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The developmental origin of adult disease hypothesis was presented by David Barker in the late
1980s. He and his colleagues found babies with low birth weight are at a higher risk of
cardiovascular disease (Barker and Osmond, 1986) and type Il diabetes (Hales et al., 1991) in their
adult life. He hypothesized that the gestation environment would affect the offspring in the long
term. Animal models also demonstrate the effect of maternal diet on the risk of hypertension,
cardiovascular and metabolic disease in the offspring, and on the function of extraembryonic
tissue; for example, a maternal low protein diet increased the endocytic capacity of the visceral
yolk sac (VYSE) (Watkins et al., 2008). Previous studies show that changing the maternal diet
during the pre-implantation period (Day 0 to 3.5) also has long term effects on murine offspring,
such as lung and serum angiotensin-converting enzyme (ACE) activity changes (Watkins et al.,
2010). During pregnancy, the placenta plays the main role of exchanging nutrients and metabolic

products between the foetus and mother, and directly affects the development of the foetus.

In this study, a number of parameters changing the ability to isolate TS cell lines were first
examined, and we produced recombinant protein FGF4 for TS cell culture. In order to establish an

in vitro model to understand how the maternal diet altered inheritable characteristics.

TS cell lines were established from low protein (LPD) and normal protein diet (NPD)
embryos. These lines were analysed for the expression of TE markers and were characterised for

sex and chromosomal stability. Comparing their expression of specific markers of TE



differentiation showed that the lines showed great variability in their differentiation pathways.
However, despite this the proliferation rate and metabolism as measured by MTT conversion is
significantly higher in LPD group. This finding correlated with pervious study, that LPD embryos
show a greater number TE cells in the late blastocyst (Eckert et al., 2012). The cell endocytosis
activity shown by uptake and conversion of the late endosome marker pHrodo was also increased

in our LPD models.
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Chapter 1

Chapter 1. Introduction

A suboptimal maternal environment occurring during specific developmental windows has been
demonstrated to alter the subsequent development of the foetus and the health of the offspring
in later postnatal life. For example, many epidemiological studies have indicated that changes
during pregnancy resulting in low birth weight babies are strongly correlated with higher risk of

cardiovascular and associated disease in the adult (Barker et al., 1989).

In rodents, highly controlled experimental studies have shown that the periconceptional period is
a critical window of exposure that can influence growth and development, and that changing the
maternal diet to ones which are isocaloric but with reduced percentages of protein only for the
first three days following fertilisation, causes abnormal behaviour and high blood pressure in the
offspring (Watkins et al., 2008a). This indicates that at the earliest time in gestation, the embryo is
highly sensitive to external conditions: studies looking at the murine yolk sac (the early
extraembryonic tissue involved in nutrient transfer to the embryo) have demonstrated that it is
directly affected by the condition of the uterus, which subsequently affects the foetus (Watkins et
al., 2008a). My research is focused on studying the trophectoderm stem cells whose derivatives
are crucial for nutrient transfer through pregnancy as they differentiate to form the foetal

placenta.

1.1 Developmental Origins of Health and Disease Hypothesis (DOHaD)

In early 1990s, David Baker (an epidemiologist based at the University of Southampton) published
the Barker or thrifty phenotype hypothesis. This was based upon evidence which correlated a
lower birth weight with a higher risk of adult cardiovascular disease, hypertension and type 2
diabetes (Barker, 1995) — together considered as metabolic syndromes. Interestingly, in his initial
studies, the highest birth weight groups had the lowest death rates (Barker et al., 1989). This
former association has been replicated in many other studies in Europe, the USA and India (Barker,
2004). Further studies following children through maturation indicate that low birth weight group
babies gain weight rapidly during infancy, resulting in a greater risk of coronary heart disease than

babies which gain weight more gradually (Eriksson et al., 2001).
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The DOHabD (Barker) hypothesis suggests that the foetus has developmental “plasticity”, meaning
that it can sense the maternal environment and can respond by regulating its metabolism,
hormones or the number of cells in key organs so as to maintain its growth and survival. These
“predictive adaptive responses” have been widely reported in many species. For example, the
meadow vole can predict the birth season and this results in changes in the coat thickness in
offspring before birth (Gluckman et al., 2005), and nutritional changes during pregnancy can
change the timing of sexual maturity in rodents (Sloboda et al., 2009). The hypothesis expands
these findings to suggest that where the predicted environment fails to occur, a “mismatch” in
metabolism and environment may result and that in some cases the metabolic adaption may be
lifelong or have lifelong consequences. Hence it is believed that this predictive failure can cause a
later increase in disease risk. So, an undernourished foetus may react in a “thrifty” way to store or
more efficiently utilise nutrients in anticipation of a poor postnatal diet. However, when the
environment does not produce the expected shortage, this inappropriate metabolic behaviour
may increase the risk of metabolic diseases (Barker, 2004). A more detailed discussion of the

evidence and possible mechanisms for this hypothesis is given below.

1.1.1 Evidence of DOHaD from Human populations

A. Epidemiological Studies

Dutch Hunger Winter

In 1944-45, during the Second World War, the Dutch “Hunger Winter” affected 4.5 million citizens
of the Netherlands for five months. The population received on average between 400 and 800
calories a day, whereas the normal recommended intake would be ~2000 calories for a woman
and ~2700 for a man. Studies on individuals born after this event indicated that when women
were exposed to famine in the earlier stages of pregnancy, their offspring showed many of the
changes expected of metabolic syndrome. These included greater glucose intolerance, a higher
risk of an atherogenic lipid profile, and increased coronary heart disease. They also demonstrated
altered blood coagulation and a greater incidence of breast cancer (Roseboom et al., 2006). All
women who were exposed to the famine had smaller placental areas, but the birth weight of the
baby depended on the gestational stage in which they were exposed to the famine: those
exposed in the early stages had heavier than average babies, whilst those who were exposed in

the middle to late stages of pregnancy had lighter babies (Roseboom et al., 2011b). This is in
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agreement with more general findings discussed in a systematic review in 2003, which showed
that most published papers reported an inverse relationship between birth weight and insulin
metabolism dysfunction (Newsome et al., 2003). Hence, although reduced birth weight is a
marker of intrauterine deprivation, it is not itself the cause of later adult disease. Indeed, the
most important finding from the Dutch Hunger Winter study was that intrauterine changes do not
have to result in altered birth weight to cause an increase in later disease. Exposure to famine at
later gestation resulted in babies with significantly reduced birth weights, while babies whose
mothers were exposed only during early gestation had normal birth weights. However, it was only
the latter which have higher rates of obesity (Roseboom et al., 2006), while those exposed to
famine only in late gestation were born, and continued to be, small throughout their lives. This
suggests that dysregulated or mismatched “catch-up” growth was occurring in utero and
postnatally after the embryo had undergone a period of nutrient restriction and then entered an
environment of normal nutrition, and that this event was predictive and possibly causative of

later metabolic syndrome.

Other Natural Birth Studies

While the Dutch Hunger study has the advantage that mothers from across the social spectrum
were relatively equally affected, and that the timing of the nutritional deficit could be recorded,
similar findings had been observed in other work. Furthermore, more specific retrospective
longitudinal studies could then be carried out using well documented populations with careful
measurements made from birth. The first of these was based upon a population from
Hertfordshire UK (Barker et al., 1989) and since then, further studies in South India (Stein et al.,
1996), USA, (Rich-Edwards et al., 1997) and China (Fan et al., 2010) have all indicated that lower
birth weight babies had higher risk of coronary heart disease. In a meta study, including these and
other publications, prevalence of cardiovascular disease was ~11% in people whose birthweights

were less than 2.5 kg, and only 3% with birthweights greater than 3.1 kg.

In Sweden, a large cohort (>15,000) of people have been followed for over 80 years, and many
birth and growth parameters have been intensely studied. Here, while both birth weight, and
birth weight for gestational age, were highly significant in being inversely related to the likelihood
of death due to cardiovascular disease, the authors claimed that these could be statistically

separated and suggested that it is the rate of foetal growth that underlies the association with
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mortality from ischaemic heart disease (Leon et al., 1998). From the same study group, the
highest blood pressures were observed in men who had not reached their full growth potential
prior to birth, in that they showed a lower birth weight. However, they went on to become tall
adults, and this linkage was greater than that caused by other widely recognised contributors to

high blood pressure such as obesity or smoking (Leon et al., 1996).

While all these epidemiological studies give good evidence for programming during pregnancy,

the work on such cohorts cannot suggest which developmental period may be most susceptible to
environmental challenge. The Dutch winter famine and similar studies such as the Chinese famine
of 1959-62, (Li et al., 2010, de Rooij et al., 2014) strongly link the changes to the earlier periods of

gestation, albeit in extreme conditions.

Further, the above studies have shown that particular dietary challenges to the mother during
pregnancy alter the postnatal phenotype of the offspring in other ways. These changes include
altered immunological responses and behaviour as well as the metabolic profile. However, though
they suggest that earlier pregnancy may be of especial importance due to the form of the study
and length of challenge, they fail to give evidence of which developmental windows during this
period are significant. Research on the periconceptional embryo has demonstrated that this point
in gestation is one which is especially sensitive to environmental changes, and this work will be

discussed below.

B. Evidence from Assisted Reproductive Technologies

Infertility or subfertility is seen in ~16% of couples worldwide, and since the first IVF baby Louise
Brown was born in 1978, assisted reproduction technology (ART) has been estimated to play a
role in the birth of over 5 million people, with approximately 350,000 babies born annually?.
While large collections of data have been obtained concerning the efficiency of the procedures

used in producing live offspring, there is relatively little work following the long term health of

L http://www.eshre.eu/Guidelines-and-Legal/ART-fact-sheet.aspx.
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these babies as children or adults. In part, this may be because studies after ART can be difficult
to fully interpret (as the term ART includes a spectrum of procedures), and also as ART is generally
called for due to a failure in normal fertility, which may be may only be one symptom of a wider
disease syndrome with maternal, paternal and offspring epidemiology. The reasons for infertility
can include hormonal irregularities and aging, as well as genetic causes in either of the parents, or
possibly immunological or genetic incompatibility between the parents — all of which can
confound DOHaD induced changes as they may be hereditable (Guerrero-Bosagna and Skinner,

2014).

ART treatments are multiple and can involve many manipulations, including hormonal treatments
to induce superovulation, in vitro culture and maturation of gametes and/or early embryos which
may be for long or short periods, artificial insemination, in vitro and in vivo fertilisation, intra-
cytoplasmic sperm injection (ICSI), and possibly mitochondrial replacement therapies. Further,
embryos or gametes are often cryopreserved either by vitrification or slow freezing. Also, despite
the attempts to induce best practice throughout the field, these methods vary between fertility

laboratories.

Hence many of the studies from IVF cohorts give conflicting results; for instance (Wang et al.,
2005) reported that infants born after IVF showed a lower birth weight, had a higher incidence of
preterm births, and were small for gestational age (SGA). However, while this study was using a
very large cohort, it only took partial allowance for parental effects or ART procedure. When
comparing singleton babies born after IVF with their naturally produced siblings (a far smaller
study but with more appropriate controls), these parameters were not statistically different

(Romundstad et al., 2008).

An ongoing study in Sweden has shown an increase in the incidence of a number of congenital
defects in IVF born babies; defects in the central nervous system, cardiovascular defects, kidney
agenesis and limb reduction defects being approximately 50% more common in children born
alter various forms of IVF. However, despite a cohort of 15,570 IVF children, there was no
evidence of a difference between the different forms of gamete or embryo manipulation used

(Kallén et al., 2010).
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Disorders associated with alterations in imprinting are increased in animals born with ART;
however, due to the low incidence of such diseases in man, it is not possible to meaningfully
ascertain the level of increased risk. However, in children born with either Beckwith-Wiedemann
or Angelman syndromes, the proportion having imprinting defects is far higher (~90%) after ART
when compared to those conceived naturally (~50%), suggesting that ART might cause imprinting

changes (Manipalviratn et al., 2009, Vermeiden and Bernardus, 2013).

The effect of culture per se on babies born after IVF is controversial and appears to depend upon
the culture media being compared. While certain studies (Eaton et al., 2012, Vergouw et al., 2012,
Lin et al., 2013) failed to find differences between different culture regimes, a number of well
controlled studies have demonstrated that formulation of embryo culture media alters placental
and birth weight as well as the placenta to birth weight ratio, and this may have effects in later
life (Dumoulin et al., 2010, Eskild et al., 2013), Figure 1-1. These studies on singleton births
compared 2/3 commercial media and suggested that the in vitro culture period — typically 5-6
days — appears crucial, as changes persisted after allowance for gestational age (GA) at delivery,
gender, number of transferred embryos, fertilization method (IVF or ICSI), parity, cause of
infertility, and life-style factors. In follow-up studies, these authors showed that differences in
foetal growth could be observed by 20 weeks of gestation, with one group (Vitrolife cultured)
showing a more advanced gestational age, head circumference (HC) and trans-cerebellar
diameter, all reflecting increases in foetal growth. While there were no changes observed in the
foetus at 8 weeks, evidence for other differences are present, with increased fb-hCG (foetal-
human chorionic gonadotrophin) in the serum of mothers carrying babies cultured in Vitrolife
media as embryos. This is produced by the foetal placenta and is consistent with an increase in
both foetal and placental growth. Interestingly, measuring serum hCG as early as 18 days of
gestation also showed a similar increase (Orasanu et al., 2006). Interestingly for this thesis, the
level of fb-hCG in early pregnancy appears dependent upon syncytial trophoblasts; hence it is
possible that the number of trophoblast cells alters with culturing of embryos and with different

culture media (see below).

This work has been extended to study changes in the gene expression profiles after culture: the
mothers were randomly assigned to two culture medium groups and similar morphological
quality embryos were cultured until day 6. Approximately 950 transcripts showed a significant

difference in expression between the media, with 18 pathways demonstrating modifications in

6



Chapter 1

particular gene groups involved in apoptosis, metabolism, protein processing and cycle regulation
being significantly overrepresented. Further these findings were in agreement with an increased
cell number in the embryos cultured in one media (G5) which correlated with a higher

implantation rate (Kleijkers et al., 2015).

Not only does the media type have bearing on the offspring, but also period of time in culture has
been shown to be significant: longer periods in culture have been linked with increased numbers
of large for gestational age and overall greater birthweight of babies born after IVF, with those
cultured for 5/6 days having almost twice the incidence of the former than either those cultured
2/3 days or the naturally conceived population (there are also fewer small for gestational age
babies in the 5/6 day culture group) (Méakinen et al., 2013). Interestingly, work in our laboratory

has shown similar effects in the mouse embryo (Anan Aljahdali and Ili Raja Khalif , unpublished).
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Figure 1-1: Comparison of birth weights of babies born after foetal culture in different media

(Dumoulin et al., 2010).

Following individuals born after IVF into adulthood has also shown that growth changes follow on
into later life; for example, older IVF children have more peripheral body fat (Ceelen et al., 2007,
Belva et al., 2012). Further, IVF often produces children with accelerated early childhood weight

gain, which is associated with higher blood pressure in late childhood (Ceelen et al., 2009), so that
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by 12 years of age, IVF children have higher blood pressures and higher fasting serum glucose

concentrations than the controls (Sakka et al., 2010, Ceelen et al., 2008b).

Animal models of ART have the advantage that the subfertility effects occurring in man usually
play no part, permitting analysis without that variable. However, the requirements for fertilization
and preimplantation development vary with the species. For instance, rodents carry large litters
for short gestations, and the maturity of metabolic tissues and hormonal regulatory networks

occurs at different times compared to humans (Rinaudo and Wang, 2012).

Many components of the culture environment influence embryo development (Schwarzer et al.,
2012); different culture media altered rates of development of rodent blastocysts and foetuses,
as well as changing litter sizes and gene expression. Further, ICSI-produced murine embryos have
both fewer inner cell mass (ICM) and trophectoderm (TE) cells (Giritharan et al., 2012) than their
naturally produced counterparts. Interestingly, this is different to classic IVF, which produces
blastocysts with an increased ICM:TE cell ratio (Giritharan et al., 2007, Giritharan et al., 2012).
However, following implantation, the placental tissue shows increased growth, and murine IVF
placentae are 30% larger than controls at E18.5. This change in placenta size may impact on the
foetus, as IVF foetuses are slow-growing in early gestation but display catch-up growth (Bloise et
al., 2012). In other species, this overgrowth caused by embryo culture has also been shown; for
instance, an increase the incidence of bovine large offspring is well known to occur (Sinclair et al.,
2000). In vitro culture may also affect organ growth in the mouse (Fernandez-Gonzalez et al.,
2004). Finally, considering postnatal and long term metabolic changes, embryo culture increases
systolic blood pressure in adult mice (Watkins et al., 2007) and modifies long-term growth

(Watkins et al., 2007) and glucose homeostasis into adulthood (Scott et al., 2010).

In summary, both the animal and human studies with offspring produced by IVF suggest that in
vitro culture of embryos results in an increased risk of an altered growth profile, a changed
metabolism and increased blood pressure in adolescence. Further, individuals exposed to adverse
prenatal conditions are susceptible to cardiovascular disease and type 2 diabetes (Ekelund et al.,

2006).
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1.1.2 Manipulative animal experiments modifying maternal diet

The above sections give evidence that altering the maternal or embryonic environment can have
major effects on the developmental pathway, and can result in changes observable in the adult.
To understand these findings mechanistically, a number of animal models have been produced
and, in particular, offspring subjected to different maternal protein diets during pregnancy have

been widely studied.

Molecular effects of a low protein diet in different species

A number of studies have subjected animals to lower nutrition throughout pregnancy; for
instance, pregnant rats given a low protein diet (LPD) containing 9% casein in contrast to a normal
protein diet (NPD) (18% casein) — i.e. protein levels that do not affect the birth rate — produced
offspring with low birth weight and lifelong raised systolic blood pressure (Langley and Jackson,
1994). These animals demonstrated higher expression of the glucocorticoid receptor and 11B-
hydroxysteroid dehydrogenase, the enzyme which destroys both mineralo- and glucocorticoids
(Bertram et al., 2001). The same rat model also shows reduced B-adrenergic and insulin signalling,
with lower levels of the B-adrenergic receptor-1 in the heart — a finding common in humans with
heart failure (Fernandez-Twinn et al., 2006). Similar changes have been observed in other protein
restriction models: in pigs, a low protein diet increased maternal cortisol concentration (Kanitz et
al., 2012), as well as inducing long term changes in their hypothalamic-pituitary-adrenal and

sympatho-adrenomedullary systems (Otten et al., 2013).

A number of studies have shown changes in the renin/ angiotensin/ aldosterone pathway, which
is one of the key regulatory paths for blood pressure maintenance. Angiotensin-converting
enzyme (ACE) is secreted from the lungs and kidneys, and through catalysing the conversion of
angiotensin | to angiotensin I, causes a rise in blood pressure through both renal and vascular
effects. This pathway has been extensively studied, and has been shown to be modified by
maternal LPD. The angiotensin receptor is over-expressed in both mice (Goyal et al., 2009) and
rats, and in the latter, its promotor has shown to have a reduction in CpG methylation (see below)
(Bogdarina et al., 2007). Interestingly, the level of angiotensinogen in the serum of these animals

was reduced, and this may be related to the finding that offspring of mice which were fed an LPD
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during pregnancy have increased ACE activity in the lungs (Watkins et al., 2010), and have an

increase in angiotensin 2 production (Gao et al., 2012a).

The testosterone-inactivating enzyme hydroxysteroid (17-B) dehydrogenase 2 (Hsd17b2) has
been shown to be reduced in the labyrinth zone in the placenta of rats fed a maternal LPD (Gao et
al., 2012b). This may result in more testosterone reaching the foetus, an excess of androgen
having been implicated in both a loss in endothelial relaxation (Chinnathambi et al., 2013) and

altered metabolic responses with glucose intolerance and insulin resistance (Nohara et al., 2013).

The amino acid response pathway (AAR) is activated upon reduced protein intake when an
accumulation of “uncharged” tRNAs is sensed. The translation initiation factor 2a (elF2a)
becomes phosphorylated, which leads to a general down-regulation of protein synthesis — though
certain transcription factors important in driving stress-related responses are induced (for
instance the activating transcription factor 4 — ATF4), so stress-related proteins are produced.
Rats on a low protein maternal diet (9% casein) upregulate the AAR pathway in the placenta
(Strakovsky et al., 2010) and, interestingly, levels of ATF4 remain upregulated long term and are

found increased in the liver of the adult rat (Zhou and Pan, 2011).

A low protein diet affects the function of the placenta and yolk sac in several animal models. It

might be expected to induce a more effective transport system in placenta and in better amino
acid retrieval in the kidney. However, very low protein diets (4%) shows LPD downregulates the
placental activity of the system A transport of amino acids (Jansson et al., 2006). This severe 4%

LPD in rats also inhibits placental insulin, mTOR and STAT3 signalling (Rosario et al., 2011).

Less severe protein reduction has different effects in different species. In cattle, switching
between different protein levels during gestation (low to high or high to low) increases
trophectoderm volume density (Perry et al., 1999). In mice, a reduction in length of the placental
labyrinthine vessels (Rutland et al., 2007), and the downregulation of the adhesion molecules
(Rutland et al., 2007), along with an altered organisation of the placental ultrastructure structure

(Rebelato et al., 2013) has been observed in LPD placenta.
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Functionally, in mild LPD (8% protein), there is evidence that the fluid-phase endocytosis in
visceral yolk sac endoderm (VYSE) is increased (Watkins et al., 2008). The major receptor for
receptor-mediated endocytosis megalin (which regulates uptake of many macromolecules into
cytoplasmic vesicles) is increased in its expression. This may result in a more efficient uptake of

nutrients when in a starvation environment.

Embryonic low protein diet (Emb-LPD)

The suggestion is that challenges at different times during pregnancy may affect the plasticity of
the offspring. Much investigation has been made of the periconceptional period, as this coincides
with the initiation of epigenetic remoulding occurring with remethylation of the chromatin (see
below). Hence a series of studies of both blastocysts taken from LPD mothers, and follow-up work
on embryos and foetuses only receiving a LPD for days E0.5 to E3.5 have been produced (Emb-
LPD). Rat embryos in the early blastocyst stage have fewer cells when their mother was fed an
Emb-LPD, and this was mainly caused by a reduction in the ICM rather than TE. In the mouse, the
same manipulation resulted in an overall increase in the TE cell number by E3.75 (Eckert et al.,
2012). Further, offspring showed an increase in systolic blood pressure in both the juvenile and
adult in both species (Kwong et al., 2000). The cardiovascular change was related to changes in
lung ACE activity, and these mice showed an attenuated vasodilatation to isoprenaline (Watkins
et al., 2010). Emb-LPD diet also causes offspring to have abnormal anxiety-related behaviour
(Watkins et al., 2008a). The maternal LPD fed to mouse dams exclusively during preimplantation
enhanced postnatal growth and adiposity. This increase in postnatal growth was closely
correlated to the adult adiposity, cardiovascular and behavioural changes (Watkins et al., 2008b).
Further, blastocysts transferred from LPD mothers into recipients receiving a NPD also showed an
elevated foetal growth showing that this dietary change induces embryonic programming during

preimplantation development (Watkins et al., 2008a).

Emb-LPD depletes the amino acids leucine, isoleucine and valine in maternal serum, uterine fluid
and the blastocyst (Eckert et al., 2012). Further, there are decreases in maternal insulin and
increased serum and uterine levels of glucose which also control the mTOR pathway, and indeed
mTORC1 signalling is altered in the LPD blastocyst. Studying the trophectoderm from these
embryos also shows distinct changes; for instance, blastocysts from such dietary changes show

enhanced endocytic activity in the trophectoderm in a similar way to the endoderm produced by

11
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differentiating ES cells derived from these embryos (Sun et al., 2014). Further, Emb-LPD treatment
induces significant increases in the foetal : placental ratio, through reduced placental and
enhanced foetal growth respectively. Despite this, out-growths of the ectoplacental cone,

removed from E8.5 Emb-LPD embryos, are more rapid (Watkins et al., 2015).

The trophectoderm is the precursor of most of the embryonic placental tissues; it is also the
product of a stem cell group present in the E3.5 embryos. It is these trophectoderm stem (TS)

cells which will be investigated during the course of this study.

1.1.3 Epigenetic Inheritance

An epigenetic change is defined as a “a stably heritable phenotype resulting from changes in a

chromosome without alterations in the DNA sequence” (Berger et al., 2009).

As the phenotypic changes caused by alteration in the early embryonic environment are not
genetic, such epigenetic heredity is likely to be the underlying cause of the DOHaD phenomena
described earlier. There are several mechanisms causing these changes, including DNA
methylation and histone modification. While RNA regulation through non-coding RNAs is often
considered an epigenetic regulator (in that induced phenotypic changes may be passed at cell
division), it is not caused through changes in the direct chromatin RNA and will not be considered

here.

Mechanisms of chromatin modification

DNA methylation occurs mostly at CpG sites where methyl groups are added to DNA at the
carbon-5 position of the cytosine ring — producing 5-methylcytosine (5mC) (Figure 1-2). It should
be noted that non-CpG methylation also has been reported (Ramsahoye et al., 2000). Certain
areas of the genome show greater methylation than others and these regions often demonstrate
gene silencing, despite the fact that 5mC performs much like a regular cytosine in pairing with a
guanine in double-stranded DNA. However, 5-mC may be readily converted to thymidine by

deamidation, and so appears to be often mutated in the genome — except at so-called CpG
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islands, where they remain unmethylated (see below). The exact mechanism of silencing is not
understood; it may be that the methylated region is less able to directly retain the transcription
machinery. However, it is known that non-methylated, CpG-rich regions are bound by CXXC finger
protein 1 (CFP1; also known as CXXC1), which recruits histone H3 lysine 4 (H3K4)
methyltransferases, and so these regions are often related to changes in the histone structure as
well (see below). This plays an important role in genomic imprinting and X-inactivation.
Mammalian genomes show CpG-under-representation (approximately 20% of that expected by a
random presence), and of these, 60—-80% are generally methylated. Of those that are largely
resistant to DNA methylation, 10-50% of all CpGs occur in CG-dense regions: the CpG islands.
These are found predominantly at transcription start sites of developmental regulator genes and
housekeeping genes, which results in a second form of CpG presence where most genomic
methylation patterns are static both across tissues and throughout life, changing only in localized

contexts as specific cellular processes occur.
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Figure 1-2: Modification of Cytosine to 5-methylcytosine Most biological studies have
concentrated at changes around promotor regions, as most other CpG areas are usually
methylated. However, these other non—promotor areas of the genome may also have regulatory

roles. Figure from Thalhammer et al., 2011

Notable exceptions to this are in the germline, and, in the context of this work, during pre-
implantation development, where rapid demethylation of the paternal genome at fertilization is
followed by a further depletion in both genomes prior to implantation (Figure 1-3). Though much

5mC marks are lost in non-imprinted genes, this is not absolute, with 5% being retained at
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implantation. Also, remethylation is rapid, reaching about 50% of that seen in the mature mouse
three days later (Kafri et al., 1992). The DNA methylation patterns produced can be heritable in

daughter cells but are not permanent, and they may alter in response to environmental changes.
Similar changes are associated with cancer, diabetes, and cardiovascular disease. Hence it might
be that changes either in the loss of methylation prior to implantation, or in methylation shortly
after implanting, could result in long term metabolic alteration and changed developmental and

adult phenotype.
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Figure 1-3: Changes in DNA methylation

Shortly following fertilization, the paternal genome is actively demethylated, while the maternal
genome becomes passively demethylated during cleavage divisions. At implantation, the embryo
undergoes re-methylation that establishes a new methylation pattern. Imprinted genes escape the
waves of demethylation and methylation during embryogenesis. During gametogenesis, genome-
wide demethylation and re-methylation occurs in germ cells, which is critical for the establishment
of genomic imprinting. The DNMTs involved in these processes are indicated. Figure from He et al.,

2011

Histone modifications are a second group of chromatin modifications which change gene
expression. The core histone proteins H2A, H2B, H3, and H4 assemble to form octameric
nucleosome cores, with H1 and H5 acting as linker histones. The free N-terminal ends of these

proteins appear to be very open to modification, including methylation, acetylation,
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phosphorylation, and ubiquitination, ADP-ribosylation, sumoylation, ribosylation and citrullination
(Chason et al., 2011). Histone methylation (which may be addition of one of more methyl groups)
and acetylation of the side groups of specific and highly species conserved lysine residues are the
best understood. These modifications to side chain charges are believed to change the

nucleosome structure and result in altered accessibility of the DNA strands to transcription factors.

Table 1-1: Effects of various histone modifications on gene transcription

Type of modification Target gene transcription
ACETYLATION

H3 K9 Activating
H3 K14 or K18 or K23 Activating
H3 and H4 Activating
DEACETYLATION

H3 H4 Activating
H3 K9 Silencing
METHYLATION

H3 K4 Activating
H3K36 Activating
H3K79 Activating
H3K27 Silencing
H4K20 Silencing

In general, acetylation appears associated with "active" transcription and it is assumed that the
positively charged amine side chain of the lysine binds phosphates of the DNA backbone.
Acetylation events convert the amine group into a neutral amide, thus loosening the DNA from
the histone. This allows transcriptional factors to bind the DNA and allows transcription to occur.
Hence changes to the histone tails have a direct effect on the DNA. (Table 1-1) modified from

Chandrasekar, 2013

An alternative is that changes to the histone tails act to create a binding site for transcription
factors and/or chromatin-modifying enzymes (see above). Histone methylation may also act as a
docking site for other molecules; for instance, methylation of K(lysine)9 of H3 is associated with
transcriptionally-silent chromatin (constitutive heterochromatin), and the transcriptional
repressor HP1 has been demonstrated binding to K9 methylated regions (Roh et al., 2006, Bartova
et al., 2008).
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Evidence that epigenetic changes are induced by early embryonic environment

The evidence that ART techniques alter the DNA methylation of specific genes in man is
controversial, in part because overt disease after ART is rare. However, it is well recognised that
there are increased imprinting errors after ART in animals, with large offspring syndrome
occurring in ruminants due to reduced methylation at the imprinting control region KvDMR1
(Young et al., 1998, Hori et al., 2010). Children conceived by IVF/ICSI also appear to be at higher
risk of certain imprinting disorders compared with those conceived spontaneously (Lazaraviciute
et al., 2014) and again, the KvDMR1 gene shows hypomethylation (Gomes et al., 2009). Beckwith—
Wiedemann syndrome (BWS), an overgrowth disorder, has almost double the incidence (Lim et al.,
2009) in ART children, and reports suggest an increased incidence of changes in the methylation
patterns at IGF2/H19 loci underlie this syndrome in such children (Shi et al., 2011, Chen et al.,
2010b). In mice, many of the manipulations used in ART have been shown to be significant in
altering imprinting including culture (Rivera et al., 2008) and hormonal superovulation (Market-

Velker et al., 2010).

Significant differences in DNA methylation at non-imprinted genes have also been identified in
children produced by ART (Katari et al., 2009, Nelissen et al., 2013). While the studies show
variation in the degree of these changes, it appears that in general they are associated with the
laboratory interventions rather than the diagnosis of infertility itself (Song et al., 2015). In vitro
culture alone can cause also cause epigenetic differences, and interestingly, these are often
gender related (Bermejo-Alvarez et al., 2008). In mice, IVF increases placental weight and the
placental to foetal-to weight ratio, and even non-surgical embryo transfer (NSET) impacts upon
development of the placenta. IVF placenta, as well as showing hypomethylation of imprinting
control regions, have a general reduction in DNA methylation (Waal et al., 2015, Katari et al.,
2009). Both placental tissue and cord blood demonstrated changes in a number of genes, and of
particular interest was that 4 of 6 of those showing the greatest differences in both expression

and CpG methylation were related to adipocyte formation and/or the insulin signalling pathway.

Placental tissue shows marked changes in methylation pattern, in part driven by the hormonal
state of the mother, so there is a general reduced DNA methylation of the placental genome in
offspring born to mothers with gestational diabetes mellitus (Ruchat et al., 2013). Interestingly,

there are often more limited epigenetic changes in the embryonic tissues of the offspring. This is
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of particular clinical significance as these children appear more prone to metabolic changes (Keely
et al., 2008, Aceti et al., 2012), and is suggestive that the placenta maybe a major site of

epigenetic driven regulation.

A large series of experiments have shown that maternal diet drives epigenetic changes in
offspring (see Table 1-2). Studies on the Dutch Hunger Winter and Chinese famine have both
demonstrated epigenetic changes, with the former showing altered methylation patterns at both

the IGF2/DMR and GNASAS imprinted loci (Heijmans et al., 2008, Tobi et al., 2009).

Similarly the study of Gambian children showed that the rainy/hungry and dry/harvest timing of
conception had major changes on the DNA methylation status of the offspring (Dominguez-Salas
et al., 2014). Here, increased methylation occurred at most of the altering metastable epialleles

when conception occurred during the rainy season, when the diet was more limited both in

protein and micronutrients such as folate.
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Table 1-2: Parental exposures and intergenerational epigenetic alterations in models of programming of adult metabolic disease

Modified from Fernandez-Twinn et al., 2015.

Parental exposure Metabolic Nature of Disease Physiological Generatio  Reference
organ/gamete modification Association function of gene n affected
Maternal high fat Liver Reduced histone Increased LXRa and ERO1-a F1, F2 (Rakyan et al., 2002)
feeding methylation lipogenesis, gene promoters
steatosis
Maternal protein Liver Hypomethylation of  Impaired glucose Increased expression F1 (Dominguez-Salas et al.,
restriction PPAR alpha tolerance, of GR and PPARa 2014)
promoters obesity
Global maternal calorie  Liver Hypermethylation of Impaired glucose  Altered expression of F1 (Aagaard-Tillery et al.,
restriction GR and PPAR alpha tolerance,obesity  GR and PPARa 2008)
Uterine artery ligation Pancreatic Deacetylation of Type-2 diabetes Reduced PDX1 F1 (Lietal., 2012)
islets histones H3 and H4 expression
in PDX1 promoter
Maternal protein Pancreatic Excess of repressive  Type-2 diabetes Reduced interaction  F1 (Lillycrop et al., 2008)
restriction islets H3K9me2; loss of with P2—enhancer of
active H3K4mel HNF4a and its
expression
Gestational diabetes Pancreatic Abnormal Impaired glucose  Downregulation of F1, F2 (Lillycrop and Burdge,
islets methylation at DMR  tolerance Igf2 and H19 2015)
50% calorie restriction Muscle H3K14 de- Insulin resistance  Diminished GLUT4 F1 (Park et al., 2008)

acetylation
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Undernourished dams

Maternal protein
restriction
Maternal obesity

Twin pregnancies

Maternal obesity

Maternal obesity

Maternal protein
restriction

Liver, sperm

Adipose tissue
Adipose tissue

Skeletal
muscle

Skeletal
muscle
Heart

Embryo bodies

Hypomethylated
DMRs

Overexpression of
miR483-3p
Overexpression of
mir-126-3p
Increased miR-15b,
miR-16 in the
diabetic twin
Reduced expression
of let-7g

Overexpression of
miR-133

Reduced H3 and H4
acetylation

Metabolic defects

Impaired glucose
tolerance
Impaired glucose
tolerance, obesity
Diabetes

Obesity

Cardiac
hypertrophy

Increased expression

of genes involved in
lipid oxidation, i.e.
PPAR, Pgcl, and
Pgcl, and a trend
toward down-
regulation of genes
involved in lipid
synthesis, including
Scd1, Srebp1, and
Dgatl

Reduced levels of
target protein GDF3
Reduced levels of
target protein IRS1
Reduced levels of
target proteins InsR
and IRS1

Reduced
mesenchymal stem
cell to myoblast
commitment
Impaired cardiac
function

Reduced Gatab
transcription factor

F1,F2

F1

F1

F1

F1

F1

F1

Chapter 1

(Sandovici et al., 2011)

(Raychaudhuri et al.,
2008)
(Radford et al., 2014)

(Park et al., 2009)

(Fernandez-Twinn et al.,
2014)

(Yan et al., 2013, Chen
et al., 2010c)
(Sun et al., 2015)
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1.2 Early embryo development

As the model we intend to use is studying the changes in TE stem cells isolated from embryos
from a mother receiving a periconceptional low protein diet, | will describe the early events in

embryonic development and the regulation of trophectoderm formation.

1.2.1 Preimplantation

Early embryonic differentiation

Upon fertilization, the egg becomes a diploid zygote. During an early series of mitotic divisions —a
process called “cleavage” — it does not increase in volume; rather the number of cells present is
amplified. After three cleavage cycles, the fertilized mouse embryo has reached the 8-blastomere
stage. At this stage, compaction occurs; the cells become bound tightly to each other, and the
embryo enters the morula stage, with the cell becoming polarized in regard to their distribution of
membrane components. The cell adhesion molecule E-cadherin is essential for compaction, and
polarized E-cadherin negative embryos fail to differentiate further (Larue et al., 1994). As the
morula forms, the embryo starts to travel by ciliary action of the oviduct epithelium and

peristaltic contractions to the uterus (Ross et al., 1995), Figure 1-4. The cells of the embryo now

proceed to differentiate into two populations: intraembryonic and extraembryonic lineages.

8-cells y Epilast
compacted % '

Eary
blastocyst
(atehing)

implantation

Figure 1-4: Development of early embryo in Mice

From Embryonic Day 0 (EO) Through Day 5 (E5.0)(Winslow, 2001)

The outer extraembryonic cells will differentiate into the trophectoderm, while interior cells

become the inner cell mass (ICM) of the blastocyst (Zernicka-Goetz, 2005). In the late morula
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stage, tight junctions begin to form between the cells, and the outer cells of the morula pump
fluid from outside into the embryo (Watson, 2004). This is achieved as the Na/K-ATPase becomes
polarised to the inner surfaces, which sets up an ion gradient and causes fluid movement into the
centre of the morula by aquaporin or water channels (Barcroft et al., 2003, Watson et al., 2004).
The accumulation of water causes the formation of a cavity — the blastocoel. The tight junctions
between the outer cells allow the developing blastocoel to retain fluid. This “blastocyst” is also

the developmental stage that penetrates the uterine epithelium at implantation.

ICM/TE Development and Cell Fate Models

A C

)

Inside-outside model

Figure 1-5: Three cell fate models to explain TE development
(A) The ‘Inside-outside’ model, in which cell fate depends on cell contact. (B) The Cell polarity
model, in which cell polarity translates to TE fate. (C) The Complex model, in which cell polarity

and contact both regulate cell fate (Cockburn and Rossant, 2010).

The differentiation of the ICM and TE cells is the first lineage specification occurring during
development and, as such, has been the focus for much research. Several models have been

presented that discuss cell fate with TE specification (see

Figure 1-5). In the ‘Inside-outside’ model (Figure 1-4A), the cell fate depends on cell location
driving the differentiation path, depending on the extent of cell contact in the late morula

(Cockburn and Rossant, 2010). Position may determine cell fate in various ways: inside cells make
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symmetrical contact with other cells, while outside cells have an asymmetrical cell contact. These
different types of contact can drive cell differentiation in different pathways during the 8 and 16-

cell stage.

In the alternative ‘cell polarity’ model (Figure 1-5B), blastomere polarization is responsible for cell
fate (Johnson and Ziomek, 1981). Subcellular components, including surface microvilli,
cytoskeletal elements, endosomes, and microtubule organizing centres, are changed by
polarization (Johnson and Ziomek, 1981). Cells then segregate asymmetrically, deciding cell

position and fate.

Recent research suggests the two models may interact and affect cell fate together (

Figure 1-5C). The trophectoderm marker Cdx2 is expressed in the TE, and is also required for TE
development (Strumpf et al., 2005). It is believed that in the outer cells, the apical signal inhibits
the hippo signalling pathway, which causes an increase in the expression of the transcription
factor Tead4 and co-activator protein Yap, which is located in the nucleus. Together, these up-

regulate the Cdx2 expression in these cells (Nishioka et al., 2009).

1.2.2 Implantation

The zona pellucida is a glycoprotein membrane surrounding the blastocyst. Prior to the
implantation of the embryo, the blastocyst must hatch from the zona pellucida so as to make the
attachment to the recipient maternal endometrium possible. The zona pellucida is also believed
to prevent implantation happening in the oviduct (Modlinski, 1970). While proteolytic factors
from the uterine cavity play a role in this hatching, blastocysts in vitro also show efficient hatching

(McLaren, 1970), suggesting that maternal and embryonic enzymes play a role in hatching in vivo.

Implantation can only occur at certain times during the reproductive cycle —the so-called
“implantation window”. In humans, it occurs between 6 to 10 days after ovulation (Wilcox et al.,
1999) and in mice at day 4.5. When implantation starts, the first connection between the
blastocyst and the endometrium is called the apposition. This is mediated by transmembrane cell-
cell receptor proteins such as selectins, galectins, and cadherins (Bazer et al., 2009). Cadherins

anchor the blastocyst into the endometrium. In initial apposition, the uterine luminal epithelium
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is required to lose some inhibitory factors, such as the lacto-N-fucopentaose-1 (LNF-1) and
Mucinl (MUC-1) to allow attachment to continue. These strongly inhibit the cell-to-cell and cell-
to-extracellular matrix (ECM) adhesion: genetic experiments with mice in vivo revealed that a high
level of expression of MUC-1 can block embryo attachment (DeSouza et al., 1999), while LNF-1
has been shown to inhibit blastocyst attachment to the epithelium in vitro (Lindenberg et al.,

1988).

The second stage of implantation is adhesion, which is induced by the heparan sulphate (HS)
proteoglycans present on the uterine epithelium surface. They promote attachment between the
apical uterine epithelium and the trophectoderm (Carson et al., 2000). After this initial weak
interaction, the trophoblast cells penetrate the epithelium and come into contact with the
underlying ECM; avB3 integrin is highly expressed by the embryo during implantation, and binds
to many of the matrix components. This is a highly avid interaction so that the trophoblast
adheres to the uterine tissue more stably as it invades the deeper uterine tissues. The importance
of this interaction can be shown by experiments using avp3 blocking antibodies, which inhibit
invasion into the uterine wall and reduce the number of implantation sites in both mice and

rabbits (lllera et al., 2000, Illera et al., 2003).

Invasion of the uterine wall is aided by expression of matrix metalloproteinases (MMPs). These
zinc-dependent endopeptidases are capable of degrading the extracellular matrix, and in
particular collagen fibrils. MMPs and their inhibitors - tissue inhibitors of metalloproteinase
(TIMPs) are highly regulated by several cytokines secreted by trophoblast cells and decidua
stromal cells (Huang, 1998). In vitro studies shows the MMP9 collagenase is required,

metalloproteinase MMP9 inhibition completely inhibiting invasion (Librach et al., 1991).

The blastocysts now having crossed the endometrial epithelium begin to differentiate further,
with the trophectoderm producing various cell types with specific functions. In particular,
syncytiotrophoblast and cytotrophoblast cells appear early after invasion. Syncytiotrophoblasts
secrete enzymes, including MMP and ADAMs, into the endometrium and cause endometrial

epithelial cell apoptosis — possibly due to destruction of the ECM, which induces anoikis.
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1.2.3 Post-Implantation

At E4.5, the mouse embryo is made up of three cell types: primitive endoderm, primitive
ectoderm (epiblast) and trophectoderm (Figure 1-6), the primitive endoderm and primitive
ectoderm together forming the inner cell mass. In further development, the primitive endoderm
differentiates to become the extraembryonic endodermal layers and also gives rise to the
primordial germ cells. The primitive ectoderm forms the foetus itself and the extraembryonic
mesoderm, while the trophectoderm makes up all the trophoblast tissues within the placenta

(Cockburn and Rossant, 2010, Quinn et al., 2006).

A Mural trophectodem, Primary giant cells
Liophectodemy (Secondary giant cells)

Polar trophectoderm

l ( Ectoplacental cone )

( Extra-embryonic ectoderm)

Allantois
o ~(Extra-embryonic mesoderm)- |- Umbilical cord
+-(_Embryonic ectoderm ) " Yolk sac
' CEmbryonic mesoderm ) . Blood stem sells

~( Primitive ectoderm )-! (_Embryonic endoderm )

ICM

( Primordial gem cells )

(Visceral extra-embryonic endoderm)
(\Visceral embryonic endoderm)

+(_Parietal endoderm )

{ Primitive endoderm )

Figure 1-6: A diagram of the cell lineage relationships in the early mouse embryo showing the
origins of the embryonic and extra-embryonic tissues.

Primitive ectoderm forms three germ layers of foetus: ectoderm, mesoderm and endoderm, and
extraembryonic mesoderm. Endoderm forms the gastrointestinal tract, liver, pancreas, urinary
bladder, and the lungs. Mesoderm forms muscle, bone, the circulatory and lymphatic systems, and
the notochord. Ectoderm forms the epidermis, nervous system, and tooth enamel. From Bard,

1994
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1.3 Trophectodermal and Placental development

TE is the first differentiated cell type to form during early mammalian embryonic development.
The outer single epithelial layer appears in mice on day 3.5 after fertilization, while in humans it
occurs on day 5.0 (Cockburn and Rossant, 2010). The TE may be also divided into two cell forms,
both of which differentiate further into various cell types during embryonic development. The
part of TE in direct contact with the ICM is known as the "polar trophectoderm", and the region
not contacting with the ICM, but surrounding the blastocoel cavity, is called the “mural

trophectoderm” Figure 1-7.

Polar trophectoderm

Mural
trophectoderm

Blastocoel

Figure 1-7: Blastocyst: trophectoderm, primitive endoderm and inner cell mass
The trophectoderm around inner cell mass is polar trophectoderm; the mural trophectoderm lacks

this contact. This differentiation occurs at day 3.5 in mice and 5.5 in human.
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1.3.1 Trophoblast cell lineage

polar
polar -~ trophectoderm mural
trophectoderm \L trophectoderm
inner —
cell mass -
B Tpbpa ~ cells
mural <8 (e.g., chorion, inner)
trophectoderm ectoplacental cone

l

=>
2 Tpbpa * cells 2
H e.g., outer ectoplacental =
/ (cone, spongiotrophoblast) &+
syncytiotrophoblast
cells (2 layers)

Y
sinusoidal canal spiral artery-associated glycogen parietal trophoblast
trophoblast trophoblast trophoblast giant cells trophoblast giant cells
giant cells giant cells PIf* cells PI1* PI2* PIf*

Ctsq* PI2* PIf* PI2* Tpbpa*

Figure 1-8: Summary of the trophoblast cell lineage and origins of different TGC subtypes
Polar trophectoderm differentiates into ectoplacental cone, then spongiotrophoblast,
syncytiotrophoblast, glycogen trophoblast, and other subtype giant cells. Mural trophectoderm

differentiates into parietal trophoblast giant cells (Simmons et al., 2007).

After implantation, mural TE cells will differentiate into “primary” trophoblast giant cells (TGCs).
These produce several hormones, such as placental lactogen (PL), which have direct effects on the
maternal metabolism. For instance, PL reduces the maternal sensitivity to insulin, resulting in
higher serum levels of glucose, amino acids and other nutrients —a mechanism initiated by
pregnancy to increase the supply of nutrients to the foetus. Further prolactin-like proteins (PLPs),
of which there are many subtypes, are also produced by these cells. These have many reported
roles, however they appear most important in regulating the maternal immune system
modulating of the activity of natural killer (NK) cells, and reducing their activity when they meet
the foetal cells of the placenta. The TGCs also release the cytokines proliferin (PLF), and proliferin-
related protein (PR), which control angiogenesis in both the foetal and maternal placenta. Spiral
artery-associated TGCs (SpA-TGC), which bind to the outer surface of the maternal spiral arteries,
regulate the maternal blood flow at the implantation site and express the potent vasodilator
peptide adrenomedullin, and endothelial nitric oxide synthetase (eNos/Nos3) (Linzer and Fisher,
1999, Hu and Cross, 2010), both of which maintain the high blood flow needed by the developing

placenta.
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The polar trophectoderm maintains a proliferative capacity and forms the extraembryonic
ectoderm (ExE) and the ectoplacental cone (EPC), as well as the trophoblast cell components of
the mature chorioallantoic placenta: the spongiotrophoblast, labyrinth and “secondary” giant cell
layer (Tanaka et al., 1998) (Figure 1-8). In vitro, cells from the E7.5 ectoplacental cone explant
spontaneously differentiate into polyploid giant cells (Carney et al., 1993). However, not all
secondary TGCs come from Tpbpa* cells (which are derived from the ectoplacental cone or the
spongiotrophoblast). This means that the same sub-types of TGCs may be derived from both

origins, i.e. Tpbpa™ or Tpbpa* cells (Figure 1-8) (Simmons et al., 2007).

After endoreduplication (see later), the giant cells form large polyploid cells which, while often
highly invasive in vitro, appear to have a delimiting role in vivo (Tanaka et al., 1998). In mice, the
chromosome level in primary and secondary trophoblast giant cells can accumulate to 64~512

DNA ploid (Zybina and Zybina, 1996). See Figure 1-9

Figure 1-9: Polyploid cytotrophoblast (short arrow) and mitotic division (long arrows) in
implantation site Giant cells show incomplete cell division and increase their chromosomal

numbers greatly (Maia et al., 2010).

Four TGC subtypes have been identified in the mouse placenta; these reside in either the
implantation site or the maternal decidual or foetal blood vessels. All of the TGC subtypes have
large polyploid nuclei and secrete factors which can affect the blood flow (Hu and Cross, 2010).

They are: parietal TGCs (P-TGCs), which express thrombomodulin, are located at the implantation
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site, and are in direct contact with the decidual and immune cells in the uterus (Hemberger et al.,
2003); spiral artery-associated TGCs (SpA-TGCs), which are located on the maternal supply vessels;
maternal blood canal-associated TGCs (C-TGCs); and sinusoidal TGCs (S-TGCs), which are located
within the sinusoidal blood spaces of the labyrinth (Simmons et al., 2007, Hu and Cross, 2010).
Please refer to Table 1-3, Figure 1-8, and Figure 1-10.
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Table 1-3: The mouse trophectoderm giant cells, location, appearance time, gene expression

and suggested function. modified from Hu and Cross, 2010.

Name Location Time Gene Suggested function
expression
SpA-TGC  Lining maternal spiral arteries  E10.5 PIf Regulate maternal spiral artery
bringing blood into placenta remodelling and blood flow into
the placenta
P-TGC Lining implantation site and E7.5 PIf, PI1, PI2  Facilitate implantation and
outer layer of parietal yolk sac initial maternal vascular
connections, regulate decidual
cell differentiation, and
maternal physiology
C-TGC Lining canals that bring E10.5 PIf, PI2 Regulate maternal vasculature
maternal blood to base of remodelling and maternal
labyrinth physiology
S-TGC Within maternal blood E10.5 Ctsq, PI2 Modulation of hormone and

sinusoids of the labyrinth
layer

E12.5 Glycogen trophoblast

Spiral Arte
/ P ry

growth factor activity before
they enter foetal and/or
maternal circulation, regulate
maternal physiology

<——Labyrinth

Sinusoidal blood space

Figure 1-10: Day 7.5 and 12.5, the components of the yolk sac and mature placenta and

different subtypes of TGCs. Al, allantois; Am, amnion; Ch, chorion; Dec, decidua; Emb, embryo;

Epc, ectoplacental cone; Lab, Labyrinth; pYS, parietal yolk sac; SpT, spongiotrophoblast; TGC,

trophoblast giant cell; Umb Cord, umbilical cord; vYS, visceral yolk sac

Four TGC subtypes are located in different places: S-TGC, binding to the maternal blood sinusoids

of the labyrinth layer; C-TGC, lining the vascular canals; P-TGC, over the outer layer of

spongiotrophoblast; SpA-TGC, migrates out of the embryonic placenta and form a line over the

incoming maternal spiral arteries. The glycogen trophoblast cells also migrate out into the

maternal decidua.
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1.3.2 The Placenta

The placenta is the organ which exchanges nutrients, gas and waste between mother and foetus,
and is formed of tissues from both organisms. It also produces long lasting hormones, such as
placental lactogens, angiogenic factors and vascular endothelial growth factor (VEGF). The mature
placenta has three major layers. The outer maternal layer is called the decidua, and is formed
from the uterus; some foetal glycogen trophoblast cells migrate into this layer. The middle layer is
called the junctional zone (or spongiotrophoblast), and is formed from trophectoderm. The inner
layer is called the labyrinth, and contains the embryonic villi; it extends into the maternal blood
sinuses where nutrients and waste products pass between maternal and foetal blood. (See Figure

1-10).

1.3.3 Endoreduplication

Endoreduplication is replication of the nuclear DNA without cellular separation, which causes
polyploidy. All TGC subtypes are polyploid (ligren, 1983), although there is disagreement about
which subtypes are multinuclear and which maintain their chromosomes within a single nuclear
envelope. In the mitotic cell cycle, the phase order is G1—S—G2—M. A cell grows in the Gap 1
phase, then DNA is synthesised and replicated in the S phase. After the S phase is the Gap 2 phase,
during which the cell continues to grow. It then enters the mitotic phase, during which it divides

into two daughter cells.

The endocycle of trophoblast cells lacks the M (mitotic) phase when compared to the usual cell
cycle, and the accumulation of DNA causes the cells to become polyploidy. Several proteins
appear specific to this process, and may be relevant in causing endoreduplication. The cyclins D1,
D2 and D3 and their substrates Cdk4 and Cdké6 (cyclin-dependent kinases) are active in the early
G1 phase, which cause cells to enter the cell cycle, and show a distinct expression profile in TE
differentiation. For instance, cyclin D expression switches from D3 to D1 with giant cell
differentiation, and this is believed to alter the cell cycle checkpoint (MacAuley et al., 1998).
Further, cyclin B function is altered during TGC formation. This acts via Cdk1 (Sherr and Roberts,
2004); however, the Cdk1 inhibitor p57Kip2 is upregulated during TGC differentiation, blocking
cyclin B function and affecting mitosis. Failure of the cyclinB/Cdk1/Survivin complex means that
the cell reaches the G2 phase of the cell cycle but fails to produce a mitotic spindle, and so does

not separate the chromosomes into daughter nuclei. Presumably p57Kip2 allows other functions
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of the cyclinB/Cdk1/Survivin complex to occur, and so endoreduplication occurs without initiating
the apoptotic pathway seen in most other cell types when spindle formation is hindered (Hattori

et al., 2000).

1.3.4 TE Gene expression

The correct differentiation into the multiple TE lineages is complex and crucial in embryonic
development. Also the expression of specific markers can be used to characterize trophoblast
stem cell (TS) differentiation. Below is some brief information on markers used to specify the TE

and TGC forms. (Table 1-4)

Table 1-4: Gene expression and cell markers Modified from Quinn et al., 2006

Gene Name Expression TS cell expression profile  Reference

Cdx2 Trophectoderm E3.5 TSC marker (Strumpf et al., 2005)

Nodal Spongiotrophoblast E10 Spongiotrophoblast (Ma et al., 2001)
marker

PI1 (Placental P-TGCE 7.5 Giant cell marker (Colosi et al., 1988,

lactogen 1) Faria et al., 1990, Shida

et al., 1992)
PI2 (placental P-TGC, C-TGC, S-TGC Giant cell marker
lactogen 2) E7.5~E10.5

PLF (proliferin) P-TGC, C-TGCE7.5~E10.5 Giant cell marker

Ctsq S-TGC E10.5 Giant cell marker

Aldh1la3 E8.5~E14.5 Glycogen trophoblast (Outhwaite et al.,
2015)

Cdx2

Caudal-like transcription factor (Cdx2) is a key control element in trophectoderm differentiation,
placental development and axial elongation (Chawengsaksophak et al., 2004). At E3.5, Cdx2 is
exclusively expressed in the TE (Beck et al., 1995a) and it is used as one of the markers of the
initiation of TE lineage specification in the late morula. Cdx27- mutant mice do not survive the
peri-implantation period (Chawengsaksophak et al., 1997) and fail to form a blastocoel. Further,
null embryos express Oct4 and Nanog markers, normally limited to the central cells and the ICM,
in outer cells. This suggests that Cdx2 has a regulating role on the differentiation path of ICM cells
(Strumpf et al., 2005), with Cdx2 and Oct4 / Nanog in a mutual repressive loop. Cdx2 is regulated

by the upstream transcription factor gene Tead4 and its co-activator protein YAP (see Figure 1-5
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and Figure 1-11), the Tead4 null mouse failing to express Cdx2 at the morula stage (Nishioka et al.,
2009). Cdx2 activates the transcription of a series other of TE genes (Figure 1-11), and

overexpression of Cdx2 in ES cells drives them to differentiate into TE-like cells (Niwa et al., 2005).

TE ICM

Figure 1-11: The transcription factors regulate between TE and ICM. The transcription factors
regulating the crosstalk between TE and ICM cells. Cdx2, Tead4, Eomes, and EIf5 are the major TE-
specific transcription factors. GATA3 directly binds the intron 1 region of the Cdx2 locus and up-
regulates Cdx2. Oct4 and Nanog are homeodomain transcription factors critical for early embryo
development. Sox2 is an HMG-box transcription factor for ICM formation. Sall4 activates Oct4,
Nanog, and Sox2 but also suppresses Cdx2 expression. It is believed that the interplay between the

cells is through LIF, FGFs and BMPs. From Chen et al., 2010a.

Nodal

Nodal is a transforming growth factor-beta (TGF-B) superfamily protein. It is necessary for early
embryo left-right asymmetry and placenta development (Shen, 2007). Nodal appears to regulate
the differentiation of trophoblast cells, driving them toward spongiotrophoblasts and limiting
their further differentiation into giant cells. It shows both paracrine and autocrine effects, being
also expressed by spongiotrophoblast cells and their direct precursors (Ma et al., 2001). In vitro,
over-expression of Nodal inhibits trophoblast giant cell differentiation, and in vivo Nodal null mice
fail to form the spongiotrophoblast and labyrinth layers, but increase the number of trophoblast
giant cells formed (lannaccone et al., 1992, Ma et al., 2001). At E7.5, Nodal”" mice lose expression
of Cdx2 in their trophectodermal layers, and FGF4 expression — which is important in driving
trophectoderm formation — is markedly reduced (Guzman-Ayala et al., 2004). This suggests that
Nodal signalling is crucial in maintaining the trophectodermal differentiation pathway once it has

been initiated by the Cdx2 pathway.
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PI1, P12, PLF, Ctsq

Placental lactogen 1 (PI1/Csh1), placental lactogen 2 (PI2/Csh2), proliferin (PIf) and Cathepsin Q
(Ctsq) are important gene markers used to distinguish the subtypes of TGC cells. PI1, PI2, PIf are
placental hormones, with PI1 and PI2 supporting progesterone production and also increasing
insulin secretion, while PIf stimulates endothelial cell migration in cell culture (Jackson et al.,
1994). Ctsq is a cysteine protease active with MMPS, and is important for trophoblast invasion
into the uterine epithelium (Hu and Cross, 2010). They all have important endocrine, invasive and

migration roles.

SpA-TGC expresses only PIf; C-TGC expresses PIf and PI2; S-TGC expresses Ctsg and PI2, while P-
TGC expresses Pl1, P12 and PIf. Refer to Table 1-4 (Simmons et al., 2007).

Aldh1a3 (aldehyde dehydrogenase 1 family, member A3)

Aldh1a3 has recently been shown to be a specific marker of glycogen trophoblast cells, although it
is also expressed in ectoplacental cone — presumably in precursor cells. The enzyme modifies
retinal in order to provide a local source of retinoic acid (Outhwaite et al., 2015), which is needed
along with thyroid hormone (T3) to drive the synthesis of placental lactogen by

syncytiotrophoblast cells.

Regulation of trophoblast differentiation

A number of gene products, such as SOCS3, LIF, TSSC3 and FGF4, regulate TE differentiation. The

main ones will be described below:

Leukemia Inhibitory Factor (LIF) and Suppressor Of Cytokine Signalling 3 (SOCS3) Pathway

Leukemia Inhibitory Factor (LIF) is well known to be essential in maintaining the pluripotency and
self-renewal of murine ES cells (Smith et al., 1988, Williams et al., 1988). However, in vivo, this

factor is produced by the uterine stromal cells and promotes giant cell differentiation (Takahashi
et al., 2003) from both TS cells and the ectoplacental cone. Indeed, LIF/-embryos can develop to

adult, provided they are implanting into a LIF producing mother (Stewart et al., 1992). However,
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overexpression of LIF is lethal — presumably due to the excessive driving of trophoblast precursors

cells toward giant cells (Conquet et al., 1992).

Suppressor of cytokine signalling 3 (SOCS3) is an essential regulator of the LIFR pathway blocking
STAT signalling. Hence, in trophoblast differentiation, SOCS3 is a negative regulator of giant cell
formation (Takahashi et al., 2003). Overexpression of SOCS3 in Rcho-1 cells (a trophoblast stem
cell line) completely blocks LIF-induced giant cell differentiation (Takahashi et al., 2003); rather,

such cells differentiate toward mesoderm and endoderm lineages (Niwa et al., 1998).

TSSC3

TSSC3 is a maternally-expressed imprinted gene which negatively regulates placenta growth
(Frank et al., 2002). In mice, TSSC3 is expressed at high levels in cytotrophoblast cells of the
placenta (Saxena et al., 2003), in the ectoplacental cone and chorion (Dunwoodie and Beddington,
2002). This gene is located in mice chromosome 7 and human 11p15.5, and rearrangement in this
region is connected with the overgrowth syndrome BWS in man (Maher et al., 2003). The

placenta of intrauterine growth restriction (IUGR) babies shows greater TSSC3 immunostaining in
cytotrophoblast than that of normal weight newborns (McMinn et al., 2006), an inverse
correlation between birth weight and expression of TSSC3 — in both human umbilical cord (Lim et

al., 2012) and placenta (Apostolidou et al., 2007) — having also been observed in normal children.

In TS cells, TSSC3 functions by regulating the Mash2 transcription factor, with overexpression of
TSSC3 upregulating Gem1 and Mash2, both of which are trophoblast marker genes (Takao et al.,
2012). In the TSSC3 knockout mouse, the placenta shows marked overgrowth with excessive
spongiotrophoblast cells (Frank et al., 2002, Sala et al., 2004), while overexpression of TSSC3
reduced the ratio between spongiotrophoblast and glycogen cells (Tunster et al., 2010),
suggesting that TSSC3 drives the differentiation of TS cells away from this cell lineage key for
placental functioning. Interestingly, there is another paternally-expressed gene, MEST, which
shows the opposite effects in promoting placental growth, with the TSSC3/MEST mRNA ratio
showing a negative correlation with placental weight in human (McMinn et al., 2006). It is
suggested that these gene functions are antagonistic and together maintain a normal level of

placental development.

34



Chapter 1

FGF4 (Fibroblast Growth Factor 4)

FGF4 is a member of the fibroblast growth factor protein family. There are 23 FGFs and 5 known
receptors (FGFR). FGF4 is a conventionally secreted protein, containing a single N-linked
glycosylation site (Bellosta et al., 1993). It signals to cells through one of four transmembrane FGF
receptor tyrosine kinases (FGFR1-4). For signalling, it requires the presents of heparan sulphate
(HS), usually on proteoglycans, which results in an active ternary complex: FGF-FGFR-HS (Figure 1-
12). Heparin, an analogue for heparan sulphate, is often used in cell culture where FGF signalling

is needed and where cell surface heparan sulphate proteoglycans (HS-PG) may be absent (Ornitz

et al,, 1992).
HSPG
Heparan sulphate
bd I
FGF FGF
Cell membrane =— = =‘ FGFR | FGFR
signalling

Figure 1-12: The ternary complex of FGF-FGFR-HS

In mouse embryos, FGF4 is expressed in the 8-16 cell morula, but it becomes restricted to epiblast
cells as differentiation proceeds. Absence of FGF4 in mice is lethal at the peri-implantation stage
(Feldman et al., 1995 ), and this is believed to be caused by altering the FGFR2 signalling pathway,
as blocking this also results in a peri-implantational lethality (Arman et al., 1998 ). FGF4 is believed
to be needed to maintain both the trophoblastic and primitive endodermal lineages in the
implanting embryo (Goldin and Papaioannou, 2003). FGF4 and heparin are also necessary for
isolating and maintaining mouse trophectoderm stem cells in culture (Tanaka et al., 1998), with

the withdrawal of FGF4 from the culture medium inducing TS cell differentiation.
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1.4 Stem cells

E3.75 blastocyst E5.5 8mbryo

DAPI

ES cells XEN cells TS cells

DAPI

Figure 1-13: Stem cells derived from embryos at different stages with different markers

There are several lineages of stem cells derivable from the peri-implantation mouse embryo.
Blastocysts cultured at E3.5 can be used to produce ES cells, extraembryonic endoderm stem (XEN)
cells and TSCs. While at E5.5, the embryo can be cultured and produced both TS and epiblast stem
cells (EpiSCs) (Lanner and Rossant, 2010).

1.4.1 Embryonic stem cells

Embryonic stem cells (ESCs) are derived from the inner cell mass (Martin, 1981). These can be
maintained as an undifferentiated cell line under the appropriate conditions in culture, and show
the ability for unlimited self-renewal. However, they can differentiate into all three germ layers —
ectoderm, mesoderm, and endoderm — and are considered fully pluripotent, forming all the cell
types in the foetus. The differentiation ability of mouse ESCs can be tested by either making a
chimera (through injecting ESCs into donor blastocysts and reimplanting this into a primed
pseudo pregnant mouse), or by injecting the stem cells into an adult animal to form a teratoma,
where tissues of all three germ layers derived from these cells can be observed. When making a
chimera, ESCs can be genetically modified either through the mutation of an endogenous gene, or
by the addition of a transgene; both of these genetic alterations may be transmitted to later
generations if the chimera contains this change in its germ cells (Beddington and Robertson,
1989). Although there are ES cells produced from many species including human, to date only

murine and rat ES cells have shown the ability to produce a full animal, suggesting that the so-
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called ES cells isolated from other mammalian species are already primed and have lost full
pluripotency. When culturing mouse ESCs, additional LIF is necessary to prevent cell
differentiation. LIF drives STAT3 activity, which regulates the expression of KLF4/5, GBX2 and
most importantly TFCP2L1 — the latter being a regulator of the key pluripotency transcription
factor NANOG (Smith et al., 1988). ESCs can be driven to differentiate in vitro by a number of
culture conditions, in particular by the formation of aggregates known as embryoid bodies. These
have been used as an in vitro model for the study of mouse early embryo development, as well as

in understanding how development can be altered by changes in environment.

1.4.2 Trophectoderm stem cells

Trophoblast stem cells (TSCs) are isolatable from progenitor cells present in the polar TE of the
blastocyst or within the ectoplacental region of the early post-implantation embryo. It is believed
that the ICM and the epiblast produce essential growth factors needed to maintain the self-

renewal and multipotency of these cells.

In vivo, TSC progenitors rapidly differentiate; however, under conditions which presumably
recapitulate their early stem cell niche, isolation of self-renewing multipotent TSCs becomes
possible. TSCs are diploid, permanent and self-renewing if maintained in suitable conditions
(Tanaka et al., 1998). They are multipotent, and can differentiate into trophoblast subtypes both
in vitro and in vivo when they are introduced into blastocysts (Hemberger et al., 2004, Hughes et
al., 2004). Chimeric placentas produced in such experiments using marked TS cells show that
these cells differentiate to ExE, EPC, and giant cells (Tanaka et al., 1998) (see Figure 1-13). The
maintenance of TSCs in vitro requires: fibroblast growth factor 4 (FGF4), heparin, and embryonic
fibroblasts (EMFIs) or embryonic fibroblast-conditioned medium (FCM) which contains as yet
unknown factors to maintain the stem cells undifferentiated state (Tanaka et al., 1998). The EMFlIs
are known to provide a suitable collagen and fibronectin matrix for TSC maintenance. TSCs can
also be induced from ESCs by deletion of the maintenance DNA methyltransferase, Dmnt1 (Ng et
al., 2008). Very recently, TSCs have been shown to be isolatable under defined culture conditions
in the presence of FGF2, Activin B and the Wnt inhibitor XAV939 (Ohinata and Tsukiyama, 2014).

However, this appears to be highly strain dependant (Ohinata and Tsukiyama, 2014).

Under optimum conditions, the TSC cells grow as tight adherent epithelial colonies. On removal of
FGF4, expression of Esrrb —a downstream FGF target — is reduced (Latos et al., 2015) and TS cells

differentiate into giant cells with the classical abundant cytoplasm, large defined nuclei and high
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ploid count (4N-8N) (Tanaka et al., 1998). Activin B acts to inhibit BCOR (BCL-6 corepressor), which
blocks the trophoblast regulator genes Eomes and Cebpa (Zhu et al., 2015). Therefore, Activin B

reduces the differentiation of TSCs.
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1.5 Aims

Much recent research has suggested that the extraembryonic tissues are epigenetically regulated
in response to changes in the maternal environment. Furthermore, these changes go on to have
wider effects on the foetus. Previous work in our laboratory identified changes in the yolk sac
caused by nutritional limitation solely between days EO — E3.5 (when only the precursor cells are
present in these embryos), suggesting that there must be modifications in stem cell populations
at these early stages. Indeed, there are changes in ES cells isolated from embryos where a low

protein diet has been given.

These studies on the blastocyst, yolk sac and ES cell-derived endoderm showed an upregulation in
the endocytotic pathway after an early embryonic low protein diet; however, no work has
addressed such effects on the trophectodermal precursor cells which go on to form the placenta
itself. My overall goal is to utilise TSCs to provide an in vitro model in order to understand this
mechanism and the cellular responses occurring in the placenta in response to an early embryonic

maternal low protein diet.

My aims are:

1. To optimise a method to isolate TSCs from mouse embryos

2. To obtain and characterise TSCs from mice receiving different maternal diets

3. To follow how maternal diet may affect lineage differentiation — and so aspects of endocytosis

—in these cells lines
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Chapter 2. General Material and Methods

2.1 Animal Use

All animal care and experimental procedures were conducted using protocols approved by, and in
accordance with, the UK Home Office Animal (Scientific Procedures) Act 1986 and the local ethics
committee of the University of Southampton. Experiments were carried out under the UK Home
Office Project Licences PPL30/2467 and PPL30/3001. To culture TS cells CBA/C57BL6 hybrid
embryos were initially produced. However, despite the hybrid vigour of these it proved difficult to
establish TS cell lines from such embryos. Later studies were carried out using embryos derived
from MF1 mice for different diet groups. Virgin female MF-1 mice (aged 7-10 weeks) had been
previously maintained ad libitum on standard laboratory chow (Special Diet Services) and were
housed on a controlled 07.00-19.00 h light cycle at 21°C. Animals were naturally mated with male
MF1 mice of 10-30 weeks of age and on the day of mating placed randomly into groups receiving
either low protein diet (LPD; 9%) or normal protein diet (NPD; 18%) (Table2-1) during

preimplantation development (from the time of vaginal plug identification EO.5 until 3.5 days;

Table 2-1: Nutrient composition of diets used in these studies

g/kg of component

NPD LPD
Starch Maize 425 485
Sucrose 213 243
Casein 180 90
Corn Oil 100 100
Cellulose 50 50
Mineral mix* 20 20
Vitamin mix® 5 5
DL-methionine 5 5
Choline Chloride 2 2
Gross Energy 18.39 18.27
Protein % 18% 9%

! Mineral Mix (AIN-76) (Special Diet Services)
2 Vitamin Mix (AIN-76) (Special Diet Services)
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2.2 Isolation of Blastocysts

The pregnant mice were euthanized by cervical dislocation, the dissection area over the abdomen
was cleaned with 70% ethanol and the uterus removed, with the uterine horns connected. Any
mesometrial tissue was cleared and the uteri where rinsed to minimise blood cell contamination.
Each horn was flushed with approximately 0.5ml of pre-warmed M6 / BSA using blunted
hypodermic needles (G27). The uterus was removed and the fluid quickly searched for embryos
which were washed through drops of M6/BSA before being placed into warm KSOM media
equilibrated to 5%CO; where they were maintained at 37°C until further processed (see later in
thesis). The composition of media used to collect and maintain the embryos used in these studies

is listed below:

Table 2-2: Composition of stocks used for embryo handling media in these studies

Embryo media

H6-BSA

Stock B (stored at 4-8C for up to 2 weeks)

Deionised water, sterile 10 ml
Sodium hydrogen carbonate (NaHCO;) 0.2106 g

Stock E (stored at 4-8C for up to 3 months)
Deionised water, sterile 50 ml
Hepes 2.9785¢g

Stock F (stored at 4-8C for up to 3 months)

Sodium chloride (NaCl) 4.720g
Potassium Chloride (KCL) 0.110 g 0.110g
Sodium dihydrogen orthophosphate (NaH,PO,.2H,0) 0.060 g
Magnesium chloride (MgCl,) 0.100g
D-glucose 1.000g
DL-lactic acid 3.4ml

Deionised water to a final total volume of 100 ml

Stock G (stored at 4-8C for up to 2 weeks)

Deionised water, sterile 10 ml

Pyruvicacid 0.030g
Penicillin 0.060 g
Streptomycin 0.050g

Stock H (stored at 4-8C for up to 3 months)
Deionised water, sterile 10 ml

Calcium chloride dehydrate (CaCl,.2H,0) 0.260g

20% Sodium Chloride
Deionised water, sterile 10 ml
Sodium Chloride (NaCl) 2.0g
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To prepare 100 ml of H6-BSA the following where mixed:

Deionised water, sterile 78 ml
Stock B 1.6 ml
Stock E 8.4 ml
Stock F 10 ml
Stock G 1.0 ml
Stock H 1.0 ml
20% NacCl 0.6 ml

BSA (Sigma, embryo culture tested, A3311) 0.4 g

The pH was adjusted to 7.4, and osmolarity adjusted to 270-280 mOsm with small volumes of 20%
NaCl. The solution was sterile filtered using a 0.22 uM syringe filter and aliquots stored at 4 °C.

These were used within seven days.

Table 2-3: Final Composition of KSOM media

Embryo media
KSOM culture medium
2x stock KSOM
Sodium chloride (NaCl) 1.110g
Potassium chloride (KCl) 0.0095 g
Magnesium sulphate7-hydrate (MgS0O,.7H,0) 0.0099 g
Lactic acid 0.362 ml
Sodium pyruvate 0.0044 g
Glucose 0.0072 g
Sodium bicarbonate (NaHCO,) 0.420¢g
Penicillin 0.01256 g
Streptomycin 1ml
EDTA (0.5mM) 4 ml 4ml
Tissue grade water to a final total volume of 100ml

5 ml aliquots of the above were stored at -80 °C for up to 2 months.
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To prepare 10 ml of KSOM media the following where mixed:
2x KSOM stock 5ml
Calcium chloride (CaCl,; 100x stock 25 mg/ml) 100 pl

Non-essential amino acids (100x stock; 10 mM) 50 ul

Essential amino acids (50 x stock) 100 pl
L-glutamine (200 mM) 50 ul
Deionised water, sterile 4,75 ml
BSA 0.040g

The pH was adjusted to 7.4, and osmolarity adjusted to 255 + 5 mOsm, mOsm using 20% NaCl.
The solution was sterile filtered using a 0.22 uM syringe filter and aliquots stored at 4 °C. These

were used within seven days.

2.3 Cell culture

All mammalian cells were maintained in culture at 37°C, 5% CO, and > 95% humidity.

2.3.1 Production of Embryonic Fibroblasts

The embryonic murine fibroblasts (EMFI) cells to be used as feeder cells (see below), were
prepared from E13.5 to E15.5 foetuses, they were isolated after cervical dislocation of the mother
using careful aseptic technique. The gravid uteri were removed from the mother and all the
following steps were carried out in a class 2 cell culture hood. After removal of the foetuses from
the uterus their brains were destroyed (following schedule 1 procedures). The head and internal
organs were then removed, so reducing contaminating astrocytes and hepatocytes. The carcasses
were washed twice in phosphate buffered saline (PBS) —Dulbecco A, (Oxoid BR0014) to reduce
any red blood cells in the final cell preparation, before being thoroughly minced with razor blades.
The tissue slurry was again washed with PBS and then incubated in Trypsin- EDTA 0.05% (Gibco
25300-054) for 15 minutes at 37°C. The tissue was triturated through a 10ml pipette every 5
minutes to aid cell release. An equal volume of culture media containing 10% FCS (fetal calf serum,
Sigma F9665) was added to the cells, to inhibit the trypsin. Bovine pancreatic DNAse 1 (Sigma
DN25), at a final concentration of 10ug/ml was added and the cell suspension incubated for a
further 5 minutes. This cleaved any genomic DNA released by the prior procedure which lysed

many cells and resulted in a far higher final yield of viable cells. The cells were washed by

43



Chapter 2

centrifugation at 2000g for 5 minutes and then plated on 15cm diameter plates in EMFI culture
media, roughly every 3 embryos per plate and 20ml of media per plate. After overnight culture
the cells were carefully inspected for contamination and the media changed. Once confluent and
generally within 48 hrs of initial plating, the cells were harvested and frozen in liquid nitrogen,

with approximately 20% of a plate being stored per vial.

2.3.2 Archiving cultured cells

Cells were frozen with a cryoprotectant mixture containing 10% dimethyl sulphoxide (DMSO)
(Sigma-Aldrich D5879) which prevents ice lattice formation and reduces cell membrane damage
by ice crystals. This method was used for storage of all mammalian cells and cell lines produced in

this thesis, including MEFs, HEK-293, and TS cells.

Media had been changed on the cells 6-12 hours prior to freezing, in order to maintain the cells in
a rapidly dividing state. They were washed with PBS and then trypsinised (2ml 0.05%Trypsin-EDTA
for a 15 cm culture dish) for 5 minutes. Once the cells had detached they were triturated in
culture media and pelleted by centrifugation. They were resuspended in ice cold freezing media
(culture media containing 20% FCS and 10%DMSO0) and aliquot into freezing vials (Sigma V7884).
Freezing was carried out slowly by placing the vials in a 1 inch thick styrofoam box at -80°C. After
the cells had been frozen at -80°C for 48 hours, they were placed in long term storage in liquid

nitrogen at -196°C.

2.3.3 Mitomycin C treatment

Laboratory culture of many cell types, and in particular almost all stem cells, requires the
presence of feeder cells. These produce a suitable extracellular matrix for the cell attachment and
secrete into the media a set of undefined growth factors which support the undifferentiated
maintenance of the stem cell. However dividing feeder cells compete with stem cells for nutrition,
will contaminate later cultures and actually produce less matrix, hence these cells must be
mitotically inactivated either by chemical means or ionising radiation. Both ES cells and TS cells
are routinely grown on Mitomycin C inactivated EMFI cells. Mitomycin C is a potent DNA cross-
linking agent which reduces cell proliferation. It links guanine between two DNA strands (Figure 2-

1).
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Figure 2-1: The DNA sequence and chemical form of the interstrand cross-links caused by
Mitomycin C between guanine residues
(A) In trying to repair these changes double strand DNA breaks are induced, (B) in most cell types

these are only poorly repaired and this prevents further mitosis (Dronkert and Kanaar, 2001)

Confluent EMFI cells, at less than passage 4, had half their culture media removed, Mitomycin C
(Fisher BioReagents BP2531-2) was added at 10 pg/mL for 2-3 hours. After this the cell plate was
washed twice with PBS, the cells were trypsinised, washed again after being pelleted by
centrifugation at 200g for 5 minutes and plated out. Following attachment, the plates were used
after 12-24 hours. Prior to use the media was removed and the cells again washed with PBS to

ensure any residual Mitomycin C had been eliminated.

2.3.4 Cell counting and viability assays

Viable cells numbers present in cultures were determined using trypan-blue exclusion (Mesner et
al., 1992, Songyang et al., 1997). The presence of intact cell membranes prevents entry of this
cellular dye and thus allows the identification of dead cells. Following trypsinisation and gentle
trituration, cells were mixed with an equal volume of a 0.4% trypan blue/ PBS solution (Sigma

T8154) and triplicate samples were counted on a Neubauer haemocytometer.
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2.3.5 MTT assays

Viable cell number / oxidative activity was also analysed with MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) assays which detects the cells’ mitochondrial activity, as the
yellow tetrazolium is reduced by NAD(P)H- dependent oxidoreductase enzymes to an

insoluble purple formazan. A working stock solution of MTT (Sigma M5655) was dissolved in
water at 10mg/ml and filter sterilised. The cells were cultured in a 96 or 48 well plate in a volume
of 100pl or 200 pl and after various time periods of growth they were incubated with MTT at a
final concentration of Img/ml) for 2 hours. The medium was gently aspirated without disturbing
the cells sheet, and 100ul of lysis solution (see appendix) added to each well. The plate was
incubated for 5-10 minutes prior to mixing to thoroughly solubilise the blue crystals. Absorption
was measured by a photometer at wavelength of 550-570nm with a reference wavelength of

630nm.

2.4 Immunofluorescent Staining of Cultured Cells

TS cells were cultured on coverslips in the wells of 24 well plates, these had been sterilised with
70% ethanol, washed with PBS and coated with gelatine (Sigma G1393) (0.2% solution in PBS).
The cells were allowed to grow to the desired confluency, rinsed three times with ice-cold PBS,
and fixed by incubating with 4% PFA (paraformaldehyde) (Sigma-Aldrich P6148) for 5-20 minutes
depending on the antibody used. Following three washes with PBS the coverslips were removed
from 24-well plate. The cells were permeabilised and non-specific antibody binding blocked by
incubating with 0.25% Triton-100x (Sigma-Aldrich X100) and 1% serum from a species chosen to
match that of the secondary antibody) for 45 minutes. Following washing the cells where
incubated in the primary antibody at a suitable dilution (generally between 1;100 and 1:2000) in
0.1% Tween 20 (Sigma-Aldrich P1379) in PBS overnight at 4°C, or at room temperature for one
hour. After primary staining, the cells were rinsed three times with 0.1% Tween 20-PBS and
incubated with the labelled secondary antibody paired with first antibody for one hour in
darkness. Following washing, the coverslips were mounted with 5ul mounting media (Vectashield
H-1000) to reduce fading and prevent drying of the sample. In some cases nuclei were stained
with DAPI (1:500 in 0.1% Tween 20 in PBS) for 30 minutes in darkness as a final step prior to
washing and mounting. Second antibody alone staining was also prepared as a control. The

samples were visualised under bright field or a fluorescent source.
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2.5 SDS Page electrophoresis and Immunoblotting

SDS polyacrylamide gel electrophoresis was used to separate different proteins, and subsequently

transfer these to a PVDF (polyvinylidene fluoride) membrane for immunodetection.

2.5.1 SDS-PAGE electrophoresis

Protein separation was carried out using the method of Laemmli, 1970. Different concentrations
of polyacrylamide gel give optimum separation of different protein molecular masses. For
instance in the detection of FGF4 (Mwt 19.4kDa), a 12% gel was chosen (see appendix). The
vertical gel consists of a 5% stacking gel (see appendix), which concentrates the loaded sample
and the 12% resolving gel to obtain separation of proteins in the range of 12-60kDa. Gels were
allowed to polymerise for an hour prior to use. For analysis of soluble samples from cell media,
the sample was precipitated from serum free media by addition of sodium acetate to give a 0.3M
solution followed by a ten —fold volume of absolute ethanol. The samples were stored at -80°C
overnight, centrifuged to pellet the protein (5000g for 15 minutes), the solvent removed and after
drying the pellet, the protein samples were dissolved in water and SDS-loading buffer (4x SDS
load-buffer being-0.25 M Tris.HCl, 40% (v/v) Glycerol, 2.8 M SDS, 0.1% Bromophenol Blue), 10%
(v/v) 2-Mercaptoethanol was added fresh to generate reducing conditions. Samples were heated
at 95°C for 5 min to thoroughly denature the sample prior to gel separation. Samples were run in
1x SDS running buffer (see appendix), at 30mA for 30-60 minutes with current limiting. After
running the gel, it was either protein stained with Coomassie brilliant blue G250 or the separated

proteins were transferred to a PVDF membrane for immunodetection.

2.5.2 Western Blotting

After separation, proteins were transferred from the SDS-gel to PVDF membrane (Immobilon-FL,
0.2um membrane; Millipore) by electro-elution using a mini tank wet transfer system (Hoefer).
Low-fluorescent PVDF was cut to fit inside the cassette and cover the gel. PVDF is highly
hydrophobic so was wetted prior to use by soaking in methanol for 15 seconds, rinsing in water
for 2 minutes, and then leaving in transfer buffer (see appendix) for a minimum of 5 minutes. The
gel was placed in contact with the membrane, with buffer saturated Whatmann 3MM paper
placed on either side. Following transfer, (300 mA current limiting, overnight with the cooler

system running), the blot was briefly stained with the reversible dye Ponceau S to verify the
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presence of protein and allow the marking of the position of molecular weight markers. Following

staining the membranes were destained in water and dried for storage.

2.5.3 Immunodetection

The membrane was blocked by incubation at room temperature in blocking buffer (5% milk
powder in PBS-0.2%Tween20, PBS-T) for 30 minutes; the membrane received gentle agitation
over this period. The membrane was probed with primary antibodies in blocking solution either
overnight at 4°C, or at room temperature for 2 hrs. The membrane was washed with PBS-T three
times for five minutes each time. Protein bands were visualised by fluorescence-based
immunodetection, an IRDye conjugated secondary antibody 800CW (Rockland inc. Molecular
probes) near-infrared (IR) fluorochrome (diluted typically at 1:10000 in 5% BSA in TBS-T) was then
added for 1 to 2 hours in blocking solution. The membrane was washed with PBS-T three times
and once in PBS. Analysis of the membrane was made using infrared fluorescence scanning the

membrane using the LI-COR Odyssey IR imaging system (LI-COR Biosciences).

2.6 General DNA preparation and analysis

2.6.1 Genomic DNA extraction and analysis

Feeder free confluent TS cells were washed with PBS and lysis buffer containing 10 mM Tris, pH 8,
100 mM NacCl, 10 mM EDTA, pH 8, 0.5% sodium dodecyl sulphate (SDS), 1 mg/ml proteinase K was
added fresh. Plates were incubated overnight at 55°C in a humid environment to avoid
evaporation. The lysates were removed and two volumes of cold absolute ethanol added to
precipitate the genomic DNA. The DNA pellet was obtained by centrifugation, washed in 70%
ethanol, and allowed to air-dry before being resuspended in nuclease-free water and quantified

using the Nanodrop ND-100- spectrophotometer.

2.6.2 DNA Mini-prep

The plasmid DNA was prepared by QlAprep kit (Qiagen 27014) which uses a modified alkaline lysis
procedure which utilises the fact that chromosomal and plasmid DNA show differential
denaturation. Bacteria were lysed in SDS (Fisher Scientific S/5200/53) and sodium hydroxide
(Fisher Scientific S/4800/60) and all DNA denatured. Potassium acetate (Sigma P5708) was used
to neutralize the solution and covalently closed plasmid DNA rapidly reanneals and remains

solubilized (Ehrt and Schnappinger, 2003), while chromosomal DNA and proteins are retained in
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the precipitate with potassium and SDS. When this high salt supernatant is passed through the
silica-gel-membrane, the plasmid DNA is differentially bound to the member and can be eluted

by ethanol or water later.

The DNA from picked clones was isolated from 1ml LB (Lab M MCO001) culture media after
growing overnight at 37°C with shaking. The eluted DNA was obtained in 50 pl Buffer EB (10 mM

Tris-Cl, pH 8.5) or water prior to analysis of use in further protocols.

2.6.3 Vector ligation and sub cloning

Where further subcloning of DNA from vector was required, the new vector and insert were cut
with suitable restructuring enzymes and the former dephosphorylated with calf alkaline
phosphatase (Promega, UK) The restriction enzyme purified DNA fragments were mixed at
approximately 1: 4 molar ratios (vector : insert) and ligated with T4 ligase enzyme at 14°C

overnight.

2.6.4 Competent cells and vector Transformation

Competent cells were produced by the low temperature culture method of (Inoue et al., 1990).
Transformation and uptake of extracellular DNA occurs upon a rapid temperature increase which
creates pores in bacteria membrane and induces heat shock proteins, this allows plasmid DNA to
enter and be retained by the bacteria. The tube of competent cells was thawed on ice for 10
minutes. Then the vector and cells were mixed and left on ice for 30 minutes. After heat shock for
10 seconds at 42°C, the tube was placed on ice for a minute, prior to addition of SOC media and
culture for an hour to allow expression of the antibiotic resistance enzyme present on the plasmid.

Following this cells were plated on a LB agar plate containing suitable selective antibiotics.

2.6.5 Polymerase chain reaction

Polymerase chain reaction (PCR) samples containing final concentrations of 1 x PCR buffer (20
mM Tris—HCI, pH 8.4, 50 mM KCl), 2.5 mM MgCI2 (Invitrogen), 250 uM of each dNTP (Invitrogen),
250 nM of each oligonucleotide primer, 0.625 U Hot-Start Tag50 (Qiagen), and 50 ng sample DNA
were prepared in a total volume of 25 ul. The PCR was performed on a DNA Engine® Peltier
Thermal Cycler (BioRad, UK). Reaction conditions were typically as follows (for some primer pairs
this was altered and will be noted in the specific materials and methods): Initiation by Hot-Start
Taq activation at 95°C for 15 minute, followed by 35 cycles each consisting of a denaturation step
at 94°C for 60 second, annealing at 55°C for 30 second, and extension at 72°C for 60 second. After

the last cycle, samples were kept at 72 °C for 10 minute.
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2.6.6 Gel electrophoresis

DNA products were separated by gel electrophoresis through suitable concentrations of agarose
gel (0.7-3%) in 1 X TBE buffer (50 mM Tris, 100mM Borate, 10 mM EDTA, pH 8.2) at 70 V and

visualised by ethidium bromide staining under ultraviolet (UV) illumination.

2.7 Statistical Analysis

All statistical analysis was performed using Minitab 16.1.0. or GraphpadPRISM. Data was checked
for assumptions of normality using the Shapiro-Wilk normality test or the D’Agostino and Pearson
normality test depending upon the number of samples. Data was considered normal where
p>0.05 (significance level). Variance homogeneity was analysed using the F-test. Variance was
similar where p<0.05. Unless otherwise stated, differences between dietary treatment groups or
between genders were performed using the independent Student’s t-test (for normally
distributed data), or Mann—Whitney rank sum test (for nonnormal data sets). P<0.05 was

considered statistically significant.
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Chapter 3. Production of recombinant murine
FGF4

3.1 Introduction

The fibroblastic growth factors are a family of 22 proteins (in both human and mouse) which are
important in embryonic development, in the adult in angiogenesis and wound healing. All
extracellularly-acting FGFs require heparan sulphate proteoglycans as a cofactor for signal
transduction; for this reason, heparin is added in all cell assays of their function. FGFs 1-10 all
function through binding to transmembrane FGF receptors, of which there are 4 closely related
members (FGFR1-4) and FGFR5, which lacks the tyrosine kinase domains present in the others.
The diversity of the receptor family is further expanded by extensive alternative splicing. The
receptors have three extracellular immunoglobulin domains, with the third (D3) providing ligand

specificity and the site for heparan sulphate binding.

FGF4 has a broad mitogenic activity and is important for cell survival. It was first identified as a
transforming factor driving tumours including Kaposi’s sarcoma, hence its original name of K-FGF
(Sakamoto et al., 1986). Subsequently, it has been shown to be involved in many embryonic
processes, such as limb development, mesenchymal proliferation and left-right patterning. Most
importantly, it has major roles in maintaining various groups of stem cells (Kosaka et al., 2009).
Stem cells responding to FGF4 include epiblast stem cells; these primed pluripotent stem cells
form all three germ layers. FGFR2 is considered the main form of receptor for FGF4 in the early
embryo, with mutations of FGFR2-IIIb causing limb defects and loss of SHH. FGF4 expression is

often controlled by Wnt/LEF1 signalling or in SHH feedback loops (Kratochwil et al., 2002).

FGF4 is required for embryo survival after day 5.5 in the mouse, with its loss probably causing a
failure in the primitive endoderm (PE) at this stage (Feldman et al., 1995). This is slightly later than
seen if FGF signalling is inhibited, which leads to embryonic loss as a failure of expansion of the
blastocyst. The difference may be caused by the presence of FGF8, which is not needed for early

development but may compensate for FGF4 as it does in other situations (Naiche et al., 2011).
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Signalling through the FGFR induces four distinct paths (Figure 3-1):
Janus Kinase / Signal Transducer and Activator of Transcription (JAK/STAT)
Phospholipase C gamma (PLCy)
Phosphoinositide 3 Kinase (P13Kinase)

Extracellular signal regulated kinase / Mitogen —activated protein kinases (ERK/MAPK)

Signalling through these pathways is highly relevant for early development and early stem cell
formation, and the null mutants of many of the intermediates in the pathway including the FGF4-
/-, Frs2a (FGF receptor substrate 2a) -/-, Grb2-/- and Erk1/2 -/- mice all show an embryonic
lethality (Gotoh et al., 2005, Cheng et al., 1998, Fremin et al., 2015).

Matrix associated
proteoglycan

FGFR

Membrane bound

roteoglycan
Plasma membrane P gly

> JAK/STAT
/N " pLC
Rac Raf, Y
,MEK«!fS DAG IP3
/ N\ M I
V ‘ \ PDK /A
P38 INK ERK1/2

Figure 3-1: Main signalling paths induced through FGF signalling For signalling to occur, a

heparin sulphate proteoglycan inducer must be present. Modified from Lanner and Rossant, 2010.

There are four / five stem cells types isolatable from the early embryo, and FGF4 has effects on all
of them; either being required for their derivation and maintenance, or — in the case of murine ES

cells — driving their differentiation (Table 3-1).
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Table 3-1: The effect of FGF4 on the formation and maintenance of early embryo stem cells

Stem Cell Requirement for FGF4 Production of FGF4
TS Required Produced

XEN Required for initial (?) derivation Produced

ES Not required* Produced

EpiSC Required Not Produced

HUES Required Not Produced

* induces neural differentiation

Mouse ES cells produce FGF4, and this is known to increase the likelihood of their differentiation;
indeed, blocking FGF4 signalling with chemical inhibitors or preventing the Erk1/2 pathway will
increase the efficiency of ES cell derivation (Kunath et al., 2007, Ying et al., 2008). Furthermore,
species which have appeared to be intransigent for the derivation ES cells with Lif, respond when
ICM cells are co-cultured with FGF4/Erk inhibitors and Lif. Hence, germ-line competent rat ES cells
have been obtained only after inhibition of FGF signalling (Li et al., 2008). Similarly, blocking the
expression or activity of the enzymes needed in proteoglycan production, so inhibiting FGF
signalling, also results in ES which appear more stable and less prone to spontaneous

differentiation (Kunath et al., 2007, Ying et al., 2008).
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Figure 3-2: Linkage between the main early stem cell types and the role of FGF4 and Lif. FGFs
maintain the primed stem cells; however, they drive differentiation of uncommitted blastomeres

and the unprimed ES cells. Modified from Lanner and Rossant, 2010.

EpiStem cells express the pluripotency markers Sox2 and Oct4; however, while they may
differentiate into all three germ layers, they are considered to be in a “metastable” state and are
partially committed, as they differ from ES cells transcriptionally and fail to contribute to chimeras
(Brons et al., 2007). The cells show the typical X inactivation marks seen in post implantation
epiblast cells, and also express FGF5 typical of the late epiblast rather than the ICM. They require
FGF2 (and activin A) to prevent both their differentiation (especially to neuronal cells) and also
their re-conversion to ES cells (Brons et al., 2007). If FGF signalling is inhibited in the presence of
Lif, EpiStem cells undergo X reactivation and can repopulate blastocysts to form chimeras (Guo et

al., 2009).
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Human ES cells are transcriptionally closer to EpiStem cells than Murine ES cells; however, they do
respond to Lif and show an increase in Stat3 phosphorylation (Chen et al., 2015). This is not
sufficient to drive self-renewal: for this they require FGF and Activin signalling like EpiStem cells
(see earlier). It also appears that FGF4 signalling blocks the differentiation of these cells toward
other cell types (Mayshar et al., 2008). Inhibiting FGFR signalling and blocking Erk1/2 will allow
EpiStem cells to pass back through a murine ES-like stage (stabilised by Lif) through XEN stem cells
to Sox7 expressing PE cells, or to Cdx2 expressing TE cells (stabilised by the later reapplication of

FGF4) (Guo et al., 2009) (Figure 3-2).

In summary, fluctuation and driven interconversion between all the stem cell types present in the
early embryo is possible in both human and mouse, and FGF signalling pathways have a diversity

of effects and stabilise a number of these different stem cell types.

FGF production

FGF4 is necessary for the isolation and culture of TSCs. It is needed in an abundant and stabilized
supply for the long term undifferentiated culture of these cells. For this reason, we produce FGF4

as a recombinant protein in a eukaryotic expression system.

Mammalian protein expression systems

There are several different expression systems for the production of recombinant proteins: both
prokaryotic and eukaryotic systems have their own advantages and disadvantages. While E. coli is
easy, cost-effective to culture, grows quickly and the vector is easy to transfer into cells,
prokaryotes do not have the eukaryotic post-translational modifications — in particular, those
seen in extracellular proteins. Hence, changes occur in disulphide bond closure and the correct N-
or O-linked glycosylation. FGF4 shows glycosylation, and all members of the FGF family share
conserved cysteines; in other members of the FGF family, these are known to be used in
stabilising disulphide bonds. The absence of these may affect the protein’s folding and hence

function (Jenkins et al., 2008).

Eukaryotic systems grow slower than prokaryote systems, generally give lower yields, need a

stricter culture environment and are often more complex to purify. Of the eukaryotic systems
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available, mammalian cells have more repeatable post-translational processing than insect or

yeast cells, so we chose a mammalian cell system for the production of the FGF4 protein.

3.2 Material and Methods

3.2.1 Amplification of FGF4 cDNA

Primers were designed based upon the murine FGF4 sequence (Figure 3-3)

M A K R G P T T G T L L P R V L L A L V 20
1 atggcgaaacgcgggccgaccacagggacgctgctgcecccagggtecctgetggeecctggtyg 60

v AL A D R G T AVYA P N G T R H A E L G 40
61 gtggccctggcggaccgagggaccgeccgcacccaacggcacgecggcacgecagaattgggg 120

H 6 w D G L VA R S L A R L P V A A Q P 60

121 cacggctgggacggcttggtggcccgctcgetggcacgectgecggtggecgegecageece 180
P O A AV R S G A G D Y L L G L K R L R 80
181 ccgcaggcggcggtccgcagcecggcgcaggggactacctgectgggectcaaaaggettegg 240
R L vy ¢c N V G I G F H L @ V L P D G R I 100
241 cggctctactgcaacgtgggcatcggattccacctgcaggtgectgecccgacggecgecate 300
G G v H A D T R D S L L E L S P V Q R G 120
301 ggtggtgtgcacgcagacacgagggacagtcttctggagctctctccggtgcagegagge 360
v v s I F G V A S R F F VvV A M S S R G K 140
361 gtggtgagcatcttcggagtggccagceccggttcecttegtggctatgagcagcaggggcaag 420
L ¥ G VP F F T D E C K F K E I L L P N 160
421 ctcttcggtgtgcctttctttaccgacgagtgtaaattcaaagaaatacttctgecccaac 480
N Y NAY E S Y A Y P G M F M A L S K N 180
481 aactacaacgcctacgaatcctacgcgtaccccggtatgttcatggeccctcagtaagaac 540
G R T K K G N R V S P TM K V T H F L P 200
541 gggcggaccaagaaggggaaccgagtgtcgcecctaccatgaaggtaacccacttecttecct600
R L ~* 202

601 agactgtga 609

Figure 3-3: The Mus musculus FGF4 sequence from NCBI (BC104312)

The arrow is the position of the cleavage site of the signal peptidase. The asterisk is the

translational stop codon.

The primer site is labelled in Figure 3-3 in blue and two restriction enzymes (Nhel and Not1) with
different cutting sites were added to the 5’ and 3’ primers respectively. These were placed so as
to produce a fusion protein as shown below. The enzymes were selected due to their suitability
for the vector pCEP-Pu (Figure 3-4). Additional adenine/thymine sequences were added to the
beginning of the primers to optimise their AT/CG ratios; these regions are non-coding and will be

cleaved from the amplified region by the restriction digestion.
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Figure 3-4: The structure of pCEP-Pu. (Kanigicherla et al., 2013)

The pCEP-Pu vector has different functional sites, including AMP (ampicillin resistance) which can
be selected in E. coli, and a ColE1 replication origin for plasmid amplification in E. coli. A
puromycin N acetyl transferase resistance (Pac) gene is also present in this vector, which allows
the selection of transfected eukaryotic cells. The EBNA-1 gene (Epstein-Barr nuclear antigen 1)
drives extrachromosomal replication of the plasmid in mammalian cells through the binding and
activation of the EBV- OriP replication initiation sequence. Thus the vector replication rate
remains high and independent of cell proliferation; so very many copies of the plasmid (typically
50-200) are present in transfected mammalian cells. The CMV promoter (pCMV), which is highly
expressed in many human cell lines, drives strong transcription of any insert. A 6-His-tag is added
on the C-terminal of the recombinant protein for ease of purification and detection. Thus this
system produces high protein levels but does not result in clones, as the expression plasmid is
retained extrachromosomally. For the proper secretion pathway, which is needed for any N linked
glycosylation and closure of disulphide bonds, a signal peptide from BM-40 (SP) was included as
an in-frame N terminal fusion; this is highly efficient and has been extensively used to drive

release of proteins into the endoplasmic reticulum.
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The primers designed for amplification of murine FGF4 cDNA are shown below:

MuFGF4-Foward 5" AATTGCTAGCACCCAACGGCACGCGGCAC

The underlined region is the Nhel recognition sequence

MuFGF4-Reverse 5 AATTTGCGGCCGCCAGTCTAGGAAGGAAGTGGGTTACC

The underlined region is the Not1 recognition sequence

PCR was carried out using random primed cDNA produced by reverse-transcribing mRNA from
murine ES cells as a template. These cells express high levels of FGF4 and little of any other FGF
mRNA. Total RNA was extracted with Tryzol (Guanadinium and Phenol) and then differentially
isolated by chloroform separation (Chomczynski and Sacchi, 1987). cDNA was produced by
extension of 1ug RNA after random hexamer annealing using AMV reverse transcriptase (Table 3-

2, 3-3).

Table 3-2: Conditions to produce random primed total cDNA

Ingredient Volume Note

Water (RNA free) 16ul

5x buffer (25mM MacCl2) 2.5ul Promega A3500

Random Primers (hexamer) 2ul (1pg)

dNTP 1l (final concentration 1mM)
RNA template 2ul (~1pg)

AMV reverse transcriptase 1l Promega A3500
Recombinant RNasin® 0.5 ul

Ribonuclease Inhibitor

Prior to setting up the reaction on ice, the RNA was denatured by heating for 10 minutes at 70°C.
The reaction was carried out at 42°C for 30 minutes, and then at 37°C for a further 30 minutes.

The enzyme in the sample was then destroyed by heat at 95°C for 5 minutes.

The amplification was carried out as below, using a gradient of annealing temperatures between

50 and 66°C.
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Table 3-3: PCR conditions to amplify FGF4 mRNA

Ingredient Volume Note
Water ooul
10x buffer 10ul Roche Cat. 11146173001
5’ primer 2ul 10mM stock
(final concentration 200uM)
3’ primer 2ul 10mM stock
(final concentration 200uM)
dNTP 1l TaKaRa 2.5mM, Cat. 4030
(final concentration 250uM)
DNA template 2ul random primed cDNA
(~0.2ug)
Polymerase 1l Taq polymerase,
Roche Cat. No. 11146173001

3.2.2 Ligation and cloning into sequencing and expression vectors

The cDNA fragment was isolated after running on an agarose gel, using a QlAquick Gel Extraction
Kit (Qiagen — ID 28704). This was initially subcloned into the pDRIVE TA cloning vector (Qiagen —
ID231122), making use of the thymidine addition at the 3’ end of Taq amplified DNA. Inserts were
tested by sequencing using M13 forward and reverse primers present in the multiple cloning of
the pDRIVE vector. The insert from correct clones was released by restriction enzyme digestion

with Not1 and Nhel and cloned into pCEP-Pu (Table 3-4).

Table 3-4: Conditions to digest the expression vector by the restriction enzymes Nhel and Notl

pCep-Pu/ pDrive-FGF4 10yl 0.3pg/ul

10x Buffer 2 2ul NEBiolabs B7002S

Nhel 0.5ul NEBiolabs RO131L

Water 7.5ul

Final volume 20ul Incubated at 37°C for 1 hour
Vector cut by Nhel 20ul

10x Buffer 3 4ul NEBiolabs B7003S

10x BSA 4ul NEBiolabs

Notl 0.5ul NEBiolabs RO189L

Water 11.5ul

Final volume 40ul Incubated at 37°C for 1 hour

Digested DNA possesses a 5’ phosphate group that is needed for ligation. To prevent self-ligation,
this phosphate can be removed from the cut vector DNA prior to ligation, which reduces
background in the cloning process and also makes the correct ligation reaction more efficient.
Following digestion, the pCEP-Pu vector was treated with Calf Intestinal Alkaline Phosphatase (CIP)
(NEBiolabs M0290), and the T4 DNA ligase enzyme repaired the DNA strand breaks. Once vectors
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and inserts had been cut run and isolated, they were mixed together at approximately a molar
ratio of 5:1 (insert to vector) and incubated with the enzyme at 14°C overnight. Controls of vector

and insert alone were also included (Table 3-5).

Table 3-5: cDNA Ligation conditions

Vector cut by restriction enzyme 2ul

Insert DNA 6ul

10x Ligase buffer 1ul Promega C126
Ligase enzyme 1l Promega M1801
Total volume 10ul

3.2.3 Transfection into mammalian cells

The plasmid expression vectors need to be transferred into mammalian cells for recombinant
protein production. This procedure (called “transfection”) was carried out using lipofection, with
FUGENE 6 (Promega E2691) - a multi-component lipid-based transfection reagent. Its cationic
lipids form an aggregate with the negatively charged (anionic) genetic material, and can readily

merge with the cell membrane.

The lipofection mixture was prepared by warming 100ul of serum-free DMEM media in a sterile
polystyrene tube. 6l of the Fugene reagent was added and mixed into the medium, then
incubated for 5 minutes. 1pl of the plasmid (1pg/ul) was added and mixed with the
DMEM/Fugene. Following incubation for a further 15 minutes at room temperature, the
medium/transfection agent/DNA mixture was added directly to the cells in their growth media.
The plates were gently shaken to spread the DNA, and they were then cultured at 37 °C, 5% CO,.
After 48 hours, the cells were split to two 10cm petri dish and puromycin selection (1 pug/ml) was

started. Untransfected cells were included as a control for puromycin activity.
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3.3 Results

3.3.1 PCR amplification of FGF4 cDNA.

The amplification of the murine FGF4 fragment was performed using mouse ES cells. The PCR
products were analysed by running on an agarose gel (Figure 3-5). The expected band of 546 bp
was observed in lanes 4, 5, and 6. This is expected from the estimated annealing temperatures of
the primers, as the primer MuFGF4-Reverse has an estimated annealing temperature to the cDNA

of ~56°C.

500bp—>

Figure 3-5: The amplification of the FGF4 cDNA from mouse ES cells.

Lane 1, 1Kb marker, lane 2, negative control from mock reverse transcription reaction lacking any
enzyme, 3-6 amplification using a gradient of annealing temperature from 66°C (lane 3) to 50°C

(lane 6).

3.3.2 Vector and insert purification

The PCR product was purified from the gel, and through silica column binding (Qiaquick Gel
Extraction kit Qiagen), the DNA was eluted into water. Initial attempts to Nhel- Not1 digest the
PCR product, purify it and directly clone it into the pCEP-Pu vector failed, possibly due to the
relatively small amounts of product. Therefore, we changed the strategy: pDrive vector allows
direct cloning of Tag amplified products, and so minimises digestion and extra purification steps.
The cDNA was directly inserted into pDrive vector, which allowed selection by blue/white LacZ

disruption. The pDrive vectors with insert were amplified and purified (Figure 3-4). The clones
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were tested for the presence of an insert by running both undigested DNA and EcoR1-digested

DNA (the latter releases the full insert on 540bp) (Figure 3-6).

M12345%6 78910 M12345¢678910

Figure 3-6: Extracted plasmids following ligation of the FGF4 DNA fragment into the pDrive
vector

Left panel undigested, right panel EcoR1 cut plasmid DNA Lane 1-10 are clones picked from
blue/white LacZ expression. All clones except 5 appeared to contain the correct insert. Three

samples (#1, #3 and #6 from the above) were chosen and cultured as midi-preps.

Three clones were further analysed by sequencing (MRC-PPU, DNA sequencing and services). Two
clones contained no changes to the protein coding of the sequence (when compared to NCBI
Reference Sequence: NM_010202.6). These two clones (FGF4-Mu-1 and FGF-Mu-3) were then cut
with Nhel and Not1 to release the insert; the third clone, FGF4-Mu-6 (which also had no evident
mutation) did not appear to cut. The insert was purified as described above after agarose gel

electrophoresis (Figure 3-7).

<«— pDrive

|

Figure 3-7: The insert cut after cloning FGF cDNA into the pDrive vector.

Clones FGF4-Mu -1 and FGF-Mu-3 released the insert, but not clone FGF4-Mu -6

The fragment was successful ligated into the Nhel / Not1 cut and the CIP-treated pCEP-Pu vector
and transformed into DH5 a competent E Coli, which were selected on ampicillin plates. Clones

were picked and cultured for DNA mini-preparation. DNA preps were tested by digestion with
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Hindlll / Not I, which releases the whole expression coding region — including the signal peptide —

from the plasmid (Figure 3-8).

<«— pCEP-pu

<+— [Insert

Figure 3-8: Analysis of the pCep-Pu vector containing FGF4-Mu, from the pDRIVE

Clones FGF4-Mu-1 and FGF-Mu-3. Digestion of the plasmids with Hindlll / Not1 produces a band of
650 bp.

3.3.3 Transfection of HEK-293 cells and Analysis of FGF4 Expression

Figure 3-9: HEK-293 cells were selected by puromycin
(A) Untransfected control (B) Transfected cells after 4 days selection.

The midi-prep purified DNA from the above clones was then used for transfection of 293 HEK
(human embryonic kidney) cells. 48 hours after transfection, selection with puromycin was
initiated (Figure 3-9). After the puromycin selection was finished, the puromycin-resistant cells
had become fully confluent in approximately 6 days. The culture medium was then changed from
selection to serum and puromycin free medium for harvesting and analysis of protein expression.
After 48 hours in the serum-free medium, the supernatant was collected and analysed for FGF4

expression.

The protein was concentrated by ethanol precipitation, with 10 times the volume of pure ethanol,
after incubation at -20°C overnight. Precipitated protein was obtained by centrifugation, washed

with 70% ethanol, dried and then re-suspended in water. The protein equivalent of 0.5ml of
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supernatant (a tenfold concentration) was separated by PAGE and transferred to a PVDF
membrane. The recombinant protein was produced as a C-terminal 6 His-tag fusion, and the blot
was probed with an antibody directed against the tag. A visible band signal is seen at 20kDa

shown in lanes 1 and 3 of (Figure 3-10), close to the recorded size of murine FGF4 (22kDa).

M 1 2 3

20kDa —

Figure 3-10: The Western blotting result indicated FGF4 present in lanes 1 and 3 with a band of

molecular weight of approximately 20kDa

M: Low molecular weight marker. Lane 2 is the supernatant from untransfected 293 cells acting as

a negative control.

3.4 Testing of FGFs Biological Activity

FGF4 can induce NIH-3T3 cell proliferation in serum-free medium (Talarico and Basilico, 1991).

We then tested our FGF4-containing supernatant against commercial FGF4 (Sigma F8424).

3.4.1 Material and methods

Both live cell counts and an MTT assay were carried out. The cells were cultured in medium which
contained varying dilutions of FGF4-conditioned media, as secreted by the HEK-293 cells. These
were then compared with the commercial standard culture media containing 25ng/ml FGF4 to

determine the level of bioactivity. The method used for the MTT assay is as described in Chapter 2.
Cell count

The day before the test, NIH-3T3 cells were split into 6-well plates, at a density of 5x10* cells per

well. After 24 hours the medium was changed, as per the following table:
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Table 3-6: The medium used in bio-activity test

FBS control DMEM/F12+ 10%FBS

Negative control DMEM/F12, 50ug/ml Heparin

25ng/ml FGF4 DMEM/F12, 50ug/ml Heparin, 25ng/ml commercially
available FGF4 (R&D systems)

10% CM DMEM/F12, 50ug/ml Heparin, 10% conditioned medium
from FGF4 expressing HEK-293 cells

10% CM-NT DMEM/F12, 50ug/ml Heparin, 10% conditioned medium
from HEK-293 cells

2% CM DMEM/F12, 50ug/ml Heparin, 2% conditioned medium
from FGF4 expressing HEK-293 cells

1% CM DMEM/F12, 50ug/ml Heparin, 1% conditioned medium
from FGF4 expressing HEK-293 cells

The cell numbers were counted and an MTT assay performed on days 2, 4 and 6.

3.4.2 Results

The direct cell count numbers showed that though the presence of FBS had a continued effect on
cell growth, both the FGF and conditioned media maintained cell numbers at levels over the
serum-free, negative control (Figure 3-11). The effects were evident at day 2 and lesser at days

4/6, presumably due to the poor stability of FGF and/or heparin in presence of the cells.

40 -
—_ 35 -
o == 10%CM
8 30
- s 2%CM
RaJ ——1%CM
— §
20 .
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= 15 r-
& ——25ng/ml FGF
=)
c 107 FBS control
@ 5
o
D T T 1

day 2 day 4 day 6

Figure 3-11: Effects on 3T3 cell numbers upon culture in FGF4 and dilutions of conditioned media

(CM) - all assays were carried out in the presence of heparin.
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Figure 3-12: MITT conversion assay upon culture of 3T3 fibroblasts in FGF4 and dilutions of

conditioned media (CM) - all assays were carried out in the presence of heparin.

The cell counting assay suggested that 1:10 diluted condition media resulted in similar numbers of
cells as were observed with the standard 25ng/ml concentration of FGF4. However, the effect was
reduced after 4 days in both media - possibly due to destruction of either the FGF4 or the heparin

sulphate. The MTT assay shows variable results (possibly due to the low numbers of cells) but all

indicated the activity decreased at day 6.

To be certain the effects were effective over a prolonged culture, the above assays were repeated
but the media was changed daily. Again, cell numbers and MTT conversion was measured every
second day. An increase in cell numbers was observed in the presence of 10% and 2% conditioned
media over the full period of the study, and the response of the 10% CM appeared close to that of
the 25ng/ml standard (Figures 3-13 and 3-14).
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Figure 3-13: Effects on 3T3 cell numbers upon culture in FGF4 and dilutions of conditioned media

(cv)

All assays were carried out in the presence of heparin, here the media was changed daily.
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Figure 3-14: MTT conversion assay upon culture of 3T3 fibroblasts in FGF4 and dilutions of
conditioned media (CM)

All assays were carried out in the presence of heparin, here the media was changed daily.
Finally, to rule out other factors in the conditioned media causing the cell proliferation, media
from non-transfected 293-HEK (NT) cells was compared. Further, the effect of heparin was

analysed for its effect on NIH-3T3 cells (Figure 3-14). This demonstrated that the effect of the

conditioned media from cells transfected with the FGF construct (CM) was heparin dependant
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and there was very little effect when 3T3 cells were cultured with conditioned media from
untransfected HEK-293 cells, showing that the FGF4 expressed by the 293 cells was active and

functioning in a heparin/heparin sulphate dependent manner.
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Figure 3-15: Effects on 3T3 cell numbers upon culture in FGF4 and dilutions of conditioned media

(cv)

Here, assays were carried out in the presence and absence of heparin and the media was changed
daily. CM is conditioned media from cells transfected with the FGF4 construct. CM-NT is

conditioned media from untransfected HEK-293 cells, with a small heparin dependent effect.

Discussion

Here we cloned and expressed murine recombinant FGF4 in mammalian cells. The protein is
highly expressed in ES cells, so we utilised this as our source of mRNA. The cDNA was subcloned
and sequenced to verify its identity and check for any PCR-induced mutation prior to its cloning
into the pCEP-Pu vector. This vector has the ability to act as an episome in cells carrying the EBNA
gene, so it will replicate independently of the cells’ own replication cycle, and can produce many
copies of the plasmid in the cell. This results in the potential for producing extremely high yields
(Odenthal et al., 2004). The vector used results in the recombinant protein being produced as a
fusion protein; at the N terminus, the modified sequence carries the signal peptide of the
BM40/SPARC protein for efficient translocation of the transcript/forming protein to the rough
endoplasmic reticulum. This leads to the entry of the immature protein into the eukaryotic
secretory pathway, and results in correct folding and other post-translational modifications. This

has major advantages in that refolding of the protein is not required — a procedure which results
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in much protein loss and which is needed in bacterial expression system. Furthermore, correct
closure of di-sulphide bonds occurs — stabilising the structure — and suitable glycosylation occurs,
neither of which is seen prokaryotes. Finally, a major advantage of this system over bacterial
expression is the removal of the risk of endotoxins being present in any purified recombinant
proteins. The LPS part of the E.coli coat is known to dramatically alter cell division in ES cells, can
affect their differentiation, and is known to be toxic to stem cells at levels far lower than that
observed with other stable cells lines (Nagy, 2003). At the C-terminus, the FGF4 is fused to a Hise
sequence placed in the parental plasmid 3’ of the Not1 site. The addition of this tag allows
purification of the protein from the medium, as well as its identification in immunoblots using

antisera raised against poly His peptides (see Figure 3-10).

We analysed the activity in the medium by comparing the conditioned media from the
transfected 293 cells with commercial FGF4. Initial experiments showed that the conditioned
media had a dose-dependent mitotic effect upon 3T3 cells grown in serum free media, though it
was evident that both assays showed a reduced response after 4 and 6 days. It is possible the
activity of the mitogen was lost as the cytokine had degraded by proteases in the medium, as
studies by others have shown that FGFs have a short half-life both in cell culture and in vivo —
though this is somewhat extended by their interaction with proteoglycans (Beenken and

Mohammadi, 2009).

We then analysed the cells after regular media replacement, and this showed an extended effect,
with cell proliferation continuing over the full 6 days of the assay period. This also shows that to
maintain any desired effect will require the regular, at least every two days, replenishment of
media. This mitogenic action — which was heparin dependant — was lost in its absence. To verify if
there was any other mitogen present, conditioned media from untransfected HEK-293 cells was
also tested; this showed a very slight mitogenic effect, about 15% of that seen with the FGF4
expressing cell media. This was also heparin dependant, suggesting that the HEK-293 cells

naturally produce low levels of FGF.

Comparing different dilutions of the conditioned media in the cell counting and MTT proliferation
assays, both suggested that there was approximately 250ng/ml active FGF4 in the pooled

supernatant — assuming that the commercial recombinant FGF4 was fully active (this may not be
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correct, as this was bacterially expressed and would be expected to have a lower activity than the

eukaryotic form).

In summary, we have cloned and expressed the active FGF4, and we next tested this for its ability

to maintain TS cells in culture.

70



Chapter 4

Chapter 4. Optimization of Methods to Establish
TS Cell Lines

4.1 Introduction

The first TS cell line was established by Professor J. Rossant’s group (Tanaka et al., 1998). Unlike
ES cells, where many lines have been established by different laboratories and most have been
extensively characterised, far fewer TS lines have been produced. Also, perhaps because these
cells have a limited differentiation capacity, they have not been studied as extensively. In fact,
most work has utilised the TSz line, the first one described in Tanaka et al., 1998, (Liu et al., 2004,
Zhong et al., 2004, Xie et al., 2005). It was a further four years before another laboratory reported
being able to repeat the process, and only four other labs had established TS cell lines over the
next decade (Mak et al., 2002, Yang et al., 2006, Wen et al., 2007, Chiu et al., 2008). To date, only
some 30 independent TS cell lines have been produced from only about 15 different laboratories
— most having transgenic modifications (Table 4-1). From this, it must be assumed that the routine
isolation of stable TS cell lines has proved difficult to repeat. Factors which may play a part in the
isolation and maintenance of TS cells include the genetic background of the embryos used to
isolate the cells, the timing of the culture, the timing and extent of trypsinisation, and the

inclusion of contaminating cells which may drive differentiation.

TS cells are cultured in high concentrations of FCS (15-20%) with the addition of FGF and its
cofactor heparin. The medium also contains conditioned medium from foetal fibroblasts (see
below). Furthermore, the cells are maintained during their derivation and when not used
experimentally by growing on a feeder layer of mitotically inactivated murine fibroblasts. As a
result, the culture medium is enriched for many other non-specified growth factors, which may
vary over time and have a major effect upon the efficiency of derivation and the maintenance of

the cells in an undifferentiated state.
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In this chapter, we describe how culture conditions were optimised to obtain TS cell lines. The

methods used were based upon those of Tanaka et al., 1998 with some variations.
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Table 4-1: TS cell lines established to date

Chapter 4

Name Description Reference
TSss The first TS cell line establish from E3.5 embryo, Strain: (Tanaka et al., 1998)
129/Sv
TSe.s The first TS cell line establish from E6.5 embryo, Strain: ICR
EGFP-TS35 Strain: B5/EGFP transgenic mice
EGFP-TSe.5
A2, B1, B7 Mixed genetic cell lines from C57BL6 x CBA: F1 females with (Mak et al., 2002)
PGK males
Wild-type; and C57BL/6J inbred strain and Cx31-deficient strain (Kibschull et al., 2004)
Cx317
Cdx2* Cdx2 targeted mutation with ICR strain mixed genetic (Strumpf et al., 2005)
background
TS A TS cell line derived from C57BL/6NCrj mouse blastocysts (Hattori et al., 2007)
Ets2db1/+ TS cells from Ets29%°Y+ heterozygote (129/Sv background) (Wen et al., 2007)
Etszdb2/+
Etg2A72/A72
SENP2*/* SENP2 mutant mouse (Chiu et al., 2008)
SENP2-
AG B6D2F1 (C57BL/6 x DBA2) mice were used as oocyte donors. | (Ogawa et al., 2009)
PG
Wild-type
MEKK4WT/K1361R (C57BL/6 x 129/SvEv) and pure (129/Sv Ev) backgrounds, (Abell et al., 2009, Abell
TsK14/ TSWT et aI., 2011)
ICR-GFP C578I/6 x Balb/c F1- mixed genetic background (Epple-Farmer et al.,
F1 2009)
ntTS TS cell lines from nuclear transfer (Oda et al., 2009)
Dicer™ Dicer®™™mice - mixed 129/Sv genetic background (Spruce et al., 2010,
Santos et al., 2010)
TS B6 x CAST F1 mixed genetic background (Golding et al., 2010)
TSC-BK12 BI6D2/F1 mixed genetic background (Kidder and Palmer,
2010, Kidder and
Palmer, 2012)
TS Strain: CD1 (Saito et al., 2011)
1FTSC Oct-GFP-positive embryos directly derived to TS cells (1FTSC) | (Kuckenberg et al.,
4FTSC or transduced with lentiviruses (4FTSC) 2011)
Cdh167/6T Cdh1*¢T C57BL/6 background mice (Naoe et al., 2013)
16, K2, K4 3 GFP lines from 129/Sv.Hprt ™ Pgk.1a x 129.Tgn.GFPX4 (Dubois et al., 2013)
F3, F2 2 control from 129/Sv.Hprt°™.Pgk.1a x 129/Sv
CAT1 BALB/cAJcl mice, collected at E2.5 and cultured to blastocyst | (Aikawa et al., 2014)
stage
Hif /- TSCs derived from HIF-null mice (129/Sv mixed (Choi et al., 2013)

background)

73




Chapter 4

4.2 Materials and Methods

4.2.1 TS cell culture

Fibroblast condition medium preparation

For optimal growth of TS cells, we first prepared fibroblast condition medium (FCM). Early
passage murine fibroblasts were grown to confluency and treated with mitomycin C. Following
extensive washing, the cells were trypsinised and plated at ~1x10° cells per 10cm dish and
allowed to attach. The medium on the plates was replaced with TS medium (see appendix) and
was collected as conditioned medium every 72 hours for up to 10 days following the mitomycin C
treatment. The medium was centrifuged and filtered prior to storage at -20°C. The FCM was
generally used at 70% FCM with 30% TS medium along with FGF4 and heparin for routine culture
of TS cells.

General method for the establishment of TS cell lines

The TS cell culture was performed by following the protocol of Quinn, et al., 2005. Blasotcysts
were collected on day E3.5 and cultured in a 6-well plate upon mitomycin-treated MEFs as feeder
cells. They were cultured in 100% TS medium supplemented with FGF4 and heparin until the
embryos had attached to the plate and cells had initiated an outgrowth from the blastocyst. After
this initial plating and attachment, the medium was changed every 48 hours. After 6-8 days, the
blastocysts were considered to be an appropriate size for disaggregation; they typically contained
a central region of cells corresponding to the differentiating ICM and a surrounding halo of cells

containing a proportion of TS cells (Figure 4-1).
Figure 4-1: Embryonic outgrowth on MEF cells at day 5

ICM — is the differentiating inner cell mass, * are the
outgrowing trophoblast cells spreading over the feeder
cells (note their well-defined border)

Bar- 50um
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Collected E3.5 embryos

TS medium with feeder cells
[RPMI1640, FGF4, heparin, 20% serum]

RN

SCSeese S

=

(0001

Disaggregate

Total:6 t k:
otal: 6 to 8 weeks 0.125% trypsin

Passage

mm

12-well

Figure 4-2: Diagram of the steps used in the establishment of TS cell lines

For the first disaggregation, we used trypsin at 0.125% concentration (diluted from 0.25% trypsin
1mM EDTA; Gibco 25200-056) upon the suggestion of Dr Myriam Hemberger (Babraham Research
Institute). The medium was aspirated and cells rinsed with PBS. 10ul of warmed trypsin was
placed in U-bottomed microwells, the embryonic outgrowth was picked using a 200ul yellow tip,
and the outgrowth was then isolated in 2-3ul of media. These were then transferred into
microwells, incubated for 5 minutes, and pipetted under a microscope until they became single
cell suspensions. The suspension drops were moved to a 48-well plate containing MEFs. 400ul of
medium (30%TS: 70%FCM media, see appendix) was added to each well in order to stop the
trypsin. The media was changed the next day (30%TS: 70%FCM media). Where colonies appeared,
the cells were maintained in a 48-well plate for 6-10 days until they were approximately 50%
confluent (see Figure 4-2). Clones were expanded further, provided their morphology remained
undifferentiated. In some cases, obvious contamination with primitive endoderm was seen in
some clones; these cells appear as evenly spaced small round cells which rapidly proliferate and
occur upon differentiation of the ICM (see Figure 4-3). These usually appeared within the initial
outgrowth or after the first split — especially if the ICM was inadvertently carried over. Where

endoderm contamination was extensive, the clones were discarded.
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Figure 4-3: Parietal Cells (P) appearing from the ICM in a differentiating embryonic outgrowth.

These cells had been grown for 6 days after collection initial collection. There are a small number
of large flat trophoblast cells present, but they appear to be differentiating with obvious large

nuclei (arrows)

The cells were passaged from 48-well plates into 12-well plates. In the first several (2-7) passages,
gross differentiation of the TS cells still occurred in some wells. After early passages, TS cells could
be spilt at approximately 1:20 ratio every 5-7 days. Once cells were able to be stably passaged

without overt differentiation — generally at the 3™ or 4™ split — they were frozen in liquid nitrogen

with TS freezing medium (see appendix) for future studies.

4.3 Results

4.3.1 Optimisation TS cell culture

Our initial attempts were based upon using the inbred strain C57BL/6 — this strain is genetically
understood and is highly inbred. However, we failed to obtain any TS colonies surviving past the
second passage. Generally, while the blastocysts hatched, attached and produced an initial
outgrowth, they showed marked differentiation and parietal endoderm formation. The laboratory
has had success in producing ES cells from this strain of mice (Andrew Cox PhD thesis, 2013), and
the experience gained from this work suggested that C57BL/6 embryos matured earlier, hatching
approximately 6 hours quicker than outbred mice such as MFI. To obtain ES cells, the initial

splitting after out-growth had to be carried out some 48 hours earlier than described for other
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mouse strains (Behringer et al., 2014). Hence we attempted to derive TS cells with an initial
removal of the outgrowth 2 days earlier; however, only one cell line [0920]E1 was obtained from

322 picked embryos and expanded past the second passage.

As genetically hybrid ES cells produced from F1 embryos from crosses of two highly inbred strains
have been described as being easily obtainable and stable in culture (Eggan et al., 2001), and as
many of the existing TS cells come from such backgrounds, we attempted to produce such hybrid
strain TS cells. Embryos from 7 week old C57BL6 female mice crossed with CBA male animals were
produced and cultured as above; however, while these again resulted in embryonic outgrowths
and colonies of TS cells at passage 1 and 2, no further expansion was possible, with large amounts

of cell death and differentiation.

The culture of murine ES cells requires the regular splitting and the thorough trypsinisation to give
a single cell suspension. However, such treatment of hES cells, epiblast stem cells and TS cells is
believed to be detrimental to their culture, leading to cell death and the surviving cells appearing
prone to differentiation. Subsequently, we took line [0920]E1 and cultured it, disaggregating the
cells with varying concentrations of trypsin-EDTA, incubating the cells in each case for exactly 5
minutes at 37 °C. We found that both 0.5% and 0.25% trypsin-EDTA very efficiently broke up the
colonies but resulted in no (0.5%) or very few surviving colonies, while 0.125% trypsin-EDTA
resulted in sheets of cells which needed further trituration but had a far better survival rate. After
trituration, we were left with small colonies of 2-5 cells which would grow further in an
undifferentiated state. Lower concentrations of trypsin, reduced incubation times or cooler
incubation temperatures resulted in colonies that either failed to separate from the MEF cells or
which would not break into smaller groups of cells. We then investigated the disaggregation time
point, passaging the cells on days 5 to 10 days, and found that dividing the colonies at 7 or 8 days
after plating resulted in the best survival: later than this and the colonies did not disaggregate as

well and required amounts of trituration, which resulted in far greater cell death.

The FGFs are relatively rapidly destroyed in vivo by denaturation and enzymatic degradation

(Zakrzewska et al., 2009), as the initial disaggregation lacks a washing step and small amounts of
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trypsin is carried over into the later culture. We adjusted the culture medium so at disaggregation,
1.8x 70% FCM medium was used with somewhat higher FGF (45ng/ml) and heparin (1.8pg/ml)

concentrations (see appendix). This medium was changed on the next day to 1.5x 70% FCM.

4.3.2 Isolation of TS cells from MF1 mothers

Given the knowledge gained from handling clone [0920]E1, we then attempted to obtain TS cells
from fully outbred mice, and found that it was possible to obtain MF1 TS cells (Figure 4-4). This
strain of mouse has been used extensively to study maternal effects upon later development, and
while the efficiency was low, we did manage to obtain clones from both animals whose mothers
received a normal protein and a low protien diet between day of plugging (E0.5 and blastocyst

retreival E3.5).

In total, 13 stable clones were able to be maintained, frozen and retreived. Five clones from two
NPD mothers were isolated and 8 from three LPD mothers, and these grew somewhat faster than

the C57BI/6 cells (Table 4-3, Figure 4-5).

Overall, this is summaried in Table 4-2. We found that both in-bred and hybrid embryos gave a
very low yield of TS clones, which were unstable — with only a single embryo producing a stable
line — while the outbred MF1 mice would produce more robust clones, though many were still lost

at passage.
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Figure 4-4: MF1 TS cells

(A) TS cells cultured on MEF, 4 days after passage. They are showing their classical morphology,
with a defined and tight boundary.

(B) Culture in 1.5x 70% FCM for 4 days. These cells were cultured without the addition of further

MEF cells when passaged; the original MEF are retained in the culture.
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Table 4-2: TS cell lines establishment from different backgrounds

Strain Number of females donors |No. of embryos cultured | Numbers forming pickable outgrowths |Passage 1l |Passage2 |Frozen clones
cs7/8le |00 520 322 embryos - 62% 12 4 1 clone - 0.2%
C57/CBA 65 442 327 embryos - 74% 15 7 0%

MF1 14 163 78 embryos - 48% 59 31 13 clones - 8%
MF1-NpD | 1O 119 47 embryos - 39% 30 15 5 clones -4.2%
MFL-LPD |° 74 32 embryos - 43% 28 13 8 clones - 11%
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Table 4-3: TS cell lines established and frozen in liquid nitrogen, all were frozen at passage 3/4

Cell line name Frozen passage Mother’s ID Diet Strain
number

[0920]E1 - 41/12/571 Chow C57BL6
[1014]N, D2 P3, P4 210/13/327-1 18% protein MF1
[1014]N, A2 P3, P4 210/13/327-1 18% protein | MF1
[1014]N, B3 P4 210/13/327-1 18% protein MF1
[1014]N, E3 P3 210/13/327-1 18% protein MF1
[1014]N, B1 P4 210/13/327-2 18% protein MF1
[1021]L, E1 P4 210/13/352-1 9% protein MF1
[1021]L, D2 P4 210/13/352-1 9% protein MF1
[1021]L, D3 P3 210/13/352-2 9% protein MF1
[1021]L, BS P3 210/13/352-3 9% protein MF1
[1021]L, F5 P3 210/13/352-3 9% protein MF1
[1021]L, D5 P3 210/13/352-3 9% protein MF1
[1021]L, A6 P3 210/13/352-3 9% protein MF1
[1021]L, B6 P3,P4 210/13/352-3 9% protein MF1
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Figure 4-5: TS cell lines 4 days after passage; photomicrographs of TS cells after passage 3 or 4.

Pictures taken two days after last passage. Note the colonies showed some variation and in

certain cases differentiation is evident (see LE1)
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4.4 Discussion

Here we established TS cells lines from 14 E3.5 embryos, and our initial trials used blastocysts
from C57/BI6 and CBA x C57/Bl6 mating. These showed a very low efficiency: generally an initial
group of cells with TS-like morphology was obtained, but this either failed to survive passaging or
showed obvious differentiation on its second or third passage. TS cells are very adherent both to
the tissue plastic and to each other, requiring harsh trypsinisation and vigorous trituration when
compared to other cell types. This was likely to result in a low cell survival at passage, and as TS
cells are relatively slow growing and prone to differentiate when in large colonies, this would
explain in part the poor derivation rates. In early studies with mouse ES cells, isolation of C57/BI6
cells was also only poorly successful, and it was not until defined media and serum replacements
were produced that this became routine (See A Cox PhD thesis). It was hoped that cells from
hybrid mice strains would be easier to isolate; however, we failed to obtain a single line from CBA
x C57/Bl6 embryos, despite this cross being used to obtain EpiStem cells (Brons et al., 2007) and
having been described as an efficient background for ES cell derivation. Others have described TS
cells from F1 hybrid mice (see Table 4-1); however, the efficiency of derivation is rarely given. A
previous study using highly outbred embryos (129 crosses) (Strumpf et al., 2005) described a
remarkable efficiency of some 60% in the production of TS cells from Cdx2-/+ embryos; however,
no description of these lines is given, nor were they studied in depth in this work other than as
controls in an experiment showing that Cdx2 is required for TS cell formation. 129 mice are
known to be prone to tumour formation and have been used as the basis for the derivation of
many forms of stem cell. It is of note that many of the papers listed in Table 4-1 report TS cells

with 129 in their genetic background.

Personal communication with Dr Myriam Hemberger (head of the Trophoblast Stem Cells.
Laboratory Babraham Institute) suggested that TS cells show an adaption to culture conditions
which results in a more rapid growth after one or two passages. This was certainly observed with
the TS cells isolated here, suggesting that with an alteration in culture, this may more readily
occur in MF1 embryos, and might explain why it was possible to obtain TS lines in these mice. It
should be noted that these will not have the close genetic identity occurring in the highly inbred
mice, and it may be that this variation leads to the presence of certain embryos being more

capable of forming TS cells.

84



Chapter 4

TS cells have been isolated from other rodents, and rat embryos have produced TS-like cells which
will differentiate into all trophoblasts forms (Asanoma et al., 2011). In man, however, although
there are some tumour cell lines which can differentiate into trophoblast-like cells, no definitive
TS line has been derived from human blastocysts. Indeed, FGFR2 — the FGF receptor in the mouse
blastocyst — is not expressed in human blastocysts (Kunath et al., 2014), and possibly the human
TSC niche may only occur in the postimplantation embryo. Alternatively, human TS cells may
require quite a different set of growth factors for their isolation, and it may be that the undefined
nature of the current growth conditions for murine TS cells is not ideal. (Ohinata and Tsukiyama,
2014) have described murine TS cell derivation under defined conditions, which required Activin
as well as the Wnt inhibitor (XAV939) and the ROCK inhibitor (Y27632), with loss of any other
these agents resulting in differentiation of the cells. Also, with these 4 factors, the cells grew far

faster than under classical conditions used in this chapter, and showed little differentiation.

In summary, while we produced a group of TS cell lines from E3.5 embryos of mothers which have
received either NPD (18%) or LPD (9%) diets, this was only possible from mice on the MF1 strain.
Why this strain was more permissive is open to question; however, (Saito et al., 2011) has also
produced TS lines from outbred strains, and it is possible that the diversity of genetic makeup in
such mice — selected primarily for fertility — leads to some individual embryos being more able to
produce surviving stem cells lines (although the efficiency was relatively low even from this
background). Previous studies with ES cell derivation suggested that maternal LPD reduced the
stem cell lines isolation rate, with 17% of the blastocysts producing ES cells as compared to 41%
of blastocysts from NPD mothers (A Cox PhD thesis 2013). However, here the reverse to that seen
with ES cells was observed, with somewhat more LPD TS cells being isolated — although this was
based upon very low overall efficiency, and may simply be related to a general difficulty in
obtaining TS cells. Previous studies have shown that a low protein diet induces embryo/offspring-
specific changes (see introduction), as embryo transfer at E3.5 shows that these are retained
independent of the mother. Changes in the endocytosis function of the yolk sac (Watkins et al.,
2008a) and in the trophectoderm of the blastocyst have also been observed in embryos subjected
to a LPD; furthermore, there appears to be differential growth in between the inner cell mass and
the trophectoderm. The TS cells isolated here will allow us to follow these changes and the

underlying mechanisms in more detail.
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Chapter 5. Characterisation of TS cell lines
5.1 Introduction

Once the cell lines were established, their TSC characteristics needed to be confirmed by testing
for expression of the Cdx2 homeobox transcription factor. It is generally considered the defining
marker for TS cell lineages — although it is not as specific as NANOG is in pluripotent stem cells,
as Cdx2 is also found expressed in other differentiated epithelial cells, particularly those related to
the intestine, and is upregulated in a number of epithelial derived tumours (Phillips et al., 2003).
Cdx2 is known to be crucial for TS cells self-renewal — although it is dispensable for the initial
differentiation toward trophectodermal lineages, which is believed to be caused by

downregulation of Oct4 (Niwa et al., 2005).

We also wanted to analyse the cells in regard to their gender, as there is a possibility that this may
cause differences in their behaviour. A gender bias has been well recognised in murine ESCs, with
the marked predominance of stable cells lines being male. Female murine ES lines do not show
inactivation of one of the X chromosomes, and the presence of two active X chromosomes leads
to difficulty in the establishment and /or maintenance of stable female mES cell lines. The
instability is believed to result in the selective loss of one of the X chromosomes, which is
observed in many female ES cells lines; alternatively, the presence of two active X chromosomes
may cause lethality (Sugawara et al., 2006). Interestingly, the opposite occurs in human ES cells,
and it is believed that this is a result of X chromosome inactivation - or possibly expression loss of
X-linked genes critical for cell metabolism occurring in male human cells. This difference can be
explained by the part primed status of hESC which have characteristics more in common with
epiSC, and also show X linked inactivation (Ben-Yosef et al., 2011). While the random epigenetic
silencing of the X-chromosome that occurs in somatic tissues of female mammals (which
equalizes the dosage of X-linked genes) is essentially irreversible, the imprinted inactivation of the
paternal X of the mouse extra-embryonic tissues appears unstable (Dubois et al., 2014). Both TS
cells and XEN cells — the two extraembryonic stem cell lines — show imprinted X inactivation
(Senner et al., 2012) with loss of all or part of the expression from the paternal X. Despite this
variation in degree of inactivation, it may be expected that female TS (and XEN) cell lines might be

more stable than female ES cells.
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Finally, we also investigated the karyotype of our putative TS cells lines so as to understand their
degree of aneuploidy and polyploidy. This would also give us an idea of the stability of our cell
lines, as differentiation toward polyploid giant cells is a common event in TS cells. These polypoid
cells are viable but no longer proliferative, so their presence can be viewed as a marker for the
presence of a TS cell population. Further, a predominance of aneuploid cells suggests a general

genetic instability in the clone.

5.2 Methods

5.2.1 Immunofluorescence staining for Cdx2

Cells were stained after culture on coverslips in 24 wells plates. They were fixed with 4% PFA and
permeabilized with Triton prior to incubation with a recombinant rabbit monoclonal antibody
raised against the N terminal of Human Cdx2 (aa 1-100) (Abcam Ab 76541) to detect TS cells. This
was used at a 1:100 dilution in these assays. Binding was detected with the anti-rabbit Alexa 488

conjugate.

5.2.2 Sex Determination of TS cells

TS cells lines were quick-thawed and grown on MEFs until confluent. In order to remove
contaminating MEF DNA, TS cells were purified from MEF cells by pre-plating and grown feeder-
free for 2-3 passages (7-10 days). As differentiation was not important for this study, FGF4 was be
excluded, as this was thought also to reduce the numbers surviving feeders cells further (see
Chapter 3 and 4). For DNA extraction, the cells were washed twice with PBS and 50ul of 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 (added fresh) was added to each well (Ramirez-Solis et
al., 1992). Plates were incubated overnight at 55°C in a humid environment. The following day,
lysates were transferred to 1.5 ml Eppendorf tubes and two volumes of cold absolute ethanol was
added. The tubes were left at room temperature until the precipitated nucleic acid was visible.
Tubes were centrifuged at 2000 rpm for 5 min and supernatant was discarded by gentle inversion.

Pellets were washed twice in 70% ethanol and allowed to air-dry for 15-20 minutes. The DNA was
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resuspended in nuclease-free water and quantified using the Nanodrop ND-100-

spectrophotometer.

Polymerase chain reaction (PCR) samples containing final concentrations of 1 x PCR buffer (20
mM Tris—HCI, pH 8.4, 50 mM KCl), 2.5 mM MgCI2 (Invitrogen), 2501 M of each dNTP (Invitrogen),
250 nM of each oligonucleotide primer, 0.625 U HotStart Taq (Qiagen), and 50 ng sample DNA
were prepared in a total volume of 25 pl. Multiplex PCR was set up with primers amplifying the
Zfy gene (Mardon and Page, 1989) located in one of the sex-determining regions of the Y
chromosome was used to verify male TSC lines, while primers targeting the DXNds3 (Love et al.,
1990) sequence on X chromosome were used as a control. Primers were synthesised by Sigma UK
using sequences identical to those described by (Kunieda et al., 1992), and are detailed in Table 5-
1. The PCR was performed on a DNA Engine® Peltier Thermal Cycler (BioRad, UK). Reaction
conditions were as follows: Initiation by HotStart Taq activation at 95°C for 15 min, followed by 35
cycles each consisting of a denaturation step at 94°C for 60 seconds, annealing at 55°C for 30
seconds, and extension at 72°C for 60 seconds. After the last cycle, samples were kept at 72°C for
10 minutes. Male and female controls (from tail lysates) and a water blank (no DNA) were also
subjected to the multiplex PCR procedure along with the TSC samples. Amplified DNA products
(10ul) were separated by gel electrophoresis using a 3% agarose gel with TBE buffer, at 70V for ~1

hour. Amplification was visualised under UV light.

Table 5-1: Details of Sex specific primers.

The primers designed to amplify the Zfy gene, located on the Y chromosome, were used to

identify male ES cell lines. Primers targeting DXNds3, located on the X chromosome, were used as

a control.
Gene Name Forward Primer Reverse Primer Amplicon Length (bp)
Sequence Sequence
Zfy AAGATAAGCTTACATA CCTATGAAATCCTTTG 599
ATCACATGGA CTGCACATGT
DXNds3 GAGTGCCTCATCTATAC |TCTAGTTCATTGTTGA 244
TTACAG TTAGTTGC
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5.2.3 Karyotyping of TS cells

Basic karyotyping was carried out and chromosomal numbers assessed. This allowed us to identify
the cell lines with correct chromosomal numbers, and as DNA reduplication is common in
trophectodermal cells, it allowed us to gauge the degree of differentiation as well as gross genetic

divergence occurring in the culture. The protocol was modified from that of Dr Congsan Sun:

Karyotyping was carried out on cells in low density, as these have more active division and a
greater percentage of condensed metaphase chromosomes are present. TS cells were trypsinised,
washed and pelleted. The cells were resuspended by addition of 0.075M KCI dropwise and gentle
flicking of the cell pellet so as to suspend them but not cause their destruction. Once in
suspension, the cells were diluted in 7ml KCI and left for 15 minutes at room temperature. This
hypotonic solution causes the cells to swell and the chromosomes to separate from one another
(hence allowing them to become visible on staining). The cells were then fixed by addition of
0.5ml of -20°C Carnoy’s fluid (2ml glacial acetic acid: 5ml methanol) for 5 minutes. Chromosome
spreads were prepared by dropping the cells onto humidified ethanol-treated glass slides at a
distance, and were allowed to air-dry. Chromosomes were stained with Giemsa stain (Sigma,
G500; 1:25 dilution) for 10-20 minutes and coverslips were mounted using DPX mounting medium
(BDH labs). Spreads were analysed using a bright-field microscope (a more detailed protocol is

provided in the appendix)

5.3 Results

5.3.1 Cdx2 staining

Cdx2 staining was seen in all clones obtained in Chapter 4, suggesting that they all had TSC
characteristics, with small colonies of 10-30 cells being labelled for the nuclear staining
transcription factor (Figure 5-1). However, two clones - NB1 and ND2 - had relatively few positive

colonies. No signal was seen in the surrounding and underlying feeder cells.
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Figure 5-1: Immunostaining of TS cells for Cdx2.

TS cells appear as defined Cdx2 positive colonies (Green), nuclear counter staining (Blue) with DAPI
showed the underlying layer of Cdx2 negative MEF cells. (A) Brightfield and (B) Fluorescent image
of the same field of view. The numbers of positive cells and intensity of staining did vary between
clones. For instance clone ND1 (C, D) and clone NB1 (E,F) had relatively few strongly positive cells

(these clones were cultured free of feeder cells for staining).

5.3.2 Sex Determination of TS cells

A multiplex PCR analysis for markers on either the X or Y chromosome was used to define the sex
of the TS cell lines; the band of 599 bp being amplified from the Zfy gene encoding a male specific
zinc finger transcription factor, while the amplification of the 244pb band from the DXNds3

microsatellite (X chromosome) was present in both male and female as shown in Figure 5-2.
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ND2 NE3 LA6 LE1

Zfy 599bp

DXNds3 244bp

¢ & 2 9

Figure 5-2: Example of PCR analysis of sex of TSC clones.

The 599 Zfy gene being seen in male cell lines (NE3 above), while the 244 product from the
DXNds3 X chromosomal microsatellite was present in both male (NE3) and female (ND2, LA6 and
LE1 cells)

We found that unlike ESCs, there was no obvious sex bias in TSCs, with equal numbers of male

and female cell lines having been obtained (6 of each), as listed in Table 5-2.
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Table 5-2 Sex of TSC lines

Cell line name MaternaIDiet Sex

210/13/327 1 18% protein
210/13/327-1 18% protein
210/13/327-1 18% protein
210/13/327-1 18% protein
210/13/327-2 18% protein
210/13/352-1 9% protein
210/13/352-1 9% protein
210/13/352-3 9% protein
210/13/352-3 9% protein
210/13/352-3 9% protein
210/13/352-3 9% protein
210/13/352-3 9% protein

==l = = = ERE S =

5.3.3 Karyotyping

To understand the genetic stability of the TSC lines, we carried out karyotyping. Each of the cell
lines showed some degree of aneuploidy, and many also showed polypoid chromosomal spreads
(Figure 5-3). In many cases, the numbers of chromosomes showed a bimodal distribution with
peaks at 40 and 80, suggesting either cell division (the cells had not been arrested at metaphase
or prometaphase as is typical for stem cells) or that cells were in the process of differentiating to
true tetraploid cells in line with their differentiation toward giant cells. However, both diet groups
also showed high degrees of aneuploidy (although this did vary with the cell line). Examples of the

degree of spread is shown in Figure 5-3, 5-4 and listed for each cell line tested in Table 5-3.
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Figure 5-3: Chromosomal spreads of TSC lines

80

270

A and B: show spreads of cells line LE1, (A) has the normal 40 chromosomes, (B) shows tetraploidy

with 80 chromosomes. C and D are spreads from TSC line LB6, which showed the maximal

chromosome number. (C) spreads from LB6 with the normal 40 chromosomes (D) a small number

of cells form LB6 showed large numbers of chromosomes up to 270. (E) Histogram of the

chromosomal number found in cells from clone LB6.
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Figure 5-4: (following page) Analysis of karyotype of TS cell lines.

NB1 and NA2 cells lines from embryos of mothers on a normal diet. LD2 and LE3 cells lines from
embryos of mothers on a low protein diet. NB1 and LD2 show a closely diploid karyotype, while

NA2 and LE3 have a large percentage of aneuploid cells
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Table 5-3: Spread of Chromosomes in TSC lines (numbers are given as percentages)

Cell Maternal 41-79
line Diet
name

- 18% protein 8
NA2 | 18%protein 24 38 26 12 0
NB3 | 18%protein 30 54 16 0 0
- 18% protein 28 38 20 14 0
NBLI | 18%protein 29 42 12 13 4
'LEL  9%protein 45 16 39 0 0
D2 9%protein 20 40 30 10 0
'LBS  9%protein 10 27 28 14 21
'LF5 9%protein 20 44 14 20 2
'LD5 | 9%protein 17 55 24 4 0
LA6 | 9%protein 28 48 20 0
LB6  9%protein 22 52 14 5

5.4 Discussion

In this chapter, we have confirmed the TSCs characteristics using the stem cell marker Cdx2. The
expression was observed to be present in each of the lines using immunofluorescence; however,
its intensity did vary and it is possible that a proportion of the cells in these low Cdx2 expressing
clones may have either entered a differentiation pathway or have become mixed with other cell
types (such as EpiScs). It should be noted that these low expressing Cdx2 clones showed the

expected morphology of TSCs.

In vivo, following the initial expression of Cdx2 in the trophectoderm, the expression of Cdx2 is
limited in selected cellular descendants. For instance, it is lost when mural trophoblasts

differentiate into trophoblastic giant cells or in the more superficial part of the ectoplacental cone
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(Beck et al., 1995b), which suggests that Cdx2 may be lost from some cultures as they

differentiate. It may well be that these low expression clones have entered a differentiation path.

We showed equal isolatability of male and female TSC clones. Murine ESCs show a strong gender
bias, which has been ascribed to the absence of X inactivation in these cells, with the pluripotent
transcription triad Nanog, Oct4, and Sox2 playing a role in repressing Xist (Navarro et al., 2008)
and hence X inactivation in the mouse. The transcription of genes from both X chromosomes is
believed to result in the high expression of either potentially toxic genes or the production of pro-
differentiation factors by these cells. We and others (Sugawara et al., 2006) have shown this bias
and indeed the few female (XX rather than XO) murine stem cell clones that have been derived
usually have limited germ line transmission. In general, long term culture of female murine ES
cells lines ends in XO karyotypes predominating (Zvetkova et al., 2005). It should be noted that
cells differentiating from normal female mESC clones do show random X inactivation. In mice, X
inactivation occurs by 5.5 days, and has been described in both EpiSC and TSC, leading to the
assumption that these are primed cells and are isolatable as stem cells after this X inactivation
event - even if the embryos are actually harvested prior to it. This would be in agreement with our
findings that our TS cells showed an even male:female ratio. Human ESCs behave differently to
either mouse ES or TS cells in that they have been described as showing a marked female bias
(Ben-Yosef et al., 2011), with up to 75% of all karyotype normal hESC lines being female. In man, it
is believed that methods for hESC derivation may induce aberrant X inactivation, favouring XX
hESC survival over the XY counterparts. Additionally, in man, G6PD with key metabolic functions is
present on the X chromosome while it is autosomal (chromosome 5) in mice. This may allow XX
hESc survival and growth in suboptimal culture conditions, and may suggest a selection pressure

to retain at least one of these chromosomes active in such cells.

We then tested the TSC clones’ karyotypes. In an attempt to minimise changes caused through
selection in culture, we used relatively early passage cells - none were more than passage 1. In
agreement with other studies (Dubois et al., 2013), we found that even without active
differentiation (removal of FGF), TSCs appeared less stable and tended to have more polyploid
cells when compared to ESCs. However, there appeared to be no major difference between
different diet groups. We assume that the cells showing tetraploid chromosomal numbers were

either differentiating toward giant cells, or had been caught in anaphase/telophase rather than
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metaphase. This might have been eliminated by the use of Colcemid, which blocks the cell cycle at
metaphase, and perhaps should have been introduced into the culture. The percentages of
aneuploid cells varied greatly from 88% in one clone to less than 36%. In ES cells, diploid cell
percentages of >50% are taken as a good indicator that the cell line overall may retain its genetic

integrity, though this is a rule of thumb and there have been no studies on TS cells behaviour.

Aneuploidy in normal tissues may be more prevalent than thought, as it may be masked by

Ill

“normal” cells. Cultured cells subjected to continuous growth stimuli also have an increased
likelihood of mitotic errors that can lead to polyploidy and aneuploidy. While human iPSC lines
have been considered to be homogeneously euploid, more recent data (Peterson et al., 2011) has

suggested that levels of up to 35% of cells being aneuploid is quite common.

In summary, in this chapter we have ascertained the sex of our TS cells, shown that they express
the trophoblast stem cell marker Cdx2 and provided a measure of their genetic stability through

karyotype.
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Chapter 6. Analysis of the functional

characteristics of TS cell lines
6.1 Introduction

The term trophoblast comes from the Greek “to feed”, due to their crucial role in nutrient
transfer to the developing offspring. The giant cell is the first terminally differentiated cell to be
formed in the embryo, and is also required for implantation. In the mouse, these cells are
polyploid and generally mononucleate — a state which differs in other mammals (Zybina and

Zybina, 1996).

The mural trophoblast giant cells in the implanting blastocyst are needed for attachment of the
blastocyst to the uterine epithelium and induce decidua formation, through paracrine signals,
possibly progesterone (Bany and Cross, 2006). These parietal trophoblast giant cells express
numerous proteases and integrins, allowing them to attach to and remodel various components
of the extracellular matrix. This results in highly invasive and motile cells being able to penetrate
into the uterine wall. These giant cells also produce the outer cell layer of the parietal yolk sac,
which is lined internally by parietal endoderm. The parietal yolk sac is the major site of nutrient
and gas exchange in the early foetus. This invasive nature is also observed in later forming
trophoblast giant cell lineages, as well as in cytotrophoblasts (or extravillous trophoblast), which

are closely related to the mural cells of the blastocyst.

While numerous glucose and amino acid transporters are expressed by the trophoblast cells,
trophectodermal endocytosis also plays a role in embryonic and foetal nutrition (Akour et al.,
2013). It has been shown that endocytosis occurs as a route for protein transfer in the ovine
blastocyst in culture (Pullar et al., 1990), and that the lining giant cells of the yolk sac and the
syncytiotrophoblast in the mature placenta carry many coated pits (Ockleford et al., 1977) and
express the multiligand endocytosis receptor megalin (Zheng et al., 1998). These cells, which are

in direct contact with the stroma of the uterine wall or blood in the intervillous space, are
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especially important for nutrient transfer to the embryo and foetus, and these findings suggest

that trophectodermal endocytosis is significant for the function of these tissues.

Trophoblast behaviour has been linked with changes in the periconceptional environment so that
murine LPD embryos change their blastocyst phenotype with both increased proliferation of
blastocyst trophectoderm and greater their invasive activity, as seen by more rapid trophoblastic
spreading and outgrowth when allowed to differentiate during in vitro culture (Eckert et al., 2012);
the latter being a proxy for an increase in invasive potential in vivo. Such alterations may link with
the metabolic changes occurring in both mother and offspring, as altered levels of AAs were

found in the uterine fluid of LPD mothers, together with reduced mTORC1 signalling within their
blastocysts (Eckert et al., 2012). Moreover, outgrowth of cells from the ectoplacental cone

isolated from day 8 LPD embryos demonstrated enhanced spreading and TGCs proliferation after
24 and 48 hours in culture (Watkins et al., 2015), although this was not so pronounced in cells

isolated from later gestation embryos.

Further culture of blastocysts from LPD mothers showed that they displayed an increase in
trophectodermal endocytosis in terms of numbers of endocytic vesicles and volume per cell of
vesicles (Sun et al., 2014). This was in line with changes observed in previous studies where there
was enhanced nutrient transfer by the foetal yolk sac’s visceral endoderm after transient
periconceptional protein restriction (Watkins et al., 2008a). Further modelling of this with ES cells
isolated from LPD embryos showed that embryoid bodies formed of such cells grew to a larger
size, had increased endocytosis in their lining primitive endoderm (the precursor of visceral
endoderm), and showed alteration in Gata6 expression — a regulator of endoderm differentiation
(Sun et al., 2015). Together, these results suggest a possible mechanism used to maintain

embryonic and foetal growth where possible nutritional challenge is present.

Based upon these findings, we ask in this chapter whether similar changes to those induced in the
early embryo persist as long term effects inheritable in our TS cell lines. Thus, we have analysed

them for changes in gene expression, cell metabolism, proliferation, and endocytosis.
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6.2 Methods

6.2.1 Reverse Transcription Quantitative PCR (RT-qPCR) analysis

RNA extraction and reverse transcription

Total RNA from TSC clones was isolated using the RNeasy mini kit (Qiagen, UK). DNA was
selectively precipitated using 70% ethanol and the lysate and precipitate transferred to an RNeasy
spin-column, allowing binding of RNA to a silica-based membrane. Contaminants were washed
away by centrifugation in high salt buffers. RNA was finally eluted in 30-50ul of water. On-column
DNase | digestion was performed using the RNase-free DNase kit (Qiagen, UK) according to the
manufacturers’ instructions. RNA was quantified using the Nanodrop ND-1000

spectrophotometer.

First-strand cDNA was synthesized by using 250ng of RNA combined with 0.5ug random primers
in an Improm- lITM Reverse Transcriptase System (Promega, UK) reaction (20ul Recombinant
RNasin Ribonuclease Inhibitor, 0.5mM of each dNTP, and 3mM MgCl,), prepared in a final 20yl
volume in thin-walled, nuclease-free tubes. Tubes were transferred to a DNA Engine Peltier
Thermal Cycler (BioRad, UK) for reverse transcription where primer/templates were annealed at
25°C for 5 minutes, extended at 42°C for 1 minute, and finally incubated at 70°C for 15 minutes
for RT inactivation. Reverse Transcriptase negative (RT-) controls were also prepared as a control
for genomic DNA contamination. cDNA was diluted to a concentration equivalent to 5 ng/ul RNA

and stored at -20°C.

Quantitative PCR

Each target gene was amplified with the primers listed below in Table 6-1, and was then
guantified using the SYBR-green detection method (PrimerDesign, UK). All primer pairs spanned
exon boundaries. SYBR-green dye detects PCR products by intercalating between double stranded
DNA present in samples and fluorescing. The fluorescence intensity is proportionate to the
amount of PCR product produced (gene expression). Samples were analysed in triplicate. Absence

of genomic DNA was confirmed by analysis of RT- samples, and no template controls (water only)
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were also included in each assay. Thermal cycling was performed using a DNA Engine thermal
cycler and Chromo4 Real-time Detector (BioRad, UK) with Opticon Monitor v3.1 software under
the following conditions: 95°C for 10 minutes (enzyme activation), then 40 cycles of 95°C for 15
seconds (denaturation) followed by 60°C for 1 minute (annealing), and a final extension step at
72°C for 10 minutes. Melting curves were generated for each sample to confirm target-specific

amplification by fluorescence detection at 0.2°C steps between 60°C and 95°C.

Statistics

In order to achieve the RT-gPCR result, the delta/delta CT method was used to calculate gene
expression. This uses a stable, widely-expressed gene as a reference gene, the expression of
which is then compared with our target gene: ACtl = Ct(Target gene-TSC) - Ct(Ref gene-TSC). The
feeder cells (MEF) were co-cultured with TSCs, and the expression of the MEFs was used as the
control gene expression, which is ACt2 = Ct(Target gene-MEF) - Ct(Ref gene-MEF). AACt = ACt1-

ACt2, then the normalized target gene expression level is 222, The formula is:

ACtl = Ct (Target gene in TSCs) — Ct (Reference gene in TSCs)
ACt2 = Ct (Target gene in MEFs) — Ct (Reference gene in MEFs)
AACt = ACtl - ACt2

Normalized target gene expression level = 2-25%
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Gene Forward Primer Sequence Reverse Primer Sequence Amplicon
Name Length (bp)
Nanog TGCTTACAAGGGTCTGCTACTG GAGGCAGGTCTTCAGAGGAA 76

Oct4 GTTGGAGAAGGTGGAACCAA CTCCTTCTGCAGGGCTTTC 61

Sox2 TGGGCTCTGTGGTCAAGTC TGATCATGTCCCGGAGGT 105
S10024 | GGAGCTGCCTAGCTTCCTG TCCTGGAAGTCAACTTCATTGTC 102

Cdx2 CGTTCATGCTCTTTGCCAGG CCTTGTCGCAGGGGCCTGGC 96
Hand1 GCGGAATTCTCCTATGGTCCAGACGCCAG GGCGAATTCGCGCAGAGTCTTGATCTTGG | 220

(Hxt)

PI1 ATTTTTTCGATAAAACTTGG TGCAGCGGCATAGATTATAA 402
Eomes TGTTTTCGTGGAAGTGGTTCTGGC AGGTCTGAGTCTTGGAAGGTTCATTC 323
BMP4 CGTTACCTCAAGGGAGTGGA ATGCTTGGGACTACGTTTGG 116
Nodal ACTTTGCTTTGGGAAGCTGA ACCTGGAACTTGACCCTCCT 140
Tpbpa TGCAAGAGCAGAAGGATAAA CTCTCTGTGTAATCCTCAAAT 253
Megalin | CAATGGAGGATGCAGCCATATCT GTGTGGACACTGGCACTCAG 62

BActin GACGGCCAGGTCATCACTAT AAGGAAGGCTGGAAAAGAGC 70
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6.2.2 Endocytosis Assays

Fluorescent-labelled dextran was used to track endocytosis activity in cells. The pHrodo Green
(10,000kDa) dextran (Life technologies, P35368) carries a pH-sensitive fluorescence emission that
increases in intensity at lower pH, being non-fluorescent in the extracellular environment. Upon

internalization, it produces a green-fluorescent signal in the acidic environment of the endosomes.

The cells were plated in 8-well chamber slides (Ibidi, IB-80826) and cultured for 24 hours in
70%FCM+F4H medium. On the day of the experiment, cells were washed and the medium
replaced with 200l pre-warmed PBS per well. pHrodo dextran was added at a final concentration
of 100pug/mL, along with the Hoechst 33258 (Molecular Probes™, H3569) 25ug/mL, and incubated
at 37°C for 30 minutes. After loading with dye, the cells were washed with pre-warmed dye-free
medium, then cultured in dye-free medium and observed under a Leica TCS-SP8 laser scanning
confocal microscope in an environmental chamber at 37°C with 5% CO.. Pictures were taken at

the times shown.

6.2.3 Cell differentiation

Differentiation media

To drive TSC clones to differentiate, we compared changes occurring upon stopping the supply of
FGF4 and heparin. Cells were then cultured for a further six days. The morphology of the cells was
observed, and the immunostaining for the TS cell marker Cdx2 was performed. Table 6-2 lists the

media used:
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Name | Medium Used FCS Supplement

A 70% FCM, 30% TS 20% | FGF4 (37.5ng/ml), Heparin (1ug/ml)

B 70% FCM, 30% TS 20% | 10% recombinant FGF conditioned media
Heparin (1ug/ml)

C 70% FCM, 30% TS 20% | -

D RPMI 10% | -

FCM — fibroblast conditioned media, TS- trophoblast stem cell media (see chapter 2 and appendix)

6.2.4 Trophoblast Invasion/Migration Assay

To measure the invasive ability of TS cells and their differentiated lineages, an extracellular

matrix-based migration assay was produced (Watkins et al., 2015). Pre-made Matrigel (basement

membrane extracted proteins from Engelbreth-Holm-Swarm mouse tumour) containing culture

inserts, with a pore size of 8um in 24 well plate format, were used (Becton Dickinson, Corning).

Cells were trypsinised and placed upon the wells in triplicate, with 1x10* cells per well. The cells

were cultured for 5 days, either in the presence of FGF4 and EMFI conditioned medium (medium

A - see 6.2.3), or in differentiation media (medium D). After 5 days, the inserts were removed and

the upper (non-migrating) cells removed by carefully rubbing with a cotton bud and gentle rinsing

with PBS. The insert was then fixed with 4% paraformaldehyde for 10 minutes and stained with

DAPI. The number of nuclei visible on the lower surface of the Matrigel insert was then counted

from 5 fields of view (at 40x magpnification). Assays were carried out in triplicate for each cell line.
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6.3 Results

6.3.1 Selection of TSC clones

As some of the established TSC lines showed different morphologies (Chapter 4) and the clones
had markedly different expression levels of Cdx2 (chapter 5), we questioned whether this was due
to the presence of other contaminating cell types. While ESC and EpiSC are also isolatable from
the early embryo, they have differing requirement for exogenous growth factors for their
maintenance and expansion in vitro. However, EpiScs have a epithelial morphology similar to TSCs,
and are isolated in the presence of FGF family members, so may be contaminants of the TSC
cultures (Ohinata and Tsukiyama, 2014). To test for this, we analysed the mRNA expression of
pluripotency markers (Nanog, Sox2 and Oct4); these are expressed in both ESC and EpiSC but
have only low or no expression in TS cells. Expression levels were compared to those in ES cells
(Figure 6-1), and levels of contaminating feeder cells were checked by testing levels of S100a4,
which is highly expressed in fibroblasts. Levels of both Nanog and Oct4 were very low, suggesting
that there were no EpiS or ES cells present in the clones. In order to detect expression of S100a4,
we used ESCs which express it at a low rate as the RT-gPCR control cells. However, there was

appreciable expression of Sox2, which has been described previously by (Avilion et al., 2003).
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Figure 6-1: Expression of pluripotency markers in TSC clones (overleaf)

(A) PCR products produced in the RT-qPCRs. (B) RT-qgPCR showed low expression of s100a4, a
protein highly expressed in MEF feeder cells. (C) Expression of the pluripotency markers NANOG,
(D) Oct4 and (E) Sox2 are shown for the TS cells as compared to ES cells. (F) Melting curves of the
products of the RT-qPCR for NANOG, (G) Oct4 and (H) Sox2.
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We then checked the degree of variation in the levels of Cdx2 mRNA in the clones, and whether
this might suggest differences in the clones. Testing by RT-qPCR using levels of expression in MEF
feeder cells as control showed a very great difference (Figure 6-2). Some clones had very low
levels, suggesting major differentiation to specialised cell types and/or the presence of other
unidentifiable cells in the original clone (Mak et al., 2002, Hattori et al., 2007, Dubois et al., 2013).

These clones were felt to be unsuitable for further study for TSC behaviour.
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Figure 6-2: Cdx2 expression in TS cell lines

MEF: mouse embryonic fibroblast feeder cells, P14: day 14 placenta sample (positive control) (A)
RT-gPCR product (96bp), (B) melting curve of product, (C) relative Cdx2 mRNA expression. The

marked clones showed the highest relative expression of Cdx2.
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For further study, we selected the three highest samples from each diet group: NA2, NB3, and
NE3 from NPD and LD2, LD5, and LF5 from LPD (Figure 6-2, red circles). These cells also had the
most stable diploid karyotype (Chapter 5). It was noted that these cells appeared to show a male

bias.

6.3.2 Gene expression

We then tested these selected clones by RT-qPCR for markers expected to be expressed by TS
cells. Expression of the target genes was normalized against the corresponding levels B-actin, and

each assay was carried out in triplicate. RNA was first tested for quality (Figure 6-3).

Eomes is a TS cell marker and transcription factor which, along with BMP4, is regulated by Cdx2
(Roberts et al., 2004). Eomes is required for TS cell isolation and full trophectoderm formation,
and its absence results in embryonic lethality prior to E6 with a failure in trophoblast lineages

both in vivo and in vitro (Strumpf et al., 2005).

We also checked for expression of markers seen in the early stages of the differentiation of TS
cells. Hand1 is a transcription factor normally present in TS cells, but strongly upregulated on
differentiation due to loss of FGF signals. This is believed to drive an increase in PI1 hormone
expression which is observed early in differentiation, as TS cells enter the path toward giant cells

(Hughes et al., 2004, Carney et al., 1993).

Tpbpa is a regulatory protein expressed by and needed for spongiotrophoblast formation. Its
absence prevents spiral artery remodelling in vivo. Finally, Nodal expression was tested, which is

also formed by spongiotrophoblast cells.

Signals were observed for each of the genes; however, the levels of Hand1 and Tpbpa were
relatively low when compared with the other markers. No differences between the TSC clones

from the two dietary groups were detected (Figure 6-4). The production of Eomes and BMP4
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along with Cdx4 suggests that these are indeed TS cells; however, there would appear to be some
differentiation. It is of note that Hand1 and Tpbpal levels appeared low, and this may suggest
that some cells have passed into terminal differentiation while the majority are retained in a stem

cell state (see section 6.3.6).
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Figure 6-3: Electrophoresis of TS cell line’s total RNA -Tested to confirm RNA integrity.
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Figure 6-4: RT-qPCR of Trophectodermal markers in undifferentiated TS cells
Expression is shown relative to 8-actin. Error bars — SEM.
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6.3.3 Cell proliferation

Trophoblast proliferation has been described as being increased in embryos following low protein
challenge; hence, as an initial assay we measured TS cell multiplication. TS cells at passages 5 to 7
were pre-plated to remove feeders and the stem cells seeded in 24-well plates in triplicate, with a
seeding density of 1.5x10* cell/ml, 0.5ml per well (7500 cells). The cells were cultured in TS
growth medium (70%FCM+F4H - see appendix). The medium was changed every two days. The
cells were collected and counted with a haemocytometer at days 4, 6, and 8 (on day 2 there were
not enough cells to allow for counting). Each well was counted in triplicate. The numbers of cells
counted and the doubling time are presented in Table 6-3 and Figures 6-5 and 6-6: these show a
greater proliferation of the TS cells isolated from embryos of low protein fed mothers, the
difference becoming significant after day 6. By day 8, there were threefold more LPD cells
compared to NPD cells, suggesting that the NPD-derived cells were proliferating ~40% slower than

the LPD cells.

Table 6-3: Proliferation of TS cells

Cell counts with SD and doubling times

&nﬂmj\y 0 4 6 8 Doubling Time- days
NA2 7500 9000+0 18000+3000 42000+6000 3.2

NB3 7500 1350041500 | 28500+4500 91500+7500 2.3

NE3 7500 150000 28500+£1500 63000+£15000 2.6

LD2 7500 25500+£1500| 72000+3000 22200049000 1.6

LD5 7500 13500+1500 39000+0 162000+6000 1.8

LF5 7500 27000+£3000| 69000+3000 214500£7500 1.7

Mean 0 4 6 8

NPD 7500 1250042549 | 25000 + 4949 65500 +20285 2.7+0.5

LPD 7500 22000 £6041| 60000 £14899 | 199500 +26692 1.7£0.1
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Figure 6-5: TS cell proliferation.

Cell counts measured at days 4, 6, and 8 after plating. Error bars- SD. * P value <0.05; ** P value

<0.01
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LD5

LF5

Figure 6-6: Representative photomicrographs of proliferating TS cells
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6.3.4 Cell metabolism

Given this change in cell proliferation, we then used MTT assays to determine the TS cells’
mitochondria activity. NAD(P)H-dependent (and hence mitochondrial dependent), cellular
oxidoreductase catalyses yellow thiazolyl blue tetrazolium bromide (MTT) to blue formazan
crystals. Higher absorbance indicates that the sample contains a higher level of mitochondrial

activity, which can be a higher number of cells, more active cells, or both.

TS cells were cultured on a 24-well plate, in triplicate for each cell line, and analysed upon days 2 -
8. They were incubated with MTT at a final concentration of 1mg/ml for 2 hours prior to lysis.
Absorbance was measured at 540nm with a reference wavelength of 620nm (Figure 6-7). While in
general there appeared to be a greater MTT conversion in LPD cells, the difference was not

significant between the two groups.
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Figure 6-7: MTT assay to compare metabolism of the different diet groups

Error bar- S.D
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6.3.5 Endocytosis analysis

We next analysed these cells for their endocytic ability. This has been shown to be altered in the
yolk sac visceral endoderm of foetuses (Watkins et al., 2008) and the trophectoderm of
blastocysts when challenged by low protein maternal diets (Sun et al., 2014). Further, in an ES cell
based model, maternal LPD increased endocytosis by embryonic body derived primitive

endoderm (Sun et al., 2014).

The TSC endocytosis was studied by analysing the uptake of dextran conjugated pHrodo, which
fluoresces as the pH in the endosome reduces, giving a robust signal only in the late endosome
pH~5.5 and the lysosome pH~4.5. In an initial assay, we tested a single cell line to obtain an
estimate of the likely time course of uptake. Line (LF5) was loaded by culturing in pHrodo-dextran
for 30 minutes, and then endocytosis was followed by confocal microscopy after washing in dye-
free medium. The cells were photographed at 15 minute intervals (Figure 6-8). Volocity 3D
imaging software (Perkin EImer) was used to quantify the cell numbers, nuclear volume and
pHrodo volume. The change in pHrodo signal as volume per cell is shown in Figure 6-9. This
continued to increase over the time course of the experiment. A strong signal was seen at 90

minutes following pHrodo addition, and this was chosen as the time for analysis of the cells.

Figure 6-8: Time points after pHrodo was added

(A) 30 minutes, (B) 45 minutes, (C) 60 minutes, (D) 75 minutes, (E) 90 minutes. (F) negative control.
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Figure 6-9: pHrodo signal over time after initial incubation of TS cells from clone LF5

Error Bar-S.E.M.

We analysed the three TS cell lines present in each of the low and high protein groups (Figure 6-
10). Twenty fields of view were analysed for each culture well of the cell lines, and each individual
line was analysed in triplicate. As a percentage of cells in TS cultures are differentiating toward
giant cells, there are always a number of polyploid or multinuclear cells present (see Chapter 5);
these are observed as large and irregular cell nuclei. For analysis, we measured both pHrodo
signal volume/cell and the pHrodo signal volume:nuclear volume ratio (Figure 6-11). While there
was no difference in the volume of pHrodo staining per cell between the two diet groups, there is

a significant difference in the latter measurement.
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NPD LPD

Figure 6-10: TSC endocytosis

Red: cell nuclei, Green: pHrodo dextran; Left panel: NA2, NB3, NE3; Right panel: LD2, LD5, LF5

(from top to bottom).
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Figure 6-11: Analysis of TSC pHrodo staining

(A) pHrodo volume per cell number, (B) pHrodo volume: cell nuclear volume ratio. Error bar- S.E.M.

* p<0.05.

As there was some evidence that there may be an increase in endocytosis, we tested for
expression of megalin mRNA. This multi-ligand binding protein, which mediates endocytosis, has
been shown to be regulated by the mTOR pathway (Gleixner et al., 2014), with mTOR inhibition
causing reduction of Megalin levels and reduce endocytosis. Surprisingly, megalin mRNA was

reduced in LPD TS clones (Figure 6-12).
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Figure 6-12: Expression of megalin in TS cells. Expression was normalized against the

corresponding levels of B-actin and represented as mean triplicate reactions. Error bars- S.E.M.

6.3.6 Cell differentiation assays

The previous analyses were carried out on TS cells which had not been forced to differentiate.
Next, we compared the differentiation of these cells. When FGF4 was present — whether
commercial recombinant FGF4 or through culture in conditioned media from FGF4-expressing 293
cells — the TS cells remained stable and the cultures contained tight colonies, which in time
expanded and coalesced as described before (Tanaka et al., 1998); see Figure 6-13. Interestingly,
the cells cultured in the 293-FGF4 conditioned media (B) generally grew faster than those in the
commercial FGF4 (A), suggesting that the 293 cells might be producing other growth-enhancing
factors in the FCM which were not formed by fibroblasts. Two forms of differentiation media
were tested: in (C) the cells were cultured under the same basic media used to maintain TS cells
(with 20% FCS and 70% FCM); however, no FGF4 was supplemented, while in (D) the cells were
grown in RPMI with 10% FBS, in the absence of FGF4 (and heparin).

The cell morphology changed clearly in the absence of FGF4 and heparin (Figure 6-13 C and D).
Additionally, we observed that MEF cells stopped proliferating, and were gradually lost from the

culture. The cells which were cultured in the absence of FGF4 and heparin showed slower or no
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growth, and after 6 days, the colonies had separated into individual cells — many of which were a

spindle shape. The cells which were in the presence of FGF had become confluent.

We also observed that the cells in media C started differentiation by day 3, with their colonies
losing their defined edges and the peripheral cells becoming multinuclear (Figure 6-14 circles and

arrows).

Figure 6-13: TS cells cultured with various media

Cells retained their tight flat morphology (arrows) in the presence of either the commercial FGF4
or the conditioned media from recombination cells (A and B respectively), even after becoming
confluent following 6 days in culture. In the absence of FGF4 (C and D), the clones lost their

colony appearance and differentiated. The composition of the media is listed below:
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Medium FCS Supplement
A 70% FCM, 30% TS 20% | FGF4 (37.5ng/ml), Heparin (1ug/ml)
B 70% FCM, 30% TS 20% | 10% recombinant FGF conditioned media

Heparin (1ug/ml)

C 70% FCM, 30% TS 20% | -

D RPMI 10% | -

Figure 6-14: TS cells with FGF4 and heparin withdrawn (medium C) showing emergence of

numerous large flat cells by day 3

Cdx2 and Eomes are expressed by, and are required for, TS cell formation (Strumpf et al., 2005).
We tested for their presence in the differentiating cells. Cells cultured in both media containing
FGF4 showed colonies expressing Cdx2 with highest staining in the 293 conditioned media (Figure
6-15 A) — again suggesting that the 293-conditioned media may also contain other growth factors.
In the RPMI (media D), the cells had lost all Cdx2 staining, with a few cells staining in the
fibroblast-conditioned media (media C) (Figure 6-15B). We then looked at the change of the
MRNA levels for Cdx2 and Eomes, both reduced markedly within 48 hours of removal of FGF4
(only RMPI —media D was tested). There was no obvious difference between the two cell groups

(Figure 6-15 G and H).
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Figure 6-15: Cdx2 and Eomes expression in differentiating TS cells (following page)

FGF4 and heparin containing media (A) and differentiation media lacking supplemented FGF4 and
heparin (B- 70%FCM 30% TS and C- RPMI). Cells had been grown in the media for 6 days. The
nuclei are counter stained with DAPI (blue). Scale bar 50um.

RT-gPCR for Cdx2 (G) and Eomes (H) mRNA, over 6 days in culture changes are given relative to

undifferentiated cells
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6.3.7 Cell proliferation during differentiation

As cells differentiate from the stem cell stage, they slow their cell cycle and finally stop
proliferating. With TS cells, this is complicated by the cells entering the giant cell lineage, where
DNA proliferation in the absence of cell division occurs. We questioned whether the cell
proliferation during differentiation caused by FGF4 removal might be altered by the NPD/LPD
origin of the TS cells. For this reason, after plating the cells as described earlier, the cells were
placed in RMPI differentiation media (D), with cell numbers counted on alternate days (each was
measured in triplicate). For both the NPD and LPD cells, the numbers increased until day 6 (Figure
6-16). As with the undifferentiated cells, the proliferation rate was greater for the TS cells isolated
from LPD embryos, with statistical significance being observed after 4 and 8 days. The overall
reduction in cell numbers after 8 days might have been caused by cell death becoming dominant,

as proliferation ceases upon differentiation.

Cell Number
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Figure 6-16: Cell numbers after culture in differentiation medium.

* p<0.05. Error bars- S.E.M.

6.3.8 Metabolic Activity of Differentiating Cells

To understand if the mitochondrial activity was altered between the two groups during

differentiation, we then carried out MTT assays on the TS cells when grown in RMPI medium
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(medium D). While the LPD cells appeared to be more active than NPD (Figure 6-17), this

difference never reached statistical significance.
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Figure 6-17: MITT conversion by differentiating TSCs

Error bars- S.E.M.

6.3.9 Trophoblast invasion assays

Trophoblast cells formed from TS cells differentiation in vitro are highly motile and invasive
(Hemberger et al., 2004), unlike the stem cells which, when undifferentiated, remain in a tight
defined colony. Studies with trophoblasts cultured from blastocysts (Eckert et al., 2012) and
ectoplacental cone (Watkins et al., 2015) have suggested that motility and/or invasiveness may be
altered following an early embryonic low protein challenge. To test whether the TS cells and their
differentiated cells showed a change in invasive activity, a transwell-Matrigel invasion assay was

carried out.

An initial experiment studied the rate of invasion to discover the optimal time to analyse the cells.
One cell line was cultured in differentiation media, and the numbers of cells migrating over the

insert was measured over the following 7 days (Figure 6-18). The number of transferred cells
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reached a plateau after 5 days, and the very slight increase seen two days later was accompanied
by an increase in cell death, as seen by floating cells in the upper chamber. As a result, 5 days was

used as the investigation period for the following experiments.
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Figure 6-18: Matrigel invasion assay

DAPI stained cells from TS clone LF5 appearing on the underside of matrigel invasion insert on 1

(A), 3(B), 5(C) and 7(D) days after plating in RMPI media. Collated data (E) scale bars 10um — SD.
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Migration of differentiating TS cells at day 5 showed no statistical difference between the two
treatments (Figure 6-19), as control cells were also grown in FGF4 containing media (where few

cells migrated through the matrigel insert).
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Figure 6-19: Differentiating TS cell matrigel invasion assay

DAPI stained migratory cells were counted after 5 days in RMPI differentiation media (Diffn) and

TS culture media (media A) error bars- SEM.

6.4 Discussion

In this chapter, we attempted to analyse the behaviour of our TSC clones. We had initially
produced 12 clones: 5 from normal protein diet mothers and 7 from low protein diet. These
clones were all FGF4 dependant, and had been treated in a similar manner in culture. While all
appeared to have a tight epithelial-like structure, and were similar to side colonies occasionally
seen on ES cell derivation (A Cox PhD thesis), they showed differences in their growth
characteristics — and hence colony size —and in their Cdx2 staining phenotype. As a result, we
checked them for the levels of Cdx2 mRNA expression: a marker used to define TS cells (Niwa et

al., 2005, Tanaka et al., 1998).

As shown in Motomura et al., 2016, B-actin and GAPDH gene expression by TSCs were stable and
suitable for use as reference genes. We compared Cdx2 expression normalised against that of B-
actin as described for genome studies (Motomura et al., 2016). From our results, the B-actin CT

values were very similar in all TSCs.
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On this basis, we could separate the colonies into two groups with high and low Cdx2 expression
levels. We tested whether there could be contaminating EpiSCs in the cultures, as this has been
described by others (Ohinata and Tsukiyama, 2014) as these cells are morphologically not
dissimilar to TS cells. It is of interest that most of the cells expressing high levels of Cdx2 were
male (5/6), and while 5/6 of the low-expressing clones were female, the lowest expression of all
was seen in clone NB1, which was male. While variation in Cdx2 expression has been discussed by
others (Motomura et al., 2016), such a low level of expression was surprising. However, our
finding that TSC lines are heterogeneous, with colonies of different morphology and sizes, is in
agreement with other others (Tanaka et al., 1998, Motomura et al., 2016, Kubaczka et al., 2014).
Furthermore, TS clones are known to change their characteristics over time in culture, so it is

possible that we have inadvertently selected for low Cdx2 but highly proliferative cells.

It is known that there are sex-caused differences in certain species in regard to placental
morphology (Kalisch-Smith et al., 2016) and in blastocyst development; hence in mice and cattle,
accelerated development is displayed by male blastocysts (Mittwoch, 1993). However, to our
knowledge, there has been no description of difference in expression of markers such as Cdx2

between male and female TS cells.

TS cells undergo profound DNA methylation quite different to that seen in ES and EpiSC, and
closely mimic the epigenetic changes seen in placental tissue in vivo (Senner et al., 2012). As
genomic imprinting is prevalent and crucial for the placenta, and is known to be needed for the
maintenance of stem cell identity (Lefebvre, 2012), it is possible that epigenetic mechanisms have
been disrupted in our isolation procedure. We used a semi-defined medium to isolate the cells
with purified commercial recombinant FGF4, as we found that cells grown in our own 293 cell-
FGF4 transfected conditioned media grew faster, and felt that other agents in the media might
alter the stability of the cells, so this was not used in the initial isolation of the cells. The use of
only three from each of the treatments, together with the lack of a perfect gender match, will
mean a lack of sensitivity in our assays; however, it was felt that robust expression of Cdx2 was a

needed criterion for further use of these TS clones.

The selected high-Cdx2 cells showed similar levels of expression of markers expected of TS cells
and of the two main lineages seen in the main differentiation pathways. Furthermore, both LPD

and NPD cells showed FGF4 dependence. Two days after the cytokine was removed, the growth
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characteristics and differentiation status both changed: growth was reduced, giant cells appeared,
and Eomes and Cdx4 were lost. These findings are in line with (Motomura et al., 2016). We
carried out an initial study of expression of differentiation markers on TS clones; however, these
were highly variable, both between clones and over the time course in differentiation media. This
may represent inherent variation in the stem cells, or the fact that TS cells have the ability to form
many trophoblast lineages, and defined differentiation is not as well understood in TS cells as it is
in ES cells. The lack of robust antibodies to define the individual placental cell types in the mouse

is @ major hindrance to follow TS differentiation.

ES cells have a doubling time of ~18 hrs and show no or only limited check points. The doubling
times of the TS clones was considerably longer. Furthermore, the slower doubling time of the
NPD-derived cells when compared to LPD appeared to be a robust finding, and is line with the
studies of Eckert et al., 2012, who found increases in trophoblast numbers in the blastocyst. It
would be of interest to know at what point or points in the cell cycle this increased rate is
occurring, as it might give a suggestion as to what controls on cell division have been changed to
produce such an increase. As discussed earlier, cell sex has been implicated in more rapid early
embryonic and placental development, with both being more rapid in the male; however, the one
female cell line LD2 actually showed the most rapid growth. The fact that there was no statistical
difference in the MTT assay between the two groups was surprising; however, formazan assays
have known problems and may be compromised by high serum albumin levels (here total levels
of FCS are used) (Instruments and Winooski, 2007). Furthermore, high cell numbers may have
effects either on cell differentiation or directly on the reductive capacity of the cell line, as
changes in glucose supply or pH of the medium can alter MTT conversion (Vistica et al., 1991,

Goodwin et al., 1995).

We failed to show an increase in invasive behaviour with the matrigel assay as set up here. Very
few cells migrated when in an undifferentiated state, hence this assay will depend on both cell
numbers and differentiation state. As cell proliferation was increased in differentiation media in
the LPD cells, it is possible that there is an underlying but masked alteration in migratory
behaviour in the TS cells. Furthermore, while removal of FGF leads to changes in phenotype, these
cells have the ability to enter many cell types, and it would have been useful to have analysed the

migrating cells so as to define their trophoblast cell types.
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LPD has been shown to induce an increase in compensatory endocytosis in the yolk sac endoderm
(Watkins et al.,2008) and embryoid body endoderm (Sun et al., 2014), and we saw a similar
response in our TSC model. However, quantifying the endocytic activity is difficult. TSCs tend to
show a degree of spontaneous differentiation with multinuclear and/or polyploid cells appearing
in culture, and as a result, calculating true cell numbers is problematic based upon nuclear
staining. Furthermore, it appeared that the differentiating/differentiated cells showed the
greatest endocytosis when estimated by pHrodo. For this reason, we compared the total nuclear
volume with fluorescent endosome volume; using this criterion in attempt to normalise cell
guantity, we could see a statistically significant increase in endocytosis. However, we cannot be
certain that the cell differentiation status was due to LPD/NPD treatment, or whether other

factors were the underlying cause.
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Chapter 7. Discussion

The overall hypothesis underlying this work is that cell models derived from the early embryo
could be used to extend our understanding of the DOHaD theory. While there is a much evidence
to support this hypothesis — that changes in the environment during development can induce
permanent metabolic changes and increase long term disease risk — the initial and most
compelling data (as far as disease risk) comes from epidemiological studies, with the poor
maternal nutrition during the Dutch and Chinese famines resulting in increased incidence of adult
onset cardiovascular disease and type 2 diabetes being the classical study (Roseboom et al., 2006,
Li et al., 2010). Recently, such studies have been extended to looking for molecular causes by
comparing changes in children conceived at times of drought and rains. This demonstrated that
seasonal changes in maternal nutritional status during early pregnancy result in alterations in the
DNA methylation pattern in offspring, with persistent systemic changes at metastable alleles
(Dominguez-Salas et al., 2014). Over the last decades, the main cause for concern has involved
children produced from assisted reproductive techniques; these may be associated with preterm
parturition, low birth weight and evidence of increased imprinting disorders (Basatemur and
Sutcliffe, 2008, Odom and Segars, 2010). There is also evidence in these children of altered
cardiac and metabolic homeostasis, along with raised diastolic and systolic blood pressures
(Ceelen et al., 2008a, Sakka et al., 2010), elevated levels of fasting glucose (Ceelen et al., 2008a),

and an increase in total body fat composition (Ceelen et al., 2007).

Many of these changes appear related to altered growth rates and / or trajectories. Not only is
low birth weight known to correlate to increased CVD risk, but increased placental size is also
associated with hypertension in male offspring (van Abeelen et al., 2011). Placental growth
responds to the maternal nutritional environment: for instance, exposure to famine during
different gestation periods affects placental size and shape (Thornburg et al., 2010), and when
exposed to famine in early gestation, the placenta becomes more efficient (Roseboom et al.,
2011a) - a finding also seen in mouse models (Coan et al., 2010). All the above strongly suggest
that changes in the placenta may underlie the potentially disease-inducing metabolic alterations
in the offspring, so studying the cells forming this organ is logical. In animal models, LPD-fed dams
increase their placental ATP levels (Chiaratti et al., 2015), and other extra-embryonic tissues such
as the visceral yolk sac endoderm (VYSE) also show increased fluid-phase endocytosis in LPD

(Watkins et al., 2008a).
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Studying the underlying causes of these environmentally-induced adaptations is complex;
epidemiological analysis, even with the most stringent of controls and largest datasets, is at best
correlative and prone to error. Rodent models allow for better-controlled and defined
interventions; however, they are also highly complex physiologically. The fact that environmental
challenge in the very early embryo results in postnatal changes (Kwong et al., 2000) strongly
implicates epigenetic alteration in the stem cells present at this stage. Furthermore, ES cells and
their differentiation products isolated from mice fed a low protein diet show changes which
mimic those seen in vivo (Cox PhD thesis; Sun et al., 2014). ES cells are known to show only
limited epigenetic changes, in part as they must retain their pluripotent state. This is not the case
with the other stem cells isolatable from the early embryo. As a result, it might be expected that
changes in the EpiSC and the TSC pools would closer mirror those occurring in vivo and provide
better models. It is to be hoped that our TS model might provide a new way to study the

mechanisms underlying embryonic programming, giving a more defined in vitro model.

Unlike ESCs and EpiSCs, TS cells have a limited array of progeny, so their differentiation trajectory
should be easier to follow. However, these cells appear more complex to retain in an
undifferentiated state in culture. This may be due in part to longer and more widespread
laboratory use of both mouse and human ES cells, where thirty years of experience in their
culture has resulted in defined non-FCS based culture systems and ES cell optimised media giving
highly reproducible results. Indeed, such media formulation was required not only for the
reproducible culture of human ES cell lines, but allowed the derivation of ES cells from many
mouse strains which had previously been considered impossible to obtain (Sato et al., 2009).
Defined media components are not yet fully understood for TS cells, which are grown by relatively
few laboratories (Ohinata and Tsukiyama, 2014). We had tried growing the TS cells in ES cell
defined media and serum replacement in the presence of FGF4; however, this media lacks fibrin
and fibronectin and both TS cells and feeder fibroblasts adhere very poorly to the plastic culture
dishes when grown in it, and ultimately, attempts to grow TS cells in such media fail (our findings
and Hemberger personal communication). The high concentration of FCS and the lack of
commercially TS-tested FCS also complicate novel TS clone isolation. Our TS cells have a high
percentage of polyploidy karyotypes — TS cells seem to spontaneously become polyploidy even
under stem cell culture conditions. This is one of the early steps in giant cell formation, and is
related to their characteristics in vivo, as they differentiate toward mature trophectoderm
lineages. TS cells are relatively slow growing in culture compared to other stem cell forms, and
this may be a cause of this disproportionately high differentiation when compared to ES cells,

where rapid formation of new cells and hence high passage rate may simply prevent the
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differentiated cells predominating. It should be noted that the differentiated cells also often
produce cytokines which then push stem cells to lose their undifferentiated characteristics
(Lanner and Rossant, 2010). The presence of polyploid and multinucleate TS progeny is well
described (Tanaka et al., 1998), and a high percentage of female TS cells have more than two X
chromosomes (Dubois et al., 2013). While the Dubois study did not link that to a loss of stability of
the female clones, it might explain why we obtained fewer female clones expressing high levels of

Cdx2.

In most blastocyst cultures we could obtain obvious and classical TS cell colonies which remained
present for 2-3 passages at most before being lost, which suggests that the clones that did survive
must adapt to the culture conditions, and prior to this are extremely sensitive. It is possible that
the trypsinisation and colony division was imperfect and stressed the cells, inducing their
differentiation. It is of interest to note that many of the studies on TS cells published use the
original clones from the Rossant laboratory, and that despite the seeming long list of TS cells

given in Table 4-1, few of the clones listed have been extensively characterised.

One issue complicating our culture of TS cells was the long term survival of mitomycin-treated
feeder fibroblasts in media containing FGF4; this protection from mitotic inactivation has been
described by others (Gallicchio et al., 1991). There is no fully effective method to prevent the
feeder cells from continuing to grow when FGF4 is present, as they appear necessary during the
initial TS cell isolation, and when the fibroblasts are in large numbers they may place any slower
growing TS clones under a stress. Also, while we found the conditioned media from the HEK-293
cells producing the FGF4 protein capable of maintaining TS cells, it resulted in faster growing
colonies than with the purified recombinant FGF, suggesting other non-identified growth factors
were also present. While the cells grown in the conditioned media did not appear to have more

differentiated cells, it was felt to be a risk, so the commercial FGF was used in the later assays.

An underlying issue with the studies carried out was the small numbers of TS clones finally
obtained. Initially, we hoped to use the hybrid embryos produced from crossing the two inbred
mouse strains C57BL/6 and CBA to establish our TS cell model. This would have the advantage of

a defined genetic background and hybrid vigour; however, in all cases these cells stopped growing
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after one or two passages in culture. The reason for this is not certain, as others have produced TS
cells from hybrid mice (see Table 4-1), and hybrid ES cells are known to be more robust than ES
cells from inbred backgrounds. We turned to the MF1 strain, and had success establishing TS cell
lines from this strain. These embryos develop somewhat slower than C57BL6 — at least to the
blastocyst stage, which occurs on average 8 hrs later in MF1, a variation which may continue into
later development (Thiel et al., 1993, Miyake et al., 1997). It is possible that this is significant in
the derivation of TS cells in our hands, although others have isolated such cells even from post-
implantation embryos, suggesting that TS cells or their precursors remain present for extended

periods in vivo.

Compared with other cell types (e.g. MEFs, ES, HEK-293 cells), once attached to a substrate, TS
cells are very adherent and difficult to separate using trypsin. We found that high trypsin
concentration (~2.5 times that in use to detached standard adherent cells) and a longer
incubation period was needed to remove the colonies from either the plastic substrate or the
feeder layer. It is possible that this exposure in the early stages of clone derivation was
detrimental to the cells; on the other hand, separation and colony division is needed to prevent
differentiation. Similar difficulties are seen in the isolation and maintenance of human ES cells,

where often purely physical means are used to maintain these cells.

We did manage to produce TS cells from embryos of mothers receiving both high and low protein
diets, though both at very low frequencies. These clones appeared phenotypically to be TS cells,
as they expressed Cdx2 (a known marker); however, the cells showed variation in both cell
proliferation and Cdx2 expression levels. TS cells have been described as highly pleotropic (Latos
and Hemberger, 2016), and there have been reports that there are actually four different TS cell
forms in culture, although they may be limited in their ability to form all the placental
trophectoderm lineages (Motomura et al., 2016). For further study, we chose the highest Cdx2
expressing cell lines from each group. The exact identity of the low Cdx2-expressing clones is
unknown; it might be that they had undergone differentiation, as Cdx2 appears to be lost very
rapidly in FGF4-lacking media, and it may be that other inducers of differentiation can cause a

similar effects. Certainly, these clones initially appeared to have a TS cell -like morphology.

We tested the cell metabolism through MTT conversion assays and the proliferation of the TS

cells. The LPD group has a significantly higher proliferation rate, which was in agreement with an
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earlier study on blastocyst cell number and trophectodermal outgrowths (Eckert et al., 2012). This
would fit with the hypothesis of a possible compensatory mechanism, where in a poor nutritional
environment, extra-embryonic lineages tend to show increased proliferation and endocytosis
activity in order to provide more nutrition to the developing embryo. By using fluorescent-
labelled dextran tracking, we found that early pregnancy LPD increased endocytosis in the derived
TS cells. This corresponds with an earlier study on embryo bodies formed from ES cells, which had
increased endocytosis in the LPD group (Sun et al., 2014). An underlying confounding issue in our
studies is the spontaneous differentiation of TS cells and the absence of robust lineage-defining

antibodies suitable for the mouse.

3D culture of so-called “trophospheres” is a new technique used to form differentiated
trophectodermal cells from TS cell aggregates (Rai and Cross, 2015), and is described as being
more reproducible than simple monolayer differentiation. This technique results in cavitated
structures lined by parietal TGCs which surround maternal blood sinuses in the placenta; such
forced and defined differentiation may make interpretation of endocytosis assays more robust,

and could be applied to our TS cells.

Figure 7-1: Formation of trophospheres by TSC aggregates (A) using clone LE5 and (B) section

taken from Rai and Cross, 2015

This method was attempted for our TS clones, using hanging drops to culture TSCs. After
trypsinisation, drops (30-50ul) of~500 TSCs were placed in a non-adhesive culture dish, then hung
upside down to culture. After 6-8 days, these TSCs formed spheres with hollow cavities, similar to

those described in this report. This method could potentially be explored further in future.
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A major problem in this study has been the difficulty in isolating suitable numbers of
representative TSC lines. Discussions with other researchers have highlighted the difficulties in
producing these lines, and have suggested that there may be specific changes induced by cell
culture where clonal growth and TSC isolation becomes possible. Recent studies using defined
media may make producing a greater number of TSC lines simpler (Ohinata and Tsukiyama, 2014);
their use of XAV939 (Wnt-inhibitor) and Y-27632 (ROCK-inhibitor) did result in greater frequencies
of TS cells. However, these authors also noted difficulties with certain genetic backgrounds —in

particular C57BL6 hybrid animals.

A recent study showed that there are epigenetic changes, such as reduced histone H3 and H4
acetylation, in LPD ESC-derived mouse embryoid bodies (Sun et al., 2015). TSCs may experience
similar changes, and it will be crucial to analyse the overall histone modifications and pinpoint any
epigenetic changes in CpG sequences in the major genes driving cell proliferation in TSCs, allowing

us to make proper use of our model to understand the changes occurring in man.

In summary, we have produced a foundation for the derivation of TS cell lines from mouse
embryos, and have delineated some of the major factors which must be considered in their
culture. The variability we showed present in the lines is in agreement with an increasing
understanding that these cells, once they begin to differentiate, are highly pleomorphic. We
found that despite this, it was possible to obtain some stable clones which have proved useful for
initial characterisation of their behaviour. With an increased number of clones of different sex
and from different parental origin, it should be possible to pinpoint both developmental and
epigenetic systems changing in the extraembryonic tissues, which may be important in causing

the DoHAD effects observed in later life.
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MTT lysis solution

Reagent For 10ml For 5ml
DMSO 9940ul 4970ul
HCL (0.5N) 60ul 30ul
SDS 1g 0.5g
Total 10ml 5ml
SDS-PAGE gel

Appendix

12% resolving gel

5% stacking gel

3.3ml H,0

3.4ml H,0

4ml of 30% Acrylamide* (Sigma A3574)

0.83ml of 30% Acrylamide

2.5ml of 1.5M Tris pH8.8 (BioReagents

BP1521)

0.63ml of 1M Tris pH6.8

100pl of 10% SDS (Fisher BioReagents

BP166-500)

50ul of 10% SDS

100pl of 10% APS (Sigma A3678)

50ul of 10% APS

4ul of TEMED (Sigma T9281)

5l of TEMED

Final Volume of 10mls

Final Volume of 5mls

* 29% w/v acrylamide and 1% w/v 1.0% N,N’-methylene-bisacrylamide in H,O

1x Loading buffer (final concentration)

50mM Tris pH6.8

2% w/v SDS

0.1% bromophenol blue

10% v/v glycerol

0.18M B-mercaptoethanol (Sigma M7522)

137



Appendix

This was produced as a 4x concentrate in a fume cupboard

SDS-PAGE running buffer

1 litre of 10x running buffer Final concentration
30.3g of Tris base, 25mM Tris

144g of glycine, 250mM glycine
10g of SDS, 0.1% w/v SDS

Western blotting transfer buffer

Transfer Buffer

48mM Tris

39mM glycine

0.0375% SDS

methanol up to 10%

TS medium stock

Name Final concentration

RPMI1640 (Gibico 61870-010)

Sodium pyruvate (Gibco 11360-039) 1mM

Pen Strep Glutamine (Gibco 10378-016) 100 unit/ml Penicillin

100 pg/ml Streptomycin

292pug/ml L-Glutamine

2-Mercaptoethanol (Sigma M7522) 0.1mM

FBS (Sigma F9665) 20%
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1x TS medium

TS medium stock 80%
FGF4 25ng/ml
Heparin (Sigma H3149) 1pg/ml
1.5x TS medium

TS medium stock 80%
FGF4 37.5ng/ml
Heparin (Sigma H3149) 1.5ug/mi
1.8x TS medium

TS medium stock 80%
FGF4 45ng/ml
Heparin (Sigma H3149) 1.8ug/mi

70%FCM (Fibroblast condition medium)

TS medium stock 30%
Fibroblast condition medium 70%
1.5x 70%FCM

TS medium stock 30%
Fibroblast condition medium 70%
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FGF4 37.5ng/ml
Heparin (Sigma H3149) 1.5pug/ml
1.8x 70%FCM

TS medium stock 30%
Fibroblast condition medium 70%
FGF4 45ng/ml
Heparin (Sigma H3149) 1.8ug/ml
2X TS frozen medium

FBS (Sigma F9665) 50%
DMSO (Sigma-Aldrich D5879) 20%
TS medium stock 30%
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TS cells Karyotyping

e KCL (potassium chloride) solution: 0.599gKCL in .
Glacial thonal | Total
100ml water (0.75M) acia methonal ) fota
e Carnoy’s fluid(fixative): 2ml glacial acid and 5ml acetis acid volume
methonal, make 50 or 100ml, store at -20°C until
use 14ml 35ml 49ml|
Change medium at least one hour before collect cells
1. Collect TS cells into centrifuge tube
2. Centrifuge 5min (1000r/m) aspirate supernatant
3. Add 37C KCL (0.559gKCL in 100ml water) drop by drop. Flick pellet with each drop for the

first 10-15drops. Do not pipette up and down or all the cells will stick to the inside of your
pipette. Bring the volume to 5ml. invert several times and incubate in room temperature

for 6 min

4, Spin down the cells at 500 rpm for 5 minutes. Remove sup. Add 1 ml fix. Flick tube to
resuspend pellet, add 4 more mls fix. Incubate 5 mins RT

5. Repeat step 4 three more times

6. In the end suspend cell in 1-2ml Canoy’s fluid and store it in the -20C fridge.

Drop the slide
) Chilled slides in 70% ethanol

- Dip the slides in chilled 70% ethanol
- Leave slides in the chilled ehanol until you are ready to use them.

- Use glass pipette aspire some of the cells and drop them on the clean wet and chilled slides

either at arms (15cm or so) length away or at varying height from the floor.
- Dry slides at room temperature

- Stain slides with diluted Giemsa (diluted ration 1:20 in water) for 20min and wash them
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