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Abstract
The prevalence of obesity is increasing each year, likely due to altered diet and a

sedentary lifestyle. However, some epidemiological data suggests that parental and

grandparental environments may also impact upon weight gain, metabolic health and

mortality. This non-genetic inheritance has been reproduced in some experimental

animal studies. The mechanisms are, however, unknown. One hypothesis has been that

environmental exposures perturb germ cell development. Changes to the germ cell

epigenome are an example of one such alteration.

In this thesis, epigenetic mechanisms are explored in rodent and primate male germ

cells throughout development. The conservation of global methylation patterns,

expression of DNA methyltransferases and of key histone modifications is

demonstrated in rat, marmoset and human tissue demonstrating mechanisms are in

place that might be disrupted by environmental exposures either in utero or during

post-natal development.

A rat model of parental high fat diet (HFD) exposure is established and phenotype

explored in two generations of offspring. Maternal HFD results in weight gain in male

and female offspring and paternal HFD in weight gain in just female offspring. Grand-

paternal exposure to HFD via the maternal line has the greatest impact on the second

generation where, in males, increased weight, adiposity, reduced insulin sensitivity and

an increased luteinising hormone to testosterone ratio were found.

Given that postnatal exposure in males resulted in adverse metabolic health in grand

offspring, the exposed germ cells were interrogated by RNA and smallRNA-sequencing.

HFD exposure did not alter the germline transcriptome suggesting an alternative

mechanism to be responsible for the intergenerational effects observed.



Thus, HFD perturbs metabolic health in two generations of rats in a grand-parent and

sex specific manner but does not affect the germ cell transcriptome.
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Chapter 1 Literature review 1

1 Literature review

1.1 Introduction

Obesity is a major concern for global health. Worldwide, obesity has doubled since

1980, and 65% of the world's population now lives in countries where overweight and

obesity results in more morbidity than undernourishment (WHO, 2014).

Obesity is defined as a body mass index of over 30kg/m2 (WHO, 2014). A high BMI is

associated with an increase in the prevalence of hypertension (Roka et al., 2015),

coronary heart disease and stroke (Hagg et al., 2015), type 2 diabetes (Martin-

Rodriguez et al., 2015), cancer (Guh et al., 2009) and subfertility in males (Palmer et al.,

2012; Stokes et al., 2015) and females (Talmor and Dunphy, 2014). Obesity was

estimated to cost the UK tax payer £4.2 billion in 2007, a cost that is rising each year

(National Obesity Observatory, 2010; Wang et al., 2011).

The change in the prevalence of obesity is likely influenced by changes in lifestyle over

the latter part of the last century, for example, increased snacking and consumption of

processed food (Cutler et al., 2003) and reduced levels of physical activity (Bowen et al.,

2015). Although twin studies suggest that 40-70% of bodyweight can be explained by

genetic factors (Locke et al., 2015), with a few exceptions, specific gene targets have

remained elusive and genome wide association studies (GWAS) have only been able to

account for 2-4% of heritability (Locke et al., 2015). One possible explanation for this is

non-genetic inheritance; there is also accumulating evidence, from both

epidemiological and experimental studies, that the environment around our immediate

ancestors can influence the risk of obesity (Aiken and Ozanne, 2014; Desai et al., 2015).

In human studies, obesity in parents is strongly predictive of obesity in offspring. These

studies are however heavily confounded by the environment in which the offspring are
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raised, which is presumably more 'obesogenic' (reviewed in (Patro et al., 2013]). There

is also an association between maternal under-nutrition and later risk of obesity and

cardiovascular disease in offspring (Painter et al., 2006; de Rooij et al., 2006), and

increased BMI in adolescent grand-offspring (Veenendaal et al., 2013) although no

change to mortality in those exposed in utero to date (Ekamper et al., 2015).

Furthermore, multiple experimental models of over- or under-nutrition find altered

metabolic, reproductive and behavioural phenotypes in offspring (reviewed in Aiken

and Ozanne, 2014; Desai et al., 2015). Thus, there is building evidence for the non-

genetic 'intergenerational' transmission of phenotype.

The mechanisms resulting in such intergenerational transmission of phenotype

however remain elusive. Hypotheses include transgenerational epigenetic inheritance

(DNA methylation or chromatin structure), somatic inheritance, where components of

the parental soma alter development, behavioural inheritance, and environmental

inheritance, where, for example, parents influence on the environment (e.g. nutrition)

around offspring, or the potential of environments to induce mutations in DNA

(Bonduriansky and Day, 2013).

Epigenetics refers to a heritable modification within a cell that does not alter the

Watson-Crick genetic code (Goldberg et al., 2007). If an environmental exposure could

alter the epigenetic make up of a germ cell, it would act as a potential means of passing

information from one generation to the next without altering the genetic code. Thus,

environmental perturbation of the epigenome has been suggested as a potential

mechanism for intergenerational inheritance of phenotype.

The first part of this chapter reviews experimental evidence for the intergenerational

programming of phenotype as a result of environmental exposures but with a focus on

high fat diet (HFD), following this the mechanisms by which the epigenome of a cell is
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regulated and maintained are explored before examining how the epigenome is

regulated during germ cell development.

1.2 Intergenerational inheritance of phenotype

1.2.1 Epidemiological studies
In human populations, dietary 'interventions' are one of the most straightforward

means to investigate whether environmental exposures might affect future

generations. For example, the Dutch famine in 1944-1945 resulted in a finite window of

perinatal malnutrition, and the exposed offspring had low birth weight. In adulthood,

such females were more obese, male and female offspring had premature

cardiovascular disease (Desai et al., 2015; Painter et al., 2006; Ravelli et al., 1999)

(summarised in Figure 1.1) and grandchildren had increased BMI and weight according

to the paternal in utero nutritional exposure (Veenendaal et al., 2013). A less direct

effect is seen in the epidemiological studies of a small Swedish town, Overkalix, where

data regarding the relative nutrition of grandparents was correlated with the longevity

and health of grandchildren. The largest effects were seen when correlating the

paternal grandfather to the proband (Kaati et al., 2007; Pembrey et al., 2014, 2006).
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Dutch Famine

T
Nov-43-

1944 1945

-> Peb'47

1946 1947
i 1

Unexposed (born before) EXPOSED Unexposed (conceived after)

Late

Mid

Early
v' * .J

Exposure Outcome Ref.

Conception during famine Coronary artery disease
Female obesity

Painter, 2006

Famine in late gestation Increased glucose during OGTT
Increased insulin during OGTT
Lower birthweight

Ravelli, 1998
Roseboom, 2006

Famine in early gestation Increased LDL/HDL cholesterol
Coronary artery disease (age and
prevalence)
Perceived poor health

Roseboom, 2000
Painter, 2006
Roseboom, 2003

Figure 1.1 summary of outcomes following maternal exposure to famine
during the Dutch hunger winter Figure adapted from (Painter et al., 2005).
Females exposed to famine during each trimester of pregnancy are referred to as

late, mid or early exposed. Offspring were compared to those born prior to the
famine.

Offspring of obese parents are more likely to be obese, and suffer from adverse

metabolic health, with some studies showing the strongest effect for paternal obesity

(Jaaskelainen et al., 2011; Patro et al., 2013). However, comparison of multiple studies

does not provide conclusive evidence that there is a clear maternal or paternal effect of

obesity that can be differentiated, rather the conclusion is that it is difficult to control

for the presence of environmental and genetic confounding, which thus makes

interpretation complex (Patro et al., 2013).
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1.2.2 Experimental studies

1.2.2.1 Paternal nutrition

Observations in human populations are difficult to interpret due to a reliance on self-

reporting and the fact that it is impossible to control for environmental changes and

confounding factors. For this reason, experimental studies have been useful to identify

if effects can be transmitted and then to try and determine the potential mechanisms.

Evidence showing the transmission of environmentally-induced phenotypes through

the male line is supportive of the concept that transmission may be mediated by

changes in the epigenome since this avoids potential complications of 'intra-uterine

effects' (Anderson et al., 2006; Carone et al., 2010; Fullston et al., 2013; Ng et al., 2010;

Ost et al., 2014). These studies are summarised in Table 1.1. It should be borne in mind

however, that paternal behaviour and the constituents of semen may also influence

maternal behaviour and or pre-implantation development and thus might also have a

part to play (Binder et al., 2015; Bromfield et al., 2014; Crean et al., 2014; Curley et al.,

2011).

Table 1.1 Experimental studies of paternal dietary interventions ND not
reported, p significance vs. offspring of control diet (CD) fed males.

Study Species Exposure Exposure Exposure Exposure Outcome Effect in

time age sex

F1 male F1

female
F2 male F2

female

Ost 2014 Dropsophila High sugar 2 days 4-5 day Male Serum

triglycerides
p<0.05 ND NS ND

Anderson Mouse: 24 hour fast 6x over 3 8 week Male Serum p=0.0065 p=0.037 ND ND

2006 Outbred
swiss

weeks old glucose at 6
weeks

IMg 2010 Rat:

Sprague
Dawley

40.7-43% fat 13 weeks from 4

weeks
Male Increased

glucose AUC
(12 wk)

ND p=0.015 ND ND

Carone Mouse: 11% vs. 20% 6-9 from 21 Male Lower p=0.01 p=0.01 ND ND
2010 C57BL/6 protein weeks days cholesterol

Fullston Mouse: 21% vs. 40% fat 10 weeks from 5 Male Bodyweight p=0.02 p=0.003 P=0.005 (via NS
2010 C57BL/6 weeks

Glucose
tolerance

p<0.05 p<0.05
Fern)
P=0.05 (via
fern)

NS
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1.2.2.2 Maternal nutrition

Experimental models investigating the effects of maternal nutrition on offspring (and

grand-offspring] have more confounding factors than those where the male is exposed.

These include, the length of time the dam was exposed to the diet pre-pregnancy (and

thus how obese she is], whether the embryo is exposed to the diet during pregnancy

and whether the offspring are exposed during lactation. There is reasonable

consistency in the literature that maternal diet programs increased weight gain in

offspring (Bellisario et al., 2014; Benatti et al., 2014; Cannon et al., 2014; Cheong et al.,

2014; Marco et al., 2014; Melo et al., 2014; Page et al., 2014; Sanders et al., 2014; Song

et al., 2015], This phenotype is often exaggerated where the offspring are re-challenged

with an obesogenic diet (Vogt et al., 2014], However, there are also examples of models

in which maternal diet does not program this effect (King et al., 2013b; Piatt et al.,

2014]. It is not clear why some models do not find changes in offspring. Review of

methods from models published over the last year shows that the effect of diet is

strongest during lactation and during pregnancy as opposed to pre-pregnancy and also

that HFD interventions that are less extreme (for example 30-45% energy from fat]

were more effective at programming weight gain in offspring than diets where 60% of

energy came from fat. This might suggest that it is the diet itself rather than obesity,

which is the main factor in determining a programmed effect (Table 1.2].
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Table 1.2 Maternal over-nutrition models published 2014-2015. SC-
standard chow (not matched control). ND Not reported,

Study Species Control (% Intervention Exposure from Exposure time Exposure in Exposure in Effect in

fat) (% fat) age pre-pregnancy pregnancy lactation

F1 son F1 daughter

(Bellisario et p66KO mice
al., 2014) (WT)

17 58 5 weeks 10 weeks Yes No <0.05 <0.05

(Ma et al., Macaca
2014) fuscata

13 36 ND 3 years Yes Yes <0.05 <0.05

(Sanders et C57BL/6
al., 2014)

10 45 6 weeks 2-3 weeks yes ? <0.05 <0.05

(Cheonget C57BL/6
al., 2014)

7 45 10 weeks 6 weeks Yes Yes <0.05 ND

(Mendes-da- Swiss mouse
Silva et al.,
2015)

4.5 23 adult 3 weeks Yes Yes <0.05 ND

(Benatti et Swiss mice
al., 2014)

SC 24 7 weeks 2 weeks Yes Yes <0.05 ND

(Meloetal., Swiss mice
2014)

SC 24 7 weeks 2 weeks Yes Yes <0.05 ND

(Cannon et C57BL/6
al., 2014)

10.5 58 3 weeks 8 weeks Yes Yes <0.05 ND

(Rodriguez- Wistar rat
Gonzalez et

al., 2014)

20% lard 2 weeks 120 days Yes Yes <0.05 ND

(Song et al., SD rat
2015)

10 45 3 weeks 9 weeks Yes Yes <0.05 ND

(del Bas et Rat
al., 2015)

11 weeks 0 weeks Yes Yes <0.05 ND

(Page et al., SD rat
2014)

10 45 4 weeks Yes Yes <0.05 ND

(Cordero et Wistar rat
al., 2014)

SC 45 12 weeks 0 weeks Yes Yes <0.05 NS

(Marco et al., Wistar rat
2014)

6 60 Day 22 58 days Yes Yes ND <0.05

(Brenseke et C57BL/6
al., 2015)

6.2 60 5 weeks 5 weeks Yes Yes and 7

weeks then

CD

ND NS

(Wang et al., NOD mice
2014a)

10 60 4 weeks 8 weeks Yes Yes ND NS

(Laker etal., C57BL/6
2014)

BC 60 8 weeks 6 weeks yes yes ND NS

(Sasson et al., Mouse
2015)

25 60 >4 weeks 10-12 weeks Yes/No Yes/No NS <0.05

(Piatt etal., ICR mice
2014)

10,11 45,60,32,60 14 weeks 4 weeks a Yes Yes NS <0.05

(Martin et al., 3xtgAD mice
2014)

12 60 8 weeks 0 weeks Yes Yes NS ND

(King etal., C57BL/6
2014)

10.5 58 5 weeks 12 weeks Yes Yes NS NS

(Dearden and CD1
Balthasar,
2014)

SC 58 8 weeks 0 weeks Yes Yes/no NS NS

(Vogt et al., C57BL/6
2014)

12.5 55 adult 8 weeks Yes/no Yes/no NS NS

(Thorn et al., Macaca
2014) fuscata

15 37 adult 1-5 years yes yes NS NS

(Desai et al., SD rat
2014) •

10 60 3 weeks 8 weeks Yes Yes/no NS NS
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In order to examine whether there are true intergenerational effects, the grand-

offspring of the exposed mothers must be examined. In mice, grand-maternal HFD

reduced birthweight weight and insulin response to glucose (despite no clear effect in

Fl) (King et al., 2013a) and increased body length and reduced insulin sensitivity, even

in the 3rd generation (Dunn and Bale, 2009, 2011).

Another murine model demonstrating an intergenerational response to dietary

intervention is that of protein restriction/undernourishment where, following

maternal exposure, offspring have low birth weight and develop obesity and impaired

glucose tolerance, with the reduced insulin sensitivity being passed down to a further

generation via the paternal line (Jimenez-Chillaron et al., 2009). Furthermore, sperm

from males undernourished in utero exhibited reduced cytosine methylation,

particularly at intergenic loci and enrichment in areas with greater heterochromatin,

suggesting a possible chromatin-regulated mechanism for retention of methylation

(Radford et al., 2014). This highlights differences between adult and in utero exposures

to germ cells, which appear to elicit different epigenetic modifications (Carone et al.,

2010; Ost et al., 2014), suggesting that different mechanisms of intergenerational

inheritance may be active prenatally compared with postnatally.

1.2.2.3 Reproductive function
A high fat diet results in lower sperm counts and reduced sperm motility in mice, an

effect that has also been demonstrated in some human studies (Eskandar et al., 2012;

Hakonsen et al., 2011; Hammiche et al., 2012; Hammoud et al., 2008; Jensen et al.,

2004). In rats, this was associated with testicular germ cell apoptosis (Li et al., 2013),

and in mice with reduction in global spermatozoa methylation (Fullston et al., 2013),

increased sperm DNA damage as detected by TUNEL (Fullston et al., 2012) and an

increase in H3K9 acetylation (Palmer et al., 2011). The reduction in sperm motility was

also noted to occur in the F2 generation grandsons (Fullston et al., 2012). Many of the
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changes in the sperm of the FO males due to HFD were reversed when they lost weight

by exercise or diet (McPherson et al., 2014), along with reversal of the programmed

paternal effect in the F1 offspring (McPherson et al., 2015). It may thus be that DNA

damage or perturbed metabolism in the sperm is responsible for transmission of the

phenotypes observed.

1.2.2.4 Exposure to endocrine disruptors
Exposure to chemicals, which can mimic steroid hormones, can program responses in

offspring, for example, in utero exposure to the chemical dibutylphthalate (DBP) leads

to a lower testosterone or compensated Leydig cell failure in adults, a finding

associated with reduced testicular Steroid acute regulatory protein (StAR) expression

and an increase in the repressive histone mark H3K27me3 at the proximal promoter of

StAR (Kilcoyne et al., 2014). This direct exposure does not however suggest

maintenance of an epigenetic change down the germ line.

In contrast, exposure in utero to Vinclozolin, a fungicide used by vintners, which is

metabolised into compounds with high affinity for the androgen receptor (AR), can

result in increased rates of germ cell apoptosis, disrupted testis morphology, reduced

sperm count and impaired fertility in three generations of offspring, a finding

transmitted down the male germ-line (Anway et al., 2005, 2006). Findings were

consistent in both inbred Fischer and outbred Sprague Dawley rats (Anway et al., 2006)

and associated with altered promoter methylation in the sperm from F3 offspring of

exposed animals (Guerrero-Bosagna etal., 2010).

There is also evidence for transgenerational programming following in utero exposure

to the synthetic oestrogen, diethylstilbestrol (DES). Human in utero DES exposure

results in increased rates of birth defects in F2 grand-offspring (Titus-Ernstoff et al.,

2010) and in mice, increased carcinogenesis (Newbold et al., 1998, 2006), findings
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associated with altered methylation of the promoter of the proto-oncogene c-fos (Li et

al„ 2003).

1.2.2.5 Exposure to stress
A separate paradigm for investigating transgenerational effects has been stress

exposure. Here (in a rodent model) restraint stress of mothers during pregnancy or

postnatal stress (maternal separation) results in increased stress sensitivity and

corticosterone response to stress in male offspring and their male grandsons (Franklin

et al., 2010; Morgan and Bale, 2011), an effect that could be the result of a perturbed

sperm miRNA milieu (Gapp et al., 2014). This paradigm highlights a difficulty in

determining mechanisms: are the differences found in F2 offspring the result of the

altered phenotype in the Fl, or a result of the initial insult to the germline?

An alternative means of modelling in utero stress exposure is exposure to

glucocorticoids. Dexamethasone is used as it passes into the fetus without degradation

by placental enzymes. Here studies in rodents find exposure to dexamethasone in utero

resulted in reduced birth weight and impaired adult glucose metabolism in the F2

generation (Drake et al., 2005, 2011) and in marmoset, altered lipid profiles in F2 and

F3 females (Buchwald etal., 2012).

1.2.3 Summary
The mechanism by which these exposures result in intergenerational changes to

phenotype are not clear. The genotype of the animals should not be altered by

environmental exposures (although they may exert a selection pressure in non-

experimental situations). This suggests that a non-genetic mechanism may be

responsible.
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1.3 Epigenetic mechanisms
Epigenetics refers to heritable changes in gene expression that does not involve

changes to underlying DNA sequence. The term was proposed by Waddington in 1942

to suggest how a cell might interact with its environment to produce a phenotype

(Goldberg et al., 2007). The epigenome has since been shown to be essential for

regulating transcription factors during cellular differentiation during development

(Spivakov and Fisher, 2007). The epigenome is also disrupted in pathological

processes, for example, carcinogenesis (Shukla and Meeran, 2014), type 2 diabetes

(Gillberg and Ling, 2015), and autoimmune disease (Gupta and Hawkins, 2015).

Although, to the present date (with exception of carcinogenesis) the altered epigenome

is an association with the pathology and the direction of causality is not clear.

miRNA

Figure 1.2 Three epigenetic modifications Histories may be modified to alter
chromatin structure, cytosines may be methylated and miRNAs can interfere with
translation of mRIMA. Circles on sticks indicate methylated cytosines.

Three principal mechanisms of epigenetic regulation have been discovered: Cytosine

methylation, histone modifications and non-coding RNA regulation of transcription and

translation (Figure 1.2). There is strong evidence for the fact that methylation can be

copied from a parent to daughter cell, despite the fact that histone modifications appear

maintained at loci following mitosis, the mechanisms regulating this are less clearly
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defined in mammalian systems. Each of these 'epigenetic modifications' and the

mechanisms regulating them are discussed in the following section.

1.3.1 DNA methylation
Nucleotide methylation provides a mechanism for reversibly marking genomic DNA.

Prokaryotes can methylate adenosine and cytosine, where in eukaryotes, only

methylated cytosine has been discovered (Hotchkiss, 1948; Johnson and Coghill, 1925;

Schiibeler, 2015]. A role for DNA methylation in transcriptional regulation was first

demonstrated by injecting in vitro methylated DNA into Xenopus oocytes or mammalian

cells and showing repression of gene expression (Stein et al., 1982; Vardimon et al.,

1982). By injecting viral DNA into zygotes, in the same year, it was shown that de novo

methylation was also able to regulate gene expression (Jahner et al., 1982).

As methylation is able to alter the functional state of DNA without changing the

Watson-Crick base pairing it is an example of a classical 'epigenetic' mark. Methylation

is implicated in the regulation of gene expression of several functional classes of DNA.

1.3.1.1 Functional classes of DNA regulated by methylation
Although non Cytosine-phosphate-Guanine (CpG) dinucleotides can be methylated, the

majority (>75%) of methylation detected in the genome occurs at CpGs. The role of

CpA/C/T methylation to date is still not clear, however, it is associated with reduced

gene expression, reduced protein-DNA interaction and is enriched in areas of low CpG

density (Guo et al., 2014c; Lister et al., 2013).

1.3.1.1.1 CpG Islands (CGIs)
CGIs are loci with the expected frequency of CG dinucleotides, the rest of the genome

being relatively CG deplete There are several definitions for what a CGI is, perhaps the

clearest being that proposed by Gardiner-Garden and Frommer: a region of at least

200bp and an observed/expected ratio of CG nucleotides of >0.6 (Gardiner-Garden and

Frommer, 1987). Many genes have CGIs associated with their promoters (Antequera
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and Bird, 1993; Gardiner-Garden and Frommer, 1987), however the majority of CGIs

remain unmethylated. An exception to this are long-term mono-allelically silenced

genes, for example X inactivation and imprinted genes (Li et al., 1993). Whilst

methylation of a CGI within a promoter is highly likely to be associated with reduced

transcription, unmethylated CpGs might not necessarily be associated with active genes

(in fact very few genes rely solely on methylation for regulation of their transcription),

and CGIs in the promoters of inactive genes do not tend to acquire methylation,

although they do gain repressive histone marks, thus very few genes are solely reliant

on methylation to control their expression (Schiibeler, 2015; Tanay et al., 2007).

1.3.1.1.2 Imprinted genes

Imprinted genes are monoallelically expressed, depending on their parental origin.

Most imprinted genes are clusters of IMbp and include both maternally and paternally

expressed genes. Regulation of expression of these genes is coordinated by short

sequences of DNA (imprinting control regions), which are differentially methylated

depending on whether the allele originates from the mother or father. DNA methylation

thus represses expression of part of the imprinted locus and mediates expression of the

cluster of genes (Kalish et al., 2014). Thus some genes are only expressed from the

paternal allelle and others from the maternal allele. The earliest described imprinted

genes were the paternally expressed imprinted gene Igf2 and the maternally expressed

Igfr2 (Ferguson-Smith et al., 1991). It has been proposed that the antagonistic

coevolution between parental genomes could have driven the evolution of imprinted

genes. For example, fetal expression of a growth factor not only influences the growth

of a fetus, but also the indirectly affects the growth of and potentially fitness of siblings

by altering demand for shared maternal resources. Altering fetal expression may thus

have different fitness effects, allowing natural selection, especially if the two siblings

are paternally unrelated (Moore et al., 2015; Patten et al., 2014).
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Deletions or mutations within imprinted genes result in human imprinting disorders,

for example, failure to express the maternal or paternal allele of the SNRPN locus

results in Angelman and Prader-Willi syndromes respectively (Kalish et al., 2014}.

1.3.1.1.3 Repetitive DNA

Up to half of the human genome is made up of mobile or transposable repeat sequences;

these are thought to have arisen from viral integration. The sequences can be classified

both by their ability to integrate into a new site of the genome of their cell of origin, and

based on their size and location [Kazazian, 2004} See Figure 1.3.

Telomeric DNA sequences ([TTAGGG]n in vertebrates} are repetitive sequences

capping chromosomes, which shorten with age (Eisenberg, 2011; Eisenberg et al.,

2012), in order to maintain or extend telomere length, telomerase is expressed.

Telomerase is a reverse transcriptase enzyme thought to have evolved from

retrotransposons (Eickbush, 1997). Telomerase is expressed in prenatal tissue and

cancerous cells but expressed in only low levels in the soma (Eisenberg, 2011).

Telomerase is expressed in the germline, with strongest expression in males in the

spermatogonia, and length of spermatozoal telomere is thought to correlate positively

with age (Eisenberg et al., 2012; Ozturk, 2015) .

1.3.1.1.3.1 DNA transposons (Class II)
These elements are moved from one genomic site to another by a cut and paste

mechanism. They are around l-5kb in length. They have limited specificity of the

sequence for integration and thus can insert themselves at a large number of genomic

sites; however, most occur close to the parental site. The transposon codes for a

transposase enzyme between inverted repeat termini (Kazazian, 2004; Smit and Riggs,

1996). The transposase recognises its origins by the repeat termini and excises itself.

The DNA is then integrated into the genome at another location in which the repeat can

be found. As the excision site is nicked, the host will 'fill in the gaps' leading to
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elongation of the repeated section of DNA (Munoz-Lopez and Garcia-Perez, 2010].

Transposition of the transposon is potentially unhelpful for the host, as well as the

transposon, thus limiting the impact of transposition on host fitness is beneficial both

to the host and transposon (Kazazian, 2004).

1.3.1.1.3.2 Retrotransposons (Class I)
Retrotransposons are transcribed into RNA and then reverse transcribed prior to

reintegration into the genome, thus there is a duplication of the element. They are

classified based on the presence or absence of long terminal repeats (LTR) at both

ends. The mechanisms by which retrotransposons re-integrate are less thoroughly

understood (Kazazian, 2004).

LTR-retrotransposons, around 5-10kb in length, comprise genes coding for a viral coat,

a reverse transcriptase, ribonuclease and an integrase. Unlike retroviruses, they do not

code for an envelope protein and thus are confined to remaining intracellular. They

often target their reinsertion for fairly specific genomic locations. They include

Intracisternal A particles (IAPs](Crichton et al., 2014; Kazazian, 2004].

Non-LTR retrotransposons are usually 4-6kb in length and have two open reading

frames, one coding a nucleic acid binding protein, and the other an endonuclease and

an RT. They include the long interspersed nucleotide elements [LINEs], which encode

about 20% of the human genome. Short interspersed sequences (SINEs] have shorter

repeats of 100s of bps and constitute about 10% of the human genome, the majority

being the Alu sequence (Crichton et al., 2014; Kazazian, 2004],
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Figure 1.3. Taxonomy of transposable elements. Repeat elements within
DNA can be classified based on their structure, size and composition. For example
DNA transposons, which do not reverse transcribe themselves, but cut and paste
the DNA. Or the retrotransposons, which do reverse transcribe themselves, and
thus insert a copy into the genome. Retrotransposons can be further classified as to
wherether they contain LTRs and, as to if they encode the proteins required for
their reveerrse trasnciption (autonomous) or if they rely on the host for these (non-
autonomous). Examples of common elements of each class are shown in
parentheses.

1.3.1.1.4 X chromosome

Mammals carry the same sex chromosome system with common evolutionary origin at

-180 million years ago. Most humans carry either two X chromosomes or an X and a Y.

The Y chromosome carries Sry, the 'sex determining gene', along with an abundance of

genes important for sex-determination and spermatogenesis. This results in an

imbalance in the dosage of genes on the X chromosome, two doses (XX) or one dose

(XY). Expression of genes on the X chromosome is thus regulated to ensure balanced

gene expression between the X chromosome and the autosomes, and similar

expression between the sexes. X chromosome inactivation was proposed by Lyon in

1961 based on observations of chromatin morphology in male and female cells, and the

mottling of female mice heterozygous for coat colour genes (Lyon, 1961). Imbalance of
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expression of the X chromosome could be deleterious and mechanisms have evolved to

compensate. Following fertilisation, one of the X chromosomes is inactivated, ensuring

the correct dosage of genes are transcribed. X inactivation occurs via several

mechanisms, which result in the acquisition of silencing histone modifications and

methylation of CGIs. It should be noted that around 15% of human X-linked genes fail

to become inactivated [Deng et al., 2014; Veitia et al., 2015). These 'duplicated' genes

are thought to contribute to sexual dimorphism, and may explain differences in risk of

metabolic disease (Chen et al., 2012; Li et al., 2014).

1.3.1.2 Conservation of methylation
Higher eukaryotes contain more abundant methylated cytosine than lower species, for

example the mosquito Aedes albopictus carries just 0.03% whereas it is 2-8% in

mammals (Doerfler, 1983). Recent advances in sequencing technology have meant it is

possible to compare methylation of the whole genome in higher primates. Surprisingly,

this demonstrated strong heterogeneity between humans and chimpanzees both in

terms of abundance of methylation and its location, with more abundant methylation

being found at human promoters and Chimpanzee gene bodies (Zeng et al., 2012). Thus,

although methylation is widely observed in the natural kingdom, its prevalence and

genomic distribution is variable. Care should thus be taken when extrapolating results

from methylation studies between species.

Cytosine modification is a dynamic process, it occurs by DNA methyltransferases

methylating cytosine to 5-methylcytosine (5mC), and is thought to be reversed by the

oxidation of 5mC to 5-hydroxymethylcytosine (5hmC) (Penn et al., 1972), 5-

formylcytosine (5fC) (Ito et al., 2011; Pfaffeneder et al., 2011) and 5-carboxylcytosine

(5caC) (He etal., 2011) by the ten-eleven-translocation (Tet) enzymes.
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DNA methylation is dependent on methyltransferase enzymes, which are introduced

below.

1.3.1.3 DNA methyltransferases (DNMTS)
Cytosine methylation is catalysed by DNA methyltransferases (DNMTs). To date, 3

classes of DNMTs have been identified.

1.3.1.3.1 DNMT1

Maintenance methylation occurs each time a cell undergoes mitosis in order that the

methylation is copied to each nascent strand of DNA. It is catalysed by DNMT1, which is

recruited by NP95 (UHRF1) to hemimethylated CpGs at replication foci (Bostick et al.,

2007). Knock out of DNMT1 causes embryonic lethality and extensive demethylation of

the genome (Bestor, 1988; Gruenbaum et al., 1982; Lei et al., 1996). Two murine

isoforms of DNMT1 have been identified, an oocyte specific (DNMTlo) and a somatic

form (DNMTls), a further splice variant, truncated at the 5' end and expressed, but not

thought to be translated, has also been detected in pachytene spermatocytes (Mertineit

et al., 1998). DNMTlo shows greater stability than DNMTls, and it is thought that this

aids prolonged activity in the early blastocyst, where methylation needs to occur

rapidly (Ding and Chaillet, 2002). DNMTlo mutant mice have altered expression of

imprinted genes in the placenta and 8-cell blastocyst. This results in lipid accumulation

within the placenta, and altered fetal growth and impaired X-chromosome activation,

implying a role beyond that simply of copying methylation from parent to daughter

cells (Himes et al., 2015; McGraw et al., 2013).

1.3.1.3.2 DNMT2

Initially, DNMT2 was not found to have any de novo activity (Okano et al., 1998),

however, it has since been shown to methylate tRNA and H4K20 (Goll et al., 2006;

Phalke et al., 2009). Methylation by DNMT2 of tRNAs, which are abundant in sperm has

also been suggested to be a mechanism by which paramutation might occur.



Chapter 1 Literature review 19

Paramutation is an epigenetic change caused by the mutation in one allele for a gene,

which alters the expression of the complementary allele (Rassoulzadegan et al., 2006].

Knockout of DNMT2 results in the loss of a paramutating mechanism (Kiani et al.,

2013].

1.3.1.3.3 DNMT3

De novo methylation at unmethylated CpGs is conducted by DNMT3A and B (Okano et

al., 1998a, 1999]. Dnmt3a knockout mice survive to term but grow poorly and die at

around 4 weeks of age (Okano et al., 1999]. Dnmt3b knock-outs develop normally until

e9.5 but then are non-viable; double knockouts were also non-viable, smaller and die

before ell.5 (Okano et al., 1999], DNMT3A and 3B target different loci although there

is some compensation of activity with respect to catalysing de novo methylation,

especially at retrotransposons (Kato et al., 2007],

DNMT3L has a conserved structure to DNMT3a and 3b but lacks the catalytic domain

(Aapola et al., 2000], Despite this, it remains essential for reproductive function, with

disruption resulting in progressive azoospermia, failure of spermatocytes passing into

the pachytene stage, and failure of imprinting at some maternally imprinted loci

(Bourc'his and Bestor, 2004; Bourc'his et al., 2001], DNMT3L knockout results in

reactivation of LINE1 and IAP elements, which leads to a checkpoint failure during

spermatogenesis, and induction of apoptosis. Maternal null-derived embryos are also

not viable, likely as a result of failure of imprinting in the oocyte (Bourc'his and Bestor,

2004; Bourc'his et al., 2001], DNMT3L knockouts are however viable, the early

methylation in the zygote occurs, albeit at a reduced rate as a result of compensation by

DNMT3a and 3b (Guenatri et al., 2013]. The main functionality of DNMT3L appears to

be through its ATP dependent helicase (ATRX]-DNMT3-DNMT3L (ADD] domain, which

allows it to bind to histone 3 (H3](Argentaro et al., 2007], Ablation of this domain

results in a phenotype similar to the DNMT3L knockout (Vlachogiannis et al., 2015],
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Methylation of H3 at lysine 4 (H3K4) results in failure of DNMT3L and histone binding

and suggests why inactive promoters decorated with non-methylated H3K4 are able to

become methylated [Hu et al,, 2009; Tomizawa et al., 2012}.

Given their essential role in de novo methylation, the DNMT3s play a role in the

establishment of a new epigenetic code in the germline and could perturb methylation

patterns in offspring. DNMT3a expression appears to increase during spermatogonial

remethylation, from el4.5 onwards (Sakai et al., 2004; La Salle et al., 2004], DNMT3b

expression appears to commence earlier, protein being detected at el2.5 (Hajkova et al.,

2002; Kato et al., 2007; Niles et al., 2011; Sakai et al., 2001; La Salle et al., 2004}. A

summary of this is shown in Figure 1.4.
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Figure 1.4 Expression of DNMT3 enzymes during germ cell
development in the murine model. IF immunofluorescence, qPCR, quantitative
polymerase chain reaction, BSS bisulphite sequencing, blue arrow indicates
expression, red arrow indicates no expression, red-cross indicates that expression
stops.

1.3.1.4 Ten-eleven-translocase enzymes

The ten-eleven translocasel gene (TET1) was first detected as an oncogene commonly

seen in acute myeloid leukaemia (AML)(Lorsbach et al., 2003; Ono et al., 2002). The

translocation t[10;ll)(q22;q23) was noted in several patients with AML and cloning of

the breakpoint identified a well conserved protein family of (at the time) unknown

biologic function next to the mixed lineage leukaemia gene (MILJ at llq23 (Lorsbach et

al., 2003; Ono et al., 2002). Two further human proteins with significant homology to

TET1 were designated TET2 and TET3 (Lorsbach et al., 2003). It was a further five

years before the function of the enzyme was determined; trypanosomes contain a
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modified thymine (called J] produced by sequential hydroxylation and glycosylation of

its methyl group. Synthesis of this base requires the enzymes JBP1 and JBP2 (Yu et al.,

2007). A computational search for homologs that might also have potential to oxidise

nucleosides detected three human proteins, TET1-3 (Tahiliani et ah, 2009). In vitro

assessment of HEK293 cells transfected with TET1 detected not only a reduction in

immunodetectable 5mC, but an extra species, 5hmC (Tahiliani et ah, 2009). TET1 was

further shown to oxidise 5hmC to 5caC and 5fC (Ito et ah, 2011)

1.3.1.4.1 Functions of TET proteins

1.3.1.4.1.1 Tetl

Tetl is expressed in the Purkinje neuronal fibres and in murine embryonic stem cells

(mESCs)(Ito et ah, 2010; Kriaucionis and Heintz, 2009). TET1 is enriched at

transcription start sites, and is associated with 5hmC, demethylation and transcription

(Williams et ah, 2011; Wu et ah, 2011). It is also highly enriched at polycomb target

gene promoters that are involved in transcriptional repression (Williams et ah, 2011;

Wu et ah, 2011).

In e9,5 to el3.5 murine embryos, Tetl expression is greatest in the primordial germ

cells (PGCs) (Hajkova et ah, 2010). Using a gene trap derived mutant of Tetl, resulting

in around 5% expression, Tetl homozygous mutants show reduced viability with 1/3

the frequency of expected viable animals. They also show reduced litter size when

breeding heterozygotes together, an effect exacerbated when crossing homozygotes.

The male gonad was morphologically normal, however there was a 30% reduction in

ovary to weight ratio in homozygous females (Yamaguchi et ah, 2012). Despite the loss

in Tetl function, there was no significant reduction in global demethylation although

there was a reduction in demethylation at gene bodies, IAPs, and other LTR-

retrotransposons (Yamaguchi et ah, 2012). The ovarian phenotype could be a result of
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failure of meiosis; Tetl is thought to act as a transcription factor for mediators of

meiosis [Yamaguchi et al., 2012).

Tetl paternal knockout pups show greater variability in body size than wild type (WT)

mice and intra uterine growth restriction (IUGR) as a result of reduced placental size,

an effect associated with deregulated paternally imprinted gene promoter methylation

and expression. This followed increases in methylation at the same loci in the sperm of

Tetl KOs (Yamaguchi et al., 2013a). The conservation of fertility in the males when

compared to females could suggest other Tet proteins may be compensating during

spermatogenesis but fail to do so in early female meiosis. When examining the PGCs of

Tetl KO mice, a failure of the 2nd wave of demethylation was observed, indicating an

important role in the active methylation phase and removal of imprints, especially

paternal (Yamaguchi et al., 2013a).

An independent Tetl knockout was developed by excising exon 4, resulting in an

unstable protein without the catalytic domain. These mutants did not show changes in

fetal viability although did demonstrate increased size variability. Males and females

were still fertile although litter sizes were reduced (Dawlaty et al., 2011)

1.3.1.4.1.2 Tet2

Tet2 is also expressed in mESCs but at lower levels than Tetl (Koh et al., 2011). Tet2

mutants are viable but demonstrate perturbed haematopoiesis as 5hmC is essential for

the regulation of sternness in haematopoietic stem cells (Ko et al., 2011; Moran-Crusio

et al., 2011). Knockdown of Tetl or Tet2 results in reduced abundance of 5hmC

(Dawlaty et al., 2011; Koh et al., 2011).

Combined knockdown of Tetl and Tet2 confirms this with a greater loss of 5hmC in

mESCs. Double knockouts (DKOs) are viable but suffer perinatal mortality with variable

penetrance. Of the 40% surviving to adulthood, females had reduced ovary size and
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males, variable testis size and, when crossed with WT mice, litter size is reduced. The

apparent subtlety of the phenotype here may be due to the compensation by Tet3,

expression of which was increased [Dawlaty et al., 2013).

1.3.1.4.1.3 Tet3

Tet3 is expressed in the zygote and oocyte. Its principal role appears to be the

demethylation of paternal imprints following fertilisation and knock down results in

embryonic lethality and failure to express pluripotency genes from the paternal

genome resulting in impaired embryonic growth (Gu et al., 2011; Wossidlo et al., 2011).

1.3.2 Non-coding RNA
Known protein coding genes are estimated to account for about 10% of the mammalian

genome. Transcriptomic studies however suggest that the majority of the genome is

transcribed and a large number of transcripts do not encode proteins. The transcripts

are known as non-coding RNA (ncRNA)(Luk et al., 2014).

ncRNAs are classified according to their length, which is thought to impact on their

function. Short RNA refers to transcripts of fewer than 200bp; those longer are referred

to as long non-coding RNAs (IncRNA). Short RNAs are divided further by their function

and mechanism of action and include rRNA, microRNA (miRNA), short inhibiting

RNA(siRNA), and Piwi-interacting RNA (piRNA)(Luk et al., 2014).

1.3.2.1 miRNA

First described in C. elegans, miRNAs are RNAs of between 19 and 25nt in length, which

regulate mRNA abundance by affecting stability or translation (Kotaja, 2014; Lee et al.,

1993; Wang and Xu, 2015). Mammalian genomes comprise around 1000 miRNA

species, the majority of which are transcribed by RNA polll (Lee et al., 2004).

Following transcription, miRNA precursors, pri-miRNAs, which are often 5' 7-

methylguanosine capped and 3' polyadenylated, form hairpin loops and are truncated
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by Drosha, an RNAse and DGCR8, which targets the RNA substrate (Gregory et al., 2004;

Lee et al., 2003) to form pre-miRNAs. pre-miRNAs can also be generated from short

intronic hairpins that are excised by splicing and branching to mimic pre-miRNA,

skipping the first Drosha/DGCR8 step. These are known as mirtrons (Ruby et al., 2007)

Exportin5

|||jj| Dicer

a
— miRNA

(Figure 1.5).

Figure 1.5 miRNA processing: pri-miRNAs are transcribed from DNA, they are
bound by and truncated to pre-miRNA by DROSHA and DGCR8 prior to export from
the nucleus by exportin5. Once in the cytoplasm, they are bound and further
truncated by dicer forming mature miRNAs, which perturb translation and mRNA
degradation.

1.3.2.1.1 siRNA

Endogenous siRNA (endo-siRNA) are transcribed by various means: as short hairpins

(with an inverted repeat at each end, and not intronic), or in cis where the forward and

backward strand of DNA are transcribed and form a dsRNA unit, or by two trans

'pseudogene' derived lengths of RNA binding to form a dsRNA unit. Unlike miRNAs,

they are not dependent on Drosha and DGCR8 for processing prior to export from the

nucleus. They do however require Dicer to enable maturation into mature siRNAs;
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Endo-siRNAs are longer than pre-miRNAs but are still processed by the same

downstream mechanism (Babiarz et al., 2008).

1.3.2.1.2 pre-miRNA processing
pre-miRNA, of around 55-70nt in length, is transported to the cytoplasm by the

exportin-5, Ran-GTP complex (Lund et al., 2004). In the cytoplasm, pre-miRNAs are

bound by TAR RNA-binding proteins (TRBP) and processed by the endonuclease Dicer

into 22nt lengths of dsRNA (Bernstein et al., 2001; Chendrimada et al., 2005). The

mature miRNA is loaded onto the RNA induced silencing complex (RISC) the functional

strand, complementary to the target mRNA binding and resulting in a blockage to the

ribosomal transcription and increasing the rate of deadenylation (reviewed in (Shen

and Hung, 2015)).

Each miRNA can have hundreds of target mRNAs, and each mRNA has many target sites

for multiple miRNAs (including multiple sites for the same miRNA). Binding of a miRNA

to mRNA in metazoans requires only part sequence complementarity but a 'seed'

region of 2-7 nucleotides must match perfectly; this tends to be in the 3' untranslated

region. This impairs initiation of translation and also increases the rate of mRNA de¬

adenylation. miRNA-mRNA interactions are also specific to a cell's status thus,

perturbed translation may only be seen at specific developmental stages, or during

stress or in response to environmental stimuli (Wilczynska and Bushell, 2015).

1.3.2.2 piRNA
piRNAs are longer than miRNA (25-30nt). There are in the order of 105 different

sequences within a species and they demonstrate very little conservation between

species. The 5' end tends to be a Uridine, and the 3' end 2'-0-methylated (Fu and Wang,

2014; Hawkins et al., 2011). Despite the heterogeneity between species and between

piRNAs, they are essential, and knockout of piRNA machinery results in catastrophic
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meiotic failure (Bao et al., 2014; Carmell et al., 2007], as a result of derepressed

transposon expression.

Two classes of piRNA are generated during mammalian spermatogenesis, pre-

pachytene and pachytene.

1.3.2.2.1 Pre-pachytene piRNA
Pre-pachytene piRNAs are transcribed prenatally and are associated with the PIWI

proteins PIWIL2 (MILI] and PILWIL4 (MIWI2). Around half of the pre-pachytene

piRNAs are transcribed from within retrotransposons. MILI binds to sense transposable

elements whereas MIWI2 binds predominantly antisense to transcripts (Aravin et al.,

2008],

1.3.2.2.2 Pachytene piRNA
95% of known piRNAs are transcribed postnatally in the pachytene spermatocytes and

round spermatids; they associate with PIWIL1 (MIWI] and MILI. They are mostly

transcribed from non-repeat intergenic regions (pachytene piRNA clusters]. They show

little overlap to pre-pachytene piRNAs and are thought to originate from longer

noncoding RNAs targeted by the piRNA pathway (Fu and Wang, 2014; Girard et al.,

2006].

1.3.2.2.3 piRNA synthesis
piRNAs are synthesised via two known pathways, primary, via direct transcription of

long precursor piRNAs, or via the Ping-Pong secondary synthesis pathway.

1.3.2.2.3.1 Primary synthesis
piRNA precursors can be hundreds of kilobases long and their transcription is initiated

by the A-MYB transcription factor. Synthesis of mature piRNAs is independent of DICER

but they are trimmed by the endonucleases mitoPLD and ZUCCHUNI. Intermediate

length piRNA are further truncated by TRIMMER, the mature piRNA is then 2' o-
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methylated by HEN1 and incorporated into a PIWI protein (Fu and Wang, 2014;

Hawkins et al., 2011],

1.3.2.2.3.2 Secondary synthesis
During secondary synthesis, piRNA guide the PIWI protein to a complementary RNA

target. The PIWI then cleaves the target RNA between the 10th and 11th nucleotide and

the final target is methylated at the 3' end by HEN1, allowing the new piRNA to bind to

the PAZ domain of PIWI proteins. The generated piRNA is then able to act to repeat the

cycle with complementary RNA (Fu and Wang, 2014; Hawkins et al., 2011).

1.3.2.3 IncRNA

IncRNAs are transcribed by RNA polymerase II (PolII) but don't have protein coding

ability, as yet there is no known universal protein responsible for processing IncRNA

units. IncRNAs have a diverse array of functions (for review see Bonasio and

Shiekhattar, 2014).

They can interact with proteins to modify their function for example, the IncRNA RMST

interacts with SOX2 to induce neuronal differentiation (Ng et al., 2013) and there are

over 22,000 protein-lncRNA interactions, which may play a role in transcriptional

regulation (Li et al., 2015a).

IncRNAs also play a role in regulating chromatin structure for example by interacting

with components of the PRC2 (Cifuentes-Rojas et al., 2014; Klattenhoff et al., 2013; Ng

et al., 2012). However the truncation of these IncRNAs (for example Aim) has no effect

on the transcriptional silencing, arguing against the specific recruitment of histone

modifiers by protein-RNA interactions (Latos et al., 2012). Furthermore, PRC2 has high

affinity binding to RNAs even from non-related organisms, casting doubts over whether

RNA can specifically guide the PRC2 to sites requiring repression. One theory suggests

that this non-specific binding could be a means by which Polycomb target genes, which
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have escaped repression, become re-silenced (Davidovich et al., 2013}. Another

suggests that RNA may bind to the PRC2 in order to de-repress expression (Kaneko et

al., 2013). There are certainly differences between binding efficiency and specific

RNAs/RNA lengths, which suggest they may have a more specific biological role

(Davidovich et al., 2015).

IncRNAs can directly bind DNA, for example Xist, which initiates the inactivation of one

of the female X chromosomes by recruitment of the PRC2 (Hasegawa et al., 2010;

Ohhata et al., 2011) (although high resolution microscopy demonstrates that Xist and

PRC2 subunits do not co-localise suggesting an indirect mechanism (Cerase et al.,

2014)). IncRNAs can also act as 'decoy' targets for DNA binding proteins for example

TERRA and inhibition of telomerase (Redon et al., 2010).

IncRNAs reduce accumulation of sense and anti-sense mRNA, in a sequence

independent manner, suggesting it may be the transcription of the IncRNA itself that

regulates transcriptional rates of local genomic regions in cis (Kraus et al., 2013;

Martens et al., 2004). IncRNAs can also regulate nuclear export of mRNA (Chen and

Carmichael, 2009).

There are also examples of IncRNAs activating transcription. Many distal enhancer

elements actually transcribe IncRNAs (eRNAs) that mediate transcription in cis, for

example, by recruiting chromatin modifying complexes (Bertani et al., 2011). They also

can act as miRNA precursors, for example H19 and miR-675, which supress growth

(Keniry et al., 2012).

1.3.3 Chromatin

1.3.3.1 Histones

DNA is packaged in the cell as chromatin. The principal component of chromatin are

the nucleosomes that comprise an octomer of histones (H2, H3 and H4) around which
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147 base pairs of DNA are wrapped. A linker histone (HI) binds to the nucleosomal and

linker DNA resulting in higher-order chromatin structure (Kouzarides, 2007; Rathke et

al„ 2014).

There are further non-canonical histones, which function to open up the chromatin for

transcription. Some of these variants are ubiquitously expressed but many are limited

to germ cells where they may play a role in chromatin dynamics associated with

meiosis, and with packaging the DNA into a sperm (Rathke et al., 2014).

1.3.3.2 Histone variants

There are three HI variants present in mammalian testis, Hit, Hlt2 and HILS1. Loss of

Hlt2 results in perturbed chromatin condensation following meiosis and reduced

fertility (Martianov et al., 2005; Rathke et al., 2014).

H2A.X and H2A.Y are both expressed in the germ line of male mammals until

spermiogenesis and disappear during meiosis. The variants TH2A and TH2B (testis -

specific variants of H2A and H2B) are found in post-meiotic spermatids and are lost

during condensation. Other testis specific variants (H2AL1/2) are present in

condensing spermatids in the peri-centric regions of chromatin, perhaps playing a role

in reprogramming. Despite the discovery of many forms of H2, so far, little is

understood about its actual function (Govin et al., 2007; Rathke et al., 2014).

H3.3A and B are expressed in post-meiotic and meiotic prophase of spermatids

respectively. H4 is the most slowly evolving of the histones and so far no variants have

been found (Rathke et al., 2014).

An important feature of histones is the number of modified residues they contain.

There are eight known modifications of histones described in Table 1.3. Histone

modification is made even more complex by the fact that each residue may have more

than one modification; for example Lysines may be mono, di or trimethylated. Each
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histone modification may alter a cell's activity and modifications are made in response

to signalling conditions within the cell (Kouzarides, 2007].

Table 1.3 Classes of histone modification adapted from (Kouzarides, 2007)

Modification Residue modified Functions regulated

Acetylation K-ac Transcription, repair, replication,

condensation

Lysine methylation K-mel K-me2 K-

me3

Transcription, repair

Arginine R-mel R-me2a R- Transcription

methylation me2s

Phosphorylation S-ph T-ph Transcription, repair, condensation

Ubiquitination K-ub Transcription, repair

Sumolynation K-su Transcription

ADP ribosylation E-ar Transcription

Deamination R>Cit Transcription

Proline P-cis> P-trans Transcription

isomerisation

Crotonylation L-Kcr Resistance to repressors

1.3.3.3 Histone methylation
Transcriptional repression relies on the reconfiguration of chromatin such that access

by transcription factors is reduced. This can be in a permanent manner, for example, in

the formation of constitutive heterochromatin, or in a cell differentiation specific

manner (facultative heterochromatin) where the chromatin has greater plasticity

(Oberdoerffer and Sinclair, 2007). Lysine methylation is a key means by which this is



Chapter 1 Literature review 32

achieved. Histone acetylation, on the other hand, results in neutralisation of the

positive charge of the histone tail thereby loosening histone-DNA interactions and

opening up chromatin [Bannister and Kouzarides, 2011).

1.3.3.3.1 Set domain histone methyltransferases (HMT)
These are essential for forming constitutive heterochromatin and thus responsible for

gene repression and genomic stability. For example the set domain HMT Suv39h

methylates H3K9, which allows HP1 binding, and then recruitment of H4K20

methylation and DNMT3a and b to silence transcription at pericentric repeats

[Lehnertz et al., 2003; Schotta et al., 2004)

1.3.3.3.2 Polycomb group proteins
These are repressive chromatin factors. Polycomb repressor complex 1 (PRC1)

comprises four proteins, RING1, PCGF, CBX and HPH and inhibits transcription by

ubiquitination of H2AK119, binding to H3K27me3 and compacting chromatin. PRC2

consists of EZH2, SUZ12 and EED, which mediate H3K27 methylation [Croce and Helin,

2013; Puschendorf et al., 2008)(Figure 1.6).

Figure 1.6 Polycomb repressor complex mediated transcriptional
repression. (A) Recruitment of PRC2 results in trimethylation at K27 of histone 3.
This is thought to result in recruitment of the PRC1 complex, which ubiquitinates
K119 resulting in transcriptional repression (B).
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1.4 Germ cell development

1.4.1 Introduction

The germ cell lineage is the reservoir of cells with reproductive potential. They are

essential for the propagation of a species and the transmission of genetic (and possibly

epigenetic) information from one generation to the next. The mammalian germline is

responsible for the maintenance of genetic variation within a species, enabled by the

unique germ cell process of meiosis, during which genetic material undergoes

recombination and diploid cells become haploid. In mammals, PGCs are derived from

somatic cells in contrast to flies, nematodes, frogs and fish where they are derived from

the germplasm (Messerschmidt et al., 2014; Saitou and Yamaji, 2012], Thus, in

mammals, germ cells must undergo a dedifferentiation from the ectodermal lineage;

the subsequent differentiation of the germ line occurs early during development and is

followed by their proliferation and migration to the developing gonads. Once in the

gonads, the behaviour of XX and XY cells diverges and the cells develop into

spermatogonia or oogonia. The germline is thus highly specialised and multiple steps

during development set these cells apart from their somatic counterparts.

In the following section the development of mature germ cells will be traced from the

initial establishment of the germline, paying special attention to the mechanisms in

place that preserve integrity of the epigenome and which, might be perturbed by an

adverse environment. Developmental biologists have focused on the mouse in order to

determine the factors involved in the specification of primordial germ cells. Parallels

with other mammalian models have been made but, in general, due to technical and

ethical barriers work with early human cells has been limited to induced stem cell lines.

1.4.2 Establishment of primordial germ cells
In the mouse, the germ cell lineage appears to be specified from somatic ectodermal

cells in the rapidly dividing, gastrulating embryo stage at e5.5-7.5.
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At e5.5, BMP4 expression from the extra-embryonic ectoderm stimulates PGC

development in a dosage dependent manner (Lawson et al., 1999). From around e7.5,

BMP4 stimulates the expression of Fragalis, Prdml and SteIIa/Dppa3 in the PGC

population of around 40 cells (Ohinata et al., 2005; Saitou et al., 2002).

Prdml acts to supress expression of somatic cell differentiation factors, for example the

Hox genes (Hayashi et al., 2007; Ohinata et al., 2005). Furthermore, Prdml is essential

for the maintenance of Prdml4 expression in PGCs. Prdml4 is a regulator of GLP, a

histone methyltransferase.that interacts with the PRC2 and results in an increase in the

presence of H3K27me3 and the repression of somatic cell differentiation factors; mice

deficient in Prdml4 are viable but demonstrate stalled germline epigenetic

reprogramming and male and female infertility (Yamaji et al., 2008).

In parallel to the suppression of somatic differentiation genes, pluripotency genes,

which are tightly repressed by DNA methylation, become re-expressed or show

continued expression in the PGC population. For example Oct4, which is expressed at

the inner cell mass but expression of which becomes restricted to germ cells by e7.5

(Yeom et al., 1996), and the pluripotency markers Nanog and Sox2, which become

expressed in the PGCs (Campolo et al., 2013; Yamaguchi et al., 2005). Expression of

these genes is enabled by global demethylation, which starts to occur in the PGCs from

around e8.5 [Hackett et al., 2013; Seisenberger et. al., 2012).

1.4.3 PGC migration
Following PGC specification and initiation of replication, the germ cells become mobile

and migrate to the genital ridges. In mice, at about e8, most PGCs have migrated

posteriorly and laterally from the primitive streak to the endoderm of the invaginating

hind-gut (Anderson et al., 2000). Migration continues anteriorly through the hind-gut,

the population then splits into two, moving to the left and right before arriving in the
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genital ridges at e9.5 to el0.5 (Richardson and Lehmann, 2010). This process is not

completely understood but is thought to rely on chemotaxis.

1.4.4 PGC proliferation
During migration, the PGCs undergo proliferation. The e8 pool is roughly 100 PGCs

whereas by e9.5 there are around 350 cells and by the time the cells have reached the

genital ridge at el0.5 they are around 1000 in number (Tarn and Snow, 1981).

During the phase of proliferation and migration, from e9.5 to el3.5, there is a global

reduction in cytosine methylation. Evidence points towards two phases of

demethylation, firstly, a passive phase where methylation is removed by cell

proliferation in the absence of remethylation machinery, secondly, an active phase

more heavily reliant on the enzymatic removal of methylation (Seisenberger et al.,

2012).

1.4.4.1 Passive DNA demethylation
There is mounting evidence for an initial passive phase of demethylation. By e9.5,

expression of the de novo DNA methyltransferases Dnmt3a and Dnmt3b in PGCs is

repressed (Kagiwada et al., 2013; Seisenberger et al., 2012; Yabuta et al., 2006).

Between e9.5 and el2.5, expression of DNMT1, the maintenance methyl transferase,

remains abundant, however its essential cofactor NP95 (Uhrfl) exhibits reduced

expression and nuclear exclusion. Further evidence for a period of passive

demethylation comes from the fact that when looking at strand specific DNA

methylation during this period of proliferation, methylated CpGs are almost exclusively

found on the same strand, indicating a failure of maintenance methylation mechanisms

(Seisenberger et al., 2012).

1.4.4.1.1 Protection from demethylation
Whole genome bisulphite sequencing (WG-BSseq), locus specific BS-seq and

Immunofluorescence (IF) all demonstrate a large drop in methylation levels in PGCs
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around e6.5 to e9.5 from about 75% to 30% (Guibert et al., 2012; Seisenberger et al.,

2012; Seki et al., 2005). This demethylation appears to be global affecting promoters,

CGIs, introns, exons, and intergenic regions. However there are a few distinct sequence

classes that have their methylation marks persevered in the early phase. These include

imprinted genes, in particular the maternally imprinted genes, the promoters of genes

required for germ cell development and meiosis, and the CGIs of the inactive X

chromosome in females (Seisenberger et al., 2012). Maternally imprinted genes may be

relatively protected from demethylation due to the higher CG content of maternal than

paternally imprinted genes, and may play a role in regulating expression of paternally

imprinted genes (Schulz et al., 2010). ZFP57 is a protein that associates with DNMTs

and NP95. Many of the genes, retaining their methylation for longer, are enriched for

ZFP57 binding sites, suggesting a mechanism in place to protect demethylation at

specific loci (Quenneville et al., 2011; Seisenberger et al., 2012).

DNMT1 may also play a role (independent of NP95) in maintaining methylation at

these sites during passive demethylation. There is ongoing expression of DNMT1 in the

PGCs although, not of its co-factor NP95, perhaps indicating a non-canonical means of

maintaining methylation at these sites during PGC proliferation. An argument against

this is that tetracycline induced DNMT1 knock down in ES cells results in continued

methylation at key locations including in repeat elements (McGraw et al., 2015). It is

postulated that this continued methylation is due to DNMT3A or B activity although,

expression of these enzymes is low in the PGCs at this point (McGraw et al., 2015), and

no evidence was found by WG-BSseq of PGCs for new methylation marks being laid

down (Seisenberger et al., 2012). Thus, the means of maintenance of these methylation

marks during PGC proliferation remains unclear. The CpGs escaping demethylation are

clearly important as they are a potential means of passing epigenetic information from

one generation to another.
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There also remains some debate in the literature as to the timing of demethylation.

Some studies show erasure of imprints after ell.5 [Hajkova et al., 2002) whereas

others show slightly earlier demethylation kinetics (Kagiwada et al., 2013;

Seisenberger et al., 2012). This might be explained because experiments are conducted

on different strains of mice, or could be the result of differing environmental or

experimental conditions.

1.4.4.2 Active DNA demethylation
A mismatch between PGC division and the rate of methylation loss has stimulated

investigation into the mechanics behind demethylation. Initial focus was on the

cytidine deaminases Activation Induced Deaminase (AID) and apolipoprotein B mRNA-

editing enzyme catalytic polypeptide 1 (APOBEC1), deficiencies of which cause a

relative increase in methylation compared to WT littermates (Popp et al., 2010).

However, mutants of these proteins still undergo global demethylation (Popp et al.,

2010) and AID expression appears to be low or absent during PGC demethylation

(Kagiwada et al., 2013).

Thymine-DNA glycosylase (Tdg) recognises T: G mismatches and removes mismatched

bases (for example following deamination or oxidation). It is expressed in PGCs at the

message level, and TDG mutants exhibit biallelic methylation of the Igf2r imprinted

region suggesting a role for the enzyme in demethylation (Cortellino et al., 2011). As

global remethylation is inhibited in these mutants, this hypermethylation is likely a

result of impaired demethylation as opposed to remethylation. Other components of

the base excision repair pathways (BER) are also expressed in the PGCs suggesting a

possible mechanism is in place for removal of 5mC or its oxidised derivatives

(Cortellino et al., 2011). However, the oxidised derivative of 5mC can be removed even

in the absence of TDG, indicating that although there is a role for TDG in demethylation,

it is not essential (Guo et al., 2014a).
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1.4.4.2.1 Active demethyiation by TET enzymes

TET enzymes are also expressed in PGCs (Messerschmidt et al., 2014). Thus, the

sequential oxidation of 5mC to 5hmC, 5fC and 5caC, and then removal by BER is

another plausible explanation for the mechanism behind active demethyiation. So far,

efforts to track 5fC and 5caC though germ cell development using IF have showed few

changes, and the roles of these derivatives are unclear [Hackett et al., 2013). Evidence

for the role of 5hmC as an intermediate during active demethyiation is accumulating.

By IF, levels of 5hmC increase in PGCs from e9.5 to el0.5, in parallel with the loss of

5mC. This is followed by a loss of both 5mC and 5hmC at ell.5-el2.5 [Hackett et al.,

2013; Yamaguchi et al., 2013b). This was mirrored by 5mC/5hmC DNA immuno-

precipitation and sequencing (5mc-dip-seq and 5hmC-dip-seq), which shows

enrichment and then loss over intergenic regions [Hackett et al., 2013). Thus it is

proposed that in the mouse, following the early 'passive' phase of demethyiation of

PGCs, there is an active removal of methylation occurring until around el3.5 when the

cells are <5% methylated.

Methylation is retained particularly at Intracisternal A particles [IAPs), and other

retrotransposons. CGIs in close proximity to IAPs often retain greater methylation,

while those more distal show much greater heterogeneity. This might suggest that the

genomic context of the IAP or its chromatin configuration can confer resistance to

demethyiation at adjacent elements [Guibert et al., 2012; Seisenberger et al., 2012). It is

biologically important to keep these elements repressed to avoid mutagenesis in the

germline.

CGIs more distal from repeat elements show much greater variability in terms of

retention of methylation. However, the retention of methylation at some of these

regions appears to be conserved in multiple murine datasets, including those



Chapter 1 Literature review 39

originating from spermatozoa and oocytes, suggesting they may be a potential means of

intergenerational epigenetic inheritance [Seisenberger etal., 2012],

1.4.4.3 Methylation and transcription
The global loss of methylation has surprisingly little effect in terms of overall

transcriptional activity, suggesting alternative mechanisms are also in place to regulate

gene expression during the demethylation phase (Seisenberger et al., 2012). Promoter

methylation at el6.5 did not correlate with transcription for the majority of regions

however; there was an association between gene body (as opposed to promoter)

methylation and mRNA abundance (Seisenberger et al., 2012). These differences may of

course relate to differences in mRNA storage and deadenylation, which will impact on

the relative quantity along with transcriptional activity.

Although there is a strong reduction in DNA methylation during PGC proliferation, this

is not necessarily matched by transcriptional changes. This implies other mechanisms

must be in place to protect the PGCs from the increase in transcription (in particular

from repeat elements) that might be expected. Key mechanisms are likely to include

changes to chromatin and small-RNA mediated mechanisms for example the

PIWI/MIWI regulatory system (see 1.3.2.2).

1.4.4.4 miRNAs during PGC development
Using TNAP-cre Dicer conditional knockout mice, which results in loss of mature

miRNAs in germ cells, a reduced cell number and proliferation are observed from el3.5

onwards in the neonatal testis (Hayashi et al., 2008). The development of the tubules in

this model was unaffected suggesting that the miRNA within germ cells plays little role

in the development of these structures (Hayashi et al., 2008). miRNAs (and endo-

siRNAs, which rely on dicer) thus appear important but not indispensable in germ cell

development. However there was poor penetration of the transgene in this model

making further evaluation difficult.
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1.4.4.4.1 piRNAs

Despite the poor conservation of sequence observed in piRNAs, they have a critical

importance in transposon silencing, which is vital following demethylation. piRNAs

work by targeting transposons directly for breakdown but also by recruiting

methylation machinery during de novo methylation (Fu and Wang, 2014). Inactivation

of MIWI2 or MILI results in increased LINE-1 and IAP expression, a reduction in the de

novo methylation of the imprinted region Rasgrfl, and is associated later with meiotic

arrest in the male germline (Aravin et al., 2008). MIWI2 mutation has a mild effect on

reducing piRNA expression in el6.5 testis where MILI deficiency results in a more

profound loss in expression (Aravin et al., 2008; Fu and Wang, 2014; Kuramochi-

Miyagawa et al., 2008). Even in the absence of methylation and pre-pachytene piRNA,

LIN El expression is still repressed, perhaps by gain of the repressive histone mark

H3K9me2 (Di Giacomo et al., 2013).

1.4.4.5 Chromatin changes during PGCproliferation
PGCs undergo a prolonged G2 phase in the cell cycle during migration. It is thought that

this enables a restructuring of the epigenome; alongside the genome wide cytosine

demethylation there is loss of H3K9me2 and H3K9mel immunostaining from e7.5 to

el0.5, a loss of which continues from its highest point at fertilisation (Seki et al., 2007).

H3K9me2 is a mark associated with repressed genes and is associated with cytosine

methylation (Seki et al., 2005, 2007). H3K9me3 expression has increased again by

el3.5, where it protects against expression of repeat elements (Liu et al., 2014; Seki et

al., 2005). H3K9 methylation is conducted in part by Setdbl (Schultz et al., 2002).

Conditional depletion of Setdbl in the germ line results in reactivation of a subset of

repetitive elements, and reduced cytosine methylation at loci with depleted H3K9me3

suggesting a role for the histone modification in the laying down of methylation

patterns (Liu et al., 2014). Furthermore, looking at temporal H3K4me2 and 5mC
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sequencing data from male germ cells el3,5-el6.5 shows that peaks of the histone

mark corresponded to regions with lower levels of methylation, and at the same loci as

observed in mature sperm (Singh et al., 2013], suggesting the H3K4me might protect

the genome from de novo methylation.

Over this time, in PGCs there is a gain in H3K27me3 (a repressive modification with

plasticity), H4R3me2 (a repressive histone mark), H3K4me2 (an activating mark), and

H3K9Ac (an activating mark) (Abe et al., 2011, Ancelin et al., 2006; Hajkova et al., 2008;

Ikeda et al., 2013; Seki et al., 2005, 2007). H3K4 methylation and H3K9 acetylation

become more abundant in the PGCs at el0.5 when they colonise the genital ridges, and

expression regresses at el2.5 (Seki et al., 2005). The simultaneous gain of repressive

and activating marks at the same loci, many of which are for developmental genes has

led to the hypothesis that these genes are 'poised' and ready for transcription (Sachs et

al., 2013).

The increase in transcription, which might be expected given the loss of repressive

histone markers, is ameliorated by a reduction in RNAP11 activity (Seki et al., 2007).

Following ell.5, there is loss of H3K27me3, which then reappears at el3.5 despite

continuing presence of EZH2. There is also loss of the histone variant H2A.Z (Hajkova et

al., 2008).

The H3K64me3 modification is associated with pericentric heterochromatin, especially

IAPs, LINE1 and subtelomeric repeats, but not with genie promoters. H3K64me3 is

present in PGCs at el0.5 but is lost by el2.5, reappearing from el3.5 to el5.5 (Daujat et

al., 2009).

Loss of HI, the linker histone and thus the opening up of chromatin is observed at ell.5

(Hajkova et al., 2008). This may enable transcription of genes regulating germ cell
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development and also enable access of the de novo DNA methyltransferases to the

chromatin.

1.4.4.6 Sex determination

Once they have arrived at the genital ridges, the PGCs become gonocytes reflecting a

reduction in their potentiality to form terratomata. The morphology of the cells

changes and they become easily identifiable by their large, round nuclei, containing one

or two nucleoli, and ring of cytoplasm (Baillie, 1964], It is at this stage that signals from

the surrounding somatic tissue initiate sex determination of the gonocytes. In ovaries,

XX gonocytes enter the 1st phase of Meiosis I from el3.5. In testes, XY gonocytes stop

proliferating and are arrested in the G1/G0 phase of the cell cycle at around el2.5

(Monk and McLaren, 1981).

In the majority of mammals, sex determination is controlled by the Sry (or homologs)

gene on the Y chromosome. XY mice with no functional SRY develop ovaries (Lovell-

Badge and Robertson, 1990) and conversely, addition of SRY to XX mice triggers testis

formation (Koopman et al., 1991). Sry expression in somatic cells initiates expression of

factors such as Sox9, and the differentiation of Sertoli cells that are essential for the

organisation of the testis into cords and the interstitial spaces in which androgen

producing Leydig cells develop (reviewed in Brennan and Capel, 2004).

1.4.4.7 Early male gonad development
Following differentiation, there is continued proliferation of the male gonocytes. Less is

known about the factors involved in stimulating proliferation at this stage but there is

evidence for importance of Retinoic acid (RA). RA is instrumental in determining fetal

germ cell fate, and can induce proliferation of quiescent type A spermatogonia in

vitamin A deficient mice and stimulate both proliferation and apoptosis of gonocytes

(Trautmann et al., 2008). Proliferation discontinues at about e!6.5 until the cells enter
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G0/G1 arrest. At this stage, the cells are positioned centrally in the seminiferous

tubules surrounded by Sertoli cells (Spiller and Koopman, 2011).

1.4.4.8 Remethylation
It is during this phase of proliferation and quiescence that the DNA within the male

gonocyte undergoes remethylation. Genome wide scrutiny of the remethylation process

is not yet reported however, although there is clear remethylation of the paternally

imprinted genes from el6.5 with almost complete methylation seen at these loci by

birth (Davis et al., 2000; Li et al., 2004). The rate of methylation appears to be different

for the maternal and paternal alleles, with the paternal allele becoming more fully

methylated earlier than the maternal copy (Davis et al., 2000). Methylation of

retrotransposons seems to start a little later than that of imprinted genes (Kato et al.,

2007), and some of these escape and are thought to require piRNA mediated

recruitment of methylation complexes in order to control their expression (Chen et al.,

2002a; Davis et al., 2000; Kato et al., 2007; Li et al., 2004; Molaro et al., 2014, Singh et

al., 2013).

1.4.4.9 Chromatin changes following sex determination
In males, over the course ell.5-el7.5, there is an increase and then reduction in

H3K9ac and H3K9me2, an increase in H3K4me3 and H3K9me3, and stable expression

of H3K27me3. In contrast, in females, H3K9ac, H3K4me3, H3K9me2 and 3 showed little

change in immunoexpression whilst H3K27me3 showed a reduction (Abe et al., 2011).

Active chromatin marks (for example H3K4me2) appear to protect DNA from

remethylation and distinguish between maternally and paternally imprinted DMRs.

The histone demethylases Kdmla, lh and 5a show expression in male germ cells during

remethylation, indicating a possible mechanism by which histone marks are removed

and de novo methylation occurs (Singh et al., 2013).
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1.4.5 Spermatogenesis
Between p0.5 and p5.0, there is another phase of male germ cell proliferation that

follows expansion of their cytoplasmic processes and their migration to the basement

membrane of the cords. These cells are then termed spermatogonia, which includes the

spermatogonial stem cells that establish and maintain spermatogenesis in adulthood

(Clermont and Perey, 1957). There then follows a period of quiescence until pre-

puberty. This phase results from the initiation of successive cycles in which the

spermatogonial stem cells become committed to differentiate, undergo meiosis and

form spermatids (Clermont and Perey, 1957).

Rodent spermatogenesis consists of three principal phases (reviewed in Manku and

Culty, 2015)

1. A mitotic phase during which undifferentiated spermatogonia type A (single,

pair and aligned) differentiate into type B spermatogonia via intermediate

stages (types Al-4 and intermediate) (Figure 1.7).

2. A meiotic phase during which primary spermatocytes become secondary

spermatocytes and then haploid spermatids. The meiotic prophase comprises

the preleptotene, leptotene, zygotene and pachytene spermatocytes,

distinguished by their position within the tubule, the presence of

heterochromatin and synaptonomeal complexes in the nuclei

3. Spermiogenesis where spermatids elongate and undergo final maturation in the

epididymis.
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Figure 1.7 The spermatogenic cycle. Each stage of the cycle shown in A
illustrates a unique association of specific germ cells and the Sertoli cell in the
seminiferous epithelium, and the different germ cell types that are found in each
stage are shown in B. In short, the entire epithelial cycle from I to XIV takes ~12.9
days to complete. However, a type A1 spermatogonium in stage II must pass

through the epithelial cycle 4.5 times (58 days in the rat) before it becomes a step
19 spermatid in stage VIII. Al, type A1 spermatogonium; Aim, type A1
spermatogonium undergoes mitosis; In, intermediate spermatogonium; Inm,
intermediate spermatogonium undergoes mitosis; B, type B spermatogonium; Bm,
type B spermatogonium undergoes mitosis; PI, preleptotene spermatocyte; L,
leptotene spermatocyte; Z, zygotene spermatocyte; P, pachytene spermatocyte; 1-
19, step 1 to step 19 spermatids that are formed during Spermiogenesis; ES,
ectoplasmic specialization; Red arrowhead, Sertoli cell. (Xiao et al., 2014).

1.4.5.1 Methylation during spermatogenesis
The majority of methylation, particularly at imprinted loci and transposons, has been

established by the time the type A spermatogonia are established at the basement

membrane (Kato et al., 2007; Lees-Murdock et al., 2003; Li et al., 2004). There is also
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some evidence to suggest that both methylation and demethylation are occurring in the

adult testis, particularly between type A and pachytene spermatogonia. Whilst most

genes remain methylated during spermatogenesis, a minority show increasing

methylation (for example Tcf3) or even reduced methylation for example the LTR

AK137601 (Oakes et al., 2007). Whilst there are arguments for genome wide

methylation in elongating spermatids, and even in the epididymis (Ariel et al., 1994),

these observations are largely based on immunocytochemical or Restriction landmark

genomic scanning assays and a locus specific, in-depth analysis of postnatal changes to

cytosine methylation has yet to be published.

5hmC is also present in spermatogonia and spermatids during spermatogenesis, with

absolute quantities appearing to reduce during meiosis, although this could be an

artefact of the cells becoming haploid (Gan et al., 2013). Particular loss was shown over

the SINE class of retrotransposons. Of the genes for which enrichment of 5hmC changed

the most during spermatogenesis, annotations particularly matched protein coding

genes related to phosphate metabolism. Furthermore, there was an enrichment for

Prml, Prm2 and Prm3 in pachytene spermatocytes, just prior to the increase in

transcription of protamine seen in the round spermatids in order that DNA can be

repackaged (Gan et al., 2013).

In human adult male germ cells, expression of DNMT1, 3A and 3B has been

demonstrated using both qPCR and immunofluorescence. Expression of DNMT1 and

DNMT3B was shown at all stages during spermatogenesis (Marques et al., 2011). In

mice, two isoforms of Dnmt3a have been identified, the 2nd truncated isoform showing

similar expression to the larger form. In adult murine testis, expression of DNMT3A was

strongest in type B spermatogonia whilst expression of DNMT3B was strongest in type

A spermatogonia (La Salle and Trasler, 2006).
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1.4.5.2 Non-coding RNA in spermatogenesis

1.4.5.2.1 miRNA

The male germ line contains several classes of miRNA, many of which are highly or

exclusively transcribed in the testis, and in specific cell types (Kotaja, 2014], For

example, several miRNAs are common in Sertoli cells and are regulated by androgens,

so are likely to play a role in coordinating spermatogenesis (Panneerdoss et al., 2012].

There is abundant expression of small RNAs in male germ cells (Buchold et al., 2010].

Conditional knockout of Dicer in the murine germline results in poor spermatogonia!

proliferation, reduced testis size as a result of reduced germ cell numbers, altered

mRNA profile and, interestingly an unexpected suppression of retrotransposon

expression (Hayashi et al., 2008; Romero et al., 2011; Zimmermann et al., 2014],

Knockout of Dgcr8 in the germline, which results in failure to produce pre-miRNA, has

less of an impact on spermatogenesis, suggesting a greater role of endo-siRNA in

spermatogenesis (Zimmermann et al., 2014]. Dicer knockout under the control of the

vasa homolog Ddx4 results in severe defects in meiosis and apoptosis in spermatocytes

(Romero et al., 2011]. Stra8 and Ngn3-cre dicer knockouts have reduced expression in

spermatogonia type A and show a less severe phenotype (Korhonen et al., 2011; Liu et

al., 2012], Finally, knockout of dicer in protamine expressing spermatids results in

subfertile males with reduced sperm counts, litter sizes and apoptotic round

spermatids (Chang et al., 2012]. Thus at all stages of spermatogenesis, miRNAs play a

pivotal role in the regulation of meiosis and the earlier in germ cell development that

knockout of dicer is induced, the greater the accumulation of defects resulting in a more

severe phenotype. In contrast to oocytes, in which endo-siRNAs seem more functionally

important, both Drosha and the downstream Dicer small RNA processors are important

in postnatal male germ cells (Kotaja, 2014; Wu et al., 2012). However, germ cell

conditional knockout of Ago2 results in no adverse effects on spermatogenesis implying
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either compensation by another mechanism or an AG02-independent means of miRNA

regulation must be operational (Hayashi et al., 2008],

Endo-siRNAs are different to miRNAs in that under normal circumstances, dsRNA

would mount an immune response via interferon (Song et al., 2011], Due to the

immune privileged state of the germ cells in the testis, they are able to produce dsRNAs

without mounting an immune response. The siRNAs are also transcribed from multiple

positions in the genome, one example is expressed from every chromosome except the

Y. They are also much more promiscuous than miRNAs when it comes to target mRNAs

(Song et al., 2011).

During male meiosis, there is inactivation of the X and Y chromosomes, likely to reduce

gene dosage issues. However, an island on the X chromosome expressing a set of

miRNAs remains active, the exact role of these miRNAs is yet to be established

(Buchold et al., 2010).

1.4.5.2.2 IncRNA

During the first wave of spermatogenesis in the postnatal murine testis, expression of

947 IncRNAs becomes upregulated, however the function of these has yet to be

established (Laiho et al., 2013). In germ cells from adult rat testis, 1419 novel testis

specific IncRNAs have been identified (Chalmel et al., 2014). Examples include testis

specific X-linked [Tsx], which is important for progression through meiosis (and fear

conditioning) (Anguera et al., 2011) and dmrtl related gene (dmr), which trans-splices

with dmrtl and regulates DMRT1 at a translational level (Zhang et al., 2010). The

presumptive wealth of information regarding IncRNAs in the testis is yet to be explored

at a functional level and may reveal insights into the regulation of spermatogenesis and

the establishment of the 'sperm epigenome'.
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1.4.5.2.3 piRNAs
Murine mutants of piRNA proteins arrest meiosis around the zygotene stage and there

is large scale DNA damage, possibly as a result of derepressed retrotransposon activity,

or perhaps as part of a cellular response to the deregulation (Fu and Wang, 2014],

There is a second wave of piRNA expression during pachytene meiosis, which may be

the result of MIWI breaking down retrotransposons or IncRNAs. Expression of MIWI is

lost by the time the elongating spermatid stage is reached (Zhao et al., 2013). Thus the

role of this second wave of piRNA expression remains unclear.

1.4.5.3 Chromatin changes during spermatogenesis

During spermiation, the chromatin is reconfigured to be tightly packed around

protamines. The specific role of this compaction is not known but is likely to help with

the generation of a hydrodynamic sperm head, protect the DNA against damage once it

is outside the body and may have epigenetic properties (Rathke et al., 2014).

Protamines are high arginine and cysteine proteins likely to have evolved from HI,

which has high lysine content (Miller et al., 2010). The abundance of arginine within

the protein gives it a strong positive charge meaning they bind strongly to negatively

charged DNA (Miller et al., 2010; O'Doherty and McGettigan, 2014). The high cysteine

content means that covalent disulphide bridges form, further compacting the structure

(O'Doherty and McGettigan, 2014). Prml or 2 haploinsufficiency results in severely

impaired sperm morphology and function, preventing transmission of both the WT and

mutated alleles (Cho et al., 2001).

Transition proteins, which replace histones in an intermediate step have an equal

composition of lysines and arginines. There are two transition proteins known in

mammals (TNP1 and TNP2), and they are transcribed at mouse stage VII and stored for

three to seven days prior to translation (Meistrich et al., 2003). Knockout of either of

the Trips in mice results in partial infertility and incomplete chromatin condensation
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with the phenotype being more severe in Tnpl KOs (Adham et al., 2001; Shirley et al.,

2004; Yu et al., 2000].

The chromatin in the elongating spermatid is compacted in a multistep process during

which there is an uncoupling of transcription and translation (Sassone-Corsi, 2002).

Transcriptional activity may be reduced due to increasing levels of cytosine

methylation, although there is no evidence for this yet on a genome wide scale. This is

accompanied by increasing histone acetylation (Grimes Jr. and Henderson, 1983; Lahn

et al., 2002), and nicks in the DNA made by topoisomerase II that make it more flexible

(McPherson and Longo, 1993; Miller et al., 2010; O'Doherty and McGettigan, 2014).

This histone removal is facilitated by binding of bromodomain containing proteins, for

example BRDT, loss or inhibition of which results in abnormal nuclear architecture and

chromatin organisation during spermatogenesis (Gaucher et al., 2012; Matzuk et al.,

2012). The DNA is then wrapped around transition proteins, which are then replaced

by protamines.

In mice, chromatin to protamine transition occurs around 156 hours after the

completion of meiosis when the spermatids are elongating, and histones are no longer

present by the time stage XII is reached. By stage XV the transition proteins have

disappeared, thus the whole process of histone replacement by protamines is thought

to take around 120 hours (Hazzouri et al., 2000; Rathke et al., 2014). The length of time

it takes to generate a mature sperm may have relevance when considering

environmental exposures, which may be acute or chronic, and thus affect a small subset

of sperm at a particular stage in the cycle, or a larger number should the spermatogonia

be affected.

Not all histones are removed from the developing spermatids, in particular, 'poised'

histone marks have been found in mature spermatozoa, enriched at genes important
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for early development and differentiation, thus implying a potential functional role for

their retention (Brykczynska et al., 2010; Carone et al., 2014; Puschendorf et al., 2008;

Werken et al., 2014], Dietary intervention in a murine model results in altered

H3K4me3 retention perhaps suggesting a means of intergenerational inheritance

(Carone et al., 2010). In contrast to mice, in which there is ~95% removal of histones

during spermatogenesis, in humans, up to 15% of histones are retained (Brykczynska

et al., 2010). Furthermore, in humans this retention at regions of constitutive

heterochromatin is important for structuring of chromatin in the early embryo, in

contrast to mice where PRC1 is essential for its establishment (Werken et al., 2014).

Whether this is an indicator of the less efficient process of spermatogenesis in man

compared to mice, or if it highlights an increased susceptibility to intergenerational

inheritance remains unclear.

A summary of epigenetic changes during male gem cell development in show in Figure

1.8.
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Figure 1.8 Summary of the epigenetic modifications occurring during
male germ cell development
1.4.6 Oogenesis
In XX mammals, in the absence of the Sry gene, the bipotential gonad undergoes

differentiation into ovaries. There are however, some XX individuals who develop

testes in the absence of SRY (McElreavey et al., 1993). Such cases support the

hypothesis that there are ovarian determining genes negatively regulated by SRY.

Potential candidates include WNT4 (Biason-Lauber et al., 2004) and RSPOl (Tomizuka

et al., 2008). Wnt4 and Rspol are expressed in somatic tissue but become ovary specific

at el 1.5. Knockout of Wnt4 and Rspol and somatic cell ablation of the canonical Wnt

signalling pathway result in formation of testis-specific vasculature within XX gonads

(Chassot et al., 2008).

The first distinguishable signs of ovarian development appear at el3.5 when the germ

cells start to undergo meiosis. The female germ cells pass through the leptotene,

zygotene and pachytene stages of meiotic prophase I before arresting in diplotene.

During these meiotic stages, the DNA undergoes recombination and chromosome

alignment and is extremely vulnerable to damage. This is thought to result in

degeneration of many oocytes (around 80% loss of oocytes in rodents, 90% in

humans)(Nicol and Yao, 2014). Oocytes arrest at diplotene of prophase I of meiosis as

'primordial follicles'. Following puberty, the oestrus cycle stimulates recruitment of a

group of primordial follicles to grow from which one (or several in multi-ovular

species) will resume meiosis (for review see van den Hurk and Zhao, 2005; Nicol and

Yao, 2014). During the growth phase, the oocytes regain meiotic competence. The surge

in gonadotrophin release resumes meiosis in the fully grown oocytes, which mature

and arrest at metaphase II until meiotic completion is triggered by fertilisation (van
den Hurk and Zhao, 2005).
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1.4.6.1 Methylation of the oocyte genome

Remethylation of the female gametes follows a later course than that of spermatogonia.

Methylation of maternally imprinted genes occurs over pndl-20, with different loci

showing different rates of methylation [Obata and Kono, 2002). Using reduced

representative bisulphite sequencing in growing murine ovaries, increasing

methylation over the course of growing ovaries up to meiosis II has been observed for

all CGIs. Interestingly, the methylated CGIs annotated as intragenic showed increased

transcription and, there was no correlation with methylation at promoter CGIs and

gene expression during ovarian growth (Smallwood et al., 2011). This provokes the

question as to whether it is the transcription of a gene itself that promotes DNA

methylation by recruitment of DNMTs. Furthermore, bisulphite sequencing of

imprinted loci at different sized follicles showed that increasing follicular size was

associated with increasing methylation (Denomme et al., 2012). Over this period there

is expression of the de novo methyltransferases Dnmt3a and 3b, although, it appears as

though DNMT3B is excluded from the nucleus between pnd7-21. There is particularly

strong expression of Dnmt31 over this period, supporting a role for this co-factor in

establishing maternal imprints. Additionally, knockout of Dnmt3a or Dnmt31 results in a

large reduction in methylation at CGIs (Lees-Murdock et al., 2008; La Salle et al., 2004;

Smallwood et al., 2011). Although DNMTlo is expressed in the growing ovary, it is not

nuclear at the time points during which the maternal imprints are laid down, and its

deficiency does not result in perturbed maternally imprinted loci (Howell et al., 2001;

Lees-Murdock et al., 2008). The mature methylated oocyte is then ready for

fertilisation.

1.4.6.2 Small RNAs and oogenesis
Small RNAs appear essential for normal ovarian development. Conditional knockout of

dicer in oocytes results in meiotic catastrophe and increased expression of
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transposable elements and almost 20% of the transcriptome mis-regulated (Murchison

et al., 2007). The fact that Dgcr8 and Drosha null oocytes have a normal transcriptome

and undergo meiosis (Suh et al., 2010; Yuan et al., 2014), and that conditional knockout

ofAgo2 results in similar failure in oogenesis to that seen in the dicer null mice [Stein et

al., 2015), suggests that the oocyte is dependent on endo-siRNA to pass safely through

meiosis. The precise mechanisms remain to be explored.

The expression of piRNA in oocytes also appears critical and may have a role in

intergenerational transfer of epigenetic information. Studies in drosophila deficient in

piRNA indicate that introduction of piRNAs into the germline of the next generation

(presumably via secondary synthesis) is principally the result of piRNA from the oocyte

(Le Thomas et al., 2014).

1.4.6.3 Chromatin changes during oogenesis
The growth of the germinal vesicle (GV) is associated, with an increase in global 5mC

and a general reduction in transcriptional activity, similar to the late stages of meiosis

in spermatids (Lodde et al., 2008; Luciano et al., 2014). Loss of histone deacetylase 2

(HDAC2) results in infertile or subfertile mice with reduced ovarian weight, failure of

some of the oocytes to develop beyond the secondary follicle stage (kinetochore-

microtubule instability) and a loss of mitotic potential following insemination. Histone

acetylation is associated with permissive chromatin, however, knockdown of HDAC1

and 2 (resulting in increased acetylation) was associated with reduced transcriptional

activity, possibly due to associated H3K4 demethylation (Ma and Schultz, 2013; Ma et

al„ 2012). Immunoexpression studies have shown increasing H3K9, H3K18, H4K5, and

H4K12 acefylation, along with increases in H3K4me2, H3K4me3, H3K9me2, and

H3K9me3 in the growing GV. However, the role of activating histone modifications in

the oocyte during growth remains a puzzle given that there is widespread

transcriptional repression (Kageyama et al., 2007).
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1.4.7 Reprogramming following fertilisation
Following fertilisation of the oocyte by the spermatozoon, there is a further round of

reprogramming, in particular genome wide DNA demethylation. Reprogramming has

three potential functions:

1. The resetting of methylation levels such that biallelic expression is possible in

potential somatic cells.

2. Demethylation to allow gene expression required for early development.

3. Allowance of the parent-specific expression of imprinted genes. The latter is a

function conserved solely in mammals where many of the genes control the

growth of the placenta, which for example is not required in zebra fish (Jiang et

al., 2013).

As is the case with the development of gametes, the demethylation of the zygote is

asymmetrical; the loci that become demethylated depend on the parent of origin and

specific location in the genome. This is likely to be as a result of DPPA3 protecting

imprinted areas from oxidation by TET3 (Nakamura et al., 2007, 2012). There is

ongoing discussion in the literature as to whether demethylation occurs by active or

passive mechanisms. Evidence for passive demethylation is becoming increasingly

disputed as sequencing technology improves and strand-specific sequencing traces the

loss of multiple methylation marks on the same strands of DNA (Hackett et al., 2013;

Seisenberger et al., 2012).

5mC-, 5hmC- and 5fC-specific and parent of origin-specific sequencing suggests that the

rate of oxidation and removal of 5mC and its oxidised bases is too fast to be accounted

for by the rate of cell division, and that active demethylation is occurring on both the

paternal and maternal genomes (Guo et al., 2014a). Thus, evidence is mounting (in

mouse (Guo et al., 2014a) and human (Smith et al., 2014)) for an active process of
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demethylation in mammals during which some genes are protected. There continues to

be the missing link in the puzzle and that is the mechanism for converting 5mC or its

derivatives back to non-methylated cytosine (which occurs even in the absence of Tdg,

and cell cycle inhibition)(Gu et al., 2011; Guo et al., 2014a; Smith et al., 2014; Wang et

al., 2014b).

Several loci, as in the demethylation of PGCs, escape demethylation, particularly IAPs

and imprinted regions (Guo et al., 2013). Likewise there is a stability in CGIs, which

remain relatively unmethylated during the remethylation process (Guo et al., 2013;

Wang et al., 2014b). Loss of methylation is greatest (perhaps unsurprisingly) on the

paternal genome, the maternal genome showing reductions in methylation principally

at specification of the inner cell mass (Guo et al., 2013, 2014b; Wang et al., 2014b).

Furthermore, comparison between strains of mice shows that SNPs can introduce

imprinting control sites, suggesting these regions could have an impact on epigenetic

regulation (Wang et al., 2014b)

In the PGCs, methylation has been restored by e6.5. DNMT3a and DNMT3b are

expressed in two cell and four cell embryos, thus mechanisms for remethylation are in

place, and are presumably essential for correct differentiation (Huntriss et al., 2004;

Wang et al., 2014b; Zhang et al., 2015).

1.4.7.1 Non-coding RNA in the fertilised oocyte
Small RNAs but not miRNAs are essential for early embryogenesis: Knockout of Dgcr8,

essential for pri-miRNA synthesis in the nucleus, has little effect on the development of

the preimplantation embryo; knockout of Dicer however causes dramatic dysregulation

in mRNA, although neither mutant shows changes in retrotransposon expression. This

suggests a role for Dicer that is independent of miRNAs for example, mirtrons and

endo-siRNAs, in regulation of translation during early development and demonstrates
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that other mechanisms (likely chromatin and DNA methylation) must regulate

transposon activity at this point (Suh et al., 2010],

1.4.7.2 Removal of protamines
The chromatin of the zygote immediately following fertilisation is asymmetrical and

remains physically isolated for 24 hours (Burton and Torres-Padilla, 2014). The DNA of

the oocyte continues to be wrapped around histones whereas the paternal genome is

tightly wrapped around protamines (Burton and Torres-Padilla, 2014; Santos et al.,

2005). Chromatin restructuring is crucial to enable proper development, however

some information regarding parent of origin for genes must be maintained in order

that successful imprinting can occur (Burton and Torres-Padilla, 2014; Werken et al.,

2014).

In mice, histones acquired by the paternal genome are derived from the oocyte and are

largely devoid of heterochromatin, which must be established from the maternal

epigenetic machinery (via the H3K9/HP1 pathway) (Santenard et al., 2010). In

contrast, in humans, a greater proportion of histones are retained in the spermatozoa,

and there is some evidence to suggest transmission into the embryo and, that the

modified histones are maintained through cell divisions, thus paternal constitutive

heterochromatin maybe transmitted inter-generationally (Werken et al., 2014).

At the 4-8 cell stage in mice, there is removal of the heterochromatin marks H4K20me3

and H3K64me3 on the maternal genome, potentially allowing reprogramming, this is

accompanied by the appearance of the activating histone modifications H2A.Zac and

H3K36me3 (but prior to the start of transcription perhaps suggesting an alternative

function) (Boskovic et al., 2012). At this stage, there is also loss of the active histone

mark H3K4me3, which results in silencing of repetitive elements (Fadloun et al., 2013).
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Histone methylation occurs in a step-wise manner with mono-methylation relying on

different enzymes to di- and tri-methylation. Mono-methylation of H3K4, H3K9, H3k27,

and H4K20 can be found in the paternal pronucleus but trimethylation is absent. This

mirrors, the delay in accumulation of PRC2 in the paternal pronucleus (Burton and

Torres-Padilla, 2014; Santos et al., 2005).

Following this initial phase of reprogramming, the ectodermal cells become specified

and will ultimately dedifferentiate into the PGCs and the cycle of gametogenesis

continues.

1.4.8 Summary
During germ cell development, the 'epigenome' is reset several times. This enables the

packing of DNA into a sperm, unpacking the DNA in the zygote, specification of

pluripotent cells, the maintenance of imprinted genes and thus regulation of placental

growth in mammals, and the control of repeat elements whilst the DNA is vulnerable

during meiosis. These processes are conserved across mammals and to an extent

across metazoans. They are intricately linked and show redundancy such that there are

'back-up' mechanisms should there be a failure and, where there is a failure, meiosis is

arrested to prevent transmission of the trait across generations.

Reprogramming opens the potential for environmental cues to alter the epigenome of

the developing germ cells, and thus modify the development of offspring. Epigenetic

regulation of germ cells may thus be a mechanism by which environmental cues may be

integrated and a signal regarding the environment can be passed from one generation

to the next.

1.5 Summary
The current obesity pandemic is likely the result of altering environments (diet,

exercise, toxins) over the past century. However, the epidemiological and experimental
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evidence explored above suggests that diet may also have an intergenerational effect,

which might be mediated via an epigenetic mechanism transmitted via the germline.

Should this prove to be the case, it could indicate that the health of future generations

would be improved by paying attention to the environment around the current

generation. However, the potential window of opportunity for intervention is currently

unknown, and the time point of gametogenesis at which the germline is susceptible to

disruption by environmental factors has not been investigated experimentally.

Epidemiological data suggests that puberty is an important time (for example paternal

smoking or nutritional exposure) (Northstone et al., 2014; Pembrey et al., 2006).

Much of the evidence examined above comes from murine studies. Whilst an important

experimental model, it is prudent to identify if mechanisms are conserved, especially

with primates in which germ cell development does differ from rodents (McKinnell et

al., 2013). To investigate this, fetal testicular tissue from rats, marmosets and human

was examined for epigenetic machinery to identify parallels (Chapter 3).

Mechanisms responsible for intergenerational effects of dietary exposure have so far

remained elusive. In order to investigate this further, a HFD exposure was investigated

in a transgenic rat expressing eGFP in the germline. The phenotype of two generations

of offspring was examined to identify if studies recapitulated findings from other

species (Chapter 4).

Taking advantage of the ability to purify germ cells from the testes of exposed eGFP

rats, in Chapter 5, the transcriptome of the germline was examined following exposure

to HFD to identify if the early steps in spermatogenesis were perturbed by obesity.

1.5.1 Hypotheses
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A. Epigenetic machinery in the fetal germline is conserved between rodents and

primates.

B. Grandparental high fat diet will impact upon the metabolic and reproductive

health of 2 generations of rats.

C. Diet induced obesity perturbs the transcriptome (and epigenome) of male germ

cells

1.5.2 Aims

To characterise the epigenetic machinery present in the fetal germline and to identify

parallels between primates and rodents in the changes in this machinery.

To establish a model of HFD exposure in Rattus norvegicus and characterise the

phenotype of two generations of offspring.

To interrogate the transcriptome of germ cells following exposure to HFD.



62

■

■

'

.

'

.

'

I

In
■

.

■



Chapter 2 Materials and methods 63

2 Materials and methods

2.1 Animal work

All animal work was conducted in accordance with the United Kingdom Home Office

Animal Experimentation (Scientific Procedures) act 1986. The first cohort of animals

was carried out under project licence 60/3962 and the second under 60/4564. William

Mungal undertook the daily husbandry. I conducted procedures under my personal

licence (60/13651).

2.1.1 Welfare conditions

Animals were housed under standardised conditions with 12 hours of light per day,

from 7.00 am until 7.00 pm. The temperature was kept between 20°C and 25°C and the

average humidity 55%. Fresh tap water was available ad libitum. Animals were kept in

clear-sided, solid-bottomed plastic cages. Animals from the first generation in the

studies were housed in threes. Thereafter animals were housed with four animals per

cage.

2.1.2 Diet studies

2.1.2.1 Derivation of animals

Transgenic rats, expressing enhanced Green Fluorescent Protein (eGFP) in the germline,

derived on a Sprague Dawley background (a generous gift from Robert Hammer,

University of Texas South Western Medical Centre) (Cronkhite et al., 2005) were

imported to the University of Edinburgh. A homozygous male was bred with a wild type

Sprague Dawley female. Embryos were transferred to a new Sprague Dawley female to

reduce the risk of introducing infections to the unit. Offspring underwent genotyping

and those carrying the transgene underwent further brother-sister mating.
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Homozygosity was confirmed when all the offspring of a breeding pair carried the

transgene. The FO, cohort one of the study was derived from crosses between brother

and sister litter mates from the first pair. The FO, cohort two of the study were derived

from first generation males with third generation females. Thus, animals were not

'inbred', which requires ten generations of inter-sibling mating. Initially spot

genotyping checks were conducted on the F1 animals. In the F2 animals, genotype was

confirmed post mortem when eGFP was detectable in the testis either on examination

under a coaxial fluorescent illuminator [Leica FLUO, UK) or by FACS of dissociated

testis.

2.1.2.1.1 Genotyping

Verification of carriage of the eGFP construct was conducted by polymerase chain

reaction (PCR) of genomic DNA (gDNA) using primers designed against the eGFP gene.

DNA was extracted using the Qiagen DNeasy Blood and tissue Kit (Qiagen, UK, #69504)

according to the manufacturer's instructions: Ear notches were placed into lysis buffer

supplemented with proteinase K and incubated overnight with shaking at 56°C in an

Eppendorf thermomixer comfort (Eppendorf, Germany). Following DNA precipitation

with ethanol and buffer AL, the DNA was purified on a column and eluted in 200pl Tris-

EDTA (TE) buffer.

PCR was conducted using lOpl of multiplex PCR master mix (a HotStarTaq polymerase)

and 2pl of solution Q (Qiagen #206143, UK), lpl of each forward and reverse primer at

2mM, 5pl of PCR grade water and lpl of the genomic DNA diluted 1 in 10 (20pl

reaction). Genotyping primers were as follows forward: AGA ACG GCA TCA AGG TGA AC

and reverse: TGC TCA GGT AGT GGT TGT CG.

Reactions were conducted as follows, 95 °C for 10 min to denature DNA, followed by 40

cycles of 20s at 95°C denaturation, 20s at 58°C extension and 20 seconds at 72°C
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annealing. PCR products were run on a 2% agarose gel made up with buffer TBE (see

Section 2.6). A representative gel is shown in Figure 2.1.

Figure 2.1 Genotyping of eGFP rats. DNA from ear notches was isolated. PCR
was conducted with primers against the eGFP insert. The products were run on a 2%
agarose gel. The representative gel shown depicts a band from the animals being
tested, a band in the positive control and no band in the negative control, gDNA
from a wild type Sprague Dawley rat.

2.1.2.2 Breeding

For breeding, the assigned male and female were placed into a grid bottomed cage

allowing the tray beneath to be examined for a copulatory plug. Once the copulatory

plug was observed, the male was removed and the female housed alone for the

remainder of the presumed pregnancy. The number of days between the male and

female being co-housed and the observation of the copulatory plug was recorded.

Length of gestation was calculated as the number of days between observation of the

copulatory plug and delivery of the litter.

Litters were culled to 8 animals following delivery, with 4 males and 4 females kept

where possible. To maintain consistency, litters were culled selecting the heaviest

animals. At weaning, males and females were separated and ear notches taken to allow

identification of individuals within a cage, the tissue was collected and frozen at -20°C

for genotyping if required.

The breeding to form the F1 animals was designed such that animals of the same age

+/-2 weeks were selected based upon the experimental or control group required and

by starting with the lowest ear notch and by working the way through each litter by

ascending ear notch number.
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The breeding of the F2 generations was designed such that one animal from each litter

in the intervention arm was selected based upon the lowest ear notch number. These

were bred to animals from the control arm again selecting animals based upon lowest

ear notch. Where there were insufficient animals in the control arm for an animal from

a separate litter to be used for each mating, a second and third animal was selected

from each litter, working systematically up increasing ear notch numbers and choosing

animals of the same age +/- 2 weeks as the animal from the experimental arm with

which they were to be bred.

F2 litters were culled to 8 animals following delivery as in the Fl. Animals were housed

in groups of four at weaning (three weeks]. At 6 weeks of age, litters were culled down

to 2 animals per litter in order to reduce cage costs. Animals were selected based upon

ear notching. 2 animals from each litter were then co-housed in groups of four

maintaining experimental groups.

2.1.2.3 Weighing

FO animals were weighed every two weeks. Fl and F2 animals were weighed every 3

weeks. Animals were placed in a metal bowl on a balance (Mettler, USA] and the weight

recorded to the nearest gram.

2.1.2.4 Glucose tolerance testing

Animals underwent oral glucose tolerance testing (OGTT] to determine changes in

glucose homeostasis. A three time point protocol was used (Drake et al., 2005], One

animal per litter from the FO and Fl and two animals per litter from F2 underwent

OGTT. Animals were weighed and then fasted overnight from around 4pm by removing

access to chow. At 9am the following morning a fasting blood sample was obtained by

tail nicking: The rat immobilised by wrapping it in a towel and a shallow incision made

6-8cm from the tip of the tail using a disposable scalpel (Swann Morton #0506, UK], A
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blob of blood was milked from the incision and drawn into potassium EDTA coated

micro tubes (Sarstedt #CB 300 K2E, Germany). 'Milking' of blood continued until

around 300pl blood had been collected. The tube was immediately placed on ice to

reduce degradation of insulin. 2mg/kg glucose solution (0.5mg/ml w/v) (Sigma, UK)

was administered by William Mungal by oral gavage and the time documented. Animals

were placed back in their cages. 30 and 120min later, repeat blood sampling was

conducted as above using the same incision site. The severity of the procedure was

documented according to any distress observed in the rats and their behaviour upon

return to the cage. Blood samples were centrifuged at 6000g for 7min at room

temperature. The plasma was removed by careful pipetting, avoiding the fibrin plug

and placed into a labelled Eppendorf tube. Samples were kept on ice until being stored

at -20°C.

2.1.2.5 Necropsy

Animals were killed using a rising concentration of inhaled carbon dioxide and cervical

dislocation in accordance with schedule one of the Animal Experimentation (Scientific

Procedures) Act 1986. The animal was then weighed to the nearest gram on a balance

(Mettler, USA). The length of the animal from the tip of the nose to the base of the tail

was measured using a 30cm rule and recorded. The anogenital distance, from the

anterior-posterior midpoint to the base of the penis was measured using digital

callipers (Faithful, UK). For the F1 animals, there was a technical problem with the

callipers thus a 30cm rule was used in place. Measurements were taken to the nearest

0.1mm with callipers and 0.5mm with the rule.

For F0 animals, trunk blood was obtained and for F1 and F2 animals, blood was

obtained by cardiac puncture. 2ml aliquots were stored on ice and then centrifuged at

6000g for 7min and the supernatant removed and frozen at -20°C.
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A subcutaneous incision was made over the abdomen and subcutaneous fat dissected

from the right inguinal fossa and frozen on dry ice. A further incision was then made

through the abdominal wall and peritoneum revealing the abdominal viscera.

The penis was dissected, the prepuce removed and the length of the penis from the tip

of the glans to the flexure.

For males, the left and right testes, epididymides and epididymal fat were dissected.

The fat and testes were further dissected and weighed; the fat discarded, the right testis

fixed in modified Bouin's solution and the left prepared for FACS (see section 1.1.2.7],

The epididymides were nicked with scissors at the caput and cauda and placed into 5ml

of sperm swim buffer at 37°C to allow the sperm to swim out. For females, the fat

attached to the endometrium and ovary but inferior to the kidney was dissected and

weighed. Ovaries were dissected and weighed and fixed in Bouin's solution.

The pancreas was identified between the spleen and the stomach, dissected, weighed

and frozen on dry ice. The left retroperitoneal fat along with the left kidney were

dissected, the kidney removed and the fat weighed. The liver was dissected, blotted on

tissue paper to remove excess blood and weighed. The caudate process was separated

and frozen on dry ice. The small intestine was dissected away from the mesentery. The

small intestine was measured using a 30cm rule from the antrum to the caecum,

avoiding excess tension. Mesenteric fat was taken and frozen on dry ice.

2.1.2.6 Sperm counting

The epididymides were incubated in sperm swim buffer for lhour at 37°C. The

epididymides were removed, the mixture inverted 5 times and 20pi taken from the top

of the sample and diluted 1:3 with sperm swim buffer. 10 pi of the suspension was then

placed onto a modified haemocytometer and the total and motile sperm were
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immediately counted in the four corner and the central large squares of the chamber.

Four separate fields were counted per animal equating to at least 200 sperm in

accordance with the WHO guidelines (WHO, 2010]. Sperm count was calculated by

multiplying the average number of sperm per large square by 100 to give a reading of

xlO4 cells/ml (accounting for the 1 in 4 dilution).

2.1.2.7 Dissociation ofgerm cells

The tunica albuginea of the testis was removed and the tubules minced with a pair of

scalpels in 5ml of ice cold testis dissociation buffer in a petri dish. The suspension was

further disaggregated by pipetting up and down before being placed into a 15ml Falcon

tube and incubated with gentle rotation for lOmin at 37°C in a hybridisation oven. The

enzymatic activity was quenched by the addition of Fetal Calf Serum (FCS) (Invitrogen,

UK) to a final concentration of 10%. The solution was passed through a 40pm nylon cell

strainer (BD, UK) into a 50ml Falcon tube. The cell strainer was further washed with

10ml of FACS buffer. The cells were then pelleted by centrifugation at 500g for 5min at

room temperature, the supernatant removed and the cells washed a further 2 times by

resuspension in in 10ml of FACS buffer and repeat centrifugation. Finally the cells were

suspended in 5ml of FACS buffer ready for cell sorting.

Cells were sorted on a BD FACS Aria II cell sorter. The gating strategy was as follows:

1. Removal of debris

2. Single cells

3. Viability using DAPI (during initial set up)

4. Expression of eGFP

Expression of eGFP was determined during initial set up using a wild type rat testis as a

negative control. FACS was conducted by Fiona Rossi and William Ramsay.
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EGFP positive cells were sorted and kept on ice until they were centrifuged at lOOOg for

5min. The supernatant was removed and the pellet frozen on dry ice and stored at -

80°C.

2.1.3 Germ cell studies

2.1.3.1 Rats

2.1.3.1.1 Derivation of animals

Wistar rats obtained from Harlan, UK were utilised and bred 'in-house' at the biological

research facility to generate stock.

2.1.3.1.2 Timed mating

Timed mating was used to ascertain the date of conception and thus the age of embryos

for study: Grid-bottomed cages were used to allow observation of copulatory plugs. A

stud male and female were paired together and monitored for the presence of a plug.

Detection of the plug was taken as evidence of mating and was defined as embryonic

day 0.5 (e0.5). Stud males were derived from an in-house colony of males of between 6

and 12 months and dams were at least 10 weeks old. Where possible, proven dams

were used.

2.1.3.2 Marmoset

Callithrixjacchus, the common marmoset monkey, were captive bred in a closed colony

sustained at the University of Edinburgh since 1973. Fetal marmoset testes were

obtained from the fetuses of pregnant animals that were being euthanized for colony

management purposes. The gestation of marmosets was estimated by systematic

palpation and/or ultrasound and has been shown to be accurate +/- 1 week. Mother

and fetuses were sacrificed by lethal injection of sodium phenobarbitone (Euthatal,

Rhone Merieux, Harlow, Essex, UK). Fetuses were delivered by hysterectomy prior to



Chapter 2 Materials and methods 71

dissection. Tissues were fixed in Bouin's solution for 6 hours prior to transfer into 70%

ethanol. Tissue was taken at around day 100,110 and 120 of gestation, which normally

lasts about 150 days.

2.1.3.3 Human

Human fetal testes were obtained following termination of pregnancy at 15-18 weeks

gestation. Women gave consent for the use of tissue in accordance with National

guidelines and following approval by the local research ethics committee. Gestational

age was determined by ultrasound examination followed by measurement of foot

length [McKinnell et al., 2013). Testes were fixed for 2 hours in Bouin's solution prior

to being transferred into 70% ethanol.

2.2 Biochemical assays

2.2.1 Glucose

For F0 animals, glucose was measured using a colorimetric kit (Cayman, USA

#100009582), in this assay, glucose is oxidised to form delta-gluconolactone with

concomitant reduction of the Flavin adenine dinucleotide (FAD), the reduced FAD

(FADH2) is reoxidised by oxygen to produce FAD and hydrogen peroxide. Finally with

horseradish peroxidase (HRP) as a catalyst, 3.5-dichloro-2-hydroxybenzenesulfonic

acid (yellow) reacts with the hydrogen peroxide and 4-aminoantipyrine to generate the

pink dye with absorption at 514nm. Plasma was thawed on ice and diluted 1 in 5 in the

dilution buffer from the kit. lOOpl of enzyme mix and 85pl assay buffer were added to

15pl of each diluted sample or standards in a colourless 96-well plate and incubated for

1 hour at 37°C before the assay was read at 500nm on a plate reader (Multiscan EX,

Labsystems (Thermo Fisher), UK). All samples were assayed in duplicate.
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For F1 and F2 glucose assays, samples were assayed kindly by Dr Forbes Howie using a

commercial kit (Alpha Laboratories Ltd., Eastleigh, UK) adapted for use on a Cobas Fara

centrifugal analyser (Roche Diagnostics Ltd., Welwyn Garden City, UK). Glucose is

oxidised by glucose oxidase (GOD) into gluconic acid and hydrogen peroxide, which in

the presence of peroxidase reacts with 4-aminoantipyrine and hydroxybenzoic acid,

forming a red compound. Colour intensity monitored at 500nm is proportional to the

concentration of glucose in the sample (Multiscan EX, Labsystems, UK).

2.2.2 Derivation of standard curve

The standard curve was derived using the 'best fit curve' feature of Masterplex 2010

software (Hitachi solutions, USA) and used for interpolation of concentrations of the

analyte in the sample.

2.2.3 Insulin

Insulin was measured in plasma by solid phase two site enzyme-linked immunosorbant

assay (ELISA) using a rat insulin ELISA kit (Mercodia #10-1250-10, Sweden). Two

monoclonal antibodies directed against separate epitopes of the insulin molecule

'sandwich' insulin in the sample. One of the antibodies is bound to the floor of wells on

a 96 well plate, the other conjugated to horse radish peroxidase (HRP). Washing

removes unbound conjugated antibody and detection of insulin is determined by

reaction with 3,3',5,5'-tetramethylbenzidine (TMB) the reaction stopped by the

addition of acid to give a colorimetric endpoint that can be read spectrophotometrically

at 450nm using the Multiscan EX plate reader. The standard curve was derived as in

1.2.2. Readings below the sensitivity of the assay (0.15gg/l) were assigned the lowest

value of 0.15pg/l. All samples were assayed in duplicate. The assay has a within assay

coefficient of variation (CV) of 5.1% and a between assay CV of 10%.
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2.2.4 Triglycerides

FO plasma was assayed using a colorimetric assay kit (Cayman #10010303, USA]:

triglycerides are hydrolysed to glycerol and fatty acids by lipoprotein lipase. Glycerol

was then reacted with ATP to form glycerol-3-phosphate and ADP. Glycerol-3-

phosphate and oxygen react to form dihydroxyacetone phosphate and hydrogen

peroxide, catalysed by glycerol phosphate oxidase. Hydrogen peroxide then reacts with

4-aminoantipyrine and sodium N-ethyl-N-(3-sulfopropyl] m-anisidine under the

activity of peroxidase to form quinoneimine dye and water, which can be assayed

spectrophotometrically at an absorbance of 530-550nm.

F1 and F2 plasma triglycerides were kindly assayed by Dr Forbes Howie: Serum

triglyceride was determined by a commercial kit (Alpha Laboratories Ltd., Eastleigh, UK]

adapted for use on a Cobas Fara centrifugal analyser (Roche Diagnostics Ltd, Welwyn

Garden City, UK], Triglycerides are hydrolysed by lipoproteinlipase to glycerol and fatty

acids; glycerol is phosphorylated to glycerol-3-phosphate in the presence of glycerol

kinase and ATP and then converted by glycerol-3-phosphate oxidase into

dihydroxyacetonephosphate and hydrogen peroxide. In the presence of peroxidase, the

hydrogen peroxide oxidises the chromogen 4-aminoantipyrine and N-ethyl-N-(2-

hydroxy-3sulfopropyl]-3-methylanaline to form a red compound, the colour intensity

of which is proportional to the concentration of analyte in the sample. Within run

precision was CV < 3% while intra-batch precision was CV < 5%.

2.2.5 Total Cholesterol

F2 cholesterol was kindly assayed by Dr Forbes Howie as follows: Total cholesterol

measurements were determined using a commercial kit (Olympus Diagnostics Ltd,

Watford, UK] adapted for use on a Cobas Fara centrifugal analyser (Roche Diagnostics
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Ltd, Welwyn Garden City, UK]. Within run precision was CV < 3% while intra-batch

precision was CV < 4%. The sensitivity of the assay was determined at 0.1 mmol/1.

2.2.6 Testosterone

Plasma testosterone was measured kindly by Mr Chris McKinnell by competitive

radioimmunoassay (RIA). The method used radiolabeled testosterone (I125, MP

Biomedicals, UK) and a rabbit primary antibody 1:600 000, AMS Biotech, Abingdon UK).

Residual I125was measured with a gamma counter (wizard 1470, Perkin Elmer, Turku,

Finland) and testosterone levels were expressed as ng/ml. All samples were analysed

in a single assay.

2.3 Protein localisation by immunofluorescence

Immunofluorescence was used to identify if, and in which cell type, proteins were

expressed. The technique relies on the principle that antibodies raised against a

peptide, which is specifically part of the protein of interest, will bind to that protein on

the tissue. A secondary antibody raised against the species of the primary antibody

conjugated to HRP then allows indirect detection, in the case of this thesis using

tyramide signal amplification.

Tyramide is a phenolic compound that, when activated by HRP, covalently binds to

electron rich moieties on the surface of the tissue. This binding only occurs

immediately adjacent to where the HRP is bound and multiple depositions can occur

quickly allowing a large amplification of signal and increased sensitivity. Conjugation of

the tyramide to a fluorophore allows imaging using a confocal microscope. See Figure

2.2.
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Legend
Antigen

Primary antibody

Secondary antibody

Horseradish peroxidase

Tyramide

Figure 2.2 Indirect immunofluorescent detection of proteins. Schematic
representation of indirect immunofluorescent detection of proteins. The antigen of
interest binds the primary antibody. Secondary antibodies conjugated to
horseradish peroxidase are then bound to the primary antibody. The HRP catalyses
a reaction between the tyramide and the surface of the tissue. The tyramide is
conjugated to fluorophores, which allows detection using confocal microscopy.

2.3.1 Fixation

Tissue was fixed in modified Bouin's solution (20:5:1 Picric acid, formalin, acetic acid,

Clintech #64-1962, UK]. Adult testes were placed in an airtight universal container

containing Bouin's fixative for a total of 6 hours. Following 4 hours fixation, the testis

was removed and bisected with a razor blade in order to allow penetration of the

fixative into the middle of the tissue. The Bouin's solution was then removed and

replaced with 70% [v/v] ethanol and samples were stored until ready for paraffin

embedding.

2.3.2 Paraffin embedding

Embedding was conducted by the histology team of the small university research

facility (SURF] at the University of Edinburgh. Briefly, tissue was processed through a

series of concentrations of alcohol for 17.5 hours in an automated Leica ASP300S tissue

processor (Leica Microsystems, UK] and embedded manually into molten paraffin wax
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using a HistoStar (Thermo Scientific, UK], Tissue blocks were then archived and stored

at room temperature.

2.3.3 Sectioning

Paraffin blocks containing the tissue of interest were placed on ice for at least lOmin

prior to loading them onto a microtome (Leica #RM212 5RT, UK], 5pm sections were

cut and ribbons of tissue were floated on 30% (v/v) industrial methylated spirits (IMS;

Fischer Scientific) and then onto water heated to 45-50°C in a water bath (Lamb RA

#E/65) to allow creases to unfold. Once smooth, tissue sections were separated using

fine brushes and mounted onto labelled, electrostatically charged glass slides (Leica

'Apex', UK).

2.3.4 Dewaxing and rehydrating

In order to remove paraffin from the section, slides were incubated twice in xylene

(VWR chemicals #28975.325, UK) for 5min. Tissue was then rehydrated by immersion

in a series of decreasing concentrations of ethanol (VWR Chemicals #20821.330,

UK)(v/v) (100%, 100%, 95%, 80%, 70%) for 20s each, then rinsed in distilled water.

2.3.5 Antigen retrieval

Fixation induces protein cross linking, which improves tissue integrity and

preservation but at the cost of masking antigen sites of proteins. In order to un-mask

antigens, tissue was treated with heat and pressure in a 'decloaking chamber' (Biocare

medical, USA). Antigen retrieval was conducted in different buffers depending on the

antibody and following optimisation. The solutions used are indicated in Table 2.1

along with the details of antibodies. The decloaking chamber was programmed to bring

slides up to 125°C for 30min; slides were then cooled to 90°C before removal from the

chamber and washing sections in dFUO.
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2.3.6 Blocking

To reduce any residual enzymatic activity present in the tissue, slides were incubated

in methanol (Fischer, #M/3900/17, UK) with 3% (v/v) hydrogen peroxide (VWR

chemicals, #23622.266, UK) on a rocking platform for 30min at room temperature and

then washed three times in TBS for five min each (again on a rocking platform at room

temperature). To block non-specific protein-antibody interactions, sections were

incubated in a blocking solution containing Bovine Serum Albumin (BSA) and sera

obtained from a species different from that of the tissue and the primary antibody to be

used (see section 2.6). To this end, slides were dried carefully to remove TBS but so as

not to disrupt the tissue, and then tissue sections were treated with the appropriate

blocking buffer for 30min at room temperature in a humidified chamber.

2.3.7 Primary antibody

Each primary antibody was optimised for use on different species and tissue used in

this thesis. Optimisation involved running different titres of antibody, with and without

antigen retrieval and use of different antigen retrieval conditions if necessary. The

primary antibody was diluted in the appropriate blocking serum. The blocking serum

was carefully removed from the tissue and the primary antibody was applied and

(unless otherwise stated) was incubated overnight at 4°C in a humidified chamber. As

a negative control, one slide was treated with only blocking solution overnight.

Conditions and concentrations for primary antibodies are shown in Table 2.1.

2.3.8 Secondary antibodies

Secondary antibodies comprising an immunoglobulin G against the species in which the

primary was raised conjugated to HRP were used. The HRP later acts as a catalyst to for

the attachment of the fluorophore conjugated tyramide.
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Following overnight incubation with the primary antibody, slides were washed twice in

TBS on a rocking platform for 5min each. Slides were then incubated with the

appropriate secondary antibody diluted in blocking serum at room temperature for

30min in a humidified chamber. Secondary antibodies were raised in the same species

as the blocking serum used.



Chapter 2 Materials and methods 79

Table 2.1 Antibodies used for immunofluorescence. Their source, species,
concentration used and antigen retrieval conditions.

Antibody Producer Raised in Raised

to

Cat No Dilution/

secondary

Retrieva

1

Leptin

receptor

(ObR)

SantaCruz Goat Mouse Sc-1834 1:100

(tyramide)

Citrate

pH6 PC

3BHSD SantaCruz Goat Human Sc-308201 1:200

(tyramide)

Citrate

pH6 PC
GATA4 SantaCruz Goat Mouse Sc-1237 1:100

(tyramide)

Citrate

pH6 PC

DNMT3a Abeam Rabbit Human Abl4291 1:1200

(tyramide)

Citrate

pH6 PC

DNMT3b Abeam Rabbit Human Ab4922 1:1200

(tyramide)

Citrate

pH6 PC

Vasa Abeam Rabbit Human Abl3840 1:120

(tyramide)

Citrate

pH6 PC

0ct4 SantaCruz Goat Human Sc8628 1:100

(tyramide)

Citrate

pH6 PC

Dazl Serotec Mouse Human Mca2336 1:5000

(tyramide)

Citrate

pH6 PC

H3K27me3 Active

Motif

Rabbit Human 39155 1:1000

(tyramide)

Citrate

pH6 PC

H3K4me3 Active

Motif

Rabbit Human 39159 1:1000

(tyramide)

Citrate

pH6 PC

5mC Eutogentec Mouse

(monoclon

al)

BI-MECY-

1000

1:1000

(tyramide)

Novocast

ra pH9
and

4N HC1 to

denature

DNA
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5hmC Active

Motif

Rabbit 39769 1:1000

(tyramide)

Novocast

ra pH9

COUP-TFII Perseus Mouse Human PP-7147-

00

Citrate

pH 6

Secondary-

peroxidase

Sigma Rabbit Goat A5420 1:200

Secondary-

peroxidase

Dako Rabbit Mouse P0260 1:200

Secondary-

peroxidase

SantaCruz Chicken goat Sc2961 1:200

Secondary-

peroxidase

SantaCruz Chicken Rabbit Sc-2963 1:200

Secondary-

peroxidase

Vector Goat Rabbit BA-1000 1:200

Secondary-

peroxidase

Abeam Goat Chicken Ab97135 1:200

Secondary-

peroxidase

Dako Goat Mouse P0447 1:200

Secondary-

peroxidase

SantaCruz Chicken Mouse Sc2954

and 2962

1:200

2.3.9 Tyramide

Following incubation with the secondary antibody, slides were again washed twice in
TBS at room temperature on a rocking platform. Slides were then incubated for lOmin

at room temperature, in a dark humidified chamber with Tyramide Signal Amplification

(TSA) [Perkin Elmer, UK] conjugated to the appropriate fluorophore and diluted 1:50
in TSA diluent as per the manufacturer's instructions. The reaction was quenched by

incubating the slides in TBS twice for five min at room temperature on a rocking

platform.
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2.3.10 Multiplexed assays

The TSA system allows multiplexing of multiple antibodies on the same tissue section

in order to identify if proteins co-localise. In order to layer a second or third antibody

onto the section, the activity of the conjugated HRP had to be quenched by incubating

the section in 3% hydrogen peroxide [VWR chemicals, UK) in TBS for 30min at room

temperature on a rocking platform in the dark. Where use of more than one primary

antibody raised in the same species was required, the Fc fragment of the first antibody

had to be denatured by microwaving the sections in boiling citrate buffer (pH6) for

4min, allowing the sections to cool for 20min and then washing the slides in TBS twice

at room temperature on a rocking platform in the dark. Fixation of endogenous

proteins in the tissue prevented damage by this microwaving step, preserving antigens

for detection by the next antibody.

2.3.11 Nuclear counterstain

To aid with the visualisation of tissue architecture, a nuclear counterstain was applied.

The choice was dependent upon the fluorophores in use on the tissue. Counterstains

were used at 1:500 of a ImM stock solution in TBS and applied to the tissue for 30 min

at room temperature in a dark humidified chamber. Counterstains are described in

Table 2.2.
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Table 2.2 Nuclear counterstains used for immunofluorescent images

Counterstain Manufacturer Fluorescence

DAPI Sigma #D9542 488nm

4',6-Diamidino-2-

phenylindole

dihydrochloride

TO-PRO Molecular probes #T3605 647nm

Sytox green Molecular probes #S7020 523nm

PI Sigma #P4170 535nm

Propridium Iodide

2.3.12 Mounting

Slides were then aqueous mounted using Permafluor (Thermo Fischer, UK) and glass

coverslips (Leica, UK). Slides were blotted dry, checked for bubbles and then stored at

4°C wrapped in foil prior to imaging.

2.3.13 Imaging

Slides were imaged using Axiovision LSM 510 or 710 or 780 confocal microscopes

(Zeiss, Germany) and using Zen software (Zeiss, Germany).

2.4 RNA analysis

In order to investigate gene expression, mRNA was quantified in the cells/tissue of

interest. The principal steps in this procedure include extracting the RNA from fresh or

frozen tissue or cells, reverse transcribing the RNA to form cDNA and then quantitative

PCR using either SYBR green or Taqman assays to determine relative abundance.
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2.4.1 RNA isolation

Two methods were used for RNA isolation. If only RNA was required, RNA was

extracted using the Qiagen RNeasy micro kit (Qiagen, UK], If total RNAs were required

(for example to include miRNA) then a miRNeasy mini kit (Qiagen, UK) was used.

2.4.1.1 mRNA extraction

Where possible, fresh tissue or cells were used. However, if frozen tissue was used, it

had been frozen quickly on dry ice and stored at -80°C in order to reduce degradation

by endogenous RNases, Chips of frozen tissue (of roughly 30mg) or aliquots of 1-2 x 106

cells were submerged in buffer RLT, supplemented with p-mercaptoethanol 1% (v/v)

(in order to denature RNases) in a 2ml Eppendorf tube along with a sterile 5mm

stainless steel bead. Tubes were then mounted into a TissueLyser (Qiagen, UK) and

homogenised for 2min at 25Hz. The resultant suspension was the centrifuged for 3min

at maximum speed. The supernatant was transferred to a clean tube and RNA

precipitated by adding an equal volume of 70% (v/v) ethanol. The RNA was then bound

to a purification column, washed with buffer RPE, treated with DNase for 15min on the

column to remove DNA and then washed again, first with buffer RPE and then with 80%

(v/v) ethanol. RNA was eluted from the column into 14pl RNase-free water. RNA

samples were then kept on ice for quantification and assessment of purity and

degradation.

2.4.1.2 miRNA extraction

Total RNA (including miRNA) was extracted using the Qiagen miRNeasy mini kit

(Qiagen #217084, UK) according to the manufacturer's instructions. Briefly, 4-5 x 106

cells were homogenised in 700pl QIAzol Lysis reagent by vortexing and passing 5 times

through a 22 gauge syringe.
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Samples were then incubated at room temperature for 5min. 140pi of chloroform

(Sigma, UK] was added to each sample followed by vigorous shaking for 15s and a

further incubation at room temperature for 2min. The samples were then centrifuged

for 15min at 12,000g at 4°C. The upper aqueous phase containing the RNA was

transferred to a new Eppendorf tube avoiding transfer of any of the interphase. RNA

was precipitated by adding 1.5 volumes of absolute ethanol. The precipitate was then

bound to a purification column, washed once with buffer RWT, treated with DNase for

15min, washed again with buffer RWT, then with buffer RPE, and finally 80% (v/v]

ethanol. RNA was eluted in 30gl of RNase-free water.

2.4.2 RNA quantification

2.4.2.1 Spectrophotometry

Where the yield was greater than 100ng/pl, RNA was quantified using a

spectrophotometer (Nanodrop-1000, Nanodrop technologies, USA]. The ratio of

absorbance at 260 and 280nm is useful for assessing for protein contamination (which

might affect downstream reactions], A ratio of about 2:1 is considered protein free, a

value of >1.9:1 was accepted as sufficient to allow efficient cDNA synthesis.

Spectrophotometry was also used to quantitate the RNA

2.4.2.2 Fluorometry

Where RNA yield was lower, more accurate quantification was obtained using

fluorometry. The Qubit™ Fluorometer uses fluorescent dyes that bind to RNA or DNA

and, which can then be quantified by comparison to standards. As the RNA dyes are

specific for RNA, this method gives a more accurate reading and is more sensitive,

especially at lower concentrations where the spectrophotometer would give unreliable

results.
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2.4.2.3 Non-denaturing 2% agarose gel

It is also important to check for degradation of RNA. A simple way to check this is by

running the RNA on a 2% agarose gel and looking for the bands of 28S and 18S rRNA. A

ratio of around 2:1 in the size of the bands and absence of a smear of smaller nucleic

acids implies good RNA integrity. This also allows for examination of the samples for

gDNA contamination (Figure 2.3).
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Figure 2.3 Example electrophoretogram of RNA run on a 2% agarose gel
demonstrating the 28S and 18S bands of ribosomal RNA suggesting
reasonable RNA integrity.

2.4.2.4 Agilent™ bioanalyser

A more accurate (and more economical in terms of RNA required] means of testing the

integrity of RNA is to use the Agilent Bioanalyser™. The Bioanalyser works in a similar

way to the agarose gel. The samples, a gel and a fluorescent dye are loaded into small

wells on a chip. The chip is inserted into the bioanalyser and electrodes pass a current

through each well. RNA molecules of different sizes will flow though the gel in the chip

at different speeds, a fluorescent dye intercalates with the RNA so that laser-induced

fluorescence can be detected by a sensor. The RNA samples are then compared to a

standard ladder. Based upon the expected size of the 28S and 18S rRNAs, their relative

abundance and the baseline fluorescence, an 'RNA integrity number' can be calculated

of between 1 and 10. Readings of above 7 are suitable for sequencing. An example 'gel'

trace from a chip is shown below along with representative example traces (Figure 2.4].
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Figure 2.4 A virtual electrophoretogram from RNA run on the Agilent
bioanalyser. (A) Two strong bands of ribosomal RNA can be seen in all the samples.
(B) Representative tracing from the bioanalyser showing peaks for the 28S and 18S
rRNAs suggesting adequate quality of RNA for downstream processes.

2.4.3 Reverse transcription

2.4.3.1 mRNA

RNA was reverse transcribed to cDNA using the superscript VILO cDNA synthesis kit

(Invitrogen, UK], Each tube contained the reagents as per Table 2.3. Reverse

transcription negative control samples were run alongside each conversion containing

water in place of the RNA. Once all reagents were in the 0.2ml PCR tube, they were

placed into a PCR machine and incubated as per Table 2.4. cDNA samples were then

stored at -20°C.
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Table 2.3 Reagents required for cDNA synthesis using the VILO kit

Reagent pi per 20pl reaction

5x VILO reaction mix 4

lOx Superscript enzyme mix 0.25

RNA (100ng/pl) 1

RNase free water 14.75

Table 2.4 Temperature and timing required for cDNA synthesis using
the VILO kit

Temperature (°C) Time (min)

25 10

42 60

85 5

4 Hold

2.4.3.2 miRNA

The Exiquon miRCURY LNA™ Universal RT mircoRNA PCR kit was used to reverse

transcribe miRNAs. Given the small size of the mature miRNAs, it would not be possible

to design primers that would amplify them. Thus, the Universal kit combines the RT

with the binding of a universal tag, meaning that the cDNA generated is longer than the

miRNA and contains an extra sequence at its 5' end that is used to design primers. A

spike in non-vertebrate miRNA is included in the RT as a positive control. Water RT

negatives are included as negative controls.

Reagents were combined and incubated as follows in Table 2.5 and Table 2.6

respectively. Samples were then stored at -20°C.
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Table 2.5 Reagents required for cDNA synthesis for miRNA assays
using the Exiqon miRCURY system

Reagent pi per 20pl reaction

5x Reaction buffer 4

RNase free water 9

Enzyme 2

Spike in control 1

RNA (5ng/|Jl) 4

Table 2.6 Temperatures required for cDNA synthesis using the Exiquon
miRCURY system

Temperature (°C) Time (min)

42 60

95 5

4 Hold

2.4.4 Quantitative PCR

Quantitative PCR (qPCR) is a technique that determines the relative (or absolute)

quantity of DNA of a specific sequence in a sample. During PCR, primers, designed

specifically to be complementary to the 3' ends of the sense and antisense strand of the

target DNA, and a polymerase amplify the region of DNA of interest. During the reaction,

controlled changes in temperature result in:

1. Denaturation by disrupting the hydrogen bonds holding two strands of DNA

together, resulting in single stranded DNA (ssDNA)

2. Annealing to allow primers to bind to the ssDNA
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3. Extension where the polymerase binds to the primer/template hybrid and

begins synthesis.

Providing there are no limiting factors, each cycle will result in a doubling in the

amount of DNA amplicon leading to exponential amplification of the target. Thus during

a PCR reaction, over the course of 40 cycles, there will be a baseline, where background

fluorescence is detected, a linear plateau phase where exponential amplification is

occurring and a plateau phase where the amplification has stopped being exponential.

A threshold is set where all the wells are in their exponential phase of amplification and

checked by looking at the precision of replicate wells. This allows determination of the

threshold cycle (Ct) for each sample (Figure 2.5)

Amplification Plot

Plateau phase

Threshold
Exponential phase

Baseline

Amplification Plot

1.000 E-3 -

Detector :|rplp^
Y Axis: Log

Cycle

▼ | Plot:|&Rn vs. Cycle t 1 Color:|Well

Tj Threshold:] 0.341361 2 |

Figure 2.5 Example SYBR green PCR showing determination of the
threshold cycle (Ct). The baseline fluorescence, exponential phase of DNA
replication and plateau phase can be seen for this example, which shows
amplification of a standard curve.

Two methods for (qPCR) have been used in this thesis: SYBR green and Taqman assays.

SYBR green assays are more economical but are reliant on the quality of the primers
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and template meaning that more validation is required. Taqman assays have higher

specificity and more consistent sensitivity but are more costly.

2.4.4.1 SYBR green qPCR

SYBR green is a fluorescent dye that binds dsDNA by intercalating between base pairs.

It fluoresces only when bound to dsDNA. Detection occurs at the end of annealing and

during the extension step when the greatest amount of dsDNA is present. Thus, as the

number of cycles increases, the fluorescence will increase and can be detected by the

PCR machine. As SYBR green detects any dsDNA, the reaction must contain a

combination of primers that only generates a sequence-specific amplicon without

producing any secondary products.

2.4.4.1.1 Primer design

Primers were designed by selecting the region of interest and pasting the fasta

sequence into primer 3 fhttp://primer3.ut.ee/l. This web-based program then

designed forward and reverse primers against the target region. Primers are ranked

based upon GC content, melting point, and self/pair complementarity. A primer set can

then be cross-checked by in silico PCR against the genome of interest using this feature

available at http: //genome.ucsc.edu/cgi-bin/hgPcr. The primers were then synthesised

by Eurofins, Germany, and the lyophilised oligomers dissolved into RNase-free water to

give stock solutions of lOOmM. Aliquots of working stock concentration primers

(20mM) were stored at -20°C.

2.4.4.1.2 Validation of primers

Primers were validated by testing a standard curve using a 1 in 10 dilution series of a

composite of cDNA (or gDNA if appropriate] from the samples. These were made up in
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a reaction mix as shown in Table 2.7. They were run in 96 well plates in a qPCR

machine (ABI 7900 HT, ABI, USA],

Table 2.7 Reagents required for a SYBR green qPCR reaction

Reagent pi per lOpl reaction

2x Agilent Brilliant III SYBR green

master mix

5

Forward primer 20mM 0.5

Reverse primer 20mM 0.5

Water 1.85

Reference dye (made up 1 in 50 with

water)

0.15

DNA (dilute 1 in 10)or standards 2

Table 2.8 Temperature cycles required for SYBR green PCR

Temperature (°C) Time (seconds)

95 180

95 5 40 cycles

60 15

Melt curve

The Ct values from the standard curve were plotted against log transformed relative

concentrations. The slope and y-intercept of the curve were obtained using the line of

best fit. The efficiency of the PCR was calculated as E= 10-Vsiope. This was converted to a
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percentage by subtracting 1 and multiplying by 100. Efficiency was satisfactory if it was

between 90 and 110%. This implies that roughly every cycle the number of amplicons

doubled [Figure 2.6D].

The primers were also validated by checking the melt curves, looking for one peak,

(Figure 2.6A and B). Finally, PCR products were run on a 2% agarose gel in order to

check the size of the amplicon (Figure 2.6C].

If primers met the above criteria, they were used as 2.4.4.1.3. If they failed, either new

primers were designed or, if necessary, PCR was optimised by adjusting the

concentration of the primers and/or template, and the temperature of the reaction.

c

300 —

100

1 2

-4 -3

Log(relative amount)

-1 0

y = -3.3713x +12.251
Efficiency 98%
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Figure 2.6 Validation of SYBR green primers. A melt curve from successful
primers showing one peak. B melt curve from primers with secondary products. C 2%
agarose gel showing products from A and B, 1 shows the clean band of amplicon
from A, 2 shows the multiple products generated from form the PCR in B. ladder
shows 100 and 300bp. D representative standard curve and calculation of PCR
efficiency

2.4.4.1.3 qPCR using SYBR

Once primers were validated, samples, cDNA [diluted 1:10-1:20] or gDNA (5ng/pl)

were made up as per Table 2.7. Samples were all run in triplicate on an ABI 7900HT

PCR machine [Applied Biosystems, UK] with the cycles as Table 2.8 unless stated

otherwise.

2.4.4.2 Taqman qPCR

Taqman PCR relies upon the use of probes to generate fluorescence improving the

specificity of the read-out.

Probes consist of a sequence of nucleotides complementary to the strand [usually sense]

of the DNA target, a fluorophore and a quencher; in the case of this thesis, 6-

carboxyfluorexecin [FAM] and 6-carboxy-tetramethyl-rhodamine [TAMRA]

respectively. Whilst the fluorophore and the quencher are in close proximity, the

quenching molecule accepts the energy from the fluorophore, dissipating it by Forster

Resonance Energy Transfer [FRET], During PCR, following denaturation, the probe

binds to the template ssDNA. The primers then bind to the specific sites of the sense

and antisense ssDNA and the Taq polymerase initiates replication. The temperature is

then reduced to allow elongation. During elongation, the probe is degraded, meaning

that the fluorophore and the quencher become separated and the FRET signal is lost,

resulting in fluorescence. As each cycle of DNA replication occurs, the fluorescence

increases [Figure 2.7].
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Figure 2.7 Schematic showing the principles behind Taqman qPCR. (A)
Double stranded DNA. (B) Following denaturation, the probe and primers bind to
ssDNA. (C) The Taq polymerase removes the probe during elongation. (D) The
removal of the probe from the ssDNA results in separation of the fluorophore and
the quencher and thus fluorescence.
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2.4.4.2.1 qPCR usingTaqman

Reagents were mixed as per Table 2.9.

Table 2.9 Reagents required for a Taqman PCR

Reagent Volume (pi for 15pl reaction)

Universal master mix 7.5

Forward Primer (20mM) 0.15

Reverse Primer (20mM) 0.15

Probe 0.15

Water 3.9

cDNA or gDNA (~5ng/pl) 1.5

Reference dye (diluted 1:50) 0.15

Each sample was run in triplicate in 96 or 384 well plates on an ABI 7900 HT PCR

machine using the cycles as per Table 2.10.

Table 2.10 Temperature cycles required for Taman PCR

Temperature (°C) Time (seconds)

95 180

95 5 40 cycles

60 15

The threshold was set as in section 2.4.4. The Ct for each sample was exported for

analysis.

2.4.4.2.1.1 Duplex Taqman PCR reactions

For selected genes, a duplex assay was run using the rRNA 18S as a reference gene.

Where this was the case, a standard master mix comprising primers against 18S, a
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fluorescent probe containing the fluorophore VIC for 18S and ROX reference dye was

prepared as per Table 2.11. In this case, 0.225pl per 15pl reaction was added per well,

adjusting the quantity of water and omitting the reference dye to leave the reaction at

the same volume.

Reagent Volume for 15pi reaction

Nuclease free water 5.325

Taqman Mastermix 7.5

Forward primer (20mmol) 0.15

Reverse primer (20mmol) 0.15

Universal probe 0.15

18S mixture 0.225

cDNA 1.5

Table 2.11 Reagents for multiplex PCR
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2.4.4.3 Analysis of results

2.4.4.3.1 Relative quantification using the delta delta Ct method

Where duplex PCR reactions were conducted, results were analysed using the AACt

method (Livak and Schmittgen, 2001). This method makes the assumption that both the

gene of interest and the reference gene amplify with the same efficiency. This can be

checked by running a standard curve of both genes and checking that there is no

variation in the delta Ct (the difference between the Ct for the reference gene and that

of the gene of interest). It is also assumed that efficiency is close to 100%, which can be

checked using a standard curve as in section 2.4.4.1.2 and Figure 2.6D.

Providing these assumptions are met, the derivation of the AACt is as follows (Livak and

Schmittgen, 2001):

X n~ X0 X (1+ Ex) n

Where X n is the number of template molecules present at cycle n, Xois the number of

molecules at the start of the reaction, Ex is the efficiency of amplification and n is the

number of cycles. The Ct value indicates the cycle at which the fixed threshold is

reached, thus n can be substituted for Ct. The same equation can be drawn for the

reference gene(s).

Given that the number of target molecules present at the given threshold will be in a

fixed ratio for the target and reference gene (assuming the above caveats):

X0 x(l + Ex)Ctx_
R0x(l + Erytr

Where X0 and R0 are the number of molecules present pre PCR of the gene and

reference gene respectively, E is the efficiency and Ct is the threshold cycle for each.
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Assuming efficiencies are equal:

Ex = Er = E

Thus:

— x (1 + E)ctx~ctr = K
Ro

Or,

Xn x (1 + E)Act = K

Xn = K x (1 + E)~Act

Where Xn is the normalised amount of target and ACt the difference in threshold

And then to normalise to a calibrator (cb):

K x (1 + E)~Actc>
= (1 + E) -(ACtq-ACtcb)

Jfx(l + EYActcb

And assuming that efficiency is close to 1:

Amount of target = 2~^Actq~Actcb^ = 2~AACt

2.4.4.3.2 Quantification using a standard curve

An alternative method, which takes into account differences in the efficiencies between

different primer sets, is the standard curve method. Here, a standard curve for each

gene is run on the same plate as the samples. The log(relative concentration) is plotted

against the Ct. The relative amount of starting material can then be interpolated and the

ratio of this to the reference gene(s) calculated to give a relative quantification.
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2.4.4.3.3 Absolute quantification using oligomers

Absolute cDNA or gDNA quantification can be achieved using oligomers of the PCR

product of known concentration. These can be used to set up a standard curve with

known concentration and the absolute quantity of cDNA or gDNA in the sample can be

interpolated and normalised to a reference gene as above. This allows easier

comparison between plates.

2.5 Statistics

2.5.1 Diet studies

Several of the comparisons made in the diet studies would violate the assumption of

independence of the standard Analysis of variance (ANOVA). These include where

repeated measures are made for the same animal (for example in a growth curve or

glucose tolerance test] or for data where animals are clustered within litters. In these

situations, multi-level modelling is appealing as it allows comparisons to be made

between groups whilst accounting for non-independent (random] factors, and for the

fact the variances of the differences between the groups (sphericity] are likely to

change with time (Laird and Ware, 1982],

Thus:

□ = □□ + □□ + □

Wherey is the observed dependent variable, (B the unknown vector of fixed-effects with

design matrix X (the independent variable for example grandparental diet], y an

unknown vector of random effects with design matrix Z (for example the litter] and £

the residual error (how far the measured variable is from the that predicted by the

model (the statistical 'noise']. The model can be built up to include multiple fixed and

random effects.
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Linear mixed modelling was achieved using the MIXED function of SPSS version 19.0

(IBM, USA). For repeated measurement experiments of weight, an autoregressive data

structure was used, given that the variation would increase as the animals aged and a

fixed intercept was assumed. For other models, a Variance components (VC) covariance

matrix was utilised given the variances between the random effects were presumed to

be independent and a random intercept was assumed. The covariance structure chosen

was confirmed using model testing and finding the lowest Akaike Information Criteria

(AIC), which gives an impression of the goodness of fit of data to a model. Given the

small sample sizes, restricted maximum likelihood (REML) estimators were utilised.

Degrees of freedom are calculated in SPSS using Satterthwaite's method. Thus, for non-

repeated measure comparisons, the following syntax was used:

MIXED DependentVariable BY Sex Group LitNo

/FIXED=Sex*Group | N01NT SSTYPE(3)

/METHOD=REML

/RANDOM=LitNo(Group) | COVTYPE(VC)

/EMMEANS=TABLES(Sex*Group) COMPARE(Group) ADJ(BONFERRONI).

And for repeated comparisons:

MIXED Weight BY Time Sex Group LitNo

/FIXED=Time*Sex*Group | SSTYPE(3)

/METHOD=REML

/RANDOM=LitNo(Group) | COVTYPE(VC)

/REPEATED=Time | SUBJECT(ID) C0VTYPE(AR1)
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/EMMEANS=tables(sex*group*time) compare(group] adj(BONFERRONI].

Comparisons between FO animals were conducted using a general linear mixed model

with diet as a fixed factor and cohort as a random factor. Comparisons between F1 and

F2 animals were conducted using a general linear mixed model with parent or

grandparental diet and sex as a fixed factors and litter as a random factor. Where

significant differences were identified between groups, unless otherwise stated, post

hoc Bonferroni tests were applied to determine between which groups there were

differences. Bonferroni testing adjusts for the increased risk of type 1 statistical error

where there is an increase in the number of groups between which comparisons are

being made.

Normality was assessed using the Shapiro Wilk test. In some of the studies, normality

had to be assumed despite failing to meet the Shapiro Wilk criteria, likely due to the

limitation of this test with small sample sizes. In these cases, a second test, a Q-Q plot in

which the expected values of a normal distribution are plotted against the actual values

was constructed and assessed visually to judge 'bestness of fit' to a straight line.

Although debated, there is some evidence to suggest that the liner mixed model copes

well with some skewness in relatively small groups, especially where clustering

overlaps the fixed effects as is the case here [Galbraith et al., 2010].
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2.6 Solutions

2.6.1.1 Phosphate Buffered Saline (PBS)

10 PBS tablets [Sigma, UK) were dissolved in 1 litre of dFUO to form a 10X stock

solution, which was autoclaved and stored at 4°C for up to 6 months.

2.6.1.2 lOx TBE (Ix Is 89mM Tris, 89mM Boric acid, 2mM EDTA)

108g Tris [Sigma, UK)

55g Boric acid [Sigma, UK)

40ml EDTA 0.5M pH 8 [Sigma, UK)

Made up to llitre with dEbO, autoclaved and stored at room temperature for up

to 6 months

2.6.1.3 2% (w/v) agarose gel

4g Agarose (Sigma, UK)

200ml lxTBE

Heat in microwave full power for 50s. Check to ensure dissolved, cool under

cold tap then add 20pi Gel red [Biotium. UK) and poor into gel tray, add comb,

remove bubbles and allow to set for at least 30min.

2.6.1.4 Sperm swim buffer (2% BSA (w/v)/10% FCS (v/v) in DMEM/F12 (phenol red free))

2g Bovine Serum Albumin (Sigma, UK)

10ml Fetal Calf Serum

Made up to 100ml with DMEM/F12 (Invitrogen# 11039-021, UK). Use fresh.
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2.6.1.5 Testis dissociation buffer (lug/ml (w/v) collagenase IV in Hanks buffered saline

solution)

lOpl of Collagenase IV (lmg/ml) (Sigma # C5138, UK)

10ml of Hanks Buffered Saline Solution supplemented with Magnesium and

Calcium (Invitrogen #14025050, UK)

Use fresh.

2.6.1.6 FACS buffer (2% (v/v) Fetal Calf Serum (FCS) in Dulbecco's Phosphate buffered

saline (PBS))

2ml FCS

98ml lx PBS

Use fresh.

2.6.1.7 Tris Buffered Saline (TBS) (50mM Tris-CI, 150mM NaCI)forlOI lOx solution:

605g Tris (Sigma, UK)

876g NaCl (Sigma, UK)

Made up to 81 with dH20 and adjusted to pH 7.4 using concentrated HC1 (VWR

Chemicals, UK) then made up to 101. lOx stock solution stored at 4°C.

2.6.1.8 Blocking buffer (20% (v/v) sera, 5% (w/v) BSA in TBS)

20ml Sera (Diagnostic, UK)

5g Bovine Serum Albumin (Sigma, UK)

Made up to 100ml with lx TBS

Stored in 5ml aliquots at -20°C.
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2.6.1.9 0.1M Citrate buffer

42.02g citric acid monohydrate [Sigma, UK)

Made up to 1.81 using dHzO and pH adjusted to pH 6.0 using conc. NaOH and

made up to 21. Store at 4°C. Use at 0.01M for antigen retrieval.
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3 Epigenetic mechanisms in germ cell development

3.1 Introduction

Chapter 1 highlighted the many mechanisms in place to modulate the germ cell

epigenome during fetal and postnatal development. Most of the literature has focussed

on a murine model, with relatively few examples of data regarding primates. There is

also a focus on primordial germ cells during the period of DNA demethylation, but little

attention has been paid to the remethylation stages, or indeed the postnatal gonad.

Although there are strong parallels between the development of germ cells in different

mammalian species, there are important differences in the timing and synchronicity of

germ cell maturation between rodents and primates (Mitchell et al., 2008).

Furthermore, the timing and duration of epigenetic remodelling could have

implications as to when the epigenome is most vulnerable to perturbation. Epigenetic

reprogramming and germ cell maturation occurs asynchronously in primates, and

given that environmental insults can perturb the male germline epigenome during

adult and fetal life (Carone et al., 2010; Marczylo et al., 2012; Radford et al., 2014), the

length, and timing of an exposure could determine if and how any disruption occurs.

Intergenerational programming models have insulted the male germline during various

points of development, for example in utero (Anway et al., 2006; Radford et al., 2014) or

during puberty and adulthood (Fullston et al., 2013; Ng et al., 2010) but no study as yet

has tried to identify a 'window of maximal effect' thus we do not know if, when or how

the germ line is most susceptible. By correlating the window of exposure, and,

literature about germline reprogramming, hypotheses might be made regarding how
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an exposure can result in an inter-generationally programmed effect, and thus help to

focus research into potential mechanisms.

With this in mind, epigenetic modifications and their regulators were investigated in

fetal and postnatal germ cells from a rodent, Rattus norvegicus, and two primate species,

Callithrix jacchus and Homo sapiens with the aim of answering the following questions:

• Are the epigenetic dynamics observed during murine germ cell development

conserved between rat and primate?

• Do expression patterns of epigenetic factors over time highlight specific

windows of potential vulnerability of the germ cell epigenome?

3.2 Methods

Procedures were conducted as indicated in Chapter 2 except for the following cases:

3.2.1 Animals and treatments

3.2.1.1 Human

Adult human testis was from adjacent 'healthy' tissue on a slide from a patient with a

Seminoma (LREC10/S1402/33).

3.2.2 Immunofluorescence for 5mC

As the antibody used to detect 5mC was raised against single stranded DNA it was

necessary to denature the DNA prior to incubation with the primary antibody. This was

achieved by incubating the slides in 4N HC1 for lOmin at 37° C and neutralising slides in

TBS following antigen retrieval and prior to blocking with sera.

3.3 Results

3.3.1 DNMT3A and DNMT3B expression in fetal rat germ cells

Cytosines within germ cell DNA become remethylated in the male rat between el8.5

and e21.5 (Rose et al., 2014). Expression of the de novo DNA methyltransferases
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DNMT3A and DNMT3B was thus examined in the rat over these time points to establish

if they might potentially play a role in remethylation. Germ cells were identified by

immunoexpression of cytoplasmic VASA, an RNA-helicase specific to germ cells from

el3.5 (Encinas et al., 2012], DNMT3B was expressed in all germ cells at the time points

from el5.5 to e21.5. DNMT3A demonstrated clear immunoexpression from el9.5 but

less expression than in surrounding somatic cells at the preceding time points (Figure

3.1). Thus, the number of germ cells expressing DNMT3A increased over the time

investigated, parallel to the increase in 5mC expression, whereas DNMT3B was

expressed across all the time points investigated.
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| DNMT3A/VASA | | DNMT3B/VASA

VASA DNMT3A DNMT3B Bars 50um

Figure 3.1 Representative immunofluorescent confocal micrographs of
DNMT3A (green) and DNMT3B (red) in fetal rat testis. Germ cells are

identified by immunostaining with VASA (blue). N>3 for each age. Bar represents
50pm.
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3.3.2 DNMT3A and DNMT3B expression in fetal marmoset and human germ cells

Expression of DNMT3A and DNMT3B was examined in fetal marmoset and human

germ cells. Germ cell development in primates, unlike in rodents, is asynchronous. As a

result there is a gradual loss of immunoexpression of cells positive for 0CT4, a

transcription factor associated with pluripotency, and gain in the number of VASA

positive cells from the second trimester in the human and between 11 and 15 weeks in

the marmoset (Mitchell et al., 2008], In order to identify germ cells, tissue was thus

immunolabelled using antibodies raised against both 0CT4 and VASA.

In marmoset fetal testis, DNMT3A expression was found in the somatic component of

the testis (arrowheads] but was absent from the VASA and OCT4 positive germ cells

from d98 to dllO (arrow]. Likewise, in the human fetal tissue at week 14 and 20 of

gestation, there was no co-localisation of DNMT3A with the 0CT4 positive cells (arrow]

but strong expression in the somatic cells (arrowheads] under these conditions (Figure

3.2], Thus, DNMT3A expression is low or non-detectable in the germ line in rodent and

primate germ cells during mid gestation.
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Figure 3.2 Representative immunofluorescent confocal micrographs of
DNMT3A (red) in fetal marmoset and human testis. Germ cells are identified

by immunostaining with VASA and OCT4 (blue) NB VASA staining not present on
fetal human images. Arrows indicate germ cells, arrowheads somatic cells. DAPI

counterstain shown in grey. N=2-3 for each age. Bar represents 50pm.
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Marmoset and human fetal germ cells expressing OCT4 (arrows], VASA (arrowheads)

or both, co-expressed DNMT3B at all of the time points investigated, mirroring the

findings in the rat (Figure 3.3).
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Figure 3.3 Representative immunofluorescent confocal micrographs of
DNMT3A (red) in fetal human and marmoset testis. Germ cells are identified
by immunostaining with VASA and OCT4 (blue). Arrows indicate OCT4 positive germ

cells, arrowheads VASA positive germ cells. DAPI counterstain shown in grey. N=2-3
for each age. Bar represents 50pm.
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3.3.3 H3K4me3 and H3K27me3 immunoexpression in fetal germ cells

Fetal rat germ cells expressing VASA all stained positively for the activating histone

mark H3K4me3 from el5.5 to e21.5 (Figure 3.4 asterisk]. Some tissue sections at el5.5

exhibited germ cells that co-expressed the repressive histone mark H3K27me3. This

tended to be orientated along one edge of the testis (Figure 3.4, top right, in white

boundary]. This could mean that immunoexpression detection is dependent on fixation,

which might vary from the outside to the inside of the testis. H3K27me3

immunoexpression was low/not evident at el7.5 and germ cells remained negative for

the H3K27me3 mark for the rest of gestation. Sertoli cells can be identified by a

peripheral location within the seminiferous tubule and the morphology of their nuclei.

Sertoli cells stained strongly for H3K27me3 from el9.5 to e21.5 (Fig. 3.4, lower two

right panels, arrowheads).
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Figure 3.4 Representative immunofluorescent confocal micrographs of
H3K4me3 (green) and H3K27me3 (red) in rat testis. Germ cells are identified
by immunostaining with VASA (blue). DAPI counterstain shown in grey. * H3K4me3
staining in germ cells, white boundary- H3K27me3 staining in germ cells at el5.5, A
H3K27me3 staining in Sertoli cells. N=2-3 for each age. Bar represents 50um.
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Expression of H3K27me3 was examined in human fetal germ cells at week 20 of

gestation. At this age, immunoexpression of H3K27me3 was strongest in the somatic

cells with no immunoexpression in the germ cells staining for VASA or 0CT4 (Fig. 3.5,

arrowheads).

VASA H3K27me3 OCT4

Figure 3.5 Representative immunofluorescent confocal micrograph of
H3K27me3 (green) in human fetal testis. Germ cells are identified by staining
for VASA (blue) or OCT4 (red, also highlighted by arrowhead). DAPI counterstain
shown in grey. Bar represents 50pm.

Thus, H3K4me3 immunoexpression is detectable in germ cells throughout fetal

development but H3K27me3 expression appears only early in gestation, with loss of

expression between el5.5 and el7.5 in the rat.
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3.3.4 Expression of DNMT3A and DNMT3B in the postnatal rat testis

Immunoexpression of DNMT3Aand DNMT3B was examined in the postnatal rat testis.

DNMT3A and DNMT3B expression was evident in VASA positive germ cells at d6, in the

spermatogonia at dl5 and d25 and in spermatogonia and spermatids of all stages in the

adult testis (arrowheads) (Figure 3.6). There was strong DNMT3B staining in the

Sertoli cells (arrows) in the adult testis, although this was less clear in the peripubertal

Sertoli cells at day 25.

Thus, postnatal rat germ cells all expressed DNMT3A and DNMT3B. Sertoli cells stained

strongly for DNMT3B in the post pubertal rat testis.
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VASA DNMT3A DNMT3B Bars 50um

Figure 3.6 Representative immunofluorescent confocal micrographs of
DNMT3A (green) and DNMT3B (red) in rat testis. Germ cells are identified by
immunostaining with VASA (blue) (arrowheads) Arrows, Sertoli cells). N>3 for each
age. Bar represents 50p.m.
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3.3.5 Expression of H3K4me3 and H3K27me3 in the postnatal rat testis

H3K4me3 expression was abundant in the VASA positive germ cells in the rat testis at

postnatal days 6 and 15 (Figure 3.7, top middle panel). At d25, a stage specific pattern

was observed with a loss of H3K4me3 expression in germ cells during development

(Figure 3.7, middle panel, asterisks) and clear loss of staining in the adult testis at stage

VIII of the spermatogenesis cycle in the pachytene spermatocytes but increased

staining in the zygotene spermatocytes (middle bottom panel, asterisks).

H3K27me3 on the other hand showed only weak immunoexpression in the germ cells

at d6 and dl5, with stronger expression in the Sertoli cells (Figure 3.7, right top panel,

arrowheads). At d25, there was a stage specific period of immunoexpression of

H3K27me3 in germ cells that was lost in the adult testis where immunoexpression was

once again confined to Sertoli cells (Figure 3.7, lower right panel and inset, arrow).
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VASA H3K4me3 H3K27me3 dapi Bars lOOum
Figure 3.7 Representative immunofluorescent confocal micrographs of
H3K4me3 (green) and H3K27me3 (red) in rat testis. Germ cells are

identified by immunostaining with VASA (blue). DAPI counterstain shown in grey.
*Germ cells negative for H3K4me3, A germ cells negative for H3k27me3/ arrow
Sertoli cells positive for H3K27me3. N=2-4 for each age. Bar represents 50pm.
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3.3.6 Expression of 5mC and 5hmC in postnatal rat and marmoset testis
Given that DNMT3A and DNMT3B were expressed in the postnatal rat testis,

immunoexpression of 5mC and 5hmC was explored. Germ cells expressed 5mC at each

of the time points explored, through to adulthood. It was also observed that during

puberty (pndl5-30), there was a loss of 5mC staining and a gain of 5hmC staining in

germ cells (red) (Figure 3.8, arrowheads). This was also observed in the developing

marmoset testis, in which germ cells stained strongly for 5mC and where during

puberty there was loss of 5mC and gain of 5hmC staining in Sertoli cells. (Figure 3.9,

arrowheads). A similar pattern was also found in the adult human testis (Figure 3.10).
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Figure 3.8 Representative immunofluorescent confocal micrographs of
5mC (green) and 5hmC (red) on fetal and neonatal rat testis. Arrowheads
point to Sertoli cells,*indicates germ cells within seminiferous tubules. N=2-4 for
each age. Bar represents 50p.m.
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Figure 3.9 Representative immunofluorescent confocal micrographs of
5mC (green) and 5hmC (red) neonatal and adult marmoset testis.
Arrowheads point to Sertoli cells. N=2-3 for each age. * demonstrates germ cells.
Bar represents 50pm.
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5mC 5hmC

Figure 3.10 Representative immunofluorescent confocal micrograph of
5mC (green) and 5hmC (red) on adult human testis. Arrow heads point to
Sertoli ceils n=l-2. Bar represents 50um.

3.3.7 Expression of Tetl in developing rat testis
Given the abundance of 5hmC in the mature Sertoli cells, TET1 expression was

examined during postnatal rat testis development. Here expression of TET1 was found

in the interstitial cells until postnatal day 10 when expression became greater within

the seminiferous tubules, and was found in both germ cells and Sertoli cells (Figure

3.11, arrowhead).
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Figure 3.11 Representative immunofluorescent confocal micrographs of
SOX9 (red) and TET1 (green) on postnatal rat testis at the ages
indicated. Squares indicate insets A and B. Co-localisation of Tetl and Sox9 is clear
in Sertoli cells (Arrowheads) n=2-3. Bar represents 50pm.
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3.4 Discussion

The aim of this chapter was to investigate some epigenetic modifications and their

regulators during germ cell development in the rat, marmoset and human. The

expression patterns for the different regulators showed consistency between the

species and suggests that mechanisms are conserved across mammalian species with

respect to regulation of the epigenome during germ cell development. Furthermore,

expression of important epigenetic regulators was demonstrated during fetal and

postnatal germ cell development, suggesting that at various time points, specific

aspects of the epigenome might be vulnerable to environmental perturbation.

3.4.1 A cross-species comparison

3.4.1.1 DNMT3A and DNMT3B

Murine data suggest that DNMT3A is expressed in the germline from around el3.5

(Sakai et al., 2004; La Salle et al., 2004) with loss of expression at el8.5 at the protein

level (Sakai et al., 2004) but continued expression at the message level (La Salle et al.,

2004). This lines up with the time frame for remethylation in the murine male germline

that occurs from el6.5 until birth (Kato et al., 2007; Molaro et al., 2014). In the present

studies, expression of DNMT3A in the rat increased during the el7.5 to el9.5 window,

which also lines up with remethylation that occurs between el8.5 and birth (at the

immunoexpression level)(Rose et al., 2014). Primate fetal testicular tissue was

available for the second trimester during which time points DNMT3A was not

expressed in the germ cells, either in those that expressed 0CT4 or expressed VASA.

Tissue was not available for later time points thus it was not possible to show if the

levels of DNMT3A increased during the later stages of gestation. A previous study found

DNMT3A expression increases in the human fetal testis at week 21 at the mRNA level,

complementing the findings of the present study (Galetzka et al., 2007).
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DNMT3A transcription is controlled by two promoters, each producing a different

isoform; Dnmt3a and Dnmt3a2 (Chen et al., 2002b], DNMT3A demonstrates low level

ubiquitous expression and localises to heterochromatin, suggesting a house keeping

role. DNMT3a2 is expressed specifically in cells undergoing de novo methylation and

localises to euchromatin (Chen et al., 2002b], The epitope for the antibody used in this

study is from the residues 1-300 at the N terminus, which is common to both

transcripts, thus it is not possible to say if expression of one isoform altered during

development. One might postulate that Dnmt3a2 was of most importance during germ

cell remethylation.

In keeping with murine data (Hajkova et al., 2002; Sakai et al., 2004], DNMT3B was

expressed in germ cells at all of the time points investigated in all species. The ongoing

expression of DNMT3B during times at which germ cell remethylation is not thought to

be occurring might suggest a redundancy in its activity, despite being expressed.

However, Dnmt3b knockout results in embryonic lethality at ell.5 (Okano et al., 1999]

indicating an important role for this protein, perhaps with respect to remethylation of

somatic cells where it was expressed in the fetal and adult rat testis (Figure 3.1 and

Figure 3.6], A summary of DNMT3A and 3B expression in fetal germ cells is presented

in Figure 3.12.
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Days of gestation

Rat 0 5.5 11 16.5 22

[ B, || 3a

[ 1 3b I
Marmoset C 37 74 111 148

3a

Human 0 68 135 203 294

3a

3b

Mouse 0 5 10 15 20

3a I
fa

Figure 3.12 Summary of DNMT3A and DNMT3B expression in germ cells
during development. Days of gestation indicated giving a rough indication of
comparative time points. Blue boxes indicate DNMT3B and red boxes indicate
DNMT3A. Filled boxes demonstrate expression in germ cells. Open boxes show
expression absent. Purple boxes show studies not done due to availability of tissue.
Rat, marmoset, and human data are presented in Chapter 3. Mouse data
summarised from literature review (Figure 1.3).

In the adult mouse testis, Dnmt3a and Dnmt3b expression increased at the

leptotene/zygotene stages of development (La Salle and Trasler, 2006). In the rat testis,

expression was greatest in the zygotene and pachytene spermatocytes but was less

evident in leptotene spermatocytes (Figure 3.6). This could be explained by a delay in

translation resulting in immunodetectable protein downstream of initiation of
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transcription in the leptotene spermatocytes. No difference in expression between the

different stages of spermatogenesis was found in terms of DNMT3B, as was found by La

Salle and Trassler (2006), perhaps due to differences in either the sensitivity of the

technique or translation. Consistent with the rat data, DNMT3A and 3B are expressed in

human adult spermatocytes but expression is less in spermatogonia and absent in

testicular carcinoma in situ cells (Kristensen et al, 2013).

Thus, expression of DNMT3A and 3B can be found in all spermatogonia and

spermatocytes in the adult testis, in both rodent and primates.

3.4.1.2 H3K4me3 and H3K27me3

Expression of the activating histone modification H3K4me3 was apparent in the germ

cells at all fetal time points examined except during maturation at day 25 (Figure 3.7)

and in spermatids beyond stage VIII in the spermatogenic cycle in the adult testis. The

loss of canonical histone marks would be expected during spermatogenesis as the

histones are acetylated in preparation for replacement by protamines (Rathke et al.,

2014). The loss of expression of H3K4me3 during pubertal germ cell maturation has

not previously been reported, although may reflect changes in the chromatin in

preparation for replacement by protamine. Interestingly, in the hamster, it has been

postulated that inadequate chromatin condensation explains the lack of fertility of

spermatozoa produced early in puberty (Weissenberg et al., 1995).

H3K27me3 had a more dynamic expression pattern in fetal testes, with expression

present along one edge of the testis at el5.5 but then becoming absent from germ cells

until day 6 after birth. In the mouse, H3K27me3 expression increases in germ cells

during demethylation and has been proposed as a mechanism to prevent aberrant

expression of genes otherwise supressed by methylation (for example developmental

genes and DNA repeat elements)(Hajkova et al., 2008). It could thus be postulated that
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H3K27me3 expression would disappear during germ cell remethylation. The presented
data however suggest that expression of this histone mark is lost prior to

remethylation, suggesting alternative mechanisms may be in place for regulation of
these genes that are otherwise proposed to be regulated by methylation. In FACS sorted
mouse germ cells, expression of H3K27me3 appears to continue until at least el7.5

(Abe et al., 2011), whereas the present studies suggest that expression is lost much

earlier in the rat. The differences in results could be accounted for by the use of

different model species or it could be a sensitivity detection issue, perhaps affected by

tissue fixation, or as the cells in the mouse study were in vitro, which could have altered

behaviour and/or chromatin dynamics. However, the lack of expression of H3K27me3

in germ cells demonstrated in both the rat fetal testis and the human testis during the

late 2nd trimester (Figure 3.5 and Figure 3.7) adds weight to the latter argument.

As with the H3K4me3 expression, there was a stage specific re-expression of the

H3K27me3 mark germ cell maturation at d25. Again the function of this expression is

curious, especially given that this expression is not seen during adult spermatogenesis.

Thus, there may be specific genes regulated by chromatin in the germ line during this

stage of rat puberty.

3.4.1.3 Epigenetic dynamics and potential perturbation susceptibility time points
Germ cell maturation in primates is asynchronous (Mitchell et al., 2008), as shown in

Figure 3.2 and Figure 3.3 in which germ cells are positive for either OCT4 or VASA or

both. Expression of DNMT3A and 3B in these cells was ubiquitous, thus no asynchrony

in expression of the remethylation machinery' was identified. A more direct means of

examining remethylation in germ cells would be by direct staining for 5mC, however

this was not possible in the present study due to lack of tissue availability from the

later stages of gestation (during which methylation would be expected to reappear) in

primates.
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Thus, expression of the DNA methyltransferases was demonstrated in germ cells

through late fetal, neonatal, pubertal and adult spermatogenesis indicating that

methylation could be perturbed in these cells by environmental factors across any of

these time points. Furthermore, expression appears consistent across mammalian

species, indicating conservation of mechanisms and, that animal models may [at least

in some part] mimic that which might be seen in humans.

3.4.2 5mC and 5hmC expression in neonatal and mature testis
As would be predicted, the present studies in postnatal testes showed ongoing

expression of 5mC in the germ cells through puberty to adulthood [Marques et al., 2011;

Soubry et al., 2014). Establishment of methylation at imprinted genes and repeat

elements occurs in the fetus [Kato et al., 2007; Molaro et al., 2014). The locus-specific

dynamics of 5mC during spermatogenesis postnatally has not yet been reported in the

literature. Aging, diet exposure and exercise however have all been shown to affect the

global methylation of spermatozoa [Denham et al., 2015; Fullston et al., 2013; Jenkins

et al., 2013), and a few studies are starting to identify potential candidate genes that

could perturb development, although any causality is still widely debated [Denham et

al., 2015). Genome-wide mapping of methylation during adult spermatogenesis and

investigation of any retained methylation patterns in offspring, would be a basis for

identifying if environment/pathology could impact upon sperm methylation, but has

yet to be reported. To date, evidence that aberrant methylation patterns can survive

through germ cell development are limited to a study examining the sperm methylome

following in utero dietary restriction [Radford et al., 2014), a time point at which

methylation dynamics are much greater than those seen in adulthood.

The present studies show that in the rat and primate testis, 5mC is globally abundant in

germ cells at all stages of spermatogenesis but details regarding the locus-specific

dynamics of 5mC location cannot be assessed using immunohistochemical techniques.
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5hmC dynamics during spermatogenesis have been reported; interestingly, expression

of 5hmC correlates with expression of some key spermatozoal development genes for

example Protamine 1 and2 [Gan et al., 2013]. Furthermore in this paper they show that

Sertoli cells also exhibit strong 5hmC expression.

3.4.3 5hmC during Sertoli Cell maturation
The metabolic and physical support of Sertoli cells is essential for spermatogenesis

(Sharpe et al., 2003], Examining 5mC and 5hmC staining in the adult rat, marmoset and

human testis demonstrated that Sertoli cells stained strongly for 5hmC. During Sertoli

cell maturation, the function of the cells changes from proliferation and promoting

differentiation of the germ line to supporting spermatogenesis, with cessation of

proliferation (Sharpe et al., 2003]. Over the postnatal time course in the marmoset and

rat testis during which Sertoli cells mature (across puberty], there is a gradual loss of

5mC and gain of 5hmC. Whether changes in DNA methylation result in the changed

function and proliferation of Sertoli cells or whether methylation levels change as a

result of the altered function is not clear.

It is interesting to compare Sertoli cells with neurones, which show similar

developmental trajectories with terminal differentiation associated with reduced

proliferation, and in which 5hmC levels are high (Hahn et al., 2013; Li et al., 2015b],
TET1 expression was found in maturing Sertoli cells (Figure 3.11], however, loss of

Tetl does not result in an obvious testicular phenotype (Dawlaty et al., 2011;

Yamaguchi et al., 2012) suggesting (if it is functional) an alternative mechanism for the

loss of 5mC and gain of 5hmC observed. Expression of Tet2 and Tet3 is greater in the

testis than Tetl (unpublished data from E. Undrell), however, to date, antibodies with

sufficient specificity to allow localisation within the testis are not available. Given the

importance of Tet3 for neuronal development (Hahn et al., 2013), it is interesting to

speculate that Tet3 might play a role in Sertoli cell maturation.
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Sertoli cells are of key importance for spermatogenesis and their function can be

impaired by a high fat diet and impaired glucose homeostasis, which subsequently

results in perturbed spermatogenesis (Fan et al, 2015a}. However, whether these

perturbations might result in an intergenerational effect is unclear.

3.5 Conclusion
DNA methylation and chromatin landscapes are dynamic throughout germ cell

development and might be disrupted by environmental stimuli at various time points.

Mechanisms appear well conserved between primate and rodent models. Further locus

specific interrogation of the 'epigenetic landscape' of developing germ cells in control

conditions and following exposure to environmental stimuli may open up clues as to

whether changes to the germline epigenome is responsible for intergenerational

transmission of phenotype and, during which time windows germ cells are most

vulnerable.
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4 The effects of grandparental high fat diet in two generations of rats

4.1 Introduction
As discussed in Chapter 1, the prevalence of obesity is rising (WHO, 2014), and, there is

accumulating experimental and epidemiological evidence that the ancestral

environment might influence health in subsequent generations (Aiken and Ozanne,

2014; Desai et ah, 2015). The biological mechanisms resulting in these

intergenerational effects remain unknown, but evidence is accumulating for

perturbation of the germline epigenome in response to 'adverse' environments.

Potential mechanisms include alterations in chromatin dynamics (Carone et ah, 2010;

Ost et ah, 2014), methylation of DNA within spermatozoa (Carone et ah, 2010; Fullston

et ah, 2013; Radford et ah, 2014) and miRNA content in mature spermatozoa (Fullston

et ah, 2013; Gapp et ah, 2014). However, the time point at which these changes may

occur is unclear and there is evidence to suggest in utero (Radford et ah, 2014), pre¬

pubertal (Northstone et ah, 2014) or adult exposures (Fullston et ah, 2013) could all

potentially result in transmission of phenotype. In Chapter 3, expression of epigenetic

regulatory factors was demonstrated in germ cells through embryonic development to

adulthood, thus, biologically, exposure at any of these time points could result in

intergenerational transmission of phenotype.

In order to investigate potential mechanisms for the intergenerational inheritance of a

phenotype, a model demonstrating such a transmission has first to be established. In

the present chapter, the phenotype of two generations of offspring following exposure

to either maternal or paternal HFD is explored. This allowed comparison of the effects

of both maternal and paternal increased adiposity. Furthermore, the rodent model used

is transgenic and expresses eGFP in the germline, thus allowing for the FACS of germ

cells and further investigation of any changes that may have occurred in the germline.
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4.2 Materials and methods
Materials and methods are as described in Chapter 2. To exclude the possibility of soya

acting as an endocrine disruptor (Napier et al., 2014}, a soya free diet was used in the

experiment (although it should be noted that the endocrine disrupting effects of soy

derived isoflavones are not consistently reported in the literature (Cederroth et at,

2010}}. Two diets were used for the study, a control diet (CD} comprising 10% energy

from fats, and a HFD comprising 45% energy from fat (with fat obtained from lard}. The

CD was matched to the HFD in order to try to account for food consumption and micro

and macro nutrient intake. In a previous murine study, consumption of a diet with 45%

energy from fat for 14 weeks resulted in increased adiposity but no dysregulation of

glucose homeostasis (Fullston et al., 2013}. Details of the composition of the diet are

shown in Table 4.1. Animals were weaned onto the experimental or control diet at 21

days of age. All animals were subsequently maintained on this diet ad libitum.

Following 12 weeks on the diet, the animals underwent an overnight fast and oral

glucose tolerance testing the following morning. Animals were given 2 weeks to

recuperate and then bred with animals from the control arm of the study. Mating was

conducted as in 2.1.2.2. Subsequent F1 and F2 generations were examined in the same

way except all were weaned onto the control diet. OGTT was performed at 12 weeks

post weaning and animals were bred at 14 weeks. The number of animals in the study

is shown in Figure 4.1.
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Figure 4.1 Total number so animals. Squares represent males, circles females.
In the FO (top row) green represents HFD and yellow CD. Numbers between siblings
indicate number of litters. Total number of animals 298.
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HFD CD

Research Diets ™ # D06071701 D06072701

Cysteine (% w/w) 0.35 0.28

Casein {% w/w) 23.31 18.96

corn-starch (% w/w) 8.48 29.86

Maltodextrin (% w/w) 11.65 3.32

Sucrose [% w/w) 20.14 33.17

Cellulose (% w/w) 5.83 4.74

Corn oil (% w/w) 2.91 2.37

Mineral mix (% w/w) 1.17 0.95

Vitamin mix (% w/w) 1.17 0.95

Lard (% w/w) 20.68 1.90

Calories/lOOg 473 385

% of total energy from carbohydrate 35 70

% of total energy from protein % 20 20

% of total energy from lipid % 45 10

Table 4.1 Composition of the control (CD and high fat (HFD) diets used
in the experiments. In the HFD, fat replaces the carbohydrate component of the
diet.
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4.3 Results

4.3.1 A HFD induces obesity but pot altered glucose tolerance in exposed animals (FO)
Following 14 weeks consumption of a HFD, FO males were on average 9.3% heavier

and FO females 14.7% heavier compared to animals fed a CD, p<0.001 for interaction

between diet, time and sex, with a significant difference in male bodyweight from 60

days of diet and females from 100 days (Figure 4.2). In the males, the adiposity index

(the sum of the fat pads divided by body weight) was increased by 31% (p<0.001),

plasma leptin was increased around 3-fold although failed to reach statistical

significance (Table 4.2). There were no changes plasma lipids or triglycerides between

either of the groups (Table 4.2). Insulin secretion in response to a glucose challenge

was increased in the HFD fed males (p<0.001), however despite this, there was no

change in plasma glucose levels. There was no difference in sperm count and motility

according to diet (Table 4.2). HFD did not result in altered testicular cell apoptosis as

assessed by TUNEL staining (Figure 4.3 and Table 4.2).
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CD HFD

N (litters) 7-15(6) 7-15(6)

MeaniSEM MeaniSEM P

Body size

Weight (g) 416±14 454±14 0.003

Body length (cm) 24±0.25 24±0.31 0.565

Organ weights

Pancreas weight/bodyweight (mg/g) 4.7±0.3 6.9±0.4 0.416

Liver/bodyweight (mg/g) 1.9±0.1 1.8±0.1 <0.001

Adipose weights

Retroperitoneal Fat/bodyweight (gig) 0.7±0.04 0.7±0.03 <0.001

Gonadal fat/bodyweight (mg/g) 6.3±0.3 8.3±0.3 <0.001

Adiposity Index (mg/g) 12.7±0.6 16.7±0.7 <0.001

Biochemistry

Leptin (ng/ml) 1.7+0.8 5.3+1.2 0.054

Insulin AUC pg/l.min 96±11 145±10 0.003

Glucose AUC mM.min 647±23 672±18 0.400

Triglycerides mg/dl 72+5 65±6 0.719

Cholesterol mg/dl 59±3 61 ±4 0.414

Reproduction

AGD (mm) 46.9±1.3 45.9+0.8 0.520

Testis weight (g) 1.8±0.1 1.7+0.1 0.334

Penis length (mm) 11±0.1 12±0.1 0.250

Sperm count (10-®) 19±2.6 18±1.4 0.598

Testosterone (ng/ml) 5.1 ±1.5 7.3±0.7 0.060

% motile sperm 32.3±4.4 26.6±2.5 0.277

TUNEL (pixels) 1110+414 1450±263 0.504

Table 4.2 Phenotyping of Founding 0 males after exposure to HFD.
Data is taken from post-mortem dissection and measurement of organs at 19 weeks
of age. Biochemical data is derived from 09.00 fasting plasma obtained during
glucose tolerance testing at 17 weeks of age. Data was analysed by a linear mixed
model with diet as a fixed factor and cohort as a random factor and using post hoc
Bonferroni analysis. Values that are significantly altered by HFD (p<0.05) are shown
in bold.
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Figure 4.2 Bodyweight of the founding generation from weaning. Legend:
Squares males, circles females, Grey line HFD, black line CD. Data were analysed by
linear mixed model with diet and sex as fixed factors, time as a repeated factor and
cohort as a random factor with Bonferroni post hoc testing for effect of diet within
a sex. N= 35 (CD) and 35 (HFD) males and 18 (CD) and 10 (HFD) females from two
cohorts. Data are mean ±SEM * p<0.05 HFD vs CD.
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HFD or CD for 14 weeks. Formalin fixed, paraffin embedded testis was
examined for DNA damage, a marker of apoptosis using the Promega deadend™ kit
with the modifications as described in materials and methods. A. representative
example from CD. B representative example from HFD. N=7, number of TUNEL
positive pixels was assessed using imageJ, and the data presented in Table 4:2.

4.3.2 Maternal HFD results in heavier offspring (Fl)

There was no difference in litter size, days taken to plug, gestation length, mean

birthweight or proportion of males per litter in the Fl animals born to parents who had

consumed a HFD or a CD (Table 4.3).

CD Mother HFD Father HFD

Litters 5 5 5

Mean+SEM Mean+SEM Mean±SEM P

Litter size 10.2+1.4 12.6±0.9 12.4±0.8 0.24

Birthweight (g) 6.9±0.1 6.7±0.2 6.610.3 0.79

% males per litter 48±11 29+3 4914 0.11

Days to plug 5.3±1.2 3.2±0.2 3.510.7 0.14

Gestation 22.8±0.2 22.5±0.2 22.610.2 0.64

Table 4.3 Demographics of F1 litters born to rats exposed to CD or HFD.
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There was a significant difference between the growth trajectories of the F1 offspring

(p<0.001) with the principal differences occurring between male and female offspring

of mothers who had consumed the HFD, when compared to F1 animals in the control

arm, and, the female offspring of males who had consumed the HFD, with differences

significant from 60 days (Figure 4.4). Bodyweight at sacrifice was significantly

increased for male (10% heavier) and female (7% heavier) F1 offspring born to

mothers consuming a high fat diet (p<0.001) (Figure 4.4 and Table 4.4). Despite these

differences in bodyweights, there was no significant difference in adiposity, the weight

of fat pads, or plasma leptin in these F1 rats (Table 4.4). There was also no difference

according to parental diet in plasma glucose or insulin during OGTT (Table 4.4 and

Figure 4.4). Plasma testosterone was elevated in the sons of mothers who consumed a

HFD (p=0.02) (Table 4.4).
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Figure 4.4 Phenotyping of F1 offspring according to parental diet. A:
Bodyweight of F1 rats from birth to sacrifice. Squares are males and circles females.
Analysis was by linear mixed model with group and sex as fixed factors and litter as

a random factor; N= Males: Control (19), maternal HFD (19), paternal HFD (17),
from 5-9 litters and females: control (18) Maternal HFD (20) and Paternal HFD (21)
from 5-9 litters. B: Insulin AUC calculated following an oral glucose tolerance test;
N= Male: control (5), Maternal HFD (5), Paternal HFD (6), Females: control (6)
maternal HFD (5) paternal HFD (5) from 5-6 litters (Non-significant by mixed linear
model with group and sex as fixed factors). C: Adiposity calculated as the sum of
gonadal and retroperitoneal adipose pads/bodyweight; N= Males: Control (31)
maternal HFD (18), paternal HFD (17) 17-31 from 5-6 litters and females: control (15)
maternal HFD (14) paternal HFD (17) from 5-6 litters. (Non-significant by linear
mixed model with group and sex as fixed factors and litter as random factor). Data
are mean ±SEM.
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Sex Male Female

Group Control Maternal
HFD

Paternal
HFD

Control Maternal
HFD

Paternal
HFD

P

N (litters) 19-32 (9) 13-19 (5) 10-17 (5) 10-17 (9) 14-20 (5) 13-21 (5)
Meant
SEM

Meant
SEM

Meant
SEM

Meant
SEM

Meant
SEM

Meant
SEM

group*
sex

Body size

Weight (g) 434±4 478±10 432t8 260t5 278+5 270+4 0.003

Length (cm) 23.8±0.2 24.1+0.3 23.5+0.3 21.2+0.2 21.1+0.2 21.2+0.2 0.114

AGD (mm) 47±0.5 46i2.2 45+0.8 21+0.3 19t0.8 19t0.8 0.945

Adiposity

Gonadal
fat/bodyweight
(mg/g)

7.7+0.3 7.5+0.3 6.7+0.4 6.3t0.3 7.2+0.7 6.3+0.5 0.062

Retroperitoneal
fatJ bodyweight
(mg/g)

5.2±0.3 5.0+0.4 4.5+0.4 5.1t0.3 4.9+0.6 3.7t0.3 0.177

Adiposity index
(mg/g) 12.9±0.6 12.6t0.7 11.2+0.7 11.4t0.5 12.1+1.2 10.0+0.7 0.062

Biochemistry

Leptin (ng/ml) 1.3+0.3 1.7+0.5 0.9+0.1 0.346A

Insulin AUC

pg/l.min
107±22 77+11 78+15 51+10 66+13 47+10 0.249

Glucose AUC
mM.min

984±32 931+37 951i39 931i37 938+24 904t73 0.846

Reproduction
Penis length
(mm)

12.1+0.1 11.8±0.2 11.7±0.2 0.023A*

Gonad weight
(g)

1,9±0.02 2.0+0.07 1.9+0.07 0.08t0.00 0.08+0.00 0.12t0.02 0.148

Testosterone
(ng/ml)

4.2+0.6 7.4±0.9 2.7+0.5 0.020A

Table 4.4 Phenotyping of F1 offspring according to parental diet. Data
taken from post-mortem dissection and measurement of organs at 19 weeks of age.
Biochemical data derives from 09.00 fasting plasma obtained during glucose
tolerance testing at 17 weeks of age. Data was analysed by linear mixed model with
group and sex as fixed factors and litter as a random factor, with post hoc
Bonferroni analysis comparing groups within each sex. Values shown in bold
indicates p<0.05. * indicates significantly different only with least significant
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difference analysis (not taking multiple testing into account). A indicates sex not
used as a fixed factor as data only available for males.

1
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4.3.3 Grand-paternal diet affects metabolic physiology of F2 offspring in a parent- and sex-

specific manner

There was no difference in litter size, percentage of males per litter or birth weights of

pups that were the grand-offspring of CD or HFD fed rats (Table 4.5. However, by 9

weeks of age, the male offspring whose maternal grandfather consumed a HFD were

significantly heavier, a trend that continued until sacrifice when they were 7.7%

heavier than the grand-offspring of rats fed CD (p<0.001)(Figure 4.5],

Control
Maternal

Grandfather
Maternal

Grandmother
Paternal

Grandfather
Paternal

Grandmother

Litters 7 4 4 5 5

Mean±SEM Mean±SEM MeaniSEM Mean±SEM Mean±SEM P

Birthweight (g) 6.9±0.2 6.9+0.4 6.9±0.3 7.1±0.3 6.9±0.2 0.986

% male pups 46.5±2.8 58.2±4.0 46.0±5.6 55.0±8.4 58.6±7.6 0.384

Litter size 12.6±0.5 12.5±1.7 12.3±1.5 11.8±0.6 11.2±2.1 0.934

Table 4.5 Demographics of F2 litters according to grandparental HFD
exposure. All other animals were maintained on CD.
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Figure 4.5 Phenotyping of F2 rats according to grandparental HFD
exposure. A: Bodyweight of F2 offspring from birth to 18 weeks of age. Squares
males, circles females. Colours denote the diet of grandparents as shown in the key
in panel A. Analysis was by linear mixed model with sex and group as fixed factors,
time as a repeated factor and litter as a random factor, with post hoc Bonferroni
analysis. B: Adiposity calculated as the sum of adipose pads/bodyweight. C: Plasma
leptin. D: Insulin AUC, calculated following an oral glucose tolerance test. E: Plasma
LH to testosterone ratio. Analysis was by linear mixed model with sex and group as
fixed factors and litter as a random factor with Bonferroni post hoc test (B, C and D)
or least significant difference post hoc test (C). F: Pedigree of the different F2
offspring, each colour showing which grandparent consumed the HFD. N= Males:
Control (14), maternal grandfather (8), maternal grandmother (8), paternal
grandfather (10), and paternal grandmother (10). Females: Control (14), maternal
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MaleFemale
Control

Maternal grandfather
Maternal grandmother
Paternal grandfather
Paternal grandmother

Control

Maternal grandfather
Maternal grandmother
Paternal grandfather
Paternal grandmother

P

N(litters)

14(7)

8(4)

8(4)

8(4)

10(5)

14(7)

8(4)

8(4)

8(4)

10(5)

Meant SEM

Meant SEM

Meant SEM

Meant SEM

Meant SEM

Meant SEM

Meant SEM

Meant SEM

Meant SEM

Meant SEM

group* sex

Bodysize Weight(g)

416±5

448+13

446i9

412i11

433+10

268+8

277+5

269i8

262t6

271+5

0.124

Length(cm)

23.3+0.1

23.5t0.2

23.5+0.2

22.8i0.1

23.4i0.2

21.1i0.2

20.9i0.1

21,0i0.2

20.7t0.2

21.1+0.2

0.613

Organweights Liver/bw (mg/g)

43.2±0.8

40.8i0.5

42.3+1.4

42.8i1.2

44.4i1.4

38.9i0.9

37.0+1.5

34.3t1.5

38.4+1.4

37.6+1.1

0.240

Pancreas/bw (mg/g)

2.6±0.1

2.4t0.2

2.1t0.1

2.3+0.1

2.2i0.1

3.5t0.1

3.5i0.2

3.8t0.4

4.0+0.2

3.0+0.2

0.007

Adiposity Retroperitoneal fat/bw(mg/g)
4.8±0.4

6.610.5

5.1+4

6.3+0.5

6.1+0.4

4.1t0.5

3.6+0.2

3.9i0.7

4.9t0.3

5.2i0.3

0.003

Gonadalfat/bw (mg/g)

6.6±0.3

8.410.6

7.0+0.2

7.9+0.5

6.9+0.4

5.9+0.5

5.2+0.3

5.9+0.4

6.3+0.4

6.3+0.5

0.017*

Adiposityindex (mg/g)

18.0±1.0

23.411.7

19.0t0.7

22.Oil.3

19.9i1.0

16.0+1.3

14.0+0.6

15.7+1.3

17.4i0.9

17.8i1.2

0.012
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Male

Female

Control

Maternal grandfather
Maternal grandmother
Paternal grandfather
Paternal grandmother

Control

Maternal grandfather
Maternal grandmother
Paternal grandfather
Paternal grandmother

P

N(litters)

14(7)

8(4)

8(4)

8(4)

10(5)

14(7)

8(4)

8(4)

8(4)

10(5)

Mean± SEM

Meant SEM

Mean± SEM

Meant SEM

Meant SEM

Mean± SEM

Mean± SEM

Meant SEM

Meant SEM

Meant SEM

group* sex

Biochemistry InsulinAUC (pg/l.min)

90+11

149±18

104+7

119±13

129+19

60±7

86±16

48±3

103±8

72±12

0.016*

GlucoseAUC (mM.min)

964±19

904±7

947±37

954±11

966±6

947±24

931±19

921±28

1146±13

978±9

0.150

Leptin(ng/ml)
2.5±0.3

5.0±0.8

3.3±0.2

3.6±0.5

2.9±0.4

1.8±0.2

1.7+0.2

1.9±0.2

1.6±0.1

1.9±0.2

0.001

Cholesterol (mM)

1.1±0.03

1.2±0.05

1.0±0.07

1.2±0.05

1.0±0.04

1.0±0.04

1.1±0.08

1.1±0.06

1.3±0.06

1.1±0.07

0.474

Triglycerides (mM)

1.1±0.05

1.3±0.19

1.5+0.13

1.2+0.10

1.3±0.12

0.8±0.05

0.8±0.04

1.2±0.12

0.8±0.07

1.1±0.13

0.106

Reproduction
LH(ng/ml)

0.6±0.1

1.2±0.2

0.7+0.7

1.0±0.2

1.0±0.2

0.250 A

Testosterone (ng/ml)

8.5±0.5

6.1±0.8

8.6+1.4

8.7±1.4

7.80±0.6

0.270 A

LHtoTratio

0.1±0.0

0.2±0.0

0.1±0.0

0.1±0.0

0.1±0.0

o

o

>
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Male

Female

Control

Maternal grandfather
Maternal grandmother
Paternal grandfather
Paternal grandmother

Control

Maternal grandfather
Maternal grandmother
Paternal grandfather
Paternal grandmother

P

N(litters)

14(7)

8(4)

8(4)

8(4)

10(5)

14(7)

8(4)

8(4)

8(4)

10(5)

Meant SEM

Meant SEM

Meant SEM

Meant SEM

Meant SEM

Meant SEM

Meant SEM

Meant SEM

Meant SEM

Meant SEM

group* sex

PenisLength (mm)

12.1±0.1

12.3±0.2

12.5+0.2

12.3+0.2

12.3i0.1

0.61A

Spermcount x10A6

6.0+12

36.3±7.5

22.4i7.3

33.2i8.8

23.3i7.7

0.629

AGD(mm)

48.6±0.7

49.5+0.9

49.9+1.1

47.8t0.8

50.9+0.6

21.3+0.5

23.1+0.2

21.710.4

22.4i0.4

22.7+0.4

0.121
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Table 4.6 Phenotyping of F2 offspring according to grandparental HFD
exposure. (Previous page) Data was taken from post-mortem dissection and
measurement of organs at 19 weeks of age. Biochemical data was derived from
09.00 fasting plasma obtained during glucose tolerance testing at 17 weeks of age.
Data was analysed by linear mixed model with group and sex as fixed factors and
litter as a random factor with post hoc Bonferroni analysis comparing groups within
each sex; values that are significantly different (p<0.05) are shown in bold. *
indicates different only with least significant difference analysis (not taking multiple
testing into account). A indicates sex not used as a fixed factor as data only available
for males, bw bodyweight.

At sacrifice, the adiposity index of the F2 male rats whose maternal grandfather

consumed a HFD was 31% greater than F2 male animals from the control arm of the

study p=0.01 (Figure 4.5). This increased adiposity was associated with a 97% increase

in plasma leptin p<0.001 (Figure 4.5). In the same animals, there was also decreased

insulin sensitivity during the glucose tolerance test with insulin area under the curve

increasing by ~70% following an oral glucose challenge p<0.001 (although significance

was lost when taking into account multiple testing) (Figure 4.5).

There was a significant increase (p=0.017) in the LH to testosterone ratio in the males

whose maternal grandfather consumed the HFD, implying compensated Leydig Cell

failure. There was no difference in sperm count, which was highly variable between

individuals within each group and litter (Table 4.6).

In female F2 animals no difference was found in terms of weight, adiposity or size of

organs in animals whose grandfather or grandmother consumed a HFD, when

compared to control animals (Table 4.6). There was however an increase in the insulin

AUC (p<0.001) following an oral glucose tolerance test in the group whose paternal

grandfather had consumed the HFD (Figure 4.5).
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4.4 Discussion

In the present study, FO male and female rats were, respectively, 9-7% and 14-7%

heavier after 14 weeks' HFD, with a 33-3% increase in visceral adiposity. F1 male and

female offspring off HFD mothers were heavier than controls. F1 daughters of HFD

fathers were also heavier than controls. F2 male offspring whose maternal grandfather

had consumed the HFD were 7-7% heavier, exhibited a 31% increase in visceral

adiposity, a 97% increase in plasma leptin, 70% increased insulin secretion in response

to an oral glucose challenge and a 3 fold increase in the luteinising hormone to

testosterone ratio. The findings are summarised in Figure 4.6.

Insulin

insensitivity

©
Increased adiposity
Insulin insensitivity
Greater weight
Increased LH to T

M

• ■

O ■ • ^ O B

Figure 4.6 Summary of phenotyping findings Squares represent males and
circles females. Asterisk refers to significant increases in weight gain compared to
control (in black). In the FO black represent CD and white HFD.
The findings are discussed below in the context of the current literature, and the

relevance to humans.
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4.4.1 Effects of HFD on the FO (founding) generation
Exposure from weaning to a 45% HFD for 14 weeks induced modest weight gain in

male and female rats, and in the males, there was the development of impaired insulin

sensitivity without alteration to glucose levels. Comparison of weight gain between

rodent and humans is difficult, especially as rats continue to grow in length following

puberty, meaning BMI may not be a useful comparator. Body length itself was not

affected by the dietary interventions (Table 4.2], and the adiposity index, independent

of length, is a useful means of determining the cause for the increase in bodyweight. Rat

'BMT has been demonstrated in one study to correlate with increased carcass fat and

serum triglyceride concentrations suggesting the measurement may have some

comparative value (Novelli et al., 2007). Assessment of adiposity may have more

accurate had a technique such as NMR (nuclear magnetic resonance) or DEXA (duel

energy x-ray absorptiometry) been employed (Miller et al., 2011).

As show in Figure 4.7, for humans, as BMI and weight are directly proportional, each

10% gain in weight results in a 10% increase in BMI, thus to put this weight gain in

proportion with humans, a ~20% weight gain would take someone from being at the

top end of normal weight to being 'obese' and 30% increase in weight required to take

one from 'overweight' to 'morbid obesity'. Thus the -10-15% weight gain seen in the

rats as a result of the HFD is relatively modest, and probably would not constitute a

model of developing 'obesity' in humans. When considering that 25.6% of the Scottish

population are obese (Scottish health survey, 2013) (i.e. 30% heavier than would be

advised), the potential implications for future generations are potentially concerning.
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60 "■

Morbid obesity

Obesity

o
o 50 100 150 200

Weight (kg)

Figure 4.7 Impact of 10% increases in bodyweight on BMI in humans.
Each 10% interval increases. BMI by 10%, thus a 20% increase in bodyweight would
take someone from normal weight to obese, and a 30% increase in bodyweight
from overweight to morbid obesity.

It is difficult to compare the dietary intervention studies between rodents and humans.

There is evidence from studies in humans that covert manipulation of fat content (from

20 to 60%) in a meal does not alter food preference or the quantity of food consumed,

(although increased consumption of the fatty food was described in humans with MC4R

mutations) (van der Klaauw et al., 2015). Moreover, supplementation of a standardised

diet with increasing quantities of fat results in only modest gains in weight over the

course of 50 days in healthy individuals (Kasper et al., 1973).

One should also be cautious when extrapolating the studies in rodents to humans, as

metabolism is very different between species (Bergen and Mersmann, 2005), and even

within rodent models, there is considerable variation between strains. For example, in

mice C57BL/6 are generally considered obesity prone whereas the A/J strain are more

often obesity resistant (West et al., 1992, 1995). The same can be said for rat strains:

Osborne-Mendel rats acquire greater adiposity as a result of HFD than do S 5B/PL rats

(Nilsson et al., 2012; Schemmel et al., 1972). Responsiveness to HFD might be a genetic

trait, for example affecting appetite signalling (Kappeler et al., 2004). However, in
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mouse experiments, despite weight gain in response to HFD, no difference in food

consumption was found, suggesting altered metabolism as the cause [West et al., 1992],

Mouse studies in which male C57BL/6 mice were fed a similar 45% fat diet resulted in

a 14.9% weight gain in comparison to mice fed on a control diet with 21% of energy

available from lipids [Fullston et al., 2012, 2013). In a study in which adult male rats

were fed for 12 weeks on a similar 45% HFD as in the present studies, or a matched

10% fat CD, a 23% increase in body weight was noted after HFD exposure [Li et al.,

2005a), whilst another study found that 12 weeks HFD resulted in a more overt 28%

weight gain, and associated glucose intolerance, although the contents of the

intervention diet are not clear [Ng et al., 2010).

Thus, in the presented study, the modest 9.7-14.7% increase in weight following 14

weeks consumption of a 45% diet is consistent with mouse studies [Fullston et al.,

2012, 2013), but the weight gain was generally lower than that observed in other rat

models [Li et al., 2005a; Ng et al., 2010).

4.4.2 Effects of maternal HFD

As reviewed in Chapter 1, multiple models of maternal HFD exposure pre-pregnancy,

during pregnancy and during lactation have been shown to cause reprogramming

effects on offspring, although not with absolute consistency. As shown in Table 1.2,

some studies, show increased weight gain in offspring following maternal exposure to

HFD [Bellisario et al., 2014; Cheong et al., 2014; Sanders et al., 2014) whilst others find

no change [Brenseke et al„ 2015; Desai et al, 2014; King et al, 2013b; Laker et al, 2014;

Vogt et al, 2014). In other studies, significant differences between offspring can often

only be teased out when re-challenging offspring with a HFD, to which they seem in

general to be more susceptible (Vogt et al, 2014). The inconsistency in the literature

makes it difficult to form definite conclusions as to the effect of maternal/in utero HFD
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exposure. Discrepancies could be said to be strain specific, although many of the

reported studies use C57BL/6 mice but remain inconsistent in outcome. It is

interesting to note, with respect to dietary intervention, that there is a trend for mid-

range HFDs (30-45%) rather than very high fat (-60%) being more likely to result in a

programmed weight gain effect in offspring, a trend recapitulated in the study from

Piatt et al. in which six different diets were used, and where it was the 32% rather than

60% (or 10% control) diet that resulted in programming of weight gain in female

offspring (Piatt et al., 2014).

It may also be that other factors play a role, for example stress around the rodents may

impact upon appetite and weight gain (Levine and Morley, 1981; Pecoraro et al., 2004),

and the environment around previous generations may potentially mask results as

discussed in 1.2.2.

Impaired glucose homeostasis in the offspring of mothers exposed to HFD has also

been described extensively in the literature, although again with inconsistency. For

example, sons having worse glucose tolerance than daughters (Yokomizo et al., 2014),

or daughters more affected than sons (Dearden and Balthasar, 2014) after maternal

HFD exposure (see (Williams et al., 2014) for review). In the present study, no

difference was found in the glucose tolerance of the offspring whose mothers were

exposed to HFD from weaning.

4.4.3 Effects of paternal HFD
The effects of paternal experimental exposure to HFD in mammals has been

investigated in both mice and rats by two laboratories. In rats, paternal HFD exposure

caused -28% weight gain and resulted in offspring with impaired [3-cell function and

impaired glucose tolerance in female offspring but no change in weight gain (Ng et al.,
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2010]. In mice, paternal HFD resulting in a 14.9% increase in bodyweight resulted in

8% increased bodyweight and 80% increased adiposity in females and a 6% increase in

bodyweight in males with no effect on adiposity (Fullston et al., 2013]. This matches

the results seen in the present studies, in which the only effect of paternal HFD was on

weight gain in female offspring. However, in contrast to the cited mouse/rat studies, no

change in adiposity or glucose tolerance in offspring was observed in the present

studies.

Human studies that have investigated the relative impact of maternal and paternal BMI

on offspring find both may play a role (Patro et al., 2013], In studies in which the data

presented allows the impact of maternal or paternal obesity on male and female

offspring to be assessed separately, the biggest impact on obesity in offspring at age 16

years was between a father and his daughter (odds ratio of 5.58 (CI 3.09-

10.07]](Jaaskelainen et al., 2011], However, in this study, offspring were exposed post-

natally to a potentially obesogenic environment, which is a strong confounding factor.

4.4.4 Effects of grand-paternal HFD
Two previous studies have investigated the effect of grand-paternal HFD exposure in a

mouse model. Both showed increased adiposity and impaired glucose tolerance in

grandsons, but only via the maternal grandfather; there were no effects via the paternal

grandfather or in females, matching the present data in rats (Fullston et al., 2012,

2013], In contrast, human epidemiological data from Overkalix found that it was

replete nutrition around the paternal grandfather during puberty that had the most

significant impact on mortality and risk of cardiovascular disease in male

grandchildren (Pembrey et al., 2006], The transmission of impaired glucose tolerance

via HFD exposure in the paternal grandsire in a mouse model has also been reported,
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although the effect of the maternal grandfather was not investigated (Grandjean et al.,

2014 (abstract]), thus the mode of transmission is not clear, and there remains

evidence for transmission from both grandfathers.

In the F2 males derived from HFD-exposed maternal grandfathers in the present

studies, an increased secretion of insulin in response to glucose was observed, although

there were no significant changes in plasma glucose from controls. This suggests

impaired insulin sensitivity. The optimal way to assess this would be via insulin

tolerance testing, or hyperinsulinaemic-euglycaemic clamp (Kim, 2009), although these

methods would cause more distress to the subjects. It may be that with a more

sensitive technique, clearer differences between the groups would have been found.

An increased LH to testosterone ratio was also found in the F2 grand-offspring whose

maternal grandfather was exposed to the HFD. An elevated LH in response to a subtle

reduction in plasma testosterone implies compensated Leydig cell failure, a

phenomenon that has been reported in ~10% of aging men (Tajar et al., 2010) and in

younger men with low sperm counts (Andersson et al., 2004). Hypogonadism is

associated with adverse metabolic health, and although some trials show that

testosterone replacement in hypogonadal men can improve insulin sensitivity (Jones et

al., 2011) they do not show overall improvement in glycaemic control (Basaria, 2014;

Jones et al., 2011). Although there is a clear association between metabolic syndrome

and hypogonadism, the causality remains unclear (Allen et al., 2000; Jones et al., 2011;

Naifar et al., 2015; Tanna et al., 2015). Testosterone production in adult life can be

programmed by effects on adult Leydig stem cells in utero, suggesting that testosterone

production in adulthood could be programmed in the present model and may

contribute to the phenotype observed (Kilcoyne et al., 2014). The presented

experimental paradigm does not however allow for causality to be interpreted.
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4.4.5 Effects of grand-maternal HFD
Grand-maternal exposure to HFD has been investigated previously in mice: Grand-

maternal HFD via the father results in reduced insulin sensitivity in male and female

mice (Dunn and Bale, 2009). This effect was also noted in the F1 male offspring,

potentially indicating direct transmission (Dunn and Bale, 2009). Maternal exposure to

HFD in utero also results in increased insulin production in response to glucose

challenge in male F2 offspring (King et al., 2013b), independent of F1 phenotype. No

changes were observed in the F2 female offspring of the present study. Differences

between studies and potential explanations are discussed below.

4.4.6 Differences between studies

Whilst there are some consistencies in the literature, not all experiments find the same

outcomes in offspring and grand-offspring following exposure to HFD. Some potential

explanations include:

• The strain/species used and if inbred or outbred (as discussed in 4.4.1)

• Composition of diet (see 4.4.1)

• Timing of the dietary intervention (see 1.2.2.2)

• The age and condition of the 'control' mates and if they were virgin (Symonds et

al., 2004)

• Environmental stress (Levine and Morley, 1981; Pecoraro et al., 2004)

• The sex of the technician, resulting in altered stress levels (Sorge et al., 2014)

• Soya in the diet (Cederroth et al., 2010; Napier et al., 2014)

Every effort was made to control for these potential confounders in the present study,

and where comparisons have been made to the literature above, potential differences

have been suggested.
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4.4.7 Conclusion

The data in this chapter indicate that grandparental HFD exposure can alter the

metabolic phenotype of grand-offspring in a sex-specific and grandparent of origin

manner. Thus, further evidence that the environment around our ancestors may impact

on our health is presented. Some potential mechanisms for the intergenerational

inheritance are explored in Chapter 5.
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5 Investigation of germ cell transcriptome following HFD exposure

5.1 Introduction
In Chapter 4 increased adiposity and reduced insulin sensitivity were found in the male

grand-offspring of males fed a HFD. The mechanism resulting in this transmission of

phenotype is investigated in the present chapter.

Several hypotheses have been put forward to suggest how the transmission of

phenotype may occur. Evidence from experimental studies is presented in section 1.2.2

and summarised in Table 5.1.

Table 5.1 Studies in which associations with intergenerational
programming and a biological factor have been identified.

Proposed Mechanism Model Ref

Cytosine methylation Maternal protein
restriction

(Radford et al., 2014)

Paternal protein

restriction

(Carone et al., 2010)

Histone modification Paternal protein
restriction

(Carone et al., 2010)

Paternal high sugar diet (Ost et al., 2014)

miRNA Paternal stress (Gapp et al., 2014)
Paternal HFD (Fullston et al., 2013)

Seminal fluid Seminal vesectomy (Bromfield et al., 2014)

High sugar diet (Crean et al., 2014)

Paternal high fat diet (Binder et al., 2015)

Behaviour Preferred mate (Drickamer et al., 2000)

To investigate if the HFD had induced changes in the germline, the transcriptome was

evaluated. The following narrative describes the effects of 14 weeks CD or HFD on the

germ cell transcriptome.
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5.2 Methods

5.2.1 RNA extraction

6xl06 FACS sorted cells were centrifuged for 5min at 500xg and RNA immediately

extracted using the Qiagen miRNeasy mini kit (Qiagen, UK) according to the

manufacturer's instructions, with lysis carried out by vortexing for 20 seconds and

passage through a 22g needle and DNase treatment.

5.2.2 RNA sequencing
Quality and purity of the extracted total RNA was verified using spectrophotometry and

the Agilent RNA 6000 nano kit according to manufacturer's instructions before

sequencing smRNA and RNA using Illumina HiSeq2500. Intended library size for total

RNA was 37.5 million single end reads of 125bp and for small RNA was 20 million

single end reads of 50bp. Sequencing was carried out by Edinburgh genomics,

University of Edinburgh.

5.2.3 Bioinformatics

Quality of the sequencing was verified using FastQC (Babraham Bioinformatics, UK).

Adaptor contamination was removed from the smRNA-seq libraries using trimmomatic

(Bolger et al., 2014). SmRNA-seq reads were aligned to the Rattus norvegicus genome

version rn5 using Butter with default parameters (Axtell, 2014). Differential expression

was determined using DESeq2 [Love et al., 2014). RNA-seq libraries were aligned to

Rn5 using Star v2.3.0 (Dobin et al., 2013), on a custom-built splice junctions database

based on Rn5 ensembl73 protein-coding annotations, with the maximum proportion of

mismatches over the read length of 0.05 and minimum mapping read length of 125nts.

Bioinformatic analysis was conducted by Dr. Michael Morgan (Computational Genomics

and Training, University of Oxford).
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5.2.4 Sample clustering and principal components analysis
Variance stabilising transformed (VST] read counts for protein-coding genes, miRNAs,

repeats and piRNAs were calculated using DESeq2 (Love et al., 2014], Between-sample

Pearson correlations (r) were calculated using VST counts and used to hierarchically

cluster samples using average linkage clustering, with distances defined as 1 - | r |.

Principal components analysis (PCA] was performed on scaled and centred VST counts

using the R prcomp function. Sample clustering was visualised using the R gplots

package function heatmap.2, and PCA results were plotted using the R grammar of

graphics package, ggplot2.

5.2.5 Differential expression testing
Uniquely aligned reads were counted over rn5 genomic annotations for protein-coding

genes (ensemble v73], miRBase- miRNAs (Kozomara and Griffiths-Jones, 2014],

piRNAQuest- piRNAs (Sarkar et al., 2014] and repBase repeat classes (Jurka et al.,

2005]] using featureCounts (Liao et al., 2013]. Genomic annotations with a mean read

count <1 across all samples were excluded from analysis. This resulted in the

differential expression testing of 18,025 protein-coding genes, 285 miRNAs, 7390

piRNA annotations and 522 repeat classes. Statistical testing was carried out separately

for protein-coding genes, miRNAs, piRNAs and repeat elements. Differential expression

testing was performed using a negative binomial general linear model, regressing

genomic annotations read counts on diet, adjusted for library size, and implemented in

the Bioconductor package DESeq2 (Love et al., 2014], P-values were calculated based

on the Bayesian shrinkage moderated log2 fold changes by a Wald test with H0: log2 fold

change = 0, HA: log2 fold change * 0. P-values were then adjusted for multiple testing

using the procedure of Benjamini & Hochberg (Benjamini and Hochberg, 1995].

Genomic annotations with an adjusted p-value <0.05 were considered to be

significantly differentially expressed.
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5.2.6 In silico spike-in analysis
Evaluation of statistical power was determined using an in silico spike-in experiment.

Read counts across genomic annotations were randomly shuffled to generate a pseudo-
data set of read counts, preserving the experimental design, i.e. counts were shuffled

between different genes, but not different treatment groups. Shuffled annotations were

retained if |log2 fold change| <0.6, to reflect the observations in the experimental data.
This spike-in counts table was then used as input into the same differential expression

testing procedure described above.

5.2.7 Comparison with Rat body map data

5.2.8 qPCR
qPCR was conducted using the Taqman method (section 2.4.4.2). Three of the most

stably expressed genes were assessed across both treatments and 2 cohorts to select

appropriate housekeeping genes. The best house keepers were assessed using

normfinder (Andersen et al., 2004). Primers used are shown in Table 5.1.

Gene Forward Reverse UPL probe

Ldha gatctcgcgcacgctact cacaatcagctggtccttgag 121

RopnlL catcctcaagcagttcacca tacgggaagtgggtctcct 121

Sh3glbl cgccctgaaggagataacatt a attcctgttcagattttgtcactt 113

Col3al tcccctggaatctgtgaatc tgagtcgaattggggagaat 49

Decorin ctccgagtggtgcagtgtt gcaatgttgtgtcaggtgga 73

Gelsolin ctggccaagctctacaaggt agccacgagggagactgac 16
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Vasa cattcagaagaggtgggagaga tgctggtttcctagaacca a a 77

Cdknlb agacagtccggctgggtta ttctgttctgttggcccttt 130

Sox9 atcttcaaggcgctgcaa cggtggaccctgagattg 63

3bHSD gaccagaaaccaaggaggaa ctggcacgctctcctcag 105

Table 5.2 Primers for validation of purity of germ cells and sequencing.

5.2.8.1 miRNA qPCR
miRNA quantification was conducted using the miRCURY system [Applied Biosystems,

UK). RNA was reverse transcribed with the custom reverse transcription kit according

to the manufacturers' instructions with lOng RNA per each 15pl reaction. This step

applies 'barcode' cDNA to the reverse transcript in order that it is sufficiently long to

allow for primer design. The resultant RT product then underwent PCR with the

appropriate primers as per manufacturers' instructions. PCR was conducted as per

section 2.4.2.2 snoRNA was used as a reference control smallRNA.

5.3 Results

5.3.1 Validation of the purity of FACS-sorted germ cells
In order to assess the purity of sorted germ cells, qPCR was conducted for germ cell

(Vasa), Sertoli cell (Cdknlb, Sox9), and Leydig cell (3PHSD) specific genes. Cells were

enriched for those expressing Vasa, but had reduced relative expression of Cdknlb,

Sox9 and 3/3HSD, confirming a strong enrichment for germ cells (Figure 5.1).
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Figure 5.1 Assessment of the purity of FACS purified germ cells by
qPCR. qPCR for germ cell (Vasa), Sertoli cell (Cdknlb andSox9) and Leydig cell
(36HSD) specific genes on RNA extracted from FACS purified germ cells. Data is
expressed relative to RNA from whole testis. Data are mean ± SEM, n=4.

5.3.2 Expression of protein coding RNA
5.0-9.0xl07 reads per animal were obtained for total RNA sequencing. Following

alignment, clustering (Figure 5.2A) and PCA (Figure 5.2B) analysis demonstrated

remarkable homogeneity between samples. Differential expression analysis found only

three genes with significantly reduced expression (Figure 5.2C and Table 5.3).

Validation of these findings was conducted by PCR on an independent set of samples

collected from similarly exposed animals. Although all of the genes followed the trend

for reduced expression when validated across two cohorts of animals, none of the

expression changes reached statistical significance (Figure 5.2D).

5.3.2.1 Protein coding genes with differential expression
Expression of Gelsolin, Collagen 3al and Decorin was reduced in the germ cells from

animals consuming HFD when assessed by RNA-seq. Although these genes failed to

validate by qPCR, they are discussed briefly below.

Gelsolin binds to the end of actin filaments to prevent monomer exchange, thus plays a

role in the assembly and disassembly of the structures (Yin and Stossel, 1979), has a

neuroprotective effect against oxygen and glucose deprivation (Meisel et al., 2006) and
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is regulated epigenetically (by both cytosine methylation and heterochromatin marks)

in neurones (Meisel et al., 2006) and breast cancer cells (Mielnicki et al., 1999).

Mutation of collagen3al is associated with vascular Ehlers-Danlos Syndrome (Frank et

al., 2015). Sprague Dawley rats fed a high fat diet had reduced expression of Col3al in

heart but increased expression in kidney where it is hypothesised to play a role in

diabetic nephropathy (Gaikwad et al., 2010). Nephropathy was also associated with

increased COL3A1 expression in glomeruli, findings associated with a switch in the

ratio of H3K27me and H3K4me3 at the promoter and, increased expression of both

Suv39hl and Ezh2 expression, perhaps suggesting altered balance of transcription of a

'poised' gene (Abrass etal., 2011).

Decorin is an imprinted gene which is maternally expressed in the placenta in the

mouse (Mizuno et al., 2002) but appears to be biallelically expressed in humans (Monk

et al., 2006). Mouse mutants of decorin have an Ehlers-Danlos type phenotype although

no human mutations associated with the syndrome have been identified to date

(Malfait and De Paepe, 2005). Reduced DECORIN expression is associated with

inflammation related premature rupture of membranes and pre-term birth (Horgan et

al., 2014).

Despite the identified changes in the RNA-seq data these genes did not show altered

expression in the qPCR validation and thus interpretation of the results should be

cautious. Altered expression may indicate a change to the epigenetic landscape of the

germ cells, which could impact upon subsequent generations. It seems unlikely that

altered expression of these genes in the germ line directly affects outcomes in offspring

or grand-offspring.
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Figure 5.2 Analysis of protein coding genes following RNA-seq of RNA
extracted from germ cells exposed to CD or HFD for 14 weeks. A.
Clustering analysis of protein coding genes. B. PCA analysis comparing protein
coding genes from animals consuming CD or HFD. C. Differential expression analysis
from germ cells extracted from n=4 animals following consumption of CD or HFD for
14 weeks. D. qPCR analysis of the top three differentially expressed genes. Data
expressed relative to RopnlL and LDHA and are from n=9-ll animals from 2
cohorts.
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Gene Log2 fold

change

Log2 fold

change SE

P padj

Col3al -0.706 0.127 2.76 xlO-8 0.0004

Gelsolin -0.588 0.125 2.70 xlO-6 0.0201

Decorin -0.575 0.128 7.26xl0-6 0.0370

AnnexinAl -0.493 0.115 1.83x10 s 0.0559

Table 5.3 The top 4 differentially expressed protein coding genes
following RNA-seq of RNA extracted from germ cells exposed to CD or
HFD for 14 weeks. Log2 fold change expression between the HFD and CD groups
is shown with the standard error. The P value and corrected p value following
Benjamini and Hochberg's correction (p adj.) is shown. Only three genes showed
significantly different expression.

5.3.3 Expression of miRNA
1.2-1.7 xlO7 small RNA fragments were sequenced per animal. Again, clustering and

PCA did not find any significant correlations between the animals in each treatment

group (Figure 5.3A and B). Differential expression analysis identified one miRNA,

miRNA-lOb, with reduced expression in germ cells from HFD-exposed animals (Table

5.4). However, although there was a reduction in the expression of mir-10b in the qPCR

validation, this failed to reach statistical significance (Figure 5.3D), a finding in keeping

with the protein coding gene expression described above.

miRNAlOb has potential target sites against a number of mRNAs including KDM5B

(JARIDlb), a histone lysine demethylase, knockdown of which results in impaired

preimplantation embryonic development by altering the balance of bivalent histone

modifications (Huang et al, 2015), glial cell derived neurotrophic factor (GDNF)

produced by Sertoli cells, and essential for spermatogonia! stem cell self-renewal
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(Meng et al., 2000) and, Tet3, a 5mC oxidase expressed in high levels in oocytes and

zygotes (Iqbal et al., 2011). However, expression of none of these genes was altered in

the germ cells of HFD-exposed rats in the transcriptome analysis.

miRNA Log2 Fold
change

Log2 Fold
change SE

P padj

Rno-miRNA-10b -0.260 0.044 5.04x10-9 2.17x10-'

Rno-miRNA-871 0.274 0.094 0.003 0.077

Rno-miRNA-103-2 0.170 0.090 0.055 0.595

Table 5.4 The top 3 differentially expressed miRNAs following
smallRNA-seq of RNA extracted from germ cells exposed to CD or HFD
for 14 weeks. Log2 fold change expression between HFD and CD is shown with the
standard error. The p value and corrected p value following Benjamini and
Hochberg's correction (p adj.) is shown. Only one miRNA has significantly different
expression.
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Figure 5.3 Analysis of smallRNA-seq of RNA extracted from germ cells
exposed to CD or HFD for 14 weeks. A. clustering analysis of miRNAs. B. PCA
of miRNAs. C. Differential expression analysis of miRNAs. smallRNA was extracted
from germ cells following 14 weeks consumption of CD or HFD. N=4 D. qPCR or

miRNAlOb, n= 8 from 2 cohorts. Data are mean ±SEM.

5.3.4 Expression of repeats and piRNA
The expression of transcribed repeat elements and piRNAs was also explored in the

sequencing data. Again, no clustering could be identified between the two treatment

groups (Table 5.4A and B). There were no significantly differentially expressed piRNAs

or repeat elements between the treatment groups (Figure 5.4, Table 5.5 and Table 5.6)

but the top three differentially expressed repeat elements are considered briefly here.
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5.3.4.1 Repeat elements with non-significant changes in expression
MTE2 is a long transposable repeat element (see 1.3.1.1.3). FORDPREFECT is a class II

transposable element. The first 66bp and last 36bp of FORDPREFECT are 90% and 80%
identical to ZAPHOD respectively. FORDPREDFECT is not thought to have coding

capacity, and may have hitchhiked with ZAPHOD (Smit and Hubley, 2001). RNLTR7 is a

rat specific LTR of 476bp (http://www.repeatmasker.org/cgi-

bin/ViewRepeat?id=RNLTR211.

Repeat

element

Log2 Fold

change

Logz Fold

change SE

P padj

MTE2 -0.092 0.02 0.00002 0.0817

FordPrefect 0.022 0.06 0.001 0.295

RNLTR7 -0.099 0.032 0.001 0.323

Table 5.5 Top 3 differentially expressed repeat elements following RNA-
seq of RNA extracted from germ cells exposed to CD or HFD for 14
weeks. Log2 fold change expression between HFD and CD is shown with the
standard error. The P value and corrected p value following Benjamini and
Hochberg's correction (p adj.) is shown.

piRNA Log2 Fold

change

Log2 Fold

change SE

P padj

64742 -0.421 0.1 5x10-5 0.09

64508 -0.414 0.104 7x10-5 0.09

179334 0.053 0.103 0.606 0.995

Table 5.6 Differential expression of piRNAs following RNA-seq of RNA
extracted from germ cells exposed to CD or HFD for 14 weeks. Log2 fold
change expression between HFD and CD is shown with the standard error. The P
value and corrected p value following Benjamini and Hochberg's correction (p adj.)
is shown.



Chapter 5 Investigation of germ cell transcriptome following HFD exposure 177

B

CvJ
<
o
CL

CD

HFD

QQQQQQOQ
OOOLJ-U-U.IJLQ

XXXI
PCA1

10000

Mean expression

Figure 5.4 Analysis of transcribed repeat elements following RNA-seq
of RNA extracted from germ cells exposed to CD or HFD for 14 weeks.
A. analysis of clustering between treatment groups. B. PCA of repeat elements in
HFD and CD groups. C. differential expression analysis of repeat elements.
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5.3.5 Positive control of analysis pathway using rat bodymap data
As a positive control to identify if the bioinformatic process was successful, data from
the rat bodymap database (http://pgx.fudan.edu.cn/ratbodvmap/index.htmn was

subjected to the same pipeline. Figure 5.5A shows the large number of differentially

expressed genes between liver and testis from the rat (in red). The top 5 differentially

expressed genes are shown in Table 5.7. Gnrhr, (gonadotrophin releasing hormone

receptor)(Ciaramella et al„ 2015), testin (Grima and Cheng, 2000), Ihcgr (LH receptor,

expressed on Leydig cells) and cstl2 (cystatin 12)(Li et al„ 2005b) are all expressed in

the testis and showed increased expression compared to liver as would be expected.

The role of mmd2 (monocyte to macrophage differentiation-associated 2) in the testis

is not clear.

Gene Log2 Fold change Log2 Fold change
SE

padj

Gnrhr 11.36 0.81 4.95x10«

Testin 10.79 0.85 2.19x10-35

Lhcgr 9.87 1.13 1.36x10-«

Cstl2 9.77 0.58 1.8x10-13

Mmd2 9.71 0.79 3.94xl0-62

Table 5.7 Comparison of rat bodymap liver and testis data from the rat
bodymap data set http://pqx.fudan.edu.cn/ratbodvmap/index.html as a

positive control for the analysis. The top five differentially expressed genes
between testis and liver from published RNA-seq data are shown.

5.3.6 Spike-in experiment to determine the power of the present study
The absence of effect on gene expression following exposure to the HFD could be due to

a technical problem with the study, for example a false negative, or it may be a true

finding. In an attempt to rule out type II statistical error, and to assess the power of the

data to identify changes, a 'spike in' experiment was devised.
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To do this, an artificial data set was synthesised such that the HFD dataset was shuffled

to generate pseudogenes with <0.6 log2 fold change in expression. The 'spike in' data

set was then subjected to differential expression analysis. The new data set clustered

well by treatment (Figure 5.5B). The generated data set had 2781 differentially

expressed genes, shown in Figure 5.5C by the blue circles with black centres, and

shown against the 'standard' dataset in red. Thus, the data should have had enough

power to determine if there was a difference in the expression profiles of the germ cells

following exposure to HFD.
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Figure 5.5 Validation of sequencing analysis and power of experiment.
A. Comparison of existing data from the rat bodymap. Liver and testis RNA-seq data
were compared. Red dots indicate differentially expressed genes. B. PCA of 'spike-
in' data set showing clustering of HFD animals (green) in the pseudo dataset. C.
Differential expression analysis comparison between spike-in data set (blue) and
true data set (red), black dots represent genes with significant difference in
expression.
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5.4 Discussion

The experiments described in this chapter were designed to see if exposure to HFD

might perturb the germline transcriptome and thus give an indication of any changes in

the regulation of transcription of the epigenome.

The presented data show that a pure population of germ cells can be obtained from the

GC-eGFP transgenic rat, that expression of RNA, miRNA, repeat elements and piRNA

was not perturbed by exposure to 14 weeks high fat diet, and that the study should

have been statistically powered to identify changes should they be present.

5.4.1 Potential explanations
The data suggest that the intergenerational transmission of the phenotype is not

caused by changes to the germ cell transcriptome in this model. Epigenetic changes can

regulate expression, however, as was discussed in Chapter 1, methylation patterns and

changes to histones do not always correlate with changes in gene expression

(1.3.1.1.1). For example, methylation of CpGs within 1500bp of the TSS correlates

negatively with expression of only -30% of genes (Wagner et al., 2014). Histone

modifications more robustly predict gene expression although this is less clear at

'poised genes' carrying both activating and inactivating motifs (Dong and Weng, 2013).

Thus, there could have been changes to the epigenome that were not identified at a

transcriptional level. It is important to note that the assessment of the germline

transcriptome would not find any changes to genes not expressed during

spermatogenesis but which could play a role in early development, such changes would

not have been identified using this study design but could be established by

interrogating the germline epigenome, or the transcriptome of early blastocysts to see

if transcription had been altered at this stage.
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A further complication are the dynamic changes to the epigenome over the course of

spermatogenesis (section 1.4.5). Over the later steps of spermatogenesis, when
histones are replaced by protamines, transcription has generally stopped due to the

changes in chromatin structure (Rathke et al„ 2014). Thus if there were perturbations

to the removal of histones as a result of HFD exposure, this could affect histone

retention in sperm and thus alter the chromatin structure of the paternal DNA

following fertilisation. The RNA-seq would have failed to detect any such differences.

In a study In which drosophila melanogaster were exposed to a high sugar diet, and in

which offspring were metabolically reprogrammed as a consequence, the 'sperm'

transcriptome was assessed. This showed that there was increased expression of genes

in general, which was suggested to be due to a more relaxed chromatin structure (Ost

et al., 2014). These genes were enriched for ion-binding proteins, and genes related to

the stress response. However, validation of the gene expression was not shown, and the

list of expressed genes included many drosophila 80S ribosomal subunit rRNAs (Anger

et al., 2013), which might suggest contamination of the samples with somatic cells

given that only the mitochondrial 55S ribosome is thought to be active in spermatozoa

(Gur and Breitbart, 2006).

Following a 14-week exposure to HFD, expression of 23 miRNAs was altered in whole

mouse whole testis, 11 of which were subsequently validated by qPCR (Fullston et al„

2013). Four of these also had altered expression in sperm, of which the expression of

three was changed in the same direction as in whole testis. Interpretation of the miRNA

expression did not include correction for multiple comparisons. 28 of 50 predicted

target mRNAs in whole testis exhibited differential expression following exposure to

HFD, with pathway analysis identifying enrichment for metabolic disease, cell death,

production of ROS, DNA replication, NF-kB signalling, p53 signalling, recombination
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and repair, lipid metabolism, spermatogenesis, and embryonic development (Fullston

et al., 2013). Examination of the whole testis transcriptome means that mRNA from

both somatic and germ cells is analysed. Comparison of the top 50 altered genes in the

Fullston dataset and the data from the present study show a non-significant positive

correlation (Figure 5.6). Differences between the two data-sets may have occurred as a

result of the somatic cell component in the Fullston data. Gene expression might be

expected to change in the somatic component following exposure to HFD. For example,

HFD alters Leydig cell number (Li et al., 2013), and is reportedly associated with a

loosening of the Sertoli cell tight junctions (Fan et al., 2015b).
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Figure 5.6 Comparison of Fullston et al. 2013 whole testis transcriptome
changes following HFD exposure with the germ cell transcriptome from
HFD-exposed rats in the present study. The top 50 altered genes from the
micro array of whole testis tissue following 12 weeks HFD or CD in Fullston et al.,
2013 are compared to the mRNA-seq data from the current study. Spearman
correlation of the two data sets shows a non-significant positive correlation.
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The present study, showing no change to the transcriptome in germ cells during

spermatogenesis as a result of HFD exposure might imply that intergenerational effects

occur as a result of down-stream changes to spermatozoa. During spermatozoal

maturation in the epididymis, it has been suggested that methylation patterns on the

DNA change (Ariel et al., 1994], Comparison of the miRNA profiles between testis,

epididymal sperm and ejaculated sperm from boars showed some that miRNAs

demonstrated large changes between the epididymis and the ejaculated sperm, whilst

others showed high consistency. Interestingly miRNA-lOb was the miRNA that showed

the highest consistency in testis, epididymal sperm and ejaculated sperm (Luo et al.,

2015). Thus, the transcriptional profile of spermatozoa changes during epididymal

maturation, and might be perturbed by changes to the environment via HFD exposure.

No changes were found to the repeat or piRNA component of the germ cell

transcriptome. Regulation of repeat elements involves DNA methylation and the

compaction of heterochromatin (see section 1.3.1.1.3), processes that are dynamic in

spermatogenesis. If the HFD had perturbed the epigenome during spermatogenesis,

dysregulation of repeat elements might have been observed. However, there were no

differences between the groups. Likewise, piRNAs are expressed during

spermatogenesis in order to compensate for increased repeat element transcription

(see 1.4.5.2.3) although again, no differences in expression were found following

exposure to the HFD. It was not possible to examine IncRNA in the sequencing data as

the library preparation enriched for poly-A tailed mRNA.

5.5 Conclusion

High fat diet did not alter the transcriptome of the germ cells in the presented rat

model, and thus does not appear to account for the changes in phenotype observed in

the offspring and grand-offspring. An alternative mechanism, which is either
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downstream of testicular spermatogenesis or, which does not affect the transcriptome

is therefore more likely to be responsible.
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6 Final discussion
The aims of this thesis were to establish a rat model to test the hypothesis that parental

exposure to HFD might perturb health in offspring and grand-offspring, to investigate

potential mechanisms in the germ cells resulting in inter-generational effects and to

investigate epigenetic regulators across different species during germ cell development.

In Chapter 4, a rat model of intergenerational inheritance of perturbed metabolic health

in response to grandparental exposure to HFD was described: Rats whose maternal

grandfathers had been exposed to HFD for 14 weeks were heavier, had more adipose

tissue, exhibited an increased insulin response to glucose challenge and showed an

increase in the LH to testosterone ratio. The transmission of effects as a result of

change in grandparental environment most likely suggests a non-genetic mechanism.

Non-genetic inheritance encompasses several potential mechanisms (Bonduriansky

and Day, 2013):

• Transgenerational epigenetic inheritance (DNA methylation or chromatin

structure)

• Somatic inheritance- components of the parental soma alter development of the

pre-implantation embryo such as glandular secretions

• Behavioural inheritance- for example influences of parents on offspring through

effects on behaviour and learning

• Environmental inheritance- for example parental influences on the

environment around offspring, for example supply of nutrition

It should also be considered that environmental exposures could impact upon the

sequence of DNA resulting in a genetic transgenerational; inheritance.



Controlling for each of these, even in experimental studies is problematic, making
robust conclusions as to the mechanisms resulting in transgenerational inheritance

difficult. Strengths of the current study include the fact that a matched control diet was

used, reducing the likelihood of altered micronutrient exposure, that control mates

were taken from the same cohort of animals, and were the same age, and that both

sexes were exposed and examined. Furthermore, the findings were in agreement with

similar studies in mice (Fullston et al., 2012, 2013]. In order to examine if the germline

transcriptome had been affected by HFD exposure, the use of the GCS-eGFP rat enabled

pure populations of germ cells to be isolated for analysis. In contrast with other models

in which the germline transcriptome has been interrogated following dietary

interventions (Fullston et al., 2013; Ost et al., 2014], no significant perturbations were

found. Key differences in the studies, and analyses, include the purity of the cells

examined: for example Fullston et al. investigate whole testis, and then follow up

findings in mature sperm, and Ost et al. find a high proportion of ribosomal RNAs in

their RNA-seq data, suggesting somatic contamination. Furthermore, neither study

corrects for multiple comparisons, increasing the risk of type I statistical error

(Benjamini and Hochberg, 1995],

Several approaches could be taken to test the hypothesis that the HFD exposure had

altered the germline epigenome in F0 males. No studies to date have examined the

impact of HFD on the rat germ cell transcriptome, thus a targeted approach would have

been difficult. MeDIP/WGBS or hmeDIP and sequencing would allow the genome wide

assessment of DNA methylation and hydroxymethylation, likewise, ChlP-seq would

allow the exploration of histone modifications (Greenleaf, 2015], Given that both

methylation and histone modifications can regulate transcription, one might expect

that changes to the epigenome would deregulate transcription. However, HFD exposure
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did not alter the FO male germ cell transcriptome, thus no data is presented to suggest

perturbation of the germline epigenome by HFD.

Since the exposure did not result in changes to the transcriptome came as a surprise,

the sensitivity of the technique was assessed, which confirmed adequate power to find

changes in gene expression (Chapter 5). The findings, in support of the null hypothesis,

suggest that altered germ cell transcription during spermatogenesis does not provide a

cogent explanation for the observed intergenerational programming, although it does

not rule out changes to the germ line epigenome; direct assessment of epigenetic

changes in the germ cells would be obvious next experiments should this hypothesis

warrant further investigation.

No mechanism for intergenerational inheritance was thus identified in the present

study. Other potential mechanisms, which were not explored include epigenetic

changes that do not alter germ cell transcription, or transcriptional, translational or

epigenetic changes that occur during spermatozoal maturation. Furthermore, the study

did not control for contents of seminal fluid, which can be affected by diet and can

affect conception and fetal development (Binder et al., 2015; Bromfield et al., 2014;

Crean et al., 2014). Nor did the study control for paternal and maternal behaviour,

which may have changed as a result of exposure to HFD (Warneke et al., 2014), and,

which could have affected interactions with offspring (Connor et al., 2012). With

improved and more complex experimental design, for example using in vitro

fertilisation and cross-fostering or surrogacy, potential confounding factors could be

excluded and the relative influence of each mechanism could be assessed.

Transgenerational studies using rodents are attractive as they allow multiple

generations to be investigated fairly rapidly, however, findings must be interpreted

with caution, especially when extrapolating the meaning of results to human
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populations. A justification for the use of a rodent model is given in Chapter 3:
Conserved expression patterns of histone modifications, cytosine methylation and

hydroxymethylation, and of the de novo DNA methyltransferases DNMT3A and
DNMT3B are shown in rodent and primate testes during fetal and postnatal life.

Conservation of expression of these proteins likely highlights a significant functional

role for them in germ cell development. The embryonic lethality of Dnmt3a and Dnmt3b

in knockout mice [Okano et al., 1999), and the mortality associated with ICF syndrome

(Immunodeficiency, centromeric region instability and facial anomalies) (Weemaes et

al., 2013), in which there is a mutation in DNMT3, makes assessment of their role in

postnatal spermatogenesis difficult. However, knockout of the obligate co-factor

Dnmt3l results in meiotic catastrophe (Bourc'his and Bestor, 2004), and patients with

bilateral spermatogenic arrest have been found to have fewer DNMT3B positive

preleptotene and pachytene spermatocytes (Adiga et al., 2011), suggesting essential

roles. To date, the definitive investigations of spermatogenesis in ICF patients, or the

generation of a germ cell specific dnmt3a or dnmt3b knockout have yet to be reported.

In mouse studies, in utero exposure to under nutrition alters germline methylation, at

specific loci (Radford et al., 2014) and HFD exposure reduced global methylation

(Fullston et al., 2013). The impacts of diet on methylation in human spermatozoa has

not been reported yet in the literature, however, paternal obesity has been associated

with reduced methylation at DMRs for the imprinted genes MEST, PEG3 and NNAT in

cord blood leukocytes of offspring (Soubry et al., 2015). The majority of studies where

paternal environment has been perturbed find reduced methylation. Lower

methylation is associated with a more open chromatin structure (Lehnertz et al., 2003;

Saksouk et al., 2014), possibly suggesting a reduction in heterochromatin in response

to the intervention
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With respect to heterochromatin, the Ezh2 knockout mouse displays early embryonic

lethality (O'Carroll et al., 2001), making investigation of its role in germ cell

development and reprogramming difficult. Germline specific knockout of Suv39hl and

2 exhibit germ cell developmental arrest during the spermatocyte stage, indicating the

importance of H3K9 methylation for normal male meiosis (Peters et al., 2001). Human

sperm retain around 5-10% of histones (Brykczynska et al., 2010; Hammoud et al.,

2009), in contrast to around 1% in the mouse. A low folate diet reduces global levels of

H3K4 and H3K9 methylation in epididymal sperm in mice (Lambrot et al., 2013) but

there is no literature to date examining if histone retention in sperm is altered by

environmental exposures in humans, which should be more straight forward given the

abundance. The conserved nature of some histone modifications in germ cells in rodent

and primate models (Chapter 3) suggests functional importance: likely as a means of

enabling meiosis to proceed without the aberrant expression of repeat elements, to

allow the restructuring of the chromatin and allow fertilisation to occur, and to enable

the rapid reprogramming of cells following fertilisation.

6.1.1 Summary and suggestions for future study
The present studies find evidence in favour of non-genetic intergenerational

inheritance of phenotype in a rat model of exposure to HFD, suggests that epigenetic

alterations to the germline could be responsible given that regulators are present, but

finds no evidence for epigenetic changes having altered the transcription of protein

coding genes, miRNA, piRNA or repetitive elements as a result of exposure to HFD

Future studies should focus on answering three main questions

1. Does HFD alter the germline epigenome independently of the transcriptome?

This could be answered using whole genome based screening for epigenetic

changes (methylation, hydroxymethylation and histone modification) of FACS
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sorted germ cells and purified mature spermatozoa following dietary
intervention. The availability of purified ejaculated mature spermatozoa would

be a useful refinement to the model, reducing the number of animals required,

and allowing inspection of fully mature spermatozoa.

2. What role does behaviour and/or seminal fluid or the soma play in non-genetic

inheritance?

The best means of controlling for this would be use of in vitro fertilisation/

Intra cytoplasmic sperm injection with purified sperm (semen and soma free)

to control for exposure to males.

3. Does diet affect sperm/semen and offspring and grand-offspring in human

populations?

If an epigenetic 'footprint' could be identified in animal sperm as a result of

dietary exposure, and other confounding factors ruled out, the relevance of this

could be investigated in humans; in the first instance, semen samples could be

investigated to look for similar changes, and in the longer term, epidemiological

studies might help to improve evidence for non-genetic inheritance, in

particular looking at siblings born either side of parental weight-loss or weight

gain might help to highlight the importance of parental diet/obesity on future

generations.

6.2 What is the teleology of non-genetic inheritance?
The survival and evolution of a species relies upon an ability to adapt to changing

conditions. Classical neo Darwinism suggests that a species evolves as a result of genetic

mutations that result in a phenotypic advantage (Noble, 2015). One problem with this

theory is that the frequency of potentially advantageous genetic mutations is low. Even
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accounting for genetic drift, epistasis, directed mutation and genetic assimilation,

genetics alone has difficulty explaining evolution (Laland et al., 2014; Noble, 2015;

Skinner, 2015], Further, this model assumes that the variation within a species results

in a shift in fitness if the environment were to change and thus the selection of a

different set of individuals most suitable for survival should this occur. Thus the rate of

evolution would be slow, and would lag behind somewhat more rapid changes in the

environment (Olson-Manning et al., 2012). The inclusion of epigenetics into the model

would allow far greater plasticity and a more rapid evolution.

Lamarck proposed in 1809 that:

'acquisitions or losses wrought by nature on individuals, through the influence of
the environment in which their race has long been placed, and hence through the
influence of the predominant use or disuse of an organ; all these are preserved by
reproduction to the new individuals which arise, provided that the acquired
modifications are common to both sexes, or at least to the individuals which
produce the young' (Lamarck, translated 1914).

Although rejected by many 20th century geneticists, there is building evidence that the

environment around our ancestors could influence phenotype, however, perhaps not in

the direct way in which Lamarck envisaged. Thus for example, exposure to under

nutrition might alter methylation patterns in offspring, which results in an altered

phenotype (which may be better adapted for survival in the 'adverse' environment).

Improved survival in this situation might apply a selection pressure to animals that

have this adaptive mechanism in place, or whose genetic code allows the greatest

epigenetic plasticity (Burggren, 2014; Noble, 2015; Skinner, 2015). The phenotypic

findings of chapter 4 may support this neo-Lamarckist hypothesis.

Another factor to consider is the relative value a species places on reproductive success

versus longevity. Telomeres are repetitive elements of DNA that cap the ends of

chromosomes (see 1.3.1.1.3). Eisenberg's thrifty telomere hypothesis suggests that
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telomere length serves to regulate somatic cell maintenance effort; a cell with longer
telomeres requires more energy to undergo mitosis whereas shorter telomeres require

less energy investment to maintain the cell. Reduced maintenance effort (and

shortening of telomeres) might free up resources for growth and reproduction but at

the cost of reduced longevity (Eisenberg, 2011). Thus telomere length could be a means

of optimising longevity and reproductive success in offspring so as to best fit the

environment into which they will be born, and natural selection of individuals with the

most appropriate telomere length for the environment propagates an ideal balance

between telomere length and environmental condition.

In humans, telomere length is associated with Diabetes mellitus (Type 1 and type

2)(Ma et al., 2013), obesity (Garcia-Calzon et al., 2014; Nordfjall et al., 2008) and

cardiovascular disease (Hunt et al., 2015). Examination of telomere length in germ cells

and soma in the three generations in the present study might help to identify if there is

any evidence for this as being an associative factor with the adverse metabolic

phenotype in the F2 animals. However, in the presented study, telomere length in the

liver from F2 males was unaffected by founder diet (Appendix. 1).

Mechanisms allowing more plastic adaptation to the environment may infer an

evolutionary benefit. For example, where the environment is lacking in nutrition, there

may have been an advantage to adapting metabolism to improve storage and efficiency.

Mankind is now experiencing novel environments with respect to over-nutrition, to

levels not previously seen before (Cutler et al., 2003). The shift in environmental

conditions for humans (in terms of diet and lifestyle) over the last 50 years has been

rapid. If the resulting obesity epidemic has been partially programmed by the lifestyle

of our ancestors, this might provide evidence for neo-Lamarckian inheritance.
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Exposure to HFD can increase Cortisol production, and could be interpreted biologically

as stress (Mitra et al., 2010], It could thus be that exposure to 'stress' is what

programmed the phenotypic changes seen in F2 males in the present study. The

intergenerational response to stress (Gapp et al., 2014; Seong et al., 2011] and to both

over- (Fullston et al., 2013; Ng et al., 2010; Williams et al., 2014) and under-nutrition

(Carone et al., 2010; Correia-Branco et al., 2015; Erhuma et al., 2007) often comprise

similar features of the metabolic syndrome and it may be that common mechanisms are

involved. It is interesting to note, however, that in various rat models of exposure to

different endocrine disrupting chemicals, which resulted in the same impaired

reproductive phenotype and, in altered methylation levels at CpG deserts in sperm, the

loci of changes was not consistent between the different exposures, perhaps suggesting

an indirect mechanism (Skinner and Guerrero-Bosagna, 2014).

Intergenerational non-genetic inheritance may have evolved as a means of rapidly

altering phenotype to cope with the environment, and to optimise energy usage for

longevity or reproductive success, but most importantly maintenance of a species.

6.3 Altering maternal and paternal behaviour
The current NICE fertility guidelines advise that men and women should aim to have a

BMI of <30 if they are having difficulty conceiving (NICE, 2013). However, many obese

couples will conceive without medical intervention. British data suggest that 38% of

women conceiving are overweight or obese (Heslehurst et al., 2010). 57% of the adult

female English population have a BMI of >25(Moody, 2014), perhaps highlighting the

reduced fertility (time to pregnancy) associated with overweight and obesity in women

(Law et al., 2007; Nohr et al., 2009), an effect confounded when present in both

partners (Ramlau-Hansen et al., 2007). Maternal obesity is associated with increased

risk of infant (Johansson et al., 2014) and adult mortality (Reynolds et al., 2013). 75%



of 25-34 year old American women recognise obesity as a factor that might affect

fertility (Lundsberg et al., 2014).

Improving BMI prior to pregnancy in both potential mothers and fathers may not only

improve rates of successful pregnancy but also health in offspring, although it should

be noted that no interventional study has shown direct improvement in the primary

outcome of infant or adult mortality in humans. In mice, weight loss as a result of

reversal of HFD to CD, or increased exercise improved outcomes in female offspring

(McPherson et al., 2015; Wei et al., 2015). Despite the evidence that improving weight

will likely benefit both mother and baby, to date, interventional trials have been poorly

designed or have had little efficacy at improving weight [Birdsall et al., 2009; Fealy et

al., 2014; Shirazian and Raghavan, 2009). However, there are some better powered

studies underway (Fernandez et al., 2015) and there is some evidence that use of

technology, for example text messaging (Soltani et al., 2015) and use of knowledge

tools (McDonald et al., 2015), can make improvements. Few trials have been published

looking at improving paternal BMI around conception, possibly as there is little

evidence in humans relating paternal BMI to perinatal outcomes (Mutsaerts et al., 2012,

2014).

6.4 Summary
• DNMT3A and DNMT3B expression, and expression of the facultative

heterochromatin marker H3K27me3 is conserved between rodents and

primates during pre and postnatal spermatogenesis

• HFD consumption in females prior to conception and during pregnancy and

weaning results in increased weight in males and females. Paternal

consumption of HFD prior to conception results in increased weight in



Chapter 6 Final discussion 197

daughters and increased weight, adiposity, insulin response to OGTT and LH to

testosterone ratio in grandsons via the maternal line.

• HFD exposure does not alter the germ cell transcriptome

• Attention to the lifestyle of males and females around conception and during

pregnancy may improve health outcomes in future generations of humans
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Appendix 1: Telomere length in maternal grandsons is not affected by
diet

Introduction
Telomere length declines with age. In humans and rodents, a more rapid rate of

attrition of telomeres is associated with male sex (Coviello-McLaughlin and Prowse,

1997; Gardner et al., 2014), poor health, for example type I and type II diabetes (Ma et

al., 2013), cardiovascular disease (Hunt et al., 2015) and obesity (Garcfa-Calzon et al.,

2014; Nordfjall et al., 2008). Furthermore, there is some evidence that telomere length

can be inherited down the paternal line (Eisenberg et al., 2012; Ferlin et al., 2013;

Hjelmborg et al., 2015; Prescott et al., 2012), although the strong correlation between

maternal and paternal age mean it is possible that both contribute.

To investigate if telomere length had been affected by grandparental diet, somatic DNA

from liver was extracted and telomere length assayed using the qPCR method of

O'Callaghan and Fenech (O'Callaghan and Fenech, 2011) with RplpO as a reference

single copy gene for which new primers were designed for the rat.

Methods

The caudate process of the liver was dissected at necropsy (age 17 weeks) and snap

frozen on dry ice prior to storage at -80°C. DNA was extracted using the Qiagen DNeasy

kit as per the manufacturers' instructions (see 2.1.2.1.1). DNA quality and quantity was

assessed by spectrophotometry (see 2.4.2.1).

DNA was diluted to 5ng/pl in buffer AE. Reactions (run in triplicate) were set up as

shown in Table 1, a separate reaction for telomeres and RplpO, a single copy gene used

as a reference control were set up. Primers were as shown in Table II. Absolute

quantification was determined by making 1:10 dilution standard curves starting at
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15pg/gl using oligomeric standards, which were HPLC purified, for the PCR products as

shown in Table HI. Samples were run on the ABI 7900 HT thermocycler as per Table IV.

Reagent pi for lOpl reaction

SYBR green (Agilent brilliant III 5

superfast)

Primer F (2uM) 0.5

Primer R (2uM) 0.5

H20 2

DNA 2

Table 1 Reactions for telomere assay

Primer Sequence

Telomere F CGG TTT GTT TGG GTT TGG GTT TGG

GTT TGG GTT TGG GTT

Telomere R GGC TTG CCT TAC CCT TAC CCT TAC CCT

TAC CCT TAC CCT

RplpO F GGA CCT CAC CGA GAT TAG GG

RplpO R GCA CAG CTA CCT CCT CTC AT

Table II Primers for telomere assays

| Standard Sequence
Telomere TTA GGG TTAG GG TTA GGG TTA GGG

TTA GGG TTA GGG TTA GGG TTA GGG

TTA GGG TTA GGG TTA GGG TTA GGG

TTA GGG TTA GGG

RplpO GGA CCT CAC CGA GAT TAG GGA CAT

GCT GCT GGC CAA TAA GGT AAG GGG

CGG TAG GAC GGA TGA GAG GAG GTA

GCT GTG C

Table III Standards for telomere assays
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Temperature Time (seconds)
95°C 10 min

95°C 15 X 40 cycles
60°C 60

Melt curve

Table IV PCR cycling for telomere assay

Results

Diet of the maternal grandfather had no effect on telomere length in the livers of

grandsons.

Telomere length of DNA from male F2 liver
150n

£100
Q.
0£
O

50 if"

• maternal grandfather CD
■ maternal grandfather HFD

p=0.125 by MIXED model with litter as random factor
n=8-11 from 4-7 litters

Figure 0.1 Telomere length in F2 liver Telomere length determined by qPCR
was measured in the livers from F2 males from the control arm, or from the groups

whose maternal grandfather had consumed the HFD. N= 8-11 from 4-7 litters, data
are means ± SEM.

Discussion

Telomere length was not significantly affected by grand paternal diet. Either the

intervention had no effect on telomere length, or the technique was insufficiently

sensitive to identify a difference. A recent meta-analysis demonstrated that Southern

blotting appeared to be a more sensitive technique than PCR at determining differences

in telomere length in humans between males and females [Gardner et al., 2014], Also,
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given that telomere length in somatic tissue declines rapidly following parturition

(Eisenberg, 2011), an earlier time point might have been better at distinguishing

between the two groups. This experiment however found no difference in telomere

length in the adult male rats examined.
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