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Abstract 

TIGAR (TP53-induced glycolysis and apoptosis regulator) functions to promote 

antioxidant defence, with a loss of TIGAR associated with a defect in a cell’s ability 

to control reactive oxygen species (ROS) and resultant oxidative damage. TIGAR 

can function as a fructose-2,6-bisphosphatase, lowering the levels of fructose-2,6-

bisphosphate, which is an activator of phosphofructokinase-1. As a consequence, 

TIGAR activity results in a dampening of the glycolytic pathway and, by enhancing 

the pentose phosphate pathway, increases cellular antioxidant capacity by 

promoting the generation of NADPH and GSH.  

Although TIGAR is clearly a transcriptional target of the tumour suppressor p53 in 

human cells, the activation of TIGAR expression in mouse cells in vitro and in a 

mouse model of intestinal regeneration was not dependent on p53 or its family 

member TAp73. However, TIGAR expression was strongly induced in the mouse 

intestine during proliferation following damage or APC loss, suggesting a role for 

the Wnt signalling pathway. The increase in TIGAR expression seen in response 

to APC loss was lost after simultaneous deletion of c-Myc, suggesting that TIGAR 

responds to c-Myc activation downstream of the Wnt signalling pathway. While 

TIGAR may be a direct Myc target, Myc was shown to induce ROS, which were 

also found to regulate the expression of TIGAR.  

In order to further understand the function of TIGAR, a TIGAR-deficient mouse 

was generated and TIGAR was found to play a role in supporting intestinal 

regeneration by lowering oxidative stress in the small intestinal crypts following 

tissue damage by irradiation or cisplatin treatment. Moreover, TIGAR-null mice 

showed decreased tumour development in a model of intestinal adenoma. In 

particular, it was found that TIGAR acts to lower the damaging pool of ROS during 

oxidative stress. Through this, TIGAR can function to promote tumourigenesis and 

elevated TIGAR expression has been observed in various cancer types, 

independently of p53 status. This suggests that a deregulated expression of 

TIGAR may play a role in supporting rather than inhibiting cancer development.  

This study reveals p53-independent mechanisms by which TIGAR is regulated and 

how TIGAR can contribute to promote cell growth and tumourigenesis.  



3 
 

Table of Contents 

Abstract ................................................................................................................... 2	
  
Table of Contents .................................................................................................... 3	
  
List of Figures .......................................................................................................... 6	
  
List of Tables ........................................................................................................... 9	
  
Accompanying Materials ....................................................................................... 10	
  
Acknowledgements ............................................................................................... 11	
  
Author’s Declaration .............................................................................................. 12	
  
List of Abbreviations .............................................................................................. 13 
 
Chapter 1	
   Introduction ........................................................................................ 19	
  

1.1	
   The Hallmarks of Cancer ........................................................................... 19	
  
1.2	
   Cancer Cell Metabolism ............................................................................ 22	
  

1.2.1 Nutrient Catabolism and the Warburg Effect ......................................... 22	
  
1.2.2 Oncogenes and Tumour Suppressors in Metabolic Networks .............. 27	
  
1.2.3 Redox Homeostasis and Cancer ........................................................... 34	
  

1.3	
   The p53 Family in Metabolic Regulation ................................................... 44	
  
1.3.1 p53 and Cancer Metabolism ................................................................. 44	
  
1.3.2 p63 and Cancer Metabolism ................................................................. 60	
  
1.3.3 p73 and Cancer Metabolism ................................................................. 64	
  

1.4	
   The Wnt Signalling Pathway and Cancer Metabolism ............................... 67	
  
1.4.1 Components of the Wnt Signalling Pathway ......................................... 67	
  
1.4.2 Activation of the Wnt Signalling Cascade .............................................. 70	
  
1.4.3 Wnt Signalling in Diseases and Cancer ................................................ 73	
  
1.4.4 Links Between Wnt Signalling and Cell Metabolism ............................. 74	
  

1.5	
   TIGAR: a Fructose-2,6-bisphosphatase .................................................... 78	
  
1.5.1 The Structure of TIGAR ......................................................................... 78	
  
1.5.2 The Phosphofructokinase-2/Fructose-2,6-bisphosphatase Family ....... 78	
  
1.5.3 The Activities of TIGAR ......................................................................... 80	
  
1.5.4 The Role of TIGAR under Stress ........................................................... 82	
  
1.5.5 The Role of TIGAR in Cancer ................................................................ 84	
  
1.5.6 The Regulation of TIGAR ...................................................................... 87	
  
1.5.7 Therapeutic Insights in Targeting PFK-2/FBPase-2 Enzymes .............. 89	
  

1.6	
   Aims and Objectives .................................................................................. 90 
 
Chapter 2	
   Materials and Methods ....................................................................... 92	
  

2.1	
   Materials .................................................................................................... 92	
  



4 
 

2.1.1 General Reagents and Kits ................................................................... 92	
  
2.1.2 Solutions and Buffers ............................................................................ 94	
  
2.1.3 ChIP Solutions ....................................................................................... 96	
  

2.2	
   Methods ..................................................................................................... 98	
  
2.2.1 Cells ...................................................................................................... 98	
  
2.2.2 Culturing Mouse Embryonic Fibroblasts ................................................ 98	
  
2.2.3 Small Intestinal Crypt Culture ................................................................ 98	
  
2.2.4 Adenoma Crypt Culture ......................................................................... 99	
  
2.2.5 Animals ................................................................................................ 100	
  
2.2.6 Irradiation Treatment in Mice ............................................................... 100	
  
2.2.7 Immunohistochemistry ........................................................................ 100	
  
2.2.8 RNAscope Assay ................................................................................ 102	
  
2.2.9 Bradford Protein Determination Assay ................................................ 103	
  
2.2.10 SDS-PAGE and Western Blotting ...................................................... 103	
  
2.2.11 iRFP Reporter Construct Generation ................................................ 105	
  
2.2.12 DNA Preparation ............................................................................... 106	
  
2.2.13 Plasmids ............................................................................................ 107	
  
2.2.14 Transfections ..................................................................................... 108	
  
2.2.15 iRFP Reporter Assays ....................................................................... 108	
  
2.2.16 DNA Sequencing ............................................................................... 108	
  
2.2.17 RNA Extraction and Quantitative Real-Time PCR ............................. 109	
  
2.2.18 Chromatin-Immunoprecipitation (ChIP) ............................................. 110	
  
2.2.19 Statistical Analyses ........................................................................... 113 

 
Chapter 3	
   Mechanisms of Control of TIGAR Expression .................................. 114	
  

3.1	
   Basal Expression of TIGAR in Mouse Tissues ........................................ 115	
  
3.2	
   Basal Expression of TIGAR in Human Tissues ....................................... 117	
  
3.3	
   Induction of TIGAR Expression by p53 ................................................... 118	
  

3.3.1 Comparison of Human and Mouse TIGAR p53 Binding Sites ............. 118	
  
3.3.2 Activation of TIGAR by p53 in vitro ..................................................... 121	
  
3.3.3 Activation of TIGAR in vivo .................................................................. 128	
  

3.4	
   Summary and Discussion ........................................................................ 130 
 
Chapter 4	
   Regulation of TIGAR by p53 Family Members ................................. 131	
  

4.1	
   Loss of p53 does not Affect TIGAR in vivo .............................................. 132	
  
4.2	
   Activation of TIGAR by Other p53 Family Members in vitro .................... 138	
  
4.3	
   Loss of TAp73 does not Affect TIGAR in vivo ......................................... 143	
  
4.4	
   Loss of Both p53 and TAp73 does not Affect TIGAR in vivo ................... 148	
  



5 
 

4.5	
   Summary and Discussion ........................................................................ 153 
 
Chapter 5	
   TIGAR as a Wnt-Myc Signalling Target Gene .................................. 155	
  

5.1	
   Activation of TIGAR expression by Wnt signalling .................................. 155	
  
5.1.1 Induction of TIGAR Expression by Wnt Signalling in vitro ................... 155	
  
5.1.2 Induction of TIGAR Expression by Wnt Signalling in vivo ................... 162	
  

5.2	
   Activation of TIGAR by c-Myc Downstream of the Wnt Pathway ............ 164	
  
5.2.1 Induction of TIGAR by c-Myc in vitro ................................................... 164	
  
5.2.2 Induction of TIGAR by c-Myc in vivo ................................................... 165	
  

5.3	
   Activation of TIGAR Expression by ROS ................................................. 168	
  
5.3.1 Myc Promotes ROS upon APC Loss ................................................... 168	
  
5.3.2 The Response of TIGAR to Qualitative Differences in ROS ............... 169	
  
5.3.3 The Regulation of TIGAR by ROS in Human Cells ............................. 175	
  

5.4	
   Summary & Discussion ........................................................................... 180 
 
Chapter 6	
   The Role of TIGAR in vivo ................................................................ 183	
  

6.1	
   Confirmation of Efficient TIGAR Deletion in Mice .................................... 184	
  
6.2	
   TIGAR Expression is required for Small Intestine Proliferation after Acute 
Damage ........................................................................................................... 185	
  
6.3	
   Loss of TIGAR Leads to Increased Oxidative Stress After Irradiation ..... 189	
  
6.4	
   TIGAR is Important in Tumour Development in an Intestinal Adenoma 
Model ............................................................................................................... 190	
  
6.5	
   TIGAR Modulates Damaging ROS .......................................................... 192	
  
6.6	
   TIGAR Expression in Human Cancers .................................................... 199	
  
6.7	
   Summary and Discussion ........................................................................ 202 

 
Chapter 7	
   Final Summary and Discussion ........................................................ 204 
 
Bibliography ......................................................................................................... 213	
  

 
 
  



6 
 

List of Figures 

Figure 1-1 Metabolic pathways of cell growth and proliferation ............................. 24	
  
Figure 1-2 Signalling pathways driving the Warburg effect ................................... 30	
  
Figure 1-3 Cellular redox homeostasis .................................................................. 36	
  
Figure 1-4 Structure of full-length p53 ................................................................... 45	
  
Figure 1-5 p53 in metabolism ................................................................................ 58	
  
Figure 1-6 The Wnt Signalling Pathway ................................................................ 72	
  
Figure 3-1 Basal TIGAR expression in mouse tissues ........................................ 116	
  
Figure 3-2 Basal TIGAR expression in human tissues ........................................ 117	
  
Figure 3-3 The human and mouse TIGAR gene promoter .................................. 118	
  
Figure 3-4 Comparison of human and mouse TIGAR p53-binding sites ............. 120	
  
Figure 3-5 TIGAR expression in response to p53 activation in human TIFs ....... 122	
  
Figure 3-6 TIGAR expression in response to p53 activation in mouse 3T3s ....... 123	
  
Figure 3-7 TIGAR expression in response to p53 activation in intestinal crypt 
organoids ............................................................................................................. 124	
  
Figure 3-8 p53 does not bind to the Tigar promoter after cisplatin treatment ...... 125	
  
Figure 3-9 Organization of the dog TIGAR gene ................................................. 126	
  
Figure 3-10 TIGAR expression in response to p53 activation in MDCK cells ...... 127	
  
Figure 3-11 TIGAR expression in the small intestine after acute tissue damage 129	
  
Figure 4-1 Basal TIGAR expression in p53-null animals ..................................... 133	
  
Figure 4-2 Ki67 expression in p53-/- small intestine after irradiation .................... 134	
  
Figure 4-3 p53 expression in p53-/- small intestine after irradiation ..................... 134	
  
Figure 4-4 p21 expression in p53-/- small intestine after irradiation ..................... 135	
  
Figure 4-5 TIGAR expression in p53-/- small intestine after irradiation ................ 135	
  
Figure 4-6 p53 expression in AhCre+ Mdm2fl/fl small intestine ............................. 137	
  
Figure 4-7 p21 expression in AhCre+ Mdm2fl/fl small intestine ............................. 137	
  
Figure 4-8 TIGAR expression in AhCre+ Mdm2fl/fl small intestine ........................ 137	
  
Figure 4-9 TAp63α and TAp73α can activate the TIGAR-hBS2 reporter ............ 140	
  
Figure 4-10 p73 isoforms can activate the TIGAR-hBS2 reporter ....................... 141	
  
Figure 4-11 TIGAR expression in inducible Saos-2 cells .................................... 142	
  
Figure 4-12 TIGAR expression in TAp73-null animals ........................................ 143	
  
Figure 4-13 Ki67 expression in TAp73-/- small intestine after irradiation ............. 145	
  
Figure 4-14 p53 expression in TAp73-/- small intestine after irradiation .............. 145	
  
Figure 4-15 p73 expression in TAp73-/- small intestine after irradiation .............. 146	
  
Figure 4-16 p21 expression in TAp73-/- small intestine after irradiation .............. 146	
  
Figure 4-17 TIGAR expression in TAp73-/- small intestine after irradiation ......... 147	
  
Figure 4-18 TIGAR expression in p53- and TAp73-null animals ......................... 148	
  



7 
 

Figure 4-19 Ki67 expression in p53-/-TAp73-/- small intestine after irradiation ..... 149	
  
Figure 4-20 p53 expression in p53-/-TAp73-/- small intestine after irradiation ...... 150	
  
Figure 4-21 p73 expression in p53-/-TAp73-/- small intestine after irradiation ...... 150	
  
Figure 4-22 p21 expression in p53-/-TAp73-/- small intestine after irradiation ...... 151	
  
Figure 4-23 TIGAR expression in p53-/-TAp73-/- small intestine after irradiation . 151	
  
Figure 4-24 TIGAR expression in p53-/-TAp73-/- small intestine after irradiation . 152	
  
Figure 5-1 TIGAR expression in response to increasing doses of rWnt3a .......... 156	
  
Figure 5-2 TIGAR expression in response to rWnt3a .......................................... 157	
  
Figure 5-3 TIGAR in response to rWnt3a in intestinal crypt organoids ................ 158	
  
Figure 5-4 Increased TIGAR expression in Apcmin/+ organoids ........................... 160	
  
Figure 5-5 Increased TIGAR expression upon acute Apc loss ............................ 161	
  
Figure 5-6 Increased TIGAR expression in vivo upon Apc loss .......................... 163	
  
Figure 5-7 Induction of TIGAR by c-Myc in vitro .................................................. 164	
  
Figure 5-8 Loss of Myc attenuates Wnt-mediated proliferation ........................... 166	
  
Figure 5-9 Loss of APC and Myc does not alter β-catenin levels ........................ 166	
  
Figure 5-10 Loss of APC promotes TIGAR expression in a Myc-dependent manner
 ............................................................................................................................. 166	
  
Figure 5-11 TIGAR expression in tissues of Eμ-Myc mice .................................. 167	
  
Figure 5-12 Loss of APC promotes oxidative stress in a Myc-dependent manner
 ............................................................................................................................. 168	
  
Figure 5-13 TIGAR expression in response to oxidants in WT intestinal organoids
 ............................................................................................................................. 170	
  
Figure 5-14 TIGAR expression in response to oxidants in Apcmin/+ organoids .... 171	
  
Figure 5-15 TIGAR expression upon NAC treatment in Apcmin/+ organoids ........ 173	
  
Figure 5-16 TIGAR expression in response to antioxidants in Apcmin/+ organoids
 ............................................................................................................................. 174	
  
Figure 5-17 TIGAR expression in response to hydrogen peroxide ...................... 176	
  
Figure 5-18 TIGAR expression in response to tert-butyl hydroperoxide .............. 177	
  
Figure 5-19 TIGAR expression in response to rotenone ..................................... 179	
  
Figure 6-1 Confirmation of TIGAR-deficient mice ................................................ 184	
  
Figure 6-2 Increased TIGAR in the small intestine after cisplatin treatment ........ 186	
  
Figure 6-3 TIGAR expression increases in the small intestine after irradiation ... 186	
  
Figure 6-4 TIGAR expression increases in the small intestine after irradiation ... 187	
  
Figure 6-5 TIGAR RNA expression in the small intestine after irradiation ........... 187	
  
Figure 6-6 TIGAR-deficiency reduces regenerative capacity in intestinal crypts . 188	
  
Figure 6-7 Loss of TIGAR leads to increased oxidative stress after irradiation ... 189	
  
Figure 6-8 TIGAR loss reduces tumour burden in an intestinal adenoma model 191	
  
Figure 6-9 Loss of TIGAR and RAC1 reduces proliferation in an APC intestinal 
model ................................................................................................................... 194	
  



8 
 

Figure 6-10 Loss of TIGAR and RAC1 lowers but does not completely abrogate 
Wnt signalling ...................................................................................................... 195	
  
Figure 6-11 Loss of TIGAR, but not RAC1, results in increased damaging ROS in 
Apc-deficient intestinal crypts .............................................................................. 196	
  
Figure 6-12 TIGAR expression upon APC and RAC1 loss .................................. 197	
  
Figure 6-13 TIGAR expression upon APC and RAC1 loss in the liver ................ 198	
  
Figure 6-14 Proposed role of ROS after Wnt signalling activation ...................... 198	
  
Figure 6-15 Basal TIGAR expression in human cancer cell lines ........................ 199	
  
Figure 6-16 Increased TIGAR expression in primary human colon cancer and 
associated metastases ........................................................................................ 200	
  
Figure 6-17 TIGAR is overexpressed in a number of human cancer types ......... 201	
  
 

  



9 
 

List of Tables 

Table 2-1 List of reagents ...................................................................................... 93	
  
Table 2-2: Antibodies used for immunohistochemistry ........................................ 102	
  
Table 2-3: Primary antibodies used for Western blotting ..................................... 104	
  
Table 2-4: Secondary antibodies used for Western blotting ................................ 105	
  
Table 2-5: Primers for iRFP construct inserts ...................................................... 106	
  
Table 2-6: Plasmids ............................................................................................. 107	
  
Table 2-7 Sequencing primer for iRFP reporters ................................................. 108	
  
Table 2-8 Primer sequences for qPCR ................................................................ 110	
  
Table 2-9 ChIP set up conditions ........................................................................ 111	
  
Table 2-10 Primer sequences for ChIP qPCR ..................................................... 113	
  
 

  



10 
 

Accompanying Materials 

Parts of this work have contributed to the publications that are enclosed at the 

back of the thesis: 

Lee, P., Vousden, K.H., Cheung, E.C. p53- and p73-independent activation of 

TIGAR expression in vivo. Cell Death & Disease 2015; 10.1038/cddis.2015.205 

Cheung, E.C., Athineos, D., Lee, P., Ridgway, R.A., Lambie, W., Nixon, C., 

Strathdee, D., Blyth, K., Sansom, O.J., Vousden, K.H. TIGAR is required for 

efficient intestinal regeneration and tumorigenesis. Developmental Cell 2013; 

10.1016/j.devcel.2013.05.001  

  



11 
 

Acknowledgements 

I am very grateful to my supervisor Karen Vousden for giving me the opportunity to 

carry out my PhD project in her lab and for the great support and guidance she 

has given me as my supervisor. I would also like to thank my advisor Sara Zanivan 

for useful discussions and input of new ideas.  

From the lab I want to thank everyone, past and present, for an amazing work 

environment, the invaluable help offered in developing my technical skills, for all 

their advice, great laughs, fun lab outings and for happily eating all the cakes from 

my baking experiments. I would particularly like to thank Eric for all his help with 

getting started on the TIGAR project as well as with the immunohistochemistry and 

animal work, and Andreas for all the help with the iRFP reporter assays. It has 

been a real pleasure to work and learn from all of you.   

I thank Cancer Research UK and the Medical Research Council for funding this 

research, and the Cancer Research UK Beatson Institute Histology Services, 

Biological Services Unit, and Molecular Technology Services for all their excellent 

support for the work carried out in this project.   

And finally, I am very thankful to all my family and friends for their love and support 

from across the world during my time here. 

  



12 
 

Author’s Declaration 

I declare that I am the sole author of this thesis and the work presented here is 

entirely my own unless stated otherwise. This thesis does not include work that 

has been submitted for consideration for any other degree or qualification. 

  



13 
 

List of Abbreviations 

2HG 2-hydroxyglutarate 

3-PO 3-(3-pyridinyl)-1-(4-pyridinyl)-2-propen-1-one 

3PG 3-phosphoglycerate  

8-oxo-dG 8-oxo-deoxyguanosine 

α-KG α-ketoglutarate 

ACLY ATP citrate lyase 

ALDH4 Aldehyde dehydrogenase 4 

AMP Adenosine monophosphate 

AMPK AMP-activated protein kinase 

AP-1 Activator protein-1 

APAF1 Apoptotic protease activating factor 1 

APC Adenomatous polyposis coli 

ATM Ataxia telangiectasia mutated 

ATP Adenosine 5’-triphosphate 

β-TrCP β-Transducin Repeat Containing E3 Ubiquitin Protein Ligase 

BAX Bcl-2-associated X protein 

Bcl-2 B-cell lymphoma 2 

BH3 Bcl-2 homology domain 3 

BPAG1 Bullous pemphigoid antigen 1 

Brf-1 Transcription factor IIIB 90 kDa subunit 

CBP CREB binding protein 

CDK Cyclin-dependent kinase 

Cis Cisplatin 

CK1 Casein kinase 1 

COX (2) Cytochrome c oxidase (2) 

Cox4il Cytochrome c oxidase subunit 4 

CPT-I Carnitine-palmitoyl transferase I 

CRC Colorectal cancer 

CREB cAMP response-element binding protein 

DKK Dickkopf 



14 
 
DRAM1 DNA-damage regulated autophagy modulator 1 

Dsh Dishevelled 

ECM Extracellular matrix 

EEC Ectrodactyly Ectodermal dysplasia-Clefting 

EGFR Epidermal growth factor receptor 

EMT Epithelial-mesenchymal transition 

ENTPD5 Ectonucleoside triphosphate diphosphohydrolase 

ER Endoplasmic reticulum 

ERK Extracellular signal-regulated kinase 

ETC Electron transport chain 

F-1,6-P2 Fructose-1,6-bisphosphate 

F-2,6-P2 Fructose-2,6-bisphosphate 

F-6-P Fructose-6-phosphate 

FADH2 Flavin adenine dinucleotide 

FBP1 Fructose-1,6-bisphosphatase 

FBPase-2 Fructose-2,6-bisphosphatase 

FBS Foetal bovine serum 

Fz Frizzled 

G3P Glyceraldehyde-3-phosphate 

G6P Glucose-6-phosphate 

G6PDH Glucose-6-phosphate dehydrogenase 

GAPDH Glyceraldehyde-3-phosphate dehydrogenase 

GDP Guanosine diphosphate 

GLS Glutaminase  

GMP Guanosine monophosphate 

GPX Glutathione peroxidase 

GRB2 Growth factor receptor-bound protein 2 

GSH Glutathione  

GSK3 Glycogen synthase kinase 3 

GSSG Glutathione disulphide 

GST-α1 Glutathione S-transferase  

GTP Guanosine triphosphate 



15 
 
H2O2 Hydrogen peroxide 

HIF-1/2 Hypoxia-inducible factor-1/2 

HK2 Hexokinase 2 

HMGB1 High mobility group protein 1 

HO� Hydroxyl radical 

HO-1 Haem oxygenase-1 

Hr Hour(s) 

IDH1/2 Isocitrate dehydrogenase 1/2 

IGF Insulin-like growth factor 

IMP Inosine monophosphate 

Int-1 Integration 1 

IR Irradiation 

KEAP1 Kelch-like ECH-associated protein 1 

Krm Kremens 

LDH-A Lactate dehydrogenase 

LGR5 Leucine-rich repeat-containing G-protein coupled receptor 5 

LKB1 Liver kinase B1 

LRP Lipoprotein receptor-related protein 

MAP Mitogen activating protein 

MCT1 Monocarboxylate transporter 1 

MDA Malondialdehyde 

MDM2 Mouse double minute 2 homolog 

ME Malic enzyme 

MEK Mitogen-activated protein kinase kinase 

Mieap Mitochondria-eating protein 

Min Minute(s) 

MnSOD Manganese superoxide dismutase 

mtDNA Mitochondrial DNA 

mTOR Mammalian target of rapamycin 

mTORC 1/2  mTOR Complex 1/2 

NAD+ Nicotinamide adenine dinucleotide (oxidized) 

NAC N-acetyl cysteine 



16 
 
NADH Nicotinamide adenine dinucleotide (reduced) 

NADPH Nicotinamide adenine dinucleotide phosphate 

NDUFA4L2 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 4-like 2 

NF-κB Nuclear factor-κB 

NRF2 Nuclear factor (erythroid-derived 2)-like 2 

NO� Nitric oxide 

NOS Nitric oxide synthase 

NOX NADPH oxidase 

NQO1 NAD(P)H:quinone oxidoreductase 1 

O2
- Superoxide 

O3 Ozone 

OAA Oxaloacetate 

OH- Hydroxide 

ONOO- Peroxynitrite 

OXPHOS Oxidative phosphorylation 

p53RE p53 response element  

PanIN Pancreatic intraepithelial neoplasia 

PCR Polymerase chain reaction 

PDAC Pancreatic ductal adenocarcinomas 

PDC Pyruvate decarboxylase complex 

PDK1 Pyruvate dehydrogenase kinase 1 

PEP Phosphoenolpyruvate 

PFK-1/2 Phosphofructokinase-1/2 

PGD Phosphogluconate dehydrogenase 

PI3K Phosphoinositde 3-kinase 

PIG3 p53 inducible gene 3 

PIP2 Phosphatidylinositol (4,5)-bisphosphate 

PIP3 Phosphatidylinositol (3,4,5)-triphosphate 

PK Pyruvate kinase 

Porc Porcupine 

PP2A Protein phosphatase 2A 

PPP Pentose phosphate pathway 



17 
 
PRX Peroxiredoxin 

PTEN Phosphatase and tensin homolog 

PTP Permeability transition pore 

PTP1B Protein tyrosine phosphatase 1B 

PUMA p53-upregulated mediator of apoptosis 

qPCR Quantitative real-time PCR 

R5P Ribose-5-phosphate 

RB Retinoblastoma-associated 

RISP Rieske-Fe-S protein 

ROR2 Receptor tyrosine kinase-like orphan receptor 2 

ROS Reactive oxygen species 

RT-PCR Reverse transcription PCR 

RTK Receptor tyrosine kinase 

RYK Receptor-like tyrosine kinase 

SAM Sterile α motif 

SCO2 Synthesis of cytochrome c oxidase 2 

SESN1 Sestrin 1 

sFRPs Secreted Frizzled related proteins 

SIRT Sirtuin 

SLC1A5 Solute carrier family 1 member 5 

SNP Single nucleotide polymorphism 

SOD Superoxide dismutase 

SOS Son of sevenless 

SOST Sclerostin 

SP1 Specificity protein 1 

SREBP1 Sterol regulatory element-binding protein 1 

SSP Serine synthesis pathway 

TAD Transactivation domain 

TAG Triacylglycerol 

TCA Tricarboxylic acid 

TCF T-cell factor 

TET Ten-eleven translocation methylcytosine dioxygenase 



18 
 
TFAM A Mitochondrial transcription factor A 

TIGAR TP53-induced glycolysis and apoptosis regulator 

TP53INP1 Tumour protein p53-induced nuclear protein 1 

TRX Thioredoxin 

TSC1/2 Tuberous sclerosis 1/2  

VEGF-A Vascular endothelial growth factor-A 

VHL von Hippel-Lindau 

Wg Wingless 

WIF Wnt inhibitor protein 

Wls Wntless 

Wnt Wingless/Int-1 

WT Wild-type 

WTX Wilms tumour gene on X chromosome 

XMP Xanthosine monophosphate 

 

 



19 
 

Chapter 1 Introduction 

1.1 The Hallmarks of Cancer 

Under normal healthy circumstances, the majority of cells are restricted to specific 

tissues, and cell growth and proliferation are tightly regulated processes. Cancer 

arises when the regulation of these processes is lost, resulting in the uncontrolled 

proliferation of cells, which can form primary tumours and acquire the ability to 

migrate from their primary sites to invade other tissue boundaries and form 

malignant tumours (Preston-Martin et al. 1990). Uncontrolled proliferation of cells 

is often observed when errors in DNA become incorporated following DNA 

damage, which can result in the alteration of genes that would regulate normal cell 

processes and thus drive the transformation of cells. Altogether, the key 

differences between normal cells and tumour cells are highlighted by the 

“hallmarks of cancer” (Hanahan and Weinberg 2000; Hanahan and Weinberg 

2011). 

Transformation of a normal cell into a cancer cell can arise through the acquisition 

of mutant genotypes, which confer a selective advantage to cells and allow them 

to outgrow and dominate the local microenvironment. The majority of these 

advantages arise from genomic instability, which can be caused by DNA damage 

from mutagens such as ultraviolet light, ionising radiation and tobacco smoke. In 

particular, genomic instability can result in single amino acid mutations as well as 

amplifications and deletions of chromosomal regions (Negrini et al. 2010). 

Normally, genomic maintenance systems support genomic integrity and resolve 

changes in the DNA by activating repair mechanisms, directly repairing the 

damaged DNA and/or inactivating mutagenic compounds before they can damage 

DNA (Ciccia and Elledge 2010; Negrini et al. 2010). Altogether, this ensures that 

genomic mutations are kept to a minimum and also forces cells with damaged 

DNA to undergo senescence or be removed through a form of programmed cell 

death known as apoptosis. By losing genome maintenance and repair 

mechanisms, potentially through genomic instability, cancer cells accumulate 

mutant genotypes that are favourable to their growth that would normally be 

detrimental for a normal cell environment. Furthermore, by acquiring mutations 
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that allow them to evade apoptosis, cancer cells with high levels of genomic 

instability that would normally be removed, continue to grow and proliferate.  

Programmed cell death via the intrinsic and extrinsic pathways of apoptosis is one 

of the means to regulate cell number. The intrinsic pathway is triggered through 

internal defects such as substantial levels of DNA damage or chromosomal 

abnormalities, while the extrinsic pathway receives and processes extracellular 

death-inducing signals, for example, through the Fas ligand and Fas receptor 

(Adams and Cory 2007). Both pathways initiate a cascade of proteolysis of 

effector caspases, which are responsible for the execution phase of the apoptotic 

process during which the cell is disassembled and removed by phagocytic cells. 

Through this, apoptosis provides a barrier to cancer cell transformation. However, 

by acquiring mutations in the apoptotic pathway, cancer cells possess 

mechanisms to limit or interrupt the apoptotic pathway and thus maintain their 

survival. Tumour suppressor proteins such as TP53 (p53) and nuclear factor-κB 

(NF-κB) are able to initiate apoptosis and often during cancer progression, these 

proteins as well as their functions are lost. Furthermore, many cancer cells show 

an increased expression of anti-apoptotic regulators such as B-cell lymphoma 2 

(Bcl-2) or the decreased expression of pro-apoptotic factors such as Bcl-2-

associated X protein (BAX) and p53-upregulated modulator of apoptosis (PUMA) 

(Korsmeyer 1992; Lowe and Lin 2000).  

In addition to avoiding cell death, cancer cells acquire mutations that allow for or 

promote sustained cell proliferation. Normal cells are usually only driven to 

proliferate under suitable conditions such as favourable levels of nutrients or 

appropriate signalling by external growth factor stimulation. Cancer cells overcome 

these constraints by generating their own growth factors, promoting the secretion 

of growth factors by surrounding fibroblasts as well as having elevated expression 

of receptor proteins on the cell surface to respond to external growth factor 

stimulation (Cheng et al. 2008). Moreover, cancer cells can develop independence 

from growth factor signalling through the constitutive activation of mitogenic 

signalling pathways as observed in the mitogen activating protein (MAP)-kinase 

(MAPK) pathway (Chen and Thorner 2007), which incorporates extracellular 

signalling through receptor tyrosine kinases (RTKs) such as epidermal growth 
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factor receptor (EGFR), which can be activated by a number of extracellular 

ligands including growth factors, hormones and cytokines (Shaul and Seger 2007). 

Upon ligand binding, a conformational change in the receptor results in the 

activation of the receptor’s intrinsic tyrosine kinase activity, leading to the 

autophosphorylation of its intracellular domain. Through this, docking proteins 

such as growth factor receptor-bound protein 2 (GRB2) are recruited to the 

receptor, enabling the translocation of the guanine nucleotide exchange factor Son 

of Sevenless (SOS). The GRB2-SOS complex in turn activates Ras, a small 

GTPase, by facilitating the exchange of guanosine diphosphate (GDP) for 

guanosine triphosphate (GTP) (Brown and Sacks 2009). Once activated, Ras 

initiates the downstream induction of protein kinases including Raf, which in turn 

phosphorylates mitogen-activated protein kinase kinase (MEK) (Zheng and Guan 

1994). MEK can go on to phosphorylate and activate extracellular signal-regulated 

kinase 1 (ERK1) and ERK2 (Payne et al. 1991), both of which can phosphorylate 

an array of target proteins (Ramos 2008). Mutations in Ras often result in 

constitutive activation of the protein, thus promoting high MAPK pathway activity, 

resulting in uncontrolled pro-growth signalling and can also drive proliferative 

independence from external growth factors (Dhillon et al. 2007).  

Alongside sustaining pro-growth signalling and cell proliferation, cancer cells have 

developed methods to evade programmes that would normally suppress cell 

proliferation, many of which rely on the activity of tumour suppressor proteins. One 

such tumour suppressor is the retinoblastoma-associated (RB) protein, which can 

regulate cell cycle progression. When RB is in its hypophosphorylated state, it 

forms a complex with the transcription factor E2F and acts to restrict progression 

from G1 to S phase in the cell cycle. However, upon phosphorylation by cyclin-

dependent kinases (CDKs), RB is unable to form a complex with E2F and E2F is 

released, which in turn can drive the transcription of DNA synthesis genes such as 

DNA polymerase α (Leone et al. 1998). Furthermore, E2F can direct the synthesis 

of cyclin E and CDK2, which form a complex together to activate the process of 

cell replication (Nevins 2001; Burkhart and Sage 2008). Cancer cells possessing 

defects in the RB pathway lack the ability to regulate cell cycle progression, which 

results in persistent cell proliferation. Another important tumour suppressor protein 
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involved in regulating cell growth and proliferation is p53, which will be discussed 

in greater detail further on. 

Much like normal tissues, tumours also require nutrients and oxygen in order to 

grow and proliferate at maximum capacity. However, in order to sustain 

uncontrolled cell proliferation, there is a requirement for an adjustment in energy 

metabolism to allow for an increased need in nutrients for energy as well as 

biosynthetic molecules to support cell growth. This metabolic need can be 

maintained through multiple ways such as the activation of oncogenic pathways, 

the loss of tumour suppressor signalling as well as the acquisition of mutations in 

metabolic proteins, all of which will be discussed in further detail below.  

1.2 Cancer Cell Metabolism 

1.2.1 Nutrient Catabolism and the Warburg Effect 

All cells are dependent on a source of nutrients from their environments, which can 

be taken up and directed into metabolic pathways in order to maintain cellular 

homeostasis as well as used to create more biomass for cell growth. This includes 

the maintenance of ion gradients across cell membranes, the transport of 

materials between intracellular compartments as well as other housekeeping 

functions such as protein turnover, many of which are highly energetic processes 

and rely on the hydrolysis of adenosine 5’-triphosphate (ATP) as a source of free 

energy. In particular, cell division is a highly bioenergetic process and in order to 

support this, there are various metabolic pathways to generate ATP. Importantly, 

these metabolic pathways are tightly regulated through various control systems 

and altered depending on nutrient availability or the energetic demands of the cell. 

When nutrient availability is scarce, cells halt their proliferation and adapt their 

metabolism to conserve energy and assist in cell survival in order to survive a 

period of starvation. In contrast, when nutrients as well as growth factors are 

readily available, cell division is promoted as well as the production of biosynthetic 

compounds necessary for growth and proliferation (Vander Heiden et al. 2009).  

Most cells use glucose as a primary substrate for ATP generation and a source of 

carbon for the biosynthesis of macromolecules (Dang 2012). Following its uptake 
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into cells, glucose is metabolised through various steps within glycolysis to 

eventually form pyruvate (Figure 1-1). Under aerobic conditions, where oxygen is 

readily available, pyruvate is shuttled into the mitochondrion where it is converted 

to acetyl-CoA through pyruvate decarboxylation by the pyruvate dehydrogenase 

(PDH) and fed into the tricarboxylic acid (TCA) cycle. This generates reduced 

nicotinamide adenine dinucleotide (NADH), which fuels oxidative phosphorylation 

(OXPHOS) at the mitochondrial electron transport chain (ETC) to maximize ATP 

production. Furthermore, shunting of pyruvate into the TCA cycle generates acetyl-

CoA for the biosynthesis of lipids and amino acids. However, under anaerobic 

conditions, where oxygen levels are low or unavailable and cannot drive the ETC 

to generate ATP, high levels of lactate are generated from pyruvate by lactate 

dehydrogenase (LDH), which is secreted into the extracellular environment. By 

doing so, LDH recovers the oxidized nicotinamide adenine dinucleotide (NAD+) 

needed to maintain glycolysis. While ATP generation through glycolysis is less 

efficient, when there is an excess of glucose and the flux of the glycolytic pathway 

is high, glycolysis does possess the capability to generate high quantities of ATP 

to fuel biosynthetic processes (DeBerardinis et al. 2008; Aguilar and Fajas 2010; 

Ward and Thompson 2012) (Figure 1-1). 

It was noted by Otto Warburg that cancer cells shift their metabolism to 

preferentially use glucose to generate lactate even under conditions where oxygen 

is readily available to support mitochondrial oxidative phosphorylation (Warburg et 

al. 1927). Therefore, their metabolism is also known as “aerobic glycolysis.” This 

preference for glycolysis allows the diversion of metabolic intermediates into 

anabolic pathways as well as adaptation to challenging microenvironments such 

as limiting the production of reactive oxygen species (ROS), which are a normal 

byproduct of cellular metabolism and elevated in cancer cells. If not limited, high 

levels of ROS can damage cellular structures (Vander Heiden et al. 2009). As a 

whole, this increase in aerobic glycolysis is also known as the Warburg effect.  
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Figure 1-1 Metabolic pathways of cell growth and proliferation 
Schematic showing the interplay between glycolysis, the pentose phosphate pathway 

(PPP), tricarboxylic acid (TCA) cycle and glutamine metabolism, all of which promote 

biosynthetic processes such as nucleotide, amino acid and lipid synthesis. Key enzymes 

controlling various steps in these pathways are highlighted in blue. α-KG, α-ketoglutarate; 

ACLY, ATP citrate lyase; FBP1, fructose-1,6-bisphosphatase; FBPase-2, fructose-2,6-

bisphosphatase; G6PDH, glucose-6-phosphate dehydrogenase; GLS, glutaminase; IDH, 

isocitrate dehydrogenase; LDH, lactate dehydrogenase; ME, malic enzyme; OAA, 

oxaloacetate; PDH, pyruvate dehydrogenase; PFK-1, phosphofructokinase-1; PFK-2, 

phosphofructokinase-2; PKM2, pyruvate kinase M2; SDH, succinate dehydrogenase; 

TIGAR, TP53-induced glycolysis and apoptosis regulator.   
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Furthermore, cell division requires the abundance of other biosynthetic molecules 

for the production of nucleotides, amino acids and lipids. Therefore, glucose 

cannot only be used to generate free energy but also acts as part of central carbon 

metabolism that is linked with several other metabolic pathways. One such branch 

that is particularly important in cell growth is the pentose phosphate pathway 

(PPP) (Figure 1-1). During glycolysis, glucose is phosphorylated to form glucose-

6-phosphate (G6P), which can enter the oxidative branch of the PPP where it is 

oxidized by glucose-6-phosphate dehydrogenase (G6PDH) to generate 6-

phosphoglucono-lactone and reduced nicotinamide adenine dinucleotide 

phosphate (NADPH), which can contribute to the biosynthesis of fatty acids, 

cholesterol and reduced glutathione (GSH) (Figure 1-1). Subsequently, 6-

phosphoglucono-lactone is hydrolysed by lactonase and 6-phosphogluconate 

dehydrogenase to produce ribulose-5-phosphate, which in turn is converted to 

ribose-5-phosphate (R5P), which plays a key role in nucleotide synthesis, along 

with another molecule of NADPH. On top of this, ribulose-5-phosphate can also be 

converted to xylulose-5-phosphate, which enters the reversible non-oxidative 

branch of the PPP and can feed back into glycolysis. Other products of glycolysis, 

fructose-6-phosphate (F-6-P) and glyceraldehyde-3-phosphate (G3P), can both 

also be shunted into the non-oxidative branch of the PPP to generate R5P (Patra 

and Hay 2014) (Figure 1-1).  

Other glycolytic intermediates, such as 3-phosphoglycerate (3PG), can be used to 

provide the carbon backbone for non-essential amino acids through their flux into 

the serine synthesis pathway (SSP), which can also feed into phospholipid 

production. Glucose-derived pyruvate can also enter the TCA cycle downstream of 

glycolysis and contribute to the production of citrate, which under conditions of 

high ATP/ADP (adenosine 5′-diphosphate) and NADH/NAD+ can be shunted back 

into the cytosol, converted back to acetyl-CoA by ATP citrate lyase (ACLY) and 

used as a carbon source for growing acyl chains during de novo fatty acid 

biosynthesis (Vander Heiden et al. 2009).  

In addition to glucose, central carbon metabolism can utilize amino acids as a 

carbon source. Glutamine is the most abundant free amino acid found in human 

serum and proliferating cells utilize glutamine to replenish intermediates in the 
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TCA cycle (a process also known as anaplerosis) through the deamidation of 

glutamine to glutamate as well as the conversion of glutamine to α-ketoglutarate 

(α-KG), which can feed into the TCA cycle (DeBerardinis and Cheng 2010). 

Glutamine-derived carbons can also contribute to the mitochondrial production of 

citrate and subsequent fatty acid synthesis as described above. In addition to this, 

when citrate is converted back to acetyl-CoA by ACLY, oxaloacetate (OAA) is 

generated, which can be further utilized in a variety of ways. OAA can be 

metabolized to malate by cytosolic malate dehydrogenase with the production of 

NAD+. Subsequently, this malate can be converted to pyruvate by malic enzyme 

(ME) with the generation of NADPH (Figure 1-1). OAA can also be converted to 

phosphoenolpyruvate (PEP) and feed into glycolysis. In addition, glutamine itself 

plays an important role in nucleotide metabolism by donating nitrogen atoms to 

purine rings as well as participating in the amination of xanthosine monophosphate 

(XMP) to form guanosine monophosphate (GMP). Glutamine can also be used in 

protein synthesis as well as the biosynthesis of non-essential amino acids and 

hexosamines (Cantor and Sabatini 2012; Boroughs and DeBerardinis 2015).  

In addition to using glucose and glutamine to generate ATP, cells can utilize fatty 

acids. Fatty acids are normally esterified with glycerol to form triacylglycerol (TAG), 

which is stored in adipose tissue. When energy is required, hormones, such as 

adrenaline, stimulate TAG mobilization by activating hormone-sensitive lipases 

within adipose tissue. This liberates fatty acids, which are bound by serum albumin 

and transported in the blood towards tissues such as the muscle, which can utilize 

fatty acid β-oxidation. While fatty acids are able to diffuse into the cytosol, the 

enzymes responsible for β-oxidation are located within the mitochondria. 

Therefore, fatty acids are transported across the outer mitochondrial membrane by 

carnitine acyl transferases such as carnitine-palmitoyl transferase I (CPT-I) and 

carried across the inner mitochondrial membrane via carnitine. Once inside the 

mitochondrial matrix, fatty acyl-carnitine reacts with coenzyme A to release the 

fatty acid and produce acetyl-CoA. The fatty acids subsequently undergo β-

oxidation, during which two carbon molecules of acetyl-CoA are repeatedly 

cleaved, which can enter the TCA cycle to eventually generate ATP through the 

ETC. In addition to generating acetyl-CoA, β-oxidation also produces reduced 

forms of flavin adenine dinucleotide (FADH2) and NADH, both of which can directly 
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be used by the ETC to generate ATP. Therefore, β-oxidation is capable of 

generating a greater yield of ATP than most other pathways (Santos and Schulze 

2012). 

As previously noted, glycolysis is the favoured method by which cancer cells 

produce energy even though it is less efficient in generating ATP than other 

metabolic pathways such as OXPHOS or β-oxidation. This metabolic switch may 

provide a growth advantage and/or resistance to apoptosis in order to allow cancer 

cells to maintain mitochondrial bioenergetics during cell growth and proliferation. 

However, as a growing tumour with increased metabolic demands consumes all of 

its nutrient supply, it must activate pathways to maintain cellular bioenergetics for 

continual survival as well as promote metabolic adaptation in order to survive 

periods of metabolic stress. This metabolic adaptation can be observed in cultured 

cancer cells, which are able to restructure their metabolic pathways to compensate 

for the loss of major energy sources such as glucose or glutamine (Le et al. 2012) 

as well as in studies where glucose deprivation elicits a selective pressure for 

cancer cells that are able to survive low glucose conditions (Yun et al. 2009).  

1.2.2 Oncogenes and Tumour Suppressors in Metabolic Networks 

The Warburg effect in cancer cells reflects a shift in cell metabolism during cancer 

cell transformation and mutations that alter oncogene and tumour suppressor 

networks are further able to support as well as influence changes in metabolic 

pathways. In addition, mutations and changes in the expression of metabolic 

enzymes are also able to contribute to metabolic transformation.  

1.2.2.1 Signalling Pathways Influencing Cancer Metabolism 

A central regulator of metabolism in both transformed and non-transformed cells is 

phosphoinositide 3-kinase (PI3K), a lipid kinase located at the plasma membrane. 

Following induction by growth factor-mediated activation of RTKs, PI3K acts to 

phosphorylate phosphatidylinositol (4,5)-bisphosphate (PIP2) to 

phosphatidylinositol (3,4,5)-triphosphate (PIP3), which in turn initiates a signal 

transduction cascade leading to the activation of downstream effectors such as 

Akt. The PI3K/Akt signalling cascade is one of the most commonly altered 

signalling pathways in human cancers (Shaw and Cantley 2006) through activating 
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mutations in PI3K (Samuels et al. 2004; Samuels et al. 2005; Jia et al. 2008) or the 

loss of its negative regulator phosphatase and tensin homolog (PTEN), which 

dephosphorylates PIP3 and through this, acts as a potent tumour suppressor 

(Cairns et al. 1997) (Figure 1-2).  

Enhanced PI3K/Akt signalling can promote metabolic transformation via various 

downstream alterations such as the increased expression and membrane 

translocation of nutrient transporters, which allow for the increased uptake of 

glucose, amino acids and other nutrients (Edinger and Thompson 2002; Robey 

and Hay 2009). In addition, the signalling cascade can result in the increased 

transcription of genes involved in glycolysis and lipogenesis (Khatri et al. 2010). 

Akt itself can also stimulate glucose utilization by promoting the activity of the 

glycolytic enzymes, hexokinase and phosphofructokinase (Elstrom et al. 2004; Fan 

et al. 2010) (Figure 1-2). Moreover, Akt can activate ectonucleoside triphosphate 

diphosphohydrolase (ENTPD5), which acts to increase protein glycosylation in the 

endoplasmic reticulum (ER) and through this, indirectly increases glycolysis (Fang 

et al. 2010). Finally, Akt plays an important role in cellular signalling through 

mammalian target of rapamycin (mTOR) by phosphorylating and inhibiting its 

negative regulator tuberous sclerosis 2 (TSC2), which in turn disrupts the function 

of the TSC1/TSC2 complex, and subsequently promotes mTOR activation and its 

downstream activities (Robey and Hay 2009). 

mTOR is the catalytic subunit of two distinct complexes known as mTOR Complex 

1 (mTORC1) and 2 (mTORC2), and plays a central role in the metabolic 

integration of nutrient availability and cell growth (Guertin and Sabatini 2007). 

Activation of mTOR promotes protein and lipid biosynthesis, increases mRNA 

translation and ribosome biogenesis as well as influences autophagy, the process 

by which cellular components are broken down through the lysosome during 

starvation in response to changes in cellular nutrient and energy homeostasis 

(Edinger and Thompson 2002; Mamane et al. 2004). High mTOR signalling is 

observed in familial cancer syndromes arising from mutations in tumour 

suppressors such as TSC1/TSC2 and PTEN, which each function to negatively 

regulate mTOR signalling (Inoki et al. 2005). Studies in liver-specific TSC1 

knockout mice, which result in elevated mTORC1 signalling, showed defects in 
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glucose and lipid homeostasis and these animals subsequently develop 

hepatocellular carcinomas (Menon et al. 2012). In contrast, the bioenergetic 

sensor adenosine monophosphate (AMP)-activated protein kinase (AMPK) inhibits 

mTOR by phosphorylating and activating TSC (Inoki et al. 2003).  

AMPK is a crucial sensor of energy status within cells and plays an important role 

in the cellular response to energy availability. During periods of energetic stress, 

AMPK becomes activated in response to an increased AMP/ATP ratio and 

promotes a shift in cell metabolism towards a more oxidative phenotype. 

Moreover, it couples the energy status of cells to extracellular growth signals such 

as those from the PI3K/Akt signalling pathway and can oppose such effects in 

order to halt proliferation when energy levels are low. Through this, AMPK 

functions as a metabolic checkpoint for cells by linking the response of growth 

signals to energy availability (Jones et al. 2005; Kuhajda 2008; Shackelford and 

Shaw 2009). Therefore, the activity of AMPK must be overcome in order to induce 

uncontrolled proliferation (as observed in cancer cells) and activate growth 

signalling pathways even in an unfavourable microenvironment of high energetic 

stress. Several oncogenic mutations and alterations in signalling pathways can 

suppress the activity of AMPK, and many cancer cells exhibit a loss or 

inappropriate AMPK signalling. Liver kinase B1 (LKB1), the upstream kinase 

responsible for the activation of AMPK (Figure 1-2), has been identified as a 

tumour suppressor gene, and LKB1 mutations have been observed in cases of 

non-small cell lung cancer and cervical carcinoma (Ji et al. 2007; Wingo et al. 

2009). Mutations in LKB1 have also been identified in the hereditary Peutz-

Jeghers syndrome, which is characterized by the development of benign 

gastrointestinal and oral lesions (Jenne et al. 1998). The loss of AMPK signalling 

allows for the activation of mTOR. Altogether, this promotes a shift in metabolism 

towards a more glycolytic phenotype as observed in cancer cells (Cairns et al. 

2011).   
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Figure 1-2 Signalling pathways driving the Warburg effect 
Oncogenes and tumour suppressors can directly regulate key steps in metabolic 

pathways. Activation of receptor tyrosine kinase (RTK) activity by growth factors results in 

the activation of phosphoinositide 3-kinase (PI3K) and Akt. PI3K/Akt signalling can 

promote glucose uptake, glycolytic flux and mammalian target of rapamycin (mTOR) 

activity. While hypoxia-inducible factor (HIF) and Myc promote glycolytic flux, Myc can 

also promote glutamine metabolism. Liver kinase B1 (LKB1), phosphatase and tensin 

homolog (PTEN) and AMP-activated protein kinase (AMPK) signal to lower glycolytic 

activity during low nutrient availability. Oncogenes are marked in green while tumour 

suppressors are in red. Key enzymes controlling various steps in these pathways are 

highlighted in blue. α-KG, α-ketoglutarate; F-1,6-P2, fructose-1,6-bisphosphate; F-2,6-P2, 

fructose-2,6-bisphosphate; F6P, fructose-6-phosphate; G3P, glyceraldehyde-3-phosphate; 

G6P, glucose-6-phosphate; GLS, glutaminase; GLUT, glucose transporter; LDH, lactate 

dehydrogenase; OAA, oxaloacetate; PDH, pyruvate dehydrogenase; PDK, pyruvate 

dehydrogenase kinase; PEP, phosphoenolpyruvate; PFK-1, phosphofructokinase-1; PFK-

2, phosphofructokinase-2; PIP2, phosphatidylinositol (4,5)-bisphosphate; PIP3, 

phosphatidylinositol (3,4,5)-triphosphate; PKM2, pyruvate kinase M2; TSC1/TSC2, 

tuberous sclerosis 1/tuberous sclerosis 2. 
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1.2.2.2 Transcription Factors in Metabolic Regulation 

Transcription factors are also able to contribute to changes in cancer cell 

metabolism. For example, Myc is able to directly activate the expression of rate-

limiting glycolytic enzymes such as hexokinase 2 (HK2), the enzyme responsible 

for the first step in glycolysis, glucose transporters, LDH, and pyruvate 

dehydrogenase kinase 1 (PDK1) (Dang 2009) (Figure 1-2). In addition to this, Myc 

is also able to stimulate genes involved in glutamine metabolism including 

glutamine transporters, SLC5A1 and SLC7A1, and glutaminase (GLS), the first 

enzyme involved in glutaminolysis (Gao et al. 2009) (Figure 1-2).  

With respect to cell metabolism, oncogenic Myc has also been shown to interact 

with the hypoxia-inducible factor (HIF) family of transcription factors (Dang et al. 

2008). HIF-1 and HIF-2 are the major transcription factors involved in regulating 

gene expression for the adaption of cells to hypoxic conditions, where oxygen 

availability is low. While HIF-1 is ubiquitously expressed, HIF-2 is only found in 

endothelial cells and in the kidney, heart, lungs and small intestine. Each HIF 

complex functions as a heterodimer consisting of an oxygen-dependent α-subunit 

and a constitutively expressed β-subunit, which are rapidly stabilized under 

hypoxic conditions (Semenza 2002). Under normoxic conditions, the α-subunits of 

HIF undergo oxygen-dependent hydroxylation by prolyl hydroxylases (PHDs) on 

conserved proline residues, which result in their recognition and ubiquitination by 

von Hippel-Lindau tumour suppressor (VHL), an E3 ubiquitin ligase. This 

subsequently results in their degradation by the proteasome. In addition to its 

activation under hypoxia, HIF-1 can also be activated under normoxic conditions in 

response to oncogenic signalling pathways, such as the PI3K/Akt signalling 

cascade (Bertout et al. 2008) as well as mutations in tumour suppressor proteins 

such as VHL (Kaelin and Ratcliffe 2008). Loss of TCA cycle enzymes succinate 

dehydrogenase (SDH) or fumarate hydratase (FH) can induce pseudohypoxia, 

where HIF-1 is activated under normoxic conditions as a consequence of PHD 

inhibition by excess succinate or fumarate levels, respectively (King et al. 2006). 

Once activated, HIF-1 can induce the transcription of genes encoding glucose 

transporters and a majority of glycolytic enzymes, thereby increasing the glycolytic 

capabilities of the cell (Semenza 2010). HIF-1 can also increase the expression of 

pyruvate dehydrogenase kinase (PDK), which inactivates mitochondrial PDH and 
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decreases the flux of glucose-derived pyruvate into the TCA cycle (Kim et al. 2006; 

Papandreou et al. 2006; Lu et al. 2008). This decrease in TCA cycle activity lowers 

the rate of OXPHOS and oxygen consumption, thereby contributing to the 

glycolytic phenotype observed in cancer cells as well as sparing oxygen under 

harsh hypoxic conditions.  

1.2.2.3 Metabolic Enzymes as Tumour Suppressors 

In addition to metabolic changes as a consequence of altered growth signalling 

pathways, direct alterations in metabolic enzymes and their activity can also 

contribute to tumourigenesis.  

One such glycolytic enzyme is pyruvate kinase (PK), which catalyses the rate-

limiting, ATP-generating step of glycolysis in which phosphoenolpyruvate (PEP) is 

converted to pyruvate. Mammalian PK exists in four isoforms: the L and R 

isoforms are expressed in the liver and erythrocytes, respectively. All other tissues 

express either the M1 isoform or its splice variant, M2 (Noguchi et al. 1986). PKM1 

expression is found predominantly in differentiated adult tissues with high ATP 

requirements such as the heart and muscle, and forms a stable, constitutively 

active tetramer (Imamura and Tanaka 1972; Clower et al. 2010; Mazurek 2011). 

PKM2 is expressed during development as well as in other adult tissues including 

the spleen and lung, and its activity is regulated by posttranslational modifications 

(Lv et al. 2011; Anastasiou et al. 2012) and allosteric effectors such as FBP 

(Christofk et al. 2008b; Anastasiou et al. 2012) and serine (Chaneton et al. 2012).  

Interestingly, PKM2 is found expressed in all cancers and cancer cell lines studied 

to date (Imamura and Tanaka 1972; Clower et al. 2010; Mazurek 2011), 

suggesting PKM2 expression provides a selective advantage to cancer cells. 

However, while a selection for PKM2 has been observed in xenograft tumour 

models (Christofk et al. 2008a), various studies have found the ability of PKM2 to 

be inactivated to be important for cancer cell proliferation (Christofk et al. 2008a; 

Hitosugi et al. 2009; Varghese et al. 2010; Anastasiou et al. 2012), implying that 

low PK activity is favoured by proliferating cancer cells despite a selection for 

PKM2 expression. One such reasoning for this is that the inactive form of PK also 

possesses non-metabolic roles, which may contribute to tumourigenesis and 
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multiple abilities have been proposed including functioning as a protein kinase as 

well as a co-activator for transcription factors (Luo et al. 2011; Yang et al. 2011; 

Gao et al. 2012). Furthermore, although decreased PKM2 activity is associated 

with increased cell proliferation, it is possible that reactivation of PKM2 activity is 

important for non-proliferating cancer cells within the tumour and to allow for 

metabolic adaptation. Isoform specific loss of PKM2 in a model of breast cancer 

was found to accelerate tumour formation and PKM2-deficient tumours showed 

PKM1 expression in non-proliferating tumour cells and no detectable pyruvate 

kinase expression in proliferating cells, illustrating that PKM2 is not necessary for 

tumour cell growth but is required in non-proliferating tumour cells (Israelsen et al. 

2013). In line with this, variable PKM2 expression and heterozygous PKM2 

mutations have been identified in human tumours (Luftner et al. 2000; Schneider et 

al. 2002; Israelsen et al. 2013). Furthermore, the oncogenic transcription factor 

Myc has also been found to preferentially promote the expression of PKM2 (David 

et al. 2010) (Figure 1-2).  

A particular outcome of alterations in the activity of metabolic enzymes is the 

production of NADPH. As mentioned previously, NADPH is important in the 

biosynthesis of macromolecules but also as a reducing agent in the production of 

GSH, an important antioxidant, which prevents damage to cells caused by reactive 

oxygen species (ROS) (Boroughs and DeBerardinis 2015). In addition to the PPP 

and the activity of malic enzyme (ME), NADPH can also be produced to regulate 

cellular redox status through the conversion of isocitrate to α-ketoglutarate (α-KG) 

by the enzymes isocitrate dehydrogenase 1 (IDH1) and IDH2, which are found in 

the cytoplasm and mitochondria, respectively. Both enzymes have been observed 

to acquire mutations, which link them to tumourigenesis, and mutations in IDH1 

have been identified in glioblastoma and acute myeloid leukaemia. IDH1 and IDH2 

are mutated in approximately 80% of grade II and grade III gliomas and secondary 

glioblastomas as well as approximately 30% of cytogenetically normal cases of 

acute myeloid leukaemia (Yan et al. 2009; Gross et al. 2010). These mutant forms 

of IDH act to promote the conversion of α-KG into 2-hydroxyglutarate (2HG), a 

novel oncometabolite, in a NADPH-dependent manner.  
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2HG is structurally similar to α-KG and glutamate and thus, high levels can result 

in the competitive inhibition of α-KG-dependent dioxygenases, which utilize α-KG 

as a co-substrate and are involved in fatty acid metabolism, oxygen sensing as 

well as modulating the epigenome (Nowicki and Gottlieb 2015). In particular, 

alterations in the epigenome are due to the inhibition of the ten-eleven 

translocation methylcytosine dioxygenase (TET) family of α-KG-dependent 

dioxygenases, which hydroxylate 5-methylcytosine to 5-hydroxymethylcytosine (5-

hmC), which allows for subsequent DNA demethylation. Notably, in human glioma 

tissues, 5-hmC levels are reduced in IDH mutant tumours (Xu et al. 2011) and 

mutant IDH1-overexpressing immortalized astrocytes show a distinct pattern of 

CpG hypermethylation (Duncan et al. 2012; Turcan et al. 2012). In addition, the 

jumunji-C histone demethylases initiate the removal of methyl groups on histones 

by hydroxylation, resulting in changes in gene transcription depending on the site 

of histone methylation. Increases in histone methylation for H3K9 and H3K27, both 

of which are gene repressive, have been observed in human glioma samples with 

IDH1 or IDH2 mutations (Xu et al. 2011; Lu et al. 2012).  

In addition to IDH, mutations in SDH and FH, have also been identified. SDH loss 

was initially discovered in familial paraganglioma while FH was originally identified 

in hereditary leiomyomatosis and renal cell cancer (Nowicki and Gottlieb 2015). As 

previously described, loss of SDH or FH results in an accumulation of succinate or 

fumarate, respectively, and both are able to competitively inhibit α-KG-dependent 

dioxygenases much like 2HG (Xiao et al. 2012).   

1.2.3 Redox Homeostasis and Cancer 

1.2.3.1 Reactive Oxygen Species 

Reactive oxygen species (ROS) make up a class of oxygen-containing reactive 

species that are produced in cells as a normal byproduct of metabolic processes. 

There are two types of ROS, free radical ROS, which have one or more unpaired 

electron(s) and non-radical ROS, which do not have unpaired electron(s) but are 

chemically reactive and can be converted to radical ROS. Common forms of 

radical ROS in cells are superoxide (O2
-), nitric oxide (NO�) and hydroxyl radicals 

(HO�), while non-radical ROS include hydrogen peroxide (H2O2), ozone (O3), and 

hydroxide (OH-). ROS can be found in the environment, for example as tobacco 



Chapter 1  35 
 

smoke and radiation, or generated intrinsically in cells. ROS have a variety of 

properties and downstream effects dependent on the concentration at which they 

are present as well as their source (Sullivan and Chandel 2014).  

The largest contributors to cellular ROS are the mitochondria (Figure 1-3). 

Mitochondria have eight known sites that are capable of producing superoxide, 

with complex I, II and III generating ROS with effects on cellular signalling (Murphy 

2009). Complex I and II release ROS into the mitochondrial matrix, while complex 

III can do so to both sides of the mitochondrial inner membrane (Muller et al. 

2004). Through its release to the mitochondrial inner membrane, Complex III-

derived ROS is able to interact with cytosolic targets and thereby influence 

biological processes such as oxygen sensing and cell differentiation (Sena and 

Chandel 2012). The superoxide released from the ETC in the mitochondria can 

also be converted to hydrogen peroxide and water by superoxide dismutases 

(SOD). Hydrogen peroxide can then in turn be reduced to water by a variety of 

antioxidant enzymes including glutaredoxin (GRX), glutathione peroxidase (GPX), 

thioredoxin (TRX) and catalase (Figure 1-3). ROS can also be produced by 

NADPH oxidases (NOX), which catalyse the production of superoxide from oxygen 

and NADPH (Figure 1-3). These enzymes were originally discovered in 

phagocytes where high levels of oxidative stress are generated to destroy 

engulfed pathogens (Bedard and Krause 2007). This illustrates that ROS 

production also serves as a biological function within cells as opposed to simply a 

toxic byproduct. Oncogenes can promote the activity of NOX-dependent ROS 

production to stimulate cell proliferation as observed in cancer cell lines and 

primary tissues (Tominaga et al. 2007).  

Nitric oxide is produced from the amino acid arginine by nitric oxide synthase 

(NOS) and is able to react with superoxide to form peroxynitrite (ONOO-) (Figure 

1-3). These reactive nitrogen species likely have both overlapping and distinct 

mechanisms in mediating cell signalling changes as they are capable of altering 

the structure and function of proteins by oxidizing and nitrating intracellular amino 

acids. In addition, in the presence of transition metals such as free Fe2+, the 

Fenton reaction converts hydrogen peroxide to hydroxyl radicals, which are highly 
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reactive and can cause damage to intracellular components such as DNA, proteins 

and lipids (Trachootham et al. 2009).  

 
Figure 1-3 Cellular redox homeostasis 
Major sites of reactive oxygen species (ROS) production include the endoplasmic 

reticulum (ER), NAPDH oxidase (NOX) complex and the mitochondrial electron transport 

chain (ETC) where electrons are generated from the oxidation of metabolic intermediates. 

In the mitochondria, superoxide (O2
-) is converted to hydrogen peroxide (H2O2) by 

superoxide dismutases (SOD), which can then be further converted to water by catalase. 

H2O2 can be degraded by glutathione peroxidases (GPX), glutaredoxin (GRX) and 

thioredoxin (TRX) using reducing equivalents obtained from the oxidative of reduced 

glutathione (GSH). Oxidized glutathione (GSSG) is reduced by glutathione reductase 

(GSHR), which obtains its equivalents from NADPH oxidation. In the presence of 

transition metals (Fe2+), H2O2 is converted to hydroxyl radicals (HO�). Nitric oxide (NO�) is 

a reactive radical produced from arginine by nitric oxide synthase (NOS), which can also 

react with superoxide to peroxynitrite (ONOO-). Major ROS scavenging enzymes are 

shown in green and ROS generating complexes are shown in red.   
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1.2.3.2 ROS as Signalling Molecules  

Free radicals are highly reactive with biological molecules and can cause oxidative 

modifications. Through this, ROS can alter the function of various biomolecules 

and is essential for homeostatic signalling events depending on context, 

concentration and cell type.  

It has been shown that the primary signalling ROS molecule is hydrogen peroxide, 

which at low concentrations can inactivate phosphatases through posttranslational 

modifications to allow for growth factor-dependent signalling (Sundaresan et al. 

1995; Bae et al. 1997). As hydrogen peroxide is able to cross cell membranes and 

is more stable than radical ROS molecules, it is able to act on susceptible residues 

on target molecules and display functional selectivity. One mechanism of hydrogen 

peroxide signalling is via the oxidation of cysteine residues on proteins, which exist 

in equilibrium between the protonated thiol (Cys-SH) and the thiolate anion (Cys-S-

) forms. Thiolate forms are inclined to oxidation by hydrogen peroxide to form 

sulfenic acid residues (Finkel 2012). When this occurs on the regulatory cysteine 

residues of proteins, it can result in allosteric modifications and alter activity or 

binding partners. The peroxidation of cysteine residues found in the active sites of 

proteins can also inhibit activity and thus, change the outcome of signalling 

transduction pathways (Finkel 2003).  

ROS can enhance the PI3K/Akt signalling pathway and its downstream effects 

such as increased cell proliferation, promote survival and increased migration. 

Treatment of cells with exogenous hydrogen peroxide has been found to activate 

Akt activity through targeting a negative regulator of the PI3K/Akt pathway, PTEN 

(Nemoto and Finkel 2002). ROS acts to oxidize the cysteine found in the PTEN 

active site resulting in a disulphide bond formation to another cysteine within the 

protein. This modification results in the inactivation of PTEN activity and thereby, 

promotes the PI3K/Akt pathway (Lee et al. 2002; Leslie et al. 2003). In addition to 

extracellular sources of ROS, mitochondrial ROS has also been shown to inhibit 

PTEN (Connor et al. 2005; Pelicano et al. 2006). Through a similar mechanism, 

ROS can also inhibit other phosphatases that act on the PI3K/Akt pathway such 

as protein phosphatase 2A (PP2A) and protein tyrosine phosphatase 1B (PTP1B) 

(Ostman et al. 2011). PP2A and PTP1B normally dephosphorylate Akt, resulting in 
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its inactivation. However, this activity can be prevented by treatment with hydrogen 

peroxide (Rao and Clayton 2002; Salmeen et al. 2003; Lou et al. 2008). Thus, 

ROS can inhibit protein function, in particular, phosphatases involved in normal 

PI3K/Akt signalling pathway, thus resulting in a deregulation of this pro-growth and 

pro-survival signalling pathway.  

ROS can also induce stress-responsive genes such as HIF-1, which can in turn 

activate the transcription of its target genes in order to drive cell survival during cell 

stress. Hypoxia leads to an increase in the levels of mitochondrial ROS and 

consequently, the stabilisation of HIF α-subunits. Cells depleted of their 

mitochondrial DNA are incapable of stabilizing HIF α-subunits under hypoxia, do 

not exhibit mitochondrial oxygen consumption and subsequently do not produce 

mitochondrial ROS (Chandel et al. 1998; Chandel et al. 2000). Moreover, hypoxia 

increases the release of superoxide from mitochondrial complex III to the 

mitochondrial intermembrane space (Waypa et al. 2010). Within complex III, 

electron transport is mediated by the Rieske-Fe-S protein (RISP), cytochrome b 

and cytochrome c1. Notably, while the loss of either RISP or cytochrome b results 

in the loss of mitochondrial oxygen consumption, only the loss of RISP eliminates 

mitochondrial ROS generation and cells deficient in RISP are unable to stabilize 

HIF α-subunits under hypoxia (Brunelle et al. 2005; Guzy et al. 2005). Altogether, 

this suggests that during hypoxia, the increased release of superoxide from 

complex III results in the inhibition of prolyl hydroxylases, leading to the 

subsequent stabilization of HIF α-subunits. While the complete mechanism by 

which this occurs is not fully known, one hypothesis is that ROS oxidizes 

intracellular Fe2+, a co-factor required for prolyl hydroxylase function (Sullivan and 

Chandel 2014). Therefore, mitochondrial ROS is important for the hypoxic 

activation of HIF transcription factors.  

In addition to affecting growth signalling pathways through the PI3K/Akt signalling 

cascade and hypoxic responses through HIF, ROS can also influence cellular 

metabolism. Metabolic processes generate ROS as a byproduct, particularly in the 

mitochondria through the ETC. Therefore, metabolic pathways also need to be 

appropriately regulated in order to maintain cellular redox homeostasis. ROS can 

directly influence the activity of proteins involved in glycolysis such as inhibiting 
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PKM2 activity by oxidizing important cysteine residues. This acts to divert 

glycolysis and results in increased PPP activity, increased glutathione levels and 

increased proliferation under hypoxia (Anastasiou et al. 2011). Moreover, ROS-

mediated activation of HIF-1 can also result in the expression of glycolytic 

enzymes and transporters to increase glycolytic flux (Kim et al. 2006), including 

NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 4-like 2 (NDUFA4L2), 

which suppresses complex I activity and mitochondrial ROS (Tello et al. 2011).    

1.2.3.3 Antioxidant Pathways Balance ROS 

High levels of ROS can cause irreversible oxidative damage to macromolecules 

such as DNA, proteins and lipids, resulting in the activation of apoptosis. 

Therefore, it is important for cells to maintain ROS homeostasis for normal cell 

growth and survival. Protein folding and disulphide bond formation at the ER also 

generate ROS, which must be counteracted to avoid protein misfolding and ER 

stress (Malhotra and Kaufman 2007). Excessive levels of ROS are lowered 

through the regulation of ROS-generating proteins as well as utilizing ROS-

scavenging systems.  

As mentioned previously, the SOD proteins (SOD1-3) convert superoxide into 

hydrogen peroxide. Hydrogen peroxide can subsequently be further reduced by 

antioxidant enzymes such as TRX, GRX and GPX, which utilize reduced 

glutathione (GSH) generated by glutathione reductase (GSHR), which obtains its 

equivalents from NADPH oxidation. GPX1 activity can be increased by 

phosphorylation by c-Abl to protect against high levels of oxidative stress (Cao et 

al. 2003) and protein thiol oxidation as a consequence of high levels of hydrogen 

peroxide can be reversed by TRX and GRX in an NADPH-dependent manner 

(Sabharwal and Schumacker 2014). Both of these systems are expressed 

independently in the cytosol as well as in the mitochondria, allowing for 

independent regulatory mechanisms of the redox status in these subcellular 

compartments (Holmgren 1989) (Figure 1-3). 

The major transcriptional response that increases the production of antioxidant 

and detoxifying proteins is through the activation of the transcription factor nuclear 

factor (erythroid-derived 2)-like 2 (NRF2). Under basal conditions when ROS 
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levels are low, NRF2 is kept transcriptionally inactive through binding to its 

negative regulator Kelch-like ECH-associated protein 1 (KEAP1), which targets 

NRF2 for proteasomal degradation. During conditions where ROS levels are high, 

oxidation of specific cysteine residues on KEAP1 results in a disruption in the 

NRF2-KEAP1 interaction, which leads to NRF2 stabilisation. NRF2 can then bind 

to antioxidant response elements (ARE) or electrophile response elements (EpRE) 

on DNA and drive the expression of antioxidant genes involved in the response to 

oxidative stress (Sporn and Liby 2012). For example, NRF2 can decrease ROS 

levels and oxidative stress by suppressing the expression of NOS as well as 

inducing the expression of catalase (Hayes et al. 2010).  

Another protein that can contribute to the cellular antioxidant response is DJ-1 

(also known as PARK7), which can also stabilize NRF2 and through this, promote 

the antioxidant response (Clements et al. 2006). Studies on DJ-1 have originally 

been focused on neurodegenerative disorders, in particular Parkinson’s disease, 

where it is believed that a loss of function results in elevated oxidative stress in the 

brain and increased neuronal cell death (Kahle et al. 2009).  

The distinction and interplay between not just the levels of ROS, but also the 

source, cytoplasmic or mitochondrial, as well as the type of ROS, whether it is pro-

growth or detrimental to cell growth, is important in determining the cellular 

response to ROS. 

1.2.3.4 Adaptation to Oxidative Stress in Cancer Cells 

Pre-exposure of normal epithelial cells to low, but continuous levels of oxidants 

confers a resistance to subsequent exposures to higher levels of oxidative stress, 

suggesting that cells are able to adapt to oxidative stress (Choi et al. 1997). 

Similar to normal cells, high levels of oxidative stress are toxic to cancer cells. Due 

to the proliferative capacity and the altered metabolism of cancer cells, these cells 

are exposed to constant high levels of endogenous oxidants and elevated levels of 

oxidative stress have been observed in many cancer cell types (Zhou et al. 2003; 

Kamiguti et al. 2005). Moreover, increased oxidative stress is correlated with poor 

prognosis and the aggressiveness of tumours, and studies have shown an 

increase in oxidative damaged biomolecular compounds such as oxidized DNA 
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bases (8-oxo-deoxyguanosine) and lipid peroxidation products (Patel et al. 2007; 

Tsao et al. 2007; Kumar et al. 2008; DeNicola et al. 2011). Therefore, during 

oncogenic transformation, there is a selective advantage for cancer cells that are 

able to adjust their redox homeostasis and adapt to this increased oxidative stress 

(Ogasawara and Zhang 2009). 

In cancer progression, several oncogenes have been shown to cause increased 

ROS production. HRas-transformed cells, which possess increased levels of ROS, 

also show an elevation in antioxidant proteins such as TRX compared to its non-

tumourigenic parental cells (Young et al. 2004). This increased antioxidant 

capacity allows for the evasion of ROS-induced apoptosis. Furthermore, loss of 

this antioxidant capacity, such as through glutathione depletion, resulted in ROS 

accumulation and cell death (Trachootham et al. 2006), illustrating an important 

pro-survival role for antioxidants. Similarly, studies using inducible c-Myc in 

melanoma cells showed an increased expression of GSH synthesis enzymes, and 

downregulation of c-Myc resulted in apoptosis due to a depletion of GSH (Benassi 

et al. 2006). The ability to suppress ROS is also observed through the activity of 

sirtuin 3 (SIRT3), an NAD+-dependent protein and one of the three mitochondrial 

sirtuins, which modulates mitochondrial function via the deacetylation of proteins 

involved in the TCA cycle, the ETC as well as the antioxidant response (Bell and 

Guarente 2011; Roth and Chen 2014). Human tumours have shown a significant 

decrease in SIRT3 expression and loss of SIRT3 through genetic knockout 

resulted in increased levels of mitochondrial ROS, while an overexpression of 

SIRT3 led to a suppression of mitochondrial ROS (Bell and Guarente 2011; Finley 

et al. 2011). Furthermore, animal studies using knockout or transgenic 

overexpression of ROS-scavenging enzymes SOD and GPX have also suggested 

a potential for these proteins as tumour suppressors (Lu et al. 1997; Egler et al. 

2005; Elchuri et al. 2005). Thus, during malignant transformation, oncogenic 

signalling can promote both ROS generation as well as the systems by which cells 

use to adapt to and minimize oxidative stress.  

In particular, the altered activity of redox-sensitive transcription factors such as 

NRF2 can also lead to an increased expression of ROS-scavenging proteins such 

as SOD and GPX, as well as increased levels of antioxidant molecules such as 
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TRX and GSH (Sporn and Liby 2012). Much like how normal cells activate NRF2 

during oxidative stress, cancer cells also promote the NRF2 transcriptional 

response. This is supported by studies in mouse models of pancreatic cancer and 

in human pre-invasive pancreatic intraepithelial neoplasia (PanIN) and pancreatic 

ductal adenocarcinomas (PDAC), where elevated expression of the NRF2 target 

gene, NAD(P)H:quinone oxidoreductase 1 (Nqo1) and decreased markers of 

oxidative stress were noted in KRas-mutant murine and human PanIN and PDAC 

(DeNicola et al. 2011). In addition, gain-of-function mutations of NRF2 have also 

been identified in skin, lung and larynx squamous cell carcinomas (Kim et al. 

2010b). These NRF2 mutations result in an inability for KEAP-1, the negative 

regulator of NRF2, to interact with NRF2 and prevent NRF2 degradation, therefore 

leading to increased levels of NRF2 protein and activity (Solis et al. 2010). 

Furthermore, loss of function mutations in KEAP-1 have also been identified in 

lung, gallbladder, ovary, breast, liver and stomach carcinomas (Singh et al. 2006; 

Nioi and Nguyen 2007; Ohta et al. 2008; Shibata et al. 2008a; Shibata et al. 

2008b; Konstantinopoulos et al. 2011; Yoo et al. 2012), all of which result in 

constitutive NRF2 activity. While the frequency of mutations in NRF2 and KEAP1 

are often low compared to oncogenes and tumour suppressors, increased 

expression of NRF2 and decreased expression of KEAP1 are correlated with poor 

prognosis (Solis et al. 2010).  

However, it is not fully understood whether an elevation in NRF2 can directly 

promote tumourigenesis or that elevation in NRF2 activity is a consequence of 

increased stress induced by oncogenes. Evidence suggesting this is a direct 

consequence of oncogenic signalling arises from the transcriptional induction of 

NRF2 in mouse models of cancer with the activation of KRas, BRaf or Myc 

(DeNicola et al. 2011). DJ-1 has also been found to function as an oncogene. In 

addition to stimulating the PI3K/Akt pathway by regulating the function of PTEN 

(Kim et al. 2005), DJ-1 can also promote tumourigenesis by lowering oxidative 

stress caused by aberrant cell proliferation by stabilizing NRF2 and promoting its 

antioxidant activities (Clements et al. 2006). Furthermore, the high expression of 

DJ-1 found in cases of lung, ovarian and oesophageal cancers has been 

correlated with poor outcome (Kim et al. 2005; Davidson et al. 2008; Yuen et al. 

2008). While these adaptive mechanisms keep ROS levels within a range that 
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allows cancer cells to escape severe oxidative damage and survive periods of 

stress, increased levels of mitochondrial ROS generated by cancer cells can also 

further promote cancer cell transformation by causing genomic instability (Sullivan 

and Chandel 2014).  

By targeting mitochondrial DNA (mtDNA), mitochondrial ROS can lead to genomic 

instability and further mutations, which can subsequently lead to further metabolic 

malfunction, oxidative stress and cancer cell proliferation. As mtDNA is not 

protected by histones, the rate of mitochondrial mutations is much greater than 

nuclear DNA. When a mutation arises, it can be passed to daughter cells along 

with normal mtDNA, resulting in a state of heteroplasmy. Heteroplasmic mutations 

have been found particularly enriched in tumours compared to normal tissue and 

seem to confer a selective advantage during tumourigenesis (Larman et al. 2012). 

For example, heteroplasmic mutations in the complex I subunit NADH 

dehydrogenase subunit 6 increase the metastatic potential of cells through an 

increased production of mitochondrial ROS alongside an activation of HIF-1 

(Ishikawa et al. 2008). This activity was inhibited following treatment with the 

antioxidant N-acetyl cysteine (NAC). Moreover, heterozygosity for mitochondrial 

transcription factor A (TFAM A) resulted in a mitochondrial ROS-dependent 

increase in intestinal tumourigenesis in an Apcmin/+ mouse model of cancer (Woo 

et al. 2012). In addition, these animals were then bred with transgenic mice that 

overexpress catalase targeted to the mitochondrial matrix and showed fewer 

intestinal polyps alongside a decrease in mitochondrial ROS. However, in contrast 

to this study, a complete loss of TFAM A inhibited tumour formation in a mouse 

model of KRas-driven lung cancer (Weinberg et al. 2010). This shows that, while 

low levels of heteroplasmic mutations can promote cancer cell growth, increased 

levels of heteroplasmic or homoplasmic mutations in mtDNA can impair overall cell 

metabolism and therefore decrease tumour progression.    

Mutations in mtDNA can also affect mtDNA-encoded TCA cycle enzymes such as 

SDH and FH, which have both been reported mutated in a variety of human 

tumours (Sudarshan et al. 2009; Dahia 2014). Loss of FH leads to an 

accumulation of fumarate, which succinates the thiol residue on intracellular 

glutathione resulting in the production of succinated glutathione (GSF). This 
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process consumes NADPH, and thus, GSF lowers overall NADPH levels leading 

to increased mitochondrial ROS levels and HIF-1 stabilization (Sullivan et al. 

2013). Moreover, FH-deficient cells also show an elevated expression of NRF2 

due to the succination and inactivation of KEAP1 as a consequence of increased 

levels of fumarate. This indicates that FH-deficient cells upregulate NRF2 in order 

to suppress fumarate-mediated ROS production and to maintain favourable 

conditions for cell proliferation (Adam et al. 2011; Ooi et al. 2011; Sullivan et al. 

2013).  

1.3 The p53 Family in Metabolic Regulation 

1.3.1 p53 and Cancer Metabolism 

1.3.1.1 The Structure and Regulation of p53 

The p53 transcription factor is most well known for its role as a tumour suppressor 

protein through its ability to initiate various cellular responses, including cell cycle 

arrest, apoptosis and senescence in order to inhibit tumourigenesis. Through this 

genome guarding function, p53 prevents the accumulation of malignant cells and 

the maintenance of cell homeostasis (Zuckerman et al. 2009).  

The human p53 gene is located at chromosome 17p13.1 and spans 19,200 base 

pairs across 11 exons, while the mouse p53 gene is composed of 12,000 base 

pairs spanning over 11 exons. p53 possesses two distinct N-terminal 

transactivation domains (TAD), TAD I and TAD II, both of which interact with the 

transcription machinery, as well as a proline rich domain, which is required for the 

transactivation of certain target genes (Venot et al. 1998; Venot et al. 1999) 

(Figure 1-4). The DNA-binding domain confers sequence-specific binding activity 

to promoters of p53 target genes possessing a p53 response element (p53RE) (el-

Deiry et al. 1992). Furthermore, p53 contains five conserved boxes, which are 

regions of high conservation across species, and conserved box I is required for 

interaction with the ubiquitin ligase mouse double minute 2 (MDM2) that acts as a 

p53 regulator (Chen et al. 1993) (Figure 1-4). p53 also possesses a nuclear 

localization signal (NLS) and a nuclear export signal (NES), which allow the 

protein to shuttle in and out of the nucleus (Shaulsky et al. 1990), and forms a 

tetrameric complex out of two homodimers via its tetramerisation domain in order 
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to become a fully active transcription factor (Clore et al. 1995). Finally, the C-

terminus of p53 contains regulatory domains, which are available for 

posttranslational modifications.  

 

 

Figure 1-4 Structure of full-length p53 
The domains of the full-length p53 protein include the transactivation domain, proline-rich 

domain, DNA binding domain, nuclear localization signal (NLS), tetramerisation domain 

(TET) and C-terminal regulatory domain. The MDM2 binding site is found in the 

transactivation domain and I-V indicate the conserved boxes. 

 

While most studies have focused on the full-length p53 protein (FLp53), multiple 

other p53 isoforms have also been described. Originally, one promoter and three 

mRNA splice variants were discovered for p53, which encode for FLp53, p53β 

(also known as p53i9) (Chow et al. 1993; Flaman et al. 1996) and Δ40p53 (also 

known as ΔNp53) (Yin et al. 2002; Ghosh et al. 2004). The variant p53β is 

encoded by alternative splicing of intron 9, leading to a p53 isoform deleted of the 

last 60 amino acids, consequently lacking the regulatory and tetramerisation 

domain and therefore, defective in transcriptional activity (Chow et al. 1993; 

Flaman et al. 1996). In contrast, as a consequence of alternative splicing in intron 

2 or through an alternative initiation site of translation, Δ40p53 is an amino-

terminally truncated p53 isoform lacking the first 40 amino acids. The Δ40p53 

isoform retains TAD II and is therefore still able to activate gene expression. 

However, the activity of this isoform results in an inhibition of wild-type p53 

transcription as well as apoptosis (Ghosh et al. 2002; Yin et al. 2002; Ghosh et al. 

2004; Murray-Zmijewski et al. 2006). Moreover, this isoform lacks the MDM2-

binding N-terminal and is therefore, not targeted by MDM2 for proteasomal 

degradation (Ghosh et al. 2004).  
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It is now understood that transcription of the TP53 gene can also be initiated from 

two distinct sites upstream of exon 1 as well as from an internal promoter in intron 

4 (Bourdon et al. 2005). Transcription from the alternative promoter leads to the 

expression of an N-terminally truncated p53 initiated at codon 133 (Δ133p53), 

which lacks both TADs as well as part of the DNA-binding domain and is therefore 

unable to induce p53 target genes. In contrast, Δ133p53 was found to inhibit wild-

type p53 activity, particularly p53-mediated apoptosis (Bourdon et al. 2005). 

Furthermore, this isoform has been found to promote angiogenesis and 

tumourigenesis (Bernard et al. 2013). Translation of the Δ133p53 mRNA transcript 

can also be initiated at an alternative start site (ATG at codon 160) resulting in an 

even shorter Δ160p53, which lacks the first 160 amino acids (Marcel et al. 2010). 

Intron 9 can also be alternatively spliced to produce three isoforms, p53, p53β and 

p53γ, where p53γ, much like p53β, lacks the regulatory and oligomerisation 

domains. Finally, these C-terminal alternative splice events can occur concurrently 

with N-terminal deletions, giving rise to a further 12 potential p53 isoforms 

(Bourdon et al. 2005).  

Amongst all these p53 isoforms there are various activities. While full-length p53 

has a higher affinity towards the p21 and MDM2 promoters, p53β binds 

preferentially to p53-responsive p21 and Bax promoters (Bourdon et al. 2005). 

Furthermore, p53β can form a complex with full-length p53, specifically enhancing 

p53 transcriptional activity at the Bax promoter and increase p53-mediated 

apoptosis. In contrast, co-transfection of p53 with Δ133p53 strongly inhibits p53-

mediated apoptosis (Bourdon et al. 2005). Altogether, this suggests a complex 

balance between the various p53 isoforms in order to regulate the cellular 

response to p53 activation. 

In addition to the isoforms described above, the p53 gene also contains a common 

single nucleotide polymorphism (SNP) within the proline-rich domain at codon 72, 

which can encode for a proline or an arginine residue. While both variants are 

common, this SNP influences the transcriptional output of p53 (Puente et al. 2006; 

Whibley et al. 2009). For example, peptidyl-prolyl cis-trans isomerase (PIN1) binds 

to the proline-rich domain of p53 and preferentially to the R72 variant (Mantovani 

et al. 2007). Moreover, the P72 variant shows increased binding to the anti-
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apoptotic inhibitor of apoptosis-stimulating protein of p53 (iASPP) compared to 

R72, making the R72 variant of p53 a more potent inducer of apoptosis 

(Bergamaschi et al. 2006).  

During unstressed conditions, p53 is regulated via protein turnover, mainly by the 

ubiquitin E3 ligase MDM2, which itself is a p53 target gene resulting in a negative 

feedback loop (Haupt et al. 1997; Honda et al. 1997; Kubbutat et al. 1999). MDM2 

constantly ubiquitinates newly synthesized p53 protein under unstressed 

conditions, which targets it for proteasomal degradation, thereby keeping basal 

levels of p53 low. This is particularly notable in MDM2-deficient mice, which are 

embryonic lethal due to elevated levels of p53 leading to apoptosis (Jones et al. 

1995; Montes de Oca Luna et al. 1995). Moreover, this phenotype can be rescued 

with a simultaneous loss of p53 in these animals. MDM2 modifies multiple lysine 

residues on p53 using the small protein ubiquitin through facilitating the formation 

of an isopeptide bond between the ε-group of the target lysine residue and the C-

terminal glycine residue of ubiquitin downstream of the 3-enzyme cascade of 

protein ubiquitination (Rodriguez et al. 2000; Chan et al. 2006; Shloush et al. 

2011).  

MDM2 belongs to a family of RING finger ligases where the RING domain is 

crucial for the catalytic activity of MDM2 by directly contacting the ubiquitin-

conjugating E2 enzyme (Budhidarmo et al. 2012). The MDM2 RING domain is 

located in the C-terminus and mutations disrupting the RING structure abrogate its 

ability to ubiquitinate p53 (Fang et al. 2000). Animals with a knock-in amino acid 

substitution in the RING domain are embryonic lethal due to elevated levels of p53 

resulting in apoptosis, much like observed in animal models of a complete MDM2 

knockout (Itahana et al. 2007). In addition to targeting p53 for degradation, MDM2 

can also block p53 TADs and thereby inhibit the induction of p53 target genes 

(Momand et al. 1992; Oliner et al. 1993). The central domain of MDM2, while not 

involved in the catalytic activity of MDM2, can also serve as a secondary contact 

point with the core domain of p53 (Kulikov et al. 2006; Wallace et al. 2006) and 

also plays a role in p53 degradation (Kawai et al. 2003; Meulmeester et al. 2003). 

Furthermore, this central domain also functions as a platform for binding MDM2-

interacting proteins such as p14ARF and L11, which can inhibit the ubiquitin ligase 
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activity of MDM2 (Sdek et al. 2004). A stretch of amino acids in the extreme C-

terminus of MDM2 is also important for MDM2 dimerisation (Poyurovsky et al. 

2007; Uldrijan et al. 2007; Linke et al. 2008). RING finger ubiquitin ligases 

generally function as a dimer and MDM2 is only functional when present as a 

homodimer with itself or its closely related protein MDMX (also known as MDM4) 

through interactions between their RING domains (Tanimura et al. 1999). While 

MDMX possesses a RING finger and a similar p53-binding domain to MDM2, it 

possesses no ubiquitin ligase activity. Despite this, MDMX knockout mice are 

embryonic lethal, much like the MDM2 knockout mice, and can also be rescued 

with a simultaneous loss of p53 (Parant et al. 2001; Migliorini et al. 2002). 

Interestingly, the MDM2-MDMX heterodimer shows greater ubiquitin ligase activity 

towards p53 compared to the more stable MDM2 homodimer (Kawai et al. 2007), 

and it was later found that MDMX negatively regulates p53 by promoting MDM2 

ubiquitin ligase activity (Badciong and Haas 2002; Linares et al. 2003; Wang et al. 

2007b). MDM2 is also able to promote a negative feedback loop by ubiquitinating 

itself as well as its binding partner MDMX (Honda and Yasuda 2000; de Graaf et 

al. 2003; Pan and Chen 2003). 

MDM2 targets p53 at all C-terminal lysine residues for modification by ubiquitin 

and mutations of all these residues to an arginine (6KR) results in a blockage of 

p53 degradation by MDM2 despite still being ubiquitinated in vitro (Rodriguez et al. 

2000). Moreover, mice with this mutant p53 did not present a more stable p53 

protein (Feng et al. 2005; Krummel et al. 2005), suggesting that ubiquitin 

modification of p53 is not limited to these C-terminal lysine residues. Lysine 

residues found in the DNA binding domain as well as the tetramerisation domain of 

p53 can also be ubiquitinated by MDM2 (Chan et al. 2006; Shloush et al. 2011).  

These lysine residues can also be altered by other posttranslational modifications 

such as acetylation and methylation. Acetylation of p53 predominantly occurs at 

lysine residues, where acetyl groups can be conjugated to either the N-terminal 

amino groups or ∑-amino groups in the C-terminus and the main histone 

acetyltransferase that acts to acetylate p53 is cAMP response element-binding 

protein (CREB) binding protein/p300 (CBP/p300) (Tang et al. 2008). Acetylation of 

lysine residues 373 and 382 is induced upon DNA damage and results in an 
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overall enhanced sequence-specific DNA-binding of p53 to its target genes (Gu 

and Roeder 1997; Ito et al. 2001). Acetylation can also enhance p53 protein 

stability by blocking MDM2-mediated ubiquitination (Li et al. 2002). On the other 

hand, upon DNA damage, lysine 372 can also be methylated by the 

methyltransferase Set9, leading to increased activation of p21 (Chuikov et al. 

2004). Three arginine residues in the tetramerisation domain of p53 can be 

methylated by protein arginine methyltransferase 5 (PRMT5) in response to DNA 

damage, which contributes to the activation of a number of p53 target genes 

including p21 and PUMA (Jansson et al. 2008).  

1.3.1.2 Activation of the p53 Stress Response 

As part of the cellular response to stress, p53 is activated by numerous intrinsic 

and extrinsic stress signals including DNA damage, proto-oncogene activation, 

and nutrient or oxygen deprivation, which result in a rapid stabilization of the p53 

protein. In addition to acetylation and methylation, posttranslational modifications 

of both p53 and MDM2 by phosphorylation can regulate their interaction in order to 

influence the p53 response.  

DNA damage activates stress-induced kinases, which phosphorylate the N-

terminus of p53 at residues important for its interaction with MDM2 (Siliciano et al. 

1997). One such kinase, ataxia telangiectasia mutated kinase (ATM), is activated 

in response chromatin alterations, which are a consequence of DNA strand breaks 

induced by ionizing radiation (Bakkenist and Kastan 2003). Serine residues can 

also be phosphorylated by ataxia telangiectasia and Rad3 related kinase (ATR) 

(Tibbetts et al. 1999), which is activated by replication blockage and stalled 

replication forks. Both ATM and ATR can activate kinases further downstream 

involved in p53 phosphorylation. ATM phosphorylates and activates checkpoint 

kinase 2 (Chk2) (Matsuoka et al. 2000), which in turn can phosphorylate p53 

(Chehab et al. 2000; Hirao et al. 2000), while ATR can phosphorylate and activate 

checkpoint kinase 1 (Chk1), and consequently also result in p53 phosphorylation 

and MDM2 dissociation (Shieh et al. 2000). While phosphorylation of MDM2 does 

not affect its interaction with p53, ATM- and ATR-induced phosphorylation of 

MDM2 results in an inhibition of MDM2-driven nuclear export of p53 (Khosravi et 

al. 1999; Maya et al. 2001; Shinozaki et al. 2003). Moreover, MDM2 
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phosphorylation by ATM can also disrupt the dimerisation of MDM2 RING domains 

(Cheng et al. 2009).  

In addition to DNA damage, activation of proto-oncogenes such as Myc and Ras 

also triggers p53 activation, through an upregulation in p14ARF expression, which 

serves as an inhibitor of MDM2 activity (Palmero et al. 1998; Pomerantz et al. 

1998; Zindy et al. 1998). Moreover, ribosomal stress releases ribosomal proteins 

such as L11 (Lohrum et al. 2003; Zhang et al. 2003) and L23 (Dai et al. 2004; Jin 

et al. 2004), which can inhibit the ubiquitin ligase activity of MDM2. Furthermore, 

metabolic stress such as glucose starvation can also activate p53 through 

phosphorylation by AMPK (Imamura et al. 2001). This is also observed under 

hypoxia, where p53 expression is elevated potentially through a downregulation of 

MDM2 (Alarcon et al. 1999) or phosphorylation by ATR (Hammond et al. 2002). 

Clearly, p53 can be activated via many mechanisms. However, the outcome of the 

p53 transcriptional response is highly dependent on the context of the cellular 

situation as well as the extent and duration of the stress. During periods of 

transient or mild-stress, which cells are able to resolve, p53 activation promotes 

the necessary pathways to induce cell repair as opposed to apoptosis. It can do so 

by inducing as well as repressing genes involved in cell cycle checkpoints as 

observed when the DNA template replicate contains errors or when chromosomes 

are damaged. Cell cycle arrest allows for DNA repair to occur in order to prevent 

an accumulation of damaged cells. While there are many p53-target genes which 

induce cell cycle arrest, the most prominent p53-target gene contributing to cell 

cycle arrest is the cyclin-dependent kinase (CDK) inhibitor p21 (also known as 

CIP1 and WAF1) (el-Deiry et al. 1993; Harper et al. 1993), which functions by 

inhibiting the G1/S specific kinases CDK2, 3, 4, and 6 (Harper et al. 1995). This 

prevents the hyperphosphorylation of RB and thus, cell cycle progression to S-

phase.   

In contrast, prolonged or severe stress, which cells are unable to resolve, leads to 

the activation of p53 and its target genes that initiate cell death programmes in 

order to eliminate cells from transformation due to proto-oncogene activation or 

DNA damage.  Such apoptosis eliciting p53 target genes include the pro-apoptotic 

Bcl-2 family member Bcl-2 associated X protein (BAX), which locates to the outer 
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mitochondrial membrane where it triggers the collapse of the mitochondrial 

membrane potential and the release of cytochrome c into the cytoplasm (Miyashita 

and Reed 1995). Cytochrome c then forms the apoptosome together with 

apoptotic protease activating factor 1 (APAF1), inducing the apoptotic initiator 

caspase 9, which cleaves and activates effector caspases. p53 can also induce 

the transcription of the Bcl-2 homology domain 3 (BH3)-only proteins PUMA 

(Nakano and Vousden 2001) and Noxa (Oda et al. 2000), which also causes the 

release of cytochrome c by binding to anti-apoptotic Bcl-2 and activating BAX and 

Bak (Gallenne et al. 2009; Dai et al. 2011). Alongside this, ROS can also 

contribute to p53-induced apoptosis through an upregulation of p53 inducible gene 

3 (PIG3), which encodes an NADPH-dependent reductase that generates ROS as 

part of the mitochondrial disassembly in apoptosis (Contente et al. 2002). PIG6 

encodes a proline oxidase, which also produces a pro-apoptotic ROS (Rivera and 

Maxwell 2005), and p53 is also able to repress NRF2-induced antioxidant genes 

such as Glutathione S-transferase (GST-α1) and NQO1 (Faraonio et al. 2006).  

Along side, cell cycle arrest and apoptosis, p53 can also trigger senescence an 

irreversible G1 cell cycle arrest that halts the growth of damaged cells. To induce 

senescence following DNA damage, proto-oncogene activation or telomere 

shortening, p16INK4A and p21 inhibit CDKs to prevent the hyperphosphorylation of 

RB, thereby inhibiting the activity of E2F transcription factors and cell cycle 

progression (Serrano et al. 1997). In addition to these tumour suppressive 

functions, p53 contributes to the suppression of angiogenesis by mediating the 

production of anti-angiogenic factors such as thrombospondin 1 (Dameron et al. 

1994) and can induce the expression of prolyl hydroxylases, which cleave collagen 

and leads to the release of anti-angiogenic collagen 4 and 18 fragments (Teodoro 

et al. 2006). p53 can also repress the invasive phenotype observed in cancer 

cells. The expression of CD82 (also known as KAI-1), a cell surface glycoprotein 

involved in cell-to-cell and cell-to-ECM interactions is increased by p53 (Mashimo 

et al. 1998), as well as the expression of macrophage inhibitory cytokine (MIC-1), 

which can also inhibit cell movement (Cheng et al. 2011).  
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Another one of the hallmarks of cancer that p53 is able to influence is cellular 

metabolism. In particular, p53 is able to counter the metabolic changes, which 

drive the Warburg effect, and this will be discussed in greater detail below.  

As p53 poses a major barrier during cancer cell transformation, p53-deficient mice 

can show normal development but are prone to the development of spontaneous 

neoplasms (Donehower et al. 1992). Somatic mutations in the p53 gene are 

frequent in most human cancers, ranging from 5 to 80% depending on the type, 

stage, and aetiology of tumours, with the majority of cases (50%) showing 

inactivating mutations in the coding sequence of p53 (Petitjean et al. 2007). Whilst 

most cancer patients harbour somatic p53 mutations, patients who carry germline 

p53 mutations present an increased risk of tumour development, particularly 

sarcomas and leukaemia, in a syndrome known as Li-Fraumeni (Malkin et al. 

1990). Most p53 mutations are missense mutations resulting in the expression of a 

full-length p53 with a single amino acid exchange, predominantly in the DNA 

binding domain (Soussi and Lozano 2005; Petitjean et al. 2007). These mutants 

can be separated as amino acids directly contacting the DNA (such as R248 and 

R273) and amino acids important in p53 conformation (such as R175, G245 and 

R282) (Cho et al. 1994). This disrupts p53-specific binding to DNA resulting in a 

loss of wild-type p53 transcriptional activity and can also lead to pro-tumorigenic 

gain of function. Furthermore, mutant forms of p53 are often overexpressed in 

tumours (Iggo et al. 1990), suggesting that mutant p53 is a far more stable protein 

than wild-type p53. While the mechanism for this is not fully understood, it is 

hypothesized that much like wild-type p53, mutant p53 can be stabilized during cell 

stress, which is highly prevalent in tumour cells and their microenvironment (Lang 

et al. 2004).  

1.3.1.3 The Role of p53 in Metabolism  

While the various tumour suppressive activities of p53 play an important role in 

protecting against tumourigenesis, there is now interest in the activities of p53 in 

regulating metabolism and providing cells the means to survive modest or 

transient periods of metabolic stress (Li et al. 2012a; Jiang et al. 2015). In 

particular, transient metabolic stresses can trigger a p53-mediated adaptive 
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response to induce metabolic remodeling as well as a decrease in proliferation and 

cell growth.  

p53 plays a complex but important role in the regulation of several metabolic 

pathways. Like other cellular stress signals, metabolic stress can activate p53 

through cellular metabolic sensors. In line with responding to conditions of limited 

nutrient availability, p53 is able to modulate growth signalling pathways such as 

the IGF-1/Akt/mTOR pathway, which results in limiting cell growth and division as 

well as energy consumption under conditions where this is detrimental. As 

mentioned previously, the upstream activation of AMPK during low energy levels 

can lead to p53 activation (Imamura et al. 2001; Jones et al. 2005) (Figure 1-5). In 

addition, p53 can activate AMPK by driving the expression of sestrins (Sestrin 1 

and 2), which can activate AMPK and inhibit mTORC1 (Budanov and Karin 2008). 

Other negative regulators of mTORC1 signalling that p53 can influence include 

IGF-binding protein 3 (IGF-BP3), PTEN and TSC2 (Feng et al. 2007; Matthew et 

al. 2009). IGF-BP3 is able to bind to IGF-1 and prevent it from binding to its 

receptor, thereby inhibiting the IGF-1/Akt/mTOR signalling pathway, while PTEN 

inactivates Akt, thus resulting in decreased activation of PDK1 and mTORC2. 

Moreover, loss of Akt activity also promotes the activity of the mTORC1 negative 

regulators, TSC1/TSC2, which can also be directly induced by p53 (Figure 1-5). In 

order to modulate cellular homeostasis, mTOR itself can also influence p53 activity 

when cell growth and proliferation is viable. Survival signalling via the Notch1 

receptor, which activates mTORC1 via the PI3K/Akt signalling cascade, promotes 

eIF4a-mediated inhibition of p53 (Mungamuri et al. 2006). In contrast, mTORC1 

can also drive p53 expression by increasing the expression of p14ARF, which 

inhibits MDM2, thus stabilizing p53 protein levels (Miceli et al. 2012).  

The mTOR pathway is also a major contributor to the regulation of autophagy, a 

catabolic process where autophagosomes form around cytoplasmic cellular 

components that have been targeted for degradation. Once enclosed, 

autophagosomes fuse with lysosomes resulting in autolysosomes and are able to 

catabolize their contents. This process promotes normal cell homeostasis by 

removing aged or dysfunctional organelles and proteins as well as the release of 

nutrients from these degraded biomolecules. Autophagy is particularly upregulated 
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during cell stress such as nutrient deprivation (Mordier et al. 2000) but has also 

been implicated in various diseases including cancer (Rubinsztein et al. 2012).  

p53 is able to both promote and inhibit autophagy depending on the circumstances 

(Morselli et al. 2009; Maiuri et al. 2010). By negatively regulating mTORC1, p53 is 

able to activate autophagy and many direct p53 target genes are able to promote 

autophagy independent of mTORC1 such as the lysosomal DNA-damage 

regulated autophagy modulator 1 (DRAM-1) (Crighton et al. 2006). While 

autophagy can promote cell survival by recycling non-essential cell components 

during nutrient deprivation, DRAM-mediated autophagy was found to contribute to 

the p53-mediated apoptosis (Crighton et al. 2007). Moreover, the p53 target 

PUMA can induce mitochondrial autophagy (mitophagy) in a Bax-dependent 

manner (Yee et al. 2009) and p53-mediated expression of etoposide-induced 

protein 2.4 homolog (Ei24) was found essential in the basal autophagic response 

in neurons and hepatocytes for the clearance of aggregate-prone proteins, and its 

regulation by p53 under normal conditions, suggests a homeostatic role for p53 in 

promoting autophagy (Zhao et al. 2012). Autophagic proteins can also promote 

p53 activity. Autophagy-related protein 7 (ATG7) can increase p53-dependent 

transcription of p21, and through this, promote cell cycle arrest and survival during 

periods of nutrient deprivation. While basal levels of autophagy have a tumour 

suppressive function, stress-induced autophagy can provide a pro-survival role for 

tumour cells during metabolic stress (Morselli et al. 2009), as observed in Myc-

driven lymphomas where inhibition of p53-induced autophagy resulted in tumour 

regression (Amaravadi et al. 2007; Maclean et al. 2008).  

Alongside the modulation of growth signalling pathways during metabolic stress, 

p53 is also able to influence proteins directly involved in metabolic pathways. 

Several studies have shown that p53 can regulate glycolysis, oxidative 

phosphorylation as well as the pentose phosphate pathway (PPP). ATP and ADP 

can directly alter p53 activity, with ADP promoting and ATP inhibiting the ability of 

p53 to bind DNA (Okorokov and Milner 1999). p53 can also exert its tumour 

suppressive function by counteracting the increase of glycolytic flux observed in 

cancer cells by influencing the expression of nutrient transporters such as 

decreasing the expression of glucose transporters, GLUT1 and GLUT4, in order to 
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lower glucose uptake (Schwartzenberg-Bar-Yoseph et al. 2004). p53 is also able 

to repress the expression of monocarboxylate transporter 1 (MCT1) to prevent the 

efflux of lactate under hypoxic conditions, resulting in the lowering of glycolytic 

rates (Boidot et al. 2012) (Figure 1-5).  

Moreover, p53 can influence the expression of metabolic enzymes involved in 

central carbon metabolism. In fibroblasts, p53 can repress the expression of 

phosphoglycerate mutase (PGAM), the enzyme responsible for the conversion of 

3-phosphoglycerate to 2-phosphoglycerate during glycolysis (Kondoh et al. 2005). 

p53 is also able to negatively regulate the expression of pyruvate dehydrogenase 

kinase 2 (PDK2), which inactivates pyruvate dehydrogenase (PDH) (Contractor 

and Harris 2012) (Figure 1-5). Through this mechanism, p53 promotes the 

production of acetyl-CoA rather than lactate from pyruvate. While it seems that p53 

lowers glycolysis, some activities of p53 seem to contradict this, suggesting tissue- 

and context-dependent manners of regulation. A muscle specific isoform of PGAM 

is transcriptionally activated by p53 in cardiomyocytes (Ruiz-Lozano et al. 1999). 

Greater complexities in p53-mediated regulation of cell metabolism can be 

observed in the PPP where p53’s activities vary dependent on the type of stress. 

While p53 can inhibit the diversion of glycolytic intermediates into the PPP by 

binding and inhibiting G6PDH (Jiang et al. 2011), TP53-induced glycolysis and 

apoptosis regulator (TIGAR) acts to promote the PPP by indirectly altering the 

activity of PFK-1 (Bensaad et al. 2006). The role of TIGAR, particularly during 

oxidative stress, will be further discussed in detail in the following chapters. 

The inhibition of glycolytic flux is paralleled by the ability of p53 to promote 

OXPHOS and the maintenance of mitochondrial health. The ability to increase the 

rate of TCA cycle activity is reflected in p53’s ability to promote glutamine 

utilization by transcriptionally activating glutaminase 2 (GLS2) (Hu et al. 2010; 

Suzuki et al. 2010), which catalyzes the hydrolysis of glutamine to glutamate and 

consequently be converted to α-KG, which can feed into the TCA cycle. p53 can 

repress the expression of malic enzymes, ME1 and ME2, which recycle malate to 

pyruvate and consequently direct TCA metabolites into biosynthetic pathways 

(Jiang et al. 2013) (Figure 1-5). p53 can also induce the expression of synthesis of 

cytochrome c oxidase 2 (SCO2), a key component for the assembly of the 
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cytochrome c oxidase (COX) complex, making up complex IV in the mitochondrial 

ETC in the mitochondria (Matoba et al. 2006). Furthermore, p53 can promote 

mitochondrial health and maintenance such as through the expression of 

ribonucleotide reductase subunit p53R2 whose activity is required for the stability 

of mitochondrial DNA (Bourdon et al. 2007; Kulawiec et al. 2009). Moreover, p53 

can promote the clearance of damaged mitochondria through mitophagy by 

promoting the expression of mitochondria-eating protein (Mieap) (Kitamura et al. 

2011).  

Amino acids can also support cell survival and cell growth, and p53 can function to 

help cells survive serine and glutamine starvation by inducing p21-mediated cell 

cycle arrest (Maddocks et al. 2013; Reid et al. 2013). Rapidly proliferating cells 

possess a high requirement for serine, which can be synthesized de novo or taken 

up extracellularly for protein synthesis as well as the production of anabolic 

intermediates including nucleotides, NADPH and GSH (Locasale et al. 2011; 

Labuschagne et al. 2014). Upon serine starvation, PKM2 activity is decreased 

which facilitates the diversion of glycolytic intermediates into the de novo serine 

synthesis pathway (SSP) (Chaneton et al. 2012). In order to balance the 

subsequent decrease in energy production as a consequence of this diversion in 

glycolytic flux, there is an increased rate of OXPHOS, which in turn generates 

higher levels of ROS. In order to ensure cellular adaptation to serine deprivation, 

the p21-mediated cell cycle arrest induced by p53 as well as the inhibition of 

nucleotide synthesis allow for a sustained generation of GSH to combat this 

increased oxidative stress (Maddocks et al. 2013). Normally, these adaptations 

are reversed when the synthesis of de novo serine has restored the levels of 

intracellular serine. However, cells lacking p53 continue to support nucleotide 

synthesis, undergo oxidative stress and eventually cell death. In this context, p53 

can be beneficial for cancer cells by supporting their survival under serine-deficient 

conditions. p53 can also inhibit cystine uptake and sensitize cells to ROS-induced 

ferroptosis, a non-apoptotic form of cell death, by repressing expression of 

SLC7A11, a key component of the cystine/glutamate antiporter (Jiang et al. 2015). 

Alongside carbon metabolism, p53 can also function as a regulator of lipid 

metabolism. As a tumour suppressor protein, p53 generally functions as a 
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negative regulator of lipid synthesis by promoting fatty acid oxidation and animals 

deficient in p53 show enhanced lipid accumulation (Wang et al. 2013). Moreover, 

activated p53 inhibits the induction of adipocyte differentiation in mouse embryonic 

fibroblasts (Molchadsky et al. 2008). Lipid metabolism itself is associated with 

glycolysis and the PPP, both of which supply the necessary components needed 

for lipid synthesis and is therefore also regulated by mTOR. Therefore, by 

influencing mTOR activity, p53 is able to affect lipid metabolism. In addition, p53 is 

able to directly induce the expression of proteins involved in lipid metabolism such 

as carnitine acetyltransferases, which act to transport fatty acids into the 

mitochondria for fatty acid oxidation (Zaugg et al. 2011) as well as transcription 

factors involved in lipid homeostasis such as sterol regulatory element-binding 

protein 1 (SREBP), an important transcription factor involved in fatty acid 

synthesis. By suppressing the expression of the SREBP1c isoform in mouse 

adipose tissue, p53 is able to repress the expression of fatty acid synthase 

(FASN), acetyl-CoA carboxylase (ACC) and ATP citrate lyase (ACLY) (Yahagi et 

al. 2003; Yahagi et al. 2004). Following glucose starvation, p53 is able to induce 

the expression of guanidinoacetate methyltransferase (GAMT), an enzyme 

involved in creatine synthesis, which promotes fatty acid oxidation (Ide et al. 

2009).  
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Figure 1-5 p53 in metabolism 
p53 can influence the activity of metabolic enzymes (blue) as well as transporters (purple) 

to generally dampen aerobic glycolysis, promote mitochondrial respiration, while 

functioning as a negative regulator of lipid synthesis by enhancing fatty acid oxidation and 

inhibit fatty acid synthesis. p53 is also able to influence the activity of oncogenes (green) 

as well as other tumour suppressor proteins (red) to modulate cellular metabolism. 

Dashed lines indicate indirect activation or inhibition. ACC, acetyl-CoA carboxylase; 

ACLY, ATP citrate lyase; CPT1, carnitine palmitoyltransferase I; ETC, electron transport 

chain; FASN, fatty acid synthase; G6PDH, glucose-6-phosphate dehydrogenase; MCT1, 

monocarboxylate transporter 1; ME, malic enzyme; PGAM, phosphoglycerate mutase; 

SCO2, synthesis of cytochrome c oxidase 2; SREBP, sterol regulatory element-binding 

protein; TIGAR, TP53-induced glycolysis and apoptosis regulator 
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By regulating carbohydrate and lipid metabolism, p53 is also able to regulate ROS 

levels in order to either promote the removal of damaged cells that have suffered 

sustained oxidative stress, or limit levels of ROS in order to lower oxidative stress 

and consequently, potential cell damage. By driving the expression of TIGAR and 

promoting PPP activity, p53 can increase the production of NAPDH, which can be 

used to generate the cellular antioxidant GSH (Bensaad et al. 2006). Moreover, at 

the expense of nucleotide synthesis, p53 can also promote GSH synthesis 

following serine starvation, thereby lowering ROS levels during metabolic stress 

(Maddocks et al. 2013). As previously mentioned, mitochondria are major 

generators of ROS. Therefore, by maintaining mitochondrial integrity, p53 can also 

limit ROS production. In addition, p53 can promote the transcription of antioxidant 

genes such as the sestrin family of proteins (Budanov and Karin 2008), aldehyde 

dehydrogenase 4 (ALDH4) (Yoon et al. 2004) and tumour protein p53-induced 

nuclear protein 1 (TP53INP1) (Cano et al. 2009). Moreover, p53 can repress the 

expression of pro-oxidant genes such as nitric oxide synthase 2 (NOS2) (Ambs et 

al. 1998) and cyclooxygenase 2 (COX2) (Subbaramaiah et al. 1999).   

However, if the damage caused by oxidative stress is too prevalent, p53 must 

induce apoptosis in order to eliminate these cells. To achieve this, p53 promotes a 

pro-oxidant state by inducing the expression of pro-oxidant genes such as PIG6 as 

well as ferredoxin reductase (Liu and Chen 2002; Rivera and Maxwell 2005). 

Under these conditions, p53 can inhibit antioxidant functions such as directly 

inhibiting the activity of G6PDH (Jiang et al. 2011) and repressing the expression 

of malic enzymes (Jiang et al. 2013) and manganese superoxide dismutase 

(MnSOD) (Zhao et al. 2005). Moreover, p53 can activate necrosis in response to 

oxidative stress by accumulating in the mitochondrial matrix and triggering the 

opening of the mitochondrial permeability transition pore (PTP) through interaction 

with the PTP regulator cyclophilin D, resulting in mitochondrial rupture (Vaseva et 

al. 2012).  

The interaction between p53 and NRF2, a regulator of the cellular oxidative stress 

response, can also influence the outcome of the response to ROS levels. p53 can 

both enhance and repress NRF2 activity depending on the context. Low levels of 

p53 enhance NRF2 protein levels by promoting the expression of p21, which acts 
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to stabilize NRF2 by binding to its negative regulator KEAP and thus, promote cell 

survival (Chen et al. 2009). In contrast, scenarios of high stress result in the 

inhibition of NRF2 by p53 to promote ROS-induced apoptosis (Chen et al. 2012).  

Taken together, p53 acts to balance cell metabolism to allow for homeostatic cell 

growth by allowing efficient energy production while maintaining basal anabolic 

pathways. Through this regulation, p53 can also play a tumour suppressive role as 

loss of p53 has been implicated in contributing to the acquisition of the Warburg 

phenotype observed in cancer cells.  

1.3.2 p63 and Cancer Metabolism 

The p53 family of transcription factors also includes two p53-related proteins called 

p63 and p73, which are homologues of p53 consisting of high structural and 

functional similarities (Kaghad et al. 1997; Yang et al. 1998) and both are capable 

of inducing certain p53 targets but also possess specific targets in unique roles 

such as development.  

1.3.2.1 The Structure and Function of p63 

The human p63 gene is composed of 15 exons, located on chromosome 3q27, 

while mouse p63 gene is composed similarly of 15 exons located on chromosome 

16 (Schmale and Bamberger 1997; Yang et al. 1998). Transcription of the p63 

gene generates a protein much like p53 possessing an N-terminal transactivation 

domain, a central DNA-binding domain and a tetramerisation domain with the 

DNA-binding domain being highly homologous to p53. Both human and mouse 

p63 genes can express at least three alternatively spliced C-terminal isoforms (α, 

β and γ), all of which can be transcribed from an alternative promoter in intron 3. 

The full-length TAp63 isoforms are generated through a promoter upstream of 

exon 1, while an alternative promoter results in the expression of N-terminal 

truncated isoforms lacking the transactivating domain, ∆Np63 (Yang et al. 1998). 

Altogether, the p63 gene expresses at least six mRNA variants, encoding for six 

different p63 protein isoforms (TAp63α, TAp63β, TAp63γ, ΔNp63α, ΔNp63β and 

ΔNp63γ) (Murray-Zmijewski et al. 2006).  
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While TAp63α represents the full-length protein, TAp63β lacks exon 13, which 

encodes for the sterile α motif (SAM) domain. TAp63γ is a smaller isoform as it 

lacks exons 11, 12, 13 and 14. Furthermore, as the TAp63α isoform possesses a 

transcription inhibitory domain, which can fold back and interact with the N-

terminal transactivation domain, TAp63α is less transcriptionally active than 

TAp63β or TAp63γ (Serber et al. 2002). Interestingly, this inhibitory domain can be 

cleaved by caspases during the cellular stress response (Sayan et al. 2007). 

TAp63 isoforms are capable of binding to p53 response elements and able to 

induce p53 targets such as p21 and induce cell cycle arrest (Osada et al. 1998). 

However, as the TAp63 response element differs slightly from that of p53, TAp63 

also possesses its own preferred response element (Osada et al. 2005b; Sasaki et 

al. 2005). Thus p63-specific target genes were discovered, such as bullous 

pemphigoid antigen 1 (BPAG1), that are not responsive to p53 (Osada et al. 

2005a). While the ∆Np63 isoforms are also able to bind to DNA via p53 response 

elements, they also possess a distinct set of target genes that are not induced by 

TAp63 isoforms (Dohn et al. 2001; Wu et al. 2003). Furthermore, ∆Np63 isoforms 

can lower p53, p63 and p73 activities by competing for DNA binding sites or 

through direct protein interaction (Benard et al. 2003). 

While p63 can exert functions similar to p53 with regard to cell cycle arrest and 

apoptosis, studies on transgenic mice have shown that p63 plays an essential role 

in epidermal morphogenesis and limb development (Armstrong et al. 1995; Mills et 

al. 1999). Animals deficient in p63 only survive a few days after birth and present 

craniofacial malformations, limb truncations and a failure to develop skin and other 

epithelial tissues (Yang et al. 1998; Mills et al. 1999). In particular, ∆Np63 is the 

predominant isoform found in the skin and is crucial for the maintenance of the 

epidermal stem cell niche as well as the proliferation of committed precursors 

(Parsa et al. 1999; Senoo et al. 2007). Further transgenic mouse studies have 

allowed a greater understanding for isoform-specific functions. Animals with an 

inducible loss of ∆Np63 were viable but showed skin fragility (Koster et al. 2009), 

while epidermis-specific loss of TAp63 did not result in any abnormalities (Su et al. 

2009). Furthermore, isoform-specific reconstitution studies found that ∆Np63 could 

restore epidermis formation in p63-null animals while the reconstitution of TAp73 

was unable to do so (Romano et al. 2009). Whilst most tissues express higher 
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levels of ∆Np63, oocytes have been shown to highly express TAp63, which 

protects the female germline by inducing apoptosis following DNA damage (Suh et 

al. 2006; Livera et al. 2008). 

While less severe than the phenotype observed in knockout animals, germ-line 

mutations in p63 have also been identified in humans and result in rare autosomal 

dominant developmental diseases, such as ectrodactyly ectodermal dysplasia-

clefting (EEC) syndrome which results in hand and feet anomalies and 

developmental defects of ectodermal-derived structures such as hair, and facial 

clefts. Notably, EEC syndrome is a result from heterozygous germline missense 

mutations in the DNA-binding domain of p63, therefore affecting all p63 isoforms 

(Celli et al. 1999).  

In contrast to p53, p63 is rarely mutated in cancer. However, its expression is 

frequently deregulated (Hagiwara et al. 1999). While some p63 heterozygous mice 

were cancer prone, mostly squamous cell carcinomas and histiocystic sarcomas 

(Flores et al. 2005), others have shown p63 heterozygous mice on a different 

genetic background presented premature ageing but no development of cancer 

(Keyes et al. 2005). In humans, the p63 gene is often amplified in squamous cells 

in lung and cervical carcinomas (Wang et al. 2001; Massion et al. 2003), and a 

number of squamous cell carcinomas of the head and neck express high levels of 

∆Np63 (Hibi et al. 2000). Despite this, ∆Np63 amplification has been correlated 

with good treatment response (Massion et al. 2003). However, it should also be 

noted that most tumours lose the wild-type p63 allele and loss of p63 is associated 

with a more invasive phenotype (Barbieri et al. 2006).  

1.3.2.2 The Role of p63 in Metabolism 

Alongside its ability to regulate known p53 responses, a role for p63 in regulating 

different aspects of metabolism has also been discovered, particularly with lipid 

metabolism.  

Activation of the mTOR signalling pathway is able to induce the expression of 

TAp63 and ∆Np63, which signals downstream to activate the Notch signalling 

pathway in order to influence cell differentiation (Ma et al. 2010). TAp63-deficient 
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mice develop defects in lipid utilisation, fatty acid oxidation and show insulin 

resistance and glucose intolerance (Su et al. 2012). Moreover, TAp63 can regulate 

fat and glucose metabolism by responding to metabolic stress and induce the 

expression of activate silent information regulator T1 (SIRT1) and AMPKα2, and 

LKB1 resulting in increased fatty acid synthesis and decreased fatty acid oxidation 

(Su et al. 2012). In addition, TAp63γ levels were elevated in response to 

metformin and can act to lower blood glucose levels following metformin-induced 

activation of AMPKα (Su et al. 2012). The induced expression of TAp63α in Saos-

2 cells promoted glycolysis and lowered the channelling of glucose-derived 

metabolites into the TCA cycle. By doing so, TAp63α can promote the PPP, which 

was found uncoupled from nucleotide synthesis, but retained its ability to increase 

antioxidant defence through the generation of GSH. In addition to this, a link 

between patient survival rate and the co-expression of p63, G6PDH and 

phosphogluconate dehydrogenase was observed (D'Alessandro et al. 2014). 

TAp63 is also able to induce the expression of GLS2 during the in vitro 

differentiation of primary human keratinocytes, and both proteins could be induced 

in cancer cells upon exposure to oxidative stresses. Furthermore, loss of GLS2 

inhibited skin differentiation and sensitized these cells to ROS-induced apoptosis 

(Giacobbe et al. 2013).  

Work on ∆Np63α using transformed and immortalized epithelial cells showed a 

transcriptional activation of FASN as well as the maintenance of fatty acid 

synthesis and fatty acid oxidation (Sabbisetti et al. 2009). Moreover, the 

expression of both p63 and FASN was positively correlated in clinical squamous 

cell carcinoma samples (Sabbisetti et al. 2009). In squamous cell carcinoma, 

∆Np63α plays a role in stress-induced autophagy by inducing the expression of 

several ATG family genes as well as miRNAs, which in turn modulate the activity 

of ATG proteins (Huang et al. 2012). Alongside this, deletion of ∆Np63 can also 

lead to metabolic reprogramming and regression of p53-deficient tumours via the 

increased expression of IAPP, the gene that encodes amylin, a peptide co-

secreted with insulin by pancreatic β-cells. Amylin functions through the calcitonin 

receptor and receptor activity modifying protein 3 (RAMP3) and lowers glycolysis 

as well as increases levels of ROS and apoptosis. In addition, the CYBG gene, 

encoding for cytoglobin, a scavenger for nitric oxide as well as other forms of ROS, 
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was also found to be a transcriptional target of ΔNp63 and in proliferating 

keratinocytes, ΔNp63 acts to protect against oxidative stress-induced apoptosis 

through the induction of CYBG (Latina et al. 2015). A recent study has also found 

that ΔNp63 can support aerobic respiration by regulating HK2 expression in 

epithelial cells (Viticchie et al. 2015).   

1.3.3 p73 and Cancer Metabolism 

1.3.3.1 The Structure and Function of p73 

The mouse and human p73 genes are both made up of 15 exons located on 

chromosome 4 and chromosome 1p36.3, respectively. Much like p63, the p73 

gene generates a transcription factor highly homologous to p53, particularly in the 

DNA-binding domain (Melino et al. 2003). Similar to other p53 family members, 

p73 is subjected to multiple alternative splice events, which give rise to at least 

seven alternatively spliced C-terminal isoforms (α, β, γ, δ, ε, ζ and η) and at least 

four alternatively spliced N-terminal isoforms.  

A promoter upstream of exon 1 generates the transactivating isoforms (TAp73), of 

which include a full-length TAp73α isoform and shorter variants lacking various 

exons (TAp73β, TAp73γ, TAp73δ, TAp73ε and TAp73ζ) (Kaghad et al. 1997; De 

Laurenzi et al. 2000; Melino et al. 2002). Alongside this, an alternative promoter 

found in intron 3 generates the amino-truncated isoforms (ΔNp73α, ΔNp73β, 

ΔNp73γ, ΔNp73δ, ΔNp73ε, ΔNp73ζ and ΔNp73η), which lack the transactivation 

domain (Ishimoto et al. 2002). Altogether, the p73 gene expresses at least 35 

mRNA variants, which can theoretically encode for 29 different p73 isoforms of 

which 14 have been described (Murray-Zmijewski et al. 2006).  

Similar to p63, full-length p73 also contains a SAM domain, which is only found in 

the α and ζ isoforms. TAp73α is less transcriptionally potent than TAp73β. While 

the C-terminal of TAp63α was shown to directly interact with the N-terminal 

transactivation domain, both the SAM domain and a following inhibitory domain 

are required to suppress the activity of TAp73α. However, TAp73α is still much 

more efficient at inducing its target genes than TAp63α, potentially due to 

differences in their C-terminal inhibitory domains as the inhibitory sequence found 
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in the C-terminus of TAp63α is not present in TAp73α (Liu and Chen 2005; Straub 

et al. 2010). 

The TAp73 isoforms can bind specifically to DNA through p53 response elements 

and activate the transcription of known p53-target genes such as p21 and PIG3 

(Jost et al. 1997; Zhu et al. 1998; Lee and La Thangue 1999) to induce cell cycle 

arrest, senescence and apoptosis. The ΔNp73 isoforms bind DNA through p53 

response elements to exert inhibitory effects over p53, p63 and p73 activities, and 

are also able to directly activate the expression of genes not induced by TAp73 

isoforms (Liu et al. 2004; Liu and Chen 2005). Much like ΔNp63, ΔNp73 isoforms 

do this by competing for DNA binding or through direct protein interactions and 

thereby can show anti-apoptotic activities. Moreover, p73 proteins can bind to 

specific response elements different from p53 suggesting a distinct set of target 

genes (Sasaki et al. 2005).  

p73 activity can be induced in response to DNA damage by oncogenes such as 

Myc, phenocopying a p53 response (Zaika et al. 2001). However, p73 also 

possesses a role unlike p53 in neuronal development. The importance of p73 in 

the brain was illustrated in studies using p73-null animals, which show 

hippocampal dysgenesis, hydrocephalus, chronic infections, and abnormalities in 

pheromone sensory pathways as well as abnormal reproductive and social 

behaviour (Yang et al. 2000). This was due to a defect in both the embryonic and 

adult vomeronasal organ, a structure involved in pheromone detection where 

ΔNp73 is highly expressed. While these animals were first reported to show no 

increase in cancer susceptibility (Yang et al. 2000), some heterozygous animals 

for p73 did present lung adenocarcinomas, haemangiosarcomas and thymic 

lymphomas (Flores et al. 2005). Further isoform-specific studies showed that 

ΔNp73 is highly expressed in the developing mouse brain where it acts to 

counteract p53-induced neuronal apoptosis. This was further demonstrated where 

increasing levels of ΔNp73 alone were able to rescue neuronal cell death (Pozniak 

et al. 2000) and ΔNp73-null neurons were more sensitive to DNA damage 

(Wilhelm et al. 2010). In contrast, TAp73-specific knockout animals presented 

infertility, genomic instability and the development of spontaneous tumours 

(Tomasini et al. 2008). Furthermore, a switch in p73 isoforms from ΔNp73 to 
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TAp73 is also observed in kidney organogenesis in the developing nephron 

suggesting a role in p73 isoform regulation during the terminal differentiation 

programme (Saifudeen et al. 2005). Recently, TAp73 was found to also play a role 

in spermatogenesis as TAp73-null mice exhibited increased DNA damage and cell 

death in spermatogonia, resulting in male infertility, all of which were not observed 

in p53-deficient animals (Inoue et al. 2014).  

While no human genetic disorders have been associated with germline mutations 

in the p73 gene, there is a significant loss of heterozygosity of p73 in a number of 

cancers (Moll and Slade 2004). Moreover, the p73 promoter has been found to be 

hypermethylated, which inhibits p73 transcription in lymphomas and leukaemias 

(Corn et al. 1999; Kawano et al. 1999). In contrast, ovarian cancers have shown 

overexpression of p73 (Chen et al. 2000; Ng et al. 2000) and an overexpression of 

ΔNp73 was found to be a marker for poor prognosis in neuroblastoma patients 

(Casciano et al. 2002). 

1.3.3.2 The Role of p73 in Metabolism 

Similar to p53, p73 is a major regulatory of autophagy (Crighton et al. 2007). 

mTORC1 negatively regulates the expression of p73. Therefore, when mTORC1 

signalling is inhibited, p73 is activated in order to induce the expression of 

autophagosome- and lysosome-associated genes to promote autophagy 

(Rosenbluth et al. 2008; Rosenbluth and Pietenpol 2009). While p73, like p53, is 

also able to induce the expression of DRAM-1, p73-mediated autophagy does not 

rely on DRAM-1 activity (Crighton et al. 2007). In addition, suppression of p73 by 

mTORC1 can also regulate insulin response genes (Rosenbluth et al. 2008) as 

well as genes involved in mesenchymal differentiation and tumourigenesis 

(Rosenbluth et al. 2011). AMPK can also negatively regulate p73 activity through 

direct interaction with AMPKα (Lee 2009).   

Transgenic TAp73-deficient mice have allowed for a further understanding of 

TAp73’s role in autophagy, particularly through its regulation of ATG5. Through 

this, TAp73 can contribute to lipid metabolism in liver hepatocellularcarcinoma 

models (He et al. 2013). Furthermore, cytochrome c oxidase subunit 4 (Cox4il) is a 

TAp73 target, and TAp73-null mice showed decreased activity of mitochondrial 
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complex IV, oxygen consumption and ATP production, as well as increased levels 

of ROS and sensitivity to oxidative stress. In addition, these animals also showed 

signs of premature ageing associated with elevated levels of oxidative stress 

(Rufini et al. 2012).  

TAp73 can also activate serine biosynthesis, resulting in increased intracellular 

levels of serine and glycine. However, TAp73 does not directly regulate the 

expression of metabolic enzymes involved in the SSP but rather, transcriptionally 

upregulates GLS2, which drives serine biosynthesis by converting glutamine to 

glutamate, which then feeds into the SSP. Serine and glutamate can then be 

utilised for GSH synthesis, thus promoting an oxidative stress response (Amelio et 

al. 2014; Velletri et al. 2015). Much like p53 and TAp63, TAp73 can also promote 

the PPP, NADPH generation and antioxidant defence by directly activating G6PDH 

and increasing flux into the PPP (Du et al. 2013). However, rather than supporting 

proliferation, it is thought that TAp73 promotes anabolism in order to counteract 

cellular senescence (Agostini et al. 2014).  

1.4 The Wnt Signalling Pathway and Cancer Metabolism 

Another major growth signalling pathway that is often deregulated in cancer cells is 

the Wnt signalling cascade. The Wnt gene, originally named Integration-1 (Int-1), 

was identified through its activation via the integration of mouse mammary tumour 

virus proviral DNA in virally-induced breast tumours (Nusse and Varmus 1982). It 

was later found that Int-1 shared homology with a known Drosophila gene, 

Wingless (Wg), which plays a role in segment polarity during larval development 

(Nusslein-Volhard and Wieschaus 1980; Rijsewijk et al. 1987). Therefore, 

nomenclature of the gene was changed to Wnt (Wingless/Int-1). 

1.4.1 Components of the Wnt Signalling Pathway 

Cell signalling by the Wnt family of glycoproteins is one of the main mechanisms 

driving cell proliferation, polarity as well as cell fate during embryonic development 

and tissue homeostasis (Logan and Nusse 2004). Consequently, mutations in the 

Wnt signalling pathway are often linked to human diseases including cancer 

(Clevers 2006). The canonical Wnt signalling pathway acts to regulate the protein 
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levels of the transcriptional co-activator β-catenin, which controls the expression of 

key developmental target genes. In addition, Wnt signalling can go through a 

number of non-canonical pathways, independent of β-catenin, which can result in 

changes in cell polarity as well as changes in intracellular calcium levels (Seifert 

and Mlodzik 2007).  

Upstream of the Wnt signalling cascade, complexity and specificity of the pathway 

is first conferred through the synthesis of the Wnt ligands. There are 19 known 

Wnt ligands, all of which have a high number of conserved cysteine residues, 

contain an N-terminal signal peptide for secretion and are ~40 kDa in size (Tanaka 

et al. 2002). Furthermore, Wnt ligands are N-linked glycosylated, which is 

important for their secretion (Komekado et al. 2007) as well as lipid modified 

(Hausmann et al. 2007), which is important for effective signalling (Willert et al. 

2003; Galli et al. 2007; Komekado et al. 2007) and secretion from the ER (Takada 

et al. 2006). In particular, cysteine palmitoylation by the multipass transmembrane 

O-acetyltransferase Porcupine (Porc) in the ER is essential for Wnt maturation 

(Hofmann 2000; Hausmann et al. 2007), and loss of Porc results in an 

accumulation of Wnt ligand at the ER (Takada et al. 2006). In addition, Wntless 

(Wls), a seven transmembrane protein found in endosomes, the Golgi and the 

plasma membrane, bind to Wnt proteins and is also required for the secretion of 

Wnt proteins (Banziger et al. 2006). Moreover, studies in nematodes have shown 

that the retromer, a multiprotein trafficking complex, is also necessary for Wnt 

signalling by retrieving endosomal Wls, which is otherwise degraded, and 

trafficking it to the Golgi network (Coudreuse et al. 2006; Port et al. 2008; Yang et 

al. 2008).  

Once secreted, Wnt proteins bind to a heterodimeric receptor complex, consisting 

of a frizzled (Fz) and a lipoprotein receptor-related protein 5/6 (LRP5/6) on target 

cells (Pinson et al. 2000; He et al. 2004; Tamai et al. 2004). Mammalian Fz 

proteins are seven transmembrane receptors and possess large extracellular N-

terminal cysteine-rich domains (Bhanot et al. 1996). These provide a platform for 

Wnt ligand interaction at multiple surfaces (Dann et al. 2001), including with the 

lipid modifications on Wnt ligands (Janda et al. 2012). Moreover, a single Wnt 

ligand can bind to multiple Fz proteins and vice versa (Bhanot et al. 1996; Janda et 
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al. 2012). Other Wnt receptors also exist such as receptor-like tyrosine kinase 

(RYK) and receptor tyrosine kinase-like orphan receptor 2 (ROR2), both of which 

are transmembrane tyrosine kinase receptors (van Amerongen et al. 2008).   

Much like many signalling transduction pathways, signalling via Wnt receptors 

involves ligand-induced conformational changes followed by the phosphorylation 

of key target proteins. In particular, binding of the protein Axin to the cytoplasmic 

tail of LRP6 is a crucial step (Mao et al. 2001) and is regulated by the 

phosphorylation of the LRP6 tail by at least two different protein kinases, glycogen 

synthase kinase 3 (GSK3) and casein kinase (CK1) (He et al. 2004; Tamai et al. 

2004). GSK3 phosphorylates the serine in PPPSP motifs found in multiple Wnt 

signalling components (Zeng et al. 2005), while CK1 is anchored in the plasma 

membrane and phosphorylates the same proteins adjacent to the motifs targeted 

by GSK3 (Davidson et al. 2005). The interaction between the LRP tail and Axin is 

further facilitated by the interaction between the cytoplasmic part of Fz receptor 

and another protein, Dishevelled (Dsh) (Chen et al. 2003).  

Alongside Wnt proteins, norrin and R-spondin are also capable of promoting the 

signalling pathway. Norrin is a specific ligand for the Fz4 and functions through the 

Fz4 and LRP5/6 complex during retinal vascularisation to promote Wnt signalling 

(Xu et al. 2004), while R-spondin proteins function alongside Wnt, Fz and LRP6 

(Kazanskaya et al. 2004; Wei et al. 2007), and are often co-expressed with Wnt 

(Kazanskaya et al. 2004). Recently, it was found that the leucine-rich repeat 

containing G protein-coupled receptor (LGR) family of seven transmembrane 

domain receptors act to bind to and mediate R-spondin signalling in the canonical 

Wnt pathway, particularly to enhance signalling by low doses of Wnt protein 

(Carmon et al. 2011; de Lau et al. 2011; Glinka et al. 2011). These receptors 

possess a large N-terminal extracellular leucine-rich repeat domain that allows 

binding to glycoprotein hormones. While LGR receptors bind R-spondin through 

this N-terminal domain, there is no evidence suggesting the use of G proteins 

(Carmon et al. 2011; de Lau et al. 2011). Moreover, LGR5 was found to be a Wnt 

target gene in colon cancer as well as a marker for adult stem cells in actively self-

renewing organs such as the intestinal tract (Jaks et al. 2008; Barker et al. 2009; 

Barker et al. 2010).  
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Alongside agonists, several secreted proteins are able to antagonize the Wnt 

signalling pathway. Secreted Frizzled related proteins (sFRPs) and Wnt inhibitory 

factor (WIF) bind to Wnt proteins and in the case of sFRPs, also to Fz. By doing 

so, they are able to inhibit both canonical and non-canonical Wnt pathways 

(Bovolenta et al. 2008). sFRPS resemble the ligand-binding cysteine-rich domain 

of Fz (Hoang et al. 1996), while WIF proteins are secreted molecules sharing 

similarities with the extracellular domain of RYK Wnt receptors (Hsieh et al. 1999). 

These Wnt binding properties suggests that these proteins can regulate Wnt 

protein stability, diffusion and extracellular distribution. Furthermore, two further 

classes of Wnt inhibitors are the Dickkopf (DKK) family and the WISE/Sclerostin 

(SOST) family of proteins. DKK proteins are LRP5/6 antagonists and are 

considered specific inhibitors of the Wnt signalling cascade. Although various 

different models for this inhibition have been proposed (Semenov et al. 2001; Mao 

et al. 2002), the most likely model suggests a disruption by DKK of the Wnt-

induced Fz-LRP6 receptor complex. Similarly, the WISE/SOST family of proteins 

also disrupts the Wnt-induced Fz-LRP6 complex (Semenov et al. 2005). In 

addition, Shisa proteins act to trap Fz proteins in the ER and thus, inhibit the Wnt 

signalling pathway by preventing Fz receptors from reaching the plasma 

membrane (Yamamoto et al. 2005). 

1.4.2 Activation of the Wnt Signalling Cascade 

The central player in the canonical Wnt cascade is β-catenin, a cytoplasmic 

protein whose stability is regulated by the destruction complex. Axin functions as a 

scaffold for the destruction complex by interacting with β-catenin, adenomatosis 

polyposis coli (APC), Wilms tumor gene on X chromosome (WTX), GSK3 and 

CK1. APC consists of three Axin-binding motifs interspersed between series of 

amino acid repeats with which β-catenin interacts. Importantly, APC is essential 

for the function of the destruction complex. Moreover, WTX, another protein that 

interacts with the destruction complex, also promotes the degradation of β-catenin 

(Major et al. 2007), although the mechanism of this is not yet known (Clevers and 

Nusse 2012).  

Following recent studies on the destruction complex, a new model for Wnt 

activation has been identified. When the Wnt receptors Fz/LRP are not activated, 
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the destruction complex interacts with a component of an E3 ubiquitin ligase 

complex, F-box/WD repeat-containing protein 1A (better known as βTrCP). Here, 

β-catenin is phosphorylated by CK1 and GSK3 at highly conserved 

serine/threonine residues, as well as ubiquitinated by βTrCP (Li et al. 2012b) 

(Figure 1-6). Consequently, β-catenin is targeted for degradation by the 

proteasome, preventing its translocation to the nucleus and downstream induction 

of its target genes (Aberle et al. 1997) (Figure 1-6). Upon Wnt activation, the intact 

destruction complex is recruited to the phosphorylated tail of LRP. Thus, the 

destruction complex is still able to phosphorylate β-catenin but ubiquitination of β-

catenin by βTrCP is blocked. Subsequently, the destruction complex becomes 

saturated with phosphorylated β-catenin leading to the accumulation of newly 

synthesised β-catenin, which can translocate to the nucleus (Li et al. 2012b) 

(Figure 1-6). 

Following on from its translocation to the nucleus, β-catenin interacts with the 

DNA-bound T-cell factor (TCF) and lymphoid enhancer factor (LEF) (Behrens et al. 

1996; Molenaar et al. 1998). When the Wnt signalling pathway is inactive, 

TCF/LEF interacts with the transcriptional repressor Groucho, which prevents the 

transcription of Wnt pathway target genes (Cavallo et al. 1998; Roose et al. 1998). 

However, when Wnt signalling is active, β-catenin interaction converts TCF/LEF 

into a transcriptional activator of its target genes such as Axin2 (Lustig et al. 2002), 

Myc (He et al. 1998) and cyclin D1 (Tetsu and McCormick 1999) (Figure 1-6). 

Furthermore, β-catenin itself can also function as a transcriptional activator by 

binding to histone modifiers such as CBP and Transcription factor IIIB 90 kDa 

subunit (Brf-1) (Stadeli et al. 2006). 

Alongside its role in the Wnt signalling pathway, β-catenin can bind to various 

cadherins such as E-cadherin found in cellular adhesion junctions (Peifer et al. 

1992). This illustrates two different pools of β-catenin, as the half-life of β-catenin 

involved in the signalling pathway is rather short while adhesion junction pool of β-

catenin is very stable (Korswagen et al. 2000).  
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Figure 1-6 The Wnt Signalling Pathway 
The new model of Wnt signalling at the receptor and destruction complex level. In the 

absence of Wnt ligands, the destruction complex resides in the cytoplasm, where it binds, 

phosphorylates, and ubiquitinates β-catenin (β-cat) by βTrCP. The proteasome recycles 

the complex by degrading β-catenin. T-cell factor/Lymphoid enhancer factor (TCF/LEF) 

occupies and represses Wnt target genes, helped by the transcriptional co-repressors 

such as Groucho. In the presence of Wnt ligands, a receptor complex forms between 

Frizzled and LRP5/6, and induces the association of an intact destruction complex to the 

phosphorylated tail of LRP5/6. After binding to LRP5/6, the destruction complex is still 

able to bind and phosphorylate β-catenin but is unable to promote its ubiquitination by 

βTrCP. This allows for the accumulation of newly synthesized β-catenin and nuclear 

translocation of β-catenin where it displaces Groucho from TCF and recruits 

transcriptional co-activators such as CREB binding protein (CBP) and Transcription factor 

IIIB 90 kDa subunit (Brf-1) to drive target gene expression. 
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1.4.3 Wnt Signalling in Diseases and Cancer 

Various components of the Wnt signalling pathway such as Wnt receptors, 

agonists, antagonists and signalling proteins have all been implicated in a variety 

of diseases. 

Mutations in Porc result in a rare genetic disorder, which is characterized by skin 

abnormalities and other developmental defects (Wang et al. 2007a), while 

mutations in R-spondin lead to XX sex reversal (Parma et al. 2006). Furthermore, 

mutations in Fz4 and LRP5 are associated with familial exudative vitreoretinopathy 

(Toomes et al. 2004), which is marked by defective retinal vascularisation. This is 

also observed in Norrie disease, which arises from mutations in the Wnt agonist 

Norrin (Xu et al. 2004). 

Notably, mutations in Wnt pathway components have also been linked to bone 

diseases as Wnt signalling activates osteoblasts and can influence bone mass. 

Loss-of-function mutations in LRP5 have been identified in patients with 

osteoporosis pseudoglioma syndrome, which is characterized by abnormal eye 

vasculature as well as low bone mass (Gong et al. 2001). In contrast, gain-of-

function mutations in LRP5, which render it resistant to its inhibition by SOST, 

have been identified in patients with high bone mass diseases (Boyden et al. 

2002; Little et al. 2002). Mutations in SOST itself result in sclerosteosis, which 

resemble high bone mass disorders (MacDonald et al. 2009). 

Notably, the Wnt signalling pathway also contributes to the maintenance of stem 

cell homeostasis. Early studies in mice found that mutations in TCF4 led to 

animals lacking intestinal stem cells and the subsequent loss of the tissue (Korinek 

et al. 1998). In the hair follicle, Wnt signalling also plays various roles in the stem 

cell niche and the biology of stem cell progenitors (DasGupta and Fuchs 1999). 

Blocking Wnt signalling eliminates hair follicles and other skin appendages such 

as the mammary gland (Andl et al. 2002), while activation of the Wnt pathway 

using mutant forms of β-catenin results in an expansion of haematopoietic and hair 

follicle stem cells (Gat et al. 1998).  
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As the Wnt pathway plays an important role in adult stem cell biology, mutations in 

the various components of the Wnt signalling pathway also contribute to cancer, 

particularly in tissues where Wnt signalling plays an important role in cell renewal 

or regeneration. Germline mutations in APC, resulting in a deregulated 

stabilisation of β-catenin and an increase in Wnt pathway activity, result in a 

hereditary cancer syndrome known as familial adenomatous polyposis, which is 

characterized by colon adenomas and polyps (Kinzler and Vogelstein 1996). 

Further mutations in KRas, p53 and mothers against decapentaplegic homolog 4 

(SMAD4) can result in the progression of the polyps to malignant cancers. Global 

exome-sequencing found that the majority of colorectal cancers possess 

inactivating APC mutations (Wood et al. 2007). In particular, the β-catenin target 

gene c-Myc is essential for the oncogenic potential of canonical Wnt signalling in 

colorectal cancer (Sansom et al. 2007). However, in cases where wild-type APC is 

present, Axin2 is often mutated (Liu et al. 2000). Hereditary loss of Axin2 leads to 

a predisposition to colon cancer and tooth agenesis (Lammi et al. 2004), while 

loss-of-function mutations in Axin2 have been linked to hepatocellular carcinomas 

(Rubinfeld et al. 1997). Mutations in β-catenin were first identified in colon cancer 

and melanomas (Morin et al. 1997; Rubinfeld et al. 1997), but have now also been 

found in a variety of cancers (Reya and Clevers 2005).  

Interestingly, a link between Wnt signalling and metabolism has been emerging 

where an increased risk for type II diabetes has been associated to specific SNPs 

in Wnt5b (Kanazawa et al. 2004), Wnt10b (Christodoulides et al. 2006) and 

TCF7L2 (Grant et al. 2006). While the mechanisms of this are still unclear, animals 

deficient in TCF7L2 show enhanced glucose tolerance, lowered insulin levels and 

protection against type II diabetes (Savic et al. 2011).   

1.4.4 Links Between Wnt Signalling and Cell Metabolism 

Much like many other growth signalling pathways, Wnt signalling has now also 

been implicated in influencing cellular metabolism and whole-body energy 

homeostasis in normal cells.   

Various animal studies have revealed a role for Wnt signalling in regulating 

metabolism in adult livers by contributing to hepatic carbohydrate and glutamine 
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metabolism (Cadoret et al. 2002; Tan et al. 2005; Chafey et al. 2009). While Wnt 

signalling can promote the expression of peroxisome proliferator-activated 

receptor δ (PPARδ), which is associated with mitochondrial biogenesis and lipid 

oxidation (Jeong et al. 2009), Wnt signalling can also suppress the adipogenic 

isoform PPARγ. This interplay is particularly important during adipocyte 

differentiation (Liu et al. 2006), breast cancer (Jiang et al. 2009) and in steatotic 

tissues (Tsukamoto et al. 2008).  

Furthermore, the Wnt pathway is linked to cellular mechanisms of nutrient sensing. 

Murine models of nutrient surplus have shown an altered expression of Wnt 

ligands and Wnt antagonists in adipose tissue (Lagathu et al. 2009). Similarly, 

following refeeding in fasted rats, β-catenin levels were increased in the liver, 

muscle as well as adipose tissue (Anagnostou and Shepherd 2008). In 

macrophages, alterations in glucose availability can also induce autocrine 

activation of the Wnt signalling pathway (Anagnostou and Shepherd 2008). The 

biosynthesis of mature Wnt ligands is also dependent on posttranslational lipid 

modifications. This implies that lowered levels of non-esterified fatty acids may 

lead to decreased Wnt ligand biosynthesis as well as the converse, where 

excessive lipid availability may lead to inappropriate Wnt signalling activation 

(Sethi and Vidal-Puig 2010). However, this is not yet fully understood. 

When considering the role of the Wnt pathway in adult tissue remodelling in 

response to injury, liver regeneration and cancer, the Wnt pathway also plays an 

important role in coordinating the required metabolic alterations. Particularly in the 

liver, the Wnt pathway contributes to carbohydrate and glutamine metabolism 

(Cadoret et al. 2002; Tan et al. 2005; Apte et al. 2009; Chafey et al. 2009). The 

Wnt pathway can also decrease oxidative stress through the induction of 

cytochrome P450s and glutathione transferase (Braeuning 2009). In contrast, loss 

of liver-specific APC suggests a role in fat deposition and the development of fatty 

liver under conditions of high nutrient uptake (Chafey et al. 2009). In the pancreas, 

the Wnt pathway contributes to the development of both the exocrine and 

endocrine pancreas, and recent studies have found that the Wnt signalling 

pathway can modulate mature β-cell biology including glucose-stimulated insulin 

secretion (Schinner et al. 2008; Shu et al. 2008), survival (Liu and Habener 2009) 
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and proliferation (Rulifson et al. 2007). Brown adipose tissue (BAT) is another 

organ that is highly important in whole-body energy homeostasis. Brown 

adipocytes function in energy dissipation through oxidative metabolism and a 

number of Wnt-related genes show inverse correlation with brown adipogenic 

potential while Wnt antagonists such as sFRP2 correlate with BAT differentiation 

(Tseng et al. 2005). Early Wnt pathway activation blocks BAT differentiation, while 

activation of the Wnt signalling pathway in mature brown adipocytes activates their 

conversion into white adipocytes (Longo et al. 2004). In contrast, white adipose 

tissue (WAT) functions as a major storage site for nutrient reserves and activation 

of the Wnt pathway here inhibits adipogenesis in vitro as well as in vivo (Prestwich 

and Macdougald 2007). Most likely, the mechanism by which this occurs is 

through the inhibition of adipogenic transcription factors PPARγ and CCAAT-

enhancer-binding proteins (C/EBP) (Freytag and Geddes 1992; Fu et al. 2005). 

While normal Wnt signalling can modulate normal cell metabolism, deregulation of 

the pathway can also result in altered metabolism as observed in cancer cells. 

This was first observed in ovarian cancer where a large number of metabolic 

genes were found to be β-catenin/TCF/LEF target genes, particularly those 

involved in glutamine and fatty acid metabolism (Menendez and Lupu 2007). In 

breast cancer, canonical Wnt signalling was found to increase glycolytic rate by 

suppressing mitochondrial respiration through the repression of COX (Lee et al. 

2012). Similarly in colorectal cancer, Wnt signalling can promote glycolysis through 

an upregulation of PDK1, which decreases the activity of PDH and thus results in 

decreased pyruvate oxidation (Pate et al. 2014). Furthermore, the lactate 

transporter MCT1 is also upregulated, which facilitates lactate secretion (Pate et 

al. 2014).  

As mentioned previously, the oncogene c-Myc is a well-established target of the 

canonical Wnt signalling pathway. Therefore, β-catenin mediated c-Myc 

expression can also result in an upregulation of glycolytic genes such as GLUT1, 

LDH and PKM2 (Wu et al. 2014). Moreover, c-Myc can also promote 

glutaminolysis through the induction of the solute carrier family 1 member 5 

(SLC1A5) glutamine transporter and mitochondrial GLS (Gao et al. 2009). 

Furthermore, this increase in glycolysis and glutaminolysis also promotes the de 
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novo synthesis of nucleotides and fatty acids (Thompson 2014). Glycolytic 

enzymes themselves can also further contribute to the Wnt signalling pathway as 

observed in the nuclear translocation of PKM2. This allows PKM2 to interact with 

β-catenin downstream of EGF signalling in a variety of cancer cell types to induce 

the expression of c-Myc and subsequently increase the expression of glycolytic 

genes including GLUT and LDH (Yang et al. 2011; Yang et al. 2012b; Yu et al. 

2013).  

ROS levels in cancer cells can also alter the activity of β-catenin as ROS can 

interrupt the interaction between β-catenin and TCF4 to facilitate the interaction 

between β-catenin and another transcription factor, FOXO3a (Dong et al. 2013). In 

breast cancer, this change in interaction shifts cancer stem cells to a more 

differentiated state and reduces tumourigenesis (Dong et al. 2013). Oxidative 

stress can also activate the Wnt pathway upstream of β-catenin through Dsh, 

where interaction between nucleoredoxin and Dsh inhibits Dsh activity. This 

interaction can be augmented through treatment with hydrogen peroxide, thus 

activating the Wnt pathway independent of the presence of extracellular Wnt 

ligands (Funato et al. 2006). Along with regulation by various proteins, the Wnt 

signalling pathway can also be altered by nutrients themselves. Glucose can 

promote β-catenin acetylation and nuclear accumulation in order to activate the 

transcription of Wnt target genes (Chocarro-Calvo et al. 2013). Furthermore, 

AMPK can inhibit the Wnt signalling pathway by reducing the activity of Dsh as 

observed in cervical cancer cells (Zoncu et al. 2011).  

In addition to canonical β-catenin signalling, β-catenin independent Wnt signalling 

(non-canonical) mechanisms can also alter cancer cell metabolism. This is 

particularly observed through alterations in mTOR signalling. Murine hyperplastic 

mammary tissues with an overexpression of Wnt1 show elevated mTOR activity 

via an inhibition of GSK3, which would normally phosphorylate and activate the 

mTOR negative regulator TSC2 (Inoki et al. 2006). In line with this, independent of 

β-catenin, the LRP6 receptor can promote aerobic glycolysis by activating Akt in 

prostate cancer cells (Tahir et al. 2013), and Akt itself can also influence β-catenin 

signalling to promote glycolytic activity, potentially through Akt-mediated inhibition 
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of GSK3 (Kim et al. 2010a). This suggests a further link between Wnt signalling 

and the Akt/mTOR pathway in order to regulate cancer cell metabolism. 

1.5 TIGAR: a Fructose-2,6-bisphosphatase 

1.5.1 The Structure of TIGAR 

TIGAR (TP53-induced glycolysis and apoptosis regulator) was discovered through 

a microarray analysis of ionizing radiation-responsive genes directly regulated by 

p53 (Jen and Cheung 2005). The human TIGAR (also known as C12orf5) gene is 

located on chromosome 12p13-3 and contains six coding exons and two p53-

binding sites, one upstream of the first exon, termed BS1, and one within the first 

intron, named BS2. Of the two sites, BS2 is much more efficient in binding p53. In 

the mouse, Tigar is found on chromosome 6 and shows a similar genomic 

organisation (Bensaad et al. 2006).  

Comparison of the amino acid sequence of TIGAR protein revealed a high level of 

conservation amongst vertebrae species from human to zebrafish (Bensaad et al. 

2006) and in particular, high level of similarities with the bisphosphatase domain of 

the glycolytic enzyme phosphofructokinase-2/fructose-2,6-bisphosphatase (PFK-

2/FBPase-2). Structural and biochemical studies using TIGAR from zebrafish 

found that the overall structure of TIGAR forms a histidine phosphatase fold with a 

phosphate molecule coordinated to the catalytic histidine residue as well as a 

second phosphate molecule in a position not observed in other phosphatases (Li 

and Jogl 2009). Furthermore, the TIGAR active site is open and positively 

charged, similar to other bisphosphatases. TIGAR is also structurally related to the 

bacterial broad specificity phosphatase PhoE and further structural comparisons 

revealed that TIGAR combines the accessible active site found in PhoE with a 

charged substrate-binding pocket as observed in the bisphosphatase domain of 

PFK-2/FBPase-2 (Li and Jogl 2009).  

1.5.2 The Phosphofructokinase-2/Fructose-2,6-bisphosphatase 
Family 

The PFK-2/FBPase-2 family of enzymes are bifunctional proteins, which possess 

both a kinase domain within the N-terminus as well as a bisphosphatase domain 
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at the C-terminus of the protein. The activity of these enzymes is regulated through 

the formation of a dimer stabilized by interactions at the kinase domain of the 

protein (Rider et al. 2004).  

These enzymes catalyze the synthesis of fructose-2,6-bisphosphate (F-2,6-P2) 

from fructose-6-phosphate (F-6-P) and ATP, at the N-terminal kinase domain, 

while the C-terminal bisphosphatase domain catalyses the reverse reaction 

through the hydrolysis of F-2,6-P2 into F-6-P and inorganic phosphate. F-2,6-P2 

acts as a powerful allosteric activator phosphofructokinase-1 (PFK-1) and 

therefore, promotes glycolysis. Notably, PFK-1 can be inhibited by citrate, fatty 

acids as well as ATP through a negative feedback loop, which limits glycolysis 

during aerobic conditions (also known as the Pasteur effect). Allosteric activation 

of PFK-1 by F-2,6-P2 removes this inhibition. Through this, high levels of F-2,6-P2 

allows cancer cells to maintain high glycolytic rates despite the generation of ATP. 

In contrast, PFK-2 is not affected by ATP levels and can be stimulated by 

inorganic orthophosphate, while PEP and citrate can inhibit PFK-2 activity.  

Furthermore, PFK-2 activity can be inhibited by sn-glycerol-3-phosphate, which 

competes with F-6-P for the PFK-2 catalytic binding site. Alongside this, sn-

glycerol-3-phosphate can stimulate the activity of FBPase-2 (Frenzel et al. 1988). 

Similarly, GTP can promote FBPase-2 activity (van Schaftingen et al. 1982). In 

addition to promoting PFK-1 activity, F-2,6-P2 also functions as an inhibitor of 

fructose-1,6-bisphosphatase (FBP1), which acts to oppose the activity of PFK-1 by 

catalysing the conversion of fructose-1,6-bisphosphate (F-1,6-P2) to fructose-6-

phosphate (van Schaftingen et al. 1982).  

Four different genes encode the PFK-2/FBPase-2 enzymes, PFKFB1 to PFKFB4, 

all of which are located on different chromosomes. Despite high conservation 

within the catalytic domains of the isoforms, differences can be found in tissue 

specificity, regulatory mechanisms and preferential catalytic activity of the 

isoforms. Co-expression of different PFK-2/FBPase-2 isoforms has also been 

observed in cells, suggesting distinct isoform functions (Minchenko et al. 2005; 

Ros and Schulze 2013).  

The PFKFB1 gene contains 17 exons, which from different promoters encode for 

three mRNAs (L, M, and F) that only differ in their first exon (Darville et al. 1992; 
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Dupriez et al. 1993). The first exon of the L isoform (L-PFK-2) generates a protein 

with a serine residue that can be phosphorylated and is expressed in the liver, 

skeletal muscle and white adipose tissue (WAT). In contrast, the M isoform (M-

PFK-2) does not possess any residues that can be targeted for phosphorylation 

and is expressed in the skeletal muscle and WAT, while the promoter of the F 

isoform (F-PFK-2) is expressed in fibroblasts as well as foetal tissue. The PFKFB2 

gene encodes for the heart isoform (H-PFK-2) and through different promoters, 

can generate four different mRNAs that only vary in the 5’ non-coding sequences 

(Chikri and Rousseau 1995; Heine-Suner et al. 1998). The PFKFB3 gene contains 

19 exons and can generate at least six different transcripts through alternative 

splicing. The resulting polypeptides differ by variable C-terminal regions, and the 

two main isoforms are the ubiquitous PFK-2 (u-PFK-2) and the inducible PFK-2 (i-

PFK-2) (Navarro-Sabate et al. 2001). Lastly, the PFKFB4 gene possesses at least 

14 exons and encodes the testes isoenzyme (T-PFK-2) (Sakata et al. 1991). 

However, several splice variants of the PFKFB4 mRNA have also been identified 

in different rat tissues (Minchenko et al. 2008). 

While the structural organisation and the sequence of the catalytic core between 

the various PFK-2/FBPase-2 isoenzymes are highly conserved, differences 

between the proteins can be noted at the extreme N- and C-terminal regions 

where enzymatic activity can be modulated (Ros and Schulze 2013). PFKFB1 and 

PFKFB2 share similar relative kinase and bisphosphatase activities, while 

PFKFB3 possesses greater kinase activity. In contrast, PFKFB4 presents slightly 

greater bisphosphatase activity (Okar et al. 2001). However, as the different 

isoenzymes can be regulated by posttranslational modifications, their kinase and 

bisphosphatase can also be further altered.  

Interestingly, TIGAR only shares similarities with the bisphosphatase domain of 

PFK-2/FBPase-2, with clear structural similarities despite limited amino acid 

conservation (Bensaad et al. 2006; Li and Jogl 2009). 

1.5.3 The Activities of TIGAR 

TIGAR as well as the bisphosphatase activities of PFK-2/FBPase-2, decreases the 

activity of PFK-1 by lowering the levels of F-2,6-P2 and subsequently reduces the 
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downstream glycolytic flux. Studies have found that a decrease in TIGAR 

expression results in an elevation in F-2,6-P2 levels and increased glycolytic flux 

(Bensaad et al. 2006; Kimata et al. 2010; Pena-Rico et al. 2011). This is consistent 

with a model where rather than inhibiting glycolysis, TIGAR acts to dampen the 

pathway. Through this, the consequences of TIGAR activity can be predicted, 

including the diversion of glycolytic metabolites to other metabolic branches 

including the hexosamine biosynthesis pathway as well as the oxidative and non-

oxidative branches of the pentose phosphate pathway (PPP). The PPP plays an 

important role in cells by generating ribose-5-phosphate, which is utilized for 

nucleotide synthesis. Moreover, the oxidative arm of the PPP can generate 

NADPH, which provides a cellular antioxidant function and is also required in 

several anabolic pathways including fatty acid synthesis.  

A lowering of glycolytic flux through the regulation of F-2,6-P2 levels (Ros et al. 

2012), the glycosylation of PFK-1 (Yi et al. 2012) or via ROS-mediated inhibition of 

PKM2 (Anastasiou et al. 2011) results in an elevation in NADPH and antioxidant 

activity, which could be due to an increase in PPP activity. Similarly, the 

bisphosphatase activity of TIGAR results in a comparable response and studies 

have shown that a downregulation of TIGAR expression is accompanied with 

decreased levels of NADPH (Lui et al. 2010; Lui et al. 2011; Yin et al. 2012), lower 

levels of GSH (Bensaad et al. 2006; Bensaad et al. 2009; Wanka et al. 2012; Yin 

et al. 2012) and consequently an increase in ROS (Bensaad et al. 2009; Cheung 

et al. 2013). 

However, TIGAR appears to possess more than just its FBPase-2 activity as 

observed during hypoxia where a fraction of TIGAR relocalises to the mitochondria 

and associates with HK2. This results in increased HK2 activity, a lowering of 

mitochondrial membrane potential and decreased ROS levels (Cheung et al. 

2012). This activity can also be seen in PFK-2/FBPase-2, where the FBPase-2 

domain can bind and activate glucokinase (or hexokinase 4) (Baltrusch et al. 2001; 

Massa et al. 2004). In line with this non-enzymatic role, the C-terminal domain of 

the PFKFB4 variant 5 allows for nuclear translocation of the enzyme where F-2,6-

P2 can promote the expression and activity of cyclin-dependent kinase 1 (CDK1) 

and through this, promote cell proliferation (Yalcin et al. 2009). Recent studies 
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have also found that TIGAR can regulate the nuclear translocation of thioredoxin-

1, where it activates AP-1 and redox sensitive systems following DNA damage in 

glioma cells (Zhang et al. 2014). This was also observed in liver cancer cells 

following treatment with epirubicin or hypoxia and TIGAR also showed nuclear 

localisation under these conditions. In the nucleus, TIGAR can promote the 

phosphorylation of ATM by CDK5 to mediate DNA-damage response signalling 

(Yu et al. 2015).   

As discussed previously, hypoxia can influence many cellular responses 

associated with tumour development, including cancer cell metabolism via HIF-1 

activation. HIF-1 is able to induce the expression of PFKFB3 and PFKFB4, which 

both possess hypoxia response elements within their promoters (Minchenko et al. 

2003; Minchenko et al. 2004; Obach et al. 2004). Interestingly, mutant TIGAR 

protein lacking the enzymatic FBPase-2 activity retains the ability to bind and 

enhance HK2 activity.  Furthermore, the antioxidant function of TIGAR during 

hypoxia depends on both HK2 binding and catalytic activity (Cheung et al. 2012; 

Cheung et al. 2013). A recent study also identified a novel enzymatic activity for 

TIGAR as a 2,3-bisphosphoglycerate phosphatase, which acts to convert 2,3-

bisphosphoglycerate to 3-phosphosphoglycerate (Gerin et al. 2014). However, the 

physiological function of this ability is not yet understood.  

1.5.4 The Role of TIGAR under Stress 

The effect of TIGAR expression on glycolysis and the regulation of ROS is cell 

type and context dependent. TIGAR expression in cytokine-dependent lymphoid 

cells resulted in decreased growth, potentially due to decreased glycolysis 

(Bensaad et al. 2006) and in a similar manner, TIGAR was found to also contribute 

to cell death in cardiac myocytes (Kimata et al. 2010). However, in the majority of 

cases, the ability of TIGAR to limit ROS levels is closely associated with cellular 

protection against ROS-induced cell death (Bensaad et al. 2006; Bensaad et al. 

2009; Lui et al. 2011; Wanka et al. 2012; Yin et al. 2012; Cheung et al. 2013; Ye et 

al. 2013). Furthermore, by modulating ROS levels, TIGAR can also function to 

influence autophagy in response to cell stress (Bensaad et al. 2009; Ye et al. 

2013). The role of TIGAR is associated with senescence, where decrease in 

TIGAR expression can induce senescence in glioblastoma cells (Pena-Rico et al. 
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2011), however, TIGAR can also inhibit senescence in adult T-cell leukaemia cells 

(Hasegawa et al. 2009).    

A clearer understanding of TIGAR’s physiological roles has been provided through 

in vivo studies. Unlike many other metabolic enzymes, which are essential for 

normal development (Piruat et al. 2004; Yang et al. 2010), TIGAR-deficient mice 

showed no profound developmental defects (Cheung et al. 2013). However, the 

loss of TIGAR in these animals has elucidated the role of TIGAR in response to 

various forms of cell stress including ischaemia/reperfusion injury (as seen in heart 

failure and stroke) and cancer.  

Following ischaemia/reperfusion injury, cardiac myocytes undergo cell death due 

to the oxidative stress and subsequent tissue damage after the return of 

oxygenated blood following ischaemia. Studies have shown that p53 and TIGAR 

are induced in mouse models of myocardial infarction, and both have been linked 

to an elevation in cell death due to decreased glycolytic flux (Kimata et al. 2010). 

In addition, the role of p53 and TIGAR in this scenario was also associated with 

their ability to inhibit autophagy, particularly mitophagy. Animals lacking p53 or 

TIGAR were able to promote mitophagy following cardiac injury in order to clear 

damaged mitochondria and therefore showed better recovery following tissue 

damage. In this case, an elevation in ROS levels as a result of TIGAR deficiency 

acts as a signal to increase BCL2/adenovirus E1B 19 kDa protein-interacting 

protein 3 (BNIP3) expression and thus, an increase in mitophagy (Hoshino et al. 

2012).  

This rescue upon TIGAR loss was also observed in zebrafish models of PTEN-

induced putative kinase 1 (PINK1) loss. Loss-of-function mutations in PINK1 

typically result in early onset Parkinson’s disease due to a lack of PINK1-mediated 

recruitment of parkin to damaged mitochondria and subsequent mitophagy 

(Narendra et al. 2010). Loss of PINK-1 in zebrafish resulted in an early impairment 

of mitochondrial function and these animals showed high levels of TigarB (the 

zebrafish orthologue). Loss of TigarB in PINK1-deficient larvae resulted in the 

complete normalisation of mitochondrial function, again suggesting a damaging 

role for TIGAR when mitophagy is important in clearing damaged mitochondria 

(Flinn et al. 2013). 
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The role of TIGAR during ischaemia/reperfusion injury has also been investigated 

in kidney proximal tubules. TIGAR is selectively induced in the renal 

outermedullary proximal straight tubules following ischaemia/reperfusion injury 

(Kim et al. 2015) and results in the inhibition of PFK-1, ATP depletion and an 

increase in oxidative stress, autophagy and apoptosis. Much like observed in the 

heart following ischaemia/reperfusion injury, loss of TIGAR attenuated the damage 

observed in ischaemic kidneys and interestingly, lowered oxidative stress (Kim et 

al. 2015).  

In contrast, the functions of TIGAR during ischaemia/reperfusion injury are 

converse during brain ischaemia, where cerebral reperfusion injury exacerbates 

ischaemic brain damage due to the marked increase in ROS levels (Crack and 

Taylor 2005). In this scenario, TIGAR plays a neuroprotective role. In animal 

models and cultured primary neurons, oxygen and glucose deprivation 

(OGD)/reoxygenation injury induces TIGAR expression and loss of TIGAR 

aggravates ischaemic injury. Notably, overexpression of TIGAR was able to 

decrease ROS levels and increase GSH following OGD/reoxygenation and 

supplementation of NADPH to these systems was able to alleviate the further 

increase in tissue damage upon TIGAR loss. Furthermore, similar to what was 

observed during hypoxia (Cheung et al. 2012), OGD/reoxygenation injury 

increased the mitochondrial localisation of TIGAR in order to lower mitochondrial 

ROS levels (Li et al. 2014b). Furthermore, studies in primary cortical neurons 

treated with hydrogen peroxide showed an increase in TIGAR expression, which 

was dampened upon pre-treatment with NADPH (Sun et al. 2015) illustrating the 

role of TIGAR in lowering oxidative stress.   

1.5.5 The Role of TIGAR in Cancer 

The remodelling of metabolic pathways to assist in the regulation of redox 

homeostasis in order to support continuous proliferation is particularly important in 

tumour development. Despite the tumour suppressive functions of TIGAR as part 

of the p53 stress response, the activities of TIGAR in lowering ROS levels and 

promoting anabolic pathway also suggest potential pro-tumourigenic roles.  
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Firstly, high levels of F-2,6-P2 have been noted in various cancer cell lines (Mojena 

et al. 1985; Miralpeix et al. 1990; Nissler et al. 1995) and while this elevation can 

help maintain the high glycolytic flux necessary in cancer cells, the 

bisphosphatase activities of PFK-2/FBPase-2 can provide an accumulation of 

glycolytic intermediates to be used in anabolic processes and redox control. 

Several studies on PFK-2/FBPase-2 isoforms have identified various roles for 

these enzymes during tumourigenesis.  

All PFKFB mRNAs have been reported overexpressed in human lung cancers and 

while the role of PFKFB1 has not been characterized in cancer, it observed 

elevated in proliferating cells to support increased glycolysis (Darville et al. 1992). 

PFKFB2 has shown to be induced in prostate cancer cells following direct 

recruitment of the ligand-activated androgen receptor to the PFKFB2 promoter. 

Loss of PFKFB2 leads to lowered glucose uptake and lipogenesis suggesting that 

the androgen-mediated activation of de novo lipid synthesis requires the 

transcriptional upregulation of PFKFB2 in these cells (Moon et al. 2011). 

Furthermore, PFKFB3, which predominantly possesses kinase activity, has been 

suggested to promote tumourigenesis by increasing PFK-1 activity and glycolytic 

flux. In particular, i-PFK-2 is reported overexpressed in several human cancer cell 

lines and required for tumour cell growth in vitro and in vivo (Chesney et al. 1999). 

Moreover, HIF-1-mediated induction of PFKFB3 mRNA was found in various 

cancer cell lines including glioblastoma, gastric and pancreatic cells (Bobarykina et 

al. 2006), and PFKFB3 is also highly phosphorylated in colon and breast 

carcinomas suggesting increased PFK-2 activity in these cancers (Bando et al. 

2005). PFKFB4 has also been reported induced in breast, colon, lung, gastric and 

pancreatic cell lines (Minchenko et al. 2005; Bobarykina et al. 2006; Minchenko et 

al. 2008), and shown to promote the survival of glioma stem-like cells. Loss of 

PFKFB4 induced apoptosis in these cells (Goidts et al. 2012). Similarly, loss of 

PFKFB4 in prostate cancer cells decreased cell viability (Ros et al. 2012). As 

PFKFB4 predominantly presents bisphosphatase activity, this suggests that these 

cancer cells rely on PFKFB4 to lower glycolysis, upregulate the PPP and regulate 

ROS levels, similar to the activities of TIGAR. However, this response to PFKFB4 
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expression may be more complicated than simply an inhibition of the PFK-1 step 

in glycolysis.  

In contrast, loss of FBP1, whose activity opposes PFK-1, has been observed in 

liver, colon, gastric and breast cancer (Bigl et al. 2008; Chen et al. 2011). A role for 

FBP1 has also been found in clear cell renal cell carcinoma (ccRCC), a form of 

kidney cancer characterized by increased glycogen levels, fat deposition and 

elevated HIF activity. FBP1 is lost in the majority of ccRCC tumours and acts to 

inhibit ccRCC progression by lowering glycolytic flux. In addition, FBP1 can 

restrain cell proliferation, glycolysis as well as the PPP in a catalytic-independent 

mechanism by inhibiting the function of nuclear HIF via interacting directly with the 

HIF inhibitory domain (Li et al. 2014a). In these contexts, FBP1 expression is 

linked with decreased glycolysis and enhanced TCA cycle flux, but also a 

decreased PPP flux, and thereby an increase in ROS levels. 

As TIGAR is able to lower ROS levels and promote anabolic pathways, this 

suggests a potential oncogenic role for TIGAR. Indeed, overexpression of TIGAR 

has been noted in many tumour types including nasopharyngeal carcinoma (Wong 

et al. 2015), invasive breast cancer (Won et al. 2012) and glioblastoma (Wanka et 

al. 2012; Sinha et al. 2013). Knockdown of TIGAR in glioma cells resulted in 

radiosensitisation due to an accumulation of ROS levels, leading to DNA damage 

and subsequent cellular senescence (Pena-Rico et al. 2011). Inhibition of the PPP 

enzyme transketolase-1 was able to reverse the benefits of TIGAR expression, 

supporting the role of the PPP and NADPH in sustaining cancer cell proliferation 

(Wanka et al. 2012). Moreover, treatment of neuroblastoma cells with D-galactose 

induces oxidative stress and results in an upregulation of TIGAR expression (Li et 

al. 2011). 

TIGAR has also been shown to balance the redox state of multiple myeloma cells, 

where inhibition of the oncoprotein MUC1-C resulted in a decrease in TIGAR 

expression, decreased levels of NADPH and subsequently, increased ROS levels 

and apoptosis (Yin et al. 2012). Following studies from this group showed that 

targeting MUC1-C is synergistic with the proteasome inhibitor bortezomib in 

suppressing TIGAR-mediated regulation of ROS to induce multiple myeloma cell 

death (Hasegawa et al. 2009; Yin et al. 2012).   
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In nasopharyngeal cancer cells, inhibition of the tyrosine kinase c-Met, whose 

overexpression is linked with poor patient survival and metastasis, resulted in a 

reduction in TIGAR expression, decreased NADPH and increased cell death (Lui 

et al. 2011). Furthermore, it was found that TIGAR also promotes the invasiveness 

of nasopharyngeal carcinoma cells and loss of TIGAR also resulted in a decrease 

in the expression of two mesenchymal markers, fibronectin and vimentin (Wong et 

al. 2015). In liver cancer cell lines, loss of TIGAR resulted in an increase in 

apoptosis and autophagy (Ye et al. 2013; Xie et al. 2014), and exacerbated DNA 

damage caused by hypoxia or treatment with epirubicin (Yu et al. 2015). 

While this role of TIGAR in promoting tumourigenesis appears to counteract the 

p53 tumour suppressor pathway, it should be noted that tumour cells with 

increased TIGAR expression often show an uncoupling from regulation by p53 and 

does not depend on the maintenance of wild-type p53 (Cheung et al. 2013). This 

pro-tumorigenic ability has also been observed in other p53-target genes such as 

CPT-1C (Zaugg et al. 2011).  

1.5.6 The Regulation of TIGAR 

While initial studies identified TIGAR as a p53 target gene (Bensaad et al. 2006; 

Hasegawa et al. 2009; Dai et al. 2013; Hamard et al. 2013; Agnoletto et al. 2014), 

its expression in human breast cancer was inversely correlated to the expression 

of p53 (Won et al. 2012).  

The regulation, particularly p53-independent regulation, of TIGAR is not fully 

understood, which could be through transcriptional, translational, via protein 

stability or through other posttranslational modifications of the protein. In addition, 

other members of the p53 family, p63 and p73, can potentially influence the 

expression of TIGAR, as they are also capable of activating the promoters of 

various p53 target genes such as p21 and Bax (Yang et al. 1998; Lee and La 

Thangue 1999). Furthermore, TAp73 was recently found to promote PPP activity 

by activating G6PDH to support tumorgenesis (Du et al. 2013), suggesting a 

potential role for TAp73 in inducing TIGAR expression as well. Notably, while the 

expression of PFKFB3 can be induced by HIF-1 (Minchenko et al. 2004; Obach et 

al. 2004; Bobarykina et al. 2006), TIGAR expression levels are not induced by 
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HIF-1 during hypoxia. However, the activity of TIGAR is clearly modulated under 

these conditions (Cheung et al. 2012). Other transcription factors, CREB and 

specificity protein-1 (SP-1) (Zou et al. 2012; Zou et al. 2013), have both been 

implicated in regulating the basal expression of TIGAR in liver cancer cells. 

Furthermore, SP-1 was found induced along with TIGAR following 

OGD/reoxygenation in mice and inhibition of SP-1 blocked the upregulation of 

TIGAR in primary neurons (Sun et al. 2015).  

Various cell signalling pathways can influence the activity of PFK-2/FBPase-2 

isoforms, and thus, levels of F-2,6-P2, through posttranslational modifications at 

the catalytic domains of PFK-2/FBPase-2. As mentioned previously, the L-PFK-2 

isoform can be phosphorylated at a serine residue in its C-terminal regulatory 

domain (Pilkis et al. 1995). In response to glucagon, cAMP-dependent protein 

kinase (also known as Protein Kinase A) phosphorylates this serine residue in L-

PFK-2 resulting in the inactivation of its PFK-2 activity, while activating its FBPase-

2 activity. This decreases glycolytic flux while promoting gluconeogenesis in the 

liver (Bartrons et al. 1983). In contrast, insulin promotes the activity of Akt, which in 

turn phosphorylates the heart isoform, H-PFK-2, resulting in increased kinase 

activity and subsequently an increase in glycolysis in the heart (Deprez et al. 

1997). Furthermore, activation of AMPK during ischaemia results in the 

phosphorylation of H-PFK-2 and also results in an increase in glycolysis (Marsin et 

al. 2000). Interestingly the regulation of PFKFB3 isoforms can also occur through 

protein stability. PFKFB3 contains a KEN box motif, which is recognized by the 

anaphase-promoting complex/cyclosome (APC/C), an E3 ubiquitin ligase complex 

that acts to degrade several cell cycle proteins (Almeida et al. 2010). A decrease 

in APC/C activity results in an accumulation of PFKFB3 and enhances the 

glycolytic flux in malignant cells (Almeida et al. 2010), indicating that proliferation 

and increased glycolytic rate are both important components of cancer cell 

transformation. Interestingly, no posttranslational modifications have yet been 

identified for PFKFB4 or TIGAR. Nevertheless, it is likely that the activity of both 

these enzymes can be modulated by changes in substrate and product 

concentrations, or the presence of activators or inhibitors. Furthermore, animals 

injected with adrenalin, hydrocortisone or glucagon showed an increase in TIGAR 
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expression in the brain. This was also observed in neuronal cell lines treated in a 

similar manner (Sun et al. 2015).  

Promoter DNA methylation has also been associated with the loss of FBP1 

observed in various human cancers and breast cancer cell lines, suggesting a role 

for epigenetic regulation in altering cancer cell metabolism (Bigl et al. 2008; Chen 

et al. 2011; Dong et al. 2013). In addition, microRNAs (miRNAs) are noncoding 

RNAs that act as post-transcriptional negative regulators of gene expression, and 

in lung cancer cells, miR-144 can function to decrease cell proliferation as well as 

induce apoptosis and autophagy by targeting TIGAR (Chen et al. 2015).   

1.5.7 Therapeutic Insights in Targeting PFK-2/FBPase-2 Enzymes 

By better understanding the functions of TIGAR under normal as well as disease 

conditions, predictions concerning the benefits of modulating TIGAR for 

therapeutic intervention can be made.  

Current studies have focused on targeting the PFK-2/FBPase-2 class of enzymes, 

in particular the kinase activity of PFKFB3 as multiple oncogenes as well as 

hypoxia can induce its expression. Initially, N-bromoacetiletanolamine phosphate 

was developed as a synthetic substrate analogue for fructose bisphosphate 

aldolase, the enzyme which converts F-1,6-P2 into dihydroxyacetone phosphate 

and glyceraldehype 3-phosphate. However, it was later found to be an irreversible 

PFK-2 inhibitor (Hirata et al. 2000). Following this, the small molecule inhibitor 3-

(3-pyridinyl)-1-(4-pyridinyl)-2-propen-1-one (3-PO) was identified, which was able 

to lower glucose uptake and F-2,6-P2 levels in vivo and suppress the growth of 

breast, leukaemia and lung adenocarcinoma cells (Clem et al. 2008). Structure-

based approaches allowed for the development of two more PFKFB3 inhibitors, 

N4A and YB1, which may possess increased specificity as they target the F-6-P 

binding site as opposed to the ATP binding pocket (Seo et al. 2011). However, as 

there is strong homology between all PFKFB isoforms in their PFK domain, it is 

possible that the anti-proliferative effects observed in cancer cells may not be 

solely attributed to the inhibition of PFKFB3.   
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In contrast, the FBPase-2 activity of PFBFK4 has also been implicated in 

promoting tumour growth as observed in prostate cancer cells (Ros and Schulze 

2013). While PFKFB4 has the potential to be a therapeutic target, no selective 

strategy for its inhibition has yet been developed. Alongside this, overexpression of 

TIGAR is found in a number of tumour types and the loss of TIGAR following the 

establishment of tumours showed beneficial consequences, suggesting that 

TIGAR may be a potential therapeutic target (Wanka et al. 2012; Won et al. 2012; 

Cheung et al. 2013). However, further investigation into the role of TIGAR, 

particularly its regulation, localisation and potential posttranslational modification 

are necessary to fully understand how TIGAR can contribute to cell metabolism 

and its function in response to cell stress.  

1.6 Aims and Objectives 

Here we will focus on one aspect of the p53 stress response: the induction of 

TIGAR. While the ability to lower oxidative stress through the activity of TIGAR in 

healthy cells is beneficial (Bensaad et al. 2006; Lui et al. 2010; Lui et al. 2011; 

Wanka et al. 2012; Yin et al. 2012), the expression of TIGAR in cancers seems to 

provide tumours the ability to cope with elevated levels of oxidative stress (Wanka 

et al. 2012; Won et al. 2012; Cheung et al. 2013; Wong et al. 2015). Therefore, the 

role of TIGAR in healthy tissues as well as tumour models was investigated along 

with the consequences of TIGAR loss in these models. Furthermore, the role of 

TIGAR in cells cultured in conditions of oxidative stress were also investigated to 

better understand the method by which TIGAR can promote survival.  

Interestingly, it has recently become clear that the expression and activity of 

TIGAR can be uncoupled from the p53 response (Won et al. 2012; Cheung et al. 

2013) and that the contribution of TIGAR to cancer development may depend on 

the manner by which it is regulated. Therefore, this study is also aimed at 

determining the mechanisms by which TIGAR expression is promoted, particularly 

assessing the role of p53 family members (p53, p63 and p73) and the role of the 

Wnt/c-Myc signalling pathway using in vitro as well as in vivo models.  

In brief, the main goals of this work were to: 
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• Understand the mechanism of control of TIGAR expression in mouse and 

human cells (Chapter 3). 

• Assess the regulation of TIGAR in vivo by p53 family members (Chapter 4). 

• Assess the regulation of TIGAR by the Wnt/c-Myc signalling pathway 

(Chapter 5). 

• Analyse the role of TIGAR in vivo (Chapter 6). 
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Chapter 2 Materials and Methods 

2.1 Materials 

2.1.1 General Reagents and Kits 

Reagent Source 

AccuGel 29:1 (40% w/v) Geneflow 

Advanced DMEM F/12 Life Technologies 

Agarose Sigma-Aldrich 

AlbuMAX I Lipid-Rich BSA Life Technologies 

Alkaline Phosphatase Substrate Kit II Vector Laboratories 

Ampicillin Sigma-Aldrich 

Ammonium Persulfate (APS) Sigma-Aldrich 

Avidin/Biotin Blocking Kit Vector Laboratories 

B27 Life Technologies 

Bio-Rad Protein Assay Dye Reagent Concentrate Bio-Rad 

Bovine Serum Albumin (BSA) Sigma-Aldrich  

Citrate Buffer (10x) Life Technologies 

Complete mini protease inhibitor Roche 

DAB Peroxidase (HRP) Substrate kit  Vector Laboratories 

Deoxycholate Sigma-Aldrich 

Dimethyl Sulfoxide (DMSO) Sigma-Aldrich 

Dulbecco’s Modified Eagle Medium (DMEM) Life Technologies 

EDTA Sigma-Aldrich 

Epidermal Growth Factor (EGF) Peprotech 

Ethanol VWR 

Ethidium Bromide (EtBr) Sigma-Aldrich 

Foetal Bovine Serum (FBS) Life Technologies 

Formaldehyde (37%) Sigma-Aldrich 

GeneJuice Merck 

Glucose Sigma-Aldrich 

Glutamine Life Technologies 

Glycine Sigma-Aldrich 

Glycogen Ambion 

HEPES Life Technologies 

Homogenous protein G-agarose suspension Sigma-Aldrich 
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Hydrogen Peroxide Sigma-Aldrich 

Igepal Sigma-Aldrich 

Kanamycin Sigma-Aldrich 

Leupeptin Sigma-Aldrich 

Lithium Chloride Sigma-Aldrich 

Matrigel (Growth Factor Reduced) BD 

Methanol VWR 

Milk Powder Marvel 

mR-Spondin R&D Systems 

rWnt3a R&D Systems 

NEBuffer 2  New England Biolabs 

Noggin Peprotech 

OptiMEM Life Technologies 

Penicillin-Streptomycin Life Technologies 

Phenol-chloroform-isoamylalcohol (PCl) Sigma-Aldrich 

Phenylmethylsulfonyl Fluoride (PMSF) Life Technologies 

Pierce ECL Western Blotting Substrate Life Technologies 

Proteinase K Sigma-Aldrich 

4x Protogel Resolving Buffer Geneflow 

RNase A Sigma-Aldrich 

Rotenone Sigma-Aldrich 

Sodium Bicarbonate (NaHCO3) Sigma-Aldrich 

Sodium Butyrate (NaBu) Sigma-Aldrich 

Sodium Chloride (NaCl) Sigma-Aldrich 

Sodium Dodecyl Sulphate (SDS) Sigma-Aldrich 

Spectra Multicolor Broad Range Protein Ladder Life Technologies 

Tetramethylethylenediamine (TEMED) Sigma-Aldrich 

Tert-butyl hydroperoxide (tBHP) Sigma-Aldrich 

Triton X-1000 Sigma-Aldrich 

Trypsin 2.5% Life Technologies 

VECTASTAIN ABC Alkaline Phosphatase Kit Vector Laboratories 

VECTASTAIN ABC Peroxidase Kit Vector Laboratories 

Xylene VWR 

Table 2-1 List of reagents 
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2.1.2 Solutions and Buffers 

Electroblotting Buffer  

192 mM Glycine 

25 mM Tris-HCl pH 8.3  

20% Methanol 

Lysogeny Broth (LB) 

1% Bacto-Trypone 

86 mM NaCl 

0.5% Yeast extract 

LB Agar 

1% Bacto-Tryptone 

86 mM NaCl 

0.5% Yeast extract 

1.5% Agar 

Phosphate Buffered Saline (PBS) 

170 mM NaCl 

3.3 mM KCl 

1.8 mM Na2HPO4 

10.6 mM KH2PO4 

pH 7.4 

Resolving Gel   

8-12% Acrylamide 

375 mM Tris-HCl pH 8.8  

0.1% SDS  

0.1% APS  

50 mM TEMED 
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RIPA 

1% NP-40 

0.5% NaDeoxycholate 

0.1% SDS 

In TBS, pH 7.8 

SDS-PAGE Running Buffer  

0.1% SDS 

192 mM Glycine  

25 mM Tris-HCl pH 8.3 

SDS Sample Buffer  (3x) 

15% β-Mercaptoethanol  

30% Glycerol   

9% SDS  

188 mM Tris pH 6.8  

0.1% Orange G 

Stacking Gel   

5% Acrylamide 

0.4% SDS 

 500 mM Tris pH 6.8 

Tris-Buffered-Saline (TBS) 

25 mM Tris-HCl pH 7.4 

147 mM NaCl 

5 mM KCl 

TBS-Tween (TBST) 

25 mM Tris-HCl pH 7.4  

147 mM NaCl   

5 mM KCl   

0.1% Tween 20 
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Tris-EDTA (TE)  

10 mM Tris-HCl pH 8.0  

1 mM EDTA 

2.1.3 ChIP Solutions  

ChIP Cell Lysis Buffer (CLB) 

10 mM Tris pH 8.0 

10 mM NaCl 

0.2% Igepal 

10 mM NaBu 

50 μg/ml PMSF 

1 μg/ml Leupeptin 

Top up with H2O 

ChIP Nuclear Lysis Buffer (NLB) 

50 mM Tris pH 8.0 

10 mM EDTA 

1% SDS 

10 mM NaBu 

50 μg/ml PMSF 

1 μg/ml Leupeptin 

Top up with H2O 

ChIP Dilution Buffer (IPDB) 

20 mM Tris pH 8.0 

150 mM NaCl 

2 mM EDTA 

1% Triton X-100 

0.01% SDS 

10 mM NaBu 

50 μg/ml PMSF 

1 μg/ml Leupeptin 

Top up with H2O 
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ChIP Wash Buffer 1 (IPWB1) 

20 mM Tris pH 8.0 

50 mM NaCl 

2 mM EDTA 

1% Triton X-100 

0.01% SDS 

Top up with H2O 

ChIP Wash Buffer 2 (IPWB2) 

10 mM Tris pH 8.0 

250 mM LiCl 

1 mM EDTA 

1% Igepal 

1% Deoxycholate 

Top up with H2O 

ChIP Elution Buffer (IPEB) 

100 mM NaHCO3 

1% SDS 

Top up with H2O 
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2.2 Methods 

2.2.1 Cells 

A431, A549, A2780, H1299, HCT116 (p53 wild-type, p53-null), HepG2, HT29, 

MCF7 (p53 wild-type, p53-null), RKO (p53 wild-type, p53-null), Saos-2 p53, Saos-

2 TAp73α, Saos-2 TAp73β, Saos-2 TAp73γ, SW480, TIF, U2OS and U2OS-

MycER were the human cell lines used. 3T3s, L-cells, MEFs were the murine cells 

and MDCK was a canine cell line that was used. All cells were cultured in DMEM 

supplemented with 10% FBS, 2 mM glutamine and antibiotics and grown in a 37 

°C incubator at 5% CO2. 

2.2.2 Culturing Mouse Embryonic Fibroblasts  

Pregnant females were culled 13 – 14 days after plugging was noticed. Fur was 

sprayed with 70% ethanol and the intact uterus containing embryos was extracted 

and transferred to a sterile dish. The uterus was then sectioned between each 

embryo, placed on individual dishes and washed with sterile PBS. The membranes 

and umbilical cord were removed and using a scalpel, the abdominal wall was 

incised and haematopoietic tissue and tubular intestine were removed. The bulk of 

the central nervous system was trimmed by dissecting the head above the oral 

cavity. Work was then transferred to a tissue culture hood. The embryo body was 

minced in 5 ml of 1x trypsin for up to 3 min and the dish was placed for 15 min in a 

37 °C incubator. Cells were then transferred to a 15 ml tube and mechanically 

pipetted to further dissociate tissue. 5 ml of complete DMEM was added and cells 

were spun at 1,000 rpm for 5 min. The supernatant was aspirated and the 

embryonic cell pellet was resuspended in 10 ml of fresh DMEM and transferred to 

a clean dish.  

2.2.3 Small Intestinal Crypt Culture 

The small intestine of mice was washed in ice cold PBS, villi were scraped off 

using a glass coverslip and tissue material was transferred to a tissue culture 

hood. The small intestine was then cut into small pieces and further washed in ice 

cold PBS. PBS was aspirated and intestinal pieces were further washed in ice cold 

PBS. This was repeated for approximately 10 times. The intestinal pieces were 
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then transferred into PBS with 2 mM EDTA and incubated on a roller for 30 min at 

4 °C. The crypts were collected in a fresh tube by pipetting mechanically to form a 

crypt enriched supernatant and pelleted via centrifugation at 1,200 rpm for 5 min 

before being suspended in ADF media (Advanced DMEM F/12, 1% of glutamine, 

1% of penicillin/streptomycin, 0.1% of AlbuMAX I BSA, 10 mM HEPES). The 

fraction was then washed and spun at 600 rpm for up to 3 min. The final crypt 

pellet was resuspended with growth factor reduced matrigel and 20 μl was plated 

per well in a 12-well plate. Matrigel was allowed to solidify for 30 min in a 37 °C 

incubator before ADF was added supplemented with 0.05 μg/ml EGF, 0.1 μg/ml 

noggin and 0.5 μg/ml mR-spondin. New growth factors were supplemented every 

other day, while media was changed after every 5 days.  

Crypts were passaged once a week depending on growth. Crypt cultures were 

harvested in ice cold PBS using mechanical pipetting and collected in a tube. 

Crypts were then spun down at 700 rpm for 3 min. Supernatant was aspirated 

slowly and the crypt pellet was dissociated with 100 μl ice cold PBS using 

mechanical pipetting. The tube was then topped up to 15 ml with ice cold PBS and 

crypts were spun down at 700 rpm for up to 5 min. This procedure was repeated 

for up to 5 times to ensure crypts were fully dissociated. The final crypt pellet was 

resuspended with growth factor reduced matrigel and 20 μl was plated per well in 

a 12-well plate. Matrigel was allowed to solidify for 30 min in a 37 °C incubator 

before ADF was added supplemented with 0.05 μg/ml EGF, 0.1 μg/ml noggin and 

0.5 μg/ml mR-spondin.  

2.2.4 Adenoma Crypt Culture 

Adenomas were removed from the intestines of Apcmin/+ mice using scissors and 

work was transferred to a tissue culture hood. The adenomas were then cut into 

smaller pieces and washed up to 5 times with ice cold PBS to remove debris, and 

incubated in 5 mM EDTA for 10 min at 4 °C on a roller. The crypts were then 

washed two times with ice cold PBS to remove EDTA and incubated in 10x trypsin 

for 30 min at 37 °C. The crypt-enriched supernatant was collected and washed 

approximately 5 times with 5 ml ADF through mechanical pipetting. This was then 

filled to 50 ml with ADF and passed through a 70 μm cell strainer and again 

topped up to 50 ml with ADF. The crypts were pelleted via centrifugation at 1,200 
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rpm for 5 min. This was resuspended in growth factor reduced matrigel and 20 μl 

was plated per well in a 12-well plate. Matrigel was allowed to solidify for 30 min in 

a 37 °C incubator before ADF was added supplemented with 0.05 μg/ml EGF and 

0.1 μg/ml noggin. New growth factors were supplemented every other day, while 

media was changed after every 5 days.  

Crypts were passaged once a week depending on growth in a similar manner as 

performed for normal small intestinal crypts cultures (2.2.3). 

2.2.5 Animals 

All animal work was carried out under the UK Home Office guidelines in line with 

Animal (Scientific Procedures) Act 1986 and the EU Directive 2010. Experimental 

cohorts and breeding stocks were maintained for defined periods of time and the 

health of animals was checked at least two times weekly. Animals were 

euthanized by carbon dioxide (CO2) asphyxiation. Mouse ear notching and general 

husbandry (food, water and housing) were carried out by the Cancer Research UK 

Beatson Institute Biological Services Unit. Genotyping was carried out by 

Transnetyx, Inc. (Cordova, TN, US). 

The TIGAR-/- (Cheung et al. 2013), AhCre+ TIGARfl/fl (Cheung et al. 2013), p53-/- 

(Donehower et al. 1992), TAp73-/- (Tomasini et al. 2008), AhCre+ Apcfl/fl (Sansom 

et al. 2004), AhCre+ Apcfl/flRac1fl/fl (Myant et al. 2013), AhCre+ Apcfl/flTIGARfl/fl 

(Cheung et al. 2013) and Eμ-Myc (Harris et al. 1988) animals have been 

previously described. 

2.2.6 Irradiation Treatment in Mice 

Mice were exposed to gamma irradiation from 137Cs sources to induce intestinal 

damage, which delivered gamma-irradiation at 0.423 Gy/min. 

2.2.7 Immunohistochemistry 

Slides were dewaxed by washing two times in xylene for 10 min each, two times in 

100% ethanol for 3 min each, once in 70% ethanol for 3 min and rinsed in running 

tap water for 1 min. Antigen retrieval was then performed by immersing slides in 



Chapter 2  101 
 

10 mM citrate buffer using a SBB Aqua 5 Plus water bath (Grant) for 1 hr at 99 °C 

and then left to cool for 30 min at room temperature (RT). Slides were washed 

three times in TBST for 3 min each. Endogenous staining was blocked using 2% 

BSA/TBS for 1 hr at RT, followed by three washes in TBST for 3 min each. Slides 

were blocked with Avidin solution (Vector Laboratories) for 15 min at RT followed 

by three washes of TBST for 3 min each. After which they were blocked with Biotin 

solution (Vector Laboratories) for 15 min at RT, followed by three washes of TBST 

for 3 min each. Slides were then incubated with designated primary antibodies 

overnight at 4 °C (Table 2-2). 

After incubation with primary antibody, slides were washed three times with TBST 

for 3 min each. Endogenous peroxidase activity was blocked by incubating slides 

in 5% H2O2/TBS for 30 min at RT and washed three times with TBST for 3 min 

each. Slides were then incubated in biotinylated anti-rabbit secondary antibody in 

2% BSA/TBS for 1 hr at RT followed by three washes in TBST for 3 min each. 

Signal amplification was performed using the VECTASTAIN ABC Peroxidase Kit 

(Vector Laboratories), which was applied for 30 min at RT. Slides were then 

washed again three times in TBST for 3 min each. Staining was visualised using 

the DAB Peroxidase (HRP) Substrate Kit (Vector Laboratory), which was applied 

on the slides for an appropriate time. Slides were then washed with tap water for 3 

min.   

For malondialdehyde (MDA) staining, a similar protocol was followed. However, 

slides were blocked with 5% BSA/TBS and incubation in H2O2/TBS was omitted. 

VECTASTAIN ABC Alkaline Phosphatase Kit (Vector Laboratories) was used for 

signal amplification and the Alkaline Phosphatase Substrate Kit II (Vector 

Laboratories) was used for visualisation.  

Counterstaining, dehydration and mounting of slides with coverslips was 

performed by the Cancer Research UK Beatson Institute Histology Services. 

Images were taken using an Olympus BX51 microscope. 
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The following antibodies were used for immunohistochemistry (1:200 dilution): 

Target Antibody name and supplier 

β-catenin 6B3; Cell Signaling Technology 

Ki67 RM-9106; Thermo Scientific 

MDA ab6463; Abcam 

p21 M-19; Santa Cruz Biotechnology 

p53 CM-5; Vector Laboratories 

p73 S-20; Santa Cruz Biotechnology 

TIGAR AB10545; Millipore 

  

Biotinylated anti-rabbit IgG BA-1000; Vector Laboratories 

Table 2-2: Antibodies used for immunohistochemistry 
 

2.2.8 RNAscope Assay 

RNAscope assays were done on formalin-fixed paraffin-embedded slides and 

performed by the Cancer Research UK Beatson Institute Histology Services. All 

reagents and probes to detect murine TIGAR (Mm-Tigar targeting 619-1574 of 

NM_177003.5) were purchased from Advanced Cell Diagnostics.  

Slides were dewaxed by washing two times in xylene for 5 min each, two times in 

100% ethanol for 3 min each and air dried for 5 min. Pre-Treatment Solution 1 was 

then added to the slides for 10 min and slides were washed two times in distilled 

water. Sections were boiled in Pre-Treatment Solution 2 for 15 min at 100 °C and 

transferred into distilled water. Slides were rinsed two times in distilled water, three 

times in 100% ethanol and air dried for 5 min. Slides were incubated in Pre-

Treatment Solution 3 for 30 min at 40 °C and washed two times in distilled water 

before being incubated in hybridize targeting probe for 2 hr at 40 °C. Sections 

were rinsed two times in RNAscope Wash Buffer for 2 min each between 

incubations with Hybridise Amp 1 for 30 min at 40 °C, Hybridise Amp 2 for 15 min 

at 40 °C, Hybridise Amp 3 for 30 min at 40 °C, Hybridise Amp 4 for 15 min at 40 

°C, Hybridise Amp 5 for 30 min at RT, Hybridise Amp 6 for 15 min at RT, and DAB 

solution for 10 min at RT. Finally, sections were counterstained, dehydrated and 

mounted with coverslips. Images were taken using an Olympus BX51 microscope.  
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2.2.9 Bradford Protein Determination Assay 

A standard curve was first established using Bradford values obtained from stock 

concentrations of BSA (0 – 1 mg/ml) in order to determine the concentration of 

unknown values. Bio-Rad Protein Assay Dye Reagent Concentrate (5x) was first 

diluted in water. Samples were prepared in cuvettes with 5 μl of sample and 995 μl 

of reagent. Absorbance of the samples was read using a BioSpectrometer 

(Eppendorf) at 595 nm. The concentration of the samples was then determined 

from the standard curve.  

2.2.10 SDS-PAGE and Western Blotting 

Cells were washed in PBS and directly lysed from the plates in RIPA on ice. 

Samples were left for 30 min on ice and then spun down at 13,000 rpm for 15 min 

at 4 °C. Intestinal crypts were harvested by aspirating the media and careful 

washing with ice cold PBS. Matrigel containing the crypts was dislodged, 

transferred to a tube and spun down at 600 rpm for 3 min to form an intestinal 

crypt pellet. The supernatant containing the matrigel was carefully aspirated and 

the pellet was again washed with cold PBS. Spinning and washing was repeated 

several times until supernatant was clear of matrigel. Crypts were lysed in RIPA 

and left for 30 min on ice before being spun down at 13,000 rpm for 15 min at 4 

°C. Tissues were homogenized using an Argos Pellet Mixer with disposable 

pestles on ice in RIPA and left for 30 min on ice before being spun down at 13,000 

rpm for 15 min at 4 °C. 

Protein concentration was determined using a Bradford protein assay (2.2.9). 

Samples were boiled in sample buffer for 10 min at 99 °C and loaded on SDS-

polyacrylamide gels with 12% acrylamide content. Electrophoresis was performed 

in SDS-PAGE buffer at 110 – 130 V on Hoefer Mighty Small Vertical Units SE250 

(Amersham) and proteins were transferred to 0.2 μM nitrocellulose membrane 

(Amersham) in electroblotting buffer by Western blotting using the Hoefer TE22 

Mini Transfer Tank (Amersham) at 250 mA for up to 3 hr. Membranes were 

blocked in 5% milk powder in TBST for 30 min and incubated with primary 

antibodies overnight at 4 °C (Table 2-3).  
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For horseradish-peroxidase (HRP) visualization, membranes were first washed 

three times in TBST for 3 min each, followed by incubation with HRP-conjugated 

secondary antibodies at 1:10,000 for a minimum of 1 hr (Table 2-4). Proteins were 

visualised by Pierce ECL reagent, using Fuji Medical X-Ray Film Super RX 18x24 

on an AGFA classic E.O.S film processor. 

For infrared visualization, membranes were washed three times in TBST for 3 min 

each, followed by incubation with IRDye secondary antibodies at 1:10,000 for a 

minimum of 1 hr (Table 2-4). Membranes were then washed three times in TBST 

for 3 min each and rinsed in water before being scanned using a LI-COR Odyssey. 

Image Studio software (LI-COR, V2.1.10) was used to quantify the membranes. 

The following primary antibodies were used for Western blotting (1:1000 dilution): 

Target Antibody name and supplier 

Actin  I-19-R; Santa Cruz Biotechnology 

β-catenin 6B3; Cell Signaling Technology 

c-Myc D84C12; Cell Signaling Technology 

CDK4 DCS-35; Santa Cruz Biotechnology 

Cyclin D1 DCS6; Cell Signaling Technology 

HA.11  16B12; Covance 

HO-1 H-105; Santa Cruz Biotechnology 

HSP90 Cell Signaling Technology 

NRF2 C-20; Santa Cruz Biotechnology 

p21 C-19; Santa Cruz Biotechnology 

p53 (human) DO-1; Beatson Molecular Services 

p53 (murine) 1C12; Cell Signaling Technology 

TIGAR (human) G-2; Santa Cruz Biotechnology 

TIGAR (murine) M-209; Santa Cruz Biotechnology 

Table 2-3: Primary antibodies used for Western blotting 
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The following secondary antibodies were used for Western blotting (1:10,000 

dilution): 

Target Supplier 

Sheep anti-mouse IgG HRP-linked GE Healthcare 

Donkey anti-rabbit IgG HRP-linked GE Healthcare 

IRDye 800CW donkey anti-goat LI-COR 

IRDye 800CW donkey anti-mouse LI-COR 

IRDye 800CW donkey anti-rabbit LI-COR 

Table 2-4: Secondary antibodies used for Western blotting 
 

2.2.11 iRFP Reporter Construct Generation 

The iRFP reporter vector was obtained from A. Hock (Hock et al. 2014). iRFP 

reporter inserts were annealed in 80 μl NE on a Thermomixer heat block 

(Eppendorf) for 10 min at 99 °C. The heat block was then turned off, and inserts 

were allowed to cool for 1 hr. The original vector was digested to remove previous 

insert by combining 5 μl vector, 5 μl 10x NEBuffer 2 (New England Biolabs), 1 μl 

SpeI (Roche), 1 μl EcoRI (Life Technologies), 1 μl BSA and 37 μl diethyl 

pyrocarbonate (DEPC)-treated water in a tube and placed in a water bath for 2 hr 

at 37 °C. The digested vector was then run on an agarose gel at 40 mV and 

analysed under UV after which the correct band was cut out of the gel. The vector 

DNA was then purified using the NucleoSpin Gel and PCR Clean-Up kit (Machery-

Nagel) according to manufacturer’s instructions. Reporter inserts were ligated into 

the iRFP vector using the InFusion HD Eco Dry system (Clontech) according to 

manufacturer’s instructions (Table 2-5).  

The following insert primer sequences were used (synthesized and purified by 

Eurofins MWG Operon): 

Name Sequence (5’ - 3’) 
 TIGAR hBS1 for CTG TGG ACT AGT CCA CAA AGC AAG TCT CTG TAA  

TIGAR hBS1 rev TTA CAG AGA CTT GCT TTG TGG ACT AGT CCA CAG 

TIGAR hBS2 for AGA CAT GTC CAC AGA CTT GTC TGG GTA C 
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TIGAR hBS2 rev GTA CCC AGA CAA GTC TGT GGA CAT GTC T 

TIGAR mBS1 for GGA CCT AAC TTG TTC TTT ACT TGG AAC TTG CTT 
TGT CC 

TIGAR mBS1 rev GGA CAA AGC AAG TTC CAA GTA AAG AAC AAG TTA 
GGT CC 

TIGAR mBS2 for GAA GAC ATG ACC CGG CCT CTC GAC T 

TIGAR mBS2 rev AGT CGA GAG GCC GGG TCA TGT CTT C 

p53RE for GGA CAT GCC CGG GCA TGT CCC CAG AGA CAT GTC 
CAG ACA TGT CCC CAG GAA CAT GTC CCA ACA TGT 
TGT CCA GGA GAC ATG TCC AGA CAT GTC CCC AGG 
AAC ATG TCC CAA CAT GTT GT 

p53RE rev ACA ACA TGT TGG GAC ATG TTC CTG GGG ACA TGT 
CTG GAC ATG TCT CCT GGA CAA CAT GTT GGG ACA 
TGT TCC TGG GGA CAT GTC TGG ACA TGT CTC TGG 
GGA CAT GCC CGG GCA TGT CC 

WAF1 for GAA CAT GTC CCA ACA TGT TG 
Published (el-Deiry et al. 1993) 

WAF1 rev CAA CAT GTT GGG ACA TGT TC 
Published (el-Deiry et al. 1993) 

BPAG1 for CGC CAT GCA TGA ATT CCG CGT TCT GCC TGC TTT 
GTT CAT ACT TGT AGG CAC TAG TTA GGC GTG TA 
Published (Osada et al. 2005a) 
 

BPAG1 rev TAC ACG CCT AAC TAG TGC CTA CAA GTA TGA ACA 
AAG CAG GCA GAA CGC GGA ATT CAT GCA TGG CG 
Published (Osada et al. 2005a) 
 

Table 2-5: Primers for iRFP construct inserts 
 

2.2.12 DNA Preparation 

Competent E. coli DH5α bacteria (Cancer Research UK Beatson Institute 

Molecular Technology Services) were transformed with plasmid DNA by combining 

2 μg DNA with 100 μl competent bacteria. Following incubation of 15 min on ice, 

the bacteria-DNA combination was heat-shocked for 45 sec at 42 °C and placed 

on ice for 2 min. 1 ml LB was added and incubated with shaking for 1 hr at 37 °C. 

The bacteria suspension was then plated on LB agar plates containing 100 μg/ml 

Ampicillin or 50 μg/ml Kanamycin. Plates were placed for 1 hr in a 37 °C incubator 

before being inverted to grow colonies. Single colonies were picked and left 
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shaking in 4 ml LB for small scale DNA preparation (mini prep) or 250 ml LB for 

large scale DNA preparation (maxi prep) with 100 μg/ml Ampicillin or 50 μg/ml 

Kanamycin for overnight at 37 °C. 

The Cancer Research UK Beatson Institute Molecular Technology Services 

performed all small-scale DNA preparations using a QIAgen BioRobot 9600 

according to the QIAprep 96 Plus Miniprep protocol, and large-scale DNA 

preparations using an Invitrogen Purelink plasmid filter purification kit according to 

the manufacturer’s manual. 

2.2.13 Plasmids 

The following plasmids were used in this study: 

Plasmid Source 

pCMV mouse p53 

 

from K. Ryan 

pcDNA3 empty Life Technologies 

pcDNA3 p53 

 

from K. Ryan 

pcDNA HA-TAp63α from G. Melino (De Laurenzi et al. 2000) 

pcDNA HA-TAp63β from G. Melino 

pcDNA HA-TAp63γ from G. Melino 

pcDNA HA-ΔNp63α from G. Melino (Candi et al. 2006) 

pcDNA HA-TAp73α from G. Melino (De Laurenzi et al. 1998) 

pcDNA HA-TAp73β from G. Melino 

pcDNA HA-TAp73γ from G. Melino 

pcDNA HA-ΔNp73α from G. Melino 

  

BPAG1 iRFP reporter construct 

p53RE iRFP reporter construct 

TIGAR hBS1 iRFP reporter construct 

TIGAR hBS2 iRFP reporter construct 

TIGAR mBS1 iRFP reporter construct 

TIGAR mBS2 iRFP reporter construct 

WAF1 iRFP reporter construct 

Table 2-6: Plasmids 
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2.2.14 Transfections 

For iRFP reporter assay studies, p53/HA-tagged p63/HA-tagged p73 and iRFP 

reporters were transfected at a ratio of 1:1. 

Cells were transfected using GeneJuice (Merck Biosciences). 3 x 105 cells per well 

were seeded in 6 well plates and cultured for 24 hr before. 100 μl OptiMEM (Life 

Technologies) was mixed with 3 μl GeneJuice, mixed thoroughly by vortexing and 

incubated for 5 min at RT. A total of 2 μg of DNA was then added to the 

GeneJuice/OptiMEM combination and mixed through gentle pipetting. This was 

then incubated for 15 min at RT. The entire volume was then added to the cells in 

a drop-wise fashion and cells were incubated for 24 hr before harvesting for 

analysis. For iRFP reporter assay scans, transfections were performed in 96-well 

plates and volumes were scaled down to 3 x 104 cells per well, 6.3 μl OptiMEM, 

0.35 μl GeneJuice and a total DNA content of 0.12 μg.  

2.2.15 iRFP Reporter Assays 

24 hr post-transfection, 96-well plates were scanned using a LI-COR Odyssey 

infrared scanner at 169 μM resolution, 3.5 mm offset and a low intensity setting. 

Image Studio software (LI-COR, V2.1.10) was used to quantify iRFP reporter 

readings from the plates. 

2.2.16 DNA Sequencing 

The correct insertion of response elements into iRFP constructs was confirmed 

through DNA sequencing by the Cancer Research UK Beatson Institute Molecular 

Technology Services on an Applied Biosystems 3130xl genetic analyser. The 

results were analysed using the ApE plasmid editor v1.17. 

The following sequencing primer was used (synthesized and purified by Eurofins 

MWG Operon) to confirm insertion of response elements:  

Name Sequence 

iRFP seq rev GCG GTT GGA TGG CAC CGG GG 

Table 2-7 Sequencing primer for iRFP reporters 
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2.2.17 RNA Extraction and Quantitative Real-Time PCR 

RNA was extracted using the RNeasy kit (QIAgen) following manufacturer’s 

instructions from cells or mouse tissues. RNA concentration was determined using 

a Nanodrop 2000c (Thermo Scientific). cDNA was synthesised through reverse 

transcription polymerase chain reaction (RT-PCR) from 1 μg RNA using Oligo d(T) 

primers and using the DyNAmo SYBR Green two-step kit (Finnzymes) according 

to manufacturer’s instructions using a PTC-200 Peltier Thermal Cycler (MJ 

Research). The quantitative real-time PCR (qPCR) reaction was performed with 5 

μl cDNA, diluted 1:20, using the DyNAmo SYBR Green two-step kit (Finnzymes). 

The amount of fluorescent PCR product accumulating during the PCR programme 

(15 min at 95 °C hot start, 40 cycles of 20 sec denaturing at 94 °C, 30 sec 

annealing at 60 °C and 30 sec elongation at 72 °C, final elongation 10 min 72 °C) 

was detected by a Chromo4 Reader (Bio-Rad) and analysed using the Opticon 

Monitor 3 software. Gene expression was quantified relative to the housekeeping 

gene ribosomal protein, large, P0 (RPLP0) or mouse glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) (Primer Design) according to the comparative ∆∆Ct- 

method.  

The mouse TIGAR primer was purchased from QIAGEN. The following mRNA 

primers (5’ à 3’) were used (synthesized and purified by Eurofins MWG Operon): 

Name Sequence 

Axin2 for GCT CCA GAA GAT CAC AAA GAG C 

Axin2 rev AGC TTT GAG CCT TCA GCA TC 

Hexokinase 2 for TTC GCA CTG AGT TTG ACC AG 

Hexokinase 2 rev CCA TCC TTC TCC CCT TCA AT 

HO-1 for CAG GAG CTG CTG ACC CAT GA 

HO-1 rev AGC AAC TGT CGC CAC CAG AA 

p21 (human) for CTG GAG ACT CTC AGG GTC GAA A 

p21 (human) rev GAT TAG GGC TTC CTC TTG GAG AA 

p21 (mouse) for GGC CCG GAA CAT CTC AGG 

p21 (mouse) rev AAA TCT GTC AGG CTG GTC TGC 

p53 (human) for CCC TTC CCA GAA AAC CTA CC 

p53 (human) rev CTC CGT CAT GTG CTG TGA CT 
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p53 (mouse) for CAC GTA CTC TCC TCC CCT CAA T 

p53 (mouse) rev AAC TGC ACA GGG CAC GTC TT 

RPLP0 for GCA ATG TTG CCA GTG TCT G 

RPLP0 rev GCC TTG ACC TTT TCA GCA A 

TAp73 (mouse) for GCA CCT ACT TTG ACC TCC CC 

TAp73 (mouse) rev GCA CTG CTG AGC AAA TTG AAC 

TIGAR (human) for CGG CAT GGA GAA AGA AGA TT 

TIGAR (human) rev TCC TTT CCC GAA GTC TTG AG 

Table 2-8 Primer sequences for qPCR 
 

2.2.18 Chromatin-Immunoprecipitation (ChIP) 

Plates were set up for approximately 8 x 105 cells on 10 cm plates. 24 hr after 

plating, cells were treated with 50 μM cisplatin for 24 hr. Plates were first washed 

with 4 ml PBS. Formaldehyde solution was prepared by combining 405 μl 37% 

formaldehyde with 15 ml serum free DMEM, and 4 ml of this solution was added to 

each plate in a drop-wise manner. Plates were then incubated with gentle agitation 

for 10 min at RT. Cross-linking was stopped with the addition of 200 μl 2.5 M 

glycine and incubated with gentle agitation for 5 min at RT. 

Media was completely aspirated and plates were placed on ice. Ice cold PBS was 

used to wash the plates once. Cells were scraped in 5 ml ice cold PBS and 

transferred to 15 ml tubes. This was repeated to ensure all cells were harvested 

(final volume of 10 ml per sample). Cells were centrifuged at 1,200 rpm for 5 min 

at 4 °C and the final cell pellet was resuspended with 1.5 ml ice cold PBS and kept 

on ice. Cells were then centrifuged at 2,000 rpm for 5 min at 4 °C.  

The cell pellet was gently resuspended in 1.5x pellet volume (approximately 200 

μl) of ChIP cell lysis buffer (CLB) with gentle pipetting and incubated for 10 min on 

ice. This was then centrifuged at 2,500 rpm for 5 min at 4 °C to collect cell nuclei. 

The supernatant was carefully discarded and nuclei were resuspended in 95 μl of 

ChIP nuclear lysis buffer (NLB) and incubated for 10 min on ice. ChIP dilution 

buffer (IPDB) was added to top up sample to 400 μl and samples were transferred 

to Eppendorf tubes. Volumes used for cell lysis and nuclei collection were based 

on 8 x 105 cell samples and were adjusted according to cell number.  
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Before sonication, 10 μl of each sample was taken for running on an agarose gel 

as “pre-sonication”. Samples were sonicated using the VCX130 Vibra-Cell 

sonicator (Sonics) at 100% amplitude, 30 sec on/30 sec off for a total of 10 min 

(two repeats of 5 min) in order to shear the DNA into approximately 200-500 bp 

fragments. Ice was replaced and the probe was washed in between each 5 min 

run. Following sonication, 10 μl of each sample was taken for running on an 

agarose as “post-sonication”. To ensure samples were appropriately fragmented, 

pre- and post-sonication samples were run on a 1.5% agarose gel at 40 mV and 

analysed under UV. 

Samples were then centrifuged at 13,000 rpm for 5 min at 4 °C, and 600 μl IPDB 

was added to obtain a final volume of 1 ml. Chromatin was pre-cleared by adding 

16.7 μl normal rabbit IgG (Santa Cruz Biotechnology) and incubated on a rotating 

wheel for 1 hr at 4 °C. Following this, 33.3 μl of homogenous protein G-agarose 

suspension (Sigma-Aldrich) was added and incubated on a rotating wheel for at 

least 3 hr (to overnight) at 4 °C.  

Samples with beads were centrifuged at 3,000 rpm for 2 min at 4 °C. Modified 

IPDB (IPDBmod) was then made by combining 1:4 NLB:IPDB. The supernatant 

was transferred to new Eppendorf tubes and set up in the necessary conditions for 

ChIP with p53 and HA as a negative control (Table 2-9). 4 μl chromatin was set up 

as an input control and stored at -20 °C. Samples were incubated on a rotating 

wheel overnight at 4 °C.  

ChIP Target Conditions 

p53 400 μl chromatin + 400 μl IPDBmod + 10 μg p53 antibody 

HA 400 μl chromatin + 400 μl IPDBmod + 10 μg HA antibody 

Table 2-9 ChIP set up conditions 
 

Following incubation, samples were centrifuged at 13,000 rpm for 5 min at 4 °C 

and transferred to new Eppendorf tubes. 50 μl homogenous protein G-agarose 

suspension was added and samples were incubated on a rotating wheel for at 

least 4 hr at 4 °C. Samples were then centrifuged at 13,000 rpm for 30 sec at 4 °C. 

The supernatant was removed and pellets were washed twice with 750 μl ChIP 
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wash buffer 1 (IPWB1). Samples were vortexed briefly between each wash and 

centrifuged at 7,500 rpm for 2 min at 4 °C. Pellets were washed similarly with 750 

μl ChIP wash buffer 2 (IPWB2) and twice with 750 μl TE. 

To elute ChIP material, 200 μl ChIP elution buffer  (IPEB) was added to the 

samples with 2 μl RNase A (Sigma-Aldrich) and 2 μl Proteinase K (Sigma-Aldrich), 

and heated on a Thermomixer heat block (Eppendorf) at 900 rpm overnight for 65 

°C. Input samples were similarly processed.  

Following this, samples were transferred to fresh Eppendorf tubes and 200 μl TE 

was added. Phase-lock tubes (5 Prime) were used for phenol-chloroform-

isoamylalcohol (PCl, Sigma-Aldrich) isolation. Tubes were first spun at 14,000 rpm 

for 1 min at RT to pellet the solvent in the tubes. 400 μl PCl was added to samples 

and thoroughly mixed before being transferred to phase-lock tubes. This was then 

spun at 14,000 rpm for 5 min at RT. The upper phase was carefully transferred to 

new Eppendorf tubes.  

16 μl of 5 M NaCl and 8 μl glycogen (Ambion) was added to the samples and then 

vortexed. 1 ml of ice cold 100% ethanol was added to each sample and then 

vortexed. Samples were then stored for a minimum of 30 min at -80 °C. Following 

this, samples were spun at 13,000 rpm for 15 min at 4 °C, and the supernatant 

was discarded. Pellets were washed with 1 ml ice cold 80% ethanol and spun at 

13,000 rpm for 10 min at 4 °C. The supernatant was discarded and pellets were 

dried at RT with tube lids opened in a fume hood for approximately 10 min. DNA 

was eluted in 50 μl 10 mM Tris-HCl and heated on a Thermomixer heat block 

(Eppendorf) for 10 min at 50 °C in order to dissolve the pellet.  

Samples were finally analysed via qPCR. Primers were first prepared for 100 

pmol/μl (Table 2-10). For each sample, 15 μl of master mix was made up 

consisting 4 μl RNase free water, 1 μl primer mix and 10 μl Fast SYBR Green 

Master Mix (Applied Biosystems). This was added to 5 μl DNA per well on a 

MicroAmp fast optical 96-well reaction plate (Applied Biosystems). The PCR 

conditions were: 45 cycles of 95 °C for 5 sec, 94 °C for 20 sec, 60 °C for 30 sec, 

72 °C for 30 sec, followed by 72 °C for 5 min and was detected on a 7500 Fast 

Real-Time System (Applied Biosystems). Values were calculated as % input.   
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The following primers (5’ à 3’) were used (synthesized and purified by Eurofins 

MWG Operon): 

Name Sequence 

p21 (-2400 bp) for CTG GAC TGG GCA CTC TTG TC 

p21 (-2400 bp) rev CCC CTT CCT CAC CTG AAA AC 

p21 N/S (-50 bp) for GGC ACT CAG AGG AGG TGA GA 

p21 N/S (-50 bp) rev ACC CGC GCA CTT AGA GAC AC 

TIGAR mBS1 (-2062 bp) for GGA AGA AGG TTG TCC ATT GT 

TIGAR mBS1 (-2062 bp) rev ACA AAG CAA GTT CCA AGT AAA G 

TIGAR N/S (-992 bp) for GTT CTC CAG AGG AGC AAA TAA 

TIGAR N/S (-992 bp) rev CAG GGA CAA AGG TTC TGT ATA A 

TIGAR mBS2 (+263 bp) for GAA GCC GGG TCT TAA ATG TC 

TIGAR mBS2 (+263 bp) rev GGT CAT GTC TTC TCG CAA TG 

Table 2-10 Primer sequences for ChIP qPCR 
 

2.2.19 Statistical Analyses 

Statistical significance (p < 0.05, p < 0.005) of differential findings between 

experimental groups was determined by a Student’s t-test using GraphPad 

software. Error bars represent the standard error of the mean (SEM) of three 

independent experiments unless otherwise indicated. 
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Chapter 3 Mechanisms of Control of TIGAR 
Expression 

TIGAR was initially identified in human cells as a target of the tumour suppressor 

protein p53 (Jen and Cheung 2005; Bensaad et al. 2006). The human TIGAR 

gene possesses two p53-binding sites, hBS1 and hBS2, where hBS2 is the 

functional p53-binding site (Bensaad et al. 2006). In the mouse genome, Tigar also 

possesses two p53-binding sites, mBS1 and mBS2, arranged in a similar 

organisation to human TIGAR. Little is known about p53-independent expression 

of TIGAR, although other transcription factors such as SP1 (Zou et al. 2012) and 

CREB (Zou et al. 2013) have been implicated.  

To understand the regulation of TIGAR by p53, the basal expression of TIGAR 

protein and RNA were first characterised in mouse as well as human tissues. 

These experiments were followed by an investigation of the induction of TIGAR 

expression by p53 in vitro using cancer cell lines and infrared fluorescent protein 

(iRFP) reporter assays as well as through the use of a mouse model of intestinal 

regeneration.  
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3.1 Basal Expression of TIGAR in Mouse Tissues 

Although it has been previously shown that TIGAR is expressed in several mouse 

tissues (Cheung et al. 2013), the precise expression pattern is not well 

documented. As such, we undertook a more detailed examination of the relative 

levels of TIGAR expression across a variety of tissues from wild-type (WT) mice. 

In this analysis, TIGAR protein levels were detected in all the tissues tested with 

the highest expression found in muscle and brain (Figure 3-1A). To complement 

these data, the expression of TIGAR mRNA was assessed in the same tissues in 

order to compare the observed protein levels to transcriptional activity (Figure 

3-1B).  

Interestingly, the expression of TIGAR protein was not completely mirrored by 

mRNA expression. For example, although the expression of TIGAR protein in the 

liver and pancreas are similar, the mRNA expression of TIGAR was much lower in 

the pancreas than in the liver (Figure 3-1). This suggests the presence of 

additional mechanisms such as translational or posttranslational control that 

regulate TIGAR protein expression in certain tissues.  
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Figure 3-1 Basal TIGAR expression in mouse tissues 
Left: Western blot analysis of indicated tissues from three different wild-type (WT) 

animals. Right: Graph represents quantification of Western blots. Values represent mean 

± SD. n = 3 mice. (B) mRNA expression of TIGAR in indicated tissues of WT animals. 

Values represent mean ± SEM. n = 3 mice with 3 technical replicates. 
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3.2 Basal Expression of TIGAR in Human Tissues 

As in the mouse, the basal expression of TIGAR protein and mRNA were further 

investigated in human tissues. Both protein and mRNA data sets were obtained 

from The Human Protein Atlas (http://www.proteinatlas.org) and compared with the 

expression data that we generated in mice (Figure 3-2). Interestingly, while mouse 

liver showed lower levels of expression in TIGAR compared to the muscle and 

brain, in human tissues, the liver showed high levels of TIGAR expression. In 

human tissues, TIGAR RNA did not completely correlate with protein expression. 

For example, while the protein expression of TIGAR in the spleen is low compared 

to other tissues, TIGAR RNA expression in the spleen is relatively high. However, 

for some tissues such as the ovary, TIGAR protein and RNA expression are at 

similar levels. Based on these observations, we conclude that TIGAR is expressed 

in all tissues to varying levels. 

 

Figure 3-2 Basal TIGAR expression in human tissues 
Left: Graph represents basal TIGAR protein expression in various tissues. Scores based 

on antibody intensity or protein expression in each tissue. Right: Graph represents basal 

TIGAR RNA expression in various tissues with values calculated as fragments per 

kilobase of exon per million fragments mapped (FPKM). Data obtained from The Human 

Protein Atlas. 
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3.3 Induction of TIGAR Expression by p53  

3.3.1 Comparison of Human and Mouse TIGAR p53 Binding Sites 

Both human and mouse p53 possess two p53-binding sites, one upstream of the 

transcriptional start site and one within the first intron (Figure 3-3) (Bensaad et al. 

2006). Based on this, and as in human TIGAR, previous work has suggested that 

murine TIGAR is also a target of p53 (Kimata et al. 2010; Li et al. 2012a; Hamard 

et al. 2013).  

 

Figure 3-3 The human and mouse TIGAR gene promoter 
 

To investigate the differences between the human (hBS1 and hBS2) and mouse 

(mBS1 and mBS2) p53-binding sites of TIGAR directly, the sequences 

corresponding to each of the p53-binding sites were cloned into infrared 

fluorescent protein (iRFP) reporter constructs (Hock et al. 2014). These constructs 

were then co-transfected into HCT116 p53-null (HCT116 p53-/-) cells plated on 96-

well plates along with increasing amounts of human or mouse p53 (0 – 60 μg). If 

the reporter is activated by the transcriptional activity of p53, iRFP will be 

synthesized from the reporter, which can subsequently be measured on an 

infrared scanner. 24 hours post-transfection, the plates were scanned using an 

infrared scanner (LI-COR Odyssey) and fluorescence from iRFP was quantified. 

The major advantage of iRFP fluorescence for reporter assays is the ability to 

process and quantify data on a high-throughput scale without the need to harvest 

cells, which reduces sample preparation error. Cells were also harvested 24 hours 

post-transfection to assess transfection efficiency by analysing the levels of human 

or mouse p53 protein via Western blot. This Western blot analysis confirmed 

increasing levels of human or mouse p53 transfection into the cell lines (Figure 

3-4C) 
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Based on the iRFP reporter data (Figure 3-4A-B), we conclude that each of the 

p53-binding site reporters tested (TIGAR-hBS1, TIGAR-hBS2, TIGAR-mBS1 and 

TIGAR-mBS2) were activated by both human (hp53) and mouse p53 (mp53). 

Even so, the responsiveness of each to p53 was different. TIGAR-hBS2, the more 

efficient of the two human p53 binding sites, for example, was efficiently activated 

by either human or mouse p53. In contrast, TIGAR-mBS1 was more responsive to 

both human and mouse p53 than TIGAR-mBS2. It was also slightly more 

responsive to p53 than TIGAR-hBS1, although it was less active than TIGAR-

hBS2. Interestingly, mouse p53 was slightly more effective in the induction of all 

the binding site reporters with the exception of TIGAR-mBS2 (Figure 3-4A-B). 

Taken together, the results suggest that the weaker p53-binding site (BS1), 

located upstream of the promoter, is structurally and functionally conserved 

between human and mouse but the stronger BS2 in humans is only very weakly 

active in the mouse.  
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Figure 3-4 Comparison of human and mouse TIGAR p53-binding sites 
(A) iRFP reporter assay scans of HCT116 p53-/- cells 24 hr after co-transfection with 

TIGAR-hBS1, TIGAR-hBS2, TIGAR-mBS1 or TIGAR-mBS2 iRFP reporters and increasing 

amounts of human or mouse p53. (B) Quantification of iRFP reporter scans. Values 

represent mean ± SEM. n = 3 independent experiments with at least 12 technical 

replicates. (C) Western blot analysis of HCT116 p53-/- cells transfected with increasing 

amounts of human or mouse p53. n = 2 independent experiments. NT, non-transfected. 

EV, empty vector. 
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3.3.2 Activation of TIGAR by p53 in vitro 

While the data from the iRFP reporter assays suggest that mouse TIGAR is not as 

strongly induced by p53 as human TIGAR, several published studies have shown 

that endogenous mouse TIGAR is responsive to the transcriptional activity of p53 

(Li et al. 2012a; Hamard et al. 2013). In line with this model, p53-deficient mice 

lose the ability to induce TIGAR expression following myocardial injury (Kimata et 

al. 2010; Hoshino et al. 2012). However, it has also been shown that TIGAR can 

be induced in mouse primary neurons following oxygen and glucose 

deprivation/reoxygenation in a p53-independent manner (Li et al. 2014b).  

To compare the induction of TIGAR in human and mouse cells by p53 activation, a 

panel of human and mouse fibroblasts were treated with the drug cisplatin. 

Cisplatin causes genotoxic stress by binding to and distorting the structure of the 

DNA complex, which results in the activation of p53 (Zamble et al. 1998). 

Subsequently, the induction of TIGAR protein and mRNA were assessed and 

compared to the response of the well-established p53 target gene, p21.  

For this experiment, human tert-immortalized fibroblasts (TIFs) were treated with 

increasing concentrations of cisplatin. Low doses of cisplatin were used to induce 

genotoxic stress and cause p53-induced cell cycle arrest and DNA repair rather 

than apoptosis (Zamble et al. 1998; Offer et al. 2002).  

TIFs showed an increase in p53 protein level, as expected when inducing 

genotoxic stress. Moreover, an increased expression of both p21 and TIGAR 

protein were observed after cisplatin treatment (Figure 3-5A). Furthermore, human 

TIFs showed a significant increase in p21 and TIGAR mRNA after cisplatin 

treatment, although the promotion of p21 mRNA was far greater than that for 

TIGAR (Figure 3-5B).  
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Figure 3-5 TIGAR expression in response to p53 activation in human TIFs 
(A) Left: Western blot analysis of tert-immortalised fibroblasts (TIFs) treated with indicated 

concentrations of cisplatin (cis) for 24 hr. Right: Graph represents quantification of 

Western blots with fold change compared to untreated. Values represent mean ± SEM. n 

= 3 independent experiments. (B) mRNA expression of TIGAR and p21 following 24 hr of 

cisplatin (cis) treatment (50 μM) in TIFs. Values represent mean ± SEM. n = 3 

independent experiments with 3 technical replicates. *p < 0.05, **p < 0.005 compared to 

untreated.  
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For comparison, mouse 3T3s were similarly treated with cisplatin in order to 

induce genotoxic stress but not induce cell death. Following treatment with 

cisplatin, an elevation in both p53 and p21 protein were observed much like 

previously seen in the human TIFs. However, the expression of TIGAR protein 

was unaffected after treatment in these cells (Figure 3-6A). Mouse 3T3s also 

showed a significant increase in p21 mRNA expression but no significant increase 

in TIGAR mRNA after cisplatin treatment (Figure 3-6B). Combined, these 

observations suggest differences between the regulation of TIGAR in human and 

mouse cell lines in response to genotoxic stress. 

 

Figure 3-6 TIGAR expression in response to p53 activation in mouse 3T3s 
(A) Left: Western blot analysis of 3T3s treated with indicated concentrations of cisplatin 

(cis) for 24 hr.  Right: Graph represents quantification of Western blots with fold change 

compared to untreated. Values represent mean ± SEM. n = 3 independent experiments. 

(B) mRNA expression of TIGAR and p21 following 24 hr of cisplatin (cis) treatment (50 

μM) in 3T3s. Values represent mean ± SEM. n = 3 independent experiments with 3 

technical replicates.  *p < 0.05, **p < 0.005 compared to untreated. NS, not significant.  
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Most of the previous studies showing a p53-dependent induction of TIGAR 

expression in mouse cells were carried out in vivo (Li et al. 2012a; Hamard et al. 

2013), possibly suggesting that this response could be limited to cells in a more 

physiologically normal environment. To further investigate p53-dependent 

activation of TIGAR in mouse cells, an in vitro intestinal crypt culture model using 

small intestinal crypts derived from wild-type mice was also tested for TIGAR 

expression in response to cisplatin. Intestinal crypts were treated with 50 μM 

cisplatin for 24 hours, a protocol that did not induce major cell death (Figure 3-7A). 

As seen in the 3T3s, cisplatin treatment on the intestinal crypts was able to induce 

the expression of p53 and p21, but no obvious induction of TIGAR protein was 

observed (Figure 3-7B). These results suggest that p53 activation in mouse cells 

in culture does not consistently induce TIGAR expression.  

 

Figure 3-7 TIGAR expression in response to p53 activation in intestinal crypt 
organoids 
(A) Brightfield images of small intestinal crypt organoids obtained from wild-type (WT) 

mice treated with 50 μM cisplatin (cis) for 24 hr. (B) Left: Western blot analysis of small 

intestinal crypt organoids treated with 50 μM cisplatin (cis) for 24 hr. Right: Graph 

represents quantification of Western blots with fold change compared to untreated. Values 

represent mean ± SEM. n = 3 independent experiments. *p < 0.05, **p < 0.005 compared 

to untreated. NS, not significant. 
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To determine whether p53 can bind to either of the two putative binding sites in the 

mouse Tigar promoter (mBS1 and mBS2), chromatin-immunoprecipitation (ChIP) 

was carried out in mouse 3T3 cells treated with cisplatin for 24 hours to activate 

p53. Quantitative PCR (qPCR) was then performed for mBS1 (-2062 bp) and 

mBS2 (+263 bp). A p53-responsive element on the p21 promoter (-2400 bp) was 

used as a positive control while non-specific (N/S) binding regions on the Tigar (-

992 bp) and p21 promoter (-50 bp) were used as regions where no binding should 

occur (negative controls). While p53 was clearly recruited to the p21 promoter 

following cisplatin treatment, no increased binding of p53 to either mBS1 or mBS2 

could be detected in these cells (Figure 3-8). The failure to recruit p53 to the Tigar 

promoter explains the observed failure of p53 to activate the expression of mouse 

TIGAR seen in several cell types in vitro.  

 

Figure 3-8 p53 does not bind to the Tigar promoter after cisplatin treatment 
Chromatin-immunoprecipitation (ChIP) was performed for p53 along with qPCR for mBS1 

(-2062 bp), mBS2 (+263 bp), a p53-response element on the p21 promoter (-2400 bp) and 

non-specific (N/S) binding regions on the Tigar (-992 bp) and p21 promoter (-50 bp), using 

3T3s treated with 50 μM cisplatin for 24 hr. Values represent mean ± SEM. n = 3 

independent experiments with 2 technical replicates. *p < 0.05, **p < 0.005 compared to 

control. NS, not significant.  
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To better understand the role of the second p53-binding site (hBS2 and mBS2) in 

modulating TIGAR expression, its conservation was investigated across additional 

mammalian species. Much like observed in human and mouse, canine TIGAR 

consists of six exons. Using the BioBase Match transcription factor programme 

(http://www.gene-regulation.com/cgi-bin/pub/programs/match/bin/match.cgi) and 

analysing the sequence upstream and downstream of the canine TIGAR promoter, 

one potential p53-binding site was found. Interestingly, this binding site was closer 

to the location of mBS1 in mouse Tigar than hBS1 in human TIGAR (Figure 3-9). 

However, no predicted second p53-binding site was found in an analogous 

position to the mouse or human BS2. 

 

Figure 3-9 Organization of the dog TIGAR gene 
 

We investigated the single predicted potential p53-binding site in canine TIGAR 

using Madin-Darby canine kidney (MDCK) cells. To test whether activation of dog 

TIGAR is reliant on p53, MDCK cells were treated with cisplatin for 24 hours to 

induce a p53 response without inducing cell death. MDCK cells showed an 

induction in p53 expression, although this was only weakly detected by Western 

blot, as well as a strong elevation in p21 expression. However, no increase in 

TIGAR protein levels were observed (Figure 3-10), suggesting that p53 does not 

obviously induce TIGAR expression in canine cells. Interestingly, these cells 

showed very high basal expression of TIGAR.  

Taken together, our data suggest that the p53-binding site located within the first 

intron of human TIGAR (BS2) is particularly important in promoting p53-driven 

expression of TIGAR and that other species lack a strongly p53-responsive site in 

the TIGAR promoter. 
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Figure 3-10 TIGAR expression in response to p53 activation in MDCK cells 
Western blot analysis of MDCK cells treated with indicated concentrations of cisplatin (cis) 

for 24 hr. n = 3 independent experiments. 

 

 

  



Chapter 3  128 
 

3.3.3 Activation of TIGAR in vivo 

To examine the induction of TIGAR in vivo, tissue regeneration in the murine small 

intestine was analysed as a model organ system. In this model, damage caused 

by treatment with cisplatin or irradiation is sufficient to cause tissue ablation and to 

initiate regeneration. Following damage, a period of recovery ensues, during which 

rapid tissue regeneration occurrs (Martin et al. 1998; Potten and Grant 1998; 

Metcalfe et al. 2014).  

In wild-type (WT) mice, small intestinal regeneration is characterized by a rapid 

regrowth of intestinal crypts, which can be observed 72 hours following treatment 

with cisplatin or irradiation (IR) (Martin et al. 1998; Ashton et al. 2010; Cheung et 

al. 2013). TIGAR expression was found relatively low in the untreated small 

intestines and localised to the intestinal crypts where most proliferation occurs 

(Figure 3-11). Following cisplatin treatment or IR, we observed a marked increase 

in TIGAR expression within the intestinal crypts. This is in contrast to our in vitro 

data. It is not clear why the cisplatin-dependent induction of TIGAR was only seen 

in vivo, and not in cultured cells, although this may be due to differences in cell 

type or culture conditions (Figure 3-11). 

Taken together, these results suggest that TIGAR expression is induced in the 

mouse in response to stress but that this may reflect a p53 independent response. 

This hypothesis was therefore investigated further in the next chapters. 
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Figure 3-11 TIGAR expression in the small intestine after acute tissue 
damage 
Immunohistochemistry for TIGAR on wild-type (WT) animals before and after 72 hr 

cisplatin (+Cis) or 14 Gy irradiation (+IR) treatment. Panels show more detailed crypt 

structures indicated in the box. n = 3 mice per genotype per condition, each stained 3 

times. 
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3.4 Summary and Discussion 

In humans, TIGAR is a p53 target gene that has been found to play a role in cell 

survival during conditions of mild stress (Bensaad et al. 2006; Bensaad et al. 

2009; Lui et al. 2011; Cheung et al. 2012; Wanka et al. 2012; Lee et al. 2014). 

Here the mechanisms by which TIGAR is induced were investigated in human and 

mouse cells.  

The basal expression of TIGAR protein and RNA were first investigated in various 

human and mouse tissues. While tissues such as the pancreas showed medium 

levels of TIGAR protein and RNA in both species compared to other tissues, the 

expression of TIGAR in human liver was high but low in mouse liver. Furthermore, 

the TIGAR RNA expression did not completely correlate with protein expression in 

both human and mouse tissues. For example, in the mouse liver and human 

spleen, TIGAR RNA levels were high compared to other tissues but TIGAR protein 

expression was relatively low. This suggests additional mechanisms by which 

TIGAR expression can be regulated, which may include protein degradation. To 

address this, the half-life of TIGAR was investigated in cultured cells by inhibiting 

proteasomal degradation using cycloheximide and assessing TIGAR levels over 

time. TIGAR was noted to be very stable in these experiments (data not shown).  

The ability of p53 to induce TIGAR expression was then investigated in cultured 

human and mouse cells. These studies did not show a clear p53-dependent 

increase in TIGAR expression in mouse cells. Upon closer examination of the 

transcriptional control regions of human and mouse TIGAR, the principal p53-

responsive element in human TIGAR was found to be not well conserved in mouse 

TIGAR and much less responsive to mouse p53. However, the second, weaker 

binding site in humans seems to be conserved and somewhat more responsive to 

p53 in the mouse. Even so, overall the p53-binding sites in the human TIGAR 

promoter appear to be more responsive than those found in the mouse. Despite 

the inability of p53 to induce TIGAR in mouse cells following cisplatin treatment, 

TIGAR expression was clearly induced in the small intestine following cisplatin 

treatment or irradiation in vivo using a model of intestinal regeneration. This 

suggests that TIGAR expression can be induced in the mouse in response to 

stress although this may through a p53-independent stress response.  
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Chapter 4 Regulation of TIGAR by p53 Family 
Members 

While TIGAR was identified as a transcriptional target of p53 in human cells (Jen 

and Cheung 2005; Bensaad et al. 2006), my studies showed that in mouse cells, 

TIGAR is less responsive to p53 activation following cisplatin treatment. This 

observation was further supported by ChIP experiments in mouse cells following 

cisplatin treatment where p53 was not recruited to the Tigar promoter. Combined, 

these findings illustrate differences in the human and mouse TIGAR promoter in 

vitro.  

Even so, following either cisplatin treatment or irradiation in vivo, TIGAR 

expression was clearly elevated in the mouse small intestine. These results 

suggest that the responsiveness of TIGAR to p53 may be limited to the in vivo 

situation, or that the expression of p53 in mouse cells and tissue is regulated 

through alternative mechanisms. Other members of the p53 family (p63 and p73) 

are able to activate promoters of p53 targets such as p21 (Yang et al. 1998; Lee 

and La Thangue 1999) and can contribute to the regulation of metabolic genes 

(Sabbisetti et al. 2009; Du et al. 2013; Giacobbe et al. 2013; Agostini et al. 2014; 

Amelio et al. 2014; D'Alessandro et al. 2014; Velletri et al. 2015). It is therefore 

possible that p63 and/or p73 could regulate TIGAR expression.  

To understand the regulation of TIGAR by p53 in vivo, the induction of TIGAR was 

assessed in p53-deficient mice. At the same time, the induction of TIGAR 

expression by other p53 family members was investigated in vitro using cancer 

cell lines and iRFP reporter assays. The expression of TIGAR was also 

investigated in animals deficient in the p53 family member TAp73, as well as those 

lacking both p53 and TAp73.  
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4.1 Loss of p53 does not Affect TIGAR in vivo 

As shown in Chapter 3, we found that TIGAR levels increased in the crypts of WT 

mice during intestinal regeneration following tissue ablation by irradiation (IR) or 

cisplatin treatment (Figure 3-11). Since others have shown an upregulation of p53 

in the small intestine following IR (Merritt et al. 1994), the ability of TIGAR 

expression to be controlled by p53 in vivo was examined in this system. TIGAR 

protein levels were first assessed in various organs of WT and p53-deficient (p53-/-

) mice to see whether loss of p53 would affect basal TIGAR expression. No 

significant reduction in TIGAR expression was observed in response to p53 loss at 

either the protein or mRNA level, with a possible exception of a slight reduction in 

TIGAR mRNA in p53-/- muscle (Figure 4-1). By contrast, p21 showed a very clear 

decrease in mRNA expression in all the p53-/- organs examined.  

To extend these characterization studies, we proceeded to test whether increased 

TIGAR expression in the regenerating intestinal system was p53-dependent 

(Figure 3-11). A comparison of WT and p53-/- mice showed normal crypt 

architecture and similar levels of proliferation in each cohort, as indicated by 

immunohistochemistry staining for the proliferative marker Ki67 under unstressed 

conditions (Figure 4-2). The basal expression of p53, p21 and TIGAR protein were 

also low in the crypts of both WT and p53-/- animals under unstressed conditions 

(Figure 4-3, Figure 4-4, Figure 4-5). Tissue ablation of the intestinal epithelium was 

then performed by IR, followed by 72 hours of recovery. As shown by others 

(Merritt et al. 1994), small intestines of both WT and p53-/- animals undergo rapid 

proliferation during their tissue regeneration as observed through increased Ki67 

staining (Figure 4-2). The loss of p53 in the p53-/- animals was confirmed through 

immunohistochemistry where only WT animals showed an increase in p53 after IR 

(Figure 4-3). Furthermore, the induction of p21 after irradiation was clearly reduced 

in the p53-/- animals, again supporting the loss of p53 transcriptional activity in p53-

/- mice (Figure 4-4). In contrast to p21, the expression of TIGAR was increased in 

the intestinal crypts of both WT and p53-/- animals (Figure 4-5). These data show 

that p53 is not necessary to maintain the basal expression of TIGAR or induce 

TIGAR levels following tissue damage in the small intestine such as through 

irradiation. 
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Figure 4-1 Basal TIGAR expression in p53-null animals 
(A) Left: Western blot analysis of TIGAR protein expression in organs of wild-type (WT) 

and p53-/- mice.  Right: Graph represents quantification of Western blots with fold change 

compared to WT. Values represent mean ± SEM. n = 3 mice per genotype. (B) mRNA 

expression of TIGAR, p21 and p53 in organs of WT and p53-/- mice. Values represent 

mean ± SEM. n = 3 mice per genotype with 3 technical replicates. *p < 0.05, **p < 0.005 

compared to WT. NS, not significant. WAT, white adipose tissue. BAT, brown adipose 

tissue. 
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Figure 4-2 Ki67 expression in p53-/- small intestine after irradiation 
Immunohistochemistry for Ki67 on small intestines from wild-type (WT) and p53-/- animals 

72 hr after 10 Gy IR. Panels show more detailed crypt structures indicated in the box. n = 

3 mice per genotype per condition.  

 

Figure 4-3 p53 expression in p53-/- small intestine after irradiation 
Immunohistochemistry for p53 on small intestines from wild-type (WT) and p53-/- animals 

72 hr after 10 Gy IR. Panels show more detailed crypt structures indicated in the box. n = 

3 mice per genotype per condition.  
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Figure 4-4 p21 expression in p53-/- small intestine after irradiation 
Immunohistochemistry for p21 on small intestines from wild-type (WT) and p53-/- animals 

72 hr after 10 Gy IR. Panels show more detailed crypt structures indicated in the box. n = 

3 mice per genotype per condition. 

 

Figure 4-5 TIGAR expression in p53-/- small intestine after irradiation 
Immunohistochemistry for TIGAR on small intestines from wild-type (WT) and p53-/- 

animals 72 hr after 10 Gy IR. Panels show more detailed crypt structures indicated in the 

box. n = 3 mice per genotype per condition, each stained 2 times. 
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The regulation of TIGAR by p53 in vivo was then further investigated through an 

independent method. This was achieved using a system where the Cre 

recombinase transgene is placed under the control of the Cyp1A1 aryl 

hydrocarbon-responsive promoter (AhCre) (Ireland et al. 2004) with an Mdm2flox
 

(Grier et al. 2006). Cre-mediated excision of Mdm2 was induced by injection of β-

naphthoflavone, which resulted in Cre expression within the small intestinal crypt 

as well as in hepatocytes (Ireland et al. 2004). MDM2 is a negative regulator of 

p53 and whole body loss of MDM2 is embryonic lethal due to high levels of p53 

and subsequently, unregulated apoptosis (Jones et al. 1995; Montes de Oca Luna 

et al. 1995). As p53 levels are increased upon MDM2 deletion, the ability of p53 to 

upregulate TIGAR in the small intestine was assessed in this model. 

Comparison of WT and AhCre+ Mdm2fl/fl animals showed normal crypt 

architecture. While p53 expression was mildly elevated in the AhCre+ Mdm2fl/fl 

(Figure 4-6), its target gene, p21, showed a significant increase in expression 

(Figure 4-7). As seen in the p53-/- animals following irradiation, changes in p53 

expression due to MDM2 loss did not alter the levels of TIGAR protein (Figure 

4-8). These data further support the conclusion that p53 does not activate TIGAR 

in the mouse small intestine.  
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Figure 4-6 p53 expression in AhCre+ Mdm2fl/fl small intestine 
Immunohistochemistry for p53 on small intestines from wild-type (WT) and AhCre+ 

Mdm2fl/fl. Panels show more detailed crypt structures indicated in the box. n = 3 mice per 

genotype.   

 

Figure 4-7 p21 expression in AhCre+ Mdm2fl/fl small intestine 
Immunohistochemistry for p21 on small intestines from wild-type (WT) and AhCre+ 

Mdm2fl/fl. Panels show more detailed crypt structures indicated in the box. n = 3 mice per 

genotype. 

 

Figure 4-8 TIGAR expression in AhCre+ Mdm2fl/fl small intestine 
Immunohistochemistry for TIGAR on small intestines from wild-type (WT) and AhCre+ 

Mdm2fl/fl. Panels show more detailed crypt structures indicated in the box. n = 3 mice per 

genotype, each stained 2 times. 



Chapter 4  138 
 

4.2 Activation of TIGAR by Other p53 Family Members in 
vitro 

As p53 did not seem to regulate the expression of TIGAR in mouse cells in vitro or 

in vivo, the potential role of other p53 family members in regulating TIGAR was 

examined. Firstly, the functional human p53-binding site iRFP reporter (TIGAR-

hBS2) was co-transfected with p53, TAp63α or TAp73α into cells to assess 

transcriptional activity. As positive controls, iRFP expression constructs containing 

p53 response element encoding repeats of a known p53 binding sequence 

(p53RE), the p53-binding site of p21 (WAF1) (el-Deiry et al. 1993) and a p63 

response element from the skin-specific promoter of bullous pemphigoid antigen 1 

(BPAG1) (Osada et al. 2005a) were used. 24 hours post-transfection, plates were 

scanned using an infrared scanner (LI-COR Odyssey) and readings were 

quantified with the LI-COR software. Both TAp63α and TAp73α induced a 

response from the human TIGAR-hBS2 iRFP reporter construct, although the 

activity of TAp63α was extremely weak (Figure 4-9A-B). The pattern of expression 

observed from the TIGAR-hBS2 iRFP reporter was similar to that seen with the 

p53RE or WAF1, where p53 was the most efficient, followed by TAp73α, then 

TAp63α. Strong activity for TAp63α was only measured using the BPAG1 

promoter, although even here TAp73α was more active. As an additional control, 

transfection efficiency of each construct was assessed through Western blotting 

(Figure 4-9C). 

In light of these results, p73 isoforms were further investigated as potential 

activators of TIGAR expression using both human TIGAR-hBS2 as well as mouse 

TIGAR-mBS1 and TIGAR-mBS2 iRFP reporters. The TAp73α isoform has been 

shown to contain an inhibitory domain that limits its activity, making it less efficient 

than other p73 isoforms (Liu and Chen 2005). Therefore, the activity of p73 

isoforms, TAp73α, TAp73β, TAp73γ or ΔNp73α, were examined in these assays. 

While full length TAp73 isoforms can induce p53 target genes (Zhu et al. 1998), 

ΔNp73 isoforms, which lack the N-terminal activation domain (Ishimoto et al. 

2002), have been shown to inhibit TAp73 transcriptional activity along with 

regulating an additional set of target genes (Liu et al. 2004). As expected (Nozell 

et al. 2003; Moll and Slade 2004), TAp73β was consistently more effective in 

driving iRFP expression from p53RE, WAF1 or BPAG1 promoters. In these 
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assays, TAp73γ and ΔNp73α did not show strong transcriptional activity. Turning 

to the reporter constructs containing TIGAR p53-binding sites (hBS2, mBS1 and 

mBS2), TAp73α was more effective at inducing expression from TIGAR-hBS2, 

while both TAp73α and TAp73β modestly induced expression from TIGAR-mBS1 

and TIGAR-mBS2 (Figure 4-10A-B). Again, transfection efficiency was assessed 

through Western blotting (Figure 4-10C). Taken together, these data suggest that 

TAp73 has the capability to drive the expression of both mouse and human 

TIGAR. 

As the reporter assays suggested that TAp73 isoforms may drive the expression 

of human TIGAR, this was further assessed using p53-null Saos-2 inducible cell 

lines where treatment with doxycycline induced the expression of p53, HA-tagged 

TAp73α, HA-tagged TAp73β or HA-tagged TAp73γ isoforms. Cells were treated 

for up to 24 hours with 0.2 μg/ml doxycycline (Dox) and protein expression of 

inducible p53, TAp73α, TAp73β or TAp73γ was observed. The expression of p21, 

a target gene of both p53 and p73, increased following Dox induction (Figure 

4-11). However, while TAp73α, TAp73β and TAp73γ were able to activate the 

TIGAR-hBS2 iRFP reporter in cells, following gene induction in the Saos-2 

inducible cells, only p53 was able to promote the expression of TIGAR protein 

(Figure 4-11). This reflects previous observations in the iRFP reporter assays, 

where p53 allowed for a stronger activation of the TIGAR reporter than TAp73α. 

Altogether, these findings suggest that p53 predominantly regulates the 

expression of TIGAR rather than its family members, p63 and p73, in human cells.  
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Figure 4-9 TAp63α and TAp73α can activate the TIGAR-hBS2 reporter  
(A) iRFP reporter assay scans of HCT116 p53-/- cells 24 hr after co-transfection with 

TIGAR-hBS2, p53RE, WAF1 or BPAG1 iRFP reporters along with human p53, HA-tagged 

TAp63α or HA-tagged TAp73α. (B) Quantification of iRFP reporter scans. Values 

represent mean ± SEM. n = 3 independent experiments with at least 12 technical 

replicates. (C) Western blot analysis of HCT116 p53-/- cells transfected with p53, HA-

tagged TAp63α or HA-tagged TAp73α. n = 2 independent experiments. *p < 0.05, **p < 

0.005 compared to EV unless otherwise indicated. NT, non-transfected. EV, empty vector.  
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Figure 4-10 p73 isoforms can activate the TIGAR-hBS2 reporter 
(A) iRFP reporter assay scans of HCT116 p53-/- cells 24 hr after co-transfection with 

TIGAR-hBS2, TIGAR-mBS1, TIGAR-mBS2, p53RE, WAF1 or BPAG1 iRFP reporters 

along with TAp73α, TAp73β, TAp73γ or ΔNp73α. (B) Quantification of iRFP reporter 

scans. Values represent mean ± SEM. n = 3 independent experiments with 6 technical 

replicates. (C) Western blot analysis of HCT116 p53-/- cells transfected with HA-tagged 

TAp73α, HA-tagged TAp73β, HA-tagged TAp73γ or HA-tagged ΔNp73α. n = 2 

independent experiments. *p < 0.05, **p < 0.005 compared to EV unless otherwise 

indicated. NT, non-transfected. EV, empty vector. NS, not significant. 
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Figure 4-11 TIGAR expression in inducible Saos-2 cells 
Western blot analysis of Saos-2 cells with doxycycline inducible expression of p53 (A), 

TAp73α (B), TAp73β (C) or TAp73γ (D). Cell lines were treated with 0.2 μg/ml doxycycline 

(Dox) for the indicated hours. n = 3 independent experiments.  
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4.3 Loss of TAp73 does not Affect TIGAR in vivo 

Like p53, p73 can be activated by DNA damage (Agami et al. 1999; Gong et al. 

1999; Yuan et al. 1999), potentially mediating the induction of TIGAR expression in 

response to irradiation (IR) independently of p53. To investigate whether the DNA 

damage-induced expression of TIGAR in mice was through TAp73, TIGAR 

induction in TAp73-deficient (TAp73-/-) mice was examined. First, the basal 

expression of TIGAR was assessed in various organs of untreated WT and TAp73-

/- mice. As seen in the p53-/- mice, no clear significant decrease in TIGAR 

expression in various tissues was observed in TAp73-/- animals, with a possible 

small reduction in protein as well as mRNA levels in the muscle (Figure 4-12A-B).  

 

Figure 4-12 TIGAR expression in TAp73-null animals 
(A) Left: Western blot analysis of TIGAR protein expression in organs of wild-type (WT) 

and TAp73-/- mice.  Right: Graph represents quantification of Western blots with fold 

change compared to WT. Values represent mean ± SEM. n = 3 mice per gentotype. (B) 

mRNA expression of TIGAR, p21 and p73 in organs of WT and TAp73-/- mice. Values 

represent mean ± SEM. n = 3 mice per genotype with 3 technical replicates. *p < 0.05, **p 

< 0.005 compared to WT. NS, not significant. WAT, white adipose tissue. BAT, brown 

adipose tissue. 
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To extend these studies, the possibility of a TAp73-dependent increase in TIGAR 

expression in vivo after tissue damage was investigated, focusing on the intestinal 

system using irradiation, much like in the p53-/- animals. Comparison of WT and 

TAp73-/- mice showed normal crypt architecture and similar levels of proliferation, 

as indicated by Ki67 staining under unstressed conditions (Figure 4-13). The basal 

expression of p53, p73, p21 and TIGAR were also low in the crypts of both WT 

and TAp73-/- animals under unstressed conditions (Figure 4-14, Figure 4-15, 

Figure 4-16, Figure 4-17). Tissue ablation of the intestinal epithelium was then 

performed by IR, which was followed by 72 hours of recovery.  

As seen in the p53-/- animals, the crypts in TAp73-/- mice were able to undergo 

rapid proliferation during intestinal regeneration after IR, as shown by Ki67 staining 

(Figure 4-13). Confirmation of TAp73-deficiency was also performed by 

immunohistochemistry, where only WT animals showed an increase in p73 

expression after IR (Figure 4-15). The increased expression of p53 was, however, 

retained in the TAp73-/- animals (Figure 4-14), as well as the increased expression 

of p21, most likely through the induction of p53 (Figure 4-16). The expression of 

TIGAR remained increased in the intestinal crypts of both WT and TAp73-/- 

animals (Figure 4-17). These data show that TAp73 is not necessary to maintain 

basal expression of TIGAR or to induce TIGAR levels following tissue damage in 

the small intestine. However, potential compensation could occur when either p53 

or TAp73 is lost, which may result in no changes in TIGAR expression.  
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Figure 4-13 Ki67 expression in TAp73-/- small intestine after irradiation 
Immunohistochemistry for Ki67 on small intestines from wild-type (WT) and TAp73-/- 

animals 72 hr after 10 Gy IR. Panels show more detailed crypt structures indicated in the 

box. n = 3 mice per genotype per condition.  

 

Figure 4-14 p53 expression in TAp73-/- small intestine after irradiation 
Immunohistochemistry for p53 on small intestines from wild-type (WT) and TAp73-/- 

animals 72 hr after 10 Gy IR. Panels show more detailed crypt structures indicated in the 

box. n = 3 mice per genotype per condition.  
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Figure 4-15 p73 expression in TAp73-/- small intestine after irradiation 
Immunohistochemistry for p73 on small intestines from wild-type (WT) and TAp73-/- 

animals 72 hr after 10 Gy IR. Panels show more detailed crypt structures indicated in the 

box. n = 3 mice per genotype per condition, each stained 3 times.  

 

Figure 4-16 p21 expression in TAp73-/- small intestine after irradiation 
Immunohistochemistry for p21 on small intestines from wild-type (WT) and TAp73-/- 

animals 72 hr after 10 Gy IR. Panels show more detailed crypt structures indicated in the 

box. n = 3 mice per genotype per condition.  
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Figure 4-17 TIGAR expression in TAp73-/- small intestine after irradiation 
Immunohistochemistry for TIGAR on small intestines from wild-type (WT) and TAp73-/- 

animals 72 hr after 10 Gy IR. Panels show more detailed crypt structures indicated in the 

box. n = 3 mice per genotype per condition.  
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4.4 Loss of Both p53 and TAp73 does not Affect TIGAR in 
vivo 

In order to address the potential compensation that could occur when either p53 or 

TAp73 is lost, both transcriptional factors were simultaneously deleted in vivo (p53-

/-TAp73-/-). Basal TIGAR protein expression was first assessed in various organs 

of untreated wild-type (WT) and p53-/-TAp73-/- mice. As seen in p53-/- and TAp73-/- 

mice, no significant decrease in TIGAR expression was observed in p53-/-TAp73-/- 

animals (Figure 4-18). Interestingly, the minor reduction in TIGAR expression in 

the muscle that was seen in p53-/- and TAp73-/- mice was lost in the p53-/-TAp73-/- 

animals.  

 

Figure 4-18 TIGAR expression in p53- and TAp73-null animals 
(A) Left: Western blot analysis of TIGAR protein expression in organs of wild-type (WT) 

and p53-/-TAp73-/- mice. Right: Graph represents quantification of Western blots with fold 

change compared to WT. Values represent mean ± SEM. n = 3 mice per genotype. NS, 

not significant. WAT, white adipose tissue. BAT, brown adipose tissue. 

As performed for the p53-null and TAp73-null animals, a model of intestinal tissue 

damage via irradiation was used to assess TIGAR protein induction in p53-/-TAp73-

/-
 mice. Comparison of WT and p53-/-TAp73-/- mice showed normal crypt 

architecture and similar levels of proliferation as indicated by Ki67 staining under 

unstressed conditions (Figure 4-19). The basal expression of p53, p73, p21 and 

TIGAR were also low in the crypts of WT and p53-/-TAp73-/- mice when unstressed 

(Figure 4-20, Figure 4-21, Figure 4-22, Figure 4-23).  
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Similar to previous studies in p53-/- and TAp73-/- mice, 72 hours following intestinal 

tissue ablation by IR, p53-/-TAp73-/- mice were able to undergo rapid proliferation 

during intestinal regeneration, as observed by Ki67 staining (Figure 4-19). Loss of 

both p53 and TAp73 was confirmed as only p53, p73 and p21 were upregulated 

following IR in WT animals (Figure 4-20, Figure 4-21, Figure 4-22). In addition, the 

upregulation of TIGAR expression was similar in the intestinal crypts of both WT 

and p53-/-TAp73-/- mice following IR (Figure 4-23). 

 

Figure 4-19 Ki67 expression in p53-/-TAp73-/- small intestine after irradiation 
Immunohistochemistry for Ki67 on small intestines from wild-type (WT) and p53-/-TAp73-/- 

animals 72 hr after 10 Gy IR. Panels show more detailed crypt structures indicated in the 

box. n = 3 mice per genotype per condition.  
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Figure 4-20 p53 expression in p53-/-TAp73-/- small intestine after irradiation 
Immunohistochemistry for p53 on small intestines from wild-type (WT) and p53-/-TAp73-/- 

animals 72 hr after 10 Gy IR. Panels show more detailed crypt structures indicated in the 

box. n = 3 mice per genotype per condition.  

 

Figure 4-21 p73 expression in p53-/-TAp73-/- small intestine after irradiation 
Immunohistochemistry for p53 on small intestines from wild-type (WT) and p53-/-TAp73-/- 

animals 72 hr after 10 Gy IR. Panels show more detailed crypt structures indicated in the 

box. n = 3 mice per genotype per condition, each stained 3 times.  
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Figure 4-22 p21 expression in p53-/-TAp73-/- small intestine after irradiation 
Immunohistochemistry for p21 on small intestines from wild-type (WT) and p53-/-TAp73-/- 

animals 72 hr after 10 Gy IR. Panels show more detailed crypt structures indicated in the 

box. n = 3 mice per genotype per condition. 

 

Figure 4-23 TIGAR expression in p53-/-TAp73-/- small intestine after 
irradiation 
Immunohistochemistry for TIGAR on small intestines from wild-type (WT) and p53-/-TAp73-

/- animals 72 hr after 10 Gy IR. Panels show more detailed crypt structures indicated in the 

box. n = 3 mice per genotype per condition.  
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To further confirm p53- and TAp73-independent upregulation of TIGAR, small 

intestine tissue from both WT and p53-/-TAp73-/- mice were harvested before and 

72 hours after 10 Gy irradiation treatment to assess TIGAR protein expression via 

Western blot. As seen by immunohistochemistry, both WT and p53-/-TAp73-/- 

animals showed increased levels of TIGAR following irradiation (Figure 4-24). 

 

Figure 4-24 TIGAR expression in p53-/-TAp73-/- small intestine after 
irradiation 
Western blot analysis of TIGAR protein expression in small intestine tissue of wild-type 

(WT) and p53-/-TAp73-/- mice before (Con) and 72 hr after 10 Gy IR (+IR). n = 1 mouse per 

genotype per condition. 

 

Altogether, these data suggest that maintenance of the basal expression of TIGAR 

is not dependent on p53 or TAp73 and induction of TIGAR following intestinal 

tissue damage does not depend on p53 or TAp73, but is through a different 

cellular mechanism.  
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4.5 Summary and Discussion 

It has been shown in the previous chapter that TIGAR is induced following 

cisplatin- or IR-induced intestinal damage. In humans, TIGAR is a p53 target gene 

and found to play a role in conditions of mild stress to promote cell survival 

(Bensaad et al. 2006; Bensaad et al. 2009; Cheung et al. 2012). Here it was 

shown that TAp73 is able to transcriptionally activate the TIGAR promoter in 

human cells in an iRFP reporter assay. As IR can activate both p53 (Merritt et al. 

1994) and TAp73 (Agami et al. 1999; Gong et al. 1999; Yuan et al. 1999), the 

hypothesis that the increase in TIGAR observed in the mouse intestine following 

IR is a response to p53 and/or TAp73 was tested. 

Despite the potential for both p53 and TAp73 to activate TIGAR reporter 

constructs, it was found that while basal levels of TIGAR expression vary 

significantly between different mouse tissues, TIGAR protein expression was 

generally not affected by the loss of p53 or TAp73. Furthermore, the induction of 

TIGAR in mouse small intestine in response to IR was not dependent on p53 or 

TAp73. Mice deficient for both p53 and TAp73 also maintained a similar basal 

expression of TIGAR compared to WT animals and also retained the ability to 

upregulate the expression of TIGAR in the crypts of the small intestine following 

tissue ablation. Importantly, several previous studies have shown p53-responsive 

expression of TIGAR in mouse cells and tissues such as liver and heart, and p53 

binding to the Tigar promoter was also previously shown detected in the liver 

(Kimata et al. 2010; Hoshino et al. 2012; Li et al. 2012a; Hamard et al. 2013). In 

contrast, only a minor reduction in TIGAR expression was found here in p53 or 

TAp73-deficient muscle. Taken together, these data suggest that while p53 can 

induce TIGAR in some mouse tissues, the p53-responsiveness of mouse TIGAR 

expression is lower than that observed in human cells. To some extent, this 

difference may reflect the binding of p53 to the different response elements in the 

mouse and human TIGAR encoding genes. However, it is also possible that tissue 

or stress-specific co-factors (that may show human/mouse differences in 

expression or availability) are required to allow p53 regulation of TIGAR 

expression. Given the function of TIGAR as a regulator of metabolism, it will be of 

particular interest to see whether p53 family proteins can associate with other co-
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factors in order to participate in the induction of TIGAR in response to different 

forms of metabolic stress.  

TIGAR has also been found to be elevated in several human tumour types (Wanka 

et al. 2012; Cheung et al. 2013; Sinha et al. 2013) and the expression of TIGAR 

under these conditions does not correlate with the maintenance of wild-type p53 

(Won et al. 2012), suggesting that TIGAR overexpression in tumours can be 

uncoupled from the activity of p53. Moreover, other transcription factors such as 

SP1 (Zou et al. 2012) and CREB (Zou et al. 2013) have been shown to play a role 

in regulating the basal expression of TIGAR in liver cancer cell lines. It would be 

interesting to further investigate direct mechanisms or posttranslational 

modifications by which TIGAR activity could be regulated.  

One of the major pathways in the small intestine that plays a key role in cell 

proliferation and promotes intestinal regeneration following tissue damage is the 

Wnt signalling pathway (Clevers and Nusse 2012). As the data presented in this 

chapter showed p53-independent mechanisms by which TIGAR is upregulated in 

the small intestine, the potential for the Wnt signalling pathway to influence TIGAR 

expression was further examined and will be presented in the following chapter. 

Future studies will be required to establish how TIGAR expression is regulated 

during stress and whether deregulation of these pathways explains the elevated 

expression of TIGAR seen in human tumours. 
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Chapter 5 TIGAR as a Wnt-Myc Signalling Target 
Gene 

As TIGAR was found not to be dependent on p53 or p53 family members for its 

expression in the small intestine, we decided to investigate other transcriptional 

factors that might regulate TIGAR in the gut. The Wnt signalling pathway is 

particularly important in promoting cell proliferation in the small intestine and 

activation of this pathway can promote the transcriptional activation of its target 

genes through various mechanisms (Clevers and Nusse 2012). Activation of the 

Wnt signalling pathway results in the stabilization and nuclear translocation of β-

catenin, which interacts with T-cell factor (TCF) and lymphoid enhancing factor 

(LEF) to directly regulate gene expression. A key downstream target of TCF/LEF is 

c-Myc, which has been shown to mediate the highly proliferative phenotype 

observed during activation of the Wnt signalling pathway (Sansom et al. 2007).  

As TIGAR expression was increased in the small intestine following tissue ablation 

in a p53-independent manner, the induction of TIGAR expression in response to 

activation of the Wnt signalling pathway was examined. In addition, since Myc can 

induce several metabolic target genes including hexokinase 2 and pyruvate 

dehydrogenase kinase 1 (Dang 2009), it was also examined as a potential 

regulator of TIGAR downstream of the Wnt signalling pathway. To understand how 

the Wnt signalling pathway may contribute to the regulation of TIGAR, the 

expression of TIGAR was assessed after activation of the pathway using 

recombinant proteins in vitro as well as in vivo using known models of high Wnt 

pathway activation.  

5.1 Activation of TIGAR expression by Wnt signalling 

5.1.1 Induction of TIGAR Expression by Wnt Signalling in vitro 

The expression of TIGAR was first assessed following treatment of cells with 

recombinant Wnt3a protein (rWnt3a), the activating ligand of the Wnt signalling 

pathway (Willert et al. 2003). MCF7 cells, which have low basal expression of 

TIGAR, were treated with increasing doses of rWnt3a (0 – 500 ng/ml) for 8 hours 

to determine the optimum dosage for future experimental use. A known Wnt target 
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gene, c-Myc (He et al. 1998), was used to assess activation of the signalling 

pathway after treatment. In this experiment, 200 ng/ml rWnt3a induced TIGAR 

expression in MCF7 cells, a dosage below that required to activate canonical Wnt 

pathway genes (Figure 5-1). Altogether, under these conditions, the Wnt response 

was not activated, despite an increase in TIGAR levels.   

 

 

Figure 5-1 TIGAR expression in response to increasing doses of rWnt3a  
Western blot analysis of MCF7 cells treated with increasing concentrations (0 – 500 

ng/ml) of rWnt3a for 8 hr. n = 1 independent experiment.  
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To further investigate the induction of TIGAR through Wnt signalling, MCF7 cells 

were treated with 200 ng/ml rWnt3a for various time points (0 – 8 hours). A mouse 

cell line (L-cell), known to be responsive to rWnt3a (Willert et al. 2003), was also 

included to assess the activation of TIGAR in mouse cells. In MCF7 cells, 

treatment with rWnt3a was again able to induce the expression of TIGAR, 

however, no activation of the canonical Wnt signalling pathway was observed 

(Figure 5-2A). In the L-cells, an increase in TIGAR expression could also be seen 

following treatment with rWnt3a and the activation of the canonical Wnt signalling 

pathway was clearly observed in these cells through the increased levels of β-

catenin and c-Myc (Figure 5-2B). However, in these 2D tissue culture systems, the 

changes in TIGAR protein expression were weak. Therefore, another method to 

investigate the potential role of Wnt signalling in regulating TIGAR was utilized.  

 

 
 

Figure 5-2 TIGAR expression in response to rWnt3a 
Western blot analysis of MCF7 (A) and L-cells (B) treated with 200 ng/ml rWnt3a for the 

indicated time points (0 - 8 hr). n = 1 independent experiment.  

 

As the Wnt signalling pathway plays an important role in regulating and supporting 

the proliferation of intestinal cells, the induction of TIGAR expression by Wnt 

signalling was tested in small intestinal crypt organoids harvested from WT 

animals (Sato et al. 2009). First, small intestinal crypt organoids were treated with 

increasing concentrations (0 – 500 ng/ml) of rWnt3a for 8 hours. No major 

morphological changes were seen in the crypts following treatment (Figure 5-3A). 

Protein expression was then assessed by Western blot. Both β-catenin and TIGAR 

expression were elevated following treatment with rWnt3a (Figure 5-3B). This 
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suggested that the Wnt signalling pathway may contribute to the induction of 

TIGAR in the mouse small intestine.  

 

 

Figure 5-3 TIGAR in response to rWnt3a in intestinal crypt organoids 
(A) Brightfield images of small intestinal crypt organoids treated at indicated 

concentrations (0 – 500 ng/ml) of rWnt3a for 8 hr. (B) Western blot analysis of small 

intestinal crypt organoids treated at indicated concentrations (0 – 500 ng/ml) of rWnt3a for 

8 hr. n = 3 independent experiments.  
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To further examine how the Wnt pathway may promote TIGAR expression, small 

intestinal crypt organoids harvested from WT mice were compared to those 

harvested from Apcmin/+ mice, which possess highly active Wnt signalling pathway 

due to a mutation in the adenomatous polyposis coli (Apc) gene (Moser et al. 

1990). In this model, crypt organoids from Apcmin/+ mice were cultured from the 

adenomas that form in these animals (Sato et al. 2011). While, WT crypts form 

buds during their culture as they differentiate, Apcmin/+ crypts possess a spheroid 

shape due to their highly proliferative capacity and are devoid of differentiated cells 

(Figure 5-4A). A clear increase in TIGAR expression at both protein and mRNA 

was detected in organoid cultures from Apcmin/+ mice (Figure 5-4B-C). 

Furthermore, an increase in the known Wnt target gene cyclin D1 (Tetsu and 

McCormick 1999) was detected in the Apcmin/+ organoids. In order to confirm 

whether the elevation in TIGAR in the Apcmin/+ organoids was due to Wnt signalling 

(and not p53), the expression of p53 and p21 were also assessed. Interestingly, 

there was no clear induction of either p53 or p21 protein or mRNA, suggesting that 

the increase in TIGAR observed was not dependent on p53 activity and is in 

agreement with the previously shown data (Figure 5-4B-C).  
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Figure 5-4 Increased TIGAR expression in Apcmin/+ organoids  
(A) Brightfield images of intestinal crypt organoids from wild-type (WT) and Apcmin/+ mice. 

(B) Western blot analysis of intestinal crypt organoids from WT and Apcmin/+mice. n = 3 

independent experiments. (C) mRNA expression of TIGAR, cyclin D1 and p21 in intestinal 

crypt organoids from WT and Apcmin/+ mice. Values represent mean ± SEM. n = 3 

independent experiments with 3 technical replicates. *p < 0.05, **p < 0.005 compared to 

WT. NS, not significant. 
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The expression of TIGAR was also assessed following acute Apc deletion in 

intestinal crypt organoids. This was achieved by using intestinal crypts harvested 

from transgenic mice bearing a tamoxifen-dependent Cre recombinase expressed 

under the control of a regulatory region of the murine villin gene (villin-Cre-ERT2). 

Apc was acutely deleted by treating intestinal crypts with a single dose of 4-

hydroxytamoxifen in culture (el Marjou et al. 2004).  

As seen in the Apcmin/+ organoids, an increase in TIGAR expression at both protein 

and mRNA was observed along with an increase in cyclin D1 expression following 

4-hydroxytamoxifen treatment. As with Apcmin/+, no clear induction of p53 or p21 

was detected after 4-hydroxytamoxifen treatment (Figure 5-5). These results 

support previous observations that the expression of TIGAR is not strongly 

dependent on p53 and could be promoted by the Wnt signalling pathway in the 

mouse small intestine.  

 

 

Figure 5-5 Increased TIGAR expression upon acute Apc loss  
(A) Western blot analysis of intestinal crypt organoids from villin-Cre-ERT2 Apcfl/fl animals 

before (Apcfl/fl), and 1 or 10 days post tamoxifen induction (ApcΔ/Δ). n = 1 independent 

experiment. (B) mRNA expression of TIGAR, cyclin D1, c-Myc and p21 in intestinal crypt 

organoids before (Apcfl/fl) and 10 days post tamoxifen induction (ApcΔ/Δ). Values represent 

mean ± SEM. n = 1 independent experiment with 3 technical replicates. **p < 0.005 

compared to Apcfl/fl. NS, not significant. 
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5.1.2 Induction of TIGAR Expression by Wnt Signalling in vivo 

To further understand the role of Wnt signalling in promoting TIGAR expression, 

another mouse model was utilized where high Wnt signalling was present. 

Conditional deletion of APC in the small intestine and liver was achieved by 

treating AhCre+ Apcfl/fl mice with β-naphthoflavone (Sansom et al. 2004). Firstly, 

small intestines of AhCre+ Apcfl/fl animals were harvested and using 

immunohistochemistry, the expression of TIGAR was assessed and found 

elevated in these animals when compared to WT mice (Figure 5-6A). This 

expression was similar to the high expression of β-catenin observed in the AhCre+ 

Apcfl/fl animals, which indicated an increase in Wnt pathway activity following Cre 

induction (Figure 5-6A). Liver samples were also taken from WT and AhCre+ Apcfl/fl 

animals and assessed for TIGAR expression. Much like in the small intestine, liver 

samples from AhCre+ Apcfl/fl animals showed elevated levels of TIGAR protein as 

well as an increased expression of cyclin D1 (Figure 5-6B). In addition to protein 

levels, AhCre+ Apcfl/fl liver samples also showed increased levels of TIGAR mRNA 

along with increased levels of known Wnt signalling target genes, Axin2, cyclin D1 

and c-Myc when compared to liver samples from WT mice (Figure 5-6C).   

Altogether, these results suggest that activation of the Wnt signalling pathway can 

promote the expression of TIGAR. Therefore, the potential mediator in this 

pathway driving TIGAR expression was further investigated.   
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Figure 5-6 Increased TIGAR expression in vivo upon Apc loss 
(A) Top: Immunohistochemistry for TIGAR on small intestines of wild-type (WT) and 

AhCre+ Apcfl/fl mice. Bottom: Immunohistochemistry for β-catenin on small intestines of WT 

and AhCre+ Apcfl/fl mice. n = 3 mice per genotype, each stained 3 times. (B) Western blot 

analysis of liver samples from WT (n = 2), TIGAR-/- (n = 2), AhCre+ Apcfl/fl (n = 2) and 

AhCre+ Apcfl/flTigarfl/fl (n = 1) mice. (C) mRNA expression of TIGAR, Axin2, cyclin D1, and 

c-Myc in liver samples of WT and AhCre+ Apcfl/fl mice. Values represent mean ± SEM. n = 

3 mice per genotype with 3 technical replicates. *p < 0.05, **p < 0.005 compared to WT.  
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5.2 Activation of TIGAR by c-Myc Downstream of the Wnt 
Pathway  

As c-Myc is a known mediator of the proliferative effects of the Wnt signalling 

pathway (Sansom et al. 2007), the role of c-Myc in the induction of TIGAR 

expression downstream of Wnt pathway activation was considered.  

5.2.1 Induction of TIGAR by c-Myc in vitro 

Firstly, c-Myc was investigated in vitro using the MycER system in U2OS cells 

(U2OS-MycER). In this model, human c-Myc cDNA is fused with the oestrogen 

receptor ligand-binding domain (ER). The fusion protein, MycER, is activated upon 

4-hydroxytamoxifen binding to the hormone binding domain, which initiates the 

translocation of the protein to the nucleus where it is transcriptionally active and 

drives the expression of c-Myc target genes.  

Following 4-hydroxytamoxifen treatment, U2OS-MycER cells showed an induction 

of a known c-Myc target gene, hexokinase 2, on both protein as well as mRNA 

level. However, while TIGAR mRNA expression was elevated, no changes were 

observed in TIGAR protein levels (Figure 5-7).  

 

Figure 5-7 Induction of TIGAR by c-Myc in vitro 
(A) Western blot analysis of U2OS-MycER cells treated with 500 nM 4-hydroxytamoxifen 

(4-OHT) for 8 hr. n = 3 independent experiments. (B) mRNA expression of TIGAR and 

hexokinase 2 in U2OS-MycER cells treated with 500 nM 4-hydroxytamoxifen (4-OHT) for 

8 hr. Values represent mean ± SEM. n = 3 independent experiments with 3 technical 

replicates. *p < 0.05, **p < 0.005 compared to untreated.  
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5.2.2 Induction of TIGAR by c-Myc in vivo 

To further understand whether Myc is important for the induction of TIGAR 

expression, the effects of simultaneous deletion of APC and Myc (AhCre+ 

Apcfl/flMycfl/fl) on TIGAR expression were examined in the small intestine. As 

previously shown by others (Sansom et al. 2007), loss of APC resulted in 

enhanced proliferation in the intestinal crypts as observed by Ki67 staining. 

However, when Myc was also lost, this significantly decreased the 

hyperproliferation seen in intestinal crypts in response to APC loss (Figure 5-8). As 

expected, the loss of Myc did not prevent the accumulation of β-catenin in these 

smaller crypts, as the expression of Myc is downstream of β-catenin during Wnt 

pathway activation (Figure 5-9). As observed previously (Figure 5-6), loss of APC 

resulted in increased TIGAR expression in the small intestine. Notably, deletion of 

Myc in addition to APC loss resulted in a failure to induce TIGAR expression in 

AhCre+ Apcfl/flMycfl/fl crypts (Figure 5-10). Furthermore, using the BioBase Match 

transcription factor programme (http://www.gene-regulation.com/cgi-

bin/pub/programs/match/bin/match.cgi) and analyzing the sequence upstream and 

downstream of human TIGAR and mouse Tigar promoters, no potential TCF/LEF 

binding sites were found. Taken together, the results suggest that the induction of 

TIGAR may not be a direct response to β-catenin and its function as a co-activator 

for TCF/LEF transcriptional activity (Behrens et al. 1996), but rather a response to 

the activation of Myc downstream of the Wnt signalling pathway.  
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Figure 5-8 Loss of Myc attenuates Wnt-mediated proliferation 
Immunohistochemistry for Ki67 on small intestines of wild-type (WT), AhCre+ Apcfl/fl and 

AhCre+ Apcfl/flMycfl/fl mice. Panels show more detailed crypt structures indicated in the box. 

n = 3 mice per genotype. 

 

Figure 5-9 Loss of APC and Myc does not alter β-catenin levels 
Immunohistochemistry for β-catenin on small intestines of wild-type (WT), AhCre+ Apcfl/fl 

and AhCre+ Apcfl/flMycfl/fl mice. Panels show more detailed crypt structures indicated in the 

box. n = 3 mice per genotype. 

 

Figure 5-10 Loss of APC promotes TIGAR expression in a Myc-dependent 
manner 
Immunohistochemistry for TIGAR on small intestines of wild-type (WT), AhCre+

 Apcfl/fl and 

AhCre+
 Apcfl/flMycfl/fl mice. Panels show more detailed crypt structures indicated in the box. 

n = 3 mice per genotype, each stained 3 times.  
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Further support for Myc in regulating TIGAR expression was seen in transgenic 

mice expressing deregulated Myc. In the Eμ-Myc mouse model, transgenic Myc is 

expressed from the IgH enhancer, leading to deregulated Myc expression in B-

cells and the development of lymphomas within the first five months of age in Eμ-

Myc mice (Adams et al. 1985). Tissues of these mice were taken at two different 

stages, at approximately 35 days during which c-Myc is highly expressed in the 

spleen and bone marrow but does not result in the formation of lymphomas, and at 

approximately 75 days where tumours have formed in the thymus and lymph 

nodes.  

The thymus was harvested from WT and Eμ-Myc mice at 35 or 75 days. The 

thymus showed no increase in c-Myc expression at 35 days, as seen through the 

levels of cyclin D1, and this was also accompanied by no noticeable upregulation 

of TIGAR. However, a clear increase in TIGAR as well as cyclin D1 could be 

observed at 75 days (Figure 5-11). While these results suggest that Myc 

deregulation may contribute to TIGAR upregulation, there is also the possibility of 

indirect mechanisms driving TIGAR expression during the highly proliferative state 

of cells possessing high c-Myc levels.  

 

Figure 5-11 TIGAR expression in tissues of Eμ-Myc mice 
Western blot analysis of tissues harvested from thymus at 35 days (n = 2) or 75 days (n = 

2) of wild-type (WT) and Eμ-Myc (Eμ) mice.  
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5.3 Activation of TIGAR Expression by ROS 

5.3.1 Myc Promotes ROS upon APC Loss 

Previous studies have shown that deletion of APC resulted in an increase of 

reactive oxygen species (ROS) in the mouse small intestine (Myant et al. 2013). 

To assess whether this elevation in ROS is Myc-dependent and also whether ROS 

itself can influence the expression of TIGAR, which normally functions to lower 

oxidative stress, small intestines of AhCre+ Apcfl/fl
 and AhCre+ Apcfl/flMycfl/fl animals 

were stained for MDA, a marker for lipid peroxidation and thus oxidative stress. 

The induction of ROS following APC deletion could be observed in the crypts of 

the small intestine (Figure 5-12). Notably, this elevation in ROS was lost when Myc 

was also deleted, suggesting that the increase in ROS was dependent on the 

presence of Myc or rapid proliferation. Since TIGAR levels are also lower in 

AhCre+ Apcfl/flMycfl/fl crypts, the activation of TIGAR as a reflection of increased 

levels of ROS, in addition to Myc-dependent induction, was considered.  

 

Figure 5-12 Loss of APC promotes oxidative stress in a Myc-dependent 
manner 
Immunohistochemistry for malondialdehyde (MDA) on small intestines from wild-type 

(WT), AhCre+ Apcfl/fl and AhCre+ Apcfl/flMycfl/fl mice. Panels show more detailed crypt 

structures indicated in the box. n = 3 mice per genotype, each stained 3 times. 
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5.3.2 The Response of TIGAR to Qualitative Differences in ROS 

The potential effects of ROS in regulating TIGAR expression were assessed in 

small intestinal crypt organoids.  

In order to induce oxidative stress, intestinal crypt organoids were treated for 24 

hours with 250 μM hydrogen peroxide (H2O2) or 1 μM rotenone, an inhibitor of 

mitochondrial complex I, which acts to block the transfer of electrons in complex I 

to ubiquinone. By doing so, rotenone increases free electrons within the 

mitochondrial matrix and causes increased generation of superoxide ROS 

(Chance et al. 1963). Treatment of H2O2 or rotenone did not induce major cell 

death in these crypts. However, there was a slight decrease in growth in either 

condition when compared to the untreated organoids (Figure 5-13A). Following 

treatment with either condition, an increase in mRNA expression of the known 

ROS-responsive gene haem oxygenase-1 (HO-1) as well as of TIGAR was 

observed. However, there was no effect on the mRNA expression of cyclin D1, a 

c-Myc target gene (Figure 5-13B) or p21, a p53 target, suggesting neither c-Myc or 

p53 activity was activated by ROS in these crypts.  

Next, changes in TIGAR expression were assessed in crypt organoids harvested 

from Apcmin/+ animals, where a higher expression of TIGAR was previously 

observed (Figure 5-4). It would be predicted that these crypt organoids would 

possess greater levels of oxidative stress due to their proliferative phenotype and 

perhaps the high levels of TIGAR would assist in coping with this oxidative stress. 

To test this possibility, Apcmin/+ crypt organoids were treated with 250 μM H2O2 or 

1 μM rotenone for 24 hours. Following treatment, crypt organoids showed reduced 

growth compared to untreated organoids (Figure 5-14A). Treated crypts also 

exhibited increased TIGAR and HO-1 expression compared to controls as well as 

no change in cyclin D1 expression (Figure 5-14B). Interestingly, the magnitude of 

both TIGAR and HO-1 mRNA induction was much greater in treated Apcmin/+ crypts 

compared to treated WT crypt organoids.  
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Figure 5-13 TIGAR expression in response to oxidants in WT intestinal 
organoids 
(A) Brightfield images of small intestinal crypt organoids taken from wild-type (WT) mice 

treated with 250 μM hydrogen peroxide (H2O2) or 1 μM rotenone for 24 hr. (B) mRNA 

expression of TIGAR, cyclin D1, HO-1 and p21 in small intestinal crypt organoids taken 

from wild-type (WT) mice treated with 250 μM H2O2 or 1 μM rotenone for 24 hr. Values 

represent mean ± SEM. n = 3 independent experiments with 3 technical replicates. *p < 

0.05, **p < 0.005 compared to control. NS, not significant. 
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Figure 5-14 TIGAR expression in response to oxidants in Apcmin/+ organoids 
(A) Brightfield images of organoids taken from Apcmin/+ mice treated with 250 μM hydrogen 

peroxide (H2O2) or 1 μM rotenone for 24 hr. (B) mRNA expression of TIGAR, cyclin D1 

and HO-1 in organoids taken from Apcmin/+ mice treated with 250 μM H2O2 or 1 μM 

rotenone for 24 hr. Values represent mean ± SEM. n = 3 independent experiments with 3 

technical replicates. *p < 0.05, **p < 0.005 compared to control. NS, not significant.   

 

As treatment with oxidants was able to increase the mRNA expression of TIGAR, it 

was hypothesised that ROS lowering treatments would result in decreased TIGAR 

expression. Previous work has suggested that signalling and damaging ROS may 

be generated through different mechanisms as well as in different cell 

compartments (Trachootham et al. 2009). ROS generated in mitochondria as a 

consequence of oxidative phosphorylation, by xanthine oxidase (XO) at the ER or 

nitric oxide (NO) generated by nitric oxide synthase (NOS) are generally 
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considered to produce ROS that is damaging to the cell by reacting with proteins, 

lipids and DNA (Porasuphatana et al. 2003; Abramov et al. 2007). If produced at 

excessive levels, this type of ROS can result in cell death.  

Firstly, N-acetyl cysteine (NAC), a general antioxidant that is commonly used to 

lower ROS, was used. Apcmin/+ organoids, which possess greater basal levels of 

TIGAR, were treated for 24 hours with 2 mM NAC and TIGAR mRNA was 

assessed as well as cyclin D1 and HO-1. Following treatment, while organoids 

showed an enhanced growth (Figure 5-15A), there were no changes in the mRNA 

expression of TIGAR or HO-1, suggesting perhaps that the high basal expression 

of TIGAR in Apcmin/+ organoids was enough to cope with the changes in ROS 

balance. In addition, cyclin D1 expression was elevated, supporting the increased 

growth observed (Figure 5-15B). 
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Figure 5-15 TIGAR expression upon NAC treatment in Apcmin/+ organoids 
(A) Brightfield images of organoids taken from Apcmin/+ mice treated with 2 mM N-acetyl 

cysteine (NAC) for 24 hr. (B) mRNA expression of TIGAR, cyclin D1 and HO-1 in Apcmin/+ 

organoids treated with 2 mM NAC for 24 hr. Values represent mean ± SEM. n = 2 

independent experiments with 3 technical replicates. *p < 0.05, **p < 0.005 compared to 

control. NS, not significant.  

 

Following on from this, in order to explore the effects of ROS from different 

sources on organoid growth, Apcmin/+ organoids were treated with specific 

antioxidants including allopurinol (XO inhibitor), gallic acid (XO inhibitor) (Cheng 

and Sun 1994) and L-NG-nitroarginine methyl ester (L-NAME, NOS inhibitor) 

(Atlante et al. 1997). Organoids were treated with these antioxidants for 24 hours 

and their effects on TIGAR, cyclin D1 and HO-1 mRNA were assessed.  

Following treatment with any of these antioxidants, the growth of the organoids 

was enhanced (Figure 5-16A). Notably, treatment with XO inhibitors resulted in a 

dramatic decrease in TIGAR mRNA expression (Figure 5-16B). This was 

accompanied by a decrease in HO-1 mRNA expression as well as an increase in 

cyclin D1, illustrating a drop in oxidative stress and a pro-growth phenotype. In 

contrast, inhibition of NOS resulted in no changes in mRNA expression of TIGAR, 

HO-1 or cyclin D1. As the nitric oxide generated by NOS can also be utilized as a 

signalling molecule, which has been well established in vasodilation (Schmidt and 

Walter 1994), it is possible that the enhanced growth of organoids observed 

following L-NAME treatment was through a different mechanism than what was 
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observed after treatment with XO inhibitors. Altogether, these data suggest that 

TIGAR expression is increased upon oxidative stress and decreased when ROS is 

lowered by antioxidants.  

 

 
 

Figure 5-16 TIGAR expression in response to antioxidants in Apcmin/+ 
organoids 
(A) Brightfield images of organoids from Apcmin/+ mice treated with 200 μM allopurinol, 200 

μM gallic acid or 2 mM L-NAME for 24 hr. (B) mRNA expression of TIGAR, cyclin D1 and 

HO-1 in Apcmin/+ organoids treated with 200 μM allopurinol, 200 μM gallic acid or 2 mM L-

NAME for 24 hr. Values represent mean ± SEM. n = 3 independent experiments with 3 

technical replicates. *p < 0.05, **p < 0.005 compared to control. NS, not significant.  
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5.3.3 The Regulation of TIGAR by ROS in Human Cells 

As ROS seems to be able to regulate the expression of TIGAR in mouse cells in 

vitro, the potential for ROS to also regulate TIGAR expression in human cells was 

investigated. To address this, experiments were performed in 2D tissue culture 

systems using human MCF7 cells, either possessing wild-type p53 or deficient for 

p53 (MCF7 p53-/-). Induction of oxidative stress was first performed through 

treatment with hydrogen peroxide (H2O2) or tert-butyl hydroperoxide (tBHP), both 

of which result in a cytoplasmic increase in ROS. Cells were treated with 500 μM 

H2O2 or 100 μM tBHP for 24 hours and protein as well as mRNA expression were 

assessed.  

Induction of oxidative stress following treatment with H2O2 led to an increase in the 

expression of known stress-responsive pathways such as p53 and its target gene 

p21 on protein and mRNA level (Figure 5-17B-C). MCF7 p53-/- cells were less able 

to cope with oxidative stress, most likely due to the loss of the p53 stress response 

(Figure 5-17A). In addition to the p53 pathway, the response of ROS-induced 

genes to treatment was also assessed. Nuclear factor erythroid 2-related factor 2 

(NRF2) is a transcription factor known to induce the transcription of antioxidant 

genes including HO-1 (Jian et al. 2011). While NRF2 protein and mRNA 

expression showed no change, which could be due to alterations in protein 

translocation rather than expression driving NRF2 activity (Sporn and Liby 2012), 

HO-1 was clearly induced on both protein and mRNA level following treatment with 

H2O2 (Figure 5-17B-C). The expression of TIGAR, however, was solely induced 

following induction of H2O2 in a p53-dependent manner (Figure 5-17B-C). The 

effects of cytosolic oxidative stress were further assessed using tBHP. Similar to 

what was observed upon treatment with H2O2, cells lacking p53 were less able to 

cope with oxidative stress (Figure 5-18A) and TIGAR expression was elevated in a 

p53-dependent manner regardless of NRF2 activity as shown by the elevation in 

HO-1 (Figure 5-18B).  

As the ROS induced by H2O2 or tBHP was cytosolic, another manner to induce 

ROS was tested which would elevate mitochondrial ROS. 
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Figure 5-17 TIGAR expression in response to hydrogen peroxide 
(A) Brightfield images of MCF7 wild-type (WT) and MCF7 p53-null (p53-/-) treated with 500 

μM hydrogen peroxide (H2O2) for 24 hr. (B) mRNA expression of TIGAR, p53, p21, NRF2 

and HO-1 in MCF7 WT and MCF7 p53-/- treated with 500 μM H2O2 for 24 hr. Values 

represent mean ± SEM. n = 3 independent experiments with 3 technical replicates. (C) 

Left: Western blot analysis of MCF7 WT and MCF7 p53-/- treated with 500 μM H2O2 for 24 

hr. Right: Quantification of Western blots. Values represent mean ± SEM. n = 3 

independent experiments. *p < 0.05, **p < 0.005 compared to WT control. NS, not 

significant.   
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Figure 5-18 TIGAR expression in response to tert-butyl hydroperoxide  
(A) Brightfield images of MCF7 wild-type (WT) and MCF7 p53-null (p53-/-) treated with 100 

μM tert-butyl hydroperoxide (tBHP) for 24 hr. (B) Left: Western blot analysis of MCF7 WT 

and MCF7 p53-/- treated with 100 μM tBHP for 24 hr. Right: Quantification of Western 

blots. Values represent mean ± SEM. n = 3 independent experiments. *p < 0.05, **p < 

0.005 compared to WT control. NS, not significant.   
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To test the effects of mitochondrial ROS on TIGAR, cells were treated with 1 μM 

rotenone for 24 hours. Much like observed following treatment with H2O2 or tBHP, 

treatment with rotenone induced the expression of p53 and its target gene p21 as 

well as NRF2 and its target gene HO-1 (Figure 5-19B-C). Similarly, an elevation of 

TIGAR protein and mRNA were observed, however, this was again in a p53-

dependent manner. In addition, these cells showed less cell death following 

rotenone treatment compared to H2O2 or tBHP treatment (Figure 5-19A). 

Altogether, these results suggest that ROS is also able to induce the expression of 

TIGAR in human cells, but in this scenario relies on p53.  
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Figure 5-19 TIGAR expression in response to rotenone 
(A) Brightfield images of MCF7 wild-type (WT) and MCF7 p53-null (p53-/-) treated with 1 

μM rotenone (Rote) for 24 hr. (B) mRNA expression of TIGAR, p53, p21, NRF2 and HO-1 

in MCF7 WT and MCF7 p53-/- treated with 1 μM rotenone for 24 hr. Values represent 

mean ± SEM. n = 3 independent experiments with 3 technical replicates. (C) Left: Western 

blot analysis of MCF7 WT and MCF7 p53-/- treated with 1 μM rotenone for 24 hr. Right: 

Quantification of Western blots. Values represent mean ± SEM. n = 3 independent 

experiments. *p < 0.05, **p < 0.005 compared to WT control. NS, not significant.   
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5.4 Summary & Discussion  

It has previously been found that TIGAR can be induced in the small intestine 

following irradiation in a p53-independent manner, despite being a p53 target gene 

in humans (Chapter 4). As the Wnt signalling pathway plays a key role in 

promoting and mediating cell proliferation in the small intestine particularly during 

intestinal regeneration, the hypothesis that the Wnt signalling can induce TIGAR 

expression in the small intestine was tested.  

As several metabolic genes have been found to be a target of the Wnt signalling 

pathway, through canonical as well as the non-canonical branches, it is possible 

that TIGAR may also be a target of this pathway. Recently, the Wnt pathway was 

found to increase aerobic glycolysis through the suppression of mitochondrial 

respiration by repressing the transcription of cytochrome c oxidase, a component 

of the ETC (Sherwood 2015). In colorectal cancer, canonical Wnt signalling can 

promote aerobic glycolysis by increasing the expression of pyruvate 

dehydrogenase kinase 1, thereby decreasing pyruvate oxidation and increasing 

the conversion of pyruvate to lactate. Similarly, the lactate transporter, 

monocarboxylate transporter 1 is also upregulated by Wnt in order to facilitate 

lactate secretion (Pate et al. 2014).  

Our studies in cultured cells did not show a clear Wnt-dependent increase in 

TIGAR expression. However, upon treatment of rWnt3a ligand in small intestinal 

crypt organoids, a clear induction in the expression of TIGAR was observed. 

Comparison between WT small intestinal crypt organoids and those harvested 

from Apcmin/+ mice showed higher levels of TIGAR expression in Apcmin/+ 

organoids. Furthermore, an acute loss of APC in villin-Cre-ERT2 Apcfl/fl organoids 

also promoted the expression of TIGAR. Upon further investigation in vivo, using 

models where loss of intestinal-specific APC resulted in high Wnt pathway 

signalling, a clear increase in TIGAR expression was also observed at both mRNA 

and protein level.  

Downstream of the Wnt signalling pathway, the transcription factor c-Myc, acts to 

drive the majority of the hyperproliferative phenotype observed upon APC loss 

(Sansom et al. 2007), and can also influence the transcription of genes involved in 
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various metabolic pathways including glycolysis, nucleotide synthesis, lipid 

synthesis and glutaminolysis, all of which are important in promoting cell growth 

and proliferation (Dang 2012). β-catenin mediated c-Myc expression results in the 

upregulation of glucose transporter 1 (GLUT1), lactate dehydrogenase (LDH) and 

pyruvate kinase M2 (PKM2) to promote aerobic glycolysis in cancer cells (Pate et 

al. 2014). Assessment of TIGAR expression in the small intestine of AhCre+ 

Apcfl/flMycfl/fl mice showed that the APC-loss driven increase in TIGAR was c-Myc-

dependent.  

It is clear that ROS is able to support both cell proliferation and survival as well as 

result in damage and cell death (Sabharwal and Schumacker 2014). Malignant 

development is often associated with an increase in oxidative stress, which can be 

a result of a loss of normal cell environment as well as a consequence of 

increased metabolism to support enhanced cell proliferation. Several studies have 

shown that cancer cells are able to limit excessive levels of ROS to support their 

growth and survival (Budanov and Karin 2008; DeNicola et al. 2011). In addition, 

ROS generated in cancer cells can also directly affect the transcriptional activity of 

β-catenin. Studies in breast cancer have found that ROS is able to displace the 

interaction between β-catenin and TCF4 and facilitate the interaction between β-

catenin and forkhead box O3 (FOXO3a). Through this, ROS can alter cell fate 

from a proliferative, cancer stem cell phenotype to a more differentiated state with 

reduced tumourigenesis (Dong et al. 2013). Oxidative stress can also alter Wnt 

signalling further upstream by influencing the activity of Dishevelled (Dsh). The 

interaction of Dsh with the thioredoxin family protein nucleoredoxin inhibits Dsh. 

This interaction can be abrogated through treatment with H2O2, which promotes 

Wnt signalling independent of extracellular Wnt stimulation (Funato et al. 2006). As 

TIGAR plays an important role combatting oxidative stress in the small intestine 

and deletion of APC also promotes an increase in ROS (in a Myc-dependent 

manner), the role of ROS itself being able to regulate TIGAR was also 

investigated.  

The intestinal crypt culture model was used to investigate p53-independent 

changes in TIGAR expression following treatment with oxidants as well as 

antioxidants. TIGAR expression was upregulated in the Apcmin/+ crypt organoids 
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after treatment with hydrogen peroxide or rotenone. A decrease in TIGAR 

expression was also observed following treatment with antioxidants, showing how 

levels of ROS can influence the expression of TIGAR. This was further examined 

in human cells, where TIGAR expression was also increased upon treatment with 

oxidants, however, this was in a p53-dependent manner.   

As ROS was able to influence the expression of TIGAR, the potential of NRF2 to 

drive TIGAR expression would be interesting to explore further. NRF2 is a well-

established transcription factor that is activated in response to oxidative stress to 

drive the cellular antioxidant response. Therefore, the potential of TIGAR to be a 

NRF2 target gene could be considered in addition to being a p53 target gene. 

While initial studies have found that NRF2 is upregulated in small intestinal crypts 

of wild-type mice following irradiation much like the expression of TIGAR (data not 

shown), in 2D human cell cultures, activation of NRF2 using a chemical activator 

of NRF2, sulforaphane, did not influence TIGAR expression (data not shown). 

Notably, human p53-null cells treated with sulforaphane showed an increase in 

NRF2 and its target HO-1 but no increase in TIGAR (data not shown). It would be 

interesting to further investigate the potential for NRF2 to influence mouse TIGAR 

expression through the use of in vitro small intestinal organoids as well as using 

cancer models where NRF2 is upregulated to promote tumourigenesis as seen in 

the KRas pancreatic adenocarcinoma model (DeNicola et al. 2011). Other ROS-

induced transcription factors could also be investigated for a role in promoting 

TIGAR such as FOXO3a, which can contribute to protection against oxidative 

stress by upregulating the transcription of manganese superoxide dismutase 

(MnSOD) and catalase (Kops et al. 2002a; Kops et al. 2002b; Nemoto and Finkel 

2002). The activator protein (AP-1) family of transcription factors are also induced 

by ROS and can bind to antioxidant response elements (ARE) in genes involved in 

protecting cells against oxidative stress (Weitzman et al. 2000; Gerald et al. 2004; 

Tsuji 2005), which could include TIGAR.  

Furthermore, it would be interesting to understand whether TIGAR is upregulated 

in other cancer types and how this may contribute to tumourigenesis, as basal 

expression of TIGAR is variable in different tissues.  
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Chapter 6 The Role of TIGAR in vivo 

TIGAR functions as a fructose-2,6-bisphosphatase, decreasing the intracellular 

levels of fructose-2,6-bisphosphate and thereby lowering the activity of 

phosphofructokinase-1 (PFK-1) and flux through the glycolytic pathway (Bensaad 

et al. 2006; Wanka et al. 2012). As a consequence, glycolytic metabolites can be 

diverted into the pentose phosphate pathway (PPP) and TIGAR has been shown 

to increase the production of NADPH for antioxidant activity as well as ribose-5-

phosphate (R5P) for nucleotide synthesis (Kimata et al. 2010; Pena-Rico et al. 

2011). Several studies have shown the importance of TIGAR in regulating redox 

control in cells and elevated TIGAR expression has also been observed in various 

cancer types (Wanka et al. 2012; Won et al. 2012; Cheung et al. 2013; Sinha et al. 

2013), suggesting that a deregulated expression of TIGAR may play a role in 

supporting rather than inhibiting cancer development and proliferation.  

Activation of the Wnt signalling pathway increased TIGAR expression in the small 

intestine, therefore, the function of TIGAR in the small intestine was further 

investigated. In particular, the consequences of TIGAR loss in vivo were analysed 

as well as the functional role of TIGAR in a mouse model of intestinal 

regeneration.  
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6.1 Confirmation of Efficient TIGAR Deletion in Mice  

Previous analyses of TIGAR function have been predominantly performed in 

human cancer cell lines (Jen and Cheung 2005; Bensaad et al. 2006; Bensaad et 

al. 2009; Hasegawa et al. 2009; Wanka et al. 2012). Therefore, a TIGAR-deficient 

mouse was generated to further study the role of TIGAR in vivo as well as the 

consequences of its loss (Cheung et al. 2013). To do so, a constitutive deletion 

was generated using a genetrap construct from EUCOMM, where the targeting 

vector was inserted between exons 2 and 3 of the Tigar gene (Cheung et al. 

2013). To validate this model, the deletion of TIGAR was confirmed by examining 

TIGAR expression in liver tissues from TIGAR-null (TIGAR-/-) mice by Western blot 

and using liver samples from WT animals as a control (Figure 6-1). A loss of 

TIGAR did not affect developing embryos or unstressed adults (Cheung et al. 

2013), suggesting that TIGAR expression is not essential for development and 

may play a role under conditions of stress in adult tissue.  

 

Figure 6-1 Confirmation of TIGAR-deficient mice 
Loss of TIGAR protein expression was confirmed in TIGAR-/- animals by Western blot 

analysis of liver tissue samples. n = 3 mice per genotype. 
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6.2 TIGAR Expression is required for Small Intestine 
Proliferation after Acute Damage 

The function of TIGAR in proliferation was further analysed using an intestinal 

regeneration model following tissue ablation caused by cisplatin or irradiation 

treatment, as previously described (Martin et al. 1998; Potten and Grant 1998; 

Metcalfe et al. 2014).  

In agreement with published reports, TIGAR expression is relatively low in the 

untreated small intestines and is localised in the crypts of the small intestine where 

intestinal cell proliferation occurs. Moreover, TIGAR deficiency did not affect 

normal intestinal crypt architecture (Cheung et al. 2013). TIGAR expression in WT 

animals showed a sustained increase within the intestinal crypts following cisplatin 

treatment (Figure 6-2) as well as after irradiation (Figure 6-3). Loss of TIGAR was 

confirmed in the small intestine of TIGAR-/- animals as no increase in TIGAR 

expression was observed following cisplatin (Figure 6-2) or irradiation treatment 

(Figure 6-3). This increase in TIGAR after irradiation was also observed in the 

small intestine by Western blot, where TIGAR-deficiency was again confirmed in 

TIGAR-/- animals (Figure 6-4). Furthermore, the elevation in TIGAR RNA was also 

observed following irradiation by using RNAscope assays, a novel in situ 

hybridisation (ISH) method, which allows for the visualisation of single RNA 

molecules in samples mounted on slides. No increase in TIGAR RNA was seen in 

the TIGAR-/- animals after irradiation (Figure 6-5). Altogether, these data show that 

both TIGAR protein and RNA are increased during intestinal regeneration and 

confirm complete ablation of TIGAR in TIGAR-/- mice. 
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Figure 6-2 Increased TIGAR in the small intestine after cisplatin treatment 
Immunohistochemistry for TIGAR on wild-type (WT) and TIGAR-/- animals before and 72 

hr after cisplatin treatment. Panels show more detailed crypt structures indicated in the 

box. n = 3 mice per genotype per condition, each stained 3 times. 

 

Figure 6-3 TIGAR expression increases in the small intestine after irradiation 
Immunohistochemistry for TIGAR on wild-type (WT) and TIGAR-/- animals before and 72 

hr after 14 Gy irradiation. Panels show more detailed crypt structures indicated in the box. 

n = 3 mice per genotype per condition, each stained 3 times. 
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Figure 6-4 TIGAR expression increases in the small intestine after irradiation 
Western blot showing an increase in TIGAR expression in the small intestine of wild-type 

(WT) and TIGAR-/- animals before and after 10 Gy irradiation (IR). n = 1 mouse per 

genotype per condition. 

 

 

Figure 6-5 TIGAR RNA expression in the small intestine after irradiation 
RNAscope assay for TIGAR on wild-type (WT) and TIGAR-/- animals before and 72 hr 

after 14 Gy irradiation. Panels show more detailed crypt structures indicated in the box. n 

= 3 mice per genotype per condition, each stained 2 times 
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Next, the effects of TIGAR-deficiency on intestinal regeneration were assessed. 

Immunohistochemistry was performed for the proliferative marker Ki67, and while 

both WT and TIGAR-/- animals showed an initial decrease in proliferation 24 hours 

post-IR, only WT animals were able to progress into a phase of rapid proliferation 

that was evident 48 and 72 hours post-IR, consistent with an outgrowth of new 

crypts structures (Figure 6-6A-B). TIGAR-/- animals showed a clear defect in 

proliferation at these time points, suggesting a role for TIGAR in supporting 

intestinal regeneration after damage.  

To further examine how TIGAR supports intestinal regeneration, oxidative stress in 

the small intestine was assessed following irradiation. Since TIGAR can contribute 

to the cellular antioxidant response by promoting the pentose phosphate pathway, 

it was hypothesized that TIGAR may support proliferation in the small intestine 

through this method. 

 

Figure 6-6 TIGAR-deficiency reduces regenerative capacity in intestinal 
crypts 
(A) Immunohistochemistry for Ki67 on wild-type (WT) and TIGAR-/- (KO) animals 6 and 72 

hr after 14 Gy irradiation. Panels show more detailed crypt structures indicated in the box. 

n = at least 3 mice. (B) Quantification of Ki67 positive cells in WT and KO animals at the 

indicated times after 14 Gy IR. *p < 0.05 compared to WT. Data obtained from Eric 

Cheung. 
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6.3 Loss of TIGAR Leads to Increased Oxidative Stress 
After Irradiation 

Previous work has demonstrated a role for TIGAR in lowering oxidative stress and 

TIGAR-deficient baby mouse kidney cells possess lower levels of GSH and are 

more sensitive to treatment with hydrogen peroxide (Bensaad et al. 2006; 

Bensaad et al. 2009; Cheung et al. 2013). To assess levels of oxidative stress in 

the TIGAR-/- mice, the levels of malondialdehyde (MDA) were examined by 

immunohistochemistry. Following irradiation treatment, WT mice showed an 

increase in MDA in their intestinal crypts, indicating an increase in oxidative stress. 

Notably, animals deficient in TIGAR showed a greater increase in MDA levels 

compared to WT animals after irradiation (Figure 6-7). This indicates that TIGAR 

plays an important role in limiting ROS in vivo in order to support proliferation 

during intestinal regeneration. 

 

Figure 6-7 Loss of TIGAR leads to increased oxidative stress after 
irradiation 
Immunohistochemistry for malondialdehyde (MDA) staining wild-type (WT) and TIGAR-/- 

animals before and 24 hr after 14 Gy irradiation. Panels show more detailed crypt 

structures indicated in the box. n = 3 mice per genotype per condition, each stained 3 

times.  
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6.4 TIGAR is Important in Tumour Development in an 
Intestinal Adenoma Model 

The previous results show that TIGAR plays an important role in allowing for the 

growth and proliferation required for the repair of the damaged intestinal epithelium 

in adult mice. The modulation of metabolic pathways to allow anabolism and ROS 

limitation has also been proposed to play an important role in supporting 

tumourigenesis. Therefore, we decided to investigate whether TIGAR contributes 

to the abnormal proliferation of tumour cells in the small intestine. To address this, 

a model in which the tumour suppressor APC is deleted in LGR5+ intestinal stem 

cells resulting in the development of intestinal adenomas was used (TIGAR+/+ 

Lgr5-EGFP-IRES-creERT2/APCfl/fl) (Barker et al. 2009). Following multiple doses of 

tamoxifen in order to maximize the incidence of adenoma development, TIGAR 

was found highly expressed in the adenomas formed in TIGAR+/+ Lgr5-EGFP-

IRES-creERT2/APCfl/fl mice compared to the surrounding tissue, consistent with a 

role for TIGAR in promoting proliferation in tumour tissues (Figure 6-8A). To test 

the role of TIGAR in these adenomas, these animals were then crossed with 

TIGAR-deficient mice to generate TIGAR-/- Lgr5-EGFP-IRES-creERT2/APCfl/fl, 

where TIGAR was lost and APC could be deleted upon tamoxifen induction. 

Compared to TIGAR+/+ Lgr5-EGFP-IRES-creERT2/APCfl/fl mice, TIGAR-null 

animals showed less proliferation (less Ki67 staining) (Figure 6-8A) as well as a 

significant reduction in the number of tumours (Figure 6-8B), total tumour burden 

(Figure 6-8C) and average tumour size (Figure 6-8D). These results indicate that a 

loss of TIGAR limited tumour development. Importantly, this reduction in tumour 

burden correlated with an increased survival in mice lacking TIGAR (Figure 6-8E) 

(Cheung et al. 2013).   
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Figure 6-8 TIGAR loss reduces tumour burden in an intestinal adenoma 
model 
(A) Top: H&E staining of small intestine of TIGAR+/+ Lgr5-EGFP-IRES-creERT2/Apcfl/fl (WT) 

and TIGAR-/- Lgr5-EGFP-IRES-creERT2/Apcfl/fl (KO) mice after multiple rounds of 

tamoxifen induction and taken at clinical endpoint. Middle: Immunohistochemistry for Ki67 

in the small intestine of WT and KO mice after multiple rounds of tamoxifen induction and 

taken at clinical endpoint. Bottom: Immunohistochemistry for TIGAR in small intestine of 

WT and KO mice after multiple rounds of tamoxifen induction and taken at clinical 

endpoint. (B) Number of tumours from WT and KO mice (C) Total tumour burden in the 

small intestine of WT and KO mice. (D) Average tumour size from WT and KO mice (E) 

Kaplan-Meier survival curves showing adenoma-free survival of WT (n = 5) and KO (n = 

7) mice. Data represents and mean ± SEM. *p < 0.05 compared to WT. Data obtained 

from Eric Cheung.  
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6.5 TIGAR Modulates Damaging ROS 

Taken together, our data from the previous chapter suggest that TIGAR is induced 

in response to ROS. In addition, previous work has shown that TIGAR can 

function to promote the antioxidant defence in cells (Bensaad et al. 2006; Bensaad 

et al. 2009; Lui et al. 2010; Lui et al. 2011; Wanka et al. 2012; Yin et al. 2012). As 

previously discussed, signalling and damaging ROS may be generated through 

different mechanisms and in different cell compartments (Trachootham et al. 

2009). ROS can be either pro-proliferative, as seen in ROS generated by NADPH 

oxidases (NOX) (Bedard and Krause 2007) or detrimental to cell growth or 

survival, as seen in ROS generated by the mitochondria, and the outcome can 

depend on the source, the levels and the forms of ROS. Therefore, whether the 

ROS signal induced by the loss of TIGAR is qualitatively different from the ROS 

induced by NOX was tested in vivo.  

An APC model was used where TIGAR as well as another Wnt target gene, RAC1, 

which is also involved in redox homeostasis, were simultaneously deleted. The 

RAC1 GTPase has previously been shown to play an important role in promoting 

cell proliferation and is often overexpressed in human cancers (Sanz-Moreno et al. 

2008; Krauthammer et al. 2012; Yang et al. 2012c). Alongside its cytoskeletal role, 

RAC1 functions as a mediator of NOX and a key contribution of RAC1 to support 

proliferation is through NOX-mediated ROS production, which has also been found 

important in supporting tumourigenesis. As with TIGAR, loss of APC in the mouse 

intestine results in the upregulation of RAC1, despite its opposing role to TIGAR in 

the regulation of ROS. Notably, loss of RAC1 in this model resulted in an inhibition 

of APC-driven hyperproliferation alongside a decrease in ROS levels (Myant et al. 

2013). 

Loss of APC resulted in hyperproliferation in the small intestine (Ki67 staining) due 

to high Wnt signalling as shown by an accumulation of β-catenin (Figure 6-9, 

Figure 6-10). In addition, APC loss resulted in increased levels of damaging ROS 

as shown by MDA staining (Figure 6-11), and increased expression of TIGAR 

(Figure 6-12). A co-deletion of APC and TIGAR resulted in a further increase in 

damaging ROS (Figure 6-11), but was accompanied with a decrease in 

proliferation (Ki67 staining and crypt size) (Figure 6-9). Interestingly, while co-
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deletion of APC and RAC1 reduced the proliferation in the small intestine to a 

similar extent as when TIGAR was deleted alongside APC (Figure 6-9), there was 

no further increase in MDA staining (Figure 6-11). Furthermore, loss of RAC 

alongside APC deletion did not impair the increased expression of TIGAR in the 

small intestine or liver (Figure 6-13). This suggests that loss of RAC1 does not 

lower damaging ROS, which can induce TIGAR expression, but rather a distinct 

pool of ROS important in supporting proliferation. This notion was further 

supported when a simultaneous loss of both TIGAR (leading to an increase in 

damaging ROS) and RAC1 (leading to a decrease in growth signalling ROS) 

resulted in a greater inhibition of crypt proliferation in response to APC loss than 

deletion of either individually, despite a minor diminution in β-catenin levels (Figure 

6-9, Figure 6-10). In addition, despite the inhibition of proliferation, AhCre+ 

Apcfl/flTIGARfl/flRac1fl/fl cells retained high levels of damaging ROS (MDA staining), 

which was only found in the crypts (Figure 6-11). 

Altogether, these data suggest that during the rapid proliferation induced upon 

APC loss, there is a selective modulation of two pools of ROS, which have 

different and opposing properties on cell growth, with RAC1 promoting signalling 

ROS and TIGAR limiting damaging ROS (Figure 6-14).  
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Figure 6-9 Loss of TIGAR and RAC1 reduces proliferation in an APC 
intestinal model 
Immunohistochemistry for Ki67 on small intestines of wild-type (WT) and AhCre+ Apcfl/fl, 

AhCre+ Apcfl/flTIGARfl/fl, AhCre+ Apcfl/flRac1fl/fl and AhCre+ Apcfl/flTIGARfl/flRac1fl/fl mice. 

Panels show more detailed crypt structures indicated in the box. n = 3 mice per genotype.  
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Figure 6-10 Loss of TIGAR and RAC1 lowers but does not completely 
abrogate Wnt signalling  
Immunohistochemistry for β-catenin on small intestines of wild-type (WT) and AhCre+ 

Apcfl/fl, AhCre+ Apcfl/flTIGARfl/fl, AhCre+ Apcfl/flRac1fl/fl and AhCre+ Apcfl/flTIGARfl/flRac1fl/fl 

mice. Panels show more detailed crypt structures indicated in the box. n = 3 mice per 

genotype.  
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Figure 6-11 Loss of TIGAR, but not RAC1, results in increased damaging 
ROS in Apc-deficient intestinal crypts 
Immunohistochemistry for MDA on small intestines of wild-type (WT) and AhCre+ Apcfl/fl, 

AhCre+ Apcfl/flTIGARfl/fl, AhCre+ Apcfl/flRac1fl/fl and AhCre+ Apcfl/flTIGARfl/flRac1fl/fl mice. 

Panels show more detailed crypt structures indicated in the box. n = 3 mice per genotype, 

each stained 3 times.  
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Figure 6-12 TIGAR expression upon APC and RAC1 loss 
Immunohistochemistry for TIGAR on small intestines of wild-type (WT) and AhCre+ Apcfl/fl, 

AhCre+ Apcfl/flTIGARfl/fl, AhCre+ Apcfl/flRac1fl/fl and AhCre+ Apcfl/flTIGARfl/flRac1fl/fl mice.  

Panels show more detailed crypt structures indicated in the box. n = 3 mice per genotype.  
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Figure 6-13 TIGAR expression upon APC and RAC1 loss in the liver 
Western blot analysis of liver samples from wild-type (WT), TIGAR-/-, AhCre+ Apcfl/fl, 

AhCre+ Apcfl/flTIGARfl/fl, AhCre+ Apcfl/flRac1fl/fl and AhCre+ Apcfl/flTIGARfl/flRac1fl/fl mice. n = 

1 mouse per genotype. 

 

 

Figure 6-14 Proposed role of ROS after Wnt signalling activation  
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6.6 TIGAR Expression in Human Cancers 

While the function of TIGAR in normal tissues is to allow for repair or adaptation 

following mild or transient stress as part of the p53 stress response, the results in 

mouse studies suggest that TIGAR expression may also be advantageous to 

tumour cells in order to lower damaging ROS. Therefore, the expression of TIGAR 

was examined in a panel of human cancer cell lines (MCF7, A2780, U2OS, 

HCT116 p53+/+, HCT116 p53-/-, H1299, HT29, A431 and SW480) to determine 

whether the expression of TIGAR was dependent on the presence of wild-type p53 

in these cells.  

It was found that the basal expression of TIGAR was not dependent on the 

maintenance of wild-type p53 as cell lines lacking p53 (HCT116 p53-/- and H1299) 

or possessing mutant forms of p53 (HT29, A431 and SW480) were still able to 

express TIGAR protein (Figure 6-15). Notably, the A2780 cells possessing wild-

type p53 showed the highest expression of TIGAR, while the A431 cells 

expressing mutant p53 showed the lowest (Figure 6-15). This suggests that the 

expression of TIGAR can become decoupled from p53 expression and there may 

be a selection for TIGAR expression during malignant progression.  

 

Figure 6-15 Basal TIGAR expression in human cancer cell lines 
Western blot analysis of indicated human cancer cell lines with either wild-type (WT), p53-

null or mutant p53 status. n = 1 independent experiment.  
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To establish whether TIGAR expression is also associated with the development 

of human cancers, a series of colon tissue microarrays were examined comparing 

normal, tumour and metastatic tissues from the same patient (Cheung et al. 2013). 

Staining for TIGAR expression by immunohistochemistry showed an increase in 

TIGAR protein in both the primary colon cancer and associated metastases 

compared to the normal tissue (Figure 6-16).  

These observations were supported by expression data from the General 

Expression Across Normal and Tumor Tissue (GENT) database (http://medical-

genome.kribb.re.kr/GENT/), which provides gene expression patterns across many 

human cancer and normal tissues. TIGAR was found overexpressed in many 

tumour types (red bars) compared to normal tissues (green bars) as profiled by the 

provided Affymetrix U133plus2 platform (Figure 6-17). These results are consistent 

with TIGAR expression supporting malignant development, potentially by 

promoting cell proliferation and an expansion of the abnormal lesion through the 

lowering of damaging ROS. 

 

Figure 6-16 Increased TIGAR expression in primary human colon cancer and 
associated metastases 
Example of TIGAR staining in matched samples of human normal colon, colon 

adenocarcinoma, and liver metastasis from the same patient. Data obtained from Eric 

Cheung.  
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Figure 6-17 TIGAR is overexpressed in a number of human cancer types 
TIGAR expression in a variety of human tumour (red) and normal (green) tissues. Data 

obtained from General Expression Across Normal and Tumor Tissue (GENT) database 

using the Affymetrix U133plus2 platform. 
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6.7 Summary and Discussion 

The generation of TIGAR-deficient mice was used to investigate the contribution of 

TIGAR to normal development and in rapidly proliferating cells after acute tissue 

damage. It has previously been shown that TIGAR-/- animals do not show a clear 

developmental defect, suggesting that the role of TIGAR is not involved in 

embryogenesis or that a compensatory adaptation is present due to a constitutive 

lack of TIGAR during embryonic development (Cheung et al. 2013). However, it 

was found that TIGAR was necessary to support rapid proliferation in the adult 

tissue, as observed in the intestinal epithelium to allow for regeneration following 

tissue damage such as following irradiation or cisplatin treatment. The loss of 

TIGAR also resulted in increased oxidative damage in the TIGAR-deficient 

animals. This part of the study shows a role for TIGAR in tissue regeneration and 

that loss of TIGAR results in a failure to repair the damaged intestinal epithelium.  

Further studies elucidated the role of TIGAR in contributing to the growth of 

malignancies in a mouse model of intestinal tumour induced by the deletion of 

APC in the intestinal stem cells (Barker et al. 2009; Cheung et al. 2013). TIGAR 

expression was found increased in these intestinal tumours. When these animals 

were also deficient for TIGAR, a reduction in tumour development as well as 

enhanced survival was observed. This suggests that while in healthy tissues, 

TIGAR can promote regeneration by lowering oxidative stress, in tumours, this 

same function may allow TIGAR to play a role in supporting cancer development. 

This is consistent with data showing increased TIGAR expression in human 

primary colon cancer and associated metastases. TIGAR overexpression has also 

been reported in other tumour types including invasive breast cancer (Won et al. 

2012), glioblastoma (Wanka et al. 2012; Sinha et al. 2013), and nasopharyngeal 

carcinomas (Wong et al. 2015). This ability to support cancer growth has also 

been observed in other members of the PFK-2/FBPase-2 family. In particular, all 

PFKFB mRNAs were reported overexpressed in human lung cancers (Minchenko 

et al. 2005) and PFKFB4 plays an essential role in the survival of glioma stem-like 

cells (Goidts et al. 2012).  

Following studies understanding the role of TIGAR during intestinal regeneration, 

in vivo models were used to further understand the particular pool of ROS TIGAR 
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regulates. Wnt signalling results in the activation of both RAC1 (Myant et al. 2013), 

a component of NOX, as well as TIGAR. While loss of RAC1 results in decreased 

levels of ROS, due to decreased NOX activity, and decreased cell proliferation 

(Myant et al. 2013), loss of TIGAR results in increased levels of ROS, due to 

inefficient NADPH generation, but also decreased cell growth (Cheung et al. 

2013). A single loss of either protein resulted in a decrease in the 

hyperproliferation usually observed upon APC loss. However, when both TIGAR 

and RAC1 proteins were simultaneously deleted, the hyperproliferation of crypts 

upon APC loss was attenuated even more, suggesting that TIGAR and RAC1 

regulate independent pools of ROS with RAC1 generating signalling ROS to 

promote cell growth, while TIGAR provides antioxidant defence against damaging 

ROS.  

Alongside multiple studies currently investigating altered metabolism in cancer 

progression, the metabolic alterations induced by the upregulation of TIGAR 

during tumourigenesis would be interesting to examine further. Furthermore, the 

dependence of cancer cells on antioxidants may make them more vulnerable to 

the inhibition of detoxifying systems compared to normal cells, which do not 

possess such a high burden of oxidative stress (DeNicola et al. 2011; Harris et al. 

2015). This would make TIGAR an interesting target to inhibit for further studies in 

cancer models.  
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Chapter 7 Final Summary and Discussion 

Taken together, the data presented here support the following conclusions: 

• p53 is much less important in the regulation of TIGAR in mouse cells 

compared to human cells. 

• Intestinal regeneration following irradiation or cisplatin treatment results in a 

strong induction of TIGAR expression in the mouse that is independent of 

p53 and TAp73. 

• TIGAR expression is regulated by the Wnt/c-Myc signalling pathway 

through ROS. 

• TIGAR functions to support intestinal regeneration by lowering oxidative 

stress. 

While human TIGAR expression is activated in a p53-dependent manner, there 

was no clear p53-dependent increase in TIGAR in mouse cells. Upon further 

investigation of the promoter regions of human and mouse TIGAR, the p53-binding 

sites in the human TIGAR promoter were more responsive than those found in the 

mouse. Using ChIP, following cisplatin treatment in mouse cells, p53 was not 

recruited to the Tigar promoter, unlike the p21 promoter. Further investigation 

found that TAp73 was also able to activate expression of mouse and human 

TIGAR p53-binding site reporters. However, p73 isoforms were unable to drive 

TIGAR protein expression in human cells. 

To better understand whether mouse TIGAR was responsive to p53 or TAp73 in 

vivo, animals deficient in p53, TAp73 or both were assessed for their basal TIGAR 

expression and then for their ability to upregulate TIGAR following irradiation. 

TIGAR expression was generally not affected by the loss of p53 and/or TAp73 at a 

basal level or after irradiation. Altogether, these data show that the upregulation of 

TIGAR seen after irradiation is not dependent on p53 or its family member, TAp73.  
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In contrast to these observations, several previous studies have shown p53-

responsive expression of TIGAR in mouse cells and tissues such as the liver and 

heart, and p53 binding to the Tigar promoter was also previously shown detected 

in the liver (Kimata et al. 2010; Hoshino et al. 2012; Hamard et al. 2013; Li et al. 

2014b). However, while the published data suggest that p53 can induce TIGAR in 

some mouse tissues, the p53-responsiveness of mouse TIGAR expression is 

lower than observed in human cells. To some extent this difference reflects the 

binding of p53 to the different response elements in the mouse and human TIGAR 

encoding genes. However, it is also possible that tissue or stress-specific co-

factors are required to allow p53 regulation of TIGAR expression, which may 

illustrate differences in human and mouse TIGAR expression and promoter 

availability. It will be of particular interest to see whether p53 family members can 

interact with other co-factors to participate in the induction of TIGAR in response to 

different forms of oxidative and metabolic stress.  

The work presented here shows that mouse TIGAR expression is also regulated 

through p53-independent mechanisms since TIGAR is strongly activated in mouse 

small intestinal crypts following irradiation or cisplatin treatment. Studies by others 

have also shown p53-independent induction of TIGAR in primary neuron cells 

(Sun et al. 2015). While others have suggested a role for SP1 (Zou et al. 2012) 

and CREB (Zou et al. 2013) in supporting basal TIGAR expression in liver cancer 

cell lines, it would be interesting to further investigate other potential transcription 

factors which may drive TIGAR expression, particularly following cell stress or 

during tumourigenesis. Therefore, the role of the Wnt pathway was examined. 

As several metabolic genes have been found to be a target of the Wnt signalling 

pathway, through canonical as well as the non-canonical branches, it is possible 

that TIGAR is a target of this pathway, particularly in the small intestine. Recently, 

the Wnt pathway was found to increase aerobic glycolysis through the suppression 

of mitochondrial respiration by repressing the transcription of cytochrome c 

oxidase, a component of the electron transport chain (Sherwood 2015). 

Furthermore, in colorectal cancer, canonical Wnt signalling can promote aerobic 

glycolysis by increasing the expression of pyruvate dehydrogenase kinase 1 

(PDK1), thereby decreasing pyruvate oxidation and increasing the conversion of 
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pyruvate to lactate. The lactate transporter, monocarboxylate transporter 1 (MCT1) 

is also upregulated in order to facilitate lactate secretion (Pate et al. 2014). To 

address the potential role of the Wnt signalling pathway promoting TIGAR 

expression, the ability of extracellular Wnt stimulation to drive TIGAR expression 

was tested in vitro.  

Firstly, treatment of cultured cells with recombinant Wnt3a (rWnt3a) ligand did not 

show a clear Wnt-dependent increase in TIGAR expression. However, upon 

treatment of rWnt3a in small intestinal crypt organoids (obtained from WT 

animals), a clear induction in the expression of TIGAR could be observed. 

Comparison between WT organoids and those harvested from the adenomas of 

Apcmin/+ mice, which possess high Wnt signalling activity, showed higher levels of 

TIGAR in the Apcmin/+ organoids. Furthermore, an acute loss of APC in villin-Cre-

ERT2 Apcfl/fl organoids through 4-hydroxytamoxifen treatment, resulting in high Wnt 

pathway activity, also promoted the expression of TIGAR. Upon further 

investigation in vivo, using models where loss of intestinal-specific APC results in 

high Wnt pathway signalling and intestinal hyperproliferation (AhCre+ Apcfl/fl), a 

clear increase in TIGAR expression was observed at both mRNA and protein level.  

Downstream of the Wnt signalling pathway, the transcription factor c-Myc, acts to 

drive the majority of the hyperproliferative phenotype observed upon APC loss in 

the small intestine (Sansom et al. 2007). Moreover, c-Myc itself can influence the 

transcription of various metabolic targets involved in glycolysis, nucleotide 

synthesis, lipid synthesis and glutaminolysis, all of which are important in 

promoting cell growth and proliferation (Dang 2009). In particular, β-catenin-

mediated expression of c-Myc results in the upregulation of glucose transporter 1 

(GLUT1), lactate dehydrogenase (LDH) and pyruvate kinase M2 (PKM2), all of 

which promote aerobic glycolysis in cancer cells (Yang et al. 2012a). Further 

assessment of TIGAR expression in the small intestine of AhCre+ Apcfl/flMycfl/fl 

mice, which have high Wnt signalling but lack the transcriptional output of c-Myc, 

showed that the increase in TIGAR observed upon APC deletion was c-Myc-

dependent. This suggests that in the small intestine, TIGAR is a target of c-Myc. 

This was further observed in transgenic mouse models with deregulated Myc 

expression such as the Eμ-Myc model of spontaneous lymphoma and leukaemia 
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of early B cells (Adams et al. 1985), where TIGAR expression was also 

upregulated in tissues possessing high Myc levels.  

As TIGAR plays an important role in combatting oxidative stress and the deletion 

of APC promoted an increase in ROS in a c-Myc dependent manner, the role of 

ROS itself being able to regulate TIGAR was also investigated. Studies using the 

intestinal crypt culture model found that TIGAR expression was elevated following 

treatment with oxidants in a p53-independent manner. Furthermore, a decrease in 

TIGAR expression was observed following treatment using antioxidants. Others 

have also illustrated an upregulation in TIGAR protein expression by ROS in 

primary cortical neurons, which could also be attenuated through pre-treatment of 

cells with the antioxidant NADPH (Sun et al. 2015).  

As ROS can regulate the expression of TIGAR in mouse cells, the ability of ROS to 

influence TIGAR expression was also considered in human cells. While ROS was 

also able to promote the expression of TIGAR in cultured human cells, it was 

induced in a p53-dependent manner. It would be interesting to further investigate 

whether TIGAR expression is also induced in cells with mutant p53, and whether 

this would also be p53-dependent. In addition, while TAp73 did not reveal any 

contribution to TIGAR expression in mouse tissues or in human Saos-2 cell lines 

with inducible TAp73, it is still possible that TAp73 can upregulate TIGAR 

expression in humans in response to cell stress, particularly as TAp73 has been 

shown by others to upregulate the expression of proteins involved in the pentose 

phosphate pathway such as glucose-6-phosphate dehydrogenase (Du et al. 2013; 

Agostini et al. 2014). Overall, this highlights the difference between the induction of 

TIGAR in mouse and human cells. While human TIGAR is induced by p53, 

another mechanism, perhaps through ROS itself or NRF2, promotes mouse 

TIGAR expression in response to stress. Preliminary studies found that NRF2 is 

upregulated in small intestinal crypts following irradiation (data not shown), 

however, in human cell cultures, activation of NRF2 did not influence TIGAR 

expression. It would be interesting to further investigate the potential for NRF2 to 

influence TIGAR expression through the use of in vitro small intestinal crypt 

organoids as well as using cancer models where NRF2 is upregulated to promote 
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tumourigenesis as seen in the KRas pancreatic adenocarcinoma model (DeNicola 

et al. 2011).  

In addition, the regulation of TIGAR could also occur in other ways such as 

through transcriptional, translational, the control of protein stability or other 

posttranslational modifications on the protein. The half-life of TIGAR was 

investigated in human and mouse cell lines and the TIGAR protein was found to 

be relatively stable (data not shown). This could be due to the conditions cultured 

cells are grown in, which are much harsher than physiological conditions and thus 

may promote the maintenance of high TIGAR levels. TIGAR has also been found 

phosphorylated by ATM (personal communications), however the effects of this 

phosphorylation are not yet understood.  

The activation of TIGAR by ROS places TIGAR into a group of ROS-induced 

genes that function to limit oxidative stress, which is particularly important in the 

cellular stress response as well as in promoting cell growth. TIGAR has previously 

been shown to lower oxidative stress by localising to the mitochondria in order to 

interact with hexokinase 2 and regulate mitochondrial membrane potential during 

hypoxia (Cheung et al. 2012). This has also been observed under 

ischaemia/reperfusion as well as oxygen glucose deprivation/reoxygenation 

conditions in primary neurons where TIGAR acts to protect mitochondrial functions 

and against ischaemia/reperfusion-induced injury (Li et al. 2014b). 

It has also been speculated that an increased production of NADPH through the 

PPP (potentially by TIGAR) may also be used for ATP production in neurons 

(Herrero-Mendez et al. 2009; Stanton 2012). Furthermore, it is thought that an 

increased generation of ribose from the PPP may be used by cells for the rapid 

repair of DNA damage following oxidative stress during ischaemia/reperfusion. 

Preliminary studies by other groups have found that knockdown of TIGAR delayed 

the repair of drug-induced DNA breaks (Li et al. 2014b; Yu et al. 2015) and during 

the DNA damage response, TIGAR levels increased and relocated to the nucleus. 

PPP products such as NADPH and ribose could reverse the deleterious effects of 

TIGAR knockdown after DNA damage (Yu et al. 2015). Much like the ability of 

TIGAR to interact with hexokinase 2 at the mitochondria (Cheung et al. 2012), this 

ability of TIGAR was independent of its enzymatic activity as TIGAR was found to 
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contribute to the phosphorylation of ATM through CDK5 (Sinha et al. 2013; Yu et 

al. 2015).   

In order to assess the in vivo functions of TIGAR, TIGAR-deficient mice were 

generated. While the loss of TIGAR did not influence embryonic development or 

unstressed adults (Cheung et al. 2013), the loss of TIGAR resulted in an inability 

to promote intestinal regeneration following tissue damage by irradiation or 

cisplatin treatment as well as an increase in oxidative stress in small intestine 

crypts. This data shows that TIGAR plays a role in regulating redox homeostasis in 

the small intestine and potentially other self-regenerating tissues by lowering 

oxidative stress following tissue damage in order to promote tissue regeneration. 

This phenotype was similar to other mouse models presenting increased 

sensitivity to oxidative stress such as the glutamate cysteine ligase modifier 

subunit (GCLM)-deficient mice, which have a compromised oxidative stress 

response due to decreased GSH synthesis (Yang et al. 2002). Ageing is 

associated with an impaired scavenging of ROS and TIGAR may also play a role 

here. TIGAR-null mice showed earlier age-related characteristics such as lower 

body weight compared to WT animals (personal communications). This phenotype 

shares similarities to the TAp73-null mice, which present more pronounced ageing 

with increased oxidative damage and senescence. This was found to be due to the 

loss of the TAp73 target mitochondrial complex IV subunit cytochrome C oxidase 

subunit 4 (Cox4i1), which normally regulates mitochondrial activity and thus 

prevents ROS accumulation (Rufini et al. 2012). While animals deficient in p63 

also show accelerated ageing phenotypes in adults, this was attributed to 

enhanced cellular senescence upon p63 loss (Keyes et al. 2005).  

Malignant development is often associated with an increase in oxidative stress, 

which can be a result of the loss of a normal cell environment as well as a 

consequence of increased metabolism to support enhanced cell growth and 

proliferation. Several studies have shown that cancer cells are able to limit 

excessive levels of ROS to support their growth and survival through the 

upregulation of antioxidant genes (Budanov and Karin 2008; DeNicola et al. 2011). 

In line with this, the activities of TIGAR in lowering ROS and promoting anabolic 

pathways suggest it has cancer-promoting capabilities. In an intestinal adenoma 
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mouse model, TIGAR was found highly expressed in the adenomas compared to 

the surrounding normal tissue, and mice deficient in TIGAR showed a reduction in 

total tumour burden in the small intestine compared to WT mice (Cheung et al. 

2013). Notably, other ROS regulators are also overexpressed in a number of 

human cancers. NRF2, which was found overexpressed in lung, breast and 

ovarian carcinomas (Singh et al. 2006; Nioi and Nguyen 2007; Solis et al. 2010; 

Konstantinopoulos et al. 2011), can promote the transcription of genes involved in 

the pentose phosphate pathway such as glucose-6-phosphate dehydrogenase 

and phosphogluconate dehydrogenase to drive NADPH production to support 

cancer cell growth and proliferation. Furthermore, NRF2 can support GSH 

synthesis to maintain redox balance in cancer cells (Jaramillo and Zhang 2013). 

Mitochondrial manganese superoxide dismutase (MnSOD) expression has also 

been found upregulated in lung (Chung-man Ho et al. 2001), gastric and colon 

cancers (Hirose et al. 1993), and overexpression of glucose-6-phosphate 

dehydrogenase is associated with poor clinical outcome in gastric cancer (Wang et 

al. 2012).  

ROS can exist in two separate pools, cytoplasmic, which is generated at the ER 

and by the NADPH oxidase (NOX) complex, and mitochondrial, which is generated 

by the mitochondrial electron transport chain. With distinct pools of ROS comes 

distinct cellular responses. Mitochondrial ROS generally inhibits cell growth and 

potentially damages cellular compartments while cytoplasmic ROS can both inhibit 

and promote cell growth depending on the source and levels. These differences in 

ROS levels, the forms of ROS as well as their source were further investigated in 

vitro and in vivo in relation to their ability to influence TIGAR expression as well as 

the contribution of TIGAR to these ROS pools.  

While mitochondria are a primary source of ROS, the NOX family of membrane 

proteins also contribute significantly to ROS generation. While the activation of 

NOX is not completely understood, the Rho GTPase, RAC1, plays an important 

role in NOX activation and acts as an important signalling component in regulating 

various cell processes, including proliferation and invasion by influencing signalling 

pathway such as the NF-κB pathway and ROS production (Bustelo et al. 2007). 

Upon GDP-GTP exchange by guanine nucleotide exchange factors (GEFs), active 
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GTP-bound RAC1 associates with NOX resulting in its activation and subsequent 

ROS production (Ueyama et al. 2006). RAC1 was previously identified to be 

upregulated after APC loss in a Myc-dependent manner and RAC1-associated 

GEFs are often overexpressed during tumourigenesis (Myant et al. 2013; Lindsay 

et al. 2015). Furthermore, the constitutive active form of RAC1, RAC1B, was found 

to promote lung tumourigenesis (Hodis et al. 2012; Krauthammer et al. 2012). 

While loss of RAC1 does not prevent the activation of the Wnt signalling pathway, 

it does result in an attenuation in the hyperproliferation usually observed following 

APC loss and subsequent tumourigenesis. This was found to be due to RAC1-

mediated production of ROS as well as NF-κB activation.  

In vivo models were used to further understand the particular pool of ROS TIGAR 

regulates and whether this is qualitatively different from the ROS RAC1 regulates. 

Single loss of either RAC1 or TIGAR resulted in a decrease in the 

hyperproliferation usually seen in small intestine crypts when APC is lost (Cheung 

et al. 2013; Myant et al. 2013). However, when both proteins were simultaneously 

deleted, this hyperproliferation was further attenuated, suggesting that RAC1 and 

TIGAR regulate independent pools of ROS with RAC1 normally generating 

signalling ROS through NOX to promote cell growth, while TIGAR provides 

antioxidant defence against damaging ROS by NADPH generation.  

As TIGAR was found overexpressed in a mouse model of intestinal adenoma, the 

expression of TIGAR in human cancers was further examined. Analysis of TIGAR 

expression in colon tissue microarrays revealed increased TIGAR levels in the 

primary colon cancer and associated metastases compared to normal tissue. 

Overexpression of TIGAR has also been described in many human tumour types. 

For example, glioblastoma have been found to show a high expression of TIGAR 

compared to normal brain tissue (Wanka et al. 2012; Sinha et al. 2013) and this 

was similarly observed in human breast cancer (Won et al. 2012). It would be 

interesting to understand whether TIGAR is upregulated in other cancer types and 

how this may contribute to tumourigenesis, as basal expression of TIGAR is 

variable in different tissues. As the expression of TIGAR was not found correlated 

with wild-type p53 expression, it may also be worth investigating the expression 

and role of TIGAR in human cancers associated with possessing mutant p53 such 
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as pancreatic and ovarian cancer. Cancer-associated p53 mutations can endow 

new activities to p53, which can contribute to tumour progression (Muller and 

Vousden 2013), therefore the potential ability of mutant p53 to upregulate TIGAR 

in tumours would be beneficial to cancer cell growth.  

It has previously been found that TIGAR expression was responsive to hormones 

such as adrenaline, glucagon and hydrocortisone in the mouse brain, and insulin 

was found to decrease TIGAR expression (Sun et al. 2015). This would be 

interesting to examine in other tissues such as the liver where TIGAR is highly 

expressed and where these hormones play an important role in metabolic 

homeostasis. Furthermore, studies have found that TIGAR can play a role in 

promoting cell survival following nutrient starvation and metabolic stress (Bensaad 

et al. 2009). Alongside current studies investigating how the upregulation of TIGAR 

can alter the metabolism in tumours as well as the metabolic consequences of a 

systemic loss of TIGAR, it would be interesting to understand how further 

metabolic stresses and nutrient deprivation can influence tumourigenesis with 

alterations in TIGAR expression. For example, serine deprivation has been found 

to increase oxidative stress in cancer cells (Maddocks et al. 2013). Therefore, it 

would be interesting to see whether a combination of serine starvation and TIGAR 

loss would further attenuate cancer cell growth, particularly in the small intestinal 

crypt organoids where the greatest alterations in TIGAR have been observed. 

The findings presented here suggest that TIGAR acts to lower damaging oxidative 

stress in the mouse small intestine in a p53-independent manner, and relies on 

Wnt/c-Myc signalling to drive its expression. The data presented here as well as 

results shown from other groups show that TIGAR is overexpressed in a number 

of human cancers, and loss of TIGAR is able to suppress tumourigenesis. As 

cancer cells have an increased burden in oxidative stress and TIGAR acts 

selectively on damaging ROS, inhibition of TIGAR could potentially be beneficial in 

inhibiting cancer cell growth as it would result in an increase in damaging ROS but 

have no effects on the pool of signalling ROS. Altogether, this illustrates a 

promising therapy strategy for treating cancer types, which show an 

overexpression of TIGAR or rely on antioxidant defence for their continued growth.  
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p53- and p73-independent activation of TIGAR
expression in vivo

P Lee1, AK Hock1, KH Vousden*1 and EC Cheung*,1

TIGAR (TP53-induced glycolysis and apoptosis regulator) functions as a fructose-2,6-bisphosphatase and its expression results in
a dampening of the glycolytic pathway, while increasing antioxidant capacity by increasing NADPH and GSH levels. In addition to
being a p53 target, p53-independent expression of TIGAR is also seen in many human cancer cell lines that lack wild-type p53.
Although human TIGAR expression can be induced by p53, TAp63 and TAp73, mouse TIGAR is less responsive to the p53 family
members and basal levels of TIGAR expression does not depend on p53 or TAp73 expression in most mouse tissues in vivo.
Although mouse TIGAR expression is clearly induced in the intestines of mice following DNA-damaging stress such as ionising
radiation, this is also not dependent on p53 or TAp73.
Cell Death and Disease (2015) 6, e1842; doi:10.1038/cddis.2015.205; published online 6 August 2015

TIGAR (TP53-induced glycolysis and apoptosis regulator) is a
metabolic enzyme sharing structural similarities to the FBPase-
2 domain of phosphofructokinase-2/fructose-2,6-bisphospha-
tase. TIGAR can act to lower the levels of fructose-2,6-
bisphosphate (F-2,6-P2), an allosteric activator of
phosphofructokinase-1 (PFK-1) in the glycolytic pathway.
Lowering F-2,6-P2 levels results in decreased PFK-1 activity,
thereby decreasing flux through glycolysis and potentially
allowing for the diversion of glycolytic metabolites to other
pathways such as the pentose phosphate pathway or the
hexosamine pathway.1,2 Although the detailed effects of TIGAR
expression on metabolism remain to be determined, it is clear
that TIGAR functions in many cell systems to mediate
antioxidant defence through an increase in NADPH and
GSH.3–8 TIGAR has also been found to act as a 2,3-bispho-
sphoglycerate phosphatase, which catalyses the conversion of
2,3-bisphosphoglycerate into 3-phosphoglycerate,9 although
the physiological significance of this activity remains unclear.
TIGAR was identified in human cells as a transcriptional

target of the tumour-suppressor protein p53. The human
TIGAR possesses two p53-binding sites, human p53-binding
site (hBS) 1 and hBS2, where hBS2 is the functional p53-
binding site.2 In the mouse genome, Tigar shows a similar
organisation with two potential p53-binding sites, mBS1 and
mBS2, in a similar arrangement as human TIGAR.10 As a p53
target, TIGAR would be predicted to play a role in tumour
suppression and the antioxidant functions of TIGAR would be
consistent with a role in protecting from the acquisition of
damage. However, TIGAR expression has been found to be
elevated in a number of cancer models and tumour types4,11,12

through a mechanism that is not dependent on the main-
tenance of wild-type (WT) p53. Moreover, the expression of
TIGAR in human breast cancer was found inversely correlated

to the levels of p53.13 Taken together, these data suggest that
TIGAR can function in a tumour suppressor pathway as part of
a p53 response, but may also contribute to cancer develop-
ment when TIGAR expression is deregulated and uncoupled
from p53. In mouse models, loss of TIGAR has been shown to
result in a decreased ability to regenerate damaged intestinal
epithelium and a restraint on tumour development, both
situations where ROS limitation is important.11 These results
are consistent with the model that the expression of TIGAR
may support tumour progression.
Little is known about p53-independent expression of TIGAR,

although other transcription factors such as SP1 and
CREB14,15 have been implicated. Other members of the p53
family (p63 and p73) are able to activate promoters of p53 targets
such asp2116,17 and thesep53 family proteins canalso contribute
to the regulation of metabolic gene expression. It is therefore
possible that p63 and p73 can also regulate TIGAR expression.
To further understand the regulation of TIGAR, we

investigate the differences in TIGAR regulation by p53 and
its family members. Although both p53 and TAp73 showed
activity in promoting the expression of both human and mouse
TIGAR reporters in cells, we found that the activation of
expression of mouse TIGAR in response to genotoxic stress is
not dependent on p53 or TAp73.

Results

TIGAR expression is varied across tissues. Although we
have previously shown TIGAR to be expressed in several
mouse tissues, to assess the relative levels of TIGAR
expression, protein levels were evaluated across various
tissues from WT mice (Figure 1a). TIGAR protein was
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detected in all tissues examined, with highest levels in the
muscle and brain. Antibody specificity was confirmed using
small intestine tissue from WT and TIGAR-deficient animals
after treatment with irradiation (IR), which we have previously
shown to increase TIGAR expression.11 As expected, TIGAR
protein expression increased following IR in the WT animals
and was not detected in TIGAR− /− animals (Supplementary
Figure 1a). Interestingly, TIGAR protein expression in tissues
was not completely mirrored by mRNA expression
(Figure 1b). For example, the protein expression of TIGAR
in the liver and pancreas are similar, however, the levels of
TIGAR mRNA in the pancreas are much lower than in the

liver. This suggests additional mechanisms to regulate
TIGAR protein levels may exist in some tissues.

Mouse TIGAR is not responsive to p53 during genotoxic
stress in vitro. Published studies have shown that mouse
TIGAR can also be responsive to p53’s transcriptional
activity10,18,19 and p53-deficient mice lose the ability to
induce TIGAR expression following myocardial injury.19,20

However, TIGAR was also shown to be induced in mouse
primary neurons following oxygen and glucose deprivation/
reoxygenation in a p53-independent manner.8 To compare
the p53-induced expression of TIGAR in mouse and human

Figure 1 Basal TIGAR expression and its response to p53 activation. (a) Left: Western blot analysis of indicated tissues from three different wild-type (WT) animals. Right:
Graph represents quantification of western blots. (b) mRNA expression of TIGAR in indicated tissues of WT animals. (c) Left: Western blot analysis of Tert-Immortalised
Fibroblasts (TIFs) treated with indicated concentrations of cisplatin (CDDP) for 24 h. Right: Graph represents quantification of western blots with fold change compared with
untreated. (d) mRNA expression of TIGAR and p21 following 24 h of CDDP treatment (50 μM) in TIFs. (e) Left: Western blot analysis of 3T3s treated with indicated concentrations
of CDDP for 24 h. Right: Graph represents quantification of western blots with fold change compared with untreated. (f) mRNA expression of TIGAR and p21 following 24 h of
CDDP treatment (50 μM) in 3T3s. Right: Graph represents quantification of western blots with fold change compared with untreated. Values represent mean±S.E.M. of three
independent experiments unless otherwise indicated. *Po0.05, **Po0.005 compared with untreated unless otherwise indicated. NS, not significant
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cells, we treated human tert-immortalised fibroblasts (TIFs)
and mouse 3T3s with increasing concentrations of cisplatin
(CDDP) to activate p53, but not induce cell death. After
treatment, TIFs showed an increase in p53 protein level,
along with an increased expression of TIGAR and a known
p53 target, p21 (Figure 1c). However, although mouse 3T3s
showed an elevation in p53 and p21, the expression of
TIGAR was not detectably affected after treatment
(Figure 1e). Similarly, using qRT-PCR to examine mRNA
expression, human TIFs showed a significant increase in
TIGAR mRNA expression after CDDP treatment that was not
seen in the mouse cells (Figures 1d and f). These results
suggest that p53 activation in mouse cells in culture does not
consistently induce TIGAR expression.

Loss of p53 does not affect expression of TIGAR in vivo
following IR. Previous work has shown that TIGAR expres-
sion levels are increased in the crypts of WT mice during
intestinal regeneration following tissue ablation.11 As p53 is
also upregulated in the small intestine following IR,21 we
examined whether TIGAR expression is controlled by p53 in
mice in vivo. The basal TIGAR protein levels were examined
in various organs of WT and p53− /− mice. No significant
reduction in TIGAR expression was seen in response to loss
of p53 at either the protein level (Figure 2a) or the mRNA
level (Figure 2b) – with a possible exception of a slight
reduction in TIGAR mRNA in p53-null muscle. By contrast,
p21 showed a very clear decrease in mRNA expression in all
the p53− /− organs examined.
To extend these studies, we tested whether a p53-

dependent increase in TIGAR expression would occur
in vivo after damage, focusing on the intestinal system in
which we have previously shown increased TIGAR in
response to IR. Antibody specificity for TIGAR immunohis-
tochemistry was confirmed using small intestine tissue from
WT and TIGAR-deficient animals after treatment with IR to
induce TIGAR expression. As shown previously,11 TIGAR
expression increased in the crypts of WT mice following IR,
whereas no staining was observed in TIGAR− /− animals
(Supplementary Figure 1b). Comparison of WT and p53− /−

mice showed normal crypt architecture and similar levels of
proliferation, as indicated by Ki67 staining, under unstressed
conditions (Figure 2c). The basal expression of p53, p21 and
TIGAR was also low in the crypts of WT and p53− /− animals
(Figure 2c). Tissue ablation of the intestinal epithelium by IR
was followed by a period of recovery during which rapid tissue
regeneration and proliferation occurred in WT and p53− /−

mice.22 Moreover, TIGAR expression increased in the crypts
of both WT and p53− /− animals, whereas p21 induction was
clearly lower in the p53− /− animals (Figure 2c). These data
show that p53 is not necessary tomaintain basal expression of
TIGAR in many tissues or induce TIGAR expression following
tissue damage in the small intestine.

Comparison of human and mouse TIGAR p53-binding
site activity. The in vitro and in vivo data suggest that
murine TIGAR is only weakly responsive to p53, possibly due
to the differences in p53-binding sites between human
and mouse TIGAR (Figure 3a). To investigate the differences
between the human (hBS1 and hBS2) and mouse

(mBS1 and mBS2) p53-binding sites of TIGAR directly,
sequences corresponding to each p53-binding sites were
cloned into infrared fluorescent protein (iRFP) reporter
constructs.23 These constructs were co-transfected into
HCT116 p53− /− cells with increasing amounts of human or
mouse p53 (Figures 3b and c). Each of these p53-binding site
reporters were activated by both human and mouse p53.
TIGAR-hBS2, the more efficient of the two human p53-binding
sites, is efficiently activated by either human or mouse p53
(Figure 3d). By contrast, TIGAR-mBS1 is more responsive to
p53 than TIGAR-mBS2, and slightly more responsive than
TIGAR-hBS1, although less active than TIGAR-hBS2. Inter-
estingly, mouse p53 was slightly more effective in the induction
of all the binding site reporters, with the exception of TIGAR-
mBS2. Taken together, the results suggest that the weaker
p53-binding site (BS1) is structurally and functionally con-
served between mouse and human but the stronger BS2 in
humans is only very weakly active in the mouse.
To determine whether p53 can bind to either of the two

putative binding sites in the mouse Tigar promoter, chromatin-
immunoprecipitation was carried out in mouse 3T3 cells
treated with CDDP to activate p53 (Figure 3e). Although p53
was clearly recruited to the p21 promoter following treatment,
no increased binding of p53 to either mBS1 or mBS2 could be
detected in these cells. The failure to recruit p53 to the Tigar
promoter can explain the observed inefficiency of p53-
dependent activation of mouse TIGAR expression seen in
several cell types in vitro and in vivo.

TAp73α can activate the human TIGAR p53-binding site
reporter. We further investigated the potential role of other
p53 family members in the regulation of TIGAR expression.
We first focused on the functional human p53-binding site
(hBS2), co-transfecting the TIGAR-hBS2 iRFP reporter
construct with p53, TAp63α or TAp73α to assess transcrip-
tional activity. As positive controls we used iRFP expression
constructs containing p53 response element encoding
repeats of a known p53-binding sequence (p53RE), the
p53-binding site of p21 (WAF124) and a p63 response
element from the skin-specific promoter of bullous pemphi-
goid antigen 1 (BPAG125). Both TAp63α and TAp73α induced
a response from the human TIGAR-hBS2 iRFP reporter
construct, although the activity of TAp63α was extremely
weak. The pattern of expression from TIGAR-hBS2 was
similar to that seen with the p53RE or WAF1, where p53 was
the most efficient, followed by TAp73α, then TAp63α. Strong
activity for TAp63α was only measured using the BPAG1
promoter, although even here TAp73α was more active
(Figures 4a–c). In light of these results, we focused on
TAp73 isoforms as potential activators of TIGAR expression.
The TAp73α isoform has been shown to contain an

inhibitory domain that limits its activity, making it less efficient
than other isoforms.26 We therefore examined the activity of
p73 isoforms, TAp73α, TAp73β, TAp73γ or ΔNp73α, in these
assays. Although full-length TAp73 isoforms can induce p53
target genes,27 ΔNp73 isoforms, which lack the N-terminal
activation domain,28 have been shown to inhibit TAp73
transcriptional activity as well as regulating an additional set
of target genes.29 As expected,30,31 TAp73β was consistently
more effective in driving expression from p53RE, WAF1 or
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BPAG1 promoters. In these assays, TAp73γ and ΔNp73α did
not show strong transcriptional activity. Turning to the reporter
constructs containing TIGAR p53-binding sites (hBS2, mBS1
and mBS2), we found that TAp73α more effectively induced
expression from hBS2, whereas both TAp73α and TAp73β
modestly induced expression from mBS1 and mBS2
(Figures 4d–f). Taken together, the data suggest that like
p53, TAp73 has the potential to drive the expression of both
mouse and human TIGAR.

Loss of TAp73 does not affect expression of TIGAR
in vivo following IR. p73 can be activated by DNA
damage,32–34 potentially mediating the induction of TIGAR

expression in response to IR independently of p53. To
investigate this, we examined TIGAR expression in TAp73-
deficient (TAp73− /−) mice. First, the basal expression of
TIGAR was assessed in various organs of untreated WTand
TAp73− /− mice (Figure 5a). As seen in p53− /− mice, no clear
significant decrease in TIGAR expression was seen in
TAp73− /− tissues, with a possible small reduction in protein
and mRNA levels in the muscle (Figure 5b). Following IR,
intestines of TAp73− /− mice underwent rapid proliferation, as
shown by the proliferative marker Ki67 (Figure 5c). Although
induction of TAp73 was limited to the WT mice, TIGAR
expression was increased in the crypts of both WT and
TAp73− /− animals, showing that this induction of expression

Figure 2 TIGAR expression in p53-null animals. (a) Left: Western blot analysis of TIGAR protein expression in organs of wild-type (WT) and p53− /− mice. Right: Graph
represents quantification of western blots with fold change compared with WT. (b) mRNA expression of TIGAR, p21 and p53 in organs of WT and p53− /− mice.
(c) Immunohistochemistry on small intestines from WT and p53− /− animals 72 h after 10 Gy IR. Scale bar, 20 μm. Values represent mean± S.E.M. of three independent
experiments. *Po0.05, **Po0.005 compared with WT. NS, not significant. WAT, white adipose tissue. BAT, brown adipose tissue
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Figure 3 Comparison of human and mouse p53-binding sites on the TIGAR promoter. (a) Possible p53-binding sites along human and mouse TIGAR. (b) Representative
iRFP reporter assay scan of HCT116 p53− /− cells 24 h after co-transfection with TIGAR-hBS2 or TIGAR-mBS1 iRFP reporter and increasing amounts of human p53 or mouse
p53. (c) Western blot analysis of HCT116 p53− /− cells transfected with increasing amounts of human p53 or mouse p53. (d) Quantification of iRFP reporter scans on human
(hBS1 and hBS2) and mouse (mBS1 and mBS2) TIGAR promoter-binding sites with increasing levels of human or mouse p53. (e) Chromatin-immunoprecipitation (ChIP) was
performed for p53 with quantitative PCR for mBS1 (−2062 bp), mBS2 (+263 bp), a p53 response element on the p21 promoter (−2400 bp) and non-specific (N/S) binding regions
on the Tigar (−992 bp) and p21 promoter (−50 bp), using 3T3s treated with 50 μM cisplatin for 24 h. Values represent mean± S.E.M. of three independent experiments.
*Po0.05, **Po0.005 compared with empty vector (EV) or control. NT, non-transfected; NS, not significant

p53- and p73-independent activation of TIGAR expression
P Lee et al

5

Cell Death and Disease



Figure 4 TAp63α and TAp73α can activate the TIGAR-hBS2 reporter. (a) Representative iRFP reporter assay scan of HCT116 p53− /− cells 24 h after co-transfection with
TIGAR-hBS2 iRFP reporter along with human p53, HA-tagged TAp63α or HA-tagged TAp73α. (b) Western blot analysis of HCT116 p53− /− cells with transfected p53, HA-tagged
TAp63α or HA-tagged TAp73α. (c) Quantification of iRFP reporter scans. (d) Representative iRFP reporter assay scan of HCT116 p53− /− cells 24 h after co-transfection with
TIGAR-hBS2 iRFP reporter along with TAp73α, TAp73β, TAp73γ orΔNp73α. (e) Western blot analysis of HCT116 p53− /− cells with transfected HA-tagged TAp73α, HA-tagged
TAp73β, HA-tagged TAp73γ or HA-tagged ΔNp73α. (f) Quantification of iRFP reporter scans on human (hBS2) and mouse (mBS1 and mBS2) TIGAR promoter-binding sites.
Values represent mean±S.E.M. of three independent experiments. *Po0.05, **Po0.005 compared with empty vector (EV). NT, non-transfected; NS, not significant
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was not dependent on TAp73. p21 levels were also induced,
reflecting the accumulation of p53 in response to IR in the
TAp73− /− animals (Figure 5c).
Finally, we examined possible redundancy between

p53 and TAp73 in the induction of TIGAR expression after
IR, by examining the effect of simultaneous deletion of

both transcription factors. Compared with WT animals,
there was no significant decrease in TIGAR expression in
the organs of p53− /−TAp73− /− mice (Figure 6a). Intestinal
tissue from both WT and p53− /−TAp73− /− animals showed
a similar increase in TIGAR protein expression following
IR that was detected by western blot of tissue samples

Figure 5 TIGAR expression in TAp73-null animals. (a) Left: Western blot analysis of TIGAR protein expression in organs of wild-type (WT) and TAp73− /−mice. Right: Graph
represents quantification of western blots with fold change compared with WT. (b) mRNA expression of TIGAR, p21 and TAp73 in organs of WT and TAp73− /− mice.
(c) Immunohistochemistry on small intestines from WT and TAp73− /− animals 72 h after 10 Gy IR. Scale bar, 20 μm. Values represent mean±S.E.M. of three independent
experiments. *Po0.05, **Po0.005 compared with WT. NS, not significant; WAT, white adipose tissue; BAT, brown adipose tissue

p53- and p73-independent activation of TIGAR expression
P Lee et al

7

Cell Death and Disease



or IHC of crypts (Figures 6b and c). Taken together, these
data show that the increase in TIGAR expression seen
following IR and gut regeneration is not dependent on p53 or
TAp73 in mouse.

Discussion
Wehave previously shown that TIGAR is induced following IR-
induced intestinal damage and supports regeneration in the
mouse. In humans, TIGAR is a p53 target gene and found to

Figure 6 TIGAR expression in p53- and TAp73-null animals. (a) Left: Western blot analysis of TIGAR protein expression in organs of wild-type (WT) and p53− /−TAp73− /−

mice. Right: Graph represents quantification of western blots with fold change compared with WT. (b) Western blot analysis of TIGAR protein expression in small intestine tissue of
WTand p53− /−TAp73− /−mice 72 h after 10 Gy IR. Tissues were harvested from one experiment. (c) Immunohistochemistry on small intestines from WTand p53− /−TAp73− /−

animals 72 h after 10 Gy IR. Scale bar, 20 μm. Values represent mean±S.E.M. of two independent experiments unless otherwise indicated. NS, not significant; WAT, white
adipose tissue; BAT, brown adipose tissue
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have a role in conditions of mild stress to promote cell
survival.2,5 We showed here that TAp73 can also activate
expression from the TIGAR promoter in human cells. As IR
can activate both p53 21 and TAp73,32–34 we sought to test the
hypothesis that the increase in TIGAR seen in mouse intestine
following IR is a response to p53 and/or TAp73.
Our studies in cultured cells did not show a clear p53-

dependent increase in TIGAR expression in mouse cells. A
closer examination of the transcriptional control regions of
human and mouse TIGAR showed that the principal p53-
responsive element in human TIGAR is not well conserved in
mouse TIGAR and is much less responsive to p53. The
second, weaker binding site in humans seems to be
conserved and somewhat more responsive to p53 in mouse.
However, overall, the p53-binding sites in the human TIGAR
promoter appear to be more responsive than those found in
the mouse. TAp73 was also able to activate expression of
mouse and human TIGAR-binding site reporters.
Despite the potential for both p53 and TAp73 to activate

TIGAR expression, we found that although basal levels of
TIGAR expression vary significantly between different mouse
tissues, they are generally not affected by the loss of p53 or
TAp73. Furthermore, the induction of TIGAR in mouse small
intestine in response to IR does not depend on p53 or TAp73.
Mice deficient for both p53 and TAp73 maintain a similar basal
expression of TIGAR to WT animals and retain the ability to
upregulate the expression of TIGAR in the crypts of the small
intestine following tissue ablation. Importantly, several pre-
vious studies have shown p53-responsive expression of
TIGAR in mouse cells and tissues such as the liver and heart,
and p53 binding to the Tigar promoter was also detected in the
liver.10,18–20We also found a significant, butminor, reduction in
TIGAR expression in p53 or TAp73-deficient muscle
(Figures 2 and 5). Taken together, the data suggest that
although p53 can induce TIGAR in some mouse tissues, the
p53-responsiveness of mouse TIGAR expression is lower
than observed in human cells. To some extent this difference
reflects the binding of p53 to the different response elements in
the mouse and human TIGAR-encoding genes. However, it is
also possible that tissue or stress-specific co-factors (that may
show human/mouse differences in expression or availability)
are required to allow p53 regulation of TIGAR expression.
Given the function of TIGAR as a regulator of metabolism, it
will be of particular interest to see whether p53 family proteins
with other co-factors can participate in the induction of TIGAR
in response to different forms of metabolic stress.
TIGAR has been found to be elevated in several human

tumour types.4,11,12 The expression of TIGAR under these
conditions does not correlate with the maintenance of WT
p53,13 suggesting that TIGAR overexpression in tumours can
be uncoupled from the activity of p53. Our data show that
mouse TIGAR expression is also regulated through p53-
independent mechanisms, and is strongly activated in
intestinal crypts following IR and APC deletion.11 These
observations suggest that activation of the Wnt signalling
pathway may contribute to the regulation of TIGAR, particu-
larly in the small intestine where this pathway has a key role in
cell proliferation. Moreover, other transcription factors such as
SP1 and CREB14,15 have been shown to have a role in
regulating the basal expression of TIGAR in liver cancer cell

lines. Future studies will be required to establish how TIGAR
expression is regulated during stress and whether deregula-
tion of these pathways explains the elevated expression of
TIGAR seen in human tumours.

Materials and Methods
Cell culture. All cell lines were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% of fetal bovine serum, 1% of glutamine, 1% of
penicillin/streptomycin (Life Technologies, Paisley, UK), grown in a 37 °C incubator
at 5% CO2. CDDP (Sigma-Aldrich, St. Louis, MO, USA) was used at the indicated
concentrations and times.

Small intestinal crypt culture. Small intestinal crypt culture was performed
as previously described.35 Small intestine was washed in cold PBS and villi were
scraped off using a glass coverslip. The small intestine was then cut into small
pieces and further washed in cold PBS. This was then transferred into PBS
containing 2 mM EDTA and incubated for 30 min. Crypts were then obtained via
mechanical pipetting and the supernatant containing the crypts was collected. The
crypts were centrifuged at a low speed (700 r.p.m., 3 min) to remove single cells and
the final pellet was resuspended in growth factor reduced Matrigel (BD, Franklin
Lakes, NJ, USA). Crypts were cultured in Advanced DMEM/F-12 (Life Technologies)
supplemented with 1% of glutamine, 1% of penicillin/streptomycin, 0.1% of
AlbuMAX I (Life Techologies), 10 mM HEPES (Life Technologies), 0.05 μg/ml EGF
(Peprotech, Rockyhill, NJ, USA), 0.1 μg/ml Noggin (Peprotech) and 0.5 μg/ml mR-
spondin (R&D Systems, Minneapolis, MN, USA).

Animals. All animal work was carried out in-line with the Animals (Scientific
Procedures) Act 1986 and the EU Directive 2010 and sanctioned by Local Ethical
Review Process (University of Glasgow). The p53− /−36 and TAp73− /−37 animals
have been previously described.

Western blot. Cell lysates were prepared in RIPA buffer with complete protease
inhibitors (Roche, Penzberg, Germany), resolved via PAGE and transferred to
nitrocellulose membranes. The following primary antibodies were used: Actin I-19- R
(Santa Cruz Biotechnology, Dallas, TX, USA), cyclin D1 (Cell Signalling Technology,
Danvers, MA, USA), CDK4 C-22 (Santa Cruz Biotechnology), HA.11 16B12
(Covance, Princeton, NJ, USA), HSP90 (Cell Signalling Technology), p21 C-19
(Santa Cruz Biotechnology), p53 1C12 (Cell Signalling Technology), p53 DO-1
(Santa Cruz Biotechnology), TIGAR G-2 (Santa Cruz Biotechnology) and TIGAR
M-209 (Santa Cruz Biotechnology). Secondary antibodies were IRDye800CW-
conjugated (LiCor Biosciences, Lincoln, NE, USA) and detection was performed
using an Odyssey infrared scanner (LiCor Biosciences).

Gene expression analyses. RNA was isolated from cells or mouse tissue
using the RNeasy RNA Isolation kit according to the manufacturer’s instructions
(Qiagen, Valencia, CA, USA). Mouse TIGAR primer was purchased from Qiagen
and mouse GAPDH was used as murine housekeeping gene (Primer Design,
Southampton, UK).

mRNA primer sequences (5’→ 3’):

Human TIGAR for CGGCATGGAGAAAGAAGATT
Human TIGAR rev TCCTTTCCCGAAGTCTTGAG
Human p21 for CTGGAGACTCTCAGGGTCGAAA
Human p21 rev GATTAGGGCTTCCTCTTGGAGAA
Human p53 for CCCTTCCCAGAAAACCTACC
Human p53 rev CTCCGTCATGTGCTGTGACT
Human RPLP0 for GCAATGTTGCCAGTGTCTG
Human RPLP0 rev GCCTTGACCTTTTCAGCAA
Mouse p21 for GGCCCGGAACATCTCAGG
Mouse p21 rev AAATCTGTCAGGCTGGTCTGC
Mouse p53 for CACGTACTCTCCTCCCCTCAAT
Mouse p53 rev AACTGCACAGGGCACGTCTT
Mouse TAp73 for GCACCTACTTTGACCTCCCC
Mouse TAp73 rev GCACTGCTGAGCAAATTGAAC

IR treatment. Gamma IR-induced intestinal damage was performed as
previously described.38
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Immunohistochemistry. Immunohistochemistry was performed as pre-
viously described.39 Primary antibodies used were: TIGAR (Merck Millipore,
Darmstadt, Germany), p53 CM-5 (Vector Laboratories, Peterborough, UK),
p21 M-19 (Santa Cruz Biotechnology), p73 S-20 (Santa Cruz Biotechnology) and
Ki67 (Thermo Scientific, Waltham, MA, USA).

Plasmids. pcDNA3.1+ (Invitrogen, Grand Island, NY, USA) was used as empty
vector control. iRFP reporter constructs were generated as previously described.23

Reporter elements were ligated into vectors using the InFusion HD Eco Dry
system (Clontech, Saint-Germain-en-Laye, France) according to the manufacturer’s
instructions.
Insert primer sequences (5’→ 3’):

TIGAR hBS1 for GGACTAGTCCACAAAGCAAGTCT
TIGAR hBS1 rev AGACTTGCTTTGTGGACTAGTCC
TIGAR-hBS2 for AGACATGTCCACAGACTTGTCTGGGTAC
TIGAR-hBS2 rev GTACCCAGACAAGTCTGTGGACATGTCT
TIGAR-mBS1 for TAACTTGTTCTTTACTTGGAACTTGCTT
TIGAR-mBS1 rev AAGCAAGTTCCAAGTAAAGAACAAGTTA
TIGAR-mBS2 for GAAGACATGACCCGGCCTCTCGACT
TIGAR-mBS2 rev AGTCGAGAGGCCGGGTCATGTCTTC
p53RE for GGACATGCCCGGGCATGTCCCCAGAGACAT

GTCCAGACATGTCCCCAGGAACATGTCCCAA
CATGTTGTCCAGGAGACATGTCCAGACATGTC
CCCAGGAACATGTCCCAACATGTTGT

p53RE rev ACAACATGTTGGGACATGTTCCTGGGGACATG
TCTGGACATGTCTCCTGGACAACATGTTGGGA
CATGTTCCTGGGGACATGTCTGGACATGTCTC
TGGGGACATGCCCGGGCATGTCC

WAF1 for GAACATGTCCCAACATGTTG
WAF1 rev CAACATGTTGGGACATGTTC
BPAG1 for CGCCATGCATGAATTCCGCGTTCTGCCTGCT

TTGTTCATACTTGTAGGCACTAGTTAGGCGTGTA
BPAG1 rev TACACGCCTAACTAGTGCCTACAAGTATGAACA

AAGCAGGCAGAACGCGGAATTCATGCATGGCG

Transient transfections and irfp reporter assays. Cells were seeded
on 6-well plates for protein expression analysis or 96-well CellBIND clear bottom
black microplates (Corning, Corning, NY, USA) for iRFP reporter assays and grown
overnight prior to being transfected using GeneJuice (Merck Millipore) according to
the manufacturer’s manual. Twenty-four hours after co-transfection, cells were
harvested as described above for protein expression analysis or scanned using an
Odyssey infrared scanner (LiCor Biosciences). For quantification, plates were
scanned at 169 μM resolution, 3.5 mm offset and a low-intensity setting.23

Chromatin-immunoprecipitation. Assays were performed as previously
described.40 Cells were seeded in a 10-cm plate in DMEM and allowed to grow for
24 h before treatment with CDDP for 24 h.

Quantification and statistical analysis. Image Studio software (LiCor,
V2.1.10) was used to quantify western blots as well as iRFP reporter assays on 96-
well plates. The data represent mean values± S.E.M. from at least three
independent experiments (n= 3) unless otherwise noted. All P values were
obtained using a t-test.
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SUMMARY

Regulation of metabolic pathways plays an impor-
tant role in controlling cell growth, proliferation, and
survival. TIGAR acts as a fructose-2,6-bisphospha-
tase, potentially promoting the pentose phosphate
pathway to produce NADPH for antioxidant function
and ribose-5-phosphate for nucleotide synthesis.
The functions of TIGAR were dispensable for normal
growth and development in mice but played a key
role in allowing intestinal regeneration in vivo and in
ex vivo cultures, where growth defects due to lack
of TIGAR were rescued by ROS scavengers and nu-
cleosides. In a mouse intestinal adenoma model,
TIGAR deficiency decreased tumor burden and
increased survival, while elevated expression of
TIGAR in human colon tumors suggested that de-
regulated TIGAR supports cancer progression. Our
study demonstrates the importance of TIGAR in
regulating metabolism for regeneration and cancer
development and identifies TIGAR as a potential
therapeutic target in diseases such as ulcerative co-
litis and intestinal cancer.

INTRODUCTION

The ability to regulate metabolic pathways is key to maintaining

normal health and homeostasis, and defects in these responses

contribute to major diseases such as diabetes and cancer. Mod-

ulation of metabolic pathways plays an important role in tumor-

igenesis, where metabolic transformation underpins the

abnormal growth, proliferation, and survival of cancer cells.

The expression of the M2 isoform of pyruvate kinase, for

example, allows the diversion of glycolytic intermediates into

various anabolic pathways (including the pentose phosphate

pathway [PPP]) to support cancer cell growth (Anastasiou

et al., 2011; Ye et al., 2012). The use of glutamine for anaplerosis

(Wise and Thompson, 2010) and the expression of mutant forms

of isocitrate dehydrogenase (Borodovsky et al., 2012) are further

examples where altered metabolism plays a role in promoting

oncogenic transformation. Components of many metabolic

pathways are modified by both tumor suppressors and onco-

genes, and drugs that targetmetabolic enzymes are being devel-

oped as cancer therapies (Cairns et al., 2011; Dang, 2012). How-
Devel
ever, the contribution of these enzymes to tumor development

and the balance between their roles in allowing normal cell

growth and supporting cancer progression are not well explored

in vivo, possibly due to the fact that modulation of many of these

enzymes is deleterious to embryonic development (Piruat et al.,

2004; Pollard et al., 2007; Yang et al., 2010b).

TIGAR functions as a fructose-2,6-bisphosphatase (Fru-2,6-

BPase), decreasing the intracellular levels of fructose-2,6-

bisphosphate (Fru-2,6-BP) and thereby lowering the activity of

PFK1 and flux through the main glycolytic pathway. As a conse-

quence, glucose metabolism may be diverted into the PPP, and

TIGAR has been shown to support increased production of

NADPH and antioxidant activity through the generation of

reduced glutathione (Bensaad et al., 2006; Bensaad and Vous-

den, 2007; Li and Jogl, 2009;Wanka et al., 2012). Several studies

have shown the importance of TIGAR in controlling reactive ox-

ygen species (ROS) in tissue culture systems (Bensaad et al.,

2006, 2009; Yin et al., 2012) and elevated expression of TIGAR

has been reported in some cancer models (Wanka et al., 2012;

Won et al., 2012).

The potential importance of TIGAR in tumor development is

illustrated by a study showing that the depletion of PFKFB4 (an

enzyme with fructose-2,6-bisphosphatase activity like TIGAR)

and the subsequent decrease in ROS scavengers can inhibit tu-

mor growth in a xenograph model (Ros et al., 2012). An RNA

interference screen in glioma stem-like cells also identified

PFKFB4 as an essential gene for tumor survival (Goidts et al.,

2012). Furthermore, additional consequences of promotion of

the PPP, including the support of other anabolic reactions that

require NADPH, such as fatty acid synthesis, and the generation

of ribose phosphate for DNA synthesis and repair (Deberardinis

et al., 2008; Kroemer and Pouyssegur, 2008; Tong et al., 2009;

Vander Heiden et al., 2009) may play a role in tumor develop-

ment. Taken together, it is possible that expression of TIGAR

and subsequent changes in metabolic pathway utilization could

help to promote tumor development. However, the overall

contribution of TIGAR to normal growth and development has

not been determined.

TIGAR was initially identified as a transcriptional target of p53

(Bensaad et al., 2006). p53 is a critical tumor suppressor protein

that functions to prevent the growth or survival of cells that are

undergoing malignant progression by inducing apoptosis or

senescence in response to oncogenic stress. However, more

recent studies have shown that p53 can also function to control

metabolism (Vousden and Ryan, 2009), and TIGAR contributes

to this activity of p53. The activation of TIGAR and other genes

by p53 promotes an antioxidant response (Bensaad et al.,
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2006; Budanov et al., 2004; Cosentino et al., 2011), which helps

cells to survive transient or low levels of stress, and has recently

also been suggested to play a key role in preventing malignant

progression (Li et al., 2012). However, TIGAR overexpression

has also been described in a few tumor types (Wanka et al.,

2012; Won et al., 2012), raising the possibility that deregulated

expression of TIGAR may play a role in supporting, rather than

inhibiting, cancer development.

In order to determine the role of TIGAR in normal development

and its contribution to proliferation under conditions of tissue

repair or malignant growth, we generated TIGAR-deficient

mice. While TIGAR does not appear to be essential for normal

development, animals lacking TIGAR show a clear defect in their

ability to mount a proliferative response in adult tissue, either in

response to tissue damage or tumor development. TIGAR levels

are elevated in mouse and human tumors and tumor cell lines,

regardless of the presence or absence of wild-type (WT) p53,

and a reduction of TIGAR increased survival in a mouse model

of intestinal adenoma. Taken together, our data show that TIGAR

contributes to both tissue regeneration and tumor development.

RESULTS

Generation of TIGAR-Deficient Mice
Two independent approaches were taken to generate TIGAR-

deficient mice. A constitutive deletion was generated using a

genetrap construct from EUCOMM, in which the targeting vector

was inserted between exons 2 and 3 of the TIGAR gene (Fig-

ure S1A available online). Lack of TIGAR protein expression

was confirmed by western blotting lysates from various tissues

derived from these mice (Figure 1A). Deletion of TIGAR did not

lead to obvious developmental problems, and TIGAR�/� mice

were born at the expectedMendelian ratio (Figure 1B). In parallel,

we also generated a conditional TIGARfl/fl mouse by targeting

exon 3, the deletion of which resulted in a frame shift and com-

plete loss of expression of TIGAR protein in the presence of

the germline deleter cre (Figures S1B and S1C).

Muchof the analysis of TIGAR function todatehasbeencarried

out in humancells (Bensaad et al., 2006; Li and Jogl, 2009), and to

confirmasimilar functionofmouseTIGAR,we testedbabymouse

kidney (BMK) cells derived from TIGAR�/� mice for Fru-2,6-BP

levels and reduced glutathione (GSH)/oxidized glutathione

(GSSG) ratios (Figures 1C–1E). Cells lacking TIGAR showed

increased Fru-2,6-BP levels and lower GSH/GSSG ratios. These

results are therefore consistent with the described role of human

TIGAR as a Fru-2,6-BPase that increases NADPH and subse-

quently lowers the GSH/GSSG ratio (Bensaad et al., 2006; Li

and Jogl, 2009). As expected, TIGAR-deficient cells were more

sensitive to oxidative stress following treatment with H2O2 (Fig-

ure 1F). Reintroduction of human TIGAR into these cells to levels

comparablewith those seen inWTcells (Figure 1C) rescued these

phenotypes (Figures 1D and 1F), confirming that the effects seen

weredue to the lackofTIGAR in thesecells and thatmouseTIGAR

functions similarly to human TIGAR.

TIGAR Is Required for Small Intestine Proliferation after
Acute Damage
While lack of TIGAR in developing embryos or unstressed adults

did not result in a clear change in phenotype, we considered that
464 Developmental Cell 25, 463–477, June 10, 2013 ª2013 Elsevier I
TIGAR expression may play a more important role under condi-

tions of stress in adult tissue. To address this question, we

focused on the intestine as an organ in which cell proliferation

plays an important role during regeneration following tissue abla-

tion. Analysis of small intestine (Figure 1G) or colon (Figure 1H)

from untreated mice showed normal intestinal crypt architecture

and proliferation in TIGAR-deficient mice compared to WT ani-

mals. TIGAR protein expression in WT animals was localized

mainly in the intestinal crypt (Figures 1G and 1H), where most

of the proliferation occurs. Importantly, no staining was seen in

the intestines or colon of TIGAR-null mice.

To examine the role of TIGAR in proliferation and regeneration

of adult intestinal epithelium, we turned to well-definedmodels in

which ablation of intestinal epithelium by irradiation (IR) or treat-

ment with a genotoxic drug is followed by a period of recovery

and rapid tissue regeneration. InWTmice, small intestinal regen-

eration is characterized by a rapid regrowth of intestinal crypts,

which can be seen 72 hr following treatment with 14 Gy IR (Fig-

ures 2A and 2B). By comparison, TIGAR-deficient mice showed

a significant reduction in both the size and number of regenerat-

ing crypts (Figures 2A and 2B). To determine the underlying

cause of this defect, we examined both proliferation and cell

death in the small intestine of mice after IR. Using the prolifera-

tion marker Ki67, it was clear that while both WT and TIGAR�/�

mice showed an initial decrease in proliferation 24 hr post-IR,

only the WT animals moved to a phase of rapid proliferation

that was evident 48 and 72 hr post-IR and was consistent with

the outgrowth of new crypt structures (Figures 2C and 2D). The

TIGAR�/� mice showed a clear defect in proliferation at these

time points (Figures 2C and 2D). Measurements of cell death in

the intestine indicated an increase in the number of dying cells

in the TIGAR�/� compared to WT intestines 6 hr post-IR (Figures

2E and 2F), although by 24 or 48 hr minimal cell death was de-

tected in mice of either genotype. Analysis of progenitor cells us-

ing immunohistochemistry of markers such as LGR5 or Olfm4

(van der Flier et al., 2009) revealed a similar staining pattern be-

tween TIGAR�/� and WT animals (Figure S2A). The staining in-

tensity was somewhat reduced in TIGAR-deficient animals after

acute injury (Figure S2A), although the interpretation of this effect

is limited by the difficulty in finding intact crypts to stain after

damage. Taken together with the data showing only a transient

increase in apoptosis in TIGAR-null intestines 6 hr after damage

(Figures 2E and 2F), these results suggest that the defects in pro-

liferation in the absence of TIGAR are not simply the result of

massive apoptosis during the period of maximal regeneration

(24–48 hr) or complete depletion of the stem cell population at

an earlier time point, but also reflect a failure to proliferate.

Consistent with the role of TIGAR in supporting intestinal pro-

liferation after damage, TIGAR immunostaining in WT tissues re-

vealed a marked and sustained increase in TIGAR expression in

intestinal crypts 24 and 72 hr after IR (Figure 2G). Previous

studies have demonstrated a role of TIGAR in lowering ROS

(Bensaad et al., 2006; Li and Jogl, 2009; Wanka et al., 2012),

and we have shown that TIGAR-deficient BMK cells have less

GSHandaremore sensitive toH2O2 (Figures 1E and 1F). Analysis

of intestinal tissue formarkers of ROS accumulation also showed

an increase in MDA (malondialdehyde, an indicator for lipid per-

oxidation) staining after IR inTIGAR�/�mice compared toWTan-

imals (Figure 2H), indicating that TIGAR is also important to limit
nc.
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Figure 1. TIGAR-Deficient Mice

(A) Western blot analysis of the indicated tissues from WT and TIGAR-deficient animals.

(B) Mendelian ratio from TIGAR+/� matings.

(C) Western blot analysis of baby mouse kidney (BMK) cultures from wild-type (WT), TIGAR�/� (KO), and KO cultures transfected with human TIGAR construct.

(D) Level of fructose-2,6-bisphosphate in WT, KO, and KO BMK cell cultures transfected with TIGAR construct (KO + TIGAR). *p < 0.05 compared to WT; **p <

0.05 compared to KO.

(E) Ratio of oxidized and reduced glutathione (GSH/GSSG) of WT, KO, and KO + TIGAR BMK cells. *p < 0.05 compared to WT; **p < 0.05 compared to KO.

(F) Cell death as measured by PI exclusion of WT, KO, and KO + TIGAR BMK cells after hydrogen peroxide treatment. *p < 0.05 compared to WT; **p < 0.05

compared to KO.

(G and H) Untreated small intestine (G) and colon (H) fromWT and KO animals. Top: hematoxylin and eosin staining (H&E); middle: Ki67; bottom: TIGAR staining.

Scale bar, 200 mm. Data are represented as mean ± SEM (n = at least 3).

See also Figure S1.
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Figure 2. TIGAR-Deficient Mice Have Reduced Regenerative Capacity in the Intestinal Crypt after 14 Gy Whole-Body IR

(A) Small intestine from WT and TIGAR�/� (KO) animals 72 hr after 14 Gy IR. Bar = 200 mm.

(B) Number of crypts per millimeter (left) and size of crypts (right) 72 hr after 14 Gy IR. *p < 0.05 compared to WT.

(C) Ki67 staining of WT and KO intestines 6 and 72 hr after 14 Gy IR. Bar = 200 mm.

(D) Quantification of Ki67+ cells at the indicated times after 14 Gy IR. *p < 0.05 compared to WT.

(E) Apoptosis in the small intestine 6 hr after 14 Gy IR. Asterisks denote cells with apoptotic nuclear morphology.

(F) Number of apoptotic cells in the crypts 6 hr after 14 Gy IR. *p < 0.05 compared to WT.

(G) TIGAR staining of WT animals before IR and 24 and 72 hr after 14 Gy IR. Scale bar, 200 mm. Panels show details of crypt structures indicated in the box.

(H)Malondialdehyde (MDA) staining ofWT andKOanimals before and 24 hr after 14Gy IR. Scale bar, 200 mm.Data are represented asmean ± SEM (n = at least 3).

See also Figure S2.
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Figure 3. TIGAR-Deficient Mice Are More Sensitive to DSS-Induced Colitis

(A) Colon from WT and TIGAR�/� (KO) animals 2 days after 2% DSS treatment. Top: H&E; bottom: BrdU staining. Bar = 200 mm.

(B) Percentage of colitis area one day after 3.5% DSS in WT and KO animals. *p < 0.05 compared to WT.

(C) Percentage of colitis area one day after 2% DSS in WT and KO animals. *p < 0.05 compared to WT.

(D) Percentage of colitis area 2 days after 2% DSS in WT and KO animals. *p < 0.05 compared to WT.

(E) TIGAR staining in WT animals, untreated (ctr) or after 3.5% DSS treatment. Scale bar, 200 mm. Panels show details of crypt structures indicated in the box.

(F) MDA staining of WT and KO animals before and after 2% DSS treatment. Scale bar, 200 mm. Data are represented as mean ± SEM (n = at least 3).

See also Figure S3.
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ROS levels in vivo. The importance of TIGAR in response to IR

damage is underscored by similar effects observed following

damage induced by cisplatin (Figure S2). After cisplatin treat-

ment, TIGAR�/� mice showed a reduced ability to regenerate

crypts (Figures S2B and S2C), which was accompanied by a

decrease in proliferation (Figures S2D and S2E) and an increase

in apoptosis at early time point (Figures S2F and S2G).

TIGAR Is Required for Colon Regeneration in a Model of
Ulcerative Colitis
The results described above revealed an interesting role for

TIGAR in supporting tissue growth and survival under conditions

of rapid regeneration in adult mice, consistent with the proposed

metabolic function of TIGAR. To determine whether TIGAR can

also play a role in recovery following damage in a different

setting, we investigated a model of ulcerative colitis in the colon.
Devel
Treatment of mice with dextran sulfate sodium (DSS) over

several days resulted in an ablation of colon epithelium, followed

by inflammation and hyperproliferation of the crypts to allow for

repair (Cooper et al., 1993). While the resting colons of WT and

TIGAR-deficient mice were indistinguishable (Figure 1H), the

extensive formation of new crypts seen in WT colons following

DSS treatment and recovery was much less apparent in

TIGAR�/� animals (Figure 3A). Furthermore, compared to WT

mice, there is a defect in proliferation in TIGAR-deficient animals

after DSS treatment, as indicated by bromodeoxyuridine (BrdU)

incorporation (Figure 3A). Consistently, TIGAR�/� mice sub-

jected to DSS treatment showed poorer recovery and suc-

cumbed approximately 1 day earlier thanWT animals. The differ-

ence between WT and TIGAR�/� mice was more obvious

following exposure to milder damage (2% DSS) compared to a

more damaging treatment (3.5% DSS) (Figures 3B and 3C),
opmental Cell 25, 463–477, June 10, 2013 ª2013 Elsevier Inc. 467
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and the difference was sustained days after treatment, although

at this time point some recovery in TIGAR�/�mice was also seen

(Figures 3C and 3D; note difference in scale of y axis). TIGAR

expression can therefore limit but not completely prevent dam-

age, and even in the absence of TIGAR some recovery is

possible.

Analysis of TIGAR protein levels inWTmice showed increased

expression following DSS treatment (Figure 3E), similar to that

seen in small intestine after IR damage (Figure 2G). TIGAR-defi-

cient animals accumulated elevated ROS following DSS treat-

ment, as indicated by an increase in MDA staining (Figure 3F),

suggesting an important role of TIGAR in limiting ROS damage

after DSS-induced colitis. These results indicated that, as seen

in the regenerating small intestine after IR or treatment with

cisplatin, efficient repair of damage to the colon was dependent

on TIGAR expression.

The requirement for TIGAR in intestinal regeneration was

confirmed using animals with conditional TIGAR allele (TIGARfl/fl)

crossed with deleter cre TIGARfl/fl;cre/+ animals (Figures S1B and

S1C). Loss of TIGAR expression in these animals also resulted in

increased sensitivity to DSS-induced colitis in the colon (Fig-

ure S3), recapitulating the phenotype seen with the TIGAR�/�

mouse. Taken together, these results show that lack of TIGAR

compromises the ability of cells to limit ROSandundergoprolifer-

ation necessary to regenerate intestinal epithelium after ablation.

TIGAR Provides Antioxidants and Nucleosides for
Growth
Our analysis of the recovering small intestine suggested that

TIGAR might be important in both lowering apoptosis and allow-

ing cell growth and proliferation. Previous work has indicated

that TIGAR could contribute to these responses by limiting

oxidative damage and may promote the generation of metabolic

intermediates, such as nucleotides, that are necessary for tissue

expansion. To examine directly the defect that underlies the fail-

ure of TIGAR�/� intestinal crypts to regenerate properly, we

turned to an in vitro intestinal crypt culture model (Sato et al.,

2009). Compared to cells derived fromWTmice, intestinal crypts

from TIGAR�/�mice were defective in their ability to proliferate in

this three-dimensional tissue culture model (Figures 4A and 4B).

TIGAR�/� cells were less able to form crypt structures, and the

culture of these cells produced fewer new crypt outgrowths

over time (Figures 4A and 4B). Quantification of 100 individual

crypt structures of each genotype clearly showed the defect in

crypt formation in cultures from TIGAR�/� cells (Figure 4C).

Direct staining of the crypt structures with Ki67 also showed

less proliferation in the TIGAR�/� cultures, evenwhen comparing

crypt structures of similar size (Figure 4D), which is consistent

with the regeneration failure seen in vivo in these mice. This

defect could be rescued by the addition of N-acetyl L-cysteine

(NAC; to control ROS) and nucleosides (to compensate for any

lack of ribose phosphate production). Indeed, compared to the

WT crypts, essentially complete rescue was observed following

treatment with nucleosides or NAC alone (Figures 4A–4D). The

effect of NAC indicates an importance of antioxidant function

to the rescue, and interestingly we showed that treatment of cells

with nucleosides also resulted in an increase in the GSH/GSSG

ratio (Figure S4A), showing that nucleosides can also provide

antioxidant function. To explore the contribution of the nonoxi-
468 Developmental Cell 25, 463–477, June 10, 2013 ª2013 Elsevier I
dative branch of the PPP, we treated cultures with oxythiamine

(which inhibits transketolase in the nonoxidative PPP). Levels

of oxythiamine that did not affect the growth of WT crypts exac-

erbated the growth defect of TIGAR�/� crypts (Figure S4B),

showing that loss of TIGAR makes cells more sensitive to inhibi-

tion of this branch of the PPP. Interestingly, oxythiamine also

somewhat impeded, but did not completely inhibit, the ability

of NAC to rescue the growth of TIGAR-null cells, again suggest-

ing that the main defect in these cells is in antioxidant function.

TIGAR Is Critical for Tumor Development in an Intestinal
Adenoma Model
Our results show that TIGAR plays an important role in allowing

growth and proliferation required for the repair of damaged intes-

tinal epithelium in adult mice. The modulation of metabolic path-

ways to allow anabolism and ROS limitation has been proposed

to play an important role in tumorigenesis. We were therefore

interested to determine whether TIGAR also contributes to the

abnormal proliferation of tumor cells in the intestine. To address

this question, we used a model in which the tumor suppressor

APC is deleted in LGR5+ intestinal stem cells, leading to the

development of intestinal adenoma (Barker et al., 2007, 2009).

Using a protocol involving multiple doses of tamoxifen to maxi-

mize the incidence of adenoma development, TIGAR-deficient

mice (knockout [KO]: TIGAR�/� Lgr5-EGFP-IRES-creERT2/

APCfl/fl) showed a reduced burden of abnormally proliferating

adenoma in the small intestine compared tomicewithWT TIGAR

(WT: TIGAR+/+ Lgr5-EGFP-IRES-creERT2/APCfl/fl) (Figures 5A–

5D). Specifically, TIGAR-deficient mice showed a significant

reduction in total tumor burden and average tumor size

compared to WT mice (Figures 5B–5D). Staining of TIGAR in

WT tissues show a higher expression in the adenoma compared

with surrounding normal tissue (Figure 5A), which is consistent

with the role of TIGAR in supporting proliferation in tumor tissues.

Similarly, the TIGAR-deficient mice showed a reduction in size of

colon adenomas compared to WT mice (Figures 5E–5H).

Interestingly, when examining the colon, there were no signifi-

cant differences in the number of tumors in the colon (Figure 5F),

indicating that TIGAR may be more important for tumor growth

than for tumor initiation in this tissue. These results indicated

that the absence of TIGAR limited tumor development, and so

to determine the effect of TIGAR depletion on the survival of

mice, we turned to a protocol of a single tamoxifen induction,

which allows a slower onset of adenoma. As seen previously,

fewer and smaller tumors developed in the small intestine of

the TIGAR-deficient mice (Figures 5I–5L). In addition, there was

less proliferation (less Ki67 staining) and more ROS damage

(moreMDA staining) in TIGAR-null compared toWT animals (Fig-

ure 5I), indicating a contribution of TIGAR to proliferation and

ROS limitation that is similar to that seen following acute intesti-

nal damage. Staining of GFP as a marker of LGR5-positive stem

cells in these models (Barker et al., 2007, 2009) revealed that the

absence of TIGARdoes not deplete the tumors of stem cells (Fig-

ure S5). Overall, there appeared to be a slight decrease in the

number of crypts with positive GFP staining, although as with

the damage model this was difficult to interpret in view of the de-

fects in proliferation in TIGAR-null animals. Importantly, the

reduction in tumor burden correlated with an increased survival

of mice lacking TIGAR (Figure 5M).
nc.
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Figure 4. Reduction of Proliferation in TIGAR-Deficient Intestinal Crypt Can Be Rescued by the Addition of ROS Scavengers and Nucleoside

(A) Crypt cultures from WT and TIGAR�/� (KO) small intestines after the indicated treatment. The same crypts were followed on days 1, 3, and 5. Scale bar,

100 mm.

(B) Crypt cultures from WT and KO small intestines 5 days after the indicated treatment. Asterisks indicate growing buds from the crypt. Scale bar, 300 mm.

(C) Quantification of the number of buds (0 to R4) from the crypts from WT and KO small intestinal crypt cultures.

(D) Ki67 staining of the crypt cultures from WT and KO small intestine treated with the indicated drugs for 5 days. Scale bar, 100 mm.

See also Figure S4.
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Figure 5. TIGAR Deficiency Reduced the Tumor Burden in a Mouse Model of Intestinal Adenoma
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(B) Number of tumors from WT and KO mice. *p < 0.05 compared to WT.

(C) Total tumor burden in the small intestine of WT and KO mice. *p < 0.05 compared to WT.
(legend continued on next page)
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TIGAR Provides Nucleosides, NADPH, and Antioxidants
for the Development of Intestinal Adenomas
The reduction of tumor progression in TIGAR-null mice was also

reflected in an in vitro tumor crypt culture model (Sato et al.,

2011). These cultures grow as large cystic organoids, which do

not show the differentiation or structural organization of similar

cultures derived from normal intestine (compare Figures 4A

and 6A). The tumor crypt cultures from TIGAR-deficient mice

showed a significant impairment of growth, as revealed by the

reduction of the crypt size (Figures 6A and 6B) and decreased

proliferation (Figures 6C and S6A) compared to those from WT

animals. To determine the underlying cause of the failure of

TIGAR-null tumor cells to grow, we examined the effect of

exogenous addition of either methyl-malate, which can provide

additional NADPH by a non-PPP mechanism via malic enzyme

(Frenkel, 1975; Schafer et al., 2009; Yang et al., 2010a), nucleo-

sides, or NAC to decrease ROS damage. Each of these treat-

ments partially rescued the defect in growth (Figures 6A and

6B) and proliferation (Figures 6C and S6A), while the addition

of NAC and malate also prevented the accumulation of ROS,

as measured by MDA staining (Figure 6D). Interestingly, treat-

ment of these tumor crypts with nucleosides also partially in-

hibited ROS damage (Figure 6D), consistent with our earlier

observation that nucleosides can help maintain GSH/GSSG ra-

tios (Figure S4A). However, in this system, complete rescue of

crypt size (Figures 6A and 6B) and proliferation (Figures 6C

and S6A) was only achieved when both malate and nucleosides

or NAC and nucleosides were provided. These results therefore

support an importance of TIGAR in generating both NADPH and

ribose phosphate to allow the growth of these highly proliferative

tumor cells. Although there are several mechanisms for NADPH

production, the PPP has been shown to be critical for redox bal-

ance in hypoxia (Anastasiou et al., 2011). Consistently, we found

that TIGAR-deficient crypts are more sensitive to hypoxia than

WT crypts (Figure 6E).

To confirm that the defects seen in these crypts were the result

of loss of TIGAR, we re-expressed human TIGAR in these cells

(Figure 6F). Interestingly, while WT TIGAR completely rescued

crypt growth, a partial rescuewas also seen following expression

of a catalytic inactive TIGAR construct (TIGAR-TM) (Bensaad

et al., 2006) (Figure 6F). These results suggest that a catalytically

independent role of TIGAR, such as a recently described ability

to enhance HK2 activity (Cheung et al., 2012), can contribute

to the maintenance of crypt growth.

Taken together, our results indicate that the defect in growth

shown by TIGAR-deficient tumor crypts reflects increased
(D) Average size of tumor from WT and KO mice. *p < 0.05 compared to WT.

(E) H&E staining (top), Ki67 staining (middle), and TIGAR staining (bottom) of the c

bar, 200 mm.

(F) Number of tumors from the colon of WT and KO mice.

(G) Total colon tumor burden of WT and KO mice. *p < 0.05 compared to WT.

(H) Average colon tumor size of WT and KO mice. *p < 0.05 compared to WT.

(I) H&E staining (top), Ki67 staining (middle), and MDA staining (bottom) of the

TIGAR�/� Lgr5-EGFP-IRES-creERT2/APCfl/fl (KO) after a single dosage of tamox

(J) Number of tumors from WT and KO animals. *p < 0.05 compared to WT.

(K) Total tumor burden in the small intestine of WT and KO animals. *p < 0.05 co

(L) Average size of tumor from WT and KO animals. *p < 0.05 compared to WT.

(M) Kaplan-Meier survival curves showing adenoma-free survival of WT (n = 5) a

See also Figure S5.

Devel
ROS and decreased nucleotide synthesis. Intriguingly, the

TIGAR�/� crypts also showed an increased sensitivity to chemo-

therapeutic drugs compared to WT tumor crypts (Figure S6B).

The human TIGAR gene is p53 responsive, and cells contain-

ingWTp53 show elevation of TIGAR levels in response to various

forms of stress (Bensaad et al., 2006). The function of TIGAR

under these conditions contributes to cell survival and is likely

to allow for repair or adaptation of normal tissue to mild, tran-

sient, or nongenotoxic damage. However, our results in mice

suggest that TIGAR expression may also be advantageous to tu-

mor cells, and so we examined tumor cell lines to determine

whether the expression of TIGAR was strictly dependent on

the presence of WT p53. A survey of a number of p53�/� or

mutant-p53-expressing tumor cell lines showed that TIGAR

expression was not dependent on the retention of WT p53 (Fig-

ure 7A). Therefore, the expression of TIGAR can become de-

coupled from p53 and there may be a selection for expression

of TIGAR during malignant progression.

To establishwhether TIGAR expression is also associatedwith

the development of human cancers, we examined a series of

colon tissue microarrays (TMAs) comparing normal, tumor, and

metastatic tissue from the same patient. Staining for TIGAR

expression by IHC showed an increase in TIGAR protein in

both the primary colon cancer and associated metastases

compared to normal tissue (Figures 7B and 7C). These results

are consistent with the suggestion that TIGAR expression can

help to support malignant development, potentially by allowing

rapid proliferation and expansion of the abnormal lesion.

DISCUSSION

We have generated TIGAR-deficient mice to investigate the

contribution of TIGAR to normal development and in rapidly

proliferating cells after acute tissue damage and during tumor

growth. TIGAR�/� mice did not show a clear developmental

defect, suggesting either that TIGAR function is not required dur-

ing embryogenesis or that there is compensatory adaptation to

the constitutive lack of TIGAR during these stages of develop-

ment. However, we found a clear need for TIGAR in supporting

rapid proliferation of adult tissue, in particular the ability of the

adult intestinal epithelium to regenerate following damage. The

requirement for TIGAR under these conditions is also highlighted

by the increase in TIGAR expression seen in crypts during the re-

covery of proliferation in WT mice and by the corresponding in-

crease in oxidative damage in the TIGAR-deficient animals.

Whether there is a similar requirement for TIGAR in other
olon fromWT and KOmice after multiple dosage of tamoxifen induction. Scale

small intestines from TIGAR+/+ Lgr5-EGFP-IRES-creERT2/APCfl/fl (WT) and

ifen induction. Scale bar, 200 mm.

mpared to WT.

nd KO (n = 7) mice. Data are represented as mean ± SEM (n = at least 3).
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proliferative tissues remains to be determined, and a role for

TIGAR in recovery from partial hepatectomy or in mounting an

immune response will be extremely interesting to examine. Our

studies show that TIGAR plays an important role in tissue regen-

eration and that lack of TIGAR results in a failure to repair

damaged intestinal epithelium, with an associated increased

morbidity in a model of ulcerative colitis. In these systems, there-

fore, TIGAR expression is necessary to maintain normal healthy

tissues following stress or damage. The ability of TIGAR to

contribute to the growth and survival of cells in rapidly prolifer-
Figure 6. Reduction of Proliferation in TIGAR-Deficient Tumor Crypt Can Be Rescued by the Addition of Malate and Nucleoside

(A) Tumor cystic organoid cultures from TIGAR+/+ Lgr5-EGFP-IRES-creERT2/APCfl/fl (WT) and TIGAR�/� Lgr5-EGFP-IRES-creERT2/APCfl/fl (KO) small intestines

after the indicated treatment for 5 days. Bar = 100 mm.

(B) Quantification (average diameter of the organoids) of (A). *p < 0.05 compared to WT. ns, no significant difference.

(C) Quantification of the percentage of Ki67-positive cells in the tumor crypt cultures fromWT andKO animals treatedwith the indicated treatments for 5 days. *p <

0.05 compared to WT. ns, no significant difference.

(D) MDA staining of the tumor crypt cultures from WT and KO animals with the indicated treatments for 5 days. Scale bar, 100 mm.

(E) Size of TIGAR-deficient and control crypts following exposure to 1% oxygen (hypoxia) for 5 days. *p < 0.05 compared to WT.

(F) TIGAR-deficient and control crypts were electroporated with the indicated constructs and then cultured for 5 days. Crypts expressing comparable levels o

each protein, as visualized by FLAG staining, were measured for size. *p < 0.05 compared to KO with Ctr-FLAG. Data are represented as mean ± SEM (n = 3)

See also Figure S6.
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ating tissue also suggested a possible

contribution of TIGAR to the development

or progression of malignancies. In a

mouse model of intestinal tumor induced

by deletion of APC in the intestinal stem

cells, TIGAR expression was increased

and we detected a reduction in tumor

development and enhanced survival in

TIGAR�/� mice.

There has been much interest recently

in the revival of the suggestion that

altered metabolism can contribute to, as

well as respond to, oncogenic transfor-

mation. Several elegant studies have

illustrated the importance of metabolic

transformation in cancer development

(Freed-Pastor et al., 2012; Locasale

et al., 2011; Schafer et al., 2009; Ying

et al., 2012), although there is limited in-

formation about how these metabolic

changes may impact on tumorigenicity

in vivo. The regulation of glucose meta-

bolism by TIGAR may have several

important consequences; while the
contribution of TIGAR to antioxidant activity has been shown in

several cell systems (Bensaad et al., 2006; Li and Jogl, 2009;

Wanka et al., 2012), the potential promotion of the pentose phos-

phate pathway would also help to support anabolic pathways for

the production of lipids and nucleic acids, and so contribute

directly to cell growth (Tong et al., 2009). Although an inability

to properly regulate ROS may account for enhanced apoptosis

and so an indirect failure in cell proliferation, analysis of the re-

generating epithelium suggested that a transient increase in

apoptosis in the TIGAR�/� mice (although this did not result in
f

.
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complete loss of stem cells) was accompanied by a failure to

recover proliferation. The importance of TIGAR in limiting ROS

was supported by the analysis of normal crypt cultures in vitro,

where the defect in TIGAR�/� crypts was efficiently rescued by

treatment of the cells with antioxidant or nucleosides, with the

observation that nucleoside treatment also provided antioxidant

function. However, in the tumor crypt cultures, a full rescue of

growth defects in TIGAR-null cells required the addition of both

antioxidants (or NADPH generating capacity) and nucleosides,

suggesting that in these cells TIGAR is important in supporting

both antioxidant activity and nucleotide synthesis.

ROS has been suggested to both limit and promote tumor pro-

gression, reflecting the observation that different species of ROS

have different functions. While elevated ROS can both induce

potentially oncogenic mutations and function as a signaling

molecule to drive proliferation, excess mitochondrial ROS can

induce cell death and activation of pathways that block prolifer-

ation (Hamanaka and Chandel, 2010). These different ROS spe-

cies can be differentially controlled; for example, the glutathione

pool regulates oxidative stress while the peroxiredoxin pool reg-

ulates ROS signaling (Murphy, 2012). Therefore, it is possible

that TIGAR mainly lowers oxidative stress via managing the

glutathione level and has less of an impact on the regulation of

redox signaling (which would drive proliferation).

In humans, TIGAR is p53 inducible and has been suggested to

play a role under conditions of mild or transient stress to help

promote the repair and survival of damaged cells (Bensaad

et al., 2006; Li and Jogl, 2009; Wanka et al., 2012). These meta-

bolic functions of p53 can play a role in tumor suppression (Li

et al., 2012), and the activation of the pentose phosphate

pathway by ATM has been shown to enhance NADPH produc-

tion and increase nucleotide synthesis, so controlling ROS and

contributing to DNA repair. These responses were shown to be

important in allowing ATM to limit cancer development (Cosen-

tino et al., 2011). However, there is also a clear potential that

TIGAR activity, by limiting ROS and providing precursors for

nucleotide synthesis, could be advantageous to tumor cells (Tra-

chootham et al., 2006). Neoplastic cells generally produce more

ROS than normal cells (Szatrowski and Nathan, 1991); therefore,

they are more vulnerable to oxidative stress because they func-

tion with a higher basal level of ROS. On one hand, these higher

levels of ROS could promote tumor progression by stimulating

cell growth and proliferation (Hu et al., 2005), genetic instability

(Radisky et al., 2005), and anchorage-independent growth

(Weinberg et al., 2010). However, increased ROS also render tu-

mor cells more vulnerable to cell death and it is therefore essen-

tial for the tumor cells to dynamically regulate ROS level to avoid

prolonged oxidative damage. For example, oncogenes such as

K-Ras, B-Raf, and Myc all increase the activity of NRF2, a tran-

scriptional factor that increases ROS detoxification and tumori-

genesis at the early stages of tumor development (DeNicola

et al., 2011). Deletion of NRF2 in vivo reduces the ability of

K-Ras to induce proliferation and tumorigenesis (DeNicola

et al., 2011), supporting the importance of ROS limitation in

tumor outgrowth. One response to increased ROS is a decrease

in the activity of PKM2 through oxidation at cysteine in PKM2.

This diverts glycolytic intermediates into the PPP and, as we

describe for TIGAR, generates reducing potential for ROS detox-

ification. Importantly, this activity has been shown to be essential
474 Developmental Cell 25, 463–477, June 10, 2013 ª2013 Elsevier I
for tumor formation in a xenograft model (Anastasiou et al., 2011;

Tong et al., 2009).

Taken together, therefore, it would appear that TIGAR can

help to support tumorigenesis, both by limiting ROS and by

providing precursors for nucleotide synthesis. Both of these ac-

tivities can be provided by promotion of the PPP, although we

also provide evidence that the recently described catalytically in-

dependent function of TIGAR in ROS regulation under hypoxia

(Cheung et al., 2012) also contributes to its overall ability to sup-

port tumor cell growth.

It was therefore very interesting to determine that TIGAR was

highly expressed in many human colon cancers, consistent with

a contribution to the tumorigenic phenotype. Increased expres-

sion of TIGAR has recently also been described in other tumor

types, including glioblastomas and breast cancers (Wanka

et al., 2012; Won et al., 2012). Importantly, p53 is mutated in

the majority of colon cancers, suggesting that, as seen in the

cancer cell lines, selection for TIGAR overexpression is un-

coupled from the activity ofWTp53. This potential oncogenic ac-

tivity of a p53 target gene has also recently been described for

carnitine palmitoyltransferase 1c (Cpt1c), a p53-inducible gene

that contributes to fatty acid oxidation. Cpt1c is upregulated in

many cancer cell types and can protect against metabolic

stress and contribute to growth of the tumor (Zaugg et al.,

2011). Our observations indicate that the inappropriate or sus-

tained activation of proteins like TIGAR, uncoupled from the

dependence on p53,may help to support the growth and survival

of cancer cells.

Our studies show that the regulation ofmetabolismby TIGAR is

not required for normal tissue growth and development but

becomes important in supporting rapidproliferation in adult intes-

tinal epithelium. This specific requirement under conditions of tis-

sue regeneration has also been described for FAK (Ashton et al.,

2010), which is not needed in normal adult tissue but is required

for intestinal regeneration and tumorigenesis. Therefore, while

loss of TIGAR is deleterious to the recovery from intestinal dam-

age, lack of TIGAR becomes advantageous under conditions

where enhanced proliferation occurs in the context of tumor

development. These data clearly predict that inhibition of TIGAR

expression may carry some therapeutic advantage, although TI-

GAR inhibition would also be predicted to enhance the delete-

rious effects of genotoxic cancer therapies that damage normal

gut and other proliferating cells. Indeed, an increase in the TIGAR

level in the intestine may provide protection from acute intestinal

damage such as ulcerative colitis and intestinal radiosensitivity.

We are presently generating tumor models with our conditional

TIGAR allele to allow us to determine the effect of targeted dele-

tion of TIGAR in premalignant or malignant lesions.

EXPERIMENTAL PROCEDURES

Transgenic Mouse Models

Details of the creation of TIGAR�/� and TIGARfl/flmice are provided in the Sup-

plemental Experimental Procedures. All animal work was carried out in line

with the Animals (Scientific Procedures) Act 1986 and the EU Directive 2010

and sanctioned by local ethical review process (University of Glasgow).

Creation of the Intestinal Adenoma Model with TIGAR–/–

To investigate the role of TIGAR in the development of intestinal adenoma due

to deletion of Apc in LGR5+ intestinal crypt cells (Barker et al., 2007, 2009),
nc.
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TIGAR�/� mice were interbred with Lgr5-EGFP-IRES-creERT2/APCfl/fl mice to

generate TIGAR+/+ Lgr5-EGFP-IRES-creERT2/APCfl/fl (WT) and TIGAR�/�

Lgr5-EGFP-IRES-creERT2/APCfl/fl (KO). To induce recombination of APC in

LGR5-expressing cells, mice aged 6–8 weeks were injected intraperitoneally

with single dosage of tamoxifen (3 mg tamoxifen) or multiple dosages of

tamoxifen (3 mg of tamoxifen for 1 day followed by 2 mg of tamoxifen for

3 days). Mice were monitored until showing signs of intestinal illness, and tis-

sues were collected for histology, immunohistochemistry, and intestinal crypt

culture.

Cell Culture and Protein Analysis

BMK cells were cultured and used as previously described (Mathew et al.,

2008). Western blot analysis, transfection of the BMK cells with TIGAR con-

structs, measurement of Fru-2,6-BP, and GSH/GSSG were performed as pre-

viously described (Bensaad et al., 2006).

IR, Cisplatin Treatment, and DSS-Induced Colitis

Gamma IR-induced intestinal damage was performed as previously

described (Ashton et al., 2010). For cisplatin-induced intestinal damage,

cisplatin (10 mg/kg) was intraperitoneally injected into 8- to 10-week-old

mice. Saline was used as control. For DSS-induced colitis, mice received

2% or 3.5% of DSS in drinking water for 5 days. Then DSS was omitted

and mice received tap water for 2 days. Tap water was used as control. Intes-

tinal tissue was isolated and processed as described previously (Jamieson

et al., 2012).

Histology and Immunohistochemistry

Histology and immunohistochemistry was performed as described previously

(Sansom et al., 2004). Primary antibodies used were anti-Ki67 (Lab Vision),

anti-TIGAR (Millipore), anti-MDA (Abcam), anti-BrdU (Sigma), anti-Olfm4

(Abcam), anti-LGR5/GPR49 (Abcam), anti-GFP (Abcam), and anti-FLAG

(Sigma).

Small Intestinal Crypt Culture and Immunofluorescence

Small intestinal crypt culture and tumor crypt culture were performed as

described previously (Sato et al., 2009, 2011). Briefly, small intestine was

washed in cold PBS and villi were scraped using a glass coverslip. Then the

small intestine was cut into small pieces and the pieces were further washed

with cold PBS. The pieces were transferred into PBS with 2 mM EDTA and

incubated for 30 min, after which crypts were collected by pipetting mechan-

ically and supernatant enriched with crypts were collected. The crypts were

then pelleted by centrifugation (1,200 rpm, 5 min), suspended in ADF media

(advanced DMEM F12 [Invitrogen], 1% glutamine, 1% penicillin/streptomycin,

0.1% BSA, 10 mM HEPES), and passed through 70 mm cell strainer. The

fraction was then centrifuged at lower speed (600 rpm, 2 min) to avoid single

cells being spun down. The final pellet with crypt was resuspended with

growth factor reduced Matrigel (356231, BD) in ADF that contained

0.05 mg/ml EGF (Peprotech), 0.1 mg/ml NOGGIN (Peprotech), and 0.5 mg/ml

mR-Spondin (R&D Systems). For tumor crypts, adenomas were cut into small

pieces, washed, and then dissociated with trypsin for 30 min in 37�C. After
several washes the cells were pelleted and were suspended with Matrigel in

ADF that contained EGF and NOGGIN. The cultures were passaged every

7–10 days. For the rescue experiments, 200 mM NAC (Sigma), 13 nucleoside

(Millipore), 2.5 mM methyl-malate (Sigma), and 10 mM oxythiamine (Sigma)

were added to the culture on the first day. Hypoxia was performed as

described previously (Cheung et al., 2012). For Amaxa nucleofection into can-

cer crypt organoids, 1 mg (per well) control, WT TIGAR, or catalytically TIGAR

mutant (TIGAR-TM) (Bensaad et al., 2006) constructs was transfected into

cancer crypt organoids using solution T and program X-001 (Lonza). The

rate of growth of the intestinal crypt was measured by the number of buds

present in at least 100 crypt structures as previously described (Mustata

et al., 2011). The rate of growth of the tumor crypt was measured by the

average size (diameter) of at least 150 crypts in each treatment from tumors

from three individual animals (WT and KO). For nucleofected cancer crypt

measurements, the average size (diameter) of at least 100 crypts that were

stained positive with FLAG was measured from cultures of three individual

animals (WT and KO).
Devel
Immunofluorescence of Crypt Cultures

Crypts were fixed with 2% paraformaldehyde (PFA) in PBS for 20 min at room

temperature and then permeabilized with 0.5% Triton X-100 in PBS for 10 min

at 4�C. After three 10 min washes of 13 PBS-glycine (7.5 mg/ml) to quench

PFA, crypts were incubated with 10% BSA primary block in immunofluores-

cence wash (0.13 M NaCl, 13 mM Na2HPO4, 3.5 mM NaH2PO4, 0.2% Triton

X-100, 0.04% 3 Tween-20) for 1 hr, followed by incubation with secondary

block (10%BSA and 1:100 Fab immunoglobulin G [Jackson Immunoresearch]

in immunofluorescence wash) for 30 min. The primary antibody (prepared in

secondary block) was incubated overnight at 4�C and washed three times in

immunofluorescence wash before incubation with the appropriate fluorescent

dye coupled secondary antibody (Alexa Fluor, Molecular Probes) for 1.5 hr.

DAPI (1 mg/ml) in 13 PBS was used to visualize nuclei.

Human TMA analysis

TMA of human cancer patients was obtained from AccuMax Array (A203(II)-

colon cancer tissues liver metastasis) and was stained with anti-human TIGAR

antibody (ProSci). The scoring of the TMAs was carried out by two indepen-

dent scorers.

Quantifications and Statistical Analysis

For crypt number counting in the small intestine, the intestinal length corre-

sponding to a minimum of 100 crypts per animal per treatment was measured

and was expressed as number of crypts per millimeter of intestinal length. For

crypt size measurements in the intestine, a minimum of 50 crypts were

measured for the height of the crypt. For cell death measurement in the crypts,

the number of cells exhibiting apoptotic morphology (Li et al., 1992; Merritt

et al., 1997) from at least 50 crypts per animal per treatment was scored and

was expressed as the average number per crypt. The number of Ki67-positive

cells was measured in at least 50 crypts per animal per treatment. The survival

data were analyzed by log-rank test using GraphPad Prism 5 software. The

data represent mean values ± SEM from at least three independent experi-

ments (n = 3) unless otherwise noted. All p values were obtained using two-

way ANOVA and Fisher’s post hoc tests.
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