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ABSTRACT
Although cytoglobin is widely considered a tumour suppressor, re-expression plays a
role in disease progression in a subset of oral squamous cell carcinomas (0SC), but the
mechanism of action is not understood. In this thesis, we developed a new OSC cell
model to study the effects of cytoglobin over-expression on cellular phenotype and
resistance to cisplatin. Microarray analysis of cytoglobin-expressing cells showed
significantly altered transcripts related to stress response, adhesion and locomotion,
and metabolism. Treatment of cytoglobin-expressing cells with cisplatin revealed a
greater response in p53-regulated target expression (MAP3K5 NQO1, CDKN2A and
GADD45A) compared to non-expressing cells. Further investigation showed this was
associated with higher CHK1, p53 and p21 protein levels, suggesting enhanced
activation of p53 signalling pathways. Furthermore, cytoglobin-expressing cells were
more resistant to cisplatin-induced apoptosis and altered their cell cycle distribution.
These changes were linked to reduced total cellular and mitochondrial superoxide.
Collectively, these findings demonstrate for the first time that cytoglobin over-
expression is associated with resistance to cisplatin-induced cytotoxicity and that the
mechanism involves p53 signalling. In conclusion, we propose expression of cytoglobin
may afford tumours cells a survival advantage in the harsh environmental conditions of

the developing tumour as well as resistance to drugs like cisplatin.



[ wish to dedicate this thesis to my nan, Kathleen Ellen Millichamp,
who sadly passed away from colon cancer before she could

see me complete my doctoral studies.

~



ACKNOWLEDGEMENTS

Thanks are firstly due to my supervisor, Dr. Nikolas Hodges, for his support during my
PhD and the trust he has shown in allowing me to develop this research. I am also
grateful for the kind assistance of Dr. Lakis Liloglou and the team at the Roy Castle Lung
Cancer Research Centre who made me feel very welcome during my visits, and for their
invaluable help in analysing my microarray data. I would like to thank Dr. Timothy
Williams who gave his time to teach me the basics of array analysis and helped me trawl
through the data, and also to Dr. Christopher Weston who assisted with the motility
studies. I am indebted to Dr. Farhat Khanim for her guidance and much-needed
motivation during the troubleshooting days of this PhD. I would also like to express
gratitude to Dr. Fiona McRonald who first helped me navigate through the sometimes

treacherous waters of Cytoglobin research and was always on hand for a cup of tea.

Special thanks are due to my many Tower labs colleagues who brightened my long
laboratory days and made my PhD such a cheerful experience (you know who you all
are!). My frequent trips to genomics were made so much more enjoyable with lively
conversations with Laine Reynolds, Fay Williams, and Norman Day. When I collected my
orders, the wonderful guys in stores, Alan and Grahame, were always able to help me
return back to the lab smiling. I could not have survived without the lasting friendship,
infectious happiness and craziness of the many people I shared this PhD with, especially:
Zahra Khan, Louise Stone, Katarzyna Koczula, Rachael Kershaw, Chibuzor Uchea, Leda
Mirbahai, Mohammed Shuwaiken, Bob Harris, Abiola Domasu, Shrikant Jondhale,

Jaspreet Kaur, Nicola White, Jack Charlton, Allan West and James Haycocks.

My brilliant parents have been my rock throughout my PhD rollercoaster of highs and
lows as a first generation academic, and I thank them for everything; from their
unwavering enthusiasm to inspiring me to aim high by pursuing science at University. I
owe them so much. I also wish to thank my boyfriend, Nick Martin, who has preserved
my sanity with his encouragement and cheesy comic relief to help me through the
difficult times. Without the love and support from these special people I would be lost,

and I thank them whole-heartedly for helping me through.



CONTENTS

CHAPTER ONE: General Introduction

1.1 Cytoglobin as @ HEMEPIrOTEIN.......ueiiiieee e ee e 1
1.2 Cytoglobin Discovery and STrUCLUIE .....cceiei it e e 2
1.3. Cytoglobin Gene Structure and EXPreSSioN ........ceieeiieiccciieeeee e cecciereee e e e e sevrrneeee e 5
1.4. Cytoglobin DistribULION .....cciii i e e e e e e 8
1.5 Possible Cytoglobin FUNCLIONS ......euiiiiiieeiie et e e 9
1.5.1 Oxygen Sensing and STOFAgE ....uvvveeeiiiccciiiieee e e e e e e e naaees 10
T N =L oA Y] g T= 30 X 1 Y/ | Y 11
1.5.30 ANtIOXIANt c.oeeeeiiie e e e s 13
1.6  Pathologies Linked to Cytoglobin .........ooceiiiiiiieei e 22
G R Y o Yo )t 22
1.6.2. FIDIOSIS oottt 26
1.6.3. Cytoglobin and CANCEN ......uiiiiiie ittt e e e e e e e e e e e e s s sneraeeeeeeeesenanns 30
1.8. Hypotheses and ODJECLIVES ......ccoccvrvieeiee ettt e e e e e e e e eanrrareee e 42

CHAPTER TWO: Materials and Methods

0 R G- | I G U ) (U PSPPSR PR 44
2.1.1 Cell Lines and Media Preparation.......ccccccoeeeccrreeeeeeeeeeiccirieeeee e eecirneeeee e e e e e 44
2.1.2  Continual Cell CURUIE.....eiiiieeeee e 44
2.1.3  CellLINES et e e 45
2.1.3.1 PE/CA-PJ41 and Their Transgenic DerivatiVes........ccccocveeevveeeeiveeeeireeceree e, 45
2.1.3.2 HEK293 CYGBH..ciiiiiiiieiiieieeee ettt et e e e e s s et e e e e e s s mnreeeeeeeeesenaans 45
B T T8 T 1 = PSP PPPIPPPPPT 46
2.1.4  Cryopreservation Of Cell LINES.....cccoueeeeeiiiieiiiieeeeee et eeseenrreeeee e e e e 46
2.1.5  ReVival Of Cell LINES ....ooieieiieieeiieciee et 46
2.1.6 My coplasma DETECTION..........coiiiecirieeiee e eeeeerree e e e e e esatrrreeeeeeseenans 47
2.1.7  Viable Cell Counting for SERAING .....vvveeeiiiiiiiiiiiieee et e e 47

2.2 Chemicals and Treatments ........ccceeuieieerieirieee e 48

2 TR V/ Yot o] gl o €=T o T- [ - 1 o o 1S RSN 49



231 Acquisition of pPCMV6-AC Vector Containing Human CYGB cDNA Sequence ....49

2.3.2  Transformation of Chemically Competent M182 Bacteria .......ccccceevcvveeeeernnnennn. 49
2.3.3 Plasmid Isolation and QuUantification ...........ccoceeeiiieiiiieiniieeee e 49
234 Human CYGB cDNA INSert SEQUENCING .......uuurereeereriieiirereiireieeereieaeneeeresenenneennnenes 51
2.4 Cell TransfeCtiONS . ...coiuiiiiiiiee ettt st 51
24.1 G418 Sulfate Selection and Optimisation........cccoecvveeiiriiiee e 51
2.4.2  Transfection MethodoIOgY ........cooccuuieiiiiiiiiiiie e e 51
2.5 Molecular Biology TEChNIQUES......cciiiiiiiiiiiiiee ettt e e vae e e saaae e 52
2.5.1 RNA Isolation, Quantification and cDNA Synthesis.......ccccceevveciiivireeeeeeieecnnee, 52
2.5.2  SYBR Green Real Time Quantitative PCR (RTQPCR)......cccccvereeriiriereiriieee e, 53
253 PCR and Agarose Gel Electrophoresis ......cuvveiveeieeeicccieee e 54
2.5.4  Protein Isolation and Quantification .........ccccoeveiiriiiiniiiiiie e 54
2.5.5  WeStern BlOttiNG.....cuiieiiieeiiiiie ettt et e e e e e aaee s 56
2.5.6 In-Cell Enzyme-Linked Immunosorbent Assay (ELISA) ......ccccuveeiviiieeeeniieeeecee 56
2.5.7 GenomMic DNA [SOIQtiON ..ccoueviiiiiiieiie et s e 58
2.6  Whole Genome cDNA Microarray ANalysis ......cccovvvveeeeeeeeiiiiiiinrrereeeeeeeecinrreeeeeeeeeennns 60
2.7 Heme Quantification (Ferrous Hemochromogen Method)..........cccoeccvieeeeiciiieeecciieeen, 61
R T O] o1 {oTor- | LY/ Tl oo 1Yol o 1V 20U URPRS 62
RS B OV o o ) Tol LV Y o =1 YA [ UUPRU 63
29.1 Crystal Violet Method.........oooi e 63
2.9.2  Tetrozolium Salt (MTT) Mitochondrial Reduction Method..........cccoovvvevriiirinnnns 63
2.9.3 Sulforhodaming B (SRB) ASSAY ....cc.uueeeiiiiiieeeciieee e et e e et e e evee e e e earr e e e e aneee s 64
294 Caspase 9 Activation LUMINESCENCE ASSAY ...ccceveeieiiiiiiiiieieie e e e e 65
2.10  Proliferation ASSAY ..cuiiii i iee ettt e e e e e e e e e e e e e e e e e e eaatraaeaaaaeeeaan 65
2.11  Oxidative STress ANAIYSIS ....uuiiiiieeeii et e et e e e e e e e e e e e e e e eanrreeeeaaeeeenanns 66
2.11.1  DCFDA ASSQY .uuttiiiiiieeitieeieeritesteesttesteesteesteesbe e e beeaseesabeenheeenbe e s heeeabeenheeeneenaeas 66
2.11.2 Mitochondrial Superoxide (O;) MitoSox Red ASSay .......cccceeeeeeuireeeeireeeeeeeneenn. 67
2.11.3  Glutathione (GSH) ASSAY....ccccuuiieeeeiiiee ettt ettt e e e e e e e e e e earae e e e aneeaas 67
2.12  Cell CyCle ANAIYSIS ceeieiiei ittt e e et e e e e e e e r e e e e e e e e e eantreaeeaaaeeeeans 69
2.13  Cell MOtility ASSESSMENT....uiiiiiiiiiieieiiieee ettt e e e e s s e e s s rae e s ssreaeeeenns 69

2.14 Oxygen Consumption RAte ANAIYSIS .....ceiiviiiiiiiiiiiie et seee e 70



2.15 Intracellular ATP DetermiNation ....o... e eeeeeeeeeeeee ettt e et eee e e et s e eeaeeeeeanns 72
2.06 P53 GONOTYPING e e e e e e e e e e e as 73
2.17 ) 1 1 0 1) o (oSN 74

CHAPTER THREE: Production of the CYGB Over-Expressing (CYGB+) Oral Squamous
Carcinoma Model

3.1 INEFOAUCTION ettt e s e e e bt e s st e s eab e s eaneesenneeeas 76
3.2 RESUIES ettt et e et e et e e e bt et e e e bt e e naneeenareeea 78
3.21 G418 Sulfate OpPtimMISAtiON ......cccciiiei i 78
3.2.2 CYGB Transient Transfection .........ccoecveiiiieiiiiiiieeee e 80
3.2.3  CYGB Stable Transfection .........coceoieiieiieeeeeeeeeee e 83
3.24 CYGB cDNA Genomic INCOrporation .....ccceeeeeeiiieieieieiecccecececeeeee e 88
3.2.5 Heme QUantification ........ooceviiiiiiiiii e 90
3.2.6  Intracellular Distribution of CYGB Protein........ccceceevierieenienienie e 92
3.2.7 (] T [ 1 o] AN £L¥1 s T u [ o Nt 95
3.2.8 (o1 T CT=T 0 Lo nY/ o= I PSP PP PPN 98
0 T B 1 [T o{ U 1 [ o PP PP PPPRPPPTRP 109

CHAPTER FOUR: Transcriptomic Changes Associated with CYGB Over-Expression

o R 1) { {oT o [0 AT o PO TP OTPRTPRON 117
B.2  RESUITS .ttt s s s 122
4.2.1 Microarray Design and Validation of CYGB Status......cccccceeeeccciiiieeeee e, 122
4.2.2 Transcriptome Changes in CYGB Positive OSC Cells ......cccceeeeeeiieciciiiieeeeee e, 125
4.2.3 Validation of Transcriptome Changes .......coooeeciiiieeeee e, 135
4.2.4  Transcriptional Changes Following Cisplatin Treatment..........cccccceeeeireinnnneee. 138
4.3 DISCUSSION .eeiiiiiiiiiiiiiitiee ettt e s s r e e s s a e e s s b e e e s eare e e e s nreee s 141

CHAPTER FIVE: Cisplatin Resistance and the Phenotypic Changes Associated with CYGB
Over-Expression

5.1 L9} d o Yo [ ot 4o o H TR 154
5.2 ROSUIES vttt ettt ettt e ettt ettt eeeseeee et eaab s e seseestaesssnasssseestaessnnnnsseeeereens 156



5.2.1 Effect of CYGB on Cell MOtility ..ocovevveeiiiiiee e 156

5.2.2 Proliferation of Cells with CYGB Over-EXpression........cccccceeevvciveeeeniivenesnnnne 161
5.2.3 Effect of CYGB on Cisplatin SUrvival ........ccceeiviiiiiiiiiiie e 163
5.2.4 Effects of CYGB on Cell Cycle Distribution........cccceeveiveeiiniiieeieieee e 166
5.2.5 Expression of Proteins Related to Cisplatin-Induced Cell Cycle Change.......... 172
5.3 DISCUSSION ittt ettt e e e s e e e s s ren e e e e s s e 176
5.3.1 Effect of CYGB Expression on Migratory Behaviour.........cccceeevviveeeincieenennee, 176
5.3.2  The Effect of CYGB on Proliferation .......cc.ccceeevieiiiieiniieinieeeeiee e 178
5.33 CYGB Expression and Cisplatin Resistance .......cccocvvvvevvviiieeeniiiee e, 179
5.3.4 CYGB Expression Alters Cell Cycle Response to Cisplatin ......cccccccveevviiveeeinnnenn. 180

CHAPTER SIX: Investigating the Mechanism of Phenotypic Change

6.1 INTrOAUCTION ettt sttt et e st e s eenaeeas 188
B.2  RESUIES ..ottt ettt et e s bt e e eareeeaeeas 190
6.2.1 CasPase G ACTIVIEY cooeeeee e 190
6.2.2 Mitochondrial Reductase ACtIVITY ......cccevvvireeieiiieicceeeeee e 192
6.2.3  Total and Mitochondrial Levels of ROS ........ccocceiiiiiiiiiiiiieeeeec e 194
6.2.4  Glutathion@ Levels.......cc.coiiiiiiiiieiee e 197
6.3 DISCUSSION eiiiiiiiiiiiitie ettt s e e s a e e s a e 199
6.3.1 Caspase O ACTIVITY ceoeieiiiiiiiiieccce e 199
6.3.2 Mitochondrial Reductase ACLiVIty .....cccvviieeeiei i, 200
6.3.2 OXIAATIVE STIESS ...ueviiiiiieeitie ettt st 201

CHAPTER SEVEN: General Discussion

7.1 SUMMIAIY ciiiiiiie et ettt e s e s e e ettt e et s e e e e e e e e ae s b s e seeeaeeeesssaassseeeesssnssssnanseseeananes 206
7.2 FUTUIE WOTK cetnieeeiee ettt ettt ettt ettt e ettt s ettt e s e e tae s e e etaeseeaannesseaanneseesannesessenneseees 218
7.3 FINAI CONCIUSION ettt ettt ettt ettt e ettt s ettt e s e e aaaesseatnneseesenneseesanaeseees 221
DAY oo =T 4T [ PP TPPPRRRPPPPPR 223

=) (=1L L=k TP 259



LIST OF FIGURES

Figure 1 Heme synthesis and its incorporation into protein.........ccccccevvveeccciieeeee e, 3
Figure 2 Globins share a conserved 3/3 fold assembly in their tertiary structure. .................. 4
Figure 3 Cytoglobin GENE StrUCTUNE. ... e e 7
Figure 4 ENdogenous SoUrces Of ROS......cccuviiiiiiiiiie ettt e e st e e s aanee s 15
Figure 5 Currently proposed functions of CYGB.........ccueeeiiiiieii i 23

Figure 6 Precision Shuttle pCMV6-AC Vector Map showing the multiple cloning region EcoRI

site into which the human CYGB cDNA sequence had been previously inserted.................... 50
Figure 7 Whole Genome cDNA Microarray Workflow. ........ccccoeeciiiiieieiiiiicccieeee e, 59
Figure 8 Ibidi Insert used for the motility assay. ....ccccccveeeiiiiiiiiie e, 71

Figure 9 Determination of the G418 sulfate concentration in complete media to use in
stable cell line selection and MaAINTENANCE. ....ccoviiiiiiiiiiii e 79

Figure 10 Transient transfection of PE/CA-PJ41 cells results in induction of CYGB mRNA and
[T Y (=TT g I =Dt o] €] (o o TN 82

Figure 11 Workflow for the generation of stably over-expressing CYGB positive PE/CA-PJ41
(OSC) Cell ClONE MOUEIS. c.oeiieiieiieeiee i s e e e e e e s sbbbbe e e e e e e e sessassseeens 85

Figure 12 Stable transfection of PE/CA-PJ41 cells results in cell lines that showed markedly
induced CYGB mRNA expression (black bars) and a selection that showed comparable
expression to the un-transfected parental population (open bars). ...........cccoveeeeeiieeeeennnnnn. 86

Figure 13 Stable transfection of PE/CA-PJ41 cells results in clones that express high levels of
the CYGB protein and a selection of clones that showed expression equivalent to the un-
transfected parental POPUIALION. ..o e e e 87

Figure 14 PCR analysis of genomic DNA shows CYGB cDNA recombination within stably
transfected PE/CA-PJ41 clones, but not in the NCE negative transfected clones. .................. 89

Figure 15 Heme content is high in the stably transfected PE/CA-PJ41 cells expressing CYGB,
but not in the NCE negative transfected coNtrols. ......ccccveeeeiieiiiiiiiieeeeiee e 91

Figure 16 The transfected CYGB protein is localised mainly to the cytosol in CYGB expressing

(o1 | SO P RSP PRRPR 93
Figure 17 CYGB protein is negligible in negative transfected, NCE cell clones....................... 94
Figure 18 No differences were observed in the basal oxygen consumption rates of CYGB+
clones when compared to NCE CIONES. ........uuiiiiiiee ittt e e e e 96
Figure 19 Basal ATP concentrations in CYGB+ clones and NCE controls. .........ccccceevveeeennneen.. 97
Figure 20 p53 Exon 4 Forward Read in CYGB+ clone LST421. .....ccovvvveeeeeeeiiiciiieeeeeeee e 99

Figure 21 p53 Exon 5 Forward Read in CYGB+ clone LST421. .....ccvveveeeieiiiiinineeeeeeee e, 101


file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430336964
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430336965
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430336966
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430336967
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430336968
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430336969
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430336969
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430336970
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430336971
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430336972
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430336972
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430336973
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430336973
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430336974
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430336974
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430336975
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430336975
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430336975
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430336976
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430336976
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430336976
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430336977
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430336977
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430336978
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430336978
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430336979
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430336979
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430336980
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430336981
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430336981
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430336982
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430336983
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430336984

Figure 22 p53 Exon 6 Forward Read in CYGB+ clone LST421......cccceeiiiiiinieeiieeeiee e 103

Figure 23 p53 Exon 7 Forward Read in CYGB+ clone LST421......cccoeeeciieeeecieee e, 105
Figure 24 p53 Exon 8 Forward Read in CYGB+ clone LSTA21.......cccvveviiieeeiniieee e 107
Figure 25 Agarose Gel Image of RNA samples used for microarray experiment.................. 123
Figure 26 Confirmation of CYGB expression in CYGB+ and NCE cell lines by RTgPCR........... 124

Figure 27 Charts showing the distribution of transcript changes to occur grouped by
oY To] [o} ={Tor=] I o] o Yol =117 A U PSURT 127

Figure 28 Transcript changes that occur within LST421 (CYGB+) clones also occur within

other CYGB+ clone derivatives of PE/CA-PJAL. .........oooueeiiiiiiieeieeeeeeiiiieeeee e seeiiiaeeeee e s s s esens 137
Figure 29 Selected transcript changes in CYGB+ clones in response to 48 h 7.5 uM cisplatin
LT 100 411 o) PP PR 140
Figure 30 Summary of downstream targets related to CYGB over-expression. ................... 152
Figure 31 CYGB+ clones close a cell-free gap faster than NCE control clones...................... 158

Figure 32 Representative Bright field images of CYGB+ and NCE clones show CYGB+ clones

close the cell-free gap More QUICKIY.......oov i 159
Figure 33 siRNA-mediated knockdown of CYGB expression on motility of LST421 (CYGB+)
ClOMES. ..t st nnees 160
Figure 34 Effect of CYGB expression on cell proliferation. ........cccoveeeeeieiiiiiiiieeeeeee e, 162
Figure 35 Effect of CYGB expression on clone survival following cisplatin treatment. ....... 165
Figure 36 Effect of CYGB and 7.5 uM Cisplatin on Cell Cycle Distribution.............cccceeuunnueee. 168
Figure 37 Representative Cell Cycle Distributions for LST421 (CYGB+) and LST223 (NCE)
clones following 7.5 pM cisplatin treatMment. ........eeoeiieieciiiieeiee e 169
Figure 38 Effect of CYGB and 15 uM Cisplatin on Cell Cycle Distribution.........ccc..ccceeeuunneeee. 170

Figure 39 Representative Cell Cycle Distributions for LST421 (CYGB+) and LST223 (NCE)
clones following 15 pM cisplatin treatment. ........cooii oo 171

Figure 40 CYGB+ clones exhibit differential expression of cell cycle associated factors

following cisplatin treatmMeENnt. ... e 175
Figure 41 Cell Cycle Regulation and Checkpoints..........coiveiiieiiniiiieeiiniiiee e 183
Figure 42 The G2 Checkpoint in response to Cisplatin. ........cccoeeevvveeeieeieiieciireeeeec e, 184
Figure 43 Effect of CYGB on cisplatin-induced caspase 9 activation. .......ccccccceevvviveeiinnnenn. 191
Figure 44 Effect of CYGB expression on mitochondrial reductive capacity. ......c...cccceeuunneeee. 193
Figure 45 Effect of CYGB expression 0N ROS........ccooviiiiiiiiiiee e erieee e sieee e s sineee s 196

Figure 46 Effect of CYGB expression on cellular levels of GSH. .......ccccccoiiiiiniiiiiiiieiiieee 198


file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430336985
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430336986
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430336987
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430336988
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430336989
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430336990
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430336990
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430336991
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430336991
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430336992
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430336992
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430336993
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430336994
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430336995
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430336995
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430336996
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430336996
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430336997
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430336998
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430336999
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430337000
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430337000
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430337001
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430337002
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430337002
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430337003
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430337003
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430337004
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430337005
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430337006
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430337007
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430337008
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430337009

Figure 47 Possible points of CYGB intervention within the intrinsic apoptosis signalling

Figure 48 Possible Mechanisms of Cisplatin Survival by CYGB Over-expression................. 217

LIST OF APPENDIX FIGURES
Appendix 1 Secondary Antibody Staining CoNtrols.........ccceveuiiieiiiiiiiieee e 224
Appendix 2 SYBR Green DisSOCIation CUINVES.........uvvvuviiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeessrsrssnn e sesees 226

Appendix 3 Transgenic clones used for experiments were confirmed to be Mycoplasma

sp. negative prior to cryopreservation......ccccccc e 229
Appendix 4 Sequencing CYGB cDNA Insert within the pCMV6-AC plasmid. ...................... 230
Appendix 5 Microarray Sample RNA Electropherograms........ccccceeeeeeeeeeeeeeeeieiicccccinnneennen. 231
Appendix 6 Microarray Hybridisation ReCIPe. .....ccccuvmmiiiiiriieeiiee e 233
Appendix 7 Average fold changes of transcripts up-regulated in CYGB+ clones................. 234
Appendix 8 Average fold changes of transcripts down-regulated in CYGB+ clones........... 244
Appendix 9 Crystal Violet Calibration CUIVE. ........uveeeeeiieeieiiieeccccccereeeee e e e e 258

LIST OF TABLES

Table 1 Sequences of oligonUuCIEotide PriMErS. .....vveeeeiieiieiceeee e 55
Table 2 Antibody Details Used in Western Blotting and In-Cell ELISA Experiments............... 57
Table 3 p53 exon primers used for both PCR and sequencing reactions ...........ccceccvvvveeeenn... 74
Table 4 Transcripts Already Linked to CYGB Over-EXpression. ........cccceceevvvveeeeeeeeeeccinnveeenennn. 118
Table 5 Summary of transcripts that were significantly down-regulated within LST421
(O €122 I ol o] 1 1= TR 128
Table 6 Summary of transcripts that were significantly up-regulated within LST421 (CYGB+)
ClONES. e ettt e et e et e s e s bt s ne e e 131
Table 7 Fold changes of significantly changed transcripts in CYGB+ cells. .......ccoecurrvreneene.n. 133

LIST OF EQUATIONS

Equation 1 Cell density calculation. ........occuiiiiiiiiiiine e 48

Equation 2 Pfaffl Equation for calculation fold changes in mMRNA expression. .........ccceuu..... 54


file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430337010
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430337010
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430337011
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430337015
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430337016
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430337016
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430337017
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430337017
file:///J:/%23THESIS%23/FOR%20THESIS%20BINDINGS/%23%20THESIS%20%23.docx%23_Toc430337018

ANp63
‘OH
53BP-1
AhR
AKT
AP1
ARE
ARHGAP18
ASK1
ATP
BNIP3L
BSO
CCND1
CDKN2A
cDNA
c-Ets-1
CHK1
co
COL1A1
COX7C
CYGB
CYGB+
Cysteine
DEN
DNA
DNMT1
DTT
ECM
ERK1/2
ETC
FAK
Fe2+
Fe3+

Gl

G2
GADD45A
GFP

LIST OF ABBREVIATIONS

Tumour suppressor protein 63, delta N isoform (amino deleted)
Hydroxyl radical

p53 binding protein

Aryl hydrocarbon receptor

V-Akt murine thymoma viral oncogene homolog 1
Activator Protein 1 (c-Jun/c-Fos)

Antioxidant response element

Rho GTPase activating protein 18

Apoptosis signal-regulated kinase 1 (aka. MAP3KS5)
Adenosine triphosphate

BCL2/adenovirus E1B 19kDa interacting protein 3-like
Buthionine sulfoximine

Cyclin D1

Cyclin-dependent kinase inhibitor 2A
Complementary deoxyribonucleic acid

Cellular erythroblastosis virus E26 oncogene homolog 1
Checkpoint kinase 1

Carbon monoxide

Collagen 1al

Cytochrome c oxidase subunit Vlic

Cytoglobin

Cytoglobin over-expressing PE/CA-PJ41 clones
Cysteineteine

N,N-diethylnitrosamine

Deoxyribonucleic acid

DNA methyltransferase 1

Dithiothreitol

Extracellular matrix

Extracellular signal related kinase 1/2

Electron transport chain

Focal adhesion kinase

Ferrous iron

Ferric iron

Growth phase 1 (cell cycle)

Growth phase 2 (cell cycle)

Growth arrest and DNA-damage inducible alpha
Green-Fluorescent Protein



GPX
GSH
GSSG
GST
H,0,
HDAC
HIF1
HIF1A
His

HRE
HSC

IP3
ITGA2
JNK
LMW-PTP
LPA

M
MAP3K5
MB
MDA
MMP
MMR
mPTP
mRNA
MTT
NAD(P)+
NAD(P)H
NCE

NER
NFAT
NFkB
NGB
NO®
NOD
NQO1
Nrf2
NSCLC
0,

0scC

Glutathione peroxidase

Glutathione, reduced

Glutathione, oxidised

Glutathione transferase

Hydrogen peroxide

Histone deacetylase

Hypoxia Inducible Factor 1

Hypoxia Inducible Factor 1, alpha subunit

Histidine

Hypoxia response element

Hepatic Stellate Cell

Inositol triphosphate

Integrin alpha 2 subunit

c-Jun N-terminal kinase

Low molecular weight protein tyrosine phosphatases
Lyophosphatidic acid

Mitosis (cell cycle)

Mitogen-activated protein 3 kinase 5 (aka. ASK1)
Myoglobin

Malondialdehyde

Matrix metalloprotease

Mismatch repair

Mitochondrial permeability transition pore
Messenger ribonucleic acid
3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide
nicotinamide adenine dinucleotide (phosphate), oxidised
nicotinamide adenine dinucleotide (phosphate), reduced
No Cytoglobin Expressing PE/CA-PJ41 control clones
Nucleotide excision repair

Nuclear factor of activated T cells

Nuclear Factor kappa B

Neuroglobin

Nitric oxide

Nitric oxide dioxygenase

NAD(P)H dehydrogenase quinone 1

Nuclear factor E2-related factor 2

Non-small cell lung cancer

Superoxide

Oral squamous cell carcinoma



p21 Tumour suppressor protein 21

p38 Tumour suppressor protein 38
p53 Tumour suppressor protein 53
PCNA Proliferating cell nuclear antigen
PCR Polymerase chain reaction

PDGF Platelet-derived growth factor
PHD Prolyl hydroxylases

PRPF40 Splicesome assembly factor 40
RNA Ribonucleic acid

RNS Reactive nitrogen species

ROS Reactive oxygen species

RTgPCR Real time quantitative PCR

S S phase (cell cycle)

SOD Superoxide dismutase

Spl Stimulatory Protein 1

SRB Sulforhodamine B

STAP Stellate cell activation-associated protein (former name of Cytoglobin)
TAA Thioacetamide

TAp73 Tumour suppressor protein 73, TA isoform (transcriptional domain containing)
TBP TATA-Binding Protein

TGFB1 Transforming growth factor beta 1
TRX Thioredoxin

TSA Trichostatin

ucp Mitochondrial uncoupling protein
VDAC Voltage dependent anion channel
aSMA alpha Smooth Muscle Actin

YH2AX Gamma histone H2 variant



CHAPTER ONE:

General Introduction



1.1 Cytoglobin as a Hemeprotein
Heme (ferriprotoporphyrin IX) is a critical cofactor that mediates the function of many

heme-containing proteins within aerobically respiring cells. Its biosynthesis occurs in
the mitochondria through the incorporation of a ferrous (Fe?*) iron atom into the
protoporphyrin-IX complex by ferrochelatase (Ajioka et al., 2006; Tsiftsoglou et al.,
2006) and this moiety is then subsequently incorporated into apoproteins to produce
hemeproteins such as cytochromes (e.g. cytochrome P450), metabolic enzymes (e.g.
peroxidases) and oxygen-binding globins (e.g. hemoglobin) (Ponka, 1999) (Figure 1).
The globin protein superfamily includes a collection of heme-bound metalloproteins that
are able to bind to diatomic ligands such as oxygen, carbon dioxide and nitric oxide and
share a characteristic globin fold, comprised of eight a-helical chains in a 3-over-3

arrangement (Wajcman et al,, 2009) (Figure 2).

The two most studied globins are the oxygen transporter hemoglobin and oxygen
storing, nitric oxide-metabolising myoglobin, and both have been found to also exhibit a
peroxidase function (Vinogradov and Moens, 2008; Wajcman et al., 2009). These globins
are pentaco-ordinated; that is, the iron atom has its 5 co-ordination sites occupied by
nitrogen atoms within the heme and a proximal histidine residue of the globin protein
(highly conserved His113) whilst its distal 6% bond is freely available to reversibly
associate with diatomic ligands (Wilson and Reeder, 2008) (Figure 1c). Other members
of the globin superfamily; neuroglobin (NGB) and cytoglobin (CYGB), contain hexaco-
ordinated hemes where all co-ordination sites are bonded and the distal 6t site is bound
by another histidine residue (highly conserved His81) that directly competes with the

ligand to bind the heme (Gorr et al, 2011; Weber and Fago, 2004). The presence of



conserved cysteine residues within these hexaco-ordinated globins (at Cys46 and Cys55
in NGB, at Cys38 and Cys83 in CYGB) have been found to form a redox-sensitive
disulfide bond (Hamdane et al, 2003; Tsujino et al., 2014). Dithiothreitol (DTT)-
mediated reduction of the disulfide bond in CYGB, for instance, re-positions His81
slightly away from the heme increasing ligand access to the heme and permits
regulation of their affinity (Hamdane et al., 2003; Lechauve et al., 2010; Makino et al,,
2011). Studies investigating the oxygen affinity of hexaco-ordinate globins have found
both His81 binding and disulfide bond formation affects ligand affinity, with overall
CYGB oxygen affinity (Pso) greater than that of myoglobin, being ~1 Torr and 2.8 Torr,

respectively (Fago et al., 2004; Hamdane et al., 2003; Wright and Davis, 2015).

1.2 Cytoglobin Discovery and Structure
CYGB was initially identified in a proteomic screen of a fibrotic rodent liver that aimed to

develop understanding of the hepatic stellate cell (HSC) activation process (Freitas et al.,
2005; Kawada et al,, 2001). The globin was significantly up-regulated in activated HSCs,
in association with other activation markers alpha smooth muscle actin (aSMA) and
collagen 1al (COL1A1) (Kawada et al,, 2001). The protein has since been found in a
number of vertebrates including fish, birds, amphibians, mice, and humans, of which the
latter two share 95% primary sequence similarity (Asahina et al., 2002; Burmester et al,,
2002; Kugelstadt et al., 2004; Pesce et al.,, 2002; Wawrowski et al.,, 2011; Xi et al., 2007).
Phylogenetic profiling of globin family proteins suggests that CYGB is most closely
related to avian Globin E and is likely to share a common ancestor with Myoglobin, with
which it has ~25 % sequence similarity (Burmester et al., 2002; Burmester et al., 2004;

Kawada et al., 2001; Kugelstadt et al., 2004; Pesce et al., 2002).
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Figure 1 - Heme synthesis and its incorporation into protein.

(a) The heme biosynthetic pathway takes place in both the mitochondria and cytosol,
starting with the conversion of succinyl coenzyme A (CoA) supplied by the tricarboxylic acid
cycle into 6-aminolevulinic acid that then is shuttled into the cytosol for further processing
into the protoporphyrinogen IX complex that is returned to the mitochondria for
manufacture into heme. (b) The heme is planar with a central ferrous (Fe*") iron atom held in
place by four co-ordination bonds (blue lines) to nitrogen atoms of a tetrapyrrole complex. In
its ligand-bound state, the iron is ferrous and in its unbound state is ferric (Fe**). (c) Heme
forms the prosthetic group of proteins such as globins where the heme is tethered to a
histidine residue of the protein (shown as part of polypeptide chain, [R]n) via its 5th co-
ordination bond of the iron atom, leaving the remaining 6th co-ordination site available to
bind diatomic ligands such as oxygen, carbon monoxide and nitric oxide. Figure adapted
from Tsiftsoglou et al. (2006) and molecular structures created with Isis Draw v. 2.3.



Figure 2 - Globins share a conserved 3/3 fold assembly in their tertiary structure.

(a) The globin fold is made of eight a-helices arranged so there are three stacked above each
other (each set shown in blue and green), with two a-helix hinges (shown in grey) between
them. The heme is anchored by the conserved His113 residue between helices E and F. (b)
CYGB protein structure adapted from the RCSB protein databank (PSB ID = 1URV), showing
the eight helices labelled A to H and the position of the heme moeity.



Like the other globins, CYGB contains the conserved globin fold and a heme group
(Figure 2b) within its active site that is surrounded with non-polar residues to create a
hydrophobic environment to tightly regulate the redox state of the central iron atom (de
Sanctis et al., 2004; Sawai et al., 2005). CYGB is 190 amino acids in length; almost a third
longer than the average length of the other globins (Pesce et al, 2002; Trent and
Hargrove, 2002). The increased size is due to the presence of extended N and C termini,
suggested to be due to a direct seven codon duplication event and acquisition of an
additional exon, respectively, during its evolution (Burmester et al., 2002). The longer
termini have potential to be protein interaction sites that may regulate or permit CYGB
function, but the actual purpose for these extensions is unknown. It has, however, been
recently suggested that the N terminus offers some stability to CYGB (Tangar, 2015) and
further that the termini may be responsible for facilitating lipid binding to cardiolipin
and oleate (Reeder et al, 2011). The quaternary structure of CYGB has been under
debate. Crystal structures indicate it exists as a homo-dimer with the interaction
interface at the E helix mediated in part by intermolecular disulfide bonding and the
heme pockets extending outwards (de Sanctis et al., 2004). However, later studies using
a laser light scattering technique found this conformation was far less common than
monomeric CYGB at physiological concentrations (Lechauve et al.,, 2010). Recent work
has also shown the existence of CYGB monomers, dimers and tetramers and that
polymerisation is associated with lower affinity for carbon monoxide and cyanide
(Tsujino et al., 2014).

1.3. Cytoglobin Gene Structure and Expression

The locus encoding CYGB in humans is at chromosome position 17q25 and consists of

four exons separated by three intronic sequences; B12-2 (i.e. the second amino acid of



the 12th codon in the B a-helix), G7-0 and H36-2, the latter of which does not occur in
other hexaco-ordinate globin sequences (Trent and Hargrove, 2002) (Figure 3).
Compared with other vertebrate globin family members, the CYGB gene has the lowest
mutation rate, suggesting that the gene encodes a protein with a highly conserved
function (Trent and Hargrove, 2002; Wystub et al, 2004). There are several
transcription factor binding sites in the regulatory region of CYGB (but notably not one
for TATA-binding protein (TBP)) and these include sites for Hypoxia Inducible Factor 1
(HIF1), Stimulatory Protein 1 (SP1), Activator Protein 1 (AP1), Nuclear Factor kappa B
(NFxB) and cellular erythroblastosis virus E26 oncogene homolog 1 (c-Ets-1) sites (Guo
et al.,, 2006; Guo et al.,, 2007; Wystub et al., 2004) NFxB and Sp1 transcription sites are
situated in the CpG-rich island in the promoter, suggesting that epigenetic control of
CYGB expression is possible (Oleksiewicz et al.,, 2011). Most recently, members of the
tumour suppressor protein 53 (p53) family, ANp63 and TAp73, have been found to
directly regulate expression of CYGB (three recognition sites for ANp63 were found in
the promoter) and this was associated with diminished oxidative stress and apoptosis

(Latina et al., 2015).

Important mechanisms of CYGB gene regulation include promoter hypermethylation
(Shaw et al., 2009) and histone modification. Expression of CYGB in cancer cell lines can
be restored; at least partially, by treatment with de-methylating agents (Shivapurkar et
al,, 2008; Xinarianos et al., 2006), such as 5-aza-2-deoxycitidine as demonstrated in head
and neck cancer cell lines (Shaw et al., 2006; Shaw et al., 2009). CYGB transcripts were
increased in 12/14 lung cancer cell lines and decreased in 7/8 of normal bronchial cell

lines following 18 h incubation with 100 nM trichostatin (TSA), which is a type 1 and 2
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Figure 3 - Cytoglobin Gene Structure.

The CYGB gene is located on chromsome 17925 and is made up of four exons and three
introns, two of which are conserved with other hexaco-ordinated globin members. The
numbers depict the number of bases (not to scale) within each region of the sequence.
Figure adapted from Asahina et al. (2002) and Trent and Hargrove (2002).



histone deacetylase (HDAC) inhibitor (Oleksiewicz et al., 2013). It is proposed that
either TSA interferes with normal HDAC function of chromatin decondensation and
enhances access to the transcription machinery (Dokmanovic et al.,, 2007) or modifies
transcription factors like HIF1la or NFkB, which result in altered CYGB expression
(Oleksiewicz et al., 2013; Xu et al, 2007). Recently, rodents with reduced thyroid
function have been shown to down-regulate CYGB within their hippocampus and
transcripts could be restored to normal levels (and protein increased, but not to control
levels) 24 h after an intravenous injection of triodothyronine (T3), indicating hormonal
regulation is a component of controlled CYGB expression (Oliveira et al., 2015).

1.4. Cytoglobin Distribution

CYGB expression has been reported within a range of organs for example the liver,
oesophagus, brain, retina and heart (Burmester et al., 2000; Fordel et al., 2004; Geuens
et al.,, 2003; Hundahl et al., 2010; McRonald et al., 2012; Nakatani et al., 2004; Schmidt et
al., 2004; Shigematsu et al., 2008). The globin has been found to be mainly expressed
within fibroblast-related cell types including myofibroblasts, osteoblasts and HSCs, but
expression has also been detected within neurones and epithelial cells (Hundahl et al.,
2010; Nakatani et al., 2004; Schmidt et al., 2004; Shigematsu et al., 2008). The cellular
location of CYGB is still debated. CYGB has been reported to be in the cytoplasmic
compartment within epithelial cells (Gorr et al, 2011; Shigematsu et al, 2008),
hepatocytes (Shigematsu et al, 2008), hepatic stellate cells (Kawada et al., 2001),
osteoblasts and fibroblasts (Schmidt et al., 2004). However, there has also been nuclear
CYGB staining reported in the brain (Geuens et al., 2003; Man et al., 2008), liver, cardiac,
lung, and kidney tissues (Geuens et al., 2003), as well as in hepatocytes (Shigematsu et

al., 2008), melanocytes (Fujita et al., 2014), and muscle progenitor cells (Singh et al.,



2014). Therefore, it remains unclear where in the cell CYGB localises, and this may be
dependent upon context and cell type. Interestingly, CYGB has been observed in both
cytoplasmic and nuclear regions in some cell types (Fujita et al., 2014; Man et al., 2008;
Schmidt et al., 2004). Although work with a CYGB-GFP (GFP, Green-Fluorescent Protein)
fusion construct failed to find a nuclear targeting motif or any evidence of active nuclear
import (Hodges et al., 2008; Hundahl et al., 2010; Kawada et al., 2001; Schmidt et al,,
2004), splicing of a nuclear localisation signal of a known nuclear protein to the N
terminus of CYGB does however enable nuclear localisation of the globin (Itoh et al,,
2013). This indicates CYGB has the potential to move across the nuclear envelope but
the mechanism may be independent of a nuclear localisation sequence and may even
involve simple diffusion (Geuens et al, 2003) or binding to other nuclear-targeted

proteins.

1.5 Possible Cytoglobin Functions
Although the exact functions of CYGB are presently unknown, there is accumulating

evidence in favour of a cytoprotective role. The most recent view of CYGB function is
that it is involved in protecting cells against oxidative, fibrotic and hypoxic stress and
thus has a tumor suppressor nature (Oleksiewicz et al, 2011). The vast array of
potential functions for CYGB in normal cells seems to depend on specific cellular
contexts and includes regulation of oxygen status, an antioxidant function through the
detoxification of both ROS and RNS, a molecular oxygen shuttle to prolyl hydroxylases
and other metabolic processes, cell survival and oxidative DNA damage protection
(Asahina et al., 2002; Halligan et al., 2009; He et al., 2011; Hodges et al., 2008; Man et al,,
2008; Mimura et al., 2010; Nakatani et al., 2004; Singh et al., 2009; Smagghe et al., 2008;

Stagner et al,, 2005; Tateaki et al., 2004; Xu et al., 2006). Very few downstream effectors



of CYGB have been identified, but there are transcripts that have been found to be
regulated in response to CYGB over-expression, including collagen lal (COL1A1),
mitochondrial uncoupling protein 2 (UCPZ2), cyclin D1 (CCND1), DNA methyltransferase
1 (DNMT1) and splicesome assembly factor 40 (PRPF40) (see Table 4).

1.5.1 Oxygen Sensing and Storage

It was logically assumed that as a globin protein, CYGB was involved in oxygen
metabolism, and it had already been shown to bind oxygen with high affinity (see
section 1.1). CYGB also shares some structural similarity with myoglobin (MB),
especially in the primary structure of the heme-binding site (Trent and Hargrove, 2002)
and has an oxygen affinity similar to that of MB (Fago et al., 2004; Hamdane et al., 2003).
Therefore, early suggestions were that CYGB would operate to store and transport
oxygen intracellularly to the mitochondria in cells lacking MB (Fago et al., 2004; Kawada
et al.,, 2001; Trent and Hargrove, 2002). Expression of CYGB has also been found induced
following hypoxia and fibrosis (see sections 1.6.1 and 1.6.2), which implied that it may
act as an oxygen reserve during hypoxia. However, the fact CYGB is present at low
concentrations within cells (Liu et al, 2012) and has slow ligand dissociation rates
(Lechauve et al., 2010; Smagghe et al., 2008) makes a MB-like role seem unlikely. Also,
the cell types where CYGB is expressed are not associated with high metabolic rates
unlike the occurrence of MB or NGB in smooth muscle cells and neurones, respectively,
and this further implies a role outside of simple oxygen transport and storage. However,
the idea of CYGB acting to supply oxygen to particular biochemical reactions has
recently resurfaced with the observation that CYGB expression in murine hepatic
stellate cells can impair paracetamol metabolism and hepatocyte necrosis was lessened,

particularly after low oxygen stress (Teranishi et al, 2015). Upon binding carbon

10



monoxide (CO) or oxygen, the expected movement of the distal His81 residue away from
the heme is accompanied with distortion of the E helix and adjustments in the positions
of amino acids within the CD-D helix region of CYGB (Makino et al, 2011). This
conformational change has been hypothesised to form the basis of a signalling pathway
where ligand-bound CYGB translates information about the oxygen status of the
environment into a structural rearrangement that in turn leads to the downstream
modulation of factors related to the oxygen response; potentially through altered gene
expression (Geuens et al., 2003). However as stated by Schmidt et al (2004), there is no
clear explanation for why a gas sensor should be restricted to fibroblast-like cells.

1.5.2. Enzyme Activity

CYGB from rodent HSCs were found to exhibit peroxidase activity and could metabolise
linoleic acid hydroperoxide and hydrogen peroxide (H202) (Kawada et al., 2001), the
latter of which was later confirmed by (Asahina et al, 2002). Most recently, CYGB's
peroxidase ability was reported to involve production of an intermediate tyrosine free
radical, which was inhibited by glutathione (Ferreira et al., 2015). There have also been
reports to suggest CYGB has some limited superoxide dismutase (SOD) activity. A CYGB
construct that lacked the N and C terminal extension sequences found in wildtype CYGB
was reported to exhibit SOD activity that was lost almost completely when using double
cysteine mutated CYGB (Trandafir et al., 2007). Although this study found the activity of
the truncated construct was a fraction (~ 6 %) of that shown by bovine SOD, it was still
higher than the activities of MB (0.2 %) or NGB (<0.1 %). Studies have additionally
shown CYGB operates as an effective nitric oxide dioxygenase (NOD) in the presence of
electron donor reduced cytochrome bs (Gardner et al., 2010; Smagghe et al., 2008). This

was associated with improved preservation of aconitase activity after continuous nitric
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oxide treatment; an enzyme that metabolises citrate within the tricarboxylic acid cycle
(Tortora et al., 2007). Nitric oxide inhibits complex IV activity within the mitochondrial
electron transport chain (ETC) when oxygen is in short supply (Petersen et al., 2008).
CYGB expression was additionally reported to show an inverse correlation with
intracellular nitric oxide concentration in vascular fibroblasts and CYGB's NOD activity
was able to mediate protection against nitric oxide-induced apoptosis (Jourd'heuil et al.,
2012) and improve nitric oxide-impaired respiration rates (Halligan et al., 2009), so
CYGB detoxification of nitric oxide might restore respiratory function. Other detrimental
consequences of chronic nitric oxide treatment include aberrant hypoxic signalling in
normal oxygen conditions through inhibition of prolyl hydroxylase that regulates HIF1A
activity (Berchner-Pfannschmidt et al., 2007; Metzen et al.,, 2003). CYGB is known to
afford cells protection against hypoxic stress (see section 1.6.1), so the NOD activity of

CYGB may facilitate this in part by hindering the nitric oxide-activated hypoxia response.

Under oxidising conditions, CYGB was found to cause lipid peroxidation of lecithin
liposomes (Reeder et al.,, 2011). This study found oxidation of lipids by CYGB was five
times more rapid than that by MB, suggesting this reactivity may be critical to CYGB's in
vivo function. Although this seems to contradict observations that show CYGB to be an
antioxidant (see section 1.5.3.2) and reduces lipid peroxidation biomarkers after
oxidative stress (Kawada et al., 2001; Xu et al., 2006), the physiological level of CYGB is
low enough that a signalling; rather than cytotoxic, role for the CYGB-generated lipid
peroxides is possible (Ascenzi et al, 2013). Lipids are the basis of many important
signalling molecules and lipid rafts provide a scaffold for certain proteins to transduce
signals from activated membrane-associated receptors, such as integrins and RasGTPase

(Santos and Schulze, 2012; Simons and Toomre, 2000). Peroxidation of lipids generates
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intermediate signalling molecules such as inositol triphosphate (IP3) and
lyophosphatidic acid (LPA) that serve to regulate various processes like cell survival,
migration and inflammatory responses (Hannun and Obeid, 2008; Leonarduzzi et al.,
2000; Mills and Moolenaar, 2003). Indeed, binding of ligands has been shown to induce a
structural change in CYGB (see section 1.1) and the binding of lipids such as cardiolipin
and oleate to Fe3* CYGB causes a shift towards the pentaco-ordinated iron state (Reeder
et al,, 2011), so together these might initiate signalling pathways through either binding
other proteins and/or enhancing production of lipid second messengers. In conclusion,
even though CYGB shows enzymatic potential as a peroxidase, NOD and SOD, the
activities reported for these are relatively low, so it is unclear yet whether these have

physiological importance.

1.5.3. Antioxidant

1.5.3.1. Defining Oxidative Stress and the Antioxidant Response

Oxidative stress describes a cellular environment that consists of significantly elevated
reactive oxygen species (ROS) and/or reactive nitrogen species (RNS) that are generated
from, for example, aerobic mitochondrial respiration and as a by-product of xenobiotic
metabolism (Ray et al., 2012a; Schieber and Chandel, 2014). ROS are free radicals with
at least one unpaired outer shell electron that reacts more readily than molecular
oxygen. ROS have many endogenous extracellular functions (this is reviewed in detail by
Janssen-Heininger et al., 2008). For instance, critical signalling factors involved in cell
survival such as the regulator of the mitogen-activated protein kinase cascade, apoptosis
signal-regulated kinase 1 (ASK1, aka. MAP3KS5, Ray et al, 2012a) and transcription

factor NFxB (Wang et al, 2002) are redox-regulated. However, ROS in excess are
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extremely damaging to cellular components, oxidising DNA bases, proteins and lipids
that in turn detrimentally lead to mutations, changes in activity and compromise

membranes, respectively.

There are a wide variety of free radicals with different half lives and properties that
influence the molecules they can interact with. These include superoxide (02*), H202,
hypochlorous acid (HCIO), peroxyl radicals (HOO-), hydroxyl radicals (*OH), nitric oxide
(NO*) and peroxynitrite (ONOO-) (Murphy et al,, 2011). A major endogenous source of
ROS is the mitochondria and production pathways are shown in Figure 4. The
mitochondrial complexes 1 (NADH:ubiquinone oxidoreductase) and complex 3
(ubiquinol:cytochrome c oxidoreductase) are the primary sources of superoxide and can
be responsible for both oxidative stress and the increased conductance of mitochondrial
uncoupling proteins (UCP) for protons during thermogenesis (Brand et al, 2004). In
contrast to H202, *OH cannot diffuse very far, has a short half life and is very reactive,
making it one of the most toxic cellular radicals (Klaunig et al, 2011; Schieber and
Chandel, 2014; Valko et al., 2006). For instance, *OH initiates the lipid peroxidation chain
reaction, whereby the fatty acid hydrocarbon tails of phospholipids are oxidised leading
to amplified ROS generation that compromise membrane structure and function (Valko
et al., 2006). Surplus of ROS also damages DNA through base oxidations and promoting
lesions such as strand breaks and cross-links, each of which; if unrepaired, contribute to
genetic instability, mutation and aberrant cell signalling - factors strongly implicated in

tumorigenesis (Hanahan and Weinberg, 2011; Klaunig et al., 2011). Proteins can be
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Figure 4 - Endogenous Sources of ROS.

The mitochondria are a major source of ROS within cells. Under aerobic conditions, oxygen is
reduced to water by accepting a pair of protons and two pairs of electrons within the
electron transport chain, whilst ATP is produced from the energy release caused by the
transfer of electrons between the four mitochondrial complexes. However, electron transfer
can be uncoupled from the complexes 1 and 3 and reduces molecular oxygen to form
superoxide which is subsequently metabolised by superoxide dismutase in both
mitochondrial and cytosolic compartments to form hydrogen peroxide. This can be further
metabolised by redox-active transition metal ions to form hydroxide (i.e. the Fenton reaction
that uses ferrous ions (Fe?") obtained from local storage pools within cells). Figure adapted
from Holmstroem et al. (2014) and information provided in Hamanaka and Chandel (2010),
Kamata et al. (1999) and Sena et al. (2012). Electron transport chain (ETC), Peroxynitrite
(ONOO-), FA (Fatty acids), superoxide (O,"), superoxide dismutase (SOD), hydrogen peroxide
(H,0,), hydroxide (®OH), nitric oxide synthase (NOS) and NADPH oxidase (NOX).



post-translationally modified or damaged by ROS through oxidation of Cysteine thiols
that can react with other oxidised Cysteine residues to form disulfide bridges or oxidised
further into sulfenic acid, which can subsequently react with nitrogen of a local amino
acid to form sulfenyl amide, with glutathione or irreversibly with H,02 to generate
sulfonic acid (Ray et al, 2012a). Such structural modifications would alter protein
activity and adversely affect intracellular signalling, as well as changing transcription
factors activity and thus gene expression. In all, oxidative stress contributes to the
development of a host of pathologies such as inflammation, neurodegenerative disease

and cancer (Vurusaner et al.,, 2012).

In order to evade or delay the deleterious effects of oxidative stress on cellular
macromolecules and address the redox homeostatic balance, a variety of defensive
proteins are activated that are collectively referred to as antioxidant response factors.
Expression of these antioxidants is implemented by redox-sensitive Keap1 that has over
20 Cysteine thiol groups, of which some are highly vulnerable to oxidation by
electrophiles or ROS (Niture et al.,, 2010; Yamamoto et al., 2008). Oxidation of Keap1l
causes a conformational change, such that the associated transcription factor Nuclear
Factor E2-related Factor 2 (Nrf2) - the major regulator of the antioxidant response - is
liberated and translocates into the nucleus where it assembles with other factors to bind
antioxidant or electrophile response elements (AREs or EpREs, respectively) (Copple et
al, 2008; Niture et al., 2010). These regulatory sites are upstream of an array of
enzymatic and non-enzymatic antioxidants that ultimately result in senescence, and
repair or apoptosis. Keap1l normally sequesters Nrf2 in the cytosol via an interaction

with E3 ubiqutin ligase Cul3 that targets Nrf2 for proteasomal degradation, while in the
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nucleus Bach1 competes to bind ARE and thereby represses antioxidant gene expression
in non-oxidising conditions (Niture et al., 2010). There are hundreds of Nrf2-inducible
antioxidant factors and these include glutathione peroxidase (GPX), glutathione-S-
transferase (GST), SOD, thioredoxin (TRX) and several drug efflux transporters

(Holmstroem and Finkel, 2014).

Nrf2 also controls glutathione (GSH) synthesis via increasing expression of
glutamylcysteineteine synthetase (Trachootham et al, 2008). GSH is a tripeptide of
critical importance, acting as the primary non-enzymatic reductant within cells
(concentrations can reach 10 mM) and it can efficiently detoxify ROS (Reuter et al,
2010). GSH is maintained in the cytosol in its reduced state by an NADPH-dependent
glutathione reductase, whilst in the endoplasmic reticulum it is oxidised to GSSG that
may enable the formation of disulfide bonds required for some protein assemblies
(Chakravarthi et al.,, 2006). As GSH contains a Cysteine residue and thus a sulfydryl
group, it can be used to reduce a number of oxidising molecules through enzyme-
mediated reactions (e.g. GPX conversion of H202 to water) or directly conjugating to
oxidants via GST, producing oxidised GSSG (Lépez-Mirabal and Winther, 2008). The
reversible reaction between GSH and GSSG enables redox homeostasis to occur as under

oxidative stress, so when GSH is readily available it detoxifies ROS and oxidised proteins.

Thioredoxin (TRX) is another critical antioxidant that contains two oxidisable Cysteine
residues and has overlapping functions with the GSH antioxidant system in reducing
protein disulfides (Holmgren and Lu, 2010). TRX is NADPH-dependent and transfers
electrons from this cofactor to its active site to supply to antioxidant enzymes like TRX-

peroxidase and promote their activity (Lu and Holmgren, 2014). TRX maintains the

17



activity of transcription factors like p53 and NFxB in this manner that allows a response
to altered cellular redox state to be mounted. NFB is another transcription factor
activated in response to oxidative stress through ROS-activation of IkB kinase that is
responsible for targeting the NFiB inhibitor IxB for ubiquitin-mediated degradation and
thus liberating the factor to enter the nucleus and initiate changes to gene expression
(e.g. GADD45 for inhibition of apoptotic c-Jun N-terminal kinase (JNK)) (Trachootham et

al, 2008).

HIF1 is another transcriptional factor that responds to oxidative stress and regulates cell
survival. It is a heterodimer of HIFla and HIF1f (aka. ARNT), the latter of which is
constitutively present in cells, unlike its partner HIF1la that is only stabilised in low
oxygen conditions. This occurs because prolyl hydroxylases (PHD); dependent on
ascorbate, 2-oxoglutarate, and oxygen for their function, have limited oxygen available
to hydroxylate the degradation domain of the HIF1la subunit that normally promotes
ubiquitin-mediated proteasomal degradation through the Von-Hippel Lindau protein
(D'Angio and Finkelstein, 2000; Harris, 2002; Myllyharju, 2013). ROS can regulate HIF1
through promoting the Fenton reaction (Figure 4) that inactivates PHD that relies upon
Fe2* for its activity, but also by direct S-nitrosylation of HIF1 that stabilises the protein
(Trachootham et al.,, 2008). HIF1 enhances the transcription of genes containing the
hypoxia response element (HRE; sequence RCGTG) and includes numerous targets
involved in regulating apoptosis, cell cycle progression, angiogenesis and glycolysis

(Harris, 2002; Majmundar et al., 2010; Semenza, 2000).
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1.5.3.2. Cytoglobin as an Antioxidant
Expression of CYGB decreases cellular ROS and its expression was down-regulated in

Nrf2 knockout diabetic murine heart tissue (He and Ma, 2012), suggesting CYGB is a
component of the Nrf2-regulated antioxidant response system. CYGB can detoxify ROS
through its peroxidase, SOD and NOD activities (see section 1.5.2) and the disulfide bond
formed between Cys38 and Cys83 of the globin has been shown to be redox regulated
(see section 1.1), which together suggest CYGB has importance in detecting changes to
oxygen tension and elicits antioxidant functions to enable the cell to maintain redox

homeostasis.

Indeed, CYGB expression increases after exposure to oxidative stressors and is
associated with protection against oxidative damage. Peroxide-treated MCF7 human
breast cancer cells showed an up-regulation of a number of antioxidant genes; including
CYGB (Chua et al,, 2010). CYGB is also up-regulated in N27 rodent mesencephalic cells
following treatment with nitric oxide-generating paraquat (Moran et al., 2010). N2a
neuroblastoma cells also showed a time-dependent H20:-inducible CYGB expression,
and stable CYGB knockdown after treatment with H202 caused significantly impaired
viability as determined by reductase turnover of MTT (see section 2.9.2) (Li et al,, 2007).
CALU1 and H358 human lung cancer cells also showed enhanced viability following
treatment with H20; after CYGB transfection that also corresponded with reduced
depletion of cellular GSH (Oleksiewicz et al., 2013). G361 human melanoma cells with
high levels of CYGB expression have elevated total cellular ROS levels when CYGB is
knocked down and this sensitised cells to H202-induced apoptosis (Fujita et al., 2014).
Viability after H202 treatment was also increased in CYGB over-expressing NRK49F

rodent kidney fibroblast cells and was reversed by CYGB knockdown (Nishi et al,, 2011).
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Mimura et al (2010) confirmed CYGB over-expression increased protection against
oxidants in CYGB over-expressing, H202-treated NRK49F cells and also showed this in
H202-treated HEK293T rodent kidney fibroblasts. This study also found CYGB
expression increased in rodent remnant kidney models and transgenic over-expression
of CYGB in these rodents protected them against nephrectomy-induced oxidative stress
damage, including reduced excretion of oxidised deoxyguanosine (Mimura et al., 2010).
This confirmed oxidative stress protection exhibited by CYGB in vitro also occurred in

vivo.

CYGB expression has also been linked to protection against DNA damage. In liver
tumours of CYGB knockout C57BL/6 mice with chronic choline deficiency, the absence of
CYGB was associated with enhanced levels of p53 binding protein (53BP-1) and gamma
histone H2 variant (YH2AX) (Thuy et al., 2015) and these proteins are known to be key
biomarkers of DNA damage (Mohammad and Yaffe, 2009). In TE671 human
medulloblastoma cells, transfection with CYGB-GFP resulted in lower total cellular ROS
concentrations after treatment with synthetic oxidant Ro19-8022; a cell-permeable
photosensitiser that generates singlet oxygen (Will et al., 1999), and this correlated with
decreased oxidative DNA damage (Hodges et al., 2008). Protection against oxidative
DNA damage was also demonstrated after buthionine sulfoximine (BSO) treatment in
TE-8 human oesophageal cancer cells with CYGB over-expression but not in NE-1
normal oesophageal cells showing physiological levels of CYGB (McRonald et al., 2012),
which suggests the protective effect depends on a threshold level of CYGB being reached.
CYGB over-expression in C2C12 murine myoblasts treated with menadione increased
viability by almost 20 % relative to controls and siRNA-mediated CYGB knockdown was

able to reverse this effect (Singh et al., 2014), indicating oxidant protection in these cells
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was CYGB-regulated. Furthermore, CYGB knockdown in these oxidant-treated cells also
correlated with depleted GSH, indicating decreased oxidative stress. The nitric oxide-
impaired respiration of NIH3T3 murine fibroblasts was increased with stable CYGB
knockdown, which could be reversed by stably transfecting CYGB into these cells
(Halligan et al., 2009), which suggests the NOD activity reported for CYGB (see section

1.5.2) has physiological relevance.

The physiological importance of CYGB's peroxidase activity (see section 1.5.2) was
shown with the over-expression of CYGB enabling increased cell survival in SH-SY5Y
human neuroblastoma cells following H20; treatment (Fordel et al., 2006) and in rodent
HSCs after treatment with ferric nitrilotriacetate or arachidonic acid (Xu et al., 2006).
Most recently, H226 human keratinocytes with CYGB knockdown showed increased
apoptosis following treatment with H202 and were also shown to have higher ROS levels
after doxorubicin treatment (Latina et al., 2015). Xu et al (2006) found CYGB expression
blocked ROS-induced differentiation of the cells into myofibroblasts and decreased
concentrations of the products of lipid peroxidation; namely malondialdehyde (MDA)
and 4-hydroxynoneal, which together support an antioxidant function. The study by
Hodges et al (2008) also showed CYGB over-expression caused reduced lipid
peroxidation, as determined by using cis-paranaric acid, which is a fatty acid that can
integrate into membranes of the cell and lose its fluorescence upon oxidation
(Steenbergen et al, 1997). Reduced MDA levels were also reported in CYGB over-
expressing transgenic Sprague-Dawley rats with hypoxia-ischemia brain injury

compared to control groups (Tian et al,, 2013).
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Together, these data strongly support the hypothesis that CYGB promotes cell survival
through homeostatically modulating oxidative stress, although the exact mechanism by
which CYGB does this remains to be determined. Functions determined to date are

summarised in Figure 5.

1.6 Pathologies Linked to Cytoglobin

1.6.1. Hypoxia
CYGB has also been implicated in the hypoxic signalling pathway. The CYGB promoter

region contains two HIF1-binding HRE sites at positions -141 and -448 upstream of the
transcriptional start site and an erythopoietin binding site at position -144 (Wystub et
al., 2004). Mutation of each or all of these sites in BEAS-2B bronchial epithelial cells was
found to cause up to a third less or a complete lack of CYGB promoter activation by
hypoxia exposure, respectively (Guo et al., 2007). Electromobility shift and ChIP analysis
within this study also demonstrated these HREs are functional, suggesting CYGB can be
induced by hypoxic stress signalling. Several studies have reported a time-dependent
induction of CYGB during hypoxia. For instance, hypoxia treatment led to significant up-
regulation of CYGB in HN33 murine hippocampus cells, Swiss CD1 mice (Fordel et al,,
2004) and also in heart and liver tissue of rodents (Schmidt et al., 2004). HIF1 dominant-
negative knockout mice failed to induce CYGB upon hypoxic treatment, further affirming
the globin is up-regulated in a HIF1-dependent mechanism (Fordel et al., 2004 ). Hypoxia
treatment of OSC cell lines was shown to significantly increase HIFIA expression and
this positively correlated with CYGB expression (Shaw et al., 2009). However, CYGB up-
regulation following hypoxia was not as pronounced in rodent brain tissue (Li et al,,
2006), with only approximately 20 % induction observed after 3 days of hypoxia. It is

worth considering that the severity and duration of hypoxic stress defined by the studies
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Figure 5 - Currently proposed functions of CYGB.
The tumour suppressor-like and oncogene-like functions that CYGB is shown to be associated
with are summarised in the diagram above. The expression level of CYGB is associated with which

phenotype prevails within the tumour.
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investigating hypoxic regulation of CYGB varied. For instance, the hypoxia oxygen
tension exerted relative to normal was 10 % oxygen in the study by (Li et al,, 2006), 1 %
in that of (Fordel et al.,, 2004), 9 % within the studies of (Schmidt et al., 2004) and 0.1 %
in the experiments of (Singh et al., 2014), which would have inevitably altered the
change in CYGB transcript observed in each case. So, the fact Li et al (2006) could not
confirm CYGB up-regulation following hypoxia may have been due to the oxygen tension
not being low enough to permit the augmentation of CYGB expression reported after

hypoxic stress by many groups.

Interestingly, Singh et al (2009) showed that out of all the tissue types examined, CYGB
was most abundant in the heart; a tissue that displays extreme sensitivity to oxygen
stress, which is consistent with the hypothesis that CYGB is acting to protect against the
potential damage from low oxygen conditions. Immunohistochemical studies have
shown CYGB expression is significantly co-localised with carbonic anhydrase IX (CAIX)
(a HIF1a target) and PHD2 (a negative regulator of HIF1q, see section 1.5.3.1) in hypoxic
breast cancer tissue (Gorr et al., 2011), which further implicates CYGB in the regulation
of hypoxia signalling. The correlation between CYGB and CAIX distribution was also
found by work in our laboratory in idiopathic pulmonary fibrotic tissue (Carpenter,
2010) and in studies with tissue from normal human stomach, breast, liver and bladder
and tissue from human glioblastoma multiforme cells (Emara et al., 2010). Together,
these studies show CYGB is expressed in cells that have mounted the hypoxia signalling
response. Interestingly, Gorr et al (2011) additionally found that CYGB is expressed in
both von Hippel Lindau (VvHL) protein-deficient and -proficient RCC4 human renal

carcinoma lines during hypoxia, which implies hypoxic stress up-regulation of CYGB can
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occur independently of HIFla, as expression can occur with or without HIFla-

degradation by vHL protein (see section 1.5.3.1).

Over-expression of CYGB within rodent pancreatic beta cells (Stagner et al,, 2009) and
Sprague-Dawley rodent brain tissues (Tian et al, 2013) promoted survival and
preserved tissue histology following chronic ischemia, and the latter study showed this
was associated with reduced caspase 3 activity. Further evidence of the molecular
regulation of CYGB under hypoxia was found in hypertrophic C57BL/6 murine cardiac
tissue where CYGB transcription from the AP1 and nuclear factor of activated T cells
(NFAT) promoter sites could be enhanced by hypoxia and this depended on functional
calcineurin (Singh et al, 2009), which is a calcium ion-regulated phosphatase that
participates in multiple signalling pathways including apoptosis and NFxB signalling (De

Windt et al., 2000; Uchino et al., 2008).

Although there is substantial evidence showing CYGB is a hypoxia response gene and its
expression is associated with increased protection from hypoxia-mediated damage, little
is known about how CYGB may achieve this. CYGB has been hypothesised to shuttle
oxygen towards specific oxygen-requiring reactions like PHDs that would mediate a
negative feedback mechanism on HIFla activity and thus reduce the extent of damage
caused by activation of pathways by hypoxia, or CYGB may afford protection through the
detoxification of ROS that are increased when a cell experiences ischemia-reperfusion
(Hodges et al., 2008; Oleksiewicz et al., 2011; Stagner et al.,, 2005; Tian et al.,, 2013). It
has also been speculated that because hypoxia involves the creation of a reducing
cellular environment, the Cys38-Cys83 disulfide bond present in CYGB would be broken

and reduce the affinity of the globin to the bound oxygen ligand (see section 1.1), which
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would thereby cause release of oxygen into the hypoxic cell (Hamdane et al., 2003;
Lechauve et al, 2010). This would implicate CYGB in sensing oxygen tension and
mediating oxygen release much like MB in smooth muscle cells, but the low
concentration and slow kinetics of ligand dissociation (see section 1.5.1), coupled with
the fact that this function would be apparently restricted to fibroblast-like cells (see
section 1.4) imply that this general role is unlikely. However, it is reasonable to
hypothesise that the oxygen tension changes occurring within hypoxic cells may be
transduced by CYGB into a signal to activate the hypoxic response pathway (via
conformational changes induced by disulfide bond reduction) and this response is

specific to either fibroblast cells or the molecular context of these.

1.6.2. Fibrosis

Fibrosis describes the substantial increase in collagen deposition and accumulation of
other extracellular matrix (ECM) components that forms scar tissue. Liver fibrogenesis
is characterised by the activation of HSCs into myofibroblasts, which secrete high
quantities of ECM that in turn distorts sinusoid tissue architecture and eventually results
in compromised liver function and blood perfusion (Bataller and Brenner, 2005). The
composition of the ECM during fibrosis is also altered; increased levels of collagen type 1
are observed in addition to raised laminin, chondroitin sulfate proteoglycan and
hyaluronan levels (Alcolado et al, 1997) in addition to changes in expression of cell
surface integrin receptors (Friedman, 2008). In their inactive state, HSCs function to
store vitamin A, but activation induces them to differentiate into myofibroblasts. The
activation of HSCs is mediated by cytokines like TGF31 (which can be sourced from the
catalysis of latent TGFB1 by matrix metalloprotease 9 (MMP9)), ROS, platelet-derived

growth factor (PDGF) and nitric oxide (Friedman, 2008). Biomarkers of active HSCs
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include expression of aSMA and myocyte enhancer factor-2 (Bataller and Brenner,

2005).

Several studies have shown CYGB expression is induced in response HSC activation
during fibrosis. Protein extracts from rodent HSCs after activation were analysed by 2D-
PAGE coupled with mass spectrometry and it was found that along with usual
biomarkers of activation, a new 21 kDa protein was dramatically up-regulated in a time-
dependent manner (Kawada et al., 2001). The researchers named the unknown protein
STellate cell Activation-associated Protein (STAP) to reflect this. Subsequent
investigation by degenerative PCR and comparing the amplicon to the rodent cDNA
library revealed it encoded a globin, had a homologous gene in humans (Asahina et al,,
2002) and also that it could be detected at high levels in rodent liver following
thioacetamide (TAA)-induced fibrosis (He et al., 2011; Kawada et al., 2001). STAP was
later renamed CYGB and its up-regulation at both protein and mRNA levels by fibrotic
stress was confirmed in rodent (Tateaki et al.,, 2004) and murine liver (Man et al., 2008),
in bone marrow-derived mesenchymal stroma cells from C57BL/6 mice (Cho et al,
2009; Mimura et al,, 2010), following carbon tetrachloride-induced fibrosis, in fibrotic
regions of chronically inflamed WBN/Kob rodent pancreatic tissue and in Transforming
Growth Factor beta 1 (TGFf1)-activated primary rodent HSCs in vitro (Nakatani et al.,
2004). A study comparing protein expression profiles of myofibroblasts from HSCs or
portal mesenchyme used 2D-PAGE coupled with MALDI-TOF mass spectrometry to
show CYGB was among the markers characterising HSC-derived myofibroblasts

(Bosselut et al., 2010). Furthermore, up-regulation was noted to be specific to fibrotic
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stress and not to others like osmolarity, heat or ultraviolet (Reeder et al, 2011),

implying that CYGB elicits a function related to the fibrotic response.

COL1A1 expression was also found inversely correlated with CYGB after 12 h of
treatment in the liver tissue of carbon tetrachloride-induced Balb/C mice and it was
notable that up-regulation of COLIA1 occurred a full 24 h past the time at which the
highest CYGB expression was observed (Man et al, 2008), implying that CYGB
accumulation is a pre-requisite for significant COL1A1 up-regulation in this context. In
agreement with this idea, Shivapurkar et al (2008) reported transient CYGB over-
expression in H2228 (lung adenocarcinoma), H2887 (NSCLC cancer) and HCC 1569
(breast cancer) cells resulted in a greater than 2-fold down-regulation of COL1Al,
indicating that CYGB may modulate levels of transcripts required for collagen 1
production. CYGB is expressed predominantly in fibroblast-like cells such as osteoblasts
and HSCs, which are known to secrete higher levels of collagen compared with other cell
types (Schmidt et al, 2004), and coupled with the fact CYGB expression was
simultaneous to enhanced collagen synthesis in the study by Kawada et al (2001), these
data suggest CYGB may be involved in collagen synthesis. Indeed, over-expression of

CYGB augmented induction of COL1A1 in TGFp1-activated HSC (Nakatani et al., 2004).

Inflammation, steatosis and several biomarkers of fibrosis were elevated in CYGB
knockout compared to wildtype C57BL/6 mice subjected to chronic choline deficiency,
and these mice also exhibited greater oxidative stress that was reflected in the down-
regulation of a number of anti-oxidant genes such as GPX6 in HSCs isolated from this in
vivo model (Le Thi Thanh Thuy et al., 2015). This implies the fibrosis response is in part

mediated through enhanced oxidative stress and the absence of CYGB exacerbates this.

28



CYGB over-expression in HSCs was also shown to prevent differentiation into
myofibroblasts and further that it could reduce liver damage caused by chronic carbon
tetrachloride treatment in Sprague-Dawley rats when CYGB was administered via
recombinant adenovirus 2 (rAAV)-mediated carrier injection, before and after damage
(Xu et al., 2006). Within these in vivo models, CYGB over-expression correlated with
reduced pro-collagen 1, TGFB1 and aSMA as well as to a preserved liver tissue histology
and function, suggesting CYGB could inhibit development of the fibrotic phenotype in
vivo. Furthermore, protection against fibrotic damage was also found in remnant kidney
model Wistar rats that showed CYGB over-expression resulted in diminished renal
dysfunction (determined by serum creatinine and urine protein concentration),
decreased collagen and aSMA immunostaining of kidney tissue, and greater
conservation of kidney histology (Mimura et al., 2010), which collectively demonstrates
CYGB is anti-fibrotic. This is in agreement with the findings of Xu et al (2006) who
showed suppression of HSC differentiation with CYGB over-expression and is further
supported by the observation that CYGB is crucial to the inhibition of HSC activation by
arundic acid (Cui et al., 2012). CYGB over-expression in TAA-induced fibrotic liver of
Sprague Dawley rats caused a reduction in collagen 1 deposition and induced apoptotic
cell death in HSC-T6 rodent HSC line in a CYGB concentration-dependent manner (He et
al., 2011). The impaired viability identified in this study seems at odds with the findings
by other groups showing that CYGB expression is actually able to promote survival
following oxidative stress, but this discrepancy may be due to differences in cell type

and mechanisms of cell death triggered by fibrosis and oxidative stress.
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1.6.3. Cytoglobin and Cancer

1.6.3.1. Tumorigenesis
Tumorigenesis is a complex process characterised in part by the exhibition of

uncontrolled cell growth, increased metabolic demand and desensitisation to regulatory
signals (Hanahan and Weinberg, 2011). Genetic instability is another key hallmark of the
cancer phenotype and is what enables cancer cells to acquire other phenotypes such as
increased proliferation and apoptosis evasion (Hanahan and Weinberg, 2011). To
facilitate these mutations, cancer cells must compromise DNA detection and repair
mechanisms and deregulate epigenetic control, such that during multi-step tumour
progression the cancer genome acquires gains and losses of chromosome regions and
aberrant gene expression to mediate their survival (Hanahan and Weinberg, 2011). One
inducer of mutation is oxidative damage, whereby production of ROS increases levels of
8-ox0-dG bases in the genome that normally triggers protective proteins like p53 to
initiate DNA repair mechanisms, but these responses can become overwhelmed or
impaired by mutations leading to defective protein function and irreparable DNA
damage (Ralph et al., 2010; Vurusaner et al., 2012). This allows propagation of further
DNA damage to lead to other oncogenic properties.

1.6.3.2. Cytoglobin Expression in Cancer

Changes in CYGB expression have been linked to many cancer types. The first link was
made within tylosis with oesophageal (TOC) cancer. Tylosis describes a genetic disorder
characterised by hyperkeratosis of the skin of the palms and soles of the feet that is
accompanied with oral leukoplakia and a greater risk of oesophageal cancer (Risk et al,,
1999). Haplotype analysis identified the CYGB gene to be one of two complete genes

physically located in the same chromosome region responsible for the TOC phenotype
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and the methylated CYGB coding sequence did not show any tylosis-associated
mutations (Langan et al.,, 2002). Subsequently, another gene within this region named
RHBDF2 (a transmembrane protein involved in epidermal growth factor signalling
(EGF)) was identified to contain missense mutations (that result in a change in an
encoded amino acid) and caused promotion of proliferation and down-regulation of EGF
receptors within tylotic relative to normal tissue (Blaydon et al, 2012). CYGB was
significantly down-regulated in TOC patient oesophageal biopsies by almost two thirds
that of normal tissue (McRonald et al., 2006) and has also been reported to be within a
deleted chromosome region in ovarian cancers, in addition to the RHBDF2 and PRCD
(progressive rod-cone degeneration) genes (Wojnarowicz et al., 2012). Together, these
studies suggested that loss of CYGB expression may be important in tumorigenesis. CYGB
expression was subsequently found to be significantly down-regulated; primarily by
promoter hypermethylation (see section 1.3), in lung (Xinarianos et al., 2006), oral
(Shaw et al,, 2009), ovarian (Chen et al., 2014; Wojnarowicz et al., 2012), colon, bladder,
breast (Shivapurkar et al., 2008) and skin (Fujita et al., 2014) cancers, lending support to
the hypothesis made by Shivapurkar et al (2008) and others that CYGB may function as a
tumour suppressor.

1.6.3.2.1. Cytoglobin as a Tumour Suppressor

CYGB over-expression has also been reported to impair proliferation in various models,
including in CYGB knockout C57BL/6 mice (Thuy et al., 2011), H358 human lung
adenocarcinoma (Oleksiewicz et al., 2013), ovarian cancer (Chen et al., 2014), G361 and
G32TG melanoma cells (Fujita et al., 2014) and U20S human osteosarcoma (John et al,,
2014). Xenografts of G361 human melanomas with stably silenced CYGB implanted into

nude mice showed greater proliferation rates compared with CYGB expressing

31



melanoma controls (Fujita et al.,, 2014), which further demonstrates CYGB is linked to
reduced tumor growth. Changes to proliferation rate have also been linked to alterations
of the cell cycle. For example, CYGB-negative liver tumours had higher cyclin D1 (CCND1)
levels compared to wildtype (Thuy et al., 2011). Up-regulated CCND1 expression was
also reported in CYGB over-expressing SKOV-3 ovarian cancer cell lines that showed
reduced proliferation and an increased G1:S cell cycle phase ratio (Chen et al,, 2014).
Cell cycle arrest and CCND1 expression could be reversed by knockdown of CYGB,
suggesting regulation of cell cycle advancement is CCND1-dependent. CYGB over-
expressing U20S human osteosarcoma cells were similarly reported to undergo G1
arrest following doxorubicin treatment (John et al., 2014) and the authors suggest this
might be one of the functional consequences of CYGB's interaction with p53, also found

by this study.

CYGB expression is increased in MCF7 and MDA-MB-468 breast cancer cells after ROS-
induced DNA damage triggered by treatment with an aryl hydrocarbon receptor (AhR)
agonist, whilst doxorubicin treatment induced a milder increase in CYGB expression
(McLean et al,, 2015). The AhR-mediated up-regulation of CYGB was found to involve
p38 and JNK signalling pathways. A link between DNA damage response and CYGB was
also demonstrated in vivo within hepatic tumours of CYGB knockout C57BL/6 mice,
where chronic choline deficiency and the lack of CYGB expression was found to
significantly raise DNA damage proteins 53BP-1 and yH2AX (Thuy et al, 2011).
Doxorubicin treatment of stable CYGB-GFP over-expressing U20S human osteosarcoma
cells resulted in up-regulation of CYGB protein in correlation with expression of p53

(John et al., 2014); a critical regulator of stress responses and initiator of DNA damage
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repair (Kruiswijk, et al., 2015, Soussi and Winman, 2015) that is commonly mutated
within cancers; including OSC (Leemans et al., 2011; Waridel et al., 1997a). CYGB over-
expression decreases oxidative DNA damage after treatment with BSO in TE-8 human
oesophageal cancer cells (McRonald et al, 2012) and R019-8022 in TE671 human
medulloblastoma cells (Hodges et al.,, 2008), mediated by its ROS scavenger ability. One
would surmise from this that CYGB protects the cell from potential oncogenic mutations
within an oxidising environment and is therefore a key tumour suppressor. In support of
this hypothesis, CYGB knockout C57BL/6 mice were more likely to develop hepatic
tumours following chronic choline deficiency (Le Thi Thanh Thuy et al., 2015) and this
effect was also seen following N,N-diethylnitrosamine (DEN) treatment (Thuy et al,,
2011). CYGB loss in these tumours was also shown to be linked to higher V-Akt Murine
Thymoma Viral Oncogene Homolog 1 (AKT) phosphorylation, which is an oncogenic
protein involved in multiple hallmarks of cancer including proliferation, survival and
angiogenesis and is also linked to radiotherapy resistance (Bussink et al., 2008; Hanahan
and Weinberg, 2011; Hsieh et al, 2011). A negative correlation between CYGB and

phospho-Akt was also seen by Xu et al (2013) in human glioma tumours.

Other phenotypes important to tumour progression are enhanced invasive abilities and
motility. Reduced migration associated with CYGB over-expression was demonstrated in
murine NIH3T3 fibroblasts and was supported by immunocytochemical staining that
showed higher levels of stress fibres and focal adhesions (Nakatani et al., 2004). The
rearrangement of the actin cytoskeleton; which includes stress fibres, is necessary to
generate intracellular tension for directional cell movement. The expression and re-
distribution of focal adhesion complexes is also important for mediating traction and the

whole process is regulated by RhoGTPases (Schmitz et al., 2000). CYGB over-expressing
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NIH3T3 fibroblasts in the Nakatani et al (2004) study treated with a RhoA RhoGTPase
inhibitor could not induce the actin cytoskeletal changes observed in the control or AKT
activation, suggesting the Rho signalling pathway may help mediate the effects of CYGB
on cell motility. Indeed, a study in WM35 human melanoma cells examining proteome
changes induced by over-expression of another RhoGTPase Cdc42; which is responsible
for maintaining cell polarity for directional migration, reported significant CYGB up-
regulation (Kabuyama et al., 2006). Together, these suggest a hypothesis where CYGB
may be positioned within a feedback mechanism to allow control of RhoGTPases and

this concept is discussed further in section 7.1.

The anti-fibrotic behaviour of CYGB (see section 1.6.2) is also supportive of a role in cell
motility and invasion, since this includes CYGB-linked changes to the synthesis and
release of collagen 1 and MMPs that promote attachment of cells to the ECM and provide
a matrix against which they can move (Rohani et al, 2014), and this is strongly
associated with tumour metastasis (Thomas et al., 1999). Over-expression of CYGB was
also reported to impair both migration and invasion in H358 and CALU1 lung cancer
cells (Oleksiewicz et al., 2013).

1.6.3.2.2. Cytoglobin as an Oncogene

Whilst CYGB has been frequently linked to tumour suppressor-like activities, it has also
shown oncogenic properties within certain cellular contexts. For example, there are
some tumours that show up-regulation of CYGB. High levels of CYGB expression have
been reported in human glioblastoma multiforme cells (Emara et al., 2010), as well as in
a subset of OSC (Shaw et al., 2009), lung (Xinarianos et al., 2006), melanoma (Fujita et

al., 2014), alveolar soft part sarcoma (ASPS) (Genin et al., 2008), breast (Gorr et al,,
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2011) and ovarian (Chen et al., 2014) cancers. Furthermore, CYGB over-expression was
associated with increased motility in CALU1 lung cancer cells if they were oxidatively or
hypoxically stressed (Oleksiewicz et al.,, 2013), and with enhanced proliferation in
murine myogenic progenitor cells (Singh et al, 2014). Solid tumours commonly
experience hypoxia within their centre because of the high proliferation/angiogenesis
ratio. CYGB is up-regulated by and affords protection from hypoxia signalling-mediated
damage (see section 1.6.1). This would potentially create a situation where tumours
showing CYGB expression have a growth advantage compared to those without and thus
gives rise to oncogenic behaviour of CYGB. Additionally, CYGB's anti-oxidant and anti-
fibrotic effects (see sections 1.5.3.2 and 1.6.2) could promote a microenvironment
favourable to tumorigenesis by maintaining tumour cell function amidst the

development of adverse tumor pathologies.

There are also links between CYGB expression and tumour grade. Chen et al (2014)
found that low-grade ovarian tumours were more likely to show CYGB expression than
higher-grade ones, which demonstrates not only do some tumours express CYGB, but
also indicates they require its silencing for advancement. Similarly, lower grade human
glioma exhibited CYGB expression and in higher grade tumours the reduction of CYGB
expression was correlated with an increased blood vessel density and propensity for
tumour recurrence (Xu et al., 2013). Shaw et al (2009) reported that OSC tumours with
high CYGB expression levels demonstrated characteristics of higher grade tumours such
as mandible invasion. A recent in silico analysis of lung adenocarcinoma gene expression
data by Latina et al (2015) revealed co-expression of tumour suppressor P63 and CYGB

was associated with poor prognosis.
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Xu et al (2013) found glioma patient survival significantly improved with CYGB (median
survival time of 62.5 months compared with just 23.8 months for low expression
patients). However, CYGB expression does not appear to be a good biomarker of tumour
incidence or prognosis. CYGB expression in breast cancer tissue did not predict patient
survival (Gorr et al., 2011) or correlate with metastasis in the subset of CYGB-expressing
lung cancer biopsies (Xinarianos et al., 2006). Examination of historical periodic biopsies
from patients with oral epithelial dysplasia (but no history of OSC) did not show a
correlation between CYGB hypermethylation and the onset of malignancy (Hall et al,

2008).

Although CYGB is silenced in many tumours and has shown an ability to protect cells
against the emergence of DNA mutations, aberrant signalling and cell damage caused by
excessive ROS, there are tumours that show up-regulation of CYGB and these have
enhanced tumour pathologies, including invasion and resistance to oxidative stress and
hypoxia. CYGB has therefore been hypothesised to exhibit a complex 'bimodal’
behaviour (see Figure 5); similar to the growth arrest and proliferation capabilities
demonstrated by TGFf1 (Akhurst and Derynck, 2001; Bachman and Park, 2005; Pardali
and Moustakas, 2007). The beneficial or detrimental effects of CYGB expression on
tumour development seem influenced by the metabolic, environmental and cell type

context (Latina et al,, 2015; Oleksiewicz et al., 2013).

1.6.3.3. Cytoglobin and Cancer Therapy

1.6.3.3.1 Radiotherapy and Cisplatin

Tumor recurrence in OSC remains a problem, with local tumours arising from the

surgical excision margins (the "field carcinogenesis" effect) and metastases due to the
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advanced stage at clinical presentation (Braakhuis et al.,, 2010; Leemans et al., 2011).
Cisplatin (cis-diamminedichloroplatinum(Il)) is an effective genotoxic drug used
routinely in the management of solid tumours, including OSC. The mechanism by which
cisplatin exerts its cytotoxicity is not completely understood, but it appears to involve a
number of pathways. For the drug to elicit its activity, it must first enter the cell and this
is mainly accomplished through copper solute transporter CTR1 (Dasari and
Tchounwou, 2014). Secondly, the drug must be activated by hydrolysis where cis-chloro
atoms of the structure are exchanged with water molecules, forming a highly
electrophillic product capable of interacting with proteins and DNA (Brozovic et al,,
2010; Dasari and Tchounwou, 2014). Activated cisplatin damages DNA through cross-
linking strands and forms adducts between protein and DNA, and these distortions
trigger the cell to stall replication, arrest the cell cycle, recruit repair machinery and
induce apoptosis (Dasari and Tchounwou, 2014; Siddik, 2003a). Cisplatin-damaged DNA
is detected by either nucleotide excision repair (NER) or mismatch repair (MMR)
machinery which unsuccessfully attempt lesion repair and inevitably triggers the
intrinsic apoptosis cascade (Galluzzi et al., 2012). This response involves halting the cell
cycle at S-phase before a robust stalling in G2/M, which allows for repair process to take
place (Shen et al,, 2013). Both cisplatin-induced responses are mediated by the tumour
suppressor p53, whose expression and mutational status has been reported to be
important in determining responsiveness to cisplatin treatment, for instance in ovarian
carcinoma SKOV-3 cells and NSCLC H358 cells (Fujiwara et al., 1994; Kanamori et al,,
1998). Cisplatin leads to p53 activation through ataxia-telangiectasia mutated (ATM)
and ATM-Rad3-related (ATR) kinase, which in turn results in the transcriptional

activation of p53 targets including DNA repair enzymes, cell cycle and apoptosis
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regulators that all participate in the protection of the cell against the detrimental effects
of cisplatin (Siddik, 2003a). Aside from DNA damage, cisplatin also increases cellular
oxidative stress that occurs either by interfering with mitochondrial ETC complex
expression (as a consequence of mitochondrial DNA damage) or through depleting

antioxidants (such as GSH) that potentiates cisplatin cytotoxicity (Marullo et al., 2013).

Cisplatin is usually provided in the clinic in combination with 5-fluorouracil in the first
treatment phase (induction), with radiotherapy treatment (concomitant) or as a second
treatment step to either surgery or radiotherapy (adjunct) (Hanna et al, 2013;
Vermorken and Specenier, 2010). Most head and neck cancer patients present at an
advanced stage (Monnerat et al., 2002) and are normally treated with cisplatin for the
drug has shown to significantly improve response to treatment (Forastiere et al., 2003).
A major barrier to therapeutic success is cisplatin resistance (Galluzzi et al., 2012;
Kelland, 2007) and tumours with this resistance are likely to also be resistant to other
platinum-based chemotherapies (Schuler et al, 2010). There are many ways solid
tumours can acquire resistance to cisplatin. For example, elevated levels of glutathione,
over-expression of y-glutamylcysteinetene synthetase or the conjugation enzyme GST
are associated with reduced sensitivity to cisplatin treatment, due to better cisplatin
detoxification (Brozovic et al, 2010). This has been demonstrated in head and neck
tumours that display increased GST expression (Nishimura et al, 1996). Other
resistance mechanisms include over-expression of drug transporter proteins, increased
expression/activity of repair machinery, and aberrant p53 activity resulting in defective
apoptosis (Choi and Kim, 2006; Siddik, 2003a) and these resistance mechanisms are
discussed by (Kartalou and Essigmann, 2001). Interestingly, cisplatin resistance has

been associated with regulation of some proposed downstream transcripts of CYGB.
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Reduction in miR29b, for example, desensitised CP70 ovarian carcinoma cells to the
cytotoxic effects of cisplatin partially through COLIA1 suppression that impaired
integrin-based activation of survival signalling through Extracellular signal related
kinase 1/2 (ERK1/2) activity (Roskoski Jr., 2012; Yu et al., 2014). UCP2 over-expression
in human colon cancer line HCT116 can reduce toxicity of DNA-damaging
chemotherapeutic drugs etoposide and doxorubicin (Derdak et al., 2008a). Later work
revealed UCPZ was down-regulated following cisplatin treatment in these cells
(Santandreu et al., 2010) and that UCP2 inhibition corresponded to enhanced ROS levels
in human acute promyelocytic leukemia (MX2) cells (Mailloux et al, 2010). This

relationship was also found in breast cancer cells (Pons et al., 2015).

Radiation therapy is often combined with cisplatin in treatment regimens because it has
been shown to enhance relapse-free survival. In a study of 331 NSCLC patients, it was
found daily combination of cisplatin with radiotherapy led to 26 % survival after 2 years
(compared with 13 % with radiotherapy alone) and 31 % were without recurrence
(compared to 19 % with radiotherapy alone) (Schaakekoning et al., 1992). Head and
neck cancer trials with 167 late-stage cancer patients showed that combined treatment
also improved 5 year survival (53 % compared with 40 %) and recurrence was only
prevalent in 18 % of cases (compared with 31 % in the radiation-only group) (Bernier et
al, 2004). Radiation therapy is a non-specific method (targeted to the immediate
tumour locality) that damages DNA of tumour or normal cells directly or through the
generation of ROS from ionisation of cellular water molecules, resulting in caspase 3-
mediated apoptosis (Baskar et al., 2012; Cohen-Jonathan et al., 1999). Thus combining these
two treatments enhances oxidative stress-induced damage and cell death to the tumour.

Radiotherapy resistance is unfortunately another common problem due to the low
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oxygen tensions created within solid tumour masses by poor blood perfusion which
limits radiation-induced oxidative stress required for toxicity (Koukourakis et al., 2006).
HIFla activation has also been identified as a radio-resistance marker in human
embryonic kidney (HEK293) cells (Harada et al, 2012). Together, cisplatin and
radiotherapy resistance make it difficult to create a successful treatment regimen for
advanced OSC patients, so research into factors affecting cisplatin resistance would be
beneficial.

1.6.3.3.2 Cytoglobin and Therapy Resistance

Very little information exists about CYGB expression and sensitivity to chemotherapy
and radiotherapy, which are commonly used to treat malignancies. Knockdown of CYGB
expression in human glioma cells was reported to increase both oxidative stress and
efficacy of radiotherapy (Fang et al., 2011). This suggests that CYGB's ROS scavenging
(see section 1.5.3.2) and its ability to protect against hypoxia (see section 1.6.1) may be
how the sensitisation was achieved in the study by Fang et al (2011). This raises the
possibility that CYGB over-expression may contribute to the radio-resistance exhibited
by other tumours. In terms of chemotherapeutic agents, the mitochondria uncoupling
protein 2 (UCPZ2) transcript that is down-regulated in CYGB over-expressing lung and
breast cancer cell lines (Shivapurkar et al., 2008) has been shown to suppress ROS and
cell death following treatment with different chemotherapeutic drugs in HCT116 colon
cancer cells (Derdak et al., 2008b). CYGB over-expression in C2C12 murine myoblasts
was reported decrease apoptosis following etoposide treatment (Singh et al,, 2014) and
furthermore, knockdown of CYGB expression was found to augment oxidative stress
induced by doxorubicin in breast cancer cells (Latina et al, 2015). U20S human

osteosarcoma cells that over-express CYGB were found to undergo G1 arrest following
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doxorubicin (John et al,, 2014). Together, these studies lead to the hypothesis that CYGB
over-expression in tumour cells may cause altered sensitivity to radio- and chemo-
therapy. Coupled to the cytoprotective roles observed for CYGB so far, this may identify
this globin as a potential therapeutic target in cancers that over-express it. It is therefore
important to investigate the role CYGB has within the stress response and the tolerance

of tumour cells to chemotherapeutic agents, including cisplatin.
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1.8. Hypotheses and Objectives

We hypothesised CYGB over-expression affects expression of stress-related transcripts

and phenotype of oral squamous carcinoma cells in response to pro-oxidant cisplatin.

We aimed to further understand CYGB's mechanism of action in the stress response.

The objectives of this study were:

Generate and validate a new stable CYGB over-expressing cell model using an

oral squamous carcinoma cell line with negligible endogenous CYGB expression.

Investigate changes to the transcriptome caused by CYGB over-expression, since
there have been several indications in the literature that CYGB might function to
regulate gene expression to mediate its cytoprotective abilities. To do this, a

whole genome cDNA microarray study was conducted.

Examine the dependence of stress-related genes after cisplatin treatment on
CYGB over-expression, since cisplatin resistance is a frequent problem in head
and neck cancer and CYGB is reported to determine tumour response to other
drugs such as doxorubicin. To achieve this, real time quantitative PCR was used

to explore stress-related transcript changes identified by the microarray.

Investigate the phenotype of CYGB over-expressing cells to deepen
understanding of how CYGB functions independently and in response to cisplatin.
To address this objective, cell survival, caspase activation, mitochondrial

reductase activity, oxidative stress and cell cycle distribution was assessed.
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CHAPTER TWO:
Materials and Methods



2.1 Cell Culture

2.1.1 Cell Lines and Media Preparation
Human oral squamous cell carcinoma cells (OSC; cell line identifier PE/CA-PJ41) were a

gift from Dr. T. Liloglou (Roy Castle Foundation, University of Liverpool). This cell line
derived from the oral squamous epithelium of a female oral cancer patient, has a
methylated CYGB (CYGB) promoter and thus expresses the globin at low levels (Shaw et
al, 2009). Stable cell line derivatives of PE/CA-PJ41 that over-express CYGB were
generated by introducing cDNA encoding the human CYGB gene by plasmid transfection

and then later selecting for stable expressing clones.

For screening purposes, two cell lines were used to compare CYGB expression levels
achieved in PE/CA-PJ41 derived cells. Human Embryonic Kidney 293 (HEK293) CYGB+
cells (previously generated in our laboratory) were used as a highly expressing positive
control (Carpenter, 2010). Normal Oesophageal (NE-1) cells were a gift from Dr. Janet
Risk (University of Liverpool) and used to represent a cell line with physiological levels
of CYGB expression, as they previously have been found to express the globin in the
same order of magnitude as that observed in several normal tissues (McRonald et al.,
2012).

2.1.2 Continual Cell Culture

All cell culture was carried out with aseptic conditions in a class II tissue culture hood
(Aura B4, Bio Air, Italy). Cultures were maintained in vented cap T7s flasks (Corning,
USA) at 37°C in a humidified 5% CO2z incubator. For transgenic PE/CA-PJ41 cells,
cultures were maintained in selective (G418 sulfate; 600 ugml-1) media upon revival and
the selective pressure removed immediately prior to use in experiments to ensure that

this antibiotic did not interfere with the assays. Only cell cultures between passages 7
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and 30 were used for experiments. Cultures were checked daily and immediately prior
to experiments with an inverted light microscope to check cell general morphology and
for any signs of contamination. Splitting regimens for each cell type are described in the

following sections. All reagents were pre-warmed to 37°C before use.

2.1.3 Cell Lines

2.1.3.1 PE/CA-PJ41 and Their Transgenic Derivatives
PE/CA-PJ41 cells were maintained in RPMI-1640 media (Sigma) supplemented with 10

% FBS, 1% L-glutamine, 100Uml-! penicillin and 100 pgml! streptomycin. Cells were
passaged 1:6 once attaining approximately 70% confluence. Spent media was removed
and cultures washed once with 3 ml of phosphate buffered saline (PBS). Cells were then
detached from the tissue culture plastic using 1 ml of Trypsin-EDTA (Life Technologies,
UK) that was gently rocked over the culture and incubating at 37°C for 5 min. Once most
cells had detached, 2 ml complete media was added to quench trypsin activity and the
cell suspension transferred into a 15 ml centrifuge tube (Falcon) and centrifuged at
1500 rpm for 5 min at room temperature. Resulting cell pellets were re-suspended in 6
ml media and 1 ml of this was added to a fresh T7s flask along with 10 ml of complete
media and returned to the incubator for maintained culture.

2.1.3.2 HEK293 CYGB+

HEK293 CYGB+ (Human Embryonic Kidney over-expressing CYGB) cells previously
generated in our laboratory were maintained in DMEM (low glucose, Sigma)
supplemented with 10 % FBS, 1% L-glutamine, 100Uml-! penicillin and 100 pgml-!
streptomycin. Cells were passaged 1:10 once around 70 % confluence was attained.
Spent media was removed and cell detachment was carried out as described in section

2.1.3.1. Cell pellets were re-suspended in 10 ml media and 1 ml of this was added to a
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fresh T7s flask along with 10 ml of complete media and returned to the incubator for
maintained culture.

2.1.3.3 NE-1

NE-1 (Normal Oesophageal) cells were maintained in Keratinocyte Serum-Free Media
(Gibco) supplemented with Epidermal Growth Factor 1-53, Bovine Pituitary Extract,
100Uml? penicillin and 100 pgml! streptomycin. Cells were passaged 1:4 once
approximately 70 % confluence was achieved. Cell detachment was conducted as
described in section 2.1.3.1, although trypsin activity was quenched with Soybean
Trypsin Inhibitor (Gibco) and suspensions were centrifuged at 700 rpm for 7 min to
pellet the cells. Cells were seeded into fresh T7s flasks with complete media and returned
to the incubator for maintained culture.

2.1.4 Cryopreservation of Cell Lines

To ensure a viable stock of low passage cells were always available for experimentation,
cell cultures from a T7s flask were detached with trypsin and pelleted as described in
section 2.1.3. Cell pellets were re-suspended in 3 ml freezing media (10 % (v/v) sterile-
filtered DMSO in FBS) and 1 ml aliquots dispensed into cryovials (Corning), labelled with
cell line name and passage number. The vials were transferred to a -80°C freezer
overnight before long-term storage in vapour phase liquid nitrogen.

2.1.5 Revival of Cell Lines

To revive cells, cryovials were thawed rapidly in a 37°C water bath to avoid crystal
formation. Suspensions were then transferred drop-wise from cryovials to 4 ml of pre-
warmed complete media before being centrifuged as described in section 2.1.3, as
appropriate for the cell line to spin off the DMSO within the freezing solution. Cell pellets

were re-suspended in 2 ml complete media and split 1:2 into fresh T7s flasks, before
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being moved into a 37°C humidified 5% CO: incubator for culture. Media was exchanged
for fresh the following day.

2.1.6 Mycoplasma Detection

To confirm that the cell cultures being used for experiments were free from Mycoplasma
sp. contamination, the EZ-PCR Mycoplasma Detection Kit was used according to the
manufacturer’s instructions. Briefly, media samples were taken from each actively
growing cell culture and centrifuged twice; firstly at 250 xg for 4 min to remove cell
debris and then the resulting supernatant at 16,000 xg for 10 min to pellet any
Mycoplasma. The pellet was re-suspended in 50 pl of the buffer solution provided and
subjected to PCR using primers that target the conserved prokaryotic 16S rRNA gene,
producing an amplicon of 270 bp. PCR products from each sample, along with the
positive control sample provided within the kit and a 100 bp DNA ladder (NEB) were
loaded onto a 2 % (w/v) agarose gel and separated by electrophoresis. All cell cultures
were demonstrated to be negative for Mycoplasma before cryostocks were made (see
appendix 3).

2.1.7 Viable Cell Counting for Seeding

To ensure reproducible numbers of cells were seeded for each experimental replicate,
cell counts were performed using a Neubauer haemocytometer. When cultures were 70
% confluent, cells were detached and trypsin activity quenched as described in section
2.1.3. A 20 pl aliquot from the total trypsin/media volume (3 ml) was taken for counting
and added to 20 pl of a 1:10 dilution of 0.4 % trypan blue (Sigma) and mixed gently. Ten
microliters of the diluted cells were then added to each chamber of the haemocytometer
and drawn under the coverslip by capillary action, before being viewed under the 10 X

objective of the microscope (Nikon Eclipse TS100 light microscope). Cells were counted

47



that were present within the middle 25-square area, along with those on both the left
and top border of this central square. Trypan blue is a negatively charged dye that
selectively stains cells with compromised membranes (i.e. dead cells). Only cells that
were bright and successfully excluded the trypan blue dye were counted to ensure that
cell counts obtained reflected the number of live cells in the stock cell suspension being
assessed. The viable cell counts from two chambers were averaged and used in Equation

1 to calculate the cell density per millilitre in the cell suspension.

Equation 1 — Cell density calculation.
Cells per ml in suspension =

average cell count x dilution factor (2) x conversion factor (104)

2.2 Chemicals and Treatments
All chemicals were purchased from Sigma Aldrich-UK unless otherwise stated. Cisplatin

stock solutions were prepared fresh immediately before use as a 2 mM solution, using
25°C PBS as the solvent and then prepared as the working concentrations with pre-
warmed complete media. Etoposide stock solutions were similarly prepared, but as a 5
mM stock solution that were stored at 4°C between uses. Hydrogen peroxide stocks
were similarly prepared, but immediately before use. Antimycin A was dissolved in
DMSO solvent to obtain a 5 mM stock solution and stored in single-use aliquots at -20°C
and again working concentrations were made with complete media. All cell treatment
studies were started on day 0 with fresh complete media and ended after 48 h in the
case of cisplatin and etoposide, 24 h for hydrogen peroxide and 1 h for Antimycin A. All
treatments were performed in biological triplicates and a minimum of technical

duplicate, with the exact number of technical replicates stated in the figure legends.
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Solvent-only controls were included in each treatment set, which contained cells
provided with the equivalent solvent volume to the highest concentration of drug

treatment.

2.3 Vector Preparation

2.3.1 Acquisition of pCMV6-AC Vector Containing Human CYGB cDNA

Sequence
The pCMV6-AC vector (PrecisionShuttle™ mammalian vector with non-tagged

expression, PS100020, Origene) containing human CYGB cDNA (TrueClone™ Human

Full-Length cDNA clone, SC321813, Origene) was used for transfection (Figure 6).

2.3.2 Transformation of Chemically Competent M182 Bacteria
The plasmid was propagated in chemically competent E. coli strain M182. Ice cold

bacteria (100 pl) and DNA (100 pg) were mixed and heat shocked at 42°C for 2 min.
Cells were recovered in 500 pl LB medium at 37°C with shaking (225 rpm) for 50 min.
Cells were then centrifuged briefly (5000 rpm, 3 min) and re-suspended in fresh LB
media (500 pl). Bacteria were then spread on selective (Ampicillin 100 pgml-1) LB-agar
plates that were inverted and incubated at 37°C overnight. The following day, well-
isolated colonies were chosen at random and used to inoculate LB selective medium

which was incubated at 37°C overnight with shaking before plasmids were extracted.

2.3.3 Plasmid Isolation and Quantification
Plasmids DNA was isolated with the Isolate Mini Kit (Bioline) according to the

manufacturers’ suggested '[SOLATE Plasmid Mini Kit (high copy number plasmid DNA)'

protocol. Plasmid quality and quantity was determined with a NanoDrop instrument.
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Figure 6 — Precision Shuttle pCMV6-AC Vector Map showing the multiple cloning
region EcoRlI site into which the human CYGB cDNA sequence had been previously
inserted.

The human CYGB cDNA insert is under the regulation of the viral CMV promoter to promote
constitutive expression in mammalian cells. The positions of the bacterial (ampicillin; Ampr)

and mammalian selection (G418 sulfate (Geneticin/Neomycin/Neor) antibiotic resistance
genes are shown, along with the multiple cloning site sequence. Map adapted from
TrueClone Vector Guide (Origene).
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2.3.4 Human CYGB cDNA Insert Sequencing
The Human CYGB cDNA insert was validated through DNA sequencing (Genomics

Facility, University of Birmingham, UK) using VP1.5 (5'-GGA-CTT-TCC-AAA-ATG-TCG-3")
and XL39 (5-ATT-AGG-ACA-AGG-CTG-GTG-GG-3") primers (Alta Biosciences, UK),
checking the product against the NCBI BLAST database reference sequence for CYGB

mRNA (NM_1342683), which re-confirmed the sequence as wildtype and in frame.

2.4 Cell Transfections

2.4.1 G418 Sulfate Selection and Optimisation
To determine the optimal concentration of G418 sulfate required to select for selection

of resistant cell clones, a G418 sulfate cell survival assay was conducted. PE/CA-PJ41
cells were seeded at 55,000 cell per well into a 12-well plate and incubated at 37°C.
Spent media was aspirated and replaced with fresh media containing G418 sulfate
antibiotic (0, 200, 400, 600, 800 and 1000 pgul-1, Roche), every 48 h for 10 days. Cell
density at each time point was determined through crystal violet staining (see section

2.9.1).

2.4.2 Transfection Methodology

In order to determine the success of the optimised transfection conditions, PE/CA-P]J41
cells were seeded at 35,000 cell per well onto a 12-well plate and incubated at 37°C
overnight to achieve 60 % confluence the following day. Cells were transiently
transfected according to the manufacturers’ instructions with a transfection mixture
composed of the pCMV6-AC-CYGB plasmid (1 pg) and Turbofectin 8.0 (Origene) in a 3:1
(v/w) ratio (3 pl) in serum-free RPMI-1640 (100 pl), which was vortexed and left to
incubate at room temperature for 25 min before being added to the cells in complete

RPMI-1640 (2 ml) in a drop-wise fashion. Plates were tilted gently a few times to ensure
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even distribution of the transfection mixture and incubated at 37°C for 48 h. The
cultures were then each analysed for transient CYGB expression through RTqPCR and

western blotting.

For stable cell lines, PE/CA-PJ41 cells were seeded into 100 mm tissue culture dishes
three days before transfection until a density of approximately 60% was reached. Cells
were transfected with pCMV6-AC CYGB plasmid (1 pg) and Turbofectin 8.0 in a 3:1
(v/w; Origine) ratio (3 pl) in serum-free RPMI-1640 (100 pl) as per the manufacturer’s
instructions. Cultures were then incubated for 48 h prior to being split 1:10 and re-
seeded into separate 100 mm dishes. Selective media (G418 sulfate 600 pgul-l; Roche)
was applied the following day and exchanged every 2-3 days until there was an absence
of cells within the control (un-transfected, 600 pgul-l G418 sulfate) cell culture. From
this point, ‘islands’ of transfected cell colonies were monitored and harvested when they
reached approximately 100 cells per colony, utilising the cloning ring protocol
(Mathupala and Sloan, 2009). Stable clones were propagated in selective medium for

further analysis.

2.5 Molecular Biology Techniques

2.5.1 RNA Isolation, Quantification and cDNA Synthesis
Total RNA was isolated from cells using the Absolute RNA MiniPrep Kit (Agilent) with

direct lysis of cells on the culture plate according to the manufacturer protocol. Briefly,
cells were grown to around 70% confluence on either 6 well plates (or 100 mm dishes in
the case of the whole genome microarray samples) before lysis with 350 pl lysis buffer
supplemented with 0.01 % (v/v) B-mercaptoethanol ($-ME). Lysate was collected with a
cell scraper, transferred to a pre-filter spin column and centrifuged at 13,600 rpm for 5

min in order to homogenise the sample. Filtrate was then mixed with an equal volume of
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70 % (v/v) ethanol and vortexed briefly before being transferred to an RNA binding spin
column. The membrane-bound RNA in the spin column was then washed with low salt
buffer and subjected to on-column DNase I digestion for 15 min at 37°C to remove
contaminating DNA. RNA was then washed with a sequence of low and high salt buffers
as per the manufacturer’s instructions, before elution in 30 pl RNase-free water and
storage at -80°C until required. Reverse transcription was carried out with the Tetro
cDNA Synthesis Kit (Bioline) in which 500 ng total RNA and oligo dT primers were used.
cDNA was stored at -20°C until required.

2.5.2 SYBR Green Real Time Quantitative PCR (RTqPCR)

For RTqPCR, SYBR-Green primers were used and their sequences are listed in Table 1.
Primers optimised for RTqQPCR were obtained from PrimerDesign (University of
Southampton). cDNA samples for singleplex PCR were prepared with cDNA template (25
ng), PrecisionPlus qPCR 2x mastermix (PrimerDesign), Nuclease-free water (Qiagen)
and either the gene of interest or housekeeping primer pair in a total reaction volume of
20 pl. A standard 2-step protocol was employed for RTqQPCR using a Stratagene
Mxp3005 instrument (1 cycle of 10 min at 95°C and 50 cycles of 15 seconds at 95°C and
30 seconds at 60°C). Primer specificity was confirmed in each experiment by the
presence of a single peak within the SYBR green dissociation melt curve carried out after
the PCR cycling step (see appendix 2). Cycle threshold values for both samples and the
standard curve were obtained and used to calculate log fold changes through the Pfaffl
ddCt method (see Equation 2) where the reaction efficiency was available (Livak and
Schmittgen, 2001; Pfaffl, 2001), using B-actin (ACTB) or the combination of TATA-
binding protein (TBP) and (3-2-microglobulin (B2M), as indicated in the figure legend for

the normalisation factor, and untreated or un-transfected cells as a calibration control.
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For the stable clone screen, NE-1 cell CYGB expression was used for calibration controls

and HEK293 CYGB+ expression used as a positive control.

Equation 2 - Pfaffl Equation for calculation fold changes in mRNA expression.
Where E is the Efficiency of the reaction, dCt is the difference in cycle thresholds between the control
and sample PCR, target is the gene of interest and ref is the house-keeping gene.

Fold Change = (Etarget)dCttarget(control—sample)

(Eref)dCtref(control-sample)
2.5.3 PCR and Agarose Gel Electrophoresis
Routine PCR was carried out with cycling conditions of 1 cycle of 98°C for 30 seconds;
30 cycles of 98°C for 10 seconds, 64°C for 30 seconds and 72°C for 1 minute; 1 cycle of
72°C for 10 min. A Phusion High-Fidelity PCR Kit (NEB) was used as per the
manufacturer's instructions. PCR products were separated on a 2 % normal melting
point agarose gel (1x TBE agarose supplemented with 5 pl gel red) by electrophoresis
for 45 min at 80 V and imaged with UV transillumination.
2.5.4 Protein Isolation and Quantification
Whole cell protein was isolated as follows using ice-cold Radioimmunoprecipitation
(RIPA) buffer (1 M Tris HCI pH 7.6, 150 mM NaCl, 1 % Triton X-100, 0.5 M EDTA, 10 %
sodium deoxycholate and 200 mM NaF) supplemented with mammalian protease
inhibitor cocktail (1:100 dilution; Sigma). Cells were incubated with RIPA buffer for 15
min on ice with occasional vortexing before being centrifuged at 14,000 rpm for 12 min
at 4°C. Protein-containing supernatant was stored at -80°C until needed. Concentrations
were assayed using Bradford Reagent (BioRad), with absorbance measured at 595 nm

against a standard curve of bovine serum albumin (1 mgml-1 BSA, 0 to 10 pgml-1; Sigma).
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Table 1 - Sequences of oligonucleotide primers.

Gene Symbol Forward (Sense) Reverse (Anti-Sense)

RTqPCR primers (Primer Design, UK)
CYGB CYGB ATCCTCATCCTCATCTTCATCCT CTGGGTCTGGTTACAAACATCA
Beta-Actin BACT (vendor unique assay)
TATA-Binding TBP GTTTGCCAAGAAGAAAGTGAAC  GGGTCAGTCCAGTGCCAT
Protein
Beta-2- B2M (vendor unique assay)
microglobulin
NAD(P)H NQO1 GCAGACCTTGTGATATTCCAGTT  ATGGCAGCGTAAGTGTAAGC
Dehydrogenase
(Quinone)
Cytochrome C COX7C CATTTGCTACACCCTTCCTTGT GAGTTCTAGTTTGATCCACTTCCA
Oxidase Subunit 7C
(Mitochondrial)
Matrix MMP1 GCACTGAGAAAGAAGACAAAGG CTAAGTCCACATCTTGCTCTTG
Metalloprotease 1
Integrin Alpha 2 ITGA2 TGAGTAATTTCTTTGGCAACCTTC ACTTTGGACCGCTGGAGAG
Mitogen-activated MAP3K5 CATGAAGGGGTTGACAGAGC GTACTGGCTAGAACTTGCTTGT
protein kinase
kinase kinase 5
Rho GTPase ARHGAP18 CTTTCAGGCTGTCCAGAATCT CAGGTAGGAGGATGACAAGAAG
activating protein 18
Cyclin-dependent CDKN2A ATGTCCTGCCTTTTAACGTAGATA CTCACTCCAGAAAACTCCAACA
kinase inhibitor 2A
Growth arrest and GADD45A  TACTCCCTACACTGATGCAAG CATCTGCAAAGTCATCTATCTCC
DNA-damage-
inducible, alpha
BCL2/adenovirus BNIP3L GCTTTGGGGCTAGGCATCTA TTCACAGGTCACACGCATITC

E1B 19kDa
interacting protein
3-like

Neomycin resistance
region

Cytoglobin exon 1-
exon2 region

gDNA Incorporation PCR primers (Invitrogen, UK)

r
Neo

CYGB
ex1-2

TGGCCACGACGGGCGTTCCTTG GCAGCCGCCGCATTGCATCAG

CCACCGCCGCCGCCGAGCAAA TGGGGGCTCCGCTCCATCTCCA
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2.5.5 Western Blotting

Twenty micrograms of protein were heat denatured by mixing with an equal volume of
2 x Laemelli buffer at 95°C for 5 min before loading onto a 12.5 % SDS-polyacrylamide
gel (acrylamide:bisacrylamide 12.5 %, Tris-HCl pH 8.8, SDS 0.1 %, TEMED 1.5 plml-! and
15plml'? Ammonium persulfate (APS)) and run for 90 min at 120 V. Separated proteins
were transferred onto a 0.2 pm PVDF membrane (Millipore) using a mini trans-blot
electrophoresis tank (Biorad) at 4°C, 120 V for 90 min and then blocked with 5 % non-
fat dry milk (20 ml per membrane, Marvel) in TBST (Tris-buffered saline, 0.05 % Tween-
20) on a rocking platform for 1 h at room temperature, to block non-specific binding.
After three 5 min washes with TBST (20 ml each), the membrane was incubated with
primary antibody (see Table 2) in blocking buffer overnight on a rocking platform at 4°C.
After three further 5 min washes with TBST, the membrane was incubated with Goat
anti-mouse HRP-conjugated secondary antibody in blocking buffer for 1 h as before. The
membrane was washed with TBST twice and TBS once before being visualised with the
ECL SuperSignal Chemiluminescent system (ThermoScientific) and Amersham
Hyperfilm (GE Healthcare) using an X-ograph machine (AGFA Curix60).

2.5.6 In-Cell Enzyme-Linked Immunosorbent Assay (ELISA)

In-Cell ELISA was used to determine a semi-quantitative measurement for CYGB
(Abnova), cyclin D1 (SantaCruz), p21 (SantaCruz), Chkl (SantaCruz) and p53 (Life
Technologies) protein expression in each cell clone. Cells were seeded into 24 well
plates in triplicate on three separate days to reach approximately 70% confluence after
two days. After treatments, cells were fixed with 300 pl 3.7 % paraformaldehyde (pH
7.4) and incubated for 12 min at room temperature on a rocking platform before being

washed three times with 1x PBS (500 pl). Permeabilisation buffer (0.01 % Triton X-100
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Table 2 — Antibody Details Used in Western Blotting and In-Cell ELISA Experiments.

Antibody Dilution Catalogue Number Company
Primary Antibodies

Anti-CYGB mouse 1:500 WH0114757M2 Abnova

monoclonal M02,

clone 1A1

Anti-B-actin mouse 1:10,000 A2228 Sigma

monoclonal, clone AC-

74

Anti-cyclin D1 mouse 1:500 Sc-246 SantaCruz

monoclonal antibody

Anti-CHK1 mouse 1:500 Sc-8408 SantaCruz

monoclonal antibody

Anti-p21 mouse 1:500 Sc-6246 SantaCruz

monoclonal antibody

Anti-p53 mouse 1:500 13-4000 Life Technologies

monoclonal antibody,
clone PAB1801

Secondary Antibody
Goat anti-mouse HRP- 1:1000 A16066 Life Technologies
conjugated antibody
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in 1x PBS) was added to each well and incubated for 30 min on a rocking platform.
Blocking buffer containing 3 % BSA in 1x PBST (0.05 % Tween-20 in 1x PBS) was added
in blocking buffer were added as required and left to bind on a rocking platform at room
temperature for 1 h. Wells were washed three times with 1x PBST again for 15 min as
before. Mouse monoclonal primary antibody was then added in blocking buffer and
incubated for 1 h at room temperature again on a rocking platform, before wells were
washed three times with 1x PBST again for 15 min as before. Goat anti-mouse HRP-
conjugated secondary antibody was then added in blocking buffer and incubated for 1 h
at room temperature on a rocking platform. After three washes with 1x PBST, 250 pl of
prepared SigmaFAST OPD Substrate (Sigma) was added to each well and developed in
the dark for 12 min (the point at which the solution became discriminately yellow
compared with the no primary control background wells) and the reaction was stopped
by addition of 100 pl of 2 N sulfuric acid. Solutions were transferred from each well to a
white-walled 96 well plate and absorbance read at 492 nm using the Infinite 200Pro
microplate reader (Tecan Trading AG, Switzerland). Absorbance was corrected for no
primary antibody controls and normalised to cell density, as determined by crystal
violet staining (see section 2.7.1).

2.5.7 Genomic DNA Isolation

Cells were seeded into 6 well plates at a density in order to achieve a 50 % confluence
the following day. To obtain genomic DNA extracts, the DNeasy Blood and Tissue Kit
(Qiagen) was used. Cells were washed in warmed PBS before being detached from the
tissue culture plastic (see section 2.1.3). Cell pellets were re-suspended in 200 pl PBS
supplemented with 20 pl proteinase K (600 mAUml-1) and 4 pl RNase A (100 mgml-1).

Cell suspensions were mixed by gentle vortexing and allowed to incubate at room
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Figure 7 — Whole Genome cDNA Microarray Workflow.

LST421 and LST223 RNA isolates were extracted and checked for integrity before being
cyanine-dye labelled ready for hybridisation. The microarray used for hybridisation was the
Agilent SurePrint G3 Human Gene Expression 8x 60K vl Microarray. Transcriptomic
differences between LST421 (CYGB+) and LST223 (NCE) OSC clones were analysed in
biological triplicate.
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temperature for 2 min. Cells were then lysed with 200 pl Buffer AL and incubated at
56°C for 10 min, before undergoing the manufacturer’s 'Purification of Total DNA from
Animal Tissues (Spin-Column)' protocol. Eluted genomic DNA was quantified for

downstream procedures (NanoDrop).

2.6 Whole Genome cDNA Microarray Analysis
To identify downstream transcriptional targets of CYGB, CYGB+ (LST421) and no

cytoglobin-expressing (NCE) (LST223) clones were harvested for their RNA on three
separate occasions. In the interest of cost, only one representative clone of each model
(i.e. one CYGB+ and one NCE) was used for this microarray experiment. The workflow of
the experiment is provided in Figure 7. RNA samples were cyanine-labelled and
hybridised to an Agilent SurePrint G3 Human Gene Expression 8x 60K v1 Microarray by
the Genomics Facility (University of Birmingham) before bioinformatics analysis was
carried out using GeneSpring (Dr. Timothy Williams, University of Birmingham) to
identify transcripts that are differentially regulated and these are provided in appendix
tables 7 and 8. RNA quantity and quality was confirmed with the 2100 Agilent
Bioanalyser. RNA samples were assayed by RTqPCR to confirm the expression of CYGB
in each cell line prior to microarray preparation. Fifty nanograms of total RNA was used
to generate cyanine-labelled cRNA according to the Agilent Two-Colour Microarray-
Based Gene Expression Analysis (Low Input Quick Amp Labelling) protocol. NCE
samples were cyanine 3 labelled and CYGB+ samples were cyanine 5 labelled. cRNA was
quantified (Nanodrop) and added to Agilent SurePrint G3 Human Gene Expression 8x
60K v1 Microarray and 300 ng cRNA was hybridised exactly to the manufacturer's
protocol (Genomics Facility, University of Birmingham). The hybridisation recipe for

each sample set is provided in appendix 6. Lists of differentially expressed genes
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generated by the analysis of Dr. T. Williams were identified through parametric testing
and Benjamini and Hochberg correction for multiple testing correction (p value 0.05).
Gene Ontology (GO) analysis was performed by myself using PANTHER (v10.0) Gene
List Analysis tools; namely the Statistical Over-Representation Test and the Functional
Classification Test that are found at http://www.pantherdb.org/tools/genexAnalysis.jsp
(Mi et al, 2013; Thomas et al., 2006) . This analysis software uses the binomial statistic
to identify under or over represented gene groups with an alpha threshold of 0.05 or
lower. Selected transcriptional changes observed in the array samples were further

validated by RTqPCR (see section 2.5.2).

2.7 Heme Quantification (Ferrous Hemochromogen Method)
Elevated cellular abundance of ferroporphyrin, containing CYGB, was inferred by

measuring total cellular heme proteins, as established by a variation of the pyridine
hemochromogen assay (Berry and Trumpower, 1987). This assay relies on the different
absorption spectra between oxidised and reduced heme iron. Cells from 70 % confluent
6 well plates were scrape-harvested into RIPA buffer (500 ul) before being added to a
solution containing 20% v/v niacin, 200 mM NaOH and 600 uM potassium ferricyanide
(500 pl) to fully oxidise the heme iron. Absorbance measurements were taken with a
single-beam spectrophotometer at 557 nm and 575 nm wavelengths. A few milligrams
of sodium dithionite were then added to each sample to reduce the ferric heme and after
1 minute, absorbances were taken at the aforementioned wavelengths again. Absorption
differences between the two wavelengths were then calculated and then also between
the oxidised and reduced spectra, which enabled the heme concentration to be

calculated using Beers Law (A=ecl) where the length (1) was 1 cm and the extinction
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coefficient of iron protoporhyrin (e) was 32.4 mM-lcml. Concentrations were

normalised to total protein determined by the Bradford Assay (see section 2.5.4).

2.8 Confocal Microscopy

Cells were seeded onto 22mm coverslips within 6 well plates and allowed to adhere
overnight. The following day, cells were washed once with 500 pl ice-cold PBS and fixed
with 300 pl 4% paraformaldehyde (pH 7.4) for 12 min at room temperature on a rocker.
Fixative was aspirated and the coverslips washed twice for 5 min with PBS. Cells were
permeabilised with 0.1 % Triton X-100 for 10 min at room temperature, before being
washed twice for 5 min each with wash buffer (0.05 % Tween-20 in PBS; PBST, 500 ul).
Coverslips were then blocked with 2 % BSA in PBST for 1 h at room temperature on a
rocker while humidified chambers were prepared. These chambers consist of a petri
dish which has a sheet of parafilm atop of distilled water-soaked filter paper and the
coverslips are placed cell-side up onto the parafilm for antibody incubations and
washes. These humidified chambers have successfully been employed by other labs to
reduce the amount of antibody being used for later incubations but ensuring the fixed
cells do not dry out (Duke University and Medical Centre, 2015). Once the cells had been
blocked, coverslips were washed with PBST twice as before and primary mouse anti-
CYGB antibody (1:400 in blocking buffer, Abnova) was added to the coverslips and
incubated at 4°C overnight. Coverslips were then washed again in PBST as before and
anti-mouse FITC-secondary antibody (1:200 in blocking buffer, DakoCytomation) was
added and incubated for 1 h at room temperature in the dark. Coverslips were moved
into a dark room to enable the subsequent steps of washing with PBST before the
samples were incubated with Hoescht 33342 dye (2 pgml! stock, 1:8000 (final

concentration 0.25 ngml-1) for 10 min to counterstain the cell nuclei. Cells were then
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washed a final time in PBST before being mounted onto microscope slides with non-
fluorescent mounting media (50 pl, Hydromount) and allowed to dry for 1 h at room
temperature before being kept in the dark at 4°C until confocal microscopy analysis.
Fluorescent images were obtained with the Leica Confocal Microscope (Leica
Microsystems) using a 63x oil immersion (NA 1.32) objective (excitation wavelengths
were 405 nm for Hoescht 33342 and 488nm for FITC). All images were processed

identically and overlaid using the free Image] (version 1.47) software.

2.9 Cytotoxicity Analysis
2.9.1 Crystal Violet Method

The crystal violet assay was used for cell survival assessment. Cells (3.8 x 10# per well)
were seeded in triplicate into 96 well plates to achieve 70% confluence the following
day. Media was exchanged for treatment media containing drug for durations stated in
the figure legend. Following treatment, cells were then washed once with PBS, air dried
and stained with crystal violet (0.05% (w/v) in PBS) for 30 min at room temperature.
Cells were washed with PBS before being allowed to air dry at room temperature. A
10 % acetic acid solution (100 pl) was added to solubilise the crystal violet before the
solutions were transferred to a fresh 96 well plate and absorbances read at 570 nm
using an Infinite 200Pro microplate reader (Tecan Trading AG, Switzerland) against a

10 9% acetic acid blank.

2.9.2 Tetrozolium Salt (MTT) Mitochondrial Reduction Method
The 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay

was utilised to assess mitochondrial reductive capability as an indicator of cell viability.
Cells were seeded in triplicate into 96 well plates at 3.8 x 104 cells to achieve 70%

confluence the following day. Media was exchanged for treatment media containing drug
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for durations stated in the figure legend. Following treatment, cells were washed once
with PBS and fresh media containing 0.5 mgml! MTT was added to each well and
incubated for 2 h at 37°C. At the end of this incubation period, the MTT-containing
media was removed and fixed with 3.7 % paraformaldehyde (pH 7.4, 12 minutes at
room temperature), before being washed with PBS once and the MTT formazan product
soluabilised with DMSO (100 pl). The samples were transferred to a 96 well plate and
absorbances read at 570 nm using an Infinite 200Pro microplate reader (Tecan Trading
AG, Switzerland) against a DMSO blank. The fixed cells were then subjected to the crystal

violet assay as described in section 2.9.1.

2.9.3 Sulforhodamine B (SRB) Assay
The Sulforhodamine B (SRB) Assay described by Skehan et al was used as another in

vitro cytotoxicity assay (Skehan et al,, 1990; Vichai and Kirtikara, 2006). The acidic dye
has a great affinity for basic amino acids within cellular proteins and binds in a
stoichiometric fashion such that the colorimetric absorbance value is directly
proportional to the protein content and hence cell number. Cells (2 x 10> per well) were
seeded into 24 well plates and allowed to settle overnight in a 37°C incubator. The
following day, media was exchanged for treatment media containing drug for durations
stated in the figure legend. Following treatment, cells were washed with warm PBS and
then fixed with 250 pl ice cold 10 % trichloroacetic acid (TCA) and incubated at 4°C for
30 min. Cells were subsequently washed with 500 ul dH20 three times and air dried at
room temperature for 1 h. Cells were stained with 100 pl 0.4 % (w/v) SRB in 1 % acetic
acid for 10 min at room temperature, before the unbound dye was removed by washing
three times with 500 pl 1 % acetic acid and plates left to dry once more at room

temperature. Two hundred microliters of 10 mM Tris-HCl (pH 10) was used to
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soluabilise bound SRB for 30 min on a rocker at room temperature before sample
absorbances were read at 510 nm using the Infinite 200Pro microplate reader (Tecan
Trading AG, Switzerland). Mean changes in absorbances were compared with untreated

controls and corrected with a 10 mM Tris-HCI (pH 10) blank.

2.9.4 Caspase 9 Activation Luminescence Assay
To test for the activity of caspase 9 the Caspase-Glo 9 Assay (Promega) was used. This

assay relies on the principle that active caspase 9 will cleave the target substrate; Z-
LEHD-aminoluciferin, liberating aminoluciferin to react with ATP and oxygen via
luciferase to generate a light signal that is proportional to the amount of active caspase 9
within the culture. Cells (3.8 x 10% cells per well) were seeded into a 96 well plate and
allowed to settle overnight at 37°C, before being treated to cisplatin at 0 uM, 7.5 pM or
15 uM for 48 h. Following treatment, the plate was allowed to adjust to room
temperature, before the Caspase-Glo 9 Assay was carried out according to the
manufacturer’s instructions (Promega). Briefly, 100 ul Caspase-Glo 9 reagent was added
to each sample well and incubated for 45 min in the dark at room temperature, before
luminescence was measured using an Infinite 200Pro microplate reader (Tecan Trading
AG, Switzerland) and a 1 second integration time with no attenuation. A parallel plate
was prepared to use for protein quantification through the Bradford assay (see section
2.5.4) and these protein estimates were used to normalise the luminescence signal. A
positive control of 200 uM etoposide to induce apoptosis was also included to confirm

the functionality of the assay.

2.10 Proliferation Assay
Cells were seeded in triplicate at 4 x 104 cells per well into 24 well plates, to attain

~10% confluence the following day. Fresh media was provided at the end of day 2. On
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each day of the five day time course at the same time each day, cells were aspirated of
media and washed with PBS before being fixed with 4% paraformaldehyde (500 pl) for
12 min at room temperature. Cells were then washed twice with PBS underwent crystal
violet staining as described in section 2.9.1. Absorbance was converted into cell number
by interpolating from a crystal violet calibration curve using non-linear regression (see

appendix 9).

2.11 Oxidative Stress Analysis
2.11.1 DCFDA Assay

Intracellular ROS levels were assayed by measuring the oxidation of 2'7'-
dichlorodihydrofluoroscein-diacetate (H2DCFDA), which is hydrolysed by esterases in
cells to yield H2DCF which can be oxidised in the presence of ROS to a fluorescent
product (Chen et al, 2010). Fluorescence is therefore proportional to the ROS
concentration within the cell. Cells were seeded into 6 well plates on three separate days
at 3 x 10> cells in order to attain 70% confluence the following day, whereupon the cells
were treated. After the treatment interval, spent media was removed and 2 ml of fresh
media was added to each well with DCF diaceta