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Abstract 

At the time of starting my thesis there were no agreed mechanisms that could explain 

how cyclooxygenase (COX)-2 protects the cardiovascular system and no ‘hypothesis 

generating’ approaches done to try to find new answers. I have used transcriptomics, 

to come up with targets for this problem. I used microarray and RNA-seq on the 

following experimental models; (i) tissue from COX-1/COX-2 knockout mice, (ii) 

wildtype mice treated with the COX-2 inhibitor paracoxib and (iii) whole blood from 

healthy male volunteers after taking the COX-2 inhibitor celecoxib. Transcriptomic 

data was also analysed from online databases including (i) Open TG-GATEs and (ii) 

Human Protein Atlas. Altered transcriprt lists generated using GeneSpring and 

StrandNGS where analysed using manual curation, g:Profiler and GeneOntology.org 

databases and using Gene Set Enrichment Analysis. No transcripts were altered in 

aorta, heart, kidney, blood or brain from COX-1 knock out mice but >260 transcripts 

were altered (>1.5 fold) in the renal medulla of COX-2 knockout mice or wildtype mice 

where COX-2 was blocked with paracoxib with expression of four cardiovascular 

genes, namely, Agxt2, Edn1, Cd34 and Ptgds being similarly altered in both 

approaches. Transcripts were also altered in blood of humans taking celecoxib or 

COX-2 knockout mice, although in blood it was transcripts associated with 

inflammation and interferon pathways that came up. As an unexpected observation, it 

was found that expression of the oncogene Rgl1 was down regulated in all tissues 

from the COX-2 knockout mice. Since drugs that block COX-2 also prevent cancer the 

Rgl1 hit was explored using human cancer cells.  

 

This work helps us understand new ways that COX-2 protects the cardiovascular 

system and causes cancer. Finally, after more tests, the pathways I found could be 

used to help identify and treat people at risk of having heart attacks when they take 

pain killers that work by blocking COX-2. 

  



5 

 

 

Publications 

Papers 
Ahmetaj-Shala B, Tesfai A, Constantinou C, Leszczynski R, Chan MV, Gashaw H, 

Galaris G, Mazi S, Warner TD, Kirkby NS, Mitchell JA. Pharmacological assessment 

of ibuprofen arginate on platelet aggregation and colon cancer cell killing. Biochem 

Biophys Res Commun. 2017. 484(4):762-766.  

 

Ahmetaj-Shala B, Kirkby NS, Knowles R, Al-Yamani M, Mazi S, Wang Z, Tucker AT, 

Mackenzie L, Warner TD, Leiper J, Mitchell JA. Letter: The COX-2/ADMA axis: 

relevance to arthritis, anti-inflammatory and anti-thrombotic therapy. Circulation. 2015. 

132(17):e213-214.  

 

Ahmetaj-Shala B, Kirkby NS, Knowles R, Al-Yamani M, Mazi S, Wang Z, Tucker AT, 

Mackenzie L, Warner TD, Leiper J, Mitchell JA. Evidence that links loss of cyclo-

oxygenase-2 with increased asymmetric dimethylarginine: novel explanation of 

cardiovascular side effects associated with anti-inflammatory drugs. Circulation. 2014. 

131(7):633-42.  

 

Wright WR, Mazi S, Parzych K, Mataragka S, Mein C, Galloway-Phillips N, Mitchell 

JA, Paul-Clark MJ. The role of TLR2 in cigarette smoke-induced gene induction. 

Transcriptomics. 2013. 1:102. 

 

Conference Abstracts 
Mazi SI, Galaris G, Gashaw HH, Mitchell JA, Kirkby NS. Rgl1 as a novel target for the 

anti-cancer effects of celecoxib. British Pharmacological Society Winter Meeting, 

London (2016). 

 

Mitchell JA, Mazi SI, Kirkby NS. Proteomic analysis of human serum samples to reveal 

new biomarkers and mechanisms of NSAID-induced cardiovascular toxicity. 13th 

Annual Rocky Mountain Bioinformatics Conference, Snowmass (2016). 

 



6 

 

 

Raouf J, Kirkby NS, Ahmetaj-Shala B, Liu B, Mazi SI, Korotkova M, Zeldin D, Zhou Y, 

Jakobsson PJ, Mitchell J. mPGES-1 deletion increases prostacyclin and evades the 

elevated systemic ADMA associated with COX-2 inhibitors: relevance to 

cardiovascular safety of mPGES-1 inhibitors. 36th European Workshop for 

Rheumatology Research, York (2016). 

 

Mazi SI, Kirkby NS, Paul-Clark MJ, Mitchell JA. Synergistic/Additive Effects of COX-2 

inhibitors and Ras inhibitors on colon cancer cell viability British Pharmacological 

Society Winter Meeting, London (2015). 

 

Mazi SI, Mohammed N, Morrell N, Kirkby NS, Mitchell JA. Transcriptomic analysis of 

pulmonary vascular cells from patients with PAH. 8th Annual UK Pulmonary Vascular 

Scientific Meeting, London (2015). 

 

Mazi SI, Kirkby NS, Paul-Clark MJ, Mitchell JA. Re-visiting the cardiovascular toxicity 

of non-steroidal anti-inflammatory drugs. The 8th Saudi Students Conference, London 

(2015). 

 

Mazi SI, Kirkby NS, Paul-Clark MJ, Mitchell JA. Generating novel insight into COX-2 

inhibitor toxicity. 12th Annual Rocky Mountain Bioinformatics Conference (2015).  

 

Mazi SI, Kirkby NS, Paul-Clark MJ, Mitchell JA. Transcriptomic profiling of human 

blood reveals interactions. 12th Annual Rocky Mountain Bioinformatics Conference, 

Snowmass (2014).  

 

Mazi SI, Kirkby NS, Paul-Clark MJ, Mitchell JA. Using online microarray data mining 

to establish the link between COX-2 and Rgl1, a novel chemopreventative target for 

COX-2 inhibitor drugs. British Pharmacological Society Winter Meeting, London 

(2014). 

 

Kirkby NS, Mazi SI, Gashaw HH, Paul-Clark MJ, Mitchell JA. Deletion of COX-2 is 

associated with reduced expression of Rgl1: relevance to the chemopreventative 

effect of COX-2 inhibitors. 11th Annual Rocky Mountain Bioinformatics Conference, 

Snowmass (2014). 



7 

 

 

 

Kirkby NS, Mazi SI, Gashaw HH, Paul-Clark MJ, Mitchell JA. Deletion of COX-2 is 

associated with reduced expression of Rgl1: relevance to the chemopreventative 

effect of COX-2 inhibitors. 10th Annual Rocky Mountain Bioinformatics Conference, 

Snowmass (2013). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



8 

 

 

Awards 

Outstanding Saudi Student Award. Given by the Saudi Ambassador of the UK His 

Royal Highness Prince Mohammed bin Nawaf Al Saud (2015). 

 

Highly Commended Presentation by a student of a non-clinical background. 

Given by the National Heart & Lung Institute, Imperial College (2015).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



9 

 

 

Abbreviations 

-/-   Homozygote Knockout  

+/-   Heterozygote Knockout  

+/+   Wild-Type (Two Functional Copies of the Target Gene) 

6-ketoPGF1α       6-Keto Prostaglandin F1α 

A23187  Calcium Ionophore 

AA   Arachidonic Acid 

Ab   Antibody 

AC    Adenylate Cyclase 

GC   Guanylate cyclase 

ADMA   Asymmetric Dimethylarginine 

LNMMA  NG-Monomethyl-L-arginine 

SDMA   symmetric dimethylarginine 

AGXT2  Alanine Glyoxylate Aminotransferase 2 

ANOVA  Analysis of Variance 

APC    Adenomatous Prevention with Celecoxib 

APPROVe  Adenomatous Polyp Prevention on Vioxx  

ATP   Adenosine Triphosphate  

BCL-6   B-cell lymphoma 6 

BOECS  Blood Outgrowth Endothelial Cells 

BP   Base Pairs 

C57Bl/6   C57Black6 

cAMP    cyclic Adenosine Monophosphate 

cDNA    complementary DNA 

CLASS   Celecoxib Long-Term Arthritis Safety 

COX    Cyclooxygenase 

COX-1-/-   COX-1 Knockout 

COX-2-/-   COX-2 Knockout 

cPGES   Cytosolic Prostaglandin E2 Synthase 

cPLA2   Cytosolic Phospholipase A2 

CPTAC  Clinical Proteomic Tumour Analysis Consortium 

CREB   cAMP response element binding 



10 

 

 

CT    Cycle Threshold 

DDAH   Dimethylarginine Dimethylaminohydrolase  

dH2O    Deionised Water 

DMEM   Dulbecco's Modified Eagle's Medium 

DMSO   Dimethyl Sulfoxide 

DNA   Deoxy Ribonucleic Acid 

dNTP    deoxy Ribonucleotide Triphosphates 

dsRNA   double stranded RNA 

E. coli   Escherichia Coli 

EDRF   Endothelium Derived Relaxing Factor 

EDTA    Ethylene Diamine Tetra Acetic Acid 

ELISA   Enzyme Linked Immunosorbent Assay 

ENCODE  Encyclopaedia of DNA Elements  

EPAC   Exchange protein directly activated by cAMP 

eNOS   endothelial Nitric Oxide Synthase 

ET   Endothelin 

FCS    Foetal Calf Serum 

FDR   False Discovery Rate 

GFR   Glomerular Filtration Rate 

GI   Gastro Intestinal  

GS   GeneSpring 

GSEA   Gene Set Enrichment Analysis 

GTP   Guanosine Triphosphate 

HDL   High Density Lipoprotein  

HKG    Housekeeping Gene 

HRP    Horseradish Peroxidase 

HTRF    Homogenous Time-Resolved Fluorescence 

IFN   Interferon 

Ig   Immunoglobulin 

IL   Interleukin 

IL-10   Interleukin 10 

IL-1R   Interleukin-1 Receptor 

IL-8   Interleukin 8 

iNOS   Inducible Nitric Oxide Synthase 



11 

 

 

IP-10   Induced Protein 10 

KEGG   Kyoto Encyclopaedia of Genes and Genomes 

LC-MS/MS  Liquid Chromatography-Mass Spectrometry  

LDL   Low Density Lipoproteins 

L-NAME  L-Arginine Methyl Ester Hydrochloride 

LOC   Lab on a Chip 

LPS   Lipopolysaccharide 

mPGES   microsomal Prostaglandin E2 Synthase 

mRNA   messenger RNA 

NC3Rs  National Centre for the Replacement, Refinement 

NEAA   Non-Essential Amino Acids 

NFκB   Nuclear Transcription Factor κB  

NGS   Next-Generation Sequencing 

NIGMS  National Institute of General Health Science 

NIH   National Institute of Health 

NMR   Nuclear Magnetic Resonance  

nNOS   neuronal Nitric Oxide Synthase 

NO   Nitric Oxide 

NOS   Nitric Oxide Synthase 

NSAID  Non-Steroidal Anti-Inflammatory Drug 

OD   Optical Density 

PBMCs  Peripheral Blood Mononuclear Cells 

PBS   Phosphate Buffered Saline 

PCA   Principle Component Analysis 

PCR   Polymerase Chain Reaction 

Pen/Strep  Penicillin/Streptomycin 

PG   Prostaglandin 

PGHS   Prostaglandin H Synthase (also known as COX) 

PGI2   Prostacyclin 

PGIS   Prostacyclin synthase 

PKG   Protein Kinase G  

Poly (I:C)  Polyinosinic: Polycytidilic Acid 

POP   Personalized Omics Profiling 

PPAR   Peroxisome Proliferator Activate Receptors  



12 

 

 

PRMT   Arginine Methyl Transferase  

RAS   Renin Angiotensin System 

RBC   Red Blood Cell 

RGL1   Ral Guanine Nucleotide Dissociation Stimulator Like 1 

RIN   RNA Integrity Number  

RLU   Relative Luminesce Unit 

RNA   Ribonucleic Acid 

RPKM   Reads per Kb per Million Mapped Reads  

RXR   Retinoid X Receptor 

SEM   Standard Error of the Mean  

sGC   soluble Guanylate Cyclase  

SNP   Single Nucleotide Polymorphism 

ssRNA  single stranded RNA 

TLR   Toll-Like Receptors 

TNF-α   Tumour Necrosis Factor Alpha 

TX   Thromboxane 

TXAS   Thromboxane Synthase 

VIGOR  Vioxx Gastrointestinal Outcomes Research 

VSMC   Vascular Smooth Muscle Cells  

WBC   White Blood Cells 

WT   Wildtype 

WTSS   Whole Transcriptome Shotgun Sequencing  

 

 

 

 

 

 

 

 

 

 

 



13 

 

 

Gene Nomenclature 

Throughout this thesis gene names are annotated according to the HUGO Gene 

Nomenclature Committee (http://www.genenames.org) based on the original precepts 

agreed in the Report of the International Committee on Genetic Symbols and 

Nomenclature (1957) (Khakh et al., 2001). An example for these is provided below for 

RGL1 and COX-2. 

 

Rgl1, Ptgs2 – mouse gene (mouse gene names have a capital followed by lower case 

and are in italics) 

 

RGL1, PTGS2 – human gene (human gene names are all capital and are in italics) 

 

RGL1, COX-2 – human or mouse protein (proteins are not italicised and abbreviated 

according to their own conventions) 

  

  

  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



14 

 

 

Table of Contents 

Declaration ................................................................................................................. 1 

Dedication................................................................................................................... 2 

Acknowledgements .................................................................................................... 3 

Abstract ...................................................................................................................... 4 

Publications ................................................................................................................ 5 

Papers ..................................................................................................................... 5 

Conference Abstracts .............................................................................................. 5 

Awards ....................................................................................................................... 8 

Abbreviations .............................................................................................................. 9 

Gene Nomenclature ................................................................................................. 13 

List of Figures ........................................................................................................... 20 

List of Tables ............................................................................................................ 24 

Chapter 1 Introduction .............................................................................................. 25 

1.1 Cardiovascular function and vascular hormones pathways ............................. 25 

1.1.1 Components of the cardiovascular system ............................................... 25 

1.1.2 Key hormone pathways in the vasculature ................................................ 30 

1.2 Cyclooxygenase biology .................................................................................. 37 

1.2.1 Cyclooxygenase enzymes – discovery, isoforms and activity ................... 37 

1.3.2 Distribution and expression of COX enzymes ........................................... 39 

1.2.3 Products of the COX pathway ................................................................... 41 

1.2.4 Non-steroidal anti-inflammatory drugs (NSAIDs) ...................................... 46 

1.3 ‘Omics’ and systems biology technology ......................................................... 54 

1.3.1 Definition of ‘-omics’ and systems biology ................................................. 54 

1.3.2 Timeline of systems biology and ‘-omics’ technological development ....... 55 

1.1.3 Overview of the major ‘-omics’ techniques ................................................ 58 

1.3.4 Application of ‘-omics’ to medicine ............................................................ 67 

1.4 Summary and mission of the thesis ................................................................. 70 

1.5 Hypothesis: ..................................................................................................... 70 

1.6 Aims: ............................................................................................................... 70 



15 

 

 

Chapter 2 Methods ................................................................................................... 71 

2.1 Animals and animal tissue ............................................................................... 71 

2.1.1 Use of animals .......................................................................................... 71 

2.1.2 COX-1 and COX-2 Knockout mice ............................................................ 71 

2.1.3 COX-2 Luciferase Reporter Mice .............................................................. 74 

2.1.4 Wildtype mice treated with pharmacological COX-2 inhibitors .................. 74 

2.1.5 Collection of mouse blood and tissue for all studies.................................. 74 

2.1.6 Bioassay of mouse tissue COX-1/COX-2 activity and inhibition ................ 75 

2.1.7 Biochemical assay of luciferase assay in samples from COX-2fLuc/+ mice . 76 

2.2 Healthy volunteers studies .............................................................................. 76 

2.2.1 Use of human healthy volunteers .............................................................. 76 

2.2.2 Study design ............................................................................................. 77 

2.2.3 Blood collection for transcriptomic analysis and COX activity measurement

 ........................................................................................................................... 77 

2.3 Molecular techniques ...................................................................................... 77 

2.3.1 RNA extraction from cells and mouse tissues/blood ................................. 77 

2.3.2 RNA quality control ................................................................................... 78 

2.3.3 cDNA synthesis ......................................................................................... 79 

2.3.4 qPCR analysis of single gene expression ................................................. 80 

2.3.5 Transcriptomic analysis – overview........................................................... 81 

2.3.6 Transcriptomic analysis – microarray technology ..................................... 81 

2.3.7 Transcriptomic analysis – RNA-seq technology ........................................ 82 

2.4 Online data resources ..................................................................................... 83 

2.4.1 Overview of online data resources & Expression Atlas ............................. 83 

2.4.2 Open TG-GATEs....................................................................................... 84 

2.4.3 Human Protein Atlas ................................................................................. 85 

2.5 Bioinformatics data analysis ............................................................................ 85 

2.5.1 General principles of transcriptomics data analysis .................................. 85 

2.5.2 Microarray only: data import and pre-processing ...................................... 88 

2.5.3 RNAseq only: data import, alignment and quantification ........................... 88 

2.5.4 Data Normalisation.................................................................................... 89 



16 

 

 

2.5.5 Unsupervised analysis: principal component analysis (PCA) .................... 89 

2.5.6 Statistical analysis of transcriptomic.......................................................... 89 

2.5.7 Standard plots for visualisation of transcriptomic data .............................. 90 

2.5.8 Pathway analysis: conventional gene annotation approach ...................... 90 

2.5.9 Pathway analysis: focused pathway approach .......................................... 91 

2.5.10 Pathway analysis: gene-set enrichment analysis .................................... 91 

2.6 Cell culture ...................................................................................................... 92 

2.6.1 Cell lines used in this thesis ...................................................................... 92 

2.6.2 Maintenance and sub-culture of cell lines ................................................. 92 

2.6.3 Cryopreservation and restoration of cell lines ........................................... 92 

2.6.4 Cell treatment protocol for J774 COX-2 bioassay experiments ................. 93 

2.6.5 Cell treatment protocol for endothelial cell inflammation experiments ...... 93 

2.6.6 Cell treatment protocol for NSAID toxicity experiments............................. 94 

2.7 Biochemical and immunoassay ....................................................................... 94 

2.7.1 Biochemical Greiss assay – nitrite measurement...................................... 94 

2.7.2 Competitive fluorescence immunoassay - Prostaglandin E2 measurement

 ........................................................................................................................... 95 

2.7.3 Competitive enzyme immunoassays - Thromboxane B2, Interferon alpha, 

and Interferon-gamma measurement ................................................................. 96 

2.7.4 Sandwich enzyme immunoassay - IP-10 measurement ........................... 97 

2.7.5 AlamarBlue® cell viability assay ............................................................... 98 

2.8 Statistics and data analysis for non-transcriptomic data .................................. 99 

Chapter 3 Results ................................................................................................... 101 

3.1 Rationale ....................................................................................................... 101 

3.2 Hypothesis .................................................................................................... 102 

3.3 Specific Aims ................................................................................................. 102 

3.4 Methods ........................................................................................................ 103 

3.5 Results .......................................................................................................... 105 

3.5.1 Distribution of COX-1 and COX-2 in the cardiovascular system ............. 105 

3.5.2 Validation of COX-1 and COX-2 gene knockout models ......................... 106 

3.5.3 Quality control and microarray analysis of mRNA from COX-1 and COX-2 

knockout mouse tissues ................................................................................... 107 



17 

 

 

3.5.4 Effect of COX-1 gene deletion on the transcriptome of cardiovascular tissues

 ......................................................................................................................... 112 

3.5.5 Effect of COX-2 gene deletion on the transcriptome of cardiovascular tissues

 ......................................................................................................................... 112 

3.5.6 Contribution of differentially expressed genes in COX-2 knockout tissues to 

cardiovascular regulatory pathways ................................................................. 120 

3.6 Summary ....................................................................................................... 123 

3.7 Conclusions ................................................................................................... 124 

3.8 Limitations ..................................................................................................... 124 

Chapter 4 Results ................................................................................................... 126 

4.1 Rationale ....................................................................................................... 126 

4.2 Hypothesis .................................................................................................... 127 

4.3 Specific Aims ................................................................................................. 127 

4.4 Methods ........................................................................................................ 127 

4.5 Results .......................................................................................................... 130 

4.5.1 Establishing a mouse model of selective in vivo COX-2 inhibition .......... 130 

4.5.2 Quality control, sequencing and genome alignment of mRNA from renal 

medulla of mice treated with parecoxib ............................................................ 132 

4.5.3 Effect of parecoxib on the transcriptome of the mouse renal medulla ..... 137 

4.5.4 Contribution of differentially expressed genes in renal medulla of parecoxib 

treated mice to cardiovascular regulatory pathways; comparison with COX-2 

knockout........................................................................................................... 140 

4.5.5 Validation of transcriptomic data using qPCR ......................................... 143 

4.6 Summary ....................................................................................................... 143 

4.7 Conclusions ................................................................................................... 144 

4.8 Limitations ..................................................................................................... 145 

Chapter 5 Results ................................................................................................... 146 

5.1 Rationale ....................................................................................................... 146 

5.2 Hypothesis .................................................................................................... 147 

5.3 Specific Aims ................................................................................................. 147 

5.4 Methods ........................................................................................................ 147 

5.5 Results .......................................................................................................... 150 



18 

 

 

5.5.1 Quality control and microarray analysis of mRNA from COX-2 knockout 

mouse blood .................................................................................................... 150 

5.5.2 Effect of COX-2 gene deletion on the transcriptome of whole mouse blood

 ......................................................................................................................... 151 

5.5.3 Quality control and microarray analysis of mRNA from blood of healthy 

human volunteers treated with a COX-2 inhibitor ............................................. 155 

5.5.4 Effect of COX-2 inhibitor treatment on the transcriptome of whole human 

blood ................................................................................................................ 157 

5.5.5 Comparison of the effect of COX-2 gene deletion in mice and celecoxib 

treatment in human volunteers on the transcriptome of whole blood ............... 161 

5.5.6 Effect of COX-2 inhibition on levels of viral-type cytokines in blood of healthy 

volunteers and released from isolated human endothelial cells ....................... 164 

5.6 Summary ....................................................................................................... 168 

5.7 Conclusions ................................................................................................... 169 

5.8 Limitations ..................................................................................................... 169 

Chapter 6 Results ................................................................................................... 171 

6.1 Rationale ....................................................................................................... 171 

6.2 Hypothesis .................................................................................................... 173 

6.3 Specific Aims: ................................................................................................ 173 

6.4 Methods ........................................................................................................ 173 

6.5 Results .......................................................................................................... 175 

6.5.1 Rgl1 down-regulation in COX-2 knockout tissues ................................... 175 

6.5.2 Time-course and dose-dependence of Rgl1 down-regulation in rats treated 

with a pharmacological COX-2 inhibitor: analysis of data from the Open TG-

GATEs database .............................................................................................. 178 

6.5.3 Identification of an in vitro cancer cell model sensitive to COX-2 inhibition

 ......................................................................................................................... 181 

6.5.4 RGL1 down-regulation by COX-2 inhibitors in human colon cells ........... 185 

6.6 Summary ....................................................................................................... 186 

6.7 Conclusions ................................................................................................... 187 

6.8 Limitation ....................................................................................................... 187 

Chapter 7 Discussion ............................................................................................. 188 



19 

 

 

7.1 The problem: cardiovascular side effects of NSAIDs .................................... 188 

7.2 The approach: transcriptomic analysis of cardiovascular systems ................ 189 

7.3 The findings: new mechanisms and pathways .............................................. 190 

7.3.1 Role of COX-1 vs. COX-2 in control of cardiovascular transcriptome ..... 190 

7.3.2 Role of renal vs. other sites in COX-2 ..................................................... 191 

7.3.3 Specific gene expression pathways regulated by COX-2........................ 192 

7.3.4 Interferons: anti-viral, anti-cancer cytokines which regulate cardiovascular 

disease............................................................................................................. 197 

7.3.5 Rgl1: a little studied regulator of Ras-Ral signalling cascade .................. 198 

7.4 Summary, final conclusions and future directions ......................................... 199 

References ............................................................................................................. 201 

Appendix................................................................................................................. 216 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



20 

 

 

List of Figures  

Chapter 1 
Figure 1.1: Diagram of the components of the cardiovascular system. 

Figure 1.2: Diagram of the structure of the kidney. 

Figure 1.3: Diagram of the endothelial NOS and COX pathway. 

Figure 1.4: Diagram of the endothelin system. 

Figure 1.5:  Molecular structure for COX-1 and COX-2. 

Figure 1.6: Diagram of prostanoid synthesis from COX to all the different prostanoids 

and their receptors. 

Figure 1.7: Timeline for COX-2 inhibitors and cardiovascular events. 

Figure 1.8: Localization of COX isoforms in kidney. 

Figure 1.9: Timeline of ‘-omics’ technological development. 

Figure 1.10: Schematic representation of the four omics technologies. 

 

Chapter 2 
Figure 2.1: Schematic diagram of microarray technology and how it was applied to 

study the transcriptome of COX knockout mouse tissue in this thesis. 

Figure 2.2: Overview of Open TG-GATEs online resource, how data from it can be 

accessed and analysed. 

Figure 2.3: Overview of analysis workflow for microarray and RNA-seq transcriptional 

analysis. 

Figure 2.4: Standard curve for Griess assay. 

Figure 2.5: Standard curve for PGE2 assay. 

Figure 2.6: Standard curve for TXB2 assay. 

Figure 2.7: Standard curve for human IP-10 ELISA. 

 

Chapter 3 
Figure 3.1: COX-1 and COX-2 isoform expression in cardiovascular tissues. 

Figure 3.2: COX-1 and COX-2 activity in tissue from COX-1/COX-2 knockout mice. 

Figure 3.3: RNA integrity analysis from COX-1 knockout mouse tissues. 

Figure 3.4: RNA integrity analysis from COX-2 knockout mouse tissues. 



21 

 

 

Figure 3.5: Signal intensity boxplots for gene expression profiles in tissues from COX-

1 knockout mice. 

Figure 3.6: Signal intensity boxplots for gene expression profiles in tissues from COX-

2 knockout mice. 

Figure 3.7: Principle component analysis (PCA) of the effect of COX-1 knockout on 

the transcriptome of cardiovascular tissues. 

Figure 3.8: Statistical analysis of the effect of COX-1 knockout on the transcriptome of 

cardiovascular tissues. 

Figure 3.9: Principle component analysis (PCA) of the effect of COX-2 knockout on 

the transcriptome of cardiovascular tissues. 

Figure 3.10: Statistical analysis of the effect of COX-2 knockout on the transcriptome 

of cardiovascular tissues. 

Figure 3.11: Heatmaps showing most altered genes in cardiovascular tissues from 

COX-2 knockout mice. 

Figure 3.12: Overlap in differentially expressed genes between tissues from COX-2 

knockout mice. 

Figure 3.13: Cardiovascular gene pathways altered by COX-2 knockout in the renal 

medulla. 

Figure 3.14: Cardiovascular gene pathways altered by COX-2 knockout in the renal 

cortex. 

 

Chapter 4 
Figure 4.1: Optimising an ex vivo assay for measuring COX-2 inhibitory activity of 

mouse plasma. 

Figure 4.2: Effect of parecoxib dosing in vivo on COX activity ex vivo. 

Figure 4.3: RNA integrity analysis of samples from parecoxib treated mice. 

Figure 4.5: Sequencing quality control – base quality and composition by position. 

Figure 4.6: Alignment quality control. 

Figure 4.7: Signal intensity boxplots for gene expression profiles in renal medulla from 

parecoxib treated mice. 

Figure 4.8: Principle component analysis of the effect of selective COX-2 inhibition on 

the transcriptome of the renal medulla. 

Figure 4.9: Statistical analysis of the effect of selective COX-2 inhibition on the 

transcriptome of the renal medulla 



22 

 

 

Figure 4.10: Heatmaps showing genes most altered by selective COX-2 inhibition in 

the renal medulla at 1.5. 

Figure 4.11: Cardiovascular pathways altered by parecoxib in renal medulla. 

Figure 4.12: Overlap in cardiovascular gene pathways altered in the renal medulla 

between parecoxib treatment and COX-2 gene deletion. 

Figure 4.13: Effect of COX-2 inhibition on cardiovascular genes of interest using 

qPCR. 

 

Chapter 5  
Figure 5.1: RNA integrity analysis of samples from COX-2 knockout blood. 

Figure 5.2: Signal intensity boxplots for gene expression profiles in blood from COX-2 

knockout mice. 

Figure 5.3: Principle component analysis (PCA) of the effect of COX-2 knockout on 

the transcriptome of whole mouse blood. 

Figure 5.4: Statistical analysis of the effect of COX-2 knockout on the transcriptome of 

whole mouse blood.   

Figure 5.5: Heatmaps showing genes most altered by COX-2 knockout in whole 

mouse blood. 

Figure 5.6: RNA integrity analysis of samples from whole blood of healthy human 

volunteers treated with celecoxib. 

Figure 5.7: Signal intensity boxplots for gene expression profiles from whole blood of 

healthy volunteers treated with celecoxib. 

Figure 5.8: Principle component analysis of the effect of celecoxib treatment on the 

transcriptome of whole human blood. 

Figure 5.10: Heatmaps showing genes most altered by celecoxib in human blood. 

Figure 5.11: Venn diagram showing overlap of genes regulated by COX-2 in blood 

between mouse and human. 

Figure 5.12: Gene set enrichment analysis – overlap between mouse and human. 

Figure 5.13: Viral-type cytokine levels in blood of healthy volunteers treated with 

celecoxib. 

Figure 5.14: Effect of COX inhibition of cytokine release from cultured endothelial cells 

over 24 hours 

 

 



23 

 

 

Chapter 6 
Figure 6.1: Effect of COX-2 gene deletion on Rgl1 vs RalGDS expression in a range 

of mouse tissues 

Figure 6.2: Effect of COX-2 gene deletion on expression of other genes at the same 

chromosomal location 

Figure 6.3: Signal intensity plots for Open TG-GATEs meloxicam datasets. 

Figure 6.4: Effect of COX-2 inhibition by meloxicam on Rgl1 expression in the rat liver 

in vivo. 

Figure 6.5: Analysis of constitutive RGL1, RalGEF and COX isoform expression in 

human cancer cells lines using data from the Human Protein Atlas. 

Figure 6.6: Effect of COX-2 inhibition by diclofenac on cell viability in Caco2, WM115 

and A549 cancer cell lines 

Figure 6.7: Effect of a range of COX-2 inhibitor drugs on viability of Caco-2 human 

colon cancer cells. 

Figure 6.8: Effect of COX-2 inhibition on RGL1 expression in Caco-2 human colon 

cancer cells. 

 

Chapter 7 
Figure 7.1: Summary of how resources, analyses and findings across chapters and 

how these relate to each other. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



24 

 

 

List of Tables 

Chapter 1 
Table 1.1 Effects of NSAIDs by isoform responsible. 

Table 1.2 Types of NSAIDs according to their classes. 

Table 1.3 Number of Pubmed hits for different ‘omics’ approaches. 

Table 1.4 Overview of advantages and disadvantages of microarrays and RNA-seq. 

 

Chapter 2  
Table 2.1 Relevant Phenotypic Characteristics of COX Deficient Mice. 

Table 2.2: List of TaqMan primers used in my thesis. 

 

Chapter 5 
Table 5.1: gProfiler pathways analysis of blood from COX-2 knockout mice. 

Table 5.2: g: Profiler pathways analysis of genes altered in whole blood of human 

volunteers by celecoxib. 

Table 5.3: Gene set enrichment analysis (GSEA) gene sets regulated by COX-2 

knockout in mice. 

 

Appendix 
Appendix Table 1 List of genes with altered expression in the renal medulla of COX-2 

knockout mice 

Appendix Table 2 List of genes with altered expression in the renal cortex of COX-2 

knockout mice 

Appendix Table 3 List of genes with altered expression in the renal medulla of wildtype 

mice treated with the COX-2 inhibitor, parecoxib 

Appendix Table 4 List of genes with altered expression in the blood of COX-2 knockout 

mice 

Appendix Table 5 List of genes with altered expression in the blood of healthy human 

volunteers taking the COX-2 inhibitor, celecoxib 

 

 

 



25 

 

 

Chapter 1 Introduction  

The work described in this thesis focuses on understanding cardiovascular side effects 

of drugs which inhibit the enzyme cyclooxygenase (COX)-2. In this thesis a ‘systems 

biology’ approach has been applied to this question using transcriptomic technology 

to identify new leads, particularly involving vascular and renal hormone pathways. As 

such, the introductory chapter to this thesis will be divided into three main parts, (i) an 

introduction to the cardiovascular system and to the clinical question that my thesis 

addresses including (ii) a historical and current description of COX biology and (iii) an 

overview of ‘omics’ technology and how it can be applied to biological questions such 

as this to generate new hypothesis and new insights. 

 

1.1 Cardiovascular function and vascular hormones pathways 
1.1.1 Components of the cardiovascular system 

The cardiovascular system consists of the heart, blood vessels (arteries, arterioles, 

veins, venules, capillaries) and blood (red blood cells, white blood cells, platelets and 

plasma) (Figure 1.1). Together with the kidney the cardiovascular system regulates 

cardiovascular homeostasis. The cardiovascular system is responsible for exchanging 

materials and heat vital to the functioning of all other systems. Also, it is responsible 

for transporting oxygen, carbon dioxide, nutrients, inorganic ions (electrolytes), 

hormones and waste throughout the body.  

 
Figure 1.1 Diagram of the components of the cardiovascular system. Modified 

from https://www.vexels.com 
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1.1.1.1 The heart 

The heart is a hollow muscular organ located at the left of the midline of the thoracic 

cavity. It beats approximately 100,000 times per day to pump blood throughout the 

body. The heart consists of three layers; (i) the endocardium (inner layer); the thin 

smooth membrane lining the inside of the chambers of the heart and forming the 

surface of the valves, (ii) the epicardium (middle layer); a serous membrane forming 

the innermost layer of the pericardium, attached to the muscles of the wall of the heart 

and (iii) myocardium (outer layer); the muscular tissue of the heart. The heart is 

protected by the pericardium, the membrane enclosing the heart which, consisting of 

an outer fibrous layer and an inner double layer of serous membrane. 

 

The heart is divided into two sides, the right side which is composed of the right atrium 

and right ventricle, which receives blood from the body and sends it to the lungs to be 

oxygenated through the pulmonary artery (pulmonary circuit). The left side, which is 

composed of the left atrium and left ventricle, receives oxygenated blood from the 

lungs and sends it out to the tissues of the body through the aorta (systemic circuit). 

 

The heart has four valves through which blood passes between ventricle and atrium 

(tricuspid, mitral, pulmonary and aortic valve), these close in such a way that blood 

does not backwash during the pauses between ventricular contractions (Figure 1.1).  

 

1.1.1.2 The blood and blood cells 

The blood forms 7-8% of the human body weight; it transports oxygen and nutrients 

throughout the body and removes carbon dioxide, ammonia, and other waste products 

from the body. Additionally, it plays a crucial role in the immune system and in 

maintaining body temperatures. The blood consists mainly of red cells, white cells, 

platelets, and plasma (Figure 1.1). In biomedical research, blood is an important way 

of measuring changes that happen in the body due to disease and treatments because 

it can contain markers and hormones that have changed, and is easy to access in a 

fairly non-invasive way. This includes transcriptomic studies, where blood can be 

sampled a stabilised to look at the transcriptome. 

 

Red blood cells (RBCs) or erythrocytes are relatively large microscopic cells without a 

nucleus. RBCs normally make up 40-50% of the total blood volume. The cytoplasm of 
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RBCs is rich in haemoglobin, an iron-containing biomolecule that can bind oxygen and 

is responsible for the red colour of the cells.  The RBCs are formed in the bone marrow 

from stem cells and circulate for about 100–120 days in the body before their 

components are recycled by macrophages.  

 

White blood cells (WBCs) or leukocytes have a nucleus, which distinguishes them 

from the other blood cells. WBCs come in variable numbers and types but make up 

approximately 1% of the total blood volume in healthy people. WBCs help the body 

fight bacteria, other infections and kill tumour cells. They are produced and derived 

from multipotent cells in the bone marrow. Some white cells only last for 18-36 hours 

before they are removed but other types live for as long as a year. Leukocytes can be 

classed as granular or non-granular. There are three main types of granular leukocytes 

(eosinophils, neutrophils, and basophils), and three main types of non-granular 

(monocytes, T-lymphocytes, and B-lymphocytes). Because leucocytes are the only 

major cell type in blood with a nucleus, when the transcriptome of blood is studied, it 

is mainly leukocytes that are being measured. 

 

Platelets or thrombocytes are cell fragments without a nucleus. The ratio of platelets 

to red blood cells in a healthy adult is 1:10 to 1:20. Platelets contain some organelles 

including mitochondria, dense granules and nuclear fragments. They also contain 

dissolved proteins (i.e. serum albumin, globulins, and fibrinogen), glucose, clotting 

factors, electrolytes, hormones, carbon dioxide and oxygen. They are derived from the 

megakaryocytes of the bone marrow then enter the circulation and last around a week. 

The main function of platelets is to contribute to blood clotting and haemostasis; the 

process of stopping bleeding at the site of damaged blood vessels. Of relevance to 

the COX pathway platelets are the main site for thromboxane release as described in 

later sections of the Introduction. 

 

1.1.1.3 The vasculature 

Arteries transport oxygenated blood from the heart. They are thick hollow tubes which 

are formed of smooth muscle cells lined with endothelial cells. They are highly elastic 

which permits them to dilate and constrict as blood is forced down them by the heart. 

Arteries branch and re-branch, becoming smaller until they become small arterioles 

which are even more elastic. Arterioles feed oxygenated blood to the capillaries. The 
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aorta is the largest artery in the body, taking blood from the heart and branching into 

other arteries that send oxygenated blood throughout the body (Aird, 2011). The 

pulmonary artery is a special case because it carries deoxygenated blood from the 

right side of the heart towards the lungs where oxygen is received. 

 

Capillaries distribute the nutrients and oxygen to the body's tissues and remove 

deoxygenated blood and waste. They are extremely thin to allow things to diffuse 

between the blood and the tissues; the walls are only one cell thick and connect the 

arterioles with the venules.  

 

Veins carry blood back to the heart. The vein walls are similar to arteries but thinner, 

less elastic and with less smooth muscle usually. Capillaries link to small venules 

which join and re-join and merge into the largest vein, the vena cava to enter the heart. 

The pulmonary vein is, again, a special case because it carries oxygenated blood from 

the lungs to the heart (Figure 1.1). 

 

1.1.1.4 The kidney 

The kidneys are paired bean-shaped organs and are located below and posterior to 

the liver in the peritoneal cavity. On top of the both kidneys sits the adrenal glands. 

The main function of the kidneys is to regulate the osmotic pressure of blood via 

extensive filtration (osmoregulation) and excretion of toxic or unneeded substances 

from the blood. 

 

Externally, the kidneys are made up of three layers: (i) The renal fascia (outermost 

layer), is a tough connective tissue layer, (ii) the perirenal fat capsule (second layer), 

helps anchor the kidneys in place and (iii) the renal capsule (innermost layer). 

Internally, the kidneys are made up of three regions: (i) the outer cortex which includes 

the renal columns that extend from the cortex to the medullar providing structural 

stability, (ii) the medulla in the middle, and (iii) the renal pelvis containing papilla in the 

region called the hilum of the kidney. The hilum is the concave part of the bean-shape 

where blood vessels and nerves enter and exit the kidney; it is also the point of exit 

for the ureters (Verkman et al., 1995) . Each kidney in humans consists of about a 

million filtering units called nephrons, which are made up of a filter, called the 

glomerulus, and a tubule. Each nephron filters a small amount of blood, most of which 
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is reabsorbed, leaving excess water, salt, metabolites and other waste in the tubular 

fluid. At the end of the nephron, they merge, eventually forming the ureter which 

transfers the tubular fluid to the bladder as urine. 

 

The main function of the kidney is to maintain water, ion, pH and solute balance and 

to remove nitrogen via excretion in the form or urine. The kidneys also produce and/or 

metabolise mediators/enzymes, which together with their role in maintaining blood 

volume makes the kidney a critical organ for the control of blood pressure (Figure 
1.2). In fact, one school of thought proposed by Arthur Guyton in the 1970s is that 

almost all disorders of blood pressure regulation are due to changes in the kidney 

rather than the heart or blood vessels. 

 

 
Figure 1.2: Structure of the kidney. Each kidney is made of a renal medulla , a renal 

cortex, a renal artery, vein, ureter, renal pelvis, renal papilla and in humans contains 

over one million microscopic filtering units called nephron. Figure was modified from 

http://www.bbc.co.uk 

 

There are lots of mediators and processes that this happens by but the most important 

may by the renin-angiotensin-aldosterone system – reviewed by (Ivy and Bailey, 

2014). When blood pressure is low, special cells called juxtaglomerular cells sense 
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this and produce an enzyme called renin. Renin triggers the production of angiotensin 

II which causes blood vessels to contract. Angiotensin II also causes release of 

another hormone called aldosterone which works on the kidney tubules to increase 

the amount of sodium and water re-absorbed into the blood. This increases the blood 

volume so also increases blood pressure. In addition, there are lots of other 

vasoconstrictor hormones which are produced by the kidney and act on the kidney or 

blood vessels to control blood pressure including vasopressin, endothelin-1, 

prostaglandins and nitric oxide. These pathways are so important that they are the 

target of many of the medicines we have to treat blood pressure e.g. angiotensin 

synthesis inhibitors or angiotensin receptor antagonists. 

 

1.1.2 Key hormone pathways in the vasculature 

Each tissue of the cardiovascular system is controlled by, and talks to the other parts, 

by production of a huge number of hormones and chemicals including adrenaline-like 

substances, angiotensin, nitric oxide, prostanoids, endothelin, natriuretic peptides, 

gluco- and mineralo- corticosteroids (Ritter et al., 2015). One set of these which has 

become very important in our understanding of cardiovascular disease and is 

particularly relevant to this thesis, are hormones and mediators produced by or acting 

on the blood vessel wall. As well as its role as a physical and metabolic barrier, the 

endothelium plays a vital role in the regulation of vascular function by producing 

biologically active substances that contribute in the regulation of vascular tone, cell 

growth, inflammation, and thrombosis/haemostasis (Inagami et al., 1995). Impaired 

function of the vascular endothelium can indicate and contribute to cardiovascular 

diseases such  atherosclerosis and hypertension leading to (for example) heart 

attacks and strokes (Lerman and Zeiher, 2005). Hence, understanding the 

mechanisms behind the development of endothelial dysfunction and pharmacological 

strategies targeting endothelial dysfunction is of great significance. 

 

Endothelial dysfunction usually is caused by and/or leads to an imbalance the levels 

of vasodilator mediators such as nitric oxide (NO), prostacyclin – also called 

prostaglandin (PG)I2, vasoconstrictor mediators such as thromboxane (TX)A2 and 

endothelin (ET) – a recent review of these concepts is provided by (Vanhoutte et al., 

2017). In my thesis work I found connections between the COX pathway and 
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NO/methylarginines, prostanoids, ET system. Because of these connections these 

pathways are introduced in more detail below. 

 

1.1.2.1 Nitric oxide 

NO is highly reactive free radical oxidant present in the physical state as a colourless 

gas (Mitchell et al., 2008). NO has very a short half-life of 5-10 seconds in aqueous 

solutions at neutral pH. It has a lipophilic non-polar structure. Initially thought only to 

be produced in the atmosphere by oxidation of nitrogen through events like 

combustion via lightening in storms, NO is now known to be a very important 

endogenous mediator produced in all species from plants through to humans (Figure 
1.3).  

 

 
Figure 1.3: Diagram of the endothelial NOS and COX pathway 
 

Most of what we know now about NO produced in the body started with studies looking 

at how the endothelium affects vessel relaxation.  In the 1980s its was found that the 
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endothelium releases a hormone that caused vasodilatation and this mediator was 

initially named by the discoverers, Robert Furchgott and John Zawadzki endothelium 

derived relaxing factor (EDRF) (Furchgott and Zawadzki, 1980). In their landmark 

paper Furchgott and Zawadzki (Furchgott and Zawadzki, 1980) showed that when 

endothelium was left on a piece of rabbit aorta acetylcholine caused the blood vessel 

in an organ bath to relax (Furchgott and Zawadzki, 1980). However, they could not 

find the same effect when the endothelium was absent from artery which was later on 

in 1987 identified by two groups working independently, one led by Salvador Moncada 

(Palmer et al., 1987) and one by Louis Ignarro (Ignarro et al., 1987), as NO. After this 

research a whole new field of ‘NO biology’ was initiated and in 1998 Furchgott and 

Ignarro were two of three scientists to get the Nobel Prize for ‘NO in the cardiovascular 

system’. The third scientist in the Nobel prize team was Murad who got his share of 

the prize for his work showing that NO-releasing vasodilators (Murad et al., 1985) and 

EDRF (Rapoport and Murad, 1983) cause relaxation of blood vessels by activation of 

guanylate cyclase and increasing cGMP (Kots et al., 2009). Subsequently, more 

experiments were carried out to develop our understanding about the biological 

opportunities of NO (Koshland, 1992). Shortly after EDRF was discovered Moncada 

and colleagues showed that NO produced from the endothelial cells was converted 

from the amino acid L-arginine (Palmer et al., 1987, Palmer et al., 1988). The enzyme 

that makes NO in the endothelium is called endothelial nitric oxide synthase (eNOS); 

it is a membrane bound enzyme that requires calcium (Pollock et al., 1991) and 

molecular oxygen to convert the substrate L-arginine to NO.  

 

Major functions of NO released by the endothelium are blood vessel relaxation, 

platelet function inhibition and protection against atherosclerosis. In addition to eNOS 

(NOSIII) there are two other isoforms of NOS, they are neuronal nitric oxide synthase 

nNOS (or NOSI) (Bredt and Snyder, 1990), which is in some peripheral  nerves and 

in the central nervous system in the brain. Like eNOS, nNOS requires calcium but 

unlike eNOS nNOS is a soluble protein present in the cytoplasm of cells (Bredt and 

Snyder, 1990). In the peripheral system nNOS releases NO to relax smooth muscle 

and is important, for example in the stomach when it expands with food (Desai et al., 

1991) or in airways for bronchodilation (Belvisi et al., 1995). The role of nNOS in the 

brain remains to be fully understood. Another isoform that is calcium independent is 

the inducible nitric oxide synthase iNOS (or NOSII) (Stuehr et al., 1991), which is 
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induced in cells by bacterial or inflammatory stimuli. For killing of bacteria and tumour 

cells, iNOS plays a major role whereas for the maintenance of a healthy cardiovascular 

system eNOS is essential.  

 

The reaction for all NOS enzyme is stated as - firstly L-arginine is converted to L-

hydroxyl arginine and later on to NO with L-citruline as a bi-product. As mentioned 

above, NO activates the soluble guanylate cyclase that is sometimes called the 

‘receptor’ for NO. NO activates soluble guanylate cyclase when it binds to heme group. 

This leads to a raise in concentration of intracellular cyclic guanylate monophosphate 

(cGMP) after its conversion from GTP. cGMP then activates Protein Kinase G (PKG). 

PKG phosphorylates various target proteins to reduce intracellular Ca2+ concentration 

and reduce the sensitivity of contractile proteins to Ca2+, and so makes smooth muscle 

relax and stops platelets aggregating (Bian et al., 2008). This all leads to decreases 

vascular tone in blood vessels and inhibition of aggregation or adhesion in platelets 

(Bian et al., 2008) (Figure 1.3).  

 

Disruption in NO release of action is considered to be a risk factor in cardiovascular 

disease because it amounts to a loss in this important cardioprotective mechanism 

and in some cases may elevate disease progression (Vanhoutte et al., 2017).  

 

Methylarginines and their interactions within the L-arginine/NO pathway 
As stated in the above section L-arginine is the substrate for the formation of NO by 

NOS. There is a pathway in the body that results in the formation of natural inhibitors 

of NOS called the methylarginines: asymmetric dimethylarginine (ADMA) and 

monomethylarginine (L-NMMA) (Vallance et al., 1992, Vallance and Leiper, 2004). 

These are important to mention in terms of NOS biology but also because during this 

thesis experiments with transcriptomics made a link with COX-2 knockout and the 

pathways that govern levels of ADMA and L-NMMA in the body. As well as ADMA and 

L-NMMA the other methylarginine present is symmetric methylated arginine (SDMA) 

but SDMA is not really biologically active. ADMA and L-NMMA have methyl groups 

added to the guanidine nitrogen in arginine which means that this form of arginine 

cannot act as a substrate for the NOS enzymes. This means for the cardiovascular 

system that eNOS activity is lowered and this leads to vascular dysfunction. We know 

that methylarginines are likely to be important in human cardiovascular and renal 
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disease because they are increased in a whole range of cardiovascular and renal 

disease (Leiper and Nandi, 2011). With this fact being known they are considered to 

be biomarkers of cardiovascular disease and are linked to increased chance of death 

in large populations (Boger et al., 2009).  

 

Methylarginines are made when arginine present in the protein structures of cells is 

methylated by enzymes called protein arginine methyltransferases (PRMTs). There 

are three types of PRMT enzymes; type I, II and III and within the three classes are 

10 different PRMT isoforms and these are described in a recent review by Wei (Wei 

et al., 2014) but in this thesis the transcriptomic studies revealed the specific PRMT, 

PRMT1 as being altered when COX-2 was knocked out. Interestingly it is the PRMT1 

form that is thought to be the most important for controlling the increases in levels of 

ADMA and L-NMMA and is responsible for 85% of arginine methylation in this pathway 

(Leiper and Nandi, 2011). PRMT1 knockout in mice is lethal but using cell experiments 

it was shown that half the levels of ADMA were gone in PRMT1 knockout cells (Dhar 

et al., 2013). In humans the enzyme is mainly in the cytosol with a molecular weight 

of 41,000 KDa and is regulated by the PRMT1 gene. Removal of methylarginines is 

done in the kidney by excretion and by enzyme breakdown by two enzymes. The first 

is dimethylarginine dimethylaminohydrolase (DDAH) which is in two forms; DDAH1 

and DDAH2. DDAH1 is the form that is present in the kidney. DDAH1 is mainly a 

cytosol enzyme with a molecular weight of 55,000 KDa and in humans regulated by 

the DDAH1 gene. The other enzyme removal pathway for methylarginines is called 

Alanine glyoxylate aminotransferase 2 (AGXT2) which is expressed in the kidney. 

AGXT2 is mainly in the cytosol with a molecular weight of 57,000 kDa and in human 

regulated by the AGXT2 gene and this was found to be altered in multiple 

transcriptomic analysis conducted in this thesis. For both DDAH1 (Hu et al., 2011) and 

AGXT2 (Caplin et al., 2012) knocking these genes out in mice increases 

methylarginines and produces a cardiovascular phenotype showing that where these 

genes are reduced methylarginines can accumulate because they are not removed 

and that this can increase cardiovascular disease. 

  

1.1.2.2 Prostacyclin & TXA2 

PGI2 is released by the endothelium and TXA2 released by platelets. The first paper 

published about PGI2 was in 1976 by the Nobel Prize winner Sir John Vane (Moncada 
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et al., 1976). TXA2 was first discovery by the Nobel Prize professor Bengt Samuelsson 

in 1975 (Shampo and Kyle, 1997). They are both members of a larger group of 

mediators called prostanoids which are produced from the same substrate, 

arachidonic acid (AA, 5, 8, 11, 14-eicosatetraenoic acid) by COX. The latest biology 

of vascular (Mitchell and Kirkby, 2018) and platelet (Crescente et al., 2018) 

eicosanoids has been reviewed in a recent special issue of the British Journal of 

Pharmacology and will be discussed in greater detail in section 1.2. PGI2 acts on 

receptors to activate adenylate cyclase to increase cAMP leading to phosphorylation 

of PKA and reduce calcium signalling while TXA2 acts on receptors linked to inositol 

phosphate pathways and increases intracellular Ca2+. PGI2 is a vasodilator and a very 

strong and potent inhibitor of platelet aggregation. TXA2 is a powerful contractile agent 

and stimulates platelets to be activated so the balance between the activities of these 

substances is very important in the homeostatic interaction of the platelets and the 

vessel wall. Because of that, the balance between TXA2 and PGI2 is also important in 

the control of the cardiovascular circulation (Moncada and Vane, 1980). The synthetic 

pathways, transduction mechanisms and different ways of interfering with prostanoid 

balance have great impact in the development of thrombosis and atherosclerosis and 

more details are given in the later sections of the introduction. There are many 

common points between NOS and COX (Mitchell et al., 2008). For example at the 

expression level, eNOS and COX-1 are present together in the endothelium while 

iNOS and COX-2 are both induced in by inflammatory stimuli. Also, both NO and the 

COX product PGI2 relaxes blood vessels and inhibits platelet activation. The 

relationship between eNOS and COX pathways in vessels are shown in the diagram 

of (Figure 1.3). 

 

1.1.2.3 Endothelin 

ETs are a family of peptides, which comprises ET-1, ET-2 and ET-3, each containing 

21 amino-acids (Inoue et al., 1989). ET-1 is the most prominent isoform in the 

cardiovascular system (Figure 1.4), accounting for the majority of pathobiological 

effects exerted by ETs (Kedzierski and Yanagisawa, 2001). In a healthy 

cardiovascular system, ET-1 is produced mainly by endothelial cells from a precursor 

called big-ET-1 by an enzyme called endothelin converting enzyme (ECE), primarily 

working as an autocrine/paracrine mediator in physiological conditions. On the other 

hand ET-1 is produced in large quantities under pathophysiological conditions by 
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various cell types, including endothelial cells, vascular smooth muscle cells, cardiac 

myocytes (Ito et al., 1993), and inflammatory cells such as macrophages and 

leukocytes (Sessa et al., 1991) . 

 
Figure 1.4: Diagram of the endothelin system. The endothelin-1 signalling 

system. ECE endothelin-converting enzyme, ET-1 endothelin-1, ETA endothelin-A 

receptor, ETB endothelin-B receptor, Ca2+ Calcium 

Because of these many potentially harmful actions the ET-1 pathway is a target for 

drugs with blockers such as bosentan used in pulmonary arterial hypertension 

(Chester and Yacoub, 2014). 

 

The effects of ET-1 are transduced by two pharmacologically distinguishable receptor 

subtypes, ETA and ETB receptors (Rubanyi and Polokoff, 1994). ETA receptor is 

mainly located on vascular smooth muscle cells and mediates vasoconstriction. ET-1 

may also promote indirect vasoconstrictor properties through endothelium-derived 

TXA2 (Taddei and Vanhoutte, 1993).  ETB receptors are mainly located on EC, but 

may also be found on VSMCs. Stimulation of the endothelial ETB receptor leads to the 

release of NO and PGI2 (de Nucci et al., 1988), which cause vasodilatation, while 

stimulation of the vascular smooth muscle cell ETB receptor results in 

vasoconstriction. The other main function of ETB is a pathway to remove ET-1 from 
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the blood because once ET-1 binds to ETB receptors (especially on EC), they are 

internalised and the ET-1 degraded by peptidases. Accordingly, the net effect 

produced by ET-1 is determined on the receptor localisation and the balance between 

ETA and ETB receptors. Under physiological conditions, the net effect is 

vasoconstriction mediated by the ETA receptor is partly counteracted by ETB receptor-

mediated release of NO and ET-1 clearance (Figure 1.4). ET-1, acting on ETA and 

ETB receptors also have powerful effects on the kidney, where it controls blood vessel 

tone, but also salt/water homeostasis. Overall, ET-1 increases mean arterial blood 

pressure; reduces heart rate, cardiac output and stroke volume and causes potent and 

long lasting vasoconstriction in the pulmonary (Weitzberg et al., 1993), renal, 

splanchnic, myocardial, and skeletal muscle (Pernow et al., 1991)  vasculature.  

 

1.1.2.4 Vascular hormones and disease 

From the above we can appreciate that the cardiovascular system and vascular 

hormone pathways are complex and this means that when the system ages or fails 

cardiovascular disease can occur. The burden of cardiovascular disease is great with 

it being the cause of 25% of all deaths in the UK and being a major cause of death in 

other countries of the world. The latest facts from the British Heart Foundation (BHF) 

show that in 2014 of the 601,634 people that died 157,715 died by cardiovascular 

disease with cancer being the other major cause responsible for cause of 168,322 in 

the UK that year (taken from BHF Cardiovascular Disease Statistics 2017). 

Cardiovascular disease is a group of diseases that affects the heart and/or vasculature 

and, as discussed above, are affected or caused by dysfunction in the kidney or 

platelet/thrombotic pathways. Cardiovascular death is often caused by a stroke, a 

heart attack or heart failure. However, this thesis work sets out to increase our 

knowledge of a particular cause of cardiovascular disease, which is the use of NSAIDs 

that work by blocking COX-2. Therefore below is an introduction to COX biology 

followed by NSAIDs, the side effects they cause and finally what we know about the 

cardiovascular side effects of these drugs.   

 

1.2 Cyclooxygenase biology 
1.2.1 Cyclooxygenase enzymes – discovery, isoforms and activity 

The first discovery of prostaglandins was in seminal fluid (von Euler, 1935). Later on 

in the 1960-1980s prostaglandins were identified and isolated as a group of hormonal 
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compounds that were widely distributed (Samuelsson, 1963, Flower, 2006, 

Bergstroem et al., 1964). These included TXA2, a platelet aggregating substance 

along with PGI2 an opposing prostaglandin to TXA2 discovered in blood vessels by 

John Vane’s group (Moncada et al., 1976, Inoue et al., 1989). Leading to the theory 

behind the homeostatic balance between TXA2 and PGI2 exists to maintain blood 

vessel integrity and a healthy cardiovascular system. 

 

One of the remarkable findings in prostaglandin biology was found when aspirin 

caused a reduction in hypotension in hyperventilated anaesthetized dogs; in addition, 

aspirin caused a loss of prostaglandin release (Flower, 2006). This finding led many 

researchers such as John Vane to hypothesize that aspirin works through prevention 

of prostaglandin production, and successfully established this in a ground breaking 

publication in 1971 (Vane, 1971). Also, researchers Smith and Willis studied the effect 

of aspirin on platelet prostaglandin formation (Smith and Willis, 1971), and, together 

with Vane’s research, the mechanism of action of aspirin was established. These 

findings were so important that John Vane and two others were acknowledged in 1980 

when the Nobel Prize was given to Vane, Samuelsson and Bergström. 

 

In 1988, the enzyme that aspirin inhibits, COX, also known as PGH synthase was 

isolated and cloned (DeWitt and Smith, 1988, Merlie et al., 1988, Yokoyama et al., 

1988). COX is a fundamentally important enzyme responsible for the conversion of 

AA from the phospholipid membrane to prostanoids, which in addition to effects in the 

cardiovascular system regulate a broad range of biological activities such as; 

homeostatic processes, the immune system and inflammatory processes. AA is 

released from plasma membranes phospholipase A2 (PLA2), mainly the cytosolic and 

calcium dependent form (cPLA2) (Murakami et al., 1999). After that AA it is converted 

to the cyclic endoperoxidase, PGG2, by COX activity, then reduced, via the peroxidase 

activity of COX, to PGH2. Next, by specific synthase and isomerase enzymes, PGH2 

is converted to several prostanoids. For example endothelial cells express PGI2 

synthase (Flower, 2006, Glenn, 2011), which leads to the production of PGI2. On the 

other hand platelets express TXA2 synthase, which lead to the production of TXA2. 

After the synthesis of prostanoids they are released by cells and exert their effects by 

binding specific prostanoid receptors. The presence of these receptors differs from 

cell type to cell type, and, ultimately, dictates the biological effect of prostanoids.  
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Until 1989 everyone thought there was just one isoform of COX but then three papers 

were published by different groups all of which found evidence of two different forms 

of COX (Mitchell et al., 1995). Evidence for more than one COX was confirmed by the 

study of induction caused by mitogens and pro-inflammatory agents. In 1989 

Holtzman’s group (Rosen et al., 1989) showed a separate gene to the one previously 

known was induced in epithelial cells by serum and in 1991 Simmons’s group (Xie et 

al., 1991) using viral infection or Hirschman’s group (Kujubu et al., 1991) mitogen 

activation by TPA showed a similar finding that a different COX-like gene was induced. 

Also, COX-2 expression can be induced by specific stimuli such as cytokines and 

bacterial products such as lipopolysaccharide (LPS) (Kirkby et al., 2013c) and tumour 

necrosis factor α (TNFα) increase COX-2 expression, and anti-inflammatory 

molecules (e.g. Interleukin (IL)-10) decrease its expression, so do corticosteroids 

(Vane et al., 1998). 

 

The first demonstration of human COX-2 was done using IL-1β activated human 

endothelial cells by Professor Hla’s group in 1992 (Hla and Neilson, 1992). They also 

were the first to demonstrate that COX-2 could actually make prostaglandins. The two 

isoforms of COX that are encoded by different genes on different chromosomes have 

60% sequence identity with the greatest similarity at the catalytically important sites. 

The 3D structures of COX-1 and COX-2 have many superimposable regions and both 

isoforms are homodimers of ≈600 amino acids. For both COX-1 and COX-2 and 

peroxidase active sites are located in the catalytic domain. PTGS1 is the gene of COX-

1, that codes for a 2.8 kb mRNA that is relatively stable. PTGS2 is the gene that codes 

the 4 kb COX-2 mRNA and contains an unstable sequence in the 3′-untranslated 

region.  

In COX-2, the valine-523 has a wider central channel when compared to the 

isoleucine-523 in COX-1, which also provides an additional hydrophobic side pocket 

within the substrate-binding site. This larger active site has been used for designing 

selective inhibitors of the COX-2 isoform because bigger molecules can fit in it than in 

the smaller site of COX-1 (Figure 1.5).  

 

1.2.2 Distribution and expression of COX enzymes 

COX-1 and COX-2 are variably expressed in different tissues. COX-1 is constitutively 

localized in almost all the tissues under physiological conditions. COX-1 being a 
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‘constitutive’ enzyme is in most cells expressed but is particularly high in the 

gastrointestinal tract where it has an essential role in maintaining the mucosal integrity 

(Peskar, 2001), in platelets where it is responsible for providing the precursor for TXA2 

synthesis (Crofford, 1997) and in blood vessels where it leads to production of 

vasodilator prostaglandins, such as PGI2. On the other hand, COX-2 is normally 

sparse under physiological conditions and is only constitutive in some areas of the  

 

 
Figure 1.5:  Molecular structure for COX-1 and COX-2. COX-1 and COX-2 share 

60% homology. Replacement of isoleucine to valine at amino acid 523 in COX-2 opens 

up the channel between Tyrosine 355 and Arginine 120, and increases the size of the 

side-pocket. Modified from (Knights et al., 2010). 

 

body like the kidney (Harris et al., 1994, Kirkby et al., 2013b) that is discussed in more 

detail in later sections below. Otherwise COX-2 is an ’inducible’ enzyme involved in 

pathophysiological reactions of inflammation and pain such as the experience by 

patients with rheumatoid arthritis (RA) (Sundy, 2001) and  in some types of human 

cancers, particularly colon cancer (Greenhough et al., 2009). In other cases COX-2 is 

induced but because of physiological processes and for example is to initiate birth, 

where the induction of COX-2 generates PGF2α to contract the uterus (Botting, 2006). 

Also, there is an extensive literature proposing an anti-inflammatory role for COX-2 

(Gilroy et al., 1999). However, the accepted theory of COX-1 and COX-2 expression 

and function has thought to be oversimplified. Accumulating findings indicate that 

under normal physiological conditions COX-2 can also be ‘constitutive’ in specific 

tissues and both isoforms can be ‘induced’ in certain diseases (Wallace et al., 2000, 

Tanaka et al., 2002, Zidar et al., 2009). Nonetheless, due to its expression and activity 

at sites of inflammation, it is indisputable that COX-2 has a key role in the inflammatory 
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process. The emergence of a COX isoform that was specifically expressed - and 

functionally involved - at sites of inflammation and was structurally different to the 

COX-1 form caused a drive for COX-2-targeted therapies; those that spared the 

deleterious effects of inhibiting homeostatic COX-1-derived prostanoid production 

(e.g. in the gut) yet retained the therapeutic benefit of blockage of the inflammation 

and pain caused by COX-2. This significantly shaped the field of NSAID research, 

which is discussed below. 

 

1.2.3 Products of the COX pathway 

The production of specific prostanoids depends on COX but also more importantly 

dependent on the existence of the isomerase/synthase enzymes and to include a level 

of complexity, the biological effects depends on the allocation of the prostanoid 

receptors (7 trans-membrane G-protein coupled receptor (GPCRs) and/or peroxisome 

proliferator activated receptors (PPARs) within neighbouring target cells. Pathways for 

specific prostanoids and their receptors are shown in (Figure 1.6) and discussed in 

more detail in the sections below. 

 

 
Figure 1.6: Diagram of prostanoid synthesis from COX to all the different 
prostanoids and their receptors. 
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1.2.3.1 Prostacyclin and prostacyclin synthase  

As described above, PGI2 is categorized as a bioactive lipid and like other 

prostaglandins is derived from the 20-carbon, omega-6 fatty acid ,AA. PGI2 has a half-

life of 42 seconds at physiological pH and spontaneously breaks down to the 

hydrolysis product is 6-keto-PGF1α (Cawello et al., 1994). As blood vessels are the 

main site where PGI2 is synthesised they are also the main place where both COX 

and PGI2 synthase (PGIS) are present together. PGIS is also known as Prostaglandin-

I synthase (EC 5.3.99.4) or CYP8A1 encoded by the PTGIS gene in 

humans(Yokoyama et al., 1991). The protein was first purified by De Witt in 1983 

where it was found to be an iron containing protein of 52 KDa molecular weight and 

500 amino acids (DeWitt and Smith, 1983). This enzyme is from the family of 

cytochrome P450 isomerases. Molecular oxygen is not required by PGIS; instead a 

heme cofactor is utilized to catalyse the isomerization of PGH2 to PGI2. PGIS, as is 

the case with thromboxane synthase (below) is suicide inactivated which means that 

once it has fulfilled its biochemical activity it is inactivated and requires new protein to 

be made to maintain PGI2 release. 

 

PGI2 causes its effects in the body mainly by activating a specific G-protein-coupled 

receptor called the PGI2 IP receptor. IP receptors are linked to activation of adenylate 

cyclase leading to increases in cyclic-3', 5’-adenosine monophosphate (cAMP) from 

ATP in the cell (Burka and Flower, 1979, Hamberg and Samuelsson, 1974). cAMP 

then interacts with three signalling pathways these are (i) protein kinase A (PKA) and 

(ii) cAMP response element binding protein (CREB) and (iii) exchange factor directly 

activated by cAMP (EPAC). In platelets PKA signalling reduces activation to lower 

aggregation and thrombosis. How this happens is not completely known but involves 

phosphorylation of intracellular targets to reduce the ability of the platelet to release 

intracellular Ca2+ stores and closing of the Ca2+ channels on the cell outer membrane 

(Fuentes and Palomo, 2014). In nucleated cells, PKA also activates CREB by 

phosphorylation. CREB is a transcription factor and so activating CREB causes 

changes in genes that are activated. Neuropeptide and circadian rhythm genes are 

amongst those whose regulation is controlled by CREB. cAMP can also activate a 

recently discovered third pathway, EPAC, directly which occurs independently of PKA 

and CREB. There two isoforms: EPAC1 and EPAC2 (Lezoualc'h et al., 2016) which 
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are guanine-nucleotide exchange factors for the Ras-like GTPases but it is not very 

well known how much they contribute to prostaglandin signalling.  

 

Because PGI2 is a prostanoid it can, when the concentration is very high and the 

normal IP receptors are not enough, act on other prostanoid receptors particularly 

those for PGE2 (see below). PGI2 can also work in cells because of its function on a 

nuclear receptor inside the cell called PPARβ. PPARβ works with a nuclear partner to 

make the PPAR-RXR complex that controls a particular gene set which includes those 

in inflammation like CD36 and those in angiogenesis like ANGPTL4. PPARβ can also 

affect inflammation by binding to and inactivating the cancer gene BCL-6. A less know 

pathway described by my group is how PPARβ can bind PKCα (Mitchell et al., 2014, 

Ali et al., 2009).  

 

1.2.3.2 Thromboxane (TX) and thromboxane synthase  

There are two forms of thromboxane, one is the synthesised form TXA2 which is very 

active but also very unstable and the other is what it breaks down to, TXB2, which is 

stable (and can be measured easily) but is not biologically active. Platelets are the 

main place where TXA2 is made. Like for PGI2, TXA2 is a bioactive lipid made from the 

same substrate that is AA. It is formed from PGH2 by thromboxane synthase encoded 

by the TBXAS1 gene in humans, which is a cytochrome P450 enzyme. Because 

platelets make TXA2 it is not surprising that its synthase was purified using platelets. 

Therefore, it was first purified by Marcus Hecker from human platelets in 1987 with a 

molecular weight of 60kD with 533 amino acids (Hecker et al., 1987).  

 

TXA2 is a vasoconstrictor and activates platelets by acting on its own G-protein-

coupled receptor called the thromboxane TP receptor. TP receptor activation causes 

the activation of inositol phosphate that then the PIP3 cascade causes increases in 

Ca2+ in cells, or as is often likely for TXA2, in platelets. There are two TP receptors in 

humans these are TPα (which is on platelets and vascular smooth muscle) and TPβ 

(spliced variant; which is on endothelium). 

 

1.2.3.3 PGE2 and PGE synthase enzymes  

PGE2 was originally isolated and charecterised by Bergstroem and colleages from 

sheep prostate glands in 1962 (Bergstrom et al., 1962). It mediates major inflammatory 
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diseases such as arthritis. Additionally, it can mediate fever and cancer. PGE2 plays a 

major role in cardiovascular diseases but the full mechanism behind its effect is yet to 

be understood. The formation of PGE2 from PGH2 requires PGE synthase (PGES) 

encoded by the PTGES gene, which comes in three forms: microsomal membrane 

bound prostaglandin E synthase 1 (mPGES-1; encoded by the PTGES1 gene), 

mPGES-2 (encoded by the PTGES2 gene) and cytosolic (cPGES; encoded by the 

PTGES3 gene). In some cases PGE2 can be produced directly from PGH2 without a 

specific enzyme, and this means it is often an easy way to measure COX activity 

across different cells and tissues. 

 

mPGES-1 has a molecular weight of 15-16 kDa and consists of 152-153 amino acids. 

Jakobsson et al were the first to identify the first mPGES-1 enzyme (Jakobsson et al., 

1999).  The protein encoded by this gene is a glutathione-dependent PGE synthase. 

The expression of this gene has been shown to be induced by pro-inflammatory 

cytokines; interleukin 1β (IL1β), growth hormones; epidermal growth factor and 

endotoxin; LPS. Thus in these conditions mPGES1 is thought to have an inflammatory 

or cancer role. The expression of mPGES-1 has been described in urogenital organs 

(Guan et al., 2001, Lazarus et al., 2002, Fuson et al., 2003), gastric mucosa, resident 

peritoneal macrophages spleen (Boulet et al., 2004) and liver Kupffer cells (Dieter et 

al., 2000). Thus, in these cells and tissues mPGES-1 may have physiological roles. 

There are great similarities between mPGES-1 and COX-2. For instance both COX-2 

and mPGES-1 are inducible genes in nature which links it directly to PGE2 production 

by PGH2 produced by COX-2 more than COX-1 and so it is believed to be a vital target 

for drugs better than COX-2 in the management of inflammatory diseases such as 

arthritis, fever and cancer (Koeberle and Werz, 2015). 

 

mPGES-2 has a molecular weight of 33 kDa and consists of 378-385 amino acids 

making mPGES-2 structurally different to mPGES-1. The first form of mPGES-2 was 

purified from bovine heart (Watanabe et al., 1999)  and the whole sequences of the 

human and monkey enzymes determined. The protein encoded by this gene is non 

glutathione-dependent. It has been shown to be constitutively expressed in heart, 

brain, skeletal muscle, and kidney (Jania et al., 2009). PGE2 production by mPGES-2 

is not fully understood. Mice that lack m-PGES-2 have a normal phenotype and PGE2 
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levels were not changed in the tissue including the kidney, heart and brain or LPS 

stimulated macrophages (Korotkova et al., 2011). 

 
cPGES has a molecular weight of 26 kDa and consists of 160 amino acids.  It is 

constitutively and ubiquitously expressed in a wide variety of cells and is not induced 

by inflammation so may contribute PGE2 production required for homeostatic 

processes. Because of this, it is more linked to generating PGE2 from COX-1-derived 

PGH2 than COX-2 in cells (Park et al., 2006). Although PGE2 production by COX-1 is 

considered constitutive, more studies are ongoing and suggest that cPGES may 

undergo translocation from the cytsol to the nucleus membrane to form an assemblage 

with COX-1 in order to up-regulate PGE2 production after stimulation. Thus, cPGES 

may physiologically contribute to PGE2 production for maintenance of homeostasis 

(Murakami et al., 2002). 

 
As well as its many synthetic routes, PGE2 has an interesting and complicated 

signalling biology because even more than other prostanoids it can have various 

effects in different cells. This is because it has high affinity for four completely different 

PGE2 receptors, these are EP1, EP2, EP3, and EP4 that are all GCPRs but with 

different links to separate signalling pathways in cells and tissues. EP2 and EP4 are 

like IP receptors and so activate cAMP with the same cellular consequences as 

described above for IP receptors. On the other hand EP3 inhibits adenylate cyclase 

and so opposes any of the prostanoids that work by activating cAMP increases. 

Finally, EP1 activates cells via increases the inositol phosphate/Ca2+ pathway. This 

complicated synthetic and signalling biology of PGE2 has provided an opportunity for 

pharmacology and selective synthesis inhibitors, receptor blockers or receptor 

agonists. Although in most cases these haven’t made it to the clinic, dependent on the 

targets and the role in the tissue or disease, they may be of benefit in the treatment or 

inflammation, pain (Koeberle and Werz, 2015) cancer or cardiovascular disease 

(Grosch et al., 2017, Yang and Chen, 2016). 

 

1.2.3.4 Others prostanoids and novel cyclooxygenase products 

In addition to PGI2, TXA2 and PGE2, COX derived PGH2 can also be converted into 

PGF2α and PGD2 and by specific isomerase enzyme. PGF2α plays a vital role in the 

physiological process including hypertrophic cell growth, the induction of interleukin 
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synthesis, luteolysis and uterine contraction. PGF2α is used with PGE2 to induce labour 

and as an abortifacient. PGD2 is produced in a variety of tissues and like PGI2, by 

acting on GPCRs (DP receptors; DP1 and DP2, also known as CRTH2) PGD2 also 

hinders platelet aggregation and causes relaxation of both non-vascular and vascular 

smooth muscle cells via a cAMP mechanism (Yousufzai et al., 1994) similar to that 

described for IP receptors i.e. PGD2 induces cAMP formation by sequential activation 

of Gs, adenylate cyclase, PKA, and CREB. It is synthesised by two enzymes – the 

main one is PGD2 synthase (encoded by the PTGDS gene in humans), and the other 

is haematopoietic PGD2 synthase (encoded by the HPGDS gene in humans) which is 

expressed mostly in immune cells. PGD2 metabolism has also gained considerable 

attention as the PGD2 metabolite 15-deoxy-delta (12, 14) prostaglandin J2 (15-d-PGJ2) 

which is known as a peroxisome proliferator-activated receptor (PPARγ) activator 

(Forman et al., 1995). PPARγ (like PPARβ discussed above) belongs to the member 

of the nuclear hormone receptor family and a significant regulator of adipogenesis 

(Tontonoz et al., 1995). Once activated, PPARγ activates target genes by 

heterodimerizing with RXR to bind to specific DNA sequences (peroxisome proliferator 

responsive elements and this can have anti-inflammatory effects. 

 

1.2.4 Non-steroidal anti-inflammatory drugs (NSAIDs) 

Non-steroidal anti-inflammatory drugs (NSAIDs) are one of the most commonly used 

drugs worldwide. They are used to reduce pain, inflammation and fever. In 1763, 

Edward Stone was the first to observe an effect of willow bark on patients with fever. 

In 1827, Johann Andreas Buchner isolated the active ingredient of willow bark named 

salicin. By 1897 the first NSAID was invented called Aspirin (acetylsalicylic acid) by 

Heinrich Dreser. Other NSAIDs were developed from the 1950s forward.  

 

The mechanism behind how NSAIDs work and cause their anti-inflammatory, 

analgesic, and antipyretic effects was first identified by John Vane in 1971, when he 

shown that aspirin and other NSAIDs blocked the production of prostaglandins and 

TXA2 (Warner et al., 1999, Smith and Willis, 1971, Ferreira et al., 1971). As mentioned 

for PGI2 discovery, in 1982 because of John Vane’s great discovery he was awarded 

a Nobel prize together with Sune Bergström(Bergstroem et al., 1963), who identified 

the structure of various prostaglandins, and Bengt Samuelsson (Samuelsson, 1963), 

who explained the chemical processes involved in AA metabolism . 
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1.2.4.1 Types of NSAIDs  

NSAIDs work by inhibiting COX-2, but many of these drugs also inhibit COX-1 which 

gives them a different pharmacological profile. They are often categorised according 

to their ability to inhibit the individual isoforms (Table 1.1) 

 

 
Table 1.1: Effects of NSAIDs by isoform responsible  
 

The pharmacologic properties of the various NSAIDS are related to their molecular 

structure, which can also be categorized into the six classes (Table 1.2).  However, 

since COX-2 is the therapeutic target of NSAIDs, all of these drugs inhibit COX-2 at 

their therapeutic doses (Warner et al., 1999).  

 

 
Table 1.2 Types of NSAIDs according to their classes *currently available for 

human use in the United States. Modified from https://www.nlm.nih.gov 
 
1.2.4.2 Therapeutic uses of NSAIDs and scale of use 

NSAIDs are available as tablets, creams, gels and injection and are the one of the 

most consumed drugs worldwide. They are used by over 30 million individuals per 

day, with more than 100 million prescriptions yearly (Conaghan, 2012). Some can be 

bought over the counter from pharmacies to for the relief of mild and acute pain and 
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inflammation, such as headaches, muscle aches and fever (Adebajo, 2012) like  

ibuprofen. While others need a prescription including diclofenac and celecoxib for the 

symptomatic treatment of a number of diseases, mainly those with more severe 

inflammation associated diseases including arthritis (Manjanna et al., 2010). Members 

of the NSAIDs class of drugs differ in their pharmacokinetic properties and also in their 

selectivity for COX-1 vs. COX-2 (Warner et al., 1999). However, since COX-2 is the 

therapeutic target of NSAIDs, all of these drugs inhibit COX-2 at their therapeutic 

doses (Warner et al., 1999). An important NSAID, which is unique in the class is aspirin 

which selectively inhibits COX in platelets and taken for the prophylactic treatment of 

heart attacks and strokes (Kirkby et al., 2012b). They have also been applied as a 

potential treatment for certain cancers, where COX-2 is thought to drive tumour cell 

proliferation. The best evidence for a role for COX-2 is in colorectal cancer (Sinicrope 

and Gill, 2004) but other cancers including skin (Bol et al., 2002) and breast (Gupta et 

al., 2007) are likely to have a role for COX-2.  PGE2 is the prostaglandin most often 

associated with cancer as well as inflammation and pain. In the colon, COX-2 is 

expressed in pre-cancerous polyps, the majority of colorectal carcinomas and some 

colorectal adenomas (Marnett and DuBois, 2002). The principal mechanism by which 

COX-2 overexpression, PGE2 and tumorigenic potential are related might include 

resistance to apoptosis, or programmed cell death (Bakhle, 2001). Animal studies with 

COX-2 knockout mice and inhibitors suggest a role for COX-2 in colorectal cancer 

models (Williams et al., 1999a). Evidence that NSAIDs work to reduce cancer are 

mainly from epidemiological studies (Giardiello et al., 1995, Thun et al., 2002, Chan, 

2002). Then following the publication of prospective clinical trial showing that celecoxib 

reduced polyps in patients susceptible to colon cancer (Steinbach et al., 2000) the 

drug was approved and larger trials were started, such as those using rofecoxib ’Vioxx’ 

(the APPROVe trial)  or celecoxib ’Celebrex ’ (the APC trial (Hahn et al., 2010)). The 

APPROVe trial was stopped because of cardiovascular side effects of rofecoxib; these 

are discussed below, but both APPROVe and APC still showed the potential benefit 

of NSAIDs in cancer prevention. In addition to cancer, evidence also suggests that 

selective (COX-2) inhibitors decrease the risk of developing Alzheimer's disease, 

although potential mechanisms are yet to be understood (Hahn et al., 2010, Trepanier 

and Milgram, 2010). 
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NSAID use is associated with a number of side-effects, which occur more frequently 

in people who take high doses of NSAIDs for a prolonged period of time. Indeed, it 

was estimated that NSAIDs are the 15th most common cause of death in the 

USA(Wolfe et al., 1999). The main side-effects relate to the gastro-intestinal tract, 

cardiovascular system or the kidneys. 

 

1.2.4.3 Side-effects of NSAIDs: Gastro-intestinal 

Although the use of NSAIDs and inhibition of COX has beneficial anti-inflammatory, 

analgesic and antipyretic effects, such inhibition can result in gastrointestinal 

ulcerations, which may have serious complications (Shah et al., 1999, Lanas et al., 

2005). The part of gastro-intestinal tract that is most affected is the stomach and upper 

intestines and the most common side effect here is dyspepsia which can be observed 

in 15-60% of users that take NSAID drugs. However, there are more serious side 

effects with 15-30% patients getting ulcers in their gastro-intestinal tract who take 

NSAIDs as regular basis which can be fatal in some cases. This is a problem with over 

the counter medications as well as prescribed NSAIDs with the relative risk of a gastro-

intestinal bleeding-related event being up to 2.4 non-prescription ibuprofen users 

compared to those not taking any (Michels et al., 2012, Yang and Chen, 2016). The 

risk of NSAIDs causing gastro-intestinal complications varies from individual to 

individual and depends on factors such as history of gastro-intestinal other 

complications, anticoagulant therapy, age, use of corticosteroids etc. together these 

factors limit the use of NSAIDs (Laine, 2002). For example one epidemiological study 

reported prevalence of gastro-intestinal complication in people above 65 years age 

which is 0.2-1.25% in general population that takes NSAIDs to be 2.5-4.5% in people 

with rheumatoid arthritis (MacDonald et al., 1997). The risk of a complication in gastro-

intestinal tract due to NSAIDs also increase the risk of infection with Helicobacter pylori 

(Laine, 2002) which not only increases the risk of ulcers but also stomach cancer.  

 

1.2.4.4 Mechanisms of NSAIDs gastro-intestinal side-effects  

The stomach contains a gastric mucosal barrier which protects the stomach from the 

gastric acid required for digestion. By blocking protective PGI2 and PGE2, NSAIDs 

cause their gastro-intestinal effects by breaking this barrier in three ways; (i) blood flow 

to the gastric mucosa is reduced leading to ischemia, neutrophil recruitment and 
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inflammation, (ii) increased acid secretion coupled with reduced bicarbonate and 

mucin leading to epithelial erosions and (iii) reduced healing. In the beginning of the 

COX-2 field it was thought that the gastro-intestinal side effects caused by NSAIDs 

were due to inhibiting COX-1. In order to prevent side effects in the gastro-intestinal 

tract, selective COX-2 inhibitors such as parecoxib, celecoxib, meloxicam and 

rofecoxib were established (Mitchell and Warner, 2006) and introduced to the clinic in 

2000 (Figure 1.7). However, now it is thought that both COX-1 and COX-2 protect the 

gastro-intestinal system, either way drugs that block COX-2 and spare COX-1 have 

fewer gastro-intestinal side effects. This was seen in the recently finished PRECISION 

trial comparing ibuprofen, naproxen and celecoxib(Nissen et al., 2016) but was 

originally found from the first clinical trials for COX-2 inhibitors that had gastro-

intestinal side effects as a primary endpoint – these were VIGOR (Bombardier et al., 

2000) study using Vioxx (rofecoxib) from Merck  & Co and CLASS (Silverstein et al., 

2000) using Celebrex (celecoxib) from Pfizer. Both trials showed a significant 

decrease in gastrointestinal side effects when compared to a non-selective NSAID 

(naproxen) for the VIGOR and ibuprofen and diclofenac for CLASS (Bombardier et al., 

2000). 

Figure 1.7: Timeline for COX-2 inhibitors and cardiovascular events. 

1.2.4.5 Side-effects of NSAIDs: Cardiovascular  

With the introduction of COX-2 selective NSAIDs that reduced rates of gastro-

intestinal side effects, an increasing concern concentrated on their connection with 

cardiovascular side effects, predominantly an increase in myocardial infarction events, 

which may increase with dose or duration of use (Garcia Rodriguez et al., 2004, 
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Mukherjee et al., 2001). All of the work published suggests that the increased risk of 

cardiovascular side effects is around 30% depending on the individual’s personal risk 

of an event. It was because of the fear of these side effects that Vioxx (rofecoxib) was 

withdrawn from the market in 2004 after the publication of the APPROVe trial 

(Bresalier et al., 2005) that showed that this drug increased cardiovascular side effects 

compared to the placebo group in a trial to prevent colon cancer (Figure 1.7). It has 

become clear that these side effects are a problem with almost all drugs that inhibit 

COX-2 both selective COX-2 inhibitors and older non-selective NSAIDs such as widely 

used ibuprofen and diclofenac (McGettigan and Henry, 2011).  

 

After NSAIDs were identified as a potential risk factor for cardiovascular side effects a 

black box warning was added to all NSAIDs and a warning published by American 

Heart Association in 2007 (MacDonald et al., 1997) (Figure 1.7). Then in 2011 the 

European Medicines Agency’s Pharmacovigilance Risk Assessment Committee 

identified concerns over celecoxib which was then withdrawn for the prevention of 

colon cancer in Europe (Figure 1.7). Later in 2014 diclofenac was withdrawn as an 

over the counter tablet in the UK and is only available now with prescription (Figure 
1.7). Then in 2016 the PRECISION trial showed that naproxen, which was previously 

thought to be safer in the cardiovascular system caused the same amount of 

cardiovascular events as celecoxib (Nissen et al., 2016). Now with everything that we 

know to date, the common and over the counter drug ibuprofen seems to be just as 

much of a cardiovascular risk as other NSAIDs including celecoxib (Nissen et al., 

2016) and it is receiving a lot of publicity with the most recent paper published in May 

2017 showing that ibuprofen increases the risk of a heart attack even after just 1 week 

of use (Bally et al., 2017). 

Drug development of new NSAIDs has been limited because of the fear of these side 

effects, which also produce anxiety in patients and doctors and this also limits use of 

the drugs we have now.  This fear has also blocked the development of COX-2 

inhibitors as anti-cancer drugs. Given the huge number of people who take these 

drugs and/or would benefit from them for cancer prevention, this is a real problem. 

The mechanisms behind the cardiovascular side effects caused by NSAIDs remains 

unclear which is why in this thesis I have adopted a systems approach to find new 
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answers. What is clear though is that it is the blocking of COX-2 that is constitutively 

expressed somewhere in the body that causes the side effects. This is confirmed 

because similar results were shown from animal models where in otherwise healthy 

animals COX-2 deletion or inhibition can cause a pro-thrombotic (Hui et al., 2010, 

Cheng et al., 2006) or pro-atherogenic phenotype (Yu et al., 2012), and in man, 

cardiovascular side effects happen even in relatively young healthy people, and with 

many different classes of NSAID. There are two main hypothesis that try to explain 

the mechanisms; these are (i) the vascular hypothesis and (ii) the kidney hypothesis, 

which are discussed individually below. 

1.2.4.6 Mechanisms of NSAID cardiovascular side-effects: the vascular hypothesis  

The mechanism by which NSAIDs cause cardiovascular toxicity is yet to be identified. 

For a long time, a dogma existed that suggested that COX-2 is expressed in vascular 

endothelium and that inhibition at this site removes the release of cardioprotective 

PGI2 but without lowering prothrombotic TXA2(McAdam et al., 1999). This data is 

based on the indirect measurements of the urinary PGI2 metabolite (PGI-M) 

(FitzGerald, 2007). However our(Kirkby et al., 2012b) group along with some others 

(Luo et al., 2016) has clearly demonstrated that COX-1 is the dominant isoform 

expressed in the vascular endothelium (Kirkby et al., 2012b). Further, it was shown 

that PGI2 production by isolated blood vessels and in the circulation in vivo was 

completely lost in COX-1 knockout mice, but normal in COX-2 knockout mice. In 

contrast, COX-2 deletion or inhibition reduced urinary PGI-M levels demonstrating that 

whilst COX-2 does drive urinary PGI-M production, it is the COX-1 isoform that drives 

PGI2 production in the system circulation (Kirkby et al., 2012b). This was true even in 

animals with severe atherosclerosis (Kirkby et al., 2014). This means that whilst it is 

true that COX-2 inhibition or deletion of the gene is associated with cardiovascular 

toxicity in animal models and in man, the mechanism for these remains unknown. 

 

1.2.4.7 Mechanisms of NSAID cardiovascular side-effects: the renal hypothesis  

An alternative mechanism suggested for how NSAIDs exert their cardiovascular side-

effect involves the kidney. COX-1 is expressed in the kidney specifically in the 

collecting duct, in the thick ascending limb and macular densa. COX-2 is expressed 

in cortical and medullary interstitial cells (Hao and Breyer, 2008). Both COX-1 and 

COX-2 are expressed in the cortical thick ascending limb. The hotspot for COX-2 



53 

 

 

expression is in kidney medulla (Kirkby et al., 2013b) where the interstitial fibroblasts 

are high expressers (Hao and Breyer, 2008). COX-2 is also in some endothelial and 

epithelial cells in the kidney (Dhar et al., 2013). In pathological conditions COX-2 has 

also been shown to be the controlling isoform in the kidney for renal function. The 

importance of COX-2 in renal function has been shown in clinical studies where 

selective COX-2 inhibitors decrease glomerular filtration rate and renal blood flow, 

which is even more pronounced during physiologically stress, such as salt depletion, 

or in patients with cardiovascular or renal disease (Hao and Breyer, 2008).   In addition 

to regulation of functions and blood flow in the kidney COX also works in the regulation 

of renin release (Cheng et al., 2001) which affects blood pressure and cardiovascular 

function via the renin-angiotensin pathway (Figure 1.8).  

 
 

Figure 1.8: Localization of COX isoforms in kidney. (a) COX-2 is highly found in 

the medulla and found in lower levels in the cortex. (b) COX-1 is found in all cells in 

the nephron, but particularly the glomerulus, collecting ducts and intestinal cells of the 

medullar. COX-2 is more specially found in the macula densa and renal intestinal cells 

(fibroblasts). Modified from (Hao and Breyer, 2008). 
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The importance of COX-2 in the kidney is also shown is COX-2 knockout mice which 

have post-natal changes to renal structure and function. In the first paper on COX-2 

knockout mice published (Morham et al., 1995a) .it was found that when mice are 

born, they had normal renal histology but as they grew older there were structural 

changes in the kidney compared to wild-type controls. At 6 weeks old, the kidneys 

were smaller and pale colored with a lower number of glomeruli. In older animals (>16 

weeks) some of the COX-2 knockout mice had localized fibrosis in the kidney. In this 

paper it was suggested that these changes occurred because COX-2 could have a 

role in the formation of new nephrons, and that in older animals, the extra work load 

created by a lower number of nephrons resulted in inflammation and fibrosis. This was 

associated with reduced renal function e.g. increased serum creatinine, similar to that 

which can occur in people taking NSAIDs (Slattery et al., 2017). Recent work suggests 

that these effects are mediated by the angiotensin II pathway (Frolich, KI, 2017). 

 

Because renal function and blood pressure control are so closely linked with 

cardiovascular health, including long term risk of having heart attacks and strokes, it 

has been suggested that inhibition of COX-2 in the kidney by NSAIDs, producing renal 

dysfunction and so a negative effect on cardiovascular health could explain the 

cardiovascular side effects of these drugs.  

 

1.2.4.8 The need for new insights into COX-2 cardiovascular protection  

Because of the lack of agreement in the field, we now need new approaches to 

understand how COX-2 works to protect the cardiovascular system. One way to do 

this is to apply unbiased systems biology ‘omics’ technologies to find new targets 

regulated by COX-2 that could not have been predicted from traditional hypothesis 

driven approaches and this is the approach taken in this thesis. With this in mind, the 

next section will discussion systems biology, ‘omics’ technology and their application 

to human disease. 

 

1.3 ‘Omics’ and systems biology technology 
1.3.1 Definition of ‘-omics’ and systems biology 

‘Omics’ technologies are valuable tools that can provide comprehensive details of the 

molecules that make up a cell, tissue or organism. They are aimed mainly at either (i) 
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universal detection of genes (genomics) and mRNA (transcriptomics) using molecular 

biology technology or (ii) using mass spectrometry analysis to permit broad profiling 

of proteins (proteomics) and metabolites (metabolomics) in a non-targeted and non-

biased manner. Omics applied to biology can also be referred to as high-dimensional 

biology and considering how these various global/broad profiling data interact is called 

‘systems biology’ (Kell, 2007). System biology means interpretation of complex 

biological systems by computational and experimental modelling (Kitano, 2002). 

System biology represents and emphasizes the importance of various trends in 

bioscience research and provides a way to integrate large ‘omics’ data sets to derive 

meaning. Mainly systems biology focuses on both the qualitative and quantitative 

nature of biological systems which provides details about diseases, toxicities, 

therapies etc. Systems biology and omics experiments vary from traditional studies, 

which are mainly hypothesis-based or reductionist. On the other hand, systems 

biology and omics experiments are hypothesis-generating, using holistic approaches 

where no hypothesis is known or prescribed but all data are acquired and analysed to 

define a hypothesis that can be tested (Kell and Oliver, 2004). 

 

1.3.2 Timeline of systems biology and ‘-omics’ technological development 

Computational systems biology was started when a mathematical model was 

constructed to describe the propagation of the action potential of a neuron cell, in 1952 

by Nobel Prize winners Alan Lloyd Hodgkin and Andrew Fielding Huxley (Hodgkin and 

Huxley, 1952). Their model showed a cellular function developing from the 

communication between two different molecular components, (i) potassium and (ii) 

sodium channels. Furthermore in 1952, Alan Turing described how non-uniformity 

could arise in an initially homogeneous biological system (Turing, 1952). 

 

After that in 1960 a computerized model of a human heart pacemaker was first 

established by Denis Noble (Noble, 1960).  A great advancement in the study of 

systems biology was made with the organisation of an international symposium 

"Systems Theory and Biology" in Cleveland, Ohio launched by systems theorist 

Mihajlo Mesarovic in 1966. Additionally, throughout the 1960s and 1970s major 

achievements were being made in the area of molecular and biochemical systems. In 

the 1980s molecular biology was booming leading to increases in the data on which 
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to base quantitative modelling of biological processes using these now established 

systems biology approaches (Hunter, 2012).  

 

During the 1990s the field of functional genomics was introduced, which led to a 

massive increase in accessible high quality data and more representable 

mathematical models being demonstrated. More than 5000 publications on systems 

medicine, systems biological and systems genetic engineering were published 

between the 1992 and 1994. Great advancements in systems biology were witnessed 

during the year 2000, where various institutes were established in Tokyo (Japan) and 

Seattle (USA) leading to a large increase in data from the omics field and additional 

advances in high-throughput experiments (e.g. microarrays and sequencing) and 

commercialisation of bioinformatics and analytical technology from companies such 

as Affymetrix and Illumina. 

 

Around this time, two really major goals were set in the systems biology and omics 

community. The first was to generate a mathematical model for the entire cell which 

was a challenge set by the National Science Foundation (NSF) in 2002, following on 

from the first quantitative model of the metabolism of a whole cell which was published 

in 1997 by, the group of Masaru Tomita (Tomita et al., 1997). In 2003 at the 

Massachusetts Institute of Technology (MIT) this was achieved with their team being 

able to model the whole cell by dynamically incorporating multiple molecular pathway 

models, using a method called CYtoSolve (Ayyadurai and Dewey, 2011). Then in 2012 

Professor Karr from Mount Sinai School of Medicine in New York (USA) was able to 

establish the first whole cell model of the entire life cycle of the human pathogen 

Mycoplasma genitalium and included phenotype responses to genetic mutations (Karr 

et al., 2012). Along with the established working groups, symposia and specialised 

journals a significant milestone in the progress of systems biology was the formation 

of the international project of the Physiome (Karr et al., 2012) which was ‘a concerted 

effort to explain how each and every component in the body, from the scale of 

molecules up to organ systems and beyond, works as part of the integrated whole’ 

(Greenhough et al., 2009). 

 

The second and maybe most famous, major goal of systems biology and omics in this 

era was decoding the human genome. The Human Genome Project (HGP) was 
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launched in 1990 and was completed by 2003. It was a global research work to 

determine the sequence of the human genome and identify all its genes to provide a 

backbone for modern systems biology, personalised medicine and genetic basis of 

human disease (Tanaka et al., 2002). This had the side effect to drive major 

improvements in sequencing technology and throughput, which is now a fundamental 

component of both genomic and transcriptomic experiments.  
 

From this time onwards grant funders including the National Institute of General 

Medicine Science (NIGMS) of National Institute of Health (NIH) in the USA and 

Wellcome Trust and Medical Research Council in the UK have devoted various 

granting schemes to systems biology research which has helped the advancement of 

this area facilitated by constant evolution of technology increasing throughput and 

bringing costs down. For example, in 2001, the estimated cost of sequencing a 

genome was $100,000,000, but in 2015 this has fallen to only to around $1,000. This 

is continuing to develop with one of the upcoming advancement which will be seen in 

the near future being nanopore sequencing, which will enable a single molecule of 

native DNA or RNA to be sequenced without the requirement for amplification, 

chemical labelling and other complex pre-processing of RNA required by current 

sequencing technologies (Niedringhaus et al., 2011) (Figure 1.9). 

 
Figure 1.9: Timeline of ‘-omics’ technological development 
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1.1.3 Overview of the major ‘-omics’ techniques 

High-throughput technologies have revolutionized the field of omics and medical 

research. The advent of genotyping arrays enabled large-scale genome-wide 

association studies and methods for examining global transcript levels, which gave 

rise to the field of “integrative genetics”. Other omics technologies, such as 

proteomics, transcriptomic and metabolomics are now often incorporated into the 

everyday methodology of biological researchers. Below is an overview of such omics 

technologies (Figure 1.10). The relative use of these approaches is given in Table 
1.3. 

 
Figure 1.10: Schematic representation of the four major omics technologies. 
Genomics: access to DNA sequences using gDNA-sequencing and bioinformatics for 

annotation. Transcriptomics: access to mRNA sequence and level of expression using 

microarray hybridization or RNA-sequencing. Proteomics: access to protein sequence 

using liquid chromatography. Metabolomics: access to metabolites sequence using 

mass spectrometry. 

 

1.1.3.1 Genomics 

Genomics is the study that concerns the sequencing and analysis of genomes of 

organisms. There is a great difference between genetics and genomics, genetics is 

the study of the function of a single gene which is important in the understanding of 

medicine and molecular biology. Genomics studies the genome as an entire complete 

structure and inspects a single genome only if it is crucial for the genome as a  
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Table 1.3: Number of PubMed hits using the defined search term at the time of 
thesis preparation (September 2017). 
 

structure. The genome consists of the entire DNA content that is present within one 

cell of an organism. It is very important to determine the entire DNA sequences, to 

achieve genetic mapping as a basic biological research goal and to help progress in 

other disciplines such as medicine, biotechnology and forensic science. DNA 

sequencing determines the exact order of the bases in a strand of DNA. In the most 

common type of sequencing used today, called ‘sequencing by synthesis’, after 

capture and amplification of target sequences, DNA polymerases (the enzyme that 

synthesizes DNA in cells) are used to generate a new strand of DNA from the sample 

template. In the sequencing reaction, the enzyme integrates individual nucleotides that 

have been chemically tagged with a fluorescent label one by one. After each 

incorporation, the last nucleotide to be added is excited by a laser and a fluorescent 

signal is emitted and detected. The signal varies depending on which of the four 

nucleotides was incorporated and this happens over and over again until the full 

sequence is read. This method can generate 'reads' of ~125 nucleotides in a row but 

can be done with many sequences in parallel to generate millions to billions of reads 

in one sequencing run (Lockhart and Winzeler, 2000). To assemble the sequence of 

all the bases in a large piece of DNA such as a gene, researchers need to read the 

sequence of overlapping segments. This allows the longer sequence to be assembled 

from shorter pieces, like putting together a linear jigsaw puzzle. In this process, each 

base has to be read not just once, but at least several times as overlapping segments 

to ensure accuracy. Now that the full genome is sequenced, simpler DNA microarray 

‘Omics’ PubMed 
hits 

Genomics 178,480 

Transcriptomics 

Microarray 

RNA-seq 

11,834 

79,783 

12,735 

Proteomics 70,314 

Metabolomics 16,609 
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technology (see below) can be used to look for known genetic variations with higher 

throughput. The technical basis of genotyping arrays is discussed within the following 

section. 

 

Researchers can use DNA sequencing and genotyping arrays to search for genetic 

variations and/or mutations that may play a role in the development or progression of 

a disease. The disease-causing change may be as small as the substitution, deletion, 

or addition of a single base pair or as large as a deletion of thousands of bases 

(Stamatoyannopoulos, 2004). Genomics has also been extensively applied to look for 

variations that predict drug action or side effects – this is pharmacogenomics, which 

makes correlations between therapeutic responses to drugs and the genetic profiles 

of the patients.  

 

1.3.3.2 Transcriptomics  

Transcriptomics is the study of the transcriptome i.e. the mRNAs of a cell or a 

population of cells, tissue or may be of a whole organism (Lowe et al., 2017).  

Information networks that are used by the cell to remain connected with other cells, is 

mainly the result of transcription of the genome via the production of mRNA. 

Transcriptomic analysis gives a real time picture of a disease state, capturing the 

transcriptome that is present at a particular time within a cell or tissue. A comparison 

between the transcriptome in a disease and normal state within the cell gives 

information about the gene(s) and pathways that are responsible for that disease. The 

study of transcriptome is done using two key contemporary technologies; microarray 

and RNA-sequencing discussed in detail below (Lowe et al., 2017). The pros and cons 

of these techniques are given in Table 1.4. 
 

Microarray 
Microarray is a lab-on-a-chip technology that performs multiplex assays i.e. analyses 

of multiple analyses in a single run. The sample spot sizes are typically less than 200 

microns in diameter and usually contain thousands of spots which correspond to 

known target sequences. These are matched to mRNAs present in test samples (after 

conversion to complementary DNA; cDNA) based on hybridisation and base pairing 

rules. This complementary base-pairing between labelled targets and probes is the 

underlying principle of this analysis. Fluorescence analysis is used and measured  
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Table 1.4: Overview of advantages and disadvantages of microarrays and RNA-
seq 
 

using high resolution imaging techniques and the fluorescence quantity is directly 

proportional to the abundance of that gene (Barbulovic-Nad et al., 2006).  

 

Microarrays are 2D arrays that are typically performed on a solid substrate, made of a 

glass slide or silicon. For the analysis of the transcriptome, DNA microarray is mostly 

used but this kind of technology is also used for other omics - for example, protein, 

peptide or antibody microarrays. DNA microarrays are also known as gene chips, DNA 

chips or gene arrays – all of which are used to monitor levels of labelled samples 

DNA/cDNA against fixed, known short nucleotide oligomers or ‘probes’ (Barbulovic-

Nad et al., 2006, Romanov et al., 2014).  

 

Microarray experiments can be categorized in three ways based on the kinds of 

immobilized sample used to construct arrays and the information needed. First, 

microarray expression analysis, which was carried out in my thesis, is a setup up 

based on the detection of fluorescently labelled cDNA converted from the mRNA of 

samples which in my thesis included COX-2 knockout mouse tissue or tissue from wild 

type mice treated with COX-2 inhibitor drugs and their controls. ‘Spots’ with more or 

less intensity are imaged to determine what the level of that cDNA (and therefore 

original mRNA) was in each sample. After some quality control the expression pattern 

Property Microarray RNA-seq Winner 

Coverage 
Specific targets and 

genomes only 

Any RNA species or 

variant in any genome 
RNA-seq 

Dynamic range Lower Higher RNA-seq 

Quantification Relative Absolute RNA-seq 

Cost Traditionally lower Higher, but falling fast Microarray (for now) 

Speed Faster Slower Microarray 

Complexity Simpler More complex Microarray 

Technique-

specific issues 

Hybridisation 

efficiency limits 

Sequencing bias for 

abundant RNAs 
Draw 
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of different samples can be identified by bioinformatics. This gives lists of genes 

changed but can be used along with online databases of gene pathways to identify if 

specific gene cassettes or biological pathways are regulated in a particular condition 

– this is called ‘pathway analysis’. Second kind of microarray for mutation analysis, is 

setup up based on the gDNA as mentioned above. The genes might differ from each 

other by as little as a single nucleotide base. A single base difference between two 

sequences is known as single nucleotide polymorphism (SNP) and detecting them is 

known as SNP genotyping. The third kind is comparative genomic hybridization and 

is used for the identification of the increase or decrease of chromosomal fragments 

harbouring genes involved in a disease (Quackenbush, 2001). 

 

Microarray can be used for various applications but is mostly used for basic and clinical 

research into the basic mechanisms of drug responses different diseases. Until 

recently, different types of cancer had been classified on the basis of the organs in 

which the tumours develop. Now, with the evolution of microarray technology (and 

more recently other types of transcriptomic analysis), it is possible for the researchers 

to further classify the types of cancer on the basis of the patterns of gene activity in 

the tumour cells. This will tremendously help the pharmaceutical community to 

develop more effective drugs, as new treatment strategies will be targeted directly to 

the specific type of cancer. Comparative analysis of the genes expressed from a 

diseased and a normal cell will help the identification of the biochemical constitution 

of the proteins synthesized by the diseased genes. Once the proteins are identified 

scientists can then use this information to make drugs which combat with these 

proteins and reduce their effect (Kitano, 2002).  

 

There are limitations of this technology including the fact that microarray studies are 

done with hybridization-based microarrays, which might cause concerns regarding 

cross-hybridization artefacts and poor quantification of low and high expressed genes. 

It is also always going to be limited to the number of targets present on the arrays, 

making it more difficult to identify some kinds of changes in the transcriptome, for 

example, different splice variants of genes expressed. Due to these limitations, 

transcriptomics using microarrays is slowly transitioning to sequencing-based 

methods. These started with Sanger sequencing of Expressed Sequence Tag 

libraries, to chemical tag-based methods (e.g., serial analysis of gene expression), 
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and now to full RNA-sequencing (Murphy, 2002). Now sequencing throughput has 

increased and costs reduced, sequencing-based transcriptomics is becoming very 

commonly used. 

 

RNA-Seq 
RNA sequencing (RNA-seq), usually using ‘next-generation sequencing’ (NGS), 

technology (described above in section 1.1.3.1) to achieve high throughput, is mainly 

used to screen the amount of RNA present in a biological sample. Like for microarray, 

it is used to observe changes in a transcriptome in different conditions. Of particular 

importance, RNA-seq has the capacity to observe gene spliced transcripts, post-

transcriptional modifications, mutations/SNPs and changes in gene expression over 

time, or differences in gene expression in various groups or treatments. RNA-seq not 

only can detect mRNA but can (in some circumstances) also look at different 

populations of RNA to include total RNA, small RNA, such as miRNA, tRNA, and 

ribosomal profiling. RNA-seq is useful for the detection of exon/intron boundaries and 

can confirm or amend previously annotated 5' and 3' gene boundaries (Maher et al., 

2009) it also provides absolute levels of transcripts, whereas microarray only gives 

relative levels. 

 

RNA-seq technology relies upon generation of cDNA from RNA that has been isolated 

from the samples. After synthesizing cDNA, it is fragmented intro lengths of ~200bp 

which can be labelled for sequencing. This also reduces the 5’ bias of primed-reverse 

transcription. The cDNAs are sequenced (this is discussed above in section 1.1.3.1 

and in more detail in Chapter 2) and used for downstream study such as analysis of 

transcriptome or specific gene expression, quantification of a gene expression at 

different times or between normal and disease states, identification of variations in 

single nucleotides or detect post transcriptional variations (Chen et al., 2014).  
 

As with every technology RNA-seq has its limitations (Table 1.2). It generates massive 

amounts of data and very big output files – this means it has high volume storage 

memory requirements, powerful computing equipment and high-speed data links to 

process and analyse data. This can range from a small problem in a simple small scale 

transcriptomic experiment (like used in this thesis) where data may take several days 

to process using high-end desktop computers, to a huge problem for large projects 
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which need supercomputers and lots of support staff and equipment. Even with this, 

because sequences require alignment and quantification before any gene-level data 

is obtained, the bioinformatics requirements for the data are much higher than for 

microarray. Together with the complexity of the sequencing process itself, this makes 

RNA-seq analysis both more difficult and slower than microarray analysis. Other than 

these support issues, the sequencing itself is historically very expensive, but this has 

fallen a lot and is now only a little more expensive than microarray. Another problem 

of RNA-seq is that because all RNAs compete for the binding sites in the sequencer, 

which samples containing lots of very common sequences can interfere with the 

sequencing of rarer sequences. This is worse than for microarrays because on 

microarrays, all target binding sequences are represented on the array no matter how 

common they are in the sample mRNA. None the less because of the limitations in 

microarray and the trend for it to replace microarray in some areas, for some of my 

experiments I have used RNA-seq as a way to find answers to my research questions. 

 

1.3.3.3 Proteomics 

Proteomics is study by measurement of multiple proteins within a single sample 

(Graves and Haystead, 2002) and started in 1975 after the introduction of two-

dimensional gel technology, though the term “proteome” was first coined in 1995 to 

define the characteristics of the proteins present in a cell, tissue or organism at the 

large-scale. There are two definitions for proteomics. The first one is restricted to the 

study of protein only around the analysis of gene products, whereas the second one 

includes genetic readouts i.e. mRNA analysis, yeast two-hybrid analysis and 

genomics. Whatever the definition is, both have the same general goal i.e., to provide 

a global and integral view about the biology of protein present in a cell. Study of 

proteins is based on some aspect of protein such as its interaction with other proteins, 

its function, its localization etc. Protein research can provide a three-dimensional (3D) 

map of the proteins in a cell including cellular location. Study of proteins in a cell also 

gives an insight about the environment of a cell as it changes in response to internal 

and external signals, modifications through post-translation, modification via 

translocation or even synthesis or degradation occurring over time (Pandey and Mann, 

2000). 
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Proteomics holds a great importance in study of cell biology as the phenotype of a cell 

is actually determined by the expression of protein which is a more direct endpoint 

than either RNA or the genome - illustration of the reason behind any disease or 

effects of environment is not possible solely by the use of genome studies (Lewis et 

al., 2000). In identification of drug targets, protein characterization also provides 

important information. Proteomics has several advantages of studies of the 

transcriptome because mRNA does not necessarily reflect the protein content of a cell. 

Translation of protein from mRNA occurs after maturation i.e. post-translational 

changes and this isn’t always a direct process. There is also a chance of generation 

of multiple protein isoforms from a single gene. As well, as the serum and urine do not 

contain any mRNA, protein analysis is crucial for human translation of ‘omics’.  

 

Based on the type of study, proteomics can be of several types such as protein 

expression proteomics which is the quantitative study of protein expression; structural 

proteomics that deals with the structure of a protein complex; functional proteomics 

provides information about the protein signalling, mechanisms that mediate the 

disease and also about protein-drug interactions. Study of proteomics is dependent 

on some key steps i.e. isolation and separation of the sample from cell, tissue or bodily 

fluid, the acquisition of information related to the protein and then its identification by 

comparing it with a database. Based on these steps, several technologies have been 

developed. Separation and isolation is done by gel electrophoresis and mass 

spectrometry. Information of protein structure is performed by Edman sequencing with 

mass spectrometry (Lewis et al., 2000). Several databases are available and based 

upon the protein in question can be done through peptide mass fingerprinting 

database searching or by searching amino acid sequence databases (Pandey and 

Mann, 2000) Most recently the field of proteomics has been advanced by the 

development of aptamer-based technologies which don’t require the need for 

complicated sample preparation or mass spectrometry (Gold et al., 2010). Aptamers 

are protein-binding oligonucleotides. For aptamer technology applied to proteomics, 

proteins are broken into ‘signatures’ and coupled to the corresponding signature of 

DNA aptamer which can then be quantified on a DNA microarray (Gold et al., 2010).  
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1.3.3.4 Metabolomics 

Metabolomics is the study of metabolites which are small molecules i.e., sugar, 

nucleotide, amino acids and lipids involved in chemical processes of cell. Thus, 

profiling of metabolites gives a picture about the physiology of a cell at a given time. 

Metabolomics involves tracing the small molecules left behind in a cellular process 

that provides a unique chemical fingerprint for each cell. Sets of small molecules that 

are found in biological samples such as metabolite intermediates, secondary 

metabolites, hormones and other signalling molecules are referred to as the 

metabolome. These intermediate products produced during metabolism are usually 

less than 1 kDa in size. Metabolites can be divided into types based on classification 

from plants where primary metabolites are the molecules connected with normal 

growth, development and reproduction and secondary metabolites are the molecules 

that are ecologically important but not involved in growth or reproduction e.g., 

pigments and antibiotics. In the case of humans, these types are more often simply 

described as endogenous (from the host) or exogenous (from non-host) (Samuelsson 

and Larsson, 2008).  

 

Metabolomics study gives an indication of health of an individual and has been around 

in one form or another since ancient times. Unique metabolic profiling at an individual 

level was introduced in the late 1940s by Roger Williams: reviewed by (Gowda and 

Djukovic, 2014, Gates and Sweeley, 1978). After the demonstration that gas 

chromatography-mass spectrometry could be used to measure compounds in urine 

and tissue, the term “metabolic profile” was introduced by Horning et al. in 1971 

(Horning and Horning, 1971). Real-time metabolic profiling was then demonstrated in 

2015 for the first time (Link et al., 2015). Modern metabolomics profiling typically 

depends on an array of chromatography, mass spectrometry and nuclear magnetic 

resonance technology depending on the metabolites being studied. 

 

A sub area of metabolomics relevant to the topic of this thesis is lipidomics. Lipidomics 

is used to identify and quantify the cellular lipids and to detect their interaction with 

other molecules such as other lipids, metabolites, proteins etc. This can include 

prostaglandins and other mediators produced by COX enzymes. As with other omics 

techniques, the investigation of structure, interaction and dynamics of lipid molecules 

and changes that occur in disease could reveal important information about biological 
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systems. To study the lipid molecules, extracts have to be made from biological 

samples using organic solvents; lipid molecules are highly soluble in organic solvents 

due to their hydrocarbon chains. Extracted lipids are separated using chromatography 

techniques such as thin layer chromatography (TLC) and solid phase extraction 

chromatography and high-performance liquid chromatography (HPLC) with HPLC 

being the most extensively used technique to separate lipids. Detection and analysis 

of the lipid molecules is done using two rounds of mass spectroscopy and 

computational methods that aids in recognition. Lipid analysis also provides 

information in diseases that are caused by lipid malfunction such as atherosclerosis, 

obesity, diabetes, hypertension, stroke etc. (Wenk, 2005). 

 

Research in proteomics and metabolomics is now becoming fairly widely used but 

both fields still suffer from a number of limitations. First, the methodology is not 

standardised meaning it is very difficult to set up in new labs and hard to outside 

specialist centres. This means it is also difficult to reproduce, validate and compare 

findings generated in other labs. These approaches are also fairly expensive and low 

throughput to run, and typically have lower sensitivity. For example, this can mean that 

less abundant proteins/biomolecules are not detected or only certain classes/sizes of 

protein/biomolecule are detected. This means that these techniques do not always 

provide a true ‘omic’ profile. In contract, the relatively homogeneous nature of mRNA, 

and the development of standardised capture methods based on complementary base 

pairing means that transcriptomics using DNA microarrays or RNA-seq might, for the 

moment, be a more reliable way of applying non-genome wide association study 

based omics to disease. In addition, because the entire genome/trascriptome is 

mapped and easy to analyse, in a single experiment it is possible to consider mRNAs 

generated from all genes without bias. 

 

1.3.4 Application of ‘-omics’ to medicine  

Development of technologies and bioinformatics has supported the explosion of 

‘omics’ study in past two decades (Nandal and Burt, 2017). Whole genome 

sequencing, transcriptomics, metabolomics and proteomics is now relatively widely 

performed. However, this kind of technology generates a large amount of data which 

means that the best ways for analysis and translation of omics research into clinical 

settings is still being worked out. Also, due to the complexity of the biological system, 
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‘omics’ data alone is not sufficient to fully answer questions in human biology, 

physiology and disease. For example, about 90% of proteins that have clinical 

importance lack enough information about them. This means that incorporation of 

‘omics’ science is still a challenge due to the limiting factor of being able to best used 

the data that can now be generated. One way in which the community is trying to do 

this is by setting up collaborative databases using online platforms with user friendly 

interfaces. One of these is The Cancer Genome Atlas set up by the National Cancer 

Institute (NCI) (DeWitt and Smith, 1983). It is an approach to integrate multiple data 

and to identify the pathways that lies behind disease progression. Using this atlas, 

three mutually exclusive pathways have been identified that mediate the development 

of glioblastoma multiform (Ciriello et al., 2012). Another approach by the NCI is the 

Clinical Proteomic Tumour Analysis Consortium (CPTAC) which is a multi-institutional 

initiative that integrates proteomics to provide better insight into the understanding of 

cancer biology (Zhang et al., 2014). Another similar project is the Encyclopaedia of 

DNA elements (ENCODE) is an international effort that unites the chromosome-centric 

human proteome project. Integration of omics in clinical diagnosis should be the next 

step for the field as it will accelerate the speed of development of clinical biology and 

medicine.  

 

A case study by Dr Michael Snyder has demonstrated the importance of integration of 

omics in clinical diagnosis and how this integration can facilitate not only disease 

treatment but also diseases prevention (Chen et al., 2012). In this study, the authors 

performed multi-omic profiling including genomic and transcriptomic analysis in 

healthy volunteers and followed them for up to 24 months. Multiple omic signatures 

corresponding to diabetes and changing in response to viral infections were identified. 

In addition, using known disease-associated variants, the authors were able to predict 

identify individuals susceptible to diabetes, anaemia and hyperlipidaemia which were 

validated either through the appearance of disease during the study or by conventional 

markers. This study illustrates how personalized omics profiling (POP) through 

analysis of genomic, proteomics, transcriptomics, and metabolomics could provide 

useful information about any disease or altered state of cells or individuals. This case 

study illustrates the facts about the integration of multiple omics branches in diagnosis 

and how they could provide useful information about drug sensitivity as well as the 
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assessment of risk of disease occurrence and other factors that could be used to 

develop personalized medicine (Chen et al., 2012). 

 

Unquestionably, cancer is the disease that has had most of the attention for ‘omics’ 

focused upon it (Kramer and Cohen, 2004) but as ‘omics’ technology becomes more 

standardised and costs are reduced it is being increasingly applied to a variety of 

biology questions. A benefit to scientists of the availability of the large volume of 

transcriptomic data is that online repositories have been created in which data can be 

mined to answer new questions which the original studies were not set out to answer. 

An example of this is one that I have used in my project called the Open TG-GATEs 

database (Ali et al., 2009), which contains transcriptomic data from liver (and in a few 

cases) kidney of rats treated with ~170 chemicals, primarily medicinal compounds, 

each tested at multiple doses for different time points. Importantly for me, this includes 

~10 non-steroidal anti-inflammatory drugs and therefore this data set can provide an 

independent validation for findings in my own transcriptomic studies.  Our group has 

previously applied transcriptomics to the COX-2 cardiovascular question in a limited 

way (Kirkby et al., 2014). In atherosclerotic mice, COX-2 knockout was shown to 

increase lesion formation and this was linked to COX-2 expression in the thymus and 

altered lymphocyte function, in part by transcriptomic profiling of inflammatory (lung, 

thymus) and cholesterol metabolising (liver) tissues. These studies also revealed a 

novel association between COX-2 and Rgl1, a gene involved in the Ras signalling 

pathway, which was down-regulated by COX-2 deletion. My thesis has continued this 

type of approach, applying transcriptomics and potentially other unbiased systems 

biology-type tools to understand how COX-1/2 inhibition or deletion alters function of 

the cardiovascular system. As explained in the sections below, with no explanation as 

to how COX-2 protects the cardiovascular or how NSAIDs might increase 

cardiovascular risk, my thesis has taken the view that unbiased ‘system biology’ 

approaches are now required to address the link between COX-2 with cardiovascular 

protection.  In this context, a systems biology approach means to consider all parts or 

effects on a system in an unbiased way rather than starting from a pre-conceived 

hypothesis. This allows generation of data not biased by pre-conceptions and gives 

leads that could not be inferred from traditional knowledge.  
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1.4 Summary and mission of the thesis 

COX-2 is a protective enzyme in the cardiovascular system. NSAIDs, which are 

consumed in very large amounts by millions of people, increase the risk of 

cardiovascular events even in healthy people and even after a very short duration of 

usage. There is no clear mechanism of how COX-2 protects the cardiovascular system 

although PGI2 may be involved. With no specific mechanism to explain how COX-2 

protects the cardiovascular system or how NSAIDs might increase cardiovascular risk, 

new unbiased ‘system biology’ approaches are now required to address the link 

between COX-2 with cardiovascular protection.  In this thesis, a systems biology 

philosophy using an unbiased approach rather than starting from a pre-conceived 

hypothesis was used to identify new COX-2 regulated pathways. Since one of the 

most developed systems biology techniques is gene expression analysis - 

‘transcriptomics’ this was used to advance our knowledge of how COX-2 protects the 

cardiovascular system. 

 

1.5 Hypothesis: 
 ‘COX-2 regulates the gene expression profile of cardiovascular tissues, the 

investigation of which will provide new insight into mechanistic pathways of NSAID-

associated cardiovascular side effects’ 

 

1.6 Aims:  
(a) To determine the distribution of COX enzymes in the cardiovascular system and 

their contribution to the local gene expression profile. 
(b) To determine the effect of pharmacological COX-2 inhibition on the renal 

transcriptome. 
(c) To determine the effect of COX-2 deletion in mice and COX-2 inhibition in man, on 

the transcriptome of whole blood. 

(d) To validate the link between COX-2 and a novel target gene, Rgl1 in vivo and in 

vitro. 
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Chapter 2 Methods 

2.1 Animals and animal tissue 
2.1.1 Use of animals 

All experiments were run according to the laws of the Animals (Scientific Procedures) 

Act 1986 and EU directive 2010/63/EU under UK Home Office project license number 

70/8422 and after local ethical evaluation (Imperial College London Ethical Review 

Panel). This act regulates the use of protected animals in any scientific procedure, 

which may cause pain, suffering, distress or lasting harm to the animal, and aims to 

reduce or replace the animal use where possible, or to refine the techniques to 

minimise suffering as outlined by the National Centre for the Replacement, 

Refinement and Reduction of Animals in Research (NC3Rs, 2017). Managing and 

housing of animals was carried out by certified technicians at the Imperial College 

Central Biomedical Services or Queen Mary University of London Biological Services 

facilities. Regulated scientific procedures undertaken in this thesis involved breeding 

genetically modified animals, ear clipping and oral drug dosing. All studies used both 

male and female mice aged 10-12 weeks. The in vivo aspects of these protocols were 

run by Dr Nicholas Kirkby under Home Office Personal License no. 70/10546 who 

provided tissue to me for ex vivo study. 

 

2.1.2 COX-1 and COX-2 Knockout mice 

In this thesis, genetically modified mice with homozygous COX-1 (COX-1-/-) or COX-2 

(COX-2-/-) knockout were used for transcriptomic analysis. These have been used and 

validated a lot before by our group (Kirkby et al., 2012a, Kirkby et al., 2013a, Kirkby et 

al., 2013b) and by other people (Langenbach et al., 1995a) and have been previously 

backcrossed onto a C57BL/6 background. The COX-1-/- (Langenbach et al., 1995a) 

and COX-2-/- colonies (Morham et al., 1995a) used in these experiments were 

originally donated to us by Professor Leslie R Ballou at University of Tennessee, USA 

in 2008 based on mice were first generated by Professor Oliver Smithies at the 

University of North Carolina, USA. Our colonies were maintained by crossing 

heterozygous parents to (i) avoid infertility of COX-2-/- females and (ii) so knockout 

mice (-/-) and littermate controls (+/+) could be generated together, to make sure the 

genetic background of the controls was the same as the knockouts. This is really 
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important for transcriptomic studies because even a small difference in the genetic 

background could give a big change in the transcriptome because the technique is so 

sensitive. For both lines, animals were genotyped by PCR of ear clip DNA for the 

modified Ptgs1 and Ptgs2 genes. Because these animals and colonies were shared 

between different members of the group, the genotyping was not done by me, but by 

Dr Nicholas Kirkby, Ms Hime Gashaw or Ms Ivana Vojnovic.  

 

The COX-1 knockout mice have a modification in the Ptgs1 gene so that parts of exon 

10 and 11 are disrupted. This region was chosen because it contains the sequence 

for some of the enzymes active site including Ser-530, amino acid which is acetylated 

by aspirin and is essential for catalytic activity (Langenbach et al., 1995a). Because of 

this, even though it is possible that the Ptgs1 gene is transcribed normally except for 

this disrupted region, any protein produced would not be able to convert arachidonic 

acid to PGG2/PGH2. The phenotype of the COX-1-/- mice is generally normal 

(Langenbach et al., 1995b). When they were first generated, it was seen that when 

homozygous parents are crossed the number and viability of the litters are small 

(Langenbach et al., 1995a), but this is avoided by the using heterozygous parents as 

we have done. There platelets show a deficiency in platelet aggregation due to loss of 

TXA2 production (Langenbach et al., 1995a)(Kirkby et al., 2012b) and their blood 

vessels show a loss of PGI2 generation (Kirkby et al., 2012b) which fits with what we 

know about COX-1 in the cardiovascular system. 

 

The COX-2 knockout mice have a modification in the Ptgs2 gene so that two parts of 

exon 8 are disrupted. Like for the COX-1 knockout mice, this region was chosen 

because it encodes the enzymes active site including the sequence that encodes Tyr-

371 and His-374 which are essential for catalytic activity (Morham et al., 1995a). 

Again, this means that even if a normal mRNA/protein is produced from the disrupted 

gene, it does not have the ability to generate prostaglandins. COX-1 knockout mice in 

comparison to the COX-2 knockout mice have a more obvious overall phenotype. 

Female COX-2-/- mice are completely infertile due to problems with ovulation and 

implantation  (Morham et al., 1995b), but like for the COX-1 knockouts this can be 

avoided by breeding heterozygous animals. COX-2-/- have mice altered renal 

development with young mice having smaller, paler kidneys reported in the first paper. 

Some mice had a reduction in the glomeruli number, tubular atrophy, interstitial 
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inflammation and fibrosis (Morham et al., 1995b). Their peritoneal macrophages don’t 

release PGE2 when stimulated with LPS which fits with a loss of inducible 

prostaglandin production (Morham et al., 1995b). COX-2-/- mice are also protected 

from cancer (Langenbach et al., 1999) which fits with the known anti-cancer effects of 

COX-2 inhibitor drugs. A more complete list of phenotypes reported for COX-1-/-  and 

COX-2-/- mice is given in Table 2.1 (Loftin et al., 2002). 

 

 

Table 2.1 Relevant Phenotypic Characteristics of COX Deficient Mice. Table 

adapted from (Loftin et al., 2002).  

System Effected Specific Process COX-1-/- COX-2-/- 

Reproduction and Development Neonatal Mortality Normal Increased 

 Patent Ductus Arteriosus Normal Increased 

 Ovulation Normal Impaired 

 Implantation Normal Impaired 

 Parturition Delayed Not studied 

Prostaglandin Production Constitutive Prostaglandin Synthesis Decreased Normal 

 Cancer Prostaglandin Synthesis Normal Decreased 

 Inflammatory Prostaglandin Synthesis Normal Decreased 

Inflammation and Cancer Inflammation Altered Altered 

 Peritonitis Incidence Normal Increased 

 Autoimmune Arthritis Normal Decreased 

 Febrile Response Normal Decreased 

 Tumour Development Decreased Decreased 

Gastrointestinal, Bone and Skin Spontaneous Gastric Ulceration Normal Normal 

 Colonic Inflammation Increased Increased 

 Bone Resorption Normal Decreased 

 Wound Healing Unknown Impaired 

 Intestinal Stem Cell Survival Decreased Normal 

Cardiovascular and Renal Platelet Aggregation Impaired Normal 

 Vascular Prostacyclin Release Impaired Normal 

 Postnatal Kidney Development Normal Impaired 

 Adult renal function Normal Impaired 

 Atherosclerosis Reduced Increased 

 Arterial Thrombosis Not studied Increased 

 Bleeding Time Increased Not studied 
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2.1.3 COX-2 Luciferase Reporter Mice 

In this thesis, tissue from COX-2fLuc/+ mice were used to measure COX-2 expression 

levels in cardiovascular tissues. These mice (Ishikawa et al., 2006) were generated 

were generated by Professor Harvey Herschman at University of California Los 

Angeles in 2006 who also generously provided the tissues used in this thesis. They 

have been validated before by Prof Herschman’s group (Ishikawa et al., 2006), and 

by our group (Kirkby et al., 2013c, Kirkby et al., 2013b, Kirkby et al., 2016). The mice 

made by replacing the whole coding part of the Ptgs2 gene with the coding region for 

the firefly luciferase gene (fLuc). This means that wherever the Ptgs2 promoter is 

active, instead of COX-2 mRNA/protein, luciferase mRNA/protein will be produced. By 

measuring luciferase activity, you can then see where the Ptgs2/COX-2 promoter is 

active. These mice were maintained as a heterozygous line to allow both normal COX-

2 and the luciferase reporter to be expressed at the same time.  

 

2.1.4 Wildtype mice treated with pharmacological COX-2 inhibitors  

To study the effect of selective COX-2 pharmacological inhibition, wildtype C57Bl/6 

mice were purchased from Charles River, UK. Male and female mice, aged 8 weeks 

old (total of n=8 total per group) were used. Parecoxib (Pfizer, USA), a selective, water 

soluble COX-2 inhibitor drug was added to drinking water at a concentration of 

0.5mg/ml for 5 days as our group has done before (Ahmetaj-Shala et al., 2015), then 

animals were culled and tissues collected as it says below. This is equivalent to a dose 

of 100mg/kg for a 25g mouse drinking 5ml of water each day. This would be a very 

high dose for humans, but previous studies in our group have shown that high doses 

of parecoxib and other NSAIDs are required to get good COX inhibition in mice 

possibly because they metabolise the drug very quickly. As shown in Chapter 3, in 

mice this dose gave ~80-90% COX-2 inhibition, which is similar to what you would get 

in people taking normal doses of NSAIDs (Warner et al., 1999).  

 

2.1.5 Collection of mouse blood and tissue for all studies  

Mice were euthanised by CO2 narcosis. Blood was collected from the inferior vena 

cava into heparin (10 U/mL final; Leo Laboratories, UK). If blood was collected for RNA 

(knockout mouse studies), 500ul of heparinised blood was mixed with 500ul of RNA 

later to stabilise the transcriptome, then frozen on dry ice and stored at -80C until 

extraction. If blood was collected for plasma (parecoxib studies), it was centrifuged at 
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12,000g for 2 minutes to separate plasma, which was removed with a pipette to a new 

tube, and stored at -80C until analysis. In all studies after blood was collected, tissues 

that were going to be looked at were quickly removed and frozen on dry ice, and then 

stored at -80C until RNA extraction.  

 

2.1.6 Bioassay of mouse tissue COX-1/COX-2 activity and inhibition 

Four types of bioassay were used to test in mouse studies to confirm (i) if COX-1 and 

COX-2 activity were lost in the knockout mice and (ii) that mice treated with parecoxib 

had levels of drug in their blood that were enough to inhibit COX-1 and COX-2. Details 

of how immunoassays were run and how cells were cultured are given in sections 2.6 

and 2.7. 

 

For the assays to test COX activity in the knockouts, two systems were used. To 

measure COX-1 activity, 100μl of whole blood was added to a 96 well plate from each 

mouse and then Ca2+ ionophore (50μM; A23187; Sigma, UK) was added. Stimulated 

blood was kept at 37C for 30 minutes, and then the plate was centrifuged at 1,000g 

for 5 minutes. The plasma was separated and used to measured TXB2 production by 

immunoassay (Cayman Chemical, USA). This TXB2 comes from platelets, which only 

express COX-1, so this assay tells us if COX-1 is active. At the same time, aortas from 

the same mice were removed and cleaned of fat and other tissue and divided into 

2mm rings. They were then added to a 96 well plate with 200μl DMEM (Sigma, UK) + 

10% fetal calf serum (FCS; LabTech, UK) and incubated for 24 hours at 37C. After 

this, levels of PGE2 were measured in the media by immunoassay (Cisbio, France). 

Culturing the aorta overnight with serum like this makes COX-2 activity be induced 

and take over as the main way PGE2 is produced (Kirkby et al., 2012a), so measuring 

PGE2 in these samples tells us if COX-2 is active. 

 

For the assays to test if plasma from mice treated with parecoxib had enough drug in 

to inhibit COX activity, two more slightly different assays were used. To measure COX-

1 inhibition activity, plasma from mice was incubated for 30 minutes with segments 

(2x2x2mm) of fresh mouse lung, then stimulated with A23187 (50μM) for 30 minutes 

at 37C to induce prostaglandin production. PGE2 was then measured in the media by 

immunoassay. Fresh mouse lung only really contains COX-1 (Kirkby et al., 2012a), so 

by measuring the PGE2 produced, we can see if the plasma added contains enough 
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drug to inhibit COX-1 activity. To measure COX-2 inhibition activity, the same kind of 

assay was done, but instead of mouse lung segments, plasma was added to cultured 

J774 murine macrophages which had been pre-treated with LPS (10μg/ml; Sigma, 

UK) for 24 hours at 37C to induce COX-2. Plasma was added, cells stimulated with 

A23187 and PGE2 was measured in the same way. J744 cells treated with LPS only 

really express COX-2 so by measuring the PGE2 produced, we can see if the plasma 

added contains enough drug to inhibit COX-2 activity. These types of assay have been 

used by the group before to see if there is enough NSAID in mouse plasma to inhibit 

COX-1 and COX-2 (Armstrong et al., 2011). 

 

2.1.7 Biochemical assay of luciferase assay in samples from COX-2fLuc/+ mice 

Luciferase activity was measured in samples from COX-2fLuc/+ mice as a way to the 

amount of COX-2 expressed in different tissues. These samples were donated by Prof. 

Harvey Herschman, UCLA, from the mice described in sections above. Small pieces 

of frozen tissues (around 20mg) were homogenised with a Precellys24 bead 

homogenizer (Bertin Technologies, USA) in 50x the volume of Passive Cell Lysis 

buffer (Promega, UK). 5ul of the homogenate was added to white 96 well plates, and 

then 45ul of Luciferase Assay Reagent (Promega, UK) was added on top. This 

contains D-luciferin, ATP and other reagents that allows luciferase enzyme in the 

sample to make light. Light produced by the wells was measured over 10 secs using 

a luminescence plate reader (Mithras LB940; Berthold Technologies, Germany). After 

this, the protein levels in the homogenates was measured using a bicinchoninic acid 

protein assay kit (Thermo Fisher Scientific, UK). The light produced from the 

homogenates measured as relative light units was adjusted to the total protein 

concentration in μg. 

 

2.2 Healthy volunteers studies 
2.2.1 Use of human healthy volunteers 

In this thesis the effect of the COX-2 inhibitor drug, celecoxib, on the transcriptome of 

the blood of healthy human volunteers was studied. The study protocol was run before 

I began my PhD and other analysis from it has been published (Ahmetaj-Shala et al., 

2015). For this thesis, I received stored blood samples for transcriptomic analysis. This 

study recruited healthy male volunteers (18-40) excluding: anyone with abnormal 

blood chemistry or lipid profile, smokers, drug abusers, anyone with BMI <18 or >30, 
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anyone with high blood pressure, significant medical conditions or known drug 

allergies. The study was performed according to the rules and guidelines set out by 

the Declaration of Helsinki (6th revision, 2008) and after ethical approval from the 

South East London Research Ethics Committee (reference no. 07/Q0702/24) and was 

run at the William Harvey Research Institute and sponsored by Queen Mary University 

of London. All participants gave full written informed consent for them to be involved 

in the study. 

 

2.2.2 Study design 

Once volunteers were recruited onto the study by giving informed consent and being 

checked for inclusion/exclusion criteria, blood samples were taken from n=16 

volunteers in the way it says below in section 2.2.3. After this n=8 volunteers, were 

assigned to the test drug, celecoxib and the other n=8 volunteers received a different 

drug which was not studied in this thesis. The volunteers receiving celecoxib took 

200mg celecoxib twice a day for 7 days. This is the upper standard dose used in the 

UK for treating arthritis. After 7 days, volunteers returned to the study clinic, where 

another blood sample was taken, around 2 hours after they had taken their final dose. 

For this thesis analysis was performed on all n=16 ‘basal’ samples compared to the 

n=8 ‘celecoxib’ samples. Although this meant that a paired statistical analysis could 

not be done, it was overall decided that the additional n values in the ‘basal’ group 

would add power to the analysis. 

 

2.2.3 Blood collection for transcriptomic analysis and COX activity measurement 

At each study visit, blood was collected by venepuncture from the forearm by a trained 

person into Vacutainer blood collection tubes. The samples relevant to the 

experiments in this thesis were blood for RNA which was collected into Tempus Blood 

RNA stabilisation tubes to stablise the transcriptome, plasma which was separated in 

a centrifuge (12,000g for 2minutes) from blood collected into heparin vacutainers. 

Tempus Blood RNA tubes and separated plasma were stored at -80C until analysis.  

 

2.3 Molecular techniques 
2.3.1 RNA extraction from cells and mouse tissues/blood 

Cultured cells or frozen tissue pieces (around 10mg) were lysed in RLT lysis buffer 

(Qiagen, UK) containing 1:20 β mercaptoethanol (Sigma, UK). After addition of lysis 
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buffer, tissues were homogenised using a Precellys24 bead homogeniser in CK14 

tubes (VWR, UK) and cells homogenised by scraping from the well then drawing into 

and ejecting from a 1ml syringe with 25G needle (BD Biosciences, UK). After this, total 

RNA was extracted cell or tissue lysates, or from RNA later stabilised mouse blood 

using Tissue/Blood RNA isolation RNeasy Mini kits (Qiagen, UK) according to the 

suppliers instructions. To do this, an equal volume of 70% ethanol was added to each 

sample. Samples along with 70% ethanol were transferred into labelled spin columns 

containing a silica gel membrane and centrifuged, allowing the RNA to bind to the 

membrane as the solution passes through. Flow-through was discarded, and supplied 

wash buffer 1 (RW1) was added to remove biomolecules and unwanted RNA (rRNA 

and tRNA). Again, samples were spun, and the flow-through was discarded. The 

supplied wash buffer 2 (RPE) was then added and tubes spun again which remove 

traces of salts and leads to a change in the ionic strength resulting in unbinding of the 

mRNA. RNase-free water was then added to spin columns which were centrifuged 

one more time to elute the RNA from the membrane into collecting tubes. 

 

2.3.2 RNA quality control  

Two methods were used to quantify RNA and check its quality. Basic analysis was 

done using a NanoDrop® spectrophotometer (Thermo Scientific, UK) which measures 

RNA levels and quality by its ultraviolet absorbance at 260nm to detect the amount of 

nucleic acid present in the sample. This is compared to absorbance at 230nm which 

gives an idea of any other contaminants that may be present in the samples so the 

A260/A230 ratio gives an estimate of quality/purity of the sample. Using this system it 

is recommended that A260/A230 ratios should be >1.7 to give good analysis in PCR 

and transcriptomic assays.  

 

For samples going for transcriptomic analysis which is very sensitive to RNA 

degradation a more complete RNA quality check was done using a system called 

‘Bioanalyzer’ which measures the size of RNA fragments in the sample. This 

generates an RNA integrity as an ‘RNA Integrity Number’ (RIN; 0-10) and is the 

standard way RNA is checked before microarray or sequencing analysis. A RIN score 

>7 is usually considered high quality for these analysis, but sometimes, samples with 

lower RIN scores can still give good data. This analysis was performed as part of 

commercial microarray/RNA sequencing analysis services by SourceBioscience (UK) 
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or BGItech (China) then I received the data for analysis. This is a brief description of 

how the assay works and is run. A fluorescent RNA dye is added to each sample then 

this loaded into wells on a microfluidic chip (RNA Nano LabChip, Agilent Technologies, 

USA) and placed in an Bioanalyzer 2100 analyser (Agilent Technologies, USA). The 

samples are separated in the chip by gel electrophoresis and as the size fractions of 

the fluorescent RNA pass a sensor they are quantified.  

 

This generates a plot of RNA size versus abundance which is compared to RNA 

markers of known sizes. From this, the Bioanalyzer software calculates the RIN using 

an algorithm that looks at the shape of the peaks and especially the size of the two 

biggest peaks which are for 28S and 18S rRNAs. If these peaks are in the right ratio, 

and the baseline is flat, the sample is good quality and has a high RIN number. If the 

RNA is degraded, the peaks get smaller and the fragments of broken RNA increase 

the baseline, and this gives a lower RIN score. 

 

2.3.3 cDNA synthesis 

RNA was converted to cDNA to perform quantitative PCR of gene expression and I 

performed this myself. Conversion of RNA to cDNA is also an important to step 

required for microarray and RNA sequencing experiments, but this was done using a 

similar method by the commercial providers of these services. 

 

For PCR experiments, RNA was converted to cDNA using a RevertAid First Strand 

cDNA synthesis kit which included all required reagents (Thermo Fisher Scientific, 

UK). In a total volume of 20ul, RNA (0.05ug/ml final) was mixed with oligo(dT)18 (5uM 

final) primers, dNTPs (1mM each, final), reaction buffer (1X) and RevertAid M-MuLV 

reverse transcriptase (10U/ml final). This was loaded into 96 well PCR plates and 

incubated at 42C for 60 minutes in a MyCycler PCR machine (Bio-Rad, UK). The 

reaction was then stopped by increasing the temperature to 70C for another 5 minutes. 

In this reaction, oligo (dT) primers bind to polyA tails on mRNA molecules which are 

then converted to cDNA when they are bound by reverse transcriptase and in the 

presence of dNTPs to make up the new DNA molecule. polyA tails are usually found 

only on mRNA molecules so using oligo(dT) primers like this helps to reduce 

contamination from any genomic DNA or other kinds of RNA (e.g. rRNA, tRNA) 

present in the sample. 
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2.3.4 qPCR analysis of single gene expression  

Quantitative polymerase chain reaction (qPCR) was performed using TaqMan gene 

expression assays, which are probe pre-validated by the company for measurement 

of particular genes. A full list of different TaqMan probes used in this thesis is shown 

in (Table 2.2)This was done by mixing a TaqMan gene expression probe (0.5ul; Life 

Technologies, UK), with cDNA (1ul), DNase-free water (3.5ul; Sigma, UK) and 

Luminaris qPCR master mix (5ul; Thermo Fisher Scientific, UK). This was added to 96 

well PCR plates, sealed and transferred to 7500 Fast qPCR instrument (Applied 

Biosystems, UK) and cycled as follows: Initial step; 95’C at 10 minutes, thermal cycling 

x40, denaturation; 95’C for 15 seconds, Annealing; 60’C at 15 seconds. The 

fluorescence of each well was read once per cycle and used to calculate the threshold 

number of cycles required for logarithmic amplification to being (CT). 

 
Gene Probe ID (mouse) Probe ID (human) 
Ptgs1 Mm00477214_m1  

Ptgs2 Mm00478374_m1  

Agxt2 Mm01304088_m1  

End1 Mm00438656_m1  

Rgl1 Mm00444088_m1 Hs00248508_m1 

18S rRNA Hs99999901_s1 (cross-species) Hs99999901_s1 

Gapdh Mm99999915_g1 Hs99999905_m1 

Gusb Mm01197698_m1  

B2m Mm00437762_m1  

 
Table 2.2: List of TaqMan primers used in my thesis. 
 

To control for different amounts of mRNA/cDNA in each sample, CT values for target 

genes of interest were adjusted to the CT values for housekeeping genes which should 

be present in all cells/tissues at a similar level. For most studies, 18S rRNA and 

Gapdh/GAPDH mRNA were used as housekeeping controls because these are very 

standard in the literature. For studies comparing COX gene expression across tissues, 

two extra housekeeping genes were used – Gusb and B2m mRNAs because these 

vary very little across tissues, helping more to control for tissue-specific differences in 

mRNA levels. An average CT value for all housekeeping genes measured in each 
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sample was calculated and used to analyse data using the following formula Fold 

Change = 2-(ΔΔCT), where ΔCT is the CT value for the target gene minus the average 

CT value for the housekeeping genes and ΔΔCT is ΔCT of the sample minus the ΔCT 

of the control samples. This is called the ΔΔCT method and is a standard way to 

compare relative gene expression in different samples. 

 

2.3.5 Transcriptomic analysis – overview 

Transcriptomic measurement of gene expression is a key technique used in this 

thesis. This was done by two methods: (i) microarray (Chapters 3 and 5) and (ii) RNA 

sequencing (also called RNA-seq; Chapter 4). In both cases, after NanoDrop 

quantification and quality check, samples were sent off for Bioanalyzer testing then 

measurement of the transcriptome by a commercial provider. For microarray, this was 

SourceBioscience (UK) and for RNA-seq, it was by BGI-tech (China). For both, once 

the analysis was complete, the commercial provider returned raw data (either signal 

intensity for microarray, or raw sequences for RNA-seq) which was analyzed by me 

(see section 2.5). Although microarray/RNA-seq analysis was not performed by me, a 

brief overview of how each technology works is given below. 

 

2.3.6 Transcriptomic analysis – microarray technology 

Microarray experiments starts with total RNA extracted from cells/blood/tissues which 

is then reverse transcribed to cDNA which is more stable during the analysis. cDNA is 

synthesized in the normal way with oligo(dT) primers to select for mRNAs. The cDNA 

is then broken into small fragments and labelled with a fluorescent dye called Cy3. 

These labelled cDNA fragments and denatured to separate the strands then 

hybridized to a microarray chip. There are lots of different kinds of DNA microarrays, 

but the samples in this thesis were analyzed using BeadChip arrays (Illumina, USA). 

These are glass slides into which very small (3 micron) silica beads are attached. Each 

silica bead is labelled with ~15 base pair DNA fragments which correspond to 

sequences that are unique to ~25,000 different transcripts in the transcriptome. This 

means, that if the sample contain cDNAs (from mRNAs) that are complementary to 

one of the labelled beads, it will bind, and the amount of binding will be related to the 

abundance of this cDNA in the sample. Because the cDNA in the sample is 

fluorescently labelled, the amount of binding to each bead on the chip can be 

measured using a very high resolution image scanner. By doing this, and quantifying 
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the fluorescence intensity of each location on the chip, and comparing this to a map 

the manufacturer has of what sequence is where, you get a measurement of the 

amount of each of the ~25,000 different transcripts that are in the sample. This data 

can then be analysed using bioinformatics analysis software. This process is 

summarized in Figure 2.1. 

 

 
Figure 2.1: Schematic diagram of microarray technology and how it was applied 
to study the transcriptome of COX knockout mouse tissue in this thesis. 
 
2.3.7 Transcriptomic analysis – RNA-seq technology 

As with microarrays, RNA-seq analysis starts with total RNA extracted from 

cells/blood/tissues which is then reverse transcribed to cDNA which is more stable 

during the analysis and is done with oligo (dT) primers to select for mRNAs. Also like 

for microarray, this is then fragmented into shorter sequences (~200bp) for 

sequencing. The kind of sequencing used for the experiments in this thesis was 

Illumina dye sequencing, a kind of modern high-throughput sequencing referred to as 

‘next generation sequencing’ and this was done using a HiSeq 2000 instrument 

(Illumina, USA). To do this, cDNA fragments are first ligated to adapter sequences 

which allow them to bind to the wall of the sequencing channel, called a flow cell, at a 

low density. This means the flow cell wall is now dotted with individual labelled cDNA 

fragments from each sample. By inserting ‘bar code’ sequences of DNA into the 

fragments, different samples can be run together at the same time. Through processes 
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called ‘bridge amplification’, polymerase enzymes are used to copy each bound cDNA 

fragment in a way that the copies remain bound to the flow cell around the same 

location as the original, until clusters are formed containing ~1000 copies of each 

cDNA fragment. Once these clusters are formed the sequence can be read through a 

process called ‘sequencing through synthesis’. For this, polymerases bind to each 

cDNA strand and copy them using special modified dNTPs that can only be 

incorporated one at a time. These dNTPs are labelled with a different fluorophore for 

each base. This means by high resolution imaging, the base which has been added 

to every cDNA cluster on the flow cell in each cycle can be determined. Each cluster 

represents many copies of a single cDNA molecule so by doing this, the sequence of 

the original cDNA molecule bound at that site is built over multiple cycles of dNTP 

incorporation and imaging. For standard transcriptomic analysis, usually 50bp from 

each cDNA cluster is sequenced and only one end of the cDNA strands are read – 

this is what was done for the experiments in this thesis and is called a ‘50bp single-

end read’. In each flow cell, around 100-200 million reads can be made. The more 

reads that are made per sample the more information about the transcriptome can be 

gained, but it is usually thought that ~10 million reads/sample gives about the same 

resolution as microarray technology. This means an entire experiment of 10-20 

samples can be sequenced in a single lane. Alternatively, more reads can be done 

per sample (say, >30 million reads/sample) which can provide information about splice 

variants and other rarer mRNAs, however, this was not used in this thesis as there is 

a diminishing return on information gained versus sequencing time and cost. At the 

end of sequencing run, a sequencer outputs a multi-gigabyte file containing a list of all 

100s of millions of bases sequenced per flow cell which then requires bioinformatics 

processing and analysis (see section 2.5).  

 

2.4 Online data resources  
2.4.1 Overview of online data resources & Expression Atlas 

One big advantage of ‘systems biology’ techniques is the big community of open 

source information and academic collaboration to share new tools and data generated 

by these approaches. For example, in the area of transcriptomics, most scientific 

journals insist that transcriptomic data sets be fully published online to allow other 

researchers to mine this data for things the original study authors might not have been 

interested in. Several websites exist to provide these services, and now include 
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complex analysis routines within the website to let users search for links between gene 

expression, tissues, species and experimental conditions. One of the big sites for this 

is the European Bioinformatics Institute Expression Atlas database, 

(http://www.ebi.ac.uk/gxa). This tool has been modified many times, and the data it 

links to is constantly changing. In my thesis, this tool was used to search for datasets 

that might validate a link between a novel COX-2 target gene identified in Chapter 3 

(and in previous studies from the group (Kirkby et al., 2014)) and animals/cells/tissues 

treated with COX-2 inhibitors. Although this data is no longer available through the 

Expression Atlas website, this search found a link between Rgl1 down-regulation in 

vivo in rats treated in vivo with 7 different NSAIDs all in a data set called 

Toxicogenomics Project-Genomics Assisted Toxicity Evaluation System (Open TG-

GATEs) which is discussed below. 

 

2.4.2 Open TG-GATEs 

Open TG-GATEs (http://toxico.nibio.go.jp/english/index.html) is an online data 

repository (Figure 2.2), which includes gene expression profile, histology and blood 

chemistry data from a large toxicogenomics study (Igarashi et al., 2015). This study 

looked at in vivo (rat liver and in a few case kidney) and in vitro (primary rat 

hepatocytes, primary human hepatocytes) models exposed to 170 compounds, each 

at multiple doses/concentrations and time points and with 3 independent replicates 

per observation. The transcriptomic data was obtained using GeneChip technology 

(Affymetrix, USA) which is similar to the Illumina microarray technology described in 

section 2.3.6. What made it very relevant for this study, it that it included multiple 

NSAIDs, giving an independent data set to validate the effect of pharmacological COX 

inhibition of gene expression profile (in particular the target gene Rgl1 discussed in 

Chapters 3 and 6). In this thesis it was decided to focus on the drug meloxicam, 

because it is the only selective COX-2 inhibitor drug present in the study. To perform 

analysis of the data, raw microarray data files (and other data types) were downloaded 

from Open TG-GATEs website corresponding to meloxicam at 4 doses (vehicle, 10, 

30 and 100mg/kg) at 8 time points between 3hours and 29 days. This was then 

imported into GeneSpring GX12.1 software (Agilent Technology, USA) and quantile 

normalized, baseline transformed and the quality assessed by generating signal-

intensity box plots below. Because we were specifically interested in the expression 

of Rgl1 and related genes in this data set, a full transcriptomic analysis was not 
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performed. Instead, normalised expression levels for single genes of interest were 

extracted and analysed with conventional statistics (essentially treating a few 

microarray data like a PCR experiment) using Prism 6.0 software (GraphPad 

Software, USA). This workflow is summarised in (Figure 2.2). 
 

2.4.3 Human Protein Atlas   

The Human Protein Atlas (HPA; http://www.proteinatlas.org/) is another online 

‘systems biology’ data resource online database which combines antibody-based 

proteomics and RNA-seq data to look at protein/gene expression and localisation in  

44 different tissues, 46 cell lines, as well as in 20 of the most common types of cancer 

(Colwill et al., 2011). It contains RNA-seq data for 100% and protein data for 87% of 

the predictive human genes. In this thesis, HPA was used to see what the expression 

of Rgl1, COX-2 and related genes were in an array of cancer cell lines to inform the 

choice of which cell models to study the link between Rgl1, COX-2 and cancer in. This 

was based on the RNA-seq data, where quantified numbers of mRNA molecules 

corresponding to each gene in each cell line are downloadable.  

 

2.5 Bioinformatics data analysis  
2.5.1 General principles of transcriptomics data analysis  

In-house microarray data (from COX knockout mouse tissue and human blood), 

microarray data downloaded from Open TG-GATEs (from rats treated with meloxicam) 

and in-house RNA-seq data were all analysed by me using commercial bioinformatics 

software packages. The main one was called GeneSpring GX12.1 (Agilent 

Technologies, USA) which is used to analyse microarray data. For RNA-seq data in 

Chapter 5, another package called Strand NGS 2.7 (Agilent Technologies, USA) was 

used. This is a close relative of GeneSpring, but has additional features required for 

sequence alignment, quality control and quantification that are specific to RNA-seq. 

The overall process of using these packages to go from raw data to a complete 

analysis is summarised in Figure 2.3. The steps are considered individually below – 

some of which apply only to microarray or RNA-seq data, and some of which apply to 

both. 
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Figure 2.2: Overview of Open TG-GATEs online resource, how data from it can 
be accessed and analysed. 
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Figure 2.3: Overview of analysis workflow for microarray and RNA-seq 
transcriptional analysis. Steps in blue are microarray specific, red are RNA-seq 

specific, black are common and green are data visualisations. 
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2.5.2 Microarray only: data import and pre-processing  

Raw microarray data was received as Tab Delimited text (.txt) from SourceBioscience 

after output from Illumina GenomeStudio software. This was imported into GeneSpring 

used the appropriate data import filter using an ‘Expression Single Colour’ experiment 

type and ‘Analysis: Biological Significance’ workflow type.  

 

2.5.3 RNAseq only: data import, alignment and quantification 

Sequencing data comes as files of raw reads. To make sense of these, they need to 

be aligned to the genome to work out which sequenced fragments correspond to 

mRNAs for which genes. This was done by importing raw data in FASTQ format into 

StrandNGS software. This was then compared to a publically available reference 

genome to see which sequences relate to which genes. To do this, it is first required 

to look at the quality and patterns of the reads across each of the 50bp sequences, 

because often the beginning or end of the sequences is less reliable and need to be 

removed before trying to align to a genome library. The sequencer measures quality 

of every read it makes based on the quality and clarify of the imaging data for each 

cluster. It assigns this a ‘base quality’ score. This scale starts at 33, and for every 

increase in, means a 10-fold increase in probability that the read is accurate, so 43 

means 90% confidence, 53 means a 99% read confidence, 63 means a 99.9% read 

confidence etc. By plotting this against base position, it is possible to see if the 

beginning or end of the reads are of lower quality and these regions can be then be 

cropped from the sequences. It also important to look if, on average, there is a bias 

for certain bases at the beginning and end of the sequences. It should be that each of 

the 4 bases, on average, is each position 25% of the time, but sometimes adapter or 

barcode sequences get included in the read and this biases the base composition 

which is a known problem of this type of sequencing. Again, if this happens, these 

regions can be cropped so they don’t interfere with the alignment. Once the region of 

interest in the sequences is selected, they can be aligned to a genome library. Several 

ones are available but in this thesis the UCSC mm10 transcriptome library was used 

because it has been said to give the best quality coverage of the transcriptome 

compared to others. This is very computationally intensive and takes several days of 

computer time for even a simple experiment. Once done, an alignment quality score 

(0-100% matching) is given for each read, and again, if there are reads that have 

aligned badly then can be excluded. After this, the software counts the number of 
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reads that were made in regions of the transcriptome corresponding to each gene. 

The more mRNAs for a gene that were present in the original samples, the more reads 

will have been made, and the more reads will have aligned to that section of the 

genome. This is reported as RPKM – reads per kilobase per million reads – and gives 

you a number that corresponds to the expression of each gene in each sample.  

 

2.5.4 Data Normalisation  

For both RNA-seq data (RPKM) and microarray data (signal intensity), data were next 

pre-processed to eliminate technical variability across and within array samples. This 

was done using the quantile normalisation algoritm, which normalises raw data, so the 

distribution of signal intensities is similar across samples (Bolstad et al., 2003) – this 

is a little like normalising a Western blot to total protein levels. After this ‘signal-

intensity box plots’ are generated which show the distribution of signal intensities (i.e. 

gene expression levels) within all the probes in each microarray. Looking at this plot 

gives a very crude read out of if there are any ‘outlier’ samples with unusual 

distributions which might indicate a technical problem with that sample. At this point, 

the individual samples were also labelled and grouped within the software according 

to the analysis to be performed (e.g. by genotype, treatment tissue etc.). 

 

2.5.5 Unsupervised analysis: principal component analysis (PCA)  

With the expression level data ready for analysis, it was first subject to principal 

component analysis (PCA). This is a simple ‘unsupervised’ analysis, which is useful 

for the comparison and classification of datasets. The objective of PCA is to discover 

or reduce the dimensionality of the data set to describe the similarities and differences 

between samples overall. Unsupervised means the analysis is performed with the 

software not considering which sample is in which treatment group, so by looking at 

the PCR was can see if the variability within the data set is more to do with normal 

inter-sample variation, or if there is a specific shift/clustering due to a treatment. 

  

2.5.6 Statistical analysis of transcriptomic  

A ‘supervised’ analysis was then performed – this is like a conventional statistical 

analysis where the software knows which samples are in which groups and identifies 

which of the genes are changed. This is a bit more complicated than for small scale 

data because with so many genes (~20,000), and a standard p<0.05 rule there would 
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be so many false positive results. The first way to help with this is to do a fold-change 

cut-off was applied - so if expression of a gene isn’t altered by a minimum amount it 

won’t be analysed. This is a way to reduce the number of comparisons being made 

and ignore small changes which might not be biological significant – it is standard 

practice for transcriptomic analysis (usually 1.5 or 2.0). After this, the differences are 

statistically tested using a moderated t-test, and taken for further analysis if p<0.05. 

To reduce the chance of false positives further, a Benjamini-Hochberg False 

Discovery Rate (FDR) correction was then applied (Benjamini and Hochberg, 1995). 

This essentially re-calculates the p values according to the number of comparison 

made (a bit like a post-hoc test in an ANOVA) so the risk of a false positive remains at 

5%. The only exception to this in this thesis was in Chapter 5 where FDR correction 

was applied. This is considered acceptable practice where there are only small 

changes in the transcriptome (and so that the risk of false positives is low) and allows 

data on small changes to be extrapolated from noisy or technically problematic 

datasets – which is often true for blood data as discussed in that chapter. All analysis 

was performed in GeneSpring or StrandNGS. 

 

2.5.7 Standard plots for visualisation of transcriptomic data  

To visualise the distribution of altered genes, volcano plots were generated by plotting 

fold-change against p-value. This allows you to see the relationship between the size 

of changes in expression between treatments, balance of up- and down-regulation, 

and how these relate to consistency or change and statistical significance. 

Significantly differently expressed genes were also displayed simple gene lists and as 

heatmap showing the absolute expression levels across samples. All analysis was 

performed in GeneSpring or StrandNGS. 

 

2.5.8 Pathway analysis: conventional gene annotation approach  

Pathway analysis was performed on significantly altered gene lists using three 

different methods on different data sets for the reasons explained in each results 

chapter. The first was a conventional gene annotation pathway analysis. This is based 

on published lists of genes which are involved in particular biology functions. Several 

of these databases are available and include Gene Ontology 

(http://www.geneontology.org), KEGG (http://www.genome.jp/kegg) and Reactome 

(http://www.reactome.org). Gene lists are then statistically compared to these 
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databases to see if the sets of genes altered in a data set are enriched in any of the 

pathways in the databases. Lots of tools are available to do this but in this thesis an 

online tool called g: Profiler (http://biit.cs.ut.ee/gprofiler/) which pulls in data from 

multiple pathway databases. g:Profiler statistically analyses using a proprietary 

algorithm called g:SCS, following by Benjamini-Hochberg FDR correction. 
 

2.5.9 Pathway analysis: focused pathway approach  

The second pathway analysis method used was a manual curation approach. This lets 

you focus on specific pathways which might be biologically relevant to the question 

and, within those, see which genes are altered- basically just filtering the altered gene 

list to genes related to specific processes. In this thesis, this was done to see which 

gene involved in specific cardiovascular functions and hormone pathways were 

altered in various data sets. To do this, relevant unbiased pathway lists were 

downloaded from Gene Ontology (http://www.geneontology.org) and manually 

compared to the lists of altered genes coming from transcriptomic experiments using 

Excel software (Microsoft, USA). 

 

2.5.10 Pathway analysis: gene-set enrichment analysis  

The last pathway analysis method used was gene set enrichment analysis (GSEA) 

which was developed at the Broad Institute (Subramanian et al., 2005). This analysis 

is a bit like the standard pathway analysis, but instead of look for genes which have 

been manually linked to specific pathways/processes, compares gene expression 

profiles from a user’s experiment, to a huge database of experimental data looking at 

the effect of specific conditions on the transcriptome of biological system (called the 

Molecular Signatures Database or MSigDB). It is also different to standard pathway 

analysis because instead of just looking a list of ‘statistically significantly’ altered 

genes, it compares the profile and expression level of every single gene measured. 

GSEA was run using the GSEA software tool version 2.1 and MSigDB C5 and C7 

versions 5.1 both from freely available from the Broad Institute, USA 

(http://software.broadinstitute.org/). Statistical analysis was performed by its internal 

analysis after correction FDR correction (Subramanian et al., 2005). 
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2.6 Cell culture  
2.6.1 Cell lines used in this thesis  

Five cell lines were used in this thesis. J774 are semi-adherent cells from mouse 

macrophages and were purchased from Sigma, UK. A549 are adherent cells from 

human adenocarcinoma alveolar basal epithelial (lung cancer) cells and were 

purchased from the American Tissue Cultural Collection, USA. Caco-2 are adherent 

cells from human colon adenocarcinoma (colon cancer) and were purchased from 

Sigma, UK. WM-115 are adherent cells from human skin melanoma (skin cancer) and 

were purchased from Sigma, UK. Blood outgrowth endothelial cells (BOECs) are a 

primary human endothelial cell culture isolated from blood of healthy volunteers. They 

are a standard adult endothelial cell model and carry expression of characteristic 

endothelial cell markers and biological pathways (Reed et al., 2014b). The process by 

which they are isolated has been described by our group (Reed et al., 2014a) and 

others (Ingram et al., 2004) before and they were supplied to me for the work in this 

thesis as an established endothelial cell culture. 

 

2.6.2 Maintenance and sub-culture of cell lines  

All cells were grown in T75 flasks under standard growth conditions; 37°C, 5% CO2 

and humidified air in an incubator. Cells were maintained in Dulbecco’s Modified 

Eagle’s Medium (DMEM, Sigma UK) with 10% FCS, 2mM L-glutamine, 100U/ml 

penicillin, 100mg/ml streptomycin and 1% non-essential amino acid (NEAA, GIBCO 

Life technologies, UK) or for BOECs, in Endothelial Growth Medium-2 (EGM2; Lonza, 

Germany) with all supplied supplements including 2% FCS. 

 

When cell reached 70-90% confluence were washed with sterile PBS, detached either 

by scraping the cells off the flask surface for semi-adherent J774 cells or by 

trypsin/EDTA treatment (0.5% trypsin, 0.2% EDTA; Sigma, UK) for all other cells used. 

Cells were pelleted using a centrifuge then reseeded in fresh 10ml media at a 

concentration of 5x105 -1x106 per T75 flask. 

 

2.6.3 Cryopreservation and restoration of cell lines  

Where required, cells were cryopreserved in liquid nitrogen when they werent being 

actively used. Aliquots to be frozen in liquid nitrogen were prepared by detaching and 
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pelleting the cells as described above, then re-suspended in Cryo Serum Free Medium 

(Cryo-SFM PromoCell, UK). Cell numbers were then counted using a 

haemocytometer and the concentration adjusted to a density of 500,000cells/ml. 1ml 

of this suspension was distributed into cryovials (Anachem, UK), stored at -80 C for 

24 hours, and then transferred to a liquid nitrogen Dewar for long term storage. When 

cells were required again, they were removed from liquid nitrogen, heated in a 37C 

water bath until just defrosted then immediately added to a T75 flasks containing the 

appropriate media. After 24 hours media was changed, establishment of the culture 

confirmed by microscopy and cells were allowed to grow to confluency before sub-

culture and/or using in experiments. 

  

2.6.4 Cell treatment protocol for J774 COX-2 bioassay experiments 

J774 cells were plated on 96-well plates at a density of 100,000 cells/well in DMEM 

and left to equilibrate for 24 hours. The media was replaced with fresh media 

containing LPS (10 μg/ml; from E. coli 0111:B4; Sigma, UK) or vehicle (DMEM) and 

incubated for a 4 or 24 hours. At this point media was removed for measurement of 

nitrite levels by Greiss assay (section 2.7) or PGE2 by immunoassay (section 2.7). In 

some protocols, after 24 hours incubation with LPS and media removal, fresh media 

was added containing the selective COX-2 inhibitor, rofecoxib (Vioxx; 1μM; Sigma, 

UK), or vehicle (0.1% DMSO) and cells incubated for 30 minutes before stimulation 

with A23187 Ca2+ ionophore (50μM; Sigma, UK) to stimulate phospholipase A2 activity 

and arachidonic acid release. After another 30 minutes incubation, media was 

removed to measure PGE2 by immunoassay (section 2.7). 

 

2.6.5 Cell treatment protocol for endothelial cell inflammation experiments  

BOECs were plated on 96-well plates at a density of 10,000 cells/well with EGM2 

media and equilibrated overnight. After 24 hours, media was replaced with fresh 

EGM2 media containing diclofenac (1μM; Sigma, UK) or vehicle (0.1% DMSO; VWR, 

UK). After 30 minutes, cells were then treated with a range of inflammatory stimuli as 

part of a Toll-like receptor agonist kit (Invivogen, UK) at the concentrations 

recommended by the supplier. The stimuli used and final concentrations were LPS 

(TLR4 agonist; 1μg/ml), Pam3CSK4 (TLR1/2 agonist; 1μg/ml), FSL-1 (TLR2/6 

agonist; 1μg/ml), PolyIC (TLR3 agonist; 10μg/ml) and IL-1β (1ng/ml). After a further 

24 hours incubation supernatants were collected and stored at -20oC for analysis. IP10 
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and CXCL8 were measured in supernatants by commercial ELISAs according to the 

method set out below in section 2.7. 

 

2.6.6 Cell treatment protocol for NSAID toxicity experiments  

A549 and Caco-2 were plated in 96 well plates at a density of 3,000 cells per well. 

This density was chosen based on the previous experience in the group as optimal for 

in vitro cancer cell killing by NSAIDs. WM-115 cells were plated at 6,000 cells because 

at lower densities they did not have enough metabolic activity to detect using the 

alamarBlue assay detailed below in section 2.7. Cells were allowed to settle for 2 hours 

and were then treated with vehicle or a range of NSAIDs at (vehicle, 0.1, 1, 10, 100uM 

and for aspirin only 1000µM). The NSAIDs studied were diclofenac, celecoxib, 

naproxen, aspirin and sulindac, all of which were purchased from Sigma, UK and were 

dissolved in DMSO so the final concentration was always 0.1%. Plates were incubated 

for 24 or 96 hours before the viability of the cells was measured using the alamarBlue 

assay described below in section 2.7. 

 

2.7 Biochemical and immunoassay 
2.7.1 Biochemical Greiss assay – nitrite measurement 
The Greiss assay was used to measure nitrite levels in cell culture supernatants. Nitrite 

is an oxidation product of NO, and by measuring nitrite we can estimate the amount 

of NO produced, which in J774 macrophage cell, is a marker of how much iNOS is 

present and how much inflammation there is. The Griess assay is a colorimetric assay 

that uses equal volumes of N-1-naphthyl ethylenediamine (Component A; Sigma-

Aldrich, UK) and sulfanilic acid (Component B; Fisher® Scientific, UK) to form the 

Griess Reagent. Reagents A & B were mixed, and 50μl of this mixture was added to 

50μl of the sample. Component B is quantitatively converted to a diazonium salt by 

reaction with nitrite in acid solution. The diazonium salt is then coupled to component 

A forming an azo dye that can be measured by its absorbance at 570 nm using a 

spectrophotometer. Samples were compared to a standard curve of pure sodium 

nitrite (Sigma, UK) and unknown values interpolated from this using Prism 6.0 software 

(GraphPad software, USA). An example standard curve from this assay is shown in 

Figure 2.4.  
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2.7.2 Competitive fluorescence immunoassay - Prostaglandin E2 measurement 

PGE2 was measured using a Homogenous Time Resolved Fluorescence (HTRF) 

assay in supernatants from incubated cells and tissues using a commercial kit from 

Cisbio (France). The HTRF assay is a competitive fluorescence immunoassay that 

uses an anti-PGE2 antibody labelled with a fluorophore called Eu3+-Cryptate. This 

binds to a ‘tracer’ of PGE2 labelled with another fluorophore called d2 (PGE2-d2). 
 

 
 
Figure 2.4 Standard curve for Griess assay. 
 
When added together (5ul each) together with sample (10ul), PGE2 in the sample will 

compete for d2-labelled PGE2 compete for bind to the antibody. In samples with no 

PGE2, PGE2-d2 to bind completely to the labelled antibody, but if there is lots of PGE2 

in the sample, it blocks the binding of PGE2-d2 to the antibody. When PGE2-d2 binds 

to the labelled antibody, the two fluorophores get close enough that fluorescence 

energy move between them – this means that if you excite one fluorophore you get 

emission from both of them, at their own distinct wavelengths – this is called 

fluorescence resonance energy transfer. So, if you excite the labelled antibody (at 

320nm) you can get direct emission at 620nm, and also, if they are bound, emission 

from the PGE2-d2 at 665nm. By measuring the ratio between these wavelengths you 

can work out how much antibody and PGE2-d2 are bound to each other, and so how 

much PGE2 was in your sample to compete with this binding – with sample PGE2 

concentration inversely proportional to signal intensity. To analyse the fluorescent 
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emission of the plate was read at 620nm and 665nm after excitation at 320nm using 

Mithras LB940 multimode plate reader (Berthold Technologies, Germany). The kit 

manufacturer gives instructions to converting the raw ratio of emission at 620nm vs. 

665nm to a value called ΔF(%) by normalising to a negative control signal given by 

PGE2-d2 without any antibody using the formula: ΔF(%) = 100 x (Ratiosample – 

Rationegative) / Rationegative. This is used to plot a standard curve based on pure PGE2 

supplied in the kit, and unknown values are interpolated from this using Prism 6.0 

software (GraphPad software, USA). An example PGE2 standard curve for this assay 

is shown in Figure 2.5. 

 

 
Figure 2.5 Standard curve for PGE2 assay. 
 
2.7.3 Competitive enzyme immunoassays - Thromboxane B2, Interferon alpha, and 

Interferon-gamma measurement 

TXB2 (a stable breakdown product of TXA2; Cayman Chemical, USA), Interferon alpha 

(Invitrogen, UK) and Interferon-gamma (Invitrogen, UK) were measured using 

commercial competitive enzyme immunoassay kits. Like for the HTRF assay above, 

this assay is based on competition for binding to a specific antibody between a tracer 

of TXB2/IFNα/IFNγ labelled with either the enzyme acetylcholinesterase or 

horseradish peroxidase and unlabeled TXB2/IFNα/IFNγ in the sample. In this case, 

the antibody comes already bound to a 96-well plate well, and the sample and the 

labelled tracer are added to the plate and incubated overnight, then the plate is 

washed the next day. At this point, the amount of the labelled tracer that is stuck to 

the antibody/plate depends on how much unlabeled TXB2/IFNα/IFNγ there was in the 
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sample to compete for these binding sites. A substrate for the enzyme is then added 

and a color change happens which is inversely proportional to the amount of 

TXB2/IFNα/IFNγ in the sample. For acetylcholinesterase-based assays, the substrate 

in Ellman’s reagent (Cayman Chemical, USA) and its colour goes from clear to yellow. 

For peroxidase-based assays, the substrate is 3,3',5,5'-tetramethylbenzidine (TMB; 

BD Biosciences, UK) and its colour goes from clear to blue, and then the reaction is 

stopped by adding sulphuric acid (2N, Sigma, UK) which converts the blue colour to 

yellow. For both types, the optical density (OD) is then measured at 450nm (with a 

background correction wavelength of 570nm) using a colorimetric plate reader (Infinite 

F50, Tecan, Switzerland). Optical density (OD) values are calculated as a percentage 

of maximum binding but subtracting the OD of a negative control (tracer not added to 

the well) and dividing by OD value of a positive control (tracer and antibody mixed with 

no sample), and plotted versus log TXB2/IFNα/IFNγ concentration. Unknown values 

are then interpolated from a standard curve of pure TXB2/IFNα/IFNγ using Prism 6.0 

software (GraphPad Software, USA). An example standard curve for the TXB2 assay 

is given in Figure 2.6.  
 

 
Figure 2.6 Standard curve for TXB2 assay. 
 

2.7.4 Sandwich enzyme immunoassay - IP-10 measurement 

IP-10 was measured in cell culture supernatants using a sandwich enzyme 

immunoassay using a kit from R&D Systems (UK). In this assay, 96 well plates are 

coated with an anti-IP-10 ‘capture’ antibody, then sample added on top. After 2 hours 
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incubation, plates are washed and a second anti-IP-10 ‘detection’ antibody labelled 

with biotin is added on top. This is washed off, and a detection reagent added which 

is horseradish peroxidase, linked to streptavidin, a biomolecule with very high affinity 

for biotin. This is washed leaving a sandwich of capture antibody – IP-10 – detection 

antibody – and peroxidase linked to the plate, dependent on the amount of IP-10 was 

present in the sample. Like for the competition enzyme immunoassay above,  

TMB substrate is then added and after 30 minutes, the reaction stopped with sulphuric 

acid. Measuring the OD at 450nm (with background correction at 570nm) gives results 

which increase in proportion to the amount of IP-10. A standard curve of pure IP-10 

supplied in the kit is run in parallel, its OD values plotted versus log [IP-10] and 

unknown values interpolated using Prism 6.0 software (GraphPad software, USA). An 

example standard curve for the IP-10 immunoassay is shown in Figure 2.7. 

 
Figure 2.7 Standard curve for human IP-10 ELISA. 
 

2.7.5 AlamarBlue® cell viability assay   

Cell viability was assesed by using alamarBlue® assay (Invitrogen, UK) to determine 

the effects of NSAIDs on cancer cell survival. AlamarBlue® tracks the respiratory 

activity of cells and can be used to estimate the number of live cells in each well 

(because dead cells do not respire). Treated cells were incubated for 4hours with 

100μl of 1:10 media/alamarBlue® mix and run alongside a negative control which was 

wells containing the media/alamarBlue® mix but no cells. AlamarBlue® contains 

resazurin, a non-toxic, blue colored molecule which can enter viable cells. This is 

reduced to resazurin to resorufin which is red in colour by respiratory activity in the 



99 

 

 

cells. After this, absorbance at 560nm was measured against a 600nm background 

correction reference using a spectrophotometer (Infinite F50, Tecan, Switzerland). 

Absorbance at this wavelength relates to the reduced form so increase in proportion 

to the metabolic activity (and number of cells) in the well. Results are analysed by 

subtracting the negative control OD and calculating viability as a percentage of 

experimental controls (e.g. drug versus vehicle).  

 

 
Figure 2.8 Standard curve for AlamarBlue®. 
 

2.8 Statistics and data analysis for non-transcriptomic data 
Throughout this thesis, results are expressed as the mean ± standard error of the 

mean (S.E.M) unless it says otherwise for n experiments. For animal and human 

studies, n values refer to an individual animal/human. For cell studies, n values refer 

to an independently performed experimental run. Data and statistical analysis was 

performed with Prism 6.0 statistical software (GraphPad Software, USA). Parametric 

statistics was used throughout the thesis. This is because for kinds of n numbers used 

in these experiments (mostly n<10) tests to determine if data is normally distributed 

are not effective but because data is all sampled from simple biological populations, it 

can be reasonably assumed the differences to normal biological and variability are 

probably distributed normally. Individual statistical tests used are given in figure 

legends and differences taken to be significant in p<0.05. In general, for comparisons 

between two groups an unpaired two-tailed t-test was employed and for comparisons 
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between more than two groups a one-way analysis of variance (ANOVA) was 

performed with Dunnett’s post-tests to perform sub-group analysis where required. 
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Chapter 3 Results  

Distribution of COX enzymes in the cardiovascular system and their 
contribution to the local gene expression profile 
 

3.1 Rationale 
Cardiovascular side effects caused by COX-2 inhibitor drugs (NSAIDs) are a major 

global health problem. As well as their direct health consequences, the fear of 

cardiovascular side effects caused by COX-2 inhibitors created anxiety for patients 

who need them to treat their inflammatory diseases, for physicians and health 

agencies who control their use and has also limited the development of any new drugs 

in this class, including the use of existing COX-2 inhibitors for cancer treatment. 

Despite this, the mechanisms by which COX-2 protects the cardiovascular system are 

controversial and not very well understood and this means we can’t develop new safer 

medications for patients with inflammation and cancer. What people working in this 

field do agree on is that (i) these side effects are an on-target effect of the drugs acting 

on COX-2 somewhere in the body and (ii) that this COX-2 that protects the 

cardiovascular system is expressed constitutively in healthy tissues even in people 

without inflammatory diseases. 

 

For a long time, some researchers have believed that COX-2 is expressed in the 

endothelium of normal blood vessels where it makes PGI2, a protective antiplatelet 

and vasodilator hormone. This is based on studies performed in the 1990s measuring 

urinary metabolites of PGI2 in people taking a COX-2 inhibitor. Their idea is that 

inhibiting this vascular COX-2- PGI2 pathway could explain why COX-2 inhibitor drugs 

increase the chances of having a cardiovascular event. However, new evidence 

shows that blood vessels in most parts of the body do not express COX-2 and that 

instead, COX-1 mediates PGI2 production in most tissues. These findings, which have 

been confirmed in different models and by independent groups, mean we now have 
to come up with new explanations for how COX-2 inhibitors increase the risk of 
having cardiovascular events. One way to do this taken by our group is to look 

where COX-2 is expressed in the body. 
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We have found specific hotspots in the body where COX-2 is normally expressed even 

in healthy tissues. These include the brain, the thymus, the gut as well as the kidney, 

which is particularly interesting because of the well-established links between the 

kidney and cardiovascular system. However, what we still don’t know is (i) the relative 

contribution of COX-2 to the function of the kidney and other cardiovascular tissues 

and (ii) what specific genes and gene pathways are regulated by COX-2 in each 

cardiovascular tissue to maintain cardiovascular health. This is very important to 

understand not only to improve our knowledge of COX-2 and cardiovascular biology 

but also to give us new insights into potential mechanisms for how COX-2 inhibitor 

drugs cause cardiovascular side effects. These questions form the basis of this 

chapter where a transcriptomic approach has been used to understand the effect of 

COX-2 deletion on the gene expression profile of different cardiovascular tissues and 

compared to the relative expression of COX-2 at these sites. The tissues that were 

studied were chosen because of their link with what we know about cardiovascular 

side effects of COX-2 inhibitors and include the arteries (aorta) and kidney as these 

are the tissues which are damaged by COX-2 inhibitors (e.g. increase thrombosis or 

atherosclerosis and renal dysfunction) and the heart and brain which are the tissues 

where the main types of cardiovascular events occur (e.g. heart attacks and strokes). 

The blood was also looked at because gene changes here might also be relevant to 

increased thrombosis. In these tissues the effect of COX-1 deletion was also examined 

as a control. 

 

3.2 Hypothesis 
‘COX-2 regulates the gene expression profile of specific cardiovascular tissues and 

this correlates with the tissue-specific relative expression of this isoform of COX’ 

 

3.3 Specific Aims 
(i) Determine the relative expression and activity of COX-1 and COX-2 in healthy 

cardiovascular tissues. 

(ii) Determine the effect of COX-2 (and COX-1) gene deletion on the transcriptome of 

cardiovascular tissues using knockout mice and microarray technology. 

(iii) Interrogate transcriptomic data to identify specific genes and gene pathways 

regulated by COX-2 that could explain how COX-2 acts to protect the cardiovascular 

system. 
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3.4 Methods 
A detailed description of the methods used in these experiments is included in the 

general methods chapter (Chapter 2). A brief overview of those used in this chapter 

and how they have been applied to address the specific aims above is given here. 

 

Animals 
The experiments in this chapter used mice carrying a global, germline deletion of either 

COX-1 (COX-1-/-) or COX-2 (COX-2-/-) with their wildtype littermates used as controls 

(COX-1+/+ and COX-2+/+ respectively). In other parts of this chapter, tissue was 

analysed from reporter mice where firefly luciferase is expressed under the control of 

the COX-2 promoter (COX-2fLuc/+). Studies used male and female mice at an age of 

10-12 weeks old. 

 
qPCR gene expression 
RNA was extracted from a range of tissues, converted to cDNA by reverse 

transcriptase reaction and expression of COX-1 (Ptgs1) and COX-2 (Ptgs2) measured 

by TaqMan gene expression assays (Life Technologies, UK). Data were normalised 

to a set of housekeeping genes (Gusb, B2m 18s and Gapdh) and analysed using the 

delta-delta CT method.  

 
Luciferase activity 
Tissues from COX-2fLuc/+ mice were homogenised in Passive Lysis Buffer (Promega, 

UK) and the supernatants mixed with Luciferase Assay Reagent (Promega) which 

contains D-luciferin substrate. Luminescence of the mixture was read using a 

multimode plate reader (Berthold Mithras LB940) and normalised to protein 

concentration determined using bicinchoninic acid assays. 

 
Ex vivo COX-1 and COX-2 activity 
COX-1 activity in tissue from knockout mice was measured by stimulating whole blood 

with Ca2+ ionophore (A23187) for 30 minutes and measurement of TXB2 production (a 

product of platelets) by immunoassay (Cayman Chemical, USA). COX-2 activity was 

measured by culturing aortic rings for 24 hours in DMEM culture media containing 

10% FCS to induce COX-2 and measurement of PGE2 production by immunoassay. 
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Microarray analysis of gene expression 
RNA was extracted from aorta (thoracic), heart (left ventricle), renal medulla, renal 

cortex and brain (cerebral cortex) and sent to a commercial provider for microarray 

analysis (Source Bioscience, UK). They quality assessed the RNA using the Agilent 

Bioanalyzer system and this was then converted to cDNA, fluorescently labelled and 

hybridised to an Illumina BeadChip (MouseRef8v2) array. Arrays were imaged using 

an Illumina iScan system and fluorescence intensity of each spot (corresponding to a 

practical gene sequence) quantified and mapped by image analysis. 

 

Bioinformatics analysis of microarray data 
Data was imported into GeneSpring GX 13.0 software (Agilent Technologies, USA) 

and quantile normalised to reduce technical variability – this was visualised as signal 

intensity boxplots for each sample. Samples were first analysed using unsupervised 

PCA then were grouped in the software based on genotype. After this, gene lists were 

filtered using a 1.5-fold difference cut-off (unless otherwise stated) between wildtype 

and knockout mice and statistically analysed using an unpaired moderated t-test with 

Benjamini-Hochberg false discovery rate correction to minimise risk of false positive 

results. These supervised analyses were presented using volcano plots (fold-change 

vs. p-value), heatmaps (fold change for specific genes) and Venn diagrams 

(comparison of gene lists between tissues). 

 
Focussed pathway analysis 
Pre-defined lists of genes were extracted from the online public biological pathway 

database: GeneOntology.org. Full details are given in chapter 2. These pathways 

were chosen as representing key process of vascular function (e.g. blood pressure 

regulation and blood vessel diameter control) and basic vascular hormone pathways 

(e.g. NO, prostaglandins, angiotensin, endothelin etc.). These lists were cross-

referenced with larger gene lists generated using a 1.2-fold cut-off generated in the 

above-described microarray experiments. 
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3.5 Results 
3.5.1 Distribution of COX-1 and COX-2 in the cardiovascular system 

It is well known the COX-1 is a constitutively expressed enzyme throughout the body 

but traditionally people think of COX-2 as an inducible enzyme associated with 

disease. However, recent data from our group has shown specific sites in the body 

where COX-2 can be constitutively expressed which includes kidney but not large 

blood vessels or the heart (Kirkby et al., 2013b). To confirm and extend the 

observations, the relative level of COX-1 and COX-2 gene expression was measured 

using qPCR in tissues from wildtype mice related to the kidney (renal cortex, renal 

medulla, renal papilla and bladder) and cardiovascular system (heart and aorta) which 

are involved in COX-2 inhibitor cardiovascular side effects. Levels in the brain 

(cerebral cortex) were also measured because here COX-2 is known to be very high 

and can act as a control reference tissue. The results shown in (Figure 3.1a) confirm 

that in all studied cardiovascular and renal tissues COX-1 is abundantly expressed. 

COX-2 expression was more selective with little expression in the heart or aorta, but 

much more in the kidney (although still less than in the brain). COX-2 in the kidney 

was mostly in the medulla region with just a little present in the papilla and cortex. 

Some COX-2 expression was also present in the bladder. To confirm this pattern of 

COX-2 expression, luciferase reporter mice were used and the same test tissues 

examined and in these experiments using the colon and thymus as well as the cerebral 

cortex as high COX-2 expressing reference tissues. The data showed a similar pattern 

(Figure 3.1b) – with COX-2 expression greatest in renal medulla, with some in the 

bladder, and little in the aorta, heart, renal cortex and renal papilla. 
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Figure 3.1 : COX-1 and COX-2 isoform expression in cardiovascular tissues. (a) 

COX-1 and COX-2 expression by qPCR in tissue from wildtype mice. (b) Luciferase 

activity in tissue from COX-2fLuc/+ mice. RLU, relative luminescence units. Data are 

mean ± SEM from n=6 mice.  

 
3.5.2 Validation of COX-1 and COX-2 gene knockout models 

Having shown COX-1 is expressed across the cardiovascular tissues and COX-2 is 

localised to specific regions (e.g. the medulla of the kidney), the next step was to look 

at the deletion of COX-1 and COX-2 and how this affects the gene expression profile 

of these tissues. First, it was very important to confirm that the COX-1 and COX-2 
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knockout mouse lines used had full and selective loss of function of each COX isoform. 

To test COX-1 activity, a simple whole blood assay was used where Ca2+ ionophore 

was used to stimulate thromboxane production from platelets, which only express 

COX-1. To test COX-2 activity, a vascular induced COX-2 assay that our group has 

previously established (Kirkby et al., 2012a) was used. In this assay, aorta is cultured 

in serum to induce COX-2 and PGE2 production measured as a product. The data 

shown in (Figure 3.2) showed that the COX-1 knockout mice used had loss of platelet 

COX-1 activity but not serum-induced vascular COX-2 activity and that the COX-2 

knockout mice used had loss of serum-induced vascular COX-2 activity but not platelet 

COX-1 activity. This validated the knockout animals used. 

 
Figure 3.2: COX-1 and COX-2 activity in tissue from COX-1/COX-2 knockout 
mice. (a) Whole blood TXB2  measured from wildtype, COX-1-/- and COX-2-/- mice.  (b) 

PGE2  released from aorta cultured in serum from wildtype, COX-1-/- and COX-2-/- 

mice. Data are mean ± SEM from n=8 mice. *, p<0.05 by one-way ANOVA. 

 

3.5.3 Quality control and microarray analysis of mRNA from COX-1 and COX-2 

knockout mouse tissues 

To perform microarray analysis, RNA was extracted from aorta, heart, brain, and renal 

medulla from COX-1 knockout mice, COX-2 knockout mice and each of their littermate 

controls. Renal cortex was also studied from COX-2 knockout mice and controls. RNA 

was analysed for quality using the Bioanalyzer system. This measures the amount of 

RNAs of difference sizes in the sample and can tell us how good the RNA is because 
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if there is degradation, the normal sharp peaks of 18S and 28S ribosomal RNA shrink 

and the baseline increases. The system generates a RIN (RNA integrity number) score 

(0-10) based on these peaks, which are considered suitable for microarray analysis if 

the RIN is >7. The data in (Figure 3.3) (COX-1 knockout samples) and (Figure 3.4) 
(COX-2 knockout samples) show that the majority of samples had RIN scores >7. In 

total 13 out of 144 samples had RIN scores <7 – which were similarly distributed 

across different knockouts/controls and only one sample had RIN score <5. Because 

the RIN vales were generally good and kept the groups balanced it was decided to 

proceed with analysis of all samples. 

 

 
Figure 3.3: RNA integrity analysis from COX-1 knockout mouse tissues. (a) RNA 

integrity numbers (RIN) for RNA extracted from cardiovascular tissues from COX-1+/+ 

and COX-1-/- mice. RIN values within the marked range (7-10) are typically considered 

suitable for microarray analysis. Example quantified RIN plots and 

electrophoretograms from RNA isolated from renal medulla of (b) COX-1+/+ and (c) 

COX-1-/- mice. Data are presented as individual values for n=8 mice. 
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Figure 3.4: RNA integrity analysis from COX-2 knockout mouse tissues. (a) RNA 

integrity numbers (RIN) for RNA extracted from cardiovascular tissues from COX-2+/+ 

and COX-2-/- mice. RIN values within the marked range (7-10) are typically considered 

suitable for microarray analysis. Example quantified RIN plots and 

electrophoretograms from RNA isolated from renal medulla of (b) COX-2+/+ and (c) 

COX-2-/- mice. Data are presented as individual values for n=8 mice. 

 

After microarray data for all samples were acquired, data were imported for 

bioinformatic processing and analysis. Signal intensity box plots were generated which 

show and compare the range of microarray spot signal intensities for each sample. 

The data in Figure 3.5 (COX-1 knockout samples) and Figure 3.6 (COX-2 knockout 

samples) show that the signal intensity distributions were approximately similar 

between samples and genotypes with no evidence for outliers that could be atypical 

samples owing to technical problems. In particular, it was important to see those 
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samples that had RIN scores <7 (marked on the figures with #) were similar to other 

samples meaning it was reasonable to indclude these in the analysis. 

 
Figure 3.5: Signal intensity boxplots for gene expression profiles in tissues from 
COX-1 knockout mice. Panels show data for gene expression profiles in (a) heart, 

(b) aorta, (c) brain and (d) renal medulla after quantile normalisation. # denotes 

samples where RIN values <7. Data are presented as median (normalised) and 

interquartile range for n=8 individual mice per genotype. 
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Figure 3.6: Signal intensity boxplots for gene expression profiles in tissues from 
COX-2 knockout mice. Panels show data for gene expression profiles in (a) heart, 

(b) aorta, (c) brain, (d) renal medulla and (e) renal cortex after quantile normalisation. 

# denotes samples where RIN values <7. Data are presented as median (normalised) 

and interquartile range for n=8 individual mice per genotype. 
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With the quality confirmed, the data was next analysed to compare any differences in 

gene expression profile between genotypes. To keep the discussion of results clear, 

the analysis of COX-1 and COX-2 knockout samples has been separated into section 

3.5.4 (effect of COX-1 knockout) and section 3.5.5 (effect of COX-2 knockout). 

 

3.5.4 Effect of COX-1 gene deletion on the transcriptome of cardiovascular tissues 

First, PCA was used to compare similarities and differences between all samples 

equally. This is an unsupervised analysis which means the software does not know 

which samples correspond to which genotype. As shown in (Figure 3.7), the ‘PCA 

‘clouds’ for wildtype and COX-1 knockout samples in each tissue strongly overlap. 

This usually means that the overall gene expression profile of each genotype is similar, 

although it doesn’t remove the possibility that there may be more subtle differences 

when a specific supervised analysis is performed (below). 

 

After PCA analysis, a specific supervised analysis was run. This involves identifying 

which samples correspond to which genotype and performing conventional statistical 

analysis to compare the different groups. These statistics are moderated and 

corrected to reduce the risk of false-positives given the large number of genes being 

compared. As summarised in (Figure 3.8), deletion of COX-1 had almost no effect on 

the transcriptome of aorta, heart, brain or renal medulla. Only one gene (Trub2) 

showed statistical significance in the heart, and only with the lowest tested fold-change 

cut-off (1.1). This was very surprising since as shown above, COX-1 is widely 

expressed throughout these tissues. Discussion of this finding has been reserved for 

Chapter 7. 

 

3.5.5 Effect of COX-2 gene deletion on the transcriptome of cardiovascular tissues 

The same analyses were then applied to data from COX-2 knockout tissues. PCA 

analysis shown in Figure 3.9 again showed substantial overlap in the ‘PCA clouds’ 

between genotypes in the aorta, heart, brain and renal cortex, but for the ‘PCA clouds’ 

for wildtype and COX-2 knockout samples from the renal medulla were entirely non-

overlapping (Figure 3.9d). This suggests there are big differences in the gene 

expression profile between genotype specifically in the renal medulla. 
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Figure 3.7: Principle component analysis (PCA) of the effect of COX-1 knockout 
on the transcriptome of cardiovascular tissues. Panels show PCA plots for gene 

expression profiles in (a) heart, (b) aorta, (c) brain and (d) renal medulla from wildtype 

(COX-1+/+; blue) and knockout (COX-1-/-; red) mice. Data are presented as individual 

data points for n=8 mice per genotype. 
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Figure 3.8: Statistical analysis of the effect of COX-1 knockout on the 
transcriptome of cardiovascular tissues. (a) A number of genes with significantly 

altered expression in COX-1-/- tissue at specific fold change cut-offs in heart, aorta, 

brain and renal medulla. Volcano plots showing the distribution of p-value and fold-

change (COX-1+/+ vs. COX-1-/-) for individual genes (marked as grey boxes) in (b) 

heart, (c) aorta, (d) brain and (e) renal medulla. Data are presented from n=8 mice per 

genotype and after analysis by moderated unpaired t-test with Benjamini-Hochberg 

false discovery rate correction. 
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Figure 3.9: Principle component analysis (PCA) of the effect of COX-2 knockout 
on the transcriptome of cardiovascular tissues. Panels show PCA plots for gene 

expression profiles in (a) heart, (b) aorta, (c) brain, (d) renal medulla and (e) renal 

cortex from wildtype (COX-2+/+; blue) and knockout (COX-2-/-; red) mice. Data are 

presented as individual data points for n=8 mice per genotype. 
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This pattern of results was confirmed when a supervised statistical analysis was 

applied (Figure 3.10). In the aorta and heart, only 1 gene was altered >1.5-fold by 

COX-2 deletion. This small effect of COX-2 deletion fits with the low level of COX-2 

gene expression in these tissues. In contrast, in the renal cortex and especially in the 

renal medulla, deletion of COX-2 had a very large effect on the transcriptome, with an 

expression of 47 and 1020 genes statistically significantly altered by >1.5-fold 

respectively at these sites. For the renal medulla, this fits with high local expression of 

COX-2 seen at this site. For the renal cortex, it was more surprising because of low 

COX-2 expression, but this could be because of the close proximity of the renal 

medulla which could influence gene expression in the cortex through hormone 

production and blood flow. Alternatively, it could be a technical issue separating cortex 

and medulla where some medulla tissue was included the cortex sample, however, 

this was not considered likely due to the way the tissue was prepared. Lastly, there 

was also only a small effect of COX-2 deletion on the transcriptome of the brain, with 

1 gene-altered ~2-fold. Again this was surprising since COX-2 is well known to be 

highly expressed in the brain. This could be because gene expression profiles in the 

brain are known to be more static than in other tissues, or because although COX-2 

is expressed here, that it is not basally active in generating prostaglandins. 

Nonetheless, these data overall show the the kidney is clearly the major site in the 

cardiovascular system which is regulated by constitutive COX-2 expression and 

activity. 
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Figure 3.10: Statistical analysis of the effect of COX-2 knockout on the 
transcriptome of cardiovascular tissues. (a) Number of genes with significantly 

altered expression in COX-2-/- tissue at specific fold-change cut-offs in heart, aorta, 

brain and renal medulla. Volcano plots showing the distribution of p-value and fold-

change (COX-2+/+ vs. COX-2-/-) for individual genes in (b) heart, (c) aorta, (d) brain, (e) 

renal medulla and (f) renal cortex. Genes are marked as grey boxes unless statistically 

significantly altered (1.5-fold cutoff) where they are marked in red. Data are presented 

from n=8 mice per genotype and after analysis by moderated unpaired t-test with 

Benjamini-Hochberg false discovery rate correction. 
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The data was next studied at the individual gene level. Individual genes that were 

altered in tissues from COX-2 knockout mice are displaying in heatmap form in (Figure 
3.11). Because so many genes were altered in the renal medulla and renal cortex of 

these animals,  only the top 25 most altered genes are shown in this figure and a full 

list is given in (Appendix Table 1 and 2) In the heart, aorta and brain only 1 gene was 

altered and in each case, this was the same gene, Rgl1 (Ral guanine nucleotide 

dissociation stimulator-like 1), which was down-regulated in each tissue. In the renal 

medulla, most altered genes showed down-regulation with COX-2 gene deletion (up: 

330, down: 690) with the most-upregulated gene was Igfbp2 (insulin-like growth factor 

binding protein 2; 3.2-fold increase in COX-2 knockout) and most down-regulated was 

Dnase1 (deoxyribonuclease I; 8.7-fold reduced in COX-2 knockout). In the renal 

cortex, genes were more evenly split between up- and down-regulation (up: 22, down: 

25) and the most up-regulated gene was Ttr (transthyretin; 2.7-fold increased in COX-

2 knockout) and the most down-regulated gene was Dnase1 again (3.6-fold reduced 

in COX-2 knockout). 

 

Comparing the list of genes altered by COX-2 deletion in each of these tissues (Figure 
3.12a) showed that in every tissue studied only one gene was common – this was 

Rgl1 and it was down-regulated in each case. Rgl1 is effector of the Ras pathway 

which has been linked to COX-2 in a previous analysis of the transcriptome of 

atherosclerotic mice from our group (Kirkby et al., 2014). It may have roles in cell 

proliferation and cancer and will be discussed in more detail in Chapters 6 & 7. The 

only overlap between gene lists was between renal medulla and renal cortex, where 

23 genes (as well as Rgl1) were commonly altered by COX-2 deletion (Figure 3.12b).  
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Figure 3.11: Heatmaps showing most altered genes in cardiovascular tissues 
from COX-2 knockout mice. Panels show normalised signal intensities in individual 

samples from wildtype (COX-2+/+) and knockout (COX-2-/-) for genes (up to top 25 

most altered) show significant alterations in expression between genotypes in (a) 

heart, (b) aorta, (c) brain and (d) renal medulla and (e) renal cortex. Data are 

presented from n=8 mice per genotype and after analysis by moderated unpaired t-

test with Benjamini-Hochberg false discovery rate correction. Color range represents 

signal intesity values; (blue) low intesity value (red) high intesity value. 
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Figure 3.12: Overlap in differentially expressed genes between tissues from 
COX-2 knockout mice. (a) Venn Diagram (5-way) showing overlap between 

significantly altered gene lists for the studied tissues. (b) Focus on specific altered 

genes common and different between renal medulla vs. cortex. Data represent 

analyses from n=8 mice per genotype and after analysis by moderated unpaired t-test 

with Benjamini-Hochberg false discovery rate correction. 

 

3.5.6 Contribution of differentially expressed genes in COX-2 knockout tissues to 

cardiovascular regulatory pathways 

After identifying the kidney as the major cardiovascular tissue where gene expression 

is regulated by COX-2, the list of altered genes was used as the basis of pathway 

analysis to get ideas about how they may regulate cardiovascular function. Because 

of the very large number of genes altered in the renal medulla of COX-2 knockout mice 

(>1000), instead of a ‘global’ pathway analysis, a more focussed analysis was 
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performed where only pathways related to known cardiovascular functions were 

looked at. Specific pathways were chosen with the idea that any changes in them 

mediated by COX-2 in the kidney could produce a whole-body effect on cardiovascular 

function. These pathway lists were obtained from the public GeneOntology.org 

database and compared to the gene lists generated above. In the renal medulla 

(Figure 3.13), the altered genes mapped to changes in biological pathways controlling 

blood pressure, control of vascular tone, NO, prostaglandins, angiotensin, endothelin 

and methylarginines. In the renal cortex (Figure 3.14), the altered genes mapped to 

changes in the same pathways except those related to angiotensin and 

methylarginines. In the renal medulla and cortex, there were no genes altered within 

pathways related to adrenaline signalling. From this analysis, three particular sets of 

genes that could be relevant to the whole-body control of cardiovascular function by 

renal COX-2 emerged. First, Ptges and Ptgds (both upregulated by COX-2 deletion), 

encode microsomal prostaglandin E synthase-1 and prostaglandin D synthase 

respectively and may suggest alterations in prostanoid signaling in the absence of 

COX-2. Second, Edn1 and Ednra (both up-regulated by COX-2 deletion) encode 

endothelin-1 and the endothelin-A receptor, a powerful vasoconstrictor hormone and 

its receptor which are known to have detrimental effects on cardiovascular function 

that could be exacerbated if upregulated by loss of COX-2. Thirdly, Prmt1 (up-

regulated by COX-2 deletion) and Agxt2 (down-regulated by COX-2 deletion) encode 

protein arginine N-methyltransferase 1 and alanine-glyoxylate aminotransferase 2, 

enzymes which synthesise and degrade methylarginines including ADMA, which are 

inhibitors of NOS and if increased by loss of COX-2 could produce whole-body 

endothelial dysfunction. 
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Figure 3.13: Cardiovascular gene pathways altered by COX-2 knockout in the 
renal medulla. The overlap between list of genes signifcantly altered by COX-2 

deletion and specific cardiovascular gene ontology pathways is marked by bullet 

points in table columns. Fold-change (COX-2+/+ vs COX-2-/-) for individual relevant 

genes is shown and shaded according to direction (red=up-regulated, blue=down-

regulation by COX-2 knockout). Data represent analyses from n=8 mice per genotype. 
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Figure 3.14: Cardiovascular gene pathways altered by COX-2 knockout in the 
renal cortex. (a) Overlap between list of genes significantly altered by COX-2 deletion 

and specific cardiovascular gene ontology pathways is marked by bullet points in table 

columns. Fold-change (COX-2+/+ vs COX-2-/-) for individual relavent genes is shown 

and shaded according to the direction (red=up-regulated, blue=down-regulation by 

COX-2 knockout). Data represent analyses from n=8 mice per genotype. 

 

3.6 Summary 
The data presented in this chapter demonstrates: 

(i) COX-1 is widely expressed throughout the cardiovascular system compared 

to COX-2 which is much more weakly expressed and specifically located in 

particular tissues particularly the kidney where expression is greater in the 

medulla and weakest in the kidney. 

(ii) COX-1 and COX-2 knockout mice provide a clear and validated model for 

studying the role of each isoform in cardiovascular tissues. 

(iii) COX-1 plays a remarkably small role in the regulation of the transcriptome 

of tissues of healthy mice despite its widespread expression. 
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(iv) COX-2 contributes little to the regulation of the transcriptome of aorta and 

heart consistent with low COX-2 expression in these tissues. 

(v) COX-2 contributes little to the regulation of the transcriptome of brain 

consistent despite high expression of COX-2 in this tissue. 

(vi) COX-2 produces a dramatic regulation of the transcriptome of the kidney 

with >1000 genes altered by COX-2 deletion in the medulla region with a 

smaller effect in the cortex. 

(vii) COX-2 regulates specific gene pathways in the kidney related to 

cardiovascular functions including changes in the endothelin and 

methylarginine systems which could be relevant to cardiovascular side 

effect of COX-2 inhibitor drugs. 

(viii) Across all tissues studied, COX-2 is a universal regulator of the gene Rgl1, 

which was down-regulated in every tissue studied from COX-2 knockout 

mice. 

 

3.7 Conclusions 
These data clearly demonstrate that the kidney, rather than the heart or vasculature 

is the major site in the cardiovascular system where function and physiology are 

regulated by COX-2. This has obvious implications for our understanding of how COX-

2 inhibitor drugs cause cardiovascular side effects by acting on the kidney rather than 

the blood vessels has been previously believed. Full analyses of these transcriptomic 

data also highlight specific pathways including the ADMA/methylarginine and 

endothelin systems which could play a mechanistic role in COX-2 inhibitor 

cardiovascular side effects and which now require further study. 

3.8 Limitations 
Although the results in this chapter are clear it is important to consider the limitations 

of the experiments. Technical problems that may have affected the results are that a 

few of the samples analysed had lower RNA quality RIN scores than is normally used 

for microarray analysis. This was particularly a problem in the aorta and heart which 

could be because these tissues gave less RNA which could be less stable in these 

tissues. This could mean that the microarray data from these tissues was more 

variable making it more difficult to see differences between knockout and wildtype. 

This could explain why there were less altered genes seen in aorta and heart than in 

kidney from the COX-2 knockout mice. This is not very likely because most samples 
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had good quality and all samples (even with low RIN scores) showed similar variability 

once analysed and imported for bioinformatics analysis. This also fits with the COX-2 

levels in aorta and heart vs. kidney.  

More general limitations of these experiments to think about are: 

(i) Mouse models vs. human cells/tissues: Using intact tissue from mice means 

we can look at good quality tissue from healthy, intact organs and we can 

compare easily across tissues. But it is possible that different pathways are 

controlled by COX-2 in different species so it will be important to validate the 

findings in a human model e.g. human endothelial and kidney cells in culture or 

tissue biopsies. This limitation was considered in the aims of Chapter 5. 

(ii) Gene knockout vs. inhibitor drugs: Using gene knockout means we can be sure 

that we have complete and selective loss of COX-1 / COX-2 across all tissues, 

but knockout mice can have compensation pathways and developmental 

changes. For example, COX-2 knockout mice have problems with kidney 

development which may explain why it has such a big effect on the kidney 

transcriptome. The effect of COX-2 inhibitors would also be very important to 

look at because we are looking for pathways that could explain cardiovascular 

side effects of the drugs. This limitation is considered in the aims of Chapter 4. 

(iii) Healthy animals vs. disease: Using healthy animals for these experiments tells 

us about the role of COX-1 and COX-2 in normal tissue but they may have extra 

roles in cardiovascular diseases such as thrombosis and atherosclerosis that 

we cannot see in these results. For example, this might explain why we didn’t 

see any effect of COX-1 knockout which may only have an effect when blood 

vessels are damaged. However, for the COX-2 question, COX-2 inhibitors cause 

cardiovascular side effects in healthy mice and in fairly young healthy people so 

it’s important to see how COX-2 functions in healthy tissue. 

Microarray analysis vs. RNA sequencing: For these experiments, microarrays were 

used to measure the transcriptome. This is a standard and well used technique but is 

now being replaced by RNA sequencing which has a broader range of sensitivity and 

can pick up a greater range of genes/transcripts. So it might be there are effects of 

COX-1 and COX-2 deletion on transcripts which are not included on the microarrays 

we have used but might be important for understanding the role of COX-1 and COX-

2 in the cardiovascular tissues. This limitation is taken into account in Chapter 4 where 

RNA sequencing was used. 
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Chapter 4 Results  

Effect of pharmacological COX-2 inhibition on the renal 
transcriptome 
 

4.1 Rationale 
The results in the last chapter showed that knockout of COX-2 in mice have a very 

strong effect on the transcriptome of the kidney, particularly the renal medulla, but has 

almost no effect on the transcriptome of other cardiovascular tissues. The results also 

showed in the kidney, there were changes in some important cardiovascular hormone 

pathways such as the methylarginine/ADMA pathway, the endothelin pathway and the 

angiotensin pathway. Changes in these pathways might have given an insight into 

how COX-2 protects the cardiovascular system and how NSAIDs drugs produce 

cardiovascular side effects. These results are very encouraging and fit with other data 

showing how important COX-2 is in the kidney. The use of COX-2 knockout mice was 

very important for these experiments as it let us look at the effect of complete and 

selective loss of COX-2 on the transcriptome and see what genes are regulated by 

COX-2. This is not possible to do with drugs which produce less than 100% COX-2 

inhibition, and can also have effects on COX-1 and possibly other targets in the body. 

But the use of gene knockout mice also creates other problems which we have to 

consider when interpreting the results. COX-2 knockout mice are known to have 

developmental changes in the kidney from birth. This means that changes seen in the 

transcriptomic data could be because the kidneys have not developed normally and 

not because COX-2 regulates kidney function/gene transcription directly. There may 

also be compensatory changes that happen due to the complete and lifelong loss of 

COX-2. As a result of these limitations, these results need confirmation in a different 

model.  

 

The overall aim of the work in this thesis is to find new leads for how cardiovascular 

side effects are caused in people taking pharmacological COX-2 inhibitor drugs. So, 

to validate the findings from the COX-2 knockout animals and get closer to the human 

situation we wanted to see if a COX-2 inhibitor would also produce changes in the 

transcriptome and cardiovascular gene pathway expression. These experiments are 



127 

 

 

the basis of this chapter and focus on the kidney as that was the only tissue with a 

large effect of COX-2 deletion.  

 

4.2 Hypothesis 
 ‘Pharmacological COX-2 inhibition modifies the renal transcriptome in a distinct but 

overlapping way to COX-2 gene deletion’ 

 

4.3 Specific Aims 
(i) Establish an in vivo model of selective pharmacological COX-2 inhibition. 

(ii) Determine the effect of pharmacological COX-2 inhibition on the transcriptome 

and predicted biological pathways in the renal medulla. 

(iii) Compare the transcriptomic changes produced in the renal medulla by 

pharmacological COX-2 inhibition to those observed in COX-2 gene knockout tissue. 

 

4.4 Methods 
A detailed description of the methods used in these experiments is included in the 

general methods chapter (Chapter 2). A brief overview of those used in this chapter 

and how they have been applied to address the specific aims above is given here. 

 

Animals 
For experiments testing of the effect of selective COX-2 inhibition, wildtype mice 

(Charles River, UK; n=8 per group; male + female; 8 weeks old) were treated with 

parecoxib (Pfizer, USA; 100 mg/kg) that was administered for 5 days in drinking water. 

Mice were euthanized by CO2 narcosis. Blood was collected from the vena cava and 

plasma was separated.  Tissues of interest were collected and snap frozen for later 

RNA extraction. 

 

Cell culture  
J774 murine macrophage cell lines were purchased from Sigma (UK) and cultured 

under sterile conditions in DMEM supplemented with 10% FCS, 100 U/ml 

penicillin/streptomycin, 10 mM L-Glutamine and 1% non-essential amino acids to 70% 

confluent in a T-75 flask. The cells were incubated at 37°C with 5% CO2 in a 

humidified atmosphere. Confluent cells were detached by scraping.  
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iNOS and COX-2 activity in LPS-stimulated J774 cells 
J774 cells were plated on 96-well plates at a density of 100K/well in DMEM and left to 

equilibrate for 24 hours. The cells were stimulated for 24hours with, LPS (10 μg/ml) 

(from E. coli 0111:B4; Sigma, UK) or vehicle (DMEM). For iNOS activity, after 

treatment, supernatants were collected and used to measure nitrite as an estimate of 

NO using the Greiss reaction and for COX-2 activity PGE2 was measured using a 

fluorescence-based immunoassay (Cisbio, France).  

 

In vitro COX plasma bioassay  
Plasma samples were collected from mice treated with parecoxib in vivo as described 

above. J774 cells were plated on 96-well plates at a density of 100k/well in DMEM and 

left to equilibrate for 24 hours. COX-2 was induced in cells with the combination of 

LPS (10 μg/ml) over 24 hours. Media was then replaced with plasma from vehicle or 

parecoxib -treated mice and incubated for 30 minutes to allow for inhibition of cellular 

COX-2 by drug present in the plasma to occur. After this, cells were stimulated with 

Ca2+ ionophore A23187 (50 µM; Sigma, UK) for 30 minutes to trigger PGE2 release. 

PGE2 in the plasma supernatant was then measured by immunoassay (Cisbio, 

France).  

 

RNA-Seq analysis of gene expression 
RNA-seq experiments involve first isolating, purifying and assessing the quality of 

RNA. RNA was isolated from renal medulla of wildtype mice treated with or without 

parecoxib (described above). Samples were then shipped to BGITech who ran the 

sequencing experiments. This was done by quality checking using the Agilent 

Bioanalyser system. They were next converted to cDNA and fragmented and prepared 

for sequencing by the addition of adapters via ligation. They were then sequenced 

using an Illumina HiSeq 2000 next generation sequencer, the most popular system for 

this technique. All samples were run for 50bp single-end reads in one sequencing 

lane. This gave ~17M reads/sample. Data was sent back to us as raw sequences in 

FASTQ format and then we ran our own bioinformatics analysis as described below. 

 

Bioinformatics analysis of RNA-Seq data 
RNA-seq datasets were analysed using Strand NGS software v2.7 (Agilent 

Technologies). Sequencing quality control was run on the samples to measure base 
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quality by position, base composition by position and base quality distribution. 

Base/read quality is measured by a custom score, where 33 means there is a no 

confidence in the read quality and every extra 10 means there is a 10-fold increase in 

the confidence of the read score e.g. 43 means a 90% read confidence, 53 means a 

99% read confidence, 63 means a 99.9% read confidence etc. The data was then 

aligned to the mouse genome using the UCSC mm10 library. Another quality control 

was run to see how well the data aligned to the transcriptome library which gives 

alignment score which is the percentage of reads aligned to library and what parts of 

the genome the reads align to. The number of sequences in each sample that aligned 

to each gene was then quantified by RPKM values (reads per kb per million mapped 

reads) with the DESeq algorithm. This tells us the number of copies of mRNA for each 

gene that was present in each sample and this data was then analysed in a similar 

way to the microarray data in the previous chapter. Samples were analysed using 

unsupervised PCA then were grouped in the software based on genotype. After this, 

gene lists were filtered using a 1.5-fold difference cut-off between vehicle and 

parecoxib samples and statistically analysed using an unpaired moderated t-test with 

Benjamini-Hochberg false discovery rate correction to minimise risk of false positive 

results. These supervised analyses were presented using volcano plots (fold-change 

vs. p-value), heatmaps (fold change for specific genes) and Venn diagrams 

(comparison of gene lists between tissues). 

 

Focussed pathway analysis  
Pre-defined lists of genes were extracted from the online public biological pathway 

database: GeneOntology.org. Full details are given in chapter 2. These pathways 

were chosen as representing key process of vascular function (e.g. blood pressure 

regulation and blood vessel diameter control) and basic vascular hormone pathways 

(e.g. NO, prostaglandins, angiotensin, endothelin etc.). These lists were cross-

referenced with gene lists (1.1-fold cut-off) generated in the above-described RNA-

seq experiments.  

 

qPCR gene expression 
RNA extracted from the renal medulla as above was converted to cDNA by reverse 

transcriptase reaction and expression of Agxt2 and Edn1 were measured by TaqMan 

gene expression assays (Life Technologies, UK). Data were normalised to 
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housekeeping genes (18S AND Gapdh) and analysed using the delta-delta CT 

method. 

 

4.5 Results 
4.5.1 Establishing a mouse model of selective in vivo COX-2 inhibition 

To look at the effect of COX-2 inhibitors on the kidney transcriptome we had to first 

find a way to produce strong and selective COX-2 inhibition with drugs in vivo. To do 

this we needed a way to measure COX-2 inhibition in the body which is difficult 

because in almost all tissues COX-1 is the major isoform expressed. Another way to 

do this is to take blood from mice receiving COX-2 inhibitor drugs and measure the 

ability of the blood to inhibit COX-2 activity in an in vitro (e.g. cell culture) model which 

expresses COX-2 as has been before(Giuliano and Warner, 1999). For this we used 

J774 mouse macrophage cells. As shown in (Figure 4.1a), J774 cells treated with 

LPS to cause inflammation produced nitrite which was greater at 24hours than 4hours. 

This shows that the LPS has activated inflammatory pathways in the cells, including 

the iNOS pathway which makes NO (and breaks down to nitrite). In the same 

experiment, LPS also increased PGE2 production which was greatest at 24h and fits 

with COX-2 induction (Figure 4.1b). After cells were pre-treated with LPS for 24h and 

the media replaced, they continued to release PGE2 over 30 minutes, with or without 

stimulation with calcium ionophore A23187 (Figure 4.1c). Calcium ionophore was 

added to increase cPLA2 activity and release arachidonic acid, but the data show that 

cPLA2 is already maximally activated in these experiments, as A23187 treatment 

didn’t increase PGE2 levels over those from cells treated just in media. (Figure 4.1c). 
Data in Figure 4.1c also shows that this PGE2 production was inhibited by Vioxx 

(rofecoxib), a selective COX-2 inhibitor.  
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Figure 4.1: Optimising an ex vivo assay for measuring COX-2 inhibitory activity 
of mouse plasma. (a)Time course of NO release from activated J774 cells. (b) Time 

course of PGE2 release from activated J774 cells. (c) Stimulated PGE2 release from 

control (no LPS) and LPS activated J774 cells at 24 hours with and without the calcium 

ionophore A23187 (-/+ A23) and with A23 with the COX-2 inhibitor, Vioxx (rofecoxib), 

(+A23 + Vioxx). n=4 *, p<0.05 by one-way ANOVA and Dunnett’s post-test. 
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After showing J774s can be made to measure COX-2 activity, a group of mice were 

treated with parecoxib (100mg/kg for 5 days) in drinking water and blood plasma 

collected. This was then applied to LPS-pre-treated J774 cells as well as segments 

on mouse lung (a tissue which only expresses COX-1) and stimulated with A23187. 

Even though the cell data showed that A23187 was not really needed this was added 

to ensure maximum cPLA2 activity. Plasma from mice treated with parecoxib had no 

effect on PGE2 release from lung pieces (Figure 4.2a) but reduced PGE2 from LPS-

treated J774 cells by ~80% (Figure 4.2b). This tells us that at this dose, parecoxib is 

enough to produce strong and selective COX-2 inhibition in vivo. 

 
Figure 4.2: Effect of parecoxib dosing in vivo on COX activity ex vivo. (a)  COX-

1 assay (Lung assay).  (b) COX-2 assay (J774) assay=8. *, p<0.05 by unpaired t-test. 

 

4.5.2 Quality control, sequencing and genome alignment of mRNA from renal medulla 

of mice treated with parecoxib 

RNA was then extracted from the renal medulla of vehicle and parecoxib treated mice 

and quality measured in two ways: the Agilent Bioanalyzer system which measures 

distribution of RNA sizes and the NanoDrop system, which measures RNA absorption 

peaks by spectrophotometer. (Figure 4.3) shows that in this study, all samples had a 

Bioanalyzer RIN score >7, the usual cut off for quality for microarray/sequencing 

analysis, and all except one had a RIN score >9 indicting very high quality. All samples 

also showed an A260/A230 absorption ratio close to 2 suggesting good quality and 

purity and over the recommended level (>1.7) for sequencing analysis. This technique 
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did not pick up the ‘outlier’ seen on the Bioanalyzer analysis, which fits with it being 

less sensitive to mild RNA degradation. Because all samples were of good quality, 

they were sent for analysis by sequencing. 

 
Figure 4.3: RNA integrity analysis of samples from parecoxib treated mice. (a) 

RNA integrity numbers (RIN) for RNA extracted from renal medulla from parecoxib 

treated mice. RIN values within the marked range (7-10) are typically considered 

suitable for microarray analysis. (b) A260/A230 ratio for RNA extracted from renal 

medulla from parecoxib treated mice. A260/A230 ratios are >1.7. Nucleic acid purity 

are typically considered suitable for RNA-seq. (c) Example quantified RIN plots and 

electrophoretograms from RNA isolated from renal medulla parecoxib treated mice. 

Data are presented as individual values for n=8 mice. 

 

After sequencing data was received, it was imported to Strand NGS software. The first 

step was to look at the quality of sequencing data. When bases are sequencing the 

sequencer assigns a quality score to each read from the quality of the fluorescence 

imaging as explained in the methods. (Figure 4.4) shows number of bases read with 
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each base quality score. It shows overall that read quality was very high – most reads 

had a base quality score of 72 which means a 99.98% confidence that the read is 

correct. The read quality was also very similar between vehicle and parecoxib 

samples. The base quality was then plotted against read position in the 50bp 

fragments that were sequenced (Figure 4.5a). This showed that the first 5 bases had 

lower read quality which is normal and is because bases close the flow cell wall are 

more difficult accurately. In the first 10 bases there was also a preference for certain 

bases at different positions in both vehicle and parecoxib samples (Figure 4.5b, c). 
However, after the 10 bases the base composition stabilized at ~25% per base. This 

base bias at the beginning of the sequences is normal for Illumina sequencing and is 

due to the ligation of adapters to the fragments before sequencing. Overall then, the 

sequencing quality was high and because of the biases, the sequences were trimmed 

of the first 10 bases before the alignment step of the analysis.  

 
Figure 4.4: Sequencing quality control – base quality distribution for 50bp cDNA 

fragments sequenced from vehicle and parecoxib treated mouse renal medulla. n=8. 
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Figure 4.5: Sequencing quality control – base quality and composition by 
position. (a) Pooled base quality by position and example base composition by 

position graphs for (b) vehicle and (c) parecoxib samples. For 50bp cDNA fragments 

sequenced from vehicle and parecoxib treated mouse renal medulla. n=8. 
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Sequences were next aligned to the known mouse transcriptome using the UCSC 

mm10 library. Looking at the alignment quality scores shown in (Figure 4.6a) tell us 

that quality of the alignment was very good with almost all reads showing 100% 

alignment to the library in both vehicle and parecoxib samples. >90% of reads aligned 

to protein coding parts of the genome which makes sense because the sequencing 

processes is designed to purify mRNAs and because a ‘transcriptome’ library was 

used for the alignment. 

 
Figure 4.6: Alignment quality control. (a) Percentage of reads aligned to genome 

and (b) genic region of aligned reads for sequences from vehicle and parecoxib treated 

mouse renal medulla. n=8.  

 

After sequencing data was aligned and quantified it basically becomes a list of genes 

with the relative expression level for each sample, this is similar to what you get from 

a microarray experiment. The overall expression data was plotted as a signal-intensity 
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box plot (Figure 4.7) which showed that overall mean and distribution of expression 

levels were similar between samples. This suggests overall the RNA handling, 

sequencing, alignment and quantification processes have gone correctly and there are 

no major problems with any particular sample. 

 

 
Figure 4.7: Signal intensity boxplots for gene expression profiles in renal 
medulla from parecoxib treated mice. The figure shows data for gene expression 

profiles in renal medulla after quantile normalisation. Data are presented as median 

(normalised) and interquartile range for n=8 individual mice per treatment .  

 

4.5.3 Effect of parecoxib on the transcriptome of the mouse renal medulla 

Like for microarray data in Chapter 3, the first analysis of the data was an 

unsupervised PCA which looks for overall similarities and differences between 

samples. In this experiment the ‘PCA clouds’ for vehicle and parecoxib showed a big 

overlap (Figure 4.8) which means that overall the differences between samples are 

as big as the differences between groups. This does not mean that there are no 

differences between groups at the specific gene which is looked at below in supervised 

analysis. 
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Figure 4.8: Principle component analysis of the effect of selective COX-2 
inhibition on the transcriptome of the renal medulla. The figure shows PCA plots 

for gene expression profiles in renal medulla from vehicle (blue) and parecoxib (red) 

treated mice. Data are presented as individual data points for n=8 mice per treatment. 

 

A supervised analysis was performed where the treatment associated with each 

sample is input and the differences in specific genes found. >1000 genes were altered 

(FDR-corrected p<0.05) in the renal medulla by 5 days parecoxib treatment by 

moderated unpaired t-test, with >200 altered by >1.5-fold (Figure 4.9). This large 

effect of parecoxib on the renal medulla transcriptome confirms the effects seen in the 

COX-2 knockout mice and that COX-2 is an important regulator of gene expression in 

the kidney. The number of genes altered by parecoxib treatment was about a quarter 

of that altered by COX-2 knockout seen in Chapter 3. This difference could be because 

of the length of time of loss of COX-2 function (e.g. life long knockout vs. 5 days 

inhibition) or due to the developmental defects in COX-2 knockout kidneys. Of the 

genes that were altered, the top 25 most altered genes seen in parecoxib treated 

mouse kidney are shown in (Figure 4.10) and a full list given in (Appendix Table 3) 

.The top most upregualted gene was Foxa3 (Forkhead Box A3; at a fold change of 

2.89) and most down-regulated gene was Cidec (Cell Death Inducing DFFA Like 

Effector C; at a fold change 7.81).  
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Figure 4.9: Statistical analysis of the effect of selective COX-2 inhibition on the 
transcriptome of the renal medulla. (a) A number of genes with significantly altered 

expression in parecoxib treated tissue at specific fold change cut-offs in renal medulla. 

(b) Volcano plots showing the distribution of p-value and fold-change (vehicle vs. 

parecoxib) for individual genes (marked as grey boxes) in renal medulla. Data are 

presented from n=8 mice per genotype and after analysis by moderated unpaired t-

test with Benjamini-Hochberg false discovery rate correction. 
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Figure 4.10: Heatmaps showing genes most altered by selective COX-2 
inhibition in the renal medulla at 1.5. Panels show normalised signal intensities in 

individual samples from vehicle and  parecoxib for genes (up to top 25 most altered) 

show significant alterations in expression between treatments in renal medulla .Data 

are presented from n=8 mice per treatment  and after analysis by moderated unpaired 

t-test with Benjamini-Hochberg false discovery rate correction. Color range represents 

signal intesity values; (blue) low intesity value (red) high intesity value. 

 

4.5.4 Contribution of differentially expressed genes in renal medulla of parecoxib 

treated mice to cardiovascular regulatory pathways; comparison with COX-2 knockout 

As performed for the COX-2 knockout data set in Chapter 3, the list of genes altered 

by parecoxib treatment was compared with published lists of genes regulating specific 

cardiovascular pathways from GeneOntology.org to see which of these genes are 

related to cardiovascular function. In total 14 genes which were altered in the renal 

medulla by parecoxib treatment featured in the following cardiovascular pathway gene 

lists: ‘regulation of blood pressure’, ‘regulation of vessel diameter’, ‘NO , ‘endothelin’, 

Pappa2
Myoc
Snord17
Adig
Car3
Bche
Rmrp
A73008
Nat81
Mmd2
Actg2
Cidec
Foxa3
Plin1
Retn
Gm239
Slc36a2
Chrne
Dio2
Diars2
Atf7ip2
Adipoq
RetnLA

Vehicle                                    Parecoxib

Down Up
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‘prostaglandins’ but no genes on the ‘angiotensin’, ‘epinephrine’ or ‘methylarginine 

synthesis’ pathways were altered by parecoxib (Figure 4.11).   

 
 

Figure 4.11: Cardiovascular pathways altered by parecoxib in renal medulla The 

overlap between list of genes signifcantly altered by parecoxib and specific 

cardiovascular gene ontology pathways is marked by bullet points in table columns. 

Fold-change (vehicle vs. parecoxib) for individual relevant genes is shown and shaded 

according to direction (red=up-regulated, blue=down-regulation by parecoxib 

treatment). Data represent analyses from n=8 mice per treatment. 

 

The list of ‘cardiovascular’ genes altered in the renal medulla by parecoxib treatment 

was then cross-referenced with the equivalent list from renal medulla of COX-2 

knockout mice to produce a list ‘cardiovascular’ genes which were driven by COX-2 

and regulated in the same direction by 5 days treatment with a COX-2 inhibitor (Figure 
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4.12). This list contained 4 genes: Acta2 (alpha smooth muscle actin; up-regulated by 

1.35 fold ), encoding a vascular contractile protein, Edn1 (endothelin-1; up-regulated 

by 1.49 fold), encoding a powerful vasoconstrictor, Foxc1 (forkhead box C1; down-

regulated by 1.28 fold), encoding a poorly understood transcription factor linked with 

glaucoma developnent, Agxt2 (alanine-glyoxylate aminotransferase-2; down-

regulated by 1.49 fold), encoding a enzyme which degrades endogenous eNOS 

inhibitors like ADMA, Ptgds (Prostaglandin D2 Synthase; up-regulated by 1.35 fold), 

encoding a prostaglandin synthase enzyme responsible for PGD2 formation and Cd34 

(up-regulated by 1.23 fold), encoding an adhesion molecule associated  

 

 
Figure 4.12 Overlap in cardiovascular gene pathways altered in the renal 
medulla between parecoxib treatment and COX-2 gene deletion. (a) Venn 

Diagram showing overlap between significantly altered gene lists between COX-2 

gene deletion (KO) and parecoxib treatment. (b) Focus on specific altered genes 

commonly altered in the same direction by COX-2 gene deletion and parecoxib 

treatment. Data represent analyses from n=8 mice per genotype/treatment after 

analysis by moderated unpaired t-test with Benjamini-Hochberg false discovery rate 

correction. 

with blood and stem cells. These specific COX-2-driven, NSAID-sensitive 

cardiovascular genes provide possible mechanistic understanding for how renal COX-
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2 can protect the cardiovascular which will be discussed in detail in General 

Discussion Chapter 7. 

 

4.5.5 Validation of transcriptomic data using qPCR 

Finally, changes in Agxt2 and Edn1 expression, two of the ‘cardiovascular’ genes 

identified in both parecoxib and COX-2 knockout studies were validated using qPCR. 

The other genes identified in (Figure 4.12) were not validated by qPCR due to lack of 

sample. The data in (Figure 4.13) completely confirmed what was seen in the RNA-

seq experiment that treatment of mice with parecoxib increased expression of the 

Edn1 (the vasoconstrictor hormone, endothelin-1) and reduced expression of Agxt2 

(which degrades cardiotoxic endogenous eNOS inhibitors).  

 

 
Figure 4.13 Effect of COX-2 inhibition on cardiovascular genes of interest using 
qPCR. (a) Agxt2 (b) Edn1. Data are mean ± SEM from n=8 mice.*, p<0.05 by one-

way ANOVA. 

 
4.6 Summary 
The data presented in this chapter demonstrates: 

(i) Treating mice with parecoxib in drinking water gives a way to effectively and 

selectively inhibit COX-2 in mice. 

(ii) Even 5 days treatment with a pharmacological COX-2 inhibitor drug is enough 

to produce a powerful effect on the transcriptome of the renal medulla including 

genes which control important cardiovascular pathways. 

(iii) Comparing how the transcriptome is altered by COX-2 deletion (from chapter 

3) and by COX-2 inhibition (this chapter) can be used to generate a list of target 
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genes which are (i) regulated by COX-2 and (ii) modified by short term 

pharmacological COX-2 inhibition (like would happen in a person taking 

NSAIDs). It also lets us remove any target genes from consideration which are 

a result of renal development defects or compensatory pathways in the COX-2 

knockout dataset. 

(iv) Cardiovascular pathways in this filtered list can give us new targets to 

understand how NSAIDs cause cardiovascular toxicity. The specific pathways 

identified that were altered in a common direction between COX-2 knockouts 

and mice treated with parecoxib were: 

(i) Endothelin: a powerful vasoconstrictor, mitogen and inflammogen. Up-

regulation of renal Edn1 by NSAIDs could increase renal and circulating endothelin-1 

levels and cause increased blood pressure and atherosclerosis. 

(ii) Methylarginines: endogenous inhibitors of eNOS. Down-regulation of renal 

Agxt2 by NSAIDs could reduce methylarginine breakdown and increase renal and 

circulating methylarginine levels. This could cause endothelial dysfunction and 

increase thrombosis and atherosclerosis. 

(iii) Prostaglandin D2: up-regulation of renal Ptgds by NSAIDs could be due to a 

compensation process because of the loss of PGI2. This could cause local changes in 

renal function and blood flow and have wider effects in the circulation. 

(iv) CD34: up-regulation of renal Cd34 NSAIDs could have effects on vascular 

morphology, progenitor cells and inflammatory pathways, but the link to increased 

blood pressure and atherothrombotic events seen in people taking in NSAIDs is more 

difficult to say at this point. 

 

4.7 Conclusions 
The data in this chapter give us an important validation of the findings in the previous 

chapter that COX-2 regulates the renal transcriptome very strongly. It also tell us that 

many of these changes seen in COX-2 knockout mice can be produced by short term 

COX-2 inhibition with drugs which is much more comparable to the situation in people 

who take these drugs and have cardiovascular events. Combining the data with the 

data in chapter 4 gives us new targets to understand how NSAIDs might produce 

cardiovascular events in people by effects on the kidney. This includes 4 key target 

genes which considering their function and how they are regulated by COX-2 give us 
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convincing areas to explore in future studies that could allow us to explain, treat and/or 

predict cardiovascular side effects of NSAIDs. 

 

4.8 Limitations  
Overall the experiments in this chapter were designed to solve some key limitations of 

previous chapter. This includes the use of RNAseq over microarray, which have 

different advantages and disadvantages and many people consider to be a better 

approach to measuring the transcriptome. More importantly, we have looked at the 

effect of genes regulated by NSAID treatment as opposed to gene knockout and use 

the two data sets in a complementary way. Although in these experiments only a fairly 

short period (5 days) of NSAID treatment was studied, clear effects were observed 

and this time frame fits with data from patients where use of NSAIDs for only a week 

is enough to increase cardiovascular risk(Bally et al., 2017). This work gave real new 

leads about how COX-2 regulates cardiovascular pathways in the mouse, so the real 

limitation remaining is that this may be different in people because of species-specific 

differences in how renal pathways and/or COX-2/ prostaglandins function. This is very 

difficult to get around because it is not ethical to take renal tissues samples from 

people who take NSAIDs for arthritis and using in vitro e.g. cell culture models of 

human cells cannot reproduce the complexity of the whole kidney and cardiovascular 

system. However, with further study of the leads found in mice, it might be possible to 

find biomarkers of the pathways (e.g. plasma/urinary levels of endothelin, 

methylarginines etc.) that could be measured easily in people taking NSAIDs. As an 

example, other researchers in the group have shown that NSAIDs increase 

methylarginine levels in healthy volunteers taking NSAIDs (Ahmetaj-Shala et al., 

2015). While we cannot get kidney tissue from people taking NSAIDs to address the 

mouse versus human limitation to some level, transcriptomic analysis in blood from 

people taking the COX-2 inhibitor was performed in Chapter 5.   
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Chapter 5 Results 

Effect of COX-2 deletion in mice and COX-2 inhibition in man, on the 
transcriptome of whole blood 
 

5.1 Rationale 
The overall aim of this thesis is to use a transcriptomic approach to find new targets 

regulated by COX-2. The idea of this is to find pathways that could explain how drugs 

which block COX-2 cause cardiovascular side effects. COX-2 inhibitors cause 

increased vascular disease in arteries like atherosclerosis and thrombosis and renal 

dysfunction, and this causes cardiovascular events which effect the heart (e.g. heart 

attack) and brain (e.g. stroke). Because of this, in the previous chapters, the 

transcriptome of arteries (aorta), the kidney, the heart and brain were studied. In this 

chapter the same approach has been taken to look at the transcriptome of blood and 

how this is affected by COX-2 deletion in mice and inhibition in humans. This let us 

see changes in the blood as a different target tissue and also provided a way to check 

mouse against humans. The transcriptome of blood is mostly based on mRNA in white 

blood cells because they are only cells present with nuclei. Red blood cells and 

platelets can also contain small amounts of RNA left over from when they were made 

but don’t have much ability to generate new mRNAs in response to stimuli because 

they don’t have DNA and many of the proteins required to transcribe it. White blood 

cells are well known to contribute to cardiovascular disease including processes which 

are affected by COX-2 inhibition such as vascular dysfunction, thrombosis, 

atherosclerosis and even changes in renal function. Unstimulated white blood cells do 

not usually express COX-2 but are very sensitive to inflammation, vascular damage 

and blood chemistry where they increase COX-2 expression and generate 

prostaglandins such as PGE2. For example blood monocytes from patients with 

cardiovascular risk factors express COX-2 at baseline and release LPS after LPS 

stimulation in a way that correlates with their risk factors (Beloqui et al., 2005). Also, 

oxidised LDL, cytokines and salt can induce COX-2 in macrophages (Williams et al., 

1999b). The idea that inhibition of COX-2 in macrophages could contribute to 

cardiovascular side effects is also supported by a recent paper that showed that 

deletion of COX-2 in bone marrow (and so the white blood cells it produces) or 
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macrophage-specific deletion of the EP4 receptor for PGE2 results in salt-sensitive 

hypertension(Zhang et al., 2015). Studying the transcriptome of blood where COX-2 

is deleted or inhibited could therefore also give us new pathways to understand how 

COX-2 in blood contribute to cardiovascular side effects of COX-2 inhibitor drugs. As 

well as this, blood circulates around the whole body and can pick up signals produced 

in different tissues so the transcriptome of blood can act as a kind of ‘sensor’ for 

changes within many organs not just changes that are local to blood itself. A particular 

advantage to studying the blood is that it is easy to access in people as well as mice. 

This means that, unlike the solid cardiovascular tissues analysed in the previous 

chapters, it is simple to translate findings from mice to man. Also profiling the 

transcriptome in whole blood is now considered to be a useful and realisable way of 

understanding and monitoring changes in the body (De Boever et al., 2014). In this 

chapter, the effect of COX-2 deletion on the transcriptome of mice has been studied 

and directly compared to the effect of COX-2 inhibition, with celecoxib, in healthy 

human subjects. 
 

5.2 Hypothesis 
‘Blocking COX-2 produces transcriptomic changes in blood that are relevant to 

cardiovascular protection and can be directly translated from mice to man’ 
 

5.3 Specific Aims 
(i) Determine the transcriptomic changes in mouse whole blood produced by COX-

2 gene deletion. 

(ii) Determine the transcriptomic changes in human whole blood produced by in 

vivo treatment with a selective pharmacological COX-2 inhibitor. 

(iii) Compare and validate transcriptomic changes produced in whole blood by COX-

2 deletion in mouse and COX-2 inhibition in man. 

 

5.4 Methods 
A detailed description of the methods used in these experiments is included in the 

general methods chapter (Chapter 2). A brief overview of those used in this chapter 

and how they have been applied to address the specific aims above is given here. 
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Animals 
The experiments in this chapter used mice carrying a global, germline deletion of COX-

2 (COX-2-/-; n=8) and their wildtype littermates used as control (COX-2+/+; n=16). 

Studies used male and female mice at an age of 10-12 weeks old. Mice were 

euthanized by CO2 narcosis. Blood was collected without anticoagulant from the vena 

cava and immediately mixed with RNA later RNA stabilisation reagent and stored at -

80C. 

 

Healthy volunteers 
To study the effect of selective COX-2 inhibition on humans a clinical study was carried 

out on healthy male volunteers aged 20-35 either untreated (n=16) or after taking 

standard anti-inflammatory doses of the COX-2 inhibitor, celecoxib (200mg, twice 

daily) for 7 days (n=8). Whole blood was collected into Tempus Blood RNA tubes to 

stabilise RNA and stored at -80C. Another blood sample was taken into heparin 

vacutainers and centrifuged to separate plasma for cytokine measurement.  

 
Microarray analysis of gene expression 
RNA was extracted from whole blood using either RNeasy mini-prep kits (mouse) or 

Tempus Spin RNA isolation kits (human) and sent to a commercial provider for 

microarray analysis (Source Bioscience, UK). They quality assessed the RNA using 

the Agilent Bioanalyzer system and this was then converted to cDNA, fluorescently 

labelled and hybridised to an Illumina BeadChip (MouseRef8v2) array. Arrays were 

imaged using an Illumina iScan system and fluorescence intensity of each spot 

(corresponding to a practical gene sequence) quantified and mapped by image 

analysis. 

 

Bioinformatics analysis of microarray data 
Data was imported into GeneSpring GX 13.0 software (Agilent Technologies, USA) 

and quantile normalised to reduce technical variability – this was visualised as signal 

intensity boxplots for each sample. Samples were first analysed using unsupervised 

PCA then were grouped in the software based on genotype. After this, gene lists were 

filtered using a 1.1-fold difference cut-off (unless otherwise stated) between wildtype 

and knockout mouse samples or samples from untreated and celecoxib treated people 

and statistically analysed using an unpaired moderated t-test. These supervised 
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analyses were presented using volcano plots (fold-change vs. p-value), heatmaps 

(fold change for specific genes) and Venn diagrams (comparison of gene lists between 

tissues). 

 

Pathway analysis 
Two kinds of pathway analysis were performed. First, gene lists generated from 

GeneSpring GX13.1 were uploaded onto g: Profiler (http://biit.cs.ut.ee/gprofiler/) to 

develop functional annotation, to classify gene ontology terms and biological themes 

against a range of databases (GeneOntology.org, KEGG, Reactome). Second, gene 

lists generated from GeneSpring GX13.1 were uploaded onto GSEA-P software 

(http://www.broadinstitute.org/gsea/index.jsp) using the MSigDB 1.0 database. Gene 

pathways were considered significant after false-discovery rate correction at p<0.05. 

 
Endothelial cells  
Blood-outgrowth endothelial cells (BOECs) from healthy volunteers were used as a 

human endothelial cell model. These cells are derived from blood progenitors and 

have a strong endothelial phenotype. In the experience of this lab, because they are 

from healthy blood they have better viability, morphology and more stable phenotype 

then commercial endothelial cultures obtained from adult blood vessels post-mortem. 

For these experiments, BOECs were isolated and provided by Dr Daniel Reed and 

were cultured in Lonza-EGM2 media with 10% fetal bovine serum (FBS) on 5.2μg/cm2 

collagen coated plates. Cells were treated with a range of inflammatory stimuli: LPS 

(1µg/ml), Pam3CSK4 (1µg/ml), FSL1 (1μg/ml), PolyIC (10µg/ml) or IL-1β (1ng/ml) with 

or without the non-selective COX inhibitor, diclofenac (1μM) for 24hours then 

supernatant collected for cytokine measurement. 

 

ELISA  
Plasma levels of IFNα (Invitrogen, UK), IP-10 (R&D Systems, USA) and IFNγ (Meso 

Scale Discovery, USA) and cell culture supernatant levels of IL-8 (R&D Systems, USA) 

and IP-10 were measured by specific immunoassay.  
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5.5 Results 
5.5.1 Quality control and microarray analysis of mRNA from COX-2 knockout mouse 

blood 

RNA was extracted from whole mouse blood from COX-2 knockout mice and wildtype 

littermates that was stabilised with RNA later to prevent degradation. This was very 

important to do because the transcriptome of blood is very sensitive to degradation 

and can change quickly outside the body. RNA was then analysed for quality using 

the Bioanalyzer system. As shown in (Figure 5.1), all samples had a RIN score >7 

and so were of suitable quality of transcriptomic analysis. 

 
Figure 5.1: RNA integrity analysis of samples from COX-2 knockout blood. (a) 

RNA integrity numbers (RIN) for RNA extracted from blood from COX-2+/+ (wildtype) 

and COX-2-/- (knockout) mice. RIN values within the marked range (7-10) are typically 

considered suitable for microarray analysis. (b) Example electrophoretograms from 

RNA isolated from blood from wildtype and knockout mice. Data are presented as 

individual values for n=8-16 mice. 

 

After quality control samples were sent for transcriptomic analysis. For this study, 

microarray analysis was chosen over sequencing because in the previous chapters 

both techniques provided similar quality of data, but microarray analysis was easier, 

quicker and cheaper to run the experiment and the analysis. Once the microarray raw 

data was received it was imported into GeneSpring and signal-intensity box-plots 
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generated (Figure 5.2). These showed the signal intensity distributions were similar 

between wildtype and knockout samples with no obvious outlier samples. 

 

 
Figure 5.2: Signal intensity boxplots for gene expression profiles in blood from 
COX-2 knockout mice. The figure shows data for gene expression profiles in blood. 

Data are presented as median (normalised) and interquartile range for n=8-16 

individual mice per genotype. 

 

5.5.2 Effect of COX-2 gene deletion on the transcriptome of whole mouse blood 

An unsupervised PCA was then run on the data to look for overall similarities and 

differences between individual samples. As shown in (Figure 5.3), there was a big 

overlap in the PCA ‘clouds’ for wildtype and knockout samples indicating overall the 

blood transcriptome was similar between genotypes.  

 

A supervised analysis (moderated t-test) was then used to see if expression of 

particular genes was altered by COX-2 deletion in whole blood. With false-discovery 

rate correction no genes passed the statistical significance threshold (not shown). This 

could because either (i) COX-2 doesn’t have much role in controlling the blood 

transcriptome or (ii) because of the technical limitations of measuring the 

transcriptome of blood. These could include that the majority of RNA in the sample is 

not white blood cell mRNA (globin mRNA from red blood cells is the most common 

RNA in blood) and this supresses the signal, or because the blood transcriptome is 

very unstable creating extra variability in the data. Because we wanted to see even 
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Figure 5.3: Principle component analysis (PCA) of the effect of COX-2 knockout 
on the transcriptome of whole mouse blood. The figure shows PCA plots for gene 

expression profiles in blood from wildtype (COX-2+/+; blue) and knockout (COX-2-/-; 

red) mice. Data are presented as individual data points for n=8-16 mice per genotype. 

 
Small effects of COX-2 in the blood, we re-analysed the data without FDR correction. 

This is an accepted practice where only small numbers of genes pass significance as 

the risk of false positives is low. When the data was analysed without FDR correction 

applied (Figure 5.4), expression of 66 genes was altered by >1.1-fold and 5 genes 

altered by >1.5-fold by COX-2 deletion in blood. The most altered of these are shown 

as a heatmap in (Figure 5.5) and the full list in (Appendix Table 3). The top up-

regulated gene was H2-eb1 (histocompatibility 2, class II antigen E beta; 1.7-fold 

increased by COX-2 deletion) and most down-regulated gene was Snca (alpha-

synuclein; -11.3-fold reduced by COX-2 deletion). A full list of altered genes is given 

in (Appendix Table 4). 
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Figure 5.4: Statistical analysis of the effect of COX-2 knockout on the 
transcriptome of whole mouse blood.  (a) Number of genes with significantly altered 

expression in COX-2-/- at specific fold-change cut-offs in blood. (b) Volcano plots 

showing the distribution of p-value and fold-change (COX-2+/+ vs. COX-2-/-) for 

individual genes in blood. Genes are marked as grey boxes unless statistically 

significantly altered (1.5-fold cutoff) where they are marked in red and (1.1 fold cutoff) 

marked in blue. Data are presented from n=8-16 mice per genotype and after analysis 

by moderated unpaired t-test. 
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Figure 5.5: Heatmaps showing genes most altered by COX-2 knockout in whole 
mouse blood. The figure shows normalised signal intensities in individual samples 

from wildtype (COX-2+/+) and knockout (COX-2-/-) mice for genes (up to top 20 most 

altered) show significant alterations in expression between genotypes in whole mouse 

blood . Data are presented from n=8-16 mice per genotype and after analysis by 

moderated unpaired t-test.Color range represents signal intesity values; (blue) low 

intesity value (red) high intesity value. 

 

To see if there were any common biological pathways within this gene list we then 

performed a standard pathway analysis using g: Profiler which mines several pathway 

databases including Gene Ontology and KEGG. This analysis (Table 5.1) showed 

several common pathways including those associated with inflammatory processes 

and disease e.g. ‘antigen processing presentation’, ‘prion diseases’ and ‘lupus’ as well 

as more general pathways e.g. ‘negative regulation of cellular and biological 

processes’. 

Abhd4
Adipor1
Alad
Cap1
Ctnna1
Ctse
Ear2
Glo1
Gsto1
H2-aa
H2-eb1
Hbb-b2
Kpna1
Mpl
Mylk
Psmf1
Sdpr
Siat9
Snca
Tuba6

Wildtype Knockout
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Table 5.1: gProfiler pathways analysis of blood from COX-2 knockout mice. 

Table shows biological pathways, data source, p-values, association type and relevant 

genes for pathways where p<0.05 for n=8-16 mice. 

 

5.5.3 Quality control and microarray analysis of mRNA from blood of healthy human 

volunteers treated with a COX-2 inhibitor 

To see if these changes in the transcriptome of blood from COX-2 knockout mice were 

the same in blood from humans taking a COX-2 inhibitor drug to translate the findings 

into man, the transcriptome of blood from healthy volunteers taking the selective COX-

2 inhibitor, celecoxib was analysed. The dose used is known to give good and 

selective COX-2 inhibition and is the upper standard dose used in the UK (200mg 

twice daily). RNA was extracted from blood and quality measured with the Bioanalyzer 

system (Figure 5.6). RIN quality scores of >7 (the normal limit for microarray analysis) 
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we found for all except 1 sample (RIN score = 6.6) which showed some signs of RNA 

degradation.  

 
Figure 5.6: RNA integrity analysis of samples from whole blood of healthy 
human volunteers treated with celecoxib (a). RNA integrity numbers (RIN) for RNA 

extracted from whole blood from untreated  and celecoxib treated healthy volunteers. 

RIN values within the marked range (7-10) are typically considered suitable for 

microarray analysis. (b) Example electrophoretograms from RNA isolated from blood 

from untreated and celecoxib samples. 

 

Once samples were analysed by microarray and raw data received, it was imported 

into GeneSpring software and data quality visualised by making signal-intensity box 

plots. As shown in (Figure 5.7), signal-intensity distributions were very similar for all 

samples, including the sample which showed some RNA degradation (marked with #) 

so this was included in the further analysis.  



157 

 

 

 
Figure 5.7: Signal intensity boxplots for gene expression profiles from whole 
blood of healthy volunteers treated with celecoxib. The figure shows data for gene 

expression profiles in blood from untreated  and celecoxib treated healthy human 

volunteers. # denotes samples where RIN values <7.  Data are presented as median 

(normalised) and interquartile range for n=8-16 per treatment.  
 

5.5.4 Effect of COX-2 inhibitor treatment on the transcriptome of whole human blood 

PCA of the data (Figure 5.8) showed almost total overlap of the ‘PCA clouds’ 

suggesting that just like for the mouse data, any change in the transcriptome was 

small. Because of this, and to make it possible to compare the data from mouse to 

human, a moderated t-test without FDR correction was again applied (Figure 5.9). 
This showed that expression of 209 genes was altered in whole blood by celecoxib 

treatment by >1.1-fold but none altered by >1.5-fold. The 25 most altered genes are 

shown as a heatmap in Figure 5.10 and included the top up-regulated gene being 

E2F1 (E2F transcription factor 1; 1.4-fold increase by celecoxib treatment) and most-

down-regulated gene being TBC1D5 (TBC1 domain family member 5; 1.2-fold 

decreased by celecoxib treatment). A full list of altered genes is given in (Appendix 
Table 5). 
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Figure 5.8: Principle component analysis of the effect of celecoxib treatment on 
the transcriptome of whole human blood. The figure shows PCA plots for gene 

expression profiles in blood from untreated  and celecoxib treated healthy volunteers. 

Data are presented as individual data points for n=8-16 per treatment. 

 
Figure 5.9: Statistical analysis of the effect of celecoxib treatment on the 
transcriptome of whole human blood. (a) Number of genes with significantly altered 

expression in celecoxib treated healthy volunteer’s blood. (b) Volcano plots showing 

the distribution of p-value and fold-change (untreated vs celecocib)  for individual 

genes in blood. Genes are marked as grey boxes unless statistically significantly 

altered (1.5-fold cutoff) where they are marked in red and (1.1 fold cutoff) marked in 

blue. Data are presented from n=8-16 per treatment and after analysis by moderated 

unpaired t-test. 
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Figure 5.10: Heatmaps showing genes most altered by celecoxib in human 
blood. The figure shows normalised signal intensities in individual samples from 

untreated  and celecoxib treated healthy volunteers blood for genes (up to top 25 most 

altered) show significant alterations in expression between treatments in whole blood. 

Data are presented from n=8-16 per treatment and after analysis by moderated 

unpaired t-test. Color range represents signal intesity values; (blue) low intesity value 

(red) high intesity value. 

 
The gene list was taken into pathway analysis using g: Profiler to look for sets of genes 

regulating common pathways. This analysis (Table 5.2) showed changes in a number 

of pathways all of which based around type I interferon signalling. In these pathways, 

a common feature was a set of interferon response genes (IFI35, IFIT2, IFIT3, OASL 

and RSAD2) which were all upregulated blood from people taking celecoxib and could 

mean that blood cells are seeing increased interferon production/signalling 

somewhere in the body. 

C19ORF23
C1ORF229
CYSLTR1
E2F1
FMNL1
GBP5
HERC5
HIST3H2A
HS.120208
HS.123317
HS.567001
IER3
IFI35
IFIT2
IFIT3
LOC642903
LOC648859
LOC729135
LOC729667
LOC730392
MIR9-1
RSAD2
SLAMF7
TBC1D5
TSPY3

Untreated                                      Celecoxib
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Table 5.2: g: Profiler pathways analysis of genes altered in whole blood of 
human volunteers by celecoxib. Table shows biological pathways, data source, p-

values, association type and relevant genes for pathways where p<0.05 for n=8-16 

per treatment. 



161 

 

 

5.5.5 Comparison of the effect of COX-2 gene deletion in mice and celecoxib treatment 

in human volunteers on the transcriptome of whole blood 

As was done in Chapter 4, the data sets from knockout mice and drug treated humans 

were compared. This was to see if there was a common set of genes regulated in 

blood that were (i) definitely controlled by COX-2, (ii) common across species and (iii) 

were regulated by short term use of clinical doses of a COX-2 inhibitor drug. A 

comparison of the two gene lists showed no direct overlap of genes between studies 

(Figure 5.11) which was a bit surprising because similar kinds of pathways were 

regulated in the mouse and human blood e.g. antigen presentation pathways in mouse 

blood and interferon signalling in human blood which are both part of the anti-viral 

immune response.  

 

 
Figure 5.11 Venn diagram showing overlap of genes regulated by COX-2 in 
blood between mouse and human. Venn Diagram (2-way) showing (no) overlap 

between significantly altered gene lists between mouse and human whole blood. Data 

represent analyses from n=8-16 treatment/genotype and after analysis by moderated 

unpaired t-test. 

 

One possible reason why there was no overlap between the mouse and human 

studies is that proteins with similar functions can be encoded by different genes in 

different species e.g. the human IL-8 gene CXCL8 is not present in mouse but the 

mouse genes Cxcl1, Cxcl2 and Cxcl5 have a similar function. This makes comparing 

simple gene lists difficult. To go further with this, we used another kind of approach 

called gene set enrichment analysis (GSEA). This method uses a database of gene 

sets and phenotypes from actual experiments across different species/cells/models 

and looks for these signitures in the users experimental data. This means that you can 
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compare across species because you are looking for common ‘phenotypes’ and not 

individual genes. GSEA was run on datasets from mouse and human blood using the 

‘immunological pathway’ databases as regular pathway analysis showed 

inflammatory/immunological-type genes coming up in both studies. GSEA showed 

many genesets modified by COX-2 knockout in mouse and celdcoxib treatment in 

people (Table 5.3) for different gene set phenotypes. When the two lists were 

compared, three common pathways were found (Figure 5.12) which related to 

responses to viral-type TLR7 ligand, live virus and CD4 T-cell activation. This fits with 

the idea that anti-viral pathways including interferons are upregulated in whole blood 

by loss of COX-2 function, and that this can happen with only a few days dosing with 

a clinical dose of celecoxib. This fits with other data from our group (Kirkby et al., 

2013c) and others (Symensma et al., 2003, Lee et al., 2011) that COX-2 can regulate 

the interferon pathway and anti-viral responses and could mean that COX-2 inhibitors 

drugs might boost the anti-viral immune system and have potential in treatment of viral 

infections. It is also an important finding because interferons have harmful effects in 

the cardiovascular system so increased interferon pathways in people taking COX-2 

inhibitors could be another possible way they could cause their cardiovascular side 

effects. This will be disccused in more detail in Chapter 7. 
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Table 5.3 Gene set enrichment analysis (GSEA) gene sets regulated by COX-2 

knockout in mice (a) and by celecoxib treatment in healthy volunteers (b) from the 

immunlogical pathways database. Data is from n=8-16 mice/individuals. 

 

GSEA ID Name p-value
GSE36078 Untreated   vs  AD5 T425A hexon INF IL-1R KO mouse lung dendritic cell0.000
GSE13229 Imm   vs  Mature NK-cell 0.005
GSE6875 Tconv    vs  Treg 0.013
GSE11884 WT    vs  Furin  KO  naive  CD4  T-cell 0.015
GSE30083 SP1    vs  SP2  thymocyte 0.016
GSE17974 IL4  and  anti  IL12    vs  Untreated  1H  ACT  CD4  T-cell 0.033
GSE9650 Effector    vs  Exhausted  CD8  T cell 0.033
GSE37319 WT    vs  RC3H1  KO  CD44 low  CD8  T-CELL 0.033
GSE4590 Pre  B cell    vs  Small  pre  B-cell 0.035
GSE33513 TCF7  KO    vs  HET  early  thymic  progenitor 0.039
GSE2706 LPS    vs  R848  and  LPS  2 hours stimulated dendritic cell 0.040
GSE26928 EFF  memory    vs  CXCR5  POS  CD4  T-cell 0.041
GSE18791 Unstimulated    vs  Newcastle virus  DC  2H 0.042
GSE40274 FOXP3    vs  FOXP3  and  GATA1  transduced  activated  CD4  T-cell0.045
GSE14026 TH1    vs  TH17 0.047
GSE13522 CTRL    vs  T cruzi  brazil  strain  INF  skin 0.047
GSE21927 Spleen    vs  Tumour  monocyte  C57BL6 0.050

GSEA ID Name p-value
GSE29614 Day3  vs  Day7  TIV  flu  vaccine  PBMC   0.000
GSE37532 Visceral  adipose  tissue  vs  ln  derived  T-conv  CD4  T-cell    0.000
GSE16385 Untreated  vs  12h  rosiglitazone  treated  macrophage   0.002
GSE14413 Unstimulated  vs  IFN-B  stimulated  RAW264  cells    0.002
GSE18791 Unstimulated vs  Newcastle  virus  dendritic   1h   0.006
GSE19825 Naive  vs  Day3  eff  CD8  T-cell   0.006
GSE41176 WT  vs  TAK1  KO unstimulated B-cell    0.008
GSE21379 TFH  vs  Non  TFH  CD4  T-cell    0.008
GSE13485 Ctrl  vs  Day1  YF17D  vaccine  PBMC    0.010
GSE41867 Day6  vs  Day15  LCMV  clone13  effector  CD8  T-cell   0.010
GSE37605 C57bl6  vs  NOD  FOXP3  IRES  GFP  TREG   0.011
GSE22611 NOD2  transd  vs  CTRL  transd  HEK293  mdp  stimulated  2h    0.020
GSE6674 Unstimulated  vs  Anti-IgM  stim  B-cell    0.024
GSE21670 Untreated  vs  TGFB  treated  CD4  T-cell   0.027
GSE2706 LPS  vs  R848  and  LPS  2h  stim  dendritic   0.027
GSE17974 IL4  and  anti-IL12  vs  Untreated  0.5h  act  CD4  T-cell    0.031
GSE36476 Young  vs  Old  donor  memory  CD4  T-cell    0.038

Immunological

Human celecoxib

COX-2 Knockout mouse
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Figure 5.12 Gene set enrichment analysis – overlap between mouse and human. 
Venn Diagram (2-way) showing overlap between genesets significantly altered in 

mouse and human GSEA immunlogical pathways database. Data is from n=8-16 

mice/individuals. 

 

5.5.6 Effect of COX-2 inhibition on levels of viral-type cytokines in blood of healthy 

volunteers and released from isolated human endothelial cells 

As interferon (IFN)/anti-viral gene sets were upregulated in blood from people taking 

celecoxib, levels of interferon and related proteins were measured in plasma from the 

same people to see if these were also increased. The measured plasma levels of IFN 

alpha (a type I interferon) were very low (~2pg/ml), below the sensitivity limit of the 

assay (Figure 5.13a), (limit of detection: 3.2pg/ml) so it was not possible to reliably tell 

if they were altered by celecoxib. Plasma levels of IFN gamma (a type II interferon) 

and IP-10 (CXCL10; IFN gamma inducible protein-10, an interferon response protein 

which responds to both type I and type II interferon) were in the detectable range, but 

were also not altered by celecoxib treatment (Figure 5.13b,c). 

GSE2706 LPS    vs  R848  and  LPS  2 hours stimulated dendritic cell

GSE18791 Unstimulated    vs  Newcastle virus  DC  2H

GSE40274 FOXP3    vs  FOXP3  and  GATA1  transduced  activated  CD4  T-cell
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Figure 5.13 Viral-type cytokine levels in blood of healthy volunteers treated with 
celecoxib. (a) IFN alpha (b) IFN gamma (c) IP-10. Statistical significance for response 

to celecoxib was determined by unpaired t-test followed (p<0.05). Data is mean ± SEM 

from n=8-16 individuals. 

 
We also looked to see if we could model the link between COX-2 and interferon 

responses in cultured endothelial cells because they express COX-2 when stimulated 

with inflammatory stimuli, can produce type I and type II interferon and are in direct 

contact with the blood. Cells were stimulated with inflammatory stimuli that copy 

bacterial responses: the TLR4 ligand LPS, TLR2/1 ligand Pam3CSK4 and TLR2/6 



166 

 

 

ligand FSL1 or that copy viral responses: the TLR3 ligand PolyIC, or the cytokine IL-

1β with or without diclofenac to inhibit COX-2 (and COX-1). Only PolyIC stimulated IP-

10 production (an interferon response) and this was not altered by diclofenac (Figure 
5.14a). All tested TLR ligands and IL-1β stimulated production of the NF-kB response 

cytokine, IL-8 showing they were active, but this was also not altered by diclofenac 

(Figure 5.14b). Overall, this shows the increased interferon response/antiviral gene 

expression seen in blood of people taking celecoxib is not because there is an 

increased level of interferon gamma in the circulation and can’t be modelled in cultured 

endothelial cells. This could mean that interferon response ‘signature’ that the blood 

has in people taking celecoxib is picked up as the white blood cells pass through a 

particular tissue in the body where the interferon pathway is active and controlled by 

COX-2. One possible location for this would be the thymus, which is a hotspot for 

COX-2 expression and an import organ for control of the immune system and anti-viral 

responses. Another possibility location might be in the lung which also expresses 

COX-2 constitutively (Kirkby et al., 2013b). Other work from our group shows that IP10 

is increased when COX-2 is blocked in human lung fibroblasts stimulated with PolyIC 

(Wright et al., 2013). 
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Figure 5.14 Effect of COX inhibition of cytokine release from cultured endothelial 
cells over 24 hours for (a) IP-10 (b) IL-8. Statistical significance for responses to 

drugs or bacteria was determined by two-way ANOVA followed by Dunnett’s multiple 

comparison test (p<0.05) from n=6 individuals. 
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5.6 Summary 
The data presented in this chapter demonstrates: 

(i) COX-2 gene deletion in mice and short term COX-2 inhibition in man 

produces a small but definite change in the transcriptome of whole blood. 

These changes may be underestimated due to technical limitations of 

measuring gene expression in whole blood. 

(ii) Comparing the data from knockout mice and healthy human volunteers 

taking a COX-2 inhibitor allows identification of target genes which can be 

said to be definitely COX-2 driven, but are also regulated by short term 

treatment with a clinically relevant dose of celecoxib. This means the effects 

that were seen can be applied to understand how the drugs work in people 

without worrying about species differences and the problems of gene 

knockout mice. 

(iii) COX-2 regulates pathways that regulate inflammation and immunology in 

blood especially pathways that control anti-viral responses and interferons. 

Blood from people taking celecoxib has transcriptomic changes that fit with 

increased exposure to interferon somewhere in the body or increased 

sensitivity to interferons. 

(iv) Interferon is an important anti-viral pathway so if it is upregulated by COX-

2 inhibitors that could mean they could be used in some way to treat 

inflammation. This is something our group has suggested before because 

COX-2 knockout mice have an increased interferon to viral-type stimuli. 

(v) Interferons can also be harmful in the cardiovascular system e.g. interferon 

alpha is linked to microvascular damage and pulmonary hypertension and 

interferon gamma is linked to vascular inflammation and atherosclerosis. 

Because of this, increased interferon signalling with a COX-2 inhibitor could 

be another mechanism that could explain some of their cardiovascular side 

effects. 

(vi) People taking celecoxib had no detectable IFN alpha in their plasma and 

had no changes in IFN gamma or IP-10. There was also no change in IP-

10 production by endothelial cells treated with diclofenac and inflammatory 

stimuli. This means that transcriptomic changes in whole blood are not 

because of increased circulating levels of these interferons but more work 

is needed to work out how this happens.  
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5.7 Conclusions 
Overall the results in this chapter tell us that COX-2 inhibition upregulates sets of 

genes in the blood that link with interferon signalling pathways and so that COX-2 

inhibition either make blood cells more sensitive to interferon or that at some location 

in the body, more interferons are being produced. Because interferons have well 

known roles in protecting us against viruses and also in cardiovascular disease, these 

findings could mean that COX-2 inhibitors could be used to treat viral infections and 

also may give us another pathway to explain how COX-2 inhibitors cause 

cardiovascular side effects. 

 

5.8 Limitations 
The experiments in this chapter had some technical limitations that are common 

problems of transcriptomic analysis on blood samples. Blood contains lots of RNase 

enzymes that cause mRNAs to break-down although the RNA quality on the 

Bioanalyzer for the samples used was very good so this should not have been a 

problem here. As well as that, blood contains very high levels of ‘non-changing’ 

mRNAs especially globin mRNA from red blood cells. So when a fixed amount of total 

RNA is measured on the microarray, the amount of ‘changing’ white blood cell mRNA 

is less then it normally would be. This means that weaker signals and less expressed 

genes can get lost from the results. Further experiments could be done where globin 

mRNA is removed or where white blood cells are separated from the blood before 

analysis. These methods can give a cleaner signal but can also cause problems as 

the transcriptome of the cells can change during isolation. This does not take away 

from the results finding about COX-2 and interferon pathways, but could mean that 

the effect size is bigger than what was found in this study and/or that other COX-2 

regulated pathways were missed in this analysis.  

 

The other part of this chapter was to try find out why COX-2 inhibitors increase 

interferon response gene expression in blood cells. No effect was seen when IFN 

alpha, IFN gamma and IP-10 were measured in plasma from the same people, but 

there are >25 different types of interferon so it is possible there were changes in some 

of the ones that were not measured. No effect was seen on IP-10 production in 

cultured endothelial cells treated with a COX-2 inhibitor. Although this does not rule 

out changes in some individual interferons that were not measured from the 
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endothelial cells or that the effect does not happen in endothelial cells but only 

happens in certain tissues. In future it would be good to compare interferon production 

in a whole panel of different tissues from wildtype and COX-2 knockout mice to see if 

there are particular areas in the body where COX-2 regulates interferons e.g. the 

thymus. Another way to do this would be to look in a luciferase interferon-response 

reporter mouse that have been reporter before and treat this with a COX-2 inhibitor. 

We know that changes in gene expression can be much more sensitive than changes 

in protein. In this chapter interferon and IP10 protein levels that were measured in 

healthy people taking celecoxib and so perhaps we might see a clear increase if we 

repeated the experiments in people with inflammation because of arthritis or 

cardiovascular disease or that had a viral infection where the system is already primed. 

This would be more fitting to the mouse experiments that were carried out by my group 

in mice that showed that COX-2 gene deletion increases interferon and IP10 in the 

plasma only after mice were treated with a viral TLR3 agonist (Kirkby et al., 2013c). 
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Chapter 6 Results 

Validating the link between COX-2 and RGL1 pathways in vivo and 
in vitro 
 

6.1 Rationale 
Apart from the cardiovascular pathways discussed in the last chapters, one of the 

strongest leads from the transcriptomic analysis of COX-2 knockout tissue in (Chapter 
3) was that in every single tissue that was looked at, COX-2 deletion reduced 

expression of a gene called Rgl1. This was the only gene that was regulated by COX-

2 in all the tissues studied. The only tissue where COX-2 knockout did not change 

Rgl1 expression was the blood (Chapter 4) and this could be because of low level of 

expression or the technical limitations of blood transcriptomics talked about before. 

Anyway, these data suggest that Rgl1 could be a novel target gene for COX-2. It is 

very important to validate any scientific finding but this is even more important for 

transcriptomic studies because with so many genes measured there can be a risk of 

false positive results. There are three main steps to validate a link for controlling 

expression: 

(i) To repeat the finding with a different technique (e.g. PCR vs. microarray). 

(ii) To repeat the finding in an independent study (e.g. in tissue from a different set 

of animals), preferably using different tools (e.g. inhibitors vs. knockouts). 

(iii) To repeat the finding and explore it in biological system which is relevant to the 

particular function of the pathway (e.g. a model where Rgl1 gene has biological 

functions that could be useful to control to treat disease). 

 

The Rgl1 gene encodes Ral-guanine nucleotide dissociation stimulator-like 1 (RGL1). 

It is called this because it has similar structure and is thought to have similar function 

to the gene RalGDS (Ral-guanine nucleotide dissociation stimulator) and is related to 

two more genes, Rgl2 and Rgl3. Together, these genes are called Ral-guanine 

nucleotide exchange factors (RalGEFs). Not much is known about the Rgl1 gene 

directly, with a current PubMed search (August 2017) returning only 53 papers with 

the search term ‘RGL1’ with the majority (31) being related (PubMed search terms 

‘RGL1’ and ‘DELLA’) to the DELLA protein ‘RGL1’ in plants. Of the remaining papers 
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many of these just describe the structure of the gene meaning very little is known 

about the biological functions of RGL1 protein. More is known about the function of 

RalGEFs (including Rgl1) in general which is to transfer signals in the Ras pathway, 

which is a basic cell signalling pathway but also particularly associated with cancer. 

Ras is activated when it is bound to guanine triphosphate (GTP) which can then 

activate RalGEFs. Active RalGEFs bind to RalA and RalB, which are downstream 

signalling components of the Ras pathway. Ral isoforms are inactive when they 

contain guanine diphosphate (GDP) but RalGEFs exchange this GDP for GTP which 

activates Ral. Ral can then activate more downstream pathways including Rac, Rho, 

Cdc42 and Filamin which control cell migration and endocytosis, the Sec5/exocyst 

complex which controls secretion and transcription factors including Jun, F (Kirkby et 

al., 2013c) and NFκB which control proliferation and inflammation. Because of these 

important actions of Ral and as an upstream controller, RGL1, may have a role of lots 

of diseases. The best evidence is for a role in cancer, a disease where the whole Ras 

pathway is often mutated and over activated. RalA/B knockout mice have smaller 

tumors in an in vivo lung cancer model (Peschard et al., 2012), and a Ral inhibitor drug 

reduces growth of many cancer cell lines in vitro (Yan et al., 2014). Unpublished data 

from a publically available PhD thesis (T Cheng, University of Texas South western, 

2009) shows that human breast cancer have mutations in RGL1 and RalGDS gens 

which cause over activation, and that chronic activation of RGL1 is enough to turn 

normal epithelial cells into tumour cells.  

 

To go back to COX-2, it is well known that COX-2 inhibitors can prevent many types 

of cancer especially colon cancer which has been studied the best. If COX-2 inhibitors 

downregulates the RGL1 pathway and so reduces Ral signalling, this could be a new 

mechanism to understand their anti-cancer effects. If this was true, it could mean we 

could make drugs that target the RGL1 pathway directly to reduce cancer but spare 

COX-2 in the cardiovascular system. To explore this idea, and in line with the 

‘validation workflow’ described above, in this chapter the effect of COX-2 knockout on 

Rgl1 expression has been validated by PCR, and in an independent in vivo study using 

a COX-2 inhibitor drug. This has been taken further to look at how COX-2 regulates 

RGL1 expression in human cultured cancer cell models where COX-2 inhibitors have 

an anti-cancer effect. 
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6.2 Hypothesis 
‘Pharmacological COX-2 inhibition down-regulates RGL1 expression in vivo and this 

is associated with the anti-cancer effects of COX-2 inhibitor drugs in vitro’ 

 

6.3 Specific Aims: 
(i) Validate Rgl1 down-regulating in COX-2 knockout tissue and compare with 

other components of the Ras/Ral pathway. 

(ii) Interrogate microarray expression databases for associations between the 

RGL1 pathway in animals treated with the COX-2 selective inhibitor meloxicam and 

separate databases for the levels of COX-2 and RGL1 in human cancer cells. 

(iii) Identify an in vitro cancer cell model sensitive to COX-2 inhibition. 

(iv) Determine if the anti-cancer effect of COX-2 inhibition is associated with Rgl1 

down-regulation in relevant models identified in (iii). 

 

6.4 Methods 
qPCR 
RNA was extracted from aorta and renal medulla tissue of COX-2 wildtype and 

knockout mice, converted to cDNA by reverse transcriptase reaction and expression 

of Rgl1 measured by TaqMan gene expression assay (Life Technologies, UK). Data 

were normalised to housekeeping genes (18S and Gapdh) and analysed using the 

delta-delta CT method. 

 
Extraction of microarray data from COX-2 knockout dataset 
Data from (Chapter 3) was re-analysed to extract normalised signal intensity 

information from aorta and renal medulla data sets. Genes relating to Rgl1 pathway 

and in the region of the Ptgs2 gene were analysed. 

 

Extraction of microarray data from Open TG-GATEs 
Open TG-GATEs is an online toxico-genomic resource 

(http://toxico.nibiohn.go.jp/english/), which has liver transcriptome data from rats 

treated with >130 different drugs at many doses and for various time points and is free 

to access. For this study, data for the COX-2 inhibitor, meloxicam was accessed and 

used for a focused gene analysis. To do this, data was imported into GeneSpring GX 
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13.0 software (Agilent Technologies, USA) and quantile normalised to reduce 

technical variability – this was visualised as signal intensity boxplots for each sample. 

Signal intensity information for Rgl1 and RalGDS expression were extracted, 

normalised to their control and analysed using GraphPad Prism software. 

 
Human Protein Atlas 
The Human Protein Atlas (HPA) is an online database (www.proteinatlas.org) of 

protein and RNA abundance data for human tissue, cells and cell lines. For this study, 

relative RNA levels were downloaded for cancer cell lines to look at the amount of 

expression of RGL1, PTGS2 and related genes. 

 

Tissue culture  
A549 are monolayer adherent cells from human adenocarcinoma alveolar basal 

epithelial cells; cells were purchased from American Tissue Cultural Collection 

(ATCC). Caco-2 are adherent cells from human colon adenocarcinoma, and cells were 

purchased from Sigma-Aldrich, UK. WM-115 are adherent cells from human skin 

melanoma; cells were purchased from Sigma-Aldrich, UK. A549 and Caco-2 were 

plated at a cell density of 3,000 cells per well and WM-115 at 6,000 cells per well on 

96-well plates and incubated for 2 hours to adhere. Cells were then treated with vehicle 

or NSAIDs at (0.1, 1, 10 and 100µM) and were either incubated for 24, 48 or 96hours. 

All drugs used were dissolved in dimethyl sulfoxide (DMSO) and diluted in DMEM so 

that the final concentration of DMSO was no higher than 0.1% (volume/volume; v/v). 

Cells were either used to measure viability with the AlamarBlue assay (see below) or 

lysed with RLT buffer (Qiagen, UK) and RNA extracted (see above). 

 

AlamarBlue®  
Cell viability was measured using alamarBlue® assay (Invitrogen, UK) which 

measures respiratory activity of cells and can be used to estimate the number of live 

cells in each well. 100μl of 1:10 media/alamarBlue® mix was added to treated cells in 

a 96-well plate, and a negative control was set in wells containing no cells. Cells were 

incubated for 4 hours at 37ºC. Absorbance at 560 nm against a 600 nm reference was 

then measured using a spectrophotometer. 
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6.5 Results 
6.5.1 Rgl1 down-regulation in COX-2 knockout tissues 

The transcriptomic data from (Chapter 3) showed a really strong effect of COX-2 

knockout on Rgl1 expression across almost all the tissues studied. To explore this, in 

this chapter, individual data points were extracted for Rgl1 expression and expression 

of the other RalGEFs (Rgl2, Rgl3 and RalGDS) to see how these compared. When 

looked at like this, while Rgl1 was downregulated (by up to 3.2-fold) by COX-2 deletion 

in all the tissues (except blood), there was not even a trend to an effect of COX-2 

deletion on expression of the other RalGEFs (Figure 6.1a). This downregulation of 

Rgl1 in COX-2 knockout mouse tissue was confirmed by qPCR analysis of the aorta 

(the tissue with smallest Rgl1 downregulation and where COX-2 is not expressed; 

(Figure 6.1b) and the renal medulla (the tissue with the biggest Rgl1 downregulation 

and a tissue where COX-2 is strongly expressed) and this confirmed the finding from 

the microarray data for both. The relative level of Rgl1 down regulation fits with the 

relative expression of COX-2 in aorta versus kidney but because COX-2 is basically 

absent in the aorta the reduced Rgl1 expression in this tissue could also be totally 

independent of local tissue COX-2 and instead be completely or partly due to a 

circulating or systemic factor (perhaps originating from the kidney or other places 

where COX-2 activity is high in healthy animals) that changes when you knockout 

COX-2. 
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Figure 6.1: Effect of COX-2 gene deletion on Rgl1 vs RalGDS expression in a 
range of mouse tissues (a) Fold changes values for Rgl1 and other RalGEF genes 

in aorta, heart, brain, renal medulla, renal cortex and blood of COX-2 knockout mice 

mined from the data in (Chapters 3 and 5). qPCR data from wildtype and COX-2 

knockout aorta renal medulla (b) and (c). Data are mean ± SEM from n=8 mice. *, 

p<0.05 by unpaired t-test. 

 

The mouse Rgl1 gene is on the same part of the same chromosome as the Ptgs2 

(COX-2) gene, so we thought it could be that in knocking out COX-2 there was some 

unwanted damage to the chromosome region close to Ptgs2. This would mean that 
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Rgl1 down-regulation could be an artefact of the knockout model instead of a real 

biological link. To study this, from the transcriptomic data in (Chapter 3), we looked at 

the change in expression of all the genes in this chromosome location in aorta and 

renal medulla and how these genes changed in the knockout. In the aorta, the only 

gene showing changes in the COX-2 knockout model in this region was Rgl1, with the 

genes between Rgl1 and Ptgs2 being expressed normally (Figure 6.2a). In the renal 

medulla, two of the genes between Rgl1 and Ptgs2 were downregulated by COX-2 

knockout but this is as you would expect because so many genes in the renal medulla 

were altered in the knockout (Figure 6.2b). In this region of 30 genes in the renal 

medulla, ~7% were altered by COX-2 deletion>1.5-fold but in the overall 

transcriptome, ~13% were altered by this level so this is probably not due to local 

chromosomal damage. 

 

 

 



178 

 

 

 
Figure 6.2: Effect of COX-2 gene deletion on expression of other genes at the 
same chromosomal location. Data mined from transcriptomic data in (Chapter 3) 
for (a) aorta and (b) renal medulla. 

 

6.5.2 Time-course and dose-dependence of Rgl1 down-regulation in rats treated with 

a pharmacological COX-2 inhibitor: analysis of data from the Open TG-GATEs 

database 

The next step was to confirm a link between Rgl1 and COX-2 using a separate in vivo 

data set where pharmacological COX-2 inhibitors rather than knockout mice were 

studied. This was even more important to do because in the transcriptomic study of 

renal medulla of mice treated with parecoxib in (Chapter 4) no Rgl1 downregulation 

was seen which could be because the dose and/or duration of COX-2 inhibition was 
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not enough to cause Rgl1 down-regulation. To do this, we used existing data from a 

public transcriptomic dataset (Open TG-GATEs) where rats were dosed with the COX-

2 selective inhibitor, meloxicam, at three doses and for a range of acute and chronic 

time points and the full transcriptome of the liver analysed and published. By analysing 

this data, we could explore the dose and time required for changes in Rgl1 without 

repeating complex and expensive studies that have already been done. The liver was 

not a tissue studied in (Chapter 3) but we were confident that the liver would be 

affected in the same way as the other tissues that we studied because (i) apart from 

blood Rgl1 was down regulated in all the organs looked at in COX-2 knock out mice 

and (ii) previous work from our group showed that Rgl1 was down regulated in the 

liver of atherosclerotic mice when COX-2 was knocked in an apoE/COX-2 double 

knockout mouse model(Kirkby et al., 2014).  

 

To get Rgl1 expression levels, Open TG-GATEs data was imported into GeneSpring 

software and quantile normalised as for other transcriptomic data. Signal-intensity box 

plots showed similar distributions across samples with no outlier samples meaning the 

samples and data were good quality (Figure 6.3).  

 
Figure 6.3: Signal intensity plots for Open TG-GATEs meloxicam datasets. 
Panels show data for gene expression profiles in (a) dose-dependence data (24hours: 

10, 30 and 100 mg/kg) and (b) time-course data (3, 6, 9, 24 hours and 4days). Data 

are presented as median (normalised) and interquartile range for n=3 individual rats 

per treatment. 
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Instead of a full gene expression analysis, normalised signal intensity data was 

extracted for Rgl1 expression and plotted individually. The data showed that Rgl1 was 

down-regulated by meloxicam in a dose-dependent way and this was significant only 

at the highest tested dose (Figure 6.4a). At this dose, the effect started from 9 hours 

and continued for at least 4 days (Figure 6.4b). As for the COX-2 knockouts, there 

was no effect of meloxicam on RalGDS expression (Figure 6.4c, d). This data 

confirms that Rgl1 expression is linked to COX-2 activity and that it can be down-

regulated with a pharmacological COX-2 inhibitor drug, but that a high dose is required 

which may explain why no effect was seen in the parecoxib study in (Chapter 4) where 

COX-2 was inhibited ~80%. 

 
Figure 6.4: Effect of COX-2 inhibition by meloxicam on Rgl1 expression in the 
rat liver in vivo. Rgl1 expression by (a) dose and (b) time. RalGDS expression by (c) 

dose and (d) time. Data in (a) and (c) are for the 24 hour time point. Data are presented 

as mean ± standard error for n=3 individual rats per treatment. *, p<0.05 by one-way 

ANOVA with Dunnett post-test. 
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6.5.3 Identification of an in vitro cancer cell model sensitive to COX-2 inhibition 

After confirming a link between COX-2 inhibition and Rgl1 we wanted to look at this in 

a human cancer cell model. This is because RGL1 and COX-2 are both linked to 

cancer, and because COX-2 knockout and inhibition down-regulates Rgl1 gene 

expression in mice (Chapter 3) rats (this chapter) respectively, it could contribute to 

the anti-cancer effect of COX-2 inhibitor drugs. To choose a good model, we looked 

at published data (Human Protein Atlas) for expression of RGL1 and other RalGEFs 

genes, COX-1 (PTGS1) and COX-2 (PTGS2) in different human cancer cell lines 

(Figure 6.5). After looking at this, we chose 3 models to study. These were (i) WM-

115 cells, a skin cancer cell line with high RGL1 expression but low expression of other 

RalGEFs, (ii) Caco-2 cells, a colon cancer cell line with moderate Rgl1 expression, 

low expression of other RalGEFs, expression of PTGS2 (COX-2) and (iii) A549 cells, 

a lung cancer cell line with local RGL1 and other RalGEF expression, but high PTGS2 

(COX-2) expression. The Caco-2 cells were also important to look at because most of 

the clinical studies with COX-2 inhibitors in cancer have looked at colon cancer.  
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Figure 6.5: Analysis of constitutive RGL1, RalGEF and COX isoform expression 
in human cancer cells lines using data from the Human Protein Atlas. Data 

relates RNAseq quantification of mRNA levels. 
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The three types of cells were cultured and checked to see if they were sensitive to 

killing by a non-selective COX-1/COX-2 inhibitor, diclofenac. Viability was studied at 

24 and 96 hours. Of the three models, Caco-2 cell were the only ones showing 

reduced viability when treated with diclofenac, with no effect seen on WM-115 or A549 

cells (Figure 6.6). The effect on Caco-2 cells was only seen at 96 hours, and was 

significant only at the highest concentration tested (Figure 6.6). This is consistent with 

what people have found before that Caco-2 cells are sensitive to COX-2 inhibitors but 

that high concentrations are required to have an anti-cancer effect in vitro (Motawi et 

al., 2014, Buecher et al., 2005, Grosch et al., 2001). Because they were the only ones 

sensitive to COX-2 inhibition, only the Caco-2 cells were taken forward to the next 

experiments. 

 

We next looked to see if this anti-cancer cell effect of diclofenac on Caco-2 cells was 

produced by other drugs which inhibit COX-2 (Figure 6.7). We found diclofenac, 

celecoxib and sulindac but not naproxen or aspirin reduced Caco-2 cell viability 

(Figure 6.7). This makes sense because aspirin and naproxen are less potent COX-

2 inhibitors than the other drugs tested (Mitchell et al., 1993) and because the well-

known anti-cancer effects of aspirin (Langley, 2013) are to do with anti-platelet effects 

and not COX-2 inhibition. Although at the concentrations used all the drugs are likely 

to substantially inhibit COX-2, the relative potency is still important. This is because, 

as seen here, in vitro anti-cancer effects of NSAIDs require very high drug 

concentrations possibly because a very high level (e.g. 99%) of COX-2 inhibition is 

required to produce the effect. The ‘weaker’ drugs may not achieve these levels of 

inhibition even at the high concentrations tested. Alternatively, the lack of effect of 

these drugs could be due to instability in solution or another mechanism. These 

experiments showed that Caco-2 cells are a good model to look at the anti-cancer 

effects of a range of drugs which inhibit COX-2 and so are also a good model to see 

how COX-2 inhibitors effect RGL1 expression levels. 
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Figure 6.6: Effect of COX-2 inhibition by diclofenac on cell viability in Caco2, 
WM115 and A549 cancer cell lines. (a) Caco-2 24hours (b) Caco-2 96hours (c) 

WM115 24hours (d) WM115 96hours (e) A549 24hours (f) A549 96hours. Data are 

presented as mean ± standard error for n=6 individual experiments. *, p<0.05 by one-

way ANOVA with Dunnett post-test. 
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Figure 6.7: Effect of a range of COX-2 inhibitor drugs on viability of Caco-2 
human colon cancer cells. (a) Diclofenac, (b) celecoxib, (c) sulindac, (d) naproxen, 

and (e) aspirin. All data is from the 96 hr time point. Data are presented as mean ± 

standard error for n=6 individual experiments. *, p<0.05 by one-way ANOVA with 

Dunnett post-test. 

 

6.5.4 RGL1 down-regulation by COX-2 inhibitors in human colon cells 

When RGL1 expression was looked at by qPCR in Caco-2 cells, it was very strongly 

down-regulated in cells treated with diclofenac (Figure 6.8a) or celecoxib (Figure 
6.8b) at concentrations which were associated with anti-cancer effects. This down-

regulation was seen from 24 hours so was not simply because the drugs were killing 

the cells as no loss of viability was seen at this early time point (Figure 6.6). Overall, 
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these experiments show that the anti-cancer effects of COX-2 inhibitors in a relevant 

colon cancer cell line in vitro are associated with down-regulation of the novel target 

gene, RGL1 which has known links to the cancer process. This also adds further 

support to the link between COX-2 and RGL1 and shows it can occur in human cells. 

Figure 6.8: Effect of COX-2 inhibition on RGL1 expression in Caco-2 human 
colon cancer cells. (a) Diclofenac (100μM) and (b) celecoxib (100μM). Data are 

presented as mean ± standard error for n=4 individual experiments. *, p<0.05 by one-

way ANOVA with Dunnett post-test. 

 

6.6 Summary  
The data presented in this chapter demonstrates: 
(i) RGL1 is a novel target of COX-2 inhibition. Rgl1/RGL1 is down-regulated by 

COX-2 deletion in mice and COX-2 inhibition in rats in vivo and in human cells in 

vitro. This means that the effect is not an artefact of animals or gene deletion. 

(ii) Rgl1 is down-regulated by COX-2 gene deletion across a range of tissues, 

including ones where COX-2 expression is low. This means that Rgl1 regulation 

by COX-2 may be because of changes in a systemic/circulating factor (e.g. a 

circulating prostaglandins or other hormone) or be because there is a rare COX-

2 expressing cell type present in all tissues which changes Rgl1 expression (e.g. 

a vascular cell or nerve) 

(iii) COX-2 does not alter expression of other related RalGEF genes.  

(iv) COX-2 inhibitors reduce viability of colon cancer (Caco-2) but not skin (WM-115) 

or lung (A549) cancer cells. This fits with their anti-cancer potential in people 

which is best understood for colon cancer. 
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(i) Concentrations of COX-2 inhibitors which reduce cancer cell viability also cause 

RGL1 down-regulation. This fits with the idea that down-regulation of RGL1, a 

potential oncogene, could cause some of the anti-cancer effects of COX-2 

inhibitor drugs. However, this remains to be proven in a future study. 

6.7 Conclusions 
The results in this chapter validate the link between COX-2 and a novel target gene, 

Rgl1 and show it can occur with both knockout and inhibition of COX-2 and in both 

animal and human cells. Rgl1 has many possible roles in health and disease but the 

most obvious is a role in driving cancer. Together, this may suggest that down-

regulation of the RGL1 pathway by COX-2 inhibitors could contribute to their anti-

cancer effects which is supported by the data in this chapter but remains to be 

definitively proven in a future study. 

 
6.8 Limitation  
The results of this chapter are clear and straightforward and address the link between 

COX-2 and RGL1 at the gene expression level. While there are no specific limitations 

to address there are some important follow-on experiments that would be good to do 

as part of future study. First, gene expression levels do not always mean changes in 

protein or protein activity, so it would be important in future studies to validate that 

COX-2 deletion/inhibition actually reduces RGL1 protein levels by Western blotting, 

and that this means there is less RalGEF activity in cells – which can be measured 

using commercial assay kits. Second, the data fit with the idea that the anti-cancer 

effect of COX-2 inhibiters could relate to inhibition of the RGL1 pathway but this is not 

proven. It would be important in the future to see if deletion/knockdown of RGL1 

protein (e.g. with siRNA) effects cancer cell viability and changes the anti-cancer effect 

of COX-2 inhibitors. It would also be good to see of deletion/knockdown of RGL1 

produces similar transcriptomic changes in cancer cells (and other tissues) to 

inhibition of COX-2. Third, cancer is complex multi-cellular disease so all studies 

relating to the Caco-2 cells would be important to repeat using an in vivo colon cancer 

model (e.g. APCmin/+ mice) and if possible, using samples from people with colon 

cancer to see if the in vitro data are repeatable. 
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Chapter 7 Discussion  

7.1 The problem: cardiovascular side effects of NSAIDs 
Non-steroidal anti-inflammatory drugs (NSAIDs) are some of the most commonly used 

drugs in the world. They are used as prescription medicines to reduce pain and 

inflammation in people with arthritis and other diseases– around 100 million 

prescriptions for NSAIDs are given each year in the USA (Conaghan, 2012) . They are 

also used as over-the-counter medicines for people with aches and pains and fever – 

about 20 million people are thought to take over-the-counter NSAIDs every day in the 

USA and up to around 20% of people in Europe regularly use over-the-counter 

NSAIDs (Antonov and Isacson, 1998, Turunen et al., 2005) . In the past, gastro-

intestinal side effects were the issue people worried about with these drugs but now 

many of the concerns about side effects are on the cardiovascular system. People 

taking NSAIDs have an increased chance of having a heart attack or a stroke(Bhala 

et al., 2013) . This can happen in people who are fairly young and healthy and in 

people who only take the drugs for a short period of time (1-2 weeks) (Coxib et al., 

2013, Bally et al., 2017).  The chance that one person taking an NSAID will have a 

heart attack or stroke because of the drug is not big – in people with a healthy 

cardiovascular system it is estimated to be around 2 extra heart attacks/strokes for 

every 1000 people a year but more, up to 7, in people who already have cardiovascular 

disease (Bhala et al., 2013). But because so many people take these drugs, this small 

risk for one person turns into being a large problem for the population. E.g. if 20% of 

people in the UK (population 60 million) regularly take an NSAID, and there are 2 extra 

heart attacks/strokes per 1000 people per year, this means even at the lower end of 

the estimated risk, NSAIDs cause around at least 25,000 cardiovascular events each 

year – or around at least 5% of all heart attacks and strokes that happen each year in 

the UK (200,000 heart attacks and 240,000 strokes; 

https://www.bhf.org.uk/research/heart-statistics). As well as this, the concern about 

the cardiovascular side effects caused by NSAIDs has stopped them being used to 

treat and prevent cancer – an area where several clinical studies suggest they may 

be very beneficial(Baron et al., 2006, Bertagnolli et al., 2006) . 
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Because of the size of this problem of NSAID cardiovascular side effects, we need to 

understand how drugs that inhibit COX-2 damage the cardiovascular system so we 

can find: 

(i) Ways that will let us avoid or protect the cardiovascular system in people taking 

NSAIDs 

(ii)  Ways to find which people taking NSAIDs are going to have a cardiovascular 

side effect.  

As discussed in the introduction section of this thesis (Chapter 1) for a long time it has 

been said that COX-2 is expressed in blood vessels where it helps because it 

produces the protective hormone PGI2 and because of this, people believed that 

inhibition of vascular COX-2 and PGI2 explained the cardiovascular side effects of 

COX-2 inhibitor drugs (NSAIDs) (Grosser et al., 2017).  Since then, work from our 

group and others has proven that COX-1 and not COX-2 is expressed in blood vessels 

and makes PGI2 (Liu et al., 2012, Kirkby et al., 2012).  

 

7.2 The approach: transcriptomic analysis of cardiovascular systems 
With the old theory thrown out, we needed to start again from the beginning to look for 

new pathways regulated by COX-2 that can explain how it protects the cardiovascular 

system. In this thesis, a transcriptomic approach has been applied to find new 

information about how COX-2 works to protect in the cardiovascular system and find 

new genes and pathways that are regulated by COX-2. To do this, a combination of 

study types have been used including animals where COX-2 or COX-1 has been 

genetically deleted, animals were COX-2 has been inhibited with drugs, human 

volunteers taking standard doses of COX-2 inhibitor drugs and validation studies using 

online microarray data and human in vitro cell models. Using transcriptomic 

technology (microarray and RNA sequencing), these have been put together to find 

and cross-validate new answers to several important questions in the area of COX-2 

cardiovascular biology (Figure 7.1). Because this was all found with a totally unbiased 

approach it means that many of these COX-2 regulated genes/pathways found are 

totally new findings that would not been found using a more traditional ‘hypothesis’ 

driven set of experiments. This includes new leads that could help us understand 

mechanisms of NSAID cardiovascular side effects and biomarkers to see which 

NSAID users are at greatest risk. 
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Figure 7.1 Summary of how resources, analyses and findings across chapters 
and how these relate to each other 
 

7.3 The findings: new mechanisms and pathways 
7.3.1 Role of COX-1 vs. COX-2 in control of cardiovascular transcriptome 

Transcriptomic analysis identifies specific genes that are altered between two sets of 

samples. This is a normal way to use the results and is a very good way to find new 

detailed pathways that are regulated in particular experiment (e.g. COX-2 knockout 

versus wildtype mice). Another way to look at transcriptomic results is to look at a 

bigger scale and view the overall effect on the transcriptome (instead of specific 

pathways) to give a simple idea of whether a tissue/cell responds to a treatment or 

not. In this thesis, this kind of analysis of the results has given some very interesting 

and surprising findings. The first one was that overall, deleting COX-1 had very little 

effect on the transcriptome of any of the cardiovascular tissues that were studied, 

whereas, in some tissues, deleting COX-2 had a very big effect of the overall 

transcriptome. This might mean that in healthy mice, overall COX-2 has a bigger effect 

in controlling the cardiovascular system than COX-1. This was a very surprising result 

because as shown in Chapter 3, COX-1 is expressed in blood vessels, the kidney and 

the heart (and in platelets) much more than COX-2 and is needed to make two very 
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powerful cardiovascular hormones – PGI2 and TXA2 – which control important 

processes like blood vessel size and platelet aggregation. If COX-1 is expressed 

strongly and these hormones and processes are so important, why did deleting COX-

1 not alter expression of a single gene in the heart, aorta or kidney? It wasn’t because 

of a problem with the knockout mice because the same mice have been validated in 

this thesis (Chapter 3) and in many previous studies. Two other reasons could explain 

this result. One is that in blood vessels, PGI2 made by endothelial cell COX-1 works 

to carefully balance TXA2, made by platelet COX-1 (Moncada et al., 1976). If these 

two hormones are so finely balanced, it could be that when you take away both at the 

same time, the effects on the cardiovascular system, and the transcriptome cancel 

each other out. A nice way to test this idea would be to use mice with a selective 

knockout of either endothelial COX-1 or platelet COX-1 – these mice have recently 

been made in our lab (endothelial-specific knockouts) and in a collaborators lab 

(platelet-specific knockouts; Prof Tim Warner, Queen Mary University of London) – 

and would let us see if taking away COX-1 only in platelets or only in blood vessels, 

would alter the transcriptome in a way that taking it away in both does not. A second 

reason that could explain why global COX-1 knockout doesn’t change the 

cardiovascular transcriptome is that endothelial/platelet COX-1 may only be active or 

needed in a disease situation – so that taking them away in healthy young mice doesn’t 

change anything. For example, we know that PGI2 inhibits thrombosis and 

atherosclerosis, but PGI2 receptor knockout mice don’t get more blood clots (Murata 

et al., 1997) or atherosclerosis (Kobayashi et al., 2004) unless you damage a blood 

vessel. If this is right, it could be that to work out which pathways are regulated by 

COX-1 in cardiovascular tissues, we need to study the transcriptome in a 

cardiovascular damage model (e.g. apoE knockout mice) where the PGI2/TXA2 

systems are activated to control the disease. 

 

7.3.2 Role of renal vs. other sites in COX-2 

Staying with the idea of looking at the overall transcriptome change across 

tissues/conditions, another very important and clear finding from the studies in 

Chapter 3 was that COX-2 was very important in controlling the transcriptome of the 

kidney, especially the renal medulla where COX-2 was most expressed, but deleting 

COX-2 had almost no effect on the other cardiovascular tissues we looked at. This fits 

well with previous data from our group (Kirkby et al., 2013a, Kirkby et al., 2012) and 
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others (Liu et al., 2012) that COX-2 doesn’t control PGI2 production in blood vessels 

as deleting COX-2 had no effect on the aorta transcriptome. More importantly, this 

data really strongly points to the kidney as the place where cardiovascular side effects 

of COX-2 start because (i) the kidney highly expresses COX-2 (compared to other 

cardiovascular tissues) and (ii) it’s the only place where loss of COX-2 seems to effect 

the tissue transcriptome, which is probably a general sign of changes in how the tissue 

is working. This wasn’t just because COX-2 knockout mice have some developmental 

changes in their kidneys, because a big effect on the kidney transcriptome was also 

seen in wildtype treated with a COX-2 inhibitor, parecoxib, for 5 days. This is not a 

new idea – it has been known for a long time that COX-2 regulates the function of the 

kidney. For example, COX-2 is known to regulate renal blood flow, sodium and water 

retention – reviewed by (Harris, 2006). COX-2 inhibitors can also raise blood pressure, 

which is a small effect in healthy people but can be up to 14mmHg in patients whose 

blood pressure is already high (Snowden and Nelson, 2011). It has also been 

suggested before that these effects of COX-2 inhibition on blood pressure and renal 

function could explain the cardiovascular side effects of NSAIDs (Singh et al., 2003), 

given the close link between renal function and cardiovascular health. This idea has 

been pushed to the side in the last 15 years because of the strong promotion of the 

idea that COX-2 makes vascular PGI2 and inhibiting this causes NSAID cardiovascular 

toxicity. The data in this thesis showing the powerful and very selective effect of COX-

2 inhibition on the transcriptome of the kidney add to other recent work (Kirkby et al., 

2013a, Ahmetaj-Shala et al., 2015) that really suggests we need to re-think about the 

kidney and not the systemic blood vessels if we are to work out how NSAIDs cause 

cardiovascular damage.  

 

7.3.3 Specific gene expression pathways regulated by COX-2 

After seeing that the kidney was the main place in the cardiovascular system where 

gene expression was controlled by COX-2, we ran a cardiovascular-focussed pathway 

analysis to find specific gene pathways that might give us mechanisms to explain 

cardiovascular toxicity of COX-2 inhibition. The data from COX-2 knockout mice in 

Chapter 3 were cross-referenced with data from wildtype mice treated with a COX-2 

inhibitor in Chapter 4 to give a list of cardiovascular genes that were COX-2 driven 

and changed by short-term treatment with and NSAID: Agtx2, Edn1, Ptgds and Cd34. 

In separate studies (Chapter 5) with blood from COX-2 knockout mice and human 
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healthy volunteers taking a selective COX-2 inhibitor, celecoxib we identified the 

interferon pathway as regulated by COX-2 which may have implications for 

cardiovascular side effects as well as infection/immunity. Lastly, in tissues from COX-

2 knockout mice we saw a down-regulation of a novel target gene, Rgl1 (Chapter 3) 

which was validated in an online dataset and in cancer cells (Chapter 6) and could be 

of direct relevance to use of COX-2 inhibitors in cancer. Each of these target pathways 

and their possible role in COX-2 pharmacology are discussed below. 

 

7.3.3.1 Agxt2; a regulator of the ADMA pathway 

ADMA is a natural inhibitor of NOS, which forms NO, an important cardiovascular 

protective mediator reviewed in Chapter 1. ADMA is a well-studied cardiovascular 

toxic mediator, with 1643 PubMed hits for ‘cardiovascular’ or ‘renal’ search terms with 

a search made in August 2017. High levels of ADMA have been shown in many 

cardiovascular and renal diseases including hypercholesterolemia, atherosclerosis, 

hypertension, chronic heart failure, diabetes mellitus and chronic renal failure. 

Increased levels of ADMA have also been shown to be the stronger predictor than 

traditional factors for cardiovascular events and all-cause and cardiovascular deaths 

in people with coronary artery disease. One of the pathways that metabolises ADMA 

to remove it from the body is AGXT2. This catalyses transamination of ADMA to α-

keto-δ-(N,N-dimethylguanidino)-valeric acid which stops its action as a NOS inhibitor. 

AGXT2 can also metabolise other endogenous NOS inhibitors like L-NMMA 

(Rodionov et al., 2014). AGXT2 is strongly expressed in the kidney (Takada and 

Noguchi, 1982).  In this thesis, very importantly, it was found that the Agxt2 gene was 

down-regulated in COX-2 knockout mice and the mice treated with a COX-2 selective 

drug. This could mean that loss of COX-2 function reduces ADMA metabolism in the 

kidney and increases levels of this cardiovascular harmful mediator in the blood. 

Because of this, there would be reduced NOS activity and NO production in blood 

vessels which could tip the cardiovascular system into a ‘at risk’ state and explain why 

COX-2 inhibitors increase cardiovascular risk. In a parallel PhD project in our group, 

ADMA levels were increased in COX-2 knockout mice, mice treated with parecoxib as 

well as healthy human volunteers taking celecoxib (Ahmetaj-Shala et al., 2015). This 

gives us confidence that this idea is true and translates from mice to people. If ADMA 

is a mediator of NSAID cardiovascular toxicity it might give us a way to treat and predict 

which people will have increased risk when taking the drugs. The effects of increased 
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ADMA on NOS can be reversed by L-arginine, the natural substrate for NOS, so it is 

possible that L-arginine supplements, which are safe and easy to get hold of could be 

protective against ADMA increases caused by NSAIDs. Alternatively, measuring 

ADMA levels in people taking NSAIDs might give us a way to predict which people are 

most at risk of having a cardiovascular event. These ideas are very exciting but needs 

to be tested. 

 

7.3.3.2 Edn1: a key component of the endothelin pathway 

The endothelin (ET) pathway is made of three peptide ligands (ET-1, ET-2 and ET-3) 

and two receptors, ETA and ETB. ET-1 (encoded by the Edn1 gene) is the main form 

people believe plays a major role in the cardiovascular system, where it is expressed 

mostly by endothelial cells, but can also be produced in disease by smooth muscle 

cells, cardiomyocytes. ET-1 is overall a powerful vasoconstrictor by acting on smooth 

muscle ETA and ETB receptors, although it can cause vasodilation by acting on 

endothelial cell ETB receptors. It is constantly produced by endothelial cells and this 

means that blocking ET-1 production or its receptors reduces blood pressure. ET-1 is 

also important in controlling blood pressure and salt/water levels by its effects in the 

kidney and also it has effects on vascular remodelling, angiogenesis and extracellular 

matrix synthesis as was mentioned in Chapter 1 and as has been reviewed before 

(Kirkby et al., 2008). ET-1 is well linked with cardiovascular/renal disease – with 

>10,000 PubMed hits on ‘endothelin’ and ‘cardiovascular’ or ‘renal’ in a search that I 

did in August 2017. Blocking ET production or receptors has been suggested to be 

beneficial in conditions like hypertension, chronic heart failure and chronic kidney 

failure – and ET receptor antagonists (bosentan, ambrisentan, macisentan) are used 

clinically to treat pulmonary hypertension. In this thesis, it was found that Edn1 was 

up-regulated in COX-2 knockout mice and the mice treated with a COX-2 selective 

drug (parecoxib). Since ET-1 is a vasoconstrictor, it is bad for renal function and 

increases lots of other cardiovascular disease processes, it could be that increased 

ET-1 levels in the kidney or spilling out into the blood in people taking an NSAID could 

explain the increase in the cardiovascular events. This knowledge gives two options 

to help with the problem of NSAID cardiovascular toxicity. The first is that if increased 

ET-1 causes NSAID cardiovascular toxicity, drugs which block the pathway like ET 

receptor antagonists could be used to reduce or prevent cardiovascular side effects. 

The problem with this is that ET receptor antagonists have many side effects 
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themselves such as sometimes fatal liver toxicity and causing birth defects, so the 

‘cure’ might be worse than the small risk that the user might have an NSAID-induced 

cardiovascular event. The second way this knowledge might be useful is as a 

biomarker to work out which people taking NSAIDs are most likely to have 

cardiovascular damage or a cardiovascular event. ET-1 is very difficult to measure in 

the blood because the levels are low and it is removed very quickly –other work in our 

group already showed that plasma ET-1 levels were not altered in COX-2 knockout 

mice, even though renal Edn1 expression is increased (Ahmetaj-Shala et al., 2015). 

Another way to measure ET-1 in the body would be to measure levels in the urine, 

where ET-1 is present in higher levels, comes straight from the kidney and is a marker 

of renal damage (Abassi et al., 1993). This idea that renal ET-1 might be a marker of 

NSAID cardiovascular toxicity would need to be tested now in a group of patients 

taking NSAIDs who do vs. do not have a cardiovascular event.  

 

7.3.3.3 Ptgds: a driver of the PGD2 synthesis pathway 

PGD2 is a major prostanoid produced in many cardiovascular cells including 

endothelial cells, platelets, macrophages and inflammatory cells. PGD2 acts on two 

receptors, a classical prostaglandins receptor called DP1 and a chemotactic factor-

like receptor called DP2 or CRTH2. DP1 receptors signal in the same way as PGI2 

(IP) receptors through activation of adenylate cyclase. Because of this similarity, it can 

be similar to PGI2 in its action – for example, by inhibiting platelet aggregation (Smith 

et al., 1974) – but it is not so well studied as PGI2 (only ~300 PubMed hits for PGD2 

and ‘cardiovascular’ or ‘renal’ in a search that I did in August 2017). In this thesis, 

Ptgds, the gene which encodes one of the main PGD2 synthase enzymes, was 

upregulated both in COX-2 knockout mice and the mice treated with a COX-2 selective 

drug (parecoxib). This might mean that PGD2 levels (produced via COX-1 since COX-

2 was knocked out / inhibited) are increased in the kidney, and maybe in the blood in 

people taking NSAIDs. As it says above, PGD2 is usually a protective prostaglandins, 

like PGI2, so it could be that upregulation of PGD2 production is a compensatory 

change induced by COX-2 inhibitors that helps protect the kidney and cardiovascular 

system from damage. Also, because of this, it is hard to see that it would be beneficial 

to block PGD2 to reduce NSAID cardiovascular toxicity (although PGD2 receptor 

blockers such as laropiprant are available and have been used in people). Like for ET-

1, it could also be that measuring PGD2 could be a biomarker to see how strongly 



196 

 

 

effected the kidney and cardiovascular system is in particular people as a way to see 

which people are most likely to have an NSAID-induced cardiovascular event. Urine 

levels of a PGD2 metabolite have been shown to stay the same in COX-2 knockout 

mice or people taking COX-2 inhibitors (Song et al., 2008) but it is difficult to 

understand this data because an effect of Ptgds induction might be hidden by a 

reduction in COX-2 activity. As talked about in Chapter 1, it is also not clear where 

urinary prostanoid metabolites come from, so it may be better to try to measure PGD2 

in the plasma. 

 

7.3.3.4 Cd34: an adhesion molecule and stem cell marker 

CD34 is a surface glycoprotein which works as an adhesion molecule. It is mostly 

found in blood cells, endothelial cells as well as mesenchymal and haematopoietic 

stem cells and endothelial progenitor cells (Lin et al., 1995). In the kidney, it is 

expressed in the endothelial cells in the glomeruli and is increased in renal disease 

including diabetes (Acevedo et al., 2008). Its function is not very well understood but 

it may be involved in endothelial cell repair (for example, it is expressed on circulating 

progenitor cells) and also in controlling leucocytes interactions with the blood vessel 

wall (Baumhueter et al., 1994). CD34 knockout mice have been made and have some 

reductions in their progenitor cell development, but are otherwise healthy (Cheng et 

al., 1996). There are many papers looking at CD34 in cardiovascular disease (over 

3000 hits for ‘CD34’ and ‘cardiovascular’ or ‘renal’ on PubMed in a search that I did in 

August 2017) but almost all look at levels in circulating progenitor cells, where it is 

increased in metabolic syndrome, diabetes and hypertension, but this is probably just 

because more stem cells are in the blood.  

 

In this thesis is was seen that CD34 was up-regulated in the kidney of COX-2 knockout 

mice and the mice treated with the COX-2 inhibitor, parecoxib. Because the function 

of CD34 in cardiovascular and renal disease is not very well known, it is difficult to say 

what this regulation of CD34 by COX-2 might mean. Although a simple reason might 

be that there are more progenitor cells or more repairing endothelial cells there 

because the COX-2 is knocked out. To understand if CD34 might be involved in the 

mechanism of NSAID cardiovascular side effects it would first be important to study 

what CD34 in cardiovascular disease models relevant to COX-2 e.g. looking at CD34 

knockout mice in thrombosis or atherosclerosis models and then to see if this altered 
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the effects of NSAIDs. Another way to look at the link between CD34 and COX-2 would 

be as a possible biomarker of NSAID cardiovascular/renal damage because 

circulating CD34 levels predict may other kinds of cardiovascular disease. However 

the changes in CD34 levels seen in COX-2 knockout mice were only seen in the kidney 

and not in the blood, so it may not be so likely blood CD34 levels would be changed 

by the COX-2 pathway. 

 

7.3.4 Interferons: anti-viral, anti-cancer cytokines which regulate cardiovascular 

disease 

Interferons are a big family of cytokines, grouped into three types (I, II and III) that the 

body produces to fight infections, especially viral infections, and also cancer. In 

infections and cancer, these interferons activate the immune system and reduce the 

function or kill infected/tumour cells to fight the disease. Interferon also has strong 

effects on the cardiovascular system. For example, data from our group has shown 

that type I interferons can induce pulmonary hypertension in some people (George et 

al., 2014). Other people have shown that giving type I interferons reduce endothelial 

function and increase thrombosis in atherosclerotic mice (Thacker et al., 2012) and 

that knockout of the receptors from type I or type II interferons (IFNAR or IFNGR1) are 

protective against atherosclerosis (Thacker et al., 2012, Gupta et al., 1997).   

 

In the studies of human and mouse blood in Chapter 5 it was found that blood from 

people taking a COX-2 inhibitor, celecoxib (as well as COX-2 knockout mice) had an 

increase in expression of interferon response proteins. Although increased interferon 

response gene expression was seen in blood from people taking celecoxib, no 

detectable change in plasma levels of two types of interferon, or the interferon-

response cytokine, IP-10 was measured. For some, this could just be because the 

levels were too low to reliably detect, or we measured the wrong types of interferon to 

see the change, and it would perhaps be easier to see this in patients with 

inflammatory disease like arthritis where basal levels of interferons would be higher. 

Another possibility is that when the blood passes through a particular part of the body, 

it picks up a response from local interferons. A nice idea is that this could happen in 

the thymus, which is a very important tissue for interferon signalling and is one location 

in the body with high constitutive COX-2 expression (Kirkby et al., 2013a). This fits 

with previous data from our group showing that the thymus is one of the only tissues 
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in the body where COX-2 is induced by poly (I:C), a viral-type immune stimulator, and 

that COX-2 knockout mice treated with poly (I:C) have increased interferon levels 

(Kirkby et al., 2013b). However it happens, interferon is bad for the cardiovascular 

system and it could be that increased interferons with a COX-2 inhibitor could play a 

role in NSAID cardiovascular side effects. If this is true, it would be an important 

finding, but blocking the interferon pathway wouldn’t be a good way to prevent these 

side effects because the interferon pathway is so important in the immune system that 

blocking it would probably cause immunosuppression and be a bigger problem than 

the small risk of an NSAID-induced cardiovascular event. Another possible use for this 

finding would be to measure levels of interferons (if the right interferon could be 

identified and measured) or expression of a set of interferon response genes in the 

blood of people taking NSAIDs as a biomarker of possible future cardiovascular 

damage. One link that should be mentioned is from our group that showed that 

interferon induces ET-1(George et al., 2014) and so the finding in this thesis that 

interferon pathways are increased could explain why End1 gene is up in knockout 

mice. To finish and think about this in another way, because interferons are important 

in the body’s  anti-viral and anti-cancer defences, it could be that boosting them with 

a COX-2 inhibitor could help treat viral infections (which has been shown before in 

mice (Carey et al., 2005, Chen et al., 2002)), or that this could contribute to the anti-

cancer effect of COX-2 inhibitors.  

 

7.3.5 Rgl1: a little studied regulator of Ras-Ral signalling cascade  

RGL1 is a Ral guanine-nucleotide exchange factor which bridges activated Ras, an 

important intracellular signalling component and oncogene, with Ral, one of the 

effectors of the Ras pathway (Neel et al., 2011). This has lots of different biological 

functions including control of proliferation, migration and inflammation, and like other 

parts of the Ras pathway, is strongly linked to cancer. The potential link between RGL1 

and COX-2 was discussed in detail in Chapter 6, but to summarise the Rgl1 gene, was 

one of the strongest leads to be found in the transcriptomic analysis – it was down-

regulated in every tissue (except blood) studied in COX-2 knockout mice. No effect of 

parecoxib treatment was seen on Rgl1 expression in the kidney in our own study which 

might mean there was not strong enough, or long enough COX-2 inhibition to produce 

the effect but the finding was still validated pharmacologically in an online microarray 

dataset of which showed that Rgl1 was reduced in a time- and dose-dependent way 
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in rats treated with the COX-2 inhibitor, meloxicam. We also validated the Rgl1-COX-

2 link in a human colon cancer cell line, Caco-2, with the idea that the Ras/RGL1/Ral 

pathway is linked to cancer, and COX-2 inhibitors can prevent/treat cancer, and so 

down-regulation of Rgl1 by COX-2 inhibitors could play a role in this. Celecoxib and 

diclofenac both killed Caco-2 cancer cells, and this happened alongside a very strong 

reduction in RGL1 expression. Overall, this fits with COX-2 inhibitors producing some 

of their anti-cancer effects by down-regulation of the oncogenic, Ral/RGL1/Ral 

pathway but this now needs to be proven by knocking down or deleting RGL1 and 

looking to see if this blocks the anti-cancer effect of COX-2 inhibitors. If this is right, it 

might mean drugs which selectively block the Ras/RGL1/Ral pathway could be used 

to get the same anti-cancer effect of COX-2 inhibitors but avoid the cardiovascular 

side effects. The first drugs which inhibit Ral isoforms have been recently reported and 

have anti-cancer effects so this is very possible (Yan et al., 2014). 

 

Apart from the cancer question, it is also possible that RGL1 is linked to cardiovascular 

side effects of COX-2 inhibitors, but this seems less likely. As an example, RGL1/Ral 

activation has been shown to increase inflammation (NFkB activation (Chien et al., 

2006)) and cause release of endothelial cell vesicles which contain endothelin-1 

(vasoconstrictor), interleukin-8 (pro-inflammatory) and von Willibrand Factor (pro-

thrombotic) (de Leeuw et al., 2001). So if anything, it would seem like RGL1 down-

regulation by a COX-2 inhibitor might be protective in the cardiovascular system rather 

than harmful. Both the role of RGL1 in cancer and the cardiovascular system would 

be very interesting to study more and would benefit from generation of a knockout 

mouse to look at cardiovascular and cancer models because at the moment, there are 

no knockout mice or drugs which target this pathway making it difficult to study in 

complex physiology and disease models. 

 

7.4 Summary, final conclusions and future directions 
The work in this thesis was intended mainly to be a ‘lead discovery’ project – to find 

new targets and links for COX-2 in the cardiovascular system that could help us 

understand how widely used COX-2 inhibitors (NSAIDs) produce their cardiovascular 

side effects, as well as other effects on the body. Overall, the results really strongly 

point to the kidney as the site where NSAIDs produce their cardiovascular side effects 

and a very surprising dominance of COX-2 over COX-1 for basal cardiovascular 
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control. The studies have also identified specific COX-2-regulated target pathways 

which could provide a starting point to develop either new treatments that avoid or 

treat NSAIDs cardiovascular side effects, or biomarkers which can predict which 

people are likely to have cardiovascular problems when taking these drugs. In some 

cases, these targets have been validated (e.g. Rgl1 in this thesis, Agxt2/ADMA in other 

work from our group) but it is beyond the time of one PhD project to determine if these 

targets found actually contribute to or predict NSAID cardiovascular side effects. But, 

with more research, this is a very good time to investigate these targets because (i) 

there are now in vivo models of cardiovascular disease e.g. increased atherosclerosis 

and thrombosis, reduced renal function, which could be used to test them and (ii) two 

big safety studies of COX-2 inhibitors - SCOT (MacDonald et al., 2017) and 

PRECISION (Nissen et al., 2016) - have just finished and could provide clinical trial 

samples to test possible biomarkers of NSAID-induced cardiovascular events. 

Together with the leads identified in this thesis, these types of mechanistic and 

validation studies may offer solutions to the huge global health problem of NSAID 

cardiovascular toxicity and make a real difference to both the people who rely on these 

drugs for inflammatory disease, as well as those people who could benefit from COX-

2 inhibitors for prevention of cancer. 
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Appendix  

 

Gene Fold Change  
Igfbp2 3.20 
Upk2 2.77 
Psca 2.52 
Nrip3 2.51 
Neurl 2.45 
Rgs4 2.42 
Egr1 2.39 
Lypd2 2.38 
Npy 2.34 
Lyz 2.16 
Spnb1 2.15 
Cacna2d1 2.13 
Nbl1 2.12 
Loc100047934 2.12 
Aoc3 2.10 
Fbn1 2.10 
Lynx1 2.08 
Ndn 2.08 
Aatk 2.05 
Purb 2.05 
Zeb2 2.03 
Upk1b 2.00 
Lcn2 2.00 
Sprr1a 2.00 
Klf5 2.00 
Satb1 1.97 
Ankrd1 1.94 
Bc025575 1.94 
Cldn5 1.93 
Lyzs 1.92 
Chst1 1.91 
Flrt3 1.90 
Loc100047200 1.90 
Krt18 1.89 
Fxyd6 1.89 
Rab15 1.89 
Grit 1.88 
Tmem119 1.88 
Col16a1 1.87 
Krt14 1.87 
Nav1 1.87 
Loc100048721 1.87 
Mmp14 1.86 
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Scarf2 1.86 
9130213b05rik 1.85 
Ccdc80 1.85 
Ddit4 1.85 
Nupr1 1.84 
Arhgef4 1.84 
Stab1 1.83 
Ccdc3 1.82 
Lgals3 1.82 
Gpr123 1.82 
Jun 1.81 
Col6a1 1.81 
Spon1 1.81 
Slc24a3 1.80 
Ophn1 1.80 
Gprc5a 1.80 
Elf3 1.80 
F13a1 1.80 
Serpinf1 1.80 
Asah3l 1.80 
Cntn1 1.79 
Tmem118 1.79 
Megf9 1.79 
Ptprs 1.78 
Scara3 1.78 
Serpina3n 1.78 
D0h4s114 1.78 
Cyp1b1 1.78 
Gja1 1.78 
Rhoj 1.77 
Vwf 1.77 
Loc100046044 1.77 
Loc100043671 1.77 
Wnt7b 1.77 
Slc44a2 1.77 
P2ry6 1.76 
Bcl9l 1.76 
Klf6 1.76 
Fscn1 1.76 
Cldn4 1.76 
E430002d04rik 1.75 
Dusp7 1.75 
Upk3a 1.75 
Cygb 1.74 
Il18r1 1.74 
Hist1h2an 1.74 
Gnaz 1.74 
Rgs5 1.73 
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Pip4k2a 1.73 
Ppp1r9b 1.73 
Zfp52 1.73 
Spon2 1.73 
Spnb3 1.72 
Sppl3 1.72 
Sepw1 1.72 
Pea15 1.72 
Kdelr3 1.72 
Susd4 1.72 
Ctsk 1.71 
Ptprb 1.71 
Rasl11b 1.71 
Ssbp4 1.71 
Samd14 1.71 
Abi3 1.70 
Fst 1.70 
Tnrc6c 1.70 
Itgb4 1.70 
Cfp 1.69 
D12ertd553e 1.69 
S100a13 1.69 
Txnip 1.69 
Mmp17 1.69 
Anxa2 1.69 
Bok 1.69 
Serinc2 1.68 
Aqp2 1.68 
Loc100045019 1.68 
Cdkn1c 1.68 
Stat3 1.68 
Axin2 1.68 
Pof1b 1.67 
Laptm5 1.67 
F2r 1.67 
Endod1 1.67 
Atf5 1.67 
C030011o14rik 1.67 
D16ertd472e 1.67 
Hist1h2af 1.67 
Stxbp1 1.67 
Ckb 1.67 
2310022b05rik 1.66 
Tmem110 1.66 
Ap3m2 1.66 
Gjb6 1.66 
Ankrd47 1.66 
Col1a2 1.66 
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Des 1.66 
H2-Aa 1.66 
Gp38 1.65 
Ppp1r3c 1.65 
Emid2 1.65 
Crip2 1.65 
Notch1 1.65 
Ier3 1.65 
Fcho1 1.65 
Slco4a1 1.64 
Lrrc26 1.64 
Nnmt 1.64 
Tiam1 1.64 
Actb 1.64 
Prkcbp1 1.64 
Dkk3 1.64 
Myo9b 1.64 
Dusp26 1.64 
Slc2a6 1.64 
Pitpnm2 1.64 
2310010m24rik 1.63 
Adamts2 1.63 
Pitx2 1.63 
Pfkl 1.63 
Bace1 1.63 
Csnk1e 1.63 
Ccnd2 1.63 
Chrnb1 1.63 
Gstm2 1.63 
Efemp2 1.63 
Dag1 1.63 
Cav1 1.63 
Myd116 1.63 
Pdgfra 1.62 
Scnn1b 1.62 
Slc38a2 1.62 
Rbms3 1.62 
Zfp46 1.62 
Pdlim7 1.62 
Cxcl4 1.62 
Kctd10 1.62 
Wfdc2 1.62 
St6gal1 1.62 
Cbr2 1.61 
Bat2 1.61 
Timp2 1.61 
Sort1 1.61 
Ccnd1 1.61 
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Smpdl3b 1.61 
Fxyd4 1.61 
D6wsu176e 1.61 
Slc1a3 1.61 
Kpnb1 1.61 
Ahi1 1.61 
Edg2 1.60 
4930572j05rik 1.60 
Cugbp2 1.60 
Loc100045343 1.60 
Tcof1 1.60 
Loc676420 1.60 
Phc2 1.60 
Ccdc85b 1.60 
Adora1 1.60 
Grasp 1.60 
Pdlim1 1.60 
Gja5 1.60 
Sh3pxd2b 1.60 
Rcan2 1.60 
Sepn1 1.60 
Prelp 1.60 
Dusp3 1.60 
Capn13 1.59 
Mmp2 1.59 
Irf2bp1 1.59 
Sema3f 1.59 
Hcn2 1.59 
Rgs10 1.58 
9130404d14rik 1.58 
Csrp1 1.58 
Pik3r1 1.58 
Pls3 1.58 
Mbc2 1.58 
Dab2ip 1.58 
Meis1 1.58 
Axl 1.58 
Edn1 1.58 
Mef2c 1.58 
Pold1 1.58 
Ehd4 1.57 
Tmem23 1.57 
Mmrn2 1.57 
Bc063749 1.57 
Mcl1 1.57 
Bc057552 1.57 
Large 1.57 
Rassf5 1.56 
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Myst4 1.56 
Gata2 1.56 
Scx 1.56 
Sidt1 1.56 
A230050p20rik 1.56 
Npnt 1.56 
Traf7 1.56 
Spire2 1.56 
Esam1 1.56 
Magee1 1.56 
Pkm2 1.56 
Xlr4a 1.56 
Loc100042777 1.56 
Ppap2b 1.56 
Tspan17 1.56 
Itga3 1.55 
Serf2 1.55 
Csf1 1.55 
Sh3bgrl3 1.55 
Pip4k2b 1.55 
Psmb10 1.55 
Hn1 1.55 
Bc021381 1.55 
Col18a1 1.55 
Btg1 1.55 
Notch4 1.55 
Rapgefl1 1.55 
Fmnl3 1.55 
Cldn23 1.55 
Upk1a 1.55 
Dusp8 1.54 
Phactr1 1.54 
Mospd3 1.54 
Foxj2 1.54 
Smarcd2 1.54 
Arrdc2 1.54 
Rem1 1.54 
Slc9a1 1.54 
Pdxp 1.54 
Pacs1 1.54 
Mmd 1.54 
Olfml3 1.54 
Akap8l 1.54 
Hoxd4 1.53 
Pygo2 1.53 
Mfap2 1.53 
8430408g22rik 1.53 
Vamp2 1.53 
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Cox4i2 1.53 
Ahdc1 1.53 
Ptk7 1.53 
Arid2 1.53 
Ptplad2 1.53 
Tubb2b 1.53 
Fpr2 1.53 
Socs3 1.53 
Hmha1 1.53 
Zfhx3 1.53 
Cdc42ep5 1.53 
Tcf4 1.53 
Atox1 1.53 
Vat1 1.53 
Cpne2 1.52 
Mmp23 1.52 
Dpt 1.52 
Tkt 1.52 
Fxyd5 1.52 
Scamp5 1.52 
Atp6v0a1 1.52 
Ednrb 1.52 
S100a6 1.52 
Hexa 1.51 
2300002d11rik 1.51 
Zfp259 1.51 
Smtn 1.51 
Aip 1.51 
Stx12 1.51 
Spink8 1.51 
Loc100047619 1.51 
Tubb6 1.51 
Bmpr1b 1.51 
Nfatc4 1.51 
Loc641240 1.51 
Brd2 1.51 
Slc4a2 1.50 
Capn5 1.50 
Rab31 1.50 
Rgma 1.50 
Atpbd1b 1.50 
Gfod2 1.50 
Efna5 1.50 
Krt7 1.50 
Flywch2 1.50 
Cdh1 1.50 
Uqcrc2 -1.55 
Mrpl30 -1.55 
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Nsdhl -1.55 
Nqo1 -1.55 
Med10 -1.55 
Epdr1 -1.55 
Ubr1 -1.55 
Chchd4 -1.55 
Ndufa9 -1.55 
Ogfrl1 -1.55 
Eno1 -1.56 
Rnaset2b -1.56 
Arf5 -1.56 
Suclg1 -1.56 
Wdr55 -1.56 
Loc667370 -1.56 
Sri -1.56 
Tceal8 -1.56 
4933434e20rik -1.56 
Fundc1 -1.56 
Cldn1 -1.56 
Pfkp -1.56 
Net1 -1.57 
L7rn6 -1.57 
Decr2 -1.57 
Arpc1a -1.57 
Tmem85 -1.57 
Pdzd11 -1.57 
Ostf1 -1.57 
Fmo4 -1.57 
Pcmt1 -1.57 
Hist1h4h -1.58 
Dynll2 -1.58 
Dpy30 -1.58 
5033414d02rik -1.58 
Dab2 -1.58 
Als2cr2 -1.58 
Rps12 -1.58 
Steap2 -1.58 
Slc25a33 -1.58 
Slc35a1 -1.58 
Tmem131 -1.58 
Hpd -1.58 
Papss2 -1.58 
Tomm7 -1.58 
Yif1a -1.58 
Cyb5r4 -1.59 
Mrps31 -1.59 
Actn4 -1.59 
Rab17 -1.59 
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Sypl -1.59 
Atp6v0e -1.59 
Mrpl40 -1.59 
Exoc4 -1.59 
Cpn1 -1.59 
Tmem5 -1.59 
Susd3 -1.59 
Msrb2 -1.59 
Psmd12 -1.59 
Insig2 -1.59 
Gstt2 -1.59 
Dnajc15 -1.59 
Nsbp1 -1.59 
Cobll1 -1.60 
Prosc -1.60 
Rala -1.60 
Bxdc2 -1.60 
Eif2b1 -1.60 
P2rx4 -1.60 
Htatip2 -1.60 
Maea -1.60 
Kctd12 -1.61 
Iars2 -1.61 
Sypl2 -1.61 
Vps29 -1.61 
Snrpd1 -1.61 
Bc048355 -1.61 
Napsa -1.61 
Htra1 -1.61 
Rab1b -1.61 
2810008m24rik -1.61 
Atp5d -1.61 
Nsmaf -1.61 
Hagh -1.62 
Cyp4f14 -1.62 
Pitpnc1 -1.62 
Efr3a -1.62 
1700034h14rik -1.62 
Tbca -1.62 
Gtpbp4 -1.62 
Ppp2cb -1.62 
Acn9 -1.63 
4931417g12rik -1.63 
Gjb2 -1.63 
Fbxo9 -1.63 
Slc34a3 -1.63 
Bc026682 -1.63 
Hmox2 -1.63 
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A030007l17rik -1.63 
Loc100047012 -1.63 
Dusp28 -1.63 
Loc668492 -1.63 
1110038d17rik -1.63 
Metap1 -1.63 
Mettl9 -1.63 
Tmem9b -1.63 
Ubl5 -1.63 
Stx18 -1.63 
Rcan1 -1.63 
Arl3 -1.63 
Capns1 -1.64 
Mrps16 -1.64 
Akr1c12 -1.64 
Tmem77 -1.64 
Ranbp9 -1.64 
Zfyve20 -1.64 
Ddx1 -1.64 
Agps -1.65 
Calm2 -1.65 
Anpep -1.65 
Serpina1f -1.65 
Gchfr -1.65 
Ccdc47 -1.65 
Ostm1 -1.65 
2010316f05rik -1.65 
Thoc4 -1.65 
Ndufa4 -1.66 
Nxt2 -1.66 
Nbr1 -1.66 
1300018j18rik -1.66 
Top1 -1.66 
Agpat2 -1.66 
Rnf11 -1.66 
Echs1 -1.66 
Tspo -1.66 
Entpd5 -1.66 
Arl6ip5 -1.66 
Afmid -1.66 
Loc100046457 -1.66 
Rabggtb -1.66 
Atp5j -1.67 
Nat2 -1.67 
Hsd17b2 -1.67 
Hdhd2 -1.67 
Pcbd1 -1.67 
2510010f15rik -1.67 
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Fkbp2 -1.67 
Sec61b -1.67 
Tmem106a -1.67 
Car3 -1.67 
1810022c23rik -1.68 
Galnt1 -1.68 
Synj2bp -1.68 
Bc040758 -1.68 
Lrrc8 -1.68 
Col4a5 -1.68 
Rpl27 -1.68 
Dtymk -1.68 
1110019n10rik -1.68 
Ndufc1 -1.68 
Mlstd2 -1.69 
Psen1 -1.69 
Ly6c1 -1.69 
2410129h14rik -1.69 
2310045a20rik -1.69 
Hmgn2 -1.69 
Fbxo3 -1.69 
Mrpl22 -1.69 
Zfp313 -1.69 
Cnih -1.70 
Dcxr -1.70 
Klhl9 -1.70 
Acss2 -1.70 
Leprel1 -1.70 
4631427c17rik -1.70 
Pcx -1.70 
Fads3 -1.70 
Mrpl9 -1.71 
Ndrl -1.71 
Hpgd -1.71 
Dnajc6 -1.71 
Gstp1 -1.72 
Ubb -1.72 
Btf3 -1.72 
Jak2 -1.72 
Ube2e3 -1.73 
Pvalb -1.73 
Tfg -1.73 
Pcca -1.73 
Mpv17l -1.73 
Uchl3 -1.73 
Acsm5 -1.73 
Tnfaip8 -1.73 
Serpina1d -1.73 
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Qdpr -1.73 
Lpar3 -1.73 
Car12 -1.73 
Ncoa4 -1.73 
Gnas -1.73 
Trappc4 -1.73 
Ufsp2 -1.73 
1500031l02rik -1.73 
Cideb -1.74 
Gm1821 -1.74 
Tmem166 -1.74 
Ppp1cb -1.74 
Mcts1 -1.74 
Mpst -1.74 
Clptm1 -1.74 
Gcdh -1.75 
Tmem116 -1.75 
Mdh1 -1.75 
Klk1b5 -1.75 
Rbbp7 -1.75 
Slc22a18 -1.75 
Crym -1.75 
Ppp2r1a -1.75 
Mrpl4 -1.75 
Asl -1.75 
Suclg2 -1.75 
Xylb -1.75 
Nhsl1 -1.75 
Hnrpf -1.76 
Sdhb -1.76 
Loc654426 -1.76 
Cyba -1.76 
Zfp810 -1.76 
Hnrph1 -1.76 
Tmed10 -1.77 
Pcdh24 -1.77 
G6pc -1.77 
Tmem41a -1.77 
Mrps22 -1.77 
Plscr2 -1.77 
Ces3 -1.77 
Sumo2 -1.77 
Gss -1.77 
D10ertd322e -1.78 
Pdia3 -1.78 
Eef1e1 -1.78 
Rars2 -1.78 
0610012d14rik -1.78 
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Rps16 -1.78 
Eg632778 -1.78 
Tfam -1.79 
Sqstm1 -1.79 
Proc -1.79 
Bud31 -1.79 
Socs2 -1.80 
Echdc2 -1.80 
Eg622339 -1.80 
Ndufa12 -1.80 
Kl -1.80 
Plscr1 -1.80 
Pgam1 -1.80 
Fh1 -1.80 
Rnf4 -1.80 
Loc100048480 -1.80 
Atp6v1g1 -1.80 
Ddx52 -1.80 
Coasy -1.80 
Cox15 -1.80 
Jtb -1.81 
Tmem9 -1.81 
Rab18 -1.82 
Usp16 -1.82 
Capn7 -1.82 
Ntan1 -1.82 
Rps27l -1.82 
Mertk -1.82 
Ube2k -1.83 
Rps13 -1.83 
Gde1 -1.83 
Nfs1 -1.83 
Rpl9 -1.83 
Thnsl2 -1.84 
Ufc1 -1.84 
2310005n03rik -1.84 
Ap2a2 -1.84 
Bc051227 -1.84 
Ccdc91 -1.84 
2610204l23rik -1.84 
Nap1l1 -1.84 
Acad8 -1.85 
Bc038156 -1.85 
Agt -1.85 
Efhd1 -1.85 
Paqr9 -1.85 
Acsl1 -1.85 
Cndp1 -1.86 
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Il13ra1 -1.86 
Sqle -1.86 
Sod3 -1.86 
Wwp1 -1.86 
Scoc -1.86 
Sult1d1 -1.87 
Adss -1.87 
Slc39a11 -1.87 
Cmbl -1.87 
Acaa2 -1.87 
Hspd1 -1.87 
Mrpl18 -1.87 
Tmco3 -1.87 
Atp5l -1.87 
Nudt19 -1.87 
Galm -1.87 
Eif5a -1.87 
Gna11 -1.87 
Slc13a3 -1.87 
Tst -1.87 
Gsto1 -1.88 
Scl0003251.1_21 -1.88 
Znrf2 -1.88 
Grpel1 -1.88 
Slc35a3 -1.88 
Il1rl1l -1.88 
Pex7 -1.89 
Ppt1 -1.89 
Mrpl3 -1.89 
As3mt -1.89 
Pdia4 -1.90 
Nit2 -1.90 
Nudt4 -1.90 
Morf4l1 -1.90 
Eif3s8 -1.90 
9630015d15rik -1.90 
Ceacam2 -1.90 
Nox4 -1.90 
Sap30 -1.91 
Cml1 -1.91 
Atp5o -1.91 
Adhfe1 -1.91 
Commd3 -1.91 
Psmb7 -1.91 
Dpep1 -1.91 
Slc22a2 -1.91 
Hist1h2bm -1.91 
Cox7a2l -1.92 
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Loc100043257 -1.92 
Myo5a -1.92 
Msn -1.92 
Rps4x -1.93 
Car4 -1.93 
Nus1 -1.93 
Pepd -1.93 
Arl5a -1.93 
Gpr137b -1.94 
Slc6a13 -1.95 
Pdzd3 -1.95 
Ndufb6 -1.95 
Hnrnpa2b1 -1.96 
Timm8b -1.96 
Ccbl2 -1.96 
Tmem126a -1.96 
Car14 -1.96 
Pbld -1.97 
2810410p22rik -1.97 
Eif3eip -1.97 
Zmynd10 -1.97 
Rdh14 -1.97 
Bola3 -1.98 
Mapk14 -1.98 
Aqp11 -1.98 
Lonp2 -1.99 
A530050d06rik -1.99 
Gfm1 -1.99 
Ndufa6 -1.99 
0610010d20rik -1.99 
Rpl24 -1.99 
4833421e05rik -2.00 
Arsb -2.00 
Adh5 -2.00 
Dhours1 -2.00 
Capn2 -2.00 
Acadm -2.01 
Slc13a2 -2.01 
Snx7 -2.01 
Loc100047353 -2.02 
Tmem139 -2.02 
H47 -2.02 
Cyc1 -2.02 
Sumo3 -2.03 
Hsd17b11 -2.03 
Slc2a2 -2.03 
Akr1a4 -2.04 
Cbs -2.04 
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Loc100046650 -2.04 
Abcc2 -2.05 
Tcp1 -2.05 
Dio1 -2.05 
Slc26a4 -2.05 
Syngr2 -2.06 
Slc25a5 -2.06 
Tfrc -2.06 
Hip2 -2.06 
Ctsh -2.06 
Tsc22d1 -2.06 
Gatad1 -2.06 
Rab5a -2.07 
Cth -2.07 
Rps2 -2.07 
Aldh1l1 -2.08 
Bpnt1 -2.08 
Slc46a3 -2.08 
Zfp330 -2.09 
Mme -2.09 
Jam4 -2.09 
L2hgdh -2.09 
Tmem59 -2.10 
Frrs1 -2.10 
5730437n04rik -2.10 
Slc7a9 -2.10 
1810063b05rik -2.11 
Vil1 -2.11 
Ebp -2.11 
Agxt2 -2.11 
Dgat2 -2.11 
Apom -2.11 
Sar1b -2.12 
Loc667609 -2.12 
Sult1c2 -2.12 
Cyp2j11 -2.13 
Gsta2 -2.14 
Kdelr2 -2.14 
Higd1c -2.14 
Hist1h2bj -2.14 
Bc026585 -2.14 
Cyp2d26 -2.14 
2310008m10rik -2.15 
Nola3 -2.15 
Dpp4 -2.15 
Mtap7 -2.15 
Ahcyl1 -2.15 
Nt5e -2.16 
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Spcs1 -2.17 
Etfa -2.18 
Loc100045567 -2.18 
Sepp1 -2.18 
Bc055107 -2.18 
Bc016495 -2.18 
Acad9 -2.19 
1110008f13rik -2.19 
Slc25a15 -2.19 
Pcbp2 -2.19 
Nudt12 -2.19 
Ubie -2.19 
Ottmusg00000005148 -2.20 
Slc5a2 -2.20 
Slc25a30 -2.21 
Sfrs5 -2.21 
Adi1 -2.21 
Loc677144 -2.22 
Ela1 -2.23 
B230339h12rik -2.23 
Sigirr -2.23 
Supt4h2 -2.23 
Slc12a3 -2.23 
Khk -2.24 
2010311d03rik -2.24 
Dars -2.25 
Bc021608 -2.25 
Smpdl3a -2.26 
Bc021785 -2.26 
H2afz -2.26 
Agtr1a -2.27 
Ak3l1 -2.28 
Pdhb -2.28 
Ndfip1 -2.28 
Slc25a36 -2.28 
Ndufc2 -2.28 
Nola2 -2.28 
F13b -2.28 
Rpl7a -2.29 
Iah1 -2.29 
Gnmt -2.30 
D630023f18rik -2.30 
Loc100045617 -2.31 
Ldhd -2.31 
Pdk3 -2.32 
Tinag -2.33 
Eef2 -2.34 
Defb29 -2.34 
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Vdac3 -2.35 
Abhd3 -2.35 
Acot3 -2.36 
Loc381629 -2.36 
Upb1 -2.36 
Cryz -2.37 
Loc268782 -2.38 
Tspan3 -2.38 
Bc006662 -2.38 
Bhmt2 -2.39 
Tmem33 -2.40 
Galnt11 -2.41 
Ppa2 -2.42 
Calr -2.44 
Hist1h2bn -2.45 
Hao3 -2.46 
Loc100044204 -2.46 
Calml4 -2.48 
H3f3a -2.48 
C1qbp -2.49 
Qprt -2.49 
Mtch2 -2.49 
Arl6 -2.49 
Ai317395 -2.49 
Slc7a7 -2.49 
Dnajc12 -2.50 
2610528j11rik -2.51 
Sucnr1 -2.51 
Cct6a -2.51 
Igfbp3 -2.51 
Pah -2.52 
Loc100048413 -2.52 
Frap1 -2.52 
Ddc -2.53 
Klk1b4 -2.54 
Hist1h2bh -2.55 
Vps35 -2.57 
Eps8 -2.57 
Loc433479 -2.57 
Ndufs2 -2.57 
Pxmp2 -2.58 
Slc19a1 -2.58 
Ai747699 -2.60 
Gstm5 -2.61 
Ppcs -2.61 
Folr1 -2.62 
Clrn3 -2.63 
Hist1h2bf -2.64 
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Bc026439 -2.64 
Cldn2 -2.64 
Lrrk2 -2.65 
Loc100047046 -2.66 
D630042f21rik -2.66 
Csad -2.69 
Etfdh -2.70 
Mrpl53 -2.70 
Nme2 -2.72 
Chuk -2.72 
Fgf1 -2.73 
Hint1 -2.73 
Dhours4 -2.74 
Col4a3 -2.77 
Loc100047937 -2.80 
Mpp1 -2.80 
Sephs2 -2.80 
Coq9 -2.82 
Ugt3a2 -2.83 
Rps6 -2.86 
Kng2 -2.88 
Loc333331 -2.88 
Gm853 -2.90 
Prdx3 -2.91 
Fmo1 -2.92 
Nckap1 -2.94 
Ostb -2.94 
Glud1 -2.95 
Oxct1 -3.01 
Pcbp1 -3.02 
Mep1b -3.08 
Cat -3.08 
Rbpms2 -3.15 
Slc27a2 -3.16 
Plekhb2 -3.17 
Slc6a19 -3.19 
Rgl1 -3.21 
Slc22a9 -3.23 
Ivns1abp -3.25 
Slc47a1 -3.25 
5033411d12rik -3.33 
Ugt3a1 -3.33 
2500002l14rik -3.35 
Rps7 -3.43 
Klk1b27 -3.43 
Lgmn -3.48 
Slc17a3 -3.56 
Cyp4a31 -3.56 
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Gpx1 -3.58 
Rnaset2 -3.74 
Tcn2 -3.75 
Cml3 -3.85 
Ehhadh -3.92 
Slc16a4 -3.95 
Idh1 -3.97 
Fbp1 -4.17 
Scp2 -4.23 
Spp2 -4.27 
Slc22a13 -4.28 
Hoursp12 -4.46 
Atp5f1 -4.97 
Miox -4.98 
Eg433923 -5.13 
Chpt1 -5.33 
Loc100046918 -5.35 
Tmem27 -5.57 
Cyp51 -5.92 
Cyp4b1 -6.36 
Ugt1a10 -6.47 
Hspa8 -7.61 
Dnase1 -8.75 

 
Appendix Table 1 List of genes with altered expression in the renal medulla of 
COX-2 knockout mice 
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Gene Fold Change  
Ttr 2.73 
Aldh1a1 2.71 
Bcat1 2.54 
Egr1 2.51 
Timp1 2.33 
Fbln1 2.32 
Lyzs 2.28 
Cygb 2.25 
Lyz 2.21 
Scara3 2.12 
Lcn2 2.00 
S100a6 1.94 
Col16a1 1.91 
C3 1.88 
Igfbp2 1.86 
Col1a2 1.83 
Fst 1.82 
Dcn 1.82 
Cyp24a1 1.82 
Col6a1 1.81 
Psca 1.81 
Dpt 1.78 
Pitx2 1.77 
Tnfsf13b 1.76 
Thbs2 1.76 
Mgp 1.75 
Adamts2 1.74 
Mmp2 1.72 
Cxcl4 1.71 
1200013b08rik 1.70 
Cp 1.69 
Col3a1 1.69 
Serpina3n 1.68 
Laptm5 1.68 
Timp2 1.67 
Fbn1 1.66 
Ensmusg00000043795 1.66 
Reep6 1.66 
H2-Aa 1.65 
Gdf10 1.65 
Eln 1.64 
Nupr1 1.64 
Nckap1l 1.64 
Abp1 1.64 
Hspa1a 1.64 
H2-Eb1 1.64 
Tmem119 1.64 
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Lgals3 1.62 
Bc064033 1.62 
Mmp14 1.61 
Serping1 1.61 
Slc15a2 1.60 
Olfml3 1.60 
Neurl 1.59 
Cpxm1 1.59 
Edn1 1.59 
Cxcl14 1.58 
9130005n14rik 1.58 
Spon1 1.57 
Serpinf1 1.57 
Aard 1.57 
Cxcl1 1.56 
Emr1 1.56 
Loc100048436 1.56 
Il18r1 1.56 
Mrc1 1.56 
Hist1h2an 1.55 
Txnip 1.55 
P2ry6 1.54 
Ctsk 1.54 
Hexa 1.53 
Lin7c 1.53 
Tpm1 1.53 
Vcam1 1.52 
Ptn 1.52 
Col1a1 1.52 
Hmha1 1.52 
Fcer1g 1.52 
Efemp2 1.52 
Cntn1 1.51 
Gp38 1.51 
Rnase6 1.51 
Hist1h2af 1.51 
Mxra7 1.51 
Hist1h2ao 1.51 
Ddx3x 1.50 
Nav1 1.50 
Ms4a7 1.50 
Pdgfra 1.50 
Apom -1.51 
Hpd -1.51 
Cml3 -1.53 
Esrrb -1.54 
Atp4a -1.55 
Dpep1 -1.55 
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Agpat2 -1.55 
Hsd11b1 -1.56 
Ivns1abp -1.56 
Sfrs5 -1.59 
Slc12a3 -1.65 
Dnajc12 -1.65 
Aqp4 -1.65 
Zfp330 -1.65 
Pygl -1.68 
Kng2 -1.72 
Wfdc15b -1.75 
Hsd17b11 -1.76 
Loc100046918 -1.77 
Pvalb -1.78 
Atp5f1 -1.81 
D630042f21rik -1.83 
1190020j12rik -1.84 
Igfbp3 -1.98 
Ren1 -1.99 
Rgl1 -2.21 
Car3 -2.46 
Dnase1 -3.67 

 

Appendix Table 2 List of genes with altered expression in the renal cortex of 
COX-2 knockout mice 
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Gene Fold Change  
Foxa3 2.90 
A730085A09Rik 2.69 
Pappa2 2.68 
Gm239 2.54 
Acr 2.49 
Trim15 2.40 
Hist1h2bb 2.40 
Spink4 2.37 
BB123696 2.30 
Gm19554 2.26 
Frmpd3 2.22 
Ccdc177 2.20 
Alox12b 2.17 
Amac1 2.17 
AI463170 2.17 
Nr2e3 2.15 
Lrit2 2.14 
Mir425 2.13 
2700046A07Rik 2.13 
S1pr5 2.09 
Acrv1 2.09 
Mrgprb2 2.07 
Khdc3 2.02 
Chac1 2.01 
Drd3 2.00 
Arsi 1.98 
Cyp4f18 1.98 
4930563E18Rik 1.98 
Mip 1.98 
Gm19299 1.98 
Foxh1 1.98 
C2cd4a 1.98 
B230312C02Rik 1.98 
6330415B21Rik 1.98 
Snord123 1.98 
A430010J10Rik 1.98 
Tbx19 1.98 
Fsd1 1.98 
Havcr1 1.98 
A330048O09Rik 1.98 
Dlgap3 1.98 
Gsg1l 1.98 
Igf2as 1.98 
Gm5447 1.98 
Elavl4 1.82 
Tpo 1.82 
Nfe2 1.82 
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Rph3a 1.82 
Crxos1 1.82 
Mir3057 1.82 
LOC100503212 1.82 
Msx1as 1.82 
Tmem145 1.82 
Ccdc40 1.82 
1700105P06Rik 1.82 
Nccrp1 1.67 
A730063M14Rik 1.67 
1700008P20Rik 1.67 
Pomc 1.67 
Spag5 1.67 
Pbx4 1.67 
2210408F21Rik 1.67 
Tubg2 1.67 
1700007F19Rik 1.67 
2810454H06Rik 1.67 
LOC101055715 1.67 
1700024F20Rik 1.67 
Gpr143 1.67 
Igfbpl1 1.67 
Ranbp3l 1.67 
Rassf10 1.67 
Phospho1 -1.54 
Ranbp3l -1.54 
Rem2 -1.54 
Gm20275 -1.53 
Gm15421 -1.52 
Prox1 -1.52 
4932435O22Rik -1.52 
Tube1 -1.51 
Htr1b -1.51 
Gm101 -1.51 
Eps8l1 -1.50 
Dnahc11 -1.50 
Tle6 -1.49 
Elfn1 -1.49 
Gm6307 -1.49 
Mboat4 -1.47 
Robo3 -1.47 
5730416F02Rik -1.47 
I830012O16Rik -1.47 
Gm9920 -1.47 
Tmem132d -1.46 
Gm11762 -1.46 
Slco4a1 -1.46 
Cdkl4 -1.46 
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2610203C22Rik -1.45 
Gm16796 -1.45 
Jak3 -1.45 
Tmem207 -1.45 
Abp1 -1.44 
Oas2 -1.44 
Ntf5 -1.44 
Kcnn2 -1.44 
Zfp455 -1.44 
2310015D24Rik -1.44 
Rsph1 -1.44 
Edn1 -1.43 
Sult2b1 -1.43 
Slc17a8 -1.43 
Clcnka -1.43 
Tlr5 -1.43 
Rtkn2 -1.42 
Gadd45b -1.42 
Fst -1.42 
4930543E12Rik -1.42 
Ccdc3 -1.42 
D630041G03Rik -1.42 
Ccr5 -1.41 
F630028O10Rik -1.41 
4930431P19Rik -1.40 
Epor -1.40 
Rtn1 -1.40 
BC030499 -1.40 
Klrg2 -1.39 
Cacng8 -1.39 
Pfkp -1.39 
Aldoc -1.38 
Rhof -1.38 
Siglec5 -1.38 
Zbtb32 -1.38 
Ptger3 -1.38 
1700019A02Rik -1.37 
Pcsk6 -1.37 
Frat1 -1.37 
B230369F24Rik -1.36 
Mycbpap -1.36 
Trib1 -1.36 
Slc4a11 -1.36 
Nr0b2 -1.36 
Neat1 -1.36 
Gm4793 -1.36 
C1qtnf5 -1.36 
Cdca7l -1.36 
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Ptgds -1.35 
Ifitm1 -1.35 
Ifit3 -1.35 
Gnaz -1.35 
Fam43a -1.35 
Dhh -1.35 
Tlr2 -1.34 
Jdp2 -1.34 
Olfr460 -1.33 
Gm19696 -1.33 
Ten1 -1.33 
Opn3 -1.33 
Tmem35 -1.33 
Pax2 -1.32 
Mapk15 -1.32 
Gal3st1 -1.32 
Esam -1.31 
Mrps6 -1.31 
Lmtk3 -1.31 
Tesc -1.31 
Mterf -1.31 
Rsad2 -1.31 
Paqr5 -1.31 
2900092D14Rik -1.31 
4930507D05Rik -1.31 
Pak6 -1.31 
A630066F11Rik -1.30 
Tmem171 -1.30 
K230010J24Rik -1.30 
P2ry2 -1.30 
Gm4419 -1.30 
Kcnj5 -1.30 
Zfp493 -1.30 
B4galnt1 -1.30 
Muc1 -1.29 
Slc12a1 -1.29 
Plk2 -1.29 
Gm13807 -1.29 
Wdr78 -1.29 
Hic1 -1.29 
Skap1 -1.29 
Foxc1 -1.29 
Bsnd -1.28 
Kcne4 -1.28 
Six4 -1.28 
6430550D23Rik -1.28 
Pask -1.28 
Mycn -1.28 
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Abi3 -1.28 
Nrcam -1.28 
Tnfsf10 -1.28 
9330133O14Rik -1.28 
Cep72 -1.28 
Cyfip2 -1.27 
Efhd1 -1.27 
Gm8995 -1.27 
Fam117a -1.27 
Jrk -1.27 
Hexim2 -1.27 
Avpr2 -1.27 
Tbc1d2 -1.27 
Prss57 -1.27 
Kcnj1 -1.27 
Zfp354c -1.27 
Isyna1 -1.27 
Hes1 -1.27 
Neurl1b -1.27 
Zfp112 -1.26 
Prelid2 -1.26 
Nr1i3 -1.26 
Ppp1r1a -1.26 
Tspyl5 -1.26 
Slc45a3 -1.26 
Fstl3 -1.26 
Sec14l2 -1.26 
Tmem71 -1.26 
Tmem221 -1.26 
Ampd3 -1.26 
Ppp2r2b -1.26 
Tro -1.26 
Slc4a8 -1.25 
Abhd6 -1.25 
Irf2bpl -1.25 
Glt28d2 -1.25 
1520402A15Rik -1.25 
Il34 -1.25 
Sim1 -1.25 
Zfp652 -1.25 
Spnb1 -1.25 
Tubb2a-ps2 -1.25 
Nceh1 -1.25 
Gm17546 -1.25 
Ptrh1 -1.25 
Esrrb -1.25 
Lrrc3b -1.24 
Ildr1 -1.24 



244 

 

 

Twsg1 -1.24 
Uprt -1.24 
Tmem72 -1.24 
Srcrb4d -1.24 
Cgn -1.24 
Zfp940 -1.24 
Kremen2 -1.24 
Stap2 -1.24 
Vps37d -1.24 
Tmem45b -1.24 
Cd34 -1.23 
Dhx34 -1.23 
Efr3b -1.23 
Hk1 -1.23 
Fbxo44 -1.23 
Dram1 -1.23 
Fermt1 -1.23 
Tnfaip2 -1.23 
5930403L14Rik -1.23 
Slc25a29 -1.23 
Pkm -1.23 
Ak1 -1.23 
Mcph1 -1.23 
2410022M11Rik -1.22 
Adcy4 -1.22 
Ppp1r3f -1.22 
Tbcc -1.22 
St14 -1.22 
Prss53 -1.22 
Chst8 -1.22 
Pfkl -1.22 
Sdf2l1 -1.22 
Zfat -1.22 
Zfp40 -1.22 
Xbp1 -1.22 
Praf2 -1.22 
Trmt5 -1.22 
2210009G21Rik -1.21 
Trmt12 -1.21 
Sgpp2 -1.21 
Zfp791 -1.21 
Cldn10 -1.21 
Sorl1 -1.21 
Slc39a13 -1.21 
Dusp18 -1.21 
Ston2 -1.21 
Wnt5a -1.21 
38231.00 -1.21 
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Zscan2 -1.21 
BC021767 -1.21 
8430419L09Rik -1.21 
Ptp4a3 -1.21 
Cyb5r1 -1.20 
Cnpy4 -1.20 
Tpm2 -1.20 
Apba1 -1.20 
E330020D12Rik -1.21 
Nt5dc3 -1.21 
5033411D12Rik -1.21 
Kcnt2 -1.21 
Ints6 -1.21 
Tpst1 -1.21 
Tgfb1i1 -1.22 
Ctcfl -1.22 
Setdb2 -1.22 
Pqlc2 -1.22 
Hmgn2 -1.22 
Myl9 -1.22 
Gpr124 -1.23 
Poln -1.23 
0610005C13Rik -1.23 
Zfp189 -1.23 
Fer1l5 -1.23 
Gpsm2 -1.23 
Tprkb -1.23 
Baiap2 -1.24 
Pi15 -1.24 
Tagln -1.24 
Heyl -1.24 
2210404O07Rik -1.24 
AI428936 -1.24 
Pnma1 -1.24 
Pawr -1.24 
4933437F05Rik -1.24 
Dab2 -1.25 
Rbm3 -1.25 
Shf -1.25 
Gm16861 -1.25 
Mrvi1 -1.25 
4930433N12Rik -1.25 
Slc7a2 -1.25 
Dhtkd1 -1.25 
Tgfb3 -1.26 
Vwce -1.26 
Renbp -1.26 
Skp2 -1.26 
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Tppp3 -1.26 
Adck3 -1.26 
Tsc22d2 -1.26 
Pole -1.26 
1700028E10Rik -1.26 
Gm9897 -1.26 
Aldh7a1 -1.26 
Hba-a2 -1.27 
2610019E17Rik -1.27 
Unc5c -1.27 
Pcdh12 -1.27 
Ncf2 -1.28 
Enho -1.28 
Nsg1 -1.28 
4930529C04Rik -1.28 
Abca8a -1.28 
Tcf21 -1.29 
Dusp1 -1.29 
Sprr2a2 -1.29 
Hdac9 -1.29 
Plk1 -1.29 
Antxr1 -1.29 
Lgi4 -1.29 
Dnajc12 -1.30 
LOC101056197 -1.30 
Capns2 -1.30 
Tcf7 -1.30 
Lmcd1 -1.30 
Sez6l2 -1.30 
Ppara -1.30 
Foxm1 -1.30 
Gucy1a2 -1.30 
Cryl1 -1.30 
Gpr19 -1.30 
Mrc1 -1.30 
Bnc2 -1.30 
Pbld1 -1.30 
Asl -1.30 
6330416G13Rik -1.30 
Mmp23 -1.30 
Snhg12 -1.30 
Ptger4 -1.31 
Shc2 -1.31 
Zfand4 -1.31 
Epdr1 -1.31 
Heatr8 -1.31 
Lrrc19 -1.31 
Hsd17b1 -1.32 
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Aadac -1.32 
1500016L03Rik -1.32 
Lrat -1.32 
Gm19619 -1.32 
S1pr4 -1.32 
2410133F24Rik -1.32 
Agap2 -1.32 
C1qtnf2 -1.32 
Fbxl22 -1.33 
Mad2l1 -1.33 
Jph2 -1.33 
5730480H06Rik -1.33 
Pyroxd2 -1.33 
Arid5a -1.33 
Fcer2a -1.33 
Trgv2 -1.34 
Islr -1.34 
Cdkn1c -1.34 
Kif20a -1.34 
Nrk -1.34 
Wfdc1 -1.34 
Gabra3 -1.35 
Gpr68 -1.35 
Kif11 -1.35 
Maf -1.35 
Mttp -1.35 
Atxn1 -1.36 
Gm5887 1.36 
Neil2 -1.36 
Trpv2 -1.36 
Acta2 -1.36 
Dact3 -1.36 
Cyp2j9 -1.36 
Cnga3 -1.36 
Vnn3 -1.36 
Tk1 -1.37 
Adamts12 -1.37 
Gm10032 -1.37 
LOC100862177 -1.37 
Gm10768 -1.37 
Myh11 -1.38 
Aoc3 -1.38 
Rad51 -1.38 
Gpr133 -1.38 
Fut1 -1.38 
Hspb7 -1.39 
Grip2 -1.39 
Papolb -1.39 
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Kcnh2 -1.40 
Gm18528 -1.40 
Aurka -1.40 
Pmaip1 -1.40 
Mmp2 -1.40 
Cacna2d1 -1.40 
Ass1 -1.41 
Pax3 -1.41 
Ndrg1 -1.41 
Il21 -1.41 
Nostrin -1.41 
Rasd1 -1.41 
Thy1 -1.41 
Gm6907 -1.41 
Kcna5 -1.42 
Slc25a34 -1.42 
Pcdhb22 -1.42 
Tgm3 -1.43 
Gm19950 -1.43 
Gins1 -1.43 
Cmbl -1.43 
Scube2 -1.43 
Kcna2 -1.43 
Zmynd12 -1.43 
Mylk3 -1.43 
Cadm3 -1.43 
Cd44 -1.43 
Slc11a1 -1.44 
Mmrn1 -1.44 
Abca8b -1.44 
4921507L20Rik -1.45 
Mir126 -1.45 
Cd83 -1.45 
Col8a2 -1.45 
B3galt1 -1.45 
Igsf1 -1.45 
Ctgf -1.45 
Nkd2 -1.46 
Gm19412 -1.46 
Apom -1.46 
F13b -1.46 
Fgr -1.46 
Cndp1 -1.47 
Ntrk2 -1.47 
Tsx -1.47 
Plbd1 -1.48 
Mmp16 -1.48 
Zfp811 -1.49 
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D630014O11Rik -1.49 
Lctl -1.49 
Traip -1.49 
Cmtm5 -1.50 
Agxt2 -1.50 
Snx10 -1.50 
1700054N08Rik -1.50 
Ablim3 -1.51 
Cpxm1 -1.51 
Atp1a2 -1.51 
Dnahc1 -1.52 
Hdc -1.53 
Mesp2 -1.53 
Scarna13 -1.54 
Gm19782 -1.54 
A330049N07Rik -1.54 
Nog -1.54 
Grhl3 -1.54 
Susd5 -1.55 
Il12a -1.55 
Ntrk3 -1.55 
Gm16157 -1.55 
Srpk3 -1.55 
Myo15 -1.55 
Foxa2 -1.55 
Slc6a19 -1.56 
Tex13 -1.56 
Lum -1.56 
Sprr1a -1.56 
Ogdhl -1.56 
Fbln2 -1.56 
Micalcl -1.57 
Cplx3 -1.57 
1700034O15Rik -1.57 
Fam151a -1.57 
Slc7a10 -1.58 
Lmod1 -1.58 
Ces1e -1.58 
Fgfbp1 -1.58 
C130021I20Rik -1.58 
Chga -1.58 
Upk2 -1.59 
Gabra2 -1.59 
Col19a1 -1.59 
9830166K06Rik -1.59 
Gpr132 -1.60 
Cytl1 -1.60 
Rbfox1 -1.60 



250 

 

 

Gprc5d -1.60 
Gm14139 -1.60 
Pcdhb8 -1.60 
2010308F09Rik -1.60 
Cdk15 -1.61 
2310034O05Rik -1.61 
Tmem132e -1.61 
Rgs17 -1.62 
Slc5a12 -1.62 
Rab33a -1.62 
3830403N18Rik -1.62 
Piwil1 -1.62 
Snord8 -1.63 
Rel -1.63 
Lgals7 -1.64 
Gm17540 -1.64 
Ccdc129 -1.65 
Gxylt2 -1.65 
Mfap4 -1.65 
Kcnip1 -1.66 
2410076I21Rik -1.67 
Mfap5 -1.67 
Upk3a -1.67 
Rgs16 -1.67 
Ooep -1.67 
Sptlc3 -1.67 
Agtr1b -1.67 
Eya1 -1.68 
Fer1l4 -1.68 
Sirpb1a -1.70 
Postn -1.71 
Nlrp12 -1.71 
Apoc1 -1.74 
Wfdc16 -1.74 
Gm13152 -1.77 
Ces1b -1.77 
Gnat2 -1.77 
Bves -1.78 
Olfr78 -1.78 
Msx2 -1.78 
Serpinf1 -1.79 
Hsf3 -1.79 
Agr2 -1.79 
5730435O14Rik -1.79 
4931417E11Rik -1.79 
Npas4 -1.79 
Runx1t1 -1.81 
Ptprv -1.81 
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Cyp2f2 -1.81 
Rbm24 -1.81 
Cxcl15 -1.82 
2310039L15Rik -1.82 
Mc4r -1.83 
Fabp7 -1.83 
Tmc1 -1.83 
Slc26a4 -1.83 
Tmem202 -1.84 
Grid1 -1.85 
Snord4a -1.87 
Orm1 -1.88 
Hmx2 -1.88 
Upk1a -1.88 
Upk1b -1.89 
Sgcg -1.89 
Arxes2 -1.90 
Clec2h -1.91 
Agbl4 -1.92 
Ly6c2 -1.93 
Angptl1 -1.93 
Fndc8 -1.94 
E130304I02Rik -1.94 
1810018F18Rik -1.94 
Necab3 -1.96 
1110050K14Rik -1.96 
Colq -1.96 
Itgb1bp2 -1.96 
Rnase4 -1.96 
Ang -1.98 
Cd163 -1.99 
Rxrg -2.00 
Serpina3b -2.02 
Bend6 -2.02 
Gm20594 -2.02 
2810049E08Rik -2.03 
Slc22a3 -2.03 
Sprr2a1 -2.03 
Tnfrsf11b -2.04 
Hsd3b5 -2.04 
Sgol1 -2.07 
Rergl -2.07 
Fbxl13 -2.07 
Tbx18 -2.07 
Tmem130 -2.08 
Ikzf3 -2.09 
Sfrp5 -2.10 
Gkn3 -2.11 
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B230378P21Rik -2.12 
Mamdc2 -2.12 
Cd3g -2.13 
Tcrd -2.14 
Apoa2 -2.14 
Unc5d -2.14 
Adamtsl3 -2.18 
Pira6 -2.19 
Tnf -2.19 
Gcsam -2.19 
4921509O07Rik -2.19 
Gulo -2.19 
Duoxa1 -2.19 
Tnni2 -2.19 
Serpina3c -2.19 
Igfbp6 -2.19 
Ear2 -2.19 
1700102P08Rik -2.19 
Selp -2.19 
Klhl10 -2.19 
Fam83d -2.19 
Sh2d5 -2.19 
Ryr1 -2.19 
Ccr7 -2.19 
5830403L16Rik -2.19 
Cpz -2.19 
Esp38 -2.45 
Adam23 -2.46 
Asb14 -2.46 
4930481A15Rik -2.49 
Myoc -2.53 
Dio2 -2.58 
Chrne -2.58 
Atf7ip2 -2.61 
Bche -2.72 
Snord17 -2.82 
Actg2 -2.87 
Car3 -2.90 
Diras2 -2.91 
Slc36a2 -2.91 
Adig -3.27 
Rmrp -3.50 
Mmd2 -3.74 
Retnla -4.25 
Nat8l -4.37 
Retn -5.41 
Adipoq -5.71 
Plin1 -7.57 
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Cidec -7.81 
 

Appendix Table 3 List of genes with altered expression in the renal medulla of 
wildtype mice treated with the COX-2 inhibitor, parecoxib 
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Gene Fold Change  
H2-eb1 1.66 
H2-aa 1.55 
Ctse 1.43 
Adipor1 1.22 
Stip1 1.15 
Ndufa3 1.15 
Loc545056 1.13 
Pfdn5 1.12 
Ear12 1.12 
Erdr1 1.12 
Loc100044538 1.11 
Loc100041725 1.11 
Kctd8 1.11 
Krt84 1.10 
Eif4a1 1.10 
Raly 1.10 
Sytl4 -1.11 
Rab11b -1.11 
Fkbp8 -1.11 
Aes -1.11 
Hist1h4h -1.12 
Vdac3 -1.12 
Atf4 -1.12 
Supt4h1 -1.12 
2310003f16rik -1.13 
Hist1h2an -1.13 
Ubl7 -1.13 
Cnn2 -1.13 
Rtn3 -1.14 
Ctsf -1.14 
Cnot4 -1.14 
Hist2h2ac -1.14 
Sec11c -1.14 
H2-q8 -1.15 
Hist1h4j -1.15 
Tubb2c -1.15 
Pigx -1.15 
Ap2m1 -1.15 
Map2k2 -1.16 
Nomo1 -1.16 
Ecm1 -1.16 
Pdzk1ip1 -1.16 
Atp5b -1.16 
Bc056474 -1.16 
1110049f12rik -1.16 
Loc100047651 -1.18 
Supt3h -1.19 
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Mpl -1.19 
Gsto1 -1.19 
Abhd4 -1.19 
Glo1 -1.19 
Siat9 -1.21 
Mylk -1.23 
Kpna1 -1.23 
Sdpr -1.25 
Tuba6 -1.27 
Cap1 -1.30 
Ctnna1 -1.30 
Psmf1 -1.31 
Hbb-b2 -1.60 
Eg667977 -1.67 
Snca -11.28 

 

Appendix Table 4 List of genes with altered expression in the blood of COX-2 
knockout mice 
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Gene Fold Change  
E2F1 1.40 
HERC5 1.34 
RSAD2 1.32 
IFIT3 1.32 
GBP5 1.28 
IFIT2 1.27 
SLAMF7 1.18 
HIST3H2A 1.17 
IFI35 1.17 
C1ORF229 1.17 
LOC642903 1.17 
HS.120208 1.16 
CYSLTR1 1.16 
LOC729667 1.16 
IER3 1.16 
MIR9-1 1.15 
FMNL1 1.15 
LOC648859 1.15 
LOC646009 1.15 
OASL 1.14 
MAP3K6 1.14 
RNU1F1 1.14 
HS.197064 1.13 
LOC441061 1.13 
ZBP1 1.13 
TTTY20 1.13 
R3HDML 1.13 
C2 1.13 
TLR2 1.13 
SPATS2L 1.12 
ACAA2 1.12 
LOC729069 1.12 
IFITM1 1.12 
LOC100130171 1.12 
STK17A 1.12 
OR5M11 1.12 
LOC388022 1.12 
HS.541027 1.12 
C17ORF78 1.12 
LOC100132347 1.12 
LOC100133756 1.12 
LOC54103 1.12 
LOC644294 1.12 
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C6ORF100 1.12 
TXNDC8 1.12 
RAI14 1.12 
LOC100130127 1.12 
HS.541273 1.12 
MTMR6 1.12 
HS.580542 1.11 
LOC644632 1.11 
UGT2B10 1.11 
ATP2C2 1.11 
LOC340113 1.11 
HS.572883 1.11 
LOC650154 1.11 
MIR577 1.11 
GEMIN5 1.11 
HS.563552 1.11 
B3GNT2 1.11 
SIGLEC15 1.11 
LOC100134256 1.11 
HS.403972 1.11 
OR52B4 1.11 
ITGA4 1.11 
LOC644097 1.11 
RASL11B 1.11 
HS.542013 1.11 
LOC648603 1.11 
FAM176B 1.11 
LOC728185 1.11 
HS.566428 1.11 
C8ORF12 1.11 
DUS4L 1.11 
HS.572121 1.11 
LOC729349 1.11 
LOC100128416 1.11 
MIR555 1.11 
AMAC1 1.11 
ASH1L 1.11 
AFP 1.11 
GSTTP1 1.11 
LOC646796 1.10 
SNORD116-27 1.10 
HS.552871 1.10 
LOC100129213 1.10 
LOC730743 1.10 
LOC650280 1.10 
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LOC643355 1.10 
MIR503 1.10 
SGEF 1.10 
HS.150067 1.10 
C2ORF34 1.10 
MIR1286 1.10 
HS.307606 1.10 
LOC651040 1.10 
HS.177532 1.10 
HS.537149 1.10 
HS.553310 1.10 
KRTAP2-1 1.10 
LOC646932 1.10 
LOC441752 1.10 
LOC342918 1.10 
HS.554701 1.10 
HS.155607 -1.10 
SLC27A5 -1.10 
NPR1 -1.10 
ASPA -1.10 
BDKRB2 -1.10 
ASB16 -1.10 
OR6C2 -1.10 
GMCL1L -1.10 
MIR371 -1.10 
TFF2 -1.10 
LOC648403 -1.10 
CISD2 -1.10 
LOC646720 -1.10 
COL27A1 -1.10 
PNPLA4 -1.10 
RPL36 -1.10 
LOC389523 -1.10 
MMACHC -1.10 
MIR598 -1.10 
FN3K -1.10 
PA2G4P4 -1.10 
LOC100128476 -1.10 
DDI1 -1.10 
GRAMD1C -1.10 
HTR2A -1.10 
MUSK -1.11 
LOC642756 -1.11 
LOC644929 -1.11 
CNNM1 -1.11 
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VAT1L -1.11 
RPRD2 -1.11 
STS -1.11 
HS.566482 -1.11 
LOC641896 -1.11 
LOC645708 -1.11 
POLE3 -1.11 
KIAA1086 -1.11 
C11ORF83 -1.11 
C1ORF94 -1.11 
TRAPPC2L -1.11 
TRH -1.11 
HS.314177 -1.11 
LOC729645 -1.11 
WNT7A -1.11 
UBE2DNL -1.11 
LOC727759 -1.11 
ITIH2 -1.11 
FLJ39660 -1.11 
HS.561625 -1.11 
MIR23A -1.11 
EMID2 -1.11 
LOC100134246 -1.11 
ATPBD3 -1.11 
GABRG1 -1.11 
LOC653602 -1.11 
STX18 -1.11 
CABLES1 -1.11 
LOC343927 -1.11 
SNF8 -1.11 
LOC645835 -1.11 
PFDN2 -1.12 
HCRP1 -1.12 
ZDHHC21 -1.12 
PAPOLA -1.12 
IDI2 -1.12 
HS.566514 -1.12 
LOC388210 -1.12 
KLHDC2 -1.12 
LOC100133744 -1.12 
SNX22 -1.12 
FERD3L -1.12 
ARFIP2 -1.12 
LOC647520 -1.12 
TMEM63B -1.12 
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TMEM187 -1.12 
HS.581967 -1.12 
LOC651122 -1.12 
LOC100133398 -1.12 
LOC100128526 -1.12 
FAM84B -1.12 
LOC642176 -1.12 
RPL8 -1.12 
LOC390877 -1.13 
LOC723972 -1.13 
HS.573723 -1.13 
TMEM151 -1.13 
ISG20L1 -1.13 
HS.150734 -1.13 
UNQ9370 -1.13 
LOC440487 -1.13 
SPRYD5 -1.13 
JMJD7 -1.13 
SCGB3A2 -1.13 
MIR580 -1.14 
LOC653680 -1.14 
FOXC2 -1.14 
LOC144383 -1.15 
SDR16C5 -1.15 
TSPY3 -1.15 
LOC729135 -1.15 
HS.123317 -1.16 
C19ORF23 -1.16 
LOC730392 -1.17 
TBC1D5 -1.20 

 

Appendix Table 5 List of genes with altered expression in the blood of healthy 
human volunteers taking the COX-2 inhibitor, celecoxib 
 


