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Abstract

The regulation of myeloid cell apoptosis is critical in both the control of
inflammation and homeostasis. HAX1, a ubiquitously expressed multifunctional
protein is thought to play a key role in cell survival. HAX1 mutations in the
human result in premature apoptosis of bone marrow myeloid progenitor cells
and a profound PMN (peripheral blood neutrophils) deficiency, suggesting
HAX1 plays a critical role in PMN homeostasis. Human PMN are genetically
intractable and Hax1 homozygous mice have been shown to die at 14 weeks of
age. The molecular pathways in which HAX1 is involved are therefore yet to be
elucidated. We hypothesised that HAX1 would play a critical role in constitutive
cell death through effects on mitochondrial membrane stability and that hax1
deficient zebrafish embryos would have defective PMN development and

survival.

HAX1 expression was studied in primary PMN (prepared from venous blood of
healthy volunteers), myeloid leukaemia cell line PLB-985 and wild type
zebrafish embryos by western blotting, RT-PCR and in situ hybridisation. HAX1
was knocked down in the human myeloid leukaemia cell line PLB-985 and hax1
deficient zebrafish mutants were created in an MPO driven GFP transgenic line

using antisense morpholino oligonucleotides (MO) or TALEN technology.

PLB-985 and primary PMN express multiple HAX1 isoforms at the mRNA level,
including the full-length isoform. | present data revealing the modulation of
HAX1 in response to inflammatory stimuli in PLB-985 and show that HAX1
expression decreases during constitutive ageing of PMN. Zebrafish express
multiple isoforms of hax1, providing novel evidence for alternative splicing of the
gene in the model organism. haxl MO injected embryos exhibit a reduction in
PMN numbers, which may be due either to a loss of Hax1 or to the concomitant
developmental delay observed. The hax1 targeting TALEN generated efficiently
modified the hax1 gene and was successfully transmitted through the germline.
Preliminary data suggest that the HAX1 knockdown in PLB-985 cells and the
haxl homozygous mutation generated in the zebrafish are not important in
PMN lifespan.



Acknowledgements

Firstly, | would like to thank my primary supervisor Lynne Prince and co-
supervisor Stephen Renshaw for their continued guidance and support
throughout the course of my studies. Thanks to Lynne Prince for my
training, for the constant motivation in our meetings and through emails
and most of all for her patience. Thanks to Steve Renshaw for his input
and help. I am really happy and grateful that | have had the chance to be
supervised by both of you. | also wish to give special thanks to the
Medical Research Council for funding my project.

| would like to thank all of the members of the Infection and Immunity
department and of the Centre for Developmental and Biomedical
Genetics in Sheffield for making it a pleasant environment to work in.
Thank you to Julie Bennett for her help with molecular biology, Kathryn
Higgins for help with PMN preps and Vanessa Singleton for always
ensuring that reagents arrived on time and the lab ran smoothly. Thank
you to the blood donors for making our research possible and everyone
who carried out PMN preps and spared cells for my work. | would also
like to thank Nikolay Ogryzko, Catherine Mottram, Kate Hammond and
Anne Robertson for their help and training in zebrafish work and data
analysis using Volocity® software. Thanks to James Robertson for the
help with and input into the polymerosome experiments. Very big thanks
to Stone Elworthy for his guidance and help with the ZFN and TALEN
work.

Thank you to Marzieh Fanaei, Selina Parmar, Jamil Jubrail, Kirsty Wilson
for their moral support and Martin Bewley for the funny (mostly science)
jokes that always made me laugh. | would also like to thank my family for
their unconditional love and support. Thanks to my brothers, sister (llirida)
and cousins/best friends (Hana, Kreni and Lulja) for listening to me, being
interested in what | had to say about my research (even when they didn’t
guite understand it) and for always putting a smile on my face. A final and
very special thanks goes to my parents for their endless encouragement,

patience and making me believe that | could get this far.



Table of Contents

ADSETACE o e 1
ACKNOWIEdZEMENLS ... 2
LiSt Of FIZUIES ..o ssssssssssssssssssssssssssssssssssasasasssssssssnens 12

Figure 4.12 Analysis of i114 embryos co-injected with hax1 and p53 MO
158 14

List of ADbreviations........m s ————————— 17
1 General introdUCtionN ... —————————— 20
3T T 10D 10100 (2, 20
1.2  Inflammation ... ——————————————— 20
1.2.1 LeuKOCYte reCruitMent.....ooeeeecereeserseesseseessesssessessessesssessssssssssssssssessssssesses 20
1.2.2 Pattern recognition reCEPLOTS ... sssessssssessessens 21

I T o (. 22
1.3.1 PMN terminal differentiation .......oeocoeneeseeneenseenseessesseessesssessesssesssseesees 23
1.3.2 PMN migration to the site of infection/iNjury ... eeseenrernseeseesseeesnees 24
1.3.3 The role of PMN in iNfECHION ....ocoveereerecereeeneeseesecesseesseesseessessseessesssesssesssseesnees 26
1.3.3.1 PMN granule content and action against pathogens .......ccoemeerreeeseersneenne 27

1.3.3.2 PMN QPOPLOSIS ottt ssssssssssss s ssssssassssss 27

1.4 Inflammation reSolutioN...... s ——————— 29
1.5 PMN In diSEaSe....ccunimmmmnssmmmmsssssssssssssss s 31
1.5.1 Inflammatory diSEASE .....comeererrmermeesreesseersersersseesssesssesssesssessssssssessssssssssesssens 31
1.5.2  Accelerated PMN apOPLOSIS....ocereenrerseessesneessesssessessessesssessssssessessesssessssssesees 32

1.6 Molecular mechanisms of APOPLOSIS ... ——— 33
1.6.1 The extrinsic ApOPtOtiC PAtNWAY ....oveueeeeeereereereerseersseessees s seessesssessseesssesnees 33
1.6.2 Intrinsic (mitochondrial) apoptotic pathway ........cconeenenecneenseseennennens 34

1.6.3 The regulation of the mitochondrial apoptotic pathway by the Bcl-2

PrOLEIN FAIMILY ..ottt 35
1.6.3.1 Pro-apoptotic proteins ..35
1.6.3.2 Anti-apoptotic proteins .. 36

1.7 HCLS-1 associated protein X1 (HAX1) ...ccummnmsmsmnmmmsmsmsmsssssssmsssssssssssssssssases 38

1.7.1 HAXI1 genetic organization, transcription and conservation................. 38

1.7.2 Molecular and physiological roles of HAX1 protein.......eneennees 41
1.7.2.1 Domain structure, function and cellular localisation .....cceverevrvereverereenenns 41
1.7.2.2  HAX1 putative binding sites for RNA......ceeeeeenneemneesssessssessessssesssnees 44



1.7.2.3  Regulation of cell migration by HAXT ......oereenmeeeneeesneesssssesssesesssesssssesssness 44

1.7.2.4 Interactions with Viral Proteins .......eesesssesssssssssseens 45
1.7.2.5 HAX1 involvement in Cell fate.....erenerseeesseeseesseessesssssssssssssssssssssssssans 47
1.7.2.6  Interactions with factors involved in the apoptotic pathway.....c.ccccoueeennees 47

1.7.3  Roles 0f HAXT in PMN ... eeseeectsecssesssssessssssssssssssssssssessssssssssssssssssssees 51
1.7.3.1 Involvement of HAX1 in Ca2+ signalling .51
1.7.3.2 The importance of HAX1 in PMN apOPLOSIS ....coueermeemrersmermesmsessssssessssssssssssenns 51

1.8 Zebrafish as a model of PMN inflammation........ummnn,. 53
1.9 Hypothesis, aims and Objectives: ........——— 57
2 Materials and Methods........mss—————— 59
2.1 In-vitro teChNIQUES ... snsmsasasssssnss 59
0 N O T Vo) 1 PP 59
2.1.2 Mammalian Cell CUITUTE.......crrecreereseeeee s seens 59
2.1.3 Leukocyte isolation and purification.........eenneeseenesesseeseesseesseeens 59
2.1.3.1 Dextran sedimentation .. 60
2.1.3.2 Construction of the Optiprep™ gradient .60
2.1.3.3 Construction of the plasma-Percoll® gradient ..., 61
2.1.3.4 Harvesting the gradient .62
2.1.4 Cytospin analysis of PMN purity and death.........cneeeneenecenseenseenne. 63
2.1.5 PLB-985 cell MaiNteNancCe ......coeeeneeereererseeserseessesssessessesssessessssssessssssesssessesns 64
2.1.6 Mycoplasma testing of PLB-985........coneneeesesseeseesseesseessessennnes 64
2.1.7 PLB-985 differentiation into PMN-like CellS .....cocmmenrenrerneecneeneererneenreenn. 65
2.1.8 Transfection of PLB-985 Cells......ccoumimenienneeneineeessinsesssesssssssesssssseesseeens 65

2.1.9 Detection of changes in mitochondrial inner transmembrane potential

(APM) iN PLB-985 CEIIS ..ttt esssessse s esssssse s sssssssssessssasessees 67
2.1.10  Protein eXtraCtioN ... 67
2.1.10.1  Preparation of whole Cell IySates......reerrerserssessssessessssssssness 67
2.1.11  WeStern BIOtHNG o.oveeeeeeceeeeeseereessseeseesseesseessessssssesssessssesssssssssssssssssssssssesanes 68
2.1.11.1  SDS-PAGE EleCtrOPROTESIS c.ueeuieeeerueeseeeseersessesssssesseessseessssssssssssesssssssssssssssssssaes 68
2.1.11.2  Wet Protein tranS el . . eeeerseeseesssesssssssssssssssssssssssssssesesssesesssesssssssssssesssaess 69
2.1.11.3 Immunostaining of PVDF membrane.......snns 70

2.1.11.4 Chemiluminescent detection of immobilized proteins (Western blotting)

70
2.1.12 Stripping and re-immunostaining of western blot membranes.......... 70
2.1.13 Western Blot Densitometry ANalysis.....omemeenmeeneenseeseesesssessesssesseenns 71

2.1.14 Total RNA (ribonucleic acid) extraction and assessment of RNA

quality 71



2.1.15 RT-PCR (Reverse-transcription polymerase chain reaction)............... 72
2.1.15.1 Reverse Transcription of mRNA into cDNA (Deoxy-ribonucleic acid) ... 72
2.1.15.2 Amplification of human and zebrafish cDNA by PCR using Taq

POLYINETASE .cveurrereiereessress s s s s s bbb s s bR e R s 72
2.1.16 hax1 transcript - specific primer design for Zebrafish mRNA.............. 74
2.1.17 Amplification of zebrafish cDNA and gDNA by PCR using Phusion®
High-Fidelity DNA POLYMETASE ....covuueureeeeereeseeseisesseessessssssessesssssssssssssssssssssssssssssssssssnns 74
2.1.18 PCR gel electrOpROTEsSiS. .. eeneeesnerseesseesseesssssssssessssssssessssssssssssssssssssssessnes 75
2.1.19 QIlAquick PCR Clean-up and gel eXtraction .........eensesseesnsessesane. 75
2.1.20  COlONY PCRuoceeereeeeeeeeeeeeeseeseessesssessseessees s s sssssssssssssssssssssssssssssasssssesanes 75
2.1.21 Whole mount in situ Hybridization (WISH) probe synthesis................ 76
2.1.22  Synthesis of capped zebrafish hax1 001 mRNA for microinjection ... 78
2.1.23 Isolation of genomic DNA from single zebrafish embryos .......c..c....... 80
2.1.24 Isolation of genomic DNA from a pool of zebrafish embryos............... 80

2.2 In-vivo teChNIQUES.....ciss s ——————— 81
2.2.1 Whole mount in situ Hybridization (WISH)....ccconmnminneneenseenneeseesseeens 81
2.2.2 Morpholino phosphorodiamidate antisense oligonucleotides (MO)
design 82
2.2.3 Zebrafish maintenance and microinjection .........enenseenseeseesneeens 83
2.2.4 Microinjection of embryos with MO and capped mRNA.........ccoccoonvnreenne. 83
2.2.5 Analysis of total zebrafish PMN cOUNtS......c.cccounenenneenneeneeneeesseeseesseeeseeens 84
2.2.6  Tail-fin transection of Tg(mpx:GFP)i114 embryos and analysis of PMN
recruitment and resolution from the site of INJUIY....ccccorreenreerneeoneesnecnecnneiseeane. 84
2.2.7 Generation of a zebrafish hax1 targeting CODA ZFN.......ccouuenmermrernecrneenn. 86

2.2.7.1 Adding zinc fingers to the generic backbones ... 86

2.2.7.2  Generation of plasmid StiCKY €NdS .....cc.ccermernersererssersssessssesssssssssssess 86

2.2.7.3  Circularisation of the ZFN backbone plasmids........cccueemernmeeseeesmeessneessecennes 87

2.2.7.4 Preparation of ZFN capped RNA for microinjection ........eneessecennes 87

2.2.7.5 Preparation of zebrafish hax1 ZFN target sequence for Roche Titanium

Y=o | L1 3 oy o TP 89
2.2.8 Generation of a zebrafish hax1 targeting TALEN .......ccoooeneereneennerneeneenn. 90

2.2.8.1 TALEN assembly stage | .90

2.2.8.2 TALEN assembly stage I plasmid purification ........eeeenneenseeennes 92

2.2.8.3 TALEN assembly stage Il 93

2.2.84 TALEN assembly stage II: Diagnostic digest.......mrensrsrsssssssssssssenns 94

2.2.8.5 TALEN assembly stage II: Diagnostic digest.......mrensrsssssssssssssasenns 94
2.2.9 Invivo PMN tracking during recruitment to the site of injury............... 95



2.3 Statistical ANALYSIS . ssses 96

B T 5310 ¥ 0¥ {0 0 6 U= L6 orc 96

3 Results- The expression, regulation and role of HAX1 in human

MYeloid CellS ... ————————— 97
3.1 INtrodUCtioN . ——————_—————— 97
3.2 ReSUILS . —————————— 98

3.2.1 Expression of HAX1 in tissue cell lines and PMN........cccoorenenneenecereensenneens 98
3.2.2 Modulation of HAX1 expression during PMN lifespan..........cccoueenmeenees 104

3.2.3 Regulation of HAX1 in response to inflammatory and death-inducing
stimuli 109

with the combined treatment of CHX and qVD-OPh were significantly less

apoptotic at 18 h with qVD-OPh preventing the CHX induced death................ 113
3.2.4 Regulation of HAX1 expression in PLB-985 cells by death inducing
agents 113

3.2.5 HAX1 protein levels decrease during PLB-985 differentiation............ 115
3.2.6 Transient knock-down of gene expression in PLB985 cells................... 118
3.2.7 Transient Cyclophilin B knock-down in PLB-985 cells......cccccuuerernueuruenn. 118

3.2.8 Transient HAX1 knock-down in PLB-985 cells and its effect on
apoptosis and mitochondrial membrane stability (AYm).....cnenmeerreemreceseenns 120

3.2.9 The effect of HAX1 siRNA encapsulated polymerosomes on HAX1 levels

IN hUMAN PMN .ttt ssssas 123
BT T 111110 0B ) 125
3.4 DiSCUSSION o 125

3.4.1 HAX1 expression in human myeloid cells .......ccernenennenneesneeneeennees 125

3.4.1. 1 HAXT iSOfOIMS cooveeeieereeseereeeseerssesssessssessssessessssssssessssesssesssssssssesssesssssssssesssessssssssessssessss 125
3.4.2 Mechanisms of HAX1 regulation in myeloid cells .......c.coouenmenreerrecrnrernnens 128
3.4.2.1 Regulation of PMN apoptosis 128
3.4.2.2 HAX1 expression during PLB-985 differentiation .........coeeneeenneceseeeseeesneenns 129

3.4.2.3 Effects of HAX1 knockdown on PLB-985 Apoptosis and Mitochondrial
stability 129
K ST 000 o Lol L3 () o 131

4 Results- hax1 expression and transient knockdown in Danio rerio
133
4.1 RNA extraction from zebrafish embryos ..., 134

4.2 Multiple hax1 transcript variants are expressed in the zebrafish ...134



4.3 HAX1 putative protein sequence analysis.......uu. 144
4.3.1 HAXI1 protein sequences are conserved across many different species
144
4.3.2 Sequence analysis of zebrafish putative Hax1 protein isoforms.......... 147
4.4 Microinjection of high hax1 splice site morpholino oligonucleotide
(MO) doses results in the death of Tg(mpx:GFP)i114 embryos ........cccounene 149
4.4.1 RT-PCR analysis of haxI MO injected zebrafish embryos at 12 hpf...149
4.4.2 Disruption of hax1 gene expression results in abnormal development
and lower total PMN COUNLES .....coeeeeneeeeessiseesseesssesssesseessssssssssssssessssssssssssssssssssseens 153
4.4.3 RT-PCR and morphological analysis of embryos co-injected with hax1
ANA P53 MO e s s 157
Figure 4.12 Analysis of i114 embryos co-injected with hax1 and p53 MO
158

4.5 hax1 splice site MO induces aberrant splicing of the gene in zebrafish

EINDIYOS s ——————————————— 159
4.6 Transient knockdown of hax1 using a translation start site targeting
MO and co-injection with the hax1 splice MO ........ccunvsnrmsmnmsmsmsmsssssssss 162
4.7 Generation of hax1 RNA probes for use in whole-mount in situ
hybridization (WISH) in zebrafish embryos ..., 167
4.8 Overexpression of hax1 001 in zebrafish embryos........c.ccovininiennnns 169

4.8.1 Cloning of hax1 001 into the multifunctional expression vector pCS2+
169

4.8.2 Whole-mount in situ hybridization analysis of uninjected and hax1 001

MRNA INjected €IMDIYOS ... ss e saseseees 171
4.8.3 RT-PCR analysis of hax1 001 mRNA injected and hax1 001 mRNA splice
MO CO-INJECted EIMDIYOS ..eueeeereeecereeeere et eseeees s ses s ss s easeseees 171
4.8.4 Effects of hax1 001 overexpression on embryonic morphology and
total PMN NUIMDET ..o sses s s sssssssssssssssesas 175
2 00 T 10 100 11 F: 1 o /0 178
4.10  DiSCUSSION..cciiiisimmsmsssminsmmsmsssss s 178
4.10.1 hax1 transcript €XpresSion iN D. FEII0 ... neoneensensessessessesessseessesseens 178
4.10.2 Zebrafish as a model for studying hax1 function..........eoneenn. 181
4.10.3 The use of MOs to inhibit hax1 expression in the zebrafish............... 183
4.10.4 Limitations of USING MOS ......cccrenrenrenrerreereeseessesneesssssesssssessssssssssssssssssssssssssesns 184
5 T A 00 1 U L1 1 () ¢ 186
5 Results- Creation of hax1 mutant zebrafish lines........ounsiicsnsinrene 188



5.1 hax1 targeted mutagenesis using the ZFN context dependent

assembly (CODA) approach...... s 188
5.1.1 Generation of a zebrafish hax1 targeting CODA ZFN.....cccccoverrerreenrernnees 190
5.1.1.1 Identification of a CoDA ZFN site in the zebrafish hax1 gene.........cccouuuue.n. 190
5.1.1.2 Preparation of the ZFN generic backbones 191
5.1.1.3 Addition of zinc fingers to the generic backbones........onreenreeseeecneens 195

5.1.2 Preparation of ZFN capped RNA for microinjection .........ocueereenecereenn. 201

5.1.3 Microinjection of embryos with in vitro transcribed hax1 targeting ZFN
mRNA 201

5.1.4 hax1 gene sequence analysis of zebrafish embryos injected with ZFN-
ENCOAINEG RINA ..ottt ss e s s s 201

5.1.4.1 Analysis of zebrafish hax1 ZFN target sequence by TOPO cloning and
(000 () 0\ 20 <4 00 2 PP 202

5.1.4.2 Analysis of zebrafish hax1 ZFN target sequence by Roche Titanium 454

LY L0 LD T=) 0 Lod U V. 204

5.2 hax1 targeted mutagenesis using a transcription activator-like

effector nuclease (TALEN)...mmssssssssssssssssssssssssssssssssssssas 207
5.2.1 Construction of a hax1 targeting TALE nuclease.......eoneeenseennees 209
5.2.1.1 Identification of a TALEN site in the zebrafish hax1 gene........cccouurerurerenan. 209
5.2.1.2 hax1 exon 2 specific Golden Gate TALEN assembly stage I .......ccccuconurennecns 211
5.2.1.2 hax1 exon 2 specific Golden Gate TALEN assembly stage Il.......cccccoumrurcns 216

5.2.2 Preparation of hax1 exon 2 targeting TALEN RNA for microinjection

219
5.2.3 Microinjection of Tg(mpx:GFP)i114 embryos with TALEN encoding RNA
219
5.2.4 Detection of somatic mutations in hax1 specific TALEN mRNA
microinjected Tg(Mpx:GFP)i114 €MDIYOS..ceenmeemeeseesseesssessesssessssesssesssesssesssseens 219
5.2.5 Identification of founder mutants harbouring hax1 germline
transSmMitted MULATIONS ... sas 220
5.2.6  Screening for F1 mutants by PCR and BspHI analysis .......ccccueerenecuneenn. 225

5.2.7 Phenotypic analyses of heterozygous and homozygous F, mutants.228
5.2.7.1 The effect of the hax1 A1 mutation on PMN number........ccoconrerrerernseeennn. 232
5.2.7.2 The effect of the homozygous hax1 A2/A4 mutation on PMN number...234

5.2.8 Phenotypic analyses of heterozygous and homozygous F3 hax1 A2 /A4

INUEANTS oot s 237
5.2.8.2 The effect of Genotyping of maternal hax A2/A4 mutations on PMN

NUMDET aNd ChEIMOLAKIS ..ot s s s s bbb assaens 237




5.2.9  SUIMIMATY coouvrrrrerrernnesssssessssss s sssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssans 242

5.3  DISCUSSION .ocvvivisismsmsmisissmsssssssssssssmsssssssssssssssssssss s sssasass 242
5.3.1 Targeting zebrafish hax1 using ZFN technology .......cocnerneenneennens 242
5.3.2 Targeting zebrafish hax1 using TALEN technology ........ccccomeoneenneennens 245
5.3.3 Validation of haxI TALEN induced mutant SEQUENCES ........crvereerrerrens 246
5.3.4 The effects of hax1 exon 2 TALEN induced deletion mutations on
zebrafish PMN number and chemotaxis ......ocnenensnsensesssseseeseesseesesseens 247

5.5  ConClUuSION....s s ———————————— 248

6 FInal DiSCUSSION ... sssssssssssssssssssssssssssssssssasasasasasas 249

6.1 AIims of the StUudY .....cccovnnimmn s ————————— 249

6.2 Discussion and future WorK.....u———ns 249

6.3 HAXI1 as a potential therapeutic target ..., 254

(S0 ST 1011 = 1 o 255

A - X 1 5 1) £ 1 1 U0 257

7.1 Appendix 1: Buffers for whole cell lysate preparation and western

blotting 257

7.1.1 SDS-PAGE loading buffer (10 ml) ...cccccoeeenmeneeseesseerseeeseeseesseesseessseseees 257
7.1.2 Resolving Gels (1.5 mm gel plates) ....coreneneenneneeserneceseeseeseesessecsseense 257
7.1.3 Stacking Gels (1.5 mm gel Plates) ....cccuerermernmermeeeerseerseesesseesseessseseees 258
7.1.4 10X Running BUfer (1 1. ccneeneiseeseessseesessseesseessessssssssssssesssessssessees 258
7.1.5 10X Transfer BUffer (1 1) . eeseessersesseesseessesssesssesssessseesssessees 258
7.1.6 10 X Tris Buffered Saline (TBS) (1 1) .couerermernmermeemeerseerseeseesseesseessseeseees 259
7.1.7 10X Tris Buffered Saline (TBS) -Tween (1 1)..oenenneennrereereeeseeennees 259
7.2 Appendix 2: Primary and Secondary Antibodies.........ccunnmsesnnininsennnss 260
7.2.1  Primary ANtiDOAIes. ..ot sssseans 260
7.2.2  Secondary ANtiDOGIES ......couieeereerreerneeeseeeesseesseessesssessseessesssesssssssessssssssesssees 260
7.3 APPENIX 3 ——————————————————— 261
7.3.1 RT-PCR primers for amplification and sequencing of D. rerio hax1
1103 {05 00 13T 261
7.3.2 RT-PCR primers for amplification of human HAX1 isoforms............... 262
7.4 Appendix 4: D. Rerio Hax1 genetic sequence indicating primer
binding regions .....———————_——— 263
7.4 Appendix 4: D. Rerio Hax1 genetic sequence indicating primer
binding regions .....——————_——— 264
7.5 Appendix 5: PCR gel electrophoresis ... 265



7.5.1 50X TAE BUffer (1 1) isssssssssssssssssssssssssssssssssssssssssssens 265
7.6 Appendix 6: pCR-Blunt II- TOPO vector and pCS2+ plasmid vector

maps266
7.7 Appendix 7: Whole mount in situ Hybridization (WISH) buffers ......... 267
7.7.1 Pre-Hybridization buffer (50 ml).....ncnnrrneceseeseseesesseceseenne 267
7.7.2 20X Saline-sodium citrate (SSC) buffer (200 ml) .......cceerrerernsararsnsns 267
7.7.3 HybWash buffer (50 ml) ... 267
7.7.4 Staining wash (50 M) ————— 268
7.8 Appendix 8: Egg medium for zebrafish embryos (E3) .....ccocvniuiesennnns 269
7.8.1 60X E3 MediUM (2 1) cceueeeeerreerseessseessseesseesssssssessssesssssssessssssssssssssesssssssssessssssssas 269
7.8.2 1XE3 medium (1 1) .srsisssssssssssssssssssssssssssssssssssssssssssssssssssens 269
7.9 Appendix 9: Sanger sequencing analysis of D. rerio hax1 008 ........... 270

7.10 Appendix 10: Sanger sequencing analysis of PCR band amplified
using the D. rerio hax1 x primer pair reveals the band is hax1 001............ 271

7.11 Appendix 11: Sanger sequencing analysis of TOPO cloned hax1 MO

induced 2.5 Kb PCR band pair......ssssssssssssssssssssssssssssssssans 272
7.11 Appendix 11: Sanger sequencing analysis of cloned hax1 MO induced
2.5 kb band amplified using the D. rerio hax1 primer pair (cont.)........c..... 273
7.11 Appendix 11: Sanger sequencing analysis of cloned hax1 MO induced
2.5 kb band amplified using the D. rerio hax1 primer pair (cont.)........c..... 274
7.12 Appendix 12: Determining the insert orientation by Sanger
sequencing of the cloned hax1 001 cds in PCS2+.....ccnnssssssssssssssmsssssssans 275
7.13 Appendix 13: PCR primers for generation, amplification and
sequencing of ZFN CONSIIUCLES ... sssssssssssssssssssssssssssas 276
7.13.1 Left ZFN subunit F1 and F2F3 primers:......eeeeneeseesseesssesnees 276

7.13.2 PCR primers for ZFN construct amplification and sequencing.......... 277
7.14 Appendix 14: Validation of the ZF (F1-F3 array) and nuclease

domain sequences of the left and right hax1 targeting ZFN expression

2200 278
7.14.1 Validation of the Left ZFN ZF sequence (Colony L12)....ccccuueoreenreenens 278
7.14.2 Validation of the Right ZFN ZF sequence (Colony R3) ....ccccoeerenecuneenn. 279
7.14.3 Validation of the Left ZFN FokI sequence (Colony L12)....cccouenmeen 280
7.14.4 Validation of the Right ZFN Fokl sequence (Colony R3) .....cccovecuneene. 281

7.15 Appendix 15: Roche Titanium 454 sequence comparison analysis of

the hax1 amplicon generated from gDNA of hax1 ZFN injected embryos.282

10



7.16 hax1 gene sequence input into the TALEN Targeter 2.0 tool for
identification of TALEN sites and hax1 exon 2 specific TALEN RVD

SCUUECTICES weuruarsersrsssssrsssssssssssssasesssssasssssssassssssssssssssssssssssesssssssessnsessessmsessessnsassessesassnssssassns 299
7.17 Appendix 17: Golden Gate TALEN assembly plasmids........cccumrararanans 300
7.18 Appendix 18: A map of the Golden Gate TALEN assembly generic

072 T 140 0 ¢ L, 301

7.19 Appendix 19: Primers required for amplification and sequencing of

the TALEN constructs and hax1 specific TALEN target site........coumnmnnnns 302
7.20 Annotation of left and right hax1 specific left and right TALEN

eNCOding VECLOI SEQUENCES ....ouiuimimsmsmsesssmsmssmsmsisssssssssssssssssss s ssassssss s ssassssssasas 303

7.20.1 Left TALEN subunit ((LhaxIpCAGT7-TALEN(Sangamo)).......ce 303

7.20.2 Right TALEN subunit (Rhax1pCAGT7-TALEN(Sangamo)) ......cmeerees 309

2 ) =) 1 Lo X 316

11



List of Figures

Figure 1.1 Domain structure organization of human HAX1 and sites of
interaction with other proteins 42
Figure 1.2 HAX1 involvement in the apoptotic pathway 49
Figure 1.3  Evolution of the Hax-1 protein. ClustalW 2.1 Protein sequence

alignment of Hax-1 from a number of different species in the form of a

phylogenetic tree. 56
Figure 2.1 PMN Apoptosis 64
Figure 2.2 Identification of human HAX1 siRNA target sites 66
Figure 2.3  Site of tail-fin transection 85
Figure 3.1  Multiple HAX1 transcripts are expressed in human cell lines
and myeloid cells 99
Figure 3.2  HAX1 antibody binding sites 102
Figure 3.3  Detecting HAX1 at the protein level 103
Figure 3.4  Constitutive PMN apoptosis 105
Figure 3.5 HAX1 protein levels decrease during PMN constitutive death
106
Figure 3.6  Densitometry analysis of HAX1 expression during constitutive
cell death 108

Figure 3.7  Full length HAX1 expression in PMN after treatment with
inflammatory stimuli and death inducing agents 110
Figure 3.8 Mean fold change in HAX1 expression from untreated control
in response to inflammatory and death inducing stimuli 111

Figure 3.9  Regulation of Apoptosis in response to inflammatory and

death inducing stimuli 112
Figure 3.10 HAX-1 is regulated in response to CHX and STSP in PLB-985
cells 114

Figure 3.11 Induction of morphological changes during PLB-985
differentiation into PMN-like cells by different stimuli 116

12



Figure 3.12 HAX1 protein levels are downregulated during PLB-985

differentiation 117
Figure 3.13 Cyclophilin B knockdown in PLB-985 cells 119
Figure 3.14 Transient HAX1 knockdown in PLB-985 cells does not induce
apoptosis 121
Figure 3.15 The effect of HAX1 knockdown in PLB-985 cells on
mitochondrial transmembrane potential (Aym) 122

Figure 3.16 Effects of polymerosome encapsulated HAX1 siRNA on PMN
HAX1 protein levels 124
Figure 4.1  Assessment of RNA qualities extracted from zebrafish
embryos at various stages of development 135
Figure 4.2  Zebrafish express the putative hax1 full length transcript at
different stages of development 136
Fig. 4.3 hax1 001 expression in zebrafish embryos 140
Figure 4.4  Zebrafish embryos express multiple putative hax1 transcript
variants 141
Figure 4.5  The structure of the Danio rerio hax1 gene and putative mRNA
variants 143

Figure 4.6 Bioinformatic analysis of HAX1 protein sequences from

different species 145
Figure 4.7  Sequence alignment of the zebrafish Hax1 001 isoform and
predicted isoforms 002, 005, 007 and 008 148
Figure 4.8  Optimisation of hax1 splice MO concentration 150

Figure 4.9  Analysis of haxl splice MO injected zebrafish embryos at 12
hpf 152
Figure 4.10 hax1l RT-PCR analysis and PMN whole embryo counts of
Tg(mpx:GFP)il14 embryos following injection with haxl splice MO

154
Figure 4.11 RT-PCR and morphological analysis 48 hpf following injection
with hax1 splice site MO 156

13



Figure 4.12 Analysis of i114 embryos co-injected with hax1 and p53 MO
158

Figure 4.13 Cloning of alternatively spliced 2500 bp band observed in

response to haxl1 splice MO injection 160

Figure 4.14 The hax1 splice MO introduces a premature STOP codon

161
Figure 4.15 Optimisation of haxl ATG MO 163
Figure 4.16 Morphological analysis of zebrafish embryos co-injected with
hax1 splice and ATG MO 165
Figure 4.17 The effects of co-injection of hax1 start MO and hax1 splice
MO on whole body PMN counts 166

Figure 4.18 Generation of whole mount in situ hybridisation hax1 sense and
anti-sense probes 168
Figure 4.19 Cloning and in vitro transcription of zebrafish full length hax1
into pCS2+ 170
Figure 4.20 hax1 is ubiquitously expressed in zebrafish embryos 172

Figure 4.21 RT-PCR analysis of hax1 001 overexpression in zebrafish

embryos at 24 hpf 174
Figure 4.22 Effects of hax1 001 overexpression in zebrafish embryos
176

Figure 5.1 Schematic overview of genomic editing using ZFN and TALEN
mutagenesis 189
Figure 5.2  Identification of potential CoDA ZFN target sites in the
zebrafish hax1 gene 192
Figure 5.3 Annotation of the ZiFiT FASTA sequence output for the left and
right ZFN subunits and ZFN primer design 193
Figure 5.4  An overview of the assembly of a ZFN pair targeting the hax1
gene 194
Figure 5.5  Addition of zinc fingers to the generic backbone 196

14



Figure 5.6  Verification of left and right ZFN subunit ZF domains by colony

PCR and Sanger sequencing 197
Figure 5.7  Verification of left and right hax1 ZFN subunit ZF domains by
colony PCR and Sanger sequencing 199
Figure 5.8  Preparation of hax1 targeting ZFN RNA 200
Fig. 5.9 In vitro transcription of hax1 targeting ZFN expression vector
201
Figure 5.10 LHax1ZFN and RHax1ZFN primer binding sites 203

Figure 5.11 Analysis of hax1 gDNA from embryos injected with hax1
encoding zebrafish RNA by colony PCR and Sanger sequencing 205
Figure 5.12 Preparation of the hax1l ZFN target sequence and analysis by

Roche Titanium 454 sequencing 206
Figure 5.13 Identification of haxl TALEN site using TALEN Targeter 2.0
210

Figure 5.14 LHax1TalRE and RHax1TalRE primer binding sites 212
Figure 5.15 hax1 exon 2 specific Golden Gate TALEN assembly 213
Figure 5.16 Assembly stage I: Analysis of diagnostic digests of hax1
specific TALEN constructs 215
Figure 5.17 Assembly stage II: Analysis of diagnostic digests and
linearisation of hax1 specific TALEN plasmids 217
Fig. 5.18 In vitro transcription of hax1 targeting left and right TALEN
subunit expression vectors 219
Figure 5.19 Identification of somatic mutations in Tg(mpx:GFP)i114
embryos injected with hax1 specific TALEN RNA 221
Figure 5.20 Schematic outline of zebrafish hax1 specific TALEN
mutagenesis 223
Figure 5.21 Identification of germline mutants (founders) by restriction
digest analysis 224
Figure 5.22 Genotyping of the F1 generation by BspHI restriction digest
and sequence analysis of TALEN induced germline transmitted mutations
226

15



Figure 5.23 Sequence analysis hax1 heterozygous F1 mutants 227
Figure 5.24 The effect of TALEN induced hax1 mutations on the putative
hax1 001 protein sequence 229
Figure 5.25 Analysis of F2 embryos generated from hax1 heterozygous
mutant incrosses using PCR and BspHI restriction digestion 231
Figure 5.26 The effect of the homozygous hax1 A1 mutation on PMN
number 233
Figure 5.27 The effect of the homozygous hax1 A2/ A4 mutation on PMN
number 235
Figure 5.28 The effect of hax1 MO microinjection in F2 hax1 A 2/ A4
mutants on total PMN number 236
Figure 5.29 The A2/ A4 mutation does not affect PMN number 239
Figure 5.30 The effect of haxl A2/ A4 homozygous mutations on PMN
chemotaxis 240
Figure 5.31 The effect of haxl A2/ A4 homozygous mutations on PMN

chemotaxis 241

16



List of Abbreviations

AlF- apoptosis inducing factor

ANOVA- analysis of variance

Apaf-1- apoptosis protease activating factor
APS- Ammonium persulfate

ARDS- acute respiratory distress syndrome
ATP-adenosine triphosphate

Bad- Bcl-2 associated agonist of cell death
BAL- bronchoalveolar lavage

Bak- Bcl-2 associated antagonist/killer

Bax- Bcl-2 associated x protein

Bid- BH3 interacting domain death agonist
Bik- Bcl-2-interacting killer

Bim- Bcl-2 like 11

Bcl-2- B cell ymphoma 2

Bcl-x- Bcl-2 associated x protein

BH domain- Bcl-2 homology domain

CHX- cyclohexamide

COPD- chronic obstructive pulmonary disease
CXCR- C-X-C chemokine receptor

DAMP- danger associated molecular pattern
DFP- diisopropyl fluorophosphate

DISC - death-inducing signalling complex
DMF- dimethylformamide

DMSO- dimethyl sulfoxide

DNA- deoxyribonucleic acid

dpf- days post fertilisation

EBNADS- Epstein-Barr virus nuclear antigen 5
EBNA-LP- Epstein-Barr virus nuclear antigen leader protein

EF1-a - elongation factor 1- a

17



FADD- Fas associated death domain

FCS- foetal calf serum

GAPDH- Glyceraldehyde 3-phosphate dehydrogenase
GCSF- granulocyte colony-stimulating growth factor
GFP- green fluorescent protein

GM-CSF- granulocyte-macrophage colony-stimulating factor
Grb7- growth factor receptor-bound protein 7

HAX1- HCLS-1 associated protein X1

HBSS- Hank’s buffered saline solution

HCLS-1- hematopoietic cell-specific Lyn substrate
HCV - Hepatitis C virus

HK- heat killed

hpf- hours post fertilisation

hpi- hours post injury

HRP- horseradish peroxidase

ICAM-1- intracellular adhesion molecule 1

IL- interleukin

IRF-interferon-regulatory factor

LPS- lipopolysaccharide

Mcl-1- myeloid cell leukemia sequence 1

MO- morpholino oligonucleotide

MPO- myeloperoxidase

MRNA- messenger ribonucleic acid

NADPH- nicotinamide adenine dinucleotide phosphate
NETs- neutrophil extracellular traps

NF-kB- nuclear factor kappa-light-chain-enhancer of activated B cells
NLR- nucleotide binding oligomerisation domain receptors
Omi- serine protease HtrA2

PAF- platelet activating factor

PAGE- polyacrylamide gel electrophoresis

PAMPs- pathogen-associated molecular patterns

18



Parl- presenilin- associated, rhomboid-like protein
PBMC- peripheral blood mononuclear cells

PBS- phosphate buffered saline

PCR- polymerase chain reaction

PECAM-1- Platelet Endothelial Cell Adhesion molecule 1
PI- protease inhibitor

PKD2- polycystic kidney disease protein 2

PMN- polymorphonuclear neutrophil/s

PMSF- phenylmethylsulfonyl fluoride

PPP- platelet poor plasma

PRP- platelet rich plasma

PRRs- pattern recognition receptors

PVDF- Polyvinylidene fluoride

RA- retinoic acid

ROS- reactive oxygen species

RT-room temperature

RT-PCR- reverse transcription PCR

SCN- severe congenital neutropenia

SDS- sodium dodecyl sulphate

SiRNA- short interfering RNA

STSP- staurosporine

TALEN- transcription activator-like effector nuclease
TEMED- Tetramethylethylenediamine

TGF-B- transforming growth factor 3)

TLR- Toll-like receptor

TNF- tumour necrosis factor

UTR- untranslated region

VDAC- voltage dependent anion channel

XIAP- X-linked inhibitor of apoptosis protein

ZFN- zinc finger nuclease

19



1 General introduction

1.1 Immunity

The mammalian immune system consists of various cell types and signalling
cascades essential in maintaining homeostasis and defence against
pathogenic microorganisms. The immune system can be arbitrarily divided
into two components, innate and adaptive immunity. The innate immune
system is the first line of defence against pathogens. It is primarily mediated
by the professional phagocytes polymorphonuclear neutrophils (PMN) and
macrophages (Silva 2010). These cells recognise microorganisms through a
limited number of pattern recognition receptors (PRRs), which are highly
conserved among species from plants to mammals (Takeuchi & Akira 2010).
This is in contrast to adaptive immunity, which utilises a large repertoire of
specific receptors found on B and T lymphocytes and is capable of
generating ‘immunological memory’ (Zinkernagel et al. 1996). An acquired
immunity response is highly specific and is mediated in the later phase of
infection. It is characterised by the clonal expansion of lymphocytes bearing

antigen-specific receptors.

1.2 Inflammation

1.2.1 Leukocyte recruitment

Inflammation and the clinical symptoms and signs of inflammatory disease
were first described by the Roman Cornelius Celsus, in the first century. The
four key signs of inflammation were defined as: redness, swelling, heat and
pain (Rather 1971). It was later established that an imbalance of these four
“cardinal signs” leads to the development of disease. In the second century
A.D., impaired function was identified as the fifth “cardinal sign” of
inflammation (Rather 1971). Robert Koch and Louis Pasteur later went on to

hypothesise that microorganisms are a major cause of an inflammatory
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response. It is now accepted that a controlled inflammatory response is

initiated as a host defence mechanism against pathogens.

1.2.2 Pattern recognition receptors

Inflammation is characterised by increased blood flow, vascular dilation,
capillary permeability and leukocyte recruitment to the site of infection or
injury. It is in part initiated by the tissue resident macrophages and mast cells
that act as sentinels and recognise highly conserved pathogen-associated
molecular patterns (PAMPs). This “pattern recognition” event occurs through
PRRs such as Toll-like receptors (TLRs) and nucleotide binding
oligomerisation domain receptors (NLRs), expressed by macrophages and
mast cells (Takeda et al. 2003; K. S. Kobayashi et al. 2005). TLRs are the
most well characterized PRRs and play a major role in the recognition of
both endogenous and exogenous stimuli (Takeda et al. 2003). They
recognise PAMP signals across Gram positive and negative bacteria and
viruses (Takeda et al. 2003).

PRRs can also recognise and bind to danger associated molecular patterns
(DAMPs) such as ATP (adenosine triphosphate) and mRNA (messenger
ribonucleic acid) released from damaged or stressed cells (Gallucci &
Matzinger 2001; Kariko et al. 2004). This enables the immune system to not
only distinguish between ‘self’ and ‘non-self’ but also between ‘healthy’ and
‘damaged self’. PRR ligation results in the activation of a signalling cascade,
which culminates in the activation of a number of transcription factors
including NF-kB (nuclear factor kappa-light-chain-enhancer of activated B
cells) and interferon-regulatory factor (IRF) (Baldwin Jr. 1996; Kawai & Akira
2007).

PRR signalling results in the production of numerous inflammatory factors
(Medzhitov 2008). These include chemokines, cytokines and pro-

inflammatory lipid mediators that can elicit local and systemic inflammatory
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responses, which highlights the role of PRRs in leukocyte recruitment.
Leukocytes are recruited to sites of infection and inflammation through
functional gradients of chemokines, which are cytokines with
chemoattractant function and in addition to leukocytes are also produced by
endothelial, stromal and epithelial cells (Kumar & Sharma 2010). This

process is known as chemotaxis.

Leukocyte recruitment from the circulation into tissues is essential for the
development and appropriate maintenance of an inflammatory response.
The type and length of the response are governed by the inflammatory
trigger (Medzhitov 2010). The fate of inflammation is regulated by
neutrophils, macrophages, mast cells and dendritic cells, which sense the
pro-inflammatory signals and in turn release inflammatory mediators to
regulate the duration and amplitude of the response. Neutrophils are among
the first leukocyte type to accumulate at the inflamed tissue (Nathan 2006).
During inflammation, these cells combine their anti-infectious role with a pro-
inflammatory role (Weiss 1989; Ward & Lentsch 1999).

1.3 PMN

PMN were first discovered by Elie Metchnikoff as migrating and
phagocytosing cells in starfish larvae in response to inserted rose thorns
(Cavaillon 2011). The cells are on average 10 pym in diameter and have a
characteristic lobulated-chromatin dense nucleus (Korchak et al. 1983). They
belong to a group of leukocytes known as granulocytes that are
characterized by the presence of granules in the cytoplasm. Based on the
histological properties of the granules, granulocytes can be divided into PMN,
eosinophils and basophils. PMN constitute 60 % of the circulating leukocyte
population in the blood (Smith 1994). They are produced in the bone marrow
and it is estimated that in the human, between 5 x 10%° and 10 x 10'° are

formed each day (Summers et al. 2010).
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1.3.1 PMN terminal differentiation

PMN production and differentiation from hematopoietic stem cells in the
bone marrow is modulated by two cytokines known as granulocyte colony-
stimulating growth factor (GCSF) and granulocyte-macrophage colony-
stimulating factor (GM-CSF) (Cannistra & Griffin 1988). The cells first appear
in the human marrow cavity at 10-11 weeks post-conception (Slayton et al.
1998) and mature to become terminally differentiated cells within 14 days
(Haylock et al. 1992). The majority of a PMN’s life is spent in the bone
marrow and under physiological conditions only 2 % of the cells are found in

the circulation (Semerad et al. 2002).

PMN terminal differentiation, termed granulopoiesis, begins during the
myeloblast and promyelocyte stages at which point proliferation is switched
to differentiation (Glasser & Fiederlein 1987). During the promyelocytic cell
stage, in addition to losing the ability to undergo cell division, the cells form
the first granules known as azurophilic granules. These granules are defined
by a high content of myeloperoxidase, defensins and proteases such as
PMN elastase (Borregaard et al. 1993; Pham 2006). Differentiation of
promyelocytic cells progresses into the development of myelocytes and
metamyelocytes (Glasser & Fiederlein 1987). During these states, nuclear
segmentation is initiated and the cells form secondary granules required for
respiratory burst and bactericidal activity (Borregaard & Cowland 1997).
Metamyelocytic cells differentiate into band PMN, which in turn go on to
become segmented neutrophils (Glasser & Fiederlein 1987). Segmented
PMN have segmented nuclei and form secretory and tertiary granules
characterised by a high content of enzymes such as gelatinase and
lysozyme (Borregaard & Cowland 1997). During stress and infection the rate
of PMN differentiation can increase by 10-fold (Cannistra & Griffin 1988).
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1.3.2 PMN migration to the site of infection/injury

PMN circulate in the blood in a relatively functionally quiescent state until
stimulated by an infection (Southgate et al. 2008). These cells exist in
numerous subpopulations in various states of activation ranging from the
inactive resting state to the fully activated state (Gallin 1984). Primed PMN
acquire a state of pre-activation and this enables them to produce a more

powerful response once fully activated.

PAMP binding induces sentinel cells to produce numerous pro-inflammatory
cytokines including interleukin-1B (IL-1B), tumour necrosis factor-a (TNF- a),
chemokines and other lipid mediators (Zeytun et al. 2010). These act to
rapidly recruit PMN to the inflammatory peripheral tissues. PMN
extravasation occurs in the postcapillary venules and pulmonary capillaries
(Downey et al. 1993). Their recruitment has been shown to involve both
selectin and integrin dependent mechanisms (Adams & Shaw 1994;
Springer 1994).

A multistep sequential adhesion cascade is initiated on contact of free-
flowing PMN to the activated vascular endothelium. It is thought that the
vasculature acts as a fast-track system for PMN whereby PMN approach the
injured or infected site as closely as possible within the blood vessel
(McDonald et al. 2010). During the first step of the PMN adhesion cascade
known as tethering, PMN become transiently adherent to the endothelium
(Springer 1994). Tethering results in rolling of PMN along the endothelium,
which involves PMN L-selectins and E- and P-selectins expressed on the
endothelial wall (Lawrence & Springer 1991; Lawrence & Springer 1993;
Phillips et al. 1995; Moore et al. 1995; McEver & Cummings 1997). During
the rolling step, PMN transmigration into the inflammatory site is promoted
through the production of chemoattractants such as platelet-activating factor
(PAF) and Interleukin-8 (IL-8) (Walz et al. 1987). These are immobilised on
the luminal surface of endothelial cells via glycosaminoglycans (Premack &

24



Schall 1996; Matsumoto et al. 1997). Chemoattractant production results in
the activation of PMN, which in turn leads to firm adhesion to the endothelial
cells. This occurs through PMN [2-integrins (Zimmerman et al. 1992). In
order to prevent cytotoxic damage to the host, PMN activation appropriately

occurs in regions proximal to the inflammatory site (Swain et al. 2002).

Following PMN activation, B2-integrins bind to their physiological ligand
Intercellular Adhesion Molecule 1 (ICAM-1) with enhanced affinities allowing
firm adhesion to occur (Sligh Jr. et al. 1993; Stewart & Hogg 1996). Once
PMN have firmly bound to the endothelium, numerous surface molecules
including Platelet Endothelial Cell Adhesion molecule 1 (PECAM-1), ICAM-1,
CD44 and CDA47 facilitate transmigration to the peripheral tissue (Diamond et
al. 1990; Muller et al. 1993). PMN movement across the endothelial cell
layer and basement membrane is also known as diapedesis and has been
shown to almost always occur through the endothelial cell borders (Sumagin
& Sarelius 2010; Woodfin et al. 2011).

Once into the interstitial tissue, PMN migrate to the site of injury or infection
along a gradient of immobilised chemoattractants and this process is known
as haptotaxis (Foxman et al. 1999). PMN sense the gradients through G-
protein-coupled-seven-transmembrane glycoprotein receptors and receptors
for the chemoattractant, C-X-C chemokines (Premack & Schall 1996;
Yokomizo et al. 1997). The ligation of these receptors to the
chemoattractants results in the activation of numerous signalling cascades
regulating PMN degranulation, reactive oxygen (ROS) production,
cytoskeletal organisation, cell adhesion and motility (Cox et al. 1997; Thelen
& Didichenko 1997; Nobes & Hall 1999).
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1.3.3 Therole of PMN in infection

The principal role of PMN is to destroy invading microorganisms at sites of
infection through binding and ingestion, a process known as phagocytosis,
and degranulation in areas where phagocytosis of pathogens is not possible
(Bellocchio et al. 2004; Lotz et al. 2004; Brinkmann et al. 2004). Granule
proteins and chromatin are also released by PMN that form extracellular
fibres known as neutrophil extracellular traps (NETs) (Brinkmann et al. 2004).
NETs bind Gram positive and Gram negative bacteria and prevent their
spreading while simultaneously ensuring a high exposure to anti-microbial
granule contents for destroying the pathogen. PMN antimicrobial activity is
caused primarily by the production of ROS and the antimicrobial and
hydrolytic proteins found in their granules (Spitznagel 1990; Quinn & Gauss
2004). Following PMN activation, oxygen consumption of the cell increases
dramatically and this process is termed the respiratory burst (Babior 1984). It
involves the enzymatic complex, nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase (DeLeo & Quinn 1996). This complex
generates superoxide anion (O%), which in turn can react with other
molecules to form ROS including hydrogen peroxide, which are critical in the
killing of ingested microorganisms (Babior 1984; Nathan 1987)). Proteins
such as myeloperoxidase present in PMN granules amplify the toxic effects
of the hydrogen peroxide through the generation of hypochlorous acid and
chloride anions (Klebanoff 1968).

In addition to their ability to phagocytose, PMN can also resolve infections
through the release of ROS and granules containing degradative enzymes
(Dransfield & Rossi 2004; El Kebir & Filep 2010). PMN responses to
infection can therefore result in considerable damage to host tissues
themselves (Melley et al. 2005). This means that PMN apoptosis has to be a
finely controlled process by extrinsic and intrinsic factors in order to maintain
a balance between PMN defence functions and safe clearance (Sauvill,
Whyllie, et al. 1989; Bianchi et al. 2006; Luo & Loison 2008).
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1.3.3.1 PMN granule content and action against pathogens

Human PMN are characterised by the existence of multiple granules varying
in morphology and size (Borregaard & Cowland 1997). Whilst some PMN
granules such as the azurophilic granule predominantly contain antimicrobial
and degradative enzymes that are released into the phagolysosome, others
are specifically destined for extracellular release (Cowland et al. 1995;
Lollike et al. 1995). Azurophilic granules contain numerous antibiotic proteins
including myeloperoxidase and serine proteases (Fouret et al. 1989). These
compartments are though to be mobilised upon phagocytosis of pathogens.
Furthermore, the contents of these granules result in the activation of
numerous cells including epithelial cells, macrophages and lymphocytes
(Owen & Campbell 1999).

Other PMN granules are myeloperoxidase negative and can be divided into
secondary and tertiary granules (Kjeldsen et al. 1992). These differ in their
secretory and content properties. Secondary granules are known as specific
granules and contain high levels of potent antimicrobial agents such as the
peptidoglycan cleaving protein lysozyme and lactoferrin, which binds to iron
and can also cause irreversible damage to bacterial cell membranes
resulting in cell lysis (Cramer et al. 1985; Lollike et al. 1995; Chapple et al.
1998). Conversely, tertiary granules are also known as gelatinase granules
as a result of comprising the highest content of gelatinase (a
metalloprotease) out of all of the different granule types (Kjeldsen et al.
1992). These granules contain numerous metalloproteases, stored in an
inactive form and capable of degrading structural and extracellular matrix
components upon proteolytic activation (Lazarus et al. 1968; Kjeldsen et al.
1992; Borregaard & Cowland 1997).

1.3.3.2 PMN apoptosis
Circulating PMN have a short life span, estimated to be between 8 and 20
hours (Savill, Henson, et al. 1989; Luo & Loison 2008). The short-half life of
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circulating PMN is a result of constitutive apoptosis, which is essential for the
resolution of inflammation and maintenance of homeostasis (Luo & Loison
2008). PMN that have been recruited to tissue where they are required to
resolve infection, live longer in order to maximise their immunologic potential
(1-4 days) (Elbim & Estaquier 2010).

Apoptosis is the major mechanism regulating PMN number, and the
mechanisms controlling apoptosis will be discussed in section 1.6 (Shi et al.
2001). PMN undergoing apoptosis are unresponsive to extracellular stimuli
and express signals that target the cells for recognition and phagocytosis by
scavenger receptors expressed by macrophages (Savill et al. 1990; Haslett
et al. 1994; Savill & Haslett 1995). Prolonged PMN lifespan can result in the
increased disease severity of numerous non-infectious inflammatory
diseases including chronic obstructive pulmonary disease (COPD), chronic
lung disease, rheumatoid arthritis and asthma (Kotecha et al. 2003; Pletz et
al. 2004; Filep & El Kebir 2009; Wong et al. 2009; Brown et al. 2009;
Moriceau et al. 2010; Baines et al. 2010). Concomitant with delayed
apoptosis, the prolonged production of pro-inflammatory mediators by tissue
neutrophils also contributes to the perpetuation of inflammation. In contrast,
accelerated PMN apoptosis can lead to a reduction in PMN number and may
prevent efficient responses to invading pathogens (Carlsson et al. 2004;
Klein et al. 2007). A precise balance between PMN defence properties and

safe clearance is therefore crucial for the maintenance of homeostasis.

The constitutive rates of apoptosis in PMN are tightly regulated compared to
other leukocyte types. It has been shown that PMN can undergo apoptosis
even in the absence of extracellular signals (Filep & EI Kebir 2009).
Apoptosis can also however, be accelerated by some cytokines and death
receptor ligand binding on the surface of the cells, although this is not
thought to be an important mechanism of PMN cell death (van Raam et al.

2006). Although it remains controversial, it is thought that the mitochondria of
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PMN play a crucial role in regulating the programmed cell death pathways in
these cells (Maianski et al. 2004). PMN survival can be extended by
inflammatory cytokines such as TNF-a, GM-CSF and LPS while
simultaneously preserving cellular function (Lee et al. 1993).

1.4 Inflammation resolution

The primary goal of an acute inflammatory response is elimination of
infectious agents with spontaneous resolution, in turn restoring homeostasis
and limiting excessive host tissue damage (Van Dyke & Kornman 2008).
Once the pathogen has been cleared, there is a progressive decrease in
PMN recruitment due to an increase in the secretion of anti-inflammatory
cytokines and a return of endothelial cells to their resting state. There is also
a switch in expression from anti-inflammatory to pro-resolution endogenous
lipid mediators such as protectins, lipoxins and maresins that act as “stop
signals” (Bannenberg & Serhan 2010). These inhibit PMN chemotaxis,
adhesion and transmigration (Diamond et al. 1999; Bannenberg & Serhan
2010).

The induction of PMN apoptosis plays a key role in inflammation resolution.
It has been shown that following phagocytosis of bacteria, PMN apoptosis is,
in some cases, significantly accelerated (Kobayashi et al. 2003). Apoptosis
results in impaired PMN functional capacity causing reduced chemotaxis,
phagocytosis, degranulation and respiratory burst, therefore limiting further
inflammation (Whyte, Meagher, et al. 1993; S. D. Kobayashi et al. 2005).
The subsequent ingestion of PMN by macrophages (efferocytosis) is the
major mechanism for PMN clearance at the site of inflammation (Savill &
Haslett 1995; Savill 1997). Apoptotic PMN express phosphotidylserine on
their cell surface, which triggers their recognition and phagocytosis by
macrophages (Savill et al. 1993; Homburg et al. 1995). In human and mice,

removal of PMN also occurs in the bone marrow, spleen and in the liver, in
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Kupffer cells (Savill, Wyllie, et al. 1989; Savill et al. 2002; Furze & Rankin
2008).

Efferocytosis is critical in inflammation resolution not only by removing the
source of the inflammation but also by a phenotypic switch to a pro-
resolution phenotype consistent with inflammation resolution and tissue
repair (Fadok et al. 1998). For example, the production of pro-inflammatory
cytokines such as GM-CSF, IL-183, IL-8 and leukotriene C4 is inhibited in the
phagocytosing macrophages and anti-inflammatory genes such as TGF-
(transforming growth factor ) and PAF are expressed (Fadok et al. 1998;
Gerber & Mosser 2001). Although it has been shown in mice that Fas ligand
(FasL)/Fas death receptor mediated apoptosis is not essential for regulating
PMN lifespan during an acute inflammatory response (Fecho & Cohen 1998),
macrophages can trigger PMN apoptosis by expressing FasL on their
surface and releasing soluble FasL, which binds to the Fas receptor on PMN
(Brown & Savill 1999). This however is not thought to be an important
mechanism of PMN death but may be considered as an anti-inflammatory

response (Renshaw et al. 2000).

Emerging evidence exists for a new route of inflammation resolution. This
involves a mechanism known as retrograde chemotaxis or reverse migration.
The use of the zebrafish tissue injury model has shown that during this
process, PMN migrate away from the wound or infection site and back into
the vasculature (Mathias et al. 2006). PMN velocity and directionality were
shown to be the same to and from the wound highlighting that the reverse
migration is an active process and not due to random mobility. Elks et al.
were later able to show that a delay in reverse migration contributes to
delayed inflammation resolution in response to hypoxia, previously thought
to result only from reduced PMN apoptosis (Elks et al. 2011). Evidence for
the existence of retrograde chemotaxis in humans has been generated by

Buckley et al., who have shown that about 0.25 % of PMN from healthy
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donors and 1-2 % of PMN in patients with systemic inflammation exhibited a
reverse transmigration PMN phenotype as determined by a distinct profile of

cell-surface receptors generated from in vitro data (Buckley et al. 2006).

1.5 PMN in disease

1.5.1 Inflammatory disease

PMN form part of the first line of defence against invading pathogens and as
such do not have the ability to differentiate between ‘self’ and ‘non-self’.
Their non-specificity and powerful toxic defences can therefore cause
considerable damage to the surrounding normal tissue. Persistence of PMN
can result in increased damage to the host tissue and impair the wound
healing. Delayed PMN apoptosis has been shown to result in exacerbated
and prolonged inflammation (Gilroy et al. 2004). This can have severe

pathological consequences.

Delayed PMN apoptosis has been identified as a component of many
diseases. The inappropriate suppression of apoptosis has been shown to
correlate with the disease severity and outcome. In patients with acute
respiratory distress syndrome (ARDS), reduced PMN apoptosis is thought to
be mediated by enhanced GM-CSF production (Matute-Bello et al. 1997).
This is also the mechanism implicated in supressing PMN apoptosis in
sepsis and acute coronary artery disease. Persistent pulmonary neutrophilia,
as detected in bronchoalveolar lavage (BAL) fluid from neonates with
respiratory distress syndrome, has been shown to be associated with the
development of chronic lung disease in adolescence (Kotecha et al. 2003).

COPD is one of the leading causes of death in the world. The main
causative factor is cigarette smoke (Franklin et al. 1956). The disease is
characterised by persistent local and systemic inflammation, which result in

impaired lung function and ultimately lung failure. The PMN is the most
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abundant cell type situated in the bronchial wall and lumen of COPD patients
(Martin et al. 1985; Pesci et al. 1998). There are also enhanced levels of
primed circulating PMN (Koenderman et al. 2000; Oudijk et al. 2006).
Although the mechanisms underpinning dysregulated neutrophil function in
COPD patients are not fully know, a reported delay in PMN apoptosis in
COPD patients may be due to enhanced activation of NF-kB (Brown et al.
2009).

Supressed PMN apoptosis is also known to play a role in the destruction of
cartilage and bone in rheumatoid arthritis (Mohr et al. 1981). This occurs in
the synovial fluid of rheumatoid arthritis patients where PMN are the most
abundant inflammatory cells, along with higher levels of lactoferrin, an iron
chelating glycoprotein present in the secondary granules of PMN (Furmanski
& Li 1990; Wong et al. 2009). It was later shown that lactoferrin itself acts as
a PMN survival factor in rheumatoid arthritis and may be responsible for the
extended PMN survival in the rheumatoid joint (Wong et al. 2009).

1.5.2 Accelerated PMN apoptosis

Transient increase in PMN survival during infection is essential for the
optimal elimination of pathogens. Accelerated PMN death therefore, can
result in impaired anti-microbial function and recurrent infections. Severe
congenital neutropenia is a type of immunodeficiency characterised by
severe neutropenia with absolute PMN counts below 0.5 x 10°%/1 (Haddy et al.
1999). The disease is associated with recurrent systemic bacterial infections
due to an insufficient number of circulating PMN. These disorders result
mostly from genetic defects in genes such as PMN elastase (ELA2), growth
factor independent transcription repressor (GFI1), glucose-6-phosphatase 3
(G6PC3) and HCLS-(hematopoietic cell-specific Lyn substrate 1) associated
protein X1 (HAX1) (Klein et al. 2007; Boztug et al. 2009; Boztug & Klein
2011). Some pathogens can also shorten PMN lifespan through their ability

to accelerate PMN apoptosis in order to impair PMN-mediated defences
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(Colamussi et al. 1999; Allen et al. 2005; Elbim et al. 2009). For example,
the cystic fibrosis pathogen Pseudomonas aeruginosa produces pyocyanin,
which attenuates recruitment into the lung by causing increased PMN
apoptosis and resulting in persistent colonisation (Allen et al. 2005).

1.6 Molecular mechanisms of apoptosis

The term ‘apoptosis’ was first coined by Kerr et al. to described active,
inherent programmed cell death as an essential mechanism for tissue
homeostasis and as a distinct process from necrotic cell death (Kerr et al.
1972). Apoptosis occurs in two distinct stages. In the first stage the nucleus
and the cytoplasm condense leading to cell fragmentation, but with plasma
membranes still preserved. During this phase chromatin condensation and
nuclear fragmentation occur. These morphological changes define apoptosis
(Kroemer et al. 2005). In the second stage, the apoptotic bodies formed are
rapidly engulfed by resident phagocytic cells preventing the release of
cellular contents into the surrounding area and without affecting the tissue
function and architecture. The activation of precursor caspases is required
for the manifestation of apoptotic features in both the intrinsic and extrinsic
pathways (Fuentes-Prior & Salvesen 2004). Caspases are cysteine
proteases that cleave after an aspartate residue (Yuan et al. 1993).

1.6.1 The extrinsic Apoptotic pathway

The extrinsic cell death pathway is initiated by extracellular signals and
involves death receptor-mediated interactions (Locksley et al. 2001).
Members of the tumour necrosis factor (TNF) cytokine family such as TNF-a
and FasL can bind to their receptors on the PMN and induce apoptosis (Liles
et al. 1996). Trimeric ligand binding to the transmembrane death receptors
recruits adaptor proteins and engages signal transduction via cytoplasmic
‘death domains’ (Ashkenazi & Dixit 1998; Lavrik et al. 2003). For example,

FasL and TNF- a binding to their corresponding receptors results in the
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recruitment of adaptor proteins including Fas associated death domain
(FADD) adaptor protein, which in turn associates with procaspase-8
(Kischkel et al. 1995). The protein complex formed is known as the death-
inducing signalling complex (DISC). It results in the activation of caspase-8,
which in turn cleaves caspase-3 which then go on to cleave hundreds of
substrates in the cell including a DNAse, which degrades chromatin (Scaffidi
et al. 1998)

1.6.2 Intrinsic (mitochondrial) apoptotic pathway

In most vertebrate cells, programmed cell death occurs through the intrinsic,
or mitochondrial, pathway of apoptosis (Green & Kroemer 2004). During
various forms of intracellular stress such as DNA damage, cytokine
deprivation and viral infection the outer mitochondrial membrane becomes
permeabilised (Hakem et al. 1998; Adams 2003). This results in the release
of the mobile electron transporter cytochrome c (cyt c) into the cytoplasm
and recruitment of the initiator caspase-9 via Apaf-1 (apoptosis protease
activating factor) (Liu et al. 1996; Susin et al. 1996; Zou et al. 1997). This in
turn leads to the formation of the apoptosome, a macromolecular complex in
which precursor caspase-9 is activated due to allosteric change and
dimerization. Once caspase-9 is activated, it cleaves executioner caspase-3
and -7 and in turn triggers the execution phase of apoptosis (Adams 2003).

Whether PMN contain fully functioning mitochondria is subject to controversy
(Borregaard & Herlin 1982; Fossati et al. 2003). However, studies have
shown that tubular networks, which form mitochondria, although limited in
number, can be visualized in PMN (Bainton et al. 1971; Maianski et al. 2002;
Fossati et al. 2003). Mitochondria of human PMN are unique in that they are
thought to mainly play a role in apoptosis and are not involved in generating
energy for the cell in the form of ATP (Maianski et al. 2004). Mitochondria
also control apoptosis by acting as sensors of endogenous factors such as

intracellular ions Ca?* and K* (van Raam et al. 2006; Giacomello et al. 2007).
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Loss of mitochondrial membrane potential has been identified as an early
marker of apoptosis (Fossati et al. 2003) and indeed maintenance of the
mitochondrial membrane potential is essential in delaying apoptosis during
infection (Taneja et al. 2004).

1.6.3 The regulation of the mitochondrial apoptotic pathway by the
Bcl-2 protein family

Apoptosis of PMN and other cell types is controlled by a balance between
pro- and anti-apoptotic members of the Bcl-2 (B cell lymphoma 2) family.
These proteins regulate the integrity of the mitochondrial membrane (Adams
& Cory 1998). By definition, each member of the Bcl-2 family contains at
least one BH domain (Bcl-2 homology) out of four (BH1-4) (Zha et al. 1996).
The formation of homo- and hetero-dimers between Bcl-2 family members is
crucial for the fine control of the programmed cell death pathway (Zha et al.
1996; Adams & Cory 1998). The regulation of apoptosis by these proteins is
complex and not well understood. There are two main subfamilies of Bcl-2
proteins: pro-apoptotic and anti-apoptotic proteins which although share BH
domain sequences, are structurally and functionally distinct (Adams & Cory
1998).

1.6.3.1 Pro-apoptotic proteins

These Bcl-2 proteins promote apoptosis by using their BH3 domain to bind
to anti-apoptotic proteins and inhibit their effects (Zha et al. 1996; Adams &
Cory 1998). The first pro-apoptotic Bcl-2 protein member to be identified was
alternatively spliced Bax (Bcl-2 associated x protein), which exists in a single
membrane and two cytosolic forms (Oltvai et al. 1993). Bax was shown to
bind to Bcl-2 and act as an antagonist of the protein. In an IL-3 (Interleukin 3)
cytokine dependent cell line, overexpression of Bax was shown to result in
accelerated apoptosis (Oltvai et al. 1993). Conversely, mice deficient in pro-

apoptotic Bax and Bak (Bcl-2 associated antagonist/killer) were shown to be
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unable to induce apoptosis when exposed to cell death stimuli and therefore
are essential for this process to occur (Wei et al. 2001). These findings
highlighted the requirement for the balance between pro- and anti- apoptotic
Bcl-2 protein members in the control of cell fate.

Pro-apoptotic proteins act by utilising their BH3 a-helical region in order to
bind into a cleft formed by the BH1, BH2 and BH3 domains of anti-apoptotic
proteins (Zha et al. 1996; Adams & Cory 1998). The BH3 domain is essential
for the pro-apoptotic function of the Bcl-2 family (Zha et al. 1996; Adams &
Cory 1998). The proteins have been shown to function by causing the
release of pro-death factors such as cyt ¢ and Apaf-1 into the cytoplasm
(Shimizu et al. 1999; Wei et al. 2000).

The BH3 only protein Bad (Bcl-2 associated agonist of cell death) is the
dominant transcript in PMN but other pro-apoptotic proteins Bax, Bak and
Bik (Bcl-2-interacting killer) have also been shown to be expressed
(Moulding et al. 2001). A study on mice deficient in Bim (Bcl-2 like 11)
demonstrated that granulocyte numbers were increased several fold as a
result of extended cell survival in comparison to control mice (Bouillet et al.
1999). The pro-apoptotic Bcl-2 family members in PMN have been shown to
be extremely stable with long half-lives emphasising the ability of PMN to

rapidly undergo apoptosis (Moulding et al. 2001).

1.6.3.2 Anti-apoptotic proteins

The Bcl-2 anti-apoptotic proteins are essential for cell survival and bind to
pro-apoptotic Bcl-2 members to inhibit their function (Adams & Cory 1998).
These pro-survival proteins inhibit the release of pro-apoptotic factors such
as cyt ¢ and Apaf-1 from the mitochondria into the cytosol in order to prevent
programmed cell death (Susin et al. 1996; Yang et al. 1997; Kluck et al.
1997). Although they have been shown to be functionally redundant as the

overexpression of any of the members protects cells from apoptosis, genetic
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studies have revealed the differential expression of the proteins in different
cell types (Susin et al. 1996; Adams 2003).

The pro-survival Bcl-2 proteins utilise the BH1 and BH2 domains to bind pro-
apoptotic Bcl-2 members (Yin et al. 1994). These domains are essential for
their function and are also used in homodimerisation with a BH4 domain on
the second molecule (Zha et al. 1996). It has been proposed that anti-
apoptotic proteins also regulate the voltage dependent anion channel
(VDAC) that in turn modulates mitochondrial membrane potential and the

release of cyt ¢ from the mitochondria (Shimizu et al. 1999).

The Bcl-2 protein was the first member to be identified in a t(14:18)
chromosomal translocation where its overexpression in humans causes
follicular lymphomas (Tsujimoto & Croce 1986). The protein is essential for
the survival of mature lymphocytes (Veis et al. 1993; Hamasaki et al. 1998).
The pro-survival proteins Bcl-x (Bcl-2 associated x protein) and Mcl-1 are
both indispensable in embryonic development since mice deficient in Mcl-1
fail to implant whereas Bcl-x deficiency in mice results in an embryonic lethal
phenotype (Motoyama et al. 1995; Rinkenberger et al. 2000). Conversely,
the Al protein is required for PMN survival (Veis et al. 1993; Hamasaki et al.
1998).

PMN express three anti-apoptotic proteins Mcl-1, A1 and Bcl-x but unlike
other cell types they do not express Bcl-2 (Rinkenberger et al. 2000;
Moulding et al. 2001). Mcl-1 and Al are thought to be regulated at the
protein stability level and have been shown to undergo rapid turnover in
PMN (Moulding et al. 2001). Mcl-1 is the key anti-apoptotic protein in PMN
with high levels of expression shown in freshly isolated PMN (Derouet et al.
2004). Its levels inversely correlate with the number of apoptotic PMN
(Moulding et al. 1998). The more recently identified pro-survival protein,

HAX1, has been shown to have weak homology to the anti-apoptotic Bcl-2
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proteins (Suzuki et al. 1997). Its structure and function will be discussed in

the following paragraphs.

1.7 HCLS-1 associated protein X1 (HAX1)

HAX1 was first identified as a novel 35 kDa protein interacting with HS1
(hematopoietic cell-specific Lyn substrate) in B lymphocytes (Suzuki et al.
1997). HS1 is a substrate of Src tyrosine kinases and is specifically
expressed in cells of hematopoietic lineage. HAX1 binding to the amino
terminal of the HS1 protein was thought to implicate HAX1 in B lymphoma
cell signal transduction. Since its identification, it has been established that
the HAX1 gene is ubiquitously expressed in human and murine tissues and
the protein is primarily localized in the mitochondria and to a lesser extent in
the endoplasmic reticulum and nuclear envelope (Suzuki et al. 1997; Hippe
et al. 2006).

Importantly, autosomal recessive mutations of the HAX1 gene resulting in
HAX1 deficiency cause Kostmann disease (severe congenital neutropenia),
a condition characterized by impairment of myeloid differentiation and a lack
of circulating PMN in the blood (Klein et al. 2007). This finding provides
strong evidence for the function of HAX1 as a key modulator of myeloid cell
survival and homeostasis. Therefore, further study into the role of HAX1

protein could enhance our understanding of this field.

1.7.1 HAX1 genetic organization, transcription and conservation

The human genome contains two HAX1 genes (Lees et al. 2008). The first is
located on chromosome 1 (1921.3) within the epidermal differentiation
complex and the second is a processed pseudogene found on chromosome
X (Xg28). The HAX1 gene on chromosome 1 contains seven exons in total
and has been shown to give rise to eight studied transcript variants through
alternative splicing and intron retention (Lees et al. 2008). Most of the
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alternative splicing in humans results from an internal splice site in exon 2,
which generates transcripts without various regions of the exon. Lees et al.
show that the mRNA sequence for HAX1 006 contradicts a previously
published sequence for the same isoform (Lees et al. 2008). This does not
necessarily mean that one of the sequences is incorrect. It is likely that there
are other HAX1 isoforms, which are yet to be identified. Lees et al. who
identified additional PCR products resulting from the retention of the introns
also support this notion.

At least six of the isoforms out of the eight are transcribed in any one
particular tissue with no significant differences in the patterns of expression
between different cell types. Transcripts of HAX1 001, HAX1 003, HAX1
005, HAX1 006 and HAX1 008 were shown to be expressed in all cell types
whereas the rest of the isoforms HAX1 002, HAX1 004 and HAX1 007 are
only expressed in certain cell types. The existence of these isoforms adds a
level of regulation to HAX1 expression and also may account for the many
different roles of HAX1, which is to be expected for a protein with numerous

cellular functions.

The HAX1 gene is highly conserved between human, mouse, rat,
chimpanzee and macaque highlighting its essential function in the cells of
these organisms (Jeyaraju et al. 2009). Similar sequences have also been
found in the zebrafish, Danio rerio. The mouse Haxl cDNA shares 86 %
identity with the human HAX1 cDNA (Hippe et al. 2006). However, there are
two Hax1l genes in the mouse genome and they encode only three distinct
variants of Haxl. Seven alternatively spliced Haxl variants have been
identified in the rat up to date with similar splicing to that of the human gene
(Grzybowska et al. 2006). Elevated levels of Hax1 mRNA are seen in the
liver, kidney and testis of mice and in the testis of rat (Grzybowska et al.
2006; Hippe et al. 2006). However in the human, mRNA levels are the
highest in skeletal muscle (Lees et al. 2008).
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HAX1 Predicted Expression and roles
Isoform protein
size
>Ubiquitously expressed
001 31.6kDa >Mutations in the 5’ region of exon 2
result in neutropenia only
002 Expressed in PBMCs, oral
28.6 kDa keratinocytes and some fibroblasts
003 Ubiquitously expressed
14.2 kDa
004 >Expressed in fibroblasts, oral
26.1 kDa keratinocytes and some PBMCs
>Mutations in the 3’ region of exon 2
result in neutropenia and neurological
and neuropsychological abnormalities
005 32.4 kDa Ubiquitously expressed
006 >Expressed in fibroblasts, PBMCs
21.8 kDa and some oral keratinocytes
>Expressed in cell lines: breast
carcinoma, colon adenocarcinoma
and melanoma cell lines
007 Expressed in PBMCs, oral
10 kDa keratinocytes and some fibroblasts
008 Ubiquitously expressed
7.5 kDa
Table 1.1  Difference in the expression and mutation of HAX1

isoforms in human (Information extracted from Lees et al. 2008).
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1.7.2 Molecular and physiological roles of HAX1 protein

1.7.2.1 Domain structure, function and cellular localisation

The human HAX1 gene was first isolated from a B lymphoma cDNA library
and cloned into yeast cells for use in a yeast two-hybrid system identifying
the binding partners of hematopoietic lineage cell-specific protein 1 (HS1)
(Suzuki et al. 1997). Suzuki et al described HAX1 as a hydrophilic protein
with no significant homology to any other proteins. Fig. 1.1 shows the HAX1

putative domain organisation and some of its binding partners.

Some similarity was shown to Nip3, a protein, which interacts with
adenovirus EIB 19-kDa protein and Bcl-2(Suzuki et al. 1997). A putative
PEST sequence (aa 104-117) was also identified, which indicates that the
protein can be rapidly degraded in a regulated manner. It was proposed that
HAX1 contains two BH domains, BH1 (aa 37-56) and BH2 (aa 74-89) and a
putative hydrophobic transmembrane domain (aa 261-271) at the C-terminus
(Suzuki et al. 1997). Another feature of HAX1 is an acid box (amino acids
30-41) with unknown function, identified by analogy with the fibroblast growth

factor receptor (Lees et al. 2008).

Although the existence of the BH domains is supported by some recent
studies, contradictory reports have demonstrated that the proposed BH
domains are not recognised even when using relaxed thresholds in
conserved protein domain searches (Chao et al. 2008; Jeyaraju et al. 2009;
Fadeel & Grzybowska 2009). In addition to this, the predicted secondary
structures for these regions are highly disordered in HAX1 whereas the bona
fide BH domains are well structured with hairpin motifs formed by
hydrophobic a-helices (Jeyaraju et al. 2009). Furthermore, the putative BH
domains of the HAX1 sequence are poorly conserved in mammals and no
conservation of the sequence is found in distantly related species (Jeyaraju
et al. 2009).
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Figure 1.1 Domain structure organization of human HAX1 and sites of interaction with other proteins

The dominant human HAX1 isoform is composed of 297 amino acids (Suzuki et al. 1997). The locations of the two putative BH
domains (BH1 and BH2), PEST sequence, putative transmembrane domain (TM) and acid-box are shown. Sites of interactions
between HAX1 and other proteins identified to date are indicated. Caspase-3 and Granzyme-B cleavage sites on HAX1 are
also indicated by the thick black arrows. Most of the interactions of HAX1 with other proteins occur at the C-terminus of the
protein. The schematic figure draws information from numerous studies on the interactions and cleavage of HAX1 referenced

throughout the text.
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There is also some controversy as to whether HAX1 is an integral
mitochondrial membrane protein or a peripherally associated one. Chao et al
reported that HAX1 is localised on the inner and outer mitochondrial
membrane with the protein exposed to the intermembrane space (Chao et
al. 2008). However, other researchers disagree and have emphasised that
the putative transmembrane domain does not contain enough hydrophobic
amino acids in order to span the lipid bilayers (Jeyaraju et al. 2009; Fadeel &
Grzybowska 2009). A long stretch of a minimum of 20 mostly hydrophobic
residues is required to form an a-helix which is capable of spanning the lipid
bilayers and no such region is found anywhere in the HAX1 sequence.
Although HAX1 is selectively concentrated at the mitochondria, it has been
shown that some HAX1 has also been detected in the nuclear envelope,
sarcoplasmic and endoplasmic reticulum in different cell types of human and
mouse models (Suzuki et al. 1997; Gallagher et al. 2000; Hippe et al. 2006;
Zhao et al. 2009). This differential localisation is likely to reflect the different
roles and binding partners of HAX1 in different cell types.
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1.7.2.2 HAX1 putative binding sites for RNA

Regulated RNA metabolism is maintained through multiple specific and

non-specific protein-RNA interactions. In vitro as well as in vivo studies in
yeast, rat and HelLa cells have revealed that HAX1 binds to mRNA (Al-
Maghrebi et al. 2002; Sarnowska et al. 2007). So far only two HAX1
binding targets have been identified. The first is a stem loop structure in
the highly conserved 3’ untranslated region (UTR) of the cytoskeletal
protein vimentin involved in cell migration (Al-Maghrebi et al. 2002). The
second HAX1 target was shown to be an evolutionary conserved hairpin
motif at the UTR region of the mRNA encoding for DNA polymerase f3
(Sarnowska et al. 2007). HAX1 binding regions on DNA polymerase f3
and vimentin mRNA are not evolutionarily conserved and the protein
products of their mRNAs are functionally and structurally distinct (Al-
Maghrebi et al. 2002; Fadeel & Grzybowska 2009). It can therefore be
speculated that HAX1 binding and regulation is different for each mRNA
and that there may be many other HAX1 mRNA binding targets in the
cell.

1.7.2.3 Requlation of cell migration by HAX1

Over the past few years, a humber of studies have generated evidence
linking HAX1 function to cell motility. Gallagher et al reported that HAX1
interacts with polycystic kidney disease protein 2 (PKD2) and showed
that HAX1 co-localizes with this protein in the cell body as well as cellular
processes and lamellipodia (Gallagher et al. 2000). In the same study, a
link between PKD2 and the cytoskeleton was established by the finding
that HAX1 interacts with cortactin, an HS1 protein family member and an
F-actin associated protein expressed in most tissues except for lymphoid
cells (Suzuki et al. 1997; Gallagher et al. 2000). In a second study, it was
shown that HAX1 interacts with Gaais, the a-subunit of the heterotrimeric
G protein 13 involved in stimulating cell migration (Radhika et al. 2004).
HAX1 forms a quaternary complex with Gais, Rac and cortactin where
HAX1 is predicted to sequester Gois from cell adhesion signalling
pathways and tethering it to the cytoskeleton (Radhika et al. 2004). A
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third study investigating the HAX1 involvement in cell migration reported
HAX1 binding to the Bs cytoplasmic tail of the integrin avBs, which
regulates clathrin-mediated endocytosis of this integrin (Ramsay et al.
2007). Silencing of HAX1 with short interfering RNAs led to reduced Gaas-
and avBs- mediated cell migration in Ga13 expressing NIH3T3 cells and in
oral squamous cell carcinoma cell lines, respectively (Radhika et al.
2004; Ramsay et al. 2007).

Phosphorylated growth factor receptor-bound protein 7 (Grb7), a cell
migration protein has also been reported to interact with HAX1 in
mammalian cells (Siamakpour-Reihani et al. 2010). Grb7 is an adaptor
protein involved in cell migration and although it is known that it mediates
signal transduction through a focal adhesion kinase pathway, its specific
downstream binding partners are unknown. Overexpression of Grb7 has
been shown to result in increased cell migration and the development of
metastases (Tanaka et al. 1998). HAX1 also binds to the cytoskeletal
protein Pelota (PELO), which is involved in cytoskeleton organization, cell
growth and spreading (Burnicka-Turek et al. 2010). Cell migration is
important in both the movement of PMN during inflammation and in
metastatic cancers. HAX1 has been shown to be upregulated in a
number of cancers (Ramsay et al. 2007). The above-mentioned studies in
addition to the evidence for the HAX1/vimentin mRNA interaction provide
a connection between HAX1 protein and signalling pathways of cell
migration, however these studies do not present any mechanisms of
specific HAX1 action and no such interactions have been described for
PMN. Further study in this area may shed new light into how these

mechanisms work.

1.7.2.4 Interactions with viral proteins

Viral protein function and their use to hijack and manipulate host cell
proteins are slowly being revealed. Viruses utilise any means possible to
manipulate host cell regulatory pathways in their favour. Studies into

HAX1 interactions with virus-encoded proteins provide data on binding of
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proteins from four different viruses. The first two viral proteins to be
identified as HAX1 binding partners were EBNA-LP (Epstein-Barr virus
nuclear antigen leader protein) and EBNA5 (Epstein-Barr virus nuclear
antigen 5) (Kawaguchi et al. 2000; Dufva et al. 2001). Both of these
proteins had previously been thought of as nuclear proteins involved in B-
cell immortalization but the interaction with HAX1 suggested a function for
these proteins in the cytoplasm. K15 protein of Kaposi’'s sarcoma-
associated herpes virus or herpes virus 8 is another protein shown to
bind to HAX1 (Sharp et al. 2002). Infection of HeLa cells with K15 did not
have any effects on the HAX1 blocking of Bax-induced apoptosis
indicating that HAX1 may act in a Bax-independent fashion. Human
immunodeficiency virus (HIV) type 1 viral protein R (Vpr) has also been
reported to bind to HAX1 and dislocate it from the mitochondrial
membrane, resulting in membrane permeability and apoptosis. HAX1
also binds to a second HIV protein, Rev, delocalising the viral protein
from the nucleus into the cytoplasm (Modem & Reddy 2008). HAX1
overexpression was shown to unexpectedly inhibit Rev function by

preventing RNA binding.

The last protein identified so far to bind to HAX1 is the Hepatitis C virus
(HCV) core protein (Banerjee et al. 2009). In the same study, HAX1
presence was shown to increase tumour suppressor gene p53
expression upon anticancer drug treatment of HepG2 cells. It is unknown
why or how this occurs but it suggests a further link for HAX1 to cell cycle

check points.

Many pathogens hijack and modulate host cell apoptosis pathways to
their own benefit. The virus-encoded proteins known to bind to HAX1 in
vitro as well as in vivo are mostly involved in suppressing apoptosis in
order for efficient viral replication to occur. It may therefore be reasonable
to assume that these proteins utilize HAX1 as a strategy of ambushing
the apoptotic machinery. However, a direct biological significance of

HAX1 interactions with the virus-encoded proteins is yet to be revealed.

46



1.7.2.5 HAX1 involvement in cell fate

The weak homology and similar cellular distribution of HAX1 to Bcl-2
proteins led Suzuki et al to hypothesize that HAX1 plays a role in
promoting cell survival by interacting with proteins distributed in the
mitochondria region (Suzuki et al. 1997). Their preliminary data showed
that overexpressed HAX1 protected the T-lymphoma cell line, Jurkat from
apoptosis in response to apoptosis inducing stimuli. Subsequent studies
have supported this hypothesis (Sharp et al. 2002; Li et al. 2009; Jitkaew
et al. 2009). Consistent with these findings, HAX1 silencing by siRNA
caused human melanoma A375 cells to undergo apoptosis (Li et al.
2009). HAX1 knockout mutations in mice are lethal, with failure of mice to
survive longer than 14 post-natal weeks (Chao et al. 2008). This is
because of a failure to eat or drink due to loss of motor coordination and
activity. In addition, extensive apoptosis of neurons and lymphocytes

occurs.

HAX1 downregulation occurs in response to apoptosis signals and it is
thought to trigger the induction of caspase-dependent apoptosis in
immortalised human B cell lines (Jitkaew et al. 2009). HAX1
overexpression was also shown to reduce Bax-mediated apoptosis to
background levels in HelLa cells (Sharp et al. 2002). HAX1
overexpression has been reported in several tumours including in breast
cancer, lung cancer and melanoma (Trebinska et al. 2010). These
findings support a role for HAX1 in the inhibition of apoptosis and the

involvement of this protein in carcinogenesis.

1.7.2.6 Interactions with factors involved in the apoptotic pathway

As described earlier in the text, loss of mitochondrial membrane potential
leads to the release of protein factors such as cyt ¢ and the serine
protease HtrA2 (Omi) from the intermembrane space into the cytosol.
This results in the activation of caspase-9, which in turn activates
caspase-3. HAX1 has been shown to interact with Omi, a mitochondrial

serine protease that translocates to the cytosol and cleaves inhibitor of
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apoptosis proteins (Verhagen et al. 2002), caspase-9 and caspase-3
(Cilenti et al. 2004; Han et al. 2006; Chao et al. 2008). In vitro and in vivo
studies have shown that HAX1 is also a target of Omi (Cilenti et al. 2004).
The degradation of HAX1 occurs early in the apoptotic process, while
Omi is still localized to the mitochondria (Cilenti et al. 2004). However,

detailed information on the HAX1 cleavage products is not provided.

In a subsequent study, inhibition of apoptosis in lymphocytes was shown
to require interactions of HAX1 with the mitochondrial proteases Parl
(presenilin- associated, rhomboid-like) and Omi (Chao et al. 2008). The
authors of this study proposed a model in which HAX1 binding to Parl led
to the presentation and cleavage of Omi by Parl. Mature Omi prevents
the accumulation of pro-apoptotic Bax. It was suggested that reduced
levels of processed Omi in HAX1 knockout mice and the similarity of the
phenotypes of HAX1 and Omi deficient mice provide some proof for this
mechanism (Jones et al. 2003). However, an article by Jeyaraju et al
claims that the interaction of HAX1 to Parl is an in vitro artefact (Jeyaraju
et al. 2009). The authors also argue that the two proteins are confined to
distinct cellular compartments and that Parl does not require presentation
of proteins by HAX1. In support of this, HAX1 deficiency does not
completely abolish the expression of mature Omi (Chao et al. 2008). The
proposed actions of HAX1 implicated in the regulation of programmed cell

death are illustrated in Fig. 1.2.
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Figure 1.2 HAX1 involvement in the apoptotic pathway

A simplified diagram of the mitochondrial apoptotic pathway and the role
of HAX1 in this process. HAX1 binds to and is cleaved by factors involved
in apoptotic signalling. It binds to pro-survival proteins enhancing their
activity and preventing the activation of the caspases. Intracellular stress
leads to the inhibition of anti-apoptotic proteins such as Bcl-2 and Bcl-x
by the pro-apoptotic Bcl-2 proteins (Adams 2003). This causes the
release of several apoptotic factors into the cytoplasm including cyt c, AlF
(apoptosis inducing factor) and Omi (Liu et al. 1996; Kluck et al. 1997,
Yamaguchi et al. 2003) and this results in the activation of Apaf-1
(apoptosis protease activating factor) (Zou et al. 1997). In turn, Apaf-1
activates the caspase cascade, which ultimately leads to cell death (Zou
et al. 1997). Omi and caspase 3 cleave HAX1 abolishing its pro-survival
effects (Cilenti et al. 2004; Lee et al. 2008). Information from different
studies has been drawn for this figure and is referenced in the text.
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HAX1 has been identified as a binding target of caspase-9 in cardiac
myocytes (Han et al. 2006). Overexpression of HAX1 inhibited caspase-9
activation while silencing of the HAX1 gene using siRNA resulted in
significant apoptosis of adult cardiac myocytes. In a separate study,
suppression of HAX1 by siRNA in HepG2 cells did not have any effect on
caspase-9 processing upon induction of apoptosis, suggesting cell-
specific roles of HAX1. A study by Lee et al identified the association of
HAX1 with caspase-3 (Lee et al. 2008). Caspase-3 cleaves HAXL1 in vitro
at Asp 127, which is found in the N-terminal region of the protein. As both
caspase-9 and -3 are cytoplasmic proteins it becomes difficult to
understand how these interactions occur when the interacting proteins
are confined to different cellular compartments. Han et al suggested that
the HAX1/caspase-9 interaction in cardiac myocytes occurs at the
mitochondrial membrane as a result of some translocation of caspase-9
to the mitochondria (Han et al. 2006).

Two recent studies have reported HAX1 binding to XIAP (X-linked
inhibitor of apoptosis protein) and granzyme B (Han et al. 2010; Kang et
al. 2010). XIAP inhibits apoptosis by preventing the activation of
caspases (Srinivasula & Ashwell 2008). The interaction of HAX1 with this
protein is believed to inhibit apoptosis by suppressing the
polyubiquitinylation of XIAP therefore enhancing the stability of the
protein and preventing it from proteosomal degradation. XIAP deficient
mice fail to produce a distinct phenotype indicating that the HAX1
interaction may not be essential for inhibition of apoptosis by HAX1. This
could also be explained by the possible existence of a compensatory
mechanism from other IAPs in the cell suggesting that other IAPs may
also be acting by interacting with HAX1 (Harlin et al. 2001). Granzyme B
is the second serine protease to cleave HAX1. The protein also cleaves
Bid (BH3 interacting domain death agonist) into tBid therefore directly
activating downstream apoptotic proteins resulting in the loss of the

mitochondrial membrane potential.
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1.7.3 Roles of HAX1 in PMN

1.7.3.1 Involvement of HAX1 in Ca2+ signalling

Changes in calcium concentration in the cell are an important determinant
of apoptosis (Giacomello et al. 2007). HAX1 has been reported to interact
with key regulators of Ca?* homeostasis (Vafiadaki et al. 2007; Vafiadaki *
et al. 2009; Vafiadaki et al. 2009). Phosphalamban (PLN) and the
sarco(endo)plasmic reticulum (SR) Ca?* transport ATPase (SERCA2) are
such proteins which bind HAX1 (Vafiadaki et al. 2007; Vafiadaki * et al.
2009). The protective effects of HAX1 increased in the presence of PLN
whereas overexpression of SERCA2 abolished these effects in response
to hypoxia-induced cell death. HAX1 overexpression has been shown to
reduce SERCA2 pump activity in cardiomyocytes and led to reduced
calcium cycling and contractility (Zhao et al. 2009). In a recent study,
iterative similarity searches identified novel insect HAX1 homologs which
are parvalbumin-like Ca?* binding proteins (Kokoszynska et al. 2010).
The findings suggest that there is a putative single EF-hand calcium
binding protein in HAX1. These data further support a role for HAX1 in
Ca?* homeostasis and cell survival. This is particularly interesting
because calcium homeostasis is an important factor in PMN apoptosis
(Whyte, Hardwick, et al. 1993).

1.7.3.2 The importance of HAX1 in PMN apoptosis

As previously mentioned, HAX1 deficiency in humans has been shown to

cause severe congenital neutropenia (SCN) (Klein et al. 2007). Further
studies have shown that HAX1 isoform-dependent phenotypes may exist.
Lees et al identified isoforms 001, 002 and 005 as the isoforms likely to
be responsible for myeloid survival (Lees et al. 2008). Another study
associated isoform 001 with severe congenital neutropenia whereas
mutations in isoform 002 were linked to neurologic symptoms including

neurodevelopmental delay and epilepsy (Germeshausen et al. 2008).
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Hax1l SCN results from reduced levels of anti-apoptotic Bcl-2 proteins
and extensive cyt-c release into the cytoplasm in bone marrow myeloid
progenitor cells leading to premature apoptosis (Carlsson et al. 2004).
Klein et al. isolated CD34" cells from patients with SCN, transduced them
with vectors encoding HAX1 and differentiated the cells in vitro to become
myeloid precursor cells (Klein et al. 2007). These cells displayed
significantly delayed loss of mitochondrial membrane potential in
response to valinomycin when compared with cells transduced with a
control marker gene and those from healthy individuals. Peripheral blood
PMN from patients with SCN were also shown to undergo accelerated
apoptosis compared to PMN from healthy donors. Consistent with these
findings, PMN from SCN patients were shown to be associated with
constitutive release of cyt ¢ from mitochondria as well as defective Bcl-2
protein expression (Carlsson et al. 2004). The Klein et al study provides
strong support for a unique role of HAX1 in PMN since although it is a
ubiquitously expressed gene, it does not have the same effects leading to

extensive apoptotic death in any other cell type.

There are a number of mechanisms by which HAX1 could regulate PMN
numbers. As discussed earlier, the protein could be directly involved in
modulating apoptosis through the maintenance of the mitochondrial
membrane stability. Conversely, the protein may be involved in the GM-
CSF signalling pathway, which is vital in the regulation of PMN production
and differentiation. One could also speculate that HAX1 plays a role in
the migration of the PMN out of the bone marrow and therefore,
mutations of the gene result in persistence of the cells in the bone

marrow leading to increased apoptosis.
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1.8 Zebrafish as a model of PMN inflammation

Zebrafish (Danio rerio) have emerged as a good model organism due to
their high fecundity, high stocking densities and optical clarity of the
embryos and larvae (Lieschke & Currie 2007). Zebrafish embryo
development is rapid with a functional heart and circulating blood cells
developing within the first 30 hours post fertilisation (hpf) (Stainier et al.
1993). The transparent zebrafish larvae allow excellent visualization of
fluorescent proteins in cellular processes (Renshaw et al. 2006). The
generation of the Tg(mpx::GFP)i114 (myeloperoxidase::green fluorescent
protein) transgenic line has allowed visualisation of PMN through GFP
expression under the PMN-specific myeloperoxidase promoter (Renshaw
et al. 2006). This has meant that zebrafish can be used as an in vivo

model for the genetic analyses of inflammatory responses.

Zebrafish PMN (sometimes called heterophils) are visible in the
circulation 48 hours post fertilisation (hpf) (Lieschke et al. 2001). The cells
are functionally orthologous to their human counterpart, in that they
contain granules, are the first cell type to migrate towards the
wound/infection site and phagocytose bacteria (Lieschke 2001; Colucci-
Guyon et al. 2011). The zebrafish innate immune system exists in
isolation from the adaptive immune system until approximately 4 weeks
post fertilisation when the latter is established allowing segregation of
pathways and molecular mechanisms involved in the two immune
systems (Trede et al. 2004).

Using time-lapse imaging, zebrafish PMN have been shown to migrate to
the wound site (sterile inflammation) (Mathias et al. 2006). During the
resolution of the local inflammatory response the cells migrate back into
the vasculature (Mathias et al. 2006; Colucci-Guyon et al. 2011). Direct in
vivo quantitation of the tissue neutrophil lifespan has demonstrated that
the resting PMN cell has a half-life of approximately 5 days (Dixon et al.
2012).
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Many different tools and genomic resources have been established for
use in the zebrafish in order to genetically manipulate the organism
(Trede et al. 2004; Martin & Renshaw 2009). The genetic tractability of
the organism has enabled the use of both forward-, through random ENU
mutagenesis, and reverse-genetic approaches. Microinjection of
morpholinos or mMRNA (messenger ribonucleic acid) into the transparent
larvae in the early stages of development can result in transient
downregulation or overexpression, respectively (Hammerschmidt et al.
1999; Nasevicius & Ekker 2000). Alternatively, stable overexpression and
knockdown can also be achieved through the use of cell-specific
promoters and tol2 transposon system. Conversely, the recently
established knockout technology using zinc finger (ZF) and transcription
activator-like effector (TALE) nucleases can be utilised for selective gene

knockout.

A further advantage of using zebrafish as model organisms is the high
molecular and genetic similarity to humans (Eimon et al. 2006; Lieschke
& Currie 2007). The zebrafish genome sequencing project has led to the
annotation of most of the genome (http://www.sanger.ac.uk/resources/
zebrafish/genomeproject.html). It has been shown that the zebrafish
genome contains structural and functional homologs of most of the Bcl-2
protein family and caspases, which control the mitochondrial apoptotic
pathway (Kratz et al. 2006). Morpholino oligonucleotides have been used
to show that like the human, zebrafish innate immunity also involves the
cytosolic adaptor protein MyD88 (myeloid differentiation factor 88), which
has a central role in innate and adaptive immunity (Van Der Sar et al.
2006).

Progress has also been made in the study of monogenic disease
affecting the PMN. For example, Deng et al developed models of Rac2
disease (Ras-related C3 botulinum toxin substrate 2) demonstrating
defects in PMN migration and proliferation (Deng et al. 2011). In a second
study using a WHIM (Warts, Hypogammaglobulinemia, Infections, and

Myelokathexis) syndrome model where the G-protein-coupled chemokine
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receptor CXCR4 was mutated, it was shown that zebrafish PMN are
trapped in the bone marrow (Walters et al. 2010). These findings
establish that zebrafish are a relevant model for studying programmed
cell death and inflammation. In addition, further support comes from
protein sequence analysis of human and zebrafish Hax-1, which shows
that the two orthologues have evolved from a common ancestor (Fig.
1.3).
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Figure 1.3 Evolution of the Hax-1 protein. ClustalW 2.1 Protein sequence alignment of Hax-1 from a number of different
species in the form of a phylogenetic tree.

Zebrafish (Danio Rerio), Chimpanzee (Pan troglodytes), Cow (Bos taurus), Dog (Canis familiaris) Chromosome 7, Gorilla (Gorilla
gorilla), Guinea Pig (Cavia porcellus), Horse(Equus caballus), Human (Homo sapiens), Macaque(Macaca mulatta), Mouse (Mus
musculus), Pig(Sus scrofa), Rat(Rattus norvegicus), Zebra Finch(Taeniopygia guttata). The protein sequences were deduced from
ENSEMBL.
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1.9 Hypothesis, aims and Objectives:

The regulation of myeloid cell apoptosis is vital in both the control of
inflammation and homeostasis. Persistence of PMN has been shown to
be involved in the pathogenesis of numerous pulmonary diseases
including COPD and acute respiratory distress syndrome. PMN have an
exquisitely short half-life in the circulation due to constitutive apoptosis
however, PMN longevity can increase several fold following migration into
the tissue in response to injury or infection. PMN survival is dysregulated
in inflammatory diseases, where PMN persist in the tissue and cause
significant tissue damage. Currently, there are no effective therapeutic
regimes that can effectively reduce PMN numbers in the tissue in order to
resolve inflammatory disease. Further investigation into the mechanisms
which regulate PMN apoptosis will lead to a better understanding of the
molecular pathology of inflammatory diseases and may aid identification

of new therapeutic targets.

HAX1 is a ubiquitously expressed gene with predominant localisation in
the mitochondrial membrane. In a study by Klein et al it was shown that
homozygous recessive mutations of the HAX1 gene in the human result
in Severe Congenital Neutropenia, a disease associated with premature
apoptosis of bone marrow myeloid progenitor cells and a profound PMN
deficiency. This suggests that HAX1 plays a pivotal role in PMN
homeostasis and survival. The evidence generated thus far from other
studies on HAX1 function infers that HAX1 is a very complex protein with
a multitude of roles in multiple important cellular processes. These
multiple roles of HAX1 in cellular processes make it an important target
for further research. Although it is not clear how HAX1 functions in
apoptosis and survival of cells, there is strong evidence emphasizing its
importance in PMN and pathology. Therefore, our aim is to increase our
understanding of the roles of HAX1 in myeloid cells, specifically PMN, in
order to gain a better understanding of how PMN survival is controlled,
with an overall aim of improving therapeutic strategies for PMN
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inflammatory diseases. | hypothesise that HAX1 plays a critical role in
PMN survival and homeostasis. More specifically | hypothesise that:

a.) HAX1 expression is modulated during induced and constitutive cell
death

b.) HAX1 deficient zebrafish will have defective PMN development

and survival

The main objectives of this thesis are:

a.) To determine the expression and regulation of HAX1 in primary
neutrophils and PMN-like cell line PLB-985

b.) To define the effects of HAX1 knockdown on the mitochondrial
stability of myeloid cells using flow cytometry

c.) To establish in vivo models of zebrafish Hax1 deficiency using
morpholino, ZFN and TALEN technology and investigate the effects on

PMN development and survival.

A range of techniques will be utilised in order to establish the role of
HAX1 in myeloid cells using in vitro and in vivo models. My aim is to
modify the techniques already in use in order to create a working model
for studying HAX1 function in the zebrafish. Western blotting and RT-
PCR will be used in order to identify HAX1 expression patterns during
resting and stimulation of cells. HAX1 function will also be investigated in
PLB-985 cells (myeloid leukaemia cell line) through knockdown studies
using HAX1 siRNA technology. In order to study the effects of loss of
Haxl in zebrafish embryos, a haxl splice morpholino will be used to
knockdown haxl mRNA expression. haxl knockout will be attempted
using both CoDa (context-dependent assembly) zinc finger nuclease and
TALEN (transcription activator like effector nuclease) mutagenesis
approaches in order to study the effects of haxl gene mutation and loss

of Hax1 function in the zebrafish.
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2 Materials and Methods

2.1 In-vitro techniques

2.1.1 Reagents

Reagents used were purchased from Sigma-Aldrich, Poole, UK unless
otherwise stated. qVD-OPh was purchased from R&D Systems,
Abingdon, UK. GM-CSF was purchased from PeproTech, London, UK.
Pyocyanin was prepared by Dr Lynne Prince (Usher et al. 2002), heat
killed E. coli and heat killed S. aureus (SH1000, obtained from Professor
Simon Foster (Dept. of Molecular Biology and Biotechnology, University
of Sheffield, Sheffield, UK) were prepared from overnight cultures which
were heat-treated for 10 min at 100 °C. All restriction enzymes and
buffers were from NEB, (Biolabs, Hertfordshire, England) unless
otherwise stated. The ON-TARGETplus Cyclophilin B (Cyc B) control
siRNA (D-001820-01, human NM_000942) and the HAX-1 ON-
TARGETplus SMARTpool siRNA (L-012168-01-0005, human HAX1,
NM_001018837) were from Thermo Fisher Scientific, Lafayette. CO,
USA.

2.1.2 Mammalian cell culture

Adult PMN (polymorphonuclear neutrophils) were harvested from
peripheral venous blood of healthy volunteers (under the approval of
South Sheffield Regional Ethics Committee) using either an Optiprep™
(Axis-Shield, Upton, Huntingdon, UK) or Percoll® (Sigma-Aldrich, Poole,
UK) gradient.

2.1.3 Leukocyte isolation and purification

4.4 ml of the anti-coagulant, trisodium citrate (3.8 %) from single use
sterile ampulets (Martindale Pharmaceuticals, Essex, UK) were added
per 35.6 ml of blood. In order to separate the blood cells from the blood
plasma and platelets, the lid was covered in parafilm and the tube spun at
350 g for 20 min at room temperature (RT). Once spun, the upper

platelet-rich plasma layer (PRP- upper phase) was harvested gently,
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taking care not to disturb the interface. The upper platelet-rich plasma
was then spun for 20 min at 800g to pellet the platelets leaving the
platelet-poor plasma (PPP) supernatant. The PPP was then transferred to
a fresh tube.

2.1.3.1 Dextran sedimentation

6 ml of 6 % dextran T-500 (3g dextran powder in 50ml 0.9% saline,
Sigma-Aldrich, Poole, UK) was added to the erythroid/cell-rich layer
(lower interphase) and the volume was made up to 50 ml with sterile
0.9% saline and the tube was inverted to mix, avoiding formation of air
bubbles. The lid was loosened and the cells were undisturbed for 20-30
min at RT to allow the sedimentation of the red blood cells to occur.
Following dextran sedimentation the upper white cell layer was harvested
carefully and spun at 320 g for 6 min. The supernatant was discarded and
the leukocyte pellet was then subjected to either an Optiprep™ (Axis-
Shield, Huntingdon, UK) or a Percoll ® gradient (Sigma-Aldrich, Poole,
UK).

During the centrifugation of the leukocyte pellet, 1X Hanks Buffered
Saline Solution (HBSS) was made fresh each time from 10X stock. For
one tube of blood a total volume of 50 ml of 1X HBSS was made; 45 ml
of Baxter Sterile Irrigation water (Baxter Healthcare Corp., Deerfield,
lllinois, USA) were added to 5 ml of 10X HBSS. Three drops of Sodium

Bicarbonate were added to adjust the pH to ~7.

2.1.3.2 Construction of the Optiprep™ gradient

The white cell soft pellet generated in section 2.1.3.1 was gently
resuspended in 2 ml of 20% PPP in HBSS without Ca?* and Mg?%
(GIBCO HBSS- from Life Technologies) and topped up to 6 ml.
Optiprep™ (4 ml) was added to the cells to make the volume 10 ml. After
gently inverting to mix, 10 ml of the 1.095 Optiprep™ layer (3 ml
Optiprep™ + 8.036 ml of 20 % PPP in HBSS) was carefully overlaid over
the 10 ml of the white cell layer followed by a further 10 ml of the 1.080
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Optiprep™ (3 ml Optiprep + 10.435 ml of 20 % PPP in HBSS). The final
layer was formed by the addition of 10 ml 20% PPP in HBSS. The
gradient was centrifuged at 1978 g for 30 min at 20 °C without the brake.
A single gradient was used to isolate PMN from up to 80 ml of blood.

10 ml HBSS &
20 %= PPP

PEMC: (lymphocytes
. and monocytes)

<—— PMN (neutrophils,
eosonophils, basophis)

~—— Enythrocytes (red
blood cells)

Post-centrifiugation

This yielded three populations of cells: the erythrocyte layer at the bottom
of the tube, the PMN layer in the middle phase and PBMCs (peripheral

blood mononuclear cells) in the upper phase.

2.1.3.3 Construction of the plasma-Percoll® gradient

The pelleted leukocytes from section 2.1.3.1 were resuspended in 1.5 mi
of PPP. The Percoll® gradient solutions were prepared. The lower phase
(51 %) was made up by adding 1.02 ml of 90 % Percoll® (1ml of 100 %
Percoll was added to 9ml 0.9 % saline) and 0.98 ml PPP. The upper
phase (42 % Percoll®) was made up by adding 0.84 ml of 90 % Percoll®
to 1.116 ml of PPP. The lower phase (2ml total volume) was placed in the
bottom of a 15 ml polystyrene centrifuge tube. A fresh sterile Pasteur
pipette was then used to carefully overlay the upper phase on top, tilting
the tube slightly whilst doing so. The white cell soft pellet generated in
section 2.1.3.2 and resuspended in 1.5 ml PPP was then overlaid onto
the upper phase. The gradient was subsequently spun at 320 g for 11
min without a brake at RT. A single gradient was used for isolation of
PMN from up to 80 ml of blood. The centrifugation of the plasma-Percoll®

gradient also yields three layers of cells with the erythrocytes residing at
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the bottom of the tube, the PMN at the interphase between the 51% and
42% Percoll® layers and the PBMCs at the top of the 42% layer.

PEMCs (lvmphocytes

and monocytes)

<+——— PMN (neutrophils,
eosonophils, basophils)

~<— Erythrocytes (red
blood cells)

Pre-centrifugation Post-centrifugation

2.1.3.4 Harvesting the gradient

A Pasteur pipette was used to collect the cells from just above the
interface avoiding any extra liquid from the gradient layers. The cell layers
were transferred to fresh 50 ml falcon tubes and washed in HBSS
(without Ca2+ and Mg2+) to remove any contaminating gradient material
as follows. Each tube was made up to 40 ml with 20 % PPP in HBSS. A
cell count was then carried out using a haemocytometer. The cells were
then pelleted at 320 g for 6 min and either further purified as described in
section 2.1.3.5 or resuspended in pre-warmed supplemented RPMI 1640

media.

2.1.3.5 Ultrapurification of PMN using a negative magnetic

selection

In order to further purify the PMN and remove residual contaminating
cells, the PMN layer from either purification method in sections 2.1.3.2
and 2.1.3.3 was subjected to a negative magnetic selection column using
a custom antibody cocktail (Stem Cell Technologies, Meylan, France).
Column buffer was prepared by adding 1 ml of FCS to 49 ml HBSS
(without Ca?* and Mg?*). The cells were resuspended in column buffer at
1x108 cells per ml of buffer. 65 pl of antibody cocktail (Sabroe et al. 2002)
were added and the cells were incubated at RT for 15 min with

occasional gentle swirling followed by a further 15 min incubation with
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magnetic colloid beads added at 50 pl/1x108 cells (Stem Cell
Technologies, Meylan, France). During this incubation a magnetic
MACS® Separation (Miltenyi Biotec, Surrey, UK) column was pre-
equilibrated with 10 ml column buffer. The cells were subsequently run
through the column, which bound to the colloid beads attached to
antibody with contaminating cells. Any remaining PMN in the column
were washed off with an extra 10 ml column buffer. The ultrapure PMN
were then counted using a haemocytometer, spun and resuspended in
RPMI 1640 media.

2.1.4 Cytospin analysis of PMN purity and death

To determine the purity and assess PLB-985 and PMN apoptosis
morphologically, 50-100 pl of cells at 5x10%/ml were cytocentrifuged onto
microscope slides and visualised by light microscopy. Duplicate cytospins
slides were prepared for each treatment. Cells were added to chambers
and spun at 300g for 3 min (Shandon Cytspin 3, Thermo Scientific,
Hemel Hempstead, UK). Cytospins slides were fixed with 100 %
methanol and stained with Quick- Diff stains (Gentaur, London, UK). The
slides were mounted with DPX (Fisher Scientific, Loughborough, UK) and
covered with cover slips. The slides were observed under a Zeiss
Axioplan microscope using the 100x oil immersion lens. PMN, PBMC and
eosonophils were distinguished on the basis of their morphology and
PMN apoptosis was assessed on the basis of characteristic
morphological changes. Healthy PMN have multi-lobed nuclei and are
round whereas apoptosing cells loose their nuclear morphology and
shrink. A total count of 300 PMN or 100 of PLB-985 cells was recorded
for each slide unless otherwise stated. A purity count was carried out on
the untreated control at 0 h where a total of 600 cells were scored on the

basis of cell type from the two slides.
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A micrograph of PMN cells from cytocentrifuge preparations. During
apoptosis PMN shrink and undergo chromatin condensation. PMN were
scored as healthy (red arrow) and apoptotic (blue arrow) based on

morphological changes.

2.1.5 PLB-985 cell maintenance

PLB-985 cells - human acute myeloid leukaemia cell line (from the
German Collection of Microorganisms and Cell Cultures — DMSZ) were
grown in 1640 RPMI medium containing 10% FBS (Autogen Bioclear,
Wiltshire, UK) and 100 U/ml Penicilin and 100 U/ml Streptomycin
(Pen/Strep) at 37 C in a humidified atmosphere of 5 % CO:2 in tissue
culture incubator (Sanyo, Loughborough, UK). PLB-985 cells were
maintained between 2x10° cells/ml to 2x10° cells /ml of media. Cells were
grown in 75 cm? culture flasks until they reached 80% confluence and
then passaged. To induce differentiation to a PMN-like morphology, cells
were cultured in medium supplemented with various reagents at 3 x 10°

cells per ml for a number of days.

2.1.6 Mycoplasma testing of PLB-985

Mycoplasma tests were carried out by the department lead technician on
the cell culture medium on a monthly basis using EZ-PCR mycoplasma
test kit, which uses mycoplasma specific primers to detect DNA by PCR
(Geneflow, Staffordshire, UK). Tests were carried out according to

manufacturer’s instructions.
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2.1.7 PLB-985 differentiation into PMN-like cells

PLB-985 cells were seeded at 0.5 x 10° cells/ml one day prior to transfer
into differentiation media. The next day the cells were pelleted at 200 g
for 2 min and re-suspended in differentiation media at 0.3 x 108. The cells
were in the log phase of growth at this stage. The differentiation stimuli
tested were: 0.5 yM Retinoic Acid (RA), 0.75 uM RA, 1 uM RA, 1 uM RA
and DMF (dimethylformamide), 1 yM RA and 1.25 % (v/v) DMSO
(dimethyl sulfoxide) and 1.25 % DMSO. The cells were incubated in 24
well plates in a total of 1 ml volume per well for 5 days at 37 C in a
humidified atmosphere of 5 % CO:2 in tissue culture incubator (Sanyo,
Loughborough, UK). Two cytocentrifuge slides were prepared on each
day. A cell count was carried out using a haemocytometer and 1x106
cells were lysed for protein on dayl -5 of the differentiation process as

described in section 2.1.10.1.

2.1.8 Transfection of PLB-985 cells

PLB-985 cells were seeded at 4 x 10° cells/ml one day prior to the
transfection to ensure cells were equilibrated. The cells were transfected
using the Nucleofector V system from Amaxa Biosystems according to
manufacturer’'s manual. Briefly, after centrifugation at 300 g for 3 min, 4 x
10° cells were gently resuspended in 100 pl of nucleofection solution
containing 3 pg of siRNA and transfections were performed with the
program C-023. The siRNA target sites are shown in Fig. 2.2.
Immediately following transfection, the PLB-985 cells were transferred to
RPMI 1640 media at a final concentration of 3 x 10° The cells were
incubated at 37°C with 5 % CO:2 for 10 or 24 h. At 10 h or 24 h after
transfection, the cells were harvested and either lysed for RNA (described
in section 2.1.15), protein extraction (section 2.1.10.1) or processed for
flow cytometry (section 2.1.9). Cytospins of the cells were prepared at

each time-point in order to assess cell death.
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ATCGACGCCTCTTTCATCTCTTCCCCCCCTTTTTCCGCCTTTCCTCGCGACCTCCGCAGccacagagatececttttttgga
gggatgactcgagatgaagatgatgatgaggaagaagaagaagaagggggctcatggggccgtgggaacccaa
ttccatagtcctcagcaccccecctgaggaatttggetteggettcagettcagecca gaggaH
icttcggctttgatgacctagtacgagatttc tgggggcctggaccttg
ccttcccatecctecctgAACTTCCAGCTCCTCGACGTCACGAGACACCTCGCTCACGACACTACCCCGAGCCGCACACGACACTT
CEECCACTCAATGCTTAAGTATCCAGATAGTCACCAGCCCAGCGATCTTTGCGGGCGGCTCTTGGAGAGTGATGCAAGA
AGTCGAATCCCCCCAACCAGCACCACACTCGGCGCGCGCTCCCAGAGGCCAT tcataggtttgatgatgtatggectatg
gacccccatcctagaaccagagaggacaatgATCTTCATTCCCAGCTTTCCCACCACGCCTCTTGCCCCGGTTCTA
CAGCCCCAGCCCAAATCCTATTTCAACAGCATCTCTGTGACCAAGATCACTAAACCAGATCGCCatagtggaggag
cgccggactgtggtggacagtgagggccggacagagactacagtaacccgacacgaagcagatagcagtectagg
ggtgATCCAGAATCACCAACACCTCCAGCCCTGCATCGATCGCCTTTTCCATCCTCGCACTTATTCCTGCGACCGTTGG
TTCCCGGCTCCCGGTACG

Figure 2.2 Identification of human HAX1 siRNA target sites
The HAX1 ON-TARGETplus SMARTpool siRNA (L-012168-01-0005, human HAX1, NM_001018837) used for the gene knockdown in
the PLB-985 cell line targets four different sites of the mRNA. HAX7 001 sequence is shown with alternating exons displayed in upper-

and lowercase. The siRNA target sites found on exon 2 (red, pink) exon 3 (blue) and exon 7 (yellow) are highlighted.
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2.1.9 Detection of changes in mitochondrial inner transmembrane
potential (Aym) in PLB-985 cells

A distinctive feature of early-programmed cell death is mitochondrial
membrane instability resulting in commitment of cells to undergoing
apoptosis. Changes in mitochondrial membrane potential were detected
using a 5,5, 6,6 -tetrachloro-1, 1', 3,3' tetraethylbenzimidazolo-
carbocyanine iodide (JC-1; Sigma-Aldrich). Two x 10 PLB-985 cells from
each control, mock (nucleofection solution only) or HAX1 siRNA
transfected conditions were pelleted and resuspended in complete RPMI
media at 1 x 108/ ml. The cells were transferred to a 24 well plate at 1 x
108 cells per well. Cells were treated with valinomycin [3 or 5 yM] for 3 h
in order to induce the collapse of mitochondrial membrane potential of
these cells. Cells were then pelleted and resuspended in 300 pl of RPMI
1640 media without serum and antibiotics containing 10 uM JC-1 dye. An
unstained untreated PLB-985 cell control was also prepared by
resuspension in just the serum- and antibiotic-free media. The samples
were left to stain for 15 min at 37 °C. This was followed by washing in 1ml
PBS and resuspension in 300 ul of PBS. The samples were kept on ice
until analysed by flow cytometry. Loss of Aym was demonstrated by a
gain of fluorescence on the FL-1 channel of a FACS Calibur flow
cytometer (BD Biosciences - Pharmingen). At least 10000 cells were
analysed for each experimental condition. Analyses of data was carried
out by the flow cytometry analysis software FloJo (software version 9.3.2

(Tree Star, Inc.).

2.1.10 Protein extraction

2.1.10.1 Preparation of whole cell lysates

PLB-985 and PMN cells from section 2.1.3 were washed with ice-cold
Dulbecco A PBS (Oxoid, Hampshire, England). The cells were then lysed
in 10 pl of PI cocktail (protease inhibitor), PMSF (phenylmethylsulfonyl
fluoride) and DFP (Diisopropyl fluorophosphate) containing water (see

below) per 10° cells. The sample was vortexed vigorously and an
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equivalent volume of hot SDS-PAGE loading buffer (Appendix 7.1.1) was

added. The sample was boiled for ~5 min and stored at -80°C until

required.

Pl, PMSF and DFP containing water (500 pl) Volume (ul)
PMSF (100mM) 5

DFP (100mM) 5

Pl (Roche Complete protease inhibitor cocktail (Roche 20

Applied Science, Lewes, UK) dissolved in 1.5 dH20)

dH20 470

2.1.11 Western Blotting

Protein extracts from Section 2.1.10.1 were analysed by western blotting.
The samples were first subjected to SDS-PAGE gel electrophoresis using
either a 12 or 15 % SDS-PAGE resolving gel. The proteins were then wet
transferred to Immobilon-P 0.45 yuM PVDF (Polyvinylidene fluoride)
transfer membrane (Merck Millipore, Billerica, MA). The membrane was
then immunostained with a primary antibody against the preferred
protein. This was followed with immunostaining with a secondary
antibody conjugated to horseradish peroxidase (HRP). The proteins were
visualised using the EZ-ECL enhanced chemiluminescence detection kit
for HRP (Geneflow, UK).

2.1.11.1 SDS-PAGE Electrophoresis

The gel running apparatus (Protean 2 gel assembly, Bio-Rad, Berkeley,

CA) was wiped clean and assembled. Acrylamide gels were made by
mixing the reagents listed in Appendix 7.1.2. APS (Ammonium persulfate)
and TEMED (Tetramethylethylenediamine) were added just before the
gel was ready to be poured. The gel was overlaid with 100 % isopropanol
in order to remove any air bubbles. Once the gel had set, the isopropanol
was washed off with distilled water. Stacking gels were made by adding
together the reagents listed in Appendix 7.1.3. Combs were inserted to
form wells and the gels were left to set for ~15 min. Once the gels had

set, the gel apparatus was dismantled and the gels were transferred to
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gel tanks. The gels were immersed in running buffer (Appendix 7.1.4) and
the combs were carefully removed. Whole cell lysates were loaded into
individual lanes alongside 15 pl of ColorPlus Prestained Protein Ladder,
Broad Range (10-230 kDa) (New England Biolabs, UK) to allow sizing of
the proteins. The gels were run at 120-180 volts using a PowerPac 300
from BioRad until the blue dye reached the gel front. The gel was
removed from the gel apparatus carefully using flat- end tweezers and
immersed in 1X transfer buffer (Table 5) for ~ 5 min.

2.1.11.2 Wet protein transfer

Proteins were transferred using the Geneflow wet transfer Kit. PVDF
membrane was immersed in 100 % methanol for ~ 5 min in order to
activate the membrane. It was then transferred to transfer buffer (1X)
(Appendix 7.1.5). In a plastic tray containing 1X transfer buffer, two
transfer buffer soaked fibre pads were placed on the black side of the gel
holder cassette. One piece of filter card was then placed on top of this
followed by the gel and the PVDF membrane on top. Any bubbles were
removed using tweezers and gloved hands. The second piece of filter
card was then placed on top of the PVDF membrane followed by another
two transfer buffer soaked fibre pads. Lastly, the cassette was closed
using the red side of the cassette. The gel holder cassette was then
placed in the buffer tank and the transfer was run at 100 V for 70 min.
Ponceau S (0.1 % w/v in 5 % acetic acid) staining was used to assess the
protein transfer and the protein loading. 1X TBS (Tris Buffered Saline)
buffer (Appendix 7.1.6) was used to wash off the stain. The membrane
was then blocked with blocking buffer for 1 % — 3 h (depending on
antibody used) at RT.
Blocking Buffer (5% Marvel non-fat milk powder in TBS Tween (Appendix
7.1.7):

1 g Marvel milk powder + 20 ml 1X TBS Tween (0.1% Tween-20)
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2.1.11.3 Immunostaining of PVDF membrane

Blocked membranes were then transferred to a 50 ml Falcon tube
containing diluted primary antibody in 4 ml of blocking buffer and
incubated overnight at 4 C on a rolling platform. Concentrations and
dilutions of primary antibodies are listed in Appendix 7.2.1. After
incubation with primary antibody, the membrane was washed with 1X
TBS-Tween three times for 10 min each time on a shaker at RT. The
membrane was then incubated with secondary antibody (Appendix 7.2.2)
conjugated to HRP in 5 ml of blocking buffer on an orbital rotator for 1 h
at RT. After incubation with secondary antibody, the membrane was
washed again three times with 1X TBS-Tween for 10 min each time with
shaking.

2.1.11.4 Chemiluminescent detection of immobilized proteins
(Western blotting)

Detection of specific proteins on the immunoblot was carried out using
the EZ-ECL Chemiluminescence Detection Kit according to the
manufacturer's specifications. The membranes were exposed to a
Hyperfiim™ chemiluminescence film (GE Healthcare Life Sciences,
Uppsala, Sweden) in a Hypercassette™ (GE Healthcare Life Sciences,
Uppsala, Sweden) The membranes were sealed in plastic film and stored
at4C.

2.1.12 Stripping and re-immunostaining of western blot membranes
Stored membranes were blotted in water for 2 min. The membranes were
then stripped in 0.2 M sodium hydroxide for 15 min on a shaker. This was
followed by two 5 min washes with water and two 5 min washes with 1X
TBS-Tween on a shaker. The membrane was blocked for 1 %2 - 3 h in
blocking buffer. Immunostaining was carried out as described on section
2.1.11.3.
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2.1.13 Western Blot Densitometry Analysis

Western blots were scanned and images saved in TIFF format. Bands
were analysed using Image J (free software, Rasband, 1997) following
online instructions  (http://www.navbo.info/DensitometricAnalysysNIH
image.pdf) and have been labeled as relative fold change from the
untreated control. In occasions where relative band density was
calculated, the band density is displayed as a percentage of the actin
control band.

2.1.14 Total RNA (ribonucleic acid) extraction and assessment of
RNA quality

Total RNA was extracted from ultrapure PMN (5-10 x 10° cells), PLB-985
(0.5-1 x10°%cells) cells and 10-100 zebrafish embryos using TRI reagent
(Sigma-Aldrich, Gillingham, Dorset, United Kingdom) according to the
protocol supplied by the manufacturer. 200 pl of TRI-reagent were used
for 20 or less embryos and 1ml for more than 50 embryos and the
embryos were forced through a needle to ensure full lysis. Total RNA was
resuspended in 30 pl of sterile H20 for injections. The RNA was
quantified using a Nanodrop™ 1000 spectrophotometer (Thermo
Scientific). The 260/280 and 260/230 ratios were also noted down to
evaluate the purity and quality of the RNA. The RNA was then
immediately either converted to cDNA (Section 2.1.16) or stored at -80 C.
For some experiments the quality of the RNA was also assessed by RNA
agarose gel electrophoresis. Agarose gel (50 ml) was prepared by
adding 0.5 g of RNA agarose to 38.5 ml of dH20 and boiling in the
microwave. 5 ml of 10X MOPS (3-(N-morpholino) propanesulfonic acid)
and 8.5 ml of formaldehyde were then added to the agarose in a fume
hood and the gel was poured and left to set. The gel was immersed in 1X
MOPS running buffer and the comb was removed. RNA (2 pl) loading
buffer was added to 1 pl of RNA and the total 3 pl were loaded into each

lane. The gel was run at 70 V for 10-20 min.
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2.1.15 RT-PCR (Reverse-transcription polymerase chain reaction)
All RT-PCR reagents, buffers and enzyme used were from Promega,
Biotec (Madison, WI) unless otherwise stated. Unless otherwise stated

PCR was carried out using Taq polymerase.

2.1.15.1 Reverse Transcription of mMRNA into cDNA (Deoxy-

ribonucleic acid)

RNA (29 pl, containing between 1-3 pg of RNA) was added to 1 pl of

oligo dT1s (deoxythymidine) primer and heated to 70 C for 5 min in a PCR

machine. Control tubes containing only water were also prepared. While

primer annealing was occurring, RT master mix was made for the number

of samples plus two extra, as some master mix is lost during pipetting.
Master Mix (per tube):

° 5 X MMLV RT Reaction Buffer 10 pl
° RNAsin 1.25 pl
° 100 mM dNTPs (deoxynucleotide thriphosphates) 1.25 pl
° MMLV Reverse Transcriptase 2ul

° Nuclease- free H20 5.5 ul
Total volume: 20

20 pl of RT master mix were then added to the 30 pl of the sample and
the samples were gently mixed by pipetting and placed in the PCR
machine. Negative RT control tubes containing no MMLV RT were also
set up in order to assess whether there is any contaminating genomic
DNA in the sample. The tubes were incubated at 40C for 1 h and the
reaction was inactivated by heating for 2 min at 94°C. The cDNA was
then used as a template for amplification by PCR or stored at -20C until

required.

2.1.15.2 Amplification of human and zebrafish cDNA by PCR using

Tag polymerase

Two microlitres of cDNA generated as described in section 2.1.11.3 were
subsequently used in the PCR amplification unless otherwise stated. The

following were combined in a PCR:
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Master Mix (made for number of samples + 2 extra tubes)

° 10 X PCR Reaction Buffer (without MgCl2) 5ul

° 25 mM MgClz 1.5l

. 10 mM dNTPs 1l

° 10 mM Forward Primer 0.7 pl

° 10 mM Reverse Primer 0.7 pl

° Tag (DNA Polymerase- 5u/ pl) 0.25 ul
° Nuclease- Free H20 13.85 ul
Total volume: 23 ul

The master mix (23 pl) was added to 2 pl of cDNA from the RT reaction
(Section 2.1.11.3) and the sample was mixed gently. Negative PCR
control tubes were also prepared containing H20 instead of cDNA.
Elongation factor 1- a (EF1-a) (zebrafish samples) and Glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) (human samples) primers were
used as positive control PCR primers. Zebrafish and human primer
sequence and optimal annealing temperatures are shown in 7.3. EF1-a
and GAPDH are ubiquitously expressed genes and can be used as
standards in zebrafish and humans respectively for normalizing samples.
In order to identify the optimal primer annealing temperature, temperature
gradients of the human HAX1 primers (50-68 C) were carried out with
both PMN and PLB-985 cDNA. The tubes were placed in a PCR block

and the following thermal cycling was carried out:

° 1. 94°C- 2 min (1 cycle)

° 2. 94 C- 30 sec

° 3. Optimal primer annealing temperature- 1 min
° 4. 72C- 30 sec

° 5.Go to step 2 (29/34 X)

° 6. 72°C- 2 min

° 7. Hold step- 4 C.

PCR products were stored at -20 C.
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2.1.16 hax1 transcript - specific primer design for Zebrafish mRNA

Primers were designed using the NCBI Primer design tool to test whether
chosen sequences were suitable primer sequences. It was assumed that
the zebrafish gene would be spliced in the same way as the human gene
and the primers were modelled using the splicing pattern described by
Lees et al (which uses the VEGA annotation of alternatively spliced HAX1
isoforms) and the zebrafish haxl gene sequence (Lees et al. 2008).
Annealing temperature gradients were carried out in order to identify the
optimal primer annealing temperatures. The primer sequences and their
optimal annealing temperatures are shown in Appendix 7.3.1. The
genomic sequence of zebrafish haxl with highlighted primer annealing

regions is shown in Appendix 7.4.

2.1.17 Amplification of zebrafish cDNA and gDNA by PCR using
Phusion® High-Fidelity DNA Polymerase
Unless otherwise stated, 0.5 pl of zebrafish cDNA were used in the PCR

amplification. The following were combined in a PCR reaction, on ice:

gDNA/cDNA 0.5 pl

water make up to 20 ul
10 pM forward primer 0.5 ul

10 uM reverse primer 0.5 ul

10 mM each dNTPs (Promega) 0.4 ul

Phusion 5 X HF Buffer (NEB) 4 ul

Phusion® DNA Polymerase 0.2 ul

The samples were mixed gently and added to a preheated thermocycler
and cycled as follows:
° 1. 98 C- 30 sec (1 cycle)

° 2. 987TC- 10

° 3. Optimal primer annealing temperature - 15 sec
° 4. 72TC-5 sec

° 5. Go to step 2 (34 X)

74



° 6. 72°C- 5 min
° 7. Hold step- 4 C.
PCR products were stored at -20 C.

2.1.18 PCR gel electrophoresis

PCR products were examined on agarose (Melford Labs) gels. The
desired % gel was made by adding a specific amount of agarose (w/v) to
1X TAE (Tris-acetate) buffer and the melting in a microwave. 3 pul of
ethidium bromide (BDH Electran) were added once the agarose had
cooled and the gel was poured. After the gel had set, the comb was
removed and the gel placed in a tank immersed in 1X TAE buffer
(Appendix 7.5). Samples were loaded in each lane alongside the DNA
ladder, Hyperladder | (Bioline, London, United Kingdom) to allow sizing of
the PCR products.

2.1.19 QIAquick PCR Clean-up and gel extraction

PCR products were extracted and purified using the QIAquick gel
extraction kit protocol (QIAGEN, Valencia, CA) according to
manufacturer’s instructions. The DNA was eluted in in 50 pl of sterile H20
for injections (Braun) and samples were stored at -20 'C until sequencing.
PCR clean up (with the Guanidine HCI step) was carried out according to
the QIAquick PCR Purification Kit (QIAGEN, Valencia, CA) manual.
Remaining PCR product was eluted into 30 pl of sterile H20. PCR
products were sent for sequencing to the Core Genomics Facility
(University of Sheffield, Medical School).

2.1.20 Colony PCR

Well-separated transformant colonies were PCR amplified in order to
screen for inserts. The following were added to a PCR tube per colony
and mixed gently:

9 ul water

10 pl PCR Reddymix (Thermoscientific)
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1 ul 10 uM each left and right primer

A small amount of each colony was added to the PCR mix using a p200
pipette tip. The tubes were then added to a preheated thermocycler and

cycled as follows:

. 1: 94 °C 2min

o 2:94 °C 20sec

o 3: initially 60 °C (then a 0.2 °C reduction per cycle) 20 sec
4:72 °C 45sec

o 5: goto step 2) 29 X

o 6: 72 °C 3min

. 7:10 °C hold

Each p200 pipette tip containing a colony was also used to streak out to
give single colonies on selective plates. In order to verify the sequence,
colonies with the correct sized PCR product were Sanger sequenced
following Exol-SAP treatment. On ice, 3.2 yl of Exol-SAP mix were added
to each PCR tube containing the PCR reactions. Exol-SAP mix for 10
reactions was produced by adding 1.7 ul of NEB exonuclease | and 32 pl
of shrimp alkaline phosphatase (USB, Cleveland, OH, USA). Following
the addition of Exol-SAP to each PCR reaction, tubes were incubated on
a preheated thermocycler at 37°C for 45 min and then 80 °C for 15 min.

2.1.21 Whole mount in situ Hybridization (WISH) probe synthesis

The full-length hax1l coding sequence was cloned in a pCR-BLUNT II-
TOPO plasmid vector (Appendix 7.6) according to the manufacturer’s
instructions (Invitrogen, Carlsbad, CA). The plasmid DNA was purified by
a high speed MiIDIprep of a colony containing the vector with the gene
according to manufacturer's protocol (QIAGEN, Valencia, CA). The
plasmid DNA was then eluted into 1 ml of water. In order to generate the
anti-sense probe the plasmid was linearized with an Xhol restriction

digest. A Spel digest was carried out to generate the sense probe. 100 pl
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of plasmid DNA were mixed with 11 pl of NEB Buffer 4,1.2 ul of BSA and
3 ul of the relevant restriction enzyme. A vector containing the coding
sequence for the positive control L-Plastin (anti-sense) was also
linearized using 20 pg of plasmid DNA, 31 ul of water, 10 yl of NEB
Buffer 3, 1 ul of BSA and 5 ul of Notl restriction enzyme.

The digests were incubated at 37 °C for 2 h. Following the incubation the
whole mixtures were loaded into 3 wells each an 0.8 % agarose gel
(section 2.1.18) and the plasmids resolved by electrophoresis at 100
Volts for 1 h and 20 min. The plasmid DNA was quantified on a
Nanodrop™ 1000 spectrophotometer (Thermo Scientific). The purified
linear DNA probes were in vitro transcribed using a T7 and Sp6 RNA
digoxygenin (DIG) labelling kit (Roche) for the hax1 sense and anti-sense
probes respectively. A T7 RNA digoxygenin (DIG) labelling kit was used
to transcribe the L-Plastin probe. 1 ug of linear plasmid DNA was added
to 2 ul of transcription buffer, 1 ul of RNAse inhibitor, 1 ul T7/SP6 RNA
polymerase, 2 ul NTP-DIG-RNA and 5.6 pl of sterile water then incubated
for 2 h at 37 °C. The plasmid DNA template was removed by digestion
with an additional 2 ul of TURBO DNAse in a further 30 min incubation at
37 °C. The RNA was precipitated by the addition of 4 pl of Lithium
chloride, 1 ul EDTA (pH8), 75 pl and ethanol (100 %) at -80 °C overnight.
The next morning, the RNA was pelleted by centrifugation at 14000 rpm
for 30 min at 4 °C. The RNA pellet was then gently washed in 1 ml of 70
% ethanol followed by a further 10 min centrifugation for 10 min at 4 °C,
14000 rpm. The supernatant was removed and the pellet was air-dried
and resuspended in 20 ul of sterile water. Presence of RNA was
confirmed by agarose gel electrophoresis of 0.5 pyl of RNA on a 0.8 %
agarose gel. 80 pl of formamide (Sigma-Aldrich) were added to the

resuspension and the RNA was stored at -80 °C.
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2.1.22 Synthesis of capped zebrafish haxl 001 mRNA for
microinjection

The pCR-BLUNT II-TOPO hax1 001 plasmid generated in section 2.1.21
was subjected to an EcoRl restriction digest to allow excision of the haxl
001 insert. The restriction digest was carried out by adding 11.8 pl of
water, 0.2 ul of 100X BSA (NEB), 2 ul of RE 10X buffer H and 1 pl of
EcoRI (Promega, Biotec, Madison, WI) to 5 ul of the Zero Blunt TOPO
vector containing the hax1 001 insert. The digest was incubated at 37 °C
for 3 h. The EcoRI restriction digest products were analysed by agarose
gel electrophoresis. The excised haxl 001 insert was gel purified as
described in section 2.1.19. The purified insert was quantified using a
Nanodrop™ 1000 spectrophotometer (Thermo Scientific). The insert was
ligated O/N to EcoRl linearized pCS2+ plasmid vector by adding 50 ng of
linearized pCS2+ to 33 ng of hax1 insert, 1 pl of 10X T4 ligase buffer and
1 ul of T4 DNA ligase (Promega, Biotec, Madison, WI) in a final volume of
10 ul. The ligation product was transformed into One Shot TOP10 E. coli
competent cells (Invitrogen Life Technologies, Carlsbad, CA) according to
manufacturer’'s protocol. Transformed cells were streaked onto
carbenicillin selective plates and grown O/N at 37 °C. Carbenicillin plates
were made by adding carbenicillin antibiotic at 50 ug/ml to autoclaved LB

agar.

The next morning, 12 well-separated colonies were used to inoculate 5 ml
of carbenicillin selective cultures and the cultures grown O/N at 37 °C.
The plasmid DNA was purified using a QIAgen plasmid MINIprep kit
according to manufacturer’s instructions (Valencia, CA). The plasmid
DNA was screened for insertion of the hax1l 001 segment by agarose gel
electrophoresis using 1 ul of plasmid DNA loaded onto a 1 % agarose
gel. The plasmid DNA from colonies with a shift in size from ~4000 bp to
~5000 bp was then subjected to PCR with hax1 001 primers (Appendix
7.3) using Reddymix (ThermoScientific) according to the manufacturer’s
instructions. The PCR products were Exol-SAP treated as described in
section 2.1.20 followed by Sanger sequencing in order to determine the

orientation of the haxl insert in the pCS2+ plasmid vector. A clone with
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the correct orientation was used to inoculate a 50 ml selective culture and
the culture grown O/N at 37 °C. The following morning, the haxl 001
containing pCS2+ plasmid was purified from the O/N culture using a
QIAgen plasmid MiDlprep kit (Valencia, CA) according to the
manufacturer’s protocol. The plasmid DNA was linearized using Notl. 20
Mg of plasmid DNA were mixed with 20 pl of buffer 3 (NEB), 2 ul of 100X
BSA, 4 ul of Notl in a total volume of 200 pl. The digest was incubated at
37 °C for 2 h. The linearized plasmid DNA was then purified using a
QIAgen PCR clean-up kit as described in the manufacturer's manual.
Purified linear plasmid DNA was transcribed into mRNA from the SP6
promoter using an Ambion Sp6 mMessageMachine transcription kit
(Austin, TX). The following were assembled into a PCR tube:

5 pl linear pCS2+ hax1 001 (10 pg)
10 ul NTP/CAP

2 ul buffer

1 ul RNAse free water

2 ul Sp6 polymerase

The contents of the tube were mixed gently and incubated at 37 °C for 2
h. The plasmid DNA template was degraded by adding 1 pl of DNAse
and incubating at 37 °C for 30 min.

In order to purify the mRNA, synthesized mRNA was mixed 400 pl of
Phenol Chloroform and 480 pl of RNAse free water. The mixture was
vortexed and spun at 13000 rpm at 4 °C for 15 min. To further purify and
concentrate the plasmid DNA, 400 pl of the upper layer were transferred
into an Amicon ultra 0.5 ml centrifugal filter device (Millipore, Billerico,
MA, USA) and the column inserted into a tube according to the
manufacturer’s instructions. The tube was then centrifuged at 14000 at
RT for 10 min. Following centrifugation, the column was transferred to a
fresh tube and spun at 1000g at RT for 2 min. In order to quantify the
RNA, the purified capped mRNA was then subjected to agarose gel

electrophoresis. 1 yl of mMRNA was loaded alongside Hyperladder |
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(Bioline, London, United Kingdom) on a 1% agarose gel. The purified
capped mRNA was diluted with RNAse free water and 50 pg (1 nl) were
injected into each embryo as described in section 2.2.3.

2.1.23 Isolation of genomic DNA from single zebrafish embryos
Dechorionated embryos were lysed in 50 pyl of embryo digestion buffer
(10 mM Tris Hcl pH8, 1 mM EDTA, 0.3 % Tween-20, 0.3 % NP-40).
Following a 10 min incubation at 98 °C, the embryos were transferred to
ice and 4 pl of Proteinase K (25 mg/ml) were added. The embryos were
then incubated for a further 3 h at 55 °C followed by a 10 min incubation
at 98 °C. 650 ul of ammonium acetate solution were added to the lysate
and mixed. Ammonium acetate solution for 10 samples was made up by
adding 2.63 ml of 7.5 M ammonium acetate to 4.2 ml of water. The gDNA
was extracted using 700 pl of chloroform and spinning at 14000 g for 1
min at RT. The top aqueous layer (~650 pl) was then transferred to a new
tube and 1 pl of GlycoBlue (Ambion, Austin, TX) was added to the
sample for visualisation of pelleted nucleic acid. The gDNA was
precipitated using 650 pl of propan-2-ol at RT and centrifugation at
14000g for 30 min at 4 °C. The pelleted gDNA was washed with 1 ml 70
% ethanol. Following centrifugation at 14000 g at 4 °C for 1 min, the
supernatant was discarded and the sample pulse spun to bring down
residual supernatant, which was then removed. The gDNA pellet was
then air dried at RT for 1 min only followed by resuspension in 50 ul of
water. The gDNA was stored at -20 °C.

2.1.24 Isolation of genomic DNA from a pool of zebrafish embryos

Genomic DNA (gDNA) was extracted from a pool of 10-50 embryos.
Dechorionated embryos were lysed in 700 ul of embryo digestion buffer
(10 mM Tris Hcl pH8, 1 mM EDTA, 0.3 % Tween-20, 0.3 % NP-40).
Following a 10 min incubation at 98 °C, the embryos were transferred to
ice and 30 pl of Proteinase K (25 mg/ml) were added. The embryos were
then incubated for a further 3 h at 55 °C followed by a 10 min incubation

at 98 °C. 700 pl of 1:1 phenol/chloroform solution were added to the
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lysate and mixed by inversion. The tube was spun at 14000 g for 1 min at
RT. The top aqueous layer (~450 ul) was then transferred to a new tube
and 700 pl of chloroform were added to the solution. This was mixed by
inversion and spun at 14000g for 1 min at RT. The gDNA was
precipitated by transferring the aqueous layer (~450 pl) to a new tube
containing 250 ul of 7.5 M ammonium acetate and 700 ul of propan-2-ol.
The sample was centrifuged at 14000 g for 30 min at 4 °C. The pelleted
gDNA was then washed in 1 ml of 70 % ethanol followed by a spin again
at 14000 g at 4 °C for 1 min. Following the centrifugation, the supernatant
was discarded and the sample pulse spun to bring down residual
supernatant, which was then removed. The gDNA pellet was then air
dried at RT for 1 min only followed by resuspension in 100 pl of water.
The gDNA was stored at -20 °C.

2.2 In-vivo techniques

2.2.1 Whole mount in situ Hybridization (WISH)

All WISH buffer formulas are shown in Appendix 7.7. Uninjected and
haxl 001 mRNA injected nacre embryos at 24 hours post fertilization
(hpf) were fixed overnight in 4 % para-formaldehyde (PFA made in
phosphate buffered saline; PBS) at 4 °C. The embryos were then
transferred into 100 % methanol and stored at -20 °C. Up to 20 embryos
per eppendorf were fixed in this way. The embryos were rehydrated by 5
min washes in 1 ml of a methanol series of 75 %, 50 % and 25 % made
up in PBS and 100 % PBT (PBS with 0.1 % Tween-20). This was
followed by a 15 min 1:1000 treatment in 10 pg/ml Proteinase K (Sigma-
Aldrich) in PBT then fixing for a second time in 4 % PFA for 20 min. This
was followed by five 5 min washes in PBT and incubation in a pre-
hybridization buffer for 5 h at 70 °C. The embryos were incubated in
probe-hybridization buffer (1:200 dilution of RNA in formamide from
section 2.1.21 in pre-hybridization buffer) for 15 h at 70 °C. Excess RNA
probe was removed by successive washes with 100 % brief HybWash
and 15 min washes in 75 %, 50%, 25 % HybWash with 2X SSC at 70 °C.

A 2X Saline-sodium citrate (SSC) wash followed by two 30 min washes
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with 0.2X SSC at 70 °C followed. The embryos were then washed for 10
min in a series of 0.2X SSC of 75%, 50 %, 25 % and 0% made up in PBT
at RT. The embryos were incubated at RT in blocking solution (PBT, 2 %
sheep serum; v/v, 2 mg/ml BSA) for several hours. This was followed by
incubation in Blocking solution containing 1:5000 anti-DIG-AP antibody
(Roche) overnight at 4 °C with gentle shaking. Excess primary antibody
solution was washed of with six 15 min washes in PBT. During the last
wash, the embryos were transferred to a 24 well plate. The embryos were
then washed with staining wash solution three times, 5 min each time.
This was followed by incubation in staining solution containing NBT
(Roche) and BCIP (Roche) and the embryos were monitored with a
dissecting microscope. Once the desired staining was achieved, the
staining solution was removed and the reaction was stopped by adding 1
ml of 1 mM EDTA in PBS (pH 5.5) for 5 min. The embryos were fixed in 4
% PFA for 30 min and stored at -20 °C in methanol. Before imaging, the
embryos were rehydrated with brief washes in 75 %, 50 % and 25 %
methanol made up in PBS. Whole fish embryos were mounted in 80 %
glycerol and imaged using a Nikon SMZ1500 stereomicroscope with a
DS-Fil camera. Images were taken at multiple Z-planes. NIS elements
software was used to generate the focused images.

2.2.2 Morpholino phosphorodiamidate antisense oligonucleotides
(MO) design

Hax-1 splice blocking and translation start site blocking MOs were
designed to target the splice acceptor of exon 3 and translation start site
according to instructions on the http://www.gene-tools.com/Oligo_Design
website. The MO oligonucleotides were obtained from Gene Tools, LLC
(Corvalis, OR, USA). The sequence of the Hax-1 splice site MO was: &’
AAACCTGATGGGAAGAAGCAGAACA 3 and that of the translation start
site MO 5 GCTCATTTATGGACAGAATCCTGAG 3'. A p53 translational
blocking MO was also used (5 GCGCCATTGCTTTGCAAGAATTG 3’).
Before injection the MOs were diluted with sterile H20 and phenol red (for

visualization).
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2.2.3 Zebrafish maintenance and microinjection

Adult zebrafish were maintained at 28 °C in a 14 h light/dark cycle in
approved Home Office facilities in the Centre for Developmental and
Biomedical Genetics aquaria at the University of Sheffield. All zebrafish
experiments were performed under the UK Home Office Project License
40/3325 in accordance with Home Office legislation. Wild-type zebrafish
(AB and EKK strains) and transgenic Tg(mpx::GFP)i114 fish (Renshaw et
al. 2006) were set up for spawning late in the afternoon. Embryos were
collected the next morning and grown at low density (~50 embryos per
petri dish) in E3 media (Appendix 7.8). If embryos were required for RNA
extraction they were then anesthetised with Tricaine methanesulfonate
(MS222) before dechorionation and processing for genomic DNA (gDNA)
or RNA extraction.

2.2.4 Microinjection of embryos with MO and capped mRNA
Transgenic zebrafish Tg(mpx:GFP)il1l4 were marbled overnight. The
embryos were collected the following morning and ~50 embryos were
aligned on a microinjection petri dish. The embryos were injected at the
1-4 cell stage using 1-2 nl of diluted MO or RNA using a pulled Kwik-Fil™
borosilicate glass capillary (World Precision Instruments) and a
pneumatic picopump (PV830) and air compressor micromanipulator
(World Precisioninstruments), and a Leica S6D 100 dissecting
microscope with a Leica L2 light source. The end of the needle was
broken off using very fine forceps and the volume to be injected was
guantified using a graticule. Phenol red was added to the diluted MO or
RNA (1 pl in 10 pl final volume) for visualization of injecting under the
microscope. After injection, embryos were placed in E3 media and
incubated at 28.5°C. Dead and unviable embryos were removed after 1
hpf (hour post fertilization). Dead embryos were also removed after 6 and
24 h. Embryos required for total RNA extraction were dechorionated and
lysed in TRI reagent (Section 2.1.15).
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2.2.5 Analysis of total zebrafish PMN counts

Embryos were mounted in 1 % low melting point agarose containing
MS222 in a 40 mm dish with a section of the base replaced by a
microscopy glass coverslip. Images of embryos were captured using
Volocity® software (Perkin Elmer, Cambridge, UK) through a Nikon
Eclipse TE2000U inverted microscope 2x objective with 20 z planes.
Merged z-stacks were generated using Volocity®. PMNs were counted at
35, 48 and 72 hpf by eye from taking images of embryos on and counting
the green fluorescent protein (GFP) labeled PMN by eye.

2.2.6 Tail-fin transection of Tg(mpx:GFP)i114 embryos and analysis
of PMN recruitment and resolution from the site of injury

Dechorionated embryos were anesthetized by addition of MS222 to the
E3 media at a density of 10 embryos per petri dish. In order to trigger an
inflammatory response complete transection of the tail was performed
midway between the terminal point of the aortic venous loop and the
distal most part of the tail on 2-3 dpf embryos using a microsurgical knife
(World Precision Instruments, Hertfordshire, UK) as previously described
by Loynes et al. (Renshaw, Loynes et al. 2006). Post transection, the
embryos were transferred to fresh E3 media and incubated at 28 °C for
either 6 h (for analysis of recruitment of PMN to the site of injury) or 24 h
(for analysis of PMN resolution from the site of injury) post injury (hpi). At
the appropriate time point images of whole fish embryos were taken using
a 2x objective on a Nikon Eclipse TE2000U inverted microscope and

PMN at the site of injury were counted by eye.
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Figure 2.3  Site of tail-fin transection

An image of a 2 dpf embryo generated on a Nikon Eclipse TE2000U
inverted microscope using a 2x objective. The red line indicates the site

of transection.
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2.2.7 Generation of a zebrafish hax1 targeting CoDA ZFN

2.2.7.1 Adding zinc fingers to the generic backbones

In order to insert the F1, F2 and F3 zinc fingers (Appendix 7.13.1) into the

generic backbones, the following were assembled in a tube on ice:

PCR reaction Components PCR cycling
1ul generic backbone amplicon || parameters
14ul  water 1:95 °C 2min
4ul 5 X Phusion HF buffer 2:95 °C 20sec
0.5ul 10mM each dNTPs 3:50 °C 20sec
0.5ul 10uM each F1+F2F3 primers || 4:72 °C 5min
0.4ul Phusion HF 5:go to step 2) 19x
6:72 °C 3min
7:10 °C hold

The contents of the tube were mixed gently, added to a preheated
thermocycler and cycled as shown above. Primers for the left ZFN were
added to the pCS2-Flag-ZFP-Fokl-DD generic backbone and the right
ZFN zinc finger primers to the pCS2-HA-ZFP-FokI-RR generic backbone.

2.2.7.2 Generation of plasmid sticky ends

The remainders of the left and right ZFN PCR products were then purified
using a QIAquick PCR clean-up kit (with the guanidine HCI step),
according to manufacturer's protocol. In order to create plasmid DNA
sticky ends and allow self-ligation of the plasmids into circular form, the
resulting plasmid constructs (ZFN plasmids) were digested with restriction

enzyme Agel by adding the following components to a PCR tube, on ice:

Reaction components
o 44 pl of the eluted PCR product
° 34 pl of water
o 5 ul of NEB buffer |
J 1 pl of Agel
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The Agel digested left and right ZFN expression vectors containing the
F1, F2 and F3 zinc fingers were then purified using a QIAquick PCR
clean-up kit (with the guanidine HCI step) according to manufacturer’s

instructions and eluted in 50 ul of water.

2.2.7.3 Circularisation of the ZFN backbone plasmids

To generate a circular construct the left and right ZFN encoding plasmids
were self-ligated by assembling the following components into a PCR
tube:

Reaction components

o 2 pl of the eluted Agel digested PCR
product

o 2.5 pl of 2X NEB quick ligase buffer
o 0.5 pl of NEB quick ligase

This was mixed gently and incubated at room temperature (RT) for 5 min
prior to transferring to ice. The entire reactions were then each used to
transform 25 pl of NEB 10-beta competent E. coli (New England Biolabs,
Ipswich MA) according to the manufacture’s instructions. Transformed
cells (150 ul) were streaked on Ampicillin (50 ug/ml) selective LB agar

plates and grown overnight (O/N) at 37 °C.

2.2.7.4 Preparation of ZFN capped RNA for microinjection

The two purified plasmids from section 5.1.1.3 encoding the left and right
ZFN plasmids were linearised using Notl restriction enzyme. The

following components were assembled in a tube, on ice:

ZFN linearization components Reaction components

J 6 pg of each the left and right ZFN
plasmids

o 247 pl of water

. 30 pl of NEB buffer 3

. 3 pl of 10 mg/ml BSA (NEB)

. 20 pl Notl
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The digest was incubated at 37 °C for 1 h. The linearised plasmid DNA
was then purified using a QIAquick PCR clean-up commercial kit as
described in (section 2.1.19) and eluted into 30 ul of water. The plasmids
were then used to in vitro synthesise capped RNA via Ambion’s Sp6
mMessageMachine transcription kit (Austin, TX). The following were
assembled into a PCR tube at RT:

In vitro transcription components

o 3 pl 400 ng/ul Left and Right ZFN
plasmid DNA

. 5 pl NTP CAP mix

. 1 pl 10X buffer

o 1 pl enzyme mix

The contents of the tube were gently mixed and incubated at 37 °C for 2
h. Following the in vitro RNA synthesis, the plasmid DNA template was
degraded by adding 1 pl of DNAse turbo (Ambion, Austin, TX) to the
sample and incubating at 37 °C for a further 20 min. The in vitro
synthesised capped RNA was then purified using a QIAGEN RNeasy
Minelute kit according to manufacturer’s protocol. The capped RNA was

eluted with 18 pl of RNAse free water.
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2.2.7.5

Preparation of zebrafish haxl ZFN target sequence for

Roche Titanium 454 sequencing

In order to allow Roche Titanium 454 sequencing of the ZFN target site,

the haxl target site was first amplified using LHax1ZF454 and

RHax1ZF454 primers (Appendix 7.13.2). The following components were

assembled into a PCR tube on ice and PCR carried out using the

following conditions:

PCR reaction Components

1ul
14 pl
4 ul
0.4 pl
1ul
0.2 pl

20 X diluted genomic DNA

water

5X Phusion HF buffer
10 mM each dNTPs
10 uM each primer
Phsion HF

PCR cycling

parameters

1:95 °C 30 sec

2:95 °C 10sec

3:50 °C 15sec

4:72 °C 5 sec

5:go to step 2) 34 X
6:72 °C 5min

7:10 °C hold
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2.2.8 Generation of a zebrafish hax1 targeting TALEN

2.28.1

TALEN assembly stage |

Following identification of a suitable hax1l TALEN targeting site (described

in Chapter 5), the first stage assembly reactions were set up on ice as

follows:

Left TALEN Part

components

A

Left TALEN Part

components

1 pl pNI1 (150 ng/pl)

1 pl pHD2 (150 ng/ul)

1 pl pNI3 (150 ng/pl)

1 pl pNN4 (150 ng/pl)

1 pl pNNS5 (150 ng/pl)

1 pl pNN6 (150 ng/ul)

1 pl pNI7 (150 ng/pl)

1 pl pHD8 (150 ng/ul)

1 pl pHD9 (150 ng/ul)

1 pl pHD10 (150 ng/pl)
1 pl pFUS_A (100 ng/pl)
4 ul water

2 pl T4 ligase buffer (NEB)
2 pl T4 ligase (NEB)

1 pl Bsal (NEB)

Total volume: 20 pl

1 pl pHD1 (150 ng/pl)

1 pl pNG2 (150 ng/pl)

1 pl pNG3 (150 ng/pl)

1 pl pHD4 (150 ng/pl)

1 ul pFUS_B

10 pl water

2 pl T4 ligase buffer (NEB)
2 pl T4 ligase (NEB)

1 pl Bsal (NEB)

Total volume: 20 pl
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Right  TALEN

components

Part A

Right TALEN Part B

components

1 pl pHD1 (150 ng/pl)

1 pl pNG2 (150 ng/pl)

1 pl pNG3 (150 ng/pl)

1 pl pHD4 (150 ng/pl)

1 pl pNI5S (150 ng/pl)

1 pl NG6 (150 ng/pl)

1 pl pHD7 (150 ng/ul)

1 pl pNI8 (150 ng/pl)

1 ul pNG9 (150 ng/pl)

1 pl pHD10 (150 ng/pl)
1 pl pFUS_A (100 ng/pl)
4 ul water

2 pl T4 ligase buffer (NEB)
2 pl T4 ligase (NEB)

1 pl Bsal (NEB)

Total volume: 20 pl

1 pl pNI1 (150 ng/pl)
1 pl pNG2 (150 ng/pl)
1 pl pHD3 (150 ng/ul)
1 pl pNI4 (150 ng/pl)
1 pl pNG5 (150 ng/pl)
1 pl HD6 (150 ng/pl)
1 pl pFUS_B

8 pl water

2 ul T4 ligase buffer (NEB)
2 ul T4 ligase (NEB)
1 pl Bsal (NEB)

Total volume: 20 pl

A list of the plasmids required for
Golden Gate TALEN construction
is shown in Appendix 7.17. For part
A assembly, the first ten RVD
modules were excised from the
plasmids in which they were stored
and ligated to array plasmid
pFUS_A. For part B assembly the

rest of the RVD modules were

Temperature cycling parameters

1: 37 °C 5 min
2:16 °C 10 min
3:gotostepl9X
4:50 °C 5 min
5:80 °C 5min

7:10 °C hold

ligated to array plasmid pFUS_B. The plasmids were thawed and mixed.

Each reaction was mixed by gentle pipetting and cycled following the

parameters shown on the right.
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2.2.8.2 TALEN assembly stage | plasmid purification

In order to remove the non-ligated linear DNA fragments, 1 ul each of 10
mM rATP and plasmid safe nuclease (Epicentre Biotechnologies) was
added to each of the four cloning reactions. The samples were mixed
gently by pipetting and incubated at 37 °C for 1 h. Three pl of each
reaction were used to transform 12.5 pl of NEB 10-beta competent E. coli
(New England Biolabs, Ipswich MA) according to the manufacture’s
instructions. Spectinomycin selective X-gal LB agar plates were used for
streaking of 50 pl of transformed cells and overnight incubation at 37 °C
followed. Three medium sized well-separated white colonies were picked
for each transformation reaction and used to inoculate 6 ml cultures of
Spectinomycin selective LB. The cultures were incubated O/N at 37 °C
with shaking. Plasmid DNA was purified from overnight cultures using a
QIAGEN MINI prep kit (with the PB buffer wash) as described in the
manufacturer’s protocol. The purified DNA was eluted into 50 ul of water.

In order to asses whether the RVD modules of the Part A and B of the left
and right hax1 specific TALEN were correctly aligned, each array plasmid
containing the RVD modules was subjected to a diagnostic digest with
Nhel and Xbal restriction enzyme (NEB). Four ul of each plasmid eluate
were transferred to a tube containing 6 ul of restriction enzyme master

mix of the following components:

Assembly stage |. Diaghostic digest master
mix

o 22 pl water

. 5pl 10 X NEB2 buffer

o 0.5 ul 10 mg/ml BSA

. 1 pl Nhel

. 1l Xbal

The digests were incubated at 37 °C for 1 h.
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2.2.8.3 TALEN assembly stage |l

Part A and B of each subunit were combined with the following

components in the reaction:

Assembly stage Il components Temperature cycling
5 pl water parameters

4 pl eluted Part A plasmid 1: 37 °C 5 min

4 pl eluted Part B plasmid 2:16 °C 10 min

1 pl PLRNG (150 ng/ pl) 3:gotostep19X

1yl pCAG-T7-TALEN 75 ng/ pl) 4:50 °C 5 min

2 pl 10 X T4 DNA ligase buffer || 5:80 °C 5min

(NEB) 7:10 °C hold

2 pl T4 DNA ligase (NEB)

1ul Esp3l

The components of the left and right subunits were mixed by gentle

pipetting and cycled as shown above.

The resulting left and right hax1 specific pCAGT7-TALEN plasmids were
then transformed into 25 pl of NEB 10-beta competent E. coli (New
England Biolabs, Ipswich MA) using 2 pl of the Golden Gate reaction
according to manufacturer’s protocol. Following streaking of 50 pl of the
transformed cells onto carbenicillin Xgal LB agar plates and growth O/N
at 37 °C, a well separated white colony was picked for each subunit and
used to inoculate a 125 ml carbenicillin selective LB culture. This was
followed by O/N incubation at 37 °C. The plasmid DNA was purified from
each of the two O/N cultures using a Nucleobond Midi Kit (Macherey-
Nagel, Duren, Germany) according to manufacturer's manual. During the
second wash, the plasmid DNA was split into six 1.5 ml eppendorf tubes
and precipitated using isopropanol. The supernatant was completely
removed and the plasmid DNA pellet washed in 1 ml of 70 % ethanol.
Following centrifugation, the supernatant was completely removed once
again and the DNA pellet left to dry for 1 min. The plasmid DNA pellets in

each of the six tubes were resuspended in 20 ul of water and pooled into
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a single tube. In order to quantify the plasmid DNA, 1 pl of each the left
and right subunit was diluted with 99 ul of water and absorbance at 260

nm was measured using a spectrophotometer.

2.2.84 TALEN assembly stage |l: Diagnostic digest
In order to assess the TALEN stage Il assembly, the left and right TALEN

subunit plasmids were subjected to a BamHI and Xbal restriction digest.

The digestion components of each reaction are shown below:

Assembly stage II: Diagnostic digest components

o 7 pl water
o 1.5 pl Nucleobond purified pCAGT7-TALEN construct
100ng/pl

. 0.1pl 100 X BSA
. 0.5pul BamHI
. 0.5pl  Xbal

The contents of the digestion reaction were mixed by pipetting and
incubated at 37 °C for 1 h.

2.2.8.5 TALEN assembly stage Il: Diagnostic digest

The left and right hax1 specific TALEN encoding constructs were also
linearised with Notl restriction enzyme to enable in vitro transcription of
the TALEN subunit:

Construct Linearization Components The digestion reaction was

mixed by gentle pipetting

e 6 ng Left TALEN
construct and incubated at 37 °C for
. 1 h. Following linearization,
e 6 ug Right TALEN
the plasmid DNA was
construct

purified using a QIAquick
PCR clean-up kit. The

plasmid was run through

o 3 ul 10 mg/ml BSA
o 30 uI 10 X NEB buffer 3
o 30 ul  Notl (NEB)

two purification columns
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and eluted with 30 pl of water.
2.2.8.6 Preparation of haxl exon 2 targeting TALEN RNA for

microinjection

In order to synthesize haxl specific TALEN capped RNA, an Epicenter
T7 Message Max ARCA kit was used to in vitro transcribe the Noitl
linearised TALEN encoding plasmids. The following components were

assembled in a tube at RT:

TALEN In vitro transcription components

o 5.5 ul 400 ng/pl linear plasmid DNA
. 2l 10 X buffer

. 8 pl NTP CAP mix

. 2 ul 100 mM DTT

o 0.5yl  Scriptguard

o 2 pl enzyme mix

The contents of the tube were mixed gently and incubated at RT for 30
min. In order to eliminate the template plasmid DNA, 1 ul of DNAse was
added o the sample and incubated at 37 °C for 15 min. The RNA was
then purified using an RNeasy MinElute clean-up kit (QIAGEN, Valencia,
CA) according to manufacturer’s protocol. The purified RNA was eluted

with 14 ul of water.

2.2.9 Invivo PMN tracking during recruitment to the site of injury

Embryos were anesthetized with MS222 and tail fin transections were
performed 30 min prior to commencement of tracking. Embryos were
mounted immediately after injury using 1 % low melting point agarose
and the tail fins were imaged using Volocity® build 5.3.2 on a Nikon
Eclipse TE2000U inverted microscope with the 10 X NA 0.3 PlanFluor
objective and an Orca-AG camera (Hammatsu). 5 z stacks were taken
through the tail fin at every 2 minute intervals over a focal depth of 100
MM over a period of 3 h. Volocity® was used to generate measurements
such track length, average velocity (um/sec) for the duration of the track,

bearing (degree) and the meandering index (a ratio of displacement from

95



the origin to track length). In order to generate the final images, a
calculated point spread function was generated followed by deconvolution

for 30 iterations using Volocity®.

2.3  Statistical Analysis

Statistical analysis was performed using Version 5.0 GraphPad Prism
(San Diego, CA). Data sets were analysed using either a One-Way
ANOVA with a Bonferroni’s post test (all pairs of columns compared) or
unpaired student’s t-tests. Significance is represented by *p< 0.05, **p<
0.01, ***p< 0.001 and ****p< 0.0001.

2.4  Bioinformatics

Nucleotide and protein sequence searches were carried out using NCBI
(National Centre for Biotechnology Information) Basic Local Alignment
Search Tool (BLAST) (http://blast.ncbi.nlm.nih.gov/Blast.cgi). Gene
sequence were searched and extracted from the Ensembl genome
browser (http://www.ensembl.org/index.html). Sequencing traces were
viewed using FinchTV (Finch TV 1.4.0, Geospiza,
(http://www.geospiza.com/finchTV).  Nucleotide and protein alignments
were carried out using Clustal Omega (EMBL-EBI;
http://www.ebi.ac.uk/Tools/msa/clustalo/). The plasmid editor ApE
(http://biologylabs.utah.edu/jorgensen/wayned/ape/) and  SeqBuilder
software (DNAstar; Lasergene, Madison, WI, USA) were used to
generate vector constructs and restriction maps for the ZFN and TALEN

assembly.
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3 Results- The expression, regulation and role

of HAX1 in human myeloid cells

3.1 Introduction

The human HAX1 gene is found on chromosome 1 and contains seven
exons in total (Lees et al. 2008). It has been shown to give rise to eight
transcript variants through alternative splicing and intron retention (Lees
et al. 2008). The gene is highly conserved across many species including
rat and mice highlighting its essential function (Mirmohammadsadegh et
al. 2003; Grzybowska et al. 2006; Hippe et al. 2006; Lees et al. 2008).
The HAX1 protein is known to function to maintain mitochondrial stability
thereby promoting cell survival (Suzuki et al. 1997; Sharp et al. 2002;
Klein et al. 2007). A role for HAX1 in cell survival is also supported by
reports on HAX1 overexpression in several tumours including breast

cancer, lung cancer and melanoma (Trebinska et al. 2010).

Human HAX1 deficiency leads to Kostmann disease, a severe congenital
neutropenia (SCN) characterized by low numbers of circulating PMN and
increased apoptosis of PMN progenitor cells in the bone marrow (Klein et
al. 2007). It has been suggested that HAX1 plays a key role in PMN
survival pathways but the possible mechanism is unknown (Klein et al.
2007).

To date, the expression, regulation and function of HAX1 in primary
human PMN has not been described. The aims of this chapter were to
study the expression of HAX1 at the mRNA and protein level in PMN and
the myeloid cell line, PLB-985 and create HAX1 deficient cells by siRNA
transfection of PLB-985 cells. The role of HAX1 knockdown in key
survival assays was explored. Knockdown of HAX1 in primary human

PMN was also attempted.
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3.2 Results

3.2.1 Expression of HAX1 in tissue cell lines and PMN

In order to investigate the expression of HAX1 in a panel of human cell
types, HAX1 isoform expression was examined using RT-PCR in three
cell lines (Beas2B, HelLa and PLB-985), primary peripheral blood
mononuclear cells (PBMC) and ultrapurified PMN (>97 % pure) (Fig. 3.1).
Published HAX1 isoform primer pairs were first optimised for their
annealing temperature in both PLB-985 and PBMC cDNA (results not
shown) (Lees et al. 2008). cDNA for the PBMC and PMN PCRs was
pooled from three individual donors in order to reduce donor variability.
Primers for transcripts 004 and 007 yielded multiple bands at all of the
annealing temperatures tested (50 - 65 °C) and therefore were omitted

from the panel.

Amplification of GAPDH was used as a loading control. Two negative
controls consisting of PCR reactions without template at both the RT and
PCR step were also included and no DNA was amplified for any primer
pair. Fig. 3.1 shows that the full-length isoform HAX1 001 (151 bp) along
with isoforms 002 (1009 bp), 003 (316 bp), 005 (165 bp) and 008 (297
bp) are expressed in ultrapure PMN and all the other cell types tested.
Expression of HAX1 006 is inconclusive following 35 cycles of PCR due
to the lack of a band at the predicted size (548 bp) in the PBMC positive
control (Lees et al. 2008). A number of additional bands were present in
the PCRs designed to specifically amplify isoform HAX1 002 and HAX1
008 and are detected in all cell types, labeled with an asterisk. These
additional isoforms were also noted in the previous study by Lees et al
(Lees et al. 2008).
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Figure 3.1 Multiple HAX1 transcripts are expressed in

human cell lines and myeloid cells

a.) Image adapted from Lees et al. indicating the human HAX7 primer
binding sites (black arrows) used to amplify the different predicted transcript
variants (007-008) in human cells (Lees et al. 2008). The exons (orange)
numbered 1-7 and non-protein coding regions (grey) are also shown.
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Figure 3.1 Multiple HAX1 transcripts are expressed in
human cell lines and myeloid cells

b.) Total RNA was extracted from Beas2B, HelLa, PLB-985, PBMC and PMN
followed by reverse transcription of 2 ug of total mMRNA. PBMC and PMN
RNA was extracted from three independent donors, reverse transcribed and
the cDNA was pooled. The cDNA (4 pl) was amplified using each of the
primer pairs, Hax-1 001-008 designed by Lees et al. (Lees, Hart et al. 2008).
A primer pair specific for GAPDH was used as a loading control. 35 PCR
cycles were carried out for all primer pairs shown and bands were separated
by agarose gel electrophoresis and visualised using a UV transilluminator. A
no template control was included in both the Reverse transcriptase (-RT)
and PCR (-PCR) step. Also shown are the results obtained from total RNA
extracted without the reverse transcription (RNA). Other putative isoforms
are labeled with an asterisk.
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HAX1 expression at the protein level was assessed using two
commercially available antibodies (obtained from GeneTex and BD
Biosciences) raised to two different epitopes of the HAX1 protein. Fig. 3.2
indicates the regions of the protein that each of the antibodies recognize.
The overall domain structure of the eight putative isoforms is also
presented in Fig. 3.2 indicating the putative isoforms that are likely to be
detected by the two different HAX1 antibodies. Whole cell lysates derived
from a number of different tissue cell types were subjected to SDS-PAGE
and identical membranes were probed with each antibody. Both
antibodies detected a band just above the 30 kDa marker that
corresponds to full-length HAX1 (32 kDa) (Fig. 3.3). HAX1 is highly
expressed in tissue cell lines including PLB-985, which was used as a
positive control for HAX1 expression from this point onwards (Tucker et
al. 1987).

HAX1 bands were clearly visible in PMN whole cell lysates derived from
three independent donors. The existence of bands between the 20 and
25 kDa and at 15 kDa markers should also be noted and may be of
interest. Higher molecular weight bands (>35 kDa) were visible with both
the GeneTex and BD Biosciences antibody however; this was less
evident in the immunoblot incubated with the HAX1 antibody obtained
from BD Biosciences. For bands of 30 kDa and below, some similarity of
the pattern and intensity of banding between the PMN whole cell lysates
and the PMN-like cell line PLB-985 is apparent in both western blots.
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Figure 3.2 HAX1 antibody binding sites

Image adapted from Lees et al. showing putative HAX1 isoform domain
structure and immunogenic regions for the BD Biosciences and GeneTex
antibodies. Each of the eight putative human HAX1 protein isoforms are
shown and known domain structures are indicated. Amino acid length and
weight of proteins is shown on the right. The monoclonal BD Biosciences
Hax-1 antibody was raised against the human HAX1 amino acids 10-148,
whereas the polyclonal GeneTex antibody was raised against a recombinant
fragment corresponding to the region within amino acids 1 and 279 of full-
length isoform 001.
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Figure 3.3 Detecting HAX1 at the protein level

Western blots of whole cell lysates from PMN and a number of different
human cell lines. Lysates from the same sample were loaded in each SDS-
PAGE gel. Immunoblots were stained with the BD Biosciences antibody
(1:400) a.) and the GeneTex antibody (1:1000) b.). The cell lines from left to
right and number of cells loaded per lane are: HCT116 - Human colon
carcinoma (1.5x10¢ cells), PLB-985- a myeloid leukemia cells (1x10¢ cells),
HelLa- cervical cancer cells (5x10¢ cells), B2B-bronchial epithelial cell line
(2x105 cells). Protein extracted from 2x10¢ PMN cells was loaded in each
lane. Position of protein markers is shown on the left. The membranes were
stripped and reprobed with B-actin antibody to assess the loading.
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3.2.2 Modulation of HAX1 expression during PMN lifespan

To test whether HAX1 protein levels are regulated during PMN cell
ageing, lysates were prepared from PMN incubated at 37 °C (5 % CO2) for
0, 6 and 18 h. Since PMN contain significant amounts of proteases, which
may cleave proteins during the lysis process and therefore affect
detection of HAX1, lysates were prepared in the presence or absence of
the protease inhibitor, Diisopropylfluoro-phosphate (DFP) in addition to
the standard protease inhibitor cocktail. PMN morphological changes and
apoptosis rates during constitutive cell death are shown in Fig. 3.4. PMN
are seen to shrink and lose their nuclear morphology during apoptosis
(Fig. 3.4 a.).

After 18 h in culture more than two thirds of the PMN were apoptotic
(66.67% +11.01) (Fig. 3.4. b.). PMN whole cell lysates at 0, 6 and 18 h in
the presence or absence of the protease inhibitor (DFP) were prepared
and identical samples were loaded in each of the two western blots
shown in Fig. 3.5. Membranes were immunostained with anti-HAX1
antibodies obtained from BD Biosciences (Fig. 3.5 a.) and GeneTex (Fig.
3.5 b.). HAX1 protein levels decreased with aging of PMN, which was
observed with both antibodies (Fig. 3.5). While both antibodies give rise
to higher molecular weight bands (>35 kDa), Fig. 3.5 (b.) shows that the
GeneTex HAX1 antibody produces a number of additional bands of high
intensity corresponding to 15 kDa, 22 kDa and 27 kDa protein sizes
which do not appear to be regulated during PMN cell death.

The addition of DFP appeared to have no effect on full-length HAX1
during cell lysis but it was clearly seen to have an effect on B-actin where
a stronger B-actin signal was detected in the presence of DFP and also
the lower molecular weight HAX1 bands (Fig. 3.5). Since the
immunoreactivity of HAX1 was reliable for both antibodies, the BD
Biosciences HAX1 antibody was used in all western blots shown from

hereon.
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Figure 3.4 Constitutive PMN apoptosis

a.) Morphological assessment of constitutive PMN death. PMN were either
cytospun immediately (t) or cultured in media for 6 (ts) and 18 h (t:).
Cytocentrifuge slide preparations were fixed and stained with Diff-quick
solutions 1 and 2 and visualised using a light microscope with X400
magnification. Representative micrographs of cells at different time-points
are shown in a.). PMN underwent constitutive death displaying
morphological changes consistent with apoptosis. Fig. b.) shows mean *
SEM percent apoptosis from four independent experiments (n=4), three of
which were used to generate samples for the western blots probed with
HAX1 antibody shown in Fig. 3.5. Healthy and apoptotic cells were counted
from duplicate cytospins. Data were analysed using a one-way ANOVA with
Bonferroni's post-test:; ***p< 0.0001 test vs untreated; n=4.
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Figure 3.5 HAX1 protein levels decrease during PMN

constitutive death

Ultrapure PMN cultured for 0, 6 or 18 h were lysed in the presence or
absence of the protease inhibitor DFP. Identical samples were subjected to
two western blots. Protein from 2x10s cells was loaded in each lane. a.) The
membrane was immunostained with Hax-1 antibody from BD biosciences.
Blot is representative of three independent experiments (n=3). b.) The
membrane was immunostained with Hax-1 antibody from GeneTex. Blot is
representative of a single experiment. Both blots were stripped and reprobed
with antibody to - actin in order to assess the loading.
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The HAX1 expression levels during PMN ageing were analysed by
densitometry. The fold changes in HAX1 levels relative to the [(-actin
loading control significantly reduced at 6 and 18 h time-points compared
to 0 h (Fig. 3.6). The reduction in HAX1 levels with time was
accompanied by increased apoptosis as shown in Fig. 3.6 (a.). A rapid
fall in HAX1 levels in the first 6 h was followed by a gradual decrease
from 6-18 h. Fig. 3.6 (b.) shows that the rapid fall in the protein level
occurs in the first 6 h of culture and only a small number of cells are

apoptotic at this time-point.
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Figure 3.6 Densitometry analysis of HAX1 expression

during constitutive cell death

Full-length  HAX1 immunoreactive band intensity from 3 independent
experiments was quantitated by densitometry and relative expression
compared to B-actin control was calculated. Fold change from t, (expressed
as 1) is shown on the y-axis and time (h) on the x-axis (a.). Data from three
different time-points (t, ts, and tis) were analysed. (One-way ANOVA with
Bonferroni's post-test:; **p< 0.001, test vs untreated; n=3). (b.) The mean
fold change (n=3) was plotted against % apoptosis (n=4) at 0 h (blue point),
6 h (red point) and 18 h (green point).
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3.2.3 Regulation of HAX1 in response to inflammatory and death-
inducing stimuli

HAX1 mRNA expression was previously shown to be upregulated in
response to GM-CSF and LPS in a microfluidics study using human PMN
(Kotz et al. 2010). GM-CSF is known to enhance Mcl-1 stability in PMNs
(Klein et al. 2000; Derouet et al. 2004). GM-CSF, the potent pan-caspase
inhibitor qvD-OPh and heat killed bacteria are known to prolong PMN
survival (Brach et al. 1992; Caserta et al. 2003; Baran et al. 1996).
Conversely, the bacterial endotoxin pyocyanin and the protein
biosynthesis inhibitor cyclohexamide (CHX) have been shown to induce
PMN apoptosis (Usher et al. 2002; Gong et al. 1993). To investigate
whether HAX1 is regulated at the protein level by these factors that
modulate apoptosis, PMN were incubated with inflammatory and death-
inducing stimuli and HAX1 expression was explored by western blotting
(Fig. 3.7). Ultrapure PMN were cultured in the absence and presence of
GM-CSF, pyocyanin, heat killed (HK) E. coli, HK S. aureus, qVD-OPh
and CHX for 6 and 18 h. Cytocentrifuge slides and protein lysates were
prepared at the appropriate time-point. HAX1 expression increased
relative to the untreated PMN control in response to all of the
inflammatory stimuli (GM-CSF, qvD-OPh, HK E. coli and HK S. aureus).
It remained unchanged in response to pyocyanin and CHX. The
combined CHX and qVD-OPh treatment of PMN also resulted in

increased HAX1 levels.

Densitometric analysis from three independent experiments did not reveal
statistically significant changes. This is shown in Fig. 3.8 (a.) and (b.)
after 6 h and Fig. 3.8 (c.) and (d.) after 18 h time-points. Changes in
HAX1 expression were accompanied by changes in PMN apoptosis rates
as assessed by counts on cytocentrifuge slide preparation (Fig. 3.9). The
inflammatory stimuli, GM-CSF, qVvD-OPh, HK E. coli and S. aureus,
resulted in decreased apoptosis of PMN. On the other hand, CHX lead to

significantly increased apoptosis at both 6 and 18 h. Interestingly, cells
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Figure 3.7 Full length HAX1 expression in PMN after

treatment with inflammatory stimuli and death inducing agents

Cells were cultured with GM-CSF 50 units / ml, Q-VD.OPh (1 pM), CHX
(100 uM), pyocyanin (50 uM), heat killed E. coli (MOI = 10) or heat killed S.
aureus (MOI = 10) for 6 and 18 h. At the relevant time-point, cells were lysed
and lysates were subsequently subjected to western blotting. 2 x 10° lysed
cells were loaded per lane. The western blots were immunostained with
HAX1 antibody and stripped and re-immunostained with B-actin antibody to
assess the loading. Immunoblots are representative of 3 independent
experiments.
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Figure 3.8 Mean fold change in HAX1 expression from
untreated control in response to inflammatory and death inducing
stimuli

PMN were treated as indicated for 6 h (a. & b.) or 18 h (c. & d.) and whole
cell lysates prepared as described in section 2.1.10. Samples from three
independent experiments were subjected to western blotting for the
detection of HAX1 and -actin loading control. Full-length HAX1
immunoreactive band intensity from 3 independent experiments was
quantitated by densitometry and relative expression normalized to the
untreated control sample was calculated and is shown on the y- axis in
response to each stimulus as well as in the untreated control PMN. Relative
densitometry data were analysed using a one-way ANOVA with Bonferroni's
post-test, n=3 (ns indicates not significant).
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Figure 3.9 Regulation of Apoptosis in response to

inflammatory and death inducing stimuli

PMN were treated as indicated for 6 (a. & b.) or 18 h (c. & d.) and
cytocentrifuge slides were prepared. Slides were fixed and stained with Diff-
quick solutions 1 and 2 and visualized using a light microscope with X1000
magnification. Apoptosis rates were scored from duplicate slides and %
apoptotic cells are shown for each condition. (One-way ANOVA with
Bonferroni's post-test; overall ANOVA for a. and c. * p< 0.05, Bonferroni's
post-test ns, a. n=4, ¢. n=3; b. and d.) One-way ANOVA with Bonferroni's
post-test; ****p< 0.0001, test vs untreated, n=4).
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with the combined treatment of CHX and qVD-OPh were significantly less
apoptotic at 18 h with qvVD-OPh preventing the CHX induced death.

3.2.4 Regulation of HAX1 expression in PLB-985 cells by death
inducing agents

In order to establish whether PLB-985 cells have a similar HAX1
expression and regulation profile to PMN, PLB-985 cells were incubated
with the death inducing agents CHX and staurosporine (STSP, a protein
kinase inhibitor) for 3 h in the presence and absence of qVD-OPh.
Cytocentrifuge slides and whole cell lysates were prepared as described
in sections 2.1.4 and 2.1.10 respectively. Changes in HAX1 expression
were explored by western blotting. In contrast to the media control,
incubation with 100 uM CHX and STSP resulted in the appearance of
additional HAX1 specific bands indicated by the red arrows in Fig. 3.10
(a.). When cells were co-incubated with the pan-caspase inhibitor qVD-
OPh these bands disappeared. Percent apoptosis of control and treated
cells from 3 independent experiments is shown in Fig. 3.10 (b.).
Interestingly, the loss of the HAX1 specific lower molecular weight bands
in cells with the combined CXH or STSP and qVvD-OPh treatment was
accompanied by abrogation of the CHX-induced apoptosis. PLB-985 cells
treated with STSP were significantly more apoptotic than the control. The
accelerated apoptosis was inhibited by qVD-OPh. The morphology of
these cells is shown in Fig. 3.10 (c.).

113



a.)

1UMqVD-OPh  + + + +
50uM CHX + o+
100 M CHX £
1 M STSP + o+
kDa 50—
40—
30-.“”‘. HAX1
25w -
20— - <
1 G il
1o B

T —— D W —— — B-actin

c.)
i Untreated
— ==

100+

% Apoptosis

STSP

Figure 3.10 HAX-1 is regulated in response to CHX and STSP in
PLB-985 cells

PLB-985 cells were incubated with CHX and STSP for three hours with or
without a 30 min pre-incubation with qvVD-OPh. Protein from 1x10° cells
was loaded in each lane and subjected to western blotting (a.). The blot
was immunostained with HAX1 antibody followed by stripping and re-
immunostaining with [B-actin in order to assess protein loading.
Percentage apoptosis scored from cytocentrifuge slide preparations from
the same experiments is shown (bars represent mean £ SEM) in Fig. b.
(bars represent mean + SEM). Data were analysed using a one way
ANOVA with Bonferroni's post-test:; **p< 0.0012 test vs untreated and
STSP vs STSP & qVD-OPh; n=3 with qvD-OPh and n=4 without qVD-
OPh). c. Light micrographs of control, STSP, and combined STSP &
gVD-OPh treated PLB-985 cells. An apoptotic PLB-985 cell is indicated
by the red arrow.
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3.2.5 HAX1 protein levels decrease during PLB-985 differentiation
Healthy cells were treated with various differentiation stimuli over five
days; a cell count was carried out on each day followed by preparation of
duplicate cytocentrifuge slides. The effectiveness of the differentiation
media was assessed by analysis of morphological changes and was
compared to primary human PMN. Fig. 3.11 shows images of PLB-985
cells taken on day 4. The arrows indicate the appearance of
promyelocytes, metamyelocytes and band cells at different stages of
differentiation.

The various stimuli had similar effects on the PLB-985 differentiation
state. All stimuli yielded band cells and cells with nuclear indentations in
comparison to the round nucleated undifferentiated promyelocytes.
Differentiation by combined RA and DMSO treatment of cells generated
most PMN-like cells on day 5 (data not shown) however, the combination
was toxic to the cells and would not yield high enough numbers of cells to
lyse for protein. PLB-985 differentiation was achieved using 1 yM RA in

the following experiments.

PLB-985 cells differentiated for 5 days were lysed to generate whole cell
protein lysates as described in section 2.1.10. Two cytocentrifuge slides
were also prepared to assess the morphological changes. The lysates
were subjected to western blotting for the detection of HAX1 protein. Full-
length HAX1 levels were downregulated with increased differentiation
(Fig. 3.12 a.). Densitometry data analyses of two independent PLB-985
differentiation experiments up to day 3 is shown in Fig. 3.12 (b.) and
demonstrates the same trend. Interestingly, as the level of full-length
HAX1 protein (~30 kDa) decreased, a second lower molecular weight
band (~ 28 kDa) was observed.
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Figure 3.11 Induction of morphological changes during PLB-985
differentiation into PMN-like cells by different stimuli

Undifferentiated PLB-985 cells were cultured in media (a.), 0.5 yM RA (b.),
0.75 uM (¢.), 1 (M RA (d.), 1 uUM RA & 0.5 % DMF (e.), 1 utM RA & 1.25 %
DMSO (f.) or 1.25 % DMSO (g.) for four days. A primary PMN image is also
shown for comparison. Duplicate cytocentrifuge slides were prepared for
each of the conditions and cell morphology assessed by light microscopy.
Images were taken at X400 magnification, (black arrow- promyelocyte, cyan
arrow- band cell, red arrow- metamyelocyte). Images shown are
representative of n=3.
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Figure 3.12 HAX1 protein levels are downregulated during PLB-985
differentiation

PLB-985 cells were differentiated over 5 days using 1 uM RA. At the
appropriate time-point two cytocentrifuge slides were prepared in order to
assess the differentiation and the rest of the cells were lysed for protein. The
lysates were subjected to western blotting and blots immunostained with
HAX1 antibody (a.). Protein levels were quantitated using Image J as fold
change from t, (undiff., expressed as 1) relative to the B-actin control and
densitometric data showing HAX1 degradation with over 3 days is shown in

(b.).
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3.2.6 Transient knock-down of gene expression in PLB985 cells

In order to test the hypothesis that HAX1 is important in myeloid cell
survival and homeostasis, HAX1 specific SIRNA (short interfering RNA)
strategies to knockdown HAX1 in PLB-985 cells were followed. siRNAs
work by targeting the specific mMRNA for degradation via the RNAi (RNA
interference) pathway thus preventing gene expression (Martinez et al.
2002). Dharmacon ON — TARGETplus SMART pool siRNA was used
which comprised 4 different siRNAs targeting six of the published
isoforms, isoforms 001 — 006 (Lees et al. 2008). PLB-985 cells were

transfected using the Amaxa nucleofection system™.

3.2.7 Transient Cyclophilin B knock-down in PLB-985 cells

The Amaxa nucleofection system™ had previously been used in PLB-985
cells by others but only for the purpose of delivering plasmid DNA into the
cells (Chen et al. 2007). To test the ability of the Amaxa nucleofection
system™ to knockdown genes in PLB-985, Amaxa mediated siRNA gene
knockdown of the housekeeping gene Cyclophilin B (Cyc B) was
optimised. Fig. 3.13 shows successful Cyc B knockdown in PLB-985
cells. Cyc B siRNA transfected cells showed a reduction in Cyc B
expression when compared with untransfected and mock-transfected
cells (cells that underwent electroporation in the presence of

nucleofection solution V without any siRNA) relative to GAPDH levels.
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Figure 3.13 Cyclophilin B knockdown in PLB-985 cells

PLB-985 cells (3 x 10¢) were transfected with Cyc B siRNA or nucleofection
solution V only (Mock control) and cultured for 24 h following transfection.
Total RNA was then extracted from control untrasfected, mock transfected
and CYCB siRNA transfected cells. Following reverse transcription the
cDNA was amplified using primers specific for either Cyc B or GAPDH
loading control and samples were subjected to agarose gel electrophoresis.
A no template control was included in both the reverse transcription (-RT)
and PCR (-PCR) step.
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3.2.8 Transient HAX1 knock-down in PLB-985 cells and its effect on
apoptosis and mitochondrial membrane stability (Aym)

Since we determined that Cyc B gene expression could be disrupted
using siRNA transfected via the Amaxa nucleofection system™, we went
on to investigate the effects of HAX1 knockdown in PLB-985 cells. HAX1
ON-TARGETplus SMART pool siRNA was transfected into PLB-985 cells
and knockdown was analysed at the mRNA level by RT-PCR and protein
level by western blotting. The siRNA was designed to target four different
regions of the mRNA spanning all of the isoforms published by Lees et al.
(Lees et al. 2008). HAX1 levels were visibly reduced at 10 h and 24 h
following transfection in response to HAX1 siRNA when compared to the
untransfected and scrambled siRNA controls (Fig. 3.14 a.). HAX1
knockdown had no effect on apoptosis rates at 24 h post transfection
(n=6) (Fig. 3.14 b.). In addition, the knockdown was without effect on
mitochondrial membrane permeability (Awm), an early marker for
commitment of PMN to apoptosis, when compared to the untransfected
and mock-transfected controls assessed by JC-1 staining (Fig. 3.15). The
potassium ionophore valinomycin (Val) is known for its role in inducing
apoptosis through its actions on decreasing Aym (Janeway Jr. &
Medzhitov 2002). Val treated cells underwent a large dissipation of Aym
as shown by the profound increase in FL-1 signal in all conditions. The
HAX1 siRNA transfection did not enhance the loss of Aym in these

experiments.
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Figure 3.14 Transient HAX1 knockdown in PLB-985 cells does not
induce apoptosis

PLB-985 cells (3 x 10¢) were transfected with scrambled, HAX7 siRNA or
nucleofector solution V only (mock) using Amaxa. RNA and protein were
extracted at 10 and 24 h (n=6) and knockdown was assessed by RT-PCR
(a.) and western blotting (n=2) (b.). Percent apoptosis was quantified by light
microscopy at 24 h post-transfection (c.). Apoptosis counts from six
independent experiments are shown and were analysed using a one way
ANOVA with Bonferroni's post test; n=6). ns indicates not significant.
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Figure 3.15 The effect of HAX1 knockdown in PLB-985 cells on
mitochondrial transmembrane potential (Aym)

PLB-985 cells were transfected with scrambled control siRNA, HAX7 siRNA
or nucleofector solution V only (mock). Loss of Aym was detected using the
cationic dye JC-1 in control and knockdown cells at 24 h post-transfection in
cells with and without a 3 h treatment with 5 yM valinomycin (Val). Gain of
green fluorescence (FL-1) indicative of loss of Aym was measured in intact
cells identified by forward (FSC) and side scatter (SSC) characteristics using
flow cytometry. Representative histograms are shown in Fig. a.. Basal
changes in control and HAX7 knockdown cells are shown in Fig. b. and
changes induced by Val are shown in Fig. c.; bars represent mean % +SEM,
(one way ANOVA with Bonferroni's post-test, p< 0.05, n=3).
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3.2.9 The effect of HAX1 siRNA encapsulated polymerosomes on
HAX1 levels in human PMN

A recent study has shown that polymerosomes (nanometre-sized
vesicles) can be utilised as nanovectors for the delivery of active proteins
into cells and targeting of intracellular mechanisms (Canton et al. 2013).
Polymerosomes are non-cytotoxic and have also been used for rapid and
efficient intracellular delivery of nucleic acids (Lomas et al. 2008). During
my studies, a member of Dr Steve Renshaw’s lab (James Robertson) has
generated unpublished evidence that knockdown of Mcl-1 accelerates
PMN apoptosis in vitro using polymerosome encapsulated siRNA. PLB-
985 cells are undifferentiated myeloid progenitors and therefore differ
from PMN in many ways and therefore in order to investigate whether
HAX1 knockdown has an effect on PMN apoptosis, we attempted to
knockdown the gene in primary human PMN using polymerosome
encapsulated HAX1 siRNA. These experiments were carried out in
collaboration with James Robertson, who had previously optimized the
technique. Cells were treated with GM-CSF in order to prolong survival,
allowing enough time for efficient delivery of the siRNA and gene
knockdown. Untreated and PBS treated controls were included. Cells
were incubated with polymerosomes containing 20 yM HAX1 siRNA
(prepared in PBS). Following 30 h of culture, the cells were harvested for
protein and mMRNA. Since Mcl-1 is known to play a role in PMN apoptosis,
encapsulated Mcl-1 siRNA was also used as a positive control. Samples
were subjected to RT-PCR and western blotting. Fig. 3.16 shows that the
HAX1 and Mcl-1 siRNA encapsulated polymerosomes were unsuccessful
in knocking down the respective genes in PMN tested at the transcript

and protein level for HAX1 and only protein level for Mcl-1.
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Figure 3.16 Effects of polymerosome encapsulated HAX1 siRNA on
PMN HAX1 protein levels

Ultrapurified cells were cultured with 20 yM polymerosome encapsulated
siRNA and 50 u of GM-CSF for 30 h. Since the encapsulation efficiencies
were different for the HAX7 and Mcl-1 siRNAs, two different doses of empty
polymerosome were applied to control for the number of polymerosomes
added to the cells (Empty 1 and Empty 2). A PBS control in the presence
and absence of GM-CSF was also included. At the appropriate time point
the cells were lysed for RNA (0.5 x 10¢) and protein (2 x 10¢) and analysed
by RT-PCR and western blotting. Once probed with HAX1 the western blot
was then stripped and re-immunostained with MCL1 antibody. This was
followed by a second stripping and reprobing with B-actin to assess the
loading. Images are representative of 3 independent experiments (n=3).
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3.3 Summary

The aim of this chapter was to investigate the expression, regulation and
function of HAX1 in PMN and PLB-985 cells. Expression was analysed at
both the transcript and protein level. siRNA technology was applied in
order to test the effects of HAX1 knockdown on cell survival and

mitochondrial membrane potential.

| found that human PMN and PLB-985 cells express multiple HAX1
isoforms at the mRNA level including the full-length isoform 001. HAX1
expression in human PMN and PLB-985 cells at the protein level was
also confirmed. Although HAX1 protein levels were shown to increase in
response to anti-apoptotic factors, GM-CSF and gqVD-OPH as well as
heat killed bacteria, the increase in HAX1 expression is likely to reflect
the apoptosis rates. In PLB-985 cells, incubation with death inducing
stimuli generated lower molecular weight HAX1 specific bands.
Interestingly, HAX1 levels decreased as PLB-985 cells gained a more
PMN-like morphology during differentiation. Furthermore, | found that
transient knockdown of HAX1 in PLB-985 did not affect basal apoptosis

rates or mitochondrial membrane stability.

3.4 Discussion

3.4.1 HAX1 expression in human myeloid cells

34.1.1 HAX1 isoforms
Lees et al. first reported the existence of multiple HAX1 isoforms in a

panel of different cell types (Lees et al. 2008). This study found that at
least six isoforms are transcribed in any one particular tissue. There was
no specific expression pattern associated with the cell types. In the same
study, it was demonstrated that at least two out of three PBMC samples
expressed all of the isoforms. Therefore, the PBMC sample used for this
thesis functioned as a positive control for the expression of the different

HAX1 transcript variants. In agreement with Lees et al. findings, the
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transcript expression in this chapter shows numerous isoforms exist in
PMN and PLB-985 cells.

| have shown that PMN express the full-length HAX1 (001 - 31.6 kDa)
variant at both the transcriptional and protein level. This is the most
abundant isoform in many different cell types (Lees et al. 2008). Isoforms
002, 003, 005 and 008 were also detected in PMN, PLB-985, HelLa and
Beas2B cells at the mRNA level. The lack of 006 expression
demonstrated in this chapter is in agreement with Lees et al. who
revealed a restricted distribution of this isoform in their panel of 19 human
cell lines (Lees et al. 2008). Isoform 006 detection was limited to cell lines
VB6 (squamous cell carcinoma,), BT20, T47D, ZR75 (all of which are
breast carcinomas), SW620 (colon adenocarcinoma) and A375M

(melanoma) (Lees et al. 2008).

Isoform 005 (32.4 KDa) is also a common isoform with a very similar
protein size to 001 (31.6 KDa). Therefore, if this isoform were also to be
expressed in PMN we would be unable to distinguish between the two
isoforms on a conventional western blot and it is possible to mistake one
isoform for the other. Our transcript expression data demonstrate that
HAX1 005 is not very highly expressed in PMN and that the HAX1
immunoreactive band present at 30 kDa is most likely to represent
isoform 001. Further experiments such as antigen competition or protein
sequencing of the immunoreactive product would be required to be
certain of the exact protein species. Bands <30 kDa in size are also
visualised in the panel of cells by western blotting. We can speculate as
to the potential isoform identity of the remaining bands based on previous
work by Lees et al. (Lees et al. 2008).

Although our transcript data does not identify any myeloid cell lineage
specific isoforms, HAX1 specific bands are visible in PMN as well as
PLB-985 cells in the western blots (Fig. 3.3). Both HAX1 antibodies
bound to bands lower than 30 kDa in size. On analysis of the sizes of the

putative HAX1 protein variants generated by Lees et al. through in silico
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translation, it becomes apparent that the 15 kDa band seen in both PLB-
985 and PMN cells may correspond to isoform 003 while the 23 kDa band
only visible in the PMN samples could correspond to isoform 006. All
three isoforms (001, 003 and 006) contain exon 2, which is mutated in
Kostmann syndrome patients (Klein et al. 2007; Lees et al. 2008),
suggesting that exon 2 is critical for PMN function. These three bands
appear to be specific to the PLB-985 and PMN cells at the protein level
and could play myeloid specific roles.

Using the BD Biosciences HAX1 antibody, Germeshausen et al showed
that in HL-60 cells HAX1 runs as a doublet at ~35 kDa with the upper
band being described as isoform 001 and the lower band described as
isoform 004 (Germeshausen et al. 2008). Although bands are detected
around the 30-35 kDa size in our western blots the high expression of full-
length HAX1 in the PLB-985 cells combined with the low resolution of the
western blots does not allow us to verify the expression of isoform 004.
However, this is visible in Fig. 3.12 (a.) showing the expression of HAX1
during PLB-985 differentiation where lower numbers of lysed cells were
used. The possibility that these bands are phosphorylated forms of the
same isoform was ruled out in a study carried out by Lees et al. who saw
no modulation of the bands after treatment with serine, threonine and
tyrosine phosphatase inhibitors prior to lysing cells for western blot

analysis (Lees et al. 2008).

Higher molecular weight >50 kDa HAX1 forms have also been implicated
in the regulation of apoptosis (Yap et al. 2011). Bands larger than 50 kDa
in size are visible in our western blots when immunostaining with BD and
GeneTex HAX1 antibodies. Yap et al found that ~65 kDa, ~50 kDa and
25 ~ kDa protein bands showed restricted expression to normal breast
epithelium and were absent from tumorigenic breast epithelium (Yap et
al. 2011). This led them to propose that these forms may promote cell
death. Control of apoptosis in this fashion is seen with Mcl-1 (Bae et al.
2000). Although Mcl-1 is a pro-survival protein, a truncated transcript

variant of Mcl-1 known as Mcl-1s possesses only the pro-apoptotic BH3
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domain and its expression results in apoptosis. If this were the case with
HAX1 then levels of these HAX1 isoforms would be expected to increase
during apoptotic cell death. Our results indicate that the additional HAX1
bands described by Yap et al. do not appear to be upregulated during
PMN cell death (Fig. 3.5).

3.4.2 Mechanisms of HAX1 regulation in myeloid cells

3.4.2.1 Requlation of PMN apoptosis

Our data generated by western blotting suggest that HAX1 protein levels
decrease with the increasing age and apoptosis of PMN (Fig. 3.6). Since
the HAX1 reduction occurs in conjunction with increased apoptosis rates,
it raises the question whether HAX1 protein is simply being degraded by
caspase activity during the late stages of apoptotic cell death or whether
the reduction in HAX1 levels is upstream of the caspase activation and
would therefore play a causative role in mediating cell death. HAX1
protein has previously been identified as a substrate of caspase 3 and is
cleaved at Aspl27 during apoptosis (Lee et al. 2008). This study
suggests that a loss of haxl may reflect an event that occurs once the
apoptotic process has been engaged rather than being upstream of

apoptosis.

The decrease in HAX1 protein level in Fig. 3.6 (b.) is time dependent and
appears to precede apoptosis in the sense that the percentage of
apoptotic cells at the 6 h time-point is very low, however HAX1 levels are
reduced by more than half. This may suggest that HAX1 plays a role in
PMN survival and that HAX1 protein degradation may occur upstream of
the activation of the apoptotic pathway. Since morphological changes
only appear after the onset of apoptosis further work would be required to

investigate this.
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3.4.2.2 HAX1 expression during PLB-985 differentiation

In agreement with previous transcript data, HAX1 protein levels

decreased as PLB-985 differentiated from less prolific to more terminally
differentiated and PMN-like cells (Theilgaard-Ménch et al. 2005). In
support of this, a paper published during this PhD also reported the
decrease in HAX1 protein expression as PLB-985 cells differentiated
(Cavnar et al. 2011). This suggests that HAX1 may play more important
roles in undifferentiated myeloid cells. The high expression in the myeloid
progenitors may protect the cells from apoptosis and loss of HAX1 with
time as cells become terminally differentiated could allow PMN to rapidly
undergo apoptosis. A recent study showed myeloid cells derived from
congenital neutropenia patients with HAX1 deficiency were arrested at
the myeloid progenitor cell stage with increased predisposition to
apoptosis, supporting a role for HAX1 in the differentiation pathway of

myeloid cells (Morishima et al. 2013).

3.4.2.3 Effects of HAX1 knockdown on PLB-985 Apoptosis and
Mitochondrial stability

If HAX1 is functionally more important in progenitor myeloid cells then
HAX1 knockdown in PLB-985 cells would provide a good system for
investigating HAX1 function. However, PLB-985 cells are a cell line and
caution should be taken when interpreting data obtained from cell lines,

particularly in models of cell death.

The function of HAX1 in myeloid cells was investigated by transiently
knocking down HAX1 in PLB-985 cells using siRNA. Percentage
apoptotic death of the PLB-985 cells that had been transfected with HAX1
SiRNA was compared to that of cells transfected with non-specific
scrambled siRNA or mock-transfected controls. Interestingly, these
studies showed that HAX1 had no effect on PLB-985 and mitochondrial
membrane stability (a common component of cell death) or apoptosis
assessed by morphological analysis of cytospin preparations. Due to the

lack of expression of phosphotidyl-serine in undifferentiated PLB-985
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cells we were unable to confirm this finding by Annexin V binding by flow
cytometry (Huynh et al. 2002). It is important to note that Fig. 3.14 shows
that although most of HAX1 is knocked down at both the transcript and
protein level, a very small amount of protein remains and may be

sufficient to inhibit any phenotype.

Published studies on HAX1 knockdown in cell lines provide contradictory
data. Contrary to our findings, HAX1 targeting by siRNA in a study carried
out by Li et al. resulted in increased apoptosis of melanoma cells (Li et al.
2009). Further support for a role of HAX1 in apoptosis is provided by Sun
et al. demonstrating that HAX1 knockdown inhibited the malignant
phenotypes of EC9706 cells while overexpression of the gene promoted
cell proliferation against cisplatin in the same cell line (Sun et al. 2012).
During the course of my studies, a study was published containing work
carried out on PLB-985 cells. In agreement with our knockdown data, it
was found that HAX1 knockdown by lentiviral shRNA technology in PLB-
985 cells showed no decrease in the basal level of apoptosis and only a
mild increase in apoptosis in response to H202 (Cavnar et al. 2011).
HAX1 was shown to instead be involved in regulating PMN adhesion and
chemotaxis through GTP-ase RhoA (Cavnar et al. 2011).

Analysis of cell death in the Hax1 /- mouse however, suggests that HAX1
does have a role in PMN apoptosis since the lack of HAX1 was reported
to have an effect on PMN apoptosis (Chao et al. 2008). Although the
authors of the study focused on the effect of the Haxl knockout in
lymphocytes and studies in granulocytes were limited, they presented a
single piece of evidence where they demonstrated that G-CSF deprived
PMN from the Haxl null mice were more apoptotic than PMN from wild

type mice.

Controversial data suggests that the mitochondrion plays a central role in
PMN apoptosis (Maianski et al. 2004). Klein et al. have previously
generated strong support for an essential role of HAX1 in maintaining

mitochondrial membrane stability (Klein et al. 2007). They showed that
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circulating CD34" cells isolated from SCN patients underwent accelerated
apoptosis due to loss of Awm, which was prevented by transduction with
a HAX1 encoding retrovirus. Further support for an anti-apoptotic function
of HAX1 comes from mammalian studies investigating HAX1 protein-
protein interactions in the mitochondria. It has been proposed that in
human cardiac myocytes HAX1 directly interacts with caspase 9 in the
mitochondria and inhibits its activation (Han et al. 2006). The protein has
also been shown to present Omi (high-temperature regulate A2) to
mitochondrial PARL (pre-senilin associated, rhomboid-like) and facilitate
its processing into an active protease which in turn prevents the

accumulation of the pro-apoptotic protein Bax (Chao et al. 2008).

It has previously been shown that HAX1 deficiency is associated with
defective expression of the mitochondrial protein Bcl-2 and constitutive
release of cytochrome c from the mitochondria (Carlsson et al. 2004). In
viral models, the HIV Vpr protein was shown to interact with HAX1 and
cause it to dislocate from its normal residence in the mitochondrial
membrane to the cytosol (Yedavalli et al. 2005). This would imply that
perhaps a global decrease in HAX1 levels and therefore its dislocation
from the mitochondria causes mitochondrial instability in myeloid cells
and results in the onset of apoptosis. This does not appear to be the case
in PLB-985 cells in our studies as transient HAX1 knockdown did not
affect basal changes in the mitochondrial membrane potential when
analysed by JC-1 staining in HAX1 knockdown and control transfected

cells.

3.5 Conclusion

| have provided evidence for HAX1 expression at both the transcript
variant and protein level in primary human PMN and a number of cell
lines including the myeloid leukaemia cell line, PLB-985. | have shown
that HAX1 protein levels decrease as PMN undergo constitutive
apoptosis. Using the caspase inhibitor qvD-OPh and a number of

inflammatory stimuli, | have demonstrated that HAX1 protein levels are
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higher in response to these stimuli when compared to control untreated
cells and that this is accompanied by reduced apoptosis rates. This
suggests that the increased HAX1 levels in response to the PMN survival
stimuli are likely to reflect the apoptosis rates and result directly from
caspase inhibition by qVvD-OPh. Furthermore, | have determined that
HAX1 protein levels are regulated during PLB-985 differentiation and
apoptosis. Finally, | have provided evidence that HAX1 knockdown in
PLB-985 cells does not affect basal PMN apoptosis and mitochondrial
membrane stability. The high complexity generated by the appearance of
a multiple HAX1 banding pattern in western blotting and PCR techniques,
in addition to the lack of tools for the genetic manipulation of human
primary PMN and the limitations of using the cell line PLB-985 highlight a

need for a new model for the study of HAX1 function in PMN survival.
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4  Results- hax1l expression and transient

knockdown in Danio rerio

In the previous chapter, | discussed the limitations of the studies of HAX1
function in the human and the lack of evidence for HAX1 function from
patient data. In the model organism, the mouse, a Hax1”- null mutation
resulted in postnatal lethality (Chao et al. 2008). Therefore, the in vivo
role of HAX1 in PMN remains unknown and there is need for new tools to

discover its immediate molecular, cellular, and developmental functions.

The zebrafish have emerged as a powerful research model for the study
of vertebrate development and haematopoiesis. Following fertilisation,
zebrafish embryos survive with only the innate immune system for 4-6
weeks (Lam et al. 2004). This temporal separation provides an excellent
opportunity for the study of innate immunity in isolation in vivo. Many of
the components of zebrafish innate immunity have remarkable similarities
to their mammalian counterparts (Lieschke 2001). The transparent larval
model also allows visualisation of the PMN through the use of the
Tg(mpx:GFP)i114 transgenic line (Renshaw et al. 2006). These properties
together with the availability of a large range of tools for the study of
genetic factors drove us to utilise the zebrafish for the in vivo study of

hax1 gene function.

To date there have been no studies examining zebrafish haxl variant
expression or function. The exon/intron organization of the zebrafish hax1
gene is the same as that of the human, comprising 7 exons. Based on
this, | hypothesized that the splicing of the zebrafish hax1 gene is similar
to that reported for the human HAX1 gene with multiple variants arising
from alternative splicing and intron inclusion. The aim of this chapter was
to investigate the expression of haxl mMRNA in the zebrafish embryos and
to validate the use of morpholinos as a suitable tool for studying haxl

function in vertebrate embryos.
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4.1 RNA extraction from zebrafish embryos

To assess whether total RNA extracted from zebrafish embryos using the
TRI reagent protocol (Section 2.1.15) is of good quality and therefore can
subsequently be used for RT-PCR, RNA was extracted from EKK and AB
embryos at 1-4 days post fertilization (d.p.f). Total RNA was then
resolved on a 1% denaturing agarose gel. Fig. 4.1 shows that all of the
RNA samples have two sharp bands which correspond to 28S and 18S
rRNA (ribosomal RNA). In most lanes the 28S rRNA band is more intense
than the 18S rRNA with no visible smearing under the 18 S rRNA band
indicating that the RNA is intact and of good quality. This showed that
RNA extraction from zebrafish embryos using TRI reagent yields good
quality RNA that can be used in downstream processing reactions such
as RT-PCR.

4.2 Multiple hax1 transcript variants are expressed in the
zebrafish

In order to study Hax1 function in the zebrafish it was first necessary to
explore the haxl transcript expression. Due to the same exon-intron
structure (Figure 4.2 a.), | hypothesized that the splicing of the zebrafish
haxl gene is similar to that seen in the human and designed isoform
specific primers based on this hypothesis. hax1 primers were designed to
selectively amplify the following transcript variants: 001 (964 bp), 002
(1150 bp), 003 (1625 bp), 005 (130 bp), 007 (907 bp) and 008 (592 bp).
Two extra sets of primers were also designed. The first pair was intended
to amplify additional variants that may have arisen from splicing occurring
between exon 1 and 7 of the gene (variant x- 818 bp). The second primer
pair was designed to amplify multiple transcript variants; this set of
primers is denoted simply as haxl (984 bp) and is likely to amplify
variants 001, 002 and 003. The primer annealing temperatures for each
primer pair were optimised on a gradient of 55- 65 °C using cDNA from
embryos at 1 and 2 dpf. Primer sequences and binding sites are shown in

Appendix 7.3.
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EKK 1 dpf
EKK 2 dpf
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Figure 4.1 Assessment of RNA qualities extracted from
zebrafish embryos at various stages of development

Total RNA was extracted from embryos of EKK and AB strains at 1-4 dpf
using TRI reagent. The quality of the RNA was assessed by denaturing
agarose gel electrophoresis. RNA bands were visualised using a UV
transilluminator. The 18S and 28S rRNA bands are shown.
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a.) Human HAX1 gene
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Figure 4.2 Zebrafish express the putative hax1 full length
transcript at different stages of development

a.) Exon-intron structure of the human and zebrafish hax?1 genes. Exons are
shown in blue (human) and orange (zebrafish). b.) RNA was extracted from
Tg(mpx:GFP)i114 embryos at different stages of development (1-5 dpf)
using TRI reagent. This was followed by RT-PCR using primers for
amplification of hax1 001 (full length) with Phusion High-Fidelity DNA
Polymerase. The results obtained from total RNA extracted from 2 dpf
embryos without the reverse transcription (RNA) and a no template control
for the RT (-RT) and PCR (-PCR) steps are also included. c.) RNA was
extracted from zebrafish embryos at the single cell stage (single cell) and
RT-PCR was carried out using hax1 001 and ef-1 a loading control primers.
d.) cDNA from adult Tg(mpx:GFP)i114 zebrafish FACS sorted GFP +ve
(PMN) cells was amplified by PCR using hax1 specific primers (isoform x
primers). Also shown is a negative PCR control lacking the template cDNA (-
PCR) and the results from PCR with the ef-1 a loading control. PCR bands
were resolved by agarose gel electrophoresis and visualised using a UV
transilluminator.
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To examine the expression of hax1 full-length transcript 001 in zebrafish
embryos at different stages of development. RNA extracted from embryos
at 1-5 dpf was subjected to RT-PCR. The PCR products were resolved by
agarose gel electrophoresis. Fig. 4.2 (b.) shows that a band
corresponding to haxl 001 was visible in embryos at all of the
developmental stages tested, 1-5 dpf. Lower molecular weight bands are
also visible but at a much lower intensity. Amplification of ef-7a was used
as a loading control and also produced an amplicon at the expected size
in all of the samples tested. The two additional negative controls
consisting of reactions without template at the RT and PCR step were

clear for both the hax1 001 and ef-7a primer pairs.

It has previously been shown that some mRNAs are maternally
transferred to fertilised zebrafish eggs playing essential roles in the early
stages of embryonic development (Dosch et al. 2004). The onset of gene
activation in the zebrafish is delayed until the midblastula transition at
which stage the embryo consists of around 1000 cells (Kane & Kimmel
1993). To investigate whether haxl 001 mRNA is maternally transferred,
RNA was extracted from embryos at the single cell stage. This was
followed by RT-PCR for the detection of haxl 001. PCR analysis shows
that hax1 001 is present in the single cell embryo mRNA (Fig. 4.2 c.). A
band of the expected size was also visible in the RT-PCR reaction carried
out using the ef-7a loading control primers while the negative RT-PCR

controls remained clear.

In order to determine the presence of the hax1 001 transcript in the adult
zebrafish PMN, the cDNA of PMN was subjected to 35 cycles of PCR
with hax1 001 and ef-1a primers. To visualise the bands PCR products
were separated by agarose gel electrophoresis and imaged using a UV
transilluminator. Emily Hogget, a former BMedSci student in Dr
Renshaw’s lab, prepared the cDNA. Briefly, RNA was extracted from
PMN of Tg(mpx:GFP)ill4 zebrafish adult tissue sorted by FACS
(fluorescence activated cell sorting), gated on the green fluorescence-

positive events. It was then reverse transcribed to generate cDNA. Due to
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limited sample availability 1 was only able to carry out the PCR on the
PMN sample once. PCR analysis shows that a band of the expected size
for the transcript was detected in the PMN sample (Fig. 4.2. d.). Variant
001 from zebrafish embryos was cloned into a TOPO blunt vector and
sequenced to confirm expected splicing pattern. As in the human,
zebrafish hax1 001 is comprised of all seven exons of the gene. Blast

analysis of the sequencing output is shown in Fig. 4.3.

Having established that the full-length hax1 001 transcript is expressed in
zebrafish embryos, | next investigated whether other putative transcript
variants resulting from alternative splicing and/or intron inclusion are also
expressed. The same RNA extracted from embryos at 2 dpf and used in
the RT-PCR analysis of variant 001 (Fig. 4.2) was subjected to RT-PCR
using primers specific for the different haxl isoforms. PCR products of
the expected sizes were detected for putative transcript variants 002, 007
and 008 (Fig. 4.4). | was unable to reliably detect variants 003 and 005 in
zebrafish embryos. Multiple PCR bands were visible in the reactions with
primers specific for isoform 003 & 005 and 007. Some of these bands
were also detected in the sample not subjected to reverse transcription (-
RNA) confirming that these were generated from the amplification of
contaminating genomic DNA and not cDNA. Primers for isoform 007 did
not always produce the same pattern of banding as highlighted by Fig.
4.4 (b.). Primers amplifying isoform x (labelled as x) also produced a
strong band at ~ 800 bp. Fig. 4.4 also shows the PCR products for the
positive PCR primers, ef-7a with relatively high levels found in the
samples indicating that the samples were likely to have good quality
cDNA for amplification with haxl primers. The existence of additional
species visible with all of the primer pairs except that amplifying hax1l

variant 008 should be noted.
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Figure 4.3 hax1 001 expression in zebrafish embryos

The DNA fragment amplified using primers for hax1 007 was TOPO cloned
into a Zero BLUNT® TOPO® plasmid vector and Sanger sequenced using
M13 forward and reverse primers. The output sequences from the M13F (a.)
and M13R (b.) were then subjected to a nucleotide Blast search. The hax1
specific fragment contained only hax7 exonic regions. The hax1 exon
structure was deduced from the Ensembl sequencing data.
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Figure 4.4 Zebrafish embryos express multiple putative
hax1 transcript variants

a. Detection of hax1 isoforms using RT-PCR (35 cycles) with Phusion High-
Fidelity DNA Polymerase in RNA extracted from Tg(mpx:GFP)i114 embryos
at 2 dpf. 20 pl of template cDNA were used for each PCR reaction. 2 PCR
products were analysed by agarose gel electrophoresis. A no template
control was included in both the Reverse transcriptase (-RT) and PCR (-
PCR) step. Also shown are the results obtained from total RNA extracted
from 2 dpf embryos without the reverse transcription (RNA) and the ef-1 a
loading control. b. Detection of hax1 007 in a second sample of cDNA from
day 2 embryos.
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Fig. 4.5 is a schematic illustrating the human and zebrafish hax1 genetic
organisation and the putative haxl isoforms detected in embryos at 2 dpf
(Figures 4.3 and 4.4). The green coloured arrows indicate primer-binding
sites of the putative variants expressed in embryos at 2 dpf (Fig. 4.5).
Transcript variants 008 and x were gel extracted, purified and sequenced.
Sequencing confirmed expected splicing pattern at the 3’ end of variant
008 with intron 5-6 being retained at the mRNA level. Blast analysis of the
sequence extracted from the strong band produced by haxl isoform x
primers revealed that variant x is full-length hax1 variant 001 since the
primers anneal to the first and last exon of the transcript and the Sanger
sequence shows that the transcript contains exons 2-6. Blast analyses
output data for transcript variant x (001) sequence with the isoform x
primers and variant 008 is shown in Appendices 7.9 and 7.10

respectively.
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Figure 4.5 The structure of the Danio rerio hax1l gene and putative mRNA variants

hax1 gene structure showing exonic (orange/blue, ex 1-7) and intronic (grey) regions. The human and zebrafish genes are shown.
Putative zebrafish hax1 transcript variants detected by RT-PCR are listed with primer binding sites indicated by the arrows (green).
Numbers above the exons and in the intronic regions denote size in basepairs (bp). Red arrows indicate binding of hax1 specific primers
to identify additional isoforms arising from alternative splicing and intron inclusion between exons 1 and 7 (isoform x). Blue arrows
indicate binding sites for primers used to amplify multiple isoforms of hax7. PCR products obtained from these primers will be labelled
simply as hax1. Please note diagram is not to scale.
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4.3 HAXI1 putative protein sequence analysis

4.3.1 HAXI1 protein sequences are conserved across many different
species

In order to investigate the sequence similarities between human (Homo
sapiens), zebrafish (Danio rerio), macaque (Macaca mulatta), rat (Rattus
norvegicus) and mouse (Mus musculus) Hax1l protein, sequences were
extracted from the Ensembl Genome browser and aligned using
Clustalw2 (Fig. 4.6). Previously identified regulatory regions are
highlighted (Han et al. 2006; Fadeel & Grzybowska 2009; Li et al. 2012).
Although the zebrafish Hax1l sequence is the most divergent, a single
alignment of zebrafish Hax1 001 protein and human full length HAX1
(data not shown) shows that there is still 40 % identity and 70% similarity.
Fig. 4.6 shows that an acid box, a region consisting mainly of acidic
residues has been conserved through evolution in all of the species
included in the alignment. The zebrafish sequence also differs to the rest
in that it shown reduced similarity at the putative PEST sequence and
transmembrane domain regions in comparison to the other species. A
search for PEST signals using ePESTfind
(http://emboss.bioinformatics.nl/cgi-bin/emboss/epestfind) in the zebrafish

Hax1 protein could only generate weak PEST sites.
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TMD

H. sapiens TEITEPDGIVEERETVVDSEGRTETTVTRHEADSSP —————— RGDPESPRFPAIIDDAFST] 267
M. mulatta TEITFPDGIVEERETVVDSEGRTETTVIRHEAESSP==———-— RGDPESPRPPAIIDDAFST] 267
R. norvegicus  -———————————————— e
M. musculus TKITKPDGTVEERRTVVDSEGRRETTVTHQEAHDS S —————— RSDPDSQRSSAI|DDPFSI| 268
D. rerio TEVVRPDGTVEERRTVREDGEGNEETTVTISERPGGQDRPVLDOSGPLMPGGSDMODDFSM 276
H. sapiens LDLFLGRWFRSR 279
M. mulatta LODLFL.GRWFRSE 279
R. norvegicus |[-———+4+——-
M. musculus LDLLIL.GRWFRSR 280
D. rerio FSKFF-RGFRS- 286
Figure 4.6 Bioinformatic analysis of HAX1 protein sequences from different species

A comparison of HAX1 protein sequences from five different species (Homo sapiens- human: ENSP00000329002, Macaca mulatta-
macaque: ENSMMUPO00000014178, Rattus norvegicus- rat: ENSRNOP00000064877, Mus musculus- mouse:

ENSMUSP00000078661, and Danio rerio- zebrafish.ENSDARP00000053379) using a CLUSTALW2 multiple sequence alignment
(http://www.ebi.ac.uk/Tools/msa/clustalw2/). The protein sequences were taken from the Ensembl Genome Browser website
(http://www.ensembl.org/index.html). Putative regulatory regions were identified through literature searches and are highlighted (Fadeel
and Grzybowska 2009; Li, Hu et al. 2012).
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4.3.2 Sequence analysis of zebrafish putative Haxl protein
isoforms

Cloning and sequencing of variant 001, RT-PCR of bands at the expected
sizes for isoforms 002, 005, 007 and 008 and sequencing of the 008 PCR
band allowed me to predict the splicing pattern of each variant and
perform in silico translation. The intron exon boundaries for isoforms 001,
002, 007 and 008 were identified using Ensembl Genome Browser. A
splice site predictor was used to identify a splice site with the highest
score in the 3’ region of intron 2-3 of transcript 005 which would result in
the inclusion of 452 bases of this intron. Open reading frames were found
for all of the isoforms. The open reading frames of isoforms 005 and 008
were quite short and may represent incomplete coding sequences. An
alignment of the isoform sequences is presented in Fig. 4.7. All three
isoforms 001, 002 and 003 contained the acid box. Variations from the

Hax1 001 are described in the following paragraph.

The putative Hax1 002 isoform lacks a short region of the N-terminal as
a result of the absence of exon 1 and uses an alternative splice site found
in exon 2 in frame with the Hax1 001 stop codon. Inclusion of exon 1 in
the 002 mRNA sequence did not make a difference in the protein
sequence generated. Putative isoform 005 is likely to be a truncated
version of Haxl 001. It contains an identical N-terminal sequence to
isoform 001 with the exception of the last six amino acids at the 3’ end of
the protein. Both potential isoforms 007 and 008, however, lack the N-
terminal of isoform 001. These isoforms are almost identical to the C-
terminus of Hax1l 001.These two isoforms use a splice site in exon 3.
Inclusion of intron 4-5 in isoform 007 generates an isoform specific region
comprising 26 amino acids, which is in frame with the Hax1l 001 stop
codon and reverts back to the Hax1 001 reading frame. In the putative

isoform 008 inclusion of intron 5-6 would also results in a 008 specific 3’
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acid box

001 MSVFDLFRGFFGVPGGHYREDGRRDPFFDGMI HEDDDDEDEDDF RRPHRDPFDDAFRF GF
11— MIHEDDDDEDEDDF NRPHRDEFDDAFRFGE
005 MSVFDLFRGFFGVPGGHYREDGRRDPFFDGMIHEDDDDEDEDDF NRPHRDPFDDAFRF GF
D07 e
008
001 SFGPGGARFEEPQMFGQIFRDMEEMF AGLGRF DERHGFGPRGFP SIEAPPPQEGVEHGRS
002 SFGPGGARFEEPQMFGQIFRDMEEMF AGLGRF DERHGFGPRGFP SIEAPPPQEGVENGRS
0os SFGPGGARFEEPQMFGQTFRDMEEMF AGLGRF DERHGF GPRART KAV} ————————————
007
008
0ol GTGSGNPIRDFMLE SPDRSPKDPEHREDS PPNHPHRRPF SEFND IWKDGLLEPKGEDKRE
002 GTGSGNPIRDFMLESPDRSPFDPEHREDSPPNHPHRRPF SKFND IWKDGLLEPFGEDKRE
005
11— MLEF.SPDRSPFDPEHREDS PPNHPHRRPF SKFND IWKDGLLEPFGEDERE
(11} O — MLEF.SPDRSPFDPEHREDS PPNHPHRRPF SKFND IWKDGLLEPKGEDKRE
001 ¢ S — DLDSQVSSGGLDOILEDPAPSQPETRSFFESY
002 5 c S — DLDSQVSSGGLDOILEDPAPSQOPETRSFFESY
11—
007 DEGH SRSASEYLOSLHSSVSSYWLSFI§DLDSOVSSGGLDQILKDPAPSOPETRSFERSY
008 . DLDSOVSSGGLDOILEDPAPSQOPETRSFFESY
001 SVTEVVEFDGTVEERRTVRDGEGNEETTVTI SER PGGODRPVLDOSGPLMPGGSOMODDF
002 SVTEVVRPDGTVEERRTVRDGEGNEETTVTISER PGGODRPVLDQSGPLMPGGSOMODDF
D05
007 SVTEVVRPDGTVEERRTVRDGEGNEETTVTISERPGGQDRPVLDQSGPLMPGGSDMODDF
008 SVTEVVRPDAVSGSFCLOYYF} ———————————
001 SMFSKFFRGFRS 286

002 SMFSKFFRGFRS 257

11 7 — 127

o7 SMFSEFFRGFRS 181

o080 ———— 105

Figure 4.7 Sequence alignment of the zebrafish Hax1 001

isoform and predicted isoforms 002, 005, 007 and 008

Using the predicted mRNA variant data from Fig. 4.5, the transcript
sequences were in silico translated using the Expasy translate tool
(http://web.expasy.org/translate/). The longest open reading frames were
then aligned using Clustal Q. The exon intron boundaries used were those
found on the Ensembl Genome Browser (http://www.ensembl.org/index
html). A hax1 005 internal splice site at the 3' of intron 2-3 was identified
using a splice site predictor (Reese, Eeckman et al. 1997). Black boxes
indicate isoform specific sequence. Numbers at the end of each sequence
represent length of the protein sequence.
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end and early termination of the protein sequence. It should be noted that
transcript variants 005, 007 and 008 are only hypothetical. Cloning and

sequencing would be required to confirm the complete splicing pattern.

4.4 Microinjection of high hax1l splice site morpholino
oligonucleotide (MO) doses results in the death of
Tg(mpx:GFP)i1l1l4 embryos

Many studies investigating the role of HAX1 have shown that it is a
multifunctional protein and so the disruption of its expression in the
zebrafish was likely to affect many different pathways. To investigate the
role of Hax1l in the zebrafish in vivo model, haxl knockdown by
morpholino (MO) was carried out in one cell stage embryos. An exon 3
splice acceptor targeting MO was designed to prevent correct splicing of
the gene. At least three haxl transcript variants express exon 3 (variants
001, 002 and 005) and therefore this MO is likely to affect multiple hax1
variants. The dose of MO for injecting was optimized on the basis of
using a dose which would lead to </= 40 % death after injection. Embryos
were injected with varying doses of haxl MO as indicated in Fig. 4.8.
High doses, 2nl of 2mM - 1 nl of 0.5 mM, resulted in highly dysmorphic
embryos (data not shown) and reduced viability of embryos (>79 %
death) at 24 hours post fertilization (hpf). After numerous injections with
different doses of the hax1 splice MO, the optimized dose chosen was 1
nl of 0.25 mM MO which generated a death rate of ~33% at 24 hpf. Most
of the embryos injected with this dose showed varying degrees of

dysmorphology.

4.4.1 RT-PCR analysis of hax1l MO injected zebrafish embryos at 12
hpf

In order to establish whether the haxl MO targeting exon 3 splicing has
any effect on haxl mRNA levels, one cell stage Tg(mpx:GFP)i114
embryos were injected with 1 nl of 0.25 mM MO. hax1 splice MO injected
embryos were grouped based on their morphology: healthy-looking
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Figure 4.8 Optimisation of hax1 splice MO concentration

Tg(mpx::gfp)i114 embryos at the 1-4 cell stage were injected with varying
amounts of hax? MO on three different occasions. Embryos were then
incubated at 28 °C for 24 h. Non-viable embryos were removed 1 h after
injection and remaining healthy embryos were counted. At 24 hpf, the
number of healthy embryos was counted once again and % number of dead
embryos (% death) was calculated (excluding non-viable embryo counts 1 h
following injection).
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(normal), mildly dysmorphic (mild) and severely dysmorphic (severe) in
order to investigate whether this would be linked to the extent of
knockdown in the haxl mRNA level (Fig. 4.9). When compared to
uninjected and standard control MO injected embryos, haxl splice MO
injected embryos did not appear to have the expected reduced levels of
isoform 001 mRNA tested by the two different sets of primers. However,
the haxl splice MO injection appears to induce the expression of a very
high molecular weight species (>2500 bp) indicated by the red arrows in
Fig. 4.9. Lowering the PCR cycle number from 30 to 25 cycles showed
that haxl mRNA levels were reduced but not abolished in severely
dysmorphic embryos when compared to the uninjected control (Fig. 4.9
b.). The 2500 bp band was still visible and is indicated by the red arrow. It
was thought that splicing into an alternative cryptic splice site found only
a few bases into the 5’ end of exon 3 may have been used instead of the
targeted splice site, which would yield an amplicon of a similar size to the
full-length hax1 transcript and therefore undistinguishable by standard
RT-PCR. As a result, the PCR product was sequenced and blast analysis
of the data carried out. Comparison to the normally splice full-length hax1
sequence showed no evidence of alternative splicing into the cryptic

splice site.
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Figure 4.9 Analysis of hax1l splice MO injected zebrafish
embryos at 12 hpf

a.) Tg(mpx:GFP)i114 embryos at the 1-4 cell stage were injected with 1 nl of
0.25 mM standard control (Control MO) and hax1 splice MO and grouped
into 3 categories: embryos with a normal morphological phenotype (hax1
MO normal), embryos that were mildly dysmorphic (hax? MO mild) and
embryos that were severely dysmorphic (hax?7 MO severe). Total RNA was
extracted from embryos at 12 hpf. 2 ug of RNA were used for each RT
reaction. Negative RT (- RT) and PCR (- PCR) controls containing water
instead of RNA and cDNA respectively are also shown. hax?1 was amplified
using two sets of primers. PCR products after 30 cycles were analysed by
agarose gel electrophoresis. Red arrows indicate the appearance of an
additional band in the hax1 MO injected embryos. Note not all Hyperladder
marker sizes are shown. b.) Repetition of PCR using uninjected and hax1
splice MO injected embryo cDNA with a reduced number of PCR cycles (25)
and hax1 primers.
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4.4.2 Disruption of haxl gene expression results in abnormal
development and lower total PMN counts

To test whether a longer time-point after MO microinjection results in a
further decrease in haxl mRNA levels, embryos were injected with either
standard control or haxl splice MO and incubated for 24 h. RNA
extracted from the embryos using TRI reagent was subjected to RT-PCR
with haxl primers. Microinjection of haxl splice MO resulted in either a
decrease in haxl mRNA level (Fig. 4.10 a.) or the appearance of a high
molecular weight band ~2500 bp (Fig. 4.10 b.). This band was not seen in
the standard control MO injected sample and was also used as an
indicator of disruption of haxl transcription. After each experiment,
embryos were collected at 24 hpf, RNA extracted and knockdown
(decrease in haxl mRNA level, appearance of ~2500 bp band or
combination of both) was determined by RT-PCR analysis; any
experiments not showing knockdown were discarded. RT-PCR analysis
results representative of 6 independent experiments are shown in Fig.
4.10 a. and b.. The mRNA was also amplified with positive control ef-1a

primers that show constant levels of the transcript in all samples.

The effect of haxl knockdown on whole embryo PMN numbers of
zebrafish was assessed using Volocity® software. Uninjected, standard
control MO and haxl splice MO injected Tg(mpx:GFP)i114 embryos
(morphants) were incubated at 28 °C for 35 and 48 h. At the relevant time
point, embryos were mounted in 1% low melting point agarose and
imaged under a 2x objective on a Nikon Eclipse TE2000U inverted
microscope. GFP labelled PMN were counted from at least six embryos
in each experiment. At 35 hpf, hax1 MO knockdown significantly reduced
total PMN number compared to uninjected and standard control
morpholino injected embryos (Fig. 4.10 c.). There was no significant
difference between uninjected and standard control injected embryos
(Fig. 4.10 c.). In half of the experiments (3 out of six), haxl MO injected
embryos failed to survive to 48 h. Total PMN counts were carried out in

the three experiments where injected embryos did survive past 48 hpf
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Figure 4.10 hax1 RT-PCR analysis and PMN whole embryo counts
of Tg(mpx:GFP)i1l14 embryos following injection with hax1 splice
MO

RT-PCR analysis of total RNA from uninjected, standard control and hax1
morpholino injected (1 nl of 0.25 mM- splice MO) Tg(mpx:GFP)i114
zebrafish embryos at 24 h post injection. cDNA was amplified using hax1
and positive control ef-1 a primers. DNA bands after 30 cycles of PCR were
separated by agarose gel electrophoresis and visualised using a UV
transilluminator. A no template control was included in both the Reverse
transcriptase (-RT) and PCR (-PCR) step. PCR results shown in a. and b.
are representative of 6 independent experiments. Red arrow indicates
presence of additional band in hax7MO injected cDNA. Whole embryo PMN
counts were carried out at 40 hpf (c.) (uninjected n=3, control and hax1 MO
n=4) and 48 hpf ( d.) (n=3) from at least 6 embryos per condition on each
independent experiment. Total PMN numbers at 40 hpf from three
independent experiments were analysed using a one way ANOVA with
Bonferroni's post test; ****p< 0.0001. Total PMN counts at 48 hpf were
analysed using an unpaired t-test, ****p< 0.0001.
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(Fig. 4.10 d). PMN counts in haxl morphants remained low (meanSEM:
34.54 + 3.939) compared to the uninjected control (meantSEM: 98.62 +
5.826) (Fig. 4.10 d.).

On morphological analysis, most of the haxl splice MO embryos were
developmentally delayed compared to the healthy control uninjected (Fig.
4.11 a.) and standard control MO injected embryos (Fig. 4.11 b.).The
haxl MO injected embryos at 48 hpf were classified into four groups
based on gross morphology and developmental delay. Micrographs taken
using the brightfield and GFP channels are shown in Fig. 4.11 a-e. The
groups were: healthy embryos which resembled the morphology of the
uninjected and control MO injected embryos, curly tailed embryos (curly,
Fig. 4.11 c.), embryos with a curly tail and brain swelling (brain swelling,
Fig. 4.11 d.) and severely dysmorphic embryos (severe, Fig. 4.11 e.). The
reduced number of PMN in the hax1l morphants is also apparent from the
micrographs taken using the GFP channel. Embryos were sorted into the
four different morphological groups and RNA extracted. RT-PCR analysis
revealed that although there was no difference in the haxl mRNA levels
between the controls (uninjected, standard control MO) and the haxl
splice MO injected morphants (curly, brain swelling, severe) (Fig. 4.11 f.);
the ~2500 bp band (red arrow) was still visible at a very low intensity in
the haxl PCRs of the curly, brain swelling and severely dysmorphic

groups.
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c.)

brainswelling

hax1

Figure 4.11 RT-PCR and morphological analysis 48 hpf following
injection with hax1 splice site MO

a-e.) Representative micrographs showing uninjected, standard control MO
injected and hax?1 MO injected embryos with brain swelling (red arrow) and
curly tail (cyan arrow) at 48 hpf. f.) RT-PCR analysis of total RNA from
standard control and hax7 morpholino injected Tg(mpx:GFP)i114 zebrafish
embryos 48 h following injection. RT-PCR was carried out using hax? and
positive control ef-1a primers. PCR bands were separated by agarose gel
electrophoresis. A no template control was included in both the Reverse
transcriptase (-RT) and PCR (-PCR) step. hax1 MO injected embryos fell
into four categories: normal morphology, curly tail (curly), brain swelling &
curly tail (brain swelling), and severely dysmorphic (severe) embryos. Red
arrow indicates additional 2500 bp hax7 specific band. Note not all
Hyperladder marker sizes are shown.
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4.4.3 RT-PCR and morphological analysis of embryos co-injected
with hax1 and p53 MO

A study evaluating the off-target effects of sequence-specific gene
knockdowns demonstrated that p53 activation is a side effect of
morpholino injection and siRNA silencing (Robu et al. 2007). In order to
assess whether the developmental delay in haxl morphants was
mediated by p53 activation, a p53 MO (0.4mM) was co-injected with the
hax1l splice MO. Amplification of mMRNA with haxl primers shows the
appearance of the ~2500 bp band in the haxl and combined haxl p53
morphants (Fig. 4.12 a.). Negative reverse transcription controls were
carried out for each sample of RNA and were all clear. RT-PCR analyses
using the ef-1a loading control primers shows ef-1a levels were uniform

in all PCR samples.

While the hax1l morphants failed to survive to 48 hpf, the co-injection with
p53 MO prevented the death of the embryos. However, most of the co-
injected embryos remained highly dysmorphic even with the p53 co-
injection. The morphologies of uninjected, standard control MO and hax1
p53 MO co-injected embryos at 48 hpf are displayed in Fig. 4.12 b. Total
numbers of PMN from embryos of the same experiment were counted at
40 hpf (Fig. 4.12 c.). Total PMN numbers were considerably lower in hax1
and co-injected morphants when compared to sibling controls (uninjected
and control MO injected). The difference appeared to persist at 48 hpf
(Fig. 4.12 d.).
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Figure 4.12 Analysis of i114 embryos co-injected with

hax1l and p53 MO

a.) Tg(mpx:GFP)i114 embryos at the 1-4 cell stage were injected with
standard control MO, hax1 MO or co-injected with 1nl hax1 and p53 MOs
(n=1). Total RNA was extracted 24 h following injection and RT-PCR was
carried out using hax7 and loading control primers ef-1a. The PCR products
were separated by agarose gel electrophoresis and bands were detected
using a UV transilluminator. b.) Micrographs of uninjected and injected
embryos at 48 h post injection. Total PMN counts were carried out on
images taken using the GFP channel from 6 embryos at 40 h (n=6
performed as a single experiment) (c.) and 10 embryos at 48 h (n=10
performed as a single experiment) (d.) following injection. Total PMN counts
were analysed using a one way ANOVA with Bonferroni's post
test;p<0.0001. Bars represent mean values +SEM.
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4.5 hax1 splice site MO induces aberrant splicing of the

gene in zebrafish embryos

To explore whether the haxl specific ~2500 bp visible only in the RT-
PCRs using haxl morphant mRNA is a result of altered pre-mRNA
splicing of the gene, the band was cloned into a pCR-BLUNT II-TOPO
vector and sequenced using M13 primers. PCR bands were excised from
the gel and purified from pooling lanes 1-4 (Fig. 4.13 a.). The purification
was assessed by agarose gel electrophoresis. Fig. 4.13 b. shows that a
sufficient amount of the large DNA band was purified from the gel extract to
allow subsequent cloning. Once the ~2500 bp PCR product was inserted
into pCR-BLUNT II-TOPO and transformed into Amp resistant TOP10
comptetent E. coli, colony PCR was carried out with M13 primers to confirm
insertion of the ~2500 fragment into the pCR-BLUNT |I-TOPO. PCR analysis
of colony 1 containing the ~2500 bp insert is shown in Fig. 4.13 c.
Sequencing of the plasmid vector from a mini-preparation from colony 1
revealed that the ~2500 band seen in the hax? morphants is due to aberrant
splicing of the hax1 gene (Fig. 4.13 d.). Blast analysis of the sequencing
output showed that the band amplified using the hax? primers generated a
2599 bp product consisting of exon 2, intron 2-3, exon 3, intron 3-4, exon 4,
exon 5, exon 6 and exon 7. The exon/intron organization of the zebrafish
gene, the normal splicing of variant 007 and 002 in the region amplified by
hax1 primers (green arrows) and the abnormal splicing as a result of the
hax1 MO injection are shown in Fig. 4.13 d. In silico translation of the mRNA
species generated as a result of the MO injection reveals premature
truncation of the protein sequence due to intron 2-3 being maintained in the
transcript (Fig. 4.14).

159



b g1
a) g . b) %
SEE 12 3 4 2 3
e ' e o o 59
(bp) ' (bp)
250/() m— -2 5 kbband 2500 . 2.5 kb band
1500 1510 [
1000 - hax1
o =
c.) x g
o 5]
2.5 kb band
] 34 5 6 7
zebrafish hax1 gene n Hl mEl EEE )
— E ] -
normal hax1 splicing
E 00 [ O 11
aberrant hax1 splicing
caused by MO injection m mnl sk .

Figure 4.13 Cloning of alternatively spliced 2500 bp band observed
in response to hax1 splice MO injection

a.) cDNA from hax1 morphants at 24 hpf was amplified using hax1 001
primers with a 2 min PCR cycle extension step. Following 35 cycles of PCR,
the DNA bands (lanes 1-4) were resolved on an agarose gel and visualised
using a UV transilluminator. A no template control at the RT and PCR step is
included. Note not all ladder sizes are shown. The 2.5 kb band was gel
extracted and PCR purified. Purification of the band was confirmed by
agarose gel electrophoresis (b.). The 2.5 kb band was inserted into a pCR-
BLUNT II-TOPO vector. The TOPO cloning reaction was transformed into
competent TOP 10 E. coli that were streaked on Amp selective media. c.)
Colony PCR using M13 primers was carried out to confirm cloning of 2.5 kb
hax1 specific insert into the plasmid. Colony 1 was used to inoculate a 5 mi
culture and incubated O/N at 37 °C. d.) Plasmid DNA was purified and
sequenced. Normal and aberrant splicing induced by the MO injection is
shown alongside the gene containing the numbered exons. Green arrows
indicate site of hax1 007 primer binding and the black arrow indicates
binding of the hax7 MO intron 3-4 primer binding site.
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Uninj MSVFDLFRGFFGVPGGHYREDGRRDPFFDGMIHEDDDDEDEDDFNRPHRDPFDDAFREFGE 60
MO MSVFDLFRGFFGVPGGHYREDGRRDPFFDGMIHEDDDDEDEDDFNRPHRDPFDDAFRFGFE 60

R AR L E RS LR RS SRS RS R AL S AL EE RS SRR AR RS EEEEEEEELLEEEEEEE]

Uninj SFGPGGARFEEPQMFGQIFRDMEEMFAGLGRFDERHGFGPRGFPSTEAPPPQEGVEKGRS 120
MO SFGPGGARFEEPOQMFGQIFRDMEEMFAGLGRFDERHGFGPRGVSLCSVP——————————— 109

******************************************. . . .*

Uninj GTGSGNPIRDFMLKSPDRSPKDPEHREDSPPNHPHRRPFSKFNDIWKDGLLKPKGEDKRE 180
MO e FQFN-TILNDQL—————————~— 119

k% * vk Kk
: H

Uninj DGDLDSQVSSGGLDQILKDPAPSQPKTRSFFKSVSVTKVVRPDGTVEERRTVRDGEGNEE 240
MO

Uninj TTVTISERPGGQDRPVLDQSGPLMPGGSDMQDDFSMFSKFFRGFRS 286
MO

Figure 4.14 The haxl splice MO introduces a premature STOP
codon

The hax1 0017 mRNA sequence was obtained from cloning and sequencing
of hax1 transcript variant 001 (Uninjected) whereas the sequence of the
~2500 bp band from the hax?1 MO injected embryos (MO) was determined
by cloning and sequencing of the band. In silico translation of the mRNA
sequences was carried out wusing the Expasy translate tool
(http://web.expasy.org/translate/). A CLUSTALW2 alignment
(http://www.ebi.ac.uk/Tools/msa/clustalw2/) reveals premature truncation of
the hax1 001 mRNA in the hax1 splice MO injected embryos.
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4.6 Transient knockdown of haxl using a translation
start site targeting MO and co-injection with the hax1
splice MO

In order to investigate whether a haxl translation start site targeting MO
(ATG MO) would replicate the phenotypic changes and reduction in total
PMN number seen with the hax1 splice MO (section 4.5), a haxl ATG
MO was designed and three different concentrations of the MO were
injected into Tg(mpx:GFP)i114 one cell stage embryos. ATG MOs work by
inducing post-transcriptional interference of gene expression. Since the
ATG MO does not affect mRNA levels the MO efficiency is not
quantifiable by RT-PCR and to date, there are no commercially available
zebrafish hax1 antibodies to allow validation of the knockdown at the
protein level. Uninjected, control MO and haxl ATG injected embryos
were cultured for 48 h after which they were visualized under a Leica
MZ10F fluorescent microscope with the GFP+ filter. Total PMN number
from 12 embryos per condition was counted by eye. The number of PMN
decreased slightly as the concentration of the ATG MO was increased
when compared to the uninjected and standard control MO injected
groups (Fig. 4.15). The haxl ATG MO resulted in very few or no no-viable
embryos at 24 hpf and only a slight delay in development even with the
highest dose tested (1nl 0.5 mM).

In a second experiment, the dose of the haxl ATG MO was increased to
1 mM to test the tolerance of this concentration with respect to embryonic
development. The ATG MO was co-injected with 0.2 mM hax1 splice MO.
Note the concentration of the haxl splice MO is not the same as the
previously optimized dose (section 4.4). The dose of the haxl1 splice MO
was lowered in the co-injection with the ATG MO in order to try and
reduce off-target effects that may result from p53 activation. In addition,
since the hax1 splice MO alone caused severe embryonic development it
was anticipated that any additional haxl knockdown by the ATG MO
could result in death therefore lowering the splice MO dose could prevent
this.
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Figure 4.15 Optimisation of hax1 ATG MO

Tg(mpx:GFP)i114 embryos at the one cell stage were injected with 1nl of
standard control MO and varying doses of hax? ATG MO as indicated.
Micrographs were taken using the GFP channel at 48 hpf. Whole embryo
PMN numbers, n=12 performed as a single experiment were analysed using
a one way ANOVA with Bonferroni's post test;****p< 0.0001. Bars represent
mean +SEM.
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Morphological analysis of the embryos shows that in comparison to the
healthy uninjected and standard control injected embryos, the haxl ATG
MO injected alone had a slight delay in development indicated by the
curling of the tail in Fig. 4.16. The severity of the tail curling increased in
the co-injected morphants particularly with the higher dose of the MOs (1
mM ATG and 0.2 mM splice) however, this delay in development was not
as marked as that seen with the 1 nl 0.25 mM hax1 splice MO injection
alone. Analyses of PMN counts at 48 hpf show that total PMN levels were
lower in the haxl ATG MO injected and hax1 splice MO & ATG MO co-
injected embryos (both doses) when compared to the uninjected and
standard control MO injected embryos (Fig. 4.17 a.). This is clearly visible
from the micrographs taken using the GFP channel (Fig. 4.16). The ATG
injected and MO co-injected embryos survived past 54 hpf and so PMN
numbers were also counted at this time point (Fig. 4.17 b.). The PMN
numbers in the 1 mM hax1l ATG MO injected and haxl splice MO ATG
MO co-injected embryos remained low at 54 hpf .The 1 nl 1 mM ATG and
0.2 mM splice haxl MOs co-injection dose generated embryos with the

lowest PMN numbers.

164



Uninjected 0.5mMATG & 0.2 mM splice

1 mMATG & 0.2 mM splice

1 mM hax1 ATG MO

Figure 4.16 Morphological analysis of zebrafish embryos co-
injected with hax1 splice and ATG MO

Tg(mpx:GFP)i114 embryos were injected at the 1- 4 cell stage with standard
control MO, hax1 ATG MO or co-injected with hax1 ATG and splice MO as
indicated. Micrographs using the brightfield and GFP channel were taken at
48 hpf using a 2x objective on a Nikon Eclipse TE2000U inverted
microscope. Images are representative of 12 embryos from a single

experiment.
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Figure 4.17 The effects of co-injection of hax1l start MO and hax1
splice MO on whole body PMN counts

Tg(mpx:GFP)i114 embryos at the one cell stage were injected with 1nl of 1
mM hax1 ATG MO and co-injected with varying doses of hax? splice and
ATG MOs as indicated. Micrographs of uninjected and injected embryos
were taken at 48 h (a.) and 54 h (b.) following injection. Total PMN numbers
were counted by eye from 12 embryos per condition. Total PMN counts
(n=12 performed as single experiments) were analysed using a one way
ANOVA with Bonferroni's post test;p<0.0001. Bars represent mean +SEM.
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4.7 Generation of haxl RNA probes for use in whole-

mount in situ hybridization (WISH) in zebrafish embryos
WISH is an efficient method used to allow the detection of spatial gene
expression patterns in zebrafish embryos. To detect the sites of haxl
expression in the zebrafish embryo, a full-length hax 1 antisense and a
sense control RNA probe were generated. The region consisting of the
full coding sequence of haxl (001) was PCR amplified and used as a
template for the synthesis of an antisense and sense (negative control)
probe (Fig. 4.18). The hax1l 001 coding sequence containing vector was
transformed into TOP10 competent E. coli as described in section 2.1.21.
This was followed by purification from a midi scale DNA preparation. Purified
plasmid vector was subjected to PCR with hax?1 007 primers in order to
confirm insertion of the template into the plasmid. Agarose gel
electrophoresis of the PCR band and visualization using a UV
transilluminator confirmed the successful insertion of the hax1 001 template
into the plasmid vector (Fig. 4.18 c.). The plasmid DNA was also sequenced
to ensure the sequence of the template was intact and to determine the
orientation of the insert. Blast analysis of the sequencing output is shown in
Appendix 7.12. Spel and Xhol restriction digests were then used to linearize
the circular plasmid DNA (Fig. 4.18 d.).

Linear DNA was subjected to agarose gel electrophoresis (Fig. 4.18 e.) to
allow quantification of each of the plasmids containing the hax?1 001
antisense, hax1 001 sense negative control and the positive L-plastin control
(@ kind gift from Catherine Loynes, University of Sheffield) probes. Each
linearized plasmid was used for the synthesis of the RNA probes labeled
with digoxigenin-linked nucleotides. The quality of the RNA probe was
assessed by agarose gel electrophoresis and is shown in Fig. 4.18 e. A
single RNA band was visible for the L-plastin and the hax1 001 sense
probes. The hax1 001 antisense probe consisted of two bands likely to result

from differing secondary structures of the RNA species.
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Figure 4.18 Generation of whole mount in situ hybridisation hax1

anti-sense

sense and anti-sense probes

a.) The full length hax? cds was cloned into a pCR-BLUNT II-TOPO plasmid
vector. b.) The TOPO cloning reaction was transformed into competent cells.
A single colony was used to inoculate a 50 ml culture and incubated at 37
[JC for 12 h. ¢.) The plasmid DNA was then purified and the insert amplified
by PCR with hax?1 001 primers. d.) Plasmid DNA containing the insert was
linearised using Spel (hax1 sense probe) and Xhol (hax1 anti-sense probe)
for generation of mMRNA using the Sp6 and T7 promoter, respectively. e.) 0.1
(lane 1), 0.5 (lane 2) and 1 (lane 3) pl of linearised L-plastin, hax1 sense and
anti-sense plasmid DNA were resolved on an agarose gel to allow
quantification using the Hyperladder | band DNA quantities. f.) Linearised
DNA was in vitro transcribed using DIG-labelled NTPs. RNA clean-up was
carried out and the RNA was resolved on an agarose gel alongside
Hyperladder | and visualised by a UV transilluminator.
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4.8 Overexpression of hax1 001 in zebrafish embryos

4.8.1 Cloning of hax1 001 into the multifunctional expression vector
pCS2+

The pCS2* vector has been shown to permit very effective in vitro
expression fusing an artificial 3° UTR with a polyadenylation (poly A) signal
to the gene of interest (Turner & Weintraub 1994). This provides increased
stability of the mRNA. Since the hax7 001 full cds containing pCR-BLUNT II-
TOPO plasmid vector did not contain a polyadenylation signal, the hax?1 001
insert was excised from the pCR-BLUNT [I-TOPO plasmid using EcoRI
digestion and cloned into the multifunctional expression vector pCS2* (Fig.
4.19). A colony containing the hax1 insert (colony 2- Fig. 4.19 b.) was used
for the preparation of the plasmid. Sequencing of the plasmid DNA with the
M13 reverse primer revealed that the insert was in the correct orientation
with the 3’ region of the gene adjacent to the SV40 poly (A) signal.
Linearization of the plasmid with the Notl restriction enzyme resulted in
migration of the plasmid according to its true size (Fig. 4.19 c. and d.). In
vitro mRNA synthesis using an SP6 transcription kit (Roche Applied
Science) generated capped mRNA for injection into single cell embryos (Fig.
419e.).
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Figure 4.19 Cloning and in vitro transcription of zebrafish full length
hax1 into pCS2+

a.) The full length hax1 cds was excised from pCR-BLUNT I[I-TOPO by
EcoRI digestion and ligated to EcoRI linearised pCS2+ plasmid vector
containing SV40 polyA tail. The ligation reaction was transformed into
competent E. coli, which were subsequently plated on Amp selective media.
Single colonies were used to inoculate a 50 ml culture which was incubated
O/N at 37 °C. b.) The plasmid DNA was then purified and resolved on an
agarose gel. Colony 2 contained the hax7 insert. Plasmid DNA from colony
2 was linearised by digestion with the restriction enzyme Notl. d.)
Undigested and Notl digested plasmid DNA was resolved on an agarose
gel. The linearised plasmid DNA was then in vitro transcribed using an SP6
RNA polymerase. hax1 mRNA was loaded onto an agarose gel and
resolved by electrophoresis (e.). The mRNA band was visualised using a UV
transilluminator.
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4.8.2 Whole-mount in situ hybridization analysis of uninjected and
hax1 001 mRNA injected embryos

In situ hybridization using the haxl 001 antisense RNA probe (section
4.8.1) shows that hax1l 001 mRNA is ubiquitously distributed in zebrafish
embryos at 24 hpf (Fig. 4.20 a.) with high expression around the brain
region. Some non-specific staining is visible in the WISH with the
negative control haxl 001 sense probe. WISH with the L-plastin
antisense probe produced the expected staining pattern with staining in
the anterior yolk region and posterior intermediate cell mass (ICM). The
overexpression of hax1l 001 was also verified by the in-situ hybridization.
Injection of haxl 001 mRNA resulted in increased staining with the hax1
antisense probe (Fig. 4.20 b.) when compared to the uninjected control
embryos. As expected, there was no such increase in staining with the

sense probe.

4.8.3 RT-PCR analysis of haxl 001 mRNA injected and haxl 001
MRNA splice MO co-injected embryos

In order to assess whether hax1 001 overexpression could prevent the hax?
splice MO induced phenotypic changes of the embryos and concomitant
decrease in the PMN number, embryos were injected with hax7 001 mRNA,
hax1 splice MO or co-injected with hax?1 007 mRNA and hax7 splice MO.
Following a 24 h incubation period, the embryos were anaesthetized and
RNA extracted using TRI reagent. RT-PCR with hax? primers was used to
confirm the overexpression. RT-PCR analysis showed that hax7 splice MO
injection resulted in decreased hax7 levels, whereas the hax7 007 mRNA
and hax1 001 and splice MO co-injection led to elevated hax1 levels (Fig.
4.21).
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a.) L-plastin hax1 sense hax1 anti-sense

Uninjected

b.)

hax1 mRNA ‘.” -

Figure 4.20 hax1 is ubiquitously expressed in zebrafish embryos
NACRE embryos at the 1 cell stage were injected with 1 nl of hax1 mRNA at 50 ng/ ul. Uninjected (a.) and hax?1 mRNA injected embryos
(b.) were then subjected to WISH at 24 hpf. An L-plastin anti-sense probe was used as a positive control. A hax1 sense probe was also

included for detection of non-specific binding. Images are representative of at least 15 embryos per condition from a single experiment.
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Figure 4.21 RT-PCR analysis of haxl 001 overexpression in
zebrafish embryos at 24 hpf

Tg(mpx:GFP)i114 embryos were injected at the one cell stage with control
mCherry mRNA (1 nl of 50 ng/ul), hax1 mRNA (1 nl of 50 ng/ul), hax1 splice
MO and combined hax1 mRNA and splice MO. Following injection (24 hpf),
total RNA was extracted from the embryos and RT-PCR using hax1 001
primers carried out. Results for PCR carried out using ef-1a loading control
primers are also shown. Negative RT (- RT) and PCR (- PCR) controls
containing water instead of RNA and cDNA respectively are also shown.
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4.8.4 Effects of hax1 001 overexpression on embryonic morphology
and total PMN number

Having demonstrated both by in situ hybridization and RT-PCR that hax1
001 mRNA injection into single cell embryos results in increased embryonic
MRNA levels at 24 hpf, | next examined the effects of hax71 001
overexpression on embryo morphology and total PMN number. It has
previously been shown that injection of mCherry mRNA into embryos
results in red fluorescing embryos. In experiments where the mCherry
MRNA was used as a control, embryos were visualized under a Leica
MZ10F fluorescent microscope using the red filter at 24 hpf in order to
validate the overexpression. In each case, all of the embryos expressed
the fluorescent protein indicating efficient injection and translation (data
not shown). Control mCherry mRNA, hax1 007 mRNA, hax1 splice MO
injected and hax1 001 mRNA hax1 MO co-injected embryos were cultured
for 48 h and imaged using a Nikon Eclipse TE2000U inverted microscope
with the 2x objective. Representative images are shown in Fig. 4.22 a.
The hax1 001 overexpression did not affect the overall appearance of the
embryos. Both the mCherry and hax1l 001 mRNA injected embryos
remained healthy throughout the course of the experiment. The haxl
splice MO however, resulted in the characteristic delayed development
and dysmorphic phenotype. Co-injection of the haxl mRNA with the hax1
splice MO had no effect on the morphology of the embryos. The co-
injected morphants remained developmentally delayed and dysmorphic
with similar morphology to the haxl splice MO only injected group (Fig.
4.22 a).

Total PMN counts of uninjected, mCherry control, hax1 mRNA, haxl
splice MO injected and haxl mRNA MO co-injected embryos were
carried out at 48 hpf (Fig. 4.22 b.). PMN were counted from at least six
embryos per condition. The haxl 001 overexpression had no effect on
total PMN numbers when compared to the uninjected and mCherry
control groups. As shown earlier in the chapter, the haxl splice MO

resulted in reduced total PMN number. Co-injection with hax1 001 mRNA
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Figure 4.22 Effects of hax1 001 overexpression in zebrafish embryos
Tg(mpx:GFP)i114 embryos were injected at the one cell stage with control
mCherry mRNA (1 nl of 50 ng/ pl, hax1 mRNA (1 nl of 50 ng/ ul), hax1 splice
MO and combined hax1 mRNA and splice MO. Following injection (24 hpf),
total RNA was extracted from the embryos and RT-PCR using hax1 001
primers carried out. a. ) Bright field micrograph of embryos were taken 48
following fertilization. Total PMN numbers were counted from at least 6
embryos from each independent experiment at 48 hpf (uninjected and hax1
MRNA, n=3; mCherry, hax1 splice MO, combined hax?1 MO and mRNA,
n=2) ( b.) and 54 hpf. (n=3). Uninjected and hax7 mRNA injected total PMN
counts at 48 hpf were analysed using an unpaired student's t-test, p<0.05.
Total PMN counts at 54 hpf were analysed using a one way ANOVA with

Bonferroni's post test.
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did not affect this reduction. Interestingly, MO injected and the hax1 001
MRNA hax1 splice MO co-injected embryos failed to survive to 48 hpf in
the third experiment. Very few or none survived to 54 hpf in any of the
three independent experiments carried out.

In order to test whether the haxl 001 overexpression affected PMN
number at 3dpf, total PMN counts of uninjected, mCherry mRNA and
hax1l 001 mRNA injected embryos were also counted at 54 hpf. Statistical
analysis shows that there was no difference in the total PMN number
between the control (uninjected, mCherry mRNA) and haxl 001 mRNA

injected embryos from three independent experiments.
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4.9 Summary

The aims of this chapter were to assess haxl mRNA expression in
zebrafish embryos and study the effects of hax1 knockdown on total PMN
number in zebrafish. Novel evidence for the multiple haxl transcript
variant expression in the zebrafish embryo is presented through the use
of haxl isoform specific primers. The full-length haxl transcript is
expressed throughout embryonic development and in the adult PMN. Via
cloning of the (full-length) haxl 001 cds, the ubiquitous expression of
hax1l 001 was determined using in situ hybridization of zebrafish embryo
at 24 hpf. This observation shows that as in humans, haxl 001
expression is not restricted to any cell type. Attempts to knockdown hax1
by injection of a splice MOs were unsuccessful since it is demonstrated
that it resulted in developmental delay, which did not correlate with the
degree of knockdown. | have shown that these morphants also exhibit a
reduction in total PMN numbers and this is likely to be due to the
concomitant developmental delay observed. Furthermore, | found that
haxl 001 overexpression did not prevent the splice MO induced

developmental delay and reduction in PMN number.

4.10 Discussion

4.10.1 hax1 transcript expression in D. rerio

In this chapter, for the first time | have shown that zebrafish express at
least five different haxl mRNA variants. This is in accordance with a
study carried out by Lees et al (Lees et al. 2008), which describes the
existence of eight HAX1 alternative splice variants in human cell types.
Transcript variants 001, 002, 005, 007 and 008 were all expressed in
embryos at 2 dpf. The RT-PCR data indicate that the hax1 001 transcript
is the most abundantly expressed. The haxl 001 mRNA was detected in
embryos at different stages of development (single cell embryo, 1-5 d.p.f)
and in adult zebrafish PMN. These findings support a possible role for
haxl in the zebrafish embryo development and PMN. The ubiquitous

expression of the full-length haxl mRNA suggest that haxl plays an
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important global role in the cells of the zebrafish embryo. The RT-PCR
evidence in this thesis for hax1l maternal mMRNA transfer to the fertilized
zebrafish egg further supports this notion. Maternal factors have been
shown to regulate development prior to the activation of the embryonic
genome and our data suggest that haxl may be involved in this process
(Kane & Kimmel 1993).

To date, HAX1 alternative splicing has been analysed in the genomes of
three different species: the rat, mouse and human. Despite the high
sequence similarity between the mouse and human HAX1 cDNAs, the
mouse variants identified so far appear to be distinct (Hippe et al. 2006;
Lees et al. 2008). The rat and human variants are similar and are
generated mainly from intron retention and the use of internal splice sites
in exon 2 (Grzybowska et al. 2006; Lees et al. 2008). Human and
zebrafish Hax1 protein share 60 % sequence similarity and 60 % identity
at the cDNA level suggesting a similar functional importance. The data
generated in this chapter suggests that the splicing pattern of zebrafish
hax1 is also in part analogous to that of the human HAX1 gene (Lees et
al. 2008). PCR bands of the expected sizes were generated for primers
specific for transcript variants 001, 002, 005, 007 and 008 indicating that
these variants are likely to be spliced in the same manner as the human
variants. Cloning and sequencing of the full-length transcript (001)
confirmed the expected splicing pattern for this variant. Sequencing of the
PCR band generated for transcript 008 also verified the expected splicing
pattern at the 3’ end of the transcript. Additional bands were visible in
PCRs with most of the primers indicating that other haxl zebrafish
isoforms are likely to exist. These data provide further support for a
regulatory role of the alternative splicing in assigning variability in Hax1

function.

It is worth noting that in order to fully verify the splicing patterns in
isoforms 002, 005, 007 and 008, each transcript should be cloned from
the start to stop codon and correct splicing pattern determined by

sequencing analysis. A detected PCR band that has the expected size
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might not necessarily have the expected splicing pattern. The protein
sequences for each isoform discussed below are generated from the
predicted splicing pattern of variants 002, 005, 007 and 008. The putative
open reading frames of the zebrafish Hax1l isoforms 005 and 008 are

quite short and may represent incomplete coding sequences.

The predicted proteins encoded by the zebrafish haxl variants show
variability at the C- and N-termini. Alternative splicing at the 5’ region of
the haxl mRNA generates three different protein start sites. Haxl
isoforms 001 and 002 appear to have an identical splicing pattern to that
described in the human gene with isoform 002 missing a short protein
region of the N- terminus of 001 (Lees et al. 2008). In silico translation
analysis shows that even if exon 1 inclusion occurred in the zebrafish
isoform 002, it is still likely to generate the same protein open reading

frame.

Whereas the putative human isoform 005 is almost identical to isoform
001 and differs only by 8 amino acids, the zebrafish isoform 005 is a
truncated version of the full-length isoform 001 and differs only by 6
amino acids at its C-terminus. The zebrafish isoforms 007 and 008 are
also truncated version of isoform 001 and unlike their human
counterparts, which show no resemblance to human isoform 001, these
two isoforms are almost identical to the C-terminus of zebrafish Hax1
001.

Suzuki et al revealed some sequence similarity of the human HAX1 N-
terminus to the Bcl-2 family homology (BH) domain regions of the Bcl-2
family (Suzuki et al. 1997). In the rat, the N-terminal region of the protein
is thought to contain a localization sequence in two rat-specific transcripts
(Grzybowska et al. 2006). Many other groups have reported the C-
terminus of the protein to be responsible for protein-protein interactions.
For example, interactions with caspase 9 (Han et al. 2006), Omi (Chao et
al. 2008), and viral proteins Vpr (Yedavalli et al. 2005), human
herpesvirus 8 K15 and HIV-1 REV (Modem & Reddy 2008) are all

180



reported to occur at the C-terminus of the protein. The alternative splicing
at the N-terminus of zebrafish haxl may result in changes in the
localization, stability or function of the protein. On the other hand, isoform
specific regions found in the C-termini of the isoforms could determine the
protein-binding partners thus enhancing the control of hax1l expression in
different cell types. The regulation of Hax1l isoform expression and or
tissue specific isoform expression may in turn modulate the role of Hax1
in apoptosis signalling.

4.10.2 Zebrafish as a model for studying hax1 function

In the last twenty years, the zebrafish has become a widely used model
for the study of gene function and disease pathogenesis during
embryonic development (Lieschke & Currie 2007). One of the many
advantages of using the vertebrate model is the unique opportunity for
the in vivo analysis of genes required for a normally functioning innate
immune system. The optical transparency of the embryos allows
excellent visualisation of fluorescent proteins in many different cellular
processes (Renshaw et al. 2006; Ellett et al. 2011). This property has
permitted the identification of numerous blood cell lineages through the
generation of many transgenic lines in which GFP expression is driven by
cell specific promoters. Embryonic zebrafish myelopoiesis has been
shown to generate several cell types including the zebrafish PMN
(sometimes termed heterophil), which closely resembles the human
PMN. Embryonic PMN are fully functional by 48 hpf further facilitating the

study of myelopoiesis in this model (Lieschke et al. 2001).

Though the components interacting with pathogens are more divergent,
many of the factors acting downstream of the receptors in zebrafish
innate immunity have remarkable similarities to the mammalian
counterparts (Lieschke 2001; Stein et al. 2007). Caspases and many of
the mammalian Bcl-2 protein family members involved in the control of
the intrinsic apoptotic pathway have structural and functional counterparts
in the zebrafish (Kratz et al. 2006). This is important because HAX1 has
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been shown to bind to numerous factors involved in the intrinsic apoptotic
pathway and disruption of the gene in the zebrafish is more likely to
reproduce the human phenotype if these factors are conserved through
evolution in the zebrafish.

Previous studies have highlighted that there is a striking similarity between
zebrafish mutant phenotypes and human disease emphasizing its efficacy
as a model system for elucidating pathophysiological mechanisms (Lieschke
& Currie 2007). The utility of the zebrafish model therefore becomes
particularly valuable in instances where mouse models fail to accurately
recapitulate the human disease phenotype. Several studies have shown that
mouse models for sever congenital neutropenia (SCN) are not necessarily
neutropenic (Belaaouaj et al. 1998; Grenda et al. 2002). Although a single
experiment carried out on the Hax? knockout mouse indicated a role for
Hax1 in suppressing granulocyte apoptosis, the mouse phenotype did not
accurately model the phenotype of HAX1 deficient patients, since the mouse

phenotype is not limited to neutropenia.

The relevance of the zebrafish as a model for the study of hax7 function is
further emphasized by the high similarity of the zebrafish Hax1 to the human
HAX1 protein sequence. Interestingly, both the extreme N-terminal region
and that containing the acid box identified by Lees et al have been
maintained through evolution across species and may underline key roles
for these protein regions (Lees et al. 2008). Grzybowska et al utilised
PSORT prediction software to suggest that the rat Hax1 amino acid residues
1-26 may function in mitochondrial localization (Grzybowska et al. 2006).
This particular region corresponds to the N-terminal region with a very high
sequence identity found in human, rat, mouse, macaque and zebrafish

species.

The function of the N-terminus in mitochondrial localization has been verified
by Yap et al. who demonstrated that deletion of 59 amino acid residues
within the N-terminus of human HAX1 results in the abolishment of its
mitochondrial targeting and reduced anti-apoptotic capacity (Yap et al.

182



2010). Interestingly, mutations in the human in this region of the gene are
implicated in the neutropenic phenotype associated with these mutations.
Germeshausen et al have shown that mutations affecting isoform 001
exclusively result in congenital neutropenia without the neurological
phenotype (Germeshausen et al. 2008). This implies that it is this region,
which has a functional importance in the PMN. Perhaps mutations in this
region prevent the localization of HAX1 to the mitochondria and this in turn is
detrimental to its normal function. The high similarity in this region of the
zebrafish full-length Hax1 protein to human HAX1 suggests that this region
is likely to have a similar function in the zebrafish and we have used this
logic to design knockdown tools targeted to this region in order to

recapitulate the SCN phenotype in the zebrafish.

4.10.3 The use of MOs to inhibit hax1 expression in the zebrafish
MOs are a powerful approach to loss of function analysis in the zebrafish
(Nasevicius & Ekker 2000). A splice site MO and an ATG MO targeting
hax1l splicing and translation respectively were used in this chapter in
order to knockdown haxl mRNA levels and study the effects on PMN
number. In humans HAX1 mutations result in SCN as well as severe
neurodevelopmental delay (Matsubara et al. 2007; Germeshausen et al.
2008). | have shown that disruption of haxl expression in the zebrafish
embryo through MOs leads to a reduced PMN number and delay of
generalised development. Although it is tempting to speculate that this
phenotype is haxl specific, due to insufficient knockdown and factors
discussed below, it is likely that the developmental delay and reduced
PMN number are MO off-target effects.

Detection of hax1 by RT-PCR analysis of RNA extracted from hax1 splice
site MO injected embryos yielded variable results. In some experiments
gene knockdown was visible however, on others knockdown was poor
and instead an additional ~2500 bp band was visible. Cloning and
sequencing of the additional high molecular weight band identified a hax1

specific amplicon resulting from a splicing abnormality (Fig. 4.13 d.).
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The RT-PCR detection of the maternal haxl 001 mRNA may explain the
variable and poor gene knockdown in these studies. There is evidence for
maternal pre-mRNA in eggs demonstrating that they cannot be blocked
by splice MOs (Bennett et al. 2007). Some maternal mMRNASs can persist
in the embryo for up to three days (Alexa et al. 2009). Since the highly
abundant hax1 001 transcript expresses exon 3 and it has been shown in
this chapter to be maternally transferred, this demonstrates that the
splice-blocking MO cannot fully inhibit the haxl 001 expression. Yet, the
partial disruption of the haxl mRNA transcript expression leads to
multiple defects in embryonic development indicating an essential
embryonic role for the gene. In addition, it also caused a reduction in total
PMN number. This raised the question as to whether this phenotype is
hax1l MO specific or a result of off-target effects?

4.10.4 Limitations of using MOs

Despite the large success rate, there are known limitations of utilising MO
based gene targeting. One of the main problems with using MOs is that
they may have off-target effects. This can occur by MO binding and
disruption of a non-related gene. Although this is not likely, a published
example of such effects in the zebrafish does exist (Ekker & Larson
2001). A second source of off-target effects is p53 activation (Robu et al.
2007). The induction of the p53-dependent cell death pathway leads to
widespread apoptosis (Robu et al. 2007), neural degeneration
(Nasevicius & Ekker 2000) and defects in epiboly (Imai & Talbot 2001).
Some of these effects were visible with the haxl splice MO. Co-injection
of MOs with a p53 ATG MO has been shown to rescue the p53-
dependent apoptosis phenotype revealing the true effects of MOs (Robu
et al. 2007). However, though the co-injection of a p53 ATG MO extended
the survival of the embryos it did not appear to alleviate the severe
developmental delay. It also did not have an effect on the reduced total
PMN number. Although the data are representative of a single
experiment and so it is not possible to draw any conclusion from the

results, this may suggest that the haxl splice MO phenotype specifically
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inhibits hax1 pre-mRNA splicing and that the neurodevelopmental delay
and PMN phenotype is specific to haxl knockdown. In support of this,
MO targeted to cytochrome c oxidase led to neuronal cell death, which
was not inhibited by co-injection with a p53 MO (Baden et al. 2007).

The recapitulation of the hax1 phenotype although less marked using the
ATG MO provides further support for the specificity of the haxl MO. The
haxl ATG MO is likely to inhibit the translation of any maternal mMRNA as
well as zygotic hax1l transcripts. However, the transcript variant
expression data presented earlier in this chapter shows that alternative
splicing generates hax1 transcripts with at least three different ATG start
sites hence only transcripts with the same start site as the full-length hax1
are likely to be affected by the haxl ATG MO. This could justify the milder
effects of the haxl ATG MO on the developmental delay and reduction in
PMN number compared to the haxl splice MO. The lack of a zebrafish
Hax1 antibody means that it is not possible to assess whether the ATG
MO has successfully targeted haxl however, even if it was available it
would not address whether the noted effects are caused solely by the

hax1 knockdown.

The most reliable control for a MO is rescue of the phenotype by co-
injection of in vitro transcribed mMRNA of the targeted gene (Eisen & Smith
2008). Contrary to the above findings, attempts to rescue the haxl splice
MO induced phenotype by co-injection with haxl 001 mRNA were
unsuccessful. Co-injection did not prevent the characteristic
developmental delay or the reduction in the total PMN number. This
raises a concern about the specificity of the MO. however, due to the
complex organization of the zebrafish haxl gene it cannot be ruled out
that the phenotypic changes in response to the haxl splice MO injection
are mediated by the inhibition of transcript variants other than hax1 001.
On the other hand, this could suggest that full-length zebrafish haxl
isoform may not play a role in embryonic development or PMN survival
and homeostasis. A third explanation may be that the capped hax1l 001

MRNA was not functionally active in the injected embryos. In order to test
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whether haxl 001 mRNA overexpression had an effect in PMN apoptosis
and in turn demonstrate that the mRNA was functional, uninjected and
hax1 001 injected Tg(mpx:GFP)i114 embryos at 30 h were treated with 50
MM pyocyanin in the media for 6 h. Dual staining for the PMN specific Mpx
(tyramide signal amplification-TSA) and an apoptotic marker (terminal
deoxynucleotidyl transferase dUTP nick end labelling-TUNEL) revealed
that the pyocyanin did not have an effect on PMN apoptosis in the
embryos (data not shown) and therefore it was not possible to determine
whether the hax1 001 mRNA injection was in fact functional.

Further extensive analysis and characterization of the haxl mMRNA
variants is required in order to establish the exact isoform specificity of
the MOs to determine the functional redundancy of the different isoforms.
Future work could involve further characterization of the haxl1 transcript
expression profile using gPCR. The expression of each isoform could
also then be tested for maternal transfer. Following this, isoform specific
MOs could be designed and injected to test their effects on total PMN
number and embryonic morphology. Attempts to rescue the phenotype
with mRNA from each isoform could be carried out to test for redundancy
and isoform specific functions.

4.11 Conclusion

This work provides novel evidence for the expression of multiple haxl
transcript variants in the zebrafish embryo with a similar splicing pattern
to that found in the human. | have shown that full-length hax1 isoform 001
is ubiquitously expressed supporting a multifunctional role for the gene in
the zebrafish. Furthermore, | have explored the effects of inhibition of the
hax1l gene in vivo and shown that this results in decreased total PMN
number with concomitant developmental delay. | have shown that
overexpression of haxl 001 did not rescue any of the MO induced
effects. In conclusion, due to the insufficient haxl knockdown using the
splice MO and lack of phenotypic rescue by co-injection with 001 mRNA,

the reduced total PMN number is likely to be a secondary effect of the
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delayed development and not a direct effect of the MO. Further work
utilizing stable knockout zebrafish lines was required to validate these
findings. The generation of stable hax1l knockout lines and effect on total

PMN number is described in Chapter 5.
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5 Results- Creation of haxl mutant zebrafish

lines

The aim of this chapter was to generate zebrafish hax1l knockout lines in
order to analyse the effect on total PMN number and function and to
validate the morpholino data presented in Chapter 4. Zinc finger
nucleases (ZFNs) and transcription activator-like effector nucleases
(TALENSs) are genetically engineered chimeric nucleases designed to
specifically bind to DNA sequences (Cathomen & Joung 2008; Sander et
al. 2011; Cermak et al. 2011). These proteins comprise a powerful class
of tools enabling targeted genetic modification across many different
species by induction of double stranded DNA breaks, which are repaired
by the error-prone non-homologous end joining (NHEJ) mechanism
(Bibikova et al. 2002) (Fig. 5.1). NHEJ generates many different indel
mutations including frame-shift mutations resulting in inactivation of the
target gene (Muhlrad & Parker 1994).

ZFNs and TALENs are hybrids of a non-specific DNA cleavage domain
and a targeting DNA binding domain (Fig. 5.1 b and c.). This chapter
describes the detailed protocols for generating a hax1 targeting nuclease
construct, initially by ZFN and subsequently by the newer TALEN
approach. In both the ZFN and TALEN approach, the haxl binding
domains were engineered into generic backbones encoding the Fokl

nuclease domains.

5.1 haxl targeted mutagenesis using the ZFN context
dependent assembly (CoDA) approach

The ZFN CoDA approach was first described by Sander et al. (Sander et
al. 2011) and is a publicly available platform of reagents and software for
creating ZFNs. ZFNs function as dimers with each monomer composed
of an engineered zinc finger (ZF) array (ZF domain) fused to a non-
specific Fokl nuclease domain (Kim et al. 1996). ZFN CoDa
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Figure 5.1 Schematic overview of genomic editing using ZFN and
TALEN mutagenesis

a.) Outcome of gene targeting using engineered nucleases (ZFN and
TALEN). Binding to the target site induces a double stranded mutation. A
non-homologous error-prone joining mechanism then repairs the DNA break
introducing indel mutations resulting in gene inactivation (Bibikova et al.
2002). The structure of a ZFN nuclease (b.) and TALEN (c.). Two
monomeric molecules are required to bind the target DNA to enable Fok | to
dimerise and cleave the DNA. Each monomer is composed of a DNA
binding domain and an Fokl nuclease domain. (Cermak et al. 2011; Sander
et al. 2011). The lengths of the recognition sites and spacer regions are
shown (nt-nucleotides).
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entails assembly of three-finger arrays using N and C terminal fingers
previously identified in other arrays containing a common middle finger
(F2 unit) (Sander et al. 2011). With each ZF unit specifically binding to 3
base pairs, a 3-finger array ZFN monomer recognizes 9 base pairs.
Sander et al. demonstrated that a large archive of N-terminal fingers (F1
units) and C-terminal fingers (F3 units) positioned adjacent to fixed F2
units could be utilised to create functionally active ZFNs (Sander et al.
2011). CoDA increases the probability of engineered ZFN activity by
taking into consideration the context-dependent effects between adjacent
fingers (Isalan et al. 1997; Isalan et al. 1998). This approach was used to
generate a haxl specific ZFN expression vector and the product was
then injected into single cell zebrafish embryos in order to create haxl
mutant zebrafish lines. The ZF units were added as 5 extensions on
primers used to amplify generic backbones (pCS2-Flag-ZFP-Fokl-DD and
pCS2-HA-ZFP-Fokl-RR) containing the endonuclease Fokl.

5.1.1 Generation of a zebrafish hax1 targeting CoDA ZFN

5.1.1.1 Identification of a CoDA ZFN site in the zebrafish hax1 gene

The zebrafish haxl gene sequence, deduced from the Ensembl website,
was entered into the ZIFIT Targeter sequence window
(http://zifit.partners.org/ZiFiT/ChoiceMenu.aspx) with exonic regions in
uppercase and intronic regions in lowercase. The targeter generated five
CoDA ZFN sites for the hax1 gene, one found at the 5’ of intron 1-2 and
four target sites located on exon 3. It is necessary to use a CoDA target
site that is most likely to disrupt the coding region of the genomic
seqguence of the target gene as intronic regions are likely to be spliced out
and modifications of these regions would have no effect on the mRNA
stability, protein structure and function. Since the first haxl CoDA ZFN
site (ZFN-CHROMOSOME:zv8:19:7484201:7490708:1-SP-5-1) targeted
intronic sequence of the gene this was not considered a suitable target
site. The CoDA target site furthest from the 5 region of exon 3 was

chosen (Fig. 5.2 a.). Figure 5.2 b. shows the haxl exon 3 target region
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with the ZFN binding sites and spacer highlighted. The ZIiFiT targeter also
generated FASTA sequences of the left and right ZF domains. These
were used to design F1 and F2F3 primers (Fig. 5.3) in order to allow
addition of the ZF domains to the generic backbones. Two primers were
generated for each subunit (Appendix 7.13.1). The 3’ end of each primer
contained 20 complementary bases to the generic backbone to ensure
annealing and amplification by PCR. An F1 primer contained the F1 unit
as the 5’ extension whereas an F2F3 primer comprised units F2 and F3
of the ZF domain at the 5 end. Both the F1 and F2F3 primers were
designed with an Agel restriction site in order to allow digestion with Agel
following the PCR. This would then enable self-ligation of the Agel
digested plasmids into circular form with ZF units in the correct order. In
addition the primers also contained 5’ extensions (red) beyond the Agel

site (blue) to facilitate the Agel restriction digest.

51.1.2 Preparation of the ZFN generic backbones

The left and right ZFN backbones (pCS2-Flag-ZFP-Fokl-DD and pCS2-
HA- ZFP-FokI-RR) (Meng et al. 2008) were kindly provided by Dr Stone
Elworthy (Dept. of Biomedical Science, University of Sheffield). Briefly, Dr
Elworthy prepared the plasmids by linearization with Agel and PCR
amplified the linear plasmids using primers LCS2 and goodRCS2
(Appendix 7.13) excluding the Agel site from the amplified plasmid
sequence. A 1 h restriction digest with Dpnl followed in order to remove
the starting plasmid. The plasmids were then gel purified and could be
used as generic templates for generating CoDA ZFNs using PCR
amplification with primers containing the specific F1, F2 and F3 zinc
fingers, generated in section 5.1.1.1. An overview of the hax1 targeting

ZFN pair assembly is shown in Fig. 5.4.
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Figure 5.2 Identification of potential CoDA ZFN target sites
in the zebrafish haxl gene

a.) hax1 CoDA targeting output from ZiFiT version 3. The hax7 gene
sequence was entered into the ZiFiT sequence window following the
instructions from the website (http://zifit.partners.org/ZiFiT/ChoiceMenu.
aspx). The chosen ZFN target is indicated by the red box. The ZiFiT Targeter
software summary of the CoDA zinc finger units shows the 3 bp targets of
the hax1 specific ZFN pair. b.) A diagram of the left and right zinc finger
nuclease subunits and the target site in exon 3 of the hax? gene. Each
nuclease consists of three zinc fingers (F1-F3) linked to the DNA-cleavage
domain of Fokl. Each finger binds to three consecutive basepairs of the
DNA. Left and right ZFN subunit binding to this site generates a 5 bp spacer
region.

192


http://zifit.partners.org/ZiFiT/ChoiceMenu

d.
) 18 2 3 42 L En | .- a2 1]
F R A A A e T T A T e T D R T T T A T e A T T T o e O A A T T T T A O T A TA D OO TAC TEATAL

L f ¥ t t t t + t # t t og
T CTTTTTTTACATCIOOOCOC TTEC Coa0AMIO TTACA DI TARN Lo ThE oS T IOAAANCCECAOCRITATAMANCC TOOCAC THTROOCA TAAETATE
@ l
a R & & & A F @4 E AR F F T C B I @ ¥ FR MW F 8 F B M | L B BE H T B T H T
@
P LR A T T R I T LA T e T A T D S T P I . L LT A A TT O PO AT TAC CT R OCCR A T CEETCACRAE CTATTE
2 } f y y t t t + & y + =00
¥ L R T T T T L A R TR AL T N TR L T T AR R Lol L T P T P A R TR L T A T O T T L L P T P L TRAL
|| —=w ]
a G E W P F O 2 R I o W A W F & A O O M L G B WM L R T W@ T G E £ B F
o
B A T A T A T L, T A T T R T T L L T T A T s L T A L R O T R AR L RO TR L L LA T O RN G AL LA
° } # t t t t t t # L]
T A T T A T T A TR A T T U TG CAN T GO GG T T T TTCE S TOGACTC COCTRNGETICTTCCT
o cecmmrbess
3 o S m | G W O m MM O®P E m M Y M L ¥ T HL KT HILHBABDBGEGSETE E
b.)
1% 20 20 el ES B a0 a8 &0 Tin}
¥ CARRAA T TGN S O LT T O T TG AT T T oA TGN L TTT TC OO oA A TANC T TOTTACETCATAC COOTACTONTAL
- R R R e R B R R R R e e R L e e e | 150
¥ LT T T T T TR T L T L O TGO G L LA AL L R L TARAL L TROGOCTTL. L G R T TR T T AR L AR R TAT UL LA TR TR TL
|
= A & &€ & A P & E B P F O ¢ B | C W B M F &3 B F H W L L B HW TR T®HT
F L TR L LT T T LA G T O AT L T TR T AR TT T TE L AT AR T T T TT T LAC O TR T TAL L TACGCRCRC L LLL LALAKGOCRTIT
o + t + + } t + t + 20D
T LA T T T T N A T AN TR A A TR O T T TANA A OO TAT T TAORA CAAN C T O00CA I TACA TECATODI MO TICCC O TTTTOOITAMD
||
I —————_—_————- - e i e
& B OE ®§ P P @B S M | G WM M M O ® % H &£ E %5 L T m H L AR T H T O E & ® P
¥ L T A T e A T R T T L B A T T T e T T T T A AU O O T A A TR RS R A i
- [EEEEE] R i R e R e e s B 156
T BT TACOGC T TATAE TR OC T AR TCA L T e MO a0 TR C AL ROCAGTOGAT TTTTOGO TG, TCCCCTADITTCTTCLT

a4 T & M ] L M MmN F B3 G T T H L B AR H L KT HLARDQIE & & B
L]

Figure 5.3 Annotation of the ZiIFiT FASTA sequence output
for the left and right ZFN subunits and ZFN primer design

The ZIiFiT targeter sequence output for the Left (a.) and Right (b.) ZF
domains. The red arrows indicate the sequence used to generate the ZFN
F1 and F2F3 primers. The F1 and F2F3 units of each ZF domain are 5'
extensions of the primers used to anneal and amplify the generic backbone
plasmids pCS2-Flag-ZFP-Fokl-DD (left ZFN subunit) and pCS2-HA-ZFP-
Fokl-RR (right ZFN subunit). The ZiFiT Targeter sequence output also
contains an Agel restriction site between the F1 and F2F3 fingers
(overlapping region of the red arrows- ACCGGT). The F1, F2 and F3 units
are annotated in colours correspond to those used in Fig. 5.2. Yellow arrows
indicate primer annealing regions on the generic backbones.
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Figure 5.4 An overview of the assembly of a ZFN pair

targeting the hax1 gene

Agel linearised left (pCS2-Flag-ZFP-Fokl-DD) and right (pCS2-HA-ZFP-
Fokl-RR) ZFN generic backbones were amplified using the zinc finger units
(ZFs) as primers. The F1 and F2F3 primers contained an Agel restriction
site (light blue) and a 5 extension beyond the Agel site. Following
amplification by PCR, the plasmids were subjected to an Agel restriction
digest and then allowed to self-ligate. The circular plasmids were
transformed into competent cells. Purified plasmid preparations were then
pooled and linearised using the unique restriction site for Notl. The Notl
linearised plasmids were in vitro transcribed and the ZFN RNA injected into
singe-cell embryos. The single-cell embryo image was adapted from the
ZFIN website (http://zfin.org/zf_info/zfbook/stages/figs/fig3.html).
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5.1.1.3 Addition of zinc fingers to the generic backbones

In order to verify the amplification of the ZFN generic backbones with the
F1,F2 and F3 zinc fingers, the PCR products generated from the
reactions assembled in section 2.2.7.1 (expected size: 5069 base pairs-
bp) were subjected to agarose gel electrophoresis (Fig. 5.5 a.). A band of
the expected size (~5 kb) was visible in both lanes with the PCR reaction
amplifying the left ZFN producing a lower intensity band than PCR of the
right ZFN construct. In order to assess the purification of the ZFN left and
right plasmid following the generation of sticky ends by an Agel,
restriction digest (Section 2.2.7.2), the linearised plasmids were subjected
to agarose gel electrophoresis. A band of the expected size (~5 kb) was

visible for each the left and right ZFN encoding plasmids (Fig. 5.5 b.).

Following ZFN plasmid self-ligation and transformation into competent
cells (Section 2.2.7.3), screening for zinc finger inserts was carried out by
colony PCR of several well-separated, transformant colonies (Colony
PCR- Section 2.1.20) using LseqCS2 and RseqCS2 primers (Appendix
7.13). A band of the expected ~600 bp size was visible in PCR reactions
from colonies expressing both the left (L1, L8, L9, L10, L12, L14, L16)
and right ZFN (R1, R3-8) subunits (Fig. 5.6). Colony PCR reactions
displaying the expected PCR band size (~600 bp) were subjected to
Exol-SAP (exonuclease |- shrimp alkaline phosphatase) treatment
followed by Sanger sequencing using LseqCS2 and RseqCS2 primers.
Sequencing and bioinformatics analysis was carried out in order to
examine whether the ZF units had inserted in the predicted order and
verify the sequence. Blast analysis of the sequencing output of colony
L12 and R3, which were used for in vitro transcription of the ZFN
subunits, is shown in Appendix 7.14 (7.14.1 and 7.14.2).
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Figure 5.5

Addition of zinc fingers to the generic backbone

a.) The generic backbones were PCR amplified with the F1 and F2F3
primers. Following purification using a QIAquick PCR clean-up kit and
elution into 44 pl of water , 2 ul of each PCR product was resolved on a 0.8
% SeaKem agarose gel and PCR bands were visualised using a UV
transilluminator. b.) Following a 1 h incubation of the Agel restriction digest,
the left and right ZFN encoding plasmids were purified using a QIAquick
PCR clean-up kit. Purified plasmid DNA was then subjected to agarose gel
electrophoresis using a 0.8 % SeaKem agarose gel and 10 ul of the eluted

DNA.
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Figure 5.6 Verification of left and right ZFN subunit ZF
domains by colony PCR and Sanger sequencing

a.) Left and right ZFN plasmid transformant colonies were PCR amplified
using the LseqCS2 and RseqCS2 primers (red arrows). These primers flank
the region containing the ZF inserts. The sequence shown is of the left ZFN
subunit analysed using DNASTAR version 10.0 (Lasergene, Germany). b.)
5 pl of each PCR reaction was resolved on a 1.5 % SeaKem agarose gel
and PCR bands were visualised using a UV transilluminator.
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In order to ensure that the Fokl DD (left ZFN) and Fokl RR (right ZFN)
nuclease domains also contain the intended sequence, clones with the
verified zinc finger sequences were further examined by colony PCR and
Sanger sequencing using LsegFok and RsegFok primers (Appendix 7.13)
(Fig. 5.7). The PCR products were resolved by agarose gel
electrophoresis. In order to validate the sequence, the colony PCR
products of the correct size were Sanger sequenced using the LseqFok
and RseqFok primers following Exol-SAP treatment. Blast analysis of the
Fokl domain region from colonies L12 and R3, which were used for in
vitro transcription of the ZFN subunits, is shown in Appendix 7.14 (7.14.3
and 7.14.4).

Once it was established that clone L12 (left ZFN subunit) and clone R3
(right ZFN subunit) contained verified sequences of the zinc finger and
nuclease domains, a colony of each was used to inoculate a 50 ml
carbenicillin (50 pg/ml) selective culture and grown O/N at 37 °C with
shaking. The plasmid DNA was purified using a MIDI prep kit according to
manufacturer’s protocol (QIAGEN, Valencia, CA). The purified plasmid
was guantified using a spectrophotometer. The left and right ZFN purified
plasmids were linearised using Notl restriction enzyme as described in
section 2.2.7.4. The left and right ZFN linear constructs were resolved by
agarose gel electrophoresis alongside the circular plasmids (Fig. 5.8).
The quoted DNA ladder bands were used as a comparator for

quantitation
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Figure 5.7 Verification of left and right hax1l ZFN subunit ZF
domains by colony PCR and Sanger sequencing

a.) Following verification of the ZF domain sequence of left ZFN expressing
colony L16 and right ZFN expressing colony R3, colony PCR using the
LsegFok and RseqFok primers was carried out. The L and RseqFok primers
(brown arrows) flank the region of the ZFN plasmid containing the nuclease
domain. The sequence shown is of the right ZFN subunit annotated using
DNASTAR version 10.0 (Lasergene, Germany). b.) The PCR products
(expected size: 705 bp) were resolved on a 1.5 % SeaKem agarose gel
electrophoresis using 5 pl of the PCR reaction. PCR products were
visualised using a UV transilluminator.
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Figure 5.8 Preparation of hax1 targeting ZFN RNA

a.) ZFN plasmids from 50 ml carbenicillin cultures were purified using a
QIAGEN plasmid MIDI kit. 6 pg of each plasmid were pooled and subjected
to a Notl restriction digest. Following Notl linearisation and purification of the
plasmids using a QIAquick PCR clean-up kit, 0.5 pl of the left and right ZFN
plasmid eluates were added to 9.5 pl of loading dye. 1 ul, 3 yl and 6 pl of
this mixture were loaded alongside NEB 1 kb ladder (volumes from left 1pl,
2 yland 5 pl) and left and right ZFN circular constructs on a 0.8 % SeaKem
agarose gel.
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5.1.2 Preparation of ZFN capped RNA for microinjection

In order to assess the quality and purity of the ZFN plasmid RNA
generated in Section 2.2.7.4, the RNA was subjected to agarose gel
electrophoresis. Figure 5.9 shows that a single RNA band was visible in
the lane loaded with ZFN RNA.

Fig. 5.9 In vitro transcription of hax1

targeting ZFN expression vector

Ladder
ZFN RNA

Following in vitro transcription and

(bp)

purification, 0.5 ul of the capped RNA was

resolved on a 0.8 % agarose gel.

5.1.3 Microinjection of embryos with in vitro transcribed hax1
targeting ZFN mRNA

The toxicity of different ZFN RNAs varies greatly (Cornu & Cathomen
2010) and hence a range of ZFN mRNA doses were injected in order to
optimize the dose in AB embryos. Single cell embryos were injected with
various doses of capped RNA. Injected embryos were grown at low
density (<50 per petri dish) and unfertilized or damaged embryos were
removed. At 24 hpf, the embryos were inspected to determine the dose of
MRNA resulting in the vast majority of embryos to be free of toxic effects.
Embryos injected with ~40 pg (quantified on an agarose gel) of the
capped RNA generated from section 2.2.7.4 resulted in an appropriate
30 % rate of deformity 24 hpf (data not shown).

5.1.4 haxl gene sequence analysis of zebrafish embryos injected
with ZFN-encoding RNA

In order to analyse the zebrafish haxl gene sequence for somatic
mutations PCR was carried out on pooled genomic DNA (gDNA)

encompassing the CoDa ZFN target site. The annealing sites of the

201



LHax1ZFN and RHax1ZFN primers (Appendix 7.13) used for the PCR
along with the ZFN binding site and spacer region are shown in Fig. 5.10
a. A restriction enzyme site for HpyAV was also identified in the spacer
region in order to subsequently allow screening of mutants by restriction
enzyme digest (Fig. 5.10 a.). The PCR product was then either subjected
to Roche Titanium 454 sequencing or was TOPO cloned and Sanger
sequenced. Analysis of the ZFN target site through TOPO cloning and
colony PCR would only determine whether the mutation rate at the ZFN

target site was more than ~2%.

5.14.1 Analysis of zebrafish hax1l ZFN target sequence by TOPO
cloning and colony PCR

Genomic DNA from 50 embryos injected with the haxl targeting CoDA
ZFN was extracted at 24 hpf as described in section 2.1.24. A single
microliter of gDNA template and Phusion HF DNA polymerase (section
2.1.17) were used in a PCR reaction amplifying the haxl gene region
containing the exon 3 ZFN target site. In order to assess the amplification
the PCR product was resolved by agarose gel electrophoresis (Fig. 5.10
b). A single ~300 bp band was visible in the PCR reaction carried out
using the gDNA of ZFN injected embryos and the negative PCR control
was clear. TOPO cloning was carried out using 4 ul of the PCR reaction
and a Zero Blunt TOPO PCR cloning kit according to manufacturer’s
protocol. The cloning reaction (2 ul) was then used to transform a vial of
competent One Shot TOP10 E. coli cells (Invitrogen Life Technologies,
Carlsbad, CA) according to manufacturer’s instructions. Transformed
cells were streaked onto ampicillin (50 ug/ml) selective LB agar plates
and grown overnight (O/N) at 37 °C. On the following morning, 96 well-
separated colonies were picked from the plates and colony PCR (2.1.20)
was carried out using LHax1ZFN and RHax1ZFN and a 96 well PCR
plate.
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a.) Left ZFN binding site Right ZFN binding site LHax1ZFN

ARRATTCTTTGAGTTARACACGAAAMPRMTATAARAAGGGGTCTAR GTCAGCCTTCAAC ACATTCTCTA

ACTCA 1 ELLEL D il b il ¥ WU Ly L L [ L 'L
CAC FICCAM

niee MCCTCTECCACTGAATATCTGCAGTCTCTCCATTC
CAGYTCAACON TTGGAAAGATGGACTGTTAAAACCARAGG

Spacer region Hax1ZFN

HpyAV

Figure 5.10 LHax1ZFN and RHax1ZFN primer binding sites

a.) The LHax1ZFN and RHax1ZFN primers (blue) were designed to span a region of 305 bp with the ZFN target spacer region (yellow)
in the centre of the sequence. The left and right ZFN subunit binding sites found on exon 3 of the gene (orange) are also shown. The red
box indicates the recognition site for the restriction enzyme HpyAV. b.) gDNA was extracted from 50 healthy hax7 ZFN injected embryos
and PCR carried out using the Hax1ZFN primers. PCR product was resolved by agarose gel electrophoresis and visualised using a UV
transilluminator. A no template control for the PCR reaction (- PCR) was also included.
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In order to assess the amplification, PCR products from numerous
random colonies were resolved by agarose gel electrophoresis. All tested
colonies contained a PCR band of the expected ~300 bp size (Fig. 5.11
a.). Following Exo-SAP treatment of the remainders of the PCR reactions,
each PCR product was Sanger sequenced using LHax1ZFN and
RHax1ZFN primers. The sequences of the haxl targeting ZFN injected
embryos were then compared to the wild type (WT) reference sequence.
Ape software was used to align 20 sequences at a time. An example of
the output for the sequences generated from the left (b.) and right (c.)
ZFN primers are shown in Fig. 5.11. The Sanger sequence analysis using
both primers revealed that there were no changes detected in the site of
the ZFN target or the regions flanking the site.

5.1.4.2 Analysis of zebrafish haxl ZFN target sequence by Roche

Titanium 454 sequencing

In order to analyse the haxl ZFN target site by Roche Titanium 454
sequencing and detect mutations at a frequency lower than 2%, gDNA
was PCR amplified using LHax1ZF454 and RHax1ZF454 primers
(Appendix 7.13.2), which bind on the same region as those shown in Fig.
5.9 a but contain a 5’ extension to allow Roche 454 sequencing.

The remaining PCR product was purified using a QlAquick PCR clean-up
kit and the purified DNA subjected to PCR amplification using 1 ul of the
eluted PCR product and the a titanium and b titanium primers (Appendix
7.13). The component and PCR cycling used were as shown above. This
was again followed by purification using a QIAquick PCR clean-up Kkit.
Following the PCR product purification, amplification of the PCR reactions
each with the LHax1ZF454 and RHax1ZF454 primers (Fig. 5.12 a.) and
the a titanium and b titanium primers (Fig. 5.12 b.) was assessed by
agarose gel electrophoresis using a 2% 1:1 metaphor and SeaKem
agarose gel. PCR analysis shows that a band of the expected ~400 bp
size was clearly visible in both Fig. 5.12 a. and Fig. 5.12 b. The resulting
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b) spacer region

= x T ®

SAAGCTCCACCTOCACACEAACGACTTEACAAAGGCAGCAL
L AACOTOCANCTOCACACCAACCACTTEACANACCCACCRAL
TAACCTCCARCTOCACACCANCCACTTEACANMCCCOACCRL
TAACCTCCANCTCCACACCAACCACTTCACAAMCCOACCAL
TAACCTCCANCTCCACACCARCCACTTCACARRCCCACCAL
T AACCTCCACCTCCACACCARCCACTTCACANMCCCACCAL
TAAGCTCCACLTCCACRCCAACCACTTCACAARCCCAGEAC
CAACCTCCARCTCCACACCARCCACTTCACAMACCCARCAL
CAACOTOCANCTCCACACCAMCCACTTCACAMACGOACCAL
TAACCTCCACCTCCACACCARCCACTTCACAMMGGCAGCAC
TAACCTCCACCTCCACACCARCCACTTCACANAOGCARCAC
JAACCTCCACCTCCACACCARCCACTTCACAARGCGCATCAC
TAACCTCCACCTCCACACCARCCACTTCACAMMGGCAGCAC

- = = E 3

c ) ITCCTGCCTTTCTCARCTCCTTCCTGIGGAGGTGGAGCTT!

. 1MCOTECOTTTCTCAACTCCTTCCTCTCCACETECACCTT
TCOTECCTTTOTC AACTOC T T O TOTAAARATRCARC T
JTCCTGECCTTTICTCARCTCCTTCCTGTGGAGGTGEAGCTT
ITCOTECCTTICTCARCTCCTTCCTOTCCACETEEACCTT!

M COTECOTTTOTC AACTOCTTOCTOTCAACETRCAGC T
ITCCTGCCTTICTCARCTCCTTCCTGTGEADGTGGAGCTT
TTCOTECCTTICTCARCTCCTTCCTATGGAGGTEEAGCTT!
MCOTECCTTTCTCARCTCCTTOCTOTCCACCTECACC T
SMCCTGCCTTTC TCARCTCCTTCCTETEEAGEGTEEAGE T
1TCOTECCTTTCTCARCTCCTTCCTGTGGAGETEGAGCTT!
MCOTECOTTTCTCAACTCCTTOCTCTCCACCTECACC T
OO TGCCTTTC TC ARCTCCTTCOCTETEGAGETEEAGE T
ITCCTECCTTICTCARCTCCTTCCTGTGGAGETGEAGCTT!

Figure 5.11 Analysis of haxl gDNA from embryos injected with
hax1 encoding zebrafish RNA by colony PCR and Sanger
seguencing

a.) Colonies of competent cells transformed with the hax7 fragment
generated using the Hax1ZFN primers were selected and colony PCR
carried out. 96 colonies were picked in total. 5 pl of PCR product from 18
randomly chosen colonies were resolved by agarose gel electrophoresis.
Bands were visualised using a UV transilluminator. Following Exol-SAP
treatment, the PCR products were Sanger sequenced with LHax1ZFN (b.)
and RHax1ZFN (c.) primers. Sequencing traces were analysed using Ape
software. Sanger sequencing did not reveal any changes in the hax1 ZFN
target region. The top sequence in b. and c. represents the WT reference
sequence. The spacer region is highlighted in yellow (b.) and green (c.).
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C-C-AA-C-T-CCTT-CCT-GT-GGAGGT X7
T-CTAA-CTT-CCTT-CCTAGT-GGAGGT X7
T-CTAA-CTT-CCTT-CCTAGT-GGAGGT X8
T-CTAA-CTT-CCTT-CCT-GT-GGAGGT X8
T-C-AA-C-T-CCTT-CCT-GT-GGAGGT X9
T-CTAA-C-T-CCTTACCT-GT-GGAGGT X10
T-C-AA-CTT-CCTT-CCTAGT-GGAGGT X14
T-CTAA-C-T-CCTT-CCT-GT-GGAGGT X41
T-C-AA-CTT-CCTT-CCT-GT-GGAGGT X44

Figure 5.12 Preparation of the haxl ZFN target sequence and
analysis by Roche Titanium 454 sequencing

a.) Genomic DNA extracted from 50 healthy hax1 ZFN injected embryos
was PCR amplified with L and RHax1ZF454 primers (gDNA). 5 ul of the
PCR product were resolved on a 2% 1:1 metaphor and SeaKem agarose
gel and visualised using a UV transilluminator. b.) The remainder of the PCR
product was purified using a QIAquick PCR clean-up kit (with the guanidine
HCI step) and eluted with 300 ul of water. Following PCR amplification using
atitanium and btitanium primers, the PCR product was once again subjected
to purification using a QIAquick PCR clean-up kit (with the guanidine HCI
step) and elution into 30 pl of water. The purified PCR product (gDNA) was
then subjected to agarose gel electrophoresis. c¢.) Frequencies and
sequences of changes in the hax1 ZFN target site of ZFN RNA
microinjected embryos. The wild type reference sequence (orange) with the
spacer region highlighted in green is also included.
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amplicon from PCR using the a titanium and b titanium primers was
subsequently subjected to Roche Titanium 454 sequencing. Analysis of
the Roche Titanium 454 sequencing showed that out of 4938 reads
received, 208 contained differences in the target sequence (Fig. 5.12 c.)
resulting in a mutation frequency of 4.2%. Most of these differences were
found in the region encompassing the spacer and ZF binding region. The
sequence modifications were mostly single base changes and included
insertion of a single A or T nucleotide and substitution of a T with C
nucleotide. There were no large multiple base deletions or insertions
detected by the Roche 454 sequencing. The full Roche 454 amplicon
analysis is shown in Appendix 7.15. Since only a few of these mutations
could be detected by Roche 454 sequencing, this method was unlikely to
successfully generate knockout mutants and therefore, an alternative
method using targeted transcription activator-like effector nucleases
(TALENS) was utilised.

5.2 haxl targeted mutagenesis using a transcription

activator-like effector nuclease (TALEN)

Transcription activator-like effector nucleases are a relatively new class of
specific DNA binding proteins formed by a fusion between TALEN
activator-like TAL effectors of the plant pathogenic bacteria of the genus
Xanthomonas spp. to the Fokl nuclease (Christian et al. 2010). The
native function of TAL effectors is to directly modulate host gene
expression (Bogdanove et al. 2010; Christian et al. 2010). TALEN
specificity is determined by a central domain comprising 12-27 tandem
repeats of 33-35 amino acids (aa) followed by a single truncated repeat of
20 amino acids (Boch & Bonas 2010). The amino acid positions 12 and
13 in each repeat known as the repeat variable di-residue (RVD) specify
the target nucleotide. The Cermak et al. TALEN design is based on the
use of four common RVDs HD, NI, NG and NN, which most frequently
associate with nucleotides Cytosine, Adenine, Thymine and Guanine

respectively (Cermak et al. 2011).
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Multiple design scaffolds for TALEN assembly have been described
differing in parameters including the spacer length, repeat array length
and the base preference preceding the target site on the 5’ end (Cermak
et al. 2011; Miller et al. 2011; Li et al. 2011). TALEN assembly techniques
also differ in the N and C terminus of the TALEN protein (Miller et al.
2011). The Golden Gate method described by Cermak et al. (Cermak et
al. 2011) was used for the assembly of a hax1 targeting TALE nuclease.
Golden gate cloning utilises Type IIS restriction endonucleases, which
cleave DNA at a defined distance from their recognition site to create
unique 4 bp overhangs. This allows digestion and ligation of multiple

constructs in the same reaction (Engler et al. 2009).

The set of Golden Gate TALEN assembly plasmids required for the
construction of the TAL array is publicly available from the Addgene
website (https://www.addgene.org). MIDI preparations of the plasmids at
the desired working concentration were kindly provided by Dr Freek Van
Eeden (Dept. of Biomedical Sciences). Each tandem repeat (module)
containing a specific RVD is encoded by a single plasmid (Cermak et al.
2011). Cermak et al. utilised the TypellS restriction enzyme Bsal to
initially excise from the plasmids and ligate to one another the first ten
modules containing the RVD sequences. In the same reaction the RVD
modules were cloned into an array plasmid pFUS_A (Cermak et al.
2011). Remaining modules are cloned in the same way into other
specified array plasmids depending on the number of RVD repeats. This
is carried out for both the left and right TALEN subunits. Esp3l digestion
of the array plasmids, a plasmid containing the last repeat and the
destination vector in a second reaction allows ligation of the RVD and
assemble in the correct order (Cermak et al. 2011).

The following sections describe the design and construction
methodology of a haxl targeting TALE nuclease using the pCAG-T7-
TALEN(Sangamo) destination vector . To date, there are no published
data describing the use of this generic TALEN backbone in successful

TALEN mutagenesis approaches. Sequence analysis of the induced
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mutations and preliminary results on the effects of the mutations are also

included.

5.2.1 Construction of a hax1 targeting TALE nuclease

5.2.1.1 Identification of a TALEN site in the zebrafish hax1 gene

It has previously been shown that HAX1 human mutations affecting the 5°
region of exon 2 result exclusively in a neutropenic phenotype whereas
individuals harbouring mutations in the 3’ region of the exon in addition to
neutropenia also exhibit neurological symptoms (Germeshausen et al.
2008). Due to the TALEN technique offering more flexibility with the target
site than the CoDA ZFN approach, it was possible to design a TALE
nuclease targeting the 5’ region of exon 2 of the zebrafish haxl gene. In
order to allow quick and easy screening of TALEN induced mutations, the
sequence of the haxl gene was initially deduced from the Ensembl
website and inserted into the NEBcutter V2.0
(http://tools.neb.com/NEBcutter2/) for enzyme restriction analysis. A
restriction site for BspHI in the 5’ region of exon 2 was identified. The
sequence containing the BspHI site and fifty bases upstream and
downstream (Appendix 7.16) of the site was entered into the on-line tool
TALEN targeter 2.0 (https://tale-nt.cac.cornell.edu/node/add/talen-old),
which scanned for TALEN sites based on the TALEN design guidelines.
The BspHI site is found a few bases downstream of the conserved
putative acid box identified in Chapter 4, which may play a functional role.
Firstly, the spacer region length was set from a minimum 16 bp to a
maximum of 21 bp. Secondly, the minimum repeat array length setting
was set to 15 bp and the maximum to 21 bp. Screenshots of the TALEN
Targeter tool and the output for the chosen haxl1 specific TALEN pair are
shown in Fig. 5.13. All of the boxes shown in Fig. 5.13 a. were un-ticked
except the last box stating that a T was required at position N. The site

shown in Fig 5.13 b. was used for the TALEN design described in this
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Figure 5.13 Identification of hax1l TALEN site using TALEN Targeter
2.0

a.) A screenshot showing the TALEN target DNA sequence input window
and the design parameters available. b.) A small section of the targeter
output for the human hax7 exon 2 showing the target site. The
corresponding Repeat Variable Di-residues (RVDs) and the restriction sites
found in the target region are also included.
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chapter. The hax1 specific TALEN pair comprises a left subunit binding to
15 base pairs and a right subunit recognising 17 base pairs. Binding of
the TALEN pair to the target site produces a spacer region of 19 base
pairs. The left and right RVD sequences and the recognition site of the
hax1l exon2 specific TALEN are shown in Appendix 7.16. Figure 5.13 b.
shows the TALEN target site containing the BspHI within the spacer
region. PCR primers were designed to amplify a sequence encompassing
the spacer region, ensuring that the overlapping BspHI restriction site

was unique in the amplicon (Fig. 5.14).

the TALEN pair to the target site produces a spacer region of 19 base
pairs. The left and right RVD sequences and the recognition site of the
hax1l exon2 specific TALEN are shown in Appendix 7.16. Figure 5.13 b.
shows the TALEN target site containing the BspHI within the spacer
region. PCR primers were designed to amplify a sequence encompassing
the spacer region, ensuring that the overlapping BspHI restriction site

was unique in the amplicon (Fig. 5.14).

5.2.1.2 hax1 exon 2 specific Golden Gate TALEN assembly stage |

In the first Golden Gate reaction, the left and right haxl TALEN subunits
were each initially compiled into two halves (left TALEN part A and B, and
right TALEN part A and B). The reaction components are shown in
section 2.2.8.2. An outline of the whole assembly process is shown in Fig.
5.15. Following the assembly of the two parts of each TALEN, the
resulting plasmids were subjected to a double restriction digest using
Nhel and Xbal. The digestion products of each of the four reactions
carried out in section 2.2.8.2 were resolved by agarose gel
electrophoresis (Fig. 5.16). The expected band sizes 266 bp, 2132 bp
and 500 bp-1100 bp depending on the RVD module number were visible
in all four lanes. The sizes of the left and right part B plasmids are
consistent with the number of RVD modules cloned into the array plasmid
(left Part B- 4 RVDs and right Part B- 6 RVDs). This indicated that the
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BspHI Right TALEN

Left TALEN Restriction  recognition site
recognition site site

GTTATATTTGTTAAATARAALATTCATAATTTTTAGTAATARTTAAGATATTTTEEATTACC
TGTCACTTGATGTTACACTEATCTTTATTTTCTTTAATTAARXTATTATTGTTTIPFTACACC LHax1TalRE
AAACCTAGATTAAATATATE TTAAACTATACAAAGGGTTTTIVMATGGTIEGTT AATCC

[ARCGGCACTII TGCATATAAL TGTAAGCACTTTTGGTGTAATGRTAATCAACATRAATAAT
GATTTTTTTTCTTTTAAATNTAGACCTTGTT GG\.A”‘AIAJ&"‘A}K "."'Z“u‘ TTTG C"A""AT

TGCGCCAGATTAAT TGAT

i‘xGC"‘ACMG-
T\GGMH"""’\MM"\M\\ g ™~

....... AATEE =
TGAAG ACGAGGATGACTTTAACAGACCCCATCGGGATCCGRITGACGATGCCTTCAGGTT
TGGATTCAGTTTCGGTCCAGGCGGGGCACGCTTTGAAGAGCATCAGATGTTCGGCCAGAT Exon 2
CTTCAGAGACATGGAGGAGATGTTTGCTGGTCTGGGACGCTTNGATGAGCGACATGGATT
PTGGACCGAGAGGTGTGTCTCTTTGCTCTGTCCCTTTTCAATTTAACATTTTGAATGACCA
ATTATAGTTAATTTATAAACAATAAGGTGACATGGGTCGAGCAG™
TCACAGCAAGAAGGTCGCTGGTTTGAGCCTCGGCTGGGCATTTCT
GTTTTCCCTGTGTTCACGTGGGTTTCCTCTGGGTGCGCCGGTTTCT
TGTGCTGTAGGTAGTCTAAATTGGCCATAATGTATGTGTGTGAATGTC

MAAAMAAMASAANMMOAAASAAMASAAASAAAAMAMAMMAASAMAS T AAATmAamS

RHax1TalRE

P AL WL . Ly

”‘G GCMGCT'Z‘GCA-

ARRN

CACAGTCCAAAG
PATGGGTGTTTC

MAAAMAE R Ammes

Spacer region

Figure 5.14 LHax1TalRE and RHax1TalRE primer binding sites

a.) The LHax1TalRE and RHax1TalRE primers (blue) were designed to span a region of 534 bp with the TALEN target spacer region in
the centre of the sequence. The left (green) and right (yellow) TALEN subunit binding sites on exon 2 of the gene and the amplicon
unique BspHI restriction site overlapping the spacer region are also shown. Non-highlighted region represents intronic sequence.
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Figure 5.15 hax1 exon 2 specific Golden Gate TALEN assembly Hﬁ:g

a.) Assembly process of the left hax? specific TALEN. The RVD modules (HD- orange, NI-green, NG-red, NN-yellow) required to
generate the left TAL domain were initially cloned into an array plasmid using Bsal digestion and self ligation of the RVD sequences to
one another and the array plasmid. The first 10 modules were inserted into pFUS_A (Part A) and the remaining 4 into pFUS_B (Part B).
In the second assembly reaction, the two array plasmids and a final plasmid containing the last half repeat (LRNG) were cloned into the
generic backbone pCAG-T7-TALEN (Sangamo). The generic backbone contains a nuclear localisation signal (NLS) and the Fokl
nuclease domain downstream of the RVD sequence (not shown). The N and C terminal of the subunit are also shown.
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b.) Assembly process of the right hax1 specific TALEN. The RVD modules (HD- orange, NI-green, NG-red, NN-yellow) required to

generate the left TAL domain were initially cloned into an array plasmid using Bsal digestion and self ligation of the RVD sequences to
one another and the array plasmid. The first 10 modules were inserted into pFUS_A (Part A) and the remaining 6 into pFUS_B (Part B).
In the second assembly reaction, the two array plasmids and a final plasmid containing the last half repeat (LRNG) were cloned into the
generic backbone pCAG-T7-TALEN (Sangamo). The generic backbone contains a nuclear localisation signal (NLS) and the Fokl
nuclease domain downstream of the RVD sequence (not shown). The N and C terminal of the subunit are also shown.

Figure 5.15 hax1 exon 2 specific Golden Gate TALEN assembly E HD—~C
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Left TAL Right TAL

% i | | i
3Kb-" g
s L0132 bp
15kb
2kb 1100 bp (Part A-10 RVDs)

(Part B-Left 4 RVDs-522 bp,
Right 6 RVDs-714 bp)

266 bp

Figure 5.16 Assembly stage I|: Analysis of diagnostic digests of
hax1 specific TALEN constructs

Part A and B purified plasmid DNA was subjected to an Xbal and Nhel
double digest. Following incubation at 37 °C, the digestion products were
resolved on a 1.1 % SeaKem agarose gel and bands were visualised using
a UV transilluminator. The sizes of the digestion products are indicated on
the right. Note not all ladder band sizes are shown.
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plasmids were very likely to have assembled correctly and therefore,

were used in the next Golden Gate reaction.

5.2.1.2 hax1 exon 2 specific Golden Gate TALEN assembly stage |l

In order to assemble the RVD modules contained in part A and B of each
subunit into a single plasmid containing the Fokl nuclease domain, the
purified array plasmids pFUS_A and pFUS_B consisting of the RVD
modules were subjected to a second Golden Gate reaction. A map of the
generic backbone (pCAGT7-TALEN Sangamo) is shown in Appendix
7.18.

In order to assess the second stage assembly, the haxl specific left and
right TALEN encoding plasmids generated in section 2.2.8.3 were
subjected to a diagnostic digest with BamHI and Xbal restriction
enzymes. The digestion components are shown in Section 2.2.8.4. In
order to assess the ligation from the second golden gate reaction and the
linearization (Section 2.2.8.5), the BamHI Xbal diagnostic and purified
Notl digests were subjected to agarose gel electrophoresis (Fig 5.17).
Bam HI and Xbal digestion was expected to produce two bands of size
5322 bp and 2207 bp for the left TALEN subunit encoding construct and
5322 and 2411 for the right TALEN subunit encoding plasmid. The
agarose gel in Fig 5.17 a. shows that the BamHI Xbal digestion reaction
yielded the predicted band sizes for both subunit-encoding plasmids.
Agarose gel resolution of the Not | linearization products also shows a
band corresponding to the expected size (~8 kb) (Fig. 5.17 b.). The exact
sizes of the plasmids containing the left and right TALEN subunits were
7529 and 7733 bp respectively. The relative ladder band intensities were
used to quantify the ~8 kb plasmid DNA.

In order to analyse the sequence of the purified plasmid DNA, 20 ul of
100 ng/ul of each subunit encoding plasmid from the MIDI preparations
was sent for Sanger sequencing by TAL_R2 and SeqTALEN_5.1 primers

(Appendix 7.19). The sequence was analysed by SeqBuilder (Lasergene
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Figure 5.17 Assembly stage II: Analysis of diagnostic digests and
linearisation of hax1 specific TALEN plasmids

a.) The purified left (L) and right (R) hax7 specific TALEN constructs were
subjected to an Xbal BamHI double digest and the reaction products were
resolved on a 0.7 SeaKem agarose gel alongside a Generuler 1 kb DNA
ladder. Note not all ladder band sizes are shown. b.) The left and right
TALEN subunit encoding plasmids were pooled into a linearization reaction
using Notl restriction enzyme. The products were subjected to agarose gel
electrophoresis using a 0.7 % agarose gel. A single ul of the reaction was
added to 9 pl of loading dye. 1 pl, 3 yl and 6 pl (lanes 4-6) were then loaded
onto the gel alongside 5,2 and 1 pl (lanes 1-3) of Hyperladder I. Plasmid
bands were visualised using a UV transilluminator.
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10, DNA Star). The Find function was used to examine whether the
Sanger sequence matched the expected plasmid sequence. The TAL_R2
and SeqTALEN_5.1 primer annealing sites on the left and right haxl
specific TALEN encoding vectors, annotated in SeqBuilder, are shown in
Appendix 7.20. Sanger sequencing confirmed that the RVD repeats for
the left and right subunits had assembled in the correct order and

validated the sequence at these sites.
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5.2.2 Preparation of haxl exon 2 targeting TALEN RNA for
microinjection

In order to assess the transcription and purification processes described
in Section 2.2.8.6, the RNA was subjected to agarose gel electrophoresis.

<
P4
g Fig. 5.18 In vitro transcription of hax1l targeting
L

E;' left and right TALEN subunit expression vectors

Following in vitro transcription and purification, 0.5 pl

1000 of the capped RNA was resolved on a 0.7 % agarose

gel. Note not all ladder band sizes are shown.

5.2.3 Microinjection of Tg(mpx:GFP)i114 embryos with TALEN
encoding RNA

On the morning of injection fresh injection solution was prepared by
adding 3.5 yl TALEN RNA to 0.5 ul of 0.5 % phenol red. Two doses of the
solution were injected at the single cell stage 0.5 nl or 1 nl per embryo in
order to test the effect of the dose of the TALEN RNA on toxicity. Injected
embryos were grown at low density (<50 per petri dish) and unfertilized,
non-viable or damaged embryos were removed. At 24 hpf, uninjected and
TALEN RNA injected embryos were inspected for toxic effects induces by
the TALEN encoding RNA. At both doses, very few of the TALEN RNA
injected embryos exhibited morphological defects at 24 hpf (data not

shown).

5.2.4 Detection of somatic mutations in hax1 specific TALEN mRNA
microinjected Tg(mpx:GFP)i114 embryos

In order to determine whether the haxl specific TALEN generated in
section 5.2.1 was functionally active and thus was likely to generate indel
mutations resulting in the inactivation of the zebrafish haxl gene, the
region spanning the hax1l TALEN target was amplified using the L and R
Hax1TalRE primers (Appendix 7.19) and a BspHI restriction digest
carried out on the PCR product. As described in section 5.2.1.1 the BspHI
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unique restriction site in the amplicon was used to screen for any TALEN
induced indel mutations as the restriction site for the enzyme overlaps the
haxl specific TALEN spacer region. Amplicons from non-mutated
embryos would contain an intact BspHI restriction site and would undergo
complete digestion with the BspHI enzyme (Fig. 19 a.). TALEN induced
mutation in the spacer region would result in the loss of the BspHI
restriction site and therefore lead to resistance to BspHI cleavage. In
order to ensure complete digestion of the haxl PCR products, all BspHI

restriction digests were incubated at 37 °C for 6 h.

Genomic DNA was extracted from four individual control uninjected
embryos, four individual haxl specific TALEN injected embryos (section
2.1.23), a pool of 20 uninjected and 20 TALEN injected embryos (section
2.1.24). The gDNA was subjected to PCR amplification using the L and R
Hax1TalRE primers and Phusion DNA polymerase (2.1.17). BspHI
digestion was carried out by adding 1 pl of BspHI enzyme to the PCR
reaction. Figure 5.19 a. illustrates the expected outcome of the digest
from non-mutated and mutated hax1 target region. Pre- and post- BspHI
cleavage products were subjected to agarose gel electrophoresis and
visualised using a UV transilluminator (Fig. 5.19 b.). In order to test
whether the TALEN mutation resulted in embryonic dysmorphism, gDNA
was also extracted from three individual dysmorphic embryos and
subjected to PCR analysis followed by the BspHI digest (Fig. 5.19 c.).
Though the control uninjected embryo PCR products were completely
cleaved by the BspHI enzyme, BspHI digestion of all TALEN injected

embryos resulted in incomplete cleavage.

5.2.5 Identification of founder mutants harbouring haxl germline
transmitted mutations

Once it was established that the hax1 specific TALEN had successfully
cleaved the haxl zebrafish gene, about 120 TALEN injected embryos
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Figure 5.19 Identification of somatic mutations in Tg(mpx:GFP)i114
embryos injected with hax1 specific TALEN RNA

a.) Restriction digest analysis of the zebrafish hax7 gene. The PCR product
amplified using L and R Hax1TalRE primers yields an amplicon harbouring a
unique BspHI restriction site. BspHI digestion of non-mutated hax1 leads to
complete digestion of the PCR product with the BspHI enzyme. Mutated
hax1 loses its BspHI restriction site resulting in reduced or no cleavage by
the BspHI enzyme. b.) gDNA was extracted from four (lane 1-4) individual
uninjected, four (1-4) hax1 TALEN RNA injected embryos, a pool of 20
uninjected embryos (uninj pool) and a pool of 20 TALEN injected embryos
(TALEN pool). PCR was carried out using L and R Hax1TalRE primers. 5 pl
of the PCR reaction were subjected to agarose gel electrophoresis. The
remaining PCR product was then subjected to a BspHI restriction digest. c.)
gDNA was also extracted from three dysmorphic TALEN RNA injected
embryos and subjected to PCR analysis with L and R Hax1TalRE primers
followed by a BspHI digest.
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were raised to adulthood. A schematic outline for generating haxl
homozygous mutants is shown in Fig. 5.20. In order to screen for
germline-transmitted mutations, potential adult haxl TALEN founders
were out-crossed individually to WT nacre zebrafish. The resulting F1
progeny embryos from each individual pair were then subjected to gDNA
extraction at 48-72 hpf. Following PCR using the L and R Hax1TalRE
primers and Phusion DNA polymerase, 1 yl of BspHI enzyme was added
to each PCR reaction. From each potential founder, gDNA was extracted
from eight pools of 3 embryos. gDNA extraction was carried out in a 96
well PCR plate and 50 pl of embryos digestion buffer (10 mM Tris Hcl
pH8, 1 mM EDTA, 0.3 % Tween-20, 0.3 % NP-40) added to each pool of
3 embryos. Following a 10 min incubation at 98 °C, the embryos were
transferred to ice and 4 ul of Proteinase K (25 mg/ml) were added. The
embryos were then incubated for a further 3 h at 55 °C followed by a 10
min incubation at 98 °C. The gDNA was diluted with 100 pl of water and
cell debris was pelleted by centrifugation at 14000 g at 4 °C for 30 min.

A Phusion DNA polymerase master mix was generated as described in
section 2.1.17 and PCR carried out using 1.5 ul of the gDNA and L and R
Hax1TalRE primers. Following incubation with 0.5 pl of BspHI restriction
enzyme, digestion products were resolved by agarose gel
electrophoresis. Representative gel images taken wusing a UV
transilluminator are shown in Fig. 5.21. BspHI digested haxl PCR
products from fish with no mutations or somatic mutations underwent
complete digestion (Fig. 5.21a.) whereas BspHI restriction analysis of
gDNA from fish with germline-transmitted mutations showed partially
resistance to BspHI cleavage (Fig. 5.21 b-d). The higher the number of
pools with partially digested PCR product indicated a better mutation
transmission rate (e.g. Fig. 5.21 d.).
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Figure 5.20 Schematic outline of zebrafish haxl specific TALEN
mutagenesis

TALEN RNA was injected into Tg(mpx:GFP)i114 single cell embryos. The
injected embryos were raised to adulthood. The TALEN injected fish were
then out-crossed with wild type nacre fish to generate heterozygous F:
germline mutants. In-crossing of heterozygous siblings from the F;
generation resulted in homozygosity in the F.generation. Mating of the F.
generation would lead to an Fs: generation of mutants deprived of any
maternal hax? mRNA (maternal mutants).
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restriction digest analysis

Adult TALEN fish were out-crossed to the wild type nacre strain. Following a
72 h incubation of the offspring, gDNA was extracted from 8 pools of three
embryos (lanes 1-8) from each potential founder. The gDNA was then
subjected to PCR using L and R Hax1TalRE primers. The PCR product was
digested using BspHI restriction enzyme and digestion products were
resolved on a 1.8 % agarose gel. Representative digests from progeny of
TALEN injected fish with (a.) no germline mutation and three founders (b-d)
are shown. Also shown are lanes containing NEB 100 DNA ladder.
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5.2.6 Screening for F1 mutants by PCR and BspHI analysis

Once numerous Fo fish that transmitted haxl mutations through the
germline were identified, their 30-60 embryos from their F1 progeny
(section5.2.4) were raised to adulthood. In order to identify F1
heterozygous mutants and determine the exact sequence of the
mutations, anaesthetised F1 fish were screened by isolating gDNA from
caudal fin clippings at 2-3 months post fertilisation (Fig. 5.22 a.). A fin clip
from each individual F1 fish was placed in a 96 well PCR plate and
residual liquid removed using a closed Pasteur pipette. gDNA was
extracted by addition of 50 pl of embryos digestion buffer (10 mM Tris Hcl
pH8, 1 mM EDTA, 0.3 % Tween-20, 0.3 % NP-40) followed by a 10 min
incubation at 98 °C. The plate was then transferred to ice and 4 ul of
Proteinase K (25 mg/ml) were added to fin clip. This was followed by
incubation for a further 3 h at 55 °C followed by a 10 min incubation at 98
°C. The gDNA was diluted with 100 pl of water and cell debris was
pelleted by centrifugation at 14000 g at 4 °C for 30 min. following PCR
amplification as described in section 2.1.17 using 0.5 yl of the gDNA and
L and R Hax1TalRE primers, 0.5 pl of BspHI restriction enzyme was
added to each PCR reaction, digestion products were resolved by
agarose gel electrophoresis. A representative gel image of PCR and
BspHI analysis of Fi fin clip gDNA is shown in Fig. 5.22 a.

Heterozygous haxl mutants were partially resistant to BspHI cleavage.
Sanger sequencing of PCR products from caudal fin clips of
heterozygous haxl mutants revealed numerous changes in the haxl
target sequence (Fig. 5.22 b.). Regions of the sequencing traces
containing double peaks were composed of WT and modified sequence.
The sequencing traces from each individual heterozygous mutant were
decoded. This revealed four main different TALEN induced changes in
the haxl target sequence (Fig. 5.22). These were all deletion mutations
termed A1-4.
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Figure 5.22 Genotyping of the F. generation by BspHI restriction
digest and sequence analysis of TALEN induced germline
transmitted mutations

a.) Adult F, zebrafish resulting from the Tg(mpx:GFP)i114 nacre outcross
were fin clipped and gDNA extracted. Following PCR using L and R
hax1TalRE primers, the PCR products were subjected to a BspHI restriction
digest and digests analysed by agarose gel electrophoresis using a 1.8 %
agarose gel. A representative gel image is shown. Each lane represents a
BspHI digest of gDNA from the fin-clip of a single fish. Heterozygous mutant
PCR product is indicated by red numbering of lanes. b.) PCR product from
each individually genotyped heterozygous mutant was subjected to Sanger
sequencing. Representative sequencing traces from PCR samples of a
hax1 WT fish and four mutant fish (harbouring mutations termed changes 1-
4, A1-4) are shown. The highlighted nucleotide region (pink) on the WT
sequencing trace indicates the BspHI restriction site (TCATGA).
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GATGGCCGCAGGGACCCCTTCTTTGATGAA === manmnan GATGATGATGATGAAGAC A1 12 bp deletion

GATGGCCGCAGGGACCCCTTCTTTCATC A== == e e AGATGATGATGATGAAGAC A2 11 bp deletion
GATGGCCGCAGGGACCCCTTCTTTCATG = o o s e GATGATGATGATGAAGAC A3 13 bp deletion
GATGGCCGCAGGGACCCCTTCTTTGATGGA = === wm TGAAGATGATGATGATGAAGAC A4 8 bp deletion

GATGGCCGCAGGGACCCCTTCTTTGATGGAATGATTCATGAAGATGATGATGATGAAGAC WT

}

BspHI restriction site

Figure 5.23 Sequence analysis hax1 heterozygous F. mutants

The nucleotide sequence of each of the 1-4 different indel mutations (A1- A4) in the heterozygous F:mutants was deciphered by reading
the nucleotides from each double peak from the sequencing traces. Mutant sequences were then compared to the WT hax7 sequence
using Clustal Omega (http://www.ebi.ac.uk/Tools/msal/clustalo/). The BspHI restriction site is also shown.
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In silico expression of each mutant gene sequence using the Hax1l 001
isoform ATG site (Fig. 5.24) showed that the putative protein sequences
were likely to contain numerous premature stop codons with the
exception of A1 which would result in the deletion of 4 amino acids
(amino acids 30-33) but otherwise an intact protein sequence. Mutations
A2 and A4 (Fig. 5.24 b. and d.) occurred in the same region of the DNA
and would result in the expression of almost identical putative hax1l 001

proteins with numerous premature stop codons in the sequence.

5.2.7 Phenotypic analyses of heterozygous and homozygous F2
mutants

In order to permit phenotypic analysis of haxl mutant F2 embryos
generated from a tg(mpx:GFP)i114; nacre in-cross, F2 embryos were
subjected to gDNA extraction, PCR using L and R Hax1TalRE primers and 1
Ml of gDNA followed by BspHI cleavage as described in section 2.1.23 and
2.1.17. In addition to embryos with GFP +ve PMN the in-cross would also
generate embryos lacking a GFP signal in PMN cells (GFP -ve). In order to
test whether the lack of GFP signal is a direct result of the in-cross or due to
the lack of PMN in the embryos, gDNA was extracted from GFP +ve and
GFP -ve individual embryos. Analysis of BspHI digestion product by agarose
gel electrophoresis shows that the TALEN induced mutation A1 does not
result in embryos with GFP -ve PMN as both GFP +ve and GFP -ve
embryos harbour WT hax1, heterozygous and homozygous hax71 A1
mutations (Fig. 5.25 a. and b.). Similar observations were made for hax1l
A2, A3 and A4 mutants (data not shown). The genotyping of the
homozygous F2 haxl mutants revealed that the L and R Hax1TalenRE
primers occasionally produced two additional bands at ~350 bp and ~
200 bp which could result in incorrect genotyping of embryos and adult
fish. A second pair of haxl TALEN target region specific primers termed L
and R Haxl1TalenRE(01) (Appendix 7.19) was designed generating an
amplicon of 367 bp. BspHI digestion of this resulted in two bands of 199
bp and 168 bp (Fig. 5.25 c.). Fig. 5.25 c. shows that amplification of the
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Figure 5.24 The effect of TALEN induced haxl mutations on the

putative hax1 001 protein sequence

The hax1 genomic DNA sequences generated from the sequencing traces
of the mutant heterozygous fish containing A1 (a.) and A2 (b.) were in silico

expressed using the online Expasy translate tool (http://web.expasy.org/

translate/). The generated putative mutant sequences (aberrant) were
compared to the wild type (WT) hax1 001 sequence using Clustal Omega
(http://www.ebi.ac.uk/Tools/msa/clustalo/). An asterisk within the amino acid
sequence denotes a stop codon.

229


http://web.expasy.org/

c.)

Aberrant MaEVYFDLFRGFFGVPGGHYREDGREDP FFDGMMMMETREMTLTDEF IGTRLTHMPEGLODSVIEVD
wWT HEVFDLFRGFFGVPCCHYREDGRRDFFFRDGMIHEDDDDERDEDDFNRFHRDPF —-DD-AFR
T . g - . EaE
Absrrant AGHALFELRCEARSSETWRRCLLVWDALME DMDLD-REVERD*KLH- —— —————————— L
wWT FGFSFGPEGGARFEEF ——————— OMFGOIFRCMEEMFAGLGRFDERHGFGFRGFFSIEATTE
LS - am Ty Ty WEg bW | I
Abesrrant HREELREAGVGOEVGIFPSEI SC*SLLTAHLEIQESTERILHGQI ILTGGLEQSSTIFGEMDC
wWT POEGVEKGREGTGSGHPIR--D——————— FMLESPDRSEPEDPEHRE - ———————— DEPPHN
L * oW, [ i E .
Aberrant *HORGRTEGRMEIWTHRECLOVDWIRS *EIQHLHSOR————————— ———— —— QGHFL
wWT HPHRRPFSEFNDIWKDGLLEPEGEDEREDGDLDSVESSGELDQILKDPAPSQPETRSFFE
1 * - L LA g . A | ., | QA
Aberrant SLSASPRW————— SDRMEL* ENGEQSEME-FVHMERRP *PESQRGOVGEIGOSWISLVL*CQ
wWT SVSVTEVVRPDGTVEERATVRDGEGNEETTVTISERPGEODRP VLD - —————————————
LE LI | ts s pEEw s P s s s 22 2
Aberrant VWLTCRMISPCFPSSSEA——-FEV-———————————
W = QSGPLMPGGSDHMODDF SMFEKFFRGFRS &
L Ly | L |

d.)

Bberrant MSVFDLFRGFFGVPGGHYREDPGRRDPFFDGY*R** **RRG*L*Q——TP-SGIV*RCLOVWL
WT MEVFDLFRGFFGVPGGHYREDGRRDPFFDGHIHEDDDDEDEDDFHMRPHRDEPFDDAFRFGE
e e e e v o e e v o o o e e o o o o e : W . stts &
Bbarrant QFRSFRGTL*RASDVRPILORHGGDVCWEG--TL**ATWIWTERFFV-———————————— H
WT SFGPGEGARFEE-POMF GO I FRDME-EMFAGLGRF DERHGFGPRGFPSIEAPPPOEGVERG
. = 0 s 1 e ¥, 1 ] | . W
Aberrant RESTSTGRES S ERQEWDREWE - -~ SHORFHVEVS & PLT*RERAQRGFSTHSSSOEAFLEVD
WT REGTGEGNFI--RDFMLESFDREFEDFEHREDSFFHH-——-—————————— FHRRPFS———
LI 1ne L] e LI L P ®
Aberrant RYLERWT = = =WETKGS = =-ROKGEH = = ===RSGLTGVFRWTGPDLERS STFTAKNEVIF &V
WT KEFNDIWEDGLLEPFRGEDEREDGDLDEQVEEGGLDO I LEDPAPSOPKTREFFRBVEVTE ==
s o8 *, e LR - W HE ] -, I v a
Bberrant CORAQEEF TEGWRCRRTARSQ—————— REWRR**RDORDHLEEARWAR* ASFGS————— VWS
WT VVRFPFDRGTVEERRTVEDGEGHNEETTVT ISERPREODRFVLODS ===GPLMPGGE DM DD F
LI " * Lfak = g * g &, |
Bberrant FHARWF *HAG* FLHVEFQVLORLEKL
WT MFSFEF——————=— FRGFRS———————

Figure 5.24 The effect of TALEN induced haxl mutations on the
putative hax1 001 protein sequence

The hax1 genomic DNA sequences generated from the sequencing traces
of the mutant heterozygous fish containing A3 (c.) and A4 (d.) were in silico
expressed using the online Expasy translate tool (http://web.expasy.org/
translate/). The generated putative mutant sequences (aberrant) were
compared to the wild type (WT) hax1 001 sequence using Clustal Omega
(http://www.ebi.ac.uk/Tools/msa/clustalo/). An asterisk within the amino acid
sequence denotes a stop codon.
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Figure 5.25 Analysis of F. embryos generated from haxl
heterozygous mutant incrosses using PCR and BspHI restriction
digestion

Heterozygous F:mutants were incrossed. Each F. embryo was lysed and
gDNA extracted at 72 hpf. PCR was carried out using L and R Hax1TalRE
primers and PCR products were subjected to a BspHI digest. The digestion
products were resolved by agarose gel electrophoresis. Representative gel
images are shown. Lanes containing homozygous (red), heterozygous
(black) and WT (green) embryo PCR products are colour coded. Restriction
digest analysis was carried out in GFP +ve (a.) and GFP -ve PMN embryos
(b.). Note not all NEB 100 bp ladder band sizes are shown. ¢.) PCR and
BspHI restriction digest analysis using L and R Hax1TalRE(2) primers. gDNA
was extracted from single embryos at 72 hpf. Following BspHI digestion of
the amplicon, digestion products were resolved by agarose gel (1.8 %)
electrophoresis. d.) Analysis of hax1 F. hax1 A2/ A4 mutants fin clip hax1
gDNA by Sanger sequencing. The arrow indicates the location of the A
nucleotide.
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hax1l gene using the L and R Hax1TalenRE(1) primers did not result in
the appearance of any additional bands. From hereon, genotyping was
carried out using the L and R HaxlTalenRE(1). Sequencing of the
homozygous adult zebrafish fin clip gDNA using these primers validated

the homozygous mutant sequences (Fig. 5.25 d.).

5.2.7.1 The effect of the hax1l A1 mutation on PMN number

In order to investigate the effect of the haxl A1 mutation on total embryo

PMN number, a pair of heterozygous haxl A1 tg(mpx:GFP)il114; nacre
fish were in-crossed and the resulting F2 progeny visualised under a 2x
objective on a Nikon Eclipse TE2000U inverted microscope. Micrographs
of embryos with GFP labeled PMN were taken at 48 and 72 hpf and PMN
counted at the relevant time point (Fig. 5.26 a. and b.). In comparison to
the WT control and heterozygous A1 mutants, homozygous A1 mutations
did not appear to have the expected negative effect on the PMN number
at either 48 and 72 hpf. There also does not appear to be a major
difference between the groups in the increase in PMN number from 48 to
72 hpf (Fig. 5.26 c.).
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Figure 5.26 The effect of the homozygous haxl A1 mutation on
PMN number

F. embryos generated from a single incross of a pair of heterozygous
haxl Al mutants were sorted into GFP +ve and GFP -ve groups.
Micrographs of GFP +ve embryos were taken using a 2x objective on a
Nikon Eclipse TE2000U inverted microscope. Total PMN counts were
carried out on images taken using the GFP channel. PMN were counted
from 23 embryos at 48 (a.) and 72 (b.) hpf. The increase in PMN number
from 48 to 72 hpf was also calculated and is shown (c.). Bars represent
mean number of PMN. Following this, each individual embryo was
genotyped by PCR and BspHI restriction digest as shown in Fig. 5.25.
PMN counts from WT: n=4, het: n=10, hax1 A1/ A1:. n=9, performed as a
single experiment, were analysed using a one way ANOVA with Bonferroni's
post test (ns- indicates not significant).

233



5.2.7.2 The effect of the homozygous hax1l A2/A4 mutation on PMN

number

In order to assess the effect of the haxl A2/ A4 mutation on total embryo
PMN number, a heterozygous haxl A2 tg(mpx:GFP)i114; nacre fish was
crossed with a heterozygous A4 tg(mpx:GFP)i114, nacre. During the course
of these studies, it was not possible to generate true A2 and A4 mutants a
result of a gender skew in the A2 and A4 heterozygous Fi1 mutant
populations however, the two mutations differed only by three nucleotides
and were located in the same region. The haxl A2/A4 F2 progeny
embryos were visualised under a 2x objective on a Nikon Eclipse TE2000U
inverted microscope (Fig. 5.27 a.). Homozygous hax1l A2/A4 had normal
morphology when compared to haxl WT tg(mpx:GFP)i114 embryos. The
total number of PMN was counted from GFP +ve embryos at 48 and 72 hpf.
Although the number of WT embryos was low there appeared to be no
major differences in the total PMN numbers between any of the WT
embryos, heterozygous (haxl A2 or haxl A4) and haxl A2/ A4
homozygous mutants (Fig. 5.27 b.). No major differences were visible in
the increase in PMN number from 48 to 72 hpf (Fig. 5.27 c.) and the
number of PMN at the caudal hematopoietic tissue (CHT) (Fig. 5.27 d.).

The F2 hax1 A2/ A4 homozygous mutants were generated from
heterozygous Fi parents, which contain a copy of WT hax1. In order to
test whether maternal haxl mRNA protects the early embryos from
harbouring a specific phenotype, hax1 splice MO and ATG MO was co-
injected into WT embryos, heterozygous and homozygous hax1 A2/A4
embryos at the single cell stage. The MO co-injection resulted in a
decrease in total PMN number in WT, heterozygous and homozygous
hax1l mutant embryos in comparison to the uninjected group at 48 and 72
hpf (Fig. 5.28 a. and b.). At 48 and 72 hpf, MO co-injected the
heterozygous and homozygous hax1l mutant embryos contained a slightly
higher total PMN number than the MO co-injected WT embryos. It is
important to note that the genotyping of the F2embryos showed that there
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Figure 5.27 The effect of the homozygous hax1 A2/ A4 mutation on PMN number

F2 embryos generated from heterozygous hax1 TALEN mutants were sorted into GFP +ve and GFP -ve groups. a.) Representative
micrographs of a WT Tg(mpx:GFP)i114 and homozygous hax1 A2/ A4 embryos. PMN were counted at 48 hpf (WT: n=4, het =15, hax1
A2/ A4: n=13) and 72 hpf from 33 embryos generated from a heterozygous A2/ A4 mutant cross (WT: n=4, het =15, hax1 A2/ A4: n=12)
(b.).c.) Increase in PMN number from 48 hpf and 72 hpf was calculated. d.) The number of PMN present at the CHT at 48 hpf was also
counted. Following this, each individual embryo was genotyped by PCR and BspHI restriction digest. Images and counts are
representative of a single experiment. Bars represent the mean £SEM PMN number. PMN counts performed in single experiments were
analysed using a one way ANOVA with Bonferroni's post test (ns- indicates not significant).
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Figure 5.28 The effect of haxl MO microinjection in F; hax1l A 2/ A4
mutants on total PMN number

F. embryos were co-injected with 1 nl of 0.5 mM splice 0.2 mM ATG MOs at
the single cell stage. Control uninjected (uninj-15) and MO injected (MO inj)
embryos (30) were visualised using a 2x objective on a Nikon Eclipse
TE2000U inverted microscope. Micrographs of each embryo were taken
using the GFP channel at 48 (a.) and 72 (b.) hpf. Total PMN numbers were
then counted from each embryo. Each individual embryo was then
genotyped by PCR and BspHI restriction digest of the gDNA. Note the
uninjected group of 15 did not contain any WT embryos.
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were no WT control embryos in the uninjected group and only 4 hax1 WT

embryos in the MO injected embryos.

5.2.8 Phenotypic analyses of heterozygous and homozygous Fs
hax1 A2/A4 mutants

In order to generate hax1 A2/A4 mutant embryos lacking maternal mRNA,
the GFP +ve F2 embryos were genotyped by caudal fin clipping at 3 dpf
and grouped into heterozygous A2 or A4 embryos and homozygous hax1
A2/M\4.

5.2.8.1 Genotyping of F2 embryos by Caudal fin clipping at 3 dpf,

PCR and BspHlI restriction digest analysis

Fin clipping at 3 dpf was carried out by adding 3 ul of 25 % Tween-20 to
anaesthetised embryos in a petri dish. The embryos were fin-clipped
using a scalpel and the fin clip transferred to a 96 well PCR plate. Excess
media was removed and the fin clip lysed in 15 pl of digestion buffer (10
mM Tris Hcl pH8, 1 mM EDTA, 0.3 % Tween-20, 0.3 % NP-40) followed
by a 10 min incubation at 98 °C. The plate was then transferred to ice and
2 pl of Proteinase K (25 mg/ml) were added to fin clip. This was followed
by incubation for a further 1.5 h at 55 °C followed by a 10 min incubation
at 98 °C. The haxl target region was amplified using the L and R
Hax1TalRE primers with 2 ul of the 3 dpf fin clip gDNA. The amplicon was
then subjected to BspHI digestion followed by agarose gel

electrophoresis (data not shown).

5.2.8.2 The effect of Genotyping of maternal hax1l A2/A4 mutations

on PMN number and chemotaxis

Adult F2 embryos were in-crossed and the total PMN number of progeny
embryos analysed at 48 (Fig. 5.29 a.). Micrographs of 12 embryos from a
single heterozygous and homozygous A2/A4 in-cross each were taken at
48 h 2x objective on a Nikon Eclipse TE2000U inverted microscope. The

graph in Fig. 2.29 a. appears to show that there was no difference in the
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total number of PMN between the progeny of the hax1 heterozygous and
homozygous hax1l A2/A4 in-crosses. In order to test the effect of the haxl
A2/A4 mutation in PMN migration during recruitment and resolution
towards a wound site, tail fin transections were carried out on embryos at
2 dpf. The PMN number at the site of injury was then counted at 6
(recruitment- Fig. 5.29 b.) and 24 h (resolution- Fig. 5.29 c.) post injury.
There were no significant differences in the percentages of PMN at the
site of injury between the progeny of the haxl A2/A4 homozygous in-
cross and that of the het in-cross, at both the recruitment and resolution
phases. In order to visualise the PMN cell migration over time, average
PMN track speed and meandering index (displacement divided by path
length) plots were generated by tracking PMN movement for 3 h. The
micrographs in Fig. 5.30 a. show the tail end of the zebrafish embryos
with each PMN path indicated in a different coloured line. Mean
calculations of meandering index and track velocity (mean neutrophil
speed/time, y/s) did not reveal any expected differences in the PMN of
maternal homozygous F3s A2/A4 mutants in comparison to the progeny of
the F. heterozygous (hax1 A2/+ x hax1 A4/+) in-cross during the
recruitment phase as indicated by Fig. 5.30. In order to quantify the
directionality or the ability of PMN to migrate towards the site of injury, a
bearing angle was calculated for each PMN cell using Volocity®. Fig.
5.31 demonstrates that the bearing plots showing PMN from the maternal
homozygous F3 A2/A4 mutants were comparable to those of F.
heterozygous (hax1 A2/+ x hax1 A4/+) where most PMN migrated towards

the site of injury (right hand side) within the first 3 h post injury.
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Figure 5.29 The A2/ A4 mutation does not affect PMN number
Heterozygous and homozygous F2 embryos generated from a A2 A4
cross were raised to adulthood. A pair of heterozygous (het inx) and
homozygous (hax1 A2/ A4 inx) F2 fish was in-crossed. Micrographs of
the embryos were taken at 48 and 72 hpf using a 2x objective on a Nikon
Eclipse TE2000U inverted microscope. Total PMN numbers of F3
generation were then counted from each embryo at 48 hpf (a.). b.)
Embryos were injured at 2 dpf and PMN number at site of injury at 6 h
post injury (recruitment phase) was counted. c.) F3 generation embryos
were injured at 2 dpf and PMN number at site of injury at 24 h post injury
(resolution phase) was counted. Bars represent mean PMN number +SEM
or mean % +SEM PMN at the site of injury. PMN counts and calculated
percentages (n=12) generated from a single experiment were analysed
using an unpaired student's t-test.
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Figure 5.30 The effect of haxl A2/ A4 homozygous mutations on

PMN chemotaxis

a.) Embryos generated from a single F. heterozygous (hax?1 A2/+ x hax1
A4/+) and a homozygous (hax1 A2/ A4 x hax1 A2/ A4 ) incross were injured
at 2 dpf and a time-lapse sequence taken for 3 h and analysis of PMN
chemotaxis performed using Volocity® software. Representative PMN
tracks over the course of the 3 h period are shown in different colours. The
mean meandering index (b.) and the track velocity (c.) of six embryos in
each group is shown. The bars represent the mean value +SEM for each
group of embryos. Values (n=6 performed in a single experiment) were
analysed using an unpaired student's t-test.
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Figure 5.31 The effect of haxl A2/ A4 homozygous mutations on
PMN chemotaxis

Embryos generated from a single F. heterozygous (hax1 A2/+ x hax1 A4/+)
and a homozygous (hax1 A2/ A4 x hax1 A2/ A4) incross were injured at 2
dpf and a time-lapse sequence taken for 3 h and analysis of PMN
chemotaxis performed using Volocity® software. The direction of PMN
movement is shown in the form of bearing plots. Representative images are
shown from three embryos in each condition.
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5.2.9 Summary

The aim of this chapter was to generate stable zebrafish hax1 knockout
lines using zinc finger and TALEN nuclease technology. | have
demonstrated targeted haxl gene disruption in the zebrafish using both
ZFN and TALEN nucleases. A zinc finger nuclease targeting exon 3 of
the haxl gene was engineered and injected into single cell zebrafish
embryos. | have shown that the injected zing finger nuclease mRNA
induced single base changes in the hax1l gene, which would not permit
screening of mutants by restriction digest. Embryos injected with a TALE
nuclease targeting exon 2 of the haxl gene carried a number of different
deletions at the target site. Furthermore, the TALEN induced germline
mutations were transmitted to progeny. Preliminary phenotypic analysis
of heterozygous and homozygous haxl mutants generated using the
TALEN technology demonstrate that the hax1 exon 2 deletion mutations

did not appear to have an effect on PMN number and chemotaxis.

5.3 Discussion

5.3.1 Targeting zebrafish hax1 using ZFN technology

Injection of ZFN mRNA into zebrafish embryos is a well-established
technique shown to result in efficient ZFN-induced mutagenesis of
numerous genes in several model organisms (Doyon et al. 2008; Meng et
al. 2008; Foley et al. 2009). The CoDA ZFN approach is one of numerous
methods described in the literature for engineering ZFNs (Maeder et al.
2008; Doyon et al. 2008; Kim et al. 2010; Lee et al. 2010; Sander et al.
2011). This approach has been described as the least labour intensive
and simple to practice with a high success rate of ZFN activity when
compared to selection based methods such as oligomerized pool
engineering (OPEN) (Sander et al. 2011).

However, there are also several disadvantages of using the ZFN CoDA

approach. Firstly, in comparison to existing methods, CoDA limits the

number of target sites within a gene (Kim et al. 2009; Lee et al. 2010;
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Sander et al. 2011). Sander et al reported that a CoDA site is found
approximately every 500 bp of random sequence with a potential
increase in target range depending on genomic sequence (Handel et al.
2009). Secondly, although the approach is context-dependent, the
identity of the F2 unit in the three-finger array is constrained which could
imbalance the affinity of the finger array and have a negative effect on the

overall specificity (Bibikova et al. 2001).

Although the hax1 targeting ZFN generated did not appear to be
completely inactive, it was only able to induce single nucleotide changes
in the haxl DNA sequence. Sanger sequencing did not detect these
changes. The limitations of Sanger sequencing to assess nuclease
activity have been noted in a study by Moore et al. who found that Sanger
sequencing could not detect somatic DNA mutations in zebrafish targeted
at three different loci previously reported to induce mutation rates ranging
from 0.9- 3.3%. The single nucleotide changes did not appear to be
Roche Titanium 454 sequencing errors since they do not relate to
homopolymers (consecutive occurrences of the same base), a major
limitation of 454 sequencing (Shendure & Ji 2008). In addition, due to the
lack of flexibility in the haxl CoDA target sites, only a single restriction
enzyme (HpyAV) was identified which could be used for mutation
screening. It in turn only partially spanned the spacer region. This would
render mutant screening difficult and was likely to omit most mutations

affecting the central spacer region.

It has been reported that injection of highly concentrated ZFN mRNA into
the zebrafish and other model systems can cause non-specific
developmental abnormalities likely to occur as a result of cleavage at off-
target sites (Bibikova et al. 2002; Beumer et al. 2006; Miller et al. 2007;
Meng et al. 2008). This suggests that ZFNs exhibit imperfect target site
recognition. In this chapter, the embryos that were injected with high
doses of haxl ZFN mRNA displayed lethality at 1 dpf. This limited the

amount of ZFN to be injected per single embryo to ~40 pg. The lowered
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ZFN dose could have had a negative effect on the success of the haxl
mutation rate. In a study carried out by Cathomen et al., it was shown that
for a given target DNA site, ZFNs with higher binding specificity exhibit
higher activity, which in turn correlates with lower ZFN-induced
cytotoxicity (Cornu et al. 2008). This may suggest that the ZFN generated
in this chapter did not have a high DNA-binding specificity for the
zebrafish hax1 gene. A low hax1 binding specificity of the ZFN could also
support our finding of lack of multiple base deletions and insertions in the

hax1 target sequence.

ZFN toxicity may be partly due to the lack of regulation of the DNA
cleavage by the ZFN (Szczepek et al. 2007). In addition to the expected
Fokl heterodimer formation, uncontrolled ZFN cleavage has been shown
to result in generation of Fokl nuclease homodimers due to the
monomers binding at appropriately spaced off-target sites. This in turn
leads to cleavage at off-target sites (Szczepek et al. 2007). In this chapter
| have indicated that the DD-RR Fokl variant was utilised in the
construction of the hax1 targeting ZFN. Using computer analysis and a
chromosomal homologous recombination assay, Szczepek et al.
demonstrated that the DD-RR performed better than the EE-QK Fokil
variant due to less favourable homodimerisation of the DD and RR
domains (Szczepek et al. 2007). This appears to have not been the case
for the hax1 targeting ZFN.

The length of the spacer region is another factor likely to have affected
the haxl targeting ZFN nuclease activity. In this chapter, | have shown
that binding of the haxl ZFN to the target sequence would generate a 5
bp spacer region. Numerous studies have demonstrated that a ZFN
arrangement producing a short spacer region (5-7 bp) between the two
binding sites of the left and right subunits results in increased ZFN
function (Bibikova et al. 2001; Handel et al. 2009; Shimizu et al. 2009).
This did not appear to apply to the haxl targeting ZFN described in this
chapter. It is important to note that each ZFN is likely to have a different

affinity and specificity for the intended target site. Therefore, the activity of
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one ZFN cannot directly be compared to the activities of existing ZFNs.
Some ZFNs have been shown to remain inactive and it has been
suggested that this is due to an unfavourable chromatin environment at
the target site (Bhakta et al. 2013).

The lack of deletion and insertion mutations comparative to published
data (Foley et al. 2009) combined with the relatively low single nucleotide
change frequency (4.2 %) of the generated hax1l ZFN was likely to result
in unsuccessful mutant screening by restriction digest analysis. To
circumvent this, | next went on to utilise a new approach using TALEN
technology in an attempt to induce high frequency hax1l mutations and in

turn generate a hax1 knockout line.

5.3.2 Targeting zebrafish hax1 using TALEN technology

The injection of haxl Golden Gate TALEN mRNA into single cell
zebrafish embryos generated a high enough mutation rate allowing
screening by BspHI restriction digest. Although incomparable to the haxl
ZFN generated due to the use of a different target site, this finding is in
agreement with published literature, which has demonstrated a higher
success rate of TALEN mutagenesis in multiple model systems (Cermak
et al. 2011; Miller et al. 2011; Moore et al. 2012; Cade et al. 2012).

One of the limitations of using ZFNs and TALENSs to induce mutations in
the zebrafish is that the indel mutations are random and cannot be pre-
determined. In comparison to the ZFN mutagenesis approach, the
TALEN technology is a faster, cost-effective simpler technique. One of
the main advantages of TALENS is their increased flexibility in targeting
range. This is a due to their utilisation of a simple binding code whereby
each individual RVD recognises a single nucleotide at the target locus. In
addition, the longer TALEN recognition sites may play a role in the
increased specificity and in turn reduced toxicity in comparison to ZFN.
Guidelines based on natural occurring TAL effectors have been published

by Cermak et al. who demonstrated that when applying these guidelines
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a candidate cleavage site was found on average every 35 bp (Cermak et
al. 2011). The lack of detectable TALEN induced toxicity in the haxl
TALEN injected embryos supports previous findings showing that most
TALE nucleases cause no detectable cytotoxicity (Li et al. 2011).

Multiple TALEN scaffolds have been described differing in the N and C
terminal length, Fokl nuclease linker as well as nuclear localisation
sequences (Cermak et al. 2011; Mussolino et al. 2011; Miller et al. 2011).
In agreement with published data, the haxl left and right TALEN
constructs containing the 147 bp long N-terminal region, a wild type
homodimeric Fokl nuclease domain and the +63 bp long C-terminal
successfully cleaved the haxl target site although it has been
demonstrated that both hetero- and homodimeric nuclease domains
induce mutation with comparable efficiency (Cade et al. 2012). Miller et al
have demonstrated that a 19 bp spacer generated ~15 % of endogenous
human CCR5 modification activity using the +63 bp C-terminal domain
compared to a 2% of a TALEN containing a truncated C-terminus (+28
bp) targeting the same region (Miller et al. 2011). Increased
understanding of these parameters can lead to elevated target specificity
and affinity in turn increasing the mutation frequencies for a specified

gene.

5.3.3 Validation of hax1l TALEN induced mutant sequences

In this chapter, the sequence analysis of the TALEN induced mutations
from the heterozygous and homozygous zebrafish provides considerable
evidence for the generation of premature Haxl protein. However, it
should be noted that in order to fully validate the mutant sequence,
genomic DNA from mutant embryos should first be amplified using hax1
specific primers. Following this, the PCR product could be TOPO cloned
into competent E. coli cells and colony PCR carried out. Each colony
would then contain a single allele which would be Sanger sequenced and

compared to the wild type haxl sequence. Therefore, caution should be
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taken when interpreting the preliminary phenotypic data generated in this

chapter.

5.3.4 The effects of hax1l exon 2 TALEN induced deletion mutations
on zebrafish PMN number and chemotaxis

The TALEN mutagenesis data generated in this chapter suggest that
mutation in the exon 2 of the zebrafish haxl gene do not affect PMN
number. Furthermore, analysis of migration during recruitment and
resolution from a wound site indicated that there was no difference
between wild type and homozygous knockout mutants in PMN
chemotaxis. This does not support previous findings demonstrated from
human patient samples and mammalian cell culture models (Klein et al.
2007; Cavnar et al. 2011; Morishima et al. 2013). These results raise
interesting questions as to how disruption of the &’ site of haxl exon 2
does not recapitulate the human phenotype. There are a number of
reasons, which could explain this phenomenon. Firstly, the genetic
organisation of the HAX1 gene is extremely complex due to its differential
splicing pattern. The TALEN only targeted exon 2 of the zebrafish gene,
however, in chapter 4 | have demonstrated the expression of multiple
haxl1 variants. Splicing out of exon 2 could occur to generate alternative
functional haxl1l isoforms. The evidence for alternative splicing in the
zebrafish may also support my findings on co-injected haxl TALEN
embryos with the hax1 start MO and hax1 splice MO where PMN levels

were reduced but not abolished.

Secondly, the mechanisms of haxl function in the zebrafish are unknown
and may differ to the human counterpart. In light of this, it is important to
note that in humans, PMN are produced in the bone marrow, a tissue
type which zebrafish lack (Charbord et al. 1996). The mechanisms of
PMN onset in the bone marrow are not understood. In the zebrafish, PMN
are first produced at ~30 h in the posterior intermediate cell mass and
anterior yolk sack (Bennett et al. 2001). During later stages of zebrafish

development and adulthood, most of the haematopoiesis occurs in kidney
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(Bennett et al. 2001). In a single study, it has been shown that the bone
marrow is likely to play a crucial role in PMN clearance under
homeostatic conditions. This difference between human and the zebrafish
model in the PMN ‘niche’ may represent dissimilar functions of HAX1 in
the two organisms and could lead to the lack of recapitulation of the
human phenotype. Lastly, the loss of the multifunctional Hax1 protein
may be detrimental to the zebrafish embryos and consequently the
zebrafish may have a compensatory switch utilizing unknown factor/s to

counteract the lack of Hax1 expression.

5.5 Conclusion

In conclusion, | provide novel evidence for haxl gene disruption in the
zebrafish. In addition, | have shown that TALEN induced haxl mutations
were maintained in the germline up to F3. Homozygous knockout
mutations predicted to result in premature truncation of the Hax1 protein
did not appear to have an effect on PMN number and chemotaxis. The
lack of recapitulation of the human phenotype was discussed and the
differences in PMN sites of production in human and zebrafish were
highlighted.
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6 Final Discussion

6.1 Aims of the study

The aim of this thesis was to investigate the function of HAX1 in regulating PMN
function during inflammation. To this end | studied expression patterns and
regulation of HAX1 in human PMN and the myeloid cell line PLB-985. In
addition, in order to generate an in vivo working model for hax1 study, | aimed
to explore haxl expression in zebrafish embryos and the effects of its

mutagenesis in the context of PMN biology.

6.2 Discussion and future work

PMN survival and homeostasis play an important role in inflammation and
defence against host pathogens. Defects in the apoptotic pathway of PMN
result in numerous chronic inflammatory diseases (Kotecha et al. 2003; Brown
et al. 2009; Moriceau et al. 2010). The finding by Klein et al revealing that HAX1
deficiency in human results in SCN implicated a role for this gene in PMN
survival and homeostasis (Klein et al. 2007). To date, the molecular mechanism
underlying neutropenia in HAX1 deficiency is unknown. Elucidation of the
pathways in which HAX1 is involved is essential for our understanding of how
HAX1 regulates PMN survival and homeostasis and could allow identification of
novel therapeutic targets for chronic inflammatory diseases where dysregulated

PMN survival is central to pathogenesis.

| began my research with an investigation into HAX1 expression at the
transcript and protein level in primary human PMN and a number of cell lines
including PLB-985. | have shown that although numerous transcript variants are
expressed in PMN, based on the expression of previously identified variants
these cells did not appear to have a specific haxl transcription profile. Several
other unidentified hax1 variants were visible in the PMN PCRs amplified using
hax1 specific primers and have also been described in other cell types (Lees et
al. 2008). ldentification through 3’ and 5 rapid amplification of cDNA ends
(RACE) and sequencing of haxl transcript variants may result in the detection

of novel cell specific isoforms. gPCR is more quantitative than the RT-PCR
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used in this thesis, which only detects dramatic changes in transcript levels.
Further analysis therefore, by gPCR of previously and newly identified variants
could also indicate whether haxl is transcriptionally regulated and allow
complete characterisation of the hax1 transcript expression patterns in PMN in

both health and disease.

Numerous studies have highlighted the anti-apoptotic properties of HAX1.
Overexpression of HAX1 in cardiac myocytes, HeLa and HEK293 cells was
shown to suppress apoptosis (Yedavalli et al. 2005; Han et al. 2006; Vafiadaki
et al. 2007). In cardiac myocytes, the anti-apoptotic effects of HAX1 are exerted
through caspase-9 inhibition (Han et al. 2006). Other studies have also linked
HAX1 to the mitochondrial apoptotic machinery. To date it is not known whether
HAX1 is also regulated in this way in the PMN. | have shown that full-length
HAX1 protein levels (isoform 001) are degraded over time in PMN. The HAX1
degradation is likely to correspond to breakdown by caspase activity during
apoptosis since inhibition of caspases by qVD-OPh resulted in an increase in
HAX1 levels. However, in order to fully establish the link between HAX1
degradation and caspase activity, HAX1 levels of freshly isolated PMN could be
compared to those of cells treated with different stimuli and analysed by
western blotting. If HAX1 levels were upregulated in response to the stimuli then
this would suggest that HAX1 is an upstream regulator of the PMN apoptotic
pathway. Attempts during my studies to identify HAX1 protein binding partners
and in turn potentially shed light into HAX1 anti-apoptotic effects through co-

immunoprecipitation assays were unsuccessful.

A recent study claims that HAX1 splicing in the rat heart results in the
expression of anti- and pro-apoptotic isoforms (Koontz & Kontrogianni-
Konstantopoulos 2014). The anti- and pro-apoptotic HAX1 forms in the rat were
shown to modulate apoptosis through the formation of homo- and heterodimers
(Koontz & Kontrogianni-Konstantopoulos 2014). In PMN, in addition to the full-
length isoform (001) several immunoreactive bands were detected using both
HAX1 antibodies. Although full-length HAX1 levels decreased during PMN

ageing, | have shown that the expression of some of the HAX1 specific bands
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remained unchanged and, although speculative, these may represent novel pro-

apoptotic forms of the protein.

In PLB-985 cells CHX and STSP induced the expression of several HAX1
specific species <30 kDa in size. This work raises interesting questions as to
whether the additional bands detected in my studies are a result of HAX1
cleavage or pro-apoptotic forms of the protein, although the use of CHX
indicates are unlikely to be newly expressed isoforms. Further work in this field
could involve characterisation of HAX1 specific bands by protein sequencing
and investigation into the dimerization states of HAX1 isoforms in healthy and
aged PMN.

| hypothesised that HAX1 plays a role in the mitochondrial stability of myeloid
cells. My work on the PLB-985 cell line using siRNA to knockdown the HAX1
gene does not support this hypothesis. HAX1 knockdown in PLB-985 cells had
no effect on basal mitochondrial membrane stability or cell death. These results
are in disagreement with previous literature of HAX1 involvement in the
regulation of apoptosis. Conversely, a very recent study found that Haxl
deficiency did not increase cytokine deprivation-induced apoptosis in primary
murine bone marrow-derived mast cells but that HAX1 does in part, mediate
calcium-dependent survival (Trebinska et al. 2014). These data provide further
support for HAX1 cell type- and stimulus specific roles and highlight that careful
consideration should be taken into the type of stimulus utilised when devising
HAX1 studies. Canvar et al showed that HAX1 deficiency using siRNA had no
significant effect on PLB-985 apoptosis induced by hydrogen peroxide, but
instead affected cell adhesion and chemotaxis (Cavnar et al. 2011). Perhaps

these results would have differed in calcium-dependent triggered apoptosis.

One of the main problems of working with primary PMN is that they are short-
lived in culture and genetically intractable. Attempts to knockdown HAX1 using
novel polymerosome technology in PMN and test the effects on PMN survival
were unsuccessful, as shown in Chapter 3. The use of the PLB-985 cell line as

a model is also not ideal since these cells differ to PMN in many ways. In
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addition, although the HAX1 knockdown efficiency using siRNA in PLB-985 was
high, it should be noted that it is only a transient change and some HAX1
protein remained in the HAX1 siRNA transfected cells at both of the timepoints
tested. The small pool of HAX1 protein may have been sufficient for its
functional purpose. These limitations in combination with the lethality of the
Hax1l homozygous knockout mutation in mice resulted in a search for an

alternative in vivo model.

The genetic tractability of the zebrafish makes it an ideal model system for the
study of monogenic disease. The utilisation of recently developed nuclease-
targeted mutagenesis techniques can provide insight into the molecular
pathophysiology of human mutations. In addition, the generated knockout
zebrafish lines can be utilised to validate MO knockdown data. My research
revealed that zebrafish express the hax1l gene and, similarly to the human
gene, the zebrafish gene is also alternatively spliced resulting in multiple splice-
variants. Disruption of the haxl gene using MOs resulted in reduced PMN
number, which may be due either to the loss of Haxl in the embryo or the
concomitant developmental delay. The reduction in PMN numbers following MO
induced knockdown supports a role for Hax1 in PMN homeostasis and cell
survival and shows resemblance to the human phenotype of HAX1 deficiency.
However, the effects of the MOs should be interpreted with caution due to
potential off-target effects (Robu et al. 2007). Attempts to reduce or overcome
any off-target effects using a p53 MO, and to rescue the MO phenotype using
full-length haxl were unsuccessful. This reduces our confidence in the MO

data.

In this thesis, | have shown that a haxl targeting ZFN did not result in the
effective mutagenesis of the haxl gene. Conversely, a haxl exon 2 targeting
TALEN efficiently modified the gene and the mutations were successfully
transmitted through the germline. This further demonstrates that TALENSs are a
simple, robust and efficient technology to perform heritable targeted gene

mutations in the zebrafish. Contrary to our expectations, the haxl homozygous
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knockout mutation in exon 2 did not have an effect on zebrafish PMN number.

Preliminary data also showed that it did not appear to affect PMN chemotaxis.

The recent findings suggesting HAX1 exists in pro- and anti- apoptotic forms,
could help to justify the lack of a PMN specific phenotype of the haxl TALEN
targeting exon 2. As shown in the zebrafish hax1 variant expression profile in
Chapter 4, exon 2 is likely to be expressed in numerous haxl1 variants and so
may be found in both pro- and anti-apoptotic isoforms. Targeting of this region
could therefore, have resulted in the deficiency of both pro- and anti-apoptotic
forms that in turn could have lead to a neutralisation of the phenotype. It may be
that unidentified PMN specific isoforms exist that were not affected by the
siRNA in PLB-985 and the TALEN in zebrafish, respectively.

It is important to note that our understanding of PMN development in the
zebrafish is very limited and species differences could reflect differences in the
HAX1 deficiency PMN specific phenotypes. One could speculate that the lack of
a hax1 knockout phenotype in the zebrafish could reflect the differences in the
PMN production and/or PMN differentiation niches. The data generated on PLB-
985 in this thesis suggest that HAX1 may not be playing a role in apoptosis. It
may be that the protein is involved in PMN mobilisation out of the bone marrow
and since this tissue is absent in the zebrafish, this difference could have
resulted in a lack of phenotype. This could explain the lack of differences in
PMN number between the wild type and the hax1 knockout zebrafish embryos.
Genetic redundancy of hax1 with other pathway members in the zebrafish could
also have accounted for the absence of a phenotype. The presence of an
unsuspected hax1 paralogue in zebrafish that could have concealed the effects
of the haxl exon 2 TALEN induced mutation should not be disregarded.
Conversely, the TALEN induced haxl exon 2 mutation could have resulted in

the synthesis of a functionally active splice form that restored the phenotype.
In order to verify the MO data, the same hax1 region targeted by the splice site

MO could be targeted by a nuclease to investigate whether the effects on PMN

number and development are recapitulated. Novel technology using a bacterial
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type Il CRISPR (clustered, regularly interspaced, short palindromic repeats)
system and Cas9 endonuclease has been shown to exert even more flexibility
with the target site than the TALENs and could be used to induce mutations in
the haxl exon 3 region targeted by the splice site MO (Hwang et al. 2013).
TALEN or CRISPR/Cas9 technology could also be used to induce mutations in
other regions of the gene and test whether the effects of this on PMN survival
and chemotaxis differ from the exon 2 homozygous mutation.

Following further characterization of the zebrafish haxl variants, the different
hax1 transcripts could be overexpressed in PMN and tagged with fluorescent
protein in order to determine their subcellular localisation and effects on PMN
survival. PMN specific promoters and the viral 2A peptide could be used to
allow cell-specific expression (Provost et al. 2007). If the findings of the recent
study suggesting the presence of pro-apoptotic HAX1 isoforms were to be true
for PMN, then the overexpression of certain isoforms in PMN would be
expected to result in increased apoptosis (Koontz & Kontrogianni-
Konstantopoulos 2014). This would allow investigation into the possible
mechanisms of hax1 function in vivo. Known published interactions of HAX1 in

other cell types could then be explored in zebrafish PMN.

6.3 HAX1 as a potential therapeutic target

In chronic inflammatory disease, PMN are recruited to sites of lesions resulting
in uncontrolled amplification of inflammation. Airway diseases such as asthma
and COPD are characterised by systemic and chronic localised inflammation.
They are among the world’s most prevalent diseases and studies show they are
on the increase. To date, strategies for selective targeting of persistent
neutrophilic inflammation are lacking. Many of the prescribed drug treatments
for these diseases lack efficacy and have adverse effects highlighting a need for

the identification of novel therapeutic targets.
The PMN specific phenotype of HAX1 deficiency in humans highlights a cell

specific role for this protein and suggests that treatment of inflammatory disease

by targeting of HAX1 would be selective for PMN and result in reduced adverse
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effects. My research has highlighted that an understanding of the HAX1 isoform
specific functions will be key for selective drug target generation. A better
understanding of HAX1 function may also prove valuable in the treatment of
other disorders since HAX1 overexpression has also been implicated in
numerous other diseases including melanoma, psoriasis, lung and breast

cancer (Mirmohammadsadegh et al. 2003; Trebinska et al. 2010).

6.4 Summary

This thesis has explored the expression and roles of HAX1 in human PMN and
the zebrafish. This is the first description of HAX1 transcript variant
characterisation in human PMN and PLB-985 showing that PMN do not appear
to have a distinct transcriptional profile from other cell types. HAX1 levels were
shown to be degraded during apoptotic cell death and the use of pro- and anti-
apoptotic stimuli demonstrated that HAX1 is modulated in PMN. Further work is
required to determine whether this was a result of caspase inhibition or if HAX1
acts upstream of caspase activation. In zebrafish, | have shown that multiple
isoforms of haxl are expressed, providing novel evidence for the expression
and alternative splicing of hax1 in the model organism. These data enabled me
to use MO and TALEN technology in order to investigate the effects of haxl
mutagenesis in zebrafish embryos. To our knowledge, this is the first study
describing haxl mutagenesis through the use of both MO and TALEN
technologies. The reduction of PMN following MO induced knockdown of hax1
supports a role for haxl in PMN homeostasis and/or cell survival. Contrary to
our expectations however, preliminary data generated utilising a hax1 deficient
zebrafish line created using TALEN technology showed that the haxl exon 2
mutation did not affect PMN number and chemotaxis. These findings along with
previously generated data suggest that HAX1 isoforms are likely to exert their
pro- and/or anti-apoptotic functions in a cell and stimulus specific manner.
Collectively my data highlight the complexity of the HAX1 genetic organization
in human and zebrafish and a need for further study of HAX1. Understanding
the function of HAX1 in the regulation of PMN survival and homeostasis may
offer a potential therapeutic opportunity for the treatment of inflammatory

diseases.
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7  Appendices
7.1 Appendix 1:

Buffers for whole cell lysate preparation

and western blotting

7.1.1 SDS-PAGE loading buffer (10 ml)

Reagent

1 M Dithiothreitol (DTT)

10 % SDS
Glycerol

1 M Tris HCI (pH 6.8)
0.2 % Bromophenol Blue

dH20

7.1.2 Resolving Gels (1.5 mm gel plates)

% Resolving gel:

dH20

40 % Acrylamide
1.5M TrispH 8
20 % SDS

20 % APS
TEMED

Concentration

in buffer

0.1M
4 %
20 %

0.0625 M
0.004 %

12%
1 gel
6.6 ml
4.4 ml
3.8 ml
75 ul
150 pl
6 ul

2 gels
9.9 ml
6.8 ml
5.7 ml
112.5 pl
225 ul
u

Volume

1 mi
4 ml
2ml
625 pl
200 pl
2.175

15%
1 gel
5.4 ml
5.6 ml
3.8 ml
75 ul
150 pl
oul

2 gels
8.1 ml
8.4 ml
5.7 ml
112.5 pl
225 ul
oul
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7.1.3 Stacking Gels (1.5 mm gel plates)

Reagent 1 gel 2 gels
dH20 3 mi 6 mi
40 % Acrylamide 620 pl 1240 pl
0.5 M Tris pH 6.8 1260 pl 2520 pl
20 % SDS 25 ul 50 pl
20 % APS 50 ul 100 pl
TEMED 5 ul 10 pl

7.1.4 10X Running Buffer (11)

10X stock solution (1 1) Mass
Reagent

Tris/Trizma base 30.3¢g
Glycine 144 g
SDS 10g

1 | of 10X stock solution was made up by adding 1 | of dH20 to the above
reagents. For 1 working buffer (pH ~ 8.3), 100 ml of 10X stock was diluted with
900 ml of dH20.

7.1.5 10X Transfer Buffer (1 1)

10X stock solution (800 ml) Volume/Mass
Tris/Trizma base 29 ¢

Glycine 1459

dH20 800 ml

For 1X working buffer (1 I) 80 ml of 10X stock were added to 200 ml of
methanol and 720 ml of dH20.
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7.1.6 10 X Tris Buffered Saline (TBS) (1 1)

Reagent

Volume/Mass

Tris-HCI 1M pH 8.0

100 ml

NacCl

97.3 g

dH20

to 1000 ml

For 1X working buffer (1 1) 2100 ml of 10X stock were added to 900 of dH20.

7.1.7 10X Tris Buffered Saline (TBS) -Tween (1 1)

Reagent Volume/Mass
Tris-HCI 1M pH 8.0 M 100 ml
NacCl 97.3¢g
Tween-20 5ml

dH20 to 1000 ml

For 1X working buffer (1 1) 100 ml of 10X stock were added to 900 of dH20.
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7.2 Appendix 2:

7.2.1 Primary Antibodies

Primary and Secondary Antibodies

Protein target Size of | Conc. Required Required

target (ug/ml) | working Secondary

protein dilution Antibody (IgG)
B- actin (Sigma) 40 kDa | 400 1:4000 Goat anti-rabbit HRP
HAX1 (BD) (Cat #: | 35kDa | 250 1:800 Goat anti-mouse
610824) HRP
HAX1 (GenTex) | 35 kDa | 250 1:1500 Goat anti-rabbit HRP
(Cat #: GTX101992)
Mcl-1(Santa  Cruz) | 40 kDa | 200 1:1000 Goat anti-rabbit HRP
(Cat #: Sc818)

7.2.2 Secondary Antibodies

Secondary Antibody

Conc. (pg/ml)

Required working

dilution
Goat anti- Mouse (Dako) 200 1:2000
Goat anti-Rabbit HRP conjugate | 200 1:2000
(Dako)
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7.3 Appendix 3:

7.3.1 RT-PCR primers for amplification and sequencing of D. rerio hax1

iIsoforms
Target Sequence Expecte | Annealing
d size | temp. (°C)
(bp)
hax1 001 | Forward 5-ATGGTGGCATTTTGTGAAGG-3’ 964 60
Reverse 5-ATTGTGATCGTGGTGGGTTT-3
haxl 002 | Forward 5-GAGTGGTCTGACAATTTGAATC-3' | 1150 58
Reverse 5-
CAATTCATGAGACCGTAAGGCAGAC-3’
haxl 003 | Forward 5-GGCACGCTTTGAAGAGCCTCAG- | 003 -| 58
&005 |% 1625
Reverse 5-
005 -130
CGGGAAACCTGATGGGAAGAAGC-3’
hax1l 007 | Forward 5- 1907 58
CCTACTTAACGAAGGATAGCGCGC-3’
Reverse 5-
CAATTCATGAGACCGTAAGGCAGAC-3’
hax1l 008 | Forward 5-CAGGCTGTAAATATGCTCTGC-3' | 592 58
Reverse 5-
CAATTCATGAGACCGTAAGGCAGAC-3’
hax1 Forward 5-GGCACGCTTTGAAGAGCCTCAG- | 984 60
3
Reverse 5’-
CAATTCATGAGACCGTAAGGCAGAC-3’
hax1 x Forward 5-GTTCCCGGAGGTCATTATCGAG-3' | 818 (full | 60
Reverse 5-CGAAAGCCTCTGAAGAACTTGG- Iength
’ hax1)
haxl MO | Reverse 5- CTGGCAGACCTCGATTTACC-3 - Sequencing
intron 3-4 primer
R
EF1-a Forward 5 TACGCCTGGGTGTTGGACAAA 3 | 470 60

Reverse 5 TCTTCTTGATGTATCCGCTGAC 3
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7.3.2 RT-PCR primers for amplification of human HAX1 isoforms

Target Sequence Expected Annealing
product temp. (°C)
size (bp)
HAX1 001 | Forward 5-AGGAATTTGGCTTCGGCTTC-3' | 151 60
Reverse 5-CTGGAAGTTCAGGAGGATGG-
3

HAX1 002 | Forward 5-GAGCTGAGGTCTGACTTTGA-3’ | 1009 60
Reverse 5-TGAGGGTTAACAAGGCTACC-3’
HAX1 003 | Forward 5-AGGAATTTGGCTTCGGCTTC-3 | 003- 316 60
& 005 Reverse 5-TGAGGGTTAACAAGGCTACC-3’ 005- 165
HAX1 004 | Forward 5- 1667 60
ACCTCGGAGCTTCAGCCCAGGA-3’
Reverse 5-TGAGGGTTAACAAGGCTACC-3’

HAX1 006 | Forward 5-GATGACCTAAACTTCCAGGTC- | 548 60
3
Reverse 5-TGAGGGTTAACAAGGCTACC-3

HAX1 007 | Forward 5-ATGGTAAGTCTGGAGGAAGG- | 454 58
3
Reverse 5-TGAGGGTTAACAAGGCTACC-3

HAX1 008 | Forward 5'-AGTATGGCCAGGGAACGAAT-3’ | 297 60
Reverse 5-TGAGGGTTAACAAGGCTACC-3’

HAX1 Forward 5-TGGAGGGGTTCAAAGGTTCG- | 356 57.8
3
Reverse 5-
AAGTTCAGGAGGATGGGAAGGC-3

GAPDH Forward 5-ACTTTGGTATCGTGGAAGGAC-

3 420 50

Reverse 5-TGGTCGTTGAGGGCAATG-3’
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7.4 Appendix 4: D. Rerio Haxl genetic sequence

indicating primer binding regions

Gene: zgc:92196 (ENSDARGO00000036764), HCLS1 associated protein X-1
[Source:RefSeqpeptide;Acc:NP_001002337] (Exons: orange)

KEY:

-— Forward primer for isoforms hax?, 003 & 005 C—1 Forward primer for isoform 007

AAA — Forward primer for isoform 002
AAA — Forward primer for isoform 007 [ reverse primer for isoform 001

BB - Forward primer for isoform 008

.— Reverse primer for isoforms hax1, 002, 007 & 008
— Reverse primer for isoforms 003 & 005.

AAA — Forward primer for any additional isoform (hax1 x)
CCA — Reverse primer for any additional isoform (hax? x)

ATG -Start codon
TAA - Stop codon

=Chromosome: Zv8:19:7484201-7490708:1
GATAAACTTCCGGTAAAACGTOTATGTAATCGTT T TAAATTTCATAAGETTCA TACACGTATCGATACTTTATCTAACTAAATATAATCCAN

CTTAATTGACTTAAGCATTTGTTTAGAAAGAAAGCGTTAAAAGAT AACAGACGCAAGAAGGAACACATCATGCCOTGTOGGACT TTAALLLL
GMACTTGTGCGGMGCAGG'TGGAMGCTII‘.’TAGT.ﬁ.C-G-TTI'CCTCACTGTTCTTCCTGCGCTMTCTC’TGATGCMCTCTGTTTG
GG CATTTIGTGAAGG  CTCAGGATTCTGTCCATAAATGAGCGTTTTTGATCTGTTTCGTGGGTTTTTCGGGGTTCCCGGAGGTCATTATC
GAGAAGATOGCCOCAGCTCAIIGTTTGTCAAATTGTTAAAAT AAGTTCAAACGTCACCTGACAGCTGCTGCTGTTAAACAGATAATGTTTAA
ATATATAACCACGTGTATTTTGTGTTGTTCTGTOCGTTATGTACTTAATTTATATTTTATCTGCAAATATTACGGTTTGTAACTTGTGAATTGE
ATCCTTTGTOTTAAGTTAATAGCATAATGOTTARAGCAAAACGATCATCGTTTAAATCOTAATCTTOTGTGTAGAAGTTATGTAATCTAATAT
AATTCATCTCGCTTTCTTGAGGTTTTTGTATCGTTAATGETTTTAATACAAGTAACATTTAAACATTTTTAAATAAACAAAAGCGTTTATATATT
CAAATTAAATTATGTTCGTGTCATTATAAGTTTTAATATATATGTTAGATAGACAATAACTTTOCAAGTACACAGATTATTTGGTCCAGTTTTA
TITTCGACTAAGTAACAGCTCACAT GTAGACGATOTCAAGCCATATGGAACATTCTTTCACTTTTATTTTOACACACCAGAACATGAAATCGT
ABACACCOTGTTGCTCCTTGAAACATTAACACACACCTCTTCATAAGTACTTTAATTARATGAGACTTAATTATTGCGGTTTCACATTTTAAA
GTAGTAATAAGTATGAAAAATTCAGCAACAGATGACATCAGAATATCCTAATATAAAGAGAAGAAATATCAAAGAAAAGAT AAAAGAATATT
AATTTTCTTTTCGGCTTAGTCCCTTTAGTAATCAGTGGTCACCACAGCCOAATAAAC COCCAACT CATCCAGCATATGTTGTACGCAGCGE
ATGACCTTCCAGCTOCAATCCAACTCTGOGAAGCACGCATACACTATGECCAATTTAGCTTCAATTCACCTGTTCCACATOTCTTTGOAAT
ATGGGOGAAMCCCACGCCAACACAGOCAGAACATGCAAACTCCACACAGAAATGCCAACTGACCCAGCCGASACTCTGCGACCTTCCTG
CTOTGAGGCOATCTTGOTACCCACTGCACCACCGTGATGCCCTGTACAAATATGTACACTGGATGTAGTTTTATGAACCCCCCCACCCAA
ARAAAMACCACAGCAACAGAATATAAGCAGCATATTTTTTGACCCAAGAATATTTATCTTAAAATCATGCTTAGACTTGCATGCTAAAATGTT
ATATTTOTTAAATAAACATTCATAATTTTTAGTAATAATTAAGATATTTTCATTACCTGTCACTTGATGTTACACTTATCTTTATTTTCTTTAATT
ARCTATTATTGTTTTTACACCAAACCTAGATTAAATATATTT TAAACTATACAAAGGETTTTTAATGOTGOTTAAAMATCCAACGGCACTT TG
ATATAACTGTAAGCACTTTTGGTGTAATGGTAATCAACATAAATAATGATTTTTTTTCTT T TARATGTAGACCTTGTTGGCATAAATAATATTA
ATTTGTCCTATATTGCGCCAGATTAATCAGCTACAGTGATGTTTAGTTTABAGTGGTCTEACAATTTGARTCATCCTTTTTTTTAATACAGGG
ACCCCTTCTTTGATGGAATGATTCATGAAGATGATGAT GATGAAGACGAGGATGACTTTAACAGACCCCATCGGGATCCGTTTGACGAT
GCCTTCAGGTTTGGATTCAGTTTCGGTCCAGGC GG NN RS S A TG TTC GG CCAGATCTTCAGAGACATGGAGG
AGATGTTTGCTGGTCTGGGACGCTTTGATGAGCGACATGGATTTGGACCGAGAGGTGTGTCTCTTTGCTCTGTCCCTTTTCAATTTAACA
TITTGAATGACCAATTATAGTTAAT TTATAAACAATAAGGTGACATCGGGTCAGCACTGOATAGCATGATCGCCTCACAGCAAGAAGCTCGE
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7.4 Appendix 4: D. Rerio Haxl genetic sequence

indicating primer binding regions

TEGTTTGAGCCTCG GO TEGGCATT T T TETGoAGCTTGCATETTTTCCCTE T TTCACGTEGGTTTCCTCTGECTECGCCoaTTTCTOS
CACAGTCCAAMGTGTGCTGTAGGTAGTCTAAATTGGOCATAATGTATGTGTGTGAATGTGTATGGGTGTTTCCCAGTGATGGGTTGCAGCT
GoAAGGGCATCTGTTGOGTAAAACATATGC TGGATAAGT TGGCGGTTCACACCGCTGTGTTGACCCCTGATGAAAMAAGGGGCTAAGCC
GAAAAGAAAATAAATGACTGACTCAATCAATGAAGATCTTATAATAATAAACAATACTTATCAGAAGAGCAACATCAGTGTTGACATTACAS
ACTATTCAATTTCTT T TTTT T TGO TACTAAAT GACCOCAAATTAC TGAAAAAATAC CCCAAGATAAAAATTTC TAAAC TG TCCATACCTTAG
CCGAATACACAATGACAGGCTTGTCATAATTTTACAAATTGTCTTACAATGTCAGAACAGGCTAATAATTTACAGTTTGTTCTGAAATAAGCT
AATTGATGATGGTTAGATCAGCTCATTGCACAATTTATTGTATTACT T TCCCCCTCAGATT TGO TCAAAAC AMAAGTGGOCCATCTATTTTA
TTGCTTGTTCAGATGACAT TCTCCAGTTAAAATTACTAATTGAGTGAAAGTGTCTAGGCCAGTATCTACACCAGTGCAMATAACCACAATCG
COCATTTTCAAACTGAGACAGAACTCOCBGACTECTGCTTTACAACTCACCTTATTCAGTTCAAATACAGTTGAAGTCAAAATTATTCGGE
CTTOTGTGAATTTTTTTTAGTATTTT TT T TAAAAAATC TTTCCCAAATCATGTTTAACAGAGCAAGCAAATTATCATAGTATTACCTATAATATT
CTTTCTTCTGaTGARAATCTTATTTATTTATTT T TCCAGC TAGAATAAAAGCAGTTTGAATT TTATTTATAGTATT TTACGGTCAATATTATTAT
CCCCCTTAATCAATTTTTTTTTTTTCAGTATGTCTACAGAACAAACCATCGTTATACAGTGCCTTGCCTAATTACCCTAACCTGCCTAGGTAA
CCTAGTTAAGCCTCTAAATGTCACTTTAAGCTGTATAGAAGGCTAGAAATATCTAGTAAAACATTGTTTACTGTCATCATGGCARAGATAAS
ATAAATCAGTTATAAGAAATCAGTTAT TAAAACTAATATGATTAGATATGTE TTGAAAAAAATTO TTTEAGTTAAACAGAAAASATATAAAGS
GOTCTAATTAGTCAGCCTTCAACTOTGTGTACATTCTCTAACTGATTG TGO T TCACAATTGCACTGOTTTAAGTGATGATACATTTCTAGEA
reatcTeTTC T T C ~ A TAGAAGCTCCACCTCCACAGGAAGGAGTTGAGAAAGGCAGGAGTGGGACA
GGAAGTGGGAATCCCATCAGAGATTTCATGTTGAAGTCTCCTGACCGCTCACCTAAAGATCCAGAGCACAGAGAGGATTCTCCACCAA
ATCATCCTCACAGGAGGCCTTTETCAAAGG TAMATCGAGGTCTOCCAGTGAATATCTGCAGTCTCTECATTCCAGCOTCTCATCTTATTS
GETTTCTTTCATTTCAGTTCAACGATATTTGGAAAGATGGACTGTTAAAACCAAAGGGEOAAGACAAAAGGGAGGATEGAGGTAATGE
ATCTTGTGCAGGTTTTCACAACAATTATACAAGTCTGAGAGCAGATATAGTTCTCAAAACCATTCAGTAGGTTTCCATTTAATTTTTTTGTTA
CAGATAAAGCTGATGGATT TGO TAATTATTGATTCAAT TAAGCTAAT TTGACAACCTTTTTCTTTAGCGGGGEATCTCTGTATATACTAAATA
TTCTAGATTACCTACTTAACGAAGCATAGCGCGCTACTTAACAAA GGG TAAATCCAAATTTAATTTAATAATOOGAAAATATAACATCTAATT
TATGTTTATTTATATTGTAT TATAAATAGTTT TTAAATATCATAACAT GATGAATCTCACATAAAAACG TAAATTAGCAGAAATTAATTTACAAA
CACTCTAATTTACATAAGGTAATCATCTGAGCATTGCTGTTATCATC TTACAGATGTTCCTTCAACARATCTTTTGTTTTCTTGTTCTTGOCTS
AGATCTGGACTCACAGGTGTCTTCAGGTGGACTGGACCAGATCTTGAAAGATCCAGCACCTTCACAGCCAAAAACAAGGTCATTTTTTA
AGTCTGTCAGCGTCACCAAGGTGGTCCGACCGGATGGAGTGAGTGGATCATTTTGTCTTCAATACTATTTCTAAATACAATCATTGTAGAS
TTATATT T e~ T T TATCCTTATAATAACGGACAGTGTGTGTGTCTCTGTCTGTCTGTCTGTCTGTCTGTGTAG
ACTGTAGAAGAACGGCGAACAGTCAGAGATGOAGAAGGTAATGAAGAGACGACCGTBACCATCTCAGAAAGGCCAGGTGGGCAAGA
TAGGCCAGTCCTEGATCAGTCTGETCOTTTAATGLCAGCTTAGTGGTTTAATAATCTTTTTTTCTGTAAATAAAGATTATTAAGCTATAGAT
TATGTTTATTGTACTTTACT TAAACTCTATCCAATGTAT TTAT TTAATGTATGTTTATATAAAAATTTCATAAAAACAALAAACAAAAAATGAAT
ACTTATAATTAGATGTGCAATGTTTGCATACATGTTTGCATACAGTTTATTATTTGAGTGTGGATTATTAAMATTATATATATATATATATATAT
ATATATATATATATATATACAACAGTTCTGTCTGaTTCTCAAATCTOATTO GO TGATAGCCOTGOGATATTCTGLAATATCAGAACTCCTACA
GoCTOTTTACCCTTTETGTATTAC TG OO CACATACAGCCAGCAAAAAGCAGACACTACAGATCTAAAGTTTAAAAGATGCACGCTCAAL
TCTTTAACTGTCAGCTTATGATT TGAATCCAGAAGARAGTAGTTCCTCATACAAAAGGETTTTTGAGACTCTCCTTGTTTGATTTTGTTTTTA
TATACACAATTATGCTGTCAAACTCTTGTATAAAC GCAATATCACACTCGTAGCAGTGTGATATGGCTGTATATCGGCAGTGGTETGGGOA
CAACGCACGGCTCOCACCAGTGCCGATATACAGCCATATCGCACTGCTACTCGTOTGATATTGCTCATATATATATATATATATATAATATA
TATATTTAAAAATATTTATTGTAATTOTAAAAATATTGTAATT TAAAGAAAGACAGAGACACAATTTAACTAAACTCOTACTTAATAAAAAATA
AGCAATTTTATGATTAGTTTTCTCCACCGCTGTTCOCCAAAAAGCTAAGATCTCAAAACCAAGGATCTTACTAAAAGTTATCTATGCGTATCA
TCCCCCCTTAGCATTAATGT TAAT AAAATGTCTTCACATTTACATARAGTCTTTTGCAT TTACAGTATTTGTACATTAGACATATTTATTTGTA
ATCATTCAGTCATGTGT T TCTOCATCT T TCACGTGGTICTGACATCCAGGATGATTTCTCCATGTTTTCCAAGTTCTTCAGAGGCTTTCS

ATE TCTTTCCCGGCATTTCATTCTTAAGTATATTTGTGGAGATCCACAACATC
AACATTGATCAAATATCACACAATGAACCTCAAAACTCTGCTGACTTTTTCATTTTTTATATAATTTCCATTAAAGATATGCAAATAATTA
TATAGACCGAACTTTGGGTTAGTTGGETTTTGTTCAGAAATGACACTTTAATATATTTAAACATTTTATTTCAATAGGTGTAAATAAAAAAN
CTAAATGA T T 1T TCACGAACATCTAA TG TGCAAGCTGGCATATTTTCTGTATC TGAAGAGCACTAA
TTTAAGCAAACAGCTCTTTTTATTGGATAAATAGAGCARACGCAGTACATTGTATTTTTAAGTGATTCTAAATGTAAGAGAGCTGCTCSTTTT
GACAGCTGCTTAGCATTCTGAGE TCAAGTCAGTAGTAGCAGCTCATCAAAATTT
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7.5 Appendix 5: PCR gel electrophoresis

7.5.1 50X TAE buffer (11)

Reagent M
Volume/mass

Tris Base 242 g

EDTA 37.2 ¢

Acetic acid 57.1 ml

dH20 to 1000 ml

For 1X TAE 200 ml of 50 X buffer were added to 800 ml of dH20.
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7.6 Appendix 6: pCR-Blunt II- TOPO vector and pCS2+

plasmid vector maps

M132 Reverse priming site SP8 promoterpriming site |
201 CACHCAGGAR RCRGCTATGA (CATGATTAC GCCRAGCTAT TTAGGTGACL CTATRFRATR
GIGYGTCCTT TGTCGATACT GGTACTAATG CGGTTCGHTA AATCCACTGT GATATOITAT

Nsll H\iwllll AspTia| mifa!aﬁllsaclaauml Spel
CTCRAGCTAT GCATCRAGCT TGGTACCGAG CICGGATCCA CTAGTRACGE CCGCCAGIGT
GAGTTCGATA CGTAGITCGA ACCATGGCIC GAGCCTAGGT GATCATTGCC GGCGGICACR

EcoR | Eﬂlﬂl FSITI EE?R.\I'
GCTGGAATTC GCCCIT . ALGGGCGAATTCT GCAGATA
CGACCTTAAG CGGGAA ST FE R (FIEE0E] TTCCCGCTTAAGA CGTCTAT

Not1 Xnol w102l DRI Apal T7 promoteripriming site

) I LI
TCCATCACAC TGGCGGCCGC TCGAGCATGC ATCTAGAGJGG CCCRATTCHC CCTATAGTIGR
AGGTAGTGIG ACCGCCOGGLG AGCTCGTACG TAGATCTCCC GGGTTAAGOE GGATATCACT
M13 Forward (-20) priming site

GICGTATTAC AATTCHCIGG CCGTCGTTIT ACRACGTCGT GACTGGGAAR ACCCIGGCGT 476
CAGCATANTG TTAAGIGACC GGCAGCRARR TGITGCAGCA CIGACCCTTIT IGGGRCCGCR

pCR"-Blunt II-
TOPO®

Comments for pCR®-Blunt II-TOPC® g
3519 nucleotides 3519 bp

Unfweue

lac promoter/operator region: bases 95-216
M13 Reverse priming site: bases 205-221
LacZ-alpha ORF: bases 217-576
SP6 promoter priming site: bases 239-256
Multiple Cloning Site: bases 269-399
TOPO®-Cloning site: bases 336-337
T7 promoter priming site: bases 406-425
M13 (-20) Forward priming site: bases 433-448
Fusion joint: bases 577-585
ccdB lethal gene ORF: bases 586-888
kan gene: bases 1099-2031

kar promoter: bases 1099-1236

Kanamycin resistance gene ORF: bases 1237-2031
Zeocin resistance ORF: bases 2238-2612
pUC origin: bases 2724-3397

pCS2+
(http://Iwww.xenbase.org/reagents/vectorAction.do?method=displayVectorSumm
ary&vectorld=1221270) Bl punbion
Antibiotic resistance: CS2 insetion C%%}gj; 'SV40 late Poly A signal
- SP6 promotor (100.08)/// Xhol (108) /15
AmpICIIIIn o @9 ‘ Xba|(1116)),' ”‘;a;ﬁ;?.’,)
CMV immediate early promoter Not | (347)
R Sadl (353)
\ Nsil (365)
N Apal (372)
Kpn 1(378)
Msdl (3475) T3 promotor (94.1%)

M13r (100.0%)
Bss HIl (411)
Pyull (506)

pCS2plus
4095 bp

Sal1(3109) ||

Nae | (2910)

pUC ori

F1 intergenic region ~ Drall (2807)

ASpEl (1665)

APr
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7.7 Appendix 7: Whole mount in situ Hybridization (WISH) buffers

7.7.1 Pre-Hybridization buffer (50 ml)

Reagent M Volume/mass required to make 50 ml of
buffer
50 % Formamide 25 ml
5X SSC 12.5 ml of 20X
0.1 % Tween 20 50 pl
Citric Acid to pH6 460 pl of 1M
50 pg/ml heparin 50 ul of 500 mg/ml stock
500 ug tRNA 20 pl of 24.75 pg/ pl stock
dH20 12 ml

7.7.2 20X Saline-sodium citrate (SSC) buffer (200 ml)

Reagent M Volume/mass required to make 200 ml of
buffer
NacCl 35.06 g
Sodium citrate 1764 g
Adjust to pH 7 using citric acid
dH20 to 200 ml

7.7.3 HybWash buffer (50 ml)

Reagent M Volume/mass required to make 50
ml of buffer
50 % Formamide 25 ml
5x SSC 12.5 of 20X stock
0.1 % Tween 50 i
Adjust to pH 6 using citric acid | 460 pl
dH20 12 ml
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7.7.4 Staining wash (50 ml)

Reagent M Volume/mass required to make 50
ml of buffer
100 mM Tris HCI pH9.5 to 50 ml
50 mM MgCI2 0519
100 mM NacCl 0.292
0.1 % Tween 50 pl

To make up the staining solution 112.5 pyl of NBT (50 mg/ml) and 175 pl of BCIP

(50 mg/ml)  were

added to 50

ml

of

staining

wash.
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7.8 Appendix 8: Egg medium for zebrafish embryos (E3)

7.8.1 60X E3 medium (2 1)

Reagent M Volume/mass required to make 2 | of
buffer
NacCl 348¢g
KCI 1649
CaClz 5849
MgCla 9.78 ¢
dH20 to 2000 ml
7.8.2 1X E3 medium (11)
Reagent M Volume/mass required to make 1l of
buffer
60 X E3 16.7 mi
1% Methylene Blue 100 pl
dH20 to 1000 ml
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7.9 Appendix 9: Sanger sequencing analysis of D. rerio haxl

008

D. rerio hax1 008 -

| P I

Exon number: 3 4 5 6 7

Score

Expect Identities Gaps Strand

926 bits(501) 0.0 516/526(98%) 0/526(0%) Plus/Plus

Query
5bjct
Query
Sbijct
Query
Sbkjct
Query
S5bjct
Query
Sbict
Query
S5bjct
Query
Sbict
Query
S5bjct
Query

Sbict

174
61

234
121
294
181
354
241
414
301
474
361
534
421
594
481

totctgtotgtet tl::t tot tct_? ? jﬁmemmmnmm

||||||I|1IT¢> |||||| COLLLELELEL L LT
TCTGTCTG TGTAGAAGAACGGCGARCAGTCAGAG

ATGEAGARGCTAATGAARGAGACGACCGTEGACCATCTCAGARAGGCCAGGTGECCARGATR

I|I|I|IIIIIIIIIIIIII|I|I|I|I|IIIIIIIII [LLELELLELELEELTLEL] |
TCANARACGCCCAGGTEEECANGATR

GGECCAGTCCTGCGATCAGTCTGEGTCCTTTARTGCCAGGTCETTCTEGACATGCAGGATGATT

COEEREREELELEEECEEEE LD EE LT
GEGCCAGTCCTGGATCAGTCTGETCCTTTANTGCCAGETEETTCTGACATGCAGEATGATT

TCTCCATGTTTTCCARGTTCTTCAGAGGCTTTCCAAGTTARAAGAGTTTTGEARCCARAN
COLECELELLEEEE LR FEELELEEEEEEEL L LT
TCTCCATGTTTTCCAAGTTCTTCANAGGCTTTCGARGTTAAAAGAGTTTTGEARCCARAN

CCCGARGGACANTCTCTTTCCCGECARNCCCACCACGH T‘CACABTB‘I‘I‘I‘CETI‘C‘ITMGTj

|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
TCTTTCOCGECARACCCACCACGATCACARTA

TATTTGTGCACATCCACANC ATCARCATTCGATCAANTATCACACANTCAACCTCARRACT

LETLELEEELLELLELT ||||||||||||||||||||||||||||| LLELEETTL
TATTTGTGGAGATCCACAATATCARCATTG NTCACACAATGACCCTCAARRCT

CTGCTEACEttEtoat bt L EtATATARTTTCCATTARAGATATGCARATAATTATATAGH

LELELEELELLLL DL I|I|I|I|IIIIIIIIIIIIII|I|I|I|I|IIIIIIII
CTGCTGACTTTTTTATTTTT. AATTTCCATT. TATGCAAATAR

TTATATAGH

CCGARCTTTCEETTACGTTGEETTT T T TCACGARAATGACACTTTARTATATTTARNRCATTT)

COEEELEEEELEE LR EEE LT FEEELELEL L E LT
CCAMACTTTGGGTTAGTTGGGTTTTGTTCANARATGACACTTTANTATATTTARACKTTT

TATTTCAATAGGTGTAAATAAAA2aaC TAAATGARMGTCTGCCTTAC 639

CETELEREEEELEE LR EEL L EE LD LT
TATTTCARTAGGTGTAARTAAANARACTARATGARNTCTGCCTTAC

Exon 6 Exon7

173
60

233
120
293
180
353
240
413
300
473
360
533
420
593
480

Query- expected hax1 008 sequence amplified using primers for isoform 008
Subject- Sanger sequencing output using hax? 008 forward primer

Green arrows indicate hax1 008 primer annealing sites.
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7.10 Appendix 10: Sanger sequencing analysis of PCR band
amplified using the D. rerio haxl x primer pair reveals the band
iIs hax1 001

D. rerio hax1 001

[ N [ O o I I |

Score Expect Identities Gaps Strand
1033 bits(559) 0.0 586/608(96%) 2/608(0%) Plus/Plus
Query 230 AMNGATGATGATGATE. TTTARCAGHNCCCCATCGEEATCOE
, III|II II|IIIII|I III|IIIII|IIIII|IIIII|IIII|IIIII|IIIII|III
Sbijct 12 AMGATGATGATE ARCAGACCCCATCEEE
Query 290 CGATGCCTTCAGGTTTGGATTCAGTTTCGGTCCAGGCGGGGCACGCTTTGARGAGCCTCL | 349
, III|IIIII|IIIII|IIIII|IIIII|IIIII|IIIII|IIII|IIIII|IIIII|III
Sbijct 72 TGECCTTCAGETTTGEATTCAGTTTCGETCCAGGCGGEECACGCTTTE.
Query 350 TGETTCGGCCAGATCTTCAGAGACATGGAGGAGATGTTTGCTGETCTGGGACGCTTTGA | 409
, III|IIIII|IIIII|IIIII|IIIII|IIIII|IIIII|IIII|IIIII|IIIII|III
S5bijct 132 TGETTCGGCCAGATCTTCAGAG TETTTECTGEE

Query 410 |TGAGCGACATGGATTTGGACCGAGAGGTTTCCCGTCAATAGAAGCTCCACCTCCACAGGR| 469

: UCCCCCCCECELECEEECEEEEEOE CELECCCECEE L LI EET T L [ |EXon 3
sbjct 192 |TGAGCGACATGGATTTGGACCGAGAGGTTTCCCGTCAATAGAAGCTCCACCTCCACAGGA| 251

Query 470 | AGGAGTTGAGAAAGGCAGGAGTEEGACAGGAAGTGEGGAATCCCATCAGAGATTTCATETT | 529

Exon 3 [ [ILILLLLEEEECEEELEREEEE FEEELEELEELEEEEERE L EEELE LT
Sbjet 252 | AGGAGTTGAGAAAGGCAGGAGTGGAACAGGAMGTGEGAATCCCATCAGAGATTTCATGTT | 311

Query 530 |GAAGTCTCCTGACCGCTCACCTAAAGATCCAGAGCACAGAGAGGATTCTCCACCAAATCA | 589
Exon 3 |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
sbjet 312 TGACCGCTCACCTARAGATCCAGAGCACAGAGAAGATTCTCCACCAANTCA | 371

Query 590 |TCCTCACAGGAGGCCTTTC ATATTTGGARAGATGGACTGTTAAMACC | 649
S Ny e = e e
Sbjet 372 |TCCTCACAGGAGGCCTTTC ATATTTGGARAGATGGACTGTTAAMACC | 431

Query 650 |ARAGGGGGAAGACAAAMNGCCAGGATGGAGATCTGEACTCACAGGTEGTCTTCAGETGGACT| 709

Exond ([ LLLLLLILLLNEEREEERCEELEE LR EELEEEELE LT LEELLEELLLT ] Exon S
Sbjct 432 |AAAGGGGGAAGACARAAGGGAGGATGGAGATCTGGACTCACAGGTGTCTTCAGGTGGACT 491

Query 710 |GGACCAGATCTTGAAAGATCCAGCACCTTCACAGCCAAAMMCARGETCATTTTTTAAGTC | 769

ExonS [[LILLELLLLLLEEEELELEED DEEEEREEEEEEE FREREERELLET LT ELT 1]
sbjet 492 |GGACCAGATCTTGAAAGATCCANCACCTTCACAGCCMAAAACARGGTCATTTTTTAANTC | 551

Query 770 |DGTCAGCGTCACCAAG-GTGEGTCCGACCGGATGGANC TCTACGARGAMCGGCGAR-CAGTC | 827

ExonS5 [||||[|[][]] LLCLECEEEEE CELEIREEEL T LT o] 1] || [EXon'®
sbjet 552 |TGTCAGCGTCNNNNNNNGTGGTCCGACCHNATGGAMCTGTANAANAACGGCNAANCANTC| 611

Query 828 AGATGG 835

Exon6 ||| |IIl
Sbjet 612 ANATGE 619

Red arrows indicate hax1 x primer annealing sites

Query- hax1 001 sequence deduced from the Ensebl sequencing
data

Subject- Sanger sequencing output using hax1 x forward primer
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7.11 Appendix 11. Sanger

D. rerio hax1 gene(:. i

normal splicing (hax1 primer pair).

splice MO induced splicing. . I

Ol NN B0
Bl BN B
BN |

Score Expect Identities Gaps Strand
1515 bits(820) 0.0 831/839(99%) 1/839(0%) Plus/Plus

Query 2485 CGCTTTCARGAGCCTCAGATGTTCGECCAGATCTTCAGAGACATGGAGGAGATGTT | 2544
eoser su | bbb LALLM ) 1o
Query 2545 | TGCTGGTCTGGGACGCTTTGATGAGCGACATGGATTTGCACCGAG, TGTGTCTCTTTG| 2604
o AT AN
Query 2605 | CTCTGTCCCTTTTCAATTTAACATTTTGAATGACCAATTATAGTTARNTTTATAANCAATA) 2664
coser 100 | chrbob bbb LT o
Query 2665 | AGETGACATGGGTGAGCAGTGEATAGCATGATCGCCTCACAGCARGARGGTCGCTGETTT| 2724
eoser 200 | Wb o,
Query 2725 | GAGCCTCGGECTGGGCATTTCTGTGTGGAGCTTGCATGTTTTCCCTGTGTTCACGTGGETT| 2784
aoser a0n | bbb LTI o,
Query 2785 | TCCTCTGEGTGCGCCGETTTCTCCCACAGTCCAAAGTCTEGCTGTAGGTAGTCTARAATTGG] 2844
I P e
Query 2845 | CCATAATGTATGTGTGTGAATGTGTATGEGTGTTTCCCAGTGATGGGTTGCAGCTGGARG] 2904
N P
Query 2905 | GGCATCTGTTGCGTAAARCATATGCTGEATARGTTGGCGETTCACACCGCTGTGTTGACC] 2964
aoser ans | bbb AL LAY oo
Query 2965 | CCTGATGAMRARAAGGCCCTAAGCCGAAMNGARAATAAATCGACTCACTCARTCAATGARGA] 3024
emsen saa. | ERLALCUULLLAELAELEER LAY
Query 3025 | TGTTATAATAATAAAGARTACTTATGAGAAGAGCAACATGAGTGTTGACATTACAANGTA) 3084
eoser con | bbbl LT o,
Query 3085 | TTCAATTTCTTTCCTTTTTTGGTACTAAATGACCCCAAATTACTGARAAAATACCCCARG] 3144
iy Pl .
Query 3145 | ATAARAATTTCTAAACTGTCCATACCTTAGCCGAATACACAATGACAGGCTTGTCATART| 3204
evser 728 | KbAbENHACRR AL O oo
Query 3205 | TTTACAAATTGTCTTACAATGTCAGAACAGGGTAATAATTTACAGTTTGTTGTGAANTAL] 3264
eoser ren | b ALLLLELLEEE  COTTTTY
Query 3265 | GCTAATTGATGATGGTTAGA TCA' CAATTTATTGT, ACTTTCCCCCTC | 3323
N Py -

D Exon 2 D Intron 2-3

sequencing analysis of TOPO

cloned
haxl MO
induced
2.5 kb
PCR band

pair

The 2.5 kb

PCR band induced by splice MO injection and amplified using the hax1 primer
pair was TOPO cloned into the pCR-BLUNT II-TOPO vector. Sanger
sequencing of the PCR band using an M13 Forward primer (green arrow)

resulted in sequence identical to the 3’ of exon 2 and most of intron 2-3 (from

the 5’ end). Query: D. rerio haxl gene sequence deduced from the Ensembl

website. Subject: Sanger sequencing output.
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7.11 Appendix 11: Sanger sequencing analysis of cloned hax1

MO induced 2.5 kb band amplified using the D.

primer pair (cont.)

D. rerio hax1 gene ([ I ﬁ
BN

normal splicing (hax1 primer pair) [l

splice MO induced splicing [l [

=gi=y=
REN

Score Expect Identities Gaps Strand
1552 bits(840) 0.0 843/846(99%) 0/846(0%) Plus/Minus
Query 3418 | CCAGTATCTACACCAGTGCAANTAMNCCACAATCGCGCATTTTCARACTGAGACAGARACTC | 3477
PCCLEELEEE L L L L] LEEEE L LT
Sbjct 846 CCAGTATCTACACCAGTGCARATANCCHCARTCGCGCATTTTCAARNTGAGACAGARCTC | 787
Query 3478 TTTACAACTGACCTTATTGAGTTCALAT, AAGTCARADLTT, 3537
. IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
Sbjct 786 AGTTCAAAT, AAGTCAADLTT, 727
Query 3538 | TCGGCCTTCTGTGAAttttttttagtattttttttARAARNTCTTTCCCAAATGATGTTT | 3597
PCCLECLEEE L LT e EE LT L]
Sbijct 726 TCGECCTTCTGTGAATTTTTTTTAGTATTTTTTTTAARAANTCTTTCCCARATGATGTTT || 667
Query 3598 CAGAGCAAGGAMTTATCATAGTATTACCTATARTATTCTTTC 3657
. IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
Sbjct 666 CAGAGCAAGGAMTTATCATAGTATTACCTATARTATTCTTTC 607
Query 3658 | TATTTATTTATTTTTCCAGCTAGARATAAMAGCAGTTTGARTTTTATTTA TATTTTAC | 3717
EULLEELE L P EE LT L LT
Sbijct 606 TATTTATTTATTTTTCCAGCTAGAATAAANGCAGTTTGAATTTTATTTATAGTATTTTAL || 547
Query 3718 TCAATATTATTATCCCCCTTAATCARLL L L L L L L ECAGTATGTCTACAGARN 3777
. IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
Sbjct 546 TCAATTTTTTTTTTTTCAGTATE 487
Query 3778 TTGCCTAATTACCCTARCCTGCCTAGGTARCCTAG 3837
. IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
Sbjct 486 TTGCCTAATTACCCTARCCTGCCTAGGTARCCTAG 427
Query 3838 | TCTAAATGTCACTTTAAGCTGTATAGAAGGGTAGAANTATCTAGTAARACATTGTTTACT | 3897
PCELEELEEL L EE L L ELE LT L L L]
sbjct 426 TCTAARATGTCACTTTAAGCTGTATAGARGGGTAGAANTATCTAGTAAAACATTGTTTACT | 367
Query 3898 TCATGGCARAGATAAMATARATCAGTTATARGAAATGAGTTATTARARCTAATATG | 3957
. IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
sbjct 366 TCATGGCARAGA 307
Query 3958 |ATTAGATATGTGTTGaaaaaaaTTGTTTGAG CAGAAAMAATATARANGGGGTC 4017
. IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
sbjct 306 TTGTTTG: CAGAAARAATATAANGGCEGETL 247
Query 4018 | TTAGTCAGCCTTCAACTGTGTGTACATTCTCTARCTGATTGTGGTTCACAATTGCACTGG | 4077
PLLLEELEEL L L L L]
sbjct 246 TTAGTCAGCCTTCAACTGTGTGTACATTCTCTAACTGATTGTGGTTCACARTTGCACTGG | 187
Query 4078 | TTTAAGTGATGATACATTTCTAGCATCATCTGTTCTGCTTCTTCCCA CCGT | 4137
. ELELELLELE L L L L L DL ]
sbjct 186 TTTAAGTGATGATACATTTCTAGCATCATCTGTTCTGCTTCTTCCCA: [TTTCCCGT | 127
Query 4138 | CAATAGAAGCTCCACCTCCACAGGAAGGAGTTGAGAAARGGCAGGAGTGGCACAGGARGTG | 4197
. PCLLECEECL L L L L PP L
sbjct 126 CAATAGAAGCTCCACCTCCACAGGAAGGAGTTGAGAMACGGCAGGAGTGEGACAGGAAGTG | 67
Query 4198 | GGAATCCCATCAGAGATTTCATGTTGAAGTCTCCTGACCGCTCACCTAMRAGATCCAGAGC | 4257
PEEELELLELEEEE L L EEE L L EEE LT L L]
sbjct 66 GGAATCCCATCAGAGATTTCATGTTGARGTCTCCTGACCGCTCACCTARAGATCCAGAGE | 7
Query 4258 | ACAGAG 4263
[[1]]]
sbjct 6 ACAGAG

I:I Intron 2-3 I:I exon 3

rerio haxl

Sanger sequencing of PCR band using the hax1l MO intron 3-4 R primer (black

arrow) resulted in sequence identical to most of intron 2-3 (from the 3 “ end) and

most of exon 3 (from the 5 * end). Query: D. rerio hax1 gene sequence deduced

from the Ensembl website. Subject: Sanger sequencing output.
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7.11 Appendix 11: Sanger sequencing analysis of cloned hax1
MO induced 2.5 kb band amplified using the D. rerio haxl
primer pair (cont.)

D. rerio hax1 gene ([l | [E[:ﬂ

normal splicing (hax7 primer pair) [ B REN O
splice MO inducedsplicing [l [l E W B

Score Expect Identities Gaps Strand
712 bits(385) 0.0 385/385(100%) 0/385(0%) Plus/Minus

Query 6336 CAGGTGETTCTGACATGCAGGATGATTTCTCCATGTTTTCCARGTTCTTCAGAGGCTTTC 6395

Sbjct 457 CAGGTGGTTCTGACATGCAGGATGATTTCTCCATGTTTTCCAAGTTCTTCAGAGGCTTTC 398

Query 6396 GAAGTTAAARGAGTTTTGGARCCAAANCCGARGGACAATCTCTTTCCCGGCARACCCACC 6455

Sbjet 397 GAAGTTARAAGAGTTTTGGAACCAAAACCGAAGGACAATCTCTTTCCCGGCARACCCACC 338

Query 6456 ACGATCACAATATTTCATTCTTAAGTATATTTGTGGAGATCCACAACATCAACATTGATC 6515

Sbjct 337 ACGATCACAATATTTCATTCTTAAGTATATTTGTGGAGATCCACAACATCARCATTGATC 278

Query 6516 CTCAMAACTCTGCTGACEttttoattt b Lt ATATANTTTC 6575
IIIIIIIIIII\IIIIIIIIII\IIIIIIIIIIIII\IIIIIIIIII\IIIIIIIIIIII
sbjct 277 CTCAAAACTC ACTTTTTCATTTTTTA' 218
Query 6576 TATGCAAATAATTATATAGACCGAACTTTGGGTTAGTTGGGTTTTGTTCAGAR 6635
IIIIIIIIIII\IIIIIIIIII\IIIIIIIIIIIII\IIIIIIIIII\IIIIIIIIIIII
sbjct 217 'TATGCAAAT! CTTTGGGTT! 158
Query 6636 ATGACACTTTAATATATTTAAACATTTTATTTCAAT. TaaaaaaaCTAAATG 6695
IIIIIIIIIII\IIIIIIIIII\IIIIIIIIIIIII\IIIIIIIIII\IIIIIIIIIIII
sbjct 157 'ARATAMARAAACT! a8
Query 6696 AAGTCTGCCTTACGGTCTCATGAAT 6720
LTI T ] Exon 7
sbijct 97 AAGTCTGCCTTACGGTCTCATGAAT 73
Score Expect Identities Gaps Strand
279 bits(151) 3e-78 158/165(96%) 0/165(0%) Plus/Minus
Query 4285 CTCACAGCGAGGCCTTTCTCAAAGGTARN TGCCAGTGAATATCTGCAGTCTCT 4344
. ELLLEELLLLEELLL] IIIIIIIIIIIIIIII IIIIIIIIIIII | LT
sbjct 868 CTCACAGGAGCCCTTTNTCAAAGGTALD! TGAANNTNTGCAGTCTCT 809

Query 4345 CCATTCCAGCGTCTCATCTTATTGGCTTTCTTTCATTTCAGTTCARCCGATATTTGGAAMG 4404

sbjet 808 CCATTCCAGCGTCTCATCTTATNGGCTTTCTTTCATTTCAGTTCARCGATATTNGGARAG 749

Query 4405 ATGGACTCTTAAMACCAAAGGGGGAMRGACAAMMGGGAGGATGGAG 4449
. FLCCLLLLEEEEELLL LT ELEEE LT Exon6
Sbict 748 ATGGACTGTTAAAMCCAAAGGGGGARGACAARNGGGAGGATGGAG 704
m
235 bits(127} 7e-65 127/127(100%) 0/127(0%} Plus/Minus
Query 4925 TCTGGACTCAC. TCAGGT ARGATCCAGCACH 4984
. II\IIIIIIIIIIIIIIIIII\IIIIIIIIIIIIIIIIII\IIIIIIIIIII\IIIIIII
sbjet 705 TCACAGGTGTCTTCAGGTCE TTGAARGATCCAGCACC 646

Query 4985 TTCACAGCCAAARRCAAGGTCATTTTTTAAGTCTGTCAGCGTCACCAAGGTGGTCCGACC 5044

Sbjct 645 TTCACAGCCAAAAACAAGGTCATTTTTTAAGTCTGTCAGCGTCACCAAGGTGETCCGACC 586

Query 5045 GGATGGA 5051
L1111 Exon 5

Sbjct 3585 GGATGGA 579

Score Expect Identities Gaps Strand

233 bits(126) 3e-64 126/126(100%) 0/126(0%) Plus/Minus

Query 5137 BGARGANCCGGCGAR AAGAGACGACCGTGACC 5256
. \IIIIIIIIIIIIIIIIIIIIIIIIIIIIII\IIIIIIIIIIIIIIIIIIIIIIIIIIII

Sbjct 578 519

Query 5257 TCAGAAAGGCCAGGTGCGCAAGATAGGCCAGTCCTEGGATCAGTCTGGTCCTTTAATG 5316
. \IIIIIIIIIIIIIIIIIIIIIIIIIIIIII\IIIIIIIIIIIIIIIIIIIIIIIIIIII

Sbjct 518 TCAGARAGGCCAGGTGGECANGATAGGCCAGTCCTGGATCAGTCTGEGTCCTTTARATG 459

Query 5317 CCAGGT 5322
T Exon 4

Sbjct 458 CCAGGT 453

Sanger sequencing of PCR band using an M13 Reverse primer (green arrow)
resulted in sequence identical to exons 4-7. Query: D. rerio haxl gene
sequence deduced from the Ensembl website. Subject: Sanger sequencing

output.
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7.12 Appendix 12: Determining the insert orientation by Sanger
sequencing of the cloned hax1 001 cds in pCS2+

hax1 001 cds

Sv40 PolyA tail
Sp6 promoter
M13 Rev

pCS2+ hax1 001

LIENIO TETND ALLD 1| @550CIEIEQ Pproein A= 1 [nax i), meiNs
Sequence |ID: ref|[NM_001002337.1| Length: 1241 Number of Matches: 1

p See 1 more title(s)

Range 1: 362 to 987 GenBank Graphics
Score Expect Identities Gaps Strand
1157 bits{626) 0.0 626/626(100%) 0/626(0%) Plus/Minus

Query 243 | TATTGTGATCGTGETEEETTTECCGEEARAGAGATTGTCCTTCGETTTTGETTCCARAAC | 302

8bi E 98 T TATTGTGATCETEETEEETTTECCEEEAAAGAGATTGTCCTTCGETTTTGETTCCARAAC | 928
xon
Query 30 3 TCTTTTAACTTCGAAAGCCTCTGANGAACTTGGARAACATCCAGARATCATCCTGCATGT | 362

Sbjct 927 | TCTTTTAACTTCGAAAGCCTCTGAAGAACTTGGAAAACATEEAGAAATCATCCTGCATGT | 868

ngy 363 | cacaaccackTGGCATTAAAGGACCAGACTGATCCAGGACTGGOCTATCTTECCCACCTE | 422
XON A4 LLLLLCELIR L L L EECE L L L]

Sbjct 867 | CAGAACCACETGGCATTAAAGGACCAGACTGATCCAGGACTGECCTATCTTGCCCACCTG | 808

Query 423 482

GCCTTTCTGAGATGGTCACGGTOGTCTCTTCATTACCTTCTCCATC TCTGACTGTTCGOC
S G X B nnnnnnnm

Sbjet 807 | GCCTTTCTGAGATGGTCACGGTCGTCTCTTCATTACCTTCTCCATCTCTGACTGTTCGCC | 748

guery 483 | GTTCTTCTACAG TCOGGTCGGACCACCTTGETGACGCTGACAGACTTARARAATG | 542
Exon O [LLLLLLITITIMELEECCCCEECCECCEEENLCEEEEEEEEEEELTLLLT T | EXon S

sbjct 747 | GPTCTTCTACAG TCCGGTCGGACCACCTTGOTGACGCTGACAGACTTARARAATG | 688

Query 543 | ACCTTGTTTTTGGCTGTGAAGGTGCTGGATCTTTCARGATCTGGTCCAGTCCACCTGRAG | 602
GO N s o

sbjct 687 | ACCTTGTTTTTGGCTGTGAMGETCCTGEATCTTTCAAGATCTGETCCAGTCCACCTGAAG | 624

Query 603 ] ACACCTGTGAGTCCAGHTCTCCATCCTCCCTTTTGTCTTCCCCCTTTGGTTTTARCAGTC Eﬁ 2
Xon IIIIIIIIIIIIIIII IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII xon 4
sbict 627 TCCTCCCTTTTGTCTTCCCCCTTTGETTTTAACAGTC | 568

CATCTTTCCAANTATCGTTG TTTGAGALRAGGCCTCCTETGAGGATGATTTGCGTGGAG

EZZ
CCCLCLCEECECEECCC TR CEEEEEECCC L LT LT ] | Exon 3
CATCTTTCCARATATCGTTGANCTTTGAGARAGGCCTCCTGTGAGGATGATTTGGTGEAG | 508

*EXon 4
sbict 567

Qlﬁr}' 7 AATCCTCTCTGTGCTCTGGATCTTTAGGTGAGCGETCAGGAGACTTCAACATGAAATCTC | 782
xXon

Sbjct 507 | AATCCTCTCTGTGCTCTGEATCTTTAGETGAGCGETCAGGAGACTTCARCATGARATCTC | 4448

Query 783) TGATGEGATTCCCACTTCCTGETCCCACTCCTGCCTTTCTCAACTCCTTCCTGTGGAGETE | 842

Exon 3§ LLLLCLULECEEEEEECENUECEEEEEEEEEEEEE TP EEE LT ELL

Sbject 447 | TGATGEGATTCCCACTTCCTGTCCCACTCCTGCCTTTCTCAACTCCTTCCTGTGGAGETG | 388

Query 843 GAGCTTCTATTGACGGGAAAQCTCTC | 868

Excon 30 LILLLLCTTTLTTLITTT 4T | Exon 2
sbjct 387| GAGCTTCTATTGACGGGAAMJCTCTC | 362

1—

Sequencing of pCS2+ haxl 001 using the M13 Reverse primer revealed that
the full length cds insert is in the 5°-3’ direction. Therefore, the haxl coding
sequence is in the correct orientation for in vitro transcription to generate full
length hax1 capped RNA for injection into single cell zebrafish embryos.
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7.13 Appendix 13: PCR primers for generation, amplification

and sequencing of ZFN constructs

7.13.1 Left ZFN subunit F1 and F2F3 primers:

GoodF1HaxlaL
5'-ggccACCGGTATGAGTACGGGTATGACGGTCCAAAATATGACGACGCGA
AAAGTTCCGCATGCAAAT-3'

GoodF2F3HaxlalL
5'-ggccACCGGTGAAAAACCGTTTCAGTGTCGGATCTGTATGCGAAATTTCT
CCCGTCAGGACAACTTGGGTCGTCATCTACGTACGCACACCGGCGAGAAG
CCATTCCAATGCCGAATATGCATGCGCAACTTCAGTCGTAACGTTAACTTG
GTTACCCACCTAAAAACCCACCTGAG-3'

Right ZFN subunit F1 and F2F3 primers:

GoodF1HaxlaR
5'-ggccACCGGTATGAGTACGGGTATGACGCAACAAGTTATGTGGACGCGA
AAAGTTCCGCATGCAAAT-3'

GoodF2F3Hax1aR
5'-ggccACCGGTGAAAAACCGTTTCAGTGTCGGATCTGTATGCGAAATTTCT
CCCATAAATCTTCTTTGACCCGTCATCTACGTACGCACACCGGCGAGAAGC
CATTCCAATGCCGAATATGCATGCGCAACTTCAGTCAGACCACCCATTTGT
CTCGTCACCTAAAAACCCACCTGAG-3

The F1 and F2F3 primers (4 nmole ultramer synthesis) for each the left and

right subunits were purchased from Integrated DNA Technologies, Coraville, IA.
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7.13.2 PCR primers for ZFN construct amplification and sequencing

Sequence Product | Annealing
size (bp) | temp.
(°C)
LCS2 5-GAAAAGTTCCGCATGCAAAT-3’ 4867 50
goodRCS2 5-CACCTAAAAACCCACCTGAG-3’
LseqC2 5-TGCAGGATCTGCCACCAT-3’ 602 50-60
RseqCS2 5-TCCTTGATCCACCCAAATGT-3
LseqFok 5-GCCAGAAATTCCACTCAGGA-3’ 705 50-60
RseqFok 5-CCCCCTGAACCTGAAACATA-3’
LHax1ZFN 5-AGTCAGCCTTCAACTGTGTGT -3’ 305 50-60
RHax1ZFEN 5-TGGCAGACCTCGATTTACCT-3’
LHax1ZF454 | 5-CGTATCGCCTCCCTCGCGCCATCAG 375
RHax1ZF454 acgagtgcgtAGTCAGCCTTCAACTGTGTGT-
3
5-CTATGCGCCTTGCCAGCCCGCTCAG
cgagagatacTGGCAGACCTCGATTTACCT-
3!
atitanium 5- CGTATCGCCTCCCTCGCGCCATCAG - | 375
btitanium ¥

5- CTATGCGCCTTGCCAGCCCGCTCAG -
3
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7.14 Appendix 14: Validation of the ZF (F1-F3 array) and

nuclease domain sequences of the left and right hax1 targeting

ZFN expression vectors

7.14.1 Validation of the Left ZFN ZF sequence (Colony L12)

a) Score Expect Identities Gaps Strand
915 bits(495) 0.0 496/497(99%) 0/497(0%) Plus/Plus
Query 58 TTACANGGATG, TGACANGGGETR 117

. |||||I||I |||||I||I||||||I||I||||||I||I||||||I||I||||||I||I|
Sbijct 21 TGACAAGGGETA a0
Query 118 GGAGCGCCCCTTCCAGTGTCGCATTTGCATGCGGAN TCGCGTCGTCATATTTTGGA 177

. |||||I||I||||||I||I||||||I||I||||||I||I||||||I||I||||||I||I|
Sbjct 81 TCGCATTTGCATGCGGAACTTTTCGCGTCE TATTTTGGA 140
Query 178 CCGTCATACCCGTACTCATACCGGTGAAAANCCGTTTCAGTG 237

. |||||I||I||||||I||I||||||I||I||||||I||I||||||I||I||||||I||I|
Sbjct 141 CGTTTCAGTG 200
Query 238 TTTCTCCCGTCAGGACAACTTGGGTCGTCATCTACGTACGCACACCGGCGAGAAGCCATT 297

FLLELELLEREELE UL LR L LR L L L LEEL L]
Sbjct 201 TTTCTCCCGTCAGGACAACTTGGGTCGTCATCTACGTACGCACACCGGCGAGAAGCCATT 260
Query 298 TGCATGCGCAACTTCAGTCG AACTTGGTTACCCACCTARR 357

. |||||I||I||||||I||I||||||I||I||||||I||I||||||I||I||||||I||I|
Sbjct 261 TGCATGCGCAACTTCAC TTGGTTACCCACCTARAR 320
Query 358 AACCCACCTGAGGGGATCCCARCTAGTCAAANGTGAACTGGAGGAGAAGAAATCTGAACT 417

FECELELLELEELEEEEEE DL L L DL LT
Sbijct 321 AAMCCCACCTGAGGGGATCCCAACTAGTCAAAAGTGAACTGGAGGAGAAGAAATCTGAACT 380

b ) Score Expect Identities Gaps Strand
909 bits(492) 0.0 492/492(100%) 0/492(0%) Plus/Minus
Query 19 GGCTCCAAAGAMGANGCGTARGGTAGACTACAAAGACCATGACGGTGATTATARAGATCA 78

CELELEEELELEEELECEE L ELEEEE L L L LT
Sbjet 512 GGCTCCAAAGAAGANGCGTAAGGTAGACTACAAAGACCATGACGGTGATTATARAGATCA 453
Query 79 TGACATCGATTACARGGATGACGATGACANGGGTACCGGEGGAGCGCCCCTTCCAGTGTCG 138

EELCLEELDELEEELECE L ELEELEEEEELE P L LT
Sbjet 452 TGACATCGATTACAAGGATGACGATGACAMRGGGTACCGGGGAGCGCCCCTTCCAGTGTCG 393
Query 139 CATTTGCATGCGGAACTTTTCGCGTCGTCATATTTTGGACCGTCATACCCGTACTCATAC 198

FELELLELELEEELEREEEEELEELE LD L L L]
Sbjct 392 CATTTGCATGCGGAACTTTTCGCGTCGTCATATTTTGGACCGTCATACCCGTACTCATAC 333
Query 199 TGAAAAACCGTTTCAGTGTCGGATCTGTATGCGARATTTC! CGTCAGGACAN 258

. ||||I||||I|||||I||||I||||I||||||||||I||||I||||I||||||||||I||
sbjct 332 TGAARAAACCGTTTCAGTGTCGGATC TGTATGCGARATTTCTCCCGTCAGGAC AN 273
Query 259 GGGTCGTCATCTACGTACGCACACCGGCGAGAAGCCATTCCAATGCCGAATATGCATGCG 318

FELELEEETELEEEEEREEEE LR EERE L EEECEE LT EE L LT
Sbject 27Z GGGTCGTCATCTACGTACGCACACCGGCGAGAAGCCATTCCAATGCCGAATATGCATGCG 213
Query 319 CARCTTCAGTCG ACCCACCTARANMCCCACCTGAGGGGA 378

. ||||I||||I|||||I||||I||||I||||||||||I||||I||||I||||||||||I||
Sbjet 212 153
Query 379 ACTAGTCAAARGTGARCTGGAGGAGAAGAANTCTGAACTTCGTCATAAATTGAAATATGT 438

FOLCCEEEDELEEEEECEE L EUE L LR LT
Sbjet 152 ACTAGTCAAAAGTGAACTGGAGGAGARGAAATCTGAACTTCGTCATAAATTGAAATATGT 93
Query 439 CGCCTCATGAATATATTGAATTAATTGAAATTGCCAGARATTCCACTCAGGATAGAATTCT 498

FELECEELEELEEEDECEE L EELE DL L DL L EEE L T
Sbjct 92 GCCTCATGAATATATTGAATTAATTGAAATTGCCAGARATTCCACTCAGGATAGAATTCT 33
Query 499 TGAMATGAMGGT

FLELLEETTTL
sbijct 32 TGARATGAMGGT

Sanger sequence of the Left ZFN subunit expressing
LseqCS2 (a.) and RseqCS2 (b.). Query: Expected 569 bp PCR product.

Subject: Sanger sequencing output.

colony L12 using
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7.14.2 Validation of the Right ZFN ZF sequence (Colony R3)

a_) Score Expect Igentities Gaps Strand
989 bits(535}) 0.0 535/535(100%}) 0/535(0%) Plus/Plus
Query 52 CGATGTTCCTGACTATGCGGGCTATCCCTATGACGTCCCGGACTATGCAGGATCGTATCC 111
CEREEREELEER LR EEE L L LT
Sbject 16 CGATGTTCCTGACTATGCGGGCTATCCCTATGACGTCCCGEGACTATGCAGGATCGTATCC 75
Query 112 ATATGACGTTCCAGATTACGCTGCTCATGGTACCGGGGAGCGCCCCTTCCAGTGTCGCAT 171
[REERELLEEEEEELEE L EEE L P L]
Sbjet 76 ATATGACGTTCCAGATTACGCTGCTCATGEGTACCGEGGAGCGCCCCTTCCAGTGTCGCAT 135
Query 172 TTGCATGCGEAACTTTTCGCGTCCACATAACTTGTTGCGTCATACCCGTACTCATACCGE 231
COLEELELL LD EEEEEL L LT L L L]
Sbjct 136 TTGECATGCGGAACTTTTCOGCGTCCACATAARCTTGTTGCGTCATACCCGTACTCATACCGE 195
Query 232 TGAAAMACCGTTTCAGTGTCGGATCTGTATGCGAAATTTCTCCCATAAATCTTCTTTGAC 291
COPEERELLEEEEEEEEEE L e R E L L L]
Sbjet 196 TGAAAAACCGTTTCAGTGTCGGATCTGTATGCGAAATTTCTCCCATAAATCTTCTTTGAC 255
Query 292 CCGTCATCTACGTACGCACACCGGCGAGAAGCCATTCCAATGCCGAATATGCATGCGCAR 351
_ ||II|||II||II|||II||II|||II||II|||II||II|||II||II||III||II||
b) Sbjct 256 TACGCACACCGGCGAGAAGCCATTCCARTGCCG. TGCATGCGCAR 315
Score Expect Identities Gaps Strand
918 bits(497) 0.0 497/497(100%) 0/497(0%) Plus/Minus
Query 18 TGECTCCAMMGAAGARGCGTAAGGTATACCCATACGATGTTCCTGACTATGCGGGCTATC 77
COLLEEREELE LR LR L L L LR
Sbjct 518 TGGCTCCAARGAAGARAGCGTAAGGTATACCCATACGATGTTCCTGACTATGCGEGCTATC 459
Query 78 CCTATGACGTCCCGGACTATGCAGCGATCGTATCCATATGACGTTCCAGATTACGCTECTC 137
COLEELEECELEL LR LT
Sbjct 458 CCTATGACGTCCCGGACTATGCAGGATCGTATCCATATGACGTTCCAGATTACGCTGCTC 399
Query 138 ATGGTACCGGEGGAGCGCCCCTTCCAGTGTCGCATTTGCATGCGGARCTTTTCGCGTCCAC 197
CCLEEELECEEEEEEEELEEELEE L L L L]
Skjet 398 ATGETACCGGGGAGCGCCCCTTCCAGTETCGCATTTGCATGCGCAACTTTTCGCGTCCAC 339
Query 198 ATAARCTTGTTGCGTCATACCCGTACTCATACCGGTGAARAACCGTTTCAGTGTCGGATCT 257
CELCLELEEEE L ECE LR L E LT
sSbjct 338 ATAACTTGTTGCGTCATACCCGTACTCATACCGGTGAARAAACCGTTTCAGTGTCGGATCT 279
Query 258 TTTCTCCOCAT TTTGACCCGTCA BCGTACGCACACCGGCG 317
, |||||III|||||IIII||||IIII|||||III|||||IIII||||IIII|||||IIII|
sbjct 278 ARATTTCTCCCATARATCTTCTTTGACCCGTCA ACGTACGCACACCGGCG 219
Query 318 AGARGCCATTCCAATGCCGAATATGCATGCGCAMCTTCAGTCAGACCACCCATTTGTCTC 377
COPLELLELECETELEEL LR EL L L LT
Skjet 218 AGAAGCCATTCCAATGCCGAATATGCATGCGCAACTTCAGTCAGACCACCCATTTGTCTC 159
Query 378 GTCACCTAAAAMRCCCACCTGAGGGGATCCCAACTAGTCAAAAGTGAACTGEAGGAGAAGE 437
, CECCEEERE R EEEEE LR LR L L LT
Sbjct 158 GTCACCTAARRACCCACCTGAGGGGATCCCARCTAGTCAARKNGTGARCTGGAGGAGARGR 99
Query 438 AATCTCAACTTCGTCATAAATTGAAATATGTGCCTCATCAATATATTCGAATTAATTEAANR 497
CELLELEECEEEE L LT LL L EE L L LT
sSbjct 98 ARTCTGAACTTCGTCATARATTGARATATGTGCCTCATGARTATATTGARTTARTTGARR 39
Query 498 TTGCCAGAAATTCCACT 514
LLLLEELEELLELTTL
Skjet 38 TTECCAGARMTTCCACT

Sanger sequence of the Right ZFN subunit expressing colony R3 using
LseqCS2 (a.) and RseqCS2 (b.). Query: Expected 599 bp PCR product.

Subject: Sanger sequencing output.
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7.14.3 Validation of the Left ZFN Fokl sequence (Colony L12)

a) Score Expect Identities Gaps Strand
1186 bits(642) 0.0 643/644(99%) 0/644(0%) Plus/Plus
Query 62 ACGTAANCATTTGGCTGCATCARGCGARNCCGCGACGCGAGCANTTT. 121
. IIIIIIIIIIIIIIIIIIIIIIII\HI\IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
sbjct 35  TTTATGGATATAGAGGTAAACATTTGGGTGGATCAAGGAAACCGGACGGAGCAATTT 94

Query 122 CTGTCGGATCTCCTATTGATTACGGTGTGATCGTGGATACTAMMGCTTATAGCGGAGCTT 181

CVCELEEE L LD L LT
sbjet 95 CTGTCGGATCTCCTATTGATTACGGTGTGATCGTGGATACTARAGCTTATAGCGGAGGTT 154

Query 182 ATAATCTGCCAATTGGCCAAGCAGATGAAATGCAAGACTATGTCGAAGARARTCAAACAC 241
PELELLECCEELELCELL LU L LR

Sbjct 155 ATAATCTGCCAATTGGCCAAGCAGATGAAATGCAAGACTATGTCGAAGAAAATCAARCAC 214

Query 242 GARACAMACATATCARCCCTAATGAATGGTGGARAGTCTATCCATCTTCTGTAACGGAAT 301

. CELLEEELE L ELL LR LT
sbjct 215 GAARCARRCATATCAACCCTARTGAATGGTGGAAAGTCTATCCATCTTCTGTAACGGAAT 274

Query 302 TTAAGTTTTTATTTGTGAGTGGTCACTTTAAAGGARACTACAARAGCTCAGCTTACACGAT 361
VUL LR EELEEE L L LR LT LT

Sbjct 275 TTAAGTTTTTATTTGTGAGTGGTCACTTTAAAGGAAACTACAAAGCTCAGCTTACACGAT 334

Query 362 421

TAAATCATATCACT, 'CTTAGTG' 'AATTGGTG
IIIIIIIIIIIIIIIIIIIIIIII\I\I\IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
TTGTARTGGAGC!

Sbijct 335 TGTTCTTAGTGTAGAAG. AATTGCTG 394

Query 422 GAGARATGATTARAGCCGGCACATTAACCTTAGAGGARGTGAGACGGAARTTTARTAACCG 481

. CECCLEEEE L LR CELLEER UL LT LR
b) sbjet 395 GAGAAATGATTAARGCCGCCACATTAACCTTAGAGGAAGTGAGACGGARATTTAATAACG 454

Query 482 GCGAGATAAACTTTTAATCTAGAACTATAGTGAGTCGTATTACGTAGATCCAGACATCAT 541

CCCLELE R EEE LR EEE L EEE L LT
sbjct 455 GCGAGATAAACTTTTAATCTAGAACTATAGTGAGTCGTATTACGTAGATCCAGACATGAT 514

Query 542 ' TTTGCACAAACCACARCT, ‘TGaaaaaaaTGCTTTAT 601

Sbjet 515 ' TTTGCACAAACCACAACT, ' TGARADAANTGC 574

Query 602 TTGTGAAATTTGTGATGCTATTGCTTTATTTGTAACCATTATAAGCTGCAATAAACAAGT 661

PECELEEE R EEEEE LR
sbjet 575 TTGTGARATTTGTGATGCTATTGCTTTATTTGTAACCATTATAAGCTGCAATAAACAAGT 634

Query 662 TAACAACAACAATTGCATTCATTTTATGTTTCAGGTTCAGGGGG
. FELCLELELLEL L LD LT EEEE L] T
sbjet 635 TAACAACAACAATTGCATTC GTTTCAGGTTC
g mem ——-
. ||||||||||\|||||||||||||||\||||||||||||||\|||||||||||||||\|
sbjct 488 RATTGGCCARGCAGATG. ARARTCAARCACGARACAARCR 429

Query 252 TATCAACCCTAATGAATGGTGGAAAGTCTATCCATCTTCTGTAACGGAATTTAAGTTTTT 311
PLECEELELEEEREEELEEEEE LT EEE LT

Sbjct 428 TATCAACCCTAATGAATGGTGGAAAGTCTATCCATCTTCTGTAACGGAATTTAAGTTTTT 369

Query 312 ATTTGTGAGTGGTCACTTTAAAGGAMACTACAAAGCTCAGCTTACACGATTAAATCATAT 371

Sbjct 368 ATTTGTGACTGGTCACTTTAAAGGAAACTACAAAGCTCAGCTTACACGATTAAATCATAT 309

Query 372 AAGAG( 431

TTTTA 'GCTCCAGAAATCGAT
IIIIIIIIII\IIIIIIIIIIIIIII\IIIIIIIIIIIIIII\IIIIIIIIIIIIIII\I
TTTTA 'GCTGGAGAAATGAT

Sbjct 308 !

249

Query 432 TAAAGCCGGCACATTAACCTTAGAGGAAGTGAGACGGAMATTTAATAACGGCGAGATAARL 491

. PLLCLLLELEELEEEEELLEEEEE L LR LEE L L LT
sbjct 248 TARRGCCGGCACATTAACCTTAGAGGARGTGAGACGGAAATTTARTAACGGCGAGATARA 189

Query 492 CTTTTAATCTAGAACTATAGTGAGTCGTATTACGTAGATCCAGACATGATAAGATACATT 551

CULEELELEECEREEE T EE LT LEE LT
sbjct 188 CTTTTAATCTAGAACTATAGTGAGTCGTATTACGTAGATCCAGACATGATAAGATACATT 129

Query 552 TTTGGACARACCACANCTAGANTGCAGTGAAA88AATGCTTTATTTE 611
) IIIIIIIIII\IIIIIIIIIIIIIII\IIIIIIIIIIIIIII\IIIIIIIIIIIIIII\I
sbjct 128 TTTGGACARACCACARCT. TGARRARANTGC 69
Query 612 TTTGTAACCATTATARGCTGCAA
. IIIIIIIIII\IIIIIIIIIIIIII\IIIIIIIIIIIII

Sbjct 68

Sanger sequence of the Left ZFN subunit expressing colony L12 using LseqFok
(a.) and RseqgFok (b.). Query: Expected 705 bp PCR product. Subject: Sanger

sequencing output.
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7.14.4 Validation of the Right ZFN Fokl sequence (Colony R3)

a) Score Expect Identities Gaps Strand
1166 bits(631) 0.0 631/631(100%) 0/631(0%) Plus/Plus
Query 63 TTATGGATATAGAGGTAMACH TGCGATCAAGGARACCGGACGGAGCAATTTATAC 122
ELLECEEELEREEE L LT EE L L LT
Sbjct 33  TTATGGATATAGAGGTAAACATTTGGGTGGATCAAGGAARCCGGACGGAGCAATTTATAC 92
Query 123 TGTCGGATCTCCTATTGATTACGGTGTGATCGTGGATACTAAAGCTTATAGCGGAGGTTA 182
ELLELEEELELEEEE L L ELE L L L L
Sbjct 93  TGTCGGATCTCCTATTGATTACGGTGTGATCGTGGATACTAAAGCTTATAGCGGAGGTTA 152
Query 183 TAATCTGCCAATTGGCCAAGCACGTGAAATGCAACGATATGTCGAAGARANTCARACACG 242
. EELLLELULELEEEE L L EEE L LT L L L
Sbjct 153 TAATCTGCCAATTGGCCAAGCACGTGAAATGCARCGATATGTCGAAGARARTCARACACG 212
Query 243 AAACARRCATATCAACCCTAATGAATGGTCGAAAGTCTATCCATCTTCTGTARCGGAATT 302
PILEELLULEDELEECEE L EEEEEEE L L L LT L
Sbjct 213 AAACARACATATCAACCCTAATGAATGGTGGAARGTCTATCCATCTTCTGTAACGGARTT 272
Query 303 TAAG ATTTGTGAGTGGTCACTTT: ARACT, TT. ATT 362
. FELELEEEE LR L P LR L L L L L L]
sbjet 273 TAAGTTTTTATTTGTGAGTGGTCACTTTAAAGGAAACTACAAAGCTCAGCTTACACGATT 332
Query 363 AAATCATATCACTAATTGTAATGGAGCTGTTCTTAGTGTAGAAGAGCTTTTAATTGGTGG 422
FELLCLLTLEEELEE LT EEEEEEE L EEEEEE LT ELEEEE LT
Sbjct 333 AAATCATATCACTAATTGTAATGGAGCTGTTCTTAGTGTAGAAGAGCTTTTAATTGGTGG 392
Query 423 AGAARTGATTAAAGCCGGCACATTAACCTTAGAGGAAGTGAGACGGAARTTTAATAACGG 482
FEEEEEEEEE et e e e et et r et e e et e e e e et
Score Expect Identities Gaps Strand
b 1164 bits(630) 0.0 632/634(99%) 0/634(0%) Plus/Minus
) Query 15 TCAGGATAGAATTCTTGARATGAAGGTAATGGAATTTTTTATGARAGTTTATGGATATAG 74
EERLCLLLEEE DL EEEEREE DL LR E L LT
Sbjct 665 TCAGGATAGAATTCTTGAAATGAAGGTAATGGAATTTTTTATGAAAGTTTATGGATATAG 606
Query 73 AGGTAAACATTTGGETEEATCAAGCGARACCGGACGGAGCARTTTATACTGTCGGATCTCC 134
FOLLEEELEEEEEEEEEE L ELE LD EEEE L L P LT
Sbjct 605 AGGTAAACATTTGGGTGGATCAAGGAAACCGGACGGAGCAATTTATACTGTCGGATCTCC 546
Query 135 TATTGATTACGGTGTGATCGTGGATACTAARGCTTATAGCGGAGGTTATAATCTGCCAAT 194
FELECEEOEELEEEEET LU L LT
Sbjot 545 TATTGATTACGGTGTGATCGTGGATACTAAAGCTTATAGCGGAGGTTATAATCTGCCAAT 486
Query 195 TGGCCAAGCACGTGAANTGCAACGATATGTCGARGARMATCAANCACGARACARACATAT 254
. EELUCERUEECLLEEEEEEEE L CUEEE LT LR L L ELEE L LT
Sbjct 485 TGGCCAAGCACGTGAAATGCAACGATATGTCGAAGAAMATCAAMACACGARACARAACATAT 426
Query 255 CAACCCTAATGAATGGTGGARAGTCTATCCATCTTCTGTAACGGAATTTAAGTTTTTATT 314
FELLLLLLEELTLEECEE LD CEEEE L L EEE DL LT
Sbjct 425 CAACCCTAATGAATGGTGGAAAGTCTATCCATCTTCTGTAACGGAATTTAAGTTTTTATT 366
Query 315 TGTGAGTGETCACTTTAARGGAAACTACAARGCTCAGCTTACACGATTARATCATATCAC 374
FELEEEEREELE LR LT LR LT
Sbjct 365 TGTGAGTGGTCACTTTAAAGGAAACTACAARGCTCAGCTTACACGATTARATCATATCAC 306
Query 375 TAATTGTAATGGAGCTGTTCTTAGTGTAGARGAGCTTTTAATTGGTGGAGARATGATTAR 434
FELLLLEEELEELLE L L L L LT
Sbjeot 305 TAATTGTAATGGAGCTGTTCTTAGTGTAGAAGAGCTTTTAATTGGTGGAGAAATGATTAR 246
Query 435 AGCCGGCACATTAACCTTAGAGGAAGTGAGACGGAAATTTAATAARCGGCGAGATAAACTT 494
) FELULELEEEELEEELEEEEEE L L L P EEEEE L L
Sbjet 245 AGCCGGCACATTAACCTTAGAGGAAGTGAGACGGAAATTTAATAACGGCGAGATAAACTT 186
Query 495 TTAATCTAGAACTATAGTGAGTCGTATTACGTAGATCCAGACATGATARGATACATTGAT 554
EERLLLELEELLELECE L L LT EEEE DL L L]
Sbjct 185 TTAATCTAGAACTATAGTGAGTCGTATTACGTAGATCCAGACATGATARGATACATTGAT 126
Query 555 GAGTTTGGACAAACCACARCTAGAATGCAGTGAAAAAAATGCTTTATTTGTGARATTTGT 614
. FELELEEREEEEEEEECE L LT LT LT
Sbjot 125 GAGTTTGGACAAACCACARCTAGAATGCAGTGAAAAAMATGCTTTATTTGTGAAATTTGT
Query 615 GATGCTATTGCTTTATTTGTAACCATTATARGCT 648
FELLLETRLEELE L LETL L
Sbjcot 65 GATGCTATTGCTTTATTTGTAACCHNTATARGCT

Sanger sequence of the Right ZFN subunit expressing colony R3 using
LsegFok (a.) and RseqgFok (b.). Query: Expected 705 bp PCR product. Subject:

Sanger sequencing output.
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7.15 Appendix 15: Roche Titanium 454 sequence comparison

analysis of the haxl amplicon generated from gDNA of haxl

ZFN injected embryos

Tuesday, February 2B, 2012 14:14

Project: Untitled.sqd Contig 1

Page

1@ 2@ ia 4@ 58

CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGG-CCT-CCTGT-G

HHXUTIAB&IHE)E _x1(1=325)
HHXUTIAR4IX1A® _x1{1=328)
HHXUTIAR4IXILU_x1(1=325)
HHXUTIAR4ICUEZ x1{1=320)
HHXUTIAB4INZVN _x1{1=3267)
HHXUTIAR4IKIKX _x1{1=326)
HHXUTIAB4]ITS0 _x1{1=332)
HHXUTIARATITEZX =1({1=327)
HHXUTIAR4ICEZIT x1{1=320)
HHXUTIARAIIRIQ x1(1=327)
HHXUTIAB4HEGDA x1{1=328)
HHXUTIAR4JCYEL =x1(1=325)
HHXUTIAR4HSEOF _x1{1=328)
HHXUTIAR4HSTG] _x1{1=327)
HHXUTIAR4]ZALIN_x1{1=328)
HHXUTIAR4]ZZFS_x1{1=327)
HHXUTIAR4IQEBR _x1{1=328)
HHXUTIAB4T4B06_x2({1=327)
HHXUTIARATL 308 _x2(1=320)
HHXUTIAB4HEYOE _x2({1=328)
HHXUTIARAIZFLP _x2(1=327)
HHXUTIAB4]QFEF_x2({1=328)
HHEUTIAR4IQLIN _x2(1=328)
HHXUTIAR4]CZF3_x2(1=320)
HHXUTIAR4IKPU3 _x2({1=328)
HHXUTIAR41Q6T4 _x2({1=328)
HHXUTIAB4IKGGC _x2({1=3267)
HHXUTIARATOMIN_x2({1=327)
HHXUTIAB4IYYON _x2({1=328)
HHXUTIAR4]ICOBC _=2(1=325)
HHXUTIAB4IVPLS _x2({1=327)
HHXUTIAB4IHF3I@_x2(1=328)
HHXUTIAB4IMRN] _x2{1=328)
HHXUTIAR4ILDSU_x3{1=3267)
HHXUTIAR4]GURN_x3({1=325)
HHXUTIAR4IYZIV_x4{1=325)
HHXUTIAR4IRORIZ x4({1=327)
HHXUTIAR4]GPVP _x6({1=3267)
HHXUTIARLIWVSI =7 (1=326)
HHXUTIAB4TIIVAZ x7({1=3207)
HHXUTIARATIINEZ x8(1=338)
HHXUTIAB4]@1T3_xB8({1=328)
HHXUTIAR4IQYDN_x9(1=326)
HHXUTIAB4TEOA] x18(1>329)
HHXUTIAR4IRHFA _x14(1>328)
HHXUTIAB4ISBAN_x41(1>327)
HHXUTIAR4TIZCST _x44(1>327)
HHXUTIAR4IFOTI_x4E(1>328)
HHXUTIAB4IFPEO_x1{1=328)
HHXUTIARATPOMU_x1(1=334)
HHXUTIAB4IKNDS _x1{1=327)
HHXUTIARAIABTI _x1(1=331)
HHXUTIAB4IRAV] _x1{1=328)
HHEUTIAR4IPXG3 _x1(1=338)
HHXUTIAB4IWWIN_x1{1=327)
HHXUTIAR4IEVCE _x1{1=330)
HHXUTIAB4TIZWVS x1({1=332)
HHXUTIAR4IPDVZI x1{1=327)
HHXUTIAB4TIOFNN_x1{1=3207)
HHXUTIAB4]YSZ1 x1{1=3207)
HHXUTIARATLXPL _=1({1=33@)
HHXUTIAB4IMTOK _x1{1=327)
HHXUTIAB4IAWRO_x1(1=329)

A A A A A A A A 0 A A P AV A A A

CO-GAGATACTG-G-C--GACCTCOATTT-ACC-TTTOAG-AAAGG-CCT-CCTGT-G
CGAGAGATA-TG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGG-CCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTC-ATTT-ACC-TTTGAG-AAAGG-CCT-CCTGT-G
CGAGAGATACTG-G--A-GACCTCGATTT-ACC-TTTGAG-AAAGG-CCT-CCTGT-G
CGAGAGATA-TG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGG-CCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTC-ATTT-ACC-TTTGAG-AAAGG-CCT-CCTGT-G
CGAGAGATACTG-G-CA-GA-CTCGATTT-ACC-TTTGAGAAAAGG-CCT-CCTGT-G
COAGAGATACTG-G-CA-GACCTCOATTT-ACC-TTTOAG-AARGG-CCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGG-CCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCOATTT-ACC-TTTOAG-AAAGG-CCT-CCTAGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGG-CCT-CCTGT-G
COAGAGATACTG-G-CA-GACCTCOATTT-ACC-TTTGAG-AARGG-CCT-CCTAT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGG-CCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-ARAGG-CCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGG-CCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGG-CCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGG-CCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGG-CCT-CCTGT-G
COAGAGATACTG-G-CA-GACCTCOATTT-ACC-TTTOAG-AARGGE-CCT-CCTAT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGG-CCT-CCTGT-G
COAGAGATACTG-G-CA-GACCTCOATTT-ACC-TTTOAG-AAAGG-CCT-CCTAT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGG-CCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGG-CCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGG-CCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-ARAGG-CCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGG-CCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGG-CCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTOAG-AAAGG-CCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGG-CCT-CCTGT-G
COAGAGATACTG-G-CA-GACCTCOATTT-ACC-TTTOAG-AARGGE-CCT-CCTAT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGG-CCT-CCTGT-G
COAGAGATACTG-G-CA-GACCTCOATTT-ACC-TTTOAG-AAAGG-CCT-CCTAT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGG-CCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGG-CCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGG-CCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-ARAGG-CCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGG-CCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGG-CCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTOAG-AAAGG-CCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGG-CCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCOATTT-ACC-TTTOAG-AAAGG-CCT-CCTAGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGG-CCT-CCTGT-G
COAGAGATACTG-G-CA-GACCTCOATTT-ACC-TTTGAG-AARGG-CCT-CCTAT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGG-CCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGG-CCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGG-CCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGG-CCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGG-CCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGG-CCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGG-CCTACCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGG-TCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGGACCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGGACCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGG-CCTACCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGG-CCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGG-CCTACCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGGACCTACCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGG-CCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACCTTTTGAG- AAAGGACCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGGACCT-CCTGT-G
COAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGGACCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGG-CCC-CCTGT-G
COAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AARGGACCT-CCTAT-G

Amplicon identity- x (number of occurrences) (sequence size). Red letters

denote changes in the sequence. ZFN spacer region:218-222.
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1@ 28 e 42 =1

CRAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGL-CCT-CCTGT-G

HHXUTIAR4I7RIA_x1(1>331)
HHXUTIAB4]ZDMA x1(1>328)
HHXUTIAB4ILUSK »1(1>331)
HHXUTIAB4I7SHO »1(1>332)
HHXUTIAB4IPEBR_»1(1»331)
HHXUTIAB4]SBS3 _x1{1>328)
HHXUTIAB4INCZE_»1{1>331)
HHXUTIAR4ITUGY x1({1>320)
HHXUTIAB41B3VE_»1(1>320)
HHXUTIAB4IWKC 3 x1{1>338)
HHXUTIAB41SEBR_»1(1>332)
HHXUTIAB4IIBRE_»1(1>328)
HHXUTIABSIDWAM_x171>3313
HHXUTIAB4I42RD_»1{1>329)
HHXUTIAB4IFCSA_w1(1:235)
HHXUTIAB4IXZM4_»1(1>338)
HHXUTIAB4IBO0SS »1{1>320)
HHXUTIAB4IPCPE _x1{1>346)
HHXUTIAB4ITOLE x1(1>328)
HHXUTIAB4IP18U_»1(1>334)
HHXUTIAB4IGOVY »1(1>338)
HHXUTIAR4INTZE _»1(1>338)
HHXUTIAB4IFREK _»1({1>331)
HHXUTIAB4IK4ZE_»1{1>320)
HHXUTIAB4]ZZEN_»1{1>320)
HHXUTIABAIYMOT x1(1>334)
HHXUTIABATGA5S _»1(1>338)
HHXUTIAB4IYVEY x1(1>328)
HHXUTIAB4]YDAZ _»1(1>327)
HHXUTIAB4HELDT »1(1>338)
HHXUTIAB4IMSNO %2 1>331)
HHXUTIAB4IUHES »2(1>331)
HHXUTIABAIZBHY _x4(1>328)
HHXUTIABATER4H_»7( 1>338)
HHXUTIAB4IGYKT _»11(1>329)
HHXUTIAB4IZNFF_»1(1>328)
HHXUTIAB4IB3ZD »1(1=327)
HHXUTIAB4HESLE »1{1>320)
HHXUTIARAILQO4 »1(1>328)
HHXUTIAR4IDTHE »1(1>327)
HHXUTIABAIFHKU x1{1>320)
HHXUTIABAISMKS_x1(1>327)
HHXUTIAB4IIDSE _»1({1=326)
HHXUTIAB4HS711_»1(1=326)
HHXUTIAB4]GDZH_»1{1>329)
HHXUTIAR41Y292 _x1(1>326)
HHXUTIAR4I4EXY_»1(1>338)
HHXUTIAB4IUGTE _»1{1>326)
HHXUTIAB4ISVIG_x1(1>325)
HHXUTIABAIIFNS _»1(1>326)
HHXUTIAB4IXGHL _»1{1>326)
HHXUTIAB4IROLE x1{1>327)
HHXUTIAR4IISZI_»1(1>327)
HHXUTIAB4IRFOF _»1(1>328)
HHXUTIABAISYKY _x1{1=327)
HHXUTIARS] I0BH_»1(1=338)
HHXUTIAR4ICTEG »1(1>327)
HHXUTIAB4TKZSE _»1(1>320)
HHXUTIAB4IGSUL x1{1>328)
HHXUTIAB4ITSYO_»1(1>320)
HHXUTIABAI7E61E_»1(1>328)
HHXUTIAB4IBYVL_»1(1=328)
HHXUTIAR4IIRNE »1(1>327)
HHXUTIAR4]24P6_x1(1>338)

N R N A A A A A A A VA A A PR A A A A

COAGAGATACTO-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGG-CCT-COTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGG-CCTACCTGT -6
CGAGAGATACTG-G-CA-GACCTCGATTT -ACC-TTTGAGGAAAGGACCT-CCTGT-6
COAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-ARAGRACCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-ARAGGACCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGGACCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGGACCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-ARAGG-CCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGG-CCTACCTGT -G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGGACCT-CCTGT-6
COAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-ARAGGACCTACCTGT -G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-ARAGG-CCT-CCTGTCG
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGGACCT-CCTGT-6
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGG-CCTACCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-ARAGGACCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-ARAGGACCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGG-CCC-CCTGT-G
COAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-ARAGGACCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGG-CCTACCTGT -6
CGAGAGATACTG-G-CA-GACCTCGATTT -ACC-TTTGAG-AAAGG-CCTACCTGT -6
COAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-ARAGRACCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-ARAGGACCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-ARAGGACCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACCOTTTGAG-AAAGG-CCTACCTGT -G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGGACCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGG-CCTACCTGT -G
CGAGAGATACTG-G-CA-GACCTCOATTT-ACC-TTTGAG-ARAGG-CCT-CCTGT-6
COAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-ARAGGACCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-ARAGGACCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGG-CCTACCTGT -6
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAGARAAGGACCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-ARAGG-CCTACCTGT -G
COAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-ARAGGACCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGGACCT-CCTGT-6
COAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-ARAGGACCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-ARAGG-CCT-COTGT-G
CRAGAGATACTG-G-CA-GACCTCOATTT-ACC-TTTGAG-ARAGG-CCT-CCTGT-6
CRAGAGATACTG-G-CA-GACCTCOATTT-ACC-TTTGAG-ARAGG-CCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-ARAGG-CCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-ARAGG-CCT-COTGT-G
CRAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGL-CCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGL-CCT-CCTGT-G
CGAGAGATACTO-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGG-CCT-CCTGT-G
CRAGAGATACTG-G-CA-GACCTCOATTT-ACC-TTTGAG-ARAGG-CCT-CCTGT-6
CGAGAGATACTG-G-CA-GACCTCOATTT-ACC-TTTGAG-ARAGG-CCT-CCTGT-6
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-ARAGG-CCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-ARAGG-CCT-COTGT-G
CRAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGL-CCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGL-CCT-CCTGT-G
COAGAGATACTO-G-CA-GACCTCGATTT-ACC-TTTGAG-ARAGG-CCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCOATTT-ACC-TTTGAG-ARAGG-CCT-CCTGT-6
COAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-ARAGG-CCT-CCTET-6
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-ARAGG-CCT-COTGT-G
CRAGAGATACTG-G-CA-GACCTCOATTT-ACC-TTTGAG-ARAGG-CCT-CCTGT-6
CRAGAGATACTG-G-CA-GACCTCOATTT-ACC-TTTGAG-ARAGG-CCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-ARAGG-CCT-CCTGT-G
CTAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-ARAGG-CCT-CCTET-G
CGAGAGATACTG-G-CA-GACCTCOATTT-ACC-TTTGAG-ARAGG-CCT-CCTGT-6
CRAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGL-CCT-CCTGT-G
COAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-ARAGG-CCT-CCTGT-G
CRAGAGATACTG-G-CA-GACCTCOATTT-ACC-TTTGAG-ARAGG-CCT-CCTGT-6
CGAGAGATACTG-G-CA-GACCTCOATTT-ACC-TTTGAG-ARAGG-CCT-CCTGT-6
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-ARAGG-CCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-ARAGG-CCT-CCTGT-G

Amplicon identity- x (number of occurrences) (sequence size). Red letters

denote changes in the sequence. ZFN spacer region:218-222.
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CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG- AAAGG-CCT-CCTGT-G

HHYXUTIAB4IWONS_x1(1=327]
HHXUTIAB4I1158_x1{1>332)
HHXUTIABSIDIHG x1{1>3203
HHXUTIAB4IGGIN_x 113233
HHXUTTAB4HEREE_x1( 13267
HHXUTIABSHSOKG x1{1>327)
HHXUTIAB4IDCFI_x1{1=3273
HHXUTIAB4INZ1]_x1{1=328)
HHXUTIABSH7EGEV_x1{1>3283
HHXUTIAB4HEUCA x 1713283
HHXUTIA®S] FMHC_x1{1>3293
HHXUTIAB4HTECP_x1{1=3273
HHXUTIAB4IBOES x1{1>327}
HHXUTTABSTINPM_x1{1>3323
HHXUTTAB4IMLEQ x1{1>326%
HHXUTIAB4ISUSY_x1{1=3293
HHXUTIABS]CANE_x1{1>328%
HHXUTIAB4IZQHU_x1{1=3207
HHXUTIAB4IGSR8_x1{1=327)
HHXUTIABS1092K_x1{1>3283
HHXUTIAB4IVHZN_x1{1=3267
HHXUTIAB4IVOQ3_x1(1=3263
HHXUTIAB4I41UN_x1(1=3283
HHXUTIAB4IVISA_x1(1>328)
HHXUTIABS]IADUD_x1{1>327)
HHXUTIAB4]XBPA_x1{1>320%
HHXUTTAB4HETQH_ x1(1>3283
HHXUTIABS]IZBAD_x1{1>326%
HHXUTIAB4ISASC x1(1=325)
HHXUTIAB4IUSZL_x1{1>114)
HHXUTIABSIMEQD_x1{1>3283
HHXUTIAB4]GHEG x1{1=320%
HHXUTIAB4IVHE3 x1(1=327)
HHXUTIAB4ITHRH_x1{1=320%
HHXUTIAB4HENEU x1{ 12537
HHXUTIABSIKY30_x1{1>3283)
HHXUTIABSINGES =1 1>327%
HHXUTIAB4IXS07_x1(1>3293
HHXUTIAB4] ZNBA_x1{1>3287
HHXUTIAB4INTUH_x1(1=3273
HHXUTIAB4IONYL_x1{1>338)
HHXUTIABSI7IPL_x1{1>3323
HHXUTIAB4IM173_x1{1=327)
HHXUTIAB4IUIDD_x1{1>324)
HHXUTIABSIEISR_x1{1>327}
HHXUTIAB4IISZI_x1(1>3297
HHXUTIABSIAGEH_x1{1>327}
HHXUTIABSIAY71_x1{1>331%
HHXUTIAB410TO0_x1{1>338)
HHXUTIAB4IHRLO x1{1>3263
HHYXUTIAB4IINCT _x1(1=3283
HHXUTIAB4ICFIO_x1{1=325)
HHXUTIABSIGRFU_x1{1>3387
HHXUTIAB4]YQBL_x1{1=320%
HHXUTIAB4]1B935_x1(1>329)
HHXUTIABSIUVEL x1{1>325%
HHXUTIAB4I0IYE_x1(1=3273
HHXUTIABSIBSMC_x1(1>3283
HHXUTTABSIMEDS x1{1>326%
HHXUTIAB4IGFZH_x1(1>328)
HHXUTIA®4]1SPE_x1{1>320%
HHXUTIAB4IFLZE_x1{1=3323
HHXUTIA®4]1QQTE_x1{1>327}
HHXUTIABSIASYM_x1{1>328)

A A A A A A P 1A A A0 A P A A A 0 A A A A A A A 0 A A A A A A T A

CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTOAG-AAAGG-CCT-CCTAT-0
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG - AAAGG-CCT-CCTAT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGL-CCT-CCTGT-G
CGAGAGATACTGO-G-CA-GACCTCGATTT-ACC-TTTOGAG - AAAGG-CCT-CCTGT-6
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG- ARAGG-CCT-CCTAT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG- AAAGG-CCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGG-CCT-CCTGT -6
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG - ABAGG-CCT-CCTAT-G
CGAGAGATACTG-G-CA-GACCACGATTT-ACC-TTTGAG- AAAGG-CCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG- ARAGG-CCT-CCTAT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG- AAAGG-CCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGG-CCT-CCTGT -6
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG - AAAGG-CCT-CCTAT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGL-CCT-CCTGT-G
CGAGAGATACTGO-G-CA-GACCTCGATTT-ACC-TTTOGAG - AAAGG-CCT-CCTGT-6
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG- ARAGG-CCT-CCTAT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG- AAAGG-CCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGG-CCT-CCTGT -6
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG - ABAGG-CCT-CCTAT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGL-CCT-CCTGT-G
CGAGAGATACTGO-G-CA-GACCTCGATTT-ACC-TTTOGAG - AAAGG-CCT-CCTGT-6
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-ARAGG-CCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGG-CCT-CCTGT -6
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG - AAAGG-CCT-CCTAT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGL-CCT-CCTGT-G
CGAGAGATACTGO-G-CA-GACCTCGATTT-ACC-TTTOGAG - AAAGG-CCT-CCTGT-6
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG- ARAGG-CCT-CCTAT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG- AAAGG-CCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGG-CCT-CCTGT -6
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG - ABAGG-CCT-CCTAT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGL-CCT-CCTGT-G
CGAGAGATACTGO-G-CA-GACCTCGATTT-ACC-TTTOGAG - AAAGG-CCT-CCTGT-6
CGAGAGATACTG-G-TA-GACCTCGATTT-ACC-TTTGAG- AAAGG-CCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGG-CCT-CCTGT -6
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG - AAAGG-CCT-CCTAT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGL-CCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGG-CCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG- ARAGG-CCT-CCTAT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG- AAAGG-CCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGG-CCT-CCTGT -6
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG - ABAGG-CCT-CCTAT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGL-CCT-CCTGT-G
CGAGAGATACTGO-G-CA-GACCTCGATTT-ACC-TTTOGAG - AAAGG-CCT-CCTGT-6
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG - ABAGG-CCT-CCTAT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGG-CCT-CCTGT -6
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG - AAAGG-CCT-CCTAT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGL-CCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGG-CCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG- ARAGG-CCT-CCTAT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG- AAAGG-CCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGG-CCT-CCTGT -6
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG - ABAGG-CCT-CCTAT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGL-CCT-CCTGT-G
CGAGAGATACTGO-G-CA-GACCTCGATTT-ACC-TTTOGAG - AAAGG-CCT-CCTGT-6
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG- ARAGG-CCT-CCTAT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG- AAAGG-CCT-CCTGT-G
CGAGAGATACTGO-G-CA-GACCTCGATTT-ACC-TTTOGAG - AAAGG-CCT-CCTGT-6
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGL-CCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGG-CCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG- ARAGG-CCT-CCTAT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG- AAAGG-CCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGG-CCT-CCTGT -6
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG - AAAGG-CCT-CCTAT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG- AAAGG-CCT-CCTGT-G

Amplicon identity- x (number of occurrences) (sequence size). Red letters

denote changes in the sequence. ZFN spacer region:218-222.
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CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGGE-CCT-CCTET-G

HHXUTIAS4IAZYH_=1{1=3207
HHXUTIA®4IPIND _x1{1=3223
HHXUTIAS4TGEIY] _=1{1=338)
HHXUTIAS4TOPIE _=2(1=3207
HHXUTIA@413ITA4 x1{1=338)
HHXUTIAS4TIOTOZ _=1{1=332)
HHXUTIA@4IKQS8_x1(1=3207)
HHXUTIA@4TL4KN_=1{1=328)
HHXUTIAB4I7(50_x1{1=3207%
HHXUTIA@4IFAES _x1(1=331)
HHXUTIAS4I YWY _x1{1=333)
HHXUTIA@4TUSUS _x1{1=320)
HHXUTIA@4TOLSI _=1{1=338)
HHXUTIA®4)IBTE _x1{1=327)
HHXUTIAS4ILBRF _x1{1=338)
HHXUTIAS4IANYY _x1{1=332)

Jdddddddddildldd

CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGG-CCT-CCTGT-G
COAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGG-CCT-CCTGT-G
COAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAG-AAAGG-CCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAGAARAGG-CCT-CCTGT-G
COAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAGAARAGG-CCT-CCTGT-G
TGAGAGATACTG-GACA-GACCTCGATTT-ACC-TTTGAG-AAAGG-CCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACCTTTTGAG-AAAGG-CCT-CCTGT-G
COAGAGATACTG-G-CA-GACCTCGATTT-ACCTTTTGAG-AAAGG-CCT-CCTGT-G
CGAGAGATACTG-G-CA-GACCTCGATTTAACC-TTTGAG-AAAGG-CCT-CCTGT-G
CGAGAGATACTG-GGCA-GACCTCGATTT-ACC-TTTGAG-ARAGGE-CCT-CCTGT-G
COAGAGATACTG-G-CA-GACCTCGATTT-ACCTTTTGAG-AAAGG-CCT-CCTGT-G
COAGAGATACTG-GACA-GACCTCGATTT-ACC-TTTGAG-ARAGG-CCT-CCTAT-G
CGAGAGATACTG-G-CA-GACCTCGATTT-ACC-TTTGAGAARAGG-CCT-CCTGT-G
CGAGAGATACTG-G-CAGOQACCTCGATTT-ACC-TTTGAG-ARAGG-CCT-CCTAT-6
COAGAGATACTGTGGCA-GACCTCGATTT-ACC-TTTGAG-ARAGG-CCT-CCTAT-G
COAGAGATACTG-G-CAGQACCTCGATTT-ACC-TTTGAG-AAAGGACCT-CCTGT-G

68 7@ a8 9@ 11

1?5

-AGGATGATTTGGET - GGA- GAA-TCCTCTCTOTECTC-T- GGAT-C-TTTA-GETGA-

HHXUTIA@4IHPIE _x1{1=3257)
HHXUTIA@4IX1AB _=1{1=328)
HHXUTIAS4IXILU_x1{1=325)
HHXUTIA@4TCUEZ _x1({1=320)
HHXUTIAG4IWZVN _x1{1=326)
HHXUTIA@4TKIKX _x1{1=326)
HHXUTIA@411TSO_x1{1=332)
HHXUTIAB4ITEZX _x1{1=327)
HHXUTIA@4TCEBZT _x1{1=329)
HHXUTIAS4IIRIG =1{1=327)
HHXUTIA@4HESIDA _x1({1=3287)
HHXUTIA@4ICYXRL _=1{1=325)
HHXUTIAB4HIEDOF _x1{1=3287)
HHXUTIA@4HSTGI _x1{1=327)
HHXUTIA@4]ZAIN_=1{1=328)
HHXUTIAB4)ZZFS _x1{1=327)
HHXUTIA@4IQKBR _=x1{1=328)
HHXUTIAS4T4@86_x2({1=327)
HHXUTIA@4TL 380 _x2({1=320)
HHXUTIAS4HEYBE _=2{1=328)
HHXUTIA@4IZVLP _x2(1=327)
HHXUTIA@41Q7EF _x2{1=328)
HHXUTIAB4IQLIN _x2({1=328)
HHXUTIA@4IC2F3_x2(1=320)
HHXUTIAS4IKPUS _x2{1=328)
HHXUTIA@41Q6T4 _x2(1=328)
HHXUTIA@4IKEGL _x2(1=326)
HHXUTIAB4TONIN_x2({1=327)
HHXUTIAG4IYYBN_x2(1=328)
HHXUTIA@4IC98C _x2(1=325)
HHXUTIAB4IVPLS _x2({1=327)
HHXUTIAG4IHFI@_x2{1=328)
HHXUTIA@®4IMRN] _x2{1=328)
HHXUTIA4TILDSU_x3{1=326)
HHXUTIA®4)GURN_x3{1=32357)
HHXUTIA@4IYZIV_x4(1>323)
HHXUTIAS4TARIZ _=4{1=327)
HHXUTIAB4)GPYP_x6{1=326)
HHXUTIA@4IVVS3 =7 ({1=326)
HHXUTIAS4TIVAZ =7 {1=3207
HHXUTIA@4TIXEZ _x8(1=338)
HHXUTIA@4121T3 _=8({1=328)
HHXUTIA@4IQYDN_x9{1=326)

N P A A A A A A A A A A A A A

-AGGATGATTTOOT - GGA- GAA-TCCTCTCTGTGCTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTGGT-GGA- GAA-TCCTCTCTGTGCTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTOOT - GGA- GAA-TCCTCTCTGTGCTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTGGT-GGA- GAA-TCCTCTCTGTGCTC-T- GGAT-C-TTTA-GGTGA-
-AGGATGATTTGGET-GGA- GAA-TCCTCTCTGTGCTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTGGT - GGA- GAA-TCCTCTCTGTGCTC -T- GGAT-C-TTTA-GGTGA-
-AGGATGATTTGGT - GGA- GAA-TCCTCTCTGTGCTC -T- GGAT-C-TTTA-GGTGA-
-AGGATGATTTOOT - GGA- GAA-TCCTCTCTGTGCTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTGGT-GGA- GAA-TCCTCTCTGTGCTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTGGET-GGA- GAA-TCCTCTCTGTGCTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTGGET-GGA-GAA-TCTTCTCTGTGCTC - T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTGGET-GGA- GAA-TCCTCTCTGTGCTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTOOT - GGA- GAA-TCCTCTCTGTGCTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTGGT - GGA- GAA-TCCTCTCTGTGCTC -T- GGAT-C-TTTA-GGTGA-
-AGGATGATTTOOT -GGA- GAA-TCCTCTCTGTGCTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTOGET -GGA-GAA-TCCTCTCTGTGCTC -T-GGAT-C-TTTG-0GTGA-
-AGGATGATTTGGET-GGA-GAA-TCCTCTCTGLIGCTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTOOT - GGA- GAA-TCCTCTCTGTGCTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTGGT - GGA- GAA-TCCTCTCTGTGCTC-T- GGAT-C-TTTA-GGTGA-
-AGGATGATTTGGET-GGA-GAA-TCTTCTCTGTGCTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTGAET - GGEA- GAA-TCCTCTCTGTGCTC-T- GGAT-C-TTTA-GGTGA-
-AGGATGATTTGGT-GGA- GAA-TCCTCTCTGTGCTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTOOT - GGA- GAA-TCCTCTCTGTGCTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTGGT-GGA- GAA-TCCTCTCTGTGCTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTGGET-GGA- GAA-TCCTCTCTGTGCTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTGET-GGA-GEA-TCTTCTCTATGCTC - T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTGGET-GGA- GAA-TCCTCTCTGTGCTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTOOT - GGA- GAA-TCCTCTCTGTGCTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTGGT - GGA- GAA-TCCTCTCTGTGCTC -T- GGAT-C-TTTA-GGTGA-
-AGGATGATTTGOT-GGA- GAA-TCCTCTCTGTGCTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTOGET -GGA-GAA-TCTTCTCTGTGCTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTGGET-GGA- GAA-TCCTCTCTGTGCTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTOGET -GGA-GAA-TCTTCTCTGTGCTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTGGT - GGA- GAA-TCCTCTCTGTGCTC -T- GGAT-C-TTTA-GGTGA-
-AGGATGATTTOOT - GGA- GAA-TCCTCTCTGTGCTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTGOET - GGA- GAA-TCCTCTCTGTGCTC-T- GGAT-C-TTTA-GGTGA-
-AGGATGATTTGGT-GGA- GAA-TCCTCTCTGTGCTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTOOT - GGA- GAA-TCCTCTCTGTGCTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTGGT - GGA- GAA-TCCTCTCTGTGCTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTGGET-GGA- GAA-TCCTCTCTGTGCTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTGGT-GGA- GAA-TCCTCTCTGTGCTC-T- GGAT-C-TTTA-GGTGA-
-AGGATGATTTGGET - GGA- GAA-TCCTCTCTGTGCTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTOOT - GGA- GAA-TCCTCTCTGTGCTC-T-GGAT-C-TTTA-GGTGA-

Amplicon identity- x (number of occurrences) (sequence size). Red letters

denote changes in the sequence. ZFN spacer region:218-222.
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-AGGATGATTTGGT - GGA- GAA-TCCTCTCTGTGCTC-T-GGAT-C-TTTA-GGTGA-

HHXUTIAB4IESR] _x18(1=320)
HHXUTIAB4IRHFA_x14(1>328)
HHXUTIAG4LSEXN_x41(1=3227)
HHXUTIAG4IZCST =44 1=327)
HHXUTIA@4IFO7I_x48(1=328)
HHXUTIAB4IFPBO_x1{1=328)
HHXUTIAB4IPGMU_x1{1=334)
HHXUTIAB4IKNDS _x1{1=327)
HHXUTIAG4JABTI _x1{1=321})
HHXUTIAG4IRAVO _=1{1=328)
HHXUTIAG4IPXG3_x1{1=338)
HHXUTIABSIWNIN_x1{1=327)
HHXUTIAB4JEVCE_x1{1=339)
HHXUTIAB4IZWVS _x1{1=3327)
HHXUTIAG4IPDVZ _x1{1=327)
HHXUTIAB4IGFNRN_x1{1=3207)
HHXUTIAB4]Y521_=x1{1=320)
HHXUTIAG4ILXPL _x1{1=3287)
HHXUTIAG4IMTEK _x1{1=327)
HHXUTIAG4IANRO _x1{1=3207
HHXUTIAG4I7BIA_x1{1=331)
HHEUTIAB4]ZDMA_x1(1-3287)
HHXUTIA@4]ILUSK _x1{1=331)
HHXUTIAB4I7SHO =1{1=332)
HHXUTIAB4IPEER _x1{1=331)
HHXUTIA®4]5B53_x1{1=328)
HHXUTIAB4INCZE_x1{1=331)
HHXUTIAB4ITUGY _x1{1=3297)
HHXUTIA@4]JB3IVE_»1{1=3207)
HHXUTIAG4IWECS _x1{1=338)
HHXUTIAB4]S56B8_x1{1=332)
HHXUTIAB4I3BRE_x1{1=328)
HHEUTIAG4IDWAM_x1(1>331%
HHXUTIAB4I42RD_x1{1=3207)
HHXUTIA@4IFCSA_x1{1=235)
HHXUTIAB4)XZM4 x1(1=33287)
HHXUTIAB4IE055_x1{1=329)
HHXUTIAB4IPCPE_x1{1=346)
HHXUTIAG4ITOLIE_=1{1=328)
HHXUTIAB4IP1OU_x1{1=334)
HHXUTIAB4IGOWY_x1{1=33@)
HHXUTIAG4INTZE x1{1=328)
HHXUTIAG4IFREK _x1{1=321})
HHXUTIA@4IK4ZE_x1{1=3207)
HHXUTIA@4IZZEN_x1{1=320)
HHXUTIAB4IYMOT _x1{1=334)
HHXUTIAB4IG455 _x1{1=32@)
HHXUTIAB4IYVEY _»1{1=328)
HHXUTIA@4IYDAZ _x1{1=327)
HHXUTIAG4HELDT _x1{1=338)
HHXUTIAB4IMSNO_x2({1=331)
HHXUTIAB4JUHES _x2({1=331)
HHXUTIAB4IZBHY _=4({1=328)
HHXUTIAB4IGR4H_x7({1=338)
HHXUTIAB4IGYKT_x11(1=329)
HHXUTIAB4IZNFF_x1{1=328)
HHXUTIAG4IE3ZD _x1{1=327)
HHXUTIAG4HEOLB_x1{1=3207)
HHXUTIAG4ILQB4 _x1{1=328)
HHXUTIAB4IDTHO _x1{1=327)
HHXUTIAB4IFHEU_x1{1=3297)
HHXUTIAB4ISMESB_x1{1=327)
HHXUTIAB4IIDSX _x1{1=326)
HHXUTIAB4HE711_=1{1=326)

P A A A A A A A A A A A A A A P A A AV S A A A A A A A AN A A A

-BGGATGATTTGOT-GOA- GAA-TCCTCTCTOTGCTC-T- GGAT-C-TTTA-GGTGA-
-BGGATGATTTGGET - GOA- GAA-TCCTCTCTGTGCTC-T- GGAT-C-TTTA-GGTGA-
-AGGATGATTTGOT - GOA- GAA-TCCTCTCTGTGCTC-T-GGAT-C-TTTA-GGTGA-
-BGGATGATTTGOT - GOA- GAA-TCCTCTCTGTGCTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTGGT - GOA- GAA-TCCTCTCTGTGCTC-T- GGAT-C-TTTA-GGTGA-
-AGGACGATTTGET-GOA- GAA-TCCTCTCTGTGCTC-T- GGAT-C-TTTA-GGTGA-
-BGGATGATTTGGOT - GOA- GAA-TCCTCTCTGTGCTC-T- GGAT-C-TTTA-GGTGA-
-BGGATGATTTGGET - GOA- GAA-TCCTCTCTGTGCTC-T- GGAT-C-TTTA-GGTGA-
-BGGATGATTTGOT - GOA- GAA-TCCTCTCTGTGCTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTGGT - GOA- GAA-TCCTCTCTGTGCTC-T- GGAT-C-TTTA-GGTGA-
-AGGACGATTTGET-GOA- GAA-TCCTCTCTGTGCTC-T- GGAT-C-TTTA-GGTGA-
-AGGACGATTTGOT-GGA- GAA-TCCTCTCTGTGCTC -T- GGAT-C-TTTA-GGTGA-
-AGGATGATTTGGET-GOA- GAA-TCCTCTCTGTGCTC-T- GGAT-C-TTTA-GGTGA-
-AGGATGATTTGGT-GOA-GAA-TCCTCTCTGTGLTC-T-GGAT-C-TTTA-GGTGA-
-AGGACGATTTGOT-C0oA- GAA-TCCTCTCTGTGCTC-T-GGAT-C-TTTA-GGTGA-
-BGGATGATTTGGOT - GOA- GAA-TCCTCTCTGTGCTC-T- GGAT-C-TTTA-GGTGA-
-BGGATGATTTGGET - GOA- GAA-TCCTCTCTGTGCTC-T- GGAT-C-TTTA-GGTGA-
-AGGATGATTTGGET-GGA-GEA-TCTTCTCTATGCTC-T-GGAT-C-TTTA-GGTGA-
-BGGATGATTTGOT - GOA- GAA-TCCTCTCTGTGCTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTGGET - GOA- GAA-TCCTCTCTGTGCTC-T- GGAT-C-TTTA-GGTGA-
TAGGATGATTTGET-GGA-GAA-TCCTCTCTGTGCTCOT-GGATAC-TTTA-GGTGA-
-AGGATGATTTGGET-GOA- GAA-TCCTCTCTGTGCTC-T- GGAT-C-TTTA-GGTGA-
-AGGATGATTTGGT-GOA- GAA-TCCTCTCTGTGLTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTGGET-CGA-GAA-TCTTCTCTGTGCTC-T-GGAT-C-TTTA-GGTGA-
-BGGATGATTTGGOT - GOA- GAA-TCCTCTCTGTGCTC-T- GGAT-C-TTTA-GGTGA-
-BGGATGATTTGGET - GOA- GAA-TCCTCTCTGTGCTC-T- GGAT-C-TTTA-GGTGA-
-AGGATGATTTGGTAGGA-GAA-TCCTCTCTGTGCTC-T-GGAT-C-TTTA-GGTGA-
-GGGATGATTTGGET-GGA-GEA-TCTTCTCTGTGCTC -TGGGAT-C-TTTA-GGTGA-
-AGGATGATTTGGT-GOA- GAA-TCCTCTCTGTGLTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTGGT -GOA- GAA-TCCTCTCTGTGCTC-T-GGAT-C-TTTA-GGTGA-
-BGGATGATTTGGOT - GOA- GAA-TCCTCTCTGTGCTC-T- GGAT-C-TTTA-GGTGA-
-BGGATGATTTGGET - GOA- GAA-TCCTCTCTGTGCTC-T- GGAT-C-TTTA-GGTGA-
-BGGATGATTTGOT - GOA- GAA-TCCTCTCTGTGCTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTGET - GOA- GAA-TCCTCTCTGTGCTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTGET - GOA- GAA-TCCTCTCTGTGCTC-T- GGAT-C-TTTA-GGTGA-
-AGGATGATTTGGOT-GOA- GAA-TCCTCTCTGTGCTC-T- GGAT-C-TTTA-GGTGA-
-AGGATGATTTGGET-GOA- GAA-TCCTCTCTGTGCTC-T- GGAT-C-TTTA-GGTGA-
-AGGATGATTTGGET-GGA-GAA-TCCTCTCTATGLTC-T-GGAT-C-TTTA-GGETGAL
-AGGATGATTTGGT -GOA- GAA-TCCTCTCTGTGCTC-T-GGAT-C-TTTA-GGTGA-
-BGGATGATTTGGOT - GOA- GAA-TCCTCTCTGTGCTC-T- GGAT-C-TTTA-GGTGA-
-BGGATGATTTGGET - GOA- GAA-TCCTCTCTGTGCTC-T- GGAT-C-TTTA-GGTGA-
-AGGATGATTTGGET-GGA-GEA-TCTTCTCTATGCTC-T-GGAT-C-TTTA-GGTGA-
-BGGATGATTTGOT - GOA- GAA-TCCTCTCTGTGCTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTGET - GOA- GAA-TCCTCTCTGTGCTC-T- GGAT-C-TTTA-GGTGA-
-AGGATGATTTGGET-GGA-GAA-TCTTCTCTGTGCTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTGGET-GOA- GAA-TCCTCTCTGTGCTC-T- GGAT-C-TTTA-GGTGA-
-BGGACGATTTGOT-GGOA- GAA-TCCTCTCTGTGCTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTGGET-GGA-GEA-TCTTCTCTATGCTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTGET - GOA- GAA-TCCTCTCTGTGCTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTGET - GOA- GAA-TCCTCTCTGTGCTC-T- GGAT-C-TTTA-GGTGA-
-AGGATGATTTGGOT-GOA- GAA-TCCTCTCTGTGCTC-T- GGAT-C-TTTA-GGTGA-
-AGGATGATTTGGET-GOA- GAA-TCCTCTCTGTGCTC-T- GGAT-C-TTTA-GGTGA-
-AGGATGATTTGGT-GOA- GAA-TCCTCTCTGTGLTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTGGT -GOA- GAA-TCCTCTCTGTGCTC-T-GGAT-C-TTTA-GGTGA-
-BGGATGATTTGGOT - GOA- GAA-TCCTCTCTGTGCTC-T- GGAT-C-TTTA-GGTGA-
-BGGATGATTTGGET - GOA- GAA-TCCTCTCTGTGCTC-T- GGAT-C-TTTA-GGTGA-
-BGGATGATTTGOT - GOA- GAA-TCCTCTCTGTGCTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTGET - GOA- GAA-TCCTCTCTGTGCTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTGET - GOA- GAA-TCCTCTCTGTGCTC-T- GGAT-C-TTTA-GGTGA-
-AGGATGATTTGGOT-GOA- GAA-TCCTCTCTGTGCTC-T- GGAT-C-TTTA-GGTGA-
-AGGATGATTTGGET-GGA-GAA-TCTTCTCTGTGCTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTGGT-GOA- GAA-TCCTCTCTGTGLTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTGGT -GOA- GAA-TCCTCTCTGTGCTC-T-GGAT-C-TTTA-GGTGA-
-BGGATGATTTGGET - GOA- GAA-TCCTCTCTGTGCTC-T- GGAT-C-TTTA-GGTGA-

Amplicon identity- x (number of occurrences) (sequence size). Red letters

denote changes in the sequence. ZFN spacer region:218-222.
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-AGGATOATTTGGT - GGA- GAA-TCCTCTCTGTGCTC -T- GGAT-C-TTTA-GGTGA-

HHXUTIAS4]GD2H _»1({1=320%
HHXUTIAR4]YZ292 _x1{1=326)
HHXUTIAB4I4EEY _»1(1=3387)
HHXUTIAB4IUGYE _x1{1=326)
HHXUTIAR4ISVIG_x1{1=325)
HHXUTIAB4ITFNS _x1{1=326)
HHXUTIA@4INGHL _x1{1=326)
HHXUTIAB4IROLE =1(1=327)
HHXUTIABS4ITSZ3 x1{1=327)
HHXUTIAB4IRFOF _=1(1=3283
HHXUTIABSISYRY _x1{1=327)
HHXUTIAG4] 100N _x1{1=3387)
HHXUTIAR4ICTEGO _»1{1=327)
HHXUTIAB4IKZSE _x1{1=3207
HHXUTIAR4IGIUL _=1(1=3287
HHXUTIAR4ITSYO _»1(1=3207
HHXUTIAR4IFEGIE _x1{1=328)
HHXUTIAS4IBYVL =1(1=3283
HHXUTIAR4IIRNE _x1{1=327)
HHXUTIAS4]Z24PG_»x1(1=3387)
HHXUTIABSIWONS _x1{1=327)
HHXUTIA@4TI1158 =1{1=332)
HHXUTIA@4IDIH] =1(1=320%
HHXUTIAR4IG6GIN_x1{1=323)
HHXUTIAR4HERGE _x1{1=326)
HHXUTIAB4HSOKG_x1{1=327)
HHXUTIARAIDCF I _x1{1=327)
HHXUTIAB4INZL] _x1{1=328)
HHXUTIAB4HTEOY _x1{1=328)
HHXUTIAB4HEUCE _»1{1=3287)
HHXUTIAGSIFMHC _x1{1=3207%
HHXUTIAB4HTECP _=1({1=327)
HHXUTIAG4IBOES »1(1=327)
HHXUTIAB4TINPM_x1{1=3327
HHXUTIAB4IMLEQ =1(1=3267)
HHXUTIAB4TIOGUSY _x1{1=3207
HHXUTIA@4]CANE _=1(1=3287
HHXUTIAR4TZQHU _=1{1=320%
HHXUTIAR4IGSOB _x1{1=327)
HHXUTIAS4I092K _=1({1=3287
HHXUTIAR4IVNZN_x1{1=326)
HHXUTIAR4IVO03 _x1{1=326)
HHXUTIAB4T4IUN_x1{1=328)
HHXUTIAR4TVISA »1(1=3287)
HHXUTIAB4IADUO _x1{1=327)
HHXUTIAR4IX@PA_x1{1=3207)
HHXUTIAG4HETOH _x1{1=328)
HHXUTIAR4IZEAD _x1{1=326)
HHXUTIAR4TSASC _x1{1=325)
HHXUTIAS4IUGZL _x1(1=114)
HHXUTIAB4IMEQO _x1{1=328)
HHXUTIAR4IGHEG _=1({1=3207
HHXUTIABSIVHE3 x1{1=327)
HHXUTIAS4ITHRN_=1{1=320%
HHXUTIAB4HENEU _»=1(1=2537
HHXUTIAR4IKY3I0 x1{1=328)
HHXUTIAB4IWGCS _=1(1=327)
HHXUTIAB4IN507 =1{1=3207
HHXUTIAS4]ZNBA =1{1=328)
HHXUTIAB4INTUH _=1(1=327)
HHXUTIAG4IONYL _x1{1=338)
HHXUTIAR4ITIPL _=1(1=332%
HHXUTIAR4IMLY 3 _x1{1=327)
HHXUTIAG4IUIDD x1{1=324)

A A O A O A A A A AR A A P AN AN A A A

-AGOATGATTTGET - GoA- GAA-TCCTCTCTGTGETC -T- GOAT-C-TTTA-GOTGA-
-AGGATGATTTGET - GGA- GAA-TCCTCTCTGTGETC -T- GGAT-C-TTTA-GOTGA-
-AGGATOATTTGGT-GGA-GEA-TCTTCTCTGTGCTC-T-GGAT-C-TTTA-GOT GA-
-AGGATGATTTGGET - GoA- GAA-TCCTCTCTGTGETC -T- GLAT-C-TTTA-GGTGA-
-AGGATGATTTGET - GGA- GAA-TCCTCTCTGTGETC -T- GGAT-C-TTTA-GOTGA-
-AGGATGATTTGGT-GGA-GAA-TCTTCTCTGTGCTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTGET - GGA- GAA-TCCTCTCTGTGETC -T- GGAT-C-TTTA-GOTGEA-
-AGOATGATTTGET - GoA- GAA-TCCTCTCTGTGETC -T- GOAT-C-TTTA-GOTGA-
-AGGATGATTTGGET - GoA- GAA-TCCTCTCTGTGETC -T- GLAT-C-TTTA-GGTGA-
-AGGATGATTTGET - GGA- GAA-TCCTCTCTGTGETC -T- GGAT-C-TTTA-GOTGEA-
-AGGATGATTTGGET - GoA- GAA-TCCTCTCTGTGETC -T- GLAT-C-TTTA-GGTGA-
-AGGATGATTTGET - GGA- GAA-TCCTCTCTGTGETC -T-GGAT-C-TTTA-GOTGEA-
-AGOATGATTTGET - GoA- GAA-TCCTCTCTGTGETC -T- GOAT-C-TTTA-GOTGA-
-AGGATGATTTGGT-GGA-GEA-TCTTCTCTGTGCTC-T-GGAT-C-TTTA-GGTGA-
-AGOATGATTTGGT-GGA-GEA-TCTTCTCTGTGCTC-T-0GAT-C-TTTA-GOT GA-
-AGGATGATTTGGT-GGA-GEAGTCTTCTCTGTGCTC-T-0GAT-C-TTTA-GGT GA-
-AGGATGATTTGET - GGA- GAA-TCCTCTCTGTGETC -T- GGAT-C-TTTA-GOTGA-
-AGOATGATTTGET - GoA- GAA-TCCTCTCTGTGETC -T- GOAT-C-TTTA-GOTGA-
-AGGATGATTTGET - GGA- GAA-TCCTCTCTGTGETC -T- GGAT-C-TTTA-GOTGA-
-AGOATGATTTGGT-GGA-GAA-TCTTCTCTGTGCTCOGTCGGAT -C-TTTA-GOT GA-
-AGGATGATTTGGT-GGA-GEA-TCTTCTCTGTGCTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTGET - GGA- GAA-TCCTCTCTGTGETC -T- GGAT-C-TTTA-GOTGA-
-AGOATGATTTGET - GoA- GAA-TCCTCTCTGTGETC -T- GOAT-C-TTTA-GOTGA-
-AGGATGATTTGET - GGA- GAA-TCCTCTCTGTGETC -T- GGAT-C-TTTA-GOTGA-
-AGGATGATTTGET - GGA- GAA-TCCTCTCTGTGETC -T- GGAT-C-TTTA-GOTGA-
-AGGATGATTTGGT-GGA-GAA-TC-TCTCTGTGCTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTGGT-GGA-GEA-TCTTCTCTATGCTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTGGET - GoA- GAA-TCCTCTCTGTGETC -T- GLAT-C-TTTA-GGTGA-
-AGGATGATTTGGT-GGA-GEA-TCTTCTCTATGCTC-T-GGAT-C-TTTA-GOTGA-
-AGOATGATTTGET - GoA- GAA-TCCTCTCTGTGETC -T- GOAT-C-TTTA-GOTGA-
-AGGATGATTTGGT - GoA- GAA-TCCTCTCTGTGETC -T- GLAT-C-TTTA-GGTGA-
-AGOATGATTTGET - GoA- GAA-TCCTCTCTGTGETC -T- GOAT-C-TTTA-GOTGA-
-AGGATGATTTGGT-GGA-GAA-TCCTCTCTGTGCTC-T-TGAT-C-TTTA-GGTGA-
-AGGATGATTTGGT - GoA- GAA-TCCTCTCTGTGETC -T- GLAT-C-TTTA-GGTGA-
-AGOATGATTTGET - GoA- GAA-TCCTCTCTGTGETC -T- GOAT-C-TTTA-GOTGA-
-AGGATGATTTGGT - GoA- GAA-TCCTCTCTGTGETC -T- GLAT-C-TTTA-GGTGA-
-AGOATGATTTGET - GoA- GAA-TCCTCTCTGTGETC -T- GOAT-C-TTTA-GOTGA-
-AGOATGATTTGET - GoA- GAA-TCCTCTCTGTGETC -T- GOAT-C-TTTA-GOTGA-
-AGGATGATTTGET - GGA- GAA-TCCTCTCTGTGETC -T- GGAT-C-TTTA-GOTGA-
-AGOATGATTTGET - GoA- GAA-TCCTCTCTGTGETC -T- GOAT-C-TTTA-GOTGA-
-AGGATGATTTGET - GGA- GAA-TCCTCTCTGTGETC -T- GGAT-C-TTTA-GOTGA-
-AGGATGATTTGGT-GGA-GEA-TCTTCTCTATGCTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTGGET - GoA- GAA-TCCTCTCTGTGETC -T- GLAT-C-TTTA-GGTGA-
-AGGATGATTTGET - GGA- GAA-TCCTCTCTGTGETC -T- GGAT-C-TTTA-GOTGA-
-AGOATGATTTGET - GoA- GAA-TCCTCTCTGTGETC -T- GOAT-C-TTTA-GOTGA-
-AGGATGATTTGGT-GGA-GAA-TCCTCTCTATGCTC -T-GGAT-C-TTTACGGTRA-
-AGGATGATTTGET - GGA- GAA-TCCTCTCTGTGETC -T- GGAT-C-TTTA-GOTGEA-
-AGGATGATTTGGT-GGA-GAA-TCCTCTCTGTGCCC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTGET - GGA- GAA-TCCTCTCTGTGETC -T- GGAT-C-TTTA-GOTGEA-
-AGGATGATTTGGET - GoA- GAA-TCCTCTCTGTGETC -T- GLAT-C-TTTA-GGTGA-
-AGGATGATTTGGT - GoA- GAA-TCCTCTCTGTGETC -T- GLAT-C-TTTA-GGTGA-
-AGOATGATTTGET - GoA- GAA-TCCTCTCTGTGETC -T- GOAT-C-TTTA-GOTGA-
-AGGATGATTTGGT - GoA- GAA-TCCTCTCTGTGETC -T- GLAT-C-TTTA-GGTGA-
-AGOATGATTTGET - GoA- GAA-TCCTCTCTGTGETC -T- GOAT-C-TTTA-GOTGA-
-AGOATGATTTGGT -GGA-GAA-TCCTCTCTGTGCTC -T-GEAT-CTTTTA-GGT GA-
-AGGATGATTTGET - GGA- GAA-TCCTCTCTGTGETC -T- GGAT-C-TTTA-GOTGA-
-AGOATGATTTGET - GoA- GAA-TCCTCTCTGTGETC -T- GOAT-C-TTTA-GOTGA-
-AGGATGATTTGGT - GoA- GAA-TCCTCTCTGTGETC -T- GLAT-C-TTTA-GGTGA-
-AGGATGATTTGGT-GGA-GEA-TCTTCTCTATGCTC-T-GGAT-C-TTTA-GOTGA-
-AGOATGATTTGGT -GGA-GEA-TCTTCTCTGTGCTC-T-0GAT-C-TTTA-GOT GA-
-AGGATGATTTGET - GGA- GAA-TCCTCTCTGTGETC -T- GGAT-C-TTTA-GOTGA-
-AGOATGATTTGET - GoA- GAA-TCCTCTCTGTGETC -T- GOAT-C-TTTA-GOTGA-
-AGGATGATTTGET - GGA- GAA-TCCTCTCTGTGETC -T- GGAT-C-TTTA-GOTGA-
-AGGATGATTTGET - GGA- GAA-TCCTCTCTGTGETC -T- GGAT-C-TTTA-GOTGA-

Amplicon identity- x (number of occurrences) (sequence size). Red letters

denote changes in the sequence. ZFN spacer region:218-222.
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-AGOATOATTTGAT - GGA- GAA-TCCTCTCTGTGCTC-T-GGAT-C-TTTA-GOTGA-

HHXUTIAR4IEIER_x1(1>327)
HHXUTIAR4IISZI x1(1>320)
HHXUTIABSTAGFH_x1(1=327)
HHXUTIAR4IAYT1_x1(1>331)
HHXUTIAR41OTO0_x1(1>338)
HHXUTIABLIHRLO x1(1=326)
HHXUTIAR4TINCT_x1(1>328)
HHXUTIAB4ICFIO x1(1>325)
HHXUTIABLTERFU_x1(1=338)
HHXUTIAR4IYOBL_x1({1>320)
HHXUTIAR41BO35_x1(1>320)
HHXUTIABSTUVU_»1(1>325)
HHXUTIAR4IDIYE_x1({1>327)
HHXUTIAR4IBSMC_x1(1>328)
HHXUTIABLIMEDE x1(1=326)
HHAUTIABSIGTZH_x1(1=328)
HHXUTIAR41ISPE_x1(1>320)
HHXUTIAB4IFLZE_x1(1>332)
HHXUTIAR4IQOTE x1({1>327)
HHXUTIARSIASYM_x1(1>328)
HHXUTIABLIRZYN x1(1=320)
HHXUTIABLIPING x1({1=322)
HHXUTIAR4IGEIY I_x1(1>338)
HHXUTIABLIOPIE_%2(1=320)
HHXUTIAB4]3TA4 x1(1=338)
HHXUTIAR4IOTOZ _x1(1>332)
HHXUTIAR4IKGSO_x1(1>320)
HHXUTIABSILSKN_x1(1=328)
HHXUTIAR4I7OS0_x1(1>320)
HHXUTIABLIFAES x1(1=331)
HHXUTIABL YWY _x1(1=333)
HHXUTIAR4IUSU4 x1(1>320)
HHXUTIAR4IOLSI_x1(1>338)
HHXUTIABL]IBTE_x1(1=327)
HHXUTIAR4ILBRF_x1{1»>338)
HHXUTIAR4IBNYV_x1(1>332)

A N A O A A A PR A A AR A A

-AGGATGATTTGGT - GGA- GAA-TCCTCTCTGTGCTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTGOT - GGA- GAA-TCCTCTCTETGLTC-T-GGAT-C-TTTA-GGTGA-
-AGOATOATTTGOT - GGA- GAA-TCCTCTCTOTGCTC-T-GGAT-C-TTTA-GOTGA-
-AGGATGATTTGGT - GGA- GAA-TCCTCTCTGTGCTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTGGT-GGA-GEA-TCTTCTCTGTGCTC-T-GGAT-C-TTTA-GGTGA-
-AGOATOATTTGAT - GGA- GAA-TCCTCTCTGTGCTC-T-GGAT-C-TTTA-GOTGA-
-AGGATGATTTGGT - GGA- GAA-TCCTCTCTGTGCTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTGOT - GGA- GAA-TCCTCTCTOGTGCTC-T-GGAT-C-TTTA-GGTGA-
-AGOATOATTTGAT - GGA- GAA-TCCTCTCTGTGCTC-T-GGAT-C-TTTA-GOTGA-
-AGOATOATTTGOT - GGA- GAA-TCCTCTCTOTGCTC-T-GGAT-C-TTTA-GOTGA-
-AGGATGATTTGOT - GGA- GAA-TCCTCTCTETGLTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTGOT - GGA- GAA-TCCTCTCTOGTGLTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTGGT - GGA- GAA-TCCTCTCTGTGCTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTGOT - GGA- GAA-TCCTCTCTGTGLTC -T-GGAT-C-TTTA-GATGA-
-AGOATOATTTGAT - GGA- GAA-TCCTCTCTGTGCTC-T-GGAT-C-TTTA-GOTGA-
-AGGATOATTTGOT - GOA- GAA-TCCTCTCTOTGCTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTGOT - GGA- GAA-TCCTCTCTETGLTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTGOT - GGA- GAA-TCCTCTCTOGTGLTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTGGT-GGA-GAA-TCTTCTCTGTGCTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTGGT-GGAGGAA-TCCTCTCTGTGCTC-T-GGAT-C-TTTA-GOTGA-
-AGOATOATTTGGT -GGA-GAACTCCTCTCTGTGCTC-T-GGAT-C-TTTA-GOTGA-
-AGGATGATTTGGT - GGA- GAA-TCCTCTCTGTGCTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTGGT - GGA- GAA-TCCTCTCTGTGCTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTOOT - GGA- GAA-TCCTCTCTGTGCTC-T-GGAT-C-TTTA-GOTGA-
-AGOATOATTTGOT - GGA- GAA-TCCTCTCTOTGCTC-T-GGAT-C-TTTA-GOTGA-
-AGGATGATTTGOT - GGA- GAA-TCCTCTCTETGLTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTGGT - GGA- GAA-TCCTCTCTGTGLTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTGGT - GGA- GAA-TCCTCTCTGTGCTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTGGT - GGA- GAA-TCCTCTCTGTGCTC-T-GGAT-C-TTTA-GGTGA-
-AGOATOATTTGAT - GGA- GAA-TCCTCTCTGTGCTC-T-GGAT-C-TTTA-GOTGA-
-AGOATGATTTGGT -GGA-GAA-TCCTCTCTATGCTC-T-GEAT-CTTTTA-GGTGA-
-AGGATGATTTGOT - GGA- GAA-TCCTCTCTETGLTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTGGTGGGA-GAA-TCCTCTCTETGCTC-T-GGAT-C-TTTA-GGTGA-
-AGOATOATTTGOT - GGA- GAA-TCCTCTCTOTGCTC-T-GGAT-C-TTTA-GOTGA-
-AGGATGATTTGGT - GGA- GAA-TCCTCTCTGTGCTC-T-GGAT-C-TTTA-GGTGA-
-AGGATGATTTGOT - GGA- GAA-TCCTCTCTETGLTC-T-GGAT-C-TTTA-GGTGA-
12@ 138 1a@ 158
NI I I T I AT |

l?ﬂ | 1?3

GCOGTCAGGAGA-C-TTCAA-CATG-AAR-TCTCT-GA-T-0GGA-TTCCC-AC-TT-

HHXUTIAR4IHPIE _x1{1=325)
HHXUTIAS4IN1AG _x1{1=328)
HHXUTIABSIXILU _x1{1=325)
HHXUTIAR4ICUEZ x1({1=3207)
HHXUTIAS4IW2WN_x1({1=326)
HHXUTIARATKIKE _=1{1=326%
HHXUTIAR4]1ITSO _x1{1=332)
HHXUTIABATTEZE _=1{1=327)
HHXUTIAB4ICEZT _x1{1=3207
HHXUTIAR4IIRI) x1{1=327)
HHXUTIAG4HEIDA =x1(1>328)
HHXUTIAR4ICYEL _x1({1=3253})
HHXUTIAR4HSEOF _x1(1=328)
HHXUTIAB4HSTGI _x1{1=327)
HHXUTIAS4] ZAIN_=1{1=32E8)
HHXUTIAR4IZ2FS_x1(1=327)
HHXUTIAG4]IQKAR _x1{1=328)
HHXUTIABS4I4BRE6_x2(1=327)
HHXUTIAB4IL 3B _x2(1=3207%
HHXUTIABHEYGE_x2({1=32E8)
HHXUTIARATZ7LP _x2({1=327)
HHXUTIAR4]IQ7EF_x2(1=328)
HHXUTIAR4IQLIN _x2(1=328)

JLIJLILLLILLLLLLILILLLL

GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGGA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGGA-TTCCC-AC-TT-
GCGGTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-0GEGA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGGA-TTCCC-AC-TT-
GCOGTCAGGAGA-C-TTCAA-CATG-AAR-TCTCT-GA-T-0GGA-TTCCC-AC-TT-
GCOGGTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-0GEGA-TTCCC-AC-TT-
GCGATCAGGAGA-C-TTCAA-CATG-AAA-TCTCTCGA-T-GGGA-TTCCC-ACTTT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGGA-TTCCC-ACTTT-
GCGGTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGGA-TTCCC-ACTTT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGGA-TTCCC-AC-TT-
GCOGTCAGGAGA-C-TTCAA-CATG-AAR-TCTCT-GA-T-0GGA-TTCCC-AC-TT-
GCGGTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-0GEGA-TTCCC-AC-TT-
GCOGGTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-0GEGA-TTCCC-AC-TT-
GCOGTCAGGAGA-C-TTCAA-CATG-AAR-TCTCT-GA-T-0GGA-TTCCC-AC-TT-
GCOGGTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GaGA-TTCCC-ACTTT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGGA-TTCCC-AC-TT-
GCGATCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGGA-TTCCC-AC-TT-
GCGGTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-0GEGA-TTCCC-AC-TT-
GCOGGTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGGA-TTCCC-ACTTT-
GCOGTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGGA-TTCCC-ACTTT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAR-TCTCT-GA-T-0GGA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGGA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGGA-TTCCC-AC-TT-

Amplicon identity- x (number of occurrences) (sequence size). Red letters

denote changes in the sequence. ZFN spacer region:218-222.

288



128 138 l4a@ 158 16@ 178

GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-0GGA-TTCCC-AC-TT-

HHXUTIAB4ICZF3_x2(1=329)
HHXUTIAB4IKPUZ x2(1=328)
HHXUTIAB4IQ6TS _x2{1=328)
HHXUTIAB4IKGGC _x2{1=326)
HHXUTIAB4IONIN _x2{1=327)
HHXUTIAB4IYYAN _x2{1=328)
HHXUTIAB4ICHBL _x2{1=325)
HHXUTIAB4IVPLS _x2{1=327)
HHXUTIAB4IHF30_x2(1=328)
HHXUTIAB4IMREN] _x2({1=328)
HHXUTIAR4ILDSU _x3{1=326)
HHXUTIAB4IGURN _x3{1=325)
HHXUTIAB4IYZIV x4{1=325)
HHXUTIAB4IRRIZ x4{1=327)
HHXUTIAB4IGPYP _x6{1=326)
HHXUTIAB4IVVS3 _x7(1=326)
HHEUTIAB4TIVAZ =7 {1>320%
HHXUTIAB4IIXEZ x8(1=338)
HHXUTIAG4I@1TI _x8({1=328)
HHXUTIAG4IQYDN_x9{1=326)
HHXUTIAB4IESA] _x18({1=329)
HHXUTIAB4IRHFA _x14(1>328)
HHEUTIAR4TSBEN _x41(1=327)
HHXUTIAB4IZCST 441327
HHXUTIAG4IFI7I_x48(1=32E)
HHXUTIAB4IFPEO_x1{1=328)
HHXUTIAB4IPGMU_x1{1=334)
HHXUTIAB4IKNDS _x1{1=327)
HHXUTIAB4IAGTI _x1{1=331)
HHXUTIAB4IRAV] _x1{1=328)
HHXUTIAB4IPEG3 _x1{1=338)
HHXUTIAB4IWWFN _x1{1=327)
HHXUTIAB4JEVCE _x1{1=330)
HHXUTIAB4IZWYSE _x1{1=332)
HHXUTIAB4IPDVZ _x1{1=327)
HHXUTIAB4IGFNN_x1{1=320)
HHXUTIAB4IYSZL x1{1=320)
HHXUTIAB4ILEPL _x1{1=338)
HHXUTIAB4IMTEE _x1{1=327)
HHEUTIAB4TAWRO _x1(1=320%
HHXUTIAB4ITAIA _x1{1=331)
HHEUTIAG4]ZDMA »1{1=328%)
HHXUTIAG4ILUSK _x1{1=331)
HHXUTIAB4IFSH) x1{1=332)
HHXUTIAB4IPEER _x1{1=331)
HHXUTIAB4IS5B53 _x1{1=328)
HHXUTIAB4INCZE _x1{1=331)
HHXUTIAB4ITUGY _x1{1=320%)
HHXUTIAB4JE3VE _x1{1=320)
HHXUTIAB4INKCS _x1{1=338)
HHXUTIAB4]S6E@_x1{1=332)
HHXUTIAB4I3IBRE _x1{1=328)
HHXUTTAGEIDWaM_x101>331%
HHXUTIAB4I4ZRD _x1{1=320)
HHXUTIAB4IFCSA_x1{1=235)
HHXUTIAB4IXIME _x1{1=338)
HHEUTIAB4TEOSS x1{1=320%
HHXUTIAG4IPCPE _x1{1=346)
HHXUTIAG4ITOLE _x1{1=328)
HHXUTIAB4IP1BU_x1{1=334)
HHXUTIAB4IGOVY _x1{1=338)
HHXUTIAB4INTZE x1{1=338)
HHXUTIAB4IFREK _x1{1=331)
HHXUTIAB4IK4ZE _»x1{1=3207)

N N A N A A A A A A A A A A A A AN AN A AR A

GLGETCAGGAGA-C-TTCAA-CATG-ARA-TCTCT-GA-T-GOGA-TTCCC-ACTTT-
GCGATCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-0GGA-TTCCC-AC-TT-
GCGETCAGGAGA-C-TTCAA-CATG-ARA-TCTCT-GA-T-GGGA-TTCCC-ACTTT-
GCGETCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGEGA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGGOA-TTCCC-ACTTT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGEGA-TTCCC-AC-TT-
GCGATCAGGAGA-C-TTCAA-CATG-AAR-TCTCT-GA-T-0GGA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-0GGA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-ARA-TCTCT-GA-T-GOOA-TTCCC-ACTTT-
GCOETCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGEGA-TTCCC-AC-TT-
GCOeTCAGGAGA-C-TTCAA-CATG-ARA-TCTCT-GA-T-GGEGA-TTCCC-AC-TT-
GCGETCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGEGA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGEGA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGGA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGGA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-0GGA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-0GGA-TTCCC-AC-TT-
GLGETCAGGAGA-C-TTCAA-CATG-ARA-TCTCT-GA-T-GGGA-TTCCC-AC-TT-
GCGATCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-0GGA-TTCCC-AC-TT-
GLGETCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGEGA-TTCCC-AC-TT-
GCGETCAGGAGA-C-TTCAA-CATG-ARA-TCTCT-GA-T-GGGA-TTCCC-ACTTT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGEGA-TTCCC-AC-TT-
GCGATCAGGAGA-C-TTCAA-CATG-AAR-TCTCT-GA-T-0GGA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-0GGA-TTCCC-AC-TT-
GCGATCAGGAGA-C-TTCAA-CATG-ARA-TCTCT-GA-T-GOOA-TTCCC-ACTTT-
GCGATCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-0GGA-TTCCC-AC-TT-
GCOGTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGGA-TTCCCCAC-TT-
GCOeTCAGGAGA-C-TTCAA-CATG-ARA-TCTCT-GA-T-GGEGA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGGOA-TTCCC-ACTTT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGEGA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-ARA-TCTCT-GA-T-GOOA-TTCCC-CC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-ARA-TCTCT-GA-T-GUGA-TTCCC-CC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-0GGA-TTCCC-AC-TT-
GLGETCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGGA-TTCCC-ACTTT-
GCGETCAGGAGA-C-TTCAA-CATG-ARA-TCTCT-GA-T-GGGA-TTCCC-AC-TT-
GLGETCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGEGA-TTCCC-AC-TT-
GCGETCAGGAGA-C-TTCAA-CATG-ARA-TCTCT-GA-T-GGGA-TTCCC-ACTTT-
GCGOTCAGGAGA-C-TTCAA-CATG-ARA-TCTCT-GA-T-GGGOA-TTCCC-ACTTT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGEGA-TTCCC-AC-TT-
GCGATCAGGAGA-C-TTCAA-CATG-AAR-TCTCT-GA-T-0GGA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-ARA-TCTCT-GA-TAGROA-TTCCC-AC-TT-
GCGATCAGGAGA-C-TTCAA-CATG-AAR-TCTCT-GA-T-GGGA-TTCCC-AC-TT-
GCGATCAGGAGA-C-TTCAA-CATG-ARA-TCTCT-GA-T-GOOA-TTCCC-ACTTT-
GCOeTCAGGAGA-C-TTCAA-CATG-ARA-TCTCT-GA-T-GGGA-TTCCC-ACTTT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGGOA-TTCCC-ACTTT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGEGA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-ARA-TCTCT-GA-T-GOOA-TTCCC-ACTTT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-0GGA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-0GGA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-ARA-TCTCT-GA-T-GOOA-TTCCC-ACTTT-
GCOETCAGGAGA-C-TTCAA-CATG-ARA-TCTCT-GA-T-GGGA-TTCCC-ACTTT-
GLGETCAGGAGA-C-TTCAA-CATGARAA-TCTCT-GA-T-GGGA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGGOA-TTCCC-ACTTT-
GCGETCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGEGA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGGOA-TTCCC-ACTTT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGGA-TTCCC-ACTTT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-0GGA-TTCCC-AC-TT-
GCGATCAGGAGA-C-TTCAA-CATG-ARA-TCTCT-GA-T-GOOA-TTCCC-ACTTT-
GCGATCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-0GGA-TTCCC-AC-TT-
GCGETCAGGAGA-C-TTCAA-CATG-ARA-TCTCT-GACT-GGGA-TTCCC-ACTTT-
GCOeTCAGGAGA-C-TTCAA-CATG-ARA-TCTCT-GA-T-GGGA-TTCCC-ACTTT-
GCGETCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGEGA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGGA-TTCCC-ACTTT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-0GGA-TTCCC-AC-TT-

Amplicon identity- x (number of occurrences) (sequence size). Red letters

denote changes in the sequence. ZFN spacer region:218-222.
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GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-0A-T-GGEGA-TTCCC-AC-TT-

HHXUTIA@4]ZZEN_x1(1>320)
HHXUTIAG4IYMOT x1{1>334)
HHXUTIA®4IG455_x1{1>338)
HHXUTIA@4I YWY x1{1>328)
HHXUTIA®4]YDAZ_x1{1>327)
HHXUTIA@4HELDT x1{1>338)
HHXUTIA@4IMSNO_x2({1>331)
HHXUTIA@4]UHBS x2¢1>331)
HHXUTIAG4IZBHY x4{1>328)
HHXUTIAG4IER4H_x7¢1>338)
HHXUTIAB4]GYKT_»x11(1>329)
HHXUTIA@4IZNFF_x1(1>328)
HHXUTIA@4IB3ZD x1{1>327)
HHXUTIAG4HEOLE_x1{1>320)
HHXUTIAG4ILOB4 x1f1>328)
HHXUTIA@4IDTHE_x1{1>327)
HHXUTIAB4IFHKU x1{1>320%
HHXUTIAG4ISMKS_x1{1>327)
HHXUTIA@4IIDSX _x1{1>326)
HHXUTIA@4HS711_x1{1>326)
HHXUTIA®4]GD2H_x1{1>329)
HHXUTIA®41Y202_x1{1>326)
HHXUTIA@44EXY_x1(1>338)
HHXUTIA@4]UGTE_x1{1>326)
HHXUTIA®41SWIG_x1{1>325)
HHXUTIAG4IIFNS_x1{1>326)
HHXUTIAB4INGHL_x1{1>326)
HHXUTIA@4IROLE x1{1>327)
HHXUTIA@G4IISZ3_x1(1>327)
HHXUTIA@4IRFOF_x1{1>328)
HHXUTIAB4ISYKY x1{1>327)
HHXUTIA®4] 100M_x 1713383
HHXUTIA@G4ICTEG_x1(1>327)
HHXUTIA@4IK25E_x1{1>329)
HHXUTIA@4IGSUL x1{1>328)
HHXUTIAB4ITSYO x1{1>329)
HHXUTIAG4I7E1B_x1(1>328)
HHXUTIA@4IBYV1_x1{1>328)
HHXUTIAB4IIRNX x1{1=327)
HHXUTIA®4]24PG_x1{1>338)
HHXUTIA@4ININS_x1{1>327)
HHXUTIA®4I1158_x1{1>332)
HHXUTIA@41DIHQ x1{1>329)
HHXUTIAB4IEGIN_x1{1>323)
HHXUTIAB4HERGE _x1{1>326)
HHXUTIAG4HSOKG_x1(1>327)
HHXUTIAG4IDCFI_x1{1>327)
HHXUTIA@G4INZ1]_x1{1>328)
HHXUTIAB4HTEGV_x1(1>328)
HHXUTIAB4HEUCE _x1{1=328)
HHXUTIA®4]FMHC_x1{1>329)
HHXUTIAG4HTECP _x1{1>327)
HHXUTIAG4IBOES x1{1>327)
HHXUTIAB4T INPM_x1{1>3323
HHXUTIAB4IMLED x1{1=326)
HHXUTIAB4IOUSY x1{1>320%
HHXUTIA®4]C4NE_x1(1>328)
HHXUTIAG4I2QHU_x1{1>329)
HHXUTIAG4IG00_x1{1>327)
HHXUTIA®41092K_x1{1>328)
HHXUTIAB4IVNZN_x1{1=326)
HHXUTIA@4IVOQ3_x1{1>326)
HHXUTIA@4I41UN_x1{1>328)
HHXUTIAB4TIVISA_x1{1>328)

A o o A A A A A P A A A A A A A A P S AR T A

GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGGA-TTCCC-ACTTT-
GCGGETCAGGAGA-C-TTCAA- CATG-AAA-TCTCT-GA-T-GGGATTTCCC-AC-TTA
GCGOTCAGGAGA-C-TTCAA-CATGAAAA-TCTCT-GA-T-GGGATTTCCC-CC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGEGA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATGO-AAA-TCTCT-0A-T-GGEGA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-0A-T-GGEGA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGGA-TTCCC-ACTTT-
GCGGETCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GEGA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGEGA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGGA-TTCCC-ACTTT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGGA-TTCCC-ACTTT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GEGA-TTCCOC-AC-TT-
GCGGETCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GEGA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGGA-TTCCC-ACTTT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGEGA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGGA-TTCCC-ACTTT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGGA-TTCCC-ACTTT-
GCGGETCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GEGA-TTCCC-AC-TT-
GCGGETCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GEGA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGEGA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGEGA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-0A-T-GGEGA-TTCCC-AC-TT-
GCGGETCAGGAGA-C-TTCAA- CATGAAAA-TCTCT-GA-T-GGEGA-TTCCC-AC-TT-
GCGGETCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GEGA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGEGA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGEGA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATGO-AAA-TCTCT-0A-T-GGEGA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-0A-T-GGEGA-TTCCC-AC-TT-
GCGGETCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GEGA-TTCCC-AC-TT-
GCGGETCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GEGA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGEGA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGGA-TTCCC-ACTTT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-0A-T-GGEGA-TTCCC-AC-TT-
GCGGETCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GEGA-TTCCC-AC-TT-
GCGGETCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GEGA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGEGA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGEGA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATGO-AAA-TCTCT-0A-T-GGEGA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-0A-T-GGEGA-TTCCC-AC-TT-
GCGGETCAGGAGA-C-TTCAA- CATG-AAA-TCTCT-GA-T-GGGA-TTCCC-ACTTT-
GCGGETCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GEGA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGEGA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGGA-TTCCC-ACTTT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-0A-T-GGEGA-TTCCC-AC-TT-
GCGGETCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GEGA-TTCCC-AC-TT-
GCGGETCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GEGA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGEGA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGGA-TTCCC-ACTTT-
GCGOTCAGGAGA-C-TTCAA-CATGO-AAA-TCTCT-0A-T-GGEGA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-0A-T-GGEGA-TTCCC-AC-TT-
GCGGETCAGGAGA-C-TTCAA- CATG-AAA-TCTCT-GA-T-GGGA-TTCCCTACTTT-
GCGGETCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GEGA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGEGA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGGA-TTCCC-ACTTT-
GCGOTCAGGAGA-C-TTCAA-CATGO-AAA-TCTCT-0A-T-GGEGA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-0A-T-GGEGA-TTCCC-AC-TT-
GCGGETCAGGAGA-C-TTCAA- CATG-GAA-TCTCT-GA-T-GGEGA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGEGA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGEGA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATGO-AAA-TCTCT-0A-T-GGEGA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-0A-T-GGEGA-TTCCC-AC-TT-
GCGGETCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GEGA-TTCCC-AC-TT-
GCGGETCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GEGA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGEGA-TTCCC-AC-TT-

Amplicon identity- x (number of occurrences) (sequence size). Red letters

denote changes in the sequence. ZFN spacer region:218-222.
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GCGETCAGGAGA-C-TTCAA-CATG-ARA-TCTCT-GA-T-GGOA-TTCCC-AC-TT-

HHXUTIABSIADUD_x1(1=327)
HHXUTIAB4IX@PA_x1(1>320%
HHXUTIAB4HETOH_x1¢1=322)
HHXUTIAR4]ZERD_x1(1>326)
HHXUTIAB4ISASC x1(1=325)
HHXUTIAB4IUIZL x1{1=114)
HHXUTIAB4IMEQO_x1(1>328)
HHXUTIAB4IGHEG x1(1=320%
HHXUTIAB4IVHES _x1(1=327)
HHXUTIAB4ITXRN_x1(1>329)
HHXUTIAB4HENEL_x1(1=253)
HHXUTIAB4TKY30_x1(1=328%
HHXUTIABLINGCS x1(1=327)
HHXUTIAB4IXSOZ_x1(1>3297
HHXUTIAB4]ZNBA_x1(1>328)
HHXUTIABSINTUH_x1(1=327)
HHXUTIAB4IONYL_x1{1=338)
HHXUTIAB4IZIPL_x1(1>332)
HHXUTIARB4IMITI _x1(1=327)
HHXUTIAB4IUIDD_x1(1=324)
HHXUTIAB4IEIER x1{1=327)
HHXUTIAB4TISZT_x1(1=320%
HHXUTIAB4IAGFH_x1(1>327)
HHXUTIAB4IAYF1_x1(1=331)
HHXUTIAB410TO0_x1(1=338)
HHXUTIAB4IHRLY x1{1=326)
HHXUTIAB4TIWCT_x1¢1=328%
HHXUTIAB4ICFIO x1(1=325)
HHXUTIAB4TEPEU_x1(1=338)
HHXUTIAB4]YORL x1{1=329)
HHXUTIAB4]BO35_x1(1>3207
HHXUTIABSTUVEL x1(1=325)
HHXUTIAB4IDIVE_x1(1=327)
HHXUTIAB4IETMC_x1(1=328)
HHXUTIAB4IMEDE x1{1=326)
HHXUTIAB4TGTZH_x1(1=3287
HHXUTIAB4]I5P6_x1(1=320%
HHXUTIAB4IFLZE_x1(1>332)
HHXUTIAB4IQQTE_x1{1=327)
HHXUTIAB4IABYM_x1(1>328)
HHXUTIAB4I@ZYN_x1{1>320%
HHXUTIAB4IPING_x1(1>322)
HHXUTIAB4IEIY] x1(1=338)
HHXUTIAB4TOPIE_x2(1=320)
HHXUTIAB4]3IA4 x1{1=338)
HHXUTIAB4IOTOZ x1(1=3323
HHXUTIAB4IKQS8_x1(1>329)
HHXUTIAB4ILAKN_x1(1>328)
HHXUTIAB4I7(59_x1(1=3297
HHXUTIAB4IZAES x1{1=331)
HHXUTIABLIYWTY_x1(1=333)
HHXUTIARATUSU4 x1¢1=370%
HHXUTIAB4TOLST_x1(1=338)
HHXUTIAB4]IBTE x1{1=327)
HHXUTIAB4ILERF_x1(1=338)
HHXUTIABLIONYY_x1(1>332)

A A A A A A N A A O A R A A A

GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGGA-TTCCC-ACTTT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAN-TCTCT-GA-T-GGGA-TTCCC-AC-TT-
GCGOTCAGGAGA-CTTTCAA-CATG-AAA-TCTCT-GA-T-GG0A-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAN-TCTCT-GA-T-GG0A-TTCCC-AC-TT-
GLGGETCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGGA-TTCCC-AC-TT-
GCGLETCAGG- GATC-TACA

GCGOTCAGGAGA-C-TTCAA-CATG-AAN-TCTCT-GA-T-GGGA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATGAAAA-TCTCT-GA-T-GGQA-TTCCC-AC-TT-
GCGETCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGGA-TTCCC-AC-TT-
GCGETCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGGA-TTCCC-AC-TT-
GCGETCAGGAGA-C-TTCAA-CATG-ARATTTTCT-GA-T-GGGA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGGA-TTCCC-ACTTT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAN-TCTCT-GA-T-GG0A-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAACCATG-AAA-TCTCT-GA-T-GGGA-TTCCC-ACTTT-
GCGETCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGGA-TTCCC-ACTTT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGGA-TTCCC-CC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAN-TCTCT-GA-T-GGGA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATGAAAA-TCTCT-GA-T-GGQA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAN-TCTCT-GA-T-GG0A-TTCCC-AC-TT-
GCGETCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGGA-TTCCC-AC-TT-
GCGETCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGQA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGGA-TTCCC-ACTTT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGGA-TTCCC-AC-TT-
GCGETCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GOGA-TTCCC-ACTTT-
GCGETCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGGA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAN-TCTCT-GA-T-GGGA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GG0A-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGGA-TTCCC-NC--T-
GLGETCAGGAGA-C-TTCAA-CATGAAAA-TCTCT-GA-T-GGGA-TTCCC-ACTTT-
GCGGETCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGGA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGGA-TTCCC-ACTTT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAN-TCTCT-GA-T-GGGA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GOGA-TTCCC-ACTTT-
GCGETCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGGA-TTCCC-ACTTT-
GCGETCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGQA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATGAAAA-TCTCT-GA-T-GGQA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAN-TCTCT-GA-T-GGGA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GOGA-TTCCC-ACTTT-
GCGETCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGGA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAN-TCTCT-GA-T-GGGA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAN-TCTCT-GA-T-GGGA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GG0A-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA- CATGAAAA-TCTCT-GA-T-GGQA-TTCCC-AC-TT-
GCGETCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGGA-TTCCC-ACTTT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGGA-TTCCC-ACTTT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGGA-TTCCC-ACTTT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGGA-TTCCC-AC-TT-
GCGETCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGGA-TTCCC-AC-TT-
GCGETCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGGA-TTCCC-AC-TT-
GCGETCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGGA-TTCCC-ACTTT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GG0A-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GOGA-TTCCC-ACTTT-
GCGETCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGGA-TTCCC-ACTTT-
GCGGETCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGGA-TTCCC-AC-TT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGGA-TTCCC-ACTTT-
GCGOTCAGGAGA-C-TTCAA-CATG-AAA-TCTCT-GA-T-GGGA-TTCCC-ACTTT-

13@ 19@ 288 2le 228 23@

CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-C+AA-C-T-CCTT-CCT-GT -GGAGGT

HHXUTIA@4IHPIE _x1({1=325)
HHXUTIAG4IX1A8_x1({1=328)
HHXUTIAG4IXILU_x1{1=3257)

Ll

CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-C- AA-C-T-CCTT-COTTGT -GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-CTT-COTT-CCTAGT-GGAGGT
CC-A-G--TCCC-AC-TCCTG-CC-TTTCT-C-AA-C-T-CCTT-CCT-GT-GGAGGT

Amplicon identity- x (number of occurrences) (sequence size). Red letters

denote changes in the sequence. ZFN spacer region:218-222.
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CC-T-G--TCCC-AC-TCCTG-CC-TTTCT -C+AA-C-T-CCTT-CCT-GT -GGAGGT

HHXUTIAB4TICUEZ _x1({1=320%
HHXUTIAR4IWZVE _x1{1=326)
HHXUTIAB4TKIKX _x1{1=3267)
HHXUTIAB4]ITS0 _x1{1=332)
HHXUTIABATITEZX x1{1=327)
HHXUTIAR4TCEZT x1{1=3207
HHXUTIAR4TIRIN x1{1=327)
HHXUTIAB4HESDA _x1{1=328)
HHXUTIAB4ICYXL _x1({1=325)
HHXUTIAR4HSEOF _x1({1=328)
HHXUTIAR4HSTGI _x1{1=327)
HHXUTIAR4]ZAIN_x1{1=328)
HHXUTIAR4IZZFS _x1{1=327)
HHXUTIAB4IQKBR_x1{1=32E8)
HHXUTIAR4TA@RG_x2({1=327)
HHXUTIAB4TL 388 _x2{1=3207
HHXUTIAB4HEYGE_x2(1=32E8)
HHXUTIARATIVLP _x2{1=327)
HHXUTIAR4IQVEF _x2({1=328)
HHXUTIAR4IQLIN _x2({1=328)
HHXUTIAR4ICZF3_x2({1=320)
HHXUTIAB4IKPUI _x2({1=32E)
HHXUTIAR4IQETS _x2({1=328)
HHXUTIARHIKEGC _x2({1=3267)
HHXUTIAR4ATONIN_x2({1=327)
HHXUTIAR4IYYON _x2({1=328)
HHXUTIAB4ICOBC _x2(1=325)
HHXUTIAB4IVPLS _x2(1=327)
HHXUTIAB4IHFIA _x2({1=328)
HHXUTIAB4IMRNI _x2{1=328)
HHXUTIARATLDSU _x3{1=326)
HHXUTIAB4IGURN _x3{1=325)
HHXUTIAB4IYZIV_ x4{1=325)
HHXUTIAB4TORIZ x4{1=327)
HHXUTIAR4IGPYVP _x6{1=3267)
HHXUTIAR4IWVS3 _x7({1=326)
HHXUTIARATIVAZ =7 ({1=3207
HHXUTIAB4TINEZ x8({1=338)
HHXUTIAR41@1TI _x8{1=328)
HHXUTIABS4IQYDN _x9{1=3267
HHXUTIAG4TEDS] _x18(1=3297)
HHXUTIAB4IRHFA _x14(1=328)
HHXUTIAB4TISEXN _x41({1=327)
HHXUTIARATZCST =44 1=327)
HHXUTIAR4IFOFI_x48(1=328)
HHXUTIAR4IFPEO_x1({1=32E8)
HHXUTIARATPGMU_x1{1>334)
HHXUTIAB4IKNDS _x1{1=327)
HHXUTIAR4IABTI _x1{1=331)
HHXUTIAR4IR4V) _x1{1=328)
HHXUTIAB4IPXGI _x1({1=338)
HHXUTIAR4IWWIN_x1{1=327)
HHXUTIAB4IEVCE _x1{1=3307
HHXUTIAB4TIZWYS _x1(1=332)
HHXUTIARATPDVZ _x1{1=327)
HHXUTIAB4TOFNN _x1{1=3207%
HHXUTIAR41YSZ1 _x1({1=320)
HHXUTIABATLEPL _x1{1=3387
HHXUTIAB4IMTEE _x1{1=327)
HHXUTIAR4TAWRO _x1({1=320)
HHXUTIAR4I7OIA _x1{1=331)
HHXUTIAG4)ZDMA_x1({1=-328})
HHXUTIAR4ILUSK _x1{1=331)
HHXUTIAB4IFSH) x1{1=332)

N S A A A A A A A A A A A A

CC-T-G--TCCCTAC-TCCTG-CC-TTTCT-C-AA-CTT-CCTTTCCT - GTAGGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-C-AA-C-T-CCTT-CCTAGT -GGAGET
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-C-T-CCTT-CCT-GT -GGAGLT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-CTT-CCTT-CCTAGT -GGAGOT
CC-A-G--TCCC-AC-TCCTG-CC-TTTCT-C-AA-C-T-CCTT-CCT-GT-GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-C-T-CCTT-CCT-GT -GGAGGT
CC-T-G--TCOC-AC-TCCTG-CC-TTTCT-C-AA-CTT-COTT-CCT-GT-GGAGET
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-C- AA-CTT-CCTT-CCTAGT -GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-C-T-CCTT-CCT-GT -GGAGOT
CC-T-G--TTCC-AC-TCCTG-CC-TTTCT-CTAA-C-T-CCTT-CCT-GT -GGAGLT
CC-T-G--TTCC-AC-TCCTG-CC-TTTCT-CTAA-C-T-CCTT-CCT-GT -GGAGGT
CC-T-G--TTCC-AC-TCCTG-CO-TTTCT-CTAA-C-T-CCTT-CCT-GT-GGAGET
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-C- AA-CTT-CCTT-CCT-GT- GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-CTT-CCTT-CCT-GT - GGAGOT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-C-AA-CTT-COTT-CCTAGT -GGAGET
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-C-T-CCTT-CCT-GT -GGAGLT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-C-T-CCTT-CCT-GT -GGAGOT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-C- AA-CTT-CCTT-CCT-GT- GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-C-T-CCTT-CCTAGT-GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-C-T-CCTTACCT -GT-GGAGOT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-CTT-COTT-CCT-GT-GGAGET
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-C-T-CCTT-CCT-GT -GGAGOT
CC-T-G--TTCC-AC-TCCTG-CC-TTTCT -CTAA-C-T-CCTT-CCT-GT -GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-C-AA-C-T-CCTT-CCT-GT- GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCC-C- AA-C-T-CCTT-CCT-GT-GGAGOT
CCTT-G--TCCC-AC-TCCTG-CC-TTTCT-C- AA-CTT-COTT-CCT-GT-GGAGET
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-C- AA-CTT-CCTT-CCT-GT - GGAGOT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-C-T-CCTT-CCT-GT -GGAGOT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-C-AA-CTT-CCTT-CCT-GT-GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-CTT-CCTT-CCT-GT - GGAGOT
CC-T-G--TCOC-AC-TCCTG-CC-TTTCT-C-AA-C-T-COTT-ACT-GT-GGAGET
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-C-AA-C-T-CCTT--CT-GT-GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-C-A--C-T-CCTT-CCT-GT-GGAGOT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-C-AA-C-T-CCTT-CCTAGT-GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-C- AA-C-T-CCTT-CCT-GT-AGAGOT
CC-T-G--TCOC-AC-TCCTG-CC-TTTCC-C-AA-C-T-COTT-CCT-GT-GGAGET
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-CTT-CCTT-CCTAGT-GGAGGT
CCTT-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-CTT-CCTT-CCTAGT -GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-CTT-COTT-CCT-GT-GGAGET
CC-A-G--TCCC-AC-TCCTG-CC-TTTCT-C-AA-C-T-CCTT-CCT-GT- GGAGGLT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-C-T-CCTTACCT -GT-GGAGOT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-C-AA-CTT-CCTT-CCTAGT -GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-C-T-CCTT-CCT-GT -GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-C- AA-CTT-COTT-CCT-GT-GGAGET
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-C-T-CCTT-CCT-GT -GGAGLT
CC-T-G-TTCCC-AC-TCCTG-CC-TTTCT-C- AA-CTT-CCTT-CCT-GT - GGAGOT
CCTT-G-TTCCC-ACTTCCTG-CC-TTTCT-CTAA-CTT-CCTT-CCTAGT -GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-C-AA-CTT-CCTT-CCT-GT-GGAGGT
CC-T-G--TCOC-AC-TCCTG-CC-TTTCT-CTAA-C-T-COTTACCT-GT-GGAGET
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-C-T-CCTTACCT-GT-GGAGGT
CC-T-G--TCCCTAC-TCCTG-CC-TTTCT-C- AA-C-T-CCTTTCCTTGT -GGAGGT
CC-T-G--TCCOC-AC-TCCTG-CC-TTTCT-C- AA-C-T-COTTTCCT-GT-GGAGET
CCTT-G-TTCCC-AC-TCCTG-CC-TTTCT-CTAA-CTT-CCTT-CCTAGT -GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-CTT-CCTTACCT -GT-GGAGOT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-C- AA-CTT-CCTT-CCT-GT- GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-C-T-CCTT-CCT-GT -GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-C-AA-C-T-CCTT-CCTAGT -GGAGET
CC-T-G--TTCC-AC-TCCTG-CC-TTTCT-CTAA-C-T-CCTTACCT-GT-GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-C-T-CCTT-CCT-GT -GGAGOT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-C-T-CCTTACCT-GT-GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-C-T-CCTT-CCT-GT-AGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-C- AA-CTT-CCTT-CCT-GT-GGAGOT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTA--C-T-COTTACCT-GT-GGAGET
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-C-T-CCTTACCT -GT-GGAGOT

C
C
C
C

Amplicon identity- x (number of occurrences) (sequence size). Red letters

denote changes in the sequence. ZFN spacer region:218-222.
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CC-T-G--TCOC-AC-TCCTG-CO-TTTCT -CHAA-C-T-CCTT-CCT-GT -GEAGET

HHXUTIAB4IPEER _x1{1>331})
HHXUTIAB4]5B53 _x1{1=32E8)
HHXUTIABS4INCZE _x1{1>331)
HHXUTIAB4ITUGY _x1{1=320%
HHXUTIAB4IE3VE _x1{1=3207
HHXUTIAB4IWKC3 _x1{1=338)
HHXUTIAR4156E8_x1{1=332)
HHXUTIAB4IIBERE _x1{1=328)
HHXUTIAR4IDWAM_x1(1>331})
HHXUTIAR4T42RD_x1{1=3207%
HHXUTIAR4IFCSA_x1{1=235)
HHXUTIAB4IXZMS _x1(1=338%
HHXUTIAR4TEOS5 x1{1=3209)
HHXUTIABSTIPCPE _x1{1=3467
HHXUTIAR4ITOLE _x1{1=32E8)
HHXUTIAB4IP1BU_x1{1=334)
HHXUTIAB4IGOVY _x1{1=338)
HHXUTIAB4IWTZE x1{1>3387
HHXUTIAB4IFREK _x1({1=331})
HHXUTIAB4IK4ZE_x1{1>3207
HHXUTIAS4IZZEN _x1{1=3207
HHXUTIAR4TYMOT _x1{1=334)
HHXUTIAB4IG455 _x1{1=338)
HHXUTIAR4IYVEY _x1{1=328)
HHXUTIAR4IYDAZ _x1({1=327)
HHXUTIAR4HELDT _x1{1=33@)
HHXUTIAB4IMIND_x2({1=331%
HHXUTIAB4IUHES _x2({1=331)
HHXUTIAB4TZBHY _x4{1>328)
HHXUTIARB4IGR4H_x7({1=338)
HHXUTIAB4IGYKT _x11(1>3297)
HHXUTIAB4IZNFF_x1({1=32E)
HHXUTIAR4TIBE3IZD _x1{1=327)
HHXUTIAR4HEOLB _x1{1=320)
HHXUTIAR4TLO84 x1{1=328)
HHXUTIAB4IDTHE x1({1=327)
HHXUTIAR4TIFHEU _x1{1=3297)
HHXUTIAB4TSME® _x1(1=327)
HHXUTIAR4TIDSX _x1{1=326)
HHXUTIAB4HZ711_x1({1=326)
HHXUTIAR4IGDZH_x1({1=3209)
HHXUTIAS41YZ202_x1{1=3267)
HHXUTIAB4I4EXY _x1(1=338)
HHXUTIARSIUGFE_x1{1>3267)
HHXUTIAB4ISVIG _x1{1=325)
HHXUTIARSTITIFNS _x1{1=3267
HHXUTIAR4IXGHL _x1{1=326)
HHXUTIAR4TROLE _x1{1=327)
HHXUTIAB4IISZ3 _x1({1=327)
HHXUTIAR4IRFOF_x1{1=328)
HHXUTIAB4ISYEY _x1{1=327)
HHXUTIAR4]I08M_x1(1=338)
HHXUTIAB4ICTEG _x1{1=327)
HHXUTIAR4TIKZSE_x1{1=320)
HHXUTIAB4TIGSUL _x1{1=328)
HHXUTIAB4ITIYO _x1{1=320%
HHXUTIAR4I7E1E_x1{1=328)
HHXUTIAR4IBYVI _x1{1=328)
HHXUTIAR4IIRNE _x1{1=327)
HHXUTIAR4]Z24PG_x1({1=33@)
HHXUTIAB4IWONS _x1{1=327)
HHXUTIAR4I1158 x1{1=332)
HHXUTIAR4IDIH) _x1{1=3209)
HHXUTIAB4IEGIN_x1{1=323)

N e O A A A A P A A A A P A A A P AV A A

CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-CTT-CCTTACCT-GT-GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-CTT-CCTT-CCT-GT- GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-C-T-CCTTACCT-GT-GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-C-AA-C-T-CCTT-CCT-GTCGGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-CTT-CCTT-CCTAGT-GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-C-T-CCTT-ACT-GT-0GAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-C-T-CCTTACCTAGT-GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-CTT-CCTT-CCT-GT- GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-C-T-CCTTACCT-GT-GGAGET
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-C-AA-CTT-CCTT-COTAGT-0GAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-C-T-CCTTACCT-GT-GGAGET
CC-T-G--TTCC-AC-TCCTG-CC-TTTCT-CTAA-C-T-COTTACCT-GT-0GAGGT
CC-T-G-TTCCC-AC-TCCTG-CC-TTTCT-C- AA-CTT-CCTT-CCT-GTAGGAGET
CC-TCG--TCCC-AC-TCCTG-CC-TTTCT-CTAACCTTCCCTT-CCTGGT-0GAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-C-AA-C-T-CCTT-CCTAGT-GGAGGT
CCTT-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-CTT-CCTT-CCTAGT-GGAGGT
CC-T-G--TCCOC-AC-TCCTG-CC-TTTCT-CTAA-C-T-CCTT-CCT-GT -GGAGET
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-C-T-CCTT-CCT-GT -GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-C-T-CCTTACCT-GT-0GAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-C-AA-CTT-CCTT-CCT-GT- GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-C-T-CCTT-CCT-GT -GGAGGT
CCTT-G-TTCCCTACTTCCTG - CC-TTTCT-C- AA-CTT-CCTT-CCT-GT- GGAGGT
CC-T-G-TTCCC-AC-TCCTG-CC-TTTCT-C-AA-C-T-CCTTTCCT-GT-0GAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-C-T-CCTT-CCT-GT-GGAGET
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-C-AA-C-T-CCTT-CCTAGT-0GAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-CTT-CCTT-CCTAGT - GGAGET
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-C-T-COTTACCT-GT-0GAGGT
CCTT-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-CTT-CCTT-CCTAGT-GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-C-T-CCTT-CCT-GT -GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-C-T-CCTTACCT-GT-0GAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-C-T-CCTT-CCT-GT -GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-CTT-CCTT-CCT-GTAGGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-C-T-CCTT-ACT-GT-GGAGGT
CC-T-G--TCCOC-AC-TCCTG-CC-TTTCT-CTAA-CTT-COTTACCT-GT-GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-C- AA-CTT-CCTT-CCT-GT- GGAGET
CC-T-G--TCCOC-AC-TCCTG-CC-TTTCT-CTAA-C-T-CCTT-CCT-GT -GGAGET
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-C-T-CCTTACCT-GT-GGAGET
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-C-AA-C-T-CCTT-CCTTGT-0GAGGT
CC-A-G--TCCC-AC-TCCTG-CC-TTTCT-C- AA-C-T-CCTT-CCT-GT- GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-C-AA-C-T-CCTT-ACT-GT-0GAGGT
CC-T-G--TCCOC-AC-TCCTG-CC-TTCCT-CTAA-CTT-COTT-CCTAGT-GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-C-AA-CTT-CCTT-CCT-GT- GGAGGT
CCTT-G--TCCOC-AC-TCCTG-CC-TTTCT-CTAA-C-T-CCTT-CCT-GT -GGAGET
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-C-AA-C-T-CCCT-CCT-GT- GGAGGT
CC-T-G--TCCC-AC-TCCTG-CO-TTTCT-CTAA-C-T-CCTT-CCT-GT-GGAGET
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-C-T-CCTT-CCT-GT -GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-C- AA-CTT-CCTT-CCT-GT- GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-C- AA-CTT-CCTT-CCT-GT- GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-C-T-COTTACCT-GT-0GAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-C-T-CCTTACCT-GT-GGAGET
CC-T-G--TCCOC-AC-TCCTG-CO-TTTCT-CTAA-C-T-CCTT-CCT-GT -GGAGET
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-CTT-CCTT-CCTAGT - GGAGET
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-C-AA-CTT-CCTT-CCT-GT-GGAGGT
CC-T-G--TTCC-AC-TCCTG-CC-TTTCT-CTAA-CTT-COTT-CCTAGT - GGAGET
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-C-AA-CTT-CCTT-CCTAGT-GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-CTT-CCTT-CCT-GT- GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-C-AA-CTT-CCTT-CCTAGT-GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-C- AA-C-T-CCTT-CCTAGT - GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCC-C-AA-CTT-CCTT-CCT-GT- GGAGGT
CC-T-G--TCCC-AC-TCCTG-CO-TTTCT-CTAA-C-T-CCTT-CCT-GT-GGAGET
CC-T-G--TTCC-AC-TCCTG-CC-TTTCT-CTAA-C-T-CCTT-CCT-GT -GGAGGT
CCTT-GTTTCCC-AC-TCCTG-CC-TTTCT-C-AA-CTT-CCTT-CCTAGT-GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-C-T-CCTT-CCT-GT-GGAGET
CC-T-G--TCCC-AC-TCCTG--C-TT-CT-C-AA-C-T-CC-T-CCT-GT-GGAGGT

T
T

Amplicon identity- x (number of occurrences) (sequence size). Red letters

denote changes in the sequence. ZFN spacer region:218-222.
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CC-T-G--TCCC-AC-TCCTG-CO-TTTCT -CHAR-C-T-CCTT-CCT-GT - GGAGOT

HHXUTIAB4HEREE x1(1=326)
HEXUTIAB4HSOKG x1{1=327)
HEXUTIAB4IDCF I x1(1=327)
HHXUTIAB4INZ1] x1(1-328)
HEXUTIAB4HPEGY x 113287
HEXUTIAB4HEUCE 113283
HEXUTIABL]FMHC_x1(1>3203
HEXUTIABLHPECP x1({1>327)
HEXUTIABLTBOES x 113273
HHXUTIABST INPM_x 113323
HHXUTIABLIMLEQ x 113263
HHXUTIAB4ISUSY x1(1>3297
HHXUTIAB4ICANE_x 113283
HEXUTIAB4IZQHU_x 113297
HHXUTIAB4IGS88_x 11327
HEXUTIAB41092K_x 113283
HHXUTIAB4IVNZN_x 113267
HHXUTIAB4IVO)3 x1(1=326)
HHXUTIAB4T410N_x11328)
HHXUTIAB4IVISA_x 113283
HEXUTIAB4IADUG x1(1=327)
HHXUTIABLIXBPA_x 113207
HHXUTTABAHETOH_x 113283
HHXUTIABLIZEAD_x1{1>326%
HHXUTIABATSASC_x1({1-325%
HHXUTIABLIMEQD x1{1-328%
HHXUTIAB41GHEG x 113297
HHXUTIAB4IVHES x 113277
HMXUTIAB4ITXRN_x 113207
HHXUTIAB4HENEL x 112537
HEXUTIAB4IKY30_x1({1=3283)
HHXUTIAB4INGES x 113273
HHXUTIAB4INSOZ_x1(13297
HHXUTIABS]ZNBA_x 113287
HEXUTIABSINTUH x 113273
HEXUTIABLIONYL_x1(1>338%
HEXUTIABLIFIPL_x1{1-332)
HEXUTIABLIMLITI_x 113273
HEXUTIABLIUTDD x1{1-324%
HHXUTIABLIEIER_x 113273
HHXUTIABATTIS?I x1(1-320%
HHXUTIAB4IAGFH_x 113277
HHXUTIAB4IAYT1_x1{1331%
HMXUTIAB410TOO0_x 113387
HHXUTIAB4IHRLO x 113267
HHXUTIAB4TINCT x 113283
HEXUTIAB4ICFIO x1(1-325)
HHXUTIAB4IEPFU_x1(1-338)
HEXUTIABLIYQRL _x1(1-3203
HHXUTIAB41B935 x1(1-320%
HEXUTTABLTUVAL_x 113253
HEXUTIABLIOIYE x1{1>327)
HEXUTIABLIBSMC_x1(1>328%
HHXUTIABLIMEDS x1({1>326%
HHXUTIABATG7ZH_x 113283
HHXUTIABL]ISPE_x1{1-320%
HHXUTIAB4IFLZE_x1(13327
HHXUTIAB4IQQTE_x 11327
HHXUTIAB4IASYM_x1{1>328)
HMXUTIAB4IBZYN_x 113207
HHXUTIAB4IPING x1(1=322)
HEXUTIAB4IEIY I x1(1-338)
HHXUTIAB4IOPIE x2(1320)
HEXUTIAB4]ITAL x1(1-3387

A O A A A A A A A A A A A A A A A A A A

CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-C-A--CTT-CCTT-CCT-GT- GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-CTT-CCTT-CCT-GT- GGAGGT
CC-T-G--TTCC-AC-TCCTG-CC-TTTCT-C- AA-CTT-CCTT-CCT-GT- GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-CTT-CCTT-CCTAGT -GGAGGT
CC-T-G--TTCC-AC-TCCTG-CC-TTTCT-C- AA-CTT-CCTT-CCTAGT -GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-CTT-CCTT-CCT-GT-AGAGGT
CC-T-G--TCCC-AC-TCCTG-CCTTTTCTTC - AA-C-T-CCTT-CCT-GT- GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-C-T-CCTT-CCT-GT - GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-C-T-CCTT-CCT-GT - GGAGHT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-CTT-CCTT-CCTAGT -GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-C- AA-CTT-CCTT-CCT-GT- GGAGHT
CCTT-G--TCCC-AC-TCCTG-CC-TTTCT-C- BA-CTT-CCTT-CCTAGT -GGAGGT

CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-C- AA-CTT-CCTT-CCTAGT -GGAGGT
CC-T-G--TCCC-AC-TCCTG-CCTTTTCT-CTAA-C-T-CCTTACCT-GT-GGAGOT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-C- AA-C-T-CCTT-CCTGGT-GGAGOT
CC-T-G--TCCC-AC-TCCTG-CC-TTCCT-C- AA-CTT-CCTT-CCTAGT -GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAR-C-T-CCTT-CCT-GT - GGAGOT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-C- AA-C-T-CCTT-ACT-GT-GGAGGT
CC-TCG--TCCC-AC-TCCTG-CC-TTTCC-C- AA-C-T-CCTT-CCT-GT- GGAGLT
CC-T-G--TCLC-AC-TCCTG-CC-TTTCT-CTAA-C-T-CCTT-CCT-GT - GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-C-T-CC-T-CCT-GT- GGAGGT
CC-T-G--TCCC-AC-TCCTGTCC-TTTCT-C-AA-CTT-CCTT-CCT-GT- GGAGGT
CC-T-G--TCCC-AC-TCCTG-CO-TTTCT-CTAR-C-T-CCTT-CCT-GT -GGAGLT
CC-T-G--TTCC-AC-TCCTG-CC-TTTCT-C-AA-CTT-CCTT-CCT-GT- GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-C- AA-C-T-CC-T-CCT-GT-GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-C- AA-CTT-CCTT-CCT-GT- GGAGHT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-CTT-CCTT-CCT-GT- GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-C- AA-C-T-CCTT-CCT- GTAGGAGGT
CC-T-G--TCCC-AC-TCCTG-CCTTTTCT-C- BA-CTT-CCTT-CCTAGT -GGAGGT
CC-T-G--TCCC-AC-TCCTG-CCTTTTCT-C- AA-C-T-CCTTTCCNGGT -GGAGOT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAR-C-T-CCTT-CCT-GT - GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-C- BA-C-T-CCTT-CCT- GTAGGAGOT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-C-T-CCTT-CCT-GT - GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-C-T-CCTT-CCT-GT - GGAGLT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-C- AA-CTT-CCTT-CCT-GT- GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-C-AA-CTT-CCTT-CCT-GT- GGAGGT
CCTT-G-TTCCC-AC-TCCTG-CC-TTTCT-CTAA-CTT-CCTT-CCTAGT-GGAGGT
CC-T-G--TTCC-AC-TCCTG-CC-TTTCT-C-AA-CTT-CCTT-CCT-GT- GGAGGT

CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-C-AA-CTT-CCTT-CCT-GT- GGAGGT
CC-A-G--TCCC-AC-TCCTG-CC-TTTCT-CTAR-C-T-CCTT-CCT-GT -GGAGLT
CC-T-G--TTCC-AC-TCCTG-CC-TTTCT-CTAA-C-T-CCTTACCT-GT-GGAGOT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-C- BA-CTT-CCTT-CCT-GT- GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-CTT-CCTTACCT-GT-GGAGOT
CC-T-G-TTTCC-AC-TCCTG-CC-TTTCT-CTAA-CTT-CCTT-CCTAGT -GGAGGOT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-C-AA-CTT-CCTT-CCT-GT- GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCTAC- AA-C-TCCCTT-CCT-GT- GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-C-A--C-T-CCTT-CCT-GT- GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-C-T-CCTT-CCTAGT -GGAGGT

CCTT-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-CTT-CCTT-CCT-GT- GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-C-T-CCTT-CCT-GT - GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-C-AA-C-T-CCTT-CCT-GT-AGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-C-T-CCTT-CCT-GT - GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-C-AA-C-T-CCTTACCT-GT-GGAGGT
CC-A-G--TCCC-AC-TCCTG-CC-TTTCT-C-AA-C-T-CCTT-CCT-GT- GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-C- BA-CTT-CCTT-CCT-GT- GGAGGT

CCTT-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-CTT-CCTT-CCTAGT -GGAGGT
CCTT-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-CTT-CCTT-CCTAGT -GGAGGOT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-C- BA-CTT-CCTT-CCT-GT- GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAR-C-T-CCTT-CCT-GT - GGAGOT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-CTT-CCTT-CCT-GT- GGAGGT
-C-T-G--T--C-AC-T-CTG--C-TTTCTTC- AA-C-T-CCTT-CCT-GT- GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-CTT-CCTT-CCTAGT-AGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-C-T-CCTT-CCT-GT - GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-CTT-CCTT-CCT-GT- GGAGGT

Amplicon identity- x (number of occurrences) (sequence size). Red letters

denote changes in the sequence. ZFN spacer region:218-222.

294
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CC-T-G--TCCC-AC-TCCTG-CC-TTTCT -CAA-C-T-CCTT-CCT-GT -GGAGET

HHXUTIAB4IOTOZ _x1{1=332%
HHXUTIAB4IKQS8_x1{1=3207
HHXUTIA@SATL4KN_x1{1=328)
HHXUTIAS4I7)50_x1{1=3207)
HHXUTIA@4TFAES _x1{1=331)
HHXUTIAS4I YWY _x1{1=333)
HHXUTIAB4IUIU4 x1(1=3207%
HHXUTIAB4IOLSI _x1{1=33@&)
HHXUTIA@41IBTE _x1{1=327)
HHXUTIAS4TILBRF _x1{1=338)
HHXUTIAG4IANYV_x1{1=332)

JLddddddldd

CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-CTT-COTT-COTAGT - GGAGIGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-C-AA-CTT-COTT-CCT-GT - GGAGET
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-C-AA-CTT-CCTT-CCT-GT- GGAGGT
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-C-AA-CTT-CCTT-CCT-GT- GGAGGT
CCTT-G--TCOC-AC-TCCTG-CC-TTTCT-CTAA-CTT-COTT-COT-6T- GGAGGT
CCTT-G--TCCOC-AC-TCCTG-CC-TTTCT-C- AA-CTT-CCTT-COTAGT-GGAGGT
CC-T-G--TCCC-AC-TCCTO-CC-TTTCT -CTAA-C-T-CCTT-CCT-GT -GOAGET
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-C-T-CCTT-CCT-GT -GGAGET
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-C-AA-C-T-CCTT-CLT-GC-GGAGGT
CC-T-G--TCCC-AC-TCCTE-CC-TTTCT -CTAA-C-T-CCTT-CCT-GT -GOAGET
CC-T-G--TCCC-AC-TCCTG-CC-TTTCT-CTAA-C-T-CCTTACCT-GC-GRAGGT

248 258 268 278 288 208

GGAG-CTTCTA-TT-G-AC-GGGANACCTGA-T-GOOAAGAR-GC---A-GAACAG-A

HHXUTIA@4IHPIE _x1{1=325)
HHXUTIAS4IX1AB _x1{1=328)
HHXUTIA®4IXILU_x1{1=325)
HHXUTIA@4TCUEZ _x1{1=320%)
HHXUTIAB4IWZVN _x1({1=3267)
HHXUTIA@4IKIKN _x1{1=3Z26)
HHXUTIA@411TS0 _x1{1=332)
HHXUTIAS4TITEZE _x1{1=327)
HHXUTIA@4TCEZT _x1{1=320)
HHXUTIAS4TIIRIO x1{1=327)
HHXUTIAB4HEODA _x1(1=328)
HHXUTIA@4ICYXL _x1{1=3Z5)

GEAG-CTTCTA-TT-G-AC-GGGAAACCTGA-T-GOGAAGAA-GC---A-GAACAG-A
GGEAG-CTTCTA-TT-G-AC-GGGANACCTGA-T-GOOAAGAR-GC---A-GAACAG-A
TGAG-CTTCTA-TT-G-AC-GGGAAACCTGA-T-GOGAAGAA-GC---A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GGGAAMACCTGA-T-GOGAAGAR-AC---A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GGGANACCTGA-T-GO0AAGAR-GC---A-GAACAG-A
GEAG-CTTCTA-TT-G-AC-GGGANACCTGA-T-GOOAAGAR-GC---A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GGGAAMACCTGA-T -GOGAAGARGGC ---A-GAACAG-A
TGAG-CTTCTA-TT-G-AC-GGGANACCTGA-T-GOGAAGAR-GC---A-GAACAG-A
GEAG-CTTCTA-TT-G-AC-GEOAAACCTGA-TEOGGARGAR -GC---A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GGGANACCTGA-T-GOGAAGAN-GC---A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-0GGANACCTGA-T-GO0AAGAN-GC---A-GAACAG-A
GEAG-CTTCTA-TT-G-AC-GGG-AACCTGA-T -GOG-AGAR-GC---A-GAACAG-A

HHXUTIAS4HSEQF _x1{1=328) GGAG-TTTCTA-TT-G-AC-GGGAAACCTGA-T-GGGAAGAR-GCG--A-GAACAG-A
HHXUTIAS4HSTG] _x1{1=327) GEAG-CTTCTA-TT- C-GOEAMACCTGA-T-GOGAAGAR-AC---A-GAACAG-A
HHXUTIAS4]ZAIN_x1{1=328) GEAG-CTTCTA-TT- C-GGGARMACCTGA-T-GOGAAGAA-AC---A-GAACAG-A
HHXUTIA@4IZZFS _x1{1=327) GGAG-CTTCTA- C-GOGANACCTGA-T-GOOAAGAA-GC---A-GAACAG-A

HHXUTIA®4IQKBR_x1{1=328)
HHXUTIAG4TABB6_x2(1=327)
HHXUTIAS4TLIB@_x2{1=3207)
HHXUTIA@4HEYEE _x2(1=328)
HHXUTIARAIZ7LP _x2({1=327)
HHXUTIA®4IQ7EF _x2{1=328)

GGAG-CTTCTA-

GGAG-CTTCTA

GGAG-CTTCTA-
GGEAG-CTTCTA-
GGAG-CTTCTA-
GGAG-CTTCTA-

C-GOGANACCTGA-T-GOOANGAN-GC---A-GAACAG-A
C-GGG-AACCTGA-T-GGGAAGAA-GC---A-GAACAG-A
C-GOGAMACCTGAGT -GOGAAGAR-GC---A-GAACAG-A
C-GOGAMACCTGA-T-GOOAAGAR-GC---A-GAACAG-A
C-GEGANACCTGA-T-GE0AAGAA-GC-- -A-GAACAG-A
C-GOGANACCTGA-T-GOOAAGAA-GC---A-GAACAG-A

HHXUTIA@4IQLEN _x2({1=328) GGAG-CTTCTA- C-GOGANACCTGA-T-GOOANGAN-GC---A-GAACAG-A
HHXUTIA@4IC2F3_x2({1=320) GGAG-CTTCTA- C-GEGANACCTGA-T-GOGAAGAN-GC---A-GAACAG-A
HHXUTIAS4IKPUS _x2{1=328) GGAG-CTTCTA- C-GOGAMACCTGAGT -GOGAAGAR-GC---A-GAACAG-A
HHXUTIA@41Q6T4_x2(1=328) GEAG-CTTCTA- C-GOEAMACCTGA-T-GOGAAGAR-AC---A-GAACAG-A

HHXUTIAS4IKEOC _x2(1=326)

TGAG-CTTCTA-

C-GOGANACCTGA-T-GOGAAGAN-GC---A-GAACAG-A

HHXUTIAS4TONIN_x2{1=327) GGAG-CTTCTA- C-GGGANACCTGA-T-GOOAAGAA-GC---A-GAACAG-A
HHXUTIAS4IYYON _x2({1=328) GGEAG-CTTCTA-

HHXUTIA@41CO8C _x2(1=325) GGAG-CTTCTA- C-GGG-AACCTGA-T-GGGAAG- A-GC---A-GAACAG-A
HHXUTIAB4IVPLS _x2(1=327) GGAG-CTTCTA- C-GOGAMACCTGA-T-GOOAAGAN-GC---A-GAACAG-A

HHXUTIA@4IHF2@_x2({1=328)
HHXUTIA@S4IMRN] _x2{1=328)
HHXUTIAS4TLDSU_x3{1=326)
HHXUTIA@4IGURN_x3{1=325)
HHXUTIAGATYZIV x4{1=325)
HHXUTIAB4IORIZ x4(1=327)
HHXUTIA@4IGPVP_x6{1=326)
HHXUTIAS4IWVS3 _x7{1=326)
HHXUTIA@4TIVAZ =7 {1=320)
HHXUTIA@4TIXEZ _x8{1=338)
HHXUTIAS4121T3_xB8{1=328)
HHXUTIAB4IQYDN_x9{1=3267
HHXUTIA@4TE98] _x18(1=3297
HHXUTIAG4IRHFA_x14(1=3287

GGEAG-CTTCTA-
GGAG-CTTCTA-
GGAG-CTTCTA-
GGEAG-CTTCTA-
GGAG-CTTCTA-
GGAG-CTTCTA-
GGAG-CTTCTA-
GGAG-CTTCTA-
GGEAG-CTTCTA-
GGAG-CTTCTA-
GGAG-CTTCTA-
TGAG-CTTCTA-
GGAG-CTTCTA-
GGAG-CTTCTA-

:IZIZIZIZIZIZIZI:IZIZIZIZIZIZHZIZIZIHHZIZIZIZIZHIZ{:I:I

G-
G-
G-
-Gi-
- -
-G-
-G-
--
-G-
-Gi-
- -
-G
-G-
-G-
-Gi-
-Gi-
-G-
-G-
- -
- -
-Gi-
- -
-G-
-G
- -
-G
-G-
- -
-G-
- -
- -
-G
-G-

C-GOGAMACCTGA-T-GOGAAGAN-GC---A-GAACAG-A
C-GOGANACCTGA-T-GOOAAGAR-GC---A-GAACAG-A
C-GOGANACCTGA-T-GOOANGAN-GC---A-GAACAG-A
C-GOGANACCTGA-T-GO0AAGAA-GC-- -A-GAACAG-A
C-GEGANACCTGA-T-GOGAAGAN-GC---A-GAACAG-A
C-GOGANACCTGA-T-GOOANGAN-GC---A-GAACAG-A
C-GEGANACCTGA-T-GOGAAGAN-GC---A-GAACAG-A
C-GOGANACCTGA-T-GOGAAGAN-GC---A-GAACAG-A
C-GOGAMACCTGA-T-GOOAAGAR-GC---A-GAACAG-A
C-GEGANACCTGA-T-GE0AAGAA-GC-- -A-GAACAG-A
C-GOGANACCTGA-T-GOOAAGAN-GC---A-GAACAG-A
C-GOGAMACCTOA-T-GOGANGAN-GC---A-GAACAG-A
C-GEGANACCTGA-T-GOGAAGAN-GC---A-GAACAG-A

A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
AC-GGGANACCTGA-T-GO0AAGAA-GC-- -A-GARCAG-A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
AC-GGGAMACCTGA-T-GOOAAGAR-GC---A-GAACAG-A

GEAG-CTTCTA-TT-G-AC-GGGAAACCTGA-T-GOOAAGAR-GC---A-GAACAG-A
GEAG-CTTCTA-TT-G-AC-GGGAAACCTGA-T-GOGAAGAA-GC---A-GAACAG-A
GEAG-CTTCTA-TT-G-AC-GGGANACCTGA-T-GOOAAGAN-GC---A-GAACAG-A

HHXUTIA@4ISEXN_x41(1=327)
HHXUTIA4TZCST _x44(1=327)
HHXUTIAS4IFI7I_x48(1=328)

N A A A A A A A A A O A A A R P A A

Amplicon identity- x (number of occurrences) (sequence size). Red letters
denote changes in the sequence. ZFN spacer region:218-222.

295
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GGAG-CTTCTA-TT-G-AC-GEGARACCTGA-T-GGGAAGAA-GC---A-GAACAG-A

HHXUTIAR4IFPEO_x1{1=328)
HHXUTIAS4TPGMU_x1(1=334)
HHXUTIAB4IKNDS _x1{1=327)
HHXUTIAS4IARTI _=1{1=331)
HHXUTIABSIRAV]) _=1{1=328)
HHXUTIAS4IPHGI _»1(1=3387)
HHXUTIASLIWWIN_x1({1=3277)
HHXUTIAG4IEVCE _x1{1=330)
HHXUTIAB4TIWYS »1(1=332%
HHXUTIAB4IPDNZ =1{1=327)
HHXUTIAR4TIOFNN_x1{1=320)
HHXUTIAR4]YSZ1 =1(1=320%
HHXUTIAR4TILXPL _x1{1=338)
HHXUTIAR4IMTOK _x1{1=327)
HHXUTIAB4TAWRO _x1{1=3207
HHXUTIARAT7@LIA_x1(1=331)
HHXUTIASG4IZDMA »1{1=328)
HHXUTIABSILUSK _x1{1=331)
HHXUTIAR4ITSH] =1(1=3327
HHXUTIAB4IPEER =1{1=331)
HHXUTIAB4]5B853 _»1(1=328)
HHXUTIAB4INCZE _»1(1=3313)
HHXUTIABSITUGY _x1{1=3207
HHXUTIAS4IBIVE =1(1=3207
HHXUTIAS4IWECS _»1(1=3387
HHXUTIAR4]S6E0_x1{1=332)
HHXUTIAR4TIBRE »1(1=3283
HHXUTIAGSIDWaM_x1{1=331)
HHXUTIAR4T42RD_x1{1=3207)
HHXUTIAB4IFCSA_x1{1=235)
HHXUTTA@4IXIMe_ x1{1=338)
HHXUTIAR4TROSS »1(1=3207
HHXUTIAB4IPCPE _=1{1=3467)
HHXUTIA@4ITOLE _x1{1=328)
HHXUTIAB4IPL1OU_x1{1=334)
HHXUTIABSTGONY _x1{1=3387)
HHXUTIAB4INTZE =1(1=3387
HHXUTIAB4IFREK _x1{1=331)
HHXUTIAB4IK4ZE_»1(1=3207
HHXUTIAB4]ZZEN_»1(1=320%
HHXUTIAG4TYMOT _x1{1=334)
HHXUTIAB4TIGAS5 _»1({1=3387
HHXUTIAR4IYVEY _x1{1=328)
HHXUTIAR4IYDAZ _x1{1=327)
HHXUTIAB4HELDT _=1{1=338)
HHXUTIA@4IMSNO_x2{1=331)
HHXUTIA@4IUHES _x2{1=331)
HHXUTIAB4IZEHY =4{1=328)
HHXUTIAR4IG6R4H =7 {1=338)
HHXUTIARLIGYET _=11(1>329)
HHXUTIAB4IZNFF_x1{1=328)
HHXUTIAR4IBIZD =1(1=327)
HHXUTIAB4HESLB _x1{1=3207
HHXUTIAS4TLQAS »1(1=3287)
HHXUTIAG4IDTHE =1{1=327)
HHXUTIAR4TIFHEU _x1{1=3297)
HHXUTIAB4TSMES _=1({1=327)
HHXUTIAR4TIDSE =1({1=326)
HHXUTIAR4HSY11 x1{1=326)
HHXUTIAS4]GD2H _»1({1=320%
HHXUTIAR4]YZ292 _x1{1=326)
HHXUTIAR4I4EXY _x1{1=338)
HHXUTIAB4IUGYE _x1{1=326)
HHXUTIAR4ISVIG _x1{1=325)

N A O A A P A A AN A A

GGAG-CTTCTA-TT-G-AC-GGGAAACCTGA-T-GOOAAGAA-GC- - -A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GGEG-AACCTGA-T-GGGAAGAA-GCE--A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GEGARACCTGA-T-GOGAAGAA-GC---A-GAACAG-A
GGEAG-CTTCTA-TT-G-AC-GGGARACCTGA-T-GOGANGAA-GC-- -A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GEGARACCTGA-T-GOGAAGAA-GC---A-GAACAG-A
GEAG-CTTCTA-TT-G-AC-GEGAANCCTGA-T-GOOAAGAA-GC-- -A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GGGARACCTGA-T-GOGAAGAA-GC-- -A-GAACAG-A
GEAG-CTTCTA-TT-G-AC-GGGAANCCTGA-T-GEOAAGAA-GC-- -A-GAACAG-A
GGEAG-CTTCTA-TT-G-AC-GGGARACCTGA-T-GOGANGAA-GC-- -A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GGGARACCTGA-T-GOGAAGAA-GC-- -A-GAACAG-A
GEAG-CTTCTA-TT-G-AC-GGGAANCCTGA-T-GEOAAGAA-GC-- -A-GAACAG-A
GGEAG-CTTCTA-TT-G-AC-GGGARACCTGA-T-GOGANGAA-GC-- -A-GAACAG-A
GEAG-CTTCTA-TT-G-AC-GEOAMACCTGA-T-GOGAAGAA-AC-- -A-GAACAG-A
GEAG-CTTCTA-TT-G-AC-GEGAAACCTGA-T-GEOAAGAA-GC-- -A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GEGARACCTGA-T-GGGAAGAA-GC---A-GAACAG-A
GEAG-CTTCTA-TT-G-AC-GEGAAACCTGA-T-GEOAAGAA-GC-- -A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GEGARACCTGA-T-GOGAAGAA-GC---A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GEGAAACCTGA-T-GGGAAGAAGGC -- -A-GAACAG-A
GEAG-CTTCTA-TT-G-AC-GEGAMACCTGAGT -GGGAAGAAGGC -~ -A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GEGARACCTGA-T-GOGAAGAA-GC---A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GGG-AACCTOA-T-GOOARGAA-GC---A-GAACAG-A
GGEAG-CTTCTA-TT-G-AC-GGGARACCTGA-T-GOGANGAA-GC-- -A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GEGAAACCTGA-T-GGGAAGAA-GC - -AGGAACAG-A
GGEAG-CTTCTA-TT-G-AC-GEGAMACCTGA-T -GGG -AGAA-GC---A-GAACAG-A
GGEAG-CTTCTA-TT-G-AC-GEGAMACCTGA-T-GGGAAGAAGGC -- -A-GAACAG-A
GEAG-CTTCTA-TT-G-AC-GGGAANCCTGA-T-GEOAAGAA-GC-- -A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GGEG-AACCTGA-T-GGGAAG- A-GC-- -A-GAACAG-A
GEAG-CTTCTA-TT-G-AC-GEGAAACCTGA-T-GECAAGAA-GC- - -A-GAACAG-A
GEAG-CTTCTA-TT-G-AC-GGGAAACCTGA-T-GEOAAGAA-GC-- -A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GEGAAACCTGA-T-GGGAAGAA-GC ---A-GAACAGEA
GEAG-CTTCTA-TT-G-AC-GGGAAACCTGA-T-GEOAAGAA-GC-- -A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GEGAMACCTGA-T-GGGAAGAA-AC-- -A-GAACAG-A
GGAG-CTTCTA-TT-GAAC-GEGAAACCTGA-TAGGGAAGAA-GC---A-GAACAG-A
GEAG-CTTCTA-TT-G-AC-GEGAAACCTGA-T-GEOAAGAA-GC- - -A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GEGAAACCTGA-T-GGGAAGAA-GCE--A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GEGAAACCTGAGT -GGGAAGAA-GC---A-GAACAG-A
GGEAG-CTTCTA-TT-G-AC-GGGARACCTGA-T-GOGANGAA-GC-- -A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GEGAAACCTGA-TEGGGAAGAA -GC---A-GAACAG-A
GeAG-CTTCTA-TT-G-AC-GGGAANCCTGA-T-GEOAAGAA-GC-- -A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GGGARACCTGA-T-GOGAAGAA-GC-- -A-GAACAG-A
GEAG-CTTCTA-TT-G-AC-GGGAANCCTGA-T-GEOAAGAA-GC-- -A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GGGARACCTGA-T-GOGAAGAA-GC-- -A-GAACAG-A
GEAG-CTTCTA-TT-G-AC-GEGAAACCTGA-T-GECAAGAA-GC- - -A-GAACAG-A
GEAG-CTTCTA-TT-G-AC-GGGAANCCTGA-T-GEOAAGAA-GC-- -A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GGGARACCTGA-T-GOGAAGAA-GC-- -A-GAACAG-A
GEAG-CTTCTA-TT-G-AC-GGGAANCCTGA-T-GEOAAGAA-GC-- -A-GAACAG-A
GEAG-CTTCTA-TT-G-AC-GEGAAACCTGA-T-GEOAAGAA-GC-- -A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GEGARACCTGA-T-GGGAAGAA-GC---A-GAACAG-A
GEAG-CTTCTA-TT-G-AC-GEGAAACCTGA-T-GEOAAGAA-GC-- -A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GEGARACCTGA-T-GGGAAGAA-GC---A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GGEG-AACCTGA-T-GOGAAGAA-GC---A-GAACAG-A
GGEAG-CTTCTA-TT-G-AC-GGGARACCTGA-T-GOGANGAA-GC-- -A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GEGAAACCTGA-T-GGG-AGAA-GC---A-GAACAG-A
GEAG-CTTCTA-TT-G-AC-GEGAANCCTGA-T-GOOAAGAA-GC-- -A-GAACAG-A
GGEAG-CTTCTA-TT-G-AC-GGEG-AACCTGA-T-GOGAAGAA-GC - - - A-GAACAG-A
GEAG-CTTCTA-TT-G-AC-GGGAANCCTGA-T-GEOAAGAA-GC-- -A-GAACAG-A
GGEAG-CTTCTA-TT-G-AC-GGGARACCTGA-T-GOGANGAA-GC-- -A-GAACAG-A
TGAG-CTTCTA-TT-G-AC-GGGARACCTGA-T-GOGANGAA-GC-- -A-GAACAG-A
GEAG-CTTCTA-TT-G-AC-GGGAANCCTGA-T-GEOAAGAA-GC-- -A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GGGARACCTGA-T-GOGAAGAA-GC-- -A-GAACAG-A
GEAG-CTTCTA-TT-G-AC-GGGAANCCTGA-T-GEOAAGAA-GC-- -A-GAACAG-A
GEAG-CTTCTA-TT-G-ACGEGOAAACCTOA-T-GEOAAGAA-GC---A-GAACAG-A
GGAG-CTTCTA-TT-G-AT-GEGAAACCTGA-T-GGGAAGAA-GC---A-GAACAG-A
GEAG-CTTCTA-TT-G-AC-GGGAANCCTGA-T-GEOAAGAA-GC-- -A-GAACAG-A

Amplicon identity- x (number of occurrences) (sequence size). Red letters
denote changes in the sequence. ZFN spacer region:218-222.

296
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GEAG-CTTCTA-TT-G-AC-GEGAAACCTGA-T-GOGAAGAA-GC - - -A-GAACAG-A

HHXUTIAR4IIFNS_x1(1>326)
HHXUTIAB4IXGHL _x1(1>326)
HHXUTIAB4IROLE_x1(1>327)
HHXUTIAR4IISZ3 _x1(1=327)
HHXUTIAB4IRFOF_x1(1=328)
HHXUTIAR4ISYKY x1(1>327)
HHXUTTA®41108M_x1(1>338)
HHXUTIAB4ICTEG_x1(1>327)
HHXUTIAB4IKZSE_x1(1>329)
HHXUTTAB4IGSUL x1(1=328)
HHXUTIAB4ITSYO_x1(1>329)
HHXUTIAB4I761B_x1(1>328)
HHXUTTAB41BYV1 x1(1=328)
HHXUTIAB4IIRNY _x1(1=327)
HHXUTIAR4124PG_x1(1>338)
HHXUTTAB4INONS_x1(1=327)
HHXUTIAB4I1158_x1(1>332)
HHXUTIA@41DIHQ_x1(1>329)
HHXUTIAB4I6GIN x1(1=323)
HHXUTIAB4HEREE_x1(1>326)
HHXUTTAB4HSOKG x1(1=327)
HHXUTTAR4IDCFI_x1(1=327)
HHXUTIAR4INZ1]_x1(1>328)
HHXUTIAB4H7EGY_x1(1>328)
HHXUTTAB4HEUCE_x1(1=328)
HHXUTIA®4]FMHC_x1(1>329)
HHXUTIAB4H7ECP_x1(1>327)
HHXUTIAB4IBOES _x1(1=327)
HHXUTIAB4TINPM_x1(1>332)
HHXUTTA®4IMLE] x1(1=326)
HHXUTTAB4ISUSY_x1(1=329)
HHXUTIAR41CANE_x1(1>328)
HHXUTTAR4I2QHU_x1(1>329)
HHXUTIAB4IGS88_x1(1=327)
HHXUTIA®41092K_x1(1>328)
HHXUTIAB4IVNZN_x1(1>326)
HHXUTIAB4IVOQ3_x1(1>326)
HHXUTIAB4I41UN_x1(1>328)
HHXUTIAR4IVISA x1(1»328)
HHXUTIAB41ADUS_x1(1=327)
HHXUTTAR41XBPA_x1(1>329)
HHXUTTAB4HETQH_x1(1=328)
HHXUTIA®41ZB@D_x1(1>326)
HHXUTIAB4ISASC_x1(1>325)
HHXUTTA®4IMEQD_x1(1=328)
HHXUTIAB41GHEG_x1(1>329)
HHXUTIAB4IVHE3_x1(1>327)
HHXUTTAB4ITXRN_x1(1=329)
HHXUTTAB4HENBU_x1(1>253)
HHXUTIAR4IKY3O0_x1(1>328)
HHXUTTAB4INGCS_x1(1=327)
HHXUTIAB4IX59Z_x1(1>329)
HHXUTIA®412ZNOA_x1(1>328)
HHXUTIAB4INTUH_x1(1=327)
HHXUTIAB4JONYL_x1(1>338)
HHXUTTAB4I73PL_x1(1=332)
HHXUTTAR4IM173_x1(1=327)
HHXUTIAR4IUIDD_x1(1>324)
HHXUTIAR4]EISR_x1(1>327)
HHXUTTAB4IISZI_x1(1=329)
HHXUTIAB4IAGFH_x1(1>327)
HHXUTIAB4]AY71_x1(1>331)
HHXUTIAB410T0_x1(1338)
HHXUTIAB4IHRLI_x1(1>326)

A A A A A A A A A A R A A

GEAG-CTTCTA-TT-G-AC-GEGAAACCTGA-T-GGGAAGAR-GC - - -A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GGGAAACCTGA-T-GGOAAGAA-GC - - -A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GEGAAACCTGA-T-GGGAAGAA-AC ---A-GANCAG-A
GGAG-CTTCTA-TT-G-AC-GEGAAMCCTGA-T-G0G-AGAA-GC - --A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GEGAAGCCTGA-T-0G0AAGAA -GC - - - A-GAACAG-A
GEAG-CTTCTA-TT-G-AC-GEGAAACCTGA-T-GGGAAGAR-GC - - -A-GAACAG-A
GEAG-CTTCTA-TT-0-AC-GGEG-AACCTGA-T -GGGAAGAA-GCG--A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GGGAAACCTGA-T-GGOAAGAA-GC - - -A-GAACAG-A
GEAG-CTTCTA-TT-G-AC-GEGAAACCTGA-T-GGGAAGAR-GC - - -A-GAACAG-A
GEAG-CTTCTA-TT-G-AC-GEGAAACCTGA-T-GGGAAGAR-GC - - -A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GGGAAACCTGA-T-GGOAAGAA-GC - - -A-GAACAG-A
GEAG-CTTCTA-TT-G-AC-GEGARACCTGA-T-GGGAAGAR-GC - - -A-GAACAG-A
GEAG-CTTCTA-TT-G-AC-GEGAAACCTGA-T -GOGAAGAA-GC - - -AGGANCAG-A
GGAG-CTTCTA-TT-G-AC-GGGAAACCTGA-T-GGOAAGAA-GC - - -A-GAACAG-A
GEAG-CTTCTA-TT-G-AC-GEGAAACCTGA-T-GGGAAGAR-GC - - -A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GEGAAACCTGA-T -GGGAAGAA-AC - - -A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GEGAAACCTGA-T-GGGAAGAA-AC---A-GANCAG-A
GEAG-CTTCTA-TT-G-AC-GEGAAACCTGA-T-GGGAAGAR-GC - - -A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GGGARACCTGA-T-GO0AAGAR-GC - - -A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GGGAAACCTGA-T-GGOAAGAA-GC - - -A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GGGAANCCTGA-T-Go0AAGAR-GC - - -A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GGGAANCCTGA-T-Go0AAGAR-GC - - -A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GGGAAACCTGA-T-GGOAAGAA-GC - - -A-GAACAG-A
GEAG-CTTCTA-TT-G-AC-GEGARACCTGA-T-GEGAAGAA-AC---A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GGGAANCCTGA-T-GO0AAGAR -G - - -A-GAACAG-A
GEAG-CTTCTA-TT-G-AC-GEG-AACCTGA-T-GGGAAGAR-GC ---A-GAACAG-A
GEAG-CTTCTA-TT-G-AC-GEGAAACCTGA-T-GGGAAGAA-AC---A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GGGAAACCTGA-T-GGOAAGAA-GC - - -A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GGGAAACCTGAGT -GGGAAGAAGGL - - -A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GGGAANCCTGA-T-Go0AAGAR-GC - - -A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GGGARACCTGA-T-GO0AAGAR -G - - -A-GAACAG-A
GEAG-CTTCTA-TT-G-AC-GEGAAACCTGA-T-GGGAAGAR-GC - - -A-GAACAG-A
GEAG-CTTCTA-TT-G-AC-GEGAAACCTGA-T-GGGAAGAR-GC - - -A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GGGARACCTGA-T-GO0AAGAR -G - - -A-GAACAG-A
GEAG-CTTCTA-TT-G-AC-GEGAAACCTGA-T-GGGAAGAR-GC - - -A-GAACAG-A
GEAG-CTTCTA-TT-G-AC-GEG-AACCTGA-T-GGGAAGAR-GC ---A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GGGAAACCTGA-T-GGOAAGAA-GC - - -A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GGGAAACCTGA-T-GGGAAGAAGGL - - -A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GGGAANCCTGA-T-Go0AAGAR-GC - - -A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GGGARACCTGA-T-GG0AAGAR -G - - -A-GAACAG-A
GEAG-CTTCTA-TT-G-AC-GEGAAACCTGA-T-GGGAAGAR-GC - - -A-GAACAG-A
GEAG-CTTCTA-TT-G-AC-GEEAAACCTGA-T-GGGAAGAR -G -~ -A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GEGAAACCTGA-T-GGGAAGAA-AC---A-GANCAG-A
GEAG-CTTCTA-TT-G-AC-GEGAAACCTGA-T-GGGAAGAR-GC - - -A-GAACAG-A
GEAG-CTTCTA-TT-G-AC-GEGAAACCTGA-T-GGGAAGAR-GC - - -A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GGGAAACCTGA-T-GGOAAGAA-GC - - -A-GAACAG-A
GEAG-CTTCTA-TT-G-AC-GEGARACCTGA-T-GGGAAGAR-GC - - -A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GGGAANCCTGA-T-Go0AAGAR-GC - - -A-GAACAG-A
GEAGTCTTCTAGTAGGAAC -GGGARACCTGAGT -GOGAAGAA-GCRARAGGAACAGTA
GEAG-CTTCTA-TT-G-AC-GEGAAACCTGA-T-GGGAAGAR-GC - - -A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GGGAAACCTGA-T-Go0AAGAR -G - - -A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GGGAAACCTGA-T-GGOAAGAA-GC - - -A-GAACAG-A
GEAG-CTTCTA-TT-G-AC-GEGAAACCTGA-T-GGGAAGAR-GC - - -A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GGGARACCTGA-T-GO0AAGAR-GC - - -A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GGGAAACCTGA-T-GGOAAGAA-GC - - -A-GAACAG-A
GEAG-CTTCTA-TT-G-AC-GEEAAACCTGA-T-GGGAAGAR -G -~ -A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GGGAANCCTGA-T-Go0AAGAR-GC - - -A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GGGAAACCTGA-T-GGOAAGAA-GC - - -A-GAACAG-A
TGEAG-CTTCTA-TT-G-AC-GEEAAACCTGA-T-GGGAAGAR -G - - -A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GEGAAACCTGA-T -GGGAAGAA-AL - - -A-GAACAG-A
GEAG-CTTCTA-TT-G-AC-GEGARACCTGA-T-GEGAAGAA-GC---A-TAACAG-A
GEAG-CTTCTA-TT-G-AC-GEGARACCTGA-T-GGGAAGAAGGC - - -A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GEGAAACCTGA-T-GGGAAGAA-AC---A-GANCAG-A
GGAG-CTTCTA-TT-G-AC-GGGAAACCTGA-T-GGOAAGAA-GC - - -A-GAACAG-A

Amplicon identity- x (number of occurrences) (sequence size). Red letters

denote changes in the sequence. ZFN spacer region:218-222.
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248 258 268 278 288 208

GGAG-CTTCTA-TT-G-AC-GGGAAACCTGA-T-GEGAAGAA-GC---A-GAACAG-A

HHXUTIAB4IINCT_x1(1>328)
HHXUTIAB4ICFIO x1(1=325)
HHXUTIAB4IERFU_x1{1=338)
HHXUTIAB41YQOL_x1({1>329)
HHXUTIAB4]E935_x1(1=320)
HHXUTIAB4IUVEU_x1{1>325)
HHXUTIAB410IYE_x1{1>327)
HHXUTIAB4JESMC_x1{1>328)
HHXUTIAB4IMKDE_x1({1>326)
HHXUTIAB4IG7ZH_x1{1>328)
HHXUTIAB4115P6_x1({1>329)
HHXUTIAB4IFLZE_x1({1>332)
HHXUTIAB41QQTE_x1{1>327)
HHXUTTAB4IABYM_x1(1>328)
HHXUTIAB41@ZYN_x1{1=3293
HHXUTIAB4IPING_x1({1>322)
HHXUTIAB4IGIY] x1(1=338)
HHXUTIAB4ISP3E_x2(1>329)
HHXUTIAB413IA4 x1({1>338)
HHXUTIAB4IOTOZ _x1¢1=332)
HHXUTIAB41KQ58_x1({1>329)
HHXUTIAB4ILSKN_x1(1=328)
HHXUTIAB4I7059_x1¢1=320)
HHXUTIAB4I7AE3 _x1{1>331)
HHXUTTIAB4IYWTY_x1{1=333)
HHXUTIAB4IUSU4 x1({1>329)
HHXUTIAB4IOLSI_x1({1>338)
HHXUTIAB41IBTE_x1{1>327)
HHXUTIAB4ILBRF_x1({1>338)
HHXUTIAB4JRNYV_x1{1>332)

A A A A A A A A A A A A A A R A AN AN A A A

GGAG-CTTCTA-TT-G-AC-GGGAAACCTGA-T-GGGAAGAA-GC---A-GAACAG-A
GGAG-CTTCTA-TT-GGAC-GEOAAACCTGA-T -GGGAAGAA-NC---A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GGGAAACCTGA-T-GEGAAGAA-GC---A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GGGAAACCTGA-T-GOOANGAA-GC- - -A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GGOAAACCTGA-T -GGGAAGAAGGC ---A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GGGAAACCTGA-T-GOOANGAA-GC- - -A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GGGAAACCTGA-T-GOOAAGAA-GC- - -A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GGGAAACCTGA-T-GGGAAGAA-GC---A-GAACAG-A
TGAG-CTTCTA-TT-G-AC-GGGAAACCTGA-T-GOOANGAA-GC- - -A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GGOAAACCTGA-T -GGGAAGAA-AC---A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GGG-AACCTGA-T-GGGAAGAA-GC---A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GGOAAACCTGA-T-GOGAAGAA-GCG--A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GGGAAACCTGA-T-GGGAAGAA-GC---A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GGGAAACCTGA-T-GOOAAGAA-GC- - -A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GGGAAACCTGA-T-GEGAAGAA-GC---A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GGGAAACCTGA-T-GGGAAGAA-GC---A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GGGAAACCTGA-T-GEGAAGAA-GC---A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GGGAAACCTGA-T-GGGAAGAA-GC---A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GGGAAACCTGA-T-GOOANGAA-GC- - -A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GEOAAACCTGA-T -GGGAAGAAGGC ---A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GGOAAACCTGA-T-GOGAAG- A-GC---A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GGGAAACCTGA-T-GEGAAGAA-GC---A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GGGAAACCTGA-T-GEGAAGAA-GC---A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GGGAAACCTGA-T-GOOANGAA-GC- - -A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GGGAAACCTGA-T-GEGAAGAA-GC---A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GGGAAACCTGA-T-GOOANGAA-GC- - -A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GGGAAACCTGA-T-GOOAAGAA-GC- - -A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GGGAAACCTGA-T-GGGAAGAA-GC---A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GGGAAACCTGA-T-GOOAAGAA-GC- - -A-GAACAG-A
GGAG-CTTCTA-TT-G-AC-GGGAAACCTGA-T-GGGAAGARAGC ---A-GAACAG-A

188 | 3}3 | 3%! ide

348
salay |

TGA-TG-CT-A-GAAATGTATCATCACTT -AAACCA--GTG-C-AATTGTGAACCAC-

HHXUTIAB4IHPIE _x1({1>325)
HHXUTIAB4IX1AG _»x1(1=328)
HHXUTIABS4IXILU_x1{1>325)
HHXUTIAB4TCUEZ _»x1{1=320%
HHXUTIAB4INZVN _x1(1=3267)
HHXUTIARATKIKE _x1({1=326)
HHXUTIAB41ITSO _»x1{1=3327
HHXUTIAB4ITEZYX »x1{1=327)
HHXUTIAR4TCEZT _x1{1=329)
HHXUTIAB4IIRLIQ =1{1=327)
HHXUTIAB4HEGDA »1(1=328)
HHXUTIAB4ICYEL _»1{1=3257)
HHXUTIAB4HSEOF _x1({1>328)
HHXUTIARAHSTGY _x1{1=327)
HHXUTIAB4IZAIN_x1{1=>328)
HHXUTIABS4IZZFS _x1({1=327)
HHXUTIAB4IQKBR _»1{1=328)
HHXUTIABAT4@B6_x2(1>327)
HHXUTIAR4ILIBG _x2(1=3207
HHXUTIAB4HEYOE _»x2(1>328)
HHXUTIARAIZ7LP _x2({1=>327)
HHXUTIAB4IQFEF _=2(1=328)
HHXUTIABSIQLIN _x2({1>328)
HHXUTIAB4IC2F3 _x2(1=3207
HHXUTIAB4IKPUI x2(1=328)
HHXUTIAR4IQ6T4 _x2(1=328)
HHXUTIAB4IKGGC _x2(1>3267)
HHXUTIAB4TONIN_x2({1>327)
HHXUTIAR4IYYON_x2({1=328)

A A A A A A A A A A A A A A VA A A A

TGA-TG-CT-A-GAAATGTATCATCACTT-AAACCA--GTG-C-AATTGTGAACCAC-
TGA-TG-CT-A-GAAATGTATCATCACTT -AAACCA--GTG-C-AATTGTGAACCAC-
TGA-TG-CT-A-GAAATGTATCATCACTT-AAACCA--GTG-C-AATTGTGAACCAC-
TGO-TG-CT-A-GAAATGTATCATCACTT-AAACCA--GTG-C-AATTGTGAACCAC-
TGA-TG-CT-A-GAAATGTATCATCACTT -AAACCA--GTG-C-AATTGTGAACCAC -
TGA-TG-CT-A-GAAATGTATCATCACTT-AAACCA--GTG-C-AATTGTGAACCAC-
TGA-TG-CT-A-GAAATGTATCATCACTT -AAACCA--GTG-C-AATTGTGAACCAC-
TGA-TG-CT-A-GAAATGTATCATCACTT -AAACCA--GTG-C-AATTGTGAACCAC -
TGA-TG-CT-A-GAAATGTATCATCACTT-AAACCA--GTG-C-AATTGTGAACCAC-
TGA-TG-CT-A-GAAATGTATCATCACTT -AAACCA--GTG-C-AATTGTGAACCAC -
TGA-TG-CT-A-GAAATGTATCATCACTT-AAACCA--GTG-C-AATTGTGAACCAC-
TGA-TG-CT-A-GAAATGTATCATCACTT-AAACCA--GTG-C-AATTOTGAACCAC-
TGA-TG-CT-A-GAAATGTATCATCACTT-AAACCA--GTG-C-AATTGTGAACCAC-
TGGO-TG-CT-A-GARATGTATCATCACTT-AAACCA--GTG-C-AATTGTGAACCAC-
TGG-TGE-CT-A-GAAATGTATCATCACTT-AAACCA--GTG-C-AATTGTGAACCAC-
TGA-TG-CT-A-GARATGTATCATCACTT-AAACCA--GTG-C-AATTGTGAACCAC-
TGA-TG-CT-A-GAAATGTATCATCACTT -AAACCA--GTG-C-AATTGTGAACCAC-
TGA-TG-CT-A-GAAATGTATCATCACTT-AAACCA--GTG-C-AATTGTGAACCAC-
TGA-TG-CT-A-GAAATGTATCATCACTT-AAACCA--GTG-C-AATTGTGAACCAC-
TGA-TG-CT-A-GAAATGTATCATCACTT -AAACCA- -GTG-C-AATTGTGAACCAC-
CGA-TG-CT-A-GAAATGTATCATCACTT -AAACCA--GTG-C-AATTGTGAACCAC-
TGA-TG-CT-A-GAAATGTATCATCACTT -AAACCA--GTG-C-AATTGTGAACCAC-
TGA-TG-CT-A-GAAATGTATCATCACTT-AAACCA--GTG-C-AATTGTGAACCAC-
TGA-TG-CT-A-GAAATGTATCATCACTT-AAACCA--GTG-C-AATTOTGAACCAC-
TGA-TG-CT-A-GAAATGTATCATCACTT -AAACCA- -GTG-C-AATTGTGAACCAC -
TGG-TG-CT-A-GARATGTATCATCACTT-AAACCA--GTG-C-AATTGTGAACCAC-
TGA-TG-CT-A-GAAATGTATCATCACTT -AAACCA--GTG-C-AATTGTGAACCAC -
TGA-TG-CT-A-GARATGTATCATCACTT-AAACCA--GTG-C-AATTGTGAACCAC-
TGA-TG-CT-A-GAAATGTATCATCACTT-AAACCA--GTG-C-AATTGTGAACCAC-

Amplicon identity- x (number of occurrences) (sequence size). Red letters

denote changes in the sequence. ZFN spacer region:218-222.
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7.16 haxl gene sequence input into the TALEN Targeter 2.0
tool for identification of TALEN sites and haxl exon 2 specific

TALEN RVD sequences
aatcatggttttttttaatacagGGACCCCTTCTTTGATGGAATGATTCATGAAGATG
ATGATGATGAAGACGAGGATGACTTTAACAGACCCCATCGGG

50 bp of DNA sequence 5’ and 3’ of the BspHI site (highlighted yellow) were

inserted into the online tool. Lower and upper case sequences denote intronic

region and exonic regions, respectively.

LEFT TALEN RVD Sequence: NI, HD, NI, NN, NN, NN, NI, HD, HD, HD, HD,
NG, NG, HD, NG, DNA sequence recognised: ACAGGGACCCCTTCT.

RIGHT TALEN RVD Sequence: HD, NG, NG, HD, NI, NG, HD, NI, NG, HD, NI,
NG, HD, NI, NG, HD, NG, DNA sequence recognised: AGATGATGATGATGA

AG).

Spacer region seqguence: TTGATGGAATGATTCATGA.
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RVD plasmid (Module)
A G T G
pNI pHD pNN pNG pNK .
1 r CIAT [TNIT] GTAC '] r CTAT [HD GTAC "I r ciar INNT| GTAC 1 r CTAT [ING'| GTAC '] r CTAT ['NK| GTAC 1 Array plasmld
tet tet tet tet tet PFUS_AI CCCT | GATA GGCG ACCG ]
carG [INI] ccre cATG ['HB! ccTG ! cATG NN ccTe cATG INGY care cATG [INKI ccTe spec
2 r tet -] r tet 1 r tet 1 r tet 1 r tet -] pFUS_A3l]A[ ccer | cara [N eacs| eact ]
GGAC [TNII| GGTC GGAC ['HD| GGTC GGAC 'NN'| 6GTC GGAC NG| GGTC GGAC [INK'| GGTC SpEC
3 r tet -] r tet -] r tet ] r tet -] r tet .] pFUS_A3DB [ crea | Gata PN Goos| acce ]
CCAG [INIT] ACAA CCAG [THD' ACAA CCAG [INNTT ACAA CCAG [INGT] ACAA CCAG [TNKT] ACAA B { spec
4 r tet -] [- tet -] r tet ] (- tet -] r tet pFUS_B1 l‘ TGGC | GATA CATG | GATA ]
TGTT [INIT] AcGT TGTT [HD' AcGT TGTT NN ACGT 7617 NG| ACGT TGTT [NKT] ACGT - ;
. r tet .] r tet 1 r tet 1 r tet 1 r tet .] FUS B2 I' TGGC | GATA GGAC GATA ]
6 r TGCA [INIT| GCCa ] [' TGCA ['HD | GCCA '] r TGCA NN GCCA ] r TGCA NG | GCCA '] [' TGCA |INK'| GCCa '] P - sper
: r’lir tet : r“m— Iﬁ!—l - : r_fil_[ pFUS_B3 [ TGGC | GATA CCAG| GATA ]
CGGT NI CTTT CGGT THBI CTTT CGGT NN CTTT CGGT NG CTTT CGGT [INKI| CTTT -
7 rGAAAl-r% AGCT -] rGAAA _r”;_ Aoanl rGAAA W‘l%‘ Acn.l rGAAA I';flt—l AG(‘T1 rcm rfll(Tl AGCT -] pFUS_Bd l oG _GATA S— ]
8 r tet -] r tet 1 r et ‘ -I r tet 1 r tet -] TGGC | GATA TGEA | GATA
9 r TCGA [ININ CGAG ] r TCGA [HD| CGAG ] r TCGA [INNIT CGAG -I r 1CGA [INGY CGAG 1 r TCGA [INKI| CGAG 1' pFUS_B5 l ] \“_ ]
=l :u ey e % wscn e TIH;J e I |v’;4 wecy (e Lir;“] cesen) pFUS_BG [ resc [ Gain JEEIRNN coor] Gara ]
10 777777 e— e — — - Spec
tet tet et tet tet pFUS_B',I’ l T - B GAM. i ]
. | spEC
Last half RVD repeat plasmld pFUS_B& I' raGe | GATA [ETSNN TCGA | GATA ]
HD—-C PLR-HD PLR-NI s
NI_)A r ctar (D[ 1'|'G-':1 r AT TRl T75¢ _] pFUS_B9 I' TGGC | GATA = GCTE | GATA ]
NG T Spe spec pFUS_B10 [ 1eec | cata [IEEEMN GGoG| GATA 'I
T 1r 700 Ny = N——
N LR-NN
NN=>G pLR-NG o
- (; crer [Nl Trec ) r crar NNl TTGC -]
Spec SEFEC
7.17 Appendix 17: Golden Gate TALEN assembly plasmids
Adapted from (Cermak et al. 2011). Note not all of the available plasmids are

shown.
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7.18 Appendix 18: A map of the Golden Gate TALEN assembly generic backbone

CAG Promoter

— 5000
pCAG-T7-TALEN(Sangamo)-Destination

6,441bp

T7
TALE-N-term(153)
NLS

Amp

[Esp3I]

Esp3l

lacZ'

lacZ promoter
TALE-C-term(63)
Fokl Homodimer CDS

bpA
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7.19 Appendix 19: Primers required for amplification and

sequencing of the TALEN constructs and haxl specific
TALEN target site

Target Sequence Expecte | Annealing
d size | temp. (°C)
(bp)
TAL_R2 Forward 5’- ggcgacgaggtggtcgttgg -3° - -
SeqTALEN_5- | Forward 5'- catcgcgcaatgcactgac -3 + -
1
Hax1TalRE Forward 5- B34 bp 55
GGTTAAAAATCCAACGGCACT -3
Reverse 5-
TGCTTCACCCATGTCACCTTA-3
Hax1TalRE (1) | Forward 5- 367 bp 55
AAGCACTTTTGGTGTAATGGTAATC-3
Reverse 5-
CCAGCAAACATCTCCTCCATGTCTC-3
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7.20 Annotation of left and right hax1 specific left and right

TALEN encoding vector sequences

7.20.1 Left TALEN subunit ((Lhax1pCAGT7-TALEN(Sangamo))

Josition: 1

10 20 30 40 30 1]

732% bp

o

o

Xbal

CECTCTAGAGCCTCTEC TARCCATETTCATCGCCTTCTTCTTTTTCCTACAGATCCTTAAT

CCGAGATCTCGEAGACCATTEETACAACTACCEARCANCAANRACCATETCTAGCGAATTA
R L . 35 L © ) P C 5 C L L L F P T D P

TAATAATACCGACTCACTATAGECECCECCACCATGACGATCTCC TAACGAANAACACGAAGE

ATTATTATGCTEAGTCGATATCCCCGECEETEGETACTCTAGAGEGATTCTTTTTCTCCTTCC
L l | R L T l G A A T M R § P K K K R K

TECAGGTCEATCTACGCACGC TCEECTACAGTCAGCAGCACGCAACAGAACATCAMACCEA

ACGTCCACCTAGATGCETGCCAGCCEATGTCAGTCGTCGTCGTTCTCTTCTAGTTTEECT
v @ ¥ D L R T L G ¥ & Q@ @ @ Q@ E K | K F

AGGTECETTCCACAGTGECECAGCACCACGAGCCACTGETGEECCATGEETTTACACACE

TCCACGCAAGCTGTCACCGCETCETGETEGCTCCGTEACCACCCGETACCCAAATETGTEC
K ¥ R 3 T ¥ A @ H H E A L V¥V G H G F T H

CECACATCETTCCCCTCAGCCAACACCCGECAGCETTAGGEACCETCEGCTETCACGTATC

GCETETACGCAACGCEGAGTCGETTETGEECCEGTCCCAATCCCTEECAGCGACAGTGCATAG
A H | vV A L 5 @ H P A A L G T WV A V¥V T ¥

AGCACATAATCACCCCGTTCCCACGAGECEACACACCANGACATCEGTTEECETCEGECAAAC

TCETETATTAGTGCCECAACGETCTCCECTETETEGCTTC TETAGCAACCECAGCCETTTG
@ H | | T A L P E A T H E D | v G v G K

AGTGETCCGECECACGCECCCTEEAGECCTTECTCACGEATECGEEECACTTCGACGAGETC

TCACCAGCCCECETECECEEEACCTCCEEARCEAGTECCTACCGCCCCCTCAACTCTCCAG
o w 5 6 A R A L E A L L T D A G E L R G

CECCETTACAGTTCEACACAGECCAACTTETEAAGATTCCARAMACCTCGCCGECETGACCE

GCGECAATCTCAACCTETGTCCEETTEAACACTTCTARCGTTTTCGCACCCCCEGCACTGEC
P P L @ L D T G @ L VWV K | A K R G G V T

CARTECEACCGCAGTECATECATCCCCCAATCCACTEACCEETECCCCCCTgaacctgacee

GTTACCTCCGTCACGTACGTAGCGCETTACGTGACTGCCCACGEEEEGACt tggactggg

A M E A ¥ H A 5 R N A L T G A P L N L T

18e0

1920

1980

2040

2100

21e0

2220

2280

2340

303



Pasition: 1

10 20 30 40 30 B

(=]

7529 bp!

cggaccaagtggtggetategecageaacattggoggecaagecaagogetecgaaacggtge

goctggttecaccacegatageggtegttgtaacegecgttegttegegagetttgecacg
| NI

PD Q@ VvV ¥V A ! A 3 N | G G K @ A L E T VW

agoggctgttgeocggtgotgtgeocaggaccatgGCCTEACTCCGEACCAMAGTGETGECTA

tegocgacaacggocacgacacggtoctggtacCEEACTEAGCCCTEGETTCACCACCEAT
NI 1 fHD2

TCECCAGCCACCATCECCECAACCAACCECTCCAAACCETECACGCCECTETTECCCETCC

TCETECCACCEACcatggoctgacoceggaccaagtggtggetategecageaacat tggeg

ACACGGTCCTGgtaccggactggggoctggttcaccacocgatagoggtegttgtaacege

fHD2 1 NI3

gcaagcaagcgcetogaaacggigeoageggotgtigecggtgetgtgocaggacecatggee

cgttegttegegagetttgocacgtegecgacaacggocacgacacggtectggtacegg
NI3 1 NN4

tgacccceggaccaagtggtggectategecageaacaatggoggecaagecaagogetcgaaa

actggggoctggttecaccaccgatageggtogttgttacegeecgttegttogegagetit

NN4

cggtgcagoggectgttgocggtgetgtgocaggaccatggoctgacccocggaccaagtgg
B B L o B A B anas aeey

geccacghbogecogacaacggocacgacacggtectggtaceggactggggectggttecace

2400

2460

2520

2580

2640

2700

2760

304



Pasition: 1

10 20 0 40 50 5

=]

7529 bp

L)

5

1

L]

tggctateogocageaacaatggeggcaageaagegetegaaacggtgeabCEGEUTETTEC

accgatageggtegttgttacegeegttegttegegagetttgocacgtCEGCCEACAMNCE

NN5 I NG
v A I A S5 N N G G K @ A L E T W Q@ R L L

CCCTCCTETCCCAGCACCATCECCTCACCCCCCACCAACTEETCCUTATCCCCAGCARCA

CCCACCACACCETCCTCOTACCECACTCCEECCTECTTCACCACCEATAGCCETCGTTCET
fHMMNE

atggcoctgacccoggaccaagtggtggetatocgocageaacattggoggcaagoaagogo

taccggactggggocctggttocaccacegatagoggtegtitgtaacogoogttegttegeg

tegaaalGETECACGCEECTETTECCEETCCTETECCACEACCATCGECCTEACTCCGEACT

agetttGCCACETCECCCACAACGECCACCACACGETCCTEETACCECACTCGAGGCCTEE
[Tra | HDA

AACTGETCGECTATCCCCAGCCACCATCECCCCAAGCAACCGCTCEAAACCETCCAGCEET

TTCACCACCEATACGCCETCEETCCTACCECCETTCETTCCCCAGCTTTECCACETCGCCE

HDA 1 HDA
2 v vV A | A S H D B G K @ A L E T ¥V O R

28210

2880

29410

3000

3060

3120

305



Position: 1

10 20 30 40 30 B

[}

7529 bp

2]

5

T

TETTECCEETECTETCCCACCACCATCCCCTEACTCCCCACCARCTEETEECTATCGLCA

ACANCGGCCACCGACACCGETCCTEETACCEEACTEACECCTEETTCACCACCEGATAGCEET

CCCACCATCGECECCAMGCAMNECECTCgasacggtgoageggetgt tgeeggtgotgtgee

CGETECTACCGCCETTCETTCECEAGCc Lt tgecacgtegecgacaacggecacgacacgg
HD3 1 fHD10

aggaccatggoctgactecggaccaagtggtggetatogocagocacgatggoggcaage

tcctggtaceggactgaggectggttcaccacegatagoggteggigetaccgoogticg

fHD10 |
2 D H G L T P D Q@ ¥V V A | A S H D G G K

CECACCAACTCETCECCTATcgocagecacgatggoggoaageaagegetogaaacggtge

CCCTGEETTCACCACCCATAgeggtcggtgetacegoegttegttegegagetttgocacyg

[ pFUSB4
l HD1
P D 2@ V ¥V A | A S H D G G K @ A L E T V

agoggotgttgocggtgetgtgecaggaccatgCLCTEACCCCECACCAACTEETECCTA

tecgeogacaacggocacgacacggtectggtacCEEACTEEECCCTEETTCACCACCEAT
pFUSB4

3180

3240

3300

3360

3420

3480

306



Position: 1

10 20 0 40 30 60

7529 bp

()

TOCCCACCAACCETCCCCE A hCC IO GO TCCANAC CETCCACCCCC TC T TECCCETEr

AGCGETCETTECCACCCCCETTCETTCGCCAGCTTTECCACGTCGLCEACAACGGCCALE
pFUSB4

NG2

| A 5 N G G G K @ A L E T ¥ @ R L L P V

TETGCCAGGACcatggectgaccococggaccaagtggtggetategecageaacggtggeg

ACACCGGTCCTGgtaceggactggggectggtteaccacegatageggtegbtgocacege

pFUSB4
NG2
| NG3
G3
L ¢ 2@ b H G L T P D Q V ¥V A | A 5 N G G

gcaagcaagegctogaaacggtgeagoggetgttgocggtigetgtgecaggaccatggeo
B e m e o e M Amaas e e B AR

cgttocgticgogagetitgocacgtogoocgacaacggccacgacacggicoctggtacogyg

pFUSB4

G K @ A L E T ¥V @ R L L P v L © @ D H G

tgactococggaccaagtggtggetategocagecacgatggoggocaagocaagogoctocgaaa

actgaggectggttcaccacegatagoggtoggtgotacegeegttegttogogagottt

pFUSB4
2
L T P D @ VvV V A | A 5 HD G G K @ A L E

cggtgocageggotgitgooggtgetgtgocaggacecatggoctgacccoggaccaagtgyg

goccacgtogoocgacaacggocacgacacggtcoctggtaceggactggggoctggttocace

pFUSB4

3540

3600

3660

aTzo

3780

307



Position: 1

10 20 0 40 30 60

7529 bp

()

TOCCCACCAACCETCCCCE A hCC IO GO TCCANAC CETCCACCCCC TC T TECCCETEr

AGCGETCETTECCACCCCCETTCETTCGCCAGCTTTECCACGTCGLCEACAACGGCCALE
pFUSB4

NG2

| A 5 N G G G K @ A L E T ¥ @ R L L P V

TETGCCAGGACcatggectgaccococggaccaagtggtggetategecageaacggtggeg

ACACCGGTCCTGgtaceggactggggectggtteaccacegatageggtegbtgocacege

pFUSB4
NG2
| NG3
G3
L ¢ 2@ b H G L T P D Q V ¥V A | A 5 N G G

gcaagcaagegctogaaacggtgeagoggetgttgocggtigetgtgecaggaccatggeo
B e m e o e M Amaas e e B AR

cgttocgticgogagetitgocacgtogoocgacaacggccacgacacggicoctggtacogyg

pFUSB4

G K @ A L E T ¥V @ R L L P v L © @ D H G

tgactococggaccaagtggtggetategocagecacgatggoggocaagocaagogoctocgaaa

actgaggectggttcaccacegatagoggtoggtgotacegeegttegttogogagottt

pFUSB4
2
L T P D @ VvV V A | A 5 HD G G K @ A L E

cggtgocageggotgitgooggtgetgtgocaggacecatggoctgacccoggaccaagtgyg

goccacgtogoocgacaacggocacgacacggtcoctggtaceggactggggoctggttocace

pFUSB4

3540

3600

3660

aTzo

3780

308



Position: 1

10 20 30 40 30 a0

7.20.2 Right TALEN subunit (Rhax1pCAGT7-TALEN(Sangamo))

7733 bp

Xbal

CECTCTAGAGCCTCTECTAMACCATETTCATCGCCTTCTTCTTTTTCCTACACGATCCTTAAT
B T B R ISR
CCEACATCTCEEACACCATTEETACAAGTACCEAACGAACAMAAMNGEATETCTAGCAMTT
R L . 5 L c . P c 5 c L L L F P T ] F

TAATAATACCACTCACTATACGCECCCCCCACCATCACGATCTCCTAACGAMANACACEAAGE

B T B R ISR
ATTATTATGCTCACTGATATCCCCEEGCEETEETACTC TAGAGEATTCTTTTTCTCCTTCC
L | | R L T | G A A T M R 8 P K K K R K

TECAGETEEATCTACCCACCC TCEEC TACACTCACCACCACCAACAGAMCATCAAACCEA

B T B R ISR
ACGTCCACCTACGATCECETECEACCCEATETCAGTCETCETCETTCTCTTCTAGTTTGECT
W 2 W ] L R T L G ¥ 5 ] Q Q Q E K | K P

AGETCCCTTCEACACTEECCCACCACCACCACGCCACTEETEECCCATCECTTTACACACG

B T B R ISR
TCCACCGCAMCTETCACCCCETCETEETECTCCETEACCACCCEETACCCAMATETETEC
K W R 5 T W A Q H H E A L W G H G F T H

CECACATCETTECECTCAGCCAMACACCCEECACCETTACCEACCETCECTETCACGTATC
B T B R ISR
GCETETAGCAACGCCACTCEETTETEEECCETCECAATCCCTEECAGCEGACAGTCGCATAG
A H | W A L 3 Q H F A A L G T W A W T Y

AGCACATARTCACCCECETTCCCACGACCCEACACACCAACACATCCTTCECETCECCAANT

B T T R R R
TCETETATTAGTEGCCGCAACGETCTCCECTETETECTTCTETAGCAMCCECAGCCETTTE
2 H | | T A L P E A T H E D | W G W G K

AGTEETCCEECECACGCECCCTEEACCCCTTECTCACCEATECECEECACTTEGACGAGETC

B T T R R R
TCACCACGCCECETECECEEEACCTCCEEAMCCACTECCTACGCCCCCTCAMC TCTCCAG
2 W 5 G A R A L E A L L T D A G E L R G

CGCCETTACACTTEEACACACCCCAACTTETCARCATTCCARAMCCTCGECEECETCACCE

B T T R T
CCEECAMTETCAARCCTETETCCEETTEARCACTTCTAMCGTTTTGCACCECCEGCACTEET
F F L ] L D T G 2 L W K | A K R G G VW T

CAATCEAGCGCAGTECATECATCECCCAATCCACTEACCECTECCCCCCTgaacctgacae
B T T R T
GTTACCTCCETCACCTACCTACGCECETTACCTEACTECCCACCGECEECActtggactggy

1860

1220

1980

2040

2100

2160

2220

2280

2340

309



Position: 1

10 20 30 40 30 a0

7733 bp

cggaccaagtiggtggotatocgocageccacgatggoggcaagcaagogoiocgaaacggige
R B e o B R ARRAS e na e nan s

goctggticaccaccgatagoggtocggigotaccgoogtiogitocgogagotttgoocacyg

I HD1
P D QG V V A | A S H D G G K O A L E T V

agocggotgttgocggtgotgtgocaggaccatgClCTEACCCCECACCAACTEGETCECTA
L A

tcgoocgacaacggocacgacacggteoctggtacCECACTEEEECCTEETTCACCACCEAT
HD1 | NG2

2 R L L PoW L ¢ @ D H G L T P D Q@ VvV VvV A

TCECCAGCAACGETEECEECAAGCAACCECTCEAARCGETECAGCEECTETTCGCCGETEE

AGCGETCETTECCACCECCETTCETTCECEAGCTTTECCACCTCELCCACARCGECCACE

TETECCAGCACcatggooctgaccocggaccaagtggtggotategocagocaacggtggeg

ACACGETCCTEgtaccggactggggoctggttcaccaccgatagoggtegttgocacege

nez || NG3
L ¢ @ b H B L T P DWWV V¥V A | A S N G G

gcaagcaagogotogaaacggtgoagoggoctgitgeocggigetigtgocaggaccatggoe

cgttcgticgogageotttgocacgtcgoocgacaacggoccacgacacggtococtggtaccgg
NG3 ||___Ho4

2400

2460

2520

2580

2640

2700

310



Position: 1

10 20 0 40 30 60

7733 bp

COgLgcagoggeLgLigocggLgoLgLgecaggaccatggooLgacocoggaccaagogg

o
9

B T R B B R A BURCECEC RS
gocacgtogoocgacaacggocacgacacggticctggtaceggactggggectggttcaco

T ¥ @ R L L P ¥ L © Q@ D H G L T P D Q@ V
tggoctatcecgocagocaacattggoggcaagoaagegotcgaaacggtigoageggetgtitge

accgatagoggtecgttgtaacogocgtitecgttegogagetttgocacgtogocgacaacg

NIS | =T
v A I A S N | 6 G K Q A L E T V¥V Q@ R L L

cggtgotgtgocaggaccatggoctgacococoggaccaagtggtggetategocagoaacg

gccacgacacggtocctggtacoggactggggoctggttcaccaccgatageggtegtitge

atggocctgactocoggaccaagtggytiggoctatogocagocacgatggoggcaagcaagogo

taccggactgaggoctggtitcaccacogatagoggtcggtigotaccgeoegttegttogeg

Locgaaacggigoagoggotigitgoocggtgotgtgocaggaccatggocigacocccggaco
L 1 L 1 L 1 L 1 L 1 L

agciitgeccacgtogoogacaacggocacgacacggticctggtaccggactggggoctgyg

2760

2820

2880

2940

3000

3060

311



Position: 1

10 20 0 40 30 G

=]

7733 bp

aagtggtggétatcgccagéaacattggcégcaageaagégctcgaaacégtgcagcggé

ttcaccaccgatagoggtegttigtaacegoogtitogtitegogagetttgeocacgtogecg

NiE 1 NGI
2 v vV A I A S N | G G K 2 A L E T VvV @ R

gocaacggtiggoggoaagoaagogoiocgaaacggigocageggotgitgocggtgetgigeo

cgtigocaccgoogitogiticgogagottigocacgicgocgacaacyggoCacgacacyy

NGO 1 fHD10

aggaccatggocctgactocoggaccaagtggtggotatogocagocacgatggoggocaago

tocctggtacoggactgaggoctggitcaccacocgatageggteggtgetacogecgtiteg
fHD10 |

CECACCAMCTCETECLTATegocagoaacat tggoggeaageaagegetcgaaacggtge

CCCTCETTCACCACCEATAgeggtcgttgtaacegoogttegttogogagetttgocacy

| NI
P DOV V A | A& S5 N | 6 G K 0 A L E T V

3120

3180

3240

3300

3360

34210

312



Position: 1

10 20 0 40 30 G

L]

7733 bp

]
5
-1
3

ageggetgttgeocggtgetgtgecaggaccatgGCCTEACCCCEEACCAMETEETEECTA

tegoogacaacggocacgacacggbocctggtacCGEACTECECCCTEETTCACCACCEAT
NI | NG2

TCECCACCAACGETEECEECAAGCARGCECTCCARACCETECAGCEECTETTECCGETEE

AGCGETCCTTECCACCGLCETTCETTCCCCAGCTTTEGCCACCTCECCEACARCGECCACE
NG2

TETECCAGEACcatggoectgactocoggaccaagtggtggotategocagecacgatggeyg

ACACGETCCTCEgtaccggactgaggoctggtteaccacegatageggteggtgetacege

nez | HD3
L c Q@ D H G L T P D@V V A I A S HUD G

gcaagcaagcgctcgaaacggtgocageggotgttgocggtgotgtgeocagBACCATEECT

cgtteogttogegagetitgocacgtocgocgacaacggocacgacacggtcCTEETACCEE

TEACCCCGEACCAAGTEETCECTATCCCCAGCAACATTCECECCAACCAMCCCCTCGAMR

ACTGGEECCTEETTCACCACCEGATAGCGETCETTETAACCGCCETTCETTCEGCGAGCTTT

Ni4
L T P D @ ¥V Vv A | A 5 N | G G K O A L E

CEETECAGCEECTETTgoccggtgotgigeocaggaccatggectgaccoccggaccaagtgyg

GCCACGTCCCCEACANCcggocacgacacggtocctggtaceggactggggoctggttcace

3480

3540

3600

3660

3720

3780

313



Position: 1

L]

10 20 0 40 30 [

7733 bp!

5

ks

CEETECACGCEECTETIgecggtgotgigecaggaccatggoctgaccocggaccaagtgy

CCCACGTCECCEACARCggocacgacacggtcotggtaceggactggggectggtteace
Ni4 | NGS

T v @ R L L P ¥V L €©€ @ D H G L T P D Q@ V

tggctatogocagoaacggtggoggcaageaagogotogaaacggigecageggetgtitge

accgatageggtegttgocacogeogttegttegogagetttgocacgtocgocgacaac

NG5 1 HDE

=

A ! A 5 N G G G K O A L E T v 2 R L L

cggtgetgtgocaggaccatggoctgactocggaccaagtggtggotatocgocagocacg

gocacgacacggtoctggtacoggactgaggoctggtitocaccaccgatagoggteggtge

HD&

atggocggoaagoaagogetcgaaacggtgeagoggotgttgecggtgetgigecaggace

taccgoogttogitogogagettigocacgtiogocgacaacggocacgacacggtocetgg

HD& 1 pFUSBE

=)

G & K o0 A L E T ¥ @ R L L P vV L © @ D

atggocctgacococoggaccaagtggtiggetategecagoaacggtiggoggcaagecaagcge

taccggactggggoctggttcaccaccgatageggtegttgocacogoogttegttegeg

sruss — T E—

G L T P D @ WV Vv A | A B N G G G K QO A

= 4

tocgaaagoattgtggooccagetgagecggectigatceggogttggocgegitgaccaacyg

agctttogtaacaccgggtcgacteggocggactaggeocgoaacoggegecaactggttge

3780

3840

3900

3960

4020

4080

314



Position: 1

10 20 30 40 30 1]

7733 bp

ACCACCTCGTCGCCTTGECCTECCTCGECGEACGTCCTECCATEEATCCAGTCAMAMAGE

B T R T T RIS
TEETEEACCAGCEEANCCEEACCEACCCECCTECAGCACGETACCTACGTCACTTTTTCC

D H L ¥V A L A C L GG GG R P A M D A V K K

CATTECCECACGCGCCEEAATTEATCAGAACACTCAATCECCETATTEECEAACCGCACET

B T R T T RIS
CTAACCGECETECECEECCTTAACTACTCTTCTCAGTTAGCGECATAACCEGCTTGCETECA
G L P H A P E L | R R v M R R | G E R T

BamHI

CCCATCCCCETTgeggiATCecagetagtgaaatetgaat tggaaGAGAACANATCTEAAC

B B R AL ALALECE UL

GEETAGCECAAcgecCTACGggtecgatcactttagacttaacct tCTCTTCTTTAGACTTE
l Fokt

5 H R ¥V A G & @ L V K 3 E L E E K K 3 E

TTACGACATAANTTEAMATATCTCCCACATCAATATATTCAATTEATTCAMATCECANGAN

B R e R T R T B CACACE

AATCTETATTTAACTTTATACACCETETACTTATATAACTTAACTAACTTTAGCETTCTT
Fokt

L R H K L K Y W P H E Y | E L | E | A R

ATTCAACTCAGEATACAATCCTTEAMA TCAACCTCATCEACGTTCTTTATCAAGETTTATE

B R e R T R T B CACACE

TAACTTCACTCCTATCTTACCAACTTTACTTCCACTACCTCAACGAAATACTTCCAAATAC
Fokt

M 3 T Q D R | L E M K W M E F F M K W Y

CTTATCETEETAAACATTTCECTEEATCAMCCAMCCACGACCEAGCAATTTATACTETCE

B R e R T R T B CACACE

CAMLTACCACCATTTETAAACCCACCTAGTTCCTTTEETCTEGCCTCETTAAATATEACAGT
Fokt

G Y R G K H L G G S R K P D G A | Y T W

CATCTCCTATTEATTACCETETEATCETTEATAC TAACGECATATTCACCACGETTATAATC

B e T T R R R RLACECECRURCECE S
CTAGACCATAACTAATCCCACACTACGCAAC TATEGATTCCETATAACTCCTCCAATATTAG

Foid

4140

4200

4260

4320

4380

4440

4500

315
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	1 General introduction
	1.1 Immunity

	The mammalian immune system consists of various cell types and signalling cascades essential in maintaining homeostasis and defence against pathogenic microorganisms. The immune system can be arbitrarily divided into two components, innate and adaptiv...
	1.2 Inflammation
	1.2.1 Leukocyte recruitment


	Inflammation and the clinical symptoms and signs of inflammatory disease were first described by the Roman Cornelius Celsus, in the first century. The four key signs of inflammation were defined as: redness, swelling, heat and pain (Rather 1971). It w...
	1.2.2 Pattern recognition receptors

	Inflammation is characterised by increased blood flow, vascular dilation, capillary permeability and leukocyte recruitment to the site of infection or injury. It is in part initiated by the tissue resident macrophages and mast cells that act as sentin...
	PRRs can also recognise and bind to danger associated molecular patterns (DAMPs) such as ATP (adenosine triphosphate) and mRNA (messenger ribonucleic acid) released from damaged or stressed cells (Gallucci & Matzinger 2001; Kariko et al. 2004). This e...
	PRR signalling results in the production of numerous inflammatory factors (Medzhitov 2008). These include chemokines, cytokines and pro-inflammatory lipid mediators that can elicit local and systemic inflammatory responses, which highlights the role o...
	Leukocyte recruitment from the circulation into tissues is essential for the development and appropriate maintenance of an inflammatory response. The type and length of the response are governed by the inflammatory trigger (Medzhitov 2010). The fate o...
	1.3 PMN

	PMN were first discovered by Elie Metchnikoff as migrating and phagocytosing cells in starfish larvae in response to inserted rose thorns (Cavaillon 2011). The cells are on average 10 μm in diameter and have a characteristic lobulated-chromatin dense ...
	1.3.1 PMN terminal differentiation

	PMN production and differentiation from hematopoietic stem cells in the bone marrow is modulated by two cytokines known as granulocyte colony-stimulating growth factor (GCSF) and granulocyte-macrophage colony-stimulating factor (GM-CSF) (Cannistra & G...
	PMN terminal differentiation, termed granulopoiesis, begins during the myeloblast and promyelocyte stages at which point proliferation is switched to differentiation (Glasser & Fiederlein 1987). During the promyelocytic cell stage, in addition to losi...
	1.3.2 PMN migration to the site of infection/injury

	PMN circulate in the blood in a relatively functionally quiescent state until stimulated by an infection (Southgate et al. 2008). These cells exist in numerous subpopulations in various states of activation ranging from the inactive resting state to t...
	PAMP binding induces sentinel cells to produce numerous pro-inflammatory cytokines including interleukin-1β (IL-1β), tumour necrosis factor-α (TNF- α), chemokines and other lipid mediators (Zeytun et al. 2010). These act to rapidly recruit PMN to the ...
	A multistep sequential adhesion cascade is initiated on contact of free-flowing PMN to the activated vascular endothelium. It is thought that the vasculature acts as a fast-track system for PMN whereby PMN approach the injured or infected site as clos...
	Following PMN activation, β2-integrins bind to their physiological ligand Intercellular Adhesion Molecule 1 (ICAM-1) with enhanced affinities allowing firm adhesion to occur (Sligh  Jr. et al. 1993; Stewart & Hogg 1996). Once PMN have firmly bound to ...
	Once into the interstitial tissue, PMN migrate to the site of injury or infection along a gradient of immobilised chemoattractants and this process is known as haptotaxis (Foxman et al. 1999). PMN sense the gradients through G-protein-coupled-seven-tr...
	1.3.3 The role of PMN in infection

	The principal role of PMN is to destroy invading microorganisms at sites of infection through binding and ingestion, a process known as phagocytosis, and degranulation in areas where phagocytosis of pathogens is not possible (Bellocchio et al. 2004; L...
	In addition to their ability to phagocytose, PMN can also resolve infections through the release of ROS and granules containing degradative enzymes (Dransfield & Rossi 2004; El Kebir & Filep 2010). PMN responses to infection can therefore result in co...
	1.3.3.1 PMN granule content and action against pathogens

	Human PMN are characterised by the existence of multiple granules varying in morphology and size (Borregaard & Cowland 1997). Whilst some PMN granules such as the azurophilic granule predominantly contain antimicrobial and degradative enzymes that are...
	Other PMN granules are myeloperoxidase negative and can be divided into secondary and tertiary granules (Kjeldsen et al. 1992). These differ in their secretory and content properties. Secondary granules are known as specific granules and contain high ...
	1.3.3.2 PMN apoptosis

	Circulating PMN have a short life span, estimated to be between 8 and 20 hours (Savill, Henson, et al. 1989; Luo & Loison 2008). The short-half life of circulating PMN is a result of constitutive apoptosis, which is essential for the resolution of inf...
	Apoptosis is the major mechanism regulating PMN number, and the mechanisms controlling apoptosis will be discussed in section 1.6 (Shi et al. 2001). PMN undergoing apoptosis are unresponsive to extracellular stimuli and express signals that target the...
	The constitutive rates of apoptosis in PMN are tightly regulated compared to other leukocyte types. It has been shown that PMN can undergo apoptosis even in the absence of extracellular signals (Filep & El Kebir 2009). Apoptosis can also however, be a...
	1.4 Inflammation resolution

	The primary goal of an acute inflammatory response is elimination of infectious agents with spontaneous resolution, in turn restoring homeostasis and limiting excessive host tissue damage (Van Dyke & Kornman 2008). Once the pathogen has been cleared, ...
	The induction of PMN apoptosis plays a key role in inflammation resolution. It has been shown that following phagocytosis of bacteria, PMN apoptosis is, in some cases, significantly accelerated (Kobayashi et al. 2003). Apoptosis results in impaired PM...
	Efferocytosis is critical in inflammation resolution not only by removing the source of the inflammation but also by a phenotypic switch to a pro-resolution phenotype consistent with inflammation resolution and tissue repair (Fadok et al. 1998).  For ...
	Emerging evidence exists for a new route of inflammation resolution. This involves a mechanism known as retrograde chemotaxis or reverse migration. The use of the zebrafish tissue injury model has shown that during this process, PMN migrate away from ...
	1.5 PMN in disease
	1.5.1 Inflammatory disease


	PMN form part of the first line of defence against invading pathogens and as such do not have the ability to differentiate between ‘self’ and ‘non-self’. Their non-specificity and powerful toxic defences can therefore cause considerable damage to the ...
	Delayed PMN apoptosis has been identified as a component of many diseases. The inappropriate suppression of apoptosis has been shown to correlate with the disease severity and outcome. In patients with acute respiratory distress syndrome (ARDS), reduc...
	COPD is one of the leading causes of death in the world. The main causative factor is cigarette smoke (Franklin et al. 1956). The disease is characterised by persistent local and systemic inflammation, which result in impaired lung function and ultima...
	Supressed PMN apoptosis is also known to play a role in the destruction of cartilage and bone in rheumatoid arthritis (Mohr et al. 1981). This occurs in the synovial fluid of rheumatoid arthritis patients where PMN are the most abundant inflammatory c...
	1.5.2 Accelerated PMN apoptosis

	Transient increase in PMN survival during infection is essential for the optimal elimination of pathogens. Accelerated PMN death therefore, can result in impaired anti-microbial function and recurrent infections. Severe congenital neutropenia is a typ...
	1.6 Molecular mechanisms of apoptosis

	The term ‘apoptosis’ was first coined by Kerr et al. to described active, inherent programmed cell death as an essential mechanism for tissue homeostasis and as a distinct process from necrotic cell death (Kerr et al. 1972).  Apoptosis occurs in two d...
	1.6.1 The extrinsic Apoptotic pathway

	The extrinsic cell death pathway is initiated by extracellular signals and involves death receptor-mediated interactions (Locksley et al. 2001). Members of the tumour necrosis factor (TNF) cytokine family such as TNF-α and FasL can bind to their recep...
	1.6.2 Intrinsic (mitochondrial) apoptotic pathway

	In most vertebrate cells, programmed cell death occurs through the intrinsic, or mitochondrial, pathway of apoptosis (Green & Kroemer 2004). During various forms of intracellular stress such as DNA damage, cytokine deprivation and viral infection the ...
	Whether PMN contain fully functioning mitochondria is subject to controversy (Borregaard & Herlin 1982; Fossati et al. 2003). However, studies have shown that tubular networks, which form mitochondria, although limited in number, can be visualized in ...
	Loss of mitochondrial membrane potential has been identified as an early marker of apoptosis (Fossati et al. 2003) and indeed maintenance of the mitochondrial membrane potential is essential in delaying apoptosis during infection (Taneja et al. 2004).
	1.6.3 The regulation of the mitochondrial apoptotic pathway by the Bcl-2 protein family

	Apoptosis of PMN and other cell types is controlled by a balance between pro- and anti-apoptotic members of the Bcl-2 (B cell lymphoma 2) family. These proteins regulate the integrity of the mitochondrial membrane (Adams & Cory 1998). By definition, e...
	1.6.3.1 Pro-apoptotic proteins
	1.6.3.2 Anti-apoptotic proteins

	The pro-survival Bcl-2 proteins utilise the BH1 and BH2 domains to bind pro-apoptotic Bcl-2 members (Yin et al. 1994). These domains are essential for their function and are also used in homodimerisation with a BH4 domain on the second molecule (Zha e...
	PMN express three anti-apoptotic proteins Mcl-1, A1 and Bcl-x but unlike other cell types they do not express Bcl-2 (Rinkenberger et al. 2000; Moulding et al. 2001). Mcl-1 and A1 are thought to be regulated at the protein stability level and have been...
	1.7 HCLS-1 associated protein X1 (HAX1)

	HAX1 was first identified as a novel 35 kDa protein interacting with HS1 (hematopoietic cell-specific Lyn substrate) in B lymphocytes (Suzuki et al. 1997). HS1 is a substrate of Src tyrosine kinases and is specifically expressed in cells of hematopoie...
	Importantly, autosomal recessive mutations of the HAX1 gene resulting in HAX1 deficiency cause Kostmann disease (severe congenital neutropenia), a condition characterized by impairment of myeloid differentiation and a lack of circulating PMN in the bl...
	1.7.1 HAX1 genetic organization, transcription and conservation

	The human genome contains two HAX1 genes (Lees et al. 2008). The first is located on chromosome 1 (1q21.3) within the epidermal differentiation complex and the second is a processed pseudogene found on chromosome X (Xq28). The HAX1 gene on chromosome ...
	At least six of the isoforms out of the eight are transcribed in any one particular tissue with no significant differences in the patterns of expression between different cell types. Transcripts of HAX1 001, HAX1 003, HAX1 005, HAX1 006 and HAX1 008 w...
	The HAX1 gene is highly conserved between human, mouse, rat, chimpanzee and macaque highlighting its essential function in the cells of these organisms (Jeyaraju et al. 2009). Similar sequences have also been found in the zebrafish, Danio rerio. The m...
	1.7.2 Molecular and physiological roles of HAX1 protein
	1.7.2.1 Domain structure, function and cellular localisation


	The human HAX1 gene was first isolated from a B lymphoma cDNA library and cloned into yeast cells for use in a yeast two-hybrid system identifying the binding partners of hematopoietic lineage cell-specific protein 1 (HS1) (Suzuki et al. 1997). Suzuki...
	Some similarity was shown to Nip3, a protein, which interacts with adenovirus EIB 19-kDa protein and Bcl-2(Suzuki et al. 1997). A putative PEST sequence (aa 104-117) was also identified, which indicates that the protein can be rapidly degraded in a re...
	Although the existence of the BH domains is supported by some recent studies, contradictory reports have demonstrated that the proposed BH domains are not recognised even when using relaxed thresholds in conserved protein domain searches (Chao et al. ...
	Figure 1.1 Domain structure organization of human HAX1 and sites of interaction with other proteins
	1.7.2.2  HAX1 putative binding sites for RNA


	Regulated RNA metabolism is maintained through multiple specific and non-specific protein-RNA interactions. In vitro as well as in vivo studies in yeast, rat and HeLa cells have revealed that HAX1 binds to mRNA (Al-Maghrebi et al. 2002; Sarnowska et ...
	1.7.2.3 Regulation of cell migration by HAX1

	Over the past few years, a number of studies have generated evidence linking HAX1 function to cell motility. Gallagher et al reported that HAX1 interacts with polycystic kidney disease protein 2 (PKD2) and showed that HAX1 co-localizes with this prot...
	Phosphorylated growth factor receptor-bound protein 7 (Grb7), a cell migration protein has also been reported to interact with HAX1 in mammalian cells (Siamakpour-Reihani et al. 2010). Grb7 is an adaptor protein involved in cell migration and althoug...
	1.7.2.4 Interactions with viral proteins

	Viral protein function and their use to hijack and manipulate host cell proteins are slowly being revealed. Viruses utilise any means possible to manipulate host cell regulatory pathways in their favour. Studies into HAX1 interactions with virus-enco...
	The last protein identified so far to bind to HAX1 is the Hepatitis C virus (HCV) core protein (Banerjee et al. 2009). In the same study, HAX1 presence was shown to increase tumour suppressor gene p53 expression upon anticancer drug treatment of HepG...
	Many pathogens hijack and modulate host cell apoptosis pathways to their own benefit. The virus-encoded proteins known to bind to HAX1 in vitro as well as in vivo are mostly involved in suppressing apoptosis in order for efficient viral replication t...
	1.7.2.5 HAX1 involvement in cell fate

	The weak homology and similar cellular distribution of HAX1 to Bcl-2 proteins led Suzuki et al to hypothesize that HAX1 plays a role in promoting cell survival by interacting with proteins distributed in the mitochondria region (Suzuki et al. 1997). ...
	HAX1 downregulation occurs in response to apoptosis signals and it is thought to trigger the induction of caspase-dependent apoptosis in immortalised human B cell lines (Jitkaew et al. 2009). HAX1 overexpression was also shown to reduce Bax-mediated ...
	1.7.2.6 Interactions with factors involved in the apoptotic pathway

	As described earlier in the text, loss of mitochondrial membrane potential leads to the release of protein factors such as cyt c and the serine protease HtrA2 (Omi) from the intermembrane space into the cytosol. This results in the activation of caspa...
	In a subsequent study, inhibition of apoptosis in lymphocytes was shown to require interactions of HAX1 with the mitochondrial proteases Parl (presenilin- associated, rhomboid-like) and Omi (Chao et al. 2008). The authors of this study proposed a mode...
	Figure 1.2 HAX1 involvement in the apoptotic pathway

	A simplified diagram of the mitochondrial apoptotic pathway and the role of HAX1 in this process. HAX1 binds to and is cleaved by factors involved in apoptotic signalling. It binds to pro-survival proteins enhancing their activity and preventing the ...
	HAX1 has been identified as a binding target of caspase-9 in cardiac myocytes (Han et al. 2006). Overexpression of HAX1 inhibited caspase-9 activation while silencing of the HAX1 gene using siRNA resulted in significant apoptosis of adult cardiac myoc...
	1.7.3 Roles of HAX1 in PMN
	1.7.3.1 Involvement of HAX1 in Ca2+ signalling


	Changes in calcium concentration in the cell are an important determinant of apoptosis (Giacomello et al. 2007). HAX1 has been reported to interact with key regulators of Ca2+ homeostasis (Vafiadaki et al. 2007; Vafiadaki * et al. 2009; Vafiadaki et ...
	1.7.3.2 The importance of HAX1 in PMN apoptosis

	As previously mentioned, HAX1 deficiency in humans has been shown to cause severe congenital neutropenia (SCN) (Klein et al. 2007). Further studies have shown that HAX1 isoform-dependent phenotypes may exist. Lees et al identified isoforms 001, 002 a...
	Hax1 SCN results from reduced levels of anti-apoptotic Bcl-2 proteins and extensive cyt-c release into the cytoplasm in bone marrow myeloid progenitor cells leading to premature apoptosis (Carlsson et al. 2004).  Klein et al. isolated CD34+ cells fro...
	There are a number of mechanisms by which HAX1 could regulate PMN numbers. As discussed earlier, the protein could be directly involved in modulating apoptosis through the maintenance of the mitochondrial membrane stability. Conversely, the protein ma...
	1.8 Zebrafish as a model of PMN inflammation

	Zebrafish (Danio rerio) have emerged as a good model organism due to their high fecundity, high stocking densities and optical clarity of the embryos and larvae (Lieschke & Currie 2007). Zebrafish embryo development is rapid with a functional heart a...
	Zebrafish PMN (sometimes called heterophils) are visible in the circulation 48 hours post fertilisation (hpf) (Lieschke et al. 2001). The cells are functionally orthologous to their human counterpart, in that they contain granules, are the first cell...
	Using time-lapse imaging, zebrafish PMN have been shown to migrate to the wound site (sterile inflammation) (Mathias et al. 2006). During the resolution of the local inflammatory response the cells migrate back into the vasculature (Mathias et al. 200...
	Many different tools and genomic resources have been established for use in the zebrafish in order to genetically manipulate the organism (Trede et al. 2004; Martin & Renshaw 2009). The genetic tractability of the organism has enabled the use of both...
	A further advantage of using zebrafish as model organisms is the high molecular and genetic similarity to humans (Eimon et al. 2006; Lieschke & Currie 2007). The zebrafish genome sequencing project has led to the annotation of most of the genome (htt...
	zebrafish/genomeproject.html). It has been shown that the zebrafish genome contains structural and functional homologs of most of the Bcl-2 protein family and caspases, which control the mitochondrial apoptotic pathway (Kratz et al. 2006). Morpholino...
	Progress has also been made in the study of monogenic disease affecting the PMN. For example, Deng et al developed models of Rac2 disease (Ras-related C3 botulinum toxin substrate 2) demonstrating defects in PMN migration and proliferation (Deng et a...
	

	Figure 1.3 Evolution of the Hax-1 protein. ClustalW 2.1 Protein sequence alignment of Hax-1 from a number of different species in the form of a phylogenetic tree.
	1.9 Hypothesis, aims and Objectives:

	The regulation of myeloid cell apoptosis is vital in both the control of inflammation and homeostasis. Persistence of PMN has been shown to be involved in the pathogenesis of numerous pulmonary diseases including COPD and acute respiratory distress s...
	HAX1 is a ubiquitously expressed gene with predominant localisation in the mitochondrial membrane. In a study by Klein et al it was shown that homozygous recessive mutations of the HAX1 gene in the human result in Severe Congenital Neutropenia, a dis...
	a.) HAX1 expression is modulated during induced and constitutive cell death
	b.) HAX1 deficient zebrafish will have defective PMN development and survival
	The main objectives of this thesis are:
	a.) To determine the expression and regulation of HAX1 in primary neutrophils and PMN-like cell line PLB-985
	b.) To define the effects of HAX1 knockdown on the mitochondrial stability of myeloid cells using flow cytometry
	c.) To establish in vivo models of zebrafish Hax1 deficiency using morpholino, ZFN and TALEN technology and investigate the effects on PMN development and survival.
	A range of techniques will be utilised in order to establish the role of HAX1 in myeloid cells using in vitro and in vivo models. My aim is to modify the techniques already in use in order to create a working model for studying HAX1 function in the z...
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