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Exposure to environmental stressors can impact our health and that of fu-
ture generations even when they are not similarly exposed. How disease risk is
inherited is unclear. My thesis focuses on a mouse model of transgenerational
inheritance in which folate metabolism is disrupted by a mutation in Methion-
ine synthase reductase (Mtrrgt). Remarkably, Mtrr+/gt heterozygosity leads to
an increased likelihood of a wide spectrum of congenital malformations in
their wildtype offspring for at least four generations. Folate metabolism is re-
quired for DNA synthesis and cellular methylation. Folate and its metabolism
have also been linked to spermatogenesis and male fertility. My thesis aims
to explore three possible mechanisms for the transgenerational inheritance of
congenital malformations in the Mtrrgt model: germ cell morphology and func-
tion abnormalities, genetic instability and altered germ cell epigenetic patterns.
We first considered if the Mtrrgt mutation affected testes morphology, sper-
matogenesis or sperm parameters. These were largely normal in Mtrrgt males.
Next, we performed whole genome DNA sequencing of embryos to determine
whether abnormal folate metabolism affects genetic stability. Importantly, the
frequency of structural variants and single nucleotide polymorphisms (SNPs)
were similar in C57Bl/6 control and Mtrrgt/gt embryos indicating that the Mtrrgt

mutant genome is relatively stability. We did however identify an increase in
SNP and SV frequency at the Mtrr locus, linked to the generation of the Mtrrgt

mice in a 129/P2 genetic background prior to backcrossing into the C57Bl/6
background. Subsequently, we identified a large number of differentially
methylated regions (DMRs) in sperm DNA of Mtrr+/+, Mtrr+/gt, and Mtrrgt/gt

males compared to C57Bl/6 control sperm. Few DMRs were associated with
underlying SNPs or SVs. However, no sperm DMRs in Mtrr+/gt males persisted
in embryonic or adult tissues of the wildtype F1 or F2 generations. Despite
this, we identified two genes, Hira and Rn45s, that were adjacent to DMRs
and were misexpressed in the F2 and F3 generation embryos. This suggested
that abnormal DNA methylation in sperm may influence gene expression two
generations later despite reprogramming events. Additionally, we identified
a number of differentially expressed small non-coding RNAs in Mtrr+/gt and
Mtrrgt/gt sperm compared to C57Bl/6 control sperm. Overall, a complete un-
derstanding of the mechanisms behind transgenerational inheritance of phe-
notypes in the Mtrrgt model remains elusive. Unravelling the mechanisms of
transgenerational epigenetic inheritance could have important implications for
the future prediction and prevention of human diseases.



Declaration

This dissertation is the result of my own work and includes nothing which is
the outcome of work done in collaboration except as declared in the Preface
and specified in the text.

It is not substantially the same as any that I have submitted, or, is being concur-
rently submitted for a degree or diploma or other qualification at the University
of Cambridge or any other University or similar institution except as declared
in the Preface and specified in the text. I further state that no substantial
part of my dissertation has already been submitted, or, is being concurrently
submitted for any such degree, diploma or other qualification at the University
of Cambridge or any other University or similar institution except as declared
in the Preface and specified in the text.

It does not exceed the prescribed word limit for the relevant Degree Committee.

Georgina Blake
March 28, 2019

– iii –



Acknowledgements

I am eternally grateful to Erica Watson for the endless opportunities provided
to me, the constant support, kind advice and faith in me. It is a pleasure to
be a member of the Watson lab. Thanks to Anne Ferguson-Smith for her great
enthusiasm for this project and for the challenging and insightful discussions
of my data. Thank you to all the members of Watson lab, past and present. I
am indebted to Russell Hamilton and Xiaohui Zhao for all the bioinformatic
support they have provided during this project. I am grateful for our collab-
oration with Eric Miska and Katharina Gapp on the sncRNA-seq project. I
extend thanks to the following people for their generous advice and support:
Tessa Bertozzi, Claire Senner, Wayo Matsushima, Lizzie Radford and all those
working in G5 and the CTR. I am extremely grateful to my funders, Wellcome
Trust, St John’s College and Cambridge Philosophical Society, for supporting
me financially. I thank the Directors and members of the Wellcome Trust De-
velopmental Mechanisms PhD programme, for the education, friendship and
discussion forum the programme has provided. I also need to thank all the staff
of the Combined Animal Facility for their help with our mouse colony. Thanks
also to my friends and family for their support, care packages and coffee dates
over the last few years. Finally, I want to thank my husband, Matt, without
whom none of this would have been possible.

– iv –



Contents

1 Introduction 1
1.1 Transgenerational epigenetic inheritance . . . . . . . . . . . . . . . 2

1.1.1 Concepts of transgenerational epigenetic inheritance . . . 2
1.1.2 Mechanisms of TEI . . . . . . . . . . . . . . . . . . . . . . . 10
1.1.3 Models of epigenetic inheritance . . . . . . . . . . . . . . . 13
1.1.4 Common themes and conflicts in the study of TEI . . . . . 21
1.1.5 The relevance of TEI to human populations . . . . . . . . . 26

1.2 Folate, health and disease . . . . . . . . . . . . . . . . . . . . . . . 28
1.2.1 Folate metabolism . . . . . . . . . . . . . . . . . . . . . . . 28
1.2.2 Folate, disease and offspring health . . . . . . . . . . . . . 29
1.2.3 Mechanisms of folate-related disease . . . . . . . . . . . . 34

1.3 The Mtrrgtmodel of TEI . . . . . . . . . . . . . . . . . . . . . . . . . 36
1.3.1 The Mtrrgtmodel and developmental phenotypes . . . . . 37
1.3.2 The Mtrrgtmodel and dysregulation of DNA methylation . 40

1.4 Aims and rationale . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

2 Methods 44
2.1 Animals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
2.2 Embryo and placenta collections . . . . . . . . . . . . . . . . . . . 45
2.3 Testes collection and processing . . . . . . . . . . . . . . . . . . . . 46
2.4 Immunohistochemistry . . . . . . . . . . . . . . . . . . . . . . . . . 46
2.5 Assessment of spermatogenesis through the staging of seminif-

erous tubules . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
2.6 Testosterone concentration . . . . . . . . . . . . . . . . . . . . . . . 47
2.7 Sperm counts, viability and morphology . . . . . . . . . . . . . . . 48
2.8 Fertility analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
2.9 DNA and RNA extractions . . . . . . . . . . . . . . . . . . . . . . . 48
2.10 Reverse transcription . . . . . . . . . . . . . . . . . . . . . . . . . . 49
2.11 quantitative PCR (qPCR) . . . . . . . . . . . . . . . . . . . . . . . . 49
2.12 Whole genome sequencing . . . . . . . . . . . . . . . . . . . . . . . 49
2.13 Telomere length assessment by quantitative PCR . . . . . . . . . . 50
2.14 Sanger sequencing . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
2.15 Sperm collection for DNA methylation analysis . . . . . . . . . . 51
2.16 Sperm DNA extraction . . . . . . . . . . . . . . . . . . . . . . . . . 52
2.17 Bisulfite mutagenesis . . . . . . . . . . . . . . . . . . . . . . . . . . 52
2.18 Pyrosequencing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

– v –



vi

2.19 Mass spectrometry . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
2.20 Methylated DNA immunoprecipitation and sequencing (MeDIP-

Seq) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
2.21 Analysis of MeDIP-seq data . . . . . . . . . . . . . . . . . . . . . . 54
2.22 Western blotting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
2.23 Sperm collection and RNA extraction for small non-coding (snc)

RNA sequencing . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
2.24 Small RNA library preparation and sequencing . . . . . . . . . . . 56
2.25 sncRNA-seq analysis . . . . . . . . . . . . . . . . . . . . . . . . . . 57
2.26 Statistical analyses . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

3 Analysis of spermatogenesis and fertility in Mtrrgt mice 66
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
3.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

3.2.1 Mtrr is broadly expressed in the testes . . . . . . . . . . . . 70
3.2.2 Testes of Mtrrgt/gt mice are morphologically more spherical 74
3.2.3 Testes function and spermatogenesis is unaltered by the

Mtrrgt mutation . . . . . . . . . . . . . . . . . . . . . . . . . 77
3.2.4 Sperm parameters and fertility are normal in Mtrrgt/gt males 80
3.2.5 Expression of Dnmt2 is reduced in the epididymis of Mtrr

mice . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
3.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

4 Assessing genetic stability in Mtrrgt mice 94
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
4.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

4.2.1 The whole genome sequencing data was high quality and
aligned well to the reference genome . . . . . . . . . . . . 99

4.2.2 The frequency of structural variants was not increased in
Mtrrgt/gtembryos with congenital malformations . . . . . . 102

4.2.3 The frequency of single nucleotide polymorphisms was
not increased in Mtrrgt/gtembryos with congenital malfor-
mations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

4.2.4 Attempts to validate the whole genome sequencing data
suggest a high frequency of false-positive calls . . . . . . . 118

4.2.5 The Mtrr locus has a distinct genetic background to the
rest of the genome in Mtrrgt/gtmice . . . . . . . . . . . . . . 120

4.2.6 Variants identified at the Mtrr locus have limited effects
on gene expression . . . . . . . . . . . . . . . . . . . . . . . 126

4.2.7 A tandem duplication on chromsome 19 impacts gene
expression . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

4.2.8 Analysis of telomere length in Mtrrgt/gtembryos . . . . . . 131
4.2.9 Transposon expression is not increased in Mtrrgt/gtembryos 132

4.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135



vii

5 Analysis of DNA methylation in Mtrr sperm 141
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142
5.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

5.2.1 Sperm were isolated for DNA methylation analysis . . . . 145
5.2.2 Global DNA methylation levels were normal in Mtrr sperm146
5.2.3 Locus specific DNA methylation was assessed using methy-

lated DNA immunoprecipitation and sequencing (MeDIP-
seq) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

5.2.4 Differentially methylated regions were identified in Mtrr+/+,
Mtrr+/gtand Mtrrgt/gtsperm . . . . . . . . . . . . . . . . . . . 155

5.2.5 Validation of DMRs identified using MeDIP-seq via bisul-
fite pyrosequencing . . . . . . . . . . . . . . . . . . . . . . . 156

5.2.6 DMRs had clustered chromosomal locations and Mtrrgt/gt

DMRs were enriched at LTRs . . . . . . . . . . . . . . . . . 162
5.2.7 DMRs were enriched at nucleosome retaining regions . . . 169
5.2.8 DMRs were associated with genes involved in a number

of biological processes . . . . . . . . . . . . . . . . . . . . . 169
5.2.9 A subset of DMRs were common across all Mtrr genotypes 171
5.2.10 Some DMRs associate with underlying genetic changes

particulary around the Mtrr locus . . . . . . . . . . . . . . 173
5.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 180

6 Determining if differential DNA methylation is inherited over multi-
ple generations 185
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 186
6.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 189

6.2.1 Some DMRs were associated with regions that show re-
sistance to reprogramming in the germline or blastocyst . 189

6.2.2 Differential methylation at Mtrr+/gtmale sperm DMRs does
not persist in the F1 and F2 generations . . . . . . . . . . . 190

6.2.3 Differential DNA methylation at Mtrrgt/gtsperm DMRs is
generally lost in Mtrrgt/gtembryos . . . . . . . . . . . . . . . 195

6.2.4 Expression of genes near Mtrr+/gt male sperm DMRs is
largely unaffected in F1 and F2 generations . . . . . . . . . 197

6.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 207

7 Analysis of sperm small non-coding RNA profiles in Mtrrgt mice 212
7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 213
7.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 218

7.2.1 The sncRNA-seq data from Mtrr male sperm was high
quality . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 218

7.2.2 Profiling the sncRNA content of sperm from C57Bl/6,
Mtrr+/+, Mtrr+/gtand Mtrrgt/gt males . . . . . . . . . . . . . . 222

7.2.3 rsRNA profiles of C57Bl/6, Mtrr+/+, Mtrr+/gt and Mtrrgt/gt

male sperm . . . . . . . . . . . . . . . . . . . . . . . . . . . 227



viii

7.2.4 Identification of differentially expressed sncRNAs in sperm
from Mtrr+/+, Mtrr+/gtand Mtrrgt/gtmales . . . . . . . . . . . 232

7.2.5 RNA modifications might be reduced in sperm from Mtrrgt/gt

males . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 239
7.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 242

8 Discussion 247
8.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 248
8.2 Hypotheses for transgenerational inheritance in the Mtrrgt model 249

8.2.1 Genetic background and transgenerational inheritance in
the Mtrrgtmodel . . . . . . . . . . . . . . . . . . . . . . . . . 249

8.2.2 Genetic variants unique to the Mtrrgtcolony and trans-
generational inheritance . . . . . . . . . . . . . . . . . . . . 251

8.2.3 sncRNA mediated TEI and the Mtrrgtmodel . . . . . . . . 252
8.2.4 A hypothesis for HIRA mediated epigenetic instability

and TEI in the Mtrrgtmodel . . . . . . . . . . . . . . . . . . 253
8.2.5 rDNA mediated transgenerational inheritance in the Mtrrgt

model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 258
8.3 Epigenetic inheritance via the maternal line . . . . . . . . . . . . . 259
8.4 Variability in the Mtrrgtmodel . . . . . . . . . . . . . . . . . . . . . 259
8.5 The Mtrrgtmodel as a TEI paradigm . . . . . . . . . . . . . . . . . 261
8.6 Using the Mtrrgtmodel to understand the role of folate in off-

spring health . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 263
8.7 Implications of TEI following abnormal folate metabolism . . . . 264

9 Appendix 313
9.1 MEDIPS script . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 314
9.2 Blake et al. (2018) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 323
9.3 Blake and Watson (2016) . . . . . . . . . . . . . . . . . . . . . . . . 355



List of Figures

1.1 Transgenerational epigenetic inheritance (TEI) within the pater-
nal and maternal lineages . . . . . . . . . . . . . . . . . . . . . . . 3

1.2 Replication versus reconstruction models of epigenetic inheritance 6
1.3 Epigenetic reprogramming in the early embryo and primordial

germ cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.4 Agouti viable yellow (Avy): a classic example of epigenetic inheri-

tance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
1.5 The folate and methionine cycles . . . . . . . . . . . . . . . . . . . 29
1.6 Highly controlled genetic pedigrees used to study inheritance in

the Mtrrgtmodel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

3.1 MTRR protein is widely expressed in adult mouse testes . . . . . 71
3.2 The machinery to metabolise folate is widely expressed in the

testes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
3.3 Mtrrgt/gt testes are more spherical in shape with fewer seminifer-

ous tubules . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
3.4 Mtrr deficiency does not alter testes function . . . . . . . . . . . . 80
3.5 Sperm count, sperm viability, and fertility are normal in Mtrrgt/gt

males . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
3.6 DNA methylation machinery expression is comparable to con-

trols in Mtrr+/+, Mtrr+/gt, and Mtrrgt/gt testes and epididymides. . . 86
3.7 Dnmt2 expression is reduced in Mtrr+/+, Mtrr+/gt, and Mtrrgt/gt

epididymides versus C57Bl/6 controls . . . . . . . . . . . . . . . . 87

4.1 Quality metrics and alignment of next generation whole genome
sequencing data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

4.2 SVs identified using Manta in C57Bl/6 and Mtrrgt/gtembryos. . . . 103
4.3 SVs identified using Manta in C57Bl/6 and Mtrrgt/gtembryos,

with the Mtrr locus masked. . . . . . . . . . . . . . . . . . . . . . . 105
4.4 The frequency and impact of structural variants was not in-

creased in Mtrrgt/gtembryos . . . . . . . . . . . . . . . . . . . . . . . 109
4.5 Single nucleotide polymorphisms and small indels identified in

C57Bl/6 and Mtrrgt/gtembryos . . . . . . . . . . . . . . . . . . . . . 113
4.6 PCA-clustering and intersectional analysis of SNPs in Mtrrgt/gt

and C57Bl/6 embryos . . . . . . . . . . . . . . . . . . . . . . . . . 115
4.7 The Mtrr locus is of 129/P2 genetic background in Mtrrgt/gtmice . 121

– ix –



x

4.8 The expression of some genes at the Mtrr locus was altered . . . . 128
4.9 A tandem duplication on chromosome 19 was associated with

elevated Btaf1 and Ide expression . . . . . . . . . . . . . . . . . . . 130
4.10 Telomere length was not verifiably reduced in Mtrrgt/gtembryos

versus C57Bl/6 controls . . . . . . . . . . . . . . . . . . . . . . . . 132
4.11 Transposable elements are not upregulated in Mtrrgt/gttissues . . . 134

5.1 Sperm sample purity was confirmed using bisulfite pyrosequenc-
ing of imprinting control regions . . . . . . . . . . . . . . . . . . . 146

5.2 Global DNA methylation levels were unaffected by the Mtrrgt

mutation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147
5.3 Confirmation of successful MeDIP and verification of MeDIP-

seq library size . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148
5.4 Quality metrics and alignment of MeDIP-seq data . . . . . . . . . 150
5.5 PCA-clustering of C57Bl/6, Mtrr+/+, Mtrr+/gtand Mtrrgt/gtsamples . 152
5.6 Quality control metrics included in the MEDIPS package suggest

the MeDIP-seq data is good quality . . . . . . . . . . . . . . . . . . 155
5.7 Hypomethylated and hypermethylated DMRs were identified . . 156
5.8 Bisulfite pyrosequencing validations of DMRs identified in sperm

from Mtrrgt/gt males . . . . . . . . . . . . . . . . . . . . . . . . . . . 159
5.9 Bisulfite pyrosequencing validations of DMRs identified in sperm

from Mtrr+/+ and Mtrr+/gt males . . . . . . . . . . . . . . . . . . . . 162
5.10 DMRs have clustered chromosomal locations . . . . . . . . . . . . 165
5.11 Mtrrgt/gtDMRs may be enriched at LTRs . . . . . . . . . . . . . . . 166
5.12 DMRs generally have a low CpG density, but some associate

with CpG island regions . . . . . . . . . . . . . . . . . . . . . . . . 168
5.13 Genes implicated in ERK signalling and neurogenesis are asso-

ciated with DMRs in Mtrr+/+, Mtrr+/gtand Mtrrgt/gtsperm . . . . . . 171
5.14 A subset of DMRs were present in sperm from Mtrr+/+, Mtrr+/gt

and Mtrrgt/gt males . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173
5.15 Some DMRs in Mtrr+/+, Mtrr+/gtand Mtrrgt/gtsperm are associated

with underlying genetic changes . . . . . . . . . . . . . . . . . . . 178

6.1 Differential methylation at Mtrr+/gtmale sperm DMRs was lost in
F1 generation tissues . . . . . . . . . . . . . . . . . . . . . . . . . . 193

6.2 Differential methylation at Mtrr+/gtmale sperm DMRs was lost in
F2 generation tissues . . . . . . . . . . . . . . . . . . . . . . . . . . 195

6.3 Differential methylation at Mtrrgt/gtmale sperm DMRs was gen-
erally not maintained in Mtrrgt/gtembryos . . . . . . . . . . . . . . 197

6.4 Expression of genes near Mtrr+/gtmale sperm DMRs is largely
normal in Mtrrgt/gtembryos, F1 and F2 generation tissues . . . . . 200

6.5 Expression of Rn45s is reduced in Mtrr+/+F1, F2 and F3 embryos . 202
6.6 Expression of Hira mRNA is reduced in Mtrr+/+F2 and F3 gener-

ation embryos . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 205

7.1 Sperm RNA purity, library size confirmation and quality metrics
of sncRNA-seq data . . . . . . . . . . . . . . . . . . . . . . . . . . . 222



xi

7.2 Alignment of sncRNA-seq reads to the reference genome using
STAR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 223

7.3 Categorisation and length distribution analysis of sperm sncRNAs.226
7.4 sncRNA profiles are consistent in C57Bl/6, Mtrr+/+, Mtrr+/gtand

Mtrrgt/gtmale sperm. . . . . . . . . . . . . . . . . . . . . . . . . . . . 226
7.5 rsRNA subtype analysis for C57Bl/6, Mtrr+/+, Mtrr+/gt and Mtrrgt/gt

male sperm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 230
7.6 rsRNA-generating loci from rRNA precursors . . . . . . . . . . . 231
7.7 PCA-clustering based on sncRNAs identified in sperm from

C57Bl/6, Mtrr+/+, Mtrr+/gtand Mtrrgt/gtmales . . . . . . . . . . . . . 233
7.8 Some tsRNAs are misexpressed in sperm from Mtrr+/gtmales . . . 236
7.9 No miRNAs are misexpressed in sperm from Mtrr+/+, Mtrr+/gtor

Mtrrgt/gtmales. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 238
7.10 ncRNAs are misexpressed in sperm from Mtrr+/+, Mtrr+/gtand

Mtrrgt/gtmales . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 239
7.11 tsRNAs mismatches in sperm from C57Bl/6, Mtrr+/+, Mtrr+/gt

and Mtrrgt/gt males . . . . . . . . . . . . . . . . . . . . . . . . . . . . 241

8.1 A schematic of our hypothesis for the role of HIRA in transgen-
erational inheritance of phenotypes in the Mtrrgtmodel . . . . . . 255



List of Tables

1.1 Epigenetic inheritance paradigms involving mutations in the
epigenetic machinery . . . . . . . . . . . . . . . . . . . . . . . . . . 14

1.2 Epigenetic inheritance paradigms instigated by environmental
perturbations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.1 Details of qPCR Primers . . . . . . . . . . . . . . . . . . . . . . . . 59
2.2 Details of Sanger sequencing primers . . . . . . . . . . . . . . . . 61
2.3 Details of pyrosequencing primers . . . . . . . . . . . . . . . . . . 62
2.4 Barcoded primers used for MeDIP-seq . . . . . . . . . . . . . . . . 65

4.1 Number of reads obtained in whole genome sequencing of C57Bl/6
and Mtrrgt/gt embryos at E10.5 . . . . . . . . . . . . . . . . . . . . . 100

4.2 Structural variants common to all Mtrrgt/gtembryos . . . . . . . . . 107
4.3 SNPs common to all Mtrrgt/gtembryos . . . . . . . . . . . . . . . . 116
4.4 Variants that underwent validation by Sanger sequencing . . . . . 119
4.5 The number of 129/P2 SNPs near the Mtrr gene . . . . . . . . . . 122
4.6 129/P2 missense mutations present in Mtrrgt/gtembryos . . . . . . 124

5.1 Number of reads obtained for MeDIP-Seq libraries . . . . . . . . . 149
5.2 Some DMRs coincided with SVs and SNPs . . . . . . . . . . . . . 175

6.1 DMRs resistant to zygotic and germline reprogramming . . . . . 190
6.2 Panel of sperm DMRs identified in Mtrr+/gtmales assessed in F1

and F2 generation tissues . . . . . . . . . . . . . . . . . . . . . . . 191

7.1 Epigenetic inheritance paradigms in which sperm ncRNA pro-
files are disrupted following exposure to an environmental insult 214

7.2 Number of reads obtained for sncRNA-seq libraries . . . . . . . . 219
7.3 Summary of sncRNA read categorisation using SPORTS1.0 . . . . 227
7.4 tRNAs misexpressed in Mtrr+/gtand Mtrrgt/gtsperm . . . . . . . . . 237

– xii –



xiii

Abbreviations

5caC 5-carboxylcytosine
5fC 5-formylcytosine
5hmC 5-hydroxymethylcytosine
5mC 5-methylcytosine
5-methyl-THF 5-methyltetrahydrofolate
6mA N6-methyldeoxyadenosine
ADAMTS5 A disintegrin-like and metallopeptidase (reprolysin type)

with thrombospondin type 1 motif, 5 (aggrecanase-2)
Avy Agouti viable yellow
ANOVA Analysis of variance
ATP2B2 ATPase, Ca2+ transporting, plasma membrane 2
bp Base pair
BHMT Betaine-homocysteine methyltransferase
BND Break point
BTAF1 B-TFIID TATA-box binding protein associated factor 1
CBS Cystathionine-β-synthase
CBLN-2 Cerebellin 2 precursor protein
CD99L2 CD99 antigen-like 2
CGI CpG island
Chr Chromosome
CMTM1 CKLF-like MARVEL transmembrane domain containing 1
CNV Copy number variant
CTS8 Cathepsin 8
DAB 3,3-diaminobenzidine
DEL Deletion
DHF Dihydrofolate
DMR Differentially methylated region
DNMT DNA methyltransferase
DOCK10 Dedicator of cytokinesis 10
dTMP Deoxythymidine monophosphate
dUMP Deoxyuridine monophosphate
DUP Duplication
E Embryonic day
EFCAB6 EF-hand calcium binding domain 6
ELISA Enzyme-linked immunosorbent assay
ESC Embryonic stem cell
F Filial generation



xiv

FGFBP3 Fibroblast growth factor binding protein 3
FOLR1 Folate receptor 1
FRM1OS Fragile X mental retardation 1, opposite strand
GAS1 Growth arrest specific 1
GI Glucose intolerance
GPR98 Adhesion G protein-coupled receptor V1 (ADGRV1)
gt Gene-trap
H3K27me3 Histone 3 lysine 27 trimethylation
H3K4me3 Histone 3 lysine 4 trimethylation
H3K9me2 Histone 3 lysine 9 dimethylation
HCCS Holocytochrome c synthetase
H & E Haematoxylin and Eosin
HFD High-fat diet
Hom/Het Homozygous/Heterozygous ratio
HSD17B3 Hydroxysteroid (17-beta) dehydrogenase 3
HS6ST3 Heparan sulfate 6-O-sulfotransferase 3
IAP Intracisternal A particle
IgG Immunoglobulin G
IDE Insulin degrading enzyme
IL9R Interleukin 9 receptor
IGV Integrative Genomics Viewer
INV Inversion
INS Insertion
IQSEC3 IQ motif and Sec7 domain 3
IR Insulin resistance
IVF In vitro fertilisation
KIF11 Kinesin family member 11
KLHL3 Kelch-like 3
KO Knock-out
KRTAP20-2 Keratin associated protein 20-2
LINE Long-interspersed element
LTR Long-terminal repeat
lnc-RNA Long non-coding RNA
MARCH5 Membrane-associated ring finger (C3HC4) 5
MAT Methionine adenosyltransferase
Mb Megabase (million base pairs)
MeDIP-Seq Methylated DNA Immunoprecipitation followed by se-

quencing
miRNA microRNA
MSUS Maternal separation and unpredictable maternal stress
mt-tRNA Mitochondrial tRNA
MTHFR Methylene tetrahydrofolate reductase
MTR Methionine synthase (also known as MS)
MTRR Methionine synthase reductase



xv

MTERF3 Mitochondrial transcription termination factor 3
ncRNAs non-coding RNAs
NMD Nonsense-mediated decay
NSG2 Neuron specific gene family member 2
NSUN2 NOL1/NOP2/Sun domain family member 2
NTC No template control
OGFRL1 Opioid growth factor receptor-like 1
PAS Periodic acid-Schiff
PBS Phosphate buffered saline
PCA Principle component analysis
PGC Primordial germ cell
piRNA Piwi-interacting RNA
PTCH1 Patched 1
Ref. Reference allele
rp(k)m Reads per (kilobase) million
rRNA Ribosomal RNA
rsRNA rRNA fragment
RT Room temperature
RT-qPCR Reverse transcription and quantitative polymerase chain

reaction
SAM S-adenosylmethionine
SD Standard deviation
SINE Short-interspersed element
SLC19A1 Solute carrier 19a1 (also known as RFC1)
sncRNA Small non-coding RNA
sncRNA-seq Small-non-coding RNA sequencing
SNP Single nucleotide polymorphism
SRD5A1 Steroid 5 alpha-reductase 1
SV Structural variant
TEI Transgenerational epigenetic inheritance
TET Ten-eleven translocase
THF Tetrahydrofolate
tPA Tissue plasminogen activator
TPBPA Trophoblast specific protein alpha
tRNA Transfer RNA
tsRNA tRNA fragment
Ts/Tv Transition/ Transversion ratio
TSS Transcription start site
UTR Untranslated region
UQCRB Ubiquinol-cytochrome c reductase binding protein
WGS Whole genome sequencing
ZFP Zinc finger protein



Chapter 1

Introduction

This chapter contains material published in the following review and textbook

chapter: Blake et al. (2018); Blake and Watson (2016). Permission was granted

by the publisher for their inclusion in this thesis.

– 1 –
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1.1 Transgenerational epigenetic inheritance

In recent years, it has become apparent that the environment experienced dur-

ing an individual’s lifetime may impact not only their health but also that of

their descendants. Environmental stressors (e.g. poor diet, toxins, or psycho-

logical stress) also influence the epigenome (Beck et al., 2017; Radford et al.,

2014; Gapp et al., 2014; Sharma et al., 2016). Abnormal epigenetic patterns

could be inherited over multiple generations and contribute to disease. This

is the phenomenon we call epigenetic inheritance. How commonplace epige-

netic inheritance is and the underlying mechanisms remain uncertain, though

studies over recent years have improved our understanding of the molecular

pathways responsible for it.

1.1.1 Concepts of transgenerational epigenetic inheritance

We define epigenetic inheritance as the transmission of non-DNA base se-

quence information between generations via the germline (Daxinger and Whitelaw,

2012; Heard and Martienssen, 2014). Epigenetic changes in the parental gener-

ation (F0) occurring after exposure to an environmental insult increase the risk

for specific phenotypes in subsequent generations (F1, F2, F3, etc.) even when

they are not exposed to the insult themselves. To be considered transgenera-

tional epigenetic inheritance (TEI), the phenotype must persist in the F2 gener-

ation or later when inherited via the paternal lineage and the F3 generation or

later via the maternal lineage (Daxinger and Whitelaw, 2012; Heard and Mar-

tienssen, 2014) (Figure 1.1). In the paternal lineage, an F0 male and his germ

cells that are destined to become the F1 generation are both directly exposed to

the environmental insult. Therefore, to be considered TEI a phenotype and/or

altered epigenetic patterns must be observed in the F2 generation or beyond,

because the F2 generation is the first generation that was not directly exposed

to the insult. In the maternal lineage, if environmental exposure occurs while

a female is pregnant, the mother, the foetus (F1 generation) and its primordial

germ cells (F2 generation) are all directly exposed. Thus, the persistence of phe-

notypes/epigenetic changes in the F3 generation or beyond is considered TEI.

I use the term intergenerational inheritance to describe transmission between
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generations (e.g. parent to offspring) that does not meet the criteria for true

transgenerational inheritance.

Figure 1.1: Transgenerational epigenetic inheritance (TEI) within the pater-
nal and maternal lineages. A schematic example in mice of how epigenetic
changes and phenotypes (blue star) induced by an environmental insult envi-
ronmental insult (lightening bolt) in the first generation (F0) may be inherited
via the germline over several generations (F1, F2, F3, etc.). Figure from Blake
and Watson, 2016.

Our understanding of the mechanisms of TEI is in its infancy. It is clear that

exposure to environmental stressors may alter the epigenome and that infor-

mation is transmitted from the exposed individual to their offspring. There are

two key paradigms of epigenetic inheritance: replication and reconstruction

(Miska and Ferguson-Smith, 2016) (Figure 1.2). The initial dogma in the field

of TEI was that germline epigenetic patterns were altered in the exposed gen-

eration and that these were inherited directly by the offspring, much like DNA.
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This so called replicative inheritance requires epigenetic marks, like DNA itself,

to be directly copied between cell divisions and generations. Importantly it also

requires epigenetic marks to escape the reprogramming events that ’wipe the

epigenetic slate clean’ on transmission to the next generation (Figure 1.3). Two

waves of reprogramming, the first in the post-fertilisation embryo and the sec-

ond in developing germ cells, involve widespread erasure of DNA methylation

patterns and chromatin remodelling (Reik and Surani, 2015).
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Figure 1.2: Replication versus reconstruction models of epigenetic inheri-
tance. Two potential mechanisms of epigenetic inheritance caused by an envi-
ronmental stressor (lightning bolt) include replication and reconstruction. (A)
Replicative inheritance requires that abnormal epigenetic marks (denoted by
red stars) be directly inherited via the germline between generations (dotted
arrow). In order to do so, these marks must escape two waves of epigenetic re-
programming that occur in the developing germ cells and the post-fertilisation
zygote. (B) Reconstructive inheritance suggests that epigenetic marks (denoted
by red, green and pink stars) caused by an environmental stressor (lightning
bolt) and responsible for phenotypes undergo normal reprogramming in the
germline and zygote but are then reconstructed or recreated in each successive
generation. Figure from Blake et al., 2018

Epigenetic reprogramming begins shortly after fertilisation (before DNA

replication) and continues until about E3.5, after which epigenetic patterns

begin to be re-established (Smith et al., 2012; Smallwood et al., 2011; Santos

et al., 2013) (Figure 1.3). Initially there is rapid global active DNA demethy-

lation of the paternal pronucleus thought to require base-excision repair (BER)

(Oswald et al., 2000; Gu et al., 2011; Santos et al., 2013; Hajkova et al., 2010). The

DNA demethylase Ten eleven translocase 3 (TET3) may be involved in protect-

ing newly demethylated DNA from reacquisition of DNA methylation rather

than in demethylation itself (Amouroux et al., 2016). The maternal genome

primarily undergoes passive replication dependent demethylation achieved

by DNMT1 exclusion (Santos et al., 2002). Some active demethylation of the

maternal pronucleus also occurs (Guo et al., 2014). Imprinted regions and

some repetitive loci are protected from this global demethylation (Smallwood

et al., 2011; Lane et al., 2003). Additionally, extensive reprogramming of histone

modifications occurs shortly after fertilisation, following the replacement of

protamines in the paternal pronucleus by histones (van der Heijden et al., 2006;

Marcho et al., 2015).

Reprogramming in primordial germ cells (PGCs) presents a second obstacle

to inheritance beyond a single generation (Figure 1.3). As PGCs migrate to

the genital ridge of the developing embryo, DNA methylation is passively

removed (Seisenberger et al., 2012; Kobayashi et al., 2013). A second wave

of DNA demethylation at around E11.5 involves active removal of residual

DNA methylation including at imprinted loci and CpG islands (CGIs) on the
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X-chromosome (Hackett et al., 2013). DNA demethylation on PGCs requires

BER but does not directly require TET1 mediated methyl-cytosine oxidation

(Hajkova et al., 2010; Hill et al., 2018). Once DNA demethylation is com-

plete the germ cells enter mitotic (male) or meiotic (female) arrest (Reik et al.,

2001). In male germ cells, DNA methylation patterns are re-established prior

to birth (Davis et al., 2000). Sperm DNA methylation is then maintained dur-

ing spermatogenesis, although there is evidence that some genes acquire their

methylation during sperm development (Oakes et al., 2007). In oocytes, DNA

methylation is re-established after birth as the oocytes mature (Smallwood

et al., 2011; Kota and Feil, 2010). Histone marks are also extensively remodelled

in PGCs (Seki et al., 2005). In sperm, histones are replaced by protamines

to increase DNA compaction within the nucleus (Krawetz, 2005). Some his-

tones are retained in sperm at two distinct sites: promoters of developmen-

tally regulated genes (Erkek et al., 2013) and gene-poor repeat regions (Carone

et al., 2014). Nucleosomes containing histones are retained genome wide in

the mouse oocyte (Erkek et al., 2013). Together, these two extensive waves of

reprogramming limit the possibilities of epigenetic inheritance. However, loci

that are resistant to reprogramming in the post-fertilisation zygote and in PGCs

have been identified (Hackett et al., 2013; Smallwood et al., 2011; Kobayashi

et al., 2012) and these provide scope for replicative inheritance.
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Figure 1.3: Epigenetic reprogramming in the early embryo and primordial
germ cells. During the first wave of epigenetic reprogramming in the post-
fertilisation embryo the maternal and paternal genomes are demethylated, and
sperm protamines are replaced by histones. Later, de novo DNA methylation
and dynamic changes to histone modifications occur during blastocyst forma-
tion and implantation. In the second wave of epigenetic reprogramming, as pri-
mordial germ cells (PGCs) migrate to the genital ridges in the embryo, genome-
wide DNA demethylation occurs and histone marks are altered. Thereafter,
re-establishment of epigenetic marks occurs in the maturing gametes in a sex-
specific manner. The majority of histones are removed and replaced by pro-
tamines during spermatogenesis. Germ cell DNA methylation dynamics are
indicated in the graph (bottom right, adapted from Heard and Martienssen,
2014). An environmental insult (lightening bolt) can influence epigenetic pat-
terns in the germline. H3K27me3, histone 3 lysine 27 trimethylation; H3K4me3,
histone 3 lysine 4 trimethylation; H3K9me2, histone 3 lysine 9 dimethylation;
ncRNAs, non-coding RNAs; IAP, intracisternal A particle; E, embryonic day.
Figure from Blake and Watson, 2016.

Reconstructive inheritance was postulated by Eva Jablonka as an alternative

theoretical concept to replicative inheritance. The reconstruction model avoids

the challenges presented by epigenetic reprogramming by suggesting that epi-

genetic marks responsible for a phenotype undergo normal reprogramming in

the germline and zygote but are then recreated in each successive generation

(Jablonka, 2013). Traces of the parental epigenetic landscape may be sufficient

to reconstitute the parental epigenetic state in the offspring and thus bring

about a phenotype (Jablonka, 2013). For example, the reconstruction of ab-

normal epigenetic marks and phenotypes may be driven via altered cellular
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signalling, metabolism or ncRNAs (Miska and Ferguson-Smith, 2016). This

mechanism may lead to serial reconstruction of an induced phenotype over

multiple generations, such that an abnormal phenotype in the F0 generation

programs the same defect in the F1 generation, and so on (Aiken and Ozanne,

2014). Despite their seemingly contradictory messages, the replication and re-

construction models need not be juxtaposed. In reality, there may be an element

of direct inheritance of some epigenetic marks (replication) and reconstruction

of additional marks linked to an ancestral phenotype.
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1.1.2 Mechanisms of TEI

Epigenetic marks, namely DNA methylation, histone modifications and non-

coding RNAs, have been postulated as the information carrying vectors be-

tween generations. These three candidates have been studied in many TEI

paradigms. It is hypothesised that stable alterations in epigenetic marks in-

duced by an environmental insult (epimutations) may affect gene expression

or chromatin stability leading to increased risk of a phenotype or disease

in the offspring (Miska and Ferguson-Smith, 2016). Within individual cells,

DNA methylation, histone modifications and ncRNAs are interconnected and

interdependent. In the context of epigenetic inheritance they likely act in a

coordinated and collaborative manner to cause disease phenotypes.

1.1.2.1 DNA methylation

In humans and other mammals, methylation of cytosine residues (5mC) is

the predominant form of DNA methylation. DNA methylation in mammals

is generally present in the context of CpG dinculeotides (Bird, 2002). DNA

methylation is dispersed across the genome, with a large proportion of CpGs

methylated in somatic cells (Bird, 2002). However, DNA methylation patterns

are dynamic. DNA methylation patterns differ in time and space, changing

during development and differing between cell types (Messerschmidt et al.,

2014; Luo et al., 2018). A family of DNA methyltransferase (DNMT) enzymes

establish and maintain DNA methylation. DNMT1 ensures methylation is

recapitulated on to the daughter strand of DNA after replication has occurred

(Almouzni and Cedar, 2016). DNMT3a and DNMT3b establish de novo DNA

methylation patterns as occurs in germ cells (Almouzni and Cedar, 2016).

Alternatively, the Ten eleven translocases (TETs) remove methylation via a 5-

hydroxymethylcytosine (5hmC) intermediate and then further oxidise 5hmC

into 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC) (Rasmussen and

Helin, 2016). It is now becoming clear that 5hmC may have functional roles

itself (Ficz et al., 2011). DNA methylation in gene control regions is generally

associated with gene repression, although its exact role in gene regulation is

likely locus dependent (Deaton and Bird, 2011). Beyond regulation of gene

expression, a key role of DNA methylation is to silence repetitive DNA (Slotkin
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and Martienssen, 2007). DNA methylation has many properties that make it an

attractive mechanistic candidate for epigenetic inheritance including that: 1) it

can be environmentally modulated; 2) machinery exists to replicate methyla-

tion patterns onto newly synthesised DNA and thus it is mitotically heritable;

and 3) methylated loci resistant to epigenetic reprogramming in the zygote and

germline have been identified. Disruption of the DNA methylation machinery

may also play an important role in initiating TEI.

1.1.2.2 Histone modifications

DNA in somatic cells is packaged around an octomeric core of histone pro-

teins (H2A, H2B, H3 and H4) forming a nucleosome (Marmorstein and Trievel,

2009). Histone proteins are subject to chemical modifications (e.g. methylation,

acetylation etc.) on their N-terminal tails (Marmorstein and Trievel, 2009).

These modifications can regulate, in part, chromatin packaging and nucleo-

some positioning on DNA. Histone modifications, like DNA methylation, are

dynamic in space and time. Certain histone modifications are generally recog-

nised as being associated with gene repression e.g. trimethylation of lysine 27

on histone 3 (H3K27me3), whereas acetylation of the same residue (H3K27ac) is

generally associated with gene activation (Lawrence et al., 2016). Histone mod-

ifications serve to regulate gene expression though the recruitment of protein

complexes and by controlling the accessibility of the DNA to the transcription

machinery (Lawrence et al., 2016).

Histone modifications are a plausible mechanistic candidate in TEI as they

can be environmentally modulated. Some histone modifications in the germline

and zygote are retained during epigenetic reprogramming. Histones are prop-

agated onto newly assembled chromatin by complex machinery (Marmorstein

and Trievel, 2009), however how histone codes are retained during mitosis

and meiosis is still largely unresolved (Erkek et al., 2013). Additionally, most

histones are removed during spermatogenesis and replaced with protamines

(Casas and Vavouri, 2014). Protamine modifications that are similar to his-

tone modifications are present in sperm (Brunner et al., 2014), though their

functional importance remains uncertain, particularly during epigenetic inher-
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itance. Disruption of the machinery that regulates histone modification may

also be an important initiator of TEI (Siklenka et al., 2015; Greer et al., 2016).

1.1.2.3 non-coding RNA

Germ cells have extensive regulatory non-coding RNA (ncRNA) profiles. ncR-

NAs can be classified broadly into two classes: 1) long-ncRNA, greater than

200 nucleotides in length (lncRNAs) (Lee et al., 2012) and 2) small-ncRNA, less

than 200 nucelotides (sncRNA) (Bouckenheimer et al., 2018). sncRNAs include

micro-RNAs (miRNAs), small-interfering-RNAs (siRNAs), piwi-interacting-

RNAs (piRNAs) and transfer-RNAs (tRNAs) amongst others. ncRNAs have

diverse roles from direct regulation of gene expression to acting to localise other

epigenetic pathways. For example, piRNAs mediate transposon silencing in

the germline (Holoch and Moazed, 2015).

ncRNAs are in some respects uniquely suited to transfer information be-

tween generations. Both sperm and oocytes contain a range of ncRNA species

(Veselovska et al., 2015; Rando, 2016). These can be environmentally modulated

(Beck et al., 2017; Sharma et al., 2016). There is evidence sperm can take up

ncRNAs from the surrounding somatic tissues (Vojtech et al., 2014; Cossetti

et al., 2014). For example, maturing sperm might receive sncRNAs (e.g., tRNA

fragments) from small vesicles called exosomes released from the epididymis

(Vojtech et al., 2014). Thus, the theoretically impassable wall between somatic

cells and the germline (the so-called Weismann barrier) may be circumvented

and penetrated by RNAs. This has important implications for our understand-

ing of epigenetic inheritance resulting from environmental insults experienced

in adulthood. Additionally, RNAs can carry chemical modifications, such as

methylation (Zhang et al., 2016). This provides an additional layer of epigenetic

information that might be transmitted to the next generation. However, how

epigenetic messages transmitted by RNA are perpetuated over multiple cell

divisions let alone multiple generations currently remains unclear.
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1.1.3 Models of epigenetic inheritance

There is a myriad of studies in the field of intergenerational and transgenera-

tional epigenetic inheritance. Epigenetic inheritance can seemingly be initiated

or modulated by mutations in the epigenetic machinery, either DNA/RNA

methylation enzymes or histone modification complexes (Table 1.1). This sug-

gests a conserved role for the epigenetic machinery in regulating epigenetic

inheritance across a range of species . Alternatively, epigenetic inheritance may

be instigated by environmental perturbations, with various insults leading to

offspring phenotypes in a range of model systems (Table 1.2). These mod-

els provide interesting insight into the mechanisms of epigenetic inheritance.

However, studies often investigate only parent to offspring transmission, and

are therefore confounded by exposure of the germ cells that become the F1 gen-

eration to the environmental insult. The use of locus-specific approaches, rather

than unbiased genome-wide techniques, and a failure to assess the germline

itself are further limitations affecting many epigenetic inheritance studies.
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1.1.3.1 The Agoutivy model

The Agouti viable yellow (Avy) model is the classic mammalian model of TEI

from which much of our mechanistic understanding has been derived (Mor-

gan et al., 1999) (Figure 1.4). The Agouti gene (a) controls mouse coat colour.

The Avy allele contains an intracisternal A particle (IAP) element containing

an ectopic promoter upstream of the Agouti transcription start site (TSS). This

regulates Agouti gene expression, therefore coat colour, in a DNA methylation-

dependent manner in Avy individuals (Morgan et al., 1999; Miltenberger et al.,

1997) (Figure 1.4 A). Methylation of the IAP suppresses ectopic Agouti mRNA

expression to generate brown (pseudo-agouti) mice (Morgan et al., 1999). Hy-

pomethylation at the IAP element drives ectopic Agouti expression leading to

mice with a yellow coat colour (Morgan et al., 1999). Avy mice also have obesity

and a diabetic-like phenotype, owing to disruption of their satiety signalling

pathways (Cropley et al., 2016; Miltenberger et al., 1997).

Remarkably, the methylation status of the Avy allele, and therefore, the coat

colour and metabolic phenotypes, can be inherited over multiple generations

via the maternal line (Morgan et al., 1999). For example, a yellow Avy/a mouse

has an increased propensity to have yellow offspring when mated to an a/a

male (Morgan et al., 1999) (Figure 1.4 B). The methylation status of the agouti

gene can also be influenced by environmental factors, such as nutrition and en-

docrine disruptor exposure (Cropley et al., 2010; Dolinoy et al., 2007). Feeding

Avy females a methyl-rich diet reduces the number of yellow offspring in their

litters (Cropley et al., 2010; Dolinoy et al., 2007) (Figure 1.4 C). Whether DNA

methylation patterns at the IAP element normalise in response to increased

methyl groups remains unclear (Cropley et al., 2010; Dolinoy et al., 2007).

However, the Avy locus undergoes epigenetic reprogramming during early

embryogenesis including the removal of IAP methylation following maternal

transmission of the allele (Blewitt et al., 2006). This suggests a mechanism of

inheritance that might be independent of DNA methylation or reconstruction-

based. Indeed, sperm ncRNA profiles, including tRNA fragments, are ab-

normal in the sperm of F1 males derived from mating an Avy obese male to

wildtype lean female (Cropley et al., 2016). This suggests RNA-based mech-
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anisms may contribute to inheritance and reconstruction of abnormal DNA

methylation profiles at the IAP element.

The Avy model highlights several key points regarding TEI. It involves a

repetitive element, the epigenetic marks are responsive to environmental mod-

ulation in the exposed generation and several epigenetic factors are dysregu-

lated together. I discuss some of these in section 1.1.4, and also address the

limitations of applying findings from the Avy model to TEI more generally.
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Figure 1.4: Agouti viable yellow (Avy): a classic example of epigenetic inheri-
tance. (A) An intracisternal A particle (IAP) upstream of the Agouti coat colour
gene regulates Agouti gene expression in a DNA methylation-dependent man-
ner in Avy mice. When the IAP element is fully methylated, Agouti expression
is driven from the nascent promoter resulting in mice with a brown (pseudo-
agouti) coat colour. When the IAP element is unmethylated, a promoter in the
IAP element drives ectopic Agouti expression leading to a yellow coat colour
and a metabolic phenotype. Partial methylation at the IAP element leads to
a mottled coat colour. (B) The methylation status of the Agouti allele, and
therefore the coat colour and metabolic phenotypes, are heritable over multiple
generations via the maternal line. A yellow Avy/a female will have an increased
propensity to have yellow offspring compared to a brown Avy/a female when
mated to an a/a male due to epigenetic inheritance at the Avy allele. In the
schematic, only Avy/a offspring are depicted, a/a progeny have been excluded for
simplification. (C) The methylation status of the Agouti gene can be influenced
by environmental factors, such as dietary methyl donor supplementation. A
methyl-rich diet fed to a mottled coat coloured Avy/a female reduces the number
of yellow offspring in her litters with respect to unsupplemented controls (see
panel B). Figure based upon images in Morgan et al., 1999. Figure from Blake
et al., 2018

1.1.4 Common themes and conflicts in the study of TEI

1.1.4.1 The repetitive genome

A large part of most genomes are made up of repetitive elements, such as

transposons and retrovirus-derived sequences. These need to be silenced to

prevent their transposition into other regions of the genome resulting in muta-

tion (Crichton et al., 2014). Epigenetic mechanisms are vital to their suppres-

sion. Epigenetic marks at repetitive elements may be more likely to be resistant

to epigenetic reprogramming than unique loci, thus providing scope for her-

itability (Hackett et al., 2013; Smallwood et al., 2011; Kobayashi et al., 2012).

Numerous models of TEI have implicated repetitive loci in their mechanism

of inheritance, for example the heat-shock induced expression of a multi-copy

fluorescent reporter array in C. elegans (Klosin et al., 2017) and in Avy/a mice.

The Avy allele is classified as a metastable epiallele, defined as an IAP element

that has variable methylation between isogenic individuals (Kazachenka et al.,

2018). Recently, using genome-wide screens, many more metastable epialleles

have been identified (Kazachenka et al., 2018). Like the Avy allele, the methyla-

tion at these IAP elements is reprogrammed after fertilization. However, unlike
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Avy, metastable epiallele methylation is then reestablished in a variable manner

in the offspring rather than reflecting the methylation status of the parent. The

inheritance of methylation status only occurs at exceptional loci (Kazachenka

et al., 2018). Additionally, most did not affect transcription (Kazachenka et al.,

2018). This suggests that the Avy locus is very much the exception rather than

the rule and cautions against making generalisations about epigenetic inheri-

tance based on our findings regarding the Avy allele. However, this does not

preclude that the repetitive genome may still play an important role in TEI.

1.1.4.2 Interactions between mechanisms

There is a significant level of interaction between DNA methylation, histone

modifications and their related machineries. Histone modification patterns

can influence DNA methylation via interactions with the DNA methyltrans-

ferase enzymes. For example, DNMT3 enzymes each contain an ADD domain

(ATRX-DNMT3-DNMT3L) that recognises unmodified H3 and is inhibited by

H3K4 methylation (Otani et al., 2009). Interactions between histones and the

DNA methylation machinery can also be facilitated by adaptor proteins. The

multi-domain protein UHRF1 can act as an adaptor between histone methyla-

tion and DNMT1 and may play a role in mediating H3K9 methylation associ-

ated DNA methylation (Zhao et al., 2016; Du et al., 2015). An excellent example

of the histone modification-DNA methylation interaction occurs in oocytes.

The unique DNA methylation landscape of oocytes, with DNA methylation

in transcribed gene bodies, is associated with the acquisition of H3K6me3 and

the KDM1A mediated loss of H3K4me3 at CGIs (Gahurova et al., 2017; Stewart

et al., 2015). Furthermore, interplay between DNA methylation and histone

modifications is important in the protection of imprinted loci from reprogram-

ming in the early embryo. The binding of a range of factors and cofactors (e.g.

STELLA) to H3K9me2 and H3K9me3 may play a role in protecting parental

DNA methylation at imprinted domains (Nakamura et al., 2007; Quenneville

et al., 2011). Furthermore, UHRF1 and histone binding proteins act as part

of a complex to recruit DNMT1 and the H3K9 methyltransferase SETDB1 and

exclude TET enzymes at imprinted genes (Messerschmidt, 2012).
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An increasing number of TEI studies have combined analyses of DNA

methylation, histone modifications and ncRNAs in a single model system.

For example DNA methylation, histone modifications and ncRNAs have been

assessed in the sperm of F3 generation rats ancestrally exposed to vinclozolin

(Ben Maamar et al., 2018). However, studying the F3 generation reveals the

endpoint epigenetic status not those epimutations responsible for instigating

inheritance. Additionally, how epigenetic modifications interact is often not ex-

plored. For example, DNA methylation or histone modification patterns might

regulate small ncRNA expression. This, in turn, may direct DNA/histone

methylation patterns to ultimately establish an interactive feedback system

(Miska and Ferguson-Smith, 2016). Further collaborative, multifaceted, ap-

proaches to assess all epigenetic pathways in a single model are required to

fully explore epigenetic mechanisms of inheritance.

1.1.4.3 The bandwidth of inheritance

It is debated in the field of epigenetic inheritance whether specific information

regarding an adverse environment is transmitted to the next generation or

whether a more general signal of suboptimal conditions is inherited. This is de-

scribed in terms of the extent or bandwidth of information that can be commu-

nicated (Rando, 2016). Evidence supporting the transfer of specific information

comes from a multigenerational study assessing olfactory fear conditioning

in mice (Dias and Ressler, 2014). In this study, F0 males were conditioned

to associate a specific odour with a foot shock (Dias and Ressler, 2014). The

F1 and F2 generations derived from these conditioned males have increased

behavioural sensitivity to the conditioned odour and not other odours even

though they had not been conditioned themselves (Dias and Ressler, 2014).

Importantly, social transmission of odour sensitivity was excluded using in

vitro fertilization and cross-fostering (Dias and Ressler, 2014). Alternatively,

recent evidence for inheritance of a general message comes from exposing

mice to nicotine (Vallaster et al., 2017). This exposure primes their male F1

offspring for increased survival when exposed to toxic levels of nicotine or

cocaine (Vallaster et al., 2017). This suggests a general enhanced xenobiotic
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resistance is inherited (Vallaster et al., 2017). It may be that the bandwidth of

inheritance is epigenetic inheritance paradigm specific.

1.1.4.4 Correlating epigenetic changes to phenotypes

It is rare that researchers are able to correlate the epimutations identified di-

rectly to phenotypic outcomes. In many models of epigenetic inheritance,

offspring generations have various phenotypes involving numerous tissues

and biological pathways. However, the epigenetic changes reported in such

models can often be limited to a restricted number of loci. It is possible that

epimutations impacting expression of a key transcriptional regulator or epige-

netic modifier could lead to a cascade of transcriptional events that result in a

broad spectrum of phenotypes.

Additionally when considering DNA methylation it is important to recog-

nise that the DNA methylation status at any given cytosine residue is bi-

nary. Each cytosine can be methylated or unmethylated. However, moderate

changes in CpG methylation (<10%) are often reported in intergenerational

inheritance models in which DNA methylation is assessed (for example in

Radford et al. (2014)). These are often associated with complex disease pheno-

types. In general, the degree of DNA methylation change that can lead to dra-

matic alternations in gene expression and severe phenotypes remains poorly

explored. Understanding the biological significance of small DNA methylation

changes that result from environmental stressors is a challenge that should not

be ignored.

In the case of ncRNAs, causality between germline misexpression of ncRNA

species and offspring phenotypes has been demonstrated to some extent using

microinjection studies. Microinjection of ncRNA species misregulated in ex-

posed male sperm into naive fertilised oocytes has been shown to be able to at

least partially recapitulate offspring phenotypes (Chen et al., 2015; Gapp et al.,

2014; Sharma et al., 2016). While not definitive, these studies go some way

to demonstrating that specific germline epigenetic changes can impact gene

expression and offspring phenotype.
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1.1.4.5 Allowing for phenotypic and epigenetic variability

Under normal circumstances, considerable epigenetic variation exists between

individuals (Shea et al., 2015). Therefore, this must be considered when assess-

ing epigenetic changes in models of epigenetic inheritance. This is rarely the

case, with many studies pooling samples together for analysis. Remarkably,

one study showed epigenetic variation as a result of diet manipulation is less

than natural epigenetic variation between individuals (Shea et al., 2015). It is

currently unclear whether environmental insults affect the epigenome stochas-

tically in each individual and/or within the germ cell population, or whether

there are hotspots within the epigenome such that a population is similarly

affected. Single cell methylome and transcriptome technologies may permit us

to better understand this heterogeneity and epigenome sensitivity.

1.1.4.6 Considering genetic effects

Epigenetic inheritance is often defined as inheritance that is entirely indepen-

dent of the DNA-base sequence. However, the genome and epigenome are

intrinsically linked. Very few researchers actually confirm that genetic factors

do not play a role in the inheritance of phenotypes in their TEI paradigm.

The reasons this must be considered are twofold. Firstly, epigenetic instability

may promote genetic instability. For example, DNA methylation is a known

mutagen since spontaneous deamination of methyl-cytosine forms thymine

and thus generates a C→T transition mutation (Robertson and A.Jones, 2000).

Secondly, the environmental stressors that affect the epigenome and lead to

inheritance of phenotypes may be mutagenic themselves e.g. vinclozolin (Skin-

ner et al., 2015). Genetic background effects also influence whether phenotypes

and/or epigenetic changes are associated with specific environmental stressors

(Guerrero-Bosagna et al., 2012). This may be due to differences in interactions

between the epigenome and underlying genome. Only a few epigenetic inher-

itance studies have taken take into account potential genetic effects (Oey et al.,

2015; Skinner et al., 2015). Altogether, how the epigenome interacts with the

genome needs to be explored further in models of epigenetic inheritance.
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1.1.4.7 Confounding influences

Investigations into the mechanisms of TEI need to be well designed to avoid

confounding factors. Studies of inheritance through the maternal line can be

confounded by the intrauterine environment and maternal care behaviours.

For example, stressful male-female mating interactions could impact the stress

hormones embryos are exposed to in utero and the care-giving behaviours expe-

rienced from their mothers (Champagne and Meaney, 2006; Bohacek and Man-

suy, 2017). Female mate choice can also impact offspring outcomes, with fe-

males investing less in pups sired by poor quality non-preferred males (Drick-

amer et al., 2003). Cross fostering, embryo transfer and assisted reproductive

technologies can be used to rule out these effects (Bohacek and Mansuy, 2017).

It is for these reasons that most studies of TEI focus on paternal inheritance,

as males were thought to pass solely genetic and epigenetic information to

their offspring. Yet paternal inheritance itself is not without confounders. For

example mate choice effects, seminal fluid composition or perhaps even the mi-

crobiome could influence offspring outcomes (Watkins et al., 2018; Heard and

Martienssen, 2014). Additionally, litter and cage effects need to be considered

as littermates tend to be more similar than non-littermates (Carone et al., 2010).

Many reports to date are unable to exclude these confounding factors, although

the field is beginning to consider them more thoroughly.

1.1.5 The relevance of TEI to human populations

There is much circumstantial evidence for intergenerational inheritance in hu-

man populations. However, very few epigenetic studies have been completed.

TEI is difficult to study in human populations due to long generation times,

genetic diversity and variable environmental conditions. Retrospective analy-

ses form most of the body of evidence for intergenerational inheritance, with

most studies only observing parent-child transmission. The seminal works in

the field of human intergenerational inheritance explore the role of the Dutch

Hunger Winter, a famine in Amsterdam from October 1944 to May 1945, on

offspring health (Painter et al., 2008). In utero exposure to famine, particu-

larly during the first trimester, resulted in reduced infant birth weights and

metabolic disorders in the F1 offspring (Painter et al., 2008; Ravelli et al., 1999).
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Remarkably, F2 adult offspring of men exposed in utero had increased BMIs

compared to offspring of unexposed fathers (Veenendaal et al., 2013). Women

exposed to famine in utero had first-born babies with increased birth weights

(Lumey et al., 1995) and their granddaughters had higher mean ponderal in-

dices (relationship between weight and length) at birth compared to grandsons

(Painter et al., 2008). The effect of diet on offspring health was studied further

using accurate records of food consumption for the population of Overkalix,

Sweden (Pembrey, 2010). Fluctuations in food supply during childhood (prior

to puberty) can impact offspring health in a sex-specific manner (Bygren et al.,

2014). For instance, abundant food during a paternal grandfathers childhood

resulted in diabetes and reduced survival of his grandchildren (Kaati et al.,

2002), whereas paternal grandmothers had granddaughters with an increased

risk of cardiovascular disease (Bygren et al., 2014). Recent studies have also

suggested that air pollutants (Robledo et al., 2015), post-traumatic stress disor-

der (Nadler et al., 1985; Yehuda et al., 2001) and smoking (Miller et al., 2014) can

also impact the health of an exposed individual’s children and grandchildren.

However, our mechanistic understanding of human intergenerational in-

heritance is limited. Some studies have shown locus specific DNA methylation

changes in offspring of exposed individuals. For example, in utero famine

exposure correlated with decreased DNA methylation in the regulatory con-

trol region of the growth gene IGF2 in blood samples (Heijmans et al., 2008).

Similarly, genome-wide DNA methylation analysis of individuals exposed to

famine in utero found a small increase (0.7-2.7%) in methylation at specific CpG

sites associated with genes involved in growth, development, and metabolism

in whole blood samples (Tobi et al., 2015). Furthermore, cigarette smoking has

been shown to alter sperm DNA methylation patterns (Jenkins et al., 2017).

Altogether, these studies suggest that intergenerational inheritance of in-

creased disease risk does occur in human populations and that epigenetic fac-

tors may play a role. However, much further work will be required to achieve

a full understanding whether true TEI occurs in human populations and the

mechanisms behind it. Animal models are likely to play a vital part in this

research. Developing a full understanding of the phenomenon of TEI could
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have important implications for predicting and preventing human disease in

the future.

1.2 Folate, health and disease

Folate is a vitamin that has important roles in health and disease (Silva et al.,

2017). Folate deficiency in humans is classically associated with megaloblastic

anaemia (Herbert, 1962). It has been known for many decades that folate is

important for foetal development, most famously in the prevention of neural

tube defects (Group, 1991). In the United States, since 1998 there has been

mandatory fortification of grain products with folic acid. This has coincided

with a decrease in the incidence of birth defects and is often heralded as a

preventative medicine and public health success story (Crider et al., 2011).

However despite this, very little is known about the molecular mechanisms

underpinning the influence of folate on health and disease.

1.2.1 Folate metabolism

Folate cannot be synthesised de novo in mammals but rather it is obtained from

the diet (Matherly, 2001). Folic acid is the synthetic form of folate used for

oral supplementation and food fortification (Silva et al., 2017). Folate and me-

thionine metabolism are integrated as part of one-carbon metabolism (Figure

1.5). Folate is absorbed by the intestine and transported into cells via folate

receptors (e.g. FOLR1) or folate transporters (e.g. SLC19A1) (Ratnam et al.,

1989). Once internalised folate is reduced to dihydrofolate (DHF). DHF is con-

verted to tetrahydrofolate (THF) by Dihydrofolate reductase and subsequently

converted to 5-10-methylene-tetrahydrofolate by Serine hydroxymethyltrans-

ferase (Xu and Sinclair, 2015). 5-10-methylene-tetrahydrofolate is then reduced

to 5-methyltetrahydrofolate (5-methyl-THF) by Methylenetetrahydrofolate re-

ductase (MTHFR) (Zhu et al., 2014). 5-methyl-THF is the main circulating form

of folate (Zhu et al., 2014) (Figure 1.5). A methyl group from 5-methyl-THF is

then transferred to homocysteine by Methionine synthase (MTR, also known

as MS). This forms methionine and THF (Shane and Stokstad, 1985) (Figure

1.5). MTR is activated by Methionine synthase reductase (MTRR) through the
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reductive methylation of its cofactor, vitamin B12 (Yamada et al., 2006). Methio-

nine is converted to S-adenosylmethionine (S-AdoMet or SAM) by Methionine

adenosyltransferase (MAT) enzymes (Xu and Sinclair, 2015). SAM is the sole

methyl donor for cellular substrates including proteins, RNA and DNA (Xu

and Sinclair, 2015; Singh and Jaiswal, 2013). Beyond cellular methylation, one-

carbon metabolism is also required for DNA synthesis. A methyl group from

5-10-methylene-THF is also used in the conversion of deoxyuridine monophos-

phate (dUMP) to deoxythimidine monophosphate (dTMP) by Thymidylate

synthetase (Xu and Sinclair, 2015). dTMP is the DNA base thymidine. Due

to its key role in the generation of both SAM and thymidine, folate metabolism

is required for maintaining the epigenetic landscape and genetic stability of a

cell.

Figure 1.5: The folate and methionine cycles. MTHFR converts 5,10-
methylene-THF to 5-Methyl-THF. MTR (MS), activated by MTRR, transfers a
methyl group from 5-methyl-THF to homocysteine to form methionine and
THF. Methionine is the precursor of SAM, which is a methyl donor for cel-
lular substrates. Thymidylate synthetase converts dUMP to dTMP, for DNA
synthesis, using 5,10-methylene-THF as a methyl donor. Figure adapted from
Padmanabhan et al., 2013.

1.2.2 Folate, disease and offspring health

Folate has been linked to a wide spectrum of diseases including allergy, cancer,

metabolic disorders, neurological and behavioural problems and developmen-



30

tal abnormalities (reviewed in Silva et al. (2017)). Importantly, abnormal folate

status or disrupted folate metabolism have not only been linked to disease in

the exposed generation but also to disease in their offspring. The roles of both

dietary folate deficiency and supplementation have been explored in human

populations and animal models. Rodent models in which folate metabolism is

disrupted by genetic mutations have been developed and human populations

with polymorphisms in key folate metabolism enzymes have been studied. The

literature regarding folate, disease and offspring health is extensive but often

lacking consensus or even conflicting.

Here I highlight some key studies examining the role of folate on offspring

health, primarily considering foetal growth and development. These are the

primary phenotypes observed in a model of abnormal folate metabolism re-

sulting from a mutation in the gene Mtrr (Mtrrgt) that is the focus of this thesis.

I also highlight studies examining the role of folate in adult disease, focusing on

the effects on male fertility and testes function. The evidence for the molecular

mechanisms by which folate may influence offspring health is also considered.

These are themes that are explored further in the Mtrrgtmodel in this thesis.

1.2.2.1 Folate and developmental abnormalities

In utero exposure to maternal dietary folate deficiency leads to embryonic

and pre-weaning phenotypes. Folate is primarily known for its role in neu-

ral tube development. Folate supplementation in the periconceptual period

has been shown to drastically reduce the incidence of neural tube defects in

human populations (Czeizel and Duds, 1992; Group, 1991). During human

pregnancy, low concentrations of folate and hyperhomocysteinemia (increased

serum homocysteine concentration) are also associated with increased risks of

pre-term delivery, low birth weight, preeclampsia, foetal growth retardation

and placental abruption or infarction (Ray and Laskin (1999), reviewed in

Scholl and Johnson (2000)). A range of similar embryonic phenotypes are seen

in mice fed a low folate diet or with disrupted folate metabolism. These include

developmental delay, growth restriction, congenital malformations (including

neural tube defects), placental defects and increased reproductive failure (e.g.

miscarriage or post-partum litter death) (Tee and Reinberg, 2014; Momb et al.,
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2013; Deng et al., 2008; McKay and Mathers, 2015). However, the prevalence of

these defects varies across models. Knock-out mutations in folate metabolism

genes, e.g. Mthfd1 (MacFarlane et al., 2009) and Mtr (Swanson et al., 2001),

are homozygous lethal. In mice, dietary folate deficiency alone is not suf-

ficient to cause neural tube defects (Heid et al., 1992). Folate is also vital

for pre-implantation embryo development. Evidence from in vitro culture,

demonstrates that depletion of folate, by the addition of the folate antagonist

methotrexate, inhibits the development of mouse embryos beyond the first cell

division and bovine and ovine embryos beyond day eight (Kwong et al., 2010;

O’Neill, 1998). Intriguingly, very high doses of folic acid in mice have also been

reported to negatively impact embryo development. Supplementation with

high doses of folic acid during pregnancy was associated with embryonic loss,

developmental delay and heart defects (septal defects and decreased ventric-

ular wall thickness) at embryonic day (E) 14.5 (Mikael et al., 2012). Together,

these data suggest that folate is required at an optimal level throughout preg-

nancy to support normal embryonic development.

Folate deficiency in males has also been shown to have effects on embryonic

development. Paternal folate deficiency, from prior to breeding until weaning,

led to an increase in birth defects, including craniofacial defects, placental

phenotypes and musculoskeletal abnormalities, in the offspring (Lambrot et al.,

2013). Abnormal folate metabolism resulting from the Mtrrgtmutation in grand-

fathers has also been shown to increase the incidence of congenital malforma-

tions (including heart and neural tube defects) in their wildtype grandprogeny

(Padmanabhan et al., 2013). However, in comparison to the wealth of studies

considering the role of folate during pregnancy, there is a sparsity of studies

investigating paternal folate status and offspring health. Further research into

the role of folate deficiency or abnormal folate metabolism in males is required.

Altogether, these data highlight an important role for both maternal and pater-

nal folate status in ensuring normal embryonic development.

1.2.2.2 Folate and adult disease

Dietary folate deficiency and disrupted folate metabolism are also associated

with a range of adult diseases including hepatic, haematological, cardiac,
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metabolic and neurological phenotypes (Chanson et al., 2005; Pogribny et al.,

2013; Eckart et al., 2013; Christensen et al., 2013; Ash et al., 2013; Padmanabhan

et al., 2018). Folate deficiency and abnormal folate metabolism also impact

male fertility and testes function in mice and humans (Lambrot et al., 2013;

Murphy et al., 2011; Wong et al., 2002; Ebisch et al., 2003; Boxmeer et al., 2009;

Singh and Jaiswal, 2013). For example, the C677T mutation in the gene MTHFR

is associated with reduced fertility in men (Bezold et al., 2001; A et al., 2007).

Knocking out the gene Mthfr in mice leads to a testes phenotype, though the

severity of the defect depends upon the genetic background of the mouse. For

instance, the Mthfr-/- loss of function mutation in mice with a BALB/c genetic

background results in fewer proliferating germ cells in the early postnatal pe-

riod and infertility in adulthood (Chan et al., 2010). In contrast, a milder testes

phenotype is observed in C57Bl/6 mice that are homozygous for the Mthfr-/-

mutation (Chan et al., 2010). Sperm count is reduced and abnormal testes

morphology is observed despite normal fertility (Chan et al., 2010). Similarly, in

some human populations, the Mtrr A66G mutation is associated with reduced

fertility (Lee et al., 2006). However, in different populations those with the

MTRR A66G mutation have normal fertility (Ni et al., 2015; Montjean et al.,

2011; Mfady et al., 2014). This suggests that genetic background may influence

the impact of the MTRR A66G mutation. Additionally, in men, infertility

correlated with reduced folate concentrations in serum compared to fertile

individuals (Murphy et al., 2011). Indeed, dietary supplementation with folic

acid improves fertility in subfertile men (Wong et al., 2002; Ebisch et al., 2003),

though the molecular mechanism of this recovery is unclear. Furthermore,

dietary folate deficiency in mice is associated with delayed onset of meiosis

during spermatogenesis (Lambrot et al., 2013). Abnormalities in spermatoge-

nesis and fertility may be associated with genetic and epigenetic aberrations

in sperm which have the potential to impact offspring development (Schulte

et al., 2010; Kobayashi et al., 2007).

Importantly, in utero exposure to folate deficiency also results in adult phe-

notypes in the offspring. Adult offspring from folate-depleted dams have a

spectrum of metabolic dysfunction (McKay et al., 2016; Barnett et al., 2015). For

example, in sheep, adult offspring of folate-deficient mothers (fed a methyl-
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deficient diet lacking vitamin B12, folate and methionine) had increased body

weight and adiposity, insulin resistance and altered immune responses to anti-

genic challenge (Sinclair et al., 2007). These adult phenotypes in the offspring of

folate-deficient mothers have the potential to impact the development of their

offspring. In such a manner, the negative effect of folate deficiency experienced

in one generation may be perpetuated.

Studies investigating the effects of folate deficiency and/or supplementa-

tion and disrupted folate metabolism have not revealed a clear picture re-

garding how folate impacts the health of both exposed individuals and their

offspring. The phenotypes observed vary in penetrance, frequency and occur-

rence between models. Discrepancies arise between dietary and genetic stud-

ies, genetic studies with mutations in different genes and even between studies

using seemingly similar dietary paradigms. For example, SAM levels were

decreased in some models of abnormal folate metabolism e.g. Mtrrgt/gtmice

(Elmore et al., 2007) but not others e.g. Mthfd1gt/+ mice (MacFarlane et al., 2009).

Disparities between dietary and genetic studies, and between genetic studies

with mutations in different folate metabolism enzymes, may be explained by

the differing biochemical outcomes resulting from disruption of the folate and

methionine cycles at different points. Meanwhile, a lack of consistency with

respect to the severity of folate depletion or supplementation or the duration

and timing of the dietary manipulation may account for conflicting findings

in dietary manipulation studies. Furthermore, studies often combine folate

deficiency with other challenges e.g. high fat diet, concomitant selenium

deficiency, genetic variants in folate metabolism enzymes. While vital for

studying gene-nutrition interaction and perhaps more accurately mimicking

human populations, these models make it difficult to tease apart the molecular

mechanisms by which folate acts to influence offspring health. Rigorous folate-

specific studies in animal models and human populations will be required to

further our understanding. However, the variability observed between models

and conflicting nature of the folate literature may reflect stochasticity in the un-

derlying mechanism by which folate deficiency or abnormal folate metabolism

causes disease.
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1.2.3 Mechanisms of folate-related disease

Due to its key role in the generation of both thymidine and SAM, folate

metabolism is required for both DNA synthesis and cellular methylation re-

actions (Figure 1.5). Disruption of these key processes is thought to account for

the array of negative outcomes associated with folate deficiency or disruptions

to folate metabolism (Xu and Sinclair, 2015). However, the exact mechanisms

by which folate deficiency, supplementation or abnormal metabolism act to

cause phenotypes is still not well understood.

Many studies have shown both global and locus-specific DNA methyla-

tion alterations resulting from folate deficiency and supplementation in utero

(McKay et al., 2011; Richmond et al., 2018; Sie et al., 2013). It has been suggested

that DNA methylation changes resulting from abnormal folate metabolism

may be stochastic, thus accounting for the spectrum of phenotypes observed

(Padmanabhan et al., 2013). However, many studies were unable to identify

DNA methylation changes following folate deficiency. For example, female

rats fed a folate-deficient diet from two weeks prior to breeding had no changes

in global DNA methylation in maternal or foetal liver tissue (Maloney et al.,

2007). Unfortunately most studies examining DNA methylation in the context

of offspring phenotypes only assess DNA methylation in offspring somatic

tissues. They do not investigate DNA methylation in the parental germline,

thus are unable to determine if epigenetic patterns are being directly inher-

ited or if an abnormal in utero environment leads to dysregulation of DNA

methylation in the offspring. A couple of exceptional studies have however

identified abnormalities in sperm DNA methylation patterns in folate-deficient

male mice (Lambrot et al., 2013) or males deficient for the folate metabolism

enzyme MTHFR (Chan et al., 2010). Overall, these findings suggest that fo-

late can influence the epigenome. However, all studies to date have failed

to provide substantive evidence that any DNA methylation changes observed

directly lead to the phenotypes reported.

Other studies have focused on the role of the folate cycle in the produc-

tion of thymidine and the effects disrupting this may have on DNA synthesis

and cell proliferation. It has been speculated that the rapid cell division in

embryogenesis makes it vulnerable to low folate conditions (Imbard et al.,
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2013). Indeed, murine/bovine/ovine embryo development in vitro can be

halted using methotrexate (a folate antagonist). This can be partially rescued

by supplementation of the culture medium with thymidine (Kwong et al.,

2010; O’Neill, 1998). This suggests that development was partly halted as a

result of defective DNA synthesis (Kwong et al., 2010). Additionally, folate

deficiency has been associated with genetic instability in mice and cultured

human lymphocytes. Folate-deficient BALB/c mice showed increased DNA

fragmentation index and increased mutation frequency at expanded simple

tandem repeats (Swayne et al., 2012). Cultured human lymphocytes exposed to

folate-deficient culture conditions have DNA strand breakage and uracil mis-

incorporation (Duthie and Hawdon, 1998). Altogether, this suggests that folate

deficiency can negatively impact genetic stability and DNA synthesis. This

could clearly contribute to diverse disease phenotypes. Phenotypic variability

may result from differences in the degree of genetic instability or the location

of genetic mutations arising from it. However, the approaches used in many

studies have generally been low resolution, often identifying the presence of

DNA damage but not where in the genome this occurs. Identifying mutations

in genes associated with the phenotypes observed following folate deficiency

will be required to specifically demonstrate a genetic cause.

It has also been postulated that the effects of folate deficiency may be me-

diated by changes in the individual’s metabolic signalling or immune system.

It has been suggested that dysregulation of the inflammatory response may be

involved in mediating negative pregnancy outcomes associated with hyperho-

mocysteinemia (Mikael et al., 2013). In Mthfr+/- mice fed folate deficient diets

the expression of ApoAI, a modulator of immune function, was increased in

liver and offspring placenta (Mikael et al., 2013). Additionally, hyperhomo-

cysteinemia may lead to elevated inflammatory cytokine levels (Forges et al.,

2007). Furthermore, nitric oxide (NO) signalling, which has been implicated

in neurodegenerative diseases and plays an important role in many aspects of

sperm functionality, may be disrupted as a result of hyperhomocysteinemia

(Singh and Jaiswal, 2013; Knott and Bossy-Wetzel, 2009). Reactive oxygen

species (ROS) levels are known to be elevated by abnormal folate metabolism

or availability, and are associated with oxidative stress (Ho et al., 2003). Oxida-



36

tive stress in sperm can cause DNA damage, affect the epigenetic reprogram-

ming that occurs in the early embryo and thus consequently impair embryo

development (Wyck et al., 2018). As such these factors may act downstream

of or in concert with epigenetic and genetic factors to contribute to the phe-

notypes associated with folate deficiency. It will be necessary to investigate

multiple mechanistic candidates in models of abnormal folate metabolism or

folate deficiency to get a full molecular understanding of how folate is linked

to disease.

1.3 The Mtrrgtmodel of TEI

I study the phenomenon of TEI in a mouse model of abnormal folate metabolism.

In this model, the progression of the folate cycle is disrupted by a mutation in

the gene Methionine synthase reductase (Mtrr) (Elmore et al., 2007; Padmanabhan

et al., 2013; Deng et al., 2008). The MTRR enzyme is required for the progression

of the folate and methionine cycles (Figure 1.5). MTRR is a dual flavoprotein

and contains an N-terminal flavin mononucleotide (FMN)-binding domain and

a C-terminal flavin adenine dinucleotide (FAD)-binding domain. MTRR catal-

yses NAPDH dependent reduction of MTR, transferring a electron through

covalently bound FMN and FAD cofactors (Elmore et al., 2007).

The Mtrr mutation was generated by insertion of a gene-trap (gt) vector

into intron 9 of the Mtrr locus (Mtrrgt) (Padmanabhan et al., 2013; Elmore et al.,

2007). Gene-trap insertion was performed in 129/P2 embryonic stem cells.

These were injected into C57Bl/6 blastocysts. Upon germline transmission

the Mtrrgtallele was maintained by backcrossing, at least 8 generations, into

the C57Bl/6 strain (Elmore et al., 2007). The gene-trap insertion into intron 9

generates a fusion protein of MTRR and β-galactosidase/neomycin phospho-

transferase and removes the C-terminal FAD/NADPH domains of the MTRR

protein (Elmore et al., 2007). The Mtrrgtmutation is hypomorphic owing to

splicing out of the gene-trap, although this seems to occur to differing de-

grees in a tissue-specific manner (Elmore et al., 2007). Mtrr mRNA expression

was 19-37% of Mtrr+/+levels in Mtrrgt/gtmice dependent on the tissue assessed

(Padmanabhan et al., 2013). A similar decrease in MTRR protein levels was

also observed (Elmore et al., 2007). Mtrrgt/gtmice are characterised by a adult
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metabolic phenotype including hyperhomocysteinemia (Padmanabhan et al.,

2013), increased liver 5-methyl-THF, reduced plasma methionine and reduced

heart AdoMet/AdoHcy ratio (Elmore et al., 2007). Mtrrgtmice also have late

onset haematological abnormalities: Mtrrgt/gtfemale mice display macrocytic

anaemia and splenomegaly whereas Mtrrgt/gtmale mice were not anaemic but

had erythrocytic macrocytosis and lymphopenia (Padmanabhan et al., 2018).

Overall, the Mtrrgtmutation leads to adult metabolic and haematological dys-

function and may affect other systems not yet fully characterised.

1.3.1 The Mtrrgtmodel and developmental phenotypes

The Mtrrgtmutation is also associated with developmental defects. A range

of phenotypes were observed in litters of Mtrr+/gtintercrosses at both at E10.5

and E14.5 (Padmanabhan et al., 2013; Deng et al., 2008). At E14.5, maternal

Mtrr deficiency was associated with developmental delay, growth defects, re-

duced placental weight and an elevated frequency of congenital heart defects

including ventral septal defects (Deng et al., 2008). At E10.5, in addition to

the phenotypes observed at E14.5, neural tube defects (failed closure in the

cranial or spinal cord regions), reversed heart looping, haemorrhage (placental

and embryonic) and placental abnormalities (e.g. off-centred chorio-allantoic

attachment) were observed (Padmanabhan et al., 2013). Importantly, pheno-

types were seen in all embryonic genotypes including Mtrr+/+embryos (Pad-

manabhan et al., 2013). This result suggested that parental exposure to the

Mtrrgtmutation was sufficient to cause developmental phenotypes. However,

Mtrr+/+intercrosses revealed females that had abnormal litters always had a

Mtrr+/gtgrandparent (Padmanabhan et al., 2013). This suggested embryonic

phenotypes were associated with grandparental not parental Mtrrgtmutation

(Padmanabhan et al., 2013).

Highly controlled genetic pedigrees were used to investigate this effect fur-

ther (Figure 1.6). In the Mtrr+/gtmaternal grandparent pedigrees, a Mtrr+/gtmale

or female (F0), respectively was crossed to a C57Bl/6 control mouse (Figure

1.6). The wildtype F1 daughter of this cross was mated to a C57Bl/6 male

(Figure 1.6). Phenotypes were then assessed in the wildtype grandprogeny (F2)

generation at E10.5. C57Bl/6 mice were used as controls as they have the same
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genetic background as the Mtrrgtmice but have been bred separately from the

Mtrrgtline. These pedigrees demonstrated that when either maternal grandpar-

ent was heterozygous for the Mtrrgtallele (Mtrr+/gt) the wildtype grandprogeny

(F2) had an increased frequency of growth defects (e.g. intrauterine growth

restriction, growth enhancement and developmental delay) and congenital

malformations (e.g. abnormal placenta development, and heart and neural

tube defects) that were not present in control litters (Padmanabhan et al., 2013).

Embryo transfer experiments were performed to explore the effects of the F1

maternal uterine environment on embryo development. F2 generation blas-

tocysts derived from a Mtrr+/gtmaternal grandparent were transferred to host

mothers prior to implantation. This demonstrated that the maternal grand-

parental Mtrrgtallele affected the grandprogeny phenotype in two distinct ways

(Padmanabhan et al., 2013). Firstly, the grandparental Mtrrgtallele resulted in

an abnormal uterine environment in the wildtype F1 daughters which was

responsible for growth phenotypes observed in the Mtrr+/+F2 grandprogeny

(Padmanabhan et al., 2013). These phenotypes were therefore rescued by

embryo transfer. Secondly, the grandparental Mtrrgtallele caused congenital

malformations in the Mtrr+/+grandprogeny independent of the maternal envi-

ronment (Padmanabhan et al., 2013), thus these phenotypes were not rescued

following embryo transfer. It was hypothesised that these phenotypes resulted

from gametic epigenetic inheritance. This hypothesis was further supported by

evidence that congenital malformations, but not growth defects, were observed

in the F3 and F4 generations derived from a Mtrr+/gtmaternal grandparent (Pad-

manabhan et al., 2013).
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Figure 1.6: Highly controlled genetic pedigrees used to study inheri-
tance in the Mtrrgtmodel. The following pedigrees are shown: Control
C57Bl/6 pedigree, Mtrr+/gtpaternal pedigree, Mtrr+/gtmaternal grandmother
and Mtrr+/gtmaternal grandfather pedigrees and Mtrrgt/gtpedigree. Circle: fe-
male, square: male. Blue outline: C57Bl/6 (control). Black outline: Mtrrgtline;
no fill: Mtrr+/+, half fill: Mtrr+/gt, complete fill: Mtrrgt/gt. I, II and III indicate the
generations (F0, F1 and F2 respectively). Figure provided by Erica Watson.

A similar pattern of inheritance of developmental abnormalities was ob-

served in the wildtype grandprogeny derived from a Mtrr+/gtmaternal grand-

mother or a Mtrr+/gtmaternal grandfather. In both pedigrees, approximately 40-

47% of wildtype grandprogeny conceptuses were phenotypically normal, 22%

growth restricted, 8% developmentally delayed and 12-17% had congenital

malformations (Padmanabhan et al., 2013). There was a significant increase in

the levels of growth enhancement only in grandprogeny of the Mtrr+/gtmaternal

grandfather pedigree (Padmanabhan et al., 2013). In both pedigrees, some lit-

ters were more sensitive to grandparental Mtrr deficiency than others. In some

litters all embryos were normal, in some litters all conceptuses had develop-

mental abnormalities and other litters had varying proportions of both pheno-

typically normal conceptuses and conceptuses with developmental abnormal-

ities (Padmanabhan et al., 2013). Intriguingly, no phenotypes were observed

in the F1 generation derived form a Mtrr+/gtgrandfather, however, phenotypes

were observed in the F1 generation derived from a Mtrr+/gtgrandmother (Pad-

manabhan et al., 2013). The Mtrr+/gtpaternal pedigree was used to demonstrate

that a paternal Mtrrgtallele did not contribute to the inheritance of phenotypes

(Figure 1.6). The offspring of Mtrr+/gtmales (derived from Mtrr+/gtparents)

crossed to a C57Bl/6 female had no congenital malformations or growth de-

fects at E10.5 (Padmanabhan et al., 2013). This was used as evidence to suggest

that neither the paternal nor paternal grandparental Mtrrgtallele influenced
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developmental phenotypes. However, this cannot be totally excluded as phe-

notypes may not be expected in these embryos, as they are similar to the F1

generation of the maternal grandfather pedigree (Padmanabhan et al., 2013).

The presence of phenotypes should be assessed in the F3 generation offspring

derived from the F2 generation of the Mtrr+/gtpaternal pedigree to assess the

paternal lineage.

Importantly there was no sexual dimorphism in the developmental abnor-

malities seen to result from either intrinsic or ancestral Mtrrgtallele, although

assessment of more individuals may make this become apparent (Padmanab-

han et al., 2017). However, both female and male phenotypically normal con-

ceptuses derived from Mtrr+/gtmaternal grandparents had increased placental

efficiency (characterised by increased embryo weight and reduced placental

weight) in each subsequent generation up to the F4 generation. This effect led

to excessive growth in female but not male embryos, such that female Mtrr+/+F4

embryos weighed more than controls (Padmanabhan et al., 2017). This sug-

gested a subtle sexually dimorphic response to ancestral Mtrrgtdeficiency in

phenotypically normal embryos (Padmanabhan et al., 2017). Further character-

isation of ancestral exposure to the Mtrrgtallele revealed an adult haematologi-

cal defect in Mtrr+/+daughters derived from Mtrr+/gtparents, in a parent specific

manner (Padmanabhan et al., 2018). The wildtype daughters of Mtrr+/gtfemales

displayed normocytic anaemia while Mtrr+/+daughters of Mtrr+/gtmales ex-

hibited erythrocytic microcytosis not associated with anaemia (Padmanabhan

et al., 2018). Together these data suggest that the Mtrrgtallele can affect offspring

in a sex and parent-of-origin specific manner in certain circumstances. This

makes understanding the mechanism by which the Mtrrgtmutation influences

offspring phenotype particularly challenging.

1.3.2 The Mtrrgtmodel and dysregulation of DNA methylation

Folate metabolism is required for cellular methylation reactions, therefore dis-

rupting folate metabolism would be expected to lead to DNA hypomethyla-

tion (Jacob et al., 1998; Ghandour et al., 2002). Stochastic changes in DNA

methylation were hypothesised to be responsible for the spectrum of pheno-

types observed in the Mtrrgtmodel. Widespread tissue-specific dysregulation
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of DNA methylation was observed in Mtrrgtmice (Padmanabhan et al., 2013).

Global DNA hypomethylation, measured using a DNA methylation quantifi-

cation kit, was reported in Mtrr+/+, Mtrr+/gtand Mtrrgt/gtnon-pregnant uteri and

livers (∼40% to 75% of C57Bl/6 levels) (Padmanabhan et al., 2013). Simi-

larly, the Mtrr+/+F2 generation placentas at E10.5 of the maternal grandfather

and maternal grandmother pedigrees were also hypomethylated regardless

of phenotype (∼50% to 60% of C57Bl/6 levels) (Padmanabhan et al., 2013).

Global hypomethylation was also reported in the placentas at E10.5 of the

Mtrr+/+F1 generation females of the Mtrr+/gtmaternal grandfather pedigree (de-

rived from a Mtrr+/gtfather and C57Bl/6 mother) and in the placentas of the

Mtrr+/+grandprogeny of the Mtrr+/gtpaternal pedigree. This was despite no

developmental phenotypes being observed in these conceptuses (Padmanab-

han et al., 2013). This suggested that dysregulation of DNA methylation pre-

cedes the appearance of phenotypes in the Mtrrgtmodel. Intriguingly, global

DNA methylation levels in all embryos at E10.5, including Mtrrgt/gtembryos

and Mtrr+/+F2 generation embryos from the maternal grandmother or mater-

nal grandfather pedigrees, were comparable to C57Bl/6 controls regardless of

genotype or phenotype (Padmanabhan et al., 2013). However, global DNA

methylation levels were determined using a DNA methylation quantification

kit based method, which may not have provided the most accurate measure of

DNA methylation levels. More sensitive techniques for assessing global DNA

methylation levels (e.g. mass spectrometry) should be used to study global

DNA methylation in the Mtrrgtmodel.

Furthermore, as a model for the epigenetic stability of the genome as whole,

locus specific methylation at imprinted genes was assessed in Mtrr+/+grandprogeny

placentas at E10.5 using bisulfite pyrosequencing. Dysregulation of DNA

methylation, including hypomethylation and hypermethylation, was observed

at imprinting control regions (Padmanabhan et al., 2013). The degree of dysreg-

ulation of DNA methylation at CpG sites in imprinted loci correlated with the

severity of the phenotype (Padmanabhan et al., 2013). Overall the DNA methy-

lation changes at individual CpG sites were relatively small (generally less than

∼10%) (Padmanabhan et al., 2013). However, imprinting control regions may

not be representative of the genome as a whole, therefore genome-wide ap-
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proaches will be required to confirm whether the dysregulation of DNA methy-

lation occurs more generally. Overall, this suggests that the Mtrrgtmutation, or

ancestral Mtrrgtmutation, can disrupt DNA methylation patterns in a tissue-

specific manner.

I speculate that stochastic dysregulation of DNA methylation across the

genome may be responsible for congenital malformations observed in the

Mtrrgtmodel and may be inherited via the germline. This hypothesis is sup-

ported by evidence that congenital malformations persist after embryo transfer,

thus are independent of the maternal environment, and are observed in the F3

and F4 generations derived from a Mtrr+/gtmaternal grandparent (Padmanab-

han et al., 2013). Additionally, a role for DNA methylation is supported by

evidence that knocking out DNA methyltransferases results in DNA demethy-

lation defects and phenotypes similar to those observed in the Mtrrgtmodel,

such as embryonic lethality by E10.5, neural tube and placenta defects (Hata

et al., 2002).

1.4 Aims and rationale

The objective of the research presented in this thesis was to explore the po-

tential mechanisms responsible for transgenerational inheritance of congenital

malformations in the Mtrrgtmodel. Transgenerational inheritance of develop-

mental phenotypes was demonstrated when either maternal grandparent was

a carrier of the Mtrrgtmutation (Padmanabhan et al., 2013). I focus on inher-

itance in the Mtrr+/gtmaternal grandfather pedigree to avoid the confounding

influence of the maternal environment in the F0 generation. As part of one-

carbon metabolism the folate cycle is vital for DNA synthesis, thus genetic

stability, and cellular methylation reactions, thus epigenetic patterns (Xu and

Sinclair, 2015). Folate metabolism has also been shown to play important roles

in spermatogenesis and male fertility (Chan et al., 2010). Therefore, I proposed

that abnormalities in three key factors in Mtrr deficient males could influence

offspring phenotype; 1) gross sperm morphology, 2) genetic stability and/or 3)

epigenetic modifications.

Firstly, I assessed gross testes morphology, spermatogenesis and mature

sperm parameters to determine if any abnormalities resulted from the Mtrrgtmutation
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(Chapter 3). I determined if the expression of the DNA and RNA methylation

machinery was disrupted in testes and epididymides as this could contribute to

defects in the establishment and/or maintenance of DNA methylation profiles

in sperm.

Secondly, I investigated genetic stability in the Mtrrgtmodel using whole

genome sequencing (Chapter 4). This analysis included consideration of the

genetic background of the region flanking the Mtrr gene itself.

Thirdly, I examined the epigenome, identifying alterations in DNA methy-

lation patterns (Chapter 5) and sncRNAs (Chapter 7) in sperm. I explored

whether DNA methylation changes that I identified in sperm from Mtrr+/gtmales

could be inherited by the F1 and F2 generations and if they impact gene expres-

sion in these offspring (Chapter 6).

These analyses are the first steps to fully elucidating the mechanism of TEI

in the Mtrrgtmodel. Understanding this phenomenon may have important

implications and relevance to disease inheritance in human populations in the

future.



Chapter 2

Methods
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2.1 Animals

Mice were housed at University of Cambridge. This research was regulated

under the Animals (Scientific Procedures) Act 1986 Amendment Regulations

2012 following ethical review by the University of Cambridge Animal Welfare

and Ethical Review Body. Mtrrgt mice were generated as previously described

(Elmore et al., 2007). Briefly, insertion of a gene-trap vector, containing a β-

galactosidase/neomycin phosphotransferase cassette, into intron 9 of the Mtrr

gene was performed in 129/P2 embryonic stem cells (ESCs) (Elmore et al.,

2007). ESCs containing the Mtrrgtallele were injected into C57Bl/6 blastocysts

(Elmore et al., 2007). On germline transmission, the Mtrrgtallele was main-

tained by backcrossing it into a C57Bl/6 genetic background for at least 8

generations (Elmore et al., 2007; Padmanabhan et al., 2013). Mtrrgt/gt mice were

derived from Mtrrgt/gt intercrosses. Mtrr+/+ and Mtrr+/gt mice were derived from

Mtrr+/gt intercrosses. Mtrr+/+, Mtrr+/gtand Mtrrgt/gt mice are distinguishable from

each other by a three-primer polymerase chain reaction (PCR) using primers

flanking the gene-trap insertion combined with a primer for the gene-trap vec-

tor (Padmanabhan et al., 2013). C57Bl/6 mice were used as controls throughout

since the Mtrrgt mutation was backcrossed into the C57Bl/6 background (Pad-

manabhan et al., 2013). Control C57Bl/6 mice were housed separately to the

Mtrr lineage and had never been exposed to the Mtrrgtmutation. Mice were fed

a normal chow diet (Rodent No. 3 breeding chow, Special Diet Services, Essex,

UK) ad libitum from weaning.

2.2 Embryo and placenta collections

All conceptuses were collected at E10.5. Noon on the day the vaginal plug

was detected was considered E0.5. Embryos were scored for phenotypes as

previously published (Padmanabhan et al., 2013), photographed, measured for

crown-rump length and snap frozen in liquid nitrogen. Placentas were snap

frozen whole or trophoblast cells were separated from the maternal decidual

layer by manual dissection. 129/P2 embryos at E10.5 were collected by E.

Watson and N. Padmanabhan.
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2.3 Testes collection and processing

Testes were collected from 16-20 week old male mice proven fertile by mating

to a female mouse. Each testis was weighed at the time of dissection. One testis

per individual was snap frozen for molecular analysis and the other was fixed

in 4% paraformaldehyde in 1x phosphate buffered saline (PBS) overnight at

4◦C. For paraffin embedding, fixed testes were washed in 1x PBS, dehydrated

in ethanol, cleared in Histo-Clear II (National Diagnostics) and embedded in

paraffin wax. Paraffin blocks were sectioned to 7µm in a transverse orientation

and stained with haematoxylin and eosin (H & E) or Periodic Acid-Schiff (PAS)

(Sigma-Aldrich) using standard practices. Histological sections were imaged

with a Nanozoomer 2.0RS digital slide scanner (Hamamatsu Photonics UK

Ltd) and processed with NDP.view2 viewing software (Hamamatsu Photon-

ics). Measurement of testes morphological parameters was performed using

ImageJ (64-bit) software (NIH, USA).

2.4 Immunohistochemistry

Testes sections were de-waxed, rehydrated in ethanol and washed in 1x PBS.

To quench endogenous peroxidase activity, sections were incubated with 3%

hydrogen peroxide in 1x PBS for 30 minutes at room temperature (RT). Antigen

retrieval was performed using trypsin tablets (Sigma-Aldrich) for 10 minutes

according to the manufacturers instructions. Tissue sections were incubated

with blocking serum (5% donkey serum [Sigma-Aldrich], 1% bovine serum

albumin [Sigma-Aldrich] in 1x PBS) for 1 hour at RT. Tissue sections were

then incubated with primary antibody in blocking serum overnight at 4◦C at

the following dilutions: 1:100, anti-MTRR (cat no: 26994-1-AP, ProteinTech,

UK); 1:50, anti-MTHFR (sc-17079, Santa Cruz Biotechnology, USA ); 1:50, anti-

SLC19A1 (sc-47358, Santa Cruz Biotechnology, USA); and 1:50, anti-FOLR1

(sc-28997, Santa Cruz Biotechnology, USA). Tissue sections were washed in

1x PBS, and then incubated with horseradish peroxidase-conjugated donkey

anti-rabbit IgG (ab6802, Abcam, UK) or donkey anti-goat IgG (ab6885, Ab-

cam, UK) diluted to 1:300 in blocking serum for one hour at RT. DAB (3,3-

diaminobenzidine) chromagen substrate (Abcam) was used to perform the
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colorimetric reaction, according to the manufacturers instructions. Histological

sections of testes incubated in blocking serum without the primary antibody

or the secondary antibody were included as controls. Sections were coun-

terstained with haematoxylin, dehydrated in ethanol, cleared and coverslip-

mounted using DPX Mountant (Sigma-Aldrich).

2.5 Assessment of spermatogenesis through the stag-
ing of seminiferous tubules

Assessment of spermatogenesis was performed by staging seminiferous tubules

on PAS-stained histological sections of testes. At least eight sections from three

males per genotype were analysed. At least 40 randomly selected seminifer-

ous tubule cross-sections were assessed per section. Stages were assigned as

previously described in detail (Carrell and Aston, 2013). Briefly, stages I-VIII

were characterised by the presence of round and elongated spermatids and

the development and migration of the acrosome over the nucleus. Stage VII

and VIII were identified by the migration of the elongated spermatids to the

seminiferous tubule lumen. Stages IX-XI were defined by the condensation of

chromatin and nuclear shape change in spermatids. Stage XII was identified

by the presence of characteristic meiotic figures in spermatocytes.

2.6 Testosterone concentration

Peripheral blood was collected using a 26-gauge needle through direct cardiac

puncture after cervical dislocation. Blood was allowed to clot for 30 minutes

at RT before centrifugation to separate serum from the blood cells (2000xg,

10 minutes, 4◦C). Serum was stored at -80◦C. Serum testosterone levels were

assessed using a testosterone enzyme-linked immunosorbent assay (ELISA)

(EIA-1559, DRG International) according to the manufacturer’s instructions.

According to the manufacturer, the ELISA has a sensitivity of 0.083ng/ml of

testosterone, an intra-assay variation of 3.3%, and inter-assay variation of 6.7%.
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2.7 Sperm counts, viability and morphology

Spermatozoa were collected from the cauda epididymis of at least 3 males per

genotype, at least one of which was between 16-20 weeks old. Both cauda epi-

didymides were weighed at the time of dissection. One cauda epididymis per

male was minced in pre-warmed 1x PBS and incubated for 15 minutes at 37◦C

to allow a sperm suspension to form. The sperm suspension was diluted (1:4) in

1x PBS (at RT) and then incubated at 60◦C for one minute to inactivate sperm as

previously described (Wang, 2003). Spermatozoa were counted using a haemo-

cytometer and counts were normalised to average cauda epididymis weight as

previously published (Wang, 2003). Viability was assessed using supravital

staining as previously described (Golshan Iranpour and Rezazadeh Valojerdi,

2013). At least 100 sperm per male were assessed. Briefly, a drop of sperm

was mixed with 1% eosin (Sigma-Aldrich). After 15 seconds, a drop of 10%

aqueous nigrosin (Sigma-Aldrich) was added, mixed and a smear was made.

Sperm morphology was assessed in at least 100 sperm per male. Sperm were

characterised as normal, headless, hookless or amorphous using published

criteria (Wyrobek et al., 1983).

2.8 Fertility analysis

Fertility analysis was performed retrospectively. We examined matings of male

mice (N=52 C57Bl/6 mice, N=42 Mtrrgt/gtmice) with female mice. The time

taken for a copulatory plug to form was calculated. To determine whether

coitus resulted in pregnancy, uteri were dissected and the presence of concep-

tuses assessed or the female was allowed to litter.

2.9 DNA and RNA extractions

RNA was extracted from tissues using TRI-reagent (Sigma-Aldrich) as per the

manufacturer’s instructions with an additional RNA precipitation step in 4M

LiCl at -20◦C overnight. DNA was extracted from tissues using the DNeasy

Blood & Tissue Kit (Qiagen), according to manufacturer’s instructions. When

both DNA and RNA were required form the same tissue, nucleic acid ex-
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tractions were performed using the AllPrep DNA/RNA Mini Kit (Qiagen),

according to the manufacturer’s instructions.

2.10 Reverse transcription

cDNA was synthesised using random hexamer primers (Thermo Scientific) and

RevertAid H Minus reverse transcriptase (Thermo Scientific) using 1-2µg of

RNA in a 20 µl reaction, according to manufacturer’s instructions.

2.11 quantitative PCR (qPCR)

qPCR amplification was conducted using MESA Green qPCR MasterMix Plus

for SYBR Assay (Eurogentec Ltd., UK) on an MJ Research DNA Engine Op-

ticon2 thermocycler (BioRad, USA). The following cycling conditions were

used unless otherwise stated: 95◦C for 10 minutes, 40 cycles: 95◦C for 30

seconds, 60◦C for 1 minute, followed by melt curve analysis. Transcript lev-

els were normalised to housekeeping genes (GAPDH and/or HPRT). Relative

cDNA expression levels were analysed as previously described (Livak and

Schmittgen, 2001). Experiments were conducted in at least duplicate with four

to eight biological replicates. Details of all qPCR primer sequences and primer

concentrations are shown in Table 2.1.

2.12 Whole genome sequencing

Six Mtrrgt/gt embryos at E10.5 with congenital malformations and two C57Bl/6

phenotypically normal embryos at E10.5 were selected for whole genome anal-

ysis. DNA was extracted from whole embryos (Section 2.9). After quality

verification using gel electrophoresis, non-degraded DNA was sent to the BGI

(Hong Kong) for library preparation and sequencing. Sequencing was per-

formed with 150bp paired-end reads on an Illumina HiSeq machine.

Bioinformatics analysis was performed in collaboration with Dr Russell

Hamilton and Dr Xiaohui Zhao, Centre for Trophoblast Research, Cambridge,

UK. Quality control processing was performed using Trim Galore

(https://www.bioinformatics.babraham.ac.uk/projects/trim galore/), to remove
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adapters and low quality bases, and FastQC

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Summary met-

rics were created across all samples using the MultiQC package (http://multiqc.info).

Sequencing reads were aligned to the C57Bl/6 reference genome (GRCm38,

mm10) using BowTie2 with default parameters

(http://bowtie-bio.sourceforge.net/bowtie2/index.shtml). Duplicates were marked

using Picard (http://broadinstitute.github.io/picard). Structural variant anal-

ysis was performed using Manta (Chen et al., 2016b). Structural variants (SVs)

were filtered using vcftools (version 0.1.15) (Danecek et al., 2011).

In order to identify single nucleotide polymorphisms (SNPs), the data was

remapped to the mm10 reference genome using BWA (version 0.7.15-r1144-

dirty) (Li and Durbin, 2009). Reads were then locally realigned and single nu-

cleotide polymorphisms and short indels identified using GenomeAnalysisTK

(GATK, version 3.7) (McKenna et al., 2010). Homozygous variants were called

when more than 90% of reads at the locus supported the variant call, whereas

variants with at least 30% of reads supporting the variant call were classified

as heterozygous. Filtering of variants was performed firstly to remove low

quality and biased variant calls and secondly as described in Oey et al. (2015)

using vcftools (version 0.1.15). Briefly, this second filtering removed variants

identified at 1) simple repeats with a periodicity <9 bp, 2) homopolymer re-

peats > 8 bp, 3) dinucleotide repeats > 14 bp, 4) regions with low mapping

quality (<40), 5) overlapping annotated repeats or segmental duplications, and

6) where > 3 heterozygous variants fell within a 10 kb region (Oey et al., 2015).

The 129P2/OlaHsd mouse genome variation data was downloaded from the

Mouse Genomes Project (Keane et al., 2011). Telomere length analysis was

performed using TelSeq (Ding et al., 2014).

2.13 Telomere length assessment by quantitative PCR

Relative telomere lengths of embryos at E10.5 were assessed using qPCR as

previously described (Cawthon, 2002). DNA was denatured by incubation at

95◦C for 5 minutes prior to qPCR. qPCR was performed using the telomere (T)

and 36B4 (S) primers (Table 2.1) (Callicott and Womack, 2006). The following

cycling conditions were used: Telomere primers: 95◦C for 10 minutes, 30 cycles:
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95◦C for 15 seconds, 56◦C for 1 minute; 36b4 primer: 95◦C for 10 minutes, 35

cycles: 95◦C for 15 seconds, 52◦C for 20 seconds then 72◦C for 30 seconds. The

qPCRs were performed in triplicate for each sample. Four biological replicates

were used per group. Relative telomere length, presented as a T/S ratio, was

calculated as previously described (Cawthon, 2002).

2.14 Sanger sequencing

In order to calculate the proportion of false-positive variant calls in the whole

genome sequencing data, a number of variants were selected for validation

by PCR amplification followed by Sanger sequencing. Sanger sequencing was

performed on embryo or adult liver DNA. PCR amplification was performed

using HotStar Taq DNA polymerase (Qiagen), using the following conditions:

denaturation 95◦C for 5min, 35 cycles of amplification: 95◦C for 30s, 55◦C

for 40s, and 72◦C for 1 min, and an extension of 72◦C for 5 min. Gel elec-

trophoresis was used to ensure a single product. PCR product was purified

using MinElute PCR purification kit (Qiagen). Purified PCR samples were sent

for Sanger sequencing (Department of Biochemistry, University of Cambridge,

UK). Both forward and reverse strands were sequenced. Sanger sequencing

data was analysed using Chromas (Technelysium) or MySequence (Version

1.1.6, www.telethon.jp). Primers used for PCR amplification and Sanger se-

quencing are shown in Table 2.2.

2.15 Sperm collection for DNA methylation analy-
sis

Sperm from the cauda epididymis and vas deferens were collected from 16-20

week-old fertile male mice using the technique previously described (Hisano

et al., 2013) with the following amendments. Sperm were released for 20

minutes at 37◦C in Donners Medium (25 mM NaHCO3, 20 mg/ml BSA, 1 mM

sodium pyruvate and 0.53 % (vol/vol) sodium dl-lactate in Donners stock: 135

mM NaCl, 5 mM KCl, 1 mM MgSO4, 2 mM CaCl2 and 30 mM HEPES). Samples

were centrifuged at 500 xg (21◦C) for 10 minutes. The supernatant was then

transferred and centrifuged at 3000 rpm (4◦C) for 15 minutes. The majority of
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supernatant was discarded and samples centrifuged at 3000 rpm (4◦C) for 5

minutes. Further supernatant was discarded and sperm centrifuged at 12000

xg for 1 minute. Sperm were stored at -80◦C.

2.16 Sperm DNA extraction

Solution A (75 mM NaCl pH 8; 25 mM EDTA) and Solution B (10 mM Tris-

HCl pH 8; 10 mM EDTA; 1% SDS; 80 mM DTT) were added to the sperm

samples followed by RNAse A incubation (37◦C, 60 minutes) and Proteinase

K incubation (overnight, 55◦C) (Radford et al., 2014). DNA was extracted

using phenol/chloroform/isoamyl alcohol mix (25:24:1) (Sigma-Aldrich) as per

the manufacturers instructions. DNA was precipitated using 10M ammonium

acetate, glycogen (0.1 mg/ml), and 100% ethanol, followed by incubation at -

80◦C for at least 30 minutes. DNA was collected by centrifugation (13000 rpm,

30 minutes). The pellet was washed twice in 70% ethanol and air-dried prior

to resuspension in TE buffer. DNA quality and quantity was confirmed using

gel electrophoresis and QuantiFluor dsDNA Sample kit (Promega) as per the

manufacturer’s instructions.

2.17 Bisulfite mutagenesis

Between 250ng-2µg of DNA per sample underwent bisulfite conversion using

the Imprint DNA Modification Kit (Sigma) according to the manufacturer’s

instructions. When less than 500ng of DNA was undergoing bisulfite conver-

sion the two-step conversion protocol was followed, otherwise the one-step

conversion protocol was used. No template samples were run to ensure no

contamination occurred during bisulfite conversion.

2.18 Pyrosequencing

Pyrosequencing was carried out as previously described to quantify methy-

lation at individual CpG sites (Tost and Gut, 2007). Pyrosequencing primers

were designed using PyroMark Assay Design Software 2.0 (Qiagen). Pyrose-

quencing primer sequences are given in Table 2.3. PCRs were performed using
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the HotStarTaq Plus DNA Polymerase (Qiagen) in triplicate using the following

PCR conditions: 95◦C for 5 minutes, 40 cycles of 94◦C for 30 seconds, 56◦C for 30

seconds, 72◦C for 55 seconds, then 72◦C for 5 minutes. 5µl of PCR product was

run on a gel to ensure specificity of amplification. The PCR product was then

purified using strepdavidin Sepharose High Performance beads (GE health-

care). DNA-beads were then cleaned with 70% ethanol, 0.4M NaOH and 10mM

Tris-acetate (pH 7.6) and then mixed with the pyrosequencing primer and Pyro-

Mark annealing buffer (Qiagen) according to the manufacturer’s instructions.

Pyrosequencing was conducted using PyroMark Gold reagents (Qiagen) on a

PyroMark MD pyrosequencer (Biotage). Analysis of methylation status was

performed using Pyro Q-CpG software (Biotage).

2.19 Mass spectrometry

Sperm DNA was digested into individual nucleoside components using the

DNA Degradase Plus kit (Zymo research) according to the manufacturer’s

instructions. The heat inactivation step was omitted. The DNA was analysed

for 5mC and 5hmC by liquid chromatography/mass spectrometry at the Babra-

ham Institute, Cambridge, UK.

2.20 Methylated DNA immunoprecipitation and se-
quencing (MeDIP-Seq)

MeDIP-seq libraries were generated as previously described (Radford et al.,

2014; Senner et al., 2012). A total of 3µg of sperm DNA was sonicated using a

Diagenode Bioruptor UCD-200 to 200-700bp fragments. DNA was then end-

repaired, dA-tailed and pre-annealed paired-end adapters ligated using the

NEBNext DNA Library Prep Master Mix for Illumina kit (NEB). After each

step the DNA was cleaned using Agencourt AMPure XP SPRI beads (Beckman

Coulter).

MeDIP was performed in triplicate for each sample, with 500ng of DNA

per IP. An input sample was reserved for each sample. MeDIP was per-

formed using 1.25µl of anti-5mC antibody (Eurogentec BI-MECY-0100), the

specificity of which has been previously confirmed (Radford et al., 2014). The
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immunoprecipitated fraction was isolated using Dynabeads M-280 sheep anti-

mouse IgG bead (Invitrogen 112-01D). The unbound fraction was retained. The

triplicate IPs for each sample were then pooled and purified using MinElute

PCR Purification columns (Qiagen). Libraries were amplified by PCR using

Phusion High-Fidelity PCR Master Mix (12 cycles) and barcoded using iPCR

tag primers (Table 2.4). Libraries were purified using Agencourt AMPure XP

SPRI beads. The efficiency of the IP was verified using qPCR comparing pre-

amplification input and IP fractions for regions of known methylation status

(methylated: Nanog, H19 Imprinting control region (ICR), unmethylated: H1t,

TsH2B ) (Lambrot et al., 2013). Library concentrations were estimated using the

Kapa Library Quantification kit (Kapa Biosystems). Fragment size and library

concentration were further verified by running on an Agilent High Sensitivity

DNA chip on an Agilent 2100 BioAnalyzer. MeDIP libraries were sequenced

with 100bp paired-end reads on an Illumina HiSeq at the Babraham Institute,

Cambridge, UK.

2.21 Analysis of MeDIP-seq data

Quality assessment of reads was performed using FastQCC

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Adaptor trim-

ming was performed using Trim Galore

(http://www.bioinformatics.babraham.ac.uk/projects/trim galore/). Reads were

mapped to the GRCm38 (mm10) reference genome using Bowtie2

(http://bowtie-bio.sourceforge.net/bowtie2/index.shtml). All programmes were

run with default settings unless otherwise stated. Sample clustering was as-

sessed using principle component analysis (PCA). Briefly, each sample genome

was divided up into 5kb windows and read coverage (as a proxy for methyla-

tion) for each window was calculated. PCA was performed using the top 500

most variable windows across all samples.

Differential methylation analysis was performed using the MEDIPS pack-

age in R (Lienhard et al., 2014). Data quality checks including saturation anal-

ysis and genome coverage estimations were performed as part of this package.

The following key parameters were defined: BSgenome =

BSgenome.Mmusculus.UCSC.mm10, uniq = 1e-3, extend = 300, ws = 500, shift
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= 0. The script used is included in the appendix (Chapter 9). Differentially

methylated regions (DMRs) were defined as windows (500bp) in which there

was a least a 1.5 fold difference in methylation (reads per kilobase million

(RPKM)) between C57Bl/6 and Mtrr sperm methylation level with a p-value

<0.01. Adjacent windows were merged using BEDTools (version 2.27.0) (Quin-

lan and Hall, 2010).

The genomic localisations of DMRs, including association with coding/non-

coding regions and CpG islands, was determined using annotation down-

loaded from UCSC (Meyer et al., 2013). The percentage of DMRs associated

with repetitive regions of the genome was calculated using RepeatMasker soft-

ware (http://www.repeatmasker.org). Gene ontology analysis was performed

using DAVID (version 6.8) (Huang da et al., 2009b,a).

2.22 Western blotting

Western blotting was performed as previously described (Yung et al., 2007)

by Billy Yung, Centre for Trophoblast Research, Cambridge, UK. Briefly, em-

bryo lysates were prepared by homogenisation in lysis buffer (20 mM Tris

(pH 7.5), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM

sodium pyrophosphate, 1 mM β-glycerolphosphate, 1 mM Na3VO4 and com-

plete mini EDTA-free proteases inhibitor cocktail (Roche Diagnostics)). Bicin-

choninic acid (Sigma-Aldrich) was used to determine protein concentration of

the tissue lysates. Equivalent amounts of protein were resolved by SDS-PAGE

and blotted onto nitrocellulose (0.2 µm). The membrane was stained with

Ponceau S solution and scanned. This image was used as a loading control.

The membrane was washed and blotted before incubation with the primary

antibody: anti-HIRA (cat no. 13307, Cell signalling technology) or anti-β-actin

(Sigma), overnight at 4 ◦C. The membrane was incubated with HRP-conjugated

secondary antibody (anti-rabbit or anti-mouse, 1:10000, GE Healthcare). The

signal of resolved protein was analysed by enhanced chemiluminescence (ECL)

(Amersham Biosciences) using Kodak X-OMAT androgen receptor (AR) film

(Sigma-Aldrich). A flat-bed scanner (Cannon 8000F) was used to scan films.

Band intensities were determined with background subtraction using ImageJ

(64-bit) software (NIH, USA).
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2.23 Sperm collection and RNA extraction for small
non-coding (snc) RNA sequencing

Sperm were collected from the cauda epididymis from 16-20 week-old male

mice. The cauda epididymis was punctured and incubated in pre-warmed M2

medium (Sigma-Aldrich) for 1 hour at 37◦C. The supernatant was centrifuged

(2000 xg, 2 minutes) and the pellet washed in 1x PBS. Somatic cell lysis was

performed by incubation in somatic cell lysis buffer (0.1% SDS, 0.5% Triton-X)

for 10 minutes on ice, followed by a further wash in 1x PBS.

RNA was extracted using Tri-Reagent (Sigma-Aldrich) according to the

manufacturer’s instructions with some modifications. Sperm, in Tri-Reagent,

were passed through a 26-gauge needle at least four times prior to addition

of chloroform. Glycogen was added as a carrier to the aqueous phase. RNA

precipitation was performed overnight. RNA purity was verified using an

Agilent Technologies 2100 BioAnalyzer (Agilent Technologies) and quantified

using a Qubit fluorometer (Life Technologies).

2.24 Small RNA library preparation and sequenc-
ing

Small RNA library preparation and sequencing were performed in collabo-

ration with Katharina Gapp (Sanger Institute, Hinxton, UK) and Eric Miska

(Department of Genetics and Gurdon Institute, Cambridge UK). The TruSeq

Small RNA Library Prep kit (Illumina) was used to generate libraries according

to the manufacturer’s instructions. 20ng of RNA was used for library prepa-

ration. Briefly, total RNA from sperm was adapter ligated (3’ and 5’ adapters)

and reverse transcribed to generate cDNA constructs. PCR amplification was

performed, at which stage index sequences were introduced. Libraries were gel

purified, with an approximately 145-160bp band size excised, corresponding to

adapter ligated miRNAs, piRNAs and other small regulatory RNA molecules.

Quality control and library quantification was performed using TapeStation

analysis (Agilent Technologies). Sequencing was performed on a HiSeq 2500

(Illumina) machine, with 50bp single-end reads at the Gurdon Institute, Cam-

bridge, UK.
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2.25 sncRNA-seq analysis

sncRNA-seq analysis was performed in collaboration with Dr Russell Hamil-

ton, Centre for Trophoblast Research, Cambridge, UK. Adapter sequences and

low quality bases were removed from RNA-seq reads using cutadapt (Martin,

2011). Quality control processing was performed using FastQC

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/), and summarised

across all samples using the MultiQC package (http://multiqc.info). Reads

were aligned to reference genome (GRCm38) using STAR (Dobin et al., 2013).

Analysis was performed as described in Gapp et al. (2018). The CCA-3’ was

trimmed off. Reads were quantified using Salmon (Patro et al., 2017) using an

index of tRNA sequences from GtRNAdb (Chan and Lowe, 2016, 2009) (pa-

rameters K=15, –perfecthash). For analysis of piRNAs, ncRNAs and miRNAs,

reads were aligned and quantified using Salmon and the following indicies of

RNAs: piRBAse (Zhang et al., 2014),

ftp://ftp.ensembl.org/pub/release-94/fasta/mus musculus/ncrna/ and miR-

Base (Kozomara and Griffiths-Jones, 2014), respectively. In parallel read quan-

tification analysis was performed using SPORTS1.0 (Shi et al., 2018), with align-

ment using Bowtie2 (http://bowtie-bio.sourceforge.net/bowtie2/index.shtml).

Differential expression analysis was performed using DESeq2 (Love et al.,

2014). Overall sncRNA mapping distribution, rsRNA mapping distribution,

and tRNA mapping distributions were determined using SPORTS1.0.

2.26 Statistical analyses

Statistical analysis was performed using GraphPad Prism software (version

7). Independent unpaired t-tests were used to analyse RT-qPCR data when

comparing two groups only and data of time taken for a copulatory plug to

form. Unpaired t-tests, with Welch’s correction, were used to analyse structural

variant and single nucleotide polymorphism totals, Ts/Tv ratio, Hom/Het

ratio and TelSeq determined telomere lengths. Ordinary one-way ANOVA,

with Dunnett’s or Sidak’s multiple comparison testing, was used for RT-qPCR

(when more than two groups were assessed), relative telomere length deter-

mination by qPCR, testes/male weights, testosterone concentrations, sperm
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parameters, histological data, and DMR CpG density. Two-way ANOVAs with

Dunnett’s, Sidak’s or Tukey’s multiple comparisons tests were used to analyse

data for spermatogenesis staging, bisulfite pyrosequencing, SV frequency by

chromosome, DMR distribution at repetitive elements, sperm ncRNA profiles

and origin of tsRNA fragments. A binomial test (Wilson/Brown) was used

to compare the observed frequency of nucleosome occupancy at DMRs to

expected values. The proportion of coitus that resulted in pregnancy was

analysed using Fisher’s exact test. HIRA protein levels were analysed using

a non-parametric Kruskal-Wallis test with Dunn’s multiple comparisons test.

p<0.05 was considered significant.
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Table 2.1: Details of qPCR Primers.

Gene Forward Primer Reverse Primer Conc. Reference

HPRT CAGGCCA-
GACTTTGTTGGAT

TTGCGCTCATCTTAG-
GCTTT

Vari-
able

Rameix-
Welti et al.

(2014)

GAPDH CATGGCCTTCCGT-
GTTCCT

GCGGCACGTCA-
GATCCA

Vari-
able

Gillich et al.
(2012)

MTRR GGGAAATTTGGAGC-
TATGTGG

CAGATGAGTCAAGAC-
CCCAGT 200nm

Padmanab-
han et al.

(2013)

MTHFR AGCTTGAAGCCAC-
CTGGACTGTAT

AGACTAGCGTTGCT-
GGGTTTCAGA 200nm

Uthus and
Brown-Borg

(2006)

SLC19A1 GGGTGTGCTACGT-
GACCTTT

ACGGAACTGATCACG-
GACTT 200nm Kooistra

et al. (2013)

FOLR1 GGCCCTGAGGA-
CAATTTACA

TCGGGGAACACT-
CATAGAGG 200nm Kooistra

et al. (2013)

DNMT1 CCTAGTTCCGTGGC-
TACGAGGAGAA

TCTCTCTCCTCT-
GCAGCCGACTCA 200nm Kowluru

et al. (2016)

DNMT3a CCAGACGGGCAGC-
TATTTAC

AGACTCTCCAGAGGC-
CTGGT 300nm La Salle

et al. (2004)

DNMT3b TTCAGTGACCAGTC-
CTCAGACACGAA

TCAGAAGGCTGGA-
GACCTCCCTCTT 200nm La Salle

et al. (2004)

DNMT3c CCTGTCAGGAAAGGC-
CTGTT

CCTCTTGTCACCGAC-
CTC 200nm Barau et al.

(2016)

DNMT2 AGCCTGTG-
GCTTTCAGTATCA

TTGGCT-
GACTTTCTTCAAC-

TACTGC
300nm Tuorto et al.

(2012)

NSUN2 GGTAAACCATGACG-
CATCC

CCTTCCACTGTGA-
GACTCC 100nm Tuorto et al.

(2012)

TET1 ACACAGTGGTGC-
TAATGCAG

AGCATGAACGGGA-
GAATCGG 200nm Rakoczy

et al. (2017)

TET2 ACCTGGCTACTGT-
CATTGCTCC

TGCAGTGACTCCTGA-
GAATGGC 50nm -

TET3 AGGCAGCTAAGCAC-
CTCAG

GGCCCCGTAAGATGA-
CACAG 200nm Hwang et al.

(2016)

PTCH1 CCTCTGCTC-
CTTGATTGGCA

TCCCCAGTCCTGTCCT-
CAAA 200nm -

CTS8 TCCTGTGAA-
GAATCAGGGCAC

GTGCT-
CAGTGGGACCAGTTT 200nm -

SRD5A1 CTTGAGCCAGTTTGCG-
GTGTA

GCCTCCC-
CTGGGTATTTTGTATC 200nm -

TPBPA ACTGGAGTGC-
CCAGCACAGC

GCAGTTCAGCATC-
CAACTGCG 200nm -

IAP-
GAG

AACCAATGC-
TAATTTCACCTTGGT

GC-
CAATCAGCAGGCGT-

TAGT
200nm Kim et al.

(2014)

IAP-
3’LTR

GCACATGCGCAGAT-
TATTTGTT

CCACATTCGCCGTTA-
CAAGAT 100nm Kim et al.

(2014)
LINE1-
5’UTR

GGCGAAAG-
GCAAACGTAAGA

GGAGTGCTGCGTTCT-
GATGA 100nm Kim et al.

(2014)
LINE1-
ORF2

GGAGGGA-
CATTTCATTCTCATCA

GCTGCTCTTGTATTTG-
GAGCATAGA 200nm Kim et al.

(2014)
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Gene Forward Primer Reverse Primer Conc. Reference

SINEB1 TGAGTTCGAG-
GCCAGCCTGGTCTA

ACAGGGTTTCTCTGT-
GTAGCCCTG 100nm Kim et al.

(2014)

Telomere
CGGTTTGTT-

TGGGTTTGGGTTT -
GGGTTTGGGTTTGGGTT

GGCTTGCCTTACCCT-
TACCCTTAC

CCTTACCCTTACCCT
300nm

Callicott and
Womack

(2006)

36B4 ACTGGTCTAGGACCC-
GAGAAG

TCAATGGTGCCTCTG-
GAGATT F:300nm

R:500nm

Callicott and
Womack

(2006)

BTAF1 ACGATGAAGATTTG-
GATTATACCC

CAATTCAGCTGCTTG-
GAGAGT 200nm -

FGFBP3 GCCCTTGCTAGT-
GAAGTCCA

GTCTCAGTGAGCTCG-
GCATT 200nm -

KIF11 GTCCCAGCC-
GAGTTCTTTGA

GCATTAGCTTTC-
CGCTCTGC 200nm -

IDE AATCCGGCCATCCA-
GAGAATA

GGGTCTGACAGT-
GAACCTATGT 200nm -

MARCH5
TTCACCAGGCTTGTCT-

CCA
GCATCACTGTCACT-

GCTCCA 150nm -

HIRA
CTC-

CATCTTGTCAGGAAGT-
GAT

GTTCCTG-
GCACTCAGTAAAGAG 200nm -

RN45S GCGTGTCA-
GACGTTTTTCCC

AGAAAAGAGCGGAG-
GTTCGG 100nm -

DYNLT1A
GAAGACTTCCAGGC-

CTCCG
GGTTGACTTTGCTGT-

GCTGG 100nm -

EXOC4 CACAGCC-
TACAGGGGCATTG

TTGGCAGC-
GATTTCAAGAGTC 200nm -

TSHZ3 GCGCGCAGCAGCC-
TATGTTTC

TCAGCCATCCGGT-
CACTCGTC 300nm -

CWC27 TGATAATG-
GCAGCCAGTTTTTCT

CTGTCAGGCGTAG-
CATGTTGT 200nm -

PPM1H CGACCCTCACAGATA-
CACACT

GCCCAGTCGGT-
CATTCGAT 100nm -

NANOG GGACTGATCG-
GCAAACTTTGA

TGGTCCCAAACTCCT-
GATCTTC 150nm Lambrot

et al. (2013)

H19 GCCTCAGTGGTC-
GATATGGTTT

AAAGGGACCCC-
CTCCAGAA 200nm Lambrot

et al. (2013)

H1t ACGTAGGTGC-
CATGGGTAAGA

CCCGCCTGAATCT-
CAAGAGA 200nm Lambrot

et al. (2013)

TsH2B CCCCGCTTCTCAAC-
CTCAA

CAACGTCT-
CAAAACAGTTC-

CAACT
200nm Lambrot

et al. (2013)

UQCRB TCTCAGGTCAAAATG-
GCGGG

ATCATCTCGCATTAAC-
CCCAGT 200nm -

GAS1 CCTCTGCACCACGT-
GTCTTA

TGGCAGTACC-
GAGCTTTAGG 200nm -

HSD17B3 CTGAGCACTTCCGGT-
GAGAG

ATAAGGGGTCAGCAC-
CTGAAT 200nm -

Conc.: Concentration (nm). Where no reference is provided the PCR primers were
designed by G Blake.
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Table 2.2: Details of Sanger sequencing primers.
SNP Forward Primer Reverse Primer

1 CCCACGCCTTCATTGTAA GTTTCTCCCAAATCGAACC
2 CTGCTTTCCCTTAACACAG GCTCTTCTTTCTCATTACCC

3-6 CTTGGGCTATCATCTTGTTC TCTATACGTCTCGACCTTTC

7 TGATGTGGGGTTGGTCAG AAATCTTTGGGCCGGAG-
TAG

8 GAACCTACACCGAAGTAAC GTCTGGTCAGGAAGATAA
9-10 ACTACTAACAAGACTGGGG CTCAGAAGATCAGTAACGG

11-14 GACTCCTACAAGTGTTCAC TGTGAGTACCTGATATGGG

15 CACTGAGCATCGCGCTTTC CTACGGTAGGTGAAGA-
GAACCT

16 ATCTTGTTCATATGGGCC-
CTGG

CTCCTCTAAGCCTTTGCAC-
TAA

17 AGGCTTGAACACTGC-
CAACT

GGTCTGAACATCGTTG-
GTCTC

18 TTGTTGGTCCGTGCTCACTT GAGATGTGCCTACCTCG-
CAA

Primers were designed using Primer3 or NCBI Primer Blast by G Blake, D Chia or P
Laouris.
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Table 2.3: Details of pyrosequencing primers.
DMR PCR Forward Primer PCR Reverse Primer Sequencing Primer

H19 GGGGGGTAG-
GATATATGTATTTTT

*ACCTCATAAAACC-
CATAACTATAAAAT-

CAT

GTGTGTAAA-
GATTAGGG

Peg3 TTGGATTGGTTAGA-
GAGGAAGT

*ACCTCATAAAACC-
CATAACTATAAAAT-

CAT

GGAGAGATGTT-
TATTTTG

E28
TAGGGA-

GATTGATTGTGTTT-
TATTAGAT

*ACTACCCTCTTC-
CTCTCTTACTCC-

TAAAT

AGATTGATTGTGTTT-
TATTAGATT

E49 GTATTTTGGGTAG-
GTTTGGAATTGAATAT

*ACAACCTCAAA-
CATATACTATAAACAC

TTTTAGTTTTTT-
TATTGTTGTGAT

E50
AGGTAGATTAG-

GTTGAATATTTATA-
GAGA

*AAAAACAAAATC-
TATAAAACCC-

TAAATCC

GGGTTGAAATTAAA-
GATAGG

E52 AGTTTTGGAGTTTAG-
GTTAGGT

*ATAACCATAT-
CAATAAAACCTTCT-

TAACA

AGTTTAGGTTAGGT-
TAAAG

E66
GGA-

GAGGGTTGTTTTTTTT
-GGGATAAGT

*ATTTACCCTTCTCCC-
CACTACCA

GTGTTTTTGTTTT-
TAGTTAGTTATT

E74 GTAAGTTGGAGGTA-
GATATAGTTAGAAGT

*ACTCCATTTA-
CAACTCTTCACCAT-

ACT

ATAAAAGTTTT-
TAAATTTATTTGGG

E76 GGAATTTAAGTG-
GTTTGTTTATGGGTATA

*TAACCCATTTCCAT-
TATTTAAAACAAACT

ATTTTATGAATTTG-
GTATATATGTT

E79 TTAGAAAGGAGAG-
GTAGGGAGTGTG

*TACACAAACTTCC-
CAATCTCAC AGGTAGGGAGTGTGG

E81 TGTAAGGTTTAA-
GATAGGAGATGTTATT

*TACAAACC-
CATATAACTA-
CAAAACTCAT

TTTAGTTGGTGA-
GATTGA

E109 TAGAAGTTTTATTGGT-
TAGGTGTAAGTTA

*CAAAAAAATCTT-
TAAACACCAAAAAA-

CATC
ATGGATGTGAAGAGG

E110
TTAGGAAG-

TATAGGGGTTT-
TATAGTTGA

*ACTATAACCTAAC-
TAATCCCACTTCA

AGGGGTTT-
TATAGTTGAG

E112 *TAGGAAATAAAAAT-
GTGAGGGGTAAT

ACTACTACTCTATCC-
CTTTTATAACA

ACTCTATCCCTTT-
TATAACAAT

E114 GTTTTTGGGTTTTAG-
TAATAGTGTATGG

*AACACATATAACTTC-
CCACACATC

GTTTTTAGAGAG-
TAGTTTAGG

E115 AGTTTGATATTGAAG-
GGGTTATTTTGGA

*AACATAATATACTTC-
CCTTCTAAAATCT

GGTTATTTTGGAA-
GAGGT

D87 GGGTGTTGTTTTA-
GAGGTTTTGTATTTTTG

* ATCACCTCATCCTAC-
TAAATACTATAAC

AGATTAATTTTT-
TAAGTTTTGTTG

D20 GAAATGTTTGAGA-
GAATGGGTTTTAG

*ATACAATAACCT-
TAACCACTCATAAC

AAATTTTAGTTTAAG-
GTTTTATATA

A10 TGTTATAGGTTG-
GAGGGTATGAGTT

*ATCCAATCCTTCT-
CAACAATCTCTCTC

AGGAGTAGAGAGTTT-
TAG

B16 ATTAAGTTATTTGGTG-
GTGAAGAAGTAT

*ACCCCTACCTTCCA-
CACAC

TTGTGATTAAGAAG-
GTATTAGAA
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DMR PCR Forward Primer PCR Reverse Primer Sequencing Primer

25 AAGGGAGAAGGTTTT-
TATGGT

*AAATAAAAAATAAC-
CACCCCCAAC

ATGGTTAGTTGGA-
GATTTAA

224 GGTAGTGAAGTTAT-
GTTTATGAGGATATT

*CCCTTTCCAATACTC-
CAACCACTA

AATTTTTAGGTATTATT-
TATAGGGT

269 *TAGGAAATAAAAAT-
GTGAGGGGTAAT

ACTACTACTCTATCC-
CTTTTATAACA

ACTCTATCCCTTT-
TATAACAA

274
*GGATGTAGAT-

GAATTTGGAAATTT-
TAGA

ACTAAAACTCCAC-
TATTCCTTTCCACAATT

CTATTCCTTTCCA-
CAATTAC

278 GTTTGAATTTTTTGA-
GGGTTATTTAAGGTT

*TCCCCCTTTTAAAAC-
TATCTCTTCT

TTTGAGTTTAGTTTTT-
TATATTGTG

279 GTTTTTTTAGTA-
GAGTTGGGAGTTT

*AAACAAACTAAACC-
TAAACAAATATAACT GGGAGTTTTGTTTTTTT-

TAGAT

281
AG-

GATGGGGGAATAAAAT-
GATG

*ACCCAAACCTA-
TATAATAATAACTTTCC

GGGGAATAAAATGAT-
GTG

289 GGTTGTGGGTTGT-
TATTGTAGTTAAG

*AT-
CAAATTTTCTCTTTCC-

CCATTC

GTTATTGTAGT-
TAAGGGGT

C7 GGTAGTTTTGGATATG-
TAAGAGTTG

*CATATCCC-
CTCTTCTCTT-
TATCTTTTTA

GGTTTATAGAGTTGA-
GAATTGTG

B1
AGTTTAAGGT-

TATTGGGAAGTATAG-
TAT

*TCAATTAATCCT-
CAAAACAACCCTCC-

TAAA

GGAGTTAGTGGT-
TAATTTG

B17 TGAGTTAAGAATG-
TAGGGTAGATTGT

*CAAAATACACTAA-
CATTTCCTTACTAT-

CAA

GAGATAGAGTTTTAT-
TAAGTAGT

B19 *AATTGGAGAATAG-
GATTTTTAGTGTTTATA

TCCTAAATCTCCC-
TATAACACCATCAAT

AACAATAATAAAT-
ACTTAAACTACA

B20
GTAGAAG-

GATTTTGTTGTG-
GTATTT

*ATCAAAAAACC-
CATCCCTACA GGTATTTGTTTTGTTGGT

B21 AGTATAAGTGATG-
GAGTTTTAGATAAAT

*AATCTTAAACCAATA-
CAAATCCATACT

TGATGGAGTTTTA-
GATAAATTAG

A9
*ATTTTTAAATTT-
TAAATGGGTAA-

GAAGT

ACCAACCTAATCTA-
CAAAATAAAATCTAAT

ACCAAAAATAACC-
CACT

A18 AGGAATTTAAGTG-
GTTTGTTTATGGGTATA

*ACCCATTTCCATTATT-
TAAAACAAACT

GAAAGATTTATTTAG-
TAATTTGTTG

A19 TAGTTGAATTGAG-
TATGGAGAAAGAGTA

*AACACAAACTAACC-
CTAAAATCCTCAT

TGAATATTTTTTAG-
TATAGAGTTGT

A24 *ATTGTTTTTGAGGTT-
TAGGGTTAAAG

AACCTCTTACTTCTC-
CAACTAC

ACTTCTCCAACTA-
CAAAT

A28 GGTTAGGAAGGGATT-
TAGTGTTAGTTTA

*ACCAACCACTAACT-
CAATCTAA

TGTTGTTTTTTT-
TAATTTGTTTATG

A30
AGTTATGTG-

TAGGGTATTAATT-
TAATGT

*TCTCCCCATACC-
TAACTTCAC

AGATGTAT-
GTTTTTGAAGTTTA
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DMR PCR Forward Primer PCR Reverse Primer Sequencing Primer

D40 TGGGTTTATA-
GAGTTGAGAATTGTGT

*CATATCCC-
CTCTTCTCTT-
TATCTTTTTA

AGAATTGTGTAAGT-
TATTAGTTTAA

D52 TTGTAGTGATTTTATG-
GAGAAAAAGAGAA

*CAACAATCCAATC-
CAAAATTCTAAAC

TTTTTTGGTATTT-
TAGTTGTTTTTA

D53 TGTTAGGGGGTTGGT-
TATTT

*ACTACCCCTACA-
CATATACAAATTATT TTTTAGAGTGTGGGGA

D72 TGGTAAAATTAGATGT-
GTGGTATATGT

*AAACACTAAACCA-
CAACCCAATATCTACA

AGAAATTAAT-
TATATTGGAGTATT

17 AGTTTTTTTGGGTGT-
GAGAATTAT

*ATCCAAAACCAC-
TAAAAAACACAAC

TGGGTGTGAGAAT-
TATT

181 AGGAAGTATTTGA-
GATGTTTAGAGTT

*CCACTACAATATATC-
CTTAACCCTACT

TTATAGGATTATAG-
GATGTGT

60 *AGATGTAAAA-
GAAAGGAAGGTAGT

CAATCCCCCATTCAAT-
ACAAAAA

ACAAAAATACC-
CTCCC

177 *AATTTAAGTGAA-
GAATTTTGGTTTTATG

AACCCTAAATATTCTC-
CTTTACTCAAC

ATTCTCCTTTACT-
CAACT

185
*TGTTTTATTTG-

TAGTTGGAGAAG-
TAAG

ACCTCTCAAAAATCC-
TATCCATAATAT

CACCCCCTCAC-
TAATCCTCTA

189 TGGGAGTTAGTTATTG-
GTTTAGTTTGAGG

*AACCCAATACTAATC-
CACCTTTACA

TGAGGTTGGTATAG-
GAA

220
AGTTATGTG-

TAGGGTATTAATT-
TAATGT

*TCTCCCCATACC-
TAACTTCACACT

AGATGTAT-
GTTTTTGAAGTTTA

230 TGGGTTTTAAAGTT-
TAAGGTTATTGG

*TCCTCAAAACAACC-
CTCCTAAA

AGTTAGTGGT-
TAATTTGTTAATTTT

280 AGAAGGGGTTATAG-
GAAGTATTTTAGG

*CCCAAAAAATAATC-
CCTTCCCTTTTC

GGGTTATAGGAAG-
TATTTTAGGA

282 GAATTGTTTAGGGAG-
GATTTTTTTATAGT

*CCAACATTCTA-
CAAAATCTACTACTCC

TGTTGTGTAGATA-
GATATTTTGAT

UC1 AGGAAAATATATGT-
GTTGTTTATTTAGTGT

*AAACCAACTCAAT-
ACTCACAATATTCT

ATGTGTTGTTTATT-
TAGTGTTT

UC2 AGATGGGAGTTGT-
GTTGATGATAAT

*ACCAATCACCAA-
CAAAATTTAATAAC TGGGTTTGTAGGTGTA

PCR primers were used with a concentration of 250nm. The sequencing primer was
used at a concentration of 417nm. All primers were designed using PyroMark Assay
Design Software 2.0 (Qiagen) by G Blake. * denotes Biotin tag. UC: Unchanged.
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Table 2.4: Barcoded primers used for MeDIP-seq.

Name Primer Sequence Barcode Sequence
Obtained

iPCRtag1
CAAGCAGAAGACGGCATACGA-

GATAACGTGATGAGATCGGTCTCG-
GCATTCCTGCTGAACCGCTCTTCCGATC

AACGT-
GAT ATCACGTT

iPCRtag2
CAAGCAGAAGACGGCATACGA-

GATAAACATCGGAGATCGGTCTCG-
GCATTCCTGCTGAACCGCTCTTCCGATC

AAA-
CATCG CGATGTTT

iPCRtag3
CAAGCAGAAGACGGCATACGAGATAT-
GCCTAAGAGATCGGTCTCGGCATTCCT-

GCTGAACCGCTCTTCCGATC
ATGCCTAA TTAGGCAT

iPCRtag4
CAAGCAGAAGACGGCATACGA-

GATAGTGGTCAGAGATCGGTCTCG-
GCATTCCTGCTGAACCGCTCTTCCGATC

AGTG-
GTCA TGACCACT

iPCRtag5
CAAGCAGAAGACGGCATACGAGATAC-
CACTGTGAGATCGGTCTCGGCATTCCT-

GCTGAACCGCTCTTCCGATC
ACCACTGT ACAGTGGT

iPCRtag6
CAAGCAGAAGACGGCATACGAGATA-

CATTGGCGAGATCGGTCTCGGCATTCCT-
GCTGAACCGCTCTTCCGATC

ACATTGGC GCCAATGT

iPCRtag7
CAAGCAGAAGACGGCATACGAGATCA-
GATCTGGAGATCGGTCTCGGCATTCCT-

GCTGAACCGCTCTTCCGATC
CAGATCTG CAGATCTG

iPCRtag8
CAAGCAGAAGACGGCATACGAGAT-

CATCAAGTGAGATCGGTCTCGGCATTC-
CTGCTGAACCGCTCTTCCGATC

CATCAAGT ACTTGATG

Barcoded primer sequences provided by Claire Senner, Babraham Institute, Cam-
bridge, UK.



Chapter 3

Analysis of spermatogenesis and
fertility in Mtrrgt mice

Testes histological analysis and RT-qPCRs for genes involved in folate metabolism

were performed in collaboration with an undergraduate student Jessica Hall

(Department of Physiology, Development and Neuroscience, Cambridge, UK).

– 66 –
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3.1 Introduction

In recent decades it has been established that there is a link between folate in-

take, male fertility and testes function (Boxmeer et al., 2009; Singh and Jaiswal,

2013). Evidence for this comes from both human populations with polymor-

phisms in genes encoding for folate metabolic enzymes and from mouse mod-

els (reviewed in Singh and Jaiswal (2013)). For example, Mthfr-/- mice have

testes morphology abnormalities and reduced fertility, although the severity

of the phenotype depends upon the genetic background of the mouse (Chan

et al., 2010). Furthermore, in men, infertility correlated with reduced folate

concentrations in serum compared to fertile individuals (Murphy et al., 2011).

Similarly, dietary folate deficiency in mice is associated with delayed onset of

meiosis during spermatogenesis, although fertility is normal in these males

(Lambrot et al., 2013).

Spermatogenesis is a highly coordinated differentiation event that occurs

in the seminiferous tubules of the adult testes and results in the formation

of spermatozoa. The process is supported by somatic cells including Leydig

cells and Sertoli cells. Leydig cells are found in the interstitial space between

seminiferous tubules and produce testosterone (Smith and Walker, 2014). Ser-

toli cells are found within the seminiferous tubules and provide a niche for

spermatogenic cells by maintaining the blood testes barrier and producing

growth factors (Smith and Walker, 2014). For mature spermatozoa to form,

a series of mitotic and meiotic divisions must occur. Sperm precursors called

spermatogonia directly contact the basement membrane of the seminiferous

tubule epithelium (Griswold, 2016). A spermatogonium will undergo a mi-

totic division to self-renew and form a primary spermatocyte (Griswold, 2016).

Primary spermatocytes move apically towards the lumen of the seminiferous

tubule as they meiotically divide to form haploid spermatids. Spermatids will

then cytodifferentiate to give rise to spermatozoa, which are released into the

tubule lumen and eventually leave the testis for the epididymis where they

become functionally mature (Smith and Walker, 2014). Spermatogenesis occurs

in waves along the length of the seminiferous tubule to allow for the continuous

production of sperm. Defects in spermatogenesis might lead to subfertility or

infertility (Anawalt, 2013).
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Sperm have highly specialised epigenetic landscape (Reik and Surani, 2015).

Sperm specific DNA methylation patterns are established following a wave

of epigenetic reprogramming that occurs in the primordial germ cells of the

embryo (Reik et al., 2001). DNA methylation is orchestrated by a family of

DNMT enzymes, while DNA demethylation reactions require TET enzymes.

In male germ cells in rodents, DNMT3C is a non-catalytically active enzyme

that is responsible for transposon silencing (Barau et al., 2016). Although

DNA methylation is mostly established prenatally, extensive changes to the

epigenetic landscape of developing sperm occur in adult males (Oakes et al.,

2007; Loukinov et al., 2002). This includes changes in DNA methylation pat-

terns, involving both de novo methylation and demethylation, at unique and

repetitive loci in spermatogonia and early spermatocytes (Oakes et al., 2007).

A key event during spermatogenesis, occurring as haploid speramtids ma-

ture into spermatozoa, is the extensive histone replacement by protamines.

Nucleosomes are disassembled and replaced firstly by highly basic transition

proteins and then by protamines (PRM1 and PRM2) (Brunner et al., 2014).

This allows the DNA to become highly compacted and the transcriptionally

silent (O’Doherty and McGettigan, 2015). Protamines, both PRM1 and PRM2,

can be post-translationally modified (e.g., methylated) (Brunner et al., 2014).

Nucleosomes are retained a certain genomic regions including genes important

for embryonic development and CpG rich regions lacking DNA methylation

(Erkek et al., 2013). Residual nucleosomes often contain the non-canonical

histone variant H3.3 which is trimethylated at lysine 4 (Erkek et al., 2013). Non-

coding RNAs, mainly tRNA fragments, taken up by sperm in the epidiymis

may carry RNA modifications (Sharma et al., 2016; Chen et al., 2015). The

RNA methyltransferases DNMT2 (also known as TRDMT1) and NSUN2 are

important for these modifications (Tuorto et al., 2012). Intriguingly, NSun2 is

required for normal testes development, Nsun2-/- mice have severe defects in

the meiotic progression of germ cells (Hussain et al., 2013).

Folate metabolism may influence spermatogensis and fertility through a

number of mechanisms. The metabolism of folate is required for DNA synthe-

sis and is intertwined with methionine metabolism to promote the transmission

of one-carbon methyl groups required for cellular methylation (Jacob et al.,
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1998; Ghandour et al., 2002). Therefore, folate metabolism is important for

cell proliferation and widespread epigenetic changes, such as those that occur

during spermatogenesis.

A role for MTRR in spermatogenesis has not yet been established in mice.

It is important to ascertain whether abnormalities in the differentiation and

function of germ cells may act as a contributing factor to the TEI mechanism in

the Mtrrgt model. Germ cell abnormalities, or reduced germ cell quality, may

reflect underlying genetic defects or oxidative stress in the testicular environ-

ment (Ray et al., 2017; Agarwal et al., 2014). Abnormal sperm parameters may

perhaps contribute to embryonic phenotypes. For example, in a study of men

undergoing in vitro fertilization, abnormal sperm morphology was associated

with reduced embryo quality (Shu et al., 2010). Therefore I aimed to assess the

morphology and function of testes and spermatozoa in the Mtrrgt mouse line.
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3.2 Results

3.2.1 Mtrr is broadly expressed in the testes

To determine the spatial localisation pattern of MTRR in adult testes, immuno-

histochemistry was performed on C57Bl/6 sexually mature adult male testes

using an antibody against MTRR. MTRR was broadly expressed in the testes

including in all spermatogenic cell types, Leydig cells, and Sertoli cells (Figure

3.1A-C). However, MTRR expression was not apparent in all spermatogonia

(Figure 3.1B). This could suggest that protein expression might be dependent

upon the cell cycle. Alternatively, a fixation artefact, the low cytoplasm to nu-

clear ratio of spermatogonia or section thickness may have made observation

of MTRR expression challenging. Subcellularly, MTRR protein expression was

detected in the nucleus and cytoplasm (Figure 3.1B).

The Mtrrgt allele is a hypomorphic mutation and the degree of genetic

knockdown is tissue specific (Padmanabhan et al., 2013). Therefore I examined

expression levels of the wildtype Mtrr transcript via RT-qPCR in testes from

Mtrr+/+, Mtrr+/gt and Mtrrgt/gt mice compared to C57Bl/6 control testes. The

RT-qPCR primers were designed specifically to recognise exons after the gene-

trap insertion, thus RT-qPCR only detects full-length wildtype Mtrr transcripts.

Wildtype Mtrr mRNA expression was significantly decreased in Mtrr+/gt and

Mtrrgt/gt testes to 59% and 14% of C57Bl/6 levels, respectively (p< 0.0001;

Figure 3.1D). Mtrr+/+ testes expressed levels of Mtrr mRNA similar to C57Bl/6

controls (Figure 3.1D). This data indicates a robust knockdown of the wildtype

Mtrr transcript in Mtrrgt/gt and Mtrr+/gttestes.

Next, I established whether the expression of other genes involved in folate

uptake (e.g., Folr1 and Slc19a1) and metabolism (e.g., Mthfr) was altered by

the Mtrrgt mutation in mouse testis. Using RT-qPCR, the mRNA expression

of Folr1, Slc19a1, and Mthfr genes was determined and found to be similar in

C57Bl/6, Mtrr+/+, Mtrr+/gt and Mtrrgt/gt testes (Figure 3.1E-G).
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Figure 3.1: MTRR protein is widely expressed in adult mouse testes. (A-
B) Representative histological section of a seminiferous tubule from an adult
C57Bl/6 testis (seminiferous tubule stage VII/VIII) that was immunostained
with an antibody against MTRR (brown). Nuclei are purple. Three histological
sections from three males were analysed. Scale bars: A, 50 µm; B, 5 µm. (B)
Higher-magnification of boxed region in (A). Arrowheads indicate cell types:
St, sertoli cell; Sp, spermatogonia; Sc, spermatocyte; Rs, round spermatid;
Es, elongated spermatid. (C) Control histological section of C57Bl/6 semi-
niferous tubule from adult testis immunostained with the secondary antibody
only. Scale bar: 50 µm. (D-G) Graphs showing relative mRNA expression of
genes encoding for folate metabolic enzymes and transporters in testes from
C57Bl/6 control males (black), Mtrr+/+ males (purple), Mtrr+/gt males (green),
and Mtrrgt/gt males (blue) as determined via RT-qPCR analysis. The following
genes were assessed: (D) Mtrr (wildtype transcript), (E) Folr1, (F) Slc19a1, and
(G) Mthfr. Data is plotted as mean ± sd. Testes from 4-6 males per genotype
were assessed. Data is represented as fold change compared to C57Bl/6 con-
trols, which was normalised to 1. A one-way ANOVA statistical test, with
Dunnett’s multiple comparisons test, was performed on each data set. ****
P<0.0001.

To verify the knockdown of Mtrr in testes, I performed immunohistochem-

istry against MTRR in Mtrr+/+, Mtrr+/gt, Mtrrgt/gt and C57Bl/6 control testes.

Unexpectedly, immunohistochemistry failed to clearly demonstrate the strong

knockdown of Mtrr observed at the mRNA level using RT-qPCR in Mtrr+/gt and
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Mtrrgt/gt testes. By immunohistochemistry, the MTRR protein had equivalent

intensity and localisation to C57Bl/6 controls in Mtrr+/+, Mtrr+/gt and Mtrrgt/gt

testes (Figure 3.2A-E). The Mtrrgt mutation is suspected to lead to a trun-

cated gene-trap containing mRNA transcript (Elmore et al., 2007). This gene-

trap containing transcript is translated leading to a non-functional protein, as

confirmed by western- blotting and β-galactoside staining in Mtrr+/gtplacentas

(Elmore et al., 2007). Details of the epitopes of the MTRR protein the MTRR

antibody (which is polyclonal) binds were not available. We speculate that the

MTRR antibody recognises motifs of this non-functional protein thus leading to

MTRR detection at C57Bl/6 levels even in Mtrrgt/gt testes. However, a western

blot should be performed to verify the antibody specificity.

To confirm that the protein expression of FOLR1, SLC19A1 and MTHFR was

unaffected by the Mtrr mutation, I performed immunohistochemistry against

FOLR1, SLC19A1 and MTHFR in Mtrr+/+, Mtrr+/gt, Mtrrgt/gt and C57Bl/6 control

testes. It was previously shown that MTHFR protein is widely expressed in

C57Bl/6 mouse testis including in spermatogonia, spermatids, pachytene and

preleptotene spermatocytes and Sertoli cells, but not leptotene or zygotene

spermatocytes or interstitial cells (Garner et al., 2013). I broadly confirmed

this finding via immunohistochemistry (Figure 3.2F), though some MTHFR

expression was detected in the interstitial cells (Figure 3.2F and Ff). SLC19A1

and FOLR1 showed a similar broad expression pattern as MTRR and MTHFR

in C57Bl/6 testes (Figure 3.2K, O). Notably, SLC19A1 had limited expression

in spermatocytes (Figure 3.2K and Kk) and FOLR1 showed relatively strong

expression in Sertoli cells (Figure 3.2O and Oo). There was no apparent dif-

ference in FOLR1, SLC19A1 or MTHFR protein expression in Mtrr+/+, Mtrr+/gt

or Mtrrgt/gt testes compared to C57Bl/6 testes (Figure 3.2). This data suggests

that most cells in the testes take up and metabolise folate. Additionally, cells

in Mtrr+/gt and Mtrrgt/gttestes do not appear to compensate at either a transcrip-

tional or protein level, through up-regulation of other pathway components,

for the metabolic defect caused by the Mtrrgt allele.
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Figure 3.2: The machinery to metabolise folate is widely expressed in the
testes. (A-D) Representative histological sections of seminiferous tubules im-
munostained with an antibody against MTRR are shown for (A) C57Bl/6 with
(Aa) a higher-magnification of boxed region in (A), (B) Mtrr+/+, (C) Mtrr+/gt and
(D) Mtrrgt/gt testes. (F-I) Representative histological sections of seminiferous
tubules immunostained with an antibody against MTHFR are shown for (F)
C57Bl/6 with (Ff) a higher-magnification of boxed region in (F), (G) Mtrr+/+,
(H) Mtrr+/gt and (I) Mtrrgt/gt testes. (K-N) Representative histological sections
of seminiferous tubules immunostained with an antibody against SLC19A1
are shown for (K) C57Bl/6 with (Kk) a higher-magnification of boxed region
in (K), (L) Mtrr+/+, (M) Mtrr+/gt and (N) Mtrrgt/gt testes. (O-R) Representative
histological sections of seminiferous tubules immunostained with an antibody
against FOLR1 are shown for (O) C57Bl/6 with (Oo) a higher-magnification of
boxed region in (O), (P) Mtrr+/+, (Q) Mtrr+/gt and (R) Mtrrgt/gt testes. Coloured
arrowheads in Aa, Ff, Kk and Oo indicate cell types: Sertoli cells (black),
spermatocyte (grey) and round spermatid (white). (E,J) Control histological
section of C57Bl/6 seminiferous tubules from adult testis immunostained with
the secondary antibody only. Three histological sections from three males per
genotype were analysed for each antibody. Scale bars: 50 µm, except Aa, Ff,
Kk, Oo: 5 µm.

3.2.2 Testes of Mtrrgt/gt mice are morphologically more spheri-
cal

Prior to assessing whether the Mtrrgt mutation affected testes morphology or

function, we performed gross analysis of male body weight. Age matched

C57Bl/6, Mtrr+/+, Mtrr+/gt and Mtrrgt/gt male mice were weighed. Mtrr+/+ and

Mtrrgt/gt male weights were equivalent to C57Bl/6 controls (Figure 3.3A). Inter-

estingly, I observed that Mtrr+/gt male body weight was significantly higher

than C57Bl/6 controls (p<0.0001; Figure 3.3A). This data suggests that the

Mtrrgt allele might have different metabolic repercussions when in heterozy-

gous or homozygous form.

Testes from C57Bl/6, Mtrr+/+, Mtrr+/gt and Mtrrgt/gt males were then weighed

and processed for histological analysis. The average testis weight of Mtrrgt/gt

males was significantly less than to C57Bl/6 controls (p=0.0133; Figure 3.3B).

Mtrr+/+ and Mtrr+/gt testes weights were no different to C57Bl/6 controls (Figure

3.3B). However, when testis weight was calculated as a percentage of body

weight, no differences between the Mtrr genotypes and C57Bl/6 controls were

observed (Figure 3.3C). This data indicates that the decrease in testes weight
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in Mtrrgt/gt mice was likely small and proportional to body weight, despite the

Mtrrgt/gtbody weight not being statistically significantly different from C57Bl/6

controls.

Gross analysis of the testis morphology revealed that compared to the ovoid

shape observed in control C57Bl/6, Mtrr+/+ and Mtrr+/gt testes, the Mtrrgt/gt

testes appeared rounder and closer to a spheroid shape (Figure 3.3D). This

observation was supported by a shorter major axis in Mtrrgt/gt testes relative

to C57Bl/6 controls (p=0.0228; Figure 3.3F-G). The absolute number of semi-

niferous tubules counted per testes histological section was reduced in Mtrrgt/gt

testes versus C57Bl/6 controls (Figure 3.3H). This reduction reflects a smaller

testes size in Mtrrgt/gt males since seminiferous tubule density (tubules per

mm2) was equivalent in Mtrrgt/gt and C57Bl/6 males (Figure 3.3I). The testes

axes lengths, seminiferous tubule number and density of Mtrr+/+ and Mtrr+/gt

testes were similar to controls (Figure 3.3F-I). To investigate the seminiferous

tubules themselves more specifically, the average cross-sectional area of each

tubule and tubule epithelial thickness (at its thickest and thinnest, Figure 3.3E)

were determined. All parameters measured were equivalent in C57Bl/6 control

in Mtrr+/+, Mtrr+/gt and Mtrrgt/gt testes (Figure 3.3J-L). Additionally, the thickness

of the tunica albuginea, the fibrous connective tissue encapsulating the testis,

was unaffected by Mtrr deficiency (Figure 3.3M). Overall, Mtrrgt/gt homozygos-

ity in mice alters testis shape and size yielding fewer seminiferous tubules, yet

normal gross seminiferous tubule morphology.
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Figure 3.3: Mtrrgt/gt testes are more spherical in shape with fewer seminifer-
ous tubules. (A-C) Graphs showing (A) average male body weight, (B) average
testis weight, and (C) testes weight as a percentage of body weight for male
mice of the following genotypes: C57Bl/6 controls (black), Mtrr+/+ (purple),
Mtrr+/gt (green) and Mtrrgt/gt (blue). Data is plotted as mean ± sd. N=20-64
males per genotype. (D) Representative histological sections of whole testes
stained with haematoxylin and eosin. C57Bl/6, Mtrr+/+, Mtrr+/gt and Mtrrgt/gt

testes are shown. Scale bar: 1 mm. (E) Histological section of C57Bl/6 control
testis illustrating the parameters measured in F-G and J-L. The box represents
a region of higher-magnification shown in the inset. Dotted line, outline of
seminiferous tubule; a, major axis of testes diameter; b, minor axis of testes
diameter; c, seminiferous tubule area; d, longest seminiferous tubule epithe-
lium width; e, shortest seminiferous tubule epithelium width, ta, tunica abug-
inea. (F-M) Data representing measurements of testes and seminiferous tubule
morphology for C57Bl/6 controls (black), Mtrr+/+ (purple), Mtrr+/gt (green) and
Mtrrgt/gt (blue). Data is plotted as mean ± sd. Testes from at least 4 males were
assessed per genotype. Each point represents the average value per male as de-
termined by assessing at least six histological sections per male. Measurements
on histological sections of testes included: (F-G) testis diameter along the (F)
major axis and (G) minor axis, (H) the average number of seminiferous tubules
per histological section of testis, (I) seminiferous tubules density, (J) average
seminiferous tubule area, (K-L) seminiferous tubule epithelial width deter-
mined at the (K) longest and (L) shortest, and (M) the thickness of the tunica
albuginea that encapsulates the entire testis. Statistical tests: one-way ANOVA
tests with Dunnett’s multiple comparisons test. *p<0.05, ****p<0.0001.

3.2.3 Testes function and spermatogenesis is unaltered by the
Mtrrgt mutation

Since I observed overall changes in testes shape and the number of semi-

niferous tubules was reduced in Mtrrgt/gt testes, I wanted to assess whether

testes function was altered by the Mtrrgt mutation. Firstly, I assessed Leydig

cell function. Leydig cells are somatic cells localised to the interstitial space

between seminiferous tubules. They produce testosterone in the presence of

luteinizing hormone (Vasta et al., 2006), which drives spermatogenesis. To

determine whether the Mtrrgt allele alters Leydig cell function, I measured

serum testosterone levels using an ELISA. Although highly variable, the av-

erage serum testosterone concentration in Mtrr+/+, Mtrr+/gt, and Mtrrgt/gt males

was statistically similar to C57Bl/6 males (Figure 3.4A). The variability may in

part reflect poor quality blood samples. I also quantified the number of Sertoli
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cells. Sertoli cells are somatic cells within the seminiferous tubule that provide

the niche for spermatogenic stem cell development (Smith and Walker, 2014).

These cells were characterised by a triangular shaped nucleus and prominent

nucleolus. Using histological sections of testes, the average number of Sertoli

cells per seminiferous tubule section was similar in C57Bl/6, Mtrr+/+, Mtrr+/gt

and Mtrrgt/gt testes (Figure 3.4B). Together, this suggests that supporting cells of

the testes are likely unaffected by Mtrr deficiency.

To explore whether the Mtrr mutation directly impacts spermatogenesis,

seminiferous tubules were staged based on the spermatogenic cell types present

and the characteristics of the spermatid acrosome (Carrell and Aston, 2013).

Stages I-XII cover the process of spermatogenesis from spermatogonium to

elongated spermatid. As such, seminiferous tubule staging allows key pro-

cesses of spermatogenesis such as acrosome formation, progression of the

waves of spermatogenesis, and maturation of the germinal epithelium to be

assessed (Carrell and Aston, 2013). Overall, normal progression of spermato-

genesis was apparent in C57Bl/6, Mtrr+/+, Mtrr+/gt and Mtrrgt/gt seminiferous

tubules. No significant difference in the relative proportions or overt morphol-

ogy of cells at each spermatogenic stage was observed compared to controls

(Figure 3.4C-D). Therefore, spermatogenesis appears to progress in a normal

manner along the seminiferous tubule in Mtrrgt/gt homozygous mice regardless

of the size and shape change of the testis.
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Figure 3.4: Mtrr deficiency does not alter testes function. (A) Serum testos-
terone concentrations as determined by ELISA in C57Bl/6 (black), Mtrr+/+

(purple), Mtrr+/gt (green) and Mtrrgt/gt (blue). Data is plotted as mean ± sd
(n=2-8 mice per genotype). (B) Graph showing the average number of Sertoli
cells in the seminiferous tubules of C57Bl/6 (black), Mtrr+/+ (purple), Mtrr+/gt

(green) and Mtrrgt/gt (blue) testes. Data is plotted as mean ± sd (n=3 males
per genotype). Each data point represents the average Sertoli cell number
in seminiferous tubules within at least three histological sections per male.
(C) The proportion of seminiferous tubules categorised as one of the twelve
stages of spermatogenesis (stage I-XII) in C57Bl/6, Mtrr+/+, Mtrr+/gt and Mtrrgt/gt

testes. An average of 220 tubules were staged per section. Six histological
sections were assessed per testes. One testis was assessed per male and four
mice were assessed per genotype. Statistical analyses performed: (A-B) one-
way ANOVA tests, (C) two-way ANOVA test, both with Dunnett’s multiple
comparisons test. (D) Representative images of seminiferous tubules for each
genotype at key stages of spermatogenesis. Stages VIII (top panels) and XII
(bottom panels) are shown. Key cell types used to classify the stage are labelled
with arrowheads: Es, elongated spermatid; Rs, Round spermatid; mf, meiotic
figures. Histological sections were stained with PAS stain. Scale bars: 50µm

3.2.4 Sperm parameters and fertility are normal in Mtrrgt/gt

males

Mtrr deficient mice are fertile. This correlates with the normal spermatogen-

esis observed in Mtrr deficient testes. However, whether spermatozoa from

Mtrrgt/gt males were capable of maturing and, ultimately, fertilizing an oocyte

at a similar rate as controls had not previously been systematically assessed.

Therefore, I first analysed mature spermatozoa extracted from the cauda epi-

didymis. Sperm were counted using a haemocytometer, and normalised by

cauda epididymis weight. Initial studies performed sperm counts on males

over a range of ages from 8 to 29 weeks. In this data set, the sperm counts

of Mtrr+/+ and Mtrr+/gt males were elevated with respect to C57Bl/6 controls

(p=0.002 and p=0.0092, respectively, Figure 3.5A). Mtrrgt/gt male sperm counts

were equivalent to C57Bl/6 controls (Figure 3.5A). Conversely, sperm viabil-

ity, assessed using supravital staining, was reduced in Mtrrgt/gt males versus

C57Bl/6 controls (p=0.0003, Figure 3.5B). Sperm viability was unaffected in

Mtrr+/+ and Mtrr+/gt males (Figure 3.5B). No differences in sperm morphology

were noted between C57Bl/6 controls and any Mtrr sperm (Figure 3.5C). How-

ever, I believe the differences in sperm counts and viability might have reflected
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differences in the average age of the males assessed in each group (Average

male age of C57Bl/6: 17 weeks, Mtrrgt/gt: 19 weeks, Mtrr+/gt: 16 weeks, Mtrr+/+:

12 weeks). Indeed, a negative correlation was observed when sperm count

was plotted against male age (Figure 3.5D). Therefore I reanalysed our data,

considering only 16-20 week old males. In these 16-20 week old males, similar

numbers of sperm were observed in C57Bl/6, Mtrr+/+, Mtrr+/gt and Mtrrgt/gt

groups (p>0.11; Figure 3.5E). Additional sperm counts should be performed to

improved the validity of this data. Sperm viability analysis also showed com-

parable percentages of viable sperm were present in each genotype analysed

when only 16-20 week old males were considered (96.9 to 97.4% viable sperm;

p>0.94; Figure 3.5F). In addition, an equivalent proportion of spermatozoa (at

least 90%) from C57Bl/6, Mtrr+/+, Mtrr+/gt and Mtrrgt/gt males showed a normal

hooked morphology (Figure 3.5G). The frequency of abnormal sperm mor-

phologies including hookless (∼1%), headless (∼2-5%), or amorphous (∼5-6%)

sperm was also similar between genotypes (Figure 3.5G). This data provides

further evidence to support the conclusion that sperm quantity and quality

decrease with age, including in the Mtrr deficient mice. Overall, this data

supports a finding that abnormal folate metabolism caused by the Mtrr allele

does not affect sperm viability, morphology or number.

To assess fertility in Mtrrgt/gt males, I retrospectively analysed the ability of

C57Bl/6 and Mtrrgt/gt males to produce a copulatory plug and the timespan

between the establishment of a mating pair to the detection of the plug. I

found that 100% of C57Bl/6 males (52/52 males) and 95.2% of Mtrrgt/gt males

(40/42 males) produced a copulatory plug within seven days. Mtrrgt/gt male

mice took an average of 2.7 ± 0.2 days to copulate with a female mouse, which

was slightly longer than the 2.1 ± 0.2 days (p=0.03) for C57Bl/6 control males

(Figure 3.5H). As this was a retrospective analysis, an important caveat to this

experiment is that the female genotype was not taken into account. Mtrrgt/gt

males were more often mated to Mtrrgt/gt females, which is likely a confounding

factor when determining the plug rate. When only matings with C57Bl/6

or Mtrr+/+ females were considered, there was no apparent difference in time

taken to copulate between C57Bl/6 and Mtrrgt/gt males (p=0.84, Figure 3.5I). To

get an estimation of the rate at which Mtrrgt sperm were able to fertilise oocytes,
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I retrospectively assessed the ability of Mtrrgt/gt males to generate pregnancies

after a copulatory plug was detected. This was determined by the presence of

implantation sites in the uterus or pups littered. Pregnancies were generated

at a slightly, but not significantly, reduced rate between Mtrrgt/gt males (87.5%,

N=40) and C57Bl/6 males (98.1%, N=52; p=0.08, Fisher’s exact test) (Figure

3.5J) regardless of female Mtrr genotype. Therefore, male fertility is likely

unaffected by Mtrrgt/gt homozygosity.
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Figure 3.5: Sperm count, sperm viability, and fertility are normal in Mtrrgt/gt

males. Graphical data is shown for C57Bl/6 (black), Mtrr+/+ (purple), Mtrr+/gt

(green) and Mtrrgt/gt (blue) males. (A-C) Data is shown for males ranging from
8-29 weeks old. (A) Data showing the average sperm count normalised to
cauda epididymis weight. Data is plotted as mean ± sd. N=3-17 males per
genotype. (B) Graph depicting the percentage of total sperm that was viable
as determined in eosin/nigrosin smears. Data is plotted as mean ± sd. N=3-8
males per genotype. (C) Data showing the proportion of sperm with normal
morphology (white) or abnormal morphology including headless sperm (light
grey), amorphous sperm (dark grey) or hookless sperm (black) in C57Bl/6,
Mtrr+/+, Mtrr+/gt and Mtrrgt/gt males. N=3-8 males per genotype. (D) A plot
of sperm count per milligram of cauda epididymis against male age in weeks.
Line of best fit depicted, y-intercept: 7.13, slope: -0.09459. N=41 males. (E-G)
Data is shown for males ranging from 16-20 weeks old only. (E) Data showing
the average sperm count normalised to cauda epididymis weight. Data is
plotted as mean± sd. N=1-17 males per genotype. (F) Graph depicting the per-
centage of total sperm that was viable as determined in eosin/nigrosin smears.
Data is plotted as mean ± sd. N=1-8 males per genotype. (G) Data showing
the proportion of sperm with normal morphology (white) or abnormal mor-
phology including headless sperm (light grey), amorphous sperm (dark grey)
or hookless sperm (black) in C57Bl/6, Mtrr+/+, Mtrr+/gt and Mtrrgt/gt males. N=1-
8 males per genotype. (H-I) Graphs indicating a retrospective analysis of the
average number of days between the establishment of a mating pair and detec-
tion of the copulatory plug for C57Bl/6 and Mtrrgt/gt males. Data is presented
as mean± sd. (H) Males were paired with C57Bl/6, Mtrr+/+, Mtrr+/gt or Mtrrgt/gt

female mice. N=52 C57Bl/6 males and 42 Mtrrgt/gt males. (E) Only matings
with C57Bl/6 and Mtrr+/+ females were considered. N=45 C57Bl/6 males and
6 Mtrrgt/gtmales. (J) The percentage of copulatory plugs generated by C57Bl/6
or Mtrrgt/gt males that resulted in pregnancy. Pregnancy was determined by the
appearance of implantation sites in the uterus or the presence of a litter at birth.
N=40-52 litters. Statistical analyses included: (A-B, E-F) one-way ANOVA tests,
(H-I) unpaired independent t-tests, (J) Fishers exact test. *p<0.05, **p<0.0005,
***p<0.0005.

3.2.5 Expression of Dnmt2 is reduced in the epididymis of Mtrr
mice

Dynamic changes in epigenetic landscape occur as sperm differentiate and

mature, both during spermatogenesis and as they pass along the epididymis

(Oakes et al., 2007; Loukinov et al., 2002). Folate metabolism is required to

transmit one-carbon methyl groups for DNA methylation (Jacob et al., 1998)

and Mtrr deficiency causes dysregulation of DNA methylation patterns (Pad-
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manabhan et al., 2013). Therefore, I aimed to understand whether Mtrr defi-

ciency altered the expression levels of the genes encoding for the DNA methy-

lation machinery, including the DNMT and TET enzymes, in the testis or epi-

didymis. Disrupted DNMT or TET expression could contribute to defects in

the establishment and/or maintenance of DNA methylation profiles in sperm.

Additionally, sperm are known to take up ncRNAs during transit through the

epididymis (Sharma et al., 2016), and these ncRNAs may carry RNA modifica-

tions (Chen et al., 2015). Therefore, I also examined the gene expression of the

RNA methylation machinery, namely Dnmt2 and Nsun2.

Using RT-qPCR analysis, I determined that mRNA expression of Dnmt1,

Dnmt3a, Dnmt3b, and Dnmt3c genes in Mtrr+/+, Mtrr+/gt, and Mtrrgt/gt testes

and epididymides were comparable to C57Bl/6 controls (Figure 3.6A-D, H-K).

Likewise, Mtrr deficiency did not alter the expression Tet1, Tet2 and Tet3 genes

in either testes or epididymides (Figure 3.6E-G, L-N). This data suggest that

despite widespread DNA methylation dysregulation in the Mtrrgt model, gene

expression of the DNA methylation machinery is unchanged in either the testes

or epididymis.
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Figure 3.6: DNA methylation machinery expression is comparable to controls
in Mtrr+/+, Mtrr+/gt, and Mtrrgt/gt testes and epididymides. Graphical data
is shown for C57Bl/6 (black), Mtrr+/+ (purple), Mtrr+/gt (green) and Mtrrgt/gt

(blue) males in testis (A-G) and epididymis (H-N). Data is plotted as mean ±
standard deviation. Graphs show RT-qPCR analysis of the expression of (A,H)
Dnmt1, (B,I) Dnmt3a, (C,J) Dnmt3b, (D,K) Dnmt3c, (E,L) Tet1, (F,M) Tet2 and
(G,N) Tet3. Data is represented as fold change compared to C57Bl/6 controls,
which are normalised to 1. N=4-6 individuals per genotype. Statistical analysis
performed was one-way ANOVA.
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Again using RT-qPCR analysis, I determined that mRNA expression of

Dnmt2 and NSun2 genes was equivalent to C57Bl/6 controls in Mtrr+/+, Mtrr+/gt,

and Mtrrgt/gt testes (Figure 3.7A-B). However, the mRNA expression of Dnmt2

was significantly reduced in Mtrr+/+, Mtrr+/gt, and Mtrrgt/gt epidiymides ver-

sus C57Bl/6 controls ((p<0.0024, Figure 3.7C). Interestingly, the expression of

Nsun2 was equivalent to C57Bl/6 controls in all Mtrr genotype epididymides

(Figure 3.7D). This data shows that that disruption of folate metabolism caused

by the Mtrrgt mutation, or parental exposure to a Mtrrgtallele, leads to altered

Dnmt2 expression in the epididymis. This raises the exciting possibility that

sperm RNA modifications may be perturbed.

Figure 3.7: Dnmt2 expression is reduced in Mtrr+/+, Mtrr+/gt, and Mtrrgt/gt

epididymides versus C57Bl/6 controls. Graphical data is shown for C57Bl/6
(black), Mtrr+/+ (purple), Mtrr+/gt (green) and Mtrrgt/gt (blue) males in (A-B)
testis and (C-D) epididymis. Data is plotted as mean ± standard deviation.
Graphs show RT-qPCR analysis of the expression of (A,C) Dnmt2, and (B,D)
Nsun2. Data is represented as fold change compared to C57Bl/6 controls,
which are normalised to 1. N=4-6 individuals per genotype. Statistical analysis
performed was one-way ANOVA, with Dunnett’s multiple comparisons test.
** p<0.005, *** p<0.0005.
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3.3 Discussion

Understanding the effect of Mtrr deficiency on spermatogenesis and testes

function is important in the context of TEI within the Mtrrgt mouse model.

Here I have established that MTRR protein was widely expressed throughout

the adult testis. Other proteins involved in folate metabolism and uptake,

MTHFR, FOLR1 and SLC19A1, had similar expression patterns suggesting that

folate metabolism occurs broadly in the mouse testis. The Mtrrgt mutation

resulted only in a mild testes phenotype in Mtrrgt/gt males. Mtrrgt/gt testes were

more spherical in shape with fewer seminiferous tubules compared to C57Bl/6

controls. However, this gross morphological phenotype did not appear to

have functional consequences since serum testosterone levels, spermatogen-

esis, sperm counts and viability, and fertility were normal in Mtrrgt/gt males.

Mtrr+/gt and Mtrr+/+ males had normal testis and sperm morphology and func-

tion. However, the expression of the RNA methyltransferase Dnmt2 was specif-

ically reduced in Mtrr+/+, Mtrr+/gt and Mtrrgt/gt epididymides, despite normal

expression of all other DNA methylation machinery enzymes in both testes

and epididymis. Overall, since no morphological or functional abnormalities

are apparent in germ cells of Mtrrgt/gt, or more importantly Mtrr+/gt males,

I conclude that defects in spermatogenesis or sperm function are unlikely a

contributing factor to the transgenerational inheritance of developmental ab-

normalities observed in this model. However, reduced Dnmt2 expression in

the epididymis in both males with, or parentally exposed to, the Mtrrgt allele

suggests RNA modifications could play a role in TEI in this model.

However, these conclusions are drawn with an appreciation that the meth-

ods used to assess testes morphology had limitations. Histological analysis

may have been affected by technical variations in processing such as the angle

and position of testis within the wax block during sectioning, the position of the

section within the testes, tissue shrinkage, fixation artefacts and dehydration.

As seminiferous tubules are convoluted, counting seminiferous tubule cross-

sections may not give a true reflection of tubule number. Performing stereology

on serial sections may give a more accurate representation of testes morphol-

ogy. Although the cells within the histological sections of seminiferous tubules

appeared to have a normal morphology and were represented in normal num-
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bers, this could be quantified more thoroughly using immunohistochemical

techniques with antibodies against markers of specific cell types (e.g androgen-

binding protein (ABP) as a Sertoli cell marker (Hansson et al., 1975)).

The scope of our analysis on sperm counts and functionality was also

somewhat limited. We performed sperm counts on sperm isolated from the

cauda epididymis only. Determination of total epididymal sperm count, as a

measure of sperm output, and the number of homogenization-resistant sper-

matids in a unit mass of testicular tissue, as a measure of sperm reserve, would

provide a better estimate of sperm production efficiency and also epididymal

sperm reserves (Peirce and Breed, 2001). This would give a better indication

of spermatogenic efficiency. More thorough and in-depth analysis of sperm

functionality may reveal subtle phenotypes, undetectable using our methods

but suggested by the reduction in successful pregnancies following copulation

observed in Mtrrgt/gtmales (Figure 3.5 J). In vitro fertilization techniques using

Mtrrgt/gt (or C57Bl/6 control) sperm and C57Bl/6 oocytes could be used to

determine more accurately if there is reduced fertilisation capacity in Mtrrgt/gt

males. In vitro tests of sperm penetration, such as the Hemizona Assay, could

also be performed (Carrell and Aston, 2013). To better characterise sperm pa-

rameters, more advance technologies, such as computer aided sperm analysis

(CASA), could be utilised. This would allow parameters such as sperm motil-

ity, known to be important for fertility (Larsen et al., 2000), to be measured. Our

conclusion that Leydig cell function was normal, as determined by a serum

testosterone ELISA, should be interpreted with an understanding that mild

haemolysis occurred in some blood samples, reducing the purity of serum.

Blood collection via an alternative method to cardiac puncture after cervical

dislocation, such as tail vein bleed, may provide a better quality blood sample.

Additionally, testosterone levels should be measured in more individuals to

account for biological variability, particularly Mtrr+/+ males as only two in-

dividuals were assessed in the current analysis. Furthermore, an important

aspect not considered in this study is seminal fluid. It has the potential to

influence the female reproductive tract and has been reported to convey infor-

mation regarding parental diet that influences offspring phenotype (Watkins

et al., 2018). Therefore, it should be evaluated in the Mtrrgt model.
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The testes phenotype observed in Mtrrgt/gt males is relatively mild. This may

be because the Mtrrgtallele is a hypomorphic mutation. In fact, wildtype Mtrr

transcript is present in Mtrrgt/gt homozygous tissue, although at very low levels

in the testes (Figure 3.1D; Padmanabhan et al. (2013); Elmore et al. (2007)). How

this occurs in the absence of a wildtype Mtrr allele is unclear, though splicing

out of the gene-trap that causes the Mtrrgt mutation is suspected (Padmanab-

han et al., 2013; Elmore et al., 2007). In Mtrrgt/gt testis, the level of wildtype Mtrr

mRNA expression is only 14% of that in C57Bl/6 testis. This was lower than all

of the other Mtrrgt/gt tissue types that have been tested (e.g., heart, uterus, brain,

kidney, liver), which have expression ranging from 19.3-35.7% of control levels

(Padmanabhan et al., 2013). This suggests splicing may occur less efficiently

in testes than other tissues. Despite the much reduced expression of Mtrr,

Mtrrgt/gt testes function was normal and generated mature and functioning

sperm. Perhaps a compensatory mechanism exists in testes to protect sperm

against the metabolic insult of Mtrr deficiency. This could be similar to the

normalisation of folate concentrations in fetal blood that occurs during mater-

nal folate deficiency in an attempt to maintain normal fetal growth (Ek, 1980).

It will be necessary to measure folate and Ado-Met concentrations in Mtrrgt/gt

testes and seminal fluid to test this hypothesis. Interestingly, folate levels in

seminal plasma of men are greater than in blood plasma (Wallock et al., 2001).

However, no transcriptional compensation by other genes involved in folate

transport and metabolism occurs in Mtrr-deficient testes. A complete knockout

of the Mtrr gene might cause a more severe testes or fertility phenotype.

Diminished cell proliferation may account for the reduced size and ab-

normal shape of Mtrrgt/gt testes (Figure 3.3). It is known that disruption of

folate metabolism leads to altered nucleotide pools (Bistulfi et al., 2010) and

hypomethylation of cellular substrates (Wasson et al., 2006; Dobosy et al., 2008;

Waterland et al., 2006). Though it is poorly understood, determination of

testes size likely occurs during highly proliferative phases of fetal and perinatal

development (Sharpe, 2006; Svingen and Koopman, 2013). Therefore, investi-

gating the effects of Mtrr deficiency on testes development in embryos and

in early post-natal mice will help to explore the mechanism behind the small,

round testes phenotype.



91

The mild testes phenotype and normal sperm parameters observed in the

Mtrrgt model are consistent with a model of dietary folate deficiency in C57Bl/6

mice, where no effect of diet was reported on spermatogenesis or sperm counts

(Lambrot et al., 2013). Based on Mthfr knockout mouse strains, genetic back-

ground effects seem to be important when considering folate metabolism and

testes phenotype. Mthfr-/- BALB/c mice display oligospermia and infertility

(Kelly et al., 2005; Chan et al., 2010), whereas Mthfr-/- C57Bl/6 mice have a low

sperm count but are fertile (Chan et al., 2010). Mtrrgt/gt males (which have a

C57Bl/6 genetic background) display a testes phenotype most similar to, but

less severe than, C57Bl/6 mice that are Mthfr-/- mutant including reduced testes

weight with normal fertility (Chan et al., 2010). The Mtrrgt allele has not been

bred into an alternative genetic background. To do this would allow us to

explore the implications of the genetic background of Mtrr-deficiency on testis

function.

A dose-specific metabolic effect of the Mtrrgt allele was further evident

when we assessed male body weight. We observed that Mtrr+/gt not Mtrrgt/gt

males had increased body weight compared to C57Bl/6 control males. Interest-

ingly, this finding is correlated with plasma total homocysteine concentrations.

As expected, Mtrrgt/gt males display hyperhomocysteinemia with respect to

C57Bl/6 controls (Padmanabhan et al., 2013). However, plasma total homo-

cysteine levels are reduced in Mtrr+/gt males compared to C57Bl/6 males (Pad-

manabhan et al., 2013). The reason behind this reduction and its relationship

to body weight is unclear and should be explored further. Intriguingly, the

increased body weight in heterozygous males appears to be late onset (16-

20 weeks of age) since Mtrr+/gt males at 11 weeks have normal body weights

(Elmore et al., 2007). However, this finding might be based on the control used:

Elmore et al. used Mtrr+/+ males whereas we used C57Bl/6 males in this study

since ancestral Mtrr deficiency was shown to affect Mtrr+/+ mice (Padmanabhan

et al., 2013). Similar to Elmore et al., when body weight of Mtrr+/gt males at 16-

20 weeks was compared to Mtrr+/+ males in our study, no significant difference

was observed.

We observed that mRNA expression of the DNA methylation machinery,

the DNMT and TET enzymes responsible for DNA methylation and demethy-
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lation respectively, was not altered in the testes or epididymides of the Mtrr

model. This however does not exclude the possibility that abnormal DNA

methylation patterns may be established in the sperm. Consistent with this hy-

pothesis are folate-deficient C57Bl/6 males that are fertile with normal sperm

counts and yet the sperm have altered epigenomes that are associated with an

increased risk of congenital malformations in their offspring (Lambrot et al.,

2013). Epigenetic reprogramming, including widespread DNA demethylation,

occurs in the developing germ cells as they migrate to and occupy the genital

ridges (Reik and Surani, 2015). The male germ cells then enter mitotic arrest

and reestablishment of DNA methylation patterns occur at the prospermato-

gonia stage at around E15 (Reik et al., 2001). There is evidence that epigenetic

reprogramming can occur during spermatogenesis in adult testes (Oakes et al.,

2007; Loukinov et al., 2002). Indeed, sperm DNA methylation patterns seem to

be susceptible to environmental insults only received in adulthood (e.g. high

fat diet (Wei et al., 2014)). Dysregulation of the DNA methylation machinery

during embryonic stages of testes and germ cell development, rather than in

the adult testes, may be more likely to lead to altered epigenetic marks within

the mature sperm. Assessment of DNA methylation machinery in developing

Mtrr testes would help determine if this were the case.

Remarkably we do see that the mRNA expression of the RNA methyltrans-

ferase Dnmt2 is reduced in the epididymis of Mtrr+/+, Mtrr+/gt and Mtrrgt/gt

males. DNMT2 expression is required for tRNA fragment mediated inheritance

of high fat diet induced phenotypes (Zhang et al., 2018; Chen et al., 2015). RNA

modifications, particularly those on tRNAs, should therefore be explored in the

Mtrr model. DNMT2 has also been implicated in the Kit paramutant pheno-

type, with inheritance of the paramutant phenotype not occurring in Dnmt2-/-

mice (Kiani et al., 2013). Paramutation has been excluded as a mechanism

in the Mtrr model, as expression of Mtrr+/+ mRNA was normal in embryos

and placentas derived from Mtrr+/gt parents (Padmanabhan et al., 2013). RNA

methylation, mediated by DNMT2, has been implicated in tRNA stability, sec-

ondary structure and biological properties (Tuorto et al., 2012; Zhang et al.,

2018), which perhaps provides insight into how RNA modifications could

mediate phenotypic inheritance. Additional RNA modifying enzymes, such
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as DEAD box polypeptide 1, which has also been implicated in non-genetic

inheritance (Hildebrandt et al., 2015), should be assessed in the Mtrr model.

The status of Mtrr+/gt sperm is important in the context of TEI, as Mtrr+/gt

males represent the maternal grandfather in the transgenerational inheritance

pedigrees. Here we show that Mtrr+/gt heterozygosity does not affect testes

morphology or sperm parameters. This suggests that it is unlikely that defects

in testes function or spermatogenesis contribute to the mechanism behind TEI.

A similar investigation probing folate metabolism in the ovary and explor-

ing potential abnormal ovarian and oocyte morphology and function in the

Mtrrgt model, specifically in Mtrr+/+F1 generation females, will be necessary to

completely rule out a gonadal or germ cell morphological contribution to the

inheritance of phenotypes. However, the data presented here strengthens the

hypothesis that a factor intrinsic to sperm, but independent of their structure,

such as the genome or epigenome, is responsible for transgenerational pheno-

typic inheritance.



Chapter 4

Assessing genetic stability in Mtrrgt

mice

Bioinformatics analysis in this chapter was performed in collaboration with

Dr Russell Hamilton (Department of Genetics & Centre for Trophoblast Re-

search, Cambridge, UK) and Dr Xiaohui Zhao (Centre for Trophoblast Re-

search, Cambridge, UK). Validation of variants identified by whole genome se-

quencing was performed in collaboration the undergraduate students Daphne

Chia and Panayiotis Laouris (Department of Physiology, Development and

Neuroscience, Cambridge, UK).
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4.1 Introduction

The folate and methionine cycles play vital roles in DNA synthesis and re-

pair (Bistulfi et al., 2010; Blount et al., 1997; Duthie et al., 2000b). Folate is

required for the de novo synthesis of the nucleotide thymidine. Thymidylate

synthase catalyses the conversion of deoxyuridine monophosphate (dUMP)

to deoxythymidine monophosphate (dTMP) by reductive methylation using

a one-carbon unit from 5-10-methylenetetrahydrofolate (Avendao and Men-

ndez, 2008) (Chapter 1, Figure 1.5). Dietary folate deficiency decreases dTMP

synthesis, increasing the dUMP/dTMP ratio and resulting in dUTP (uracil)

misincorporation into DNA (Bistulfi et al., 2010; Blount et al., 1997). Uracil

misincorporation initiates DNA repair processes, such as base excision repair.

Errors during DNA repair can lead to chromosome breaks and chromosomal

aberrations (Blount et al., 1997; Cabelof et al., 2004; Duthie et al., 2000a; Duthie,

2011). With continued folate deficiency, permanent imbalances in the nu-

cleotide pools can lead to repeated uracil misincorporation and a catastrophic

repair cycle (Duthie et al., 2002).

There are numerous studies exploring the role of folate in DNA stability,

particularity with regard to carcinogenesis (reviewed in Duthie (2011)). Folate

deficient splenctomised human patients had increased micronucleated erythro-

cytes on blood smears compared to non-folate deficient patients. Micronuclei

are normally removed by the spleen and are indicative of chromosomal dam-

age (Blount et al., 1997). When given folate supplementation, these patients

showed reduced uracil levels in their DNA (Blount et al., 1997). In fertile

men, but not subfertile men, low folate concentrations in seminal plasma

was associated with elevated DNA fragmentation index, as determined by

the sperm chromatin structure assay (Boxmeer et al., 2009). Similarly, folate-

deficient BALB/c mice showed increased sperm DNA fragmentation index

and increased mutation frequency at expanded simple tandem repeats (Swayne

et al., 2012). In cultured human lymphocytes, the detected levels of DNA strand

breakage and uracil misincorporation correlated with the duration and severity

of exposure to folate-deficient culture conditions (Duthie and Hawdon, 1998).

Furthermore, a study of human lymphocytes used detailed analysis of nuclear

morphology and observed increased nuclear abnormalities in folate-deficient
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conditions, in part resulting from telomere-end fusion (Bull et al., 2012). Fur-

ther investigations in another human cell line showed folate deficiency compro-

mised telomere homoeostasis with telomere length fluctuations and increased

presence of uracil in telomeres (Bull et al., 2014). This data suggests that some

loci may be particularly sensitive to genetic instability resulting from folate

deficiency.

However, there is also evidence to suggest that folate deficiency may not

always lead to genetic instability. Colonocytes, harvested from folate-deficient

Sprague-Dawley rats, showed impaired DNA excision repair rates but normal

mismatch repair (Choi et al., 1998). Additionally, there was no instability at five

mircosatellite loci compared to folate sufficient controls, even in the presence

of a colonic carcinogen (Choi et al., 1998). In tumour susceptible ApcMin mice,

folate deficiency was not associated with increased tumour number or size as

might have been expected (Trasler et al., 2003). Intriguingly, in ApcMin mice

with reduced Dnmt1 expression (due to heterozygous mutation in the Dnmt1

catalytic domain), folate deficiency led to fewer but larger tumours compared

to mice on folate sufficient diets (Trasler et al., 2003). BALB/c mice fed a

diet lacking choline and folic acid showed no increase in mutation rate at

expanded simple repeats compared to chow fed controls (Voutounou et al.,

2012). The mutation rate was also not increased in the F1 generation offspring

(Voutounou et al., 2012). Altogether, these data suggest that folate deficiency

may only influence genetic stability in certain circumstances. Discrepancies

between studies likely result from differing severities, durations and timing of

folate deficiency, either in the culture medium or diet. Varying susceptibilities

to DNA damage in different cell types or in animals with different genetic

backgrounds may also play a role.

Folate metabolism is also required for cellular methylation reactions (Jacob

et al., 1998; Ghandour et al., 2002). Reduced S-adenosylmethionine (SAM) lev-

els, as a result of abnormal folate metabolism or dietary folate deficiency, are as-

sociated with DNA hypomethylation (Padmanabhan et al., 2013; Wasson et al.,

2006; Waterland et al., 2006; Dobosy et al., 2008). Therefore, folate metabolism

may influence DNA stability through epigenetic mechanisms. DNA methy-

lation at cytosine residues is mutagenic due to spontaneous deamination to
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thymidine, creating a T-G mismatch (Holliday and Grigg, 1993). DNA methy-

lation patterns can also influence where genetic mutations occur in a broader

context. For example in breast cancer cells, differentially methylated loci be-

tween cancer and non-cancerous cells were associated with DNA breakpoints

(Eric Tang et al., 2012). DNA methylation also plays a vital role in suppressing

the activity of potentially deleterious transposable elements. Loss of methy-

lation at transposable elements has been show to lead to genomic instability

in cancer (Daskalos et al., 2009). Transposition has huge mutagenic capacity

at both the excision and insertion sites (Wicker et al., 2016). Indeed, this phe-

nomenon has been harnessed for mutation generation in the Sleeping Beauty

Transposon system (Largaespada, 2009). Overall, folate deficiency or defective

folate metabolism may lead to genetic instability, either directly through its

role in thymidine synthesis or indirectly through altered DNA methylation

patterns.

Epigenetic inheritance remains a controversial topic. Those sceptical of the

concept of epigenetic inheritance have long suggested that genetic mutations

rather than epimutations are responsible for the inheritance of phenotypes

reported. As such, genetic stability has been considered in several models of

TEI. The Agouti viable yellow (Avy) metastable epiallele displays variable and

heritable methylation of an IAP element upstream of the Agouti gene (Chapter

1, Figure 1.4). Whole genome sequencing of two Avy littermates, one with

a yellow coat and one a pseudoagouti coat, was used to demonstrate that

genetic differences were unlikely to account for the different coat phenotypes

of the sequenced individuals (Oey et al., 2015). Transgenerational inheritance

of a wide spectrum of diseases induced by in utero exposure of rats to the

fungicide vinclozolin is associated with sperm epimutations (Anway et al.,

2006; Schuster et al., 2016; Beck et al., 2017; Nilsson et al., 2018). However,

vinclozolin is a known mutagen (Hrelia et al., 1996). Chromosomal genomic

hybridisation analysis was used to demonstrate that there was an increase in

copy number variants (amplification or deletion of repeat elements) in the F3

generation sperm, but not F1 generation sperm, in this model (Skinner et al.,

2015). This may suggest the genetic changes are secondary to the epigenetic

changes (McCarrey et al., 2016). Additionally, exposing pregnant Big Blue
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Rats, which carry a lacI mutation-reporter transgene, to vinclozolin led to a

trend towards increased mutation frequency in the F3 generation offspring

of vinclozolin exposed rats versus untreated controls (McCarrey et al., 2016).

Genetic background is also important in the transgenerational inheritance of

adult disease, including male infertility, kidney and prostate disease and im-

mune abnormalities, in vinclozolin exposed mice (Guerrero-Bosagna et al.,

2012). Transgenerational inheritance of disease following vinclozolin exposure

occurs in CD-1 outbred mice but not 129 inbred mice suggesting a potential

genetic influence on the phenotypic inheritance (Guerrero-Bosagna et al., 2012).

Furthermore, the length of telomeres, the heterochromatic tandem repeats that

protect chromosome ends from degradation (Calado and Dumitriu, 2013), can

be responsive to the environment and inherited. Female rats fed a low protein

diet have a reduction in telomere length associated with premature reproduc-

tive aging in the F2 female offspring (Aiken et al., 2016). Altogether, this data

suggests genetic factors may play a role in some epigenetic inheritance models.

Since the folate cycle is necessary for DNA synthesis and repair, there is

a possibility that the developmental phenotypes observed in the Mtrrgtmodel

might result from genetic mutations rather than through epigenetic inheritance.

There is some circumstantial evidence that genetic factors are not responsible

for the phenotypes observed in the Mtrrgtmodel. The phenotypes observed

in the F2 generation of the Mtrr maternal grandparental pedigrees or in the

Mtrrgt/gtpedigree occur in non-Mendelian ratios (Padmanabhan et al., 2013).

This suggests they do not result from inheritance of a single mutation. Further-

more, the severity or frequency of phenotypes, tumour formation frequency

or lethality has not increased over time in the Mtrrgt/gtpedigree as might be

expected with the gradual accumulation of mutation burden caused by general

genetic instability. Additionally, efforts to minimise genetic background effects

were taken. The Mtrrgtmouse line was generated using 129/P2 embryonic

stem cells (ESCs), but the Mtrrgtallele was maintained by backcrossing it into

a C57Bl/6 genetic background for at least 8 generations (Elmore et al., 2007;

Padmanabhan et al., 2013). However, an in-depth analysis of genetic stability

has not been performed to date. Therefore, in this chapter, I explore genetic

stability in the Mtrrgt model.
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4.2 Results

In order to address whether abnormal folate metabolism in the Mtrrgt model

influences genetic stability I used whole genome sequencing (WGS). This ap-

proach was adopted for its base pair resolution, allowing identification of a

spectrum of genetic changes that might be expected with genetic instability

(e.g., deletions, rearrangements, single nucleotide polymorphisms and telom-

ere length changes) (Le Scouarnec and Gribble, 2012; Pikor et al., 2013; Sims

et al., 2014). This approach also allowed potential off-target mutations present

in the ESCs used to generated the Mtrrgtmodel or mutations present in the

C57Bl/6 mice used for backcrossing to be identified.

Six Mtrrgt/gtembryos at E10.5 with a range of congenital malformations, in-

cluding heart and neural tube defects, and two phenotypically normal C57Bl/6

control embryos at E10.5 were selected for whole genome sequencing analysis.

Mtrrgt/gtembryos were sequenced as they have the most severe disruption of

folate metabolism. Studying embryos with congenital malformations at E10.5

increases the likelihood of detecting significant genetic changes that are embry-

onic lethal as Mtrrgt/gtembryos with severe abnormalities do not survive past

E14.5 (X. Anderson and E. Watson, unpublished data).

4.2.1 The whole genome sequencing data was high quality and
aligned well to the reference genome

The quality of whole genome sequencing data was assessed using FastQC to

ensure the data was of suitable quality for downstream analysis. Approxi-

mately 3.5 x108 paired-end reads were sequenced for each genome (Table 4.1).

All samples had mean phred quality scores of greater than 30 throughout the

read length indicating that over 99.9% of bases were likely correctly called

(Figure 4.1A). GC content analysis allowed potential biases in the libraries to be

identified. My sequencing libraries had an average GC content of 41%, and GC

content was approximately normally distributed (Figure 4.1B). This suggested

the libraries did not show GC bias. The slightly lower than expected (50%)

GC content may result from difficulties mapping short reads to CG repetitive

regions. Reads were mapped to the reference genome using BowTie2 and
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Table 4.1: Number of reads obtained from whole genome sequencing of
C57Bl/6 and Mtrrgt/gt embryos at E10.5.

Sample Genotype Sex Phenotype Total Reads (bp)
C57Bl/6-1 C57Bl/6 F Normal 316,450,854
C57Bl/6-2 C57Bl/6 M Normal 485,175,952
Mtrrgt/gt-1 Mtrrgt/gt M Abnormal 305,799,426
Mtrrgt/gt-2 Mtrrgt/gt M Abnormal 378,194,017
Mtrrgt/gt-3 Mtrrgt/gt F Abnormal 373,211,179
Mtrrgt/gt-4 Mtrrgt/gt F Abnormal 306,795,803
Mtrrgt/gt-5 Mtrrgt/gt M Abnormal 305,364,476
Mtrrgt/gt-6 Mtrrgt/gt M Abnormal 330,535,970

”Abnormal” denotes that the embryo had a congenital malformation such as a heart
or neural tube defect. M: male, F: female

alignment rates assessed. Sequence alignment rates were good, with more than

98.5% of reads mapping in all samples (Figure 4.1C-D). Approximately 60%

of paired-end reads mapped uniquely to the C57Bl/6 reference genome, with

some discordant and multimapping reads (Figure 4.1D). Genome coverage

was high across all samples, with at least 40% of the genome having greater

than 30x coverage in all but sample Mtrrgt/gt-4, for which only 20x coverage

was achieved (Figure 4.1E). The paired-end reads spanned on average 300bp,

indicating good genome coverage (Figure 4.1F). Importantly, across all quality

metrics performed, there was consistency between all samples. Overall, the

data was of sufficient quality to proceed with variant calling.
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Figure 4.1: Quality metrics and alignment of next generation whole genome
sequencing data. (A) The Phred quality scores are plotted against read position
in base pairs (bp) along the read length. Each green line represents average
quality scores for an individual sample. (B) The fraction of reads with given GC
content (%) is plotted for each sample: Mtrrgt/gt-1 (pale blue), Mtrrgt/gt-2 (grey),
Mtrrgt/gt-3 (green), Mtrrgt/gt-4 (orange), Mtrrgt/gt-5 (purple), Mtrrgt/gt-6 (pink),
C57Bl/6-1 (yellow) and C57Bl/6-2 (teal). (C-D) Graphs plotting (C) the number
of reads (D) the percentage of reads that aligned to the reference genome.
Blue: paired-end (PE) reads with at least one mate uniquely aligned, orange:
both mates multimapped, yellow: one mate multimapped, red: neither mate
aligned. Data is shown for all samples, but each is presented with multiple
bars. (E-F) Data is plotted for Mtrrgt/gt-1 (pale blue), Mtrrgt/gt-2 (grey), Mtrrgt/gt-
3 (green), Mtrrgt/gt-4 (orange), Mtrrgt/gt-5 (purple), Mtrrgt/gt-6 (pink), C57Bl/6-1
(yellow) and C57Bl/6-2 (teal) showing (E) genome coverage and (F) insert size
(the distance between paired-end reads).
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4.2.2 The frequency of structural variants was not increased in
Mtrrgt/gtembryos with congenital malformations

To begin my assessment of genetic instability in the Mtrrgtmodel, we identified

medium and large scale genetic changes, such as insertions and deletions (in-

dels) and structural variants (greater than 1 kb insertions, deletions, inversions

and translocations (Freeman et al., 2006)), not present in the C57Bl/6 reference

genome using Manta (Chen et al., 2016b) (Figure 4.2). All variants identified by

Manta will be referred to as structural variants (SVs) for simplicity. SVs called

by Manta are classified as either ’diploid’ or ’candidate’. The diploid SVs iden-

tified have been scored and a probability assigned to each SV. Candidate SVs

represent unscored SVs, with only a minimal amount of evidence required for

a SV to be considered a candidate. Candidate SVs were much more numerous

than diploid SVs on all chromosomes and in all samples (Figure 4.2).

Firstly, I considered the frequency of SVs on each chromosome (Figure

4.2). The number of SVs, both diploid and candidate, was similar between

C57Bl/6 controls and Mtrrgt/gtembryos on all chromosomes, except chromo-

some 13 (Figure 4.2). The number of SVs identified on chromosome 13 was

far greater in Mtrrgt/gtembryos than in C57Bl/6 embryos (p<0.0001, unpaired

t-test with Welch’s correction). Additionally, in Mtrrgt/gtembryos, there was a

far greater number of SVs on chromosome 13 compared to the number of SVs

identified on other chromosomes (p<0.0001, two-way ANOVA with Sidak’s

multiple comparisons test). Visualisation of the SV data on the genome browser

highlighted that the structural variants on chromosome 13 in Mtrrgt/gtembryos

cluster around the Mtrr locus (Mtrr, chr13:68560780-68582121). This was not

unexpected given the large gene-trap insertion into intron 9 of the Mtrr gene in

the Mtrrgtmodel. Failure to align reads correctly in this region could lead to the

identification of SVs.
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Figure 4.2: SVs identified using Manta in C57Bl/6 and Mtrrgt/gtembryos.
SVs identified using Manta are plotted per chromosome for C57Bl/6 (blue
shades) and Mtrrgt/gtembryos (green shades). SV class count was plotted for
each structural variant class: INV: inversion, INS: insertion, DUP: duplication,
DEL: deletion, BND: Break points. Diploid (scored) (black font) and candidate
(unscored) (red font) SVs are shown.

When the region surrounding the Mtrr locus was masked (masked region

chr13:60424810-70750000), the number of SVs, both diploid and candidate, on

chromosome 13 in Mtrrgt/gtembryos became equivalent to C57Bl/6 controls
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(Figure 4.3). Rescaling of the data following the masking of the Mtrr locus

made apparent that the frequency of SVs was elevated on chromosomes 1 and

4 compared to the all other chromosome in both C57Bl/6 and Mtrrgt/gtembryos

compared to the other autosomes (p<0.05 - p<0.0001, two-way ANOVA with

Sidak’s multiple comparisons test, Figure 4.3). The frequency of SVs on the

X and Y chromosomes was also elevated in comparison to some but not all

autosomes (p<0.0001 - p>0.9999, two-way ANOVA with Sidak’s multiple com-

parisons test, Figure 4.3). An explanation for the increased SV frequency on

these chromosomes is unknown and may warrant further investigations.
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Figure 4.3: SVs identified using Manta in C57Bl/6 and Mtrrgt/gtembryos, with
the Mtrr locus masked. SVs identified using Manta are plotted per chromo-
some for C57Bl/6 (blue shades) and Mtrrgt/gtembryos (green shades). The Mtrr
locus on chromosome 13 has been masked, such that SVs present at that locus
do no appear in the counts. SV class count was plotted for each structural
variant class: INV: inversion, INS: insertion, DUP: duplication, DEL: deletion,
BND: Break points. Diploid (scored) (black font) and candidate (unscored) (red
font) SVs are shown.

In order to minimise the impact of false positive SV calls, further analysis

of SVs was performed on a refined SV dataset in which only diploid SVs were
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considered. The Mtrr locus was masked in this dataset. Variants at the Mtrr

locus are examined in more detail in Section 4.2.5. Considering only this refined

SV data set, the total number of SVs was not increased in Mtrrgt/gtembryos ver-

sus C57Bl/6 controls (p=0.6886, unpaired t-test with Welch’s correction, Figure

4.4A). I simplified the SV categorisation into structural variants and indels.

There was no difference in the mean number of variants in either category

between C57Bl/6 control and Mtrrgt/gtembryos (p>0.75, two-way ANOVA with

Sidak’s multiple comparisons test, Figure 4.4B).

To explore the potential deleteriousness of SVs identified, I determined their

genomic location using SnpEff (Cingolani et al., 2012). The majority of SVs were

located in intronic regions (approximately 40%), followed by intergenic (∼
30%), downstream (∼ 10%) and upstream (∼ 10%) regions (Figure 4.4C). Less

than 5% of SVs were located in exons or transcripts (Figure 4.4C). SnpEff was

also used to estimate the putative impact/deleteriousness of variants. Over

95% of SVs identified in both C57Bl/6 and Mtrrgt/gtembryos had an impact

classified as ’modifier’. ’Modifiers’ represent non-coding variants or variants

affecting non-coding genes or where there is no evidence of impact (Figure

4.4D). A small percentage (< 5%) of high impact variants were detected (Fig-

ure 4.4D). High impact variants are likely to severely affect protein function

causing truncation, loss of function or triggering nonsense-mediated decay.

However, this tool carries the caveat that the classification of variants cannot

accurately predict the impact of the variant in terms of phenotype. Importantly,

the genomic locations (e.g. intronic, intergenic) and impacts estimated by

SnpEff of the SVs identified in C57Bl/6 and Mtrrgt/gtembryos were equivalent.

Overall, the majority of SVs in Mtrrgt/gtembryos were located in non-coding

regions and were predicted to be unlikely to have deleterious consequences.

Despite equivalent frequency and impact of SVs in Mtrrgt/gtand C57Bl/6

control embryos, it is possible that SVs may still contribute to the inheri-

tance of phenotypes in the Mtrrgtmodel. A single or group of SVs present

in Mtrrgt/gtmice (absent from C57Bl/6 controls) could result in the embryonic

phenotypes observed. In order to explore this, we performed an intersectional

analysis comparing the SVs identified in each individual to the SVs identified in

all other individuals. Strikingly, the overall level of intersection was extremely
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low. In both C57Bl/6 and Mtrrgt/gtembryos, the majority of SVs identified were

unique to that individual (Figure 4.4E). This suggests these SVs were likely

generated de novo and were not inherited. A set of 22 SVs were common across

all individuals (Figure 4.4E). These likely represent a diversion of our C57Bl/6

colony, maintained in Cambridge, UK, and the reference C57Bl/6 strain. While,

backcrossing of the Mtrrgtline was performed into a C57Bl/6 colony at the

University of Calgary, Canada, some backcrossing into the C57Bl/6 UK colony

used as controls has since occurred. Only four SVs were common to all

Mtrrgt/gtembryos, but not present in C57Bl/6 embryos (Figure 4.4E., Table 4.2).

These SVs are likely mutations established within the Mtrrgtmouse line. Muta-

tions in the genes closest to or within these SVs have not been associated with

any of the phenotypes observed in the Mtrrgtmodel. However, Mtrrgt/gt-specific

SVs should be explored further to exclude any contribution to the phenotypes

observed in the Mtrrgtmodel (Section 4.2.7).

Table 4.2: Structural variants common to all Mtrrgt/gtembryos.
Chr Location Type Context Closest Gene

1 80828728 Deletion Intergenic Dock10
11 32122791 Deletion Intergenic Nsg2,Il9r
15 83975384 Deletion Intron Efcab6

19 36911361 Duplication - Fgfbp3, Btaf1, Cpeb3,
March5, Ide, Kif11
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Figure 4.4: The frequency and impact of structural variants was not increased
in Mtrrgt/gtembryos. (A) The total number of SVs is shown for C57Bl/6 (black)
and Mtrrgt/gt(blue) embryos. Data is shown as mean ± standard deviation
(sd). (B) The mean number of SVs classed as either large SVs (grey) or small
indels (black) is plotted for C57Bl/6 and Mtrrgt/gtembryos. Data is shown as
mean ± sd. (C) The percentage of SVs by genomic region: intron (blue),
intergenic (grey), downstream (green), upstream (orange), exon (purple), 3’
UTR (pink), 5’UTR (yellow) and transcripts (teal), is plotted for all C57Bl/6 and
Mtrrgt/gtembryos. (D) The percentage of SVs classed as either modifier (blue),
low impact (grey), moderate impact (green) or high impact (orange) as deter-
mined using SnpEff for all C57Bl/6 and Mtrrgt/gtembryos. (F) An UpSet plot is
used to show intersection between the SVs found in individuals samples. Total
SV counts per sample are plotted horizontally (blue bars) and intersections are
plotted vertically (orange bars).

4.2.3 The frequency of single nucleotide polymorphisms was
not increased in Mtrrgt/gtembryos with congenital malfor-
mations

Next, I identified single nucleotide polymorphisms (SNPs) and small indels

(< 150bp) using GATK. Variants identified using GATK are here after referred

to as SNPs for simplicity. Variant calling using GATK was performed using

combined C57Bl/6 and Mtrrgt/gtsequencing data, rather than performing vari-

ant calling for each sample individually. This gave greater power for accurate

variant calling as information about alleles and their frequencies could be com-

pared across samples. In total, 887,244 SNPs were initially identified across all

embryos. Extensive filtering was then performed. Removal of biased and low

quality SNPs reduced the total by over 97% to 29,700 SNPs across all embryos.

A second filtering step was then performed primarily to remove SNPs found

at highly repetitive regions (Oey et al., 2015). This reduced the total number of

SNPs to 9494 SNPs. The number of SNPs identified per sample after filtering

was on average approximately 5000 SNPs. Overall, there was no significant

difference in the total number of SNPs identified between Mtrrgt/gtand C57Bl/6

control embryos (p=0.7181, unpaired t-test with Welch’s correction, Figure

4.5A).

I next considered the transition/transversion (Ts/Tv) ratio and the homozy-

gous/heterozygous (Hom/Het) ratio. These provide a quality control mea-
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surement to assess the validity of variant calling. The Ts/Tv ratio is a ratio of

the number of transition mutations (purine to purine or pyrimidine to pyrimi-

dine) over the number of transversions (purine to pyrimidine and vice-versa).

In a biological context, the expected Ts/Tv ratio is approximately 2 (Wang et al.,

2015). The mean Ts/Tv ratio in my data was 0.96. Furthermore, the Ts/Tv ratio

was higher in Mtrrgt/gtembryos versus the C57Bl/6 control embryos (C57Bl/6

Ts/Tv: 0.86 ± 0.01, Mtrrgt/gtTs/Tv: 0.99 ± 0.01, p=0.0.162, unpaired t-test with

Welch’s correction, Figure 4.5B). A low Ts/Tv ratio may indicate false positive

SNP calling. The Hom/Het ratio, the ratio of homozygous to heterozygous

mutations, is also expected to be approximately 2 (Wang et al., 2015). The

mean Hom/Het ratio in my data was 1.07. There was no significant differ-

ence in the Hom/Het ratio between Mtrrgt/gtand C57Bl/6 embryos (C57Bl/6

Hom/Het: 0.83 ± 0.14, Mtrrgt/gtHom/Het: 1.15 ± 0.05, p=0.2253, unpaired t-

test with Welch’s correction, Figure 4.5C). As the Ts/Tv and Hom/Het ratios

were below the expected values, I questioned the validity of my variant calling.

However, the Ts/Tv ratio and Hom/Het ratio vary significantly by genome

region, gene functionality and ancestry and may be limited in their scope as

a quality control indicator in a SNP variant calling context (Wang et al., 2015).

Therefore, I proceeded cautiously with further SNP analysis.

I examined the type of variants identified using GATK, classifying them

into three categories: SNPs, small insertions and small deletions. There was no

significant difference in the mean number of variants in each of the categories

between Mtrrgt/gtembryos and C57Bl/6 controls (p>0.0567, two-way ANOVA,

Figure 4.5 D). To explore the potential impact of the SNPs identified, I assessed

their chromosomal and genomic locations. SNPs were found distributed across

all chromosomes, although there was a significant increase in the number of

SNPs on chromosomes 13 and X (p<0.0001, Figure 4.5 E,F). The frequency of

SNPs identified on chromosome 13 in Mtrrgt/gtembryos was significantly higher

than in C57Bl/6 controls (Mtrrgt/gt: 783.5 SNPs, C57Bl/6: 252.5 SNPs, p<0.0001,

unpaired t-test with Welch’s correction). The increase in SNP frequency on

chromosome 13 was likely associated with the presence of the Mtrr mutation

on chromosome 13. There was no significant difference in the number of SNPs

identified on the X chromosome between Mtrrgt/gtand C57Bl/6 embryos. The
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reason for the increased number of SNPs on the X chromosome is unknown

and should be explored further. Most SNPs were located in intronic (C57Bl/6:

49.5%, Mtrrgt/gt: 47.8%), intergenic (C57Bl/6: 29.4%, Mtrrgt/gt: 32.0%), upstream

(C57Bl/6: 10.3%, Mtrrgt/gt: 10.4%) or downstream (C57Bl/6: 8.2%, Mtrrgt/gt:

8.9%) regions (Figure 4.5 G,H). Less than 1% of SNPs were in exons (C57Bl/6:

0.52%, Mtrrgt/gt: 0.46%), 3’UTRs (C57Bl/6: 0.24%, Mtrrgt/gt: 0.24%), 5’UTRs

(C57Bl/6: 0.18%, Mtrrgt/gt: 0.18%) and transcripts (C57Bl/6: 0.03%, Mtrrgt/gt:

0.03%) (Figure 4.5 G,H). The low percentage of SNPs arising in exons may

have contributed to the low Ts/Tv ratio observed (Figure 4.5 B), as exonic

SNPs are associated with higher Ts/Tv ratios (Wang et al., 2015). Together, this

data suggested the majority of SNPs identified were unlikely to have highly

deleterious impacts.
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Figure 4.5: Single nucleotide polymorphisms and small indels identified
in C57Bl/6 and Mtrrgt/gtembryos (A-C) Data is plotted for C57Bl/6 embryos
(black) and Mtrrgt/gtembryos (blue). Data is presented as mean ± sd. (A)
The total number of SNPs identified in C57Bl/6 and Mtrrgt/gtembryos using
GATK. (B) The transition/transversion (Ts/Tv) ratio is plotted for C57Bl/6
and Mtrrgt/gtembryos. (C) The ratio of homozygous to heterozygous mutations
(Hom/Het) ratio is plotted. (D) Graphical data showing the average number
of SNPs (black), small insertions (dark grey) and small deletions (light grey) for
C57Bl/6 and Mtrrgt/gtembryos. Data is plotted as mean± sd. (E-F) Phenograms
depict the chromosomal location of (E) all SNPs identified in C57Bl/6 embryos
and (F) all SNPs identified in Mtrrgt/gtembryos. (G-H) The type of variant:
non-coding exon transcript variant (blue), downstream gene variants (pink),
intron variant (green), 3’UTR variant (yellow), transcript variant (dark green),
intergenic variant (red), upstream gene variant (black), 5’UTR variant (pale
blue) and splice site variant (orange) is displayed for (G) all C57Bl/6 SNPs
and (H) all Mtrrgt/gtSNPs. (A-C) Unpaired t-tests with Welch’s correction were
performed, * p < 0.05.

To explore similarities and differences in the SNP populations identified in

individual samples, I firstly performed a principle component analysis (PCA).

This highlighted that the C57Bl/6 and Mtrrgt/gtembryos cluster separately and

are most different along principle component (PC) 1 (Figure 4.6A). Both the

Mtrrgt/gtsamples and C57Bl/6 samples were split further into two separate clus-

ters along PC2 (Figure 4.6A). The clustering is seen clearly on the cluster den-

drogram (Figure 4.6B). The division along PC2 reflects the sex of the embryos,

with males in the top cluster and females in the bottom cluster. I speculate

that this may result from SNPs on the allosomes. The division of Mtrrgt/gtand

C57Bl/6 samples along PC2 was not associated with underlying phenotypic

differences or littermate effects. This data suggested that there may be distinct

SNP populations in C57Bl/6 and Mtrrgt/gtembryos, but with subgroups within

them.

Therefore, I performed intersectional analysis on the SNPs identified across

all individuals. This revealed that the vast majority of SNPs identified were

common across both C57Bl/6 and Mtrrgt/gtembryos (Figure 4.6C). Very few

SNPs were unique to each individual (Figure 4.6C). The Mtrrgtline was pri-

marily backcrossed to a C57Bl/6 colony at the University of Calgary, Canada.

The Mtrrgtcolony was moved to the UK and a new C57Bl/6 control colony



114

was bought in. Some backcrossing into the C57Bl/6 UK colony has since oc-

curred. This may account for some of the SNPs common between C57Bl/6 and

Mtrrgt/gtembryos. Only 21 SNPs were unique and common to the Mtrrgt/gtembryos,

i.e. present in all Mtrrgt/gtembryos but absent in C57Bl/6 embryos (Figure

4.6C, Table 4.3). These SNPs were not located within any genes associated

with the phenotypes observed in the Mtrrgtmodel (Table 4.3). A SNP on the

X chromosome is closest to the Hccs gene. The phenotypes of Hccs-/- mice are

similar to those observed in Mtrrgtmice (Padmanabhan et al., 2013; Prakash

et al., 2002; Drenckhahn et al., 2008), however the SNP is over 50kb upstream

of Hccs, therefore may be unlikely to influence Hccs expression. Less than two

SNPs were unique and common to the C57Bl/6 embryos. This value was low

and may reflect the extensive filtering performed on my SNP dataset.
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Figure 4.6: PCA-clustering and intersectional analysis of SNPs in Mtrrgt/gtand
C57Bl/6 embryos. (A) Principle component analysis performed using data for
SNPs identified in C57Bl/6 (dark blue) and Mtrrgt/gt(red) embryos. (B) A cluster
dendrogram shows hierarchical clustering of C57Bl/6 and Mtrrgt/gtembryos
based on SNP data. (C) An UpSet plot is used to show intersections between
SNPs found in individuals samples. Total SNP counts per sample are plotted
horizontally (blue bars) and intersections are plotted vertically (orange bars).
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4.2.4 Attempts to validate the whole genome sequencing data
suggest a high frequency of false-positive calls

In order to examine the reliability of my data and ascertain a false discovery

rate for variant calls, I attempted to validate a subset of variants by Sanger

sequencing. Validations were limited to SNPs and small indels. In order

to verify that the filtering process (see methods, Chapter 2) performed was

not excluding true positive variants, I undertook validations of some variants

removed by filtering (n=14), in addition to variants present in the filtered SNP

data (n=4). I struggled to design primers that gave a unique PCR product,

which greatly limited the scope of my validations. This largely reflected the

location of many of the SNPs in repetitive regions of the genome. Sanger

sequencing validations were performed on DNA from a subset of the embryos

used for whole genome sequencing analysis: Mtrrgt/gt-4, Mtrrgt/gt-5, Mtrrgt/gt-

6, C57Bl/6-1 and C57Bl/6-2. Only one of eighteen variants tested validated

successfully (Table 4.4). The variant that validated was T to C conversion on

Chr7: 30544362, identified by whole genome sequencing in samples Mtrrgt/gt-4,

Mtrrgt/gt-5 and C57Bl/6 -2. However, this validation was only partial as a small

insertion at this locus in sample Mtrrgt/gt-6 failed to validate (Table 4.4). All

other SNPs or small indels failed to validate (Table 4.4). This data suggested

there were numerous false positive variant calls within my data. Given the

small number of variants that underwent validation, it was not possible to

calculate a meaningful false positive rate. The high level of false positives

was unexpected given the filtering steps to remove low quality variants and

the level of coverage achieved, but may have been indicated by the low Ts/Tv

ratio. The majority of SNPs that I attempted to validate (13 of 18) were within

or on the margin of repetitive regions. This increases the chance of sequencing

errors, both during Sanger sequencing and whole genome sequencing (for both

my data and the reference genome), due to enzyme slippage. Additionally, the

variant that validated was removed in the filtering process. This suggests that

the filtering process may be excluding true-positive variants. No additional

SNPs were identified in the PCR products that underwent Sanger sequencing

for SNP validation. This suggested a low false negative rate.
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4.2.5 The Mtrr locus has a distinct genetic background to the
rest of the genome in Mtrrgt/gtmice

The numbers of SVs and SNPs were increased on chromosome 13 with re-

spect to the other autosomes (Figure 4.2, Figure 4.5 F). This correlated with

the presence of the Mtrr gene on chromosome 13 (chr13: 68560780-68582121).

The embryonic stem cells (ESCs) containing the gene-trap insertion used to

generate the Mtrrgtmouse line were of a 129/P2 genetic background. However,

upon germline transmission, the Mtrrgtallele was backcrossed into a C57Bl/6

genetic background for at least 8 generations (Elmore et al., 2007; Padmanabhan

et al., 2013). Therefore while the majority of the genome is C57Bl/6 genetic

background, the Mtrr gene and immediately flanking regions are likely to be

129/P2 derived.

I explored the extent of the 129/P2 genetic background near the Mtrr gene

further. The increased frequency of SNPs in Mtrrgt/gtembryos appeared to be

distinctly asymmetric about the Mtrr locus (Figure 4.7A). I divided the genomic

region depicted in Figure 4.7 (chr13:39,060,780-99,060,780) into 1 Mb windows.

I used the Sanger Mouse Genomes Project (Yalcin et al., 2011; Keane et al.,

2011) to obtain details of all SNPs that are present between the 129P2 OlaHsd

(129/P2) genome and C57Bl/6 reference genome (mm10) in each 1 Mb win-

dow (referred to as ”A”) (Figure 4.7 B). I also calculated the total number

of SNPs that I had identified in C57Bl/6 and Mtrrgt/gtembryos using whole

genome sequencing within each 1 Mb window (referred to as ”B”) (Figure 4.7

B). I then intersected these two data sets (A and B) for each window. This

gave us the number of 129/P2 SNPs identified in each window in C57Bl/6

and Mtrrgt/gtembryos (referred to as ”C”) (Figure 4.7 B). I calculated this as a

percentage of the total number of SNPs for the region as a whole (e.g. all 1 Mb

windows considered near the Mtrr gene). I then plotted this percentage against

the genomic location of each 1 Mb window (Figure 4.7 C). A clearly defined

region of approximately 20 Mb around the Mtrr gene has increased 129/P2

SNP frequency compared to the surrounding genome. I defined this region as

the Mtrr locus (Chr13: 59,060,780-79,060,780). This suggests an approximately

20 Mb region around the Mtrr gene is of 129/P2 genetic background.
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Figure 4.7: The Mtrr locus is of 129/P2 genetic background in Mtrrgt/gtmice.
(A) An IGV snapshot shows the SNPs present in a region of chromosome 13
(39,060,780-99,060,780) surrounding the the Mtrr gene (red box) in Mtrrgt/gtand
C57Bl/6 embryos. (B) The SNPs that are present between the 129P2 OlaHsd
genome and C57Bl/6 reference genome (mm10) in the given window (”A”)
are depicted in black. The SNPs that I had identified in C57Bl/6 and
Mtrrgt/gtembryos using whole genome sequencing in the given window (”B”)
are shown in blue. The intersection of A and B, 129/P2 SNPs identified in
C57Bl/6 and Mtrrgt/gtembryos (”C”), in the given window are shown in pink.
(C) For 1 Mb genomic windows either side of the Mtrr gene (red line), the
number of 129/P2 SNPs identified in Mtrrgt/gtand C57Bl/6 embryos (”C”) as
a percentage of the total number of SNPs identified in the region as a whole
(e.g. all 1 Mb windows considered near the Mtrr gene) is plotted.
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Table 4.5: The number of 129/P2 SNPs near the Mtrr gene

Window

129/P2 SNPs
relative to

C57Bl/6 reference
genome (A)

SNPs identified
in C57Bl/6 and

Mtrrgt/gtembryos
(B)

129/P2 SNPs in
C57Bl/6 and

Mtrrgt/gtembryos
(C)

Mtrr locus 86565 942 348
Mtrr

upstream 35688 68 9

Mtrr
downstream 29448 47 1

Refer to Figure 4.7 for a diagrammatic depiction of A, B and C.

Interestingly, the number of 129/P2 SNPs relative to the C57Bl/6 reference

genome (A) was considerably higher at the Mtrr locus compared to the average

number in the regions flanking the Mtrr locus, referred to as the Mtrr down-

stream (chr13: 39,060,780-59,060,780) and Mtrr upstream (chr13: 79,06,0780-

99,060,780) windows (Table 4.5). This suggested that the region near Mtrr

may be a genomic region that differs substantially between the two strains,

regardless of the Mtrrgtmutation. Given the presence of 129/P2 origin DNA

flanking the Mtrr gene, there is a possibility that deleterious mutations present

in the 129/P2 strain may be present in the Mtrrgtmodel. These are referred to

as ”passenger mutations” (Vanden Berghe et al., 2015). Of the 86565 variants

between the 129/P2 and C57Bl/6 reference genome at the Mtrr locus, 14977 fall

in regulatory or protein coding regions and of these 2306 are missense muta-

tions. I identified 52 protein coding or regulatory 129/P2 variants at the Mtrr

locus in my whole genome sequencing analysis dataset. This included four

missense mutations (Table 4.6). One of these is predicted to lead to nonsense

mediated decay of the Mterf3 trasncript. The Mterf3 knockout phenotypes are

similar to those seen in the Mtrrgtmodel (Padmanabhan et al., 2013; Park et al.,

2007). However, Mterf3 is an essential gene and loss is embryonic lethal (Park

et al., 2007). As the 129/P2 strain is viable it suggests that this may not be a

true variant. Indeed, few of the 129/P2 variants reported by the Sanger Mouse

Genomes Project have been experimentally validated. Despite this, the Mterf3
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variant and the other protein coding or regulatory 129/P2 variants identified

in Mtrrgt/gtembryos should be explored further in the Mtrrgtmodel.
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Table 4.6: 129/P2 missense mutations present in Mtrrgt/gtembryos.

Chr Location C57Bl/6
Allele

129/P2
Allele Gene Impact KO phenotype

13 66921762 T C Mterf3
NMD

transcript
variant

Mitochondria
defects, enlarged
heart, embryonic

growth restriction,
embryonic

lethality (Park
et al., 2007)

13 67086603 C T Gm28557

NMD
transcript

variant
Unknown

13 67086621 A C Gm28557

NMD
transcript

variant
Unknown

13 67473412 G T Zfp874b 3’ UTR
variant Unknown

Chr: chrosmome, KO: knock-out, NMD: Nonsense-mediated decay.

Importantly, a large number of 129/P2 specific SNPs (A) were absent from

our sequencing data (Table 4.5). This was unexpected if the region flanking

the Mtrr gene is indeed 129/P2 derived. Therefore, I considered if the filter-

ing process I applied to the SNPs following GATK identification was remov-

ing these variants from our data. Indeed, 60426 of 86565 variants between

the 129/P2 and C57Bl/6J strains were present in the unfiltered C57Bl/6 and

Mtrrgt/gtembryo SNP dataset. Deeper analysis revealed these variants were

being removed during the first filtering step which removes low quality and

biased SNP calls. It will be essential to perform Sanger sequencing to determine

if these SNPs were indeed present in the Mtrrgt/gtembryos to determine if the

filtering process was removing true variants. Additionally, there was a large

number of SNPs at the Mtrr locus (594 of 942) that are not found in 129/P2

mice. Those SNPs at the Mtrr locus not of 129/P2 origin should be explored

further.

There are also SVs that exist in the 129/P2 genome relative to the C57Bl/6

reference genome at the Mtrr locus. These include 472 structural variants and
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2268 insertions/deletions. I identified a high frequency of SVs at the Mtrr locus.

These included mainly candidate SVs (insertions and deletions) and diploid

deletions. It will be important to compare the SVs identified by WGS with

those present in the 129/P2 genome as I have done for SNPs. This will help

determine if the SVs at the Mtrr locus reflect the 129/P2 genetic background, if

they are de novo mutations in the Mtrrgtmouse line or if they result from failure

to correctly align gene-trap containing reads back to the reference genome.
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4.2.6 Variants identified at the Mtrr locus have limited effects
on gene expression

Following the identification of a high SNP frequency at the Mtrr locus I wanted

to explore the biological impact of these variants. I investigated if the alternate

genetic background and high variant frequency at the Mtrr locus led to altered

expression of genes within the Mtrr locus. I selected eight genes (Uqcrb, Cts8,

Tpbpa, Gas1, Ptch1, Hsd17b3, Srd5a1 and Nsun2) to assess. These genes mostly

lie downstream of Mtrr and the expression of more genes upstream of Mtrr

should be assessed. Unfortunately I was unable to optimise qPCR primers to

assess Mterf3 expression which was identified to have a missense variant in the

129/P2 strain (Table 4.6). However, the genes Ptch1, Hsd17b3, Srd5a1 and Nsun2

have variants in the 129/P2 strain and these were present in Mtrrgt/gtembryos

in the unfiltered SNP dataset, allowing us to explore if potential passenger

mutations had functional relevance.

Using RT-qPCR, I assessed mRNA expression of genes in placentas and

embryos at E10.5 and adult testes, quantifying each gene in tissue in which their

expression had previously been reported (Figure 4.8 A). I analysed the mRNA

expression levels of Uqcrb, Cts8, Tpbpa, and Nsun2 in Mtrrgt/gtplacentas, from

conceptuses with embryonic congenital malformations and conceptuses that

were phenotypically normal at E10.5, and compared them to C57Bl/6 control

placentas at E10.5. The expression of Uqcrb, Cts8 and Nsun2 in Mtrrgt/gt placen-

tas was equivalent to C57Bl/6 controls (Figure 4.8 B-E). However, expression

of Tpbpa was reduced specifically in Mtrrgt/gtplacentas from conceptuses with

congenital malformations versus C57Bl/6 controls (Figure 4.8 D). However,

Mtrrgt/gtplacentas are small due to an underdevelopment of all placental layers

including the ectoplacental cone where Tpbpa is expressed (N. Padmanabhan

and E. Watson, unpublished data). Therefore, the reduction in Tpbpa mRNA

expression may reflect poor placenta development rather than a genetic back-

ground effect. I next examined the expression of Hsd17b3, Srd5a1 and Nsun2

in C57Bl/6, Mtrr+/+, Mtrr+/gtand Mtrrgt/gtadult testes. Expression of Hsd17b3,

Srd5a1 and Nsun2 was equivalent to C57Bl/6 controls in all Mtrr genotypes,

although Hsd17b3 expression was highly variable in Mtrr+/gtand Mtrrgt/gtmales

(Figure 4.8 F-H). I measured the expression Gas1, Nsun2 and Ptch1 in C57Bl/6
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and Mtrrgt/gtphenotypically normal embryos at E10.5. To specifically examine

the effect of the 129/P2 genetic background at the Mtrr locus, I also assessed

the expression of Gas1 and Ptch1 in 129/P2 embryos at E10.5. Expression

of Gas1 but not Ptch1 was significantly decreased in Mtrrgt/gtembryos versus

C57Bl/6 controls (Figure 4.8 I,J). Expression of Gas1 and Ptch1 was equivalent

in C57Bl/6 and 129/P2 embryos. This would indicate a genetic background

effect was not responsible for the reduced Gas1 expression in Mtrrgt/gtembryos,

despite the presence of a 129/P2 specific 3’UTR variant approximately 500bp

upstream from the Gas1 transcription start site. However, given the variability

in expression of Gas1 in both 129/P2 and C57Bl/6 embryos, more biological

replicates will need to be examined to fully understand the effect of genetic

background on Gas1 expression in the Mtrrgtmodel. The expression of all genes

at the Mtrr locus should be assessed in 129/P2 tissues.

Overall, mRNA expression of genes at the Mtrr locus was generally nor-

mal. The presence of 129/P2 passenger mutations identified in Ptch1, Hsd17b3,

Srd5a1 and Nsun2 in the Mtrrgt/gtembryos in the unfiltered SNP dataset did not

result in altered gene expression in the tissues investigated. However, analysis

of protein expression will be required to confirm that the 129/P2 genetic back-

ground does not influence these genes post-transcriptionally. Therefore from

the gene expression data presented I cannot conclude that the 129/P2 region

flanking the Mtrr gene has no functional consequences in the Mtrrgtmodel.
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Figure 4.8: The expression of some genes at the Mtrr locus was altered. (A)
A region around the Mtrr gene (chr13:60162000-70162000) is depicted, with the
genes whose expression was assessed, and Mtrr, highlighted in red boxes. (B-
E) Graphical data is shown for C57Bl/6 placentas at E10.5 (black), Mtrrgt/gt

placentas from phenotypically normal conceptuses at E10.5 (normal) (blue)
Mtrrgt/gt placentas from conceptuses with embryonic congenital malformations
at E10.5 (abnormal) (red). Graphs show RT-qPCR analysis of the expression
of (B) Uqcrb, (C) Cts8, (D) Tpbpa, (E) Nsun2. (F-H) Graphical data is shown
for C57Bl/6 (black), Mtrr+/+ (purple), Mtrr+/gt (green) and Mtrrgt/gt (blue ) male
testes. Graphs show RT-qPCR analysis of the mRNA expresion of (F) Hsd17b3,
(G) Srd5a1 and (H) Nsun2. (I-K) Graphical data is shown for C57Bl/6 embryos
at E10.5 (black), Mtrrgt/gt phenotypically normal embryos at E10.5 (blue) and
129/P2 embryos at E10.5 (grey). Graphs show RT-qPCR analysis of the expres-
sion of (I) Gas1, (J) Ptch1 and (K) Nsun2. All data is plotted as mean± standard
deviation. Data is represented as fold change compared to C57Bl/6 controls,
which are normalised to 1. N=4-8 individuals per genotype. Statistical analysis
performed (A-J) one-way ANOVA with Dunnett’s multiple comparisons test,
(K) independent unpaired t-test. * p< 0.05.
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4.2.7 A tandem duplication on chromsome 19 impacts gene
expression

A small number of SVs were present in all Mtrrgtembryos but absent from

the C57Bl/6 controls (Table 4.2). I wanted to explore if these variants may be

phenotypically relevant in the Mtrrgtmodel. I explored expression of genes near

a tandem duplication located on chromosome 19 (chr19: 36911361-37379467)

only present in Mtrrgt/gtembryos and absent from C57Bl/6 controls (Figure 4.9

A). Using RT-qPCR I examined the mRNA expression of Fgfbp3, Btaf1, March5,

Ide and Kif11 in Mtrrgt/gtphenotypically normal embryos at E10.5 compared to

C57Bl/6 controls. mRNA expression of Fgfbp3, March5 and Kif11 was equiva-

lent to C57Bl/6 controls in Mtrrgt/gtembryos (Figure 4.9 B,D,F). However, the

expression of Btaf1 and Ide was elevated in Mtrrgt/gtembryos with respect to

C57Bl/6 controls (p<0.0001, Figure 4.9 C,E). Btaf1 plays a role in controlling

embryonic growth and brain development (Wansleeben et al., 2011) and Ide is

involved in regulating insulin levels and glucose tolerance (Farris et al., 2003).

Growth phenotypes, specifically growth enhancement and growth restriction

are both present in the Mtrrgtmodel (Padmanabhan et al., 2013), therefore I

considered if the misexpression of Btaf1 and Ide may be phenotypically relevant

in the Mtrrgtmodel.

I sought to assess if this tandem duplication on chromosome 19 could

contribute to the transgenerational inheritance observed in the Mtrrgtmodel.

Therefore, I assessed the expression of Btaf1 and Ide in tissues of the F1, F2

and F3 generations of the maternal grandfather pedigree (Figure 4.9 G). The

expression of Btaf1 was not disrupted in F1, F2 or F3 generation embryos at

E10.5, even those with congenital malformations, F1 or F2 trophoblast at E10.5

or F1 adult liver compared to respective C57Bl/6 control tissues (Figure 4.9

G). Ide expression was also normal in the F1 and F2 generation tissues tested

(Chapter 6, Figure 6.4 H,P). Whether the tandem duplication on chromosome

19 is present in wildtype tissue of the F1, F2 and F3 generations needs to be

confirmed. The normalisation of Btaf1 and Ide gene expression in F1, F2 and F3

generation tissues may indicate that it is not present. The expression of Fgfbp3,

March5 and Kif11 should also be assessed in offspring tissues. Altogether,

this suggests that the tandem duplication on chromosome 19 examined here



130

is unlikely to be responsible for the transgenerational inheritance of congenital

malformations seen in the Mtrrgtmodel. However, functional analysis needs

to be extended to all SVs common and unique to Mtrrgt/gtembryos before I

can conclusively rule out a potential genetic contribution to the inheritance of

phenotypes in the Mtrrgtmodel.

Figure 4.9: A tandem duplication on chromosome 19 was associated with
elevated Btaf1 and Ide expression. (A) The locus on chromosome 19
(chr19: 36800000-37500000) at which there was a tandem duplication in
Mtrrgt/gtembryos is depicted, with the genes whose expression was assessed
highlighted in red boxes. (B-F) Graphical data is shown for C57Bl/6 embryos
at E10.5 (black) and Mtrrgt/gt phenotypically normal embryos at E10.5 (blue).
Graphs show RT-qPCR analysis of the expression of (B) Fgfbp3, (C) Btaf1, (D)
March5, (E) Ide and (F) Kif11. (G) Graphical data is shown for C57Bl/6 tissues
(black), Mtrr+/+ F1 embryos and trophoblast at E10.5 and adult liver (orange),
Mtrr+/+ F2 phenotypically normal embryos and trophoblast at E10.5 (purple),
Mtrr+/+ F2 embryos with congenital malformations at E10.5 (pink), Mtrr+/+ F3
phenotypically normal embryos at E10.5 (pale orange) and F3 embryos with
congenital malformations at E10.5 (red). The maternal grandfather pedigree is
also depicted. All data is plotted as mean ± standard deviation. Data is repre-
sented as fold change compared to C57Bl/6 controls, which are normalised
to 1. N=4-8 individuals per genotype. Statistical analysis performed (B-F)
independent unpaired t-test, (G) one-way ANOVA with Dunnett’s multiple
comparisons tests, **** p< 0.0001.
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4.2.8 Analysis of telomere length in Mtrrgt/gtembryos

It was previously shown that telomeres are responsive to environmental stim-

uli and that changes in telomere length may be inherited intergenerationally

(Aiken et al., 2016). Telomeres are also known to be vulnerable to folate de-

ficiency (Bull et al., 2012, 2014). Therefore, I explored telomere length in the

Mtrrgtmodel. Telomore length can be estimated from whole genome sequenc-

ing data by quantifying the number of telomere motif sequences present (Ding

et al., 2014). The number of telomere motif copies (TTAGGG or CCCTAA),

above a defined threshold, is converted to an estimated telomere length by

multiplying by a constant for genome length divided by number of telomere

ends and the total number of sequence reads (Ding et al., 2014). I analysed our

whole genome sequencing data using TelSeq and identified a small but statis-

tically significant decrease in the average telomere length in Mtrrgt/gtembryos

versus C57Bl/6 controls (p=0.01244, Welch’s Two Sample t-test, Figure 4.10

A). C57Bl/6 embryos had a calculated telomere length of 19.86 kb, which is

towards the lower limit of previous estimates (20-65kb) (Kipling and Cooke,

1990). This may reflect the fact that Telseq is limited by read count thresholds

(Nersisyan and Arakelyan, 2015).

I therefore sought to validate the reduced telomere length using an alterna-

tive method. Relative telomere length can be estimated using qPCR. The ratio

of telomere repeat copy number to single copy gene number is proportional to

the average telomere length (Cawthon, 2002). The factor by which each sample

differs from a reference sample is calculated (Cawthon, 2002). I measured

the relative telomere length of C57Bl/6 embryos at E10.5 and Mtrrgt/gtembryos

at E10.5 that were phenotypically normal or had congenital malformations.

Phenotypically normal Mtrrgt/gtembryos were included in case the shortened

telomere length estimated for Mtrrgt/gtembryos from the sequencing data was

due to cell death in the embryos with congenital malformations (Herrera et al.,

1999). All samples were independent of those analysed by whole genome

sequencing. Using this approach I did not observe a significant decrease in

relative telomere length in Mtrrgt/gtembryos, regardless of phenotype, versus

C57Bl/6 controls (p>0.3340, Figure 4.10 B). There was a trend towards reduced

telomere length in the embryos with congenital malformations. Telomere
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length should be assessed in more Mtrrgt/gtembryos to provide more conclusive

evidence. However, with the data available, I conclude that telomere length

was not reduced in Mtrrgt/gtembryos.

Figure 4.10: Telomere length was not verifiably reduced in Mtrrgt/gtembryos
versus C57Bl/6 controls (A) Data for telomere lengths, calculated using TelSeq
from the whole genome sequencing data, for C57Bl/6 (black) and Mtrrgt/gt(red)
embryos. (B) Data for relative telomere lengths, calculated using qPCR, for
C57Bl/6 embryos (black) and Mtrrgt/gtphenotypically normal embryos (normal)
(blue) and Mtrrgt/gtembryos with congenital malformations (abnormal) (red) at
E10.5. Data is represented as relative telomere length compared to C57Bl/6
controls, which are normalised to 1. N=4 per group. Data is plotted as mean
± sd. (A) Unpaired t-test with Welch’s correction, (B) one-way ANOVA with
Sidak’s multiple comparisons test performed, * p< 0.05.

4.2.9 Transposon expression is not increased in Mtrrgt/gtembryos

One of the key functions of DNA methylation is to repress transposable ele-

ments and maintain genomic stability (Crichton et al., 2014). It is known that

DNA methylation is dysregulated in the Mtrrgtmodel (Padmanabhan et al.,

2013). Therefore I wanted to evaluate if this dysregulation of DNA methyla-

tion influenced transposon silencing and consequently impacted genetic sta-

bility. The expression of IAP-GAG, IAP-3LTR, LINE-1-ORF2, LINE-1-5UTR

and SINE-B1 was assessed using RT-qPCR (Kim et al., 2014). This analysis

was performed in Mtrrgt/gtadult liver tissue and Mtrrgt/gt placentas at E10.5 from

phenotypically normal conceptuses and from conceptuses with congenital mal-

formations, compared to age and sex matched C57Bl/6 control tissues. Both

of these tissues showed global DNA hypomethylation (Padmanabhan et al.,
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2013). In adult liver, the mRNA expression of all the transposons assessed

was equivalent in Mtrrgt/gtmale livers versus C57Bl/6 controls (p>0.05, Figure

4.11 A-E). There was a trend towards upregulation of LINE-1-ORF2 (p=0.0596,

Figure 4.11 D) with expression particularly variable in Mtrrgt/gtliver samples. In

Mtrrgt/gtplacentas at E10.5 there was decreased expression of SINE-B1 relative to

C57Bl/6 placentas (p<0.05, Figure 4.11 H). The expression of IAP and LINE-1

elements was similar to C57Bl/6 controls (Figure 4.11 F-G,I-J).

Altogether, this data suggests that in the tissues assessed there is no loss of

transposon silencing in the Mtrrgtmodel. Indeed, there appears to be reduced

SINE-B1 expression in Mtrrgt/gtplacentas, despite global hypomethylation in

this tissue. This unexpected finding should be explored further particularly

with regard to the known placental phenotypes in the Mtrrgtmodel (Padman-

abhan et al., 2013). It would also be beneficial to explore transposable element

expression in Mtrrgt/gtembryos to examine a potential contribution to embry-

onic phenotypes.
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Figure 4.11: Transposable elements are not upregulated in Mtrrgt/gttissues.
(A-E) Graphical data is shown for C57Bl/6 (black) and Mtrrgt/gt (blue) adult
male liver. Graphs show RT-qPCR analysis of the mRNA expression of (A)
IAP-GAG, (B) IAP-LTR, (C) SINE-B1, (D) LINE-1-ORF2, (E) LINE-1-5’ UTR.
(F-J) Graphical data is shown for C57Bl/6 placentas (black), Mtrrgt/gt phenotyp-
ically normal placentas (normal, blue) and Mtrrgt/gt placentas associated with
embryonic congenital malformations (abnormal, red) at E10.5. Graphs show
RT-qPCR analysis of the mRNA expression of (F) IAP-GAG, (G) IAP-LTR,
(H) SINE-B1, (I) LINE-1-ORF2, (J) LINE-1-5’ UTR. Data is plotted as mean ±
standard deviation. Data is represented as fold change compared to C57Bl/6
controls, which are normalised to 1. N=7-8 individuals per genotype. Statistical
analysis performed (A-E) independent unpaired t-test, (F-J) one-way ANOVA
with Dunnett’s multiple comparisons test. ] p<0.1, * p< 0.05.
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4.3 Discussion

Assessing the effect of Mtrr deficiency on genetic stability is important in order

to validate the Mtrrgtmodel for the study of TEI. Here I used whole genome

sequencing to show that there was a similar frequency of structural variants

and single nucleotide polymorphisms in Mtrrgt/gtembryos with congenital mal-

formations versus C57Bl/6 controls. However, there was an increased fre-

quency of variants on chromosome 13 in Mtrrgt/gtembryos associated with the

Mtrr locus. SNP analysis suggested that the region around the Mtrr gene was

likely to be a 129/P2-derived chromosomal segment, carried over from the

ESCs in which the Mtrrgtmutation was generated. Importantly this 129/P2

region had a number of potential passenger mutations, a few of which were

present in Mtrrgt/gtembryos. However, the 129/P2 genetic background around

the Mtrr gene did not contribute to altered expression of genes in this region.

Beyond the Mtrr locus, I identified a small number of variants common to

Mtrrgt/gtembryos but absent from C57Bl/6 control embryos. These are likely

established variants within the Mtrrgt/gtmouse line. Analysis of one such vari-

ant, a tandem duplication on chromosome 19, suggested that these variants

might influence the expression of some genes in Mtrrgt/gttissues. Additionally,

my data suggested that telomere length was normal in Mtrrgt/gtembryos and

highlighted that transposon silencing was not altered by the Mtrrgtmutation,

despite disrupted DNA methylation. Overall, I conclude that the genome of

Mtrrgt/gtembryos is relatively stable and therefore genetic instability is unlikely

a factor contributing to transgenerational inheritance of congenital malforma-

tions observed in Mtrrgtmice. However, I cannot completely exclude a genetic

cause for the transgenerational inheritance observed in the Mtrrgtmodel.

My conclusions are made cautiously. I struggled to validate SNPs identified

by WGS with Sanger sequencing. This suggests a high false discovery rate

within my data. False positive variant calling could have resulted from errors

introduced at all stages of the sequencing process including during PCR library

amplification, incorrect base calls during sequencing, misalignment during

mapping and insufficient read depth (Farrer et al., 2013; Ribeiro et al., 2015).

I took extensive steps to minimise false positive variant discovery, including

extensive quality control procedures, stringent read alignment and filtering
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to remove low quality variants. Indeed GATK, which was used to call SNPs

and small indels, performs local realignment of reads in order to reduce false

positive SNP calls. Over 20% of the variants I attempted to validate (4 of

18) were only identified in sample Mtrrgt/gt-4. This sample had low genome

coverage (an average of 20x versus at least 30x achieved for all other samples),

which may have led to more false positive variant calls. Greater coverage is

generally associated with higher quality variant calling, with higher coverage

required to detected heterozygous variants than homozygous variants (Sims

et al., 2014). A coverage of 30-35x times is generally considered sufficient for

accurate variant calling (Ajay et al., 2011; Wu et al., 2017), although upwards

of 60x coverage may be recommended for indel detection (Fang et al., 2014). I

suggest that it is unlikely that a single factor led to the high false discovery rate

observed in our data. Performing the variant calling again, for both SVs and

SNPs, with highly stringent parameters may lead to a variant dataset that more

accurately reflects the genetic variability of the Mtrrgtmodel. Nevertheless, the

scope of the validation I performed was limited (I attempted to validate less

than 0.2% of the total SNPs identified). Therefore it will be necessary to perform

further validations by Sanger sequencing before final conclusions about the

accuracy of the variant calling can be drawn. Very few studies validate SNPs

identified using whole genome sequencing by an alternative method. If my

study is representative, this suggests many other datasets may also contain

false positive variant calls.

I performed intersectional analysis on both the SVs and SNPs identified

in this study. This enabled me to compare the variants identified in each

individual to those identified in all other individuals. The results were starkly

contrasting between the SV and SNP datasets. The vast majority of SVs were

unique to each individual, perhaps suggesting they are de novo mutations

in that individual. It would be interesting to assess if variants identified in

Mtrrgt/gtembryos are present in the tissues of the parents of the individual in

which the variant was identified. This would also allow a germline mutation

rate to be determined. Contrastingly, the majority of SNPs were common across

all individuals. These may reflect variants within our C57Bl/6 colony that

differ from the reference genome, introduced into the Mtrrgtline by periodic
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backcrossing. I was surprised by the lack of intersection between individuals

for SVs and high level of intersection for SNPs. The C57Bl/6 colony and

Mtrrgtcolony have been divergent for a number of years but are extensively

inbred within each colony. I speculate that the high proportion of SNPs com-

mon across all individuals (both Mtrrgt/gtand C57Bl/6 embryos) represents an

artefact of the way in which the SNP calling was performed. Data for all

individuals was brought together into a combined/merged data file prior to

SNP calling in order to increase SNP calling power. However, I suspect this

biased the SNP calling in favour of SNPs that were common across individuals.

To test this hypothesis, SNP calling was also performed for each individual.

However, while the number of SNPs unique to each individual rose (from

< 16, to > 100), SNPs common to all individuals still represented the vast

majority of SNPs called. SV identification was performed on an individual

sample basis, which might increase the likelihood of detecting SVs unique to

each individual. Further investigation will be required to resolve if this is a

data analysis artefact or a true reflection of the intersection of SNPs and SVs in

C57Bl/6 and Mtrrgt/gtmice.

In this study I identified an average of approximately 11,000 variants (6000

SVs and 5000 SNPs) per individual for both C57Bl/6 and Mtrrgt/gtembryos.

This figure represents the most refined data set (SVs: dipoid only, Mtrr locus

masked, SNPs: extensively filtered). I believe this figure is of an appropriate

order. The mutation rate in the mammalian genome is approimately 2.2x109

per base pair per year (Kumar and Subramanian, 2002). Less than 1000 SNPs

were identified when comparing two Avy littermates (Oey et al., 2015). The mice

used in my study were not all littermates, but the populations from which they

are derived are extensively inbred. Genomic diversity is known to exist within

inbred strains, for example copy number variants are known to be present

in C57Bl/6 mice (Watkins-Chow and Pavan, 2008; Mahajan et al., 2016). A

comparison of two closely related C757Bl/6 strains: C57Bl/6J and C57Bl/6N

identified approximately 10,000 putative variants (Simon et al., 2013). The

C57Bl/6J and C57Bl/6N have been maintained separately for 220 generations

(Simon et al., 2013). This figure I feel is closest available comparator for my

study of Mtrrgtversus C57Bl/6 mice.
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SNP analysis highlighted that an approximately 20 Mb region around the

Mtrr gene is likely to be 129/P2 derived. The extent of the 129/P2 region at

the Mtrr locus highlights the limitations of backcrossing. Through genotyping

for the gene-trapped allele, we are consistently selecting for this region. There

is a low probability of meiotic homologous recombination occurring near a

targeted gene resulting in large regions flanking the gene remaining of 129/P2

origin. Indeed, when backcrossing eight generations into C57Bl/6, there is a

0.91 probability that a 1 centiMorgan (cM) region flanking the target gene on

both sides is still of donor (129/P2) origin (Lusis et al., 2007). Furthermore, it

would be interesting to determine if any regions outside the Mtrr locus were

129/P2 genetic background (perhaps with an unknown linkage to the Mtrr

locus) by mapping our sequencing reads to the 129/P2 genome.

Genomic regions surrounding a transgene are known as the passenger

genome (Vanden Berghe et al., 2015). The ’genetic contamination’ of the

passenger genome, and any mutations present within it, may influence the

phenotypes of backcrossed mice (Fontaine and Davis, 2016; Vanden Berghe

et al., 2015). For example Casp1-/- mice have strong protection against a lethal

lipopolysaccharide (LPS) challenge, however this was found to be due to an in-

activating passenger mutation in the nearby Casp11 gene (Kayagaki et al., 2011).

Similarly, mice with a mutation in the Plat gene, which causes neurological

abnormalities, had a 20 Mb region flanking the Plat gene that was of 129 origin

in otherwise C57Bl/6 mice (Szabo et al., 2016). RNA-Seq identified high levels

of differential expression of genes near the Plat locus. Independently derived

Plat-/- mice in a pure C57Bl/6 background did not show anomalous clustering

of differentially expressed genes at the Plat locus (Szabo et al., 2016), although

whether this altered the phenotype observed in these mice was not described.

In this study, I identify that 52 129/P2 specific protein coding or regulatory

variants are present at the Mtrr locus in Mtrrgt/gtembryos. It is assumed that

these co-segregate with the Mtrrgtallele. However, extensive dysregulation of

genes at the Mtrr locus was not observed using RT-qPCR, although only a small

subset of genes were assessed. Gas1 was downregulated in the Mtrrgt/gtembryos

versus C57Bl/6 controls. Misexpression of this gene may be phenotypically

relevant in the Mtrrgtmodel. GAS1 can cause cell cycle arrest (Del Sal et al.,
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1992). Gas1 knockout mice have a range of eye (Lee et al., 2001), digit and

limb and cerebellum development phenotypes (Liu et al., 2002). Anecdotally,

some Mtrrgtmice do present with anophthalmia, although the frequency of

this phenotype needs to be characterised. Furthermore, RNA-Seq data from

Mtrrgt/gtplacentas at E10.5 did show some clustering of differential expressed

genes around the Mtrr locus, with 15 out of 70 differentially expressed genes

located within the Mtrr locus (K. Menelaou and E. Watson, unpublished data).

These genes are mainly involved in placenta function and therefore may con-

tribute to the placental phenotypes observed in the Mtrrgtmodel (K. Menelaou

and E. Watson, unpublished data). It will be vital to determine if mutations in

the 129/P2 region around Mtrr gene contribute in any way to the phenotypes

reported in the Mtrrgtmodel.

In order to fundamentally address whether there is a genetic contribution

to the transgenerational inheritance of phenotypes the Mtrrgtmodel, it will

be necessary to assess the genomes of wildtype individuals derived from a

Mtrr+/gtparent or grandparent. The transgenerational inheritance of pheno-

types observed in the Mtrrgtmodel should be independent of the passenger mu-

tations at the Mtrr locus. Beyond the F0 generation, all individuals in the trans-

generational pedigree are Mtrr+/+females and C57Bl/6 males. Mtrr+/+females

will not carry the co-segregating 129/P2 region at the Mtrr locus. However,

it will be necessary to evaluate if variants identified as polymorphic within

the Mtrrgt/gtembryos (such as the tandem duplication on chromosome 19) are

present in Mtrr+/+offspring. Strikingly in the Mtrrgtmodel, there is a large

degree of variability between individuals. Litters can range from entirely phe-

notypically normal to entirely phenotypically abnormal (Padmanabhan et al.,

2013). Phenotypes are not inherited in Mendelian ratios (Padmanabhan et al.,

2013). This is true of litters derived from the Mtrrgt/gthomozygous mutant pedi-

gree and the transgenerational maternal grandparental pedigrees (Padmanab-

han et al., 2013). This suggests that variants common within the Mtrrgtcolony

are unlikely to be responsible for the phenotypes observed.

Overall, the data presented in this chapter supports a conclusion that ge-

netic instability is unlikely to be responsible for the transgenerational effect
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observed in the Mtrrgtmouse line. However, I cannot completely exclude a

possible genetic contribution based on the data presented here.



Chapter 5

Analysis of DNA methylation in
Mtrr sperm

Principle component analysis in this chapter was performed in collaboration

with Dr Russell Hamilton (Department of Genetics and Centre for Trophoblast

Research, Cambridge, UK).

– 141 –
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5.1 Introduction

DNA methylation has been implicated as a mechanistic candidate in a number

of models of intergenerational and transgenerational epigenetic inheritance. In

order to be directly inherited, DNA methylation changes induced by an envi-

ronmental stressor must be present in germ cells and escape epigenetic repro-

gramming events. Germ cell DNA methylation profiles are unique and highly

specialised (Reik and Surani, 2015). Sperm and oocyte epigenetic landscapes

are not equivalent. The sperm genome is highly methylated (approximately 80-

90% of CpGs are methylated), while oocytes have slightly lower global methy-

lation levels (∼40% of CpGs are methylated in an oocyte) (Kobayashi et al.,

2012). Sperm methylation covers most of the genome, except at highly CpG-

rich regions, and there is a negative correlation between promoter methylation

and gene expression (Kobayashi et al., 2012). DNA methylation in the male

germline has roles in the regulation of sperm specific gene expression and

transposable element silencing (Bourc’his and Bestor, 2004). Oocyte methy-

lation is mainly in genic rather than intergenic regions (Smallwood et al., 2011)

and there is a positive correlation between DNA methylation and transcription

(Kobayashi et al., 2012). The role of DNA methylation in oocytes remains elu-

sive as it is not required for early embryo development (Hata et al., 2002). Both

the sperm and oocyte epigenomes carry important information influencing

both the germ cells themselves and the development of the offspring which

they give rise to. The establishment of DNA methylation at imprinted genes,

loci that are differentially methylated in the male (paternally imprinted) or fe-

male (maternally imprinted) germlines, is vital for successful embryo develop-

ment (Stewart et al., 2016; McGrath and Solter, 1984). Imprinting is maintained

in the zygote and controls parent-of-origin specific expression of imprinted

genes. Imprinting is a fantastic example of heritable DNA methylation that in-

tergenerationally regulates gene expression. Whether regions beyond imprints

behave in a similar manner has been the focus of much recent research.

DNA methylation patterns in the germline have been assessed in an array of

intergenerational or transgenerational inheritance paradigms (Chapter 1, Table

1.2). Paternal inheritance is generally studied for its experimental tractability

(Bohacek and Mansuy, 2017). For example in utero undernourishment of F1
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mice leads to a robust metabolic phenotype in the F2 generation (Jimenez-

Chillaron et al., 2009). This was associated with hypomethylated and hy-

permethylated loci in the F1 male sperm (Radford et al., 2014). Similarly, in

utero vinclozolin exposure in rats, which is associated with transgenerational

inheritance of a number of disease phenotypes including male infertility, led

to genome-wide DNA methylation changes in the sperm (Beck et al., 2017).

Furthermore, traumatic stress during early post-natal life is associated with

reduced DNA methylation levels at the glucocorticoid receptor (GR) promoter

in sperm (Gapp et al., 2016). The offspring of these males have a reduced coping

behaviour phenotype (Gapp et al., 2016). Intriguingly, the GR promoter DNA

methylation change could be rescued if the fathers were housed in an enriched

environment, demonstrating that DNA methylation at this locus may be highly

labile (Gapp et al., 2016). Overall, DNA methylation patterns in sperm are

susceptible to alterations resulting from a range of environmental insults.

Folate metabolism plays a vital role in providing methyl groups for cellular

methylation reactions and therefore influences DNA methylation patterns (Ja-

cob et al., 1998; Ghandour et al., 2002). Several models have implicated folate

deficiency or abnormal folate metabolism in altered sperm DNA methylation

patterns and disease in offspring. Sperm DNA methylation patterns were

disrupted in males exposed to folate deficiency from preconception onward

(Lambrot et al., 2013). These males had offspring with developmental abnor-

malities (Lambrot et al., 2013). Furthermore, the differentially methylated loci

identified using MeDIP-ChIP in this study coincided with developmentally

important genes (Lambrot et al., 2013), though a direct causal link between

the sperm methylation changes and the birth defects was not demonstrated.

Similarly, BALB/c mice deficient for the folate metabolism enzyme MTHFR

displayed a small number of hypomethylated and hypermethylated loci in

their sperm (Chan et al., 2010). However, imprinted genes and other loci

known to acquire methylation during spermatogenesis did not show altered

patterns of DNA methylation in mature sperm of C57Bl/6 Mthfr-/- males (Chan

et al., 2010). A genome-wide approach will be required to determine if any loci

show abnormal DNA methylation in sperm from C57Bl/6 Mthfr-/- mice. This

data might suggest that genetic background or underlying genetic differences
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may influence differential DNA methylation that arises from altered folate

metabolism.

DNA methylation has previously be shown to be dysregulated in both adult

Mtrr deficient tissues and Mtrr+/+placentas at E10.5 derived from a Mtrr+/gtmaternal

grandparent (Padmanabhan et al., 2013). However germ cell methylation has

never been assessed in the Mtrrgtmodel. I therefore hypothesise that altered

DNA methylation patterns may be present in germ cells in the Mtrrgtmodel

and could be inherited by subsequent generations resulting in the phenotypes

observed.

In this chapter, I will consider DNA methylation in sperm of the Mtrrgtmodel.

Since the phenotypes and phenotypic frequencies were similar in the wildtype

grandprogeny derived from a Mtrr+/gtmaternal grandmother or grandfather

(Padmanabhan et al., 2013), it is equally valuable to assess DNA methylation

in sperm or oocytes of Mtrrgtmice. However, obtaining sufficient oocytes to

isolate adequate quantities of DNA for methylation analysis would be chal-

lenging even with superovulation. Additionally, studying maternal transmis-

sion of epigenetic information is complicated by confounding factors, such

as the uterine environment and maternal care (Bohacek and Mansuy, 2017).

Sperm are experimentally tractable, lack confounding factors and theoretically

exclusively pass on genetic and epigenetic information to the zygote (Bohacek

and Mansuy, 2017). Once I establish whether differential DNA methylation is

present in Mtrr+/+, Mtrr+/gtand Mtrrgt/gtmice, I can investigate whether inheri-

tance of abnormal DNA methylation patterns occurs in the Mtrrgtmodel.
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5.2 Results

5.2.1 Sperm were isolated for DNA methylation analysis

In order to establish if germ line DNA methylation patterns were altered by

Mtrr deficiency, sperm were isolated from the cauda epididymis of C57Bl/6,

Mtrr+/+, Mtrr+/gtand Mtrrgt/gt16-20 week old male mice that had been proven

fertile by mating with a female mouse. Eight males were assessed per geno-

type group, derived from at least four different litters. Mtrrgt/gtmice have the

most severe metabolic derangement (Padmanabhan et al., 2013) and thus were

included to allow me to assess the effect of intrinsic Mtrr deficiency on sperm

methylation. Mtrr+/gtmales represent the maternal grandfather in the transgen-

erational pedigree. Differential methylation in these males has implications for

the transgenerational inheritance of phenotypes observed in the Mtrrgtmodel.

Mtrr+/+males were included to provide insight into the role of parental ex-

posure to the Mtrrgtmutation on sperm methylation patterns since they were

derived from Mtrr+/gtintercrosses. Additionally, they may allow differential

methylation resulting from genetic mutations present within the Mtrrgtline to

be identified. C57Bl/6 males were used as controls throughout as they share

the same genetic background as the Mtrr mice, but have never been exposed to

the Mtrrgtmutation.

The purity of the sperm samples collected was confirmed by performing

bisulfite pyrosequencing of imprinting control regions. H19 is paternally im-

printed thus should be methylated in sperm (Gebert et al., 2010). Peg3 is ma-

ternally imprinted and therefore should be unmethylated in sperm (Lucifero

et al., 2002). I confirmed that the H19 imprinting control region was fully

methylated in all sperm samples, compared to the ∼50% methylation seen in

somatic C57Bl/6 adult liver (Figure 5.1 A). Likewise, Peg3 was unmethylated

in all sperm samples (Figure 5.1 B). Overall, this confirmed I had obtained pure

sperm samples with minimal somatic tissue contamination.
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Figure 5.1: Sperm sample purity was confirmed using bisulfite pyrosequenc-
ing of imprinting control regions (ICRs) (A-B) Graphical data shows the per-
centage methylation at individual CpG sites assessed by bisulfite pyrosequenc-
ing for C57Bl/6 sperm (black), Mtrr+/+ sperm (purple), Mtrr+/gt sperm (green),
Mtrrgt/gt sperm (blue) and C57Bl/6 adult liver (grey) at (A) the H19 ICR and (B)
the Peg3 ICR.

5.2.2 Global DNA methylation levels were normal in Mtrr
sperm

In order to ascertain global DNA methylation levels in sperm I performed

mass spectrometry. For each genotype, I analysed three pooled sperm sam-

ples whereby each pool comprised sperm from three individuals. In Mtrr+/+,

Mtrr+/gtand Mtrrgt/gtsperm, the global 5-methyl cytosine (5mC) level was equiv-

alent to C57Bl/6 controls (Figure 5.2 A). Global hydroxymethylation (5hmC)

levels in sperm were also unaffected by the Mtrrgtmutation (Figure 5.2 B). To de-

termine whether genomic localisation of DNA methylation may be perturbed,

I went on to characterise locus-specific DNA methylation patterns.
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Figure 5.2: Global DNA methylation levels were unaffected by the Mtrrgt

mutation. (A-B) Graphical data shows mass spectrometry quantifications for
sperm from C57Bl/6 (black), Mtrr+/+ (purple), Mtrr+/gt (green), and Mtrrgt/gt

(blue) males for (A) 5-methyl cytosine (5mC) (B) 5-hydroxymethylcytosine
(5hmc).

5.2.3 Locus specific DNA methylation was assessed using methy-
lated DNA immunoprecipitation and sequencing (MeDIP-
seq)

I analysed the genomic distribution of DNA methyation using methylated

DNA immunoprecipitation followed by sequencing (MeDIP-seq) (Weber et al.,

2005, 2007). Methylated DNA fragments were enriched using an antibody

against 5-methylcytosine and then sequenced (Fouse et al., 2010). A MeDIP-

seq approach was adopted as it allowed detection of differential DNA methy-

lation over the whole genome in a nearly unbiased fashion (Taiwo et al., 2012).

MeDIP-seq does not have base pair resolution. However, given that CpG

methylation at adjacent CpGs tends to be correlated (Eckhardt et al., 2006), I

believe the resolution offered by MeDIP (several hundred base pairs) is suffi-

cient to allow functionally relevant DNA methylation changes to be identified.

The specificity of the 5-methylcytosine antibody had been previously verified

(Radford et al., 2014). No antibody controls were performed to confirm the

specificity of the immunoprecipitation reactions. Prior to sequencing, the ef-

ficiency of the IP was verified using qPCR to measure enrichment for known

methylated regions (Nanog and H19) in the immunoprecipitatied samples (IP)

versus input samples. Regions known to be unmethylated (H1t and TsH2B)

were also assessed (Lambrot et al., 2013). Unmethylated regions were almost

undetectable in the IP fraction whereas methylated regions showed enrichment
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with respect to the input samples (Figure 5.3 A). Prior to sequencing, library

size (300-500bp) was confirmed to be equivalent across all samples by BioAn-

lyzer analysis (Figure 5.3 B).

Figure 5.3: Confirmation of successful MeDIP and verification of MeDIP-seq
library size (A) Graphical data showing recovery as a percentage of input de-
termined using qPCR at regions known to be methylated in sperm, Nanog and
H19 ICR, and those known to be unmethylated in sperm, H1t and TsH2B. Data
is shown for C57Bl/6 (black), Mtrr+/+ (purple), Mtrr+/gt (green) and Mtrrgt/gt

(blue) MeDIP samples. (B) A representative BioAnlyzer profile demonstrates a
300-500bp library size.

On average 179 million paired-end mappable reads were obtained per geno-

type group; 164 million for C57Bl/6 libraries, 172 million for Mtrr+/+libraries,

203 million for Mtrr+/gtlibraries and 179 million for Mtrrgt/gtlibraries. There was

an average of 22 million reads per sample (Table 5.1). This is a lower number of

reads (appropriately 30-40% less), both per sample and per comparison groups,

than has been obtained in similar studies (Radford et al., 2014; Beck et al., 2017).

The number of reads I obtained may only allow interrogation of a subset of

around 30% of CpG sites in the genome (Taiwo et al., 2012). Studies have

suggested up to 60 millions reads are required to interrogate most CpGs in

the genome (Taiwo et al., 2012). Therefore some differentially methylated loci

may not have been detected in our analysis.

The quality of MeDIP-seq data was assessed using FastQC. All samples

had mean phred quality scores of greater than 30 throughout the read length

(Figure 5.4 A). Analysis of the GC content of reads highlighted that MeDIP-

Seq libraries did not have normally distributed GC content (Figure 5.4 B). A

normal distribution is expected for whole genome sequencing data, however
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Table 5.1: Number of reads obtained for MeDIP-Seq libraries.
Genotype Sample Total Reads (million bp)

C57Bl/6

1 23.8
2 17.0
3 19.3
4 14.9
5 20.0
6 21.6
7 24.4
8 22.7

Mtrr+/+

9 14.9
10 22.2
11 24.4
12 24.2
13 19.1
14 26.8
15 20.0
16 20.2

Mtrr+/gt

17 26.0
18 24.4
19 22.6
20 28.6
21 25.3
22 23.3
23 24.5
24 27.8

Mtrrgt/gt

25 19.9
26 32.6
27 23.8
28 22.6
29 13.3
30 21.3
31 20.5
32 24.8
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enrichment of methylated DNA is known to skew the GC content of MeDIP

libraries (Staunstrup et al., 2016). Reads were mapped to the reference genome

using BowTie2 and alignment rates assessed. Alignment rates were good,

with between 95.% and 98.6% of reads mapping in all samples (Figure 5.4 C-

D). Approximately 60% of paired-end reads mapped uniquely to the C57Bl/6

reference genome, with some discordant and multimapping (Figure 5.4 C-

D). Overall the quality metrics suggested the data was of sufficient quality to

proceed with differential methylation analysis.

Figure 5.4: Quality metrics and alignment of MeDIP-seq data. (A) A rep-
resentative plot showing Phred quality scores along the read length. (B) A
representative plot showing the fraction of reads with a given GC content (%).
The theoretical distribution is shown in blue and the GC count per read is
shown in red. (C-D) The (C) number and (D) percentage of reads that aligned
to the reference genome are plotted. Blue: paired-end (PE) reads with at least
one mate uniquely aligned, orange: both mates multimapped, yellow: one
mate multimapped, red: neither mate aligned. Data is shown for all samples.
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Prior to performing differential methylation analysis I used principle com-

ponent analysis (PCA) to assess sample clustering. The PCA-based cluster-

ing was performed on read counts within 5kb genomic windows across the

genome. The 500 regions identified as most variable between C57Bl/6 and

Mtrr samples only were used for PCA analysis. The PCA featuring all samples

suggested that the DNA methylation profiles of C57Bl/6, Mtrr+/+, Mtrr+/gtand

Mtrrgt/gtsamples may not be distinct, demonstrated by the interclustering on

the PCA plot (Figure 5.5 A). Performing pairwise PCA however highlighted

that while the methylation profiles of C57Bl/6 and Mtrr+/+samples appeared

shared (Figure 5.5 B), the Mtrr+/gtand Mtrrgt/gtsamples clustered separately from

the C57Bl/6 samples suggesting that their methylation profiles differed (Figure

5.5 C,D).

While the Mtrr+/+and C57Bl/6 samples generally clustered tightly, Mtrr+/+

samples 10 and 12 and C57Bl/6 sample 7 were outlying (Figure 5.5 B). C57Bl/6

sample 7 was also outlying in the Mtrr+/gtversus C57Bl/6 and Mtrrgt/gtversus

C57Bl/6 PCA plots (Figure 5.5 C,D). Therefore C57Bl/6 sample 7 and Mtrr+/+

samples 10 and 12 were excluded from differential methylation analysis. I ac-

knowledge that excluding these samples based on the PCA visualisations alone

may not have been entirely valid. Their outlying nature may have reflected

important heterogeneity within the population. Indeed, phenotypic variability

is a key feature of the Mtrrgtmodel (Padmanabhan et al., 2013). As such the

exclusion of these samples may have biased the differential methylation calling.

A parallel analysis, including samples 10, 12 and 7, would allow me to under-

stand whether excluding this data was influential on differential methylation

analysis.
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Figure 5.5: PCA-clustering of C57Bl/6, Mtrr+/+, Mtrr+/gtand Mtrrgt/gtsamples.
(A-D) PCA based clustering of MeDIP-seq reads over 5kb genomic win-
dows. The 500 most variable windows only were considered in this anal-
ysis. PC1 and PC2 were used for clustering and describe the variance be-
tween genotypes. Data is shown for (A) C57Bl/6 (green) versus Mtrr+/+(red),
Mtrr+/gt(purple) and Mtrrgt/gt(blue), (B) C57Bl/6 (green) versus Mtrr+/+only
(red), (C) C57Bl/6 (green) versus Mtrr+/gt(purple) only, and (D) C57Bl/6 (green)
versus Mtrrgt/gt(blue) only.

Differential methylation analysis was performed using the MEDIPS pack-

age in R (Lienhard et al., 2014). Further quality control metrics included as part

of this package were performed. Firstly, saturation analysis was used to assess

if sufficient sequencing reads were obtained to generate reproducible genome

wide methylation profiles. Saturation analysis suggested that the number of

sequencing reads I obtained was sufficient to achieve reproducible genome

wide coverage for C57Bl/6, Mtrr+/+, Mtrr+/gtand Mtrrgt/gtdata sets (Figure 5.6

A-D). Secondly, I assessed sequence pattern coverage in which the number of

CpGs covered by short reads is calculated. As expected the majority of short
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reads contained very few CpG dinucleotides. The profile of sequence pattern

coverage was equivalent between C57Bl/6, Mtrr+/+, Mtrr+/gtand Mtrrgt/gtdata

sets (Figure 5.6 E-H). Thirdly, I investigated the correlation in short read cov-

erage profiles between samples. High correlation was expected between bi-

ological replicates given sufficient sequencing depth. Weaker correlation was

expected between divergent groups. Indeed, I observed high correlation within

genotype groups (Figure 5.6 I) but slightly weaker correlations when divergent

genotypes were compared (Figure 5.6 J). Fourthly, the enrichment of CpGs

within the MeDIP-seq datasets versus the whole genome, was calculated. Non-

enriched (input) samples would be expected to have an enrichment score of

1. MeDIP-seq should return CpG enriched regions resulting in elevated en-

richment scores. I observed an average CpG enrichment score of 2. CpG

enrichment was similar across all samples, regardless of genotype (Figure 5.6

K). Finally, I examined the relationship between MeDIP-seq signal intensity

and CpG density by plotting a calibration curve. In simplified terms, initially

as CpG density increases, MeDIP-Seq signal would be expected to increase

as more methylated cytosines would be present. However, as CpG density

increases further MeDIP-seq signal no longer increases. This is due to the

presence of CpG islands, that are generally unmethylated in mammalian cells

(Shen et al., 2007). The calibration curves generated for Mtrr+/+, Mtrr+/gtand

Mtrrgt/gtdata showed this pattern (Figure 5.6 L-N). Overall, these additional

data metrics indicated that the data was suitable for differential methylation

analysis.
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Figure 5.6: Quality control metrics included in the MEDIPS package suggest
the MeDIP-seq data is good quality (A-D) Saturation analysis, in which the
estimated saturation (red) and calculated saturation (blue) are plotted for (A)
C57Bl/6, (B) Mtrr+/+, (C) Mtrr+/gtand (D) Mtrrgt/gtMeDIP-seq datasets. (E-H)
Coverage analysis histograms show the distribution of CpG density in short
reads for representative examples of (E) C57Bl/6, (F) Mtrr+/+, (G) Mtrr+/gtand
(H) Mtrrgt/gtMeDIP-seq libraries. The parameter t, set to 100, specifies the
maximal coverage depth to be plotted. (I-J) Representative correlation analysis
profiles, in which short read coverage is plotted for pairs of MeDIP-seq data,
are shown for (I) C57Bl/6 versus C57Bl/6 (sample 2 versus sample 5) and (J)
C57Bl/6 versus Mtrr+/gt(sample 3 versus sample 24) comparisons. (K) CpG en-
richment is plotted for each individual MeDIP-seq dataset for C57Bl/6 (black),
Mtrr+/+(purple), Mtrr+/gt(green) and Mtrrgt/gt(blue) samples. (L-N) Calibration
plots show the dependency between MeDIP-seq signal intensity and CpG den-
sity for (L) Mtrr+/+, (M) Mtrr+/gtand (N) Mtrrgt/gtMeDIP-Seq datasets. Green line:
estimated linear fit, red line: calibration curve, blue boxes: individual genomic
windows.

5.2.4 Differentially methylated regions were identified in Mtrr+/+,
Mtrr+/gtand Mtrrgt/gtsperm

Differential methylation analysis was performed using pairwise comparisons:

C57Bl/6 vs. Mtrr+/+, C57Bl/6 vs. Mtrr+/gtand C57Bl/6 vs. Mtrrgt/gt. I de-

fined differentially methylated loci as windows of DNA (500bp) with greater

than 1.5 fold change in reads per kilobase million (as a proxy for methyla-

tion) between C57Bl/6 control sperm and Mtrr sperm (p<0.01). Adjacent

differentially methylated loci were merged into differentially methylated re-

gions (DMRs). DMRs were identified in sperm from Mtrr+/+, Mtrr+/gtand

Mtrrgt/gtmales. The number of sperm DMRs identified increased as the number

of male Mtrrgtalleles increased. For example, 91 DMRs were identified in sperm

from Mtrr+/+males, 203 DMRs in sperm from Mtrr+/gtmales and 599 DMRs

in sperm from Mtrrgt/gtmales. Average DMR size also increased as the num-

ber of male Mtrrgtalleles increased. For example, DMRs identified in sperm

from Mtrr+/+males were on average 669bp, DMRs identified in sperm from

Mtrr+/gtmales were 733bp and DMRs identified in sperm from Mtrrgt/gtmales

were 772bp in length. Hypomethylated and hypermethylated DMRs were

identified. In sperm from Mtrr+/+males 47 (51.6%) DMRs were hypomethylated

and 44 (48.4%) DMRs were hypermethylated, in sperm from Mtrr+/gtmales 71
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(35.0%) DMRs were hypomethylated and 132 (65.0%) were hypermethylated

and in sperm from Mtrrgt/gtmales 407 (68.0%) DMRs were hypomethylated and

192 (32.0%) hypermethylated (Figure 5.7 A-C). Overall, this data shows that

intrinsic or parental exposure to the Mtrrgtmutation results in changes in sperm

DNA methylation patterns.

Figure 5.7: Hypomethylated and hypermethylated DMRs were identified.
(A-C) Heat maps plotting reads per kilobase million (rpkm) show hypomethy-
lated and hypermethylated DMRs identified in sperm from (A) Mtrr+/+, (B)
Mtrr+/gtand (C) Mtrrgt/gtmales.

5.2.5 Validation of DMRs identified using MeDIP-seq via bisul-
fite pyrosequencing

To ensure the robustness and reliability of MeDIP-seq data I sought to molec-

ularly validate the DMRs identified using bisulfite pyrosequencing. Initially, I

performed bisulfite pyrosequencing on a panel of 26 randomly selected DMRs

identified in sperm from Mtrrgt/gtmales including 13 hypomethylated and 13

hypermethylated DMRs. I also included two regions not identified as differ-

entially methylated in the MeDIP-seq experiment as controls. Pyrosequenc-

ing was performed on sperm samples from eight C57Bl/6 males and eigth

Mtrrgt/gtmales. Of these, four sperm samples per group were those sequenced

in the MeDIP-seq experiment and four samples per group were independent.

Loss DNA of methylation was confirmed in Mtrrgt/gtsperm at all hypomethy-

lated DMRs assessed (13/13, 100% validation rate) (Figure 5.8 A-M). At these

DMRs, differential methylation was generally consistent across multiple CpG

sites. Large absolute differences in DNA methylation between C57Bl/6 and

Mtrrgt/gtsperm were observed, ranging from 22.8% to 81.9% (average 50.6%).
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On the other hand, gain of methylation was only confirmed at eight hyperme-

thylated DMRs (8/13, 61.5% validation rate) (Figure 5.8 N-Z). This suggests

some of the hypermethylated DMRs identified by MeDIP-seq may be false

positives. At the hypermethylated DMRs that did validate, substantial differ-

ences in methylation were observed ranging from 12% to 59% (average 31.7%).

Hypermethylated DMRs that failed to validate tended to have very high levels

of methylation (> 90% across all CpGs). The magnitude of LogFC for non-

validating DMRs was also lower than that observed for successfully validated

DMRs ( the average magnitude of LogFC for non-validating DMRs was 1.3

versus 2.2 for validating DMRs). As expected, the methylation in Mtrrgt/gtmale

sperm was equivalent to C57Bl/6 male sperm at the control loci not identified

as differentially methylated in MeDIP-seq (Figure 5.8 Aa-Bb).
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Figure 5.8: Bisulfite pyrosequencing validations of DMRs identified in sperm
from Mtrrgt/gt males. Graphical data is presented for C57Bl/6 sperm (black)
and Mtrrgt/gtsperm (blue) for (A-M) hypomethylated DMRs, (N-Z) hyperme-
thylated DMRs and (Aa-Bb) unchanged regions included as negative controls.
N=8 per group. Two-way ANOVA, with Sidak’s multiple comparisons test,
performed on mean methylation per CpG site per genotype group, **** p<
0.0001.

I also sought to validate DMRs identified in Mtrr+/gtand Mtrr+/+sperm. I

used bisulfite pyrosequencing to assess a panel of 24 DMRs identified in

sperm from Mtrr+/gtmales, four of which were hypomethylated and 20 of

which were hypermethylated (some of these DMRs were also assessed in

Mtrrgt/gtsperm). Again I used eight sperm samples per genotype group, four

of which were used in the MeDIP-seq experiment and four were additional

independent samples. Loss of methylation was confirmed in Mtrr+/gtmale

sperm at all bar one hypomethylated DMR assessed (3/4, 75% validation rate)

(Figure 5.9 A-D). The absolute differences in methylation between sperm from

C57Bl/6 and Mtrr+/gtmales were less than seen between sperm from C57Bl/6

and Mtrrgt/gtmales, ranging from 23.4% to 35.9% (average 29.6%). Gain of

methylation was confirmed at 10 hypermethlated DMRs assessed (10/20, 50%

validation rate) (Figure 5.9 E-X). At one DMR (E66), this represented a sig-

nificant difference at a single CpG site of the three CpGs assessed (Figure

5.9 L). The absolute differences in methylation between sperm from C57Bl/6

and Mtrr+/gtmales at hypermethylated DMRs were similar to those observed

between sperm from C57Bl/6 and Mtrrgt/gtmales, ranging from 5.5% to 54.7%

(average 27.3%). Three hypermethylated DMRs were assessed in Mtrr+/+sperm.

Two successfully validated and one showed hypermethylation in Mtrr+/+sperm

at only a single CpG site.

Combining the bisulfite pyrosequencing validation data from Mtrr+/+, Mtrr+/gt

and Mtrrgt/gt sperm, differential methylation was confirmed at 16/17 hypomethy-

lated DMRs (94.5%) and 20/36 (55.5%) hypermethylaetd DMRs. While this

does suggest some false positive DMR identification within the MeDIP-Seq

data, overall there was a high degree of corroboration between the bisulfite

pyrosequencing and MeDIP-Seq data. This validation rate is similar to, if not

better than, that achieved for other MeDIP-seq experiments (Radford et al.,
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2014). I therefore conclude that the majority of DMRs identified by MeDIP-seq

represent true methylation changes.
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Figure 5.9: Bisulfite pyrosequencing validations of DMRs identified in sperm
from Mtrr+/+ and Mtrr+/gt males. Graphical data is presented for C57Bl/6
sperm (black) and Mtrr+/gtsperm (green) and Mtrr+/+sperm (purple) for (A-D)
hypomethylated Mtrr+/gtDMRs, (E-X) hypermethylated Mtrr+/gtDMRs and (Y-
Aa) hypermethylated Mtrr+/+DMRs. N=8 per group. Two-way ANOVA, with
Sidak’s multiple comparison test, performed on mean methylation per CpG
site per genotype group, ** p< 0.01, **** p< 0.0001.

5.2.6 DMRs had clustered chromosomal locations and Mtrrgt/gt

DMRs were enriched at LTRs

Next I characterised the DMRs to identify if they share common attributes

potentially responsible for their differentially methylated status. Firstly, I con-

sidered if the methylation level at DMRs was consistent between individuals.

The pyrosequencing validations highlighted that the percentage methylation

at an individual CpG site was generally highly consistent between animals of

the same genotype (Figures 5.8 and 5.9). No differences in DNA methylation

were observed between samples used in the MeDIP-Seq experiment and the

additional samples used solely for validations. There were two interesting

exceptions at which inter-individual variation was observed. At DMR 60, there

was variability in methylation levels between Mtrrgt/gtand Mtrr+/gtindividuals,

but not C57Bl/6 individuals (Figure 5.8 M, Figure 5.9 A). At DMR 274, there

was C57Bl/6 inter-individual variability, but methylation was consistent be-

tween Mtrrgt/gtindividuals (Figure 5.8 L). To investigate inter-individual vari-

ability further, I assessed if differential methylation identified at Mtrrgt/gtmale

sperm DMRs was present in all Mtrrgt/gtindividuals or just a subset. For each

DMR, I calculated the number of Mtrrgt/gtindividuals where the number of

reads (in reads per kilobase million, rpkm) in Mtrrgt/gtmice was at least two

standard deviations (SD) different from the mean rpkm of that locus in C57Bl/6

mice. This gave a rough measure of the likelihood of the methylation being

statistically different from C57Bl/6 controls at that locus in that individual. In

total 85% of Mtrrgt/gtsperm DMRs (503 of 599) had at least seven individuals

with methylation levels at least two SDs different from that in C57Bl/6 mice.

Overall, this suggests differential methylation at DMRs was highly consistent

across individuals of the same genotype.
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Next I considered if DMRs associated with either lowly or highly methy-

lated genomic regions. Bisulfite pyrosequencing allowed me to discern the

absolute percentage methylation level of our DMRs. MeDIP-seq only gives

a read-out of relative methylation levels at a locus therefore cannot indicate if

DMRs are preferentially located in regions with either high or low methylation

status. The methylation levels at sperm DMRs spanned from very low, through

intermediate, to very high. Sperm DMRs did not seem to associate specifically

with lowly methylated regions or highly methylated regions.

I then examined the distribution and genomic localisation of the DMRs

to explore if certain regions of the genome were susceptible to or enriched

for methylation differences. Firstly, I probed the chromosomal location of

the DMRs (Figure 5.10 A-C). Strikingly, DMRs were found in chromosomal

clusters (Figure 5.10 A-C). As expected, a cluster of DMRs at the Mtrr locus

on chromosome 13 was identified in sperm from Mtrr+/gtand Mtrrgt/gtmales

(Section 5.2.10). No DMRs were present at the Mtrr locus in sperm from

Mtrr+/+males. Several clusters of DMRs were present in Mtrr+/+, Mtrr+/gtand

Mtrrgt/gtsperm on chromosomes 5, 17, 19 and Y. Within these clusters, the DMRs

were not always located at exactly the same loci between Mtrr+/+, Mtrr+/gtand

Mtrrgt/gtsperm. Clustering of DMRs has been reported in other models of TEI

(Haque et al., 2016). The chromosomal locations of the clusters I identified

differ from those of previously reported DMR clusters (Haque et al., 2016).

This suggests model specific effects on DMR localisation. The clustering of

differential methylation could result from increased susceptibility of certain

regions of the genome to dysregulation of DNA methylation resulting from

the Mtrrgtmutation or parental exposure to the Mtrrgtmutation. Alternatively,

clustering of differential methylation may reflect underlying genetic sequence

differences in Mtrr mice (explored further in Section 5.2.10).

I considered whether the DMRs were located in coding or non-coding re-

gions. Sperm DMRs identified in Mtrr+/gtand Mtrr+/+males were most com-

monly (46-48%) located within introns (Figure 5.11 A-B). However, over 50%

of DMRs identified in sperm from Mtrrgt/gtmales were in intergenic regions

(Figure 5.11 C). Methylation in intergenic regions near genes may have a regu-

latory role controlling gene expression. Indeed, 111 Mtrrgt/gtsperm DMRs were
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located less than 10 kb upstream of a gene. Furthermore, 21 Mtrrgt/gtsperm

DMRs, 10 Mtrr+/gtsperm DMRs and 5 Mtrr+/+sperm DMRs were within po-

tential promoter regions (defined as less than 2kb from a transcription start

site). The methylation status of the DMR, hypomethylated or hypermethy-

lated, did not influence their localisation within coding and non-coding regions

regardless of whether the DMR was identified in sperm from Mtrr+/+, Mtrr+/gtor

Mtrrgt/gtmales (Figure 5.11 D-I). The localisation of DMRs with respect to repet-

itive regions of the genome was then considered. Sperm DMRs identified in

Mtrrgt/gtmales appear to be depleted at unique regions and enriched at long

terminal repeat elements (LTRs) compared to the proportion of these elements

in the genome as a whole (p<0.01, two-way ANOVA, Figure 5.11 L). Unique

regions and LTRs make up 61.45% and 9.87% of the mouse genome, respec-

tively (Waterston et al., 2002). The enrichment of Mtrrgt/gtsperm DMRs at LTRs

may reflect that LTR elements are more likely to be methylated than other loci.

A similar trend toward enrichment at LTRs was observed for Mtrr+/gtDMRs,

although this did not reach statistical significance (p=0.1662, two-way ANOVA,

Figure 5.11 K). Sperm DMRs identified in Mtrr+/+males were not found to

be enriched or under-represented at any particular repetitive element (Figure

5.11 J). The enrichment of Mtrrgt/gtDMRs at LTRs, and under-representation at

unique regions, was driven by hypomethylated Mtrrgt/gtDMRs (p<0.01, two-

way ANOVA, Figure 5.11 Q). For DMRs identified in Mtrr+/+and Mtrr+/gtsperm

hypomethylated and hypermethylated DMRs had similar localisations with

respect to repetitive elements (Figure 5.11 M-R). On the whole, underlying

sequence characteristics did not seem to dictate sperm DMR localisation.
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Figure 5.10: DMRs have clustered chromosomal locations (A-C) Phenograms
show the chromosomal locations of DMRs identified in sperm from (A) Mtrr+/+,
(B) Mtrr+/gtand (C) Mtrrgt/gtmales.
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Figure 5.11: Mtrrgt/gtDMRs may be enriched at LTRs (A-I) Relative distribu-
tion of DMRs detected by MeDIP-seq among intergenic regions (grey), exons
(teal) and introns (dark blue) for (A) all Mtrr+/+DMRs, (B) all Mtrr+/gtDMRs,
(C) all Mtrrgt/gtDMRs, (D) hypomethylated Mtrr+/+DMRs, (E) hypermethy-
lated Mtrr+/+DMRs, (F) hypomethylated Mtrr+/gtDMRs, (G) hypermethylated
Mtrr+/gtDMRs, (H) hypomethylated Mtrrgt/gtDMRs and (I) hypermethylated
Mtrrgt/gtDMRs. (J-R) Relative distribution of DMRs detected by MeDIP-seq
among unique regions (grey), long terminal repeats (LTRs) (pink), long inter-
spersed repeats (LINEs) (yellow), simple repeats (pale blue), short interspersed
repeats (SINEs) (orange), satellites (green), small RNAs (purple), DNA ele-
ments (navy blue) and unclassified repeats (lime green) for (J) all Mtrr+/+DMRs,
(L) all Mtrr+/gtDMRs, (M) all Mtrrgt/gtDMRs, (P) hypomethylated Mtrr+/+DMRs,
(N) hypermethylated Mtrr+/+DMRs, (O) hypomethylated Mtrr+/gtDMRs, (P)
hypermethylated Mtrr+/gtDMRs, (Q) hypomethylated Mtrrgt/gtDMRs and (R)
hypermethylated Mtrrgt/gtDMRs. Two-way ANOVA with Dunnett’s multiple
comparisons test performed, ** p<0.01, *** p<0.0001.
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Differential methylation at both CpG Islands (CGIs) and regions of low

CpG density may play important roles in the regulation of genes (Stadler

et al., 2011). Previous studies have indicated that promoter epimutations iden-

tified in sperm are associated with regions with a low CpG density (Skin-

ner and Guerrero-Bosagna, 2014). Therefore, I calculated the CpG density

of the DMRs identified in this study. The average CpG densities of Mtrr+/+,

Mtrr+/gtand Mtrrgt/gtDMRs were 2.7, 3.6 and 3.6 CpGs per 100 bp, respec-

tively. The CpG density of Mtrr+/+DMRs was less than that of Mtrr+/gtand

Mtrrgt/gtDMRs (p<0.05, one-way ANOVA, Figure 5.12 A). The biological sig-

nificance of and underlying reason for this were uncertain. There was a trend

towards increasing CpG density with increasing DMR size (Figure 5.12 B). Hy-

permethylated DMRs had higher CpG densities than hypomethylated DMRs

(p=0.0192, one-way ANOVA, Figure 5.12 C). CGIs, their shores (0-2 kb either

side of the CGI) and shelves (2-4 kb either side of the CGI) are known for

their important roles in the regulation of gene expression (Deaton and Bird,

2011; Faulk et al., 2015). A small subset of DMRs identified in sperm from

Mtrr+/+, Mtrr+/gtand Mtrrgt/gtmales were located within CGIs, CGI shores and

CGI shelves (Figure 5.12 D-F). The DMRs located at CGIs, CGI shores and

CGI shelves tended to be hypermethylated, although this was not statistically

significant (p>0.05, two-way ANOVA, Figure 5.12 G-L). Altogether, this data

suggests that in the Mtrrgtmodel the majority of DMRs are located within CpG

deserts, although some DMRs are located in CGI regions.
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Figure 5.12: DMRs generally have a low CpG density, but some associate
with CpG island regions (A-C) Graphical data shows CpG density (CpGs
per 100bp) for sperm DMRs identified in Mtrr+/+(purple), Mtrr+/gt(green) and
Mtrrgt/gt(blue) males. Plots illustrate (A) The average CpG density for all DMRs
(data is plotted as mean ± sd) (B) CpG density as a function of read length
and (C) Average CpG density for hypomethylated and hypermethylaed DMRs
(data is plotted as mean ± sd). (D-L) Relative distribution of DMRs detected
by MeDIP-seq among CpG islands (CGI) (pink) and CGI shores (yellow) and
CGI shelves (turquoise) or non-CGI regions (grey) for (D) all Mtrr+/+DMRs, (E)
all Mtrr+/gtDMRs, (F) all Mtrrgt/gtDMRs, (G) hypomethylated Mtrr+/+DMRs, (H)
hypermethylated Mtrr+/+DMRs, (I) hypomethylated Mtrr+/gtDMRs, (J) hyper-
methylated Mtrr+/gtDMRs, (K) hypomethylated Mtrrgt/gtDMRs, (L) hyperme-
thylated Mtrrgt/gtDMRs. (A) one-ANOVA, with Sidak’s multiple comparisons
test, (C) one-way ANOVA performed, (D-L) Two-way ANOVA with Tukey’s
multiple comparisons test * p< 0.05.
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5.2.7 DMRs were enriched at nucleosome retaining regions

Although most histones are replaced by protamines in sperm, approximately

1% are retained (Hisano et al., 2013). Nucleosomes are preferentially retained

in regions with a high CpG content and low levels of DNA methylation (Erkek

et al., 2013). Despite the overall low CpG density of Mtrr DMRs, some DMRs

with high CpG densities were identified. Therefore, I assessed whether our

DMRs coincided with nucleosome retaining regions in sperm (Erkek et al.,

2013). Overall, 34.1% of Mtrr+/+DMRs (31 of 91), 28.1% of Mtrr+/gtDMRs (57

of 203) and 14.5% of Mtrrgt/gt(87 of 599) DMRs coincided with regions retaining

nucleosomes in sperm. As a crude estimation of genome wide nucleosome

retention levels, I calculated the nucleosome retention rate in 10,000 randomly

selected 500bp windows. Of these windows only 0.105% coincided with nu-

cleosome retaining regions. With respect to this value, there is a significant

enrichment in nucleosome retention at DMRs identified in sperm from Mtrr+/+,

Mtrr+/gtand Mtrrgt/gtmales (p<0.0001, binomial test). This data suggests that

some differential methylation in sperm of Mtrr+/+, Mtrr+/gtand Mtrrgt/gtmales

was present at histone retaining regions therefore exists in a broader chromatin

context.

5.2.8 DMRs were associated with genes involved in a number
of biological processes

Next I considered the potential functional relevance of the sperm DMRs. I iden-

tified all genes closest to a DMR (least genomic distance between the DMR and

the gene transcription start site). I identified 33, 105 and 222 genes associated

with DMRs identified in sperm from Mtrr+/+, Mtrr+/gtand Mtrrgt/gtmales, respec-

tively. The majority of these genes (approximately 85%) were within 10kb of a

DMR identified in sperm from Mtrr+/+, Mtrr+/gtor Mtrrgt/gt males. I performed

gene ontology analysis using DAVID to investigate if DMRs were preferentially

associated with genes involved in any particular biological processes. This

analysis showed that differential methylation in Mtrrgt/gtsperm was associated

with genes involved in the regulation of transcription and a number of immune

response pathways (Figure 5.13 C). The highly significant enrichment of genes

involved in regulation of transcription near DMRs from Mtrrgt/gtsperm likely
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reflects the cluster of zinc finger proteins on chromosome 13 at the Mtrr lo-

cus. Differential methylation in Mtrr+/gtand Mtrr+/+sperm was associated with

genes involved in G-protein coupled receptor (GPCR) signalling and mitotic

spindle orientation (Figure 5.13 A-B). Genes involved in ERK signalling and

neurogenesis were associated with DMRs identified in Mtrr+/+, Mtrr+/gtand

Mtrrgt/gtmales (Figure 5.13). Both these terms result from DMRs clustered on

chromosome 17 near the Dynlt1a, Dynlt1b and Dynlt1c genes. ERK signalling is

involved in the regulation of cell cycle and cell proliferation (Shaul and Seger,

2007). Genes involved in neurogenesis are interesting given the neural tube

defects observed in the Mtrrgtmodel (Padmanabhan et al., 2013). Overall, the

genes near DMRs could contribute to congenital malformations observed in

Mtrrgtmodel, although many genes known to be involved in embryonic devel-

opment are not associated with sperm DMRs.
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Figure 5.13: Genes implicated in ERK signalling and neurogenesis are as-
sociated with DMRs in Mtrr+/+, Mtrr+/gtand Mtrrgt/gtsperm. (A-C) Gene on-
tology analysis performed using DAVID is presented for genes closest to
(A) Mtrr+/+sperm DMRs (purple), (B) Mtrr+/gtsperm DMRs (green) and (C)
Mtrrgt/gtsperm DMRs (blue). Data is presented as -log(p-value) for each GO
term, with the number of genes given at the end of each bar.

5.2.9 A subset of DMRs were common across all Mtrr geno-
types

Gene ontology analysis and chromosomal clustering of DMRs highlighted that

some DMRs may be common to all Mtrr sperm. Therefore I compared the
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DMRs identified in sperm from Mtrr+/+, Mtrr+/gtand Mtrrgt/gtmales. This anal-

ysis could be used indicate if DNA methylation at certain loci was more sus-

ceptible to 1) the intrinsic presence of the Mtrrgtallele (common to Mtrr+/gtand

Mtrrgt/gtsperm), 2) parental exposure to abnormal folate metabolism (common

to Mtrr+/+, Mtrr+/gtand Mtrrgt/gtsperm) or 3) results from genetic background

effects (also common to Mtrr+/+, Mtrr+/gtand Mtrrgt/gtsperm). A total of 147

loci show differential DNA methylation in both Mtrr+/gtand Mtrrgt/gtsperm (Fig-

ure 5.14 A). Differential methylation at the Mtrr locus itself accounts for 37

(25%) of these DMRs. Additionally, 54 of these DMRs are also present in

Mtrr+/+sperm (Figure 5.14 A). A small number of DMRs are common between

Mtrr+/+and Mtrr+/gtsperm or Mtrr+/+and Mtrrgt/gtsperm exclusively (14 and 5

DMRs, respectively). The large number of shared DMRs suggests that overall

the Mtrrgtmutation and parental exposure to the Mtrrgtmutation affects DNA

methylation in a somewhat predictable manner.

I characterised the DMRs common across all genotypes to try and iden-

tify any particular features that may have led to their differential methyla-

tion. Common DMRs were primarily located in three distinct clusters, one on

chromosome 5, one on chromosome 17 and one on chromosome 19 (Figure

5.14 B). The location of common DMRs with respect to coding/non-coding

regions (Figure 5.14 C), repetitive elements (Figure 5.14 D) and CGIs regions

(Figure 5.14 E) did not identify any distinctive features. The CpG density of

common DMRs was on average 2.8 CpGs per 100bp. Overall, the common

DMRs showed no striking features or characteristics that could account for

their commonly differentially methylated status. Common DMRs, as present

in Mtrr+/+sperm, could represent DMRs resulting from parental exposure to the

Mtrrgtmutation. Sperm methylation is established in utero, therefore Mtrr+/+sperm

were exposed to the maternal (Mtrr+/gtfemale) metabolic derangement and

reduced methyl group availability during PGC formation and epigenetic re-

programming. Alternatively, common DMRs could be associated with genetic

sequence changes that exist between the Mtrr mice and C57Bl/6 controls. Their

tightly clustered localisation and lack of defining characteristics could lend

support to this hypothesis. This is further explored in section 5.2.10.
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Figure 5.14: A subset of DMRs were present in sperm from Mtrr+/+,
Mtrr+/gtand Mtrrgt/gtmales. (A) The intersection of DMRs identified in
sperm from Mtrr+/+(purple), Mtrr+/gt(green) and Mtrrgt/gt(blue) males. (B) A
phenogram depicts the chromosomal location of the common DMRs. (C) Rel-
ative distribution of common DMRs among intergenic regions (grey), exons
(teal) and introns (dark blue). (D Relative distribution of common DMRs
among unique regions (grey), LTRs (pink), LINEs (yellow), simple repeats (pale
blue), SINEs (orange), satellites (green), small RNAs (purple), DNA elements
(navy blue) and unclassified repeats (lime green). (E) Relative distribution of
common DMRs among CGIs (pink) and CGI shores (yellow) and CGI shelves
(turquoise) or non-CGI regions (grey).

5.2.10 Some DMRs associate with underlying genetic changes
particulary around the Mtrr locus

I wanted to determine if genetic variants could account for the presence of

DMRs identified in Mtrr+/+, Mtrr+/gtand Mtrrgt/gtmales. I compared the sperm

DMRs identified using MeDIP-Seq to the SNPs and SVs identified using whole

genome sequencing of Mtrrgt/gtembryos (Chapter 4). Ideally, whole genome se-
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quencing would have been performed on the sperm samples whose methylome

was characterised. However, as DMRs were present across multiple individu-

als within each genotype group, if genetic variants were responsible for the

DMRs I identified, they were likely established variants within the Mtrrgtline

rather than de novo germline mutations.

Initially, I looked at whether sperm differential DNA methylation coincided

directly with SNPs identified in Mtrrgt/gtembryos. It seems unlikely that a single

base pair change, even if directly affecting a cytosine residue, would lead to

substantial enough methylation changes for a DMR to be identified. However,

the presence of multiple SNPs within a locus could drive differential methy-

lation. I identified that one Mtrr+/gtDMR (0.5%) and 22 Mtrrgt/gtDMRs (3.7%)

coincided with SNPs (Table 5.2). Some DMRs were associated with numerous

SNPs. In total, 65 SNPs fell within Mtrrgt/gtsperm DMRs (an average 2.9 SNPs

per SNP containing DMR) and 4 SNPs were within in the Mtrr+/gtsperm SNP

containing DMR (Table 5.2). Of those 65 SNPs underlying Mtrrgt/gtDMRs, all

were heterozygous, 14 resulted in loss of a cytosine, 19 resulted a gain of

cytosine and 32 SNPs did not involve cytosines. I also considered if there were

SNPs within the vicinity of DMRs. I identified that 25 sperm DMRs identified

in Mtrrgt/gtmales and 2 sperm DMRs identified in Mtrr+/gtmales had SNPs less

than 1kb upstream or downstream of the DMR. No DMRs identified in sperm

from Mtrr+/+males were directly associated with SNPs or were within 1kb of a

SNP.

I then assessed if DMRs coincided with SVs (Table 5.2). Strikingly, DMRs

on chromosome 19 identified in Mtrr+/+, Mtrr+/gtand Mtrrgt/gtsperm, associated

with a SV identified in Mtrrgt/gtembryos (Table 5.2, Figure 5.15 A). This SV on

chromosome 19 (36911361-37379467) was a tandem duplication encompassing

a region spanning six known genes and was present in all Mtrrgt/gtembryos

sequenced and absent from both C57Bl/6 control embryos (Chapter 4). DMRs

identified in Mtrr+/+, Mtrr+/gtand Mtrrgt/gtsperm cluster at the ends of the tan-

dem duplicated region (Figure 5.15 A). Interestingly, differentially methylated

regions were located within 10-15 kb of two genes, Btaf1 and Ide which were

upregulated (∼ 2-fold) in Mtrrgt/gtembryos at E10.5 (Chapter 4, Figure 4.9).

Other genes at the tandem duplicated region were not misexpressed and inci-
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Table 5.2: Some DMRs coincided with SVs and SNPs.

Male Genotype Total
DMRs

DMRs
containing

SNPs

Total SNPs
in DMRs

DMRs
associated
with SVs

Mtrr+/+ 91 0 0 14 (15.4%)
Mtrr+/gt 203 1 (0.5%) 4 23 (11.3%)
Mtrrgt/gt 599 22 (3.7%) 65 19 (3.2%)

dentally were located further from the differentially methylated loci. Whether

the methylation at these DMRs has a regulatory role in the expression of Btaf1

and Ide should be explored. One might speculate that elevated methylation

at this region is a response to suppress transcription resulting from the tandem

duplication. Outside of this chromosome 19 locus, no DMRs had an underlying

SV or were within 1 kb of a SV identified in Mtrrgt/gtembryos.

During validation of sperm DMRs identified in Mtrrgt/gtmales by bisul-

fite pyrosequencing, I identified a genetic variant associated with DMR 60

(chr10:122886000-122886500). When the amplified PCR product was run on

an electrophoresis gel, the band size was slightly larger for Mtrrgt/gtsamples

than for C57Bl/6 controls (Figure 5.15 B). Sanger sequencing of Mtrrgt/gttissue

revealed an increase in the number of occurrences a short repetitive sequence

(CTCGGCTC) in the Mtrrgt/gtsamples versus C57Bl/6 controls (n=14 repeats in

C57Bl/6 liver and n=18 repeats in Mtrrgt/gtliver, Figure 5.15 C). Curiously, this

variant was not identified in whole genome sequencing experiment, perhaps

due to poor coverage at this region.
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Next, I examined in more detail genetic variation at the Mtrr locus with

respect to sperm DMRs. I identified that a ∼20 Mb region around the Mtrr

gene had a 129/P2 genetic background and had a high frequency of SNPs and

SVs (Chapter 4). I investigated if this may be responsible for the elevated DMR

frequency also observed at the Mtrr locus. In total, 402 (67.1%) of the sperm

DMRs identified in Mtrrgt/gtmales and 36 (17.7%) of the sperm DMRs identified

in Mtrr+/gtmales were located on chromosome 13 at the Mtrr locus. Notably,

the distribution of Mtrrgt/gtsperm DMRs about the Mtrr gene mirrored almost

exactly the distribution of SNPs, with a similar asymmetry about the Mtrr gene

(Figure 5.15 D; Chapter 4, Figure 4.7). Unremarkably, the one Mtrr+/gtand 22

Mtrrgt/gtsperm DMRs associated with SNPs were on chromosome 13 within the

Mtrr locus (Table 5.2, Figure 5.15 D). Furthermore, I sought to identify if the

129/P2 background DNA flanking the Mtrr gene was responsible for differen-

tial DNA methylation. I compared sperm DMRs identified at the Mtrr locus

to the 129/P2 SNPs identified at the Mtrr locus in Mtrrgt/gtembryos (Chapter

4). In total, six Mtrrgt/gtDMRs coincided with at least one 129/P2 SNP. This

suggests that the 129/P2 genetic background may contribute to the differential

methylation at a small number of loci near the Mtrr gene. However, a large

proportion of DMRs at the Mtrr locus were not associated with SNPs identified

in Mtrrgt/gtembryos. These may associate with SVs. I was unable to confirm if

DMRs at the Mtrr locus associated with SVs as this region was masked during

SV analysis. This analysis should be performed to get a full understanding of

the role of genetic variants on DNA methylation at the Mtrr locus.

Due to the high percentage of sperm DMRs identified in Mtrrgt/gtmales at

the Mtrr locus, I speculated that these may skew the characteristics of the

Mtrrgt/gtsperm DMRs. Therefore I re-characterised the Mtrrgt/gtsperm DMRs

excluding all DMRs at the Mtrr locus. This resulted in the characteristics of the

Mtrrgt/gtDMRs, in terms of the proportion that were hypomethylated versus

hypermethylated and their genomic localisations, becoming more similar to

those observed for DMRs identified in Mtrr+/gtmale sperm (Figure 5.15 E-H,

Figure 5.11). Specifically Mtrrgt/gtsperm DMRs no longer showed enrichment

at LTRs but they did appear to be overrepresented at CGIs (Figure 5.15 E-H).

I also characterised the DMRs identified at the Mtrr locus in Mtrrgt/gtsperm
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themselves. The Mtrr locus sperm DMRs tended to be hypomethylated (326

of 402 (81.1%)), intergenic and appeared depleted at CGIs.
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Figure 5.15: Some DMRs in Mtrr+/+, Mtrr+/gtand Mtrrgt/gtsperm are associated
with underlying genetic changes. (A) A snapshot from IGV highlights the
cluster of DMRs on chromosome 19. MeDIP-seq reads and DMRs are shown for
C57Bl/6 (black), Mtrr+/+(purple), Mtrr+/gt(green) and Mtrrgt/gt(blue) sperm. (B)
Electrophoresis gel of the PCR product of DMR 60, showing the slightly larger
band size in Mtrrgt/gtsamples (lanes 5-8) than in C57Bl/6 controls (lanes 1-4). A
1 kb DNA ladder and no template control (NTC) are included. (C) The DNA
sequence of the PCR product in (B) is shown. ”n” denotes the number times the
repeat (red) appears in the DNA sequence. (D) A snapshot from IGV highlights
DMRs on chromosome 13 at the Mtrr locus. MeDIP-seq reads and DMRs are
shown for C57Bl/6 (black), Mtrr+/+(purple), Mtrr+/gt(green) and Mtrrgt/gt(blue)
sperm. The Mtrr gene is show in a red box. (E) A heat-map plotting reads
per kilobase million (rpkm) showing hypomethylated and hypermethylated
DMRs, with DMRs at the Mtrr locus excluded. (F) Relative distribution of
Mtrrgt/gtDMRs, with DMRs at the Mtrr locus excluded, among intergenic re-
gions (grey) exons (teal) and introns (dark blue). (G) Relative distribution of
Mtrrgt/gtDMRs, with DMRs at the Mtrr locus excluded, among unique regions
(grey), LTRs (pink), LINEs (yellow), simple repeats (pale blue), SINEs (orange),
satellites (green), small RNAs (purple), DNA elements (navy blue) and unclas-
sified repeats (lime green). (H) Relative distribution of Mtrrgt/gtDMRs, with
DMRs at the Mtrr locus excluded, among CGIs (pink) and CGI shores (yellow)
and CGI shelves (turquoise) or non-CGI regions (grey).

I believe the DNA methylation changes identified in sperm on chromosome

13 and 19 are a result of underlying genetic variants. These can be described as

secondary epimutations (McCarrey et al., 2016). Beyond chromosomes 19 and

13, only a handful of DMRs including three DMRs identified in sperm from

Mtrrgt/gtmales and one DMR identified in sperm from Mtrr+/gtmales associated

with SVs. A total of 76 DMRs identified in sperm from Mtrr+/+males, 142 DMRs

identified in sperm from Mtrr+/gtmales, and 174 DMRs identified in sperm from

Mtrrgt/gtmales were not directly associated with underlying genetic variants.

Particularly intriguingly are the clusters of common DMRs on chromosome

5 and chromosome 17 that do not associate with SVs or SNPs. However, I

cannot completely rule out that genetic variants not detected via whole genome

sequencing of Mtrrgt/gtembryos underlie these DMRs. Overall, the data pre-

sented here suggests that abnormal folate metabolism, or parental exposure

to abnormal folate metabolism, results in DNA methylation changes in sperm

in the absence of underlying genetic changes. This is the first evidence to

support the hypothesis that epigenetic information, independent of DNA base
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sequence, could be inherited and therefore contribute to the transgenerational

inheritance of phenotypes observed in the Mtrrgtmodel.
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5.3 Discussion

Here, I have shown that global DNA methylation and hydroxymethylation lev-

els are normal in sperm of Mtrrgtmales. However, I identified a number of dif-

ferentially methylated regions in sperm from Mtrr+/+, Mtrr+/gtand Mtrrgt/gtmales

versus C57Bl/6 controls. Both hypomethylated and hypermethylated DMRs

were identified. These were commonly found in clusters and generally were

associated with regions of low CpG density. At total of 54 DMRs were com-

mon to sperm from Mtrr+/+, Mtrr+/gtand Mtrrgt/gtmales. Some common DMRs

were associated with a tandem duplication identified in Mtrrgt/gtembryos on

chromosome 19. A large number of DMRs identified in Mtrrgt/gtsperm, and a

smaller percentage identified in Mtrr+/gtsperm, were located at the Mtrr locus.

Some DMRs at the Mtrr locus were associated with SNPs. Apart from a few

exceptional loci, all other DMRs identified in sperm from Mtrr+/+, Mtrr+/gtand

Mtrrgt/gtmales were not associated with any known underlying genetic vari-

ants. Overall, the data presented here demonstrate that the Mtrrgtmutation, or

parental exposure to it, results in DNA methylation changes in sperm.

However, the DMR identification and subsequent analysis was not without

limitations. Firstly, differential methylation analysis was performed in a pair-

wise fashion. The methylation profiles of Mtrrgt/gt, Mtrr+/gtand Mtrr+/+sperm

were independently compared to a single C57Bl/6 control group. This may

have increased the likelihood of errors within the analysis as the comparisons

were no longer independent but correlated based on the shared C57Bl/6 con-

trol group (Kuan and Chiang, 2012; Howard et al., 2018). No correction for

multiple testing was performed, as this is not a feature provided in the MEDIPS

analysis package. A post-hoc adjustment of p-values to take into account

multiple testing could be performed, but further discussion with a statistician

would be required to confirm if this is appropriate. This may alter the num-

ber of DMRs identified. Secondly, I was unable to determine if DMRs were

statistically over or under represented at certain loci (e.g. introns or CGIs) as a

representative background distribution of sperm methylation was not available

as a comparator. To estimate the background distribution of sperm methylation

the average number of reads per kilobase million (rpkm) should be calculated

across all samples for defined genomic windows. An arbitrary (non-zero) rpkm
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threshold would then be used to define methylated regions. The genomic

location of these methylated regions with respective to coding/noncoding re-

gions, repetitive elements, CGIs and nucleosome retaining regions could then

be assessed. Comparison of the genomic localisations of the sperm DMRs to the

background methylation distribution could be used to ascertain enrichment or

depletion at certain loci. The comparators used in this study: the whole genome

DNA sequence covered by repetitive regions and the nucleosome retention in

10000 randomly selected 500bp windows, did not take into account methyla-

tion status and therefore did not serve as accurate comparators. Additionally,

I acknowledge that MeDIP-seq has limitations. It is low resolution, with the

resolution determined by sequence insert size, and regions of low CpG density

may be under-represented (Taiwo et al., 2012). However, as the majority of

DMRs could be independently validated by bisulfite pyrosequencing, I believe

that it captured true methylation differences in sperm from Mtrr+/+, Mtrr+/gtand

Mtrrgt/gtmales.

I report that global methylation is not reduced in sperm in the Mtrrgtmodel.

This is somewhat surprising given the importance of the folate cycle in cellu-

lar methylation reactions and the previously reported global hypomethylation

in the Mtrrgtmodel (Padmanabhan et al., 2013). However, despite global hy-

pomethylation being reported in Mtrr liver and non-pregnant uterine tissues,

in the brains of Mtrr+/gtand Mtrrgt/gtmice DNA methylation was equivalent to

C57Bl/6 controls (Padmanabhan et al., 2013). It was suggested that a sparing

mechanism may protect the brain from reduced methyl group availability. A

similar scenario could be envisaged for sperm. SAM levels in sperm should

be assessed to test this hypothesis. Methodological differences also need to

be considered. Global methylation in the Mtrrgtmodel was previous measured

using methylated DNA quantification kits (Padmanabhan et al., 2013) rather

than mass spectrometry which may be considered a more robust approach.

Furthermore, I did not identify differential methylation near any imprinted

genes in sperm. This is despite imprinted genes showing locus specific dys-

regulation of DNA methylation in Mtrr+/+placentas at E10.5 derived from a

Mtrr+/gtmaternal grandparent (Padmanabhan et al., 2013). Perhaps in sperm,

imprinted loci are prioritised to maintain their methylation due to their crucial
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role in development. Indeed, in Mthfr-/- sperm, imprinted genes also showed no

methylation differences as determined by quantitative analysis of methylation

PCR (Chan et al., 2010).

Some of the differentially methylated loci I identified were hypermethy-

lated. The presence of hypermethylated loci seems counter-intuitive in a model

in which methyl group availability is expected to be reduced. However, hyper-

methylation has been reported at other loci in Mtrrgt/gttissues (Padmanabhan

et al., 2013). Additionally, both hypomethylated and hypermethylated loci

were reported in sperm of Mthfr-/- mice (Chan et al., 2010). The mechanism for

the locus-specific dysregulation of DNA methylation is unknown. At many of

the DMRs I identified there are large differences in methylation across multiple

CpG sites. The differences in methylation between C57Bl/6 and Mtrr sperm

are greater than those previously reported between groups at DMRs resulting

from dietary perturbations (Radford et al., 2014; Wei et al., 2014). I believe this

likely reflects the genetic basis of the Mtrrgtmodel and direct link between folate

metabolism and DNA methylation. However, the number of DMRs identified

in sperm from Mtrr+/gtand Mtrrgt/gtmales, once the Mtrr locus is excluded, is

approximately equivalent to that observed in sperm in other models of inter-

generational or transgenerational inheritance (Radford et al., 2014; Wei et al.,

2014; Beck et al., 2017). However, I identified many more DMRs than previ-

ously reported in Mthfr-/- or folate-deficient sperm. Additionally, no overlap

was observed between the DMRs identified in Mtrr sperm and those identified

in folate-deficient or Mthfr-/- sperm (Lambrot et al., 2013; Chan et al., 2010).

This may reflect the differing approaches used for DMR identification, MeDIP-

Seq (this study), MeDIP-Chip (Lambrot et al., 2013) and restriction landmark

genomic scanning (RLGS) (Chan et al., 2010). Alternatively, it may reflect the

underlying differences in models of folate deficiency versus disrupted folate

metabolism.

It has been reported that there is a high level of epigenetic variation between

individuals including within inbred mouse strains. For example, in mice fed

a protein restricted diet from weaning until sexual maturity, whether control

versus protein-restricted mice were littermates or not had a greater effect on

methylation differences than diet (Carone et al., 2010). However, the DNA
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methylation differences that I identified were highly conserved across indi-

viduals, regardless of littermate status. The low inter-individual variability

was clearly observed in the bisulfite pyrosequencing data, with the methy-

lation of individuals of the same genotype tightly clustered (Figures 5.8 and

5.9). There were two exceptions to this: at DMR 60 in sperm from Mtrr+/gtand

Mtrrgt/gtmice and at DMR 274 in sperm of C57Bl/6 mice (Figure 5.8 L,M, Figure

5.9 A). These loci have methylation patterns similar to metastable epialleles,

defined as ERV-associated elements with variable methylation between indi-

viduals (Kazachenka et al., 2018). However neither DMR 60 nor DMR 274 are

associated with ERV elements. I did identify that DMR 60 is associated with

a variant in Mtrrgt/gtmice which causes an increase in the number of a short

repeat sequence versus C57Bl/6 controls (Figure 5.15 B,C). I postulate that

the varying methylation between Mtrrgt/gtindividuals at DMR 60 may reflect

variability in the number of repeats present in the Mtrrgt/gtmice. DMR 274 was

not associated with a SNP or SV identified in Mtrrgt/gtembryos or any repetitive

elements therefore I am unsure of the cause of the variable methylation in

C57Bl/6 individuals. Sanger sequencing of the DMR 274 region may help

identify an underlying genetic cause. Studies have also shown that tandem

repeat regions and rDNA copy number variations are associated with variable

methylation between inbred individuals (Shea et al., 2015). Indeed, in sperm

from Mtrr+/gtand Mtrrgt/gtmales a DMR is present at the start of the Rn45s rDNA

locus. However, rDNA copy number variation was not detected by whole

genome sequencing. Overall, genetic variation between individuals may drive

variation in the epigenome, although this seems to occur at only isolated loci

in Mtrr sperm.

Interpreting the functional relevance of sperm DMRs is challenging. The

DMRs identified did not overtly associate with genes involved in biological

processes implicated in the phenotypes observed in the Mtrrgtmodel. While

DNA methylation is known to regulate gene expression, sperm are gener-

ally considered transcriptionally silent (Ward and Zalensky, 1996). Therefore,

DMRs may not be functionally relevant until post-fertilisation. Some Mtrr

sperm DMRs I identified fall in introns, which may be associated intronic

enhancers (Hoivik et al., 2011). About 20% of Mtrr+/+and Mtrr+/gtDMRs fall
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in exons. The role of exon methylation remains elusive, although it may play

a role in splicing (Lev Maor et al., 2015). DMRs may have additional functions

beyond direct regulation of gene expression either within the sperm or the

zygote, provided they escape reprogramming. DNA methylation at DMRs may

influence other chromatin factors, act as binding sites for regulatory molecules

or influence nucleosome or protamine positioning (Tirado-Magallanes et al.,

2017). Indeed, Mtrr DMRs seem to be preferentially associated with nucle-

osome retaining regions (Erkek et al., 2013). Nucleosomes are known to be

retained at developmentally important genes (Erkek et al., 2013). It would be

interesting to explore histone marks and histone variant composition at nucle-

osome retaining loci associated with DMRs. Modifications, such as H3K27me3,

in retained nucleosomes are associated with gene repression in early embryos

(Erkek et al., 2013). This analysis could help elucidate a role for DMRs, and

their chromatin context, in embryo development.

Overall, I have identified DNA methylation changes in sperm of Mtrr+/+,

Mtrr+/gtand Mtrrgt/gtmales. The Mtrr+/gtmales represent the maternal grand-

father in the transgenerational pedigree. Therefore differential methylation

present in these males may be a factor in the transgenerational inheritance of

congenital abnormalities observed in the Mtrrgtmodel.
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Determining if differential DNA
methylation is inherited over
multiple generations

The introduction of this chapter contains elements published in the following

textbook chapter and review: Blake et al. (2018) and Blake and Watson (2016),

Permission was granted by the publisher for their inclusion in this thesis.

Western blots were performed by Billy Yung (Centre for Trophoblast Research,

Cambridge, UK).
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6.1 Introduction

DNA methylation has been investigated as a mechanism responsible for the

inheritance of phenotypes in many transgenerational and intergenerational

inheritance paradigms. Indeed, germ line DNA methylation patterns are sus-

ceptible to various environmental insults (Radford et al., 2014; Beck et al., 2017;

Gapp et al., 2016; Wei et al., 2014). However, epigenetic reprogramming stands

as an obstacle to direct inheritance of DNA methylation patterns. Two waves

of reprogramming, the first in the post-fertilisation embryo and the second in

the developing primordial germ cells, involve widespread DNA demethylation

(Reik and Surani, 2015; Lee et al., 2014; Marcho et al., 2015).

However, loci have been identified that escape epigenetic reprogramming

in the germline and the blastocyst. Initial studies demonstrated that IAP ele-

ments are resistant to demethylation in the preimplantation zygote (Lane et al.,

2003). Subsequent genome-wide approaches revealed further loci that are re-

sistant to the post-fertilisation reprogramming wave including CGIs with inter-

mediate methylation levels (Smallwood et al., 2011), non-imprinted promoters

primarily of genes expressed in the male germline (Borgel et al., 2010) and

regions identified to be differentially methylated between sperm and oocytes

(Kobayashi et al., 2012). Furthermore, a large number of loci that are resistant

to reprogramming in PGCs have been identified (Hackett et al., 2013). The vast

majority of these resistant loci occur at repeat elements, predominately IAPs

(Hackett et al., 2013). However, over 200 single copy loci, often near IAP ele-

ments or telomeric regions, were PGC reprogramming resistant (Hackett et al.,

2013). These loci offer exciting possibilities for direct inheritance of epigenetic

information between generations.

Indeed, in some studies differential methylation patterns that were identi-

fied in sperm have been successfully identified in offspring tissues. For exam-

ple, a pre-diabetic mouse model, induced by high fat diet and streptozotocin

exposure, is characterised by inheritance of impaired glucose tolerance and

insulin resistance up to the F2 generation (Wei et al., 2014). A substantial

proportion of regions identified as differentially methylated in the pre-diabetic

male sperm were also differentially methylated in pancreatic islets of the F1

generation offspring (Wei et al., 2014). Moreover, traumatic stress in early
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post-natal life led to altered methylation of the glucocorticoid receptor (GR)

promoter in sperm of stressed males, although the magnitude of change was

small (less than 10%) (Gapp et al., 2016). Their offspring had behavioural phe-

notypes and importantly also showed aberrant methylation of the GR receptor

in the hippocampus (Gapp et al., 2016). This might suggest inheritance of DNA

methylation via the germline is possible in certain circumstances. However,

these studies did not assess if DNA methylation changes identified in the

father’s sperm were present in grandprogeny to test a true transgenerational

effect.

In many other models in which differential DNA methylation has been

identified in sperm, tracking the inheritance of DNA methylation in subsequent

generations has proved challenging. In utero undernourishment of mice (F1)

led to intergenerational inheritance of metabolic phenotypes and locus-specific

alterations in the F1 sperm methylome (Radford et al., 2014; Jimenez-Chillaron

et al., 2009). However, differential DNA methylation was not maintained in

somatic tissues (brain and liver) of the F2 generation (Radford et al., 2014).

Intriguingly in these mice, despite the loss of differential DNA methylation, the

expression of genes near some DMRs was perturbed in the F2 offspring (Rad-

ford et al., 2014). Ancestral exposure to vinclozolin in rats was associated with

widespread alterations in DNA methylation patterns in mature sperm of F3

generation males (Beck et al., 2017). However, these were shown to be entirely

distinct from the DNA methylation changes identified in F1 sperm (Beck et al.,

2017). This argues against direct inheritance and suggests rather differential

methylation is re-established in F3 tissues. Indeed, while it was demonstrated

that DNA methylation differences are induced in prospermatogonia exposed

to endocrine disruptors in utero (F1), the changes seen in the F1 generation are

not present in F2 generation prospermatogonia (Iqbal et al., 2015). Even at the

Avy epiallele it appears the DNA methylation pattern is not directly inherited.

The methylation at the Avy LTR, present in oocytes, is erased in the blastocyst

following maternal transmission and then reestablished (Blewitt et al., 2006).

Altogether, these studies demonstrate that while DNA methylation differences

may be present in sperm following various environmental insults, direct inher-

itance of these DNA methylation patterns may not occur.
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Despite the balance of evidence being against direct inheritance of DNA

methylation between generations, there is still the possibility it plays a role

under certain circumstances. The direct link between the folate cycle and

DNA methylation could make the inheritance of DNA methylation feasible

in the Mtrrgtmodel. Therefore, I hypothesised that differential DNA methy-

lation present in sperm may be inherited over multiple generations resulting

in the transgenerational inheritance of congenital malformations observed in

the Mtrrgtmodel. I identified 203 DMRs in Mtrr+/gtmale sperm (Chapter 5).

Mtrr+/gtmales represent the maternal grandfather in the Mtrrgttransgenerational

pedigree. The F2, F3 and F4 generations derived from a Mtrr+/gtmaternal grand-

father have an increased risk of having embryonic congenital malformations

(Padmanabhan et al., 2013). In this chapter I aim to establish if the differential

DNA methylation present in sperm from Mtrr+/gtmales is inherited and there-

fore potentially contributes to the inheritance of phenotypes observed in the

Mtrrgtmodel.
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6.2 Results

6.2.1 Some DMRs were associated with regions that show re-
sistance to reprogramming in the germline or blastocyst

Non-imprinted loci that escape post-fertilisation epigenetic reprogramming

have been identified (Smallwood et al., 2011; Kobayashi et al., 2012). There-

fore I assessed if DMRs identified in Mtrr+/+, Mtrr+/gtand Mtrrgt/gtmale sperm

coincided with regions known to show resistance to post-fertilisation DNA

demethylation (Kobayashi et al., 2012). Indeed, 40.7% of Mtrr+/+sperm DMRs,

47.3% of Mtrr+/gtsperm DMRs and 54.3% of Mtrrgt/gtsperm DMRs coincided

with regions previously identified as resistant to zygotic reprogramming (Table

6.1). This suggests DMRs in the sperm may persist in the developing embryo.

However, for DMRs to be inherited over multiple generations, differential

methylation would also have to be resistant to reprogramming in the develop-

ing germline. Hence, I determined if DMRs identified in sperm from Mtrr+/+,

Mtrr+/gtand Mtrrgt/gtmales coincided with genomic regions known to show re-

sistance to germline DNA demethylation (Hackett et al., 2013). Only a small

number of DMRs correlated with regions of known resistance to germline

reprogramming, including two sperm DMRs identified in Mtrr+/+males, five

sperm DMRs identified in Mtrr+/gtmales and 23 sperm DMRs identified in

Mtrrgt/gtmales (Table 6.1). Interestingly, a few sperm DMRs coincided with re-

gions that were resistant to both zygotic and germline reprogramming, includ-

ing two sperm DMRs identified in Mtrr+/+males, four sperm DMRs identified

in Mtrr+/gtmales and 16 sperm DMRs identified in Mtrrgt/gtmales (Table 6.1).

The Mtrr+/gtsperm DMRs that are both zygotic and germline reprogramming

resistant were located in intergenic regions, at least 10kb from the nearest gene.

These DMRs may have the potential to be inherited over multiple generations.
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Table 6.1: DMRs resistant to zygotic and germline reprogramming.

Male
Genotype

Blastocyst
Resistant

Germline
Resistant

Blastocyst and
Germline
Resistant

Mtrr+/+ 37 (40.7%) 2 (2.2%) 2 (2.2%)
Mtrr+/gt 96 (47.3%) 5 (2.5%) 4 (2.0%)
Mtrrgt/gt 325 (54.3%) 23 (3.8%) 16 (2.7%)

DMRs that are resistant to DNA demethylation in the blastocyst (> 20% methylation
in blastocyst, Kobayashi et al., 2012), germline (> 20% methylation in PGCs, Hackett
et al., 2013) and both germline and blastocyst (> 20% methylation in PGCs and blasto-
cysts) are shown.

6.2.2 Differential methylation at Mtrr+/gtmale sperm DMRs does
not persist in the F1 and F2 generations

In order to determine if differential DNA methylation identified in sperm could

be inherited, I assessed DNA methylation at a panel of twelve randomly se-

lected, validated Mtrr+/gtsperm DMRs in a range of Mtrr+/+F1 and F2 generation

offspring tissues of the maternal grandfather pedigree (Table 6.2). Some of

the DMRs I assessed in the offspring coincided with regions resistant to DNA

demethylation in the blastocyst (Table 6.2).

I first assessed DNA methylation at DMRs identified in Mtrr+/gtmale sperm

in the Mtrr+/+F1 generation derived from Mtrr+/gtmales crossed to C57Bl/6 fe-

males. I analysed Mtrr+/+embryos and trophoblast at E10.5 and Mtrr+/+female

adult liver tissue. Three of the F1 adult liver samples were from the Mtrr+/+

daughters of three Mtrr+/gtmales in which the sperm DMRs were initially iden-

tified. I observed that differential DNA methylation was lost at all DMRs

assessed in Mtrr+/+F1 embryos and trophoblast at E10.5 and Mtrr+/+F1 adult

liver (Figure 6.1). Importantly, loss of differential methylation was observed

even at loci identified as being resistant to blastocyst reprogramming (Table

6.2). Blastocyst reprogramming resistant loci were identified informationally

(Kobayashi et al., 2012) and therefore may not be an accurate representation of

the reprogramming resistant loci in vivo. Alternatively, methylation may have

been retained in the blastocyst at these loci but subsequently lost during post-

implantation development.
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Figure 6.1: Differential methylation at Mtrr+/gtmale sperm DMRs was lost
in F1 generation tissues. (A-Au) Graphical data shows average percentage
methylation at individual CpGs for the DMRs illustrated schematically, as de-
termined by bisulfite pyrosequencing. C57Bl/6 tissues (black) are compared to
(A-L) Mtrr+/gtsperm (also shown in Chapter 5), (M-Au) Mtrr+/+F1 generation
(orange) (M-X) embryos at E10.5, (Y-Aj) trophoblast at E10.5 and (Ak-Au)
female adult liver. N=4-8 per group. Two-way ANOVA, with Sidak’s multiple
comparisons test, performed on mean methylation per CpG site per genotype
group. ** p<0.01, **** p<0.0001.

However, embryonic phenotypes are not observed in the F1 generation

derived from a Mtrr+/gtmaternal grandfather (Padmanabhan et al., 2013). I

hypothesised that differential DNA methylation may only be apparent in em-

bryos with congenital malformations or their placentas in the F2 generation.

Therefore, I assessed DNA methylation at the panel of DMRs (Table 6.2) in

Mtrr+/+F2 generation tissues. The F2 generation was derived from Mtrr+/+F1

females crossed to C57Bl/6 males. I quantified DNA methylation in embryos,

both phenotypically normal and those with congenital malformations, and

trophoblast at E10.5. The F2 generation embryos were the grandprogeny of

three of the Mtrr+/gtmales in which the sperm DMRs were identified. Overall,

differential DNA methylation was not maintained at Mtrr+/gtmale sperm DMRs

in Mtrr+/+F2 generation embryos or trophoblast at E10.5 (Figure 6.2). Isolated

CpG sites at a few DMRs did show differential methylation in F2 trophoblast at

E10.5 (D87: CpGs 2 and 4, E74: CpGs 3,4 and 5) and in embryos at E10.5 with

congenital malformations (E115: CpG 4) (Figure 6.2 E,R,W). At these isolated

CpG sites, the DNA methylation differences observed between C57Bl/6 and

F2 generation tissues were far smaller than observed at the same CpG sites

between C57Bl/6 and Mtrr+/gtsperm. I believe that small methylation changes

at isolated CpG sites are unlikely to have functional relevance. Altogether,

this data suggests that differential DNA methylation in sperm is not inherited

by Mtrr+/+offspring generations. Similar normalisation of DNA methylation

in offspring tissues at DMRs identified in sperm has been reported in other

epigenetic inheritance models (Radford et al., 2014).
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Figure 6.2: Differential methylation at Mtrr+/gtmale sperm DMRs was lost
in F2 generation tissues. (A-X) Graphical data shows average percentage
methylation at individual CpGs within the DMRs illustrated schematically as
determined by bisulfite pyrosequencing. C57Bl/6 tissues (black) are compared
to (A-L) Mtrr+/+F2 generation phenotypically normal embryos at E10.5 (normal,
purple) or embryos at E10.5 with congenital malformations (abnormal, pink),
(M-X) Mtrr+/+F2 generation trophoblast at E10.5 from phenotypically normal
conceptuses (purple). N=4-8 per group. Two-way ANOVA, with Sidak’s
multiple comparisons test, performed on mean methylation per CpG site per
genotype group. * p < 0.05, ** p<0.01, *** p<0.001.

6.2.3 Differential DNA methylation at Mtrrgt/gtsperm DMRs is
generally lost in Mtrrgt/gtembryos

The loss of differential methylation observed in F1 generation Mtrr+/+tissues

indicates that aberrant sperm DNA methylation patterns in Mtrr+/gtmales are

reprogrammed in the blastocyst. Normal DNA methylation patterns are then

established in the Mtrr+/+F1 and F2 generation tissues, despite general epi-

genetic instability in some of these tissues (Padmanabhan et al., 2013). I

speculated whether establishment of normal DNA methylation patterns in the

Mtrr+/+offspring was concomitant with the loss of the Mtrrgtallele. If the nor-

malisation of methylation resulted only from the absence of the Mtrrgtallele,

one would have expected DMRs to be present in Mtrr+/gtor Mtrrgt/gttissues.

Therefore I assessed the DNA methylation at ten Mtrrgt/gt sperm DMRs (that

were also present in sperm from Mtrr+/gtmales) in Mtrrgt/gtphenotypically nor-

mal embryos at E10.5. Only two DMRs continued to show differential methy-

lation in Mtrrgt/gtembryos versus C57Bl/6 controls (DMRs E109 and E52, Figure

6.3 C,F). Methylation at all other Mtrrgt/gtDMRs was equivalent in Mtrrgt/gtand

C57Bl/6 control embryos (Figure 6.3). I considered what may be behind the

persistence of abnormal DNA methylation at DMRs E109 and E52. Firstly

I considered their genomic location. DMRs E109 and E52 fall on chromo-

some 5 and 17, respectively, in DMR clusters identified in Mtrr+/+, Mtrr+/gtand

Mtrrgt/gtsperm. However, other DMRs in the chromosome 5 and 17 clusters

(D87 and E66, respectively) did not show differential methylation in Mtrrgt/gt

embryos (Figure 6.3 B,D). Next I considered resistance to reprogramming.

DMR E52 is located at a region known to be resistant to reprogramming
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in the blastocyst. However, other loci thought to be blastocyst reprogram-

ming resistant (e.g. DMRs E112 and D87) are not differentially methylated in

Mtrrgt/gtembryos (Table 6.2). Interestingly, DMR E109 is not blastocyst repro-

gramming resistant suggesting differential methylation may be re-established

in Mtrrgt/gtembryos. What is exceptional about the E109 and E52 loci resulting

in their differential methylation in Mtrrgt/gtembryos remains unclear and should

be investigated further.

The normalisation of DNA methylation at the majority of DMRs identified

in sperm from Mtrrgt/gtmales in Mtrrgt/gtembryos suggests that the differen-

tial methylation present in sperm is not due simply to the presence of the

Mtrrgtallele. Tissue specific factors must influence whether the loci are differen-

tially methylated or not. DMR loci may have differing susceptibilities to low-

methyl group availability resulting from the Mtrrgtallele in sperm and embryos.

Overall, this data suggests that at the majority of DMRs, normalisation of DNA

methylation in Mtrr+/+offspring tissues is not purely a result of the loss of the

Mtrrgtallele.
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Figure 6.3: Differential methylation at Mtrrgt/gtmale sperm DMRs was gen-
erally not maintained in Mtrrgt/gtembryos. (A-J) Graphical data shows av-
erage percentage methylation at individual CpGs within DMRs identified in
Mtrrgt/gtmale sperm as determined by bisulfite pyrosequencing in C57Bl/6 em-
bryos at E10.5 (black) and Mtrrgt/gtembryos at E10.5 (blue). N=6-8 per genotype.
Two-way ANOVA, with Sidak’s multiple comparisons test, performed on mean
methylation per CpG site per genotype group, **** p<0.0001.

6.2.4 Expression of genes near Mtrr+/gt male sperm DMRs is
largely unaffected in F1 and F2 generations

Previous studies have shown that despite loss of differential methylation in off-

spring generations, expression of genes near sperm DMRs can be altered (Rad-

ford et al., 2014). Therefore I used RT-qPCR to assess the expression of a subset

of seven genes located near DMRs identified in sperm from Mtrr+/gtmales in

offspring tissues. I assessed the expression of Ide, Tshz3, Dynlt1a, Exoc4, March5,

Ppm1h and Cwc27 in Mtrr+/+F1 and F2 generation embryos and trophoblast at

E10.5 and F1 generation adult liver.
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I also examined expression of these genes near DMRs in Mtrrgt/gtphenotypically

normal embryos at E10.5 (Figure 6.4 A-G). Ide was up-regulated in Mtrrgt/gtembryos

whereas Exoc4 was down-regulated in Mtrrgt/gtembryos versus C57Bl/6 con-

trols (Figure 6.4 A,D). Differential methylation was lost in Mtrrgt/gtembryos

at the DMRs associated with these genes (Figure 6.3). This suggests altered

expression of these genes was not directly mediated by differential methyla-

tion at DMRs identified in Mtrrgt/gtsperm. The Ide gene is on chromosome

19, and was associated with a tandem duplication in Mtrrgt/gtmice (Chapter

4). This likely explains the Ide misexpression. The drivers of Exoc4 mis-

expression in Mtrrgt/gtembryos are unknown but may include embryo spe-

cific DNA methylation or histone modification differences associated with the

Mtrrgtallele. The expression of the Dynlt1a gene was comparable in Mtrrgt/gtand

C57Bl/6 control embryos (Figure 6.4 C). This was despite persistence of dif-

ferential methylation at the DMR approximately 6 kb upstream of this gene in

Mtrrgt/gtembryos (Figure 6.3 F). This suggests methylation at this locus does not

play a role in regulation of Dynlt1a expression in embryos. Unfortunately, RT-

qPCR primers could not be optimised to examine the expression En2, which

was also associated with a DMR showing differential methylation in both

Mtrrgt/gtsperm and embryos at E10.5 (Figure 6.3 C). Altogether, this data sug-

gests Mtrrgt/gtmale sperm DMRs do not generally associate with altered gene

expression in Mtrrgt/gtphenotypically normal embryos at E10.5. However, mis-

expression of Exoc4 and Ide in Mtrrgt/gtembryos occurs despite normalisation of

DNA methylation at the associated sperm DMRs.

Gene expression was then quantified by RT-qPCR in Mtrr+/+offspring tis-

sues. Expression of Ide, Tshz3, Dynlt1a, Exoc4, March5, Ppm1h and Cwc27

was equivalent to C57Bl/6 controls in Mtrr+/+F1 generation embryos and tro-

phoblast at E10.5 and Mtrr+/+F1 adult liver (Figure 6.4 H-O). Expression was

also equivalent to C57Bl/6 controls in Mtrr+/+F2 embryos and trophoblast at

E10.5 at all bar one gene (Figure 6.4 P-V). Ppm1h had decreased expression

specifically in Mtrr+/+F2 generation trophoblast compared to C57Bl/6 controls,

while Ppm1h expression in F2 generation embryos was equivalent to controls

(Figure 6.4 U). The DMR associated with Ppm1h (DMR 60) was associated with

a change in repeat copy number in Mtrrgt/gttissues (Chapter 5). If this genetic
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variant is also present in Mtrr+/+F2 generation tissues, and therefore may affect

gene expression, is uncertain and should be explored. Additionally, I exam-

ined whether any genes near sperm DMRs identified in Mtrr+/gtmales were

present in RNA-seq data from Mtrr+/+F2 placentas from phenotypically normal

conceptuses derived from maternal grandfathers (K. Menelaou and E. Watson,

unpublished data). No genes with greater than 1.5 fold change in expression

between C57Bl/6 control and Mtrr+/+F2 placentas at E10.5 were identified and

no genes showing any degree of misexpression were associated with DMRs

identified in Mtrr+/gtsperm.



200

Figure 6.4: Expression of genes near Mtrr+/gtmale sperm DMRs is largely
normal in Mtrrgt/gtembryos and F1 and F2 generation tissues. (A-V) Graphs
showing relative mRNA expression as determined by RT-qPCR analysis of
genes close to DMRs identified in sperm from Mtrr+/gtmales in C57Bl/6 con-
trol tissues (black) and (A-G) Mtrrgt/gtphenotypically normal embryos at E10.5
(blue), (H-O) Mtrr+/+F1 generation embryos at E10.5, trophoblast at E10.5 and
female adult liver (orange), (P-V) Mtrr+/+F2 generation phenotypically normal
embryos and trophoblast at E10.5 (normal, purple) and embryos at E10.5 with
congenital malformations (abnormal, pink). Data is plotted as mean ± sd. Tis-
sue from 4-7 individuals per group were assessed. Data is represented as fold
change compared to C57Bl/6 controls, which were normalised to 1. Un-paired
independent t-tests or one-way ANOVA, with Dunnett’s multiple comparisons
tests were performed on each data set. * p<0.05, ****p<0.0001.
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However, two DMRs identified in Mtrr+/gtmale sperm, A10 and B16, were

associated with gene expression changes in offspring tissues. DMR B16 lies at

the start of the Rn45s rDNA locus on chromosome 17 (Figure 6.5 A). Rn45s is the

pre-ribosomal RNA transcript consisting of the 18S, 5.8S, and 28S rRNA genes

and additionally a 5’ external transcribed spacer (ETS), an internal transcribed

spacer (ITS), and a 3’ ETS (Yoshikawa and Fujii, 2016). This DMR has yet to

be validated by bisulfite pyrosequencing in Mtrr+/gtor Mtrrgt/gtsperm and this

should be performed. Differential DNA methylation at the B16 DMR was not

maintained in Mtrr+/+F1, F2 or F3 generation embryos at E10.5, Mtrr+/+F1 or

F2 generation trophoblast at E10.5 or Mtrr+/+F1 adult liver (Figure 6.5 B-G).

However, expression of the Rn45s pre-ribosomal RNA was reduced in F1, F2

and F3 generation embryos at E10.5, regardless of phenotype, compared to

C57Bl/6 controls (Figure 6.5 I-K). Rn45s expression in Mtrrgt/gtembryos at E10.5,

Mtrr+/+F1 adult liver and Mtrr+/+F1 and F2 generation trophoblast at E10.5 was

equivalent to C57Bl/6 controls (Figure 6.5 H-J). The Rn45s qPCR primers lay

within the 5’ ETS sequence thus should have recognised only the unprocessed

pre-ribosomal RNA transcript. Overall, Rn45s pre-ribosomal RNA was mi-

sexpressed in a tissue specific manner despite the loss of differential DNA

methylation at the sperm DMR associated with it.
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Figure 6.5: Expression of Rn45s is reduced in Mtrr+/+F1, F2 and F3 embryos.
(A) A snapshot from IGV highlights the B16 DMR at the Rn45s locus on
chromosome 17. MeDIP-seq reads and DMRs are shown for C57Bl/6 (black),
Mtrr+/+(purple), Mtrr+/gt(green) and Mtrrgt/gt(blue) sperm. (B-G) Graphical data
shows average percentage methylation at individual CpGs within the B16
DMR as determined by bisulfite pyrosequencing. C57Bl/6 tissues (black) are
compared to (B-D) Mtrr+/+F1 generation (orange) (B) phenotypically normal
embryos at E10.5 (C) trophoblast at E10.5 and (D) adult liver, (E-F) Mtrr+/+F2
generation (E) embryos at E10.5 that were phenotypically normal (purple) or
had congenital malformations (pink) or (F) trophoblast at E10.5 from pheno-
typically normal conceptuses (purple) and (G) Mtrr+/+F3 generation embryos
at E10.5 that were phenotypically normal (pale orange) or had congenital mal-
formations (red). N=4-8 per group. (H-K) Graphs showing relative expres-
sion as determined by RT-qPCR analysis of Rn45s in C57Bl/6 control tissues
(black) and (H) Mtrrgt/gtphenotypically normal embryos at E10.5 (blue), (I)
Mtrr+/+F1 generation embryos at E10.5, trophoblast at E10.5 and female adult
liver (orange), (J) Mtrr+/+F2 generation phenotypically normal embryos and tro-
phoblast at E10.5 (purple) and embryos at E10.5 with congenital malformations
(pink) and (K) Mtrr+/+F3 generation phenotypically normal embryos at E10.5
(pale orange) and embryos at E10.5 with congenital malformations (red). Data
is plotted as mean ± sd. Tissues from 4-7 individuals per group were assessed.
Data is represented as fold change compared to C57Bl/6 controls, which were
normalised to 1. Un-paired independent t-tests or one-way ANOVA, with
Dunnett’s multiple comparisons test, were performed. * p<0.05, ** p<0.01.
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DMR A10 was initially identified only in Mtrrgt/gtsperm via MeDIP-Seq,

however a trend towards hypermethylation was also observed in Mtrr+/gtmale

sperm in the MeDIP-seq data and via bisulfite pyrosequencing (Figure 6.6 A,B).

The high variability in DNA methylation apparent at the A10 DMR, partic-

ularly in Mtrr+/gtmale sperm (Figure 6.6 B), might be a technical artefact due

to degradation of the sperm DNA but it may reflect true biological variability.

Sperm from additional individuals must be collected to verify this finding. Dif-

ferential DNA methylation at the A10 DMR was not maintained in Mtrr+/+F1,

F2 or F3 generation embryos at E10.5, Mtrr+/+F1 or F2 generation trophoblast at

E10.5, Mtrr+/+F1 adult liver or Mtrrgt/gtembryos at E10.5 (Figure 6.6 C-I). DMR

A10 is located downstream of the gene Hira. Hira mRNA expression was

upregulated in Mtrrgt/gtphenotypically normal embryos at E10.5 compared to

C57Bl/6 controls (Figure 6.6 J). Conversely, Hira showed reduced gene expres-

sion compared to C57Bl/6 controls in F2 and F3 generation embryos at 10.5 that

were phenotypically normal and that had congenital malformations (Figure

6.6 L,M). The degree of Hira down-regulation correlated with the severity of

the embryonic phenotype, with a greater reduction in mRNA expression in

embryos with congenital malformations (Figure 6.6 L,M). Hira mRNA expres-

sion in Mtrr+/+F1 tissues and F2 trophoblast was equivalent to C57Bl/6 controls

(Figure 6.6 K,L). To determine if the decreased Hira mRNA levels were func-

tionally relevant I assessed HIRA protein levels in Mtrr+/+F1 and F2 phenotypi-

cally normal embryos at E10.5 and Mtrr+/+F2 generation embryos at E10.5 with

congenital malformations compared to C57Bl/6 control embryos. Remarkably,

HIRA protein levels were elevated in Mtrr+/+F2 generation embryos at E10.5

with congenital malformations compared to C57Bl/6 controls (Figure 6.6 N,O).

This was despite the pronounced reduction in Hira mRNA expression in this

tissue.
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Figure 6.6: Expression of Hira mRNA is reduced in Mtrr+/+F2 and F3 genera-
tion embryos. (A) A snapshot from IGV highlights the A10 DMR downstream
of the Hira gene on chromosome 16. MeDIP-seq reads and DMRs are shown for
C57Bl/6 (black), Mtrr+/+(purple), Mtrr+/gt(green) and Mtrrgt/gt(blue) sperm. (B-
H) Graphical data shows average percentage methylation at individual CpGs
for the A10 DMR as determined by bisulfite pyrosequencing for C57Bl/6 tis-
sues (black), (B) Mtrr+/+(purple), Mtrr+/gt(green) and Mtrrgt/gt(blue) sperm, (C-
E) Mtrr+/+F1 generation (orange) (C) phenotypically normal embryos at E10.5
(D) trophoblast at E10.5 and (E) adult liver, (F-G) Mtrr+/+F2 generation (F)
embryos at E10.5 that were phenotypically normal (purple) or had congenital
malformations (pink) or (G) trophoblast at E10.5 from phenotypically normal
conceptuses (purple), (H) Mtrr+/+F3 generation embryos at E10.5 that were
phenotypically normal (pale orange) or had congenital malformations (red)
and (I) Mtrrgt/gtphenotypically normal embryos at E10.5 (J-M) Graphs show-
ing relative mRNA expression as determined by RT-qPCR analysis of Hira in
C57Bl/6 control tissues (black) and (J) Mtrrgt/gtphenotypically normal embryos
at E10.5 (blue), (K) Mtrr+/+F1 generation embryos at E10.5, trophoblast at E10.5
and female adult liver (orange), (L) Mtrr+/+F2 generation phenotypically nor-
mal embryos and trophoblast at E10.5 (purple) and embryos at E10.5 with
congenital malformations (pink) and (M) Mtrr+/+F3 generation phenotypically
normal embryos at E10.5 (pale orange) and embryos at E10.5 with congenital
malformations (red). Data is plotted as mean ± sd. Data is represented as
fold change compared to C57Bl/6 controls, which were normalised to 1. (N)
Western blot showing HIRA, β-actin and Ponceau S staining in C57Bl/6 and
Mtrr+/+F1 phenotypically normal embryos at E10.5 and Mtrr+/+F2 generation
embryos at E10.5 that were phenotypically normal (n) or had congenital mal-
formations (Ab). (O) Quantification of HIRA staining shown in (N) normalised
to β-actin (arbitrary units) for C57Bl/6 (black) and Mtrr+/+F1 phenotypically
normal embryos at E10.5 (orange) and Mtrr+/+F2 generation embryos at E10.5
that were phenotypically normal (purple) or had congenital malformations
(pink). (J) An un-paired independent t-test, (K-M) one-way ANOVA, with
Dunnett’s multiple comparisons test and (N) Kruskal-Wallis test with Dunn’s
multiple comparisons test were performed. * p<0.05, ** p<0.01, *** p<0.001,
**** p<0.0001. N=4-8 per group.

Overall, these data demonstrate that generally the expression of genes near

DMRs identified in sperm from Mtrr+/gt males was not disrupted in F1 and F2

generation tissues. This correlated with the normalisation of DNA methylation

at the DMRs associated with these genes in these tissues. However, Hira and

Rn45s were misexpressed in a tissue specific manner despite the loss of differ-

ential DNA methylation at the DMRs associated with them. This suggests that
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germline DNA methylation changes may act as an initiator or demarcator of

gene misexpression at certain loci, before being reprogrammed.
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6.3 Discussion

Here I show that differential methylation identified in sperm from Mtrr+/gtmales

was not maintained in subsequent wildtype generations. DMRs identified in

sperm from Mtrr+/gtmales did not persist in embryonic, placental and adult

tissue of the Mtrr+/+F1 generation or embryonic and placental tissues of the

F2 generation. This indicates that DMRs were likely reprogrammed in the

F1 blastocyst. Expression of the majority of genes near regions of differen-

tial methylation identified in sperm of Mtrr+/gtmales was also unaffected in

Mtrr+/+F1 and F2 generation tissues. Nonetheless, Hira and Rn45s were down-

regulated in Mtrr+/+F2 and F3 generation embryos at mid-gestation. This gene

misepxression occurred despite DNA methylation normalisation at the associ-

ated DMRs. Furthermore, HIRA is upregulated at the protein level in Mtrr+/+F2

generation embryos at E10.5 with congenital malformations. Overall, this data

suggests that DNA methylation alone is not a long-term heritable memory of

abnormal folate metabolism, but may act as an initiator or demarcator of gene

misexpression at some loci.

I used a candidate based approach to examine DNA methylation and tran-

scriptional changes in offspring tissues. Only a small subset of DMRs iden-

tified in sperm of Mtrr+/gtmales were investigated in selected offspring tis-

sues. This may have resulted in differential methylation or gene expression

changes in the offspring tissues being missed. Indeed, dysregulation of DNA

methylation has previously been reported in Mtrr+/+adult liver and Mtrr+/+F2

generation placentas at E10.5 (Padmanabhan et al., 2013). Furthermore, the

four Mtrr+/gtsperm DMRs that show resistance to both zygotic and germline

reprogramming (Table 6.1) were not examined in the offspring due to difficulty

designing pyrosequencing primers. The DNA methylation status of these loci

should be assessed in F1 and F2 generation tissues. Additionally, although I

did not observe differential methylation at Mtrr+/gtsperm DMRs or associated

gene expression changes in the F1 and F2 embryos and placentas at E10.5, this

does not preclude that differences may be observed in other tissues. There is

a suggestion that DNA methylation changes may persist in offspring tissues

in a highly tissue specific manner. For example, differential DNA methylation

at the glucocorticoid receptor (GR) promoter was observed in traumatised F1
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generation male sperm. GR promoter methylation changes were also observed

in the offspring hippocampus but not pre-frontal cortex (Gapp et al., 2016).

This suggests that DNA methylation may not be inherited by all cell types.

Embryos at E10.5 are highly heterogeneous and made up of numerous tissues

and cell types. Perhaps examining DNA methylation within specific tissues

within E10.5 embryos, for example hearts or brains, would reveal methylation

changes inherited in a tissue specific manner. Furthermore, genes associated

with DMRs were chosen by their genomic proximity to the DMR. Differential

methylation may act as a long-range regulator of gene expression (Skinner

et al., 2012). Long-range impacts of DMRs on gene expression would be missed

with the approach used in this study. Only by adopting combined genome-

wide methylome and transcriptome profiling across a range of offspring tissues

could these issues be negated.

I observe tissue specific down-regulation of Hira and Rn45s. If differential

DNA methylation at sperm DMRs is to contribute to the gene misexpression it

must act very early in development prior to reprogramming as DNA methy-

lation was normal in offspring tissues. It would be interesting to assess the

methylation at Mtrr+/gtmale sperm DMRs in Mtrr+/+F1 zygotes, 2 or 4 cell em-

bryos and blastocysts to determine if sperm differential methylation is indeed

present and for how long it persists. This would be technically challenging

due to the need to genotype F1 zygotes/blastocysts, derived from Mtrr+/gtmales

crossed to C57Bl/6 females, prior to pooling for bisulfite conversion. Exploring

if other epigenetic changes are present in sperm will be important to under-

stand how offspring gene expression may be altered despite DNA methylation

being reprogrammed. Indeed, the DNA methylation changes I identified in

Mtrr+/gtsperm were enriched in nucleosome retaining regions suggesting they

are inherited in a chromatin context. This might indicate that histone mod-

ifications may play a role in mediating the inheritance of information from

F0 Mtrr+/gtmales. Additionally, studies have shown that histone modification

profiles in sperm can be altered by folate deficiency (Lambrot et al., 2013).

Histone modifications in sperm should be explored further in the Mtrrgtmodel.

Interestingly, HIRA was upregulated at the protein level in Mtrr+/+F2 gen-

eration embryos at E10.5 with congenital malformations despite downregula-
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tion of Hira mRNA expression. This may result from Hira mRNA transcripts

being rapidly turned over due to elevated HIRA translation. Alternatively,

HIRA protein may not be being degraded and this may negatively feedback

to suppress mRNA expression. Analysis of HIRA ubiquitination levels could

help elucidate what is responsible for elevated HIRA protein in the Mtrr+/+F2

generation embryos at E10.5 with congenital malformations. HIRA protein

levels should also be assessed in Mtrrgt/gtand Mtrr+/+F3 generation embryos

at E10.5 to see if a similar apparent discrepancy between mRNA and protein

levels is present.

Rn45s encodes the pre-ribosomal RNA. The Rn45s locus consists of the 18S,

5.8S, and 28S rRNA genes and additionally a non-transcribed spacer (NTS), a

5’ external transcribed spacer (ETS), an internal transcribed spacer (ITS), and a

3’ ETS (Yoshikawa and Fujii, 2016). Rn45s is transcribed by RNA Polymerase

I to give rise to a pre-ribosomal RNA transcript (Moss et al., 2019). It is then

processed in a tightly regulated manner to give rise to the 28s, 18s and 5.8s

mature rRNAs (Grozdanov and Karagyozov, 2002; Yoshikawa and Fujii, 2016).

The sequences coding for ribosomal RNAs are present as rDNA repeats on

chromosomes 12, 15, 16, 18 and 19. The Rn45s locus is annotated on chro-

mosome 17 in the mouse reference genome. Ribosomal DNA (rDNA) loci

constitute the nucleolar organiser regions (NORs) responsible for the formation

of nucleoli and thus ribosome synthesis within the cell (Moss et al., 2019).

The DMR associated with Rn45s (B16, chr17:39842500-39843000) is present in

Mtrr+/gtand Mtrrgt/gtsperm and is located over the transcription start site and the

promoter (McStay and Grummt, 2008) (Figure 6.5 A). It is not associated with

any SNPs or SVs identified in Mtrrgt/gtembryos. Copy number variation is as-

sociated with this locus across mouse strains, including in C57Bl/6 and 129/P2

mice, and the number of rDNA repeats is also known to be variable between

inbred individuals (Shea et al., 2015). CNVs at rDNA loci are associated with

epigenetic variation between individuals (Shea et al., 2015). Environmental

stress can alter rDNA copy number in yeast (Kwan et al., 2016). Indeed, a high

degree of variability in methylation levels between individuals was detected

by pyrosequencing at the B16 DMR (Figure 6.5). However, the variability

in DNA methylation did not correspond with variability in the expression
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levels between individuals. Reduced Rn45s transcription might be expected

to lead to reduced ribosomal RNA. This could negatively impact ribosomal

biogenesis, ribosomal function and consequently translation of proteins (Mc-

Stay and Grummt, 2008). This could have far reaching consequences for the

cell. Ribosomal function assays should be performed to test whether this may

be a contributory factor to the phenotypes observed in the Mtrrgtmodel (Brar

and Weissman, 2015). Remarkably, a DMR associated with Rn45s was also

identified in sperm of males exposed to in utero undernutrition (Radford et al.,

2014), which may suggest this locus is sensitive to epigenetic perturbations.

The DMR associated with Hira, A10 (chr16: 18975500-1897700), lies 5.2kb

downstream of the Hira gene, and contains a CTCF binding site and promoter

flank. Differential methylation at this DMR was lost in F2 generation embryos

suggesting differential methylation at this promoter flank region is not directly

driving differential expression in these embryos. No SNPs or SVs identified

in Mtrrgt/gtembryos are found within 10kb of the Hira gene. No variants are

reported to occur between the 129/P2 and C57Bl/6 mouse strains at this re-

gion (Keane et al., 2011). HIRA is a histone chaperone for the histone variant

H3.3 (Tang et al., 2006). H3.3 deposition is associated with gene activation

(Ray-Gallet et al., 2018; Shindo et al., 2018). In mice, maternally supplied

HIRA is required for H3.3 is incorporation into the paternal pronucleus post-

fertilisation (Torres-Padilla et al., 2006; Lin et al., 2014). HIRA also has roles in

developing oocytes, with depletion leading to reduced fertility and chromatin

structure abnormalities (Nashun et al., 2015). The role of HIRA in sperm has

not been investigated. HIRA has also been shown to have specific roles in

neural development (Li and Jiao, 2017) and cardiac development (Saleh et al.,

2018). Importantly, Hira-/- mice display congenital malformations similar to

those reported in Mtrrgtmice (Padmanabhan et al., 2013; Roberts et al., 2002).

These include abnormal heart development, pericardial oedema, abnormal

allantois morphology, failure of chorioallantoic attachment, abnormal neural

tube morphology, failed neural tube closure and reduced embryo size (Roberts

et al., 2002). Therefore, I speculate that HIRA may play an important role in the

inheritance of congenital malformations in the Mtrrgtmodel.
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Overall, differential DNA methylation identified in sperm from Mtrr+/gtmales

is not maintained in offspring somatic tissues. This occurs despite epigenetic

instability reported in Mtrr+/+adult liver and Mtrr+/+F2 generation placentas at

E10.5 (Padmanabhan et al., 2013). This suggests DNA methylation does not

serve as a long-term heritable memory of abnormal folate metabolism. How-

ever, germline DNA methylation changes may be an initiating or contributory

factor in transgenerational inheritance in the Mtrrgtmodel though the dysregu-

lation of Hira and Rn45s.



Chapter 7

Analysis of sperm small non-coding
RNA profiles in Mtrrgt mice

Small non-coding RNA library preparation and sequencing was performed in
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and Eric Miska (Department of Genetics and Gurdon institute, Cambridge,

UK). Bioinformatics analysis in this chapter was performed in collaboration
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The introduction of this chapter contains elements published in the following

textbook chapter and review: Blake et al. (2018); Blake and Watson (2016).

Permission was granted by the publisher for their inclusion in this thesis.
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7.1 Introduction

In recent years non-coding (nc) RNAs have become the focus of those studying

epigenetic inheritance. There is a huge diversity of ncRNA species within

mammalian germ cells (Liebers et al., 2014). Furthermore, the RNA profiles of

sperm and oocytes differ (Liebers et al., 2014). Oocytes contain the mRNA tran-

scripts required for embryonic development before zygotic genome activation

in addition to a range of ncRNAs (Veselovska et al., 2015). Sperm contain some

mRNAs (mostly of genes involved in spermatogenesis), fragmented ribosomal-

RNA (rsRNA), fragmented longer transcripts, miRNAs, piRNAs, tRNA and

tRNA fragments (tsRNAs), and other small RNAs (Johnson et al., 2011; Casas

and Vavouri, 2014; Ostermeier et al., 2002). RNAs in sperm can be delivered

to the oocyte upon fertilisation (Ostermeier et al., 2004). Importantly, recent

studies have shown that sperm derived RNAs can influence phenotypes in

offspring (Grandjean et al., 2015; Gapp et al., 2014; Sharma et al., 2016).

Indeed many recent studies have implicated ncRNAs (particularly sncR-

NAs) in models of epigenetic inheritance. ncRNAs have long been known to

be inherited in C. elegans (Rechavi and Lev, 2017). For example, starvation-

induced developmental arrest in C. elegans causes the transgenerational in-

heritance of small RNAs and an increased lifespan over multiple generations

(Rechavi et al., 2014). In the classic Avy mouse model of epigenetic inheritance,

sperm ncRNAs have recently been implicated in the obesity phenotype (Chap-

ter 1). Sperm ncRNA profiles, including tRNA fragments, are abnormal in the

sperm of F1 males derived from mating an Avy obese male to wildtype lean

female (Cropley et al., 2016). The F2 generation derived from these males had

defects in glucose and lipid metabolism (Cropley et al., 2016). There is also

evidence that the profile of ncRNAs in sperm can be altered by a range of

environmental exposures and these changes are associated with phenotypes

in the offspring (Table 7.1).

Many studies have suggested a direct causative link between the dysreg-

ulated sperm ncRNAs and offspring phenotypes using microinjection stud-

ies (Table 7.1). sncRNAs purified from sperm exposed to the environmental

stressor are injected into a naive, unexposed fertilised oocyte. The embryo is

transferred to a recipient mother and offspring phenotypes are assessed. For



214

Ta
bl

e
7.

1:
Ep

ig
en

et
ic

in
he

ri
ta

nc
e

pa
ra

di
gm

s
in

w
hi

ch
sp

er
m

nc
R

N
A

pr
ofi

le
s

ar
e

di
sr

up
te

d
fo

ll
ow

in
g

ex
po

su
re

to
an

en
vi

ro
nm

en
ta

li
ns

ul
t.

Ex
po

su
re

O
ff

sp
ri

ng
Ph

en
ot

yp
e

Sp
er

m
nc

R
N

A
s

M
is

ex
pr

es
se

d
M

ic
ro

in
-

je
ct

io
n?

Ph
en

ot
yp

e
R

ec
ap

it
ul

at
ed

?
O

th
er

D
et

ai
ls

R
ef

er
en

ce

W
es

te
rn

-d
ie

t
(h

ig
h-

fa
t,

hi
gh

-s
ug

ar
)

O
be

si
ty

,G
Ia

nd
IR

m
iR

N
A

s
an

d
pi

R
N

A
s

Ye
s

(m
iR

19
b)

↑
bo

dy
w

ei
gh

t,
va

ri
ab

le
G

Ia
nd

IR

G
ra

nd
je

an
et

al
.(

20
15

)

H
ig

h-
fa

td
ie

t
O

be
si

ty
,G

Ia
nd

IR
m

iR
N

A
s

an
d

ts
R

N
A

s

Ye
s

1)
30

-4
0n

t
ts

R
N

A
s,

2)
sy

nt
he

ti
c

tR
N

A
s

1)
G

I,
no
↑

bo
dy

w
ei

gh
to

r
IR

,2
)

N
o

m
et

ab
ol

ic
ph

en
ot

yp
e

R
N

A
-s

eq
id

en
ti

fie
d

tr
an

sc
ri

pt
io

na
l

ch
an

ge
s

in
H

FD
em

br
yo

s

C
he

n
et

al
.

(2
01

6a
)

H
ig

h-
fa

td
ie

t

Fe
m

al
e

G
Ia

nd
re

si
st

an
ce

to
H

FD
-i

nd
uc

ed
w

ei
gh

t
ga

in

m
iR

N
A

(l
et

7c
)

N
o

A
lt

er
ed

le
t7

c
ta

rg
et

ex
pr

es
si

on
in

of
fs

pr
in

g.
R

at
st

ud
y

de
C

as
-

tr
o

Ba
rb

os
a

et
al

.(
20

16
)

H
ig

h-
fa

td
ie

t
Su

b-
fe

rt
ili

ty
m

iR
N

A
s

N
o

m
iR

N
A

s
no

t
dy

sr
eg

ul
at

ed
in

sp
er

m
of

of
fs

pr
in

g

Fu
lls

to
n

et
al

.
(2

01
3)

Lo
w

-p
ro

te
in

di
et

A
lt

er
ed

he
pa

ti
c

ch
ol

es
te

ro
l

bi
os

yn
th

es
is

ts
R

N
A

s,
m

iR
N

A
,p

iR
N

A
an

d
le

t-
7

Ye
s

↓
ex

pr
es

si
on

of
M

ER
V

L
ta

rg
et

s
in

2-
ce

ll
em

br
yo

s

Sh
ow

ed
ts

R
N

A
s

ga
in

ed
on

tr
an

si
t

th
ro

ug
h

ep
id

id
ym

is

Sh
ar

m
a

et
al

.
(2

01
6)



215

Ex
po

su
re

O
ff

sp
ri

ng
Ph

en
ot

yp
e

Sp
er

m
nc

R
N

A
s

M
is

ex
pr

es
se

d
M

ic
ro

in
-

je
ct

io
n?

Ph
en

ot
yp

e
R

ec
ap

it
ul

at
ed

?
O

th
er

D
et

ai
ls

R
ef

er
en

ce

M
at

er
na

l
se

pa
ra

ti
on

an
d

un
pr

ed
ic

ta
bl

e
m

at
er

na
ls

tr
es

s
(M

SU
S)

Be
ha

vi
ou

ra
l

ph
en

ot
yp

es
:↑

ri
sk

ta
ki

ng
,

fe
ar

,d
es

pa
ir.

M
et

ab
ol

ic
:↓

bo
dy

w
ei

gh
t,

in
su

lin
hy

er
se

ns
it

iv
it

y,
G

I

m
iR

N
A

,
ln

cR
N

A
,

sn
cR

N
A

Ye
s

1)
m

iR
N

A
,

2)
ln

cR
N

A
,

3)
sn

cR
N

A

1)
be

ha
vi

ou
ra

l
ph

en
ot

yp
es

,↓
bo

dy
w

ei
gh

t,
2)

in
su

lin
hy

pe
r-

se
ns

it
iv

it
y,

G
I

an
d
↓

fe
ar

,3
)↑

bo
dy

w
ei

gh
t,

G
Ia

nd
be

ha
vi

ou
ra

l
de

sp
ai

r

In
je

ct
io

n
of

bo
th

sn
cR

N
A

an
d

ln
cR

N
A

re
qu

ir
ed

fo
r

so
m

e
ph

en
ot

yp
es

G
ap

p
et

al
.

(2
01

4,
20

18
)

in
ut

er
o

vi
nc

lo
zo

lin
ex

po
su

re

R
ed

uc
ed

m
al

e
fe

rt
ili

ty
,

pr
os

ta
te

an
d

ki
dn

ey
di

se
as

e

ts
R

N
A

s,
m

iR
N

A
s,

rR
N

A
-d

er
iv

ed
sn

cR
N

A
s,

pi
R

N
A

s

N
o

A
na

ly
si

s
pe

rf
or

m
ed

on
F3

ge
ne

ra
ti

on
sp

er
m

.R
at

st
ud

y

Sc
hu

st
er

et
al

.
(2

01
6)

.

En
vi

ro
nm

en
ta

l
en

ri
ch

m
en

t

En
ha

nc
ed

sy
na

pt
ic

pl
as

ti
ci

ty
,

co
gn

it
io

n
an

d
m

em
or

y

m
iR

N
A

s
(m

iR
s

21
2/

13
2)

Ye
s

En
ha

nc
ed

sy
na

pt
ic

pl
as

ti
ci

ty
,

im
pr

ov
ed

m
em

or
y

Be
ni

to
et

al
.

(2
01

8)

Ex
er

ci
se

R
ed

uc
ed

an
xi

et
y

an
d

fe
ar

m
em

or
y

in
m

al
es

m
iR

N
A

s,
ts

R
N

A
s

N
o

Sh
or

te
ta

l.
(2

01
7)

A
no

n-
ex

ha
us

ti
ve

ta
bl

e
of

ke
y

st
ud

ie
s

sh
ow

in
g

di
sr

up
ti

on
of

sp
er

m
nc

R
N

A
pr

ofi
le

s
an

d
as

so
ci

at
ed

of
fs

pr
in

g
ph

en
ot

yp
es

.A
ll

st
ud

ie
s

w
er

e
ca

rr
ie

d
ou

ti
n

m
ic

e
un

le
ss

ot
he

rw
is

e
st

at
ed

.G
I:

gl
uc

os
e

in
to

le
ra

nc
e,

IR
in

su
lin

re
si

st
an

ce
,H

FD
:h

ig
h

fa
td

ie
t,
↓:

de
cr

ea
se

d,
↑:

in
cr

ea
se

d.



216

instance, traumatic stress in early postnatal life of the F1 generation leads to

altered miRNA profiles in the F1 sperm and severe behavioural phenotypes in

the F2 generation (Gapp et al., 2014). Offspring derived from microinjection

of miRNAs from stressed F1 male sperm into fertilised oocytes had similar

behavioural phenotypes to conventionally derived offspring (Gapp et al., 2014).

Poor diet in male mice can alter metabolic gene expression in early develop-

ment of the F1 generation (Sharma et al., 2016) and lead to adult metabolic

disease phenotypes (Chen et al., 2016a). These effects have been linked to

altered tRNA fragment profiles in the sperm (Chen et al., 2016a; Sharma et al.,

2016). When sperm tRNA fragments isolated from high-fat diet fed mice were

microinjected into fertilised oocytes, it partially recapitulated metabolic disease

in adulthood (Chen et al., 2016a). Interestingly, microinjection of synthetic

tRNA fragments was unable to recapitulate the phenotype (Chen et al., 2016a)

suggesting that RNA modifications (e.g., methylation) may be important in

epigenetic inheritance of disease. Additionally, microinjection of sperm tRNA

fragments from mice fed a low-protein diet into oocytes specifically repressed

early embryonic genes associated with MERVL retroelements (Sharma et al.,

2016). These genes are hypothesised to influence feto-placental development,

the dysregulation of which might lead to adult-onset metabolic disease. How-

ever, in many microinjection studies only a partial recapitulation of phenotype

is achieved (Table 7.1) (Chen et al., 2016a; Gapp et al., 2018)). This indicates that

sncRNAs may work in concert with other epigenetic mechanisms.

The effect of folate deficiency or disrupted folate metabolism on ncRNAs

has not been widely studied. One report observed that obese mice fed a high-

fat diet, when also supplemented with folic acid, have alterations in the ex-

pression of lncRNAs in the heart (Ma et al., 2017). There is some circumstantial

evidence in the Mtrrgtmodel that might suggest ncRNA modifications may be

relevant to investigate further. I observed that mRNA expression of the RNA

methyltransferase Dnmt2 was down-regulated specifically in the epididymis of

Mtrr+/+(derived from Mtrr+/gtintercrosses), Mtrr+/gtand Mtrrgt/gtmales compared

to C57Bl/6 controls. It is intriguing that decreased Dnmt2 mRNA expres-

sion was observed in Mtrr+/+epididymis, suggesting exposure to the parental

Mtrrgtallele is sufficient for its misexpression. This has important implica-
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tions in the context of transgenerational inheritance. Dnmt2 is required for

the methylation of tsRNAs and it has been implicated in other models of

TEI (Tuorto et al., 2012; Zhang et al., 2018; Kiani et al., 2013). Therefore, I

aimed to characterise the sncRNA profiles of sperm from Mtrr+/+, Mtrr+/gtand

Mtrrgt/gtmales to further understand the mechanism of TEI in the Mtrrgtmodel.
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7.2 Results

7.2.1 The sncRNA-seq data from Mtrr male sperm was high
quality

In order to explore a potential role for sncRNAs in transgenerational inheri-

tance of congenital malformations in the Mtrrgtmodel, I examined the sncRNA

profiles of sperm. Sperm were isolated from C57Bl/6, Mtrr+/+, Mtrr+/gtand

Mtrrgt/gt16-20 week old male mice. Six males were assessed per genotype group,

derived from at least three different litters. I confirmed the purity of RNA ex-

tracted from sperm using BioAnalyzer analysis (Figure 7.1 A-D). Importantly,

no 28s rRNA peak and no/minimal 18s rRNA peak was observed (at around

3600nt and 1500nt, respectively) (Figure 7.1 A-D). rRNA is cleaved in sperm to

cause translational arrest (Johnson et al., 2011). Therefore, the presence of 28s

and 18s rRNA would indicate somatic cell contamination of sperm samples.

From total sperm RNA I generated small-RNA sequencing libraries to assess

the sncRNA portion of the sperm transcriptome. Library size was quantified

using TapeStation analysis (Figure 7.1 E). This confirmed all libraries had the

expected size of 160-180bp, which corresponds to adapter ligated small RNAs.

Libraries were sequenced using 50bp single-end reads.

On average 8.7 million reads were sequenced per library (Table 7.2). In total,

an average 52.5 million mappable reads were obtained per genotype group;

34.5 million reads for C57Bl/6 libraries, 57.8 million reads for Mtrr+/+libraries,

56.3 million reads for Mtrr+/gtlibraries and 61.3 million reads for Mtrrgt/gtlibraries.

This was a comparable number of reads to that obtained in similar studies

(Chen et al., 2016a; Sharma et al., 2016). Three of the C57Bl/6 libraries had

a very low number of reads (Table 7.2). There was no obvious cause for this but

it may have arisen from poor library preparation or errors during multiplexing.

It was noted and kept in consideration during subsequent analyses.
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Table 7.2: Number of reads obtained for sncRNA-seq libraries.
Genotype Sample Total Reads (million bp)

C57Bl/6

1 10.6
2 10.1
3 7.1
4 2.2
5 2.6
6 1.8

Mtrr+/+

1 9.6
2 10.1
3 11.7
4 9.7
5 8.0
6 7.4

Mtrr+/gt

1 9.2
2 12.4
3 10.0
4 9.6
5 8.6
6 6.5

Mtrrgt/gt

1 11.9
2 9.1
3 11.9
4 11.2
5 8.7
6 8.5

The quality of sncRNA-sequencing data was assessed using FastQC. All

samples had mean phred quality scores of greater than 30 throughout the read

length (Figure 7.1 F). Analysis of the GC content of reads highlighted that while

sncRNA-Seq libraries had an average GC content of 52.5%, this was bimodally

distributed (Figure 7.1 G). The higher of the two peaks can likely be attributed

to a high percentage of rRNA in some libraries. rRNA is known to have a

high GC content (Johnson et al., 2011). Analysis of overrepresented sequences

supports this as one the most overrepresented sequences corresponds to a

fragment of 28s rRNA (Figure 7.1 H). While library contamination could not be

entirely excluded, overrepresentation of certain sequences is not unexpected in

small RNA libraries not subjected to fragmentation. Some sequences can be

present in significant proportions in such libraries. The tRNA-valine sequence
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was the most commonly overrepresented sequence I identified. I confirmed

that overrepresented sequences did not correspond to adaptor contamination.

Average read length was 35bp. Reads had a size distribution corresponding to

three fragment size peaks, 28-30 bp, 32-34 bp and 40-42 bp (Figure 7.1 I). Overall

the quality metrics indicated the data was of sufficient quality to proceed with

sncRNA mapping and differential expression analysis.
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Figure 7.1: Sperm RNA purity, library size confirmation and quality metrics
of sncRNA-seq data. (A-D) BioAnalyzer profiles demonstrate sperm RNA
purity for representative sperm samples from (A) C57Bl/6, (B) Mtrr+/+, (C)
Mtrr+/gt, and (D) Mtrrgt/gtmales. (E) TapeStation analysis was used to assess
small RNA-seq library size and quantity. Libraries are the central band, the
upper and lower bands are makers. (F) Phred quality scores along the read
length are shown for all libraries. (G) The fraction of reads with given GC
content (%) is plotted for all libraries. (H) The percentage of all reads made
up of overrepresented reads, with the top overrepresented reads (blue) and
sum of the other overrepresented reads (grey) plotted for each library. (I) The
distribution of fragment sizes (read) lengths is plotted for each sample.

7.2.2 Profiling the sncRNA content of sperm from C57Bl/6,
Mtrr+/+, Mtrr+/gtand Mtrrgt/gt males

Alignment was first performed to the reference genome (mm10) using STAR

(Dobin et al., 2013). This quality control step allowed the mapping consistency

between libraries to be assessed. Alignment rates were poor, with only an

average of 18.4% of reads mapping uniquely to the reference genome. Align-

ment rates improved to approximately 50% of the total reads when reads that

mapped to multiple loci were included (Figure 7.2). Up to 40% of reads in

some libraries failed to map, primarily because they were too short (Figure

7.2). However, the poor alignment rates likely reflect the limitations of the

STAR aligner when faced with reads length that would be expected in sncRNA

libraries. This highlighted the need to map sncRNA-seq reads to specialised

sncRNA databases e.g. miRBase (Kozomara and Griffiths-Jones, 2014). I used

two parallel sncRNA mapping approaches. Firstly, I used SPORTS1.0, a small

RNA annotation pipeline that performs mapping of tsRNAs, rRNAs, miRNA,

piRNA and other ncRNAs as part of an integrated package (Shi et al., 2018).

In parallel, reads were mapped to individual sncRNA databases using Salmon

(Patro et al., 2017) as performed in Gapp et al. (2018) (see chapter 2 for details

of databases used).
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Figure 7.2: Alignment of sncRNA-seq reads to the reference genome using
STAR. The number of reads that mapped to the mm10 reference genome
uniquely (dark blue), at multiple loci (pale blue), at too many loci (orange)
or that failed to map to the reference genome due to being too short (red) or
another reason (maroon) are shown for all samples. Each sample is represented
by two bars, one per sequencing lane.

I compared the annotation of sncRNAs performed using Salmon and SPORTS1.0.

While it is difficult to perform direct comparisons between the two methods,

overall there was good consensus in the proportion of transcripts assigned to

each ncRNA species between the two approaches. For example, an average of

35.3% of reads mapped to rRNA using Salmon and 35.0% using SPORTS1.0,

similarly 34.8% of reads aligned to the tRNA database using Salmon and 31.4%

using SPORTS1.0. The raw number of reads mapped was substantially lower

using Salmon than SPORTS 1.0. This likely reflects differences between the

aligner used as part of SPORTS1.0 (Bowtie) and Salmon and also slight differ-

ences in the sncRNA databases used for mapping.
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To compare the overall sncRNA profiles of sperm from C57Bl/6, Mtrr+/+,

Mtrr+/gtand Mtrrgt/gtmales I used the categorisation of sncRNAs generated using

SPORTS1.0 (Shi et al., 2018). For each sperm sample a sncRNA profile was

produced (Figure 7.3). The sncRNA profiles were variable between individuals

across all genotypes (Figure 7.3). In most sperm samples, the most abundant

sncRNA species present were fragmented tRNAs (tsRNAs) between 28-32 bp

in length (∼ 31% of all sncRNAs on average). However, in some samples

fragmented rRNA (rsRNA) accounted for the majority of sncRNA present (e.g.

Figure 7.3 B, G, K, T, V). The abundance of rsRNAs present was highly variable

across all libraries, with rsRNA accounting for between 17% and 57% of total

reads (discussed further in Section 7.2.3). In addition to tsRNAs and rsRNAs,

sperm also contained piRNAs (∼ 9.7% of all sncRNAs on average), miRNAs (∼
1.8% of all sncRNAs on average), and other ncRNAs (∼ 0.3% of all sncRNAs

on average). Additionally, there were unannotated reads some which could be

mapped to the genome (match) and some which could not (unmatch). This

included mitochondrial DNA, snoRNA, pseudogenes and mRNAs. The map-

ping of sncRNAs in sperm from C57Bl/6, Mtrr+/+, Mtrr+/gtand Mtrrgt/gtmales

was in line with that reported in other studies using SPORTS1.0 (Zhang et al.,

2018).
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Figure 7.3: Categorisation and length distribution analysis of sperm sncR-
NAs. The sncRNA length distribution profiles are shown for sperm from (A-
F) C57Bl/6, (G-L) Mtrr+/+, (M-R) Mtrr+/gtand (S-X) Mtrrgt/gtmales. Reads per
million versus read length is plotted for sncRNAs categorised as tsRNA (pale
green), rsRNAs (dark green), miRNAs (pale blue), piRNAs (dark blue), other
ncRNAs (pink), unannotated but matching genome (MG) (red) and unanno-
tated and not matching genome (UMG) (orange). Analysis performed using
SPORTS1.0.

To perform comparisons between sncRNA profiles of sperm from C57Bl/6,

Mtrr+/+, Mtrr+/gtand Mtrrgt/gtmales, for each genotype group I calculated the

number of reads annotated to each sncRNA species using SPORTS1.0 and then

normalised this figure by the total number of sequencing reads per genotype

group (Table 7.3). There was no significant difference in the overall normalised

sncRNA proportions in sperm from Mtrr+/+, Mtrr+/gtand Mtrrgt/gtmales com-

pared to C57Bl/6 controls (p> 0.05, two-way ANOVA with Dunnett’s multiple

comparison’s test, Figure 7.4).

Figure 7.4: sncRNA profiles are consistent in C57Bl/6, Mtrr+/+, Mtrr+/gtand
Mtrrgt/gtmale sperm. The number of reads annotated to each sncRNA species
was normalised by the total number of sequencing reads for C57Bl/6, Mtrr+/+,
Mtrr+/gtand Mtrrgt/gtmale sperm. sncRNAs were categorised as tsRNA (pale
green), rsRNAs (dark green), miRNAs (pale blue), piRNAs (dark blue), other
ncRNAs (pink), unannotated but matching genome (MG) (red) and unanno-
tated and not matching genome (UMG) (orange). Analysis was performed
with SPORTS1.0. Statistical test performed: two-way ANOVA with Dunnett’s
multiple comparisons test.
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Table 7.3: Summary of sncRNA read categorisation using SPORTS1.0.

Annotation C57Bl/6
sperm Mtrr+/+sperm Mtrr+/gtsperm Mtrrgt/gtsperm

Clean reads 31628736 53822646 55005120 55814955
Match genome

reads 13484088 23992598 32670092 24838127

tsRNA reads 7725362 17744027 23726845 12412566
rsRNA reads 13168474 23605404 13955560 19052887
miRNA reads 623645 715133 1113003 884801
piRNA reads 3074569 4463850 6045252 4160870
Unannotated

MG 699181 718058 995007 1107080

Unannotated
UMG 4675948 4721132 5966681 10891919

Other 110924 130059 154877 150415

Summary of sncRNA reads as categorised using SPORTS1.0. tsRNA, rsRNA, miRNA
and piRNA read totals include both reads that can be aligned to the genome (MG) and
those that cannot be aligned to the genome (UMG) but align to the respective ncRNA
database.

7.2.3 rsRNA profiles of C57Bl/6, Mtrr+/+, Mtrr+/gt and Mtrrgt/gt

male sperm

Given my previous finding that there is a DMR at the Rn45s promoter in

Mtrr+/gtand Mtrrgt/gtsperm and that Rn45s RNA is down-regulated in Mtrr+/+F1,

F2 and F3 generation embryos, I sought to explore the rRNAs in sperm more

closely. To investigate if the high levels of rsRNA in some samples represented

somatic cell contamination of sperm samples, the sncRNA categorisation pro-

file of each sample (Figure 7.3) was compared to the respective sperm RNA

BioAnalyzer profile (Figure 7.1). No correlation was observed between 18s

peak size and/or presence on the BioAnalyzer profile and the percentage of

total reads accounted for by rsRNAs. This suggested that the high levels of

rsRNA likely did not reflect library contamination, although this is challenging

to rule out. Variability in rsRNA abundance between samples may be technical,

e.g. due PCR amplification biases at these regions, or biological, e.g. reflecting

variability in rRNA levels in sperm. The levels of rRNA I report are in line with

previous studies. Approximately 80% of reads were seen to align to portions
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of the 28s and 18s rRNAs in human sperm (Johnson et al., 2011) and between

20% and 80% of transcripts in sperm of males exposed to MSUS were rRNA or

mitchondrial rRNA (Gapp et al., 2018). However, some studies have reported

that rRNA abundance in sperm was low with respect to testis and epididymal

somatic samples (Sharma et al., 2016). Observations of the raw sncRNA counts

in sperm obtained by Sharma et al. (2016) suggest that rRNA levels are approx-

imately equivalent to those I report. Overall, the rsRNA levels appear normal,

if variable, in sperm of Mtrrgtmales, both with respect to C57Bl/6 controls and

in comparison to the literature more generally.

rRNAs are degraded in sperm to bring about transcriptional silencing lead-

ing to the generation of rRNA fragments (Johnson et al., 2011). A key feature of

SPORTS1.0 was the ability to determine the rRNA subtypes (e.g. 18S, 5.8S)

from which rRNA fragments were derived (Shi et al., 2018). Mapping of

rsRNAs identified in sperm from C57Bl/6, Mtrr+/+, Mtrr+/gtand Mtrrgt/gtmales

demonstrated that rsRNAs tend to be around 35-40 bp long, with a strong peak

at 40 bp (Figure 7.5). The majority of rsRNAs were derived from the 28s rRNA,

regardless of length. rsRNAs derived from the 5S and 5.8S rRNAs were the

second and third most abundant rsRNA species, but accounted for a far smaller

percentage of total rsRNAs (Figure 7.5). Overall, the mapping and length

distribution of rsRNAs appeared equivalent across all samples, regardless of

genotype, in spite of differences in overall rsRNA abundance.
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Figure 7.5: rsRNA subtype analysis for C57Bl/6, Mtrr+/+, Mtrr+/gt and Mtrrgt/gt

male sperm. (A-X) The rsRNA length distribution and subtype analysis
profiles are shown for (A-F) C57Bl/6, (G-L) Mtrr+/+, (M-R) Mtrr+/gtand (S-X)
Mtrrgt/gtsperm samples. Reads per million (RPM) is plotted against read length
for rsRNAs categorised by the rRNA from which they were derived: 4.5S rRNA
(orange), 5S rRNA (mustard), 5.8S rRNAs (green), 18S rRNA (teal), 28S rRNA
(blue), 45S rRNA (purple) and other rRNA (pink). Analysis performed using
SPORTS1.0.

Furthermore, mapping information on the origin of the rsRNAs within the

rRNA subtype locus was provided by SPORTS1.0 (Shi et al., 2018). Simply, the

part of the rRNA from which the rsRNA fragments were derived from was

assessed. The 3’ end of the 28s rRNA was the primary rsRNA generating locus

in sperm (Figure 7.6). rsRNAs were also generated from the 3’ end and centre

of the 5.8S rRNA and 3’ and 5’ end of the 5S rRNA (Figure 7.6). Notably, the

rsRNA generating loci from the different rRNA precursors were equivalent

between C57Bl/6, Mtrr+/+, Mtrr+/gtand Mtrrgt/gtmale sperm. There was some

variability in the proportion of rsRNA species generated from the 5S and 5.8S

rRNA loci, both between and within genotype groups. Overall, the biogene-

sis of rsRNAs in sperm did not appear to be affected by the Mtrrgtmutation.

However, differential expression analysis on rsRNAs has yet to be performed

and will be required to provide substantive evidence to support or refute this

conclusion.
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7.2.4 Identification of differentially expressed sncRNAs in sperm
from Mtrr+/+, Mtrr+/gtand Mtrrgt/gtmales

Prior to performing differential sncRNA expression analysis I used principle

component analysis (PCA) to assess sample clustering. The PCA-based clus-

tering was initially performed on all sncRNAs aligned using SPORTS1.0, a

total of 895 ncRNA species. Distinct clustering of samples by genotype was not

observed (Figure 7.7 A). There was a slight clustering of Mtrrgt/gtsperm samples,

but C57Bl/6 samples appeared particularly variable. I then performed PCA-

clustering using only reads aligned as miRNAs and tsRNAs (Figure 7.7 B,

C). Again, distinct sample clusters by genotype were not observed, although

some slight clustering was apparent. Interestingly one Mtrr+/gtsperm sample

(Mtrr+/gt-6) appeared to be outlying on the miRNA PCA plot (Figure 7.7 B).

This may suggest sample Mtrr+/gt-6 had a distinct miRNA profile compared to

the other Mtrr+/gtsamples but was similar with respect to other ncRNA species.

Overall, PCA-clustering highlighted that the sncRNA profiles of C57Bl/6 and

Mtrr+/+, Mtrr+/gtand Mtrrgt/gtmale sperm were grossly similar.
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Figure 7.7: PCA-clustering based on sncRNAs identified in sperm from
C57Bl/6, Mtrr+/+, Mtrr+/gtand Mtrrgt/gtmales (A-C) PCA based cluster-
ing of sncRNAs identified in sperm from C57Bl/6 (green), Mtrr+/+(red),
Mtrr+/gt(purple) and Mtrrgt/gt(blue) males. Data is shown for (A) all sncRNA
species (B) miRNAs only and (C) tRNAs only. This analysis was performed
using reads aligned using SPORTS1.0.
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7.2.4.1 tsRNAs

tRNA-derived sncRNAs have been implicated in the inheritance of metabolic

phenotypes following dietary manipulation (Chen et al., 2016a; Sharma et al.,

2016). Therefore I investigated if the Mtrrgtmutation disrupted tsRNA expres-

sion in sperm from Mtrr+/+, Mtrr+/gtand Mtrrgt/gtmales compared to C57Bl/6

controls. The overall relative abundance of tsRNAs was equivalent between

C57Bl/6, Mtrr+/+, Mtrr+/gtand Mtrrgt/gtsperm (p >0.1, two-way ANOVA on nor-

malised total sncRNA read counts, Figure 7.4). tRNA fragments can be derived

from various loci of the tRNA: 5’ terminus, 3’ terminus or 3’CCA end (Ku-

mar et al., 2016). On average 95% of sperm tsRNAs were tRNA-5’ derived

(Figure 7.8 A-D). The relative frequency of tsRNAs derived from each locus

was equivalent between Mtrr+/+, Mtrr+/gt, Mtrrgt/gtand C57Bl/6 control sperm

(p >0.1650, two-way ANOVA with Dunnett’s multiple comparisons test). As

tsRNAs derived from different loci have different biological functions (Kumar

et al., 2016), this may suggest that overall tsRNAs were functionally equivalent

in Mtrr+/+, Mtrr+/gtand Mtrrgt/gtsperm compared to C57Bl/6 controls.

However, individual tRNA species can be misexpressed despite overall

abundance being normal. Firstly, I performed differential expression analysis

on tsRNAs aligned using SPORTS1.0, comparing tRNAs expression in Mtrr+/+,

Mtrr+/gtand Mtrrgt/gtmale sperm to that in C57Bl/6 controls. No differentially

expressed tsRNAs were identified in Mtrr+/+sperm (Figure 7.8 E). Nineteen tsR-

NAs were misexpressed in Mtrr+/gtsperm (p<0.05, Figure 7.8 F). One tRNA, 5’-

tRNA-Leu-CAA, was down-regulated and eighteen tsRNAs were up-regulated

(Table 7.4). The degree of up-regulation was moderate with an average log

fold change of one. Two tRNAs, tRNA-Gly-CCC and tRNA-Gly-GCC (and

their 5’ fragments), exhibited the strongest up-regulation. In contrast, only six

tRNAs were misepxresssed in Mtrrgt/gtsperm, two down-regulated and four

up-regulated (p<0.05, Figure 7.8 G, Table 7.4). Strikingly, 5’-tRNA-Tyr-GTA

showed much more pronounced upregulation (1.89 log fold change, p<0.0001)

than other misexpressed tRNAs.

I then performed differential expression analysis on tRNAs aligned us-

ing Salmon. Again, no differentially expressed tsRNAs were identified in

Mtrr+/+sperm (Figure 7.8 H). Interestingly, no differentially expressed tsRNAs
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were identified in Mtrrgt/gtsperm either (Figure 7.8 J). Again, tsRNAs were

misexpressed in Mtrr+/gtsperm (p<0.05, Figure 7.8 I). Two tsRNAs were down-

regulated and eleven were up-regulated (Table 7.4). Notably, tRNA-Gly-CCC

and tRNA-Gly-GCC again exhibited strong up-regulation and tRNA-Leu-CAA

was down-regulated. This supports the results obtained using reads aligned

with SPORTS1.0 (Figure 7.8 F). However, the tRNAs identified as misxpressed

in sperm from Mtrr+/gtmales identified by differential expression analysis with

reads aligned using Salmon and SPORTS1.0 were not entirely concurrent. This

may reflect differences in the alignment algorithms used in the two approaches.

Those tRNAs found to be misexpressed using both approaches should be given

priority for future analysis. How the Mtrrgtallele when heterozygous, but

not when homozygous, leads to a greater alteration in sperm tsRNA profiles

is unclear. However, the presence of misexpressed tsRNAs in sperm from

Mtrr+/gtmales has important implications for transgenerational inheritance in

the Mtrrgtmodel.
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Figure 7.8: Some tsRNAs are misexpressed in sperm from Mtrr+/gtmales. (A-
D) The distribution of loci from which the tsRNAs were derived; 5’ terminus
(red), 3’ terminus (green), 3’CCA end (blue) or other (purple) is shown for tsR-
NAs in sperm from (A) C57Bl/6, (B) Mtrr+/+, (C) Mtrr+/gtand (D) Mtrrgt/gtmales.
(E-J) Volcano plots are used to illustrate differential expression of tsRNAs
(black dots) for (E-G) reads mapped using SPORTS1.0 in sperm from (E)
Mtrr+/+, (F) Mtrr+/gtand (G) Mtrrgt/gtmales and for (H-J) reads mapped using
Salmon in sperm from (H) Mtrr+/+, (I) Mtrr+/gtand (J) Mtrrgt/gtmales. (E-G) Grey
dotted line p< 0.05, red dotted line p<0.01. (H-J) Red dotted line p< 0.05, grey
dotted line p<0.01.
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Table 7.4: tRNAs misexpressed in Mtrr+/gtand Mtrrgt/gtsperm.

Approach Male
Genotype tRNA Misexpressed Log2 Fold

Change
Adjusted
P-value

SPORTS1.0 Mtrrgt/gt

5’-tRNA-Tyr-GTA 1.89 1.44E-06

3’-tRNA-Trp-CCA 0.90 0.0378
CCA-tRNA-Thr-CGT -1.04 0.0378

tRNA-Trp-CCA 0.85 0.0378
tRNA-Thr-CGT -1.02 0.0378

5’-tRNA-Gly-TCC 0.81 0.385

SPORTS1.0 Mtrr+/gt

5’-tRNA-Gly-CCC 1.29 0.0152

5’-tRNA-Gly-GCC 1.31 0.0152
5’-tRNA-Lys-TTT 0.91 0.0152
5’-tRNA-Pro-AGG 1.30 0.0152
5’-tRNA-Pro-CGG 1.21 0.0152
5’-tRNA-Pro-TGG 1.31 0.0152
5’-tRNA-Val-AAC 1.18 0.0152
5’-tRNA-Val-CAC 1.18 0.0152
tRNA-Gly-CCC 1.28 0.0152
tRNA-Gly-GCC 1.30 0.0152
tRNA-Pro-AGG 0.79 0.0152
tRNA-Pro-CGG 0.81 0.0152
tRNA-Pro-TGG 0.78 0.0152
tRNA-Val-AAC 1.183 0.0152
tRNA-Val-CAC 1.18 0.0152

5’-tRNA-Val-TAC 1.13 0.0198
5’-tRNA-Leu-CAA -0.55 0.0218
5’-tRNA-Glu-CTC 1.10 0.0243

tRNA-Glu-CTC 1.05 0.0281

Salmon Mtrr+/gt

tRNA-Gly-CCC 1.72 0.0016
tRNA-Pro-CGG 1.16 0.0024
tRNA-Val-CAC 1.26 0.0024
tRNA-Gly-ACC 1.23 0.0040
tRNA-Gly-GCC 1.23 0.0040
tRNA-Glu-CTC 1.12 0.0041
tRNA-Val-AAC 1.55 0.0072
tRNA-Glu-TTC 1.04 0.0127
tRNA-Leu-TAG -0.74 0.0127
tRNA-His-GTG 1.15 0.0273
tRNA-Leu-CAA -0.37 0.0338
tRNA-Lys-CTT 0.69 0.0364

tRNA-iMet-CAT 0.84 0.0410

Approach indicates whether differential expression analysis was performed using
reads aligned with SPORTS1.0 or Salmon
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7.2.4.2 miRNAs

miRNAs have been implicated in intergenerational inheritance following ex-

posure to a range of environmental insults (Table 7.1) (Fullston et al., 2013;

Grandjean et al., 2015; Gapp et al., 2014; Benito et al., 2018). I performed

differential expression analysis on miRNAs aligned using SPORTS1.0. No dif-

ferentially expressed miRNAs were identified in sperm from Mtrr+/+, Mtrr+/gtor

Mtrrgt/gtmales (Figure 7.9). miRNA let7a-1 was downregulated in Mtrrgt/gtsperm

yet did not quite reach statistical significant (logFC -0.58, p=0.054). Differential

expression analysis will be performed on miRNAs aligned using Salmon.

Figure 7.9: No miRNAs are misexpressed in sperm from Mtrr+/+, Mtrr+/gtor
Mtrrgt/gtmales. (A-C) Volcano plots are used to illustrate differential expres-
sion of miRNAs (black dots) in sperm from (A) Mtrr+/+, (B) Mtrr+/gtand (C)
Mtrrgt/gtmales. Reads mapped using SPORTS1.0. Grey dotted line p< 0.05, red
dotted line p<0.01.

7.2.4.3 Other ncRNAs

RNAs that did not fall into tsRNA, miRNA or piRNA categories were also

considered. These ncRNAs were referred to as ”other ncRNAs” and were

mapped to the Ensembl ncRNA database using Salmon. This database com-

prises all non-coding sequences in the genome (regardless of length) and partial

alignments were allowed. A number of differentially expressed other ncRNAs

were identified. Three other ncRNAs were misexpressed in Mtrr+/+sperm.

Two nuclear encoded rRNAs (n-R5s-109 and nR5s-29) were upregulated and

Gm23840 was downregulated (Figure 7.10 A). In sperm from Mtrr+/gtmales,
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seven other ncRNAs were misexpressed, three upregulated and four downreg-

ulated, although these were only just significant (p<0.05, Figure 7.10 B). These

included two mitochondrial tRNAs (mt-tRNAs), three predicted genes and two

RIKEN cDNAs. In sperm of Mtrrgt/gtmales, forty one other ncRNAs were mis-

expressed, seventeen downregulated and twenty four upregulated (Figure 7.10

C). Fourteen mt-tRNAs were up-regulated. The mt-tRNAs, mt-TS1 and mt-Tv

were upregulated in both Mtrr+/gt and Mtrrgt/gt sperm and the 6430584L05Rik

RIKEN cDNA was commonly down-regulated. mt-TS1 and mt-Tv are mito-

chondrial tRNAs for serine and valine, respectively and are encoded by the

mitochondrial genome. Overall, the Mtrrgtmutation, or parental exposure to

the Mtrrgtmutation, altered the other ncRNA profile of sperm. Intriguingly,

the Mtrrgtmutation appeared to particularly influence the expression of mt-

tRNAs. This should be explored further given that inheritance of congenital

malformations in the Mtrrgtmodel goes down the maternal line (Padmanabhan

et al., 2013). Differential expression analysis should be performed on other

ncRNAs aligned using SPORTS1.0.

Figure 7.10: ncRNAs are misexpressed in sperm from Mtrr+/+, Mtrr+/gtand
Mtrrgt/gtmales. (A-C) Volcano plots are used to illustrate differential expression
of other ncRNAs (black dots) in sperm from (A) Mtrr+/+, (B) Mtrr+/gtand (C)
Mtrrgt/gtmales. Red dotted line p < 0.05, grey dotted line p<0.01.

7.2.5 RNA modifications might be reduced in sperm from Mtrrgt/gt

males

I observed that the expression of the RNA methyltransferase Dnmt2 was re-

duced in Mtrr+/+, Mtrr+/gtand Mtrrgt/gtepididymides compared to C57Bl/6 con-
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trols (Chapter 3, Figure 3.7). Therefore I wanted to examine whether the

modification of sncRNAs in sperm was disrupted in the Mtrrgtmodel. Using

the SPORTS1.0 analysis pipeline, sequence mismatch information can be used

to identify potential RNA modifications (Shi et al., 2018). RNA modifications

may lead to incorrect nucleotide incorporation during the reverse transcription

step of the library preparation, leading to mismatches during read alignment.

Whether all modifications would lead to errors during reverse transcription,

and thus mismatches, is uncertain. Mismatch analysis calculates the percent-

age of unique sequences that contain significantly-enriched mismatches (ei-

ther one, two or three mismatches) as a percentage total number of unique

sequences (Shi et al., 2018). I performed mismatch analysis on tRNAs. Intrigu-

ingly, in Mtrrgt/gtsperm there was a reduction in the number of mismatches

(one, two and three) compared to C57Bl/6 controls (Figure 7.11). This sug-

gested that tRNAs in Mtrrgt/gtsperm carry fewer modifications than tRNAs in

C57Bl/6 sperm. This correlated with the reduced Dnmt2 expression observed

in Mtrrgt/gtepididymides (Chapter 3, Figure 3.7) and could be explained by

the reduced methyl-group availability in Mtrrgt/gtmales for RNA methylation.

However, the number of mismatches in sperm from Mtrr+/+and Mtrr+/gtmales

was equivalent to C57Bl/6 controls suggesting sperm tRNA modification levels

were normal in Mtrr+/+and Mtrr+/gtmale sperm. This was despite the reduced

Dnmt2 mRNA expression observed in Mtrr+/+and Mtrr+/gtepididymides. Over-

all, Dnmt2 expression levels in the epididymis did not correlate with sperm

inferred tRNA modification levels. This might suggest that protein expres-

sion and function of DNMT2 may be normal despite reduced transcription

in Mtrr+/+and Mtrr+/gtepididymides. Alternatively, NSUN2, whose mRNA

expression was normal in epididymides of Mtrr+/+, Mtrr+/gtand Mtrrgt/gtmales

(Chapter 3, Figure 3.7), may be able to compensate for decreased DNMT2

in Mtrr+/+and Mtrr+/gtmales but not Mtrrgt/gtmales. This would ensure RNA

modifications were maintained in Mtrr+/+and Mtrr+/gtmale sperm. Mismatch

analysis should also be performed on miRNAs, piRNAs and rRNAs.
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Figure 7.11: tsRNAs mismatches in sperm from C57Bl/6, Mtrr+/+, Mtrr+/gt

and Mtrrgt/gt males. The percentage of unique tsRNA sequences that contain
significantly-enriched mismatches (EMS) as a percentage of the total num-
ber of unique sequences (TUS) is plotted for either one, two or three mis-
matches in tsRNAs identified in sperm from C57Bl/6 (black), Mtrr+/+(purple),
Mtrr+/gt(green) and Mtrrgt/gt(blue) males. One-way ANOVAs, with Dunnett’s
multiple comparisons test performed, * p <0.05.
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7.3 Discussion

Here I report that the overall proportions of sncRNA species in sperm were

unaffected by the Mtrrgtmutation or exposure to a parental Mtrrgtallele. The

abundance of rRNA varied considerably between samples, regardless of male

genotype. This may reflect natural biological variability in rRNA expression

or could be a technical artefact. I identified differential expression of some

sncRNAs in sperm from Mtrr+/+, Mtrr+/gtand Mtrrgt/gtmales. Intriguingly, tR-

NAs were strongly misexpressed in Mtrr+/gtmales. While only a few tRNAs

were misxpressed in Mtrrgt/gtsperm, there appeared to be an overall reduction

in the levels of RNA modifications on tRNAs in Mtrrgt/gtsperm. Additionally, in

sperm from Mtrrgt/gt males mt-tRNAs were particularly upregulated. Overall,

while still incomplete, this analysis suggests that the Mtrrgtmutation or ex-

posure to a parental Mtrrgtallele, can impact sncRNA populations in sperm.

Those sncRNA misexpressed in Mtrr+/gtmales have the potential to contribute

to the transgenerational inheritance of congenital malformations observed in

the Mtrrgtmodel.

Further bioinformatic analysis of this sncRNA-seq data is required. Firstly,

I will perform differential expression analysis for piRNAs. Furthermore, I will

complete gene ontology analysis to assess whether sncRNA species misex-

pressed in Mtrr sperm are associated with any particular biological processes

that may be relevant to the inheritance of congenital malformations in the

Mtrrgtmodel. I would like to explore if misexpressed sncRNAs that map to

the reference genome correlate with underlying genetic or DNA methylation

changes that could account for their misexpression. The misexpression of

sncRNA species in sperm should be independently validated using alternative

techniques. RT-qPCR can be used to validate miRNAs. A miRNA identified

as equivalently expressed between genotypes by sncRNA-seq can be used for

normalisation of Ct values (Gapp et al., 2014). Validation of other ncRNAs

that align to the reference genome could similarly be performed using qPCR.

However, validation of tRNA misexpression is more complex and as such is

often not performed (Sharma et al., 2016; Chen et al., 2016a). Northern blotting

could be used for tsRNA validation (Pekarsky et al., 2016). Once validated,

functional studies can be performed.
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Unlike other next-generation sequencing data analysis, there is no ’gold-

standard’ analysis pipeline for sperm sncRNA-seq data. For that reason I used

two parallel approaches to categorise and align sncRNA reads; 1) using the

recently published SPORTS1.0 pipeline (Shi et al., 2018) and 2) mapping reads

using Salmon (Patro et al., 2017). I then aimed to perform differential expres-

sion analysis twice for each sncRNA species, once using reads aligned using

SPORTS1.0 and and once using reads aligned using Salmon. Both analyses

have yet to be performed for most sncRNA species. However, this analysis

was performed for tRNAs. While some tRNAs were identified as differentially

expressed in both analyses, some discrepancies between the findings were

noted. I should perform a systematic comparison of the findings from each ap-

proach. A third, newly published sncRNA analysis pipeline, TEsmall (O’Neill

et al., 2018), could also be used to perform sncRNA alignment. Comparing

my findings thus far with the findings from those generated using TEsmall

may help indicate which of two original approaches was superior, provided

TEsmall gives results I feel are reliable.

The variability in abundance of rRNA within the sperm ncRNA libraries

had the ability to massively distort differential expression analysis. As ncRNA

read mapping is performed against individual ncRNA subtype databases, the

relative abundance of each ncRNA species needs to be taken into account to

avoid skewed differential expression analysis. For example, in those samples

with a high abundance of rsRNA, other sncRNAs would appear less abun-

dant based on a comparison to a sample with the same total read count but

less abundant rsRNA. Therefore, rsRNA reads should be removed from all

sncRNA-seq libraries and the remaining reads renormalised to the rsRNA de-

pleted total read count. In this way the relative abundance of each sncRNA

species and the total number of reads per library is accounted for. All subse-

quent differential expression analysis should be performed on rsRNA depleted

renormalised libraries. However, this was not performed for the differential ex-

pression analysis I reported (Section 7.2.4). Interestingly, tRNAs were found to

be misexpressed much more highly in sperm from Mtrr+/gtmales than in sperm

from Mtrrgt/gtmales (Figure 7.8). Additionally there was no overlap between

the tsRNAs misexpressed in Mtrr+/gtand Mtrrgt/gtmales. This seems surprising
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if tsRNA expression is a result of the Mtrrgtallele. However, sncRNA libraries

for Mtrr+/gtmale sperm had the lowest proportion of rRNAs (Figure 7.4). As

differential expression analysis was not performed on rRNA depleted and

renormalised libraries, the finding of upregulation of tsRNAs in Mtrr+/gtsperm

may be an artefact rather than a true biological phenomenon.

The overall sncRNA profiles of sperm I describe here are similar to those

reported in other studies (Shi et al., 2018; Zhang et al., 2018; Gapp et al., 2018).

Interestingly I report tRNA-Gly-CCC and tRNA-Gly-GCC as some of the most

strongly upregulated tsRNAs, regardless of the read alignment approach prior

to differential expression analysis (Figure 7.8). These specific tsRNAs were also

strongly upregulated as a result of low-protein diet (Sharma et al., 2016). This

might suggest that these tsRNAs are particularly responsive to adverse condi-

tions in sperm, regardless of cause. However, there were also differentially

expressed sncRNAs identified in sperm from Mtrr+/gtand Mtrrgt/gtmales, e.g.

5’-tRNA-Tyr-GTA, that have not been reported in other epigenetic inheritance

paradigms suggesting model specific effects.

I observed that tRNAs from Mtrrgt/gtmales likely have fewer RNA mod-

ifications than C57Bl/6 controls. However, it appeared that the levels of

RNA modification were normal on Mtrr+/+and Mtrr+/gtsperm tRNAs compared

to controls. The expression of Dnmt2 was reduced in Mtrr+/+, Mtrr+/gtand

Mtrrgt/gtepididymides compared to C57Bl/6 controls (Chapter 3, Figure 3.7).

It will be necessary to confirm by western blotting that the decreased Dnmt2

mRNA levels leads to a decrease in DNMT2 protein. The mismatch analysis

provided by SPORTS1.0 does not provide any information regarding what

the RNA modifications themselves are. The decrease in RNA modifications

observed in sperm from Mtrrgt/gtmales may not result from decreased RNA

methylation, applied by DNMT2, but from a decrease in the abundance of other

RNA modifications e.g. acetylation (Frye et al., 2016). Lipid chromatography-

tandem mass spectroscopy (LC-MS/MS) analysis in combination with an-

tibody pull-down methods should be performed to identify which specific

sperm ncRNA modifications are less abundant (Zhang et al., 2018). RNA modi-

fications can alter RNA stability, allowing them to persist for longer in the post-

fertilisation embryo, and could alter their 3D structure and interaction capacity
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(Chen et al., 2016a). As such altered RNA modification profiles could have

just as many functional consequences with respect to phenotypic inheritance

as differential sncRNA expression.

Fundamentally, I would like to assess if misexpression of sperm sncRNAs

is functionally relevant to the inheritance of phenotypes in the Mtrrgtmodel. As

a first step to address this I will assess if sncRNAs misexpressed in sperm from

Mtrr+/gtmales are also misexpressed in Mtrr+/+offspring tissues. The expression

of any genes known to be regulated by misexpressed sncRNAs could also be

assessed by RT-qPCR in Mtrr+/+offspring tissues, including early embryos and

embryos at E10.5, over several generations. Secondly I would like to perform

microinjection studies using sncRNAs derived from Mtrr+/gtmale sperm. sncR-

NAs from Mtrr+/gtsperm (or a size selected portion of total sperm ncRNAs)

would be injected into a fertilised C57Bl/6 oocytes and the resultant blastocysts

transferred to a recipient pseudopregnant female. Firstly I would assess pheno-

types at E10.5 of injected embryos. This would indicate if the injected sncRNAs

are directly able to cause embryonic phenotypes. Subsequently, I would then

take adult females derived by microinjection and cross them to C57Bl/6 males.

I would assess if congenital malformations are present in the litters of the

microinjection derived females at E10.5. If present, this would suggest that

sperm sncRNAs are sufficient to facilitate transgenerational inheritance in the

Mtrrgtmodel. It may also been interesting to perform transcriptomic analysis

of F1 early embryos (pre-blastocyst) following microinjection to determine if

Mtrr+/gtsperm sncRNAs can induced transcriptional changes. These microin-

jection studies could also be performed using synthetic ncRNAs which may

provide information regarding the importance of RNA modifications. Microin-

jection studies are however not without confounding factors. Fertilised oocytes

already contain sperm RNAs, thus sperm RNAs injected in are over and above

the RNA payload normally present. This may influence the activity and out-

come of these sncRNAs. Ideally, one would like to restore normal expression

of misexpressed RNAs in sperm. Offspring phenotypes should be rescued in

offspring derived from sperm in which aberrant ncRNA expression has been

corrected. This experiment would be technically challenging to perform. An



246

alternative, but no less complex approach, might be to generate synthetic germ

cells, in which the pool of sncRNAs can be tightly controlled (Zheng 2015).

Overall, the data presented in this chapter demonstrate that abnormal fo-

late metabolism could disrupt germline sncRNA profiles. Together with my

previous finding that sperm DNA methylation profiles are also altered by the

Mtrrgtmutation (Chapter 5), this suggest that the sperm epigenome is highly

susceptible to abnormal folate metabolism. Whether misexpression of sperm

sncRNAs contributes to the inheritance of congenital malformations in the

Mtrrgtmice remains to be investigated.
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8.1 Summary

In this thesis I set out to determine the mechanism behind transgenerational

inheritance in Mtrrgtmice. I hypothesised that gametic epigenetic inheritance

was responsible for the congenital malformations observed in the wildtype

grandprogeny of a Mtrr+/gtmaternal grandparent. However, I also consid-

ered whether genetic instability resulting from the Mtrrgtmutation or abnormal

germ cell morphology may also contribute to the transgenerational inheritance

previously reported (Padmanabhan et al., 2013). I observed that testes mor-

phology, spermatogenesis and sperm parameters were normal in Mtrr+/gtmales

(Chapter 3). As a result I conclude that general sperm abnormalities are un-

likely to be a factor responsible for TEI in the Mtrrgtmodel. I observed that

the frequency of SVs and SNPs identified in Mtrrgt/gtembryos was similar to

C57Bl/6 controls (Chapter 4). Therefore, I feel it is unlikely that genetic instabil-

ity is a factor responsible for the inheritance of phenotypes in the Mtrrgtmodel.

However, I cannot completely exclude that Mtrrgtline specific genetic variants

(SVs and SNPs) or genetic background effects associated with the 129/P2 DNA

at the Mtrr locus contribute to the phenotypes observed in the Mtrrgtmodel

(Chapter 4).

I demonstrated that intrinsic or parental exposure to the Mtrrgtallele was

sufficient to disrupt the sperm methylome. DNA methylation patterns were

altered in sperm from Mtrr+/+, Mtrr+/gt and Mtrrgt/gt males (Chapter 5). The

majority of DMRs were not associated with known genetic variants (SVs or

SNPs). Differential methylation identified in sperm from Mtrr+/gtmales was

not maintained in a range of F1 and F2 generation tissues (Chapter 6). This

indicated that DNA methylation may not have a role in conferring long-term

memory of abnormal folate metabolism. Generally, the expression of genes

near sperm DMRs was equivalent to C57Bl/6 controls in offspring tissues.

However, I observed tissue specific downregulation of Hira and Rn45s in F2

and F3 generation embryos (Chapter 6). This suggested that differential DNA

methylation at sperm DMRs may function as an initiator or demarcator of

gene misexpression at specific loci. I also observed dysregulation of several

sncRNA species including tsRNAs in Mtrr+/gtsperm (Chapter 7). Whether these

contribute to the inheritance of congenital malformations and epigenetic insta-
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bility in the Mtrrgtmodel remains to be explored. Furthermore, downregulation

of Dnmt2 in the epididymis of Mtrr+/gtmales suggested a role for sperm RNA

methylation in the Mtrrgtmodel (Chapter 3). Overall, I have yet to fully elu-

cidate the mechanism of TEI in the Mtrrgtmodel. However, I have identified

plausible epigenetic candidates, have likely ruled out genetic instability and

abnormal sperm morphology as contributing factors and have begun to ex-

plore potential genetic effects. This brings us closer to understanding of the

molecular processes underpinning the phenomenon.

8.2 Hypotheses for transgenerational inheritance in
the Mtrrgt model

Here I present several hypotheses for mechanisms that may be responsible for

transgenerational inheritance in the Mtrrgtmodel based on the findings and

conclusions presented in this thesis. Indeed, it may be that a contribution from

multiple mechanisms, both genetic and epigenetic, is required in order to bring

about the complex and variable phenotypes observed in Mtrrgtmice.

8.2.1 Genetic background and transgenerational inheritance in
the Mtrrgtmodel

I acknowledge that genetic background effects could contribute to the inheri-

tance of phenotypes over multiple generations in Mtrrgtmice. I observed that an

approximately 20 Mb region flanking the Mtrr gene was likely a 129/P2 chro-

mosomal segment. This is a relic of the 129/P2 ESCs from which the Mtrrgtline

was derived prior to backcrossing into the C57Bl/6 genetic background. I show

that mRNA expression of a small subset of genes at the Mtrr locus is generally

not altered in Mtrrgt/gtembryos (Chapter 4). However, 129/P2 variants may not

affect transcription of these genes but may alter splicing, translation or protein

function. Therefore, with the analysis performed so far I cannot confidently

exclude that this region does not play a role in phenotypic inheritance in the

Mtrrgtmodel.

Nevertheless, there is evidence that the Mtrr locus may not be functionally

relevant to the inheritance of phenotypes observed in the Mtrrgtmodel. Beyond
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the F1 generation of the Mtrr+/gtmaternal grandparent pedigrees all individuals

are wildtype (Chapter 1, Figure 1.6). These individuals will have C57Bl/6

genetic background at the Mtrr locus. Additionally, there was no significant

abnormalities in the F1 generation hybrid conceptuses at E10.5 derived from

the reciprocal crosses between C57Bl/6 and 129/P2 mice (N. Padmanabhan

and E. Watson, unpublished data). However, an interaction between the

Mtrrgtmutation itself and the 129/P2 DNA surrounding it in the F0 generation

may be required for transgenerational inheritance to occur in the Mtrrgtmodel.

It has long been acknowledged that genetic background can influence phe-

notypes in genetically modified mice (Doetschman, 2009). Abnormal folate

metabolism resulting from genetic mutations in folate metabolism enzymes can

lead to differing phenotypes and/or phenotypic penetrance dependent on ge-

netic background. For example there is a variable testes phenotype in BALB/c

and C57Bl/6 Mthfr-/- mice (Chan et al., 2010). Genetic background effects

have also been reported to have an influence in many epigenetic inheritance

paradigms, for example in the inheritance of the Axin-fused and Avy metastable

epialleles (Rakyan et al., 2003) and following in-utero vinclozolin exposure

in mice (Guerrero-Bosagna et al., 2012). Perhaps particularly relevant to the

Mtrrgtmodel are those epigenetic inheritance paradigms in which a genetic mu-

tation that instigates intergenerational inheritance was generated in one genetic

background prior to backcrossing into another, as in Mtrrgtmice. The Avy mouse

line was founded from an individual of C3H/HeJ genetic background over half

a century ago and extensively backcrossed to C57Bl/6 (Dickies, 1962). While

sequencing of littermates was used to exclude genetic effects contributing to

the Avy phenotype, variants at the C3H/HeJ region were excluded from this

analysis (Oey et al., 2015). This region should be explored more closely in Avy

mice. More recently, Dnmt2 was linked to intergenerational transmission of

metabolic disorder following high-fat diet exposure in mice. The inheritance

of phenotypes was rescued in Dnmt2-/- mice. However, these mice were gener-

ated in a mixed 129X1:C57Bl/6 genetic background and were backcrossed for

only five generations into the C57BL/6NCrl strain (Zhang et al., 2018). More

extensive backcrossing of this line would need to be performed to ensure that

genetic background at the Dnmt2 allele is not contributing to the phenotypic
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rescue. Overall, a greater understanding of the mechanisms of inheritance in

these models may come from exploring potential genetic background effects

further.

Mtrrgtmice provide an excellent model in which to probe genetic back-

ground effects, and in doing so tackle an area long neglected in both the folate

metabolism and TEI fields. To conclusively rule out a genetic background effect

I would need to derive a new Mtrr mouse line in a pure isogenic C57Bl/6

background using CRISP-cas9. Only if transgenerational inheritance was ob-

served in this mouse line could I confirm with certainty that a genetic back-

ground effect was not a factor in the Mtrrgtmodel. It would also be valuable

to determine if supplementation of the diet of Mtrr+/gtmice with methionine

(from conception to breeding) was sufficient to lead to an absence of congenital

malformations in their Mtrr+/+grandprogeny. This would confirm that it is the

disruption of folate metabolism specifically that is responsible for the pheno-

typic inheritance.

8.2.2 Genetic variants unique to the Mtrrgtcolony and trans-
generational inheritance

I also identified some genetic variants unique to the Mtrrgtcolony. These could

contribute to the TEI observed in Mtrrgtmice. The genetic variants unique to the

Mtrrgtcolony are likely de novo mutations that have arisen in the Mtrrgtline or

mutations present in the C57Bl/6 mice used for backcrossing the Mtrrgtallele.

Backcrossing of the Mtrrgtline was performed at the University of Calgary,

Canada. The Mtrrgtcolony was moved to the UK and a new C57Bl/6 control

colony was bought in. Thus the C57Bl/6 mice used as controls and those

used for backcrossing the Mtrrgtallele are not genetically identical. Ideally, the

Mtrrgt/gtgenome should have been compared to whole genome sequencing data

from the original C57Bl/6 mice used for backcrossing when determining if the

Mtrrgtallele led to genetic instability. However, since the Mtrrgtline was estab-

lished and backcrossed over fifteen years ago some natural genetic divergence

may have occurred complicating this analysis if performed now. Furthermore,

it will be important to sequence the genomes of Mtrr+/+individuals to determine

if genetic variants thought to be common within the Mtrrgtcolony, such as
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the tandem duplication on chromosome 19, are indeed present in Mtrr+/+mice

(Chapter 4). Validating the presence of common Mtrrgtvariants in Mtrr+/+tissues

using locus specific approaches, such as Sanger sequencing, southern blotting

or dosage qPCR, could also be used if a whole-genome approach were pro-

hibitively expensive. These approaches could also be used to retrospectively

genotype frozen F1 generation maternal tissues for Mtrrgtspecific variants. The

presence or absence of these variants in the mother could then be correlated

with the severity of phenotypes in her Mtrr+/+F2 generation offspring to give an

indication as to whether these variants contribute to the phenotypes observed

in the Mtrrgtmodel.

8.2.3 sncRNA mediated TEI and the Mtrrgtmodel

I hypothesise that misexpression of sncRNAs could contribute to the inher-

itance of phenotypes over multiple generations in Mtrrgtmice. Mtrr defi-

ciency leads to misexpression of tsRNAs and other ncRNAs in sperm from

Mtrr+/gtmales (Chapter 7, Figures 7.8 and 7.10). Some of those tsRNAs that are

misexpressed in Mtrr+/gtmale sperm have been shown to lead to phenotypic

inheritance in mice fed a low-protein diet (Sharma et al., 2016). Furthermore

I observed a decrease in the level of RNA modification on tRNAs in sperm

from Mtrrgt/gtmales (Chapter 7, Figure 7.11) and downregulation of Dnmt2 in

the epididymis of Mtrr+/+, Mtrr+/gtand Mtrrgt/gtmales (Chapter 3, Figure 3.7).

This suggests that sncRNA modifications may also play a role in the inheritance

of phenotypes in the Mtrrgtmodel.

sncRNAs, potentially with abnormal modifications, might directly regulate

the expression or activity of genes in the post-fertilisation embryo. For exam-

ple, tRNA fragments have been shown to repress genes associated with the

endogenous retroelement MERVL in ESCs and zygotes (Sharma et al., 2016).

A bioinformatic analysis could be performed to investigate if any sncRNAs

misexpressed in Mtrr+/gtsperm could play a role in regulating gene expres-

sion. Candidates could be further investigated with approaches such as RNA

interference, e.g. interfering with tRNA function using locked nucleic acid

containing oligonucleotides (Sharma et al., 2016), or RNA-fluorescent in-situ

hybridisation to demonstrate RNA-RNA interaction. It will be exciting to
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determine if there is an interaction between sncRNAs and gene misexpression

in the Mtrrgtmodel.

Alternatively sncRNAs may act in concert with other epigenetic mecha-

nisms to facilitate inheritance over multiple generations. Therefore, analysis

of histone modifications in sperm of the Mtrrgtmodel will be essential. A low-

protein diet was shown to alter H3K27me3 levels and tsRNAs in sperm (Carone

et al., 2010; Sharma et al., 2016). Furthermore, an interaction between miRNAs

and histone modifications is observed in an intriguing paramutant example.

miR-124 injection into fertilised oocytes led to overgrowth of the offspring and

increased expression of Sox9 which persisted into the F2 generation (Grandjean

et al., 2009). This coincided with a distinct pattern of histone modifications

being established at the Sox9 promoter (Grandjean et al., 2009). This suggests

that sncRNA can guide chromatin remodelling in embryos. Therefore, the

chromatin landscape of Mtrr+/+F1 and F2 generation embryos should also be

investigated on a genome-wide scale to explore if sncRNA directed chromatin

remodelling is important for phenotypic inheritance in the Mtrrgtmodel.

8.2.4 A hypothesis for HIRA mediated epigenetic instability
and TEI in the Mtrrgtmodel

I observed tissue specific downregulation of Hira in Mtrr+/+F2 and F3 gener-

ation embryos (Chapter 6, Figure 6.6). HIRA is a histone chaperone for the

histone variant H3.3 (Tang et al., 2006). In mice, in the post-fertilisation embryo,

maternally supplied HIRA is required for H3.3 incorporation into the paternal

pronucleus (Torres-Padilla et al., 2006; Lin et al., 2014). Depletion of HIRA

in oocytes leads to reduced fertility and chromatin structure abnormalities

(Nashun et al., 2015). There is remarkable similarity between Hira knockout

phenotypes and those seen in the Mtrrgtmodel (Padmanabhan et al., 2013;

Roberts et al., 2002). Therefore, I propose that HIRA may play an important

role in the Mtrrgtmodel.

Here I put forward a hypothesis for how HIRA may be involved in the epi-

genetic dysregulation and inheritance of congenital malformations observed

in Mtrr+/gtmaternal grandfather pedigree (Figure 8.1). Sperm from Mtrr+/gt

males have a DMR downstream of the Hira gene. Assuming sperm are tran-
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scriptionally silent, Hira would not be expressed in sperm. In the C57Bl/6

oocytes, Hira would be expressed normally, be entirely functional and would

have no abnormal epigenetic patterns associated with it (Figure 8.1). Mtrr+/+F1

blastocysts are derived from Mtrr+/gtsperm and C57Bl/6 oocytes. As HIRA

and H3.3 in the zygote are maternally derived, H3.3 incorporation into the

paternal pronucleus post-fertilisation should occur normally in the F1 blasto-

cyst. This would lead to normal development in Mtrr+/+F1 embryos derived

from Mtrr+/gtmales (Figure 8.1). This hypothesis therefore provides a plausible

explanation for the absence of phenotypes in the F1 generation of the maternal

grandfather pedigree which has been a perplexing feature of the Mtrrgtmodel

(Padmanabhan et al., 2013). Phenotypes are present in the F1 generation in

the Mtrr+/gtmaternal grandmother pedigree (Padmanabhan et al., 2013). This

would be predicted by this hypothesis owing to dysregulation of HIRA in the

F0 oocyte. I hypothesise Mtrr+/gtmale derived epimutations (DNA methylation,

ncRNAs, histones etc.) may lead to epigenetic dysregulation in F1 embryos.

This could drive abnormal Hira expression in F1 generation embryos, includ-

ing in the developing PGCs (Figure 8.1). This would potentially lead to Hira

misexpression, abnormal HIRA activity and chromatin defects in F1 oocytes.

Mtrr+/+F2 blastocysts are derived from these F1 oocytes and C57Bl/6 sperm

(Figure 8.1). Following fertilisation, maternal HIRA abnormalities might lead

to aberrant H3.3 incorporation into the paternal pronucleus. This may lead to

epigenetic dysregulation, alterations in histone modification patterns and/or

abnormal pericentromeric chromatin formation (Szenker et al., 2011). Con-

sequently there may be transcriptional changes and an increased frequency

of congenital malformations in the F2 embryos. Phenotypic variability could

result from stochastic differences in the location of H3.3 (mis)incorporation into

the paternal pronucleus as a result of abnormal HIRA activity or from variable

HIRA insufficiency in F1 oocytes. A similar scenario would play out in the F3

generation and beyond.
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Figure 8.1: A schematic of our hypothesis for the role of HIRA in trans-
generational inheritance of phenotypes in the Mtrrgtmodel. Mtrr+/+F1 blas-
tocysts (orange) are derived from Mtrr+/gtmale sperm (green) and C57Bl/6
oocytes (black). The Mtrr+/gtsperm carry the Hira DMR (demarcated by a red
asterisks). In C57Bl/6 oocytes, HIRA is epigenetically, transcriptionally and
functionally normal (demarcated by a black asterisks). As HIRA and H3.3
are maternally derived, H3.3 incorporation into the paternal pronucleus (blue)
post-fertilisation occurs normally in the F1 blastocyst. However, Mtrr+/gtmale
derived epimutations (DNA methylation, ncRNAs, histones etc.) could lead to
epigenetic dysregulation and could drive abnormal Hira expression and activ-
ity in F1 generation embryos. This would lead to abnormal Hira expression
and chromatin defects in the F1 oocytes. Mtrr+/+F2 blastocysts (purple) are
derived from these F1 oocytes and C57Bl/6 sperm. Following fertilisation,
maternal HIRA abnormalities would lead to aberrant H3.3 incorporation into
the paternal pronucleus. This may lead to an increased frequency of congenital
malformations and epigenetic instability in the F2 embryos.

However, the hypothesis does not entirely fit the data. I did not see a

decrease in Hira expression in F1 embryos, although Hira expression was highly

variable (Chapter 6, Figure 6.6 K). Hira methylation also appeared variable

in sperm (Chapter 6, Figure 6.6 B) although this needs to be verified. One

could speculate that the variability in Hira expression in F1 embryos may re-

flect variability in the methylation of the Hira DMR in sperm. A correlation

between sperm methylation and F1 embryo Hira expression could be assessed

using father-daughter pairs. Hira misexpression in F1 embryos may occur in a

tissue specific manner, thus may not be observed using whole embryo analy-

sis. Additionally, Hira mRNA was upregulated in Mtrrgt/gtembryos (Chapter 6,

Figure 6.6 J). This may result from differences in the epigenetic dysregulation

resulting from intrinsic Mtrrgtallele exposure compared to parental or ancestral

Mtrrgtallele exposure. Intriguingly, Hira expression was down-regulated in
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both phenotypically normal F2 and F3 embryos as well as those with congenital

malformations. This suggests that while these embryos appear phenotypically

normal they may have a degree of molecular abnormality. Indeed, phenotypi-

cally normal male F2 embryos at E10.5 derived from a Mtrr+/gtmaternal grand-

father weighed less than C57Bl/6 controls despite appearing overtly normal

(Padmanabhan et al., 2017). Furthermore, embryos that are phenotypically

normal at E10.5 may present with phenotypes later in gestation. Indeed,

foetal and placental phenotypes are observed at E14.5 and E18.5 (E. Watson,

personal communication). However, this finding may also preclude that the

misexpression of Hira is solely responsible for the embryonic phenotypes ob-

served. Hira misexpression in concert with other epigenetic factors or against a

specific molecular or epigenetic backdrop may act to bring about the presence

of congenital malformations in the Mtrrgtmodel. Furthermore, there is little ev-

idence to date for epigenetic instability in Mtrr+/+F1 or F2 generation embryos

(Padmanabhan et al., 2013). Global DNA methylation levels, determined using

a DNA methylation quantification kit based method, were normal in Mtrr+/+F2

embryos despite global hypomethylation in placentas (Padmanabhan et al.,

2013). However, tissue-specific epigenetic instability within the embryo may

be masked using whole embryo analysis. More accurate and sensitive tech-

niques for assessing global DNA methylation levels (e.g. mass spectrometry)

and genome-wide high-resolution approaches (e.g. whole-genome bisulfite

sequencing) may yet reveal dysregulation of DNA methylation in embryos.

A substantial amount of further experimentation will be required to test

this hypothesis in the maternal grandfather pedigree. Firstly I need to consider

the F0 generation. Verification of the A10 DMR, downstream of Hira, will be

required in Mtrr+/gtsperm from additional individuals due to the variability in

CpG methylation levels previously observed. I also need to confirm if Hira is

indeed not transcribed in sperm. If expressed, there may be a role for HIRA

in regulating sperm chromatin structure. Next I should consider the Mtrr+/+F1

generation. Are there functionally relevant changes in chromatin structure and

HIRA activity in the F1 generation? It will be essential to perform ChIP-seq

experiments (and/or immunohistochemistry) on Mtrr+/+F1 generation zygotes

and embryos at E10.5 to assess H3.3 incorporation. This should be equivalent
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to C57Bl/6 controls. It must be determined if Hira is misexpressed in certain

cell types of the Mtrr+/+F1 generation embryo, particularly PGCs. RT-qPCR,

immunohistochemistry and/or ChIP-seq should then be used to determine

Hira mRNA expression, HIRA protein levels and H3.3 levels in F1 genera-

tion oocytes. If the hypothesis we present is correct, differences should be

detected between F1 oocytes and C57Bl/6 control oocytes. The epigenome

of F1 generation embryos and oocytes, including histone modification, DNA

methylation and sncRNA profiles, should be examined to determine if there

is indeed epigenetic instability. A similar analysis to that performed in the F1

generation should then be performed in F2 and F3 generation tissues to identify

functionally relevant changes in chromatin structure and epigenetic instability.

We would like to establish if oocyte specific disruption of HIRA is required

for the phenotypes in the F2 generation. As such, the presence or absence of

phenotypes in F2 generation embryos at E10.5 derived from Mtrr+/+F1 sperm

and C57Bl/6 oocytes should be assessed. This cross has previously not been

performed and will demonstrate the effect of paternal grandpaternal Mtrr de-

ficiency.

This hypothesis should also be tested and explored outside the Mtrr+/gt

maternal grandfather pedigree. Firstly, the role of Hira could be investigated

in the maternal grandmother pedigree (Chapter 1, Figure 1.6). In particular,

HIRA and H3.3 levels in oocytes of Mtrr+/gtmaternal grandmothers (F0) should

be assessed. Next, we need to establish what drives Hira misexpression in F2

and F3 generation embryos. To begin to explore the role of epigenetic instability

in establishing the misexpression of Hira, Hira expression could be assessed in

Dnmt knock-out mice (e.g Dnmt3L-/- mice or Dnmt3a-/-/Dnmt3b-/- double knock-

outs). Interestingly, Dnmt3L-/- mice also have similar embryonic phenotypes

to Hira-/- mice (Hata et al., 2002). Additionally, miRNA-124 has been shown

to modulate Hira expression in neurites (Yu et al., 2008). We did not observe

miRNA-124 misexpression in Mtrrgtsperm, but perhaps Hira may be regulated

by different sncRNA species in sperm or the early embryo. The regulation of

Hira by sncRNAs should be explored in vitro. Candidate regulatory sncRNAs

identified bioinformationally could be depleted using RNAi-based approaches.

It would be interesting to determine if Hira mRNA misexpression or abnormal
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HIRA function is a common consequence of low-methyl group availability or

a Mtrr-specific effect. Hira expression should be assessed in other abnormal

folate metabolism models, in mice fed a folate-deficient diet or in embryonic

stem cells grown in folate-deficient medium. Furthermore, whether trans-

generational inheritance of developmental phenotypes occurs in the wildtype

progeny and grandprogeny of Hira+/- mice has not been established and should

be investigated. These experiments should help elucidate if HIRA does indeed

play a role in the inheritance of embryonic abnormalities in the Mtrrgtmodel.

8.2.5 rDNA mediated transgenerational inheritance in the Mtrrgt

model

We recognise that genetic and epigenetic variation associated with rDNA could

possibly contribute to the inheritance of phenotypes observed in Mtrrgtmice.

Rn45s is the pre-ribosomal RNA transcript encoded in the genome. Interest-

ingly, we observed differential methylation at the Rn45s promoter in Mtrr+/gtand

Mtrrgt/gtsperm and tissue specific downregulation of Rn45s in F1, F2 and F3 em-

bryos (Chapter 6, Figure 6.5). Interestingly, a DMR associated with Rn45s was

also identified in sperm of males exposed to in utero undernutrition (Radford

et al., 2014). rDNA is associated with copy number variation and epigenetic

variation between inbred individuals (Shea et al., 2015). There are some who

believe, although with scant evidence, that all transgenerational epigenetic

inheritance may result from unmapped induced polymorphisms in the ribo-

somal DNA (Bughio and Maggert, 2018). Mtrrgtmice could be an ideal model

to elucidate the link between rDNA and TEI further. However, studying the

rDNA locus is challenging even with modern molecular genetic approaches

(Bughio and Maggert, 2018).

Intriguingly, there are several studies that suggest a possible link between

HIRA and ribosomal-RNA. HIRA has been linked to the repression of rRNA

transcription in S. cerevisiae (Neumuller et al., 2013). Conversely, HIRA-dependent

rRNA transcription has been shown to be vital for the first cleavage division

in mouse zygotes (Lin et al., 2014). This raised a possibility that the de-

creased Rn45s expression observed in Mtrr+/+F2 and F3 generation embryos

was a downstream consequence of decreased Hira expression. However the
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downregulation of Rn45s in F1 embryos in which Hira mRNA expression is

equivalent to C57Bl/6 controls challenges this prediction. Although, if HIRA

activity or function were abnormal despite normal mRNA expression in F1

embryos, this could perhaps lead to decreased Rn45s expression. Assessing

Rn45s expression in Hira-/- embryos could help determine if Hira does play a

role in the regulation of Rn45s. Probing this link between ribosomal-RNA and

HIRA could help explicate the mechanisms of TEI in the Mtrrgtmodel

8.3 Epigenetic inheritance via the maternal line

This study has focused on inheritance initiated by Mtrr heterozygosity in the

maternal grandfather. Inheritance of developmental abnormalities also occurs

in the Mtrr+/gtmaternal grandmother pedigree. Studying the maternal grand-

mother pedigree is more challenging. Embryo transfer and IVF experiments

are required to demonstrate that the inheritance of congenital malformations is

independent of the maternal uterine environment (Padmanabhan et al., 2013).

As we have identified differential methylation in Mtrr sperm, it would be inter-

esting to perform a similar analysis in oocytes. This would allow us to ascertain

if the Mtrrgtmutation leads to similar alterations in epigenetic patterns in both

male and female germ cells. Although the methylation profiles of oocytes and

sperm are quite distinct, the phenotypes and phenotypic frequencies seen in the

wildtype grandprogeny of the Mtrrgttransgenerational pedigrees are similar

regardless of whether the maternal grandparent is male or female. This might

suggest differential DNA methylation, would be similar in sperm and oocytes.

Likewise, ncRNA and histone modifications should also be profiled in oocytes.

While technically more challenging than studying the sperm epigenome, com-

paring the epigenetic profiles of sperm and oocytes in the Mtrrgtmodel may

highlight common molecular pathways that mediate inheritance of develop-

mental phenotypes.

8.4 Variability in the Mtrrgtmodel

A strikingly feature of the Mtrrgtmodel is the large degree of phenotypic vari-

ability between individuals. For example, a Mtrr+/+F2 generation litter at E10.5,
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derived form a Mtrr+/gtgrandparent, may be composed of entirely phenotyp-

ically normal embryos, entirely of embryos with a range of developmental

phenotypes or a mixture of both (Padmanabhan et al., 2013). This phenotypic

variability has been attributed to epigenetic variability between individuals.

Mtrr deficiency may lead to stochastic epigenetic changes across the genome.

However, at the sperm DMRs we identified, methylation appeared to be highly

correlated between individuals at all bar a few exceptional loci (Chapter 5,

Figures 5.8 and 5.9). The approach used to identify DMRs is however most

likely to find those regions commonly differentially methylated. Other regions

of the genome may show more variability in DNA methylation.

Epigenetic variability may also not be apparent within a population of cells

but may become clear at a single cell level. Indeed, the percentage methylation

at a CpG site detected using bisulfite pyrosequencing can crudely indicate

variability in methylation, either between the maternal and paternal alleles or

between cells within a population. This is because DNA methylation can be

considered binary (Prochenka et al., 2015). Each CpG site can be either methy-

lated or unmethylated. For example, in a somatic tissue, 50% methylation at

a CpG site could represent one methylated and one unmethylated allele in all

cells (as seen at imprinted loci). However, 50% methylation at a CpG site may

also represent that 50% of cells in a population had both alleles methylated

while the other 50% of cells had both alleles unmethylated. Germ cells are

haploid. Therefore the level of germ cell DNA methylation represents varying

proportions of germ cells with either a methylated or unmethylated cytosine

at each locus. Therefore, as we identified CpG sites in sperm with neither 0%

nor 100% methylation, there was variability in the methylation status within

the sperm population of an individual male. Each sperm will become one

individual. Therefore, if germ cell DNA methylation is able to influence off-

spring phenotypes, variable methylation might be expected to lead to variable

penetrance of phenotypes across littermates (Shea et al., 2015). Perhaps this

may account for the variable occurrence of developmental phenotypes in the

Mtrrgtmodel. Variability in histone modifications and ncRNA profiles may also

be present and should be assessed in the Mtrrgtmodel. Single-cell epigenome

analysis approaches could be used to investigate this. Ideally, the epigenomic
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profile of a single sperm and the offspring derived from it would be deter-

mined. As this is not possible, correlating single cell epigenome information to

phenotypes will remain challenging.

8.5 The Mtrrgtmodel as a TEI paradigm

In this thesis we demonstrate that differential methylation identified in sperm

is not maintained in offspring tissues and is likely reprogrammed in the blas-

tocyst. This supports a growing body of evidence that suggests that DNA

methylation is not directly inherited between generations (Radford et al., 2014;

Iqbal et al., 2015; Blewitt et al., 2006; Kazachenka et al., 2018). As such, our

data argues against so called replicative inheritance (Chapter 1, Figure 1.2).

The reconstruction model of inheritance suggests that epigenetic marks re-

sponsible for a phenotype undergo normal reprogramming in the germline

and zygote but are then reestablished in each successive generation (Jablonka,

2013). However, we do not observe a reestablishment of abnormal DNA

methylation at loci differentially methylated in sperm in offspring tissues. This

does not preclude that differential methylation may be established at other

genomic loci in offspring tissues. Indeed epigenetic instability, in the form of

global DNA hypomethylation and locus specific DNA dysregulation, has been

observed in Mtrr+/+F2 placentas at E10.5 derived from a Mtrr+/gtgrandparent

(Padmanabhan et al., 2013). Locus specific whole-methylome analysis of F1

and F2 tissues should be performed. Therefore, our data does not entirely

support the hypothesis of reconstructive inheritance. We suggest widening the

scope of reconstructive inheritance to include general inheritance of epigenetic

instability over several generations. This would best fit the Mtrrgtmodel. The

lack of overlap between epigenetic changes identified in F1 rats exposed to

vinclozolin in utero and the unexposed F3 generation also supports the idea

that there is a general inheritance of epigenetic instability in TEI models.

We tried to conduct this research in such as way as to minimise confounding

factors and to address criticisms generally levied at TEI models (outlined in

Chapter 1). Firstly, we directly address the potential for genetic inheritance in

the Mtrrgtmodel using whole genome sequencing. We believe this is the most

thorough analysis of a potential genetic contribution that has been performed
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in any TEI model. Previously, the potential for a genetic contribution in TEI

models has only been considered in Avy mice, by sequencing a pair of litter-

mates (Oey et al., 2015), and in F3 generation sperm of rats ancestrally exposed

to vinclozolin using a genome-wide tiling array approach to identify CNVs

(Skinner et al., 2015). Importantly, we were also able to use the whole genome

sequencing data to determine if differential DNA methylation identified in

sperm was likely secondary to genetic mutations. Secondly, we chose to use

non-pooled samples for MeDIP-seq and sncRNA-seq analysis in order to allow

us to identify inter-individual variability. While this could still be explored fur-

ther, we show that generally inter-indervidual variability in DNA methylation

is low at DMRs. Thirdly, sperm samples for MeDIP-seq and sncRNA-seq were

collected from littermate and non-littermate males allowing littermate effects

to be considered. We have not extensively explored potential littermate effects,

however no overt bias as a result of littermate status was observed in the data.

Fourthly, when considering inheritance of DNA methylation, we assessed the

unexposed F2 and F3 generations thus considering a true transgenerational

inheritance effect. Finally, we have begun an examination of interaction be-

tween epigenetic mechanisms by profiling DNA methylation and ncRNAs in

the Mtrrgtmodel. Histone modifications should be assessed to complete the full

picture of the epigenetic landscape of sperm in the Mtrrgtmodel.

However, we did not successfully exclude all confounders in this study. All

F1 and F2 generations studied were conceived naturally. Male mate choice ef-

fects and seminal fluid composition may influence offspring outcomes (Drick-

amer et al., 2003; Watkins et al., 2018). This could be excluded by using IVF

to generate all F1 and F2 generations. However, we are conscious that in vitro

manipulation techniques may lead to alterations in the epigenetic landscape

of the offspring and thus introduce a further confounding factor (Ventura-Junc

et al., 2015; Canovas et al., 2017). Furthermore, we have yet to accurately corre-

late any epigenetic changes identified in the Mtrrgtmodel to the developmental

phenotypes observed. Performing experiments to assess if Hira misexpression

leads to functionally relevant changes in chromatin structure may be the first

step to addressing this question. Likewise, microinjection studies of misex-

pressed sncRNA should be performed. In the future targeted epimutagenesis
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could be used to demonstrate a causal link between any epimutations identi-

fied and offspring phenotypes. Systems such as TALE-TET1-fusions (Maeder

et al., 2013) and CRISPR-Cas9-based actelytransferase enzymes (Hilton et al.,

2015) could be used to generate or remove an epimutation. Recapitulation

or rescue of the phenotypes expected would suggest a causal role for that

epigenetic mark.

8.6 Using the Mtrrgtmodel to understand the role of
folate in offspring health

The findings of our study add to the large body of conflicting evidence explor-

ing the role of folate on male fertility, genetic stability, DNA methylation, and

offspring health. We observed a mild testes phenotype and normal fertility

in the Mtrrgt model. This is consistent with a model of dietary folate defi-

ciency in C57Bl/6 mice (Lambrot et al., 2013), but a milder testes phenotype

than observed in Mthfr knock-out mice (Kelly et al., 2005; Chan et al., 2010).

We report that the Mtrrgtmutation likely does not lead to genetic instability,

although further genetic analysis is required. This finding adds weight to

evidence that folate deficiency does not lead to increased mutation rates (Choi

et al., 1998; Voutounou et al., 2012) but directly conflicts other reports (Blount

et al., 1997; Swayne et al., 2012). Furthermore, our data supports existing

evidence that folate is required for DNA methylation in sperm (Lambrot et al.,

2013; Chan et al., 2010). Overall, there may be some commonality between

the impact of the Mtrrgtmutation, dietary folate-deficiency and other models of

abnormal metabolism on testes morphology and function, genetic stability and

DNA methylation. However, complexities and conflicts arise from exposure or

mutation specific effects and technical variation. This makes drawing general

conclusions about the role of folate impossible from a single study.

We identify several other novel epigenetic candidates that may play a role

in phenotypic inheritance in Mtrrgtmice that should be explored in other mod-

els of abnormal folate metabolism or dietary folate deficiency. sncRNAs are

misexpressed in sperm of the Mtrrgtmodel and we observed that the RNA

methyltransferase Dnmt2 is down-regulated in the epididymis. sncRNAs, po-
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tentially with specific sncRNA modifications, can be taken up by sperm from

the epididymis (Vojtech et al., 2014). Expression of ncRNAs, and their modifi-

cation profiles, should be examined in folate-deficient mice and other models

of abnormal folate metabolism. We propose that Hira misexpression may be a

crucial factor driving phenotypes in the Mtrrgtmodel. It will be important to

identify if Hira is also dyresgulated in other models of dietary folate deficiency

or abnormal folate metabolism. Furthermore, it will be interesting to examine

if transgenerational inheritance occurs following dietary folate deficiency or

in the wildtype offspring generations of models in which folate metabolism is

disrupted by genetic mutations.

8.7 Implications of TEI following abnormal folate
metabolism

Folate deficiency if a relatively common problem among women of child bear-

ing age, particularly in countries without mandatory fortification or widespread

use of supplementation. For example, in Belize almost 50% of women of

child bearing age had folate insufficiency (Rosenthal et al., 2017). Furthermore,

polymorphisms in folate metabolism enzymes are prevalent in some human

populations, although their frequency varies with ethnicity and geographical

location (Hiraoka and Kagawa, 2017). It will be vital to perform epidemiolog-

ical studies on folate-deficient populations and those with polymorphisms in

genes such as Mthfr and Mtrr to determine if transgenerational inheritance of

developmental abnormalities occurs in human populations. It is also coming

to a time when we can begin to assess the impact of folic acid fortification

programmes established in many countries in the late 1990s. The grandchildren

of those women first consuming folic acid fortified foods, who were exposed to

fortification in utero as germ cells, are beginning to be born. It will be interesting

to observe if there is a greater reduction in the occurrence of birth defects

than would be expected with direct fortification/supplementation of the F1

generation alone owing to a grand-parental effect. Further studies should also

be conducted exploring the role of male folate status on offspring health in

humans. In mice, there is evidence that abnormal folate metabolism in the
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maternal grandfather or paternal folate deficiency can impact offspring health

(Padmanabhan et al., 2013; Lambrot et al., 2013). Perhaps studies could evalu-

ate if folate supplementation should be recommended to males whose partners

are trying to conceive. With the recent announcement that the UK government

will begin consultations on the fortification of flour with folic acid (October

2018), now may be a prime time to begin these investigations. The impact of a

fortification programme in the UK, if introduced, should be monitored closely

over several generations. Developing a complete picture of how folate impacts

offspring health over multiple generations may impact how we act to mitigate

the inheritance of disease in the future.
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9.1 MEDIPS script

This is a generalised version of the script used to perform differenital methyla-

tion analysis using the MEDIPS package in R (Lienhard et al., 2014).

# !/usr/local/bin/Rscript

# Analysis R-Script for MEDIPS Template

# Author: Gina Blake, based on script By Russell Hamilton

# source(”http://bioconductor.org/biocLite.R”)

# biocLite(”MEDIPS”)

library(”MEDIPS”)

# biocLite(”BSgenome.Mmusculus.UCSC.mm10”)

library(”BSgenome.Mmusculus.UCSC.mm10”)

seqlengths(BSgenome.Mmusculus.UCSC.mm10)

# Set the current working directory where the bam files are

wd < - ”/Users/..”

setwd(wd)

# Some MeDIPs specific options

BSgenome = ”BSgenome.Mmusculus.UCSC.mm10”

uniq = 1e-3

extend = 300

ws = 500

shift = 0

chr.select = c(”chr1”, ”chr2”, ”chr3”, ”chr4”, ”chr5”, ”chr6”, ”chr7”, ”chr8”,

”chr9”, ”chr10”, ”chr11”, ”chr12”, ”chr13”, ”chr14”, ”chr15”, ”chr16”, ”chr17”,

”chr18”, ”chr19”, ”chrX”, ”chrY”)
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# Load in the bam files

# Group 1: C57 (sample 7 excluded)

Sample1 = ”.bam”

Sample2 = ”.bam”

Sample3 = ”.bam”

Sample4 = ”.bam”

Sample5 = ”.bam”

Sample6 = ”.bam”

Sample8 = ”.bam”

# Group 2: Mtrr (Mtrr+/+, Mtrr+/gtor Mtrrgt/gtsamples)

Sample a = ”.bam”

Sample b= ”.bam”

Sample c= ”.bam”

Sample d= ”.bam”

Sample e= ”.bam”

Sample f= ”.bam”

Sample g= ”.bam”

Sample h= ”.bam”

C57 bam <- c( Sample1, Sample2, Sample3, Sample4, Sample5, Sample6, Sam-

ple8)

Mtrr bam <- c( Sample a, Sample b, Sample c, Sample d, Sample e, Sample f,

Sample g, Sample h)

# Saturation QC Plots

# C57
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sr1=MEDIPS.saturation(file= C57 bam , BSgenome = BSgenome, extend = ex-

tend, shift = shift, uniq = uniq, window size = ws, nit=10, nrit=1, empty ins=TRUE,

rank=TRUE, paired = TRUE)

MEDIPS.plotSaturation(sr1)

# Mtrr

sr2=MEDIPS.saturation(file= Mtrr bam , BSgenome = BSgenome, extend = ex-

tend, shift = shift, uniq = uniq, window size = ws, nit=10, nrit=1, empty bins=TRUE,

rank=TRUE, paired = TRUE)

MEDIPS.plotSaturation(sr2)

# Sequence pattern (”CG”) coverage analysis to plot Pie charts and histograms

# C57

for(i in 1:length(C57 bam))

{
cr = MEDIPS.seqCoverage(file = C57 bam[i], pattern = ”CG”, BSgenome =

BSgenome, chr.select = chr.select, extend = extend, shift = shift, uniq =uniq)

pdf(paste(wd,as.character(C57 bam[i]),” coveragePie.pdf”,sep=””),

width=7, height=7) MEDIPS.plotSeqCoverage(seqCoverageObj = cr, type =

”pie”, cov.level = c(0, 5, 10, 20, 25, 50, 100, 250))

dev.off()

pdf(paste(wd,as.character(C57 bam[i]),” coverageHist.pdf”,sep=””), width=7,

height=7)

MEDIPS.plotSeqCoverage(seqCoverageObj = cr, type = ”hist”, t = 100, main =

”Sequence pattern coverage, histogram”)

dev.off()
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}

# Mtrr

for(i in 1:length(Mtrr bam))

{
cr = MEDIPS.seqCoverage(file = Mtrr bam[i], pattern = ”CG”, BSgenome =

BSgenome, chr.select = chr.select, extend = extend, shift = shift, uniq =uniq)

pdf(paste(wd,as.character(Mtrr bam[i]),” coveragePie.pdf”,sep=””), width=7,

height=7)

MEDIPS.plotSeqCoverage(seqCoverageObj = cr, type = ”pie”, cov.level = c(0,

5, 10, 20, 25, 50, 100, 250))

dev.off()

pdf(paste(wd,as.character(Mtrr bam[i]),” coverageHist.pdf”,sep=””), width=7,

height=7)

MEDIPS.plotSeqCoverage(seqCoverageObj = cr, type = ”hist”, t = 100, main =

”Sequence pattern coverage, histogram”)

dev.off()

}

# CpG Enrichment analysis

# C57

er1 = MEDIPS.CpGenrich(file = Sample1, BSgenome = BSgenome,chr.select =

chr.select, extend = extend, shift = shift, uniq = uniq)

er2 = MEDIPS.CpGenrich(file = Sample2, BSgenome = BSgenome,chr.select =

chr.select, extend = extend, shift = shift, uniq = uniq)

er3 = MEDIPS.CpGenrich(file = Sample3, BSgenome = BSgenome,chr.select =

chr.select, extend = extend, shift = shift, uniq = uniq)

er4 = MEDIPS.CpGenrich(file = Sample4, BSgenome = BSgenome,chr.select =
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chr.select, extend = extend, shift = shift, uniq = uniq)

er5 = MEDIPS.CpGenrich(file = Sample5, BSgenome = BSgenome,chr.select =

chr.select, extend = extend, shift = shift, uniq = uniq)

er6 = MEDIPS.CpGenrich(file = Sample6, BSgenome = BSgenome,chr.select =

chr.select, extend = extend, shift = shift, uniq = uniq)

er7 = MEDIPS.CpGenrich(file = Sample8, BSgenome = BSgenome,chr.select =

chr.select, extend = extend, shift = shift, uniq = uniq)

# Mtrr

er8 = MEDIPS.CpGenrich(file = Sample a, BSgenome = BSgenome,chr.select =

chr.select, extend = extend, shift = shift, uniq = uniq)

er9 = MEDIPS.CpGenrich(file = Sample b, BSgenome = BSgenome,chr.select =

chr.select, extend = extend, shift = shift, uniq = uniq)

er10 = MEDIPS.CpGenrich(file = Sample c, BSgenome = BSgenome,chr.select =

chr.select, extend = extend, shift = shift, uniq = uniq)

er11 = MEDIPS.CpGenrich(file = Sample d, BSgenome = BSgenome,chr.select

= chr.select, extend = extend, shift = shift, uniq = uniq)

er12 = MEDIPS.CpGenrich(file = Sample e, BSgenome = BSgenome,chr.select =

chr.select, extend = extend, shift = shift, uniq = uniq)

er13 = MEDIPS.CpGenrich(file = Sample f, BSgenome = BSgenome,chr.select =

chr.select, extend = extend, shift = shift, uniq = uniq)

er14 = MEDIPS.CpGenrich(file = Sample g, BSgenome = BSgenome,chr.select =

chr.select, extend = extend, shift = shift, uniq = uniq)

er15 = MEDIPS.CpGenrich(file = Sample h, BSgenome = BSgenome,chr.select =

chr.select, extend = extend, shift = shift, uniq = uniq)

# MSET Group 1 (C57)

C57.MSET = MEDIPS.createSet(file = Sample1, BSgenome = BSgenome,

extend = extend, shift = shift, uniq = uniq, window size = ws, chr.select =

chr.select, paired =TRUE)
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C57.MSET = c(C57.MSET, MEDIPS.createSet(file = Sample2, BSgenome =

BSgenome, extend = extend, shift = shift, uniq = uniq, window size = ws,

chr.select = chr.select, paired =TRUE))

C57.MSET = c(C57.MSET, MEDIPS.createSet(file = Sample3, BSgenome =

BSgenome, extend = extend, shift = shift, uniq = uniq, window size = ws,

chr.select = chr.select, paired =TRUE))

C57.MSET = c(C57.MSET, MEDIPS.createSet(file = Sample4, BSgenome =

BSgenome, extend = extend, shift = shift, uniq = uniq, window size = ws,

chr.select = chr.select, paired =TRUE))

C57.MSET = c(C57.MSET, MEDIPS.createSet(file = Sample5, BSgenome =

BSgenome, extend = extend, shift = shift, uniq = uniq, window size = ws,

chr.select = chr.select, paired =TRUE))

C57.MSET = c(C57.MSET, MEDIPS.createSet(file = Sample6, BSgenome =

BSgenome, extend = extend, shift = shift, uniq = uniq, window size = ws,

chr.select = chr.select, paired =TRUE))

C57.MSET = c(C57.MSET, MEDIPS.createSet(file = Sample8, BSgenome =

BSgenome, extend = extend, shift = shift, uniq = uniq, window size = ws,

chr.select = chr.select, paired =TRUE))

# MSET Group 2 (Mtrr)

Mtrr.MSET = MEDIPS.createSet(file = Sample a, BSgenome = BSgenome,extend

= extend, shift = shift, uniq = uniq, window size = ws, chr.select = chr.select)

Mtrr.MSET = c(Mtrr.MSET, MEDIPS.createSet(file = Sample b, BSgenome =

BSgenome,extend = extend, shift = shift, uniq = uniq, window size = ws,chr.select

= chr.select, paired =TRUE))
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Mtrr.MSET = c(Mtrr.MSET, MEDIPS.createSet(file = Sample c, BSgenome =

BSgenome,extend = extend, shift = shift, uniq = uniq, window size = ws,chr.select

= chr.select, paired =TRUE))

Mtrr.MSET = c(Mtrr.MSET, MEDIPS.createSet(file = Sample d, BSgenome =

BSgenome,extend = extend, shift = shift, uniq = uniq, window size = ws,chr.select

= chr.select, paired =TRUE))

Mtrr.MSET = c(Mtrr.MSET, MEDIPS.createSet(file = Sample e, BSgenome =

BSgenome,extend = extend, shift = shift, uniq = uniq, window size = ws,chr.select

= chr.select, paired =TRUE))

Mtrr.MSET = c(Mtrr.MSET, MEDIPS.createSet(file = Sample f, BSgenome =

BSgenome,extend = extend, shift = shift, uniq = uniq, window size = ws,chr.select

= chr.select, paired =TRUE))

Mtrr.MSET = c(Mtrr.MSET, MEDIPS.createSet(file = Sample g, BSgenome =

BSgenome,extend = extend, shift = shift, uniq = uniq, window size = ws,chr.select

= chr.select, paired =TRUE))

Mtrr.MSET = c(Mtrr.MSET, MEDIPS.createSet(file = Sample h, BSgenome =

BSgenome,extend = extend, shift = shift, uniq = uniq, window size = ws,chr.select

= chr.select, paired =TRUE))

MSet List = c(C57.MSET, Mtrr.MSET)

# Calculate coupling vector for CpG density dependent normalization of MeDIP-

seq data

CS.C57 = MEDIPS.couplingVector(pattern = ”CG”, refObj = C57.MSET)

# Export wiggle file for the coupling set



321

MEDIPS.exportWIG(CSet = CS.C57, file = ”CS.C57.wig”, format = ”pdensity”,

descr = ”Coupling Plot CS.C57”)

# Calculate and plot a calibration curve

for(i in 1:length(Mtrr.MSET))

{
MEDIPS.plotCalibrationPlot(MSet = Mtrr.MSET[[i]], CSet = CS.C57, main=

”Calibrationplot.Mtrr”, plot chr = ”all”, rpkm = TRUE, xrange = TRUE)

dev.off()

}

# Differential methylation between two conditions

mr.edgeR = MEDIPS.meth(MSet1 = C57.MSET, MSet2 = Mtrr.MSET, CSet =

CS.C57, p.adj = ”bonferroni”, diff.method = ”edgeR”, MeDIP = T, CNV = F,

minRowSum = 1)

# Select significant windows

mr.edgeR.s = MEDIPS.selectSig(results = mr.edgeR, p.value = 0.01, adj = T, ratio

= NULL, bg.counts = NULL, CNV = F)

dm1=mr.edgeR.s$edgeR.adj.p.value<0.01

dm2=mr.edgeR.s$edgeR.p.value<0.01

write.table(mr.edgeR.s[which(dm1),], paste(wd,”filename.tsv”,sep=””), sep=”t”,

quote=F, row.names=F, col.names=T)

# Gain in Group.1 over Group.2

mr.edgeR.s.gain = mr.edgeR.s[which(mr.edgeR.s[, grep(”logFC”,

colnames(mr.edgeR.s))] > 0), ]

mr.edgeR.s.gain.m = MEDIPS.mergeFrames(frames=mr.edgeR.s.gain, distance=1)
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dm1=mr.edgeR.s.gain.m$edgeR.adj.p.value<0.01

dm2=mr.edgeR.s.gain.m$edgeR.p.value<0.01

write.table(mr.edgeR.s.gain.m[which(dm1),], paste(wd,”filename.tsv”,sep=””),

sep=”t”, quote=F, row.names=F, col.names=T)

# Loss in Group.1 over Group.2

mr.edgeR.s.loss = mr.edgeR.s[which(mr.edgeR.s[, grep(”logFC”,

colnames(mr.edgeR.s))] < 0), ]

mr.edgeR.s.loss.m = MEDIPS.mergeFrames(frames=mr.edgeR.s.loss, distance=1)

dm1=mr.edgeR.s.loss.m$edgeR.adj.p.value<0.01

dm2=mr.edgeR.s.loss.m$edgeR.p.value<0.01

write.table(mr.edgeR.s.loss.m[which(dm1),],paste(wd,”filename.tsv”,sep=””),

sep=”t”, quote=F, row.names=F, col.names=T)

# END OF SCRIPT
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26.1 INTRODUCTION
It is becoming clear that the environment in which we live influences our health and potentially the
health of our descendants. Although environmental insults can lead to beneficial or disease-causing
genetic mutations, inheritance is rare making it difficult for adaptation to keep pace with a rapidly
fluctuating environment. Furthermore, there are many noncommunicable diseases in which a genetic
cause is not present or not yet identified. An alternative mode of inheritance called “epigenetic
inheritance” is quickly coming into the forefront as a mechanism for the inheritance of non-
communicable diseases and predicting disease risk.

The epigenome is known to be responsive to environmental conditions (e.g., available nutrients,
presence of toxicants, etc.) and, therefore, it is an excellent candidate to explain swift adaptation of
populations to ever-changing surroundings. Epigenetic inheritance involves germline transmission of
epigenetic “information” from one generation to the next, independent of the DNA base sequence.
Currently, very little is understood regarding the mechanism of epigenetic inheritance because it was
only recently discovered that epigenetic marks, such as DNA methylation, are not entirely wiped clean
between each generation.

Although human populations have demonstrated increased disease risk on exposure of the parental
or grandparental generations to environmental stressors, we do not understand the extent to which
epigenetic information is inherited because very few epigenetic studies have been completed.
Identifying a mechanism for epigenetic inheritance is challenging because it is difficult to separate
genetic influences and parental physiology from inherited epigenetic factors. As a result, researchers
have turned to plant and animal models to control for these confounding factors. There are an
increasing number of exciting models of epigenetic inheritance that we, as researchers, can mecha-
nistically explore. A greater mechanistic understanding of epigenetic inheritance will impact how
disease prevention and prediction is approached.

26.2 DEFINING EPIGENETIC INHERITANCE
Epigenetic inheritance is the transmission of information between generations independent of the
DNA base sequence [1,2]. DNAmethylation, histone modifications, and noncoding RNA (ncRNA) are
postulated as epigenetic vectors of information that can be carried in the germline to mediate
epigenetic inheritance [1]. These factors are responsive to environmental stressors [1], allowing
environmentally induced epigenetic changes to potentially be inherited via the germline. However, the
mechanism remains unclear.
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Exposure to an environmental stressor may induce epigenetic changes in the first generation
(parental generation [F0]), leading to an increased susceptibility to certain phenotypes in subsequent
generations (first filial generation [F1], second filial generation [F2], third filial generation [F3], etc.),
even though they are not exposed to the environmental insult themselves [3]. We define this as
transgenerational inheritance if phenotypes and/or epigenetic factors that cause the phenotypes persist
into at least the F2 generation when inherited via the paternal lineage and at least the F3 generation
when inherited via the maternal lineage [1,4] (Fig. 26.1). This is because exposure of a pregnant
female (i.e., the F0 generation) to an environmental stressor results in the direct exposure of the fetus
(i.e., the F1 generation) and its developing germ cells (i.e., the future F2 generation) to the insult. In
this case, maternal physiology or direct exposure of the fetus or germ cells to the stressor cannot be
excluded as a contributor to the phenotype or epimutation. As a result, inheritance up to the F2
generation in the maternal lineage is known as intergenerational inheritance (Fig. 26.1A). Trans-
generational inheritance occurs when phenotypes persist to the F3 generation and beyond because
these generations are not directly exposed to the insult (Fig. 26.1A). In the paternal lineage, exposure
of an F0 male to an environmental insult also directly exposes his germ cells that will form the future
F1 generation. Therefore, inheritance of the phenotype or epimutation to the F1 generation via the
paternal lineage is termed intergenerational inheritance (Fig. 26.1B). Observation of the phenotype or
altered epigenetic pattern in the F2 generation and beyond is considered to be transgenerational
epigenetic inheritance because these individuals are not directly exposed to the environmental stressor
(Fig. 26.1B).

To understand mechanisms of transgenerational epigenetic inheritance, it is vital to first understand
the inheritance of epigenetic information from parent to child. Only then can we determine whether
similar mechanisms are responsible for inheritance over subsequent generations. Many researchers
using mammalian models focus on paternal inheritance because this allows the exclusion of con-
founding factors, such as the in utero environment and maternal care of the offspring, which are known
to contribute to disease in the offspring (reviewed in Ref. [5]). Sperm passes on only genetic and
epigenetic material to the offspring. However, additional subtle male influences also need to be
considered, including seminal fluid composition and microbiome [6] and mate choice [7], which
together may influence offspring health. Furthermore, genetic stability is intricately linked to epige-
netic effects. It is affected by mutagenic chemicals (e.g., cigarette smoke) and represents an important
potential cofounder in models of transgenerational epigenetic inheritance (see Section 26.13).
Therefore, researchers must be mindful when designing experiments in animal models to study the
mechanisms involved in epigenetic inheritance [8].

26.3 MULTIGENERATIONAL INHERITANCE OF HUMAN DISEASE
Although there is evidence that epigenetic inheritance may occur in human populations, multigen-
erational studies in humans are limited because of long generation times, widespread genetic diversity,
and the availability of stringent information or tissue samples. Very few studies conclusively show
epigenetic inheritance of disease let alone persistence of disease phenotypes over multiple generations.
However, data showing parent-to-child transmission of disease risk is useful and might help us tease
apart direct effects from epigenetic inheritance effects. Cohorts supporting the existence of epigenetic
inheritance in humans focus on the effects of environmental stressors, such as poor nutrition (e.g.,
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FIGURE 26.1 Intergenerational and Transgenerational Epigenetic Inheritance.

Epigenetic inheritance is induced by exposure of the parental (F0) generation to an environmental stressor (e.g.,
poor nutrition, toxicants, psychological stress, etc.; represented by lightning bolt) resulting in phenotypes and/or
epimutations (represented by yellow star) that are inherited by subsequent generations (e.g., F1, F2, F3, etc.).
Intergenerational epigenetic inheritance involves the appearance of phenotypes and/or epimutations in genera-

tions in which direct exposure of the stressor cannot be ruled out as a cause. Transgenerational epigenetic in-
heritance involves phenotypes and/or epimutations that persist in generations that are not directly exposed to the
stressor. The number of generations that are required to pass before inheritance is considered to be trans-
generational depends on whether inheritance is through the maternal or paternal lineage. (A) In the maternal
lineage, exposure to an environmental stressor while an F0 female (pink) is pregnant results in direct exposure of
the mother, fetus (the F1 generation; purple), and the fetus’ developing primordial germ cells (the future F2
generation; orange) to the insult. If a phenotype or epimutation appears only until the F2 generation, it is termed
intergenerational inheritance because a uterine factor or direct exposure to the stressor cannot be ruled out as a
cause. The persistence of phenotypes and/or epimutations into the F3 generation (green) and beyond is considered
transgenerational epigenetic inheritance because these individuals were not directly exposed to the insult,
themselves. Instead, it is hypothesized that an abnormal epigenetic factor is inherited through the germline. (B) In

the paternal lineage, F0 male (blue) exposure to an environmental stressor also directly exposes his germ cells (the
future F1 generation; purple) to the insult. Therefore, observation of a phenotype or epimutation up to the F1
generation is termed intergenerational inheritance. If a phenotype and/or epimutation is observed in the F2
generation (orange) and beyond, this is this considered transgenerational inheritance because these individuals
have not been directly exposed to the environmental stressor, themselves. F0, parental generation; F1, first filial
generation; F2, second filial generation; F3, third filial generation.
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famine or excess nutrients), environmental pollutants (e.g., smoking, toxicant exposure), and psy-
chological insults (e.g., stress). Little is known about the molecular mechanism behind such findings,
which is why studying animal and plant models is important. The most prominent findings of human
multigenerational inheritance of disease are summarized below.

26.4 POTENTIAL STRESSORS LEADING TO EPIGENETIC INHERITANCE
IN HUMANS

26.4.1 NUTRITION
David Barker and colleagues correlated fetal and placental weights with increased risk for cardio-
vascular disease and diabetes later in life, establishing the theory of the developmental origins of
health and disease (Box 26.1) [9]. This theory suggests that the intrauterine environment in which the
fetus is exposed (e.g., famine or a high-fat diet) will “developmentally program” the offspring leading
to increased disease risk later in life. Initial investigations into the role of nutrition in fetal
programming mainly focused on the Dutch Hunger Winter, which was a famine that occurred in
Amsterdam from October 1944 to May 1945. Food rations with low nutritional value allocated to
pregnant women resulted in sharp drop in infant birth weights [15,16], and remarkably, an increased
risk for cardiovascular disease and metabolic syndrome later in adult life [12,13,17]. Increased disease
risk can depend on the timing of in utero exposure (i.e., first trimester vs. third trimester). For example,
the prevalence of type 2 diabetes was increased when babies were exposed to famine in the Ukraine
during the first half of pregnancy compared with the second half of pregnancy [18]. In Austria, the
number of people with type 2 diabetes peaked after times of famines (1918e19, 1938, and 1946e47)
when they were exposed to undernutrition in utero during the first half of pregnancy [19]. Therefore,
undernutrition during the first trimester of pregnancy appears to be the most sensitive time for fetal
programming [12e14] likely because this is when most epigenetic patterns throughout the genome are
being established as fetal cells differentiate [20]. Altogether, these studies indicate that the human
epigenome may be sensitive to environmental stressors that may have lifelong consequences.

Extraordinarily, increased disease risk associated with in utero exposure to famine in human
populations might be inherited between generations as well. For example, women that were exposed to

BOX 26.1 DEVELOPMENTAL ORIGINS OF HEALTH AND DISEASE
The phenomenon of developmental origins of health and disease (DOHaD), also known as the “Barker hypothesis,” emerged
from epidemiological studies comparing infant birth parameters with adult disease onset and mortality. The hypothesis was
proposed by David Barker and colleagues in 1990 based on studies revealing that intrauterine growth restriction, low birth
weight, and premature birth might lead to the origins of adult-onset hypertension, heart disease, and diabetes [9e11].
Therefore, undernutrition during gestation might “developmentally program” an individual such that the body’s structure,
function, and metabolism are permanently altered. Individuals exposed in utero to famine in early gestation had the highest
cumulative incidence of coronary artery disease [12], predisposition to diabetes [12], increased female body weight, BMI,
waist circumference [13], and breast cancer [14]. Altogether, these studies emphasize how the environment likely alters
epigenetic status of an individual early in development with consequences later in life. The mechanism through which
DOHaD occurs is likely epigenetic-based, whereby abnormal establishment of stable epigenetic marks during gestation alters
gene expression, developmental pathways, and physiology. However, much more research is required to mechanistically
understand developmental programming, particularly when these disease risks are inherited by subsequence generations.
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famine during their own in utero development had first-born babies with increased birth weights [21].
In fact, the grandchildren of women, who were pregnant during famine, had increased neonatal
adiposity [17]. In some cases, the multigenerational effects of undernutrition are sexually dimorphic.
For instance, the granddaughters of women exposed to famine in utero had higher mean ponderal
indices (relationship between weight and length) at birth compared with grandsons [17]. Although the
mechanism for these multigenerational effects may be epigenetic in nature, it is possible that in utero
exposure to poor nutrition leads to an atypical uterine environment in the F1 generation that ultimately
programs the next generation for disease. Alternatively, when primordial germ cells develop and
migrate to the fetal gonad between weeks 4e8 of gestation, they normally undergo extensive deme-
thylation and erasure of imprints [22]. We speculate that environmental exposure during this period
might alter the DNAmethylation patterns of fetal germ cells, leading to the inheritance of an abnormal
epigenome in the next generation. It is difficult to experimentally separate these two mechanistic
possibilities.

Multigenerational effects of nutrition are also observed via the paternal lineage. In a human
population in Overkalix, Sweden [23], detailed historical records of food supply of men during their
slow-growth period in childhood, defined as the time before the onset of puberty, were linked to sex-
specific causes of death of their offspring [24,25]. For instance, a good harvest year during a
paternal grandfather’s slow-growth period resulted in diabetes and reduced survival of his grandchildren
[25]. However, paternal grandmothers in a similar situation had granddaughters with an increased risk
of cardiovascular disease [23,26]. These studies identify another environmental exposure-sensitive
period during development (i.e., slow-growth period) that may lead to the inheritance of disease risk
in humans. The molecular/epigenetic mechanism through which this phenomenon occurs is not yet
known. Fully understanding the mechanism is further complicated by differential effects of disease risk
depending on which grandparent is exposed to the stressor and the sex of the grandchild being assessed.

Although it is impossible to collect tissue from retrospective studies focusing on historical famines
to assess the inheritance of epigenetic factors between each generation, we might rely on another
undernutrition-style insult in human populations caused by religious fasting to explore an epigenetic
mechanism. During Ramadan both men and women abstain from food and water during the day and
eat large high-fat/high-protein meals after sunset and before sunrise. Although pregnant women are
exempt from practicing Ramadan, some pregnant women undergo fasting to be involved in the
spiritual celebrations. A study of over 17,000 birth records in Saudi Arabia found that babies exposed
to Ramadan fasting at any time during gestation had normal birth weights but low placenta weights and
placenta to birth weight ratios [27], though this finding is inconsistent with another study [28].
Placental weight to birth weight ratios are used as an index of nutritional and placental efficiency,
suggesting that Ramadan fasting may have a protective effect on placental function. This may be due
to the fact that the caloric deficiency is not as severe as during famine. It will be important to establish
prospective studies to understand the long-term and multigenerational effects of Ramadan fasting
during pregnancy, with particular focus on epigenetic analysis to explore a possible mechanism
involved in epigenetic inheritance of disease risk.

26.4.2 TOXICANT EXPOSURE: CIGARETTE SMOKING AND AIR POLLUTANTS
Recent focus has been placed on how toxicant exposure may alter the human epigenome leading to
increased risk of asthma, cancer, and other diseases that may be epigenetically inherited. This is
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particularly important to explore because of the wide range of toxicants in our environment. The Avon
Longitudinal Study of Parents and Children concluded that smoking in teenage boys was associated
with increased body mass index (BMI) in their daughters and sons at 9 years of age [23,29] and obesity
in their granddaughters by age 12 [30]. Alternatively, nonsmoking women, who were exposed in utero
to maternal smoking, had sons (but not daughters) with increased birth weights and BMI [31]. Further
still, children with any in utero exposure to maternal smoking were at risk of asthma [32,33]. This risk
increased if the child’s maternal grandmother had also smoked during the fetal period of the child’s
mother [32]. However, if the paternal grandmother smoked, granddaughters had a greater risk of
developing asthma [34]. These studies emphasize sexually dimorphic effects of cigarette smoke that
result between parentechild transmission and intergenerational inheritance of phenotype. Whether
these phenotypes are caused solely by epigenetic inheritance is unclear because, again, the effects of
maternal physiology was not mechanistically excluded in these analyses. Furthermore, in each case,
the germ cells that give rise to the F1 generation were also exposed to cigarette smoke suggesting the
epigenetic contribution to disease risk would be a direct effect rather than inherited. Importantly, the
potential mutagenic nature of some toxicants, such as cigarette smoke or air pollutants, means that
underlying acquired mutations might arise to cause disease and/or to alter DNA methylation patterns
(e.g., by changing a methylated CpG site to a base pair coupling that cannot be methylated) thus
altering gene expression. Therefore, acquired genetic changes must also be considered when assessing
environmental effects on the epigenome.

Recent studies into the effects of air pollution on offspring health have come to the forefront
because air pollution has increased globally by 8% in the past 5 years, particularly in western countries
(World Health Organization, 2016). So far, no studies have explored the intergenerational or trans-
generational effects of air pollutants on health risk in humans. However, we might glean some
understanding by assessing potential parental effects. When males (and their germ cells: the future F1
generation) were exposed to specific air pollutants, increased birth weight was evident in their
daughters [35]. This study is important because it indicates air pollutants might alter the sperm
epigenome, potentially affecting the development and health of the next generation. More experi-
mentation is required to understand the effects of air pollutants (and other environmental toxicants) on
the germ cell epigenome.

26.4.3 PSYCHOLOGICAL STRESS
It is becoming clear that the effects of psychological stress may be inherited. Studies focusing on the
children of Holocaust survivors indicate that these children have increased anxiety and guilt [36]. In
fact, there is a strong relationship between parental posttraumatic stress disorder (PTSD) and the
occurrence of PTSD in their children, who were not involved in the Holocaust, themselves [37]. It was
determined that plasma cortisol levels were lower in adult children of Holocaust survivors, particularly
with maternal PTSD [38], indicating a sexually dimorphic effect. However, again, it is difficult to tease
apart genetic and epigenetic influences from environmental causes (i.e., the mother’s own mental state
and the quality of maternal care) to fully understand how the inheritance of psychological stress risk
affects offspring mental health. When designing animal based studies that address psychological
stress, the type of maternal care associated with cross fostering in mice is a serious confounding factor
that needs to be considered [8].
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26.5 POTENTIAL MECHANISMS OF EPIGENETIC INHERITANCE
IN HUMANS

Most information collected from studies of environmental stress leading to multigenerational inher-
itance of disease in human populations comes from detailed historical records, death certificates,
questionnaires, and interviews. Limited molecular or epigenetic analysis has been conducted, though a
few studies have investigated epigenetic biomarkers to provide insight into possible epigenetic
mechanisms. This largely comprises assessment of DNA methylation patterns in offspring caused by
exposure to undernutrition, toxinants, and psychological stress using directed locus-specific
approaches. For example, in utero famine exposure of individuals correlates with decreased DNA
methylation in the regulatory control region of the growth gene IGF2 in blood, a change that was
apparently maintained for over six decades [39]. This result was in comparison to IGF2methylation in
same-sex siblings that had normal nutrition during gestation [39]. Others showed that increased DNA
methylation at differentially methylated regions (DMRs) of IGF2 genes in offspring of smoking
mothers compared with nonsmoking mothers [40]. Interestingly, this smoking-related increase in
methylation was most pronounced in male offspring [40].

Whether these alterations in DNAmethylation have a functional relevance, such as by altering gene
expression leading to a disease state, are still to be determined. Furthermore, assessment of locus-
specific DNA methylation is not ideal as this type of analysis misses many prospective methylation
changes that may exist throughout the entire genome, including repetitive regions. Greater focus
should be placed on completing unbiased whole methylome analysis to completely understand how the
effects of environmental stressors might be epigenetically inherited. Examples of studies that have
attempted an unbiased search for epigenetic changes throughout the entire genome are as follows. One
group performed a genome-wide DNA methylation analysis (using Illumina 450K array) of whole
blood from individuals exposed to famine in utero found a small increase (0.7%e2.7%) in methylation
at specific CpG sites associated with genes involved in growth, development, and metabolism (e.g.,
FAM150B, SLC38A2, PPAP2C, etc.) [41]. Only individuals exposed to famine during the first
10 weeks of gestation showed these specific methylation changes reinforcing that epigenetic pro-
gramming during the first trimester is particularly sensitive to in utero undernutrition [41]. Once
interesting loci are identified using whole-genome approaches, it will be important to confirm the
methylation status of these specific loci in different populations around the world, ultimately to
validate the findings on a larger scale. A major challenge will be to determine whether small changes in
DNA methylation are sufficient to alter gene expression and cause disease.

26.6 DEVELOPING A MECHANISTIC UNDERSTANDING OF EPIGENETIC
INHERITANCE IN ANIMAL MODELS

Although there is circumstantial and correlative evidence for the occurrence of epigenetic inheritance
in human populations, true exploration of the mechanisms behind this phenomenon will only be
achieved using experimental models, such as plants and animals. Currently, our understanding of the
underlying epigenetic processes of transgenerational inheritance remains in its infancy. However, by
meticulously controlling exposures to environmental stressors and genetic background effects,
researchers will be able to tease apart the key mechanisms and gain a greater understanding of
transgenerational epigenetic inheritance.
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It is clear that exposure to environmental stressors (e.g., poor diet, toxicants, etc.) may alter the
epigenome and this information may then be transmitted from the individual exposed to their
offspring. Stable alterations of the epigenome or “epimutations” can affect gene expression or
chromatin stability leading to increased risk of a phenotype or disease in the offspring [42]. There are
two key paradigms of epigenetic inheritance: replication and reconstruction [42] (Fig. 26.2).

26.6.1 REPLICATING THE ABNORMAL EPIGENOME BETWEEN GENERATIONS
Replicative inheritance requires epigenetic marks, such as DNA itself, to be directly copied between
cell divisions and generations [42] (Fig. 26.2A). Generally speaking, the majority of epigenetic marks
are removed and replaced to reset the epigenome for transmission to the next generation in a process
called epigenetic reprogramming (Box 26.2). These reprogramming events “wipe the epigenetic slate
clean” to establish totipotency required to form the next generation. This process may also remove any
epigenetic alterations encoded in the epigenome that represents the history of environmental exposures
experienced by the parental generation [44]. Ultimately, epigenetic reprogramming limits the inher-
itance of epimutations between generations. However, recent studies in human primordial germ cells
have shown that there are regions of the epigenome that are resistant to DNA demethylation [52].
Reprogramming “escapees” are largely retrotransposable elements, but other genomic regions have
been identified, including over 7000 repeat-poor regions (with less than 10% sequence overlap with
repeat sequences) and single-copy genes involved in human neural and metabolic disorders [53].
Furthermore, some repeat-poor escapees remain partially methylated in the early human preimplan-
tation embryo suggesting these regions escape both waves of epigenetic reprogramming in the germ
cell and during early embryogenesis [53]. Resistant regions are enriched for the histone methylation
mark H3K9me3 and binding sites for Krüppel-associated box (KRAB) zinc finger proteins suggesting
that they are targeted by proteins that induce heterochromatin formation [53]. Similarly, resistant loci
have been identified in mouse primordial germ cells [54] and blastocysts [50]. Epigenetic marks that
escape reprogramming have even been identified in germ cells and blastocysts that have not been
environmentally stressed [55]. It is hypothesized that if exposure to an environmental stressor dras-
tically alters the pattern of specific epigenetic marks, these changes may be more resistant to normal
reprogramming and allow for the inheritance of environmental information. Therefore, the mainte-
nance and inheritance of reprogramming-resistant loci into the next generation is the basis for the
replicative model of epigenetic inheritance.

26.6.2 RECONSTRUCTING THE ABNORMAL EPIGENOME BETWEEN GENERATIONS
Reconstructive inheritance was postulated by Eva Jablonka as an alternative theoretical concept to
replicative inheritance (Fig. 26.2B). The reconstruction model avoids the challenges presented by
epigenetic reprogramming [43] by suggesting that epigenetic marks responsible for a phenotype
undergo normal reprogramming in the germline and zygote but are then recreated in each successive
generation [43]. Traces of the parental epigenetic landscape may be sufficient to reconstitute the
parental epigenetic state in the offspring and thus bring about a phenotype [43]. For example, the
reconstruction of abnormal epigenetic marks and phenotypes may be driven via altered cellular
signaling or metabolism [42]. This mechanism may lead to serial reconstruction of an induced
phenotype over multiple generations, such that an abnormal phenotype in the F0 generation programs
the same defect in the F1 generation, and so on [56].
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FIGURE 26.2 Replication Versus Reconstruction Models of Epigenetic Inheritance.

Two potential models of epigenetic inheritance include the replicative and reconstruction models of inheritance.
(A) Replicative inheritance involves the exposure of the F0 generation to an environmental insult (represented by
lightning bolt) resulting in the direct inheritance of an epimutation(s) (denoted by red star) via the germline. For
this to happen, epimutations must be stable and escape two waves of epigenetic reprogramming that occur in each
generation, allowing them to persist in subsequent generations (i.e., F1, F2, etc.). These epimutations have the

potential to lead to a phenotype or disease state (represented by the yellow star). (B) Reconstructive inheritance,
hypothesized by Eva Jablonka, is an alternative explanation for epigenetic inheritance [43]. This model suggests
that epimutations caused by an environmental insult (lightning bolt) resulting in a phenotype or disease state
(yellow star) in the F0 generation undergo epigenetic reprogramming. However, these epimutations are
“reconstructed” (green star) in the F1 generation based on traces of the parental epigenetic landscape (represented
by colored rectangle in germ cell). These “traces” are sufficient to direct the reestablishment of the abnormal
epigenetic marks in the next generation with the potential to cause a similar phenotype or disease state. A similar
event between the F1 and F2 generations results in successive programming of the phenotype over multiple
generations.



Despite their seemingly contradictory messages, the replication and reconstruction models need
not be juxtaposed. In reality, there may be an element of direct inheritance of some epigenetic marks
(replication) and reconstruction of additional marks linked to an ancestral phenotype.

26.7 MECHANISTIC CANDIDATES AND MACHINERY OF
TRANSGENERATIONAL EPIGENETIC INHERITANCE

Mediators of epigenetic inheritance must be responsive to the environment. Key mechanistic candi-
dates that are postulated to pass heritable information between generations via the germline include
DNA methylation, histone modifications, and ncRNA [1]. Each of these mediators of epigenetic
inheritance will be considered in key models in which they have been investigated.

26.7.1 DNA METHYLATION
In humans and other mammals, methylated cytosine in form of 5-methylcytosine (5mC) is the
predominant form of DNA methylation. In other organisms, such as Caenorhabditis elegans and
Drosophila melanogaster, 5mC is either absent or detected at extremely low levels. However,
methylation of adenine to generate N6-methyladenine (6mA) was recently identified in these species
[57]. 6mA is also present at very low levels in human cells [58]. DNA methylation in gene control
regions is generally associated with gene repression, although its exact role in gene regulation is likely
locus-dependent [59]. Beyond regulation of gene expression, a key role of DNA methylation is to
silence repetitive DNA [60], a feature that becomes important for inheritance. However, we are only
beginning to understand how DNAmethylation and transcriptomic information overlap. As a result, in
the context of epigenetic inheritance, exploring how DNA methylation status associates with gene
expression and thus phenotype remains challenging. For example, intergenerational epigenetic
inheritance of a metabolic phenotype caused by in utero undernutrition in mice results in DNA
methylation patterns that are largely unchanged despite gene misexpression or altered patterns of DNA
methylation associated with normal gene expression [55]. DNA methylation has many properties that

BOX 26.2 EPIGENETIC REPROGRAMMING
The dynamics of epigenetic reprogramming is best studied in mouse, though similar processes are thought to occur in
humans as well. In humans and rodents, there are two waves of dynamic epigenetic reprogramming that occur between
generations. The first wave is in the developing primordial germ cells, and second wave is in the postfertilization zygote
[44]. As primordial germ cells migrate to the genital ridge of the developing embryo, DNA methylation is removed
throughout the genome [45] and histone marks are remodeled [46]. Prior to birth, DNA methylation patterns are reestab-
lished in the germ cells, including at imprinted genes [45]. In sperm, histones are replaced by protamines to increase DNA
compaction within the nucleus [47]. Up to 85% and 99% of histones are replaced in human and mouse sperm, respectively
[47]. Some histones are retained in sperm at two distinct sites: promoters of developmentally regulated genes [48] and gene-
poor repeat regions [49]. Nucleosomes containing histones are retained genome wide in the mouse oocyte [48]. During the
second wave of reprogramming in postfertilization zygotes, DNA methylation is again erased, although imprinted regions
and some repetitive loci are protected and therefore, maintained [50]. Shortly after fertilization, protamines are replaced by
histones on the DNA of the paternal pronucleus and appropriate histone modifications (e.g., methylation, acetylation, etc.)
are acquired [51].
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make it an attractive mechanistic candidate for epigenetic inheritance, including that (1) it can be
environmentally modulated; (2) machinery exists to replicate methylation patterns onto newly
synthesized DNA and thus it is mitotically heritable; and (3) loci resistant to epigenetic reprogram-
ming in the zygote and germline have been identified. Examples of DNA methylation in models of
epigenetic inheritance are mechanistically explored below (see Section 26.8).

26.7.2 HISTONE MODIFICATIONS
Chromatin packaging and nucleosome positioning on DNA are regulated, in part, by chemical
modifications (e.g., methylation, acetylation, etc.) that are applied to histone proteins around which
DNA is packaged. These modifications serve to regulate gene expression through the recruitment of
protein complexes and by controlling the accessibility of the DNA to the transcription machinery [61].
Histone modifications can be environmentally modulated and propagated onto newly assembled
chromatin by complex machinery [62]. However, most histones are removed during spermatogenesis
and replaced with protamines [47]. Protamine modifications are similar to histone modifications and
are present in sperm [63], though their functional importance remains uncertain, particularly during
epigenetic inheritance. The retention of some histone modifications in the germline and zygote during
epigenetic reprogramming makes them another possible vector of inheritance across generations [47].
The role of histones in epigenetic inheritance has largely been studied in C. elegans, though their role
in a mammalian context has recently been explored (see Section 26.15).

26.7.3 NONCODING RNA
Germ cells have extensive RNA profiles making RNA another mechanistic candidate for epigenetic
inheritance. These germ cell RNAs have diverse roles from direct regulation of gene expression to
localizing other epigenetic pathways, such as piwi-interacting RNA (piRNA)-mediated transposon
silencing [64]. Although once thought to lack undegraded RNA, sperm contains both long and short
ncRNAs, including microRNAs (miRNAs), piRNAs, and transfer RNAs (tRNAs) (reviewed in
Ref. [65]). The RNA profile of mature oocytes is equally, if not more diverse. Significantly more RNA
is found in oocytes as they contain all the RNAs required for the first few days of embryonic devel-
opment before zygotic genome activation [66]. The complexity of germ cell RNA profiles is increased
by the chemical modification of RNAs, such as methylation [67], which provides an additional layer of
epigenetic information that might be transmitted to the next generation. How epigenetic messages
transmitted by RNA are perpetuated over multiple cell divisions and multiple generations currently
remains unclear.

However, a unique aspect to RNA-mediated inheritance is that ncRNAs might be taken up by germ
cells from the surrounding somatic tissues [68,69]. For example, maturing sperm might receive small
ncRNAs (e.g., tRNA fragments) from small vesicles called exosomes released from the epididymis
[68]. Thus, the theoretically impassable wall between somatic cells and the germline (the so-called
Weismann barrier) may be circumvented and penetrated by RNAs. It is currently unclear how envi-
ronmental stressors experienced by adult somatic cells influence the establishment or maintenance of
DNA methylation and histone modifications in gametes. Evidence that somatic-to-germline trans-
mission of epigenetic information by RNA is possible has allowed researchers to overcome this
obstacle in our understanding of epigenetic inheritance (see Section 26.14).
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26.7.4 EPIGENETIC “READERS” AND “WRITERS”
For epigenetic information to be created, understood, and enacted on, epigenetic regulatory machinery
within the cell, the so-called epigenetic “readers” and “writers,” is required [42]. To be heritable in
normal and disease scenarios, DNA methylation must be retained though mitosis and meiosis [1,2]. A
family of DNA methyltransferase (DNMT) enzymes enables establishment and maintenance of DNA
methylation. DNMT1 ensures that methylation is recapitulated on the daughter strand of DNA after
replication has occurred [70]. DNMT3A and DNMT3B establish de novo DNAmethylation patterns in
germ cells [70]. Alternatively, the ten-eleven translocases (TETs) remove methylation via a 5-
hydroxymethylcytosine (5hmC) intermediate [71]. It is now becoming clear that 5hmC may have
functional roles independent of 5mC demethylation [72]. Histone modifications must also be recreated
on nascent histones on the daughter strand. An army of histone-modifying enzymes, including
methyltransferases and acetyltransferases, work in large complexes with other proteins to add and
remove histone marks [62]. How histone modifications are replicated still remains somewhat
ambiguous [65]. Elaborate machinery is also associated with the activity of ncRNAs, such as the
piRNA complexes that involve the argonaute superfamily cofactors [73].

Epigenetic machinery may play an important role in transgenerational epigenetic inheritance,
particularly in the context of the reconstruction model. Individuals with deleterious mutations in this
machinery may be more susceptible to epigenetic inheritance of phenotypes [74]. Evidence for this
comes from the plant model Arabidopsis thaliana containing a mutation in the DNMT MET1. These
plants are hypomethylated at a repetitive DNA element near the transcription start site of the
FLOWERING WAGENINGEN A (FWA) locus [75], which causes a late flowering phenotype.
Interestingly, this phenotype and FWA hypomethylation is inherited over multiple generations of wild-
type offspring independent of the originalMET1mutation [76] suggesting that reducing the expression
of DNA methylation machinery can lead to epigenetic inheritance.

Similarly, histone methylation machinery is also vital for the process of epigenetic inheritance in
C. elegans and to some extent in mice. Paternal deficiencies in the H3K4me3 chromatin modifiers
ASH2, WDR5, or SET2 in C. elegans lead to increased longevity for up to three wild-type generations
[77]. Haploinsufficiency for the H3K9 methyltransferase Setdb1 gene in male mice can influence the
coat color of his offspring when mated to a female with an agouti viable yellow (Avy) allele that alters
coat color (see Section 26.8) [74]. Overall, DNA methylation is altered at a specific class of retro-
transposons of the Setdb1-deficient sperm. The influence on offspring coat color is an in trans effect
and supports the suggestion that epigenetic inheritance may be more likely in individuals with altered
levels of epigenetic modifiers [74].

26.8 THE CLASSIC MAMMALIAN EXAMPLE: AGOUTI VIABLE YELLOW
The classic mammalian model of transgenerational epigenetic inheritance, from which much of our
mechanistic understanding has been derived, is the Avy mouse model [78] (Fig. 26.3A). The agouti
gene (a) is involved in controlling mouse coat color. The Avy allele contains an intracisternal A-particle
(IAP) element upstream of the agouti gene that regulates agouti gene expression in a DNA
methylation-dependent manner [78,81]. The Avy allele shows variable DNA methylation at the IAP
element leading to variable agouti gene expression and coat color in isogenic Avy/a mice [78]. DNA
methylation silences ectopic agoutimRNA expression to generate brown (pseudoagouti) colored mice,

26.8 THE CLASSIC MAMMALIAN EXAMPLE: AGOUTI VIABLE YELLOW 817



(A)

(B)

(C)

Yellow

IAP Agouti Pseudo-agouti

Mottled

X

Ƃ ƃ

Avy/a a/a

X

Ƃ ƃ

Avy/a a/a

X
Ƃ ƃ

Avy/a a/a

Dietary Methyl-Donor Supplementation

IAP Agouti

IAP Agouti

Unmethylated 
cytosine

Methylated 
cytosine

X

Ƃ ƃ

Avy/a

Avy/a mice 

Avy allele

Agouti

a allele

IAP Agouti

Avy allele

Agouti

a allele

IAP Agouti

Avy allele

Agouti

a allele

a/a

FIGURE 26.3 Agouti Viable Yellow (Avy): A Classic Example of Epigenetic Inheritance.

(A) An intracisternal A-particle (IAP) upstream of the Avy allele regulates agouti gene expression in a DNA
methylation-dependent manner [78]. In Avy/a heterozygous mice, different degrees of DNAmethylation at the IAP
element result in different coat colors. When fully methylated (upper panel), agouti expression is driven from the
nascent promoter resulting in mice with a brown (pseudoagouti) coat color. When the IAP element is
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whereas hypomethylation at the IAP element drives ectopic agouti expression (Avy) leading to mice
with a yellow coat color [78]. These mice also have obesity and a diabetic-like phenotype, owing to
disruption of their satiety signaling pathways [81,82]. Remarkably, the methylation status of the Avy

allele, and therefore, the coat and metabolic phenotypes, can be inherited over multiple generations via
the maternal line [78]. For example, offspring of yellow mice have an increased propensity to have
yellow offspring [78] (Fig. 26.3B). The methylation status of the agouti gene can also be influenced by
environmental factors, such as nutrition [79,83]. Feeding Avy mothers a methyl-rich diet reduces the
number of yellow offspring in her litters [79,83] (Fig. 26.3C). Whether DNAmethylation pattern at the
IAP element normalizes in response to increased methyl groups remains unclear [79,83]. The Avy locus
undergoes epigenetic reprogramming during early embryogenesis, including the removal of IAP
methylation following maternal transmission of the allele [84]. This suggests a mechanism of inher-
itance that might be independent of DNA methylation and reconstruction-based. For example, sperm
ncRNA profiles, including tRNA fragments, are abnormal in the sperm of F1 males derived from
mating an Avy obese male to wild-type lean female [82]. This obesity phenotype persists in the F1 and
F2 generations, although it is attenuated by the F3 generation [82]. Although tRNA fragments have not
yet been assessed in the F2 or F3 generations, RNA-based mechanisms may contribute to inheritance
and reconstruction of abnormal DNA methylation profiles at the IAP element.

Recently, a large number of studies have tried to probe further the mechanisms of transgenerational
inheritance of phenotypes in the Avy model (reviewed in Ref. [1]). These studies are often limited for
the following reasons: (1) only parent-to-offspring transmission is considered meaning that true
transgenerational inheritance is not studied; (2) a locus-specific approach rather than an unbiased
genome-wide approach is taken, which limits the findings; and (3) the germline itself is not assessed.
However, other models can be assessed to emphasize common paradigms and unanswered questions in
the field. The following studies illustrate key aspects of epigenetic inheritance of disease, even though
some studies are not in a disease context.

26.9 THE BANDWIDTH OF INHERITANCE
It is debated in the field of epigenetic inheritance whether specific information regarding an adverse
environment is transmitted to the next generation or whether a more general signal of suboptimal

unmethylated (center panel), an ectopic promoter in the IAP element drives ectopic agouti expression leading to a
yellow coat color and a metabolic phenotype. Partial methylation at the IAP element (lower panel) leads to a
mottled coat color. (B) The methylation status of the agouti allele, and therefore the coat color and metabolic
phenotypes, is heritable over multiple generations via the maternal line [78]. When mated to an a/amale mouse, a
yellow Avy/a female mouse has an increased propensity for yellow offspring (top left) compared with a brown Avy/
a female (top right) due to epigenetic inheritance at the Avy allele methylation patterns [78]. Mottled Avy/a females

mated to a/a males (bottom) results in an intermediate propensity for yellow offspring compared with the other
matings. In the schematic, only Avy/a offspring are depicted and a/a progeny have been excluded for simplifi-
cation. (C) The methylation status of the Avy allele is influenced by dietary methyl donor supplementation. A
methyl-rich diet fed to a mottled colored Avy/a female reduces the number of yellow offspring in her litters with
respect to unsupplemented controls (in bottom of panel B) [79] due to increased methylation of the IAP element.
Images based on [80] and [78].

=
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conditions is inherited. This is described in terms of the extent or “bandwidth” of information that can
be communicated [65]. Evidence supporting the transfer of specific information comes from a
multigenerational study assessing olfactory fear conditioning in mice [85]. In this study, F0 males were
conditioned to associate a specific odor with a foot shock [85]. The F1 and F2 generations derived from
these conditioned males have increased behavioral sensitivity to the same odor and not other odors
even though they had not been conditioned themselves [85]. Importantly, social transmission of odor
sensitivity was excluded by undergoing techniques, such as in vitro fertilization and cross-fostering
[85]. This odor sensitivity correlated with DNA hypomethylation of an odorant receptor gene,
Olfr151, in sperm of the F0 and F1 generations [85]. Alternatively, recent evidence for inheritance of a
general message comes from exposing mice to nicotine [86]. This exposure primes their male F1
offspring for increased survival when exposed to toxic levels of nicotine or cocaine suggesting a
general enhanced xenobiotic resistance is inherited [86].

The DNA methylation status at any given cytosine residue is binary meaning that it can be
methylated or unmethylated. However, a moderate change in CpG methylation (<10%) in a given
subpopulation of cells is often associated with complex disease phenotypes, particularly in the context
of transgenerational epigenetic inheritance [87]. This is because even moderate methylation changes
can profoundly alter gene expression patterns leading disease phenotypes. For example, exposure of
pregnant rats to the toxic endocrine disruptor p,p0-dichlorodiphenyldichloroethylene leads to a
transgenerational reduction in sperm quality and infertility up to the F3 generation males [88]. These
phenotypes are associated with a 10%e50% reduction in methylation within DMR2 of the Igf2/H19
locus in sperm collected from the F1eF3 generations and significant changes in Igf2 and H19 RNA
expression [88]. Whether this dysregulation of gene expression leads to infertility is unclear. In
general, the degree of DNA methylation change that can lead to dramatic alterations in gene
expression and severe phenotypes remains poorly explored. Understanding the biological significance
of small DNA methylation changes that result from environmental stressors is a challenge that should
not be ignored.

26.10 THE IMPORTANCE OF THE REPETITIVE GENOME
A large part of most genomes are made up of repetitive elements, such as transposons and retrovirus-
derived sequences that need to be silenced to prevent their transposition into other regions of the
genome resulting in mutation [89]. Epigenetic mechanisms are vital to their suppression. Epigenetic
marks at repetitive elements are more likely to be resistant to reprogramming than unique loci, thus
providing scope of heritability [50,53,54]. The IAP element in the Avymouse model has been classified
as a metastable epiallele, and its epigenetic regulation highlights the importance of repetitive elements
in the process of transgenerational epigenetic inheritance [78]. Numerous other repetitive loci have
since been implicated in epigenetic inheritance.

The importance of the repetitive genome in transgenerational epigenetic inheritance has been
extensively demonstrated in C. elegans. In this context, histone modifications and their regulatory
enzymes are vital for the transmission of epigenetic information between generations. For example,
C. elegans were genetically modified with a multicopy array of a transgene containing a fluorescent
reporter gene under the control of a heat shock promoter to mimic endogenous repetitive loci [90]. The
worms showed elevated reporter gene expression following exposure to high temperatures [90].

820 CHAPTER 26 EPIGENETIC INHERITANCE OF DISEASE



Remarkably, this elevated expression is heritable for up to 14 generations even in the absence of heat
[90]. In contrast, when only a single copy of the transgene was present, heritability of elevated
expression occurred for only seven generations [90]. It was proposed that the activity of the H3K9me3
methyltransferase, SET25, is reduced at high temperatures [90]. Therefore, heat treatment may allow
transgene derepression by altering histone methylation. In fact, it takes many generations of worms
grown in normal temperatures to reestablish proper histone methylation [90]. While providing an
interesting insight into the mechanism, it will be interesting to resolve the extent to which histone
epigenetic marks are involved in the transgenerational inheritance of phenotype in mammals.

26.11 TRACKING PHENOTYPES AND EPIMUTATIONS OVER MULTIPLE
GENERATIONS

The aim of the field is to use animal and plant models to trace epigenetic changes and associated
phenotypes between many generations to mechanistically understand epigenetic inheritance. Long
generation times in mammalian models often limit the number of generations assessed, frequently only
up to the F2 generation. This constrains our ability to rule out physiological and genetic effects and to
determine how many generations a phenotype or epigenetic change might persist. Studies have re-
ported that phenotypes caused by an environmental stressor diminish over time with a complete loss
after several generations. For example, the metabolic phenotype observed in offspring derived from
obese Avymales and lean wild-type females is attenuated by the F3 generation [82]. Because epigenetic
inheritance potentially provides adaptive benefits to the environment, phenotypic attenuation seems
logical. That is, if an adverse environmental stressor is not reexperienced by subsequent generations, a
gradual dilution of the phenotype would be expected as an adaptive mechanism. Instead, the current
environment should result in new epigenetic information being conveyed to the offspring.

Alternatively, another mouse study whereby cellular methylation levels are metabolically reduced
displays transgenerational epigenetic inheritance of specific developmental phenotypes for at least up
to the F4 generation [91]. In this model, a gene encoding an enzyme called methionine synthase
reductase (Mtrr) is mutated leading to disruption of folate and methionine metabolisms [91]. Folate is
vital for the transmission of one-carbon methyl groups required for cellular methylation of substrates,
including DNA, histones, and RNA. Mtrr mutants display hyperhomocysteinemia, widespread
epigenetic instability, including DNA hypo- and hypermethylation, and congenital malformations,
such as neural tube, heart, and placental defects [91,92]. Remarkably, these congenital malformations
persist transgenerationally in wild-type offspring at least up to the F4 generation when either maternal
grandparent was a carrier for theMtrrmutant allele. This effect was demonstrated to be independent of
a maternal uterine effect [91]. Although the inherited epigenetic factor is not yet known in this model,
widespread dysregulation of DNA methylation associated with gene misexpression specifically in the
wild-type placentas of the F2 generation was apparent [91]. Although epigenetic instability beyond
this generation is yet to be determined, the Mtrr model clearly demonstrates that reducing the
availability of methyl groups causes transgenerational inheritance of phenotypes. This mouse line will
be invaluable for studying the epigenetic mechanism via the germline.

To provide mechanistic evidence for the replicative model of transgenerational epigenetic inher-
itance, specific epimutations must be tracked over multiple generations. Much effort has gone into
tracing epimutations in dietary models of multigenerational inheritance. A number of animal models
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whereby diet is manipulated (i.e., high fat, low protein, “western diet,” or undernutrition) display
metabolic disease in the offspring. However, only a few studies have been successful in identifying
epigenetic changes identified in the F0 generation that persist to the F1 generation and beyond. For
example, a prediabetic mouse model displayed an impaired fasting glucose and insulin resistance
phenotype that is passed on through the paternal lineage from the F0 to F2 generation [93]. An
unbiased analysis of DNA methylation revealed DMRs in the sperm of the F0 males that were also
identified in DNA of pancreatic islet cells of F2 males [93]. However, in an intergenerational model of
in utero undernutrition, which leads to a robust metabolic phenotype and reduced birth weight in the F1
and F2 generations, altered DNA methylation patterns could not be tracked across generations [55,94].
Numerous DMRs were identified in the sperm from F1 males that were undernourished in utero versus
control animals [55]. However, these epimutations did not persist in the somatic tissue of the F2
generation even though gene expression at associated loci was altered and the metabolic phenotype
persisted [55]. This suggests that additional epigenetic mechanisms may be at work (e.g., histone
marks, RNA regulation of transcription).

26.12 ALLOWING FOR PHENOTYPIC AND EPIGENETIC VARIABILITY
Under normal circumstances, considerable epigenetic variation exists between individuals [95].
Therefore, this must be considered when assessing epigenetic changes in models of epigenetic in-
heritance, particularly when pooling samples together for analysis. Remarkably, one study showed
epigenetic variation as a result of diet manipulation is less than natural epigenetic variation between
individuals [95]. Alternatively, the wide spectrum of phenotypes observed in some models, such as the
Mtrrmodel [91], suggests a variable interindividual response to environmental stressors. It is currently
unclear whether environmental insults affect the epigenome stochastically in each individual and/or
within the germ cell population or at hotspots within the epigenome so that a population is similarly
affected. Single-cell methylome and transcriptome technologies may permit us to better understand
this heterogeneity [96] and epigenome sensitivity.

26.13 CONSIDERING GENETIC EFFECTS
We must take into account that epigenetic instability may promote genetic instability when examining
the mechanisms of epigenetic inheritance. DNAmethylation is a known mutagen because spontaneous
deamination of methylcytosine forms thymine, and thus generates a C / T transition mutation
[97,98]. Loss of DNA methylation may also lead to activation of transposable elements that could
transpose into new genomic locations to generate genetic mutations [99]. Alternatively, changes in the
number of tandem repeats can affect the level of DNA methylation detected. For example, there is a
higher level of variation in DNA methylation at ribosomal DNA (rDNA) repeats that correspond to
rDNA copy number rather than epigenetic changes induced by diet [95]. Therefore, in some cases,
genetic variation may be the underlying cause of epigenetic variation.

Additionally, the environmental stressors that affect the epigenome may be mutagenic themselves.
The literature is awash with examples of how toxicant exposure, from endocrine disruptors to jet fuel,
can influence our epigenomes and the health of our offspring [100]. For example, in utero exposure of
rats to the endocrine disruptor vinclozolin at a time critical for sex determination results in a range of
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adult-onset diseases, such as infertility and kidney defects in the unexposed offspring for up to four
generations [101]. These phenotypes were associated with widespread changes in DNAmethylation in
sperm of the F3 generation [102]. However, others have been unable to recapitulate this result [103],
perhaps due to differences in methodology. Importantly, vinclozolin exposure results in an increase of
repeat element copy number variations [104], highlighting the importance of examining the genome
and epigenomes in parallel.

Genetic background effects dictated by the genetic strain of the animal might also influence
whether phenotypes and/or epigenetic changes associated with specific environmental stressors appear
[102]. This may be due to differences in interactions between the epigenome and underlying genome.
Only a few transgenerational epigenetic inheritance studies have taken into account potential genetic
background effects. For example, there is a lack of evidence for a genetic effect in Avy mice. This was
demonstrated by sequencing the genomes of two Avy littermates, one pseudoagouti and one yellow, to
assess genetic differences [105]. The germline mutation rates were no different than expected, and
genetic changes were deemed unlikely to cause the coat color phenotype [105].

Other studies have shown that telomeres, which are stringently epigenetically regulated genomic
regions [106], may provide a novel mechanistic interface between genome and epigenome during
epigenetic inheritance. Researchers showed that a low-protein diet in mice caused intergenerational
inheritance of premature reproductive tract aging in F2 females associated with reduced telomere
length [107]. Altogether, how epigenetic instability affects genetic stability needs to be explored
further in this and other models of epigenetic inheritance.

26.14 RNA-MEDIATED INHERITANCE OF PHENOTYPE
In recent studies, the mechanistic focus has shifted somewhat from the inheritance of DNA methylation
and chromatin modifications to the inheritance of ncRNAs, such as miRNAs and tRNAs. Trans-
generational inheritance mediated by RNA is demonstrated in C. elegans, D. melanogaster, and plants
(reviewed by Ref. [108]). These organisms have RNA polymerases that replicate an RNA signal, which
might allow for more robust RNA-mediated inheritance compared with mammals that lack an RNA
replicative mechanism [65]. In C. elegans, RNA obtained from the environment can mediate heritable
gene silencing. This phenomenon known as RNA interference (RNAi) is extensively used to experi-
mentally generate gene knockdowns [109]. Although the mechanism is complex, it is thought that
piRNAs, which are typically involved in transposon silencing in the germline, and RNAi converge on a
common pathway, involving RNA and chromatin regulatory complexes [73]. It was demonstrated that a
mechanism similar to those involved in exogenous RNAi plays a role in inheritance at endogenous loci.
For example, starvation-induced developmental arrest in C. elegans causes the transgenerational
inheritance of small RNAs and an increased life span over multiple generations [110].

In mice, our understanding of the importance of ncRNAs in epigenetic inheritance has come from
injections of RNA into fertilized oocytes [111e113]. This technique has demonstrated causality be-
tween RNA molecules and phenotypes in the offspring. For instance, in a mouse model of traumatic
stress, involving maternal separation in early postnatal life of the F1 generation, severe behavioral
phenotypes were observed up to the F2 generation and were associated with altered miRNA profiles in
the F1 sperm [111]. Microinjection of sperm miRNAs from stressed males into fertilized oocytes
mimicked the behavioral phenotypes [111]. Furthermore, changes in DNA methylation at the
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glucocorticoid receptor gene in sperm from F1 males and brains of F2 offspring correlated with gene
misexpression [114]. Remarkably, environmental enhancement of the F1 stressed males when they
were adults rescued the behavioral phenotype and DNAmethylation patterns further demonstrating the
plasticity of the epigenome [114].

Apart from miRNAs, it was recently demonstrated that diet manipulation alters fragmented tRNA
profiles in mouse sperm leading to metabolic disease in the next generation. Fragmented tRNAs are
28e40 nucleotides in length and derived mainly from the 50 end of tRNAs [112]. Poor diet in male
mice can alter metabolic gene expression in early development of the F1 generation [112] and lead to
adult metabolic disease phenotypes [113]. These effects have been linked to altered tRNA fragment
profiles in the sperm [112,113]. When sperm tRNA fragments isolated from high-fat dietefed mice
were microinjected into fertilized eggs, it recapitulated metabolic disease in adulthood [112,113].
Additionally, oocyte microinjection of sperm tRNA fragments from mice fed a low-protein diet
specifically repressed early embryonic genes associated with murine endogenous retrovirus-like
(MERVL) elements in their control regions [112]. These genes are hypothesized to influence feto-
placental development, the dysregulation of which might lead to adult-onset metabolic disease.
Interestingly, microinjection of synthetic tRNA fragments was unable to recapitulate the phenotype
[113], suggesting that RNA modifications (e.g., methylation) may be important in epigenetic inheri-
tance of disease.

It is crucial to consider that RNA microinjection into oocytes adds to the existing pool of RNA,
which leads to a supraphysiological RNA load in the blastocyst. The consequences of this procedure
are not fully understood and may influence the phenotypes observed. Although RNA injections into
fertilized oocytes suggest a causative role for RNA in epigenetic inheritance, it will be necessary to
determine whether restoration of normal sperm RNA profiles can rescue the phenotype in question. An
approach, such as blocking candidate RNA transmission by an RNAi-like mechanism, albeit
challenging, might achieve this result.

RNAmodifications might also be important in paramutation effects [115]. A paramutation involves
a mutant allele (i.e., the paramutagenic allele) that alters the expression of the homologous wild-type
allele (i.e., the paramutant allele) in trans via an RNA-mediated mechanism [116,117]. Remarkably, a
meiotically stable paramutant allele can be transgenerationally inherited in absence of a para-
mutagenic allele [116,117]. For example, multigenerational transmission of a mouse paramutant
“white-tail-tip” phenotype results after mutational transgene insertions into the Kit locus, such as
KitlacZ and KitcopGFP [116,118,119]. It was determined that the RNA methyltransferase DNMT2 is
required for the transmission of the kit paramutation [120] suggesting that RNA modifications are
broadly implicated in RNA-mediated inheritance.

RNA-mediated mechanisms of inheritance in rodents have not been studied in a true trans-
generational context. Germline ncRNAs can clearly influence gene expression or disease phenotype in
the next generation [111e113,121]. Yet, the mechanistic details of how this occurs remain unclear.
Indeed, microinjection of miRNAs into oocytes can initiate phenotype inheritance over multiple
generations, but an increase in expression of the same miRNA is not observed beyond the injected
generation [118]. This suggests that RNA interacts with other epigenetic mechanisms to promote
phenotype inheritance. It is possible that RNA-mediated inheritance fits into the reconstruction theory
of transgenerational epigenetic inheritance because the reestablishment of altered DNAmethylation or
histone marks in each generation might be RNA-directed.
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26.15 INTERACTIONS BETWEEN EPIGENETIC MECHANISMS
Within the individual cells, DNA methylation, chromatin modifications, and ncRNAs are inter-
connected and interdependent, and in the context of epigenetic inheritance, they likely act in a
coordinated and collaborative manner to cause disease phenotypes. For example, DNA methylation or
histone modification patterns might regulate small ncRNA expression. This, in turn, may direct DNA/
histone methylation patterns to ultimately establish an interactive feedback system [42]. Collaborative,
multifaceted, and often costly approaches to assess all epigenetic pathways in a single model are
required to fully explore epigenetic mechanisms of inheritance.

Some studies have already demonstrated interdependence between epigenetic mechanisms. For
instance, an initiating mutation in the C. elegans spr-5 gene that encodes an H3K4 histone demethylase
causes a transgenerational decline in fertility, even when all subsequent generations are wild type for
spr-5 [122,123]. This transgenerational effect correlates with an accumulation of H3K4me2 and an
increase in 6mA levels in each generation [122,123]. Loss of a putative 6mA DNMT leads to a partial
rescue of the spr-5 infertility phenotype [123] demonstrating a mechanistic interaction between his-
tone modifications and DNA methylation. In mice, ectopic expression of an spr-5 ortholog, Kdm1a,
during spermatogenesis leads to developmental abnormalities for up to three wild-type generations
[124]. However, the sperm of the F1 generation, whose offspring displayed developmental abnor-
malities, had normal H3K4me2 and DNA methylation profiles [124]. This finding suggests that while
the disruption of the histone methylation machinery can instigate the transgenerational inheritance of
developmental abnormalities, additional epigenetic mechanisms are at work [124].

26.16 ADAPTIVE BENEFITS OF EPIGENETIC INHERITANCE
Epigenetic inheritance might be viewed as memory of an adverse environment so that subsequent
generations are better adapted to cope with similar hostile conditions [125]. Disease phenotypes occur
when the environment experienced by an individual does not match the one they are “primed” to
experience. For example, an undernourished ancestor will prime offspring for famine conditions.
However, if the offspring have abundant access to nutrition instead, the risk for metabolic disease and
obesity is increased [126]. As a result, many studies have used a challenge paradigm to demonstrate the
potential adaptive benefit of an ancestral stressor. To do this, progeny born following an ancestral
exposure to a stressor are then challenged with that stressor to determine their ability to cope. The
hypothesis is that inherited epigenetic factors will improve their ability to manage this challenge. For
example, prenatal exposure to nicotine primes the offspring for increased survival when exposed
postnatally to toxic levels of nicotine [86]. The mechanisms behind this remain to be explored, and this
adaptive response has not been investigated over further generations.

Prolonged exposure to a stressor might be required for transgenerational inheritance effects to be
obvious. As discussed previously (see Section 26.10), heat exposure of C. elegans containing a
multicopy fluorescent reporter array under the control of a heat shock promoter leads to elevated
transgene expression over many generations in the absence of heat [90]. Heat exposure for a single
generation led to elevated transgene expression for only 7 generations, whereas exposure to high
temperatures for five successive generations led to elevated transgene expression for 14 generations
[90]. This type of transgenerational effect could be viewed as an adaptive response and might ensure

26.16 ADAPTIVE BENEFITS OF EPIGENETIC INHERITANCE 825



that inheritance of a phenotype only occurs when the environment experienced by the offspring is
almost certain to be the same in subsequent generations. Ultimately, this would make it less likely that
a potential disease-causing mismatch between the epigenotype and the environment is created.

26.17 CAN OUR MECHANISTIC UNDERSTANDING OF EPIGENETIC
INHERITANCE BE EXTRAPOLATED TO HUMAN POPULATIONS?

Transgenerational epigenetic inheritance was first recognized and understood mechanistically in plants
[1]. Although out of the disease context, plant models still provide a solid basis from which further
studies have been based. As plants are sessile and unable to change their immediate surroundings or
that of their offspring, it is easy to understand why providing a memory of environmental stress is
beneficial [127]. For example, multigenerational drought exposure leads to DNA methylation changes
at stress-responsive genes in rice resulting in increased drought tolerance over multiple generations
[128]. Although some epigenetic mechanisms are conserved, the fundamental difference between
plants and animals is that the plant germline is derived from somatic cells unlike in humans and
animals [129]. Therefore, strong caveats are required when trying to apply what we have learnt in
plants to human populations [129].

In recent years, focus has been placed on generating animal models of human diseases beyond
those induced by dietary manipulations. These models may be particularly useful for investigating
diseases where a so-called “missing heritability problem” has been identified (e.g., autism, asthma)
[130]. Genome-wide association studies have identified a range of genetic loci that may increase
susceptibility to these conditions but thus far, they do not account for the complete heritable risk of an
individual [130]. This further implicates an epigenetic component. Two such examples include mouse
models of autism and asthma. Valproic acid is used to generate an autism-like phenotype in mice and
leads to the transgenerational inheritance of autism-like behaviors up to the F3 generation [131].
Similarly, maternal exposure to air pollutants showed an increased likelihood of allergic asthma in the
F2 and F3 generation that may be related to DNA methylation changes in dendritic cells [132].
Epigenetic mechanisms have yet to be fully explored in these disease models but to do so might
provide interesting insight into disease origin and inheritance.

Given the similarity in epigenetic regulation and the responses to environmental exposures between
animal models and human populations, it is clear that the mechanistic understanding gleaned from
animal models will hold some relevance to human populations [129]. Nonmammalian models,
including D. melanogaster and C. elegans, provide us with highly tractable experimental systems to
test fundamental principles of epigenetic inheritance over many generations. Despite sharing epige-
netic similarities with mammalian systems, such as homologous histone-modifying machinery, there
are major distinctions that need to be taken into account when extrapolating data to human pop-
ulations. These differences include a lack of cytosine methylation and the presence of RNA poly-
merases in these invertebrate models. Fewer fundamental epigenomic differences exist between
mammalian models and humans, and this might allow us to more easily apply mechanistic insights
identified in rodents to epigenetic inheritance in human populations. Rather than focusing on the
inheritance of shared disease phenotypes as discussed above (this section), identifying epigenetically
labile sites in humans such as the mouse Avy allele will likely be more helpful to ascertain common
mechanisms involved in epigenetic inheritance. Humans lack IAP elements, which are fundamental to
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our best-understood mammalian model of transgenerational epigenetic inheritance. However, humans
do have equivalent repetitive genomic sequences, such as LINE1 elements, which are regulated by
similar epigenetic mechanisms and should be explored further in the context of epigenetic inheritance.
It is difficult to separate genetic effects from epigenetic effects in humans because of genetic diversity
within a single population. Therefore, animal models, which are usually inbred and isogenic, are
experimentally valuable because potential confounding genetic effects can be avoided. Additionally,
more histones are retained in human sperm than in rodent sperm (15% retention in human vs. 1%
retention in mouse [47]) potentially offering more opportunities for histone-mediated inheritance in
human populations than in rodent models. Although there is little overlap between the loci that escape
reprogramming in the mouse versus in humans [54], this may not be important if replicative epigenetic
inheritance paradigms are correct.

Using models that represent human disease, we will hopefully be able to mechanistically probe
how epigenetic factors contribute to the disease inheritance. For these models to be useful, care should
be taken to not only accurately mimic the disease but also the degree of environmental exposure to
make it similar to what would be experienced by human populations (e.g., amount of toxicant
exposure, type of diet, etc.).

26.18 CONCLUSIONS
Although our understanding of epigenetic inheritance of disease has come a long way in recent years,
there are still many unanswered mechanistic questions. To fully understand the implications of how the
environment influences the epigenome, unbiased next-generation sequencing techniques should be
performed to correlate DNA and histone marks with gene expression changes in germ cells and so-
matic cells over multiple generations. These findings will allow us to determine whether even minor
epigenetic changes can increase disease risk and their ability to be inherited. This will be a costly
undertaking in each model of transgenerational inheritance and will likely require collaboration across
research groups. The importance of epigenetic regulation of the repetitive regions of the genome has
become apparent, disruption of which may affect widespread chromatin organization or genetic sta-
bility. As well, assessing the interplay between different epigenetic mechanisms and epigenetic
remodeling machinery will be key. Although there may be commonalities in the mechanism of
transgenerational epigenetic inheritance between key models, there is also a growing understanding
that there may also be paradigm-specific effects.

As epigenome profiling tools develop further to allow for better mapping of the repetitive genome,
our ability to explore these mechanisms will become easier. New technologies allowing for the
manipulation of the epigenome by altering locus-specific DNA methylation or individual histone
modifications using CRISPR-cas9ebased acetyltransferases [133] and TALE-TET1 fusions [134] will
enable us to explore whether the epigenetic changes we identify are capable of causing disease
phenotypes over multiple generations.

Among other modes of adaptation, a flexible epigenome likely improves the chances of survival of
our descendants by allowing them to prepare for and adapt to the environmental conditions into which
they are born. By further exploring the mechanisms involved in epigenetic inheritance, we will begin
to better understand the causes and inheritance of noncommunicable diseases in the human population.
Only then successful predictive and preventative measures can be implemented, albeit the results may
take many generations to resolve.
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LIST OF ABBREVIATIONS
5hmC 5-hydroxymethylcytosine
5mC 5-methylcytosine
6mA N6-methyladenosine
Avy Agouti viable yellow
BMI Body mass index
CRISPR Clustered regularly interspaced short palindromic repeats
DMR Differentially methylated region
DNA Deoxyribonucleic acid
DNMT Deoxyribonucleic acid (DNA) methyltransferase
DOHaD Developmental Origins of Health and Disease
F Filial generation
IAP Intracisternal A-particle
LINE1 Long interspersed nuclear element-1
miRNA Microribonucleic acid
ncRNA Noncoding ribonucleic acid
piRNA Piwi-interacting ribonucleic acid
PTSD Posttraumatic stress disorder
rDNA Ribosomal deoxyribonucleic acid
RNA Ribonucleic acid
RNAi Ribonucleic acid interference
TET Ten-eleven translocation
tRNA Transfer ribonucleic acid
WHO World Health Organization

GLOSSARY
Body mass index (BMI) An approximate quantification of the amount of tissue mass in an individual

to categorize that person as normal weight, underweight, overweight, or
obese. It is calculated by dividing the body mass by the square of the body
height (kg/m2).

Developmental origins of
health and disease (DOHaD)

A theory that examines how environmental factors during fetal development
interact with genotypic variation to change the capacity of the organism to
cope with its environment in later life. For example, intrauterine growth
restriction is associated with increased risk of adult-onset cardiovascular
disease and diabetes.

Differentially
methylated region (DMR)

Genomic regions with different methylation status across different cells/tis-
sues from the same or different individuals. Usually refers to methylation at
CpG sites in DNA.

Environmental stressor An external stimulus, such as a chemical or biological agent (e.g., tobacco,
pollution, alcohol), environmental condition (e.g., temperature, poor diet), or
an event (e.g., social stressor, psychological stress) that causes stress in an
organism. The stressor may lead to physical, mental, or epigenetic responses
in an individual.
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Epigenetic inheritance A type of nonconventional inheritance that is independent of the DNA base
sequence and involves the inheritance of an epigenetic factor from one
generation to the next.

Epigenetic reprogramming Erasure and reestablishment of epigenetic marks during development, first
during gametogenesis, and again in early embryogenesis. This allows the
formation of totipotent cells in each new generation.

Epigenome Chemical changes to DNA and histones or changes in ncRNA expression that
can be inherited and are involved in regulating gene expression and
suppression of transposable elements. The epigenome is dynamic and can be
altered by environmental conditions.

Epimutation Alterations in the pattern of normal epigenetic mark that has the potential of
being inherited from one generation to the next.

Filial generation Pertaining to the sequence of generations following the parental generation.
Each generation is designated by an “F” followed by a number indicating the
generation (e.g., F1 is the first filial generation).

Germ cell A totipotent, haploid cell that combines with a germ cell from the opposite
sex to form a new individual. Also known as a gamete.

Intergenerational
epigenetic inheritance

The transmission of non-DNA base sequence (i.e., epigenetic) information
between generations via the germline. It affects offspring phenotype and/or
epigenetic marks, which is not inherited past the F1 generation through the
paternal lineage and the F2 generation through the maternal lineage (see
Fig. 26.1). In this type of epigenetic inheritance, direct exposure of the
offspring to the causative environmental stressor or to parental physiological
effects cannot be mechanistically ruled out.

Paramutation Interaction between two alleles at a single genetic locus whereby one mutant
allele induces a heritable epigenetic change in the other wild-type allele.

Reconstruction model In epigenetic inheritance, this mechanistic model suggests that epigenetic
marks responsible for a phenotype undergo normal reprogramming in the
germline and zygote but are then “reconstructed” or recreated by each
successive generation (see Fig. 26.2).

Repetitive DNA Patterns of nucleic acids that occur in multiple copies throughout the genome.
A significant fraction of the genome is repetitive. Repeats that occur in
tandem repeat sequences or dispersed throughout the genome as transposable
elements (e.g., transposons, retrotransposons).

Replication model In epigenetic inheritance, this mechanistic model requires epigenetic marks
(e.g., DNA methylation, histone modifications) to be directly copied between
cell divisions and generations (see Fig. 26.2).

Slow-growth period The period before the onset of puberty, usually between ages 9 and 12 in
humans.

Transgenerational
epigenetic inheritance

The transmission of non-DNA base sequence information between genera-
tions via the germline. It affects offspring phenotype and/or epigenetic marks,
which must be inherited at least to the F2 generation through the paternal
lineage and to the F3 generation through the maternal lineage (see Fig. 26.1)
to exclude direct effects of these individuals to the initiating environmental
stressor.
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Unravelling the complex mechanisms of
transgenerational epigenetic inheritance
Georgina ET Blake1 and Erica D Watson1,2

There are numerous benefits to elucidating how our environment

affects our health: from a greater understanding of adaptation to

disease prevention. Evidence shows that stressors we are

exposed to during our lifetime might cause disease in our

descendants. Transgenerational epigenetic inheritance involves

the transmission of ‘information’ over multiple generations via

the gametes independent of the DNA base sequence. Despite

extensive research, the epigenetic mechanisms remain unclear.

Analysis of model organisms exposed to environmental insults

(e.g., diet manipulation, stress, toxin exposure) or carrying

mutations in the epigenetic regulatory machinery indicates that

inheritance of altered DNA methylation, histone modifications,

or non-coding RNAs are key mechanisms. Tracking inherited

epigenetic information and its effects for multiple generations is

a significant challenge to overcome.
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Introduction
In recent years, the concept that epigenetic factors are

inherited has rapidly developed. As more studies show

that environmental stressors (e.g., poor diet, toxins, or

psychological stress [1��,2��,3,4]) influence the epigen-

ome, it is becoming clear that the environment experi-

enced during our lifetime may impact the health of our

descendants. How commonplace epigenetic inheritance

is and the underlying mechanisms remain uncertain,

though substantial research over the last few years have

improved our understanding of this phenomenon.

We define transgenerational epigenetic inheritance

(TEI) as the transmission of non-DNA base sequence

information between generations via the germline [5,6].

Epigenetic changes in the first generation (parental gen-

eration (F0)) occurring after exposure to an environmen-

tal insult increases risk for specific phenotypes in

subsequent generations (first filial generation (F1), sec-

ond filial generation (F2), third filial generation (F3),

among others) even when they are not exposed to the

insult themselves. To be transgenerationally inherited,

the phenotype must persist beyond the F2 generation

when inherited via the paternal lineage and F3 generation

via the maternal lineage [5,6] (Figure 1). Both sperm and

oocytes [7,8�,9��] transmit epigenetic information to the

next generation, but paternal inheritance is typically

studied for experimental tractability and lack of con-

founding influences (e.g., the uterine environment). A

multigenerational search for inherited epigenetic factors,

such as DNA and histone methylation, and non-coding

(nc) RNAs, has ensued.

TEI in human populations is becoming evident [10],

though it is difficult to study due to long generation

times, genetic diversity and variable environmental con-

ditions wherein we live. Plant and animal models of TEI,

in which genetic and environmental conditions are me-

ticulously controlled, are key for mechanistic exploration

and for overcoming the challenges associated with track-

ing epigenetic information over multiple generations.

A greater understanding of TEI will have important

implications for disease risk prediction and prevention.

DNA methylation: an important mechanistic
candidate
Methylation of single DNA residues is well studied in the

context of TEI. In mammals, 5-methylcytosine (5mC) is

the predominant form of methylated DNA. In organisms

(e.g., bacteria, fungi, Caenorhabditis elegans and Drosophila
melanogaster) that lack or have low levels of 5mC, other

forms of methylated DNA, such as the recently identified

N6-methyladenine (6mA), are widespread [11]. 5mC is

generally associated with gene repression [12] whereas

6mA is thought to promote activity [13]. The reality may

be far more complex; linking methylation status to a

specific gene expression profile and phenotype is chal-

lenging. For DNA methylation to be a heritable epige-

netic mark, it should be mitotically and meiotically

stable [5,6] and escape epigenetic reprogramming that

normally occurs in primordial germ cells and post-fertili-

zation embryos [14–16] (Figure 2). This epigenetic ‘era-

sure’ generates a totipotent state required to form the

next generation [16]. Remarkably, 5mC within specific
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genomic regions including repeat sequences (e.g., intra-

cisternal A particles [IAPs]) and rare regulatory elements

(e.g., promoters next to IAPs) is resistant to reprogram-

ming [14,15] (Figure 2). Presumably, this occurs to main-

tain genomic stability during widespread erasure [17].

Abnormal DNA methylation patterns caused by environ-

mental stressors would have to generate resistance to

reprogramming to appear and cause phenotypes in sub-

sequent generations.

Owing to their resistance to reprogramming, the meth-

ylation status of repetitive elements is a mechanistic

candidate of TEI [6,15]. A classic mouse model of TEI

involving an IAP element is the agouti viable yellow (Avy)

epiallele [18]. Hypomethylation of a cryptic promoter in

the IAP element upstream of the agouti gene drives its

expression leading to a yellow coat colour, obesity and

diabetes [19]. This hypomethylated status is inherited

over several generations through the maternal line [18]

and can be manipulated by environmental factors [20,21].

For example, providing a methyl-rich diet to Avy females

decreases the frequency of yellow coats in their offspring

[20,21]. It is unclear whether DNA methylation at the

IAP element is normalised [21] or if an indirect effect is

responsible [20].

Beyond the Avy model, it has been difficult to identify

differentially methylated regions (DMRs) in the genome

that are stable over multiple generations and that corre-

late with a phenotype. This is even when unbiased

approaches to assess the germline methylome are imple-

mented. One successful example is in a pre-diabetic

mouse model characterized by insulin resistance and

impaired fasting glucose [22]. F0 males transmit a similar

pre-diabetic phenotype to the F1 and F2 generations [22].

Whole 5mC methylome analysis of sperm from F0 males

revealed altered DNA methylation patterns compared to

controls [22]. However, only a few of these abnormal

patterns persisted in pancreatic islets of the male F1 and

F2 offspring [22]. Conversely, unbiased methylome anal-

ysis of sperm from mice (F1) exposed to severe undernu-

trition while in utero, revealed altered DNA methylation

that coincided with reduced birth weight and a robust

metabolic phenotype [2��,23]. Over 100 DMRs concen-

trated in CpG islands and intergenic regions were identi-

fied [2��]. However, the subset of DMRs that were

assessed in F2 somatic tissues were not maintained, even

though neighbouring genes showed altered expression

and the metabolic phenotype was observed [2��]. This

suggests a parallel epigenetic mechanism may be in-

volved. Future methylome-wide analysis of the F2 gen-

eration and beyond will more thoroughly determine

whether DMRs are inherited.

Reproducibility of TEI data is another challenge. An

example of this is the rodent vinclozolin model [24].

Males (F1) exposed in utero to the endocrine disruptor

vinclozolin transmit several adult onset diseases up to the

F4 generation [4]. Analysis of promoter regions revealed

widespread alteration of 5mC in mature sperm of the F3

generation following ancestral vinclozolin exposure [25].

However, others showed that altered DNA methylation

patterns in purified prospermatogonia of the F1 offspring

were not apparent in the F2 generation [26]. The dis-

crepancy between studies may come down to technical

differences, including the sperm population assessed and

method of methylation analysis used, or it may reflect

the natural epigenetic variability that exists between

individuals [27].
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Comparing transgenerational epigenetic inheritance (TEI) between the

paternal and maternal lineages. Epigenetic alterations and phenotypes

induced by environmental insults in the F0 generation may be inherited

via the germline over several generations (F1, F2, F3, among others).

In the paternal lineage: TEI occurs if direct exposure of an F0 male

and his germ cells to an environmental insult causes a phenotype

(star) and/or alters epigenetic patterns beyond the F1 generation. The

F2 offspring is the first generation that was not directly exposed to the

insult. In the maternal lineage: if environmental exposure occurs while

a female is pregnant, the mother, the foetus (F1 generation) and its

primordial germ cells (F2 generation) are all directly exposed. Thus,

the persistence of phenotypes/epigenetic changes in the F3

generation and beyond is considered TEI [5,6]. Intergenerational

inheritance is the term given to phenotypes/epigenetic effects that

persist to only the F1 offspring via the paternal lineage and the F2

offspring via the maternal lineage. F0, parental generation; F1, first

filial generation; F2, second filial generation; F3, third filial generation.
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Dysregulation of methylation machinery may
initiate TEI
The machinery vital for the establishment and mainte-

nance of DNA methylation may be an important initiator of

TEI. In Arabidopsis thaliana, a mutation in the DNA
METHYLTRANSFERASE 1 (MET1) gene leads to herita-

ble hypomethylation at a repetitive region near the tran-

scriptional start site of the FLOWERING WAGENINGEN
(FWA) gene [28]. This hypomethylation leads to ectopic

FWA expression causing a late flowering phenotype for

several wildtype generations [29]. Similarly, mutations in

the mouse homolog of MET1, DNA methyltransferase 1

(Dnmt1), cause an analogous effect. Wildtype offspring

derived from males mutant for Dnmt1 showed a greater

frequency than expected of DNA hypomethylation at the

agouti locus and a yellow coat [30]. Importantly, whether

DNA methyltransferases contribute to the mechanism of

TEI beyond these epialleles requires further exploration.

Alternatively, in Drosophila, the DNA 6mA demethylase

(DMAD) suppresses transposon expression in the ovary

by ensuring low 6mA levels at these sites [13]. Although it

is unclear whether dysregulation of DMAD and 6mA at

transposable elements causes a transgenerational effect, it

may play a yet-to-be determined mechanism in the

Drosophila TEI model whereby females are fed a high

calorie diet results in obesity in the F2 generation [31].

Remarkably, limiting the substrate for DNA methyltrans-

ferases leads to transgenerational effects on development

[3]. A mutation in the mouse methionine synthase reduc-

tase (Mtrr) gene, which is necessary for the transmission

of one-carbon methyl groups [32], results in epigenetic

instability and the inheritance of congenital abnormalities

at least up to four wildtype generations [3]. Even though

these transgenerational effects occur through the mater-

nal lineage, embryo transfer experiments demonstrated

that the consequences were via the germline and inde-

pendent of the uterine environment [3]. Specific germ-

line-inherited epimutations have not yet been identified

in the Mtrr model nor is it clear whether the regulation of

DNA methylation machinery is affected.

Is there a role for histone modifications in TEI?
The inheritance of histone modifications is not as

well studied when considering TEI mechanisms. Most
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In mammals, inherited epigenetic information must escape multiple epigenetic reprogramming events in germ cells and the early embryo.

Reprogramming involves dynamic changes in the epigenetic patterns within the DNA of the germ cells and pre-implantation embryo between each

generation to re-establish pluripotency. This excludes some repetitive elements (e.g., IAPs) and rare non-repeat loci, which remain highly

methylated [15]. The graph (bottom right) indicates DNA methylation dynamics of germ cells [6]. In cases of transgenerational inheritance,

abnormal epigenetic marks caused by an environmental insult must escape multiple rounds of these reprogramming events. How these marks are

stably transmitted between generations is the focus of much research. H3K27me3, histone 3 lysine 27 trimethylation; H3K4me3, histone 3 lysine

4 trimethylation; H3K9me2, histone 3 lysine 9 dimethylation; ncRNAs, non-coding RNAs; IAP, intracisternal A particle; E, embryonic day; F0,

parental generation; F1, first filial generation; F2, second filial generation; F3, third filial generation; F4, fourth filial generation.
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histones in mouse (99%) and human (85%) sperm are

removed and replaced by protamines to enable compact

packaging of DNA during sperm maturation [33]. Recent-

ly, protamine modifications were identified [34], yet

whether or not the ‘protamine code’ passes on epigenetic

information between generations is uncertain. Histone

retention in sperm tends to be at the promoters of house-

keeping and developmentally-regulated genes [35] while

histones are retained throughout the genome in the oocyte

[36]. Whether abnormal histone modifications in either

germ cell influence the phenotype of the offspring is under

investigation. Recent evidence suggests that histone mod-

ifications and their regulatory enzymes convey epigenetic

memory across generations. In C. elegans, histone 3 lysine

27 trimethylation (H3K27me3) regulated by the polycomb

repressive complex 2 (PRC2) transmits memory of

X-chromosome repression transgenerationally [37]. In an-

other example, even though deficiencies in the H3K4me3

regulatory complex in C. elegans lead to increased longevity

that persists transgenerationally, global H3K4me3 levels

appear normal in the offspring [38]. Likewise, ectopic

expression of KDM1a, a human H3K4 demethylase, during

mouse spermatogenesis causes developmental abnormali-

ties for three wildtype generations [39�]. Regardless, wild-

type sperm of the F1 generation displayed normal

epigenome-wide H3K4me2 profiles as well as normal

DNA methylation patterns [39�]. Therefore, while disrup-

tion of the histone methylation machinery may initiate

transgenerational inheritance of a phenotype, a second

epigenetic factor may be involved.

Interconnection of epigenetic mechanisms are exempli-

fied in worms with a mutation in a KDM1a ortholog (spr-
5). The spr-5 mutants have a progressive transgenera-

tional decline in fertility and an accumulation of

H3K4me2 [40]. Correspondingly, 6mA levels also in-

crease transgenerationally in these mutants [41��] indi-

cating another epigenetic mechanism is present. When a

6mA DNA methyltransferase was knocked down in spr-5
mutant worms, the transgenerational loss of fertility phe-

notype was partially suppressed [41��]. Cross-talk be-

tween these two epigenetic pathways is evident [41��],
but further experiments to determine the nature of these

interactions are required.

Non-coding RNAs: linking soma to germline
A mechanistic role of non-coding RNA (ncRNAs) is

currently at the forefront of TEI research. Small ncRNAs

act as sequence guides directing DNA or histone meth-

ylation, and by post-transcriptionally regulating mRNA

[42]. RNA inheritance is best studied in C. elegans [43].

Starvation-induced expression of small RNAs or exoge-

nous RNA interference (RNAi) results in heritable gene

silencing that persists for several generations [44,45].

Although the mechanism is complex, it is hypothesized

that piwi-interacting RNA (piRNA), which typically

silences transposons in the germline, and exogenous

RNAi may converge into a common pathway requiring

secondary small RNAs and chromatin regulatory com-

plexes to ultimately bring about stable TEI [45].

RNA inheritance also occurs in mammals. ncRNAs from

mouse sperm exposed to an environmental stressor are

sufficient to cause phenotypes [1��,9��,46]. For example,

traumatic stress in mice (F1) due to maternal separation in

early postnatal life is associated with behavioural pheno-

types in the F2 male offspring [1��]. Deep sequencing of F1

sperm revealed upregulation of several microRNAs (miR-

NAs), which when microinjected into fertilized oocytes led

to similar behavioural phenotypes in the resulting offspring

[1��]. This technique demonstrates a causal relationship

between germline RNA and phenotype. Similarly, mice

fed either a high fat [9��] or low protein diet [8�] have

increased levels of fragmented tRNA species in sperm and

offspring with metabolic disease [8�,9��]. Fragmented

tRNAs can repress genes associated with the endogenous

retroelement, MERVL, and might influence feto-placental

development [8�]. Synthetic versions of high fat diet-in-

duced fragmented tRNAs in sperm were insufficient to

cause metabolic disease [9��]. This might be because the

synthetic tRNAs lacked necessary modifications. Indeed,

RNA methylation mediated by the methyltransferase

Dnmt2 is required for the transmission of phenotype in

the Kit paramutant model [47]. These studies indicate that

ncRNA may be a mechanism for TEI, although whether

this method of inheritance is sustained in subsequent

generations is yet-to-be determined. Remarkably, sperm

tRNA fragments may originate in the epididymis and may

be transported extracellularly to sperm by exosomes [8�].
Thus, exosomes derived from the male genital tract may

communicate the environmental conditions experienced

by the paternal generation to his mature sperm [8�,48,49].

Challenges
Identifying the heritable epigenetic information trans-

mitted across multiple generations is difficult even in

models with definitive phenotypic inheritance. The fol-

lowing reasons contribute to this challenge.

Firstly, only selected epigenetic loci are assessed in some

studies attempting to show TEI. As a result, the full scope

of epigenetic changes in each generation is not appre-

ciated. In fact, a spectrum of epigenetic information (i.e.,

DNA methylation, histone modifications, and RNA ex-

pression) may act in concert to initiate and perpetuate the

inheritance of phenotypes [39�,41��]. Ideally, we need to

perform unbiased, large-scale studies incorporating epi-

genome-wide, genome-wide, and transcriptome-wide

approaches over several generations in key models of

TEI. This type of comprehensive analysis is costly,

and likely will require collaboration between groups.

Secondly, an environmental insult may stochastically

affect the epigenome in each germ cell, as evidenced
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by phenotypic variability within a single model [3], in

addition to naturally-occurring epivariation between in-

dividuals [27]. Consequently, resolving specific epimuta-

tions is difficult when germ cells are pooled for analysis.

The emergence of single cell methylome and transcrip-

tome technologies will permit us to better understand

germ cell heterogeneity [50].

Thirdly, different ‘epimutations’ may be established in

each generation caused by epigenetic instability in the

previous generation (Figure 3). In this case, the search for

stable epimutations transmitted over multiple genera-

tions may be fruitless. Support for this hypothesis comes

from the observation that phenotypes frequently persist

over more generations than identified epigenetic changes

[1��,2��].

Fourthly, epigenetic instability might promote genetic

instability. Indeed, genetic background (e.g., inbred vs

outbred mice) can alter the susceptibility of an individual

to transgenerational epigenetic effects [25]. Alternatively,

the activation of transposable elements in the germline by

DNA hypomethylation might lead to heritable genetic

mutations [51]. Furthermore, analysis of the F3 genera-

tion following vinclozolin exposure in rats revealed

changes in DNA methylation patterns associated with a

significant increase in repeat element copy number var-

iations [52�]. It is also possible that epigenetic and genetic

mechanisms might interact in TEI through telomere

regulation. Telomeres are heterochromatic tandem

repeats rich in repressive histone marks [53] that normally

protect chromosome ends from degradation [54]. Telo-

mere shortening is associated with aging-related diseases

[54] and can occur in response to diet manipulation. For

example, feeding female rats a low protein diet results in

an intergenerational reduction in telomere length associ-

ated with premature reproductive aging in the F2 female

offspring [55], though the F3 generation was not assessed

to confirm a transgenerational effect. Exploring the epi-

genetic status and stability of telomeres in transgenera-

tional models may open up a new line of questioning.

Lastly, attributing phenotype to particular epigenetic

changes can be problematic. Utilizing epigenetic strate-

gies, such as TALE–TET1-fusions [56] and CRISPR-

Cas9 based acetyltransferases [57], will enable us to target

and alter epigenetic marks in vivo to determine the

specific effects on gene expression and phenotype. These

technologies are in their infancy and are currently limited

by off-target effects. However, they provide many excit-

ing possibilities for site-directed epimutagenesis.

Conclusions
Lamark’s once discredited hypothesis that phenotypes

acquired during a lifetime are passed on to offspring has

been injected with new vitality, fuelling fresh perspec-

tives on rapid adaption to a changing environment [58].

Human populations are likely affected by TEI as dem-

onstrated by the Dutch Hunger Winter and Överkalix

famine studies [10,59,60]. Fundamentally, a greater

mechanistic understanding of TEI will impact our ap-

proach to disease prevention and prediction, the effects of

which will hopefully have a lasting impact.
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