nichols and Ying, 2006).

1.6.1.2 Pathways influencing mESC phenotype

LIF is an active constituent of the many pathways that play a role in the self-renewal, pluripotency
and proliferation of mESCs (Williams et al., 1988; Smith et al., 1988; Murray and Edgar, 2001). It is
a member of the interleukin 6 (IL6) family of cytokines and interacts with cell surface complex of a
heterodimeric receptor LIFRB (LIF receptor B) and the transmembrane signalling molecule
glycoprotein 130 (gp 130). The ligand binding results in the activation of three signalling cascades:
Janus Kinase (JAK)/ STAT3 (Signal transducer and activator of transcription-3), the
phosphatidylinositol 3-kinase (PI3K)-mediated pathway, and the mitogen-activated protein kinase

(MAPK) cascade.

LIF is sufficient in triggering JAK-STAT3, which is essential in maintenance of pluripotency (Smith et
al., 1988; Niwa et al., 1998; Matsuda et al., 1999). Signal transduction occurs when LIFRB-gp130
binds to JAK in the intracellular gp-130 domain (Yoshida et al., 1994); where it is phosphorylated by
STAT3 and translocated to the nucleus to express genes involved in self-renewal (Niwa et al., 1998).
LIF also plays a key role in activating the MAPK/ERK (extracellular-signal-regulated kinase) pathway,
which induces mESC differentiation (Niwa et al., 2009; Li and Ding, 2010), thus maintaining

synergistic association to ensure a regulated mESC response.
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Although LIF is essential for the derivation and maintenance of many mESC lines, some strains lose
their derivation efficiency in its presence (Kawase et al., 1994; Li et al., 2005). As LIF’s efficiency is
limited to supporting mESCs, (Brevini et al., 2007; Keefer et al., 2007), the scope of other regulatory
and signal transduction mechanisms and pathways for self-renewal, proliferation, differentiation
and apoptosis have since been explored (Burdon et al., 2002; Liu et al., 2007). The canonical Wnt/R
catenin signalling is endogenously involved in the short-term self-renewal and pluripotency
maintenance of both hESCs and mESCs (Aubert et al., 2002), though its main role is in the regulation
of ES differentiation (Lee et al., 2010). Wnt/R catenin pathway upregulates the mRNA expression
for STAT3. It therefore allows LIF to act along with Wnt proteins to inhibit ES differentiation (Hao et
al., 2006) and to enhance self-renewal by activation of pluripotency genes, including transcription
factors Nanog, Oct3/4 (Octamer binding transcription factor 3 or 4), and KIf4 (Krippel-like

transcription factor 4).

Glycogen synthase kinase 3 (GSK3), a serine threonine kinase, is a key enzyme involved in
conversion of glucose to glycogen (Rayasam et al., 2009). In addition to its association with insulin
signalling and embryonic development, it plays a crucial role in the regulation of Wnt/B-catenin,
Hedgehog, and Notch signalling pathways. It is inactivated in its phosphorylated form. Upon de-
phosphorylation it enhances glucose synthesis, destabilizes the cytoplasmic B-catenin (B-Ctnn) and
inhibits cell proliferation. Wnt inhibits and degrades the GSK3 complex and allows the B-Ctnn to
translocate in the nucleus where the target genes such as c-Myc and Cyclin D1, promote cell

proliferation and self- renewal.

More recently, novel mitogen-activated protein kinase (MAPK)/extracellular signal- regulated
kinase (ERK) or MEK inhibitors such as PD0325901 or SU5402 have been used to eliminate
differentiation-inducing signalling from MAPK. Additionally, the GSK3 inhibitor CHIR99021 has also
been used to enhance ESC growth capacity and viability in mouse (Q.-L. Ying et al., 2008b) and rat
ESC lines (Buehr et al., 2008). Therefore, in recent years several ESC lines have been derived and
established using biochemical inhibitors in the absence of feeders. Most recently, a GSK3 inhibitor,
BIO (6- Bromoindirubin-3’-oxime), was also used to successfully derive ES cells from Kunming mice

IVF blastocysts in feeder- and serum- free conditions (Liu et al., 2015).

1.6.2 Neural induction (NI) in mESCs

As discussed in Section 1.6.1, mESCs are pluripotent cells derived from the ICM of preimplantation
blastocyst (E3.5) and have been observed to be capable of resuming back their proliferative and
differentiating abilities when re-introduced into the blastocyst. As stated previously, mESCs

maintain their self-renewing capacity mostly via the transmembrane gp130, LIF, the removal of
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which, induces spontaneous differentiation into the mesoderm, endoderm and ectoderm. In vitro,
the pluripotent characteristics of mESCs have been further utilised by introducing specific genetic
alterations and thus inducing targeted differentiation across specific cell lineages. This was initially
achieved through the formation of suspended multicellular aggregates called embryoid bodies
(EBs). For targeted neural differentiation, EBs are cultured in the presence of retinoic acid (RA) (Bain
et al., 1995), or co-cultured with stromal cells/ conditioned medium (Kawasaki et al., 2000) and
plated on to laminin or gelatin. Cells within the EBs displayed a range of cells with neural
morphology, and neuron- and glial- (including for astrocytes and oligodendrocytes) specific genes.
Most neurons generated from EB cultures were GABAergic (where GABA stands for y -aminobutyric
acid), although other studies also produced dopaminergic and serotonergic neurons (Lee et al.,
2000). However, as EBs depict a complex interaction of heterologous population of differentiating
stem cells at distinct stages of cell cycle, unless other lineages are strictly inhibited, they may result
in the formation of derivatives from all three germ layers (Brickman and Serup, 2017). Furthermore,
cell-to-cell communication and transportation of growth molecules varies across the compact
structure of the EBs, often with varying density, cell number and shape. Thus to reduce undefined
variables and increase culture homogeneity, neural commitment has been observed to be better
attained by monolayer differentiation of adhered mESCs, methods initially developed by Ying et al,
(2003). However, in order to develop rational strategies to utilise the ES-based culture system, it is
important to perform systematic and detailed characterisation of neural differentiation in these

cells.

Most extensively studied mESC differentiation has been directed towards the production of neural
lineages such as neurons, radial glial cells, oligodendrocytes and astrocytes (Visan et al., 2012). Such
in vitro culture systems aim at recapitulating complex in vivo events occurring in the inaccessible
embryo to multi-step processes of neural differentiation i.e. from the initial stages of neural
induction to terminal differentiation of neurons and/ or glial cells. As a result, they have achieved
to produce distinct stages of neural stem cells, progenitors and intermediate neural cell populations
with neurosphere-like morphology. Additionally, mature neurons (tested positive for MAP2
protein) derived from these protocols expressed synaptic proteins, neurotransmitters such as
serotonin and y-aminobutyric acid, and the presence of functionally active glutamate and
dopamine receptors. Therefore, derived neural cells represent an efficient and malleable culture
system to compare in vivo and in vitro neural lineage differentiation and to detect the effects of in

vivo maternal environment on the neural population of the developing embryo.
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1.6.2.1 Signalling pathways and in vitro NI

While several protocols have used a combination of RA and sonic hedgehog (Shh) to differentiate
mMESCs into mature neurons (Wichterle et al., 2002), their differentiation efficiency has only been
moderately successful. Within most of the 2D in vitro culture systems, mESCs are grown in serum-
and feeder- free cultures in the absence of BMP signals, as BMPs have been implicated in
maintaining pluripotency and thus inhibiting neural differentiation (Di-Gregorio et al., 2007). In
mMESCs, BMPs and STAT3 are involved in self-renewal (Ying et al., 2003) and thus act as inhibitor of
differentiation (Id) genes and differentiation-promoting pathways such as the mitogen-activated
protein kinases (MAPK) (X. Qi et al., 2004). As BMP-mediated inhibition is also observed in vivo, it
is suggestive of similar mechanisms that control differentiation and in particular, the neural fate
during embryo development until E7.25, as the anterior neural markers are not expressed until

then (Yang and Klingensmith, 2006).

Noggin and Dorsomorphin are two specific BMP antagonists that block BMP activity and thus are
commonly used as default models during in vitro neurogenesis for the growth and patterning of the
neural tube andsomites (McMahon et al., 1998; Graham et al., 2014). Similar to in vivo
development, neurogenesis is further enhanced by FGF signaling that serves pivotal in the autocrine
induction mechanism, hence promoting an efficient neural commitment of mESCs (Kunath et al.,
2007). This is achieved by inhibition of BMP signaling by MAPK-mediated phosphorylation of
SMAD1 linker (Sapkota et al., 2007), although some studies have also shown that FGF/Erk can
induce NI in mESCs independent of BMP activity (Stavridis et al., 2007). Together with Noggin, FGF
promotes a posterior neural identity and induces neural tissue formation (Sinha and Chen, 2006).
FGF signaling also plays an important role in initiating and later maintaining the neural precursor
(NP) characteristics, and so some protocols use FGF as an instigator of neural commitment, which
once established, is cultured in its’ absence to promote further differentiation of NP cells (Ying et

al., 2003).

Fate of NPs within the embryonic neuroepithelium is also controlled by the activity of the Notch
Pathway, inhibition of which leads to precocious neural differentiation (Yoon and Gaiano, 2005).
Monolayer in vitro cultures of neural differentiation consisting of NPs and neural rosettes expressed
Notch 1, 2 and 3, genes along with Delta-like, Jagged and hes genes, that are also expressed during
early embryonic neural development, further displaying similarities between the in vivo and in vitro
differentiation during the early NI period (Ohtsuka et al., 1999). Similar to FGF signaling, the
inhibition of Notch signaling induces differentiation of NPs demonstrated by the expression of
neuron markers such as Beta Il Tubulin and morphological changes, i.e. from rosettes to large

rounded ganglion-like clusters of differentiating neurons, with extensive neurite outgrowths
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(Abranches et al., 2009a). Interestingly, as the cultures continue to differentiate, the extent of
Notch inhibition increases (especially at Day 8 of differentiation) however, Notch receptors are still
observed to be active (at lower levels) even at Day 16 of differentiation. It has been observed that
at later stages of differentiation, the specificity of Notch receptors shifts from neuronal to gliogenic,

as also observed during embryo neural development (Qian et al., 2000; Shen et al., 2006).
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1.7 Development of working hypothesis

Adverse maternal environment during the periconceptional period influences embryo and fetal
development, and predisposes offspring to adult-onset non-communicable diseases. Previous
work using mouse models has demonstrated that advanced maternal age (AMA) and maternal low
protein diet (LPD) program the preimplantation embryo (E3.5) in a manner that alters its formation
(ICM:TE), metabolism and subsequent lineage allocation thus enhancing the risk of
cardiometabolic and neurodevelopmental disorders in offspring. AMA and LPD-induced
modifications in the numbers and ratio of ICM and TE cells of the blastocysts suggests effects on

cell proliferation and lineage specification.

The current thesis is based on the premise that mESCs derived from E3.5 blastocysts provide a
powerful model to investigate environmental effects on the preimplantation embryo; i.e. they
provide an unlimited supply of pluripotent cells that can be induced to differentiate into lineages
that go beyond the normal period of implantation during in vivo development. Using such a model,
preliminary studies undertaken at Southampton with LPD mESCs and embryoid bodies (EB)
indicated changes in phenotype and epigenetic programming of ICM derived ESCs (Cox et al., 2011;
Sun et al., 2014, 2015).

The present series of studies, therefore, sought to assess the effects of two major aspects of
maternal environment; specifically, advanced maternal age (AMA) and maternal LPD, that each
contribute to DOHaD. The studies utilised C57BL/6 female mice mated with sexually mature CBA
males as an animal model. To determine the consequence of AMA and LPD on founder ICM cells
within the blastocyst, a process that is difficult to study in vivo, maternal effects were analysed
on MESC lines derived from E3.5 blastocysts. For the AMA study, mESC lines were derived and
established from Old (7-8 months) and Young (7-8 weeks) dams; whereas the LPD studies were
based on normal and low protein diet (NPD and LPD) mESC lines derived by a former PhD student,
Dr. Andy Cox. Pluripotent mESC lines were derived and evaluated to assess changes in their
phenotype and responsible molecular mechanisms, thus overcoming limitations posed by
small numbers of cells and rapidly changing development of in vivo blastocysts. Thus, in the current

thesis, mESC lines acted as a model of the inaccessible blastocyst within the mother.
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1.7.1 Aims and objectives

Therefore, this thesis sought to assess the effects of advanced maternal age and dietary restriction
during the periconceptional period on aspects of subsequent development using mESCs as an

experimental model. This overall aim was addressed as three objectives listed below and depicted

in Figure 1.6.

Objective 1: To determine the effects of advanced maternal age (AMA) on embryo development

and characteristics of mESC lines derived from E3.5 blastocysts.

Objective 2: To establish the effects of maternal low protein diet (LPD) on metabolomic profiles of

derived mESC lines

Objective 3: To investigate the effects of maternal low protein diet (LPD) on neural differentiation

of derived mESC lines
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Chapter 2  Effects of Advanced Maternal Age (AMA) on

derived mESC lines

2.1 Introduction

Advanced maternal age (AMA) is associated with increased gestational diabetes (Biro et al., 2012),
preterm births, hypertension, pre-eclampsia and other complications (Delbaere et al., 2007;
Carolan, 2013; Ferré et al., 2016) that induce adverse neonatal and perinatal outcomes (Laopaiboon
et al., 2014). As discussed in Section 1.4.2.3, AMA has detrimental effects on the ovarian reserve
and oocyte quality, maternal uterine environment including endometrial receptivity; thereby
affecting embryo formation, fetal development and postnatal health of offspring (Pellicer et al.,
1995; Janny and Menezo, 1996; Meden-Vrtovec, 2004; Carolan and Frankowska, 2011a; Rasool and
Shah, 2017; Shirasuna and lwata, 2017).

Human-based studies have also observed AMA-induced decrease in placental weight, along with
decreased surface antigen and transcript expression of CD105 and CD29 (markers of angiogenesis)
in placenta-derived mesenchymal stem cells (MSC) (Alrefaei et al., 2015). Maternal ageing is known
to induce structural and functional changes in cytoplasmic organelles, especially in the
mitochondria of oocytes and granulosa cells of older females (Kushnir et al., 2012). This further
reduces ATP content, telomerase activity and telomerase length in stem cells inducing cell
senescence (Bruin et al., 2004). As reproductive ageing in humans is a multifaceted phenomenon
and depends on maternal genetics and epigenetics that are influenced by environmental aspects
including paternal health and lifestyle (Carlo et al., 2009), it emphasises the need for controlled

experimental studies in animals.

AMA in mice decreases blastocyst cell number, and increases blood pressure and reduces glucose
tolerance in offspring, in a sex dependent manner (Velazquez et al., 2016). As these offspring were
derived from the blastocysts (E3.5) of older dams that were transferred to younger dams until birth,
observed AMA effects were restricted to E3.5. Reduced cell number in blastocysts have further
been associated with AMA- induced growth-restriction in offspring (Master et al., 2015), and
decreased placental and fetal weight (Wakefield et al., 2011). Additionally, AMA reduced embryo
size and somite number, without altering litter size (Lopes et al., 2009). Alterations in cell
proliferation (induced by periconceptional diet) during blastocyst development has also been
associated with metabolic and mitochondrial dysfunction in embryos (Mitchell et al., 2009).

Although the importance of maternal environment and the periconceptional period have been
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demonstrated previously (Watkins et al., 2007; Rexhaj et al., 2013; Lopez-Cardona et al. 2015;
Velazquez et al., 2016), little is known about how ‘AMA’ impacts the underlying mechanisms at the

sensitive stage (i.e. periconceptional period) of development.

MESC lines derived from E3.5 blastocysts of low protein diet (LPD) fed dams showed phenotypic
differences (including reduced proliferation, pluripotency and survival) compared to control,
normal protein-derived mESC lines (Cox et al., 2011). Furthermore, embryoid bodies derived from
LPD mESC lines also showed persistent periconceptional programming in histone modifications to
regulate Gata6 expression and PE growth (Sun et al., 2015). Collectively, these studies
demonstrated the propagation of nutritional programming adaptations in vitro, mimicking the
inaccessible blastocyst within the mother while propagating blastocyst-stem cell population (i.e.
inner cell mass, ICM). This further led to reducing animal use, in accord with the principles of the

3Rs (replacement, reduction, and refinement).

Similarly, the present study utilised the self-renewal potential of mESCs in exploring the impact of
AMA. Young (7-8 weeks) and Old (7-8 months) C57BL/6 female mice were mated with sexually
mature (4-5 weeks) CBA males. Mouse ESC lines were derived from E3.5 blastocysts and were
maintained in low passage numbers (P9-P11) on mouse embryonic fibroblasts (MEFs). Due to
limited number of derived Female mESC lines, impact of AMA was analysed only between Male
mESC lines, although sex differences were observed within the ‘Old mESC group’. Mouse ESC lines
were observed for phenotypic differences based on mESC line derivation efficiency, pluripotency,
proliferation rate and cell senescence between the groups (i.e. Young male v Old male and Old Male
v Old Female). The current study focussed on the effects of ‘reproductive ageing’ and not on
chronological ageing in mice, and thus the chosen period of 7-8 months reflects the onset of
reproductive ageing (depicted by oocyte damage), rather than a substantial or complete loss of
reproductive function. Although animal studies offer no direct comparisons with humans, the age
model used in the present study represents the practice of delayed childbearing in the current

society.
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2.2 Materials and Methods

2.2.1 Animal Procedures

All mice and experimental procedures were conducted using protocols approved by, and in
accordance with, the UK Home Office Animal (Scientific Procedures) Act 1986 and local ethics

committee at the University of Southampton under UK Home Office Project License PPL30/3001.

2211 Animals and embryo collection

C57BL/6 mice (University of Southampton Biomedical Research Facility) were housed on a
controlled 07.00-19.00 h light cycle at 21°C and fed standard laboratory chow (Special Diet
Services) and water ad libitum. For advanced maternal age (AMA) experiments, Young (7-8 weeks)
and Old (7-8 months) C57BL/6 females were naturally mated with sexually mature CBA males (3-4
months old). Mating was confirmed the following morning (EQ.5) by the presence of a copulation
plug (vaginal plug). Mice were subsequently culled by cervical dislocation, an approved Schedule

1 method. In order to flush E3.5 embryos, oviducts and uterine horns were dissected and

immediately placed in pre-warmed H6-BSA (buffer with 4mg mI—1 bovine serum albumin, Sigma,
embryo culture tested, A3311, Appendix A). Once the embryos were collected, they were
transferred to a fresh dish containing embryo culture media, KSOM (Potassium supplemented
simplex optimized medium, Appendix A) drops covered with a layer of mineral oil (Sigma Aldrich).
Embryos were moved across the drops and washed thrice. Females were culled at E3.5 for AMA

experiments and blastocysts were directly used for mESC derivation.

2.2.1.2 Embryo staging

To evaluate the effect of maternal age on development, the embryos derived at E3.5 from ten
female C57BL/6 dams (Young and Old) were staged according to their morphology, number of cells
(if countable), compaction of morula, and the proportion of inner cell mass (ICM) and

trophectoderm (TE) (see Figure 2.4).

2.2.2 Cell culture
2.2.2.1 Mouse embryonic fibroblasts (MEFs) preparation

Primary mouse embryonic fibroblasts (MEFs) were isolated from fetuses of MF1 female mice with
timed pregnancies (E14-E15). Fetuses were surgically dissected from both uterine horns and all
steps were performed under a sterile hood with autoclaved dissection equipment. The brain and

visceral organs were removed and the trunks were washed with pre-warmed PBS to get rid of blood
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before finely mincing and incubating in trypsin: Ethylenediaminetetraacetic acid (EDTA) (0.05%;
Gibco, 25300) at 37°C in 5% CO, for 15 min with intermediate pipetting to ensure proper tissue
dissociation. Trypsin activity was reduced with the addition of MEF medium ((Dulbecco modified
Eagle medium (DMEM) [Gibco, 42430] supplemented with 10% FBS [Sigma], 2 mM glutamine and
penicillin [50 U/ml]/ streptomycin [50 pug/ml] (Gibco, 10378)), and DNAse (100 pg/ml) to cleave
and break DNA strands. Cells were washed and centrifuged at 1,500 rpm for 5 minutes and the
resultant pellet was re-suspended in MEF medium. Cells were plated onto 15 cm tissue culture

dishes and cultured in a humidified environment at 37°C, 5% CO,. Once MEF cells were 80 %

confluent, they were frozen (at -80°C for short-term and liquid N; tanks for long-term) in MEF

medium supplemented with 20% FBS and 10% dimethyl sulfoxide (DMSO, Sigma, D5879).
2.2.2.1.1 Preparation of Mitomycin C treated MEF cells

MEFs were thawed and expanded for up to 2-3 passages in MEF medium (Section 2.2.2.1.) before
they were mitotically inactivated. To ensure proper mitotic inactivation, MEFs were treated with
mitomycin-C (MMC, Fisher Scientific, 10182953). MMC arrests the MEF cells at metaphase. Once
the untreated MEFs were 80-90% confluent (observed as area covered by adherent cells under a
Brightfield microscope), they were treated with 1 mg/mL MMC to get a final concentration of 10
pg/ ml. MMC was added directly to the MEF medium and the dishes were incubated for 3 h at 37°C,
5% CO, in air in humidified incubator. Gelatin (Sigma, G1393; 0.01% in PBS) coated dishes were
prepared. After 3 h of incubation with MMC, MEF dishes were washed 2-3 times with PBS and
trypsinized with 0.05% trypsin-EDTA (20 ml) at 37°C and 5% CO, for 5 min. Single cells were washed
and centrifuged at 1,200 rpm for 5 min. The pellet was re-suspended in fresh MEF medium and
seeded on pre-prepared gelatin coated dishes. Once the MEFs were MMC-treated, they were used

within 3-4 days. Media were changed the following day and then every alternate day.

2.2.2.2 Derivation and culture of mESC clones from E3.5 blastocysts

MMC-treated MEF dishes were prepared as describes in Section 2.2.2.1.1 about two days before
collecting E3.5 blastocysts. Thirty minutes before the blastocysts were transferred to MEF dishes,
the MEF culture medium was replaced by mESC medium (knockout-DMEM supplemented with 15%
knockout serum replacement (KO/SR) (Gibco, 10828), non-essential amino acids (Gibco, 11140), 1
mM sodium pyruvate (Gibco, 11360), 100 uM 2 mercaptoethanol (Sigma, M7522), 2 mM glutamine,
penicillin (50 U/ml)/ streptomycin (50 pg/ml) (Gibco, 10378) and 1000 U/ml of leukemia inhibitory
factor (LIF)), and incubated under standard humidified conditions of 37°C in 5% CO, in air.
Blastocysts were washed in H6-BSA to get rid of any oil residue and then transferred to the pre-

prepared MEF dishes for mESC isolation. The number of embryos recovered from C57BL/6 mice
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varied between 7- 9. Blastocysts from different mothers were plated onto different dishes. Plated
blastocysts were transferred to MEF dishes in mESC medium and incubated for 48 h. On the fourth
day, almost all blastocysts had hatched and attached to MEFs. The mESC medium was replaced
with PBS. ICM clumps were carefully isolated and picked using a 10 pl micropipette (Gilson) under

a sterile hood and an inverted phase microscope without taking the surrounding MEFs.

Each isolated ICM outgrowth was collected in a different well of a 96-well U-shaped plate
containing 30-50 pl/ well of pre-warmed trypsin-EDTA (0.25% diluted 1:1 with PBS). Once all the
outgrowths were collected, they were incubated (5% CO,, 37°C). Plates were taken out of the
incubator after 5-6 min and the outgrowths were pipetted a few times to isolate the cells. The
medium was neutralized by adding 10% FBS-containing MEF medium (100 pl). The trypsinized
outgrowths were pipetted a few more times and the entire cell suspension was then transferred
to a fresh 96-well MMC-MEF plate (Section 2.2.2.1.1). mESC medium was changed daily. Once the
protocol was established, it took 4-5 days for the first mESC clones to appear (round, tomb-like
small clusters of cells). After 8 to 9 days, mESC colonies were transferred to fresh 24-well MMC-

MEF dishes and cultured in mESC medium.

mMESC colonies were cultured to 70% confluency on MMC-treated MEF cells in ESC medium (with
15% KO/SR and 1000 U/ml of LIF) under standard incubation conditions. mESCs were passaged by
dissociating cells by gentle pipetting before spinning at a low speed (~1200 rpm). The resultant
pellet was re-suspended, first in a small volume (1-2 ml) of mESC medium, and then diluted in a
larger volume, before they were seeded on fresh MMC-MEF dishes. mESC medium was changed

daily.

2.2.2.2.1 Freezing and thawing mESC lines

Once mESCs were expanded for 8-9 passages, mESCs were either used directly or frozen for later
use. For freezing, cells were counted (Section 2.2.6) and frozen at a concentration of
approximately 1 million cells per cryovial. The cells were trypsinized and after centrifugation, the
pellet re-suspended in ice-cold freezing medium. The mESC freezing medium was always prepared
fresh and consisted of mESC medium supplemented with 20% KO/SR and 10% DMSO. No LIF was
added to the freezing medium. About 1 ml of mESC suspension was aliquoted into 1.8 ml cryovials,
transferred to ice immediately and then frozen slowly at-80°C overnight before storing in liquid
nitrogen. Cell stocks were quick-thawed in a water bath at 37°C, spun (~300 g) to get rid of
DMSO and re-suspended in mESC culture medium. They were seeded onto a fresh MMC-MEF

dish. mESCs were cultured on feeders for at least one passage before they were used.
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2.23 Gender Analysis (Sexing) of mESCs

2.2.3.1 Genomic DNA Isolation

a) Pre-plating of mESCs- Process to eliminate MEFs

For gender analysis, mESCs were grown on gelatin- coated dishes in the absence of MEF
cells. This was achieved by pre-plating the cellsin mESC medium, i.e. post trypsinization, mESCs
were transferred to gelatin-coated dishes for 30-40 min after which the supernatant
(containing floating mESCs) was gently aspirated and transferred to fresh gelatin-coated
dishes. This process eliminated MEFs as they stuck to gelatin while the mESCs remained in

suspension.

b) Genomic DNA isolation from mESCs

On the first day, confluent cells from each cell line were washed with PBS and trypsinized.
The cells were centrifuged with ice-cold PBS at 500 g for 5 min. To the resultant pellet, fresh
lysis buffer containing 10 mM Tris, pH 8, 100 mM NaCl, 10 mM EDTA, pH 8, 0.5% sodium dodecyl
sulphate (SDS), and 1 mg/ml proteinase K was added fresh. For cells < 3.7x107, 300 pl of lysis
buffer was added, which was increased with increasing cell density. The samples were gently
pipetted and transferred to individual Eppendorf tubes and incubated overnight at 55°C in
humid environment to avoid evaporation (Ramirez-Solis et al., 1992). On the following day,
lysates were centrifuged at 13,000 rpm for 15 min. The supernatant was carefully transferred
to fresh thin-walled nuclease-free tubes, to which 30 pl 5M NaCl was added (the volume of
NaCl added depended on the volume of lysis buffer used initially). The samples were incubated

for 5 min at room temperature and centrifuged at 13,000 rpm for 15 min.

The supernatant was removed and added to pre-prepared tubes containing 100 pl of
isopropanol. The tubes were gently shaken by hand until DNA strands were visible and the
surrounding solution appeared clear. The tubes were left on bench at room temperature for
10 min and spun later at 13,000 rpm for 30 min (the samples could be stored overnight at 4°C
at this stage). The supernatant was discarded carefully without disturbing the pellet. To this
pellet, 1 ml of 70% ethanol was added, incubated (15 min, room temperature), and spun at
13,000 rpm for 30 min. The supernatant was discarded and the tubes were put on a heating
block set at 37°C for a few minutes. The pellets were re-suspended in nuclease-free water
(50 pl) (Thermo Fisher, 10977049). The volume of water added depended on the size of the
DNA pellet. Initially, low volume (20-30 pl) was added which, when required, was re-diluted
later. Stocks of 25 ng/pl DNA were also prepared for performing PCR reactions later. To ensure

proper dilution in water, the tubes with DNA samples were left at room temperature for 10-
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15 min. Genomic DNA concentration and quality was quantified using the Nanodrop ND-100-
spectrophotometer (as described below, Section 2.2.3.1, d). Samples were stored either at 4°C

(short term) or at -20°C (long term).

c) Genomic DNA Isolation from mouse tails (as control samples)

A few micrometres of tail tips were cut and stored in sterile Eppendorf tubes from male and
female C57BL/6 mice as control samples. The tail tips were either directly used for gDNA
extraction or stored at -20°C for later use. Genomic DNA from mouse tails were derived as
described previously (Section 2.2.3.1. b, without trypsinisation). Caution was taken while
transferring supernatants after the lysis step to avoid transfer of mouse hair. An extra washing
step with isopropanol was added (when required) to ensure this. Genomic DNA concentration
and quality was quantified using the Nanodrop ND-100- spectrophotometer (as described
below, Section 2.2.3.1, d). Samples were stored either at -20°C (short term) or at -80°C

(long term).

d) Measuring DNA concentration using Nanodrop ND-100- spectrophotometer

The correct sample type was chosen on the Nanodrop software - i.e., genomic DNA. The
machine program was initialized by placing 1 pl of RNase-free H2O (Thermo Fisher, 10977049)
on the measuring tip. The samples (1 pul) were run and, the concentration (ng/ml) and quality

(260/280 and 260/230- to assess sample purity) of measured gDNA samples was noted.

2.2.3.2 Polymerase Chain Reaction (PCR)

PCR samples containing final concentrations of primer mix, 1x PCR buffer (20 mM Tris—HCI, pH 8.4,
50 mM KCl), 2.5 mM MgCl, (Invitrogen), 250 uM of each dNTP (Invitrogen), 250 nM of each
oligonucleotide primer, 0.625 U HotStar Taqg (Qiagen), RNase-free H,0) and 50 ng gDNA sample were
prepared in a total volume of 25 ul. Each sample was measured in triplicate. The PCR was
performed on a DNA Engine® Peltier Thermal Cycler (BioRad, UK). PCR program included
initiation by HotStar Taq activation at 95°C for 15 min, followed by 40 cycles each consisting of a
denaturation step at 94°C for 60 sec, annealing at 55°C for 30 sec and extension at 72°C for 60 sec.

After the last cycle, samples were incubated at 72 °C for 10 min.

2233 Gel Electrophoresis

Amplified DNA products were separated by gel electrophoresis with 1% agarose gel in 1X TBE (50
mM Tris, 100mM Borate, 10 mM EDTA, pH 8.) buffer. TBE was also used as running buffer. Bands
were analysed by nucleic acid gel stain, GelRed (Cambridge Bioscience, BT41003). A 100 base pair

(bp) ladder (6 pl) was added to the first lane, and the samples were mixed with 6X DNA loading
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dye (Thermo Scientific, SM1331) and loaded on to subsequent wells. The gel was run at 70 V for
about 20-30 minutes and immediately visualized under ultraviolet (UV) illumination using a UV

camera.

224 Chromosome Counting (Karyotyping)

Embryonic Stem Cells (ESCs) are expected to show a stable euploid karyotype, but in the last
decade, chromosomal aberrations have been systematically described in ESC lines when
maintained in vitro. Culture media and duration, along with other conditions have long been
regarded as factors involved in the acquisition of such abnormalities (Draper et al., 2004). Thus, it
is imperative to analyse the chromosome constitution in meSCs derived from different in vitro ART
processes such as AMA, cryopreservation and IVF, as many ART-conceived offspring have shown

increased risks of chromosomal abnormalities (Feng et al., 2008).

To assess the chromosome status, the mESC lines were cultured as described in Section 2.2.2.2.
MESCs (between P9-P11) were harvested and seeded onto MMC-MEF 6-well plates. The cells
were cultured in mESC medium (Section 2.2.2.2.) that was changed every day. In order to obtain a
large number of metaphase spreads, cultures were arrested at metaphase using Colcemid (Gibco,
15212-012) at a final concentration of 0.1 pg/mL once they reached 70% confluency. Colcemid
was directly added to the existing mESC medium in the culture dishes and incubated for 3 hat 37°C
and 5% CO2 (Campos et al., 2009). MESCs were then washed with PBS, trypsinized using 0.05%
trypsin-EDTA and centrifuged at 122 g for 5 min. Hypotonic KCl solution (KClI 75 mM, pre-warmed
to 37°C) was added to the cell suspension and incubated at 37°C for 15 min in a water bath. To this,
fixative solution containing methanol and glacial acetic acid (3:1) were added. Immediately
afterwards, the cell suspension was centrifuged at 122 g for 5 min. 200 pl of supernatant was left
and fixed overnight at 4°C. Slides used for karyotyping were cleaned using 6 M HCl for at least 3 h at

room temperature and stored in 96% ethanol and dried with a lint-free tissue.

On the following day, the fixed cells were centrifuged at 122 g for 5 min and washed three times.
At the last centrifugation step, sufficient amount of solution was left behind to homogenize the
cell pellet. 20-30 pl of the fixed cell suspension was dropped onto a cleaned slide from a vertical
distance of about 15-20 cm and left for air-drying at room temperature. The slides were stained
with Giemsa staining solution (Sigma, G500; 1:25 dilution) for 25 minutes, gently washed and air-

dried. Slides were analysed under a phase contrast microscope at a magnification of 100x.
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While dropping the fixed cells on the slides, a slightly different protocol was also practised. Instead
of dropping the cells from a distance, they were placed parallel to the slide’s surface using a
micropipette. The slides were immediately exposed (face up) to steam (90°C) for 30 sec. This
caused the cells to blow up. The reason behind steam exposure was to evaporate the methanol
from the fixative solution and increase the acetic acid concentration, which with water, stimulates
chromosome spreading. Although this step helped in getting spread-out chromosomes, often the
steam caused the chromosomes from different spreads to mix and induced difficulty in
distinguishing and counting the chromosomes accurately. Hence, the previous method was
adopted. A total of 60-70 distinguished spreads were counted from each mESC line using Image

J software.

2.2.5 Quantitative PCR (qPCR) analysis

2.2.5.1 RNA extraction

Mouse ESCs (400,000 cells/well) were seeded on 6-well cell-culture dishes coated with mitotically
inactivated MMC-MEFs (135,000 cells/well) (Section, 2.2.2.2). mESCs were cultured for 3-4 days
after which they were trypsinised, disaggregated to single cells, neutralized with medium and
transferred to 15 ml Falcon tubes (Section, 2.2.2.2). The cells were washed with PBS and pre-plated
on 10 cm gelatin-coated dishes for 45 min and incubated (5% CO,, 37°C). Pre-plating eliminates the
majority of MEFs which can act as contaminants in mESC RNA samples. The derived pellet was
gently mixed (without pipetting) with ~200 pl undiluted RNA Later (Sigma, R0901) (to maintain the
integrity of the cell samples), and stored at -80°C until required. Total RNA from mESCs was isolated
using the RNeasy mini kit (Qiagen, UK) as described in the RNeasy handbook. RNA was quantified
using the Nanodrop ND-1000 spectrophotometer (Section 2.2.3.1, d).

2.2.5.2 RNA quality

RNA is highly susceptible to degradation due to ubiquitous presence of RNase. Isolation of intact
and high integrity RNA is essential for precise downstream applications. All RNA extraction samples
(derived AMA mESC lines) were analysed and qualified for concentration, purity and integrity.
Quantitatively, RNA samples were analysed by ultraviolet absorbance using Nanodrop
spectrophotometer and were classified as pure (and protein free) if the 260 to 280 nm absorbance
ratios were between 1.9 to 2.0. Although Nanodrop is widely used for analysing concentration and
purity of samples, it lacks specificity i.e., all nucleic acids (dsDNA, RNA and ssDNA) absorb at 260
nm. Thus, while the Axeo/Az30 ratio estimates RNA purity, it cannot determine the amount of
genomic DNA present in the RNA sample. In addition, Nanodrop also lacks sensitivity for low-level

samples, which was observed with our samples and has also been reported by others (Simbolo et
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al., 2013). Moreover, the method may not be reflective of RNA integrity or display degradation, as
single nucleotides also contribute to the 260 nm reading. Therefore, qualitatively, total RNA
integrity was analysed by running diluted RNA samples (1 pl RNA sample + 4 ul of 6X DNA loading
dye) on a 0.8 % agarose gel (diluted with GelRed), at 120 V for 15 mins.

Intact RNA shows clear 28S and 18S rRNA bands, where 28S is twice as intense as the 18S rRNA
band (as observed in Figure.2.1) and the 2:1 ratio acts as a good indicator of integrity and purity of
RNA. Partially degraded RNA samples exhibit smears, lack sharp bands and do not show 2:1 band
ratio, whereas completely degraded RNA samples appear as very low molecular weight smears

(Sigma).

VYoung old oid v
M M F
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Figure 2.1 RNA gel electrophoresis of AMA mESC lines.

A representative 0.8% agarose gel showing RNA (~ 400 ng/ul) extracted from AMA (Young and
Old) mESC lines (2 lines/group; where M and F stand for Male and Female respectively). The 185
and 28S ribosomal RNA bands are visible, showing no lower molecular smears (degraded RNA)
indicating that the RNA samples are intact. Band sizes were determined using GeneRuler 1 kb Plus
DNA Ladder (left and right column; ladder).

2.253 Reverse transcription (cDNA synthesis)

tTM

First-strand cDNA was synthesized using 400 ng RNA using GoScript™ Reverse Transcription System
(Promega, UK). Experimental RNA was combined with 0.5 pg/ reaction of each Oligo(dT):s and
random primers, diluted with nuclease-free water to bring the total volume to 5 pl. The mix was
heated in a controlled heat block at 70°C for 5 min, immediately chilled on ice until used for reverse
transcription. Table 2.1 summarises the components used for reverse transcription mix (15 pl in
total for each cDNA reaction). The reverse transcription mix (15 pl) was combined with RNA and

primer mix (5 pl), making a total of 20 pl reaction volume in thin walled, nuclease-free tubes and

transferred to DNA Engine’ Peltier Thermal Cycler (BioRad, UK). The primer-templates were
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annealed at 25°C for 5 min, extended at 42°C for 1 h, and reverse transcriptase was inactivated at
70°C for 15 min. cDNA products were divided into multiple (thin walled, nuclease-free) tubes and

stored at -20°C for later use in gPCR.

Table 2.1 Components of reverse transcription mix

Components Volume

GoSriptTM 5X Reaction Buffer 4 pul
MgCl, 3mM 2.4 ul

PCR nucleotide mix (0.5 mM each 1ul
dNTP?) W

. e o
Recombinant RNasin ® Ribonuclease 0.5 il (20 units)

Inhibitor
GoSriptTM Reverse Transcriptase 1.0 ul
Nuclease-free water 6.1 ul

2254 Quantitative PCR

Quantitative polymerase chain reaction (qPCR) has been established as a powerful technique to
assess transcriptional differences between samples of varying origin in a short period. It is sensitive,
specific and has a broad quantification range making it a high-throughput gene expression analysis
technique. Here, specific gene targets were detected using SYBR-green from the SYBR-green 2x
PrecisionPlus™ Mastermix (Primerdesign, UK) protocol. SYBR-green is a dye-based fluorescent
labeling method that enables the quantification and collection of data as it intercalates with every
new copy of dsDNA molecule. The fluorescence is measured in each cycle and increases as the PCR
progresses or in ‘real-time’. Therefore, the fluorescence intensity is proportionate to the number
of dsDNA copies formed i.e., the PCR product, which constitutes to the target gene expression.
Although it is a convenient and widely adopted method of detecting dsDNA amplification, it does
have a few drawbacks. This method allows the detection of only one target gene at a time and binds
to any dsDNA present in the sample. Therefore, careful RNA extraction and cDNA conversion from
a clean sample is imperative. However, accurate normalization of quantitative real-time PCR by

reference or house-keeping genes minimizes such errors.

Each lyophilised primer mix vial (forward and reverse primer mix; Primerdesign, UK) was diluted
with 220 pl nuclease-free water, from which 1 pl was used for each PCR reaction tube. Reverse
transcribed samples were thawed (on ice) and spun in a table centrifuge before added directly to
the PCR plates. Primerdesign 2x PrecisionPlus™ qPCR Mastermix consisted of the following

components:

49



Chapter 2

Table 2.2 Primerdesign 2x PrecisionPlus™ qPCR Mastermix

Components Volume (per 20ul reaction)
Re-suspended primer mix (300nM/ 20 pl reaction) 1ul
Primerdesign 2x PrecisionPLUS™ 10 pl
RNAse/DNAse free water 8 ul
cDNA sample 1l

Each sample (20 ul) was analysed in duplicate using low profile, non-skirted, clear 96-well plates
(Starlab). As controls, a few RT-negative samples were tested to confirm absence of genomic DNA,
and water samples were introduced in each run as no template controls. Product amplification took
place in a Chromo4 Real-time Detector (BioRad, UK) and analysed with Opticon Monitor v3.1
software. Amplification program included enzyme activation at 95°C for 2 min, followed by 40
cycles of denaturation at 95°C for 10 s, annealing (and data collection) at 60°C for 1 min, and a final

extension step at 72°C for 10 min.

Melting curves were generated for each sample to confirm target-specific amplification by
fluorescence detection between 60°C and 95°C at 1°C steps, holding for 15 s before the program
was terminated and maintained at 4°C until the plates were retrieved from the machine. The data
was saved from the Opticon Monitor and the plates were stored in the fridge until required for gel

electrophoresis.

2.2.5.5 Normalisation of PCR data

Quantitative RT-PCR is an efficient and sensitive technique, which has been used for decades to
detect and compare patterns of gene expression. As it works on the principle of exponential
amplification of the target DNA sequences, any variants or errors in the starting material such as-
sample-to-sample variation, RNA integrity/ degradation (Lossos et al., 2003), RT efficiency (Bustin,
2000) or cDNA sample loading errors, could be compounded and contribute to flawed data
(Stahlberg et al., 2003). Such variations can cause misinterpretation of the derived gene expression
data especially when the samples are taken from several cell lines, at different time points and
varying culture conditions. Therefore, it is essential to have a standard comparison or normalisation

of the target gene levels in the samples, that suppress or compensate sample-to-sample and run-
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to-run (intra and inter-kinetic) variation as much as possible (Pfaffl and Hageleit, 2001). Although
there are methods to normalise for these variations (such as total RNA, cDNA, mRNA input etc.),
these may be influenced by experimental conditions. Thus, normalising to a stable reference gene
is the most accredited method available for such variations (Radoni¢ et al., 2004). However, careful
assessment and selection of the reference gene is required for reliable transcriptional differences

between control and experimental groups.

2.2.5.6 Selection of reference genes

Reference or house-keeping genes are an invariant endogenous control that remains most
consistent in expression across given experimental conditions. They are required for basic cell
function and are expressed in all cells of the organism under either normal (control) or patho-
physiological (experimental) conditions. Therefore, these unaltered genes are used to normalise
mMRNA levels from different samples within a given experiment. Caution should be taken while
selecting these genes as any variation in the normaliser would conceal actual changes in the data

and reduce accuracy and sensitivity of the assay (Bustin, 2000).

The Primerdesign geNorm kit with 12-candidate reference genes (for Mus musculus) was used to
measure gene expression by quantitative PCR using SYBR-green fluorescent dye. Specific product
amplification was determined by the generation of a single peaked melting curve, while the melting
temperature (Tm) was determined by the composition of the base and length of the
oligonucleotide. When assessing expression stability in different groups, the same number of
samples were used from each group to avoid bias towards a group with larger number of samples.
Reference gene stability was determined using gbase+, a relative quantification framework and
software, provided with Primerdesign geNorm kit. Data was uploaded following the instructions in
the Primerdesign qBase+ software manual. geNorm analysis is based on geNorm M and geNorm V,

detailed explanation of which is provided in Appendix D.

For AMA experiments, four mESC lines from each age group, i.e. Young male, Old Male, and Old
Female were used for the evaluation of stable reference genes. Out of the twelve candidate genes
within the Primerdesign geNorm kit, five genes showed a high average expression stability of low
M value (M<0.5). Figure 2.2 A displays the M value for individual genes and ranking of the least to
the most stable genes (from left to right side). As observed in Figure 2.2 B, the optimum number of
reference genes required for the current experimental group was two, calculated by V 2/3, where
the normalising factor was <0.10. Therefore, genes Ywhaz and Rpl13a (with least M values) were

identified as the most stable reference genes.
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2.2.5.7 Data analysis of RT-PCR

To normalise absolute quantification of gPCR, multiple steps in the sample processing need to be
optimised and normalised. In general, normalising to a set of reference genes is the most
acceptable approach to reduce processing errors and variations caused in experimentation.
However, under certain circumstances, expression of several reference genes has been reported to
vary, thus misinterpreting the target gene expression. Therefore selecting the most stable
reference genes during all experimental treatments is essential. Here, C(t) values of twelve most
commonly used reference genes were analysed by the geometric averaging normalisation

approach by Vandesompele et al (2002).

Quantitative real time PCR analysis was stored in Opticon Monitior v3.1 software and further details
of the process are provided in Appendix D. Samples were prepared from the same batch of RNA
and cDNA for the entire set of qPCRs- geNorm for reference gene selection, and for assessing target
genes. Relative cycle threshold, C(t) values were normalised with two genes (as calculated by the
normalisation factor) with the lowest M values, as determined by the geNorm gbase+ software

analysis.

2.2.5.8 Characteristics of negative controls

Negative RT or water controls should not show amplification in the quantitation graphs. If there is
amplification, but the melting curves do not coincide with positive targets’ curves, then they may
be ignored. If the melting curves and Tm coincide, then the C(t)s of the negative controls should be
10 C(t) values less than the samples’ (i.e., if a sample is amplified 10 cycles after, then it would
theoretically have 1000 times less cDNA amplified and may be discounted). Negative controls in

the present study did not show amplification in the quantitation graphs.
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A. Average stability of reference genes
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Figure 2.2 geNorm output for reference gene targets analysed for AMA mESC lines.

(A) geNorm analysis showing average gene expression stability M. M was calculated by comparing
average pairwise variation of expression between 12 target reference genes (x-axis). M was
calculated for each gene individually, and the least stable gene was excluded from the next round
of calculations. Two genes with highest reference target stability (average geNorm, M < 0.5) are
shown on the right most side on the x-axis (i.e. Rp/13a and Ywhaz) and were selected for
normalisation. (B) Shows optimal number of reference genes selected for normalisation. geNorm V
is less than 0.10 when comparing a normalisation factor based on the 2 or 3 most stable targets
and suggests that no more than 2 or 3 genes are required for accurate normalisation. In the present
AMA mESC experiments, V< 0.15, therefore an optimal number of reference targets= 2.
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2.2.5.9 Qualitative analysis of PCR products

PCR products and primers were qualitatively analysed by gel electrophoresis (Section 2.2.3.3.).
Briefly, 5 ul of samples were premixed with 1 pl of loading dye and transferred to 1.2% agarose gel
(with GelRed™), and run at 100 V for 20 minutes in TBE buffer (Section 2.2.3.3.). Figure 2.3 shows
the representative agarose gel electrophoresis image of PCR products of selected reference and

target genes for AMA RT PCR experiments.

u
o
-
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Figure 2.3 Reference and target gene real-time PCR product specificity.

Representative images of PCR products in 1.2% agarose gel electrophoresis. PCR products for
selected reference (Ywhaz and Rpl/13a), pluripotency (Oct4-61 bp, Nanog-76 bp and Sox2-105 bp),
early apoptotic (Caspase 3- 97 bp) markers, epigenetic (Dnmt1, Dnmt3L- 60 bp, Dnmt3a- 65 bp and
Dnmt3b- 63 bp), and differentiation (Gata4-72 bp and Brachyury- 117 bp) markers. Genes show
single bands at correct amplicon size. Band sizes were determined using GeneRuler 1 kb Plus DNA
Ladder.

2.2.6 Cell proliferation and viability assay (Trypan blue dye exclusion)

Proliferation assays were performed on established mESC lines after expansion up to passage 9-
11 (P9-P11). mESCs were cultivated (see Section 2.2.2.2) and at the selected passage number, cells
were harvested and seeded onto freshly prepared mitomycin C treated MEFs on 24-well plates.
Cells were cultured in mESC medium. Cells were harvested up to 96 h and cell counts were
performed at every 24 h interval. For counting floating or dead cells, spent media were collected
and centrifuged at 14,000 rpm for 5 min. The cell pellet from each sample was re-suspended and
cells were counted using a haemocytometer. Viable cells were detected by trypan blue dye
exclusion assay. Adhered cells were dissociated with 0.05% trypsin-EDTA and neutralized with the
addition of an equal volume of FBS containing MEF medium. Cell clumps were separated from
which cell suspension (10 ul) was taken and mixed with an equal volume of 0.4% trypan-blue dye

(Sigma, T8154). 10 ul of cell suspension was mounted on the conventional Neubauer
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haemocytometer, where the cells were visualized and counted using a phase-contrast microscope.
The mean number of cells per well was calculated at each assay time-pointi.e., 24 h, 48 h, 72

h and 96 h.

2.2.7 Flow cytometry

Data acquisition was performed using a FACS Calibur flow cytometer and was assessed using FlowJo
(version 10) software. To analyze cell samples, live mESC populations were first identified with
pluripotency markers (i.e. surface marker, SSEA-1 for apoptosis and intracellular marker, Oct 4 for
Ki-67 staining). ES cell size and granularity of overall cell population predicted where the cell
population was displayed on the screen. Accordingly, forward scatter (FSC, indicating cell size) vs
side scatter (SSC, indicating cell granularity) plots were adjusted and the mESC population was
gated to exclude cell debris and MEF cell populations. To make sure there was no contamination
by MEFs in the results, they were also analyzed for pluripotent (i.e. Oct4, Nanog, Sox2 and SSEA1)
and cell proliferation (Ki67) markers. MEFs did not show any staining, confirming that the
pluripotent and cell proliferation markers were selective for mESCs only. The percentage of cells in
each population and gate of interest were quantified and presented as graphs using Prism software.
(For details of antibodies used, see Appendix C, Table 2; and Additional details of the flow cytometry

process are provided in Appendix D.

2.2.7.1 Pluripotency analysis

In addition to relative gene expression, pluripotency of derived mESCs was also determined by
analyzing protein expression of the triad of pluripotency markers i.e. Oct4, Nanog and Sox2, by flow
cytometry. mESCs (200,000 cells/well) from AMA groups were seeded on 6-well gelatin (0.01%)
coated dishes, pre-plated with mitomycin C treated MEF cells (135,000 cells/well). Cells were
cultured in mESC medium with KO/SR and LIF for 3 days. On the fourth day, cells were washed,
trypsinized and stained with Oct4 only, Sox2 only, Nanog only, Oct4 and Sox2. Cells were prepared
following the intracellular (nuclear) proteins staining protocol (Thermo Fisher Scientific, UK) using
Foxp3 Fixation/ Permeabilization working solution. Pluripotency markers (Oct4-APC, Nanog-APC
and Sox2-PE, Milteni Biotec, UK) were added in 1:10 dilution. After staining, cell samples were
re-suspended in flow cytometry staining buffer (PBS with 3% FBS, fetal bovine serum) and stored
on ice, until analyzed on FACS caliber. Cells were segregated by size, granularity and fluorescence

(Section 2.2.7).
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2.2.7.2 Proliferation Assay

Effect of maternal age on cell proliferation of mESCs was determined by analysing protein
expression of a cell proliferation marker, Ki67. Ki67 is a 360 kDa nuclear protein, commonly used to
detect proliferating cells (Preusser et al., 2008). Antigens are detected only within the nucleus
during interphase, although during mitosis, proteins are relocated on chromosomal surface
(Scholzen and Gerdes, 2000). Ki67 is induced when quiescent arrested cells enter G1-S phase, and
is present (and expressed) in all phases of cell cycle, i.e. G1, S, G2 and mitosis, but not during the
resting phase (GO) (Endl et al., 1997; Pozarowski and Darzynkiewicz, 2004). This strict association
of Ki67 exclusively with proliferating cells makes it a suitable indicator of ‘growth fraction’ in a given

population of cells.

Protein expression of Ki67 was analysed using flow cytometry. Mouse ESCs (150,000 cells/well)
were seeded on 6-well, gelatin (0.01%) coated pre-plated mitomycin C treated MEF cells (135,000
cells/well). Cells were collected and processed for analysis every 24 h, up to a total of 96 h. Briefly,
cells were washed with PBS, trypsinized and stained for Ki67 only, Oct4 only, Ki67 and Oct4, where
Oct4 was used as a positive mESC marker. While Ki67 was conjugated with FITC, Oct4 was APC
conjugated. Cells were prepared following the intracellular (nuclear) protein staining protocol
(Thermo Fisher Scientific, UK), as described in detail in Section 2.2.7.1. Ki67 expression was also
analyzed by fixing the mESCs with 70% ethanol, as practiced in several established protocols.
However, as both protocols (i.e. fixation by ethanol and Foxp3 Fixation/ Permeabilization working
solution, Section 2.2.7.1) gave identical results, intracellular (nuclear) protein staining protocol
was chosen as the final working protocol for all experiments. Experiments were performed twice,

with an n=4 per AMA group.
2.2.7.3 Apoptosis and cell death assay

Apoptosis is a natural process involved in development and maintenance of health of an organism.
Unlike necrosis, apoptosis is a regulated and controlled process that is essential for a cell’s life cycle.
A damaged cell’s DNA may undergo apoptosis to maintain normal functioning of an organism. The
events generally include blebbing, cell shrinkage, nuclear fragmentation, chromatin condensation
and chromosomal nuclear fragmentation. In this chapter, cell apoptosis and cell death were
measured using Annexin V-PI binding assay. Briefly, annexins are a family of calcium-dependent
phospholipid-binding proteins which play an important role in the communication between cellular
membranes and their cytoplasmic environment. Annexins bind to phosphatidylserine (PS) to
identify apoptotic cells, therefore influencing cell life cycle and exocytosis. In healthy cells, PS is
predominantly located along the cytosolic side of the plasma membrane. Upon initiation of

apoptosis, PS loses its asymmetric distribution in the phospholipid bilayer and translocate to the
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extracellular membrane. Based on the annexin V affinity to PS, apoptotic cells are distinguished
from live cells. Annexin V staining conjugated with a fluorescent tag, such as Fluorescein-5-
isothiocyanate (FITC) paired with viability dyes such as propidium iodide (Pl) is widely used to
identify apoptotic stages by flow cytometry techniques. In early stages of apoptosis, the plasma
membrane excludes Pl. Therefore, cells display only annexin V+/PI- staining. During late-stage
apoptosis, loss of cell membrane integrity allows annexin V binding to cytosolic PS, as well as cell
uptake of PI. Hence, the annexin V-PI binding assay is a robust tool for distinguishing between live
(annexin V-/PI-), early apoptotic (annexin V+/PI-), necrotic or late apoptotic (annexin V+/Pl+) and

dead (annexin V-/Pl+) cells.

Mouse ESC lines were cultured (see Section 2.2.2.2) and expanded between P9 to P11. The cells
were trypsinized and seeded at a starting cell density of 100,000 cells/well on freshly prepared
MMC-treated MEFs (135,000 cells/well), on 6-well plates under standard humidified conditions (at
37 °Cin 5% CO; in air). Cells were analyzed at every 24 h interval for a time course of 96 h from the
day of seeding the cells. To assess cell viability, floating cells were collected, centrifuged and added
to adherent cells, which were harvested by trypsinization. After centrifugation, cells were stained
with AnnexinV-FITC only, Pl only, SSEA-1-APC only, Annexin V-FITC with Pl and SSEA-1-APC, and left
unstained as negative control. SSEA-1 staining was used as a positive marker for pluripotent mESCs,
in order to separate mESCs from MEFs. Positive control for apoptosis was derived by treating the
cells with Etoposide. Etoposide is an antitumor agent that blocks the cell cycle in S-phase and G2
phase, and induces apoptosis. Initially, three concentrations of Etoposide were tested- 10ug/ml, 20
ug/ml and 30pg/ml for either 4 h or overnight (12 h) incubation. Based on cell survival rates and
positivity for Annexin V, final concentration of 20 pug/ml Etoposide, incubated for 4h was selected
for future experiments. Floating or dead cells were considered as positive samples for Pl stain.
These cells accounted for the positively apoptotic and necrotic population of cells before getting

impacted by the attrition caused during processing the samples for flow cytometry analysis.

Cells stained for SSEA-1 only and triple staining were incubated with the conjugated antibody SSEA-
1-APC at 4°Cin the dark for 10 min, while remaining samples were incubated in the same conditions
but without the antibody. For apoptosis analysis, cells were prepared and stained following the
eBiosciences AnnexinV-FITC Apoptosis kit protocol (BMS500FI). Immediately after, the samples

were stored on ice, and analyzed by flow cytometry.

For data analysis, population of cells positive for SSEA-1-APC fluorophore i.e. mESC or pluripotent
cells, were selected first and only the positive cells were gated and analyzed for Annexin V-FITC and
Pl staining. Annexin V-FITC exhibited anti-phospholipase activity and bound to PS. FITC labelling

allowed direct detection by flow cytometric analysis and counterstaining by Pl enabled the
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discrimination of apoptotic cells by staining necrotic cells. 20,000 cell events were recorded using
a FACS Calibur flow cytometer. Data were acquired as detailed in Section 2.2.7. SSEA-1 staining
and FSC-SSC gates were used to exclude MEF cell populations and cell debris. The percentage of
apoptotic cells was determined by generating a dual-colour dot plot (Annexin V-FITC (FL-1) vs. PI
(FL-2)) and then setting a quadrant marker based on unstained and single-labelled control samples.

No electronic compensation was required.

2.2.8 Immunocytochemistry (ICC) staining

Mouse embryonic stem cells (30,000 cells/ well) were cultured on inactivated gamma irradiated
MEFs (27,000 cells/ well) at the given density (on sterile coverslips) on 24-well plates. mESCs were
fixed at 70% of confluency. The density and days of culture were fixed to make sure any changes in
cell proliferation between the groups were also recorded. Once the cells reached the desired
confluency, they were washed with PBS, fixed with 4% paraformaldehyde (PFA) solution for 15 min

and stained directly after or stored in PBS at 4°C until required.

For staining, cell samples were washed (with PBS) and permeabilized in 0.2% Triton X-100 in PBS
for 20 min at RT. Non-specific antibody binding was blocked with 3% BSA containing 0.2% Triton X-
100 in PBS for 30 min at RT after which the samples were incubated with the optimised dilution of
primary antibody, in a moist chamber at 4°C overnight. Cells were incubated with the appropriate
Alexa-Fluor conjugated secondary antibody in the blocking solution, in the dark, for one hour at RT
(for details of antibodies used, see Appendix C, Table 1). Cell nuclei were counterstained with DAPI
(4’, 6-diamino-2-phenylindole dilactate), which was pre-diluted in Mowiol mounting media.
Coverslips were left to set on the microscope slide at RT for 30 minutes before images were

captured by fluorescence microscopy.

2.29 Statistics

Statistical analysis was performed using Statistical Package for the Social Sciences (i.e. IBM SPSS
Statistics 24) or independent Student’s t-test. Data was tested for assumptions of normality using
the Shapiro-Wilk normality test (GraphPad Prism 7 software) and considered normal where values
were over significance cut off (P> 0.05). Variance homogeneity was analysed using the F-test. All
data are expressed as means + SEM. P<0.05 was considered statistically significant and P<0.1 was

considered as trending towards significance.
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2.3 Results

23.1 Effect of maternal age on embryo development at E3.5

Preimplantation embryos (from C57BL/6 females mated with CBA males) were flushed and
collected in warm embryo culture medium, KSOM. Figure 2.4 illustrates oocytes and different

stages of preimplantation embryo development (E1.5-E4.5) from C57BL/6 females.
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Figure 2.4 Oocytes and pre-implantation stage embryos from day 0 to day 4.5 after
fertilization.

Representative images of oocytes and embryos of C57/BL6 females mated with CBA males. Mouse
embryonic stem cells were derived from mid blastocysts, E3.5 (D). Magnification bar = 200um.

To assess the effects of maternal age on pre-implantation embryo development in utero, embryos
were flushed and collected at E3.5. Embryos were separated by maternal age (Young, 7-8 weeks or
Old (advanced maternal age, AMA, 7-8 months) and based on their morphology (as described in
Section 2.2.1.2), they were classified as unfertilized oocytes, morulae, early-, mid- and late-stage
blastocysts, or degenerated embryos. Figure 2.5 shows representative images of embryos derived

at E3.5 from young and old mothers.
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Figure 2.5 Representative images of embryos derived from (A) Young (7-8 weeks) and (B) Old
(7-8 months) female mice (C57BL/6 females mated with CBA males) at E3.5.

Embryos were flushed and morphologically categorized into differed stages of development.
Magnification bar= 200 um.
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Embryos were collected from ten Young and ten Old mothers, and differences in embryo stage
assessed. As recovered embryos also included a small population of unfertilized oocytes and
degenerated embryos, differences in proportions are explained as ‘of fertilized’ (i.e. of fertilized
embryos only), ‘of total blastocysts’ (i.e. of early-, mid-, and late- blastocysts only), and as ‘of total’
(i.e. all stage- embryos, including the unfertilized oocytes and degenerated embryos). After

embryos were retrieved, weight of dams was also recorded (Appendix B, Figure 1).

Although no differences in the total number of embryos derived between the Young and Old group
were observed, older mothers (7-8 months) had increased proportions of early stage embryos and
therefore yielded fewer mid-stage and total blastocysts compared to younger mothers (7-8

months) (Figure 2.6). Retrieved embryos were frozen and stored at - 80°C for later use.
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Figure 2.6 Effect of maternal age on developmental stage of embryos at E3.5.

Embryos were flushed from Young (7-8 weeks) and Old (7-8 months) C57BL/6 females at E3.5 and
classified into different stages of development. Data highlighted in red are significant at P<0.05, and
those in orange at P <0.1. Older dams yielded fewer (P = 0.069) mid (C) and total (P = 0.039) (E)
blastocysts, and more (P = 0.084) morulae (A) and early blastocysts (P = 0.034) (B) than younger dams.
In graphs G) and H), ‘total’ also includes degenerated embryos and unfertilised eggs (n=10 dams with
8-9 embryos/ dam). Vertical bars represent SEM. * indicates P<0.05.
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2.3.2 Derivation of mouse embryonic stem cells (mESCs)

As described in Section 2.2.2.2, mouse embryonic stem cells (mESCs) were derived from mid-blastocysts
collected at E3.5. Briefly, blastocysts were flushed from Young and Old dams, washed in H6BSA, and
immediately transferred to 6-cm dishes with pre-plated MMC-treated MEFs containing mESC
medium. Dishes were incubated at 37°C in 5% CO2. The first 2-3 days are critical for embryo
adaptation to in vitro culture, therefore culture dishes were left undisturbed. Figure 2.7 shows the
early stages of blastocyst hatching that occur after 3 days in culture. As shown in Figure 2.7, E and F,

the inner cell mass (ICM) grows out of the zona and attaches to the fibroblast cell matrix.

3x wash
in HGBSA
—_—

Transfer
in ES media

E 3.5 Blastocyst in KSOM Mitomycin-C treated MEFs Blastocysts after 2 days

Magnified Images

Attached ICM outgrowth Hatching blastocyst Blastocyst after 2- 3 days
after 4 days after 2-3 days

Figure 2.7 Representative images showing transfer and attachment steps of E3.5 blastocysts to
mouse embryonic fibroblasts (MEFs).

(A) Mid blastocysts at E3.5 were flushed in saline solution, washed in H6BSA and transferred to (B)
MMC treated MEFs in ES medium and (C, D) left undisturbed for two days. The arrow in (C) shows two
blastocysts on a MEF dish. (E) On the third day from transfer, the embryo hatches from the zona
pellucida and the inner cell mass (ICM) of the blastocyst grows out (indicated with an arrow) and (F)
attaches to the fibroblast matrix. Magnification bar= 200 um, except for C) = 50 um.

Once ICM cells attached to MEFs (i.e. 3 to 4 days after transferring blastocysts), the outgrowths were
picked, dissociated with trypsin-EDTA, and transferred to individual wells of fresh MMC-MEF 96-well
dishes. The first ES clones were observed after 4-5 days from the day of seeding, and were further

cultured for 3-4 days. Initially, cells grew at a slower rate (up to P4) compared to later passages. This

may be influenced by the low cell density at lower passages. Therefore, a sequential increase in
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surface area of culture dishes also plays an important role in the growth of ES colonies. Figure 2.8 (A-

E) illustrates the increasing size of ES colonies with time and subsequent passaging.

Day 8 Day 13

Passage and plate trypsinized mESCs on fresh MEFs every 3-4 days |

——

Figure 2.8

F. Timeline for establishment of mMESC lines

30+ *

Number of days
O 1o ;o O

012345678

Passage number

Representative images of mESC colonies increasing in size (A-E) and associated
timeline establishment (F).

E3.5 blastocysts were transferred and developed into embryonic stem cells (mESCs) on mitomycin C-
treated mouse embryonic fibroblasts (MMC-MEFs). Images (A-E) show increase in mESC colony size
with passaging and culture in mES medium. From the day of blastocyst transfer to MEFs (day 0), it took
8-9 days for the first mESC clones to appear (A). The number of cells and colony size increased
subsequently with time (B-E). ES cell timeline (F) represents the average time of establishing a
mESC line (i.e. 26 days) before freezing and the standard deviations for n= 43 mESC lines, and the time
interval between subsequent passages (i.e. 3-4 days). Magnification bar= 200 pm.

Cells were maintained at 70-80% confluency, and passaged every 3 to 4 days to avoid overcrowding.

This is essential for maintaining a pluripotent state in ES cells, as high cell density can induce

metabolic shifts, contributing to cell differentiation (Singh et al., 2017). From the time of collecting
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and transferring blastocysts to MEF cells at E3.5, it took around eight passages (lasting 27-30 days)
to establish each mES cell line (Figure 2.8 F). Although the growth rate of ESCs improved in the later

passages, the overall derivation efficiency of mESC lines remained low (see next paragraph).

23.2.1 Optimization of mESC derivation protocol

It is known that different mouse strains require different culture conditions for establishment of ESC
lines (Kawase et al., 1994; Baharvand and Matthaei, 2004). Furthermore, ESCs derived from the
same strain, same mother, or even the same blastocyst (ICM), display heterogeneity (Hayashi et al.,
2008; Martinez et al., 2012). Such differences further enhance with multiple in vitro culture, which may
induce exaggerated phenotypic characteristics in the cells. It is therefore essential to practice optimized

derivation procedures to minimize confounding factors while interpreting data.

In the present study, preliminary mESC lines were derived using our standard protocol. Females used
for these derivations were limited to the Young group (7-8 weeks) due to the unavailability of Old
mothers (7-8 months) when the experiments were carried out. Given the low efficiency of the initial
protocol, the method of derivation was subsequently modified and an optimized protocol established.

The flow diagram (Figure 2.9) illustrates the initial protocol with the modifications highlighted in red.

Derivation efficiency was influenced by the time taken to transfer blastocysts from embryo culture
medium (KSOM) to the MMC-MEF dish with mESC medium. Prolonged washing in H6BSA also affected
embryo quality, developmental ability, and ESC derivation efficiency. Other factors that lowered the
efficiency included poor enzymatic dissociation and mechanical disaggregation of ICM cells, which
often gave rise to clumps of differentiated cells. Additionally, avoiding centrifugation steps during early
passages (P1-P3), and a systematic increase in the surface area of culture dishes, also improved mESC

survival, growth, ultimately increasing the number of ES lines derived.
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Figure 2.9 Flowchart representing optimization of mESC derivation protocol in a systematic manner.

The modifications made in intermediate steps are illustrated in red.
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Although the initial protocol was modified only slightly, altogether, it increased the developmental
potential of mESC lines (Figure 2.10). The x-axis represents the time of blastocyst transfer to MMC-
MEFs, or the beginning of mESC-derivation process, and the y-axis indicates the derivation
efficiency calculated by the ratio of the number of embryos that produced mESC lines to the total

number of embryos collected from the dam.
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Figure 2.10 Increase in mESC derivation efficiency following optimization.

The number of mESC lines derived and established increased 5-fold after optimization. The grey
bars represent cell lines derived from C57BL/6 females. The red arrow on x-axis indicates the time
of when the optimized protocol for mESC lines was introduced. Days from date of first derivation
(14™ January 2014).

Following optimization (indicated by red arrow), there was a five-fold increase in derivation of ES

lines. The modified protocol was therefore adopted for deriving the remaining ES lines reported in

this thesis.

233 Effect of Advanced Maternal Age (AMA) on mESC derivation

As described in Section 2.2.2.2, mESC lines were derived from E3.5 blastocysts of both Young
(7-8 weeks) and Old (7-8 months), and cultured on MMC-MEFs in ES medium. ICM outgrowths
were cultured individually and each mESC line was generated from an individual blastocyst. Table
2.3 presents the total number of C57BL/6 females used for the derivation of mESC lines, the
number of females that ultimately gave rise to mESCs, and the total number of embryos collected

at E3.5 for derivation of mESC lines. The derivation efficiency of mESC lines isolated from
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individual Old dams (45%) was slightly higher compared to Young dams (36%), although

statistically insignificant (Figure 2.11).
Table 2.3 Total number of ES cell lines isolated in Young and Old groups.

Total Dams producing Dams deriving Total mES lines
dams embryos mESCs embryos derived

Maternal age

Young (7-8 weeks) 14 11 4 28 10

Old (7-8 months) 14 13 9 62 28

50 1

40 -

301

204

Percentage

101

0 T
Young Old

Figure 2.11 Derivation efficiency of Young and Old mESC lines.

The percentage of blastocysts yielding ES cell lines isolated from young (7-8 weeks) and old (7-8
months) C57BL/6 females. The number of blastocysts collected per mother was recorded and the
percentage of those blastocysts yielding mESC cell lines calculated. Young, n=28 total blastocysts
from 11 mothers vs. old, n= 62 total blastocysts from 13 mothers. Young mothers gave rise to n=10
mESC lines, and old mothers gave rise to n=28 mESC lines. Vertical bars represent SEM.

2.3.4 Characterization of derived mESCs

23.4.1 Sexing of mESC lines

To analyse gender of the derived mESCs, genes- Sry and Zfy, and DxNds3 (or Nds3), located in the
sex-determining regions of the Y- and X-chromosome respectively, were amplified by multiplex
PCR. The amplified PCR products were run on agarose gel following gel electrophoresis and bands
were observed at 617 bp for Zfy, 404 bp for Sry, and 244 bp for DXNds3. Figure 2.12 shows a
representative gender specific reaction where a meSC line shows positive amplification for both
X and Y chromosome genes indicating male gender cell line. Afemale cell line shows an amplified

band for only X-chromosome gene, DxNds3.
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Figure 2.12 Gender analysis of DNA isolated from mESC lines by multiplex PCR.

Band sizes were determined using a Bioline Hyperladder Il DNA size marker (left column; ladder).
The lanes contained 50 ng of DNA isolated from mESC lines, and 50 ng of pure DNA from positive
male and female control tail biopsies. In this image the mESC line was identified as male as it
displayed strong bands for Y- Sry (619 bp) and Zfy (404 bp), and X- Nds3 (244 bp) chromosomal
genes.

Table 2.4 shows the proportion of male and female ESC lines for both Young and Old groups. The
total number of male lines isolated was much higher than the number of female lines for both
treatments (86.84% total male mESC lines).

Table 2.4 Results of PCR sex analysis of mESC lines according to maternal age.

Total number of

Maternal Age Male (%) Female (%)

mESC lines
Young (7-8 weeks) 10 9 (90) 1(10)
0ld (7-8 months) 28 24 (86) 4 (14)
Total 38 33 (86.84) 5(13.15)

As the Young group generated only one female mESC line, effects of maternal age were evaluated
only between male mESC lines (i.e. Young male vs Old male mESC lines). However, as animal studies
have displayed maternal age effects on sexual dimorphism (Velazquez et al.,, 2016), gender
comparisons were made (although limited to) within the Old group (Old Male vs Old Female mESC

lines).

23.4.2 Karyotype analysis of mESC lines

23.4.2.1 Optimization of karyotyping techniques

For analysis, 70% confluent mESCs were treated with Colcemid. The addition of Colcemid

improved chromosome counting as it arrested the mES cells in metaphase, producing
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distinguishable chromosome spreads (Figure 2.13, C-F). The cells were washed, trypsinized,
treated with KCI (hypotonic solution) and fixed (see Section 2.2.4). After drying the fixative, slides

were incubated with Giemsa stain.

Drop down method Directly on slide, Drop down method with
steam with Colcemid Colcemid

A »

Overlapping chromosomes

—

Separated spreads Countable chromosomes Countable and
separated spreads

Figure 2.13 Optimization of karyotype analysis.

Confluent mES cells were isolated and prepared for chromosome spreads. Results for three
methods (A, B) drop-down method without Colcemid, (C, D) placing the cells directly on the slide
with Colcemid, and (E, F) drop-down method with Colcemid. The drop-down method with Colcemid
(E, F) proved to be the most efficient method as it produced high numbers of separated and
countable spreads, and was adopted for karyotype analysis of all mESC lines. Chromosomes were
stained with Giemsa stain. Images were captured at 460 um under oil.

Slides were prepared either by dropping the cells on the slides from an approximate height of
20 cm (drop-down method, Figure 2.13, A and B), or directly on the slide surface using a
micropipette, after which they were briefly exposed to steam (Figure 2.13, C and D). While the
drop-down method produced separated spreads, the chromosomes (often in asynchronous
mitotic phases) overlapped (Figure 2.13, A), generating erroneous data. Steam helped in swelling
chromosomes thereby generating distinguishable spreads (Figure 2.13, D). However, it caused
spreads to float and intermix with each other, making it difficult to count individual spreads
accurately (Figure 2.13, C). As the drop-down method produced separated chromosome spreads
and Colcemid helped in arresting cells in metaphase thereby increasing accuracy of counts, the

combined treatment i.e. drop-down method with Colcemid (Figure 2.13, E and F) was the most

efficient, and therefore practiced for all future Karyotype experiments.
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2.3.4.2.2 Effect of Maternal Age on mESC karyotype

To assess the effect of maternal age on karyotype (number of chromosomes) in the derived mESCs
from Young and Old dams, chromosome spreads were prepared from lines between passage
numbers 10-11. At least 70 chromosome spreads (individual cells) were counted per mESC line.

They were categorised as aneuploid, euploid or polyploid spreads (Figure 2.14, A-C).
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Figure 2.14 Karyotype analysis to detect chromosomal abnormalities.

(A-C) Representative images of metaphase chromosome spreads (derived by drop-down method,
with Colcemid) of mESC lines showing (A) aneuploidy (27, 2n<40), (B) euploidy (40, 2n=40) and (C)
polyploidy (81, 2n>40). Chromosomes were stained with Giemsa stain. All images were captured
at 460 um under oil.

Overall, the majority of derived mESC lines were euploid. Separated by maternal age, Young male
mMESCs showed greater euploidy (P=0.039) (Figure 2.15 A), and consequently reduced aneuploidy
with 38 chromosomes (P=0.090) (Figure 2.15 B) and with chromosomes with less than 37
chromosomes (P=0.005) compared to the Old male mESC lines (Figure 2.15 C). Separated by
gender, Old females showed greater number of cells with 38 chromosomes (P=0.033) (Figure 2.15
E) compared to Old male mESC lines, although no differences were observed between euploidy
(Figure 2.15 D). Proportion of cells assessed for polyploidy were not statistically significant in either
groups, however the Old male mESC lines (0.140 £ 0.071) had greater number of polyploid spreads
compared to the Young male mESC lines (0.079 + 0.052). Old male mESC lines (0.181 + 0.100) also
displayed increased polyploid spreads than Old female mESC lines (0.121 + 0.083), although they

were not statistically significant.
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Figure 2.15 Effect of maternal age on karyotype of Young and Old mESCs lines.

Distribution of euploid and aneuploid cells. Data presented as proportion of total number of
spreads counted, where data highlighted in red are significant at P<0.05, and those in orange at P
<0.1. Old male mESC lines exhibit reduced (P=0.039) incidences of euploidy (A) and increased
incidences of aneuploidy with 38 chromosomes (P=0.090) (B) and <37 chromosomes (P=0.005) (C)
compared to Young male ES lines. Old Female mESC lines showed no difference in proportion
euploid cells (D) and aneuploid cells with <37 chromosomes (F). However, Old Female mESC lines
had a greater (P=0.033) proportion aneuploid cells with 38 chromosomes compared to Old Male
mESC lines (E). Data presented as means + SEMs based on n = 6 for Young and Old male mESC
lines; n=4 for Old Female mESC lines. * indicates P<0.05 and ** indicates P<0.005.
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As stated previously, cell lines with more than 50% euploid (2n = 40) spread counts were selected
for further experiments. It is known that mESC karyotype may also vary with extended in vitro
culture (Rebuzzini et al., 2008). Likewise, lines with even seemingly normal karyotype (>50%) may
have an increased percentage of a specific type of aneuploidy, for instance a high number of
spreads with 39 or 41 chromosomes (as observed by Gaztelumendi and Nogués (2014)), which

may be noteworthy.

2.3.5 Functional Characterization of derived mESCs
2.3.5.1 Pluripotency (Stemness/ markers for mESC) analysis
23.5.1.1 Differences between Young male vs Old male mESC lines

a) Relative gene expression (RT PCR)

While no differences were observed in the relative expression of pluripotency genes Oct4 and Nanog,
Sox2 expression was reduced (P=0.049) in Old male compared to Young male mESC lines (Figure
2.16). Additionally, significant interaction was observed between the expressions of Oct4 (P=0.018)

and Sox2 (P=0.003) on Nanog.
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Figure 2.16 Relative gene expression for pluripotency markers in undifferentiated male (young
(7-8 weeks) vs old (7-8 months)) mESC lines.

Genes of interest were normalized to Ywhaz and Rpl13a within geNorm. Old male mESC lines
showed reduced expression for Sox2 (P=0.049), highlighted in red. Data presented as means + SEMs
based on n =4 mESC lines. * indicates P< 0.05.
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b) Protein expression (Flow cytometry)

Expression of pluripotency markers Oct4, Nanog and Sox2 was analysed by flow cytometry following
intracellular (nuclear) staining protocol (Section 2.2.7.1) and revealed no differences between Old
and Young male mESC lines (Figure 2.17). However, interaction was observed between the

expressions of Oct4 (P=0.01) and Sox2 (P=0.029) on Nanog.
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Figure 2.17 Quantitative analysis of protein expression for pluripotency markers in
undifferentiated male (Young (7-8 weeks) vs Old (7-8 months)) mESC lines.

Pluripotent cells are presented as the proportion positive of total cells (stained and unstained). No
differences were observed between the groups. Data are presented as means + SEMs based on n =
4 cell lines.

2.3.5.1.2 Differences between Old Male vs Old Female mESC lines

a) Relative gene expression (RT PCR)
No differences were observed in the relative expression of pluripotency genes Oct4, Nanog and Sox2
between Old Male and Old Female mESC lines (Figure 2.18). Additionally, an interaction was

observed between the expressions of Oct4 (P=0.075) and Sox2 (P<0.001) on Nanog.
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Figure 2.18 Relative gene expression for pluripotency markers in undifferentiated Old (7-8
months, Male vs Female) mESC lines.

Genes of interest were normalized to Ywhaz and Rp/13a within geNorm. No differences were
observed between the groups. Data presented as means + SEMs based on n=4 mESC lines.
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b) Protein expression (Flow cytometry)

No differences were observed in the proportion of cells expressing pluripotency markers Oct4 and
Sox2 between Old Male and Old Female mESC lines (Figure 2.19 A and C), although the proportion
of mESCs expressing Nanog was reduced (P=0.033) in Old Female compared to Old Male cell lines
(Figure 2.19 B). Additionally, interaction was observed between the expression of Sox2 and Nanog

(P=0.0018), but not between Oct4 and Nanog.
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Figure 2.19 Quantitative analysis of protein expression for pluripotency markers in
undifferentiated Old (7-8 months, Male vs Female) mESC lines.

Pluripotent cells are presented as the proportion positive of total cells (stained and unstained). Old
Female mESCs lines showed reduced proportion of cells positive for Nanog (P= 0.033), highlighted
in red, compared to Old Male cell lines. Data are presented as means * SEMs based on n=4 mESC
lines. * indicates P<0.05.

2.3.5.1.3 Qualitative pluripotency expression analysis (Immunocytochemistry)

Mouse ESC lines were cultured for three days and fixed on the fourth day and stained with
pluripotency markers Oct4 and Sox2, and nuclear marker Dapi. The culture duration and density
was similar to that for protein expression analysis by flow cytometry. Strong expression of both
Oct4 and Sox2 was evident in both Young male and Old male mESC lines (Figure 2.20). Old Female
mESC lines however, showed relatively low intensity of immunostaining and smaller ESC colonies,

compared to the Old Male mESC lines (Figure 2.20 C and F).
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Figure 2.20 Representative images of protein expression for pluripotency markers Oct4 and
Sox2 (both green), and Nuclear marker Dapi (blue).

mESC lines were cultured in triplicate. While Young male (A, D) and Old male (B, E) mESC lines
stained strongly for both Oct4 and Sox2, Old Female mESC lines (C, F) appeared relatively dim. They
also had smaller colonies and with fewer cells/ colony. Magnification = 200um.
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2.3.5.2 Differentiation analysis

2.3.5.2.1 Differences between Young male vs Old male mESC lines (RT PCR)

To analyse the influence of maternal age on potency of mESCs, undifferentiated ES cells were
analysed for relative gene expression of endodermal Gata4 and mesodermal Brachyury genes.
Although Old male mES lines had higher relative expression for Gata4 and reduced expression for

Brachyury, no significant differences were observed compared to Young male mESC lines (Figure

2.21).
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Figure 2.21 Relative gene expression for differentiation markers in undifferentiated male
(young (7-8 weeks) vs old (7-8 months)) mESC lines.

Genes of interest were normalized to Ywhaz and Rp/13a within geNorm. No differences were
observed between the groups. Data presented as means + SEMs based on n =4 mESC lines.

2.3.5.2.2 Differences between Old Male vs Old Female mESC lines (RT PCR)

No differences were observed for the relative gene expression of endodermal Gata4 and

mesodermal Brachyury markers between Old Male and Old Female mESC lines (Figure 2.22).
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Figure 2.22 Relative gene expression for differentiation markers in Old (7-8 months, Male vs
Female) mESC lines.

Genes of interest were normalized to Ywhaz and Rp/13a within geNorm. No differences were
observed between the groups. Data presented as means + SEMs based on n =4 mESC lines.
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2.3.5.2.3 Qualitative differentiation expression analysis (Immunocytochemistry)

Mouse ESC lines were cultured for three days and fixed on the fourth day and stained with
differentiation (mesodermal) marker Brachyury, and nuclear marker Dapi. Strong expression of
Brachyury and reduced colony size were evident in both Old Male and Old Female mESC lines
(Figure 2.23 B and C). Young male mESC lines however, show no expression for Brachyury (Figure
2.23 A). MEFs were used as positive control and showed a strong expression for the mesodermal

marker (Figure 2.23 D).

A

Old Female Old male Young male

MEFs

Figure 2.23 Representative images of protein expression for mesodermal marker Brachyury
(red) and Nuclear marker Dapi (blue).

mESCs were cultured in triplicate. While Young male (A) mESC lines did not show any staining for
Brachyury, several cells within Old (B) Male and (C) Female mESC colonies stained strongly. (D)
MEFs were used as control for positive Brachyury staining. Magnification = 200um.
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2.3.5.3 Cell Proliferation and Differentiation analysis

The effect of maternal age was analysed on the growth and proliferation of mESC lines from the
three groups. Briefly, mESC lines were seeded in defined density for 96 h as the cells are generally
passaged every 72-96 h. Cells were harvested and analysed every 24 h. Figure 2.24 shows phase
contrast images of proliferating mES colonies. Young male mESC lines (Figure 2.24 A to D) appeared
to have a high cell density and number of colonies at all time points compared to Old male mESC
lines (Figure 2.24 E to H). Old Female mESC lines (Figure 2.24 | to L) appeared to be smaller with

fewer colonies compared to Old Male mESC lines at all time points.

2.3.5.3.1 Differences between Young male vs Old male mESC lines

a) Cell proliferation and Viability (Trypan Blue Dye Exclusion Assay)

Mouse ESC lines were seeded in defined density for 96 h and harvested every 24 h. For analysis,
mMESCs were separated into floating and adhered cells. While floating (dead) cells were centrifuged
and counted (without trypan blue staining) using haemocytometer, adhered cells were trypsinized,
stained with trypan blue dye and counted as proportions of live (trypan blue negative) and dead
(trypan blue positive) cells. Old male mESC lines showed fewer proportions (P=0.001) (Figure 2.25
A) and reduced number (P<0.001) of live adherent cells (Figure 2.25 C) compared to Young male
mESC lines. Old male mESC lines also showed increased proportion of floating cells (P<0.001)
compared to young mESC lines (Figure 2.25 B). Additionally, effect of time (P<0.001) was observed

in all three analysis (Figure 2.25).

b) Cell proliferation and Differentiation (Flow Cytometry)

Mouse ESC lines were seeded in defined density for 96 h. Cells were harvested and counted every
24 h. For analysis, cells were separated into Oct4 only, Ki67 only, and Ki67 and Oct4 both positive
cells. Oct4 was used as a pluripotency marker for meSC cells. While Oct4 expression presented
differences over time (P<0.001) in both Young and Old male mESC lines (Figure 2.26 A), Ki67
expression was reduced (P=0.01) in Old male mESC lines, compared to Young mESC lines (Figure
2.26 B). Changes in Ki67 expression were observed at 24 h (P=0.011) and 48 h (P=0.001), although
no treatment (age) and time induced differences were observed in cells expressing both Oct4 and
Ki67 (Figure 2.26 C). Here, cells expressing both Oct4 and Ki67 represent pluripotent mESCs
undergoing proliferation, whereas cells expressing only Ki67 are proliferating and perhaps
undergoing differentiation (as they are Oct4 negative), and the cells expressing only Oct4 are the

stem cells which are not actively proliferating.
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Old male Young male
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Figure 2.24 Representative phase-contrast images of cell proliferation of Young (7-8 weeks), Old (7-8 months) male and Old female mESCs.

Cells were cultured in triplicate. After seeding, images were captured every 24 h over a period of 96 h. Images show that Young male (A-D) mESC lines have larger colonies
with increased density of cells/ colony compared to Old male (E-H) mESC lines. Old Female mESC lines (I-L) present much smaller colony size and fewer mESC clones
compared to Old Male mESC lines. Arrows and parenthesis point toward the colony size differences across the groups. Magnification = 100 um.
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Figure 2.25 Cell proliferation of undifferentiated male (Young (7-8 weeks) vs Old (7-8 months)) mESC lines by trypan blue dye exclusion assay.

mMESCs were cultured in triplicate. Trypan negative (live) cells presented as proportion of adherent (live and dead) cells, and floating cells as proportion of total (live, dead
and floating) cells. Old male mESC lines had fewer (A) proportions (P=0.001) and (C) number (P<0.001) of live adherent cells, and (B) increased number of floating cells
(P<0.001), highlighted in red, as compared to Young mESC lines. Data presented as means + SEMs based on n = 4 mESC lines.
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Figure 2.26 Cell proliferation and differentiation in Young male (7-8 weeks) vs Old male (7-8 months) ES lines.

Protein expression of Ki-67 and Oct4 in mESC lines. Marker expression presented as the proportion positive of total cells (stained and unstained). Both Young and Old male
mMESC lines showed differences in (A) Oct4 expression over time (P<0.001). Ki-67 expression was lower (P=0.01) in Old vs Young mESC lines (B), highlighted in red. Ki67
expression also differed between Old and Young mESC lines at 24 h (P=0.011) and 48 h (P=0.001). Oct4 and Ki-67 positive cells were unaffected by treatment and time (C).
Data presented as means + SEMs based on n =4 mESC lines. * indicates P<0.01 and ** indicates P<0.001.
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2.3.5.3.2 Differences between Old Male vs Old Female mESC lines

a) Cell proliferation and Viability (Trypan Blue Dye Exclusion Assay)

Mouse ESC lines were seeded in defined cell density for 96 h. Cells were harvested and counted
every 24 h. For analysis, cells were separated into floating and adherent cells. While floating cells
were centrifuged and counted (without trypan blue staining) using haemocytometer, adherent
cells were trypsinized, stained with trypan blue dye and counted as live (trypan blue negative) and

dead (trypan blue positive) cells.

No gender-based differences were observed between Old Male and Old Female mESC lines.
Differences were observed in proportion (Figure 2.27 A) and number (Figure 2.27 C) of live

adherent cells, and proportion of floating cells (Figure 2.27 B) over time (P<0.001).

b) Cell proliferation and Differentiation (Flow Cytometry)

Mouse ESC lines were seeded in defined density for 96 h. Cells were harvested and counted every
24 h. For analysis, cells were separated into Oct4 only, Ki67 only, and Ki67 and Oct4, both positive

cells. Oct4 was used as a pluripotency marker for mESC cells.

While both Old Male and Old Female mESC lines showed differences in Oct4 (Figure 2.28 A) and
Ki67 (Figure 2.28 B) expression over time (P<0.001), no treatment- (gender) and time-based

differences were observed in cells expressing both Oct4 and Ki-67 (Figure 2.28 C).
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Figure 2.27 Cell proliferation of undifferentiated Old ((7-8 months) male vs female) mESC lines by trypan blue dye exclusion assay.

Old female

mESCs were cultured in triplicate. Trypan negative (live) cells presented as proportion of adherent (live and dead) cells, and floating cells as proportion of total (live, dead
and floating) cells. Both Old male and Old female mESC lines showed differences in (A) proportion and (C) number of live adherent cells, and (B) proportion of floating cells
over time (P<0.001), although no gender based differences were observed between the two groups. Data presented as means + SEMs based on n =4 mESC lines.
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Figure 2.28 Cell proliferation and differentiation in Old male vs Old female mESC lines.

Protein expression of Ki-67 and Oct4 in mESC cells. Marker expression presented as the proportion positive of total cells (stained and unstained). Both Old male and Old
female mESC lines showed differences in (A) Oct4 and (B) Ki67 expression over time (P<0.001). Oct4 and Ki-67 positive cells were unaffected by treatment and time (C).
Data presented as means + SEMs based on n =4 mESC lines.
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2354 Cell Apoptosis and Cell Death analysis

The effect of advanced maternal age on cell apoptosis and death was assessed by analysing the
protein expression of Annexin V- FITC and Pl in the mESC lines from Young and Old groups using
flow cytometry (see Section 2.2.7.3). Briefly, mESCs were simultaneously seeded in defined cell
density and analysed every 24 h for a period of 96 h. ES cells were selected from a combined
population of mESC and MEF cells using a pluripotency surface marker, SSEA-1. Only SSEA-1
positive cells were further analysed for Annexin V and Pl negative (live cells), Annexin V positive
and Pl negative (early apoptotic cells), Annexin V and Pl positive (late apoptotic or necrotic cells),
and Annexin V negative and Pl positive (dead cells). Data is presented as proportion positive of

total cells (stained and unstained cells).

23.5.4.1 Differences between Young male vs Old male mESC lines

Both Young and Old male mESC lines showed differences in SSEA-1 expression over time (P<0.001)

(see Appendix B, Figure 2).

While proportion of live (P= 0.068), necrotic (P= 0.062) and dead (P= 0.056) cells changed over time
in both Young and Old male mESCs (Figure 2.29 A, C and D), no differences were observed in the
proportion of apoptotic cells by treatment (age) and time (Figure 2.29B). Old male ESC lines showed
slightly increased proportion of necrotic cells at 24h (P=0.075) compared to Young mESC lines

(Figure 2.29 C).

In addition, no difference was observed in the relative gene expression of early apoptosis marker,

Caspase 3 (see Appendix B, Figure 3).

85



Chapter 2

A. Annexin and Pl negative (live cells) B. Annexin positive and Pl negative (early apoptotic)
1.01 0.37
= 0.81 c
Qo o 0.21
S 0.67 S
2 2
o a 0.11
0.4
0.2~ 0.0-
T T T T T T T T T T T T T T T T
Time (h) 24 48 72 96 24 48 72 96 Time (h) 24 48 72 96 24 48 72 96
Age Young male Old male Age Young male Old male
C.Annexin and Pl positive (necrosis) D. Annexin negative and Pl positive (dead cells)
037 P=0.075 0.047
1
c c 0.031
S 0.271 2
e S 0.021
2 2
a 0.14 a
0.01 A
0.0- 0.00-
Time (h) 24 48 72 96 24 48 72 96 Time (h) 24 48 72 96 24 48 72 96
Age Young male Old male Age Young male Old male

Figure 2.29 Quantitative protein expression of early apoptosis marker, Annexin V, in
undifferentiated Young (7-8 weeks) vs Old (7-8 months) male mESC lines.

mESCs were cultured in duplicate. Cells are presented as the proportion positive of total cells
(stained and unstained cells). Proportion of (A) live (P=0.065), (C) necrotic (P=0.062) and (D) dead
(P=0.056) cells changed over time in both Young male and Old male ESCs. Proportion of necrotic
cells also differed between Old and Young ESC lines at 24 h (P=0.075), highlighted in red. Proportion
of apoptotic cells (B) were unaffected by treatment (age) and time. Data presented as means +
SEMs based on n =4 mESC lines.

2.3.5.4.2 Differences between Old Male vs Old Female mESC lines

Old Male mESC lines showed differences in SSEA-1 expression (P=0.02) compared to Old Female
mESC lines. Both Old Male and Old Female mESC lines showed changes in SSEA-1 expression over
time (P<0.001). Old Male mESC lines showed reduced SSEA-1 expression at 48 h of culture
(P<0.001) compared to Old Female mESC lines (see Appendix B, Figure 4).

Old Female mESC lines showed differences in proportion of live (P=0.095) and necrotic (P=0.003)
cells compared to Old Male mESC lines (Figure 2.30 A and C). Both Old Male and Old Female mESC
lines showed differences over time in live (P=0.084), apoptotic (P=0.009) and dead (P=0.003) cells.
Proportion of early apoptotic cells were increased (P=0.059) at 24 h, and reduced (P=0.055) at 48 h
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in Old Female mESC lines compared to Old Male mESC lines (Figure 2.30 B). Old Female mESC lines
also showed increased proportion of late apoptotic cells at 72 h (P=0.035) and 96 h (P=0.035)
compared to Old Male mESC lines (Figure 2.30 C). Additionally, no difference was observed in the

relative gene expression of early apoptosis marker, Caspase 3 (see Appendix B, Figure 5).
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Figure 2.30 Quantitative protein expression of early apoptosis marker, Annexin V in
undifferentiated Old Male vs Old Female mESC lines.

mESCs were cultured in duplicate. Cells are presented as the proportion positive of total cells
(stained and unstained cells). Old Female mESC lines showed differences in proportion of (A) live
(P=0.095) and (C) late apoptotic or necrotic (P=0.003) cells compared to Old male mESC lines,
highlighted in red. Both Old Male and Old Female mESC lines showed differences in (A) live
(P=0.084), (B) apoptotic (P=0.009) and (D) dead (P=0.003) cells, over time. Old Female mESC lines
presented (B) proportion of early apoptotic cells to be increased (P=0.059) at 24 h, and decreased
(P=0.055) at 48 h, compared to Old Male mESC lines. Old female mESC lines also showed increased
(C) proportion of necrotic cells at 72 h (P=0.035) and 96 h (P=0.035) and (D) proportion of dead cells
at 48 h (P=0.013) compared to Old male mESC lines. Data presented as means + SEMs based on n
=4 mESC lines. * indicates P<0.05.
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2355 Epigenetic modifiers

2.3.5.5.1 Differences between Young male vs Old male mESC lines

While Old and Young male mESC lines displayed no differences between the relative expression of
DNA methyltransferases Dnmt1, Dnmt3L and Dnmt3b, Old male mESC lines showed reduced

expression of Dnmt3a (P=0.049) compared to Young male mESC lines (Figure 2.31).
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Figure 2.31 Relative gene expression for DNA methyltransferases in undifferentiated male
(Young (7-8 weeks) vs Old (7-8 months)) mESC lines.

Real-time PCR analysis of DNA methyltransferases Dnmt1, Dnmt3L, Dnmt3a and Dnmt3b. Genes of
interest were normalized to Ywhaz and Rpl13a within geNorm. Old mESC lines showed reduced
expression of Dnmt3a (P=0.049) highlighted in red, compared to young mESC lines (C). Data
presented as means + SEMs based on n =4 mESC lines. * indicates P<0.05.

88



Chapter 2
2.3.5.5.2 Differences between Old Male vs Old Female mESC lines
While Old Male and Old Female mESC lines displayed no differences between the relative

expression of DNA methyltransferases Dnmt1, Dnmt3L and Dnmt3a, Old Female mESC lines

showed reduced expression of Dnmt3b (P=0.078) compared to Old Male mESC lines (Figure 2.32).
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Figure 2.32 Relative gene expression for DNA methyltransferases in undifferentiated Old ((7-8
months) Male vs Female) mESC lines.

Real-time PCR analysis of DNA methyltransferases Dnmt1, Dnmt3L, Dnmt3a and Dnmt3b. Genes of
interest were normalized to Ywhaz and Rpl13a within geNorm. Old Female mESC lines showed
reduced expression of Dnmt3b (P=0.078) highlighted in orange, compared to Old Male mESC lines.
Data presented as means + SEMs based on n =4 mESC lines.
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2.4 General Discussion

The current study investigated the effects of maternal age (Young, 7-8 weeks v Old, 7-8 months)
using mESCs as model. These cells were derived from the stem cell population (ICM) within
blastocysts (E3.5). Key findings from this study were that embryos from Old dams were less well
developed than those from Young dams. mESC lines derived from these embryos also exhibited
higher incidences of aneuploidy and a lower proportion of viable and proliferating cells. In contrast,
differences between Old Male and Female mECS lines were minor. Collectively, these results
indicate that advanced maternal age (AMA) delays embryo development and gives rise to a higher
proportion of karyotypically abnormal mESCs. Furthermore, these mESC lines were generally less
viable and showed of precocious loss of pluripotency. Figure 2.33 summarizes the AMA model,

analysed characteristics and results presented in Chapter 2, in a schematic format.

24.1 Effect of Advanced Maternal Age (AMA) on Embryo Development

In the present study, AMA had no effect on the total number of embryos retrieved at E3.5, which
was similar to the observations of Velazquez et al. (2016) and comparable to the lack of differences
shown between litter-size of young and old dams (Yue et al., 2012). Although the present study
showed no differences in fertilization rates, maternal age did have an impact on the developmental
stage of embryos recovered at E3.5. Old dams (7-8 months) had an increased number of morulae
and early blastocysts and, consequently, a reduced number of mid and total blastocysts compared
to those retrieved from Young dams (7-8 weeks), indicating AMA-induced retardation of blastocyst
development. Other studies have also reported that aged dams produce an increased number of
delayed and morphologically abnormal embryos, with reduced embryo size (measured as crown-
rump length of embryo) and somite number (Lopes et al., 2009). In the same study, aged dams also
showed an increased number of early and late resorption sites, indicating implantation failures at
different stages of embryonic development, comparable to reduced fertilization rates (Velazquez
etal., 2016) and litter-size (Care et al., 2015). Decrease in fertilization rates and embryo quality with
AMA has also been observed in humans. This was represented by reduced number of oocytes and
an increased number of arrested morulae, which in turn reduced blastocyst formation and
expansion rates (Janny and Menezo, 1996). Ageing oocytes display increased chromosomal
aberrations in addition to alterations in chromatin structure and genome stability compared to
younger oocytes (Toshio Hamatani et al., 2004). Although eggs contain equal amounts of maternal
and paternal DNA, it mostly constitutes of maternal (oocyte) cytoplasm and mitochondria,
therefore being more vulnerable to adverse maternal environment (Veleva et al.,, 2008). The
present study focussed only on the number, quality and developmental stages of the embryos

retrieved at E3.5, and did not culture the early-stage embryos (i.e. morulae or early blastocysts)
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Figure 2.33 Flow diagram representing study layout and findings from Chapter 2 of this thesis.
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further to test their viability or developmental potential. Nevertheless, as AMA delayed blastocyst
development in the current study, and has been shown to reduce pregnancy outcomes in other
studies, collectively, these observations highlight the possibility of reduced developmental

potential of the delayed embryos.

2.4.2 Effect of Maternal Age on derived Young and Old male mESC lines

Given the aforementioned detrimental effects of AMA on the development of blastocysts, the
current study utilised the self-renewal and pluripotent potential of ICM-derived mESCs, in vitro. No
statistical differences in the derivation efficiency of mESC lines from Young and Old dams were
observed, which is comparable to the similar number of ICM cells obtained from E3.5 blastocysts
of young and old dams in another study with similar maternal age groups (Velazquez et al., 2016).
It is noteworthy that due to unavailability of Old dams (7-8 months) at the time, most of Young
mESC lines were established before mESC-derivation protocol optimisation and the majority of Old
mESC lines were derived after optimisation. While it may be argued that the optimised culture
conditions could have been favourable in improving the derivation efficiency of Old mESC lines,
significant differences observed in several phenotypic aspects (discussed below) between the

Young and Old dam derived mESC lines, suggest otherwise.

In the current study, both Young and Old age groups showed a strong bias towards male embryos
(~80-90%). Therefore, age-related differences were limited to male mESC lines. This is quite
common in ESC derivation, as compared to Male (XY) ESC lines, Female (XX) ESC lines are more
prone to developing abnormal karyotypes (with frequent loss of one chromosome), related to
reduced cellular function and proliferation (Hadjantonakis and Papaioannou, 2001; Zvetkova et al.,
2005). Mammalian females undergo dosage compensation of X-chromosome by an essential
epigenetic event during early embryonic developmental transition, called X-chromosome
inactivation (XCI). In mice, it is developmentally regulated and occurs during preimplantation
development (by a single cis-acting X-inactivation centre (Xic)), on the onset of cellular
differentiation by upregulating Xist expression (Monk and Harper, 1979). This results in functional
hetero-chromatinization and silencing of the X chromosome, which continues through subsequent
cell divisions, thus having only one functionally active X chromosome in both sexes. In mice, XCl
occurs in two forms. In the extra-embryonic trophectoderm and primitive endoderm lineages
(during preimplantation), XCl is imprinted and paternal X-chromosome is inactivated (Takagi and
Sasaki, 1975). This starts as early as two- to eight- cell stage and continues from extra-embryonic
trophectoderm through to development of fetal placenta (Huynh and Lee, 2003). In contrast,
paternal X-chromosome is reactivated in the ICM, followed by random X inactivation that initiates

post implantation, in the epiblast (around E5.5). As ESC lines are derived from ICM, they lack X-
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inactivation, and therefore have both XX chromosomes activated, which induces instability and
interferes with propagation of the ES lines, a phenomenon also observed in human ESCs (Rastan
and Robertson, 1985; Barakat and Gribnau, 2010; Dvash et al., 2010; Xie et al., 2016). Similar to this
notion, other studies have reported that male blastocysts have an increased number of
blastomeres which are metabolically more active, which may favour the isolation of pluripotent
ESCs compared to female blastocysts (Sato et. al., 1995). Global methylation patterns of ESCs
suggest increased hypomethylation of XX ESCs relative to XY and XO cells, which could be
responsible for two active XX-chromosomes and inducing instability in female ESC lines (Zvetkova

et al., 2005).

24.2.1 AMA increases aneuploidy in Old male mESC lines

Karyotype analysis of male mESC lines revealed increased aneuploidy (< 40 chromosomes) including
a greater proportion of cells with less than 38 and 37 chromosomes in Old male mESC lines
compared to Young male mESC lines. In vitro culture conditions, such as passaging with Trypsin,
handling and prolonged cultures, have been shown to influence ESC karyotype over time (Baker et
al.,, 2007). Cytogenetic studies suggest that karyotypic aberrations could be representative of
progressive adaptation of ESC lines to their culture conditions, thus increasing in vitro proliferation.
However, as all mESC lines used in the present study were cultured in a similar fashion, the effects
of in vitro cultures are less likely to be responsible for the differences observed. Moreover, all mESC
lines used for further analysis in the present study had a normal karyotype (>50% euploidy) in

accordance with the guidelines of American Type Cell Culture, ATCC.

Aneuploidy increases with maternal age contributing to reduced implantation and fertility rates
(Munné, 2006), making it one of the leading causes of IVF-failures in older mothers (Annette et al.,
1997; Harton et al., 2013). In mice however, aneuploidy in embryos may also depend on the strain
background, making it a quantitative genetic trait (Yun et al., 2014; Schulkey et al., 2015). In AMA
human and mouse studies, aneuploidy is also associated with poor embryo development
(Gabrielsen et al., 2000; Steuerwald et al., 2007; Mohammadzadeh et al., 2018). Increased
aneuploidy in ageing oocytes and preimplantation embryos is caused by (i) recombination errors in
early meiosis, (ii) defective and weakened spindle assembly checkpoint in meiosis I, (iii)
deterioration of sister chromatid cohesion or chromosome non-disjunction, (v) premature
segregation of sister chromatids (MI and MII) and (v) higher errors of microtubule-kinetochore
interactions (Chiang et al., 2012; Stuppia, 2013). Additionally, altered patterns of degradation of
maternal mRNAs (during oocyte maturation), reduced BRCA1 expression in ageing oocytes, further
perturbing spindle formation and chromosome congression, and decreasing DNA methylation (Pan

etal.,2008; Yue et al., 2012). Together, these alterations reduce cleavage, blastocyst and pregnancy
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rates, and increase still birth and fetal malformations. As observed in the present study, and in mice
models generally, AMA significantly increased maternal body weight, making it an additional factor
contributing to increased aneuploidy in oocytes (with increasing maternal weight) (Luzzo et al.,

2012) and reduced fertility in older mothers (Comstock et al., 2015).

2.4.2.2 AMA reduces Sox2 expression in Old male mESC lines

Embryo and ESC pluripotency is maintained by the core intrinsic factors including octamer-binding
transcription factor 4 (Oct4), Nanog and sex determining region Y-box 2 (Sox2) (X. Chen et al., 2008).
Following zygote genome activation, pluripotent cells (eventually forming ICM) specialise to give
rise to the three germ layers (ectoderm, mesoderm and endoderm). While Oct4 and Nanog inhibit
differentiation, Sox2 acts as Oct4 coactivator and synergistically regulates pluripotency factors
(Ambrosetti et al., 1997). Sox2 is first detected at the morula stage, becoming more specifically
located in the ICM and epiblast (Avilion et al., 2003). It is one of the most essential factors for
regulating embryonic development, the absence of which is embryonically lethal. Like other
pluripotency factors, Sox2 maintains self-renewal and assists in proliferation of ES cells (Thomson

et al., 2011).

All mESC lines used in the current study displayed high levels of pluripotency, congruent to all
putative ESC lines expressing characteristics of in vivo ICM of blastocysts (Mitsui et al., 2003).
However, Old male mESC lines showed reduced Sox2 expression compared to Young male mESC
lines. It must be noted that although derived from ICM, ESCs are not ‘identical’ to the cells in the
ICM, and could undergo alterations depending on the duration and conditions of in vitro culture.
Nevertheless, loss of Sox2 expression may induce similar effects in both cell types, and reduce
pluripotency, change in cell morphology and increase differentiation of ESCs (Masui et al., 2007).
As Sox2 synergistically maintains Oct4 expression, reduction in Sox2 would therefore influence
Sox2-Oct4 target genes, disturbing the dynamic equilibrium between Oct4 and Nanog, eventually
perturbing the core regulatory circuitry in pluripotent stem cells and inducing differentiation (Boer

et al., 2007; Kopp et al., 2008)

Although no study has yet made a direct comparison to assess pluripotency of Old and Young
blastocyst-derived ESCs, Huang et al. (2010) succeeded in generating ESCs from artificially activated
aged oocytes. They observed no age-induced differences in derivation efficiency and pluripotency
expression (Oct4, Nanog and SSEA1) of the ES lines, and only little difference in the global gene
expression. However, ES derivation efficiency was reduced in the old group lines derived from
parthenogenetic blastocysts. Additionally, greater global gene expression differences were
observed in the eggs of Old and Young dams, compared to the ES lines derived from the artificially

activated oocytes. Similar differences in gene expression, DNA methylation patterns and
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aneuploidy rates have been observed between aged oocytes and aged eggs (Pan et al., 2008).
Therefore, assessing effects of maternal age at different stages of development (i.e. eggs vs
embryos) may reveal different results. The current study focussed on ICM-derived mESCs at the
preimplantation stage (E3.5) of development as ICM is responsible for fetal development and has
been identified as the most critical developmental period of gestation (Sun et al., 2015; Velazquez
et al., 2018). Moreover, it is the preimplantation stage that is mostly used for embryo transfers in

IVF treatments (which corresponds to E5- E6 in humans).

24.23 AMA reduces Cell Viability in Old male mESC lines

Studies have indicated that AMA in mice increases the rate of embryo fragmentation during in vivo
fertilisation, which occurs during the first cell cycle (Jurisicova et al., 1998). This was observed to
increase even further when oocytes were fertilised in vitro. Embryo fragmentation restricts and
arrests embryo development thereby contributing to programmed cell death (PCD) in the
preimplantation embryos. Excessive chromatin condensation, DNA degradation, presence of cell
death and apoptotic bodies in blastomeres of fragmented human embryos suggest the initiation of
PCD at early developmental stages; that is prior to blastocyst formation, eventually causing death
of the preimplantation embryo (Jurisicova et al., 1996). Likewise, in the present study, Old male
mESC lines showed an increased proportion of dead cells and consequently reduced number of live
cells (by Trypan blue dye exclusion assay). Additionally, Old male mESC lines displayed reduced cell
proliferation (by Ki67, flow cytometry) and increased proportion of necrotic cells compared to

Young male mESC lines (Annexin V- Pl assay, flow cytometry).

While pre-established PCD in ‘Old blastocysts’ could have induced cell death and necrosis in ‘Old
mESC lines’, an additional factor could have been reduced Sox2 expression. As described before,
positive-feedback loops between core-regulatory transcription factors are essential in maintaining
pluripotency as well as continuous ESC self-renewal (lvanova et al., 2006). Moreover, reduced
expression of these factors, especially Oct4-Sox2, lead to decreased cell proliferation and increased
cell death as indicated by the death of Sox2-null mice embryos, post implantation (Avilion et al.,
2003). Although the apoptosis marker, Caspase3, showed no transcriptional differences between
the two groups, further evaluation of cell death mechanisms such as the Ras/Raf/extracellular

signal-regulated kinase (Erk) signalling pathway is required (Cagnol and Chambard, 2010).

Additionally, ‘Old male mESC lines’ showed reduced levels of DNA methyltransferase transcript
(Dnmt3a) expression, which is essential for de novo methylation, cell division and proliferation,
ageing, germline determination and early mouse development and survival (Okano et al., 1999;
Robertson and Wolffe, 2000; Trasler, 2006). Together with Dnmt1 and Dnmt3b, Dnmt3a regulates

cytosine methylation in CpG dinucleotides and promotes gene silencing thereby maintaining
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genome integrity (Tsumura et al., 2006). A common belief is that the de novo methytransferases
Dnmt 3a/3b, establish methylation in the CG landscape in the hypomethylated genome of early
embryos prior to implantation, which is later copied from parent to daughter strands during
replication by Dnmt1 (Probst et al., 2009). These patterns are faithfully maintained by Dnmt1 during
DNA replication to ensure epigenetic inheritance across generations DNA methylation patterns
change with age and stages of embryonic development (Reik et al., 2001; Morgan et al., 2005).
Aged oocytes and preimplantation embryos show reduced DNA methylation both in vivo and in
vitro (Yue et al., 2012). These oocytes lead to reduced cleavage, blastocyst and pregnancy rates,
and increased stillbirth and fetal malformations compared to the young group. This further
highlights the importance of DNA methylation in embryonic and mammalian development.
Moreover, in stem cells, de novo DNA methyltransferases maintain self-renewal, pluripotency and,
therefore, affect proliferation and differentiation capacity of these cells (Tadokoro et al., 2007);
although some studies show contrasting results (Tsumura et al., 2006). However, it remains unclear
how DNA methyltransferases affect mESCs derived from aged blastocysts and how their expression

varies with in vitro culture conditions. This requires further research.

243 Effects of Sexual Dimorphism in Old mESC lines

Human and animal studies have demonstrated the influence of parental age on offspring health
and longevity (Lansing, 1947; Palomares et al., 2009; Gillespie et al., 2013). Although maternal age
plays a critical role in determining offspring health and development, the parental age effect may
also depend on the offspring’s sex (Gavrilov and Gavrilova, 1997; Grottenthaler, 2004). For
instance, in humans, paternal age has been shown to influence life span of daughters, although no
correlations were observed between maternal or paternal age and son’s longevity. Such differences
have also been displayed in mouse models where effects of maternal undernutrition and ageing

varied with sex of offspring (Watkins et al., 2008a; Velazquez et al., 2016).

In AMA mice, ‘aged blastocysts’ depicting delayed development gave rise to male offspring with
shorter life spans compared to those with normal rates of development, thus displaying a strong
correlation between maternal age, sex of blastocyst, it’s development rate and postnatal life-span
(Lind et al., 2015). In the current study, as only one Young female mESC line was derived, it
restricted age-related comparisons between Young and Old Female mESC lines. However, given the
aforementioned differences and importance of sex in determining blastocyst development and
offspring health, the present study also focussed on analysing possible sex-induced differences
within the OIld group; i.e. between Old Male and Old Female mESC lines. Old Female mESC lines
displayed smaller colony sizes, reduced pluripotency (Nanog, flow cytometry and Oct4 and Sox2 by

immunocytochemistry) and increased Brachyury (by immunocytochemistry) expression. While no
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differences were observed in proliferation rates, Old Female mESC lines showed a decreased
proportion of live cells and consequently increased proportion of apoptotic and necrotic cells
compared to Old Male mESC lines; in addition to decreased trends of DNA methyltransferases,

especially Dnmt3b.

24.4 Conclusion and Future aspects

The current study revealed an AMA-induced delay in embryo development (E3.5) which is
congruent with previous data (Lopes et al., 2009). The current data indicates that maternal age
increases aneuploidy and reduces pluripotency, proliferation and cell viability of the ICM. While the
present mESC model depicted possible AMA-induced changes in the E3.5 blastocysts, the Old mESC
group also showed signs of sexual dimorphism, suggesting increased vulnerability of Female mESC
lines compared to Male mESC lines. Collectively, the data showed interesting similarities between
in vivo E3.5 blastocyst and in vitro derived mESC lines, and highlighted possibility of AMA-induced
differences in the core pluripotency circuitry altering cell survival mechanisms in derived Old mESC

lines.

During the course of the present study, E3.5 embryos retrieved from Young and Old dams were
individually frozen for comparative gene analysis studies between E3.5 blastocysts and derived
mESC lines. Although protocols for single-embryo sex, transcript analysis and karyotype (from fresh
embryos) were optimised, time limitations prohibited a formal comparison between the two

groups (i.e. embryos and mESC lines), which can be explored in future studies.

Collectively, the present study shows promising parallels between changes induced within the
preimplantation embryo and the derived mESC lines. This provides an opportunity to further
investigate the underlying mechanisms that are responsible for altering the phenotypic expression
of these cells, providing deeper insights on AMA-induced changes in the inaccessible embryo,

thereby reducing animal numbers required for research.
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Chapter3 Metabolic differences between mESC lines
derived from normal and low protein fed dams during

the preimplantation period

3.1 Introduction

In mice, maternal low protein diet (LPD, 9% casein) fed during either the preimplantation period
(i.e. EO.5 - E3.5) or throughout gestation alters embryonic and fetal development, and predisposes
adult-offspring to various non-communicable, late-onset cardiometabolic diseases and neuro-

behavioural dysfunction (Watkins et al., 2008, 2011; Gould et al., 2018).

It has also been reported that maternal LPD alters various metabolic hormones and metabolites,
including insulin and glucose levels in maternal serum at E3.5 (Eckert et al., 2012b). Furthermore,
LPDs also reduce both maternal serum and uterine fluid amino acids (AA) concentrations,
particularly branched chain AAs (BCAAs) such as leucine, isoleucine and valine, at this stage of
gestation. These maternal changes corresponded with alterations in the AA composition of
blastocysts which were accompanied by reduced mTORC1 signalling and an increased number and
expansion of TE cells; which in turn corresponded with previous observations of compensatory
mechanisms of enhanced maternal-fetal nutrient transport via the visceral yolk sac (Watkins et al.,
2008). Importantly, similar observations were made when mouse embryos were cultured in media
containing low levels of insulin and BCAAs (Miguel A. Velazquez et al., 2018), confirming the

importance of these metabolic factors in a more chemically defined system.

Mouse ESC lines derived from blastocysts of dams fed LPD (9% casein) for EQ.5 - E3.5, showed
reduced derivation efficiency and survival, and increased apoptosis compared to lines derived from
NPD blastocysts (normal protein diet, 18% casein) (Cox et al., 2011). Furthermore, embryoid bodies
(EBs) derived from these mESC lines exhibited persistent changes in pERK (Protein kinase RNA-like
endoplasmic reticulum kinase) signalling and histone modifications involved in Gata6 expression
and PE differentiation (Sun et al., 2015; 2016); congruent to the previously reported in vivo data
(Watkins et al., 2008; Eckert et al., 2012). Thus, the mESCs and EBs appear to retain and propagate
nutritionally-induced adaptations in vitro, making them a suitable model for analysis of underlying
mechanisms. Collectively, these observations indicate a maternal LPD-induced compensatory (or
adaptive) response on the part of the maternal uterine environment and/or blastocyst; aspects of

which can be modelled in an in vitro system using mESCs.
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It is not known, however, to what extent metabolic alterations in the early embryo persist beyond
the period of implantation in vivo to influence subsequent fetal development. Carryover effects
from the preimplantation period may be epigenetic in nature, and it is possible that these could
relate to genes encoding enzymes involved in key metabolic processes (Denisenko et al., 2016). As
an initial step to address this hypothesis, the current study undertook a comprehensive

metabolomic profile of mESC lines derived from E3.5 blastocysts of dams fed either a NPD or LPD.

Metabolomic profiling provides an instantaneous snapshot of cellular physiology. In the current
study, metabolomic analyses were conducted in collaboration with Metabolon Inc (North Carolina,
U.S). The study utilised the undifferentiated NPD and LPD mESC lines described by Cox et al. (2011),
Sun et al. (2015, 2016). The defining characteristics of ESCs (i.e. their ability to self-renew and
differentiate into virtually any cell type (Weissman et al., 2001)) is mostly regulated by their high
glycolytic index. Thus, it is the metabolic profile of ESCs that enables biological stability and
distinguishes their undifferentiated state from differentiated state, where increased glycolysis is
replaced by mitochondrial oxidative phosphorylation. Additionally, changes in the metabolomic
profile of mESC lines may be related to additional cellular phenotypic changes induced by maternal

LPD on ICM of E3.5 blastocyst in vivo.

NPD and LPD mESC lines (7 per group) with stable karyotype (i.e. >70 % euploid) were cultured and
expanded in Southampton as described previously (Cox et al., 2011). Lysates were also prepared in
Southampton according to Metabolon Inc guidelines before shipment for metabolomic analyses.
This was undertaken at Metabolon by their staff in collaboration with myself on a secondment.
Multivariate data analyses conducted by Metabolon followed blanket transformation. In order to
confirm statistical significance, those metabolites that displayed the greatest dietary effects, were
subsequently tested for normality, homogeneity of variance and additivity, and re-analysed

individually by myself.
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3.2 Materials and Methods

3.2.1 Animals and early experimental procedures (performed by Dr. Andy Cox)

Animal procedures were conducted in accordance with UK Home Office Animal Act (as described
in Chapter 2, Section 2.2.1). For protein restriction studies, inbred C57BL/6 females (7-10 weeks)
were mated with sexually mature C57BL/6 males. Once mating was confirmed, females were
separated from males, and divided into two groups. From the day of conception (E0.5) to early
blastocyst developmental stage (E3.5), dams were fed either normal protein diet (NPD) or low protein
diet (LPD) (Appendix A, Table 1). On E3.5, dams were culled, embryos were retrieved (as described in
Chapter 2, Section 2.2.1.1), and blastocysts were cultured for the derivation of NPD and LPD mouse
ESCs (Chapter 2, Section 2.2.2.2). A former PhD student at University of Southampton, Dr. Andy Cox,
performed the animal and experimental procedures mentioned in this section. Mouse ESC lines were
derived and cultured on mitotically inactivated MEFs (DMEM and 15% FBS), in mESC medium
(KnockOut™ DMEM, LIF, 15% KO/SR) and characterised (i.e. gender analysed and karyotyped), using

similar protocols to those described in Section 2.2.2, and Section 2.2.3 and Section 2.2.4, respectively.

3.2.2 Sample preparation for metabolic analysis (Conducted by me in Southampton, U.K)

To investigate the metabolite profiles of established NPD and LPD mESC lines (Sun et al., 2014; Sun et
al., 2015), seven mESC lines were cultured (in duplicate) from each dietary group. All mESC lines
used in this study were male and karyotypically normal (i.e. >70% euploid). Cells were harvested and
prepared for shipment to Metabolon Inc (USA) for metabolomic analysis, in accord with protocol
provided by Metabolon Inc. mESC lines (7 NPD and 7 LPD) were thawed on mitomycin-C treated-MEF
dishes (Chapter 2, Section 2.2.2.2.1). mESC lines were cultured and expanded in serum-free mESC
medium (KnockOut™ DMEM, LIF, 15% KO/SR, Section 3.2.1) after which they were split 1:2 and grown
in duplicate for the final passage. mESC lines were maintained at low passage numbers (P9- P11) and
precautions were taken to keep the culture conditions (i.e., thawing, handling of cells, warming and
changing medium, passaging time, centrifugation time, freezing conditions) as similar as possible for
each set of cell lines. Once the cells reached 70-80 % confluency, they were trypsinized (Section
2.2.2.2) and counted using a haemocytometer. For metabolomic profiling, a packed cell pellet (50-
100 pl) was prepared and flash-frozen in liquid nitrogen and immediately stored at -80°C until shipped
to Metabolon (on dry ice). A sample manifest detailing sample description including sample type (i.e.
NPD and LPD mESC lines), unique cell line codes, passage number, cell number per cryovial, date of
freezing and any other necessary details about samples, was also shipped along with the samples.
Collectively, the entire process including cell culture, expanding and lysate preparation took around

3 to 4 months.
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3.2.3 Sample processing and data acquisition (Conducted at Metabolon, U.S)

Each step conducted at Metabolon Inc. underwent quality control (QC) assessment. Once received,
samples were assigned a unique identifier which contained the details provided in the sample
manifest and was used for subsequent tasks like sample handling, methods and results. Samples were
homogenized and frozen at -80°C immediately after, until ready for processing. Samples were
prepared using the automated MicroLab STAR® system (Hamilton). They were thawed on ice and
diluted with methanol. This step ensured the removal of proteins and the dissociation of protein
bound metabolites. Once methanol was added, the samples were distributed (as 4 experimental and
1 spare), sealed and vigorously shaken (GenoGrinder 2000, Glen Mills) and centrifuged (3000 rpm).
The shaking aided in the precipitation of proteins with methanol. Cell pellet was discarded at this step
and the resulting extract was divided into 5 fractions (for analysis with 4 solvents and 1 reserved for

backup).

Samples were reconstituted with 4 solvents i.e. Pos (positive) Early, Pos Late, Polar and Neg
(negative). Two solvents were used for analysis by two separate reverse phase ultra-performance
liquid chromatography-tandem mass spectrometry (RP)/UPLC-MS/MS methods with positive ion (Pos
Early and Pos Late- depending on their size and hence time of elusion) mode electrospray ionization
(ESI). The other two solvents were used with negative ion (Neg and Polar) mode ESI for analysis by
(RP)/UPLC-MS/MS and hydrophilic interaction chromatography for UPLC-MS/MS (HILIC/UPLC-
MS/MS) methods, respectively. Each 384-well plate was reconstituted with different solvent, placed
on TurboVap® (Zymark), sealed and sonicated. This further reconstituted the metabolites. Each 384-
well plate contained a duplicate of an internal control matrix (MTRX, with human plasma) and 4
samples of combined matrix (combination of all samples). These were essential QC steps to ensure
that all aspects were operating within defined specifications (by using MTRX) and to assess the effect
of a non-plasma matrix on the Metabolon process, and to distinguish biological variability from
process variability (by using CMTRX). The plates were dried overnight under a N, hood before

proceeding to analysis.

Samples were run on the UPLC-MS/MS Platform. Each platform consisted of 3 identical units of UPLC
(Waters ACQUITY) and a high resolution MS/MS (Thermo Scientific Q-Exactive) platform. The
platforms were interfaced with a heated ESI source and a mass analyser (for 35,000 mass resolution).
The samples were dried and reconstituted with 4 solvents as described above. Each solvent contained
several standards at fixed concentrations to ensure consistency with each injection and
chromatographic phase. Based on the metabolite’s biochemical properties (i.e., mass and ionic
charge), ions were eluted in different systems. Some metabolites, however, were eluted in more than

one system.
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Before initiating the run, samples were randomized and each platform was connected to a common
computer where raw data was simultaneously archived. Samples mostly ran overnight, after which
raw data was extracted, peak identified and processed for QC using Metabolon’s hardware and
software services. Once the data was extracted, the compounds were identified by comparison to
purified standards of other (known or unknown) biochemicals stored in the libraries depending on
the sample source (i.e. mouse ESCs in the present study) and project design (i.e. NPD and LPD). The
comparison was based on the biochemical’s mass to ionic charge ratio, retention index (or elution
time) and other chromatographic data (including MS/MS spectral data) on all molecules present in
the library. Once identified, biochemicals were scored based on the number of times they were

detected in previous studies and sample type.

Collected data was curated to ensure accurate and consistent identification of the metabolites. It was
important to make sure that only true chemical entities were processed further for statistical analysis,
thereby removing artefacts and background noise. This was done using Metabolon’s proprietary
visualization and interpretation software, which eliminated any inconsistent peaks, compared each
compound for every sample, to the ones archived in the library, and corrected where errors were
discovered. Curated relative ion intensity data were normalized by either protein (Bradford assay by
Metabolon) or cell number (haemocytometer at Southampton) analysis. Viable cells were detected
by trypan blue dye exclusion assay (as described in Chapter 2, Section 2.2.6) and provided to

Metabolon as a part of the sample manifest (Section 3.2.2).

Prior to statistical evaluation, data was normalised and missing values were imputed to ensure
improved data quality and to preserve biological variability of the samples. As sample ion intensities
may range from a few thousands to many millions (relative abundance/protein), which could be
difficult to display and visualise, the values for a given metabolite were normalised (i.e. rescaled)
according to the median value recorded for the metabolite, such that, its’” median value across all
samples was equal to 1. Additionally, in a given study, there can be instances where certain
metabolites are not detected. This could occur if a given metabolite’s ion intensity is lower than the
limit of detection (threshold) in a given sample. This results in ‘blank’ or ‘missing’ values. To counter
this issue (where required), the current study used a ‘minimum imputation approach’ whereby, the

‘missing values’ were imputed by the lowest observed value in the given dataset or sample set.

Finally, once the dataset was normalised (median scaled and protein or cell normalised) and missing
values were imputed, data were log-transformed (by Metabolon). This method was selected to
ensure a normal or near-normal distribution. Data were then back-transformed (as simple geometric
means) and the Welch’s 2-sample t-test was performed to evaluate significance. It is important to

note that in a metabolomic study of this magnitude, which includes analysis of hundreds of
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metabolites and thus data points, it is difficult to test which dataset requires log-transformation, and
which does not. Therefore, in metabolomic studies, it is a common practice to log-transform the
entire dataset as it is likely to make the data less erroneous and the process more time efficient.
Additionally, the large dataset was also adjusted for false discovery rate (FDR, g-value). Generally,
5% of the analysed data could meet the significance cut-off (i.e. P < 0.05) by random chance. Hence,
data with a low g-value (i.e. g < 0.10) are indicative of high confidence, whereas a higher g-value

indicates diminished confidence.

In the current Chapter, only the most important metabolites out of the 530 analysed are reported,
i.e. these metabolites were selected based on Metabolon’s multivariate analyses, after they were
corrected for FDRs. Therefore, the limited number of metabolites (57 in total) allowed a re-evaluation
of normal distribution of the dataset (at Southampton). As evaluated by Shapiro-Wilk normality test
(GraphPad Prism 7 software) for each metabolite and sample group, the dataset was normally
distributed. Thus, data presented in this Chapter were not log-transformed, although the statistical

test for significance was the same as used by Metabolon, i.e. Welch's 2-sample t-test.

3.2.4 Phosphofructokinase (PFK) Activity Assay

Glycolytic activity is tightly controlled by the irreversible reactions catalysed by three important
enzymes namely hexokinase (HK), phosphofructokinase (PFK) and pyruvate kinase (PK) (Berg et al.,
2002). Activities of these enzymes are regulated by reversible binding of allosteric effectors or by
covalent modifications, and the enzyme amounts vary with changing metabolic needs that are

regulated by transcription.

Given the findings from Metabolon data (provided later in Section 3.3.2), the current study focused
on evaluating the activity of one of the glycolytic enzymes (i.e. PFK) in the same mESC lines that
were used in the Metabolon study (Section 3.2.2). As displayed in Figure 3.1, PFK comes as two
isoforms- PFK 1 and PFK 2 which, in the presence of adenosine triphosphate (ATP), catalyse the
conversion of fructose-6-phosphate to fructose-1,6-bisphosphate (F-1,6-bP) and fructose-2,6-
bisphosphate (F-2,6-bP), respectively, thereby releasing ADP as a by-product (Uyeda et al., 1981;
Hers et al., 1982). During glycolysis, F-2,6-bP along with adenosine monophosphate (AMP) act as
stimulators of PFK and inhibitors of F-1,6-bP, which is converted back to F-6-P by fructose 2,6-

bisphosphatase during gluconeogenesis (Figure 3.1).
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Fructose-6-Phosphate
Fructose bisPhosphatasel 1 1 Phosphofructokinase ‘?
(FBP-1) (PFK-1) H

Fructose-1, 6-bisPhosphate

— . Fructose-6-Phosphate

ATP ——X
P, ADP ——V/ ATP
X—— AMp——
Fructose bisPhosphatase-1 Citrate X Phosphofructokinase
(FbP-1) (PFK-1)
H,0 X —— F-2,6-bp ——/ ADP
PEP ——X

Fructose-2, 6-bisPhosphate ~+———

Fructose-1, 6-bisPhosphate ~+———
\ Glycolysis

Figure 3.1 Glycolytic and gluconeogenic conversion of Fructose-6-Phosphate (F-6-P).

F-6-P is converted to Fructose-1,6-bisPhosphate (F-1,6-bP) and Fructose-2,6-bisPhosphate (F-2,6-
bP) by the glycolytic enzymes PFK1 and PFK2, respectively, by utilizing ATP and releasing ADP. The
process is activated by AMP, ADP and F-2,6-bP, and inhibited by ATP, Citrate and
phosphoenolpyruvate (PEP). F-1,6-bP and F-2,6-bP undergo gluconeogenesis, utilize H,O and
release Pi to convert back to F-6-P assisted by enzymes Fructose bisPhosphatase 1 (FbP-1) and

Fructose bisPhosphatase 2 (FbP-2) respectively. ATP and downstream glycolytic metabolites like
citrate and phosphoenolpyruvate (PEP) inhibit the activity of the allosteric enzyme (i.e. PFK).

3.24.1 Principle of PFK Activity Assay (Abcam, ab155898)

To assess PFK activity, the current study used the 6-Phosphofructokinase Activity Assay kit (Abcam,
ab155898). The assay works on the principal that PFK present in the samples (i.e. NPD and LPD
mESC lines) converts fructose-6-phosphate to fructose-diphosphate by utilising ATP, and releasing
ADP (Figure 3.1). The released ADP then combines with the substrate (a combination of sugars,
proprietary information of Abcam) in the presence of commercial enzyme mix that assists to
dephosphorylate ADP to AMP, and release NADH. NADH acts as a reducing agent, which in the
presence of a probe/ developer (salt that is reduced by NADH to produce chromophore, proprietary
information of Abcam) reduces the colourless probe to a coloured product, detected with strong
absorbance at 450 nm (Figure 3.2). To verify accurate functioning of the kit and the reagents, the
assay also includes a positive control (i.e. purified PFK enzyme from Bacillus species), that was run

with every assay during optimisation and also during the final experiments.
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y Fructose-1, 6-bisphosphate + ADP
Fructose-6-Phosphate + ATP
? Fructose-2, 6-bisphosphate + ADP

Enzyme mix
ADP + Substrate Y » AMP + NADH Probe » Colour (450nm)

Figure 3.2 Functional mechanism of the PFK Activity Assay Kit, ab155898 (Abcam).

It is a calorimetric assay that works in a kinetic mode; i.e. the conversion rate, which is determined
by optical density, changes (i.e. increases, saturates, and then decreases) with time. It is also
important to note that the assay utilizes total ADP released; i.e. during the phosphorylation of both
F-1,6-bP and F-2,6-bP, which is then used to produce NADH and measure the change in colour
intensity. Thus, it is not possible to distinguish between the activities of PFK 1 and PFK 2, and the

measured activity is therefore total PFK activity.

3.2.4.2 Sample preparation for PFK Activity assay

PFK activity was analysed in fourteen male meSC lines, i.e. 7 NPD and 7 LPD (derived by Dr. Andy
Cox, Section 3.2.1). mESC lines were processed directly from frozen vials (from liquid N;) and thus,
were not cultured. Samples were thawed and washed with PBS (Gibco™, 10010023) to remove any
traces of phenol red from the KnockOut™ DMEM. Live cells were counted by Trypan Blue exclusion
(Chapter 2, Section 2.2.6). After discarding PBS, cells were diluted to obtain 2 million cells in 200 pl
of assay buffer and transferred to UV-radiated 2 ml microcentrifuge Eppendorf tubes. Cells were
gently homogenized while the samples were maintained on ice and centrifuged at high speed
(12,000 rpm, 5 min, 4°C). The retrieved supernatant was spun again in a 0.2 um VectaSpin Micro
centrifuge tube filter (Z338591, Sigma Aldrich) to filter out any residual debris. Around 170-180 pl
was recovered from the initial 200 ul assay buffer, which was divided into smaller aliquots of 20-30
pl and stored at -20°C. Therefore, the final PFK assay experiment was performed from aliquots/
samples that were frozen and thawed at the same time, and analysed in the same run, using the same

batch of reagents.

Samples for assessing PFK activity were processed in accordance with the PFK activity assay kit
(ab155898). All steps were performed in a 96-well clear plate with flat bottom. To inhibit initiation
of the biochemical reaction (Figure 3.2), samples were loaded as quickly as possible while the 96-well
plate was placed on ice at all times until it was analysed in the plate reader. Each sample and standard
were plated in duplicate. The assay was run in a multi-well spectrophotometer, pre-warmed and
maintained at 37°C throughout experiment, set at kinetic mode for 80 min, where the optical density

(0.D) was measured and recorded at the interval of every 60 seconds.
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Additionally, prior to running the final experiment, the kit was optimised for the NPD and LPD mESCs
line samples by testing the sample volumes including 50 ul, 25 ul, 15 pl, 10 pl, 5 pl and 1 ul (data not
presented). From these, the final sample volume of ‘0.5 ul’ was selected for further analysis, as it fell
within the NADH standard curve range. It must be noted that sample volume optimisation was
based on ‘cell number counts’. As mentioned earlier, a total cell volume of 2 million cells was
homogenised in 200 ul of assay buffer. Therefore, assuming that the cell proportion was consistent
through different steps of the assay, final sample volume of 0.5 pl would equal to 5000 cells in the
analysed sample. However, as there was no confirmative way to verify this assumption of using
exactly the same number of cells for each sample well, in addition to cell normalisation, PFK Activity

Assay data was also normalised by protein (Bicinchoninic Acid (BCA) Assay, Section 3.2.5).

3.243 Calculations for Data Analysis

Readings at 0 standard were subtracted from all standard before the NADH standard curve was
plotted. As stated before, NADH standards were run for 80 min and O.Ds were recorded after every
minute. Standard curves were plotted for every 5 minutes and produced identical standard linear
curves throughout the run. Figure 3.3 A shows a representative standard curve at 10 min of
incubation time. Value of the intercept in the given figure, X = (Y- 0.0072) / 0.0418, where, Y = O.D. at
final time point (T2) subtracted by O.D. at initial time point (T1) for each sample, where T1 and T2
refer to the two chosen time points of linear scale in NPD and LPD mESC samples. Sample background
(i.e. interference from ADP and NADH in the sample) was corrected by subtracting value derived from
the background control from all sample readings. Based on linearity, the limit of reaction time
selected for NADH standard curve and PFK activity calculations were initial time, T1 = 5 min and final

time, T2 = 10 min. Calculations for PFK activity were performed using the following equation:

Sample PFK Activity = * Dilution factor = nmol/min/ml = mU/ ml

AT xV

Where, x = B (value of intercept), Y = A2-A1l (linear equation), A 0.D = A2-A1; Al= O.D. at T1 (5 min)
and A2= 0.D. at T2 (10 min), AT (T2-T1) = 10 — 5 = 5 min, Volume of sample, V = 0.5 ul = 0.0005 ml,
and the dilution factor = 1 (this was calculated by the number of cells used for homogenisation). Figure
3.3 A shows a representative NADH standard curve where y = (0.418) x + 0.0072. Hence using the
above equation in the data provided in Figure 3.3 C, y = 0.0380 for NPD 1 and y= 0.0482 for LPD 1,
and the dilution factor =1. Hence, in the presented example, PFK activity for NPD 1 = 392.82 mU/ ml
and PFK activity for LPD 1= 294.73 mU/ ml (Figure 3.3 C).
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DietGroup O.D.atémin O.D.at10min A O.D. AT Volume y-0.0072 X(B) ATxV PFK Activity
A1 A2 (A2-A1) T2-T1 (ml) (y=A0.D,) (BIATXV)

NPD 1 0.0663 0.1043 0.0380 5 0.0005 0.0308 0.7368  0.0025 392.82
LPD 1 0.0850 0.1287 0.0482 5 0.0005 0.0410 0.9820 0.0025 294.73

Figure 3.3 Optical densities at 450nm.

(A) NADH Standard Curve and (B) PFK Activity Assay for NPD and LPD male mESC lines (n = 7 per group) for the first 15 minutes of reaction time where T1 =5 min and T2
=10 min. Table (C) illustrates representative raw data from NPD and LPD mESC lines (n=1) and calculations for estimation of PFK activity (mU/ ml).
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3.25 Pierce BCA (Bicinchoninic Acid) Protein Quantification Assay

As mentioned earlier, in addition to cell number, PFK activity was also normalised to protein. Protein
levels were estimated from the same fourteen NPD and LPD mESC homogenised aliquot samples (n = 7)
that were used for the PFK assay (Section 3.2.4). Samples were stored at -20°C, in assay buffer (PFK assay

kit), which is known to be compatible with Pierce BCA Protein Assay Kit (23225, Thermo Scientific).

The Pierce BCA assay is based on the principle of using protein in an alkaline medium (biuret reaction)
to reduce Cu*? to Cu*! by selective colorimetric detection of Cu*! in the presence of Bicinchoninic Acid
(BCA) (Smith et al., 1985). Chelation of Cu*! produces a purple-coloured reaction which is linear with
increasing concentration of protein. The chromophore formation depends on several aspects of
protein, i.e. structure, number of peptide bonds and the presence of specific amino acids such as
cysteine, cystine, tryptophan and tyrosine (Wiechelman et al., 1988). As the colour formation depends
on the combination of several proteins, protein quantity is estimated with reference to an internal
standard, generally constituting a common protein like bovine serum albumin (BSA). Therefore, a
dilution series of known BSA concentrations was prepared and analysed along with the unknown NPD

and LPD samples for protein estimation.

Multiple sample volumes were also tested for 1 pl, 2 pl, 3 pl (data not presented) and 4 ul from which
the final sample volume of ‘4 pl’ was selected for further experiments. Working reagents and samples
were prepared following company guidelines (23225, Thermo Scientific). Samples and standards were
plated in UV radiated, clear 96-well flat bottom microplates. Plates were analysed for 15 minutes in
kinetic mode, at an absorbance of 570 nm and maintained at 23°C (room temperature). For calculating
estimated protein concentrations, samples and standards were corrected for background by
subtracting the standard sample containing no BSA; i.e. containing only working reagent and water.

Standard curve is presented in Appendix B, Figure 6.
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3.3 Results

Metabolic reprogramming consequences associated with maternal low protein diet intake (E3.5) were
investigated by analysing global metabolomic profiles of 7 NPD (18% casein) and 7 LPD (9% casein) male
mMESC lines. These mESC lines were maintained at low passage numbers (P10-P12) and cultured on
mouse embryonic fibroblasts (MEFs) under serum free (KO/SR) conditions until they were snap frozen
as lysates for metabolomic profiling using ultra-performance liquid chromatography-tandem mass

spectrometry (UPLC-MS/MS) at Metabolon Inc. (North Carolina, U.S).

Based on Metabolon’s findings, a total of 530 metabolites were identified. Data were normalised by
both protein concentration and cell counts, log transformed, imputed for missing values and analysed
for significance by Welch’s two-sample t-test (Section 3.2.3, pointers 8 and 9). Given the multiple
comparisons undertaken in a huge dataset such as this, predictions were adjusted for false discovery
rate (FDR, g-value). Differences in metabolite levels reported in this chapter are restricted to protein-
normalised data. Out of the 530 metabolites, 28 qualified as significant (22 upregulated and 6
downregulated) (P < 0.05), whereas 26 (20 upregulated and 6 downregulated) tended towards
significance (0.05< P <0.10). Most differences centred on changes relating to amines (3), carbohydrate
metabolism (5), lipid metabolism (15), miscellaneous nucleotides and vitamins (6). Suggestive

differences were also reported in pyrimidine homeostasis (4) and phytosterol levels (1).

Therefore, in the current chapter, the three most significant groups of metabolites (i.e. amino acids,
carbohydrates and fatty acids) were reanalysed. As mentioned previously, large datasets of metabolites
usually undergo blanket transformation (e.g. log or square root- depending on data type) to reduce or
correct skewed data. However, it may induce errors in data that are normally distributed and therefore
do not require transformation. As the focus of the chapter was limited to the most significant findings by
Metabolon, the data were tested individually for normality and homogeneity of variance, and re-analysed
using Welch’s 2-sample t-test. As the reported data were observed to be normally distributed, it was not

transformed.

3.3.1 Amino Acids

Undifferentiated male NPD and LPD mESC line lysates were analysed for differences between twenty
proteinogenic amino acids including essential and branched chain amino acids (BCAA). Out of these, only
two (i.e. asparagine (P = 0.049) and threonine (P = 0.073)) amino acids were observed to be statistically

different. Table 3.1 displays the mean concentration of protein-normalised amino acids.

110



Chapter 3

Table 3.1 Mean (t S.E.M.) concentrations of essential and branched chain amino acids (AA).

Amino Acids NPD mESCs, n=7 LPD mESCs, n=7
Alanine - ala 0.902 + 0.080 1.047 £ 0.120
Arginine - arg 1.010 £ 0.087 0.997 £ 0.043
Asparagine - asp 0.845 + 0.074 1.090 £ 0.083
Aspartate - asp 1.008 £ 0.074 0.989 + 0.075
Cysteine - cys 1.023 £ 0.085 1.106 £ 0.123
Glutamine - gln 0.939 +0.107 0.960 £ 0.038
Glutamate - glu 1.106 £ 0.102 1.009 £ 0.072
Glycine - gly 1.044 £ 0.117 1.087 £ 0.131
Histidine - his 0.928 £ 0.079 1.011 £ 0.038
Isoleucine - ile 1.088 £ 0.103 0.989 + 0.044
Leucine - leu 1.012 £ 0.080 1.004 £ 0.056
Lysine - lys 0.956 + 0.087 1.021 £ 0.064
Methionine - met 0.982 + 0.060 1.103 £ 0.075
Phenylalanine - phe 1.042 £ 0.076 1.022 £ 0.058
Proline - pro 1.047 + 0.069 0.951 +0.061
Serine - ser 0.995 + 0.063 0.983 £ 0.042
Threonine - thr 1.136 + 0.075 0.973 £ 0.023
Tryptophan - trp 0.983 +0.074 1.053 +0.044
Tyrosine - tyr 0.999 + 0.085 1.005 £ 0.052
Valine - val 1.024 £ 0.088 1.010 £ 0.042

Concentrations of essential and branched chain AA in lysates of NPD and LPD mESC lines (P11-13; n=7)
cultured in serum free mESC medium. Metabolites highlighted in red are significant at P<0.05, and

those in orange at P < 0.1.

3.3.2 Glucose metabolism

Global metabolomic profiling of LPD mESC lines identified significant changes in glucose utilization. LPD
mESC lines exhibited increase in some glucose-derived intermediates at either trend or significant
levels such as mannose-6-phophate (P = 0.090), glucose 6-phosphate (P = 0.086) and fructose 6-
phosphate (P = 0.046), although downstream metabolites appeared to be trending towards reduced

levels (Figure 3.4 and 3.5). Additionally, LPD mESC lines also displayed increased concentration of
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glycerate (P = 0.049). However, no differences were observed in mannose and glucosamine-6-

phosphate, and the pentose phosphate pathway (Figure 3.4).

Given the increased uptake of glucose-6-phosphate (G-6-P) and fructose-6-phosphate (F-6-P), and the
suggestion of decreased levels of downstream metabolites (i.e. fructose-1,6-bisphosphate (F-1,6-bP),
dihydroxyacetone phosphate, 3-phosphoglycerate, phosphoenolpyruvate and pyruvate), the data
indicated inhibited conversion of F-6-P to F-1,6-bP (Figure 3.5). Given the role of the glycolytic enzyme
PFK in catalysing ATP and F-6-P to yield ADP and F-1,6-bP (Section 3.2.4), differences in PFK activity of
NPD and LPD mESCs were analysed (Section 3.2.4.1).

Frozen aliquots of mESC lines (6 NPD, 6 LPD), same as those that underwent metabolic analysis (Section
3.2.2) were processed for PFK activity (Section 3.2.4.2). Data were normalised by cell number (10,000
cells/ sample well) (Section 3.4.2.2) and protein (Pierce BCA assay, Section 3.2.5), and tested for
significance using an unpaired t-test. Protein normalised data displayed decreased PFK activity (P =0.029)
in LPD mESC lines compared to NPD mESC lines (Figure 3.6 a), although this difference was only observed
at trend level (P = 0.089) when data were normalised by cell number (Figure 3.6 b). However, two mESC
lines (one from each treatment group) were removed prior to analysis as ‘statistical outliers’ that could
not be corrected following transformation (square root or log). When the outliers were included (i.e. n=7),

no statistical differences were observed between NPD and LPD mESC lines (Figure 3.6 c and d).

In addition to fructose-mannose, glycolysis and pentose phosphate metabolism, NPD and LPD mESC
lines were also analysed for differences in metabolites within the tricarboxylic acid (TCA) pathway. TCA
metabolites including citrate, cis-aconitate, a-ketoglutarate, succinate, fumerate and malate showed

similar concentrations between NPD and LPD mESC lysate samples (Figure 3.7).
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Figure 3.4 Mean (t S.E.M.) concentrations of key metabolites involved in fructose-mannose and pentose-phosphate pathways from lysates of
undifferentiated male NPD and LPD mESCs (P11-13; n=7) cultured in standard mESC medium (KnockOut DMEM + LIF + KO/SR).

Metabolite concentrations are protein normalised. Metabolites highlighted in red are significant at P<0.05, and those in orange at P<0.1. HK = Hexokinase, MPI
= mannose-phosphate isomerase, PFK = Phosphofructokinase, PK = pyruvate kinase.
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Figure 3.5 Mean (+ S.E.M.) glycolytic metabolite concentrations in lysates from undifferentiated male NPD and LPD mESCs (P11-13; n=7) cultured in
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114



Chapter 3

a) Protein normalised (n=6) b) Cell number normalised (n=6)

1.57 1500 7

*

£ I
[ 1T
o 1.01 — 10001
= E
o ~
o )
2 S
5 0.51 500
E

0.0- 0-

NPD LPD NPD LPD

c) Protein normalised (n=7) d) Cellnumber normalised (n=7)

1.51 15001
e | | T
]
5 1.0 T T 1000 A
o -~
o -]
N £
5 0.51 500 A
1S

0.0~ 0-

NPD LPD NPD LPD

Figure 3.6 Mean (+ S.E.M.) concentrations of glycolytic enzyme phosphofructokinase (PFK) in
homogenised NPD and LPD mESC lines.

Frozen NPD and LPD mESC line (P11-13) aliquots were homogenised and processed for PFK Activity
Assay. LPD samples showed decreased PFK activity compared to NPD samples when data was
normalised by a) protein (BCA Protein Assay), (P = 0.029), highlighted in red and by b) cell number
(trypan blue dye exclusion assay), (P = 0.089), highlighted in orange, when outliers were removed and
n=6. * indicates P < 0.05. However, no statistical differences were observed between the two dietary
groups when n=7 and data was normalised by c) protein and by d) cell number. Data presented as
means = SEMs based on n=6 for a) and b); and n=7 for c) and d) NPD and LPD male mESC lines.
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Figure 3.7 Mean (+ S.E.M.) TCA cycle metabolite concentrations in lysates from undifferentiated male NPD and LPD mESCs (P11-13; n=7) cultured in
standard mESC medium (KnockOut DMEM + LIF + KO/SR).

Metabolite concentrations are protein normalised.
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3.33 Fatty acid metabolism

Some of the most significant differences between NPD and LPD mESC lysates were observed within
fatty acid metabolism. The following results are presented under three broad categories (i.e. (i)
saturated and monounsaturated, (ii) omega-3 polyunsaturated and (iii) omega-6 polyunsaturated fatty
acids). While LPD mESC lines showed a consistent general trend of increased fatty acids, significant
differences between LPD and NPD mESC lines were observed for (i) myristoleate (P = 0.025) and
palmitoleate (P = 0.027) (Figure 3.8), (ii) Linolenate (P = 0.010), dihomo-linolenate (P = 0.051),
eicosapentaenoate (P = 0.066) and docosapentaenoate (P = 0.075) (Figure 3.9), and (iii) linoleate (P =

0.030), dihomo-linoleate (P = 0.029), adrenate (P = 0.068) (Figure 3.10).
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Figure 3.8 Mean (+ S.E.M.) concentrations of selected saturated and monounsaturated fatty acids (FAs) in lysates from undifferentiated male NPD and
LPD mESCs (P11-13; n=7) cultured in standard mESC medium (KnockOut DMEM + LIF + KO/SR).

FA concentrations are protein normalised. FAs highlighted in red and with an * are significant at P<0.05.
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Figure 3.9 Mean (+ S.E.M.) concentrations of selected omega-3 polyunsaturated fatty acids (PUFAs) in lysates from undifferentiated male NPD and LPD
mESCs (P11-13; n=7) cultured in standard mESC medium (KnockOut DMEM + LIF + KO/SR

PUFA concentrations are protein normalised. PUFAs highlighted in red and with an * are significant at P<0.05, those in orange at P<0.1.
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Figure 3.10 Mean (+ S.E.M.) concentrations of selected omega-6 polyunsaturated fatty acids
(PUFASs) in lysates from undifferentiated male NPD and LPD mESCs (P11-13; n=7)
cultured in standard mESC medium (KnockOut DMEM + LIF + KO/SR).

PUFA concentrations are protein normalised. PUFAs highlighted in red are significant at P<0.05, those
in orange at P<0.1.

120



Chapter 3

34 General Discussion

Metabolomics data of mESC lines derived from embryos of dams fed NPD and LPD diets represent
a snapshot of their metabolic status in response to maternal diet. In this respect, it is noteworthy
that these lines were derived from the ICM of blastocysts exposed to dietary changes for only three
days (i.e. up to E3.5) after which they were cultured for a protracted period (P9-P12) in commercial
MESC media. The composition of this media (Appendix A) differs markedly from that of mouse
uterine luminal fluid reported in previous LPD studies (Eckert et al., 2012b), although that study
only investigated the amino acid content. Unsurprisingly, therefore, there was a general lack of
significant FDR-adjusted differences in the metabolite composition of mESCs derived from each of
the two dietary treatment groups. Nevertheless, modest alterations in carbohydrate and fatty acid
metabolism between male NPD and LPD mESC lines were detected. Specifically, analysis of the
glycolytic pathway revealed increased levels of upstream metabolites (including G-6-P and F-6-P)
and reduced levels of downstream metabolites (i.e. F-1,6-bP onwards), suggesting an obstruction
in the conversion of F-6-P to F-1,6,-bP. Indeed, subsequent investigations appeared to suggest
phosphofructokinase (PFK) enzyme activity to be reduced in LPD mESC lines. Differences between
NPD and LPD mESC lines were also observed in omega 3 and 6 families of PUFAs. The former is
significant because of the key role of n-3 PUFAs in neurological development and function
(McNamara and Carlson, 2006; Innis, 2008). Surprisingly, however, in the current study there were
modest increases in both n-3 and n-6 PUFAs in mESCs from the LPD compared to the NPD treatment
group. On first inspection this would appear to be at odds with previous studies investigating effects
of LPDs on PUFAs (Burdge et al., 2002); albeit these PUFAs were measured in the fetal brain at a
much later stage of development, in a study that assessed the effects of diet throughout gestation.
Interestingly, the two dietary groups did not show differences (except for asparagine) in levels of
essential and branched chain amino acids, unlike previously reported findings of maternal LPD in in
vivo blastocysts (Eckert et al., 2012b). Figure 3.11 summarizes the NPD-LPD mESC model, analysed

characteristics and results presented in Chapter 3, in a schematic format.

3.4.1 Derivation and Culture of mESCs

In the present study, mESCs were derived from the ICM of blastocysts of mothers fed either NPD
(18% casein) or LPD (9% casein) for only the preimplantation period (i.e. E0.5-E3.5). After a quick
wash in embryo culture media (KSOM, Appendix A) and serum (H6BSA, Appendix A), mid
blastocysts from both treatment groups were transferred to mESC media (Chapter 2, Section

2.2.2.2) containing 15% KO/SR (Chapter 2, Section 2.2.2.2) and 1000U/ml LIF. Mouse ESC
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derivation, cell line establishment (i.e. P4-5) and expansion (up to P8-10) procedures generally

takes around 27-30 days (Chapter 2, Section 2.3.2, Figure. 2.8 F). ESCs exhibit cell plasticity that

122



]

Chapter 3

Maternal protein restriction
- |
g [ 1
£ Normal protein diet Low protein diet
e (NPD, 18% casein) (LPD, 9% casein)
3
2
bal

Blastocysts (E3.5)

mESC derivation

| ! | | | ! !

7 NPD and 7 LPD mESClines from Cox et al. (2013) were cultured, expanded and lysed for Metabolomic analysis at Metabolon Inc. U.S

Glucose Metabolism

Amino Acid metabolism

g |, |

= © Fructose- . < Pentose- > < > Saturated and

% ; E < mannose > < Glycolysis > phosphate TcA < Monounsaturated

[ s v

g % % <+ Increased Asparagine %+ Increased % Increased < No “ No +** Increased o
o ] a *+ Reduced Threonine Mannose-6-P Glucose-6-P differences differences Mpyristoleate

= § 5 <+ No differencesin <+ Increased % Increased o
E S other amino acids Fructose-6-P Palmitoleate

= ++ Reduced PFK ES
& Activity (n=6)

;g <+ Reduced £
.E downstream

metabolites (no
statistical diff.)

Figure 3.11 Flow diagram representing study layout and findings from Chapter 3 of this thesis.

123

Fatty Acid Metabolism

Omega-3
PUFAs

®* Here RED represents p<0.05
and ORANGE represents p<0.1

-
©

=

=

@ @

2ol = Derivation Pluri Cell cycle distribution

34| g i Karyotype uripotency v MTT Assa 11 Viabili Apoptosis

2 § .g g Efficiency yotyp (Octd4, Nanog, Sox2) and Kinetics v Cell Viability pop

e Tl B8 o ® Reduced * No = No differences = No differences = Increased * Increased = Increased apoptosis,
E' E 'g' umE-l derivation differences metabolic rate cell death necrosis and death

o ¢ g a after prolonged » Decreased pERK

- g o= culture (96h) * No differences in pAkt,
K'a (= g pStat3, pp38 exp.

c

°

c

=

Omega-6
PUFAs

Increased +** Increased Linoleate
Linolenate +*+* Increased Dihomo-
Increased Dihomo- linoleate

linolenate “* Increased Adrenate
Increased

Eicosapentaenoate

Increased

Docosapentaenoate

Chapter 3



Chapter 3

assists them to adapt to the suboptimal (compared to maternal in vivo environment) in vitro culture
system. Thus, the ‘adaptation phase’ induces changes in ESC transcript expression, in turn affecting
their stemness (i.e. stem cell traits such as pluripotency and self-renewal capacity) (Burdick and
Vunjak-Novakovic, 2009). ESC gene expression and phenotype are also affected by in vitro culture
factors such as media composition, cellular matrix (feeder v feeder-free) frequency of media
change, passaging (including frequency and methods of colony dissociation; i.e. enzymatic v non-
enzymatic) freezing procedures (including concentration of cryoprotectant and serum) and general
handling (Verganiet al., 2004; Park et al., 2015). The current study used KnockOut DMEM (Appendix
A), which contained a high concentration of glucose (24.8 mmol/l), inorganic salts, amino acids and
vitamins, and was supplemented with pyruvate, L-glutamine and non-essential AAs (NEAA).
Additionally, mESC media contained KO/SR and LIF in a feeder-based culture system. Moreover, it
has been reported that maternal LPD reduces insulin and increases glucose levels in maternal
serum, and decreases AA levels in maternal serum, uterine fluid, which induce programing
alterations in the developing blastocyst (Eckert et al., 2012b). Thus, metabolic modifications
observed in NPD and LPD mESC lines represent a combination of the above mentioned alterations.
Moreover, it is noteworthy that blastocysts and stem cells have different metabolic states and
requirements at different stages of development (Shyh-Chang et al., 2013), and thus may respond

differently, even under a similar set of environmental conditions.

3.4.2 Glycolysis: In developing embryos and derived pluripotent mESCs

The developing embryo undergoes distinct series of metabolic states with varying energy
requirements to cater for fluctuating proliferation rate(s) and cell-specificity; which varies between
totipotent (i.e. blastomeres), pluripotent (i.e. ICM) and multipotent states. During totipotency (up
to 8-cell stage), although blastomeres undergo continuous self-renewing and DNA replication, the
embryo as a whole does not show any net growth (Henry J. Leese, 1995) and uses its own protein
reserve (up to 26 %), thus maintaining a low glycolytic rate (Brinster and April, 1966). Metabolism
in totipotent blastomeres is tightly regulated and mostly controlled by the glycolytic enzymes
hexokinase (HK) and phosphofructokinase 1 (PFK1) (Barbehenn et al., 1978). It is important to note
that the only energy (and carbon) sources available at this stage of early embryo development are
pyruvate analogues, and that development (at this stage) is inhibited under high glucose
concentrations (Brinster and Troike, 1979). Oxidation of pyruvate in the mitochondria activates the
Krebs cycle, thus generating carbon intermediates that activate oxidative phosphorylation, while
maintaining low O, consumption and consequently have truncated mitochondrial cristae. As the
embryo develops and the oxygen demand increases, mitochondrial cristae become elongated,

although the numbers reduce to half with each cell division (Jonathan Van Blerkom, 2009). The
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initial high amount of total ATP, and the ATP:ADP ratio, start to decrease, although the NADH:NAD*
ratio remains high (Quinn and Wales, 1971; Wales, 1974). Reduced ATP levels further assist
activation of PFK1 at the blastocyst stage, as ATP is an allosteric inhibitor of PFK (Johnson et al.,

2003).

As morulae undergo compaction, totipotent blastomeres differentiate to ICM and TE, with a
consequent increase in net growth and metabolic activity. Upregulation of glucose transporters
such as GLUT1 and GLUTS3, increase glucose uptake (Pantaleon and Kaye, 1998), thus increasing
glycolytic flux, lactate synthesis (Leese and Barton, 1984), oxidative phosphorylation and overall
oxygen consumption (Brinster, 1974). Given the role of the TE in forming the blastocyst cavity, the
aforementioned changes in glycolysis are driven by high membrane potential of TE mitochondria,
and not of the ICM (Jonathan Van Blerkom, 2009). Therefore, ESCs derived from ICM in vitro, inherit
a high glycolytic rate (Kondoh et al.,, 2006), a characteristic feature often observed in highly

proliferative cells (Hanna et al., 2009; Hansson et al., 2012).

In order to prolong the high rate of cell proliferation, mESCs show increased pentose phosphate
pathway (PPP) activity and divert their intermediates towards nucleotide synthesis (Filosa et al.,
2003). For ATP synthesis, mESCs depend on glycolysis, and O, consumption to oxidize NADH to
NAD* and to maintain the Krebs cycle flux, which depends on the electron transport chain (ETC) (J.
Zhang et al., 2011). Embryonic SCs maintain adequate redox potential to synthesise lipids from
citrate, and amino acids from oxaloacetic acid or a-ketoglutarate (Shyh-Chang et al., 2011). Thus,
ESCs with increased mitochondrial membrane potential proliferate and form teratomas more
efficiently compared to those with less membrane potential (Schieke et al., 2008); and blastocysts
with deficient mitochondrial oxidation enzymes (such as the pyruvate dehydrogenase (PDH)

complex), are developmentally defected (Johnson et al., 1997; Johnson et al., 2001).

3.4.21 Impact of Low Protein Diet (LPD) on glucose metabolism

Maternal LPD decreases insulin secretion thus impairing glucose homeostasis, thereby contributing
towards gestational diabetes and increased risk of type 2 diabetes mellitus in adult offspring (Souza
et al, 2012; Su et al., 2016). In rodents, maternal LPD (9%, casein) for only first 3 days of gestation,
decreased insulin and increased glucose levels in maternal serum, and induced glucose intolerance
in the young offspring (Eckert et al., 2012b). In other studies, maternal LPD (10%) during pregnancy
and/or lactation also showed altered glucose metabolism with increased insulin sensitivity, along
with increased levels of cholesterol and reduced serum leptin in the offspring (Zambrano! and
Ledesma?, 2006). A recent study showed maternal LPD (9.6%)-induced impaired glucose tolerance
and lowered insulin secretion to be associated with perturbation in programmed epigenetic

expression of key miRNAs in offspring liver (J. Zheng et al., 2017).
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Consistent with increased glucose levels reported in in vivo findings, the present study also showed
increased uptake of upstream metabolites such as G-6-P and F-6-P, altered enzymatic activity of
PFK and, thus, reduced levels of the downstream glycolytic metabolites in derived LPD mESC lines
compared to NPD group. In a separate study, LPD altered glucose metabolism by lowering plasma
glucose levels and increasing concentrations of glycogen, F-2-6-bP and F-1-6-bP, and increasing
enzymatic activity of pyruvate kinase (PK) and phosphoenolpyruvate carboxykinase (PEPCK) in liver
of 3 week old pups (Claeyssens et al., 1992). These alterations were observed when dams were fed
normal chow diet during gestation and lactation, and the pups received LPD (6%) for 3 weeks post-
weaning; making it a very distinct model compared to the previously discussed studies.
Nevertheless, the study showed that irrespective of time, exposure to LPD at an early developing
age could alter glucose metabolism; which in this case arose by delaying the down-regulation of
the glycolytic pathway and altering glycolytic enzyme(s) activity, as also observed in the current

study.

It has been documented that LPD alters maternal uterine environment, changes insulin and glucose
homeostasis, and predisposes the developing embryo and fetus to increased risks of metabolic and
cardiovascular disorders in adult life (Eckert et al., 2012; Fleming et al., 2012; Zheng et al., 2015;
Velazquez et al., 2018). Although several of those studies have focussed on the preimplantation
stage of development fewer have focussed on how early in development maternal dietary protein
restriction begins to induce detrimental effects. One such study, however, focussed on 2-cell
embryos and showed that LPD-embryos had reduced mitochondrial membrane potential,
increased mitochondrial calcium and ATP levels, although no differences were observed in pyruvate
uptake, compared to the control diet group (Mitchell et al., 2009). Additionally, these embryos
showed decreased mitochondrial clustering around the nucleus, further suggesting slow metabolic
rate (perhaps as an adaptive mechanism) to mitigate the effects of low protein. LPD 2-cell embryos
that developed into blastocysts had reduced number of cells within the ICM, which might also
explain the decreased derivation efficiency of mESC lines from LPD blastocysts (Cox et al., 2011).
Interestingly, embryos exposed to high protein diets also showed damaging effects (such as
increased levels of reactive oxygen species (ROS) and ADP concentrations), indicating metabolic
stress (Mitchell et al., 2009). Collectively, these results indicate that perturbed maternal protein
environments have a debilitating effect on mitochondrial metabolism, which then induces (possibly
an irreversible) metabolic and mitochondrial dysfunction in the developing embryo, as early as the

2-cell stage.

To ensure that diets remain isocaloric, the LPD is supplemented with dietary sugars (such as
sucrose). Accumulation of sugars due to LPD-induced insulin sensitivity further disturbs glucose

metabolism. In the current study, mESC lines were derived from ICMs of E3.5 blastocysts developing
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in a similar (i.e. ‘reduced insulin-high sugar-low protein’) maternal environment. They were further
cultured in a high-glucose medium for a protracted period. Hence, elevated levels of G-6-P and F-
6-P observed in the current study could be a result of continued exposure to high glucose
concentrations (both in vivo and in vitro), possibly inhibiting allosteric regulators and thus reducing
PFK enzymatic activity. In turn this could lead to reduced downstream metabolites and increased
upstream metabolite levels. Increased levels of sugars alone have been shown to impair spatial
learning and memory, and hippocampal insulin resistance, reducing hippocampal dependent

cognitive functions (Jurdak and Kanarek, 2009; Wu et al., 2015).

343 Amino Acid metabolism in pluripotent mESCs

Mouse ESCs depend on AA metabolism to maintain a pluripotent epigenetic state. Restriction of
threonine alone (and methionine and cysteine to a lesser extent) inhibited mESC growth (Jian Wang
et al., 2009). Hence, healthy early blastocysts and mESCs maintain increased expression of the
catabolizing enzyme threonine dehydrogenase (TDH) (Wang et al., 2009; Shyh-Chang et al., 2013),
and consequently increased amounts of glycine and activity of the mitochondrial enzyme glycine
decarboxylase (GLDC). Given that THD also controls regulation of histone H3K4 tri-methylation that
maintains epigenetic plasticity of pluripotent mESCs, collectively, these studies illustrate the
importance of metabolites produced by degradation of threonine in mESC self-renewal and cell

proliferation (Azuara et al., 2006; Wang et al., 2009; Gaspar-Maia et al., 2011).

Blastocysts recovered form LPD-fed mothers had significantly reduced levels of methionine and a
trending reduction in threonine at E3.5 and E4.5 respectively, along with reduced insulin and
increased glucose levels in maternal serum (Eckert et al., 2012b). Regulated by the mTORC1-
signalling pathway, these changes invoked compensatory mechanisms by increasing cell number
and expansion of TE, and induced endocytosis. Similar effects on fetal and adult phenotypes were
observed when blastocysts were cultured in a reduced insulin and BCAA environment, suggesting
pre-programming of preimplantation blastocysts (Miguel A. Velazquez et al., 2018). Consequently,
mESC lines derived from in vivo LPD blastocysts showed reduced self-renewal and proliferation
compared to NPD mESC lines (Cox et al., 2011). Furthermore, EBs derived from LPD mESC lines
propagated the effects observed in TE endocytosis (Sun et al., 2014), as observed previously in in
vivo studies (Eckert et al., 2012). Consistent with these findings, metabolomic analysis of the same
NPD-LPD mESC lines (Cox et al., 2011) as used in the present study, showed a trending (P<0.073)
reduction in threonine levels for LPD compared to NPD mESC lines. Although diet did not seem to
affect the levels of AAs in the derived mESC lines, LPD mESC lines showed increased levels of
asparagine (P<0.049), in contrast to the reduced levels reported in E3.5 LPD blastocysts (Eckert et
al., 2012b).
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3.4.4 Polyunsaturated fatty acids (PUFAs) metabolism in pluripotent mESCs

Essential fatty acids and their metabolites play a critical role in maintaining stem cell pluripotency
and self-renewal by controlling cellular programming. By being incorporated into membrane
phospholipids, polyunsaturated fatty acids (PUFAs, especially n-3s), are able to alter cell membrane
(chemical and physical) properties, lipid rafts and membrane-associated proteins, thereby affecting
signal transduction, gene expression, stem cell self-renewal, cell cycle regulation, and programmed
cell death (PCD) (Yamazaki et al., 2006; Lee et al., 2010). Additionally, PUFA-derived eicosanoids
and lipid mediators act as coactivators of key transcriptional factors (such as peroxisome
proliferator-activated receptors (PPARs) (Rajasingh and Bright, 2006), nuclear factor kappa
B (Chapkin et al., 2009), and activator protein-1 (lwahashi et al., 2000) that further affect stem cell

proliferation, differentiation and energy metabolism (Lands, 2012).

As long-chain n-3 and n-6 PUFAs are not synthesised in the body, they can only be supplemented
from diet. Although n-6 PUFAs are readily available in the human diet (including grains, plant-based
oils, poultry and eggs), the sources for n-3 are limited. The current study used an LPD diet consisting
of 9% casein as the main protein source, starch maize as a carbohydrate together with sucrose, and
corn oil as FA source. In the LPD casein was replaced by additional maize starch and sucrose. As
diets in the present study included FAs in the form of maize oil, they were deficient in n-3 PUFAs
which, as mentioned earlier, is essential in neural development (Beltz et al., 2007; Vaca et al., 2008).
Consequently, several rodent maternal LPD studies show impaired fetal and adult brain function
and development (Bennis-Taleb et al., 1999; Marwarha et al., 2017; Gould et al., 2018), along with

an altered state of lipid metabolism (Kang et al., 2011).

Contrary to these findings, in the present study, LPD mESC lines displayed increased levels of n-3
and n-6 PUFAs, which could represent an adaptive/ catch-up response to the sudden shift from a
protein-deficient in vivo environment to an artificial, nutrient-rich in vitro culture environment
which may enhance their PUFA levels. Although constituents of commercial mESC culture media
(including Knockout DMEM and KO/SR) are not completely known, it does not appear that they are
supplemented with FAs. However, mESC medium contains high D-glucose, pyruvate, L-glutamine,
vitamins (including folic acid, thiamine (B6) and riboflavin (B2)) and AAs, which may collectively,
provide a nutrient rich environment for the proliferation of mESCs and ease the effects of n-3

deficiency (Tsuge et al., 2000).

3.4.5 Conclusions and future work

Collectively, these studies show LPD-induced programing of E3.5 blastocysts and its propagation

during in vitro culture of mESC lines as depicted by differences in phenotype (Cox et al., 2011) and
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metabolomic analysis (current study). The LPD mESC lines showed increased G-6-P and F-6-P
uptake, reduced PFK activity and subsequently reduced levels of downstream glycolytic
metabolites. It is noteworthy that when PFK activity was evaluated with n=7, no statistical
differences were observed. However, as data could not be normalised by transforming the outliers
(one from each diet group), it was additionally analysed by removing the two outliers, i.e. n=6,
which fell in line with the metabolomic analysis thus displaying significantly reduced PFK activity,
and indicating an effect on the reduced levels of downstream metabolites. Moreover, as small n
values and outliers can indeed produce false negatives, the experimental findings require to be
confirmed with larger dataset. It is known that LPD impairs insulin levels in the maternal serum and
uterine fluid, thus inducing glucose intolerance in the offspring (Eckert et al., 2012b), further
indicating that LPD mESC lines were maintained in a high-glucose environment (during in vivo
development and in vitro culture). Interestingly though, mESC lines did not display great differences
in the levels of AAs, although a modest increase in levels of specific n-3 and n-6 PUFAs was
observed. Similarities between previous in vivo and in vitro findings, and the nature of metabolomic
differences observed between NPD and LPD mESC lines could probably be reflective of differences

in composition of diets (Appendix A).

However, it is unclear how the protracted period of in vitro cell culture, the complex mix of
constituents in the commercial media, and the ability of (adaptive) plasticity of mESCs interact with
‘preprogramed developmental events’ experienced by the blastocyst to modify the metabolomic
profile of mESC lines. Moreover, the high false discovery rate (FDR) in this dataset necessitates
further research to confirm these findings. One of the ways to test the reliability of in vitro
metabolomic analysis is to validate the findings by assessing transcript and protein expression for
key enzymes as well as enzyme activity. Additionally, mESCs could be profiled under conditions that
enhance their phenotype further (i.e. either increased protein restriction in vivo or creating a
nutritionally challenged in vitro culture environment). To assess if protracted culture duration could
be depleting mESC memory (i.e. epigenetic marks), mESC metabolomic profiles could be assessed
at additional time points and passage numbers, to determine if these may have been altered or

lost.

129



Chapter 3

130



Chapter 4
Chapter4 Optimisation of a neural induction protocol
and evaluation of differences between the neural

induction efficiency of NPD and LPD mESCs

4.1 Introduction

Maternal LPD in mice restricted to one ovulatory cycle for 3.5 days up to mating induced abnormal
anxiety-related behaviour and signs of decreased responsiveness to environmental stimuli in the
offspring (Watkins et. al., 2008a). This was indicated by reduced exploratory behaviour and
increased resting periods in open field activities. Similarly, when dams were fed LPD exclusively
during the preimplantation period (up to E3.5), adult offspring displayed increased anxiety (Watkins
et. al., 2008b) and short-term memory deficit (in a novel object recognition assay) (Gould et. al.,
2018). Furthermore, extended periods of maternal LPD throughout gestation and weaning affected
offspring growth and neurodevelopment (Belluscio et. al., 2014). It also induced signs of anxiety
and depression (i.e. reduced juvenile social play and exploratory activity), impaired motivation,
learning and memory (Castro et al.,, 2011). The effect of maternal LPD, therefore, includes
disturbance of neurodevelopment and behaviour but the specific character of these consequences
depends upon LPD timing in relation to developmental events, the nature and severity of

deprivation and genotype (Alamy and Bengelloun, 2012; Besson et. al., 2015).

Maternal LPD in rodents also reduces the size of the cerebrum and alters brain function (Sasaki et.
al., 1982; Belluscio et al., 2014; Chertoff, 2015; Jahan-Mihan et. al, 2015). It is important to note
that the cerebellum alone constitutes 60% of the brain’s neurons in mice (Houzel et. al., 2007), and
has a protracted time scale of development compared to that of the cortex or hippocampus
(Ranade et al., 2012). These factors could enhance its structural and functional vulnerability to
effects of maternal malnutrition at different (and extended) stages of development. Additionally,
maternal LPD increases cortical neuron proportion and thickness (Gould et. al., 2018), delays motor
development, reduces granular cells, and impairs hippocampal and hypothalamic neuronal

proliferation (Ranade et al., 2012).

Neuroplasticity of the prenatal brain makes it vulnerable to such developmental (dietary) insults
which may affect metabolism, growth, cell migration and differentiation (Morgane et al., 1993;
Gallagher et. al., 2005). In turn, these changes may lead to social isolation, learning disabilities and
brain pathologies, such as impaired neuronal circuits and neurotransmitter systems, cell death and

axonal-dendritic pruning. As neurogenesis in the rodent brain is mostly completed during the fetal
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period (Finlay and Darlington, 1995), developmental insults at this time cause long-lasting brain

functional defects in offspring (Takahashi et al., 1999).

Multipotent neural stem cells (NSCs) proliferate in vivo via symmetric cell division but also undergo
asymmetric divisions to produce neural progenitor cells, which have a restricted differentiation
potential to either neuronal or glial lineages (Juliandi et. al., 2010). Normal hippocampal functioning
depends on the timing of proliferation and differentiation of NSCs (Shors et al., 2001), which is
controlled by extrinsic neural signals and intrinsic cellular memory interacting through epigenetic

mechanisms (Juliandi et al., 2010).

Whilst the processes affecting neural proliferation and differentiation are well characterised in vivo,
few studies have investigated the in vitro effects of maternal diet on these cells. A recent study,
however, revealed that maternal LPD (9% casein) in mice (either limited to EQ.5 to E3.5 as Emb-LPD
or throughout gestation) both reduced neurosphere formation (NSCs and progenitor cells) and
NSCs analysed through flow cytometry from ganglionic eminence and cortex primary cells at E12.5,
E14.5 and E17.5 (Gould et. al., 2018). Maternal Emb-LPD in turn upregulated neural differentiation
in remaining NSCs. As these enduring effects throughout gestation were observed following LPD
only during the preimplantation period, and also shown during in vitro culture of derived NSCs and

neurospheres, it indicates that maternal dietary effects on NSCs are persistent.

Embryonic stem cells (ESCs) derived from E3.5 blastocysts evolve into neural progenitors by a
default differentiation mechanism (i.e. formation of primitive NSCs before definitive NSC stage)
(Tropepe et al., 2001), and act as a road map to neurogenesis in the embryo (Abranches et al.,
2009b). Consequently, several distinct mouse ESC (mESC) neural differentiation protocols have
been developed (Bain et al., 1995; Kawasaki et al., 2000; Ying et. al., 2003; Abranches et al., 2009;
Cha et al., 2017).

The present study used eight established mESC lines derived from embryos of dams fed either a
normal protein diet (NPD, 18% casein, n=4) or a low protein diet (LPD, 9% casein, n=4) for the first
3.5 days of embryo development (Congshan Sun et al., 2014). The two primary objectives of the
current study were (i) to establish an efficient neural induction (NI) protocol for derived NPD and
LPD mESC lines and (ii) to use this protocol to perform preliminary analysis of differences between

NI efficiency of the NPD and LPD mESC lines.

As a protocol for NI of mESCs had not been established at Southampton, and given that this was
undertaken routinely by our collaborators at Biotalentum Ltd (G6doll6, Hungary), it was decided to
adopt their standard NI protocol (Klincumhom et al., 2012). A key feature of this protocol is that it

involves culturing mESCs in the presence of ES-based fetal bovine serum (ES-FBS), which promotes
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cell proliferation and maintains a pluripotent cell-cycle state (Li and Kirschner, 2014). However, as
the NPD and LPD mESC lines established in Southampton were derived and cultured under serum-
free (knock out serum replacement, KO/SR) conditions so, initially, mESC lines were maintained
under these culture conditions prior to NI. The following study therefore began by optimising the
NI protocol for KO/SR cultured pluripotent NPD and LPD mESC lines (Section 4.2.4). It began by
culturing two mESC lines from each dietary group. During the course of these initial experiments,
however, it transpired that the revived cell lines from Southampton did not thrive under these
conditions. Consequently, it was decided to culture these cells according to the standard, serum-
based mESC protocol established at Biotalentum. Morphological changes in these pluripotent cells,
however, suggested non-specific differentiation. As serum is known to restrict lineage-specific
differentiation and increase heterogeneity in mESCs (Tamm et al., 2013; Guo et al., 2016), the
remaining four cell lines (2 NPD, 2 LPD) were cultured only under serum-free (KO/SR) conditions.
This, however, led to just two replicates per treatment (NPD vs LPD) for each of the two culture
conditions (ES-FBS vs KO/SR), which prohibited a formal statistical analyses of the data. Time
constraints associated with shipment from Southampton to Hungary, quarantine, expansion and NI
of additional cell lines (which would take approximately 2 months) meant that it was not possible
to replace the four lines cultured in the presence of serum during the secondment period.
Consequently, this chapter describes the optimisation of a NI protocol for mESCs (Part 1) and a
subsequent preliminary analysis of differences in NI efficiency between NPD and LPD mESC lines

(Part 2).

133



Chapter 4

4.2 Materials and Methods

4.2.1 Culturing mESCs (at Southampton)

As detailed in Chapter 3 (Section 3.2.1), mESC lines were derived from E3.5 blastocysts of NPD and
LPD fed C57BL/6 dams by a previous PhD student, Andy Cox. Briefly, female (C57BL/6) and male
(CBA) mice were fed normal chow diet up until successful mating was identified (EQ.5), after which
the dams were divided into two groups, NPD (18% casein) vs LPD (9% casein). At E3.5, blastocysts
were cultured for derivation of mESCs (Chapter 2, Section 2.2.2.2). Once the NPD and LPD lines
were established (in mESC medium, i.e. KnockOut DMEM, KO/SR and LIF) and characterised (i.e.
pluripotency analysis, sexing and karyotyping), they were frozen and stored in liquid nitrogen until
required. Seven mESC lines from each group were expanded (see Section 3.2.1) by me and utilized
for metabolic analyses between the NPD and LPD mESC lines (Section 3.2.3). Four representative
NPD and LPD mESC lines were selected for the present study, which was undertaken by me at

Biotalentum Ltd. (G6doll6, Hungary) as part of a PhD secondment.

4.2.2 Freezing and thawing mESC lines

As described in Chapter 2 (Section 2.2.2.2.1), mESCs were frozen in freshly prepared, ice-cold
freezing medium (20% KO/SR and 10% DMSO). Cells were frozen slowly at -80°C overnight before
storing in liquid nitrogen. Cell stocks were quick-thawed in a water bath at 372C, spun (~300 g) to
remove DMSO and re-suspended in mESC culture medium (with 15% KOSR and 1000 U/ml of LIF).
Mouse ESCs were seeded onto fresh Mitomycin C (MMC) treated mouse embryonic fibroblasts

(MEFs) and cultured on MEFs for at least one passage before use in further experiments.

4.2.3 mESC culture (at Biotalentum Ltd, G6do6ll6, Hungary)

Cells were cultured, expanded and directed towards neuronal induction (i.e. neuronal progenitors
and neurons) following pre-established cultured conditions established at Biotalentum Ltd.
(Klincumhom et al., 2012). Figure 4.1 summarizes the timeline of events from receiving the samples
by courier at Biotalentum, optimisation of NI protocol (Part 1), neural differentiation of NPD and
LPD mESCs (Part 2). Following pre-established pluripotency culture conditions (see Section 2.2.1),
two mESC lines from NPD and two mESC lines from LPD group (500,000 cells/ 6-cm dish) were
thawed and plated onto 6-cm mitomycin-C (MMC) treated MEF dishes (700,000 cells/ 6-cm dish) in
mESC medium (Knockout™ DMEM (1X), 10829-018, Gibco® by Life Technologies), 15% KO/SR or
ES-FBS (ES-009-B, EmbryoMax ®, Merck) and 1000 U/ml LIF) (discussed in Section 4.3.1.1). As per

Biotalentum policy, mESC lines were quarantined for 1-2 weeks. Samples were periodically tested
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for mycoplasma using LookOut® Mycoplasma PCR Detection Kit (MP0035, Sigma-Aldrich). All eight
mESC lines used in the present study tested negative for mycoplasma throughout the project.
MESCs were then expanded and maintained in a pluripotent state (with or without serum) until
neural induction (NI) was initiated. mESC medium was changed daily and cell lines were trypsinized
(0.05% Trypsin-EDTA, Sigma- Aldrich, Section 2.2.2.2.) once they reached 70% confluency or every
3-5 days, depending upon their growth rate.
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[ Part 2. Neural Induction (NI, 14 days) ]
Quarentine Media change everyday (S-NIM)
at
Biotalentum B. DO- D4
(7-14 days)

Loss of pluripotency (Nanog, Oct4, Sox2)
D. Presence of Meso (Brachy), Endo (Gata4)

Thaw and expand cells

(based on required cell density) C. D0- D4
OIN Gain of Neural Stem cells (Nestin, Pax6) E. D7-D14
Incubation Gain of Neurons (Beta Il Tub, Map2)
In
Passage cells 2-3 times

o N | DO | D1 D2 D4 D7 D10 D14
A. Pluripotent NPD and LPD ! 1 1 1 ! 1 1 1
P mESCs in 1 Change 1 DO-Passage | 1 1 I ' |
MESC medium ifrom mESCI and seed cells 1 1 1 1 1 1
1 to I on matrigel 1 1 1 1 1 1
I S-NIM ! dishesat ! 1 1 1 1 1
! I defined density ! 1 1 1 1 1
! ' (NIM + bFGF) ! ! ! ! ! 1
1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1

v v v v v v v v

Time points for sample collection- RT-PCR and Immunocytochemistry

Part 1. Protocol Optimisation
(i) mESC media (ES-FBS v KO/SR) (ii) Density (low, moderate or high; D0-D7) (iii) NI media (S-NIM v A-NIM; D0-D10)

Figure 4.1 Project timeline representing the series of events from receiving samples to neural induction of NPD and LPD mESCs.

Cells were quarantined and expanded for 2 weeks, after which they were directed towards optimisation, followed by neural induction. Part 1 (at bottom) represents the
optimisation of neural induction (NI) protocol on the basis of (i) mESC medium (ES-FBS v KO/SR) before NI, (ii) density of plated cells (low, moderate or high; DO-D7) and
(iii) use of NI medium (Standard- v Advanced- NIM; DO-D10). In Part 2 of the study (top), NPD and LPD mESCs were differentiated for 14 days, and samples for RT-PCR and
immunocytochemistry were collected on the day before start of the NI, followed by Days 0, 2, 4, 7, 10 and 14. Samples were collected to assess (A) initial pluripotent state
of mESC lines, (B) loss of pluripotency, (C) gain of NSC expression, (D) presence of other lineages, and (E) the gain of mature neuron expression in the differentiating cells.
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4.2.4 Neural induction of mESCs

NPD and LPD mESCs were expanded in pluripotent mESC medium (Section 4.2.3), gently washed with
PBS (without passaging), starved of LIF, and conditioned in neural induction (NI) medium overnight.
The following day, cells were, trypsinized (0.05% Trypsin-EDTA), centrifuged (300 g, 5 mins), and pre-
plated for 45 mins, on 0.01% gelatin (G1393, Sigma-Aldrich) coated tissue culture dishes. Cells were ,
centrifuged, counted and seeded on 24-well (with sterilized cover slips) and 6-well Matrigel (BD
Matrigel; Stem Cell Technologies) coated dishes. Cell density was optimised by plating one NPD line
36P12 at three different cell densities of 12,500 cells/cm?, 25,000 cells/cm? and 35,000 cells/cm?, and
culturing them in NI medium for 7 days (see Section 4.3.1.2). After choosing the optimal cell density of
28,500 cells/cm?, the rest of NPD and LPD mESCs were cultured and differentiated in NI medium. NI

medium was changed daily and cells were cultured (without passaging) for 14 days.

For the selected time points (i.e. a day before the start of NI, then on Days 0, 2, 4, 7, 10 and 14 of
induction), cell lines were either fixed with 4% PFA (Section 4.2.6) or trypsinized (for gene expression
analysis (Section 4.2.5.1; Figure 4.1). Samples were collected at the chosen time points to observe
differences between NPD and LPD mESC lines for the following parameters: a) before overnight
starvation of LIF to measure original pluripotency expression of NPD and LPD mESCs; b) early NI days
0, 2 and 4 to gauge reduction of pluripotency markers (Nanog, Oct4 and Sox2), increase in early neural
stem cell (NSC) markers (Nestin and Pax6), and changes in mesodermal (Brachyury) and primitive
endoderm marker expression (Gata 4); c) day 7 to assess reduction of NSCs and appearance of mature
neuron markers (beta-lll tubulin and Map2); d) late NI, day 10 to estimate gain of mature neuron
marker expression, and lastly e) the end of NI, day 14 to measure mature neuron marker expression at

the termination of protocol.

In order to establish an efficient neural induction protocol, this study evaluated two different NI media
compositions. For ease of representation, neural induction medium (NIM) without the addition of small
molecule inhibitors is termed Standard NIM (S-NIM), and medium with inhibitors is referred to as

Advanced NIM (A-NIM).

4.24.1 Standard neural induction medium (S-NIM)

In the given study, the optimised version of neural induction protocol for mESCs (Section 4.3.1)
established at Biotalentum Ltd. (Klincumhom et al., 2012) was adopted. As detailed in Table 4.1,
Standard-NI medium (S-NIM) consisted of DMEM/F12, non-essential amino acids (NEAA), N2 and B27
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supplements and basal fibroblast growth factor (bFGF, 10 ng/ml). N-2 supplement is a chemically
defined, concentrate of Bottenstein's N-2 formulation (Bottenstein, 1985). It is used for the growth and
expression of post-mitotic neurons in primary cultures from both the peripheral nervous system (PNS)
and the central nervous system (CNS). Its selectivity and specificity towards promoting only neuronal

cell line growth makes it a valuable component of the NI medium in the present study.

B-27 is an optimized serum-free supplement used to support the low- or high-density growth, and
short- or long-term viability of hippocampal and CNS neurons. B-27 supplement is used with a medium
for neuronal cell culture without the need for an astrocyte feeder layer. Fibroblast growth factor (FGF)
signalling plays a significant role in both embryonic development, and tissue homeostasis and repair
(Coutu and Galipeau, 2011). FGF promotes self-renewing cellular proliferation by inhibiting senescence.
FGF has also been used as an essential factor in inducing neural induction (NI) in several protocols. Cells
treated with FGF-inhibitors show reduced efficiency of NI (Delaune et. al., 2005) and instead promote
the growth of pluripotent stem cells (Ying et al., 2008). However, the effect of FGF on mESCs or human
ESCs (hESCs) is rather controversial. While some studies show the inhibition of FGF to increase (Greber
et al., 2010) or to block (Vallier et al., 2009) neuronal differentiation in both mESCs as well as hESCs,
others indicate its importance, but not necessarily in promoting neural commitment in hESCs (Cohen

et. al., 2010).
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Table 4.1 Reagents and their concentration for Standard neural induction medium (S-N1M)

Reagents (Standard NIM) Volume (per 100 ml medium)

DMEM F-12+ GlutaMAX, Gibco (31331-028) 100 ml
N2 Supplement, Gibco (17502-048) 1%

B27 Supplement, Gibco (17504-044) 2%
Non-essential amino acids 1%
Pen-Strep (if required) 1%
bFGF (always add fresh) 10 ng/ml

Although pluripotent ESCs can differentiate into multiple cell types, they proliferate as heterogeneous
cell populations, with distinct gene expression, cell cycle and epigenetic states (Hayashi et. al., 2008;
Cannon et. al., 2015). Thus during neural differentiation, unless other lineages (i.e. endoderm and
mesoderm) are restricted and mESCs are directed specifically towards neuronal lineage, the cell
population is non-homogeneous, consisting of multi-lineage cell types and resulting in limited efficiency
(Li et. al., 1998). To overcome these issues, along with the Standard NI medium (SNIM), the current

study also explored an alternative approach of NI, using defined ‘small molecule inhibitors’ (SMls).

4.24.2 Advanced neural induction medium (A-NIM)

SMls are low-molecular weight (<900 daltons) organic compounds with a size of the order of around 1
nm. Their small size enables them to better penetrate cell populations, which further assists them in
controlling specific cell cycle and metabolic states of mESCs that is rather heterogeneous otherwise.
They do so by targeting specific signalling pathways and cellular processes, thereby inducing lineage-
specific differentiation across the embryonic lineages (Kalantar Motamedi et al., 2016). Therefore, as
detailed in Table 4.2, the current study evaluated the combinatory effect of two small molecules
(SB431542 and LDN193189) on the efficiency of neural induction and on the suppression of other
lineage markers, to generate more homologous neural stem cells (Zhang et al., 2012). The medium with

SMis has been referred as Advanced NI medium (A-NIM).
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Table 4.2 Reagents and their concentration for Advanced neural induction medium (A-NIM)

Reagents (Advanced NIM) Stock Working concentration
Neurobasal medium 500ml 50 %
DMEM/F-12+ GlutaMAX, Gibco (31331-028) 500ml 50 %

N2 Supplement, Gibco (17502-048) 100ml 1%
B27 Supplement, Gibco (17504-044) 50 ml 1%
L-Glutamine 200mM 1%
Non-essential amino acids (NEAA) 100 ml 1%
Pen-Strep (if required) 100 ml 1%
B-mercaptoethanol 50 mM 100 uMm
LDN193189, 0.2 mM 0.2 uM
SB431542, Sigma (S4317-5MG) 13 mM 10 uM
bFGF (always add fresh) 100pg/ml 5 ng/ml
Insulin 10 pg/ml 5 pg/ml

SB431542 is an established small molecule inhibitor used selectively to inhibit the TGF-B (Transforming
growth factor beta)/Activin/Nodal signalling pathway (Inman, 2002). Given the association between
the alkaline-like receptor kinases (ALKS) with TGF-f and BMP, they have been an attractive target of
such inhibitors. Unlike SB431542, LDN193189 (LDN) is a potent cell-permeable SMI of the bone
morphogenic protein pathway (BMP). LDN is used to study BMP inhibition in ES cells (Vogt et al., 2011).
Active BMP signalling is known to maintain self-renewal in ESCs, thereby preventing neural
differentiation (Ying et. al., 2003). Therefore, an efficient neural differentiation of ES cells requires an

effective inhibition of the BMP.

Dual SMAD inhibitors LDN193189 and SB431542 (also referred as the LSB protocol), show a combined
effect in directing hESCs into Pax6 positive neural progenitors (G. Lee et al.,, 2009) and functional
cortical neurons (Y. Qi et al., 2017). In the current study, A-NIM culture conditions (as detailed in Table
4.2) combined the effects of small molecular dual SMAD inhibitors (LSB), along with neural supplements

(N2 and B27) and bFGF to assist the differentiation of NPD and LPD mESC lines to neuronal lineage.
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425 Quantitative PCR (qPCR) analysis

4.25.1 Sample preparation for RNA extraction (conducted at Biotalentum Ltd., Hungary)

RNA samples were collected from NPD and LPD mESC lines at pluripotent stage (i.e. one day before
initiation of NI) and then at Days 0, 2, 4, 7, 10 and 14 during NI. For pluripotent samples, cells were
cultured as described in Section 4.2.3. mESCs were cultured until 70% confluency after which they
were trypsinized (as described in Section 4.2.3) and centrifuged (300 g, 5 mins). Cells were pre-plated
on 10 cm gelatin-coated dishes for 45 min and incubated (5% CO,, 37°C, Section 2.2.3.1) to remove
MEFs. During pre-plating, pluripotent mESC samples were incubated in mESC medium (Section 4.2.3)
with LIF. After 45 minutes, floating cells were carefully collected in and centrifuged (300 g, 5 mins).
mMESCs were washed with PBS and the pellets were snap frozen on dry ice and stored at -80°C until they
were shipped back to Southampton for extraction. For NI RNA samples, cells were cultured at 28,500
cells/ cm? density, in duplicates for each time point, on 6-well Matrigel-coated dishes. Cells were

harvested, frozen and stored as described above, on Day 0, 2, 4, 7, 10 and 14 of induction.

4.2.5.2 RNA extraction

Derived cell pellets were thawed and centrifuged shortly at maximum speed to remove excess PBS.
Total RNA was isolated using the RNeasy mini kit (Qiagen, UK) as described in the RNeasy handbook.
RNA was quantified using the Nanodrop ND-1000 spectrophotometer as described in Chapter 2
(Section 2.2.5.1).

4.25.2.1 RNA quality

RNA quality was determined by gel electrophoresis as described in Section 2.2.5.2. Diluted total RNA
samples (1 ul RNA sample + 4 pl loading dye) were run on a 0.8 % agarose gel, diluted with GelRed
(Bioscience, BT41003-T), at 120 V for 15 min. Figure 4.2 shows intact RNA with clear 28S and 18S rRNA

bands, where 28S is twice as intense as the 18S rRNA band.
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Figure 4.2 RNA gel electrophoresis of NPD and LPD mESC lines.

A representative 0.8% agarose gel showing RNA (~ 300 ng/ul) extracted from NPD and LPD mESC lines
(2 lines/group). The 18S and 28S ribosomal RNA bands are visible, showing no lower molecular weight
smears (degraded RNA) indicating that the RNA samples are intact. Band sizes were determined using
GeneRuler 1 kb Plus DNA Ladder (left column; ladder).

4,253 Reverse transcription (cDNA synthesis) and quantitative PCR

First-strand cDNA was synthesized using 300 ng RNA using GoScript™ Reverse Transcription System
(Promega, UK), as previously described in Section 2.2.5.3. Quantitative polymerase chain reaction
(qPCR) was performed following the steps described in Section 2.2.5.4. Briefly, the specific gene targets
were detected using SYBR-green from the SYBR-green 2x PrecisionPlus™ Mastermix (Primerdesign, UK)
protocol. Lyophilised primers (Primerdesign, UK) were diluted with nuclease-free water. gPCR was
performed using 2x PrecisionPlus™ gPCR Mastermix kit. Product amplification took place in a Chromo4

Real-time Detector (BioRad, UK) and analysed with Opticon Monitor v3.1 software (Section 2.2.5.4).

4.2.5.4 Normalization of PCR data and selection of reference genes

Quantitative RT-PCR data was normalised using the Primerdesign geNorm kit with 12-candidate
reference genes (for Mus musculus) as described in Section 2.2.5.5. Specific product amplification was
determined by single peaked melting curve, and specific melting temperature (Tm) of the
oligonucleotide. Expression stability was assessed by running two cell line samples from three different
time points (i.e. pluripotent mESCs, and NI Day 7 and Day 14) from NPD and LPD groups, cultured with
and without serum. Reference gene stability was determined using an RT-PCR data analysis software,

gBase+. Data was uploaded following the instructions in the Primerdesign qBase+ software manual.

Out of the twelve candidate genes within the Primerdesign geNorm kit, nine showed a high average

expression stability of low M value (M<0.5). Figure 4.3A displays the M value for individual genes and
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ranking of the least to the most stable genes (from left to right side). As observed in Figure 4.3 B, the
optimum number of reference genes required for the current experimental group was two; calculated
by V 2/3, where the normalising factor was <0.85. Therefore, genes Canx and Rpl13a (with least M
values) were identified as the most stable reference genes, as they had C(t) values more comparable
to those of the target genes. C(t) values of reference and target genes were analysed by the geometric

averaging normalisation approach by Vandesompele et al. (2002), as described in Section 2.2.5.7.
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A. Average stability of reference genes
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Figure 4.3 geNorm output for reference gene targets analysed for NPD and LPD mESC lines.

(A) geNorm analysis showing average gene expression stability M. M was calculated by comparing
average pairwise variation of expression between 12 target reference genes (x-axis). M was calculated
for each gene individually, and the least stable gene was excluded from the next round of calculations.
Two genes with highest reference target stability (average geNorm, M < 0.5) are shown on the right-
most side on the x-axis (i.e. Canx and Rpl13a) and were selected for normalisation. (B) Shows optimal
number of reference genes selected for normalisation. geNorm V is <0.10 when comparing a
normalisation factor based on the 2 or 3 most stable targets and suggests that no more than 2 or 3
genes are required for accurate normalisation. In the present study, V< 0.15, therefore an optimal
number of reference targets = 2.
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4.2.6 Immunocytochemistry (ICC) staining

For pluripotent samples, mESCs (28,500 cells/cm?) were cultured on sterile coverslips, pre-coated with
inactivated MMC-MEFs (27,000 cells/well, on sterile coverslips) on 24-well plates. mESCs were cultured
in mESC medium (Section 4.2.3) and samples were fixed at Day 4 of culturing. For NI samples, mESCs
(28,500 cells/cm?) were seeded on sterile coverslips coated with Matrigel on 24-well plates. Cells were
cultured in NI medium (Section 4.2.4) that was replaced by fresh medium every day. Cell samples were
fixed on Days O, 2, 4, 7, 10 and 14 of neural induction. Plating density and number of days of culture
were each fixed to make sure that any changes in cell proliferation between the groups were also
recorded. At selected NI time points, the samples were fixed with 4% PFA and stored at 4°C until
required. The fixation and staining procedures were as described in Section 2.2.8. The details for

antibodies and dilutions used are provided in the Appendix C, Table 1.

4.2.7 Statistical Analysis

For reasons described earlier (Section 4.1), it was not possible to undertake a formal statistical analysis
of the data generated in this chapter. Optimisation steps (for optimal density and NIM selection) were
restricted to a single control NPD mESC line in different conditions. Differences between the NI
efficiency of NPD and LPD mESC lines (cultured with and without serum) are presented (n=2 per group).
Results are therefore divided into two parts. Part | presents NI optimisation procedures, whereas Part
Il presents a prelude to differences between NI efficiency of NPD and LPD mESC lines, expanded under
serum (ES-FBS) and serum-free (KO/SR) conditions during pluripotent stage of culture (i.e. before NI).
Hence, transcript data are reported as simple means. The immunocytochemistry image analysis is
qualitative rather than quantitative in nature given the inability to process the multilayer 3D structures

and extremely dense cultures.
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4.3 Results

43.1 PART 1: Optimisation of neural induction (NI) protocol for NPD and LPD mESCs

43.1.1 Increasing proliferation of mESCs- Serum and serum-free mESC culture conditions

Mouse ESC lines were expanded as described in Section 4.2.1. Briefly, cells were cultured on MMC-
MEFs, in mESC medium (DMEM/F-12, 15% KO/SR and 1000 U/ml LIF, Section 4.2.1). These culture
conditions were established for derivation and growth of NPD and LPD mESCs in Southampton.
However, using the same culture medium at Biotalentum Ltd in Hungary, the mESC lines (2 NPD, 2 LPD)
showed reduced proliferation and cell numbers, even after 7-10 days of culturing and passaging (Figure
4.4 Aand D). Given the slow growth rate and negligible number of colonies in both NPD and LPD mESCs,
it was decided to discard the cells in culture at the time, and thaw fresh vials of the same cell lines,

under standard pluripotent culture practices at Biotalentum Ltd (i.e. with serum, ES-FBS).

KO/SR +

ES-FBS
IR s

2

= S

NPD

LPD

Figure 4.4 Representative images showing proliferation and morphological changes in mESC lines
in pluripotent medium (with LIF) under three serum conditions.

A and D: KO/SR only, B and E: ES-FBS only and C and F: initially cultured in ES-FBS for 1 passage and
then in KO/SR for 2 passages. Here A-C: NPD 8P11 and D-F: LPD 24P11 mESC lines. Arrows (A, B and C)
point to key morphological features of KO/SR (spherical, tomb-like colonies, black arrow (A)), ES-FBS
(flat colonies with edge boundaries, red arrow (B)) and KO/SR+ES-FBS (both spherical, tomb-like
colonies (black arrow) and flat colonies with edge boundaries (red arrow) (C)). Scale bar = 100 um.
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The only difference between the two pluripotent culture protocols was the presence (Biotalentum) or
absence (Southampton) of serum (ES-FBS). Both protocols included Knockout DMEM/F-12 and 1000

U/ml of LIF, and MMC-induced, mitotically inactivated MEFs as a cellular matrix.

Freshly thawed mESC lines (2 NPD, 2 LPD) were cultured in 15% ES-FBS to enhance growth and
proliferation. Figure 4.4 B and E shows representative images of increased number of colonies and
colony size under serum (ES-FBS) culture conditions, compared to KO/SR conditions (Figure 4.4 A and
D) for the same cell lines. Although the replacement of KO/SR appeared to promote increased cell
proliferation, it also led to excessive differentiation of the pluripotent mESCs. This is identified by the
arrows pointing to the morphological changes in mESC colony shape from spherical, tomb-like colonies
(Figure 4.4 A and D) to flat colonies with edge boundaries (Figure 4.4 B and E). Although ES-FBS culture
medium improved the proliferation rate of the four mESC lines (2 NPD and 2 LPD), it also showed
morphological signs of cellular differentiation in both treatment groups. For this reason, culture
conditions were reverted to KO/SR and the four mESC lines were cultured and expanded according to
pre-established, KO/SR culture conditions until the beginning of NI. Even though the culture conditions
were reverted to original Southampton (KO/SR) conditions, the cells continued to reveal combination

of ES-FBS- and KO/SR-induced colony morphologies (Figure 4.4 C and F).

It is known that partially differentiated mESCs have reduced potential for targeted differentiation
(Sommer and Rao 2002). Therefore, the remaining four mESC lines (2 NPD and 2 LPD), were cultured
‘exclusively’ in KO/SR culture conditions, strictly restricted to protocols established in Southampton.
Figure 4.5 shows the morphological differences between the eight NPD and LPD mESC lines used in this
study, under both ES-FBS (Figure 4.5 A-D) and KO/SR (Figure 4.5 E-H) conditions. Irrespective of dietary
group, ES-FBS treated mESC lines appeared bigger, more heterogeneous, and had flatter colonies with
better defined boundaries compared to the smaller, more homogeneous and rounder colonies

observed under KO/SR culture conditions; morphology more typical of mESCs.
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KO/SR

Figure 4.5 Brightfield images showing proliferation and morphological differences in NPD and LPD
mESC lines in serum (ES-FBS) and serum-free (KO/SR) culture conditions.

A-D: ES-FBS and E-H: KO/SR conditions in (A, B, E, F) NPD and (C, D, G, H) LPD mESC lines cultured in
MESC medium (DMEM/F-12 and LIF). Arrows (B and F) point to key morphological features of ES-FBS
(flat colonies with edge boundaries (B)) and KO/SR (spherical, tomb-like colonies (F)). Scale bar= 100
pum.

Two NPD and two LPD mESC lines from both serum conditions (i.e. ES-FBS and KO/SR) were
differentiated using the standard neural induction medium (S-NIM, Section 4.2.4.1) protocol, and
differences between their NI efficiency were analysed. However, due to limited sample availability at

the time, only one representative KO/SR-NPD mESC line was used in the following protocol

optimisation steps (density and NI medium).

4.3.1.2 Optimal cell density for neural induction (NI) of NPD and LPD mESCs

Neural induction protocol established at Biotalentum, was originally designed for a commercial and
robust, pluripotent mESC line HM1, which had been cultured and expanded exclusively under serum
(ES-FBS) conditions. The established NI cell plating density for HM1 was 12,500 cells/cm?, which when
tested for Southampton derived NPD and LPD mESC lines (cultured with or without serum), resulted in
excessive cell death and negligible rosette or neurite formation (data not presented), therefore
indicating no Nl in these lines. It is known that cell density influences survival and neural differentiation
capacity of mESCs (Wongpaiboonwattana and Stavridis, 2015; Cha et al., 2017). Thus to verify if this
was the case, a representative KO/SR-cultured NPD mESC line (36 P13), was expanded in pluripotent
MESC medium (Section 4.2.3), trypsinized, cultured in S-NIM (Section 4.2.4.1) overnight, and plated in
three different cell densities of low- 12,500 cells/cm?, moderate- 25,000 cells/cm? and high- 35,000

cells/cm?, from Day O to Day 7 of NI (Figure 4.6).
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Day 1

Day 5 Day 3

Day 7

Figure 4.6 Selecting the most efficient cell density for neural induction protocol.

mESC line NPD 36 P13 (maintained in KO/SR+LIF+DMEM/F12) was plated at three different cell
densities of (A, D, G, J) low 12,500 cells/cm?, (B, E, H, K) moderate 25,000 cells/cm? and (C, F, I, L) high
35,000 cells/cm? in order to test the effect of cell density on neural induction from D1 to D7. Arrows
point to (H) initiation of rosette formation at D5, (I) increased density of rosettes from D5 and D7 (K
and L). Comparatively few rosettes were observed in (G) D5 and (J) D7 of the low density (12,500
cells/cm?). Scale bar = 100 um.

S-NIM was changed daily, and cells were observed under a bright-field microscope for structural
changes every day during the first 7 days of induction. Morphological assessment revealed that while
cells from all three-cell densities appeared to have radially arranged columnar cells by Day 5 of

induction (Figure 4.6 G, H and 1), the largest number of cell aggregates and neuronal rosettes were

observed at the high cell density of 35,000 cells/cm? by Day 7 (Figure 4.6 L). Neural rosettes, or radially
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arranged columnar cells, are known as the developmental signatures of neural progenitors in ESCs

undergoing neuronal induction (Wilson and Stice, 2006).

For sample collection at Day 2, 4 and 7 (Section 4.2.4), cells from mESC NPD 36 P15 were seeded in
duplicate, on Matrigel coated 6-well (for RT-PCR, Section 4.2.5) and sterile cover slips in 24-well (for

immunocytochemistry, Section 4.2.6) culture dishes, in the given three different cell densities.

Relative gene expression was normalised to Rp/13a and Canx within geNorm (Section 4.2.5.4) and cells
were analysed for pluripotent (Oct4, Nanog and Sox2), other lineage (Gata4 and Brachyury) (Figure
4.7), early neural stem cell (Sox1, Nestin and Pax6) and mature neuron (Beta /Il Tubulin and Map2)
markers (Figure 4.8) on Days 2, 4 and 7 of the NI protocol. While the low and high cell densities
appeared to show consistent pluripotency expression from Day 2 to Day 7 (Figure 4.7 A-C), expression
in the moderate density cells appeared to increase from Day 2 to Day 4, and decrease by Day 7. The
differentiation markers appeared to have a similar trend of increasing expression from Day 2 to Day 4
(Figure 4.7 D and E), which decreased by Day 7 (Figure 4.7 F) for both moderate and high cell densities.
However, the low density appeared to have a continuous rise in expression until Day 7 of induction.
Consequently, in moderate density cells expression for both neural stem cells (also referred as neural
progenitors) (Figure 4.8 A-C) and neuron (Figure 4.8 D-E) markers tended to be higher on Days 2, 4 and
7 compared to the low and high density groups. Similarly, protein expression for Beta Il Tubulin
appeared greater for the moderate and high-density groups compared to the low-density group (Figure
4.9 B, F and J). The high cell density group also showed the maximum expression (depicted by the

number of cells or neurites) for the mature neuron marker, Map2 (Figure 4.9 K).
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Figure 4.7 Effect of mESC density on relative gene expression of pluripotency and differentiation markers during standard neural induction.

mESC line NPD 36 P15 (maintained in KO/SR+LIF+DMEM/F12) was plated at three different cell densities of 12,500 cells/cm?, 25,000 cells/cm? and 35,000
cells/cm? in order to test the effect of cell density on neural induction from D1 to D7. Genes of interest were normalized to Rp/13a and Canx within geNorm.
The low (12,500 cells/cm?) and high (35,000 cells/cm?) cell densities showed consistent expression of pluripotency markers (Oct4, Nanog and Sox2) from D2-
D7 (A-C). Expression for moderate density (25,000 cells/cm?) increased from (A) D2 to (B) D4, but decreased by (C) D7. Differentiation marker(s) expression
(Gata4 and Brachyury) increased from D2-D4 (D, E), and decreased by D7 (F) for moderate and high cell densities, but continued to increase for the low density.
n =1 mESC line.
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Figure 4.8 Effect of mESC density on relative gene expression of neural stem cell (NSC) and mature neuron markers during standard neural induction.

mESC line NPD 36 P15 (maintained in KO/SR+LIF+DMEM/F12) was plated at three different cell densities of 12,500 cells/cm?, 25,000 cells/cm? and 35,000
cells/cm? in order to test the effect of cell density on neural induction from D1 to D7. Genes of interest were normalized to Rp/13a and Canx within geNorm.
Moderate density cells showed high expression of NSC (Sox1, Nestin and Pax6) and mature neuron (Beta I/l Tub and Map2) markers on Day 2, 4 and 7, compared
to cells from the low and high density groups. n =1 mESC line.
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25,000 cellsicm? 12,500 cells/cm?

35,000 cells/cm?

Figure 4.9 Immunocytochemistry of neuron marker(s) expression: Beta Ill Tubulin (Green), Map 2
(Red) and Nuclear marker Dapi (blue).

mESC line NPD 36 P15 (maintained in KO/SR+LIF+DMEM/F12) was plated at different cell densities of
(A, B, C, D) low, 12,500 cells/cm?, (E, F, G, H) moderate, 25,000 cells/cm? and (I, J, K, L) high, 35,000
cells/cm?in order to determine the most efficient cell density for neural induction at D7. Arrows point
to (B, F, J) Beta Il Tubulin positive and (C, G, K) Map 2 positive cells at the given densities. Maximum
mature neurons appeared to develop at the high-density group of 35,000 cells/cm?. Scale bar = 200
pum.

Based on cell morphology (i.e. appearance of neural rosettes) and gene and protein expression (i.e.
loss of pluripotency, other lineage markers and gain of neuronal lineage markers), neural induction in
mESCs derived and established in KO/SR culture was greatest for the moderate and high cell density
groups. Therefore, a cell density of 28,500 cells/cm?, which is between the moderate and high

densities, was chosen for further analysis.

4.3.1.3 Characteristics of neural induction protocol

NPD and LPD mESC lines were directed towards neural induction (NI) under Standard-NI media (S-NIM)
at the optimised cell density of 28,500 cells/cm? and the following common features were observed in
the differentiating cell lines. Irrespective of maternal diet (NPD or LPD) and pluripotent culture (ES-FBS
vs KO/SR) conditions, differentiating mESCs displayed (i) reduction in pluripotency expression (Oct4,
Nanog and Sox2), (ii) changes in neural stem cell (Nestin and Pax6) markers and presence of other
lineage (i.e. endodermal, Gata4 and mesodermal, Brachyury) markers with the progression of neural

induction (S-NIM). Figure 4.10 shows changes in pluripotency expression from pluripotent state to Day
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4 of induction. High expression (A-D) is observed when pluripotent mESCs were cultured on MEFs, in

mMESC medium (i.e. before starting neural induction).

Pluripotent
mESCs

Neural Induction

Figure 4.10 Representative images of a gradual decrease in pluripotency marker expression- Oct4
(green), Nanog (red) and Sox2 (light blue) from pluripotency to NI.

Pluripotent mESCs stained positively for all markers (A-D). Decrease in marker expression with
increasing cell proliferation and progression into neural induction (E-P). As indicated by arrows, Nanog
was the first marker to be down regulated (G, K, O), followed by Oct4 (F, J, N) and Sox2 (H, L, P) from
DO0-D4 of neural induction. Scale bar = 100 um.

During induction however, pluripotency expression gradually decreased from Day 0 (E-H) to Day 2 (l-
L), with minimal expression for all markers by Day 4 (M-P). Nanog (Figure 4.10 G, K, J) appeared to be
the first marker to be downregulated, whereas Sox2 (Figure 4.10 P) was maintained until Day 4 of
induction. As evidence of pluripotency diminished (Day 0 to Day 4), markers of neural stem cells (NSC)
began to increase. Figure 4.11 shows the gradual increase in NSC markers Nestin (Figure 4.11 B, F, |)
and Pax6 (Figure 4.11 O, R, U) from Day 0 to Day 4 of NI. Although expression for Nestin (Figure 4.11 L)
was negligible by Day 7, though reduced, Pax6 (Figure 4.11 X) continued to be expressed.
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Day 0 Day 2 Day 4 Day 7

Expression increases D0-D4 Reduced expression by D7
Figure 4.11 Changes in neural stem cell (NSC) marker(s) expression, Nestin and Pax6 (red), from DO
to D7 of neural induction (NI).

mMESC lines stained for NSC markers Nestin (B, F, I, L) and Pax6 (O, R, U, X) on DO, D2, D4 and D7 of NI.
The images show a progressive increase in Nestin and Pax6 expression from D0-D4, and negligible
expression by D7 (L, X) of induction. Scale bar = 100 um.
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Day 0

Day 2

Day 4

Figure 4.12 Presence of other lineage marker expression during Neural Induction (NI).

Representative images of mESCs stained for Brachyury (green, mesodermal marker) (B, F, J), Gata 4
(red, endodermal marker) (C, G, K) and Dapi (nuclear marker) (A, E, and 1) for DO-D4 of NI. Negligible
expression of both lineage markers on DO (B, C). The expression for both markers increased from D2 to
D4 of induction. Arrows point to cells positive for Brachyury (F, J) and Gata 4 (G, K) respectively. Scale
bar =200 um.

Although the current S-NIM protocol induced neural induction, characterised by the increase of NSCs
(Figure 4.11), it did not inhibit the emergence of cells from other lineages (i.e. mesoderm and
endoderm). Figure 4.12 shows negligible expression of both markers at Day 0 (Brachyury, B and Gata4,

C), but a gradual increase from Day 2 to Day 4 (Brachyury F, J and Gata4 G, K).

Mouse ESCs from NPD and LPD groups, directed towards NI under Standard NI media at an optimised
cell density of 28,500 cells/cm?induced NI in both dietary groups, the characteristics of which were
depicted by reduction in pluripotency (from Day 0- Day4) and a simultaneous increase in neural stem
cell (NSC) markers (from Day 0-Day 4). No diet-based differences were observed between the NPD
and LPD lines for these aspects. Moreover, both groups also showed presence of cells from other
lineages, i.e. mesoderm and endoderm.

43.14 Neural induction of KO/SR cultured mESC lines in Standard or Advanced NIM

Overall, from the above data, the standard NIM (S-NIM) protocol induced gradual reduction in

pluripotency (Nanog, Oct4 and Sox2; Day O to Day 4; Figure 4.10) and increase in early NSC (Nestin and
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Pax6; Day 2 to Day 7; Figure 4.11) markers. This therefore demonstrates successful neural induction of
pluripotent NPD and LPD mESCs (Section 4.2.4). However, in addition to NI, S-NIM also led to the
development of other lineage (i.e. endodermal and mesodermal) cells (Figure 4.12). It is known that
other lineage cells (often referred to as culture contaminants) release factors that reduce efficiency of
targeted differentiation (Arkin and Wells, 2004). Therefore, to promote lineage-specific differentiation
by inhibiting other lineages, and to enhance the efficiency of S-NIM in mESC lines, an advanced NIM (A-
NIM, Section 4.2.4.2) protocol was designed using small-molecule inhibitors (SMI). The present study
utilized dual-SMAD inhibitors, SB and LDN, which inhibit TGF-B/Activin/Nodal and BMP signalling

pathway respectively (Section 4.2.4.2).

43.1.4.1 Morphological differences (Brightfield images)

A representative KO/SR NPD mESC line, 18 P12 maintained on MMC-MEFs, was incubated with S-NIM
overnight. On the following day, cells were passaged and plated (28,500 cells/cm?) on Matrigel-coated
dishes (Section 4.2.4) in either S-NIM or A-NIM, for 8 days of NI (Figure 4.13). As small molecule
inhibitors (SMIs) are known to induce increased cell death (Watanabe et al.,, 2007), A-NIM also
contained ROCK (Rho-associated protein kinase) inhibitor from Day 0 to Day 1 of induction, which was
discontinued from Day 1 to Day 8. Although cells mostly maintained a pluripotent colony morphology
(‘round and tomb-like’) before and after induction with S-NIM (Figure 4.13 A and B), colony morphology
changed to being ‘elongated and flatter with sharp edges’, as early as Day 1 of the neural induction
(Figure 4.13 D and 1). Despite using ROCK, A-NIM cultures appeared to display excessive cell death,
which was observed throughout induction (i.e. Day 0 to Day 8, Figure 4.13 H-L), and became more
prominent from Day 4 to Day 8 with increasing cell density. Although morphologically, A-NIM cultured
cells did not display other lineage contaminants, and appeared to show initiation of rosette formation
(Figure 4.13 K, L), the number of cells with the typical neurite morphology was evidently reduced in
these cells compared to S-NIM cultures (Figure 4.13 F, G), which showed bigger, denser and more

mature rosettes.
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Figure 4.13 Comparison between neural induction under Standard (S-NIM) and Advanced (A-NIM) culture conditions.

mESC NPD 18P12 was maintained under similar pluripotency conditions (KO/SR) and was switched to different NI medium on DO of induction. Cells maintained
pluripotent morphology under KO/SR, LIF with MEF conditions (A), and after overnight treatment with S-NIM (B). Images display morphological changes in S-
NIM (C- G) and A-NIM (H- L) culture conditions. Excessive cell death was observed under A-NIM (depicted by bright white cells, H- L). Arrows indicate the

appearance of radial cells forming rosettes (F, G, K, and L). Bigger and denser rosettes were observed under S-NIM, than A-NIM culture conditions. Scale bar =
100 pm.
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4.3.1.4.2 Relative gene expression of S-NIM and A-NIM cultured cells

S-NIM and A-NIM treated differentiating KO/SR-NPD 18 P14 cell line was analysed for pluripotency
(Oct4, Nanog and Sox2), differentiation (Gata4 and Brachyury), apoptosis (Caspase3), early neural stem
cell (NSC) (Sox1, Nestin and Pax6) and mature neuron (Beta /Il Tubulin and Map2) markers (Figure 4.14

and 4.15). Genes of interest were normalized to Rp/13a and Canx within geNorm (Section 4.2.5.4).

S-NIM cultured cells showed increased pluripotency expression (Figure 4.14 A-C) at Day 0, which
appeared to reduce thereafter and was similar to A-NIM cultured cells, with the possible exception of
Sox2 (Figure 4.14 C), which was slightly elevated in A-NIM from Day 2 to Day 10. A-NIM cultured cells
showed low expression for endodermal Gata4 (Figure 4.14 D) and mesodermal Brachyury (Figure 4.14
E) markers with no variation over time, whereas S-NIM cultured cells showed increased Gata4
expression from Day 4 to Day 10 and decreased Brachyury expression from Day 0 to Day 10 (Figure 4.14
E). The apoptosis marker, Caspase3, showed a similar pattern of expression for A-NIM and S-NIM

culture conditions across time points (Figure 4.14 F).

Consistent with negligible neuronal morphology (Figure 4.13), A-NIM cultured cells showed low
expression for NSC (Sox1, Nestin and Pax6) markers, with no variation over time (Figure 4.15 A-C). S-
NIM cells on the other hand, showed increased relative expression for NSC markers from Day 2 to Day
4, and a reduction thereafter. No consistent pattern was observed for neuron marker Beta /Il Tubulin
(Figure 4.15 D). Map2 expression appeared to remain low for both S-NIM and A-NIM cultured cells from
Day 0 to Day 7, but increased from Day 7 to Day 10 for S-NIM conditions (Figure 4.15 E).

In addition to KO/SR-NPD 18P12, two LPD lines cultured under similar A-NIM conditions (images not
presented), also failed to produce the expected neural morphology (i.e. formation of neurites and/or
rosettes) during the ten days of NI. Given that SMIs used in A-NIM induce increased cell death and that
cell density greatly influences neural differentiation efficiency, it was believed that the optimised
plating density for S-NIM, may not be optimal for A-NIM cultures. To investigate this further, the
pluripotent KO/SR-NPD 18P14 was cultured and expanded further, and plated in increased (double-
57,000 cells/cm?, triple- 85,500 cells/cm?, and higher- 111,111 cells/cm?) cell densities. Cells were
cultured under A-NIM for eight days of NI, but no morphological signs of neural induction were
observed (images not presented). Thus, given the aforementioned constraints (Section 4.1), these

samples were not processed for further analysis.
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Figure 4.14 Comparison of relative gene expression for pluripotency, differentiation and apoptosis markers in mESCs undergoing NI under standard and advanced
culture conditions.

KO/SR-NPD 18P12 was cultured in standard (S-NIM) or advanced (A-NIM) NI medium from DO-D10 of induction. Genes of interest were normalized to Rp/13a and Canx
within geNorm. (A-C) Pluripotency (Oct4, Nanog and Sox2) marker(s) expression was reduced from DO- D2 (especially for cells cultured under S-NIM), and continued to
remain low from D2-D10 in both culture conditions. Pluripotency Expression at DO (A-C) was lower in A-NIM compared to S-NIM conditions, with the exception of (C) Sox2,
which was slightly increased in A-NIM cultured cells from D2-D10. Additionally, differentiation marker(s) expression was observed to be comparatively low under A-NIM
than S-NIM conditions from D0-D10 (D, E). For S-NIM, Gata4 expression increased from D4-D10 (D), although Brachyury expression decreased consistently from D0-D10
(E). The apoptosis marker, Caspase3, showed a similar expression pattern for both conditions, although expression was slightly higher in A-NIM than in standard NI medium
at all time points (F).
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Figure 4.15 Comparison of relative gene expression for early neural stem cell (NSC) and mature neuron markers in mESCs undergoing Nl under standard and advanced
culture conditions.

KO/SR-NPD 18P12 was cultured in standard (S-NIM) or advanced (A-NIM) NI medium from DO-D10 of induction. Genes of interest were normalized to Rp/13a and Canx
within geNorm. Early NSC markers (Sox1, Nestin and Pax6) showed increased expression under S-NIM than A-NIM conditions at all time points (A-C). Under S-NIM,
expression increased from D0-D2 (A) and DO-D4 (B, C), but decreased consistently from D4-D10. Mature neuron marker Beta /Il Tubb decreased from D0O-D2 and D4-D7
and increase thereafter for S-NIM whereas, for cells cultured in A-NIM, expression peaked at D2 and consistently decreased thereafter (D). Map2 expression remained low
for both conditions from DO-D7, but increased from D7-D10 for S-NIM (E).
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Part 1 of this section focused on the optimisation of the original Biotalentum NI protocol based
on three key factors including (i) culturing pluripotent NPD and LPD mESC lines (before NI) under
serum (ES-FBS) or serum-free (KO/SR) conditions, (ii) choosing optimal cell plating density for NI
(i.e. low 12,500 cells/cm?, moderate 25,000 cells/cm?or high- 30,000 cells/cm?), and (iii) selecting
optimal NI medium (i.e. S-NIM or A-NIM). From the assessments made, it was concluded that
mESCs must be cultured in the presence of KO/SR and not ES-FBS. For NI protocol, a higher cell
density of 28,500 cells/cm? was selected as it displayed highest expression of NSC and neuron
markers. Although the Advanced NI media (A-NIM) reduced other lineage differentiation, it also
resulted in inhibition of neural differentiation. Therefore, the remaining experiments were be

conducted using only Standard-NI media (S-NIM).

4.3.2 PART 2: Preliminary analysis of differences between NPD and LPD mESCs

The current section provides a preliminary assessment of NI efficiency for NPD and LPD mESCs
cultured with or without serum. Following on from Part 1, mESC lines were plated at 28,500
cells/cm? under S-NIM conditions. Differences in NI efficiency were compared between 2 NPD and
2 LPD mESC lines from each serum group. However, due to the limited number of cells in the ES-
FBS group (due to increased cell death), the comparison of the initial pluripotent status of NPD and
LPD mESC lines (i.e. before the initiation of NI) was restricted to the 2 NPD and 2 LPD mESC lines
cultured with KO/SR.

43.2.1 Pluripotency of KO/SR cultured NPD and LPD mESCs

As described in Section 4.2.1, NPD and LPD mESCs were cultured in pluripotent mESC culture
conditions established in Southampton. Briefly, mESCs (500,000 cells/ 6-cm dish) were plated on
MMC-MEFs (700,000 cells/ 6-cm dish) in mESC medium (Section 4.2.1, DMEM/ F-12, KO/SR and
LIF). Cells were cultured and expanded for 2-3 passages and harvested for pluripotent RT-PCR
(Section 4.2.5.1) the evening before the initiation of neural induction (Section 4.2.4). Pluripotent
NPD and LPD mESC samples (n= 2 per group, P12-13) were normalized to Rp/13a and Canx within
geNorm. The samples were analysed for pluripotent (Oct4, Nanog and Sox2), other lineage (Gata4
and Brachyury), apoptotic (Caspase3), early neural stem cell (Sox1, Nestin and Pax6), and mature
neuron (Beta Ill Tub and Map2) markers. Pluripotent LPD mESC lines appeared to show decreased
expression for pluripotent (A-C), mesodermal (E) and apoptotic (F) markers, whereas the

endodermal marker, Gata4, increased (D) (Figure 4.16).
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Figure 4.16 Comparison of relative gene expression for pluripotency, differentiation and
apoptosis markers in pluripotent NPD and LPD mESCs cultured without serum.

MESCs (n=2 per group, P12-13) were cultured in KO/SR on MEFs. Genes of interest were normalized
to Rpl13a and Canx within geNorm. Two KO/SR cultured NPD mESC lines (marked as light and dark

shades of blue *) showed increased expression for pluripotency Oct4 (A), Nanog (B) and Sox2 (C),
mesodermal Brachyury (E), and apoptotic (F) markers compared to LPD mESCs lines (marked as

light and dark shades of red ™). LPD mESCs lines showed increased endodermal marker Gata4 (D)
expression.

The expression of NSC (A-C) and neuron marker Beta /Il Tub (D) also appeared to decrease in LPD
mMESCs although Map2 expression appeared to increase (Figure 4.17 E). On the other hand,
pluripotent NPD and LPD mESC samples showed no obvious differences between the qualitative
immunocytochemistry expression for pluripotency markers Oct4 (green), Nanog (red) and Sox2

(light blue) before NI (Figure 4.18).
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Figure 4.17 Comparison of relative gene expression for early neural stem cell (NSC) and mature
neuron markers in pluripotent NPD and LPD mESCs cultured without serum.

MESCs (n=2, P12-13) were cultured in KO/SR on MEFs. Genes of interest were normalized to Rp/13a
and Canx within geNorm. Two KO/SR cultured NPD mESC lines (marked as light and dark shades of
*)

blue ™) showed increased expression for early NSC- Sox1 (A), Nestin (B) and Pax6 (C), and mature

neuron- Beta Ill Tub (D) markers. However, LPD mESCs lines (marked as light and dark shades of red

") showed increased Map2 (E) expression.
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NPD

LPD

Figure 4.18 Figure 4.18. Representative images of pluripotency marker expression, Oct4 (green),
Nanog (red) and Sox2 (light blue) in pluripotent NPD and LPD mESCs before NI.

Pluripotent mESCs stained positively for all markers (A-D) for both diet groups. Scale bar= 100 um.

4.3.2.2 Neural induction of ES-FBS and KO/SR cultured NPD and LPD mESCs

As described in Section 4.2.3, NPD and LPD mESCs were cultured in either ES-FBS- or KO/SR-
pluripotent mESC medium, on MMC-MEFs (Sections 2.2.2.1.1). Prior to induction, mESCs were
washed with PBS (maintained on MMC-MEFs) and conditioned overnight with S-NIM (Section
4.2.4). On the following day, mESCs were split and plated on Matrigel-coated dishes at optimized
cell density of 28,500 cells/cm? (Section 4.3.1.2) in S-NIM for a continuous period of 14 days, and
samples were collected at the six defined time points i.e. Days 0, 2, 4, 7, 10 and 14 (Section 4.2.4)
of NI. Medium were changed daily, and cell cultures were observed for morphological changes both

before (to gauge cell death) and after media change.

43.2.2.1 Morphological differences (Brightfield images)

While rosette (neural tube-like columnar cells) clusters were visible as early as Day 3 in KO/SR NPD
and LPD cell lines (Figure 4.19 G and H), ES-FBS LPD cell lines (Figure 4.19 F) only appeared to show
rosette formation on Day 7, which was even more sparsely observed in NPD cell lines (Figure 4.19
E). Though mESCs were plated at the same density, cell number (and colony size) appeared to be
higher in KO/SR cultured cell lines compared to ES-FBS cell lines at all time points. In both KO/SR
and ES-FBS groups, LPD mESCs appeared to show increased cell density, earlier initiation of rosette
formation, and consequently denser and more mature rosette clusters compared to NPD lines
throughout NI. Given the increased density, LPD mESCs (Figure 4.19 L and Figure 4.20 K and L) also
showed increased cell death, observed as bright white cells. Both groups also displayed the
presence of other, non-neural lineage cells, around Day 5 of induction, with a flatter and bigger cell

morphology (Figure 4.19 C, D and J).
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Overall, cell lines from both serum groups appeared to maintain a pluripotent morphology from
Day 0 to Day 1, and showed increased cell density by Day 2 (images not presented). Rosettes with
interwoven networks of neurites continued to proliferate and gradually increase in density from
Day 3 to Day 14 (initiation of rosettes was visible on Day 2 in LPD mESCs) of induction in KO/SR
lines, and from Day 7 to Day 14 for ES-FBS lines. Based on cellular morphology (Figure 4.19 and
4.20), NPD lines seemed to proliferate and differentiate more slowly to neural rosettes and
neurites. This was observed more in the presence of ES-FBS than in KO/SR compared to LPD lines

in their respective groups.
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Figure 4.19 Neural induction (D3-D7) of NPD and LPD mESC lines cultured in ES-FBS and KO/SR.

Morphological changes in ES-FBS NPD (A, C, E) and LPD (B, D, F), KO/SR NPD (G, I, K) and LPD (H, J, L) mESC lines. KO/SR NPD and LPD have increased cell density
on D3, D5, and D7 of induction (G-L), compared to ES-FBS NPD and LPD cell lines (A-F). Arrows point to little clusters of rosettes on D3 in KO/SR LPD and on D5
in NPDs cultured cells (G, H), which is absent in ES-FBS cells (A, B). Arrows point to gradual increase in rosette formation in D5 (I), and large, flat-cells which
appear to be cells from other (non-neural) lineages (C, D, J). Arrows point to denser and bigger rosettes (F, K, L). Overall, cell density and rosette formation
increases gradually from D3- D7 of induction in the KO/ SR mESC lines of both diet groups, unlike ES-FBS mESC lines, where the first appearance of rosettes is
observed on D7, where LPDs (F) show much greater rosette formation compared to NPD (E) cells. Scale bar= 100 um.
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ES-FBS
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Figure 4.20 Neural induction (D10-D14) of NPD and LPD mESC lines cultured in ES-FBS and KO/SR.

Morphological changes in ES-FBS NPD (A, C) and LPD (B, D), KO/SR NPD (E, F) and LPD (K, L) mESC lines. KO/SR NPD and LPD displayed increased cell density on
D10 and D14 of induction (E-L) compared to ES-FBS NPD and LPD cell lines (A-D). Arrows point to dense columnar cells forming rosettes on D10 and D14 in
KO/SR NPD (E, K) and LPD (F, L) and ES-FBS LPD (B, D), which is observed sparsely in ES-FBS NPD cells (A, C). Overall, rosettes become denser and more mature
from D10-D14 of induction in the ES-FBS and KO/SR mESC lines of both diet groups. Scale bar= 100 um.
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4.3.2.2.2 Differences in relative gene expression and immunocytochemistry

NPD and LPD mESC lines were cultured in pluripotent mESC medium (with or without serum, Section
4.2.3) and cultured on Matrigel at a density of 28,500 cells/cm? for 14 days of neural induction (S-NIM)
(Section 4.2.4.1). Cells were harvested for RT-PCR on Days 0, 2, 4, 7, 10 and 14 of NI (Section 4.2.5).
Differentiating NPD and LPD cell lines (n=2 per group, P14-16) were analysed for pluripotency (Oct4,
Nanog and Sox2), other lineages (Gata4 and Brachyury), apoptosis (Caspase3), early NSC (Sox1, Nestin
and Pax6) and mature neuron (Beta /Il Tubulin and Map2) markers (Figure 4.21 and 4.22). Genes of
interest were normalized to Rpl/13a and Canx within geNorm (Section 4.2.5.4) and preliminary data is

presented as simple means (Section 4.2.7).

As displayed in Figure 4.21, KO/SR cultured NPD and LPD cell lines appeared to show increased mean
expression for the three pluripotency markers (A-C) at Day 0, while expression for Sox2 continued to
increase from Day 4 to Day 14 of induction compared to NPD and LPD cell lines cultured in ES-FBS.
While mean expression of the endodermal marker, Gata4 (Figure 4.21 D), continued to increase from
Day 0 to Day 14 (irrespective of diet and serum conditions), the mesodermal marker, Brachyury (Figure
4.21 E), showed a relatively low and constant expression throughout induction (Day 0 to Day 14).
However, ES-FBS NPD showed high peaks at the start (i.e. Day 0) and end (i.e. Day 14) of NI. The
apoptosis marker Caspase3 (Figure 4.21 F), on the other hand, showed a more variable expression
pattern with diet, serum conditions and time; and displayed a continuously increasing expression in ES-

FBS NPD mESCs, reaching the highest expression at Day 14 of induction.

While serum did not appear to have a direct effect on changes in pluripotent cells, other lineages or on
apoptotic marker expression (Figure 4.21), KO/SR cultured NPD and LPD cell lines displayed a consistent
tendency of increased neuronal lineage (Figure 4.22 A-E); i.e. NSC (Day 0 to Day 14) and mature neuron
(Day 7 to Day 14) marker expression, compared to ES-FBS cultured cell lines. Although mean expression
of NSC markers (Figure 4.22 A-C) peaked earlier for KO/SR NPDs, both NPDs and LPDs displayed similar

patterns of increasing and decreasing expression.
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Figure 4.21 Comparison of relative gene expression for pluripotency, differentiation and apoptosis markers in mESCs cultured with or without serum,
undergoing standard NI.

mESCs (n=2 per group, P14-16) were cultured in ES-FBS or KO/SR, and differentiated in standard NI medium from DO-D14. Genes of interest were normalized
to Rpl13a and Canx within geNorm. KO/SR cultured mEeSC lines showed increased expression of pluripotency markers Oct4 (A) and Nanog (B) at DO, and Sox2
(C) at DO and D4-D14, compared to the lines cultured in ES-FBS. Differentiation marker Gata4 (D) showed increased expression from D4 and D7-D14 in all groups.
With the exception of ES-FBS NPD at DO and D14, Brachyury (E) displayed reduced expression throughout the induction for all four groups. Apoptosis marker
Caspase3 (F) showed an inconsistent expression pattern with time and culture treatment, and displayed highest expression in ES-FBS NPD at D14 of induction.

170



Chapter 4

A.Soxl B. Nestin C.Pax6 |- FBS-LPD © KOSR-LPD
c 1.07 o 37 - 1.07 | FBS-NPD -O- KOSR-NPD
o ° °
© 0.8 @ © 0.81
2 2 21 <
2 0.6 o 2 0.6 1
x x x
[} @ @
© 0.41 o 0 0.41
= 2 11 2
© © ©
> 0.21 ° ° 0.21
14 o o

0.0- 0- 0.0-

0 2 4 7 10 14 0 2 4 7 10 14 0 2 4 7 10 14
Day of culture Day of culture Day of culture

D. Beta Ill Tub E.Map2

2.01 1.579
j= [ =
Qo i)
1%2] 1]
»n 1.54 0
2 21.04
a a 7’
x x
o 1.01 %)
ol ol
2 2 0.51
© 0.5 =
Lo Lo}
14 4

0.0- 0.0~

0 2 4 7 10 14 0 2 4 7 10 14
Day of culture Day of culture

Figure 4.22 Comparison of relative gene expression for early neural stem cell (NSC) and mature neuron markers in mESCs cultured with or without serum,
undergoing standard NI.

MESCs (n=2 per group, P14-16) were cultured in ES-FBS or KO/SR, and differentiated in standard NI medium from D0-D14 of induction. Genes of interest were
normalized to Rp/13a and Canx within geNorm. KO/SR cultured mESC lines showed increased expression of early NSC (Sox1, Nestin and Pax6; DO-D10) (A-C) and
mature neuron (Beta Il Tubb. and Map2; D7-D14) (D, E) markers compared to the lines cultured in FBS. Within the KO/SR group, although NPDs expressed the
NSC markers before LPD lines (A-C), mature neuron marker(s) expression was higher in LPDs for Beta /Il Tubulin between D4-D14 (D) and Map2 between D7-
D14 (E) compared to NPDs.
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Mean expression of mature neuron markers Beta /Il Tubulin (Day 4 to Day 14) and Map2 (Day 7 to Day
14) appeared to be slightly increased in KO/SR LPDs than NPDs (Figure 4.22 E, F).

Although no major changes were noticeable between pluripotent, NSC and other lineage protein
expression (by immunocytochemistry), subtle differences were observed between the mature neuron
marker(s) expression of KO/SR cultured NPD and LPD mESCs at Day 7, 10 and 14 of neural induction.
As displayed in Figure 4.23, both NPD and LPD cell lines appeared to show gradual increase in Beta lll
Tubulin and Map2 marker expression from Day 7 (B, F, C, G) to Day 14 (R, V, S, W). However, LPD lines
showed noticeable increase in the number of cells positive for both the markers across all time points
(i.e. Day 7, 10 and 14). Additionally, in both NPD and LPD lines, Beta Il Tubulin showed visibly greater
expression compared to Map2, which although observed throughout induction, was most prominent

at Day 7 (B, Fand E, G).

Part 2 of this study utilised this optimised NI protocol from Part 1. Independent of diet, mESCs
cultured under KO/SR during pluripotency showed superior NI compared to those cultured under ES-
FBS. Within the KO/SR group, LPD displayed more efficient NI compared to NPD lines. This was
characterised by faster appearance of rosette and neurites in the differentiating cells and a

protracted period of neural marker expression.

172



Chapter 4

Day 14

Figure 4.23 Representative images for mature neuron marker(s) expression: Beta Il Tubulin (Green), Map 2 (Red) and Nuclear marker Dapi (Blue) at Day 7,
10 and 14 of NI.

NPD and LPD mESC lines (P16) were stained for Beta Il Tub, Map 2 and Dapi under Standard NIM culture conditions. Arrows point to Beta Ill Tub (B, F) and Map
2 positive (C, G) cells at D7 of NI. Although an overall increase in expression was observed for both Beta Ill Tub and Map2 from D7 (B, F, C, G) to D14 (R, V, S, W)
in both NPD and LPD cell lines, LPD lines showed increased number of cells positive for both markers at all time points. In addition, Beta lll Tubulin had increased
expression compared to Map2, most prominently at D7, but also observed on D10 and D14 of induction. Magnification for all images = 100 um, except A-D,

where magnification = 200 um.
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4.4 General Discussion

Part 1 of this study focussed on establishing a NI protocol for Southampton-derived NPD and LPD
mESC lines. The NI protocol adopted initially was that established at Biotalentum Ltd (Klincumhom
et al., 2012) which was optimised for the HM1 mESC line, that is cultured during the pluripotent
phase in serum (ES-FBS). In contrast, the Southampton NPD and LPD mESC lines were derived and
established under serum-free (KO/SR) conditions. Consequently, the established NI protocol at

Biotalentum did not produce efficient NI results and thus required modification.

As cell density and cell-to-cell contact play a significant role in the growth, survival and NI of mESCs
(Wongpaiboonwattana and Stavridis, 2015), the first aspect of optimisation focussed on finding an
optimal cell density for efficient NI. From the three cell densities tested, i.e. low (12,500 cells/cm?),
moderate (25,000 cells/cm?) and high (35,000 cells/cm?), the low density showed least NI.
Moderate and high densities on the other hand displayed (i) increased formation of rosettes and
corresponding changes in gene expression including (ii) reduction of pluripotency and (iii) increase
in both of NSC and mature-neuron markers. While changes in transcript expression were most
prominent at moderate density, high-density culture showed maximum expression of protein
neuron markers (established by immunocytochemistry). Consequently, an intermediate cell density

of 28,500 cells/cm? was selected for subsequent experiments.

Density optimisation increased NI efficiency in both NPD and LPD mESC lines. However, it also
initiated non-specific differentiation. As non-specific differentiation reduces NI (Marks et al., 2012),
the second aspect of optimisation aimed at inhibiting the production of other-lineage cells by using
small molecule inhibitors (SMls) SB431542 and LDN193189 in advanced NI medium (A-NIM).
Although the inclusion of SMIs reduced non-neural differentiation (i.e. decreased Gata4 and
Brachyury expression) they also suppressed NI (i.e. reduced rosettes and decreased NSC and
mature neuron markers expression). Therefore, they were not adopted in the final NI protocol.
Thus, NI protocol for NPD and LPD mESC lines was optimised with a plating cell density of 28,500

cells/cm? and standard NI medium without SMIs (S-NIM).

Part 2 of this study utilised this optimised NI protocol to perform a preliminary analysis of NI
efficiency between NPD and LPD mESC lines. Given that the first aliquots from two mESC lines per
treatment (initially cultured in KO/SR) did not thrive, the remaining two aliquots of same mESC lines
were cultured in Biotalentum’s ES-FBS conditions. Although ES-FBS increased cell proliferation, it
also induced differentiation. For this reason, the remaining two NPD and LPD mESC lines were
maintained exclusively in KO/SR conditions until NI. Figure 4.24 and 4.25 summarize the NPD-LPD

mESC NI model, analysed characteristics and results presented in Chapter 4, in a schematic format.
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Figure 4.24 Flow diagram representing study layout and optimisation techniques from Chapter 4 of this thesis.
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Figure 4.25 Flow diagram representing study findings from Chapter 4 of this thesis

44.1 Effect of serum on pluripotent mESCs

As an internal control, the HM1 mESC line was cultured alongside Southampton NPD and LPD mESC
lines throughout the course of study. During culture, the two sets of pluripotent mESC lines
(Southampton v HM1) displayed stark differences in cell survival after thawing, cell morphology and
proliferation rate. While Southampton mESC lines showed increased cell death in the first passage
after thawing, and round and tomb-like colony morphology, HM1 displayed better survival post
thawing, a mix of round and flat colony morphology and increased cell proliferation compared to

Southampton mESC lines (see Appendix B for representative HM1 images).

When Southampton NPD and LPD mESCs were cultured in ES-FBS, they underwent phenotypic
changes and developed a flatter, sharp-edged colony morphology. Moreover, consistent with
HM1’s growth pattern, ES-FBS mESC lines also showed increased proliferation, compared to the
KO/SR mESC lines. However, pluripotent mESC lines started differentiating just within 2 to 3 days
under ES-FBS conditions. The differences between HM1 and Southampton ES-FBS and KO/SR mESC
lines were not only limited to pluripotent phenotype, but also affected their NI efficiency. While

HM1 mESC line showed optimal proliferation and NI efficiency with a low cell density (12,500
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cells/cm?), Southampton ES-FBS or KO/SR mESC lines could not cope and displayed increased cell

death and very poor NI.

It is noteworthy, that Southampton mESC lines were transferred suddenly from KO/SR to ES-FBS
conditions. In contrast, HM1 was continuously maintained in ES-FBS. Thus, the differentiation
induced in ES-FBS NPD and LPD mESC lines could be a result of the sudden change in culture
conditions. Moreover, it is known that undefined components in serum can not only influence
plating efficiency, growth and induce spontaneous differentiation in pluripotent mESCs, but also
limit their directed differentiation capacity, thereby reducing experimental reproducibility (Cheng

et al., 2004; Silva and Smith, 2008; Tamm et al., 2013).

Although cellular heterogeneity is a hallmark of ESCs (Graf and Stadtfeld, 2008) and is constantly
influenced by transcriptional noise and network fluctuation, heterogeneity plays a stochastic role
in determining cellular fate (Chang et al., 2008). However, it has been shown that external culture
systems can also affect cellular network variability (G. Guo et al., 2016). Single-cell RNA-seq and
Chip-seq analyses revealed that undifferentiated mESCs cultured in the presence of serum showed
a significant increase in heterogeneity with highly variable gene clusters and distinct chromatin
states (i.e. bivalent genes), while serum-free cultures reduced heterogeneity and transcriptome
variability. Serum-cultured mESCs were also observed to exit the naive ESC state and enter an
intermediate primed state (G. Guo et al., 2016), thereby disrupting self-renewal and pluripotency
mechanisms and cellular plasticity (Buecker and Geijsen, 2010). The fact that serum and serum-free
cultured mESCs have distinct gene expression, and that serum cultures display more germ layer
lineage-specific genes and less pluripotent genes compared to the serum-free cultures (Marks et
al., 2012), further confirms that induction of lineage-specific genes in undifferentiated mESCs is

enhanced by serum rather than by intrinsic factors.

44.2 Factors influencing NI efficiency

It is important to note that when mESCs are driven towards NI, two factors interplay, i.e. (i) cells
experience a sudden withdrawal of LIF (a member of interleukin-6 cytokine family that maintains
stemness in mMESCs) and (ii) they are cultured with NI supplements. However, it is known that the
pluripotent state of the cells can determine their differentiation fate (Marks et al.,, 2012;
Wongpaiboonwattana and Stavridis, 2015). LIF removal alone induces rapid differentiation of
serum-cultured mESCs to endoderm, mesoderm and to a lesser extent, to hematopoietic cell fate,
whereas serum-free cultured mESCs do not form mesoderm and differentiate to neuroectoderm
(Johansson and Wiles, 1995). This could be due to the heavy LIF dependence of serum cultures to

maintain pluripotency and self-renewal that is not the case in serum-free cultures that inhibit MAPK
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(Mitogen-activated protein kinases) and GSK3 (Glycogen synthase kinase-3), i.e. so called 2i media
(Ohtsuka et al., 2015). In the current study, although LIF was immediately replaced by S-NIM to
drive mESCs towards NI, it is possible that the ES-FBS mESC lines were already primed towards
lineages other than neuroectoderm and thus showed poor NI efficiency compared to KO/SR mESC

lines.

Secondly, the state of mESCs prior to induction can also determine their plating cell density, which
in turn plays an important role in NI. In the current study, the HM1 and ES-FBS mESC lines displayed
increased cell proliferation rate compared to KO/SR mESC lines, which then influenced their optimal
plating density required for NI. Cell density is one of the most critical factors for neural induction,
where very high density reduces differentiation efficiency and very low density induces excessive
cell death (Wongpaiboonwattana and Stavridis, 2015), an observation also made in the current
study. This could be due to the role of autocrine FGF4 (fibroblast growth factor 4) that stimulates
MAPK signalling cascade and induces transition of pluripotent mESCs to lineage commitment
(Kunath et al., 2007). Additionally, mESCs also secrete LIF, which activates STAT3 (Signal transducer
and activator of transcription 3) to promote self-renewal (Niwa et al., 1998). NI supplements used
in the current study, i.e. N2 and B27, although allowing survival of mESCs, are devoid of LIF and
BMP4 that inhibit neural differentiation, and thus promote growth of neural cells (Ying et al., 2003).
Thus, it is the critical balance between autocrine FGF4 and LIF that makes plating cell density a chief
determinant of neural differentiation efficiency, where excessive cell density increases autocrine
LIF and BMP4 inhibiting differentiation, whereas low cell density disrupts cell-cell contact and

communication thereby impairing survival and differentiation (i.e. reduced FGF4) of mESCs.

Thirdly, based on the factors mentioned above, (i.e. state of mESCs before NI, cell survival rate and
plating cell density), the timing of NI may also vary (Wongpaiboonwattana and Stavridis, 2015). In
the current study, where NI was observed, rosette formation could be noticed as early as Day 2 of
induction protocol. However, different mESC lines, even within the same treatment group, showed
slight differences in the NSC and neuron marker expression, indicating a unique rate of NI in each
cell line. Differences in functional and epigenetic states have also been observed across different
colonies within the same ESC lines (Singh et al., 2007; Hayashi et al., 2008) arising due to
heterogeneity existing within internal network of each unique mESC line. Therefore, if there are
more naive mESCs within a cell line, it may take much longer to get primed and differentiate toward
neural progenitors. On the other hand, if a cell line has mESCs that are already primed toward other

lineages that would also influence the time it takes to achieve NI.
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4.4.3 Alternative neural induction protocols

In the early years, protocols adopted aggregate cultures (i.e. embryoid body formation) in the
presence of retinoic acid (RA) to differentiate mESCs to phenotypes associated with neurons (Bain
et al., 1995) and glial cells (Fraichard et al., 1995). However, many of these protocols used serum,
which limited their application (Stavridis and Smith, 2003). Protocols since have utilised serum-free,
adherent-monolayer cultures with scalable and defined medium components, and focussed on
generating pure populations of neural progenitors to increase differentiation efficiency in a short
period of time (Ying et al., 2003; Ying and Smith, 2003). Given the beneficial role of RA in
maintaining FGF signalling, and thus promoting neural differentiation, it is frequently used in 2D
and 3D NI protocols. (Marios et al., 2010; Yang et al., 2017; Park et al., 2017). Other studies also
utilize SMls for more directed differentiation (Bian et al., 2016; Takayama et al., 2017), although
the type, duration, combination and concentration of these molecules have a huge impact on
differentiation efficiency. The current study used the combined effect of SB431542 and LDN193189
to promote NI, although when used alone, SB431542 inhibits differentiation and maintains
pluripotency in mESCs (Du et al., 2014). Though biomolecules significantly influence neural
differentiation ability of mESCs, external factors like local cell concentration and vessel type (of

culture dish), also play an important role (Wongpaiboonwattana and Stavridis, 2015).

444 Effect of LPD on neural induction (NI)

It is noteworthy that analysis conducted in the current study is based on a limited number of
replicates and therefore, observations could not be confirmed statistically. However, suggestive
differences indicated that LPD lines appeared to undergo faster (appearance of rosettes) and
increased NI compared to NPD lines. They displayed higher and protracted transcript and protein
(by gualitative immunocytochemistry) expression for both immature (Beta lll Tubulin) and mature
neurons (Map2). The preliminary data appear to be congruent with our recent in vivo findings that
maternal LPD (for E3.5 at 9% casein, i.e. similar to the current study) increased the number of late
neural progenitors and early neurons in the ganglionic eminences and cortex of the fetal brain
(Gould et al., 2018). Additionally, maternal LPD fetal brain samples showed increased apoptosis, a
feature also observed in the undifferentiated LPD mESC lines (by a former PhD student) (Cox et al.,

2011).

Interestingly in the present study, similar to differentiating LPD lines, mature neuron expression
(Map2) was also observed to be higher in undifferentiated LPD mESC lines compared to NPD mESC
lines. Moreover, LPD mESC lines also displayed reduced pluripotent transcript expression, which

could suggest priming of undifferentiated LPD mESC lines towards neural lineage differentiation.
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As a response to poor nutritional environment induced by maternal LPD, blastocysts show reduced
mMTOR signalling (Eckert et al., 2012b). This may be reflective of poor derivation of LPD mESC lines
from LPD blastocysts, and decreased proliferation rates and increased phosphorylated ERK
(endoplasmic reticulum kinase) signalling of the derived LPD mESC lines (Cox et al., 2011), findings
consistent with less number of neurospheres and reduced proliferation (Ki67) derived from

maternal LPD fetal brain samples (Gould et al., 2018).

Together, previous pluripotent LPD mESC data (Cox et al., 2011) and preliminary findings of the
present study indicate that maternal LPD (E3.5) can have an impact on the derivation, pluripotency,
proliferation, survival and neural lineage differentiation of derived mESCs. Whilst in vivo studies
show a correlation between maternal LPD, increased rate of neural differentiation in fetal brains
and behavioural defects in offspring (Watkins et al., 2008b; Gould et al., 2018), in vitro LPD mESC
studies require increased replication to validate the findings from the current study and to perform
in-depth analysis using electrophysiology, to test the neural activity and thus functionality of the

derived neurons.

4.4.5 Conclusions

In the current study, the optimised NI protocol used a moderate cell density (28,500 cells/cm?)
under serum-free conditions using defined NI supplements N2, B27 and bFGF, in an adherent
monolayer culture. The protocol induced efficient NI, developing neural rosettes and progenitors
as early as Day 2-3 and neurons between Day 5 to Day 7. Interestingly, within KO/SR cultures,
preliminary findings suggested faster, increased and protracted NI in LPD lines compared to NPD
lines, while no differences were observed within ES-FBS NPD-LPD lines. However, as the current
study was only replicated twice, it will be necessary to repeat these experiments with KO/SR

cultures in order to validate these preliminary findings.

Although the optimised protocol with KO/SR increased NI efficiency, it also led to the development
of other lineage cells. Whilst the use of SMlIs successfully inhibited mesodermal and endodermal
differentiation, they also compromised NI. Therefore, effects of alternative SMls like noggin,
dorsomorphin or LDN193189 alone, at different concentrations and combinations, and for different

durations of exposure, should be evaluated.

The current NI protocol focussed on selective NSC and neuron markers. However, during NI of
heterogeneous mESCs, additional neural cell populations, such as neural crests, more mature
neurons (i.e. cortical or motor) and glial cells may also have developed. Therefore, increasing the
range of neural markers could help determine the efficiency and specificity of NI protocol. In

conclusion, the current study demonstrated that serum reduces efficiency of NI, highlighted the
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importance of plating density on cell survival and NI, and identified putative differences in the rate

of NI between NPD and LPD mESC lines.
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Chapter 5 General discussion

Operating within the framework of the ‘Developmental Origins of Health and Disease (DOHaD)’
hypothesis, a number of human and animal studies have, in recent years, demonstrated that
maternal factors, such as advanced reproductive age and malnutrition, can induce changes in the
early embryo that have long-lasting consequences for the health and wellbeing of offspring
(Watkins et al., 2008; Wadhwa et al., 2009; De Oliveira et al., 2012; Padmanabhan et al., 2016;
Velazquez et al., 2016). Collectively, these studies indicate that the mammalian preimplantation
period is perhaps the most critical stage of development. As preimplantation embryo consists of
two distinct cell populations of pluripotent ICM and placenta forming-TE cells, programming events
occurring at this stage have a direct and long lasting impact on cell lineage formation. It has
therefore, been postulated that ESCs derived from the ICM could mediate developmental
programming events experienced by the embryo from its initial formation as a zygote until
blastocyst formation (i.e. E0.5-E3.5 in mice). Moreover, previous studies from Southampton found
that mESCs and derived EBs propagated the effects of maternal-undernutrition (i.e. low protein

diet, LPD) induced changes in the E3.5 embryo, even after a protracted period of in vitro culture.

5.1 Key findings emerging from this thesis

Based on aforementioned research, the current study investigated the impact of two maternal
factors, that is advanced maternal age (AMA; Young, 7-8 weeks vs Old, 7-8 months) and normal
or low protein diet (i.e. NPD, 18% casein vs LPD, 9% casein) on mESC lines derived from E3.5
blastocysts. Key findings from the AMA study indicated that advanced reproductive age impaired
embryo development, and reduced the proliferative capacity and viability of derived ESCs, which
also exhibited an increased incidence of aneuploidy. Glycolysis and fatty acid metabolism was
altered in derived LPD mESC lines, and preliminary analyses indicated precocious onset of neural

differentiation in these cells.

5.2 Preimplantation development

The programming effects observed may depend on the nature, extent and duration of
maternal insult, and can vary between studies. For example, while AMA was associated with
delayed embryonic development, the LPD induced greater alterations in cell number within
the ICM and TE of E3.5 blastocysts in the current series of experiments. In contrast, Cox et al.
(2011) found no diet-induced differences in embryo development. However, AMA is

associated with fewer implantation sites and a higher number of resorption sites (Care et al.,
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2015). Chromosomal abnormalities in oocytes and embryos are increased in embryos from
older mothers (Eichenlaub-Ritter, 2002; Atala, 2012), and in humans, delayed implantation is
linked to reduced levels of hCG (Jukic et al., 2011); a hormone secreted by trophoblast cells of
the early embryo (Zeleznik and Pohl, 2006). Lower levels of this hormone are observed in
ectopic pregnancies (Seeber et al., 2006) and pregnancy loss (Chung and Allen, 2008).
Although blastocyst development was reduced in the current study, no differences were
observed in the derivation efficiency of mESC lines between Young and Old dams. This is in
line with a similar number of ICM cells in E3.5 blastocysts between age groups (M. A. Velazquez
et al., 2016). Maternal LPD on the other hand, has been shown to enhance proliferation of TE
cells in the pre- and post-implantation embryo; possibly as a compensatory response to
increase nutrient supply and regulate fetal growth. A concomitant reduction in the number of
ICM cells could explain the reduced derivation efficiency of LPD mESC lines compared to NPD

mMESC lines.

mESC lines derived from embryos of old dams displayed higher rates of aneuploidy compared to
those of young dams. Chromosomal abnormalities were not observed in LPD mESC lines (Cox et
al., 2011). Aneuploidy was higher in female than male mESC lines derived from embryos of old
dams. This sex-related effect on aneuploidy could explain reduced viability in female mESC lines.
A similar sex-bias in adverse offspring phenotype was also observed in the aged-dam study of
Velazquez et al. (2016). In contrast, human studies suggest that the consequences of stress
induced by increased maternal age are more apparent in male than female fetuses (Rueness et al.,

2012).

5.3 Programmed cell death

One of the mechanisms associated with AMA-induced reduction in oocyte quality (Alikani et al.,
1999), and increased rate of blastocyst fragmentation, is programmed cell death (PCD) or apoptosis
(Jurisicova et al., 1998). Apoptosis is characterized by distinct morphological characteristics and
energy-dependent mechanisms (EImore, 2007) and is a vital component of processes such as
normal cell turnover, development and functioning of the immune system, embryonic
development and stress-induced cell death. While it is a normal and an essential process in cell
development and survival, different stress stimuli determine if cells die by apoptosis or necrosis. In
the course of development, PCD occurs in the ICM of a healthy blastocyst during the transition
from early (when ICM has the potential to make trophectoderm) to late (when the ICM lacks
the potential to make trophectoderm) blastocyst stage. It is thus postulated that PCD is designed
to eliminate redundant ICM cells with trophectodermal potential and that the mechanism is

mediated by epigenetic factors (Handyside and Hunter, 1986; Pierce et al.,, 1989). Hence
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maintaining a regulated level of cell death is crucial for the survival and developmental potential of

the blastocyst. However, the rate of apoptosis increases with maternal age (Igarashi et al., 2015).

In the present study, cell death and necrosis was greater in ‘Old male’ mESC lines, which were also
less proliferative, compared to ‘Young male’ mESC lines. Within the old group, the proportion of
apoptotic and necrotic cells was greater in Female than Male mESCs. Women carrying
chromosomally abnormal embryos show a 2.5-fold increase in apoptosis compared to those with
normal embryos (Kolialexi et al., 2001). This observation is consistent with the increased incidence
of apoptosis in ‘Old Female’ mESC lines, which had a higher degree of aneuploidy than ‘Old Male’
mESC lines. These processes are coordinated and often energy-dependent, whereby they activate
a group of cysteine proteases called caspases, although no differences were observed in the

transcript levels of Caspase 3 in ‘Old vs Young’ mESC lines in the current studies.

The current study with AMA mESC lines did not explore further the potential mechanisms that could
have triggered PCD. However, increased levels of basal apoptosis in LPD mESC lines were associated
with reduced signalling of phosphorylated ERK (Extracellular signal-regulated protein kinases 1 and
2) (Cox et al.,, 2011) which is a member of MAPK (mitogen-activated protein kinase) superfamily
and mediates cell proliferation and apoptosis (Mebratu and Tesfaigzi, 2009). However, reduced ERK
signalling observed in LPD mESC lines was independent of PI3K/ AKT, and JAK/ Stat survival
pathways and stress-activated p38-MAPK signalling (Cox et al., 2011), which suggests a decrease in
survival, rather than an increase in apoptosis, as the primary cause of increased cell death in the

LPD mESC lines.

5.4 Cell metabolism

Metabolomic analysis in Chapter 3 hinted at altered glucose flux through glycolysis between LPD
and NPD mESC lines. Deviations between the two treatment groups revolved around
phosphofructokinase 1 and 2 (PFK1 and 2), key allosteric regulators of glycolysis and enzymes
whose activity are determined by prevailing levels of ATP and ADP, down-stream metabolites, (i.e.
phosphoenolpyruvic acid and citrate) (Berg et al., 2002) and, indirectly, by insulin and glucagon
(Pilkis et al., 1982; Silva et al., 2004). A clear biological interpretation of glycolytic differences
between NPD and LPD mESC lines, however, is difficult with the available data, but the findings may
represent a legacy of differences in circulating glucose and insulin concentrations in embryo donors.
Blood glucose concentrations in fed NPD and LPD dams differ at E3.5, and are typically around 11
and 13 mmol/l respectively (Eckert et al., 2012a). These levels are toward the upper limit of
euglycaemia in this species. The elevation in blood glucose in LPD dams probably arises as a

consequence of reduced blood BCAAs and insulin, and increased sucrose in LPDs (Appendix A,
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Tablel). Furthermore, maternal LPD disrupts insulin sensitivity in the mouse embryo, by altering

the mTOR signalling (Eckert et al., 2012a).

Importantly, derivation, establishment and culture of mESCs requires pluripotent embryonic cells
to adapt to considerably higher glucose concentrations (25 mmol/l) which are a feature of standard
Knockout DMEM. However, mESCs cultured in the presence of physiological levels of glucose (~5
mmol/l) express similar Glut2 receptor activity as observed the in vivo blastocyst, whereas high
glucose concentrations (25 mM) increase oxidative stress and inhibit Pax3 expression (Jung et al.,
2013). Furthermore, 25 mM glucose in culture medium induces cell senescence in rat mesenchymal
stem cells, while its reduction (to around 1.4 mmol/l) enhances cell proliferation, decreases
apoptosis and increases colony-forming units (Stolzing et al., 2006). The foregoing discussion is
important, because these levels of glucose are not representative of those found in either LPD or
NPD dams during gestation, so that the nature of metabolic adaptation of pluripotent ESCs reported
in this thesis may differ from that experience by ICM cells within the blastocyst during implantation

in vivo.

Similar to the discussion above, KnockOut DMEM and KO/SR each contain varying quantities of
essential and non-essential amino acids (AAs), some of which are included at non-physiological
levels (Appendix A). This could account for the fact that, apart from asparagine, AA levels in mESCs

did not differ between treatment groups.

5.4.1 Fatty acids and neurogenesis

Chapter 3 demonstrated that fatty acid (FA) levels were generally greater in mESC lines derived
from embryos of LPD fed dams. This was the case for medium to long chain saturated,
monounsaturated and polyunsaturated FAs. It is not readily apparent why this should be the case.
The primary source of FAs in blastocysts from which these lines were derived was maize oil present
in maternal diet; and this was similar for both NPDs and LPDs. Similarly, the primary source of FAs
during stem-cell derivation was KO/SR, which contains lipid-rich albumin, the FA composition of
which is not disclosed. Again, this will have been similar for both dietary treatment groups. Given
the importance of PUFAs (particularly n-3 PUFAs) in neurogenesis (Beltz et al., 2007; Vaca et al.,
2008), however, these observations could have contributed to the findings reported in Chapter 4.
Preliminary findings from that chapter showed LPD mESC lines to have increased neural induction
(N1) efficiency compared to NPD mESC lines. Increased efficiency was demonstrated by faster
rosette and neurite development in the LPD mESC lines, in addition to rapid and protracted NSC
and neuron marker expression. It is well established that FAs have an important function in neural

development. For example, eicosanoids, especially DHA (docosahexaenoic, C22:6, n-3) enhances
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survival, proliferation and differentiation of neural stem cells (NSCs) (Beltz et al., 2007; Vaca et al.,
2008). This is achieved by regulating Hes1 and/or Hes6 pathways (Katakura et al., 2009; 2013), and
by promoting neuritogenesis (characterised by increased neurite length, neurite number and
number of neurite branches) (Vaca et al., 2008); features observed and reported in Chapter 4

(although lacking statistical validation).

On first inspection, these findings seem to be at odds with previous reports on the effects of LPDs,
FA metabolism and neurogenesis. For example, maternal LPD fed throughout gestation reduced
levels of n-3 PUFAs (Torres et al., 2010) and induced neurodevelopmental abnormalities in offspring
(Mathieu et al., 2008; Levant, 2013; Maekawa et al., 2017). Most recently, a maternal LPD (until
E3.5, followed by NPD throughout the remainder of gestation) reduced the population of NSC in
the fetal brain, which subsequently underwent enhanced neural differentiation, followed by signs
of short-term memory loss in offspring (Gould et al., 2018). Accepting the preliminary nature of
findings reported in Chapter 4, there are two important differences between the studies cited
above and those reported in this thesis. Firstly, studies undertaken in Chapters 3 and 4 measured
responses in pluripotent mESCs and mESCs undergoing neural induction (corresponding
approximately to a developmental period spanning E3.5 to E12). Consequently, findings reported
in the current thesis pertain to an earlier period of embryonic development than has been studied
previously. Secondly, studies reported in the current thesis were undertaken entirely in vitro, using
KO/SR supplemented DMEM, the non-declared metabolite composition of which will inevitably

differ from that of the poorly defined in utero environment.

5.5 Future directions

Within the AMA studies, mESC lines derived from Old dams displayed sexual dimorphism, where
Female mESC lines had adverse phenotype compared to Male mESC lines. As Young dams gave rise
to only one Female mESC line, this restricted age-related comparison of the Female mESC lines, and
thus requires derivation and establishment of additional mESC lines from Young dams. It is also
necessary to repeat and confirm the findings of apoptotic mechanisms by other methods. As
maternal reproductive ageing increases the incidence of oxidative stress, mitochondrial dysfunction
and DNA-damage, Male and Female AMA mESC lines should be analysed for reactive oxygen species
(ROS), mitochondrial membrane potential and DNA-fragmentation by (Poly (ADP-ribose)
Polymerase (PARP) assays. Additionally, for mechanistic analysis, it is important to evaluate if mESC
lines from Old dams exhibit increased cell death due to reduced survival ability or because of
increased expression of pro-apoptotic factors. This could be determined by analysing ERK activity

and real-time PCR for an array of apoptotic genes.
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Given the indeterminate nature of outliers observed in the PFK activity assay of mESC lines derived
from dams fed either NPD or LPD, it will be necessary to repeat the PFK and BCA assays with fresh

lysate samples.

In order to compare differences between neural induction (NI) of NPD and LPD mESC lines
efficiently, it is first required to characterise the in vitro process of NI, using at least three mESC
lines from both dietary groups. While the heterogeneous nature of mESCs would inevitably produce
cell populations that express different markers even within the same colony, characterising the
process would provide a better estimate to gauge the degree of variation(s) of specific markers with
the progression of NI protocol (i.e. Day 0 until Day 14), both within and between the dietary groups.
Doing this may also assist in comparing in vitro NI to the initial stages of neurogenesis in vivo. The
preliminary findings reported in the current study need to be validated statistically by repeating the
experiments (following the optimised NI protocol) with an increased number of replicates. Given
that the effects of LPD on neurodevelopmental programming of ICM cells is largely unknown; neural
lineages other than neurons, such as glial, astrocytes and oligodendrocytes should also be

investigated.

While AMA is strongly associated with increased risks of neurodevelopmental disorders in offspring,
the biological mechanisms responsible are not clearly understood. In the present study, Old dams
had delayed embryo development, and displayed increased aneuploidy and apoptosis in derived
mESC lines. However, these outcomes do not address the factors leading to such disorders. Thus, a
well-characterised NI system for NPD-LPD mESC lines could be tested and incorporated in an AMA

study to assess the effects of maternal age on NI efficiency of derived Male and Female mESC lines.

In addition to dietary effects, increased levels of upstream glycolytic metabolites in NPD and
LPD mESC lines could have also been influenced by the presence of high-glucose concentration
in mESC medium (i.e. Knockout DMEM). Thus, to minimise confounding factors, NPD and LPD
mESC lines need to be derived and established in culture medium containing metabolites (such
as glucose, AAs, vitamins and PUFAs) at levels similar to their physiological concentrations in
vivo. Culturing mESCs under these conditions would enhance similarity between metabolic
environments of the in vitro mESC lines and the jn vivo blastocyst. Furthermore, it would make
the NI model of NPD-LPD mESC lines more comparable with in vivo neural differentiation

studies (Gould et al., 2018).

The field of developmental biology is based on the intriguing abilities of genetically distinct
cells, i.e. the male and female gametes, to combine and to form an embryo with pre-
programmed characteristics and functions that determine its’ developmental fate througho ut

conception and into adulthood (Tom P. Fleming et al., 2015). These remarkable events can
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partly be explained by the instructive epigenetic marks possessed by these cells, which, during
fertilization and early development are reprogrammed distinctively and passed on to the
embryo for the acquisition of totipotency and zygotic genome activation (ZGA). Previous
studies have demonstrated that germ cells and the preimplantation embryo undergo
significant epigenetic remodelling (Santos et al., 2002), yet the limited number of cell material
derived restricts the potential of such studies. Moreover, maternal environment such as
undernutrition and advanced reproductive age during periconceptional programming, also
influence the transcriptome and epigenome of the developing embryo, which have been
associated with disease phenotypes in later life. To address the issues of limited cellular
material and complying with the principles of 3Rs (i.e. Replacement, Reduction and
Refinement) of research, the current study utilised the pluripotent ability of ICM of blastocysts
from maternal reproductive ageing and protein restriction models to study their effects on

mESCs.

Innate characteristics such as self-renewal, broad range of differentiation capacity, relatively
homogeneous cultures with an ability to maintain uncommitted cell-population for an
extended period, while sustaining a stable karyotype, indeed make in vitro ESC model a
lucrative alternative to in vivo animal-based research. When reintroduced in early embryos,
ESCs generate into embryogenesis and are present in the resulting differentiated cell types,
thus making them an important tool for genetic engineering via homologous recombination.
However, data generated from these highly potent cells require thorough validation to draw
parallels between the two (i.e. in vitro and in vivo) model systems. One of the most
revolutionising advances in the field of developmental biology has been the introduction of
next generation sequencing for epigenetic profiling. Until recently, these techniques required
millions of cells, which has now been drastically scaled down to 100-200 cells. Refinements in
DNA methylation techniques such as ‘bisulphite conversion followed by sequencing’, and the
development of post bisulphite-adaptor tagging (PBAT) and reduced representation bisulphite
(RRBS) sequencing allow generation of high-resolution genomic maps and DNA methylation
assessments even on a single-cell level (Smallwood and Kelsey, 2012). Such advances could
assist direct comparisons of the epigenetic marks (or memory) induced by maternal
environment (such as AMA or LPD) that is experienced by the individual ICM and TE cells of

the blastocyst and thus the derived stem cells.

During implantation, the embryo undergoes widespread morphological and epigenetic
programming. Lineage specification is accompanied by de novo acquisition of repressive DNA
methylation and histone (H3K9me2 and H3K27me3) modification (Okano et al., 1999; Zylicz et

al., 2015; Zheng et al., 2016), genetic ablation of which, cause developmental abnormalities
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and lethality in mid-gestation mice (Tachibana et al., 2002). During differentiation, histone
modifications (H2K27ac) regulate enhancer-promoter interactions inducing target genes, thus
controlling cell fate transitions (Wang et al., 2016; Rubin et al., 2017). However, findings thus
far, suggest that epigenetic modifications at this stage, ‘reinforce’ lineage commitment rather
than ‘direct’ it, indicating an early programming of molecular hierarchy for gene regulation.
These studies further highlight the importance of understanding the events occurring during

the critical window of preimplantation period.

In vitro differentiation capacity of ESCs therefore provides a unique opportunity for evaluating
gene regulation and its functional effect on early cell/ lineage commitment and differentiation
during embryonic development, and its interaction with alterations (if any) due to maternal
environment (Keller, 1995). Generation of embryo-like EBs (that are derivatives of three
embryonic germ layers) in suspension cultures, is another example of the unique ability of
ESCs to maintain transient cell populations in vitro (Rohwedel et al., 1996), providing a unique
window to study gastrulation (pluripotent, multipotent and differentiating cells), similar to
the in vivo embryo. Additionally, comparisons of epigenetic modifications of pluripotent mESC
lines (for eg. from AMA and LPD models) and derived cell lineages would offer insights into
the epigenetic basis of developmental programming. As pluripotent mESCs are derived from
the post-global demethylation stage of blastocyst development, differentiated cell lines may
be better candidates for such studies. Utilisation of stem cell technology not only gives a
platform for advancement in developmental biology, but also serves as a robust model system
for cell replacement strategies in disease management. Moreover, characteristics and
differentiation potential of somatic stem cells derived from maternal/ offspring tissues could
further add to the understanding of similarities and unique differences between the
physiological and in vitro derived cell types, and the associated variations in their respective
epigenetic and genetic profiles. Thus, further investigation of novel regulatory mechanisms
would be very helpful in bridging the gaps between our understanding of epigenetic
information transferred to the gametes, the early embryo, the derived mESCs, and their
influence on pregnancy and health of the offspring in adulthood. However, it is imperative to
appreciate that although mESCs are derived from the ICM of in vivo blastocyst, in vitro
handling and culturing does induce significant alterations in their physiological and epigenetic
profile, therefore making it essential to understand, not only the similarities, but also the

acquired dissimilarities of the two model systems.
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5.6 Conclusions

The current series of studies established mESC lines as in vitro model to analyse effects of AMA and
maternal LPD. Observations represent alterations in embryo development beyond the
preimplantation period and prior to post-implantation and lineage allocation stage, in vivo. Overall,
advanced reproductive age delayed blastocyst development, and increased aneuploidy and cell
death in derived mESC lines; whereas maternal LPD altered glucose and fatty acid metabolism, and
appeared to induce faster and more efficient neural induction compared to the NPD group. These
findings are indicative of the ability of derived mESC lines to propagate phenotypic and metabolic

memories in vitro.
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Appendix A Media and Diet Composition

Embryo Media 1: H6-BSA

Stock B (stored at 4-8C for up to 2 weeks)
Deionised water, sterile

Sodium hydrogen carbonate (NaHCO3)
Stock E (stored at 4-8C for up to 3 months)
Deionised water, sterile

Hepes

Stock F (stored at 4-8C for up to 3 months)
Sodium chloride (NaCl)

Potassium Chloride (KCL)

Sodium dihydrogen orthophosphate (NaH2P04.2H20)
Magnesium chloride (MgCl2)

D-glucose

DL-lactic acid

Deionised water

Stock G (stored at 4-8C for up to 2 weeks)
Deionised water, sterile

Pyruvic acid

Penicillin

Streptomycin

Stock H (stored at 4-8C for up to 3 months)
Deionised water, sterile

Calcium chloride dehydrate (CaCl2.2H20)
20% Sodium Chloride

Deionised water, sterile

Sodium Chloride (NaCl)

To prepare 100 ml of H6-BSA:

Deionised water, sterile

Stock B

Stock E

Stock F

Stock G

Stock H

20% NaCl

BSA (Sigma, embryo culture tested, A3311)

10 ml
0.2106 g

50 ml
2.9785¢g

4720 ¢g

0.110¢g

0.060 g

0.100 g

1.000 g

3.4 ml

Made up to 100 ml

10 ml

0.030g
0.060 g
0.050g

10 ml
0.260 g

10 ml
20g

78 ml
1.6 ml
8.4 ml
10 ml
1.0 ml
1.0 ml
0.6 ml
O4g

pH adjusted to 7.4; osmolarity adjusted to 270-280 mOsm; sterile filtered (0.22 uM filter);

aliquots stored at 4°C.
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Embryo Media 2: KSOM culture medium

2x stock KSOM

Sodium chloride (NacCl)
Potassium chloride (KCl)
Magnesium sulphate7-hydrate (MgS04.7H20)
Lactic acid

Sodium pyruvate

Glucose

Sodium bicarbonate (NaHCO3)
Penicillin

Streptomycin

EDTA

Tissue culturegrade water

5 ml aliquots stored at -802C for up to 2 months.

1.110g
0.0095 g
0.0099 g
0.362 ml
0.0044 g
0.0072 g
0.420¢g
0.01256 ¢
1ml

4 ml
Made up to 100 ml

1 x KSOM (10ml)

The following was added to 5 ml of thawed 2x KSOM stock:

Calcium chloride (CaCl2; 100x stock 25 mg/ml

Non-essential amino acids (100x stock; 10 mM)

Essential amino acids (50 x stock)
L-glutamine (200 mM)

Deionised water, sterile

BSA

Sterile filtered (0.22 um filter); osmolarity adjusted to 255 + 5 mOsm with 20% NaCl;

aliquots stored at 42C for up to 1 week.
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mESC culture media 1: KnockOut™ DMEM- 10829018, Gibco

KnockOut™ DMEM (with high glucose) Concentration
Inorganic Salts

Calcium Chloride 0.2
Ferric Nitrate ¢ 9H,0 0.0001
Magnesium Sulfate (anhydrous) 0.09767
Potassium Chloride 0.4
Sodium Bicarbonate 3.7
Sodium Chloride 6.4
Sodium Phosphate Monobasic (anhydrous) 0.109
Amino Acids

L-Arginine ¢ HCI 0.084
L-Cystine e 2HCI —
Glycine 0.03
L-Histidine ¢ HCI e H,0 0.042
L-Isoleucine 0.105
L-Leucine 0.105
L-Lysine ¢ HCI 1.46
L-Methionine —
L-Phenylalanine 0.066
L-Serine 0.042
L-Threonine 0.095
L-Tryptophan 0.016
L-Tyrosine ® 2Na ¢2H,0 0.12037
L-Valine 0.094
Vitamins

Choline Chloride 0.004
Folic Acid 0.004
myo-Inositol 0.0072
Niacinamide 0.004
D-Pantothenic Acid (hemicalcium) 0.004
Pyridoxal e HCI —
Pyridoxine e HCI 0.004
Riboflavin 0.0004
Thiamine ¢ HCI 0.004
Other

D-Glucose 4.5
Phenol Red ¢ Na 0.0159
Pyruvic Acid ® Na 0.11
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mESC culture media 2: KnockOut Serum Replacement

Glycine, L-histidine, L-isoleucine, L-methionine, L-phenylalanine,

Amino Acids L-proline, L-hydroxyproline, L-serine, L-threonine, L-tryptophan,
L-tyrosine, L-valine
Vitamins/Antioxidants Thiamine, reduced glutathione, ascorbic acid 2-PO4

Ag*, Al3*, Ba**, Cd**, Co*, Cr®*, Ge*, Se*, Br, I, F,
an", Si4+, V5+, M06+, Ni2+, Rb+, Sn2+, Zr.4+
Proteins Transferrin (iron-saturated), insulin, lipid-rich albumin (AlbuMAX)

Trace Elements

NPD and LPD Diet Composition

Appendix A. Table 1 Composition of isocaloric experimental (LPD) and control (NPD) diets

Diet Constituents LPD (9% casein; g/kg) NPD (18% casein; g/kg)
Casein 90 180
Starch Maize 485 425
Cellulose 50 50
Sucrose 243 213
Choline chloride 2 2
DL-Methionine 5 5
AIN-76 mineral mix1 20 20
AIN-76 vitamin mix2 5 5
Corn oil 100 100
Gross Energy, MJ/kg 18.27 18.39
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Appendix B Supplementary Figures
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Appendix B. Figure 1 Carcass weight of Young (7-8 weeks) v Old (7-8 months) dams at E3.5

Carcasses were weighed after retrieving embryos at E3.5. Old dams weighed significantly more than
Young dams (P < 0.0001). Data presented as means + SEMs based on n = 18.
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Appendix B. Figure 2 Effect of time on protein expression of pluripotency surface marker,
SSEA-1, in undifferentiated male (young (7-8 weeks) vs old (7-8 months)) ES lines.

mESCs (100,000 cells/well) from AMA groups were cultured (in duplicates) on gelatin (0.01%)
coated 6-well dishes, pre-seeded with 135,000 cells/well MMC-MEFs. ES cells were selected from
a combined mESC and MEF population of cells using a pluripotency surface marker, SSEA-1.
Adhered cells were trypsinized, centrifuged and divided into two categories, i.e., stained with SSEA-
1 and unstained cells, at 24h intervals over a period of 96h. Samples were analysed by flow
cytometry. Marker expressions were calculated using FlowJo software and are displayed as the
proportion positive of total cells (stained and unstained cells). Both young and old ES lines showed
differences in SSEA-1 expression with time (P<0.001), with a sudden drop in expression at 48h. Data
presented as means + SEMs based on n =4,
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Appendix B. Figure 3 Relative gene expression for cell apoptosis marker in undifferentiated

male (young (7-8 weeks) vs old (7-8 months)) mESC lines.

Real-time PCR analysis of cell apoptosis marker, Caspase 3. Gene of interest was normalized to
Ywhaz and Rpl13a within geNorm. No difference was observed between AMA groups. Data
presented as means + SEMs based on n = 4.
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Appendix B. Figure 4 Effect of time on protein expression of pluripotency surface marker,

SSEA-1, in undifferentiated old ((7-8 months) male vs female) ES lines.

mESCs were cultured in duplicate. Adhered cells were trypsinized, centrifuged and divided into two
categories, i.e. stained with SSEA-1 and unstained cells. Old male ES lines showed differences in
SSEA-1 expression (P=0.02) compared to Old Female ES lines. Both Old Male and Old Female ES
lines showed differences in SSEA-1 expression over time (P<0.001). Changes in SSEA-1 expression
were observed at 48h (P<0.001). Data presented as means + SEMs based on n =4,
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Appendix B. Figure 5 Relative gene expression for cell apoptosis marker in undifferentiated

old ((7-8 months) male vs female) mESC lines.

Real-time PCR analysis of cell apoptosis marker, Caspase 3. Gene of interest was normalized to
Ywhaz and Rpl13a within geNorm. No difference was observed between AMA groups. Data
presented as means + SEMs based on n = 4.
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Appendix B. Figure 6 BSA Standard Curve at 570 nm absorbance.

Background corrected standards were plotted on a graph and the linear equation (y= (a) x (x)+b)
was obtained. Sample values (in triplicate) were averaged and corrected for background. The
resulting value was replaced for ‘y’ in the linear equation, i.e. x = (y-b)/ a, where x was the estimated
protein (ug/ ml).
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Appendix B. Figure 7 Brightfield images showing proliferation and morphological differences
in control mESC line, HM1 in serum-free (KO/SR) and serum (ES-FBS) based pluripotent culture

conditions.
(A) KO/SR and (B) ES-FBS culture conditions in HM1 line, cultured in mESC medium (DMEM/F-12

and LIF). Arrows point to key morphological features of KO/SR (spherical, tomb-like colonies (A))
and ES-FBS (flat colonies with edge boundaries (B)). Scale bar (A) = 50 um and (B) = 100 um.
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Appendix B. Figure 8 Neural induction (D1-D8) of HM1 control mESC line cultured in S-NIM.

Morphological changes in HM1 mESC line observed from D1 to D8 (A-H) during NI under S-NIM. HM1 cells maintain pluripotent morphology (characteristic to HM1 cultured
under ES-FBS) on D1 and D2 of induction (A, B). Rosettes start appearing from D3 of NI, marked in red circles (C) and continue to appear and increase in size and density
throughout induction up to D8 (C- H). Arrows point to neurites observed from D4 (D), D5 (E) and D6 (F), after which the cultures get much denser. Large, flat-cells which

appear to be cells from other (non-neural) lineages (F, H) can be observed in blue boxes on D6 and D8. Scale bars vary between 30 um (A), 50 um (D) and 100 um (B, C, E,
F, G, H), as also indicated in individual images.

201



Appendix B

Appendix B. Figure 9 Neural induction (D9-D14) of HM1 control mESC line cultured in S-NIM.

Morphological changes in HM1 mESC line observed from D9 to D14 (A-D) during NI under S-NIM.
Overall, rosettes become denser and more mature from D9 - D14 of induction in the HM1 mESC
line, marked within red circles. Scale bar= 100 um.
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Appendix C  List of Antibodies and Primers

Appendix C. Table 2 Antibodies used for Immunocytochemistry procedures

Antigen Species Company Working Dilution

Nestin Rat Merck Millipore MAB353 1:200

Sox1 Goat R&D System AF3369 1:50
Bioscience 901301

Pax6 Rabbit 1:250
(Formerly Covance) PRB-278P
Bioscience 802001

TubulinB-3  Rabbit 1:1000
(Formerly Covance) PRB-435P

Map2 Mouse Merck Millipore MAB3418 1:1000
SantaCruz

Nanog Mouse Biotechnology 293121 1:50
(SCBT)

Oct-04 Mouse SCBT 5279 1:50

Sox2 Mouse SCBT 365823 1:50

Gata4d Mouse SCBT 25310 1:50

Brachyury  Mouse SCBT 166962 1:50

Alexa 488 Goat Abcam A11008 1:1000

Alexa 594 Donkey Abcam A21203 1:1000

Appendix C. Table 3 Antibodies used for Flow Cytometry

Coupled Antigen Company Catalog # Working Dilution
Nanog- APC Miltenyi Biotec REA297 1:10
Oct 3/4 isoform A- APC  Miltenyi Biotec REA622 1:10
Sox2- PE Miltenyi Biotec REA320 1:10
SSEA-1-APC Miltenyi Biotec REA321 1:10
Ki67-FITC Miltenyi Biotec REA183 1:10
1:4 for Annexin-FITC
AnnexinV-FITC Kit eBioscience BMS500FI
1:5 for PI
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Appendix C. Table 4 Primers used for gene expression (RT PCR)

Gene name Gene symbol Forward sequence (5'- 3') Reverse sequence (3'- 5') Base pair
sequence length

Octamer-binding transcription factor 4 Oct4 GTTGGAGAAGGTGGAACCAA CTCCTTCTGCAGGGCTTTC 61
Homeobox protein Nanog Nanog TGCTTACAAGGGTCTGCTACTG GAGGCAGGTCTTCAGAGGAA 76

Sex determining region Y-box 2 Sox2 TGGGCTCTGTGGTCAAGTC TGATCATGTCCCGGAGGT 105
Transcription factor Gata-4 Gata4 GGAAGACACCCCAATCTCG CATGGCCCCACAATTGAC 72

T box transcription factor T Brachyury (TBXT) GCTTCAAGGAGCTAACTAACGAG CCAGCAAGAAAGAGTACATGGC 117
SRY-box containing gene 1 Sox1 GCCCAGGAAAACCCCAAGAT CTCGGACATGACCTTCCACTC 75
Nestin Nes CCAAAGAGGTGTCCGATCATC CTCCTTCTTCTTCATCAGCATCT 147
Paired box gene 6 Pax6 GAGAAGAGAAGAGAAACTGAGGAA ATTGGCTGGTAGACACTGGTA 102
Tubulin beta 3 Tubb3 GGAGAACACAGACGAGACCTA AGACACAAGGTGGTTGAGGT 112
Microtubule-associated protein 2 Map2 CAGGATAGGAAGATGTAGGAGTGTC GACTGTCACATTGGTCATAATACTCAA 112
Caspase-3 precursor Casp3 GACTCCACTTTCCACGCAAA CCCACCCCCAATCATTCCT 97

DNA methyltransferase 1 Dnmt 1 GCTACCAGTGCACCTTTGGT ATGATGGCCCTCCTTCGT 73

DNA methyltransferase 3a Dnmt 3a ACACAGGGCCCGTTACTTCT TCACAGTGGATGCCAAAGG 65

DNA methyltransferase 3b Dnmt 3b GCCTGCAAGACTTCTTCACTACT GGTACAACTTGGGTGGCTCA 63

DNA methyltransferase 3L Dnmt 3L AACCGACGGAGCATTGAA CCGAGTGTACACCTGGAGACT 60

14-3-3 protein zeta/delta Ywhaz Proprietary information Proprietary information 195
Ribosomal protein L13a Rpl13a Proprietary information Proprietary information 180
Calnexin Canx Proprietary information Proprietary information 127
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Appendix D  Supplementary details

geNorm analysis details (Section 2.2.5.6)

e geNorm M- This denotes average expression stability value (M) of reference gene at each
step, during a stepwise exclusion of least stably expressed gene. Starting from the least
stable gene at left (highest M value), genes are ranked according to increased expression
stability, with the most stable genes on the right.

e geNorm V- This is a normalisation factor that determines the optimum number of reference
genes required for normalisation. It depicts the variation in average stability of the
reference genes starting with the most stable genes on the left, with the inclusion of 3, 4
or 5 etc. genes moving towards the right. This type of measure is known as ‘pairwise
variation, V (n/n+1)" which is obtained by averaging the C(t) values of the selected genes.
The optimal number of reference genes is found when the average <0.15, so if a V2/3 score
of 0.25 is achieved where n=2, and a V (3/4) score of 0.14 is achieved where n= 3, the

optimal number of reference genes required is three for the given set of experiment.

Data analysis of RT-PCR details (Section 2.2.5.7)

Quantitative real time PCR analysis was stored in Opticon Monitior v3.1 software

In the data graph view of the software (under quantitation tab), the following parameters were

changed before the raw data was copied to an excel file:

1. The graph was changed to log scale, removing the smooth option.

2. Baseline was subtracted and average over cycle range was selected at 13 (usually set
between 3-15). This is the baseline fluorescence before the target is amplified over the
background signal. Therefore, in highly abundant targets-such as 18S, a very low baseline
of ~2-3 cycles may be set to record the amplified fluorescence.

3. The threshold was manually adjusted at the inflection of the curve (not more than halfway
up the linear part, just over background noise/ signal). The signals were considered positive
above 10.00 standard deviation over cycle.

4. Inthe melting curve tab, all occupied wells were highlighted and the data was copied from
the quantitation tab. All sample wells for a particular primer pair, had a single melting peak,
with similar (+/-1) melting temperature (Tm), which matched with the Tm of the amplicons.

Tm of each primer pair was calculated using the following formula:
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G+C 500
Tm =649+ 0.41*( *100) —( )
length length

5. After fixing the above mentioned parameters, the raw C(t) values were copied into an excel
file and the duplicate values were averaged and their standard deviation calculated.

6. Next, delta C(t) was calculated using the formula:
dCt = mean Ct-$ (column with mean Ct values) S the earliest Ct

7. The relative expression was calculated using the formula =27- dCt (where 2 represents

100% efficiency of the primers).

Flow cytometry details (Section 2.2.7)

Cell doublets were avoided using area-height gate of forward scatter. To format fluorescence
parameters for dual-colour analysis, singly stained, along with unstained samples were used and
appropriate compensation levels were set in order to eliminate spectral overlap and bleed-
through between fluorophores. This was achieved by adjusting median fluorescence of the positive
population so that it was parallel with median fluorescence of the negative population. ES cell
populations were further analyzed by generating dot plots to examine levels of fluorescently

labelled markers.
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