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Abstract 

The “apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like” (APOBEC) gene 

family defines a set of related Cytidine Deaminases. The best characterised of these are ones 

that function in the process of mRNA editing. Members of the family are also known to use 

DNA as their preferred substrate, acting in a consensus sequence, and mediating Cytidine 

deamination leading to a C to T transition. Recently, this process has been recognised as a 

major mutational mechanism in several cancer types, where it has been further suggested that 

members of the APOBEC3 family, and potentially APOBEC3H, that cause this. In order to 

understand the role of APOBEC3H further, we have used CRISPR-Cas9 gene editing to show 

that APOBEC3H is a p53 regulated target gene. This has involved making a p53 knockout 

version of the MCF7 breast cancer cell line, using CRISPR-Cas9 to delete part of the third 

coding exon of the gene. With this line, it has been possible to confirm that APOBEC3H 

expression is dependent on p53.   In further work, CRISPR-Cas9 was used to make an 

APOBEC3H knockout in the HCT116 colon cancer line. Having established two independent 

APOBEC3H knockout lines in HCT116, RNAseq analysis was carried out to compare gene 

expression of mutant and wild-type cells in both the control and p53 activated setting. Analysis 

of the RNAseq data has shown that knockout of APOBE3H leads to an attenuated p53 

response, suggesting the possibility that APOBEC 3H is co-regulator of p53 regulated gene 

expression. This is further indicated by the demonstration that over-expression of APOBEC3H 

in HCT116 wild-type cells enhances the expression of p53 target genes following p53 

activation. Taken together, these data identify APOBEC3H as a p53 regulated gene, with a 

potential role in modulating the p53 response, and potentially identify a new mechanism for 

APOBEC3H action in cancer. 

 



 
 

3 

Declaration of originality 

This thesis is submitted in fulfilment of the requirements for the degree of Doctor of 

Philosophy. I hereby declare that the work reported in this thesis is my own, or if not, it is 

clearly stated and fully acknowledged. Some of the findings presented in this thesis have been 

published in the following articles:  

 

Manikandan Periyasamy, Anup K. Singh, Carolina Gemma, Christian Kranjec, Raed Farzan, 

Damien A. Leach, Naveenan Navaratnam, Hajnalka L. Pálinkás, Beata G. Vértessy, Tim R. 

Fenton, John Doorbar, Frances Fuller-Pace, David W. Meek, R. Charles Coombes, Laki 

Buluwela, Simak Ali, “p53 controls expression of the DNA deaminase APOBEC3B to limit 

its potential mutagenic activity in cancer cells.” Nucleic acids research vol. 45,19 (2017): 

11056-11069. doi:10.1093/nar/gkx721 

 

Linda Smith, Raed Farzan, Simak Ali, Laki Buluwela, Adrian T. Saurin & David W. Meek  

 “Author Correction: The responses of cancer cells to PLK1 inhibitors reveal a novel protective 

role for p53 in maintaining centrosome separation.” Scientific reports vol. 8,1 5237. 22 Mar. 

2018, doi:10.1038/s41598-018-23384-5 

 

Raed Farzan 

30th July 2019 

 

 

 

 



 
 

4 

Copyright declaration 
 

The copyright of this thesis rests with the author. Unless otherwise indicated, its contents are 

licensed under a Creative Commons Attribution-Non-Commercial 4.0 International Licence 

(CC BY-NC).  

Under this licence, you may copy and redistribute the material in any medium or format. You 

may also create and distribute modified versions of the work. This is on the condition that: you 

credit the author and do not use it, or any derivative works, for a commercial purpose.  

When reusing or sharing this work, ensure you make the licence terms clear to others by naming 

the licence and linking to the licence text. Where a work has been adapted, you should indicate 

that the work has been changed and describe those changes.  

Please seek permission from the copyright holder for uses of this work that are not included in 

this licence or permitted under UK Copyright Law. 

 

 

 

 

 

 

 

 

 

 



 
 

5 

 

 

 

 

 

 

 

 

 

 

 

“Verily, all things have We created in proportion and measure." 

 

Qur’an 54:49 

 

 

 

 

 

 

 

 

 

 



 
 

6 

Acknowledgements 

I would firstly like to sincerely thank my supervisors Professor Laki Buluwela, Professor 

Simak Ali and Dr Manikandan Periyasamy, for all of their patience, enthusiasm and support. I 

have been extremely lucky to work with Professor Laki Buluwela who cared so much about 

my work, and who responded to my questions and queries so promptly. 

I am grateful to our group members, past and present, Dr Manikandan Periyasamy, Dr Carolina 

Gemma, Dr Anup Singh, Miss Van Nguyen, Dr Hetal Dattani, Dr Joel Fulton, Dr Meng-Lay 

Lin, Dr Chun-Fui Lai, Miss Laura Ramos Garcia, Dr Kirsty Balachandran, Dr Georgina Sava, 

Miss Isabella Goldsbrough, Miss Hailing Fan and Dr Alison Harrod. It has been a pleasure to 

work in such a friendly and supportive environment.  

For their contributions to this project, I would like to thank Dr Manikandan Periyasamy, who 

were there to help since the very first day until the day of submission. Miss Van Nguyen for 

her kind help in RNAseq. Analysis, Dr Anup Kumar Singh, who I am indebted to for several 

discussions that helped me in APOBEC work, Dr Alison Harrod for her help in cloning work, 

and Dr Rosemary Fisher for karyotyping of my engineered line.  

I am also thankful to my home institution, King Saud University for sponsoring my PhD 

scholarship, and the Cultural Bureau at the Royal Embassy of Saudi Arabia in London for their 

unlimited support. 

My deepest gratitude goes to my wife, Sumayah, for her love, belief and help in writing 

technical skills and to my brothers and sisters; Mohammed, Dr Ahlam, Amirah, Ebtehal, 

Atheer, Abdulrahman and Abdulaziz for their continuous encouragements.  

Thanks to my friends who made things possible, particularly His Excellency Dr Yazeed 

Alsheikh, His Excellency Dr Abdulmajeed Albanyan, Dr Saad Alarifi, Mr Abdullah Aljumaah, 

Dr Bader Aldawaish, Dr Ali Alsiehemy, Mr Saud Alwadani, Dr Habeeb Alhabeeb, Mr Yaala 

Assiri and Mr Hosam Alzahrani. 

I wholeheartedly would like to thank my parents for not only bearing my absence for years but 

for their generous support during this time. Therefore, I would like to dedicate this thesis to my 

first teacher, my Mother, Turkiah Alghamdi, and my first friend, my Father, Ahmed Farzan. 



 
 

7 

Table of Contents 

Abstract ...................................................................................................................................... 2 

Declaration of originality ........................................................................................................... 3 

Copyright declaration ................................................................................................................. 4 

Acknowledgements .................................................................................................................... 6 

List of figures ........................................................................................................................... 12 

List of tables ............................................................................................................................. 15 

Abbreviations ........................................................................................................................... 16 

1 - Introduction ........................................................................................................................ 19 

1.1 – Signatures of mutations in human cancer ................................................................... 19 

1.2 - The APOBEC/AID family of proteins ........................................................................ 23 

1.2.1 - APOBEC mediated mutation in cancer ................................................................ 24 

1.3 - APOBEC3 ................................................................................................................... 28 

1.4 – APOBEC3B ................................................................................................................ 31 

1.5 – APOBEC3H ................................................................................................................ 32 

1.5.1 - APOBEC3H dimerisation by RNA ...................................................................... 33 

1.6 – p53............................................................................................................................... 34 

1.7 - APOBECs and cancer .................................................................................................. 40 

1.8 - Uses of CRISPR/CAS9 as a gene editing tool in human cancer cell lines .................. 42 

1.8.1 - Reverse genetic approaches in human cell lines .................................................. 42 

1.9 – Aims ............................................................................................................................ 46 

2 – Materials and methods ....................................................................................................... 47 

2.1 - Materials ...................................................................................................................... 47 

2.1.1 - General reagents, materials and equipment .......................................................... 47 

2.1.2 - Sundries ................................................................................................................ 47 

2.1.3 - General equipment ................................................................................................ 48 

2.1.4 - Cell culture reagents ............................................................................................. 49 

2.1.5 - Chemicals and antibiotics ..................................................................................... 49 



 
 

8 

2.1.6 - General stock solutions ......................................................................................... 49 

2.1.7 - Microbiological reagents ...................................................................................... 51 

2.2 – Methods....................................................................................................................... 51 

2.2.1 - Tissue culture ........................................................................................................ 51 

2.2.2 - Preparation and use of frozen cell stocks ............................................................. 52 

2.2.3 - Cell counting and cell viability measurement ...................................................... 53 

2.2.4 - Measurement of cell growth using the Sulforhodamine B (SRB) assay .............. 53 

2.2.5 - Cell cloning ........................................................................................................... 54 

2.2.6 - Nucleofection of cells ........................................................................................... 55 

2.2.7 - Gibson assembly cloning of CRISPR sgRNA sequences .................................... 56 

2.2.7.1 - Generation of the CRISPR guide RNAs fragment for cloning ..................... 56 

2.2.7.1.1 - CRISPR template hybridisation .............................................................. 56 

2.2.7.1.2 - CRISPR template end-repair .................................................................. 57 

2.2.7.1.3 - PCR amplification and purification of double stranded CRISPR gRNA 

DNA template .......................................................................................................... 57 

2.2.7.2 - p41824 pgRNA-U6 vector preparation ......................................................... 59 

2.2.7.3 - Cloning of double stranded CRISPR gRNA DNA sequences into the p41824 

pgRNA-U6 vector using Gibson assembly .................................................................. 60 

2.2.7.4 - Transformation of chemically competent cells with Gibson assembly 

reaction products .......................................................................................................... 61 

2.2.8 - Plasmid preparation .............................................................................................. 61 

2.2.8.1 - Plasmid mini preparation ............................................................................... 62 

2.2.8.2 - Plasmid maxi preparation .............................................................................. 62 

2.2.9 - Polymerase chain reaction (PCR) ......................................................................... 63 

2.2.10 - Genomic DNA preparation ................................................................................. 64 

2.2.11 - Agarose gel electrophoresis ................................................................................ 65 

2.2.12 - Extraction of total RNA from cultured cells ...................................................... 65 

2.2.13 - Complementary DNA (cDNA) preparation by reverse transcription ................. 66 

2.2.14 - TaqMan quantitative real-time PCR (qRT-PCR) ............................................... 67 

2.2.15 - RNA-seq library construction ............................................................................. 69 

2.2.16 - RNA-sequencing analysis ................................................................................... 69 

2.2.17 - Protein lysate preparation ................................................................................... 70 

2.2.18 - Determination of protein concentration .............................................................. 70 



 
 

9 

2.2.19 - SDS-Polyacrylamide gel electrophoresis and Western blotting ......................... 71 

2.2.20 - Sanger DNA sequencing .................................................................................... 72 

3 – Results 1: p53 regulation of APOBEC3B and APOBEC3H expression ........................... 72 

3.1 - p53 regulation of the APOBEC3 locus ........................................................................ 73 

3.2 - Generation of p53 knock out MCF7 line ..................................................................... 73 

3.3 - Cloning and characterisation of p53 directed sgRNAs ............................................... 76 

3.4 - CRISPR mediated p53 coding exon 3 deletion in MCF7 Luc cells ............................ 76 

.............................................................................................................................................. 87 

3.5 - p53 expression and functionality in the MCF7 Luc Dp53 MA2 line .......................... 88 

3.6 - Use of the MCF7 Luc Dp53 MA2 line  to study regulation of APOBEC3H .............. 93 

3.7 - Discussion .................................................................................................................... 94 

4 - Results 2: Generation of an APOBEC3H gene knockout in the HCT116 human cancer cell 

line ............................................................................................................................................ 98 

4.1 - APOBEC3H knockout in the HCT116 cell line .......................................................... 98 

4.2 - CRISPR-Cas9 mediated knockout of APOBEC3H by indel mutation. .................... 100 

4.3 - Design of CRISPRs for making DNA deletions of APOBEC3H exon3 ................... 102 

4.4 – Establishment of HCT116 APOBEC3H knockout lines .......................................... 105 

4.5 - Isolation and initial characterisation of HCT116 APOBEC3H knockout lines ........ 108 

4.6 - Characterisation of gene expression from the APOBEC3H locus in HCT116 cells and 

the HCT116- APOBECH exon3 deleted clones 2B3 and 2C3. ......................................... 114 

4.7 - Sub-cloning of the HCT116- APOBECH exon3 deleted clones 2B3 and 2C3 and 

characterisation of the APOBEC3 locus in the APOBEC3H knockout lines .................... 118 

4.8 - Growth and sensitivity to Nutlin in the HCT116 2B3 and 2C3 subclones ................ 121 

4.9 - Discussion .................................................................................................................. 123 

5 - Results 3: RNAseq analysis of the APOBEC3H gene knockout constructed in the 

HCT116 human colon cancer cell line ................................................................................... 127 

5.1 - RNAseq analysis of HCT116 A3H knockout lines 2B3-2B2 and 2C3-1B2 ............. 127 



 
 

10 

5.2 - Overview of strategy ................................................................................................. 129 

5.3 - RNAseq ..................................................................................................................... 138 

5.3.1 - RNAseq – library construction and next generation sequencing ....................... 138 

5.3.2 - RNAseq analysis ................................................................................................. 138 

5.3.3 - Analysis of differential expression between HCT116 wild-type, HCT116 

APOBEC3H 2B3-2B2 and APOBEC3H 2C3-1B2 cells ............................................... 142 

5.3.4 - Down-regulated gene expression in the APOBEC3H 2B3-2B2 and APOBEC3H 

2C3-1B2 indicates a loss of the Y chromosome ............................................................ 146 

5.3.5 - Up-regulated gene expression in the HCT1116 APOBEC3H 2B3-2B2 and 

APOBEC3H 2C3-1B2 is enriched for processed pseudogene transcription. ................ 153 

5.3.6 - Gene set enrichment analysis of differentially regulated gene expression in the 

HCT116 APOBEC3H 2B3-2B2 and APOBEC3H 2C3-1B2 lines ............................... 158 

5.3.7 - Evaluation of the Nutlin - p53 response in wild-type HCT116 cells and in the 

HCT116 APOBEC3H 2B3-2B2 and APOBEC3H 2C3-1B2 cell lines ......................... 160 

5.4 - Discussion .................................................................................................................. 173 

5.4.1 - Differential gene expression in the HCT116 APOBEC3H knockout lines and loss 

of the Y chromosome ..................................................................................................... 173 

5.4.2 - Differential gene expression in the HCT116 APOBEC3H knockout lines and 

processed pseudogene expression .................................................................................. 175 

5.4.3 - Differential gene expression in the HCT116 APOBEC3H knockout lines and p53 

regulated gene expression. ............................................................................................. 176 

6 – Discussion ........................................................................................................................ 178 

6.1 - APOBEC3H and p53 ................................................................................................. 178 

6.1.1 - APOBEC3H as a mediator of retroviral resistance ............................................ 178 

6.1.2 - APOBEC3H in the inhibition of retrotransposon mobilisation .......................... 180 

6.1.3 - p53 induction of APOBEC3H as a mechanism to inhibit retroviral and 

retrotransposable propagation ........................................................................................ 181 

6.2 - CRISPR-Cas9 genome engineering ........................................................................... 185 

6.3 - Summary and future work ......................................................................................... 187 

References .............................................................................................................................. 190 



 
 

11 

Supplementary 1. p53 controls expression of the DNA deaminase APOBEC3B to limit its 

potential mutagenic activity in cancer cells ........................................................................... 211 

Supplementary 2. The responses of cancer cells to PLK1 inhibitors reveal a novel protective 

role for p53 in maintaining centrosome separation ................................................................ 225 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

12 

List of figures 

Figure 1.1. Somatic mutational signatures – scope and mechanisms ...................................... 21 

Figure 1.2. The 96-tumour mutation signature model adapted from Alexandrov et al., (2013b)

.................................................................................................................................................. 22 

Figure 1.3. Cytidine deamination and the human APOBEC family ........................................ 26 

Figure 1.4. Overview of human APOBEC cytidine deaminase function ................................ 27 

Figure 1.5. The APOBEC3 gene locus .................................................................................... 30 

Figure 1.6. Key p53 target genes and pathways ...................................................................... 37 

Figure 1.7. p53 and gene regulatory networks ......................................................................... 39 

Figure 1.8. Overview of CRISPR-CAS9 system ..................................................................... 45 

Figure 3.1 TP53 gene structure and domains organization ...................................................... 75 

Figure 3.2. TP53 coding exon 4 (coding exon 3) CRISPR guide RNA cloning ..................... 79 

Figure 3.3. CRISPR 138076 -138077 / Cas9 mediated DNA deletion in TP53 exon 4 (coding 

exon 3) ..................................................................................................................................... 80 

Figure 3.4. PCR characterisation of MCF7 Luc clones following CRISPR138077/ 

CRISPR138076/ Cas9 co-transfection ..................................................................................... 84 

Figure 3.5. Differential growth inhibition by Nutlin in wild-type and p53 knockout MCF7 

Luc cells ................................................................................................................................... 85 

Figure 3.6. TP53 exon 3 allele sequences from wild-type and TP53 knockout MCF7 Luc cells

.................................................................................................................................................. 87 

Figure 3.7. Western blot analysis of p53 and p53 regulated expression in wild-type and p53 

null, CRISPR-Cas9 engineered MCF7 Luc cells ..................................................................... 89 

Figure 3.8. qRT-PCR analysis of p53 regulated gene expression in MCF7 Luc wild-type and 

MCF7 Luc ∆p53 MA2 cells ..................................................................................................... 92 

Figure 4.1. APOBEC3H gene expression in MCF7 Luc and HCT116 cell lines .................... 99 

Figure 4.2. APOBEC3H targeted gene editing using CRIPSR 182078 ................................ 101 

Figure 4.3. Design of CRISPR guide RNAs for APOBEC3H exon 3 ................................... 104 

Figure 4.4. Cloning of CRISPR guide RNAs for APOBEC 3H exon 3 into the U6 CRISPR 

sgRNA vector ......................................................................................................................... 106 

Figure 4.5. Optimised plasmid nucleofection of HCT116 cells ............................................ 107 

Figure 4.6. PCR characterisation of HCT116 clones following CRISPR guide13H 3738/ 

guide23H 3940/ Cas9 co-transfection .................................................................................... 110 



 
 

13 

Figure 4.7. DNA sequence characterisation of HCT116 APOBEC3H knockout clones 2B3 

and 2C3 .................................................................................................................................. 111 

Figure 4.8. Western blot analysis of HCT116 APOBEC3H knockout clones 2B3, 2C3 and 2A

................................................................................................................................................ 113 

Figure 4.9. APOBEC3H transcript variants ........................................................................... 116 

Figure 4.10. APOBEC3H transcript variants PCR analysis .................................................. 117 

Figure 4.11. Integrity of the APOBEC3 locus in the HCT116 and HCT116 APOBEC3H 2B3 

and 2C3 knockout cells .......................................................................................................... 120 

Figure 4.12. Growth and Nutlin sensitivity of HCT116 wild-type and HCT116 APOBEC3H 

knockout cells ........................................................................................................................ 122 

Figure 5.1. Culture morphology of wild-type HCT116 cells and APOBEC3H knockout 

HCT116 lines 2B3-2B2 and 2C3-1B2 ................................................................................... 128 

Figure 5.2. Overview of sample generation for RNAseq analysis of HCT116 cells and 

HCT116 △A3H lines 2B3-2B2 and 2C3-1B2 ....................................................................... 131 

Figure 5.3. Overview of sample generation for RNAseq analysis of HCT116 cells and 

HCT116 △A3H lines 2B3-2B2 and 2C3-1B2 ....................................................................... 132 

Figure 5.4. p21 relative expression in HCT116 cells and APOBEC3H knockout HCT116 

knockout cells ........................................................................................................................ 135 

Figure 5.5. Assessment of genomic DNA contamination in RNA preparations ................... 137 

Figure 5.6. Overview of RNAseq analysis ............................................................................ 140 

Figure 5.7. Principal component analysis for control (DMSO) replicates in the two 

APOBEC3H KO lines compared to HCT116 WT cells ........................................................ 141 

Figure 5.8. Differentially expressed genes shared by the APOBEC3H HCT116 knockout cell 

lines 2B3-2B2 and 2C3-1B2 .................................................................................................. 144 

Figure 5.9. Differentially expressed genes shared by the APOBEC3H HCT116 knockout cell 

lines 2B3-2B2 and 2C3-1B2 .................................................................................................. 145 

Figure 5.10. Y-Chromosome gene expression is down-regulated in the HCT116 APOBEC3H 

knockout cell lines ................................................................................................................. 150 

Figure 5.11. Down–regulated gene expression in the HCT116 APOBEC3H knockout cell 

lines ........................................................................................................................................ 152 

Figure 5.12. Up–regulated gene expression in the HCT116 APOBEC3H knockout cell lines

................................................................................................................................................ 157 

Figure 5.13. Gene set enrichment analysis of differentially regulated gene expression in the 

HCT116 APOBEC3H 2B3-2B2 and APOBEC3H 2C3-1B2 lines ....................................... 159 



 
 

14 

Figure 5.14. Evaluation of the Nutlin - p53 response in wild-type HCT116 cells and in the 

HCT116 APOBEC3H 2B3-2B2 and APOBEC3H 2C3-1B2 cell lines ................................. 162 

Figure 5.15. Evaluation of the Nutlin - p53 response in wild-type HCT116 cells and in the 

HCT116 APOBEC3H 2B3-2B2 and APOBEC3H 2C3-1B2 cell lines – three-way analysis

................................................................................................................................................ 163 

Figure 5.16. The Nutlin - p53 gene signature is seen in HCT116 APOBEC3H 2B3-2B2 and 

APOBEC3H 2C3-1B2 cell lines – three way and core p53 comparison ............................... 166 

Figure 5.17. Comparative Nutlin regulated gene expression between HCT116 cells and in the 

HCT116 APOBEC3H 2B3-2B2 and APOBEC3H 2C3-1B2 cell lines ................................. 169 

Figure 5.18. Gene expression for p53 and p53 target genes in HCT116 APOBEC3H 2B3-2B2 

and APOBEC3H 2C3-1B2 cell lines ..................................................................................... 171 

Figure 5.19. Nutlin induced gene expression following APOBEC3H over-expression in wild-

type HCT116 cells ................................................................................................................. 172 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

15 

List of tables  

Table 2.1: General Stock Solution ........................................................................................... 50 

Table 2.2: TaqMan Real-time PCR assay numbers (Applied Biosystems, Life Technologies, 

Paisley, UK) ............................................................................................................................. 68 

Table 5.1. Gene expression differences between wild-type HCT116 cells and the 

APOBEC3H HCT116 knockout lines 143 

Table 5.2. Top 50 common down-regulated genes in the two APOBEC3H knockout cell lines

................................................................................................................................................ 147 

Table 5.3. Genotyping of HCT116 wild-type cells and the APOBEC3H HCT116 knockout 

cell lines 2B3-2B2 and 2C3-1B2 ........................................................................................... 151 

Table 5.4. Top 49 common up-regulated genes in the two APOBEC3H knockout cell lines

................................................................................................................................................ 154 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

16 

Abbreviations  

 
APOBEC                    Apolipoprotein B mRNA editing, enzyme catalytic 

aa   Amino acid  

AID                             Activation induced cytidine deaminase 

BSA   Bovine serum albumin 

bp   Base pair  

Ct   Cycle threshold  

cDNA                          Complementary DNA 

CRISPR                      Clustered regularly interspaced short palindromic repeats 

Cas    CRISPR-associated 

COSMIC   Catalogue of somatic mutations in cancer  

CTD                            C-terminal domain 

CDK                            Cyclin dependent kinase 

ChIP                            Chromatin immunoprecipitation 

ChIP-Seq                    Chromatin immunoprecipitation sequencing 

DNA                           Deoxyribonucleic acid 

dsDNA                        Double strand DNA 

dNTP   Deoxyribonucleotide triphosphate 

DBD                            DNA binding domain 

DEG                            Deferential expressed gene 

DMSO                        Dimethyl sulfoxide 

ddH2O                        Double distilled water 

DMEM                        Dulbecco’s Modified Eagle Medium 

DNA-PK DNA           Dependent protein kinase DNMT DNA methyltransferase 

DSB                            Double strand DNA break 



 
 

17 

ERα    Estrogen Receptor α  

EtOH                           Ethanol 

EDTA                         Ethylenediaminetetraacetic acid 

ER                               Estrogen receptor 
 
FCS                             Fetal calf serum 

gDNA                         Genomic DNA 
 
GFP                             Green fluorescence protein 
 
GADD45                    Growth arrest and DNA-damage-inducible protein 

HDR                            Homology-directed repair  

Indel                            Insertion/deletion 

Kb    Kilo-base pair 

LBD                            Ligand binding domain  

mRNA   messenger RNA 
 
MAPK                        Mitogen activated protein kinase  

mg                               Milligram 

ml                                Millilitre 

ug/µg                           Microgram 

5meC                          5-methyl cytosine  

5hmC                          5-hydroxymethyl cytosine  

5hmU                          5-hydroxymethyl uridine  

miRNA                       MicroRNA 

NR                              Nuclear receptor 

NHEJ                          Non-homologous end joining 

nt    Nucleotide 

Luc    Luciferase 



 
 

18 

PCR                            Polymerase chain reaction 

PAM                           Protospacer adjacent motif 

PBS                             Phosphate buffered saline 

pre-crRNA                  Precursor-CRISPR-RNA 

PSG                             L-glutamine-penicillin-streptomycin 

qPCR                          Quantitative PCR 

RIPA                           Radioimmune precipitation buffer  

RNA-seq                     RNA-sequencing 

RT                               Reverse transcription 

RT-PCR                      Real-time PCR 

RNA                            Ribonucleic acid 

RIPA   Radioimmune precipitation buffer  

RFP   Red fluorescent Protein 

ssDNA                        Single strand DNA 

sgRNA  Single guide RNA 

SNP   Single nucleotide polymorphism  

TSS   Transcription start site  

tracrRNA   Transactivating crRNA 

WT   Wilde-type 

r   Mutant  

 

 

 

 

 



 
 

19 

1 - Introduction 

1.1 – Signatures of mutations in human cancer 

The large-scale genome sequencing of patient cohorts has described a landscape of somatic 

mutations, and it is these mutations occurring during the lifetime of an individual, that cause a 

very significant percentage of cancers in humans (Forbes et al., 2017). Mutation occurs in the 

DNA of the cell, such that its genome is imprinted with a corresponding mutational signature 

of the event (Stratton, 2013). The application of a mathematical approach to the analysis of 

large numbers of mutations has recently led to a cataloguing of somatic mutations from 

different types of cancers in humans (Alexandrov et al., 2013), and has facilitated the 

identification of a set of mutational signatures that encompass ten types of genomic 

rearrangement and over 40 types of base substitutions (Alexandrov, 2018). 

A “mutational signature” is a characteristic combination of different types of mutation resulting 

from specific processes of mutagenesis, including infidelity in DNA replication, exposure to 

endogenous and exogenous genotoxins, defective DNA repair pathways and enzymatic DNA 

editing. Interpreting a cancerous mutational signature helps gain an understanding of the  

biological mechanisms in carcinogenesis and normal somatic mutagenesis (Figure 1.1)  (Forbes 

et al., 2017). The analysis of mutational signatures for cancerous agents requires data from 

cancer genome sequencing along with the sequencing of paired-normal DNA, in order to build 

a catalogue of the types and frequency of mutations in specific tumours. Different mutation 

types, which can include structural variants, single nucleotide variants and indels, can be used 

either separately or in combination to model cancerous mutational signatures (Alexandrov et 

al., 2013). 
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183,016 substitutions catalogued in 21 genomes of breast cancers show that mutational 

signatures exist in this tumour type, with this being carried out by means of a proof-of-principle 

exercise (Nik-Zainal et al., 2012). How each substitution should be classified was decided with 

regard to the sequence 5' and 3' to each mutated base. As a result, there are six base substitution 

classes and, for each mutated base, 16 possible sequence contexts (A, C, G or T at both the 5’ 

base and the 3’ base). It follows that 96 possible mutated trinucleotides exist for each tumour 

(Figure 1.2A). The five signatures for substitutions in these tumours: A-E, now known as 1B, 

2, 3, 8 and 13, were extracted mathematically (Nik-Zainal and Morganella, 2017). The 

following associations were observed to exist for these signatures – 1, 1B and 5: age of 

diagnosis, 2 and 13: APOBEC cytidine deaminases activity. 3: deficiency in 

BRCA1/BRCA2. 6, 20 and 26: mismatch repair deficiency. Higher levels of 

BRCA1/BRCA2 loss have been recorded for tumours with Signature 8, though it was also found 

elsewhere at lower levels. No etiology has yet been established for Signatures 17, 18 and 30 

(Nik-Zainal et al., 2019). During tumour evolution, signatures are seen to combine, so as to 

contribute to the overall tumour signature (Figure 1.2B). 
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Figure 1.1. Somatic mutational signatures – scope and mechanisms 

 
 Tumour somatic landscapes are shaped by a range of mutagenesis processes, and interpreting the patterns 
underlying cancer mutations reveals how recurring mutational patterns are related to each other and makes it 
possible to infer their possible causes. The mechanisms involved in mutational signatures fall into the 
following categories:  
1 - DNA replication infidelity: Nucleotides that have been wrongly incorporated are removed by DNA 
polymerase in an exonuclease enzymatic reaction – a process known as “DNA proofreading”. When DNA 
polymerase cannot correct replication errors, continuing cell mitosis causes mutations to accumulate 
progressively. 
2 – Genotoxins: Endogenous cellular mutations include, for example, C>T transition caused by spontaneous 5-
methylcytosine deamination. There are a number of types of exogenous carcinogens. They include: Ultraviolet 
(UVB) radiation which directly damages DNA and is known to increase the risk of melanoma and other skin 
cancers. Alkylating antineoplastic agents, a group of chemotherapy agents which cause DNA crosslinking and 
interfere with repair and replication of DNA through addition to DNA of the alkyl group. Their high mitosis 
rate makes cancer cells particularly vulnerable. 
Tobacco: Among the carcinogens harmful to DNA are acrolein, cyanide, nitrosamines and polycyclic aromatic 
hydrocarbons (see health effects of tobacco). 
3 - DNA repair deficiency: HRD (homologous recombination deficiency) causes double-strand breaks in DNA. 
Accurate breakpoint repair requires a homologous recombination mechanism. MMR (DNA mismatch repair) 
deficiency, on the other hand, is a shortfall in the mechanism by which erroneous insertion, deletion or 
incorporation of base pairs is identified and repaired. 
4 - Enzymatic DNA editing: Cytidine deaminase enzymes include cytidine deaminase/CDA, activation-
induced cytidine deaminase and the APOBEC protein family) form part of the natural immune system. They 
help to control retroviruses and transposons elements including endogenous retroviruses. Cytidine deamination 
leading to C>T transition (genetics) mutations is caused by these enzymes. 
Adapted from Helleday et al., (2014) and Robert Weinberg, R. (2006). The Biology of Cancer. 2nd ed. New 
York: Garland Science  
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Figure 1.2. The 96-tumour mutation signature model adapted from Alexandrov et al., 
(2013b) 

By considering the 5' flanking base (A, C, G, T), the 6 substitution classes (C>A, C>G, 

C>T, T>A, T>C, T>G) and 3' flanking base (A, C, G, T) Alexandrov et al suggested 96 

possible mutation types (4 x 6 x 4 = 96). A. The 16 possible mutation types, arising from 

the substitution C>A are shown as an example. B. In this example, taken from (Alexandrov 

and Stratton, 2014), the six classes of somatic substitutions result in a unique mutational 

signature in a tumour. In the clonal progenitor of the tumour, initial mutations come from 

mutational process 1. As the tumour progresses, other mutational process engages, with the 

final tumour genome reflecting these mixed contributions (Alexandrov and Stratton 2014). 

A 
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1.2 - The APOBEC/AID family of proteins 

 

The APOBEC (Apolipoprotein B Editing Complex) family of proteins comprises eleven 

members that function as C-to-U nucleotide editing enzymes (Figure 1.3A). They are the key 

to the processes of deamination that results in somatic and germline DNA mutations 

(Wedekind et al., 2003). Subgroupings of the eleven APOBECs are APOBEC1; APOBEC2; 

the APOBEC3 sub-family (APOBEC3-A, B, C, D, F, G, H); APOBEC4 and AID, the 

Activation-induced cytidine deaminase (Figure 1.3B). APOBECs are similar in structure to the 

zinc-dependent deaminases, as they share a catalytic backbone, with the zinc-dependent 

deaminases usually involved in purine and pyrimidine metabolism (Mitra et al., 2015; Shi et 

al., 2017). Overall, the AID/APOBEC protein structure comprises five β strands and α helices,  

with a catalytic pocket defined by a single zinc atom co-ordinated with histidine and cysteines 

and by a water molecule, which is activated by the zinc ion and results in the nucleophilic 

attack of the C4 atom in the cytidine ring (Figure 1.3A) (Salter et al., 2016), A conserved 

glutamine residue of the catalytic domain acts as a proton shuttle to aid in the transfer of a 

proton from water to the N3 nitrogen of the cytidine ring, donating a proton to the leaving 

ammonia group. The catalytic domain is encoded by the APOBEC proteins N-terminal domain, 

and in four of the eleven members, a pseudocatalytic domain is encoded by the C-terminal 

domain. 

 

APOBEC genes are encoded on four human chromosomes, with APOBEC1 and AID genes on 

chromosome 12, APOBEC2 on chromosome 6 and APOBEC4 on chromosome 1 (Figure 

1.3B).  Among the functions of human APOBEC are editing RNA, somatic hypermutation 

during immunoglobulin heavy chain class switch recombination, retrovirus and endogenous 
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retroelements restriction, DNA induced inflammation suppression, and genomic DNA 

deamination (Figure 1.4A) (Adolph et al., 2018).  

 

1.2.1 - APOBEC mediated mutation in cancer 
 

A recent study investigating single-base substitution mutation signatures in more than one 

thousand cancer cell lines analysed the APOBEC mutation signature by means of two further 

approaches (Jarvis et al., 2018). In the majority of cases, more than one mutation signature was 

evident in a cell line. The “ageing” signature, for example, which is more frequently observed 

in primary tumours than any other signatures, is also seen in most cancer cell lines. Further, 

cancer cell lines from bladder, breast, cervical, lung and neck and head cancers showed 

enriched APOBEC mutation signatures, which also constituted a large percentage of all 

mutations (Jarvis et al., 2018). 

 

It is now recognised that APOBEC mediated enzymatic cytosine deaminase activity on DNA 

leads to mutations in different tumour types and are considered to be a major source of 

mutations (Roberts and Gordenin, 2014). As outlined above, mutational processes result from 

endogenous or exogenous processes, and occur with different “strengths” during the tumour 

process (Stratton, 2011),  Broadly, these can be considered as  “driver mutations” that 

participate in tumour formation, and other “passenger mutations”, which are considered to be 

neutral as regards tumour formation and progression, but which provide useful markers to study 

tumour evolution (de Bruin et al., 2014). In this context, C > T is the major source of mutation 

in many cancers (Nik-Zainal et al., 2014), and this signature corresponds to APOBEC activity 

on cytidine deamination. APOBEC cytosine deaminases have been suggested to enhance 

subclonal expansions and intratumoral heterogeneity, since APOBEC mutational signatures 

may be elevated in tumour subclones (Figure 1.4B) (Swanton et al., 2015).  However, more 
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recent studies suggest that APOBEC mediated mutations may occur in an “episodic” manner, 

but the triggers for this type of activity are unclear (Petljak et al., 2019). 
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A 

B 

Figure 1.3. Cytidine deamination and the human APOBEC family 

A. Cytidine deamination is the hydrolytic deamination of cytosine via the removal of the amino group at the 
fourth position of the pyrimidine ring, leading to the formation of uracil. The reaction occurs spontaneously, at 
a low rate, and is catalysed by members of the APOBEC family of cytidine deaminases, which encode up to 
two copies of a generic cytidine deaminase domain.Uniprot.org 
 B. The APOBEC gene family comprises 11 members, encoded by genes on four human chromosomes. The 
activation induced deaminase (AID) and APOBEC1 genes are located on chromosome 12 at two loci separated 
by ~1MB. The APOBEC2 gene is located on chromosome 2. The APOBEC3 genes are clustered in a 145 Kb 
region on Chromosome 22. APOBEC4 is encoded on chromosome 1. The sizes of the APOBEC proteins 
encoded by each gene is listed and their organisation shown as block diagrams. APOBEC proteins contain 
cytidine deaminase (CD) catalytic domains (shaded red), which are characterised by the conserved amino acid 
sequence motif “His-X-Glu-X23-28-Pro-Cys-X2-4-Cys”, were the cysteine and histidine residues coordinate 
with a single Zn2+ ion. APOBECs 1, 3A, 3C, and 3H each contain only one CD domain (CD1), while 
APOBEC3B, APOBEC3D/E, APOBEC3F and APOBEC3G each contain two CD domains (CD1 and CD2). 
Adapted from Goila-Gaur and Strebel, (2008). 
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B 

Figure 1.4. Overview of human APOBEC cytidine deaminase function 

 
A. APOBEC enzymes are widely expressed, with some family members showing both a tissue and cell 
specific manner. APOBEC enzymes can edit RNA in the small intestine (A1) as well as in monocytes 
(A3A). AID deaminations in B-cells initiate antibody diversification pathways for somatic 
hypermutation and class switch recombination. Replication of CD4+ T cells is restricted by retroviral 
ssDNA intermediates and A3 deamination, while foreign DNA can be restricted in the same cells and 
in monocytes by A3’s leading to a reduced DNA-induced inflammatory response (Prohaska et al., 
2014). APOBEC enzymes can restrict retrotransposons in germ and somatic cells through RNA binding 
or by deaminating reverse transcripts. Unregulated APOBEC expression in various tissues can be the 
cause of unregulated deamination in genomic DNA leading to cell transformation or instability of the 
genome, ultimately leading to cancer. The figure above shows the APOBECs involved in each process 
(Prohaska et al., 2014). Adapted from Adolph et al., (2018) B. Using DNA sequencing to understand 
the temporal acquisition of DNA mutations during tumour evolution has led to the conclusion that 
APOBEC mediated mutations occur before subclonal diversification, but after the early clonal stage. 
Adapted from Swanton et al (2015). 
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1.3 - APOBEC3 

All the APOBEC3 genes are encoded in a head to tail cluster in a 145 Kb region of chromosome 

22q13.1 (Figure 1.5A) (Conticello, 2008). These are expressed in most cell types and tissues, 

with being overexpressed in cancer cell lines and tissues (Conticello, 2008). APOBEC3A, 

APOBEC3C and APOBEC3H are distinguished by  encoding single zinc-finger domains, 

while APOBEC3B, APOBEC3D, APOBEC3G and APOBEC3F encode two zinc-finger 

domains (Rebhandl et al., 2015). APOBEC3 enzymes inhibit retroviral replication by 

deaminating retroviral DNA intermediates and, in so doing play a significant role in innate 

immunity (Harris and Liddament, 2004). Amongst APOBEC proteins, APOBEC3G was the 

first shown to have strong anti-HIV-1 activity (Sheehy et al., 2002). APOBEC3G deaminates 

cytidine (dC) to uridine (dU) specifically in the retroviral minus strand, after reverse 

transcription to cDNA. As a result, this leads to base transitions of guanosine (G) to adenine 

(A) in the viral genome (Harris and Liddament, 2004; Mangeat et al., 2003). However, to 

counteract this, HIV-1 is able to inhibit the anti-retroviral function of APOBEC3G through the 

production of the virally encoded virion infectivity factor (VIF) (Goila-Gaur and Strebel, 2008; 

Repke et al., 1992). VIF causes APOBEC3G degradation through polyubiquitylation and also 

interferes with APOBEC3G protein translation (Marin et al., 2003; Stopak et al., 2003).  

Other APOBEC3 family proteins are also found to inhibit retroviral infection strongly. For 

example, APOBEC3B and APOBEC3F can significantly reduce retroviral infection (Bishop et 

al., 2004), with APOBEC3B being able to inhibit both wild-type and VIF deficient  HIV-1 

(Bishop et al., 2004; Harris and Liddament, 2004). APOBEC3D, APOBEC3C and 

APOBEC3A are weak HIV-1 inhibitors and VIF sensitive (Bishop et al., 2004; Bourara et al., 

2007). By contrast, while APOBEC3H is also seen to be effective against retroviral replication, 

the expression of this protein is found to be low in primates, where APOBEC mediated 
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retroviral protection is a significant mechanism (OhAinle et al., 2006). Finally, while cytidine 

deamination was thought to be the main mechanism of antiviral activity for APOBEC proteins, 

more recent studies have suggested APOBEC mediated resistance in the absence of DNA 

editing (Holmes et al., 2007).  

APOBEC3 proteins also protect against other viruses including human T-cell lymphotropic 

virus, hepatitis B virus, hepatitis C virus (HCV), human papillomavirus (HPV) and human 

herpesviruses (LaRue et al., 2008). APOBEC3 enzymes are also able to restrict the movement 

of non-LTR and LTR retrotransposable elements, including both LINEs (long interspersed 

nuclear elements) and SINEs (short interspersed nuclear elements) (Chiu and Greene, 2008). 

APOBEC3D, APOBEC3F and APOBEC3G are all present in the cytoplasm, while 

APOBEC3A, APOBEC3C and APOBEC3H are in both cytoplasm and the nucleus (Kinomoto 

et al., 2007). 
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Figure 1.5. The APOBEC3 gene locus 

A. The APOBEC 3 gene locus encodes seven APOBE3 genes that are clustered head to tail 

and span 83,126 bp (A-D, F-H). Adapted from Duggal, Fu et al., (2013) B. The organization 

of the human APOBEC3H gene. The APOBEC3H gene is organised into six exons, the first 

of which is non-coding. The gene shows a high level of polymorphism, with five different 

single amino acid variants - N15∆, R18L, G105R, K121D, and E178D. The exon location of 

the involved residues is as indicated. Adapted from 

https://www.ensembl.org/Homo_sapiens/Gene/Summary?db=core;g=ENSG00000100298;r=

22:39097224-39104067 . 
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1.4 – APOBEC3B 

Overexpression of APOBEC3B occurs in a number of human cancer types, correlating with 

APOBEC3B tumour mutation signatures (Burns et al., 2013). Deletion of the APOBEC3B 

coding region in chromosome 22 has been observed to be a naturally occurring genetic variant  

(Kidd et al., 2007), and results in the fusion of APOBEC3A and APOBEC3B genes, which 

replaces the 3' UTR region in APOBEC3A with that from APOBEC3B. The different stability 

of the resulting fusion gene RNA results in  different modes of expression and regulation of an 

APOBEC3A/ APOBEC3B like protein (Mussil et al., 2013; Shi et al., 2017; Wijesinghe and 

Bhagwat, 2012).  The APOBEC3B deletion polymorphism leads to an elevated risk for  breast 

cancer (Cescon et al., 2015; Gohler et al., 2005; Nik-Zainal et al., 2014), but shows no 

phenotypic difference in breast cancer cells (Cescon et al., 2015). However, there is an 

association between poor patient survival in estrogen receptor positive breast cancer and high 

APOBEC3B expression, and this may be due to the demonstration that APOBEC3B can 

control the growth of breast cancer cells by the promotion of estrogen receptor transcriptional 

activity through protein interaction. Further, the study of Periyasamy et al (2015) showed that 

APOBEC3B can cause C-to-U mutations in the promoter regions of estrogen receptor target 

genes, where it causes local DNA repair. Repairing APOBEC3B-induced lesions potentially 

allows remodelling of chromatin and stimulates gene expression, making APOBEC mediated 

cytidine deamination a potentially important part of gene activation. 
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1.5 – APOBEC3H 

 

The APOBEC3H gene is conserved throughout mammalian evolution, implying that 

APOBEC3H is likely to mediate an important function that predates primate evolution 

(Cascalho, 2004). Human APOBEC3H (A3H) belongs to the sub-group of the APOBEC3 

cytidine deaminase family which actively restricts replication of HIV-1 (Shi et al., 2017). 

APOBEC3H is also an antiviral effector for other retroviruses  (OhAinle et al., 2006) and is 

the most divergent member of the APOBEC3 family, with a Z3 type Zn-coordinating domain 

that is phylogenetically distinct from the Z1- and Z2 domains seen other APOBEC3 proteins 

(Shi et al., 2017). APOBEC3H is distinguished amongst the APOBEC3 family, as the gene 

which has the highest number of SNP variants, resulting in, at least,  five different single amino 

acid variants (N15∆, R18L, G105R, K121D, and E178D), which collectively define seven 

haplotypes, of which three encode stable forms of APOBEC3H protein capable of suppressing 

HIV (Wang et al., 2011).  APOBEC3H haplotypes II, V and VII, share both N15∆,  and 105R 

and produce stable proteins, exerting strong in vitro activity against the replication of HIV-1 

(Iseda et al., 2016) Unstable APOBEC3H haplotypes, inactive against HIV, contain two single 

nucleotide polymorphisms that are found with other polymorphisms in different combinations 

(Akre et al., 2016). As a result, APOBEC3H antiretroviral activity is influenced by 

polymorphisms and alternative splicing variants and has been associated with population 

enhanced resistance to HIV-1 virus, so that the G105R, K121E and E178D haplotypes are 

frequently observed in African populations but are considerably less common in Asian and 

European ones. It has also been suggested that APOEC3H has been key in preventing cross-

species transmission of  simian retroviruses  to humans (Zhang et al., 2017). 
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The APOBEC3H gene is organised into six exons, the first of which is non-coding (Figure 

1.5B). The resultant alternative splicing within the gene allows the generation of four 

APOBEC3H coding variants, encoding 154, 182, 183, and 200 amino acid forms of 

APOBEC3H protein (Ebrahimi et al., 2018).  Further, these authors show through 

bioinformatics and functional analyses that the splice variant giving rise to the 200 amino acid 

form of the enzyme is encoded by APOBEC3H haplotype II, with this being the most potent 

human, antiviral form of the enzyme. The importance of this is made apparent by their 

observation that HIV-1 protease cleaves the 200 amino acid form into shorter, less active 

isoforms.  

 

1.5.1 - APOBEC3H dimerisation by RNA 
 
 
Recently, several reports have identified another unique feature of APOBEC3H, namely the 

ability of the enzyme to dimerise through the binding of dsRNA molecules (Bohn et al., 2017; 

Feng et al., 2018; Ito et al., 2018; Matsuoka et al., 2018; Shaban et al., 2018). While the 

mechanism of dimerisation is clear, there has been ambiguity as to which parts of  APOBEC3H 

molecule are involved and whether the bound RNA acts as an allosteric, or direct inhibitor of 

the deaminase activity in the dimerised protein (Ito et al., 2018; Shaban et al., 2018) or, indeed, 

does inhibit deamination of DNA at all (Bohn et al., 2017). There is also ambiguity as to 

whether monomers of APOBEC3H are active  (Ito et al., 2018).  The most recent paper in this 

regard, from Feng et al (2018) examined the activity of recombinant APOBEC3H protein and 

concluded that the enzyme requires this dsRNA-mediated dimerisation for enzymatic activity, 

but not binding ssDNA. 
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1.6 – p53 

 

The TP53 gene is located in humans on the short arm of chromosome 17 (17p13.1) 

(Matlashewski et al., 1984). It spans 20 kb, has a non-coding exon 1 and a first intron that, at 

10 kb, is very long. Five regions in the coding sequence show high conservation in vertebrates, 

mostly in exons 2, 5, 6, 7 and 8 (May and May, 1999). About 50% of the tumour suppressor 

gene p53 is mutated or lost in cancers (Olivier et al., 2010) and this protein’s role in monitoring 

and controlling cell metabolic disorders and genetics damage through cell cycle inhibition and 

programmed cell death is critical (Kubbutat et al., 1997). MDM2 has a negative effect that 

degrades p53, which remains low in unstressed cells; the interaction between p53 and MDM2 

de-links with an accumulation of p53 and leads to an increased half-life for p53 (Lavin and 

Gueven, 2006; Vousden, 2009). 

A number of mechanisms are in play as part of p53's role in regulation or progression involving 

cell cycle, apoptosis, and genomic stability. It can activate repair proteins for damaged DNA 

and may, therefore, be an important factor in ageing (Olivier et al., 2010). p53 can impede 

growth by keeping the cell cycle at the G1/S regulation point on DNA damage recognition. 

Holding the cell here long enough will give DNA repair proteins enough time to fix the damage, 

so that the cell cycle can continue. It can also initiate apoptosis, or programmed cell death if 

the damage is not repaired and is essential for the senescence response to short telomeres 

(Figure 1.6) (Gilbert, 2013). 

p53 typically binds in a sequence-specific way to DNA sites comprising two decameric motifs 

or half-sites taking the general form RRRCWWGYYY (R = A/G, W = A/T, Y = C/T) (el-Deiry 

et al., 1992). There are three major functional domains to the p53 molecule: the N terminus 

containing the transactivation domain; the core domain containing the sequence-specific DNA 
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binding domain; and the C terminus containing oligomerisation and regulatory domains 

(Kitayner et al., 2006). p53's main target for mutation is in the core domain,  in which are to 

be found 80% to 90% of all missense mutations found in human tumours (Figure 3.1) (Rivlin 

et al., 2011) 

p21, the p53 direct transcriptional target is encoded by the CDKN1A gene and mediates cell 

cycle inhibition (el-Deiry et al., 1993). This binds to, and inhibits cyclin-dependent kinases 

(CDKs) to stop cell cycle progression (Harper et al., 1993). In the event of DNA damage, p21 

is induced by p53 to arrest the G1 phase, so that cells can repair the damage (el-Deiry et al., 

1994). Depending on how serious the damage is, p53's ability to regulate the activity of the 

pro- and anti-apoptotic Bcl-2 family proteins, both directly and indirectly, means that it is also 

able to induce cell apoptosis (Hemann and Lowe, 2006). p53 directly regulates expression of 

two apoptotic proteins: Bax, and the p53-upregulated modulator of apoptosis (Puma). In both 

cases, localisation is to the mitochondria (Benchimol, 2001; Miyashita et al., 1995). p53 has 

been shown to have transactivation-independent roles in inducing apoptosis. These include 

direct interaction with anti-apoptotic protein Bcl-2, inactivating Bcl-2 ( Figure 1.6)  (Hemann 

and Lowe, 2006). 

p53 inactivation in cancer is mainly through allelic loss and single-base changes, which are 

most often missense mutations. A central step in the adenoma-carcinoma transition is thought 

to be somatic mutation of a single copy of TP53, followed by loss of heterozygosity (LOH) 

affecting the short arm of chromosome 17,  which contains TP53 gene (Baker et al., 1990; 

Olivier et al., 2010). Missense mutations are mostly clustered around the p53 DNA binding 

domain, and frequent somatic mutation targets are codons 175, 245, 248, 273 and 282 in which 

mutations prevent p53's ability to transactivate. As the transcriptional activity of p53 requires 
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that the protein be tetramerised, mutant p53 has been suggested as exerting a dominant-

negative effect on wild-type p53 in cells retaining one wild-type allele (Olivier et al., 2010). 
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Figure 1.6. Key p53 target genes and pathways 

The diagram shows important p53 target genes, associated with cell cycle arrest, DNA repair, 

apoptosis and metabolism, autophagy, translation control and feedback mechanisms. 

(Fischer, 2017).  
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In 319 studies published between 1992 and 2016 (Figure 1.7) p53 was reported to activate 246, 

with 91 repressed and 9 both activated and repressed. In at least six data sets, the top 116 genes 

were all p53-activated targets. As well as CDKN1A and RRM2B, well-known p53 target genes 

identified in most data sets included MDM2, GDF15, SUSD6, TMPS, DRAGO, KIAA0247, 

GADD45A, PLK3, BTG2, TIGAR (C12orf5), TNFRSF10B, PPM1D, BAX, AEN, PLK2, 

SESN1, FAS and KITLG (Fischer, 2017). p53 binds in different parts of the gene and at varying 

distances from the TSS, with multiple binding sites for p53 in some genes (Laptenko et al., 

2015) and binding within 1kb of the TSS in most p53 target genes (Fischer, 2017). 

Activated or deleted, p53 integrates chromosomal stresses and immune responses by 

influencing APOBEC3 gene expression, and these key components of the innate immune 

system also influence the stability of the genome (Menendez et al., 2017). p53 represses 

expression of APOBEC3B and cytosine deaminase activity in cancer cells, through a - 

mechanism dependent on p21, which reduces p53 activity through mutation and upregulates 

A3B (Periyasamy et al., 2017). APOBEC3H has also been identified as a p53 target gene 

(Tebaldi et al., 2015). 
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Figure 1.7. p53 and gene regulatory networks 

Red nodes signify p53 induction or activation, blue indicates suppression or deactivation, and 

yellow indicates genes without direct action on p53. Red arrows show induction/activation, 

while blue arrows indicate inhibition. Node size corresponds to the number of connections to 

other nodes. To check their accuracy, each interaction was tested against source literature. 

 The assessment included whether the sentence represented an association between the  

stated genes and whether the resulting sign 

(-/inhibits or + /stimulates) corresponded to the sentence statement. from (Chen et al., 2014). 
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1.7 - APOBECs and cancer 

Some 7000 human tumour samples have been found to feature mutations derived from 

APOBEC activity (Rebhandl et al., 2015), as characterized by dC to dT transitions within a T-

C-W (for APOBEC3) motif. These are seen to be significantly present in bladder, breast and 

thyroid cancers and lung adenocarcinoma (Alexandrov et al., 2013; Nik-Zainal et al., 2012; 

Roberts et al., 2013; Swanton et al., 2015). Localised hypermutations, known as ‘kataegis’ 

from the Greek for ‘shower’, have also been found in 21 breast cancer genomes, suggesting 

the specific involvement of APOBEC3 proteins in the generation of these mutation clusters 

(Nik-Zainal et al., 2012). Further, elevated levels of genomic uracil corresponded with 

overexpression of APOBEC in breast cancer cells (Burns et al., 2015; Swanton et al., 2015). 

Collectively, these studies implicate APOBEC3 proteins in tumour DNA editing and mutation 

processes.   

To induce kataegis requires a functional DNA repair machinery and the prevailing explanation 

is that during ssDNA resection, DNA repair generates ssDNA substrates for APOBEC proteins 

so that DNA lesions initiated through APOBEC enzymes or by other damaging agents such as 

UV-light, radiation and ROS induce DNA repair either by Base Excision Repair (BER) or by 

Mismatch Repair (MMR), both of which require a 5’-3’ resection of the damaged DNA strand 

and the generation of long stretches of ssDNA that can be attacked by APOBEC3 proteins. 

This mutagenesis, induced by DNA repair, leads to strand-coordinated mutations, with only 

dCs on the non-resected DNA strand deaminated, and to clusters of mutations focused on 

regions of a few kilobases, typically resected during DNA repair (Chen et al., 2014). 

Certain members from the APOBEC3 family have been found to be overexpressed by cancer 

cell lines and cancer tissues (Conticello, 2008). Overexpression of APOBEC3B in breast 

cancer cell lines and breast cancers is particularly worthy of note (Cescon et al., 2015), as it 
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has recently been shown this is needed for ER-positive breast cancer cell growth, where 

APOBEC3B acts as an ER co-regulator (Periyasamy et al., 2015). Further, by the use of 

Chromatin Immuno Precipitation (ChIP), this study showed that APOBEC3B was localised in 

the genome of ER-positive breast cancer cells at ER binding regions. This causes local DNA 

strand breaks, which result from C-to-U transitions catalysed by the enzyme's cytidine 

deaminase activity, which are, subsequently, subject to DNA repair. This provides a link 

between APOBEC3B action and chromatin remodelling, in a process aiding expression of ER 

target genes. 

50% of breast tumours, and most breast cancer cell lines feature overexpression of APOBEC3B 

(Zhao et al., 2018). APOBEC3B is constitutively nuclear and is the only DNA deaminase 

activity detected in breast cancer cell extracts. Overexpression of APOBEC3B also induces 

cytotoxicity and DNA damage, leading to multinucleated cells before cell death (Kuong and 

Loeb, 2013). Expression of APOBEC3B show a positive correlation with overall cytosine 

mutation loads in breast cancer (Burns et al., 2013), but the corresponding mutational signature 

is still visible in APOBEC3B-null breast tumours and suggests that other APOBECS, possibly 

APOBEC3H (APOBEC3H-Haplotype I- see below) are responsible for APOBEC signature 

mutations when APOBEC3B is absent. There is also an association between APOBEC3H 

Haplotype I and clonal TCA/T-biased mutations in lung adenocarcinoma, which suggests that 

this enzyme's contribution to cancer mutagenesis may  be both significant, and broad (Burns et 

al., 2015). 

APOBEC3H- Haplotype I has a strong DNA cytosine deaminase activity, with a clear TC 

dinucleotide substrates preference, which has been shown by enzyme activity assays and HIV-

1 restriction and mutation experiments (Starrett et al., 2016). However, after compensating for 

lower levels of protein expression, APOBEC3H-Haplotype I, and also APOBEC3H- 
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Haplotype II show similar enzymatic activities and local motif preferences. Subcellular 

localisation showed the APOBEC3H- Haplotype I protein to be significantly more nuclear than 

APOBEC3H- Haplotype II protein, suggesting possible disruption by Gly105 of the interaction 

with a cytoplasmic retaining factor. Taken together, these findings would suggest a plausible 

mechanism for APOBEC3H- Haplotype associations  for  somatic mutation in cancer (Burns 

et al., 2015) 

 

1.8 - Uses of CRISPR/CAS9 as a gene editing tool in human cancer cell lines 

 
 
1.8.1 - Reverse genetic approaches in human cell lines 
 

The availability of annotated genome sequences for humans, and a wide variety of other model 

organisms (Diehl and Boyle, 2016) has led to enormous advances in the understanding of gene 

function, and the definition of new mutations for many human diseases. This collective data 

essentially points to the use of “reverse genetics”, an approach where gene sequence is used to 

study gene function, primarily through the production of engineered genomic mutations. 

Reverse genetics has been successfully used in a variety of model systems (Hardy et al., 2010). 

However, in humans, it is not possible to model such mutations by transgenic approaches and 

look at whole organism phenotypes. Hence, human systems have largely focussed on the use 

of cell lines, and methodologies to manipulate target genes in this context.  To date, methods 

have included the use of RNA interference (Kim and Rossi, 2007), and genome engineering 

approaches with engineered zinc finger nucleases (Carroll, 2011), and engineered TAL 

nucleases (TALENS) (Joung and Sander, 2013). While these techniques are all of utility, they 

also have significant drawbacks in terms of sustained gene expression affects, off-target issues, 

complexity of use and cost (Boettcher and McManus, 2015). The newly developed clustered 
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regularly interspaced short palindromic repeats (CRISPR)-CRISPR associated proteins 

(CRISPR-Cas) system offers an alternative system for targeted genome editing, which is 

simple, low cost and allows the generation of null mutations, essentially by indel formation, as 

well as the ability to make knock in  mutations, when used in conjunction with an appropriate 

template for homologous recombination (Boettcher and McManus, 2015).  

 

CRISPRs are clustered, regularly interspaced short palindromic repeats that are able to 

integrate exogenous DNA sequences into the host bacterial genome. They have been found in 

a large number of bacteria and archaea, where they act as a defence mechanism, shielding cells 

from bacteriophages and conjugative plasmids (Marraffini and Sontheimer, 2010). In this 

manner CRISPRs act to give an adaptive, heritable record of past exposure and are used for the 

expression of CRISPR guide RNAs (gRNAs) that are able to recognise intrusive nucleic acids, 

and act in combination with a host nuclease, Cas, to bring about the targeted destruction of 

invading pathogen genomes (Marraffini and Sontheimer, 2010). CRISPR systems are 

classified into Type I, II, or III. The Type II system uses Cas9, a single nuclease enzyme, which 

binds CRISPR gRNAs , so as to allow targeting that leads to the specific cleavage of the 

targeted dsDNA sequences Functionally, CRISPR target sequences are 20nt long, and need to 

be followed at the 3’ end by the Cas9 licensing Protospacer Adjacent Motif (PAM) NGG. As 

the probability of a random match to a 20-nucleotide sequence (1 in 4^20, or 1 in 1x10^12 

bases) is greater than the size of human genome (6 x10^9 bases). CRISPR target sequences can 

be identified in complex genomes, so that they are essentially unique, providing little scope for 

off-target effects.  (Jinek, 2012) 

Following the discovery and understanding of the Type II CRISPR- Cas9 system, this has 

recently been adapted for genome engineering in eukaryotic systems, including human cells, 

by developing transfectable expression constructs for humanised, nuclear targeted Cas9 and 
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hybrid guide RNAs, or “sgRNAs”. These encode twenty nucleotide genome targeting 

sequences as part of a larger structural RNA capable of being bound by the Cas9 enzyme (Mali 

et al., 2013). As fairly small structured RNAs, sgRNAs are best transcribed by RNA 

Polymerase III and expressed using the U6 RNA gene promoter (Sanchez-Rivera and Jacks, 

2015; Yang et al., 2014). This basic system allows CRISPR targeted cleavage of DNA. The 

cleaved DNA will be subject to DNA repair, which will regenerate the DNA site for cleavage, 

unless a fault has been made in repair, leading to insertion, or deletion, also known as “indel” 

mutation.  In this way CRISPR-Cas9 can lead to targeted indel mutations, which then allows 

reverse genetic approaches to gene studies.  In addition, the CRISPR-Cas system has been 

further modified to allow additional modes of genome engineering, and targeted gene 

regulation (Adli, 2018).  
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Figure 1.8. Overview of CRISPR-CAS9 system 

 
CRISPR mediated genome editing requires the use of an sgRNA and Cas-9. When 

introduced into a cell these can cause a double stranded DNA break that can lead to indel 

mutation formation by Non-Homologous End Joining (NHEJ). NHEJ can lead to the 

efficient introduction of insertion/deletion mutations (indels) of various lengths, which can 

disrupt the translational reading frame of a coding sequence. Adapted from Addgene.org 
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1.9 – Aims 
 

In evaluating APOBEC3 expression, our group have found that p53 activation, through the use 

of Nutlin, a compound which interferes with the interaction between p53 and Mdm2, resulted 

in an increase of APOBEC3H expression and reduced APOBEC3B expression in cells with 

wild-type p53. This finding suggested that APOBEC3B and APOBEC3H are potential p53 

target genes and indicated the possibility that cytidine deaminase activity may be a part of the 

p53 gene response.   

My proposed investigation is:  

• To use CRISPR directed genome editing to investigate the role of APOBEC3B and 

APOBEC3H in the regulation of p53 and its function. 

 

• To use CRISPR directed genome editing to develop a cancer cell line model in which 

expression of APOBEC3H is knocked out, so as to further define the role of 

APOBEC3H in cancer cells. This will be done using transcriptomic analysis of the 

knockout lines with Next Generation RNA sequencing (RNAseq). 
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2 – Materials and methods 

2.1 - Materials 

 
2.1.1 - General reagents, materials and equipment 

 
Stock chemicals, and molecular biology grade, sterile water was obtained from Sigma-Aldrich 

(Gillingham, UK), unless otherwise stated. Standard molecular biology reagents, including 

DNA and protein size markers were obtained from ThermoFisher (Life Technologies, Paisley, 

UK) and New England Biolabs (NEB; Hitchin, UK). Single stranded oligonucleotide primers 

were synthesised by Invitrogen and were dissolved at a final concentration of 100µM in 

molecular biology grade sterile water. TaqMan® and SYBR® Green real-time PCR reagents 

were obtained from Applied Biosystems (Life Technologies, Paisley, UK).  Plasmid vectors 

were obtained as bacterial “stab” cultures from Addgene (/www.addgene.org), under the cover 

of Material Transfer Agreements made on behalf of the recipient laboratory. Protease and 

phosphatase inhibitor cocktail tablets were obtained from Roche Diagnostics Ltd (Sussex, UK) 

and SuperSignal West Pico and Femto substrates were obtained from ThermoFisher (Life 

Technologies, Paisley, UK).  

 

2.1.2 - Sundries 

 
1.5ml and 2ml microcentrifuge tubes and Gilson pipette compatible tips were obtained from 

Starlab Ltd (Milton Keynes, UK). Thin walled -PCR tubes (0.2ml and 0.5ml) were obtained 

from Applied Biosystems (Life Technologies, Paisley, UK).   Disposable 30ml high speed 

centrifuge tubes were obtained from Sarstedt Ltd (Leicester, UK) and 250ml Sorvall high speed 

centrifuge bottles from ThermoFisher (Life Technologies, Paisley, UK). Tissue culture and 
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microbiology grade plastics were obtained from Corning (Dow Corning, Dewsbury, UK) and 

Sterilin (Newport, UK). Nitrocellulose membrane (0.45µm), for Western blotting was obtained 

from Bio-Rad Laboratories Ltd (Hemel Hempstead, UK).  

 

2.1.3 - General equipment 

 
Large volume (>30ml) high-speed centrifugation was performed using a Sorvall RC6 Plus 

centrifuge with Sorval SS34 and Fiberlite™ F14-6 x 250y Fixed-Angle Rotors (ThermoFisher, 

Life Technologies, Paisley, UK). Bench top harvesting of tissue culture cells was carried out 

using a Heraeus Megafuge 1 centrifuge (Cambridge, UK). Bench top Sorvall Pico™ 

microcentrifuges (Sorvall, Leicester, UK) were used for volumes less than 2ml. Incubations 

were carried out in a water bath (Grant SUB Aqua Pro, Grant Instruments Ltd, Shepreth, UK), 

incubator oven (LEEC, Nottingham, UK), shaking incubator (New Brunswick Scientific 

Company Incorporated, Edison, USA) or block heater (Grant-bio, Wolf Laboratories, York, 

UK). PCR was carried out using an Applied Biosystems Veriti™ 96 well thermal cycler (Life 

Technologies) and real-time quantitative PCR was carried out using an Applied Biosystems 

7900HT Fast Real-Time PCR System (Life Technologies, Paisley, UK). Horizontal agarose 

gel electrophoresis tanks were purchased from Thistle Scientific (Glasgow, UK). Western 

blotting vertical gel electrophoresis tanks and transfer apparatus were from Hoeffer (GE 

Healthcare Life Science, Buckinghamshire, UK) and Bio-Rad. Power packs were also obtained 

from Bio-Rad. Routine DNA and RNA quantification was carried out using spectrophotometric 

measurements from a Nanodrop™ ND-1000 (Labtech International, UK). Samples were mixed 

using a Vortex-Genie 2 (Scientific Industries, London, UK).  
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2.1.4 - Cell culture reagents 

 
Cells were maintained at 37oC in a humidified air atmosphere supplied with 5% CO2 in RS 

Biotech Galaxy R+ CO2 incubators (New Brunswick, Eppendorf, Cambridge, UK). Tissue 

culture work was carried out in Hepaire ducted BIOMAT 2 Microbiological Safety Cabinets 

(Contained Air Solutions Ltd, Manchester, UK). Cells were maintained in Dulbecco’s 

Modified Eagle’s Medium (DMEM), supplemented with L-Glutamine-Penicillin-

Streptomycin solution (200mM L-glutamine, 10,000 units/ml penicillin, 10mg/ml 

streptomycin in 0.9% sodium chloride) (“PSG”; Sigma-Aldrich, Gillingham, UK) and 10% 

heat treated Foetal Calf Serum (FCS; First Link Ltd, Birmingham, UK). Cell harvesting and 

passaging was carried out using 0.02% ethylenediaminetetraacetic acid (EDTA) solution and 

10X trypsin solution supplied by Sigma Aldrich (Gillingham, UK). Cell counting was carried 

out using a Countess II automated cell counter and disposable microfluidic slides 

(ThermoFisher, Paisley, UK). 

 

2.1.5 - Chemicals and antibiotics 

 
Nutlin (Nutlin-3), G418 (Geneticin), Kanamycin and Ampicillin were obtained from Sigma-

Aldrich, (Gillingham, UK).  

 

2.1.6 - General stock solutions 

 
Solutions were made in reverse osmosis purified water (Merk-Millipore, Watford, UK), 

autoclaved and stored at room temperature unless otherwise stated.  
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Table 2.1: General stock solution 

Phosphate buffered 

saline (PBS) (10x) 

137mM NaCl, 3mM KCl, 8mM Na2HPO4, 1.5mM KH2PO4, 

pH 7.4 

Tris-EDTA (TE) buffer 10mM Tris-HCl pH 8.0, 1mM Na-EDTA 

10% APS (Ammonium 

Persulfate) 

1g in 10ml of molecular biology grade water, aliquoted and 

stored at -20oC 
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2.1.7 - Microbiological reagents 

 
Luria-Bertani (LB)-broth and LB-broth agar capsules were obtained from MP Biomedical, 

LLC (Illkirch, France). These were prepared according to the manufacturer’s instructions using 

reverse osmosis purified water (Merk-Millipore, Watford, UK) and autoclaved, before being 

stored at room temperature. Selection antibiotics were added to media, prior to inoculation with 

bacteria.  For bacterial plates, solidified agar was melted using a microwave oven, and then 

cooled to 50°C before the addition of antibiotics. Ampicillin sodium salt (Sigma Aldrich, 

Gillingham, UK), was dissolved in molecular biology grade, purified water at 100mg/ml and 

sterilised by filtration through a 0.45µm filter, and frozen at -20°C in 1ml aliquots. This was 

used at a final concentration of 100µg/ml.  Similarly, Kanamycin sulphate (Sigma Aldrich, 

Gillingham, UK), was dissolved in molecular biology grade, purified water to 50mg/ml, 

sterilised by filtration through a 0.45µm filter, and frozen at -20°C in 1ml aliquots. Kanamycin 

was used at a final concentration of 50µg/ml.  

 

 
2.2 – Methods 

 
 
2.2.1 - Tissue culture 

 

MCF7 Luc (Cambridge Bioscience, Cambridge, UK) are a variant of the MCF7 estrogen 

responsive breast cancer cell line (Soule et al., 1973), which have been modified to incorporate 

a constitutively expressed fire-fly luciferase gene for tracking purposes. The line has been 

previously used in studies of estrogen responsive breast cancer cell growth (Harrod et al 2016).  

HCT116 (Brattain et al., 1981) is a human colon cancer derived cell line (ATCC, LGC 

standards, Teddington, UK). Cells were routinely cultured in DMEM containing 10% FCS 
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(First Link Ltd, Birmingham, UK).  and 1% PSG (Sigma Aldrich, Gillingham, UK). Cells were 

grown at 37°C in a 5% CO2 humidified environment, and maintained in 75 cm2, or 150 cm2 

cell culture flasks (Dow Corning, Dewsbury, UK), where cells were allowed to reach 80-90% 

confluence before passaging. Cells were passaged using Trypsin digestion and harvesting. Cell 

monolayers were washed twice with 0.02% EDTA solution (Sigma Aldrich, Gillingham, UK) 

at 37oC, and then incubated with 5µl/cm2 of 1x Trypsin diluted in 0.02% EDTA solution 

(Sigma Aldrich, Gillingham, UK). Trypsin digestion was maintained for 5 min at 37oC to 

detach cells. After trypsinisation, 10ml of pre-warmed culture medium was added to neutralize 

the trypsin activity, and the cell suspension subject to gentle titration to produce single cell 

suspensions. Cells were serially passaged into tissue flasks using seeding ratios of 1:4, 1:8, or 

1:16. Cell lines were tested on a 3-monthly basis for Mycoplasma using MycoAlert™ 

Mycoplasma Detection Kit (Lonza, Cambridge, UK).  

 

 

2.2.2 - Preparation and use of frozen cell stocks 

 

Cell lines were frozen for long-term storage in liquid nitrogen. Confluent, or near confluent, 

T150 flasks were harvested and the cells recovered by centrifugation (Heraeus Megafuge 1 

centrifuge, Heraeus, Cambridge, UK) at 1200rpm (~300xg) for 5 min. Cell pellets were 

resuspended in 6 ml of freezing medium (90% FCS, 10% DMSO), previously filter-sterilised 

using a 0.22µm syringe filter. The resulting cell suspensions were aliquoted as 1ml volumes 

into 2ml cryogenic vials. Cell suspensions were then chilled to -80°C using isopropanol baths 

(“Mr Frosty” racks, Nalgene, ThermoFisher Scientific), and incubated for at least 24 h, before 

being transferred to liquid nitrogen for long-term storage. For recovery of frozen cells, vials 
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were warmed at 37oC for 5 min, and then dispensed, drop-wise into T75 flasks containing 30ml 

of warmed medium.  

 

 

2.2.3 - Cell counting and cell viability measurement 

 

For experimental seeding, the number of cells in suspensions was determined by cell counting 

using the Countess™ II FL Automated Cell Counter (ThermoFisher, Life Technologies, 

Paisley, UK)) and disposable, micro-fluidic counting slides. For counting and assessing cell 

viability, cell suspensions were diluted with an equal volume of 0.4% trypan blue solution 

(ThermoFisher (Life Technologies, Paisley, UK)), and 50µl of the trypan blue stained cell 

suspension loaded onto the counting slide. The Countess™ II FL Automated Cell Counter 

analyses images of the suspended cell suspension to give cell counts and percentage cell 

viability. The live cell count was subsequently used for seeding calculations.  

 

2.2.4 - Measurement of cell growth using the Sulforhodamine B (SRB) assay 

 

For experiments measuring cell growth using the SRB assay (Vichai and Kirtikara, 2006), 

cultures of replicate 96 well plates were made. These contained 3,000 cells per well, which 

were seeded using an eight channel, multichannel pipette, set to dispense 100µl volumes per 

tip, using cell suspensions made in full medium, and adjusted to 30,000 cells/ml. The medium 

was then changed every three days, with fresh medium supplemented with the appropriate 

treatment agents and plates fixed on days 0, 3, 6, 9 and 12, using 100µl 40% w/v trichloroacetic 

acid (TCA) in reverse osmosis purified water, at 4°C, for a minimum of 1 h. The fixed cells 
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were subsequently washed five times with reverse osmosis purified water and then stained with 

0.4% w/v Sulforhodamine B (SRB, Sigma-Aldrich, Gillingham, UK) in 1% v/v acetic acid in 

reverse osmosis purified water, for 1 h at room temperature. Excess dye was removed following 

five washes in 1% acetic acid, and the stained cultures left to dry, inverted over tissue, at room 

temperature. The dye in each well was solubilised by the addition of 100µl of 10mM Tris-base 

to each well, and 10 min of incubation with shaking.  SRB was measured by absorbance was 

determined using a Tecan Sunrise™ microplate reader (Tecan, Reading, UK).  

 

2.2.5 - Cell cloning 

 

Cells were seeded at clonal densities (typically 3,000-,5,000 cells in a 15cm dish) and allowed 

to grow as distinct clones, visible to the naked eye (typically 128 -256cells, or 7-8 doublings). 

Clones were picked using trypsin-soaked Scienceware® cloning discs (Sigma-Aldrich, 

Gillingham, UK). To do this, cells were washed twice in PBS, and after the second wash discs 

placed on-top of clones to be picked. Cells were returned to the tissue culture incubator for 5 

min and the discs then individually transferred using fine needle forceps to individual wells of 

24 well dishes, each containing 1.5ml of full medium.  Cells were allowed to migrate off the 

paper discs used for cloning for 48 h and subsequently allowed to grow to confluence, with 

regular media changes. Once confluent, wells were harvested and 90% of the cells in the well-

used to obtain cell pellets for analysis by PCR. The remaining cells were allowed to re-attach 

and grow again to confluence, at which point clones which were found to positive for DNA 

editing were moved to T25 flasks, and subsequently expanded further.    
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2.2.6 - Nucleofection of cells  

 

DNA mixes containing 2µg of plasmid DNA in a volume of 5µl were used to nucelofect cells 

using an AMAXA® 4D Nucleofector device (Lonza, Slough, UK). Nucleofection protocols 

were adapted from those described by the manufacturer for   MCF7 and HCT116 cell lines, 

respectively. Briefly, cells were harvested by trypsinisation and used to make single-cell 

suspensions by titration in full medium. Aliquots of 2x106 cells in 1.5ml microcentrifuge tubes 

were then pelleted by centrifugation (200 rpm, 5 min Sorvall Pico Microfuge; Sorvall, 

Leicester, UK), washed once in PBS, and then resuspended in 100µl of Nucleofector® Solution 

V (AMAXA® Cell Line Nucleofector Kit V, Lonza, Slough, UK), together with 5µl of the 

DNA mix. The cell suspension was then transferred to a nucleofection cuvette, taking care not 

to trap air bubbles between the electrodes, and the cuvette loaded into sample carousel of the 

AMAXA® 4D Nucleofector device.  Nucleofection was carried out using the optimised 

programmes recommended by the manufacturer, namely programme EN-130 for MCF7 and 

programme EN-113 for HCT116. Following nucleofection, cells were left to recover in the 

nucleofection reaction mix for exactly 5 min, after which the cells were resuspended in 1ml of 

culture media, pre-warmed to 37°C. Nucleofected cells were seeded diluted into 10ml of full 

medium and 5ml seeded into a T25 flask, with the remainder seeded at clonal densities into a 

15cm2 dishes. Cells seeded in the T25 flask were allowed to grow to confluence, so as to enable 

DNA preparation, and subsequent establishment of frozen stocks, while clones arising from 

seeding onto 15cm plates were picked using paper cloning discs and expanded for further 

characterisation.  
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2.2.7 - Gibson assembly cloning of CRISPR sgRNA sequences  

CRISPR guide RNAs were assembled through the synthesis of 100nt DNA fragments, 

encoding guide RNA sequences adjacent to a U6 promoter sequence. These were subsequently 

cloned, by Gibson Assembly, into a U6 expression plasmid vector, p41824 pgRNA-U6, which 

encodes the remainder of the synthetic guide RNA (sgRNA) backbone. 

 

2.2.7.1 - Generation of the CRISPR guide RNAs fragment for cloning 
 
 
2.2.7.1.1 - CRISPR template hybridisation 
 

CRISPR oligonucleotide pairs were synthesised as 60 base sequences, where the last 20 bases 

are complementary between the two sequences and correspond to the CRISPR guide RNA.  

These were annealed in a hybridisation mix that consisted of: 

8μl 5x Phusion® HF buffer (New England Biolabs, Hitchin, UK) 

2μl oligonucleotide 1 (100μM),  

2μl oligonucleotide2 (100μM)  

38µl Molecular Biology grade water 

To enable hybridisation, the tubes were floated in a beaker containing 2L of boiling water, 

which was allowed to cool gradually to room temperature over a period of 2 h. The annealed 

primer mix was then briefly centrifuged to recover the hybridisation volume.  

 



 
 

57 

2.2.7.1.2 - CRISPR template end-repair 
 

The annealed primer products were converted to double stranded DNA, by using the high 

fidelity Phusion® DNA polymerase (New England Biolabs, Hitchin, UK) to fill in the single 

stranded, 40nt extensions flanking the annealed region.  The reaction mixes for this consisted 

of: 

20μl of the annealed oligonucleotide 

4μl 5x Phusion® HF buffer (New England Biolabs, Hitchin, UK) 

0.8μl 10mM dNTP mix (New England Biolabs, Hitchin, UK) 

0.4μl Phusion® DNA polymerase (New England Biolabs, Hitchin, UK) 

14.8µl Molecular Biology grade water 

This reaction mix was then incubated on a programmable heating block (Applied Biosystems 

Veriti™ 96 well thermal cycler; Life Technologies, Paisley, UK) at 72oC for 10 min. The final 

reaction volume was recovered by brief centrifugation.  

 

2.2.7.1.3 - PCR amplification and purification of double stranded CRISPR gRNA DNA 
template 
 

Double stranded CRISPR gRNA DNA templates were amplified with the Polymerase Chain 

Reaction (PCR), again using Phusion® DNA polymerase (New England Biolabs, Hitchin, 

UK). For this, a PCR primer mix was used, consisting of:  
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5µl 100µM SA3984CRISPRf primer (TTTCTTGGCTTTATATATCT) 

5µl 100µM SA3985CRSIPRr primer (GACTAGCCTTATTTTAACTT) 

40µl Molecular Biology grade water 

 

This mix was used to amplify the double stranded CRISPR gRNA DNA product as follows: 

5μl 5x Phusion® HF buffer (New England Biolabs, Hitchin, UK) 

1μl double stranded CRISPR gRNA DNA template,  

5μl SA3984/SA3985 primer mix  

1μl 10mM dNTP mix (New England Biolabs, Hitchin, UK),  

0.5μl Phusion® DNA polymerase (New England Biolabs, Hitchin, UK) 

37.5µl Molecular Biology grade water 

The reaction was used to amplify DNA using the following cycling profile on an Applied 

Biosystems Veriti™ 96 well thermal cycler (Life Technologies, Paisley, UK): 

98oC for 30 s, 

Followed by 25 cycles of 98oC for 15 s, 50oC for 15 s and 72oC for 15 s,  

Followed by an elongation step of 72oC for 2 min, and a hold step at 4°C. 

One tenth of the reaction was then checked by agarose gel electrophoresis, and the remainder 

purified by spin column chromatography using the QIAquick PCR Purification Kit (Qiagen 
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Ltd., Manchester UK). The concentration of the eluted, purified DNA was determined using a 

Nanodrop™ spectrophotometer (ThermoFisher, Life Technologies, Paisley, UK) and diluted 

to a stock concentration of 1ng/μl. 

 

2.2.7.2 - p41824 pgRNA-U6 vector preparation 
 

The p41824 pgRNA-U6 vector (Addgene) encodes a single Afl II restriction enzyme site in 

the region between the U6 promoter and sgRNA backbone (https://www.addgene.org/41824/). 

To enable cloning into this site, the vector was linearised, by restriction enzyme digestion as 

follows: 

 

1μl Afl II (20u/μl; (New England Biolabs, Hitchin, UK) 

10μl 10x NEB buffer 4 (New England Biolabs, Hitchin, UK) 

1μl 100x BSA (100μg/ml),  

5μg of p41824 pgRNA-U6 vector DNA  

Molecular Biology grade water to a total volume of 100μl.  

Digestion was carried out in a 37oC oven for 4 h, followed by heat inactivation at 65°C for 20 

min. Digest products from 1µl (50ng) of the reaction were resolved agarose gel electrophoresis, 

so as to confirm digest completion.  The remaining, Afl II digested p41824 pgRNA-U6 vector 

DNA was purified by spin column chromatography using the QIAquick PCR Purification Kit 

(Qiagen Ltd., Manchester UK), and the concentration of the eluted, purified DNA determined 

using a Nanodrop™ spectrophotometer (ThermoFisher, Life Technologies, Paisley, UK). 
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2.2.7.3 - Cloning of double stranded CRISPR gRNA DNA sequences into the p41824 
pgRNA-U6 vector using Gibson assembly  
 

Gibson Assembly (Gibson et al., 2009) was originally described as a method for the 

simultaneous joining of multiple DNA fragments for the purposes of DNA cloning, and has 

since become a useful, efficient method for the cloning of synthetic DNA fragments, in an 

orientation specific manner. The Gibson reaction relies on the use of three enzymes The first 

is a strand specific, 3’ to 5’ exonuclease that allows the formation of single stranded ends on 

double stranded DNA molecules, which then allows base pairing with shared, complementary 

sequences carried by a second DNA molecule to join with. The other two enzymes in the 

reaction are a DNA polymerase and DNA ligase, which act to repair DNA on the annealed 

DNA fragments. For the cloning of sgRNA sequences into p41824 pgRNA-U6 vector, the 

Gibson reaction is used the simplest configuration, where the vector and insert share regions 

of homology that allow pairing following exonuclease activity. The assembly reaction is 

further simplified, as all three enzymic components work efficiently in the same buffer, 

allowing the use of a Gibson Assembly master mix.  

 

The Gibson Assembly reaction was set up as follows:  

 

50ng of Afl II p41824 pgRNA-U6 linearized plasmid vector DNA  

6.37ng of 100bp insert DNA 

Molecular Biology grade water to a total volume of 10μl.  

10μl of Gibson Assembly® Master Mix (New England Biolabs, Hitchin, UK) 
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The reaction was incubated on an Applied Biosystems Veriti™ 96 well thermal cycler (Life 

Technologies, Paisley, UK) at 50oC for 60 min, and then stored on ice, or frozen at-20°C, until 

used for bacterial transformation.  

 

2.2.7.4 - Transformation of chemically competent cells with Gibson assembly reaction 
products 
 

A 50μl aliquot of frozen, chemically competent NEB 5-alpha Competent E. coli cells (New 

England Biolabs, Hitchin, UK) were transferred from -80°C and thawed for 5 min on ice. 2μl 

of Gibson assembled DNA product was added and mixed gently by titration.  The resulting 

bacterial –DNA suspension was incubated on ice for 30 min, and then heat shocked at 42oC for 

30 s, before being placed on ice again for 2 min. To allow growth, and expression of kanamycin 

resistance, 950μl of SOC bacterial medium (New England Biolabs, Hitchin, UK) was added 

and the bacterial suspension transferred to a 7ml plastic bijou tube. Tubes were then incubated 

with shaking (250rpm) at 37°C for 60 min. 50µl and 100μl aliquots of transformed cells were 

finally spread onto warmed plates with Kanamycin at 50µg/ml, and the plates incubated, 

inverted, overnight at 37°C.  

 

2.2.8 - Plasmid preparation 

 
 
Plasmid DNAs were prepared using spin (mini preparation), and drip column chromatography 

(maxi preparation) (Qiagen Ltd., Manchester UK).  
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2.2.8.1 - Plasmid mini preparation 

 
 
Plasmid DNA was prepared from 1.5ml cultures containing the appropriate antibiotic, 

inoculated with single colonies from agar plates, and grown in 7ml plastic bijou tubes (Sterilin, 

Newport, UK) cultures grown overnight, with shaking at 200rpm, at 37°C. The resulting 

saturated cultures were transferred to 1.5ml microcentrifuge tubes and harvested by 

centrifugation (13,000 rpm, 5 min, Sorvall Pico™ microcentrifuge; Sorvall, Leicester, UK) 

and the pellets drained and used for plasmid preparation using QIAprep Spin miniprep kit 

(Qiagen Ltd., Manchester UK). The final DNA was primarily used as template in DNA 

sequence analysis and to facilitate expansion of positive clones, the original culture dregs were 

kept at 4°C. 

 

 

2.2.8.2 - Plasmid maxi preparation 

 
 
For larger scale preparation of plasmid DNA, bacterial cultures were first grown as saturated 

1.5ml starter cultures containing the appropriate antibiotic and inoculated with single colonies 

from agar plates, or from culture dregs following plasmid mini preparation. These were 

subsequently used to cultures grown overnight, with shaking at 200rpm, at 37°C. grown to 

saturation in 200ml of LB medium, supplemented with the appropriate antibiotic. Bacteria were 

harvested by high speed centrifugation in a Sorvall RC6 Plus centrifuge with Sorval Fiberlite™ 

F14-6 x 250y Fixed-Angle Rotor (ThermoFisher, Life Technologies, Paisley, UK) at 4,000g 

for 30 min. The resulting pellets were drained and used to make plasmid DNA using the Qiagen 

-tip 500 kit (Qiagen Ltd., Manchester UK). The protocol followed was essentially as described 

by the manufacturer, except the cleared bacterial lysates were passed through muslin onto the 
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purification columns, so as to remove particulate debris. The resulting eluted plasmid DNA 

was precipitated with isopropanol and harvested by high speed centrifugation in 30ml 

disposable centrifuge tubes (Sarstedt Ltd, Leicester, UK) using a Sorvall RC6 Plus centrifuge 

with Sorval SS34 Fixed-Angle Rotor (ThermoFisher, Life Technologies, Paisley, UK) at 

10,000g for 30 min. Drained DNA pellets were dissolved in 400µl Tris-EDTA buffer (pH 8) 

and transferred to a 1.5ml microcentrifuge tube, where the sample was extracted with 400µl of 

Phenol Chloroform isoamyl alcohol 25:24:1 saturated with 10nM Tris, pH8, 1nM EDTA.  The 

sample was vortexed, and the aqueous phase separated from the resulting emulsion by 

centrifugation (13,000 rpm, 5 min, Sorvall Pico™ microcentrifuge; Sorvall, Leicester, UK). 

The uppermost, aqueous phase was transferred to a fresh 1.5ml microcentrifuge tube, and the 

plasmid DNA precipitated by the addition of 40µL 3M Na Acetate (pH5.2) and 1ml 100% 

ethanol, inverted to mix and left in the - 80c freezer for 10-15 min. The precipitated DNA was 

pelleted by centrifugation, 13,000 rpm, 10 min, Sorvall Pico™ microcentrifuge; Sorvall, 

Leicester, UK), and the pellets washed twice in 70% ethanol, and the dried under vacuum. The 

dried DNA was resuspended in 300µl Tris-EDTA buffer (pH 8).  The final DNA was primarily 

used as template in DNA sequence analysis, and inn cell transfection work.  

 

2.2.9 - Polymerase chain reaction (PCR) 

 

PCR primers were designed using the on-line Primer3 design tool (Untergasser et al., 2012), 

such that primer melting temperatures (Tm) were specified as 60°C. This ensured all primers 

could be used under the same amplification conditions and allowed standard PCR assay 

conditions to be defined. PCR reactions were carried out using Reddymix 2x PCR enzyme 

master mix (ThermoFisher, Life Technologies, Paisley, UK). PCR reactions (25µl) consisted 

of 12.5μl Reddymix, typically 200 ng of genomic DNA template, 2.5μl of 10μM forward 
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primer, 10μM reverse primer and  Molecular Biology grade water up to a final volume of 25μl. 

DNA amplification by PCR was carried out on a programmable heating block (Applied 

Biosystems Veriti™ 96 well thermal cycler; Life Technologies, Paisley, UK). Cycling 

conditions used were typically as follows: A pre-cycle of 95°C for 2 min, followed by 35 cycles 

of 95°C for 30 s, 55°C for 30 s and 72°C for 30 s, followed by a final elongation cycle of 72oC 

for 5 min. samples were left on hold at 4°C. 

Agarose gel electrophoresis was used to analyse products, and if used as template for DNA 

sequencing, PCR products were purified with either the QIAquick PCR Purification Kit 

(Qiagen Ltd., Manchester UK) or with Clean Sweep (ExoSAP PCR clean-up reagent; 

ThermoFisher, Life Technologies, Paisley, UK). 

 

2.2.10 - Genomic DNA preparation 

 

Tissue cultured cells were harvested by trypsinisation, and 2-4 million cells pelleted by 

centrifugation (13,000 rpm, 5 min, Sorvall Pico™ microcentrifuge; Sorvall, Leicester, UK). 

The resulting pellets were resuspended in 200μl PBS and genomic DNA extracted using the 

PureLink Genomic DNA Kit (Invitrogen; ThermoFisher, Life Technologies, Paisley, UK), 

according to manufacturer’s instructions. Genomic DNA was eluted in 100μl PureLink 

Genomic Elution Buffer (10mM Tris-HCl pH 9.0, 0.1mM EDTA), and the DNA concentration 

and purity determined by measuring absorbance at 260 and 280nm using the NanoDrop ND-

1000 spectrophotometer (ThermoFisher, Life Technologies, Paisley, UK).  
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2.2.11 - Agarose gel electrophoresis 

 
1.5-2% agarose gels (molecular biology grade; Sigma-Aldrich, Gillingham, UK) were made, 

by boiling until dissolved in 150ml 1x TBE buffer (Sigma-Aldrich, Gillingham, UK). For DNA 

visualisation, 15μl SYBR Safe DNA gel stain (ThermoFisher, Life Technologies, Paisley, UK) 

was added before the gel set. The gel was then run in TBE buffer at 150V, 100mA (constant 

power), in a horizontal gel Electrophoresis tank (24x24cm H3 tank; Thistle Scientific, Glasgow 

UK). Samples that did not already contain Reddymix were resuspended in 6x Mass Ruler 

loading dye solution (ThermoFisher, Life Technologies, Paisley, UK). The following DNA 

size markers were used to estimate fragment sizes, depending on expected size range: 

MassRuler Low Range DNA Ladder, MassRuler, High Range DNA Ladder (ThermoFisher, 

Life Technologies, Paisley, UK) and NEB PCR size markers (New England Biolabs, Hitchin, 

UK). A UVIpro Platinum Digital Gel Doc System ultraviolet transilluminator (UVItec, 

Cambridge, UK) was used to visualise DNA. 

 

2.2.12 - Extraction of total RNA from cultured cells 

 

RNA was prepared from adherent cell cultures, lysed in-situ.  To do this RNA was extracted 

and purified using the RNeasy Plus Mini Kit (Qiagen Ltd., Manchester UK).  Briefly, cells 

were washed twice with PBS and collected by scraping into RLT cell lysis buffer (Qiagen Ltd., 

Manchester UK) containing 1% β-mercaptoethanol. Cells lysates were then homogenised by 

centrifugation through a QIAshredder spin column (Qiagen Ltd., Manchester UK) at 13,000 

rpm, 5 min, Sorvall Pico™ microcentrifuge (Sorvall, Leicester, UK). Following the RNeasy 

Plus protocol, column bound RNA was eluted serially from columns, first in 30µl, and then in 

15µl nuclease-free water, and the eluted volumes pooled. RNA concentration and purity were 
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determined by measuring absorbance at 260 and 280nm with the NanoDrop ND-1000 

spectrophotometer. Additionally, for samples undergoing Next Generation RNA sequencing, 

RNA integrity (RIN) (Schroeder et al., 2006) was determined using an Agilent 2100 

Bioanalyser (Agilent Technologies UK Ltd, Cheadle, UK). This was accessed as part of service 

run by the Imperial College BRC Genomics Laboratory 

(http://www1.imperial.ac.uk/genomicsfacility). 

 

2.2.13 - Complementary DNA (cDNA) preparation by reverse transcription  

 

cDNA was prepared from total RNA using a recombinant M-MuLV reverse transcriptase 

(RevertAid Reverse Transcriptase enzyme; ThermoFisher, Life Technologies, Paisley, UK), 

primed with random hexamer primers (pdN6). Reactions (20µl) were prepared in thin walled 

reaction tubes, as follows;  

 

4µl of 5x RT Reaction buffer (ThermoFisher, Life Technologies, Paisley, UK) 

2µl of dNTP mix (10mM each; ThermoFisher, Life Technologies, Paisley, UK) 

1µl of pdN6 random hexamer primers (0.2µg/µl; ThermoFisher, Life Technologies, Paisley, 

UK) 

2µg of RNA made up to 12µl with nuclease free water 

1µl of RevertAid Reverse Transcriptase enzyme (200u; ThermoFisher, Life Technologies, 

Paisley, UK) 
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The reaction mixture was mixed by gentle titration and then incubated on a programmable 

heating block (Applied Biosystems Veriti™ 96 well thermal cycler; Life Technologies, 

Paisley, UK) at 42oC for 1 h, followed by 5 min at 95oC to heat inactivate enzyme and denature 

cDNA and RNA template. The resulting cDNA was then diluted to a total volume of 200µl 

with nuclease free water. Typically, 2µl of diluted cDNA was used as template in PCR 

reactions. 

 

2.2.14 - TaqMan quantitative real-time PCR (qRT-PCR)  

Gene expression analysis was carried out using TaqMan gene expression assays (Applied 

Biosystems, Life Technologies, Paisley, UK) used on an Applied Biosystems 7900HT Fast 

Real-Time PCR System. TaqMan gene expression assay numbers are listed in Table 2.2. Each 

sample was assayed using four technical replicates organised on Microamp Fast Optical 96-

well Reaction Plate (Applied Biosystems, Life Technologies, Paisley, UK), sealed using 

Microamp Optical Adhesive Film (Applied Biosystems, Life Technologies, Paisley, UK). 

Reactions were prepared as follows: 10μl TaqMan Fast Universal PCR master mix (Applied 

Biosystems, Life Technologies, Paisley, UK), 1μl TaqMan assay probe, 2μl cDNA, 7μl 

Molecular Biology grade water. The thermal cycling profile used was as follows: one cycle of 

95°C for 20 s, followed by 40 cycles of 95°C for 1 second and 60°C for 20 s. The expression 

of the gene of interest was normalised to the housekeeping genes GAPDH and TBP, and 

expressed relative to the appropriate control, if applicable, using the comparative Ct method as 

follows: 2^– (Ct target gene – Ct GAPDH, or TBP).  
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Table 2.2: TaqMan Real-time PCR assay numbers (Applied Biosystems, Life 
Technologies, Paisley, UK) 

Gene Primer Code 

CDKN1A (p21) Hs00355782_m1 

GAPDH Hs99999905_m1 

MDM2 Hs01066930_m1 

APOBEC3B Hs00358981_m1 

APOBEC3H Hs00419665_m1 

GALNT14 Hs00226180_m1 

SPARC1 Hs00234160_m1 

PXDN Hs01034602_m1 

VCAN Hs00171642_m1 

EIF1AY Hs01040047_m1 

SLC03A1 Hs00203184_m1 

LARGE1 Hs00893935_m1 

TCF21 Hs00162646_m1 

TBP Hs00427620_m1 

ANGPT2 Hs00169867_m1 

HKDC1 Hs00228405_m1 

UTY Hs01076483_m1 

CHEK1  Hs00967506_m1 

CHEK2 Hs0020048_m1 

TP53 Hs01034249_m1 

GADD45A Hs00169255_m1 

Survivin (BIRC5) Hs00153353_m1 

BAX Hs00180269_m1 

BTG2 Hs00198887_m1 
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2.2.15 - RNA-seq library construction 

 

RNA-seq library preparation and subsequent Next Generation Sequencing (NGS) was   carried 

out using the service provided by the service run by the Imperial College BRC Genomics 

Laboratory (http://www1.imperial.ac.uk/genomicsfacility). RNA of sufficient quality, as 

judged by RIN analysis, was used to make libraries using the NEBNext poly(A) mRNA 

magnetic isolation module, NEBNext Ultra II Directional RNA Library Prep Kit for Illumina 

and NEBNext Multiplex Oligos (New England Biolabs,  Hitchin, UK) and library 

concentrations measured using the Qubit™ 2.0 fluorometer (ThermoFisher, Life Technologies, 

Paisley, UK). The resulting library quality was additionally assessed using an Agilent 2100 

Bioanalyzer loaded with a DNA high sensitivity (HS) chip (Agilent Technologies UK Ltd, 

Cheadle, UK). 

 

2.2.16 - RNA-sequencing analysis 

 

RNA-seq was carried out for 75bp paired-end sequencing reads using the Illumina Hiseq 4000 

sequencing platform (Illumina Cambridge Limited, Cambridge, UK), with multiplexing - here, 

a pool of 36 samples per lane, replicated across four lanes. Raw sequence reads were 

deconvoluted and provided according to the individual replicate address code. Subsequent 

RNAseq analysis, leading to differentially expressed gene lists, was carried out with Ms Van 

Nguyen, Surgery & Cancer, Imperial College London. Briefly, reads were aligned to the 

gencode v19 annotation file using TopHat 2.0.14 (Kim et al., 2015) and the aligned reads 

counted using  HTSeq 0.6.1.(Anders et al., 2015) The programme ‘DESeq2’ (Love et al., 2014) 

was used to normalise read counts using a regularized log transformation (log) and shrunken 

log2 fold changes were calculated to determine differentially expressed genes between sets. 
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These lists were further analysed for overlap using the on-line Venny 2.1 Venn diagram tool 

(https://bioinfogp.cnb.csic.es/tools/venny/). 

 

 

2.2.17 - Protein lysate preparation 

 

Protein lysates were made in-situ from cells grown in six-well plates using RIPA extraction 

buffer. For this, the culture medium was aspirated off and the cell monolayer washed twice 

with ice cold PBS.  The washed cells were lysed with 200µl of ice cold RIPA buffer (50mM 

Tris-HCl pH8.0, 150mM NaCl, 1% IGEPAL CA-630, 0.5% sodium deoxycholate, 0.1% SDS; 

Sigma-Aldrich, Gillingham, UK), supplemented with a protease and phosphatase inhibitor 

cocktail (Roche, Welwyn Garden City, UK). Lysate was harvested by scraping on ice and 

transferred to 1.5ml microcentrifuge tubes on ice, and incubated continued on ice for 30 min, 

with vortexing every five min to enhance lysis. Cell lysates were cleared by centrifugation 

(13,000 rpm, 5 min, Sorvall Pico™ microcentrifuge; Sorvall, Leicester, UK) at 4oC. The 

cleared supernatant, containing soluble protein extract, was aliquoted into to chilled 1.5ml 

microcentrifuge tubes and stored at -80oC.  

 

2.2.18 - Determination of protein concentration 

 

The concentration of the protein lysates was determined using the Pierce® BCA Protein Assay 

Kit (ThermoFisher, Life Technologies, Paisley, UK). A standard curve was generated using 

serial dilutions (1-30μg) of bovine serum albumin (BSA). The BCA reagent A and B were 

diluted 50:1 and 200μl of diluted BCA reagent was mixed with 10μl of lysates and BSA 
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standards in a 96 well plate (Dow Corning, Dewsbury, UK)). The samples were mixed and 

incubated at room temperature for 30 min. The optical density (OD) was measured at 562 nm. 

The OD of the standard was plotted, and the protein concentration of the samples was 

determined from the standard curve.  

 

2.2.19 - SDS-Polyacrylamide gel electrophoresis and Western blotting 

 

Cell lysates were denatured at 100°C for 5 min prior to gel loading. Twenty microgames of 

RIPA protein lysate were resolved on a 15% SDS-polyacrylamide resolving gel, with a 5% 

stacking gel, using a protein mini-gel electrophoresis system (GE lifesciences, Amersham UK). 

Electrophoresis was carried out in Tris- Glycine running buffer, pH 8.3, at 60V for 30 min and 

then at 100V for 1 to 2 h until the dye front reached the bottom of the resolving gel. Separated 

proteins on resolving gels were transferred onto Hybond ECL Nitrocellulose membrane (GE 

lifesciences, Amersham UK) at 100V for 90 min. The membrane was then incubated in 

blocking buffer (0.1% Tween, 5% dry skimmed milk in PBS) for 1 h at room temperature to 

reduce non-specific binding of primary antibody. The primary antibodies were diluted in 

blocking buffer and incubated with the membrane overnight at 4°C with gentle shaking. The 

membrane was then washed three times in PBS/ 0.1% Tween (15 min each wash) on a rocking 

platform and then incubated with the HRP-conjugated secondary antibody diluted in blocking 

buffer for 1 h. The membrane was then washed again three times in PBS/ 0.1% Tween, with 

rocking agitation. For visualisation, SuperSignal West Pico Chemiluminescent Substrate 

(Perbio Science UK Ltd., Cramlington, UK) was added to the membrane followed by 

autoradiography using Hyperfilm ECL (GE lifesciences, Amersham UK). Films were 

developed using a Konica SRX-1001A X-ray developer (Konica- Minolta, London, UK).  
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2.2.20 - Sanger DNA sequencing 

 
Sanger big-dye, di-deoxy terminator DNA sequencing was carried out on purified DNA 
(plasmid templates, or ExoSAP enzymically cleaned PCR products) using the GENEWIZ 

 (formerly Beckman) DNA sequencing service (https://www.genewiz.com).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3 – Results 1: p53 regulation of APOBEC3B and APOBEC3H expression 
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3.1 - p53 regulation of the APOBEC3 locus 

 

Previous work to identify p53 regulated gene targets has suggested the possibility that 

APOBEC3 genes may be targets for p53 regulation (Periyasamy et al., 2017). This regulation 

may be particularly crucial in estrogen receptor-positive breast cancer cells, as we have 

previously shown that APOBEC3B is a co-activator of the estrogen receptor (Periyasamy et 

al., 2015), and APOBEC mediated mutational signatures (e.g. kataegis) (Seplyarskiy et al., 

2016) have been seen in the disease. In order to address the potential p53 regulation of 

APOBEC gene expression in this setting, we set out to make a p53 null derivative of the 

estrogen-responsive breast cancer cell line MCF7, which is known to have a wild-type p53 

genotype.  To do this, we used CRISPR/Cas9 mediated deletion within the p53 gene.  

 

3.2 - Generation of p53 knock out MCF7 line 

 

As shown in Figure 3.1, the p53 gene is comprised of 11 exons, with the first exon being non-

coding. Inactivating mutations of p53 are frequently found in coding exon 3 (Exon 4) of the 

gene, which encodes part of the DNA binding domain of the protein. On this basis, we reasoned 

that deletions within coding exon 3, which would result in frameshift and premature 

termination of the protein, would be effective in obtaining a knockout.  To make such a 

deletion, two CRISPRs, CRISPR138076 and CRISPR138077 were identified from the human 

exon targeted sgRNA database of (Mali et al., 2013), which were localised to coding exon3       

( Figure 3.1). An important feature of the CRISPRs is that they start with a "G" base, making 

them amenable to efficient transcription by the U6 – RNA polymerase III promoter, which can 

be used to express sgRNAs.  For the deletion, we used MCF-7 Luc cell line, which encodes a 
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constitutively expressed luciferase gene for use in cell tracking, and which is a line we have 

previously used in CRISPR/Cas9 mediated genome engineering.   
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Figure 3.1 TP53 gene structure and domains organization 

 
The sequence for coding Exon 3, which encodes part of the p53 DNA binding domain is 

shown in the expanded panel (Dufour et al., 2013), with the positions of CRISPR138077 

(ACACCGGCGGCCCCTGCACC) and CRISPR138076 (GGGCAGCTACGGTTTCCGTC) 

(Mali et al., 2013) highlighted in red, and their PAM sequences highlighted in blue.  
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3.3 - Cloning and characterisation of p53 directed sgRNAs 

 

CRISPR138076 and CRISPR138077 were each obtained as two overlapping oligonucleotides, 

which were annealed and subsequently PCR amplified to produce DNA fragments suitable for 

DNA cloning. These fragments were subsequently cloned into the AflII restriction enzyme site 

of the p41815 U6 promoter-sgRNA expression vector described by Mali et al., (2013) and 

Sanger sequencing of ten plasmid mini-preparations for each construct used to identify 

recombinant clones. This resulted in the identification of two clones, plasmid clone two 

encoding CRISPR 138076 and plasmid clone ten encoding CRISPR 138077. These were 

subsequently expanded to make maxi-preparation DNA, which was further sequenced to 

confirm the cloning of the targeting CRISPR motifs (Figure 3.2). 

 

3.4 - CRISPR mediated p53 coding exon 3 deletion in MCF7 Luc cells 

 

CRISPR mediated deletion of sequences in the third coding exon of TP53, the p53 gene, was 

carried out using an Amaxa Type II nucleofector (Lonza, Cologne, Germany) and the MCF7 

transfection protocol recommended by the manufacturer. For the purposes of CRISPR 

mediated genome engineering, two sets of plasmids need to be co-transfected, these being the 

CRISPR expression plasmid and a Cas9 expression plasmid. In order to monitor for efficient 

co-transfection, the MCF7 Luc cells were co-transfected with the two TP53 coding exon3 

CRISPR expression plasmids CRISPR 138076 and 138077, the hCas9 expression plasmid, and 

two additional fluorescent, reporter plasmids pMAX GFP and pM-Cherry expression plasmids.  

These cultures were then visualized 48 h following transfection in bright field and for GFP and 

RFP expression. As can be seen in Figure 3.3A, there is high concordance between the 



 
 

77 

transfected GFP and RFP expression, indicating efficient co-transfection, and by inference, 

efficient co-transfection of the CRISPR 138076 and 138077, the hCas9 expression plasmids.  
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Figure 3.2. TP53 coding exon 4 (coding exon 3) CRISPR guide RNA cloning 

 
A. Following Gibson cloning, mini- preparation for both CRISPRS was carried out and 10 

samples prepared. Based on sgRNA transcription start sequence (i.e. Antisense for CRISPR 

138076 GACGGAAACCGTAGCTGCCc and Antisense for CRISPR 138077 

ACACCGGCGGCCCCTGCACc). Clones 10 and 2 for CRISPR’s 138076 and 138077 

respectively were positive and used for expansion to maxi-prep. B. Maxi-prep sequences of 

both CRISPR’s 138076 and 138077. For CRISPR 138076 one plasmid prepared while CRISPR 

138077 two plasmids prepared both at higher concentrations. Both minipreps and maxipreps 

sequenced with 30 uM of our SA3118 primers. Positive clones are shown and CRISPR 

sequence highlighted. 



 
 

80 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3. CRISPR 138076 -138077 / Cas9 mediated DNA deletion in TP53 exon 4 (coding 
exon 3) 

 
A. CRISPR mediated deletion of sequences in the third coding exon of TP53 was carried out using an 
Amaxa Type II nucleofector (Lonza, Cologne, Germany) and the MCF7 transfection protocol 
recommended by the manufacturer. For the purposes of CRISPR mediated genome engineering, 
plasmids need to be co-transfected, these being a CRISPR expression plasmids and a Cas9 expression 
plasmid. co- transfected with the pMAX GFP (Green Fluorescent Protein) and pM-Cherry (Red 
Fluorescent Protein-RFP) expression plasmids, using Nucleofection under conditions previously 
optimised for the MCF7 cell lines were visualised 48 h following transfection in bright field and for 
GFP expression (x10 magnification). There was a very high proportion of transfected cells (estimated 
>70%). These nucleofection conditions were used to co-transfect plasmid expression constructs for 
humanised Cas9, and the two TP53 Exon 4 (coding Exon3) CRISPR expression plasmids encoding 
CRISPR 138076 and 138077, as shown in B. Evidence for CRISPR mediated DNA deletion was 
carried out using a PCR based assay with primers SA4404TP53ex3F and. SA4405TP53ex3R. As can 
be seen in C, the co-transfected Cas9/CRISPR pool contain both full-length (311 nt) and CRISPR 
deleted Exon 4 (226 nt) sequences.  
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Following nucleofection, the cells were divided into two pools. The first was allowed to grow 

to confluence, passaged, and used to make genomic DNA for PCR analysis for evidence of 

DNA deletion within TP53 coding exon 3. As shown in Figure 3.3B, PCR primers 

(SA4404TP53ex3F and SA4405TP53ex3R) were designed to allow amplification of DNA 

spanning a region 63 bases upstream of the cleavage site for CRISPR138077 and 163nt 

downstream of CRISPR138076, within the intron. This assay will produce a 311nt product 

from wild-type MCF7 Luc cells, but in CRISPR deleted alleles will result in a 226nt product. 

As can be seen in Figure 3.3C, analysis of the nucleofected pool clearly shows the presence of 

a strong SA4404TP53ex3F - SA4405TP53ex3R CRISPR 138076 -138077 deleted PCR 

product, suggesting both efficient co-transfection and strong CRISPR activity in these 

experiments.  

 

In order to further assess the effectiveness of the strategy used here to make p53 knockout cells, 

the sensitivity of the CRISPR 138076 -138077 / Cas9 treated nucleofected pool of MCF7 Luc 

cells to Nutlin was examined. As described previously, Nutlin inhibits the interaction between 

mdm2 and p53, blocking p53 activation. In the wild-type p53 context, Nutlin treatment is 

growth inhibitory and can lead to cell death (Shangary and Wang, 2009). As can be seen in 

Figure 3.5  following 6 days of nutlin treatment with 10µM, which is known to activate p53 in 

MCF7 cells (Periyasamy et al., 2017), more cells survived in the CRISPR 138076 -138077 / 

Cas9 treated nucleofected pool, when compared to the pMAX GFP and pM-Cherry only  

nucleofection controls.  These experiments indicated a marked, reduced Nutlin sensitivity in 

the CRISPR 138076 -138077 / Cas9 treated nucleofected pool, suggesting the presence of p53 

knockout cells in this population. 
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Having established p53 knockout cells, single-cell cloning was carried out, in order to obtain 

knockout lines from the CRISPR 138076 -138077 / Cas9 treated nucleofected pool of MCF7 

Luc cells.  Cells were seeded at densities of 3,000 -10,000 cells in 15 cm dishes and left to 

establish clones of greater than 1,000 cells (9-10 doublings, equivalent to 3 weeks). Individual 

clones were then harvested in-situ, on to cloning discs and transferred to the wells of 24 well 

dishes, with 48 clones being isolated. Once confluent, these were passaged up to six-well plates 

and, when confluent, used to make genomic DNA for PCR analysis of 48 clones, using the 

SA4404TP53ex3F - SA4405TP53ex3R assay, which identified six clones with TP53 coding 

exon 3 deletions (Figure 3.4).  Of these, four were heterozygote, showing both wild-type 

(311nt) and CRISPR 138076 -138077 deleted (240 nt) PCR products (MCF7 Luc Dp53 MA2 

clones MB1, YB1, YB2 and YA3). A further two clones, MCF7 Luc Dp53 MA2 and MCF7 

Luc Dp53 MB4, showed only a single product, indicative of the possibility of a homozygous 

CRISPR 138076 -138077 / Cas9 mediated deletion in TP53 coding exon 3. Assuming a diploid 

TP53 genotype, the cloning exercise potentially represents 88 non-deleted alleles and 8 deleted 

alleles, or efficiency of deletion of around 8.3%.   

 

The two putative deletion clones MCF7 Luc Dp53 MA2 and MCF7 Luc Dp53 MB4 were 

selected for further characterisation. To do this, the genomic SA4404TP53ex3F - 

SA4405TP53ex3R PCR product from the lines was sequenced from both ends. Figure 3.6 

shows the result of this analysis for the MCF7 Luc Dp53 MA2 clone, and shows this is 

homozygous for the intended, engineered gene deletion. The resulting deleted TP53 gene 

encodes a wild-type p53 sequence up to codon 81, with the mutant exon 3 encoding a further 

nine amino acid sequence (SCILGQPSL) not found in p53, followed by a termination codon 

(TGA). This results in a truncated mutant TP53 that is only 90 amino acids long and would be 

expected to be non-functional (Figure 3.6B). The second clone, MCF7 Luc Dp53 MB4, 
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produced a mixed sequence chromatogram at the junction of the CRISPR 138076 -138077 

fusion point (Figure 3.6C). Further characterisation of the two overlapping sequences showed 

that one came from an allele encoding a CRISPR 138076 -138077  mediated deletion, but 

incorporated an additional insertion of a “T” at the junction between the two CRISPR cut sites, 

creating an indel mutation (Figure 3.6C) This produces a mutant, that encodes an in-frame p53, 

which lacks the coding exon 3 deleted region, which incorporates part of the DNA binding 

domain The second allele encodes a combination of an insertion of seven bases and deletion of 

five. Overall, this allele encodes a truncated, 93 aa p53 protein that lacks the DNA binding 

domain in its entirety (Figure 3.6C).  

 

Despite the fact that both the MCF7 Luc Dp53 MA2 and MB4 lines encode deletions in the 

TP53 gene, the presence of a near full-length coding allele in the MB4 line, with potential for 

some functionality, led us to not proceed further with this line. Hence further work was carried 

out only with the MA2 line. 
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Figure 3.4. PCR characterisation of MCF7 Luc clones following CRISPR138077/ 
CRISPR138076/ Cas9 co-transfection 

 
MCF7 Luc cells were co-transfected with CRISPR138077, CRISPR138076 and humanised 

Cas9 expression plasmids by nucleofection. Transfected cells were subsequently cloned and 

used to make genomic DNA. PCR analysis of TP53 Exon 4 was carried out on this DNA 

using the primers SA4404TP53ex3F (GATGAAGCTCCCAGAATGCC) 

SA4405TP53ex3R(cactgacaggaagccaaagg), which amplify a 311nt product from wild- type 

p53 cells. Digestion of Exon 4 by CRISPR 138076 and 138077 results in the excision of 71nt, 

and the generation of a 240nt PCR product. DNA size markers are shown in the first two 

lanes; M1 Low Range Mass Rule, M2 1 Kb ladder. MCF shows the Exon 4 PCR product from 

untransfected, control cells and C the negative, no template control.  
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Figure 3.5. Differential growth inhibition by Nutlin in wild-type and p53 knockout 
MCF7 Luc cells 

 
The growth response to Nutlin was assessed in MCF7 Luc cells following CRISPR mediated 

deletion of sequences in the third coding exon of the TP53 gene.  Cells were treated with 10µM 

Nutlin, 72 h following nucleofection with plasmid expression constructs. For control cells, co-

transfection was carried out with pMAX GFP (Green Fluorescent Protein) and pM-Cherry 

(Red Fluorescent Protein-RFP). For TP53 knockout, co-transfection was with expression 

plasmids for humanised Cas9, and the two TP53 exon 4 (coding exon 3) CRISPRs 138076 

and 138077. Images were taken on Day 6 of Nutlin treatment, with two fields of view shown 

for the Nutlin treated, control, wild-type MCF7 Luc cells (+N) and   CRISPR 

138076/138077-Cas9 co-transfected cells (+NC), Magnification was x10, with scale bars of 

400µM shown for each image. This analysis shows that growth is inhibited to a lesser extent 

by Nutlin in the CRISPR 138076/138077-Cas9 co-transfected cells.  
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Figure 3.6. TP53 exon 3 allele sequences from wild-type and TP53 knockout MCF7 Luc 
cells 

 
A. Wild-type MCF7 Luc TP53 Exon 3 sequence. The upper panel shows part of the sequence 

chromatogram for a genomic PCR product, in antisense orientation, for the wild-type exon. 

The lower panel shows the translated reading frame for Exon 3, used to encode p53. B. The 

MCF7 Luc Clone MA2 cell line encodes two allelic TP53 genes, each featuring a 94nt deletion 

spanning bases 147-240 of Exon 3. The upper panel shows part of the sequence chromatogram 

for a genomic PCR product from the clone for TP53 Exon 3, aligned to the wild-type sequence 

chromatogram in A (shaded region). The lower panel shows the translated reading frame 

encoding by the CRISPR 138076-138077 deleted p53 Exon 3. This deletion removes the 

CRISPR 138076 target and PAM sequence, while retaining the PAM (blue) and last two bases 

(red) of the CRISPR138077 target sequence.  The resulting deleted Exon 3 encodes a wild-

type p53 sequence up to codon 81. The mutant Exon3 encodes a further nine amino acid 

sequence (SCILGQPSL) not found in p53, followed by a termination codon (TGA) that results 

in a truncated mutant TP53 that is only 90 amino acids long. C. The MCF7 Luc Clone MB4 

cell line encodes two allelic, mutated, TP53 genes, as seen in the sequence chromatogram of 

part of the TP53 Exon3 region in this line (upper panel). De-convolution of this chromatogram 

shows that one allele features a 93nt deletion spanning bases 147-240 of Exon 3, with an 

insertion of a single T at the junction. While deleting a region of coding Exon 3, this restores 

the reading frame, leading to a 366 amino acid protein with homology to p53 along its length.  

For the second allele, a deletion seen that removes the DNA between the CRISPR 138076 

target and CRISPR138077 target sequences. The resulting deleted Exon 3 encodes a wild-type 

p53 sequence up to codon 74, followed by coding that leads to a further 25 amino acid 

sequence not found in p53, and a termination codon (TGA). This results in a truncated mutant 

TP53 that is only 99 amino acids long. 
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3.5 - p53 expression and functionality in the MCF7 Luc Dp53 MA2 line 

 
Initially, Western blotting analysis was used to assess p53 expression and activity in both wild-

type MCF7 Luc and MCF7 Luc Dp53 MA2, using DMSO (control) and Nutlin treated cells. 

Following 24 h treatment with DMSO or Nutlin at 10µM, cells were used to make protein 

lysates, which were used in Western blotting. Figure 3.7 shows basal p53 expression in MCF7 

Luc cells, which was significantly induced following Nutlin treatment (lanes 1 and 2). This 

expression was detected by two p53 antibodies, sc-6243 (rabbit polyclonal antiserum raised 

against full length recombinant human p53), and sc-126 (mouse monoclonal antibody raised 

against a 15aa peptide covering residues 11-25 of the protein).  Probing lysates from the MCF7 

Luc Dp53 MA2 line, with and without Nutlin, did not detect any p53 expression. Importantly, 

neither antibody detected a truncated p53 peptide, suggesting that the deleted allele produces 

an unstable protein. Probing for b-Actin and Lamin A/C (both control housekeeping proteins) 

shows difference were not due to sample loading. 

 

Further blotting analyses were carried out for the proteins MDM2 and p21, both of which are 

known as p53 targets. In wild-type cells, both MDM2 and p21 showed weak, basal expression 

in control (DMSO) conditions, but were potently upregulated by Nutlin treatment (Lanes 1 and 

2). In the MCF7 Luc Dp53 MA2 line, expression of both proteins were at a level equitable to 

the basal level seen in the wild-type line. However, no Nutlin stimulation of either protein was 

seen in this line. 
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Figure 3.7. Western blot analysis of p53 and p53 regulated expression in wild-type and 
p53 null, CRISPR-Cas9 engineered MCF7 Luc cells 

 
Western blot analysis was carried out for p53 and the p53 regulated proteins APOBEC3B 

(A3B), Cyclin B1, Survivin, MDM2 and p21 in the presence (+) and absence (-) of Nutlin, 

both in wild-type MCF7 Luc cells (MCF7), and the MCF7 Luc rp53 MA2 line. These blots 

show no expression of p53 in the MCF7 Luc ∆p53 line. Further, the p53 target proteins 

examined, failed to show Nutlin regulation in the p53 knockout line.  
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Expression of p53 and associated genes were also examined at the mRNA level using Q-RT-

PCR analysis. The p53 TaqMan assay could detect both coding exon 3 mutant and wild-type 

transcripts. Figure 3.8 shows a decrease in p53 transcript following Nutlin treatment. In the 

MCF7 Luc Dp53 MA2 line, p53 transcript levels are lower, showing a similar fall in expression 

following Nutlin treatment. As expected, both, p21 and MDM2 expression are strongly 

stimulated by Nutlin treatment in wild-type MCF7 Luc cells. However, in the MCF7 Luc Dp53 

MA2 line, expression is maintained at low, basal levels, following Nutlin treatment. A third 

p53 target, GADD45a, was included in this analysis, and Nutlin regulated expression of this 

confirmed the lack of a p53 response in the MCF7 Luc Dp53 MA2 line. 

 

Taken together, both protein expression and gene expression data confirm that the MCF7 Luc 

Dp53 MA2 line behaves as a robust p53 knockout line.  
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Figure 3.8. qRT-PCR analysis of p53 regulated gene expression in MCF7 Luc wild-type 
and MCF7 Luc ∆p53 MA2 cells 

 
For qRT-PCR analysis, MCF7 Luc wild-type (MCF7 Luc) and MCF7 Luc ∆p53 MA2 cells 

(MCF7 Luc ∆p53) were grown in media supplemented with 10µM Nutlin, or vehicle 

(DMSO), and RNA prepared after 24 h. The RNA was subsequently used to make cDNA, and 

this used in qPCR, using TaqMan Gene Expression Assays. Gene expression was normalized 

with respect to GAPDH, house-keeping gene expression, and shown as fold relative to the 

vehicle treated MCF7-Luc control. This shows Nutlin regulated p53 gene expression is not a 

feature of the MCF7 Luc ∆p53 MA2 line. 
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3.6 - Use of the MCF7 Luc Dp53 MA2 line to study regulation of APOBEC3H  

 

The MCF7 Luc Dp53 MA2 line, was used to evaluate APOBEC3B and APOBEC3H regulation 

by p53. To do this, MCF7 Luc Dp53 MA2 and parental p53 wild-type MCF7 cells were treated 

with and without Nutlin, and both RNA and protein lysates made.  Protein lysates were used 

in Western blot analysis for APOBEC3H and APOBEC3B (Figure 3.7), using MDM2 and p21 

induction as a measure of p53 activation. For APOBEC3H, it can be seen that Nutlin induced 

p53 activation in the MCF7 Luc Δp53 MA2 line does not result in the induction of either 

MDM2 or p21, which can be seen in control, wild-type cells. Further, APOBEC3H behaves in 

a similar way, showing Nutlin induced expression in the wild-type MCF7 cells, but not in the 

MCF7 Luc Δp53 MA2 line.  

This conclusion was further investigated by examining gene expression, as shown in (Figure 

3.8) Here it can be seen that in the wild-type MCF7 cells, APOBEC3H behaves as a strongly 

Nutlin induced, p53 activated gene, while in the  MCF7 Luc Δp53 MA2 line, basal expression 

is lost, and Nutlin induced, p53 regulated expression is no longer seen.  

 

By contrast to APOBEC3H, APOBEC3B is seen to be down-regulated following Nutlin 

treatment. To examine this further in MCF7, we have also examined the expression of several 

p53 repressed targets in wild-type and MCF7 Luc Δp53 MA2 cells, namely Survivin, 

CHECK1, CHECK2 and Cyclin B1. As can be seen in (Figure 3.8) at the gene expression level, 

Survivin, CHECK1 and CHECK2, are all up-regulated in MCF7 Luc Δp53 MA2 cells, when 

compared to MCF7 wild-type cells. As can be seen in Figure 3.7 the p53 mediated repression 

of Survivin was further demonstrated at the protein level in wild-type MCF7 cells but was 

found to be constitutively activated in the mutant MCF7 Luc Δp53 MA2 cells. This was also 

found to be the case for the p53 repressed target Cyclin B1. For APOBEC3B, expression 
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followed the pattern seen for the p53 repressed targets, namely increased basal expression in 

the MCF7 Luc Δp53 MA2 cells, when compared to MCF7 wild-type cells, with no Nutlin 

mediated repression in the MCF7 Luc Δp53 MA2 line.  

 

3.7 - Discussion 

 

In this chapter I have described a novel approach was used to create  p53 null mutations, by 

the use of a pair of CRISPR guide RNAs to direct Cas9 to make a deletion within coding exon 

3  (exon 4) of the TP53 gene which encodes part of the DNA binding domain of the p53 protein, 

and is a region which exhibits several p53 cancer mutations.  This region was also chosen 

because of the identification of a suitable pair of CRISPR guide sequences, CRISPR138076 

and CRISPR138077 from the Human exon targeted sgRNA database (Mali et al., 2013) which 

is a collection of algorithm designed human exome specific guide RNAs, which conform to 

the requirement of starting with a guanine ("G"), thereby facilitating   transcription using a U6  

RNA polymerase III driven gene promoter. This gene promoter has been widely used to 

express small structured RNAs, including CRISPR guide RNAs, in a wide range of vertebrate 

target cell backgrounds, and was made available in a plasmid vector encoding both the U6 gene 

promoter and the framework for a Cas9 guide RNA without a CRISPR sequence. Gibson 

Assembly, an efficient and flexible in-vitro DNA recombination system for cloning DNA, 

carries out cloning of the appropriate CRISPR sequence into this. (Gibson et al., 2010; Gibson 

et al., 2009) This was further adapted, so as to incorporate steps to use annealed 

oligonucleotides (60mers), to make 100nt double-stranded DNA CRISPR encoding templates 

for Gibson cloning, and resulted in a streamlined, efficient cloning strategy, with plasmid 

cloning efficiencies of  >90%. 
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The strategy to use a pair of CRISPR gRNAs to make an exon specific deletion has several 

advantages, in that it potentially offers the use of simple genomic PCR assays to detect the 

presence of CRISPR-Cas9 digested cells in pools of CRISPR gRNA, Cas9 co-transfected cells. 

This approach contrasts to other more problematic approaches, which have used DNA 

mismatch assays, such as the Surveyor nuclease assay (Qiu et al., 2004), which are widely 

regarded as being of low sensitivity (<3%), and which are most often used to detect indel 

mutations generated at discrete, targeted sequences (Sentmanat et al., 2018). Nevertheless, the 

approach of using CRISPR-Cas9 to make p53 knockout lines through indel mutation, as 

opposed to overt DNA deletion, has been successfully used in several model systems, including 

mouse (Walton et al., 2016) and canine cells (Eun et al., 2019).  

 

An obvious limitation of using the paired CRISPR gRNA approach to obtaining DNA deletions 

in-situ is the requirement for cutting to occur simultaneously at both target sites, with the 

subsequent cleavage leading to non-homologous end-joining between the two cut sites during 

DNA repair, rather than repair through end-joining localised at the site of each of the two 

CRISPR-Cas9 cleavages. Indeed, in breast cancer cells, DNA repair by non-homologous end 

joining is low and comparatively inefficient (Mao et al., 2009). Despite this, our experience 

with the use of CRISPR138076 and CRISPR138077, together with the Cas9 nuclease in MCF7 

cells, shows that DNA deletion does occur frequently enough to be detected in both the original 

nucleofected cell pool and also in clones selected from this. However, in clones showing 

deletion, the predominant genotype was seen to be heterozygote, with deletion of one allele 

only, indicating that while simultaneous cleavage mediated by the two CRISPR gRNA is 

possible, this activity is often not sufficient to obtain deletion of all alleles present (Shadeo and 

Lam, 2006). This conclusion is not necessarily affected by TP53 copy number in MCF7, which 
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has been reported to be diploid for TP53 (Shadeo and Lam, 2006)), but clearly this could be 

compounded if deletions were attempted in lines with increased TP53 copy number.   

 

The successful generation of the MCF7 Luc Δp53 MA2 line together with the matched wild-

type MCF7 line provides a unique set of lines to study p53 in a breast cancer cell setting.  

Having developed these, we have gone on to use them to study p53 regulation of APOBEC3B. 

As reported in our paper (Periyasamy et al., 2017) APOBEC3B expression is seen to be 

inversely related to p53 status in a series of different cancer cell lines, such that p53 represses 

expression of the gene. This was found to occur primarily through the induction of p21 

(CDKN1A) and the recruitment of the repressive DREAM complex to the APOBEC3B gene 

promoter. Clearly, the loss of p53 through mutation would be expected to cause elevated 

APOBEC3B expression and cytosine deaminase activity in cancer cells, thereby potentiating a 

mechanism for cancer genome mutation. 

 

The unique nature of the MCF7 Luc Δp53 MA2 line and the matched wild-type MCF7 line has 

since led to their use in other studies of p53 in breast cancer cells. This includes the recent work 

carried out in collaboration with the group of Dr. David Meek, University of Dundee, where 

the lines were used to investigate the response of cancer cell  types to Polo-like Kinase 1 

(PLK1) inhibitors, and showed that, paradoxically, functional p53 reduces the sensitivity to 

these by allowing centrosome separation to occur during mitosis (Smith et al., 2018). 

 

While conducting this work, Menendez et al., 2017 published a paper investigating p53 

regulation of  APOBEC3 gene expression, and also identified APOBEC3B as a p53 repressed 

gene and APOBEC3H as a markedly p53 up-regulated gene, and clearly the most highly p53 

regulated APOBEC3 gene. Together with our findings with the MCF7 Luc Δp53 MA2 line, 
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this raises the important question of the significance of the p53 regulation of APOBEC3H, and 

how this might be related to the down-regulation of APOBEC3B. In order to investigate this, 

we generated an APOBEC3H knockout line which has been characterized by RNAseq. 
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4 - Results 2: Generation of an APOBEC3H gene knockout in the HCT116 human 

cancer cell line 

4.1 - APOBEC3H knockout in the HCT116 cell line 

 

In order to further understand the link between p53 and APOBEC3H, we decided to knockout 

APOBEC3H in a cell line in which it is constitutively expressed APOBEC3H. To simplify 

analysis of the APOBEC3H knockout, as such an approach would not need the use of p53 

activators such as Nutlin. Previous and current work in the group (Figure 4.1) had evaluated 

APOBEC3H expression in a broad selection of cancer cell lines and had identified a low level 

of constitutive APOBEC3H expression in the colon cancer cell line HCT116 (Brattain et al., 

1981; Periyasamy et al., 2015; Periyasamy et al., 2017). This line express wild-type p53 and 

has been widely used in investigations of p53 (Liu and Bodmer, 2006; Mashima et al., 2005), 

where p53 knockout derivatives have been previously made (Bunz et al., 1998). Furthermore, 

a previous study on APOBEC3 and p53 regulation used HCT116 (Menendez et al., 2017). 
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Figure 4.1. APOBEC3H gene expression in MCF7 Luc and HCT116 cell lines 

 
For qRT-PCR analysis, MCF7 Luc wild-type (MCF7 Luc) and HCT116 wild-type cells 

(HCT116) were grown in media supplemented with 10µM Nutlin, or vehicle (DMSO), and 

RNA prepared after 24 h. The RNA was subsequently used to make cDNA, and this used in 

qPCR. Gene expression is shown normalised with respect to GAPDH, house-keeping gene. 

This shows Nutlin induced APOBEC3H gene expression is comparable between the MCF7 

Luc and HCT116 lines. However, basal APOBEC3H gene expression is considerably higher 

in HCT116.  
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4.2 - CRISPR-Cas9 mediated knockout of APOBEC3H by indel mutation. 

 

The APOBEC3H gene is comprised of five exons, with exons 2-4 being coding. Of these, exon 

3 is the largest, encoding 44% of the protein, including the single cytidine deaminase domain 

(Dang et al., 2008). CRISPR database (Mali et al., 2013) used to identify TP53 Exon3 CRISPR, 

did not contain a pair of CRISPRs that could be used to similarly delete within coding exons 

of APOBEC3H. However, the database did contain a single CRISPR, CRISPR182078, which 

was potentially suitable for making indel mutations in APOBEC3H exon 3. Hence the 

expression plasmid for this was made and used in an initial attempt to make an APOBEC3H 

knockout.  

 

CRISPR182078 was successfully cloned into the U6-CRISPR sgRNA plasmid expression 

vector, and this was nucleofected into HCT116 cells using conditions optimised for this cell 

line. Following this, genomic DNA was made from nucleofected cells, and this was used in a 

sequence analysis of DNA encoding the CRISPR182078 target sequence in APOBEC3H 

exon3.  We have previously used this approach to identify active CRISPRs, since indel damage 

caused by their expression leads to heterogeneity in the sequence trace, precisely initiated at 

the CRISPR cleavage site (Harrod et al., 2017).  As shown in Figure 4.2, the comparison of 

the sequence chromatogram between untransfected and CRISPR182078- Cas9 co-transfected 

cells showed little evidence of extensive CRISPR activity. A second nucleofection experiment 

confirmed this conclusion. However, it was also noted in these analyses that the HCT116 line 

is heterozygous for a Single Nucleotide Polymorphism (SNP) which is encoded in the CRISPR 

target sequence, in close proximity to the cleavage site. As this mismatch would be expected 

to inhibit CRISPR182078- Cas9 cutting on the mismatched allele, the use of CRISPR182078 

to obtain an APOBEC3H knockout in HCT116 cells was not explored further. 
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Figure 4.2. APOBEC3H targeted gene editing using CRIPSR 182078 

 
The CRIPSR 182078 target sequence is located in exon3 of the APOBEC3H gene. CRIPSR 

182078- Cas9 co-transfected HCT116 cells were used to prepare genomic DNA and used in 

a PCR assay with primers SA4416 (gactcctggcctctctcttc) -SA4417 (gcactcttataactgcaaagcc), 

which generate a 355nt product. Sequencing of the resulting product shows little CRIPSR 

182078 mediated indel formation, as compared to untransfected HCT116 cells (WT 

HCT116). The CRISPR is probably not very active, as no evidence of indel formation can 

be seen at the site of CRISPR 182078 directed cleavage (↓). The sequence differences on the 

variant allele (SNP) are found in the target sequence for CRISPR 182078, so are likely to 

prevent this from cutting the variant allele.  
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4.3 - Design of CRISPRs for making DNA deletions of APOBEC3H exon3 

 

As our approach of making a p53 knockout cell line by using a pair of closely spaced CRISPRs 

to delete part of the p53 gene was successful, a similar strategy was employed for APOBEC3H. 

The on-line CRISPR design tool of the Zhang group at MIT (CRIPSR.mit.edu) was used to 

design CRISPRs for APOBEC 3H exon 3. Briefly, this tool presents a ranked list of all possible 

guides in the query sequence, which is limited to 200nt and is ordered by the faithfulness of 

on-target activity calculated as 100% minus a weighted sum of off-target hit-scores in the 

entered specific genome. Guides having an aggregate score of greater than 50% are highlighted 

by green and are considered to be specific. As APOBEC3H exon3 is 268nt in size, the region 

was analysed as two overlapping sequences of 200nt. In addition to ranking, the resulting 

guides were also considered only if they started with a guanine (G), as this was required for 

transcription initiation by the U6 gene promoter. This analysis led to the design of two CRISPR 

guide RNAs; RNA 1 and 3, which have high aggregate scores (89 and 84) and are separated 

by 100nt in APOBEC3H exon3. Lastly, neither of these CRISPRs was found to include SNPs 

in HCT116, as judged by sequencing of APOBEC3H Exon3 in wild-type cells. The location 

of these CRISPRs in APOBEC3H exon3 is shown in Figure 4.3A and the identity of the 

predicted APOBEC3H exon3 deletion and encoded protein shown in Figure 4.3B.  As can be 

seen, the CRISPR deleted allele can encode a truncated 129 aa protein, the first 78 aa of which 

can be aligned to Apobec3H protein. Further, the protein encoded by the APOBEC3H CRISPR 

exon3 deleted allele also lacks a complete cytidine deaminase domain. Taken together, these 

analyses indicate that the resulting mutant APOBEC3H protein would be inactive, even if this 

were produced. 
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Figure 4.3. Design of CRISPR guide RNAs for APOBEC3H exon 3 

 
A. The on-line CRISPR design of the Zhang group at MIT (CRIPSR.mit.edu) was used to 

design CRISPR guide RNAs for APOBEC 3H exon 3. This tool ranks all potential CRISPR 

guide RNAs in a 200nt target sequence using an aggregate score, that takes into account 

sequence characteristics and potential off-target matches. A ranking score of greater than 50% 

are coloured green and are considered to be specific. Guide RNA 1 and 3 have high scores (89 

and 84) and are separated by 100nt at the coding sequences of A3H (exon 3). Neither of these 

CRISPRS lie on SNPs in HCT116. CRISPR3Hguide 1. PAM in upper case (blue) 

gcttgcaccagtggtagtacAGG, CRISPR3Hguide 2. PAM in upper case (blue) 

ggggctccacgtgaggtaacAGG. B. Translation of APOBEC3H WT and CRISPR Guide 1-2 

deleted open reading frames. Exon sequences are shown in alternating DNA case, with the 

encoded protein sequence shown below the coding region in the single letter amino acid code, 

for both the wild-type and engineered APOBEC3H mutant protein. The out of frame mutant 

sequence resulting from the CRIPSR mediated deletion in APOBEC3H exon 3 is shown in 

magenta. 
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4.4 – Establishment of HCT116 APOBEC3H knockout lines 

 

The overall strategy used to make HCT116 APOBEC3H knockout lines was similar to the 

successful strategy used to make the MCF7 Luc Dp53 MA2 line, in that two CRISPR gRNAs 

were used to direct Cas9 to a specific APOBEC3H exon, in this case, exon 3, so as to obtain 

interstitial DNA deletions within the exon. For this, the two CRIPSR.mit.edu algorithm 

designed guide RNAs, Guide 1 and Guide 3 were cloned into the previously used U6 promoter 

sgRNA expression plasmid (Figure 4.4).  These were used to nucleofected HCT116 cells, either 

individually with the Cas9 expression plasmid or in combination. As can be seen in Figure 4.5 

this resulted in efficient transfection (>80%), as judged by the expression of a GFP control 

expression plasmid used in parallel to the co-transfection of the two CRISPR sgRNA 

expression plasmids for Guides 1 and 3, and the Cas9 expression plasmid.  

 

Following nucleofection, cells were seeded at clonal densities on 10cm dishes, and also in T25 

flasks, to obtain confluent cultures to make DNA for PCR analysis. In this case, a PCR assay 

was developed for APOBEC3H exon 3, using the primers SA4416APOBEC3HEX3f1 

(gactcctggcctctctcttc) SA4417APOBEC3HEX3r1 (gcactcttataactgcaaagcc). These generate a 

product size of 355nt from wild-type genomic DNA template.  Digestion of APOBEC3H exon 

3 using Cas9 programmed with CRISPR Guide1 and CRISPR Guide 3 would result in the 

excision of 100nt, and the generation of a 255nt PCR product. 
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B 

Figure 4.4. Cloning of CRISPR guide RNAs for APOBEC 3H exon 3 into the U6 CRISPR 
sgRNA vector 

 
 A. Following Gibson cloning, mini- preparation for both CRISPRS Guide13H 3738 and 

Guide23H 3940 were carried out and 10 clones each prepared. Based on sgRNA transcription 

start sequence (i.e. Antisense for CRISPR Guide13H 3738 GTACTACCACTGGTGCAAGC 

and Antisense for CRISPR Guide23H 3940 GTTACCTCACGTGGAGCCCC). Cloning was 

effective and 7 out of 10 clones were positive for the sequence in CRISPR Guide13H 3738 and 

6 out of 10 in CRISPR Guide23H 3940. In CRISPR Guide13H 3738, Clones 1 (conc. 34.4 

ng/ul) and in CRISPR Guide23H 3940 clone 9 (49.4 ng/ul) were chosen to proceed maxi-prep. 

B. Maxi-prep sequences of both CRISPR’s Guide13H 3738 and Guide23H 3940. For CRISPR 

Guide13H 3738 and CRISPR Guide23H 3940 one plasmid was prepared for each at higher 

concentrations. Both minipreps and maxipreps were sequenced with 30 uM SA3118 primers.  
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Figure 4.5. Optimised plasmid nucleofection of HCT116 cells 

 
CRISPR mediated deletion of sequences in the third coding exon of APOBEC3H was carried 

out using an Amaxa Type II nucleofector and the HCT116 transfection protocol recommended 

by the manufacturer. HCT116 was transfected with the pMAX GFP, and visualised 48 h 

following transfection in bright field and for GFP expression (x10 magnification). This 

analysis shows nucleofection efficiencies > 70%, and in line with the nucleofection 

efficiencies previously found for MCF7 Luc.  
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Figure 4.6A shows the PCR analysis of genomic DNA from HCT116 cells transfected with 

Cas9 expression plasmid, together with CRISPR sgRNA expression plasmids for Guide 1, 

Guide 3 and the combination of Guide 1 and Guide 3. In all cases, a dominant, full-length, 

355nt, wild-type PCR product was seen with all combinations of CRISPR guide RNAs, and 

with the control untransfected cells. A second, much weaker, slightly smaller product was also 

seen with all samples, which was presumably a non-specific PCR product. However, in the 

Cas9/Guide1/ Guide3 three-way co-transfection, there is a stronger PCR product of the 

expected size of 255nt, indicative of DNA deletion between the genomic target sequences for 

the two CRISPR gRNAs.  However, as this was weak, when compared to the full-length 

product from the same sample, this suggests the resulting deletion occurs relatively 

inefficiently. There are several reasons why this might be, including low intrinsic activity for, 

one or both of the CRISPR guide RNAs used, and would require further investigation. 

Nevertheless, as the minor 255nt product was detected, analysis of clones seeded following 

nucleofection was continued. 

 

 

4.5 - Isolation and initial characterisation of HCT116 APOBEC3H knockout lines 

 

A total of 48 clones were isolated following the Cas9/Guide1/Guide3 three-way co-transfection 

of HCT116 cells. All but three lines showed the wild-type PCR product, although the 

possibility of indel mutation in these was not investigated further (Figure 4.6B) Of the 

remainder one clone, 2A4, showed a heterozygote genotype, with an engineered APOBEC3H 

deletion on one allele. DNA sequence analysis of this confirmed this genotype, showing the 

presence of a mutant, deleted and wild-type allele, but additionally a second allele with a wild-

type sequence (Figure 4.6B). The remaining two clones, 2B3 and 2C3, produced a single 255nt 
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sized PCR product, indicative of DNA deletion on both alleles. The 

SA4416APOBEC3HEX3f1 - SA4417APOBEC3HEX3r1 PCR product for these two clones 

was subjected to DNA sequence analysis, as shown in Figure 4.7. From this, it is clear that 

both lines are homozygous for the predicted, engineered DNA deletion between CRISPR 

sgRNAs Guide 1 and Guide 3. However, as can be seen from the sequence chromatogram for 

the SA4416APOBEC3HEX3f1 - SA4417APOBEC3HEX3r1 PCR product from wild-type 

HCT116 cells (Figure 4.7), the line is heterozygous for two Single Nucleotide Polymorphisms 

(SNPs), namely SNP rs139928 (alleles A/G) and rs139299 (alleles G/C/T).  While this is also 

the case for the 2B3 clone, for the 2C3 line these SNPs are homozygous, with SNP rs139928 

being the A allele and rs139299 being the G allele, suggesting a haplotype of AG. Taken 

together, this data shows that the two clones, 2B3 and 2C3, are independent, as they have 

different genotypes. The analysis also suggests that the derivation of the 2C3 is more 

complicated than just the deletion of two alleles, with the possibility that the deletion on one 

allele may extend beyond the boundaries of the CRISPR target sites for sgRNAs 1 and 3.  

Taken together, the frequency of engineered, CRISPR Guide 1 -Guide 3 deleted alleles in this 

experiment was observed to be around 5.5% (i.e. five deleted and 91 wild-type alleles). While 

the occurrence of homozygous deletions was similar to that observed for the TP53 work 

described earlier, it was clear that the occurrence of heterozygote alleles was lower, an 

observation that, as stated previously may reflect the relative activity of the CRISPR sgRNAs 

used.  
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Figure 4.6. PCR characterisation of HCT116 clones following CRISPR guide13H 3738/ 
guide23H 3940/ Cas9 co-transfection 

 
 A. Transfected pool of cells with APOBEC 3H exon 3 Guide13H 3738 and Guide23H 3940 CRISPRs 
were subsequently cloned and used to make genomic DNA.  PCR analysis of exon 3 was carried out 
on this DNA using the primers SA4416APOBEC3HEX3f1 (gactcctggcctctctcttc) 
SA4417APOBEC3HEX3r1 (gcactcttataactgcaaagcc) that generate a product size of 355 bp. Digestion 
of Exon 3 by CRISPR Guide13H 3738 and CRISPR Guide23H 3940 results in the excision of 100nt, 
and the generation of a 255nt PCR product. Cells were grown as a transfected pool and at clonal 
densities for clone selection. B. 15 clones growing from transfection. These have been analyzed by 
PCR and three deletion clones sent for sequencing. Clones 2B3, 2C3 are homozygous deleted for the 
CRISPR targeted region of APOBEC3H exon 3. DNA size markers are shown in the first two lanes; 
M1 Low Range Mass Rule, M2 1 Kb ladder. HCT116 shows the Exon 3 PCR product from un 
transfected, control cells and C the negative, no template control. All clones are HCT116 derived 
clones. Clones 2B3 and 2C3 both are Homozygous for deletion and clone 2A4 is Heterozygote for 
deletion. C. Further characterisation for the selected clones, 2B3 and 2C3. Subcloning the pools to 
grow as single colony and expanded, DNA extracted and PCR, sequenced, all have been done to 
ensure the purity of the deletion lines.  
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Figure 4.7. DNA sequence characterisation of HCT116 APOBEC3H knockout clones 
2B3 and 2C3 

 
Genomic DNA from HCT116 wild-type and HCT116 APOBEC3H Clones 2B3 and 2C3 was 
used as template for PCR with primers SA4416APOBEC3HEX3f1 - 
SA4417APOBEC3HEX3r1, which amplified APOBEC3H Exon3, and the product 
sequenced. The PCR product for clone 2B3 shows the predicted sequence for the deletion of 
DNA between Guide 1 and Guide 2 (Guide 1 and 3 in the designing step) CRISPR target 
motifs. The clone 2B3 sequence also shows the line is heterozygous for the two SNPs 
rs139298 (A/G) and rs139299 (G/C), confirming the HCT116 origin of this line. Clone 2C3 
is homozygous for the two SNPs rs139298 (A) and rs139299 (G) and shows this is an 
independent line from clone 2B3.  
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Western blotting analysis was carried out to characterise clones HCT116 APOBEC3H 2A4, 

2B3 and 2C3 (Figure 4.8). Nutlin treatment was used to induce APOBEC3H. In the wild-type 

HCT116 cells, weak expression of APOBEC3H can be seen in the absence of Nutlin treatment. 

Following Nutlin treatment, this is induced and follows the pattern of Nutlin induction seen for 

the positive control proteins p53, MDM2 and p21. By contrast, there is a very little basal 

expression of APOBEC3H in each of the three APOBEC3H CRISPR Guide1-Guide3 targeted 

clones. Further, these lines show no Nutlin induced APOBEC3H expression while continuing 

to demonstrate Nutlin induction of p53 and upregulation of the p53 targets MDM2 and p21. 

This demonstrates that the three HCT116 clones 2A4, 2B3 and 2C3, represent putative 

APOBEC3H knockout lines. Further, this suggests the possibility of indel mutation on the 

second; wild-type sized PCR product allele of the 2A4 line. However, as the HCT116 2B3 and 

2C3 lines represent closely matched, independent knockout lines, where the APOBEC3H 

genotype was confirmed, and where the out of frame APOBEC3H protein product can be 

predicted, we choose to pursue these two lines further.  
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Figure 4.8. Western blot analysis of HCT116 APOBEC3H knockout clones 2B3, 2C3 
and 2A 

 
The CRISPR engineered HCT116 APOBEC3H knockout clones 2B3, 2C3 and 2A4 were 
treated with (+Nut) and without (-Nut) Nutlin for 24 h and used to make protein lysates. 
These were analysed by Western blotting for expression of APOBEC3H, p53 and the p53 
targets MDM2 and p21.  
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4.6 - Characterisation of gene expression from the APOBEC3H locus in HCT116 cells 

and the HCT116- APOBECH exon3 deleted clones 2B3 and 2C3. 

 

Western blot analysis for APOBEC3H protein expression in the APOBECH exon 3 deleted 

clones 2B3 and 2C3 confirmed these did not express full-length APOBEC3H protein, a result 

that was corroborated by the genomic analyses of APOBEC3H exon3 in these lines. However, 

currently, there are seven alternative transcripts variants 201-207, that have been described for 

the APOBEC3H gene (Kersey et al., 2016), of which six, 201-204, 206 and 207, are potentially 

protein-encoding, and all involve APOBEC3H exon3 (Figure 4.9 ). Of these, variants 202 and 

206 have the most extended open reading frame and encode a 200aa protein that is considered 

to be full-length APOBEC3H (Refsland et al., 2014).  

 

In order to define APOBEC3H transcription in mutant and wild-type cells, RT-PCR analysis 

was carried out. This involved the use of a PCR assay using primers located in exon 2 

(SA4446APOB3H RT-F2) and exon 4 (SA4447APOB3H RT-R2), which can detect variants 

202, 203, 206 and 207. As can be seen in Figure 4.10, when used in end-point RT-PCR analysis, 

the SA4446APOB3H RT-F2 - SA4447APOB3H RT-R2 assay detected a single 275nt RT-PCR 

product, which contains the sequence junction arising from the CRISPR Guide 1-Guide 3 

directed coding deletion. In the HCT116 APOBEC3H 2B3 line, this product was found to be 

strongly Nutlin regulated, while in the HCT116 APOBEC3H 2C3 line there appeared to be 

elevated basal expression in the absence of Nutlin, with some induction following Nutlin 

treatment. 

 

By contrast to the single RT-PCR species seen for the APOBEC3H RNA expressed in the two 

exon 3 mutated lines, multiple RT-PCR products were seen in wild-type HCT116 cells, all of 
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which were Nutlin inducible. By size, two of these could be equated with the APOBEC3H 

variants 202/206 (RT-PCR product size of 500nt) and 203/207 (RT-PCR product size of 375 

nt), with the variant 202/206 product being the strongest, and by inference, the most strongly 

Nutlin regulated species. In addition, the RT-PCR analysis identified a larger, Nutlin regulated 

species in the HCT116 wild-type cells. Further DNA sequencing of this RT-PCR product 

unexpectedly identified this as coming from a novel APOBEC3H transcript, which would be 

predicted to encode a 208aa APOBE3H variant, as shown in (Figure 4.10). Following the 

numbering of the other APOBEC3H variant transcripts, we have named this novel form Variant 

208, and alignment of the predicted sequence for the variant transcript shows it is distinguished 

by the use of an alternative 3’ exon (Figure 4.10). The significance of this new variant is 

unclear, although homology searches with the novel APOBEC3H Variant 208 exon suggest 

this is primate-specific and coming from a novel repetitive coding element. 
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Ensembl, ENSG00000100298 

Figure 4.9. APOBEC3H transcript variants 

 
There are seven known variant transcripts encoded by the A3H gene, variants 201-207. Six of 
these, 201-204, 206 and 207, are protein encoding, and all include APOBEC3H exon3. Of 
these, variations 202 and 206 have the previous longest ORF, and encode a 200aa protein that 
is considered as full length APOBEC3H. As shown in Figure 4.10, we have identified a new, 
minor variant form that we have named variant 208, that encodes a 200aa form of 
APOBEC3H.  
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Figure 4.10. APOBEC3H transcript variants PCR analysis 

 
To get further insight into the forms of APOBEC3H expressed in HCT116 following Nutlin 
treatment, Sequencing of the SA4446-SA4447 (which can detect variants 202, 203, 206, 207) 
End point RT-PCR product from Nutlin treated cells were used. This assay was able to identify 
a new A3H variant that encodes a 208 aa, the largest form of A3H so far defined (named 208). 
The variant uses a cryptic exon encoded in intron 4 (To be named Exon 4B). Exon 4B encodes 
a novel 27aa peptide with the sequence TGSHSVTQAGGQWCDLGSVQPLPPGFK. 
Homology searches with this sequence of the non-redundant protein sequence database with 
BLAST-P (https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins) identifies this peptide as 
a novel repetitive coding element that is only seen in primate genomes. 
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4.7 - Sub-cloning of the HCT116- APOBECH exon3 deleted clones 2B3 and 2C3 and 

characterisation of the APOBEC3 locus in the APOBEC3H knockout lines 

 

With a view to investigating the APOBECH exon3 deleted clones 2B3 and 2C3 in further 

detail, the lines were each sub-cloned, so as to ensure stocks were free of any contaminating 

wild-type cells. This exercise led to the isolation of four sub-clones for each line, which were 

initially verified by the use of the SA4416APOBEC3HEX3f1 - SA4417APOBEC3HEX3r1 

genomic PCR assay, where it was seen that all eight clones had the APOBEC3H Exon 3 gene 

deletion (Figure 4.6C). 

 

As described above, the PCR analysis of the APOBEC3H exon 3 region in the HCT116 2B3 

and 2C3 clones showed that the two feature the intended engineered deletion in APOBEC3H 

exon3. However, SNP analysis suggested additional changes, possibly associated with more 

extensive DNA deletion in the 2C3 clone. Further, in an independent work carried out to 

knockout APOBEC3B, a single guide RNA was found to produce a complete deletion of the 

APOBEC3 locus (Dr Anup Singh, Imperial College, unpublished data). Hence, in order to 

evaluate the integrity of the APOBEC3 locus in the CRISPR engineered HCT116 lines, 

genomic PCR primers were designed to produce intragenic assays. As can be seen in Figure 

4.11, these primers produced PCR products of the predicted expected size for all eight 

APOBEC3H Exon3 engineered sub-clones. The lack of detectable rearrangements and large-

scale DNA deletions in the regions examined, suggested that in both sets of clones, the 

APOBEC3 locus was essentially intact.  
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Figure 4.11. Integrity of the APOBEC3 locus in the HCT116 and HCT116 
APOBEC3H 2B3 and 2C3 knockout cells 

 
A. APOBEC3 Intragenic PCR assays were designed and tested using HCT116 WT DNA, 

where all assays produce single PCR products of expected size. B. These intragenic PCR 

assays used to assess the integrity of the APOBEC 3 locus in the CRISPR engineered 

knockout lines. The results show no evidence for gross –rearrangements, or extended DNA 

deletions within the region encoding APOBEC3A- 3F in the APOBEC3H knockout cells. 

C. The analysis also shows no evidence for gross–rearrangements, or extended DNA 

deletions within the region encoding APOBEC3A- 3H in the APOBEC3H knockout cells 
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4.8 - Growth and sensitivity to Nutlin in the HCT116 2B3 and 2C3 subclones 

 

To further characterise the HCT116 APOBEC3H exon3 deleted cells, experiments were carried 

out to establish their growth characteristics. To do this, cells were seeded in 96 well dishes, 

and the growth followed in full medium using the SRB method. As can be seen in Figure 4.12A, 

the growth of the two sets of the HCT116 2B3 and 2C3 subclones is similar to that exhibited 

by HCT116 wild-type cells, with all cells exhibiting a doubling time of around 36 h.  This 

result is not entirely unexpected, as, under normal conditions, the HCT116 cells express very 

little APOBEC3H. In order to see if growth in the presence of Nutlin is affected in these lines, 

growth was measured in a titration of Nutlin starting at 50µM, with two-fold dilutions over a 

range of eight dilutions. This allows the sensitivity to Nutlin to be seen, and the concentration 

of drug that causes a 50% inhibition of growth (GI50) to be determined. As can be seen in 

Figure 4.12B, for the parental knockout lines HCT116 2B3 and 2C3, and the two subclones 

(HCT116 2B3-2B2 and 2C3-1B2) there is no marked difference in Nutlin sensitivity, either 

between the different clones or between these and the HCT116 wild-type cells. 
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Figure 4.12. Growth and Nutlin sensitivity of HCT116 wild-type and HCT116 
APOBEC3H knockout cells 

 
A. Comparison under normal growth conditions shows that APOBEC3H deletion does not 

affect growth and cell doubling time. B. The sensitivity of HCT116 wild-type and APOBEC3H 

knockout clones to Nutlin was evaluated in a titration involving two-fold dilutions of the drug, 

starting at 50μM. This shows the IC50 for Nutlin in mutant and wild-type cells is very similar 

(~25μM). Nutlin was subsequently used experimentally at 10μM.  
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4.9 - Discussion 

 

In this chapter, we have described the derivation of two APOBEC3H knockout cell lines, 

HCT116 2B3 and 2C3, through CRISPR mediated DNA deletion directed at Exon 3 of the 

APOBEC3H gene. In getting to these lines, initial experiments were carried out with a single 

CRISPR gRNA, CRISPR182078, directed at the APOBEC3H gene and an approach to 

generate indel mutations. This proved unsuccessful, potentially because of the issue of 

sequence mismatch between the CRISPR guide RNA and the target sequence, which in this 

case incorporated a SNP for which the parental HCT116 cell line was heterozygous. Sequence 

heterogeneity in the guide RNA target clearly can be an issue, and in the case of APOBEC3H 

is compounded by a large number of coding SNPs found in the gene (Harari et al., 2009).  

 

As an alternative to using pre-defined CRISPR gRNA sequences, such as those produced by 

Mali et al., (2013), it is possible to design CRISPR gRNAs, using web-based design tools. In 

essence, these carry out a simple series of steps, the first of which is to identify the 20 base 

sequences immediately upstream of PAM motifs (NGG) in the region of interest. This define 

a set of CRISPR gRNA that map within the target region. Once these are identified, the next 

stage in the analysis are homology searches for each CRISPR against the target genome, which 

in this case is human. This is an essential step in the CRISPR gRNA design, as those with 

homologous matches outside the target will potentially lead to off-target Cas9 mediated 

cutting, so will be scored poorly.   However, as this step is very intensive with computer 

processing time, the web-based design is often batch run, and rarely interactive. For our work, 

we used the CRISPR design tool hosted by the group of Professor Feng Zhang at the 

Massachusetts Institute of Technology (CRISPR.MIT.EDU).  



 
 

124 

Following design, two APOBEC3H CRISPR gRNAs targeting exon 3 were constructed. These 

were found to be effective in obtaining the predicted DNA deletion when expressed with Cas9 

in HCT116 cells. However, it was noted that the approach generated only one heterozygote 

deletion in the 48 clones examined, Given the small number of clones examined, it is difficult 

to conclude if this finding is significant, but it appears to be at variance with earlier findings 

with our work to make deletions within exon 3 of the TP53 gene in MCF7 cells. What is 

interesting is that in the single heterozygote deletion line, HCT116 APOBEC3H clone 2A4, 

there is no APOBEC3H expression, as judged by Western blot analysis, suggesting that the 

full-length allele may be mutated by indel due to CRISPR –Cas9 activity. This would need to 

be confirmed by further characterisation of the cell line, including DNA cloning and 

sequencing of APOBEC3H Exon 3 sequences.  

 

The use of APOBEC3H CRISPR Guide 1 and Guide 3 RNAs with Cas9 in HCT116 cells led 

to two clones HCT116 APOBEC3H clone 2B3 and 2C3, both of which are homozygous for 

the expected DNA deletion in APOBEC3H exon 3. However, usefully, SNP analysis of the 

sequences flanking the region of DNA rearrangement clearly show these two clones are 

independent, as only clone 2B3 remains as heterozygous for two such SNPs. The reason why 

the second clone, HCT116 APOBEC3H clone 2C3 is homozygous for these SNPs is unclear 

but could involve additional DNA deletions, beyond the boundaries of the targets for 

APOBEC3H CRISPR Guide 1 and Guide 3 RNAs. If any additional deletion were found to be 

local to the proximity of APOBEC3H exon 3, then this would be unlikely to have any effects 

beyond those seen by the discrete deletion CRISPR-Cas9 engineered in exon 3. However, more 

substantial deletions or rearrangements following the DNA damage caused by CRISPR-Cas9 

cutting may be more problematic and could affect other close by APOBEC3 genes. In order to 

assess this, a PCR based analysis of the APOBEC3 locus was carried out in the two knockout 
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lines. While not exhaustive, this analysis suggested that the locus was largely unaffected by 

the discreet deletions made in the APOBEC3H gene in the two lines. 

 

As part of the generation of the HCT116 APOBEC3H knockout lines, we also characterised 

the haplotype and isoform expression for APOBEC3H in HCT116. Sequence analysis of 

APOBEC3H RT-PCR products showed that HCT116 has a Haplotype I (N15 R18 G105 K121 

E178) and Haplotype II (N15 R18 R105 D121 D178) genotype.  However, an unexpected 

finding from investigating Nutlin induced transcription of the APOBEC3H gene in the mutant 

and wild-type HCT116 cells was the identification of a novel variant form of APOBEC3H, 

variant 208. At 208 aa, this would encode the longest form of APOBEC3H Previously, (Dang 

et al., 2008) compared the amino acid sequences of primate APOBEC3H enzymes and 

concluded that the human APOBEC3H gene encodes a truncated version that arises from a 

premature stop codon in the last coding exon, removing 29 amino acids, when compared to the 

primate consensus sequence.  Further, the human APOBEC3H “truncated” protein was found 

to be less active in retroviral restriction, when compared to the “full-length” forms, which 

included an engineered, extended form based on the human APOBEC3H sequence. This raises 

the possibility that variant 208, may have altered and perhaps enhanced anti-viral activity.  

While the function of this variant is unknown, it is apparent that the deletions made in exon 3 

result in transcripts where the novel 3’ exon encoding variant 208 is no longer used, as only a 

single RT-PCR product is seen in the knockout cells. Hence, there may be a regulatory 

association between variant 208 expression and sequences within exon 3.  Further work on the 

function and regulation of APOBEC3H variant 208 is clearly required.   

 

In order to work with homogenous clones for each of the two knockout lines, subcloning was 

carried out. This led to an assessment of growth in the two resulting sets of subclones for 
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APOBEC3H clone 2B3 and 2C3, where it was found the knockout has no apparent effect on 

this. This is not surprising, as it is clear from other studies that basal APOBEC3H expression 

is low in many cell types, so it is unlikely to be required for growth. Indeed, while HCT116 

cells express basal levels of APOBEC3H that can be detected by Western blotting, it is clear 

this is not required for growth and contrasts with APOBEC3B, where knockdown of expression 

inhibits growth (Periyasamy et al., 2015).   

 

From work presented here, we have seen APOBEC3H as a strongly p53 regulated gene, 

implying a role in the p53 response. From examining Nutlin sensitivity, it would appear this 

role is unlikely to be in the activation of p53 through MDM2, as the GI50 of the HCT116 wild-

type and knockout cells is around 25µM, a concentration that is similar to the previously 

reported GI50 for Nutlin in HCT116 (Andrysik et al., 2017). Hence, in order to gain further 

insight into the role of APOBEC3H, particularly as a p53 regulated gene, I used two knockout 

sub-clones, HCT116 APOBEC3H clone 2B3-2B2 and 2C3-1B2, in RNAseq analysis, in a 

Nutlin treated context.  
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5 - Results 3: RNAseq analysis of the APOBEC3H gene knockout constructed in the 

HCT116 human colon cancer cell line 

5.1 - RNAseq analysis of HCT116 A3H knockout lines 2B3-2B2 and 2C3-1B2 

 

As described above, we have established that APOBEC3H is a p53 regulated gene, suggesting 

a requirement for this Cytidine Deaminase enzyme in the p53 response. Further, the p53 

response needs to be seen in the overall context of APOBEC3 gene regulation following p53 

activation, where APOBEC3B is seen to be down regulated, suggesting that a shift from 

APOBEC3B to APOBEC3H might be important. The reason for this readdressing of 

APOBEC3 expression remains unclear, and, in order to gain further insight into this, we 

generated two independent HCT116 APOBEC3H knockout lines 2B3 and 2C3 and  found that 

the knockout of APOBEC3H has little effect on cell growth (Figure 5.1), or sensitivity to Nutlin 

(Figure 4.12B), as an inhibitor of cell growth. To define the gene expression phenotype of 

HCT116 APOBEC3H knockout cells by RNAseq, the two knockout lines were sub-cloned to 

derive sets of clones, from which two, APOBEC3H 2B3-2B2 and   APOBEC3H 2C3-1B2 were 

chosen for further study.  
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Figure 5.1. Culture morphology of wild-type HCT116 cells and APOBEC3H 
knockout HCT116 lines 2B3-2B2 and 2C3-1B2 

 
Cells were seeded at a density 5 x10^5 cells in the wells of six well plates and allowed to 

adhere and spread for 24 h. Duplicate wells for wild-type HCT116 cells and APOBEC3H 

knockout HCT116 lines 2B3-2B2 and 2C3-1B2 were maintained in full medium, or in 

medium supplemented with 10µM Nutlin and viewed by bright field microscopy (x10 

magnification). This shows treatment with Nutlin under these conditions does not cause 

marked changes in culture morphology, with little evidence for floating and dead cells. 
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5.2 - Overview of strategy 

 

For the RNAseq analysis, gene expression profiles for the HCT116 APOBEC3H knockout 

cells, and also for these cells in the presence of activated p53, were determined. As HCT116 

cells have a low basal level of APOBEC3H expression, this allows an assessment of the 

phenotype of the APOBEC3H knockout phenotype, both in control, and p53 activated setting. 

The overall strategy is shown in (Figure 5.2). In summary, cells for each APOBEC3H knockout 

line, and control HCT116 wild-type cells were seeded in twelve bioreplicate wells (2 x 6 well 

tissue culture plates) at a seeding density of 5x105 cells per well. The cells were then left to 

attach and grow for 24 h, during which time they would be expected to double once. For each 

line, six of the twelve wells were then treated with 10µM Nutlin, by changing the medium for 

fresh medium containing 10mM Nutlin dissolved in DMSO, using 1µl /ml medium, while the 

remaining six wells were treated by changing for fresh medium containing an equivalent 

amount of DMSO (i.e. 1µl/ml medium), so as to provide a matched, vehicle-treated control. 

The cells were then left for a further 24 h, where the culture morphology of Nutlin treated cells 

and control cells was similar and showed little evidence of cytotoxicity in the treated cultures 

(Figure 5.1). These cultures were lysed in-situ and used to make RNA using a spin column 

purification method that has been shown to produce RNAseq quality RNA (Sellin Jeffries et 

al., 2014), and which included a column step for the removal of genomic DNA (Qiagen 

RNAeasy plus).  Both the concentration of Nutlin (10µM) and time of treatment are 

comparable to other studies using Nutlin treatment in HCT116 cells (Andrysik et al., 2017). 

Overall this resulted in the production of 36 RNA samples; average yields shown in Figure 

5.3A.  As this shows, overall, RNA yields from the HCT116 wild-type cells and the two 

HCT116 APOBEC3H knockout lines APOBEC3H 2B3-2B2 and   APOBEC3H 2C3-1B2 were 

comparable, and in each case resulted in lower RNA yields from Nutlin treated cells. As the 
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isolated RNA is predominantly ribosomal RNA (>90%), this suggests Nutlin affects ribosomal 

RNA levels in these cells. While it is clear that Nutlin causes p53 mediated effects on 

transcriptional and translational programmes (Loayza-Puch et al., 2013). The relationship 

between Nutlin and ribosomal RNA levels is complex (Scala et al., 2016). 

 

Determining the RNA Integrity Number (RIN) initially assessed the quality of the isolated 

RNAs, Unlike with RNA yield, there was little effect of Nutlin on RIN, with the exception of 

the HCT116 APOBEC3H 2C3-1B2 line, where the Nutlin treated cells produced RNAs with 

the lowest RIN numbers, but still >8 (an average 8.7)( Figure 5.3B).  This analysis showed that 

all samples were of high quality and above the cut-off required for RNAseq (>RIN 8) (Gallego 

Romero et al., 2014). 
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Figure 5.2. Overview of sample generation for RNAseq analysis of HCT116 cells and 
HCT116 △A3H lines 2B3-2B2 and 2C3-1B2 



 
 

132 

8
8.2
8.4
8.6
8.8

9
9.2
9.4
9.6
9.8
10

HCT116
WT DMSO

HCT116
WT Nutlin

HCT116
2B3-2B2
DMSO

HCT116
2B3-2B2

Nutlin

HCT116
2C3-1B2
DMSO

HCT116
2C3-1B2

Nutlin

RN
A 

In
te

gr
ity

 N
um

be
r

Line and Treatment 

RIN

0
100
200
300
400
500
600
700

HCT116
WT DMSO

HCT116
WT Nut

HCT116
2B3-2B2
DMSO

HCT116
2B3-2B2

Nut

HCT116
2C3-1B2
DMSO

HCT116
2C3-1B2

Nut

Co
nc

. n
g/

ul

Line and Treatment

Average  RNA conc ng/µl
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A 

B 

Figure 5.3. Overview of sample generation for RNAseq analysis of HCT116 cells and 
HCT116 △A3H lines 2B3-2B2 and 2C3-1B2 

 
For RNAseq work, RNA was prepared from six bioreplicate cultures for each line and 

treatment (DMSO control and 10µM Nutlin). RNA samples were prepared in parallel using 

spin column chromatograph (RNeasy Plus- Qiagen) and eluted under the same conditions.  

A. The concentration of RNA for each replicate was determined and averaged for a set of 

six bioreplicates. The average RNA concentration for each replicate set is shown with 

standard errors of the mean. B. RNA samples for six bioreplicates for each cell line and 

treatment were analysed for integrity, and the RNA Integrity Number (RIN) determined for 

each sample. The average RIN for each replicate set is shown with standard errors of the 

mean.  
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cDNA was synthesised for each sample, and also, from pooled 2µg amounts of each RNA from 

a replicate set and using this to make cDNA representative of RNA for each cell line treated 

with Nutlin, and control DMSO vehicle. This was used in Q-RT-PCR to assess the expression 

of the p53 regulated genes p21 to confirm p53 activation by Nutlin treatment. As can be seen 

in Figure 5.4A, the multiple replicate RNAs show an appropriate induction of p21 gene 

expression by Nutlin in HCT116 wild-type cells and the HCT116 APOBEC3H 2B3-2B2 and 

APOBEC3H 2C3-1B2 lines. Further, the pooled samples, show a pattern of Nutlin induced 

p21 gene expression, as previously seen for the two HCT116 APOBEC3H knockout lines, 

together with the wild-type HCT116 cells (Figure 5.4B).  
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Figure 5.4. p21 relative expression in HCT116 cells and APOBEC3H knockout HCT116 
knockout cells 

 
A. RNA prepared from six bioreplicate cultures of wild-type HCT116 cells and APOBEC3H 

knockout HCT116 lines 2B3-2B2 and 2C3-1B2 maintained in full medium, or in medium 

supplemented with 10µM Nutlin was pooled in equal amounts and used to make cDNA 

representative of each line and treatment. This cDNA was used to measure p21 gene expression, 

which was normalised to GAPDH housekeeping gene expression and is shown standard errors 

of the mean. B. p21 Expression was also measured for each bioreplicate RNA sample, which 

was normalised to GAPDH housekeeping gene expression, and is shown is shown with 

standard errors of the mean.  
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The RNA prepared for RNAseq was assessed for contaminating genomic DNA. For this, a 

PCR assay designed to amplify genomic DNA from exon 8 of the human estrogen receptor –

alpha gene (ESR1), was used. As can be seen in Figure 5.5 while a PCR product can be seen 

when control genomic template was used, no product was found when an equivalent amount 

of total RNA, from the RNA pools of six replicates, was used. This confirmed that there was 

no appreciable amount of genomic DNA contamination in the RNA isolated from RNAseq 

work. 

 

Taken together, these data all suggested that the isolated RNA was of sufficient quality and 

showed marked sufficiently changes in gene expression following Nutlin treatment, for 

RNAseq analysis.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

137 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5. Assessment of genomic DNA contamination in RNA preparations 

 
RNA prepared from six bioreplicate cultures of wild-type HCT116 cells and APOBEC3H 

knockout HCT116 lines 2B3-2B2 and 2C3-1B2 maintained in full medium, or in medium 

supplemented with 10µM Nutlin was pooled in equal amounts. 300ng of RNA from each pool 

was used in a genomic PCR reaction for ESR1 exon 8 (primers SA4125-4126 amplify a 462bp 

product from genomic DNA) and amplification carried out for 30 cycles.  300 ng of HCT116 

cell genomic DNA was used as a positive control template (+ve). The negative control (-ve) 

was for a PCR assay with no template.  The analysis shows evidence for little genomic DNA 

contamination in the HCT116 wild-type and APOBEC3H knockout isolated RNA samples. 
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5.3 - RNAseq  

 

5.3.1 - RNAseq – library construction and next generation sequencing 

 

The Imperial College BRC Genomics Facility (Imperial College London, 2019) carried out 

Next Generation RNAseq sequencing on the replicate RNA samples for HCT116 wild-type, 

HCT116 APOBEC3H 2B3-2B2 and  APOBEC3H 2C3-1B2  lines. Briefly, this involves three 

steps- (i) creation of a sequencing library, (ii) seeding and preparation of the flow cell and (iii) 

sequencing by synthesis. For library preparation, polyadenylated mRNA was isolated from the 

total RNA using NEBNext poly(A) mRNA magnetic isolation module (New England Biolabs, 

UK), and this was converted to cDNA and subsequently amplified using the NEBNext Ultra II 

Directional RNA Library Prep Kit for Illumina Sequencing and NEBNext Multiplex Oligos 

(New England Biolabs, UK). The resulting 36 libraries were then pooled in equimolar amounts 

and the final pool sequenced over four lanes of an Illumina Hiseq4000 NGS sequencer, set to 

read paired-end reads (2x75bp). This is designed to provide an expected coverage of 

approximately 35 million reads per RNA sample.  

 

 

5.3.2 - RNAseq analysis 

 

Analysis of the RNAseq data was carried out with Ms Van Nguyen, Research Assistant, 

Department of Surgery & Cancer, Imperial College London. The workflow for this is shown 

in Figure 5.6 and involved a series of steps, starting with the raw reads generated by the 

Illumina Hiseq400 NGS sequencer, and alignment of these with a reference human genome 

sequence (hg19 human genome) downloaded from (HISAT2, 2017). The aligned reads are 
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used to obtain BAM files – Binary versions of Sequence Alignment Map (SAM) files, which 

are text-based, tab-delimited files that contain sequence alignment data.  The BAM files allows 

analysis with Tophat (Trapnell et al., 2009), a widely used ultrafast alignment software package 

that performs spliced alignments, and read-counts using the HT-seq package (Anders et al., 

2015). Differential gene expression was then obtained from read counts using the DESeq2 

(Love et al., 2014) Bioconductor package, which  provides a method for differential analysis 

of count data. 

 

Once analysed with DESeq2, it is possible to determine the consistency of replicate sets of 

RNA, as defined by the gene expression they demonstrate, using Principal Component 

Analysis (PCA) (Ma and Dai, 2011). PCA is a statistical analysis method that leads to a 

dimensional reduction of large data sets, by reducing these to smaller ones, so that they are 

described by the dominant information in the large set. In this case, PCA analysis of each 

sample uses the gene expression data determined by the RNAseq for each sample, and results 

in assigned values, which when plotted in 2-D shows how samples are related, with the most 

alike lying close together. In this way, outlier samples in a replicate set can be identified.  

 

The PCA analysis for the HCT116 wild-type cells and the HCT116 APOBEC3H 2B3-2B2 and 

APOBEC3H 2C3-1B2 lines, for both control DMSO and Nutlin treated replicate cultures is 

shown in Figure 5.7A. There are tight PCA clusters for all replicate sets, with the exception of 

one replicate from the HCT116 APOBEC3H 2B3-2B2 set. This sample was considered as an 

outlier and was removed from the analysis of this sample, and one sample from each of the 

five other replicate RNA sets. The PCA analysis for the edited sets is shown in Figure 5.7B. 

This produced tight PCA clustering for the replicates for each sample set. 
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Steps 

1 - Quality Control 
+ 
2 - Pre-processing of reads  

3 - Alignment to reference 
genome  
+ 
4 – Convert BAM file to Big Wig 
And Visualisation using IGV 

5 – counting the reads on 
genes  

6 - Comparing expression 
between conditions 
And Checking consistency 
of replicates  

7 – Visualization of target 
genes (eg. Heatmap) 

8 – Gene Set Enrichment 
Analysis (GSEA) 

Figure 5.6. Overview of RNAseq analysis 

 
An overview and summary of the RNAseq analysis employed is shown: 
Steps 1 and 2 are for quality control and pre-processing of reads and involve use of FastqC 
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) 
Steps 3 and 4 are for alignment to the reference genome (hg19 human genome; 
https://www.ncbi.nlm.nih.gov/assembly/GCF_000001405.13/ ) and  involve FastqC to 
generate  BAM alignment files using Hisat2: https://ccb.jhu.edu/software/hisat2/index.shtml. 
BAM files can be converted to “Big Wig” files for data visualisation using Integrative 
Genomic Viewer (IGV) https://software.broadinstitute.org/software/igv/. 
Step 5. The HT-seq package (https://htseq.readthedocs.io/en/release_0.9.1/) is used for 
counting sequencing reads on genes. 
Step 6 allows a comparison of gene expression between conditions: This is carried out using  
Deseq2 (https://bioconductor.org/packages/release/bioc/html/DESeq2.html).  
Step 7 and 8. Separate R packages: heatmap2; ggplot2s can be used for visualisation of target 
genes (https://www.bioconductor.org) and  GSEA ( gene set enrichment assay) 
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APOBEC3H 2B3-2B2  
Outlier A 

B 

Figure 5.7. Principal component analysis for control (DMSO) replicates in the two 
APOBEC3H KO lines compared to HCT116 WT cells 

 
Principal Component Analysis (PCA) was carried out on read counts generated for each sample 

using the HT-seq analysis package.  A. Analysis of all six replicates per set showed good 

replicate clustering, with exception of HCT116 2B3-2B2 replicate 1 (arrowed). B. Sample 

HCT116 2B3-2B2 replicate 1 was removed as an outlier, and the PCA analysis repeated.  This 

resulted in tighter PCA clustering across all replicate sets.   
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5.3.3 - Analysis of differential expression between HCT116 wild-type, HCT116 

APOBEC3H 2B3-2B2 and APOBEC3H 2C3-1B2 cells 

 

DESeq2 analyses was used to define gene expression differences between wild-type HCT116 

cells and each of the APOBEC3H HCT116 knockout lines, APOBEC3H 2B3-2B2 and 

APOBEC3H 2C3-1B2. Using a cut-off for the P value of <0.05, this identified 9,157 

differentially expressed genes between wild-type HCT116 cells and APOBEC3H 2B3-2B2 

cells and 7075 between wild-type HCT116 cells and APOBEC3H 2C3-1B2 cells (Table 5.1). 

Of these, 4830 (42.4%) differentially expressed genes were common to both APOBEC3H 

knockout lines (Figure 5.8) indicating a significant overlap in differentially expressed genes in 

the two cell lines.  In order to further refine the differentially expressed genes into differentially 

up-regulated and differentially down-regulated, the P value <0.05 gene list for each of the 

APOBEC3H knockout lines was further subject to a cut-off of fold change in gene expression 

of Log2 >= 0.5 (1.4 fold). This identified 1509 down regulated and 999 up-regulated genes in 

the APOBEC3H 2B3-2B2 line and 1045 down regulated and 761 up-regulated genes in the 

APOBEC3H 2C3-1B2 line.  The overlap between down-regulated genes between the two 

APOBEC3H lines was 554 (27.7%) genes (Figure 5.9A), while for the up-regulated genes, the 

overlap was 252 (14.6%) genes (Figure 5.9B).  
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Table 5.1. Gene expression differences between wild-type HCT116 cells and the 
APOBEC3H HCT116 knockout lines 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

COMPARISON P < 0.05 Log2 FC > 0.5 

DMSO_ WT HCT116 vs 2B32B2 9157 1509 DOWN & 999 UP 

DMSO_WT HCT116 vs 2C31B2 7075 1045 DOWN & 982 UP 

DMSO vs Nutlin_WT116 12681 3156 DOWN & 3721 UP 

DMSO vs Nutlin_2B32B2 12352 2794 DOWN & 3433 UP 

DMSO vs Nutlin_2C31B2 11144 2716 DOWN & 2954 UP 

Nutlin_WT H116 vs 2B32B2 8987 1599 DOWN & 1141 UP 

Nutlin_WT H116 vs 2C31B2 8736 1731 DOWN & 1113 UP 

Nutlin_2B32B2 vs 2C31B2 9072 1435 DOWN & 1422 UP 
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Figure 5.8. Differentially expressed genes shared by the APOBEC3H HCT116 
knockout cell lines 2B3-2B2 and 2C3-1B2 

 
Differentially expressed gene lists between the APOBEC3H HCT116 knockout cell lines 

2B3-2B2 and 2C3-1B2 HCT116 wild-type cells generated using Dseq2 analysis, and ranked 

for P value <0.05, This identified 4830 differentially expressed genes that were common to 

the two knockout lines. 
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Figure 5.9. Differentially expressed genes shared by the APOBEC3H HCT116 knockout 
cell lines 2B3-2B2 and 2C3-1B2 

 
Differentially expressed genes in the APOBEC3H HCT116 knockout cell lines 2B3-2B2 and 

2C3-1B2, compared to gene expression in wild-type HCT116 cells, was analysed further by 

using cut-offs of P<0.05 and Log2 fold expression of >= 0.5. This identified 1509 down 

regulated and 999 up-regulated genes in the APOBEC3H 2B3-2B2 line and 1045 down 

regulated and 761 up-regulated genes in the APOBEC3H 2C3-1B2 line. A. 554 (27.7%) genes 

overlapped in the down-regulated gene lists between the two APOBEC3H knockout lines. B. 

For up-regulated genes, 252 (14.6%) overlapped between up-regulated gene lists between the 

two APOBEC3H knockout lines. 
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5.3.4 - Down-regulated gene expression in the APOBEC3H 2B3-2B2 and APOBEC3H 

2C3-1B2 indicates a loss of the Y chromosome 

 

Table 5.2 shows the top 50 down-regulated genes in common in the APOBEC3H 2B3-2B2 and 

APOBEC3H 2C3-1B2 cell lines, when compared to wild-type HCT-116 cells.  Analysis of this 

for gene location, highlights an enrichment for Y chromosome specific genes (highlighted in 

yellow).  This down-regulation was further investigated using Q-RT-PCR for a set of Y-

chromosomes encoded genes, as shown in (Figure 5.10), where it was apparent that Y-

chromosome specific gene expression was lost in the two APOBEC3H knockout lines. A 

further analysis of the karyotype of the wild-type HCT116 cells and the APOBEC3H HCT116 

knockout lines, APOBEC3H 2B3-2B2 and APOBEC3H 2C3-1B2. was carried out by Dr R. 

Fisher, Department of Surgery & Cancer, Imperial College London, and this confirmed that 

both lines had lost the Y-chromosome (Table 5.3), and indicated that there was heterogeneity 

for the presence of the Y – chromosome in the wild-type HCT116 cells, as indicated by the 

dominance of the presence of the X-chromosome in this line. It was therefore likely that the 

APOBEC3H 2B3 and APOBEC3H 2C3 lines independently arose in cell clones that had lost 

the Y-chromosome. Nevertheless, the RNAseq analysis also identified genes whose expression 

was down-regulated in both lines, but not as a result of encoding on the Y chromosome, as 

exemplified by Q-RT-PCR analysis for PXDN (encoded on Chromosome 2p25.3), and 

GALNT14 (encoded on Chromosome 2p23.1), SPARC1 (encoded on Chromosome 5q33.1), 

SLCO3A1 (encoded on Chromosome 15q26.1), HKDC1 (encoded in chromosome 10q22.1), 

TCF21 (encoded on Chromosome 6q23.2 ) and LARGE1 (encoded on Chromosome 22q12.3) 

(Figure 5.11). 
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Table 5.2. Top 50 common down-regulated genes in the two APOBEC3H knockout cell 
lines 

Gene ID Gene Name 
Log2 fold differential gene 

expression 

ENSG00000198692.5 EIF1AY -11.433215 

ENSG00000131002.7 TXLNG2P -11.390044 

ENSG00000114374.8 USP9Y -11.026585 

ENSG00000067646.7 ZFY -10.932125 

ENSG00000129824.11 RPS4Y1 -10.750956 

ENSG00000012817.11 KDM5D -10.732626 

ENSG00000130508.6 PXDN -10.366693 

ENSG00000067048.12 DDX3Y -10.25939 

ENSG00000183878.11 UTY -9.6590723 

ENSG00000154620.5 TMSB4Y -9.0145996 

ENSG00000233864.3 TTTY15 -8.5843027 

ENSG00000270038.1 RP11-1070N10.7 -8.1947981 

ENSG00000118526.6 TCF21 -7.7557751 

ENSG00000158089.10 GALNT14 -7.5928586 

ENSG00000183960.4 KCNH8 -7.4340633 

ENSG00000176728.3 TTTY14 -7.2199497 

ENSG00000242779.2 ZNF702P -7.1883871 

ENSG00000187098.10 MITF -7.1601801 

ENSG00000241859.2 KALP -7.0196125 

ENSG00000206538.3 VGLL3 -7.0142285 

ENSG00000260197.1 RP11-424G14.1 -6.8582343 
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ENSG00000258927.1 RP11-1070N10.5 -6.7423485 

ENSG00000099725.10 PRKY -6.2658661 

ENSG00000239893.1 ZNF736P9Y -6.0565972 

ENSG00000204394.8 VARS -5.9772222 

ENSG00000250328.1 CTC-210G5.1 -5.9513541 

ENSG00000133424.16 LARGE -5.9399623 

ENSG00000173391.4 OLR1 -5.937117 

ENSG00000170011.9 MYRIP -5.8557054 

ENSG00000137337.10 MDC1 -5.8395002 

ENSG00000070190.8 DAPP1 -5.8305833 

ENSG00000160179.14 ABCG1 -5.8196934 

ENSG00000169218.9 RSPO1 -5.6622851 

ENSG00000226611.2 OFD1P2Y -5.6515806 

ENSG00000176463.9 SLCO3A1 -5.6293741 

ENSG00000134198.5 TSPAN2 -5.5631366 

ENSG00000102466.11 FGF14 -5.5290214 

ENSG00000113140.6 SPARC -5.4884616 

ENSG00000077274.7 CAPN6 -5.4666759 

ENSG00000122691.8 TWIST1 -5.3449798 

ENSG00000204463.8 BAG6 -5.3237987 

ENSG00000181143.11 MUC16 -5.154835 

ENSG00000177614.5 PGBD5 -5.0441393 

ENSG00000147862.10 NFIB -4.9606331 

ENSG00000227954.2 RP3-323P13.2 -4.8950826 
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ENSG00000089847.8 ANKRD24 -4.8389565 

ENSG00000187094.7 CCK -4.8130543 

ENSG00000187621.10 TCL6 -4.7450475 

ENSG00000269113.3 TRABD2B -4.7398729 
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Figure 5.10. Y-Chromosome gene expression is down-regulated in the HCT116 
APOBEC3H knockout cell lines 

 
RNAseq analysis showed that genes encoded on the Y chromosome were lost in both HCT116 

APOBEC3H knockout cell lines. This was further investigated by Q-RT-PCR analysis for the 

expression of genes on the Y chromosome, as exemplified here for the Y chromosome specific 

gene EIF1AY. Gene expression was measured using cDNA made to pooled RNA from the 

bioreplicate samples used for RNAseq, and normalised to expression of the control GAPDH 

housekeeping gene.  Error bars are for standard error of the mean. 
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Table 5.3. Genotyping of HCT116 wild-type cells and the APOBEC3H HCT116 
knockout cell lines 2B3-2B2 and 2C3-1B2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
American Type Culture Collection (ATCC) short-tandem repeat (STR) profiling was carried 

out using DNA extracted from HCT116 wild-type cells and the APOBEC3H HCT116 knockout 

cell lines 2B3-2B2 and 2C3-1B2. Allele variations between the lines and the ATCC reference 

genotype are highlighted. Overall the analysis confirms the lines as being HCT116 origin.  The 

Amelogenin locus (AMEL), duplicated on X and Y, is seen in both ATCC the reference genome 

and our HCT116 wild-type stock. However, AMEL genotyping is consistent with the loss of 

the Y chromosome in both APOBEC3H HCT116 knockout cell lines 2B3-2B2 and 2C3-1B2, 

as indicated by the RNAseq analysis.  
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Figure 5.11. Down–regulated gene expression in the HCT116 APOBEC3H knockout cell 
lines 

Down regulated gene expression, in addition to the loss of Y chromosome encoded gene 
expression in the APOBEC3H knockout cell lines through chromosome loss, was investigated. 
Q-RT-PCR analysis of candidate, strongly down-regulated genes common to both HCT116 
APOBEC3H knockout cell lines is shown for the genes GALNT14, PXDN, SPARC1, 
SLCO3A1, HKDC1, TCF21 and LARGE1. Error bars are for standard error of the mean. 
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5.3.5 - Up-regulated gene expression in the HCT1116 APOBEC3H 2B3-2B2 and 

APOBEC3H 2C3-1B2 is enriched for processed pseudogene transcription. 

 

Table 5.4 shows the top 49 up-regulated genes, when compared to the wild-type HCT116 cells, 

which were shared by the APOBEC3H 2B3-2B2 and APOBEC3H 2C3-1B2 lines. What is 

striking is that 61% (30/49) of these correspond to processed pseudogenes (shaded in yellow). 

Of the remaining genes, six come from non-coding transcripts (shaded in red), with the 

remaining 13 being protein encoding genes. While this enrichment was clear, it was also 

apparent from the read counts, that the differential expression reflected changes for several at 

very low levels of expression. This, together with the fact that many of these processed 

pseudogenes differ from their active gene homologues by only a few nucleotides in sequence, 

all make the detection of pseudogenes very challenging. Therefore, it was not possible to 

validate the up regulation of these processed pseudogenes further.  

 

The RNAseq analysis also showed that, in addition to the putative up-regulation of a set of 

pseudogenes in the APOBEC3H 2B3-2B2 and APOBEC3H 2C3-1B2 lines, protein encoding 

genes were also found to be up-regulated. This is exemplified by the genes VCAN (encoded 

on chromosome 5q12-14) and ANGPT2 (encoded on chromosome 8p23.1), both well 

characterised genes which were seen to be up-regulated in both the HCT116 APOBEC3H 2B3-

2B2 and APOBEC3H 2C3-1B2 lines (Figure 5.12).  
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Table 5.4. Top 49 common up-regulated genes in the two APOBEC3H knockout cell lines 

Gene ID Gene Name Log2 Fold differential gene expression 

ENSG00000214222.2 TUBBP2 10.72569374 

ENSG00000231313.2 CLIC1P1 9.574021874 

ENSG00000231500.2 RPS18 8.438432038 

ENSG00000233383.1 RP11-324F21.1 8.209046778 

ENSG00000236216.4 PPP1R11P1 7.721691549 

ENSG00000230897.1 RPS18P12 5.45183181 

ENSG00000181433.5 SAGE1 5.254063122 

ENSG00000234335.1 RPS4XP11 5.098889575 

ENSG00000212994.4 RPS26P6 5.072925533 

ENSG00000219186.2 FTH1P19 4.590436388 

ENSG00000213860.3 RPL21P75 4.487873731 

ENSG00000244171.3 PBX2P1 4.465236868 

ENSG00000235207.1 TUBBP6 4.083833273 

ENSG00000234981.1 RP11-534L20.4 4.029565295 

ENSG00000206995.1 Y_RNA 4.014961841 

ENSG00000241612.1 RP13-585F24.1 4.006157548 

ENSG00000261557.1 EEF1A1P38 3.909442745 

ENSG00000215480.3 OR7E37P 3.838026835 

ENSG00000224858.4 RPL29P11 3.77553042 

ENSG00000244582.2 RPL21P120 3.745277588 

ENSG00000243071.1 RP11-613M5.2 3.737421175 

ENSG00000227008.2 RP3-417G15.1 3.653513862 



 
 

155 

ENSG00000203576.1 AC090519.7 3.622273629 

ENSG00000269048.1 Z98049.1 3.621804124 

ENSG00000206824.1 Y_RNA 3.526105086 

ENSG00000239470.2 RP11-16F15.2 3.517956243 

ENSG00000008517.12 IL32 3.442565277 

ENSG00000177688.5 SUMO4 3.437155918 

ENSG00000253570.1 RNF5P1 3.379153571 

ENSG00000259264.1 RP11-60L3.1 3.343035919 

ENSG00000234287.1 RP11-761N21.2 3.304968326 

ENSG00000262874.1 CTD-2616J11.4 3.268021337 

ENSG00000250762.1 RP1-313L4.4 3.254557576 

ENSG00000249835.2 VCAN-AS1 3.212860361 

ENSG00000125845.6 BMP2 3.18061873 

ENSG00000250504.2 KRT18P51 3.161949985 

ENSG00000248050.1 RP11-422N16.3 3.097281301 

ENSG00000237296.5 SMG1P1 3.085689424 

ENSG00000105131.3 EPHX3 3.054219153 

ENSG00000229314.4 ORM1 3.009269966 

ENSG00000243007.1 RP11-106M3.1 2.992788688 

ENSG00000147041.7 SYTL5 2.894836678 

ENSG00000261780.2 CTD-2354A18.1 2.803059456 

ENSG00000228709.1 AP001065.15 2.80017747 

ENSG00000230637.2 CTA-246H3.8 2.754723821 

ENSG00000240540.2 RPL3P9 2.703807077 
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ENSG00000153993.9 SEMA3D 2.648090985 

ENSG00000255735.1 AC110619.1 2.644545687 

ENSG00000219932.5 RPL12P8 2.559027771 
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Figure 5.12. Up–regulated gene expression in the HCT116 APOBEC3H knockout cell 
lines 

 
Up-regulated gene expression, in addition to processed pseudogene expression was 

investigated. Q-RT-PCR analysis of candidate, strongly up-regulated genes common to both 

HCT116 APOBEC3H knockout cell lines is shown for the genes VCAN (versican) and 

ANGPT2 (Angioprotein-2). Error bars are for standard error of the mean.  
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5.3.6 - Gene set enrichment analysis of differentially regulated gene expression in the 

HCT116 APOBEC3H 2B3-2B2 and APOBEC3H 2C3-1B2 lines 

 

Gene Set Enrichment Analysis (GSEA) is a method of statistical analysis that can be applied 

to gene lists coming from differential gene expression analysis, which aims to identify 

enrichment, or depletion for groups of genes that are related by being assigned to particular 

functional pathways and gene expression responses.  Generally, the analysis can be carried out 

on-line using GSEA analysis programmes use databases of gene assignments to pathways, 

programmes, etc.  In order to gain further insight into the phenotype of the HCT116 

APOBEC3H 2B3-2B2 and APOBEC3H 2C3-1B2 lines. 

 

 GSEA analysis was carried out using the GSEA server hosted by the Broad Institute 

(http://software.broadinstitute.org/gsea/index.jsp), using the common differentially expressed 

gene list for the HCT116 APOBEC3H 2B3-2B2 and APOBEC3H 2C3-1B2 lines, filtered for 

Differential Gene Expression: p<0.05 and 2 fold change (2900 genes). As can be seen in 

(Figure 5.13), this analysis identifies “Genes involved in p53 pathways and networks” as being 

the third most significant enriched pathway. This implication is explored further, as detailed 

below. 
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Figure 5.13. Gene set enrichment analysis of differentially regulated gene expression in 
the HCT116 APOBEC3H 2B3-2B2 and APOBEC3H 2C3-1B2 lines 

 
Differentially expressed genes common to both HCT116 APOBEC3H knockout cell lines, with 

a 2 fold, or greater differential expression (P value<0.05), were used in Gene Set Enrichment 

Analysis (GSEA) and the top ten enriched pathways identified. Note, the analysis identified s 

“p53 pathways and networks” in this list (third).  
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5.3.7 - Evaluation of the Nutlin - p53 response in wild-type HCT116 cells and in the 

HCT116 APOBEC3H 2B3-2B2 and APOBEC3H 2C3-1B2 cell lines 

 

The Nutlin-p53 response has been studied in detail in a variety of cell lines, including in 

HCT116. A series of papers have been published from the group of Espinosa (Sullivan et al., 

2018), who have progressively refined the identity of genes that are differentially expressed 

when cells are treated with Nutlin. The most recent iteration of this work, published by 

Andrysik (Andrysik et al., 2017) is a comprehensive assessment of p53 target genes, using 

10µM Nutlin to activate in the lines HCT116, MCF7 and SJSA, for 12 h, with the subsequent 

analysis being carried by RNAseq, Chromatin Immunoprecipitation –sequencing (ChIP-seq) 

(Nakato and Shirahige, 2017) and Global Run On–sequencing (GRO-seq) (Gardini, 2017), and 

integrating this data to produce a core set of p53 regulated genes, that we refer to as the 

“Andrysik Core” list.  We have used the RNAseq data presented in this paper, together with 

the Andrysik Core list, as a p53 gene response reference gene list to compare with.   

 

RNAseq analysis was carried out on the Nutlin treated (10µM, 24 h), replicate samples for 

HCT116 cells and these used in the HCT116 APOBEC3H 2B3-2B2 and APOBEC3H 2C3-

1B2 cell lines. The PCA analysis and quality control of these samples has already been 

described above. Using DESeq analysis, we identified 12673 Nutlin regulated genes (p<0.05) 

in the HCT116 wild-type line. These overlapped with the Andrysik, Nutlin regulated gene list 

(p<0.05) of 4363 genes, to show 4030 genes in common (Figure 5.14A).  This confirmed the 

integrity of the Nutlin response in the HCT116 wild-type line we have used in our studies. 

Further, a similar number of Nutlin regulated genes overlapping with the Andrysik, Nutlin 

regulated gene list (p<0.05) for the HCT116 APOBEC3H 2B3-2B2 line (overlap of 3974 
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genes) (Figure 5.14B) and the HCT116 APOBEC3H 2C3-1B2 line (overlap of 3849 genes) 

(Figure 5.14C).   

Taken together, these analyses suggest that the overall p53 response in the two APOBEC3H 

knockout cell lines is similar to that seen in the HCT116 wild-type cells.  A three way 

comparison between the Nutlin regulated gene lists (p<0.05) for the two APOBEC3H knockout 

cell lines and the Andrysik, Nutlin regulated gene list (p<0.05), shows that in addition to those 

genes shared with the  Andrysik, Nutlin regulated gene set, a further 5450 Nutlin regulated 

genes are shared between two APOBEC3H knockout cell lines, suggesting there are additional 

p53-Nutlin regulated genes in these cells, not accounted for in the Andrysik experiments 

(Figure 5.15). 
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Figure 5.14. Evaluation of the Nutlin - p53 response in wild-type HCT116 cells and in 
the HCT116 APOBEC3H 2B3-2B2 and APOBEC3H 2C3-1B2 cell lines 

 
The comprehensive study of Andrysik et al., 2017, identified 4363 Nutlin regulated genes in 
HCT116 wild-type cells (p value <0.05). We have used this gene list (Andrysik +Nut) to assess 
the overlap with differentially Nutlin regulated genes in our HCT116 cells and in the HCT116 
APOBEC3H 2B3-2B2 and APOBEC3H 2C3-1B2 cell lines. A. For HCT116 wild-type cells 
(HCT116Wt+Nut), 12673 Nutlin regulated genes were identified (p value <0.05). Of these, 
4030 (31%) overlap with the Andrysik HCT116 Nutlin regulated gene list. This overlap 
accounts for 92% of the Andrysik HCT116 Nutlin regulated gene set. The analysis also 
identifies an additional 8643 genes that are differentially regulated by Nutlin in HCT116 wild-
type cells, which are not seen in the Andrysik et al., 2017 Nutlin regulated gene set, as defined 
by a cut-off of p value < 0.05. B. A similar comparison of the Nutlin regulated genes (p value 
<0.05) in the HCT116 APOBEC3H 2B3-2B2 identifies 3974 genes which overlap with the 
Andrysik HCT116 Nutlin regulated gene set, while for the APOBEC3H 2C3-1B2 line 
(2C3+nut), the number of overlapping genes is 3849 (C).  
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Figure 5.15. Evaluation of the Nutlin - p53 response in wild-type HCT116 cells and in 
the HCT116 APOBEC3H 2B3-2B2 and APOBEC3H 2C3-1B2 cell lines – three-way 
analysis 

 
A three-way comparison between the Nutlin regulated gene lists (p<0.05) for the HCT116 

APOBEC3H 2B3-2B2 and APOBEC3H 2C3-1B2 cell lines and the Andrysik HCT116 Nutlin 

regulated gene set.  3684 genes in Andrysik study are also regulated in both HCT116 

APOBEC3H knockout lines by Nutlin, with an additional 5450 genes that are Nutlin 

regulated, and shared between two mutant lines. Overall, 92.5% of the Andrysik HCT116 

Nutlin regulated gene set are regulated by Nutlin in the both HCT116 APOBEC3H knockout 

lines. (p value <0.05). 
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A three –way comparison of the overlap between the differential gene lists between the  

HCT116 APOBEC3H 2B3-2B2,  HCT116 APOBEC3H 2C3-1B2 and HCT116 wild-type 

cells, shows that only 942 (7.6%)  genes from the Andrysik HCT116 – Nutlin gene set  do not 

feature as differentially expressed genes in either of the two APOBEC3H knockout lines 

(Figure 5.16A). Similarly, only 24 genes out of the 103 Andrysik Nutlin core regulated gene 

list, which represents a collated set of direct p53 targets, is not differentially expressed in either 

of the HCT116 APOBEC3H knockout lines (Figure 5.16 B). 
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Figure 5.16. The Nutlin - p53 gene signature is seen in HCT116 APOBEC3H 2B3-2B2 and 
APOBEC3H 2C3-1B2 cell lines – three way and core p53 comparison 

 
 A. Lists were compared for differentially expressed genes between wild-type HCT116 cells and 

each of the HCT116 APOBEC3H knockout lines (2B3 DMSO and 2C3 DMSO), and the 

Andrysik HCT116 Nutlin regulated gene set (Andrysik Nut). A total of 3420 (78 %) of the 

Andrysik HCT116 Nutlin regulated genes overlap with the differentially expressed genes 

between wild-type HCT116 cells and each of the HCT116 APOBEC3H knockout lines 2B3-2B2 

and 2C3-1B2.  Of these, 1628 genes (37%) of HCT116 Nutlin regulated genes overlap with the 

differential genes seen in both HCT116 APOBEC3H knockout lines 2B3-2B2 and 2C3-1B2. B. 

Andrysik et al (2017) also defined a 103-core gene list of Nutlin regulated genes, which were 

also collated for those which are direct targets for p53 binding by ChIPseq and show 

transcriptional activation by GROseq. Over half of the Andrysik core list are contained in 

HCT116 APOBEC3H knockout line differential gene expression lists (2B3 DMSO and 2C3 

DMSO). 
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Taken together, these analyses suggest in the APOBEC3H knockout lines compared to wilt-

type cells many of the Nutlin modulated p53 responsive already show differential expression. 

In order to understand this further, we analysed the expression, as determined by read count 

from the RNAseq analysis, for the 103 Andrysik core p53 regulated gene list in HCT116 wild-

type and the HCT116 APOBEC3H 2B3-2B2, HCT116 APOBEC3H 2C3-1B2 lines.  To do 

this, gene expression for each of the 103 genes in the Andrysik core p53 regulated gene list 

was determined as a fold change with respect to the DMSO control, and then the genes ranked 

according to this for the Nutlin treatment in the HCT116 wild-type cells. A heat map was then 

generated to show the fold change following Nutlin treatment for the ranked genes, in the two 

APOBEC3H knockout cell lines As can be seen in  Figure 5.17, the heatmap analysis shows 

that the p53 response in the  two APOBEC3H knockout lines is greatly attenuated, when 

compared to the Nutlin response seen in the HCT116 wild-type control cells.  This conclusion 

was further validated using Q-RT-PCR for a panel of p53 regulated genes from the Andrysik 

core gene set, and also for p53. As can be seen, in Figure 5.18, Nutlin treatment results in a 

decrease in p53 gene expression, which is seen to be significantly lower in the two APOBEC3H 

knockout lines, when compared to the level in Nutlin treated HCT1116 wild-type cells.  

Further, for a set of six p53 target genes, including APOBEC3H, the Nutlin induced, p53 

mediated activation of gene expression was seen to be attenuated in most.  

 

These data suggest the possibility that APOBEC3H could potentially attenuate the Nutlin 

induced, p53 mediated gene response in HCT116 cells. In order to investigate this further, 

HCT116 wild-type cells were stably transfected with an APOBEC3H expression plasmid (gift 

of Dr Lai Chun Fui, Imperial College London) and the Nutlin induced gene expression 

response in these cells evaluated. As can be seen in Figure 5.19, when compared to control, 

empty vector HCT116 stably transfected cells, this results in a 10 fold increase in APOBEC3H 
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gene expression, which would be expected to mask the induction of the endogenous 

APOBEC3H gene by Nutlin in these cells. While this over-expression has little effect on the 

basal expression of the p53 regulated genes p21, MDM2 and BTG2, in each case there is a 

higher level of p53 induced gene expression in the APOBEC3H over-expressing cells. This 

effect is particularly marked for MDM2, where there is a greater than 60 fold induction of 

MDM2 over the basal levels seen in the APOBEC3H over-expressing cells.   

 

Taken together, these data suggest a role for APOBEC3H in mediating the strength of the p53 

activated response and would define a new role for APOBEC3H. 
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Figure 5.17. Comparative Nutlin regulated gene expression between HCT116 cells and 
in the HCT116 APOBEC3H 2B3-2B2 and APOBEC3H 2C3-1B2 cell lines 

 
Heatmap analysis was used for the Andrysic core gene list (103 genes), in order to compare 
the fold change for these genes in wild-type HCT116 cells, and in the HCT116 APOBEC3H 
2B3-2B2 and APOBEC3H 2C3-1B2 cell lines, treated with Nutlin.  
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Figure 5.18. Gene expression for p53 and p53 target genes in HCT116 APOBEC3H 
2B3-2B2 and APOBEC3H 2C3-1B2 cell lines 

 
RNA prepared from six bioreplicate cultures of wild-type HCT116 cells and APOBEC3H 

knockout HCT116 lines 2B3-2B2 and 2C3-1B2 maintained in full medium, or in medium 

supplemented with 10µM Nutlin was pooled in equal amounts and used to make cDNA 

representative of each line and treatment. This cDNA was used to measure gene expression, 

which was normalised to GAPDH housekeeping gene expression and shown as fold 

expression relative to the matched control sample, with standard errors of the mean. 

Significant differences (P<0.05) in Nutlin induced gene expression, as measured by paired 

T-tests, are indicted by “**” Further, T-test is statistically significant between DMSO and 

Nutlin in each line. The analysed genes are p53 and the p53 target genes, A3H, p21, MDM2, 

GADD45a, BAX and BTG2. DMSO treated lines normalized to 1 fold. 
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Figure 5.19. Nutlin induced gene expression following APOBEC3H over-expression in 
wild-type HCT116 cells 

 
HCT116 wild-type cells (HCT116 WT) were stably transfected with an APOBEC3H 

expression plasmid (3HWT; gift of Dr Lai Chun Fui, Imperial College London) and empty 

plasmid vector (EV) and the expression of Nutlin induced gene expression responses in these 

cells evaluated.  Cells were nucleofected with plasmid DNA and selected with the cytotoxic 

antibiotic G418. The selected cultures were subsequently treated with 10µM Nutlin, or DMSO 

vehicle control, for 24 h and then used to extract RNA. This RNA was used in Q-RT-PCR 

analysis, with expression being normalized against GAPDH housekeeping gene expression 

and shown as fold against the DMSO treated, EV control. As can be seen, there is around ten-

fold overexpression of APOBEC3H following stable transfection with the APOBEC3H 

expression plasmid. Further, over-expression of APOBEC3H in these cells results in stronger 

activation of the Nutlin/ p53 regulated genes BTG2, p21 and MDM2.  
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5.4 - Discussion 

 
In order to gain further insight into the phenotype of HCT116 APOBEC3H knockout cells an 

RNAseq analysis of the two knockout lines APOBEC3H 2B3-2B2 and   APOBEC3H 2C3-

1B2 was performed. The recent studies by Lamarre et al., (2018) and Liu et al., (2014) have 

evaluated the impact of sequence depth and the number of RNAseq replicates used, and 

concluded that the number of replicates has a higher impact on the number of differentially 

expressed genes that are detected, than the overall sequencing depth. The use of six replicates 

for each cell line and treatment, together with a reading depth of 64.7 million reads per sample 

in our study, are both well above the minimal effective replicate numbers and depths cited in 

these studies. Principal Component Analysis of the resulting RNAseq read data identified only 

one sample, HCT116 2B3-2B2 replicate 1, as a potential outlier. As the studies by Lamarre et 

al., (2018) and  Liu et al., (2014) suggested that reducing the number of replicates from six to 

five would not impact greatly on the detection of differentially expressed genes,  our analysis 

proceeded by using the data from only five of the bioreplicates for each set, with HCT116 2B3-

2B2 replicate 1 not used. 

 

5.4.1 - Differential gene expression in the HCT116 APOBEC3H knockout lines and loss 

of the Y chromosome  

 
The first part of the RNAseq analysis carried out in this study focussed on the identification of 

differentially expressed genes that result from the knockout of APOBEC3H in the HCT116 

cell line. Overall, this identified a total of 4830 genes that were differentially expressed and 

shared in the two APOBEC3H knockout cell lines. Initially, this gene list was ranked according 

to gene expression, leading to the identification of strongly repressed and strongly activated 

genes in the APOBEC3H knockout lines. As can be seen in Table 5.2, the down-regulated 
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genes were dominated by genes encoded on the Y chromosome.  Loss of the Y chromosome 

from human cancer cell lines has been noted previously (Honma et al., 1996)  , and has even 

been noted for stocks of HCT116. A more elaborate study of 600 Human cancer cell lines 

found that on prolonged passaging, many lines lost either the Y or the inactive X chromosome 

(Xu et al., 2017). However, even though the Y chromosome encodes less than 30 genes (Helena 

Mangs and Morris, 2007),  the loss of the Y chromosome may be expected to have a 

considerable impact on cellular phenotypes and gene expression. For example, the loss of the 

Y chromosome is a common feature of Renal Cell Carcinoma, with the loss of  KDM5D and 

KDM6C, two Y chromosome encoded Lysine Methyl Transferases being of  particular 

importance (Arseneault et al., 2017).  In this respect, it is not entirely clear which of the 4830 

genes that were differentially expressed and shared in the two APOBEC3H knockout cell lines 

indirectly result from loss of the Y chromosome in these lines. 

 

In addition to the loss of Y chromosome gene expression, other strongly down regulated genes 

were identified. These are dispersed throughout the genome, so were unlikely to result from 

further loss of genomic loci. While these genes were not analysed systematically, the 

magnitude of the changes predicted by RNAseq analysis were essentially validated by the Q-

RT-PCR analysis. The validated genes included: PXDN, a gene associated with epithelial-to-

mesenchymal transition; GALNT14  a gene  involved in organ-specific metastasis (Song et al., 

2016);  SPARC1, a gene encoding a extracellular protein involved in cancer and metastasis 

(Viloria et al., 2016) ; HKDC1 a gene encoding a hexokinase that mediates metastasis (Chen 

et al., 2019); TCF21 (Qin et al., 2018) , a tumour suppressor.   

Taken together, the RNAseq analysis indicates that there are substantial numbers of genes 

whose expression is lost / strongly down-regulated in the HCT116 APOBEC3H knockout cells, 
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some of which arise from loss of the Y chromosome, and others whose expression may require 

APOBEC3H activity.  

 

 

5.4.2 - Differential gene expression in the HCT116 APOBEC3H knockout lines and 

processed pseudogene expression  

 

Analysis of up-regulated gene expression in the HCT116 APOBEC3H knockout cells 

unexpectedly highlighted processed pseudogenes. Processed pseudogenes are non-

autonomous, retrotransposed sequences, where cellular RNAs have been converted into cDNA 

through the reverse transcriptase produced by long interspersed elements (Esnault et al., 

2000).While long interspersed element mobilisation was thought to be restricted to early 

embryonic development (Klein and O'Neill, 2018), recent studies have suggested they may 

play an important role in generating insertional mutagenesis and genomic instability in cancer 

(Burns, 2017). Indeed, it has been recently observed  that processed pseudogenes themselves 

can be acquired somatically, particularly during tumor evolution (Cooke et al., 2014).  

 

Transcribed processed pseudogenes represent a sub-class of pseudogenes, which as a result of 

their transcription may act functionally (Harrison et al., 2005).  However, as reverse 

transcribed, retrotransposed sequences, these types of pseudogenes are usually thought to be 

transcriptionally silent, unless they become incorporated into transcriptionally active loci. 

Given the apparent widespread distribution of processed pseudogenes, this possibility is more 

likely than previously thought (Torrents et al., 2003). 

The link between APOBEC3H and processed pseudogene expression is not clear. While 

APOBEC3H is known to restrict retrotransposable elements (OhAinle et al., 2008)  this activity 
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may not necessarily require the deaminase activity of the protein (Feng et al., 2017). Further, 

RNAseq analyses, as carried out here, is not informative for retrotransposable element 

mobilisation, as these sequences do not feature in the reference genomes used for analysis. 

Hence, it is not possible to use the data to suggest that the knockout lines feature activation of 

retrotransposable element across the genome, which could result in the activation of transcribed 

pseudogene sequences, also integrated across the genome. Such studies are further complicated 

by the fact that, due to their homology to their progenitor genes, processed pseudogene 

expression is not easily validated. Current tools include the use of Next Generation Sequencing 

in conjunction with gene analysis methods (Zheng and Gerstein, 2006) and resources, such as 

the GENCODE pseudogene resource (Pei et al., 2012). 

 

 

5.4.3 - Differential gene expression in the HCT116 APOBEC3H knockout lines and p53 

regulated gene expression.  

 

In the first part of this thesis, we carried out work to show that APOBEC3H is a p53 regulated 

gene (Periyasamy et al., 2017) The further development of the HCT116 APOBEC3H knockout 

cells and subsequent analysis by RNAseq identified an enrichment for Nutlin-p53 regulated 

genes in the set identified as differentially expressed between the knockout lines and wild-type 

HCT116. This suggested the possibility that the p53 response in the APOBEC3H knockout 

cells was modified, a conclusion that was supported by the RNAseq analysis of the Nutlin 

regulated- p53 gene regulated response in the HCT116 APOBEC3H knockout cells. Here it 

was seen that the Nutlin regulated- p53 gene regulated response was blunted, as confirmed by 

Q-RT-PCR validation experiments for a panel of p53 regulated genes. The role for 
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APOBEC3H in this phenotype was further indicated by the demonstration that over-expression 

of the gene in HCT116 cells enhanced p53 regulated gene expression. 

 

The exact mechanism by which APOBEC3H can modulate p53 regulated gene expression is 

not clear. Previously, we have shown that APOBEC3B is a co-activator for the estrogen 

receptor, helping to activate estrogen regulated gene expression(Periyasamy et al., 2015). On 

this basis, it may be the case that APOBEC3H is also a transcriptional co-activator, but of p53.  

In the case of APOBEC3B, the cytidine deaminase activity was shown to be important, as it 

allowed deamination at estrogen receptor responsive promoters, leading to localized DNA 

repair and, potentially, chromatin remodeling. In the same way, APOBEC3H, through targeted 

deamination could be involved in the activation of p53 regulated gene expression. The 

mechanistic involvement of APOBEC3H in gene regulation in this manner would also be 

potentially important in the generation of tumor mutations (Starrett et al., 2016). 
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6 – Discussion 

6.1 - APOBEC3H and p53 

 
6.1.1 - APOBEC3H as a mediator of retroviral resistance 

 

APOBEC3H is a member of the APOBEC3 sub-family of cytidine deaminase enzymes. The 

APOBEC3 family, as a whole, are known to mediate antiviral activity, by causing lethal G-to-

A hypermutation in retroviruses and retrotransposable elements through the conversion of 

deoxycytosine to deoxyuracil in newly reverse-transcribed, single-stranded cDNA.  In vitro 

cell transfection experiments show anti-HIV-1  activity for all APOBEC3 proteins (Larue et 

al., 2010).  However, in vivo, when cellular expression and ability to encapsidate into viral 

particles is taken into account, only APOBEC3D, APOBEC3F, APOBEC3G, and APOBEC3H  

show activity, and are thought to be key in HIV-1 retroviral resistance (Hultquist et al., 2011).  

 

Primates encode seven APOBEC3 proteins, with APOBEC3F, APOBEC3G, and APOBEC3H 

being antagonised by the HIV-1 encoded viral Vif accessory protein (Krisko et al., 2016; 

Mariani et al., 2003; OhAinle et al., 2006; Virgen and Hatziioannou, 2007).  APOBEC3H 

stands out from the APOBEC3F and APOBEC3G, in three ways. Firstly, the enzyme encodes 

a single Zn-coordinating domain, located in the deaminase catalytic centre, which is unlike 

APOBEC3D, APOBEC3F and APOBEC3G, which encode two single Zn-coordinating 

domains (Refsland and Harris, 2013; Xiao et al., 2016). The second distinguishing feature for 

APOBEC3H, is the recent finding that the enzyme undergoes dimerization, mediated by the 

binding of  small, double stranded RNAs which are derived from retroviral origin  (Bohn et 

al., 2017; Feng et al., 2018; Ito et al., 2018; Matsuoka et al., 2018; Shaban et al., 2018).  The 

RNAs are GC-rich palindrome-like sequences of retroviral origin (Matsuoka et al., 2018), and 
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it has been shown that RNA mediated dimerization is required for APOBEC3H  cytoplasmic 

localisation (Shaban et al., 2018). The dimerized structure is unusual as the two APOBEC3H 

molecules  bind at the opposite ends of the seven-base-pair duplex RNA, interacting with both 

RNA strands, and essentially becoming tethered,  but without necessarily making protein–

protein contacts, as  most clearly seen in the studies of Bohn et al., (2017) and Feng et al., 

(2018) 

 

The third distinguishing feature of human APOBEC3H, compared to other APOBEC3 genes, 

is the large number of polymorphisms, and resulting haplotypes (Wang et al., 2011).  Among 

the seven APOBEC3H haplotypes, types III, IV and V result in unstable proteins, largely due 

to the absence of  the  N15  residue  in the N15∆  polymorphism (Li and Emerman, 2011; Wang 

et al., 2011; Zhen et al., 2012). Haplotypes I and II are common and have distinct sub-cellular 

localisations (Li and Emerman, 2011). Haplotype I protein is mostly found in the nucleus, 

while Haplotype II is mostly localised to the cytoplasm, with cytoplasmic localisation being 

dominant over nuclear localisation (Li and Emerman, 2011). In this study, Haplotype II was 

found to be actively retained in the cytoplasm, through interaction with specific host factors, 

while Haplotype II enters the nucleus by a passive mechanism. In this context, as dsRNA-

mediated dimerisation of APOBEC3H also tightly regulates antiviral activity and localisation, 

both APOBEC3H haplotypes and effective RNA dimerisation are key factors in anti-viral 

activity. Conversely, haplotype I, non-RNA bound, monomer, APOBEC3H has been proposed 

to be a candidate for mutation of genomic DNA in cancer (Shaban et al., 2018; Starrett et al., 

2016).  Finally, of the two, haplotype I has been shown to be the most stable (OhAinle et al., 

2008). It is interesting to note this work has highlighted the C-terminal region of the protein as 

being important in stability and sub-cellular localisation, raising the possibility that the 
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APOBEC3H variant 208, the new splice variant found in our study, could potentially define a 

form with altered stability and localisation. Clearly, this requires further investigation. 

 

 

6.1.2 - APOBEC3H in the inhibition of retrotransposon mobilisation 

 

Retrotransposons, or transposable elements are mobile DNA elements that account for 46% of 

the human genome (Bodak et al., 2014). They are divided into two classes, based on their 

mechanism of transposition: 1. Class I retrotransposons, which like retroviruses, require an 

RNA intermediate and a ‘copy-and-paste’ mechanism. These represent about 42% of the 

human genome; 2. Class II DNA transposons, which  move by a ‘cut-and-paste’ mechanism 

(Bodak et al., 2014). The long-interspersed nuclear elements-1 (LINE-1) are the major type of 

Class I retrotransposable elements in the human genome, and which encode a 150 kDa protein 

reverse transcriptase required for converting the LINE-1 genomic RNA to a cDNA 

intermediate (Bodak et al., 2014). As they constitute around 17% of the genome, LINE-1 

elements have been found to make a major contribution to the overall transcriptome of somatic 

cells (Rangwala et al., 2009). 

 

Retrotransposons have been considered to encode junk DNA and, because of recombination 

insertional mutagenesis, are also considered to be harmful, parasitic elements, that can cause 

hereditary diseases (Mukherjee et al., 2004), and act as a source of mutation in cancer (Rodic 

and Burns, 2013; Xiao-Jie et al., 2016). For these reasons, and for the reason of genome 

evolution and gene regulation in the genomic landscape, retrotransposon expression is tightly 

regulated and predominantly repressed by DNA methylation (Beck et al., 2010; Hata and 

Sakaki, 1997; Kazazian, 2000; Steinhoff and Schulz, 2003; Yoder et al., 1997). As a result, 
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activation of  LINE-1  expression  has been seen  in cancer, where hypomethylation is a feature 

of global epigenetic changes (Hagan and Rudin, 2002; Honda and Rahman, 2019; Kerachian 

and Kerachian, 2019; Torano et al., 2012).  It is likely that it is under these conditions that the 

ability for APOBEC3H to restrict LINE-1 mobilisation is important, although several studies 

have suggested this may not require deaminase activity (Feng et al., 2017; Stenglein and Harris, 

2006).  

 

 

6.1.3 - p53 induction of APOBEC3H as a mechanism to inhibit retroviral and 

retrotransposable propagation 

 

Through the use of CRIPSR mediated genome engineering, we have developed a p53 null 

derivative of MCF7, and used this to confirm the p53 regulation of APOBEC3H. We and others 

have also noted that APOBEC3H expression is strongly induced by the p53 activator Nutlin, 

in both MCF7 cells and in the colon cancer cell line HCT116 (Andrysik et al., 2017).  These 

results suggest the possibility that p53, through APOBEC3H activation, may be able to protect 

against retroviral and retrotransposable propagation. In considering this, the literature is more 

supportive of a role for p53 in regulating retrotransposition than inhibiting retrovirus 

replication. For antiviral activity, it has been found that cytokine signalling potentiates  p53 

responses, leading to synergy between cytokine and p53 signalling (Takaoka et al., 2003), but 

p53 mediated retroviral restriction has not been noted. With regards to p53, it has been found 

that p53 does function to block retrotransposition (Wylie et al., 2016), and LINE-1 methylation 

levels are seen to be affected by p53 mutation status (Shin et al., 2019). However, the picture 

is more complicated, in that it has been noted that p53 binding sites can be found in 

transposable element sequences (Zemojtel and Vingron, 2012) and can lead to the increased 
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transcription of particular LINE-1 elements (Harris et al., 2009). While sounding counter-

intuitive, (Harris et al., 2009) suggest this activation is protective, in that it also gives rise to 

elevated levels of DNA damage, through the increased nuclease activity encoded by the LINE-

1 ORF1 gene, resulting in p53 mediated cell cycle arrest, and subsequent apoptosis. In addition 

to these mechanisms, it is now possible to propose that p53 induction of APOBEC3H also 

helps to protect against retrotransposition, by inhibiting LINE-1 replication. While we have not 

analysed the RNAseq data from the HCT116 APOBEC3H knockout lines for evidence of 

LINE-1 transcriptional activation, preliminary Q-RT-PCR experiments to compare LINE-1 

expression in HCT116 wild-type and HCT116 APOBEC3H lines were attempted, but the 

results from these analyses were not clear enough to make conclusions. Despite this, it also 

possible that the increased expression of processed pseudogenes in the HCT116 APOBEC3H 

knockout lines, as observed by the RNAseq analysis, may be indicative of transcription of 

normally silent regions of the genome, which would include activation of retrotransposon 

expression in the HCT116 APOBEC3H knockout lines. Further analysis of the expression of 

retrotransposons and processed pseudogenes in the HCT116 APOBEC3H knockout is clearly 

required and would be aided by new experiments to assess retrotransposon and processed 

pseudogene expression in the MCF7 Luc p53 knockout line. 

 

In summary, the anti-retroviral and retrotransposable activities of APOBEC3H are well 

documented and the p53 induction of APOBEC3H may be indicative of a role for the enzyme 

in the p53 regulation of retrotransposable elements. Clearly, the p53 MCF7 luc knockout and 

HCT116 APOBEC3H knockout cell lines described here are new tools that could be used to 

further investigate this possibility.  

6.1.4 - APOBEC3H in the p53 response 
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The RNAseq based differential gene expression analysis of the HCT116 APOBEC3H 

knockout cells, compared to wild-type HCT116 cells, identified a set of 4830 genes 

differentially expressed genes, with a cut-off of P value <0.05.  This analysis highlighted a 

genotypic difference between the wild-type and APOBEC3H knockout cells, namely the loss 

of the Y- chromosome in both HCT116APOBEC3H knockout cell lines.  Potentially, this 

difference complicates the interpretation of the two knockout lines. Nevertheless, the analysis 

has been used to validate the difference in gene expression between the wild-type and 

APOBEC3H knockout cells, which included a set of Y chromosome encoded genes and 

additional up, and down-regulated genes.  The differential gene expression analysis was further 

refined by employing a cut-off for expression, which allowed a list of APOBEC3H knockout 

differentially expressed genes to be used in Gene Set Enrichment Analysis, or GSEA (Mathur 

et al., 2018). This analysis identified p53 regulated genes as being enriched in the differentially 

expressed gene set and raised the possibility that p53 regulated gene expression is affected in 

the HCT116 APOBEC3H knockout cells. It was possible to further investigate this by RNAseq 

analysis to assess the Nutlin-p53 response in the   HCT116 APOBEC3H cells. 

 

A comparison of the Nutlin induced differential gene expression in the HCT116 wild-type and 

HCT116 APOBEC3H knockout cells by RNAseq showed that the gene response to Nutlin was 

very similar across all three lines, and also with the previously described  Nutlin induced,  

differentially expressed gene set in HCT116 described by Andrysik et al. (2017) The analysis 

also suggested that loss of the Y chromosome did not overtly change the Nutlin-p53 response. 

However, the analysis did highlight that p53 regulated gene expression in the Nutlin treated 

HCT116 APOBEC3H cells was blunted. Further work showed that Nutlin induced p53 

regulated gene expression was stimulated in HCT116 APOBEC3H over-expressing cells., 

indicating the possibility that APOBEC3H may have a role as a transcriptional co-activator in 
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p53 regulated gene expression. This would parallel earlier work from this group that showed 

APOBEC3B is a co-activator for Estrogen Receptor regulated gene expression in MCF7 breast 

cancer cells (Periyasamy et al., 2015).  This has led us to the model for APOBE3H in p53 

regulated gene expression. In this, p53 activation leads to APOBEC3H gene expression, which 

then provides a positive feedback, leading to enhanced p53 regulated gene expression. The 

induction of p53 can come from a variety of signals, including DNA damage caused by LINE-

1 activation, as discussed above.   

 

The possibility that p53 can be co-activated through a cytidine deaminase activity is novel and 

has not been indicated by previous work on p53 activation and co-activation. As described 

earlier, p53 is repressed by MDM2 which interacts with, and blocks the N-terminal region of 

the protein and also promotes degradation through ubiquitination (Sullivan et al., 2018). 

Subsequently, the transcriptional activity of p53 is subject to modulation by a variety of post 

translational modifications, including phosphorylation and acetylation, some of which brings 

about target gene specificity (Beckerman and Prives, 2010). Once bound to DNA, p53 

transcriptional activity is further dependent on the interaction with a wide variety of 

transcriptional co-activators, including Histone Acetyl Transferases and Histone Methyl 

Transferases (Liu and Chen, 2006). In recruiting proteins to the p53 transcriptional complex, 

some interactions are direct, while some are indirect through other components of the complex 

(Kim and Lozano, 2018; Sullivan et al., 2018). For example, a search of the BioGRID protein-

protein interaction database (Oughtred et al., 2019) identified 1151 proteins that interact with 

p53, none of which were APOBECs, while a search for APOBEC3H only identified one 

interacting protein, the amyloid beta (A4) precursor protein. Collectively, these data suggest 

that in acting to co-activate p53 transcription, there may not need to be a direct interaction 

between p53 and APOBEC3H, which is different to the APOBEC3B co-activation of Estrogen 
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Receptor activity, where direct interaction is seen (Periyasamy et al., 2015). Clearly, the role 

of APOBEC3H in the p53 response requires further investigation. 

 

 

6.2 - CRISPR-Cas9 genome engineering  

 

The discovery of the CRISPR-Cas microbial adaptive immune system and its further 

development into a genome editing tool has been rapid. The discovery of CRISPR elements in 

bacterial genomes, and that these encoded sequences of bacteriophage origin was first reported 

by(Mojica et al., (2005) and Pourcel et al., (2005). This was closely followed by the 

identification of the Cas nucleases (Makarova et al., 2006), and the subsequent demonstration 

that both RNAs transcribed from the CRISPR loci and  the Cas nuclease was required for the  

adaptive phage immunity (Barrangou et al., 2007; Brouns et al., 2008). Until then, the 

CRISPR-Cas system was thought to target RNA. However, further characterisation 

demonstrated that the system targeted DNA (Marraffini and Sontheimer, 2008), with the exact 

mechanism of CRISPR-Cas DNA cleavage being shown in 2010 (Garneau et al., 2010). The 

following year, Deltcheva et al., (2011) identified the trans-activating CRISPR RNA 

(tracrRNA) as the final component of the CRISPR-Cas microbial adaptive immune system. 

 

In the years that followed the CRISPR-Cas system was further developed by engineering. 

Firstly, In 2012, Gasiunas et al., (2012) and Jinek et al., (2012) reported that CRISPR guide 

RNAs and the tracrRNA could be fused together to create a functional, synthetic guide RNA 

(sgRNA). In 2013, Cong et al., (2013) and Mali et al., (2013) described the first use of the 

CRISPR-Cas9 system for genome editing in eukaryotic cells, for which humanised Cas9 

(hCas9) and sgRNAs were used. The depositing of CRISPR sgRNA backbone and hCas9 
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expression plasmid vectors in the Addgene plasmid repository (Kamens, 2015) from the groups 

responsible for these two papers, allowed others to evaluate the technology. Our group to 

started using the technology soon afterwards,  to make the p53 and APOBEC3H (Periyasamy 

et al., 2017; Smith et al., 2018) knockouts described here, as well as work leading to one of the 

earliest reports for making CRISPR-Cas9 mediated gene knockins in human breast cancer 

cells. In the case of the p53 and APOBEC3H knockouts, a strategy of using a pair of CRISPRs 

to bring about DNA deletion, as opposed to using single CRISPRs to cause indel mutations 

was employed, as this was primarily easier to monitor by using genomic PCR assays. In 

addition, our strategy has used transient transfection (nucleofection), as opposed to stable 

selection, which has the advantage of not producing off-target changes due to plasmid DNA 

integration. Having established the approach, laboratory have since been able to extend it to 

making gene knockouts for a series of other genes, including the retinoblastoma tumor 

suppressor gene, which is wild-type in MCF7 (Buluwela, Ali, and Sava unpublished data).  

 

The CRISPR-Cas system has great utility. The use of the alternative type VI-D CRISPR-CasRx 

system allows the targeting of RNAs (Konermann et al., 2018). Further the development of a 

nuclease deficient Cas9 (dCas9), and the fusion of this to different effector functions such as 

transcriptional activation, transcriptional repression and DNA editing activities have provided 

a useful “tool box” for the targeted regulation of genes, and additional approaches for gene 

editing (Patsali et al., 2019). There have also been limited developments in  enhancing the 

utility of CRIPSR guide RNAs, where short sequence motifs that allow RNA-protein 

interactions have been incorporated into loops in the guide RNA structure to bring additional 

proteins to CRISPR-Cas complex (Konermann et al., 2015). These and other developments in 

CRISPR-Cas technology are likely to be useful in the further understanding of p53, 

APOBEC3H and the p53-APOBEC3H pathway. 
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6.3 - Summary and future work 

 

In this study, we have investigated whether the APOBEC3H cytidine deaminase gene is a p53 

regulated target and found that knockout of APOBEC3H leads to an attenuation of the p53 

gene regulated response. The use of CRISPR-Cas9 genome editing has been central to this. 

There are three areas of work that may be developed through this: 

 

1. The further characterisation of the p53 knockout phenotype in MCF7 cells. 

The generation of the p53 knockout MCF7 Luc cells is novel, and potentially useful for 

studying the p53 response in breast cancer cells. On this basis, further characterisation of the 

line would be useful to the field. Ideally, this would include the application of bioinformatics, 

and various “omics” approaches, including RNAseq analysis. The line is currently subject to 

further work and has been shared with collaborators. 

 

2. Further investigation of the APOBEC3H knockout phenotype in HCT116 cells.  

A more in-depth study of the consequence of the APOBEC3H knockout on the transcriptome 

of HCT116 cells requires an additional assessment of the consequence of the loss the Y 

chromosome that accompanied the loss of functional APOBEC3H in our two lines HCT116 

APOBEC3H 2B3 and HCT116 APOBEC3H 2C3. To allow this to be carried out, we have 

recently cloned wild-type HCT116 cells that lack the Y chromosome. This would provide a 

more appropriate control to assess gene expression in the HCT116 APOBEC3H 2B3 and 

HCT116 APOBEC3H 2C3 lines. Work to carry out such analysis has been initiated.  The 

resulting, revised RNAseq work would also include an analysis of LINE-1, retrotransposon 

activity, to ascertain if this has been affected by APOBEC3H knockout. 
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3. Further investigation of the p53 response in HCT116 APOBEC3H 2B3 and HCT116 

APOBEC3H 2C3 lines 

 

The study of the p53 response in the two APOBEC3H knockout lines, HCT116 APOBEC3H 

2B3 and HCT116 APOBEC3H 2C3 needs to be further developed. so that an understanding of 

the roles for p53 and APOBEC3H in this can be better understood. Firstly, the p53 response in 

both wild-type and APOBEC3H knockout HCT116 cells needs to be studied in a time-course 

following Nutlin treatment, so as to determine if the blunting seen in the p53 response in the 

APOBEC3H knockout lines is a reflection of temporal changes. Next, APOBEC3H needs to 

be expressed in the APOBEC3H knockout lines, so as to determine if the effect on p53 

mediated gene expression can be rescued. This has been attempted using transfection of 

APOBEC3H plasmid expression vectors, but with little success- over expression could only be 

achieved in the wild-type HCT116 cells. While the reason for this failure was not clear, it 

would be useful to try again, this time using lentiviral transduction approaches, which can 

potentially be more successful in gene transfection. In doing this, it would also be prudent to 

compare the activities of APOBEC3H haplotypes, and in particular Haplotype I and Haplotype 

II, which constitute the original HCT116 APOBEC3H genotype. Finally, the re-introduction 

of wild-type and mutant APOBEC3H into the HCT116 APOBEC3H knockout cells provides 

a useful background to study the possible functional interaction between APOBEC3H and p53. 

In these cells, studies using p53 reporter gene plasmids that parallel our earlier work with 

APOBEC3B and estrogen receptor would also be possible (Periyasamy et al., 2015). 

 

In summary, the work reported here identifies APOBEC3H as a p53 regulated cytidine 

deaminase, which itself may act as a co-activator of p53 regulated gene expression. This adds 

a new dimension to the accepted role for APOBEC3H, namely the inhibition of HIV 
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retroviruses and the mobilization of retrotransposable elements, and emhpasises the possibility 

that the p53 regulation of APOBEC3H may play a role in maintaining genome integrity by 

preventing retrotransposable mediated DNA damage and insertional mutagenesis. 
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Supplementary 1. p53 controls expression of the DNA deaminase APOBEC3B to limit its 

potential mutagenic activity in cancer cells  
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Supplementary 2. The responses of cancer cells to PLK1 inhibitors reveal a novel 
protective role for p53 in maintaining centrosome separation 
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