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Abstract 

Genomic imprinting is an epigenetic phenomenon which orchestrates allele specific expression of a 

subset of genes according to parental origin. Monoallelic expression is directed by imprinting control 

centres and is established in the germ line through acquisition of differential DNA methylation. Even 

though they represent a small subset of genes within the mammalian genome, imprinted genes have 

critical roles in an array of important biological functions including metabolism, growth and behaviour. 

Even though the evolutionary rationale for the functional haploidy of these gene is uncertain, the 

consequences of dysregulation of some imprinted genes demonstrate that gene dosage is important. 

Cdkn1c is a maternally expressed gene which has an important role in foetal development, behaviour 

and metabolism and has been shown to be sensitive to gene dosage alteration. In this thesis, I first 

demonstrate that embryonic germ cells, on fusion with somatic mouse B cells can, not only dominantly 

reprogram them, but can induce imprint erasure at the gametic DMR governing imprinted expression 

of Cdkn1c. I also describe the development and characterisation of a mouse line in which firefly 

luciferase was knocked in to endogenous mouse Cdkn1c. I demonstrate that bioluminescence imaging 

can be used to provide a non-invasive read out of endogenous imprinted gene expression thus providing 

an opportunity to not only monitor expression longitudinally but also provide an opportunity to study 

the consequences of imprint perturbation in vivo. Furthermore, the reporter was expressed in a parent-

of-origin manner and heterozygotes were found to have wild type levels of transcript and DNA 

methylation at DMRs. Using this model, transient de-repression of the paternal allele by chromatin 

modifying drugs could by visualised non-invasively via bioluminescence in vivo in embryos. This work 

demonstrates that these reporter mouse models can be used to interrogate the effects of in utero 

environmental stressors on imprinted gene expression. 

 

  



iv  

Acknowledgements  

I would like to thank the Imperial Biomedical Research Centre for awarding me a Chain-Florey Clinical 

Research Fellowship, and for the joint MRC/NIHR funding I received. 

I am grateful to Professor Amanda Fisher, my supervisor, for the opportunity to work in her laboratory 

and to Professor Rosalind John for welcoming me to Cardiff for the initial part of my PhD. 

I had the opportunity to work with a number of superb post-doctoral researchers, who inspired my 

interest and were generous with their time and patience when I arrived lacking a few basic lab skills. 

They made it an interesting journey. Firstly, I’d like to thank Mat who, with his extensive lab and animal 

skills, taught me a lot and was always hugely encouraging. Next, Amelie was an excellent teacher, who 

made science fun for me. I’d like to thank Francesco for his help in developing my tissue-culture skills 

and for his always interesting take on things. Grainne triggered my interest in the neural and 

evolutionary aspects of imprinted genes. My acknowledgements would be woefully lacking if I didn’t 

mention my good friend, teacher, supporter and honorary brother, Hakan, thanks for everything, you 

always listened, you never treated me like an idiot and you always challenged me and pushed me on. 

You made me read! Thank you.  I’d like to thank all the lovely PhD students and post-docs I shared 

offices with, I learned from all of you, and it was humbling. 

I would especially like to thank Mark Ungless for supporting me and believing in me throughout, thank 

you for helping me get it finished. 

No man (or woman) is an island, there are so many people who I worked with over the years, who I 

should be thanking and none of you are forgotten. 

I must thank my family, starting with Don, his unending support and friendship will never be forgotten 

and my parents for all their prayers, support and belief in me. 

Finally, I would like to thank the love of my life, my husband Bill, who has through this process 

acquired more epigenetic knowledge than a general physician could ever need! You’re welcome…  

  



v  

Table of Attributions 

Experimental Procedures Attributions 

Chapter 3  

Fluorescence activated cell sorting (FACS) Performed by Francesco Piccolo 

Chapter 4  

Electroporation of targeted construct  

pPGKneobpAloxPPGKDTA-Cdkn1c-IRES-

Luciferase into ES cells, culture, neomycin 

selection and picking of colonies 

Performed by Transgenic Facilities MRC-LMS 

Identification of homologous recombinants  

by PCR screening 
Performed by Mathew Van De Pette 

Injection of ES cells into BL6 mouse 

blastocysts 
Performed by Transgenic Facilities MRC-LMS 

Characterisation of Cdkn1cFluc, 

Cdkn1cFlucLacZ and Dlk1FlucLacZ mice: setting 

up crosses, genotyping, imaging and 

dissection. 

Performed jointly with Mathew Van De Pette. 

Optical projection tomography of mouse 

embryos 
Professor Paul French’s Team  

(Department of Imaging at Imperial College) 

Chapter 5  

Epidrug injection into mice Performed by Mathew Van De Pette 

Imaging and dissection of pregnant mice, 

embryos and P1 mice  
Performed jointly with Mathew Van De Pette 

Imaging of P28 mice Performed by Mathew Van De Pette 

 

  



vi  

Contents 

1.  Introduction ...................................................................................................................................... 1 

1.1 DNA methylation dynamics ....................................................................................................... 1 

1.1.1  De novo establishment and maintenance of DNA methylation .......................................... 2 

1.1.2  DNA Demethylation ........................................................................................................... 5 

1.1.3  TET proteins ..................................................................................................................... 10 

1.1.4  DNA demethylation dynamics in embryonic and PGC development .............................. 13 

1.2  Cell fate reprogramming .......................................................................................................... 19 

1.2.1  Transdifferentiation .......................................................................................................... 19 

1.2.2  Pluripotent conversion of somatic cells ............................................................................ 21 

1.3  Genomic imprinting ................................................................................................................. 28 

1.4  Historical overview of imprinting ............................................................................................ 28 

1.5  General properties of imprinted genes ..................................................................................... 30 

1.6  Evolution of imprinting ............................................................................................................ 36 

1.7  Evolutionary models for genomic imprinting in mammals ..................................................... 37 

1.7.1  The parental conflict hypothesis or kinship theory of genomic imprinting ...................... 39 

1.7.2  The co-adaptive theory of genomic imprinting ................................................................ 43 

1.7.3  Co-adaptation of gene expression .................................................................................... 45 

1.8  Regulation of genomic imprinting ........................................................................................... 46 

1.8.1  Erasure of imprints in primordial germ cells .................................................................... 48 

1.8.2  Establishment of imprints in the germ line ....................................................................... 48 

1.8.3  Imprint maintenance ......................................................................................................... 53 

1.8.4  Protection of imprints ....................................................................................................... 55 

1.9  Mechanisms of imprinted gene regulation ............................................................................... 57 

1.9.1  Insulator model ................................................................................................................. 58 

1.9.2  Long noncoding RNA (ncRNA) model ........................................................................... 60 

1.9.3  Somatic imprints ............................................................................................................... 63 

1.10  Functions of imprinted genes ................................................................................................ 65 

1.10.1  Foetal growth and Development .................................................................................... 66 

1.10.2.  Neurodevelopment and Behaviour ................................................................................ 70 

1.10.3  Dosage Sensitivity ......................................................................................................... 71 

1.11  Cdkn1c- Distal mouse chromosome 7 (IC2 Domain)............................................................ 73 

1.11.1  Functions of Cdkn1c (Cyclin dependent kinase inhibitor 1C) ....................................... 78 

1.11.2  Imprinting disorders: IC1 and IC2 domains .................................................................. 82 

1.12  In utero environment and imprinted genes ............................................................................ 86 

1.12.1  Imprinted gene sensitivity .............................................................................................. 89 



vii  

1.12.2  Challenges of studying imprinted genes ........................................................................ 96 

1.13  Aims of the thesis .................................................................................................................. 97 

2.  Materials and Methods ................................................................................................................ 100 

2.1  Materials ................................................................................................................................. 100 

2.1.1  Cell lines ......................................................................................................................... 100 

2.1.2  Antibodies ...................................................................................................................... 101 

2.1.3  Cloning Reagents ........................................................................................................... 101 

2.2  Methods .................................................................................................................................. 101 

2.2.1  Cell Culture .................................................................................................................... 101 

2.2.2  Cell Fusion ..................................................................................................................... 103 

2.2.3  Embryoid Body Differentiation ...................................................................................... 103 

2.2.4  Fluorescence activated cell sorting (FACS) analysis ..................................................... 103 

2.2.5  DNA methylation analysis by bisulfite sequencing. ...................................................... 104 

2.2.6  Generation of the targeting construct  

pPGKneobpAloxPPGKDTA-Cdkn1c-IRES-Luciferase ................................................ 105 

2.2.7  PCR screening for targeted ES cells. .............................................................................. 116 

2.2.8  Animal Work .................................................................................................................. 118 

2.2.9  Maintenance of mice ...................................................................................................... 118 

2.2.10  Genotyping of mice ..................................................................................................... 119 

2.2.11  Embryo Dissection ....................................................................................................... 119 

2.2.12  Bioluminescence imaging (BLI) .................................................................................. 120 

2.2.13  Epidrug Injections ........................................................................................................ 120 

2.2.14  Beta-Galactosidase staining of mouse embryos .......................................................... 121 

2.2.15  Reverse Transcription Polymerase Chain Reaction (RT-PCR) ................................... 121 

2.2.16  Western Blot ................................................................................................................ 123 

3.  Embryonic Germ (EG) cell-mediated erasure of Cdkn1c imprint during cell fusion  

reprogramming of mouse B cells towards pluripotency........................................................... 125 

3.1  Introduction ............................................................................................................................ 125 

3.2  EG cells display hypomethylation at KvDMR1 ...................................................................... 127 

3.3  EG cells can induce demethylation at KvDMR1 in somatic cells upon reprogrammed- 

hybrid formation .................................................................................................................... 128 

3.4  Pluripotent reprogramming of mouse b cells by es cells in the absence of  

demethylation at KvDMR1 ..................................................................................................... 131 

3.5  Discussion .............................................................................................................................. 132 

4.  Generation and Characterization of Transgenic Mouse Models Cdkn1cFluc,  

Cdkn1cFlucLacZ and Dlk1FlucLacZ ...................................................................................................... 137 

4.1  Introduction ............................................................................................................................ 137 

4.2  Generation of Cdkn1cFluc  knock-in mice ............................................................................... 140 



viii  

4.3  embryoid body differentiation of targeted Cdkn1cFluc ES cells .............................................. 144 

4.4  Characterisation of Cdkn1cFluc knock-in mice ....................................................................... 147 

4.4.1  Firefly Luciferase is expressed in a parent-of-origin specific manner in  

four-week-old Cdkn1cFluc knock-in mice ....................................................................... 147 

4.4.2  Firefly Luciferase is expressed in a parent-of-origin specific manner in  

Cdkn1cFluc E11.5 embryos .............................................................................................. 149 

4.4.3  Molecular characterisation of Cdkn1cFluc knock-in mice ............................................... 154 

4.5  Characterisation of Cdkn1cFlucLacZ knock-in mice .................................................................. 157 

4.5.1  Firefly Luciferase is expressed in a parent-of-origin-specific manner in  

four-week-old   Cdkn1cFlucLacZ transgenic mice .............................................................. 158 

4.5.2  Firefly Luciferase and LacZ are expressed in a parent-of-origin-specific manner  

in Cdkn1cFlucLacZ E11.5 embryos ..................................................................................... 160 

4.5.3  Molecular Characterisation of Cdkn1cFlucLacZ knock-in mice.......................................... 163 

4.5.4  Imprinted Cdkn1cFlucLacZ Expression is Appropriately Reset in the Germline .......... 165 

4.6  Characterising Dlk1FlucLacZ knock-in mice .............................................................................. 166 

4.6.1  Firefly Luciferase and LacZ expression in the Dlk1FlucLacZ knock-in mouse line............ 167 

4.6.2  Molecular Characterisation of Dlk1FluLacZ transgenic mice............................................. 170 

4.7  Discussion .............................................................................................................................. 170 

4.7.1  Limitations and Challenges ............................................................................................ 178 

5.  Studying the effects of chromatin-modifying drugs on Cdkn1c imprinting in utero  

using bioluminescence imaging ................................................................................................... 180 

5.1  Introduction ............................................................................................................................ 180 

5.2  Release of paternal Cdkn1c-FlucLacZ silencing by 5’Azacytidine in Cdkn1cwt/FlucLacZ  

embryos can be visualised by bioluminescence imaging ....................................................... 182 

5.3  Release of paternal Cdkn1c-FlucLacZ silencing byTSA in Cdkn1cwt/FlucLacZ embryos  

can be visualised by bioluminescence imaging ...................................................................... 186 

5.4  Release of paternal Cdkn1c-FlucLacZ silencing by 5’Azacytidine & TSA in  

Cdkn1cwt/FlucLacZ embryos can be visualised by bioluminescence imaging ............................. 190 

5.5  Release of paternal Cdkn1c-FlucLacZ silencing in 5’Azacytidine & Trichostatin A 

 exposed Cdkn1cwt/FlucLacZ offspring is observable after birth via bioluminescence  

imaging ................................................................................................................................... 194 

5.6  Release of paternal Cdkn1c-FlucLacZ silencing in 5’Azacytidine & TSA exposed  

Cdkn1cwt/FlucLacZ offspring is not observable at P28 via bioluminescence imaging ................ 196 

5.7  Discussion .............................................................................................................................. 198 

6.  General Discussion ....................................................................................................................... 206 

6.1  EG cell induced erasure of methylation at the KvDMR1 ....................................................... 206 

6.2  Reporter mouse models for imprinted genes Cdkn1cFluc and Cdkn1cFlucLacZ .......................... 211 

6.3  Visualising loss of imprinting in mouse reporter model Cdkn1cFlucLacZ ................................. 220 

7.  Bibliography ................................................................................................................................. 226 

  



ix  

List of Figures and Tables 

1. Figures 

Figure 1.1 Pathways of DNA methylation. 

Figure 1.2 Passive demethylation or replication dependent loss of DNA methylation. 

Figure 1.3 Three in vitro strategies for nuclear programming somatic cells to pluripotency. 

Figure 1.4 Imprinted genes are expressed preferentially from the paternal or maternal allele. 

Figure 1.5 Schematic representation of constituents of a typical imprinted gene cluster. 

Figure 1.6 Lifecycle of genomic imprints. Establishment, maintenance and erasure of genomic 

imprints during mouse development. 

Figure 1.7 Schematic representation of two models of imprinted gene regulation. 

Figure 1.8 Structure of mouse distal chromosome 7: IC1 and IC2 subdomains. 

Figure 1.9 Imprinting control at mouse IC2 Domain. 

Figure 2.1 Schematic showing plasmids used for generating targeting construct 

pPGKneobpAloxPPGKDTA-Cdkn1c-IRES-Luciferase. 

Figure 2.2 Sub-cloning of Cdkn1c 3’ homology arm into pPGKneobpAloxPPGKDTA. 

Figure 2.3 Verification of cloning orientation of Cdkn1c 3’ homology arm into 

pPGKneobpAloxPPGKDTA. 

Figure 2.4 PCR cloning of IRES-Luciferase into pBluescript-Cdkn1c-5’. 

Figure 2.5 Verifying integration of IRES-Luciferase into p-Bluescript-Cdkn1c-5’. 

Figure 2.6 Subcloning Cdkn1c-5’-IRES-Luciferase into pPGKneobpAloxPPGKDTA-Cdkn1c 3’ 

vector. 

Figure 2.7 Determining orientation of insertion of Cdkn1c-5’-IRES-Luciferase into the targeting 

vector by ScaI restriction digest. 

Figure 3.1 EG cells are hypomethylated at KvDMR1. 

Figure 3.2 Fusion of mouse EG and mouse B cells generates reprogrammed hybrids which show 

reduced DNA methylation at KvDMR1 in a step wise fashion. 

Figure 3.3 Fusion of mouse ES and mouse B cells generates reprogrammed hybrids which show 

unchanged DNA methylation at mouse KvDMR1. 

Figure 4.1 Schematic representation of homologous recombination mediated knock-in of IRES-

luciferase cassette into mouse Cdkn1c and cloning strategy utilised to generate the 

targeting construct. 

Figure 4.2 Schematic of screening strategy for identifying homologous recombinants and generation 

of transgenic mouse model Cdkn1cFluc. 

Figure 4.3 Bioluminescence imaging and q-PCR analysis of embryoid differentiation of targeted 

and wild type ES cells. 

Figure 4.4 Bioluminescence imaging can be used to visualise Cdkn1c expression in vivo at 4 weeks. 



x  

Figure 4.5 Bioluminescence imaging of pregnant transgenic mice at E11.5. 

Figure 4.6 Bioluminescence imaging of transgenic and wild type E11.5 embryos. 

Figure 4.7 Molecular characterisation of transgenic Cdkn1cFluc mice. 

Figure 4.8 Methylation analysis of the gametic DMR (KvDMR1) and secondary Cdkn1c somatic 

DMR in E11.5 embryo brain of Cdkn1cwt/wt and Cdkn1cFluc/wt mouse. 

Figure 4.9 Bioluminescence can be used to visualise Cdkn1c expression in vivo at 4 weeks. 

Figure 4.10 Endogenous imprinted Cdkn1c expression can be visualised in E11.5 Cdkn1cFlucLacZ 

embryos using bioluminescence imaging. 

Figure 4.11 Endogenous imprinted Cdkn1c expression can be visualised in E11.5 Cdkn1cFlucLacZ 

embryos using LacZ staining and optical projection tomography. 

Figure 4.12 Molecular characterisation of Cdkn1cFlucLacZ knock-in mice. 

Figure 4.13 Luciferase is expressed in the predicted parent-of-origin-specific expression as Cdkn1c 

through multiple generations in the Cdkn1cLuc-LacZ mouse line. 

Figure 4.14 Endogenous Dlk1 can be visualised in E11.5 Dlk1FlucLacZ embryos using bioluminescence 

imaging and LacZ staining. 

Figure 4.15 Transcript and bisulfite sequencing analysis of the gametic DMR (IG-DMR) and 

secondary Dlk1 somatic DMR in E11.5 embryo brain of Dlk1FlucLacZ mice. 

Figure 5.1 Experimental timeline showing drug dosing time points in utero and imaging schedule. 

Figure 5.2 Bioluminescence imaging of wild type pregnant female and E14.5 explanted 

Cdkn1cwt/FlucLacZ and wild type embryos after exposure to 5’Azacytidine. 

Figure 5.3 Bioluminescence imaging of wild type pregnant female and E14.5 explanted 

Cdkn1cwt/FlucLacZ and wild type embryos after exposure to vehicle. 

Figure 5.4 Bisulfite analysis of DNA methylation at KvDMR1 and Cdkn1c somatic DMR in the 

brain of E14.5 vehicle and 5’azacytidine exposed embryos. 

Figure 5.5 Bioluminescence imaging of wild type pregnant female and E14.5 explanted 

Cdkn1cwt/FlucLacZ and wild type embryos after exposure to TSA. 

Figure 5.6 Bisulfite analysis of DNA methylation at KvDMR1 and Cdkn1c somatic DMR in the 

brain of E14.5 TSA treated embryos. 

Figure 5.7 Bioluminescence imaging of wild type pregnant female and E14.5 explanted 

Cdkn1cwt/FlucLacZ and wild type embryos after exposure to 5’Azacytidine and TSA 

Figure 5.8 Bisulfite analysis of DNA methylation at KvDMR1 and Cdkn1c somatic DMR in the 

brain of E14.5 5’Azacytidine and TSA treated embryos and table demonstrating average 

bioluminescence signal generated in each drug treatment group. 

Figure 5.9 Bioluminescence imaging of Cdkn1cwt/FlucLacZ and wild type P1 pups born from female 

mice exposed to vehicle or 5’Azacytidine and TSA at E13.5 and E12.5 respectively. 

Figure 5.10 Bioluminescence imaging of Cdkn1cwt/FlucLacZ and wild type P28 mice born from female 

mice exposed to vehicle or 5’Azacytidine and TSA at E13.5 and E12.5 respectively. 

Figure 5.11 Bisulfite analysis of DNA methylation at KvDMR1 and Cdkn1c somatic DMR in the 

brain of P28 mice exposed to 5’Azacytidine & TSA or vehicle in utero. 



xi  

2. Tables 

Table 1.1  Sample of studies demonstrating environmental stressor effects on imprinted genes 

during development 

Table 4.1  Number and genotype of Cdkn1cFluc embryos imaged and the mean flux represented 

in photons per second 

Table 4.2  Number and genotype of Cdkn1cFlucLacZ embryos imaged and the mean flux 

represented in photons per second 

Table 5.1  Table showing percentage of Cdkn1cwt/FlucLacZ embryos in each treatment group which 

demonstrated bioluminescence and their corresponding signal quantification in p/sec. 

 

 

  



xii  

Abbreviations 

AER  Apical ectodermal ridge 

Airn  Antisense Igf2r RNA 

AS  Angelman syndrome 

ATP  Adenosine triphosphate 

AWERB Animal Welfare and Ethical Review Body 

BAT  Brown adipose tissue 

BEC  Biliary epithelial cell 

BER  Base excision repair 

BLI  Bio-luminescence imaging 

BMP4  Bone morphogenic protein 4 

bp  base pair 

BWS  Beckwith Wiedemann Syndrome 

Cas  CRISPR associated 

CBR  Click beetle red 

CCD  Cooled charge-coupled device 

CDKI  Cyclin dependent kinase inhibitor 

cDNA  Complimentary DNA 

ChIP  Chromatin immunoprecipitation 

CpG  Cytosine phosphate guanine 

CRISPR Clustered regularly interspaced short palindromic repeats 

CT  Computerised tomography 

DLIT  Diffuse Light Imaging Tomography 

DMR  Differentially methylated region 

DNA  Deoxy-ribose nucleic acid 

DNMT  DNA methyltransferase 

DT-A  Diphtheria toxin-A 

DMEM  Dulbecco’s Modified Eagle Medium 

DMSO  Dimethyl-sulfoxide 

E  Embryonic day 

EB  Embryoid body 

EC cell  Embryonal carcinoma cell 

EDTA  Ethylenediaminetetraacetic acid 

EGC/EG cell Embryonic germ cell 



xiii  

ERα  Estrogen receptor α 

ERK  Extracellular signal-regulated kinase 

ESC/ES cell Embryonic stem cell 

FACS  Fluorescence activated cell sorting 

FBS  Foetal bovine serum 

FCS   Foetal calf serum 

FISH  Fluorescence in situ hybridization 

Fluc  Firefly luciferase 

gDMR  Germline differentially methylated region 

GFP  Green fluorescent protein 

GOF  Genomic Oct4 fragment 

HAT  Histone acetyltransferases 

HDAC  Histone deacetylase 

HPRT  Hypoxanthine-guanine phosphoribosyltransferase 

IAP  Intracystinal A particle 

IC  Imprinting cluster 

ICM  Inner cell mass 

ICR  Imprinting Control Region 

IG-DMR Intergenic differentially methylated region 

IGF2  Insulin-like growth factor 2 

IGN  Imprinted gene network 

IMAGe Intrauterine growth restriction, metaphyseal dysplasia, adrenal hypoplasia  

congenita and genital anomalies 

iPSC  Induced pluripotent stem cell 

IPW  Imprinted in Prader-Wili 

IRES  Internal ribosome entry site 

IUGR  Intrauterine growth retardation 

IVIS  in vivo imaging system 

kb  Kilo base (pairs) 

KO- DMEM Knockout Dulbecco’s Modified Eagle Medium 

KRAB  Kruppel-associated box 

LB  Luria broth 

LG  Licking and grooming 

LIF  Leukaemia inhibitory factor 

LINE  Long interspersed element 



xiv  

LRPCR  Long-range PCR 

Mb  Mega base (pairs) 

mB cell  Mouse B cell 

MEF  Mouse embryonic fibroblast 

mEG cell Mouse embryonic germ cell 

mES cell Mouse embryonic stem cell 

MET  Mesenchymal to epithelial transition 

MR  Magnetic resonance 

MYOD  Myoblast determination protein 

ncRNA  Non-coding RNA 

NEAA  Non-essential amino acids 

nm  Nanometer 

OPT  Optical projection tomography 

P  Postnatal days 

PBS  Phosphate buffered saline 

PCR  Polymerase chain reaction 

PEG  Polyethylene glycol 

PGK  Phosphoglycerate kinase 

PGC  Primordial germ cell 

PI  Propidium iodide 

PN  Pronuclear 

PTM  Post-translational modification 

q-PCR  Quantitative PCR 

RNA  Ribose nucleic acid 

RNAi  RNA interference 

RPMI-1640 Roswell Park Memorial Institute-1640 medium 

RRR  Reprogramming resistant region 

SCNT  Somatic cell nuclear transfer 

SDS  Sodium dodecyl sulphate 

SDS-PAGE Sodium dodecyl sulphate-polyacrylamide gel electrophoresis 

shRNA  Short hairpin RNA 

SIM  Sandos inbred mouse 

SNP  Single nucleotide polymorphism 

SRS  Silver-Russell Syndrome 

TALENs Transcription-activator like effector nucleases 



xv  

TDG  Thymine DNA glycosylase 

TEMED Tetramethylethylenediamine 

TET  Ten-eleven translocation 

TND  Transient neonatal diabetes 

TSA  Trichostatin A 

UPD  Uniparental disomy 

UTR  Untranslated region 

wt  Wild type 

5caC  5-carboxycytosine 

5fC  5-formol cytosine 

5hmC  5-hydroxymethylcytosine 

5mC  5-methylcytosine 

5hmU  5-hydroxymethyl uracil  

 

 



1  

1.  Introduction  

Division of labour in multicellular organisms, in the form of cell specification, begins during early 

embryonic development. Pluripotent cells give rise to progeny that have distinct gene expression 

programmes which are maintained by transcription factor availability and epigenetic modifications, 

such as DNA methylation, histone tail modifications, and non-histone proteins that bind to chromatin 

(Bird 2002, Li 2002).  Differentiated cells therefore reflect genetic identity and epigenetic signatures 

that result from individual developmental history and environmental influence. Collectively these 

features contribute to the phenotype and function of a cell. For many differentiated cell types epigenetic 

marks are stably inherited through mitosis, allowing the propagation of lineage-specific transcription 

profiles (Morgan, Santos et al. 2005). However, during at least two phases of the mammalian life cycle, 

the epigenetic marking is globally disrupted: upon fertilisation of the gametes and formation of the 

zygote, and during the development and migration of primordial germ cells in the embryo. This in vivo 

‘reprogramming’ of the epigenome i.e. erasure and re-establishment of epigenetic marks, signals 

attainment of a totipotent state in the zygote and the formation of primordial germ cells (PGCs) with 

appropriate epigenetic signatures for the next generation. Epigenetic reprogramming can also be 

achieved in vitro, by several different techniques in which somatic cells can be stimulated to reacquire 

pluripotency (Reik and Walter 2001, Rideout, Eggan et al. 2001, Surani 2001). Our understanding of 

how epigenetic information is erased and maintained has been greatly facilitated by studies of in vivo 

and in vitro reprogramming. 

 

1.1 DNA methylation dynamics  

DNA cytosine methylation on the fifth carbon (abbreviated as 5mC) is one of the best studied epigenetic 

marks and is crucial for mammalian development and genome stability. DNA methylation is often seen 

in the context of symmetrical CG or CpG (cytosine phosphate guanine) dinucleotides (Bird 2002). CG 

islands are regions of the genome with a high frequency of CG sites. More specifically, Gardiner-

Garden and Frommer defined CpG islands as consisting of at least 200 bps with a GC percentage greater 

than 50% and an observed-to-expected CpG ratio greater than 60% (Gardiner-Garden and Frommer, 
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1987). The majority of gene promoters, especially those of house-keeping genes, lie within CpG islands 

and commonly display hypomethylation (Deaton and Bird 2011).CG island-poor regions are often 

methylated. CpG island methylation results in silencing of gene expression and is particularly important 

during establishment of imprints during gametogenesis. (Bird 2002, Deaton and Bird 2011). Apart from 

genomic imprinting, DNA methylation is important for several biological processes including 

regulating gene expression, silencing retrotransposons, X chromosome inactivation and maintaining 

cellular identities in mammals (Bird 2002, Jaenisch and Bird 2003, Goll and Bestor 2005). Although 

epigenetic modifications like DNA methylation play a crucial role in cell fate, they also represent an 

epigenetic barrier to totipotency and development potential (Seisenberger, Peat et al. 2013). It has been 

reported that DNA demethylation is critical for the acquisition of pluripotency (Simonsson and Gurdon 

2004, Mikkelsen, Hanna et al. 2008). 

 

1.1.1  De novo establishment and maintenance of DNA methylation 

DNA methylation is catalysed by a group of enzymes called DNA methyltransferases (DNMTs): 

DNMT1, DNMT3A and DNMT3B. Cytosine methylation by DNMTs is initiated by their binding to 

the electrophilic sixth carbon of cytosine via their catalytic site containing nucleophilic cysteine thiolate. 

This binding induces increased nucleophilicity of the fifth carbon on the cytosine ring, leaving it 

vulnerable to an electrophilic attack by the cofactor S-adenosyl-methionine, which then transfers a 

methyl group. The formation of a carbon-carbon bond between the methyl group and cytosine confers 

its stability (Smith, Kaplan et al. 1992). Although these enzymes share the same basic structure, they 

differ in their expression patterns and functions (Xie, Wang et al. 1999) (Figure 1.1A).  DNMT1 

functions to maintain DNA methylation, and is abundantly expressed in mammalian tissues including 

the brain (Goto, Numata et al. 1994). DNMT1 preferentially methylates hemimethylated CpG sites 

which are produced by the incorporation of unmodified cytosine into newly synthesised daughter 

strands during DNA replication (Ramsahoye, Biniszkiewicz et al. 2000).  It is recruited to the replication 

fork during DNA synthesis, binds to the newly synthesised strand and copies the DNA methylation 

pattern from the parent to the daughter strand, thus propagating existing DNA methylation patterns in 
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a cell lineage at every cell cycle (Leonhardt, Page et al. 1992, Hermann, Goyal et al. 2004) (Figure 

1.1C). Dnmt1 knock out mice display embryonic lethality between E8 and E10.5 and an approximately 

two third loss of DNA methylation is exhibited in developing embryonic tissues. Dnmt1 deficient mouse 

ES cells similarly were found to have a 3-fold reduction in genomic 5-methyl-cytosine but remained 

viable (Li, Bestor et al. 1992, Chen, Pettersson et al. 1998). However, differentiation of Dnmt1 deficient 

ES cells led to cell death demonstrating the importance of Dnmt1 in cellular differentiation (Jackson-

Grusby, Beard et al. 2001).  Recruitment of DNMT1 to the replication fork is facilitated by a tethering 

factor UHRF1 which contains a unique SET and ring associated domain that recognises and binds hemi-

methylated CpGs. The 5mC recognised by UHRF1 is flipped out of the DNA helix which orientates 

and presents unmethylated cytosine to DNMT1 to enable methylation (Arita, Ariyoshi et al. 2008, 

Hashimoto, Horton et al. 2008). UHRF1 also recognises H3K9me2/me3 marks, which induce 

recruitment of DNMT1 (Liu, Gao et al. 2013). The importance of Uhrf1 in DNA methylation 

maintenance is depicted by the finding that Uhrf1 deletion leads to decreased DNA methylation and 

leads to embryonic lethality (Sharif, Muto et al. 2007).  

 

DNMT3A and DNMT3B are de novo methyltransferases and display many structural and functional 

similarities. They show no preference towards hemimethylated DNA, and methylate DNA de novo 

(Figure 1.1B). They are crucial for the establishment of DNA methylation during early embryonic 

development (Okano, Xie et al. 1998, Okano, Bell et al. 1999). DNMT3A and DNMT3B are 

distinguished by their gene expression patterns. Dnmt3b has been found to be expressed in totipotent 

embryonic cells such as the inner cell mass, embryonic ectoderm and the epiblast cells, while Dnmt3a 

is found ubiquitously expressed in the mouse embryo after E10.5 (Watanabe, Suetake et al. 2002). This 

can also be related to its important role in establishing methylation at imprinted control regions (ICRs) 

(Kaneda, Okano et al. 2004).  In human adult tissues, DNMT3A has been found to be ubiquitously 

expressed and readily detectable. DNMT3B, on the other hand, was found to be expressed at low levels 

in tissues except for the testis, thyroid and the bone marrow (Xie, Wang et al. 1999). The stage-specific 

importance of Dnmt3a and Dnmt3b is also demonstrated by the finding that Dnmt3b knock out mice 
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are embryonically lethal but Dnmt3a knockouts survive up to 4 weeks postnatally, suggesting early and 

late requirements for Dnmt3b and Dnmt3a respectively. Combined deletion of Dnmt3a and Dnmt3b 

caused earlier embryonic lethality suggesting a level of redundancy between the two de novo 

methyltransferases (Okano, Bell et al. 1999).  

 

Figure 1.1 Pathways of DNA methylation. (A) DNA methylation is catalysed by DNA methyltransferases or 
DNMTs. These enzymes effect methylation at cytosine residues by transferring a methyl group from S-adenosyl 
methionine or SAM to the fifth carbon the cytosine ring to give 5-methylcytosine. (B) De novo DNMTS (DNMT3a 
and DNMT3b) methylate naked DNA- red lollipops represent methyl groups. (C) DNMT1 maintains DNA 
methylation during DNA replication. The parent DNA strand (green), during replication retains DNA methylation 
(grey lollipop-methyl group existing prior to DNA replication). DNMT1 is recruited to replication fork of the 
hemimethylated DNA and methylates (red lollipop) the newly synthesised daughter strand (blue).  

DNMT3L also belongs to the DNMT group, but is unique in that it has no affinity for DNA and lacks 

the catalytic activity present in the other enzymes of this group (Aapola, Kawasaki et al. 2000, Hata, 

Okano et al. 2002), however, it is important for the functioning of DNMT3A and 3B, stimulating their 

methyltransferase activity by interacting directly with them (Hata, Okano et al. 2002, Suetake, 

Shinozaki et al. 2004). It is primarily expressed during early development and its expression becomes 

restricted to germ cells and the thymus later in life (Aapola, Lyle et al. 2001). DNMT3L has been found 

to be necessary for the establishment of maternal imprints in the germline (Bourc'his, Xu et al. 2001), 

methylation of retrotransposon sequences (Bourc'his and Bestor 2004) and for X-chromosome 

compaction (Zamudio, Scott et al. 2011). 
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1.1.2  DNA Demethylation 

DNA methylation represents a key epigenetic mark in  mammalian development, playing an important 

role in the definition of cell fate (Bird 2002). Despite its inherent chemical stability and faithful 

heritability during DNA replication, at two points in the mammalian life cycle, rapid and global loss of 

methylation has been demonstrated to occur, in the zygote and during the development of primordial 

germ cells (Reik and Walter 2001).  

 

The first round of reprogramming occurs post-fertilisation when the genomes of the contributing 

gametes are demethylated. This removal of the majority of the methylation marks in both parental 

genomes is crucial for the inner cell mass (ICM) of the ensuing blastocyst to achieve pluripotency 

compatible with early embryonic development (Mayer, Niveleau et al. 2000, Santos, Hendrich et al. 

2002, Dean, Santos et al. 2003). Importantly, DNA methylation at imprinting control regions (ICRs) in 

gametes is resistant to demethylation in cells of the ICM.  Preservation of the imprinted pattern of 

expression is exquisitely important for development and therefore imprints resist the wave of 

demethylation occurring in the pre-implantation embryo (Branco, Oda et al. 2008). A second round of 

reprogramming occurs within the primordial germ cells (PGCs), which is a population originating from 

the pluripotent epiblast. The PGCs travel to the dorsal mesentry and to the genital ridges (Ginsburg, 

Snow et al. 1990, Hayashi and Surani 2009). Between E11.5 and E13.5, PGCs enter the genital ridge 

where DNA demethylation and remodelling of histone modification erase sex specific imprints and 

facilitate totipotency (Tucker, Beard et al. 1996, Reik and Walter 2001).  

 

Extensive reprogramming of epigenetic modifications in the pre-implantation embryo and the germline 

is required to ensure removal of epigenetic signatures acquired during development or imposed by 

environment. Failure of epigenetic reprogramming, particularly in the germline, could result in 

abnormal methylation patterns or epimutations to be retained to the detriment of the offspring and be 

transmitted to subsequent generations (Heard and Martienssen 2014). Therefore, germline 

reprogramming may act as a barrier to non-genetic transgenerational inheritance of aberrant epigenetic 
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profiles that may confer disease (Miyoshi, Stel et al. 2016).  Reprogramming in the PGCs, in the form 

of DNA demethylation, is also imperative for appropriate expression of imprinted genes. These genes 

display characteristic differentially methylated regions (DMRs) of DNA that confer parent-of-origin 

specificicity, as differential DNA methylation is established in the germline, occurring at different loci 

in the sperm and oocyte (Bourc'his, Xu et al. 2001, Kaneda, Okano et al. 2004). 

 

The genome is therefore reprogrammed during preimplantation development to reset the epigenome to 

achieve a pluripotent state and in the germ line, more comprehensively to erase imprints and restore 

totipotency. During early reprogramming global erasure of DNA methylation to a basal level of 

approximately 5% is the central event (Surani 2015). 

 

The molecular mechanisms by which DNA methylation is reversed remains uncertain. The stability of 

cytosine methylation is derived from the covalent carbon-carbon bond, and therefore removal of 

methylation by breaching this bond is considered to be energetically expensive (Ooi and Bestor 2008). 

In the last few years, several mechanisms by which DNA methylation is lost have been described and 

can be conceptually grouped into two major pathways distinguishable by their dependency on DNA 

replication: (1) passive demethylation that occurs by a progressive ‘dilution’ of 5mC during DNA 

synthesis, and (2) Active demethylation, referring to an enzymatic process in which the methyl group 

is either lost or modified in a replication-independent manner. Additionally, recent investigations 

suggest that both pathways may act in concert to effect DNA demethylation. 

 

Passive demethylation 

DNA replication mediated dilution of 5-methylcytosine can result from a number of scenarios: loss of 

methylation maintenance machinery due to downregulation, inhibition or exclusion of DNMT1 and 

UHRF1, or modification of the 5 methyl-cytosine rendering it unrecognizable by the DNA methylation 

maintenance machinery. As a consequence of any of the above scenarios on DNA replication, the 

unmodified cytosine incorporated into the newly synthesised does not undergo modification (Figure 
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1.2A). An important clinical application of passive demethylation is the pharmacological agent 

5’azacytidine which has been used for diseases resulting from hypermethylation such as some cancers. 

5’azacytidine is a cytosine analogue, and after the drug is metabolised to 5’-aza-2’-deoxy-cytidine-

triphosphate, it becomes integrated into the DNA. Azacytosine-guanine dinucleotides are then 

recognised by DNMT1 as substrate. Covalent bonds normally formed between cytosine and DNMT1 

during the methylation reaction are normally resolved, however, azacytosine causes the enzyme to 

remain covalently bound and not only blocks its methyltransferase function but triggers a DNA damage 

signal, resulting in the degradation of the trapped DNA methyltransferases This results in a lack of 

methylation of nascent cytosine and subsequent loss of methylation marks through cell division  

(Stresemann and Lyko 2008).  

 

 

Figure 1.2  Passive demethylation or replication dependent loss of DNA methylation. (A) Hemimethylated 
DNA results from DNA replication at CG sites. The DNA methylation maintenance machinery, consisting of DNMT1 
and UHRF1, restore full methylation at these sites. If the DNA methylation maintenance machinery is impaired, 
replication dependent dilution of 5mC occurs as the cytosine incorporated to the nascent DNA strand does not get 
methylated. (B) Oxidative products of 5 methyl-cytosine (5-mC, 5fC and 5caC) remain unrecognized by the DNA 
methylation maintenance machinery leading to progressive loss of methylation on subsequent cell divisions.  

Repression or nuclear exclusion of UHRF1 during germ cell development has been shown to result in 

DNA demethylation (Seisenberger, Andrews et al. 2012, Kagiwada, Kurimoto et al. 2013). Soon after 

fertilisation, the mouse maternal genome experiences progressive DNA demethylation through nuclear 



8  

exclusion of the DNA methylation maintenance machinery, suggesting the importance of passive 

demethylation as a candidate mechanism for loss of methylation during development (Cardoso and 

Leonhardt 1999). 

 

Active demethylation 

Although the mechanisms by which passive demethylation occurs are generally understood and 

accepted, evidence for active demethylation, and how it occurs, has been controversial. Several 

molecular mechanisms for active DNA demethylation have been proposed.  

 

The first few studies that proposed reversal of DNA methylation without the need for replication, 

implicated methylation-dependent binding protein MBD2 in the direct removal of the methyl group 

from cytosine in vitro (Bhattacharya, Ramchandani et al. 1999, Ramchandani, Bhattacharya et al. 1999), 

and later in vivo (Cervoni and Szyf 2001). However, subsequent studies were unable to replicate this 

finding, and MBD2 null mice were phenotypically normal with normal methylation levels (Hendrich, 

Guy et al. 2001, Santos, Hendrich et al. 2002). 

 

Arabidopsis thaliana has been shown to express at least four 5-methylcytosine specific DNA 

glycosylases (DME, ROS1, DML2 and DML3). These enzymes excise 5mC, removing the abasic site 

along with it. Nascent cytosine can then be integrated into the excision site by the enzymatic activities 

of DNA polymerase and ligases which are part of the base excision repair (BER) pathway (Ikeda and 

Kinoshita 2009). Although, mammalian orthologues of such DNA glycosylases have not been 

demonstrated, the BER pathway is conserved in mammals and its role in active demethylation has been 

reported (Wu and Zhang 2010). For example, components of the BER pathway were found to 

accumulate at the site of single strand DNA breaks in the paternal pronucleus of the zygote after 

fertilisation, and BER mediated repair of DNA was shown to result in incorporation of unmodified 

cytosine.  Additionally, inhibition of the components of the BER pathway, PARP1 and APE1, resulted 

in significantly higher levels of methylation in the paternal genome (Hajkova, Jeffries et al. 2010, 
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Wossidlo, Arand et al. 2010). Also, loss of methylation in the PGCs was accompanied by expression of 

BER components (Ciccarone, Klinger et al. 2012). Further support for the involvement of BER pathway 

in active demethylation was suggested by Cortellino et al. According to the proposed model, 5-

methylcytosine is first deaminated to thymine by activation-induced deaminase (AID), producing a T: 

G mismatch which is then repaired by thymine DNA glycosylases (TDG) interacting with a damage 

response protein, GADD45a, resulting in incorporation of an unmodified cytosine residue. Co-

immunoprecipitation experiments revealed that TDG forms a complex with AID and GADD45A to 

effect active DNA demethylation (Cortellino, Xu et al. 2011). A similar mechanism of active removal 

of 5mC has been demonstrated in zebra-fish, involving the activity of G: T mismatch-specific thymine 

glycosylase MBD4, GADD45A and AID (Rai, Huggins et al. 2008).  Mbd4 knock out mice are viable 

(Millar, Guy et al. 2002), however Tdg deficient mice die during embryonic life (Cortellino, Xu et al. 

2011) and reports of involvement of GADD45A in active demethylation have been conflicting (Jin, 

Guo et al. 2008). Importantly Gadd45a knock out mice are viable and display no changes in methylation 

levels. However, it is possible that Gadd45a may have site specific, rather than global, DNA 

demethylation effects (Ma, Jang et al. 2009).  

 

Intriguingly, in human breast cancer cells, at oestrogen receptor genes, DNMT3A and DNMT3B have 

also been reported to display deaminase activity and have been implicated in a TDG coupled DNA 

active demethylation pathway thereby facilitating activating rapid activation and silencing of these 

genes (Kangaspeska, Stride et al. 2008, Metivier, Gallais et al. 2008).  

 

The role of AID mediated deamination of 5-methylcytosine as an intermediary in genome wide active 

demethylation pathway remains controversial. This mechanism was suggested to occur in PGCs, and 

indeed, AID deficient mouse PGCs displayed three times more DNA methylation compared to wild 

type mice (Popp, Dean et al. 2010). However, Aid knock outs are viable, suggesting redundancy of 

mechanisms exerted either by other family members or other active DNA methylation mechanisms 

(Muramatsu, Kinoshita et al. 2000, Popp, Dean et al. 2010). AID was reported to be crucial for 
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demethylation and re-activation of pluripotency associated genes OCT4 and NANOG in experimental 

cell fusion-based reprogramming (Bhutani, Brady et al. 2010). However, this was later disputed, and it 

was shown that not only was Aid not expressed in the cell lines used in the study by Bhutani et al. but 

that over expression of Aid did not change DNA demethylation kinetics during cell fusion (Foshay, 

Looney et al. 2012). Furthermore, Aid was found to not be required during early stages of iPS cell 

reprogramming (Shimamoto, Amano et al. 2014). Also given that AID demonstrates at least a 10-fold 

lower efficiency for 5mC deamination compared to its canonical substrate cytosine (Nabel, Jia et al. 

2012), and that the breaching of the carbon to carbon bond in the removal of methylation from the 

cytosine carbon ring is energetically expensive, a central role AID induced intermediates in active 

demethylation remains uncertain. More studies are required to establish the precise role of AID in active 

demethylation.  

 

Although the above discussed candidate mechanisms have demonstrated specificity in the respective 

biological systems examined, they have not provided a unifying mechanism for active demethylation. 

 

1.1.3  TET proteins 

It was the discovery of 5-hydroxymethylcytosine (5hmC), the oxidative derivative of 5mC, in mouse 

Purkinje cells, coupled with the characterisation of nucleotide oxidation in Trypanosoma brucei by J-

binding proteins, that eventually led to the discovery of the Ten-eleven translocation (TET) family of 

proteins (Borst and Sabatini 2008, Kriaucionis and Heintz 2009). Tahiliani et al., searching for 

mammalian homologs of J-binding proteins, found three related human proteins TET1, TET2 and TET3 

(Tahiliani, Koh et al. 2009). Over expression of TET1 led to reduction in genomic 5mC, and this was 

shown to be through TET mediated conversion of 5-methylcytosine to 5 hydroxymethylcytosine 

(Tahiliani, Koh et al. 2009). Similarly, Ito et al. demonstrated that all three mouse TET (TET1-3) 

proteins could catalyse the conversion of 5mC to 5hmC (Ito et al., 2010). Subsequent studies 

demonstrated that TET proteins could oxidise 5hmC further to its higher oxidation products, 5-

formylcytosine (5fC) and 5-carboxylcytosine (5caC) (He, Li et al. 2011, Ito, Shen et al. 2011, 
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Pfaffeneder, Hackner et al. 2011). Structurally, TET proteins comprise of a CXXC-type zinc finger 

domain that has affinity for clustered CpG sites and can target hemimethylated DNA (Iyer, Tahiliani et 

al. 2009, Tahiliani, Koh et al. 2009, Ficz, Branco et al. 2011). 

 

Analysis in mouse tissues have shown low levels of 5hmC (0.03% to 0.69% of cytosine) with the highest 

levels observed in the brain (Globisch, Munzel et al. 2010). Pluripotent embryonic stem cells have also 

been shown to have high levels of 5hmC which was thought to be associated with the presence of TET1 

and TET2 (Tahiliani, Koh et al. 2009, Ito, D'Alessio et al. 2010). Upon differentiation of ES cells, Tet1 

and Tet2 were found to be down-regulated, but with a concomitant upregulation of Tet3 suggesting 

developmental but differential roles of Tet genes (Tahiliani, Koh et al. 2009, Ito, D'Alessio et al. 2010, 

Koh, Yabuuchi et al. 2011). Also, whilst Tet3 expression is confined to the zygote during pre-

implantation development, Tet1 and Tet2 expression occurs in two cell embryos and persists in the inner 

cell mass (ICM) of blastocysts (Wossidlo, Nakamura et al. 2011).  Tet1 and Tet2 expression has also 

been reported in PGCs (Yamaguchi, Hong et al. 2012). 

 

Processing of 5hmC via passive demethylation. 

The discovery of the Ten-eleven translocation (TET) family of enzymes’ ability to catalyse the 

conversion of 5mC to 5hmC and its higher oxidation products has introduced a viable mechanistic route 

for active DNA demethylation. Also, the intermediate 5-hydroxymethylcytosine (and higher oxidation 

products) can be processed by both replication dependent (Figure 1.2B) and independent pathways of 

DNA demethylation. The DNA methylation maintenance machinery, DNMT1 and UHRF1, ensure the 

stable inheritance of DNA methylation. However, there is evidence to suggest that modifications on the 

5mC may interfere with action of DNMT1 (Valinluck and Sowers 2007) (Figure 1.2B). Although 

UHRF1 does bind to hemi-hydroxymethylated CpGs, it does so with at least tenfold less efficiency 

(Frauer, Hoffmann et al. 2011, Hashimoto, Liu et al. 2012). Moreover, DNMT1 has been shown to be 

significantly less efficient in catalysing methylation of cytosine residues in hemi-hydroxymethylated 

DNA (60-fold less) compared to cytosine (Hashimoto, Liu et al. 2012, Otani, Kimura et al. 2013). This 
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suggests that even in the presence of DNA methylation maintenance machinery, passive dilution of 

5mC oxidative products can occur. De novo methyltransferases DNMT3A and DNMT3B are able to 

methylate hemi-methylated and hemi-hydroxymethylated CpGs in neurons and ES cells (Hashimoto, 

Liu et al. 2012, Otani, Kimura et al. 2013). 

 

Processing of 5hmC via active demethylation. 

Products of 5mC oxidation can also be intermediates of the replication independent pathway, with the 

BER pathway receiving most attention. The AID/APOBEC family members were first proposed to 

interact with the DNA repair pathway in processing 5hmC. Guo et al. demonstrated a marked reduction 

in TET1 induced 5hmC levels upon over expression of AID in HEK293 cells. The active DNA 

demethylation model they proposed involved TET dependent hydroxylation of 5mc to 5hmC, followed 

by deamination to produce 5-hydroxymethyuracil, with the resulting 5-hm U:G mismatch being 

repaired by the BER pathway and the incorporation of cytosine in place of 5hmU (Guo, Su et al. 2011). 

Also, an interaction between SMUG1 (single strand selective monofunctional uracil glycosylase 1), 

TDG glycosylase and AID to eliminate 5hmU on double stranded DNA, was demonstrated in vitro by 

Cortellino et al. (Cortellino, Xu et al. 2011). However, this model has been difficult to replicate in other 

studies, as an enrichment for 5hmU has not been found in mammalian cells and AID demonstrated no 

activity towards 5hmC in vitro upon overexpression (Globisch, Munzel et al. 2010, Pfaffeneder, 

Hackner et al. 2011, Nabel, Jia et al. 2012). 

 

The second proposed pathway involving the BER pathway is that based on the ability of TET enzymes 

to successively catalyse 5mC to generate higher oxidation products such 5fC and 5caC (He, Li et al. 

2011, Ito, Shen et al. 2011, Pfaffeneder, Hackner et al. 2011). These are then eliminated by the activity 

of TDG glycosylases, resulting in loss of methylation and the subsequent integration of unmethylated 

cytosine by other BER components (He, Li et al. 2011, Zhang, Lu et al. 2012). In support of this, TDG 

has been demonstrated to display strong affinity towards 5hmC higher oxidative products in comparison 

to 5hmC, and TDG loss results in elevated levels of 5caC in mouse ES cells (He, Li et al. 2011, Ito, 



13  

Shen et al. 2011, Zhang, Lu et al. 2012, Shen, Wu et al. 2013). This co-operative action between TET 

enzymes and TDG has been shown during germ cell development, in ES cells, and during generation 

of induced pluripotent cell from somatic cells, with TDG deficient MEFs losing their capacity to be 

reprogrammed (Nettersheim, Heukamp et al. 2013, Hu, Zhang et al. 2014, Okashita, Kumaki et al. 

2014). Therefore, TDG appears to be important in the active demethylation pathway and its deletion in 

has been demonstrated to be lethal during embryogenesis (Cortazar, Kunz et al. 2011, Cortellino, Xu et 

al. 2011). It is likely that additional, hitherto unidentified, molecular pathways of DNA demethylation 

exist. For example, it has been postulated that 5caC and 5fC may become decarboxylated or 

deformylated directly by, as yet, unidentified decarboxylases and deformylases (Raiber, Beraldi et al. 

2012, Schiesser, Hackner et al. 2012). 

 

1.1.4  DNA demethylation dynamics in embryonic and PGC development 

In the Zygote 

Soon after fertilisation, in one-cell embryos, the first wave of demethylation occurs with 5 

methylcytosine levels demonstrated to fall significantly in the paternal pronucleus prior to DNA 

replication. This is accompanied by zygotic genome activation. The maternal pronucleus, however loses 

methylation over subsequent cleavage stages (Mayer, Niveleau et al. 2000, Oswald, Engemann et al. 

2000, Santos, Hendrich et al. 2002).  Gu et al., and others, have since demonstrated that the loss of 

methylation signal observed in the paternal pronucleus was a result of TET3 generated 5hmC, 5fC and 

5caC (Gu, Guo et al. 2011, Inoue and Zhang 2011, Iqbal, Jin et al. 2011, Wossidlo, Nakamura et al. 

2011). Loss of cytosine methylation is coincident with significant generation of 5hmC in the paternal 

genome at pronuclear stage 3 (3PN) of zygote development (Wossidlo, Nakamura et al. 2011). Loss of 

5mC from the maternal genome in the zygote has been thought to be largely protected from TET3 

mediated oxidation by STELLA which prevents TET3 binding by associating with H3K9me3 found in 

the maternal nucleus (Wossidlo, Nakamura et al. 2011, Nakamura, Liu et al. 2012).  
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Also, whilst Tet1 and Tet2 expression were not found to be significantly expressed in the oocytes and 

zygotes, Tet3 is abundant (Iqbal, Jin et al. 2011, Wossidlo, Nakamura et al. 2011). Also, zygotic Tet3 

depletion prevents formation of 5hmC and a concomitant increase in 5mC is noted in the paternal 

pronuclei (Wossidlo, Nakamura et al. 2011). Additionally, Gu and colleagues showed that maternal 

deletion of Tet3 led to absence of 5hmC in the zygote. The deletion resulted in loss of gene activation 

at other key paternal pluripotency genes, secondary to blocked demethylation (Gu, Guo et al. 2011). 

Also, maternal loss of Tet3 led to mutant embryos with severe developmental abnormalities, with 

homozygous deletions in Tet3 leading to prenatal embryonic lethality. Tet3, in this study, was also 

found to associate specifically with paternal pronuclei, suggesting active exclusion from the maternal 

genome (Gu, Guo et al. 2011). More recently, however, Tsukada et al. have shown not only the presence 

of TET3 in both maternal and paternal pronuclei, but also a small but detectable 5hmC signal in the 

maternal pronucleus, suggesting that TET3-mediated oxidation of 5mC occurs in the maternal 

pronucleus, albeit to a lesser extent. Two other studies have reported similar observations (Guo, Su et 

al. 2014, Shen, Inoue et al. 2014, Tsukada, Akiyama et al. 2015). Genome wide demethylation of the 

paternal pronucleus in the zygote has been thought to play a fundamental role during development in 

mammals and, in accordance with this, TET3 mediated oxidation of paternal 5mC has been reported to 

be important during mouse development. However, Tsukada et al., demonstrated only a small increase 

in developmental failure, as measured by litter size, in TET3 deficient mice, suggesting that TET3 is 

not essential for mouse embryonic development, though maternal TET deficiency was associated with 

increased neonatal mortality rates. This result is in stark contrast with the significant rates of 

developmental failure of embryos in TET3 deficient mice reported by Gu et al. This could be due to 

differences in generation of Tet3 mutants and genetic backgrounds (Gu, Guo et al. 2011, Tsukada, 

Akiyama et al. 2015). Two studies have also suggested that oxidation of 5mC in the paternal pronucleus 

of the zygote occurs to a much smaller scale than previously reported. This correlates with the finding 

that TET3 deficiency, and reduced 5mC oxidation to 5hmC in zygotes, is compatible with development 

in mice (Guo, Su et al. 2014, Shen, Inoue et al. 2014). It’s possible that TET3 deficiency is compensated 

by replication dependent loss of 5-methylcytosine, and TET1 or TET2 oxidation of 5mC during 

preimplantation development (Inoue, Shen et al. 2011, Inoue and Zhang 2011). It is also noteworthy 
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that TET3 deficiency has very little effect on global transcription in the embryo (Inoue, Matoba et al. 

2012).  

 

After TET mediated oxidation of 5mC on the paternal genome in the zygote, demethylation is thought 

to occur in a replication dependent manner with subsequent decline in 5hmC levels following cleavage 

stages, with higher oxidation products of 5mC oxidation present in the paternal genome also 

contributing to passive loss of methylation (Inoue, Shen et al. 2011, Inoue and Zhang 2011).  

 

In Primordial germ cells  

Global DNA demethylation occurs during development of primordial germ cells and during their 

journey to the genital ridges.  In mice, germ line precursors known as primordial germ cells, originate 

from the proximal epiblast cells upon receiving instructions from bone morphogenetic protein 4 

(BMP4). Upon receiving signals from BMP4, originating from extra embryonic tissues, expression of 

PR domain zinc-finger protein 1 (PRDM1), also known as BLIMP1 protein, a master regulator of PGC 

fate, is induced in epiblast cells at approximately E6 (Ohinata, Payer et al. 2005, Ohinata, Ohta et al. 

2009). This is followed by upregulation of two other transcription factors: PRDM14 and AP2, which 

together with PRDM1, form a core regulatory network that defines germ cell development. In the 

absence of these signals, these cells would otherwise acquire a somatic fate (Nakaki, Hayashi et al. 

2013). At E7.25, a small population of about 40 mouse PGCs are defined, found at the base of the 

allantois and destined for the hindgut to colonise the genital ridge by approximately E11.5 (Lawson and 

Hage 1994). By E12.-13.5 the PGCs reach the developing gonads where male germ cells go into mitotic 

arrest and female germ cells into meiotic arrest (McLaren 2003). During the course of this journey, 

PGCs undergo biphasic epigenetic reprogramming (Stages I-II) that leads to global loss of DNA 

methylation and erasure of imprints (Hajkova, Erhardt et al. 2002, Guibert, Forne et al. 2012, 

Seisenberger, Andrews et al. 2012, Hackett, Sengupta et al. 2013, Tang, Kobayashi et al. 2016). 
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High levels of methylation, approximately 70%, at CG dinucleotides are observed in the PGCs at E8-

E8.5 (Hajkova, Erhardt et al. 2002, Stadler, Murr et al. 2011). However, after E8.5, based on loss of IF 

signal for 5mC, the first phase of DNA demethylation occurs, as the PGCs begin their migration from 

the allantois to the hindgut. By E9.5, PGCs demonstrate DNA methylation levels of about 30%, 

suggesting that the bulk of DNA demethylation in PGCs occurs during the first phase (Seki, Hayashi et 

al. 2005, Guibert, Forne et al. 2012, Seisenberger, Andrews et al. 2012). This phase of DNA 

demethylation affects mainly promoters of genes that are required for specification of PGC fate, 

including pluripotency genes such as Nanog and key transcription factors. DMRs of imprinted genes 

remain methylated at this stage, along with endogenous retroviruses called intracisternal A particles 

(IAPs), and meiosis specific genes (Seisenberger, Andrews et al. 2012).  This stage 1 DNA 

demethylation is accompanied by a significant downregulation of UHRF1, a DNMT1 tethering factor, 

required for the action of DNMT1 and maintenance of DNA methylation (Kurimoto, Yamaji et al. 2008, 

Seisenberger, Andrews et al. 2012). Although Dnmt1 is expressed and the protein is abundant, DNMT1 

staining is found to be markedly reduced at replication foci.  De novo methyltransferases (Dnmt3a/b) 

remain transcriptionally silent throughout the reprogramming period (Hajkova, Erhardt et al. 2002, 

Kurimoto, Yamaji et al. 2008, Seisenberger, Andrews et al. 2012). Also, whilst the majority of PGCs 

were found to be arrested at G2 during the start of their migration towards the hindgut between E7.5 

and E8.5, after E9.5 on emerging into the dorsal mesentery, an exponential rise in proliferation is 

observed. Kagiwada et al showed that, even though the number of PGCs varied between E9.5 to E12.5, 

per embryo, the average number of PGCs at each stage demonstrated a constant exponential increase. 

The doubling time of PGCs was calculated at approximately 12.6 hours from the regression line slope 

of cell number plots (Seki, Yamaji et al. 2007, Kagiwada, Kurimoto et al. 2013). 

 

The disabling of the DNA methylation maintenance machinery and the rapid proliferation rate suggest 

that at this stage genome wide DNA demethylation occurs passively with some loci, such as imprinted 

genes, being protected from demethylation, possibly by the action of Dnmt1 (Seisenberger, Andrews et 

al. 2012, Kagiwada, Kurimoto et al. 2013). 
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Commencing from E10.5, PGCs undergo stage two of DNA demethylation during which methylation 

at imprinted ICRs, LINE repeats and X-chromosome linked loci, is erased. By E13.5, overall 

methylation in male and female PGCs decreases to 14% and 7% respectively, which has been shown to 

involve, through several lines of evidence, the activity of TET1 and TET2 mediated 5mC oxidation 

(Dawlaty, Breiling et al. 2013, Hackett and Surani 2013, Piccolo, Bagci et al. 2013, Yamaguchi, Shen 

et al. 2013).  Also, 5hmC has been shown to accumulate at imprinted loci (Hackett et al., 2013).  From 

E11.5 onwards, progressive loss of 5hmC is seen in PGC nuclei. As PGCs have been shown to divide 

rapidly during this stage, the loss of 5hmC, and incorporation of unmodified cytosine, is thought to 

result from replication coupled dilution of 5hmC (Hackett and Surani 2013, Kagiwada, Kurimoto et al. 

2013). However, as components of the base excision repair (BER) pathway have been found to be 

expressed in PGCs, their potential role in DNA demethylation has been considered. Mutants lacking 

Tdg, a component of the BER pathway, demonstrated biallelic methylation at Igf2r, demonstrating the 

possible requirement of Tdg, at least at this locus (Hajkova, Erhardt et al. 2002, Kagiwada, Kurimoto 

et al. 2013). Also, Kawasaki et al., have reported BER dependent active demethylation of Igf2-H19 

DMR (Kawasaki, Lee et al. 2014).  

 

Our laboratory has shown, using a cell fusion experimental system, reprogramming of mouse B cells 

with expression of pluripotency genes after being fused with EG cells. Furthermore, there is a loss of 

methylation observed at DMRs of several maternally and paternally expressed genes in mouse B cells 

after fusion. By studying the kinetics of imprint erasure at these loci, Piccolo et al. showed accumulation 

of 5hmC at ICRs and demonstrated the requirement of Tet1and replication dependent mechanisms to 

achieve demethylation at examined imprinted loci (Piccolo, Bagci et al. 2013). 

The specific requirement of TET proteins during the second stage of DNA demethylation was 

demonstrated by Vincent et al. In vitro differentiation of ES cells into PGCs demonstrated that TET 

proteins are dispensable for the first phase, by showing that global demethylation was not abrogated by 

TET1 and TET2 deficiency, however locus specific loss of methylation was TET dependent (Vincent, 

Huang et al. 2013). Furthermore, Tet1-depleted female PGCs have aberrantly methylated meiosis 
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related gene promoters, leading to decreased oocyte formation, low fertilisation rates and small litter 

numbers (Yamaguchi, Hong et al. 2012). Tet1-deficient males, despite having normal testes, exhibit 

hypermethylation in E13.5 PGCs at late-demethylated imprinted loci (Yamaguchi, Shen et al. 2013). 

Tet1-deficient fathers, when crossed with wild type females, have progeny which display 

hypermethylation at DMRs of imprinted genes, including Peg3 and Peg10. There is high embryonic 

lethality in the heterozygous progeny, and in those that survive a wide distribution of sizes, skewed 

towards smaller offspring is observed. This spread of sizes and growth retardation in the offspring is 

consistent with a dysfunctional, small placenta. Indeed, the placental and growth abnormalities 

observed in the progeny were reminiscent of mice with paternal deletions of Peg10 (Ono, Nakamura et 

al. 2006, Yamaguchi, Shen et al. 2013). Again, these defects were found to be variable and in a 

proportion of progeny, normal erasure of imprints occurred, again suggesting a redundancy in 

mechanisms with Tet1/Tet2 knock out sperm containing near normal 5hmC levels. The mixed genetic 

backgrounds of mice used in the study may also be contributing to the variability, as could the action 

of TET3 (Dawlaty, Breiling et al. 2013, Messerschmidt, Knowles et al. 2014). Recently, Zhang et al. 

also demonstrated the importance of the correct TET isoform in imprint erasure, mice lacking TET1e 

isoform, the short isoform which has a CXXC domain that recognises CpG islands, were not able to 

effect DNA methylation erasure at imprints despite having full expression of the shorter isoform TET1s. 

The resulting progeny displayed developmental defects consistent with imprinting defects (Zhang, Xia 

et al. 2016). 

 

Erasure of DNA methylation is central to epigenetic reprogramming and over the years many candidate 

processes involved in active demethylation have been studied (Wu and Zhang 2017). The discovery of 

TET proteins has been a significant step forward, yet it is important to appreciate that there may be 

several pathways operational, as in the absence of TET1 or TET1e, PGCs still display extensive 

demethylation suggesting existence of redundant pathways.  This is unsurprising given the serious 

phenotypic consequences to an individual should dysregulation at imprinted genes occur (Dawlaty, 

Breiling et al. 2013, Yamaguchi, Shen et al. 2013, Zhang, Xia et al. 2016).  
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1.2  Cell fate reprogramming 

During early mammalian development, key cell fate decisions lead to specialisation of cells and organ 

systems with restricted potential, resulting in the development of around two hundred distinct somatic 

cell types.  Initially thought to be fixed, we now know that the differentiated cell state is remarkably 

plastic and can be perturbed, for example during transdifferentiation and pluripotent conversion of 

somatic cells. 

 

1.2.1  Transdifferentiation 

Maintenance of cellular identity is vital for normal tissue functioning and such stability is conferred 

through epigenetic regulation that results in a heritable pattern of tissue specific gene expression.  

During transdifferentiation, one differentiated cell type converts into another. Studies have described 

both ‘forced’ transdifferentiation, via the expression of ectopic factors, and ‘physiological’ 

transdifferentiation, in which, as part of a natural response to injury or other signals, cells change their 

identity (Merrell and Stanger 2016). An important example of transdifferentiation was shown to occur 

on treatment of fibroblasts, which had immortalised, with 5’azacytidine. These cells were shown to 

change their identity to fat and cartilage cells, implicating DNA methylation in controlling expression 

of lineage specific transcription factors (Taylor and Jones 1979). An example of forced differentiation 

is that of conversion of fibroblasts, chondrocytes, retinal cells and other cell types into myocytes by 

ectopic expression of myoblast determination protein or MYOD, a transcription factor (Davis, 

Weintraub et al. 1987). This conversion of cellular identity has been studied extensively in the 

haematopoietic system, with appropriate ectopic transcription factors being able to convert 

megakaryocytes to monocytes and vice versa. Even immunoglobulin-producing B lymphocytes have 

been generated by this method (Kulessa, Frampton et al. 1995, Nerlov and Graf 1998, Xie, Ye et al. 

2004).  The identification of factors that can modulate the epigenome and coax cells into switching 

identity has tremendous implications for tissue regenerative therapy. For example, pancreatic beta cells 

are implicated in the pathogenesis of diabetes and are therefore important targets for the treatment of 

diabetes. In vivo adenoviral delivery of three important pancreatic transcription factors in pancreatic 
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exocrine tissue resulted in their transient conversion into beta-insulin producing cells, albeit at low 

efficiency (Cavelti-Weder, Li et al. 2014). Similarly, by identifying tissue specific candidate 

transcription factors and ectopically expressing them, cell fate switches to generate cardiomyocytes, 

neurons and hepatocytes have been achieved (Ieda, Fu et al. 2010, Vierbuchen, Ostermeier et al. 2010, 

Sekiya and Suzuki 2011).  

 

An example of physiological transdifferentiation occurring in mammals is that occurring between two 

developmentally related tissues, liver and biliary tissue. The liver consists of hepatocytes which perform 

metabolic and synthetic functions and biliary epithelial cells (BECs) which are found in the bile ducts 

which carry bile out of the liver (Stanger 2015). On hepatic injury, hepatocytes switch cell fate by 

turning off hepatocyte-specific transcriptional programming, and express markers of biliary epithelial 

cells (Yanger, Zong et al. 2013). Transdifferentiated hepatocytes resemble BECs, and intriguingly, 

expression of progenitor markers of hepatoblasts is not observed, suggesting that cells are 

‘reprogrammed’ into BECs without entering an intermediate stage of de-differentiation (Yanger, Zong 

et al. 2013, Tarlow, Pelz et al. 2014). This process occurred over a period of weeks, with gene 

expression changes occurring in steps with some hepatocytes being able to initiate but not able to 

complete stable conversion to BECs (Tarlow, Pelz et al. 2014).  

 

The process of transdifferentiation is a result of enormous cellular reconfiguration at the transcriptional 

and post-transcriptional level. The above examples demonstrate the importance of extracellular signals, 

such as transcription factors, in creating and sustaining cell identity. Although extracellular factors that 

drive changes in cellular identity have been identified, molecular mechanisms of cellular plasticity have 

not been fully elucidated, but chromatin remodelling is likely to be central to this process (Merrell and 

Stanger 2016). In C.elegans, a demethylase encoded by jmjd3.1 that removed methylation marks from 

histone H3K27 was found to be crucial for activating the neuronal transcriptome during 

transdifferentiation from intestinal to neuronal cell identity. Mutations in SET domain-containing 1 (set-

1), which acts as a transcriptional activator by methylating H3K4, also inhibited transdifferentiation 
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(Zuryn, Ahier et al. 2014). For transdifferentiation to proceed, several regions of the chromatin are 

required to adopt a relaxed chromatin configuration that allows access to transcription factor binding 

and chromatin remodellers. Cell division was postulated as a mechanism by which a more open 

chromatin could be achieved during DNA replication and allow transcription factor binding, but 

transdifferentiation occurs in the absence of cell division. In this respect, pioneer transcription factors 

such as Sox2 and Klf4 are proposed to achieve a more permissive chromatin configuration by targeting 

repressive lineage-specific sites (Maki, Suetsugu-Maki et al. 2010, Zaret and Carroll 2011).  Also, the 

efficiency of transdifferentiation has been shown to be dependent on the proximity of the development 

stage that the two cell types are in, and the extent of their lineage commitment. Cell fate conversion is 

rendered more challenging if vast differences in genome-wide epigenetic status exist (Graf and Enver 

2009).  

 

1.2.2  Pluripotent conversion of somatic cells 

Differentiated cells can be induced to acquire a pluripotent state. Once pluripotency is acquired, it is 

possible to direct cell fate to towards different lineages and this has therapeutic implications in the field 

of regenerative medicine. The ‘reprogramming’ of specialised cells into pluripotency has been 

demonstrated by early nuclear transfer and cell fusion experiments. More recently, pluripotent stem 

cells have been derived in vitro from terminally differentiated cells through over expression of select 

transcription factors (Figure 1.3). Given the enormous therapeutic potential that underlies pluripotent 

cells, it is important to understand the molecular details by which pluripotency is acquired and the 

epigenetic mechanisms that are involved in establishing the pluripotent state.  

 

Nuclear transfer 

Transplanting the nucleus of a differentiated cell into an enucleated oocyte can result in extensive 

nuclear reprogramming, leading to the generation of an organism which is genetically identical to the 

differentiated cell (Figure 1.3A) via a process termed as cloning. The demonstration that all the genetic 
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information required to ‘clone’ an organism exits in the nuclei of differentiated cells, and can be 

triggered when exposed to appropriate conditions, definitively proved that specialised cell identity is 

not conferred through differences in genetic content, but differences in gene expression programs. 

Pioneering cloning experiments performed by Briggs and King in frogs demonstrated that implantation 

of nuclei from early blastocysts into enucleated oocytes generated clones of tadpoles (Briggs and King 

1952). The efficiency of successful cloning and generation of a normal adult was low when adult 

somatic cells were transferred into enucleated oocytes, as compared to when embryonic cells were used 

(Briggs and King 1952, Gurdon 1962, Gurdon 1962). It took three decades for these experiments to be 

replicated in mammals and the first successfully cloned mammal, Dolly the sheep was generated in 

1997 by the fusion of a mammary cell, with an enucleated oocyte, using an electrical pulse (Wilmut, 

Schnieke et al. 1997).  Subsequently, mice clones were produced by somatic cell nuclear transfer 

techniques from olfactory neurons and mature T and B cells (Wakayama, Perry et al. 1998, 

Hochedlinger and Jaenisch 2002, Eggan, Baldwin et al. 2004). However, reprogramming of terminally 

differentiated cells was found to be immensely inefficient and often cloned animals displayed 

abnormalities and died early (Thuan, Kishigami et al. 2010). This was thought to be secondary to be 

ineffective erasure of epigenetic memory imposed on specialised cells during differentiation through 

DNA methylation and other chromatin modifications (Simonsson and Gurdon 2004). Certainly, this has 

been addressed, and using chromatin modifying drugs such as histone deacetylase inhibitors, improved 

cloning efficiency and outcomes have been shown, probably through enhancement of DNA 

demethylation by chromatin modification (Kishigami, Mizutani et al. 2006). This demonstrates the 

importance of epigenetic barriers in determining successful reprogramming of cell fate. Furthermore, 

reprogramming resistant regions (RRR) have been identified in SCNT embryos which are enriched with 

histone H3K9me3 marks (Matoba, Liu et al. 2014, Liu, Liu et al. 2016).  

 

In the past few years, cloning of 23 mammalian species has been achieved by using somatic cell nuclear 

transfer (Rodriguez-Osorio, Urrego et al. 2012). Most recently, non-human primates (Cynomolgus 

monkeys) were generated by SCNT using foetal monkey fibroblasts. The authors owed their success to 



23  

the use of foetal cell nuclei and the use of chromatin modifying drugs such as TSA, histone deacetylase 

inhibitor and the injection of Kdm4d (a H3K9me3 demethylase) mRNA into SCNT embryos. Monkey 

neonates derived from adult cells survived only briefly postnatally, but 2 out 79 embryos transferred 

using foetal fibroblasts were still alive at the time of reporting and were completely healthy. 

Furthermore, transcriptome analysis of Kdm4d treated embryos showed upregulation of RRR in the 

embryonic genome (Liu, Cai et al. 2018).  Animal species close to humans make ideal animal models 

to study diseases and explore physiological function.  Studies have demonstrated the use of caffeine, 

puromycin (a translation inhibitor) and electric stimulation to produce human embryonic stem cells by 

somatic nuclear transfer techniques using human oocytes as recipients and human fibroblast nuclei as 

donors (Tachibana, Amato et al. 2013, Yamada, Johannesson et al. 2014).  

 

Induced pluripotent stem cells 

The generation of induced pluripotent stem cells, or iPS cells, from mouse embryonic fibroblasts by 

over expression of four transcriptions factors is one of the most remarkable testaments of cellular 

plasticity. By utilising a systematic, candidate-based approach, the group recognised four factors in ES 

cells that had the potential to induce pluripotency in adult cells: OCT4, SOX2, KLF4 and c-MYC 

(OSKM) (Takahashi and Yamanaka 2006) (Figure 1.3B). Subsequent studies led to the generation of 

iPS cells from a variety of differentiated cells by this approach and from human fibroblasts (Yamanaka 

2009). Also, iPS cells were able to generate adult chimaeric mice (Okita, Ichisaka et al. 2007, Wernig, 

Meissner et al. 2007). These iPS cells resemble ES cells, forming colonies with well-defined borders 

that retain the ability to be propagated indefinitely in culture. Induced pluripotent stem cells possess the 

capability to form cells from each embryonic germ layer but their efficiency in generating differentiated 

cells is influenced by the lineage of the parent cell they were derived from. For example, iPS cells 

derived from monocytes are more efficiently coaxed towards a haematopoietic lineage than those 

derived from fibroblasts. This is thought to be due to iPS cells harbouring residual chromatin signatures 

of the parental lineage from which they were derived. This epigenetic memory favours their 

differentiation along the lineage of the donor cell.  Differentiation potential of iPS cells was shown to 
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be enhanced by using histone deacetylase inhibitors and 5’azacytidine (Hanna, Saha et al. 2010, Kim, 

Doi et al. 2010). 

 

The efficiency of generation of iPS cells is low and involve a latency period of weeks (Hochedlinger 

and Plath 2009). Additionally, it has been suggested that reprogramming occurs in an organised 

sequence of events with distinct phases: initiation, maturation and stabilisation (Samavarchi-Tehrani, 

Golipour et al. 2010). Reprogramming begins with downregulation of somatic markers and 

mesenchymal to epithelial transition (MET). Aberrant expression of genes involved in MET lead to 

abrogation of reprogramming (Li, Liang et al. 2010). This is followed by expression of early 

pluripotency markers, SSEA-1, alkaline phosphatase and Fbxo15, before the expression of bona fide 

pluripotency genes such as Nanog and Oct4 (Plath and Lowry 2011, David and Polo 2014). Genes 

involved in proliferation and metabolism are also activated. This phase probably constitutes the rate 

limiting step as only cells which are able to extinguish their somatic programme and overcome 

epigenetic barriers to activate pluripotency genes can enter the hierarchical phase (Buganim, Faddah et 

al. 2012). The transcriptional changes that occur during the transition to pluripotency is driven by 

marked epigenomic remodelling with DNA and histone methylation being modified from a somatic to 

an ESC-like state (Koche, Smith et al. 2011). Although, the exact temporal sequence of these epigenetic 

changes remains elusive, they occur in an ordered fashion with histone modifications occurring early 

after OSKM induction and DNA demethylation taking place later and coinciding with the attainment 

of a more stable reprogrammed state (Polo, Anderssen et al. 2012). 

 

Cell fusion 

Cell fusion was first described in the 1960s, with aim to study the influence of one genome over another. 

Since then, it has provided valuable insights into mechanisms underlying genomic plasticity and 

dominance. On fusion of two different cell types, a single cytoplasmic entity harbouring nuclei from 

both parent cells is created. This is called a heterokaryon. They are usually transient, and on further 

culturing the parental nuclei can merge producing hybrid cells which may be able to divide 
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(Figure1.3C). Notably, the genetic compatibility of the fusion partners influences the stability of the 

generated hybrids, as interspecies hybrids have been demonstrated to have chromosomal abnormalities, 

while fusion of cells from the same species can be stably propagated. Basic cellular functions are 

compatible with cell fusion, as fusion between human HeLa and mouse tumour cells demonstrated that 

both parental nuclei were capable of producing RNA in the interspecies heterokaryons and had normal 

protein levels (Harris and Watkins 1965). Also, DNA synthesis was demonstrated to occur in the 

unfused nuclei of heterokaryons, even though they do no undergo cell division (Harris and Watkins 

1965). In fact, one fused cell undergoing DNA replication was able to coax its fusion partner into 

premature DNA synthesis (Rao and Johnson 1970). This suggested the importance of trans-acting 

factors and was demonstrated decades ago when, on fusion of mouse fibroblasts with hamster 

melanocytes or rat hepatocytes, the synthesis of cell specific products such as melanin and tyrosine 

amino-transferase, respectively, were no longer maintained.  This not only demonstrated that trans-

factors could regulate gene expression but also that one cell type can dominate over the other during 

fusion, imposing its identity (Davidson, Ephrussi et al. 1966, Weiss and Chaplain 1971). This was 

further demonstrated when malignant and non-malignant cells were fused, resulting in the hybrids 

losing their tumour forming potential, possibly due to the action of trans-acting tumour suppressor genes 

(Harris, Miller et al. 1969). Also, some studies showed that genes that were previously silent were, upon 

cell fusion, derepressed (Davidson 1972, Peterson and Weiss 1972). However, as these were 

interspecies hybrids, it is difficult to clarify whether gene activation was not due to chromosome loss 

as a result of nuclear fusion.  This was clarified in the 80s by Blau et al., who demonstrated that indeed 

silent genes could be activated in mammalian heterokaryons. When human amniocyte cells were fused 

with mouse muscle cells, the heterokaryons began to produce human muscle protein within 3 days of 

fusion (Blau, Chiu et al. 1983). The fact that in heterokaryons, the nuclei of fusion partners are separated 

and remain distinct entities, retaining their chromosomes, implies that activation of muscle specific 

genes in the human amniocytes could be attributable to trans-acting mouse muscle specific factors 

contained in the cytoplasm shared by both nuclei. Subsequent experiments demonstrated that cells from 

all three embryonic lineages (mesoderm, endoderm and ectoderm), on fusion with muscle cells, could 

activate previously silenced muscle specificity (Blau, Pavlath et al. 1985). Notably cell fusion efficiency 
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was reliant on cell type and gene dosage, for example human cells from mesodermal origin expressed 

muscle specific genes sooner in comparison to cells of ectodermal or endodermal origin. This is 

probably due to mesenchymal cells being closely related to muscle cells (Blau, Pavlath et al. 1985). 

Gene dosage was deemed important, as efficiency of reprogramming of cells from distant lineages such 

as hepatocytes, on fusion with muscle cells, was reduced when there was a higher proportion of 

hepatocyte nuclei (Blau, Pavlath et al. 1985). Interestingly some cells could only be programmed by 

muscle cells after treatment with DNA methylation inhibitor like 5’azacytidine (Chiu and Blau 1985).  

 

Figure 1.3 Three in vitro strategies for nuclear programming somatic cells to pluripotency. (A) In somatic 
cell nuclear transfer, the nucleus of the somatic cell is transferred into an enucleated oocyte. The somatic nucleus 
is reprogrammed to a pluripotent state by factors from the oocyte. The oocyte is cultured further to generate a 
blastocyst from which nuclear transfer embryonic stem cells can be obtained, or to generate a cloned organism on 
implantation into a surrogate mother. (B) Induced pluripotent stem cells from a somatic cell can be obtained by the 
ectopic expression of four pluripotency genes. Reprogramming of the somatic cell is initiated and the resultant iPS 
cells can be cultured indefinitely and be used to generate cells from various lineages. (C) In cell fusion, a 
differentiated cell can attain pluripotency after fusion with a pluripotent cell partner, for example embryonic stem 
cells or embryonic germ cells. First, a heterokaryon is generated in which nuclei from both cells share the same 
cytoplasm but remain separate. Once a pluripotent hybrid is formed in which nuclei of the fusing cells merge, it can 
be cultured stably, provided that intraspecies cells had been fused. 
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These studies demonstrate that the differentiated state was far from fixed and provided convincing 

evidence of nuclear plasticity. Whether pluripotency could be induced in somatic, specialised cells by 

cell fusion was also investigated in early studies. On fusion of mouse thymocytes with mouse embryonic 

carcinoma cells (malignant counterparts of embryonic stem cells), not only did the thymocytes lose 

their somatic features but pluripotent properties of EC cells were observed in the hybrids, such as X-

chromosome re-activation (Miller and Ruddle 1976, Takagi 1993). The ability of pluripotent cells to 

dominantly reprogram somatic cells towards a pluripotent cell fate was studied by Tada and colleagues. 

Mouse thymocytes, on fusion with both mouse embryonic germ (EG) or embryonic stem (ES) cells, 

formed hybrids which were pluripotent (Tada, Tada et al. 1997, Tada, Takahama et al. 2001). However, 

an important distinction between the two hybrids was observed, imprinted genes from the somatic 

partner retained their methylation on fusion with ES cells whereas they lost their methylation on fusion 

with EG cells. This is similar to the regulation of methylation at imprinted genes in the early 

preimplantation embryo and primordial germ cells from which ES and EG cells are derived respectively 

(Tada, Tada et al. 1997, Tada, Takahama et al. 2001). Human ES cells were also shown to be able to 

reprogram fibroblasts and the resultant tetraploid hybrids resembled ES cells expressing OCT4, and 

could be differentiated into cells from different germ layers (Cowan, Atienza et al. 2005). The kinetics 

of reprogramming in cell fusion have been examined by insertion of the Oct4-GFP transgene in the 

genome of the somatic cell partner, and these experiments have demonstrated that pluripotent 

reprogramming by cell fusion is an efficient process as evidenced by the rapidity by which Oct4-GFP 

is activated (Do and Scholer 2004, Silva, Chambers et al. 2006, Han, Do et al. 2008). In fact, 

transcription of pluripotent markers in interspecies heterokaryons have been shown to be expressed as 

early as 24 hours, demonstrated by the upregulation of OCT4, NANOG, CRIPTO and other pluripotency 

specific genes in the somatic nucleus (Pereira, Terranova et al. 2008, Soza-Ried and Fisher 2012). These 

gene expression changes are accompanied by chromatin changes and the somatic epigenome in 

pluripotent heterokaryons resembles that of pluripotent cells, with hybrids acquiring acetylation at 

histone H3 and H4 and di- and tri-methylation at H3K4 (Kimura, Tada et al. 2004, Piccolo, Pereira et 

al. 2011). Reprogramming by cell fusion follows similar kinetics to the somatic nuclear transfer method. 

The efficiency and extent of reprogramming by cell fusion is mediated by the pluripotency-associated 



28  

network which is exceedingly effective in the maintenance of pluripotent identity by the regulation of 

gene expression (Ng and Surani 2011). Transcription factors such as OCT4 have been shown to rapidly 

localise on the somatic genome after cell fusion with ES cells, reprogramming not proceeding without 

it (Pereira, Terranova et al. 2008).  Cell fusion provides a method to screen for factors that drive 

pluripotency due to it being a relatively straightforward and efficient experimental technique. For 

example, when ES cells over-expressing Nanog are fused with neural stem cells, the yield of pluripotent 

hybrids is significantly increased (Silva, Chambers et al. 2006). Pereira et al have demonstrated the 

importance of Polycomb group proteins in achieving successful reprogramming of lymphocytes on 

fusion with ES cells (Pereira, Piccolo et al. 2010). Piccolo et al., have, by using cell fusion-mediated 

reprogramming, shown the different roles of TET1 and TET2 proteins in the erasure of imprints in 

somatic cells induced by EG cell fusion (Piccolo, Bagci et al. 2013). 

 

1.3  Genomic imprinting 

Imprinted genes represent a set of genes which contravene Mendelian laws and, by being expressed 

preferentially from one allele, avoid the protection conferred by the diploid state. Specifically, though 

there exist two copies of the gene, expression of an imprinted gene is monoallelic. This functional non-

equivalence is a result of differential epigenetic silencing of parental alleles during gametic 

development which leads to expression occurring predominantly from a single allele. Unlike X 

inactivation in females, another process in which epigenetic silencing is a prerequisite, rather than being 

random, the silenced/expressed allele is determined by the parent-of origin of that allele (Migeon, Wolf 

et al. 1985).  

 

1.4  Historical overview of imprinting 

Even though, the first imprinted genes were described in 1991, the non-equivalence of parental genomes 

had been demonstrated a few years earlier.  Experiments generating gynogenetic, androgenetic and 

parthenogenetic mouse embryos revealed a requirement for both parental genomes as they yielded 
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embryos with developmental failure of both extra-embryonic and embryonic structures resulting in 

early fatality (Kaufman, Barton et al. 1977, Surani and Barton 1983, McGrath and Solter 1984, Surani, 

Barton et al. 1984, Thomson and Solter 1988) (Figure 1.4). What defined the non-equivalence of the 

parental genomes was that embryos generated from two paternal nuclei and those generated from 

maternal nuclei showed distinct patterns of developmental failure. Gynogenetic concepti survived up 

to mid gestation (E10) and displayed growth restricted but normal foetal development. However, the 

extra-embryonic tissue from these embryos showed markedly poor development (Kaufman, Barton et 

al. 1977, Surani and Barton 1983, Surani, Barton et al. 1984, Surani, Barton et al. 1986, Thomson and 

Solter 1988). Androgenetic embryos, however, displayed failure to develop embryonic tissue and were 

lethal at an earlier time point (E8.5). Intriguingly though, there existed an abundance of extra-embryonic 

tissue (Barton, Surani et al. 1984, Surani, Barton et al. 1986, Thomson and Solter 1988). Additionally, 

more chromosome focussed experiments using mice with translocations or duplications demonstrated 

regions in the genome where the contribution of both parental genomes was required. These 

experiments were conducted by generating mice with uniparental disomy, a chromosome composition 

where both copies of a chromosome or part of the chromosome are inherited from the same parent 

(Cattanach and Kirk 1985, McLaughlin, Szabo et al. 1996, Kikyo, Williamson et al. 1997).  

 
 

McLaughlin et al. demonstrated that mouse embryos with paternal duplication of distal chromosome 7 

were unable to generate placental spongiotrophoblast and died at mid gestation, showing the need for 

maternal genomic contribution at this chromosomal region (McLaughlin, Szabo et al. 1996). 

Experiments with translocations occurring between chromosomes 11 and 13 demonstrated that embryos 

with paternal duplicates of chromosome 11 were larger than wild type mouse embryos whilst those 

carrying maternal duplicates were smaller than controls (Cattanach and Kirk 1985, Cattanach, Beechey 

et al. 2004).  Mice with maternal duplicates of distal chromosome 2 had characteristic phenotypes, 

having arched backs and long flat sided bodies, they displayed complete inactivity after birth and most 

died within 24 hours. Intriguingly the reciprocal type, mice with paternal duplicates of distal 

chromosome 2 displayed an opposite phenotype of short square bodies with broad flat backs and were 
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over active. They survived several days but developed marked balance and behavioural defects 

(Cattanach and Kirk 1985). With increasing numbers of translocations being described, regions of the 

genome requiring biparental contribution became better delineated and eventually imprinted domains 

within the mouse genome were mapped out. A similar genome map has been constructed for humans 

noting which uniparental disomies result in disease, for example, maternal uniparental disomy of 

chromosome 15q is known to cause Prader-Willi syndrome and paternal uniparental disomy of 

chromosome 11p is associated with Beckwith-Wiedeman Syndrome (Nicholls 1993, Slatter, Elliott et 

al. 1994, Ledbetter and Engel 1995). 

 

Figure 1.4 Imprinted genes are expressed preferentially from the paternal or maternal allele. The central 
panel represents a cell with maternally (red) and paternally (blue) inherited chromosome. Two imprinted genes 
(Gene A=purple box and Gene B= orange box) and a biallelically expressed gene (dark green box) are shown. 
Gene A is maternally expressed, and Gene B paternally expressed with repression of the reciprocal alleles. In a 
gynogenetic situation, where embryos carry chromosomes exclusively from the mother, or during maternal 
uniparental disomy, embryos receive a double dose of Gene A and no gene B. Conversely, in androgenetic, or 
paternal uniparental disomy, the opposite occurs resulting in a double dose of Gene B but no expression from 
Gene A. (Figure adapted from Bartolomei and Ferguson-Smith, 2011).  

 

1.5  General properties of imprinted genes 

In 1991, three mouse imprinted genes were discovered: Igf2r, Igf2 and H19, confirming that this subset 

of genes are expressed from one parental allele and require epigenetic modifications instituted in a 

parent-of-origin manner to produce this expression pattern (Barlow 2011).  Currently, approximately 
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126 genes have been demonstrated to display imprinted expression in mice 

(http://www.har.mrc.ac.uk/research/genomic_imprinting/). The conservation of several, but not all, of 

these genes and imprinting mechanisms between mice and humans (Killian, Byrd et al. 2000, Morrison, 

Paton et al 2001, Monk, Arnaud et al. 2006) has significantly contributed to our understanding of 

genomic imprinting as the combined approaches of the study of transgenic experimental murine models 

and human imprinting disorders have provided not only insights into regulatory mechanisms but also 

function (Lee and Bartolomei 2013, Cleaton, Edwards et al. 2014, Peters 2014, Plasschaert and 

Bartolomei 2014). 

 

A characteristic feature of imprinted genes is their tendency to exist in clusters, rather than be randomly 

distributed in the genome (Searle and Beechey 1990, Ainscough, John et al. 1998, Caspary, Cleary et 

al. 1998, Paulsen, Davies et al. 1998, Ono, Shiura et al. 2003) (Figure 1.5). This feature has greatly 

helped in their identification, as discovery of one has rapidly led to determination of other genes in the 

clusters, although some singleton genes have also been described. Typically, the clusters include 3-12 

genes spreading from 20 kb -3.7 Mb of DNA (Edwards and Ferguson-Smith 2007, Plasschaert and 

Bartolomei 2014). These clusters, have both maternally and paternally expressed imprinted genes, 

encoding both proteins and non-coding RNAs. A minority of imprinted genes, for example Sfmbd2, 

Gatm and Impact, do not have imprinted neighbours. It has been hypothesized that clustering of 

imprinted genes occurs due to the existence of a controlling element within the cluster which governs 

expression of these genes (Spahn and Barlow 2003). These controlling elements are termed Imprinting 

Control Regions (ICRs) and are CpG rich cis acting domains which contain, or overlap with, 

differentially methylated regions (DMRs) displaying parent-of-origin specific DNA methylation 

instituted in the germ line and maintained through development. These ICRs are a prerequisite for 

conferring imprinted expression to the entire cluster (Spahn and Barlow 2003, Arnaud 2010, Maupetit-

Mehouas, Montibus et al. 2016). For example, the maternally expressed Igf2r locus which resides on 

mouse chromosome 17 with three other imprinted genes: a paternally expressed non- coding RNA, 

Airn, and two placenta-specific maternally expressed genes (Cleaton, Edwards et al. 2014). The ICR 

http://www.har.mrc.ac.uk/research/genomic_imprinting/
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for this cluster is located within an intron of Igf2r and is the promoter for the non-coding RNA, Airn, 

which gets methylated on the maternal chromosome and is prevented from being expressed. Airn is 

expressed anti-sense to the other protein coding imprinted genes in the cluster and its expression from 

the paternal allele leads to repression of the protein coding imprinted genes in the cluster including Igf2r 

on the paternal chromosome. When this ICR is deleted and inherited paternally, expression of Igf2r and 

the neighbouring imprinted genes becomes biallelic, demonstrating that the ICRs control imprinted 

expression of the cluster (Wutz, Smrzka et al. 1997, Cleaton, Edwards et al. 2014) (Figure 1.5).  

 

Figure 1.5  Schematic representation of constituents of a typical imprinted gene cluster. Both parental alleles 
are depicted with the paternal chromosome at the top and the maternal chromosome at the bottom. Imprinted gene 
clusters consist of maternally expressed (red box), paternally expressed (blue box) and non-imprinted (biallelically 
expressed) genes (unfilled white box). Grey boxes represent the silenced allele. The imprinted control region (ICR) 
(yellow box) regulates imprinting of several genes in the cluster which get differentially methylated in the germ line. 
Deletion of these differentially methylated regulatory elements result in loss of imprinting of all the imprinted genes 
in the cluster. Some imprinted clusters contain additional DMRs (orange hexagon) that acquire DNA methylation 
after fertilisation and pre-implantation. These are secondary or somatic DMRs which serve to maintain monoallelic 
expression at certain genes (Methylation is depicted by black lollipops). Other apparatus that maintains imprinted 
gene expression in tissues such as non-coding RNAs, insulators and histone modifications are not depicted here. 

 

Two types of DMRs have been demonstrated within imprinted domains (John and Lefebvre 2011). 

ICRs are one kind. Allele specific methylation acquired in these regions in the germline and their ability 

to confer imprinting to all the genes within the cluster have led them to be referred to as gametic or 

primary imprints (Surani, Kothary et al. 1990, Morgan, Santos et al. 2005). This differentiates them 

from somatic or secondary DMRs which are acquired after fertilisation on one parental allele and are 

present in some imprinted genes but not others and are thought to be one of the mechanisms by which 
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silencing is maintained at that locus after monoallelic expression has been established by the primary 

imprint (John and Lefebvre 2011). For example, at the Igf2r locus, whilst the differentially methylated 

region at the promoter of Airn is an ICR or a gametic imprint (acquiring methylation in the maternal 

gamete and controlling imprinted expression of the cluster), Igf2r has its own DMR (secondary or 

somatic DMR), which acquires methylation on the already silenced allele. 

 

Deletion of this element does not result in alleviation of imprinted expression of any other genes in the 

cluster and methylation at this DMR is acquired later in development, at approximately embryonic day 

(E) 6.5, and not during gametogenesis (Stoger, Kubicka et al. 1993, Sleutels, Tjon et al. 2003). It is 

intriguing that this additional layer of methylation is added at some imprinted loci but not others. 

Methylation is therefore critical to the function of ICR and mutations in Dnmt genes result not only in 

widespread demethylation but also result in widespread loss of imprinting. Methylation at ICRs is 

instituted by the de novo methyltransferase DNMT3 family and is maintained by Dnmt1 (Bourc'his, Xu 

et al. 2001, Hata, Okano et al. 2002, Bourc'his and Bestor 2004, Kaneda, Okano et al. 2004, Weaver, 

Sarkisian et al. 2010). The importance of Dnmt1 in imprint maintenance in somatic tissues has been 

studied using three different mutant alleles with different extents of Dnmt1 disruption in transgenic 

embryonic mice (Li, Bestor et al. 1992, Li, Beard et al. 1993, Lei, Oh et al. 1996).  Weaver et al, by 

performing a comprehensive analysis of how different Dnmt1 mutations affect various imprinted 

domains, have shown the ways in which different genes are responsive to loss of methylation, displaying 

varied sensitivity to the different Dnmt1 mutations, and how the loss of methylation in embryo and 

placenta is tissue specific (Weaver, Sarkisian et al. 2010). For example, Igf2r and Cdkn1c displayed 

loss of monoallelic expression only in Dnmt1 null mutant embryos, that produced no protein, and not 

in other mutants where some DNMT1 protein was produced. However, Peg3 displayed biallelic 

expression in embryos and placentae in mutants with the least severe Dnmt1 mutation. These results 

suggest different sensitivities to DNA methylation loss between imprinted genes (Weaver, Sarkisian et 

al. 2010). Furthermore, tissue specific requirement for DNA methylation has been demonstrated by 

Dnmt1 mutants. In the Kcnq1 cluster, expression of genes which display imprinting exclusively in the 
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placenta, Osbpl5, Tssc4, Cd81 and Ascl2, were entirely unaffected in Dnmt1 null allele placentae 

(Caspary, Cleary et al. 1998, Tanaka, Puchyr et al. 1999, Lewis, Mitsuya et al. 2004, Green, Lewis et 

al. 2007). Imprinting in these genes is sustained by differential histone modifications in the placenta 

and probably does not require somatic DNMT1 for imprint maintenance (Lewis, Mitsuya et al. 2004, 

Umlauf, Goto et al. 2004, Wagschal, Sutherland et al. 2008). However, placentae from DNMT1 knock-

out oocytes do display loss of imprinting in these genes, suggesting the requirement of DNMT1 to 

establish imprinting, but not later, when other epigenetic marks are able to sustain monoallelic 

expression without the requirement for methylation (Green, Lewis et al. 2007). 

 

Apart from DNA methylation, allele specific modification of histone proteins is also thought to 

modulate imprinted gene expression (Grandjean, O'Neill et al. 2001, Fournier, Goto et al. 2002, Yang, 

Li et al. 2003, Lewis, Mitsuya et al. 2004, Lewis, Green et al. 2006). Mutations or deletions of enzymes 

involved in modifying histones has been demonstrated to interfere with imprinted expression (Mager, 

Montgomery et al. 2003, Xin, Tachibana et al. 2003). Additionally, repressive histone marks are 

frequently associated with methylation marks on specific alleles. For example, H3 lysine 9 

trimethylation was found enriched at the methylated and silent Airn ncRNA promoter (Fournier, Goto 

et al. 2002, Regha, Sloane et al. 2007). Individual imprinted genes and ICRs display different 

combinations of histone modifications with tissue specificity also apparent. Permissive histone 

modifications including H3 and H4 are found enriched on the normally active allele and H3K27me2, 

H3K27me3, H3K9me2 and H3k9me3 were preferentially enriched on the methylated chromosome or 

inactive allele. Additionally, H4K20me3 has been demonstrated to be preferentially enriched at 

methylated chromosomes of eight ICRS (McEwen and Ferguson-Smith 2010).  Recent studies have 

demonstrated that certain imprinted genes were capable of maintenance of paternal allele specific 

expression even without oocyte DNA methylation, suggesting a mechanism of silencing which was 

DNA methylation independent (Okae, Hiura et al. 2012, Okae, Matoba et al. 2014). More recently, 

Inoue et al. identified non-canonical paternally expressed imprinted genes with high levels of oocyte 

specific H3K27me3. However, these loci were devoid of oocyte specific DNA methylation and loss of 
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H3K27me3 resulted in loss of imprinted expression in mouse embryos.  Some of these genes maintained 

H3K27me3 mediated imprinting in the placenta until at least until E9.5. This mechanism of imprinting 

may be cell lineage specific, which is also described in flowering plants and be more widespread than 

hitherto realised (Pires and Grossniklaus 2014, Moreno-Romero, Jiang et al. 2016).  

 

It is important to note that not all imprinted genes display ubiquitous imprinting, i.e. imprinted 

expression in different tissue types. Some imprinted genes are expressed biallelically in some tissues 

and monoallelically in others (Prickett and Oakey 2012). For example, whilst Peg12 displays imprinted 

expression in the embryo, adult central nervous system, lung and spleen, it is expressed biallelically in 

the placenta (Kobayashi, Kohda et al. 2002, Tran, Bai et al. 2014). Gnas has been demonstrated to be 

imprinted in adipose tissue but is biallelically expressed in the kidney and placenta (Yu, Yu et al. 1998, 

Okae, Hiura et al. 2012). Kcnq1 displays temporal imprinting, being expressed monoallelically in the 

placenta and the early embryo but then gradually becomes biallelic (Gould and Pfeifer 1998, Umlauf, 

Goto et al. 2004, Wang, Soloway et al. 2011). 

 

Dlk1 represents an interesting example of monoallelic and biallelic expression occurring simultaneously 

and in nearby cells. In adult neurogenic niches, Dlk1 was found to be both biallelic and monoalleic in 

adjacent cells, with variable expression between subventricular zone neural stem cells and niche 

astrocytes (Doetsch, Caille et al. 1999, Ferron, Charalambous et al. 2011). Perhaps the most intriguing 

and unique example is that of Grb10, which shows an allelic switch in expression, exhibiting tissue 

specific imprinted expression from each of the parental alleles. Grb10 is expressed from the maternal 

allele in most peripheral tissues and functions to control placental and foetal growth as well as adiposity 

and energy homeostasis in adulthood, while it is expressed from the paternal allele in the nervous system 

where it influences temperance of social dominance (Charalambous, Smith et al. 2003, Cowley, 

Garfield et al. 2014). This demonstrates how differing expression from parental alleles has distinct roles 

in behaviour and growth, provoking questions about the evolutionary significance of imprinted genes. 
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1.6  Evolution of imprinting 

Within vertebrates, genomic imprinting is thought to be confined to the mammalian order. Genomic 

imprinting also exists in plants. As similar epigenetic mechanisms seem to operate in plants and 

mammals, they may have co-evolved in response to similar evolutionary pressures. There is no 

consensus as to the nature of these selective pressures, however, in both plants and mammals, studies 

have demonstrated that imprinted genes have roles in growth and extra embryonic compartments 

(placenta in mammals, and endosperm in plants). This has led to the speculation that imprinting may 

have arisen to optimise maternal capacity to deliver nutrients to the embryo (Vinkenoog, Bushell et al. 

2003, Feil and Berger 2007). Existing mammalian species can be subdivided into monotremes, 

marsupials and eutherians. The three groups differ in their mode of reproduction, with eutherians 

supporting their young in utero for extended periods and giving birth to well-developed young (Renfree, 

Hore et al. 2009). 

 

Monotreme mammals (platypus and several species of echidna) diverged from eutherian mammals 

approximately 166 million years ago and are the most primitive of mammals as they lay eggs after a 

short period of sustaining growth in utero (Bininda-Emonds, Cardillo et al. 2007, Renfree, Hore et al. 

2009). However, the eggs are unlike those seen in birds as they surrounded by a porous membrane and 

there is a brief period of intrauterine nutrient support by uterine secretions transported across the yolk 

sac (John and Surani 2000). This is unlike the other mammalian groups which have significant and 

elaborate maternal resources allocated to gestation in the form of placentation. In studies so far, genomic 

imprinting has not been demonstrated in monotremes despite the fact that several genes imprinted in 

other mammalian groups are conserved in monotremes and show a similar clustered organisation (Pask, 

Papenfuss et al. 2009, Renfree, Hore et al. 2009). 

 

Marsupials, for example wallaby and opossum, thought to have diverged from eutherians between 125-

148 million years ago, display genomic imprinting but on a much-limited scale compared to mice and 

humans. In marsupials, 18 genes known to be imprinted in eutherians were tested (not including X-



37  

inactivated genes) to see if they showed imprinting. Of these only six genes were proven to show 

imprinted expression: H19, Igf2, Igf2r, Peg1/Mest, Peg10 and Ins2. All of these genes are expressed in 

the marsupial placenta (Renfree, Hore et al. 2009, Renfree, Suzuki et al. 2013). The difference in the 

extent of imprinting observed between marsupials and eutherians is thought to be due to the differences 

in modes of reproduction. Although marsupials give birth to live young, the marsupial young have a 

much briefer intra-uterine existence and are born less developed and altricial compared to eutherian 

young (Zeller and Freyer 2001). Additionally, there are striking differences in the placenta between 

eutherian and marsupial females. The marsupial placenta is short lived and despite being fully 

functional, producing hormones, facilitating nutrient and gaseous exchange and being essential for 

foetal development, the structure and invasiveness of the placenta is vastly different from the eutherian 

structure. Marsupials depend on a choriovitelline placenta which is a simpler and less invasive structure. 

However, eutherians switch from a chorio-vitellinic placenta to a more invasive and complex structure, 

a chorion-allantoic placenta around mid-gestation which in some species is in contact with maternal 

blood. This more complex structure facilitates not only an extended gestation but allows the 

development of a more mature foetus (Carter and Mess 2007, Renfree, Suzuki et al. 2013). This all 

suggests that imprinting may have evolved as a regulatory mechanism at the same time as an increase 

in maternal/foetal nutrient exchange.  

 

1.7  Evolutionary models for genomic imprinting in mammals 

Evolution and selection of genomic imprinting represents a conundrum, as functional haploidy incurs 

an increased risk of genetic disease, since only one copy of the active gene exists. All acquired mutations 

therefore become dominant. Additionally, even in the absence of mutations, there are costs to the 

organism if there is incorrect gene dosage, uniparental disomy involving imprinted genes can result in 

either twice the gene dosage or none at all. Also, de-repression of a silenced allele is a major risk factor 

for familial and sporadic cancer. Indeed, these risks are causes of debilitating human diseases such as 

Prader-Willi, Silver Russell, Beckwith-Widemann and Angelmann syndromes and various cancers. 

Despite this, genomic imprinting has persisted for greater than 125 million years of evolution suggesting 
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that the evolutionary advantages far outweigh the risks associated with monoalellicism (Rainier, 

Johnson et al. 1993, Wilkins and Haig 2003, Engel, Thorvaldsen et al. 2006, Renfree, Hore et al. 2009).  

 

Many theories have been proposed to explain how genes acquired imprinted expression. In the early 

1990s, Varmuza and Mann put forward the ‘trophoblast defense’ or the ‘ovarian time bomb hypothesis’. 

This theory proposes that genomic imprinting evolved to guard the female against the risk of 

spontaneous oocyte activation, leading to full embryonic development. Since the female is anatomically 

equipped to give birth and males are not, males do not share this risk should the sperm become 

spontaneously activated. Imprinting thus evolved to silence genes on the maternal chromosomes that 

are involved in placental development and spread from this site. By this theory, genes responsible for 

placental invasion into the uterine vasculature would only be activated from a paternal genome after 

fertilisation, thus defusing the ovarian time-bomb.  This prevention of parthenogenesis by the evolution 

of imprinting is also thought to confer an advantage to the female as it prevents ovarian trophoblastic 

disease or ovarian teratomas which may arise from an unfertilised egg in the ovary. This theory has 

been hotly debated as ovarian teratomas are rare, especially in non-human mammals and do not present 

a selective advantage. Also, it does not explain imprinting in plants (Haig 1994, Moore 1994, Solter 

1994, Varmuza and Mann 1994).  

 

One of the theories that has gained some popularity is the ‘host defence hypothesis.’ This postulates 

that since silencing of an allele requires DNA methylation and as DNA methylation arose as a protective 

mechanism to silence genomic loci, some parasites, such as retroviruses and transposable elements, 

either through similarity or proximity also became imprinted as a side effect (Barlow 1993). Histone 

modifications and small non-coding RNAs, which are also involved in imprinting have also been 

described to play a role in defence against transposable elements (Brunmeir, Lagger et al. 2010). 

Additionally, Dnmt3L, which is required for imprinting also plays a significant sole in methylation of 

retrotransposons in the male germline (Barlow 1993, Renfree, Hore et al. 2009). Several imprinted loci 

on human chromosome 15q11-13 are thought to be imprinted as a result of retrotransposition. MAGEL2 
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and NDN are protein coding genes which are intron-less, implying that their imprinting may have arisen 

from a retrotransposition event (Boccaccio, Glatt-Deeley et al. 1999, Pask, Papenfuss et al. 2009, 

Kanber, Buiting et al. 2013). Additionally, imprinted genes display diverse evolutionary origins 

exemplified by a group of imprinted genes which are products of retrotransposition from parental genes 

present on the X-chromosome. Four imprinted retrogenes are recognised in the mouse: Mcts2, Nap1l5, 

U2af1-rs1and Inpp5f-v2. These genes are situated in the introns of multi-exonic host genes and are 

associated with differentially methylated regions at their promoters. The DMRs are necessary to 

establish allele specific expression. Intriguingly, in all cases at least one transcript of the host genes is 

also subjected to imprinting (Cowley and Oakey, 2010, Monk, Arnaud et al. 2011). For example, the 

paternally expressed imprinted gene Mcts2 has arisen from retrotransposition of a messenger RNA 

molecule originating from the Mcts1 gene on the X-chromosome. Mcts2 is located within intron of H13, 

the ‘host’ gene which is also imprinted. Mcts2 influences polyadenylation of H13 in an allele specific 

manner (Wood, Roberts et al., 2008, Wood, Schulz et al., 2007). 

 

1.7.1  The parental conflict hypothesis or kinship theory of genomic imprinting 

This theory has gained significant attention and support since it was first described following the 

identification of imprinted genes. It is supported by a large proportion of available data and there are 

few observations that cannot be reconciled with it (Moore and Haig 1991, Haig 2000). 

 

The theory proposes that imprinting was a result of the differences in reproductive investment made by 

the two sexes in polygamous species (Haig 1996). It proposes that upon evolution of viviparity, 

mammalian females were compelled to invest large amounts of physiological resources into individual 

offspring possibly at a cost to future offspring. In contrast, males contributed very little to each offspring 

during the developmental period. Thus, it would be in the best interest of the female genome to limit 

the total amount of resources allocated to a single litter to preserve maternal fitness and maximise 

chances to be able to sufficiently provide for subsequent litters. However, it is in the best interest of the 

paternal genome to extract maximum resources from the female for its offspring during gestation, and 
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postnatally in the preweaning period, regardless of the impact on the mother or her future reproductive 

success. This is to enable the likelihood of the perpetuation of the paternal genome within an offspring 

that is physiologically fit and nutritionally replete. This is especially relevant if there is geographical 

separation between mother and father after mating and a given female will potentially mate with 

multiple fathers. In this setting, in a random mating, the offspring’s existing or future half siblings are 

not related to the father and their preservation is of no paternal benefit. It is relatedness asymmetry such 

as this that led Haig and colleagues to propose that a conflict exists between the two sexes with regards 

to resource allocation, for example during gestation, lactation and behaviour towards siblings (Haig 

1993, Haig 2000, Holman and Kokko 2014). As a result, the maternally expressed, paternally silenced 

genes favour limiting resource allocation to the offspring and paternally expressed/maternally silenced 

genes act to augment resource extraction from the mother. Indeed, imprinted genes are particularly 

involved as a group in regulation of the demand and supply of nutrients across the extra-embryonic 

tissues (Moore and Haig 1991, Renfree, Hore et al. 2009). 

 

A classic example of the conflict hypothesis is that of the imprinted regulation of Igf2. Igf2 is an 

essential embryonic mitogen, involved in proliferation of cells and foetal and placental growth. It is 

paternally expressed in most tissues. Transgenic mouse models and human diseases both have 

demonstrated that reduction in Igf2 leads to impaired growth, while increased dosage produces 

overgrowth (Ferguson-Smith, Cattanach et al. 1991, Moore and Haig 1991, Sun, Dean et al. 1997, 

Murrell, Heeson et al. 2004). Intriguingly H19 and Igf2r are maternally expressed and are antagonistic 

to Igf2 expression (Bartolomei, Zemel et al. 1991). H19 and Igf2 are in competition for enhancers and 

not only is Igf2r a non-signalling receptor of Igf2, disruption of Igf2r results in overgrowth in mice. 

This demonstrates competition between parental genomes exists at both a genomic and biochemical 

signalling pathway (Suzuki, Renfree et al. 2005, Renfree, Hore et al. 2009). 

 

Whilst described initially in the context of nutrition extraction across the placenta during gestation, the 

theory seems to be able to explain many features of early life, for example, social interaction (Haig 
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2000, Ubeda and Gardner 2010, Ubeda and Gardner 2011, Haig 2014), maternal nurturing (Wilkins and 

Haig 2003), infant sleep (Wilkins 2014) and mating (Wilkins and Haig 2003). 

 

Haig and colleagues hypothesised that maternal care maybe an axis at which parental conflict theory 

also applies (Wilkins and Haig 2003). However, postnatal effects with regards to maternal care are more 

complex to interpret. Peg1, or Mest, is a paternally expressed imprinted gene and females who inherit 

a non-functional copy of Peg1 paternally display not only growth retardation and reduced survival 

postnatally, but Peg1-deficient females also display suboptimal mothering and protective behaviour 

towards pups such as nest building and retrieval of separated pups.  Reduced placentophagia is also 

observed (Lefebvre, Viville et al. 1998). This supports the theory that the paternal genome has a vested 

interest in ensuring the offspring receive optimal maternal care. Similar findings were observed with 

regards to suckling behaviour with the paternally expressed gene, Peg3 by Li et al. Peg3 is implicated 

in essential maternal behaviours such as nest building, nursing and postnatal care, and Peg3 mutants 

generated by Li et al., showed abnormal suckling with low oxytocin levels and significantly reduced 

milk production. Reduced nurturing behaviour was also observed which could be related to sub optimal 

oxytocin levels (Li, Keverne et al. 1999). However, a recent study which generated a novel Peg3 mutant, 

targeting the last exon for the PEG3 protein which contains >90% of the coding sequence, failed to 

replicate the findings by Li et al. on paternal transmission of the mutant allele. However, growth 

retardation postnatally was still observed by this group (Denizot, Besson et al. 2016). It’s unclear why 

this discrepancy in observations exists but could be due to targeting strategy. 

 

Ube3a is a maternally expressed gene and presents an interesting converse example. Pups with 

maternally inherited loss of Ube3a expression, made increased vocalisations to signal mothers to 

receive more care than wild type mice. These sounds were specifically made in response to maternal 

odour, suggesting that unlike Peg1 and Peg3, Ube3a functions to decrease care requirement by 

offspring (Jiang, Pan et al. 2010). This is in keeping with predictions made by the conflict theory. 
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An example of the conflict hypothesis between paternal and maternal genomes operating on the same 

cluster can be illustrated by the Gnas cluster. The Gnas locus comprises maternally, paternally and 

biallelically expressed genes and is involved in obesity, feeding, behaviour, viability and energy 

metabolism. Gnasxl is exclusively paternally expressed and Gnas has been shown to be maternally 

expressed in humans and neonatal mice. Loss of maternal expression of Gnas and paternal expression 

of Gnaxl result in opposite phenotypes consistent with the parental conflict theory (Eaton, Williamson 

et al. 2012). Mice with loss of Gnas expression are obese 2 days after birth suggesting that maternal 

expression serves to limit adipose deposition (Yu, Gavrilova et al. 2000, Eaton, Williamson et al. 2012). 

In contrast neonatal mice with defective paternal Gnasxl expression have marked reduction in adiposity, 

postnatal growth retardation, lean bodies and loss of suckling behaviour (Plagge, Gordon et al. 2004). 

 

Grb10 shows tissue specificity in its imprinting patterns, with maternal expression in endodermal and 

mesodermal tissues and paternal expression in the brain. Maternal knockout models are consistent with 

the parental conflict theory in that offspring display embryonic overgrowth and abnormal glucose 

homeostasis (Charalambous, Smith et al. 2003, Smith, Holt et al. 2007). Additionally, it has been 

demonstrated by Cowley et al. that Grb10 expression in the mother and the foetus may be co-adaptive 

(discussed below) (Cowley, Garfield et al. 2014). However paternal knockouts seem to show increased 

social dominance behaviour, specifically increased barbering and ‘winner’ behaviour in tube tests 

(Garfield, Cowley et al. 2011). Other anxiety and social behaviour tests do not show any apparent 

changes, and Curley has argued that the positive tests may not be entirely valid measures of dominant 

behaviour (Curley 2011). Thus, though Garfield’s work does demonstrate the apparent effect of 

imprinted gene expression on behaviour, it is not entirely consistent with the predicted effects from the 

parental conflict paradigm.  

 

Another gene that does not quite fit the predictions is Mash2, a maternally imprinted gene that is 

important for placental development in mice and would thus be expected to be paternally expressed as 

it is involved in garnering resources.  Mash2 has been argued that maternal imprinted genes might 
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sometimes favour developmental failure, yet if they do not fail, result in increased fitness. However, 

the paternal genome places greater importance on avoidance of embryonic failure even at the cost of 

offspring quality as they might not have the opportunity of mating with the same female. However no 

confirmatory data exists for this theory (Iwasa and Pomiankowski 1999, Holman and Kokko 2014). 

 

Whilst the conflict theory is strongly supported and several observations from knock out studies can be 

reconciled with this theory; other paradigms have been posited that may equally be valid.  

 

1.7.2  The co-adaptive theory of genomic imprinting 

Another important theory which has developed to explain the evolution of genomic imprinting is the 

co-adaptive theory. The concept that imprinted genes evolved as an adaptive mechanism is not a new 

one and has been speculated upon since imprinted genes were discovered (Hall 1990, Solter 1998).  

That there is variation in the imprinted status of certain genes across mammalian species, such as the 

tammar wallaby (marsupial) and mouse (eutherian), suggests that genomic imprinted may have evolved 

over time under selection pressures and is therefore adaptive (Renfree, Suzuki et al. 2013, Holman and 

Kokko 2014). 

 

Wolf and Hager postulated that imprinting evolved to provide phenotypic compatibility between mother 

and offspring during growth and nurturing periods, by allowing expression of the same allele in both 

mother and offspring. For example, when it is in the best interest of the offspring that a gene is expressed 

from the same allele as the mother, the paternally inherited allele is silenced. This minimises 

incompatibility with the mother (Wolf and Hager 2006). The theory of coadaptation of mother and 

offspring can be illustrated by the following examples. Wild type females were mated with males, 

heterozygous for the Igf2 null allele. Offspring carrying paternally inherited the Igf2 null allele within 

the wild type dam not only sequestered less resources from the mother but also primed the wild type 

mother to allocate less resources in subsequent litters. This, was tested by mating the same dam carrying 
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Igf2 knockout concepti with a wild type male (Charalambous, Ward et al. 2003). Mother and offspring 

seem to co-ordinate functions and demonstrate co-adaptation at this locus.  

 

Another example of coadaptation in mother and offspring by a paternally expressed gene was 

demonstrated by Curley et al.  Peg3 influences maternal weight gain during gestation, lactation and 

mothering behaviour, also it is important in resource acquisition behaviours such as suckling in 

offspring. When Peg3wt/- mutant off spring were reared by wild type mothers, their mortality was 32% 

and wildtype concepti reared by mutant mothers experienced a mortality of 28%. Mutations, in both 

offspring and mother however was additive and led to a mortality of 94%.  These results implicate 

imprinting in co-adaptation, as by synchronously coordinating nurturing and provisioning behaviour 

from the mother with resource soliciting behaviour from the offspring, the best outcome can be attained 

for mother and an optimally adapted offspring (Curley, Barton et al. 2004). 

 

The idea that the mother-offspring interaction functions at its best when aligned can be best exemplified 

by the example of Grb10. Grb10 is expressed from the maternal allele in foetal and extra-embryonic 

tissues during gestation (Charalambous, Cowley et al. 2010, Wilkins 2014). It is growth restrictive in 

keeping with predictions of the kinship theory. For example, Grb10 deficiency results in an increased 

placental size which is more efficient (Charalambous, Cowley et al. 2010). It is also implicated in 

glucose homeostasis in adults and is expressed in the mammary glands of the lactating female (Smith, 

Holt et al. 2007, Cowley, Garfield et al. 2014). Maternal expression of Grb10 in the offspring suppresses 

nutrient demand, in keeping with the conflict theory. However, expression of Grb10 in the mother, 

promotes nutrient supply. It is the complementary expression of Grb10 from the mother and pup that 

results in proportionate growth. This is illustrated elegantly in a study by Cowley et al. Offspring 

bearing maternally inherited Grb10 knock out allele (Grb10-/wt) are phenotypically large, regardless of 

the genotype of the female they are nursed by. Mothers with Grb10-/wt genotype when they foster a wild 

type litter have smaller pups. However, the combination of Grb10-/wt mother and offspring results in 

offspring recovering wild type body size. The equal and opposite effects of the two knockouts cancel 
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out, suggesting materno-offspring coadaptation in ensuring proportionate growth occurs in the offspring 

(Cowley, Garfield et al. 2014). 

 

1.7.3  Co-adaptation of gene expression 

The clustered nature of imprinted genes on mammalian chromosomes and the evidence of interactions 

seen amongst imprinted genes has led to the proposition that loci with a strong interaction with an 

imprinted locus subsequently becomes imprinted and more tightly linked than that locus. Wolf et al. 

have described this using mathematical models and even though it does not explain the initial reason 

for the evolution of imprinting, it explains the clustered nature of imprinted genes and the ‘phenotypic 

crosstalk’ that exists between different imprinted domains (Varrault, Gueydan et al. 2006, Wolf 2013, 

Spencer and Clark 2014, Patten, Cowley et al. 2016). Evidence for this is that functions of imprinted 

genes do converge not only on similar physiological functions but often on similar signalling pathways. 

For example, some of these biological functions include foetal growth, placental development, 

metabolic regulation, maternal behaviour and possibly more (Smith, Holt et al. 2007, Wilkinson, Davies 

et al. 2007, Frost and Moore 2010, Radford, Ferron et al. 2011, Wolf 2013, Patten, Cowley et al. 2016). 

This convergence can arise due to expression of two or more genes in the same cell type, or via action 

in the same signalling cascade. A meta- analysis of micro array data has identified an existing imprinted 

gene network (IGN) where a set of imprinted genes which are co-regulated modulate embryonic growth 

(Varrault, Gueydan et al. 2006, Liu, Zhu et al. 2008, Wolf 2013). Systems biology approaches, initially 

by comparing tissue-specific gene expression datasets demonstrated only 15 co-regulated imprinted 

genes. Follow up studies have demonstrated that there may be an imprinted gene network of 60 or more 

genes comprising both imprinted and non-imprinted genes (Patten, Cowley et al. 2016). Also, non-

coding RNAs mediate interactions between loci in the same cluster (Royo and Cavaille 2008). For 

example, in neural progenitors, transition from G1 to S phase is co-regulated by Zac1 and Cdkn1c along 

the same pathway (Lee, Reynisdottir et al. 1995, Schmidt-Edelkraut, Hoffmann et al. 2013). Zac1 has 

intriguingly been shown to bind to the promoter of long non-coding RNA Kcnq1ot1on the paternal 

allele and promote its transcription, thereby inhibiting expression of Cdkn1c from the paternal allele 
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and ensuring its monoallelic expression (Arima, Kamikihara et al. 2005, Mancini-Dinardo, Steele et al. 

2006). High Igf2 expression has been shown to downregulate Cdkn1c expression via tyrosine kinase 

receptor pathway (Grandjean, Smith et al. 2000, Zhao, Yang et al. 2013).  

 

Finally, all these hypotheses suggest that several different paradigms may explain the evolution of 

imprinted loci in one cluster due to different mechanisms, and selective pressures and evolutionary 

explanations to the persistence of imprinted genes are unlikely to be mutually exclusive. 

 

1.8  Regulation of genomic imprinting 

Germline differentially methylated regions, or gDMRs, at imprinting control regions (ICRs) are central 

to the regulation of monoallelic expression at imprinted loci. Parental-specific establishment of 

methylation at ICRs within CpG rich islands during germline development is the epigenetic foundation 

on which monoallelic expression of imprinted loci is based. Indeed, nearly all described imprinted genes 

show association with at least one differentially methylated region and methylation is thought to be the 

epigenetic signature best defining the ‘imprint’ of imprinted genes (Barlow and Bartolomei 2014). The 

properties of DNA methylation that make it an ideal epigenetic regulatory mechanism for regulation of 

imprinted gene expression are that it (a) is inheritable during DNA replication and therefore passed to 

daughter cells, maintaining epigenetic memory; (b) influences gene expression; (c) is stable, and (d) is 

dynamic during differentiation and development, and therefore can be erased when parent-of origin 

specific marks need to be established (Bartolomei and Ferguson-Smith 2011, Kim and Costello 2017). 

DNA methylation, in concert with other epigenetic modalities such as repressive histone modifications 

and non-coding RNAs, then ensure imprinted expression (Kelsey and Feil 2013).  

 

Given the impact imprinted genes have on various aspects of mammalian growth and development, the 

life cycle of genomic imprints demonstrates elaborate regulation to ensure that imprinted genes are 

inherited in a parent-of-origin-specific manner and monoallelic expression is not disrupted. The life 

cycle of genomic imprints requires three major steps (Figure 1.6): establishment, maintenance and 
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erasure.  Firstly, establishment of imprints occurs in the male and female gametes. This is important as 

this is a period during which the parental genomes are physical separate and appropriate parent specific 

marks can be instituted at different imprinted loci. Establishment of these imprints occurs in the male 

and female gametes at different time points during development. Secondly, once the methylation marks 

are set down at imprinted loci, they are transmitted to the zygote during fertilisation, sustained and 

propagated throughout development. Notably, they survive global epigenetic reprogramming events 

which occur in the pre-implantation embryo so that they can be expressed appropriately in the somatic 

lineages of the developing mammal. Once established in differentiated cells, these imprints at imprinted 

loci need to be ‘read’ to produce monoallelic expression. Lastly, existing imprints handed down from 

the parents need to be erased in the PGCs to allow sex specific establishment of imprints to occur in 

parental gametes (Reik and Walter 2001, Wilkinson, Davies et al. 2007, Li and Sasaki 2011).  

 

Figure 1.6  Lifecycle of genomic imprints. Establishment, maintenance and erasure of genomic imprints 
during mouse development. Imprints are established in a sex specific manner in the germ line: paternal (blue) 
and maternal (red) ICRs acquire DNA methylation in the sperm (prenatally) and oocytes (postnatally) respectively 
(black shaded box indicates DNA methylation at the ICR and white indicates no methylation at the corresponding 
allele) to be inherited by the next generated. The parental specific imprints are maintained despite global DNA 
demethylation after fertilisation in the zygote and the blastocyst. The imprints are maintained through to the somatic 
lineages and imprinted genes are expressed (‘read’) in an appropriate parent-of-origin manner to ensure normal 
development. However, the imprints are erased in the primordial germ cells before sex specific methylation patterns 
at the ICRs is established (Adapted from Reik and Walter, 2001) 
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1.8.1  Erasure of imprints in primordial germ cells 

For imprinted loci to have appropriate sex specific methylation marks in the gamete of the developing 

mammal, methylation marks inherited from the parents at imprinted regions need to be wiped clean. 

The mouse germline is specified in the posterior epiblast at E6.25, producing 40 pioneer germ cells 

called primordial germ cells (PGCs) which are highly methylated (Saitou and Yamaji 2012). As the 

germ cells travel from the allantois to the hindgut starting from E8, PGCs lose methylation in two 

phases: during the first phase, replication dependent DNA demethylation mechanisms are thought to 

operate (Seisenberger, Andrews et al. 2012). Imprinted genes retain methylation at ICRs during this 

stage. However, starting from E10.5 to E12.5, when PGCs enter the gonads, extensive, locus specific 

DNA demethylation occurs and is thought to depend on replication-independent or active mechanisms 

of DNA demethylation. During this stage, methylation at imprinted control regions is erased to enable 

appropriate and sex-specific establishment of methylation patterns at ICRs of imprinted genes (Guibert, 

Forne et al. 2012, Seisenberger, Andrews et al. 2012, Yamaguchi, Hong et al. 2013). The molecular 

mechanisms by which PGCs lose DNA methylation are described in detail in Section 1.1.4. 

 

1.8.2  Establishment of imprints in the germ line 

Allele specific methylation at ICRs are fundamental to the monoallelic expression of imprinted genes. 

Germ line establishment of imprints is conducted by de novo methyltransferases, DNMT3A/B and co- 

factor DNMT3L, which displays no enzymatic activity but is essential for the activity of DNMT3A and 

DNMT3B and probably has a regulatory role. In fact, loss of DNMT3L results in loss of methylation at 

imprinted loci without affecting global methylation levels as DNMT3L is crucial for the activity of 

DNMT3A and DNMT3B only during imprinting. DNMT3L has also been shown to interact with 

histone deacetylase-1 (HDAC1) and effect transcriptional repression independently of methylation 

(Bourc'his, Xu et al. 2001, Deplus, Brenner et al. 2002, Kaneda, Okano et al. 2004, Kato, Kaneda et al. 

2007). In mouse oocytes, Dnmt3a is the only de novo methyltransferase found to be active, but it 

requires DNMT3L for its activity (Kaneda, Hirasawa et al. 2010, Smallwood, Tomizawa et al. 2011, 
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Hanna and Kelsey 2014). Interestingly oocytes deficient for DNMT3A and DNMT3L develop normally 

and can undergo fertilisation. However, they are unable to sustain embryonic development, possibly 

due to lack of maternal imprints (Kaneda, Okano et al. 2004). Therefore, it has been suggested that the 

importance of de novo methylation in oocytes is to ensure the setting of maternal imprints, at least on a 

functional level. Male germ cells display both DNMT3A and DNMT3B activity in concert with 

DNMT3L and the absence of the de novo machinery results in meiotic failure of the spermatocytes, 

probably due to failure of retrotransposon silencing. Notably it’s the absence of DNMT3L that causes 

the meiotic catastrophe in testes (Bourc'his and Bestor 2004, Kato, Kaneda et al. 2007, Hanna and 

Kelsey 2014). 

To ensure that de novo methylation occurs at specific genomic regions, multiple mechanism exist to 

regulate de novo methylation: DNA binding factors, cell specific transcription factors, CpG island 

binding proteins and histone modifications to name a few.  For instance, DNMT3L interacts with the 

N- terminal of H3 which show no methylation at lysine 4 (H3K4) (Ooi, Qiu et al. 2007, Chotalia, 

Smallwood et al. 2009, Thomson, Skene et al. 2010, Lienert, Wirbelauer et al. 2011, Stadler, Murr et 

al. 2011). Therefore, KDM1B, a H3K4 demethylase was found to be required for de novo methylation 

of gamete DMRs of several imprinted genes Mest, Grb10, Impact and KvDMR but not for Igf2r and 

Snrpn domains (Ciccone, Su et al. 2009). Why some loci are affected by Kdm1b loss and not others can 

possibly be explained by the expression timing of Kdm1b in oocytes as only imprinted genes that are 

methylated later on are affected (Ciccone, Su et al. 2009, John and Lefebvre 2011). It is likely that other 

processes are implicated at different imprinted loci. For example, Hells encoding a chromatin-

remodelling ATPase called Lsh through complexes with G9a and Glp which are H3K9 

dimethyltransferases has been shown to be required for DNA methylation at the H19 ICR. Hells was 

however not found to be important for ICRs of other imprinted domains (Dennis, Fan et al. 2001, Fan, 

Hagan et al. 2005). These regulatory mechanisms modulating de novo methylation possibly ensure that 

methylation at imprinted genes is established in the germ line in a sex specific manner. 
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Methylation patterns occur at different developmental time points in male and female gametes after 

PGC reprogramming and in differing cellular environments (Lin, Youngson et al. 2003, Sasaki and 

Matsui 2008, Hanna and Kelsey 2014).  Although, similar de novo methylation machinery is utilised in 

the establishment of gDMRs in both maternal and paternal gametes, there are thought to be important 

differences in the mechanisms by which DNA methylation is established in the male and female 

germlines.  

 

Maternal Imprints 

Establishment of maternal imprints has been demonstrated to occur postnatally in female mice, in 

growing oocytes which are arrested in meiosis I. Maternal DMRs are established in an asynchronous 

manner with factors such as the diameter of the oocyte playing a role (Lucifero, Mann et al. 2004, Hiura, 

Obata et al. 2006, Smallwood, Tomizawa et al. 2011). Currently, 20 gDMRs at imprinted loci in mice 

have been identified in which methylation is established in the egg (Tomizawa, Kobayashi et al. 2011, 

Hanna and Kelsey 2014). Until recently the proposed model for methylation at gDMRs was presumed 

to be a result of specific targeting of de novo methyltransferases to specific loci by a combination of 

mechanisms including correct CpG spacing, sequence motifs and chromatin structure (Neumann, 

Kubicka et al. 1995, Jia, Jurkowska et al. 2007, Bartolomei and Ferguson-Smith 2011, Abramowitz and 

Bartolomei 2012). Studies have suggested that transcription may have a crucial role in the establishment 

of methylation at germline DMRs (Chotalia, Smallwood et al. 2009, Smith, Futtner et al. 2011, Singh, 

Sribenja et al. 2017).  Several lines of evidence have demonstrated that this might be the case: maternal 

gDMRs methylated in oocytes are mostly found in active transcriptional units (Smallwood, Tomizawa 

et al. 2011). Kobayashi et al demonstrated that gene body methylation in oocytes showed high 

correlation with expression of that gene. Additionally, H3K36me3 which is involved in transcriptional 

elongation can be ‘read’ by DNMT3A (Kobayashi, Suda et al. 2006, Dhayalan, Rajavelu et al. 2010). 

A link between transcription and methylation at ICRs was first demonstrated at the Gnas locus, where 

disrupting the Nesp transcript led to failure of establishment of methylation at the maternal gDMR 

(Chotalia, Smallwood et al. 2009). Veselovska et al. demonstrated that deletion of an oocyte promoter 
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for Zac1 led to the failure of DNA methylation at the Zac1 intergenic DMR in oocytes (Veselovska, 

Smallwood et al. 2015). More recently, Singh et al. demonstrated a similar mechanism for establishment 

of methylation at the Kcnq1/KvDMR1 locus. The KvDMR1 ICR is located on distal mouse chromosome 

7 within the intronic region of the Kcnq1 gene which is maternally imprinted. KvDMR1 also harbours 

the promoter for the long non-coding RNA Kcnq1ot1 and is methylated in the maternal germline. The 

authors demonstrate failure of establishment of methylation at KvDMR1 if transcription of Kcnq1 

through KvDMR1 is disrupted. As a result, the long non-coding RNA Kcnq1ot1 is expressed 

biallelically leading to silencing of all the maternally expressed genes in the cluster (Singh, Sribenja et 

al. 2017). 

 

Thus, the current proposed model is that at least in the female germline, instead of the de novo 

methyltransferase complex (DNMT3A and DNMT3L) targeting gametic DMR sequences to establish 

ICRs, methylation at gDMRs of imprinted genes occurs as part of a more generalised process of gene-

body methylation, with gDMRs being methylated due to their intragenic location. Furthermore, since 

transcription through gene bodies and associated gametic DMRs is accompanied with a specific 

chromatin structure, this may in fact promote the action of the DNMT3A/DNMT3L complex (Singh, 

Sribenja et al. 2017). Using chromatin immunoprecipitation and genome wide ChIP sequencing, 

Stewart et al. demonstrate histone profiles of CGIs destined for DNA methylation in oocytes and 

suggest that transcription associated recruitment of KDM1B (demethylating H3K4me2) and H3K36 

methylase SETD2 provides a chromatin environment which attracts the DNMT3A/DNMT3L complex 

(Kelsey and Feil 2013, Stewart, Veselovska et al. 2015).  

 

Thus the paradigm for establishment of methylation at gDMRs in oocytes has shifted from that of 

targeted de novo methylation to that of ‘selective survival from demethylation’ during fertilisation by 

protective mechanisms such as through Zfp57, as thousands of intragenic CGIs are methylated in the 

oocyte in response to transcription but lose methylation on fertilisation (Quenneville, Verde et al. 2011, 
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Smallwood, Tomizawa et al. 2011, Kelsey and Feil 2013, Stewart, Veselovska et al. 2015, Veselovska, 

Smallwood et al. 2015). 

 

Paternal Imprints 

To date, in mice only three gametic DMRs at imprinted loci demonstrate methylation instituted in the 

sperm. Unlike maternal gDMRs which are mostly methylated at promoter CGIs, paternal DMRs are 

CG rich sequences (not CpG islands) located in intergenic regions (Kobayashi, Suda et al. 2006, Schulz, 

Proudhon et al. 2010, Hanna and Kelsey 2014). 

 

In the male mouse, de novo DNA methylation commences at approximately E13.5 in germ cells which 

are in mitotic arrest (prospermatogonia) and is complete by E17.5. Methylation patterns at the gDMRs 

occurs in the male gametes prior to meiosis and multiple cell divisions precede the formation of mature 

spermatogonia (Davis, Yang et al. 2000, Kaneda, Okano et al. 2004, Seisenberger, Andrews et al. 2012). 

Both de novo methyltransferases DNMT3A and DNMT3B along with DNMT3L are required in the 

sperm (Kato, Kaneda et al. 2007).  

 

A unique mechanism by which methylation is established at a paternal DMR can be exemplified by the 

Rasgrf1 locus. The paternal Rasgrf1 DMR requires Dnmt3b for establishment of its imprint. Dnmt3b 

also functions to silence repetitive elements in the genome and is targeted by PIWI RNAs (piRNAs). 

Within the Rasgrf1 locus is located a retrotransposon called RMER4B which is ubiquitous throughout 

the mouse genome and contains sequences which are recognizable by a group of piRNAs on 

chromosome 7. This sequence recognition by the piRNAs within the Rasgrf1 locus leads to the 

recruitment of DNMT3B and establishment of methylation at the Rasgrf1 DMR (Watanabe, Tomizawa 

et al. 2011).  Imprint establishment at this locus gives a basis to the host-defence hypothesis in the 

evolution of genomic imprinting. 
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1.8.3  Imprint maintenance 

A feature that makes DNA methylation attractive as a primary mark for imprinted gene expression is 

that it can be faithfully propagated through DNA replication and therefore parent specific imprints are 

maintained across cell divisions in somatic lineages. Failure to maintain methylation effectively leads 

to passive loss or dilution of methylated residues after several rounds of cell division (Li, Bestor et al. 

1992, Hackett and Surani 2013). CpG dinucleotides are palindromic and after DNA replication, 

methylated CpGs on the template pair with unmethylated CpGs forming hemimethylated DNA. 

Hemimethylated DNA is recognized by DNMT1 for which it has a high affinity and the new strand is 

methylated. DNMT1 is found localised to the replication fork and is abundant in the S phase of DNA 

replication (Leonhardt, Page et al. 1992, Kishikawa, Murata et al. 2003, Jeltsch 2006). DNMT1 requires 

a tethering factor UHRF1 which is involved in directing the enzyme to its hemimethylated substrate. 

Importantly the tethering and enzyme action of UHRF1 and DNMT1 respectively have been shown to 

be significantly weaker with 5hmC DNA in vitro (Arita, Ariyoshi et al. 2008, Hashimoto, Liu et al. 

2012).  

 

The embryo faces a challenge in the early preimplantation stages, as both erasure of the parental 

methylomes to establish a pluripotent epiblast, as well as maintenance of methylation at imprinted genes 

to enable parent-of-origin-specific expression in somatic tissues is crucial. It is therefore unsurprising 

that the epigenetic reprogramming in preimplantation embryos is highly orchestrated and the haploid 

parental genomes of the zygote with their specific chromatin properties display varied DNA 

demethylation kinetics (Oswald, Engemann et al. 2000, Santos and Dean 2004).  

 

There is marked epigenetic symmetry in the early embryo. The mature sperm displaying 80 -90% CpG 

methylation is rapidly demethylated soon after zygote formation, which is completed before the onset 

of DNA replication at pronuclear stage 3. The rapidity with which demethylation occurs implicates an 

active demethylation mechanism (Oswald, Engemann et al. 2000, Popp, Dean et al. 2010). The 

demonstration of TET3 localisation in the paternal pronucleus and the absence of 5hmC with TET3 



54  

deficiency has established TET3 as a major player in the demethylation of the paternal genome (Gu, 

Guo et al. 2011, Wossidlo, Nakamura et al. 2011). Even though the bulk of 5-methylcytosines are 

hydroxylated in the paternal genome, at some loci reversion to cytosine has been observed before the 

first cleavage. The base excision repair pathway could explain the loss of 5mC and hypomethylation at 

certain loci such as Nanog and Oct4 (Gu, Guo et al. 2011). Certain components of this pathway have 

been demonstrated in the paternal pronuclei (Hajkova 2010). Also, together with 5hmC, higher 

oxidation products of 5-methylcytosine, 5-formylcytosine (5fC) and 5-carboxylcytosine (5CaC), have 

also been demonstrated in the zygote (He, Li et al. 2011). How 5hmC, produced from the oxidation of 

5mC, and its higher oxidation products are processed is not entirely clear. Either 5hmC and its higher 

oxidative products are processed by the base excision repair pathway and/or undergo replication 

mediated dilution (Hajkova 2010, Inoue and Zhang 2011). There is compelling evidence for the latter 

and recent studies have shown that thymine DNA glycosylase was dispensable for zygotic 

demethylation (Inoue and Zhang 2011, Guo, Li et al. 2014). However, in thymine DNA glycosylase 

null ES cells, TET mediated oxidation products such 5fC and 5caC showed a 5 to 10-fold genome wide 

increase (Shen, Inoue et al. 2014). It has been argued that a hitherto unidentified mechanism exists 

which acts downstream of TET3 mediating oxidation as certain loci, after TET3 mediated oxidation, 

underwent demethylation in the presence of DNA replication inhibitors (Guo, Li et al. 2014). 

 

In contrast, the maternal genome in the zygote displays lower global methylation and undergoes 

replication dependent loss of 5mC over subsequent cleavages (Oswald, Engemann et al. 2000, Santos, 

Hendrich et al. 2002). Passive loss of methylation is achieved by exclusion of DNMT1 from the nucleus 

(Howell, Bestor et al. 2001, Hirasawa, Chiba et al. 2008). The oocyte specific DNA methyl transferase 

1, DNMT1o, possibly protects the imprints during the early stages, as it was found to translocate to the 

nucleus at this time point. Somatic DNMT1 is detected after the blastocyst stage and it is thought that 

both DNMT1o and DNMT1s maintain methylation at imprinted regions (Howell, Bestor et al. 2001, 

Ratnam, Mertineit et al. 2002, Branco, Oda et al. 2008, Hirasawa, Chiba et al. 2008).  Shen et al. have 

demonstrated that TET3 dependent 5mC oxidation occurs in both paternal and maternal genomes. 
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However, the maternal 5mC detected was thought to be due to TET3 generated after fertilisation rather 

than oocyte TET3 as 5 hydroxy-methylcytosine is not detectable in the maternal pronucleus (Shen, 

Inoue et al. 2014). 

Why the paternal genome is targeted for active demethylation and not the maternal genome is not clear 

but the different demethylation dynamics of the maternal and paternal genome are in part due to a 

protein called STELLA (Payer, Saitou et al. 2003, Nakamura, Arai et al. 2007). STELLA has been 

demonstrated to localise to the maternal genome and protect it from TET3 mediated oxidation of 5-

methylcystosine by interacting with H3K9me2 which is enriched in the maternal but not paternal 

genome. This prevents the binding of TET3 (Santos, Peters et al. 2005, Wossidlo, Nakamura et al. 2011, 

Nakamura, Liu et al. 2012). STELLA has also been shown to protect two paternally imprinted loci 

Rasgrf1 and H19 from demethylation as they still retain H3K9me2 marks (Nakamura, Liu et al. 2012). 

However not all imprinted loci are afforded this protection by STELLA implying some redundancy in 

mechanisms. However, STELLA deficient embryos display high mortality and severe developmental 

phenotypes (Nakamura, Arai et al. 2007, Messerschmidt, de Vries et al. 2012). 

 

1.8.4  Protection of imprints 

Genome wide methylation studies have shown that ICRs show partial demethylation particularly at the 

peripheries. However, these regions recover DNA methylation at later stages of development. Two 

proteins have become of interest in this context due to their wide range of interactions with DNA 

methyltransferases and multifunction repressor complexes: ZFP57 and TRIM28. 

 

ZFP57, a Kruppel-associated box (KRAB) domain zinc finger protein, is required for maintenance of 

DNA methylation at multiple germline DMRs. This function seems to be conserved in both mice and 

humans, with mutations in human ZFP57 leading to hypomethylation at the PLAGL1 maternal DMR 

and resulting in biallelic expression of this imprinted gene causing transient neonatal diabetes. Other 

maternal gDMRs were also found to be hypomethylated in this study (Mackay, Callaway et al. 2008). 
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Another study demonstrated deletion in Zfp57 resulted in neonatal lethality in mice associated with 

abnormal expression of imprinted genes and hypomethylation at DMRs (Dlk1/Dio3, Snrpn, Peg1, Peg3, 

Peg5). Additionally, loss of Zfp57 in ES cells display hypomethylation at multiple imprinted domains 

(Li, Ito et al. 2008, Quenneville, Verde et al. 2011). 

 ZFP57 interacts with a transcriptional repressor protein called TRIM28 or KAP1 (Li, Ito et al. 2008, 

Quenneville, Verde et al. 2011). TRIM28 has also been demonstrated to be important in maintenance 

of genomic imprints and has been shown to bind to the methylated allele of imprinted domains on 

recruitment by ZFP57 (Quenneville, Verde et al. 2011, Lorthongpanich, Cheow et al. 2013). Even 

though the exact mechanisms by which TRIM28 maintains imprints is unclear it has been shown to 

interact with a wide range of proteins: Heterochromatin protein1, histone methyltransferases and 

DNMT1, DNMT3a and DNMT3b (Messerschmidt, Knowles et al. 2014, Alexander, Wang et al. 2015). 

Binding of ZFP57 and TRIM28 and the presence of H3K9me3 has also been demonstrated at imprinted 

loci probably due to the interaction of TRIM28 with SETDB1 a H3K9 methyltransferase (Schultz, 

Ayyanathan et al. 2002, Frietze, O'Geen et al. 2010, Quenneville, Verde et al. 2011, Messerschmidt, de 

Vries et al. 2012). It has been suggested that methylation is maintained at imprinted loci probably by 

the interactions of this complex with DNMT1 in the early reprogramming period, therefore loss of 

ZFP57 results in loss of methylation at imprinted loci. (Messerschmidt, de Vries et al. 2012).  ZFP57 

also recognizes the motif TGCCGC in a methylation sensitive way and this motif exists at all known 

imprinted regions, with on an average two copies per locus (Quenneville, Verde et al. 2011, Liu, Toh 

et al. 2012).  

 

 A recent study demonstrated that not only were maternal and zygotic TRIM28 important in the 

maintenance of DNA methylation at germline DMRs (Airn, Rasgrf1, Gnas, Peg10, Peg3 and 

Kcnq1ot1), TRIM28 was required at later stages of embryonic development to maintain allele specific 

expression without disruption of germline methylation. Promoter methylation at imprinted genes H19 

and Gtl2 was also lost in Trim28 mutants. These results demonstrate that that Trim28, has roles in 

maintaining imprinted expression beyond methylation maintenance at the gDMR (Alexander, Wang et 
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al. 2015). This is unsurprising, given its broad range of interactions with effector proteins. However, a 

recent study looking at allele specific binding of ZFP57 in reciprocal mouse hybrid ES cells 

demonstrated that ZFP57 binds exclusively at imprinted germline DMRs which are ICRs and not 

somatic or non ICR DMRs (Strogantsev, Krueger et al. 2015). 

Thus, these proteins provide a safety net to protect imprints at a critical juncture, when the zygote has 

to balance comprehensive epigenomic reprogramming to restore pluripotency with maintenance of 

methylation marks at genes which are crucial for its development and growth.  

 

1.9  Mechanisms of imprinted gene regulation 

The ICRs are tasked with controlling imprinted expression of genes located in approximately 1 Mbp 

clusters (Bartolomei 2009). The differential methylation and the chromatin features that are associated 

with the methylation instituted in the germ line, renders the two copies of the ICRs distinct and it is this 

difference which induces monoallelic expression in the embryo (Sanli and Feil 2015). 

 

There are two main mechanisms by which the ICRs regulate parent-of-origin-specific expression across 

clusters over long distances. The first is the insulator model in which the binding of insulators to the 

ICR controls access of distal imprinted genes to enhancer elements. The second model is the non-coding 

RNA-mediated silencing of imprinted genes in the cluster, where the expression of the non-coding RNA 

is controlled by the ICR (Lee and Bartolomei 2013).  

 

Other mechanisms by which imprinted genes are regulated are likely to exist, for example Wood et al. 

described an imprinted locus, H13, in which allele specific differences in polyadenylation induce 

imprinted expression of the H13 gene (Wood, Schulz et al. 2008, Inoue, Jiang et al. 2017). Inoue et al. 

also recently described imprinting of several loci mediated by maternal H3K27me3 in the blastocyst 

stage embryo of mice (Inoue, Jiang et al. 2017).  
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1.9.1  Insulator model  

This model is best illustrated by the H19/Igf2 locus. H19 and Igf2 are situated next to each other, 

approximately 80kb apart, on mouse distal chromosome 7 in mice and are expressed from maternal and 

paternal alleles respectively.  Studies have demonstrated loss of H19 expression on maternal inheritance 

of nearby endoderm-specific enhancers, and loss of Igf2 expression when the deletions were paternally 

inherited, suggesting that both genes share enhancers (Zemel, Bartolomei et al. 1992, Bartolomei, 

Webber et al. 1993, Leighton, Saam et al. 1995). Monoallelic expression of both genes is regulated by 

an ICR located approximately -2kb to -4.4kb relative to the H19 transcription start site which is 

methylated in the paternal gamete (Tremblay, Duran et al. 1997, Thorvaldsen, Duran et al. 1998). The 

maternal ICR has been shown to contain several binding sites for the CCCTC-binding factor or CTCF. 

CTCF has been shown to demonstrate insulator activity, blocking enhancer and promoter interactions 

at the chicken beta globin locus. Binding of CTCF to the ICR has been demonstrated in vivo (Bell, West 

et al. 1999, Kanduri, Pant et al. 2000, Szabo, Tang et al. 2000). Thus, imprinted expression at this locus 

occurs in the following way: the unmethylated maternal allele allows binding of CTCF to the ICR, 

which initiates recruitment of cohesion proteins. The CTCF-cohesin complex is then thought to induce 

a chromatin looping structure on the maternal chromosome, producing a ‘boundary’ effect which 

prevents downstream enhancers, shared by both genes, from accessing the Igf2 promoter, but allows 

engagement with H19 and activates its transcription (Bell and Felsenfeld 2000, Hark, Schoenherr et al. 

2000, Kurukuti, Tiwari et al. 2006). The CTCF-cohesin interaction also recruits polycomb repressor 

complex 2 which leads to allele-specific methylation at H3K27 and suppresses Igf2 expression from 

the maternal allele (Li, Ito et al. 2008). On the other hand, the methylated ICR on the paternal allele 

prevents binding of CTCF to the ICR, thus allowing Igf2 to interact with downstream enhancers, 

activating expression of Igf2 but not H19 (Bell and Felsenfeld 2000, Hark, Schoenherr et al. 2000). 

Additionally, paternal ICR methylation leads to promoter methylation of the H19 locus and contributes 

to the silencing of the gene (Bartolomei, Webber et al. 1993). Three DMRs have been demonstrated 

near the Igf2 gene (DMR0, DMR1 and DMR2). DMR0 overlaps a placental specific promoter and is 

hypermethylated on the maternal allele in the placenta only. DMR1 and DMR2 acquire methylation on 
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the paternal allele in tissues where Igf2 is expressed and are therefore tissue-specific somatic imprints 

(Moore, Constancia et al. 1997, Constancia, Dean et al. 2000, Lopes, Lewis et al. 2003). Thus, at this 

locus, methylation dependent binding of CTCF to the DMR determines parental specific expression of 

Igf2 and H19. However, Igf2 displays biallelic expression in the leptomeninges and choroid plexus of 

the brain and it is likely that there are tissue specific factors that influence the insulator effect including 

tissue specific enhancers (Feil, Walter et al. 1994, Sanli and Feil 2015) (Figure 1.7A). 
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Figure 1.7  Schematic representation of two models of imprinted gene regulation. (A) The insulator model of 

imprinted gene regulation is illustrated by the H19/Igf2 locus located on the distal end of mouse chromosome 7. 

On the maternal chromosome the unmethylated ICR (yellow box) binds CTCF forming an insulator preventing 

common enhancers (purple box, Enh) from interacting and activating Igf2 (grey box). Instead the enhancers interact 

with the nearby H19 promoter and activate it (red box). On the paternal allele, the methylated (black lollipops) ICR 

(yellow box) prevents binding of CTCF and no insulator boundary is formed. This allows distant enhancers to 

activate Igf2 which is expressed from the paternal allele (blue box). H19 has a somatic DMR which gets methylated 

on the paternal allele after fertilisation. Igf2 has three additional regions of differential DNA methylation (not shown 

in figure). DMR1 is depicted and represents a tissue-specific imprint required for monoallelic expression in adult 

mesodermal tissue. (B) The long non-coding RNA model is illustrated by the 300-kb mouse Igf2r locus on proximal 

mouse chromosome 17.  An intragenic ICR located within the Igf2r gene (yellow box) that harbours a promoter for 

Airn transcribes Airn (blue wave), a long non-coding (lnc) RNA from the unmethylated paternal allele alone. Airn 

silences two placental imprinted genes, Slc22a2 and Slc22a3 on the paternal allele (grey boxes) in cis with 

involvement of G9a, a histone methyltransferase that methylates lysine residues of H3. The Igf2r gene, imprinted 

both in the embryo and placenta is silenced on the paternal allele by transcriptional interference brought about by 

transcription of Airn. Additionally, Igf2r has a somatic DMR which is methylated post fertilisation and maintains 

silencing of Igf2r. The ICR is hypermethylated on the maternal allele and prevents transcription of Airn and hence 

repression of the genes in the Igf2r locus. Consequently, Slc22a2, Slc22a3 and Igf2r (red box) are expressed from 

the maternal allele. Slc22a1 is biallelically expressed (white box) (Adapted from Sanli and Feil, 2015). 

 

Imprinted expression mediated by the insulator model has been described at other domains. Mouse 

Rasgrf1 and human PEG13 imprinted expression have also been demonstrated to be regulated by the 

insulator model (Yoon, Herman et al. 2005, Court, Camprubi et al. 2014). CTCF binding sites have also 

been demonstrated at other imprinted genes, for example, Kcnq1ot1 and Magel2 (Fitzpatrick, 

Pugacheva et al. 2007, Prickett, Barkas et al. 2013).  A genome-wide study looking at allele specific 

binding of CTCF and cohesion in mouse brain identified CTCF-Cohesin complex binding at a number 

of unmethylated alleles. Some genes, Plagl1 and Inpp5f_v2, displayed biallelic binding (Prickett, 

Barkas et al. 2013). Given the ubiquitous nature of CTCF binding sites in the genome and the proposed 

diverse actions of this protein, it is unclear whether the presence of CTCF automatically infers insulator 

function and further studies are required to clarify whether their regulation follows the H19/Igf2 model 

(Bartolomei 2009). 

 

1.9.2  Long noncoding RNA (ncRNA) model 

In contrast to the CTCF- dependent insulator model of imprinted gene regulation, many imprinted loci 

appear to utilise the long non-coding RNA (ncRNA) mechanism for regulating imprinted expression in 

clusters with most imprinted domains recognised to express at least one long ncRNA. The transcription 

of the RNA, or the RNA itself, then regulates imprinted expression in cis (Thakur, Tiwari et al. 2004, 
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Koerner, Pauler et al. 2009, Pauler, Barlow et al. 2012). Imprinted long ncRNAs can also control gene 

expression in trans, which may be the mechanism contributing to the cross talk reported between 

imprinted genes (Varrault, Gueydan et al. 2006, Stelzer, Sagi et al. 2014, Al Adhami, Evano et al. 2015).  

 

The best described example of imprinted gene regulation via a long non-coding RNA is that of Airn at 

the Igf2r locus. Igf2r resides at mouse chromosome 17A with two neighbouring imprinted genes, 

Slc22a2 and Slc22a3, which are expressed maternally (Braidotti, Baubec et al. 2004). A maternally 

methylated ICR situated in the second intron of Igf2r regulates imprinted expression of this cluster 

(Stoger, Kubicka et al. 1993). This intra-genic ICR harbours the promoter of a polyadenylated and 

unspliced 118kb long ncRNA called Airn (Antisense Igf2r RNA) which is expressed in an antisense 

orientation to Igf2r. Methylation of the ICR in the maternal allele inhibits expression of Airn, which is 

expressed from the paternal allele (Wutz, Smrzka et al. 1997, Lyle, Watanabe et al. 2000). Deletion of 

the ICR abrogates Airn expression and induces loss of imprinted expression of Igf2r, and biallelic 

expression of Igf2r has been demonstrated in all tissues where Airn mRNA was found to be absent (Hu, 

Balaguru et al. 1999, Latos, Stricker et al. 2009). This suggests that Airn, or its transcription, is essential 

to bring about imprinted expression of Igf2r. Several gene targeting and molecular experiments have 

demonstrated that it is the transcriptional interference of Airn over the Igf2r promoter that results in 

paternal silencing of Igf2r. Two types of Airn transcript truncations were constructed by insertion of 

poly-A-signals, the first truncation resulted in premature termination of the Airn transcript and 

prevented transcription of Airn over the Igf2r promoter. In the second truncation model, Airn 

transcription over the Igf2r promoter was at least maintained. In the latter scenario, imprinted expression 

of Igf2r was maintained. However, in the former, biallelic expression of Igf2r was demonstrated. 

Furthermore, reversal of the Airn promoter also induced biallelic expression. Finally repositioning of 

the Airn promoter to 700bp before the Igf2r transcription start site with unaltered orientation resulted 

in paternal repression of Igf2r.  This suggests that Igf2r suppression on the paternal allele is a result of 

Airn inducing Igf2r promoter silencing by transcriptional interference, independent of the Airn long 

non-coding product RNA product (Latos, Pauler et al. 2012). Additionally, Igf2r has a somatic DMR 
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encompassing the Igf2r promoter which is methylated on the repressed paternal allele during 

embryogenesis when silencing by the gDMR has already been established (Stoger, Kubicka et al. 1993) 

(Figure 1.7B).  

 

Non-overlapping, placental specific, maternally expressed Slc22a2 and Slc22a3 also lose imprinted 

expression on paternal deletion of the ICR. None of these genes display a DMR and imprinted 

expression is thought to be controlled by in cis binding of Airn (Zwart, Sleutels et al. 2001). Studies 

have shown physical association of Airn with Slcc22a3, which is situated hundreds of kilobases away 

from the Airn promoter. Airn has been shown to recruit G9a, a H3K9 methyltransferase, and induce 

repression of Slcc22a3. Loss of either G9 or Airn has been shown to result in biallelic expression of 

Slcc22a3 (Sleutels, Zwart et al. 2002, Nagano, Mitchell et al. 2008). Thus, Airn regulation of the Igf2r 

cluster presents an example of how a long non-coding RNA, regulated by a gametic DMR, regulates 

imprinted expression of an entire cluster (Figure 1.7B). 

 

Another locus which regulates imprinting using this model, and contains a maternal germline 

methylated ICR containing a promoter for a long noncoding RNA which controls silencing on the 

unmethylated paternal allele, is Kcnq1/Kcnq1ot1 (Fitzpatrick, Soloway et al. 2002, Mancini-Dinardo, 

Steele et al. 2006).  The Kcnq1/ KCNQ1 domain represents one of the largest clusters in humans and in 

mice (Frost and Moore 2010). It consists of eight imprinted mRNA genes 780 kb (Lewis, Mitsuya et al. 

2004, Frost and Moore 2010). The ICR is located within an intron of Kcnq1 which gets methylated in 

the maternal germline and contains the promoter for a long non-coding RNA, Kcnq1ot1, which is 

paternally expressed. Paternal transmission of a deletion of the ICR regulating the Kcnq1 domain results 

in biallelic expression of eight genes normally expressed preferentially from the maternal allele in the 

embryo and placenta (Smilinich, Day et al. 1999, Fitzpatrick, Soloway et al. 2002, Lewis, Mitsuya et 

al. 2004, Mancini-Dinardo, Steele et al. 2006). Truncation of Kcnq1ot1 by premature polyadenylation 

results in loss of imprinting of all adjacent genes in most tissues, establishing that Kcnq1ot1 mediates 

gene silencing in cis (Shin, Fitzpatrick et al. 2008).  
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Several, but not all, of the genes in the Kcnq1 cluster are imprinted specifically in the placenta, like the 

Igf2r locus (Umlauf, Goto et al. 2004). Their silencing in the placenta seems to be associated with the 

presence of several repressive chromatin features such as H2A lysine-119 mono ubiquitination 

(H2AK119ub) and H3 lysine 27 trimethylation (H3K27me3), suggesting recruitment of PRC1 and 

PRC2 (Umlauf, Goto et al. 2004, Terranova, Yokobayashi et al. 2008).  The repressive H3K9me2 

controlled by G9a is also found at the Kcnq1 domain and the recruitment of G9a to the placental genes 

of the Kcnq1 domain has been demonstrated to require expression of the full length Kcnq1ot1 (Pandey, 

Mondal et al. 2008, Wagschal, Sutherland et al. 2008). Co-localisation of Kcnq1ot1 to the placental 

genes under its control has been observed in placental cells only (Redrup, Branco et al. 2009). Recently, 

Zhang et al. demonstrated, using RNA-guided chromosome conformation capture (R3C), the long-

range interactions which occur between Kcnq1ot1 and Kcnq1 on the paternal allele to confer silencing 

of this ubiquitously expressed imprinted gene. The authors report that 5’ terminus of Kcnq1ot1 acts as 

a scaffolding molecule to stabilise and co-ordinate a long a distance interaction between the ICR, 

KvDMR1 and the Kcnq1 promoter 200 kb away. Kcnq1ot1 then recruits PRC2 to the Kcnq1 promoter 

so that H3K27me3 can facilitate repression of Kcnq1 on the paternal allele.  This demonstrates how 

long non-coding RNAs might orchestrate long range intrachromosomal interactions to bring about 

silencing across a cluster (Zhang, Zeitz et al. 2014). 

 

1.9.3  Somatic imprints 

Somatic imprints are laid down after fertilisation, during embryonic development and are often called 

somatic, secondary or post-fertilisation DMRs.  An important feature of these DMRs is that they are 

not set down in the germline and therefore are not detectable in the preimplantation embryo but only in 

somatic cells post implantation. Also, they are not involved in regulating imprinted expression of all 

the genes in a cluster, and primarily affect expression of single genes (John and Lefebvre 2011). Also, 

unlike gametic DMRs, somatic DMRs can be tissue specific (Feil, Walter et al. 1994, Moore, 

Constancia et al. 1997, Sleutels, Zwart et al. 2002, Sleutels, Tjon et al. 2003, Latos, Stricker et al. 2009). 
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Importantly, they are laid down after imprinted, monoallelic, expression has already been instituted. 

Somatic imprints have been identified at a small subset of loci which include Igf2r, Igf2, Nesp, Gtl2, 

Cdkn1c and H19 (Sasaki, Ferguson-Smith et al. 1995, Moore, Constancia et al. 1997, Hu, Balaguru et 

al. 1999, Takada, Paulsen et al. 2002, Coombes, Arnaud et al. 2003, Lopes, Lewis et al. 2003, Bhogal, 

Arnaudo et al. 2004). These loci acquire methylation at somatic DMRs with variable kinetics during 

development and as the parental alleles already possess distinguishing epigenetic marks conferred in 

the gamete, de novo methylation may be guided by this (Stoger, Kubicka et al. 1993, Bhogal, Arnaudo 

et al. 2004, John and Lefebvre 2011, Sato, Yoshida et al. 2011, Auclair, Guibert et al. 2014). 

Mechanisms by which somatic DMRs are acquired is not known. Somatic DMRs, once established, 

require maintenance of DNA methylation by DNMT1 (Caspary, Cleary et al. 1998). Auclair et al. 

demonstrated that loss of Dnmt3b in mouse embryos resulted in demethylation of the somatic DMRs 

(H19, Cdkn1c) independently of the methylation status of the respective gametic DMRs. Additionally, 

two-fold expression of Cdkn1c and H19 was demonstrated in Dnmt3b-/- embryo. This implicates 

DNMT3B in the prevention of hypomethylation at somatic DMRs. Why certain loci acquire these 

secondary DMRs and others do not is not clear, but it has been hypothesised that loci requiring long 

term stability of imprinted expression may be ‘selected’ to ensure continued monoallelicism. This 

remains to be proven (John and Lefebvre 2011, Auclair, Guibert et al. 2014). 

 

Assigning regulation of imprinted genes into two categories is perhaps simplistic, as even though 

imprinted domains broadly fall into one of these models, each of the clusters have their own nuances as 

some imprinted genes may become biallelic in some tissues or require another regulatory mechanism 

to sustain monoallelic expression in different tissues (Feil, Walter et al. 1994). For example, whilst 

truncation of paternal Kcnq1ot1 led to loss of imprinted expression of all the genes in the Kcnq1 cluster, 

Cdkn1c expression was not disrupted in a subset of embryonic tissues. This was despite universal loss 

of methylation at the Cdkn1c somatic DMR, demonstrating that the KvDMR1 locus was able to silence 

Cdkn1c independent of transcription of the long non-coding RNA or the somatic DMR. Consistent with 

this, the growth phenotype was milder. As the KvDMR1 locus has two CTCF binding sites, the authors 
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propose that in a subset of tissues (kidney, liver, lung and fibroblasts) paternal Cdkn1c silencing is 

achieved by the insulator effect of CTCF binding to the KvDMR1, thus bypassing the need for the 

silencing effect of Kcnq1ot1. This suggests the possibility that certain ICRs utilise two distinct 

mechanisms to silence the same gene depending on the tissue (Shin, Fitzpatrick et al. 2008).  

 

Imprinted long non-coding RNAs have also been shown more recently to mediate repressive effects in 

trans on to imprinted genes situated elsewhere in the genome. IPW (Imprinted in Prader Willi) is a long 

noncoding RNA in the imprinted Prader-Willi Syndrome domain on human chromosome 15, which is 

normally expressed from the paternal allele. Stelzer et al. set out to model Prader-Willi syndrome (PWS) 

in induced pluripotent stems cells and generated PWS induced pluripotent cells (iPSCs) by 

reprogramming PWS case-based fibroblasts. In PWS cells, where IPW was downregulated, there was 

marked upregulation of maternally expressed genes of the DLK1-DIO3 domain on human chromosome 

14. The authors over-expressed IPW in PWS-iPSCs and demonstrated significant downregulation of 

the expression of these maternally expressed genes. Significantly this was not accompanied by any 

methylation changes at the DLK1-DIO3 ICR. This demonstrates further degrees of mechanistic 

complexity in the regulation of imprinted genes and illustrates that imprinted genes operate as a network 

and are interdependent (Stelzer, Sagi et al. 2014, Al Adhami, Evano et al. 2015, Sanli and Feil 2015). 

 

1.10  Functions of imprinted genes 

Mammalian parthenogenetic conceptuses fail to thrive because of dysregulated genomic imprinting. 

Gynogenetic mouse embryos have severe embryonic growth defects, abnormal extra-embryonic tissue, 

and do not survive beyond mid-gestation. Androgenetic embryos demonstrate absent or 

developmentally delayed embryonic tissue but maintained extra embryonic development (Barton, 

Surani et al. 1984, McGrath and Solter 1984). These studies suggest that imprinted genes play a crucial 

role in early cell lineage decisions and in utero development. As the parthenogenotes complete 

gastrulation but fail to achieve adequate tissue development, it suggests that the first time point during 
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embryogenesis that imprinted genes become essential is after implantation, when embryonic growth 

and organogenesis occurs. 

Our understanding of imprinted gene functions has greatly been enhanced by animal knockout models 

which inform us about imprinted gene function. Overexpression models have helped us to appreciate 

imprinting function in the context of evolution. Additionally, human imprinting disorders have led us 

to appreciate the multifaceted roles of imprinted genes. 

 

1.10.1  Foetal growth and Development 

The best studied example of an imprinted gene implicated in growth is that of paternally expressed Igf2, 

which promotes growth. This is demonstrated by the fact that biallelic expression of Igf2 causes 

embryonic overgrowth, and loss of Igf2 expression leads to growth restriction (DeChiara, Robertson et 

al. 1991, Ferguson-Smith, Cattanach et al. 1991). Generally, deletion of paternally expressed genes 

cause a growth restriction phenotype and deletions of maternally expressed genes results in growth 

enhancement. However, there exists an interplay between maternally expressed and paternally 

expressed imprinted gene products which allow balanced growth to occur. For example, the effects of 

mitogen IGF2 on embryonic growth have been demonstrated to be ameliorated by maternally expressed 

Igf2r which functions as an IGF2 receptor, targeting it for lysosomal degradation (Foulstone, Prince et 

al. 2005). Igf2r mutants display an overgrowth phenotype and die early during embryogenesis. 

However, these phenotypes are rescued if they inherit a null Igf2 background (Ludwig, Eggenschwiler 

et al. 1996).  

Maternally expressed Grb10 is also a crucial growth regulator, but also has an important role in energy 

metabolism and postnatal behaviour. Intriguingly, maternally expressed in all tissues, it switches 

expression from the maternal to paternal allele in the brain. Embryos with maternal deletions of Grb10 

are overgrown. Deletion of the Grb10 ICR, however, causes maternalisation of the paternal allele, 
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leading to severe placental and postnatal growth restricted phenotype (Charalambous, Smith et al. 2003, 

Shiura, Nakamura et al. 2009).  

 

Embryonic growth phenotypes can also be driven by placental defects. For example, Phlda2 is 

maternally expressed in several embryonic and adult tissues. High PHLDA2 protein expression has been 

demonstrated in the human placenta (Pena, Neugut et al. 2014). In mice placenta, Phlda2 expression is 

localised in the labyrinthine zone of the placenta where nutrient exchange takes place (Frank, 

Mendelsohn et al. 1999, Frank, Fortino et al. 2002). Maternal deletion of Phlda2 results in an increase 

in placental weight but with no accompanying foetal growth, rather, a transient reduction in growth 

from mid to late gestation (Frank, Fortino et al. 2002). Another example is Ascl2 which is maternally 

expressed in the placenta. Maternal deletion of this gene leads to mid gestation loss of embryo due to 

failure of placental development (Tanaka, Mori et al. 1997). 

Skeletal growth also is controlled by imprinted genes. Maternal deletion of Cdkn1c has been shown to 

cause short and thin bones in mice (Zhang, Liegeois et al. 1997, Takahashi, Nakayama et al. 2000) as 

has Dlk1 overexpression (da Rocha, Charalambous et al. 2009). Igf2r null mice have been demonstrated 

to have extra digits with increased ossification in the vertebrae (Wang, Fung et al. 1994).  

 

Other imprinted genes have also been implicated in embryonic growth, and it has been suggested that 

some imprinted genes, including Peg1, Gtl2, Cdkn1c, Plagl1, Dlk1, Igf2 and Grb10, are co-regulated 

as an imprinted gene network in multiple tissues (Arima, Kamikihara et al. 2005, Varrault, Gueydan et 

al. 2006). Given that growth is a finely orchestrated process, rather than an on and off phenomenon, 

this cross talk between maternally and paternally expressed genes is not surprising. However, the full 

reach of these networks has not been evaluated. However, altered expression of one gene has been 

demonstrated to have effects on other imprinted genes, for example, Zac1 a paternally expressed gene 

on deletion in mice results in growth retarded mice and also alters the expression of other imprinted 

genes including Igf2, Cdkn1c and Dlk1 (Varrault, Gueydan et al. 2006).  
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Normal placental function is crucial for the growth of the embryo and as mammalian genomic 

imprinting evolved with placentation, it is not surprising that majority of the known imprinted genes 

have been demonstrated to be expressed in the placenta. The placenta is a point of communication 

between the foetus and the mother and is a source of crucial hormones and growth factors. Despite the 

fact that imprinted genes are of clear importance in placental development, specific functions have been 

characterised for only a small number of these genes. The phenotypic associations seen are mostly 

exhibited as placentomegaly and alterations in junctional, labyrinth, glycogen and spongiotrophoblastic 

cell lines (Tunster, Jensen et al. 2013). The IC1 domain on mouse chromosome 7 contains the paternally 

expressed Igf2 gene and several others (Lefebvre 2012, Sandovici, Hoelle et al. 2012). Igf2 is expressed 

widely in the placenta and loss of the paternal transcript leads to significant abnormalities in the 

placental labyrinth and glycogen cells resulting in placental weight loss (Lefebvre 2012, Sandovici, 

Hoelle et al. 2012). Ascl2 on the adjacent IC2 domain also has been implicated in glycogen cell lineages 

with maternal allele mutants dying mid-gestation with placentas showing significant junctional and 

labyrinth defects (Guillemot, Nagy et al. 1994, Guillemot, Caspary et al. 1995, Oh-McGinnis, Bogutz 

et al. 2011). Cdkn1c, also coded on mouse chromosome 7, acts as a negative regulator in cell 

proliferation at a number of placental sites, with mutants demonstrating placental overgrowth, impaired 

vascularisation, thrombotic lesions, loss of spongiotrophoblasts and impaired glycogen cell maturation 

(Takahashi, Kobayashi et al. 2000, Tunster, Van de Pette et al. 2011). These changes are associated 

with mutant embryos that show early growth advantage but fail to maintain weight gain by term 

(Tunster, Jensen et al. 2013).  

 

Imprinted genes are also extremely important during transition from in utero to neonatal life when 

independent physiological functions, for example breathing and feeding, are required. Many imprinted 

genes have distinct functions in the development of the respiratory anatomy, which if abrogated lead to 

failure of pulmonary function. For example, Igf2r deletions are associated with immature lung alveoli 

(Wang, Fung et al. 1994, Wylie, Pulford et al. 2003), Grb10 knockouts demonstrate blood filled lungs 
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(Charalambous, Smith et al. 2003), and Igf2 mutants have increased lung surfactant (Silva, Chambers 

et al. 2006).  

 

To survive in the external environment, neonates need to feed independently. Defects in lactation and 

suckling are observed in many imprinted gene knock out models, for instance Peg3, GnasXL, Magel2 

and Cdkn1c, though the mechanisms are different. For example, feeding is impaired in Cdkn1c mutants 

due to cleft palate (Yan, Frisen et al. 1997). In paternally expressed Magel2 null mutants, lack of 

hypothalamic oxytocin leads to failure of suckling behaviour, which is rescued by introduction of 

exogenous oxytocin postnatally (Schaller, Watrin et al. 2010). Intriguingly in Peg3 mutants, feeding 

dysfunction is attributable to maternal and foetal behaviour, suggesting co-adaptive functions of this 

gene: not only do the mutant Peg3 offspring fail to initiate suckling, there is a failure to release milk 

from the Peg3 mutant mothers even with normally suckling offspring (Curley, Barton et al. 2004). 

Paternal deletion of Gnasxl is associated with impaired suckling (Plagge, Gordon et al. 2004). 

Establishing metabolic axes and regulation of energy homeostasis during the early neonatal period has 

also been demonstrated as a function of imprinted genes. For example, paternally expressed Rasgrf1 is 

involved in postnatal pancreatic function and glucose homeostasis, as Rasgrf1wt/-  mice display reduced 

beta cells in pancreas and are therefore hypoinsulinaemic and glucose intolerant (Font de Mora, Esteban 

et al. 2003). Paternally expressed Plagl1 is a zinc finger transcription factor with antiproliferative 

properties (Spengler, Villalba et al. 1997) and over expression leads to hyperglycaemia in neonates, 

implicating it in glucose metabolism (Ma, Shield et al. 2004). The Gnas locus has oppositely imprinted 

genes, with reciprocal functions in energy homeostasis: maternally expressed G protein -subunit (Gs) 

is involved in non-shivering thermogenesis in brown adipose tissue (BAT), while GnasXL, encoding 

XLs, a longer isoform of Gs  is also found in mouse adipose tissue in the early postnatal period but 

is expressed paternally. Deletion of a common exon, when inherited maternally, causes obesity and a 

decrease in metabolic rate. However, a paternal inheritance of the deletion causes mice to have dark 

BAT in reduced quantity with a lean phenotype and decreased metabolic rate. Paternal deletion of 

Gnasxl in mice replicates the latter phenotype suggesting opposite effects on energy homeostasis by 
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two genes in the same cluster (Yu, Gavrilova et al. 2000, Plagge, Gordon et al. 2004). The paternally 

expressed imprinted genes Peg3 and Dlk1 also display increased fat deposition (Curley, Barton et al. 

2004) with Dlk1 mutants being more sensitive to high fat diet induced obesity, suggesting the 

involvement of Dlk1 in metabolic sensitivity to fat (Moon, Smas et al. 2002). Dlk1 and Dio3, in 

conjunction, regulate non-shivering thermogenesis after weaning, by regulating brown adipose tissue 

development and controlling thyroid hormone signalling (Charalambous, Ferron et al. 2012). Maternal 

deletion and over expression models of Grb10 have demonstrated its importance fat and sugar 

metabolism with pancreatic abnormalities (Shiura, Miyoshi et al. 2005, Smith, Holt et al. 2007, Wang, 

Balas et al. 2007). Intriguingly, imprinted genes have also been shown to affect metabolism by 

modulating activity levels. For example, Asb4 overexpression in the hypothalamus was associated with 

hyperactivity, low weight, increased metabolic rate, increased appetite and low leptin levels (Li, Chai 

et al. 2010). 

 

1.10.2.  Neurodevelopment and Behaviour 

Imprinted genes have an important role in neuronal development and behaviour. Ube3a is a well-studied 

example. It is maternally expressed within certain neuronal subtypes but is biallelically expressed in 

other tissues (Albrecht, Sutcliffe et al. 1997). Maternal deficiency causes Angelman Syndrome in 

humans, which is characterised by cognitive and motor impairment (Kishino, Lalande et al. 1997). 

Ube3a is a ubiquitin ligase which targets proteins for degradation (Kumar, Talis et al. 1999). Ube3a 

knockdown in the hippocampus neurons was shown to result in decreased localisation of AMPA (-

amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) neurotransmitter receptors at the synapse which 

are important for neuronal plasticity (Greer, Hanayama et al. 2010).  

 

Aberrant expression of imprinted genes is associated with several different behavioural phenotypes in 

mice, illustrating the importance of imprinted genes in neurodevelopmental pathways. In an 

overexpression mouse model of Cdkn1c using an extra Cdkn1cBACx1 copy, mice were found to be 

hypoactive and displayed blunted hedonic responses. This was associated with alterations in the number 
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of Th-positive neurons in the brain (McNamara, Davis et al. 2017). Maternal Ube3a deficient mice 

display poor memory and learning and have poor motor control (Jiang, Armstrong et al. 1998, Miura, 

Kishino et al. 2002). Paternal deletion of Peg3 in mice has also been shown to induce increased anxiety 

and decreased willingness to explore new environments (Champagne, Curley et al. 2009). In a loss of 

imprinting model of Gnas, mice displayed reduced REM sleep (Lassi, Ball et al. 2012). Paternally 

inherited deletion of Grb10 in a subset of neurons has been shown to result in aggression and increased 

social dominance in mice (Garfield, Cowley et al. 2011). 

 

Reproductive behaviour is also influenced by imprinted gene expression. For example, Peg3 and Peg1 

are paternally expressed in the hypothalamus and paternal deletions in mice are associated with 

deficiency in maternal nurturing behaviour towards their pups. Peg1 deficient mothers display aberrant 

responses to new-born by failing in nest building activity and retrieving pups (Lefebvre, Viville et al. 

1998). Peg3 deficient females have delayed onset of puberty and display similarly reduced nurturing 

behaviour towards offspring, failing to lactate because of reduced oxytocin inducing hypothalamic 

neurons (Li, Keverne et al. 1999, Curley, Barton et al. 2004, Champagne, Curley et al. 2009). These 

behavioural phenotypes are not restricted to females as Peg3wt/- and Magel2wt/- males are less responsive 

to female odours reducing their reproductive behaviour (Curley, Barton et al. 2004, Mercer and Wevrick 

2009). Additionally, both Magel2wt/- males and females display early infertility (Mercer and Wevrick 

2009). This is also demonstrated in Dio3wt/- males and females, possibly due to impairment in the thyroid 

axis (Hernandez, Martinez et al. 2006).  

 

1.10.3  Dosage Sensitivity 

Establishing and maintaining monoallelic expression of genes is not without costs, and comes with the 

risk of mutations, which in a biallelically expressed gene would be less deleterious to the health of the 

organism. Therefore, it is likely that normal development demands monoallelic expression of imprinted 

genes. This is evidenced by the physiological consequences of improper dosage of imprinted genes 

observed in human imprinting disorders. Even though these diseases are rare, their severity is indicative 
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of how critical appropriate expression of imprinted genes is for development. Additionally, the diversity 

of clinical syndromes that result from aberrant expression of imprinted genes, involving growth, 

neurodevelopmental and metabolic axes, demonstrates the sheer range of physiological processes 

imprinted genes are involved in. Some of these disorders include the overgrowth syndrome, Beckwith-

Wiedemann Syndrome (BWS) (Weksberg, Smith et al. 2003, Choufani, Shuman et al. 2010, Weksberg, 

Shuman et al. 2010), the undergrowth syndrome, Silver-Russell Syndrome (SRS) (Abu-Amero, Monk 

et al. 2008, Abu-Amero, Wakeling et al. 2010, Turner, Mackay et al. 2010), metabolic and bone 

disorders such as transient neonatal diabetes (TND) and pseudopseudohypoparathyroidism (Mackay, 

Coupe et al. 2002, Mackay, Callaway et al. 2008, Temple and Shield 2010, Mantovani 2011), and the 

neurodevelopmental disorders Prader-Willi Syndrome (PWS) and Angelman Syndrome (AS) (Cassidy 

and Driscoll 2009, Buiting 2010). 

 

Animal studies have also been able to highlight the importance of correct imprinted gene dosage as 

discussed above. Imprinted gene knock out models have been instrumental in delineating functions of 

imprinted genes, however over expression models have also been described (Andrews, Wood et al. 

2007, da Rocha, Charalambous et al. 2009, Tunster, Tycko et al. 2010, Tunster, Van De Pette et al. 

2014). Sensitivity to dosage in imprinted genes is not restricted to mammals, as over expression of a 

maternally expressed gene (Meg1) in maize resulted in an enlarged endosperm (Costa, Yuan et al. 

2012). Gain of expression, or biallelic expression of single imprinted genes, are more difficult to model 

due to the clustered nature of imprinted genes and their co-regulation by a single imprinting control 

element. Cdkn1c over expression models will be discussed in the next section. 

Imprinted genes have an important role in cancer, due to their involvement in growth factor signalling 

pathways (Lim and Maher 2010). Epigenetic instability at imprinting control regions is described in 

several human malignancies, and DNA methylation analyses have confirmed involvement of PEG3, 

MEST and GNAS domains in various cancers (Kim, Bretz et al. 2015). Cancer results from DNA 

sequence aberrations that result in dysregulation of cell cycle, apoptosis and cell survival. Imprinted 

genes play major roles in these functions. CDKN1C, a growth suppressor, was found to be 
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downregulated in 20 out of 23 cancer types (Larson, Schlechter et al. 2008, Kim, Bretz et al. 2015). 

Patients with BWS, with loss of function of CDKN1C, are susceptible to embryonic tumours 

(Weissleder and Ntziachristos 2003, Smith, Holt et al. 2007). Furthermore, growth promoting IGF2 is 

linked to carcinogenesis in loss of imprinting in cell and animal models (Bates, Fisher et al. 1995, Singh, 

Moretta et al. 2008). Animals with low IGF2 concentrations lived longer with lower incidence of 

tumours (Livingstone 2013). In humans there is extensive evidence for IGF2 dysregulation in tumours 

(Hartmann, Sellers et al. 2005, Murphy, Huang et al. 2006, Zhao, DeCoteau et al. 2009). It is 

unsurprising that numerous epigenetic therapies are being considered in the treatment of cancers (Nervi, 

De Marinis et al. 2015). 

1.11  Cdkn1c- Distal mouse chromosome 7 (IC2 Domain) 

Distal chromosome 7 has one of the largest imprinted gene domains found in the mouse genome. This 

region is homologous to the imprinting domain in humans located at 11p15.5.   Extending to almost 1 

megabase (Mb) in length, mouse distal chromosome 7 has within it two distinct imprinted domains 

which are independently regulated, termed IC1 and IC2 (Ainscough, John et al. 1998, Lee, Brandenburg 

et al. 1999, Engemann, Strodicke et al. 2000, Cerrato, Sparago et al. 2005) (Figure 1.8). The IC1 

domain commences at the centromeric end of distal chromosome 7 and consists of paternally expressed 

Igf2 and Ins and the maternally expressed antisense H19. The genes located in this domain are not only 

the earliest imprinted genes discovered in mice and humans, but the IC1 domain is also thought to 

represent one of the more primitive imprinted regions, due to presence of imprinted expression of Igf2 

in both marsupial and eutherian species (Ferguson-Smith, Cattanach et al. 1991, Ferguson-Smith, 

Sasaki et al. 1993, Giannoukakis, Deal et al. 1993, Lee, DeBaun et al. 1999, Suzuki, Renfree et al. 

2005). The functions of imprinted genes in this cluster and the mechanism of their regulation will not 

be discussed as no experimental work involving genes in this cluster was performed. 
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Figure 1.8  Structure of mouse distal chromosome 7: IC1 and IC2 subdomains. Imprinted and non-imprinted 
genes within distal mouse 7. In mouse, this region contains two imprinted subdomains, the shorter IC1 domain 
which extends from Ins2 to H19 and the longer IC2 domain which spans Ascl2 and encompasses genes several 
hundred kb upstream. The biallelically expressed gene serves as a boundary between the two subdomains. Red 
boxes= maternally expressed imprinted genes, blue boxes= paternally expressed imprinted genes, white boxes= 
non-imprinted biallelically expressed genes. The arrows depict direction of transcription. Cen= centromeric end of 
chromosome, tel= telomeric end. 

 

The neighbouring IC2 domain represents a much larger imprinted domain compared to IC1. It includes 

all the genes between Ascl2 (from the centromeric end) to Nap1l4 (at the telomeric end). The two 

subdomains are separated by the biallelically expressed Th (Lee, DeBaun et al. 1999, Monk, Arnaud et 

al. 2006). Within the domain Trpm5/TRPM5 is biallelically expressed in mice but expressed from the 

paternal allele in humans (Paulsen, Davies et al. 1998, Prawitt, Enklaar et al. 2000).  In contrast to the 

more ancient IC1 domain, the genes in the IC2 domain have been shown to display biallelic expression 

in marsupials, suggesting that imprinting of this subdomain occurred after divergence of eutherians and 

marsupials (Suzuki, Renfree et al. 2005, Suzuki, Shaw et al. 2011).  The IC2 cluster in mice contains at 

least eleven imprinted genes that are expressed from the maternal allele, including Cdkn1c. Four 

(Cdkn1c, Phlda2, Slc22a18, Kcnq1) out of the eleven imprinted genes in this cluster display multi-

lineage imprinted expression i.e. monoallelic expression in both embryonic and extra-embryonic 

tissues, whilst seven (Osbpl5, Tnfrsf23, Nap1l4, Ascl2, Tspan32, Cd81, Tssc4) display imprinted 

expression restricted to the placenta and visceral yolk sac (Hatada and Mukai 1995, Lewis, Mitsuya et 

al. 2004, Pauler, Barlow et al. 2012).  

Unlike the insulator model of imprinted gene regulation utilised by ICR1, the IC2 domain contains 

coding sequence for a paternally expressed long non-coding (lnc) RNA, Kcnq1ot1. This unspliced and 

untranslated RNA, also known as long intronic transcript 1 (Lit1), is transcribed from a promoter region 

located within intron 10 of the Kcnq1 gene and is antisense in orientation to Kcnq1 (Smilinich, Day et 

IC2 IC1 
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al. 1999) (Figure 1.9). The Kcnq1ot1 promoter region is methylated on the maternal allele and 

constitutes a differentially methylated region, often referred to as KvDMR1. This represents a germ line 

or gametic DMR, methylated in oocytes and not in sperm (Smilinich, Day et al. 1999, Engemann, 

Strodicke et al. 2000, Mancini-DiNardo, Steele et al. 2003). Singh et al. recently demonstrated that 

similarly to other ICRs, transcription through KvDMR1 was essential to establish methylation, and a 

truncation cassette which blocked Kcnq1 transcript elongation, reaching KvDMR1, led to a low level of 

methylation in E9.5 concepti and 15 dpp oocytes (Singh, Sribenja et al. 2017). Methylation at KvDMR1 

prevents transcription of Kcnq1ot1, while Kcnq1ot1 is expressed from the unmethylated paternal allele, 

leading to bidirectional silencing of protein coding genes spread over a 1 Mb region. KvDMR1 

constitutes the ICR for the IC2 subdomain and two regions have been demonstrated to be crucial for 

expression of Kcnq1ot1: a 2kb region of KvDMR1 and a 244 bp sequence within the Kcnq1ot1 promoter 

region.  Paternal inheritance of a deletion of any of these regions lead to loss of Kcnq1ot1 expression 

and biallelic expression of a number of imprinted genes (Cdkn1c, Tssc3/Phlda2, Slc22a18, Kcnq1, 

Tssc4 and Ascl2) within the IC2 cluster in the foetal liver of mice. This was shown to result in foetal 

growth retardation (Fitzpatrick, Soloway et al. 2002, Thakur, Tiwari et al. 2004, Mancini-Dinardo, 

Steele et al. 2006, Pandey, Mondal et al. 2008). 

How Kcnq1ot1 mediates silencing of genes within the IC2 domain has been investigated. In particular 

whether the Kcnq1ot1 RNA per se, or the act of transcription, is required for silencing of the paternal 

allele has been studied. Transcription of Kcnq1ot1 has been demonstrated to be insufficient for 

monoallelic expression of genes in this cluster as truncated transcripts of Kcnq1ot1 are unable to sustain 

imprinted expression of adjacent imprinted genes (Thakur, Tiwari et al. 2004, Mancini-Dinardo, Steele 

et al. 2006, Pandey, Mondal et al. 2008).  Additionally, the length of the RNA has been an area of 
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conflict. One study reported the length of Kcnq1ot1 to be 471 kb long and overlapping all downstream 

genes (Golding, Magri et al. 2011). However, this conflicts with other reports that map the length of 

Kcnq1ot1 to be between 83 and 121 kb (Mohammad, Pandey et al. 2008, Pandey, Mondal et al. 2008, 

Redrup, Branco et al. 2009, Huang, Jaritz et al. 2011). Kcnq1ot1 has also been demonstrated to behave 

differently in extra-embryonic versus embryonic tissues. The FISH signal for the Kcnq1ot1 RNA is 

larger in the placenta compared to the embryo, possibly due to a greater number of imprinted genes 

subject to Kcnq1ot1-mediated silencing in the placenta (Redrup, Branco et al. 2009). Also, interaction 

between Kcnq1ot1 and chromatin have been demonstrated in the placenta (Pandey, Mondal et al. 2008). 

Terranova et al. demonstrated that in the paternal allele Kcnq1ot1 spatially overlaps with the genes in 

the IC2 cluster and repressive chromatin marks, in a condensed chromosome compartment in the 

nucleus of trophoblast stem cells. PRC1 and PRC2 were also shown to co-localise with this repressive 

compartment, with loss of either complexes relieving imprinted expression of Cdkn1c and other 

placenta-specific imprinted genes. Collectively, these results suggest that, at least in the placenta, 

Kcnq1ot1 mediates silencing by targeting repressive chromatin modifying complexes to the imprinted 

 

Figure 1.9  Imprinting control at mouse IC2 Domain. Schematic representation of the mouse IC2 subdomain 
(Kcnq1 domain) which extends to 800 kb. The intragenic ICR KvDMR1 (yellow box) is located within the intron of 
the Kcnq1 gene and regulates imprinting in this region. The ICR which gets methylated (black lollipops) on the 
maternal allele contains a promoter for the long non-coding (lnc) RNA Kcnq1ot1 (blue wave). Kcnq1ot1 is 
transcribed from the unmethylated paternal allele and silences distal and proximal imprinted genes (grey box) 
bidirectionally. In the placenta silencing of these genes is mediated by interaction of Kcnq1ot1 with PRC1 and 
PRC2 (Terranova et al., 2008). Promoter methylation of Kcnq1ot1 on the maternal allele prevents transcription of 
the lncRNA, allowing the imprinted genes to be expressed (red boxes). Additionally, monoallelic expression of 
Cdkn1c is maintained by promoter methylation on the paternal allele post implantation and is dependent on 
Kcnq1ot1.  
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genes in the IC2 domain (Terranova, Yokobayashi et al. 2008). Zhang et al. demonstrated, using RNA-

guided 3C, that Kcnq1ot1 acts a scaffold to bring about a long-range intrachromosomal looping 

configuration which mediates an interaction between KvDMR1 and the Kcnq1 promoter and recruits 

PRC2 to maintain silencing of the cluster in the IC2 domain (Zhang, Zeitz et al. 2014). 

 

One study has also demonstrated that two different mechanisms may be operating to bring about 

paternal silencing of Cdkn1c by KvDMR1, depending on the tissue. Though truncated Kcnq1ot1 led to 

biallelic expression of Cdkn1c in the placenta, foetal heart, brain and gut, only partial loss of imprinted 

expression occurred in the kidney, lung and liver (despite loss of methylation at the somatic DMR), 

suggesting either that the truncated Kcnq1ot1 retains some repressive function in a subset of tissues or 

that there is an alternative, tissue specific mechanism, by which KvDMR1 silences Cdkn1c.  Consistent 

with partial and tissue specific loss of imprinting, the mutant mice displayed a less severe phenotype of 

growth deficiency compared to mice with a deletion of KvDMR1. The KvDMR1, in addition to 

harbouring a promoter site for Kcnq1ot1, also has chromatin insulator or silencer activity. Two CTCF 

binding sites have been demonstrated within the KvDMR1 locus that bind CTCF on the unmethylated 

paternal allele. This suggest that perhaps in some tissues, Cdkn1c silencing occurs via the insulator 

binding mechanism in a similar manner to the H19 locus (Shin et al., 2008). Additionally, tissue specific 

enhancers/silencers lying more than 315 kb from, but within 880 kb of Cdkn1c have also been 

recognised (John, Hodges et al. 1999, John, Ainscough et al. 2001, Cerrato, Sparago et al. 2005).  

 

Apart from KvDMR1, there is a second differentially methylated domain in the IC2 domain. A large 

CpG island in the promoter and gene body of paternal Cdkn1c gains KvDMR1-dependent methylation 

at around E9.5. Promoter methylation at Cdkn1c is acquired post fertilisation and is not present in the 

germ line and therefore represents a somatic DMR (Bhogal, Arnaudo et al. 2004). Methylation at the 

somatic DMR is not required to initiate imprinted expression of Cdkn1c which has been demonstrated 

as early as E6.5, rather it is probably required to maintain established imprinted expression of Cdkn1c. 

Indeed, Dnmt1 deficient mice display biallelic expression of Cdkn1c due to loss of promoter 
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methylation (Caspary, Cleary et al. 1998, Bhogal, Arnaudo et al. 2004). Furthermore, Kcnq1ot1 seems 

to interact with Dnmt1 and recruit it at Cdkn1c somatic DMR to maintain methylation, an interaction 

which was shown to be lost on paternal inheritance of a deletion encompassing a 890 bp domain 

downstream of the Kcnq1ot1 promoter (Mohammad, Mondal et al. 2010). Cdkn1c is imprinted in both 

mice and humans, however paternal CDKN1C in humans does not possess a somatic DMR, which may 

be why low-level expression of paternal CDKN1C is detectable in humans but not mice (Chung, Yuan 

et al. 1996, Matsuoka, Thompson et al. 1996, Onyango, Miller et al. 2000).  

 

1.11.1  Functions of Cdkn1c (Cyclin dependent kinase inhibitor 1C) 

Cdkn1c (p57Kip2) encodes a cyclin dependent kinase inhibitor (CDKI) belonging to the CIP/KIP family 

of CDKIs which include p21 (Cdkn1a) and p27 (Cdkn1b). Localised in the nucleus, Cdkn1c functions 

to induce growth arrest in cells through blocking their G1 to S phase transition in the cell cycle by 

inhibiting the activity of cyclin dependent kinase complexes. This blocks cell cycle re-entry and 

promotes differentiation (Lee, Reynisdottir et al. 1995, Matsuoka, Edwards et al. 1995). In contrast to 

other members of the CIP/KIP family, Cdkn1a and Cdkn1b, Cdkn1c is expressed primarily during 

embryogenesis in a subset of tissues as they exit proliferation, including skeletal muscle, lung, kidney, 

neural tissue and placenta. In adult tissues however, expression is restricted to the adrenal cortex and 

the kidney (Nagahama, Hatakeyama et al. 2001, Westbury, Watkins et al. 2001). Cdkn1c has also been 

shown to play an important role in formation of brown adipose tissue (Van De Pette, Tunster et al. 

2016). Additionally, in the pancreas of 24-week old mice, increased expression of Cdkn1c due to 

reduced expression of Kcnq1ot1 from the paternal allele resulted in the inhibition of proliferation of 

beta-cells. This led to a reduced beta cell mass and increased blood glucose, suggesting that Cdkn1c 

may play an important role in the aetiology of diabetes. Interestingly, SNPs found in the KCNQ1 gene, 

which harbours the promoter of KCNQ1OT1, have been associated with diabetes mellitus in the 

Icelandic population. (Kong, Steinthorsdottir et al. 2009, Asahara, Etoh et al. 2015). Tissue specific 

expression of Cdkn1c in mice is controlled by distant cis elements with embryonic enhancers found up 

to 225 kb downstream of the gene (John, Ainscough et al. 2001).  
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Cdkn1c has also been demonstrated to have an important role in promoting differentiation in the 

developing nervous system. Some of its functions in this context are independent of its function as a 

cell cycle regulator. For example, in the central nervous system, Cdkn1c effects repression of proneural 

Mash1 transcriptional activity by directly interacting with Mash1, with no associated effects on cell 

cycle exit (Joseph, Andersson et al. 2009). Cdkn1c has also been found to be expressed in brain stem 

cell niches where suppression of Cdkn1c causes a reduction in astrocyte numbers on differentiation of 

neural stem cells (Jadasz, Rivera et al. 2012). Cdkn1c has been shown to cooperate with Nurr1 and 

promote proliferation of dopaminergic neurons in the mid brain (Joseph, Wallen-Mackenzie et al. 

2003). In addition, Cdkn1c appears to be crucial in maintenance of adult neural stem cell quiescence 

and was found to be expressed in immature neurons. Deletion of Cdkn1c in adult brains resulted in 

increased proliferation and exhaustion of neural stem cells (Furutachi, Matsumoto et al. 2013). The role 

of Cdkn1c in neural stem cells highlights its possible importance in complex behaviours. Maternal care 

in the postnatal environment has been demonstrated to effect Cdkn1c levels in rodent midbrain with 

consequences for socialising behaviours. Although these experiments cannot definitively link altered 

behaviour with changes in Cdkn1c levels alone, it hints at possible roles Cdkn1c may play in behaviour 

modification (Pena, Neugut et al. 2014). 

 

In support of the possible involvement of Cdkn1c in influencing behaviour are observations from 

patients with Beckwith-Wideman syndrome (BWS), an imprinting disorder in which dysregulation of 

Cdkn1c is implicated in a proportion of cases. A study looking at neuro-behavioural aspects of BWS, 

demonstrated that a significant proportion of children with BWS displayed abnormal scores on 

measures of emotion and behaviour, with many having a diagnosis of autistic spectrum disorders (Kent, 

Bowdin et al. 2008). McNamara et al recently reported behavioural phenotypes in a mouse model with 

increased dosage of Cdkn1c, using a Cdkn1cBACx1 transgenic mouse line. These mice displayed 

hypoactive behaviour and blunted hedonic responses, with the phenotype being rescued on eradication 

of the extra copy of Cdkn1c, suggesting a causal relationship between increase in Cdkn1c dosage and 

aberrant behaviour displayed by the Cdkn1cBACx1 transgenic mice (McNamara, Davis et al. 2017).  
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Several mouse models have now examined the effects of a maternally inherited deletion of Cdkn1c. 

While these mice display increased cell proliferation and a number of features of Beckwith-Wiedemann 

Syndrome, like muscular and skeletal abnormalities, they do not recapitulate the cardinal feature of 

overgrowth observed with loss of CDKN1C expression observed in humans (Yan, Frisen et al. 1997, 

Zhang, Liegeois et al. 1997, Takahashi, Nakayama et al. 2000, Tateishi, Matsumoto et al. 2012). 

Additionally, 90% of offspring die early postnatally as the presence of a cleft palate reduces their ability 

to suckle and feed efficiently (Yan, Frisen et al. 1997, Zhang, Liegeois et al. 1997). While the cause for 

the lack of an overgrowth phenotype was unclear in earlier studies, more recent studies have 

demonstrated that loss of Cdkn1c expression does induce an overgrowth potential, but the Cdkn1c 

deficient offspring are unable to sustain this trajectory over the developmental period. Foetal weights 

measured from E13.5 demonstrated overgrowth, but this trajectory was not maintained until parturition. 

The authors attributed the absence of an overgrowth phenotype in Cdkn1c-deficient pups to the severe 

placental defects observed in this model (Andrews, Wood et al. 2007, Tunster, Van de Pette et al. 2011). 

Interestingly, foetal overgrowth in Cdkn1c-deficient offspring, by as much as 20%, could be seen in 

pregnancies where there were fewer foetuses. It may be that the overgrowth phenotype observable in 

humans with loss of expression of CDKN1C in BWS, and not in mice, is due to the difference in average 

number of foetuses that humans have during a pregnancy compared to mice. Humans generally have 

singleton births while mice usually carry multiple offspring during one pregnancy, thus, intra-uterine 

competition ameliorates the overgrowth phenotype in Cdkn1c-deficient offspring. This is demonstrated 

by the finding that when the mouse litter size was small and intrauterine competition was decreased, 

Cdkn1c-deficient offspring displayed an overgrowth phenotype, however, when the litter size is large 

the growth advantage is lost due to placental abnormalities (Andrews, Wood et al. 2007, Tunster, Van 

de Pette et al. 2011). 

 

Loss of gene function studies, using gene knock out models, have contributed significantly to 

understanding the functions of imprinted genes. Whilst imprinted gene knock out models give an insight 

into the function of the gene, they are less useful in determining the advantage of acquiring monoallelic 
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expression at a specific locus. There is therefore great interest in generating animal models in which the 

effect of biallelic expression or gain-of-function of an imprinted gene can be studied. However, animal 

models with single gene overexpression are much more difficult to develop that gene knockout models. 

Although disruption of the ICR can lead to reactivation of the silent allele of an imprinted gene, it also 

leads to de repression of all the imprinted genes being regulated by the ICR. Such models are useful for 

studying imprinted domains. Generation of mouse models with an extra copy of the imprinted genes 

using BACs transgenes has greatly assisted the study of consequences associated with increased 

imprinted gene dosage (Tunster, Van de Pette et al. 2011). A mouse model carrying an additional copy 

of the Cdkn1c gene on a BAC has been used to study the effects of increased Cdkn1c dose. The 

transgenic mice generated carried an 85kb transgene which spanned the Cdkn1c locus and also 

contained coding regions for two other imprinted genes, Phlda2 and Slcc22a18 (John, Ainscough et al. 

2001). Even though the transgenic BAC line did not fully mirror the pattern of tissue expression of 

Cdkn1c, as BAC derived Cdkn1c expression was not demonstrated in some tissues, many transgenic 

mouse lines carrying increasing copies of the BAC displayed embryonic growth retardation as early as 

E13.5 (John, Ainscough et al. 2001, Andrews, Wood et al. 2007, Tunster, Van de Pette et al. 2011). 

Moreover, this growth restricted phenotype persisted through development, birth and into adult life with 

no catch-up growth (Andrews, Wood et al. 2007). Interestingly, growth restriction was noted to be 

symmetrical, as no difference in weight between organs was demonstrated. Also, the growth restriction 

phenotype was proportional to Cdkn1c dosage, with increased Cdkn1c dosage i.e. Cdkn1cBAC x 2 

transgenics, displaying more severe growth restriction than Cdkn1cBAC x1 individuals (Andrews, Wood 

et al. 2007).   The growth phenotype was demonstrated to be due to increase in Cdkn1c dose rather than 

a consequence of the other two genes present on the BAC transgene, as a control BAC transgenic line 

carrying three copies of the same BAC, but without Cdkn1c, demonstrated no growth restriction 

(Andrews, Wood et al. 2007). These mouse models delineate the crucial role of Cdkn1c as a major 

negative growth regulator within the IC2 cluster. Additionally, a study in human pregnancies looked at 

89 placental samples, of which 36 foetuses were diagnosed with non-syndromic IUGR during 

pregnancy i.e. IUGR secondary to pre-eclampsia or chronic hypertension. CDNKN1C was found to be 
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elevated in IUGR placentae compared to controls, further demonstrating importance of CDKN1C gene 

dosage during growth (Lopez-Abad, Iglesias-Platas et al. 2016). 

 

Cdkn1c also seems to be responsive to environmental stressors during the early developmental period.  

In an IUGR mouse model, placental Cdkn1c was found to be elevated. (McMinn, Wei et al. 2006). 

Bisphenol A exposure led to a decrease in Cdkn1c in the placenta (Susiarjo, Sasson et al. 2013).  

Dexamethasone exposure in utero caused an increase in Cdkn1c expression in foetal livers of rats 

(Drake, Liu et al. 2011). Cdkn1c expression in placenta was found to be increased in response to 

ingestion of alcohol and calorie restriction in pregnant rats (Shukla, Sittig et al. 2011). However, 

maternal high fat diet did not cause any changes in placental Cdkn1c expression in a mouse model 

(Sferruzzi-Perri, Vaughan et al. 2013). In a mouse model of maternal undernutrition, Cdkn1c was found 

to be reduced in the brain (Radford, Isganaitis et al. 2012), however a maternal low protein diet during 

pregnancy, resulted in increased Cdkn1c levels (2 to 7-fold) in the brains of offspring which persisted 

into adulthood. Adult mice with increased Cdkn1c secondary to an in utero low protein diet 

demonstrated altered dopamine-dependent behaviours such as hyperactivity and abnormal locomotor 

response to cocaine (Vucetic, Totoki et al. 2010). Exposure of pregnant mice to cadmium, an 

environmental toxin known to cause growth retardation and foetal malformation, was seen to cause 

increased expression of Cdkn1c in the placenta, with reduced methylation at the promoter site (Xu, Wu 

et al. 2017). Therefore, additional research is required to study factors affecting Cdkn1c expression in 

the foetus during pregnancy. 

  

1.11.2  Imprinting disorders: IC1 and IC2 domains 

Beckwith-Wiedemann (BWS) and Silver-Russell Syndrome (SRS) are human over- and under-growth 

disorders resulting from dysregulation of imprinting of genes located on human chromosome 11p15. 

These syndromes are fortunately rare, as they are associated with significant morbidity (Weksberg, 

Shen et al. 1993, Weksberg, Squire et al. 1996, Gicquel, Rossignol et al. 2005).  
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Beckwith-Wiedemann syndrome 

BWS is a neonatal overgrowth disorder with heterogeneous phenotype and aetiology. Characteristic 

traits include being large for gestational age at birth, large tongue (macroglossia), large internal organs 

or visceromegaly, umbilical cord and/or gut protrusion (exomphalos), renal tract abnormalities and 

embryonic tumours. Placentomegaly, characteristic facial features and hypoglycaemia during neonatal 

period are also observed in BWS cases. The syndrome in children displays hemihyperplasticity, with 

overgrowth occurring in certain organs and distributed unevenly in extremities. This is thought to result 

from early embryos showing mosaicism, with epigenetically normal and imprint dysregulated cells 

(Choufani, Shuman et al. 2010, Weksberg, Shuman et al. 2010).  

 

BWS is a result of a variety of genetic and epigenetic defects within the large imprinted locus located 

on human 11p15 including the IC1 and IC2 domains. The majority of the cases of BWS are sporadic, 

with the main molecular aetiology being epigenetic, while a few, rare, cases arise from genetic sequence 

alteration (Weksberg, Shen et al. 1993, Smilinich, Day et al. 1999, Engemann, Strodicke et al. 2000, 

Weksberg, Shuman et al. 2002, Weksberg, Smith et al. 2003, Cerrato, Sparago et al. 2005). The 

molecular causes of BWS include paternal uniparental disomy (UPD) of 11p15.5 (Henry, Bonaiti-Pellie 

et al. 1991), loss of imprinting of IGF2 (Weksberg, Shen et al. 1993) and CDKN1C mutations (Hatada, 

Inazawa et al. 1996). The syndrome is most commonly (>60% of cases) a result of loss of DNA 

methylation at the KvDMR1 on the maternal allele (Lee, DeBaun et al. 1999, Diaz-Meyer, Day et al. 

2003, Diaz-Meyer, Yang et al. 2005). The KvDMR1 also encompasses the promoter for the long non-

coding RNA KCNQ1OT1, which on losing methylation on the maternal allele is expressed biallelically 

and silences normally maternally expressed imprinted genes.  Loss of CDKN1C, a cell cycle inhibitor, 

probably drives the predominant phenotype of overgrowth in BWS (Lee, DeBaun et al. 1999, 

Weksberg, Shuman et al. 2010). Patients with microdeletions within the KvDMR1 have also been 

described (Algar, Dagar et al. 2011). Other alterations contributing to BWS described include deletion 

of the KCNQ1OT1 transcript (Niemitz, DeBaun et al. 2004). BWS cases due to abnormalities involving 
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the IC1 domain have been due to gain of methylation at the H19 DMR, resulting in biallelic expression 

of IGF2. These cases are typically associated with Wilms tumours and other malignancies. Cases 

exhibiting microdeletions in the H19 DMR that abrogate CTCF binding sites and lead to biallelic 

expression of IGF2 have also been described (Weksberg, Smith et al. 2003, Sparago, Cerrato et al. 

2004, Weksberg, Shuman et al. 2010). The heritable causes are rare, and linked to chromosome 11 

duplications and translocations with the majority of mutations described in the CDKN1C gene. These 

mutations are more common in familial rather than sporadic cases (Hatada, Inazawa et al. 1996, 

Weksberg, Smith et al. 2003, Weksberg, Shuman et al. 2010). 

 

Silver-Russell Syndrome (SRS) 

SRS can be considered a reciprocal growth disorder to BWS (Eggermann, Gonzalez et al. 2009). 

Patients with SRS are growth restricted and born small for gestational age. They exhibit dwarfism later 

on in life and minor traits include disproportionate facial features with syndactyly and body asymmetry. 

Postnatal growth and birth weight is significantly lower than the mean (> 2 standard deviations). These 

patients are often treated with growth hormone supplementation (Price, Stanhope et al. 1999, 

Eggermann, Gonzalez et al. 2009, Eggermann, Begemann et al. 2010).  

 

The epigenetic and genetic aetiology of SRS is well defined compared to BWS (Obermann, Meyer et 

al. 2004, Gicquel, Rossignol et al. 2005, Eggermann, Meyer et al. 2007, Bonaldi, Mazzeu et al. 2011). 

Like BWS, SRS patients display wide range of phenotypes and this heterogeneity can be explained by 

its multigenic aetiology involving imprinted loci co-regulating growth (Eggermann, Begemann et al. 

2010). The H19 DMR, on chromosome 11, is implicated in the aetiology of SRS. The majority 

(approximately 31-55%) of SRS patients display methylation loss at the H19 DMR (IC1 locus), 

associated with biallelic expression of H19 and repression of IGF2, thus explaining the growth 

restricted phenotype (Eggermann, Schonherr et al. 2006, Abu-Amero, Monk et al. 2008, Abu-Amero, 

Wakeling et al. 2010). A few cases displaying maternal uniparental disomy (UPD) of 11p15 

(approximately 4%) resulting in downregulation of IGF2 have been reported. Methylation changes at 
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KvDMR1 have been infrequently described (Turner, Mackay et al. 2010, Begemann, Spengler et al. 

2011). Microduplications of maternal origin, encompassing the KvDMR1, have also been described in 

some cases of SRS, implicating an increased dose of CDKN1C as the cause of the growth retardation 

phenotype (Fisher, Thomas et al. 2002, Gicquel, Rossignol et al. 2005).  

 

Van de Pette et al. recently reported a murine model of SRS, in which the typical phenotype observed 

in SRS was recapitulated (low birth weight, head sparing, neonatal hypoglycaemia, smallness of stature 

in adulthood and lack of body fat). Intriguingly these phenotypes were solely due to two-fold increase 

in dosage of Cdkn1c suggesting that elevated CDKN1C may have a major role in SRS. Given that the 

diagnosis of SRS is difficult to make due to complexity of genetic alterations reported in patients, this 

study demonstrates that CDKN1C may have a greater role in the aetiopathology of SRS than hitherto 

realised (Van De Pette, Tunster et al. 2016). Additionally, in a separate study by the same group, a 

double dose of Cdkn1c also demonstrated behavioural abnormalities in mice, further strengthening a 

causal relationship between aberrant imprinting at Cdkn1c and SRS (McNamara, Davis et al. 

2016).Furthermore, mosaic loss in methylation and tissue specific epigenotypes at imprinted loci may 

contribute to shape the SRS phenotype (Azzi, Abi Habib et al. 2014, Mackay, Eggermann et al. 2015). 

Methylation analysis has been used to correlate molecular aetiology with phenotype. Hypomethylation 

at the H19 locus is associated with clinodactyly of the 5th digit and facial asymmetry, whereas maternal 

UPD7 is associated with speech problems, triangular facial features and global developmental delay 

(Wakeling, Amero et al. 2010). 

 

IMAGe Syndrome 

IMAGe syndrome is characterised by Intrauterine growth restriction, Metaphyseal dysplasia, Adrenal 

hypoplasia congenita and Genital anomalies (Bennett, Schrier Vergano et al. 1993, Arboleda, Lee et al. 

2012, Borges, Arboleda et al. 2015). Gain of function missense mutations in the PCNA binding domain 

of CDKN1C have been implicated in some familial and some unrelated cases of this complex disorder 

with life threatening consequences. Interestingly, a recent study identified patients with a new missense 
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variant in CDKN1C located a short distance downstream of the classical IMAGe mutations. These 

patients displayed IUGR, but no adrenal or metaphyseal abnormalities and interestingly developed adult 

onset diabetes with insulin deficiency. This study highlights the breadth of CDKN1C functions and 

suggests a role for CDKN1C in aetiology of diabetes (Kerns, Guevara-Aguirre et al. 2014). 

 

1.12  In utero environment and imprinted genes 

Many studies in animals and humans describe a link between in utero stress and future adverse health 

outcomes in offspring. Initial studies laid the groundwork for the phenomenon of ‘foetal programming’ 

by demonstrating that low birth weight was inversely related to mortality from cardiovascular disease 

(Forsdahl 1977, Barker and Osmond 1986). Since then animal models and epidemiological studies have 

demonstrated that individual tissues to entire organ systems can be subject to programming during early 

life, when there is considerable phenotypic plasticity, with consequences for their functioning in later 

life (Nathanielsz 2006, Hoffman, Reynolds et al. 2017, Yamada and Chong 2017). In humans, several 

exposures during pregnancy have been linked to adverse outcomes, including maternal dietary 

perturbation (undernutrition, high fat diet, low protein diet, low fibre diet, B12 and folate deficiency), 

psychosocial stress, depression, smoking, drug and alcohol use, air pollutants, toxic substances and 

assisted reproductive techniques. Significant sequelae for a host of body systems have been described 

including cardiovascular risk, obesity, renal disease and hypertension, obesity, metabolic function and 

diabetes, cognition, psychiatric illnesses, social abnormalities, immune system dysregulation and risk 

of cancer (Herbstman, Tang et al. 2012, Amarasekera, Martino et al. 2014, El Hajj, Schneider et al. 

2014, Kile, Houseman et al. 2014, Novakovic, Ryan et al. 2014, Tobi, Goeman et al. 2014, Bommarito, 

Martin et al. 2017, Lussier, Weinberg et al. 2017, Nemoda and Szyf 2017). Studies in rodents have also 

mirrored some of these observations (Lillycrop, Slater-Jefferies et al. 2007, Cho, Pannia et al. 2015, 

Suter, Abramovici et al. 2015, Zhang, Ho et al. 2015). The range of outcomes may reflect the nature of 

the stressor but also the developmental period of exposure as different tissues and axes may be sensitive 

to perturbation at different time points in utero. 
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Epigenetic mechanisms not only determine constitutive gene expression but possess the potential to 

modulate gene expression in response to extraneous stimuli and are involved in the cellular phenotypic 

specification (Jaenisch and Bird 2003, Waterland and Michels 2007). This allows for cellular diversity 

within organisms and functional flexibility in response to extra- and intracellular environments as 

defined by Jaenisch and Bird (Jaenisch and Bird 2003). As above, it has been postulated that in utero 

exposures may be mediating altered organ function via epigenetic changes, not only because they alter 

cellular function and affect phenotype but also because marks are stably inherited through subsequent 

cell divisions, thus providing a ‘molecular memory’ of the exposure (Lim and Brunet 2013). Several 

animal models of the effects of early life stressors in both animals and humans demonstrate that 

epigenetic modifications can be detected in the control regions for the genes involved in the phenotypic 

changes induced by the stressors. These epigenetic modifications in response to early life environmental 

perturbations may contribute to the persistence of the phenotype even after exposure to the stressor has 

ceased (Lillycrop, Slater-Jefferies et al. 2007, El Hajj, Schneider et al. 2014, Tobi, Goeman et al. 2014, 

Hoffman, Reynolds et al. 2017, Yamada and Chong 2017).  

 

The effects of stressors in utero and during early development are known to persist through several 

generations in humans and animal models. For example, in humans, low dietary intake during the pre-

pubertal slow growth period of the parent is associated with reduced cardiovascular mortality in the 

offspring, while increased food availability is associated with increased diabetes mortality in the F2 

generation (Kaati, Bygren et al. 2002). In rats, variation in oestrogen receptor α (ERα) expression is 

seen with varying maternal licking and grooming (LG) behaviour. Adult offspring (F1) of mothers who 

exhibited high levels of licking and grooming (high LG) are also high LG in behaviour with their 

offspring (F2) and exhibit increased ERα expression. Cross-fostering of high LG offspring with low 

LG dams removes the high LG behaviour in the offspring and vice versa. Differential methylation of 

the ERα promoter is also seen, increased with LG status (Champagne, Weaver et al. 2006). Several 

different modes of non-Mendelian inheritance have been proposed to explain these generational 

phenomena. Transmission via the female line often involves repetition of the trigger in each generation, 
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as with inheritance of maternal rearing behaviour, for example licking and grooming behaviour and 

expression of hippocampal glucocorticoid receptors and ERα expression (Weaver, Cervoni et al. 2004, 

Champagne, Weaver et al. 2006). Transmission can also be described as intergenerational or 

transgenerational, defined by timing of the stressor exposure. Intergenerational transmission of 

phenotype occurs when there is direct exposure to the stressor in both the parent (F0) and in the F1 

offspring. If the stressor occurs before conception, and only F0 germ line cells are affected, then 

transmission from F1 to the F2 generation is described as transgenerational. If the exposure to F0 and 

F1 is in utero, and thus affects the F1 germline as well, then transmission to the F2 generation is again 

intergenerational and only transmission on to the F3 generation is transgenerational, as this is the first 

generation without direct stressor exposure (Skinner 2008, Dias and Ressler 2014). An example of 

transgenerational inheritance is seen with a rodent model of the effects of intra uterine growth 

retardation (IUGR) on the F2 generation. The progeny of F1 dams who had experienced IUGR were 

transferred to gestate in non-IUGR dams and then compared with a control group of non-IUGR 

offspring. Despite having normal birth weight and post-natal growth, they exhibited similarly deranged 

hepatic glucose metabolism to their true mothers, thus the altered metabolism persisted despite 

normalisation of the F2 intrauterine environment (Thamotharan, Garg et al. 2007). Paternal 

transmission of environmental stress-induced phenotypes has also been reported, implying 

intergenerational inheritance as, it may be argued, males contribute only sperm to future generations, 

and often not behavioural triggers. Pembrey et al. showed that the male offspring of men who 

commenced smoking before the age of 11 years had increased body mass index at 9 years compared to 

female offspring of the same fathers, also the male grandchildren of grandfathers who had good food 

supply during pre-puberty had significantly higher relative risks of mortality than female grandchildren 

and the grandmaternal nutrition status had no influence on relative risk (Pembrey, Bygren et al. 2006). 

Thus, there is evidence for sex-specific transgenerational inheritance of stress effects, though the 

epigenetic mechanisms remain undefined.   
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1.12.1  Imprinted gene sensitivity 

Jirtle and Skinner have argued that imprinted genes, by virtue of their monoallelicism and functional 

haploid state, may be particularly susceptible to environmental perturbation, given their reliance on a 

multitude of epigenetic processes to achieve correct gene dosage (Jirtle and Skinner 2007). Indeed, it 

has been demonstrated that loss of imprinting at the IGF2 locus in peripheral lymphocytes exists in 

10% of the human populations and may have been acquired during the early developmental period in a 

proportion of individuals (Cui, Cruz-Correa et al. 2003, Cruz-Correa, Cui et al. 2004). Additionally, as 

discussed above, in section 1.8, early development has been demonstrated to be crucially dependent on 

imprinted genes with a significant number of them involved in embryonic and neonatal growth, 

placental function, energy homeostasis and regulation of the metabolic axes, development and 

regulation of the nervous system, neonatal transition and behaviour (Cleaton, Edwards et al. 2014). 

Many of the phenotypic consequences observed in animal models of early life compromise involve 

pathways regulated by imprinted genes, for example GRB10 has been shown to be a negative regulator 

of hepatic insulin action and to influence foetal growth (Smith, Holt et al. 2007) and Grb10 

overexpression causes postnatal growth retardation and diabetes in mice (Shiura, Miyoshi et al. 2005). 

Dlk1wt/- loss of expression mouse models have increased adiposity and are susceptible to high fat-

induced diabetes (Moon, Smas et al. 2002). Subtle dysregulation in imprinted gene expression has also 

been linked to diabetes in humans, and cardiovascular disease risk is thought to be enhanced with 

alteration in methylation of the imprinted loci GNAS and INS (Wallace, Smyth et al. 2010, Talens, 

Jukema et al. 2012). Imprinted gene expression postnatally is widespread in the brain and has been 

implicated in neurobehavioural defects and schizophrenia in humans (Marsit, Lambertini et al. 2012, 

Brucato, DeLisi et al. 2014). Also, human imprinting disorders demonstrate a wide range of metabolic, 

neurological and behavioural phenotypes and malignancies demonstrating that imprinted genes may be 

important in foetal programming and the aetiology of diseases originating in utero (Charalambous, da 

Rocha et al. 2007, Jelinic and Shaw 2007, Ishida and Moore 2013, Perez, Rubinstein et al. 2016). 

Additionally, the DNA methylation marks that are critical for the parent-of-origin-specific expression 

of imprinted genes may be particularly vulnerable to environmental insults during genome-wide 
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demethylation and re-methylation events occurring in the zygote post fertilisation. Also, as epigenetic 

reprogramming of imprinting control centres in the primordial germ cells occurs to some extent in utero, 

dysregulation could be inherited by the next generation. Therefore, imprinted genes have been proposed 

to play a role in developmental plasticity and may indeed be candidates for environmentally induced 

pathology. 

 

Radford et al. have, however, argued the converse, that given their monoallelic nature and their inherent 

dosage sensitivity and importance during early development, the layers of epigenetic apparatus that 

regulate their expression may ensure that the canonically repressed allele remains silenced during 

environmental perturbation (Radford, Isganaitis et al. 2012). Also, alteration of methylation at ICRs of 

imprinted genes in somatic cell lines due to in utero environmental perturbations is somewhat at odds 

with their ability to withstand epigenetic reprogramming during pre-implantation development. 

However, certain environmental exposures may reduce the resistance to reprogramming. 

 

Many studies have explored the effect of environmental exposures on imprinted genes during early life 

in both human and animal studies. As summarised in Table 1.1, a number of imprinted genes display 

dysregulated expression in several tissues, following exposure in utero to a variety of environmental 

insults including maternal dietary modifications (undernourishment, low protein, high fat diet, low fibre 

diet, B12 and folate deficiency), bisphenol A exposure, alcohol intake during gestation, tobacco 

exposure and assisted reproduction (Kwong, Miller et al. 2006, McMinn, Wei et al. 2006, Toso, 

Roberson et al. 2006, Guo, Choufani et al. 2008, Hu, Yang et al. 2009, Tobi, Lumey et al. 2009, Gallou-

Kabani, Gabory et al. 2010, Gong, Pan et al. 2010, Vucetic, Totoki et al. 2010, Ba, Yu et al. 2011, Broad 

and Keverne 2011, Drake, Liu et al. 2011, Kang, Iqbal et al. 2011, Krishnamoorthy, Gerwe et al. 2011, 

Stouder, Somm et al. 2011, Hiura, Okae et al. 2012, Ivanova, Chen et al. 2012, Joubert, Haberg et al. 

2012, Lin, Zhuo et al. 2012, Radford, Isganaitis et al. 2012, Zhang, Zhang et al. 2012, Claycombe, 

Uthus et al. 2013, Haggarty, Hoad et al. 2013, Houde, Guay et al. 2013, King, Hibbert et al. 2013, 

Nelissen, Dumoulin et al. 2013, Sferruzzi-Perri, Vaughan et al. 2013, Susiarjo, Sasson et al. 2013, 
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Cordeiro, Neto et al. 2014, Hoyo, Daltveit et al. 2014, Liang, Diao et al. 2014, Markunas, Xu et al. 

2014, Pena, Neugut et al. 2014, Tobi, Goeman et al. 2014, Tyler and Allan 2014, Williams-Wyss, Zhang 

et al. 2014, Xu, Sun et al. 2014, Kingsley, Deyssenroth et al. 2017, Drobna, Henriksen et al. 2018).  

 

Although these studies demonstrate that imprinted genes are responsive to environmental exposures 

during the periconception and gestational periods, there are wide variations in the tissues and periods 

of development examined and these studies do not allow any definitive conclusions to be made 

regarding the nature of the sensitivity of imprinted genes to environmental perturbations (i.e. 

transcriptional versus imprint/epigenetic dysregulation) or the functional significance. Not all studies 

have correlated expression changes in imprinted genes with methylation changes and indeed in some 

studies, transcriptional changes are not accompanied by alteration in methylation levels (Ivanova, Chen 

et al. 2012, Sferruzzi-Perri, Vaughan et al. 2013).  

 

Exposure to famine during the periconception period has been reported to increase the likelihood of 

early onset heart disease (Roseboom, van der Meulen et al. 2000, Huang, Li et al. 2010). Tobi et al. 

showed changes in methylation at three different DMRs of imprinted genes in blood samples of 

individuals exposed to maternal undernutrition, compared to unexposed siblings. However, it is difficult 

to draw any conclusions about the functional significance of this change in methylation as gene 

expression was not examined, nor were effects on imprinting and, importantly, no correlations with 

phenotypic outcomes were made (Tobi, Lumey et al. 2009). Interestingly, though, there was a sex-

specific difference in methylation between two loci and timing of exposure (early vs late pregnancy) 

was also a determining factor. Methylation at DMRs, however, was examined from whole blood which 

can demonstrate inter-individual variabilities (Heijmans, Tobi et al. 2008, Tobi, Lumey et al. 2009). In 

one animal study effects of maternal low protein diet peri-implantation on offspring demonstrated male-

specific low birth weight and development of hypertension.  
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Table 1.1  Sample of studies demonstrating environmental stressor effects on imprinted genes during 
development 

(MO) Male offspring only, (FO) Female offspring only, () Increased, () Decreased, ( ) No change, (NA) No data 

Environmental exposure Model Tissue Modifiers Time point Gene Expression Methylation Reference 

Maternal 
undernutrition 

Human Whole blood 
Exposure peri-conception Adult 

GNASAS NA  

Tobi et al., 2009 
MEG3 
INSIGF 

NA 
NA 

 
 

Exposure late gestation Adult GNASAS NA  

Human Whole blood 

 

Adult 

IGF2 NA  

Tobi et al., 2012  H19 NA  
 INS NA  

Mouse 
Hypothalamus  E13 Peg3  NA 

Broad and Keverne 2011 
Placenta  E13 Peg3  NA 

Mouse 

Brain 

 

E16.5 
Cdkn1c  NA 

Radford et al., 2012 

 Snrpn  NA 

Liver 

 

E16.5 

H19  NA 

 Igf2r  (FO) NA 

 Zacl  (FO) NA 

 Grb10  NA 

 Peg3   

Placenta   Peg3  (MO)  

Sheep Adrenal 

Peri-conception starvation E136-138    

Williams-Wyss et al., 2014 

Twin 
pregnancy 

 Igf2   

 Igf2r   

Singleton 

 Igf2   

 Igf2r   

Maternal 
low protein 

Mouse Liver 
LP gestation only P21, P84 Gnas   

Ivanova et al., 2012 
LP lactation only P21 Grb10   

Rat 

Blastocyst  E20 H19  (MO) NA 

Kwong et al., 2006 
Liver 

 

E20 
H19   

 Igf2   

Rat Liver 

 

P0 
H19  (MO)  

Gong et al., 2010 
 Igf2  (MO)  

Mouse Brain 

 

Adult (18-20 
week) 

Cdkn1c   

Vucetic et al., 2010  Igf2   
 Tssc4   

Maternal prenatal low 
protein, post-natal high fat 

Mouse 
Subcutaneous 

adipose 
 P84 Igf2  (MO)  Claycombe et al., 2013 

Maternal 
high fat diet 

Mouse Placenta 

 

E15.5 

Scl22a2   (FO) 

Gallou Kabani et al., 2010 

 Scl22a3   (FO) 

 Rtl1   

 Dlk1  (FO)  

 Dio3  (FO)  

Mouse Placenta 

 

E14.5 

Igf2  (MO) NA 

King et al., 2013  Igf2r  (MO) NA 

 Slc38a4  (FO) NA 

Mouse Placenta High fat, high sugar E16 

Igf2   

Sferruzzi-Perri et al., 2013 

Dlk1   

Snrpn   

Grb10   

H19   

Maternal 
low fibre diet 

Rat Placenta 
High fat, low fibre E13.5 

Igf2  NA 

Lin et al., 2012 H19  NA 

Low fat, low fibre E13.5 H19  NA 

Maternal B12,  
folate deficiency 

Human Cord blood 
B12 deficiency Term IGF2 NA  

Ba et al., 2011 
Folate deficiency  IGF2 NA  

Maternal folate 
deficiency 

Human 
Erythrocytes, 

cord blood 

 

Term 

PLAGL1 NA  

Hoyo et al., 2014 

 SGCE NA  

 DLK1/MEG3 NA  

 IGF2/H19 NA  

Maternal folate 
supplementation 

Human Cord blood 
Supplementation from 

12 weeks gestation 
Term 

PEG3 NA  

Haggarty et al., 2013 IGF2 NA  

LINC1 NA  
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(MO) Male offspring only, (FO) Female offspring only, () Increased, () Decreased, ( ) No change, (NA) No data 

Environmental exposure Model Tissue Modifiers Time point Gene Expression Methylation Reference 

Maternal raised 
blood lipid & glucose 

Human 
Placenta  Term ABCA1 NA  

Houde et al., 2013 
Cord blood  Term ABCA1 NA  

Unexplained 
intra uterine 

growth retardation 

Human Placenta 

 

Adjusted for 
gestational 

age 

PHLDA2   

McMinn et al., 2006 

 MEST   
 MEG3  NA 

 GATM  NA 

 GNAS  NA 

 PLAGL1  NA 

 CDKN1C  NA 

 IGF2  NA 

Human Placenta 

 
Neonates 
>26 weeks 

IGF2  NA 
Guo et al., 2008 

 H19   

Human 
Placenta  2nd trimester IGF2   

Cordeiro et al., 2014 
Foetus  2nd trimester IGF2   

Bisphenol A 
 exposure 

Mouse Embryo  E13.5 Slc22a18  NA Kang et al., 2011 

Mouse 
Foetal germ 

cell 

 

E12.5 

Igf2r NA  

Zhang et al., 2012  Peg3 NA  

 H19 NA  

Mouse 

Placenta 

 

E9.5 

Snrpn   

Susiarjo et al., 2013 

 Kcnq1ot1  NA 

 Ube3a  NA 

 Cdkn1c  NA 

Embryo  E9.5 Igf2   

Brain  E12.5 Ube3a   

Mouse Brain  F3 juveniles Meg3   Drobna et al., 2018 

Maternal 
Alcohol exposure 

Mouse 
Embryo  E18 Gabra5  NA 

Toso et al., 2006 
Brain  E18 Gabra5  NA 

Mouse 
Brain  P56 H19 NA  

Stouder et al., 2011 
Sperm  P56 H19 NA  

Human 
Embryonic 
stem cells 

 D1 & 4 of 
culture 

GARB3  NA Krishnamoorthy et al., 2011 

Mouse Sperm  P56 Peg3   Liang et al., 2014 

Mouse 
Neural 

progenitor 
 E17 Ndn  NA Tyler and Allen, 2014 

Maternal 
tobacco exposure 

Human Cord blood  Term MEG3  NA Hu et al., 2009 

Human Cord blood  Term MEG3 NA  Markunas et al., 2014 

Human Cord blood  Term GFI1 NA  Joubert et al., 2012 

ART 

Human 
Whole blood  Variable H19 NA  

Hiura et al., 2012 
Buccal cells  Variable H19 NA  

Human Placenta 

 

Term 
MEST   

Nelissen et al., 2013 
 H19   

Mouse Testes 

 

P56 

Kcnq1ot1   

Xu et al., 2014 

 Mest   

 Peg3   

 Plagl1   

 Snrpn   

Maternal 
dexamethasone 

exposure 
Rat 

Liver 

 

E20 

Igf2   

Drake et al., 2011 

 Cdkn1c  NA 

 Grb10  NA 

 H19   

Placenta 

 

E20 
Phlda2  NA 

 Slc38a4  NA 

Grooming behaviour Rat Brain 
Increased 

licking & grooming 
P6 Cdkn1c   Pena et al., 2014 

Maternal 
air pollution exposure 

Human Placenta 
PM2.5 Term 

BLCAP  NA 

Kingsley et al., 2017 

H19  NA 

IGF2  NA 

MEG3  NA 

MEST  NA 

PLAGL1  NA 

NNAT  NA 

Black carbon Term BLCAP  NA 
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Even though there was a 30% reduction in expression of H19 in the male blastocyst, changes in 

methylation at the H19 DMR could not explain the observed changes and no obvious changes in 

imprinting were documented. Also, the consequences of changes in H19 expression are not known 

(Kwong, Miller et al. 2006).  

 

One significant factor that does emerge from a number of these studies is the importance of timing of 

exposure to the environmental insult in inducing dysregulation of imprinted genes. For instance, an 

animal study showed differences in Igf2 and Igf2r expression in sheep adrenal glands were dependent 

on dietary restriction occurring during both periconception and preimplantation periods. If dietary 

restriction was instituted only during pre-implantation, no changes in expression were seen, suggesting 

a specific window of susceptibility for Igf2 and Igf2r dysregulation (Williams-Wyss, Zhang et al. 2014). 

Similarly, a study on folate supplementation showed that changes in Igf2 and Peg3 methylation only 

occurred when supplementation was administered after 12 weeks of gestation, no methylation changes 

were seen when supplementation was given earlier in pregnancy (Haggarty, Hoad et al. 2013). Changes 

in methylation of the H19 DMR in mouse sperm has also been shown to be dependent on timing of 

parental exposure to alcohol (Liang, Diao et al. 2014). 

 

Tissue specific effects on imprinted genes following exposure to environmental insults have also been 

described. For example, in female rats exposed to dexamethasone during late gestation, Igf2 and Cdkn1c 

expression in offspring is increased in hepatic tissue, with no change in expression observed in the 

placenta, suggesting differential sensitivities of imprinted genes in different tissues to environmental 

stress, which may be due to tissue specific epigenetic regulation mechanism employed by imprinted 

genes. For example, Igf2 has three DMRs, two of these DMRs (DMR1 and DMR2) are situated within 

the Igf2 gene and are methylated on the paternal allele, while a third DMR (DMR 0) is maternally 

methylated, restricted to the placenta and located upstream of the gene. Methylation at DMR1 and 

DMR2 has been shown to vary according to tissue (Brandeis, Kafri et al. 1993, Moore, Constancia et 

al. 1997, Weber, Milligan et al. 2001). Cdkn1c in a subset of tissues retains monoallelic expression in 
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the absence of its paternal somatic DMR and truncation of the long non-coding RNA required for 

paternal silencing of Cdkn1c (Shin, Fitzpatrick et al. 2008). In addition to Tobi et al, sex of offspring-

specific effects have also been demonstrated by a number of other studies (Tobi, Lumey et al. 2009, 

Gallou-Kabani, Gabory et al. 2010, Radford, Isganaitis et al. 2012, King, Hibbert et al. 2013). 

 

Despite the data presented above, it remains to be conclusively shown whether the characteristics of 

imprinted genes render them as unique effectors in the inherited responses to in utero stressors. It is not 

clear that they are any more susceptible to perturbation than other genes and, indeed, Radford et al. in 

a mouse undernutrition model have attempted to address this. As comparators they assessed the 

transcriptome of housekeeper genes that would be expected to show no perturbation, imprinted genes 

and a group of genes regulating hepatic metabolism and known to be involved in adult starvation 

responses. In fact, while some imprinted genes did show significant changes in expression that could 

be related to the undernutrition response, overall changes in imprinted gene expression resembled 

neither of the comparator groups, but did most closely match a random group of hepatic and placental 

genes. Thus, in this model, imprinted genes appeared to be not unusually susceptible to, or protected 

from, perturbation by environmental stimulus, though a subset of imprinted genes were shown to be 

involved in the undernutrition response (Radford, Isganaitis et al. 2012). Additionally, the group 

demonstrated that even though the metabolic phenotype secondary to early life under nourishment 

observed in F1 was transmitted to the F2 generation, imprinted genes in the F2 cohort (progeny of 

undernourished males with no in utero exposure to undernourishment) were not found to be particularly 

vulnerable to transcriptional dysregulation. This suggests that erasure and re-establishment of 

epigenetic marks at imprinted genes in the F1 gametes is not influenced by caloric restriction (Radford, 

Isganaitis et al. 2012). However, allele specific methylation and expression of these genes was not 

measured. Also, the transcriptome of a range of other tissues that are important in the stress response to 

undernutrition was not examined, for example the pancreas, adrenal glands and the hypothalamus. 

Imprinted genes are widely expressed in the developing brain and it is possible that a subset of them 

may be involved in the adaptive response to nutritional stress by influencing behaviour and central 
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metabolic axes (Perez, Rubinstein et al. 2016). Despite these criticisms, what Radford et al., and the 

other studies demonstrate, is that imprinted genes affected by in utero and or early adversity display 

variability in their dysregulation. This is likely to be dictated by the nature of the stressor, the 

developmental window examined, the tissues involved, upstream gene regulation and often by the sex 

of the offspring. 

 

These studies also highlight the challenges involved in studying imprinted genes. One of the issues with 

a number of the current studies is that they do not address whether changes in expression are due to 

alteration in transcriptional regulation from the expressed allele, or due to disruption of the epigenetic 

marks leading to loss of imprinting. In fact, few studies have been successful at linking DNA 

methylation changes at imprinted loci with expression levels, highlighting a more complex relationship 

between imprint regulatory elements and their impact on transcription of these loci (Lambertini, Diplas 

et al. 2008). This is unsurprising as imprinted genes have complex, multi-fold epigenetic processes 

controlling monoallelic expression and differential methylation is likely to be only one of multiple 

mechanisms by which this is achieved.   

 

1.12.2  Challenges of studying imprinted genes 

To study the role of imprinted genes in the environmental exposure-outcome paradigm during early 

development requires an experimental system in which the maternal and paternal alleles can be 

distinguished. Parent-of-origin-specific mRNA levels have been determined by heterozygous single 

nucleotide polymorphisms. Also, LacZ reporter targeting of endogenous alleles has enabled in situ 

analysis of allele specific expression. This has been particularly helpful in studying behaviour of 

different alleles in different tissues and dynamics of imprinted expression through development 

(Garfield, Cowley et al. 2011). Recently, Swanzey and Stadfeld described a Dlk1 knock in fluorescence-

based reporter mouse model allowing not only non-invasive visualisation of allele specific expression 

at a whole-body level but also at a single cell level. This model allowed not only the study of cells with 

paternal or maternal only expression patterns but also those with erosion of imprinting and biallelic 
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expression due to in vitro manipulations (Swanzey and Stadtfeld 2016). Given the importance of 

methylation states in the regulation of imprinted genes, an experimental model in which one can monitor 

methylation states over time rather than snapshots at different time points would greatly enhance our 

understanding of factors which interfere with imprint establishment and maintenance. Stelzer et al., 

have generated a fluorescent reporter system for endogenous genomic DNA methylation in which the 

reporter has a methylation sensitive promoter which when targeted to an imprinted gene can give a 

readout of the methylation state of the allele at a single cell resolution (Stelzer, Shivalila et al. 2015, 

Stelzer, Wu et al. 2016). Models such as these would be very useful in advancing our understanding of 

the plasticity of imprinted genes in response to environmental stimuli during early development. 

However, fluorescent reporter modalities are disadvantaged by high auto-fluorescence emitted by 

tissues in vivo and attenuation of visible signal with tissue depth due to light absorption and scattering 

(Ntziachristos, Abdel-Wahab et al. 2016). 

 

Additionally, a theme that has emerged from studies examining effects of environmental exposures on 

imprinted genes during early development is that biological relevance of molecular findings remains 

unclear. To ultimately determine if changes in expression and/or methylation at imprinted loci have 

functionally relevant consequences requires animal models in which longitudinal monitoring of 

imprinted gene expression can be performed throughout development (Van de Pette, Abbas et al. 2017). 

 

1.13  Aims of the thesis 

Reprogramming of differentiated cells into an undifferentiated state can be achieved by several 

methods.  In addition to nuclear transfer and iPSC techniques, somatic cells can be reprogrammed 

towards pluripotency by cellular fusion with undifferentiated stem cell partners. Following fusion, 

pluripotent mouse ES cells can dominantly impose their pluripotent status on their somatic partner and 

this has been shown to commence at the transient heterokaryon stage when discrete parental nuclei 

share the same cytoplasm. The nuclei eventually merge to form hybrid cells which are capable of 

undergoing cell division. Dominant pluripotent conversion also occurs on fusing embryonic germ cells 



98  

(EGCs) with somatic cells. However, EGCs but not ESCs are capable of erasing genomic imprints in 

the somatic genome following heterokaryon formation.  

 

Our laboratory has successfully used this cell fusion-based reprogramming technique to interrogate the 

processes that influence the epigenetic remodelling events that lead to reprogramming of the somatic 

genome by EG and ES cells, and the molecular details of mouse EGC mediated imprint erasure in 

somatic cells upon fusion. In the first part of my thesis I describe experiments I performed to study if 

EG and not ES cells are capable of inducing imprint erasure at the ICR regulating imprinting at Cdkn1c, 

the KvDMR1, in mouse B cells. I fuse EG and ES cells separately with mouse B cells and examine the 

DNA methylation status of KvDMR1 in reprogrammed hybrids generated between mouse B 

lymphocytes and mouse EG and ES cells (Chapter 3). 

 

Elucidating whether genomic imprints are affected by environmental perturbation during early life 

adversity in vivo has been hindered by suitable models in which allele specific expression can be 

measured in a non-invasive and longitudinal manner. To enable us to study whether Cdkn1c is 

dysregulated by environmental stress in utero, I describe the generation and characterisation of a 

Cdkn1c knock in reporter mouse line, Cdkn1cFluc, in which firefly luciferase is knocked into the Cdkn1c 

locus.  Specifically, the experiments detailed describe: 

i. The targeting strategy utilised to generate the Cdkn1cFluc mouse line. 

ii. Whether Cdkn1c expression can be detected via bioluminescence imaging in a parent-of-origin 

manner in targeted ES cells upon differentiation. 

iii. Whether Cdkn1c expression can be detected non-invasively via bioluminescence imaging, in a 

parent-of-origin manner in mouse embryos and whether the bioluminescence signal is 

consistent with known spatial distribution of Cdkn1c in the embryo. 

iv. Whether Cdkn1cFluc mice display wild type Cdkn1c mRNA levels, and whether the two DMRs 

associated with Cdkn1c imprinting show wild-type DNA methylation patterns in the tissues of 

Cdkn1cFluc mice. 
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v. The characterisation of a second, commercially generated, mouse line in which firefly luciferase 

in combination with beta-galactosidase reporter (Cdkn1cFlucLacZ) was knocked in at endogenous 

Cdkn1c, repeating steps ii-iv (Chapter 4). 

Finally, to test if the mouse model can be used to non-invasively image dysregulation or loss of 

imprinting at the Cdkn1c locus, I expose Cdkn1cFlucLacZ embryos in utero to conditions known to 

interfere with epigenetic marks, such as the chromatin modifying drugs 5 azacytidine and Trichostatin 

A and perform bioluminescence imaging on exposed subjects (Chapter 5). 
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2.  Materials and Methods 

2.1  Materials 

2.1.1  Cell lines 

Mouse embryonic stem (ES) cells 

E14tg2A: 129 genetic background; feeder-free, HPRT- (Hypoxanthine-guanine 

phosphoribosyltransferase) deficient ES cells derived from Lesch-Nyhan embryos (Hooper, Hardy et 

al. 1987). 

 

Cdkn1cFluc:  129 genetic background; feeder free. Generated in our laboratory with IRES-firefly 

luciferase knocked into the Cdkn1c 3’UTR 

 

Mouse embryonic germ (EG) cells 

58G: Mouse embryonic germ cell line derived from the genital ridges of E12.5 female embryos. Feeder-

dependent. Gifted by Professor Takashi Tada (Kyoto University, Japan) (Tada, Tada et al. 1997). 

 

Mouse B (mB) lymphocytes  

Oct4-GFP B: Pre-B cell line from C5BL6 genetic background. Abelson transformed. Cells were 

derived from transgenic mice GOF-18/PE/GFP (Yoshimizu, Sugiyama et al. 1999). Cells were 

transfected with a puromycin resistance cassette after derivation. 

 

Mouse embryonic fibroblasts 

SNLs: Clonal cell line derived from a STO (Sandos inbred mouse (SIM)-derived 6-thioguanine and 

ouabain-resistant) cell line. These cells stably expressed LIF (leukaemia inhibitory factor) and a 

neomycin resistance gene. These were used as feeders for mouse embryonic germ cells.  
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2.1.2  Antibodies 

mCdkn1c: Rabbit polyclonal anti-Cdkn1c (Sigma). Western Blot at 1:1000 

mLamin B: Goat Polyclonal anti-Lamin B (Santa Cruz Biotechnology). Western Blot at 1: 20000 

 

2.1.3  Cloning Reagents 

Plasmids 

pBluescript-Cdkn1c-3’: vector containing 3’ homology arm of Cdkn1c (Rosalind John, Cardiff) 

pBluescript-Cdkn1c-5’: vector containing 5’ homology arm of Cdkn1c (Rosalind John, Cardiff) 

pMSCV-IRES-Luciferase: vector containing firefly luciferase and an IRES sequence (Addgene) 

pPGKneobpAlox2PGKDTA: cloning vector with neomycin resistance cassette for positive selection 

and DT-A cassette for negative selection. 

 

2.2  Methods 

2.2.1  Cell Culture 

All cells were maintained in a 37○C, 5% (v/v) CO2 incubator. All reagents were obtained from Gibco 

(Life Technologies). 

 

SNL feeder cells  

Feeder cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM), supplemented with 10% 

(v/v) Foetal Calf Serum (FCS), 2 mM L-Glutamine, 100 U/ml penicillin and 100 µg/ml streptomycin. 

Cells were grown to confluence, then dissociated with 0.05% Trypsin EDTA and gamma-irradiated to 

300 rad.   
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Mouse B (Oct4-GFP B) lymphocytes 

Mouse B lymphocytes were cultured in Roswell Park Memorial Institute-1640 (RPM1-1640) medium, 

supplemented with heat-inactivated 20% (v/v) Foetal Bovine Serum (FBS), 1mM Non-Essential Amino 

Acids (NEAA), 2 mM L-Glutamine, 100 U/ml penicillin, 100 ug/ml streptomycin and 50 µM β-

mercaptoethanol. 

 

Mouse embryonic stem cells 

Mouse embryonic stem cells were cultured in Knockout Dubecco’s Modified Eagle Medium (KO-

DMEM), supplemented with 10% (v/v) FBS, 1mM NEAA, 2 mM L-Glutamine, 100 U/ml penicillin, 

100 µg/ml streptomycin, 50 µM β-mercaptoethanol and 1000 U/ml Leukemia Inhibitory Factor (LIF) 

(ESGRO-LIF, Millipore). The cells were grown in 0.1% gelatin-coated tissue culture dishes (Sigma). 

Cells were passaged at a 1:8 dilution by dissociating them with 0.05% Trypsin-EDTA.  

 

Mouse embryonic germ cells 

Mouse (58G) embryonic germ cells were cultured in Dubecco’s Modified Eagle Medium F12 

(DMEM/F12), supplemented with 20% (v/v) FCS, 1 mM NEAA, 2 mM L-Glutamine, 100 U/ml 

penicillin, 100 µg/ml streptomycin, 50 µM β-mercaptoethanol, 1 mM Sodium Pyruvate, 0.12% Sodium 

Bicarbonate, 1% (v/v) Nucleosides (stock solution prepared in distilled water: 0.08% (m/v) Adenosine, 

0.073% (m/v) Cytidine, 0.024% (m/v) Thymidine, 0.085% (m/v) Guanosine, 0.073% (m/v) Uridine 

(Sigma)) and 1000 U/ml LIF (ESGRO-LIF, Millipore). Cells were maintained on gamma-irradiated 

SNL feeder cells. EG cells were treated with Plasmocin (25 µg/ml, Invivogen) for a period of 1 week. 

EG cells were routinely passaged at a dilution of 1:8 using 0.05% Trypsin-EDTA. Experiments using 

EG cells were performed between passages 24 to 28. All cell lines were frozen for later usage using 

10% dimethyl sulfoxide (DMSO) in foetal calf serum.     
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2.2.2  Cell Fusion 

ES or EG cells were fused with mouse B (mB) lymphocytes as described by Pereira and Fisher (Pereira 

& Fisher 2009). EG/ES and mB cells were trypsinised and mixed in a 20 ml conical tube in a 1:1 ratio. 

The mixture was washed twice with KO-DMEM. Following the second wash, the supernatant was 

discarded, and the cell pellet was gently disturbed. 1ml of 50% polyethylene glycol (PEG 1500; Roche 

Diagnostics, Germany) was dripped on to the pellet over 60 seconds. The PEG-containing cell mixture 

was incubated at 37oC for 90 seconds while stirring regularly. 4 ml of KO-DMEM was added to the 

PEG-cell mixture over 4 minutes, followed by addition of further 10 ml of KO-DMEM. The mixture 

was incubated at 37oC for 3 minutes and centrifuged at 1350 rpm for 5 minutes. The supernatant was 

removed, and the cells were left in mouse EG or ES cell media for 3 minutes before resuspension. Cells 

were plated at a density of 0.5 x 106 cells/cm2. Mouse ES or EG cells which had not undergone cell 

fusion were eliminated by addition of puromycin (1 µg/ml, Sigma) at least 6 to 12 hours after fusion. 

Reprogrammed hybrid (EG/ES + mB) clones (between 8 to 10 days post-fusion) were identified by 

green fluorescent protein (GFP) positivity under a fluorescence microscope (Leica DM IRE2). Clones 

were picked by pipette, dissociated with 0.05% Trypsin-EDTA and plated back in EG/ES cell culture 

medium. At earlier time points, GFP positive reprogrammed cells were isolated using FACS 

(Fluorescence activated cell sorting).  

 

2.2.3  Embryoid Body Differentiation 

To differentiate ES cells into embryoid bodies, ES cells were plated on low-adherence, gelatin-free, 

tissue culture plates in ES cell culture medium, without the addition of LIF. The ES cell medium was 

changed every 48 hours and samples for RNA were taken at indicated time points. 

 

2.2.4  Fluorescence activated cell sorting (FACS) analysis 

To analyse the DNA content of mB, ES, EG and hybrid cells, 5-10 x 106 cells were washed and 

suspended in 950 µl phosphate buffered saline (PBS) (without calcium and magnesium), 50 µl of 
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propidium iodide (1mg/ml, Sigma), 10 µl NP-40 5%, 100 µl of RNAse A (10mg/ml, Invitrogen) for 20 

minutes at room temperature. After washing the cells twice with FACS buffer (PBS supplemented with 

2% foetal bovine serum and 2mM EDTA), they were re-suspended in 100 µl of FACS buffer. The cells 

were analysed using a FACScalibur (BD Biosciences) with CellQuest software. Reactivation of Oct4-

GFP transgene was assessed by dissociating 1x106 hybrid cells with trypsin-EDTA, collected and 

washed twice with FACS buffer, suspended in 100 µl of FACScalibur as above. Cell sorting was 

performed by using a FACSAria cell sorter (BD Biosciences). 

 

2.2.5  DNA methylation analysis by bisulfite sequencing. 

Genomic DNA isolation  

Cells or tissue were lysed by incubation overnight at 55oC in 500 µl of lysis buffer containing 10 mM 

sodium chloride, 10 mM Tris-HCl (pH 7.5), 10 mM EDTA, 0.5% Sarcosyl and 200 µg/ml of proteinase 

K (Sigma). The aqueous solution containing DNA was treated with phenol, phenol/chloroform/isoamyl 

alcohol and chloroform and collected. The DNA was then precipitated using 1/10 volume of 3 M sodium 

acetate, pH 5.2 and 2.5x volume ethanol, followed by resuspension in Tris-EDTA Buffer (10 mM Tris. 

1mM EDTA). DNA concentration was determined by using Nanodrop (Thermo). 

 

Bisulfite conversion of DNA and sequencing analysis. 

Bisulfite conversion of genomic DNA was performed using the EZ DNA Methylation Kit (Zymo 

Search) following manufacturer’s instructions. 1.5 µg of DNA was used. The bisulfite-converted DNA, 

after being recovered from the columns from the kit, was eluted in 10µl of elution buffer (provided by 

the manufacturer in the EZ DNA Methylation Kit). PCR amplification was performed with 2 µl of 

bisulfite-converted DNA. A Takara HS EpiTaq PCR kit (Takara Inc) was used, following 

manufacturer’s instructions. PCR Primers used are listed in Appendix Table 2. The PCR reaction post-

amplification was then gel electrophoresed and the expected PCR product was excised from the gel and 

placed in a clean 1 ml tube. DNA was extracted from the gel using the QIA Quick Gel Extraction Kit 
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(Qiagen) following manufacturer’s instructions. The amplified PCR product was then cloned into the 

pGEM-T easy vector (Promega) following manufacturer’s instructions. Competent DH5α bacteria were 

then transformed using heat shock. Cells were plated on LB/Carbenicillin/IPTG (isopropyl 

thiogalactoside)/X-gal (5-bromo-4-chloro-3-indolyl-beta-D-galactopyranoside) plates and incubated 

overnight at 370 C. 24 colonies were picked per sample and expanded in LB/Ampicillin containing broth 

at 370C over-night. The following morning plasmid purification was performed using the Wizard SV 

96 plasmid purification system (Promega) following the manufacturer’s instructions. DNA sequencing 

was then performed by MRC Sequencing Facility at London Institute of Medical Sciences (LMS). 

Sequences were then analysed using the CLC Main Workbench software by Qiagen.  

 

2.2.6  Generation of the targeting construct pPGKneobpAloxPPGKDTA-Cdkn1c-IRES-

Luciferase 

Four plasmids were used to generate the final targeting vector pPGKneobpAloxPPGKDTA-Cdkn1c-

IRES-Luciferase: 

a) pBluescript-Cdkn1c-3’ vector containing the genomic Cdkn1c fragment extending from the 

HindIII in exon 4 (E4) of Cdkn1c to 2.9 kb downstream 

b) pBluescript-Cdkn1c-5’ vector containing genomic Cdkn1c fragment extending from restriction 

site NotI, 333 bp upstream of exon 1 (E1) of Cdkn1c to 2.4 kb downstream to HindIII site in 

exon 4.  

c)  pMSCV-IRES-Luciferase containing firefly luciferase and an IRES sequence (Addgene). 

d)  pPGKneobpAlox2PGKDTA cloning vector (Phil Soriano) containing loxP flanked neomycin 

positive selection cassette and diphtheria toxin A (DTA) cassette for negative selection.  

 

To generate knock-in mouse ES cell line in which the firefly luciferase reporter is under the control of 

the Cdkn1c promoter, we knocked in IRES firefly luciferase at the 3’UTR of Cdkn1c.  The targeting 

construct is designed to contain a 2.7kb fragment extending from restriction site Not1, 333 bp upstream 

of exon 1 of Cdkn1c gene to the first part of the 3’UTR of the Cdkn1c gene at the HindIII site in exon 
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4 (5’ homology arm) (Figure 2.1). This is followed by an IRES sequence, firefly luciferase gene and 

then by a lox-P flanked neomycin gene.  The 3’homology arm of Cdkn1c extends from HindIII 

restriction site in exon 4 to a second HindIII restriction site 2.9 kb downstream. Also included in this 

targeting construct is Diphtheria toxin A (DT-A) gene, a negative selection cassette. The neomycin 

resistance gene serves as a means of positive selection of homologous recombinants.  

 

Figure 2.1  Schematic showing plasmids used for generating targeting construct pPGKneobpAloxPPGKDTA-

Cdkn1c-IRES-Luciferase. (Ai) The four plasmids used for creating the targeting construct. The Orange plasmid 
pBluescript-Cdkn1c-5’ contains the 5’ homology arm which is 2.7kb and extends from the NotI site upstream of 
exon1(E1) to the HindIII site in exon 4 (E4). The Green plasmid contains the pBluescript-Cdkn1c-3’ contains the 3’ 
Cdkn1c homology arm cloned into the Bluescript vector. The 3’ homology arm extends from HindIII site in the 
3’UTR to the HindIII site 2.9 kb down-stream. The Red plasmid, pMSCV-IRES-luciferase contains the firefly 
luciferase with the IRES sequence. The Blue plasmid is the cloning vector into which the firefly luciferase reporter 
and the Cdkn1c homology arms were cloned. It contains negative (DT-A toxin) and positive selection (neomycin 
resistance) cassettes. (Aii) Cdkn1c wild type allele, the 5’ and 3’ homology arms are annotated. E- represents 
exons. 

 

Sub-cloning 3’ prime Cdkn1c homology arm from pBluescript-Cdkn1c-3’into 

pPGKneobpAlox2PGKDTA 

Separate bacterial colonies containing plasmids pBluescript-Cdkn1c-3’ and 

pPGKneobpAlox2PGKDTA respectively were cultured overnight for 12-18 hours in Luria broth 

medium containing Ampicillin (50 µg/ml) (Gibco) at 370 C in a shaking incubator.  Plasmid DNA was 

isolated using QIAprep Spin Miniprep Kit (Qiagen) following the manufacturer’s instructions. The 

purified plasmids were eluted in elution buffer provided in the kit and the concentration of DNA was 
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checked using Nanodrop (Thermo). A restriction enzyme double digestion of pBluescript-Cdkn1c-3’ 

was then performed using restriction enzymes Sca1-HF (high fidelity) and HindIII (NEB). The reaction 

was set up according to instructions provided by the manufacturer. Briefly, this restriction digest 

reaction mix contained:1µg of plasmid DNA, 5 µl of 10x NEBuffer 2.1, 1 µl of Sca1-HF, 1 µl of HindIII 

and nuclease free water making the reaction volume up to 50 µl. The reaction was incubated at 370C 

for 1 hour and then the reaction mix was separated by agarose gel electrophoresis (0.7%). The gel 

electrophoresis picture showed three bands of which the 2.9 kb band is of interest and represents the 

Cdkn1c 3’ homology arm (genomic DNA from a HindIII site in exon IV of mouse Cdkn1c locus to 

approximately 2.9 kb downstream to a second HindIII site) (Figure 2.2Ai-ii). The band was extracted 

from the gel and purified using the QIAquick Gel Extraction Kit (Qiagen). The purified fragment was 

eluted in the buffer provided in the kit and stored at -20 0C. 

 

Next, the pPGKneobpAloxPPGKDTA vector was digested with HindIII (NEB) and instructions 

provided by the manufacturer were followed. After incubating the reaction mix at 370 C for 3 hours, 

dephosphorylation of the vector was performed using the Antarctic Phosphatase Kit (NEB) to prevent 

self- ligation of the vector. After performing dephosphorylation, the mixture was electrophoresed on an 

agarose gel and a 6.3 kb band was seen by exposure of gel to UV light (Figure 2.2Aiii-iv). The 6.3 kb 

band representing the linearised PGKneobpAloxPPGKDTA plasmid was then gel extracted and purified 

using the QIAQuick Gel extraction kit from Qiagen. 

 

The 2.9 kb Cdkn1c 3’ homology arm was then sub-cloned into PGKneobpAloxPPGKDTA vector at the 

HindIII site by performing a DNA ligation reaction using T4 DNA ligase kit (NEB). A 20 µl reaction 

mix comprising of 2 µl of T4 DNA ligase buffer (10x), 50 ng of vector DNA (linearised 

PGKneobpAloxPPGKDTA), 37.5 ng of insert DNA (Cdkn1c 3’ homology arm fragment) and nuclease 

free water to make up 20 µl of reaction mix was set up. The reaction mix was mixed briefly and left 

overnight at 160 C. The next day, the reaction was heat inactivated at 650C for 10 minutes and then 

chilled on ice. Bacterial transformation was then performed. Briefly, 10 µl from the ligation reaction 
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mix was added to 20 µl of 5X KCM buffer (0.5 M KCl, 0.15 M CaCl2, 0.25 M MgCl2) and the total 

volume was made up to 100 µl with water. 100 µl of DHS5α cells (Invitrogen) were then placed into 

the mixture and incubated on ice for 20 minutes and 35 seconds at 420 C and on ice for 2 minutes. The 

transformed cells were then plated onto Luria broth (LB) agar supplemented with 50 µg/µl of ampicillin 

and incubated overnight at 370 C. To ascertain if cloning and ligation had been successful, 12 colonies 

of transformed competent cells were selected and individual colonies were placed into LB broth with 

50 µg/µl of ampicillin and incubated overnight at 370C with shaking. Plasmid DNA was then extracted 

from the cultures with Miniprep kits from (Qiagen) and the DNA was eluted in elution buffer provided 

in the kit. Clones with successful integration of the 2.9 kb insert into the pPGKneobpAloxPPGKDTA 

when digested with HindIII should show 2.9 kb (insert) and 6.3 kb (linearized vector) fragments on gel 

electrophoresis.  Four out of 12 clones (4, 5, 9 &12) showed the expected bands on restriction digestion 

of the plasmid with HindIII (Figure 2.2Av). Cloning orientation was then checked by restriction digest 

analysis. Clones 4, 5, 9 and 12 were digested with restriction enzyme XmnI (NEB) which cuts the 

plasmid once in the vector backbone and once eccentrically in the insert (Figure 2.3Ai). This way by 

virtue of the difference in the sizes of the digested bands when separated electrophoretically on an 

agarose gel, the orientation of the insert in each clone was determined.   On cloning of the 2.9 kb insert 

in the 5’ to 3’ orientation, (correct orientation) the XmnI digest gave bands of sizes 5.9 kb and 3.2 kb 

(Clone 9). Clone 9 therefore represented pPGKneobpAloxPPGKDTA-Cdkn1c 3’(9191 bp). Integration  

in the incorrect orientation (3’ to 5’ direction)  gave bands bands of sizes 3.8 kb and 5.3 kb (Clones 4,5 

and 12) (Figure 2.3Aii). 5ml of bacterial culture of clone 9 was then used to expand culture volume to 

enable Maxi-Prep of the pPGKneobpAloxPPGKDTA-Cdkn1c 3’plasmid. The extracted DNA was then 

stored at -200 C. 
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Figure 2.2 Sub-cloning of Cdkn1c 3’ homology arm into pPGKneobpAloxPPGKDTA. (Ai&ii) Restriction digest 
and gel electrophoresis of pBluescript-Cdkn1c-3’. Vector pBluescript-Cdkn1c 3’ was digested with HindIII and ScaI. 
Lanes 1A and 1B of the gel electrophoresis photograph show three fragments of sizes, 2.9 kb, 1.8 kb and 1.1 kb 
generated from this digest. The 2.9 kb band contains Cdkn1c 3’ homology arm. (Aiii & iv) The 
pPGKneobpAloxPPGKDTA vector was linearized by digestion with HindIII and dephosphorylated to prevent re-
ligation. Lane 2A of the gel photo shows a 6.3kb band. (Av) The 2.9 kb fragment with HindIII sticky ends was then 
subcloned into the linearized pPGKneobpAloxPPGKDTA vector to give pPGKneobpAloxPPGKDTA-Cdkn1c 3’. To 
check whether the 2.9 kb Cdkn1c-3’ fragment had successfully integrated into the cloning vector 
pPGKneobpAloxPPGKDTA, DNA from transformed clones was digested with HindIII and electrophoresed on an 
agarose gel. If integration of the fragment has occurred restriction digest should yield bands of sizes 6.3 kb and 3 
kb. Only clones 4, 5, 9 and 12 gave bands of sizes 6.3 kb and 2.9 kb. 
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Figure 2.3 Verification of cloning orientation of Cdkn1c 3’ homology arm into pPGKneobpAloxPPGKDTA. 
(Ai) Restriction digest with XmnI was performed to determine orientation of insertion of the Cdkn1c-3’ homology 
arm. Clones 4, 5, 9 and 12 were digested with XmnI which cuts within the insert and in the vector backbone. If the 
insert has integrated in the plasmid in the correct orientation, restriction digest should show bands of sizes 5.9kb 
and 3.2kb. Incorrect orientation should yield bands of sizes of 5.3 kb and 3.9 kb. (Aii) The picture of gel 
electrophoresis post digestion with XmnI shows that only the plasmid digest in lane 9 displayed bands of sizes 
corresponding to the correct orientation. 

 

Sub-cloning IRES-Luciferase from pMSCV-IRES-Luc into p-Bluescript-Cdkn1c-5’ 

To enable cloning of the Cdkn1c 5’ homology arm and IRES-luciferase into the 

pPGKneopbAloxPPGKDTA-Cdkn1c-3’ plasmid, IRES-Luciferase had to first be sub-cloned into the p-

Bluescript-Cdkn1c-5’ vector to give p-Bluescript-Cdkn1c-5’-IRES-Luciferase. This was done as there 

was an absence of suitable restriction sites to directly clone IRES-luciferase and the Cdkn1c 5’ 

homology arm by restriction digest into the destination vector.  
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Separate bacterial colonies containing plasmids pBluescript-Cdkn1c-5’ and pMSCV-IRES-Luc 

respectively were cultured overnight for 12-18 hours in LB medium containing Ampicillin (50 µg/ml) 

(Gibco) at 370 C in a shaking incubator. Plasmid DNA was isolated using QIAprep Spin Miniprep Kit 

(Qiagen).  

 

To insert suitable restriction sites to enable cloning of the IRES-Luciferase into the destination vector, 

the pMSCV-IRES-Luciferase plasmid was used as template to amplify the IRES-Luciferase fragment by 

polymerase chain reaction (PCR). The 2.3 kb template is flanked by restriction sites XhoI and SalI. 

Primers were designed to amplify IRES-Luciferase and insert restriction sites to the amplified product 

with a forward primer containing a HindIII site prior to the XhoI site and reverse primer containing a 

NotI site before the SalI site: 

 

Fwd:IRES-LUC  : 5’-CCAAGGTGTAAAGCTTCTCGAGGTTAACGAATTCC-3’ 

Rev:IRES-LUC:-  5’-CCCCCTCGAGGTCGACGCGGCCGCGGATCCTAGAATTACACGG-3’  

 

 

PCR was performed using Phusion High Fidelity DNA Polymerase (NEB) and the reaction was 

prepared in the following way: 10 µl of 5x Phusion High Fidelity Buffer, 1µl of 10 mM dNTPS, 2.5 µl 

of 10 µM forward primer, 2.5 µl of 10 µM reverse primer, 1.25 µl of DNA (pMSCV-IRES-Luciferase), 

0.5 µl of Phusion DNA polymerase, 32.25 µl of nuclease free water to make up a 50 µl reaction. PCR 

conditions recommended by the manufacturer were used. The reaction was then electrophoresed on an 

agarose gel and the expected 2.3 kb band was excised from the gel and purified using QIAQuick Gel 

extraction kit from Qiagen (Figure 2.4Ai-ii). To enable cloning of IRES-luciferase into pBluescript-

Cdkn1c-5’, the latter was digested with HindIII and SalI (NEB) following instructions provided by the 

manufacturer (Figure 2.4Aiii). The reaction mix was electrophoresed on an agarose gel and the 6 kb 

product was extracted from the gel and purified using QIAQuick Gel extraction kit from Qiagen. The 

PCR amplified IRES-luciferase with HindIII and SalI sticky ends was then cloned into the HindIII and 

HindIII 

NotI 

XhoI 

SalI 
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SalI digested and linearized pBluescript-Cdkn1c-5’ using Fusion HD Cloning Kit (Clontech). A 10 µl 

reaction mix was prepared: 2 µl of 5x In-Fusion Enzyme Pre-mix, 2 µl (80 ng) of the linearized vector 

(pBluescript-Cdkn1c-5’), 1.5 µl of the insert (PCR amplified IRES-luciferase fragment), 4.5 µl of water 

to make up a 10 µl reaction mix. The 10 µl reaction was then briefly spun, incubated at 500 C for 15 

minutes and then placed on ice. Bacterial transformation was then performed and 2.5 µl of the reaction 

mix was used for transformation into competent cells as described above. After overnight incubation 5 

colonies of transformed competent cells were selected and individual colonies were placed into LB 

broth with 50 µg/µl of ampicillin and incubated overnight at 370C with shaking.  

 

Figure 2.4  PCR cloning of IRES-Luciferase into pBluescript-Cdkn1c-5’. (Ai) The IRES-luciferase sequence in 
the pMSCV-IRES-luciferase vector is flanked by restriction sites XhoI and SalI. To subclone it downstream of the 
Cdkn1c-5’ homology arm in the pBluescript-Cdkn1c-5’ vector at the SalI/HindIII restriction sites, primers were 
designed to amplify IRES-luciferase with the forward primer containing a HindIII restriction site sequence before 
the XhoI site. The reverse primer was designed to include a NotI site. These primers were used to amplify the 
IRES-Luciferase fragment from the pMSCV IRES-luciferase vector. (Aii) Gel electrophoreses shows amplification 
of a 2.3 kb fragment which is the size of IRES-Luciferase. (Aiii) The pBluescript-Cdkn1c-5’ vector was digested 
with HindIII and SalI (Aiv) The PCR amplified IRES-Luciferase was cloned into the p-Bluescript-Cdkn1c-5’ at the 
Sal I/ HindIII restriction sites. 
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Plasmid DNA was then extracted from the cultures with Miniprep kits (Qiagen) and the DNA was 

eluted in elution buffer provided in the kit. To verify whether PCR amplified IRES-Luciferase fragment 

(with added NotI & HindIII restriction sites) had successfully been cloned into the pBluescript-Cdkn1c-

5’ vector, plasmid DNA extracted from transformed colonies were digested with XmnI and NotI.  

Integration was confirmed by presence of bands of sizes 1907bp, 351bp, 2647bp, 2043bp on gel 

electrophoresis of digested clones 1,2,3 and 4 (Figure 2.5Ai-ii). This plasmid DNA samples therefore 

represent pBluescript-Cdkn1c-5’-IRES-Luciferase. Small volume 5-10 ml of bacterial culture of clones 

1,2,3 and 4  was then used to expand culture volume to enable Maxi preparation of the plasmid which 

were then stored at -200 C. 

 

Figure 2.5  Verifying integration of IRES-Luciferase into p-Bluescript-Cdkn1c-5’. (Ai) To verify whether PCR 
amplified IRES-Luciferase fragment (with added NotI  and HindIII restriction sites) had successfully integrated into 
the pBluescript-Cdkn1c-5’ vector, DNA extracted from transformed colonies was digested with XmnI and NotI. If 
the IRES-luciferase had successfully integrated into the recipient vector to form pBluescript-Cdkn1c-5’-IRES-
Luciferase then the digest should yield bands of sizes 997 bp, 2043 bp, 2647 bp, 351 bp and 1907 bp. (Aii)The gel 
photo shows electrophoresis of the restriction digest of colonies 1-4.  Bands corresponding to the expected sizes 
on successful integration can be seen.  
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Sub-cloning Cdkn1c-5’-IRES-Luciferase into pPGKneobpAloxPPGKDTA-Cdkn1c 3’ 

The final step was to clone the Cdkn1c-5’-IRES-Luciferase fragment in to the final targeting vector 

pPGKneobpAloxPPGKDTA-Cdkn1c-3’. The destination vector pPGKneobpAloxPPGKDTA-Cdkn1c-

3’ was digested and linearised with NotI restriction digestion (NEB). After digestion, the plasmid was 

subjected to dephosphorylation using Antarctic Phosphatase (NEB) and then electrophoresed on an 

agarose gel. The 9 kb band was extracted from the agarose and purified using the QIAQuick Gel 

extraction kit and eluted in provided buffer (Figure 2.6Ai-ii). The p-Bluescript-Cdkn1c-IRES-

Luciferase was digested with NotI (NEB). On gel electrophoresis, 3 bands were identified. The 4.7 Kb 

was excised as it represented the Cdkn1c-5’-IRES-Luciferase fragment (Figure 2.6Aiii-iv). This was 

gel extracted and purified and was used in a ligation reaction with NotI digested and linearised 

pPGKneobpaloxPPGKDTA-Cdkn1c-3’ (Figure 2.6Av). T4 DNA ligase kit (NEB) was used for this 

reaction. As described before bacterial transformation was then performed and 2.5 µl of the reaction 

mix was used for transformation into competent cells and plated on culture plates and incubated 

overnight at 370 
C. Colonies were picked as before and placed into LB broth with 50 µg/µl of ampicillin 

and incubated overnight at 370C with shaking.  

 

Plasmid DNA was extracted from these clones and restriction digest with ScaI (NEB) was carried out 

to check for the presence of insert (Cdkn1c-5’-IRES-Luciferase) and whether it had integrated into the 

pPGKneobpaloxPPGKDTA-Cdkn1c-3’ in the correct orientation. The expected fragment sizes for 

correct cloning were 9.6 kb and 4.3 kb which were seen on digestion of the 2c clone plasmid DNA 

(Figure 2.7Ai-ii). The 2c bacterial culture was expanded by inoculation of a larger volume of LB media 

which was incubated overnight at 370C with shaking. Maxi preps were performed and the plasmid 

pPGKneobpAloxPPGKDTA-Cdkn1c-IRES-Luciferase (13.9 kb) which represented the targeting vector 

was stored at -200C. The targeting construct was then sequenced by the Sequencing Facility at LMS 

(Sequencing Primers: Appendix Table 4) and was found to have a 100% match with the reference 

sequence. 
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Figure 2.6  Subcloning Cdkn1c-5’-IRES-Luciferase into pPGKneobpAloxPPGKDTA-Cdkn1c 3’ vector. (Ai-ii) 
NotI digestion of pPGKneobpAloxPPGKDTA-Cdkn1c-3’ produces a single 9kb band on gel electrophoresis. The 
control lane shows supercoiled and open circular conformations of the plasmid pre-digestion. The linearized 
plasmid was gel extracted. (Aiii-iv) Vector pBluescript-Cdkn1c-5’-IRES-Luciferase was digested with NotI.  This 
cut the plasmid at three points and generated DNA fragments of three sizes: 3 kb, 4.7 kb and 350 bp.  The gel 
electrophoresis photograph of the restriction digest shows three bands of above sizes. The 4.7 kb band represents 
the DNA fragment Cdkn1c-5’-IRES-Luciferase to be cloned into the recipient vector pPGKneobpAloxPPGKDTA-
Cdkn1c-3’. This was gel extracted and purified. The uncut plasmid serves as a control for plasmid digestion. (Av) 
The fragment was subcloned into the NotI digested pPGKneobpAloxPPGKDTA-Cdkn1c-3’ to yield 
pPGKneobpAloxPPGKDTA-Cdkn1c-IRES-Luciferase 
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Figure 2.7  Determining orientation of insertion of Cdkn1c-5’-IRES-Luciferase into the targeting vector  by 
ScaI restriction digest. (Ai) To ensure that the 4.7 kb fragment Cdkn1c-5’-IRES-Luciferase is cloned into vector 
pPGKneobpAloxPPGKDTA-Cdkn1c 3’ in the correct orientation, a diagnostic restriction digest with ScaI was 
performed on plasmid DNA isolated from transformed colonies. (Aii) In the event Cdkn1c-5’-IRES-Luciferase 
integrates  into the recipient vector in the incorrect orientation (3’to 5’) restriction digest  with ScaI should yield DNA 
fragments of sizes 11.3 kb and 2.6 kb: Lanes 2a & 2b of gel picture.  On integration of Cdkn1c-5’-IRES-luciferase 
fragment into the recipient plasmid in the correct orientation (5’ to 3’) ScaI restriction digest shows bands of sizes 
9.6 kb and 4.3 kb as shown in the gel picture: Lane 2c. This represents the final targeting construct.  

 

2.2.7  PCR screening for targeted ES cells. 

The targeting construct (40 µg) was linearised with EcoRV restriction digest in a final reaction volume 

of 300 µl: 75 µl of plasmid DNA, 30 µl of NEB buffer 4 (10X), 10 µl of EcoRV-HF and 185 µl of 

water. The reaction mix was left overnight at 370C. After linearization, plasmid DNA was extracted by 

Phenol/chloroform DNA extraction method as described above and eluted in 10 µl of DNAse free water. 

DNA concentration using the Nanodrop was checked and the DNA was diluted further with H2O to get 

a final concentration of 2 µg/µl. DNA was stored at -20o C. The Transgenic Facility were given 40 µg 
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of linearized targeted construct. ES cells were transfected with the construct by electroporation. ES cells 

were then cultured in Neomycin and cells containing the construct (which has a neomycin resistance 

gene) were eventually selected and expanded. 151 ES cell clones were screened by PCR for 

identification of homologous recombinants. 

 

ES cell Genomic DNA purification in a 96 well format. 

100 µl of Genlysis buffer (1ml of 1M trizmaHCl (pH 8), 0.1 ml of 0.5 M EDTA (pH 8), 0.05ml of 5 M 

sodium chloride, 2.5 ml of 20% SDS, 0.25 ml of 0.5% Igepal, 0.25ml of 0.5% Tween-20, 45.85 ml of 

water) was added to each well of the plated PBS washed ES cells. 5 µl of 20 mg/ml of Proteinase K 

was added to each well. The plate was shaken for 30 seconds using a plate shaker. The plate was then 

centrifuged for 5 minutes. The plate was sealed with a sticky seal and incubated at 580 C overnight in a 

sandwich box containing wet towels. The plates were removed the next day and shaken for 1 minute 

using a plate shaker. RNaseA (20mg/ml) (Qiagen) was then placed in each well of the plate (5 µl). The 

plates were again shaken for 30 seconds using a plate shaker and then incubated for 30 minutes at 370C.  

5 µl of sodium chloride (5M) was then added to each well and the plate was shaken again for 30 seconds 

on a plate shaker. 70 µl of the contents in each well of the 96 well tissue culture plate was transferred 

to a round bottom polypropylene plate. 80 µl of 100% isopropanol was added to each well.  The plate 

was then centrifuged for 1 hour at 2,800 x g at 40 C. The isopropanol was then tipped off. After this 150 

µl of 70% ethanol was added to the 96 well plate and the plate was centrifuged for 5 minutes at 2,800 

x g at 40 C. The ethanol was then tipped off.  The underlined step was repeated again. With the plate 

still inverted, a Whatman paper was placed under and the plate was centrifuged for 15 seconds. 50 µl 

of 0.1M TE buffer was placed in each well and the plate was sealed and then shaken for 30 seconds on 

a plate shaker. The plate was incubated for 30 minutes at 580 C, shaken for 30 seconds and left overnight 

on the bench.  
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Long range PCR Screening for identifying homologous recombinants. 

Primers used for screening are in Appendix Table 5. PCR was performed using Takara LA Taq (Takara) 

in a 50 µl reaction mix: 25 µl of 2x GC Buffer 1, 8 µl of dNTP mixture, < 1 µg of DNA, 0.5 µM of 

forward primer, 0.5 µM of reverse primer, 0.5 µl of Takara LA Taq (5 units/ µl), sterile distilled water 

to make a 50 µl reaction mix. PCR conditions:  

94oC 1 minute 

94oC 

60oC 

72oC 

30 seconds 

30 seconds             x 30 cycles 

4 minutes 

72oC 5 minutes 

 

The 3.2 kb product was excised from the gel and purified using the Qiagen gel purification kit and sent 

for sequencing. Primers used for sequencing are in Appendix Table 6. 

 

2.2.8  Animal Work 

All mice handled in the in vivo studies performed during this thesis was in accordance with the UK 

Animals Act (1986).  The mouse work was approved by the Imperial College AWERB committee and 

was carried out with a valid UK Home Office project licence. 

 

2.2.9  Maintenance of mice  

Mice were housed in cages in cohorts <5 individuals per cage according to regulations set by the Home 

Office. The environmental temperature was maintained at a range of 21+/- 20C in conditions free of 

pathogens on a 12-hour light-dark cycle. Standard chow diet and water were freely accessible. For the 

purposes of mating the mice, the males were set up to mate with not more than 3 females and vaginal 

plugging checks were performed in the morning. The females were considered to be at E0.5 stage of 

pregnancy on discovery of plugging.  
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2.2.10  Genotyping of mice 

Genomic DNA was isolated from 4-week old ear tissue or embryonic tails by overnight digestion in 

lysis buffer (0.05M Tris HCl pH 8, 0.025 M EDTA, 0.031% SDS, 0.02 M NaCl, 80 μg/ml Proteinase 

K at 500C with shaking. The samples retrieved in the morning were shaken vigorously to encourage 

total lysis. Undigested material was allowed to settle by leaving the tubes with the samples on a flat 

surface. 10 μl of the sample was diluted in 190 μl 10mM Tris HCl (pH 8) and boiled at 950C for 30 

minutes. During this time, PCR mix was prepared using HotStarTaq DNA Polymerase Kit (Qiagen) 

according to the manufacturer’s instruction. On completion of boiling, samples were shaken and cooled 

briefly and <1ul of the DNA sample was used per PCR reaction. The following PCR conditions were 

used: 1. Initial activation step: 95 0C for 15 minutes 2. Denaturation: 94 0C for 30 seconds 3. Annealing: 

60 0C for 30 seconds 4. Extension: 72 0C for 30 seconds 5. Anti-dimer step: 75 0C for 30 seconds, repeat 

cycle 2-5, 35 times 6. 72 0C for 10 minutes. PCR products were separated by gel electrophoresis on a 

1.5% agarose gel and viewed under UV light. A water negative and positive control was used for every 

reaction. Primers used for genotyping mice are listed in Appendix Table 3. 

2.2.11  Embryo Dissection 

Pregnant females were culled by cervical dislocation. Their abdomen was disinfected by 70% ethanol. 

The uterus was extricated by dissection and placed in a tissue culture plate with cold 1x PBS. Each 

embryo was then removed from the uterus and separated from placenta. Whole embryos and placenta 

were placed in a tissue culture dish with PBS to perform bioluminescence imaging. Alternatively, 

embryos and samples were flash frozen on dry ice for storage at -80 0C or used for LacZ staining as 

described. The tips of the embryonic tail were used for genotyping. 
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2.2.12  Bioluminescence imaging (BLI) 

In vitro imaging 

The substrate D-Luciferin (Perkin Elmer) was dissolved in water to achieve a concentration of 30 

mg/ml. 150 μg/ml of D-luciferin was added to the medium and the plates were imaged after 120 

seconds.  

In vivo imaging 

Mice were weighed, and D-Luciferase was injected intraperitoneally at a dose of 0.15mg/g of body 

weight. The mice were then anaesthetised with isofluorane gas in a chamber. Ten minutes post 

administration of D-Luciferin, the mice were imaged in an IVIS (In Vivo Imaging System) Spectrum 

(Perkin Elmer) under anaesthesia. Imaging of adult mice, pregnant females and tissue culture plates 

were taken at Field of View (FOV) C, with a binning of 4 and the duration of exposure was 180 seconds. 

To perform imaging of embryos, pregnant females were administered D-Luciferin i.p. 10 minutes 

before they were placed in the IVIS and imaged. The embryos were then dissected out of the uterus and 

placed into 24 well dishes containing PBS and imaged in the IVIS. The settings for bioluminescence 

imaging of embryos were: FOVA, binning of 1, focus of 1cm and 180 second exposure. For imaging 

of embryos exposed to epidrugs, binning was changed to 4. Also, no additional D-luciferin was added 

to the embryos. The images were analysed using Living Image software (Caliper Life Sciences). 

Bioluminescence signal was quantified by drawing regions of interest around the embryos and signal 

flux was calculated within the region. 

 

2.2.13  Epidrug Injections 

5’azacytidine (Sigma Aldrich) was dissolved in PBS to make stocks of 0.75 μg/μl. Trichostatin A (TSA) 

(Sigma Aldrich) stocks of 0.3 μg/μl were maintained in 30% of ethanol. Wild type dams with a genetic 

background of 129S2/SvHsd were crossed with homozygous Cdkn1cFlucLacZ males. On discovery of 

vaginal plugs, the mating partners were separated. In the 5’azacytidine alone study, the drug was 
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administered to pregnant females at a dose of 5 μg/g of their body weight at E12.5 intraperitoneally. In 

the TSA alone study, the pregnant dams were injected TSA ip at a dose of 1 μg/g of body weight at 

E13.5. Combination drugs (5’azacytidine and TSA) were injected at E12.5. Vehicle injections contained 

PBS and 30% alcohol and were injected at E13.5. Pregnant dams and embryos were imaged at E14.5 

and the combination and vehicle treated offspring were imaged at P1 and at 4 weeks (P28). 

 

2.2.14  Beta-Galactosidase staining of mouse embryos 

E11.5 embryos were dissected from the uterus and placed in cold LacZ fixative (2% formaldehyde, 

0.2% glutaraldehyde, 0.02% Nonidet P-40, 1 mM MgCl2, 0.1 mg/ml sodium deoxycholate in PBS) for 

1 hour, kept rocking at 40C. The tissue was then washed with PBS and placed in LacZ stain (0.4 mg/ml 

X-gal, 4 mM potassium ferrocyanide, 4 mM potassium ferricyanide, 1 mM MgCl2, 0.02% Nonidet P-

40 in PBS) for 4-6 hours, kept rocking at 40C. The embryos were then washed in PBS twice before 

transferring them into 70% ethanol for storage at 40C. Microscope photography was performed with a 

10x objective (Leica). 

 

2.2.15  Reverse Transcription Polymerase Chain Reaction (RT-PCR) 

RNA Extraction and reverse transcription 

Cell and tissue lysates were homogenised using QIAshredder columns (Qiagen), total RNA was 

extracted using the RNeasy Mini Kit (Qiagen). DNA was eliminated using the DNA-freeTM kit 

(Ambion) following manufacturer’s instructions. RNA was quantified using nanodrop and reverse 

transcription of total RNA was performed using the SuperScript III First-Strand Synthesis kit 

(Invitrogen). 3 µg of RNA was diluted in the RNAse-free water provided in the kit, with 1 µl of 10mM 

dNTP mixture and 1 µl of oligo(dT)12-18 to make up a final volume of 11 µl. The mixture was then 

placed on a 650C heating block for 5 minutes, then cooled at 40C for 2 minutes. 4 µl of 5X first strand 

buffer and 1 µl of 0.1M dithiothreitol (DTT), 1 µl of RNase OUT and 1 µl of 200U/µl of Superscript 
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III (Invitrogen) were then added. A mixture without reverse transcriptase was also prepared to serve as 

a negative control. cDNA was then generated by incubation of the mixture at 250C for 5 minutes, 500C 

for 50 minutes and 750C for 15 minutes. 

 

Quantitative PCR 

The PCR mixture consisted of the following: 

2 µl of cDNA + 300 nM of forward and reverse primers +1X QuantiTect Sybr Green PCR 

mix (Qiagen) + DNase-free water to make a 20 µl reaction mix. 

 

A negative control mixture was prepared without the cDNA. PCR amplification of the cDNA was 

performed in duplicates and in a Chromo 4 PCR instrument (Bio-Rad). The following PCR conditions 

were used: 

Initial denaturation at 950C, 15 minutes 

Denaturation at 940C, 15 seconds x 40 cycles 

Annealing at 600C, 30 seconds  

Elongation at 720C, 30 seconds. 

 

Opticon Monitor 3 software was used to analyse the qPCR data. The relative abundance of the cDNA 

in the samples to beta-actin was determined by using obtained Ct values and the formula 2ΔΔCt. The Ct 

values represent the cycle number at which the amplification-induced fluorescence becomes detectable 

above background levels. Primer sequences used in q-PCR analysis are in Appendix Table 1. 
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2.2.16  Western Blot 

Brain samples were homogenised in 2X sample buffer which consists of 0.125M Tris HCl (pH 6.8), 

20% glycerol and 2.5% (w/v) sodium dodecyl sulphate (SDS). 

 

The homogenised mixture was centrifuged at 13,000 r.p.m. at 40C for 10 minutes. The lysates were 

transferred to a clean tube and boiled at 960C for a period of 10 minutes. Total protein levels in each 

sample were estimated using a Pierce BCA Protein Assay Kit (Thermo Scientific). After quantification 

of protein Bromphenol Blue (0.001%) and 5% beta-mercaptoethanol were added to the samples. 30 µg 

samples were separated by SDS-PAGE (sodium dodecyl sulphate-polyacrylamide gel electrophoresis) 

using the Bio-rad minigel system. The protein sample (30 µg) was loaded onto an acrylamide stacking 

gel which was contained the following: Acrylamide (4%), Tris-HCl pH 6.8 (0.125M), SDS (0.1%), 

Ammonium persulphate (0.1%), TEMED (tetramethylethylenediamine) (0.1%). The loaded protein was 

separated in a 10% acrylamide resolving gel containing: Acrylamide (10%), Tris pH 8.8 (0.4M), SDS 

(0.1%), Ammonium persulphate (0.1%), TEMED (0.1%). 

 

Along with a protein ladder (5 µl) (10-250 kDa, Fermentas), the protein was separated by using a Tris-

glycine running buffer (25mM Tris, 192mM glycine, 0.1% SDS) at 200V. The resolved proteins in the 

acrylamide gels were then transferred to a nitrocellulose transfer membrane (Protran, Schleicher & 

Schuell Bioscience) using semi-dry electrophoretic transfer method whilst placed in transfer buffer 

containing: Tris-HCl pH 8.8 (48 mM), Glycine (Sigma) (39 mM), Methanol (20%), SDS (0.037%). 

 

After transfer, the membranes underwent blocking by incubation for a period of 1 hour in blocking 

buffer containing 5% fat free milk powder, 20 mM Tris (pH 7.5) and 150 mM sodium chloride. This 

was followed by incubation with primary antibody which had been diluted in blocking buffer overnight 

at 40 C.  After incubation three washes were performed using washing buffer (20 mM Tris, pH 7.5, 150 

mm sodium chloride, 0.1% Tween 20). Membranes were then incubated with horseradish peroxide-
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coupled secondary antibodies which were diluted in blocking buffer for a duration of 1 hour.  

Membranes were then washed with TBS-T for 20 minutes at room temperature. The EZ-ECL 

Chemiluminescence prime western blotting detection kit (Amersham) was used for detection of protein 

bands using Kodak Carestream photographic films and the Kodak X-Omat developer. 
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3.  Embryonic Germ (EG) cell-mediated erasure of Cdkn1c 

imprint during cell fusion reprogramming of mouse B cells 

towards pluripotency 

3.1  Introduction 

Pluripotent cells acquire distinct cell identities as they differentiate, by activating cell type-specific gene 

expression. In mammals, epigenetic modifications including DNA methylation, play an indispensable 

role in conferring cell fate, maintaining stable cellular identity across subsequent cell divisions and 

ensuring stability of tissue function. However, somatic cells remain remarkably plastic and cell fate can 

be altered by resetting their epigenetic status (Reik 2007). Cell identity can be reprogrammed from a 

differentiated state to an undifferentiated state in vitro. Insights into how this is achieved may help our 

understanding of epigenetic mechanisms that regulate the establishment of pluripotency, as well as 

providing clues for generation of pluripotent cells for cell-based therapies and disease modelling. 

 

In vitro reprogramming of differentiated cells be achieved by different experimental strategies including 

somatic cell nuclear transfer (SCNT), transcription factor-induced reprogramming and cell fusion 

(Yamanaka and Blau 2010). In our laboratory we use cell fusion to understand pluripotency and 

reprogramming.  By this method, undifferentiated stem cells can dominantly reprogram unipotent 

somatic cells into pluripotency.  Fusion of the two cell types creates a single cytoplasmic entity 

containing both parental nuclei. These heterokaryons are typically transient. Upon further culture, the 

nuclei merge giving rise to hybrid cells with a tetraploid nucleus which can undergo cell division. The 

stability of these hybrid cells is dependent on the genetic background and compatibility of the cellular 

fusion partners. While hybrids generated from fusions between cells from the same species are stable 

and able to proliferate, interspecies hybrids are often not and are frequently susceptible to karyotypic 

abnormalities and chromosomal loss. However, interspecies heterokaryons are useful, as early 

transcriptional and epigenetic changes occurring during reprogramming can be interrogated. Mouse ES 

(mES) cells have been shown to induce reprogramming in somatic cells upon fusion. In these 

experiments not only are features of the somatic partner extinguished, but properties of the dominant 
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fusion partner are acquired by the resulting hybrids (Tada, Takahama et al. 2001, Pereira, Terranova et 

al. 2008). Our laboratory, and others, have demonstrated that the pluripotent-specific transcription 

program is initiated in interspecies heterokaryons between mouse ES cells and human B lymphocytes 

as early as 24 hours post fusion, indicated by induction of OCT4, NANOG, CRIPTO, ESRRB, TLE1 and 

REX1 genes from the somatic nucleus (Pereira, Terranova et al. 2008, Bhutani, Brady et al. 2010, Soza-

Ried and Fisher 2012), while the expression of lineage-specific markers of the somatic partner decline 

within the first 48 hours and are gradually extinguished.  

 

It has been demonstrated that even though mouse ES cells can dominantly reprogram somatic cells, 

they are unable to invoke DNA demethylation and erasure of genomic imprints within the somatic 

genome upon hybrid formation. Intriguingly, mouse embryonic germ cells, which are derivatives of 

mouse primordial germ cells, were able on fusion with mouse thymocytes to induce hypomethylation 

at ICRs (Tada, Tada et al. 1997, Tada, Takahama et al. 2001). Our laboratory has analysed the kinetics 

of imprint erasure in differentiated cells following fusion with mouse EG cells and utilised this model 

to explore the molecular mechanisms that may be involved in this process (Piccolo, Bagci et al. 2013).  

 

Cdkn1c is a maternally expressed imprinted gene lying within the imprinting cluster 2 (IC2) domain on 

mouse chromosome 7 and displays imprinted expression in both mice and humans (Hatada and Mukai 

1995, Hatada, Ohashi et al. 1996). Imprinted expression of Cdkn1c is regulated by the imprinting centre 

KvDMR1 which acquires methylation in the maternal germline. This differentially methylated region 

spans the promoter of the paternally expressed long non-coding RNA Kcnq1ot1, required for 

continuous domain-wide imprinting (Fitzpatrick, Soloway et al. 2002) (Figure 1.9). 

The Cdkn1c promoter and gene body are also directly methylated on the paternal allele post-

fertilization, after allelic silencing has been established (somatic DMR) (Bhogal, Arnaudo et al. 2004).  

In this chapter I examine the erasure of methylation at the KvDMR1in somatic cells (B lymphocytes) 

following fusion and reprogramming induced by EG cells. 
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3.2  EG cells display hypomethylation at KvDMR1 

EG cells, in-vitro equivalents of primordial germ cells (PGCs), are derived from PGCs in the embryo 

between E8 and E13. Similarly to ES cells, they have been shown to express several pluripotency-

associated factors, including Oct4, and can be cultured indefinitely. EG cells also display reduced and 

variable DNA methylation at imprinted loci (Labosky, Barlow et al. 1994, Tada, Tada et al. 1998, Mise, 

Fuchikami et al. 2008). Male ES cells, in contrast, show similar methylation patterns to somatic cells 

(Zvetkova, Apedaile et al. 2005). 

To examine if the ICR regulating monoallelic expression of Cdkn1c, KvDMR1 is hypomethylated in 

EG cells, I performed genomic bisulfite sequencing to look at the methylation status of KvDMR1 in EG 

cells and compared it to the mouse B (mB) and ES cell controls. The analysis (Figure 3.1) revealed that 

EG cells showed significantly reduced CpG methylation at the KvDMR1 as compared to somatic cells 

or mouse ESCs. Also, 23/23 clones in mouse B cells exhibited methylation, with 8 clones showing 

partial methylation. ES cells were generally less methylated than mouse B cells at the domains analysed 

but showed more methylation than EG cells. 

 

Figure 3.1  EG cells are hypomethylated at KvDMR1.  Genomic bisulfite sequencing analysis of KvDMR1 (black 
bar) which maintains Cdkn1c imprint in: (A) mEG, (B) mB and (C) mES cells. Closed circles represent methylated 
cytosines while open circles unmethylated cytosines.  
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3.3  EG cells can induce demethylation at KvDMR1 in somatic cells upon 

reprogrammed-hybrid formation 

As well as having the ability to reprogram the somatic genome to pluripotency, EG cells have been 

shown to invoke loss of methylation at somatic imprinted loci upon formation of hybrids. The cell 

fusion-based reprogramming process consists of a first phase, which is transient and generates a 

heterokaryon in which discrete nuclei from both fusion partners are apparent. The heterokaryon phase 

persists without cell division for up to 3 days (72 hours), with DNA synthesis being widespread and 

contributing to reprogramming efficiency (Tsubouchi, Soza-Ried et al. 2013). Soon after, the two 

nuclear partners merge to generate tetraploid hybrids (Figure 3.2A).  

 

To identify reprogrammed hybrids and examine DNA methylation changes during cell fusion-based 

reprogramming, I fused mouse EG cells (passage no. <30) with a puromycin resistant mouse B cell line 

(mBPur) in a 1:1 ratio. As both the fusion partners are from the same species, it is possible to generate 

and select stable hybrids by culturing the fused cells in puromycin for a period of 12 days. During this 

time, EG cells which are unfused and therefore do not have puromycin resistance conferred by their 

fusion partner, are eliminated. Unfused mouse B cells are removed by washing as they are non-adherent.  

To confirm the reprogramming capacity of EG cells, the B cell line also contains a silent Oct4-GFP 

transgene (mBOct4-GFP).  As re-expression of Oct4 is accompanied with GFP expression, reprogrammed 

cells can be tracked. The B cell line was isolated from transgenic mice bearing a GFP coding sequence 

under the control of an 18 kb genomic mouse Oct4 fragment (GOF-18/ΔPE/GFP) (Yoshimizu, Sugiyama et 

al. 1999). This fragment has been previously shown to be sufficient to recapitulate endogenous 

expression patterns of Oct4 in mouse embryonic development, thus GFP expression serves as a marker 

for pluripotent reprogramming of B cells (Yeom, Fuhrmann et al. 1996). Upon fusion with mouse EG 

cells, the silent transgene carried by the mouse B cells was reactivated, leading to a prominent GFP 

expression in hybrid colonies (Figure 3.2A&B). This confirmed the reprogramming capacity of mouse 

EG cells by their ability to reactivate GFP expression in hybrids formed with mBOct4-GFP. FACS analysis 

of GFP and Propidium Iodide (PI) staining showed these hybrid clones were reprogrammed and 
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tetraploid as anticipated (Figure 3.2C). To assess whether EG cells can dominantly induce erasure of 

imprints at the ICR governing Cdkn1c, KvDMR1 in mouse B cells on fusion, I examined DNA 

methylation status of KvDMR1 in reprogrammed hybrid clones. I isolated GFP positive hybrids at days 

7, 12 and 21 days after fusion and conducted bisulfite sequencing analysis to assess kinetics of imprint 

erasure, where it had occurred. (These experiments were performed jointly with Dr Francesco Piccolo). 

Genomic bisulfite sequencing analysis of day 21 hybrids revealed a loss of DNA methylation at 

KvDMRI compared to samples assayed at day 0 (Figure 3.2D). Interestingly, methylation levels were 

maintained until at least 7 days post-fusion, with a gradual decrease after this point.  This confirms that 

EG cells can reprogram mouse B cells and induce loss of DNA methylation at KvDMR1 in hybrid cells. 
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Figure 3.2  Fusion of mouse EG and mouse B cells generates reprogrammed hybrids which show reduced 
DNA methylation at KvDMR1 in a step wise fashion. (A) Schematic representation of the strategy for generating 
and selecting intra-species hybrids between mouse B lymphocytes with a puromycin resistance cassette and 
carrying an Oct4-GFP transgene (mB, in red and grey) and mouse embryonic germ cells (EGCs in blue), the hybrid 
analysed 12-21 days after fusion have a light green background. (B) Bright field and fluorescent (GFP) images of 
a representative hybrid colony generated 12 days after fusion of mouse EG cells with mouse B cell carrying an 
Oct4-GFP transgene. (C) FACS analysis of Propidium Iodide (PI) staining (on the left) and GFP expression (on the 
right) of a representative tetraploid (4n) hybrid clone obtained 21 days post fusion of mouse EG cells and mouse 
B cells carrying an Oct4-GFP transgene. Unfused diploid (2n) mEG and mB cells are used as controls. (D) Genomic 
bisulfite sequencing of KvDMR1 ICR in mEG and mB lymphocytes (1:1 mixture) before fusion (day 0) and GFP 
positive hybrids at days 7, 12 and 21 after fusion. Closed circles represent methylated cytosines while open circles 
represent un-methylated cytosines.  



131  

3.4  Pluripotent reprogramming of mouse b cells by es cells in the absence 

of demethylation at KvDMR1 

To verify that loss of DNA methylation at KvDMR1 was a unique reprogramming feature induced by 

EG cells, I also performed similar reprogramming assays with ES cells. Mouse ES cells are able to 

reprogram somatic cells to a pluripotent state upon fusion but are not able to induce DNA demethylation 

of imprinted regions in the somatic genome. Hybrid clones were generated by fusion of mBOct4-GFP cells 

and ES cells. GFP-positive clones were similarly identified and propagated for 21 days. Bisulfite 

sequencing analysis of hybrids showed that methylation across KvDMR1 remained similar in samples 

pre- (day 0) and post- (day 21) fusion. This lack of change suggests that, unlike EG cells, ES cells are 

unable to reset imprints in the course of pluripotent reprogramming.  

 

Figure 3.3  Fusion of mouse ES and mouse B cells generates reprogrammed hybrids which show 
unchanged DNA methylation at mouse KvDMR1. (A) Schematic representation of the strategy for generating 
and selecting intra-species hybrids between mouse B lymphocytes with a puromycin resistance cassette and 
carrying an Oct4-GFP transgene (mB, in red and grey) and mouse embryonic stem cells (ESCs in blue), the hybrids 
generated 12-21 days after fusion have a light green background. (B) Bright field and fluorescent (GFP) images of 
a representative hybrid colony generated 12 days after fusion of mouse ES cells with mouse B cells carrying an 
Oct4-GFP transgene. (C) Genomic bisulfite sequencing of the KvDMR1 ICR governing in fused mES and mB cells, 
(1:1) before fusion at day 0 and in reprogrammed hybrids at day 21. Closed circles represent methylated cytosines 
while open circles represent un-methylated cytosines. 
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3.5  Discussion 

In this chapter I have utilised cell fusion as a method to achieve in vitro pluripotent reprogramming of 

somatic cells by EG and ES cells. EG cells are derived from E8-E13 PGCs, display pluripotency and 

exhibit hypomethylation at maternally and paternally methylated ICRs of several imprinted genes: 

Igf2r, Peg1, Peg3, Gtl2/Dlk1and H19/Igf2 (Matsui, Zsebo et al. 1992, Tada, Tada et al. 1997, Durcova-

Hills, Adams et al. 2006, Piccolo, Bagci et al. 2013). I have demonstrated, by DNA bisulfite sequencing, 

that the KvDMR1, which is the ICR of all the imprinted genes in the IC2 cluster, including Cdkn1c, is 

hypomethylated in mouse EG cells when compared to its pluripotent counterpart ES cells. This could 

be due to the fact that methylation erasure in PGCs is more comprehensive than that seen in the 

preimplanatation embryo, where several genomic regions, for example ICRs, resist demethylation post-

fertilisation. Bisulfite sequencing analysis also revealed that all the clones in mouse B cells 

demonstrated a degree of methylation at the KvDMR1, instead of half of them being unmethylated as 

would be expected for an imprinted gene locus. This could be due to prolonged in vitro culture of B 

cells leading to acquisition of methylation at KvDMR1 on the paternal allele as well. Of note, this was 

also observed at the Peg3 ICR in mouse B cells by Piccolo et al. (Piccolo, Bagci et al. 2013).  

 

Our laboratory, and others, have demonstrated that differentiated cells can acquire a pluripotent fate 

upon fusion with embryonic stem cells or embryonic germ cells (Tada, Tada et al. 1997, Tada, 

Takahama et al. 2001, Pereira, Terranova et al. 2008, Piccolo, Bagci et al. 2013). Silent pluripotency 

markers, such as Oct4, are reactivated in the somatic cell genome after fusion (Pereira, Terranova et al. 

2008). By using interspecies fusions between human B lymphocytes and mouse ES cells, it has been 

demonstrated by our laboratory that pluripotency markers from the somatic genome (hOCT4, hNANOG 

and hCRIPTO) are expressed as early as 24 to 48 hours, with a concomitant downregulation of human 

B cell markers (Pereira, Terranova et al. 2008). As these are interspecies fusions, it is not possible to 

propagate them beyond the transient heterokaryon stage due to karyotypic instability. I confirmed 

previous findings and demonstrated that both ES and EG cells can reprogram mouse B cells towards 

pluripotency and, as intraspecies cell fusions result in karyotypically stable hybrids, I was able to isolate 
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reprogrammed hybrid clones from GFP positive colonies 10 to 12 days after fusion and study whether 

imprint erasure had occurred at KvDMR1.  

 

Although both ES cells and EG cells can dominantly reprogram lymphocytes towards pluripotency, 

only mouse EG cells were able to induce imprint erasure at KvDMR1. This is in agreement with previous 

studies in hybrids formed between EG and somatic cells (Tada, Tada et al. 1997, Tada, Takahama et al. 

2001, Piccolo, Bagci et al. 2013). Tada et al. demonstrated that hybrids formed between mouse EG cells 

and thymic lymphocytes not only displayed phenotypic properties of EG cells such as pluripotency and 

reduced expression of thymocyte-specific genes, but also showed methylation loss at ICRs of imprinted 

genes. The paternally inherited H19 allele in the somatic nucleus displayed hypomethylation and 

similarly the maternally methylated ICR of Igf2r was found to be demethylated in hybrids. Furthermore, 

Peg1 was shown to be expressed biallelically in differentiated cells derived from the hybrids (Tada, 

Tada et al. 1997). I did not assess whether demethylation had occurred at the Cdkn1c somatic DMR in 

hybrids formed between EG and mouse B cells, however Tada et al. demonstrated Cdkn1c promoter 

hypomethylation in hybrids formed between thymocytes and EG cells (Tada, Tada et al. 1997). 

 

Why EG cells can induce erasure at imprinted loci on cell fusion, but not ES cells, is particularly curious 

as they are similar at the transcriptome level (Leitch, McEwen et al. 2013). Importantly, not all EG cells 

share this property: the EG cell line used in our laboratory was derived at a later time point of PGC 

development (E12.5). Although EG cells isolated earlier during PGC development do not erase 

imprints, they still have the ability to reprogram (Tada, Tada et al. 1997). Also, EG cells used in the cell 

fusion experiments preserved their imprint reprogramming ability at low passage numbers of <30 

(Piccolo, Bagci et al. 2013). It remains to be elucidated why these EG cells can induce demethylation 

at the ICRs. Leitch et al. have shown that cell culture conditions can alter the methylome and 

transcriptome of these cells and it is likely that this may in turn alter their properties (Leitch, McEwen 

et al. 2013). Nevertheless, these cells have been useful in determining the kinetics of demethylation loss 

at ICRs and this has assisted in dissecting the molecular mechanisms that may be involved not only in 
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the pluripotent conversion of somatic cells on cell fusion, but also those that induce demethylation at 

the ICRs. Piccolo et al. demonstrated hypomethylation at ICRs of three maternally (Peg1, Peg3 and 

SNRPN) and two paternally (H19 and Dlk1) imprinted genes in day 21 reprogrammed hybrids formed 

between mBOct4-GFP lymphocytes and EG cells. Additionally, they showed that demethylation at these 

ICRs occurred gradually over a 21-day period (Piccolo, Bagci et al. 2013). This is consistent with my 

results, as methylation at KvDMR1 in reprogrammed hybrids is lost incrementally, with methylation 

levels being maintained until at least day 7 post cell fusion. They then exhibit a gradual decrease, as 

measured at day 12 and day 21. Piccolo et al. then sought to study changes that occur in the somatic 

genome immediately after fusion and address whether DNA demethylation at ICRs begins at the 

heterokaryon stage before hybrid formation. To this end, interspecies fusions between EG cells and 

human B lymphocytes were generated, thus giving the opportunity to analyse modifications occurring 

solely at the somatic genome. In samples collected 48- and 72-hours following fusion with EG cells, 

most human H19/IGF2 ICR sequences were, surprisingly, unmethylated. Due to the presence of a single 

nucleotide polymorphism within the ICR of this locus, Piccolo et al. were able to confirm preferential 

detection of the unmethylated maternal allele, rather than bona fide demethylation of the paternal ICR. 

This lead Piccolo et al. to postulate that the inability to detect methylated DNA sequences post bisulfite 

conversion may reflect accumulation of 5hmC at the H19/IGF2 ICR, as 5hmC has been shown to react 

with bisulfite conversion reagents and stall DNA polymerase and thereby halt amplification by Taq 

polymerases (Huang, Li et al. 2010). The authors then conducted restriction enzyme protection assays, 

demonstrating the accumulation of 5hmC at human ICRs of H19, PEG3 and SNRPN/SNURF imprinted 

genes as early as 48 hours after fusion, thus suggesting that demethylation at these ICRs possibly occurs 

via an active mechanism, by conversion of 5mC to 5hmC, and involves TET-mediated oxidation. To 

demonstrate the possible involvement of TET proteins, Piccolo et al. used RNAi to down regulate Tet1 

and Tet2 expression in EG cells separately. Heterokaryons formed on fusion of shRNA-transfected EG 

cells with human B lymphocytes showed that TET1, but not TET2, depletion resulted in lack of 5hmC 

acquisition at ICRs of H19, PEG3 and SNRPN/SNURF genes. TET1-depleted mouse EG cells did not 

interfere with pluripotent reprogramming of human B lymphocytes. TET2 depletion had only a mild 

effect on 5hmC accumulation at human ICRs, but reduced reprogramming efficiency by approximately 
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50%, and reduced accumulation of 5hmC at the OCT4 locus, resulting in delayed loss of methylation 

at the human somatic OCT4 promoter. This demonstrated that TET1 was required for demethylation at 

ICRs in the somatic genome on EG cell-mediated reprogramming by cell fusion and that TET2 was 

involved in demethylation of the OCT4 promoter in the somatic cell genome. This is consistent with the 

finding that Tet2 is important in iPS cell reprogramming (Doege, Inoue et al. 2012, Piccolo, Bagci et al. 

2013).   

 

Hypomethylation at ICRs in the hybrids becomes apparent only at day 12, despite detection of 5hmC at 

ICRs early post-fusion. As DNA synthesis occurs in cell fusion-based reprogramming (Tsubouchi, 

Soza-Ried et al. 2013), Piccolo et al. questioned whether imprint erasure by EG cells required DNA 

synthesis. To address this, heterokaryons generated between human B lymphocytes and mouse EG cells 

were treated with aphidicolin or mimosine (DNA synthesis inhibitors). Accumulation of 5hmC was not 

disrupted at any of the human ICRs tested by either inhibitor, but there was a marked reduction in the 

induction of human pluripotency-associated genes, thus not only confirming the importance of DNA 

synthesis in pluripotent reprogramming (Tsubouchi, Soza-Ried et al. 2013), but also demonstrating that 

the mechanism of imprint erasure in this system is initially replication-independent or active. Through 

this study Piccolo et al. have suggested a bimodal mechanism in which imprint erasure of the somatic 

genome occurs upon fusion with EG cells, with an active conversion of 5mC to 5hmc and then the 

passive dilution of 5hmC as hybrid cells divide, because of the inability of Dnmt1 to recognize 5hmC 

(Piccolo, Bagci et al. 2013). 

 

A study by Guibert et al. assessed the kinetics of DNA demethylation in PGCs between E8.5 and E13.5 

and demonstrated that loss of methylation occurs in an ordered fashion with non-imprinted loci, like 

pluripotency markers and germ cell-specific genes, undergoing demethylation early in PGC 

development, while ICRs were demethylated later, at E11.5 (Guibert, Forne et al. 2012, Seisenberger, 

Andrews et al. 2012). This sequence of events bears resemblance to that which occurs on mouse EG 

cell-mediated reprogramming of B cells, with activation of pluripotency genes occurring in the 
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heterokaryon stage, followed by demethylation at ICRs in the somatic genome in the hybrid stage. Also, 

single cell analysis revealed that Tet1 was expressed in every PGC examined at E9.25 up to, at least, 

E11.5. Tet2, on the other hand, even though heterogeneously expressed at E9.25, was widespread by 

E11.5 (Hackett and Surani 2013, Vincent, Huang et al. 2013). As 5hmC is not recognised by the DNA 

methylation machinery, it is lost over subsequent cell divisions and replaced by cytosine (Hashimoto, 

Liu et al. 2012). Additionally, Tet1 knock outs in vivo display hypermethylation at several ICRs 

(Yamaguchi, Shen et al. 2013). Also, even though Tet1 null mice are viable and fertile, Tet 1/2/3 triple 

knock out mouse embryonic stem cells display poor differentiation potential and contribute poorly to 

chimeric embryos and cannot support embryonic development (Dawlaty, Ganz et al. 2011, Dawlaty, 

Breiling et al. 2013). This suggests redundancy in mechanisms between the TET proteins and also 

displays the importance of Tet mediated DNA demethylation during development. 
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4.  Generation and Characterization of Transgenic Mouse 

Models Cdkn1cFluc, Cdkn1cFlucLacZ and Dlk1FlucLacZ 

4.1  Introduction 

Genomic imprinting affects a subset of genes in mammals and results in parent-of-origin-specific allelic 

expression (McGrath and Solter 1984, Surani, Barton et al. 1984). Although imprinted genes are subject 

to many layers of epigenetic control, imprinted expression is at least initially determined by differential 

DNA methylation established in the germ line (Surani 1998). The role of imprinted genes in growth 

regulation of the foetus has been established for more than a decade, (Barton, Surani et al. 1984, 

McGrath and Solter 1984) however it is becoming increasingly clear that imprinted genes also have an 

inordinately important role in post-natal life: feeding, thermoregulation, maintenance of metabolic axes 

as well as infant and maternal behaviours that operate to optimize maternal care (Plagge, Gordon et al. 

2004, Schaller, Watrin et al. 2010, Peters 2014). Imprinted genes have also been found to be important 

in processes such as sleep, neurogenesis and stem cell maintenance and there is an increasing body of 

evidence suggesting that altered expression of imprinted genes contributes to a wide range of common 

and important diseases in humans, for example intrauterine growth retardation, obesity, diabetes 

mellitus, psychiatric disorders and cancers.  Both genetic and epigenetic mechanisms can cause 

perturbation in imprinted gene expression leading to disease. Genetic mechanisms include mutations of 

an imprinted gene or uniparental disomy.  Epigenetic mechanisms include alterations in DNA 

methylation marks within an imprinted cluster, resulting in an altered dose of one or more genes in the 

cluster, for example Beckwith-Wiedemann syndrome (Ishida and Moore 2013, Peters 2014). Though 

imprinted genes are undoubtedly important, factors that may affect the imprint and their functional 

effects have been difficult to study. In particular, determining the impact of environmental factors on 

imprinted gene expression and their regulation during development requires animal models in which 

the maternal and paternal allele are distinguishable. Whilst SNP-based approaches and LacZ reporters 

have been used effectively to study allelic expression, they are invasive methods and make longitudinal 

monitoring of imprinted gene expression in subjects difficult if organ specific gene expression changes 

are being monitored for example, the brain or the liver.  
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We sought to produce a system whereby imprinted gene expression can be monitored and quantified in 

vivo in a non-invasive manner. I generated a mouse line with a bioluminescence reporter, firefly 

luciferase, and employed a knock-in strategy in which an endogenous imprinted gene promoter would 

drive expression of the firefly luciferase reporter. Maintaining the entire promoter regulatory region 

adjacent to the luciferase reporter would allow transcription of the reporter to be modulated by 

regulatory elements that might lie at large distances from the coding region of the gene, thus maintaining 

normal gene transcription within the context of the genome. Firefly Luciferases (Fluc) in the presence 

of specific luciferin substrates, oxygen and ATP, catalyses production of oxyluciferin. Light is emitted 

during the reaction and the emitted photons (the bioluminescence signal) can be detected by a cooled 

charge-coupled device (CCD) camera (Nakatsu, Ichiyama et al. 2006, Badr 2014). The distribution of 

the bioluminescence signal generated provides spatial information for the expressed gene within the 

imaged subject.  This strategy was developed to enable us to image and monitor endogenous imprinted 

gene expression and study the tissue and time-specific expression of the gene. Importantly, the 

luciferase reporter would also show parent-of-origin-specific effects. Using this technique, we 

hypothesized that it would be possible to investigate the consequences of environmental insults on the 

imprint in the embryo in utero, non-invasively and in a longitudinal fashion.  

 

As discussed in Chapter 1, Cdkn1c is a maternally expressed imprinted gene lying within the imprinted 

cluster 2 (IC2) on mouse chromosome 7 (Hatada and Mukai 1995). The imprinted domain within which 

Cdkn1c operates is regulated by the imprinting centre KvDMR1, which acquires DNA methylation in 

the maternal germ line and constitutes the gametic DMR. This region spans the promoter of the 

paternally expressed inhibitory long non-coding RNA Kcnq1ot1, which provides imprinting for the 

whole domain (Hatada and Mukai 1995, John and Lefebvre 2011). Additionally, the Cdkn1c gene body 

acquires DNA methylation on the paternal allele post-fertilization, after monoallelic expression has 

been established (Bhogal, Arnaudo et al. 2004).  Cdkn1c encodes a cyclin-dependent kinase inhibitor 

that is expressed during embryogenesis (Lee, Reynisdottir et al. 1995, Matsuoka, Edwards et al. 1995). 

It has an important role in regulating foetal growth and placental development, as well as lineage 
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specific roles such as in brown adipose tissue and skeletal muscle (Andrews, Wood et al. 2007, Tunster, 

Van de Pette et al. 2011, Van De Pette, Tunster et al. 2016). Given the sequelae described on metabolism 

and behaviour that result from a modest dose alteration of this gene (Andrews, Wood et al. 2007, 

McNamara, Davis et al. 2016, Van De Pette, Tunster et al. 2016), Cdkn1c was thought to be an ideal 

candidate to study using allele-specific reporters. Additionally, to determine whether the luciferase 

system could be used to monitor expression of a paternally expressed imprinted gene, a Dlk1 knock-in 

mouse line was also generated and characterised. However most of the experimental work performed 

was focussed on the Cdkn1c mouse lines. 

 

In this chapter I discuss: 

a) The generation of the mouse ESC line and transgenic Cdkn1cFluc mice in which firefly luciferase 

was knocked in at the 3’ UTR of mouse Cdkn1c locus.   

b) The characterisation of the mouse model Cdkn1cFluc to test whether bioluminescence can be 

used to monitor expression of Cdkn1c in embryos, whether this reporter is expressed in a parent-

of-origin manner and whether Cdkn1c transcript and disruption of Cdkn1c expression and 

methylation at DMRs is maintained at wild type levels. 

c) The characterisation of two further mouse lines generated using commercial transgenic 

services: Cdkn1cFlucLacZ and Dlk1FlucLacZ.. In both these transgenic mouse lines, firefly luciferase 

and beta-galactosidase reporters were knocked in at the 3’ UTR and I test:  

i) Whether bioluminescence and LacZ staining can be used to track expression of 

Cdkn1c in the embryo, whether it matches the pattern observed in the Cdkn1cFluc 

mouse line and if both LacZ and luciferase are expressed in a parent-of-origin 

manner. 

ii) Whether bioluminescence and LacZ staining can be used to track expression of 

maternally imprinted Dlk1 in the embryo in the Dlk1FlucLacZ mouse line and if these 

reporters are expressed in a parent-of-origin manner. 

 



140  

4.2  Generation of Cdkn1cFluc  knock-in mice 

To produce a system where Cdkn1c expression can be monitored and quantified in vivo in a non-

invasive manner via bioluminescence imaging, we generated a transgenic mouse cell line in which a 

firefly luciferase reporter was knocked in at the 3’ UTR of endogenous mouse Cdkn1c. To achieve 

stoichiometric translation of firefly luciferase protein and Cdkn1c from the same transcript we employed 

an IRES sequence. The knock-in mouse line, Cdkn1cFluc, was created by homologous recombination of 

a targeting construct in murine embryonic stem cells. The targeting strategy was designed by Dr. 

Rosalind John (Cardiff). As the Cdkn1c 3’ and 5’ homology arms and the IRES-luciferase were in 

separate plasmid vectors, several sub-cloning experiments were performed to generate the final 

targeting vector (Figure 4.1Ai and ii). These are described in Chapter 2, Materials and Methods. The 

final targeting vector comprised of a 2.7 kb 5’ homology arm extending from the restriction site NotI, 

which was 333 bp upstream of exon 1 of the Cdkn1c gene, to the HindIII restriction site in the first part 

of the 3’ UTR within exon 4 (Figure 4.1Bii). This was followed by an IRES sequence and the firefly 

luciferase gene. At the 3’ end of the firefly luciferase gene, a neomycin resistance gene cassette (NeoR) 

was inserted for positive selection. The NeoR cassette was flanked by two loxP sites, enabling later 

removal of the cassette by Cre-recombinase. The 3’ homology arm (2.9kb) followed the neomycin 

resistance gene, extending from the HindIII restriction site in exon 4 of Cdkn1c to a second HindIII 

restriction site 2.9 kb downstream. Also included in this targeting construct was the diphtheria toxin A 

(DT-A) negative selection gene cassette (Figure 4.1Bii).  

 

The final targeting construct was linearized by restriction digestion with EcorV and electroporated into 

E14 mouse embryonic stem cells derived from mouse 129 strain (isogenic to the Cdkn1c homology 

arms cloned in the targeting construct). This was performed by the MRC-LMS Transgenic and 

Knockout Facility. After electroporation, ES cells were cultured in the presence of neomycin to select 

for cells which had undergone random integration or homologous recombination (Figure 4.2A). Some 

random integrands expressing diphtheria toxin (DT-A) did not survive.  After neomycin selection, 151 

surviving ES cell colonies were picked and expanded to undergo screening for homologous integrands.  
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Figure 4.1  Schematic representation of homologous recombination mediated knock-in of IRES-luciferase 
cassette into mouse Cdkn1c and cloning strategy utilised to generate the targeting construct. (Ai) 
Schematic of the plasmid vectors used to generate the targeting construct. The two Cdkn1c homology arms and 
the IRES-luciferase reporter are contained in three separate plasmids respectively. Several subcloning steps were 
required to insert the homology arms and IRES-luciferase into the cloning vector pPGKneobpAloxPPGKDTA, 
containing negative and positive selection markers, DT-A & NeoR. (Aii) Flow chart depicting subcloning steps to 
generate targeting construct. The 2.9 kb Cdkn1c 3’ homology arm was excised from its parent plasmid, pBluescript-
Cdkn1c-3’ by HindIII digestion and cloned into pPGKneobpAloxPPGKDTA vector. The IRES-Luciferase sequence 
(2.3 kb) was amplified by PCR from pMSCV-IRES-Luciferase plasmid and cloned into the pBluescript-Cdkn1c-5’ 
plasmid vector which contained the Cdkn1c 5’ homology arm. The Cdkn1c 5’ homology arm-IRES-Luciferase 
fragment was excised by NotI restriction digest and subcloned into pPGKneobpAloxPPGKDTA-Cdkn1c 3’ vector 
to give the final targeting vector, pPGKneobpAloxPPGKDTA-Cdkn1c-IRES-Luciferase. (Bi) Schematic diagram of 
the wild type Cdkn1c allele. Boxes named E1-E4 represent exons 1-4 of Cdkn1c. Black shaded boxes denote the 
coding region and unshaded boxes represent the untranslated region (UTR) of the exon. (Bii) The targeting vector 
contains an IRES (Internal Ribosomal Entry Site) sequence followed by the firefly luciferase reporter gene. The 
vector has a PGK (phosphoglycerate kinase) promoter-driven neomycin resistance cassette (NeoR) for positive 
selection which is flanked by LoxP sites. There is a DTA (diphtheria toxin A) cassette for negative selection.  The 
IRES-luciferase and the positive selection marker are flanked by Cdkn1c homology arms. The 5’ homology arm 
includes the first three exons of the Cdkn1c gene and the first part of the 3’ UTR of exon 4. It commences from the 
NotI restriction site and extends 2.7kb downstream to the HindIII restriction site. The 3’ homology arm extends from 
the remaining part of the 3’ UTR to 2.9 kb downstream to a second HindIII restriction site. (Biii) Schematic diagram 
of the targeted Cdkn1c allele after homologous recombination. 
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To identify targeted cells, a two-step polymerase chain reaction (PCR) strategy was used in which the 

first set of primers amplify within the transgene IRES-luciferase primer couple 1 (Figure 4.2Ai). As 

these primers amplify a region within the targeting vector, both homologous recombinants and random 

integrantss are detected. This PCR rapidly eliminates all the clones that do not have IRES-luciferase 

either randomly integrated or via homologous recombination and that might have persisted despite 

neomycin selection. Out of 151 clones screened with these primers, 9 ES cell clones amplified the 

450bp product (Figure 4.2Aii). A long-range PCR (LRPCR) was then performed in which the primers 

(primer couple 2) were designed to detect only clones which had undergone homologous recombination, 

the forward primer was designed to prime upstream of the Cdkn1c 5’ homology arm (not in the targeting 

construct) and the reverse primer within the IRES-luciferase transgene (within the targeting construct) 

(Figure 4.2Ai & iii). This strategy ensured that the clones identified with this PCR were homologous 

recombinants with IRES-luciferase targeted at the 3’ UTR of Cdkn1c, as in random integrands the 

primers would not produce amplification. Out of the 9 clones, only 5 clones (A-C8, A-C10, E-C11, E-

F8, E-F9) had evidence of amplification of the 3kb product (Figure 4.2Aii & iii). The 3kb PCR products 

from each clone were gel extracted and sequenced and all were found to have 100% match with the 

reference sequence. Only 3 out 5 ES cell clones with evidence of homologous recombination (A-C8, 

E-C11, E-F9) were found to be karyotypically correct for injection into mouse blastocyst. The neomycin 

resistance cassette was removed via Cre-mediated recombination before ES cells were injected into host 

blastocysts. The blastocysts used for injection were from the C57BL/6J strain. The blastocysts were 

implanted into a pseudopregnant female and the resulting chimera had coat colours which were a mix 

of black and agouti. To ensure that germline transmission had occurred, the chimeras were mated with 

BL6 female, the birth of agouti coated mice pups confirmed germline transmission (Figure 4.2A). 
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Figure 4.2  Schematic of screening strategy for identifying homologous recombinants and generation of 
transgenic mouse model Cdkn1cFluc. The targeting construct was linearised by restriction digest with EcoRV and 
electroporated into ES cells of 129 strain. Antibiotic selection was carried out by growing ES cells with neomycin. 
DTA provided negative selection. Surviving cells were screened for homologous recombinants by using a short 
and long-range PCR strategy. Primer couple 1 amplifies a 450 bp region within the target vector which identifies 
both homologous recombinants and random integrands. Gel electrophoresis photograph shows identification of 9 
clones in which a 450bp product was amplified. These are highlighted by red boxes. The size corresponds to the 
positive control and there was no amplification in the H2O (water) control. A second round of PCR was performed 
with Primer couple 2 which was designed to detect homologous recombinants with the forward primer priming 
upstream of the Cdkn1c 5’ homology arm (not in the targeting construct) and the reverse primer within the IRES-
Luciferase transgene (within the construct). Amplicon size was 3kb. Gel electrophoresis shows identification of 5 
clones in which the 3kb product was identified. These clones were expanded and used for injection into blastocysts 
and generation of chimeras and heterozygous transgenics.Note: Diagram not to scale. 

 

  



144  

4.3  embryoid body differentiation of targeted Cdkn1cFluc ES cells 

Embryonic stem cells, when cultured without leukemia inhibitory factor (LIF) on non-adhesive 

surfaces, form aggregates and differentiate into structures called embryoid bodies (EBs).  These EBs 

resemble early post-implantation embryos and can undergo differentiation and cell specification along 

the three germ lineages: endoderm, ectoderm and mesoderm, which comprise all somatic cell types 

(Kurosawa 2007). Cdkn1c is expressed in derivatives of all three germ layers during embryogenesis 

and in major organs of the body during embryonic development (Lee, Reynisdottir et al. 1995, 

Matsuoka, Edwards et al. 1995, Westbury, Watkins et al. 2001). As ES cells differentiate into embryoid 

bodies, Cdkn1c expression increases from days 7 to 21 (Wood, Hiura et al. 2010).   To investigate 

whether Cdkn1c expression can be measured via bioluminescence signal, targeted ES cells were 

differentiated into embryoid bodies. The bioluminescence signal is quantified as the radiance which is 

the measurement of total photons over the surface area of the imaged individual. The experiment also 

allowed me to also establish whether the targeted cell line had retained its differentiation potential 

following targeting and to assess whether the luciferase reporter is expressed in a parent-of-origin 

manner. As Cdkn1c is maternally expressed, we would expect a bioluminescence signal or luciferase 

expression in targeted ES cells on differentiation only if luciferase is integrated on the maternal allele. 

Targeted ES cell clones (A-C8, E-C11, E-F9) and wild type ES cells (controls) were differentiated into 

embryoid bodies over the course of 21 days. Samples for RNA were taken at days 0, 7, 14 and 21 from 

wild type and targeted ES cells to measure expression of Cdkn1c and luciferase by q-PCR. The culture 

plates of targeted and wild type ES cells were imaged to measure bioluminescence at the same time 

points.  As differentiation took its course, targeted ES cell clones A-C8 and E-F9 showed 

bioluminescence signal upon addition of D- luciferin, suggesting insertion of luciferase reporter into 

the maternal allele (Cdkn1cFluc/wt). In keeping with published expression profile of Cdkn1c on mouse 

ES cell differentiation into embryoid bodies, the bioluminescence signal became detectable at day 7, 

with the signal intensity peaking at day 21. Figure 4.3Ai shows bioluminescence imaging of culture 

plates of ES cell clone A-C8 as it differentiates from day 7 to day 21. Differentiation is accompanied 

by an increase in Cdkn1c expression implying that luciferase expression is coupled to Cdkn1c 
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expression (Figure 4.3Bi & ii). Apart from basal signal observed from the cover of the ES culture plate, 

due to light reflection, wild type ES cells did not display any bioluminescence signal on imaging of 

culture plates (Figure 4.3Aii). There was a similar trend of increase in Cdkn1c expression from day 7 

to 21 of differentiation of wild type ES cells, with no luciferase expression detected in wild type cells 

by q-PCR (Figure 4.3Bi & ii). Targeted ES cell clone E-C11, despite showing a wild type trend of 

increase in Cdkn1c expression during differentiation, did not show expression of luciferase or any 

bioluminescence signal on imaging from day 7 to 21 (Figure 4.3Aiii & Bi-ii). This clone was presumed 

to have insertion of the luciferase reporter in the paternal allele (Cdkn1cwt/Fluc) and the lack of 

bioluminescence signal was consistent with maintenance of the silent imprint. This experiment shows 

that Cdkn1c expression can be monitored by bioluminescence imaging, as the increase in Cdkn1c 

expression during embryoid body differentiation was associated with increase in bioluminescence 

signal and increase in luciferase transcript in Cdkn1cFluc/wt ES cells. Moreover, no bioluminescence 

signal or luciferase expression was detected between days 7 to 21 on differentiation of Cdkn1cwt/Fluc ES 

cells, suggesting parent-of-origin effect.  Also noted was the difference in relative transcript abundance 

of Cdkn1c amongst the three ES cell clones: wild type, Cdkn1cFluc/wt and Cdkn1cwt/Fluc. This is probably 

due to the fact that undifferentiated stem cells are a heterogeneous population and differentiation 

produces equally heterogeneous embryoid bodies differentiating towards different lineages (Graf and 

Stadtfeld 2008). As Cdkn1c is expressed to a variable extent in different lineages, there is a difference 

in Cdkn1c transcript levels on differentiation of the three ES cell clones: wild type, Cdkn1cFluc/wt and 

Cdkn1cwt/Fluc. 
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Figure 4.3  Bioluminescence imaging and q-PCR analysis of embryoid differentiation of targeted and wild 
type ES cells. (A) Bioluminescence imaging of tissue culture plates as embryoid body differentiation proceeds 
from day 0 to day 21. (Ai-iii)   Bioluminescence signal is seen only in embryoid bodies derived from ES cell clone 
Cdkn1cFluc/wt. Also as differentiation proceeds, there is an increase in bioluminescence signal from day 7 to 21. The 
signal is measured as radiance and the scale on the right is a quantification of luminescence. (B) q-PCR analysis 
of Cdkn1c and luciferase during embryoid body differentiation of Cdkn1cwt/wt, Cdkn1cFluc/wt, Cdkn1cwt/Fluc ES cell 
clones. (Bi) As embryoid body formation occurs, Cdkn1c expression rises in all three clones. Although at day 7 the 
graph shows a dip in expression of Cdkn1c in wt cells (Bii) Luciferase is expressed only in the targeted clone 
Cdkn1cFluc/wt. 
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4.4  Characterisation of Cdkn1cFluc knock-in mice 

To determine whether the luciferase reporter can be utilized to study Cdkn1c expression in vivo via 

bioluminescence imaging, mice were generated from targeted ESCs. The following experiments will 

test whether i) we can visualize expression of Cdkn1c via bioluminescence signal non-invasively, ii) 

the luciferase reporter is expressed in a parent-of-origin manner and iii) the Cdkn1cFluc mouse line 

display wild type expression of Cdkn1c.  

 

Transgenic mice were generated from targeted Cdkn1cFluc ES cells and were genotyped using 2 primer 

pairs: primer couple 3 & 4.  Primer couple 3 confirms the presence of DNA in the PCR reaction by 

amplification of CD79b wild type allele on chromosome 11. Primer couple 4 amplifies within the 

knock-in transgene IRES-luciferase (Figure 4.4A). 

 

4.4.1  Firefly Luciferase is expressed in a parent-of-origin specific manner in four-week-

old Cdkn1cFluc knock-in mice 

To test whether bioluminescence can be detected in offspring and to verify that the luciferase reporter 

is expressed in a parent-of-origin manner, female heterozygotes Cdkn1cFluc/wt were crossed with wild 

type males, Cdkn1cwt/wt. At P28, the offspring were administered D-Luciferin and imaged using the in 

vivo imaging system (IVIS) which measures bioluminescence output. As expected, the wild type 

progeny (P28) Cdkn1cwt/wt showed no bioluminescence signal. The heterozygous progeny, Cdkn1cFluc/wt, 

from this cross showed bioluminescence signal in the mandibular region, foot pads, thigh muscles and 

the tail (Figure 4.4B).  However, when a wild type female was crossed with a heterozygous male, 

Cdkn1cFluc/wt, the P28 heterozygous progeny displayed no bioluminescence on imaging with IVIS 

(Figure 4.4C). This showed that maternal inheritance of the luciferase reporter gene results in a 

bioluminescence signal and paternal inheritance does not and demonstrates that luciferase is expressed 

in a parent-of-origin manner in our transgenic mouse model and can be used to determine Cdkn1c 

expression and allelic contribution. Cdkn1c encodes a cyclin-dependent kinase inhibitor predominantly 
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expressed during embryogenesis in a wide range of tissues in terminally differentiated cells, however, 

expression persists into adulthood in some tissues including skeletal muscle in mice (Hatada, Inazawa 

et al. 1996, Matsuoka, Thompson et al. 1996). The bioluminescence signal in Cdkn1cFluc/wt transgenic 

mice is seen in the mandibular, thigh and feet region where there is abundant muscular tissue.  

 

Figure 4.4  Bioluminescence imaging can be used to visualise Cdkn1c expression in vivo at 4 weeks. (A) 
Schematic of genotyping strategy of transgenic mice with multiplex PCR. Primer couple 3 serves as the internal 
control and amplifies wild type Cd79b and Primer couple 4 amplifies within the luciferase transgene (B) 
Bioluminescence signal can be observed when luciferase is inherited maternally in Cdkn1cFluc/wt. Cdkn1c 
expression diminishes postnatally. The signal is localised superficially in the skin, thigh muscles and mandible (C) 

Bioluminescence image of 4-week-old female Cdkn1c
wt/Fluc

 and Cdkn1c
wt/wt

 mice. When luciferase is inherited from 
the father, there is no visible bioluminescence signal in the P28 mice, confirming that the transgene is expressed 
in a parent-of-origin manner. The luminescence scale allows measurement of signal intensity. 
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4.4.2  Firefly Luciferase is expressed in a parent-of-origin specific manner in Cdkn1cFluc 

E11.5 embryos 

Cdkn1c expression is predominantly embryonic (Andrews, Wood et al. 2007). To determine if Cdkn1c 

expression in E11.5 embryos could be visualized via bioluminescence in utero, heterozygous female 

mice were crossed with wild type males. The female heterozygous Cdkn1cwt/Fluc mice were progeny 

from a cross between wild type females and heterozygous males and therefore had luciferase on the 

silenced paternal allele. At E11.5, Cdkn1cwt/Fluc pregnant females were imaged and a strong 

bioluminescence signal emanating from the abdomen was observed. The source of the signal was the 

heterozygous El1.5 embryos within the uterine horn. This can be seen as discrete signals on the maternal 

abdomen (Figure 4.5A). As some of the embryos had inherited the transgene Cdkn1c-IRES-luciferase 

from their mother, embryonic expression of Cdkn1c at E11.5 was accompanied by luciferase expression 

thereby producing a strong bioluminescence signal. Furthermore, we can be sure that the 

bioluminescence signal observed is indeed from the embryos and not from the transgenic female 

(Cdkn1cwt/Fluc) as she had inherited luciferase paternally. Further evidence of parent-of-origin 

expression of luciferase was observed when a wild type Cdkn1cwt/wt female was crossed with a 

Cdkn1cFluc/wt male and the pregnant females were imaged at E11.5. There was no bioluminescence signal 

observed as the heterozygous embryos will have inherited luciferase paternally (Figure 4.5B). 

 

Our transgenic mouse line is on a C57Bl/6 background and the dark colour of hair on these mice 

interferes with collection of maximum bioluminescence signal collection and reduces resolution 

(Sadikot and Blackwell 2008). Some studies have suggested depilation to limit dispersal of signal, but 

depilation triggers the transition from the resting telogen phase to the active anagen phase, and thus a 

transition from light skin to dark skin and therefore cause further hindrance in signal collection (Alonso 

and Fuchs 2006). Figure 4.5Ai demonstrates a pregnant female with a shaved abdomen and there is 

better resolution of the embryos compared to the pregnant female in Figure 4.5Aii due to less scattering 

of the bioluminescence signal. However recurrent depilation can be traumatic and can lead to 

hyperpigmentation and become counterproductive. We therefore opted to not use depilation prior to 
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imaging the mice. Another method used to enable better resolution of the bioluminescence signal and 

to see if IVIS imaging can be used to detect the number and lie of the embryos within the uterine horn 

of the pregnant Cdkn1cwt/Fluc female mouse was Diffuse Light Imaging Tomography or DLIT.  This is 

a 3D bioluminescence imaging module built into the software.  It takes advantage of the fact that in 

tissues the light emitted by the oxidation of the substrate luciferin on expression of the firefly luciferase 

reporter is not monochromatic and has a broad emission spectrum ranging from 540 to 660nm with 

peak being at 660nm. Lights at different wavelengths scatter and attenuate in tissues variably, with red-

shifted wavelengths showing better tissue penetration, so bioluminescence from deeper sources will 

show greater loss of the bluer 540nm signals than the redder 660nm signals. DLIT can determine the 

3D distribution of luciferase activities in the mouse by acquiring a series of 2D bioluminescence surface 

radiance images in 20nm increments between wavelengths 560-640nm. Using the CT data to define 

animal boundaries, the software then reconstructs 3D tomographic image using a light diffusion 

algorithm that models depth localization based on the variations of light signals at different emission 

wavelengths (Kuo, Coquoz et al. 2007). Figure 4.5Ci-v shows sequential 2D bioluminescence surface 

radiance images of the pregnant female Cdkn1cwt/Fluc with different emission filters. Once the 3D 

distribution of luciferase activity produced from the embryos is acquired, the software performs a 3D 

construction of a tomographic image which is able to show where each signal is coming from and from 

what depth (Figure 4.5Cvi-ix). This construction hinges on the fact that each embryo in the uterine 

horn is lying at a slightly different depth and angle, and therefore produces variances in the light signal 

and emission wavelength. Figure 4.5Cix shows four isolated signals suggesting four embryos. On 

extrication of embryos from the uterine horn and genotyping, four transgenic embryos were identified. 
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Figure 4.5  Bioluminescence imaging of pregnant transgenic mice at E11.5. (Ai & ii) Bioluminescence activity 
can be detected in pregnancies with maternal inheritance of luciferase in utero. The pregnant female with paternally 
inherited luciferase was crossed with a wild type male and imaged 11.5 days into her pregnancy. The 
bioluminescence signal seen from pregnant female is from the litter as the luciferase gene in the mother is on the 
silenced allele. (Bi & ii) On inheritance of luciferase gene paternally, no bioluminescence activity can be detected 
in the embryos in utero. (Ci-ix) Diffuse luminescent imaging tomography (DLIT) of transgenic embryos in utero. 
DLIT allows calculation of bioluminescence signal depth and intensity and improves spatial resolution of the image. 
This therefore allows estimation of number of embryos present in the pregnant uterus when luciferase is inherited 
maternally by the embryos. The luminescence scale allows a measure of signal intensity.  
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Next, I wanted to determine if bioluminescence seen in embryos at stage E11.5 is in the pattern of 

Cdkn1c expression at that embryonic stage. Heterozygous Cdkn1cwt/Fluc females crossed with wild type 

males were administered D-Luciferin at E11.5. Ten minutes after substrate administration, the female 

mouse was culled, and the embryos were dissected from the uterine horn and placed in a 24 well dish 

containing PBS buffer. The embryos and placentae were then imaged. Individual embryo yolk sacs 

were used for genotyping. The pattern of bioluminescence obtained on imaging representative E11.5 

Cdkn1cFluc/wt and wild type embryos and placentae can be seen in Figure 4.6Ai & ii.  

 

Protein localization studies in mouse embryos performed by Westbury et al. have shown that at E11.5 

Cdkn1c stains neural tissues, Rathke’s pouch and the infundibulum, which become the pituitary. Cdkn1c 

is also found in lung columnar cells of the major bronchi, cardiac cells and the aorta (Westbury, Watkins 

et al. 2001). A similar pattern of expression was demonstrated at E12.5 in skeletal and cardiac muscle, 

cartilage, developing pituitary and neuronal tissue (Andrews, Wood et al. 2007). Cdkn1c is expressed 

strongly in the limb bud at E11.5. Epithelial staining for Cdkn1c was found especially at the apical 

ectodermal ridge (AER) which maintains proximal-distal elongation of the limb. As seen in Figure 

4.6Aii, there is a strong bioluminescence signal seen in the imaged Cdkn1cFluc/wt embryo in regions 

corresponding to tissues where Cdkn1c expression has been demonstrated at this embryonic stage i.e. 

dorsal brain, pituitary, heart, lung, developing limbs and cartilage. There is no bioluminescence signal 

seen in the Cdkn1cFluc/wt E11.5 placenta due to limited expression of Cdkn1c in the placenta by this stage 

of embryonic development (Westbury, Watkins et al. 2001, Saunders, McGonnigal et al. 2016). The 

pattern of bioluminescence signal observed in E11.5 Cdkn1cFluc/wt embryos and placentae was replicated 

in embryos of the same genotype across litters (12/12). When luciferase is inherited paternally, the 

E11.5 embryos do not show any bioluminescence (Figure 4.6Bii). This was again replicated in all 

embryos of the same genotype, Cdkn1cwt/Fluc (7/7).  

  



153  

 

Figure 4.6  Bioluminescence imaging of transgenic and wild type E11.5 embryos.  (Ai) Wild type embryo and 
placenta display no bioluminescence signal. (Aii) E11.5 embryos which inherit luciferase from their mother 
(Cdkn1cFluc/wt) display signal ex vivo in the dorsal brain and caudally. There was no signal observed in transgenic 
placenta. (Bi) As expected, there was no bioluminescence observed in wild type embryos. (Bii) E11.5 embryos 
which inherit luciferase paternally (Cdkn1cwt/Fluc) do not show any bioluminescence signal due to the imprinted 
expression of the transgene. Luminescence is measured in radiance and scale allows a measure of signal intensity. 

 

Table 4.1 shows the flux (average radiance integrated over the region of interest) in photons per second 

generated on bioluminescence imaging of wild type, Cdkn1cFluc/wt and Cdkn1cwt/Fluc embryos.  There is 

considerably more flux observed in embryos which have inherited luciferase maternally than paternally 

demonstrating parent-of-origin expression of luciferase.  

Genotype Number of Embryos Signal+ Embryos 
Flux ± S.E 

(p/sec) 

Cdkn1cFluc/wt 12 12 1,296,950±118,104 

Cdkn1cwt/Fluc 7 0 38,211±6,897 

Cdkn1cwt/wt 17 0 91,47±34,32 

Table 4.1  Number and genotype of Cdkn1cFluc embryos imaged and the mean flux represented in photons 
per second 
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4.4.3  Molecular characterisation of Cdkn1cFluc knock-in mice 

Cdkn1c encodes an embryonic cyclin-dependant kinase inhibitor that acts to negatively regulate cell 

proliferation. Andrews et al., have shown that growth is exquisitely sensitive to Cdkn1c dosage. The 

group characterized the phenotype of mice carrying different copy number integrations of a bacterial 

artificial chromosome spanning Cdkn1c. Two-fold increase in Cdkn1c in a subset of tissues led to 10–

30% reduction in embryonic weight. Conversely, loss of expression of Cdkn1c resulted in embryos that 

were 11% heavier (Andrews, Wood et al. 2007). Therefore, if the knock-in of IRES-Luciferase has 

disrupted imprinted expression of Cdkn1c, a growth phenotype should be apparent. To determine 

whether the transgene IRES-Luciferase had caused any disruption in the endogenous Cdkn1c gene, 

embryos and placentae were harvested at E11.5 across four separate litters and weighed. Figure 4.7Ai 

shows there is no difference in weight between the wild type and the knock-in embryos: Cdkn1cwt/Fluc 

and Cdkn1cFluc/wt, suggesting that there was no significant interruption to the Cdkn1c gene in the knock-

in mouse line to induce functional loss. Furthermore, no differences were found between placental 

weight of wild type and knock-in embryos (Figure 4.7Aii). To check whether the transgenic Cdkn1cFluc 

mouse line maintained wild type levels of Cdkn1c transcript and to ensure that the presence of the 

transgene had not affected endogenous Cdkn1c expression, q-PCR analysis was performed. 

Amplification with a primer set spanning Cdkn1c exon 3 of embryonic (E11.5) whole brain samples 

showed no difference in Cdkn1c transcript between the heterozygotes (Cdkn1cwt/Fluc and Cdkn1cFluc/wt) 

and wild type mice. Furthermore, luciferase transcript was detected only in Cdkn1cFluc/wt embryonic brain 

(Figure 4.7Bi-ii). On Western blot analysis of embryonic (E11.5) brain tissue lysates CDKN1C protein 

levels in the heterozygotes were similar to that of wild type (Figure 4.7C). Bisulfite analysis of the two 

differentially methylated regions associated with maintaining the imprinted status of Cdkn1c, gametic 

DMR (KvDMR1) and the somatic sDMR, showed similar DNA methylation patterns in brains of 

Cdkn1cFluc/wt and wild type embryos (E11.5) as shown in Figure 4.8Ai-ii & Bi-ii. Collectively these data 

suggest that, in our transgenic mouse model Cdkn1cFluc, luciferase accurately reports Cdkn1c expression 

without impairment of methylation or regulation of the endogenous locus. 
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Figure 4.7  Molecular characterisation of transgenic Cdkn1cFluc mice. (Ai-ii) Graph showing average weight 
of E11.5 embryos and placentae of all three genotypes (n=10 each). There is no significant difference in embryonic 
and placental weight between transgenic and wild type embryos. (Bi-ii) q-PCR of Cdkn1c and luciferase in brain 
tissue at E11.5 for Cdkn1cFluc/wt, Cdkn1cwt/wt, Cdkn1cwt/Fluc. Cdkn1c levels were normalised against reference gene 
beta-actin. There is no significant difference in endogenous Cdkn1c in wild type and knock-in embryos. Luciferase 
was found to be expressed only in Cdkn1c Fluc/wt embryos. (C) Western blot analysis of tissue lysates of E11.5 
embryonic brain from knock-in and wild type mice. Laminin was used as a control. There is no difference in intensity 
in the bands amongst samples from the wild type and the knock-ins. 
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Figure 4.8  Methylation analysis of the gametic DMR (KvDMR1) and secondary Cdkn1c somatic DMR in 
E11.5 embryo brain of Cdkn1cwt/wt and Cdkn1cFluc/wt mouse. (Ai & ii) Schematic of mouse imprinting domain 
KvDMR1 (gametic DMR) is represented by black rectangular box. Red box indicates the region that was analysed. 
Bisulfite analysis shows DNA methylation at KvDMR1 is similar in Cdkn1cwt/wt and Cdkn1cFluc/wt embryos at E11.5. 
(Bi & ii) Schematic of Cdkn1c locus with somatic Cdkn1c DMR represented by black rectangular box. Red box 
indicates the region analysed. Bisulfite sequencing shows no difference in DNA methylation at the somatic DMR 
in wild type (Cdkn1cwt/wt) and knock-in (Cdkn1cFluc/wt) embryonic brain at E11.5 (closed circles, methylated 
cytosines; open circles, unmethylated cytosines, where number indicates fully unmethylated strands).  
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4.5  Characterisation of Cdkn1cFlucLacZ knock-in mice 

In addition to the Cdkn1cFluc   knock-in mouse line, a second reporter mouse line was designed and 

generated commercially by Taconic Biosciences. In this mouse line both firefly luciferase and beta-

galactosidase (LacZ) were inserted in the 3’UTR at the end of the coding sequence of exon 3 of Cdkn1c 

and under the control of the endogenous Cdkn1c promoter. To allow for co-expression of Cdkn1c, firefly 

luciferase and beta-galactosidase T2A peptide sequences preceded firefly luciferase and beta- 

galactosidase sequences. The T2A sequence is an alternative to IRES sequences and codes for small 

peptides which allow equimolar levels of multiple genes from the same mRNA to be expressed (Figure 

4.9Aii). A puromycin resistance (PurR) cassette was inserted for positive selection. The background 

strain of this mouse line was also different from Cdkn1cFluc transgenic mice. Targeted ES cells were 

from a C57BL/6NT background and were injected into BALB/c blastocysts. After recovery, injected 

blastocysts were transferred into the uterine horns of pseudopregnant females from an NMRI strain. 

Chimerism was measured by coat colour contribution of ES cells to BALB/c host (black/white). Highly 

chimeric mice were bred to strain C57BL/6 females. The C57BL/6 were mated with Cre-deleter to 

remove the antibiotic resistance gene in the construct. Germline transmission was identified by the 

presence of black coated offspring (C57BL/6 strain).  

 

In this section, I describe the characterization of the Taconic knock-in mouse line, Cdkn1cFlucLacZ. The 

experiments aim to establish whether a) Cdkn1c expression in adult and embryonic mice can be 

monitored via bioluminescence-based imaging in Cdkn1cFlucLacZ  transgenic mice and whether it is not 

only consistent with the published expression patterns of  Cdkn1c but is similar to the pattern observed 

in the transgenic mouse line Cdkn1cFluc,  b) Firefly luciferase and LacZ activity  in the transgenic mouse 

line, Cdkn1cFlucLacZ, are regulated by genomic imprinting i.e. luciferase and LacZ are expressed only 

when inherited maternally, (c) resetting of imprints at subsequent generations can be imaged using 

bioluminescence in this transgenic mouse model, (d) Cdkn1c transcripts in Cdkn1cFlucLacZ  mice are 

expressed at wild type levels and to ensure that methylation patterns at both somatic and gametic DMRs 

in the transgenics match those of their wild type counterparts. 
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4.5.1  Firefly Luciferase is expressed in a parent-of-origin-specific manner in four-week-

old   Cdkn1cFlucLacZ transgenic mice  

To test whether bioluminescence is observed in offspring, female heterozygous Cdkn1cFlucLacz/wt mice 

were crossed with wild type males Cdkn1cwt/wt. The offspring were genotyped using primer couple 3 

and 4 (Figure 4.9A). The mice were imaged at four weeks (P28) after administration of D-Luciferin. 

Four-week old heterozygous progeny from the cross between female Cdkn1cFlucLacZ/wt and male 

Cdkn1cwt/wt show restricted bioluminescence: in the mandibular muscles, foot pads, thigh muscles and 

the tail, in the same pattern and distribution as Cdkn1cFluc/wt mice at P28 (Figure 4.Bi-ii).  However, the 

peak radiance observed in the Cdkn1cFluc/wt 4 week old is a third of that observed in the Cdkn1cFlucLacZ/wt 

P28 mouse. No bioluminescence signal is evident in 4-week-old Cdkn1cwt/FlucLacZ mice, as they inherit 

the FlucLacZ transgene from the father or wild types (Figure 4.9Biii-iv). These results show that 

bioluminescence signal observed in the knock-in mouse line Cdkn1cFlucLacZ is in a similar pattern as the 

knock-in mouse line Cdkn1cFluc in P28 mice. The bioluminescence signal is only seen when it is 

inherited from the mother, demonstrating that luciferase is expressed in a parent-of-origin-specific 

manner in the Cdkn1cFlucLacZ   mouse line. 
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Figure 4.9  Bioluminescence can be used to visualise Cdkn1c expression in vivo at 4 weeks. (Ai) Schematic 
representation of the construct used to generate the Cdkn1cFlucLacZmouse line. (Ai & ii) Schematic of genotyping 
strategy of transgenic mice with multiplex PCR. Primer couple 1 amplifies within the luciferase transgene and 
primer couple 2 serves as the internal control and amplifies Cd79b. (Bi & ii) Bioluminescence signal can be 
observed when luciferase is inherited maternally in P28 Cdkn1cFlucLacZ/wt mice. The signal is localised superficially 
in the skin and muscle. (Biii) There is no detectable bioluminescence in wild type mice. (Biv) No bioluminescence 
was observed in P28 Cdkn1cwt/FlucLacZ mouse, confirming that luciferase is expressed in an imprinted fashion. The 
luminescence scale allows a measure of signal intensity.  
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4.5.2  Firefly Luciferase and LacZ are expressed in a parent-of-origin-specific manner in 

Cdkn1cFlucLacZ E11.5 embryos 

Heterozygous adult female Cdkn1cwt/FlucLacZ mice were crossed with wild type males and at E11.5 the 

pregnant females were imaged. As observed in bioluminescence imaging of pregnant Cdkn1cwt/Fluc 

females at E11.5 after being crossed with wild type males, widespread embryonic expression of Cdkn1c 

is reflected by strong bioluminescence signal emanating from the abdomen of Cdkn1cwt/FlucLacZ pregnant 

females. (Figure 4.10Ai). As demonstrated previously, since the Cdkn1cwt/FlucLacZ pregnant female has 

inherited luciferase paternally, the three discrete regions of bioluminescence signal we see are from 

Cdkn1cFlucLacZ/wt embryos in utero.  To check for maintenance of parent-of-origin-specific expression of 

luciferase during pregnancy in the Cdkn1cFlucLacZ knock-in mouse line, wild type females were crossed 

with heterozygous Cdkn1cFlucLacZ/wt males and imaged at E11.5. No bioluminescence signal is seen, as 

the embryos in utero have inherited luciferase paternally (Figure 4.10Aii).  

 

Figure 4.10Bi-ii shows E11.5 embryos from the cross between a Cdkn1cwt/FlucLacZ female and a wild 

type male. As before, the pregnant dam was administered D-Luciferin at E11.5. Ten minutes after 

substrate administration, the pregnant female was culled and the embryos were dissected from the 

uterine horn and placed in a culture dish with PBS buffer.  The embryos and the placentae were then 

imaged. There was no bioluminescence observed in the wild type embryo and placenta as expected. The 

CdkncFlucLacZ/wt E11.5 embryos showed bioluminescence signal in a distribution in keeping with Cdkn1c 

expression i.e. dorsal brain, limb bud and developing cartilage (Westbury, Watkins et al. 2001). The 

distribution of the bioluminescence signal is also consistent with that observed in E11.5 Cdkn1cFluc/wt 

embryos. Some signal was detected in placentae. As discussed, Cdkn1c is expressed in the placenta as 

early as E8.5 but by E12.5 Cdkn1c expression in mouse placenta is less confluent (Saunders, 

McGonnigal et al. 2016). No bioluminescence signal was observed in Cdkn1cwt/FlucLacZ E11.5 embryos 

and placentae, demonstrating that luciferase is expressed in an imprinted fashion in Cdkn1cFlucLacz 

embryos. No signal was present in wild type embryos (Figure 4.10Biii-iv).   
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Figure 4.10  Endogenous imprinted Cdkn1c expression can be visualised in E11.5 Cdkn1cFlucLacZ embryos 
using bioluminescence imaging (Ai) Bioluminescence activity can be detected in embryos with maternal 
inheritance of luciferase (Cdkn1cFlucLacZ/wt) in utero. Bioluminescence is emanating from the transgenic litter as the 
mother is Cdkn1cwt/FlucLacZ. (Aii) When luciferase is inherited paternally by E11.5 embryos (Cdkn1cwt/FlucLacZ) no 
bioluminescence activity can be detected from the embryos in utero. (Bi) Wild type E11.5 embryo and placenta 
display no bioluminescence. (Bii) E11.5 Cdkn1cFlucLacZ/wt embryo which has inherited luciferase from its mother 
displays bioluminescence signal ex vivo in the dorsal brain and caudally. Bioluminescence is also observed in the 
placenta where Cdkn1c is expressed in restricted cell types at E11.5. (Biii-vi)  E11.5 embryos which inherit 
luciferase paternally do not show any bioluminescence signal due to the imprinted expression of the transgene. 
(C) Quantification of luciferase activity in Cdkn1cwt/wt, Cdkn1cFlucLacZ/wt and Cdkn1cwt/FlucLacZ measured in flux. 
Luminescence scale allows a measure of signal intensity.  
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The bioluminescence signal or flux (photons/second) in Cdkn1cFlucLacZ/wt, Cdkn1cwt/FlucLacZ and 

Cdkn1cwt/wt in E11.5 embryos ex vivo was quantified and, as shown in Table , there was a 96 fold 

amplification in photon emission from embryos with Cdkn1cFluclacZ/wt genotype as compared with 

Cdkn1cwt/FlucLacZ or wild type embryos. 

Genotype Number of Embryos Signal+ Embryos 
Flux ± S.E 

(p/sec) 

Cdkn1cFlucLacZ/wt 14 14 2,075,500±109,944 

Cdkn1cwt/FlucLacZ 10 0 21,698±6,699 

Cdkn1cwt/wt 26 0 13,319±6,518 

Table 4.2  Number and genotype of Cdkn1cFlucLacZ embryos imaged and the mean flux represented in 
photons per second 

 

In addition to the luciferase reporter gene, the Cdkn1cFlucLacZ knock-in mouse line contains a 

−galactosidase reporter under the control of the Cdkn1c promoter. LacZ staining of E11.5 

Cdkn1cFlucLacZ/wt embryos demonstrated a staining pattern similar to that of the bioluminescence signal 

and expected expression pattern of Cdkn1c in embryonic mice. Even though the resolution obtained 

was poor, Figure 4.11Ai shows a dark blue staining in the dorsal brain developing limb bud and 

cartilage. No staining was detected in Cdkn1cwt/FlucLacZ embryos confirming that the −galactosidase 

reporter is expressed in a parent-of-origin manner. 

 

 To improve resolution the Photonics group at Imperial College (Professor Paul French) performed 

optical projection tomography (OPT) to look at the distribution of the LacZ staining in Cdkn1cFlucLacZ/wt 

embryos. As seen in Figure Bi, the light absorbance pattern (green) seen in theCdkn1cFlucLacZ/wt embryo 

after OPT shows a similar distribution pattern to that previously seen by bioluminescence imaging.  

There is no staining detected in the Cdkn1cwt/FlucLacZ embryos by this sensitive approach, confirming 

global repression of the paternal allele at this time-point. The absorbance seen in the eyes of the knock-

ins and the wild type embryos is an artefact, resulting of light reflected from the lens. 
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Figure 4.11  Endogenous imprinted Cdkn1c expression can be visualised in E11.5 Cdkn1cFlucLacZ embryos 
using LacZ staining and optical projection tomography. (A) LacZ staining of E11.5 Cdkn1cFlucLacZ embryos. 
(Ai) Staining was observed in the cartilage, spine and hind brain in Cdkn1cFlucLacZ/wt embryos. (Aii-iii) No staining 
is detectable in wild type and Cdkn1cwt/FlucLacZ embryos. (B) Optical Projection Tomography (OPT) of LacZ stained 
E11.5 Cdkn1cFlucLacZ embryos. (Bi) Absorbance (green) was measured in the developing cartilage, spine and hind 
brain in Cdkn1cFlucLacZ/wt embryos. The absorbance seen in the eye is due to reflection of light from the lens and is 
artefactual. (Bii-iii) Apart from absorbance seen in the eye no absorbance is seen in Cdkn1cwt/wt and 
Cdkn1cwt/FlucLacZ embryos. 

 

4.5.3  Molecular Characterisation of Cdkn1cFlucLacZ knock-in mice 

 Quantitative PCR (q-PCR) analysis of Cdkn1c in E11.5 brain showed similar levels of total Cdkn1c 

transcripts in Cdkn1cFlucLacZ heterozygotes and wild type mice. This suggests that reporter integration 

has not significantly altered Cdkn1c transcript abundance. Luciferase transcript was only detected in 

Cdkn1cFlucLacZ/wt embryonic brain (Figure 4.14A). Methylation at the gametic and somatic DMRs of 

Cdkn1c in E11.5 embryonic brain tissues of Cdkn1cFlucLacZ/wt and wild type mice was determined by 

bisulfite sequencing. Figures 4.12 Bi-ii & Ci-ii shows no difference in methylation at the gametic and 

somatic DMRs between the knock-in and wild type embryos.  
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Figure 4.12  Molecular characterisation of Cdkn1cFlucLacZ knock-in mice. (A) q-PCR of Cdkn1c and luciferase 
in brain tissue at E11.5 in Cdkn1cFlucLacZ/wt, Cdkn1cwt/wt, Cdkn1cwt/FlucLacZ embryos. (Ai) Cdkn1c levels were 
normalised against the reference gene beta-actin. There was no significant difference in endogenous Cdkn1c in 
wild type and knock in embryos. (Aii) Luciferase was found to be expressed only in Cdkn1c FlucLacZ/wt embryos. (B) 
Methylation analysis of the gametic DMR (KvDMR1) and secondary Cdkn1c somatic DMR in E11.5 embryo brain 
of Cdkn1cwt/wt and Cdkn1cFlucLacZ/wt mice. Schematic of mouse imprinting domain KvDMR1 (gametic DMR) is 
represented by black rectangular box. Red box indicates the region that was analysed. (Bi & ii)  Bisulfite analysis 
shows DNA methylation at KvDMR1 is similar in Cdkn1cwt/wt and Cdkn1cFlucLacZ/wt embryos at E11.5. (C) Schematic 
of Cdkn1c locus with somatic Cdkn1c DMR represented by black rectangular box. Red box indicates the region 
analysed. (Ci & ii) Bisulfite sequencing shows no difference in DNA methylation at the somatic DMR in wild type 
(Cdkn1cwt/wt) and transgenic (Cdkn1cFlucLacZ/wt) embryonic brain at E11.5 (closed circles, methylated cytosines; open 
circles, unmethylated cytosines, where number indicates fully unmethylated strands).   
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Collectively these  data demonstrate that the Cdkn1cFlucLacZ knock-in mice have wild type levels of 

Cdkn1c transcript. I have shown that the methylation marks that confer imprinted status to the Cdkn1c 

locus also show a wild type pattern in the knock-in mice. Both bioluminescence signal and LacZ staining 

patterns overlap and are visible in Cdkn1cFlucLacZ/wt E11.5 embryos where Cdkn1c expression is expected 

at that time point of development. Moreover, both reporters, as they are under the control of the Cdkn1c 

promoter, are expressed in a parent-of-origin manner. 

 

4.5.4  Imprinted Cdkn1cFlucLacZ Expression is Appropriately Reset in the Germline 

For correct expression of imprinted genes, imprints need to be reset at each new generation. During 

embryogenesis existing imprints at corresponding ICRs are erased and de novo imprints, according to the 

sex of the developing germ cells, are acquired. Subsequently, these imprints are maintained from the 

zygote to all somatic tissues (Arnaud 2010, Bartolomei and Ferguson-Smith 2011).  

To determine if erasure and resetting of imprints occurred normally in the knock-in mice and could be 

tracked using the luciferase reporter system in the Cdkn1cFlucLacZ mouse line, bioluminescence was tracked 

in reciprocal genetic crosses of Cdkn1cFlucLacZ and wild type mice across generations F1 to F3 (Figures 

4.13Ai &Bi). Bioluminescence activity tracked across three generations revealed that allelic silencing of 

the Cdkn1cFlucLacZ transgene is reversed through maternal transmission and re-established on paternal 

transmission. As shown in Figure 4.13Aii-iii, an 8-week year old Cdkn1cwt/FlucLacZ female mouse (F2) 

displays no bioluminescence on imaging as the luciferase reporter is inherited paternally and is therefore 

repressed. However, when the female is crossed with a wild type male, some of the resulting embryos and 

placentae (F3) display bioluminescence, even though the luciferase reporter had been silent in the previous 

generation. Conversely on imaging an 8-week year old male Cdkn1cFlucLacZ/wt knock-in mouse (F2) 

bioluminescence signal can be detected as the luciferase reporter has been inherited maternally. When this 

male is crossed with wild type females, heterozygous E14.5 embryos (F3) display no bioluminescence 

signal having inherited the luciferase reporter paternally (Figure 4.13Bii-iii). This shows that parent-of-

origin-specific resetting of Cdkn1c at each generation can be imaged using bioluminescence.  
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Figure 4.13  Luciferase is expressed in the predicted parent-of-origin-specific expression as Cdkn1c 
through multiple generations in the Cdkn1cLuc-LacZ mouse line. (Ai) Schematic representation of crosses 
performed to demonstrate imprint resetting through generations when a wild type female is crossed with 
Cdkn1cwt/FlucLacZ male. (Aii) Bioluminescence image of 8-week-old F2 Cdkn1cwt/FlucLacZ female. There is no signal 
detected as luciferase is inherited paternally. (Aiii) However, bioluminescence is detectable in the F3 generation 
upon maternal inheritance of luciferase even though it had been silent previously with strongest signal detected in 
the head. (Bi) Schematic representation of crosses performed to demonstrate imprint resetting through generations 
when a Cdkn1cwt/FlucLacZ female is crossed with a wild type male. (Bii) Bioluminescence image of 8-week-old 
Cdkn1cFlucLacZ/wt male (F2). Bioluminescence signal is detectable as luciferase was inherited maternally even 
though it was silent in the F1 generation. (Biii) There is no bioluminescence detectable in the subsequent F3 
generation as paternal inheritance of luciferase silences the previously active luciferase gene.  

 

4.6  Characterising Dlk1FlucLacZ knock-in mice 

 To explore if bioluminescence imaging could be used to monitor gene expression in another imprinted 

gene, we created a mouse line with firefly luciferase and beta galactosidase (Taconic Biosciences) 
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knocked in at paternally expressed, Dlk1. The targeting construct was designed to insert the transgene 

FlucLacZ in the 3’ UTR at exon 5 of Dlk1 under the control of endogenous Dlk1. To allow for 

coordinated expression of Dlk1, firefly luciferase and LacZ, T2A peptide sequences preceded the firefly 

luciferase and beta galactosidase sequences (Figure 4.14A). A puromycin resistance cassette was used 

for positive selection of targeted ES cells. Targeted ES cells from C57BL/6NT background were 

injected into BALB/c (black albino) blastocysts. The blastocysts were transferred into pseudopregnant 

NMRI females. Chimeras were detected by coat colour contribution of ES cells to the BALB/c host 

(black/white). Highly chimeric mice were bred to C7BL/6 females. Puromycin resistance cassette was 

removed by mating with Cre-deleter mutant mice. Germline transmission was identified by the presence 

of black coated offspring (C57BL/6 strain). However, the mice were maintained on a BALB/c 

background, so the transgenic mice had white coats. 

 

4.6.1  Firefly Luciferase and LacZ expression in the Dlk1FlucLacZ knock-in mouse line 

Dlk1FlucLacZ mice were generated from targeted ESCs to test whether bioluminescence could be observed 

in offspring in the pattern that Dlk1 is expressed for that stage of development. Wild type Dlk1wt/wt 

female mice were crossed with Dlk1wt/FlucLacZ males. On imaging pregnant wild type females at E11.5, 

widespread bioluminescence signal was seen emanating from the abdomen of Dlk1wt/wt pregnant females 

(Figure 4.14Bi). Dlk1 is expressed predominantly from the paternal allele and the bioluminescence 

signal observed is from the embryos, as they have inherited luciferase from their heterozygous father. 

When 8-week-old Dlk1FlucLacZ/wt females were crossed with wild type males and imaged at E11.5, low 

level bioluminescence signal was detected despite inheritance of firefly luciferase maternally.  There 

was no bioluminescence observed on imaging the 8-week old Dlk1FlucLacZ/wt female prior to the 

pregnancy, suggesting the bioluminescence signal was being produced by the embryos.   Dlk1 at certain 

stages of embryonic development has been shown to be biallelically expressed in some cell niches 

(Schmidt, Matteson et al. 2000, Takada, Paulsen et al. 2002, da Rocha, Tevendale et al. 2007, Sato, 

Yoshida et al. 2011) and the bioluminescence signal observed may be from embryonic tissue where 

luciferase expression is occurring from the maternal allele (Figure 4.14Bii).  
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E11.5 Dlk1wt/FlucLacZ embryos were imaged, as before, to verify whether the bioluminescence signal was 

in keeping with expression patterns of Dlk1 described at this stage of development. Falix et al., by 

performing immunohistochemistry of mouse embryonic tissue between E11 and E16, have 

demonstrated DLK1 protein in vertebrae, sternum, muscle, mesenchyme of pancreas, lung, liver and 

salivary glands. The liver, pancreas, cartilage and pituitary were found particularly to display intense 

staining for DLK1 protein at E10 (Falix, Tjon-A-Loi et al. 2013).  The expression pattern observed by 

Falix et al. correlates well with reported expression of Dlk1 mRNA. Dlk1 was detected in the endothelial 

cells lining the embryonic vasculature of the placental labyrinth but all other placental cells including 

the trophoblast derivatives were Dlk1 negative (Yevtodiyenko and Schmidt 2006). The pattern of 

bioluminescence in the knock-in embryos corresponds well with published expression of Dlk1 in 

embryos, however, no bioluminescence signal is observed cranially to account for expression in the 

pituitary and this may be due to expression being limited to the infundibulum in select cells or the 

technique lacking sufficient sensitivity to differentiate small cell populations. There is limited 

bioluminescence observed in the transgenic placenta, in keeping with confined expression of Dlk1 in 

placental vasculature (Figure 4.14Biii-iv). On conducting bioluminescence imaging of Dlk1FlucLacZ/wt 

E11.5 embryos, bioluminescence was observed in the abdominal and spinal region suggesting that 

luciferase is expressed from the maternal allele in these mice. No bioluminescence was observed in 

wild type embryos. (Figure 4.14Bv-vi).  

LacZ staining of E11.5 Dlk1wt/FlucLacZ embryos was performed and, as seen in Figure 4.14Ci, blue 

staining is seen in abdominal organs, cartilage in the spine and in the developing brain. This is in 

keeping with established expression of Dlk in embryos at E11.5 and the bioluminescence signal 

observed. On performing LacZ staining of Dlk1FlucLacZ/wt embryos, the blue stain localises near the liver 

and the spinal cartilage in keeping with the bioluminescence signal. LacZ staining was also observed in 

the brain (Figure 4.14Ciii). This suggests biallelic expression of Dlk1 in certain tissues during 

embryonic development. This observation is not without precedent as previous studies have reported 

maternal expression of Dlk1 in mesoderm derivatives and niche astrocytes (Takada, Tevendale et al. 

2000, da Rocha, Tevendale et al. 2007, Mirshekar-Syahkal, Haak et al. 2013).   
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Figure 4.14 Endogenous Dlk1 can be visualised in E11.5 Dlk1FlucLacZ embryos using bioluminescence 
imaging and LacZ staining. (A) Schematic of Dlk1FlucLacZ knock in allele. (Bi) Bioluminescence image of wild type 
pregnant female at E11.5 mated with a Dlk1wt/FlucLacZ male. Bioluminescence activity can be detected from the 
embryos with paternal inheritance of luciferase in utero. The source of bioluminescence activity are the embryos 
as the mother is wild type. (Bii) Bioluminescence image of Dlk1wt/FlucLacZ pregnant female at E11.5 mated with a 
Dlk1wt/wt male. Restricted bioluminescence activity can be detected from the embryos with maternal inheritance of 
luciferase in utero. (Biii-iv) E11.5 Dlk1wt/FlucLacZ embryos that inherit luciferase paternally display bioluminescence 
predominantly in the abdominal and spinal regions. Bioluminescence is also observed in the placenta where Dlk1 
is expressed in restricted cell types at E11.5. (Bv-vi) The wild type embryo displays no bioluminescence as 
expected and there is restricted bioluminescence signal in the Dlk1FlucLacZ/wt E11.5 embryo. (C) LacZ staining of 
E11.5 Dlk1FlucLacZ embryos. (Ci) Blue staining is observed in the abdomen, cartilage and midbrain upon paternal 
inheritance of LacZ. (Cii) No staining is seen in wild type embryos. (Ciii) Blue staining was observed in the spinal 
cartilage and abdomen in Dlk1FlucLacZ/wt embryos.  
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4.6.2  Molecular Characterisation of Dlk1FluLacZ transgenic mice. 

To check whether the Dlk1FlucLacZ mouse line maintained wild type levels of Dlk1 transcript and that the 

presence of the firefly luciferase and beta-galactosidase reporters had not affected endogenous Dlk1 

expression, q-PCR analysis was performed. In E11.5 whole brain samples no difference in Dlk1 

transcript was seen between the heterozygotes (Dlk1wt/FlucLacZ and Dlk1FlucLacZ/wt) and wild type mice 

(Figure 4.15Ai). Furthermore, luciferase transcript was not detected in wild type Dlk1wt/wt E11.5 

embryonic brain. Consistent with our observation of bioluminescence when luciferase is inherited 

maternally, in E11.5 embryos luciferase transcript was detected in Dlk1FlucLacZ/wt embryonic brain. This 

reflects expression of Dlk1 from the maternal allele as well as the paternal allele to a small degree in 

certain tissues during development (Figure 4.15Aii). 

 

Figure 4.15  Dlk1 transcript analysis in E11.5 embryo brain of Dlk1FlucLacZ mice. (Ai-ii) Quantitative RT PCR 
of Dlk1 and luciferase in brain tissue at E11.5 for Dlk1FlucLacZ/wt, Dlk1wt/wt, Dlk1wt/FlucLacZ. Dlk1 levels were normalised 
against reference gene beta-actin. Luciferase was found to be expressed in Dlk1 FlucLacZ/wt and Dlk1wt/FlucLacZ 
embryos.  

 

4.7  Discussion  

In this chapter, I have described the generation of mouse ES cell line Cdkn1cFluc, in which firefly 

luciferase (Fluc) was knocked in at the 3’UTR of endogenous Cdkn1c locus.  Over the course of  

differentiation of the targeted ES cell clones to embryoid bodies (EBs), Cdkn1c expression was seen to 
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increase, in keeping with a previous study (Wood, Hiura et al. 2010). As Cdkn1c expression rose from 

day 7 to day 21 of differentiation, measured by an increase in Cdkn1c transcript by q-PCR, so did the 

bioluminescence signal intensity measured in radiance. This was in clones presumed to have maternal 

insertion of the luciferase reporter. Embryoid bodies are a heterogeneous population as differentiation 

occurs at different rates and this is reflected on imaging the culture plates. The plates demonstrate 

patches of signal of differing intensity suggesting differentiation and expression of Cdkn1c and 

luciferase is occurring at varying rates in different cells. There were variations in Cdkn1c expression 

detected by q-PCR in embryoid bodies formed from wild type, Cdkn1cFluc/wt and Cdkn1cwt/Fluc ES cells. 

This difference in Cdkn1c expression can be accounted for by the fact that the undifferentiated stem 

cells exist as a heterogeneous population, so they can be simultaneously influenced to differentiate 

while also maintaining their ability for self-renewal (Graf and Stadtfeld 2008). Attempts to direct the 

differentiation of an initially heterogeneous population of stem cells is likely to yield EBs with a 

significant amount of heterogeneity in the cell population, as most cells differentiate simultaneously 

toward different lineages, whilst some remain undifferentiated. Moreover, physical parameters, such as 

the size of EBs, can modulate the heterogeneity of differentiated phenotypes due to the establishment 

of nutrient and oxygen gradients. Therefore, in this experiment not only was bioluminescence imaging 

able to give a read out of Cdkn1c expression occurring in differentiating ES cells but it was also able to 

reflect the rise in Cdkn1c expression via a bioluminescence signal. Even though BLI in this experiment 

was semi-quantitative and did not provide a means to obtain an exact measure of gene expression, it 

proved to be sensitive enough to detect an increase in transcript. Upon differentiation of targeted ES 

cell clones with presumed paternal insertion of luciferase reporter, rise in Cdkn1c expression occurred 

as expected. However, no luciferase expression or bioluminescence signal was observed on addition of 

substrate D-luciferin, consistent with the reporter being expressed in a parent-of-origin manner. 

Moreover, unlike fluorescent reporters, there was no background bioluminescence ‘noise’ observed in 

the wild type or paternal Cdkn1cwt/Fluc clones. This suggests these cell lines may prove useful to 

determine methylation and expression dynamics during differentiation to different lineages. 
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Mice from targeted Cdkn1cFluc and Cdkn1cFlucLacZ ES cell lines were generated to determine if 

bioluminescence could report Cdkn1c expression in heterozygous offspring in a parent-of-origin 

manner. Different strategies to co-express Cdkn1c and luciferase were used in the Cdkn1cFluc and 

Cdkn1cFlucLacZ ES cell lines. In the Cdkn1cFluc line co-expression was achieved via an IRES sequence 

and in the Cdkn1cFlucLacZ line via a T2A peptide sequence. Maternal transmission of the firefly luciferase 

in both knock-in lines resulted in bioluminescence signal in similar anatomical regions (mandibular 

muscles, foot pads, thigh muscles and tail) at 4 weeks of age. Even though Cdkn1c is expressed in some 

internal organs in adulthood (heart, brain and kidney), it is at low levels (Potikha, Kassem et al. 2005) 

and it may be that this technique is not sufficiently sensitive to measure low level gene expression. The 

coat colour and presence of hair may interfere with amplification of the bioluminescence signal (Ohtani, 

Imamura et al. 2007). Additionally, there was a tenfold difference in maximum luminescence between 

the two lines, Cdkn1cFlucLacZ and Cdkn1cFluc, which might be due to the differing co-expression strategies 

used in the two mouse lines.  A study comparing two locus-specific knock-in mouse lines co-expressing 

a gene of interest and enhanced green fluorescent protein (EGFP) linked by IRES or 2A peptide 

sequence showed that while both co-expression strategies were functional, the IRES consistently 

yielded a lower expression level of the downstream protein (Chan, V et al. 2011). This may be why the 

Cdkn1cFluc knock-in line displayed lower intensity of bioluminescence, possibly due to low expression 

of the luciferase protein. When luciferase was inherited paternally in both mouse lines, Cdkn1cFluc and 

Cdkn1cFlucLacz at P28, no bioluminescence was observed thus proving that luciferase was being 

expressed in a parent-of-origin manner. Additionally, it is important to note that no ‘background noise’ 

was detected on bioluminescence imaging. There was no auto luminescence or light emission by 

substrates observed in the absence of the reporter in the wild type or on paternal inheritance of luciferase 

(Cdkn1cwt/Fluc and Cdkn1cwt/FlucLacZ ) which adds to the specificity of this technique in measuring gene 

expression. 

 

Cdkn1c expression is predominantly embryonic (Lee, Reynisdottir et al. 1995, Matsuoka, Edwards et 

al. 1995). When heterozygous pregnant Cdkn1cwt/Fluc and Cdkn1cwt/FlucLacZ females were imaged at E11.5 
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after being crossed with a wild type male, strong bioluminescence signal from mouse embryos in utero 

could be detected localising to the pregnant female’s abdomen. In both knock-in mouse lines 

heterozygous embryos could be identified in utero as discrete signals in the abdomen, however due to 

poor resolution of the signal, precise determination of the number of heterozygous embryos using 

bioluminescence was not possible. Despite the enhanced sensitivity and specificity (lack of background) 

of this technique, a serious limitation of 2D bioluminescence imaging is photon scattering, or absorption 

of light by water and tissues in vivo, causing signal diffusion and poor resolution of images. This 

prevents actual positioning and precise quantification of deep sources of bioluminescence signal. 

However, we were able to improve resolution by using bioluminescence tomography, which was able 

to reconstruct precisely the source of luminescence signal by capturing several wavelengths of light 

produced during the oxidation of luciferin, sequentially, when acquiring the signals. The technique used 

(Diffuse Luminescent Imaging Tomography, DLIT) was able to generate a 3D reconstruction of 

luminescent sources from within the mice, including small and deep ones. It was able to provide 

sufficient resolution for us to determine the number of transgenic embryos within the pregnant mother 

and this was verified by genotyping of the embryos at birth. This 3D image reconstruction capability 

offers a huge advantage as bioluminescence imaging in deep tissue is difficult with light absorption by 

pigmented molecules (haemoglobin and melanin) and light scattering by mammalian tissues. Black 

coated hair and fur also scatter and attenuate light signal, whilst recurrent depilation also produces 

pigmentation and worsening light absorption. This imaging module enables 3D visualization of signal 

within organs in vivo, without the need for culling and dissection of the mice. A large amount of light 

is also absorbed in tissues when the wavelength of light released from the oxidation of the substrate 

luciferin by the firefly luciferase reporters is below 600 nm. An option to explore would be to use red- 

shifted luciferase-luciferin bioluminescence reporter systems in which the wavelength of emission is 

within the red region of the visible spectrum. This reduces the amount of bioluminescence signal 

absorbed in vivo by naturally occurring pigments such as haemoglobin and myoglobin, thus providing 

enhanced sensitivity of in vivo bioluminescence imaging in deep tissues (Badr 2014, Yeh, Karmach et 

al. 2017). Bioluminescence imaging at E11.5 of females impregnated by male heterozygotes displayed 

no signal due to paternal inheritance of luciferase by the embryos.  
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Imaging of E11.5 Cdkn1cFlucLacZ/wt and Cdkn1cFluc/wt embryos ex utero displayed signal in the hind brain 

and the back. Only placenta from the Cdkn1cFlucLacZ/wt displayed low level bioluminescence. Cdkn1c is 

known to be expressed early in the embryonic contribution to the placenta, at E8.5, however expression 

becomes more diffuse and limited by E12.5 (Saunders, McGonnigal et al. 2016). Additionally, the 

placenta is a highly vascularized organ mediating foetal-maternal exchange during pregnancy and is 

considered a foetal hematopoietic organ with distinct regions that control haematopoiesis (Gekas, 

Rhodes et al. 2010). The emission spectrum of the firefly luciferase reporter ranges from 510 to 650 

nm, peaking at 562 nm (Wood, Lam et al. 1989). Haemoglobin exists in several different forms, all with 

different absorbance spectra. Colin et al. examined the light absorbance spectra of different mouse organ 

homogenates, haemoglobin and mouse whole blood to determine the degree of overlap with the 

emission spectrum of firefly luciferase. Substantial absorbance at the peak values of 575 and 540nm 

were observed in diluted homogenates (Colin, Moritz et al. 2000), suggesting that light absorption by 

haemoglobin is probably responsible for the absence of bioluminescence signal in the placenta of 

Cdkn1cFluc/wt embryos and the minimal signal observed in placental samples of Cdkn1cFlucLacZ/wt E11.5 

embryos. Absence of bioluminescence signal in the Cdkn1cFluc/wt placentae compared to the 

Cdkn1cFlucLacZ/wt samples may be due to IRES producing comparatively lower levels of luciferase protein 

in the Cdkn1cFluc/wt tissues. 

 

While the anatomical location of the bioluminescence signal observed in the Cdkn1cFlucLacZ/wt and 

Cdkn1cFluc/wt embryos is consistent with the expected pattern of expression of Cdkn1c at E11.5 

(Westbury, Watkins et al. 2001), precise  allocation of the source of signal was not possible due to the 

light scattering issues described earlier. At present, although 3D modules for adult mice are available 

for reconstruction of bioluminescence signal, maps of mouse embryos at E11.5 are not available to 

perform DLIT. However, LacZ staining of E11.5 Cdkn1cFlucLacZ/wt embryos confirmed spatially 

appropriate localisation of the bioluminescence signal, as blue staining was visible in the hind brain, 

spine and developing cartilage consistent with published expression of Cdkn1c at this time point. 

Further verification and improved resolution was obtained using 3D imaging with optical projection 
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tomography (Professor Paul French, Imperial College).  Briefly, optical projection tomography (OPT) 

is a relatively new ex vivo imaging technique for 3D visualisation of embryonic-scale specimens. It is 

the optical equivalent of micro-CT and produces high-resolution 3-Dimensional image reconstructions 

of both fluorescent-stained and non-fluorescent (transmission) specimens including LacZ, ranging in 

size from 1mm to 15mm (Sharpe, Ahlgren et al. 2002).  This technique, like bioluminescence imaging, 

is able to map gene expression patterns onto 3D tissue descriptions. Cdkn1cFlucLacZ and wild type 

embryos were suspended in an index-matching liquid for OPT scanning and rotated through a series of 

angular positions, while white light was shone at the samples. There is partial absorption of this light 

by the blue colour of the LacZ stain in the expressing cells.  Images were captured at each orientation 

with a camera. Images collected in each orientation were then reconstructed in a similar way as in X-

ray computed tomography (CT), so that the 3D structure of the sample could then be recovered. This 

3D localization of this absorption pattern enabled the OPT software to recreate the positions of the LacZ 

positive cells within the embryo (Sharpe, Ahlgren et al. 2002, Sharpe 2003). Also, importantly, no 

bioluminescence was detected in either Cdkn1cwt/FlucLacZ or Cdkn1cwt/Fluc E11.5 embryos and no beta-

galactosidase reporter activity was observed in Cdkn1cwt/FlucLacZ embryos by LacZ staining or by using 

a sensitive imaging methodology such as OPT, implying appropriate and global repression of the 

paternal allele.   

 

To ensure that endogenous Cdkn1c had not been disrupted, q-PCR was performed using embryonic 

brain as a template from the knock-in mouse lines. Wild type levels of Cdkn1c transcript were found in 

both lines and linked expression of luciferase and Cdkn1c was observed in embryos with maternal 

inheritance of luciferase. No functional disturbance was evident either, as not only were heterozygous 

embryos and pups not growth restricted on observation, but also formal weight measures of E11.5 

embryos and their placentae in the Cdkn1cFluc line showed no difference in weight between the wild 

type and the heterozygotes. Additionally, methylation at the KvDMR1 and the Cdkn1c somatic DMR 

was analysed by bisulfite sequencing in embryonic brain of knock-in and wild type embryos. In both 

Cdkn1cFlucLacZ/wt and Cdkn1cFluc/wt embryos, a normal wild type DNA methylation pattern was seen.  
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Collectively these imaging data and molecular analyses  show that the luciferase reporter system is able 

to provide an accurate readout of Cdkn1c expression in embryos without causing disruption of 

endogenous Cdkn1c (transcript and protein) or the methylation marks maintaining the Cdkn1c imprint 

in two separate knock-in mouse lines, Cdkn1cFlucLacZ and Cdkn1cFluc. 

 

One of the most significant merits of bioluminescence imaging, especially for answering biological 

questions which require longitudinal study, is the non-invasive nature of data accumulation by this 

technique. We were able to demonstrate via bioluminescence imaging the erasure and resetting of 

imprints in the germline enabling correct allelic expression in subsequent generations. Bioluminescence 

was traced across three generations and suppression of bioluminescence was reversed on maternal 

transmission of luciferase and silencing established on paternal transmission. This ability to image 

Cdkn1c expression in a longitudinal in vivo fashion across generations makes this mouse model a 

powerful and robust way of interrogating the dynamics of the imprint and to study factors which may 

interfere with its maintenance.  

 

I also demonstrate in this chapter that this technique can be used to visualise expression of a paternally 

expressed imprinted gene. Dlk1 (Delta-like homologue 1) is an interesting imprinted gene because at 

certain periods of development and in certain cell niches, expression occurs from both alleles (Ferron, 

Charalambous et al. 2011). It is located on mouse chromosome 12 and is part of a Dlk1-Dio3 imprinted 

gene cluster. Imprinting is regulated by an intergenic differentially methylated region (IG-DMR), 

located 75 kb downstream of Dlk1, that becomes methylated during spermatogenesis but remains 

unmethylated in the maternal germline (Edwards, Mungall et al. 2008). The IG-DMR functions as the 

imprinting control centre on the unmethylated maternal allele (Lin, Youngson et al. 2003) and is 

necessary to repress protein coding transcription and to activate non-coding RNAs. The deletion of the 

IG-DMR from the maternal chromosome results in its paternalization (Lin, Youngson et al. 2003). Dlk1 

is subject to multiple levels of epigenetic dosage control, as even modest elevation of Dlk1 during 

embryogenesis is incompatible with embryonic life  (da Rocha, Charalambous et al. 2009). Secondary 

DMRs have been identified at the exon 5 of Dlk1 (Takada, Paulsen et al. 2002) and the Dlk1 DMR 
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acquires paternal allele-specific DNA methylation after fertilisation by 6.5 days post-conception 

(Gagne, Hochman et al. 2014).  

 

Upon imaging at E11.5 of wild type females impregnated by male Dlk1wt/FlucLacZ mice, strong 

bioluminescence signal was observed from the abdomen emanating from Dlk1wt/FlucLacZ embryos in 

utero. However, a weaker bioluminescence signal was also appreciable on imaging at E11.5 pregnant 

Dlk1FlucLacZ/wt mice crossed with wild type males suggesting that at this stage of development Dlk1 may 

also be expressed from the maternal allele. This was further verified by BLI and LacZ staining of E11.5 

Dlk1FlucLacZ/wt embryos ex utero. Even though maternal inheritance of luciferase results in low intensity 

signal, it is sufficient to demonstrate that biallelic expression does indeed occur at this imprinted locus. 

The Dlk1 heterozygotes were found to maintain wild type levels of Dlk1 transcript in the brain, 

suggesting that the knocking in of two reporters, firefly luciferase and beta-galactosidase, had not 

impaired endogenous Dlk1 expression significantly in embryonic brain. Additionally, luciferase 

transcript was detected in Dlk1FlucLacZ/wt and Dlk1wt/FlucLacZ embryonic brain.  

 

Dlk1 has been shown to be predominantly expressed from the paternal allele, with a slight relaxation of 

imprinting in a minority of tissues with resulting bi allelic expression (da Rocha, Tevendale et al. 2007). 

Swanzey and Stadtfeld developed a reporter model to visualise imprinting stability at the Dlk1 locus by 

inserting fluorescent reporters into the 3’ UTR of endogenous Dlk1. In this model, flow cytometric 

analysis revealed small, but detectable levels of maternally-expressing cells in the lungs and higher 

levels in the liver and skin in E16.5 embryos (Swanzey and Stadtfeld 2016). This relaxation of 

imprinting phenomenon is consistent with previous studies that report maternal expression of Dlk1 in 

liver and skeletal muscle (Schmidt, Matteson et al. 2000, Takada, Paulsen et al. 2002, da Rocha, 

Tevendale et al. 2007, Sato, Yoshida et al. 2011). It has been hypothesised that this relaxation of imprint 

occurs to regulate gene expression in some developing organs. Stelzer et al., by targeting a reporter for 

genomic methylation to the imprinted Dlk1-Dio3 intergenic DMR to assess methylation of both parental 

alleles, demonstrated striking parent- and tissue-specific changes in IG-DMR methylation during 
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development, resulting in tissue- and cell-type-dependent methylation signatures in the embryo and 

adult. Interestingly, methylation changes were dynamic in tissues of the postnatal animal. They also 

demonstrated cell-type-dependent variation in IG-DMR methylation in the adult brain and inferred that 

this loss of parent-specific methylation in adult NSCs may be present as an active mechanism to shape 

the brain epigenome over time.  Particularly methylation at imprints varied at the single-cell level during 

adult neurogenesis (Stelzer, Wu et al. 2016).  Ferron et al. demonstrated biallelic expression of Dlk1 in 

neural stem cells (NSCs) and astrocytes in the post-natal neurogenic niche suggested to be mediated by 

hypermethylation of the IG-DMR region. Gain and loss of DNA methylation in the IG-DMR region 

might be regulated in a dynamic manner in the adult neurogenic niche (Ferron, Charalambous et al. 

2011). This is an important study as it demonstrates by utilising allele specific reporters, that, in specific 

tissues, methylation at some imprinted loci is immensely dynamic. It also demonstrates the importance 

of having transgenic mouse models in which allele-specific expression can be determined, to enable us 

to elucidate the impact of parent specific methylation heterogeneity on gene dosage in vivo. 

 

My data show that luciferase can report Dlk1 expression with accuracy and importantly, this technique 

utilising allele-specific reporters is able to capture the relaxation of imprint that occurs in the Dlk1 locus 

in certain tissues during early development. Finally, perturbation in parental imprinting is known to 

play a role in disease and transformation and these mice represent a sensitive tool for non-invasive 

longitudinal screening of environmental and genetic factors that might disrupt imprinting.  

 

4.7.1  Limitations and Challenges 

As with any enzyme-based reporter system, the half-life of the enzyme and its stability influence the 

accuracy of tracing real-time changes in gene expression. Firefly luciferase activity is rapidly lost in 

apoptotic cells due to oxidative stress (Czupryna and Tsourkas 2011, Badr 2014). The different 

components of the extra-cellular medium (cell growth medium, blood and urine) can also affect enzyme 

stability. Additionally, different intra- or extra-cellular conditions, such as proteolytic degradation of 
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the enzyme, pH and temperature can impact the bioluminescence signal. Also, hypoxia is a limiting 

factor for luciferase reactions (Moriyama, Niedre et al. 2008, Badr 2014).  

 

Another challenge with this technique is signal quantification, which is semi-quantitative as the 

sensitivity depends partly on the CCD camera for in vivo imaging. As discussed before, spatial 

resolution due to light scattering yields poor localization of the bioluminescence source within the 

imaging subject and complex bioluminescence tomography modules capable of three-dimensional 

image reconstruction is required as pigmentation caused by skin, fur and highly vascularised organs 

such as the placenta produce considerable weakening of signal (Edinger, Cao et al. 2002, O'Neill, Lyons 

et al. 2010, Curtis, Calabro et al. 2011, Badr 2014).  Single cell analysis is not feasible with 

bioluminescence imaging as it reports from populations and not from individual cells. This low 

sensitivity in reporting from single cells may decrease sensitivity to phenotypic changes (Feng, 

Mitchison et al. 2009). 

 

Finally, an intrinsic challenge of this reporter system is that transcription of luciferase may not, strictly 

speaking, be a read-out of methylation at the imprint, as transcription may occur independent of changes 

in DNA methylation.  
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5.  Studying the effects of chromatin-modifying drugs on Cdkn1c 

imprinting in utero using bioluminescence imaging 

5.1  Introduction 

Genomic imprinting is an intricate mechanism of transcriptional regulation which has evolved in 

mammals, in which a subset of genes is expressed only from one allele, dependant on parental origin. 

Imprinting is critical at these loci because of their involvement in key biological processes including 

cell proliferation, foetal and placental growth, metabolic adaptation and neurological processes 

including behaviour (Wu and Bernstein 2008, Maupetit-Mehouas, Montibus et al. 2016).  The imprint 

is an epigenetic modification that is acquired during gametogenesis in a sex-specific manner and 

orchestrated by epigenetic factors including regulatory noncoding RNAs (ncRNAs), DNA methylation, 

post-translational modifications (PTMs) of histone proteins, and changes in higher order chromatin 

structure (Ideraabdullah, Vigneau et al. 2008, Wu and Bernstein 2008). It should also be noted that the 

way in which these modifications interact and achieve monoallelic expression is largely locus specific 

(Alexander, Wang et al. 2015). Epigenetic deregulation at imprinted domains in humans results in 

complex diseases and is observed frequently in a wide range of malignancies (Buiting, Gross et al. 

2003, Cui, Cruz-Correa et al. 2003, Delaval and Feil 2004). Additionally, imprinted gene expression 

has been shown to be affected by embryo culture, somatic cell nuclear transfer, assisted reproduction 

and other environmental factors such as diet, alcohol and environmental toxins (Cox, Burger et al. 2002, 

Mann, Chung et al. 2003, Young, Schnieke et al. 2003, Delaval and Feil 2004, Kappil, Lambertini et 

al. 2015). Given the absolute requirement for monoallelic expression at these loci and the deleterious 

physiological sequelae if there is increased gene dosage secondary to de-repression of the silent allele, 

it could be argued that it is unsurprising that imprinted genes are subject to multiple layers of epigenetic 

regulatory mechanisms. Monoallelic expression of Cdkn1c is achieved via interaction of a variety of 

epigenetic mechanisms including gametic and somatic DMRs, long non-coding RNAs, post-

translational modifications of histones, chromatin remodelling proteins such as Lsh and polycomb 

proteins (PRC1 and PRC2)  (Lee, DeBaun et al. 1999, Smilinich, Day et al. 1999, Mager, Montgomery 

et al. 2003, Bhogal, Arnaudo et al. 2004, Lewis, Mitsuya et al. 2004, Umlauf, Goto et al. 2004, Fan, 
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Hagan et al. 2005, Lewis, Green et al. 2006, Pandey, Mondal et al. 2008, Terranova, Yokobayashi et 

al. 2008, Tunster, Van de Pette et al. 2011, McNamara, Davis et al. 2017). To add to the complexity, it 

has also been shown that there may be different mechanisms eliciting imprinted gene silencing in 

different tissues and embryonic cell lineages (Shin, Fitzpatrick et al. 2008).  Furthermore, it has also 

been suggested that individual modifications may be more or less significant in the maintenance of the 

imprint at different developmental stages (Gregory, Randall et al. 2001). Given their monoallelic nature 

and their requirement for such complex, multiple, epigenetic regulatory layers to maintain gene dosage, 

imprinted genes may be susceptible to environmentally induced dysregulation during in utero 

development. Equally it has been argued that imprinted genes may be more tightly protected from 

perturbation during development given their importance in growth and their reliance on the integrity of 

epigenetic marks (Radford, Isganaitis et al. 2012). As Cdkn1c is implicated in growth, metabolism, 

neurogenesis and behaviour, it is important that these hypotheses are tested with respect to this gene. In 

the previous chapter, I described the characterisation of knock-in mouse lines Cdkn1cFluc and 

Cdkn1cFlucLacZ and demonstrated that expression of Cdkn1c can be mapped using bioluminescence 

imaging during embryonic development using these luciferase reporter base models. Importantly, the 

knock-in mouse lines displayed wild type levels of Cdkn1c transcript and methylation at the somatic 

and gametic DMRs and beta-galactosidase and luciferase reporters were expressed in a parent-of-origin 

manner.Prior to utilising this model to test the effect of environmental stressors such as low protein diet 

on imprint maintenance, we wanted to perform a proof of principal study to ascertain if the mouse 

model could be used to image de-repression of the silent allele by two chromatin modifying drugs: a 

Dnmt1 inhibitor, 5’azacytidine and a histone deacetylase inhibitor, or HDACi, Trichostatin A (TSA). 

To examine if chromatin modifying drugs could cause de-repression of the silent transgene Cdkn1c-

FlucLacZ, wild type female mice were crossed with homozygous Cdkn1cFlucLacZ/FlucLacZ to produce 

heterozygous offspring Cdkn1cwt/FlucLacZ. The pregnant females were treated with either 5’azacytidine 

(E12.5), TSA (E13.5), 5’azacytidine & TSA (E12.5) or vehicle (E13.5). All females and embryos were 

imaged at E14.5 to verify if de-repression of the transgene had occurred in the Cdkn1cwt/FlucLacZ embryos. 

The 5’azacytidine, TSA and vehicle groups were additionally imaged at birth and at P28 (Figure 5.1). 
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Figure 5.1  Experimental timeline showing drug dosing time points in utero and imaging schedule.  

Cdkn1cwt/FlucLacZ offspring were generated by mating wild type female mice with Cdkn1cFlucLacZ/FlucLacZ males. 
Pregnant females were treated with TSA or 5’azacytidine alone or together at times indicated. Offspring were 
imaged at E14.5, at birth (P1) and at 4 weeks of age (P28). 

 

5.2  Release of paternal Cdkn1c-FlucLacZ silencing by 5’Azacytidine in 

Cdkn1cwt/FlucLacZ embryos can be visualised by bioluminescence imaging  

Wild type female mice were crossed with homozygous Cdkn1cFlucLacZ/FlucLacZ males to produce 

heterozygous offspring which would carry luciferase on the repressed allele. The pregnant females were 

injected with 5’azacytidine at E12.5 and imaged at E14.5, after injection of substrate D-luciferin. On 

imaging pregnant females which had been administered 5’azacytidine, a low intensity signal could be 

detected emanating from the abdomen of the females. As the females were wild type, it can be deduced 

that the signal was originating from the heterozygous Cdkn1cwt/FlucLacZ offspring (Figure 5.2Ai). After 

imaging, the pregnant females were sacrificed, and the embryos were removed from the uterus and 

imaged in separate plates along with the placenta. All embryos were similar in appearance in terms of 

size and there was no increase in resorption of pregnancies due to drug exposure.  On imaging, some 

Cdkn1cwt/FlucLacZ embryos (3/9) displayed a small degree of radiance at variable anatomical sites: 

abdomen, cranium and caudal regions. Although minimal, bioluminescence signal was visible in at least 

one placental sample (1/9). Wild type embryos did not demonstrate any bioluminescence signal (0/4) 

(Figure 5.2Bi-iii).  As a control, some wild type pregnant females which had been crossed with 

homozygous Cdkn1cFlucLacZ/FlucLacZ males were administered vehicle or phosphate buffered saline (PBS) 

at E13.5 and imaged at E14.5.  

No bioluminescence signal was seen on imaging vehicle-administered pregnant females, 

Cdkn1cwt/FlucLacZ and wild type embryos (Figure 5.3). 
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Figure 5.2  Bioluminescence imaging of wild type pregnant female and E14.5 explanted Cdkn1cwt/FlucLacZ 
and wild type embryos after exposure to 5’Azacytidine.  (A) Embryos carrying paternally inherited (silent) 
Cdkn1c-FlucLacZ were generated by mating wild type (wt) females with homozygous Cdkn1cFlucLacZ/FlucLacZ males. 
Pregnant females were treated with 5’azacytidine at E12.5 and imaged at E14.5. (Ai) Low level bioluminescence 
can be detected on imaging the pregnant wild type female. (Bi) Bioluminescence images of E14.5 embryos and 
placentae exposed to 5’azacytidine. Low intensity localised signal is visible in Cdkn1cwt/FlucLacZ embryos with one 
placental sample displaying bioluminescence. (Bii) Variable low-level bioluminescence observable in 5’azacytidine 
exposed Cdkn1cwt/FlucLacZ E14.5 embryos in repeat experiments. (Biii) No bioluminescence signal was seen in wild 
type embryos exposed to 5’azacytidine.  
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Figure 5.3  Bioluminescence imaging of wild type pregnant female and E14.5 explanted Cdkn1cwt/FlucLacZ 
and wild type embryos after exposure to vehicle. (A) Embryos carrying paternally inherited (silent) Cdkn1c-
FlucLacZ were generated by mating wild type (wt) females with homozygous Cdkn1cFlucLacZ/FlucLacZ males. Pregnant 
females were injected with phosphate buffer saline or PBS (vehicle) at E13.5 and imaged at E14.5. (Ai) No 
bioluminescence signal was detected on imaging the vehicle exposed pregnant wild type female. (Bi-iii) vehicle 
exposed E14.5 heterozygous and wild type embryos and respective placentae demonstrate no bioluminescence 
signal on imaging.   
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These results suggest that Dnmt1 inhibition by 5’azacytidine is able to produce de-repression of paternal 

Cdkn1c-FlucLacZ which is detectable by bioluminescence signal in E14.5 Cdkn1cwt/FlucLacz embryos. 

However, this release in imprinting, as measured by bioluminescence signal is not demonstrable in all 

heterozygous Cdkn1cwt/FlucLacz embryos and the signal is of low radiance localising at variable parts of 

the embryos.  

 

To determine if luciferase expression or the bioluminescence signal observed in the Cdkn1cwt/FlucLacZ 

5’azacytidine-treated embryos was due to loss of methylation at Cdkn1c somatic DMR, bisulfite 

sequencing analysis of DNA methylation at Cdkn1c sDMR in E14.5 brain tissue of vehicle- and 

5’azacytidine-treated Cdkn1cwt/FlucLacZ embryos was conducted. Methylation levels were also measured 

at the KvDMR1 in both vehicle- and drug-treated embryos. Neural tissue was chosen as Cdkn1c has 

been shown to be expressed in neural tissue from  E13.5 (Andrews, Wood et al. 2007). 

 

As demonstrated in Figures 5.4Ai & Bi, methylation at the KvDMR1 in brain tissue of the 

5’azacytidine-exposed embryo was substantially reduced compared to that of the vehicle-exposed 

subject (14% vs 46%). Similarly, 5’azacytidine-treated E14.5 embryonic brain tissue displayed less 

methylation at the Cdkn1c somatic DMR compared to its vehicle-treated counterpart (30% vs 10%), 

suggesting that in utero 5’azacytidine exposure had been effective in erasing methylation at both DMRs 

in brain tissue of E14 drug exposed embryos (Figures 5.4Aii & Bii). However, the erasure of 

methylation at the somatic DMR of Cdkn1c did not correlate with transcriptional de-repression of 

paternal Cdkn1c-FlucLacZ as luciferase expression, as measured by bioluminescence, was not 

extensive. This is perhaps suggestive of other epigenetic mechanisms, beyond methylation, operating 

to maintain transcriptional silencing of paternal Cdkn1c. 
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Figure 5.4  Bisulfite analysis of DNA methylation at KvDMR1 and Cdkn1c somatic DMR in the brain of E14.5 
vehicle and 5’azacytidine exposed embryos. Schematic representation of the gametic DMR (KvDMR1) and 
somatic DMR (sDMR) governing Cdkn1c imprinted expression. Grey rectangle represents area of the KvDMR1 
analysed and red rectangle represents the area of the somatic DMR analysed. (Ai & ii) Plots represent methylation 
levels at the KvDMR1 and the sDMR in vehicle exposed embryonic brain. (Bi & ii) Plots represent methylation 
levels at the KvDMR1 and somatic DMR in 5’azacytidine exposed embryonic brain. Closed circles, methylated 
cytosines; open circles, unmethylated cytosines. Overall methylation levels are represented in blue as a percentage 
of total. 

 

5.3  Release of paternal Cdkn1c-FlucLacZ silencing byTSA in 

Cdkn1cwt/FlucLacZ embryos can be visualised by bioluminescence imaging 

Transcriptional state modulation is also carried out by nuclear proteins, histones, which package DNA 

into chromatin and regulate ribosomal access to the DNA (Turner 2000, Gregory, Randall et al. 2001). 

The four core histones are subject to enzyme-catalysed post-translational modifications, mostly located 

at the N-terminal tail domains which are maximally exposed on the nucleosome surface (Luger and 

Richmond 1998, Gregory, Randall et al. 2001). Acetylation of lysine residues is associated with gene 

transcription and conversely silent genomic regions have hypoacetylated histones. Thus, the degree of 

histone acetylation could constitute an important mechanism that is involved in initiation or 
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maintenance of genomic imprinting. DNA rich in CpG methylation is associated with hypoacetylated 

histone cores (Tazi and Bird 1990). Moreover, TSA has been shown to overcome DNA methylation-

induced transcriptional repression, indicating a cooperation between two epigenetic marks. Also, 

inhibition of histone deacetylation by TSA has been shown to induce expression of normally silenced 

maternal Igf2 in human and murine cells (Yang, Karuturi et al. 2009). TSA-treated conceptuses in mice 

have also demonstrated loss of imprinted expression at the H19 locus (Svensson, Mattsson et al. 1998). 

In androgenetic mouse embryonic fibroblasts incubated with TSA, de-repression of paternal Cdkn1c 

has been observed (El Kharroubi, Piras et al. 2001). 

 

To determine if paternal Cdkn1c-FluclacZ could be released from silencing by exposure to TSA in utero 

and if this de-repression could be visualised by bioluminescence imaging, wild type female mice were 

crossed with homozygous Cdkn1cFlucLacZ/FluclacZ males. The pregnant females were injected with TSA at 

E13.5 and imaged at E14.5. There was no bioluminescence signal discernible on imaging the mother 

(Figure 5.5Ai). However, on imaging the embryos after removal from the uterine horn, 

bioluminescence signal could be observed emanating from some of the Cdkn1cwt/FlucLacZ embryos (4/9), 

suggesting de-repression of the paternally inherited Cdkn1c-FlucLacZ transgene. Even though the 

signal was visualised in the embryo at anatomical locations at which Cdkn1c expression was to be 

expected at this stage of development, there was no consistency in signal localisation or intensity across 

the heterozygous embryos imaged in this experiment. Also, bioluminescence was absent from placental 

samples (Figure 5.5Bi-ii). There was no signal observed in in the wild type embryos (Figure 5.5Biii). 

Again, no obvious growth phenotype was discernible in these embryos compared to vehicle treated 

individuals.  

 

To verify if transcriptional de-repression of Cdkn1c was secondary to loss of CpG methylation at 

paternal Cdkn1c promoter, bisulfite sequencing analyses of DNA methylation at the somatic DMR in 

E14.5 brain tissue of the TSA-treated Cdkn1cwt/FlucLacZ embryo was performed. Methylation levels were 

also checked at the KvDMR1. Methylation level at the KvDMR1 in brain tissue of E14.5 TSA-exposed 



188  

embryos was found to be similar to methylation levels at the KvDMR1 in brain from E14.5 vehicle-

treated embryos (45%) (Figure 5.6Ai). However, there was a small reduction in methylation at the 

somatic DMR of Cdkn1c in brain tissue of the TSA-treated embryos compared to the vehicle-treated 

embryo (23% vs 30%) (Figures 5.4Aii & 5.6Aii), suggesting that TSA may be able to influence loss 

of methylation at the somatic DMR and also induce transcriptional activation of paternal Cdkn1c.  
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Figure 5.5  Bioluminescence imaging of wild type pregnant female and E14.5 explanted Cdkn1cwt/FlucLacZ 
and wild type embryos after exposure to TSA. (A) Embryos carrying paternally inherited (silent) Cdkn1c-
FlucLacZ were generated by mating wild type (wt) females with homozygous Cdkn1cFlucLacZ/FlucLacZ males. Pregnant 
females were exposed to TSA at E13.5 and imaged at E14.5. (Ai) No bioluminescence was detectable on imaging 
the pregnant wild type female. (B) Variable levels of bioluminescence were observed on imaging TSA exposed 
Cdkn1cwt/FlucLacZ embryos. No bioluminescence signal was observable in transgenic placentas. (Bi) No 
bioluminescence signal was seen in wild type embryos treated exposed to TSA. (Bii) In repeat experiments, E14.5 
TSA exposed Cdkn1cwt/FlucLacZ embryos displayed bioluminescence signal in anatomical regions where Cdkn1c 
expression was expected. Signal intensity and localisation was variable.
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Figure 5.6  Bisulfite analysis of DNA methylation at KvDMR1 and Cdkn1c somatic DMR in the brain of E14.5 
TSA-treated embryos. Schematic representation of the gametic DMR (KvDMR1) and somatic DMR (sDMR) 
governing Cdkn1c imprinted expression. Grey rectangle represents area of the KvDMR1 analysed and red 
rectangle represents the area of the somatic DMR analysed. (Ai) Plots represent methylation levels at the KvDMR1 
in TSA-exposed embryonic brain. Percentage methylation is in blue. (Aii) Plots represent methylation levels at the 
sDMR in TSA-exposed embryonic brain. Percentage methylation is in blue. Closed circles, methylated cytosines; 
open circles, unmethylated cytosines. 

 

5.4  Release of paternal Cdkn1c-FlucLacZ silencing by 5’Azacytidine & 

TSA in Cdkn1cwt/FlucLacZ embryos can be visualised by bioluminescence 

imaging 

Combination drug treatment with 5’azacytidine and TSA has been shown to synergistically activate 

paternal Cdkn1c expression in uniparental androgenetic mouse embryonic fibroblasts (MEFs) and this 

expression was, in this experimental model, found to be 5-fold higher than treatment with either 

5’azacytidine or TSA alone suggesting that silencing of paternal Cdkn1c may be a result of the 

concerted effect of both histone deacetylases and DNA methylation in cultured MEFs (El Kharroubi, 

Piras et al. 2001). In leukaemic cell lines displaying aberrant promoter methylation at CDKN1C, 

combined treatment with a histone deacetylase inhibitor and Dnmt1 inhibitor resulted in enhanced 

reactivation of CDKN1C compared to use of individual drugs (Yang, Hoshino et al. 2005).  

 

Pregnant wild type females mated with homozygous Cdkn1cFlucLacZ/FlucLacZ were subjected to 

combination drug (5’azacytidine and TSA) exposure. This was performed by injecting the pregnant 

wild type female with the drugs at E12.5. The pregnant female was then imaged at E14.5 and 
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bioluminescence was detectable in utero, demonstrating that paternal silencing of the Cdkn1c-FlucLacZ 

transgene in Cdkn1cwt/FlucLacZ embryos had been released (Figure 5.7Ai). Additionally, the signal was 

most intense following this combination treatment rather than when single drugs were used. The 

pregnant females were sacrificed, the embryos explanted and imaged. As seen in Figure 5.7Bi-ii, strong 

bioluminescence was visible in the back, growing limbs and posterior brain of drug exposed 

heterozygous embryos. There was low intensity signal visible in one placental sample. Additionally, 

bioluminescence although variable in terms of signal localisation and intensity in each Cdkn1cwt/FlucLacZ 

embryo, was detectable in all drug exposed heterozygous offspring. As expected, wild type embryos 

exposed to combination drug treatment did not display any bioluminescence (Figure 5.7Biii).  

 

To ascertain whether the expression of luciferase from the paternal allele was accompanied by a 

decrease in methylation at the Cdkn1c somatic DMR in E14.5 brain tissue of combination drug-treated 

embryos, bisulfite sequencing analysis was performed. As before, methylation levels at the KvDMR1 

were also determined. Methylation level at the KvDMR1 in brain tissue of E14.5 drug exposed embryos 

were significantly reduced, to 13% (Figure 5.8Ai). There was also a marked reduction in methylation 

at the Cdkn1c somatic DMR in combination drug-exposed versus vehicle-exposed brain tissue of E14.5 

embryos (5% vs 30%) (Figure 5.8Aii). This suggests that combined exposure to 5’azacytidine and TSA 

in utero is able to induce substantial demethylation at Cdkn1c somatic and gametic DMRs in E14.5 

embryonic brain. 
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Figure 5.7 Bioluminescence imaging of wild type pregnant female and E14.5 explanted Cdkn1cwt/FlucLacZ and 
wild type embryos after exposure to 5’Azacytidine and TSA. (A) Embryos carrying paternally inherited (silent) 
Cdkn1c-FlucLacZ were generated by mating wild type (wt) females with homozygous Cdkn1cFlucLacZ/FlucLacZ males. 
Pregnant females were administered 5’azacytidine and TSA at E12.5 and imaged at E14.5. (Ai) Bioluminescence 
signal was detectable emanating from the abdomen on imaging the pregnant wild type female at E14.5. (Bi) Strong 
bioluminescence signal is appreciable in 5’azacytidine- and TSA-exposed Cdkn1cwt/FlucLacZ embryos in a pattern 
consistent with Cdkn1c expression at E14.5. Low intensity signal was appreciated in one placental sample. (Bii) In 
repeat experiments, all E14.5 5’azacytidine- and TSA-treated Cdkn1cwt/FlucLacZ embryos display bioluminescence 
signal in anatomical regions where Cdkn1c expression was expected. Signal intensity and localisation is variable. 
(Biii) No bioluminescence signal was seen in wild type embryos treated with 5’azacytidine and TSA in utero.  
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Figure 5.8  Bisulfite analysis of DNA methylation at KvDMR1 and Cdkn1c somatic DMR in the brain of E14.5 
5’Azacytidine- and TSA-treated embryos and table demonstrating average bioluminescence signal 
generated in each drug treatment group. Schematic representation of the gametic DMR (KvDMR1) and somatic 
DMR (sDMR) governing Cdkn1c imprinted expression. Grey rectangle represents area of the KvDMR1 analysed 
and red rectangle represents the area of the somatic DMR analysed.  (Ai) Plots represent methylation levels at the 
KvDMR1 in 5’azacytidine- and TSA-treated embryonic brain. Percentage methylation is in blue. (Aii) Plots 
represent methylation levels at the sDMR in 5’azacytidine- and TSA-treated embryonic brain.  

 

Altogether these results demonstrate that in E14.5 Cdkn1cwt/FlucLacZ embryos, in utero exposure to a 

combined regimen of chromatin modifying drugs was able to effect de-repression of the paternally 

inherited Cdkn1c-Fluc-LacZ transgene, producing a stronger bioluminescence signal than when the 

embryos were exposed to single agents. The signal in the embryos on exposure to combined 

5’azacytidine and TSA was, on average, 3 times stronger than that seen on exposure of the embryos to 

TSA alone and 5 times stronger than on exposure to 5’azacytidine alone (Table 5.1). A greater 

proportion of embryos showing de-repression of the transgene with an increased loss of methylation at 

the somatic Cdkn1c DMR was observable with the combination drug regime. 

Treatment 
Number of 

Embryos 
Signal+ Embryos % 

Flux ± S.E 

(p/sec) 

Vehicle 5 0 0 32,264±5,896 

Azacytidine 9 3 33.3 85,590±22,594 

TSA 9 4 44.4 182,280±61,319 

Azacytidine & TSA 7 7 100 490,000±93,150 

Table 5.1  Table showing percentage of Cdkn1cwt/FlucLacZ embryos in each treatment group which 
demonstrated bioluminescence and their corresponding signal quantification in p/sec. 
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5.5  Release of paternal Cdkn1c-FlucLacZ silencing in 5’Azacytidine & 

Trichostatin A exposed Cdkn1cwt/FlucLacZ offspring is observable after 

birth via bioluminescence imaging 

Wild-type female mice crossed with homozygous Cdkn1cFlucLacZ/FlucLacZ males, received combination 

drugs (5’azacytidine and TSA) at E12.5 and were followed up to birth. Following parturition, post-natal 

day 1 or P1 Cdkn1cwt/FlucLacZ pups were imaged to see if de-repression of Cdkn1c-FlucLacZ transgene 

was observable at this time point. On imaging, the bioluminescence signal was not observable in all the 

pups and there was a great variation in radiance observed (Figure 5.9Ai-ii). This contrasted with 

bioluminescence imaging of combination-drug-exposed E14.5 Cdkn1cwt/Fluc/LacZ embryos, where 

bioluminescence was detectable in all individuals. None of the vehicle-exposed heterozygous pups 

displayed bioluminescence (8/8) (Figure 5.9B). These results suggest that even though chromatin 

modifying drugs are able to cause de-repression of the silenced transgene Cdkn1c-FlucLacZ, their effect 

is transient. This could be because both 5’azacytidine and TSA are reversible inhibitors of Dnmt1 and 

histone deacetylases respectively. 

  



195  

 

Figure 5.9  Bioluminescence imaging of Cdkn1cwt/FlucLacZ and wild type P1 pups exposed to 5’Azacytidine 
and TSA combination drug regime or vehicle at E12.5 and E13.5 respectively.   (Ai) 5’azacytidine- and TSA-

exposed P1 Cdkn1cwt/FlucLacZ pups display variable signal. (Aii) Table showing signal quantification (p/sec) in vehicle 

and combination drug-exposed Cdkn1cwt/FlucLacZ P1 pups. (B) No bioluminescence was detected in vehicle-exposed 

Cdkn1cwt/FlucLacZ and wild type P1 pups.  
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5.6  Release of paternal Cdkn1c-FlucLacZ silencing in 5’Azacytidine & 

TSA exposed Cdkn1cwt/FlucLacZ offspring is not observable at P28 via 

bioluminescence imaging 

Offspring of wild type females crossed with homozygous Cdkn1cFlucLacZ/FlucLacZ males, were exposed to 

5’azacytidine and TSA at E12.5 in utero and maintained till P28 to observe whether the effects of the 

chromatin modifying drugs i.e. de-repression of the Cdkn1c-FlucLacZ transgene, persisted into 

adulthood. Post-natal day 28 (P28), 5’azacytidine- and TSA-exposed Cdkn1cwt/FlucLacZ mice were imaged 

and, as demonstrated in Figure 5.10A, no bioluminescence signal is visible in the drug-exposed 

subjects. Neither, vehicle-exposed P28 heterozygotes (Figure 5.10B) nor wild types from both groups 

demonstrated bioluminescence. 

 

Figure 5.10  Bioluminescence imaging of Cdkn1cwt/FlucLacZ and wild type P1 pups exposed to 5’Azacytidine 
and TSA combination drug regime or vehicle at E12.5 and E13.5 respectively. (A) No significant 
bioluminescence was detected in 5’azacytidine- and TSA-exposed (in utero/E12.5) Cdkn1cwt/FlucLacZ and wild type 
P28 mice. (B) No bioluminescence was detected in vehicle-exposed (in utero/E13.5) Cdkn1cwt/FlucLacZ and wild type 
P28 mice.  
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To ascertain if methylation levels at the Cdkn1c somatic DMR in brain tissue of P28 mice which had 

been exposed to 5’azacytidine and TSA in utero had been restored, bisulfite sequencing analyses was 

performed. As seen in Figure 5.11, methylation at the somatic DMR and gametic DMR in the brain 

tissue of 5’azacytidine- and TSA-exposed mouse is similar to that of the vehicle-exposed mouse. Taken 

together, these  data demonstrate that although 5’azacytidine and TSA were able to cause de-repression 

of the paternally inherited Cdkn1c-Fluc-LacZ transgene in drug-exposed subjects, with associated loss 

of methylation at the Cdkn1c somatic DMR in brain tissue, this effect is transient and not sustained into 

adulthood. 

 

Figure 5.11  Bisulfite analysis of DNA methylation at KvDMR1 and Cdkn1c somatic DMR in the brain of P28 
mice exposed to 5’Azacytidine & TSA or vehicle in utero. Schematic representation of the gametic DMR 
(KvDMR1) and somatic DMR (sDMR) governing Cdkn1c imprinted expression. Grey rectangle represents area of 
the KvDMR1 analysed and red rectangle represents the area of the somatic DMR analysed. (Ai &ii) Plots represent 
methylation levels at the KvDMR1 and sDMR in brain of P28 mouse exposed to vehicle in utero. (Bi & ii) Plot 
represents methylation levels at the KvDMR1 and sDMR in brain of P28 mouse exposed to 5'azacytidine and TSA 
in utero. Closed circles, methylated cytosines; open circles, unmethylated cytosines. 
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5.7  Discussion 

Imprinted genes present a unique problem, as while the maternal and the paternal alleles are different 

epigenetically, they exist in the same diploid cell and studying the molecular basis that distinguishes 

the parental alleles is challenging. This has necessitated a variety of approaches to differentiate between 

the male and female alleles, such as single nucleotide polymorphisms (SNPs) generated by intercrosses, 

using uniparental cell lines, or using RNA FISH to study allele specific expression. Mouse models using 

LacZ-based targeting of alleles and more recently fluorescence-based reporters have been invaluable in 

studying imprint dynamics through development (El Kharroubi, Piras et al. 2001, Kohda, Asai et al. 

2001, Herzing, Cook et al. 2002, John 2010, Swanzey and Stadtfeld 2016). An in vivo system which 

utilises a sensitive reporter, such as firefly luciferase, to report endogenous imprinted gene expression 

in a non-invasive fashion and affords a means of monitoring expression longitudinally offers a game-

changing opportunity to study epigenetic regulation of imprinted genes and explore the effects of 

environmental stress during development on these complex genes (Van de Pette, Abbas et al. 2017). 

 

In this chapter I show that the mouse model Cdkn1c-FlucLacZ can be used to study the effects of 

conventional chromatin modifying drugs on the epigenetic marks maintaining Cdkn1c imprint in vivo 

and investigate whether this disruption or de-repression of the silenced allele can be imaged non-

invasively in a longitudinal fashion. Cdkn1c is a tumour suppressor gene and has been shown to be 

down-regulated in several malignancies. Increased methylation of large CpG islands localized in the 

CDKN1C promoter has been thought to be the major mechanism of CDKN1C silencing in some of these 

cancers and treatment with Dnmt1 inhibitors such as 5’azacytidine has resulted in CDKN1C re-

expression in several experimental cancer models, associated with a small but significant decrease in 

promoter methylation levels (Flotho, Claus et al. 2009, Borriello, Caldarelli et al. 2011). HDAC 

inhibitors, including Trichostatin A (TSA), in several cellular models of cancer have also been shown 

to increase Cdkn1c expression by several fold after treatment (Peng, Wu et al. 2015). 
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We therefore reasoned that drugs such as 5’azacytidine and TSA would be effective at dissociating, at 

least partially, chromatin marks maintaining Cdkn1c silencing at the paternal allele in embryos in utero. 

To determine if this de-repression of the silent Cdkn1c allele could be imaged in drug exposed embryos, 

wild type female mice were crossed with homozygous Cdkn1cFlucLacZ males to yield heterozygous 

offspring which would carry Cdkn1c-FlucLacZ on the epigenetically silenced or imprinted allele and 

allow us to observe the effect of the drugs on the imprint via bioluminescence imaging. Pregnant 

females were administered 5’azacytidine or TSA, singly and in combination at time points E12-13.5 

and bioluminescence was evaluated at E14.5, at birth and at 4 weeks of age (P28). Control vehicle-

exposed embryos were also imaged.  

 

Bioluminescence was detectable from Cdkn1cwt/FlucLacZ embryos in utero at E14.5 in 5’azacytidine- and 

combination drug-treated pregnant females, with the latter showing the strongest signal. Control 

vehicle-treated Cdkn1cwt/FlucLacZ and wild type embryos were consistently negative throughout the study, 

with no background interference, testifying to the specificity of this technique. In 5’azacytidine- and 

TSA-alone exposed embryos, bioluminescence was not detectable in all the heterozygous embryos 

(5’azacytidine 3/9 and TSA 4/9) whereas all the Cdkn1cwt/FlucLacZ embryos displayed increased luciferase 

activity upon combination treatment (7/7). Also, examining the degree of activation in each treatment 

group, by quantification of the bioluminescence signal in flux (photons per second), the 5’azacytidine-

exposed mice displayed the lowest bioluminescence flux implying that 5’azacytidine was least effective 

at producing de-repression of silenced Cdkn1c-FlucLacZ. However, on bisulfite sequencing analysis of 

Cdkn1c gametic and somatic DMRs of 5’azacytidine-exposed embryonic brain versus vehicle-exposed 

tissue, there was a significant difference in a methylation at the gametic DMR between the two groups 

(5’azacytidine 46% vs Vehicle 14%). Also, methylation at the Cdkn1c somatic DMR in brain tissue of 

5’azacytidine-exposed embryonic brain was substantially reduced compared to that of the vehicle-

exposed embryo (5’azacytidine 10% vs Vehicle 30%). This suggests that 5’azacytidine exposure had 

resulted in demethylation in the brain tissue at both the gametic and somatic DMRs of Cdkn1c. 

Demethylation at the somatic DMR, however was not reflected in the expression of Cdkn1c-FlucLacZ, 
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as measured by the bioluminescence signal. This could be due to other epigenetic mechanisms 

maintaining silencing of the paternal allele in the brain tissue of the heterozygotes. Also, a genome-

scale study looking at the effects of the drug on global gene expression concluded that genes showing 

altered expression secondary to the 5’azacytidine exposure are not regulated by promoters that display 

DNA methylation prior to treatment and that most changes in gene expression due to 5’azacytidine 

treatment were not due to relief of repression, with 5’azacytidine treatment mostly affecting genes 

located in active chromatin domains (Komashko and Farnham 2010). Additionally, as discussed in the 

introduction, monoallelic expression of Cdkn1c is regulated by multiple epigenetic mechanisms which 

act in concert and are tissue specific. DNA methylation at the somatic DMR may be one of several 

mechanisms which control allelic repression, with different mechanisms being important in different 

cell niches and tissues (Lewis, Mitsuya et al. 2004, Terranova, Yokobayashi et al. 2008). This may also 

be true for imprinted genes as a group. Neonatal mice injected with 5’azacytidine demonstrated biallelic 

expression of Igf2 but not H19 (Hu, Nguyen et al. 1997). In another study, fibroblasts treated with 

combination 5’azacytidine and TSA were able to produce biallelic expression of H19, but not when 

administered either drug alone (Pedone, Pikaart et al. 1999). Yang et al. showed that CDKN1C 

repression in a breast cancer line was due to multiple epigenetic mechanisms including EZH2-mediated 

trimethylation of H3 at lysine 27 that co-ordinated with histone deacetylases to suppress CDKN1C 

expression. In these cells a histone methylation inhibitor was able to produce greater activation of 

silenced CDKN1C than 5’azacytidine (Yang, Karuturi et al. 2009). Using transgenic Dnmt1 mutants, 

Weaver et al. have demonstrated that in some imprinted domains genes tended to be less sensitive to 

loss of Dnmt1 function. Two mutant Dnmt1 alleles, Dnmt1c and Dnmt1n, which are null and 

hypomorphic alleles respectively, were used. While the majority of imprinted genes displayed biallelic 

expression in a homozygous Dnmt1c/c mutant background, the degree of alteration of imprinted gene 

expression varied for different imprinted genes with homozygous Dnmt1n/n background. For example, 

embryos and placentae retained imprinted Cdkn1c expression in Dnmt1n/n mutants and placenta but 

tissue samples displayed loss of imprinting of Cdkn1c in Dnmt1c/c embryos, suggesting that perhaps 

Cdkn1c is somewhat resistant to effects of reduced DNMT1 compared to other imprinted genes. Igf2 

and Peg3 imprinted domains on the other hand demonstrated biallelic expression in both mutant 
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backgrounds.  This suggests that DNA methylation may play a diverse role in different imprinted 

domains that utilise different regulatory mechanisms (Weaver, Sarkisian et al. 2010). 

 

Interestingly TSA-exposed Cdkn1cwt/FlucLacZ embryos displayed stronger bioluminescence signal (x2) 

compared to 5’azacytidine-exposed ones. TSA has been shown to upregulate silenced CDKN1C in 

cancer models (Yang, Karuturi et al. 2009, Peng, Wu et al. 2015) and in androgenetic mouse fibroblasts 

(El Kharroubi, Piras et al. 2001). It has been shown that Polycomb protein EED interacts both in vitro 

and in vivo with HDAC proteins. Histone deacetylases were found to co-immunoprecipitate with EED 

protein and histone deacetylation inhibition with TSA was able to relieve transcriptional repression 

mediated by EED (van der Vlag and Otte 1999). Notably in E7.5 Eed-/- mouse embryos, paternal Cdkn1c 

lost silencing despite preservation of somatic DMR methylation (Mager, Montgomery et al. 2003). It is 

likely therefore that TSA may have caused activation of Cdkn1c-FlucLacZ by mitigating the 

transcriptional repression activity of Eed. That absence of Eed was able to cause de-repression of 

paternal Cdkn1c despite maintenance of methylation at the somatic DMR implies that the role of 

chromatin remodelling may be of more importance in preserving imprinted expression at that 

developmental stage. 

 

Bisulfite analyses of the Cdkn1c somatic DMR in the brain of TSA-exposed embryos showed 

methylation of 23% versus 30% at the somatic DMR of vehicle-treated embryos, suggesting that TSA 

was able to effect loss of methylation in the brain. However, methylation at the KvDMR1 in TSA-treated 

brain was similar to the vehicle-treated sample (45% vs 46%). 

 

Demethylation of gene promoters by TSA has been reported in several studies, but genomic 

hypomethylation induced by TSA treatment may be selective and occur only at specific genomic loci. 

In addition, it has been reported that TSA decreased Dnmt3B mRNA in endometrial cell lines and 

DNMT1 in Jurkat T cells. DNMT1 was reported to be attenuated by TSA at both the mRNA and protein 

level. It has also been suggested that HDAC inhibition targets DNMT1 for degradation through the 
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ubiquitin-dependent proteosomal pathway. Arzenani et al. also showed that in Hep3B cells TSA was 

able to reduce the amount of DNMT1 protein translocated into the nucleus in a dose-dependent manner 

with a significant decrease in nuclear DNMT1 after 24 hours of TSA treatment. This suggests that 

effects of histone deacetylase inhibitors such as TSA may not be limited to effecting acetylation status 

of histones but may also impact other epigenetic factors such as DNMT1 activity (Arzenani, Zade et al. 

2011). 

 

From the point-of-view of epigenetic regulation, the interrelationship between DNA methylation and 

histone acetylation has proven to be intimate. It is well established that transcriptional silencing 

correlates with histone acetylation and DNA methylation levels and an interplay between these two 

epigenetic marks is well supported (Eden, Hashimshony et al. 1998, Bird 1999, Ben-Porath and Cedar 

2001, Bird 2002).  It is not, however, clear which epigenetic mechanism steers the interplay, but it is 

thought that the interaction is bidirectional. In one scenario, DNA methylation may be the primary mark 

that triggers events leading to a compact, non-permissive, chromatin, this being mediated by targeting 

methyl-CpG binding proteins (MeCP1 and MeCP2) to methylated CpGs with catalytically active 

histone deacetylase complexes, which then effect promoter histone deacetylation (Vaissiere, Sawan et 

al. 2008). Although methylation-dependent silencing by these proteins has been described at H19 

(Drewell, Goddard et al. 2002), the requirement of MeCPs for parental imprinting is not well established 

(LaSalle 2007).  In another scenario, histone hypoacetylation could be the initial epigenetic event 

recruiting DNA methylation machinery and inducing local DNA hypermethylation. Studies on the 

silencing of transgenes introduced into cultured cells showed that hypoacetylation of histone H3 

accompanied by H3K4 methylation was the first event in the silencing process, followed by H3K9 

methylation and resulting in methylation at CpG sites. Thus, according to this model, an appropriate 

chromatin environment was required before CpG methylation could occur, perhaps to lock the gene 

into a silenced state (Jaenisch and Bird 2003, Mutskov and Felsenfeld 2004, Vaissiere, Sawan et al. 

2008). Smith et al. showed that in Neurospora crassa, deacetylation of histone H2B and H3 was 

required for DNA methylation (Smith, Dobosy et al. 2010). Additional support for the interdependence 
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between histone acetylation and DNA methylation emerges from studies using HDAC inhibitors, in 

which compounds such as TSA are able to cause demethylation. Promoter demethylation and activation 

of retinoic acid receptor-beta gene was achieved in colon cancer cells by TSA (Hu, Pham et al. 2000, 

Ou, Torrisani et al. 2007, Spurling, Suhl et al. 2008). The mechanism through which histone acetylation 

causes demethylation is not clear, however it has been proposed that the tight packing of non-acetylated 

histone tails exclude demethylases from a gene and once this compact architecture is breached, a gene 

is actively demethylated (Szyf 2005). These data are important as they demonstrate that the effects of 

HDAC inhibitors are not limited to direct hypoacetylation of histones but may affect other epigenetic 

pathways.  

 

Additional evidence that DNA methylation mediated by Dnmt1 may depend on, or generate, an altered 

chromatin state via histone deacetylase activity comes from data that demonstrate that Dnmt1 associates 

with deacetylase activity in vivo via a transcriptional repressor domain in Dnmt1 that functions at least 

partially by recruiting histone deacetylases (Fuks, Burgers et al. 2000). Rountree et al. also showed that 

the N-terminal non-catalytic portion of DNMT1 was able to repress transcription through direct 

interaction with HDAC2 (Rountree, Bachman et al. 2000). 

 

The strong bioluminescence signal observed on imaging combination (5’azacytidine and TSA) drug-

exposed embryos can also be explained by the close relationship between histone acetylation and DNA 

methylation. All the embryos imaged after exposure to the combination drug treatment displayed 

bioluminescence (7/7) and the intensity of bioluminescence signal was 5.5 times greater than the signal 

in 5’azacytidine-exposed embryos and 2.6 times greater than the signal in TSA-exposed subjects. These 

results suggest that demethylation and histone deacetylase inhibition perhaps act synergistically to 

produce de-repression of paternal Cdkn1c-FlucLacZ. However, the levels of bioluminescence were 

generally lower than in age-matched Cdkn1cFlucLacZ/wt embryos, consistent with partial de-repression of 

the paternal allele and compatible with the observation that there was no abnormal growth phenotype 

in drug-exposed individuals versus vehicle-exposed ones.  Combination drug-treated embryos also 
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demonstrated a substantial decrease in methylation at the Cdkn1c somatic DMR in brain compared to 

vehicle-exposed mice (5% vs 30%) and 5’azacytidine- (5% vs 10%) or TSA- (5% vs 23%) alone. This 

synergistic effect of inhibition of DNA methylation and histone deacetylases in upregulating Cdkn1c 

expression has been documented in cancer cell lines (Yang, Karuturi et al. 2009). 

 

Only a proportion of Cdkn1cwt/FlucLacZ pups exposed to combination drug treatment in utero displayed 

bioluminescence on imaging at birth, with no signal being evident four weeks after birth. This may be 

due to the limited exposure to drugs. Both drugs also display different activity time profiles by virtue 

of their mechanism of action. In vitro studies of tumour cell lines suggest TSA may have an activity of 

up to 18 hours whereas 5’Azacytidine may be active up to 96 hours (Palii, Van Emburgh et al. 2008, 

Stresemann and Lyko 2008). In a study by El Kharroubi, uniparental androgenetic mouse embryonic 

fibroblasts (MEFs) were subjected to TSA and 5’azacytidine separately for 3 days, after which the drugs 

were withdrawn and cells retained in culture. TSA-induced paternal Cdkn1c expression quickly 

reversed to a silent state, within two to four cell cycles after drug withdrawal. However, induction of 

paternal Cdkn1c expression in the 5’azacytidine-treated MEFs persisted over multiple cell divisions 

after drug withdrawal (El Kharroubi, Piras et al. 2001). Additionally, as a nucleoside analogue, 

5’azacytidine is integrated into the DNA and therefore may be more persistent in effect. It is likely that 

the bioluminescence signal observed in the P1 pups due to the expression of the previously silenced 

Cdkn1c-FlucLacZ is a result of 5’azacytidine alone, rather than the effect of the combined drug regime. 

This may explain the variability of signal produced on imaging P1 combination drug exposed 

Cdkn1cwt/FlucLacZ pups.  

 

 By P28, none of the drug-exposed Cdkn1cwt/FlucLacZ progeny demonstrated bioluminescence, suggesting 

that the silencing of the paternal allele had been reinstituted. Furthermore, methylation levels at the 

Cdkn1c somatic DMR in P28 pups was similar to vehicle-exposed heterozygotes. The mechanism by 

which methylation at the somatic DMR may have been re-established is not clear and may involve the 
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action of DNMT3B (Auclair, Guibert et al. 2014). These results suggest that the effect of chromatin-

modifying drugs in the de-repression of allelic silencing of Cdkn1c is perhaps transient. 

 

With this approach we have been able to detect the effect of different chromatin modifying drugs on 

the Cdkn1c imprint in a non-invasive and longitudinal manner. Imprinting of Cdkn1c necessitates 

multiple epigenetic regulatory mechanisms and this technique was sensitive enough to demonstrate the 

variable effects of different drug exposures on the imprint. This reporter mouse model thus allows 

interrogation of multiple epigenetic regulatory mechanisms in a single in vivo system.  This is of 

particular importance as Cdkn1c is implicated in several human cancers and this model would facilitate 

rapid screening of epigenetic drugs that might modify cancer pathways.  

 

It is also possible, given that we are able to quantify bioluminescence using flux or radiance, that for a 

single camera, it would be feasible to develop a semi-quantitative measure of gene expression by 

producing correlation curves of radiance vs gene expression, and so develop a more direct measure of 

stressor effect. 

 

Epigenetic dysregulation in imprinted genes triggered by environmental stressors can occur at particular 

developmental time points in different genes. This pilot study demonstrates that this mouse model offers 

the opportunity to study the effect of in utero environmental exposures on imprint regulation and their 

outcomes in an in vivo system, thus not just showing epigenetic effect, but potentially also physiological 

sequelae. 

 

  



206  

6.  General Discussion 

Reprogramming of DNA methylation is indispensable for mammalian early development. The fact that 

genome-wide demethylation does not occur in zebrafish and Xenopus suggests that it serves a unique 

purpose in mammals, but not in all vertebrates. Hackett and Surani have also proposed that the 

temporally specified waves of global demethylation that occur during early development may be 

required for the regulation of a few important genes (Hackett and Surani 2013, Wang, Zhang et al. 

2014). It is plausible that imprinted genes fall into this category. DNA methylation is imperative to 

achieve correct gene dosage of imprinted genes, their hallmark being parent-of-origin-specific 

expression, induced by differential DNA methylation at imprinting control regions on either the 

maternal or paternal allele. These methylation marks, introduced during gamete formation and 

perpetuated throughout life, serve to provide allele-specific expression of genes in clusters in which the 

imprinted genes are either repressed or activated. The role of imprinted genes during development is of 

critical importance (Bartolomei 2009, Ferguson-Smith 2011).  Faithful transmission of imprinted genes 

from one generation to the next poses unique complexities as, firstly, these genes need to survive global 

demethylation in the pre-implantation embryo so that they can contribute towards development. 

Secondly, imprinted genes require their methylation marks erased in the PGCs to be re-established in 

an allele-specific manner in the gametes. Once established, methylation at germline ICRs is maintained 

in somatic cells throughout embryonic development. The phenotypic consequences of their 

dysregulation is substantial and there is particular interest in the molecular mechanisms and kinetics of 

their methylation dynamics during reprogramming (Messerschmidt, Knowles et al. 2014). 

 

6.1  EG cell induced erasure of methylation at the KvDMR1  

By using cell fusion-mediated reprogramming, I confirmed that EG cells were able to induce pluripotent 

reprogramming and demethylation at the ICR regulating imprinted expression of Cdkn1c (KvDMR1) in 

somatic B cell nuclei (Tada, Tada et al. 1997, Piccolo, Bagci et al. 2013). In agreement with Piccolo et 

al., pluripotency reprogramming of B cells occurred first, with evidence of Oct4 re-expression seen in 

B cells at the heterokaryon stage and demethylation at KvDMR1 occurring gradually, being complete 
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(i.e. unmethylated) by day 21 (Piccolo, Bagci et al. 2013). Stage-specific demethylation also occurs 

during PGC development (Guibert, Forne et al. 2012). Seki et al., initially using immunofluorescence 

data, proposed that DNA demethylation occurred passively in PGCs between E8.5 to E13.5. This was 

later disputed by the argument that the proliferation rate displayed by PGCs was inadequate to support 

passive demethylation (Seki, Hayashi et al. 2005). A number of active mechanisms were proposed and 

explored, but an active mechanism which reliably and efficiently produced global demethylation 

seemed unlikely. However, with the discovery of the TET enzyme family, and the help of genome-wide 

analysis methods, it has emerged that a combined, temporally ordered and context-dependant 

mechanism of active and passive demethylation may be occurring in PGCs (Messerschmidt, Knowles 

et al. 2014). Using single base resolution genome-wide sequencing, a new model by which methylation 

is lost in the PGCs has been proposed. This suggests that DNA demethylation in PGCs occurs in two 

stages (Seisenberger, Andrews et al. 2012, Kobayashi, Sakurai et al. 2013, Vincent, Huang et al. 2013, 

Hargan-Calvopina, Taylor et al. 2016). There is a decline in DNA methylation from 71% in E6.5 

epiblast cells to 30% in E9.5 PGCs (Seisenberger, Andrews et al. 2012). This stage I of DNA 

methylation erasure occurring prior to E9.5 is global, affecting promoters of genes such as Nanog, 

which are pluripotency markers and expressed early during PGC development. During this period until 

E16.5, de novo methyltransferases are transcriptionally repressed (Hajkova, Erhardt et al. 2002, 

Kurimoto, Yamaji et al. 2008, Seisenberger, Andrews et al. 2012). Notably though, Dnmt1 remains 

expressed and the protein is found abundantly in the nucleus, though DNMT1 staining is reduced at the 

S-phase replication fork, while Uhrf1 is downregulated and excluded from the nucleus. (Seisenberger, 

Andrews et al. 2012, Kagiwada, Kurimoto et al. 2013). This suggests that DNA demethylation may 

proceed at this stage in a replication-dependent manner due to the disabling of the canonical methylation 

maintenance machinery and de novo methyltransferases. In fact, Kagiwada et al., by using BrdU pulse-

chase experiments, describe an accelerated proliferation rate of PGCs until E12.5, thereby significantly 

increasing the opportunity for passive demethylation (Kagiwada, Kurimoto et al. 2013). 

Hemimethylated DNA strands are seen extensively in PGCs between E9.5 and E10.5 (Arand, Spieler 

et al. 2012, Seisenberger, Andrews et al. 2012, Messerschmidt, Knowles et al. 2014). Bisulfite 

sequencing from PGC’s DNA has shown that even though the global genome is demethylated, some 
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genomic regions, like imprinting control regions, meiotic X-linked gene promoters and a few repetitive 

elements, remain methylated (Guibert, Forne et al. 2012, Seisenberger, Andrews et al. 2012, 

Yamaguchi, Hong et al. 2012). Why these regions are initially exempt from demethylation, only to 

undergo the process a few days later, is unknown, as are the mechanisms by which these regions are 

protected. However, as Dnmt1 is expressed throughout PGC development, Hargan-Calvopina et al. 

hypothesised that it may be implicated in maintaining methylation at selected regions of the genome. 

They showed that conditional knockout of Dnmt1 in PGCs resulted in hypomethylation of imprinted 

loci, meiotic genes and IAPs at E10.5, suggesting that Dnmt1 is responsible for maintaining methylation 

in the first stage of demethylation. They also noted fewer PGCs at the end of the second stage of 

demethylation, due to precocious differentiation of the PGCs into male and female gametes due to 

premature de-repression of meiotic gene promoters. This illustrates the importance of a step-wise 

approach in epigenetic reprogramming during early development (Hargan-Calvopina, Taylor et al. 

2016). Since Uhrf1 is excluded at this stage however, it is possible that DNA methylation maintenance 

occurs at DMRs of imprinted genes and other sequences by non-canonical targeting of Dnmt1 

(Seisenberger, Andrews et al. 2012). Locus-specific demethylation in PGCs commences at E10.5 and 

is referred to as stage 2 of DNA demethylation and involves active and passive demethylation 

mechanisms to create a hypomethylated PGC genome by E13.5 (Hargan-Calvopina, Taylor et al. 2016).  

 

The proposed two-stage process of demethylation in PGCs has raised the question of a viable active 

demethylation mechanism involved in this stage, and many different pathways have been proposed, as 

discussed earlier. The presence of activation-induced deaminases (Aid) in E12.5 PGCs was linked to 

active DNA demethylation (Morgan, Dean et al. 2004). However, Aid-deficient PGCs show a very mild 

increase in DNA methylation levels compared to wild type and global demethylation was demonstrated 

between E8.5 and E13.5 (Popp, Dean et al. 2010). Loss of AID does not severely impact viability or 

fertility, calling into question their role in imprint erasure (Muramatsu, Kinoshita et al. 2000, Popp, 

Dean et al. 2010). Locus specific examination of Aid-deficient PGCs, especially at imprinted genes, 

may be required to ascertain the role of Aid. The components of base excision repair have also been 
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demonstrated in PGCs (Hajkova, Erhardt et al. 2002), but given their propensity to cause DNA strand 

breakage, it is most likely that they are present for DNA repair after active demethylation by AID or 

TET activity (Messerschmidt, Knowles et al. 2014). Although the presence of Tdg mRNA has been 

shown in PGCs (Kagiwada, Kurimoto et al. 2013), at E10.5-13.5, no protein was detected (Hajkova, 

Jeffries et al. 2010). 

 

Two studies have demonstrated that 5hmC signals in PGCs spike from E9.5 to E10.5, with an 

accompanied reduction in 5mC, indicating the occurrence of TET mediated oxidation. 5hmC levels 

peak at E10.5-E11.5, and then gradually fall by E11.5-E12.5 (Hackett and Surani 2013, Yamaguchi, 

Hong et al. 2013). Using single cell RNA sequencing, Hackett et al. demonstrated Tet1 and Tet2 

expression in PGCs peaking between E10.5 and E11.5. They also demonstrated the nuclear location of 

TET1 and TET2 by immunofluorescence in PGCs, with expression being significantly higher than 

surrounding somatic cells, thus implicating TET-mediated oxidation in 5mC erasure in PGCs (Hackett 

and Surani 2013). The rate at which 5hmC declines thereafter, both on a global genomic level and to 

single copy loci, is consistent with a replication-dependent mechanism of demethylation (Hackett and 

Surani 2013). Also, bisulfite sequencing and 5mC-immunoprecipitation from several studies have 

confirmed demethylation of imprinted control regions and germline specific genes between E9.5 and 

E13.5 (Hajkova, Erhardt et al. 2002, Guibert, Forne et al. 2012, Seisenberger, Andrews et al. 2012, 

Yamaguchi, Hong et al. 2012, Hackett and Surani 2013, Kagiwada, Kurimoto et al. 2013, Yamaguchi, 

Hong et al. 2013). How TET proteins target their substrates and execute oxidation is unknown. 

However, a recent study by Zhang et al. has demonstrated that distinct isoforms of TET1 are expressed 

in the mouse early in development and in adult cells. The full length TET1 isoform, or TET1e, has an 

N-terminus containing the CXXC domain, a DNA-binding module that recognizes CpG islands, has a 

high chromatin affinity and is restricted to early embryos, embryonic stem cells and primordial germ 

cells. In contrast, shorter isoform TET1s is expressed in somatic cells and can still bind CpGs, but 

displays reduced global chromatin binding. Zhang et al. showed that mice with exclusive expression of 

Tet1s displayed failure to erase imprints in PGCs and developmental defects in progeny (Zhang, Xia et 
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al. 2016). This bimodal mechanism of methylation erasure at ICRs, combining both active and passive 

demethylation mechanisms, is also demonstrated during EG fusion-mediated erasure of genomic 

imprints in the B cells in the cell fusion model used by Piccolo et al. Early after fusion, accumulation 

of 5hmC occurred at imprinted domains and was found to be mediated by TET1. Inhibition of DNA 

replication did not alter 5hmC accumulation at ICRs. However, several rounds of DNA replication are 

required to achieve full demethylation at the ICRs and to functionally reactivate a silent imprinted gene 

(Piccolo, Bagci et al. 2013). These findings are reconciled by the finding that female Tet1 deficient 

mice show reduction in germ cells and ovary size, the likely consequence of insufficient demethylation 

and expression of meiosis genes (Yamaguchi, Hong et al. 2012). In male mice, Tet1 deficiency resulted 

in aberrant imprinting in PGCs and sperm cells.  Male Tet1 knock out pups were found to have growth 

retardation and high mortality, although some did survive in a growth-retarded state to adulthood. 

Further RNA sequencing analysis showed 11-46 out of 81 expressed imprinted genes were dysregulated 

in each mutant embryo analysed, including Cdkn1c (Yamaguchi, Hong et al. 2013). Interestingly, Tet1/2 

knock out mice were not only found to be compatible with development, but mutant males and females 

maintained fertility. However, the majority of Tet1/2 null embryos died during embryogenesis, or 

displayed variable severe, or fatal, developmental abnormalities. Importantly the progeny of Tet1/2 null 

mice (males and females) displayed hypermethylation at several imprinted gene regions. Even though 

imprint erasure did occur in a fraction of progeny in the absence of Tet1/2, most likely by passive 

demethylation, this supports a role for Tet mediated oxidation at ICRs in PGCs during the second stage 

of demethylation. (Lee, Inoue et al. 2002, Dawlaty, Breiling et al. 2013, Kagiwada, Kurimoto et al. 

2013). 

 

Comprehensive methylation reprogramming of the PGC genome is crucial for the avoidance of 

inheritance of epimutations through DNA methylation. Recent studies have shown that some single-

copy loci can escape demethylation during reprogramming and display at least partial methylation in 

the gametes (Guibert, Forne et al. 2012, Seisenberger, Andrews et al. 2012, Tang, Dietmann et al. 2015). 

It has been proposed that these ‘escapees’ may be susceptible to environmental modulation and that this 
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information may, on being inherited by the next generation, have phenotypic consequences (Tang, 

Dietmann et al. 2015).  Imprinted genes exemplify epigenetic inheritance via DNA methylation. 

Therefore, the elucidation of the mechanisms by which methylation is erased from developmentally 

crucial loci, such as imprinted genes, is important. The availability of a system which employs a 

sensitive allele-specific reporter and allows visualisation of endogenous imprinted gene expression in 

vivo, would enable us to investigate upstream mechanisms which lead to imprint erasure. 

 

6.2  Reporter mouse models for imprinted genes Cdkn1cFluc and 

Cdkn1cFlucLacZ 

Imprinted genes represent less than 1% of the mammalian genome, and display parent-of-origin-

specific allelic expression, occasionally in a tissue-specific manner (Barlow and Bartolomei 2014). 

Although imprinted genes are subject to layers of epigenetic regulation, imprinted expression is, at least 

initially, determined by differential DNA methylation established in the germline (Surani 1998). The 

critical importance of imprinted genes during embryonic development is well established and 

increasingly their role in postnatal life, metabolism and neurobehavioural axes are also becoming clear. 

Altered expression of imprinted genes has not only been linked to rare diseases such as Beckwith-

Wiedemann syndrome, but also to a wide range of common and important diseases in humans, for 

example intrauterine growth restriction, obesity, diabetes mellitus, psychiatric and neurobehavioual 

disorders and cancers (Lam, Hatada et al. 1999, Radford, Ferron et al. 2011, Peters 2014). Additionally, 

imprinted genes are exquisitely dosage sensitive, and this has been demonstrated not only by multiple 

mouse models but by the physiological sequelae of altered dose of imprinted genes in human imprinting 

disorders (Ishida and Moore 2013, Cleaton, Edwards et al. 2014). Imprinted genes have also received a 

great deal of attention as possible mediators of developmental programming (Junien and Nathanielsz 

2007, Curley and Mashoodh 2010, Keverne 2010). These genes have been hypothesized to be 

vulnerable to environmental perturbation, primarily because of their total dependence on epigenetic 

marks to achieve normal expression, and their important role in the regulation of embryonic 

development and adult energy homeostasis (Ivanova, Chen et al. 2012, Radford, Isganaitis et al. 2012). 
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Expression of imprinted genes, in both rodents and humans, have been shown to be affected in a number 

of tissues as a result of in utero exposure to multiple environmental perturbations (McMinn, Wei et al. 

2006, Vucetic, Totoki et al. 2010, King, Hibbert et al. 2013, Susiarjo, Sasson et al. 2013).  

 

The factors contributing to the epigenetic instability of imprinted genes and the degree to which the 

imprint erodes during lifetime remains largely elusive. This may be partly due to the absence of suitable 

experimental models, as studying monoallelic genes is challenging. Most imprinted gene mouse models 

that have been generated so far to study the functional importance of gene dosage at these loci are 

focussed on targeted gene deletions, which do not allow elucidation of how different degrees of increase 

or decrease in imprinted gene dosage affect physiological outcomes. This is important, as the correct 

dose of some imprinted genes, such as Dlk1 and Igf2, is critical for normal development, whereas for 

other genes, for example Ascl2, appropriate development is reliant just on the presence of a functional 

copy of the gene (Cleaton, Edwards et al. 2014).  Additionally, the study of imprinted genes is 

complicated by their existence in clusters, with imprinted expression being regulated by layers of 

epigenetic control such as DNA methylation, long non-coding RNAs and histone modifications, which 

are often tissue-specific (Bartolomei and Ferguson-Smith 2011). Finally, to gauge the effects of 

environmental stress on the imprint requires that the paternal and maternal allele be distinguishable. 

Currently, the study of imprinting dynamics through development relies on single nucleotide 

polymorphisms or LacZ reporters to achieve discrimination of parental alleles (John 2010). Whilst these 

tools have merit, they offer a snapshot and their invasive nature makes longitudinal monitoring of 

imprinted gene expression throughout life unfeasible. Therefore, to address whether environmental 

perturbations in utero can alter imprinted gene expression at specific periods in early development, a 

mouse model system which (a) allows interrogation of the temporal dynamics of imprinted gene 

expression over time, in vivo and non-invasively, the system integrating the influence of a functional 

organ system, allowing the acquired temporal data for each subject to serve as an  internal control and 

(b) allows one to distinguish between the parentally inherited and epigenetically different alleles, is 

necessary. 
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The basis of bioluminescence imaging is detection of light generated from an enzyme-mediated 

(luciferase) oxidation of a substrate (luciferin), on expression of the enzyme in vivo as a molecular 

reporter. The photons produced from the reaction are converted to digital data by a sensitive charge-

coupled device camera which provides spatio-temporal information about the source of light emission 

(Sadikot and Blackwell 2005). 

 

I have described the generation and characterisation of the mouse line, Cdkn1cFluc, in which firefly 

luciferase reporter was knocked in to endogenous Cdkn1c to enable detection of Cdkn1c expression via 

bioluminescence imaging, non-invasively. In this mouse line, firefly luciferase reporter was knocked in 

at the 3’UTR of Cdkn1c and an IRES sequence was used to achieve co-expression of Cdkn1c and firefly 

luciferase under the control of the Cdkn1c promoter. A second reporter mouse line, Cdkn1cFlucLacZ, was 

also generated, commercially, in which both LacZ and firefly luciferase were inserted in the 3’UTR of 

mouse Cdkn1c. Co-expression of reporter and Cdkn1c in this mouse line was achieved with T2A 

sequence, an alternative to IRES.  

 

In targeted ES cells from each knock-in line, bioluminescence signal was observed after addition of 

substrate, D-luciferin, upon embryoid body differentiation. This was consistent with luciferase insertion 

into the maternal allele of Cdkn1c. Bioluminescence activity tracked increasing Cdkn1c expression over 

a 3-week period of differentiation in these clones, consistent with an increase in luciferase expression. 

In targeted clones with a presumed paternal insertion of luciferase, increasing Cdkn1c expression was 

not coupled with luciferase expression or bioluminescence signal, in keeping with paternal silencing of 

Cdkn1c. These ESC lines can be used to study the expression of Cdkn1c upon differentiation into 

distinct cell lineages and to establish the factors that are important for the regulation of the Cdkn1c 

imprint. Mice generated from both cell lines, Cdkn1cFluc and Cdkn1cFlucLacZ, at four weeks of age 

displayed bioluminescence in appropriate tissues on maternal but not paternal inheritance of luciferase. 

The ability of the luciferase system to report allelic Cdkn1c expression via bioluminescence can be used 

for various purposes, for example to study the fate of imprinted expression of Cdkn1c in somatic cells 
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on cellular reprogramming. B cells derived from these mouse lines could be used for in vitro 

reprogramming experiments to understand changes in imprinting status of Cdkn1c during 

reprogramming. This is important as aberrations in imprinting in iPSCs have been shown to reduce the 

quality of pluripotent cell lines and their development potential (Liu, Luo et al. 2010, Stadtfeld, 

Apostolou et al. 2010, Greenberg and Bourc'his 2015). This type of reporter systems could be used to 

study imprint stability and the factors that may contribute to their dysregulation during stem cell 

derivation and culture.  

 

In accordance with widespread expression of Cdkn1c during embryonic development, pregnant females 

carrying E11.5 Cdkn1cFluc/+ and Cdkn1cFlucLacZ/+ embryos in utero showed marked bioluminescence 

localising to their abdomens. Pregnant females carrying E11.5 Cdkn1c+/Fluc or Cdkn1c+FlucLacZ embryos 

displayed no signal, suggesting parent-of-origin expression of luciferase. Even though bioluminescence 

imaging affords great sensitivity, an important drawback of this technique is photon scattering leading 

to poor image resolution (Badr 2014). Our knock-in mouse lines were on a C57Bl/6 background, and 

dark coat colour predisposes to signal dispersal. Diffuse luminescence tomography (DLIT) is often used 

in bioluminescence mouse tumour models to track metastases, and is a technique which allows 3-D 

reconstruction of bioluminescence sources within the imaged subject, including the smallest and 

deepest source of the signal (Mollard, Fanciullino et al. 2016). By using this method, we were able to 

accurately detect the number and lie, of the Cdkn1cFluc/+ embryos within the uterine horn of the pregnant 

female. 

 

On imaging E11.5 Cdkn1cFlucLacZ/+ and Cdkn1cFluc/+ embryos ex utero, anatomically appropriate 

distribution of bioluminescence signal was observed in both lines. Precise localization of 

bioluminescence signal from organs and improved resolution of images was not possible. 

Bioluminescence imaging of deep tissues can be difficult due to absorption of light by pigmented 

molecules such as haemoglobin and melanin, with vascularised organs producing lower photon 

emission compared to skin (Edinger, Cao et al. 2002, O'Neill, Lyons et al. 2010). Additionally, light 
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scattering by mammalian tissues decreases spatial resolution of bioluminescence imaging by 1-2mm 

and leads to poor localisation of bioluminescence source (O'Neill, Lyons et al. 2010). These limitations 

are, however, becoming less problematic by using luciferase enzymes which have a red-shifted 

spectrum, which enhance the sensitivity of in vivo bioluminescence imaging in deep tissues (Branchini, 

Southworth et al. 2005, Caysa, Jacob et al. 2009). LacZ staining pattern in E11.5 Cdkn1cFlucLacZ/+ 

embryos mirrored the distribution of the bioluminescence signal observed in these embryos. Optical 

tomography performed to improve the resolution of the LacZ staining confirmed these findings. 

Importantly, no signal was observed by either of these methods in Cdkn1c+/FlucLacZ embryos, confirming 

parent-of-origin-specific expression of luciferase. No bioluminescence signal was observed in E11.5 

Cdkn1c+/Fluc or wild type embryos either. These results demonstrate how, by using dual reporters that 

act through different mechanisms, we were able to increase the overall sensitivity of our reporter system.  

 

Bioluminescence signal was observed in some samples of placentae from E11.5 Cdkn1cFlucLacZ/+ 

embryos but not those of Cdkn1cFluc/+. This may be due to limited expression of Cdkn1c in the placenta 

after E8.5 (Saunders, McGonnigal et al. 2016). Also, the placenta is a site for foetal haematopoiesis and 

rich in haemoglobin, and as luminescence generated by a variety of luciferases (including firefly 

luciferase) has been shown to be quenched in the presence of haemoglobin, this may have contributed 

to the inconsistent bioluminescence signal being observed across Cdkn1cFluclacZ/+ placental samples 

(Colin, Moritz et al. 2000). As previously described, the bioluminescence signal is much lower in the 

Cdkn1cFluc line and the above may have been compounding factors leading to the complete absence of 

signal in E11.5 Cdkn1cFluc/+ placentae. Consistently, no signal was observed in E11.5 Cdkn1c+/FlucLacZ, 

Cdkn1c+/Fluc and wild type placentae.   

 

Brain tissue samples from embryos of both knock-in mouse lines demonstrated wild type levels of 

Cdkn1c transcript, confirming that the Cdkn1c locus had not been disrupted during the generation of 

these lines. Additionally, luciferase transcript was only detectable in brain samples from embryos with 

maternal inheritance of luciferase. Bisulphite sequencing analysis of the two DMRs regulating Cdkn1c 
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imprinted expression showed wild type methylation patterns in brain tissue of Cdkn1cFluc and 

Cdkn1cFlucLacZ. Additionally, embryonic and placental weights of Cdkn1cFluc heterozygotes were similar 

to wild type samples suggesting no functional consequences of the knock-in. 

 

To confirm that visualizing parent-of-origin expression in imprinted genes by the luciferase reporter 

system was not restricted to Cdkn1c, a maternally expressed imprinted gene, a mouse line in which 

firefly luciferase and LacZ were knocked into endogenous Dlk1 locus, which is paternally expressed, 

was also characterised. Dlk1 has been found to be expressed biallelically in some tissues (da Rocha, 

Tevendale et al. 2007, Sato, Yoshida et al. 2011) at certain stages of development and this reported 

relaxation of imprint was observable in our Dlk1FlucLacZ knock-in mouse line. Bioluminescence signal 

was observable from both Dlk1+/FlucLacZ and Dlk1FlucLacz/+ E11.5 embryos in utero, localising to the 

abdomens of pregnant females. Ex utero imaging of Dlk1+/FlucLacZ E11.5 embryos displayed 

bioluminescence in keeping with expected pattern of expression of Dlk1 for that stage of development. 

Dlk1FlucLacZ/+ embryos also demonstrated low level bioluminescence on ex utero imaging which was 

corroborated by LacZ staining.  

 

Additionally, imprint erasure and resetting occurred normally in the Cdkn1cFlucLacZ. Bioluminescence 

signal was traceable across three generations, with the silencing of luciferase being reversed on being 

maternally inherited and silenced on paternal transmission.  

 

Collectively, these data indicate that luciferase-based mouse reporter models Cdkn1cFluc, Cdkn1cFlucLacZ 

and Dlk1FlucLacZ can accurately report allele specific expression of Cdkn1c and Dlk1 respectively. Also, 

our results indicate that mouse models such as these might be used to image imprinted gene expression 

longitudinally in vivo over successive generations. This would allow us to determine whether 

environmental stressors can indeed modulate imprinted gene expression and the phenotypic outcomes, 

as well as to investigate the transgenerational effects of exposure.   
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Since the cloning of firefly luciferase cDNA in 1985 (de Wet, Wood et al. 1985), in vivo BLI has become 

a standard technique in preclinical research for visualisation of several molecular processes, including 

gene expression, because of its high sensitivity, non-invasive nature and relative ease of use (Close, Xu 

et al. 2011). Relative drawbacks of the technique include poor spatial resolution, reduced sensitivity in 

deep tissue and limited accuracy in quantification of signal due to loss and scatter of light within tissues 

(Badr 2014).  However, since the initiation of this project, there have been significant advances in 

bioluminescence imaging methodology which may not only offset the drawbacks of the technique but 

allow the development of more complex mouse reporter models and diversify its uses. Firstly, the advent 

of new genome editing tools such as TALENs (Transcription-Activator Like Effector Nucleases) and 

CRISPR-Cas (Clustered Regularly Interspaced Short Palindromic Repeats- CRISPR Associated) 

nucleases has allowed targeted modifications of the genomes of living cells with enhanced efficiency 

and precision (Carroll 2014). Engineering ES cells with luciferase reporters knocked in at desired loci 

to study endogenous gene expression and to generate gene reporter animal models has become relatively 

less time consuming and labour intensive with these techniques. However, as yet, knock-in of luciferase 

reporters by CRISPR-Cas has not been reported in animals (Seruggia and Montoliu 2014, Rojas-

Fernandez, Herhaus et al. 2015).  

 

Advances in genetic engineering have not been limited to genome editing, improved substrates and 

luciferases have also been engineered to increase sensitivity and resolution in deep tissues. The 

sensitivity of in vivo bioluminescence imaging is dependent on the quantity of light emitted by the 

luciferase enzyme and substrate system beyond 620nm, when tissue penetration is increased. The 

luciferase system used by us, firefly luciferase and D-luciferin, has a peak emission of 600nm and 

beyond and is used as a standard method to image gene expression and is able to permeate shallow 

tissue. (Contag, Spilman et al. 1997, Badr and Tannous 2011).  However as described before, one of the 

limitations of the firefly system is its lack of sensitivity in deeper tissues, mainly due to absorption of 

photon emissions by tissue pigments such as melanin and haemoglobin and other cellular components. 

Additionally, the bio-distribution of luciferin in the brain has been found to be insufficient to enable 
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sustained imaging (Weissleder and Ntziachristos 2003, Berger, Paulmurugan et al. 2008). To offset these 

issues and improve the resolution of bioluminescence imaging of deep tissues, multiple attempts have 

been made to engineer substrates and luciferase reporters which enable photon emissions at near infra-

red measurements (650-900nm), but this has been challenging (Branchini, Ablamsky et al. 2010, 

Kojima, Takakura et al. 2013, Nishiguchi, Yamada et al. 2015, Kuchimaru, Iwano et al. 2016). More 

recently Hall et al. reported a click beetle red (CBR) luciferase mutant variant, CBR2, which along with 

a modified luciferin analog, had a peak emission spectrum of 730nm. Importantly, when tested in deep 

brain imaging, the bioluminescence signal was 2-fold higher than that observed with firefly 

luciferase/D-luciferin combination and also improved resolution of the image. Increased 

bioluminescence was also observed with CBR2 luciferase system compared to firefly luciferase when 

imaging skin of BL6 mice (Hall, Woodroofe et al. 2018). This is particularly useful as several imprinted 

genes such as Cdkn1c are involved in neural processes and improved resolution should assist in imaging 

gene expression in the brain.  

 

Significant advances have also been made in imaging instruments which acquire the bioluminescence 

signal generated and process it. Bioluminescence tomography allows reconstruction of the light source 

distribution by detection of photon emission captured by the CCD camera device and the pre-scanned 

anatomical information given by the imaging modality (CT/microCT or MR) of the animal 

(Mezzanotte, van 't Root et al. 2017).  An interesting development has been the use of bundled-fibre 

coupled microscope which allows in vivo imaging of cells and organs within deep sites in the body of 

the living animal. The fibre bundles are also connected to a CCD camera and detect low photon emission 

with high resolution, allowing endoscopic bioluminescence in vivo imaging within deeper tissues. Ando 

et al. recently used this system to conduct bioluminescence imaging of the cerebral cortex, testis and 

the fat pad of the cauda epididymis.  Having access to tissues such as the testes would allow us to 

visualise whether specific exposures induce transgenerational deregulation of imprinted gene 

expression (Ando, Sakurai et al. 2016).  
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Bioluminescence imaging provides exquisite sensitivity and specificity with a high signal: background 

ratio (Mezzanotte, van 't Root et al. 2017). However, bioluminescence imaging is not suitable for single 

cell analysis, as it reports bioluminescence signal across a population rather than individual cells (Badr 

2014). Analysis of imprinted gene expression on a single cell level would be informative as some 

imprinted genes such as Dlk1 become biallelically expressed in stem cells and niche astrocytes (Ferron, 

Charalambous et al. 2011). Fluorescence reporters provide high spatial-temporal resolution at a cellular 

level and are suitable for single cell analysis.  To harness the advantages of both, Mezzanotte et al. have 

developed a new luciferase fusion reporter by fusing firefly luciferase and a far-red fluorescence protein 

TurboFP635. This reporter allowed detection of bioluminescent signals over a time course in deep tissue 

in mice and retained the potential for single cell analysis (Mezzanotte, Blankevoort et al. 2014). Yan et 

al. developed transgenic mice expressing triple fusion reporters which allowed multimodality imaging 

(Yan, Ray et al. 2013). Transgenic animals expressing reporters in which luciferase is fused with GFP 

have also been reported (Scotto, Kruithof-de Julio et al. 2012). Approaches such as these would be 

useful in interrogating imprinting dynamics during reprogramming and greatly increases the amount of 

information gained from a single imaging experiment. 

 

Meta-analysis of micro-array data have  revealed that networks of co-regulated imprinted genes exist 

to control embryonic growth, with expression of one gene, for example Zac1, altering the expression of 

several other imprinted genes in the network including Cdkn1c and Dlk1 (Varrault, Gueydan et al. 

2006). H19 has been shown to control nine genes of a network of imprinted genes during foetal 

development (Gabory, Ripoche et al. 2009, Monnier, Martinet et al. 2013).  The ability to multiplex 

bioluminescence imaging by using different luciferase reporters with well separated spectra at different 

imprinted genes would allow us to understand these networks, enabling the tracking of different 

molecular events simultaneously. The use of different substrates would also allow for multiplex 

imaging, for instance Firefly luciferase and Renilla luciferases which require different substrates have 

been used in mouse models (Mezzanotte, Que et al. 2011, Mezzanotte, van 't Root et al. 2017). This 

would allow reduction in the number of animals used and increase the statistical power of the study.  
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6.3  Visualising loss of imprinting in mouse reporter model Cdkn1cFlucLacZ 

To test whether disruption of imprints leading to loss of imprinted expression of Cdkn1c could be 

visualised by bioluminescence imaging using our model we used pharmacological agents such as 

chromatin modifying drugs. CDKN1C is thought to regulate several hallmarks of malignant tumours 

such as cell invasion, tumour differentiation, metastasis and apoptosis. CDKN1C has also been deemed 

as a prognostication marker in some types of cancers (Kavanagh and Joseph 2011). Additionally, 

involvement of CDKN1C in cancer is not generally rendered through genetic mutations of the gene but 

through downregulation of its transcription by epigenetic changes such as altered DNA methylation and 

repressive histone marks at the promoter (Shin, Kim et al. 2000, Kikuchi, Toyota et al. 2002, Algar, 

Muscat et al. 2009, Kavanagh and Joseph 2011). This has led to the testing of chromatin modifying 

drugs as therapeutic interventions in cancers where CDKN1C is implicated. 5’azacytidine has been 

shown to reduce methylation at the CDKN1C promoter in dividing acute myeloid leukaemia cells in 

culture and TSA has been shown to upregulate CDKN1C expression in lymphoblastoid cells (Seo, Cho 

et al. 2008, Flotho, Claus et al. 2009, Yang, Karuturi et al. 2009).  

 

To study if loss of imprinting can be induced by chromatin modifiers and visualised by bioluminescence 

imaging, Cdkn1c+/FlucLacZ embryos were subjected to either TSA, 5’azacytidine or a combination of 

5’azacytidine and TSA in utero at E12.5-E13.5. In 5’azacytidine- and TSA-alone exposed embryos, ex 

utero, only some embryos demonstrated de-repression of the silenced allele as demonstrated by 

bioluminescence imaging. Notably, de-repression of the paternal allele in Cdkn1c+/FlucLacZ embryos, as 

measured by the intensity of bioluminescence signal, was less pronounced in 5’azacytidine-alone 

exposed embryos than TSA-alone ones. Notwithstanding drug pharmacokinetic-related issues, this 

suggests that the paternal Cdkn1c transcriptional de-repression is more vulnerable to abrogation of 

repressive histone marks than DNA methylation. Of course, there exist an intricate web of interactions 

between DNA methylation and histone modifications which maintain long term transcriptional 

silencing (Fuks 2005).  
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Methylation analysis of brains of E14.5 5’azacytidine-exposed embryos demonstrated extensive loss of 

methylation at the Cdkn1c KvDMR1 and the somatic DMR compared to vehicle-exposed subject 

samples. Intriguingly, in samples from TSA-alone exposed embryos there was a small reduction in 

methylation at the Cdkn1c somatic DMR. HDAC inhibitors have been shown to affect DNMT1 

expression and protein levels in various in vitro studies (Xiong, Dowdy et al. 2005, Januchowski, 

Dabrowski et al. 2007, Ou, Torrisani et al. 2007, Zhou, Agoston et al. 2008, Arzenani, Zade et al. 2011). 

Additionally, HDAC inhibitors have been shown to induce expression of CDKN1A and CDKN2A by 

reversing their promoter methylation in prostate cancer cells by inhibition of ERK phosphorylation 

which then downregulates DNMT1. Of course, CDKN1A and CDKN2A, despite being members of the 

same family as CDKN1C, are not imprinted and these experiments were performed in human cancer 

cell lines and maybe subject to different epigenetic regulatory mechanisms (Sarkar, Abujamra et al. 

2011). 

 

Combination (5’azacytidine and TSA) drug-exposed embryos showed extensive bioluminescence in all 

embryos exposed, suggesting the importance of the synergistic action of DNA methylation and 

deacetylation in maintaining silencing of the Cdkn1c paternal allele. Methylation analysis of the DMRs 

regulating imprinted expression of Cdkn1c in brain samples of these exposed embryos demonstrated 

loss of methylation at the KvDMR1 and somatic DMR.  Alleviation of Cdkn1c paternal allele silencing 

by combination drug treatment, however, was transient, as combination drug treated P28 animals 

demonstrated no bioluminescence and DNA methylation levels in the brain of these animals was 

restored to that of vehicle-exposed P28 mice. Collectively, these data demonstrate that chromatin 

modifying drugs have differential effects on the Cdkn1c imprint alone and in combination and 

bioluminescence imaging can be used to visualise these effects making it a useful tool to interrogate 

epigenetic regulatory mechanisms that govern imprinted expression of this gene. 

 

Many studies have looked at the effect of environmental stressors on imprinting during the 

periconceptional and gestational period in mice and humans. The impact of maternal under-nutrition, 
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or low protein diet, on imprinted genes has been explored in humans and animals, focussing on various 

different tissues (Tobi, Lumey et al. 2009, Vucetic, Totoki et al. 2010, Ivanova, Chen et al. 2012, 

Radford, Isganaitis et al. 2012, Williams-Wyss, Zhang et al. 2014). However, a consensus as to the 

nature of the effect on imprinted genes has not been reached. Some studies have shown changes in 

methylation at DMRs, others have demonstrated transcriptional changes alone (Vucetic, Kimmel et al. 

2010, Vucetic, Totoki et al. 2010, Ivanova, Chen et al. 2012, Tobi, Slagboom et al. 2012). Given the 

deleterious effects that aberrant imprinted gene expression can have on health outcomes (Kong, 

Steinthorsdottir et al. 2009, Wallace, Smyth et al. 2010, Small, Hedman et al. 2011, Azzi, Sas et al. 

2014), it is vital to explore whether imprinted genes are indeed vulnerable to dysregulation by 

environmental perturbations, the mechanism by which dysregulation occurs and the functional 

consequences to the individual. 

 

Cdkn1c has been demonstrated to be susceptible to in utero low dietary protein. Specifically, pregnant 

mice exposed to a low protein diet gave birth to pups which displayed two to sevenfold increased 

expression of Cdkn1c versus controls across different regions in the brain. Additionally, Cdkn1c 

promoter DNA methylation was reduced by half compared to controls in the midbrain (Vucetic, Totoki 

et al. 2010). However, as the paternal and maternal allele were not discriminated in this study, it could 

not be confirmed whether the increased Cdkn1c expression was due to transcriptional upregulation 

secondary to a low protein diet or due to de-repression of the silenced paternal allele. 

 

To determine if exposure low protein diet during gestation perturbs Cdkn1c imprinted expression by 

alleviating silencing of the paternal allele in our knock in mouse model Cdkn1cFlucLacZ, wild type females 

were bred with heterozygous males (Cdkn1c+/FlucLacZ). On confirmation of pregnancy, the females were 

fed a low protein diet until parturition. The offspring were maintained on a normal diet after birth. 

Controls included wild type embryos exposed to low protein diet and Cdkn1c+/FlucLacZ and wild type 

embryos fed on a normal diet. Embryos from the control and test groups were imaged ex utero at E11.5 

and E14.5). Although no bioluminescence was observed at E11.5, by E14.5 7/7 Cdkn1c+/FlucLacZ 
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embryos exposed to low protein diet during gestation showed bioluminescence. No signal was detected 

in any of the embryos from the control group. In keeping with the findings of Vucetic et al., 

bioluminescence signal was most prominent in the cranial region and luciferase re-expression was 

pronounced in the midbrain. Furthermore, bioluminescence signal was observed in Cdkn1c+/FlucLacZ 

offspring exposed to low protein diet in utero at 4 weeks of age despite being established on a normal 

diet since birth (Van de Pette, Abbas et al. 2017).  

 

DNA methylation analysis at the KvDMR1 and the somatic DMR of Cdkn1c, in brain tissue of E11.5, 

E14.5 embryos and 4-week-old adults (P28) was also conducted. The KvDMR1 in brain samples of 

exposed individuals displayed normal methylation at all stages. Consistent with the bioluminescence 

signal being observed at E14.5 and P28 but not at E11.5, DNA methylation at the somatic DMR in 

brains of Cdkn1c+/FlucLacZ embryos was maintained at E11.5 but reduced at E14.5 and P28. These data 

suggest that in utero exposure to low protein does not interfere with the establishment of methylation 

at the KvDMR1 and somatic DMR of Cdkn1c, but possibly interferes with maintenance of methylation 

at the somatic DMR but not KvDMR1, resulting in de-repression of the paternal Cdkn1c allele at E14.5. 

The de-repression persists into adulthood even after normal diet has been restored. Studies as to whether 

this is a lifelong phenomenon are being undertaken by our group currently. Additionally, the group are 

examining the consequences of increased Cdkn1c dosage on the neurobehavioural axis. As Cdkn1c is 

thought to play a critical role in dopaminergic neuronal development (Joseph, Wallen-Mackenzie et al. 

2003), low protein-exposed animals may be susceptible to serious chronic mental disorders such as 

schizophrenia and addiction, in which dopamine dysregulation is implicated (Stone, Morrison et al. 

2007, Ungless, Argilli et al. 2010). To look for transgenerational effects Dr. Van de Pette imaged the 

F2 Cdkn1c+/FlucLacZ embryos born to low protein exposed males and females. No bioluminescence was 

observable in these subjects suggesting appropriate reprogramming of epigenetic marks in the next 

generation (unpublished data). 
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To examine if methyl donors, such as folate supplements, could ameliorate the effect of low protein 

induced de-repression of the Cdkn1c paternal allele in vivo, the above experiments were repeated with 

low protein diet but with folate supplementation. Remarkably, Cdkn1c+/FlucLacZ embryos exposed to low 

protein and folate displayed background levels of bioluminescence, as did the resulting P28 adults. 

Also, methylation at the somatic DMR of these individuals was no different from normal unexposed 

controls (Van de Pette, Abbas et al. 2017). 

 

These results demonstrate definitively that low protein diet causes loss of imprinting of Cdkn1c as 

demonstrated by biallelic expression of Cdkn1c in our mouse model and loss of methylation at the 

somatic DMR. Moreover, loss of imprinting persisted into adulthood. Interestingly, bioluminescence 

was most prominent in the brain, suggesting that this de-repression of the paternal allele is possibly 

tissue specific. Although not formally analysed, this suggests either that the somatic DMR is more 

vulnerable in the brain tissue or that even though methylation loss occurs, certain tissues are able to 

maintain repression of the paternal allele through other repressive epigenetic marks such as histone 

modifications. Growth was not substantially affected due to de-repression of the Cdkn1c paternal allele 

occurring mostly in the brain rather than all the tissues. 

 

Whether erosion of the somatic imprint in the embryos is a reflection of period of vulnerability during 

development as epigenetic marks are dynamic and being consolidated, or simply because of increased 

demand as embryogenesis is accompanied by rapid cell proliferation, is not clear. Also, why low protein 

affects the somatic DMR but not the KvDMR1, even though mechanistically, methylation at both DMRs 

is maintained by DNMT1 is intriguing and suggests that germline acquired DMRs are possibly more 

stable. The fact that somatic DMRs exist at only a few imprinted loci suggests that that these DMRs are 

an additional layer of regulation to ensure imprinted expression at key loci, rather than imprint-defining 

marks such as those laid down in the germline, although this has not been confirmed.  Additionally, 

whilst exposure to a low protein diet in utero led to persistence of de-repression of the paternal allele, 

time-limited exposure to chromatin modifying drugs had a more transient effect, as combination drug 
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exposed subjects showed re-silencing of the paternal allele at 4 weeks. This may reflect different tissue 

susceptibilities and period of exposure.  

 

As critical as imprinted genes are in a wide variety of mammalian processes including growth, 

metabolism and behaviour, they are challenging to study, with each individual locus bearing its 

complexities and specificities. Any mouse model designed to study these genes requires reliable 

discrimination of the maternal and paternal alleles as the basis of imprinted gene expression is the 

distinction of the parental alleles. The mouse lines I have described, in which bioluminescence signal 

reports allelic expression of Cdkn1c and Dlk1, constitute non-invasive genetic tools to interrogate 

epigenetic deregulation and their consequences throughout life providing the opportunity study the 

regulation of Cdkn1c and Dlk1 during development and disease. 
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Appendix 

Table A1. Primers transcript analysis by quantitative RT-PCR 

Gene  Sequence 5’- 3’ 

-Actin 
Forward 

Reverse 

CCTGTATGCCTCTGGTCGTA 

CCATCTCCTGCTCGAAGTCT 

Cdkn1c 
Forward 

Reverse 

AGAGAACTGCGCAGGAGAAC 

TCTGGCCGTTAGCCTCTAAA 

Firefly Luciferase 

 

Forward 

Reverse 

GTTTTGGAGCACGGAAAGAC 

ACCTTTCGGTACTTCGTCCA 

Dlk1 
Forward 

Reverse 

GAAAGGACTGCCAGCACAA 

CACAGAAGTTGCCTGAGAA 

 

Table A2. Primers for bisulfite sequencing analysis 

Gene   Sequence 5’- 3’ 

Cdkn1c KvDMR1 

Forward 

Outer Reverse 

Inner Reverse 

TAAGGTGAGTGGTTTAGGAT 

AATCCCCCACACCTAAATTC 

CCACTATAAACCCACACATA 

Cdkn1c 
Somatic 

DMR 

Forward 

Reverse 

AGAGAACTGCGCAGGAGAAC 

TCTGGCCGTTAGCCTCTAAA 

 

Table A3. Primers for genotyping mice 

Gene  Sequence 5’- 3’ 

Dlk1FlucLacZ 
Forward 

Reverse 

AGTTTGCAAGCTGCACTTGG 

CTTTGGAGCTAGATCTTTCAGTGG 

(Primer couple 4) 

Cdkn1cFlucLacZ 

Forward 

Reverse 

ACATCACTTACGCTGAGTACTTCG 

GGGAGGTAGATGAGATGTGACG 

Cdkn1cFluc 

 

Forward 

Reverse 

ACATCACTTACGCTGAGTACTTCG 

GGGAGGTAGATGAGATGTGACG 

(Primer couple 3) 

CD79b (Control) 

Forward 

Reverse 

GAGACTCTGGCTACTCATCC 

CCTTCAGCAAGAGCTGGGGAC 

 

Table A4. Primers for Sequencing pPGKneobpAloxPPGKDTA-Cdkn1c-IRES-Luciferase 

Primer Sequence 5’- 3’ 

CdkseqRev5 GGCCTCCTCACGATTAGCAT 

IRES Seq 1 GTGCAAGGAGTACGCTGGTC 

IRES Seq 2 TATCCGCTGGAAGATGGAAC 

IRES Seq 3 AGAACTGCCTGCGTGAGATT 

RES Seq 4 ACTGGGACGAAGACGAACAC 
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Table A5. Primers for PCR screening of targeted Cdkn1cFluc ES cells  

  Sequence 5’- 3’ 

Primer Couple 1 
Forward 

Reverse 

AGACGCCAAAAACATAAAGAAAGGCCCGGC 

TATAAATGTCGTTCGCGGGCGCAACTGCAA 

Primer Couple 2 
Forward 

Reverse 

GGAGGAGGGGTCATTCTCTC 

GTTCCATCTTCCAGCGGATA 

Nested Primers for 

Primer Couple 2 

Forward 

Reverse 

TGCCTCGAAGGCAGATACTT 

TACGCTTGAGGAGAGCCATT 

 

Table A6. Primers for sequencing long range PCR product 

Seq LRPCR Prod-44 CCAGGACCCAGCTGGTAGTA 

Seq LRPCR Prod-45 AGGAACTGCTTCCTTCACGA 
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