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ABSTRACT 

Methylation of DNA is an epigenetic mechanism that is crucial in regulating gene 

expression. Aberrant changes in gene transcription observed in cancers and other 

diseases, is often attributed to changes in DNA methylation patterns. As a result, 

understanding the regulation of the DNA methyltransferase (DNMT) family of 

proteins, which catalyse addition of methyl groups to cytosine residues (5mC), is 

necessary. Recently, a number of long non-coding RNAs (lncRNAs) have been 

shown to play a role in regulating activity of DNA methyltransferase-1 or DNMT1. 

We show that our lncRNA of interest, which is frequently mutated in myeloid 

leukaemia, also interacts with DNMT1. In an exciting discovery, we have found that 

a knockout (KO) of this RNA results in DNMT1 re-localising to the cytoplasm of the 

cell. As a consequence, in KO cells, DNA is significantly hypomethylated and many 

genes show changes in expression. We also observe that KO cells grow 

significantly slower and are apoptotic. We have additionally seen changes in 3D 

nuclear architecture, although it is currently unclear how this occurs. These 

observations not only suggest a new role for our lncRNA in DNA methylation by 

regulating subcellular localisation of DNMT1, but also its potential in down-

regulating cancer cell growth.  

 

 

 

 



 

 

Dedicated to  

Mam, Dad, Jay and Nathan  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



ACKNOWLEDGMENTS 

Completion of this project and thesis would not have been possible without a number 

of important people. First and foremost, I would like to express thanks to my supervisor, 

Dr Aditi Kanhere, whose guidance, patience and expertise have helped me become the 

scientist I am today. I am hugely appreciative for the confidence you had in me, when I 

lacked it in myself. Thank you also to Dr Farhat Khanim for our invaluable discussions 

and your continual encouragement. I am hugely appreciative to the BALM facility, 

especially Dr Alessandro Di Maio, for his immense help and support with the confocal 

microscope and image analysis. Also, to Dr John Halsall for his assistance with histone 

extractions and other discussions.  

 

The Kanhere lab group, Susanne, Diaa and Sanjana, were a valued part of my PhD 

journey, providing encouragement and help during the most difficult times. I will truly 

miss us working together. I must also thank the rest of the 8th floor members for making 

my experience so enjoyable, and for always being so willing to help or loan reagents. It 

was a privilege working alongside such a kind and intelligent group of people.  

 

I must also thank my family and friends. To my parents who have always encouraged 

and supported me in everything I do, to Nathan who is always on the end of the phone 

during panicked rants of failed experiments, and a special thank you to Jay who has 

been my complete rock, not only throughout this PhD, but throughout the last 9 years. 

This thesis would not exist without you. Thank you also to my Tredegar girls for sticking 

with me, despite me being a rubbish friend and always being busy in the last four years!  

 

A final thank you also to the BBSRC MIBTP for giving me this wonderful opportunity. 



TABLE OF CONTENTS 
 

CHAPTER 1: INTRODUCTION .............................................................................. 1 
1.1 Non-Coding RNAs ....................................................................................... 1 

1.1.1 Introduction to Non-Coding RNAs ........................................................... 1 
1.1.2 Non-coding RNAs: Functional Components or Genetic Waste? ............. 2 
1.1.3 Classification of Non-Coding RNAs ........................................................ 5 
1.1.3.1 Housekeeping ncRNAs ........................................................................ 7 
1.1.3.2 Regulatory ncRNAs .............................................................................. 8 
1.1.3.2.1 Small non-coding RNAs (sncRNAs) .................................................. 8 
1.1.3.2.2 Long non-coding RNAs (lncRNAs) .................................................... 9 
1.1.4 Functions of lncRNAs: Transcriptional Regulation ................................ 16 
1.1.4.1 Molecular Mechanisms of lncRNAs: Signals, Decoys, Guides and 
Scaffolds ........................................................................................................ 16 
1.1.4.2 LncRNAs and Chromatin Remodelling .............................................. 20 
1.1.4.3 LncRNAs and Chromatin Looping ...................................................... 25 
1.1.4.4 LncRNAs and DNMT1 ........................................................................ 27 
1.1.5 Functions of lncRNAs: Post-Transcriptional .......................................... 30 
1.1.5.1 LncRNAs and mRNA Stability ............................................................ 30 
1.1.5.2 LncRNAs and mRNA Splicing ............................................................ 30 
1.1.5.3 LncRNAs and Protein Stability ........................................................... 31 
1.1.5.4 LncRNAs and Protein Localisation ..................................................... 32 
1.1.6 LncRNAs and Phase Separation .......................................................... 33 

 1.2 Coiled-Coil Domain-Containing 26 (CCDC26) ........................................ 35 
1.2.1 The 8q24 Locus .................................................................................... 35 
1.2.2 LncRNA CCDC26 ................................................................................. 39 
1.2.3 CCDC26 Function ................................................................................. 43 

1.3 The Chromatin Landscape ........................................................................ 47 
1.3.1 The Nucleosome ................................................................................... 47 
1.3.1.1 Histone H2A.X .................................................................................... 48 
1.3.2 Higher Order Chromatin Fibres ............................................................. 50 
1.3.3 Chromosome Territories ....................................................................... 51 
1.3.4 Heterochromatin v Euchromatin ............................................................ 52 

1.4 Epigenetic Gene Regulation ..................................................................... 54 
1.4.1 Histone Modifications ............................................................................ 54 
1.4.1.1 The Histone Code Hypothesis ........................................................... 54 
1.4.1.2 Writers, Readers and Erasers of Histone Modifications ..................... 55 
1.4.2 DNA Methylation ................................................................................... 58 
1.4.2.1 The DNA Methyltransferase Family ................................................... 60 
1.4.2.2 The Structure of DNMTs .................................................................... 60 
1.4.2.3 DNMT3A and DNMT3B ...................................................................... 65 
1.4.2.4 DNMT1 ............................................................................................... 66 
1.4.2.5 DNA Methylation and Disease ........................................................... 68 

1.5 Aims and Objectives ................................................................................. 73 
 



CHAPTER 2: MATERIALS AND METHODS ....................................................... 75 
2.1 Materials ..................................................................................................... 75 
2.2 Cell Culture ................................................................................................. 79 

2.2.1 Culturing K562 Cells  ............................................................................ 79 
2.2.2 Long-term Storage of K562 Cells in Liquid Nitrogen  ............................ 79 
2.2.3 Thawing K562 Cells  ............................................................................. 80 
2.2.4 Cell Growth Curves  .............................................................................. 80 
2.2.5 Inhibitor and Drug Treatments  ............................................................. 80 
2.2.6 Transient siRNA Transfection  .............................................................. 82 
2.2.7 Growing CCDC26 Overexpression Cells .............................................. 82 
2.2.8 Fluorescence Activated Cell Sorting (FACS) Cell Cycle Analysis  ........ 83 

2.3 DNA Fluorescence in situ Hybridisation (FISH) ...................................... 83 
2.3.1 Generation of DNA FISH Probes  ......................................................... 83 
2.3.1.1 Bacterial Artificial Chromosome (BAC) Preparation  .......................... 83 
2.3.1.2 Midi Prep  ........................................................................................... 84 
2.3.1.3 Synthesis of Amine-Modified DNA and Labelling with Fluorescent Dye 
 ....................................................................................................................... 85 
2.3.2 In situ Hybridisation  .............................................................................. 87 
2.3.2.1 Cell Fixation  ...................................................................................... 87 
2.3.2.2 Slide Preparation and Hybridisation  .................................................. 87 
2.3.2.3 Post-Hybridisation Washes  ............................................................... 88 
2.3.2.4 Confocal Microscopy  ......................................................................... 88 
2.3.2.5 Calculating the 3D Distance Between Signals  .................................. 88 

2.4 Immunofluorescence ................................................................................. 90 
2.4.1 Slide Preparation  .................................................................................. 90 
2.4.2 Blocking and Primary Antibody  ............................................................ 90 
2.4.3 Secondary Antibody  ............................................................................. 91 
2.4.4 Confocal Microscopy  ............................................................................ 91 

2.5 Nucleolar AgNOR Staining ....................................................................... 91 
2.6 RNA Manipulation ...................................................................................... 92 

2.6.1 RNA Extraction ...................................................................................... 92 
2.6.1.1 Total RNA Extraction .......................................................................... 93 
2.6.1.2 Extraction of Nuclear and Cytosolic RNA Fractions ........................... 93 
2.6.1.3 DNase I Treatment of RNA ................................................................ 94 
2.6.2 Complementary DNA (cDNA) Synthesis by Reverse Transcription  ..... 94 
2.6.3 Real-Time Polymerase Chain Reaction (RT-PCR) ............................... 95 
2.6.4 Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) ......... 96 

2.7 Protein Work .............................................................................................. 97 
2.7.1 Preparation of Whole Cell Lysates ........................................................ 97 
2.7.2 Preparation of Nuclear and Cytosolic Protein Fractions ....................... 97 
2.7.3 Histone Protein Extraction ..................................................................... 98 
2.7.4 Bradford Assay Protein Quantification .................................................. 99 
2.7.5 Preparation of SDS-PAGE Gels ............................................................ 99 
2.7.6 SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE) ....................... 99 
2.7.7 Western Blotting .................................................................................. 100 



2.7.8 SDS-PAGE Image Analysis ................................................................ 100 
2.7.9 Stripping Nitrocellulose Membranes ................................................... 101 

2.8 DNMT1 Immunoprecipitation (IP) ........................................................... 101 
2.7 DNMT1 RNA Immunoprecipitation (RIP) ................................................ 102 

 

CHAPTER 3: CHARACTERISATION OF LONG NON-CODING RNA, CCDC26, 
IN CHRONIC MYELOID LEUKEMIA CELL LINE, K562 .................................... 105 

3.1 Introduction .............................................................................................. 105 
3.2 Results ...................................................................................................... 106 

3.2.1 Expression and localisation of CCDC26 ............................................. 106 
3.2.2 Subcellular localisation of CCDC26 .................................................... 113 
3.2.3 CCDC26 KO cells grow slower and are more apoptotic ..................... 117 
3.2.4 The impact of CCDC26 on epigenetic modifications ........................... 124 

3.3 Discussion ................................................................................................ 130 
 

CHAPTER 4: CCDC26 REGULATES DNA METHYLATION BY CONTROLLING 
SUBCELLULAR LOCALISATION OF DNMT1  ................................................. 138 

4.1 Introduction .............................................................................................. 138 
4.2 Results ...................................................................................................... 139 

4.2.1 Total levels of DNMT enzymes are unchanged in CCDC26 KO cells . 139 
4.2.2 CCDC26 KO implicates DNMT1 subcellular localisation .................... 145 
4.2.3 CCDC26 interacts with DNMT1 .......................................................... 149 
4.2.4 DNMT1 genes are up-regulated in KO cells ....................................... 153 
4.2.5 Exogenous CCDC26 expression does not rescue DNMT1 localisation
 ..................................................................................................................... 155 

    4.3 Discussion ............................................................................................... 159 
 

CHAPTER 5: UNDERSTANDING HOW CCDC26 REGULATES SUBCELLULAR 
LOCALISATION OF DNMT1 .............................................................................. 168 

5.1 Introduction .............................................................................................. 168 
5.2 Results ...................................................................................................... 169 

5.2.1 DNA damage is a consequence and not a cause of DNMT1 re-
localisation ................................................................................................... 169 
5.2.2 Is DNMT1 re-localisation related to HDAC inhibition? ........................ 182 
5.2.3 DNMT1stability is not changed in CCDC26 KO cells .......................... 189 
5.2.4 DNMT1 PTMs demonstrate no obvious changes in CCDC26 KO cells 
 ..................................................................................................................... 192 

    5.3 Discussion ............................................................................................... 195 
 

CHAPTER 6: THE EFFECT OF CCDC26 AND DNMT RE-LOCALISATION ON 
NUCLEAR ARCHITECTURE ............................................................................. 204 

6.1 Introduction .............................................................................................. 204 



6.2 Results ...................................................................................................... 205 
6.2.1 Nucleolar structure and function is not significantly impacted by 
CCDC26 KO ................................................................................................. 205 
6.2.2 CCDC26 KO cells demonstrate changes in 3D nuclear localisation of 
chromosomal loci ......................................................................................... 212 

   6.3 Discussion ................................................................................................ 223 
 

CHAPTER 7: GENERAL DISCUSSION ............................................................. 229 
7.1 CCDC26 regulates global DNA methylation by controlling the 
subcellular localisation of DNMT1 ............................................................... 231 
7.2 CCDC26 expression is important in 3D nuclear architecture .............. 234 
7.3 Future work and final conclusions ........................................................ 236 

 

APPENDICES ..................................................................................................... 240 
 

REFERENCES .................................................................................................... 244 

 
 
 

 

 

 

 

 

 

 

 

 

 



 LIST OF FIGURES 
 

Figure 1.1 Classification of RNA        6 

Figure 1.2 Molecular Mechanisms of lncRNAs     19 

Figure 1.3 LncRNA Xist Regulates X-Chromosome Inactivation  24 

Figure 1.4 LncRNA Firre Mediates Formation of a Trans-Chromosomal  

Interaction          26 

Figure 1.5 The 8q24 Locus is a Sea of LncRNA Genes   38 

Figure 1.6 CCDC26 Isoforms       41 

Figure 1.7 Nucleosome Structure       49 

Figure 1.8 The DNA Methyltransferase Family     64 

Figure 1.9 Proposed Model of UHRF1-Mediated DNMT1 Targeting to  

Hemi-Methylated CpGs        69 

 

Figure 3.1 K562 cells demonstrate highest levels of CCDC26 expression 109 

Figure 3.2 Expression profiles for CCDC26             110 
Figure 3.3 Mapping epigenetic marks and RNA Pol II binding to the  

CCDC26 locus                           111 

Figure 3.4 CCDC26 isoforms 1 and 2 are predominant in K562 cells         112 

Figure 3.5 CCDC26 localisation: a data mining approach           115 

Figure 3.6 CCDC26 is primarily localised in the nucleus of K562 cells       116 

Figure 3.7 CCDC26 CRISPR KO cell lines             120 

Figure 3.8 CCDC26 KO cells grow slower than WT cells           121 

Figure 3.9 CCDC26 KO cells are more apoptotic than WT cells          122 

Figure 3.10 CCDC26 KO cells show no changes in cell cycle                    123 

Figure 3.11 CCDC26 KO cells have increased levels of DNA damage      127 

Figure 3.12 Global levels of histone modifications are unchanged in  

CCDC26 KO cells                 128 
Figure 3.13 CCDC26 KO cells are hypomethylated            129 

 

Figure 4.1 Total DNMT1 levels do not change upon CCDC26 KO          142 

Figure 4.2 Total DNMT3A levels do not change upon CCDC26 KO          143 

Figure 4.3 Total DNMT3B levels do not change upon CCDC26 KO          144 

Figure 4.4 DNMT1 is primarily localised in the cytosol in CCDC26 KO  

cells                                    147 

Figure 4.5 DNMT3A and DNMT3B localisation is unaffected by CCDC26  

KO                   148 

Figure 4.6 DNMT1 RIP-seq suggests CCDC26 may interact with DNMT1 151 

Figure 4.7 DNMT1 RIP shows that CCDC26 may interact with DNMT1     152 

Figure 4.8 DNMT1-regulated genes are differentially expressed in  

CCDC26 KO cells, similarly to DNMT1 KD cells                       154 



Figure 4.9 Exogeneous CCDC26 expression in WT and CCDC26 KO  

cells                   156 

Figure 4.10 Exogenous CCDC26 expression does not rescue  

DNMT1 localisation                 157 

Figure 4.11 Exogenous CCDC26 expression does not rescue CCDC26 

KO phenotypes                  158 

Figure 4.12 Model for CCDC26-mediated DNMT1 regulation           167 

 

Figure 5.1 DNMT1 siRNA KD in K562 cells             172 

Figure 5.2 24-hour DNMT1 siRNA KD does not significantly affect  

phenotype                  173 

Figure 5.3 Confirmation of DAC-induced DNMT1 inhibition            176 

Figure 5.4 DAC treated cells demonstrate a phenotype similar to  

CCDC26 KO cells                 177 

Figure 5.5 Confirmation of Cisplatin-induced DNA damage           180 

Figure 5.6 Cisplatin-induced DNA damage does not affect DNMT1 

localisation                   181 

Figure 5.7 HDAC2 protein levels and localisation are not significantly  

different in CCDC26 KO cells compared to WT             184 

Figure 5.8 DNMT1-HDAC2 co-immunofluorescence            185 

Figure 5.9 Confirmation of SAHA- and VPA-mediated HDAC inhibition     187 

Figure 5.10 DNMT1 subcellular localisation does not change upon  

HDAC inhibition                 188 

Figure 5.11 DNMT1 stability is not significantly affected in CCDC26  

KO cells                  191 

Figure 5.12 DNMT1 is a highly modified protein            193 

Figure 5.13 No obvious change in DNMT1 PTM levels between WT and  

CCDC26 KO cells                           194 

 

Figure 6.1 Nucleolar protein levels and localisation are not significantly  

altered upon CCDC26 KO                208 

Figure 6.2 DNMT1 and Nucleolin co-immunofluorescence           209 

Figure 6.3 Nucleolar structure is similar in WT and CCDC26 KO cells       210 

Figure 6.4 rRNA levels are not significantly affected by CCDC26 KO        211 

Figure 6.5 Locations of significantly down-regulated genes in CCDC26  
KO cells                  214 

Figure 6.6 CCDC26 gene is located at the nuclear periphery           219 

Figure 6.7 Chr.1p13.3 and Chr.16p11.2 loci are located at the nuclear  

periphery of WT but not CCDC26 KO cells             220 

Figure 6.8 CCDC26, Chr.1p13.3 and Chr.16p11.2 loci are in close  

spatial proximity in WT cells but not CCDC26 KO cells            222 

Figure 6.9 Model of 3D chromosomal rearrangements in WT and  



CCDC26 KO cells                 228 

 

Figure 7.1 Model of the effects of CCDC26 KO on K562 cells                   239 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



LIST OF TABLES 
 

Table 1.1 Characteristics of classes of non-coding RNAs   15 

Table 1.2 Commonly Observed Histone Modifications    57 

Table 1.3 The HDAC Family of Proteins      57 

 

Table 2.1 Buffer Compositions       75 

Table 2.2 Primary Antibodies       76 

Table 2.3 Secondary antibodies       77 

Table 2.4 BACs for DNA FISH Probes      77 

Table 2.5 List of Primers        78 

Table 2.6 siRNAs         78 

Table 2.7 Cell culture growth media for K562 cells    79 

Table 2.8 Cell culture freezing media      79 

Table 2.9 DNA FISH Hybridisation Mixture     83 

Table 2.10 Solutions for AgNOR Staining     91 

 

Table 6.1 CCDC26 KO Chr.1p13.3 down-regulated genes           215 

Table 6.2 CCDC26 KO Chr.16p11.2 down-regulated genes           216 

 
 
 
 

 

 

 

 

 

 

 

 



ABBREVIATIONS 
 
3C    Chromosome conformation capture 
5mC    5 methyl-cytosine 
AgNOR   Argyrophilic nucleolar organiser region 
AML    Acute myeloid leukemia 
BAH   Bromo-adjacent homology 
BSA    Bovine serum albumin 
Cas9    CRISPR associated protein 9 
CCDC26  Coiled-coil domain containing 26 
cDNA    Complementary DNA 
CHX   Cycloheximide 
CML    Chronic myeloid leukemia 
CpG    5’-Cytosine-phosphate-Guanine-3’ 
CRISPR   Clustered regularly interspaced short palindromic repeats 
Ct    Cycle threshold 
DAC   Decitabine (5-Aza-2’-deoxycytidine) 
DACOR1  DNMT1-associated colon cancer repressed lncRNA 1 
DAVID Database for Annotation, Visualisation and Integrated Discovery                     
DMSO   Dimethyl sulfoxide 
DNA    Deoxyribonucleic acid 
DNA Pol   DNA Polymerase  
DNase   Deoxyribonuclease 
DNMT1  DNA methyltransferase 1 
DNMT3A  DNA methyltransferase 3A 
DNMT3B   DNA methyltransferase 3A  
DSB    Double strand break                      
ENCODE   Encyclopaedia of DNA Elements 
EZH2    Enhancer of Zeste 2  
FACS    Fluorescence-activated cell sorting 
FBS    Fetal bovine serum 
Firre   Functional intergenic repeating RNA element 
FISH    Fluorescence in situ hybridisation  
gDNA    Genomic DNA 
GSDMC  Gasdermin C 
HDAC   Histone deacetylase 
HDM   Histone demethylase 
hnRNPU  Heterogenous nuclear ribonucleoprotein U 
HOTAIR   HOX transcript antisense RNA 
HSAN1E  Hereditary sensory and autonomic neuropathy type 1E 
IDP   Intrinsically disordered proteins 
IF    Immunofluorescence 
IP    Immunoprecipitation 
KD    Knock down 
KO    Knockout 
LB    Lennox broth 
LINEs   Long interspersed nuclear elements 
lncRNA   Long non-coding RNA 
LSD1   Lysine demethylase 1 
MALAT1  Metastasis Associated Lung Adenocarcinoma Transcript 
miRNA   MicroRNA 
mRNA    Messenger RNA 



NCBI   National Centre for Biotechnology Information 
ncRNA   Non-coding RNA 
NEAT1   Nuclear Enriched Abundant Transcript 1 
NLS   Nuclear localisation signal 
ORF    Open reading frame 
O/x   Overexpression  
PBS    Phosphate buffered saline 
PCR    Polymerase chain reaction 
PI    Propidium iodide 
piRNA   PIWI-interacting RNA 
polyA   Polyadenylation 
PRC1/2                     Polycomb repressive complex 1 / 2 
PTM   Post-translational modification 
PVT1   Plasmacytoma Variant Translocation 1 
qRT-PCR   Quantitative real time polymerase chain reaction 
RAM    Retinoic Acid modulator 
RefSeq   NCBI Reference Sequence Database 
RFTS   Replication foci-targeting sequence 
RIP    RNA immunoprecipitation 
RISC    RNA-induced silencing complex 
RNA    Ribonucleic acid 
RNA Pol II  RNA Polymerase II 
RNA-seq  RNA sequencing 
RNase   Ribonuclease 
RNP   Ribonucleoprotein 
RRBS   Reduced representation bisulfite sequencing 
rRNA    Ribosomal RNA 
SAHA   Suberanilohydroxamic Acid  
SAM   S-adenosylmethionine 
SD   Standard deviation                            
SDS    Sodium dodecyl sulfate 
SDS-PAGE   SDS polyacrylamide gel electrophoresis 
siRNA    Small interfering RNA 
sncRNA  Small non-coding RNA                    
snoRNA                   Small nucleolar RNA 
SNP                          Single nucleotide polymorphism 
snRNA                      Small nuclear RNA 
snRNP   Small nuclear ribonucleoproteins 
TAD   Topologically-associated domain 
TBRS   Tatton-Brown-Rahman syndrome 
TBS    Tris buffered saline 
TBS-T    Tris buffered saline with Tween 
tRNA                         Transfer RNA 
TSA   Trichostatin A 
TSS    Transcription start site 
TF    Transcription factor 
UHRF1  Ubiquitin-like with PHD and RING finger domains 1 
VPA   Valproic Acid 
WT    Wild type 
XCI   X-chromosome inactivation 
Xi   Inactive X-chromosome 
XIC   X inactivation centre 
Xist   X-inactive specific transcript 



 1 

CHAPTER 1 

INTRODUCTION 

 

1.1 Non-Coding RNAs 

1.1.1 Introduction to Non-Coding RNAs 

Throughout the last decade, the substantial development of high-throughput 

technology has helped reveal the sheer complexity of the mammalian genome. Less 

than 2% of the human genome is protein coding, however, transcription is far more 

extensive, with RNA-seq data demonstrating that >80% of the genome is 

transcribed (Hangauer, Vaughn, and McManus 2013). It was previously believed 

that most of these transcriptional events constituted irrelevant “transcriptional 

noise”, however, following the success in sequencing whole eukaryotic genomes, 

the naivety in the level of our understanding of the transcriptome is becoming 

clearer (Hangauer, Vaughn, and McManus 2013).  

 

For years the understanding of RNA was primarily based on stably expressed 

protein-coding messenger RNAs (mRNAs) and housekeeping non-coding RNAs 

(ncRNAs) that are not translated to protein, but are largely involved in the process 

of translation, such as ribosomal RNA (rRNA), small nuclear and small nucleolar 

RNA (snRNA and snoRNA) and transfer RNA (tRNA). The early 2000’s however, 

led to the discovery that many non-protein-coding transcripts, previously 

disregarded, were stable enough to be cloned (Rinn et al. 2007). Evidence began 

to emerge of transcripts, formerly regarded as waste products, demonstrating 
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tissue-specific expression and localisation patterns, as well as unexpectedly long 

life spans (Clement et al. 1999; Clement, Maiti, and Wilkinson 2001; Lv et al. 2015). 

A key study in the discovery and appreciation of functional ncRNAs annotated 

>60,000 complementary DNA sequences (cDNA) in mice. Newly discovered 

ncRNAs comprised a far greater proportion of the murine transcriptome than 

expected, accounting for over a third of the analysed transcripts. This helped 

consolidate non-coding transcripts as one of the major components of the genome 

(Okazaki et al. 2002).  

 

The theory that ncRNAs are mere transcriptional noise has dwindled somewhat in 

recent years, as the true intricacy of our transcriptome has been unveiled. It has 

become clear that ncRNAs, other than housekeeping RNAs are functional in their 

own right, without being directly connected to protein translation. Large numbers of 

functional transcripts appear to be transcribed from intergenic regions and DNA that 

was previously thought to be silent (Morozova and Marra 2008; Derrien et al. 2012). 

This change has been driven by the development of modern technologies including 

RNA deep sequencing, chromatin immunoprecipitation with next-generation 

sequencing (ChIP-seq) and high-resolution techniques.  

 

1.1.2 Non-coding RNAs: Functional Components or Genetic Waste? 

The suggestion that non-coding transcripts are functional has generated much 

debate. One of the reasons behind this is that a number of observations indicate 

that the generation of non-coding transcripts is coincidental (Struhl 2007). For 

instance, as compared to protein-coding genes, ncRNAs display poor evolutionary 
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conservation (Pollard et al. 2006), and are expressed at much lower levels. An 

expression analysis of 15 cell lines showed that just 25% of protein-coding RNAs 

are present at ≤1 copy/cell, whilst a staggering 80% of long ncRNAs (lncRNAs) are 

present at this frequency (Djebali et al. 2012). This argues against functionality of 

ncRNAs. 

 

However, several observations suggest that ncRNAs are functional; for example, 

lncRNAs exhibit cellular specificity that is unexpected of mere noise. The same 

study that demonstrated low expression levels of ncRNAs, also showed that whilst 

only 7% of protein-coding gene expression is specific to a cell-line, almost 30% of 

lncRNAs demonstrate cell-specificity (Djebali et al. 2012). In addition, many non-

coding transcripts also display disease-specific expression patterns. In 2018, an 

entire, comprehensive database was generated just for non-coding RNAs 

associated with heart disease (Wang, Wang, et al. 2018). There is also the sheer 

number of lncRNAs to consider; a 2015 study pooled >7000 RNA-seq libraries and 

of the 91,000 genes analysed, >58,000 (~70%) were catalogued as lncRNAs (Iyer 

et al. 2015). A more recent study generated a high-confidence atlas of ~30,000 

lncRNA genes with accurately determined 5’ ends. Of these, they argued that at 

least two thirds are potentially functional, based on the increased conservation of 

their exonic and transcription initiation regions, and their implications in genome-

wide association studies (GWAS) traits and expression quantitative trait loci (eQTL) 

(Hon et al. 2017).  
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With regards to conservation, it is important to note that whilst ncRNA sequences 

are far less conserved than protein-coding genes, they still demonstrate a higher 

level of conservation than ancestral repeat regions (Orom et al. 2010). Evidence 

suggests that for ncRNAs, conservation of sequences outside the gene body, such 

as regulatory regions, is more important. Studies have shown that lncRNA promoter 

regions are highly conserved and generally demonstrate accumulation of relatively 

few mutations throughout evolution. Remarkably, the percentage of conserved 

sequences in lncRNA promoters approximately matches the percentage of 

conserved exonic sequences in protein-coding genes (Ponjavic, Ponting, and 

Lunter 2007). The fact that ncRNAs do not encode specific amino acid sequences 

might reflect the reason that they do not require such strict sequence conservation. 

Additionally, in some cases the act of transcription at certain regions might be more 

important than the end-product transcript. Initiation of a transcriptional event at a 

particular genomic region might be required to induce a desirable effect, such as 

altering the chromatin architecture or driving the accumulation of transcriptional 

machinery to that particular locus (Engreitz et al. 2016). For example, intergenic 

transcription of a ncRNA is required to drive the formation of an open chromatin 

environment at the b globin locus, thereby allowing access for transcription 

machinery and subsequently transcription of the gene (Gribnau et al. 2000). 

 

It has been shown that several ncRNAs localise at their site of transcription. This 

means that they can exert their function immediately after being transcribed and 

thus perform their roles at highly effective and efficient concentrations (Zhang et al. 

2013; Takayama et al. 2013). This might explain why many ncRNAs are expressed 
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at such low levels. For example, ncRNAs transcribed from genomic enhancer 

regions (eRNAs), can accumulate at their transcription site and behave as scaffolds 

onto which proteins such as Mediator can gather and subsequently drive changes 

in chromosomal architecture, organisation and gene expression (Lai et al. 2013).  

 

Evidence is rapidly emerging of ncRNAs playing key roles in all aspects of cellular 

function and I will discuss this in detail later in this chapter. At present, there is a 

large discrepancy between the number of identified ncRNAs and the number that 

have been functionally characterised (Quek et al. 2015; Derrien et al. 2012). This is 

largely due to our current inability to interpret function solely from RNA sequence in 

the way that protein function can be determined, as well as the relative unavailability 

of methods to study them. Ultimately, it is likely that both functional and non-

functional ncRNAs exist, and further work will be required to distinguish the 

functional from the non-functional. 

 

1.1.3 Classification of Non-Coding RNAs 

Non-coding RNAs are either regarded as housekeeping ncRNAs or regulatory 

ncRNAs. At present there is no definitive method of classifying the regulatory 

ncRNAs. Multiple categories have been proposed, however, ncRNAs can often be 

placed into several of these. A common overarching divider used however, is 

separation according to size. Long ncRNAs (lncRNAs) are those defined as having 

a length of >200bp, whilst small ncRNAs (sncRNAs) are those with a length of 

<200bp (Kung, Colognori, and Lee 2013). Numerous sub-categories then exist 

within these groups, examples of which can be found in Figure 1.1 and Table 1.1. 
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Figure 1.1. Classification of RNA. RNA is classified into two main categories: non-
coding RNA (ncRNA) and messenger RNA (mRNA). ncRNA is comprised of 
regulatory ncRNAs and housekeeping ncRNAs which are generally required for cell 
viability; ribosomal RNA (rRNA), transfer RNA (tRNA), small nuclear RNA (snRNA) 
and small nucleolar RNA (snoRNA). The former is further divided according to size 
into small ncRNAs and long ncRNAs. The three main types of small ncRNAs are 
microRNA (miRNA), small interfering RNA (siRNA) and PIWI-interacting RNA 
(piRNA). Long ncRNAs can be categorised in multiple ways, e.g. according to site 
of transcription (intronic, intergenic and enhancer RNA), direction of transcription 
(sense and anti-sense RNA) or mechanism of action (cis-acting or trans-acting 
RNA).  
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1.1.3.1 Housekeeping ncRNAs 

Housekeeping ncRNAs differ from regulatory ncRNAs as they are required for 

normal cellular functionality and viability, which is reflected in their constitutive 

expression. This category includes transfer RNA (tRNA), ribosomal RNA (rRNA), 

small nuclear RNA (snRNA) and small nucleolar RNA (snoRNA) (Morey and Avner 

2004). 

 

rRNA is required to generate functional ribosomes by associating with ribosomal 

proteins. At the nucleolus, rRNA is transcribed as a large 45S precursor transcript, 

which is then cleaved to yield 5.8S, 18S and 28S RNA species (Henras et al. 2015). 

Small nucleolar RNAs are typically <300 nucleotides in size and their predominant 

function involves post-transcriptionally modifying and processing rRNA. snoRNAs 

can be categorised according to their conserved RNA sequences and the specific 

RNA modification they are associated with; H/ACA snoRNAs target 

pseudouridylation sites whilst box C/D snoRNAs aid rRNA 2’-O-methylation (Kiss 

2001).  

 

In addition to rRNA, tRNA is also a critical component for protein biosynthesis. 

During translation, amino acid chains are assembled using mRNA codons as 

templates. tRNAs act as adaptor molecules; they contain anti-codon sequences that 

can recognise and bind specific mRNA codons, and also carry amino acids 

associated with that specific codon. As the codons bind the anti-codons, the 

enzymatic component of the ribosome catalyses peptide bond formation between 

adjacent amino acids attached to tRNA molecules (Kirchner and Ignatova 2015). 
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snRNAs on the other hand are not associated with translation, but rather are 

primarily involved in processing precursor-mRNA (pre-mRNA). They typically form 

small nuclear ribonucleoproteins (snRNPs) by binding specific proteins, and help 

splice introns out of newly synthesized transcripts (Valadkhan 2005). 

 

1.1.3.2 Regulatory ncRNAs 

1.1.3.2.1 Small Non-Coding RNAs (sncRNAs) 

Unlike housekeeping ncRNAs, regulatory ncRNAs generally tend to be expressed 

as a consequence of environmental stimuli, or at specific stages of the cell cycle 

and development (Morey and Avner 2004). Admittedly, it is sncRNAs, in both 

animals and plants, that have primarily governed the literature so far. One of the 

best-studied categories of sncRNAs are microRNAs (miRNAs). miRNAs were first 

discovered in C. elegans in the early 1990s (Lee, Feinbaum, and Ambros 1993), 

and since then almost 3000 human miRNAs have been recorded, with thousands 

more potential candidates predicted (Griffiths-Jones et al. 2008; Backes et al. 2018). 

The main role of miRNAs is in gene silencing, by targeting degradation of specific 

mRNA transcripts. Following transcription and processing into mature miRNAs, they 

join the RNA-induced silencing complex (RISC), where they associate with the 

Argonaute protein (ARGO2). They then act as guides for the complex and 

complementary base-pair with the 3’-untranslated regions (3’UTRs) of their 

complementary mRNAs. The target mRNA is subsequently cleaved by ARGO2 and 

degraded (Krol, Loedige, and Filipowicz 2010). 
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One of the major focuses of miRNA research has been how they are implicated in 

cancer. Since an association between the two was first reported in the early 2000’s, 

the precise functions of miRNAs, as well as investigation into their potential use as 

prognostic biomarkers, has received significant attention (Tan et al. 2018). For 

example, miR-15 and miR-16 have been implicated in chronic lymphocytic leukemia 

(CLL). These miRNAs are down-regulated in CLL, which results in enhanced 

expression of the miR-15/miR-16 target, B-cell lymphoma 2 (BCL2). BCL2 inhibits 

apoptosis, and consequently contributes to carcinogenesis (Calin et al. 2002).  

 

In addition to miRNAs, other classes of sncRNAs include small interfering RNAs 

(siRNAs) and PIWI-interacting RNAs (piRNAs), which possess similar roles in RNA 

silencing and examples of which are highlighted in Table 1.1 (Choudhuri 2010).  

 

1.1.3.2.2 Long Non-coding RNAs (LncRNAs) 

LncRNAs are generally subclassified to reflect the genomic region from which the 

RNA is transcribed, or the genomic region at which it functions. For example, 

intergenic, intronic and enhancer lncRNAs are transcribed from regions between 

genes, within introns or within enhancers respectively, sense and anti-sense 

lncRNAs are transcribed from sense and anti-sense DNA strands respectively, and 

cis-acting and trans-acting lncRNAs regulate either neighbouring genes in cis, or 

distant genes in trans respectively (Table 1.1).  

 

Interestingly, lncRNAs share some characteristics with mRNAs. First, the genes of 

both possess some similar epigenetic chromatin marks. Early analyses detected 
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comparable patterns of histone modifications, including tri-methylation of Histone 3 

at Lysine 4 (H3K4me3) at promoter sites, and tri-methylation of Histone 3 at Lysine 

36 (H3K36me3) along the actively transcribed DNA region (Guttman et al. 2009). 

Similar to protein coding genes, lncRNA transcription start sites have also 

demonstrated increased levels of various active histone marks, including 

acetylation of Histone 3 at Lysines 9 and 27 (H3K9ac and H3K27ac) (Derrien et al. 

2012). More recent studies however, have identified certain distinct differences 

between chromatin signatures. For example, ChIP-seq experiments have shown 

that long intergenic ncRNAs (lincRNAs) and mRNAs with similar expression levels, 

possess strikingly different levels of tri-methylated Histone 3 at Lysine 9 

(H3K9me3). This mark is typically associated with transcriptional repression when 

deposited at mRNA genes; however, it was found to be enriched at actively 

transcribed lincRNA promoters (Mele et al. 2017). A subset of lncRNAs also 

demonstrate methylation of Histone 3 at Lysine 4 (H3K4me1), which is typically 

associated with active enhancers, indicating enhancer-lncRNA gene overlap (De 

Santa et al. 2010). Similar ChIP data has also demonstrated that despite the 

presence of many conserved transcription factor binding sites at lincRNA 

promoters, they are generally bound by fewer transcription factors than mRNAs. It 

is suggested that this is due to many lincRNAs only requiring activation in response 

to particular stimuli or in certain tissues (Mele et al. 2017). 

 

At present, transcriptional regulation of lncRNAs is not well understood, thus, 

several studies have begun comparing mRNA and ncRNA synthesis. In some ways, 

the process appears similar; both tend to be transcribed by RNA Pol II (Derrien et 
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al. 2012), and similar to protein coding genes, RNA Pol II promoter-proximal 

pausing, regulated by transcription factors, TRIM28 and pTEFb, is prevalent in a 

subset of lncRNA genes (Bunch et al. 2016; Bunch et al. 2019). However, distinctive 

patterns of lincRNA nascent transcription have also been reported. Differentially 

phosphorylated forms of the C-terminal domain (CTD) of RNA Pol II were analysed 

at different stages of transcription and processing using mammalian native 

elongating transcript sequencing (mNET-seq). Interestingly, phosphorylated 

Threonine 4 of the CTD was localised across entire lincRNA genes. This was in 

contrast to protein coding genes where it was generally found at transcription 

termination regions. This suggests that many lincRNA transcripts may terminate 

prematurely at various different positions (Schlackow et al. 2017). 

 

Another important part of RNA synthesis is processing. Typically, mRNAs are co-

transcriptionally spliced and their 3’ ends, cleaved and polyadenylated. Many 

lncRNAs also demonstrate similar splicing and polyadenylation, although this is not 

true for all lncRNAs (Guttman et al. 2009). This was demonstrated by mNET-seq 

profiles which showed that these two events coincide with the presence of RNA Pol 

II CTD phosphorylation at Serine 5 and Serine 2 respectively for mRNAs. Such CTD 

profiles however, were absent for transcription of multiple lincRNAs (Schlackow et 

al. 2017).  

 

3’ poly(A) tails are critical for RNA stability and functionality (Colgan and Manley 

1997). For lncRNAs lacking poly(A) tails, various types of alternative, non-canonical 

3’ end processing can occur. In some cases, 3’ triple helical structures have been 



 12 

observed in mature transcripts. This has been reported for lncRNAs, MALAT1 and 

MENβ. Immediately following transcription, their 3’ ends adopt a structure similar to 

tRNAs. As a result, they are not processed by canonical cleavage machinery, but 

are instead cleaved by RNases P and Z. This generates the mature 3’ end, which 

subsequently forms a stable, triple helical structure. This structure serves to protect 

the RNA from exonuclease digestion (Zong et al. 2016). 

 

5’-capping is another transcriptional process that occurs during mRNA transcription. 

The 5’ end of mRNAs are typically “capped” with a methylated guanosine 

nucleotide, commonly referred to as m7G. Its’ functions include protection against 

exonuclease digestion, and regulation of translation and nuclear export 

(Ramanathan, Robb, and Chan 2016). Many lncRNAs are also 5’ capped and can 

consequently be detected by Cap Analysis of Gene Expression (CAGE), however 

this is not true for all (Shiraki et al. 2003; Guttman et al. 2009). In the last decade 

another new class of lncRNAs has been identified, and named sno-lncRNAs. These 

sno-lncRNAs lack both a 5’ cap and 3’ poly(A) tail, and are instead capped with sno-

RNPs at their 5’ and 3’ ends. Such transcripts are generated when two intronic 

snoRNA genes are transcribed, along with the sequence between them, with 

studies observing both Box C/D and Box H/ACA snoRNAs being transcribed in this 

way (Yin et al. 2012). Similar 5’ snoRNP 3’ poly(A) transcripts, commonly referred 

to as SPAs, have also been reported. These lncRNAs possess a snoRNP at their 

5’ end and are polyadenylated at their 3’ end, and arise as a result of polycistronic 

transcript processing (Wu et al. 2016).  
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In addition to typical linear structures, lncRNAs lacking 5’ capping and 3’ 

polyadenylation have also been shown to adopt closed, circular structures. These 

circRNAs are either generated from excised intron lariats or back-spliced exons, 

and are consequently resistant to digestion by exonuclease enzymes, as they 

effectively lose their 5’ and 3’ ends (Zhang et al. 2013; Ashwal-Fluss et al. 2014; 

Wu, Yang, and Chen 2017). 

 

Similar to mRNAs, many lncRNAs are also spliced. It is believed that lncRNA 

splicing regulation is similar to mRNAs, due to the presence of canonical GT/AG 

splice site sequences. Mele et al. identified a large number of spliced lincRNAs 

possessing these conserved dinucleotides (Mele et al. 2017). Some lncRNAs have 

additionally demonstrated alternative splicing (Krchnakova et al. 2019; Soreq et al. 

2014). PCBP1-AS1, an antisense lncRNA transcribed from the region which also 

encodes the poly(rC)- binding protein 1 (PCBP1), has 40 annotated splice-variants 

(Derrien et al. 2012; Ziegler and Kretz 2017). However, several studies have 

reported that lncRNAs are spliced less efficiently than mRNAs (Tilgner et al. 2012; 

Mele et al. 2017; Schlackow et al. 2017). Many demonstrate weaker binding to 

splice factor U2AF65, and alternative compositions of polypyrimidine tracts, 

resulting in reduced spliceosome assembly (Mele et al. 2017). It was recently 

proposed that splicing efficiency for lncRNAs is more dependent on the strength of 

their 5’ splice sites, and the proportion of thymidine in the polypyrimidine tract than 

mRNAs, as they interact less with nuclear splicing factors (Krchnakova et al. 2019). 
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LncRNAs possess a number of additional features that are distinct from mRNAs.  

As previously mentioned, compared to protein-coding genes, lncRNA sequences 

are generally, less well conserved (Pollard et al. 2006). Also, as compared to 

mRNAs, lncRNAs are typically shorter in length and are preferentially two-exon 

transcripts (Derrien et al. 2012; Huang et al. 2018; Liu et al. 2018). Despite both 

exons and introns of lncRNAs being larger on average compared to their protein-

coding counterparts, this “di-exonic” tendency results in shorter mature transcripts 

(Derrien et al. 2012). It is important to note however, that not all lncRNAs strictly 

possess the characteristics outlined above (Burd et al. 2010; Lyle et al. 2000). 
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Table 1.1 Characteristics of classes of non-coding RNAs (Choudhuri 2010; Ma, 

Bajic, and Zhang 2013) 

 
sncRNAs (<200 nucleotides) 

Class Description 
Small interfering 
RNAs (siRNAs) 

Length of ∼21–24 nucleotides, generated from double-stranded RNA. 
Mediates post-transcriptional silencing of genes via RNA interference 

(RNAi) by directing the RNA-induced silencing complex (RISC). 
microRNAs 
(miRNAs) 

Length of ~22 nucleotides, derived from hairpin loop structures within 
RNA transcripts. The resulting mature miRNA forms a primary 
component of RISC to target gene silencing. E.g. Let7 miRNAs 

PIWI-interacting 
RNAs (piRNAs) 

Length of ~26-30 nucleotides. They bind proteins belonging to the 
Argonaute family, known as Piwi proteins. This family of proteins play 

key roles in RNA silencing; The RNAs and proteins form structures that 
predominantly act to silence transposable elements during development 

of the gametes to protect the germline cells. E.g. prenatal piRNAs – 
appear during spermatogenesis. 

lncRNAs (>200 nucleotides) 
Long intergenic 

RNAs (lincRNAs) 
Transcribed from genomic regions that are intergenic (i.e. between 

genes). E.g. SRA1 
Long intronic 

RNAs 
Transcribed from genomic sequences encompassing intronic regions of 

protein-coding genes. E.g. COLDAIR 
Enhancer RNAs Transcribed from enhancer regions of DNA 

E.g. HOTTIP 
Sense RNAs Transcribed from the sense strand of a protein-coding gene (i.e. the 

strand possessing the same sequence as the corresponding mRNA, 
running 5’ to 3’). E.g. AK011429 

Antisense RNAs Transcribed from the antisense strand of a protein-coding gene (i.e. the 
strand which is used as the template during transcription, running 3’ to 

5’) E.g. ANRIL 
Cis-acting RNAs RNAs involved in regulation of neighbouring genes in the immediate 

vicinity. E.g. Xist 
Trans-acting 

RNAs 
RNAs that are able to influence the regulation of genomically distant 

genes. E.g. HOTAIR 
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1.1.4 Functions of lncRNAs: Transcriptional Regulation 

1.1.4.1 Molecular Mechanisms of lncRNAs: Signals, Decoys, Guides and 

Scaffolds 

Since their discovery, a vast array of functions related to gene expression regulation 

has been associated with lncRNAs, including transcriptional, post-transcriptional, 

translational, post-translational and epigenetic regulation. Investigations of 

individual lncRNAs have identified functional roles in almost all aspects of cell 

biology, including cell growth and differentiation, and extending to metabolism and 

cellular stress response pathways. At the transcriptional level, lncRNA-mediated 

gene regulation can involve chromatin and chromosome remodelling, as well as 

direct regulation of transcriptional machinery; these are discussed in more detail 

later in this chapter (He, Luo, and Mo 2019; Wang and Chang 2011). The molecular  

mechanisms by which lncRNAs perform their roles are broadly categorised into four 

types, i.e. signals, decoys, guides and/or scaffolds, and are discussed in greater 

detail below (Figure 1.2) (Wang and Chang 2011).  

 

The controlled expression of lncRNAs at specific locations, time points, 

developmental phases and cell cycle stages means that they can both respond to 

various stimuli and subsequently behave as signals themselves (Figure 1.2A). In 

many instances, changes in the lncRNA expression or even the act of transcription 

itself, is sufficient to activate downstream effects (Wang and Chang 2011). An 

excellent example of a lncRNA that applies this kind of regulatory mechanism is Air, 

which is transcribed from a genomically imprinted gene (Nagano et al. 2008). 

Genomic imprinting is a process whereby genes are expressed mono-allelically 
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according to parental origin (McGrath and Solter 1984).  Transcription of Air is 

required to induce repression of a number of cis-linked genes in an allele-specific 

manner. Following transcription in mice, Air assembles at the promoter region of the 

solute carrier family 22-member 3 (SLC22A3) gene, recruits a histone modifying 

enzyme which leads to silencing of the associated genes (Nagano et al. 2008).  

 
In many instances lncRNAs can act as molecular decoys by binding and luring 

components away from a particular site or target (Figure 1.2B). Generally, lncRNAs 

involved in this kind of regulation do not employ additional functions other than that 

of masking regulatory factors, which can have both positive or negative effects on 

transcription. For example, metastasis associated lung adenocarcinoma transcript 

1 (MALAT1) can allure proteins required for mRNA splicing to nuclear speckles 

(Tripathi et al. 2010). Additionally, in a disease setting, increased MALAT1 can bind 

the miRNA, miR-217 and prevent it from being transported to the cytoplasm in 

pancreatic ductal adenocarcinoma. In doing so the mitogen-activated-protein-

kinase (MAP-Kinase) signalling pathway is enhanced due to prevention of miR-217 

inhibiting the K-RAS protein, ultimately resulting in increased tumour growth and 

proliferation (Liu et al. 2017). 

 

As the name suggests, guide lncRNAs bind and direct complexes to specific target 

sites, either in cis or in trans (Figure 1.2C). This often results in changes to the 

chromatin landscape and consequently gene expression (Wang and Chang 2011). 

A key epigenetic regulatory complex that has demonstrated interactions with over 

200 lncRNAs is the Polycomb repressive complex 2 (PRC2) (Khalil et al. 2009). 

This complex functions by catalysing tri-methylation of Histone 3 at Lysine 27 
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(H3K27me3), a repressive histone modification, at the developmental genes (Cao 

et al. 2002). LncRNA Kcnq1ot1 recruits and guides PRC2 as well as G9a, a Histone 

3 Lysine 9 methyltransferase enzyme, to establish transcriptional silencing in cis 

(Pandey et al. 2008). HOX transcript antisense RNA (HOTAIR) has also been 

reported to guide PRC2 to the HOXD locus to repress its expression in trans. 

HOTAIR was the first ncRNA observed to impact transcription epigenetically on a 

chromosome different to the one from which it is transcribed (Rinn et al. 2007). 

Despite the ambiguity surrounding the precise mechanism by which lncRNAs can 

target complexes to specific genomic loci, the importance of lncRNAs as 

transcriptional regulators, is clear.  

 

The final mechanism involves behaviour of lncRNAs as scaffolds (Figure 1.2D) onto 

which multiple molecular components are assembled. This can either allow 

components to collectively carry out a particular function, or to structurally stabilise 

complexes (Wang and Chang 2011). Nuclear Enriched Abundant Transcript 1 

(NEAT1) for example behaves as a scaffold onto which proteins such as PSP1 and 

p54 are assembled for the formation of paraspeckles (Fox, Bond, and Lamond 

2005; Mao et al. 2011).  

 

As further research continually emerges, it is clear that many lncRNAs fall into 

several of these categories. Here we will review a variety of different lncRNAs and 

their functional roles, all of which can be associated with one or more of the four 

functional mechanisms described above. 
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Figure 1.2. Molecular Mechanisms of lncRNAs. According to Wang and Chang, 
(2011), functional lncRNAs can adopt four different mechanisms of action, behaving 
as signals, decoys, guides or scaffolds. A. Signal lncRNAs can respond to a 
stimulus and elicit an appropriate response. B. Decoys can prevent components 
binding a particular target, C. whilst guides have an opposing effect and can direct 
components to a specific target. D. Scaffolds provide an anchor upon which multiple 
components can assemble (Wang and Chang 2011).  
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1.1.4.2 LncRNAs and Chromatin Remodelling 

 A key mechanism in regulation of gene expression at the transcriptional level, 

involves controlling the chromatin landscape. Heterochromatic and euchromatic 

states generally correlate with repressed and activated transcription respectively 

(Wang, Jia, and Jia 2016; Wang and Chang 2011).  A number of lncRNAs regulate 

transcription by controlling this chromatin landscape. 

 

Arguably, one of the most well-characterised lncRNAs that regulates transcription 

in this way, is X-inactive specific transcript (Xist), whose role is central to X-

chromosome inactivation (XCI). This process aims to achieve dosage 

compensation, a phenomenon first hypothesised in the early 1960’s (Lyon 1961). It 

involves suppression of one of the two X chromosomes in mammalian females (XX) 

to equalise gene expression with males (XY). Willard and colleagues were the first 

to identify the XIST gene in humans, an exciting finding that promised to provide 

more insight into X-inactivation (Brown et al. 1991). Observations that the gene 

lacked any credible open reading frame indicated that the 17kb Xist transcript itself 

could be important (Brown et al. 1992).  

 

XCI can be considered in three key stages: Localisation of Xist to the inactive X 

chromosome (Xi), gene repression and finally preservation of an inactive state. Of 

course, the process requires a pathway whereby a single X chromosome should be 

specifically targeted among all other chromosomes found within the nucleus of a 

cell. Consequently, an in cis mechanism is suggested for Xist, which is transcribed 

from the Xi. The apparent stability of the RNA in combination with its distinctive 
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spatial organisation indicates a direct role in silencing (Figure 1.3) (Clemson et al. 

1996; Pintacuda, Young, and Cerase 2017; Sahakyan, Yang, and Plath 2018) 

 

Xist is transcribed from the XIST locus, which lies within a region known as the X 

inactivation centre (XIC). The RNA then localises to the Xi from which it is 

transcribed, by means which are understood only partially (Engreitz et al. 2013). It 

has been suggested that the presence of the SAF-A scaffold protein and the 

existence of several binding sequences within Xist help to mediate the coating of Xi 

by the lncRNA along its length (Wutz, Rasmussen, and Jaenisch 2002; Hasegawa 

et al. 2010; Pullirsch et al. 2010; Lyon 1998). 

 

Localisation of Xist to Xi is closely followed by a significant reduction in 

transcriptional machinery surrounding the chromosome. Studies have 

demonstrated an absence of activating histone modifications and RNA around the 

Xi during this time (Chu et al. 2015). Next, polycomb repressive complexes (PRCs) 

accumulate and function in altering the chromatin state of the Xi; whilst PRC1 

ubiquitylates histone H2A at Lysine 119 (H2AK119ub1), PRC2 tri-methylates 

H3K27 (H3K27me3) across the entirety of the chromosome (Plath et al. 2003; 

Schoeftner et al. 2006). Interestingly, a factor that is essential for this silencing 

initiation step and gene repression, is the repeated Adenine sequence at 5’ Xist. A 

loss of this sequence disrupts silencing initiation and blocks repression of gene 

expression (Wutz, Rasmussen, and Jaenisch 2002; Patil et al. 2016). Interestingly, 

generation of the large majority of repressive Xi chromatin signatures are dependent 

on Xist, and do not arise in its absence. For example, without Xist, the PRC1/2 
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complexes are unable to ubiquitylate and methylate the chromatin, and several 

associated proteins are unable to bind the chromosome (Plath et al. 2003; 

Kohlmaier et al. 2004; Schoeftner et al. 2006). This emphasises the significance of 

the roles that lncRNAs can play with regards to transcriptional regulation. 

 

The final stage of X-chromosome silencing requires gene repression to be 

maintained throughout the life of the female. This is achieved by the distinctive 

epigenetic landscape of the Xi in female somatic cells, which contrasts the active X 

chromosome. This characteristic epigenetic arrangement maintains a repressive 

state without the need for Xist to be constitutively expressed (Csankovszki, Nagy, 

and Jaenisch 2001; Boggs et al. 2002; McHugh et al. 2015).  The lncRNA, antisense 

counterpart to Xist, known as Tsix, is also essential to the process. Upon X-

inactivation, bi-allelic Tsix expression is altered to become mono-allelic from the 

active X chromosome. It functions as a cis- acting repressor of Xist, thus preventing 

silencing of both chromosomes (Stavropoulos, Lu, and Lee 2001) 

 

Numerous other lncRNAs also function in chromatin remodelling. For example, 

Antisense Non-coding RNA in the INK4 Locus (ANRIL), is a lncRNA that regulates 

gene expression largely via regulation of histone modifications through interactions 

with PRC1/2. Functioning in cis, ANRIL recruits PRC1 to the CDKN2A gene, and 

PRC2 to the CDKN2B gene, where Histone 3, Lysine 27 is tri-methylated 

(H3K27me3), subsequently resulting in gene silencing (Yap et al. 2010; Kotake et 

al. 2011). Similar mechanisms of recruiting PRCs are also employed by ANRIL to 

target genes, such as CARD8 and E2F1, in trans (Sato et al. 2010; Bai et al. 2014). 
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The HOX Transcript Antisense RNA (HOTAIR) was one of the first lncRNAs to 

influence gene expression in trans and also to recruit PRC2 (Rinn et al. 2007). 

HOTAIR additionally interacts with Lysine Demethylase 1 (LSD1), which catalyses 

removal of methyl groups from histones (Tsai et al. 2010). These interactions 

mediate addition of the H3K27me3 mark and demethylation of activating methylated 

Histone 3 Lysine 4 marks, across the HOXD gene on chromosome 2, resulting in 

gene repression (Rinn et al. 2007; Tsai et al. 2010) 
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Figure 1.3. LncRNA Xist Regulates X-Chromosome Inactivation. LncRNA Xist 
is transcribed from and coats the inactive X chromosome (Xi) along its length, aided 
by the SAF-A scaffold protein. This leads to the accumulation of polycomb 
repressive complexes PRC1 and PRC2 which alter the chromatin state of the Xi. 
PRC1 and PRC2 catalyse addition of the H2AK119Ub and H3K27me3 repressive 
epigenetic modifications. 
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1.1.4.3 LncRNAs and Chromatin Looping  

In addition to regulating local chromatin architecture, lncRNAs have also 

demonstrated the ability to influence chromatin organisation on a larger scale. Since 

the 1980’s it has been recognized that RNA can play a structural role in the nucleus. 

Bouteille and colleagues were amongst the first to demonstrate that the nuclear 

matrix disintegrates upon nuclear RNA digestion (Bouvier et al. 1985). Since then, 

substantial evidence has emerged demonstrating a role for lncRNAs in regulating 

transcription by influencing the 3D organisation of chromosomes within the nucleus 

(Quinodoz and Guttman 2014) 

 

One good example of this is functional intergenic repeating RNA element (Firre), a 

nuclear-localised lincRNA that escapes XCI and is one of very few transcripts 

expressed from the inactive X chromosome (Yang et al. 2010). Previous lncRNA 

screenings demonstrated that Firre is important in the regulation of adipogenesis 

(Sun et al. 2013). It was recently suggested that this occurs by Firre-mediated co-

regulation of adipogenesis genes through organisation of chromosome positioning 

(Figure 1.4). A ~150bp repeat sequence within the transcript enables Firre to bind 

the heterogeneous nuclear ribonucleoprotein U (hnRNPU), a component of the 

nuclear matrix network. Both Firre and hnRNPU were proven essential for a 

clustered trans-chromosomal interaction to occur between the Firre locus and four 

trans-sites on chromosomes 2, 9, 15 and 17, containing genes associated with 

adipogenesis (Hacisuleyman et al. 2014; Maass et al. 2018). Firre has also 

demonstrated a role in XCI, by tethering the Xi chromosome to the nucleolus and 

preserving some of its repressive epigenetic marks (Yang et al. 2015). 
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Figure 1.4 LncRNA Firre Mediates Formation of a Trans-Chromosomal 
Interaction. LncRNA Firre binds the hnRNPU protein and mediates a trans-
chromosomal interaction between regions on chromosomes 2, 9, 15, 17 and the X 
chromosome. This provides a means of co-regulating genes at these loci associated 
with adipogenesis.  
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Another example is lncRNA-mediated topologically-associated domain (TAD) 

formation. Certain genomic loci interact with each other at far higher frequencies 

than other regions; these self-interacting, mega-base scale genomic units are 

known as TADs, and are conserved across a number of species and cell types 

(Dixon et al. 2012; Nora et al. 2012; Pope et al. 2014; Eser et al. 2017; Harmston 

et al. 2017). TADs provide an additional, structural layer of genomic regulation. The 

limitation on chromatin interactions that TADs pose is fundamental for proper gene 

regulation, with genes within a TAD often demonstrating correlated expression 

patterns (Nora et al. 2012). 

 

A TAD boundary lies on the X-chromosome at the site of the gene encoding Xist; 

the Xist promoter lies in one TAD and the promoter for its antisense transcript, Tsix, 

lies in the adjacent TAD. Chromosomal looping has been observed within the latter 

between the Tsix promoter and an enhancer element named, Xite, which helps 

induce Tsix expression. The gene encoding lincRNA, Linx, can also be found within 

this region, and its expression is significantly, positively correlated with Tsix. It has 

been suggested that Linx, via an interaction with Xite, is important for promoting this 

chromosomal looping and thus Tsix expression (Nora et al. 2012).  

 

1.1.4.4 LncRNAs and DNMT1 

In recent years, there has been increasing evidence implicating lncRNAs in the 

regulation of gene expression via DNA methylation. Numerous studies have 

demonstrated significant interplay between DNA methylation machinery and 
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lncRNAs, with hundreds of DNA MethylTransferase 1 (DNMT1)-interacting 

lncRNAs having been identified (Merry et al. 2015; Di Ruscio et al. 2013). 

 

One of the first DNMT1-lncRNA interactions was described in 2010, showing that 

Kcnq1ot1 binds and recruits DNMT1 to a set of imprinted genes, whereby 

subsequent DNA methylation can mediate gene repression in an allele-specific 

manner (Mohammad et al. 2010). This was recently followed up by a team who 

demonstrated that preventing this methylation by knocking down Kcnq1ot1, can 

block progression of osteosarcoma and promote sensitivity to cisplatin treatment 

(Qi et al. 2019). 

 

Since this initial finding, there has been an eruption of reports showing interactions 

between DNMT1 and a plethora of different lncRNAs, including lincRNA-p21 (Bao 

et al. 2015), HOXA11-AS (Sun et al. 2016), Dali (Chalei et al. 2014), Dum (Wang et 

al. 2015), PARTICLE (O'Leary et al. 2017), FOXD2-AS1 (Gao et al. 2019) and 

HOXD-AS1 (Guo et al. 2019), to name a few. Generally, these interactions recruit 

DNMT1 to either mediate or prevent DNA methylation at specific genes. 

 

In 2013, a non-polyadenylated lncRNA, ecCEBP, transcribed from the CEBPA gene 

in same-sense orientation, was identified in two myeloid cell lines (Di Ruscio et al. 

2013). This lncRNA was shown to mediate expression of its protein-coding 

counterpart, CEBPA, by interacting with DNMT1 and preventing it from methylating 

the CEBPA promoter. Accordingly, ecCEBP knock down (KD) experiments showed 

increased CEBPA promoter methylation levels and subsequently reduced CEBPA 
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mRNA expression (Di Ruscio et al. 2013). This study went on to further investigate 

the nature of such interactions. Remarkably, electromobility shifts assays (EMSAs) 

indicated that via its C-terminal catalytic domain, DNMT1 binds RNA with a higher 

affinity than DNA, thus consolidating RNA as a critical regulatory component.  

Furthermore, this affinity is enhanced for RNAs that can form stem loops, indicating 

that RNA secondary structure is important (Di Ruscio et al. 2013). 

 

One particularly interesting case involves lncRNA, DNMT1-associated colon cancer 

repressed lncRNA 1 (DACOR1), in colon cancer cells. Its interaction with DNMT1, 

regulates the DNA methylome without alteration of DNMT1 protein levels. 450K 

DNA methylation arrays showed that induction of DACOR1 results in increased 

DNA methylation at numerous loci, believed to occur by guiding DNMT1 to particular 

regions. Approximately 50 sites demonstrated differential methylation upon 

DACOR1 induction, including the PHGDH and PSAT1 genes (Merry et al. 2015). 

Recent work however, suggests that DACOR1 represents a more unique case, as 

reduced representation bisulfite sequencing (RRBS) has shown that this particular 

lncRNA can regulate DNA methylation on a genome wide scale. The Khalil group 

showed evidence of methylation restoration at more than 17,000 sites across the 

genome, that extended beyond just gene promoters, to intergenic regions and gene 

bodies, upon activation of DACOR1 expression (Somasundaram et al. 2018). A 

possible reason for this could be because one of the genes silenced by DACOR1-

mediated methylation encodes cystathionine b-synthase, whose repression leads 

to increased levels of the DNA-methylation methyl-donor, S-adenosylmethionine 

(SAM) (Merry et al. 2015).  
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1.1.5 Functions of lncRNAs: Post-Transcriptional 

In addition to transcriptional gene regulation, emerging evidence also suggests that 

lncRNAs provide an additional layer of regulation at the post-transcriptional level. 

Following completion of transcription, gene expression continues to be regulated 

through control of processing, stability and subcellular localisation of both mRNA 

and protein. lncRNAs contribute to this regulation both directly and indirectly, often 

by formation of ribonucleoprotein (RNP) complexes (He, Luo, and Mo 2019; Lan et 

al. 2018; Diaz-Lagares et al. 2016).  

 

1.1.5.1 LncRNAs and mRNA Stability 

mRNA stability is largely regulated by RNA binding proteins, and consequently, 

lncRNAs found to play a role in mRNA stability, often interact with such proteins. 

These proteins can either act to stabilise or destabilise mRNAs, and whether 

lncRNAs help to recruit or prevent them from binding determines the stability of the 

mRNA (He, Luo, and Mo 2019). LincRNA regulator of reprogramming (Linc-RoR) is 

an example of a lncRNA that regulates stability of c-Myc mRNA. Interestingly, Linc-

RoR prevents binding between c-Myc and the destabilising protein AUF1, as well 

as promotes an interaction between c-Myc and the stabilising protein, hnRNPI. 

Consequently, in the presence of Linc-RoR, c-Myc is stabilised and cell proliferation 

is enhanced (Huang et al. 2016). 

 

1.1.5.2 LncRNAs and mRNA Splicing 

Following transcription, mRNA is spliced, and in higher eukaryotes, alternative 

splicing provides a means of generating transcripts with different combinations of 
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exons from the same gene (Gilbert 1978). It has been suggested that lncRNAs play 

an important role in selecting specific splicing factors for specific genes (He, Luo, 

and Mo 2019). A well-known lncRNA associated with this process is MALAT1. 

MALAT1 sequesters serine-arginine (SR) splicing factors in nuclear speckles and 

regulates their phosphorylation. It is not clear how this happens, but it is known that 

phosphorylation status can influence cycling of the factors between transcripts and 

nuclear speckles. Consequently, MALAT1 regulates alternative splicing. In its 

absence, SR splicing factors are increasingly de-phosphorylated and alternative 

splicing patterns are altered (Tripathi et al. 2010). 

 

1.1.5.3 LncRNAs and Protein Stability 

In addition to mRNA, lncRNAs can also control protein stability. The RNA binding 

protein, ELAVL1, can be destabilised by binding the lncRNA, overexpressed in 

colon carcinoma-1 (OCC1). OCC1 promotes an interaction between ELAVL1 and a 

ubiquitin E3 ligase, which ultimately renders the protein vulnerable to degradation. 

Interestingly, ELAVL1 itself is involved in stabilising a large number of mRNA 

transcripts, meaning that as well as regulating protein stability, OCC1 also indirectly 

regulates mRNA stability in this process (Lan et al. 2018).  

 

Protein stability is largely determined by post-translational modifications (PTMs), so 

naturally, this is another feature utilised by lncRNAs. Phosphorylation of two specific 

threonine residues on the enhancer of zeste homolog 2 (EZH2) was found to be 

enhanced as a result of a lncRNA-mediated interaction between EZH2 and cyclin 

dependent kinase 1 (CDK1). This lncRNA was termed anti-differentiation ncRNA 
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(ANCR) and the resultant phosphorylation it induces leads to EZH2 degradation (Li, 

Hou, et al. 2017). 

 

1.1.5.4 LncRNAs and Protein Localisation 

Another means of regulation involves controlling where proteins reside within the 

cell. Prevention of proteins from reaching the subcellular compartment where their 

functions are required provides an additional layer of control. For example, DNA 

methyltransferase enzymes must be correctly localised to the nucleus in order to 

methylate DNA, and nucleolin requires localisation at nucleoli to aid ribosome 

assembly (Ma et al. 2007; Arzenani et al. 2011). Several lncRNAs have been shown 

to prevent nuclear localisation of proteins. These include TP53TG1, which directly 

sequesters YBX1 protein in the cytoplasm (Diaz-Lagares et al. 2016) and CRYBG3 

which prevents nuclear translocation of MAL protein via an interaction with G-actin 

(Pei et al. 2018). lncRNA NEAT1 on the other hand regulates protein localisation 

not to the nucleus, but to nuclear bodies within the nucleus known as paraspeckles. 

As mentioned previously, NEAT1 behaves as a scaffold onto which paraspeckle 

proteins such as NONO, PSPC1, SFPQ and p54 can assemble. In the absence of 

NEAT1, paraspeckles fail to generate (Clemson et al. 2009).  

 

In an interesting instance, lncRNAs also play a role in the nucleolar stress response. 

If a cell is subjected to a stressor, such as heat shock or DNA damage, expression 

of a group of lncRNAs is induced from intergenic spacer (IGS) regions on ribosomal 

DNA. These IGS lncRNAs recognise a distinct amino acid sequence, commonly 

referred to as the Nucleolar Detention Sequence (NoDS), which allows them to bind 
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specific proteins and sequestrate them within a nucleolar sub-compartment called 

the Nucleolar Detention Centre (NoDC) (Audas, Jacob, and Lee 2012; Jacob et al. 

2013). The aim is to gather the proteins necessary to overcome the cellular stressor. 

For example, in response to hypoxia, von Hippel-Lindau (VHL) is sequestered at 

the NoDC, thus preventing VHL-mediated hypoxia-inducible factor (HIF)-

degradation. This allows HIF to stimulate transcription of a variety of genes involved 

in the maintenance of steady-state Oxygen levels (Mekhail et al. 2004). 

 

1.1.6 LncRNAs and Phase Separation 

Currently, the lncRNA field has turned its attention to roles in phase separation. 

Phase separation is a phenomenon whereby two discrete phases are generated 

within a homogeneous, liquid mix. This involves the stable separation of a saturated 

solution into a dense phase and a diluted phase, like oil droplets in water. In a 

cellular setting, this commonly refers to the generation of membrane-less 

compartments within the cytosol such as nucleoli or nuclear speckles, whose 

components remain distinct from the rest of the cytoplasm (Boeynaems et al. 2018). 

 

It is believed that two key components are required for phase separation-mediated 

generation of membrane-less organelles. The first is a RNA component, that 

contains repetitive sequence elements that are capable of forming secondary 

structures, in order to sequester proteins (Langdon et al. 2018). It was recently 

shown that local RNA concentrations are a big driving force for phase separation, 

with lower concentrations driving aggregation and higher concentrations preventing 

it (Maharana et al. 2018). Second are intrinsically disordered proteins (IDPs), which 
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contain regions lacking stable 3D structures. These generally contain regions of 

hydrophobicity and hydrophilicity to enhance formation of aggregates as well as 

further protein interactions respectively (Tartaglia et al. 2008; Shin and Brangwynne 

2017).  

 

NEAT1 and the formation of paraspeckles is one example of phase separation-

mediated organelle formation. One group argued that paraspeckle formation 

possesses many characteristics of phase-separated bodies. For example, the 

repeat nucleotide sequences within NEAT1 generate hairpin loop structures that 

are required for binding paraspeckle proteins, and specific IDPs are critical for 

generation of paraspeckles in vivo (Yamazaki et al. 2018; Hennig et al. 2015). 

 

Recently, phase-separation has been found to extend beyond formation of 

intracellular organelles, and also appears to occur to help regulate other biological 

processes such as gene expression (Cerase et al. 2019). An exciting hypothesis 

has been put forward, suggesting that phase separation is used by Xist in X-

chromosome silencing. This process demonstrates very similar features to the 

formation of paraspeckles via phase separation (Cerase et al. 2019). Tartaglia and 

colleagues suggested that phase separation commences as Xist begins interacting 

with IDPs, following its coating of the Xi. Xist-interacting proteins accumulate, 

generating a more compact environment, resulting in the formation of phase 

separated foci (Cerase et al. 2019). Analysis of the Xist interactome greatly supports 

this theory. Proteins that directly interact with Xist, as well as the majority of proteins 

that interact indirectly, are IDPs and are more inclined to undergo phase separation 
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(Klus et al. 2014; Bolognesi et al. 2016; Cerase et al. 2019). Interestingly, a large 

portion of these proteins are also associated with paraspeckle formation (Van 

Nostrand et al. 2016; Cerase et al. 2019). In addition, Xist demonstrates structured 

repeat regions, which have been proven essential for interactions with XCI proteins 

(Pintacuda, Young, and Cerase 2017), and Xist assemblies are similar to 

paraspeckle assemblies in diameter and shape (Smeets et al. 2014; Cerase et al. 

2014; Yamazaki et al. 2018). 

 

Currently, studies focussed on this area appear to collectively agree that RNA 

secondary structure is fundamental to the foundation of such phase-separated 

bodies (Hutchinson et al. 2007; Yamazaki et al. 2018; Cerase et al. 2019). In the 

future, it will be interesting to further scrutinise the precise role that lncRNAs play in 

this process. 

 
 
1.2 Coiled-Coil Domain-Containing 26 (CCDC26) 

1.2.1 The 8q24 Locus 

The chr.8q24 locus on chromosome 8 is of particular interest in the ncRNA field, 

due to the abundance of lncRNAs expressed from this locus. This region, 

approximately 1.2Mb in length garnered initial interest due to its abundance of 

cancer-associated variants and the fact that the area was considered to be devoid 

of genes (Ghoussaini et al. 2008). Some of the first genome wide association 

studies conducted, focussed on 8q24 SNP variants and their links to prostate 

cancer (Amundadottir et al. 2006; Gudmundsson et al. 2007; Haiman et al. 2007; 

Thomas et al. 2008). Over the years, several additional SNPs, as well as other 
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mutation types within this region, were also found to be associated with various 

other types of cancer. In 2008, at least five discrete loci were identified within the 

8q24 locus, variants of which were associated with increased risk of prostate, 

breast, colorectal and ovarian  cancers (Ghoussaini et al. 2008). The following year, 

111 cases of childhood AML were characterised. Although the number of genomic 

alterations found were few, of those identified, particular regions demonstrated 

frequent copy-number changes (Radtke et al. 2009). The most commonly amplified 

region was 8q24.21, with 14% of AML cases analysed demonstrating copy number 

gains, an observation replicated by both the Downing group and the Preudhomme 

group (Radtke et al. 2009; Kuhn et al. 2012; Duployez et al. 2018). Recently, these 

results were further confirmed when deletion of the 8q24 gene desert region in mice 

demonstrated a remarkable anti-tumorigenic effect (Homer-Bouthiette et al. 2018). 

A large-scale study concluded that the most recurrently amplified locus across 

almost all human cancers is the 8q24 region (Beroukhim et al. 2010). Furthermore, 

links with other disease types are also currently emerging, with one study having 

found more than 30 markers at chr.8q24.21 associated with lumbar disc herniation 

(Bjornsdottir et al. 2017). 

 

It is clear that chr.8q24 is a mutational hotspot in cancers. Given that this locus is 

adjacent to the c-Myc oncogene, it is unsurprising that this has been the primary 

focus of most studies (Huppi et al. 2012). Multiple reports have demonstrated a 

correlation between amplification of c-Myc and increased cancer progression 

(Slovak et al. 1994; Fegan, White, and Sweeney 1995; O'Malley et al. 1999; 

Receveur et al. 2004). Almost half of the cases of myeloid disorders that Rayeroux 
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and Campbell analysed, demonstrated amplification of the c-Myc gene on double 

minute chromosomes (Rayeroux and Campbell 2009).  

 

A common hypothesis is that the risk variant region comprises a c-Myc regulatory 

region. Epigenetic analysis identified several transcriptional enhancers at 8q24, 

whose genomic positions coincided with several cancer-associated SNPs (Jia et al. 

2009). Furthermore, long-range chromatin looping has been observed between the 

c-Myc gene and predicted 8q24 enhancers (Ahmadiyeh et al. 2010).  

 

However, there are conflicting results regarding 8q24 variants and levels of c-Myc. 

In many instances, the presence of 8q24 SNPs does not correlate with differential 

c-Myc levels. For example, comparison of approximately 200 cases of cancerous 

prostate tissue and normal tissue demonstrated no significant correlation between 

c-Myc expression and the presence of 6 different 8q24 cancer-associated SNPs 

(Pomerantz et al. 2009).  

 

Following this, numerous pieces of evidence surfaced indicating that c-Myc should 

not necessarily be the sole focus for investigations of this region; it has emerged in 

recent years that this previously considered “gene desert” actually expresses 

numerous lncRNAs, including PCAT1, CCAT1, POU5F1P1, PVT1 and CCDC26 

(Figure 1.5) (Huppi et al. 2012).  
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Figure 1.5. The 8q24 Locus is a Sea of LncRNA Genes. The chr.8q24 locus was previously thought to be a gene desert, 
however, numerous lncRNAs have been reported to be transcribed from this region in recent years, including CCDC26. Protein 
coding genes are indicated in blue, and genes encoding ncRNAs are indicated in purple. Figure is adapted from the UCSC Genome 
Browser view of the chr.8q24 locus (UCSC genes track, GRCh37/hg19 assembly).  
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It is extremely interesting to find that in various cancers, increased expression of c-

Myc is very often positively correlated to increased expression of PVT1 (Shtivelman 

and Bishop 1989). One murine study went further and demonstrated that 

overexpression of one of four genes (c-Myc, PVT1, CCDC26 or GSDMC) at the 

8q24 locus alone, is insufficient to significantly promote cancer progression, 

however, amplification of all four genes prominently enhances tumorigenesis 

(Tseng et al. 2014). Furthermore, various lymphomas often exhibit translocation 

mutations targeting c-Myc, however, it has now been shown that in several cases, 

these mutations occur at the 8q24 locus, downstream of c-Myc (Huppi et al. 2012). 

Collectively, these observations suggest that mutations at the 8q24 locus are not 

necessarily always targeted to c-Myc. It seems that the somewhat overlooked 

genes encoding lncRNAs in this region might be more important than previously 

thought. 

 

1.2.2 LncRNA CCDC26 

One lncRNA encoded from within the 8q24 locus, is coiled-coil domain-containing 

26 (CCDC26). CCDC26 is of particular interest because it appears to be targeted 

by many of the mutations and variants discussed in 1.2.1. In AML, one of the most 

frequent lesions implicated in disease progression is focal copy-number gain of 

CCDC26 (Radtke et al. 2009; Kuhn et al. 2012; Duployez et al. 2018). It was 

additionally reported that a fusion gene between CCDC26 and NSMCE2, an E3 

SUMO-protein ligase, identified in both patient-derived AML cells and the AML HL60 

cell line, could also play a functional role in tumorigenesis (Chinen et al. 2014). A 

more recent study analysed expression levels of CCDC26, as well as PVT1 and 
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CCAT1, in AML patients. Although no significant difference in CCDC26 levels were 

observed between AML cases and controls when looking at the AML population as 

a whole, differential expression levels could be observed when analysing specific 

AML subtypes or stages of progression. Intermediate cytogenetic risk cases 

displayed increased levels of CCDC26, as well as patients with AML subtypes, 

AML-M2, AML-M4 and AML-M5 (Izadifard et al. 2018). Despite this, there have 

been very few publications investigating the biological significance of this lncRNA. 

  

CCDC26 is a lincRNA encoded by a ~330kb gene located on chromosome 8. Its 

gene resides at the 8q24.21 locus, situated between the protein coding gene 

Gasdermin C (GSDMC) and the gene encoding lncRNA Plasmacytoma Variant 

Translocation 1 (PVT1). At present, four CCDC26 isoforms have been identified, 

that are transcribed from one of two transcription start sites (TSSs), separated by a 

distance of approximately 105kb (Figure 1.6). This is according to current Reference 

Sequence (RefSeq) gene predictions from the National Center for Biotechnology 

Information (NCBI). These isoforms comprise three short splice variants transcribed 

from TSS-2, and a single long variant transcribed from an upstream start site (TSS-

1). Each consists of variations of exons 1-6, with exons 5 and 6 being common to 

all (Figure 1.6). Isoforms 1 and 2 are highly similar, differing only by the additional 

17bp region at the 3’ end of exon 4 in isoform 1. In addition to exon 4, these isoforms 

are made up of exons 2, 5 and 6. Isoform 3 is also transcribed from TSS-2, but lacks 

exon 4 completely, instead consisting of exons 2, 5 and 6 only. Isoform 4 on the 

other hand is comprised of exons 1,3, 5 and 6.  
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Figure 1.6 CCDC26 Isoforms. The gene encoding CCDC26 is found at the 8q24 locus on chromosome 8 (red box). There are 
currently four known isoforms of CCDC26 transcribed from one of two transcription start sites, and consisting of variations of exons 
1-6. Three short isoforms are transcribed from TSS-1, and one long isoform is transcribed from TSS-2. Isoforms 1 and 2 consist 
of exons 2, 4, 5 and 6 (differing by just 17bp in exon 4), isoform 3 consists of exons 2, 5 and 6, and isoform 4 consists of exons 1, 
3, 5 and 6. Figure is adapted from the UCSC Genome Browser view of the CCDC26 locus (NCBI RefSeq tracks, GRCh37/hg19 
assembly). 
 



 42 

CCDC26 was first discovered in 2006, by a group studying acute promyelocytic 

leukemia therapies. Specifically, they were investigating downstream mediators of 

differentiation and apoptosis, induced by retinoic acid treatment. By implementing 

a retroviral insertional mutagenesis technique, they generated a cell line resistant 

to this therapy, which upon further investigation demonstrated mutation of the 

CCDC26 gene. This insertional mutation was localised to what we now know to be 

intron 1 of the gene (chr.8: 130,629,014). Interestingly, whilst wild type (WT) cells 

showed CCDC26 silencing upon treatment with retinoic acid, the mutated cells, 

termed WY-1, presented persistent CCDC26 expression following treatment, as 

well as impaired differentiation and apoptosis. Furthermore, lack of apoptosis and 

differentiation could be rescued in retinoic acid-treated WY-1 cells if CCDC26 was 

knocked down (Yin et al. 2006).  

 

Not only did this group establish CCDC26 as a retinoic acid-dependent regulator of 

myeloid cell differentiation and death, but they were also the first to indicate that 

CCDC26 is a ncRNA and is not translated into a protein. The largest hypothetical 

open reading frame (ORF) consists of 109 amino acids encoded from exon 6, 

however, no such protein was and has ever been detected endogenously. 

Furthermore, the only predictable motif within this “protein” would be a small 17-

amino-acid signal region. Exogeneous overexpression of this ORF tagged with a 

B10 epitope in leukemia cells failed to yield a detectable protein construct, despite 

detection of the corresponding RNA, suggesting that either the CCDC26 protein is 

unstable or is not expressed at all. The B10 epitope tag was proven not to be the 

cause of instability, as a similar V5-epitope-tagged construct also failed to yield a 
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detectable protein. This, combined with the observed impact of siRNA-mediated 

CCDC26 knock down, strongly supported the hypothesis that CCDC26 RNA is 

functional (Yin et al. 2006). In further support of this, unlike protein-coding genes, 

the exonic regions of CCDC26 are also seemingly not conserved between species. 

Consequently, proteins homologous to the hypothetical “CCDC26 protein” have 

also not been established in other species (Hirano et al. 2015). 

 

1.2.3 CCDC26 Function 

Despite being identified more than 10 years ago, our current understanding of the 

biological role of CCDC26 is still very limited. The initial CCDC26 study by the 

Gronemeyer group, acknowledged a clear link with retinoid-induced differentiation 

and apoptosis in myeloid cells. Their results indicated a potential role for CCDC26 

in maintenance of an undifferentiated cell state (Yin et al. 2006). A subsequent study 

supported this by demonstrating that constitutive CCDC26 expression was 

associated with inhibition of differentiation in the AML HL60 cell line. Yokoyama and 

colleagues demonstrated that late-passaged HL60 cells gained large 

extrachromosomal elements within their nuclei and were unable to differentiate. 

Large portions of these extrachromosomal elements encompassed the 8q24 region, 

where certain genes, including CCDC26, were particularly prominent. 

Consequently, these genes were found to be constitutively expressed, indicating a 

role in maintaining a pluripotent state (Hirano et al. 2008).  

 

In the following years, a number of genome-wide studies emerged, linking CCDC26 

with glioma. Multiple analyses reported CCDC26 as a susceptibility gene for glioma, 
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and numerous SNPs within this lncRNA were associated with increased risk of the 

disease (Lasho et al. 2012; Li et al. 2012; Wei et al. 2014; Adel Fahmideh et al. 

2015; Cui 2015; Lu et al. 2015; Wang et al. 2016; Zeng et al. 2017; Gonzalez-Castro 

et al. 2019). The rs4295627 polymorphism has drawn particular attention, having 

been linked to an ethnicity-dependent, increased risk of glioma (Cui 2015; Lu et al. 

2015; Wang et al. 2016; Zeng et al. 2017). One group went further to confirm the 

relationship between CCDC26 and glioma progression; they demonstrated that the 

lncRNA is overexpressed in glioma cells, where it seemingly regulates glioma 

progression via direct targeting of miR-203. CCDC26 siRNA knock down in glioma 

cells increased apoptosis and reduced both cell proliferation and motility, an effect 

observed both in vitro and in vivo (Wang, Hui, et al. 2018). 

 

Another group also investigated the biological function of CCDC26 in CML cells 

(Hirano et al. 2015). The Yamazaki group proposed that CCDC26 functions at least 

in part by regulating expression of the tyrosine kinase receptor, KIT (Hirano et al. 

2015). In high serum media (15% FBS), CCDC26 shRNA knock down cells grew 

slowly, with a doubling time of almost twice that of WT CML K562 cells. In contrast, 

cell survival was significantly improved when grown in serum-depleted media (0.1% 

FBS). This suggested that CCDC26 can behave oncogenically, enhancing cell 

proliferation. However, in harsher conditions where nutrient supply is low, the 

opposite appears true, with cells dividing faster and surviving longer with reduced 

CCDC26 levels. Upon investigating differential gene expression using DNA 

microarrays, KIT was identified as being significantly up-regulated in the CCDC26 

knock down cells. When knock down cells were treated with a specific KIT inhibitor 
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under serum starvation, cell survival was reduced back to that of WT K562 cells 

(Hirano et al. 2015).  

 

Similar to previous glioma and leukemia studies, Peng and Jiang too reported 

increased levels of CCDC26 in pancreatic cancer tissues. Although they detected 

no significant correlation between CCDC26 and tumour differentiation, siRNA knock 

down resulted in increased apoptosis and reduced proliferation. They hypothesised 

that this could be via regulation of PCNA and BCL2 (Peng and Jiang 2016). 

 

Conversely, emerging evidence has linked CCDC26 inhibition with drug resistance 

in gastrointestinal stromal tumours (GIST), suggesting that upregulation of this 

lncRNA is a more desirable effect in these particular tissues. CCDC26 siRNA knock 

down made cells resistant to imatinib therapy and resulted in increased cell viability 

and proliferation and reduced apoptosis (Cao et al. 2018; Yan et al. 2019). One 

study has attributed this to CCDC26-mediated regulation of KIT. CCDC26 knock 

down resulted in increased levels of KIT, whilst KIT siRNA knock down increased 

sensitivity of cells to Imatinib. Consequently, Cao et al. concluded that CCDC26 

inhibition potentially induces Imatinib resistance by activating increased expression 

of KIT (Cao et al. 2018). Similarly, an alternative study proposed that CCDC26 

inhibition potentially induces Imatinib resistance by activating increased expression 

of IGF-1R (Yan et al. 2019). Similar to KIT, IGF-1R is also increased following 

CCDC26 knock down, with cells also showing increased Imatinib sensitivity upon 

IGF-1R knock down (Yan et al. 2019). 
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Taking into consideration all of the research and information gathered in 1.2, we 

decided to concentrate our attention on the Chr.8q24 region. Our research group is 

focussed on understanding the molecular mechanisms of lncRNAs, and Chr.8q24 

has been shown to contain a sea of lncRNA-expressing genes. Furthermore, the 

abundance of cancer-associated SNPs and variants reported within this region 

make it particularly interesting (Ghoussaini et al. 2008). Most previous work on this 

area has focussed on the locally-expressed c-Myc gene, with studies suggesting 

that 8q24 contains c-Myc enhancers (Huppi et al. 2012; Jia et al. 2009; Ahmadiyeh 

et al. 2010). However, as discussed earlier, several conflicting results indicate that 

c-Myc-alternative functions of the region exist, thereby warranting further 

investigation (Pomerantz et al. 2009; Huppi et al. 2012). Multiple lncRNA genes 

reside at 8q24, however, we have chosen to study CCDC26. We noticed that many 

of the cancer-associated SNPs and variations reported in past publications can be 

mapped to the CCDC26 gene (Radtke et al. 2009; Kuhn et al. 2012; Duployez et al. 

2018; Tseng et al. 2014; Chinen et al. 2014). Furthermore, its expression has been 

associated with specific stages of leukemia progression (Izadifard et al. 2018). 

However, there are very few studies that have investigated CCDC26 independently, 

and those that have, have done little beyond identifying an association with 

apoptosis and differentiation (Yin et al. 2006; Hirano et al. 2008; Hirano et al. 2015; 

Wang, Hui, et al. 2018; Peng and Jiang 2016). Taking all of this together, we 

identified a gap in the field. We decided it was important to functionally characterise 

this lncRNA in order to fully understand the implications of such mutations within its 

gene. 

 



 47 

1.3 The Chromatin Landscape  

The mammalian nucleus is the fundamental control centre of each cell, directly or 

indirectly responsible for coordination of all cell activity. Correct functioning of the 

nucleus and its processes requires strict organisation of the components within, 

including regulation of the spatial localisation of proteins, RNA and chromosomes. 

Organisation of DNA in particular is critical, as the hierarchical compaction of 

chromosomes is critically interwoven with the interpretation of genetic material 

(Felsenfeld and Groudine 2003).  Walther Flemming first coined the term ‘chromatin’ 

when he observed a stainable, fibrous framework within the nuclei of dividing cells 

(Paweletz 2001). Today we use the term to describe the complex structure of DNA, 

RNA and proteins into which the eukaryotic genome is assembled, with the 

overarching purpose of efficiently folding, as well as protecting, DNA within a small 

space (Felsenfeld and Groudine 2003). 

 

1.3.1 The Nucleosome 

The basic repeating unit of chromatin is known as the nucleosome, which consists 

of a protein core around which approximately 147bp of DNA is wrapped (Figure 

1.7).  This gives rise to a ~10nm fibre, often referred to as the ‘beads-on-a-string’ 

structure, and comprises the first level of chromatin compaction (Kornberg 1974; 

Kornberg and Thomas 1974). The centre of each nucleosome contains 8 core 

histones, consisting of two copies each of histones H2A, H2B, H3 and H4, wound 

around by approximately 80bp of linker DNA (Richmond et al. 1984). Whereas DNA 

associated with this core is somewhat shielded, the linker DNA is accessible and 

susceptible to enzymatic digestion. (Luger et al. 1997; Davey et al. 2002). The 
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negatively charged DNA phosphate groups interact largely with positive Arginine 

(R) and Lysine (K) residues within N-terminal ends of histones (Luger et al. 1997). 

Eight highly conserved R residues are found on histones H2A, H3 and H4, and are 

critical for accurately positioning the wrapped DNA around the octamer (Wang, 

Ulyanov, and Zhurkin 2010). 

 

The incorporation of DNA into nucleosomes is transient, thus, nucleosomes are 

highly dynamic structures. Approximately one quarter of the mass of each histone 

is found within an N-terminal tail domain. These tails project from the nucleosome 

structure such that they are exposed to enzymes involved in PTMs. These enzymes 

mediate the addition and removal of various chemical groups to and from histone 

tails, often at prevalent K and R residues, which is important for epigenetic signalling 

(detailed in section 1.4.1) (Davey et al. 2002; Allfrey, Faulkner, and Mirsky 1964). 

The final principal element of the nucleosome is the linker histone (H1). Unlike the 

core histones which make up the central octamer, H1 binds the linker DNA between 

nucleosomes. It’s precise function is somewhat ambiguous, but studies have 

suggested roles including protection of the linker DNA from nuclease digestion, 

stabilisation of interacting DNA and organisation of higher order structures (Allan et 

al. 1986).   

 

1.3.1.1 Histone H2A.X 

Whilst the canonical histones mentioned above are rapidly generated and 

incorporated into nucleosomes closely behind replication forks, it is important to also 

note that non-canonical histone variants exist. Non-canonical substitution of  
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Figure 1.7. Nucleosome Structure. The nucleosome consists of two copies each 
of core histones H2A, H2B, H3 and H4, around which 147bp of DNA is wound. Core 
histones are first arranged as two sets of heterodimers: H2A-H2B and H3:H4. The 
H3:H4 heterodimers form a tetramer by associating at the H3-H3 interface. This 
tetramer binds the H2A:H2B dimers via an interaction between H4 and H2B. 
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histones occurs independently of DNA replication and can serve numerous 

purposes. A well-known histone H2A variant is H2A.X; this variant is phosphorylated 

to form !-H2A.X in response to DNA damage, especially DNA double strand breaks, 

(DSBs) and is a key event in the DNA damage response pathway (Rogakou et al. 

1999; Rogakou et al. 1998). H2A.X is incorporated randomly into chromatin 

throughout the genome (Rogakou et al. 1998). It has been suggested that DSBs 

are detected by DNA-dependent protein kinase, which ultimately leads to 

phosphorylation of H2A.X at the conserved Serine 139 residue, by either ataxia 

telangiectasia mutated (ATM) or ATM-RAD3-related (ATR) proteins (Burma et al. 

2001; Durocher and Jackson 2001). This generates !-H2A.X, which can radiate 

several mega-bases from the DSB site (Rogakou et al. 1999). This histone 

modification behaves as a signal onto which DNA repair machinery assembles, 

such as the NBS1/hMRE11/hRAD50 repair complex (Kobayashi 2004) 

 

1.3.2 Higher-Order Chromatin Fibres  

It was previously believed that the 10nm bead-like chromatin structure further folded 

into a structured 30nm fibre. This was once considered to be the standard chromatin 

unit from which higher order structures were arranged (Gilbert et al. 2004). 

However, this prediction was based on in vitro studies and has never been observed 

within the cell (Finch and Klug 1976). Since the late 1980’s, techniques including 

cryogenic electron-microscopy (cryo-EM), small angle X-ray scattering and electron 

spectroscopic imaging have indicated that the 10nm chromatin fibres are folded in 

an irregular manner rather than forming a structured 30nm fibre (McDowall, Smith, 

and Dubochet 1986; Nishino et al. 2012; Fussner et al. 2012). Recently, live cell 
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imaging, super-resolution (STORM) imaging and ChromEMT, a combination of 

electron microscopy tomography and DNA labelling, showed evidence of these 

dynamic, irregular fibres (Ricci et al. 2015; Ou et al. 2017; Nozaki et al. 2017). These 

findings indicate that chromatin is far more dynamic than previous models 

suggested. It is likely that this ensures that DNA is easily accessible to machinery 

for vital, biological processes such as replication and transcription. 

 

1.3.3 Chromosome Territories 

At the largest scale of organisation, 46 chromosomes (humans) are localised in 

specific territories within the nucleus (Cremer and Cremer 2010). The organisation 

of the nucleus was first deemed to be non-random in the late 1800’s, when the Rabl 

configuration was established in plants and yeast. This is the arrangement whereby 

chromosomes lie parallel across the nucleus, with centromeres and telomeres 

aligning at opposite poles during anaphase (Mizuguchi, Barrowman, and Grewal 

2015). This led to the discovery of chromosome territories (CTs), distinct regions in 

the nucleus where chromosomes preferentially localise. Theodore Boveri 

concluded that chromosomes inhabit distinct spaces in the nucleus, and maintain a 

level of distinctiveness throughout interphase (Cremer and Cremer 2010). Although 

this phenomenon was largely ignored for many years (Wischnitzer 1973), in the late 

1970s and 1980s, Boveri’s concept re-emerged, when a group treated interphase 

root-tip cells and Chinese hamster ovary (CHO) cells with modified Giemsa staining 

treatments. They suggested that chromosomes do not decondense during 

interphase such that 3D organisation is lost, but rather they maintain their 

preferential nuclear positions (Stack, Brown, and Dewey 1977).  
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It is well-established that there is a correlation between territorial organisation and 

transcriptional activity; gene-rich, transcriptionally active chromatin regions 

generally demonstrate preferential localisation at the centre of the nucleus, 

whereas, transcriptionally repressed regions containing fewer genes are more often 

localised at the nuclear periphery (Boyle et al. 2001). Bickmore and colleagues were 

amongst the first to demonstrate this in the 1990’s with 3D fluorescence in situ 

hybridisation (FISH), showing that the nuclear interior and periphery are occupied 

with the gene-rich chromosome 19 and the gene-poor chromosome 18 respectively 

(Croft et al. 1999).  

 

1.3.4 Heterochromatin v Euchromatin 

Upon staining with basophilic dyes, chromosomes appear as a series of 

differentially, intensely stained bands. Darker stained bands arise as a result of an 

increased concentration of DNA compacted within that particular region of the 

chromosome and is commonly referred to as heterochromatin, a term first coined 

by Emil Heitz in the 1920’s. It was Heitz who noted that such regions failed to de-

compact following mitosis. The decondensed, lighter stained regions into which 

chromatin is less tightly compacted is known as euchromatin. Heitz too recognised 

that gene density is generally greater in euchromatic regions, compared to 

heterochromatic regions. However, these patterns were found to change between 

cell types and throughout development and cell cycle. This led to the distinction 

between constitutive heterochromatin, which is consistently formed regardless of 

the cell-type or stage of cell cycle, and facultative heterochromatin, which can be 

locus and cell-type specific (Passarge 1979). Today, we acknowledge that 
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heterochromatin and euchromatin are functionally distinct, and are consequently 

more commonly used to refer to transcriptionally repressed or active regions 

respectively, rather than referring to how regions are stained (Wang, Jia, and Jia 

2016).  

 

Approximately 10 years ago, researchers concluded that the genome is divided 

overarchingly into two distinct, nuclear compartments, within which smaller domain 

structures such as TADs, can be observed. These compartments are known as the 

A and B compartments, and are associated with euchromatin and heterochromatin 

respectively. The A compartment generally occupies the centre of the nucleus, with 

the B compartment lying at the nuclear periphery (Lieberman-Aiden et al. 2009). 

Recent observations have demonstrated the highly dynamic nature of these 

compartments, with large portions of the genome demonstrating changes in 

compartment occupancy during mammalian development (Dixon et al. 2015).  

 

The segregation of active and inactive chromatin serves several purposes. Since 

heterochromatin, unlike euchromatin, requires limited access to transcriptional 

machinery in the centre of the nucleus, these regions are localised at the nuclear 

periphery whereby they can interact with components of the nuclear lamina. Such 

lamina-interacting loci are known as lamina-associated domains (LADs) and 

provide anchoring points (Guelen et al. 2008). Past studies have suggested that 

tethering can influence the folding and organisation chromosomes (Kind et al. 2015) 

as well as potentially strengthen the nuclear lamina itself (Tajik et al. 2016) and 

even aid repair of DNA double strand breaks (Lemaitre et al. 2014). 
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1.4 Epigenetic Gene Regulation 

Heterochromatin and euchromatin are fundamentally regulated by epigenetic 

mechanisms. Epigenetics refers to reversible changes to DNA that can influence 

gene expression, which do not involve changes to the underlying DNA sequence. 

The term was first applied as early as the 1940s, by C.H. Waddington, and was 

originally used to describe how phenotypes may be generated via complex 

interactions between genes and the environment (Waddington 2012). Today, there 

are considered to be to major types of epigenetic modifications: DNA methylation 

and histone modifications (Allis and Jenuwein 2016). 

 
 
1.4.1 Histone Modifications 

1.4.1.1 The Histone Code Hypothesis  

Revolutionary research in the 1960s, led to the first reports of histones being post 

translationally modified (Allfrey, Faulkner, and Mirsky 1964). Today, over 130 

histone PTMs have been reported (Zhao and Garcia 2015). As we have mentioned, 

histones form the nucleosome core, with their N-terminal tail domains projecting 

outwards. Modification of these tails can subsequently serve multiple purposes, 

including mediating interactions between nucleosomes which can impact chromatin 

compaction, as well as recruiting assorted proteins with various functions (Davey et 

al. 2002; Allfrey, Faulkner, and Mirsky 1964; Bannister and Kouzarides 2011). 

 

The dynamic distribution and pattern of histone modifications throughout the 

genome comprises the histone code, and the histone code hypothesis states that 

gene expression, at least in part, is regulated by these modifications which occur 
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predominantly on the tail regions. The primary role of this code is in determining the 

transcriptional state of a given region. Histone PTM patterns in combination with 

DNA methylation patterns are capable of rendering genes transcriptionally active or 

silent (Strahl and Allis 2000). 

 

Histones tails are most frequently modified at Lysine residues, but modifications of 

other amino acid residues, such as Arginine, have also been observed (Gary and 

Clarke 1998). Methylation and acetylation are arguably the most common 

modifications, however, numerous others, including phosphorylation, ubiquitylation 

and sumoylation to name a few, also exist (Strahl and Allis 2000). Table 1.2 provides 

a list of some of the most commonly observed histone modifications, along with their 

abbreviations and general roles. For example, tri-methylation of Histone 3 at Lysine 

4 is commonly found at active promoter regions (Heintzman et al. 2009). 

 

1.4.1.2 Writers, Readers and Erasers of Histone Modifications 

Each specific histone modification needs to be deposited, interpreted and removed 

when necessary. This is carried out by specific proteins: “writers”, “readers” and 

“erasers” respectively. Two key “writer” enzymes include histone acetyltransferases 

(HATs) and histone methyltransferases (HMTs); the former catalyses addition of 

acetyl groups to histone tails from acetyl CoA molecules, and the latter catalyses 

addition of methyl groups, utilising S-adenosyl-methionine (SAM) as a donor 

(Chiang et al. 1996).  
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Opposing “eraser” proteins however, can remove these modifications, making the 

process highly dynamic. Histone deacetylases (HDACs) and histone demethylases 

(HDMs) respectively catalyse the removal of acetyl and methyl groups. LSD1 was 

the first HDM identified only ~20 years ago, largely due to the early, common belief 

that histone methylation was irreversible (Shi et al. 2004). HDAC activity on the 

other hand has been acknowledged since the 1960’s (Inoue and Fujimoto 1969), 

with HDAC1 being the first HDAC to be purified in 1996 (Taunton, Hassig, and 

Schreiber 1996). To date, 18 different HDAC enzymes have been identified in 

humans, which can be categorised into one of four classes based on sequence 

similarities (summarised in Table 1.3). Accurate identification of different HDAC 

substrates has proven challenging in recent years. This is largely due to a predicted 

functional redundancy within and between HDAC classes, as well as interactions 

with different complexes likely altering the preferential substrates of each HDAC 

(Seto and Yoshida 2014). 

 

“Reader” proteins are required to interpret histone signatures. Such proteins can 

bind histone modifications via specific domains, thus targeting their function to that 

particular locus (Kim, Daniel, et al. 2006). For example, DNA methyltransferase 

enzymes can recognise and bind H3K36me3 signatures via PWWP domains, thus 

directing DNA methylation (Rondelet et al. 2016). 

 
 
 
 
 
 
 
 



 57 

Table 1.2.  Commonly Observed Histone Modifications 
 
Histone Modification Abbreviation Function Reference 

Histone 3 Lysine 4 
mono-methylation 

H3K4me1 Enhancer activation (Heintzman et al. 

2009) 

Histone 3 Lysine 4 tri-
methylation 

H3K4me3 Promoter activation (Heintzman et al. 

2009) 

Histone 3 Lysine 36 
tri-methylation 

H3K36me3 Gene body activation (Huang and Zhu 

2018) 

Histone 3 Lysine 79 
di-methylation 

H3K79me2 Gene body activation (Farooq et al. 

2016) 

Histone 3 Lysine 9 
acetylation 

H3K9ac Enhancer, promoter 

activation 

(Gates et al. 

2017) 

Histone 3 Lysine 27 
acetylation 

H3K27ac Enhancer, promoter 

activation 

(Heintzman et al. 

2009) 

Histone 4 Lysine 5 
acetylation 

H4K5ac Epigenetic bookmarking 

Allows rapid transcription of 

specific genes immediately 

following mitosis 

(Zhao et al. 2011) 

Histone 4 Lysine 16 
acetylation 

H4K16ac Regulates higher order 

chromatin structure 

(Shogren-Knaak 

et al. 2006) 

Histone 3 Lysine 27 
tri-methylation 

H3K27me3 Promoter, gene-rich region 

repression 

(Wiles and Selker 

2017) 

Histone 3 Lysine 9 
mono-methylation 

H3K9me1 Establishment of 

heterochromatin 

(Rivera et al. 

2015) 

Histone 3 Lysine 9 tri-
methylation 

H3K9me3 Repression of satellite 

repeats, telomeres, 

pericentromeres 

(Lehnertz et al. 

2003) 

Phosphorylated 
Histone  

!-H2A.X DNA damage, DSBs (Rogakou et al. 

1998) 

Ubiquitylated Histone 
H2A Lysine 119 

H2AK119ub1 Repression of 

developmental genes 

(Zhang, Cooper, 

and Brockdorff 

2015) 

Histone 4 Lysine 20 
mono-methylation 

H4K20me1 Promoter activation (Wang et al. 

2008) 

 

Table 1.3 The HDAC Family of Proteins (Seto and Yoshida 2014) 

Superfamily Class Member Subcellular 
Localisation 

Arginase/deacetylase superfamily I HDAC1 Nucleus 

HDAC2 Nucleus 

HDAC3 Nucleus/Cytoplasm 

HDAC8 Nucleus 

IIA HDAC4 Nucleus/Cytoplasm 

HDAC5 Nucleus/Cytoplasm 

HDAC7 Nucleus/Cytoplasm 

HDAC9 Nucleus/Cytoplasm 

IIB HDAC6 Nucleus/Cytoplasm 

HDAC10 Nucleus/Cytoplasm 

deoxyhypusine synthase-like NAD/FAD-
binding domain superfamily 

III Sirtuins 1, 2, 

3,4, 5, 6, 7 

Nucleus/Cytoplasm/ 

Mitochondria 

Arginase/deacetylase superfamily IV HDAC11 Nucleus 
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1.4.2 DNA Methylation 

DNA methylation is considered to be the principal mechanism of epigenetic 

regulation, alongside histone modifications (Jaenisch and Bird 2003). In eukaryotes, 

most DNA methylation occurs at the 5th Carbon atom of the cytosine ring to generate 

C5-methylcytosine, commonly shortened to 5mC (Figure 1.8A) (Hotchkiss 1948). 

Other residues can also be methylated, such as the 4th Nitrogen atom of cytosine 

(4mC) and the 6th Nitrogen atom of adenine (6mA), however these are more 

commonly observed in bacteria, archaea and protists (Ehrlich et al. 1985; Ehrlich et 

al. 1987). In eukaryotes, 5mC signatures predominantly exist at cytosine-

phosphate-guanine (CpG) dinucleotides; within the human genome, approximately 

80% of CpGs are ordinarily methylated (Schubeler 2015). The large majority of 

methylated CpGs are found in repetitive sequence elements such as long and short 

interspersed nuclear elements, as well as retrotransposons and centromeres 

(Zheng et al. 2017). This helps prevent these regions from being transcribed 

unnecessarily. Non-methylated CpGs generally tend to be found in clusters at gene 

promoters and transcription start sites, forming CpG islands. CpG islands are 

regions approximately 1kb in length, whose DNA sequences diverge from typical 

genomic configurations by their characteristic elevated CpG levels and frequent 

methylation deficiency (Bird et al. 1985; Cross et al. 1994; Deaton and Bird 2011). 

This allows transcription of these genes to occur and additionally provides a means 

of gene regulation; cell- and tissue-specific methylation at particular loci can give 

rise to differential gene expression, resulting in diverse phenotypes (Jaenisch and 

Bird 2003). 
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The most widely recognized role of DNA methylation is in transcriptional repression; 

a vast amount of evidence exists demonstrating that transcription cannot be initiated 

from transcription start sites containing highly methylated CpG islands (Kass, 

Landsberger, and Wolffe 1997; Venolia and Gartler 1983; Li, Beard, and Jaenisch 

1993; Walsh, Chaillet, and Bestor 1998; Siegfried et al. 1999). Recent studies have 

employed dCas9 fusion proteins to study methylation. Both Liu et al. and Stepper 

et al. targeted a dCas9-methyltransferase fusion protein to un-methylated promoter 

regions, and both observed silencing of their respective targets (Stepper et al. 2017; 

Liu et al. 2016). Methylation-mediated repression is likely to occur through 

numerous means including exclusion of transcriptional machinery, attraction of 

DNA-binding transcriptional blocker proteins and chromatin-modifying complexes 

that promote a heterochromatic environment (Nan et al. 1998; Watt and Molloy 

1988).  

 

In contrast to most gene promoters, bodies of active genes are methylated 

extensively, regardless of whether they contain CpG islands (Wolf et al. 1984). 

Unlike promoter regions, gene body methylation is usually associated with active 

transcription and gene expression (Larsen, Solheim, and Prydz 1993; Hellman and 

Chess 2007). However, the role of methylation within gene bodies is not completely 

understood, and several studies have proposed a potential role in splicing, given 

the observed differential methylation levels between exons and introns (Laurent et 

al. 2010; Shukla et al. 2011). Current studies are beginning to reveal increased 

versatility and complexity of DNA methylation. The simplistic observation that 

promoter methylation is associated exclusively with gene repression may not be so 
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clear cut; instances have been reported associating the signature with activation of 

gene expression, with several developmental transcription factors having 

demonstrated preferential binding to 5mC signatures via hydrophobic interactions 

(Yin et al. 2017). This implies that genomic location and context of 5mC signatures 

determines gene expression, rather than its presence. 

 

1.4.2.1 The DNA Methyltransferase Family 

The enzymes responsible for methylating DNA comprise the DNA 

methyltransferase (DNMT) family of proteins, which transfer methyl groups from the 

methyl donor, S-Adenosyl-Methionine (SAM) to cytosine residues (Figure 1.8A) 

(Chiang et al. 1996). Humans possess five different DNMTs, three of which have 

the ability to catalyse this reaction; these are DNMT1, DNMT3A and DNMT3B (Lyko 

2018). The additional DNMTs, DNMT2 and DNMT3L, are non-canonical. DNMT2 

for example, whilst lacking the ability to robustly catalyse DNA methylation, has 

been found to play a more predominant role in transfer RNA (tRNA) methylation 

(Goll et al. 2006). DNMT3L on the other hand is a catalytically inactive version of 

the DNMT3 enzymes, which acts as a cofactor for the latter to increase binding 

affinity to DNA (Gowher et al. 2005).  

 

1.4.2.2 The Structure of DNMTs  

The general structure of the DNMTs consists of a catalytic C-terminal and a 

regulatory N-terminal (Figure 1.8B). DNMT1 is the largest methyltransferase with a 

size of approximately 190kDa, and consisting of around 1600 amino acids (Zhang 

et al. 2015). The N-terminal domain is responsible for binding multiple factors 
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including transcriptional repressor, DNMT1 associated protein 1 (DMAP1). The 

resulting complex also binds HDAC2 and the three proteins cooperate to maintain 

a repressive, heterochromatic state at loci following DNA replication (Rountree, 

Bachman, and Baylin 2000). Multiple other proteins involved in heterochromatin 

formation also bind DNMT1 at this region, including proliferating cell nuclear antigen 

(PCNA), the histone methyltransferase, G9a and heterochromatin-binding protein b 

(HP1 b), demonstrating the collaborative means by which heterochromatin is 

maintained (Iida et al. 2002; Esteve et al. 2006; Fuks et al. 2003). In addition, a 

nuclear localisation signal (NLS) is also located at N-terminus covering amino acids 

177-205, and ensures DNMT1 is correctly localised to the nucleus where it can bind 

DNA and perform its function (Alvarez-Ponce et al. 2018). 

 

Another important domain in the N-terminus is the replication foci-targeting 

sequence (RFTS) domain. This domain is responsible for targeting DNMT1 to DNA 

replication foci where it methylates the newly synthesised daughter DNA strand 

(Leonhardt et al. 1992). When DNMT1 is not bound to DNA, the RFTS domain 

occupies the catalytic pocket, bound by Hydrogen bonding (Syeda et al. 2011). Only 

when substrate DNA of a length around 30bp is available can DNMT1 methylate 

DNA at full catalytic activity, by triggering exclusion of the RFTS domain from the 

site (Berkyurek et al. 2014). It is likely that this autoinhibitory mechanism plays a 

role in ensuring DNMT1 is correctly localised to sites requiring DNA methylation 

(Misaki et al. 2016). 
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Adjacent to the RFTS domain is the CXXC domain. This domain consists of zinc 

finger motifs and specifically binds unmethylated CpG sites. It has been proposed 

that this specificity provides another DNMT1 autoinhibitory mechanism. Completely 

unmethylated CpGs are prevented from entering into the DNMT1 catalytic site by 

first binding the CXXC domain. Secondly, the subsequent positioning of the linker 

region between CXXC and its neighbouring BAH domain, blocks the catalytic 

pocket. This prevents DNMT1-mediated de novo methylation, and ensures that only 

hemi-methylated DNA can enter the catalytic site (Song et al. 2011). However, 

others have failed to see any impact on DNMT1 specificity upon loss of the CXXC 

domain, leaving this model unconfirmed (Bashtrykov et al. 2012).  

 

Finally, prior to the catalytic C-terminal domain are dual bromo-adjacent homology 

(BAH) domains, which follow the CXXC domain. At present, the exact purpose of 

these domains is unclear. The first BAH domain potentially recognises and interacts 

with methylated histones (Takeshita et al. 2011), and the second appears to interact 

with both the catalytic site and substrate DNA (Song et al. 2012). Despite the 

ambiguity surrounding these regions, the preparation of enzymatically active 

DNMT1 has proven unsuccessful in their absence, indicating they are a critical 

component for this enzyme (Yarychkivska et al. 2018).  

 

The DNMT3A and DNMT3B enzymes are smaller than DNMT1 with a size of 

approximately 100kDa each. They are structurally very similar, differing at a variable 

N-terminal region, which is ~60 amino acids smaller in DNMT3B (Okano, Xie, and 

Li 1998; Xie et al. 1999).  In addition to a catalytic C-terminal, they possess two 



 63 

additional, conserved domains, a PWWP domain and an ATRX-DNMT3-DNMT3L 

(ADD) domain. As the name suggests, the former contains a proline-tryptophan-

tryptophan-proline motif at its centre, and is primarily involved in binding the 

enzymes to DNA (Chen, Tsujimoto, and Li 2004). The DNA binding affinity of 

DNMT3A however, is marginally lower than that of DNMT3B (Purdy, Holz-

Schietinger, and Reich 2010), possibly contributing to the distinct biological 

functions of these proteins. The ADD domain on the other hand, primarily enables 

binding of these enzymes to unmethylated H3K4 residues, leading to methylation 

of DNA enriched with this epigenetic signature (Zhang et al. 2010). DNMT3L also 

possesses an ADD domain, however it lacks a functional catalytic domain, and 

consequently is incapable of methylating DNA itself. Rather, it behaves as a 

cofactor whose C-terminal interacts with the catalytic domains of DNMT3A and 

DNMT3B, resulting in increased catalytic activity of the latter (Suetake et al. 2004). 

Considerably different to the other DNMTs is DNMT2, which consists of 

approximately 400 amino acids, and is comprised of a catalytic domain and a 

smaller target-recognizing (TR) domain (Figure 1.8B) (Dong et al. 2001). 
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Figure 1.8. The DNA Methyltransferase Family. A. In eukaryotes, DNMT1/3A/3B 
have the ability to catalyse the addition of a methyl group to the fifth carbon atom of 
the cytsosine in DNA, to form 5-methyl-cytosine (5mC). B. Five DNA 
methyltransferase family members are found in humans, which mostly consist of a 
catalytic C-terminal and a regulatory N-terminal. DNMT1 consists of a catalytic 
domain, dual bromo-adjacent homology (BAH) domains, a CXXC zinc finger 
domain, a replication foci targeting sequence (RFTS) domain, and a DNMT1-
associated protein 1 (DMAP1) binding domain. DNMT2 consists only of a catalytic 
domain. The DNMT3 enzymes contain an ATRX-DNMT3-DNMT3L (ADD) domain 
and a Proline-Tryptophan (PWWP) domain. DNMT3L is catalytically inactive 
(Reproduced from Lyko 2018).  
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1.4.2.3 DNMT3A and DNMT3B 

DNA methylation patterns across the genome are established by the de novo 

DNMTs, DNMT3A and DNMT3B. In the very early stages of development, DNA 

methylation is completely eradicated in primordial germ cells, resulting in an 

epigenetically “blank canvas”. This is first achieved by re-localisation of an oocyte-

specific isoform of DNMT1 (DNMT1o) to the cytosol of cells where it is unable to 

bind and methylate DNA (Doherty, Bartolomei, and Schultz 2002). Second, a family 

of proteins, the ten-eleven translocation (TET) enzymes, catalyse DNA methylation 

reversal, converting 5-methyl-cytosine to 5-hydroxymethyl-cytosine (5hmC) 

(Rasmussen and Helin 2016). The DNMT3s then restore DNA methylation in a non-

CpG specific and ubiquitous manner. They bind DNA at unmethylated H3K4 sites 

via their ADD domain and methylate surrounding DNA, whilst methylated H3K4 

sites, in addition to other proteins, shield regions such as CpG islands and promoter 

sequences from being methylated (Otani et al. 2009).  

 

It was previously accepted that DNMT3A and DNMT3B establish these initial 

methylation patterns, and that DNMT1 preserves them following DNA replication. 

Whilst that is largely true, in recent years it has become clear that this “black and 

white” concept is not as simple, and that there is crosstalk between maintenance 

and de novo methylation machineries. Researchers have observed that methylation 

of certain genomic regions is not maintained upon knock down of either of DNMT3A 

or 3B (Chen et al. 2003). It has been further suggested that these enzymes can 

anchor themselves to nucleosomes and potentially methylate CpGs missed by 

DNMT1 (Jeong et al. 2009). 
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Despite their similarities both structurally and functionally, DNMT3A and DNMT3B 

also possess some distinct roles. Deletion of each of these enzymes in mice 

resulted in different pathogenic phenotypes, with death ensuing at different 

developmental stages. Whilst pericentromeric heterochromatin is favourably 

methylated by DNMT3A, the methylation of minor centromeric satellite repeats is 

carried out exclusively by DNMT3B (Okano et al. 1999). Several studies have also 

suggested that gene body methylation may via targeting to H3K36me3 signatures 

may also be attributed to DNMT3B alone (Baubec et al. 2015; Duymich et al. 2016). 

 

1.4.2.4 DNMT1 

Following initial deposition of methylation marks by DNMT3A and 3B, DNMT1 

primarily maintains post-replicative patterns in the long term, by preferentially 

binding hemi-methylated DNA, and methylating the newly synthesized daughter 

strand (Lyko 2018).  At late S-phase of the cell cycle, DNMT1 is targeted to 

replication foci via its RFTS domain, a process dependent on an additional protein, 

ubiquitin-like with PHD and RING finger domains 1 (UHRF1) (Bostick et al. 2007). 

Immediately following DNA replication, UHRF1 specifically binds hemi-methylated 

CpG dinucleotides via its SET and RING-associated (SRA) domain, as well as the 

DNMT1 RFTS domain (Berkyurek et al. 2014). In addition, UHRF1 has also 

demonstrated an ability to simultaneously recognize both di- and tri-methylated 

H3K9 residues on DNA, via a tandem Tudor domain (Rothbart et al. 2012). This 

ultimately leads to inclusion of substrate DNA into the catalytic pocket of DNMT1 

where it is methylated. 
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However, despite the knowledge that UHRF1 is absolutely required for maintenance 

methylation to occur, the precise mechanism by which UHRF1 and DNMT1 

cooperate to achieve this remains elusive. In recent years, collective data has 

resulted in the proposal of two main possible models. The first model suggests that 

DNMT1 is targeted to hemi-methylated sites by ubiquitinated lysine residues 

present on histone H3. It was proposed that binding of UHRF1 to methylated H3K9 

residues, triggers UHRF1-mediated mono-ubiquitination of three H3 lysine 

residues. DNMT1 is then recruited to DNA via its affinity for these ubiquitinated 

amino acids (Nishiyama et al. 2013; Ishiyama et al. 2017). 

 

A second model argues that DNMT1 is recruited via several direct domain 

interactions between DNMT1 and UHRF1. A C-terminal linker region on UHRF1 

has been reported to assist binding of the SRA domain with both the DNMT1 RFTS 

domain and hemi-methylated CpGs (Fang et al. 2016). This interaction appears 

important for the release of the RFTS domain from the catalytic site of DNMT1, 

consequently relieving the protein’s auto-inhibition (Li et al. 2018). An interaction 

has also been reported between a ubiquitin-like (UBL) domain present within 

UHRF1 and the DNMT1 RFTS domain, which appears to be required for activation 

of DNMT1 catalytic activity (Foster et al. 2018). This model also acknowledges the 

ubiquitination activity of UHRF1, but rather, suggests that the protein ubiquitinates 

itself, generating an interface with which DNMT1 can bind (Vaughan et al. 2018). 

Ultimately, this model argues that UHRF1 binds DNA first, followed by DNMT1 in a 

more histone-independent manner.  



 68 

Very recently, Mousli and colleagues put forward their perspective on this topic. 

They proposed that both models are likely correct and that a more complicated 

series of events occurs. They suggested that DNMT1 and UHRF1 work repetitively 

by permanently existing in close proximity as part of a larger macro-molecular 

complex. This complex travels along DNA until the UHRF1 SRA domain comes 

across hemi-methylation, which triggers a cascade of events, ultimately concluding 

with methylation of the new DNA strand. A structural change in UHRF1 is induced 

which activates dual-ubiquitination of itself as well as lysine residues on H3. 

Simultaneously, UHRF1 also binds H3K9me2/3. The DNMT1 RFTS subsequently 

interacts with one or both of these ubiquitinated residues, thus removing the RFTS 

from the catalytic pocket, and allowing DNMT1 to methylate the DNA. Until such 

observations can be confirmed in vivo however, this model cannot be confirmed 

(Figure 1.9) (Bronner et al. 2019). 

 

1.4.2.5 DNA Methylation and Disease 

Early experiments in mice demonstrated that DNMT1 is essential for cell viability. 

Despite DNMT1 knockout (KO) murine embryonic stem cells (mESCs) displaying 

no major growth abnormalities, when the enzyme was knocked out in embryos, 

severe aberrant development was observed, closely followed by death.  (Li, Bestor, 

and Jaenisch 1992). Similar observations have been made in humans; a conditional 

DNMT1 KO cell line using colorectal carcinoma cells demonstrated that upon KO 

induction, cells initially arrest in the G2 phase of the cell cycle whilst displaying 

nuclear morphological defects, and eventually die ~7 days later (Chen et al. 2007). 

Conversely, cell death does not occur immediately upon KO of the DNMT3 proteins.  



 69 

 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.9. Proposed Model of UHRF1-Mediated DNMT1 Targeting to Hemi-
Methylated CpGs. 1. UHRF1 and DNMT1 are in close proximity scanning post-
replicative DNA until the UHRF1 SRA domain comes across a hemi-methylated 
CpG. 2. This induces a structural change in UHRF1, which triggers UHRF1-
mediated ubiquitination of itself and histone H3. UHRF1 also simultaneously binds 
di- and tri-methylated H3K9 residues. 3. DNMT1 binds one or both of these 
ubiquitinated residues triggering a change in conformation. The RFTS domain is 
removed from the catalytic pocket, allowing DNMT1 to bind DNA and methylate the 
hemi-methylated CpG (Bronner et al. 2019). 
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Single and double KOs of DNMT3A and DNMT3B in human embryonic stem cells 

(hESCs) only mildly affected the cells, which retained >50% of normal methylation 

levels (Liao et al. 2015).   

 

Abnormal DNA methylation is a common disease characteristic for pathologies 

involving genomic instability. For example, Immunodeficiency, centromeric 

instability and facial anomalies (ICF) syndrome is an autosomal, recessive disorder 

characterised on a molecular level by genomic instability at several repetitive 

regions including pericentromeric heterochromatin. On a physiological level, ICF 

patients typically demonstrate delayed development, facial abnormalities and 

intellectual disability (Smeets et al. 1994). Studies have shown that in ~50% of 

cases, this disease is caused by mutations in the catalytic domain of DNMT3B that 

impact its methyltransferase activity (Xu et al. 1999). The remaining ~50% show 

mutations in additional components involved in DNMT3B-mediated methylation 

(Zhu et al. 2006). The loss of activity results in dysregulation of a number of genes, 

including several homeobox genes involved in craniofacial and neurological 

development (Jin et al. 2008). Mutations in DNMT3A are frequently associated with 

Tatton-Brown-Rahman syndrome (TBRS), a disorder that typically presents with 

abnormally fast growth, mental retardation and facial anomalies (Tatton-Brown et 

al. 2018).  

 

DNMT1 on the other hand has been largely linked with hereditary sensory and 

autonomic neuropathy type 1E (HSAN1E). Patients with this neurological disorder 

display numerous symptoms including cognitive decline, seizures and hearing loss, 
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typically only presenting in late teens. Patient studies have identified various 

mutations in the RFTS domain of DNMT1, which cause this disorder (Klein et al. 

2013; Baets et al. 2015). Interestingly, Klein and colleagues demonstrated that 

when such DNMT1 mutations are induced in cultured cells, DNMT1 is misfolded 

and subsequently re-localised to the cytoplasm, resulting in global hypomethylation. 

They speculate that this can cause aberrant gene activation which contributes to 

the pathogenicity of the disease (Baets et al. 2015).   

 

Arguably, the disease most commonly associated with aberrant DNA methylation is 

cancer. Both hypo- and hyper-methylation of the genome have reportedly 

demonstrated contribution to tumorigenesis. Global hypomethylation can activate 

expression of numerous oncogenes, whilst hypermethylation of regulatory elements 

can result in silencing of tumour suppressor genes. At present, it is unclear precisely 

how these opposing effects on methylation can occur simultaneously within cancer 

cells (Morgan, Davies, and Mc Auley 2018). 

 

Urokinase-type plasminogen activator (uPA) is an example of a protein commonly 

overexpressed in multiple cancers as a result of aberrant DNA hypomethylation. 

uPA expression is epigenetically regulated via methylation of its promoter; 

demethylation results in increased levels of uPA and often correlates with increased 

aggressiveness of cancer cells (Pakneshan, Tetu, and Rabbani 2004). As well as 

gene-specific methylation, hypomethylation of repeat sequences is also frequently 

observed in cancer cells. It is well-established that global hypomethylation is 

associated with genomic instability (Gaudet et al. 2003; Eden et al. 2003). De-
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methylation of retro-transposable elements can contribute to tumorigenesis by 

inducing such instability (Daskalos et al. 2009). When retrotransposons such as 

long interspersed nuclear elements (LINEs) integrate at various positions in the 

genome, recombination events can lead to increased DNA strand breaks and 

disturbance of sequences can cause aberrant gene expression. Hypomethylation 

of repeat sequences such as these can trigger transcription, and consequently 

increase the chance of this kind of event happening (Daskalos et al. 2009). 

 

On the other hand, hypermethylation of regions has also been widely observed in 

cancer cells, primarily at promoter regions of tumour suppressor genes. For 

example, the tumour suppressor protein, Src homology region 2 (SH2) domain–

containing phosphatase 1 (SHP1), also known as Protein Tyrosine Phosphatase 

Non-Receptor Type 6 (PTPN6), is frequently downregulated in various cancer 

types. Inhibition of DNMT1 however, leads to hypomethylation of the corresponding 

gene and subsequent upregulation (Li, Liu, et al. 2017; Wang et al. 2017; Wen et 

al. 2018). Similar effects on other tumour suppressors such as Cyclin Dependent 

Kinase Inhibitor 2B (CDKN2B) (Herman et al. 1996; Yu et al. 2013), Retinoblastoma 

protein (RB1) (Stirzaker et al. 1997) and Cyclin Dependent Kinase Inhibitor 1A 

(CDKN1A) (Milutinovic et al. 2004; Schmelz et al. 2005) have also been observed. 

This has led to application of DNMT inhibitors such as 5-Azacytidine, 5-Aza-2’-

deoxycytidine (Christman 2002) and Zebularine (Cheng et al. 2004) as cancer 

therapies. Moreover, a recent study analysed the epigenome of tumour cells in 

patients at different stages of chronic myeloid leukemia (CML). Interestingly, 

methylation and transcriptional patterns varied throughout disease progression, 
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meaning that analysis of the methylome could be used as a prognostic marker in 

the future (Heller et al. 2016). 

 

 

1.5 Aims and Objectives 

The Kanhere group is interested in disease-associated lncRNAs, particularly those 

associated with epigenetic regulation. Current data has led to the suggestion that 

CCDC26 could act as a potential biomarker for diseases such as AML. CCDC26 

levels could be used as a means of risk stratification, and could one day potentially 

be used to monitor disease progression (Chen et al. 2019). However, despite these 

past studies collectively demonstrating clear correlations between cell viability and 

CCDC26, there has been no in depth, mechanistic analysis of this lncRNA. Potential 

targets of CCDC26 have been suggested, including mir-203, KIT and IGF-1R, 

however, further exploration into the precise functional mechanism of CCDC26 has 

not been conducted (Hirano et al. 2015; Cao et al. 2018; Wang, Hui, et al. 2018; 

Yan et al. 2019). Our group is interested in functionally analysing lncRNAs such as 

CCDC26. In recent years it has become clear that lncRNAs provide an additional, 

complex layer of genetic and cellular regulation. If we want to fully understand the 

complex molecular mechanisms of gene regulatory networks and other cellular 

systems, it is important to determine the functions and mechanisms of individual 

lncRNAs, such as CCDC26. 
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Aim: 

To establish the functional significance of lncRNA, CCDC26, in myeloid leukemia 

cells, and mechanistically analyse its modes of action. 

 

Objectives: 

1. To characterise CCDC26 in a suitable cell line 

We will adopt a dual data mining and experimental approach to confirm 

expression of CCDC26, establish which isoforms are present and where they 

are localised within the cell.  

 

2. Define and confirm the effects of a CCDC26 knock out on cell viability  

CCDC26 knock out cells will be functionally characterised and compared to 

WT cells to help elucidate its biological significance. Characteristics including 

cell growth, apoptosis and cell cycle will be analysed, as well as effects on 

global epigenetic modifications. 

 

3. Elucidate how CCDC26 may be exerting such effects mechanistically 

We will further investigate any changes to processes we observe in CCDC26 

KO cells compared to WT and attempt to determine the mechanistic role that 

CCDC26 plays in these processes. 
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CHAPTER 2 

MATERIALS AND METHODS 

2.1 Materials 

Table 2.1 Buffer Compositions 

SDS PAGE = sodium dodecyl sulphate polyacrylamide gel electrophoresis; WB = western blot; IF 

= immunofluorescence 

Buffer Application Reagents 
10X Running Buffer SDS PAGE 60g Tris, 288g glycine, up to 2L dH2O 
1X Running Buffer SDS PAGE 100ml 10X running buffer, 5ml 20% SDS, 

895ml dH2O 
10% SDS-PAGE gel 

(X4) 

SDS-PAGE 6.66ml 30% acrylamide, 5ml 1.5M Tris 

(pH8.8), 200ul 10% SDS, 200ul 10% 

APS, 20ul TEMED, 8ml H2O 

4% stacking for SDS-

PAGE gel (X4) 

SDS-PAGE 1.7ml 30% acrylamide, 2.5ml 0.5M Tris 

(pH6.8), 100ul 10% SDS, 100ul 10% 

APS, 20ul TEMED, 5.55ml H2O 

Blocking Solution WB/IF 5% skimmed milk in TBS 
TBS WB 40ml 1M Tris (pH.8), 60ml 5M NaCl, 

1900ml dH2O 
TBS-T WB 40ml 1M Tris (pH.8), 60ml 5M NaCl, 2ml 

Tween 20, 1900ml dH2O 
1X Transfer Buffer WB 200ml BIO-RAD TransBlot Turbo 5 x 

Transfer Buffer (Cat. 1704271), 200ml 

100% Ethanol, 600ml nanopure H2O 
5X SDS Loading Dye SDS 200mM Tris-HCL pH6.8, 40% glycerol, 

4% SDS, 0.4% bromophenol blue, 

200mM β-mercaptoethanol 
Protein Lysis Buffer Protein extraction 20mM Tris pH7.5, 150mM NaCl, 0.5% 

deoxycholic acid, 10mM EDTA, 0.5% 

Triton X-100 
Buffer RLN Cellular Fractionation 50mM Tris-HCl (pH.8), 1.5mM MgCl2, 

140mM NaCl, 0.5% NP-40 
DNA FISH Wash Buffer DNA FISH 50% formamide, 50% 2X SSC 
FACS Cell Cycle Buffer FACS Propidium 

Iodide staining 

30μg propidium iodide (PI), 1% (w/v) 

sodium citrate, 0.1mM NaCl2, 0.1% Triton 

X-100 
RIP Buffer DNMT1 RNA 

immunoprecipitation 

25mM Tris, pH 7.4, 5mM EDTA, 150mM 

KCl, 0.5mM DTT, 0.5% NP40 Igepal, 

100U/ml RNase inhibitor 
Back Extraction Buffer DNMT1 RNA 

immunoprecipitation 

10mM Tris, pH8, 1mM EDTA, 100mM 

NaCl, 0.25% SDS 

LB Broth Bacterial culture 20g Lysogeny Buffer made up to 1L with 

H2O, autoclaved 
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Table 2.2 Primary Antibodies 

WB = western blot; IF = immunofluorescence; IP = immunoprecipitation; RIP = RNA   

immunoprecipitation; M = monoclonal; P = polyclonal  

 

 

Antibody Use  Working 
Dilution 

Origin Company Catalog No. Clonality 

GAPDH WB 1:1000 Mouse ThermoFisher 

Scientific 

MA5-15738 M 

Nucleolin WB  1:1000 Rabbit Bethyl 

Laboratories. 

Inc. 

A300-711A-M P 

NOL10 WB 1:1000 Rabbit CUSABIO CSB-

PA015918 

LA01HU 

P 

DNMT1 WB 1:1000 Mouse NovusBio NB100-56519 M 

DNMT3A WB 1:1000 Rabbit NovusBio NB100-265SS P 

DNMT3B WB 1:1000 Rabbit BioVision 3275 P 

EZH2 WB 1:1000 Rabbit Cell Signaling #5246 M 

HDAC2  WB 1:700 Rabbit Santa Cruz sc-7899 P 

Phosphor-

Tyr 

WB 1:2000 Mouse Cell Signaling #9411 M 

Acetyl-

Lysine 

WB 1:1000 Rabbit Abcam ab80178 P 

Caspase 9 WB 1:1000 Rabbit Cell Signaling #9508 M 

Caspase 3 WB 1:1000 Mouse Cell Signaling #9668 M 

Caspase 8 WB 1:1000 Mouse Cell Signaling #9746 M 

H3K27ac WB 1:1000 Rabbit Abcam ab4729 P 

H4K5ac WB Generated and kindly gifted by Dr John Halsall (Turner Group) 

H3K27me3 WB 1:1000 Mouse Abcam ab6002 M 

H3K9ac WB Generated and kindly gifted by Dr John Halsall (Turner Group) 

H4K16ac WB 1:1000 Rabbit Abcam ab109463 M 

H3K9me3 WB 1:500 Rabbit Millipore 07-442 P 

Histone H3 WB 1:5000 Rabbit Abcam ab1791 P 

c-JUN WB 1:1000 Rabbit Cell Signaling #9165 M 

DNMT1 IF 1:10 Mouse NovusBio NB100-56519 M 

5mC IF 1:250 Mouse Epigentek A-1014 M 

Nucleolin  IF 1:30 Rabbit Bethyl 

Laboratories. 

Inc. 

A300-711A-M P 

!-H2AX IF 1:100 Mouse Millipore 05-636-AF555 M 

HDAC2 IF 1:50 Rabbit Santa Cruz sc-7899 P 

Ki-67 IF 1:200 Mouse Biolegend 35051 M 

DNMT1 IP / Mouse NovusBio NB100-56519 M 

DNMT1 RIP / Mouse NovusBio NB100-56519 M 

IgG RIP / Mouse Sigma 18765-5MG / 



 77 

 

Table 2.3 Secondary Antibodies  

WB = Western Blot; IF = Immunofluorescence 

Antibody Use Working 
Dilution 

Company Catalog 
No. 

Anti-rabbit IgG (H+L) (DyLightTM 

800 4X PEG Conjugate) 

WB 1:10,000 Cell Signalling 5151 

Anti-mouse IgG (H+L) 

(DyLightTM 680 Conjugate) 

WB 1:10,000 Cell Signalling 5470 

Alexa Fluor 488 donkey anti-

rabbit IgG (H+L)  

IF 1:500 Invitrogen A21206 

Alexa Fluor 633 goat anti-mouse 

IgG (H+L) 

IF  1:500 Invitrogen 1010093 

 

 

Table 2.4 BACs for DNA FISH Probes (Source Bioscience)  

 

 

 

 

 

 

BAC Region of 
hybridisation 

Length Antibiotic Incubation time at 
15oC for nick 

translation reaction 

RP11- 

770K21 
CCDC26 189,124bp Chloramphenicol, 

30ug/ml 

60 minutes 

RP4- 

735C1 
Chr.1p13.3 133,451bp Kanamycin, 50ug/ml 15 minutes 

RP11-

1072A3 

Chr.16p11.2 136,630bp Chloramphenicol, 

30ug/ml 

15 minutes 
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Table 2.5 List of Primers    

All primers were purchased from Sigma and are shown 5’-3’ 

Primer Forward  Reverse 

CCDC26_All 
(all isoforms) 

ATGGAAAGATTGTGCCTGCAG CTCGATCTTTCCCAGTGTGG 

CCDC26_Set1-2 
(isoforms 1 and 2) 

TCAGGCAACTGCAGAGTCTTAG ACCCAGGCTTGTCTCATCTC 

CCDC26_Set3 
(isoform 3) 

AGATCAGCTATGAAGGCCTGAG CTCGATCTTTCCCAGTGTGG 

CCDC26_Set4 
(isoform 4) 

TTCAAGAATGGCCTTTTAAAGGACC CTCGATCTTTCCCAGTGTGG 

GAPDH GGAGCGAGATCCCTCCAAAAT GGCTGTTGTCATACTTCTCATGG 
U105 CCCTATCTCTCATGATGAAC CCCATCTCTTCTTCAGAGCG 

DNMT1 GCGGTATACCCACCATGACA AGGCTTTGCCGGCTTCC 
DNMT3A GTTGTGAGAAGGAATGGGCG TTGGCTTTCTTCTCAGCCGTAT 
DNMT3B CACTCTGTCCTGGGTGCTG GTCTCCCTTCATGCTTTCCAAG 
PTPN6 AACAGCCGTGTCATCGTCAT ATCAGGTCTCCATTGTCCAGC 

CDKN2B TGGGGGCGGCAGCGATGAG AGGTGGGTGGGGGTGGGAAAT 

CDKN1A AGCATGACAGATTTCTACCACTC GATGTAGAGCGGGCCTTTGA 

CD9 CATCTGTATCCAGCGCCAGG CCGGCAAGCCAGAAGATGAA 

VAV1 CTTACGGAGCTGGTGGAGTT ACTTTGTGCTTCCCACTGCT 

JUNB CTGCTGGAAACAGACTCGATTC CCACAGTACGGTGCAGAGAG 

IGF1 TGCTCTCAACATCTCCCATCTC TGGTGTGCATCTTCACCTTCA 

Actin B TACTCCTGCTTGCTGATCCA GATCATTGCTCCTCCTGAGC 
Genomic DNA control  TGAGCAGCCTGTCTCTCTGA GGTGCCTCCACTTCAACATT 

 

Table 2.6 siRNAs  

siRNA Company Catalog No. ID Target sequence 
MISSION siRNA Universal 

Negative Control  

Sigma SIC001 - - 

DNMT1 MISSION esiRNA Sigma EHU060601 HU-

06060-

1 

GAGCCACAGATGCTGACAAATG 
AGAAGCTGTCCATCTTTGATGCC 
AACGAGTCTGGCTTTGAGAGTTA 
TGAGGCGCTTCCCCAGCACAAAC 
TGACCTGCTTCAGTGTGTACTGTA 
TGACCTGCTTCAGTGTGTACTGTA 
AGCACGGTCACCTGTGTCCCATC 
GACACCGGCCTCATCGAGAAGAA 
TATCGAACTCTTCTTTTCTGGTTCA 
GCAAAACCAATCTATGATGATGA 
CCCATCTCTTGAAGGTGGTGTTAA 
TGGCAAAAATCTTGGCCCCATAAA 
TGAATGGTGGATCACTGGCTTTGAT 
GGAGGTGAAAAGGCCCTCATCGG 
CTTCAGCACCTCATTTGCCGAATAC 
ATTCTGATGGATCCCAGTCCCGAGT 
ATGCGCCCATATTTGGGCTGATGCA 
GGAGAAGATCTACATCAGCAAGAT 
TGTGGTGGAGTTCCTGCAGAGCAAT 
TCCGACTCGACCTATGAGGACCTGA 
TCAACAAGATCGAGACCACGGTTCC 
TCCTTCT 
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2.2 Cell Culture  

Table 2.7 Cell culture growth media for K562 cells 

Growth Media for K562 cells 
RPMI 1640 (GIBCO, ThermoFisher Scientific) 500ml 

Fetal Bovine Serum (GIBCO, ThermoFisher Scientific) 50ml (10%) 

Antibiotic-Antimycotic (100X) 

Contains 10,000 units/ml penicillin, 10,000ug/ml streptomycin, 

25ug/ml Amphotericin B (GIBCO, ThermoFisher Scientific) 

 

5ml (1%) 

 

Table 2.8 Cell culture freezing media 

Freezing Media for K562 cells 
Fetal Bovine Serum (GIBCO, ThermoFisher Scientific) 25ml 

Dimethyl sulfoxide (DMSO) 3ml 

 

2.2.1 Culturing K562 Cells 

K562 cells were maintained in an undifferentiated state in either 75cm2 or 25cm2 

Greiner culture flasks (Sigma), at 37oC, 5% CO2. Cells were monitored daily, 

passaged (split) every ~48 hours and seeded at 2.5 x 105 cells in growth media. A 

hemocytometer was used to observe and count cells for seeding. Cell 

centrifugations were always performed at 1200rpm, for 5 minutes at room 

temperature unless stated otherwise. 

 

2.2.2 Long-term Storage of K562 Cells in Liquid Nitrogen 

K562 cells were stored long-term by centrifuging ~8-9 million cells, removing the 

media and resuspending in 3ml freezing media. The suspension was then aliquoted 

into 3 x 1ml cryotubes, which were frozen overnight at -80oC, before being finally 

stored in liquid nitrogen. 
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2.2.3 Thawing K562 cells 

Cells retrieved from liquid nitrogen were thawed rapidly at 37oC and re-suspended 

in 2ml growth media, added drop-wise over ~5 minutes. Cells were centrifuged, and 

washed with media again. Following a second centrifugation, cells were re-

suspended in 1ml media and added to 4ml media in a 25cm2 flask. Cell growth and 

maintenance was then followed as described in 2.2.1. 

 

2.2.4 Cell Growth Curves 

105 cells/ml were seeded into a 6 well-plate and viable cells were counted after 24, 

48 and 72 hours. Trypan Blue dye exclusion was used to distinguish viable cells. 

Before counting, 10ul cell suspension was mixed with 10ul 0.4% Trypan Blue 

solution (ThermoFisher, Cat: 15250061). 10ul of this mix was then applied to a 

hemocytometer and cells were counted, excluding those that appeared blue. 

 

2.2.5 Inhibitor and Drug Treatments 

Cells were seeded at a density of 2.5 x 105 cells/ml and grown in the presence of 

various inhibitors and drugs. All inhibitors were prepared in a sterile tissue culture 

hood, and all solvents were filter sterilized before preparing stocks. Control cells 

were grown in the presence of the equivalent volume of solvent in which each 

inhibitor was dissolved, such as DMSO or H2O (E.g. if 3ul of an inhibitor dissolved 

in DMSO was added to cells, then 3ul DMSO alone was added to control cells). 

Upon harvesting after treatment, cells were washed in PBS three times, centrifuging 

between washes.  
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Cells were grown in growth media containing a final concentration of either 0uM 

(control), 5uM or 10uM cisplatin (Millipore, Cat: 232120) for 24 hours, before 

harvesting. A 10mM cisplatin stock was freshly prepared in H2O for each use. 

 

Cells were grown in growth media containing a final concentration of either 0uM 

(control), 5uM or 10uM 5-Aza-2’-deoxycytidine (DAC) for 48 hours, before 

harvesting. A 220mM DAC stock was freshly prepared in DMSO for each use. 

 

Cells were grown in growth media containing a final concentration of either 0uM 

(control) or 10uM MG132 for 24 hours before extraction of whole cell lysates (2.7.1). 

A 10mM MG132 stock was prepared in DMSO and stored at -20oC. 

 

HDAC inhibitor stocks of 10mM suberoylanilide hydroxamic acid (SAHA) (Cayman 

Chemicals, Cat: 10009929) in DMSO, and 100mM Valproic acid (VPA) (Sigma, Cat: 

P4543-256) in H2O, were prepared fresh on the day of use. Cells were grown in 

growth media containing a final concentration of either 0uM (control) or 10uM 

SAHA, or 0uM (control) or 4mM VPA for 24 hours before harvesting. 

 

Cells were grown in growth media containing a final concentration of 50ug/ml 

cyclohexamide (CHX) (Sigma, Cat: C7698) for 12 hours, before extraction of whole 

cell lysates (2.7.1). A 20mg/ml CHX stock was prepared in ethanol and stored at -

20oC. 
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2.2.6 Transient siRNA Transfection 

All cell transfections were similarly performed via electroporation using the Cell Line 

Nucleofector Kit V (Lonza, Cat: VVCA-1003). For each transfection, 106 cells were 

centrifuged and washed once in 500ul PBS. For DNMT1 siRNA knock-down 

experiments, a nucleofector solution was prepared containing 100ul solution V and 

either 60pmol negative control siRNA or 60pmol DNMT1 siRNA (See Table 2.6 for 

siRNA details). The cell pellet was resuspended in the nucleofector solution and 

transferred into an electroporation cuvette. The cuvette was placed into a 

Nucleofector 2b Device (Lonza, Cat: AAB-1001) and the contents electroporated 

using the T-16 setting, specifically designed for K562 cells. The electroporated cells 

were then gently pipetted into 2.5ml growth media in a 6-well plate. DNMT1 siRNA 

KD cells were grown for 24 hours before harvesting. 

 

2.2.7 Growing CCDC26 Overexpression Cells 

Stable CCDC26 overexpression (O/x) cell lines were prepared by previous 

students, by ligating a spliced CCDC26 transcript (isoform 1) into a modified pEF6 

plasmid (ThermoFisher #V96220, myc epitope and His-tag were removed 

previously). Briefly, the resulting plasmid, as well as an empty control pEF6 plasmid 

lacking CCDC26, were used to transfect both WT and CCDC26 KO cells via 

electroporation, which were subsequently selected with Blasticidin S HCl (TOKU-E 

B001). For use in this project, these cell lines were grown as described 2.2.1, in 

growth media supplemented with a final concentration of 4ug/ml Blasticidin S HCl. 

A 25mg/ml Blasticidin S HCl stock was prepared in H2O and stored at -20oC. 

CCDC26 overexpression was confirmed via qRT-PCR, as described in 2.6.4. 
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2.2.8 Fluorescence Activated Cell Sorting (FACS) Cell Cycle Analysis 

For cell cycle analysis, ~300,000 cells were centrifuged in FACS tubes and the 

growth media poured off. 300ul cold, cell cycle buffer (30μg propidium iodide (PI), 

1% (w/v) sodium citrate, 0.1mM NaCl2, 0.1% Triton X-100) was added to the pellet, 

and gently vortexed, before storing at 4oC for ~24 hours in the dark, to allow PI 

staining to occur. DNA content of cells was then analysed in triplicate by flow 

cytometry, to measure the percentage of cells at each stage of the cell cycle. This 

was performed using a BD FACS Calibur machine, and analysis conducted using 

the BD Cell Quest software (BD Biosciences). 

 

2.3 DNA Fluorescence in situ Hybridisation (FISH) 

Table 2.9 DNA FISH Hybridisation Mixture  

Component Quantity (1 x 10ul reaction) 
Formamide (Sigma, Cat: F9037) 5ul 

50% dextran sulphate 2ul 

20 x SSC 1ul 

Cot-1 DNA (Roche, Cat: 11581074001) 1ul 

DNA FISH probe 2ng/ul (final concentration) 

 

 

2.3.1 Generation of DNA FISH Probes 

2.3.1.1 Bacterial Artificial Chromosome (BAC) Preparation 

BACs spanning the desired genomic regions were purchased from Source 

Bioscience (further details in Table 2.4). These were prepared by first streaking onto 

agar plates containing the appropriate antibiotic for selection using sterile loops, 

and incubating overnight at 37oC to obtain single colonies. Single colonies were 
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selected and used to inoculate 3ml LB broth (20g Lysogeny Buffer in 1L H2O, 

autoclaved) (containing appropriate antibiotic), and incubated overnight at 37oC, 

with agitation. The following day, 150ml LB broth (containing appropriate antibiotic) 

was inoculated with 500ul of the overnight cultures in a sterile, 500ml conical flask. 

This was again grown overnight at 37oC, with agitation and was followed by midi-

prep BAC extraction as described below (2.3.1.2). 

 

2.3.1.2 Midi-Prep  

All midi-preps were performed using the NucleoBond Xtra Midi Plus Kit (Macherey-

Nagel, Cat: 740412.10) following the manufacturers guidelines. Briefly,  

the OD600 of the 150ml overnight culture was measured to determine the 

recommended culture volume to use (Volume (ml) = 400/OD600). This volume of cell 

culture was pelleted by centrifuging at 7000rpm for 10 minutes at 4oC and the 

supernatant was discarded. The pellet was re-suspended completely in 8ml Buffer 

RES before adding 8ml Buffer LYS and gently inverting to lyse the cells. The mix 

was incubated at room temperature for 5 minutes and then mixed with 8ml Buffer 

NEU and inverted to neutralize the suspension. This was then added to a 

NucleoBond Xtra Column, which had been previously equilibrated with 12ml Buffer 

EQU. The column and filter were washed with 5ml Buffer EQU before the column 

filter was removed. The column only was then washed with 8ml Buffer WASH, 

followed by eluting the DNA with 5ml Buffer ELU which was collected in a 15ml 

falcon. 3.5ml isopropanol was added and vortexed vigorously to precipitate the 

eluted DNA, and then centrifuged at 12,000rpm for 30 minutes at 4oC. The 

supernatant was discarded and 2ml 70% ethanol was added before centrifuging at 



 85 

12,000rpm for 5 minutes at room temperature. The ethanol was carefully removed 

from the pellet, which was allowed to air dry completely at room temperature. 

Finally, the pellet was dissolved in 30ul dH2O. 

 

2.3.1.3 Synthesis of Amine-Modified DNA and Labelling with Fluorescent Dye 

DNA FISH probes were generated by nick translation, using the Invitrogen FISH 

Tag DNA Multicolor Kit (Cat No. F32591) following the kit protocol. First, nick 

translation reactions were performed on ice to generate BAC DNA fragments of 

length 200-700bp (5ul 10X nick translation buffer, 5ul 0.1M DTT, 5ul 10X DNA 

nucleotide mix, 1ug BAC DNA, 1.7ul DNA polymerase I, 3ul DNase I, H2O up to 

50ul). Reactions were performed at 15oC for varying incubation times that were 

optimised for different sized BACs (Table 2.4) (Appendix I, Figure 1). Following 

incubation 50ul H2O was added to the mix and vortexed thoroughly to inactivate the 

DNase I. 

 

The resulting amine-modified DNA was then column-purified by adding 400ul of 

binding buffer and mixing well. The entire volume was added to a spin column and 

centrifuged at maximum speed for 1 minute. The flow-through was discarded and 

the column was washed with 650ul of wash buffer. The column was centrifuged as 

before and the flow through discarded, followed by an additional dry centrifugation 

to remove any residual buffer. The column was placed into a fresh eppendorf and 

the DNA was eluted in 55ul elution buffer by centrifugation. 
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The column-purified DNA was then ethanol precipitated, by adding 10ul 3M sodium 

acetate (pH 5.2), 1ul glycogen, 39ul H2O and 250ul 100% ethanol, and incubating 

at -20oC overnight. The following morning the sample was centrifuged at maximum 

speed for 10 minutes and the supernatant removed. The resulting pellet was rinsed 

with 400ul 70% ethanol and centrifuged twice. All traces of ethanol were then 

removed and the sample was allowed to air dry. Finally, 5ul H2O was added and 

incubated at 37oC for 5 minutes to fully resuspend the DNA. 

 

Next, the amine-modified DNA was labelled with fluorescent dye. First, the 5ul DNA 

suspension was denatured by heating at 96oC for 5 minutes, followed by cooling on 

ice for 3 minutes and centrifuging at maximum speed for 3 minutes. 3ul sodium 

bicarbonate and 2ul reactive dye (in DMSO) was added and vortexed well. The 

labelling reaction was then incubated at room temperature for 1 hour in the dark, 

followed by addition of 90ul H2O. The fluorescent dye-labelled DNA was then 

column purified and ethanol precipitated as described previously, except for being 

finally resuspended in 10ul H2O. Fluorescent probes were stored in the dark at -

80oC. 

 

The CCDC26, Chr.1p13.3 and Chr.16p11.2 probes were labelled with the 

AlexaFluor 594, 555 and 647 fluorescent dyes respectively. 
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2.3.2 In Situ Hybridisation 

2.3.2.1 Cell Fixation 

4 x 106 cells were harvested and centrifuged at 1200rpm for 5 minutes at room 

temperature. Growth media was removed from the pellet, which was then washed 

in 1ml PBS and centrifuged again as before. The PBS was removed and the pellet 

was re-suspended in 50ul PBS. 1ml of a 3:1 mix of Methanol:Acetic Acid fixative 

was added, gently mixed and incubated at room temperature for 10 minutes exactly. 

This was followed immediately with centrifugation, followed by three washes with 

1ml PBS. Fixed cells were stored in 3ml 70% Ethanol at 4oC at least overnight 

before use, and stored at 4oC for no longer than 3 months. 

 

2.3.2.2 Slide Preparation and Hybridisation 

Fixed cells were inverted to resuspend any pellet that may have formed during 

storage. 400ul of cells were aliquoted per slide into sterile microcentrifuge tubes 

and centrifuged for 5 minutes at 7000 rpm at room temperature. The supernatant 

was removed and the pellet was re-suspended in 200ul PBS. Samples were then 

spun down onto microscope slides via cyto-centrifugation for 7 minutes at 350rpm. 

The slides were dehydrated through an ethanol series consisting of 70%, 90% and 

100% ethanol for 4 minutes each. After air-drying, 10ul of Hybridisation mix (Table 

2.9) was pipetted directly onto the slide and temporarily sealed with a 22mm x 22mm 

coverslip. The slides were optimally heated on a heat block for 3 minutes at 95oC 

(Appendix I, Figure 2) and then incubated overnight at 37oC. 
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2.3.2.3 Post-Hybridisation Washes 

The following morning, coverslips were removed from slides gently using clean 

forceps, taking care not to shear cells. The slides were washed in DNA FISH Wash 

Buffer (50% formamide, 50% 2X SSC) at 45oC for 20 minutes three times, followed 

by washing twice in 2X SSC at 45oC for 20 minutes. The slides were then rinsed in 

4X SSC at room temperature and allowed to dry. 10ul of SlowFade® Gold anti-fade 

reagent (Invitrogen DNA FISH kit) and 1ug/ml DAPI were added to slides which 

were then covered with a coverslip and sealed with nail polish. 

 

2.3.2.4 Confocal Microscopy 

Slides were imaged using a Leica TCS SP8 Confocal microscope, using either 20X, 

40X or 63X objectives. For 3-dimensional analysis, the 12kHz Tandem scanner 

alongside the SuperZ Galvo stage allowed acquisition of accurate 3D stacks, 

collected at 1.4um intervals through the Z-axis.  

 

2.3.2.5 Calculating the 3D Distance Between Signals  

Calculations for the distance between two probes in three dimensions were 

performed by first manually segmenting the hybridisation signals. The X, Y and Z 

coordinates of the centroids of each were established using the “spot detector” 

function in the bioimage informatics software, Icy. Distance was then calculated 

using the equation below: 

 

Distance = [(X1-X2)2 + (Y1-Y2)2 + (Z1-Z2)2] 
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This was automated using a script written in R (Box 1). For example, if measuring 

the distances between CCDC26 (green signal) and Chr.1 (red signal), all X 

coordinates for CCDC26 signals in a Z-stack image were written into a vector in R 

(labeled ‘A’), and all X coordinates for Chr.1 signals for that same Z-stack image 

were written into a separate vector in R (labeled ‘B’). These two vectors were then 

put into the script detailed in Box. 1. The script outputs a matrix containing the 

distance between every CCDC26 X coordinate and every Chr.1 X coordinate. This 

was repeated for Y and Z coordinates, resulting in the generation of three matrices 

(X, Y and Z). Values in each matrix were then squared, and the values in the three 

resulting matrices were added together in R, to give a single matrix of values. 

Finally, the square root of the values in this matrix were calculated to give a final 

matrix containing the 3D distance between every CCDC26 signal and every Chr.1 

signal. Each row represented the distance between a single CCDC26 signal and 

every other Chr.1 signal, whilst each column represented the distance between a 

single Chr.1 signal and every other CCDC26 signal. The smallest distance in either 

each row or each column indicated the minimum distance between each CCDC26 

signal and a Chr.1 signal. All minimum distances for a matrix were returned as a 

vector using the ‘apply’ function in R.  

 

Minimum distances between probes were calculated for multiple nuclei within a Z-

stack, simultaneously. To ensure the nearest signal to a particular probe was not in 

an adjacent cell, images containing nuclei separated by large distances were 

manually selected for use. Minimum distances were calculated for at least 500 cells, 

per replicate, for each cell line.  
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2.4 Immunofluorescence  

2.4.1 Slide Preparation 

Cells were fixed in Methanol: Acetic Acid, as described in 2.3.2.1. 200ul cells per 

slide were aliquoted into sterile microcentrifuge tubes, which were centrifuged for 5 

minutes at 7000 rpm, room temperature. The supernatant was removed and the 

pellet was re-suspended in 200ul PBS. Samples were then spun down onto 

microscope slides via cyto-centrifugation for 7 minutes at 350rpm.  

 

2.4.2 Blocking and Primary Antibody 

Cells were blocked by pipetting 50ul of 5% Bovine serum albumin (BSA) (Promega, 

Cat: W3841) directly onto slides, and incubating for 1 hour at room temperature, 

followed by a brief wash in PBS. 50ul of primary antibody diluted in 5% BSA (See 

Table 2.2 for a list of antibody working dilutions) was then pipetted onto each slide 

Box 1. R script to calculate the distances between all Chr1 
fluorescent signals and all CCDC26 fluorescent signals in 
each cell, following the input of Chr1 X coordinates (A) and 
CCDC26 X coordinates (B). 
 
X_MATRIX<-function(A,B){ 
  rows<-length(A) 
  cols<-length(B) 
  M<-matrix(0,rows,cols) 
  for(i in 1:rows){ 
    for(j in 1:cols){ 
      M[i,j]<-((A[i]-B[j])*(A[i]-B[j])) 
    } 
  } 
 return(M) 
} 
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and temporarily covered with a 22mm x 22mm coverslip. Slides were placed into a 

moist chamber and incubated overnight at 4oC. For 5mC immunofluorescence, 

slides were heated at 94oC for 3 minutes prior to loading primary antibody, in order 

to separate DNA strands to allow binding.  

 

2.4.3 Secondary Antibody 

The following morning, coverslips were removed and slides were carefully washed 

three times in PBS. Approximately 80ul of the appropriate secondary antibody, 

diluted in PBS (See Table 2.3 for list of antibody working dilutions) was then pipetted 

onto slides, sealed temporarily with a coverslip and incubated at room temperature 

for 1 hour in the dark. This was followed by three PBS washes and a final single 

wash in H2O. After allowing slides to dry, 10ul of SlowFade® Gold anti-fade reagent 

(Invitrogen DNA FISH kit) and 1ug/ml DAPI were added to the slide which was then 

covered with a coverslip and sealed with nail polish.  

 

2.4.4 Confocal Microscopy 

Slides were imaged using a Leica TCS SP8 Confocal microscope as described in 

2.3.2.4. The brightfield microscope setting was used to visualize cell outlines.  

 

2.5 Nucleolar AgNOR Staining 

Table 2.10 Solutions for AgNOR Staining 

Solution Components 
Solution A (50% Silver Nitrate) 50g Silver Nitrate, 100ml dH2O 

Solution B (2% Gelatin) 2g Gelatin, 100ml dH2O 

Solution C (5% Sodium Thiosulfate) 5g Sodium thiosulfate, 100ml dH2O 
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Approximately 500,000 cells were harvested per slide by centrifuging for 5 minutes 

at 1200rpm, washing in PBS followed by centrifuging again as before. The resulting 

pellet was re-suspended in 200ul PBS and cyto-centrifuged onto a microscope slide 

for 7 minutes at 350rpm. Slides were allowed to dry completely before proceeding. 

 

10ul of formic acid was added to 1ml Solution B (1%) (Table 2.10) and then mixed 

with 2ml Solution A (2:1 ratio, Solution A: Solution B). Approximately 300ul of this 

working solution was pipetted onto slides and incubated at room temperature, in the 

dark for 30 minutes. Slides were washed three times in ddH2O and allowed to air 

dry. 300ul of Solution C (Table 2.10) was pipetted onto slide and incubated at room 

temperature in the dark for 10 minutes, before washing three times as before and 

allowing to air dry. The slides were then dehydrated through an ethanol series (70%, 

90% and 100% EtOH, for 2 minutes each). Finally, the slides were mounted with 

DEPEX and sealed with 22mm x 22mm coverslips and nail varnish. Slides were 

imaged using a Nikon Eclipse E600 Wide-field microscope.  

 

2.6 RNA Manipulation 

An RNase free-environment was maintained for all RNA work by treatment of 

equipment and work surfaces with RNase Zap, RNase decontamination solution 

(ThermoFisher Scientific, Cat. No. AM9780). 

 

2.6.1 RNA Extraction  

All RNA was extracted using the QIAGEN RNeasy Mini Kit (Cat: 74106), following 

manufacturers guidelines as described below (2.6.1.1). RNA concentrations were 
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determined using a NanoDrop ND-100 spectrophotometer (Thermo Scientific). 

 

2.6.1.1 Total RNA Extraction 

Briefly, ~5 x 106 cells were harvested for total RNA extraction. The cell pellet was 

re-suspended and lysed in 350ul Buffer RLT (containing 1% β-mercaptoethanol) 

and further homogenized using a 1ml syringe and needle (21G x 1.5” – Nr.2., 0.8mm 

x 40mm). The lysate was centrifuged for 3 minutes at maximum speed in order to 

remove cell debris, and the supernatant was removed and mixed with 1 x volume 

70% ethanol. The sample was next transferred to a RNeasy mini spin column 

placed within a collection tube and centrifuged for 20 seconds at maximum speed. 

This was followed by column washes with 700ul Buffer RW1, 20 seconds 

centrifugation, 500ul Buffer RPE, 20 seconds centrifugation, 500ul Buffer RPE and 

a 2-minute centrifugation, discarding flow through between washes. A final dry 

centrifugation step was performed for 1 minute to dry the membrane, after which 

the RNA was eluted in 30ul RNase free water (warmed to ~50oC). RNA quality was 

determined by running ~200-300ng on a 1% agarose gel. 

 

2.6.1.2 Extraction of Nuclear and Cytosolic RNA Fractions 

For extraction of nuclear and cytosolic RNA fractions, approximately 107 cells were 

harvested by centrifuging at 1200rpm at room temperature for 5 minutes, washing 

in 1ml PBS and centrifuging again. As much supernatant as possible was removed 

from the cell pellet, which was then re-suspended in 1ml of cold (4oC) Buffer RLN 

(50mM Tris-HCl (pH.8), 1.5mM MgCl2, 140mM NaCl, 0.5% NP-40, 100U/ml RNase 

inhibitor) and incubated on ice for 5 minutes. 250ul of the mix was then pipetted into 
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four eppendorfs labelled “nuclear”. These were centrifuged for 2 minutes at 

3700rpm, 4oC. Approximately 500ul of supernatant collected from all four 

eppendorfs was transferred into a fresh eppendorf, labelled “Cytosolic”, taking extra 

care not to disturb the nuclear pellets. Each of the four nuclear pellets were washed 

twice with 100ul Buffer RLN, centrifuging for 2 minutes at 3200rpm, 4oC between 

washes. 200ul and 600ul Buffer RLT (containing 1% β-mercaptoethanol) was added 

to nuclear and cytosolic fractions respectively and vortexed vigorously. The nuclear 

pellets were further homogenized using a 1ml syringe and needle (21G x 1.5” – 

Nr.2., 0.8mm x 40mm). The fractions were then centrifuged for 3 minutes at 

maximum speed to remove cell debris, and the supernatants were removed and 

mixed with 1X volume 70% ethanol. The extraction then followed the RNA extraction 

protocol described above (2.6.1.1) 

 

2.6.1.3 DNase I Treatment of RNA 

All freshly extracted RNA was treated with DNase I using the Sigma, amplification 

grade DNase I kit (Cat: AMPD1), following the kit guidelines. 16ul of extracted RNA 

was added to 2ul of 10x reaction buffer and 2ul DNase I, and incubated for 15 

minutes at room temperature. 2ul of the stop solution was then added to bind 

Calcium and Magnesium ions and to inactivate DNase I, before heating at 70oC for 

10 minutes to denature the DNase I and the RNA. 

 

2.6.2 Complementary DNA (cDNA) Synthesis by Reverse Transcription 

RNA was converted into cDNA using the Bioline-Tetro cDNA Synthesis Kit (Cat. No. 

BIO-65042) following the manufacturers guidelines. 2-5ug of extracted RNA (eluted 
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in H2O and treated with DNase I) was mixed with the following kit components: 1ul 

random hexamer primer, 1ul 10mM dNTP mix, 4ul 5X RT Buffer, 1ul RiboSafe 

RNase Inhibitor, 1ul Reverse Transcriptase and DEPC-treated water up to a total 

volume of 20ul. The components were mixed gently by pipetting and incubated at 

room temperature for 10 minutes. This was followed by incubation at 45oC for 30 

minutes before terminating the reaction by heating at 85oC for 5 minutes. Samples 

were then chilled on ice briefly and stored at -20oC. 

 

2.6.3 Real-Time Polymerase Chain Reaction (RT-PCR) 

In order to check the quality of cDNA generated by reverse transcription, and to 

ensure no genomic DNA contamination, real-time polymerase chain reaction (RT-

PCR) was performed on cDNA samples, using primers specific for actin B and 

genomic DNA (primer sequences are detailed in Table 2.5). Approximately 100ng 

cDNA was added to 25ul 2x MyTaq Red Mix (Bioline, Cat. BIO-25043), 2ul forward 

primer (10uM) and 2ul reverse primer (10uM) and made up to 50ul with dH2O for 

each reaction. The PCR was then performed under the conditions outlined in Box. 

2 using a bench-top Primus thermocycler. 

 

The PCR products were then analysed via agarose gel electrophoresis, by running 

on a 1% agarose gel stained with SYBR Safe DNA gel stain (Invitrogen, Cat. 

Box. 2 
 
1 x Cycle              -     94oC (1 min)      
35 x Cycles          -     94oC (15 secs), ~50-60oC (30 secs), 72oC (10 secs) 
1 x Extension       -     72oC (2 mins) 
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S33102) to visualize cDNA bands. Bioline Hyperladders (100bp and 1kb) were used 

as size reference markers.  

 

2.6.4 Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) 

Quantitative Real-Time Polymerase Chain Reactions (qRT-PCR) were performed 

in 96-well plates. 20ng of cDNA made up to 6.8ul with dH2O was added to each well 

(in triplicate) with 1.6ul forward primer (5uM), 1.6ul reverse primer (5uM) and 10ul 

SensiFAST SYBR Hi-ROX mix (Bioline, Cat: BIO92020). The plate was then loaded 

into an Agilent AriaMax real time PCR machine (Agilent Technologies) and the qRT-

PCR was performed using the conditions outlined in Box 3. 

 

 

The average cycle threshold (Ct) values from each technical triplicate were 

calculated and used to determine expression levels of the gene of interest relative 

to the housekeeping gene, GAPDH using the formulae below: 

 

∆Ct = Ct (gene of interest) – Ct (housekeeping gene) 

∆∆Ct = ∆Ct (sample group) - ∆Ct (control group) 

Relative Expression = 2-∆∆Ct 

 

After calculating gene expression relative to the housekeeping gene, GAPDH, 

unless stated otherwise, values for three biological replicates were averaged and 

Box. 3 
 
1 x Cycle          -     95.0oC (2 mins)      
40 x Cycles      -     95.0oC (5 secs), 60.0oC (10 secs), 72.0oC (10 secs) 
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unpaired, two-tailed, parametric t-tests were performed to calculate the significance 

of any differences between control and treated samples. P values of <0.05 were 

considered as statistically significant.  

 

2.7 Protein Work 

2.7.1 Preparation of Whole Cell Lysates 

Total protein was extracted from cells by first harvesting ~2 x 106 cells by 

centrifuging at 1200rpm for 5 minutes. Cell pellets were washed with 1ml PBS and 

centrifuged again as before. As much PBS as possible was removed from the 

pellets before re-suspending in ~80ul lysis buffer (20mM Tris, pH 7.5, 150mM NaCl, 

10mM EDTA, 0.5% deoxycholic acid, 0.5% Triton X-100). 1 protease inhibitor tablet 

(Roche, Cat. 04693159001) was added to 10ml lysis buffer immediately before use. 

Samples were then homogenized using a 1ml syringe and needle (21G x 1.5” – 

Nr.2., 0.8mm x 40mm) and incubated on ice for 30 minutes before centrifuging at 

14,000rpm for 20 minutes at 4oC. The resulting supernatant was pipetted into a 

fresh, sterile eppendorf and stored at -20oC. 

 

2.7.2 Preparation of Nuclear and Cytosolic Protein Fractions 

Approximately 1.5 x 107 cells were harvested by centrifuging at 1200rpm for 5 

minutes at room temperature and washed in PBS. As much supernatant was 

removed from the pellet as possible, which was then re-suspended in 150ul cold 

Buffer RLN and incubated on ice for 10 minutes. One protease inhibitor tablet 

(Roche, Cat. 04693159001) was added to 10ml Buffer RLN immediately before use. 

The mix was centrifuged at 3700 rpm for 5 minutes at 4oC and 100ul supernatant 
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was transferred to a new eppendorf (cytosolic fraction). The remainder of the 

supernatant was discarded and the pellet was washed twice with 100ul Buffer RLN, 

centrifuging between washes as before. The resulting pellet was re-suspended in 

~80ul lysis buffer. One protease inhibitor tablet (Roche, Cat. 04693159001) was 

added to 10ml lysis buffer immediately before use. Samples were then 

homogenized using a 1ml syringe and needle (21G x 1.5” – Nr.2., 0.8mm x 40mm) 

to lyse nuclei, and incubated on ice for 30 minutes before centrifuging at 14,000rpm 

for 20 minutes at 4oC. The resulting supernatant was pipetted into a fresh, sterile 

eppendorf (nuclear fraction) and stored at -20oC. 

 

2.7.3 Histone Protein Extraction 

107 cells were harvested for histone extraction. Cells were first lysed in 500ul 

histone extraction buffer (PBS containing 0.5% Triton X-100, 2mM 

phenylmethylsulfonyl fluoride, 0.02% sodium azide) for 1 minute on ice, followed by 

centrifuging at 8000rpm for 10 minutes at 4oC. The resulting pellet was washed in 

250ul histone extraction buffer and centrifuged as before. The pellet was then 

resuspended in 0.4M HCl and incubated overnight at 4oC for acid extraction of 

histones. The following morning, samples were centrifuged as before and the 

supernatant (containing histone protein) was saved. The HCl was neutralized by 

adding 0.1X volumes of 2M NaOH. The histone protein was then used in SDS-

PAGE (2.7.6). All histone extractions were performed in collaboration with Dr John 

Halsall (Institute of Cancer and Genomic Sciences, University of Birmingham). 
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2.7.4 Bradford Assay Protein Quantification 

To ensure equal loading of samples in SDS-PAGE, protein concentrations were 

determined via Bradford assay. Standard samples (5ul of known BSA protein 

concentration in serial dilution ranging from 0-2mg/ml) and 5ul of experimental 

protein samples were loaded in duplicate into a 96-well plate along with 250ul 

Bradford reagent (Sigma, Cat: B6916). Absorbance was measured at 570nm using 

a Tecan infinite 5200 pro plate reader and iControlTM Microplate Reader Software. 

A standard curve was plotted from the standard samples of known protein 

concentration (conc. vs absorbance). The protein concentration of the experimental 

samples was determined by subtracting the absorbance from a blank control 

absorbance value, and then dividing by the slope of the standard curve. 

 

2.7.5 Preparation of SDS-PAGE Gels 

For SDS-PAGE, 10% polyacrylamide SDS resolving gels were prepared with a 4% 

stack (Table 2.1) and stored in moist wrapping at 4oC for no more than 1 week 

before use. 

 

2.7.6 SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

Before loading onto gels, extracted protein samples were mixed with 5X SDS 

loading dye (200mM Tris-HCL pH6.8, 40% glycerol, 4% SDS, 0.4% bromophenol 

blue, 200mM β-mercaptoethanol) and heated at 70oC for 10 minutes. In addition to 

protein samples, 3ul of protein ladder (PageRulerTM Plus Prestained Protein Ladder, 

ThermoFisher Scientific, Cat: 26619) was loaded onto gels as a molecular weight 

marker for use as a size standard reference. Gels were then run for approximately 
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90-120 minutes at 120V in cold 1X Running Buffer (100ml 10X running buffer, 5ml 

20% SDS, 895ml dH2O; See Table 2.1 for further detail). 

 

2.7.7 Western Blotting 

After running, a semi-dry transfer was performed onto nitrocellulose membranes 

using the Trans-Blot Turbo Transfer System (BIO-RAD, Cat. 1704271) and 1X 

Transfer Buffer (200ml BIO-RAD TransBlot Turbo 5 x Transfer Buffer (Cat. 

1704271), 200ml 100% Ethanol, 600ml nanopure H2O). Membranes were then 

blocked in 5% skimmed milk in TBS for 1 hour before incubating in primary antibody 

overnight at 4oC, with agitation. All primary antibodies were prepared in 5% BSA at 

the dilutions indicated in Table 2.2. The following morning, the membranes were 

washed three times in TBS-T for 5 minutes and incubated in the appropriate 

secondary antibody, diluted in blocking solution (5% skimmed milk in TBS-T) in the 

dark for 1 hour, at room temperature, with agitation. The antibody was removed and 

the membranes were washed twice in TBS-T for 5 minutes, and once in TBS for 5 

minutes for a final time, before storing in TBS at 4oC.  

 

2.7.8 SDS PAGE Image Analysis 

Membranes were scanned and protein bands were detected using the Odyssey 

infrared detection system (LI-COR Biosciences). Images were then analysed and 

the protein bands were quantified using Image Studio Lite software. 
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2.7.9 Stripping Nitrocellulose Membranes 

Occasionally, antibodies were stripped from nitrocellulose membranes by 

incubating in 0.5M NaOH for ~10-20 minutes, followed by washing three times in 

TBS for 5 minutes. Blots were then re-scanned to ensure complete removal of 

antibodies and re-incubated in a different primary antibody. 

 

2.8 DNMT1 Immunoprecipitation (IP) 

2 x 107 cells were harvested per IP. Whole cell lysates were prepared using 500ul 

lysis buffer, as described in 2.7.1, and protein was quantified via Bradford assay 

(2.7.3). 50ul (1.5mg) magnetic beads (Dynabeads Protein G Immunoprecipitation 

kit, Invitrogen, Cat: 10007D) per IP, were pipetted into an eppendorf, and the 

supernatant removed using a magnetic separator. Beads were then washed twice 

with 100ul lysis buffer (containing protease inhibitor). 5ul (5ug) DNMT1 antibody 

was diluted in 200ul Antibody binding and washing buffer (provided with kit), and 

added to the beads. These were mixed by rotating for 30 minutes at room 

temperature. The magnetic separator was used again to aid removal of the 

supernatant, and the bead-antibody complex were washed with 200ul Antibody 

binding and washing buffer. 2mg of the initially extracted protein was loaded onto 

the bead-antibody complex and mixed by rotating for 2 hours at room temperature. 

A 2% fraction of protein was left behind to use later as an “input” control. Following 

incubation, the eppendorf was placed on the magnetic separator and the 

supernatant was kept and stored as the “unbound fraction” of protein. This fraction 

represented protein not bound to the DNMT1 antibody, and should therefore contain 

very little DNMT1). The beads were then washed gently, three times with 200ul 
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washing buffer (provided by the kit). The beads-antibody-protein was resuspended 

in 100ul washing buffer and transferred to a new eppendorf, which was placed on 

the magnet for removal of the supernatant. Finally, the beads-antibody-protein were 

resuspended in 10ul elution buffer and 10ul loading buffer, gently vortexed and 

stored at -80oC. Prior to loading the immunoprecipitated protein onto a 

polyacrylamide gel for SDS-PAGE, the mix was heated to 70oC for 10 minutes to 

fully elute the protein from the beads. The eppendorf was placed on the magnet and 

the supernatant containing the pulled-down protein was loaded directly. SDS-PAGE 

and immunoblotting was performed according to 2.7.5 and 2.7.6. 

 

2.9 DNMT1 RNA Immunoprecipitation (RIP) 

2 x 107 cells were harvested per RIP. Cell pellets were washed in PBS three times 

and resuspended in 500ul ice-cold Buffer RLN (containing 100U/ml RNase inhibitor 

and with 1 protease inhibitor tablet added to 10ml RLN). This was incubated on ice 

for 10 minutes before centrifuging at 3700rpm, for 5 minutes at 4oC. Nuclear pellets 

were washed with 100ul Buffer RLN, followed by resuspending in 500ul freshly 

prepared RIP Buffer (25mM Tris, pH 7.4, 5mM EDTA, 150mM KCl, 0.5mM DTT, 

0.5% NP40 Igepal, 100U/ml RNase inhibitor) with added protease inhibitor. This mix 

was incubated on ice for 3 hours with frequent, gentle agitation. Following the 

incubation, nuclei were homogenized using a 1ml syringe and needle (21G x 1.5” – 

Nr.2., 0.8mm x 40mm), then centrifuged at maximum speed for 10 minutes at 4oC 

to pellet nuclear debris. The supernatant was kept and transferred to an RNase-

free eppendorf, to which 6ug of either DNMT1 of IgG (control) antibody was added. 

This mix was incubated overnight at 4oC with gentle rotation.  
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The following day, 50ul (1.5mg) magnetic beads (Dynabeads Protein G 

Immunoprecipitation kit, Invitrogen, Cat: 10007D) were prepared per RIP. Similar to 

2.8, the beads were placed into an eppendorf on a magnetic separator and the 

supernatant was removed. This was followed by two washes with 100ul RIP buffer. 

The overnight antibody-protein-RNA suspension was added to the beads and 

incubated for 1 hour with gentle rotation at 4oC. Following this incubation, the beads-

antibody-protein-RNA were placed on the magnet, the supernatant was removed 

and the complex was washed three times with 500ul ice-cold RIP buffer and once 

with RNase-free PBS. At this point, 5% of the bead slurry was collected to be used 

in SDS-PAGE analysis to confirm DNMT1 pull-down. The remaining beads-

antibody-protein-RNA was resuspended in 100ul RIP buffer with 50ug proteinase K 

and 0.1% SDS. This was incubated at 55oC for 45 minutes to detach the protein-

RNA complexes from the beads. The eppendorf was then placed onto the magnet 

and the supernatant was transferred to a new eppendorf. The beads were 

discarded. 

 

To purify the RNA, 1X volume of phenol-chloroform-isoamyl alcohol was added to 

the supernatant and vortexed thoroughly. This was phase separated by centrifuging 

at 14,000rpm for 10 minutes at 4oC. The aqueous phase (containing the RNA) was 

carefully collected and placed into a fresh eppendorf. Any remaining aqueous phase 

was further extracted by the addition of 150ul back extraction buffer (10mM Tris, 

pH8, 1mM EDTA, 100mM NaCl, 0.25% SDS), followed by vortexing and 

centrifugation as before. Any remaining aqueous phase was collected and added 

to the previous collection.  
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The RNA was further purified by ethanol precipitation. 0.1X volumes of 3M sodium 

acetate (pH 5.2), 2.2X volumes of 100% ice cold ethanol and 1ul glycogen was 

added to the RNA extract and incubated at -20oC overnight. The following morning, 

the mix was centrifuged at 10,000rpm for 20 minutes at 4oC and the supernatant 

carefully discarded. 500ul 70% ice cold ethanol was added and the mix centrifuged 

as before. The ethanol was carefully removed and the tubes were left open to allow 

any residual ethanol to evaporate. The purified RNA was then finally dissolved in 

20ul RNase-free H2O. This RNA was then DNase-treated and converted into cDNA 

as described in 2.6.1.3 and 2.6.2. qRT-PCRs were then performed. Results were 

analysed using the calculations below to determine DNMT1 enrichment for 

CCDC26 compared to the IgG control. 

 

DNMT1 RIP ∆Ct = Ct DNMT1_RIP_CCDC26 – Ct INPUT_RNA_CCDC26 

IgG RIP ∆Ct = Ct IgG_RIP_CCDC26 – Ct INPUT_RNA_CCDC26 

 

∆∆Ct = DNMT1 RIP ∆Ct – IgG RIP ∆Ct  

Relative Expression = 2-∆∆Ct 
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CHAPTER 3 
 

CHARACTERISATION OF LONG NON-CODING RNA, 
CCDC26, IN CHRONIC MYELOID LEUKEMIA CELL LINE, 

K562 
 
 

3.1 Introduction 

Currently, our knowledge of lncRNAs comprises awareness of tens of thousands of 

transcripts, but with functional understanding of less than 10% of them (Iyer et al. 

2015; Quek et al. 2015). In order to fully comprehend and appreciate the complexity 

of gene regulatory networks and other cellular processes, mechanistic analysis of 

independent lncRNAs is required. LncRNA, CCDC26, is a particularly interesting 

candidate which has undergone limited functional analysis (Yin et al. 2006). The 

gene encoding CCDC26 is located at the chr.8q24 locus, a region renowned for 

being a mutational hotspot in numerous types of cancer (Ghoussaini et al. 2008; 

Amundadottir et al. 2006; Kuhn et al. 2012; Beroukhim et al. 2010). Mutations and 

SNPs associated with this region frequently encompass CCDC26 (Radtke et al. 

2009; Kuhn et al. 2012; Duployez et al. 2018), and several reports have shown 

correlations between increased CCDC26 levels and cancer progression (Hirano et 

al. 2008; Wang, Hui, et al. 2018; Peng and Jiang 2016). However, since its 

discovery in 2006 (Yin et al. 2006), functional studies have done little beyond linking 

CCDC26 depletion with reduced cell viability and identifying a few potential 

downstream targets (Hirano et al. 2015; Peng and Jiang 2016; Cao et al. 2018; Yan 

et al. 2019), with none of these publications having investigated the effects of a 

complete CCDC26 CRISPR knock out (KO). As part of our first objective, here we 



 106 

have begun initial characterisation of CCDC26, including determination of its 

localisation, expression and effects on epigenetic modifications in the CML K562 

cell line. 

 

 

3.2 Results 

3.2.1 Expression and Localisation of CCDC26 

Previous literature indicates that CCDC26 expression is limited to myeloid cell lines 

of haematopoietic origin, and that the AML, HL60 cell line shows strongest 

expression (Hirano et al. 2015; Yin et al. 2006). To confirm this and establish a 

suitable cell line in which to proceed with this project, qRT-PCRs were performed 

by a former colleague in our group on a panel of cell lines, including those of both 

myeloid and lymphoid lineage amongst others (Figure 3.1). The results concurred 

with previous studies and showed significantly greater expression in myeloid cell 

lines; however, the CML K562 cell line demonstrated greatest CCDC26 expression 

levels as opposed to HL60 cells (Wijesinghe et al. unpublished, manuscript in 

preparation). To further confirm CCDC26 expression, I analysed publicly available 

CalTech RNA-seq data sets on multiple cell lines (ENCODE Project, GEO 

accession: GSM958729) (Djebali et al. 2012). Expression profiles showed detection 

of CCDC26 in K562 cells, as well as three lymphoblastoid cell lines (GEO 

accession: GM12878, GM12891 and GM12892) although at significantly lower 

levels compared to the former. Expression was not detected however in the 

remaining 11 non-myeloid cell lines for which RNA-seq data was available (Figure 
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3.2) (Djebali et al. 2012). Following these results, the K562 cell line was chosen for 

subsequent analyses of CCDC26 function. 

 

According to NCBI RefSeq annotations, CCDC26 has four isoforms (NR_130920.1, 

NR_130919.1, NR_130918.1 and NR_130917.1) that are transcribed from two 

discrete transcription start sites (TSSs), and are alternatively spliced to contain 

variations of six exons (Pruitt et al. 2014). Isoforms 1, 2 and 3 are transcribed from 

the same transcription start site (TSS2: Chr.8: 130,587,264) while isoform 4 is 

expressed from a distinct, upstream start site (TSS1: Chr.8: 130,692,485). Genome-

wide histone modifications from K562 cells support the position of two TSSs (GEO 

accession: GSM733643) (Figure 3.3). Tracks for H3K4me3, H3K4me2 and H3K9ac 

show two distinct peaks at genomic regions corresponding to exons 1 and 2; these 

are epigenetic signatures for TSSs, transcription factor binding regions and active 

gene promoters respectively. Peaks corresponding to active enhancers (H3K27ac 

and H3K4me1) can also be seen within these regions, as well as RNA Pol II 

Chromatin immunoprecipitation (ChIP) peaks (Consortium 2012). However, these 

peaks are more predominant at the exon 2 region, potentially indicating increased 

activity at TSS2 over TSS1 (Figure 3.3). 

 

Isoforms 1 (1666bp) and 2 (1649bp) are transcribed from TSS2, and differ only by 

an additional 17 nucleotide sequence at the 3’ end of exon 4 in the former. Isoform 

3 (1495bp) is also transcribed from TSS2, but lacks exon 4 completely. Isoform 4 

(1718bp) is transcribed from TSS1 that is upstream of TSS2. This isoform lacks 

exon 2 and exon 4 (Figure 1.6). H3K36me3 peaks, a mark commonly observed 
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across transcribed regions of the gene body (Huang and Zhu 2018), can 

interestingly be observed between regions encoding exon 2 and 6, but less so 

across the region between exons 1 and 2. This potentially indicates that isoform 4 

is not transcribed in K562 cells.   

 

To functionally characterise CCDC26 in CML and AML, it is important to understand 

which isoforms are expressed in K562 cells. This will also help in appropriately 

targeting CCDC26 and manipulating its RNA levels in subsequent experiments. 

Primers were designed to amplify specific CCDC26 isoforms and qRT-PCRs were 

performed to measure their expression levels. Given that isoforms 1 and 2 differ 

only by a 17bp difference, it was not possible to design primers that distinguish 

these two forms, and both were amplified by the same primer set (CCDC26_Set1-

2). Isoforms 3 and 4 were amplified by primer sets CCDC26_Set3 and 

CCDC26_Set4 respectively. Primers were also designed to amplify all isoforms in 

K562 cells (CCDC26_all), by annealing to a common sequence within exon 6 (see 

Table 2.5 for primer details). 

 

The qRT-PCR results show that the four isoforms are not uniformly expressed; all 

the three isoforms starting from transcription start site, TSS2, are expressed at 

different levels (Figure 3.4). Isoforms 1 and 2 are predominant, accounting for more 

than 80% of the total CCDC26 transcripts in the cell. Isoform 3 is also detected but 

at considerably lower levels, accounting for approximately 15% of transcripts. 

Isoform 4 on the other hand, which is expressed from another transcription start  
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Figure 3.1 K562 cells demonstrate highest levels of CCDC26 expression. 
CCDC26 levels were measured in multiple cancer and non-cancer cell lines using 
qRT-PCR. Generally, myeloid cell lines showed highest expression levels, with the 
CML K562 cell line demonstrating greatest CCDC26 expression of all. All qRT-
PCRs and analyses were performed by former Kanhere laboratory member, 
Susanne Wijesinghe (Wijesinghe et al. unpublished, manuscript in preparation).  
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Figure 3.2 Expression profiles for CCDC26. Expression profile tracks produced 
from RNA-seq data as part of the ENCODE Project from CalTech (Djebali et al. 
2012), show detection of CCDC26 expression in the myeloid K562 cell line. 
CCDC26 is also expressed at lower levels in GM12878, GM12891 and GM12892 
lymphoblastoid cell lines, but does not appear to be expressed in the remaining 
non-myeloid cells. Data tracks were accessed and viewed on UCSC Genome 
Browser. Data points have been transformed by LOG (ln(1+x)). Tracks are within a 
vertical viewing range of 0-5 and have been smoothed by 5 pixels. 
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Figure 3.3 Mapping epigenetic marks and RNA Pol II binding to the CCDC26 
locus. Histone modification tracks generated from ChIPseq data sets generated by 
the Broad/MGH ENCODE Project indicate the position of two TSSs in K562 cells. 
Two defined peaks can be observed for RNA Pol II binding as well as epigenetic 
signatures that correspond to TSSs, TF binding spots, active promoter and active 
enhancer regions (H3K4me3, H3K4me2, H3K9ac, H3K27ac and H3K4me1 
respectively) at the position of exon 2 and to a lesser extent, exon 1. The signature 
for actively transcribed gene bodies (H3K36me3) also shows peaks between 
regions encoding exons 2-6, possibly indicating that isoform 4 is transcribed to a 
lesser extent than isoforms 1-3 in K562 cells (Consortium 2012). 
 
 
 
 
 

Pol2 ChIP 

H3K4me3 

H3K27ac 

H3K4me1 

H3K4me2 

H3K9ac 

H3K36me3 

  

2 1 3 4 5 6 Exons 

Isoform 1 
Isoform 2 
Isoform 3 
Isoform 4 

130,700,000 130,600,000 130,500,000 130,400,000 130,300,000 
Genomic Coordinates 

8q12.1 8q21.3 23.1 q23.3 24.22 8q24.3 22.3 q22.1 8p12 8p22 23.2 21.2 21.3 8p23.1 Chr8 
(q24.21) 



 112 

A. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
B. 
 
 
    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4 CCDC26 isoforms 1 and 2 are predominant in K562 cells. A. 
Schematic portraying spliced forms of CCDC26. Positions of exon-spanning 
primers used to amplify specific isoforms (black) and size (bp) of amplification 
products are indicated. Position of primers used to amplify all isoforms 
simultaneously are also indicated (red). B. qRT-PCRs were performed using 
isoform-specific primers to determine which transcripts are present in K562 cells. 
Isoforms 1 and 2 account for ~80% of all CCDC26 transcripts whilst isoform 3 
accounts for ~15%. Isoform 4 accounts for <1% of total transcripts. 
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site, TSS1, is barely detectable and represents less than 1% of total CCDC26, as 

predicted by epigenetic signatures in Figure 3.3 (Figure 3.4). 

 

3.2.2 Subcellular Localisation of CCDC26 

A large proportion of lncRNAs have shown a predominantly nuclear localisation, 

either associated with chromatin or enriched in nuclear sub-compartments and 

organelles (Clemson et al. 2009; Hutchinson et al. 2007; Werner and Ruthenburg 

2015). The subcellular localisation of any lncRNA can give an inkling to its functional 

mechanism. We began initially investigating the localisation of CCDC26 by 

implementing a data-mining approach, and analysing RNA-seq data sets from 

various cellular compartments generated by the ENCODE Consortium (GEO 

sample accession: GSM758577). Both polyadenylated (polyA+) and non-

polyadenylated (polyA-) RNAs were analysed in subcellular fractions as well in the 

whole cell in Figure 3.5. Polyadenylation is the process whereby a chain of adenine 

nucleotides is added to the 3’ end of an RNA molecule. This makes the RNA more 

stable by protecting it from enzymatic degradation (Nevins and Darnell 1978). The 

data suggests that CCDC26 is primarily nuclear, with enrichment for a non-

polyadenylated form. Within the nucleus, the majority of CCDC26 appears bound 

to chromatin, with a small amount also present in the nucleolus. Interestingly, there 

also appears to be a small amount of polyadenylated CCDC26 present in the 

cytosol (Figure 3.5).  

 

To further assess localisation, qRT-PCRs were performed on nuclear and cytosolic 

RNA fractions. snoRNA U105 and GAPDH levels were used as a measure of the 
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purity of the nuclear and cytosolic fractions respectively. Actin was used as a 

housekeeping control gene against which CCDC26 expression could be measured, 

given its similar levels in both the nucleus and cytosol. Consistent with the RNA-seq 

data, all CCDC26 isoforms showed greater levels in the nucleus, although the 

cytosol was not devoid of CCDC26, and transcripts were still detected albeit at low 

levels in this compartment (Figure 3.6). 
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Figure 3.5 CCDC26 localisation: a data mining approach. Long RNA-seq tracks 
generated by the ENCODE Consortium and viewed on UCSC Genome Browser 
show that greater levels of CCDC26 are found in the nucleus of K562 cells. 
However, a small amount of polyA+ CCDC26 also appears in the cytosol. Low levels 
of CCDC26 are found in the nucleolus of the cell, but the majority of the lncRNA is 
predominantly found in the chromatin-bound fraction.  
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Figure 3.6 CCDC26 is primarily localised in the nucleus of K562 cells. A. 
Nuclear and cytosolic RNA fractions were extracted and converted to cDNA. To 
assess the purity of fractions, qRT-PCRs were performed using GAPDH and 
snoRNA U105 as cytosolic and nuclear controls respectively. B. qRT-PCRs were 
performed using CCDC26 isoform-specific primers, measuring relative to Actin and 
total RNA levels. Greater expression of all CCDC26 isoforms was found in the 
nuclear fraction, however, all isoforms were also present, to a lower degree, in the 
cytosolic fraction. Isoform 4 was not further analysed given its extremely low overall 
expression levels (Figure 3.4). Schematic portraying spliced forms of CCDC26 is 
also displayed. Positions of exon-spanning primers used to amplify specific isoforms 
(black) and size (bp) of amplification products are indicated. Position of primers 
used to amplify all isoforms simultaneously are also indicated (red). 
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3.2.3 CCDC26 KO cells grow slower and are more apoptotic 

To understand the biological role of CCDC26, we began comparing K562 WT cells 

to CCDC26 KO cells. Two CCDC26 KO cell lines (KO.1 and KO.2) were generated 

by former colleague, Susanne Wijesinghe, using CRISPR Cas9 technology, and 

have been subsequently used throughout this project. Given the increased difficulty 

of achieving an RNA KO compared to protein (Yang et al. 2018), two small guide 

RNAs (sgRNAs) were used simultaneously (Figure 3.7A). These were designed to 

target TSS2, as previous qRT-PCRs indicated that almost all CCDC26 transcripts 

arise from this site in K562 cells (Figure 3.4). Single cell clones were selected to 

obtain clean KO cell lines, which were subsequently sequenced. Sequencing 

(performed previously by Susanne Wijesinghe) showed that the 3 CCDC26 alleles 

in KO.1 cells (K562 cells possess 3 copies of chromosome 8), possess a single 

base insertion, a single base deletion and a 28-base deletion respectively. KO.2 

cells possess a 34 base deletion and single base insertion in CCDC26 allele 1, and 

a 28-base deletion in CCDC26 allele 2. The third allele however, appears to be 

intact (Figure 3.7C).  Before conducting any further experiments, I first checked the 

quality of the KOs in these cell lines by qRT-PCRs. Accordingly, KO.1 cells show a 

~99.8% CCDC26 depletion, whilst KO.2 cells demonstrate an almost 90% reduction 

(Figure 3.7B).  

 

KO cell lines were grown in the same conditions as WT K562 cells (Chapter 2.2.1) 

and cell viability was measured by manually counting live cells using a 

hemocytometer via the trypan blue exclusion method. Cells were counted every 

24hrs across a 72hr period and growth curves were subsequently plotted, showing 
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a significantly reduced rate of growth in both KO cell lines. Whilst WT cells double 

in number approximately every 24hrs as previously reported (Murray et al. 1993), 

the KO cells grow almost half as fast, increasing by two-fold approximately every 

48hrs (Figure 3.8). 

 

We next went on to investigate whether cell death or cell cycle stalling could be 

contributing to this reduction in growth rate. Apoptosis, also referred to as 

programmed cell death, is mediated by the caspase family of enzymes. Briefly, 

caspases are translated as inactive zymogens, which generate active cleavage 

products when apoptosis is triggered by the necessary signal. The initiator 

caspases (2, 8, 9 and 10) are activated first and are responsible for activating the 

downstream effector caspases (3, 6 and 7). Active effector caspases then function 

by proteolytically cleaving numerous proteins, such as PARP-1 and MEK Kinase 1, 

which eventually results in cell death. This process can be triggered either 

intrinsically, whereby the initial death signal arises from within the cell, e.g. DNA 

damage, or extrinsically, whereby the cell receives an external signal by the binding 

of a ligand to its extracellular death receptor (Riedl and Shi 2004). 

 

Western blotting using anti-caspase antibodies showed increased levels of cleaved 

initiator caspases 8 and 9 in CCDC26 KO cells, suggesting that these cells are more 

apoptotic (Figure 3.9). There is a particularly striking increase in the 35kDa caspase 

9 cleavage product, and although levels of the 18kDa caspase 8 cleavage product 

also rise, the increase is not as statistically significant. It is possible that this is 

reflective of the apoptotic pathway that has been activated; caspase 9 cleavage is 
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associated with the intrinsic pathway, whilst caspase 8 is more involved in the 

extrinsic pathway (Riedl and Shi 2004). Caspase 3 is activated downstream of both 

intrinsic and extrinsic pathways (Shalini et al. 2015). Overall, the levels of the 

effector caspase 3 cleavage products however are not significantly increased 

(Figure 3.9). 

 

Cell cycle was also analysed using propidium iodide (PI) staining to quantitate the 

DNA content of cells.  FACS was then used to determine the percentage of cells in 

each stage of the cell cycle (Figure 3.10). The most interesting result obtained from 

this was the significant increase in the proportion of cells in the sub G0 phase in the 

KO cell lines compared to WT. Cells undergoing apoptosis are characterised by a 

number of morphological changes including nuclear disintegration and DNA 

fragmentation and degradation (Kerr, Wyllie, and Currie 1972; Nagata et al. 2003). 

The sub G1 portion represents such apoptotic cells with reduced DNA content. This 

compliments the anti-caspase immunoblot result, supporting that the CCDC26 KO 

cell lines are more apoptotic. However, there is very little difference in the proportion 

of cells in each of the other stages of the cell cycle (G1, S, G2/M phase) and in the 

polynucleated fraction of cells in the KOs compared to the WT. It is possible that 

KO cells are moving through stages of the cell cycle at a normal rate, but appear to 

be growing more slowly due to a higher proportion of cell death, and therefore a 

greater loss of cells over a given period. 
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Figure 3.7 CCDC26 CRISPR KO cell lines. A. Schematic of the CCDC26 gene 
showing that TSS2 was targeted with two sgRNAs simultaneously using CRISPR 
Cas9 technology to establish CCDC26 KOs (initial CRISPR experiment performed 
by Susanne Wijesinghe). B. CCDC26 KO’s in two KO cell lines were confirmed by 
qRT-PCR with CCDC26 primers. C. Schematic demonstrating the CCDC26 
mutations present in each allele in the KO cell lines (sequencing performed by 
Susanne Wijesinghe). PAM sequences are indicated and green highlighted 
sequences represent the sgRNA targets.  
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Figure 3.8 CCDC26 KO cells grow slower than WT cells. WT and CCDC26 KO 
cells were grown for 72hrs in 6 well-plates. Every 24hrs, cells were stained with 
Trypan blue, and viable cells were counted manually using a hemocytometer. KO 
cells grew approximately half as fast as WT cells. Values represent the mean ± 
standard deviation (n=3). * P<0.05; **P<0.005; ***P<0.001; ****P<0.0001 (unpaired, 
two-tailed t test). 
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Figure 3.9 CCDC26 KO cells are more apoptotic than WT cells. Cell lysates 
were collected from WT and KO cell lines and subjected to immunoblotting with a 
series of anti-caspase antibodies. Increased levels of the cleaved active forms of 
caspases 8, 9 and 3 can be observed in some cases in KO cells (FL = full length). 
Values represent the mean ± standard deviation (n=3). * P<0.05; **P<0.005 
(unpaired, two-tailed t test).  
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Figure 3.10 CCDC26 KO cells show no changes in cell cycle. Propidium iodide 
staining followed by flow cytometry showed that there is a significantly greater 
proportion of apoptotic cells in the KO cell populations compared to WT (SubG1). 
However, there is no significant difference in the proportion of cells in each stage of 
the cell cycle between the WT and KO cells. Values represent the mean ± standard 
deviation (n=3). * P<0.05 (unpaired, two-tailed t test). 
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3.2.4 The Impact of CCDC26 on Epigenetic Modifications 

Previous analysis of caspase protein levels, as well as the subG1 proportion of cells, 

indicated that the CCDC26 KO cells are more apoptotic (Figure 3.9 and 3.10). In 

relation to this, we investigated levels of DNA damage in cells given its link with cell 

death processes. Histone variant H2A.X is key in the cellular response to DNA 

damage, having its C-terminal tail rapidly phosphorylated at a unique Serine residue 

following the occurrence of a DNA double-strand break (DSB). The result is the 

formation of !-H2A.X, which serves as an excellent DSB marker, and can be readily 

detected by its corresponding antibody (Rogakou et al. 1998). Immunofluorescence 

with anti-!-H2A.X was performed to compare DNA damage in WT and KO cells 

(Figure 3.11). The WT cells showed very little, if any, fluorescence when cells were 

analysed by confocal microscopy, however, the majority of cells in both CCDC26 

KO lines showed several punctated !-H2AX foci, indicating the location of DSBs 

(Figure 3.11). This provides further evidence that apoptosis has been induced in 

these cells. 

 

Epigenetic modifications or chemical modifications of DNA and histones provide a 

broad and dynamic layering across the genome, allowing for multidimensional 

control of underlying gene sequences. Recently, many lncRNAs have been 

identified as key components in epigenetic regulation, frequently directing 

recruitment of chromatin-modifying proteins (Mercer and Mattick 2013; McHugh et 

al. 2015; Di Ruscio et al. 2013; Somasundaram et al. 2018). Arguably one of the 

best-known examples is lncRNA, Xist, known to recruit PRC2, amongst other 

proteins, to achieve X-chromosome inactivation, resulting in deposition of the 
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repressive H3K27me3 mark (McHugh et al. 2015). Following the observation that 

KO cells have increased levels of !-H2A.X, we continued by investigating whether 

CCDC26 has an effect on any other epigenetic modifications. 

 

Generally, epigenetic modifications are considered as belonging to one of two 

categories, the first being histone post-translational modifications (PTMs). These 

reversible changes are applied to influence gene expression, typically by binding 

transcription factors, or aiding organisation of the chromatin structure and 

architecture. Histones can be modified by the addition of several types of chemical 

groups including acetyl and methyl groups (Davey et al. 2002; Allfrey, Faulkner, and 

Mirsky 1964) (Chapter 1.4.1). Global levels of other histone modifications were 

analysed by immunoblotting. Histones were extracted and blotted with a selection 

of anti-modified-histone antibodies, using total Histone H3 as a loading control 

(Figure 3.12A). Histone modifications related to gene activation as well as gene 

repression were analysed. H3K27ac and H3K9ac are markers of active enhancers 

and active gene promoters respectively (Creyghton et al. 2010; Gates et al. 2017), 

whilst H3K27me3 and H3K9me3 signify gene repression and heterochromatin 

(Nakayama, Rice, et al. 2001; Boyer et al. 2006). However, we observed no 

significant changes in the overall levels of these histone marks (Figure 3.12). We 

also analysed two other, less common histone modifications, H4K5ac and 

H4K16ac. H4K5ac mark is associated with a phenomenon known as “epigenetic 

bookmarking,” the means by which certain genes are not compacted during mitosis. 

Rather, an open chromatin state is maintained, allowing rapid gene transcription to 

resume, following mitosis, in a gene-specific manner (Park, Rehrauer, and Mansuy 
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2013). The latter is generally associated with transcriptional activation through 

regulation of chromatin structure (Zhang, Erler, and Langowski 2017). However, no 

significant changes in the global levels of these marks were observed either (Figure 

3.12). Although there are countless other types of histone modifications, based on 

the selection that we have looked at, CCDC26 does not appear to have a significant 

impact on how histones overall are post-translationally modified, other than H2A.X. 

 

Further supporting this was our observation that total levels of histone 

methyltransferase enzymes, Enhancer of zeste homolog 2 (EZH2) and G9a, are 

also unchanged in KO cells (Figure 3.12B). EZH2 is a key component of the PRC2 

complex, that alongside SUZ12 and EED, either mono-, di-, or tri-methylates Lysine 

27 on Histone 3 (Margueron et al. 2008). Similarly, G9a either mono- or di-

methylates Lysine 9 or 27 on Histone 3 (Shankar et al. 2013). 

 

The second major class of epigenetic modifications is DNA methylation, the most 

widely recognised role of which is in gene repression (Curradi et al. 2002). In recent 

years, an increasing number of lncRNAs have been found to regulate gene 

expression by influencing DNA methylation, often via the DNMT enzymes (Chapter 

1.1.4.4). To investigate global levels of DNA methylation, we performed 

immunofluorescence using anti-5-methyl-cytosine (anti-5mC) (Figure 3.13). The 

pattern of 5mC immunofluorescence was diffuse throughout the nuclei of both WT 

and CCDC26 KO cells. However, there was a stark difference between the intensity 

of fluorescence between the cell lines. 5mC fluorescence intensity was measured 

for 200 individual nuclei (n=3) using FIJI imaging analysis software, and the values  
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Figure 3.11 CCDC26 KO cells have increased levels of DNA damage. 
Immunofluorescence shows increased !-H2AX foci in CCDC26 KO cells, indicating 
positions of DNA double-strand breaks. Cells were fixed with methanol and acetic 
acid and stained with DAPI nuclear stain (blue) and !-H2AX (red) antibody. 2D 
confocal images were captured and compiled using FIJI image analysis software 
(scale bar = 25um). 
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Figure 3.12 Global levels of histone modifications are unchanged in CCDC26 
KO cells. A. Histones were isolated from WT and KO cells and subjected to 
immunoblotting with antibodies against various histone modifications. No significant 
difference between global levels of these marks can be observed between WT and 
KO cells. B. Total cell lysates were extracted and subjected to immunoblotting with 
antibodies against histone modifying enzymes, EZH2 and G9a. No significant 
difference in total levels can be observed between WT and KO cells. Values 
represent the mean ± standard deviation (n=3) (unpaired, two-tailed t test). 
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Figure 3.13 CCDC26 KO cells are hypomethylated. 5mC Immunofluorescence 
showed a signficant decrease in 5mC fluorescence intensity in CCDC26 KO cells 
compared to WT. Cells were fixed with methanol and acetic acid and stained with 
DAPI nuclear stain (Blue) and anti-5mC primary antibody (Red). 2D confocal 
images were taken and 5mC fluorescence intensity was measured for 200 individual 
nuclei, per replicate, using FIJI image analysis software (scale bar = 50um). Values 
represent the mean ± standard deviation (n=3). * P<0.05 (unpaired, two-tailed t 
test). 
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demonstrated a significant decrease in both KO cell lines (Figure 3.13). This 

suggests that globally, there is a reduction in the levels of DNA methylation in the 

absence of CCDC26. 

 

 

3.3. Discussion 

Our initial characterisation of CCDC26 has involved investigating expression and 

localisation patterns of this lncRNA, as well as analysing its effects on cell viability 

and epigenetics. Through implementing both bioinformatical and hands-on 

techniques, we have expanded our basic knowledge of CCDC26 and determined a 

CCDC26 KO phenotype. 

 

A few previous studies have demonstrated that CCDC26 expression is cell line 

specific and is particularly abundant in myeloid cells of haematopoietic origin 

(Hirano et al. 2015; Yin et al. 2006). This has also been confirmed in our group by 

a colleague using qRT-PCRs (Wijesinghe et al. unpublished, manuscript in 

preparation) and followed by my analysis of RNA-seq and ChIP-seq data sets. I 

chose the immortalised K562 cell line, derived from a CML patient, as my model for 

this project, as these cells have consistently shown relatively high levels of CCDC26 

expression in ours as well as previous studies (Yin et al. 2006; Hirano et al. 2015). 

Although the AML cell line, HL60, has reportedly shown stronger expression than 

K562 (Hirano et al. 2015), the HL60 line has a complicated genomic structure. 

Double minute chromosomes, which are replaced by large extrachromosomal 

elements as cells are passaged, exist in these cells, and consist of regions spanning 
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the 8q24 locus, including CCDC26. The aberrant CCDC26 transcripts, as well as 

fusions with other genes that have been observed, could influence results in 

unpredictable ways (Hirano et al. 2008). Given that K562 cells are not reported to 

possess such mutations encompassing CCDC26, yet expression levels are still 

relatively high, this cell line appeared suitable for subsequent analyses.  

 

Analysis of expression of individual CCDC26 isoforms is something that has not 

been investigated previously. At present, there are four known isoforms of CCDC26, 

annotated by NCBI RefSeq, which are transcribed from one of two TSSs. However, 

as of yet, no one has investigated whether or not all of these isoforms are present 

and functional in cells. Although Hirano et al. (2015) investigated other transcripts 

that arise from within intronic regions of the CCDC26 locus, they only consider two 

of the four CCDC26 isoforms themselves (NR_130918.1 and NR_130917.1 

respectively) (Hirano et al. 2015). Here, our analysis of ChIP-seq data sets for 

various histone modifications corresponding to active gene expression, showed 

stronger peaks for transcription arising from TSS2. Similarly, peaks corresponding 

to the actively transcribed gene body (H3K36me3) were stronger from exon 2 

onwards, suggesting that expression of different isoforms is not uniform. For the 

first time, we have determined which CCDC26 isoforms are present in K562 cells 

and assessed their relative levels. In accordance with ChIP-seq profiles, we found 

that expression of CCDC26 occurred almost exclusively from TSS2, with isoforms 

1 and 2 being predominant in K562 cells. It is possible that TSS1 is inactive in K562 

cells. The small ChIP-seq peaks shown in Figure 3.3 indicate that there may be a 

small amount of active transcription from this region. It is possible that transcription 
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is initiated but then aborted, as indicated by the lack of H3K36me3 marks in the 

gene body region.  

 

A critical first step in identifying the biological role of any cellular component, is to 

determine where it resides. Our approach combined bioinformatical analysis with 

qRT-PCRs on cellular fractions, with results agreeing with past reports that all 

CCDC26 isoforms present in K562 cells are largely nuclear (Hirano et al. 2015). 

However, for the first time, here we show that CCDC26 localisation is not limited to 

the nucleus, but rather it occupies several cellular compartments. Our analysis of 

long RNAseq data demonstrates that a large proportion of nuclear CCDC26 is 

chromatin-bound, with low levels also found in the nucleolus. However, a small 

amount of the polyA+ CCDC26 transcript is also present in the cytosol (Consortium 

2012). Its chiefly nuclear localisation and apparent preference for binding chromatin 

points towards a potential role for CCDC26 in gene regulation. However, its 

presence in multiple compartments potentially reflects that CCDC26 is 

multifunctional. 

 

Whilst several studies have investigated the effects of shRNA- and siRNA-mediated 

CCDC26 KDs, there is currently no information on the effects of a CCDC26 KO 

(Hirano et al. 2015; Wang, Hui, et al. 2018; Peng and Jiang 2016; Cao et al. 2018; 

Yan et al. 2019). Comparisons of KO and WT cells are very informative regarding 

a component’s function; our group possesses two previously generated CCDC26 

CRISPR KO cell lines. We began characterising these cell lines with some initial 

experiments measuring cell viability. Previous reports have been inconsistent with 
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regards to the involvement of CCDC26 in cell viability, death and apoptosis. In 

myeloid cell lines, down-regulation of CCDC26 has mostly been associated with 

more pronounced apoptosis and slower growth (Hirano et al. 2015; Yin et al. 2006). 

Similarly, pancreatic cancer and glioma cells have too demonstrated growth arrest 

and increased cell death upon transfection with CCDC26 siRNAs (Wang, Hui, et al. 

2018; Peng and Jiang 2016). However, more recently, gastrointestinal stromal 

tumour cells have demonstrated conflicting results, with studies showing that 

CCDC26 KDs in combination with Imatinib therapy results in improved cell viability, 

increased proliferation and reduced levels of apoptosis (Cao et al. 2018; Yan et al. 

2019). Moreover, CCDC26 KD CML cells have also shown similar results when 

grown in nutrient-poor, low serum media (Hirano et al. 2015). Here, our results 

appear to support the former studies; analysis of pro- and cleaved- caspase levels 

as well as propidium iodide staining and growth curves, indicate that CCDC26 KO 

cells grow slower, and are more apoptotic than WT cells. It is possible that these 

inconsistent results reflect cell-specific functions of CCDC26. In the future, it would 

be interesting to see whether expression of different CCDC26 isoforms determines 

this phenotype. 

 

Although we see increases in levels of both initiator caspases 8 and 9 in KO cells, 

this difference is only statistically significant for caspase 9. Given that these 

caspases are activated in the extrinsic and intrinsic apoptotic pathways respectively, 

it is possible that this is indicative of activation of the latter pathway. This is perhaps 

also reflected by the observed increase in DNA damage in CCDC26 KO cells, as 

shown by !-H2AX immunofluorescence. This histone mark arises as a result of the 
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presence of DNA DSBs. DNA damage is known to trigger apoptosis if the damage 

in question cannot be repaired (Roos and Kaina 2006). However, apoptosis itself 

also leads to DNA fragmentation and hence increased levels of !-H2AX (Rogakou 

et al. 2000). Consequently, it is not clear here whether the DNA damage acts as an 

intrinsic trigger, or whether apoptosis has already been induced and the DNA 

damage we observe is a consequence of that. Unexpectedly, we observed no 

significant change in caspase 3 levels. This is unexpected since activated caspases 

8 and 9 both cleave caspase 3. The bands detected with this antibody were very 

weak, which subsequently gave rise to some relatively large error bars. Therefore, 

it is possible that there are technical issues with this result. Alternatively, a different 

effector caspase that we are yet to analyse (e.g. caspases 6 and 7), may be cleaved 

and activated in these cells (Riedl and Shi 2004).  

 

If a CCDC26 KO results in DNA damage subsequently triggering apoptosis, we’d 

perhaps expect to see some evidence of activation of DNA damage cell cycle 

checkpoints and hence cell cycle arrest (Elledge 1996). However, this is not 

something we have observed; FACS following PI staining showed no significant 

changes between WT and KO in the proportion of cells at each stage of the cell 

cycle. This might suggest that the DNA damage we observe is a consequence 

rather than a cause of apoptosis. To further confirm this, it would be interesting to 

perform a more sensitive analysis of the cell cycle. One future experiment might be 

to repeat this having synchronized the cells with a chemical such as hydroxyurea 

(Walker and Wanda 1987) rather than working with a mixed cell population. The 



 135 

length of time it takes for cells to progress through each stage of the cell cycle could 

then be measured and compared.  

 

In recent years, there has been a surge of studies reporting roles of lncRNAs in 

epigenetic gene regulation (Holoch and Moazed 2015). HOTAIR, Xist, AIR and 

Kcnq1ot1 are just a few examples of nuclear, chromatin-binding lncRNAs that 

impact the epigenetic landscape (Kohlmaier et al. 2004; Pandey et al. 2008; Nagano 

et al. 2008; Rinn et al. 2007). As previously mentioned, CCDC26 is primarily 

localised in the nucleus and a large proportion of this appears to be chromatin 

bound. This suggests that CCDC26 might be important in chromatin regulation. All 

of this considered, we decided to assess the effect of CCDC26 on global levels of 

various epigenetic marks. Numerous studies have reported that lncRNAs play a role 

in epigenetic gene regulation by interacting directly with the proteins that deposit, 

read and eliminate histone modifications (Kohlmaier et al. 2004; Pandey et al. 2008; 

Nagano et al. 2008). lncRNA Xist for example, binds PRC2, localising it to the 

inactive X chromosome where it can deposit H3K27me3 (Kohlmaier et al. 2004). 

Similarly, Kcnq1ot1 and AIR lncRNAs guide the histone methyltransferase enzyme, 

G9a, to local genomic regions to mediate in cis repression of surrounding genes 

(Pandey et al. 2008; Nagano et al. 2008). However, aside from changes in levels of 

!-H2AX, no major changes in other histone modifications were observed. It is 

important to note however, that this can only be concluded with regards to global 

levels of modifications. Small local changes in histone modifications have not been 

measured and may not be detectable at a global level. Therefore, we cannot 

categorically argue that CCDC26 in no way impacts histone modifications. 
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However, we did observe significant changes in the levels of DNA methylation, with 

CCDC26 KO cells exhibiting a significant reduction in 5mC immunofluorescence. 

Interestingly, this appears to be a global effect, as we see an overall reduction in 

5mC levels within nuclei. It is possible that this change in the methylome leads to 

increased apoptosis. Previous studies have demonstrated that hypermethylation 

can result in repression of apoptotic and tumour suppressor genes, leading to 

increased tumorigenesis (Li, Liu, et al. 2017; Wang et al. 2017; Wen et al. 2018; Yu 

et al. 2013; Stirzaker et al. 1997; Schmelz et al. 2005). DNMT inhibitors have even 

been implemented as anti-cancer therapies (Christman 2002; Cheng et al. 2004). 

A more detailed analysis of differentially methylated regions in WT and KO cells, 

will help determine this. 

 

Multiple lncRNAs have demonstrated roles in regulating DNA methylation, however 

this typically involves local effects at specific loci (Di Ruscio et al. 2013; Wang et al. 

2015; Gao et al. 2019; Guo et al. 2019). For example, ecCEBP, is a DNMT1-binding 

lncRNA whose depletion results in increased methylation of the CEBPA promoter 

from which it is transcribed, resulting in silencing of the mRNA CEBPA (Di Ruscio 

et al. 2013). It is rare for a lncRNA to affect DNA methylation on a genome-wide 

scale, although a few instances have been reported. DACOR1 expression has been 

shown to increase genome-wide DNA methylation in colon cancer cells, by indirectly 

increasing levels of the methyl donor SAM (Merry et al. 2015; Somasundaram et al. 

2018). Similarly, lncRNA PARTICLE has been associated with increased DNMT1 

activity and consequently genome-wide hypermethylation (O'Leary et al. 2017). 
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Overall so far, we have shown that although CCDC26 KO does not condemn all 

K562 cells to immediate death, the effects of its absence are enough to slow growth 

and trigger increased levels of apoptosis. Furthermore, we have shown that its 

absence leads to notable changes in DNA methylation levels.  
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CHAPTER 4 
 

CCDC26 REGULATES DNA METHYLATION BY 
CONTROLLING SUBCELLULAR LOCALISATION OF 

DNMT1 
 
 
4.1 Introduction  

The previous chapter provided evidence that CCDC26 regulates DNA methylation 

levels, with KO cells demonstrating global DNA hypomethylation. One of the 

fundamental mechanisms by which gene expression is regulated, is the methylation 

of DNA at cytosine residues. These epigenetic marks are established and later 

maintained by members of the DNA methyltransferase (DNMT) family; 

DNMT3A/DNMT3B and DNMT1 respectively (Okano et al. 1999). DNA methylation 

is a dynamic signature whose role is context-dependent, commonly associated with 

gene repression when deposited at gene promoter regions, yet linked with 

processes such as splicing and transcriptional elongation when found within the 

gene body (Hellman and Chess 2007; Shukla et al. 2011; Jones 2012). Although a 

great deal of research has been performed on the diversity of this mark in different 

settings, our understanding of how it is targeted to specific sequences is limited. 

 

The recent discovery and characterisation of lncRNAs and their functions has 

unveiled interplay between these molecules and DNA methylation (Zhao, Sun, and 

Wang 2016). This can largely be attributed to interactions with the DNMTs. DNMT1 

has been found to interact with hundreds of different lncRNAs, which offer a means 

of direct targeting of the protein to methylate specific regions of the genome (Merry 

et al. 2015; Di Ruscio et al. 2013). LncRNAs have also shown interactions with other 
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DNMTs; the lncRNA, Dum, functions in regulating myogenesis by recruiting  

DNMT3A, DNMT3B, as well as DNMT1, and silencing adjacent genes (Wang et al. 

2015). Other examples of lncRNAs have demonstrated that they can also employ 

indirect methods of regulating DNA methylation. lincRNA-p21, for example, recruits  

DNMT1 indirectly, through binding Heterogeneous nuclear ribonucleoprotein K 

(HNRNPK) and thus, by maintaining their heterochromatic state, represses genes 

encoding pluripotency factors to prevent cell reprogramming (Bao et al. 2015).  

 

Our findings so far show that in the absence of CCDC26, overall levels of DNA 

methylation reduce significantly. At present, of the publications available that 

discuss CCDC26, none have investigated its involvement in regulating DNA 

methylation. In this chapter, we further elaborate on this result. Here we have 

investigated the mechanism of CCDC26-mediated DNA methylation regulation by 

examining DNMT levels and localisation in CCDC26 KOs, as well as potential 

interactions between CCDC26 and DNMT1. 

 

 

4.2 Results 

4.2.1 Total Levels of DNMT Enzymes are Unchanged in CCDC26 KO Cells 

The global decrease in 5mC in CCDC26 KO cells (Chapter 3) could be a result of 

indirect changes in the levels of the DNA methyltransferase enzymes. Being the 

enzymes responsible for catalysing DNA methylation, any changes in expression of 

these proteins could affect genomic methylation levels. We began with DNMT1, the 

maintenance methyltransferase; qRT-PCRs and western blotting using anti-DNMT1 
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were performed to determine the levels of total DNMT1 mRNA (Figure 4.1A) and 

protein (Figure 4.1B) respectively. Protein levels were measured as described in 

2.7.8, and normalised to the housekeeping protein, GAPDH, to account for 

differences in sample loading and transfer efficiency. Similarly, sample variations 

were corrected for in the qRT-PCRs, by normalising first to GAPDH mRNA 

expression, and then further normalising to the WT control, as described in 2.6.4.  

Although mRNA levels were slightly greater in the KO cells, no significant 

differences were observed between protein levels, indicating that hypomethylation 

is not due to a decrease in DNMT1 levels. 

 

We also examined RNA and protein levels of the de novo methyltransferases, 

DNMT3A and DNMT3B. mRNA levels for these two genes generally appeared 

marginally higher in the KO cells, however, this did not appear to affect protein 

levels, which remained consistent between cell lines (Figure 4.2 and 4.3). Given the 

principal role of these DNMTs in de novo methylation, their protein levels were also 

considerably lower than that of the primary methyltransferase, DNMT1, as 

expected. DNMT3A and DNMT3B levels were approximately 4% and <1% (Figure 

4.2 and 4.3) than that of housekeeping GAPDH levels, in comparison to DNMT1, 

which demonstrated levels of ~20% (Figure 4.1). 

 

This further indicates that DNA hypomethylation is not caused by any significant 

changes in DNMT levels. We initially chose to focus on just these members of the 

DNMT family, as DNMT2 and DNMT3L are generally regarded as non-canonical. 

DNMT3L is a catalytically inactive protein that acts as a cofactor for DNMT3A 
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(Bourc'his et al. 2001; Jia et al. 2007), and to our knowledge has not shown 

evidence of any lncRNA-mediated regulation. The catalytic activity of DNMT2 on 

the other hand is not targeted for DNA methylation at all, but rather it functions in 

methylation of tRNA (Goll et al. 2006).  
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Figure 4.1. Total DNMT1 levels do not change upon CCDC26 KO. A. qRT-PCRS 
demonstrate a small increase in DNMT1 mRNA expression levels in CCDC26 KO 
cells compared to WT. B. However, total DNMT1 protein levels are not significantly 
different between WT and KO cells. DNMT1 mRNA and protein levels were 
measured relative to GAPDH. Values represent the mean ± standard deviation 
(n=3). * P<0.05 (unpaired, two-tailed t test). 
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Figure 4.2. Total DNMT3A levels do not change upon CCDC26 KO. A. qRT-
PCRS demonstrate a small increase in DNMT3A mRNA expression levels in 
CCDC26 KO.1 cells compared to WT. B. However, total DNMT3A protein levels are 
not significantly different between WT and KO cells. DNMT3A mRNA and protein 
levels were measured relative to GAPDH. Values represent the mean ± standard 
deviation (n=3). * P<0.05 (unpaired, two-tailed t test). 
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Figure 4.3. Total DNMT3B levels do not change upon CCDC26 KO. A. qRT-
PCRS demonstrate a small increase in DNMT3B mRNA expression levels in 
CCDC26 KO cells compared to WT. B. However, total DNMT3B protein levels are 
not significantly different between WT and KO cells. DNMT3B mRNA and protein 
levels were measured relative to GAPDH. Values represent the mean ± standard 
deviation (n=3). * P<0.05 (unpaired, two-tailed t test). 
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4.2.2 CCDC26 KO Implicates DNMT1 Subcellular Localisation  

Our results show that DNMT levels in KO cells are unaffected and the expected 

level of DNMTs required to establish and maintain DNA methylation is present. In 

spite of the presence of DNMTs, KOs show overall genomic hypomethylation. A 

possible reason behind this could be either loss of enzymatic activity, or 

unavailability of these enzymes at genomic sites of action.  Therefore, we next 

sought to determine whether the enzymes are actually available to perform their 

function, starting with DNMT1. This first involved checking it is correctly localised to 

the nucleus of the cell, where it can interact with genomic DNA. Nuclear and 

cytosolic cellular fractions were purified, and protein from each was extracted and 

subjected to western blotting with anti-DNMT1 (Figure 4.4A). This demonstrated a 

dramatic shift in the ratio of nuclear: cytosolic DNMT1 levels. In contrast to WT cells, 

where the majority of DNMT1 was found in the nuclear fraction, a significant 

increase in cytosolic DNMT1 was observed in both KO cell lines (Figure 4.4A). 

Other nuclear proteins such as EZH2 (Grzenda et al. 2013) did not show a similar 

shift to the cytosol in KO cells. In both WT and KOs, GAPDH, which is a marker of 

the cytosolic fraction (Mazzola and Sirover 2003), was also enriched in the 

cytoplasm.  This indicates that nuclear and cytosolic fractions were pure and re-

localisation was specific to DNMT1. To further confirm this result, we also performed 

anti-DNMT1 immunofluorescence, and the microscopic observation was in 

agreement with the immunoblot results. A large proportion of DNMT1 can be seen 

in the cytosol of KO cells (Figure 4.4B). The pattern of distribution of the remaining 

small amount of nuclear DNMT1 also changes from a diffuse arrangement in the 

WT, to a more punctated pattern in the KOs. 
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To determine whether these changes in protein localisation are also observed in 

other DNMTs, the western blot was repeated using anti-DNMT3A and anti-

DNMT3B. The subcellular localisation of these enzymes however remained 

consistent between all three cell lines, suggesting the effect is specific to DNMT1 

(Figure 4.5).  
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Figure 4.4 DNMT1 is primarily localised in the cytosol in CCDC26 KO cells. A. 
Immunoblotting for DNMT1 on nuclear and cytosolic protein fractions shows a shift 
in the subcellular localisation of DNMT1. DNMT1 is almost exclusively nuclear in 
the WT cells, but appears both nuclear and cytosolic in CCDC26 KO cells. EZH2 
and GAPDH are used as nuclear and cytosolic markers respectively (nuc = nuclear 
protein fraction; cyt = cytosolic protein fraction). B. DNMT1 was also visualised in 
WT and CCDC26 KO cells via anti-DNMT1 (Red) immunofluorescence. Nuclei were 
stained with DAPI (Blue). The outline of the cell membrane can be seen with the 
addition of the brightfield lens in the right-hand panels (scale bar = 5um). 
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Figure 4.5 DNMT3A and DNMT3B localisation is unaffected by CCDC26 KO. 
Immunoblotting for DNMT3A and DNMT3B on nuclear and cytosolic protein 
fractions show no significant difference in subcellular localisation between WT and 
CCDC26 KO cells. EZH2 and GAPDH are used as nuclear and cytosolic markers 
respectively (nuc = nuclear protein fraction; cyt = cytosolic protein fraction). 
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4.2.3 CCDC26 may interact with DNMT1 

Our results raise an interesting possibility that lncRNAs such as CCDC26 might 

regulate the subcellular localisation of DNMT1. Therefore, it is important to establish 

whether this could be due to a direct interaction between CCDC26 and DNMT1, or 

an indirect effect of CCDC26 knockout. DNMT1 has previously been shown to bind 

and undergo regulation by numerous different lncRNAs (Merry et al. 2015; Di 

Ruscio et al. 2013). It has also been suggested that DNMT1 has higher affinity for 

RNA than DNA (Di Ruscio et al. 2013). A common method for analysing interactions 

between protein and RNA is via RNA immunoprecipitation (RIP) (Chapter 2.8). In 

recent years, a number of protein-RNA interactions have been studied using RIP or 

variations of this method (Di Ruscio et al. 2013; Hendrickson et al. 2016; Xu et al. 

2019; Hui et al. 2019; Bai et al. 2019). At least two datasets exploring DNMT1-RNA 

interactions have been published recently in CCDC26-expressing cell lines (Di 

Ruscio et al. 2013; Hendrickson et al. 2016). I first adopted a bioinformatics 

approach and re-analysed DNMT1 RIP-seq data from Di Ruscio et al., remapping 

the data to the CCDC26 locus. The RIP binding profiles in HL60 cells show stronger 

binding of DNMT1 to CCDC26 in comparison to an IgG RIP control (Figure 4.6A) 

(Di Ruscio et al. 2013). Furthermore, analysis of another dataset produced by a RIP 

method, formaldehyde-RIP-seq (fRIP-seq), also showed enrichment of CCDC26 in 

DNMT1-bound RNAs in K562 cells (Hendrickson et al. 2016), suggesting an 

interaction may exist. 

 

To test this further, I independently performed DNMT1 RIP using an anti-DNMT1 

antibody. Anti-IgG was used to produce a control sample. The protein-bound-RNA 
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pulled down with each of the antibodies was used to perform qRT-PCRs with 

primers specific to CCDC26. The RNA levels were measured relative to the input 

(see Chapter 2.8). Anti-DNMT1 pull-down RNA showed approximately three times 

more enrichment of CCDC26 as compared to the IgG control (Figure 4.7). In 

accordance with the previous RIP-seq data sets, this result also suggests CCDC26 

may interact with DNMT1. To confirm this, further controls will be required in the 

future. It will important to perform qRT-PCRs with primers specific to lncRNAs that 

have either been confirmed to interact with DNMT1 (positive control) or do not 

interact with DNMT1 (negative control). This will help confirm whether the significant 

increase in CCDC26 pulled-down with DNMT1 is due to a specific interaction, rather 

than a general, non-specific ‘stickiness’ of the protein for RNA.  
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Figure 4.6 DNMT1 RIP-seq suggests CCDC26 may interact with DNMT1. 
Analysis of previous DNMT1 A. RIP-seq (Di Ruscio et al. 2013) (GEO Accession: 
GSE32162) and B. fRIP-seq (Hendrickson et al. 2016) (GEO Accession: 
GSE67963) data sets both show enrichment for CCDC26 in RNA pulled down with 
DNMT1, compared to IgG control. Data available at NCBI Gene Expression 
Omnibus (GEO).  
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Figure 4.7 DNMT1 RIP shows that CCDC26 may interact with DNMT1. A. 
Protein-RNA complexes pulled down with either anti-IgG, anti-DNMT1 or no 
antibody, were immunoblotted with anti-DNMT1, to ensure that the DNMT1 protein 
was correctly pulled down. B. RNA pulled-down in each IP was purified, converted 
to cDNA and subjected to qRT-PCR with CCDC26 primers, to determine how much 
CCDC26 was pulled down relative to the input in each instance. Approximately 3X 
more CCDC26 was pulled down with anti-DNMT1, compared to anti-IgG. Values 
represent the mean ± standard deviation (n=3). * P<0.05; **P<0.01 (unpaired, two-
tailed t test). 
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4.2.4 DNMT1 Genes are Up-Regulated in KO cells 

We hypothesised that if a large proportion of DNMT1 protein is present in the cytosol 

of KO cells, then a sizeable portion of DNMT1 would be unable to carry out its 

primary function in the nucleus. Consequently, these cells should behave similarly 

to DNMT1 KD cells. As an additional confirmation of our previous results, we 

investigated expression levels of a selection of six genes, previously shown to be 

significantly impacted by DNMT1 and methylation levels in myeloid cells. These 

were Protein Tyrosine Phosphatase Non-Receptor Type 6 (PTPN6) (Li, Liu, et al. 

2017; Wang et al. 2017), Cyclin Dependent Kinase Inhibitor 1A (CDKN1A) 

(Milutinovic et al. 2004; Schmelz et al. 2005), Cyclin Dependent Kinase Inhibitor 2B 

(CDKN2B) (Yu et al. 2013; Herman et al. 1996), CD9 (Kim 2012), VAV1 (Ilan and 

Katzav 2012; Fernandez-Zapico et al. 2005) and JUNB (Yang et al. 2003; Fiskus et 

al. 2009) all of which have previously demonstrated upregulation in response to 

DNMT1 down-regulation or DNA hypomethylation. We also measured levels of 

IGF1, which has previously been repressed in response to DNMT1 inhibition 

(Pastural et al. 2007). qRT-PCRs demonstrated that out of 7 genes we tested, five 

(PTPN6, CDKN1A, CDKN2B, CD9 and VAV1) were significantly upregulated in both 

KO cell lines as reported in past studies on DNMT1 KD or inhibition (Figure 4.8). 

JUNB, albeit not significantly, also demonstrated upregulation. The only exception 

was IGF1 which was significantly downregulated in both KO cells. This suggests 

that DNMT1-regulated genes are affected in CCDC26 KO cells, presumably 

because of cytoplasmic mis-localisation of DNMT1, leading to DNA 

hypomethylation. 
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Figure 4.8 DNMT1-regulated genes are differentially expressed in CCDC26 KO 
cells, similarly to DNMT1 KD cells. qRT-PCRs were used to measure levels of 
various genes whose expression have previously been shown to be impacted by 
DNMT1 depletion or DNA hypomethylation in myeloid leukemia. mRNA levels were 
measured relative to GAPDH. Values represent the mean ± standard deviation 
(n=3). * P<0.05; **P<0.01; ***P<0.001; NS = Not significant, P>0.05 (unpaired, two-
tailed t test). 
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4.2.5 Exogenous CCDC26 expression does not rescue DNMT1 localisation 

To complement our results so far, we expressed CCDC26 exogenously in CCDC26 

KO cell lines, with the aim of rescuing our observed phenotype. Previously, 

CCDC26 overexpression cell lines (o/x) were generated by stably transfecting WT, 

KO.1 and KO.2 cells with a pEF6 plasmid into which the spliced isoform of CCDC26 

had been cloned. Simultaneously, control cell lines were also generated by 

transfecting cells with empty pEF6 plasmid, lacking CCDC26. After ensuring the 

empty control cells expressed CCDC26 at levels comparable to original cells 

(Appendix II, Figure 1), CCDC26 expression in the o/x cells was compared to empty 

controls by performing qRT-PCR analysis. WT, KO.1 and KO.2 o/x cells all similarly 

showed an approximately 25-fold increase in CCDC26 expression, compared to WT 

control cells (Figure 4.9). However, despite CCDC26 overexpression, DNMT1 

localisation was not rescued in the KO o/x cells, and still appeared predominantly 

cytosolic, similar to the empty vector controls and non-transfected CCDC26 KO 

cells (Figure 4.10). To see if CCDC26 expression can rescue KOs of DNA damage, 

we also performed !-H2A.X immunofluorescence on o/x cells. However, there was 

no significant change in the DNA damage levels of the o/x cells (Figure 4.11A). qRT-

PCRs were also carried out to check if the expression of genes affected in KOs 

(4.2.4) can be rescued. However, the up-regulation of PTPN6, VAV1 and CD9 seen 

in CCDC26 KOs was not rescued in o/x cells (Figure 4.11B).  
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Figure 4.9 Exogenous CCDC26 expression in WT and CCDC26 KO cells. qRT-
PCRs show that CCDC26 levels are significantly raised in cells stably transfected 
with spliced CCDC26-expressing plasmids, compared to empty plasmid controls. 
Compared to WT control cells, CCDC26 expression is increased by approximately 
25-fold in WT, KO.1 and KO.2 overexpression cells. Values represent the mean ± 
standard deviation (n=3). Statistical significance with respect to the WT control is 
indicated immediately above each bar. Statistical significance between KO controls 
and KO overexpression cells is also indicated; NS=P>0.05; *P<0.05; **P<0.01; 
***P<0.001; ****P<0.0001 (unpaired, two-tailed t test). 
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Figure 4.10 Exogenous CCDC26 expression does not rescue DNMT1 
localisation. Anti-DNMT1 (Red) immunofluorescence demonstrates that 
exogenous CCDC26 expression in KO cell lines does not rescue DNMT1 
localisation, which remains predominantly cytosolic in both CCDC26 KO control and 
o/x cells. Nuclei were stained with DAPI (Blue). The outline of the cell membrane 
can be seen with the addition of the brightfield lens in the right-hand panels (scale 
bar = 5um) 
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A.                                                               B. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.11 Exogenous CCDC26 expression does not rescue CCDC26 KO 
phenotypes A. Anti-!-H2AX immunofluorescence (red) shows !-H2AX foci in 
CCDC26 KO o/x cells similar to KO control cells, indicating that DNA damage is not 
rescued by exogenously expressed CCDC26 (scale bar = 25um) B. qRT-PCRs 
demonstrate that downregulation of PTPN6, VAV1 and CD9 gene expression is also 
not rescued with CCDC26 overexpression. Values represent the mean ± standard 
deviation. Statistical significance with respect to the WT control is indicated 
immediately above each bar. Statistical significance between KO controls and KO 
overexpression cells is also indicated; NS=P>0.05; *P<0.05; **P<0.01; ***P<0.001 
(unpaired, two-tailed t test). 
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4.3 Discussion  

Here we have identified the likely cause of DNA hypomethylation in CCDC26 KO 

cells. We have first shown that the total levels of DNMT3A, DNMT3B and DNMT1 

are not affected by CCDC26, however, in its absence DNMT1 is mis-localised to 

the cytosol. Several lines of evidence, suggest that CCDC26 directly interacts with 

DNMT1, alluding to a direct role for the lncRNA in regulating DNMT1 subcellular 

localisation. However, we were unable to rescue effects with exogenously 

expressed CCDC26. 

 

In the past, non-coding RNAs have been shown to impact DNA methylation levels   

through transcriptional and post-transcriptional regulation of DNMT genes (Chen et 

al. 2015; Wang, Guo, Qian, et al. 2018; Cheng et al. 2018; Mohammad et al. 2010; 

Di Ruscio et al. 2013; Merry et al. 2015). miR-124 and miR-506 for example, have 

been shown to target DNMT3B and DNMT1 mRNAs respectively for degradation in 

breast and colorectal cancer. The overexpression of these miRNAs results in 

decreased DNMT protein levels and hence reduced DNA methylation (Chen et al. 

2015; Wang, Guo, Qian, et al. 2018). Conversely, in hepatocellular carcinoma, 

lncRNA HOTAIR regulates DNMT1, 3A and 3B transcription by targeting polycomb 

repressor EZH2 to DNMT promoters (Cheng et al. 2018). However, unlike these 

previous publications, none of the DNMTs changed expression levels in CCDC26 

KOs, indicating that the mechanism behind DNA hypomethylation on removal of 

CCDC26 is different.   
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LncRNA-mediated regulation of protein localisation within the cell is another well-

established function. In some instances this can occur via a direct interaction, for 

example, lncRNA TP53TG1 binds the transcription factor, YBX1, thereby 

preventing its nuclear trafficking (Diaz-Lagares et al. 2016). In many other 

instances, this can also occur via an indirect effect; an interaction between lncRNA 

CRYBG3 and actin for example, is sufficient to prevent translocation of Myelin and 

Lymphocyte protein (MAL) into the nucleus (Pei et al. 2018). Similarly, NF"B 

Interacting LncRNA (NKILA) binds and prevents phosphorylation of the inhibitory 

I"B subunit. This blocks its degradation, which subsequently prevents the active 

p65 subunit of NF"B from re-localising from the cytosol to the nucleus (Liu et al. 

2015). Protein trafficking by lncRNAs is also not restricted to just the nucleus and 

cytosol; a collection of lncRNAs in nerve cells, including MEG3, MEG8, MEG9 and 

RTL1-as, have been shown to regulate translocation of AMPA glutamate receptors 

to the cell surface (Tan et al. 2017).  Past publications show that DNMTs, especially 

DNMT1, interact with RNAs (Merry et al. 2015; Di Ruscio et al. 2013; Wang et al. 

2015). We checked if DNMT1 directly or indirectly interacts with lincRNA CCDC26. 

Both approaches, data mining and experimental verification, show that CCDC26 

may interact with DNMT1. This has not been shown before, and could potentially 

provide a new mechanism by which CCDC26 might function in regulating DNA 

methylation.  

 

Remarkably, we also observed striking changes in DNMT1 subcellular localisation 

upon CCDC26 KO. Both immunoblotting on cell fractions and immunofluorescence 

with anti-DNMT1, demonstrated a shift in the localisation of DNMT1, revealing a 
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prominent cytosolic DNMT1 fraction in KO cells. This is in contrast to the almost 

exclusively nuclear localisation of DNMT1 in WT cells. This, along with DNMT1 

binding to CCDC26 in RIP, indicates that CCDC26 could play some role in direct 

sequestration of DNMT1 in the nucleus. DNMT3A and DNMT3B did not show any 

changes in localisation in KO cells. Furthermore, their reduced protein levels within 

cells, compared to DNMT1, indicate that the latter is responsible in large for DNA 

methylation in K562 cells. This suggests that the observed KO cell hypomethylation 

is likely attributed to DNMT1 specifically. 

 

Despite the significant shift in DNMT1 localisation, DNMT1 is not re-localised to the 

cytosol in its entirety. Cells have previously been shown to grow for a long time with 

up to a 90% loss of DNMT1, whereas complete DNMT1 KOs are lethal; if the nuclei 

of our CCDC26 KO cells were completely devoid of DNMT1, we would expect the 

cells to die (Chen et al. 2007; Takebayashi et al. 2007; Li, Bestor, and Jaenisch 

1992). This can explain why CCDC26 KO cells display apoptosis but still grow, 

albeit much slower compared to WT.  

 

Together, these results indicate a novel role for CCDC26, as well as lncRNAs in 

general. Previous reports have shown that lncRNA-mediated regulation of DNMT1 

primarily involves influencing methyltransferase activity at specific loci (Di Ruscio et 

al. 2013; Chalei et al. 2014; Gao et al. 2019; Guo et al. 2019; Mohammad et al. 

2010), however, this is the first time a lncRNA has been shown to directly influence 

DNMT1 subcellular localisation and hence genome-wide methylation levels. It is yet 

to be identified, whether CCDC26 directly sequesters DNMT1 in the nucleus similar 
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to lncRNA TP53TG1 in the case of YBX1 (Diaz-Lagares et al. 2016), or whether its 

binding affects localisation-dependent modifications on DNMT1, similar to lncRNA 

NKILA and I"B (Liu et al. 2015). 

 

Another observation of note, is the change in the nuclear pattern of DNMT1 

remaining in the nuclei of KO cells. Nuclear distribution of DNMT1 can be described 

as somewhat diffuse in the WT cells, localising relatively evenly throughout the 

organelle. The DNMT1 that remains in the nuclei of the KO cells however, shows 

more punctated foci, indicating specific regions where DNMT1 has accumulated. At 

present it is not clear what these foci represent. We speculate that these could 

correspond to DNA repair sites. In Chapter 3 we showed increased !-H2AX foci 

corresponding to increased numbers of DSBs and enhanced levels of DNA damage 

in the KO cells. Past studies have shown that proteins including DNMT1, 

accumulate at sites of DNA damage as part of the repair machinery. This allows 

DNMT1 to rapidly restore DNA methylation upon recovery of the DNA (Mortusewicz 

et al. 2005). Alternatively, these sites of DNMT1 accumulation could be due to 

aberrant DNMT1 activity. Previous studies have shown evidence of abnormal 

accumulations of DNMT1 as a result of disrupting the protein’s 3D conformation 

(Misaki et al. 2016). It is also possible that DNMT1 is accumulating at some nuclear 

body, such as the nucleolus. Nevertheless, based on current data, it is not clear 

exactly what these foci correspond to.  

 

As further confirmation of the results observed in this chapter, we performed a 

series of qRT-PCRs on WT and KO cells. We hypothesised that DNMT1 mis-
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localisation should generate a phenotype similar to DNMT1 KD cells. Consequently, 

we selected several genes, as indicated by past literature, that have demonstrated 

increased expression in response to DNMT1 KD or inhibition; these included 

PTPN6, CDKN1A, CDKN2B, JUNB, CD9 and VAV1. PTPN6 encodes a tyrosine 

phosphatase protein known as SHP1, that is believed to act as a tumour 

suppressor. DNMT1 is known to interact with and methylate the PTPN6 promoter, 

and in particular has been shown to mediate aberrant repression of the gene in 

CML. Consequently, reductions in DNMT1 expression, correlate with rising PTPN6 

expression (Li, Liu, et al. 2017; Wang et al. 2017). Cyclin-Dependent Kinase 

Inhibitors (CDKIs) are frequently repressed in cancer cells via hypermethylation of 

their promoter regions, resulting in aberrant cell cycle regulation. Consequently, 

expression of the CDKIs, CDKN1A and CKDN2B, is enhanced in response to 

DNMT1 depletion. CDKN2B appears to be selectively repressed in glioma and 

myeloid leukemia by aberrant methylation. Treatment of these cells with a DNMT1 

inhibitor however, demonstrates re-expression of this gene (Herman et al. 1996). 

Furthermore, CDKN2B was found to be re-expressed following curcumin-mediated 

DNMT1 repression in acute myeloid leukemia cells (Yu et al. 2013). CDKN1A has 

similarly demonstrated activation following DNMT1 inhibition in both AML and CML 

cells amongst others (Milutinovic et al. 2004; Schmelz et al. 2005). JUNB is a 

transcription factor that typically demonstrates low expression levels in CML, but is 

upregulated upon demethylation by treatment with a DNMT inhibitor (Fiskus et al. 

2009; Yang et al. 2003). CD9 is a member of the tetraspanin family of proteins 

involved in cell adhesion and migration, whose expression is activated in a selection 

of AML cell lines, including HL60 cells, upon DNMT inhibitor treatment (Kim 2012). 
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Similarly, methylation-mediated repression of the guanine nucleotide exchange 

factor, VAV1, has also been observed in a variety of cell lines (Ilan and Katzav 2012; 

Fernandez-Zapico et al. 2005). 

 

 To further argue our hypothesis, we also selected a gene whose expression is 

down-regulated upon DNA hypomethylation. IGF-1 is involved in an important 

signalling pathway, which involves binding a receptor tyrosine kinase (IGF1-

receptor). This pathway is involved in regulation of cell proliferation and growth, as 

well as inhibition of apoptosis (Parrizas, Saltiel, and LeRoith 1997). Previous studies 

have shown that IGF-1 is down-regulated by the histone methyltransferase, 

Retinoblastoma-interacting zinc-finger protein 1 (RIZ1). Typically, in K562 cells 

RIZ1 is silenced by methylation of its promoter region, however, when DNA 

hypomethylation is induced, RIZ1 is expressed, and subsequently represses IGF-1 

(Pastural et al. 2007).  

 

In accordance with our hypothesis, expression patterns of the selected genes in the 

KO cells compared to WT, resembled the effects observed in past reports when 

DNMT1 is reduced. Of the 7 genes analysed, 6 were significantly differentially 

expressed in both KO cells as predicted. The exception was JUNB, whose 

expression was still upregulated in KO cells, despite not being statistically 

significant. These results give further support to our previous observations and 

hypothesis, that CCDC26 KO cells behave similarly to DNMT1 KD cells, as a result 

of DNMT1 re-localisation. To distinguish this, it will be extremely interesting to 
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assess the methylation status of the promoter regions of these genes by including 

methylation specific PCR (MSP) or bisulphite sequencing in our future experiments. 

To close this chapter, attempts to rescue DNMT1 re-localisation as well as other 

effects observed in the KO cells were made. However, despite successfully 

overexpressing CCDC26 exogenously in cell lines, we were unable to reverse the 

KO cell phenotypes. DNMT1 persisted in the cytosol of KO o/x cells, and DNA 

damage and gene expression patterns remained the same. A possible reason for 

this might be that the overexpression vector used was designed to express spliced 

CCDC26. Given that our DNMT1 RIP data indicates it is the spliced form of CCDC26 

that may interact with DNMT1, it is likely that the spliced form of CCDC26 is involved 

in DNMT1 regulation. Nevertheless, we cannot completely rule out the possibility 

that the unspliced form, or even an as yet undiscovered isoform plays a role in this 

process. It will be interesting to perform further rescue experiments with alternative 

CCDC26 isoforms, both spliced and unspliced. We must also consider the 

possibility that the rescue has not worked because the observed phenotype is due 

to some unexpected off-target effect. In the future, it will be important to rule this out 

by potentially sequencing the genome of the KO cells. In addition, it will also be 

interesting to try to rescue nuclear DNMT1 in the KO cells to determine whether 

exogenously expressed DNMT1 rescues the observed DNA damage and 

apoptosis. 

 

The possibility that a single lncRNA can have such a profound effect on an essential 

enzyme such as DNMT1, is astounding. However, a considerable amount of further 

work is needed to fully comprehend this novel mechanism of regulation. So far, our 
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model suggests that in the presence of CCDC26 in WT K562 cells, DNMT1 is 

primarily nuclear, where it is able to carry out its function in methylating DNA. In the 

absence of CCDC26 however, DNMT1 is largely localised within the cytosol, 

resulting in global DNA hypomethylation (Figure 4.12). It is now vital to ascertain 

the mechanism by which this is occurring. Currently, we do not know in the absence 

of CCDC26 if DNMT1 export to the cytosol is enhanced, if nuclear import of DNMT1 

is affected or there is increased cytosolic accumulation DNMT1 due to its decreased 

proteosomal degradation. Understanding exactly how DNMT1 is being re-localised 

will help answer this question, as well as establishing the order of cellular events 

following loss of CCDC26. 
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Figure 4.12 Model for CCDC26-mediated DNMT1 regulation. In WT K562 cells, 
DNMT1 interacts with CCDC26. DNMT1 is almost exclusively localised in the 
nucleus where it maintains DNA methylation patterns as cells replicate. In the 
absence of CCDC26, DNMT1 is re-localised to the cytoplasm and cells become 
hypomethylated. 
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CHAPTER 5 
 

UNDERSTANDING HOW CCDC26 REGULATES 
SUBCELLULAR LOCALISATION OF DNMT1 

 
 
5.1 Introduction  

In the previous chapter, we demonstrated that whilst DNMT levels are unchanged 

in CCDC26 KO cells, the majority of DNMT1 is re-localised from the nucleus to the 

cytoplasm. This is a striking observation, as reports of cytosolic DNMT1 are rare. 

Arguably the best studied of these instances is in preimplantation during early 

development. Most developmental stages of the early embryo, up to and including 

the blastocyst stage, demonstrate cytosolic DNMT1 sequestration. This is required 

for demethylation of the embryonic genome, creating a ‘blank canvas’, upon which 

lineage specific methylation patterns are established. (Cardoso and Leonhardt 

1999). However, in instances other than during embryonic development, cytosolic 

localisation of DNMT1 tends to be aberrant; for example, it has been associated 

with several neurological disorders including hereditary sensory and autonomic 

neuropathy type 1E (HSAN1E) (Baets et al. 2015), Alzheimer’s disease (Mastroeni 

et al. 2013) and Parkinson’s disease (Desplats et al. 2011), as well as cancer 

tumorigenesis (Hodge et al. 2007; Arzenani et al. 2011). Interestingly, these 

examples do not share a common mechanism for DNMT1 re-localisation; DNMT1 

becomes cytosolic by a range of different means, including as a result of changes 

to post-translational modifications (Hodge et al. 2007), HDAC inhibition (Arzenani 

et al. 2011), mutations within the RFTS domain (Baets et al. 2015) and disruption 

to nucleo-cytoplasmic transport systems across the nuclear membrane (Mastroeni 

et al. 2013). In many of these instances however, DNMT1 appears to be affected at 
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the N-terminal domain, providing a common link (Hodge et al. 2007; Baets et al. 

2015).  The re-localisation of DNMT1 to the cytosol, observed in Chapter 4, likely 

explains the global DNA hypomethylation we observed in Chapter 3. We also 

showed that DNMT1 interacts with CCDC26 in WT cells. It is now important to 

establish how CCDC26 lncRNA could have such a profound effect on the 

localisation of such an important protein. Here, we address this question by studying 

DNMT1 displacement in KO cells.  

 

 

5.2 Results 

5.2.1 DNA Damage is a consequence and not a cause of DNMT1 re-localisation 

We sought to establish the sequence of events that result in DNMT1 re-localising 

to the cytosol of CCDC26 KO cells. In Chapters 3 we also observed that there are 

increased levels of DNA damage and apoptosis in the absence of CCDC26. In order 

to really understand the functional mechanism of CCDC26, it is important to 

examine whether cytosolic localisation of DNMT1 is a cause or consequence of 

DNA damage and apoptosis.  

 

We began by determining whether the observed DNMT1 re-localisation and 

consequently DNA hypomethylation can trigger DNA damage. Since DNMT1-

mediated DNA methylation occurs exclusively in the nucleus, we reasoned that the 

KO cells should behave similarly to DNMT1 KD cells. Consequently, to mimic the 

effects of DNMT1 cytosolic re-localisation, K562 cells were transiently transfected 

with 60pmol DNMT1 siRNA for 24hrs. The KD was confirmed by measuring DNMT1 
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mRNA and protein levels by qRT-PCR and western blotting, which showed a KD at 

both the RNA and protein level (Figure 5.1). 24hrs after cells were transfected, 

DNMT1 mRNA was reduced by approximately 50% when measured relative to the 

housekeeping gene, GAPDH (Figure 5.1A), and more importantly, DNMT1 protein 

levels showed a 70-80% KD (Figure 5.1B).  RNA and protein were also extracted 

and subjected to the same analyses 48hrs post-transfection, however, at this point, 

DNMT1 protein levels had almost returned to normal and demonstrated levels of 

>90% than that of WT cells (Appendix III, Figure 1).  

 

A fraction of DNMT1 KD cells were fixed in methanol and acetic acid 24hrs after 

transfection and subjected to !-H2AX immunofluorescence to measure DNA 

damage (Figure 5.2A). There appeared to be no significant difference between 

DNMT1 KD cells and cells transfected with a negative control siRNA. No prominent 

!-H2AX foci could be seen in either cell type, similar to WT K562 cells. This 

suggested that reduced levels of nuclear DNMT1 does not result in DNA damage. 

 

However, when we also measured 5mC immunofluorescence, we found that levels 

were also not significantly different between control and KD cells, and resembled 

WT K562 cells (Figure 5.2B). Furthermore, genes previously shown to be impacted 

by DNMT1 and methylation (Chapter 4.2.4), and shown to be differentially 

expressed in CCDC26 KO cells (Figure 4.8), showed no significant differences in 

their expression in DNMT1 KD cells (Figure 5.2C). It is possible that 24hrs is not 

long enough to see significant changes in global methylation levels and hence gene 

expression. We have seen that 24hrs after siRNA transfection, there is a significant 
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decrease in DNMT1 protein levels, however, after 48hrs, levels have almost 

returned to normal. It appears there is a very short window within which DNMT1 

protein is significantly depleted, and given that K562 cells double every 24hrs, it is 

likely that this window is too short to see global DNA hypomethylation and 

subsequent downstream effects.  
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Figure 5.1 DNMT1 siRNA KD in K562 cells. WT K562 cells were transiently 
transfected with 60pmol DNMT1 siRNA for 24hrs, after which total RNA and protein 
were extracted. A. qRT-PCRs demonstrated an approximately 50% reduction in 
DNMT1 mRNA in cells transfected with DNMT1 siRNA compared to a control. B. 
Immunoblotting demonstrated an almost 80% reduction in DNMT1 protein in cells 
transfected with DNMT1 siRNA compared to control. mRNA and protein were 
measured relative to the housekeeping gene, GAPDH. Values represent the mean 
± standard deviation (n=3). * P<0.05; **P<0.01; ***P<-0.001 (unpaired, two-tailed t 
test). 
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Figure 5.2 24-hour DNMT1 siRNA KD does not significantly affect phenotype. 
DNMT1 siRNA KD cells demonstrated A. no significant change in DNA damage, as 
indicated by !-H2AX (red) immunofluorescence (scale bar = 25um), B. no 
significant change in global 5mC (red) immunofluorescence levels (scale bar = 
50um) and C. no changes in expression levels of genes that are differentially 
expressed in CCDC26 KO cells. Values represent the mean ± standard deviation 
(n=3) (unpaired, two-tailed t test). Nuclei were stained with DAPI (blue). 
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Since DNMT1 siRNA KD appeared insufficient to confirm the effect of DNMT1 

depletion, we began contemplating other ways in which to deplete nuclear DNMT1, 

which would also allow time for a reduction in DNA methylation and induction of 

downstream effects. In other words, DNMT1 depletion needed to be maintained for 

a longer period of time. Consequently, we adopted a different approach and chose 

to treat cells with a DNMT1 inhibitor. 5-aza-2’-deoxycytidine, also known as, 

Decitabine (DAC), is a cytosine chemical analogue, and is incorporated into DNA 

as cells replicate. DNMT1 binds DAC as it would cytosine, but the Nitrogen atom in 

place of the usual Carbon-5 of the cytosine ring, causes DNMT1 to become 

covalently trapped to the DNA, thereby rendering it non-functional (Stresemann and 

Lyko 2008).  

 

K562 WT cells were grown in the presence of either 0uM, 5uM or 10uM DAC for 

48hrs. To ensure the inhibitor was working, treated cells were fixed and 5mC 

immunofluorescence was performed. Treatment with both 5uM and 10uM DAC 

concentrations significantly reduced global 5mC levels (Figure 5.3A). DAC has also 

been reported to cause reductions of DNMT1 levels, as it can be targeted for 

degradation after being mobilised (Ghoshal et al. 2018; Patel et al. 2010; Ghoshal 

et al. 2005). Western blotting for DNMT1 too demonstrated decreased protein 

levels, although not significantly so (Figure 5.3B). Combined with the 5mC 

immunofluorescence data however, we can conclude that the inhibitor treatment 

was successful. Measurements were also performed 24hrs after inhibitor treatment, 

however, 5mC levels were not significantly altered at this time point (Appendix III, 

Figure 2). 
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Following confirmation of global hypomethylation, we next examined whether this 

elicited similar effects to CCDC26 KO. !-H2AX immunofluorescence resembled 

CCDC26 KO cells and indicated a significant increase in DNA damage in cells 

treated with both 5uM and 10uM DAC for 48hrs (Figure 5.4A), whilst qRT-PCRs for 

genes identified in Figure 4.8 showed similar patterns of expression to CCDC26 KO 

cells. Significantly, the changes in gene expression were more pronounced in cells 

treated with 10uM DAC as compared 5uM DAC (Figure 5.4B). This confirmed that 

DNA hypomethylation leads to DNA damage. 
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Figure 5.3. Confirmation of DAC-induced DNMT1 inhibition. A. Global 5mC 
immunofluorescence (red) levels are significantly reduced upon 48hrs treatment of 
K562 WT cells with both 5uM and 10uM DAC. Nuclei were stained with DAPI (blue) 
(Scale bar = 50um). B. DNMT1 total protein levels are also slightly reduced upon 
treatment with 5uM and 10uM DAC. Values represent the mean ± standard 
deviation (n=3) (unpaired, two-tailed t test). 
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Figure 5.4. DAC treated cells demonstrate a phenotype similar to CCDC26 KO 
cells. A. K562 cells show increased levels of DNA damage, as indicated by !-H2AX 
immunofluorescence (red), when treated with 5uM or 10uM DAC for 48hrs. Nuclei 
were stained with DAPI (blue) (scale bar = 25um). B DAC-treated cells show similar 
changes in gene expression patterns to CCDC26 KO cells. mRNA levels were 
measured relative to the housekeeping gene, GAPDH. Values represent the mean 
± standard deviation (n=3). NS = Not significant, * P<0.05; **P<0.01; ***P<-0.001 
(unpaired, two-tailed t test). 
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After confirming DNA damage is a consequence of DNA hypomethylation, we next 

wanted to confirm that DNMT1 mis-localisation is a result of CCDC26 KO and not 

a consequence of DNA damage. It was critical to establish whether or not this type 

of DNMT1 movement is a general response to DNA damage and apoptosis. To 

investigate this, DNA damage was induced in WT cells using cisplatin. Cisplatin is 

a platinum-based drug that forms bonds with, and ultimately crosslinks, bases within 

and between DNA strands. This can distort the double helix, interfere with both DNA 

replication and transcription and consequently induce DNA damage and apoptosis 

(Goodsell 2006). To begin, the amount of cisplatin and treatment time required to 

induce DNA damage but prior to complete cell death, was optimised. Microscopic 

observations demonstrated that after 24hrs of cisplatin treatment, cells treated with 

5uM or 10uM of the drug were still viable. However, cell viability significantly 

decreased when treated with 20uM cisplatin (Figure 5.5A). Therefore, further 

investigation was carried on in the cells treated with 5uM and 10uM cisplatin. DNA 

damage was also confirmed in the cells treated with 5uM and 10uM cisplatin by 

monitoring !-H2AX foci using immunofluorescence (Figure 5.5B).  

 

To assess DNMT1 localisation in DNA damage induced cells, DNMT1 

immunofluorescence was performed on cisplatin-treated cells, and demonstrated 

no significant differences between 0uM control cells and the drug-treated cells. 

Similar to WT K562 cells, in cisplatin-treated cells, DNMT1 appeared primarily 

nuclear, demonstrating a diffused pattern of distribution throughout (Figure 5.6A). 

Accordingly, there was also no substantial change in the levels of 5mC 

immunofluorescence between control and cisplatin-treated cells (Figure 5.6B). This 
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suggests that DNMT1 re-localisation is not a general consequence of DNA damage. 

As further confirmation, the levels of genes that are up- or down-regulated in 

response to CCDC26 KO and DNMT inhibition (Chapter 4.2.4, Figure 4.8) were also 

tested. Some genes, such as IGF1, demonstrated similar changes in expression 

patterns in response to cisplatin, as they did in response to DNMT inhibition and 

CCDC26 KO. However, in the majority of instances, gene expression was either not 

significantly altered, or demonstrated an opposite change in expression. Ultimately, 

we did not see identical patterns of gene expression in cisplatin-treated cells (Figure 

5.6C). This suggests that these responsive expression changes are specific to 

DNMT1 re-localisation and DNA hypomethylation. 
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Figure 5.5 Confirmation of Cisplatin-induced DNA Damage A. Cells look 
increasingly distressed with increasing concentrations of Cisplatin as seen using 
brightfield microscopy (scale bar = 100um) B. !-H2AX immunofluorescence (red) 
shows increased numbers of DNA damage foci. Nuclei were stained with DAPI 
(blue) (scale bar = 25um). 
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Figure 5.6 Cisplatin-induced DNA damage does not affect DNMT1 localisation 
A. DNMT1 immunofluorescence shows nuclear localisation in both control and 
cisplatin-treated cells (scale bar = 5um). B. 5mC immunofluorescence shows no 
significant change in global levels between control and cisplatin-treated cells (scale 
bar = 50um). C. Genes expression patterns are not identical to expression changes 
observed in CCDC26 KO and DAC-treated cells. mRNA levels were measured 
relative to the housekeeping gene, GAPDH. Values represent the mean ± standard 
deviation (n=3). NS = Not significant, * P<0.05; **P<0.01; ***P<-0.001 (unpaired, 
two-tailed t test). Nuclei were stained with DAPI (blue). 
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5.2.2 Is DNMT1 re-localisation related to HDAC Inhibition? 

HDACs are a family of histone deacetylase proteins, that primarily catalyse the 

removal of acetyl groups from histones in chromatin regulation (Seto and Yoshida 

2014). Additionally, in recent years evidence has demonstrated that HDACs are 

also important regulators of other non-histone proteins involved in important 

biological processes, such as p53, and is subsequently implicated in tumorigenesis 

(Insinga et al. 2004). A previous publication (Arzenani et al. 2011) showed that 

DNMT1 localisation changes upon inhibition of HDACs with Trichostatin A (TSA). 

They found that upon treatment with TSA, Hep3B cells show increased cytosolic 

DNMT1 and reduced nuclear DNMT1 levels in a dose-dependent manner. 

Interestingly, TSA treated cells also showed increased levels of apoptosis (Arzenani 

et al. 2011). Given the similarities with our observations, we decided to investigate 

whether the DNMT1 re-localisation we detect in CCDC26 KO cells is driven by a 

similar mechanism of HDAC reduction. 

 

Arzenani et al. (2011) showed that TSA treatment had the most prominent effect on 

HDAC2, which demonstrated increased degradation with increasing inhibitor 

concentration. Consequently, we have focussed our attentions here on this 

particular HDAC family member. We first analysed HDAC2 protein levels and 

localisation by western blotting and immunofluorescence. Total HDAC2 protein 

levels showed no significant changes between WT and CCDC26 KO cells (Figure 

5.7A) and no significant changes in nuclear and cytosolic distribution (Figure 5.7B 

and C). Immunofluorescence experiments confirmed that there are no discernible 

differences in HDAC2 nuclear distribution in WT and CCDC26 KO cells (Figure 
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5.7C). We also performed co-immunofluorescence of DNMT1 and HDAC2 in WT 

and KO cells, to check HDAC2 distribution in relation to DNMT1, and determine 

whether they are co-localised or in close proximity (Figure 5.8). Interestingly, the 

punctated, nuclear DNMT1 foci we see in KO cells, overlaps strongly with HDAC2 

signals. HDAC2 is known to bind DNMT1 at replication foci (Rountree, Bachman, 

and Baylin 2000), and also accumulates at DNA damage sites along with DNMT1 

as part of the DNA damage response (Miller et al. 2010). As mentioned in Chapter 

4, it is possible that these foci represent more pronounced damage spots or 

replication sites. It was not possible to perform !-H2AX and DNMT1 co-

immunofluorescence in KO cells to confirm whether the punctated foci are damage 

spots however, as our antibodies were both derived from mouse. This will require 

further investigation in the future. 

 

Since no major differences in HDAC2 levels could be observed between our WT 

and KO cells, before continuing examination of other HDACs, we decided to 

investigate whether the observations made by Arzenani et al. (2011) could be 

replicated in our cell line of interest. To do this, we induced HDAC inhibition in WT 

K562 cells to determine whether a similar change in DNMT1 localisation occurred. 

This could tell us whether the increase in cytosolic DNMT1 observed in Hep3B cells 

upon TSA treatment is a general consequence of HDAC inhibition, or whether this 

might be a cell-specific effect. 
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Figure 5.7 HDAC2 protein levels and localisation are not significantly different 
in CCDC26 KO cells compared to WT. A. Western blotting indicates that there is 
no significant difference in total protein levels of HDAC2 and B. no change in 
subcellular localisation. Western blotting on nuclear and cytosolic fractions show 
that HDAC2 is mostly nuclear, with a small fraction present in the cytosol in both 
WT and CCDC26 KO cells. EZH2 and GAPDH were used as nuclear and cytosolic 
markers respectively. C. HDAC2 immunofluorescence (green) demonstrated a 
primarily nuclear localisation for HDAC2 in both WT and KO cells, with similar 
patterns of staining. Nuclei were stained with DAPI (blue) (scale bar = 10um). 
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Figure 5.8 DNMT1-HDAC2 co-immunofluorescence. The punctate, nuclear 
DNMT1 (red) foci remaining in CCDC26 KO cells overlaps with HDAC2 (green) foci. 
Nuclei were stained with DAPI (blue). The outline of the cell membrane can be seen 
with the addition of the brightfield lens in the right-hand panels (scale bar = 5um). 
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Due to a lack of availability of TSA at the time of this project, cells were treated with 

similar, alternative HDAC inhibitors. WT cells were treated with either 10uM 

suberoylanilide hydroxamic acid (SAHA) or 4mM Valproic Acid (VPA) for 24hrs. 

SAHA is a pan-HDAC inhibitor, which functions by directly binding the HDAC 

catalytic site (Finnin et al. 1999), whilst VPA inhibits most class I and II HDACs, with 

the exception of HDACs 6, 8, 9 and 10 (Bradbury et al. 2005; Chateauvieux et al. 

2010). TSA is particularly similar to SAHA, with both acting as pan-HDAC inhibitors 

and having hydroxamic acid-based structures. They also both function by binding a 

key zinc molecule in the active sites of HDACs (Kim and Bae 2011). First, to ensure 

the inhibitors were working, we tested cells for increased histone acetylation levels. 

We extracted and purified histones, which were then subjected to western blotting 

with antibodies against two different histone acetylation marks (H4K5ac and 

H3K27ac). Levels of these histone signatures were measured relative to total 

histone H3, and accordingly, were significantly increased in the cells treated with 

either SAHA or VPA, confirming that HDACs were being blocked (Figure 5.9). 

Inhibitor-treated cells were also tested for anti-DNMT1 immunofluorescence. 

However, DNMT1 localisation was not altered in the treated cells, and consistently 

appeared nuclear, similar to the control and WT K562 cells (Figure 5.10). It would 

seem that at least in this cell-type, HDAC inhibition does not lead to DNMT1 re-

localisation. This experiment suggests that HDACs are not responsible for DNMT1 

re-localisation upon CCDC26 KO, however, it would be useful to repeat these 

experiments with TSA in the future in order to exactly replicate the experiment 

performed by Arzenani et al. (2011) to confirm these results. 
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Figure 5.9. Confirmation of SAHA- and VPA-mediated HDAC inhibition. 
Immunoblotting using anti-H4K5ac and anti-H3K27ac antibodies demonstrates 
significant increases in these acetylation marks upon treatment of WT K562 cells 
with 10uM SAHA or 4mM VPA for 24 hours. Levels were measured relative to total 
levels of histone H3. Values represent the mean ± standard deviation. NS = Not 
significant, * P<0.05; **P<0.01 (unpaired, two-tailed t test). 
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Figure 5.10 DNMT1 subcellular localisation does not change upon HDAC 
inhibition. DNMT1 (red) is primarily localised in the nucleus of both control cells 
and cells treated with HDAC inhibitors SAHA (10uM) and VPA (4mM) for 24 hours. 
Nuclei were stained with DAPI (Blue). The outline of the cell membrane can be seen 
with the addition of the brightfield lens in the right-hand panels (scale bar = 5um). 
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5.2.3 DNMT1 stability is not changed in CCDC26 KO cells  

We next focussed our analyses on DNMT1 itself, and any differences in the protein 

in WT compared to KO cells. We first chose to assess the stability of the protein. It 

is possible that DNMT1 is less stable in the absence of CCDC26, and subsequently 

more of the protein translocates to the cytoplasm for proteasomal degradation. 

Another possibility, is that DNMT1 is less prone to proteasomal-mediated 

degradation in CCDC26 KO cells, and as a result, it is localised to the cytoplasm for 

degradation, but is not depleted as fast. Although we see no change in the total 

levels of DNMT1 in KO cells that might indicate these scenarios, we do see 

increased levels of DNMT1 transcription. We cannot rule out the possibility that a 

complex mix of changes could be occurring with regards to DNMT1 expression at 

transcriptional, translational and degradational levels, resulting in no clear changes 

to overall DNMT1 levels.  

 

First, cells were treated with cycloheximide (CHX) for 12hrs and DNMT1 protein 

levels were monitored by immunoblotting. CHX is a translational inhibitor, which 

blocks synthesis of new proteins by binding the ribosome and halting translation 

elongation (Obrig et al. 1971). This inhibitor provides a means of measuring DNMT1 

degradation. 12hrs after the addition of CHX to the cell media, DNMT1 levels had 

fallen, however, there appeared to be no major difference in the extent to which 

DNMT1 had been depleted between the WT and KO cells, indicating no difference 

in DNMT1 stability (Figure 5.11A).  
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DNMT1 is typically degraded by the ubiquitin-proteasomal pathway (Du et al. 2010). 

This first involves ubiquitination by ubiquitin ligase enzymes which allows targeting 

to the proteasome, a large protease complex, which unfolds and lyses the protein 

(Voges, Zwickl, and Baumeister 1999; Orlowski and Wilk 2000). MG132 is a drug 

which targets the catalytic subunit of the 26S proteasome and inhibits proteolytic 

activity (Lee and Goldberg 1998). We decided to also treat both our WT and KO 

cells with 10uM MG132 for 24hrs, followed by protein extraction and western 

blotting with anti-DNMT1, to further assess DNMT1 stability. The less stable the 

protein, the greater the impact of proteasomal inhibition, and consequently a greater 

increase in protein levels compared to control should be observed. However, we 

did not observe any significant differences in DNMT1 expression changes upon 

MG132 treatment between WT and KO cells, suggesting that DNMT1 is equally 

stable in all three cell lines (Figure 5.11B). Unusually, DNMT1 levels declined upon 

MG132 treatment. We were unable to treat cells for a longer period of time, or with 

higher concentrations of MG132 to see if DNMT1 levels eventually rose, as too 

many cells became non-viable and died (Appendix III, Figure 3). Immunoblotting for 

anti-c-JUN showed significant increases in protein levels upon treatment, 

confirming that the MG132 inhibitor had successfully blocked the proteasome 

(Nakayama, Furusu, et al. 2001).  
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Figure 5.11. DNMT1 stability is not significantly affected in CCDC26 KO cells. 
A. Cells were treated with CHX and DNMT1 immunoblotting was performed on 
protein extracted at 0hrs and 12hrs after treatment. DNMT1 levels decreased after 
12hrs in all cell lines. The difference in the extent to which DNMT1 levels fell was 
not statistically significant between WT and KO cells. B. Upon treatment of cells 
with 10uM MG132, total DNMT1 protein levels fell in both WT and KO cells. The 
difference in the extent to which DNMT1 levels fell was not statistically significant 
between cell lines. Immunoblotting for c-JUN was also performed as a control to 
show that the MG132 inhibitor was working. C-JUN levels rose upon MG132 
treatment in both WT and KO cells. Protein levels were measured relative to the 
housekeeping protein, GAPDH. Values represent the mean ± standard deviation 
(unpaired, two-tailed t test). 
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5.2.4 DNMT1 PTMs demonstrate no obvious changes in CCDC26 KO cells  

Post translational modifications (PTMs) have been shown to enhance the functional 

diversity of proteins, and influence numerous characteristics such as structure, 

enzymatic activity and localisation (Duan and Walther 2015). We therefore next 

began analysing how DNMT1 is post-translationally modified in our WT and KO cell 

lines. DNMT1 is a highly modified protein, possessing numerous ubiquitylation, 

phosphorylation, acetylation, sumoylation and mono- and di-methylation sites, 

many of which can be found within and surrounding the NLS (Figure 5.12). Nucleo-

cytoplasmic trafficking has long been associated with protein PTMS (Nardozzi, Lott, 

and Cingolani 2010; Zhao et al. 2006; Rodriguez 2014). A previous study showed 

DNMT1 translocation is heavily impacted by phosphorylation of two key amino acids 

within the NLS (Hodge et al. 2007). They showed that AKT-mediated 

phosphorylation greatly enhances nuclear compartmentalisation, whilst mutations 

of these residues leads to a substantial increase in cytosolic DNMT1 (Hodge et al. 

2007). In order to understand the mechanism of DNMT1 localisation in CCDC26 

KO, it will be interesting to profile DNMT1 PTM changes in KO cells. 

 

We began some preliminary analyses by purifying DNMT1 via immunoprecipitation 

followed by immunoblotting. Blotting with anti-phospho-tyrosine and anti-acetyl-

lysine antibodies demonstrated no significant changes in total PTM levels for 

DNMT1 between WT and KO cells (Figure 5.13). This indicates that there are no 

major changes in these particular DNMT1 PTMs between WT and KO cells. 

However, significantly more research needs to be performed in this area in order to 

come to a conclusion regarding how DNMT1 might be differentially modified. 
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Figure 5.12 DNMT1 is a highly modified protein. DNMT1 sites of phosphorylation 
(blue; top panel), acetylation (purple; second panel), ubiquitylation (orange; third 
panel), sumoylation (red; fourth panel), mono-methylation (green; fourth panel) and 
di-methylation (black; fourth panel) are indicated, according to PhosphoSitePlus 
[Accessed:https://www.phosphosite.org/proteinAction?id=6047&showAllSites=true
]. Asterisk (top panel) indicates the additional phosphorylation sites located between 
amino acids 103-331. 
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Figure 5.13 No obvious change in DNMT1 PTM levels between WT and 
CCDC26 KO cells. DNMT1 was pulled down via immunoprecipitation and 
immunoblotted using anti-phospho-Tyrosine and anti-acetyl-lysine antibodies. No 
clear, significant changes in levels of these PTMs can be observed using this 
method, between WT and KO cells. 2% input represents 2% of the total protein 
extract prior to performing the DNMT1 pull-down. The unbound fraction represents 
the protein fraction that did not bind the DNMT1 antibody during the 
immunoprecipitation. 
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5.3 Discussion 

Normal cellular function relies on the ability of the cell to transfer proteins between 

cellular compartments. Much of this involves protein translocation across the 

nuclear membrane. Since protein translation occurs in the cytosol, all nuclear 

proteins must be able to relocate back to the nucleus, and an inability to do this can 

be disastrous (Kim and Taylor 2017). Here, it is fascinating to observe such a 

dramatic localisation change in response to a lncRNA, especially considering that 

DNMT1 possesses an NLS (Alvarez-Ponce et al. 2018). In this chapter we have 

performed some initial experiments to determine the mechanism by which the 

DNMT1 NLS is somehow overridden and consequently re-localised to the cytosol.  

 

Past studies that have reported cytosolic localisation of DNMT1 vary greatly, with 

each demonstrating different ways by which this occurs. During preimplantation 

development, an oocyte-specific form of DNMT1, referred to as DNMT1o, is 

generated. This protein demonstrates a preferential localisation within the cytosol, 

except at the 8-cell stage, at which it is transferred to the nucleus. Although 

DNMT1o is transcribed from an alternative promoter and consequently lacks 118 

amino acids at the N-terminus compared to somatic DNMT1, this is not the reason 

for its cytosolic localisation. It remains unclear how this happens, but it has been 

postulated that an alternative, extended region of the N-terminus is critical, and 

complex folding of this area likely plays a large part in overriding the NLS (Cardoso 

and Leonhardt 1999). 
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In Alzheimer’s disease, abnormal sequestration of DNMT1 as well as RNA Pol II 

has been reported in the cytosol (Mastroeni et al. 2013). This has been attributed 

to down-regulation of RAs-related Nuclear protein (RAN), a GTPase involved in 

both import and export of proteins between the nucleus and cytoplasm (Mastroeni 

et al. 2013). We cannot rule out the possibility that RAN or some similar nucleo-

cytoplasmic trafficking protein could be implicated upon CCDC26 KO. However, it 

is not something that we have immediately investigated as this is more of a general 

import/export mechanism. We would expect multiple proteins to be impacted if this 

were the case in CCDC26 KO cells, however, DNMT1 is the only protein in our 

analyses that appears to be mis-localised in this way. Consequently, we suspect 

that the mechanism here is more specific to DNMT1. 

 

Instead, we decided it was first important to establish the order of events following 

CCDC26 KO, and to confirm whether DNMT1 re-localisation leads to DNA damage 

and apoptosis, or whether it is a downstream response of DNA damage and 

apoptosis. The latter would have meant the discovery of a novel, cellular distress 

pathway. Induction of DNA damage with oxidative stressor, hydrogen peroxide, has 

previously shown to cause re-localisation of DNMT1 to different regions of the 

genome, however, re-localisation from the nucleus entirely in response to damage, 

is not something that has ever been reported, to our knowledge (O'Hagan et al. 

2011). 

 

We first sought to demonstrate that DNMT1 mis-localisation can lead to DNA 

damage. Since DNMT1 functions in the nucleus, we hypothesised that a cytosolic 
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translocation should result in behaviour similar to a DNMT1 KD. Therefore, we 

attempted to mimic the DNMT1 re-localisation by generating a DNMT1 siRNA-

mediated KD in WT cells. Unfortunately, this method was insufficient for our needs. 

24hrs after siRNA transfection, DNMT1 protein levels were reduced by ~80%, 

however, we observed no significant changes in global DNA methylation levels nor 

DNA damage (!-H2AX immunofluorescence). Taking in to consideration that K562 

cells double approximately every 24hrs, we reasoned that this time period was not 

long enough to see the downstream effects of a DNMT1 KD such as reduced DNA 

methylation levels. However, given that the life span of siRNAs is short, later time 

points following transfection were also unsuitable, with DNMT1 levels being 

returned almost to normal by 48hrs (Appendix III, Figure 1). A more suitable 

alternative might have been to perform a stable transfection with DNMT1 shRNAs, 

and establishing a DNMT1 KD cell line. This would allow time for effects on DNA 

methylation to arise following depletion as well as subsequent downstream effects 

on gene expression and DNA damage. The alternative approach we applied 

however, was treatment of WT cells with a DNMT1 inhibitor. 

 

DAC is a hypomethylating agent that is incorporated into DNA where it can inhibit 

methyltransferase activity (Stresemann and Lyko 2008). We have shown that 48hrs 

treatment of cells with this drug elicits a similar phenotype to CCDC26 KO cells; 

global 5mC levels fall, levels of !-H2AX rise and similar patterns of gene expression 

can be observed, indicating that a DNMT1 KD can lead to DNA damage. Although 

less time consuming, the disadvantage of this method for inducing a decrease in 

DNMT1 activity, is that the effects of DAC on DNMT3A and DNMT3B are 
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ambiguous. Whereas some reports insinuate that DAC solely affects DNMT1 

(Chowdhury et al. 2015), others state that all three DNMTs are affected (Yu et al. 

2018). Nevertheless, numerous other reports support our argument that DNMT1 KD 

leads to DNA damage and apoptosis (Milutinovic et al. 2003; Loughery et al. 2011; 

Unterberger et al. 2006). 

 

After establishing that DNA damage can result from a DNMT1 KD or re-localisation, 

next we showed that DNMT1 re-localisation is not a result of DNA damage. 

Cisplatin-treated cells did not show any change in DNMT1 compartmentalisation, 

nor any changes in global DNA methylation. Furthermore, DNMT1-responsive 

genes showed varied expression patterns in cisplatin-treated cells compared to 

CCDC26 KO and DAC-treated cells. Taken together, these findings suggest that 

DNMT1 re-localisation is a CCDC26-specific effect. Following CCDC26 KO, 

DNMT1 is re-localised to the cytosol, generating a phenotype similar to DNMT1 KD 

cells, which ultimately leads to increased DNA damage and apoptosis. 

 

Our next route of investigation concerned the possibility that DNMT1 re-localisation 

was occurring as a result of some sort of HDAC inhibition. A few years ago, a study 

reported that HDAC inhibitor, TSA, impacts DNMT1 nuclear kinetics. They used 

Fluorescence Correlation Spectroscopy (FCS) to demonstrate increased levels of 

DNMT1 movement in the nuclei of cells. TSA treatment subsequently led to 

increased cytosolic DNMT1, reduced global DNA methylation and increased 

apoptosis (Arzenani et al. 2011). Our research has produced some very similar 

observations. Another report that made this route of inquiry attractive, is that the 
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CDKN1A gene has been shown to be very responsive to HDAC inhibitors, with 

expression being rapidly induced upon treatment (Rocchi et al. 2005). In previous 

qRT-PCRs, we too have seen upregulation of this gene in CCDC26 KO cells (Figure 

4.8). 

 

We have already analysed several histone acetylation marks (H3K27ac, H4K5ac, 

H3K9ac and H4K16ac) in Chapter 3 (Figure 3.12), but did not observe any 

significant differences in the global levels of these signatures between our WT and 

KO cells. This suggests that histone acetylation is not affected upon CCDC26 KO. 

Nevertheless, this does not rule out the possibility that HDACs are in some way 

implicated in our observations. Substrate specificity of HDACs still remains 

somewhat ambiguous, with a great deal of target overlap existing between different 

members of the HDAC family (Seto and Yoshida 2014). Furthermore, it is not clear 

how HDAC inhibition causes DNMT1 re-localisation, and whether it can be 

attributed to one or several HDACs. Arzenani et al. (2011) show that TSA has the 

most prominent effect on HDAC2. If the DNMT1 re-localisation we see in our 

CCDC26 KO cells is due to some inhibition or reduction of just one or two HDACs, 

due to the overlap in the targets of different HDACs, we are unlikely to see any 

effect on global histone acetylation levels. Considering all this, we decided to pursue 

this avenue further, first analysing levels and localisation of HDAC2, which showed 

no evidence of being affected by CCDC26 KO. Following this, we attempted to 

replicate the results shown by Arzenani et al. (2011), by treating WT K562 cells with 

HDAC inhibitors, SAHA and VPA. We were unable to replicate their results, and 

DNMT1 did not appear to change its localisation in response to these drugs. All of 
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this evidence suggests that HDAC inhibition or reduction is not the means by which 

DNMT1 is re-localised in response to a CCDC26 KO in K562 cells. Given that we 

were unable to replicate the results shown by Arzenani et al. (2011), it is possible 

that this is a cell-specific effect. To our knowledge, no other studies have 

reproduced this result in other cell lines. 

 

We chose to move on and began examining DNMT1 itself and any differences in 

the protein upon CCDC26 KO. Previous studies have shown increased cytosolic 

DNMT1 in response to mutations in the amino acid sequence as well as changes 

to PTMs. Single amino acid substitution mutations within the RFTS domain of 

DNMT1 have been reported as causal for the mis-localisation of DNMT1 to the 

cytosol in cases of HSAN1E. These mutations were believed to impact protein 

folding and consequently led to the formation of cytosolic aggresomes followed by 

induction of autophagy (Baets et al. 2015). These types of mutations are generally 

hereditary, what is interesting however, is the observation that misfolding of the 

DNMT1 protein can affect its localisation in this way.  

 

Considering the possibility that DNMT1 could be mis-localised as a result of it being 

misfolded and unstable, and consequently needing to be degraded, we assessed 

the protein’s stability in the presence or absence of CCDC26. We did this by 

measuring DNMT1 levels in WT and KO cells following treatment with MG132, with 

the expectation that less stable protein would be impacted more by proteasomal 

inhibition and consequently demonstrate increased levels. Unusually, we observed 

a decrease in DNMT1 levels upon MG132 treatment compared to control in both 
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WT and KO cells. The extent to which DNMT1 levels were affected were similar 

between WT and KO cells, indicating similar levels of stability, however, it is 

uncommon to observe a decrease in protein. In previous instances where MG132 

has resulted in suppression of protein, evidence suggests that polyubiquitinated 

protein degradation can be triggered by MG132-mediated induction of autophagy 

(Wang et al. 2019). It is possible a similar process has occurred here.  

 

Since unexpected variables seemed to be at play in our MG132 experiment, we 

also measured DNMT1 stability using CHX, an inhibitor of protein synthesis (Obrig 

et al. 1971). CHX treatment confirmed that DNMT1 stability was not significantly 

different in the KO. From these results, we can conclude that it is unlikely that 

DNMT1 re-localisation to the cytosol is occurring as a result of DNMT1 stability in 

the KO cells. 

 

Another paper (Hodge et al. 2007) too demonstrates that mutations within the N-

terminal of DNMT1 leads to cytosolic accumulation, however, this has been related 

to the phosphorylation status of residues within this region.  There are several 

reports of DNMT1 regulation by post-translational modifications, which would 

explain why it is so heavily modified (Figure 5.12). For example, lysine methylation 

and demethylation by SET7 and LSD1 respectively, as well as phosphorylation of 

various amino acids, have been shown to impact DNMT1 degradation (Esteve et al. 

2011; Esteve et al. 2009; Wang et al. 2009). Additionally, phosphorylation-mediated 

protein localisation has long been established (Nardozzi, Lott, and Cingolani 2010), 

however, there is very little literature which relates DNMT1 phosphorylation with 
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localisation. One study showed that removal of two AKT kinase target residues at 

the NLS abrogates nuclear localisation of DNMT1, probably by disturbing the affinity 

of DNMT1 for nuclear import proteins. Yet,  replacement with phosphor-mimics 

allowed nuclear import, indicating that it is the phosphorylation of these residues 

that is important, rather than the specific residues themselves (Hodge et al. 2007). 

Similar mechanisms have been observed for other proteins; for example, 

phosphorylation of a Serine residue within the NLS of the Epstein-Barr virus nuclear 

antigen 1 (EBNA-1) protein enhances binding affinity to an importin protein, and 

subsequently increases translocation to the nucleus (Kitamura et al. 2006). Other 

PTMs have also been shown to affect protein localisation and dynamics; N-terminal 

acetylation has been shown to implicate protein targeting to both the golgi apparatus 

and endoplasmic reticulum (Behnia et al. 2004; Forte, Pool, and Stirling 2011) and 

blocking of Arginine methylation of splicing factor SF2/ASF leads to cytosolic 

accumulation (Sinha et al. 2010). More specifically, it has been reported that 

DNMT1 is acetylated within one of the BAH domains between the N-terminal 

regulatory and C-terminal catalytic domains, which appears to disrupt binding and 

increase the mobility of the protein (Kim, Sprung, et al. 2006). 

 

We have performed some preliminary experiments in our investigation into 

CCDC26-induced changes to DNMT1 PTMs, by assessing phospho-tyrosine and 

acetyl-lysine signatures present on DNMT1 in WT and KO cells. Our initial 

application of immunoprecipitation and western blotting techniques does not 

indicate that there are any differences in the overall levels of these marks for 

DNMT1 between cell types. Of course, considerably more research needs to be 
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conducted before we can make any conclusions about this. So far, we have only 

analysed two PTMs, and we must also consider the extent to which DNMT1 is 

modified; there are so many PTM sites within this protein, that it is possible that 

different combinations of modifications can alter the protein in different ways. That 

being considered, it might be more useful in the future to apply a mass 

spectrometry-based approach.  

 

Although we have not established the mechanism by which DNMT1 is re-localised 

upon CCDC26 KO, we have made a considerable start to this investigation. Going 

forward, it will be important to complete the examination of differences in DNMT1 

PTMs in the presence and absence of CCDC26, as well as begin structural analysis 

of DNMT1 folding.   
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CHAPTER 6 
 

THE EFFECT OF CCDC26 AND DNMT1 RE-
LOCALISATION ON NUCLEAR ARCHITECTURE 

 
 
6.1 Introduction  

In addition to gaining mechanistic insight into the DNMT1 re-localisation observed 

in CCDC26 KO cells, it is also important to understand the implications of these 

effects. In this chapter we have commenced investigation into alterations in other 

biological and cellular processes in the KO cells to further understand the impact of 

CCDC26 and DNMT1 mis-localisation.  

 

The most prominent organelle within the nucleus is the membrane-less nucleolus, 

which appears as multiple, irregularly stained bodies in humans when viewed under 

the microscope. These structures are assembled around heterochromatic DNA 

regions comprising operons encoding ribosomal RNA (rRNA), commonly referred 

to as the Nucleolar Organising Regions (NORs). They are found on the p- (short) 

arm of the five acrocentric chromosomes (13, 14, 15, 21 and 22) (Henderson, 

Warburton, and Atwood 1972; Sakai et al. 1995). Remarkably, nucleoli can 

generate wherever active rRNA genes lie, where they can then function in building 

ribosomes (Karpen, Schaefer, and Laird 1988). Earlier studies have proposed that 

DNMT1 plays a role in maintaining nucleolar integrity and structure. DNMT1 KD 

experiments have resulted in demethylation of genes encoding rRNA, as well as 

nucleolar fragmentation (Espada et al. 2007; Ianni et al. 2017). LncRNAs too have 

shown evidence of a role in nucleolar regulation, particularly in response to cellular 

stressors (Jacob et al. 2013; Bierhoff et al. 2014; Xing et al. 2017). 
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It is logical that similar factors regulate both nucleolar and chromosomal 

organisation, and accordingly, DNMT1 is also implicated in the organisation of 

larger chromatin domains within the nucleus. A past study reported that upon 

DNMT1 KD, the spatial localisation of heterochromatin was altered immensely, 

corresponding to changes in chromosome positioning and organisation (Espada et 

al. 2004). RNA has also long been known to also influence nuclear architecture. An 

excellent example is lncRNA, FIRRE, which has been proven essential for a 

clustered trans-chromosomal interaction to occur between the FIRRE locus and four 

trans-sites, for regulation of adipogenesis (Hacisuleyman et al. 2014). 

 

Here I have analysed both nucleolar structure and chromosomal organisation to 

further comprehend the downstream effects of CCDC26 KO, to help fully 

understand the biological role and impact of this lncRNA.  

 

 

6.2 Results 

6.2.1 Nucleolar structure and function is not significantly impacted by 

CCDC26 KO 

Following reports that both DNMT1 and lncRNAs can play roles in maintaining 

nucleolar integrity (Espada et al. 2004; Hacisuleyman et al. 2014; Rego et al. 2008; 

Zhang, Huynh, and Lee 2007), we compared the structure of nucleoli in WT and 

CCDC26 KO cells. Hundreds of proteins have been shown to flux between the 

nucleolus and the nucleoplasm (Andersen et al. 2005), so we first selected three 

nucleolar proteins, Nucleolin, Nucleolar Protein 10 (NOL10) and Ki-67, to assess 



 206 

the nucleolar proteome. Of the nucleolar proteins, Nucleolin has been the most 

extensively studied, functioning in all aspects of ribosome biogenesis (Ma et al. 

2007; Ginisty et al. 1999). NOL10 has been studied considerably less, but is known 

to be required for synthesis of the 40S ribosomal subunit by complexing with 

additional proteins (Bammert et al. 2016). Ki-67 on the other hand has shown 

evidence of coordinating assembly and disassembly of nucleoli as well as ribosome 

assembly, in addition to acting as a proliferation marker (Schmidt et al. 2003; 

Rahmanzadeh et al. 2007).  

 

Immunoblotting showed no significant change in the protein levels of Nucleolin and 

NOL10 (Figure 6.1A). Furthermore, immunostaining for nucleolin and Ki-67 showed 

no dramatic changes in the distribution of these proteins; staining for both 

demonstrated several nucleolar bodies in both WT and KO cells, with a debatably, 

slightly more diffuse pattern in the KO cells (Figure 6.1B). To assess nucleoli with 

regards to DNMT1, we also performed Nucleolin and DNMT1 co-

immunofluorescence. We have previously observed punctate DNMT1 foci in the 

nuclei of KO cells (Figure 4.4B), that are arranged such that it is possible they are 

localised to some nuclear body. We wanted to assess whether these foci 

correspond to nucleoli, however, the immunostaining demonstrated that there is 

very little overlap between Nucleolin and DNMT1 (Figure 6.2). 

 

The second approach I adopted to visualise nucleoli was AgNOR staining. A large 

number of the proteins associated with NORs are agyrophilic, a characteristic that 

can be taken advantage of by silver staining. The resulting black spots correspond 
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to nucleoli and are referred to as AgNORs (Trere 2000). Similar to the nucleolar 

protein immunostaining results, AgNOR staining demonstrated no obvious 

difference in nucleolar pattern between WT and KO cells (Figure 6.3).  

 

To conclude our analysis of nucleolar organisation, we also examined rRNA levels 

to assess whether transcription at NORs had been impacted. rRNA is transcribed 

as a single 45S transcript, which is later cleaved to yield 5.8S, 18S and 28S RNAs. 

The cleaved transcripts are then assembled with other RNA molecules and 

ribosomal proteins for the construction of ribosomes (Pena, Hurt, and Panse 2017). 

qRT-PCRs using primers specific to each of these rRNA species was performed, 

but largely demonstrated no significant differences in levels between WT and KO 

cells. The only exception was KO.2 28S levels, which were slightly greater than the 

WT cells (Figure 6.4). 
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B.    

 

 

 

 

 

 

 

Figure 6.1 Nucleolar protein levels and localisation are not significantly 
altered upon CCDC26 KO. A. Western blotting indicates no significant changes in 
the levels of nucleolar proteins, Nucleolin and NOL10, in CCDC26 KO cells 
compared to WT cells. Values represent the mean ± standard deviation (n=3). 
(unpaired, two-tailed t test) B. Immunostaining for nucleolar proteins, Nucleolin and 
Ki-67 (green), demonstrates no significant changes in levels and patterns of the 
proteins between WT and KO cells. Nuclei were stained with DAPI (blue) (scale bar 
= 20um). 
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Figure 6.2 DNMT1 and Nucleolin co-immunofluorescence. The punctate, 
nuclear DNMT1 (red) foci remaining within CCDC26 KO cells, are not co-localised 
with Nucleolin (green). Nuclei were stained with DAPI (blue). The outline of the cell 
membrane can be seen with the addition of the brightfield lens in the right-hand 
panels (scale bar = 5um). 
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Figure 6.3 Nucleolar structure is similar in WT and CCDC26 KO cells. Nucleoli 
were visualised by silver staining AgNORs. Both WT and KO cells demonstrate 
similar patterns and distributions of AgNORs. Cells were visualised by light 
microscopy using a Nikon Eclipse E600 Wide-field microscope (scale bar = 10um). 
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Figure 6.4 rRNA levels are not significantly affected by CCDC26 KO. qRT-
PCRs were performed using primers specific to 45S rRNA and its cleavage 
products, 28S rRNA, 18S rRNA and 5.8S rRNA. No significant difference can be 
observed in rRNA levels between WT and KO cells except for 28S rRNA in KO.2 
cells. Values represent the mean ± standard deviation (n=3). * P<0.05 (unpaired, 
two-tailed t test). 
 
 

 

 

 

  

45
S

28
S

18
S

5.8
S

0.0

0.5

1.0

1.5
rR

N
A 

ex
pr

es
si

pn
 

R
el

at
iv

e 
to

 G
AP

D
H

WT
KO.1
KO.2

*



 212 

6.2.2 CCDC26 KO cells demonstrate changes in 3D nuclear localisation of 

chromosomal loci  

Taking into consideration previous reports of both DNMT1 and lncRNAs being 

involved in the regulation of large-scale organisation of nuclear and chromatin 

domains (Espada et al. 2004; Hacisuleyman et al. 2014), we next considered 

whether CCDC26 KO cells demonstrate any changes to chromosomal organisation 

and positioning.  

 

In order to identify a starting point for this investigation, previously analysed RNA 

sequencing data for WT and KO cells was consulted (performed and analysed 

previously by Dr Aditi Kanhere). Here, we have taken significantly differentially-

regulated genes (P<0.0025), and submitted them into the Database for Annotation, 

Visualisation and Integrated Discovery (DAVID). DAVID can be used for identifying 

any biological characteristics, functions and pathways that are overrepresented  in 

a set of genes (Huang da, Sherman, and Lempicki 2009). Chromosome and 

cytoband annotations demonstrated that several loci contained stretches of 

neighbouring, down-regulated genes. Of these, the Chr.1p13.3 and Chr.16p11.2 

loci showed overrepresentation of down-regulated genes at highest statistical 

significance (Figure 6.5). 3.8% of total down-regulated genes were located at 

Chr.1p13.3, and 4.9% were located at Chr.16p11.2. Consequently, these loci were 

used as a starting point for analysing any changes in chromosomal organisation. 

Lists of the down-regulated genes within these regions can be found in Tables 6.1 

and 6.2, along with expression fold-change values and the statistical significance of 

the expression change according to RNA-seq data. We also used DAVID to assess 
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functional similarities, however, functional annotations identified no significant 

similarities in the functions and pathways associated with these genes. 
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Figure 6.5 Locations of significantly down-regulated genes in CCDC26 KO 
cells. Down-regulated genes identified by RNA-seq were analysed using DAVID. 
Several loci (indicated) demonstrated stretches of neighbouring, down-regulated 
genes. Chr.1p13.3 and Chr.16p11.2 loci showed overrepresentation of down-
regulated genes at highest statistical significance 
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Table 6.1 CCDC26 KO Chr.1p13.3 down-regulated genes 
List of CCDC26 KO down-regulated genes, according to RNA-seq data, located at 
Chr.1p13.3   
 

Gene 
Symbol 

Gene Name Log2(fold-
change) 

P-value 

GPSM2 G-protein signalling modulator 2 (GPSM2) 

 
-1.2895 

 
0.0004 

 
RAP1A RAP1A, member of RAS oncogene family (RAP1A) 

 
-0.633606 

 
0.0018 

 
TAF13 TATA-box binding protein associated factor 13 (TAF13) 

 
-0.99616 

 
5.00E-05 

 
CLCC1 chloride channel CLIC like 1 (CLCC1) 

 
-1.14617 

 
5.00E-05 

 
CEPT1 choline/ethanolamine phosphotransferase 1 (CEPT1) 

 
-1.02908 

 
0.00015 

 
FAM102B family with sequence similarity 102 member B 

(FAM102B) 

  

-1.06242 

 
5.00E-05 

 

LAMTOR5 late endosomal/lysosomal adaptor, MAPK and MTOR 

activator 5 (LAMTOR5) 

 

-0.649508 

 
0.0005 

 

PSRC1 proline and serine rich coiled-coil 1 (PSRC1) 

 
-1.00542 

 
5.00E-05 

 
PRMT6 protein arginine methyltransferase 6 (PRMT6) 

 
-1.98625 

 
5.00E-05 

 
SLC25A24 solute carrier family 25 member 24 (SLC25A24) 

 
-0.997384 

 
5.00E-05 

 
TMEM1676 transmembrane protein 167B (TMEM167B) 

 
-1.23812 

 
5.00E-05 
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Table 6.2 CCDC26 KO Chr.16p11.2 down-regulated genes 
List of CCDC26 KO down-regulated genes, according to RNA-seq data, located at 
Chr.16p11.2   
 

Gene 
Symbol 

Gene Name Log2(fold-
change) 

P-value 

FBXL19 F-box and leucine rich repeat protein 19 (FBXL19) 

 
-1.97115 

 
5.00E-05 

 
FBXL19-

AS1 

FBXL19 antisense RNA 1 (head to head) (FBXL19-

AS1) 

 

-1.70818 

 
0.0008 

 

ORAI3 ORAI calcium release-activated calcium modulator 

3 (ORAI3) 

 

-2.39615 

 
5.00E-05 

 

SETD1A SET domain containing 1A (SETD1A) 

 
-1.53015 

 
5.00E-05 

 
BCKDK branched chain ketoacid dehydrogenase kinase 

(BCKDK) 

 

-1.70685 

 
5.00E-05 

 

C16orf58 chromosome 16 open reading frame 58 (C16orf58) 

 
-1.24626 

 
5.00E-05 

 
KAT8 lysine acetyltransferase 8 (KAT8) 

 
-1.47784 

 
5.00E-05 

 
PRSS8 protease, serine 8 (PRSS8) 

 
-1.35287 

 
0.0008 

 
STX1B syntaxin 1B (STX1B) 

 
-2.9954 

 
0.00015 

 
STX4 syntaxin 4 (STX4) 

 
-1.61919 

 
5.00E-05 

VKORC1 vitamin K epoxide reductase complex subunit 1 

(VKORC1) 

 

-1.96572 

 
5.00E-05 

 

ZNF267 zinc finger protein 267 (ZNF267) 

 
-1.20455 

 
5.00E-05 

 
ZNF668 zinc finger protein 668 (ZNF668) 

 
-1.77992 

 
0.0001 

 
ZNF720 zinc finger protein 720 (ZNF710) 

 
-1.45847 

 
5.00E-05 
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DNA Fluorescence In Situ Hybridisation (FISH) was implemented in order to 

visualise these loci within the nucleus. Fluorescent probes specific to genomic loci 

were generated using the Invitrogen FISH Tag DNA Multicolour Kit (see Chapter 

2.3.1.3 for more details). The length of time which nick translation reactions were 

allowed to proceed required optimisation to generate BAC DNA fragments of 

appropriate length (200-700bp). Running the fragmented DNA on agarose gels 

indicated that BACs of length ~190,000bp were best nick translated at 15oC for 60 

mins, whilst 15 mins was sufficient for smaller BACs of length 130,000-140,000bp 

(Appendix I, Figure 1). 

 

Prior to hybridising probes to DNA overnight at 37oC (Chapter 2.3.2.2), slides were 

heated to denature the double stranded DNA and probes, to allow annealing. Slides 

were heated to either 70oC, 80oC or 95oC for 3-5 mins, however, the two lower 

temperatures failed to yield any fluorescent signal. Heating to 95oC for 3 mins was 

required to sufficiently denature the probes and the DNA within fixed cells, in order 

for binding and subsequent visualisation of fluorescent signals (Appendix I, Figure 

2).  

 

Although increased temperatures enabled visualisation of fluorescent signals within 

nuclei, high levels of background fluorescence were present. This meant that the 

true signal corresponding to our locus of interest could not be distinguished. This 

was solved with the addition of Cot-1 DNA to the hybridisation mixture (Appendix I, 

Figure 2). Cot-1 is a DNA blocking agent, enriched for repetitive DNA sequences, 

and is applied to limit non-specific hybridisation (Kang et al. 2007). 
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We first investigated the nuclear localisation of CCDC26, Chr.1p13.3 and 

Chr.16.p11.2 genomic loci using the fluorescent probes specific to these genomic 

regions. As detailed in Chapter 2.3.2.2, probes were hybridised to DNA of fixed 

cells, which were also stained with the nuclear marker, DAPI. Cells were then 

analysed in three dimensions from Z-stack images taken using a Leica TCS SP8 

confocal microscope, using a 63X objective lens and a Z-stack step size of 1.4um. 

DNA FISH with CCDC26, Chr.1p13.3 and Chr.16p11.2 probes recurrently 

demonstrated 3, 4 and 3 fluorescent signals respectively. This is consistent with the 

Catalogue of Somatic Mutations in Cancer (COSMIC) Cell Lines Project, which 

indicates that the average copy number of chromosomes 8, 1 and 16 are 3, 3.71 

and 3.08 respectively in K562 cells. This indicated that the probes were specific to 

the loci of interest. 

 

Observation of fluorescent signals showed that CCDC26 lies at the nuclear 

periphery in both WT and KO cells (Figure 6.6). The Chr.1p13.3 and Chr.16.p11.2 

loci also showed preferential localisation at the nuclear periphery in WT cells, but 

demonstrated a more central nuclear positioning in the KO cells (Figure 6.7). To 

quantify this, we measured fluorescent signals at the nuclear periphery, as defined 

by the edge of the DAPI staining, and calculated the percentage of peripheral loci 

for each probe for both WT and KO cells. This was calculated for 500 individual 

nuclei per replicate (n=3). In WT cells, approximately 60% of Chr.1p13.3 signals 

measured lay at the nuclear periphery. This percentage however significantly  
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Figure 6.6 CCDC26 gene is located at the nuclear periphery. Maximum intensity 
projections of Z-stack images of both WT and CCDC26 KO cell lines show that 
CCDC26 loci preferentially lie at the nuclear periphery. The percentage of CCDC26 
signals (green) at the nuclear periphery was quantified and demonstrated no 
significant change in KO cells compared to WT. Nuclei were stained with DAPI 
(blue). Measurements were calculated for 500 cells per replicate. Values represent 
the mean ± standard deviation (n=3) (unpaired, two-tailed t test) (scale bar = 5um).  
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A. 

  

 

 

 

 

 

 

 

B. 

 

 

 

 

 

 

 

 

Figure 6.7 Chr.1p13.3 and Chr.16p11.2 loci are located at the nuclear 
periphery of WT but not CCDC26 KO cells. Maximum intensity projections of Z-
stack images of WT cells show that A. Chr.1p13.3 (red) and B. Chr.16p11.2 (red) 
loci preferentially lie at the nuclear periphery. However, they appear more centrally 
localised in CCDC26 KO cells. The percentage of loci at the nuclear periphery were 
quantified and demonstrated no significant decreases in KO cells compared to WT. 
Nuclei were stained with DAPI (blue). Measurements were calculated for 500 cells 
per replicate. Values represent the mean ± standard deviation (n=3). * P<0.05; ** 
P<0.005; *** P<0.001 (unpaired, two-tailed t test) (scale bar = 5um).  
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dropped to approximately 25% and 30% in KO.1 and KO.2 cells respectively. A 

similar result was also observed for Chr.16p11.2 signals, although to a smaller 

extent, which demonstrated around 50% peripheral signals in WT compared to 40% 

in KO cells. Although the difference is smaller, it is significantly so for both KO cell 

lines. Approximately 75% of CCDC26 signals on the other hand were located at the 

nuclear periphery in both WT and KO cell lines. 

 

Given that the genes within the Chr.1p13.3 and Chr.16p11.2 regions are similarly 

down-regulated in KO cells, we hypothesised that these genes are co-regulated in 

WT cells, that in some way requires CCDC26. Following the observations in Figures 

6.6 and 6.7, we therefore questioned whether these loci lie in a close vicinity in the 

nuclei of WT cells. To verify this, I performed co-DNA FISH for Chr.1p13.3 and 

Chr.16p11.2 with CCDC26. Three-dimensional distances between loci were then 

calculated using the computational software, Icy, and an automated program written 

in R. The smallest distances between loci were then noted for 500 cells in each 

sample.  

 

Interestingly, the WT cells showed that CCDC26 clustered with Chr.1p13.3 and 

Chr.16p11.2 loci (Figure 6.8). This pattern appeared to be lost however in the KO 

cells, which demonstrated an increase in spatial proximity between these loci. 

Quantification supported this observation, showing an increase of approximately 

300 pixels in the distance between CCDC26 and these loci in KO cells. 
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Figure 6.8 CCDC26, Chr.1p13.3 and Chr.16p11.2 loci are in close spatial 
proximity in WT cells but not CCDC26 KO cells. Maximum intensity projections 
of Z-stack images of WT and CCDC26 KO cell lines show that CCDC26 (green) 
and either A. Chr.1p11.2 (red) or B. Chr.16p11.2 (red) loci lie in close proximity in 
WT cells. However, the loci move apart in the KO cells, with Chr.1 and Chr.16 loci 
moving toward the centre of the nucleus. 3D distances between CCDC26 and either 
A. Chr.1p13.3 or B. Chr.16p11.2 loci were measured and mostly show a significant 
increase in KO cells compared to WT cells. Nuclei were stained with DAPI (blue). 
Measurements were calculated for 500 cells per replicate. Values represent the 
mean ± standard deviation (n=3). * P<0.05; ** P<0.005; *** P<0.001 (unpaired, two-
tailed t test) (scale bar = 5um).  
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6.3 Discussion 

A 2007 study by the Esteller group was one of the first to report that DNMT1 KD 

can impair nucleolar structure (Espada et al. 2007). DNMT1 KD cells displayed 

fragmented nucleoli, with AgNOR staining clearly showing increased numbers and 

more dispersed patterns (Espada et al. 2007). Consistent with this, KO of histone 

deacetylase, Sirtuin 7 (Sirt7), has also shown evidence for nucleolar fragmentation. 

Sirt7 has been shown to recruit DNMT1 to rDNA promoters, a mechanism severely 

impaired upon Sirt7 KO, and which ultimately results in disintegration of nucleoli 

(Ianni et al. 2017).  CCDC26 KO cells behave similarly to DNMT1 KD cells, given 

the mass re-localisation of DNMT1 to the cytosol. However, our results do not 

correlate strongly in this instance. Immunofluorescence and AgNOR staining 

techniques have shown some slight differences in nucleolar patterns between WT 

and KO cells, but not as pronounced as those observed in DNMT1 KD cells by 

Espada et al (2007). Nucleoli appear somewhat more diffuse in the KO cells, but 

marginally so. We also assessed nucleolar function by measuring rRNA levels by 

qRT-PCR, and in support of there being minimal changes to the nucleolus upon 

CCDC26 KO, overall, we observed no significant difference between WT and KO 

cells. The similarity in levels of both 45S rRNA as well as its cleaved products 

indicates no significant change to transcription, nor the cleavage process. 

Previously, there have been mixed results with regards to DNMT1 deficiency, rDNA 

methylation and rDNA transcription. Some have found that DNMT1 KD causes 

demethylation of rDNA promoter regions, but that this appears to have no significant 

effect on transcription (Espada et al. 2007). This however, is contradictory to early 
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reports that rDNA transcription rates can be influenced by the methylation status of 

a single CpG, upon DNMT inhibitor treatment (Santoro and Grummt 2001).  

 

The discrepancy between our results and previous DNMT1 KD data could be 

explained by additional, as yet unknown, effects of CCDC26 KO in cells. Although 

we have hypothesised that our KO cells should behave similarly to DNMT1 KDs, 

we are still in the process of characterising these cells. In recent years, many 

lncRNAs have been proven to be multifunctional (Ji et al. 2019; Lo, Wolfson, and 

Zhou 2016; Arzenani et al. 2011). As compared to DNMT1 KD cells, in CCDC26 

KOs other potential interacting and impacting factors might be present. It is 

interesting however, that we see some similar nucleolar effects, but to a much 

smaller extent. It is possible that the amount of DNMT1 remaining in the nucleus is 

sufficient for maintaining nucleoli.  

 

Here, we have also shown that CCDC26 KO leads to large scale chromosomal 

rearrangements. The organisation of chromatin domains has been implicated in 

response to both DNMT1 and lncRNAs (Rego et al. 2008; Zhang, Huynh, and Lee 

2007; Rao et al. 2014; Espada et al. 2004; Hacisuleyman et al. 2014). Electron 

microscopy has shown severe impairment of nuclear architecture in cells upon 

DNMT1 KD, consisting of unusual, deformed folds of the nuclear envelope. 

Immunolocalisation of heterochromatin too showed abnormal distribution compared 

to WT cells, indicating large-scale changes to chromosomal positioning and 

organisation (Espada et al. 2004). Comparatively, it has been well-documented that 

lncRNAs also have roles in nuclear organisation. Since the 1980’s it has been 
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recognised that RNA can play a structural role in the nucleus, with early experiments 

demonstrating disintegration of the nuclear matrix upon nuclear RNA digestion 

(Bouvier et al. 1985). This role is particularly well-demonstrated by lncRNA, Xist, 

and its influence on X-chromosome positioning. In females, one of the X-

chromosomes (Xi) is silenced in a process largely dependent on Xist. A critical 

aspect of Xi silencing involves its localisation to the nuclear lamina and nucleolar 

periphery. In the absence of Xist, this localisation is impaired and genes on the 

chromosome can be reactivated (Rego et al. 2008; Zhang, Huynh, and Lee 2007). 

In addition to re-positioning the chromosome as a whole, Xist also mediates folding 

of the Xi into a specific structure consisting of two ‘mega-domains’ upon Xi silencing 

(Rao et al. 2014).  

 

Three-dimensional DNA FISH analysis demonstrated clustering of CCDC26, 

Chr.1p13.3 and Chr.16p11.2 loci at the nuclear periphery in WT cells; this is an 

arrangement which is lost in KO cells, when Chr.1p13.3 and Chr.16p11.2 loci move 

towards the centre of the nucleus (Figure 6.9). Interestingly, long stretches of genes 

at these regions on chromosomes 1 and 16 are also similarly down-regulated in KO 

cells. It is unusual to observe a correlation between gene repression and localisation 

at the nuclear centre, although not completely unheard of (Solovei et al. 2009). A 

role for CCDC26 in regulating this kind of nuclear architecture is novel. One possible 

reason for this arrangement could be to provide an efficient means of co-regulating 

multiple genes. A similar occurrence has been observed for loci on chromosomes 

2, 9, 15, 17 and the X chromosome. lncRNA Firre drives the assembly of these loci 

to co-regulate associated genes for adipogenesis (Hacisuleyman et al. 2014; Sun 
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et al. 2013; Maass et al. 2018). However, in this instance, DAVID annotations 

indicate no functional similarity between the down-regulated genes, reducing the 

likelihood that the genes are co-regulated in this manner for a single, particular 

biological process. It is also currently unclear, which aspect of CCDC26 could be 

driving this organisation and regulating genes at these loci. At this point, it is 

possible that the RNA, the gene or even the act of transcription at this site is 

important. For example, it is possible that the CCDC26 locus behaves as a trans-

acting enhancer region. Previous studies have already suggested that the 8q24 

locus, including CCDC26, comprises several transcriptional enhancers of c-Myc, 

with which long-range chromatin looping has been observed (Jia et al. 2009; 

Ahmadiyeh et al. 2010). Alternatively, transcription of CCDC26 could be the driving 

force for recruiting transcriptional machinery to the gene locus, whereby a 

transcription factory may be generated, thus allowing efficient transcriptional 

regulation of genes at multiple loci. A similar process occurs at the b globin locus, 

where transcription of an intergenic ncRNA allows transcription of the b globin gene, 

by generating an open chromatin environment and guiding the transcriptional 

machinery to the site (Gribnau et al. 2000). Combining DNA FISH with RNA FISH, 

using a probe specific to CCDC26 will help us determine whether the RNA itself is 

important for mediating this localisation.  

 

It is also unclear at this point whether the global hypomethylation observed in KO 

cells is in any way causative of this re-organisation, or whether we have identified 

an additional role for CCDC26 completely separate from its function in regulating 

DNMT1 subcellular localisation. It will be interesting to assess the methylation 
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status of the Chr.1p13.3 and Chr.16p11.2 regions in the future to further investigate 

this. It will also be important to investigate nuclear architecture and chromosome 

positioning on a global level. We have confirmed a change in the expression and 

localisation of two loci, but we do not yet know whether this is a targeted effect, or 

whether a CCDC26 KO impacts nuclear organisation on a whole. 
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Figure 6.9 Model of 3D chromosomal rearrangements in WT and CCDC26 KO 
cells. In WT K562 cells, CCDC26, Chr.1p13.3 and Chr.16p11.2 genomic loci cluster 
at the nuclear periphery. Upon CCDC26 KO, genes located at Chr.1p13.3 and 
Chr.16p11.2 are down-regulated, and the loci move towards the centre of the 
nucleus, whilst CCDC26 remains at the nuclear periphery. 
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CHAPTER 7 

GENERAL DISCUSSION 

 

In the 60 years since the initial speculation that RNA molecules might function in 

gene regulation (Jacob and Monod 1961), lncRNAs have flourished from 

inconsequential by-products of transcription, to critical layers of regulation within 

gene regulatory networks and biological processes. Especially in the last three 

decades,  following the development of whole-genome technologies, these 

molecules have gained importance (Hangauer, Vaughn, and McManus 2013). A 

number of pioneering transcriptomic studies emerged throughout the 2000’s, 

demonstrating the scale of lncRNA abundance in mammalian cells, and 

consolidating them as a major component of the transcriptome. In 2002, almost 

12,000 new ncRNAs were identified in mice (Okazaki et al. 2002). 10 years later, a 

comprehensive lncRNA database was established, having annotated a total of 

14,880 human ncRNAs (Derrien et al. 2012). Demonstrating just how fast this field 

is moving, a 2015 study went further and identified approximately 58,000 lncRNA 

genes, almost 80% of which had never been annotated, via curation of thousands 

of previous RNA-seq datasets (Iyer et al. 2015). Of the lncRNAs identified, 13.5% 

were associated with cancer (Iyer et al. 2015). However, there is a huge 

inconsistency between the number of lncRNAs identified and the number that have 

been functionally characterised; a database for independently investigated, 

eukaryotic lncRNAs contained functional information for fewer than 300 transcripts 

(Quek et al. 2015). Research in this field must now extend beyond transcriptomic 

scale approaches, and focus on investigating the biological significance of these 



 230 

components. Functional characterisation of lncRNAs has proven more difficult than 

proteins, largely due to our current inability to predict functionality from RNA 

sequence. Furthermore, for years efforts have been invested in methods of protein 

analysis, and consequently there is a dearth of biochemical and molecular methods 

for studying RNA (Leone and Santoro 2016). This means that investigation of 

independent lncRNAs, comprising detailed, mechanistic analysis is required. If we 

want to fully understand regulatory networks and the intricate dynamics of cellular 

processes, then better understanding of this critical layer of regulation is essential.  

 

We identified CCDC26 as an interesting lncRNA candidate for analysis from 

previous literature and genomic data. The chr.8q24 locus, from which CCDC26 and 

several other lncRNAs are transcribed, has been well-established as a mutational 

hotspot, implicated in numerous forms of cancer (Ghoussaini et al. 2008; Thomas 

et al. 2008; Kuhn et al. 2012; Beroukhim et al. 2010). CCDC26 is of particular 

interest given the frequency with which 8q24 mutations are located within or involve 

its gene (detailed in Chapter 1, 1.4.1) (Radtke et al. 2009; Kuhn et al. 2012; Chinen 

et al. 2014; Duployez et al. 2018; Izadifard et al. 2018). A few studies began 

functional analysis of CCDC26, however, none went beyond linking the lncRNA to 

cell viability and differentiation, and identifying a few potential downstream effector 

proteins (Yin et al. 2006; Hirano et al. 2008; Hirano et al. 2015; Wang, Hui, et al. 

2018; Peng and Jiang 2016; Cao et al. 2018; Yan et al. 2019). In this work, I have 

carried out an in-depth, mechanistic analysis of CCDC26 function in CML cells. In 

addition to confirming that CCDC26 loss leads to reduced cell viability (Chapter 3), 

I have demonstrated a critical role for CCDC26 in regulating global DNA methylation 
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(Chapters 4 and 5), as well as 3D chromosomal architecture (Chapter 6) (Figure 

7.1). 

 

7.1 CCDC26 regulates global DNA methylation by controlling the subcellular 

localisation of DNMT1 

Here, we have focussed our attention on the CML, K562 cell line, given the 

increased levels of CCDC26 in these cells (Yin et al. 2006; Hirano et al. 2015) 

(Wijesinghe et al. unpublished, manuscript in preparation) (Figure 3.1, 3.2 and 3.3). 

Previously, most studies have reported that loss of CCDC26 results in increased 

levels of apoptosis and reduced proliferation (Yin et al. 2006; Hirano et al. 2015; 

Peng and Jiang 2016; Wang, Hui, et al. 2018). In our initial characterisation of 

CCDC26 in K562 cells, we confirmed this, demonstrating increased activation of 

caspases, and slower growth upon loss of CCDC26. This is the first time that such 

results have been confirmed in CRISPR KO cells (Chapter 3), as all prior analyses 

were conducted with KD cells (Wang, Hui, et al. 2018; Hirano et al. 2015; Peng and 

Jiang 2016; Cao et al. 2018; Yan et al. 2019). We also performed epigenetic 

characterisation. In a novel finding, the data presented here provides evidence that 

lncRNA, CCDC26, is associated/interacts with DNMT1 and regulates global DNA 

methylation by controlling the subcellular localisation of DNMT1. Expression of this 

transcript is important for localising DNMT1 to the nucleus, and in its absence, a 

significant proportion of the enzyme resides in the cytosol (Chapter 4). This result 

is coupled with a global loss of DNA methylation in KO cells (Chapter 3). Not only 

is this a novel finding for CCDC26 specifically, but to our knowledge, this type of 
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functional mechanism has never been reported for any lncRNA with regards to 

DNMT1.  

 

This is the first time that an interaction has been demonstrated between CCDC26 

and DNMT1. However, interactions between DNMT1 and other lncRNAs have been 

widely reported; 148 lncRNAs were found to associate with DNMT1 in colon cancer 

cells alone (Merry et al. 2015). These previously reported interactions however, 

have primarily demonstrated local effects on DNA methylation (Di Ruscio et al. 

2013; Wang et al. 2015; Gao et al. 2019; Guo et al. 2019). For example, in HL60 

cells, lncRNA, ecCEBPA, binds DNMT1 and prevents specific methylation of the 

CEBPA gene, resulting in increased expression of CEBPA mRNA (Di Ruscio et al. 

2013). To our knowledge, there are very few lncRNAs that impact DNA methylation 

on a global scale. Two examples of such lncRNAs are DACOR1 and PARTICLE. In 

colon cancer, reduced representation bisulfite sequencing (RRBS) showed that 

expression of DACOR1 increases DNA methylation on a genome-wide scale 

(Somasundaram et al. 2018). The suspected mechanism in this instance however, 

involves increased available levels of methyl donor SAM. DACOR1 has been shown 

to direct DNMT1-mediated methylation of the gene encoding cystathionine b 

synthase (CBS), resulting in gene repression. This leads to increased levels of 

methionine, and hence SAM (Merry et al. 2015; Somasundaram et al. 2018). 

Similarly, PARTICLE also enhances global DNA methylation levels, however, this 

occurs via a direct interaction with DNMT1, which subsequently increases overall 

methyltransferase activity (O'Leary et al. 2017). Importantly, none of these 

mechanisms involve re-localisation of DNMT1 similar to what we see with CCDC26. 
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Although DNA methylation has been studied for many years, new findings are 

adding complexity to our understanding of this epigenetic signature. Over the years, 

it has become clear that downstream effects of 5mC deposition are highly 

dependent on the genomic location. Whereas gene promoter methylation typically 

correlates with gene repression (Venolia and Gartler 1983; Stepper et al. 2017), 

methylation within the gene body is frequently associated with active transcription 

(Larsen, Solheim, and Prydz 1993; Hellman and Chess 2007). However, 

increasingly emerging studies are demonstrating that this is not so simplistic; for 

example, instances have been reported of transcription factors binding 5mC marks 

(Yin et al. 2017). Consequently, it is difficult to interpret the effects of global DNA 

hypomethylation in CCDC26 KO cells without speculation. Going forward, it will be 

interesting to further analyse differential methylation patterns in the KO cells to help 

us understand the consequences. 

 

This work has opened up a number of questions. From a clinical perspective, it 

would be interesting to compare DNA methylation levels in WT and KO cells with 

non-cancerous cells. Aberrant DNA methylation has previously been associated 

with K562 cells and CML progression. The Issa group analysed approximately 

28,000 CpG sites, and found that 15% of these were hypermethylated in K562 cells 

(Jelinek et al. 2011). Given the trend of CCDC26 being overexpressed in cancer 

cells (Tseng et al. 2014; Hirano et al. 2008; Wang, Hui, et al. 2018; Peng and Jiang 

2016), it is possible that we have identified a novel cause of cancer-associated 

hypermethylation, via CCDC26-mediated prevention of DNMT1 exiting nuclei. It will 

be interesting to investigate whether reduced global methylation levels observed in 
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CCDC26 KO cells, are similar to levels in normal, non-cancerous cells. This means 

that targeting CCDC26 could provide a new, alternative cancer therapy to DNMT 

inhibitor treatments such as Decitabine (Al-Ali, Jaekel, and Niederwieser 2014). 

 

We are yet to establish the precise mechanism by which CCDC26 regulates DNMT1 

localisation, however, Chapter 5 rules out some possibilities including a HDAC-

mediated mechanism and changes to DNMT1 stability. One possibility that requires 

investigation is that DNMT1 undergoes a structural change when bound to 

CCDC26, which impacts its localisation. Previous publications have demonstrated 

the importance of protein folding for both catalytic activity and localisation 

(Cummings et al. 1998; Almagro Armenteros et al. 2017; Scott, Thomas, and Hallett 

2004). DNMT1 can be folded such that its activity is autoinhibited by its RFTS 

domain occupying the catalytic pocket (Syeda et al. 2011). Additionally, single 

amino acid substitutions near the NLS have resulted in DNMT1 misfolding and 

localisation to the cytosol where aggresomes are formed (Baets et al. 2015).  

 

7.2 CCDC26 expression is important in 3D nuclear architecture 

For the first time, we also provide evidence that 3D nuclear architecture is implicated 

upon CCDC26 KO, suggesting a potential structural role for this lncRNA. Both 

DNMT1 and lncRNAs, such as Firre, have demonstrated roles in chromosome 

positioning and organisation, making this an interesting feature to investigate 

(Espada et al. 2004; Hacisuleyman et al. 2014). We consulted previously analysed 

WT and CCDC26 KO RNA-seq data to identify a region of interest, and identified 

long stretches of neighbouring, differentially expressed genes on chromosomes 1 
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and 16. Subsequent DNA FISH analyses using probes specific for these regions 

demonstrated large organisational changes. Whilst the CCDC26, chr.1p13.3 and 

chr.16p11.2 genetic loci appear clustered at the nuclear periphery in WT cells, they 

disperse in KO cells, with chr1.p13.3 and to some extent chr.16p11.2 loci moving in 

to the centre of the nucleus (Chapter 6). These data clearly suggest that some 

aspect of CCDC26 expression is important in the structural organisation of 

chromosomes in the nucleus.  Regulation of 3D chromosome organisation is a 

known function of lncRNAs. Previously, lncRNA Linx, has been shown to promote 

chromosomal looping by interacting with an enhancer, called Xite. The resulting 

chromosomal arrangement enables the lncRNA Tsix promoter to also interact with 

Xite, thus inducing Tsix expression (Nora et al. 2012). Furthermore, a chromosomal 

interaction between the CISTR-ACT and PTHLH genes on chromosome 12, and 

the SOX9 gene on chromosome 17 is implicated by lncRNA CISTR-ACT expression 

levels (Maass et al. 2012).  

 

This observation has raised numerous new questions and a new investigational 

route for CCDC26. At present it is unclear whether this observation at all relates to 

the observed DNMT1 re-localisation. Establishing the methylation status of these 

chromosome 1 and 16 regions will help uncover this. Alternatively, we cannot rule 

out the possibility that this is an entirely new role for CCDC26, separate from its 

function in regulating DNA methylation, meaning that CCDC26 is multifunctional. 

Other lncRNAs, such as GAS5 for example, have shown evidence of 

multifunctionality. GAS5 possesses roles in regulating histone modifications by 

increasing binding of EZH2 to transcription factors (Wang, Guo, Wang, et al. 2018), 
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regulating the immune response by preventing binding between glucocorticoid 

receptors and their substrates (Kino et al. 2010) as well as binding and preventing 

various miRNAs from reaching their targets (Guo et al. 2015; Ji et al. 2019).  

 

Going forward it will also be interesting to establish the implications of this type of 

chromosomal rearrangement, and whether other chromosomes are also affected in 

a similar manner. CCDC26 could be impacting chromosome arrangements on a 

large scale, or, the effect could be specific to chromosomes 1 and 16. If the latter is 

true, further work is required to investigate whether there is a purpose for co-

regulation of these functionally unrelated, neighbouring genes (Chapter 6.2.2). 

Checking whether this chromosomal arrangement is present in other cells would 

determine its significance. One possibility is that these genes share regulatory 

elements, although this does not explain why these particular trans regions come 

together. There is a great deal of debate surrounding whether transcription levels 

drive chromosome positioning or vice versa (Osborne et al. 2004; Ragoczy et al. 

2006). It is too early to say whether CCDC26 is affecting transcription at these 

regions which subsequently results in co-localisation, or whether it is regulating the 

nuclear positioning of these loci, which then affects transcription. 

 

7.3 Future Work and Final Conclusions 

The work presented in this thesis has generated a number of as-yet-unanswered 

biological questions with regards to the function of CCDC26. It is next important to 

consolidate the findings presented here through further investigation. A critical, 

currently outstanding experiment is genome wide analysis of DNA methylation. 
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Techniques such as RRBS, a high-throughput, methylation profiling method, would 

demonstrate differentially methylated regions between WT and KO cells, 

subsequently allowing better interpretation of the effects of hypomethylation in the 

KOs. In addition, the methylation status of chr.1p13.3 and chr.16p11.2 might 

indicate whether DNMT1 re-localisation is involved in the observed change in 

nuclear architecture. 

 

In order to establish the mechanism by which CCDC26 regulates DNMT1 

subcellular localisation, the next logical step is to assess the structure of DNMT1. 

As an initial approach, a technique such as circular dichroism could be applied to 

assess secondary structure. If it emerges that more detailed atomic information is 

required, X-ray crystallography could perhaps by applied. Additionally, it will be 

interesting to fully characterise the PTMs present on DNMT1 in WT and KO cells. 

We performed a preliminary DNMT1 IP to assess this (Figure 5.14), however, 

DNMT1 is so heavily modified (Figure 5.13) that a mass spectroscopy approach 

might be more applicable. This would allow detailed analysis of each PTM site 

individually.  

 

Ultimately, the principal aims and objectives for this project have been achieved. In 

addition to characterising CCDC26 KO cells, the data presented here also provides 

detailed, functional characterisation of this lncRNA for the first time. We have 

provided evidence of a striking, novel function for CCDC26 and lncRNAs in general, 

in regulating global DNA methylation, as well as a potential, additional role in 
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coordinating nuclear architecture. Further work is required to fully comprehend the 

impact of CCDC26 and determine its therapeutic potential.  
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Figure 7.1. Model of the effects of CCDC26 KO on K562 cells. Upon CCDC26 
KO (CCDC26 RNA displayed in red) a number of changes occur within K562 cells. 
DNMT1 (dark blue) becomes primarily localised in the cytosol (CYT) rather than the 
nucleus (NUC), and consequently, global 5mC levels are significantly reduced. KO 
cells also demonstrate increased levels of DNA damage (!-H2AX) and apoptosis, 
slower growth and nuclear, chromosomal rearrangements. Specific loci on 
chromosomes 1 (p13.3), 8 (CCDC26 gene) and 16 (p11.2) reside in close proximity 
at the nuclear periphery in WT cells, however, upon CCDC26 KO, the loci on 
chromosomes 1 and 16 relocate towards the nuclear center (Chr. 8 displayed in 
green; Chr. 1 displayed in orange; Chr. 16 displayed in blue). Further work will help 
determine whether these observations are all linked. 
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APPENDIX I 

Figure 1. Optimisation of nick translation reactions for DNA FISH probe 
synthesis. DNA FISH probes were generated using the Invitrogen FISH Tag DNA 
Multicolour Kit (Section X). The protocol involved performing nick translation 
reactions on BACs to generate BAC DNA fragments. The length of time these 
reactions were allowed to proceed was optimised for different sized BACs in order 
to generate DNA fragments of length ~200-700bp. Time points varying from 15 
minutes – 120 minutes were tested, and the resulting DNA was run on an agarose 
gel. For the RP11-770K21 BAC corresponding to the CCDC26 gene (length = 
189,124bp), a 60-minute incubation was deemed optimal. For the RP4-735C1 BAC 
corresponding to the Chr.1p13.3 locus (length = 133,451bp), a 15-minute incubation 
time was deemed optimal (1 = RP11-770K21 BAC undigested; 2 = RP4-735C1 BAC 
undigested). 

 

 

 
 
 
 
 
 
 
 
 
Figure 2. Optimisation of DNA FISH. Prior to overnight hybridisation, fixed cells 
and DNA FISH probes were heated at different temperatures. This was to denature 
DNA strands and probes to allow annealing to occur. Fluorescent signals could only 
be observed when cells and probes were heated to a temperature of 95oC. 
However, a large amount of non-specific fluorescent signal could be seen. This was 
improved by the addition of Cot-1 DNA to the hybridisation mixture. Maximum 
intensity projections of Z-stack images of K562 WT cells were captured using the 
CCDC26 probe (red). Nuclei were stained with DAPI (blue). 
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APPENDIX II 

Figure 1. CCDC26 expression in pEF6 control cells. CCDC26 expression levels 
in cells transfected with empty pEF6 plasmids were measured. Levels were 
compared to non-transfected WT cells to ensure CCDC26 remained knocked out. 
Values represent the mean ± standard deviation (n=3). * P<0.05; **P<0.01 
(unpaired, two-tailed t test). 
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APPENDIX III 

Figure 1. DNMT1 siRNA KD in K562 cells (48hrs). WT K562 cells were transiently 
transfected with 60pmol DNMT1 siRNA for 48hrs, after which total protein was 
extracted. Immunoblotting demonstrated that DNMT1 protein levels were not 
significantly different from the control, 48hrs post-transfection. Protein was 
measured relative to GAPDH. Values represent the mean ± standard deviation 
(n=3) (unpaired, two-tailed t test). 
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Figure 2. Cells treated with DAC for 24hrs show no significant change in 
global 5mC levels. Global 5mC immunofluorescence (red) levels are not 

significantly different 24hrs after treatment of K562 WT cells with both 5uM and 

10uM DAC. Nuclei were stained with DAPI (blue) (scale bar = 50um). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3. The majority of cells treated with 10uM MG132 for 36hrs were non-
viable. Cells were imaged with brightfield microscopy (scale bar = 50um)   
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