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Abstract

Acute myeloid leukaemia (AML) results from clonal expansion of primitive myeloid cells
incapable of terminad i f f er ent i ati on, giving rise to an
stages of maturation within the bone marrow niche. AML is a heterogenous disease with
multiple morphological, immunophenotypic and genetic features. This includes the t(8;21)
whichresults in the expression of RUN>EITO, and occurs in 12% of AML cases.

To understand the role of RUNXATO in the pathogenesis of AML, our group previously
ectopically expressed RUNXETO in normal human haematopoietic stem progenitor cells
(HSPC). Thisresulted in a block in granulocytic differentiation and was associated with
increased selfenewal - hallmarks of leukaemia. A subsequent study analysed the
transcriptome of these cells and identified 380 differentially expressed genes using an
unsupervise approach. This current study has now refined this analysis to determine the most
significant changing transcription factors (TFs). Using Pathway Analysis programme
(MetacoreE), this study identified ZNF217 t
control (1.5fold; p=0.003). ZNF217 is a TF responsible for binding to the promotors of several
target genes, such ascBdherin, as well as cooperating in transcriptional silencing programs
by recruiting chromatin modifiers. This study determined that ZNF®Z4erexpressionas
single abnormality, induced myeloid differentiation of HSPC, particularly within the
monocytic population, suggesting that it is unlikely that this TF possesses a role in
leukemogenesis on its own. Additionally, ZNF217 was found tdisgensable for myeloid
differentiation, as knockdown (KD) of this TF failed to inhibit this process.

Whilst studies have determined the transcriptomic changes observed in cells expressing
RUNX1-ETO, there is a paucity of studies quantitating proteomiagés Therefore, this
study also aimed atnalysingthe proteomic profile of RUNXETO expressing HSPC using
guantitative proteomics by SWATFMS (on different subcellular structures including
cytosolic or nuclear fractions). 4,635 proteins were quantiiéeshich 2,787 were detected
in the cytoplasm, and 1,848 in the nucleus. Statistical analysis identified 257 significantly
differentially expressed proteins in RUNXEITO compared to controls; of whidi1% were
detected in cytoplasm and 29% in the nucl®$NX1-ETO significantly downregulated the
expression of C/EBPDb protein and mRNA vs con
RUNX1-ETO. Knockingd own C/ EBPDb expression in HSPC,
significant changes in both monocytic andmulocytic development. Interestingly, KD of
C/ EBPb i n -ETOexpréssing Xell line, SKNQ, completely suppressed myeloid
cell surface marker expression and gave a concomitant increase in cell proliferation. In non
t(8;21) cells lines (HELand U937, on t he ot her hand, KD of C/
increased apoptotic frequency, suggesting t
dependent.

In conclusion, both transcriptomic and proteomic analysis proved to be useful tools for the
identificaion of potential mediators of the block in terminal differentiation observed in
RUNX1-ETOe x pressing cel |l s. Subsequently, ZNF217
of interest in the context of t(8;21). Whilst it is unlikely that ZNF217 overexpression
contributes to leukaemogenic development, additional studies would be necessary to fully
determine the role of C/EBPb in this process



Acknowledgements

| would like to express my deepest gratitude to my supervisors Prof. Alexs BowkProf.
Richard Darley for their continuous support and guidance throughout my PhD. Thanks to your
encouraging words, your patience, and your knowledge, you have allowed me to grow as a
scientist over the last three years, and provided me with invelskilis for the future. | would
also like to thank Dr. Steven Knapper, my mentor, for his advice and for providing me insights
into the clinical aspects of AML. | would also like to extend my appreciation to Prof. Tony
Whetton, Dr. Andrew Pierce, and DBethany Geary (University of Manchester), for their
contribution to the project, and help and advice on mass spectrometry techniques and analysis.

Within the Haematology Department, | would like to particularly thank Amanda Gilkes for
all her hard work dring these unprecedented times, which allowed me to safely return to the
laboratory to conclude my studies. A special thank you to Dr. (!) Rachael Nicholson, for always
being there for me, to help and to listen, for both the good and the bad days\titablye
come with the PhD. | would also like to thank Sara Davies for her training and support during
the beginning stages of my PhD. Additionally, | would like to thank Dr. Amanda Tonks,
director of PGR, for not only helping me in securing funding foralsé months of my PhD,
but also for your continuous advice and support throughout this time. Thank you to Dr. Ann
Kift-Morgan and Dr. Catherindaseriyanfrom the CentraBiotechnology Service at Cardiff
Universityfor your support and guidance.

| would particularly like to thank my family. Words cannot express how grateful | am for
having you in my |ife, whether youdre near
support and words of encouragement, for advising me when stress got in the wiay and
believing in me, always. Adam, | want to esp
me, for your incredible patience, for your constant support, and for never leaving my side. |
couldnét have done this wit lnokyebhoughtwbavefdundr i n g
a Portuguese family in the middle of Cardiff. To Ana, Sara and Tatiana, | would specially like
to thank you for your friendship and support during these years, and for constantly encouraging
me to keep going. Thank you for alvgalpeing there, never complaining about hearing my
numerous problems.

Lastly, | would like to thank School of Medicine in Cardiff university for providing the
funding for a scholarship to undertake this research.

Thank you! Obrigado! Dzinkujn!



Publications and Presentations

Publications

Abstract: SWATH-MS Pr ot eomic Analysis I dent rtEHTOes C/ E
as a Potential Mediator of Block in DifferentiatioA. Azevedo, A. Pierce, B. Geary, A.

Whetton, R. L. DarleyA. Tonks; EHA2021 Virtual Congress Abstract Book, HemaSphere:

June 2021; Volume 5; Issue p e566; dips://doi.org/10.1097/HS9.0000000000000566

Oral Presentations

20182021- Haematology Depément Seminar Series, Cardiff University, UK
2019- Division of Cancer and Genetics PGR Symposium, Cardiff University, UK
2021- Schools of Medicine and Dentistry PGR symposium, Cardiff University, UK

Poster Presentations

20217 European Hematology Assation; Virtual


https://doi.org/10.1097/HS9.0000000000000566

Table of Contents

Y o153 = Tox PP PP P TP RRTPPPPP L
ACKNOWIEAGEMENLS. ... e e e e e e e m e e e e e eeeeas ii.
Publications an@PreSeNntatioNS...........c..uuiiiiiiiie et amnne s iii
TaBIE Of CONIENES.....ciiiiiiiie et errr e e e e r e e e e e s e e e e e s nrneeeaee ] iV
SUMMATY Of FIQUIES ..o errr e e e e e e e e e e aeeeaaeeaaeeeeananeennnrennannnnnanes Xii
SUMMATY Of TABS....ciiiiiiii e mmmr e e e e e e e e e e e e e e ee s XiX
LiSt Of ADDIEVIALIONS. ... .eiiieiiiii e XX
(@4 9= o ] (=] 1
1.1 HBCMAIOPOIESIS. . etiieeiiiiiiiiiiieeie et eeer et e e e e e e ettt e e s ememe et e e e e e e s s e et e e s emmreeeeeeeans 2
111 OVEIVIBW. ...ttt eeeet ettt e e e ettt eeee e et e e e e e e e e bbb e et e e s emmt e e e e e e e e annen 2
1.1.2 HaematopoietiC SteM CeIIS.........c.uuiiiiiiii e 3
1.1.2.1 Properties of haematopoietic stem CellS..........ooevvivriiviie e 5.
1.1.2.2 Haematopoietic stem cell NIChe..............ooo e 5

1.1.3 Hierarchical organisation of haematopoiesIS...........uvvvuviviiiccceeiieeiieeeeeeeeeeee, 9
1.14 Regulation of normal human haematopoiesis............c.ceeeeerececiiiiiviiiiniinn, 11
1.1.4.1 Transcription factor regulation of haematopoietic development............... 11
1.1.4.2 Cytokines and growth factors.............ccoooi i cce e 14

1.2 Acute Myeloid LEUKABMIA...........cccuiiiii e cceeeee e e e e e e eaae s 16
121 OVEIVIEBW. ...ttt e et erre et e e e e e e e et e e e emmr e e e e e e e 16
1.2.2 Pathophysiology Of AML........oooii e 16
1.2.2.1 LeukaemicC Stem CellS.......cccuuiiiiiiiiiiiree e 19

1.2.3 Classification Of AML.........uiiiiiiiiiiiit e e e e e 21
124 Epidemiology, diagnosis, and prognosis of AML..........ccccoeeiiiiiieeniiiiieeenennn. 24
1.25 TreatmMeNnt Of AML ... ... e e e e e e n 26
1.2.5.1 Targeted therapi€s.........ccoooeiiiiiiii e 27

1.3  Pathophysiology of RUNXIETO ....cccoiiiiiiiiiicii e rnee e 29
13.1 RUN X L.ttt e e e e e e e bbb e e e e e e emeneeeeeeennneans 30



1.3.1.1 The RUNX family of transcription factors.............ccccvvviiiiicemiieeee e 30

1.3.1.2 RUNX1 structure and fUNCLON..........cooeeiiiiiiiiiremiieeee e e 30
1.3.1.3 Transcriptional regulation by RUNXZL..........ccooiiiiiiiiiiimemiieeieeee e 33
1.3.1.4 Posttranslational modifiCations..............cceveeiiiiiiimrnniieeee e 35
1.3.1.5 The role of RUNX1 in normal haematopoiesis............ccevvveeeeiiacceeenniiiinnns 36
1.3.1.6 The role of RUNXL iN AML.....ccoiiiiiiiiiiiiiieeiieemie e 37
1.3.2 IO TP PUPPPPRPIN 38
1.3.3.1 RUNXI-ETO StrUCIUIE.......coiiiiiiiieee e 41
1.3.32 Cooperation between RUNX1 and RUNXETO.........cccooeiiiiiiiiiiiiiiceeeeeeeee, 43
1.3.3.3 Identification of RUNX:XETO-mediated transcriptional eregulation............ 46
1.3.3.4 Molecular mechanisms of RUNXETO-induced leukaemia.......................: 48

A N N TP PTR R PPUPPPPTPPNt 50
14.1 ZNF217 in haemaipoietic deVelopMENL.........cccevvviiviiieiiiieeeie e, 53
1.4.2 ZNF217 @S @N ONCOGEINE. ....cciiiiieeieieiee ettt e e e e e e e 54
1.4.2.1 Proliferation.........ceeiiiioiiiiiiiieeei et resa e e e e e enensee e 54
1.4.2.2 Replcative immOrtality.........ccoooviiiiiiiiii e b5
1.4.2.3 Drug rESISTANCE. .......uuiiiiiiiiieee e eccee ettt e e e mm e e e e e e e e nees 56
1.4.2.4 Cell differentiation...........cccuuuiiiiiiiiie e 56

15 C E B R Dt ————— e 57
151 Structure and fUNCHION..........ooiiiiiiiii e 59

15.2 C/ EBPb in haemat o.p.o..et..c..dewv.el.oprB2nt

153 C/ EBPDb as .a.n..0.0.C.00. 0L  eiiiiiiieieaennnns 64
1.5.3.1 Cell SUNVIVAL ...coiiiiiiiiie et rmmme e 64
1.5.3.2 TUMOUI QQQIESSIVENESS .. .uuuutuuuuununninniaeeeeeeeeeeeeeeeeeeeeeeeeeeneeasaaaaaasaaaeeeans 65
1.5.3.3 Drug ESISTANCE........uuiiiiiiiiiie e ieccee ettt e e eeee e e e e eees 66

154 CEEBPHb i n | euk.aemag.en.e.S.i. S 66

1.6 AIMS ANd ODJECHIVES. . ..uiiiiiiiiiiiiit et e 67



CRAPLEE 2. e ——- 71

% R |V o] L= Yol W] = Tl =TT ] (oo YA 72
211 Plasmids used in the STUAY........ccccoiiiieiiiii i 12
2.1.2 Bacterial growth medium and selective agar plates...........cccccvvvvieeeeeeeennnn. 72
2.1.3 Isolation and quantification of recombinant plasmid DNA from bacteria.....76
214 DNA SEQUENCING......uuiiitiiiieieeeee e simmee st e e e e e e smees s e e e e e e e e e s nees 76

2.2 Cell CURUIE....ceeee et eeee e mnes s snnnnnneeee sl [
221 CUlture of CeIIIINES. ... e 17

2.2.1.1 Cell culture of noradherent cell INES...........ccvuviiiiiiiiieeee e 7
2.2.1.2 Cell culture of adherent Cell lINES..........coeeeiiiiiiiiiiee e 77
222 Determination Of CEll dENSILY..........oooiiiiiiiiiiii e 80
2.2.3 Determination of cell Viability..............oevviiiiiiiii e 81
224 Cryopreservation and thawing of cell INeS...........coooiiiiiiiiemiiiiid 81

2.3 Primary CEll CUUIE ........uviiiiiiiiiiii e eeee e 82
2.3.1 Isolation of mononuclear cells from human neonatal cord hlaod................ 82
2.3.2 Isolation of CD34 HSPC from mononuclear CellS..........ccccceviiiiieene e, 82
233 CUulture Of CD3A HSPC......oiiiiiieie et ieee et e e resre e ee e e e e e e aaan 83
234 Colony forming effiCieNCY.......cccooeeiiiii i 85
2.35 Assessment of cell MOrphology........oovveiiiiiiiiiii s 85

2.4 ViIrUS traNSFECHION ..ottt e e 85
241 Transfection using LIpOfECHON............eiiiiiiiiiiiiiiieee e 87
24.2 Transfection using calcitphosphate precipitation............ccccooeeiiiiiiccceenneenn. 88
243 VIPUS TIEFALION ...ueeieeieee e eeei e et e e e e e e e e eneee s 388

2.5  Transduction of cell lines and human CD3AHSPC...........ccccooiiiiiiiiiiieeniiiieeeeeed 389
251 Transduction Of Cell INES.........cuuuiiiiii e 89
252 Transduction of human CD3#HSPCS.........cccvviiiiiiiii e 89

2.6 Determination of protein expression by western blot..............cooeviiiiiieeeeneee, 90
2.6.1 Total Protein eXtraClioN...........uvuriiiiiiiiiiieeer e ee e eeee s a0



2.6.2 Fractionated protein eXtraCtiQn............oooiiiiriiieesiiiieee e 90

2.6.3 Protein quantification using Bradford assay...............occcvvvimemiviniieeeeeeennnnns 91
26.4 Protein electrophoresis and electroblotting.............ccccoeiiiiicciiiiiiiiie 92
2.6.5 Immunoblotting and protein detectian.............cccvviiiiiieeciieee e 93
2.6.6 Membrane and gel ProteIaiNINgG............cccuuvririiiiee e 93
2.6.7 DeNSItOMELrY @NAIYSIS.........vvviiiiiiiiiiiiiierer e e e e e e e e e e e e e eeeere e a5
2 A o [0 1V A0 (0] 1 1 =1 1 PP PPPP 95
2.7.1 Equipment and ANAIYSIS........uuuuuiiiiiiiiiimme et ee e a5
2.7.2 Estimation of CD34Cell COUNL..........cuviiiiiiiiiie e 95
2.7.3 Fluorescence Activated Cell Sorting............oooooiiiiiceci e 98
2.7.4 Immunophenotypic analysis of transduced CDI3&PCs......................eee. 98
2.7.5 Cell CYCIE @NAIYSIS. .. .uuiiiiiciciee et 102
2.7.6 F Y o1 ] 0] (01 L= P 102
2.7.7 Growth andproliferation assay...........ccccooeiiiiiiiirccci e 105
2.8 Proteomic analysis using SWATH ............ooiioeceeeeeeeeee e 105
28.1 Sample PrepParatiOn...........ccuuvieiiiiie e 105
2.8.2 TrYPHC QIgESTION. ...ttt e e e 105
2.8.3 Strong Cation Exchange CIEaIP ..........cccuuvviiiiiiieiiiie e 106
284 Relative quantification by SWATH acquisitiQn.............ccccooviiviieemiiiiiieeennnn. 106
2.8.5 SWATH-MS statistical analySiS...........cooouuiiiiiiiieeeiieeeeeeieee e 107
2.9  Analysis of existing mMRNA expression data...............coooeeeiiiieeciiiiiies 107

291 Analysis of microarray data of RUNXETO induced changes in mRNA expression

O I 1 7 o 1] 107
2.9.2 Publicly available databases...........cceuuuviiiiiiiceeiie e, 108
P2 2000 R =1 (0T T £ o o) 108
2.9.2.2 CBIOPOIAL.......coiiee e 108
2.10 Meta-analysis of MRNA and proteomic data................eeeueeemeiiiccceeeeeiieeiieeeeeeee. 108
2.10.1 Pathway analysis uSiNng MetacQIe.............uuuuuuuurimeeaaaiaaeeeee e eeeeene 109

Vii



2.10.2 Interactome analysis usSing MetacCOre............ccuvriiiiiieemieeeeee e 111

2.10.3 Pathway analysis and identification of transcription factors using lityePathway
Analysis 112

2.11  StatiStiCal @NAIYSIS.........uueiiiieieeiiiiierer e 112
CAPtEr B e - 113
I 0 R [ o1 (oo (U7 i[o] I PP P PSP PPRRPPPPPPPPRN 114
3.2 HyPOthESIS @Nd AIMS.......ciiiiiiiiiiiiiiii ettt eeeer e e e e e e e e s s eeeean 116
3.3 RESUIS. ...t a e e e e e 119
331 Transcriptionadysregulation mediated by RUNMXETO...............coeeeeeeeeenee 119

3.3.1.1 RUNXI1-ETO expression in HSPC alters TF gene expression and is associated
with GO processes that regulate tranSCripLON. .........vviveeii i 119

3.3.1.2 Identification of aberrantly expressed TFs driving transcriptional change in AML
127

3.3.2 Quantitative SWATHMS analysis reveals proteomic changes arising from
RUNXI1-ETO expression, in CD3HSPC............oiiiiieeeecccece e, 136

3.3.2.1 Generation of human CD3HSPC expressing RUNXETO for SWATHMS
analysis 136

3.3.2.2 Assessment of CD34HSPC nuclear and cytosolic extracts shows sample purity

=T Lo [T 010 To 12U PP PP 136
3.3.2.3 SWATH-MS analysis detected over 4000 proteins 8@ HSPC.............. 137
3.3.2.4 Exploratory data analysSiS...........oooiiiiiiiiiiiieee e 142
3.3.2.5 Statistical model used for data analysis..............coo i ieeciiii 143

3.3.2.6 Expression of RUNXZETO disrupts normal protein expression in CD8drd
BI00d derived HSPC...... ... et ee e 147

3.3.2.7 Identification of aberrantly expressed TF in CDBSPC expressing RUNX1
ETO 150

3.3.2.8 RUNXI1-ETO leads to the aberrant expression of 53 proteins................ 153

3.3.2.9 RUNXI1-ETO leads to a shift in protein swlllular localisation in ©34* HSPC.
157

3.4 D110 13 (0] o 1T 162



341 Transcriptional dysregulation imposed by RUNKTO expression............... 162
3.4.2 Dysregulation of the proteome arising from RUNKTO expression............ 167

3.4.2.1 Alternative analysis of RUNXETO-indiced proteomic changes in CD34SPC

171
(@4 = o (] 0 PSP 174
R [ 01 { (o To (U Ty i o] I PP PP PPPPPPR 175
4.2 HyPOthESIS ANA AIMS.....oiiiiiiiiiiiiiiiiii et eeeer e e e e e e e s s snb b e e e e enn 176
4.3 RESULS ...ttt ettt e et e e e e e aner e e e e e e e e e aannnre e 177

43.1 Expression oZNF217mRNA increases throughout myeloid cell developmEnRt

4.3.2 ZNF217 is variably expressed across AML subtypes.........cccccccvveviaceennn. 177
4.3.3 Overexpression of ZNF217 promotes human myeloid development......... 184
4.3.3.1 Generation of ZNF217 overexpressing CDBBPC...........cccccceeeiiiiiiinnnnns 184

4.3.3.2 ZNF217 overexpression supresses myeloid colony formation andeselival

186
4.3.3.3 ZNF217 overexpression supresses the growth of myeloid.cells............. 186
4.3.3.4 ZNF217 overexpression promotes myeloid differentiatian..................... 190
4.3.3.5 ZNF217 overexpression in HSPC induces changes in cell.cycle........... 194
4.3.4 Knockdown of ZNF217 does not impact myeloid differentiation................ 199
4.3.4.1 Selection and validation of ZNF217 ShRNA CONStrUCES..........ccveeriiiennn. 199

43.4.2 Knockdown of ZNF217 leads to a decrease in CB83PC colony forming ability
199

4.3.4.3 Knockdown of ZNF217 disrupts myeloid cell growth and development.203

4.3.4.4 Knockdown of ZNF217 does not affect cell cycle and apoptosis........... 206
435 The role of ZNF217 in AML cell IN@S.......cooiiiiiiiiiiii e 210
4.3.5.1 ZNF217 expression is variable across AML cell lines.............cccccvvvvveeen.. 210
4.3.5.2 Generation of ZNF2XknockdownAML cell [ines...........ccccovviiiiiiiiiieeaennn 210

4.3.5.3 ZNF217 knockdown in AML cell lines reduces cell growth by promoting changes

in cell cycle and apOPLtOSIS........ccooii i 214

4.4 D110 13 (0] o 1T 217



441 High ZNF217in AML is associated with increased risk of relapse............. 218
4.4.2 ZNF217 overexpression of promotes myeloid development in HSRPC.......219

4.4.3 ZNF217 knockdown in HSPC does not impact myeloid development......222

ChAPLEEN S e e 223
5.1 INETOTUCTION .eeiiiiiiiiiiiiee ettt e e e e e e e e e e e e e e ammme e e e e e e 224
5.2 HyPOtNESIS AN AIMS.....coiiiiiiiiiiiiiie ittt e s e e e e e e s eeeean 226
5.3 RESULS .ottt 227

5.3.1 Expression oCEBPBmMRNA increases throughout myeloid cell developmeg¥

5.3.2 CEBPBis variably expressed across AML SUbtypes..........cccccvveeviiieeneennn. 228

5.3.3 Knockdown of C/EBPDb infl uen.c.e.s..n2z37 mal my
5331 Gener at i 0 KNOCkHOWICCDBABHBHL...........covvvveeiiiiiiiieeeiieee 237

5332 Knockdown of C/ EBPb | eads to a .8 crease

5333 Knockdown of C/ EBPb sup.r.es.s.es.mgdl oid c
5.3.3.4 KnockdownofC/BPb i nfl uences my.e.l.o.i.d..@40f fer ent

5335 Knockdown of C/ EBPb does not apopwticul t i n
changes247

5.34 Overexpression of C/EBPbHb inf.l.uen2zés nor m
5341 Gener at i o rmveripreSIGEHBPD.......cccoociiiiiiiiiiiieeeeeeeee 247

5342 C/ EBPbHb overexpression promotemnewalel oi d
ability 250

5343 C/ EBPbHb promotes .my.el.a.i.d..c.e.l.l..g.r.25@t h

5344 C/ EBPb expression pr omo.t.e.s..my.e.l.@53d di ff

5345 Overexpression of C/ EBdydeofiHSRICu.c.e.8565c hange
5.35 The effect -regulati@VinEABIPdRIl [INeS.S.....cccccevveeeiiiiiiinenns 260

5351 Expression of C/EBPbHb i s..v.ar.i.abl.@60acr oss

5352 Gener at i o rknookfowrCoelHimBeR.D..........cc.oeovviiieeeiiciiiin, 260

5353 The i mpact of C/ EBPB knockdowh..8B the A

5354 The i mp ac tknookflowiCadn ENBLmOF(8;21) cell lines............... 267



i nf

cel

5.4 DISCUSSION. ...eueiiiiieeiiiiiiitte e ieeesse ettt e e e e e e s s eeeees e et e e e e e e e e s snnbe e s e e s ammmneeeeeeeeeaanns 277
5.4.1 CEBPBexpression increases during haematopoietic development.......... 278
5.4.2 IncreasedCEBPBexpression is associated with poor prognosis in AML....279
543 Knockdown of C/EBPbB in HSPC does not

279
5.4.4 C/l EBPbHb overexpression in HSPC promotes
281
5.4.5 The consequences of lin€isE@eidepkndant..n282 ML
(@4 4 7= 0] (=] S T 285

6.1  CONCIUSIONS ...eeiiiiiieeeie ittt e et e et eeer e e e e e e e e e st e e e e e s emme e e e e e e e e nen 286
6.1.1 RUNX1-ETO-induced transcriptomic and proteomic changes in HSPC....287
6.1.2 ZNF217 does not contribute to the pathogenesis of AML...............ceevvee. 288
6.1.3 KD of C/ E B ébtribdieotethe patlmgenesis of AML.................. 289
6.1.4 Limitations of the Study..............oooi i 291
6.1.5 FULUIE dIFECHIONS. ....eiiiiiiiii et 293

Supplementary TabIES.......coooo i e e e rr e 297
SUPPIEMENLANY FIQUIES.......uviiiiiiiiiiiiiiiiieeee e e e e e e e e e e eeee b rmmme e e e e e e e e eees 306
RETEIBNCES. ...ttt e e ettt e e e e e e e e e e amme s 366

Xi

n



Summary of Figures

Figure 1.1i Hierarchical representation of human haematopoietic development................. 4.
Figure 1.2 HSC regulation by the BM mMicroenvironment..............ccceveveeeeemeeeeeensnsninvvnnennnn s
Figure 1.3 Transcriptional regulation of myeloid development.............cccooeiiiiicccrrieeeveeeeee, 12
Figure 1.4 Structural representation of RUN{soforms genes and proteins...................... 32
Figure 1.5 Transcriptional regulation mediated by RUNXL...........cccvviiiiiiiceneeei 34
Figure 1.6 Structural representation of the ETO gene and protein...........ccooeevivvereeeeeen. 40
Figure 1.77 RUNX1-ETO structure and iSOfOIMIS..........c.ccuvvieiiieeeiieceee e A2
Figure 1.8 Mechanisms of transcriptional dysregulation induced by RUIEXO..................45
Figure 1.9 Structural representatiori the ZNF217 gene and protein................cccvvvvvieennnee. 51
Figure 1.10° ZNF217 mediated transcriptional repreSSiOn...........uuurviiiiccnreeeeeeeeeeeeeeeeeeee 52

Figure 1.1 St ruct ur al representation o.f..t.he..680 EBPD g

Figure 1.12 Hypothesis of the StUdY............oooiiiiiiiii e 70
Figure 2.1 Plasmid DNA constructs used in thisS Study...........ccccccoviiiiimmnniiiiiiieeeeees 75
Figure 2.2 Morphological analysis Of HSPC.............cuuiiiiiiiiieee e 86
Figure 2.3/ Estimation of CD34HSPC in cord blood by flow cytometry.............cccvvvvvvvvieen. 97
Figure 2.4i Gating strategy used to sort GERpressing CD34HSPC...............ccocvvviiieieeennn 99
Figure 2.5 Immunophenotypic analysis of CD3BISPC..............cco oo 101
Figure 2.6 Gating strategy used to perform cell cycle analysis.............cccvvvvieeeiiiieeneenn. 103
Figure 2.7 Gating strategy used to analyse apoptoSIS...........ccceeeeeeveeecveviviviveeieeeies 104

Figure 2.8 Strategy for the analysis differentially expressed genes/protein to study the effects of
RUNX1-ETO overexpression in human CO3SPC...........ccviiiiiiiiiiiennee e eeeeeeeeeeeeeeeeee e 110

Figure 3.1i Strategy for the identification of changes in gene/protein expression arising from the

expression of the fusion protein RUNEINO .........coooiiiiiiiiiiiiiiieeeeee et 118

Figure 3.2 Functional Enrichment Analysis of mMRNA changes observed in human*GIL&H4C

EXPreSSING RUNXIETO.....uuiiiiiiiiiiiiiiitiiimmme e e e e e e e e e e e et e et e e e e et e e eeeea e a e e e e e e ammme e e e e eeees 120
Figure 3.3 TF were identified as the most significantly represented functional class due to RUNX1
ETO expression iN CD34HSPC.........ooiiiiiiiiii ittt ettt e e e s e e ean 122
Figure 3.4i RUNX1-ETO does not influence the expression of IRF7 in C¥gPC............. 130
Figure 3.5 RUNX1-ETO leads to the upregulation of IRF9 in CDBEPC........................ 131
Figure 3.60 RUNX1-ETO leadgo the upregulation of ARID5B in CD3HSPC................... 132
Figure 3.71 RUNX1-ETO leads to the upregulation of ZNF217 in CDB&BPC.................... 133

Xii



Figure 3.8 RUNX1-ETO leads to the upregulation of protein targets, in CB&PC........... 134

Figure 3.91 Viral infection of CD34 cells. CD34 HSPC cells were analysed for GFP expression
0N day 3 Of CEII CURUIE.....eeiiiiie e e e e 138

Figure 3.10r Quality control and characterisation of CD34SPC overexpressing RUNXATO

Figure 3.117 GAPDH and Histone H1 protein quantitation by SWAMS supports acceptable
subcellular fraction efficiencies for cytosol and nuclear protein isolation......................... 140

Figure 3.12i RUNX1 is significantly overexpressed in RUNXIO transfected CD34HSPC

Figure 3.13 Principal Component Analysis (PCA) of the protein expression.data.......... 144

Figure 3.141 Hierarchical clustering of proteins expressed in the cytoplasmic and nuclear
compartment of CD3AHSPC...........ooo et eeee s 145

Figure 3.15 Differential protein expression analysis between CO38PC expressing RUNX1
O =T aTo I oo 1 o ) 146

Figure 3.16 1 Functional Enrichment Analysis of protein changes observed in normal
haematopoietic developmerd RUNX1-ETO expressing CD34SPC..........cccccccveeeiiiieen 148

Figure 3.17 Classification of differentially expressed proteins due to the expression of RUNX1
o O N O I 1 7 B ] = USRS 149

Figure3.18 C/ EBPb ex pr e s s ifb3PC pxpresking RENXETO....C.D.3.4154

Figure 3.19 Target protein and mRNA expression profiles of TF found exclusively in RUNX1
ETO CD3Z4 HSPC......cc ettt eeeeit ettt e e e ettt e emme e et e e e e as e e e e e st sannneeeeeennneeaeeennes 156

Figure 3.20° Proteins are mifocalised to the nucleus or cytoplasm as a consequence of RUNX1

ETO expression, in CD34HSPC...........ooiiiiiiieeeeeeeeeee ettt e e raernneenaes 159
Figure 3.271 RUNX1-ETO leads to a shift in localisation of 9 proteins...................eeveeeeee. 160
Figure 4.11 ZNF217mRNA expression in normal haematopoiesis...........cccccceeeiiiccceeeeenn.. 178
Figure 4.20 ZNF217mRNA expression levels are variable across AML subtypes........... 179

Figure 4.3 High levels ofZNF217is associated with poorer disedsee survival of AML patients

Figure 4.5 Dysregulated&NF217expression is not associated with patient characteristick83
Figure 461 Transduction of ZNF217 in HEK 293T cells and human HSRC.................... 185
Figure 4.7i Expression and enrichment of GE@pulations in huma@GD34" HSPC.............. 187



Figure 4.8/ ZNF217 overexpression inhibits myeloid colony formation and decreaseerselial
(0721 0 1= o] | |V P PSPPI 188

Figure 4.9 ZNF217 overexpression inhibits monocytic and granulocytic growth during myeloid

(0 L=y 71 o] o] 3 1 =T o S 189

Figure 4.101 ZNF217 overexpression disrupts the balance between granulocytic and erythroid

populations during myeloid cell deVelOPMENL............ciiiiiiiiii e 191
Figure 4.111 ZNF217 overexpression promotes monocytic differentiation....................... 193

Figure 4.127 ZNF217 overexpression promotes granulocytic differentiation by upregulating

Lol aToToaY s (Toay g F= 15 =T = P PRRPR 195
Figure 4.13 ZNF217 overexpression alters cell morphology during myeloid developmeh6
Figure 4.14 ZNF217 overexpression in CD3BSPC significantly disrupts normal cell cyd&7

Figure 4.15 ZNF217 shRNA constructs successfully reduced the levels of endogenous ZNF217 in
ST 2 o= | USSP 200

Figure 4.16i Infection efficiency of transduced CD3#SPC using shRNA lentiviral constructs

Figure 4.17% ZNF217 knockdown disrupts myeloid colony formation of HSPC................ 202

Figure 4.18 Knockdown of ZNF217 promotes monocytic cell growth in myeloid development

Figure 4.197 ZNF217 knockdown drsipts the balance between the monocytic and granulocytic

populations in CD34HSPC during myeloid cell development..................co e, 205
Figure 4.20° Knockdown of ZNF217 does not significantly alter monocytic developmeni207
Figure 4.211 Knockdown of ZNF217 does not significantly alter granulocytic developme?208

Figure 4.22° Knockdown of ZNF217 has no effect on normal cell cycle or apoptasis......209

Figure 4.23 ZNF217expression in leukaemic cell ines............ccuvvieiiiiieeeiieeeniee 211
Figure 4.24 ZNF217 is knockedlown in the erythroleukaemia cell line HEL.................... 212
Figure 4.25 ZNF217 is knockedlown in the t(8;21) cell line SKNQ ...........ccoevviiiiiiiiininnn. 213
Figure 4.26 ZNF217 knockdown significantly decreases HEL cell proliferation.............. 215
Figure 4.27% ZNF217 knockdown significantly decreases Sklll©ell proliferation.............. 216
Figure 5.11 CEBPBmMRNA expression in normal haematopoiesis..............ceeeeevieecnnnnnnes 229

Figure527C/ EBPb endogenous express..on..t.hr.og3dhout
Figure 5.3 CEBPBmMRNA expression levels are variable across AML subtypes............ 232

Figure 5.4i High levels of CEBPBIs associated with poorer disedsee survival of AML patients



Figure 5.5/ High CEBPBexpression is associated with increased WBC and lower mutation count

Figure 5.6 DysregulatedCEBPBexpression is associated with patient characteristics....235
Figure 5.71 CEBPBexpression correlates with cytogenetic and molecular abnormalities236
Figure 5.8 C/ EBPDH i ®lowk in loum&neCD3AHSPC...........ovvvvviiiiiiiiiiieeeeeeeeeeeee, 238
Figure 5.9 C/ EBPb KD di s tonygornatiomof HIP@..i..d....C.0........oc...... 239

Figure5.11 C/ EBPb KD di srupts the balance between th
in CD34" HSPC during myeloid cell development. ... e 242

Figure5.12 KD of C/ EBPbH has Ilittle i mpacit..on24dor mal
Figure 513 KD of C/ EBPb pr omot es..g.r.anul.o.c.y.t.i.2d5 devel o
Figure5.14 C/ EBPb KD affects cell mor p.h.al.ogy246dur i ng
Figure 515 KD of C/ EBPb has no significant..e2dd ect on
Figure5.16d C/ EBPb over expr es.s.i.on..i.n..human.. HSBC

Figure 517 C/ EBPDb overexpression promote.s.my281 oi d co

Figure 5.18 Overepr essi on of C/ EBPb promotes monocytic
(oA V=1 (o] o]0 0 T=T o | SO TSP PPTP PRI 252

Figure 5.191 C/ EBPb o0V er e x ptheebalanie dbetweehingeloid ppopalation during

haematopoietiC dEVEIOPMENL. ..........uuiiiiimme e ee s e e e e s e 254

Figure5.20 C/ EBPb over expr es dlatimmof nponooyticanarkess intmbnecyticp r e g
[S1eTe =T o110 £ TP PRSP 256

Figure 5211 C/ EBPb overexpressi on pgramulooyticensarkershre upr e

granUIOCYLIC PrOGENITOLS......coci i i i i i rrer e e e e e e e eaeeeaeeeeaeeeeeeenanannaanannns 257

Figure 522 C/ EBPb overexpression alter s pmeatl..l258mor phol
Figure 523 Over expression of C/ EBRPR.b..L.nf.l.uenc2% nor ma
Figure 524 C/ EBPb expr essi on ...n..l.e.uk.a.e.mi.c...c.e2bl l'i nes
Figure525 C/ EBPb KD i n t he 4#(.8.,..2.1.)...c.el.l... [....n262 SKNO
Figure 526 C/ EBPDb KD i n aenhaeell éne MELh..t.0.l.e.u.K.................. 263

Figure 527 C/ EBPb KD i n the | eukaemi.c..cel.l..l26he U937
Figure528 C/ EBPb KD pr omot e s-1cels,ladsocigtedavithtchangesnn n@ndaN O

(of] | o3V o (=T g To B=T oTo] o] 0] 1ol = = 2 266
Figure 529 The effect of C/ EBPb KD on ceé€llcdls..s268 f ace n
Figure 530 Mor phol ogi c al ef f ectcelisf...CL.EBRH...KIR6I n SKNC

XV



Figure 531 C/ EBPb KD significantly reduces cell grov
IN APOPLOLIC FIEQUENCY....ceeiiiiiiiiii et eee ettt e e s e e e e e e e e e e s rmmme e e e e e annnes 271

Figure532 The effect of C/ EBPb KD on cel.l..s2u2x face n
Figure 533 Mor phol ogi cal effect ..0f...C/LLEBRD..KDR73I n HEL

Figure 5.34 C/ EBP b KD srédgcasicéll igronahrint U937 cells, associated with changes
in normal cell cycle and aPOPLOLIC FALE..........cciiiivriieei e e e 274

Figure 5.35 The effectof EBP b KD on cel |l surface .marier expt
Figure 5.36 Mor phol ogi cal effect .of..C/.EBR.D..KR76 n U937
Figure 6.1 Summary of the main findings described on Chapters 3 and.4..................... 295
Figure 6.20 Summary of the main findings described on Chapter.5.............cccvvvieeeeeeen. 296

Supplementary Figure-IRepresentative gating strategy used to immunophenotype HSRG6
Supplementary Figurei2Expression of control GFP and ZNF217 in human HSRPC.......... 307

Supplementary Figure 3 Expression of the stem cell marker CD34 in monocytes during
differentiation, following ZNF217 OVEreXpreSSiON........cc.uuuuiiiiiieeiiee et ammee s 308

Supplementary Figure 4 Expression of the myeloid marker CD11b in monocytes during

differentiation, following ZNF217 OVEreXPreSSION. ... .cccieeiieeiieeiiiiiceeeeeeeeeeeeeeeeeeeeeeeerreeee s 309

Supplementary Figure 5 Expression of the monocytic marker CD14 in monocytes during
differentiation, following ZNF217 OVEreXpreSSiON........ccuuviriiiiiieiieee et ammee s 310

Supplementary Figure & Expression of the stem cell marker CD34 in granulocytes during

differentiation, following ZNF217 OVEreXPreSSION. ... .cccieeiiieiiiei i e i iceeeeeeeeeeeeeeeeeeeeeeeesreeee s 311

Supplementary Figure ¥ Expression of the myeloid marker CD11b in granulocytes during

differentiation, following ZNF217 OVEreXPreSSiON. ... .ccccciiiiei e eeeeeeeeeeeeeeeeeeeeeeeeneee s 312

Supplementary Figure B Expression of the granulocytic marker CD15 in granulocytes during

differentiation, following ZNF217 OVEreXpreSSION........cc.uuuiriiiiie it rmmne s 313
Supplementary Figurei9Expression of control GFP and shZNF217 KD in human HSPC315

Supplementary Figure 10 Expression of the stem cell marker CD34 in monocytes during
differentiation, fOllowiNg ZNF217 KD..........cuuuiiiiiiiiiiiiiimere e eeee e eeeeaa e e e e e s seeeeneeeeennans 317

Supplementary Figure 11 Expression of the myeloid marker CD11b in monocytes during
differentiation, fOllowing ZNF217 KD.........ooiiiiiiiiiiiiiiiieme e eeeeeeees 319

Supplementary Figure 1P Expression of the monocytic marker CD14 in monocytes during
differentiation, fOllowing ZNF217 KDi.........ooiiiiiiiiiiiiiiiiiime e 321

XVi



Supplementary Figure 18 Expression of the stem cell marker CD34 in granulocytes during
differentiation, fOlloOWiNg ZNF217 KDi.........ouuiiiiiiiiiiiiiiimmnee e ee e ee e e e e e e e e e e seeeeneeeeeaes 323

Supplementary Figure 1% Expression of the myeloid marker CD11b in granulocytes during
differentiation, following ZNF217 KD..........couuuiiiiiiiiiiiiiinee e eeee e ereea e 325

Supplementary Figure 15 Expression of the granulocytic marker CD15 in granulocytes during
differentiation, following ZNF217 KD..........covuuiiiiiiiiiiiiiinee e eeeee e e eeeeaeaes 327

Supplementary Figure I6Ex pr essi on of contr ol GFP .aB28 shC/ E

Supplementary Figure 17 Expression of the stem cell marker CD34 in monocytes during
di fferentiation,...f.ol.l.awi.ng.. . CLEBRA..KD.... 331

Supplementary Figure 18 Expression of the myeloid marker CD11b in monocytes during
di fferentiation,...f.ol.l.awi.ng..C/lL.EBRMD..KD..... 333

Supplementary Figure 1B Expression of the monocytic marker CD14 in monocytes during
di fferentiation,..f.ol.l.awi.ng.. . CLEBRA..KD.... 335

Supplementary Figure 20 Expression of the stem cell marker CD34 in granulocytes during
di fferentiation,...f.ol.l.awi.ng.. . CLEBRA..KD..... 337

Supplementary Figure 2L Expression of the myeloid marker CD11b in granulocytes during
di fferentiation,...f.ol.l.awi.ng..C/l.EBRMb..KD..... 339

Supplementary Figure 22 Expression of the granulocytic marker CD15 in granulocytes during
di fferentiation,..f.ol.l.awi.ng.. .CLERBRAS..KD..... 341

Supplementary Figure 23Ex pr essi on of contr ol GEPR..aB4@ C/ EBP

Supplementary Figure 2% Expression of the stem cell marker CD34 in monocytes during

di fferentiation, fol lL.awi.ng..CLEBPRDb..ov.er.88Bpressi

Supplementary Figure 2b Expression of the myeloid marker CD11b in monocytes during
di fferenti at i ooverexpression.o.w.i.n.g...CL.EBRbH. ..o 344

Supplementary Figure 26 Expression of the myeloid marker CD14 in monocytes during
differentiation, followingC/BP b oV er e.X.p.r.e.8.S.l 0 i 345
Supplementary Figure 27 Expression of the stem cell marker CD34 in granulocytes during
differentiation, fobo wi ng C/ EBPb ..o.v.e.r.e.x.p.r..e.s.s.i..o.n.........346
Supplementary Figure 2B Expression of the myeloid marker CD11b in granulocytes during
differentiat on, f ol | owi ng CJ/.EBR.b...oVv.er.ex.p.r.es.s.i.3dn
Supplementary Figure 29 Expression of the granulocytic marker CD15gmanulocytes during

di fferentiation, fol l.awi.n.g..Cl.EBRb..oN.er.848pressi

Supplementary Figure 30 ZNF217 overexpression inhibits maeytic and granulocytic growth

during myeloid deVelOPMENL....... .. e e e e e e e e e e e 349



Supplementary Figure BIZNF217 overexpression disrupts the balandavéen granulocytic and
erythroid populations during myeloid cell development.............ccccvvviiieeeiieeiieee e 350

Supplementary Figure 32ZNF217 overexpression praies monocytic differentiation....... 351

Supplementary Figure 3B ZNF217 overexpression promotes granulocyitferentiation by
upregulating MONOCYLIC MAIKEIS..........uiiiiiiiie e eees 352

Supplementary Figure 34 Knockdown of ZNF217 promotes monocytic cell growthniyeloid
(oA V=T (o] o]0 0 T=T o | SO PP PO PP PPPPPR PR 353

Supplementary Figure 35ZNF217 knockdown disrupts the balance between the monocytic and

granulocytic poplations in CD34 HSPC during myeloid cell development...................... 354

Supplementary Figure 36 Knockdown of ZNF217 does not significantly alteronocytic
(0= V =T (o] o]0 0 T=] o | SO TP PPPPR PRI 355

Supplementary Figure 37 Knockdown of ZNF217 does not significantly alter granulocytic

(0 LC3Y 7T o] o] 1 =T o | S PP 356

Supplementary Figure 38K D of C/ EBPb decreases granulocytic

Supplementary Figure 39 C/ EBPD KD disrupts t he bal ance b
granulocytic populations in CD34HSPC during myeloid cell development....................... 358

Supplementary Figure 490KD of C/ EBPb has | ittle i mpact on

Supplementary Figure 41K D of C/ EBPb promotes..grl.anuBdcytic

Supplementary Figure 42 Over expression of C/ EBPb promotes

growth in myeloid deVvelOPMENL...........ooiviiiiiiiiieieeee e 361

Supplementary Figure 48 C/ EBP Db overexpression di srupts t

population during haematopoietic development...............oooiiiiieeeriiiieee e 362

Supplementary Figure 44 C/ EBPb overexpression promotes th

Markers in MONOCYLIC PrOGENITOLS. ... ..uuuurrieieeeeetiiiieees sttt e e e e e e e s s s ee e sebben e eeeeeeeeaananes 363

Supplementary Figure 46 C/ EBPb overexpression promotes the

markers in granuloCytiC ProgeNITAIS........ceviiiiiiieiieeeeeee e e e eeeeeeeenees 364

Supplementary Figure 46C/ EBP b KD i 4 cetllime...Ka.s.u.Mi....c........... 365

XViii



Summary of Tables

Table 1.11 Recurrent mutations iN AML.........cooiiiiiiiiiiiee e rmee e 18
Table 1.2 FAB classification Of AML........ccooiiiiiiiiiii e 22
Table 1.3 WHO (2016) classification of AML............oovviiiiiiiiiii e, 23
Table 1.4i ELN 2017 risk stratification Of AML..........cuuriiiiiiiiiiiee e eee e 25
Table 2.11 Plasmid vectors used in thiS StUAY...........cceviiiiiiiiiicmne e eeee e 73
Table 2.21 Primers used for direCt SEQUENCING........ccooieiiiii it rere e 77
Table 2.37 Culture conditions for neadherent Cedl............cccvvvviiiii e 78
Table 2.4i Culture conditions for adherent Cells...............ccvvviiiiemiiiiiic e 80
Table 2.5 Cell culture media used for the growth and development of CA3#C................ 84
Table 2.6i List of primary antibodies used in this study............ccouveiiiiiiee e, 94
Table 2.7i Technical specifications of the AcctirC6 Plus used in this study....................... 96
Table 2.8 List of antibodies used for cord blood immunophenotyping............ccccvvvvieenn..n! 96

Table 2.9 Antibodies used for immunophenotypic analysis of transduced CD34+ HSRPQ00
Table 3.1 Identification of RUNXXETO induced TF dysregulan in CD34 HSPC............. 123

Table 3.2° Summary showing the effects of RUNXETO expression in CD34SPC on gene and

protein expression in PrioritiSEd targelS. ..o 135
Table 3.3 Identification of RUNXXETO induced TF protein dysregulation in CD3ISPC.151
Table 3.4i TF detected exclusively in RUNXETO expressing CD34SPC...................... 155
Table35 1 denti fication of &éshi f-ETO@xpresgiona.t..e.iléls as a

Table 4.1- Summary of the main findings regarding the role of ZNF217 in normal human

L F=Te =T 0] o0 =] 221

Table 511 Summary of the main findings regarding t

L F=Te =T 0] o0 =] 282

Supplementary TableTLCompensation MAtriX...........oovviiiiieeiiiiemmaeeaaee e 297

Supplementary Tablei2ldentification of significantly dysregulated proteins, as a result of RUNX1
IO IS q 0] (=171 o PSPPSR 298

XiX



List of Abbreviations

1,25(0OHYD3 1,25Dihydroxyvitamin D3

ALL Acute Lymphoblastic Leukaemia
AmBic Ammonium Bicarbonate

UMEM Minimum Essential Medium EagleAlpha Modification
AML Acute Myeloid Leukaemia

ANG1 Angiopoietin 1

ANXAZ2 Annexin 2

APC Allophycocyanin

APL Acute Promyelocytic Leukaemia
ATO Arsenic Trioxide

ATRA All-Trans Retinoic Acid

BM Bone Marrow

b-ME b-Mercaptoethanol

BSA Bovine Serum Albumin

bzIP C-terminal Leucin&Zipper Dimerization Domain
C/EBP CCAAT/Enhancer Binding Protein
CAR CXCL12-abundant reticular cell

CB Cord Blood

CBF Core Binding Factor

CcBwW Cord Blood Wash

CD Cluster ofDifferentiation

CDK Cyclin Dependent Kinase

CDS Coding Sequence

CFU Colony-Forming Unit

ChIP-Seq Chromatin Immunoprecipitation Sequencing
CHOP C/EBP-HomologousProtein

c-KIT TyrosineProtein Kinase KIT

CLP Common Lymphoid Progenitor Cell
CML Chronic Myeloid Leukaemia

CMP Common Myeloid Progenitor Cell
CR Complete remission

CSC Cancer Stem Cell

CSF Colony Stimulating Factor

CtBP C-Terminal Binding Protein
CXCL12 CXC-Chemokine ligand 12

DC Dendritic Cell

DEG Differentially Expressed Genes
DEP Differentially Expressed Proteins
dH>O Deionised Water

DIA Datalndependent Acquisition
DMEM Dul beccobs Modi fied Eagle Medium
DMNT DNA Methyltransferase

XX



DMSO
EGR
ELN
EMP
EMT
EPO
ERK
ETO
ETS
FAB
FACS
FBS
FC
FDA
FDR
FGF
FITC
FLI1
FLT3
FSC
GAPDH
GATA
G-CSF
GFI1
GFP
GlyA
GM-CSF
GMP
GO
GSC
HBSS
HDAC
HMA
HMEC
HR
HRP
HSC
HSPC
IDH

IMDM
Inv
IOSE
IPA

Dimethyl Sulfoxide

Early Growth Response

European LeukemiaNet

Erythromyeloid ProgenitoCell
EpitheliatMesenchymal Transition
Erythropoietin

Extracellular SignaRegulated Kinases
Eight Twenty-One

E26 TransformatiorSpecific
FrenchAmericanBritish

Fluorescently Activated Cell Sorting
Foetal Bovine Serum

Fold Change

US Food and Drug Administration

False Discovery Rate

Fibroblast Growth Factor

Fluorescein isothiocyanate
FriendLeukaemia Integration 1

Fmslike TyrosineKinase 3

Forward Scatter

Glyceraldehyde -Phosphate Dehydrogenase
Globin Transcription Factor

Granulocyte Colony Stimulating Factor
Growth-Factor Independent 1
GreenFluorescent Protein

Glycophorin A (CD235a)
Granulocyte/Macrophage Colony Stimulating Factor
GranulocyteMonocyte Progenitor Cell
Gene Ontology

Glioma Stem Cell

Hank's Balanced Salt Solution
HistoneDeacetylase

Hypomethylating Agents

Human Mammary Epithelial Cells

Hazard Ratio

Horseradish Peroxidase

Haematopoietic Stem Cell
Haematopoietic Stem and Progenitor Cell
Isocitrate Dehydrogenase (NADP(+))
Interleukin

|l scove Modi fied Dul beccods
Inversion

Human Ovarian Surface Epithelial Cell Line
Ingenuity Pathway Analysis

Me d i

XXi

u



IRF
IT-HSC
ITD

KD

KO
KRAS
LAP
LAP*
LB
LDS
LepR
Lin

LIP
LMPP
LSC
LSD
LT-HSC
MACS
M-CSF
MDP
MDS
MEP
MFI
MgCl,
MiRNA
MLL
MPP
MS
MSC
mSin3a
N-CoR
Nes
NF-2 B
NHR
NK
NLS
NPM1
NRAS
OE
Qls
OPN
oS
P300
PB

InterferorrRegulatory Factor

IntermediateTerm Haematopoietic Stem Cell

InternalTandem Duplication

Knockdown

Knockout

Kirsten Rat Sarcoma Virus
Liver-Enriched Activating Protein
Liver-Enriched Activating Protein*
Luria-Bertani

Lithium Dodecyl Sulphate Sample Buffer

Leptin ReceptoPerivasculaiExpressing Cell

Lineage
Liver-Enriched Inhibitory Protein

Lymphoid-Primed Multipotent ProgenitdCell

Leukaemic Stem Cell

Lysine-Specific Histone Demethylase
Long-Term Haematopoietic Stem Cell
MagneticActivated Cell Sorting
Macrophage Colony Stimulating Factor
Monocyte Dendritic Progenitor Cell
Myelodysplastic syndrome
MegakaryocytieErythroid Progenitor Cell
Mean Fluorescent Intensity

MagnesiumChloride
microRNAs

Mixed Lineage Leukaemia
Multipotent Progenitor Cell
Mass Spectrometry
Mesenchymal Stem Cell
Mammalian Sin3a

Human Nuclear Receptor €epressor
Nestinpositive Cell
NuclearFactors B

Nervy Homology Region
Natural Killer Cell

Nuclear Localisation Signal
Nucleophosmirl
Neuroblastoma Rat Sarcoma Virus
Overexpression
Oncogendnduced Senescence
Osteopontin

Overall Survival

Histone Acetyltransferase p300
Peripheral Blood

XXii



PBS
PCA

PE
PerCP-Cy5.5
PI

PLZF
PRMT
PVDF
RD
RHD
RNASeq
ROI
RPMI
RUNX
SA-PerCP
SB

SCF
SCL
SCX
shRNA
SMRT
SSC
ST-HSC
STAT3
SWATH-MS
t

TAD
TBS
TBS-T
TCGA
TET2
TF
TGF-b
TKD
TP53
TPO
TRCN
TSP1
uc
WBC
WHO
WT1
ZNF

Phosphate Buffer Saline

Principal Component Analysis
Phycoerythrin

Peridinin chlorophyll proteifi Cyanine5.5
Propidium iodide

Promyelocytic Leukaemiinc-Finger
Protein Arginine NMethyltransferase
Polyvinylidene Difluoride

Regulatory Domain

Runt Homology Domain

RNA Sequencing

Region of Interest

Roswell Park Memorial Institut2640 medium
RuntRelated Transcription Factor
StreptavidinPeridinin Chlorophyll Protein
Staining Buffer

Stem Cell Factor

StemCell Leukaemia Factor

Strong Cation Exchange

Short Hairpin RNA

Silencing Mediator oRetinoic Acid and Thyroid Hormone Receptors
Side Scatter

ShortTerm Haematopoietic Stem Cell
Signal Transducer and Activator of Transcription 3
Sequential Window Acquisition of all Theoretical Mass Spectra
Translocation

Transactivation Domain

Tris-Buffered Saline

Tris-Buffered Saline with TweeB0

The Cancer Genome Atlas

Tet Methylcytosine Dioxygenase 2
Transcription Factor

Transforming Growth Factor Beta
Tyrosine Kinase Domain Mutations
Tumour Protein p53

Thrombopoietin

RNAIi Consortium Number
Thrombospondifl

Universal Container

White Blood Count

World Health Organization

Wilms Tumour 1

Zinc FingerProtein

XXiii



Chapter 1

Introduction



Chapterl

1.1 Haematopoiesis

1.1.1 Overview

Haematopoiesis is the process through which cellular constituents of the blood are
continuallyr epl eni shed throughout an individual 0s
specialised cells with numerous functions, including oxygen transport and endefience
(JagannathaBogdan and Zon, 20)3This process is initiated by a common precursor, a
haematopoietic stem cell (HS@)s found in the early 1900s. These cells are characterised by
their ability to selfrenew or give rise to different progenitor cells that can proliferate and
differentiate into mature celldaurenti and Gottgens, 20L& arly studies showed th&one
marrow (BM)failure in radiation exposed recipients could be rescued by injecting spleen or
BM cells fromnonexposeddonors(Lorenzet al, 195). Research on this topintensified
when Till and McCulloch demonstrated that the regenerative potential of HSCs could be
assayed by performingn vivo repopulation assays, thus supporting the existence of
multipotential HSCs (Till and McCulloch, 1961 These studies contributed to an
understanding of a developmdmerarchy, in which multipotent HSCs are found at the top,

whilst terminally differentiated cells sit on the bott¢inl.3.

Throughout embryonic delopment, haematopoiesis occurs in successive waves, each one
of them temporarily and spatially restricted, resulting in the development of haematopoietic
progenitor cells. This process can be further divided into two main stages. In early embryonic
develp ment , bl ood cells are produced in the
haematopoiesis. During this time, there is an increased production of red blood cells, to
promote tissue oxygenation as the embryo undergoes rapid growth. As well as primitive
nucleated erythrocytes, there is also a low frequency of primitive macrophages and
megakaryocytegFukuda, 1973Luckett, 1978. The next stage of blood cell development is
termed O6definitived haemat op omyelsid gagenitwerist h t h
(EMP), which will give rise to definitive erythrotgs and most myeloid lineages, as well as
early B and T progenitors. This process occurs initially in abgagonadmesonephros
(AGM), later occurring in the placenta, foetal liver, spleen and [BMnovset al, 2017%.
Postnatally, haematopoiesis occurs primarily in the BMyever, in times of éematopoietic
stress or injurythis procesgan occur in the liveor spleen(Butler et al, 201Q.



Chapterl

1.1.2 Haematopoietic stem cells

HSCs possess two main characteristicsrigke them unique in the haematopoietic system
Firstly, these cellsra@ multipotentialand are therefore able to differentiate into all functional
blood cells. Secondly, they have the ability to-seffew, giving rise to identical daughter cells
without differentiating Loss and/or gain of function studi@s mice have identified basic
developmental principles that control tlmergene of haemogenic tissues during ontogeny,
haematopoiesis in the adult. However, due to differences observed in basgy Aol
haematology, as well as therapy developntietre was a constant need to complement these
mouse studies with human primary cells. Subsequently, based on Till and McCulloch
experiments, severgroupsfocused on investigating human haematopoiesisgusuman
colony-forming progenitorscored inn vitro colony-forming unit (CFU) assay@®looreet al,

1973 Pike and Robinson, 19Y.0Subsequentlythe ability toengrat human haematopoietic
cells ino immunedeficient mice,allowed the development of several humanised mouse
models to study HS@evelopmenin vivo (Bosmaet d., 1983 McCuneet al, 1988 Shultzet

al., 2005 Shultzet al, 1995 Rongvauxet al, 2011).

A major obstacle in studying HSGelies in the rarity of these cells. In general, only 1 in
10° cells inthehuman BM is defined as a transplantable HB@nget al, 1997 based on the
simultaneous detection of several independent cell surferkers. The first marker to be
identified in these cells was CD34, expressed in less than 5% of all blood cells, and in > 99%
of human HSCCivin et al, 1989. However, as CD34 is expressed both in HSCs, and in
progenitor cells, there was a need to search for additional markers of stemness. Subsequent
studies identified CD90 as a stem cell maBaumet al, 1992, whilst CD45RA and CD38
were identified as markers of progenitor cdBhatiaet al, 1997 Conneallyet al, 1997
Lansdorpet al, 1990. Furthermore, human HSC waerlearacterisetly the absence of lineage
markers (Lin), resulting in their classification as LED34'CD38CD90"CD45RA (Figure
1.1).

At the cellular level, the inhibition of sefenewal occurs as lineage programming is
initiated. Hence, i would be anticipated that thiwould also happen at the molecular level,
resulting in theconcept of multilineage primingroposed as a mechanism through which
HSCs are able to maintain their multipotency poteliyamotoet al, 2003).
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Figure 1.17 Hierarchical representation of human haematopoietic development

HSC possess an increased-seffewal capacity (curved arrow), gradually giving rise to mature progeny
with reduced capacity for selénewal and increased differentiation potenfidie prenotypic cell
surface marker of each population is shown. Adapted {ieiskopfet al, 2016 Guilliamset al,
20138.
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However the HSC transcriptional programme is characterised by several unique metabolic and
cellular properties, not intuitively linked with multipoten@yaurenti and Gottgens, 201.8n

fact, approximately 70% of all transcriptional changes observed between HSCs and early
progenitor cells occur independently of lineage fdtaurentiet al, 2013. HSCs typically

reside in a quiescefiiVilson et al, 2008 Foudiet al, 2009, autophagydependenf{Warr et

al., 2013 Ho et al, 2017 and glycolytic statéSimseket al, 201Q Takuboet al, 2013, with

low mitochondrial activityVanniniet al, 2014 Ito et al, 201§ and tight regulation of protein
synthesigSigneret al, 2014. Progenitor cells, on the other hand, are highly proliferative and
metabolically active cell§Laurenti and Gottgens, 20L8However, it is important to
acknowledge that these characteristics are not absolute. Whilst the initiation of transcriptional
programs specific to lineage determination may occur regardless of loss of stem cell
characteristics, several regulators cambvelved in both, likeuntrelated transcription factor

1 (RUNX1 akaAML1) (Caiet al, 2019. These observations suggest that the processes through
which lineage determination coordinateshmwéhanges in the cellular state remains to be fully

understood.

1.1.2.1 Properties of haematopoietic stem cells

It is currently recognised that the HSC population is heterogeneous, comprising, at least,
two subsets, differing in their repopulation abilities anding propertiegFoudiet al, 2009
Qiuetal, 2014 Takizaweet al, 201). These are lonrterm HSCs (LTHSC), capable of lorg
term engraftment, and shiderm HSCs (STHSC), derived from LTHSCs. Whilst LFHSCs
have a lifelong selfenewing potential (monthgears), the STHSCs have limited ability
(daysweeks), as they firstly give rise to multipotent progenitors (MPPSs), further branching into
commonmyedoid progenitors (CMPs) and comméymphoid progenitors (CLPs), with the
aim of replenishing the haematopoietistem(Morrison and Weissman, 199@uenecheat
al., 2001 Christensen andVeissman, 2001 Furthermore, phenotypically, LRSC are
defined as LICD34'CD45RACD49f"CD90"CD38, lacking CD38 or anyjineagerestricted
antigen. Upon loss of CD49f and CD90 expression, these give rise to transiently engrafting
multipotent progenitorsthe ST-HSCs, characterisedas LinCD34'CD45RACD49fCD90
CD38 cells(Nottaet al, 2017).

1.1.2.2 Haematopatic stem cell niche

The concept of an HSC niche was first suggested by Schofield in 1978, who proposed that
a physical niche of cells resides within the BSthofield, 1978 HSCs largely rely on their
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microenvironment, made up of a complex network of cells and secreted factors, for the
regulation of quiescence, proliferation, sedhewal and differentieon (Morrison and
Scadden, 20)4Normally, most of the HSCs are in a quiescent state, but can become active as
a response to infectious e$s, such as interferanediated signalling, and increase their
proliferative rate or promote differentiati¢Bsserst al, 2009 Wilsonet al, 2008 Baldridge

et al, 201Q. Currently, it is considered that the BM microeoviment is composed of two
niches, able to maintain and regulate HSCs: the endosteal and the vasculaFigcined Q).

In the outer BM, HSCs reside closely to the endosteal bone surface, as several studies showed
that HSCs isolated from this region presented a higher degree of proliferation and an increased
long-term hematopoietic reconstitution potenftdaylocket al, 2007 Grassingeet al, 2010.

More differentiated cells, on the other hand, are generally founideircéntral BM region,

within the perivascular niche.

The endosteum comprises the regi owthabet wee
heterogeneous group of osteoblastic cells at various stages of differentiation, from which a
fraction of are fully mature ¢soblasts able to synthesise bone. Moreover, osteoclasts, bone
absorbing cells, also line the endosteum and together regulate bone formation. Osteoblasts
synthesize several cytokines that are suggested to contribute to the maintenance and regulation
of HSGs, such as such as CxsBemokine ligand 12 (CXCL12 aka stronurived factor 1
[SDF-1]), stemcell factor (SCF), osteopontin (OPN), granulocyte coletigjmulating factor
(G-CSF), annexin 2 (ANXA2), angiopoietin 1 (ANG1), and thrombopoietin (TH@hman
and Emerson, 1994#onomaryo\et al, 200Q Calvi et al, 2003 Arai et al,, 2004 Stieret al,

2005 Junget al, 2007 Yoshiharaet al, 2007.

CXCL12 is mainly produced by immature osteoblasts and endothelial cells, and controls
HSC homing, retention, and repopulatigponomaryovet al, 200Q. Even though SCF is
mainly produced by perivascular ce{Bing et al, 2013, this cytokine is also produced by
osteoblasts, and plays an important role in HSC maintenance.\EqDRIN, secreted by
osteoblasts and other cells, plays a critical role in the retention, migration, and control of HSC
proliferation and differentiation in the endosteal surfitssonet al, 2005 Stieret al, 2005
Grassingeet al, 2009. G-CSF is necessary to support myelopoi@sisd et al, 1975 Morad
et al, 2008, whilst ANXA2 regulates HSC homing and engraftm@hinget al, 2007.
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Figure 1.27 HSC regulation by the BM microenvironment

HSC reside in a specialised environment within the BM, divided into two main niches: endosteal and
perivascular. Adapted frofGalanDiezet al, 2018.
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In addition to secreting cytokines, osteoblastic cells have also been shown to expreds sever
membranebound ligands and adhesion receptors which contribute to HSC maintenance,
including Jagged, a ligand for Notch receptors expressed in HSCs-eexhirin. However,

both of these factors have proven to be controversial, with studies confiicteggard to their
specific role in HSC maintenan{éarnumFinneyet al, 200Q Butleret al, 201Q Maillard et

al., 2008 Manciniet al,, 2005 Li and Zon, 201pHosokaweet al., 201Q. Several other factors

are thought to play a role in HSC maintenance, including-degeading osteoclas(Batard

et al, 200Q Bhatiaet al, 1999 Silver et al, 1988 and macrophage€hanget al, 2008
Winkler et al, 2010.

In addition to the endosteal region, several studies have suggested that vascular
environments are also iolwed in the maintenance of HS@mprising the perivascular niche,
essential for gas exchange, delivery of nutrients to cells and waste removal in {KecBét
al., 2009 (Figure 1.2). The perivascular niche is highly heterogenous and contains distinct cell
types, including endothelial cells, blood vessels that deliver both oxygen and nutrients, and can
be found in the limg of sinusoids, specialised blood vessels that from an extensive network
throughout the BMKiel et al, 2005. These cells regulate HSC fate both by directtcedell
contact, as well as by the secretiorangjiocrine factorgButler et al, 201Q Kobayashiet al,

2010. These include CXCL12, vascular endothelial growth factor A (VERHibroblast
growth factor 2 (FGF2), ANG1, thrombospondifTSP1), and Notch ligands, which have all
been described as playing important roles in maintaining thec#mool and regaite HSC
selfrenewal capacityButler et al, 2019 Kobayashiet al, 201Q Pouloset al, 2013 Rafii et

al., 2019. Other cell constituents present in the perivascular niche include Leptin Receptor
PerivasculaiExpressing Cells (Lep® a major source of several growth fastoincluding
CXCL12 and SCHKDing et al, 2012 Ding and Morrison, 2013 Moreover, these cells are
responsible for the differentiation of mesenchymal stem cells (MSCs) into adipocytes,
osteoblasts, and chondrocytéshou et al, 2014. Equally, Nestirpositive (Ne3) cells
produce soluble factors involved in HSC maintenance, including L.GXCand SCF,
suggesting that MSCs are directly involved with HEkéndezFerreret al, 2010. CXCL12
abundant reticular (CAR) cells have been shown to be impantdre homing and localisation

of HSC within the BM. As the name suggests, these cells secrete extremely high levels of
CXCL12, as well as SCF. Other molecules found in the perivascular niche include
megakaryocytes and platel¢Banu and Williams, 199%Alexanderet al, 1996.
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1.1.3 Hierarchical organisation of haematopoiesis

In order to define the relationship between HSCs and their progenies, a model for the
haematopoietic hierarchy was initially proposed as a-likeeroadmap detailing the
differentiation process starting from &8C, into cells with declining multilineage potential
leading to unilineage commitme(i{ondoet al, 1997 Akashiet al, 200Q Adolfssonet al,

2005 Wilson et al, 2009 (Figure 1.1). Such distinction was made possible due to the use of
phenotypical analysis of the different lineages, based on flow cytoiasgd cell sorting
(Rieger and Schroeder, 201RT-HSCsit at the apex of the hierarchical tree and, upon certain
stimuli, can enter cell cycléSchoedekt al, 2016, and progress into SAISC, which in turn
differentiate into MPP. These cells present a higher frequency efyadd progression and
differentiation activity, but arencapable of selfenewing(Morrisonet al, 1997. MPPs, in

turn, give rise to CLE that only possess lympheidstricted differentiation abilitie@ondo

et al, 1997, and CMB, that can differentiate into megakaryocytic/erythroid progenitors
(MEPs) and granulocyte/macrophage progerst(GMP) (Akashiet al, 200Q Na Nakornet

al., 2002. GMPs ultimately give rise to monocytes, macrophagesgradulocytes, including
basophils, neutrophils and eosinophils, whilst MEP cells differentiate into erythrocytes,
megakaryocytes and plateléRieger and Schroeder, 2Q1Zells derive from the lymphoid
lineage are responsible for mediating immune response, whilst cells from the myeloid lineage
are involved in several physiological processes, including blood clottiygen transposnd

innate immunity.

Additional studies have shown that this classical model of haematopoiesis is more complex
than initially thought. For instance, intermeditéem HSCs (ITHSC) represent a transitory
population between L-BECS and STHSC (Yamamotoet al, 2013 Benvenisteet al, 201Q
Zhanget al, 2018. Furthermore, the MPP population can be furttheracterisethto MPP1,
MPP2, MPP3 and MPR¥Vilsonet al, 2008 Pietraset al, 2015. In the revised model, MPP1
resembles SHSC, whist MPP24 are parallel subpopulations at a downstream level,
responsible for sustaining blood production at stestdte(Pietraset al, 2015. In addition,
another subpopulation hasdmeidentified, expressing high levelsfrhslike tyrosine kinase
3 (FLT3), defined as lymphoigrimed multipotent progenitors (LMPPs). Functionally, these
generate cells within the lymphoid lineagéslolfssonet al, 2001 Adolfssonet al, 2005
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Forsberget al, 2006 Boyeret al, 2011, and phenotypically resemble MPHetraset al,
2015.

The traditional hierarchical model suggests that HSC differentiation is a stepwise process
however, several studies have shown that megakaryocyte differentiation is able to bypass most
of these steps, and its lineage outcome is mainly defrean HSCs(Woolthuis and Park,
2016. In mice, HSCs were found to highly express von Willebrand factvf)( a
megakaryocytepecific genéManssoret al, 2007. These cells were shown to possess robust
short and longterm reconstitution ability for megakaryocytes ptvansplantation, and their
maintenancavas modulated by TPO, essential for megakaryocyte development and platelet
production (SanjuarPla et al, 2013 de Sauvaget al, 1996. Subsequent studies equally
showed that megakaryocytes are predominately and dirdetiyed from HSCs, further
contributing to the hypothestbat these cells can bypass the differentiation stages between
MPPs and MEP&ottaet al, 2019.

More recent studies using singlell technology, combined with computational analysis,
have shown that haematopoiesis is a continuous process, as opposed to a stepwise progress to
lineage commitmen(Velten et al, 2017. Moreover,unilineagerestricted cellshave been
suggested twmriginate directly from ad&ontinuumof low-primed undifferentiated HSPGs
(CLOUD-HSPC) without anymajortransition through the muitand bipotent stagegvelten
etal, 2017. However, even though these new techniques have further allogvedderstating
of normal human haematopoiesis, it has led to the generation of conflicting observations.
Instead, some authors defend the existence of a structured hierarchy with a heterogenous

haematopoietic landscaffeuenrostrcet al,, 2018 Karamitroset al, 2018 Pellinet al, 2019.

Altogether, with the use of higiimroughput and singleell methodologies, such as RNA
sequencing, mass cytometry and immunophenotypic analysis, it was possible to not only
identify new populations, but also enlighten the spepifazesses cell undergo, until reaching
a terminal differentiated state, suggesting a need to revise the classical hematopoietic hierarchy

roadmap.
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1.1.4 Regulation of normal human haematopoiesis

1.1.4.1 Transcription factor regulation of haematopoietic development

Trangription factors (TFs) play an essential role during haematopoiesis, being responsible
for several processes, such as stem cell maintenance, lineage commitment and differentiation.
These are often cetype restricted, which means they can drive the expme®f characteristic
lineagespecific target genes, leading to the development of a specific cell subigpes(

1.3). The differentiation of haematoietic percussors is associated with two main processes:
t he reduct i o-meneawal potehtial and the stepwise acauisition of specific lineage
identity. Howeverthe interpretation of the roles of these TFs was framed on the classical

mode| andthe current understanding shows this todversimplistic(1.1.3.

Myeloid cell differentiation is orchestrated by a small number of TFs, whahdePU.1
(aka SPI1) (Klemsz et al, 19909, CCAAT/enhancer binding proteins (includiriGEBPA,
CEBPB and CEBFE) (Zhanget al, 1997 Tan&ka et al, 1995a Yamanakaet al, 1997,
growth-factor independent 1GF11) (Hock et al, 2003 and interferorregulatory factor 8
(IRF8) (Holtschkeet al, 1999. These also include, at teeemcell level, RUNX1(Okudaet
al., 1996 and sterrcell leukaemia factorSCLor TALD) (Shivdasanet al, 1995. These TFs
are often classified as master regulators of haematopoiesis due to their ability to promote the
expressiorof several myeloid genes, such as those encoding receptors for macrG8tage
(M-CSF), GCSF or granulocyte/macropha@&sF (GMCSF).

The first TF to be expressed are those that orchestrate the formation of the HSC pool, which
includeSCLandRUNX1 Mice lacking either one of these factors are embryonically lethal and
have no detectable haematopoiesis, indicating that these are essential in the generation of foetal
HSCs (Goodeet al, 2016 Suteret al, 201]). In adult haematopoietic cells, conditional
deletion of these genes showed that they are not required for the maintenance of HSCs in the
BM; instead, the effects observed are more linesgugeific. RegardinRUNX]Y, its conditional
ablaton inhibited CLP production, blocked-Band T cell maturation and decreased the
formation of plateletglchikawaet al, 2004. A subsequent study showed that this ablation

contributed to the development of mild myeloproliferative syndr{@rewneyet al, 2003.
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Figure 1.371 Transcriptional regulation of myeloid development

Developmentaktages and transcriptional regulation of monocytic and granulocytic differentiation.
RUNX1 and stencell leukaemia factor (SCL) are required for the generation HSC, whilst growth

factor independent 1 (GFI1) and CCAAT/enhancer binding prdiein( C/ E guRtd HSCrself
renewall potential. Mor eover, C/ EBPU is essenti a
granulocytic devel opment, both GFI1 and C/ EBPU,
relies on the expression of PU.1 and IRF8. Bemesent the controlled expression of different TF

during myeloid cell development. Adapted frdRosenbauer and Tenen, 2D07
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Whereas expression of PU.1 is essential for the differentiation of HSCs into CMPs, the next
step of development into GMPs requi-rega t he e

leucine zipper TF expressed by HSCs, myeloid progenitors and granuldmytegjsent in

macrophageéAkashiet al, 2000 Radomskaet al, 199§. I n mice, C/EBPU def
the absence of GMPs and granulocgiienmitted cells, but naral numbers of CMP&hang

et al, 1997 Zhanget al, 2004b. I nterestingly, cC/ EBPU is no
differentiation following GMP commitmer{Zhanget al, 2004h. In addition to having a role

in myeloid differentiatim , C/ EBPU i s al so responsendwhle f or
potential , as n&a®dsesultsin@n ircreasdd fepopuPation activity in mouse

transplant model§Zhanget al, 2004). Additionally, this TF has also been shown to be a

strong promoter of cetjrowth arresby regulating cell cycle ex{fflohnson, 2005

Following development into GMPs, cells undergo further differentiation into macrophages
or granulocytes, following the expression of both PU.1 and IRF8. IRF8 is expressed in several
haematopoietic lineages, including HS@ cells, dendritic cells and in resting T cells
(Driggerset al, 1990. Furthermore, expression of IRF8 is higher in macrophages, but not in
granulocytes(Tamura et al, 200Q. In mice, loss of IRF8 led to the devetoent of
myeloproliferative syndrome resembling CMHoltschkeet al, 1996, characterised by an
increased number of granulocyterived cells at the expense of macrophd§ekelleret al,

1999.

Granulocytic differentiation reques the expression of two additional TEFI1 and
C/ E BG®HL is a transcriptional repressor detected in HSCs, neutrophils andnB T
precursor cell{Hock et al, 2003 Karsunkyet al, 2002a Hock and Orkin, 2006 Mice
deficient for GFI1B were seen to lack lymphocytiogenitor differentiation, as well as
neutrophilic granulocytegHock et al, 2003 Karsunky et al, 2002h, even though the
development of early myeloid progenitors remained unchanged. Similarly, ablatida Bf £/
led to abnormal granulocytic development beyond the promyelocyte (Magenakeet al,
1997. In addition to having a role in granulocytic differentiation, deletion of GFI1 also impacts
normal HSC development. Even though, phenotypically, leficient cells resembled
normal HSCs, tese were functionally impaired, as they displayed reduceeresudival
capacity due to cell cycle chandgétocket al, 2004.

Taken together, haematopoietic development is a complex process, relying on the

hierarchical expression of key TFs, responsibtepfomoting HSC differentiation into mature
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myeloid cells. The dysregulation of these TFs has been previously shown to play an important
role in the leukaemogenic process, and often present themselves as therapeut(d ¢agyets

2003. Several studies have shown that absence of a lineage speaiéisults in a perturbed
differentiation process or complete absence of the respective lineage. For instance, knocking
out of GATA-1, an erythroid TF, results in a complete absence of erythroid and
megakaryocytic differentiation in mice, whilst other lineagemained unperturbééevnyet

al., 199). Moreover, whilst removal of RUNX1 or TAL1 influences HSC formation and the
development of the entire haematopoietic system, absence of PU.1 largely affects the myeloid

and Bcell lineages.

1.1.4.2 Cytokines and growth factors

The production of haemapoieticderived cells is under the control of several
haematopoietic cytoking¥&ondo et al, 2000 MossadegKeller et al, 2013 Brown et al,
2018. Cytokines are extracellular ligands that can stimulate biological responses through the
binding and activation of cytokine receptors. Important cytokines within the haematopoietic
system include interleukindL.S), CSFs, interferons, erythropoietin (EPO) and TBimnilarly
to haematopoietic development, cytokines have been arranged in a hierarchical system, as sub
populations of HSC express certain cytokine receptors associated with specifiteegiés
(Figure 1.1). Moreover, certain cell types require the action of multiple cytokines
simultaneously, observed in HSCs and megakaryocyte progerfior instance, whilst H3
stimulates the growth of most lineages, EPO exclusively regulates erythroid devel@pfagnt
199).

EPO supports erythroid progenitor cells by promoting the expression of the erythroid
affiliated TF GATA1 (Koury and Bondurant, 199Groveret al, 2014. Ablation of EPCand
its respective receptor resultarmvivodeath midgestation due to severe anaemia, even though
these micalisplayederythroid progenitor cells within the BWu et al, 1995 Kieranet al,
1996 Lin et al, 1999. Moreover, these subjects sheavsigns of early erythropoiesis,
suggestingthat another cytokine, possibly TPO, is responsible for supporting early
erythropoiesigKieranet al, 1999. Indeedabsenc®f TPO or its receptor resulted not only in
loss of normal number of platelets and megakaryocytes, but also reduced numbers,of HSC

associatedvith a significant redution in stem cell expansiofollowing BM transplantation,
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suggesting a neredurdant role in stem cell activitfGurneyet al, 1994 Alexanderet al,
1996 CarverMooreet al, 1996 Solaret al, 1998 Foxet al, 2002.

In high concentrations, FLT3 has been shown to drive HSC development towards aimyeloid
lymphoid fate, whilst supressing megakaryocyte and erythroid development, by promoting to
the upregulation of PU.{Tsapogast al, 2014 Onaiet al, 200§. Targeted disruption of
FLT3 resulted in a significant reduction in the BM haematopoietic progenitor pool size and
subsequent decrease in the number of mature myelgichaBiral killer (NK) and dendritic
cells (DC)(Mackarehtshianet al, 1995.

SCF is another cytokine that has been shown to be essential for HSC survival, proliferation
and differentiation(Broudy, 1997 Hartmanet al, 200]). Loss of SCF or its receptorkit
results in severe macrocytic anaenfl@agawa et al, 199]). Moreover, following the
administration of a neutralising antibody again&itcadult mice show complete depletion of
progenibr cells and, eventually, absence of all mature myeloid and eryttetsdvithin the
BM (Ogawaet al, 199)).

By growing daughter cells of granulocytgacrophageaony forming cells in the presence
of either G or GM-CSF, Metcalf and Burgess observed the differentiation of these cells into
granulocytes and macrophages, respectigdtcalf and Burgess, 82). Unexpectedly, null
mutations of GMCSF or its corresponding receptor had no consequence in the normal numbers
of myeloid progenitor cell¢Stanleyet al, 1994 Nishinakamuraet al, 1995 Robbet al,
1995. On the other handjice with a null mutation in both-GSF and its receptor were shown
to present incomplete granulopoiesitharacterisedy chronic neutropeniaa decrease in
mature myeloid cedlin the BM and decreased neutrophil release from th¢LB?chkeet al,
1994 Liu et al, 1996 Semerackt al, 2002. However, mice with ablated-GSF receptor only
presented a mild reduction in the proportion of committed myeloid progenitors. These
observations promoted the discussion that cytokines have the ability ¢corapensatively
upon the complete absence of at@i@ molecule, as deletion of a single cytokine or receptor

never results in the complete absence of a specific haematopoietic ([Beageet al, 2019.
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1.2 Acute Myeloid Leukaemia

1.2.1 Overview

Acute myeloid leukaerai (AML) is a malignant blood cancer characteribgdhe clonal
expansion ofibnormalmyeloid cells, firstlywithin the BM, with subsequengxfiltration of
these cellshitroughthe bloodstreanmto other organs, such as spleen and liver. As the name
sugges, this is an extremely fagtowing disease, with symptoms appearing following a few
weeks of disease development. These can include fatigue, fever, recurrent infections, persisting
bruising and bleeding, amongst others. AML is the most common acuteieiaken adults
(Khwaja et al, 2016; though rare in comparison with the most prevalent cancer.tifpes
instance, witst approximately 40,000 people are diagnosed every year in the UK with
colorectal cancer, only about 3,000 are diagnosed with ABHncer Research UK, 2021
AML is diagnosed based on the accumulation of myeloid blasts within the BM, which are
subjected to immunophenotyping, cytogenetic and molecular characterisation to distinguish
between AML subtyped(2.3. Currently, the presence abnormaimolecular and cytogenetic
featuresat diagnosisare considered the most important prognostic factors amchighly
predictive of complete remissiqR) rates, tseasefree survival, risk of relapse and overall
survival (OS) (Dohneret al, 2017. However, the fact that thesells often exhibit several
molecular abnormalities, contributes to disease heterogdheitt al, 2013 Lindsleyetal.,
2015. Even though significant improvements have beaalein the treatment of this disease,
prognosis in elder patients, who account for the majority of the new cases, remai{&hador
et al, 2013a.

1.2.2 Pathophysiology of AML

AML develops as a result genetic and epigenetahangesn myeloid progenitor celldn
most cases, there is no predisposing factor that makes individuals more susceptible to
developing AML. Several models have shown that more than one cooperating abnormality is
necessary to dewvgb AML (Grisolanoet al, 2003 Schesslet al, 2005. Originally, the
developmental process of AML was thougiha s -hit @ 2mo de | | i n whioch
that the clonal expansion of malignant cells required the acquisition and cooperation of, at least,
two mutations from differengrotein/genelassegConway O'Brieret al, 2014 Gilliland and
Griffin, 2002). According to this model, Class | mutations, which resudictivated signalling
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pathways that regulate cell proliferation and surviwalst occur in combination with Class Il
mutations,involving TFs impicated in the regulation of cell differentiation and selfiewal
(Takahashi, 20%IKiharaet al, 2014. Common Class | mutations inclue&T3, kirsten or
neuroblastomaiat sarcoma virus gen&/NRAS respectively), tumour protein p5BR53 and
tyrosineprotein kinase KIT{c-KIT). Interestingly, these mutations often occur in-sidnal
cellular fractions, occurring late in pathogenesis of disease, suggesting that these are a result of
late clonal events; and whilst they may impact treatment respthesevidence thathey
initiate disease iscace(Papaemmanudt al, 2016. Further studies have also highlighted the
role of signatransducer and activator of transcriptionSIAT3J in the stimulation of cellular
proliferation and surviva[Cook et al, 2014 Ghoshal Gupteet al, 2008 Yamada and
Kawauchi, 2013 Enhanced tyrosine phosphorylatiorSGfAT3occurs as result of increased
secretion of cytokinesuch as IE6, or due tomutations in receptor tyrosine kinasesen in
up to 50% off AML casesand &sociated witha worse prognosiéSchuringaet al, 200Q
Steensmat al, 2006.

Significant Class Imutations includ@ucleophosmisl (NPM1) andCEBPA which are found

in ~ 27% and 6% of casag®spectivelfLey et al, 2013 (Table 1.1), as well as the expression
of the fusion proteins RUNXETO (aka AMLEETO or RUNX:XRUNXI1T1) and PLM
RARA. However, in recent years, this has been shown to be arsiovglification of the
leukaemogenic process, with the identification of mutatienthin epigenetic regulators,
classified as Class Il mutation$un et al, 2018. These have been shown to possess
downstream effects dooth cellular differentiation and proliferation, and include mutations in
DNA-methylation and postranslational histone modification genes, such RBSA
methyltransferase 3lpha (DMNT3A), Tet methylcytosinedioxygenase TET2, Wilms
tumour 1 WTJ), and socitratedehydrogenase (NADP(+)) 12 (IDH1 / IDH2) (Ley et al,
2013 Patelet al, 20129.

A low number of coding sequence mutations are foandML, compared to most solid
epithelial tumourgLey et al, 2013. As a result, mutations associatedhatihte development
of AML are well defined, and their presence is important when classifying disease subtype

(1.2.3, infer prognosisX.2.4 and respective treatmerit2.5.

17



Chapterl

Table 1.17 Recurrent mutations in AML

Table outlining recurrent molecular and cytogenetic aberrations are frequently observed in AML.
Adapted from(Grove and Vassiliou, 2014

Type of mutation Gene Frequency
Signal transduction Genes FLT3, NRASC-KIT, PTPN11 59%
DNA modification Genes DNMT3A, TET2, IDH1/2 44%
Chromatin Modifiers MLL -fusions, ASXL1, EZH2 30%
- 27%

NPM1

Fusion Genes PML-RARA, MYH1ACBFB, RUNXIETO 25%

0,

Myeloid transcription factors CEBPA, RUNX1 22%
0,

Tumour SuppressorGenes TP53, WT1, PHF6 16%
0,

Spliceosome Genes SF3B1, SRSF2, U2AF1 14%

SMC1A, SMC3, RAD1, STAG? 13%

Cohesins
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Collectively, he most frequent mutations in AML can be found in genes related to signalling
pathways, such &L T3, presented amternaltandem duplicationfTD), or tyrosine kinase
domain mutationg§TKD); c-KIT andRAS present in over half of AML patien{3able 1.1).
Additionally, mutations in epigenetic regulatooscur c40% of patientgTable 1.1). For
instanceDMNT3Amutations are observed in-26% of AML patientgLey et al, 2010, and
mouse knockout (KO) studies have shown that this gene plays a crucial liohting the
selfrenewal potential ohaematopoietic stem and progenitor ceHSPQ and in egulating
myeloid differentiatior{Challenet al, 201]. However, despite their prevalence in AML, these
mutations alone are not sufficient to promote disease development. Progression to leukaemia
often require the acquisition of driver mutations, suchtas expression of the fusion protein
PML-RARA, not detected in healthy individuglabelsonet al, 2018 Welchet al, 2012.
Chromosomal aberrations hawe fact been widely described in AMLand can include
inversions (inv), such as inv(16)responsible for the expression & B FNMYH11, or
reciprocal translocationd), including t(8;21) and t(15;17), resulting in thenf@tion of the
chimeric proteins RUNXETO and PM-RARA, respectively, which can alter the cells
differentiation process.

Even though several studies hateemptedo understand the leukaemogenic process that
leads to the development of AML, much remdmbe understood. As suggested by the model
described above, the pathogenesis and behaviour of AML relies on the interaction between
different somatic mutations and chromosomal rearrangenanigell as epigenetic alterations
For instance, the-KIT mutation has been associated with t(8;21) and inv(16), and its
presence/absence significantly influences disease progbestouchkovsky and AbdtHay,

2016. Similarly, mutations inNPM1 frequently occuwith FLT3-ITD, or with mutations in
the epigenetic gen€&3NMT3AandIDH-1 or IDH-2 (Patelet al, 2012.

1.2.2.1 Leukaemic Stem Cells

Theexistence anthvolvementof leukaemic stem cells (LSCs) in the development of AML
has been discussed for several decégieskow, 1974 Griffin and Léwenberg, 1986 apidot
et al, 1999. This is based on the hypothesis that AML populations may mimic the hierarchical
developmental process observed in normal haematamgest as normal HSC can give rise
to progressively more mature cells, malignant cells can similarly generate a bulk population of
AML cell blasts. However, Wilst the normal stem cell has the ability to differentiate into the

haematopoietic lineage, aumated stem cell, even though it possesses similar properties to the
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normal stem cell, can either divide carrying defects; or remain undifferentiated, accumulating
as immature progenitor cells, or blaglsrdan, 200y These cells can undergo sedhewal,

are multipotent, and highly proliferative. However, the chemotherapeutic agents used to
effectively eradicate blast cellsave little, if any effect in the LSC populati@iordan, 2007
Hanekampet al, 2017.

Phenotypically, LSC are described as having anHi8phenotype, expressing the CD34
marker, with the ability to initiate leukaemia when xenografted into inosuppressed mice
(Bonnet and Dick, 1997 This was examined by Bonnet and Dick transplanhg patient
samplesvith animmature (CD34CD38) and morematurephenotyjic cells(CD34'CD38")
into immunodeficient micéBonnet and Dick, 1997Mice transplanted with more immature
cells developed symptoms of overt disease, not observed in recipients of the more mature
cellular populatior{fBonnet and Dick, 1997Moreover, CD34CD38 cells were able maintain
their leukaemia initiation effect upon serial transplantati@mnet and Dick, 1997 These
studies demonstrated the importance of LSC in the development and progression of AML.
Subsequent studies have corroborated these finding by rehhawat LSCs can initiate
leukaemia when transplanted intor-obese diabetic/severe combined immunodeficiency
(NOD/SCID) mice through xenotransplantation assay$euringBuske et al, 2003.
Moreover, these cells were showrptmssess unliited selfrenewal capacity, in a similar way
to normal HSCs,associated with &higher proliferative potentiacompared tonormal
haematopoietic cell@Reinischet al, 2015. Altogether, these findings indicate that LSCs can
contribute to disease progressidftowever, due to their heterogeneity, there is no unique
phenotype that defines this specific cellular subtfoe.instance, even though the CD34 is a
well-established LSC surface marker, c30% of patients have no CD34 expression in leukaemic
blasts, possilyldue to their origin in CD3saematopoietic progenito(sig et al, 2016 Sarry
et al, 2012 Queket al, 2016 Taussiget al, 2010. Severaladditionalcell suface markers
have been identified agpregulated in LSCs, including CD4din et al, 2009, CD123(Jin et
al., 2009, andCDA47 (Jaiswalet al, 2009; a more detailed phenotypical analysis of these cells
will undoubtfully contribute to the development of new therapies targeted against this specific

cell subtype, essential for achieving letagm ramission.
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1.2.3 Classification of AML

Several classification systems have bdeneloped andmployed to improve prognosis and
treatment of AML, based on aetiology, morpholpigymunophenotyping and genetics. In the
1970s, AML was categorized according to the FrefstericanBritish (FAB) classification
system, mainly based on morphology and immunophenotypic critédeameet al, 1986
(Table 1.2). This classified AML intoeight major subtypes, ranging from FABO,
corresponding to immature AML cells, up to FAB/, described as acute megakaryoblastic
leukaemia, displaying the most differentiated blg@snnettet al, 1976§. However, to
incorporate further AML characteristics, such adinical features, morphology,
immunophenotyping, cytogenetics and molecular genetics\wibidd Health Organization
(WHO) developedh new classification system in 2008, with new revised versions released in
2016 (Vardimanet al, 2009 Arber et al, 2016. According to this model, AML can be
subclassified into six categorieFaple 1.3). AML with recurrent genetic abnormalities,
includes AML with balanced translocations/inversions, as well as AML with gene mutations,
accountingfor approximately 2e80% of patients. Core binding factor (CBF) AML, which
include the t(8;21)(g22;922.1) and/{6)(p13.1g22), are present in this category.

In 2017, a new European LeukemiaNet (ELN) classification system for the diagnosis and
management of adult patients diagnosed with AML was developed, which stratified patients
into three different outcome grps, based on the cytogenetics and mutation status of the
ASXL1 CEBPA FLT3, NPM1, RUNXZ andTP53genes: favourable, intermediate or adverse
(Dohneret al, 2017 (Table 1.4). For instance, the CBF leukaemias described above have
relatively favourable outcomes. Similarly, patients with biall€iEBPAmutations have been
classified in the favourable risk group. On the other hand, poorer outcomes are associated with
complex clhomosomal alterations, including those involving the deletion of chromosome arms

5q, 7q and/or 17p, frequently occurring in combination Wib3mutations.
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Table 1.27 FAB classification of AML

AML subtypes based on FAB classification. Adapted f{&abelet al, 2017.

FAB subtype

Description

MO Undifferentiated acute myeloblast leukaemia
M1 Acute myeloblast leukaemia with minimal maturation
M2 Acute myeloblastic leukaemia with maturation
M3 Acute promyelocytic leukaemia
M4 Acute myelomonocytic leukaemia
M4 eo Acutemyelomonocytic leukaemia with BM eosinophilia
M5 Acute monocytic leukaemia
M6 Acute erythroid leukaemia
M7 Acute megakaryoblastic leukaemia
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Table 1.37 WHO (2016) classification of AML
AML subtypes based on the WHO (2016) stratificatiddapted from(D6hneret al, 2017.

AML and related neoplasms

AML with recurrent genetic abnormalities

AML with t(8:21) (922;922.1)RUNXERUNX1T1
AML with inv(16) (p13.1q22) or t(16;16) (p13.1;022);B FMYH11

APL with PML-RAR

AML with t(9;11) (p21.3;923.3)MLLT3-KMT2A

AML with t(6;9) (p23;g34.1) DEK-NUP214

AML with inv(3) (q21.3926.2) or t(3;3)(q21.3;026.BATA2, MECOM
AML (megakaryoblastic) with t(1;22) (p13.3;q13.3BM15MKL1

Provisional entity: AML withBCRABL1
AML with mutatedNPM1

AML with biallelic mutations ofCEBPA

Provisional entity: AML with mutateBRUNX1
AML with myelodysplasia-related changes

Therapy-related myeloid neoplasms
AML, not otherwise specified (NOS)

AML with minimal differentiation

AML without maturation

AML with maturation

Acute monoblastic/monocytic leukaemia

Pure erythroid leukaemia

Acute megakaryoblastic leukaemia

Acute basophilic leukaemia
Acute panmyelosis with myelofibrosis

Myeloid sarcoma

Myeloid proliferations related to Down syndrome

Transient abnormal myelopoiesis (TAM)

Myeloid leukaemia associated with Down Syndrome

APL i Acute Promyelocytic Leukaemia
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Even though cytogenetic analysis remains a critical tool fodigmnosis and stratification
of AML patients, around 45% of all diagnosed cases present a normal kar{@typevade
et al, 200)). In general, normal karyotype AML is considered intermediate risk type; however,
this dends on the degree of heterogeneity observed in these patient® why further
molecular analysis is necessary for prognostic outlook and patient stratifidaltio®&ITD
mutations are classified as a high risk AML, associated with increased riskpda@anada
et al, 2005. NPM1 mutations, on the other hand, are associated with a favourable outcome
(Dbhneret al, 2005. However, patients diagnosed with a combihdM1,andFLT3-IDT

mutations correlate with intermediate factor risk.

1.2.4 Epidemiology, diagnosisand prognosis of AML

AML is one of the most common types of leukaemia in adults, with a slightly higher
incidence in men, as compared to women (56% vs. 4@%ncer Research UK, 2081Even
though AML can occur in any age group, it is predominant in older adults, with an average age
at diagnosis of 68 years o(8hortet al, 201§. Since the early 1990s, AML incidence has
increased by 29% in the UkCancer Research UK, 202X artially due to the increase of
therapyrelated AML case¢McNerneyet al, 2017. This incidence has remained stable in
patients between the ages é6®@years; howeverhese have progressively increased in the age
groups 6669, 7679 and >80 years old, by %/ 36% and 72%respectivelyCancer Research
UK, 2021).

Furthermore, incidence of AML is higher in Caucasian people, as compared to Hispanics,
African and Asian/Pacit Islanders(Kirtane and Lee, 20137 Several enviromental risk
factors have the ability to predispose individuals to the development of (&Wartet al,

2018, although no genetic factors have been identified to date. Thefrdgveloping AML
increases upon exposure to DNA damagaggnts, including benzenejgarette moke,
ionising radiation and cytotoxic chemotheraf§hwaja et al, 2016. An increased risk of
developingAML can also be observed in firdegree relatives of patients diagnosed with
several types of haematological disorders. Moreover, specific inherited disorders carry a
particularly high risk of AML development, including Down syndrome, Fanconi anaemia and
Bloom syndroméSeif, 201).
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Table 1.47 ELN 2017 risk stratification of AML

AML classification system based on the ELN stratification, from 28tapted from(Déhneret al,
2017).

Risk Category Genetic Abnormality

t(8;21) (922;922.1)RUNXERUNX1T1

inv(16) (p13.1922) or t(16;16)(p13.1;,028BFB-MYH11
MutatedNPM21without FLT3-ITD or with FLT3-ITD"" (allelic ratio < 0.5)
Biallelic mutatedC/EBP

MutatedNPM1andFLT3ITD""( al I el i ¢ ratio O 0
Wild-type NPM1without FLT3-ITD or with FLT3-ITD" (allelic ratio < 0.5)
t(9;11) (p21.3;923.3MLLT3-KMT2A

Cytogenetic abnormalities ndassified as favourable or adverse

t(6;9) (p23;034.1)PEK-NUP214

t(v;11923.3)KMT2Arearranged

t(9;22) (q34.1;q11.2BCRABL1

inv(3) (q21.3926.2) or t(3;3) (q21.3;926.HATA2 MECOM

Favourable

Intermediate

i5 or del (5q); 17; 117/ abn(17p)
Adverse Complex karyotype (3 or more chromosomal abnormalities), monos
karyotype

Wild-typeNPM1andFLT3ITD""( al | el i ¢ ratio O (
MutatedRUNXZL(if not co-occurring with favourable AML subtypes)
MutatedASXLJif not co-occurring with favourable AML subtypes)

MutatedTP53(associated with AML complex and monosomal karyotype)

* Without adverseaisk lesions
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The presence of >20% myeloblasts in the peripheral blood, including myeloblasts,
monoblasts or megakaryoblasts, undoubtfully indicates a leukaemia. Immunophenotypic
analysis of the patient samples can further facilitate the subclassification into trent#iisIL
subtypegBennettet al, 1976 Beneet al, 1995. Confirmation of AML arises following the
expression of two of the following markers, detected in myeloblasts: MPO, CD13, CD33,
CDw65 and CD1171.ymphoid antigens are detectable in ~25% of individuals with AML. The
T cell antigen CD7 has been repattin 10 30% of patient¢Jhaet al, 2013, whilst the Bcell
antigen CD19 is abnormally expressed if84% of patients(Shorbagyet al, 2019.
Cytogenetic analysis and screening for common gene mutations and rearrangements are an
essential part of not only the diagnostic processalso for prognosis and treatment options.

In fact, for three cytogenic groups, AML diagnosis can be based on cytogenetic analysis alone,
regardless of blood count t(8;21)(g22;922), inv(16)(p13.1922) and t(15;17)(922;912).
Patients diagnosed with t(15;) are associated with a good prognosis, along with those with
t(8;21) and inv(16), whilst cytogenetically normal patients usually present an intermediate
prognosis. Patients with a complex karyotype (three or more chromosomal abnormalities),
inv(3) or t©;9), on the other hand, are associated with an extremely poor pro@iseret

al., 2017%.

1.2.5 Treatment of AML

Even thoughconventional treatment for AML has remained similar over the last few
decades, more targeted and specific therapi
subtype. An initial assessment I s made base
aee, performance status and freatmentomorbidities. The treatment strategy used for AML
is often divided into induction, consolidation, and maintenance thefldpmy.main aim of
induction therapy is tachieveCR, by using cytotoxic chemotherapeutic atgerin patients
suitable for intensive treatment, standard chemothexgegtsnclude the use of a combination
of infused cytarabine for 7 days, followed by 3 days of anthracycline, commonly daunorubicin
(Shortet al, 2018. In younger patients (<60 year€R is observed in approximately &5%
of patients; however, only 4680% of older patients (>60 years) achieve remissibase
represent almost 50% of all patients diaged and are, in general, unsuitable for intensive
chemotherapy, due to comorbidities and poor performance sAdtersatively, these patients
might be suited foless intensive regimes, including low dose cytarabine or hypomethylating
agents (HMA), sug as Azacitidine (Dombretet al, 2015 Seymouret al, 2017. CR is
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adieved once the tumour burden has been reduced, with <5% blasts in the BM, the absence of
Auer rods and extramedull ary |l eukaemia, a ne
>100, O(Dobneretlal, 2015.

HavingachievedCR, consolidation chemotherapy is necessary to reduce the risk of relapse
(Burnettet al, 20119, generally centred on a cytarabio@sed regimen. Alternatively, patients
can be eligible for an all@mic HSC transplant. Even though this procedure usually improves
the outcome of intermediate and pomk AML patients, it is highly dependent on patient
selection, donor and optimal regiméhortet al, 2018. Relapsed disease and leukaemia
associated complications are the most common causes of death. AML relapse is often
associated with a substantial increase in molecular complexity, with multiple new subclones
and mutations identified at the time of relapsading to increased resistance to cytotoxic
chemotherapyShortet al, 2018. For this reason, there is a constant need to develop new and

more effective therapies, espédlgidor older AML patients.

1.2.5.1 Targeted therapies

Treatment options for AML have been completely revolutionised by the development of a
targeted therapy againatute promyelocytic leukaemia (ARLJurrently, these patients are
treated with a combination off aransretinoic acid (ATRA) and arsenic trioxide (ATO), which
induce PML.-RARA degradation and cell differentiation (reviewedTromitaet al, 2013).
Approximately 8890%of patients diagnosed with APdreexpected to achieve CR, associated

with a longterm survival of over 98%Khwajaet al, 2016 Sanzet al, 2019.

Since the discovery and approval of ATRA, several efforts have been made into developing
new targeted therapied against specific mutations, nafdlg. In patients, mtantFLT3 is
constitutively active, leadingo the induction of cell proliferation, whilst supressing
differentiation(Meshinchi and Appelbaum, 2009nhibition of tyrosine kinase recepws has
been successfully used for the treatment of other blood cancers, including Philadelphia
chromosome positive leukaemi@e Kouchkovsky and Abdttay, 2016. For the treatment
of AML, first-generation targeted theiap were initially developed, including Sorafenib
(Zhanget al, 2008k Borthakuret al, 2011 Crumpet al, 2010 and Midostaurir{Stoneet al,

2005 Fischeret al, 2010. However, thesareassociated with a high incidence of-tdfget
effects (De Kouchkovsky and AbdtHay, 2016 Short et al, 2018), which led to the
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development of secongkeneration drugs, such as Quizartir(ibarrinkar et al, 2009,
Crenolanib(Galaniset al, 2014 and Gilteritinib(Uenoet al, 2014. A recurreniconcern with
FLT3-targeted thrapieds the development of secondary mutations, mostly associated with its
kinase domairiDaveret al, 2015. To overcome this, conventional FLT3 inhibitors are often
usedwith other treaments including HMA (Changet al, 2016 Williams et al, 2013,
Venetoclax(Ma et al, 2019 Singh Maliet al, 2021 or proteosome inhibitord arrueet al,

2016 Walkeret al, 2016 Salibaet al, 2017. Several novel FLT3 inhibitors areurrently
being developed, such as multikinase inhibitors, including Pongi8hahet al, 2013,
Cabozantin (Lu et al, 2016 Fathiet al, 2018, Pexidartinio(Smithet al, 2020 and Ibrutinib
(Wuetal, 2016; and nextgeneration inhibitors, for instance AB101(Yamaureet al, 2018.

AML poses as the ideal target for monoclonal antibbdged immunotherapy, as cells are
largely present in the bloodnd BM, tissuesreadily accessibléo antibodies. However,
applying this has been challenging as not many leukaspeeific antigens have been
identified to date. AML cells typically expresstigens found on normal myeloid progenitor
and differentiated cells, such as macrophages and monocytes, partiClldByexpressed in
97.2%cells), CD33 (95.3%), and CD13 (944 (Khalidi et al, 1998. Additionally, CD56
expression in t(8;21) AMbas been previoushssociated with a higher rate of relafisgama
et al, 2013, making this marker a potential therapeutic target. The first clinically viable
monoclonal antibody to be approved in haematological matiges was Gemtuzumab
ozogamicin (Mylotar§j), which targets CD33. By combining Mylot&ravith conventional
induction chemotherapy on the first day of therapy of previously untreated AML patients, the
MRC AML15 trial reported a significant survival benefithout increased toxicity in younger
patients with favourable cytogenetics, particularly CBF leukaelasnettet al, 2011h.
Currently, this drug is used for the treatment of newly diagnosed pb&8ve AML in adults
and for the treatment of relapsed or refractory GPp88itive AML in adults and paediatric

patients above the age ofWilliams et al, 2019.

Patients unable to tolerate standard chemotherapy have profited from Venetocla®, a Bcl
inhibitor, often used in combination withe HMA decitabine or azacytidin@Villiams et al,
2019. In 2018, theUS food and drug administratior[DA) approved the combination of
Venetocla with either low dose cytarabine or demethylation therapy for older or unfit AML

patients following succsful clinical trials (Wei et al, 2019 DiNardo et al, 2019. Even
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though there were improvements in remisgiaies and OS, resistance to targeted thesapie
remains a challenge in the treatment of ANRINardo et al, 2019. FLT3-ITD and TP53
defects were shown to correlate with adaptive resistandenetocla alone as well as in
combination with other therapi¢BiNardoet al, 2019.

IDH inhibitors are used in patients with AML associated with eitfidd1l or IDH2
mutations, including Ivosidenil§PopoviciMuller et al, 201§, an IDH1 inhibitor, and
Enasianib (Steinet al, 2017 Yenet al, 2017 targeting IDH2. Recently, a new therapeutic
agent, CPX351, has been approved for the treatment of AML with myelodysplelksita
changes and therapglated AML, based on a liposomal formulation of cytarabine and
daunorubici n, showing i mproved OS as compar
(Lancetet al, 2014 Lancetet al, 2018.

Alternatively, treatment of AML hathe potential tobenefitfrom a less harmful approach,
using chimeric antigen receptor (CAR) T cetlased on geneticalgngineered cells able to
recognise specific antigegpitopes. Following activation, CAR T cells are able to secrete
severalant-tumour cytokines, resulting in the recruitment of otinemune ells, tumour cell
elimination and in the inhibition of tumour relag8éarofi et al, 2021 Zhang and Xu, 2007
However, due to the challenge in identifyisigitablecell surface markers IAML blasts, this
therapy hagncountered many challeng&ievertheless, severmalarkers have beeadentified
as of interest in these celiscluding CD33(Kenderiaret al, 2015 Wanget al,, 20158, CD38
(Yoshidaet al, 20169 and CD123Gill et al, 2014 Thokalaet al, 201§.

All these studies show that genomic profiling is of the upmost importance upon treatment
design in AML. Currently, there are several treatment options based on different strategies,
including monoclonal antibodies, as well as checkpoint inhibitors andaretherapies, in a
clinical trial stage (reviewed ifShortet al, 2018). However, due to the heterogeneity

observed in AML patients, these options are only availalola feduced cohort of patients.
1.3 Pathophysiology of RUNXXETO

The 1(8;21)(g22;922)reciprocal translocation is the most frequent chromosomal
abnormality observed in AML and is frequently associated with the-M&Bubtype of AML
(Rowley, 1984 (1.2.3. Cells with this translocation are usualdgsociated withmpaired
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granulocyticmaturation and expression of the cell surface markers CD13, CD19, CD34 and
CD36(Bitter et al, 1987. Molecular studies identified the rearrangement oRb&X1gene,
locatedat chromosome 21922, with tH€rO gene,at chromosome 822, thus genemgtithe
fusion protein RUNXIETO (aka AML1-ETO, RUNXX:RUNX1T1) (Miyoshi et al, 1993
Miyoshi et al, 199]). AML patients with t(8;21) are often associated with good prognosis
(Table 1.4), as compared to other subtypes of AML. However, a significant proportion of these
patients eventually relapsehich can be attributed to a high heterogeneity within RUNX1
ETO leukaemidQin et al, 2017.

1.3.1 RUNX1
1.3.1.1 The RUNX family of transcription factors

Runtrelated TF (RUNX) proteins belong to a family of TFs described as masteatgul
Within the last decades, members of this family have been implicated in several processes,
including proliferation, cell differentiation, apoptosis, and lineage determination. Furthermore,
RUNX family members have been linked to the developmentnobgenic processes and

signalling pathways associated with cancer developf@atoraOtéloraet al, 2019.

RUNX genes were firstly identified iDrosophila melanogastewhere theunt gene was
found to be essential for early embryonic segmentdtBargen and Butler, 1988llsslein
Volhard and Wieschaus, 1980n mammals, there are thrB®JNXgenes, each with district
expression patterns subject to tisspecification:RUNX1 RUNX2and RUNX3 RUNX1is
localised on human chromosome 2122 and is functionally important for haematopoietic cell
differentiation(Yamagateet al, 2005 Dowdy et al, 2010. RUNX2(or AMLJ) is located on
chromosome 6p21 and has been described to be essential in ostedgemesisl Stein, 2003
Lian et al, 2004 Komori, 2003. Lastly, RUNX3(or AML2) is responsible for regulating
gastic epithelial growth, and its located on chromosome 1(F3&amachi, 2006 In cancer,
RUNXgenes have been associated with both oncogenic and tumour suppresgBiytbles
al., 2005 Blyth et al, 2010 Kilbey et al, 200§.

1.3.1.2 RUNX1 structure and function

All RUNXgenes share a similar genomic struciiluevanon and Groner, 2004and their
expression is regulated by two promoters, one distal (P1) and one proximal (P2). Depending
on the cells stage of differentiation, the promotors are triggered and generate distinct RUNX
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isoforms (Ito, 2008 Levanon and Groner, 20p4Moreover, RUNXtranscript alternative
splicing can also lead to the expression of isoforms with dlfgerepertiegBaeet al, 1994
Miyoshi et al, 19%; Tanakaet al, 1995h Stewartet al, 1997 Bangsowet al, 200]). This

leads to distinct developmental expression padgtebserved for all RUNX isoforms. At the
transcriptional level RUNX1 is the largest gene with nine exons ahdee extensively
descrbed isoformsRUNX1a RUNX1bandRUNX1c(Figure 1.4A). The proximal promoter

P2 is responsible for the transcription of isofofRidNX1aand RUNX1h whilst RUNX1cis

under the control of the distal promoter @iyoshi et al, 1995. Structurally, all RUNX1
protein isoforms comprise a highly conserved DNA binding domain (also known as Runt
domain), a 12&mino acid sequence located near theihinws region, responsible for DNA
binding at t he consensu¢KanacthietGR YIOGWEy @nd R U N X
Speck, 1999 protein interactiong¢Lilly et al, 2016 Nagataet al, 1999, as well as for the
nuclear localization of RUNX factofdichaudet al, 2002 Telferet al, 2009 (Figure 1.4B).
RUNX1a lacks theranscriptional regulatory domains found in thée@ninal domain of the
other RUNX1 isoformgTsuzukiet al, 2007). Moreover, the RUNX1c isoform possesses an
additional five amino acid motif (VIRPY), essential for the recruitment of the Groucho/TLE
family of corepressorgLevanonet al, 1998 Seoet al, 2012h Yarmuset al, 2006. All
RUNX1 proteins further possess a conserved nuclear niatgeting signal sequence,
important for the regulation of its activity and nuclear localisatgaidi et al, 2001 Zenget

al.,, 1998. This region represents the basis for the functional diversity observed in RUNX

proteins,ncludingtheir ability to function asegulatorsof transcription(Chuanget al, 2013.

The multiple RUNX1 isoforms have been shown to play specific roles in HSC development
and in the regulation of embryonic haematopoiesis. RUdlX1aisoform, the shorter of the
three, lacks the transactivation domain and is thought to act as a doming nggatvenet
al., 200)), promoing haematopoietic commitmeRan et al, 2013 and increasing HSC
renewal(Tsuzukiet al, 2007 Tsuzuki andSeto, 2012 In adult haematopoiesiBUNX1cis
the dominant isoform, whilsRUNX1b is exclusive to progenitor stgopulations of
granulacytes/macrophages, megakaryocytes and lymphoid linéBge®t al., 2009 Draper
et al, 2016 Telfer and Rothenberg, 20p1 In fact, terminal differentiation of
granulocytes/macrophages and lymphoid cells relies on the downregulaiiiNx{1h and
its expressiortorrelates with increased proliferation and coléoryming unitculture activity
in MEPs(Draperet al, 2019.
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Figure 1.47 Structural representation of RUNX1 isoforms genes and proteins

(A) Genomic organisation of the hum&uUNX1locus. TheRUNXlaand RUNX1bisoforms are
transcribed from the proximal promoter P2, whitéiNX1cis under the control of the distal promoter

P1 and contains a uniquetbirminal sequence encoded by exons 1 and 2. Black boxes correspond to
untranslated regions, whilst blue boxes espint coding regions. Adapted frgwan der Kouwe and
Staber, 201P (B) Schematic representation of the RUNX1a, RUNX1b and RUNX1c proteins and their
functional domains. RUNX1a solely contains the RHD domain, whereas RUNX1b and RUNX1c
contain the RHD, TAD and VWRPY maotif. Beloave represented TF and regulators that interact with
RUNX1, and the corresponding regions they interact with. Adapted(framder Kouwe and Staber,
2019 Lam and Zhang, 20)2

NLS T Nuclear localisation signaRHD i Runt homology domainfAD i Transactivation domain.
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1.3.1.3 Transcriptional regulation by RUNX1

The RUNX family of genes represent the U s
di merization with the core binding factor S
encoded by a single gene in mammals, which in itself is unable to bind to(Kédachiet
al., 19909 Ogawaet al, 1993 Wanget al, 1993. However, upon binding to members of the
RUNX f ami lingreasetBdRUNX DN#Ainding affinity and promotes complex
stabilization, by triggering flexible DN#&ecognition loopgBravoet al, 2001 Huanget al,

200% Tanget al, 200Q Yanetal,200. The cooperative process be
is responsible for not only regulatingiquitinmediated degradation of RUNXHuanget al,

2001, but also enhancing RUNX1 phosphorylatam®tylation responsible for a decreased
interaction with transcriptional repress¢veeet al, 200§. The RUNXXCBFb comp!l ex h
been shown to i nt e istane tcetylitiansferase pBEEROQ), m&umalarP U, h
Sin3a (mSin3a) andFriend leulkemia integration IFLI1) (Zhanget al, 1996 Petovick et

al., 1998 Kitabayashiet al, 1998h Imai et al, 2004 Huanget al, 2009). Furthermore, it

also possesses the ability to regulate several molecules, including the growth facto&FGM

MPO and IL-1; the surface receptofCell Receptor Alphand BeéalLocus(TCRA and TCRB,
respectively), MCSF receptor and FLT3; the signalling molecGlglin Dependent Kinase

Inhibitor 1A (CDKN21A); transcriptional activators STAT3 and MYC; and, lastly, proliferation

and survival regulators BLK and BE2 (Michaudet al, 2003 Ito, 2004. In addition to its
interaction with CBFb, RUNX1 has been shown
coregulaors, including ETS ProteOncogene 1(ETS1), with which it coordinates
transcriptional activity through the Runt domain within RUNX1, thalgninating the

requi r eme n dreduling in EnBanded RNAinding ability of the two proteins and

the synerggtic activation of a promotgito, 2008 Kim et al, 1999. Even though, on their

own, RUNX TFs are oftenharacteriseds weak, their interaction with other TF help regulate

its target genes in a tissspecific manner by promoting chromatinctendensation, allowing

the recruitment of other transcriptional regulai@aret and Carroll, 203 Figure 1.5).
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Figure 1.57 Transcriptional regulation mediated by RUNX1

RUNX1 can act both as a transcriptional activator or repressor, depending on the presence of
coactivators/corepressor at a specific time pdi@l.CBFb st abi |l i zes RUNX1 and
degradation. Histone acetyltransferases (HATS) are recruitep3@a and CBP proteins, activating

gene transcription through histone acetylation. Adapted ffamueAfonsoet al, 2014 Brettingham

Mooreet al, 2015. (B) RUNXL1 can also recruit corepressors and other epigenetic modifiers, such as
PRMT6 and PRMT4, as well as histone deacetyl@$b£.C), which result in the repression of RUNX1

activity. Open circles represemtethylation sites [unmethylated]. Adapted frgBrettinghamMoore

et al, 2015)
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1.3.1.4 Posttranslational modifications

In addition to being transcriptionally regulated, RUNX1 is also under the control of several
posttranslational mechanisms, which influence its protein activity, subcellular localisation and
stabilty, correlated with genes essential for myeloid and lymphoid differentiétiwenet al,

2008 Seoet al, 20123. These processes are gally associated with chromatic modifiers,

co-factors and other TFs targeting certain regulatory regions.

Transcriptional activation relies in the recruitment ofactivator proteins to certain
promotors, which often possess histone acetyltransferasgya®UNX proteins, due to their
abundance in lysine residues, are often modified by lysine acetyltransferases (KAT), which
stimulate their transcriptional activiiBlumenthalet al, 2017. P300 is a member of this
fami | vy, and its mediated acetylation of RUNX
transcriptional activatiorfYamaguchiet al, 2009. Lysine acetyltransferase 6AMOZ) is
another RUNX1 ceactivator that, uporbinding to the RUNX1 @erminal transactivation
domain promotes the expression of genes involved in monocyte/macrophage differentiation
(Kitabayashiet al, 2007).

The transcriptional activity of RUNX1 is further regulated by methyltransferases. The
mixed lineage leukaemia (MLL) lysine methyhsderase physically interacts with the N
terminal region of RUNX1, stabsing it by inhibiting its polyubiquitination(Huanget al,
2011). The potein arginire N-methyltransferasé (PRMT1) disrupts the association between
RUNX1 and the caepressor SIN3A, thus enhancing RUNX1 transcriptional activity and
promoting its binding to target gene promotgtsaoet al, 2008.

The most studied postanslational mechanism to control RUNX1 activity is phosphorylation
This is mediated by kinases actigd by haematopoietic cytokines and growth factors, as well
as cell cycle regulatory proteins. Extracellular sigeglulated kinases (ERK) phosphorylate
the Gterminus domain of RUNXIhuspreventing RUNX1 fromnteracting with SIN3A and
enhancing RUNXImediated transcriptior{lmai et al, 2004. Additionally, RUNX1 is
phosphorylated by theomeodomainnteractingoroteinkinase AHIPK?2), thus inducing p300
phosphorylation and subsequent transcriptional activgiéee et al, 2008 Aikawa et al,
2006. During cell cycle, the Gto S transition is directly regulated by RUNX1, following
which the RUNXL1 protein is ubiquitously degraded during thi®hase, a process triggered
by cyclin-dependent kinask (CDK1) and CDK@Biggset al, 2006). Furthermore, CDK1/2/6
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also phosphorylate RUNX{Zhang et al, 20083, reducing its interaction witthistone
deacetylasd (HDAC1) and HDACS3, further promoting transcriptional activat{@uo and
Friedman, 201)1 Moreover, upon cytokine stimulation, the PIM1 kinase possesses the ability
to interact with RUNX1, increasing its transactivation actigffo et al, 2009.

In addition to increasing RUNX1 transcriptional abilities, poanslational modifications
can also negatively impact transcription, through deacetylation, methylation and
phosphorylatioprocesss. PhysiologicallyHDAC complexes participate in several processes,
including chromatin remodelling and gene expression, and have been shown to interact with
RUNXZ1, in particular HDAC1, SIN3A and Gro/TLfEevanonet al, 1998 Imai et al, 2009.
Interestingly, an increased recruitment of -cepressors is observed in chromosomal
translocations involvig RUNX1, as compared to wildtype RUNX1, suggesting the repression
of its target gene@&Guidezet al, 2000Q.

Additionally, the methyltransferase PRMT4, highly expressed in HSCs, leads to the
assembly of a repssive complex that influences myeloid differentiat{pin et al, 2013.
RUNX1 has the ability to form a repressor complex with PRMT6, thus mediating the repression
of genes preceding megakaryocytic differentiatiderglotzet al, 2013. Similarly, RUNX1
phosphorylation can impact its gene expression. Megakaryocytic differentiation has been
shown to be repressed by RUNX1 tyrosine phosphoryldtianget al, 2012. RUNX16s
interaction with eSRC and the tyrosine phosphatase-remeptor type 11 (SHP2) leads to the
inhi bition of the interaction bet weltandFRUNX1
(Huanget al, 2012.

1.3.1.5 The role of RUNX1 in normal haematopoiesis

RUNX1 is expressed in all haematopoietic cells except for mature erythrébiteh et
al., 1999 North et al, 2002. Absence of RUNX1 was shown to result in foetal death due to
severe haemorrhaging of the central nesveystem, due to defective angiogenesis, as well as
lack of definite haematopoiegi®kudaet al, 1996 Wanget al, 199. However continuous
expression of RUNXL1 is not necessary for survival in adult mice, indicated by absence of
lethality (Caiet al, 2011 Growneyet al, 2005 Ichikawaet al, 2004 Jacobet al, 201Q Putz
et al, 2006. In this model, RUNX1 deletion resulted in either the expan&sawneyet al,
2005 Ichikawaet al, 2009 or exhaustion(Jacobet al, 2010 of phenotypic HSCs. However,
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studies suggest that deletion of RUNX1 results in a significant expansion of the HSPC
compartmentas well as reduced apoptosis aifmwbsome biogenesis, possible contributing to

a preleukaemic conditioriCaiet al, 2011 Growneyet al, 2005 Ichikawaet al, 2004 Jacob

et al, 201Q Cai et al, 2015. Moreover, absence of RUNXL1 in adult mice ailssulted in
decreased numbers of B and T cells, as well as lower platelet ¢@untgneyet al, 2005
Ichikawa et al, 2004. Additionally, a role forRUNX1 in balancing megakaryocytic
differentiation has been proposed, through its interaction witi Ap300, GATA and ETS

TFs (Elagb et al, 2003 Pencovichet al, 2013 Pencovichet al, 2011). RUNX1 has further

been found to act as a transcriptionairepressor, suggesting that its role is highly context

dependant, relying on the complexes in which it funct{&ngure 1.5).

In addition to its role in haematopoiesis, RUNX1 has also been associated with several
immune cell processes, including T lympitec development in the thymus, in a RUNX1
dependent manndtkawa et al, 2004 Kawamotoet al, 1999 Krueger and von Boehmer,
2007 Perry et al, 2004 Petrie, 200Y. RUNX1 inducesBCL11b expression which,
consequently, promotes the expression of T-loeage specific genes, includinthpok
(Zbtb7b) andRUNX3(Kojo et al, 2017 Liu et al,, 2010. Conversely, loss dRUNX1 results
in a block in normal T cell developmefiigava et al, 2007 Satoet al, 2003. Furthermore,
RUNX1 expression is essential for the development of natural killer T(dGathibanaet al,

201)). In the BM, loss olRUNX1results in defects in early B cell development, as this is
required, together with CBFBD,siohiototocepmBxelr at e w
stage(Maieret al, 2004 Seoet al, 20123.

1.3.1.6 The role of RUNX1 in AML

Considering the rolRUNX1 plays in haematopoietic developmernt31.5, it is not
surprising that this gene has been found to be a recurrent target for mutations and chromosomal
abnormalities in haematological disorders. RUNX1 has been shown to be implicateckin
than 50 chromosomal translocations reported in paediatric acute lymphoblastic leukaemia
(ALL), AML and myelodysplastic syndrom@IDS) (De Braekeleeet al, 2011). The most
common chromosomal translocations involving RUNX1 are the 1(8;21)(g22;922), resulting in
the expressionf the fusion protein RUNXETO (1.3.3; the t(12;21(p13;922) leading to the
expression of ETVARUNX1, present in about 25% of patients with-Breell ALL (Golubet
al., 1999; and t(3;21)(q26;922), detected in 3% of theregipted MDS and AML(Rubin et
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al., 199Q Rubinet al, 1987, in which the Nterminal portion of RUNX1 is fused with one of
three genes present on chromosome 3, including EVI, MDS1 or(EA&iforaet al, 1994.
However, even though these translocations represent a major risk factor, additional cooperating

mutations are necessary for leukaemogenesis to occur.

Another phenmenon related to cancer development involving RiéNX1 gene is the
occurrence of somatic point mutations, identified in approximately 15%e afovoAML,
especially in the FABVIO subtype, and in 3% of paediatAdL (Tanget al, 2009 Greif et
al., 2012 Mendleret al,, 2012 Skokowaet al,, 2014. Even though mutations are also common
in therapyrelated MDS and AML (1€l10%) (Haradaet al, 2003 Christiangn et al, 2004,
these are considered a rare event in leuka@Pneudhommet al, 200Q Haradeet al, 2004.
Somatic mutations can either be maailelic or btallelic, with the latter being predominant in
undifferentiated AML(Osato, 2004 Mono-allelic mutations are usually locaéid in the Runt
domain and influence the DNBinding ability of RUNX1(Mangan and Speck, 201%onget
al., 1999 Mathenyet al, 2007. Traditionally, these are defined as kagsfunction mutations;
however, some mutants have shown gafwettion. For instance, expression of DNMading
RUNX1 mutants in BM progenitors led to an increased replating efficiency, even as compared
to RUNXI1-deficient cells(Cammengaet al, 2007. Furthermore, other mutations in the
RUNX1N-terminal domain have been observed, that do not result in clear transactivation
defects, and are particularly associated with epigenetic modifications in RUNX1 target genes
(Huanget al, 201]). Mutations are further associated with older age, male gender, and poor
disease prognosis, as compared to Wyifte RUNX1(Tanget al, 2009 Greif et al, 2012
Mendleret al, 20129. RUNX1 mutations are often observed in combination At 3-1TD,
FLT3-TKD or mutations in driver genes, suchGiSBPA DNMT3A NRASKIT, IDH1, IDH2,
andWT1(Gaidziket al, 2011 Schnittgeret al, 2011 Greifet al, 2012 Mendleret al, 2012.
Interestingly mutations in th&UNX1andNPM1genes are suggested to be mutually exclusive
(Greifet al, 2012 Mendleret al, 2012 Gaidziket al, 2017).

1.3.2 ETO

The ETO family of genes comprises three members: the first member to be identified, eight
twenty-one ETO, or MTGY); the myeloid transforming gene related proteitMTGRY); and
the myeloid trasforming gene chromosome 1dTG16 (Miyoshi et al, 1993 Fracchiollaet

al., 1998 Gamouet al, 1998 Kitabayashiet al, 1998a. Unt i | its identific
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fusion partner and member of the RUNKTO fusion protein, the ETO protein was virtually
unknown (Ericksonet al, 1992 Miyoshi et al, 1993 Nissonet al, 1992. Its gene is located

on chromosome 822 and consists of 11 ex@rdford and Prochazka, 199g@igure 1.6A).

The ETO protein consists of four evolutionary conserved domains, terareghomology
regions (NHR) 34, or zinefinger motifs figure 1.6B). Whilst NHR1 and NHR2 are
responsible for the interaction with other protein mdiifistterbachet al, 1998 Daviset al,

1999 McGheeet al, 2003, NHR4, consisting ofwo nonclassical zinc fingers, mediates
protein interactions, but its unable to bind DNlAitterbachet al., 1998 Wanget al, 1998§.
Additionally, NHR3 is suggested to be involved with specificepressorgHildebrandet al,
2001]). Under physiological aaditions, ETO is found in the nucleus, due to the presence of a
nontcanonical nuclear localisation signal (NLS), found between NHR1 and NH&4s et

al., 1999 Odakaet al, 200Q Sacchiet al, 1999. ETO is expressed in several tissues, but its
most abundant in the heart, brain, lungs and téEtikckson et al, 1994 Wolford and
Prochazka, 1998Moreover, similarly to RUNX1, ETO is expressed in HSPC, but absent from
differentiated leukocytegEricksonet al, 1999.

ETO generally functions as a transcriptionalrepressofHiebertet al, 200). In support
of this, earlier studies aiming at isolating thartain nuclear receptor gepressor (NCoR)
were performed using ETO as blivanget al, 1999. This complexhad been previously
shown to interact with DNAound nuclear receptors, thus repressing normal gene
transcription though the recruitment of HDAC compleftédriein et al, 1995. NH4 has been
shown to be sufficient to promote the interaction of ETO with &R compl&, as deletion
of NHR 1-3 motifs abolished any binding between ETO an@®R, whilst a portion of ETO
containing the NHR4 domain was enough to promote bindiWanget al, 1999. Subsequent
studies by Lutterbacét al.confirmed these observations and added that ETO can bind to the
central portion ofie NCoR compleXLutterbachet al, 1998.

Moreover, followup studies have established a relationship between ETO and the silencing
mediator of retinoic acid and thyroid hormone receptors (SMRT) conf{@elmettiet al,
1998 Chen and Evans, 199%s well with HDACgWanget al, 1996 Raoet al, 1996 Wang
et al, 1998 Lutterbachet al, 199§, the latter in combination with mSin3A, leading to the
establishment of a i LoR/MmSIin3A/HDAC1 compleWanget al, 1998.
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Figure 1.6 1 Structural representation of the ETO gene and protein

(A) Genomic organisation of the hum&TO gene. Black boxes correspond to untranslated regions,
whilst yellow boxes represent coding regions. Adapted fiain et al, 2017. (B) Schematic
representation of the ETO protein and its functional domains. The ETO protein comprises 4
evolutionary conservedervy homology domains (NHR), as well as an NLS. Below are represented
regulators and complexes that interact with ETO, and thesmonding regions they interact with.
Adapted fromDaviset al, 2003 Lam and Zhang, 20)2

NHR 7 Nervy Homology RegionNLS i Nuclear Localisation Sigha
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These observations suggest that ETO is a component of seveeglressor complexes
vivo. However, several authors have demonstrated that, even though NHR4 is necessary to
promote the interactions between ETO and both the SMRThardCoR complexn vitro, it
is not sufficient, and requires the presence of other NHR don{Aimeng et al, 2001
Hildebrandet al, 200J).

ETO has been suggested to intevaith sequencepecific DNA binding proteins, including
the transcriptional repressg@eomyelocytic leukaemia zidinger (PLZF) and GFI{Melnick
et al, 2000k Costoya and Pandolfi, 200Grimeset al, 1996a McGheeet al, 2003. PLZF
is usually found in haematopoietic cells and has been shown to be downregulated as cells
differentiate into the myeloid lineaggCostoya and Pandolfi, 20p1ETO binds PLZF,
promoting the activity of histone deacetylases and enhancing the transcriptional repression
induced by this proteifMelnick et al, 2000h. GFI1 expression is elevated in the thymus,
spleen, BM and testis, and has been shown to plag enrbaematopoietic cell differentiation
and survivalGrimeset al, 1996a Grimeset al, 1996h Tonget al, 1998. Similarly to ETO,
GFI1 is nuclear matrkattached, and generally interacts with HD&@htaining complexes
(McGheeet al, 2003. Altogether, these observations support the notion that ETO can interact
with several ceaepressor proteins and complexes, suggesting a role in haematopoietic

development, specifically cell differenti@n and proliferation.

ETO is involved in a nomandom chromosomal translocation that binds it to the RUNX1
gene on chromosome PHricksonet al, 199; Gamouet al, 1999. Briefly, ETO contributes
to the ability of RUNX2ETO to bind to histoneleacetylase complexes, playing an essential
role in the development of t(8;21) leukaerftthebertet al, 2001 (1.3.3.

1.3.3 RUNX1-ETO
1.3.3.1 RUNXZXETO structure

The chromosomal breakpoints that generate RUEXDO occur within intron 5 of the
RUNX1gene and in intron 1 of theTO gene(Tighe and Calabi, 199%hanget al, 2002
(Figure 1.7A-B). The exact mechanism through which this translocation occurs remains
uncl ear ; h ecatenw signallingWhad bedn suggested to be an instigator of the
genomic proximity between thRUNX1 and ETO genes, facilitating translocation events
(Ugarteet al, 2015.
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Figure 1.77 RUNX1-ETO structure and isoforms

(A) Genomic structure dRUNX1on chromosome 21 arteiTO on chromosome .8 he translocation

occurs between exons 5 and 6 of RIgNX1gene, and exons 1 and 3BTQ. Black boxes indicate
untranslated regions, whilst blue/yellow boxes indicate coding sequences. Adaptddifranal,

2017). (B) Structure of the fusion gemUNXEETO, containing exons-b from theRUNX1gene, and

exons 211 derived fromETQO. Adapted from(Swart and Heidenreich, 20R1C) Protein structure of

the fulFlength RUNXZETO and derived isoforms. RUNXBETO possesses the RHD domain (blue

box) from RUNX1, responsible for DNA binding an
NHR domain (green boxes), derived from the ETO domain, involved in the bindingreprssor

complexes. RUNXIETO also contains an NLS, represented in red. RUBXD9a lacks NHR3 and

4 domains, whilst RUNXETO lacks solely the latter. Adapted frghin et al, 2017.

NHR i Nervy homology regionNLS i Nuclear localisation signaRHD- Runt homology domain.
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RUNX1-ETO encompasses thetBirminal region of the RUNX1 protein, containing the Runt
domain, and the majority of the ETO protein, including the four NHR regions, resulting in a
752 amineacid fusion proteirfMiyoshi et al, 1993 (Figure 1.7C). The Runt domain present

in the RUNX1 portion is responsibleorf mediating DNA binding, as well as the
heterodimerisation withthe doa ¢ t o r1.3Q@.B.Whhinthe ETO portion, NHR2 has been
shown to beimpot ant for | eukaemic devel opment, as
the NCorSIN3A corepressor complex, together with HDACuU et al, 2006 Kwok et al,

2009, and its disruption results in a decrease in thiersaewal ability of RUNX1ETO-
expressing HSCEyrd et al, 2002). NHR4 is responsible for the recruitment of SMRT, as
well as SIN3 and HDACSs, via NCofRlug and Lazar, 20Q4asssted by NHR3. Furthermore,
between NHR1 and 2, the ETO domain contains an NLS, essential for the RETNX1

nuclear localisatioffOdakaet al, 200Q Barseguiaret al, 2002.

In addition to the fullength RUNXXETO, containing exons-3 from RUNX1, and exons
2-11 from ETO, several isoforms of the RUNXET O transcript have been identified. Bke
include the alternative exons 9a and 11la, providing a stop codon following the amino acid
encoded by exon 9 and 11, respecti&olford and Prochazka, 1998rom the 9a exon, a
C-terminal truncated protein is generated, termed RWUHEXD9a, lacking both NHR3 and 4
(Figure 1.7C). This protein has a decreased ability to repress RUNEdiated gene
activation(DeKelveret al, 2013l); however, expression of RUNXETO9a promotes faster
leukaemic development as compared to the unspliced form in(¥faceet al, 2006, a reason
why it is often used for RUNXETO studies, in detriment of the fuéingth protein. RUNX4
ETO1l11a equally leads to the generation of a truncated RURNDQ isoform, lacking the
NHR4 domain, with educed transcriptional activitfKozu et al, 2005 (Figure 1.7C).
However, the exact mechanism through which this isoform contributes to leukemogenesis has

not been determined yet.

1.3.3.2 Cooperation between RUNX1 and RUNKXIO

A central mechanism for RUNXETO-induced leukaemogenesis relies on the dominant
inhibition of native RUNX1Studies examininthe consequences of RUNXEITO expression
in mice have been essential to furtherdhderstanding of the leukaemogenic process observed
in AML t(8;21). Similarly © previous observations in RUNXIO mice (.3.1.5, RUNX1-
ETO heterozygous mice display early embryonic lethality and identical haematopoietic defects
(Yergeauet al, 1997 Okudaet al, 1998.
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This suggess that RUNXEETO is able to block RUNX1 function, in a dominarggative
approach, thus influencing normal haematopoietic processes and leading to the development
of a preleukaemic conditioiseveral studies have shown that the mechanisms through which
RUNX1-ETO represses RUNXihduced gene activation is through the recruitment ef co
repressors by the ETO moidtgelmettiet al, 1998 Lutterbachet al, 1998 Wanget al, 1998
Amann et al, 200X Zhanget al, 200X Hiebertet al, 200) (Figure 1.8A). To bypass
embryonic death, a conditional RUNXETO knockin model was developed, which allowed
the expansion of myeloid progenitor cgldiguchi et al, 2003. However, even though these
cells presented aberrant growth and differentiation phenotypes, RIENX1alone did not
lead to the development of AML, suggesting that additional molecular abnormalities are

necessaryor leukaemogenes{d.2.9.

In human cord bloodCB) derived CD34 HSPC, ectopic expression of RUNXETO
resulted in thesuppression of both erythroid and granulocytic growth, with an iseteael
renewal capacityMulloy et al, 2002 Tonkset al, 2003 Tonkset al, 2004. Subsequent
studies have further validated these observations, in viRIlNX1-ETO was responsible for
blocking normal myeloid development in embryonic stem cells, as a result of cell cycle arrest
and through the interference with RUNX1 chromatin bindigfria et al, 202Q. Similarly,
these studies demonstrated tiRAUNX1-ETO alone $ insufficient to induce leukaemia
(Rhoade=t al, 200Q Yuanet al, 200 Higuchi et al, 2002 Mulloy et al, 2003 Tonkset
al., 2009 and additional genetic abnormalities aezessary for this process to ocfsechessl|
et al, 2005 Wanget al, 2011h Zhaoet al, 2014 Goyameet al, 2016.

Subsequent studies have shown that there is more complexity to this process than initially
thought. RUNX1 has previously been shown to be mutated in several types oflIADML q;
however, no inactivating mutations are observed in t(8;21) AMbgssting that functional
RUNX1 is necessary to promote the leukaemogemacgss induced by RUNXETO
(Goyama and Mulloy, 2031 Later studies have supported this hypothesis, in which
knockdown (KD) of RUNX1 resulted in growth inhibition and decreasedalrof RUNX1-

ETO leukaemic cellBenAmi et al, 2013 Goyamaeet al, 2013.

Mechanistically, bromatin immunoprecipitation sequencin@hlP-Seq) and RNA
sequencing (RNASeq) studies have identified RUNX1 as a member of the TF complex
containing RUNX2ETO, controlling gene activation or repression based on chromatin binding

(Li et al, 2018.
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Figure 1.8 7 Mechanisms of transcriptional dysregulation induced by RUNXI1ETO

(A) For transcriptional repression, RUNYEITO recruits corepressors, including@dr, HDACSs,
mSin3A, further interacting with DNMT proteins no promote DNA methylation, resulting in the
repression of target genéB) For transcriptional activation, RUNXETO and native RUNX1, coupled

wi th CBFb, bmotfsl promotindRtheNecrLitment of AR RUNXI-ETO also interacts

with the coactivators p300, PRMT1 and JMJD1C to activate target gene transcription. Representative
target genes/miRNAs regulated by RUNEKTIO are also shownOpen/full circles represent
methylation sites (unmethylated and methylated, respectivedgpted from(Lin et al, 2017 Duque
Afonsoet al, 2019.
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Additionally, KD of RUNX1orRUNXXETO results in O6inverseb6 ¢
suggesting opposite roles in gene regulatory procéBsesAmi et al, 2013. Further studies
using siRNA have further elucidated the transcriptomic program driven by RUEDL
(Ptasinskaet al, 2014 Ptasinskaet al, 20129. This fusion protein has been shown to
significantly reprogramme the transcriptional network and maintain leukaemia by impairing
the expression of approximately 1,400 genes linked to myeloid and gramuthtfgrentiation
(Ptasinskaetal., 2014 Ptasinskaet al, 2012. Approximately 50% of all genexdffected were
shown to either maintain normal expression or be upregulated by RENXK] and were
associated with several processes, includiefi cycle progression, glycolysis, oxidative
phosphorylation, MTOR signalling, RNA processing, and ribosomgeiesigPtasinskaet
al., 2014 Ptasinskat al, 2013.

1.3.3.3 Identification of RUNXJETO-mediated transcriptional deegulation

RUNXZ1-ETO regulates gene expression through interactigtisseveral different proteins
via its Runt domain, through bindi negTQ o CBFI
expressing cell s. I n nor mal haematopoi esi s,
emergence of haematopoietic cells and previtudies have shown that loss of either one of
the factors results in embryonic death with lack of definitive haematopoiedsl.§.
Si mi | ar IpppmotesCtBeFbinding of RUNXETO to DNA, (Roudaiaet al, 2009,
although the exact nature of this mechanism remains to be eluc{@atetlal, 2000 Kanno
et al, 199§.

RUNXZ1-ETO requires the recruitment of complexes comprised of multiple proteins to
specific target genes. Earlier studies have described RLEEIX1 as a dominantegative
regulator, acting upon RUNX1 transcriptional target genes, tibiiing normal myeloid
differentiation(Meyerset al, 1995. Through its interaction with NCoR and mSIn3A, ETO
recruits HDACSs, thus leading to changes in norolmbmosome structure to allow a closer
conformation on RUNXZETO target promoterf_utterbachet al, 1998 Wanget al, 1998
Gelmettiet al, 1998 Amannet al, 2001 Hildebrandet al, 200). In additon to HDACs,
RUNX1-ETO has also been shown to recruit DNA methyltransferases (DNMTSs), thus
promoting DNA methylatior(Liu et al, 2005. Subsequent studies performed in the human
t(8;21) cell line Kasumil have identified an endogenous complex containing RUEXO,
as well as several other haematopoietic TH,incd i ng CBFb, E proteins (F
LMOZ22 and its binding partner LDB{Sunet al, 2013. KD of any of the members of this
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complex resulted in a decrease in the protein level of other components, suggesting a mutual

stabilisation mechanism

In addition to acting as a transcriptional repressor, RUEXD can indice theexpression
of several target genes through the interaction with different transcriptional activagpne (
1.8B). The p300 acetyltransferase increases RUEXD transcriptional activation ability by
promoting its acetylation and recruiting transcriptionatiprgation complexegWanget al,
20113. Themethyltransferase PRMT1, on the other hand, promotes residue methylation and
contributes to gene activatigShiaet al, 2012. Similarly, RUNXXETO directly recruits the
histone demethylase JMJD,1€nhancingtranscriptional upregulatioChenet al, 2015.
Moreover, several haematopoietic TF have been shown to interact with the Runt domain of this
fusion protein, includingsATAL CEBPA andPU.1 (Pabstet al, 2001).

Transcriptomic analysis has revealed significantly altered gene expression profiles as a
result of the expression of RUNXATO in t(8;21) AML(Rosset al, 2004 Valk et al, 2004.
Genomewide studies performed in the t(8;21) cell lines Kastnaind SKNQL, as well as
t(8;21) patient samples, revealed that8896 of RUNXEETO binding sites are sharedthv
RUNX1 (Gardiniet al, 2008 Ptasinskat al, 2012 Li et al, 2016 Ben-Ami et al, 2013. As
described abovel (3.3.9, a basal level of RUNX1 is necessary for maintaining the cell growth
induced by RUNXIETO, as the complete absence of its regulated differentiation genes is not
feasible(Gardiniet al, 2009. This further results in the recruitment of protein complexes with
opposig roles. For instance, whilst RUNXATO recruits HDACs, RUNX1 cooperates with
p300 on genes repressed by this fusion prditimsinskat al, 2014. Another example is the
recruitment of DNMT1 and DNMT3A by RUNXETO, whilst RUNXL1 recruits TET histone
demethylasegGu et al, 2019 (Figure 1.8A). However, not all RUNXZETO bnding sites
contain RUNX1 motifs, suggesting that there are other factors that contribute to the binding of
this fusion protein to DNAPtasinskeet al, 2012 MaiquesDiaz et al, 2012. This binding
can occur through E proteins, including HEB and E2A, as previous-8dtdPanalyses
identified the overrepresentation oftlexes in RUNXIETO binding regiongGardiniet al,

2008 Zhanget al, 2004a Sunet al, 2013. Moreover, genomwide analysis identified ERG

and FLI1, members of the ETS family of TFs, as facilitators in the RUNKQ® binding
process towards DNA, further occupying similar genomic regions as to this fusion protein
(Martenset al, 2012. Similarly, SP1 has been shown to interact with RUNETIO and
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promote DNA binding through SHdinding sites; in fact, SP1 inhibition has been demonstrated
to attenuate RUNXETO-mediated transcriptional repression of target géNesquesDiaz

et al, 20129. Further studies have associated RUNXIO binding to chromatic accessibility
(Saeeckt al, 2012 MaiquesDiaz et al, 2019. However, most of these studies have primarily
focused on transformed AML cell lines. To address this, Tetkal performed microarray
analyss on normal human haematopoietic progenitor cells transduced with RIBNR1 This
allowed the identification dysregulated genes when RUEXD was expressed as a single
abnormality in human CD34cells (Tonks et al, 2007. This study further prooted the
identification of several genes dysregulated in RUNEITIO HSPC, and their potential

invol vement in the | eukaemogaenim.c process, in

1.3.3.4 Molecular mechanisms of RUNET O-induced leukaemia

The process through which RUNXTO can induce cell proliferation involves several
factors. HI F1U0 is a TF known to be overexpr
between this factor and RUNXETO have been shown to be necessary to drive proliferation
in bothin vivo andin vitro models (Penget al, 200§. Mechanistically, HI F
DNMT3a, leading to DNA hypermethylatidGaoet al, 2015. RUNX1-ETO further leads to
the upregulation of Pontin, an ATPase involved in several cellular functions, including cell
cycle progressn and proliferatioriBreiget al, 2014. Dysregulated signalling pathways, such
as Wnt and RAS, have been shown to drive cell proliferation through its constitutive activation
in t(8;21) patient{Kuchenbaueet al, 2006 Bacheret al, 2009. In HSC, expression of
RUNXZ1-ETO results in an enhanced sathewal potential, coupled withkdock in normal

cell differentiation.

RUNX1-ETO directly alters gene expression by interfering with the normal function of
myel oid TF. By i nteract i nHEIOredutebtheit DNAlbindingd C/ E
activity, thus influencing their normal expsssn (Pabstet al, 2001 Vangalaet al, 2003.
Furthermore, RUNXZETO influences GATAl expression, a major erythroid TF, by

preventing its acetylation and normal transcriptional act{@tyoiet al, 20086.

Additionally, RUNXI-ETO has been proposed to possess a role in the regulation of
apoptosis by inhibiting normal aptwtic processes, through the upregulation of the- anti
apoptotic proteins BCGI1 and BCLXL (Klampferet al, 1996 Chouet al, 2012. Subsequent
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depletion of RUNX2ETO results in anncrease in apoptosis and cell cycle arrest. Further,
RUNX1-ETO has been demonstrated to downregulate the expression of genes involved in
DNA repair, includingPOLE andOGG1, leading to an increase in DNA damdg@dcalay et

al., 2003 Krejci et al, 2009.

Dysregulation of tumousuppressor genes has also been observed in RUEYXLinduced
leukaemia. RUNXJETO has been shown to transcriptionally repres$fl¢akaCDKN2A
and NF1(Linggi et al, 2002 Yang et al, 2005. RUNX3, another member of the RUNX
family and a tumousuppressor, is also supressed by RUNEID (Chenget al, 2008§.
Conversely, RUNXIETO also has the ability to upregulate the expressiogadin-dependent
kinase inhibitor 1A (p29AF! or CDKN1A) (Petersoret al, 2007. Transcriptional regulation
of genes involved in signalling pathways has been shown to be modulated by FEIND(1
i ncluding t hr ou gdateninilP) aadkGox2,enhishiinoturn actifzate avnt
signalling(Muller-Tidow et al,, 2004 Zhenget al, 2004k Zhanget al, 2013 Yehet al, 2009
Tonkset al, 2007). Suppression of the leukaemogenic potential in RUEXO was achieved
upon the use of Cox -iom-batebin, indicatisg,a craicaldolelmfythed e | e t
Wnt pathway in the maintenance of LBCRUNX1-ETO cells(Zhanget al, 2013 Yehet al,
2009. The TPO/MPL signalling pathway has been identified as a key pathway involved in the
survival and leukemogesis process induced by RUN>ETO through the upregulation of the
antiapoptotic protein BekL, as well as promotion of the PI3K/AKT and JAK/STAT pathways
(Pulikkanet al, 2012 Chouet al, 2012. Further pathways that have been associated with
RUNX1-ETO include NFkB signalling (Nakagawaet al, 201) and UBASH3B/CBL
(Goyameet al, 2015.

Recently, through the integration of several techniques, including RNASeg,Seljiand
DNase | hypersensitive simel experimentst was possible to identify CCND2 as a target of
interest in RUNX1ETO-driven leukaemogenesis, a member of the CDK6/CCND2 kinase
complex(MartinezSoriaet al, 2018. Depletion of either RUNXZETO or CCND2, as well
as pharmacological inhibition of CDK®6, resulted in cell senescenceestigg that RUNX1
ETO is responsible for driving cell cycle progression through thph@se by promoting the
expression of both CDK6 and CCNDRyrd et al, 2002 MartinezSoriaet al, 2019.

Altogether, these observations indicate that RUNEXD leads to significant changes in

normal transcriptional processes, likely mediated through changes in TF expression. Whilst
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several transcriptomic stigd have been performed, these usually rely on an unsupervised
analysis, without focusing on a specific gene class. Additionahyisttranscriptomic analysis

can be used as a strategy for target identification, it is not a powerful predictor of protein
expressionreason why these techniques afeen combined with alternative technologies,
focusedonanal ysi ng t he c e Inlliredvithpghis®inghetral asimedat of i | e
identifying the RUNXZETO target proteins that could lead to nowesights into the
pathogenesis of RUNXETO-induced leukaemia on a pagtnomic functional level. This was
achieved by inducing the expression of RUNKTIO in a Tetoff-inducible U937 cell line
coupled with mass spectrometry analySimghet al, 2010. The authors showed that in these
cells,t h e pradinlpsofie is drastically changed due to the expression of RURIKQ,

and were able to identify several changing proteins, including NM23 and HEB®&ver,
several limitatons are observed, as these studies have primarily focused on transformed AML

cell lines, and in total transcript/protein expression profiles.

1.4 ZNF217

In Chapter 3, | identified zinc finger protein 21ZNF217 asa significantly upregulated
gene at the traeriptional level in RUNXIETO expressing CD34HSPC (Chapter 3).
ZNF217belongs to the Kruppdike family of TFs, and contains eight C2H2 zinc fingeotifs,
as well as a prolinech region(Kallioniemi et al, 1999 (Figure 1.9). TheZNF217gene is
located on chromosome 20q13, seen to be frequently amplified in human t@ollirs et
al., 1998 Tabachet al, 201). ZNF217 binds to DNA sequences that regulate gene expression
(Cowgeret al, 2007 Krig et al, 2009, is a component of the HDAC complex (CoREST
HDAC) (Cowgeret al,, 2007 Thillainadesaret al, 2012 Thillainadesaret al, 2009, and can
be foundin complexes with the transcriptional -ogpressor @erminal binding protein 1
(CtBP1) (Shi et al, 2003, lysinespecific histone demethylase JRSD1) (Hakimi et al,
2003 Lee et al, 2005 Shi et al, 2009 and KDM5B/JARID1B/ PLU1, and the
methyltransferases G9a and EZ{uinlanet al, 2007, Cowgeret al, 2007 Thillainadesan
et al, 2012 Thillainadesaret al, 2008 Quinlanet al, 2009 (Figure 1.10A).
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Figure 1.97 Structural representation of the ZNF217 gene and protein

(A) Genomic organisation of the humaNF217gene. Black boxes correspond to untranslated regions,
whilst green boxes represent coding regi¢B¥.Schematic representation of the ZNF217 protein and
its functional domains. The ZNF217 protein comprises eight C2H2 zinc finger regions and a proline
rich domain, including an NLS motif. Below are represented the main functional domains of ZNF217.

Adapted from(Quinlanet al, 2007%.
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Figure 1.107 ZNF217 mediated transcriptional repression

(A) Schematic figure representing ZNF2ddntaining transcriptional repressor complexes identified
through CelP studies(B) Four models have been proposedZNF217 recruitment and function as a
component of transcriptional repressor complex@<ZNF217 binds DNA directly and orientates an
associated repressor complei) Another TF recruits ZNF217 and its partners, resulting in
transcriptional repressip (i) ZNF217 cooperates with other TF in the binding and recruitment of
corepressorsfiv) ZNF217 binds directly to DNA and represses transcription through intrinsic
enzymatic activity. Adapted frofQuinlanet al, 2007.
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Even though ZNF217 was initially thought to act as a transcription@pressor(Quinlanet

al., 2007, several studies have shown that it can also positively regulate the expression of
specific geng(Krig et al, 2007 Thillainadesaret al, 2008 Krig et al, 201Q Vendrellet al,

2012.

The exact mechanism through which ZNF217 is able to repress gene expression is not fully
understood; however, it has been speculated that this occuugtthnoultiple mechanisms
(Krig et al, 2007 (Figure 1.10B). The first hypothesis is based on the direct binding of
ZNF217 topromoters through its zinc finger domains 6 and 7, thus recruiting the CtBP co
repressor complex through direct protpnotein interactiongKrig et al, 200%. The second
model relies on the recruitment of other DNA binding degtresponsible for mediating the
interaction between the ZNF217/CtBP complex and other promotor réiog®t al, 2007.
It has also been hypothesd that ZNF217 and other TF are recruited to the same promoters
and later intract with CtBP to inhibit gene expressi#mig et al, 2007. The last theory relies
on ZNF217 repressing gene expression by itself, through an unknown mecfiangset al,
2007). Furthermore, several studies have shown that ZNF217 gene expression levels do not
often correlate with the corresponding protein expression, due to the interference of
microRNAs (miRNA)(Li et al, 2015 Bai et al, 2014 Szczyrbaet al, 2013 and promoter
methylation(Renneret al, 2013 Etcheverryet al, 2010.

1.4.1 ZNF217 in haematopoietic development

The exact role of ZNF217 in the haematopoietic process has not been described; however,
somestudies have examined the role of ZNF217 in ¢péheliatmesenchymal transition
(EMT). This occurs during normal embryonic development and is important for lineage
determination. During this process, the cell undergoes multiple biochemical changes that allow
it to assume a mesenchymal phenotype, with increased migratory abilitgivarvess and
increased apoptotic resistan@éalluri and Neilson, 20083 However, this process has been
shown to be involved in tumour progression with metastatic expansion, through the generation
of tumour cells with stem cell properties, which play a significant role in drug resistance
associated with cancer treatmgiieto et al, 2016 Lambertet al, 2017 Moustakas and de
Herreros, 201y

ZNF217 has been reported as a promoter of EMT in human mammary epithelial cells

(HMEC) and was found to negatively correlat&hwthe expression of several epithelial
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markers, such as-&dherin, a direct target for ZNF2{Krig et al, 2007 Vendrell et al,

2012. Furthermore, this process waslldwed by an increase in the expression of
mesenchymal proteins and increase on the mRNA levels of TFs identified as promotors of
EMT, such asSnaill/2 Twistl/2andZEB1/2(Vendrellet al, 2013. Additionally, in human

breast cancer cells and tumours, the promote&naflland Snail2genes were found to be
enriched by ZNF21TKrig et al, 2007. Furthermore, overexpression of ZNF217 in the same

mo d e | was shown to result i n the sustained
(TGFb) pat hway t hr o uTgkB2 and TSGFB3 promatersf\Veendreliet atk, h e
2012. Conversely, inhibition of the TGB pat hway resul ted i na the |
induced EMT, suggesting that this process incorporates the transcriptional repression of E
cadherin coupled with the constitutive activation of the Ji=kctivated signailhg pathway
(Vendrellet al, 2012. In latestage tumours, several studies have described a redirection of
TGFb s i g n a l upreseing cdll praiferatisn to EMT activatifRirozziet al, 2011).

1.4.2 ZNF217 as an oncogene

Due to its localisabn, ZNF217 has been extensively studied as a potential oncogene and
biomarker of disease. In fact, several studies have shown that ZNF217 has the ability to
interfere with multiple processes associate
sustaied proliferative signals, evasion from growth suppressors, replicative immortality,
resistance to cell death, cancer stem cell enrichment, and activation of invasion and metastasis
(Hanahan and Weinberg, 2Q1Hanahan and Weinberg, 200Moreover, several tumours
have shown to possess increased copies N 17gene(Plevovaet al, 2010 Fanget al,

2010 Rahmaret al, 20132, in variable frequency according to the type of tumour, and have
been linked to a poorer outcome in some stuff@sanlanet al, 2007 Peirdet al, 2002
Rooneyet al, 2004 Ginzingeret al, 200Q. Even though several roles have been proposed for
ZNF217 in the development of different cancers, including breast and ovariatatnanship

has been established between the role of this TF and leukaemogenesis.

1.4.2.1 Proliferation

One of the most fundamental characteristics of cancer cells relates to the cells ability to
sustain chronic proliferation. ZNF217 has been described as having a major role in this process

through the dysregulation of signals which allow progression throafjltycle and growth,

54



Chapterl

as well as through the disruption of aptoliferative signalling. In breast and ovarian cancer
cells, overexpression dNF217was shown to promote cell proliferatighi et al, 2014
Tholletet al, 2010, whilst silencing it led to a reduction in cell growth in prostate, colorectal,
ovarian and breast cancer c¢izczyrbeet al, 2013 Li et al, 2015 Rahmaret al, 2012 Sun

et al, 2008aTholletet al, 201Q. In vivostudies agreed with these observations, as constitutive
expression of ZNF217 in breast and ovarian cancer cells promoted the growth and rate of
tumour formation in micévVendrellet al, 2012 Li et al, 2014 Tholletet al, 201Q Littlepage

et al, 2012. This wasassociated with a substantial increase in the proportion of cells in S
phase(Li et al, 2019, coupled with the abnormal expression of several cyclins and, post
translationally, through the upregulation of Aurora kinase A (AufgréTholletet al, 2010.

One of tle genes thought to play a role in ZNFahduced proliferation i€rbB3 positively
regulated by the TF, botm vivo and in human breast cancer cqli§ig et al, 2010.
Furthermore, in normal HMEC and in breast cancer cell lieetopic expression of ZNF217
inducedErbB3protein overexpressiofiKrig et al, 201Q Vendrellet al, 2012, as well as its
heterodi mer ErbB2. Both Er bR prnattedi nasn df urnecst
activation of the PI3K/Akt and MAPK survival pathwafl&rig et al, 201Q Littlepageet al,

2012.

An additional mechanism for the sustained proliferative ability of ZNFR&fexpressing
cells has been proposed, involving the '#t5tumour suppressor, which inhibits ceifcle
progression at the 5 transition(Kim and Sharpless, 20D6The ZNF217/CoREST complex
is able to inhibit p18¢P activity through the recruitment of the methyltransferase DNMT3A,
which in turn leads to promoter hypermethylat{@hillainadesaret al, 2019. By preventing
the recruitment of cdactors responsible for the demethylation of ¥4% overexpression of
ZNF217 results in the bloaif the antiproliferative TGFb s i g n a |l | (Thillagnadesart h wa y

et al, 2019, shown to promote malignan@ylassagué, 20Q8ushima and Miyazono, 2010

1.4.2.2 Replicative immortality

One of the first studies that supported the hypothesis that ZNF217 may function as an
oncogene reli@ on the transduction of finite Ifepan HMEC with th&NF217gene, giving
rise to an immortalised cell line, with increased telomerase activity and resistance-fs TGF
induced antproliferative action(Nonetet al, 200]). Subsequentgdies demonstrated that, in

an SV40 Tag/tag expressing, p53/pR&ficient, human ovarian surface epithelial cell line
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(IOSE), ZNF217 overexpression promoted neoplastic progression, associated with high
telomerase activity and genomic changes linked toiavacarcinomagLi et al, 2007. The
oncogenic translation elongation fackiF1A2has been shown to be upregulated in ZNF217
overexpressing IOSE cel(ki et al, 2007 Abbaset al, 2019, and its overexpression in the
same cells was shown to promote neoplastic progreSioret al, 2008l). Additionally, both
immortalised HMEC and IOSE cksl showed a stabilization of telomere length, with increased
activity, features associated with bypassing senes¢bloceetet al., 200% Li et al, 2007. By
overexpressing ZNF217, cells exhibited a decrease in the normal apoptotic rate, as a
consequence of functionally compromised telom@resmnget al, 2005. These observations
suggest that ZNF217 acts by promoting theef@ession of telomerases, thus allowing pre

malignant cells to overcome senescenee t telomereykfunction(Nonetet al, 2007).

1.4.2.3 Drug resistance

Common therapeutic treatment options often include the combination of different drugs for
enhanced effect. These can include doxorubicin, which inhibits topoisomerasertaces
doublestrand DNA breaks, leading to ATelependent p5&ediated apoptosis, or taxanes,
such as paclitaxel, which lead to cell cycle arrest and apoptosis through micrctabilleng
processes. Ectopic expression of ZNF217 has been shown tidbetnto both doxorubicin
and paclitaxel resistance in breast cancer cells, whilst silencing it resulted in the opposite effect,
with increased drug sensitivifhollet et al, 201Q Huanget al, 2005. This is thought to
occur through the interference of apoptotic signals induced by the drugs, due to ZNF217
expressior(Thollet et al, 201Q Huanget al, 2009. In fact, ZNF217mediated resistance to
paclitaxel in breast cancer cells resulted in significant changes in intrinsic mitochondrial
apoptotic pathways, associated with the dysregulation of thaampitotic proteins BCI2 and
BCL-xL, and the preapoptoticproteins Bad, Bak and BgXhollet et al, 201Q. Moreover,
the antiapoptotic potential of the ZNF217 protein has also been found to be mediated through
the PI3K/Akt pathway, as ectopic expression of this protein led to the activation of the pathway,
whilst silencing ZNF217 resulted in decreased Akt phosphoryléiiag et al, 201Q Huang
et al, 2009.

1.4.2.4 Cell differentiation

Identically to LSCs, cancer stem cells (CSCs) possess multilineage differentiation ability,

as well as an increased sedhewal potential, and are thought to be the promoters of
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tumorigeneses and metasta@éguyenet al, 2012. Several studies have shown that ZNF217
binds to the promoter region of several genes involved in the differentiation process and organ
development, resulting in a block in cell differentiation, as well as CSC maintefing et

al., 2007 Vendrellet al, 2012 Littlepageetal., 2019. In primary mammary epithelial cells,

as well as in breast cancer cells, overexpression of ZNF217 led to an increase in the formation
of mammospheres with sanewal potentia(Vendrelletal., 2012 Littlepageet al, 2012
Nguyenet al, 2014. Moreover, this was associated with a repression of adult stem cell
expression signature, frequently found downregulated in cahdfepage et al, 20139.

Lastly, following treatment with retinoic acid, a pddferentiation agent, ZNF217 expression

was repressed in embryonal cells, suggesting thatifferentiated adult cells, aberrant
expression of ZNF217 might supress differentiation, thus leading to tumorigéfesist al.,

2007).

Glioma stem cells (GSCs) are thought to be the driving population leading to the
devebpment of glioblastoma multiforme, the most common and aggressive type of primary
brain tumour(Singhet al, 2009. These cells have been shown to significantly upregulate
ZNF217 expression, as compared to-@®Cs(Mao et al, 2011. Moreover, downregulation
of ZNF217 was observed upon GSCs forced differentiation, whilst knocking it down in these
cells led to a decrease in cell proliferation and reduction in theldtercell population(Mao
et al, 201]). A possible mechanism for this is through the involvement of Avkosaiggested
to regulate self e n e wa l potenti al t hrough t haaten;it abi | i
signalling (Xia et al, 2013. Additionally, the GSC niche requires hypoxionditions, and
ZNF217 has been demonstrated to be regulated by several HIF both through direct and indirect
mechanismgMao et al, 201]). These observations suggest that ZNF217 may promote the

hypoxiaindices stemness observed in GSCs through its role as a downstream target of HIF.

15 C/ EBPD

I n Chapter 3, | identified the C/EBPb prote
nuclear compartment of RUNXETO expressing CD34HSPC Chapter 3). The C/EBP
family comprises six structurally and func
C/ EBPuU, C/EBPo2, C/EBPU, and CHOP) responsil

processes, including cell proliferation, differentiation, inflammation anhlmoéism, as well
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as oncogen@educedsenescence and tumorigend§laoet al, 19921 Diehl, 1998 Poli, 1998
Zahnow, 2002 Ramiji and Foka, 2002Sebasan and Johnson, 20D6All members of this
family share a highly conserved-t€rminal leucinezipper dimerization domain (bZIP)
involved in DNA binding (Ramji and Foka, 2002 whilst the Nterminal region is less
conserved, except for three activation domains, common to all C/EBP family members
(KowenzLeutz et al, 1994 Williams et al, 1995 Angereret al, 1999 Williamson et al,

1998, responsible for promoting interactions with transcriptionahcitvators(Mink et al,

1997).

The first protein to be identified was C/ EE
an essential role in adipocyte differentiatidohnsoret al, 1987. With time, other C/EBP
proteins were identifeand attri buted to multiple proces:
1990 and was initially described as a bZIP structured factor binding to theejhonsive
element within the It6 promoter(Akira et al, 1990. C/EBPb i s hi ghly expr es
several tissues, including liver, lung, spleen and kidneys, as well as in myelomonocytic cells
and macrophage®illiams et al, 1991 Katz et al, 1993 Haaset al, 201Q Gutschet al,

2011). Sever al external factors can contribut
including differentiation or proliferatiorinducing agents, hormones,ytckines and
inflammatory molecules, through the activation of specific pathRgmji and Foka, 2002

Moreover, several additional mechanisms can contributeEOBBO(P b 6 s expr essi on,
transcriptional processes, mTORediated alternative translation, pastnslational
modifications, and proteimprotein interactiongZahnow, 2009Nerlov, 2007 Tsukadeet al,

201]). The expression of cytokines or chemokines (and their respective recepto+s), pro
inflammatory genes, prproliferative or differentiationmelated genes, as well as metabolic
enzymes ar e regul ated t hr ¢Rargjihandt Folea, 280_Qt i v at i
Subsequent| vy, sever al cellul ar functions ar
proliferation(Haaset al, 2010 Gutschet al, 2011, differentiation(Katz et al, 1993 Gutsch

et al, 2011 Phamet al, 2007, metabolic regulatiofLiu et al, 1999 Cronigeret al, 2007,

and orchestration of the immune respo(feli, 1998 Zwergalet al, 2006 Cappelloet al,

2009. Additionally, C/ EBPb is also involved i
cancer hyperor hypainflammation, and acterial/viral infectiongRamiji and Foka, 2002.iu

et al, 2009.
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1.5.1 Structure and function

CEBPB mRNA expression is regulated by several TF, through its TATA box and different
binding sites present in i1ts (@Ghangenaltl®35 r egi o
Niehof et al, 2001a Fokaet al, 200), STAT3 (Niehof et al, 2001, SP1(Berrier et al,

1998, members of the cCAMP responsive element binding protein (CREB)/activating TF family
(Berrieret al, 1998 Niehofet al, 1997, early growth response 2 (EGR®henet al, 20093,

Fos related antigen 2 (F& (Changet al, 2009, sterotregulatory elemenrbinding protein 1c
(SREBPI1c)(Le Lay et al, 2002, myoblastosis TF (MybfMink et al, 1999, and RARU
(Duprezet al, 2003. CEBPB is an introneless gene, consisting of one single exon and located

in chromosome 20g13.13, coding for the production of a single mMRNA molgallhoven

et al, 200Q Xiong et al, 200) (Figure 1.11A). Howeer, due to the presence of three
initiation codons on different sit¢€alkhoveret al, 200Q Duprezet al,, 2003, it can generate

three protein isoforms: livemriched activating protein* (LAP* or fullength [FL]), liver

enriched activating protein (LAP) and livenriched inhibitory protein (LIPlZahnow, 2009

Sears and Sealy, 199€@ondanine et al, 2015 (Figure 1.11B). LAP* is a 44 kDa protein
consisting of 345 amino acids; LAP is slightly shorter, with 42 kDa and 322 amino acids, whilst
LI'P represents a truncated versi onZambéw, C/ EBP
2009 Sears and Sealy, 1904

As described abovel (5) the C/EBPbHb protein s-tetmmature i
region containing up to three transactivation domains (TAD) and two regulatory domains (RD1
and RD2)(Ram;ji and Foka, 20Q02Villiams et al, 1995. Onthe Gt e r mi n a | regi on,
contains a basic DNAInding domain adjacent to the bZIP dimerization donfRiamji and
Foka, 2002 Zahnow, 2009 LekstromHimes and Xanthopoulos, 199%/edel and Ziegler
Heitbrock, 1995Tsukadaet al, 201). Both LAP* and LAP contain all three TAD and both
regulatory domains, whilst LIP lacks all TAD regs possesses a fidingth RD2 and a
truncated form of RD{Ramji andFoka, 2002Williams et al, 1995. Several factors influence
dimerization, cellular localization, DNAi ndi n g, and the transactiyv
such as podranslational modifications, phosphorylation, acetylation, methylation,
sumoylation, and proteolysi®Ram;ji and Foka, 200Zahnow, 2009 Tsukadaet al, 2011
Hattoriet al, 2003.
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Figure 1117 St ruct ur al representation of the C/ EBPb ge

(A) Genomic organisation of the hum@eBFB gene. A cisregulatory uORF in the single ex@EBFB

transcript regulates initiation of translation at conserved ma me st art sites to ger
isoforms.(B) Schemati ¢ representation of the three C/E
domains. LAP* and LAP isoforms contain three transactivation domains, as well as two regulatory
regions RD1 and RD2. LIP, on the other hand, lacks the transactivation domain, and only contains the
regulatory region RD2. All three isoforms possess a DNlibig domain, couples with a leucine zipper

region, making up the bZIP domain. Adapted fr@tahnow, 2002
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Moreover,thed f f er ent C/ EBPb i soforms themselves ca
ability, through the presence (LAP* and LAP) or absence (bfRPjtrinsic transactivation

potential or through the appropriate dimerization/interaction par(Rersji and Foka, 2002

Zahnow, 2009 Tsukadaet al, 201). Furthermore, the ratio of LIP to LAP*/LAP is an

i mportant f act o({DescombeS€andERlbber, I9Assipawet al,Mo93 Li
etal,2008(1.53 . Additionally, C/EBPDb target gene a
of target gene promoters and localisatiiamji and Foka, 200Zahnow, 2009Tsukadaet

al., 2011).

LAP*, LAP and LIP possess distinctive funct
LAP* is a weaker activator of gene transcription, as compared to Luidtodthe formation of
an additional disulphide bon@Villiams et al, 1995 Su et al, 2003. However, upon the
recruitment of the switch/ sucrose nonfer mert
complex by its Nterminal domain, LAP* promotes not only the activation of genes otherwise
silenced, but also the interactiovith the myeloidspecific TF eMyb (KowenzLeutz and
Leutz, 1999. Through the interaction with other TF and regulators, LAP* represents a more
effective (co)regulatoof myeloid genes than LAfKowenzLeutz and Leutz, 1999LIP, on
the other hand, is consideredardnant inhibitor of transcriptionally active C/EBPs, including
LAP* and LAP (Descombes and Schibler, 199However, a recent study has demonstrated
the ability of LIP to act compensatively in mice lacking @EBPBgene, suggesting that the
classification of LIP as a dominant inhibitor relies on temporal and cellular contexts, in the
adipogenic differentiation proceg8égay et al, 2018. However, theexact mechanism

underlying this process remains to be understood.

C/ EBPb further possesses the ability to int
increasing the accessible DNA binding motifs and changing C/EBP protein functions and
specificiies (Tsukadeet al, 201). These include other bZigtructured TF, such as members
of the Jun/Fog¢Hsuet al, 1999 and the CREB/ATF familief/allejo et al, 1993, as well as
nonbZIP proteins, including nuclear facterB  (aNBF  stsupb5{zZwergalet al, 2009
and p50(LeClair et al, 1992, glucocorticoid recepto{Savoldiet al, 1997, E2F proteins
(Sebastiaret al, 2005 Johnson, 2005 c-Myb (KowenzLeutz and Leutz, 1999 PRMT4
(KowenzLeutzet al, 2010, CBP(Guoetal., 200), PU.1(Phamet al, 2007 Tissieeset al,

2009, deathassociated protein 6 (Dax@Vethkamp and Klempnauer, 200 addition to
CBF and RUNX proteingéTahirovet al, 2007).
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152 CEBPb in haematopoietic devel opment

C/ EBPD IS highly expressed i n my el omonocy
macrophagesl(5). Inthesecells, @BPb control s sever al process
differentiation through the activation or repression of specific target genes. In myelomonocytic
cell s, C/ EBPb is most I mportantly responsib
progressior{Friedman, 200;7Satoet al, 2020Q. In HSCs transduced with a FL¥@Id type
receptor, FLT3 Iligand induced the expressior
leading to a decrease in the LAP/LIP ratio, associated with prolifer@tiaaset al, 2010.
Furthermore, LIRdeficient murine embryonic fibroblasts show a significant reduction in cell
duplication and a decrease in the expression
E1l and EQWethmaretal, 201. The consequences arising fro
the proliferative process, however, are tidependent, as cells in early developmental stages
respond differentt o mor e di fferentiated cell s. For i
BM-derived progenitor cells, led to a significant decrease in the number of myeloid colonies,
grown in the presence of-GSF, GMCSF and I3, and in the number of generated cells, as
compared to control cel(slirai et al, 2009. In more differentiated cells from the same model,
on the ot her KOhrxmeated cel /praliRRtionin vivo, C/ K@ hige
presented hyperplastic haematopoiesis and hypermyeloprolife(8tooepantiet al, 1995
whilst in vitro studies showed that macrophages lackingCtBBFB gene display an increased
proliferative rate, as welhs enhanced proportion of cells exhibiting S afMscell cycle
markers(Gutschet al, 201J). Although usuallyregarded as transcriptional activators, LAP*
and LAP are thought to be the mediators of this process by promoting the repressidycof ¢
in monocytegGutschet al, 2011 Zhanget al, 20113. By doing this, ZEBPb r epr esses
transcription of its prgoroliferative target genes, such as cyclin D, whilst promoting the
expression of cell cycle inhibitors, such as p27, usually repressedvlyg ¢Gutschet al,

2017). Subsequent studies have sugglE2bEpretein t hat
complex, leading to RBlependent cell cycle arrest and repression of E2Fettaygnes
(Sebastiaret al, 2005 Johnson, 2005 In summary, in differentiated monocytic cells, the
predominant expression of the LAP* and/or LAP results in an arrest in cell cycle, specifically

in the G/G: phase, and a reduced proliferative abi{Butschet al, 2011).
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C/ EBPb i soforms have ctiute toanorodytyc diffeeemtiations h o wn
(Friedman, 200) This process isharacterisefly both a significant upregulation of the LAP*
and LAP isoformgKatz et al, 1993 Gutschet al, 2011 Phamet al, 2007 Natsukaet al,
1992 Panet al, 1999 Ji and Studzinski, 200&Zhanget al, 20113 and an increase ithe
LAP/LIP ratio(Gutschet al, 201]) is also observed in the differentiation process of other cells,
including hepatocyte@Descombes and Schibler, I98ucket al, 1999 and adipocyteéZhu
et al, 2007 Vigilanzaet al, 201). Addi ti onal |l vy, C/ EBPb is invc
expression of several differentiati@ssociated genes, including COP&anet al, 1999 Ji and
Studzinski, 2004Zhanget al, 2011a Xu et al, 2008, Fco r ec e p(Gaoogoniet | (Fc
al., 20029, monocytespecific esterase (MSHYi and Studzinski, 2004 10-hydroxylase
(Stoffelset al, 2009, and the cytoplasmic prolirgch tyrosine kinase 2 (PykZParket al,
2008. Moreover, C/EBPDb has been shown to inte
(Phamet al, 2007 Tissiereset al, 2009. At specific timepoints, LAP* and LAP have the
potential to promote-dMyc-mediated transcription by facilitating chromatic opening, through
the recruitment of histone acetylating cofactors of the p300/CBP family (by LAP* and LAP)
and/or the SWENF chromatin remodelling complex (exclusively by LARKpwenzLeutz
et al, 201Q Plachetkaet al, 2008. As a consequence of the activation of differentiation
associated genes, there is a decrease is the
changegGutschet al, 2011 Zhanget al, 20113 and increased amicrobial ability (Zhang
et al, 2011a. Even t hoeKDgnlte have th@abihbty to give rise to macrophdige
cells, these showed a reduced functional potential, since their response to external stimuli is
impaired(Screpantiet al, 1995 Tanakaet al, 19953. Subsequently, macrophages derived
f rom GCKCGEmBi¢ebshown a reduction in the expression of differentiation markers
(Koschmiederet al, 2009, as well as atypical morphological characteris(@sitschet al,
201). Mor eover, C/ EBPb has been suggested to b
blood monocytes, whl s t itdéds not necessary for the de\

cells of other lineages at steady s{@amuraet al, 20153.

In addition to monocytic development, LAP* and LAP have been shown to promote
granulocytic differentiatioffHirai et al, 2006 Popernaclet al, 200]). In murine primary BM
cell s, C/ EeBsPibresaltecein aeredpction in the proportion of myeloid progenitor
cells and promoted granulocytic differentiati@opernaclet al, 2001). Moreover, in response

to external stimul i, €bokhPrBliteratiomand diffarentiadob of | i t y
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HSPC to supply granulocytes in demai®htakeet al, 2012. I n the absence
however, mice infected witlE. albicansshowed a reduced response in terms of emergency
granulopoiesigHirai et al, 2006§. Moreover, in patients with congenital neutropenia, addition

of G-CSF led to a significant upregulation©f E B P b -derived Biyloid cells, resulting

in urgent granulocytic developmef@kokowa and Welte, 20p90steoclast formation, on the

other hand, is regulated by LIP, but inhibited by LAP* or LAP, through the regulatitire
osteoclastogenesis inhibitor Ma{Bminket al, 2009 Sminket al, 2012. Similarly, uUORF
deficient mice incapable of inducing LIP expression display increagels lef MafB, resulting

in impaired osteoclastogeneffethmaretal, 201). Recent studies have
is upregulated in HSPC as a response to stBaset al, 2020, and this is essential for the

cells to regenerate, thus meeting the increasing myeloid cell demand. Furthermore, the
expression of the different isoforms is dependent on cell: $ieste upregulation of LIP in an

early regenerative stage allows the proliferation ofHIC and their differentiation into MPP,

whilst LAP*/LAP induce subsequent myeloid differentiation at a later stage of regeneration
(Satoet al, 2020.

153 C/ EBPb as an oncogene

Due to their ability to block cell growth and respond to DNA damage, C/EBP proteins are
generally identified as tumour suppressor factors. However, upon certain stimuli and depending

oncel | type and i soform present, t hese can

(

€

resemblet h at of C/ EBPU, since it has been shown

tumorigenesis and bl ock prol i f ernadineaolatent Wh e n

state through the action of attthibitory factors aimed at supressing its DNA binding and

transactivation function@Villiams et al, 1995 KowenzLeutzet al, 1999.

1.5.3.1 Cell survival

The r ol e inocanceCis tRoBdghtto be mediated through its role in regulating cell
survival and apoptosi s. For instance, upon
role in the survival process of hepatic stellate g@lsck et al, 200) and in macrophages,

C/ EBPb is required f oRaftansformatiofd/éssellstal,”2@4.ponse

Mor e ov er -induced eeBdrival in response to DNA damage has been shown to be
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mediated through a reduction in p53 expression and acfiitgn et al, 2007 Ewing et al,
2008.

In addition to its involvement in apoptosis, several studigsdha s howed t hat C/ E
role in oncogenénduced senescence (OIS). Under normal circumstances, senescence in
characterised by a state of irreversible growth arrest that can act as a barrier to malignant
transformati on. For c e dsbeer shown tosesultin celocicle@rfesi B P b
in hepatocarcinoma cel({8uck et al, 1999, keratinocytegZhu etal., 1999 and fibroblasts
(Johnson, 2005 Moreover, cooperation betweéh/ EB P b -&2Fdorot®r® has been
shown to result in an irreversible cell cycle arrest at th& @hase, through Rasduced
cellular senescend&ebastiaet al, 2005. Lastly, severaC / E Biidbced preinflammatory
cytokines and chemokines have been shown to contribute tpACdStaet al, 2008 Kuilman
et al, 2008. An additional association betudesen Ra
showed that 1in the c o-HA-Ras transgehic nide EhBvWeO redliced i c i e
skin-tumorigenic potential, suggestingtiéat EBPb pl ays an oncogenic r
Ras signalling pathwagPoli, 1998). Moreover, gene expression analysis in human cancers
suggested that C/ EB PRifiducedoncogenic signatgghhnowetalc y c |1 i n
1997. l ncreased expr iksassociation with onddderficBdBvBlopmentnhds
been reported in several cancer types, including breast, ovarian, colorectal renal and gastric
tumour s. However, the exact role of C/ EBPD

senescence is highly cext specific.

1.5.3.2 Tumour aggressiveness

Il n general, few mutations have been identi
thought to contribute to the development of epithelial car{dagesnaet al, 2002. However,
the region in which the C/EBPb gene is foun
proportion of human cancers, and it has been associated with lobular carcinsitnaf the
breast(Mastracciet al, 200§. An increase irCEBPB mMRNA levels results in an increase in
protein translation, associated with a rise
the LAP/LIP ratio, withthe upregulation of the LIP isoform, observed in oestrageasptor
negative, aneuploid, highly proliferative breast tumours, with poor prog(taisowet al,
1997 Milde-Langoschet al, 2003. Dysregulation in the normal LAP/LIP balance has also

been related to a defective T@Flependent cytostatic response in metastatic breast cancer
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(Gomiset al, 2006. However, forced expression of LAP*/LAP, thus normalising the LAP/LIP
ratio was able to restore T&F cyt ost ati c response and redu:

metastatic cell§Gomiset al, 2009.

The increase ICEBPBIevels has been observed in a maggressive subset of tumours,
associated with metastatic breast caifjean de Vijveret al, 2002, a high tumour grad@an
't Veeret al, 2002 Ma et al, 2004 Finaket al, 2009 and overall poorer prognosigan de
Vijver et al, 2009, as compared to lesgygressive tumours, Additionally, the expression of
C/ EBPb was found to be heightened in maligna
or benign tumourgSundfeldtet al, 1999. These obarvations suggest that the transcriptional
control or regulation of mMRNA stability may influen€eE B RXpression in more aggressive

tumour types.

1.5.3.3 Drug resistance

C/ EBPb has been s ugge sdrug desistarice ic braastrcanben t e t
(Combateset al, 1994 Conzeet al, 200% Chenet al, 2009, through the Rjlycoprotein
transporter, encoded BYDRY, further associated withopr prognosigLeonessa and Clarke,
2003. Further,theMiDR1gene 1is regul ated by C/(CBbafes i n He
et al, 1999 and in MCF7 breast cancer celSonzeet al, 200]). Similar observations were
made in ovarian cancer, i n which C/EBPb was
resistance gendtiu et al, 2018, through its interaction witthe £lomeric silencing -dike
(DOT1L) protein. Inhibition or KD of DOTILL led to a decreasethe promotion of the
expression of drug resistance genes f@w C/ EBP
et al, 2018. These observationsglg e s t t hat expression of Cl E
outcome and the development of dinagistance events.

154 C/ EBPb in | eukaemogenesi s

of all the members of the C/EBP family, the
has by far been the most extengivetudied (Nerlov, 2004 Koschmiederet al, 2009.
Nonet hel ess, C/ EBPD has lihe edevelopntet voh several b e

myelomonocytic leukaemia@Vethmaret al, 201Q Sebastian and Johnson, 20@&iprez,
2009g. C/ EBPDb has been s howidD-indateth AML patients,evi) ul at e «

an increased concentration of LIP observed in these patiémtset al, 201Q. Accordingly,
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an increased LIP expression has been shown iraeMd-positive monocytic cell lines,
including MV4;11, MOLM-13 and PL2XHaaset al, 201Q. Furthermore, LIP is also highly
expressed in the yhroleukaemidike cell line, K562(Wall et al, 1999, as well as irthe
anaplastic large cell lymphoma cell lines SUDHL Ki-JK, and Karpas 299Quintanilla
Martinezet al, 200§. LAP* and LAP, on the other hand, are generally reduced in rapidly
proliferating cells, such as in Biderived cells from CML patients in blast crigiSuerzoniet

al., 2008.

Upregulation of LAP* or LAP has been shown to reducé malliferation and induce the
differentiation of leukaemic cell lines, and supressing leukaemogenesisviao models
(Guerzoniet al, 2009. In the NB4 AML cell line, upregulation of LAP*/LAP following
ATRA treatment resulted in the differentiation les developed myelomonocytic cells into
granulocytegDuprezet al, 2003. However, this was not observed in ATRésistant cells,
in which it was not possi bl e i(Duprezetal,2003e expr
Moreover,treatment of primary AML cells with deltanoidStudzinskiet al, 2005, U937
cells with vitamin D3(Koschmiederet al, 2007 or ATRA (Chenet al, 2009, and HL-60
cells with1,25Dihydroxyvitamin D3[1,25(OH)D3] (Studzinskiet al, 2009 also resulted in
an increase in C/EBPDb protein ofthesecellsintassoci
monocytesSi mi | ar | vy, e X pr es s tABIncelldife 3ZD/wasBfduid toibea t h e
repressed, as this fusi onGuerzooeta,i2009.Rievgvaert i vel y
this was restored upon treatment with 1 mati:r
differentiation and inhibit the proliferation of these cé@aierzoniet al, 2006. Subsequently,
treatment of AML patients with vitamin D3 or derivates might represent an alternative
therapeutical approach for paits that do not respond to classical chemotherapeutic agents,
through the i ndaugportedoaell ddférentiatia@fHugtzseb al, 2010.

However, the role in C/ El&kRakemiahasnotheenddtermiret.o p me
1.6 Aims and objectives

The t(8;21) translocation, resulting in the expression of the fusion protein RENKY is
a common chromosomal translocation in AML. Even though it is associated with a favourable

prognosis, the exaahechanism underlying the leukaemogenic process remains unknown.
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Identifying new therapeutic targets is therefore important if we are to progress the treatment of
patients with AML.

Previous studies performed within our group have shown that RUEDPQ is able to
inhibit the development of haematopoietic cells, promote the growth of immature cells and
i ncr eas e ‘ehesval abditl(Toskset ab, 2003 Tonkset al, 2004. Transcriptomic
analysis of these cells identified hundreds of genes impacted by RENRI1expression
(Tonkset al, 2007. However, this malysis was performed using an unsupervised approach,
focusing on the highest changes observed in RUEXD expressing cellsGiven that
transcriptional regulation is likely mediated by changes in TF expression, this study-will re
analyse transcriptomic tlaobtained from Tonkst. al, and focus specifically on changes
observed in this gene class (Tonks et al., 200dMther, even though transcriptomic analysis
has proved to be an essential strategy for target identificétismot a powerful predictor of
protein expressianThese approaches are often combined alihinative technologieaiming
atanalysingthe el | s6 pr ot e o mi ostydlyhaso fal geantifiddhe cysosblici t i o n,
and nuclear protein expression profile of CDB&PCexpressiniRUNX1-ETO.| hypothesize
that the early differentiation block observed upon the expression of RUENXJLismediated
by changes in TF expression, and that by identifying these, it will be possible to reverse the
phenotype and promote normal cell developm@igure 1.12). This hypothesis will be
investigatedhroughthe following objectives:

To analyse existing transcriptomic data to identify novel changes in TF mRNA
expression arising from RUNXZETO expression

Preexisting transcriptomic data relating ®UNX1-ETO-induced changes in gene
expression in human CD3HSPC will be analysed to identify changes in TF mRNA

expressionChapter 3).

To quantify changes in protein expression in human CD34ord-blood derived HSPC
expressing RUNXIETO

Cytosolic and nuclear protein fractions will be extracted from human RURNK2-
expressing and control CD3#HSPC and quantitative proteomic analysis will be perfakme
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using Sequential Window Acquisition of all Theoretical Mass Spectra (SWKB) further

allowing the identification of a target of interest for subsequent sturespfer 3).

Determine the effects of ZNF217 overexpression or KD on normal human myeloid

development

Functional analysis will be performed using overexpression and KD (shRNA) vectors to
determine the role of ZNF217 in normal human haepwésis. Specifically, | will determine
whether ZNF217 disrupts myeloid cell proliferation and differentiation. Furthermore, the effect
of ZNF217 on proliferation and apoptosis in AML cell lines will be assessed using flow

cytometry Chapter 4).

Determine the effects of C/ EBPb overexpres

development

Functional analysis will be performed usingerexpression and KD (shRNA) vectors to
determine the role of C/EBPbHB in nor mal human
whet her C/ EBPD disrupts myeloid cell prolife
of C/ EBPDb o0 nandpapoptbsis ineAMa tell llmes will be assessed using flow
cytometry Chapter 5).
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Figure 1.127 Hypothesis of the study

This study hypothesizes thRtJNX-ETO induces changes in TF expression, which subsequently lead
to a block in normal cell differentiation. By identifying these TF, it will be possible to modulate their
expression and promote normal haematejioidevelopment. These changes will be evaluated by

analysingpreviouslygeneratedranscriptomic data, as well as newly performed proteomic analysis.
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Chapter 2

Materials and Methods
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2.1 Molecular Biology
2.1.1 Plasmids used in the study

Retroviruses, along with lentiviruses, are RNA virusgsable ofnfecting eukaryotic cells
andare widely used to deliver nucleic acids to many cell types in a variety of experimental
systems. They do this hysing the reverse transcriptase enzyme to produce DNA within the
host. This DNA is incorporated i ntaawisthdme hos't
replicatel wi t h t he Wdkeytfedtare dd boffviral vectors is that they produce
replicatin-defective, or selfnactivating, particlesallowing the delivery of the desired
sequence, without continued viral replication in the target (@tisrayet al, 2012. Whereas
transfectbn of nucleic acids results only in transient transgene expression, the activity of the
viral integrase in retroviral and lentivircebsed systems allows for stable integration of the
transgene which is then inherited and continuously expressed overerepeditdivisions.
Lentiviruses, unlike retroviruses, are the only retroviral family member that can integrate in
nontdividing cells, making them one of the most efficient gene delivery sygi2uafait et al,

2012. The constructs used in the projectaudined inTable 2.1 andFigure 2.1.
2.1.2 Bacterial growth medium and selective agar plates

Selective LuriaBertani (LB) broth media was prepared by dissolving 20g of lwBth
(ThermoFisher Scientific, Lghboraigh, UK) in 1 L of deonised water H-0) and
autoclaved. LB Agaplateswere prepared by adding 35g of laBar (SigmaAldrich, Poole,

UK) to 1L of dHO, and autoclavedlediumwer e suppl emented with 10

(SigmaAldrich) for selective growth

Previously stored glycerol stocks of transforntedoli cells were spread over ampicillin
selective LB agar pl ates and incubated over
pickedandgr own in 5 mL LB broth supplemented wit
rotary shakemat 225 revolutionsper minute (rpm) for 5-6 h. The culture was subsequently
diluted by transferring 150 €L to 150 mL of
eg/ mL) and cultured overnight at 37e¢eC, on a
isolation and quantification4.1.3, 850 pL of inoculated broth were added to 150 pL of
glycerol and stored a80e C
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Table 2.17 Plasmid vectorsused in this study

Match
Target # Plasmid Studies Vector Name Target sequence ) Marker(s) Host bacteria* Source
region
) (Tonkset al,
] Overexpressiot Sthl3 ) .
99 Pinco Control n/a n/a GFP ) 2003 Grignaniet
Chapter 3 (ThermoFisher,
al., 1998
Overexpressiot Puromycin
407 pLV Control n/a n/a Stbl3 VectorBuilder
Control GFP
Knockdown Puromycin . )
497 pLV shRNA Control Scrambled n/a GEP DH5 U VectorBuilder
Overexpressior Neomycin; ]
530 pLV Control n/a n/a Stbl3 VectorBuilder
GFP
] Overexpressiot (Tonkset al,
RUNX1-ETO 1 Pinco RUNX1-ETO RUNX1-ETO n/a GFP Stbl3
Chapter 3 2003
Overexpressior ZNF217 )
543 pLV ZNF217 OE n/a GFP VB UltraStable VectorBuilder
(NM_006526.2)
Knockdown Puromycin )
552 pLV shzZNF217 #1 TRCNO00036455¢  CDS GEP VB UltraStable VectorBuilder
Knockdown Puromycin )
ZNF217 554 pLV shZNF217 #2 TRCNO000001306(  CDS GEP VB UltraStable VectorBuilder
Knockdown Puromycin )
556 pLV shZNF217 #3 TRCNO000036463t 3 6 U GEP VB UltraStable VectorBuilder
Knockdown Puromycin )
558 pLV ShZNF217 #4 TRCNO000036463< CDSs GEP VB UltraStable VectorBuilder
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Overexpressior C/ EBPD Puromycin ]
570 pLV C/ EBPHDb n/a VB UltraStable VectorBuilder
(NM_005194.3) GFP
Knockdown Puromycin )
565 pLV shC/ EBF TRCNO00000744C 306 U GEP VB UltraStable VectorBuilder
C/ EBP .
Knockdown Puromycin )
565 pLV shC/ EBF TRCNO0O00036453: CDS GEP VB UltraStable VectorBuilder
Knockdown Puromycin ]
567 pLV shC/ EBF TRCN000036449¢ CDs GEP VB UltraStable VectorBuilder
158 pMD2 n/a pMD2 Addgene_12259 n/a n/a Stbl3 Addgene
Other
189 pMD2 n/a pMD2 Addgene_12260 n/a n/a DH5U Addgene

# indicates laboratory plasmid reference numiizdA sequence with no mammalian tardat| plasmids contain aampicillin resistant gene; nfanot applicableshRNA
T short hairpin RNA;TRCN 1 The RNAIi Consortium NumbeiGFP i Green Fluorescent Protein; Plasmids were purchased from VectorBuilderg@Boan China) or
Addgene (Massachusetts, USA).
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Figure 2.17 Plasmid DNA constructs used in this study

Representative plasmid mapqAj PINCO control vector, with a EGFP selectable marf@&rshRNA

with EGFP:T2A:Puro selectable marker and U6 promdt@);entiviral control vector with a E&
promotor and EGPP/Neomycin selectable markers; D) lentiviral control with EGFP:T2A:Puro
selectable makers and #F D O1 [ All Gect@s3were created using SnapGene Software (GSL
Biotech LLC, USA).

U3/ 3'-trindaked HIVV1 3'long terminal repeatps ' L T R /- BubddtédrHIVV1 5' long
terminal repeatAmpR - ampicillin resistance gen€MV enhanceri human cytomegalovirus (CMV)
immediate early enhanceEMV promoter - CMV immediate early promotecPPT/CTS - central
polypurine tragtEF-1 U c or e -moreopmoooterfor human elongation factor BFUJEGFP i
Green fluorescent proteiEGFP:T2A:Puro - EGFP and Puromycin linked by T2HKIV -1 -GdIV-

1 packaging signgM ML V -@ackaging signal of Moloney murine leukaemia virus (MM NgoR

T neomycin resistance gereGK promoter - mouse phosphoglycerate kinase 1 promderoR -
puromycinresistance geneRRE - Rev response elemerRSV promoter - Rous sarcoma virus
promoter SV40 poly(A) signal- SV40 polyadenylation signabV40 ori- SV40 origin of replication
U6 - RNA polymerase Ill U6 promoteWPRE - woodchuck hepatitis virus pestanscriptional
regulatory element
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2.1.3 Isolation and quantification of recombinant plasmid DNA from bacteria

Following overnight bacterial growth,lgsmid DNA was isolated using the QIAGEN
HiSpee® Pl as mi d Max i Ki t ( QI AGEN, Manchester, L
instructions Briefly, grown bacterial culture was centrifuged at 6,000 xg for 15 mine &€ 4
Following supernatant discard, pellet was resuspended in 10 mL of P1 buffer, containing
RNase | (resuspension buffer), followed by the addition of 10 mL of P2 bly$es puffes.

The solution was mixed by slowly inverting the tube and incubated at room teunpdRT)

for 5 min, before adding 10 mL of P3 buffer (neutralization buffer). Lysate was transferred
onto a QIA filter cartridge and incubated at RT for 10 min. In the meantime, a HiSpeed Maxi
tip was equilibrated by adding 10 mL of QBT buffer (equilibmatbuffer). Lysate was added

to the column and allowed to pass through the resin by gravity flow, before being washed with
60 mL of QC buffer (wash buffer). Plasmid DNA was eluted by adding 15 mL of QF buffer
and precipitated by adding 10.5 mL of isopropla(SigmaAldrich). Following a 5 min
incubation, the eluted DNA was passed through a QIA precipitator using a 30 mL syringe and
washed with 2 mL of 70%/v ethanol SigmaAldrich). The plasmid DNA, retained in the
precipitator, was aidried and collectetdy passing 1 mL of d¥D, through the syringe. The

elute was then passed through the precipitator once more to ensure maximum DNA recovery.

Isolated plasmid DNA was quantified using a NanoDrop Or@g@ctrophotometer
(ThermoFisher Scientific), according tohe manuf act urTe mdtess ONASst r uc
purity, the ratio of absorbance at 260/280 nm was usedtio between 12 is considered
good quality; proteins absorb at 280 nm, hence lower ratios indicate the presence of high
concentration of proteing his was combined with the analysis of th268/230 ratip that
accesses sample purity in terms of salts and other contaminants, which absorb at 230 nm. A
sample with aratiowithin-2 . 2 i s ¢ o n PuraD&A sampled wete usedto generate

recombnant virus, as described 24
2.1.4 DNA Sequencing

To validate DNA sequencesSangersequencing was performed by Eurofins Genomics,
using the Eurofins Genomi cRosthisSkaong @pelagmikk i t s e
DNA, elutedin water, was made up to a volumelo6 and combined with 16M of the

desired primer {able 2.2). Sequences were verified by performing a pairwise sequence
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alignment using ClustalWa(tps://www.ebi.ac.uk/Tools/msa/clustal\w¥ectors purchased

from VectorBuilder were not used to perform sequencing, as the company provides this data

as a quality control check.

Table 2.27 Primers used for direct sequencing

Table outlining primersage nc806 ) 56sed for sequen2ldg PINCO vec

Primer Vector Strand Sequence

P1 PINCC Reverss 56 TTA TGT AAC GCC
P2 PINCC Forwarc 56 TAG AAC CTC GCT

2.2 Cell culture

All tissue culture work was performed in a Class Il biosafety cabinet and the waste
disinfected with bleach and/or autoclaved. Cells were cultured under aseptic conditions in a

humidified incubator at 37°C and 5% g @nless otherwise specified.

2.2.1 Culture of cell lines

2.2.1.1 Cell culture of nomadherent cell lines

The origin and specific culture conditions of radherent cells used in this study are
outlined inTable 2.3. All lines were maintained in the appropriate culture media supplemented
with 10% {/v) heatinactivated foetal bovine serum (FBS; 77133, Labtech International Ltd,
Sussex, UK), 1%v/v) L-glutamine (Invitrogen, California, USA) and 20 pg/mL Gentamycin
(Life Technologies, California, USA), unless otherwise specified. Cells were maintained in log

phase growth, at a density eBk1® cells/mL, in the corresponding culture media.
2.2.1.2 Cell culture ofadherent cell lines

The characteristics of adherent cells used in this study have been desciilaétei.4.
Cel | l ines were maintained with Dul beccoés
Science, Gillingham, UK) supplemented with 1Q9v) FBS, 1%(v/v) L-glutamine and 20

pHg/mL Gentamycin. Adherent cells were passaged when reaching 90% confluence.
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Table 2.37 Culture conditions for non-adherent cells

All cell lines were cultured in the presence of 10% v/v FBS, 2mflitamine and 20 pg/mL gentamicin, unless otherwise statedell lines are derived
from human patients, unless otherwise stated.

Seeding density

Doubling

Cell line Description FAB Molecular characteristics Media . Source
(cells/mL) time
HEL Erythroleukaemia M6 JAK2 mutation (V617F) RPMI 1640 1x10 - 1x10° 36h ECACC
HL -60 APL M2 1(5;17)(p11;q11) RPMI 1640 5x1Ci 1.5x10° 40h ATCC
K562 CML - t(9;22)(934;q11) BCR-ABL1 RPMI 1640 1x10° 30-40h ECACC
Kasumi-1 AML M2 1(8;21) (422;922) RUNX1-ETO RPMI 1640; 20%v/v FBS 3x10P 48-72h DSMZ
KG1 Erythroleukaemia M1 - RPMI 1640 2x10 1 1x1C¢P 35-40h ATCC
MV -4-11 Myelomonocytic M5 1(4;11)(921;023) KMT2A-AFF1 IMDM 1x10° - 1X10° 50h ATCC
Leukaemia
NB4 APL M3 1(15;17)(q22;01112.1)i PML-RARA RPMI 1640 5x10F - 1X1CP 35-45h ATCC
NOMO-1 AML M5 1(9;11)(p22;g23) KMT2A-MLLT3 RPMI 1640 5x10P 35h DSMZ
AOI\/CI:LIé AML M4 DNMT3A mutation (R635W) UMEM; v&/BB% 7X10P - 1x10° 40-50h DSMZ
OCl- ) ) UMEM; v&BB%; 10
AMLS AML M4 t(1;19)(p13;p13) ng/mL GM-CSF 5X10P - 1.5x10 30-40h DSMZ
PLB985 Clone of HL-60 RPMI 1640 5x1CP7 1x1CP 30h ATCC
SKNO-1 AML M2 1(8;21) (922;022) RUNX1-ETO RPMI 1640&;2 ng/mL. GM 2x10° - 2x10P 3550h DSMZ
TF1 Erythroleukaemia M6 - RPMI 1640 5x1C 1 1x10° 70h ATCC
) Acute Monocytic (9;11)(p21;923) leading tiMT2A-MLLT3 (MLL -
THP-1 Leukaemia M5 MLLT3; MLL -AF9) RPMI 1640 2x10° - 4x10° 40-50h ECACC
Prof Allan,
TK6 CML - 1(9;22)(q34;q11)} BCR-ABL1 RPMI 1640 2x10F - 1x10° 12h Newcastle
uni.
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U937 Histiocytic Lymphoma M5 t(10;11)(p12;914) MLLT10-PICALM RPMI 1640 1x10° - 2x1¢° 30-40h ATCC

MEM - Minimum Essential Medium EagiélphaModification; APL i Acute PromyelocyticLeukaemiaATCC i American Type Culture Collection (USAGML 1
Chronic Myeloid LeukaemiaDMEM - Dulbecco'sMo di f i e d E a gOSHD -sGerMandCollection of Microorganisms and Cell Cultures (Germad@@ACC -
European Collection of Authenticated Cell Cultures (UKBST Heatlnactivated Foetal Bovine Serum (Labtech, East Sussex,&BXi Gentamycin (Gibco, ThermoFisher
Scientific);IMDM -IscoveMo d i f i e d Mediurb;le-GlueioLéGdutamine (Gibco, ThermoFisher Scientifi§PMI - Roswell Park Memorial Institut#640Medium.

79



Chapter2

Confluent cell monolayers grown were detaclredn the flaskby incubation with3 mL
(F25) or5 mL (F75)of prewarmedt r y p s i n (Fsle0OScientfif anRT, for 3 min.
Trypsin was neutralizetdy adding an equal volume afiedig following which @lls were
disaggregated from the wall of the flagkd transferred to a universal container (UC)
Following centrifugatiomat 270 xg for 10 minsupernatant was discarded, and cell pellets
resuspended in 20 mL of culture media. Cells were counted, ashedsicr2.2.2 and seeded

at the density required for subsequent assays.

Table 2.47 Culture conditions for adherent cdls

All cell lines were cultured in DMEM, in the presence of 10% (v/v) FBS, 1% (wW@&jutamine and
20 pg/mL gentamicin.

Cell o ) ) Doubling

) Description Seeding Density (cells/mL) ) Source
line time
HEK Human embryonic kidney Ratio 1:6 asiecessary or

24-30h ECACC
293T cells every 72h
Human epithelial Ratio: 1:4 as necessany
HelLa ] 40-48h ATCC
adenocarcinoma cells every 35 days
) Human epithelial kidney Ratio 1:3 as necessary or Prof Nolan, Stanford
Phoenix 24-30h ] ]
cells every 36h University

2.2.2 Determination of cell density

Cell density was verified before each passage and experiment usigpauer chamber
(Hawksley, Brighton, UK To do this 10 pL of cell suspension were addedthe chamber
and cell count was performed under the microscope. Density was determined using the

following equation:

ell density = 2 pezquadmm x 10"/ mL

Alternative, counting by flow cytometry was performed by adding 50 uL of cell suspension
to a mini flow tube and acquiringd1uL of cells through an Accuri C6 Plus flow cytometer
(2.7). After excluding cell debris, based on forward scattered light (FSC) and side scattered
light (SSC), the number of events was multiplied by 100 to obtain the correct cell density
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(cells/mL). To ensure proper counting, beads seeded at a known density were acquired, in

triplicate, before determining the density of each cell culture.
2.2.3 Determination of cell viability

TO-P R OB lodide (ThermoFisher) is a viability stain that is impermeant to live cells but
can pierce through the membrane of dead cells, allowing their identification within a cell
culture. This stain exhibits faed fluoresce with excitation at 642 nndaamission at 661 nm.

Cell viability was assessed by addingllof TO-P R O 8 (5 uM) to 50 pL of cell suspension

and analysed using an Accuri Plus C6 cytometer, as descri@ed in
2.2.4 Cryopreservation and thawing of cell lines

For cryopreservationcell suspensions were transferred to a UC and centrifuged at 270 xg
for 10 min. Supernatants were discarded, and the pellets resuspenti@d jih/vial of
appopriate culture medi@lable 2.3, Table 2.4). An equal volume of freezing medis¢ove
Modi fied Dul beccods sipplementech witt309NDMFEBS &d 20860 )
(v/v) Dimethyl Sulfoxide (DMSO; Sigmdldrich)), was added to theetls, following which
samples were immediately transferred to 1.8 mL cryovials and placed in controlled refrigerated
containers (Cool Cel |l E Cell Fr ee ZTheseggver&cCo nt ai
placed in aB0°C freezeovernight to allow the dis to equilibrate. For longerm storage, cells

were transferred to liquid nitrogen containers.

Cryopreserved cells were thawed by adding 1 mL ofwaened FBS, followed by rapid
thawingat 37°C in a water bath. Cells wéransferred to a UC containigmL of fresh media
followed by a 5 min centrifugation at 270 ¢ Supernatant was discarded, pellet was
resuspended in the appropriate media and transferred tof2béwssue culturdlask, to allow
recovery overnight The following day, cells were transferred to a nEwb flask and
supplementedith fresh mediaTable 2.3; Table 2.4). HSPC were recovered as described in
2.3.2
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2.3 Primary cell culture

2.3.1 Isolation of mononuclear cells from human neonatal cord blood

Human neonatalB was obtained from healthy fetérm pregnancies at the Maternity Unit
of the University Hospital of Wales in Cardiff, with the informed consent of mothers
undertaking electiveaesareans. The permission for the us€®fwas authorized through
South East Wales local research ethics committee (licence number 06/WSEOQ03/6). In addition,
fresh CB was purchased from the NHS Bone Marrow and Transplant Unit in London.
Mononuclear cellsvere isolated from cord blood by density gradient centrifugation using
FicoII-Paqu5 (GE Healthcare, Little Chalfont, UK). Briefly, cord blood was diluted by adding
an equal volume of Hank's Balanced Salt Solution (HBSS; Gibco) supplementedOwith
mg/mL heparin, 20ug/mL gentamycin an@5 mM HEPES solution (GibcoRpproximately
7 to 8 mL of diluted cord blood were gently layered on 5 mL of Fiéathué and centrifuged
at 400xg for 40 min with slow acceleration and brake .ofhe mononuclear cells fourad the
interface between the plasma and the Fil?aquué solution were carefully aspirated and
transferred to a UC containingB Wash (CBW; RPMI1640, 5%v/v FBS, 20 ug/mL
gentamycinand 10 mg/mLheparin), followed by a 10 min centrifugation at 2&) The
mononuclear cells were washed again until supernatant was clear ensuring no platelet
contamination. Cells were resuspended in 20
and added to 190 &L of CBWoalterdHigiWysombe,UKof 2z ap
for cell counting 2.2.2. Following centrifugation cells were frozen as describe?2l 24 at a
density of 5 x 10mononuclear cells/viaDnce thawed, CD34ells were isolated as described
in 2.3.2 Estimation of CD34 positivity within each sample was performed as described in
2.7.2

2.3.2 Isolation of CD34" HSPC from mononuclear celk

Following mononuclear cell isolation, CD3#SPCwere isolated using the MiniMACS
Indirect CD34 MicroBead Kit (Miltenyi BiotedVoking, UK) according to the
instructions. Briefly, toeachvi@df f r ozen cell s, 1 mL of FBS an
SigmaAldrich) were added and rapidly thawed in a 37°C water bath. Following viral content
transfer to a labelled UC, an equal volume of aPhosphate Buffer Saling®BS solution
supplemented with 5 mM magnesium chloride (Mg&ligmaAldrich) at RT was added
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dropwise to the culture, over 3 minutagsulting in the doubling of the volume. Two
subsequent doubling dilution steps were perforngaells were gently centrifugeand an

additional 10pLoD Na s e ( ) Weresaddédm3ubsequent volumes were deterrpiaed

1x1C cells, based on previous counts. Centrifuged pellets were resuspended in 400 pL of cold
column buffer MACS buffer, 1x PBS;1% v/v Bovine Serum AlbumifiBSA; Bioserg 5 mM

MgCl) andi ncubated at 4eC f or-cobjigatedimanoclenatdb341 00 ¢
antibody eagent Al)n the presence of FcR blocking ag@eiagent A2) Cells were washed

with 5 mL of MACS bufferto stop the reaction and centriedyat 27g for 5 min. Washed

cells were resuspended 490 yLMACS buf fer and incubated at
hapten microbeadsdgagent B for 15 min.Subsequently, 5 mL of MACS buffer were added,

and the cell suspension flowed through a cell 40cgthstrainer, following which cells were
centrifugedat 270xg for 5 min The cell pellet was later resuspended in 500 pL of MACS

buffer and transferred to a peguilibrated MS/LS column (depending on desired cell number)
(Miltenyi Biotec). Once columiilow stopped, three wash steps were performed by adding 500

pL of MACS buffer to the column, following which CD34SPC enriched population was

eluted in 1 mL MACS buffer. The eluted cells were transferred to a second column and
previously described wasteps performed to maxisg enrichment. Following culture elution,

cells were counted2(2.2 and subcultured at 2xi@ells/mL inappropriate mediuni2.3.3.
Isolation of CD34HSCPC i s defined as 6day 06 in grow
(2.5, 2.7, 2.9).

2.3.3 Culture of CD34* HSPC

HumanCD34" HSPCwerecultured inlMDM containing 20%v/vFBS, 1%v/vB S A, 45¢ M
b-mercaptoethanol BEME; SigmaAl dr i ¢c h) , o8 80®% irangsatundted human
transferm (RocheDiagnostics; Switzerlandand 20 ¢ g / gdntamycin. Basal media was
subsequently supplemented with specific combinations of cytokines, based on cell
requirementgTable 2.5). After isolation, CD34HSPC were cultured in cytokine rich media,
defined as 369" to promote recovery and cell cycle progression.day 3 of cultureand
following retro- or lentiviral transduction Z.5), cells weremaintained in 3%G/GM (Table
2.5) to supportnyeloidcell differentiation. Media was replenished evet§ @ays to guarantee
appropriate cytokine concentrations. Cells were seeded at different densities, according to

developmental stages.
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Table 2.571 Cell culture media used for the growth and development of CD34HSPC

Human CD34 HSPC were cultured in IMDM supplemented wittf2v/v FBS, 1%v/v BSA, human
transferrin (30ng / m LME, (9 md/) and gentamicin (20 pg/mLDPifferent combnations of cytokines
were added to the growth according to developmental stage.

Days Application  Cytokine*Concentration Media

IL-3 50 ng/mL
IL-6 25 ng/mL
SCF 50 ng/mL _
0-3 Cell recovery 36igh
G-CSF 25 ng/mL
GM-CSF 25 ng/mL

FIt3 50 ng/mL

IL-3 5 ng/mL
SCF 5 ng/mL

3-13Long-term culture 39WG/GM
G-CSF 5 ng/mL

GM-CSF 5 ng/mL

* All cytokines were purchased from Biolegend (London,)UK -3 T human interleukif8; IL -6 -
human interleuki¥6; SCFi human Stem Cell Factor-GSF- human Granulocyte ColorAgtimulating
Factor GM-CSF - human GranulocytMacrophage Colony Stimulating Factéit3 - Human Fms

like tyrosine kinase3 ligand

84



Chapter2

Within the 3 and &" days of culture, cells were seeded at a 0.5x#ls/mL, to allow
maximum proliferative rate. From days 6 through 10, cells were seeded aca2isnL, and

3x1® cells/mL from 10 onwards.
2.3.4 Colony forming efficiency

To determine cloningorming cell frequency, a limiting dilution colony assay was
performed orFluorescently Activated Cell Sexd (FACS) CD34" HSPC @.7.3 transduced
with different viral plasmid$2.5.2), in 96U plates, at a@ensity of 03 cells/wel| to ensure the
presence of a cell within every third wedind incubated at 37°C with 5% @OIndividual
colonies (>50 cells) and clusters (>5 cells) were sctwedounting via light microscopy
following 7 days of growth.To assesself-reneval efficiency, idertified colonies were
harvested, counted, anelplatedat a density of tell/well, and cultured for an additional week

before rescoring, as mentioned above
2.3.5 Assessment of cell morphology

To analyse cell morpholog®,x 10 cells were transferred to a passembled cytospin slide
chamber with a glass slide and centrifuged 60 xg for 5 min, using a Cytospin 3 (Fisher
Scientific). Slides were subsequently stained wiithy-GriinwaldGiemsafor morphology
examination and scannesingZeiss AxioScan Z1 Slide Scanner (Carl Zeiss, New York, USA)
at 20x magnification. Differential counts were performed using QuPath (Edinburgh, UK). Cells
were defined as being in aarly, intermediateyr late phase of developmehthey presented
as myeloblasts/promyelocytes, myelocsteetamyelocytes and band/segmented cells,

respectively as described iRigure 2.2.
2.4 Virus transfection

To optimize viraltransductiorof cell lines and CD34HSPC, thus ensuringgh titre virus,
two transfection methods were tested, as described belpufection(2.4.1) was performed
to generate lentivirysising HEK 293T cellswhilst the calciumphosphate method proved to

be more efficient when producing retroviral partiakiseng the Phoenix cell lin@4.2.
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Granulocytes

Early Intermediate Late

Myelocyte Metamyelocyte Band / Granular cell

& e

Monocyte Macrophage

Figure 2.27 Morphological analysisof HSPC

Assessmentf cell morphology was performesh sortedprimare cells on day 17 of cultureusing
May-GrunwaldGiemsa staining Cells were scoredas granulocytes, in different stages of
differentiation, and identifieth early, intermediate or late developmentastages Additionally, cells

werescora as monocytes and macrophages.
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2.4.1 Transfection using Lipofection

Lipofection wa achieved thelLipofectamin€ 3000 Kit (Thermo Fisher Scientific)
according to the manufactureroés instructions:s
beforetransfectionat 5x1¢ (T25) or 15x1¢ cells (T75) per flask in a previouslyPoly-D-

Lysine (Trevigefi, Abingdon, UK) coated flaskElasks were incubated overnight at 37°C, in
5% CQ incubator to allow monolayer formatioithe following day, cell confluence was

assessed, and two tubes were prepared as follows.

For retroviral produion, tube A was prepared by addingu§ (T25) or24 ug(T75) of the
desired vectoto 667 pL (T25) or2 mL (T75) of Opt-MEM Media (Gibco) andL6pL (T25)
or 48 pL (T75) of the Lipofectamine 3000 Reagent. Tube B was prepared by a@@mhpL
(T25) or2 mL (T75) of Opt-MEM Media and10 pL (T25) or57 uL (T75) of the P3000
Enhancer Reagent. To prepare IHRNA complexes, contents of Tube A were transferred to
Tube B and incubated fdr5-20 min at RT.Following incubation, media in each flask was
reduced t® mL (T25) or 6 mL (T75), and the lipidNA complex was carefully added to the
cellsFl asks were incubated for 6 h at 37eC, fol
replaced with fresh. Cells were incubated for 24 h, following which time supetvassn
removedand discarded, and fresh media was adBettovirus harvesting was performed 48
and 72h postransfection, with media being changed between each harvest. Viral supernatants
were centrifuged at 27Xg for 10 min to remove cell debrignd aliquoted into 1.8mL
cryovials, following with they were snap frozen in liquid nitrog&or long-term storage,
cryovialswerekeptaB 0 e C and t hawed when necessary.

For lentiviral transfection, two additional plasmids were added to Tul2e2A1g (T25) or
6.6 ug(T75) of pMD2, an envelope plasmid, addug (T25) orl2 pug(T75) of psPAX2, a
packaging plasmid, as well @2 ug (T25) o16.6 pg(T75) of thedesiredvector; tube B was
prepared as described for above. For viral harvest, lentiviral supernasnobilecte@4- and
48h posttransfection and poolg@tored overnight on each collection &% Once both viral
harvests were performed and combined, viral supernatants were centrif@y@kgtfor 10
min and aliquoted/stored as described above.
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To assess target protein expression, cells were collected, and proteins extracted, according
to 2.6. Furthermore, where cells were transfected witiisviencoding for GFP expression,

visual inspection by fluorescent microscope was performed.
2.4.2 Transfection using calcium-phosphate precipitation

To improve transduction efficiencies in human CDB&PC, an alternative method of virus
transfection was usedror this, Phoenix virugpackaging cells were transfected using the
Calcium phosphate transfection kit (lnvitrog
(this method was only used for retroviral productidrjefly, cells were counted and initigll
seeded at 8xf@ellsper T75 flask. The following morning, media was replaced with 14 mL
of fresh prewarmed media. By the afternoon, tissue gmdeer i | e wat er was mi
of plasmi d DNA 8r5M) falldwedeby theadfopwS@aa@ddii on of 450 ¢
2x HEPESbuffered saline (HBS; 50mM)whilst the solution was bubbled with a pipette
Following vortexing, the solution was left to precipitate for 20 min at RT. Prior to the
transfection15¢L of chloroquing25¢M) was added tthe cutures, followed by the dropwise
addition of DNA to the medium. Cells were incubaBed el 5% CQ until the following
day, by which growth media was changed and cells were incubated at 33°C to smaximi
retroviral stability. Viral supernatant wdsarvested at 48 and 72 h pastnsfection as

previously described(4.1]).
2.4.3 Virus titration

Virus titration was performed using K562 cells-®6ll untreated plates were coated with
Retronectif ( 3 0 ¢ g/ mRigtechTire,lShiga,alapan), a recombinant human fibronectin
peptide fragment that promotes binding between cells and vi(lisegs et al, 2005, and
incubated at 4 go@ingodayeRemonegthwas refidvesl arfd washed with
blocking buffer (PBS with 1%v/v) BSA) for 30 min at RT. Following blocking, 100 pf
K562 cells at a density of 1 x 16ells/mL were added to each welefore addindg0 L of
viral supernatant(2.3.4 to each well; retroviral and lentiviral aliquots of known titre
(standards) were also included to standardise the data. Cadlsweru | t ur ed f or t wo
and5% CQ. Following incubation, media was carefully aspirated and washed to remove
residual virus by gently adding PBS without disturbing the cells attached to the Wellls.
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were resuspended $tainingBuffer (SB; 1xPBSsupplemented with.02%(v/v) sodium azide
and1% (v/v) BSA) and analysed by flow cytometigr GFP expressio(2.7).

2.5 Transduction of cell lines and human CD34 HSPC

2.5.1 Transduction of cell lines

For overexpression studies, using either retmolentiviral vectors, 12vell nontissue
culture plates were coatedefonectif ( 30 &g/ mL) and i nculbhat ed
following day, Retronecti? was aspirated and replaced with M& BSA as previously
described Z.4.3. The BSA was aspirated and replaced with 1 mL of retrolentiviral
supernatant. The culture plate was centrifuged at 3§d0r 120 minutes at RTfollowing
which the supernatant was removed from the watidreplaced witithe appropriate number
of cells (4x10° cells/mL) subsequently incubated at 37eC
were assessed alongsipgarental cellcultures to measure infection ratéise day following

infection, by flow cytometry 2.7).

For KD studies using shRNA constructs, qpoating of cells was unnecessary githe
higher titre virus generated from these constructs. Instead, cells were resuspend€fl at 4
cells/mLand seeded into a 4&ell plate, and 1 mL of culture was added along witR10rBL
of viral supernatant. Cells were assessed for GFP expression as previously described.
Following successful cell transduction, cultures were subjected to antd®ation to enrich

the culture for transduced cells and ensure a pure population. To this end, transduced cells were

incubated with 10 pg/mL puromycin (Sigrdddrich; P8833), until parental netnansduced
cultures were no longer viable. Following selegtitransduced cell lines were maintained in
normal growth media until confluency was achieved, by which point cells were cryopreserved
(2.2.4 and otal protein lysates were collected to validate protein expression by western blot

analysis 2.6). KD studies were performed within 3 weeks of getiegahe cell lines.
2.5.2 Transduction of human CD34 HSPCs

For overexpression and KD studies, plates were coagdbriectif ( 30 € g/ mL)
i ncubat ed atas greviously describad.6g)h Rollowing BSA washing, viral
supernatants were added to the corresponding wells and plates centrifeg@dxaj for 120

minutes at RTFollowing centrifugation, the viral supernatant was removed and Ct284,
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previously seeded at 2 x 3€ells/mL for overnight recovery following isolatiof2.3.2, were

added to the wedl For overexpression studieset following day, cells were temporarily
transferred to a UC and placed at 37eC in
performed as abov&or KD studies, however, a second viral coating step was not performed
due to hight viral itre. Instead, cells were incubated with the lentiviral particles for 2
consecutive days, before being harvested and analysed on day 3 of. dD#lisewere
subsequently analysed through flow cytometry and used to perform the assays described in
2.7.22.7.6 2.3.4and2.8.

2.6 Determination of protein expression by western blot

2.6.1 Total protein extraction

To generate total protein lysatese tappropriate number of cells to be fractiongfied (°
AML cells; 2x1@® HSFC) wascentrifuged at 27& g for 10 min. Supernatant was discarded,
and cell pellets were washed usit@ mL of icecold tris-buffered saline (TBS50 mM Tris
[SigmaAldrich] dissolved in dHO and adjusted to pH 7.6 with HCI; 150 mM NacCl [Sigma
Aldrich] dissolved in dHO). Supernatant was discardedd pellets snap frozen in liquid
nitrogen before protein extraction. When required, frozen cell pellets were thawed on ice in the
presence of 1 mg/mL DNase for 5 min and resuspended in 50 pL of homogenisdfan
(0.25 M sucrosgSigmaAldrich], 10 mM HEPESKOH pH7.2 [Gibco] 1ImM magnesium
acetatd SigmaAldrich], 0.5 mM EDTA[SigmaAldrich], 0.5mM EGTA [SigmaAldrich],

12.6 M BME [SigmaAldrich], 1 tablet ofEDTA free-protease inhibitofRocheDiagnostics;
Basel, Switzerland]1%v/v x100-Triton [SigmaAldrich]). Cells were incubated on ice for 30
min andsubjected to occasional vortexirfgubsequently, cell suspension was transferred to
ice cdd Eppendorf tubes (Eppendorf, Stevenage, UK) amdrifuged for at 16,000 xg for
5min at 4°C, using a Biofuge fresco Heraeus centrifuge (ThermoFisher Scientifiejn&tant
was collectedransferred to a new philled Eppendorfand stored at80°C until required

Protein concentration was determirdBradford assay2(6.3.
2.6.2 Fractionated protein extraction

To generate fractionated protein cell lysates, extractions were performed uSimytbion
Nuclear/Cytosol Fractionation Kit (Cambridge Bioscience, Cambridge, UK), following

manufacturer 6s heappropriate numtenosce(®xBl AME dells;y5x10 t
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HSPC)was centrifuged at 270 xg for 10 miellowing which supernatd was discarded and
pellets washed with 20 mL of iamld TBS. Subsequentlgell pellets were resuspended in
200 pL of Cytosol Extraction Buffer A, supplemented with Protein Inhibitor Cocktail (PIC)
and Dithiothreitol (DTT) and vortexed, followed hyl3min incubation on iceAdditionally,

11 uL of Cytosolic Extraction Buffer B were added, cells were vortexed again and incubated
on ice for a further minute. Cqlelletswere vortexed and centrifuged &,000 xg for 8 min,

at .7Zhe Gupernatant, contamng the cytosolic fraction was collected and storeeBad ¢ C
The remaining cell pel | e suppementedwdt’s mhé MgChvi t h
and centrifuged for 3 min aDJ000xg. Supernatant was discarded and the pellet §napn

in liquid nitrogen Following 23 cycles of rapid freezing and thawingtire vapour phase on
liquid nitrogen thus allowing the rupture of the nuclear membrghe, e L/ mi | | i on
benzonase (25 U/ elL; Merck Millipore, USA)
30 min, subjected to occasional vortexifk@llowing incubation50-1 00 e L of TEAB
buffer (0.5 M Triethylammonium bicarbonate buffer; 0.05% §DBermoFisher Scientifi¢

0.1% Protease Inhibitor CocktajSigmaAldrich]; 0.1% Phosphatase InhibitdZocktail
[SigmaAldrich], dH.O) was added, and cells were kept on ice for another 30 vaitim,
occasional vortexing. Following incubation, cell lysates voemrtrifuged atL0,000xg for 10

mi n, antl sipdrgatantollected to a fresh tube. Protein gtifacation was carried out as
described belo®2.6.3.

2.6.3 Protein quantification using Bradford assay

Protein quantification was performed using Bradford Aqgayst and Zor, 2010 Total
protein extract samples were diluted 1:100 usingJk/hilst cytosolic/nuclear samples were
diluted 1:50. Each sample was assayed in duplicate by adding 10 pL of diluted lysates
alongside 10 pL protein standards, ranging betw8100 pg/mL (SigmaAldrich), which
were also added in duplica®®.r adf or d 6 s -Aldriahg B6816H was 8ilutgdm d in
dHO, a n d oftHiRitéd readgent was added to each widie plate washenincubated for
5 at RT, protected from lightAbsorbances were measured ab®® using glate reader. The
protein standards were used to generate a standard curve from which the concentration of

protein in each sample was determined.
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2.6.4 Protein electrophoresis and electroblotting

All reagents and equipmewere purchased from Invitrogen and were prepared according

to the manufacturer 6s i n PriortaIDSpolganrdamideugell e s s

electrophoresis, samples wetenatured in a 70°C water bath in the presend¢ fP A GE E
4x Lithium Dadecyl Sulphate Sample BuffdrS) , NuPAGEE 10x Sampl e
anddH:O. Protein gel electrophoresis was performed using a NuFAGEell SureLocle
Mini-cell and XCell I blot module systel u P A G E-B2%8BisTris gels (2- or 17-well)

were placedn amoduleto which1x NUPAGEE MOPS SDS Running Buffesupplemented

with 500 pL of NuPAGEE antioxidant was added. BetweenilR0 pg of protein were added

to each well, to a maximum volume of 10 pL (in aW&ll gel) to 20 pL (in a 12vell gel).
Samples werdoaded alongside MagicMarker Xprotein ladder(1/10 dilutionin 4x LDS
sample buffer andH.O), to allow visualisation of protein molecular weighbllowing sample
loading, the outer chamber of the gel tank was filled with approximately 600 mL of 1x MOPS

buffer. Proteins were separated through eledtorpsis at 200V for 50 min.

During this period, 1N u P A G Ernsfer buffer supplemented with 1 mLu P A GE E
Antioxidant and 10%/vmethanol (20%/vif blotting two gels) was prepared and used toe pre
soak blotting pads and filter papenlyinylidene difuoride(PVDF) membranes were soaked
for 10 minin methanolprior to electroblotting.Following electrophoresis, the gelere
removedfrom their cassettes and assembled between theopieed PVDF membrane and

filter paper, followed by the preoaked blothg pads. Following module assembly, 1x transfer

buffer was used to fill the transfer cell until the pads were completely submerged, and 600 mL

dH-O was used to fill the outer chambbtembranes were electroblotted for 1 h at 30V.

Following transfer, kectroblotted membranes were washed twice with@Hsing a plate
shaker (1 revolution / sec) for 5 min. Proteins were visualiseddtrequal loading and to
facilitate cutting of membrane using 20 mL of Ponceau S solution (Sigdneh), for 30 sec
The Pmceau S stain was removading dHBO before membranes were blocked with 2.5%
(w/v) powdered milk diluted in TBS supplemented with 0.1% (v/v) Tw2@iTBST; Sigma
Aldrich) for 30 min at RTon a rotary shakeMembranes were subsequently washed for 15
min in TBST, followed by 3 x 5min cycles of furtheMBS-T washes. Membranes were used

for immunoblotting 2.65), as described below
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2.6.5 Immunoblotting and protein detection

Following membrane blocking and subsequent washes)branes were incubatedth
primary antibodiesas described iTable 2.6, in 2.5% (w/v) powderedmilk diluted TBS-T
overnight at 4°CThe following day membranes were washed with FBSas described above
(2.6.4, and incubated with the appropriate amatbbit or antimouse horseradish peroxidase
(HRP) conjugated secondary antibody, diluted in (W) powdered milk diluted in TBS
for 1 h at RT. Fdbwing incubation, membranes were washed with IB&s previously
described Z.6.4. HRPR-conjugated antibodiesere exposedhrough a chemiluminescea
reactionusing Amershank ECLE Prime (GE HealtiCare Life Science} according to the
manuf act ur e rBoely, éequasvolumesokmershank ECLE Luminol Enhancer
solution (solution A) and Amershd&m ECLE peroxide solution (solution Byere added to
the membranes, to a combined volume of 4 mL. Following a 5 min incubation at RT, protected
from light, excess substrate was removed using filter paper. Membraneasuvateed using
a LAS-3000digital imager(Fujifilm UK Ltd, Bedfordshire, UK using an exposure time of up
to 30 min

Equal loading was further assessed udBigceraldehyde -Fhosphate Dehydrogenase
(GAPDH) or Histone H1 antibodies for total/cytosolic and nuclear protein extracts,
respectively,using fluorescent antibodies. For this, followingemiluminescent imaging,
membranes were washed with TBSas described abov@.6.4). Subsequeiyt, antibodies
were diluted in 2.5%w/v) powdered milk diluted TBS and incubated for 1h at RT, protected

from light, following which membranes were washed for 5 min using-TB8embranes were
imaged directly after probing using an OdyssdyC Imaging $stem (LFCOR Bioscieres,
Nebraska, USA) for 30s. Image files were saved as .Titgesandanalysed using Adobe

Photoshop CSDensiometric analysis was performed as describ8ddbif.
2.6.6 Membrane and gel protein staining

Alternatively, following protein transfer, to confirm protein loading and sample integrity,
membranes were stained with SYPRRuby protein blot stain (ThermoFisher Scientific) for
15 min in a rotary shaker. Following incubation, these were wasbddrkes with dHO for 1
min and visualized in an Odyssey® Fc Imaging SystemC@QR Biosciences, Cambridge,

UK). These membranes veenot suitable for subsequent antibody incubation.
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Table 2.6 List of primary antibodi es used in this study

Table outlining thesource clone, conjugate, and dilution of the antibodies used in western blot analysis
(2.6.9. Primary antibodies were stored-20°C and secondargntibodies at 4C.

Antibody Cat.#  Species Conjugate Conditions Dilution Source RRID

Primary antibodies

AML1 4C-0OIN-

(RUNx1) #4334  Rabbit - o 1:5000 CST AB_ 2184099

PA5- . 4C-0OIN- .. Fisher
ARIDSB  Loo  Rabbit - o 11000 oo AB_2735478
C/ EBP #0081 Rabbit - 4C-OIN" 49000 csT Not defined

Chemi

PA5- . 4C-0OIN- .. Fisher
IRF7 Pongg Rabbit - o 11000 oo AB_2746635
IRFO D2T8M Rabbit - 4C-OIN" 49000 csT AB_2799885

Chemi —
. 4C-0OIN- .. Fisher

ZNF217 #720352 Rabbit - o 11000 oo AB_2716919
Secondary Antibodies
Anti- , GE
e  NA93L Donkey HRP RT-1h 15000 o . AB_772210
Anti- , GE
b NA934  Donkey HRP RT-1h 15000 5. AB_772206
Loading Controls
GAPDH N .
DyLight* GAIR Mouse oYHONT RT - 1h 15000 FSNEr A 2537657
630 680 Fluor Scientific
Histone RT . 1h -
H1 AE-4  Mouse AF790 | 1:5000 SCBT AB_675641
AF® 790 Fluor

AF9071 Alexa Fluor 790Chemii Chemiluminescenc&ST i Cell Signalling Technologies (London,
UK); Fluor i FluorescenceHRP i Horseradish peroxidas@/N i Overnight; RRID i Research
Resource IdentifietSCBT i Santa Cruz Biotechnolodyieidelberg, Germany)
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2.6.7 Densitometry analysis

Relative changes in protein expression waFmiquantitativelymeasured using Image J
software Fiji; v.2.0.0.71;U. S. National Institutes of Health, Maryland, USA). Brieflyegion
of interest (ROI) was drawn around a band of interest. From thistaam of peak intensity
was generated, and a baseline of background intensity was set from the area surrounding the
band withing the ROI. Subsequently, the area around the curve was calculated to give an
arbitrary intensity value. The band intensitiesha protein of interest were nornsgld to the
band intensity of the loading control for each samplaerthermore, to compare protein
expression between a test sample and the corresponding control, the first wasedtméle
latter.

Unless otherwise stated, @ltothe limited availability of cord blood, and the high number

of cells necessary f@roteomic analysisyestern blot analysis was only perfeed oncén=1).

2.7 Flow cytometry
2.7.1 Equipment and Analysis

For this study, a benchtop Accuri B@@&asPI| us
used.The technical specifications of this instrument are outlineBainle 2.7. Data analysis
was performed using FO=pres€ ver.6 softwaréDe Novo Software, Pasadena, USA)

2.7.2 Estimation of CD34' cell count

The percentage of CD34n human cord bloodasnples was determined by performiay
immunophenotyping assawy parallel with the isolation protoc¢2.3.2.Br i ef | vy , 100
undiluted blood werstained with 1QuL of CD34 phycoerythrin (PE) and 5 puL of CD45
allophycocyaninAPC), in parallel with a control sample stained withpdOof IgG1-PE and
5 uL of CD45APC (Table 2.8). Following an incubation &°C for 30 min5 mLofF ACS E
Lysis Buffer (BD, Berkshire, UK) was addéaleach tub@and incubated at RT for 10 mifihe
cells were washed i mL 1x PBS, followed by a centrifugationat 200 xg for 5 min.and
supernatant discarde@ells were resuspended in residual supernatant and analysed by flow

cytometryaccording to the getting strategy describeBigure 2.3.
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Table 2.7 Technical specifications of the Accufi C6 Plus used in this study

Fluorophore Characteristics
Redi 640 nm
Bluei 488 nm

Laser excitation

FITC/GFPi 533/30 nm (FL1)
PE/PIi 585/40 nm (FL2)
PerCRCyE 5.51 >670 nm (FL3)
APCT 67525 nm (FL4)

Emission Detection

Flow rate 10-100 pL/min

APC - Allophycocyanin;FITC - Fluorescein isothiocyanat&€FP i Greenfluorescent proteinPE i
PhycoerythrinPIl i Propidium iodidePerCP-Cy5.57 Peridininchlorophyll proteini Cyanine5.5

Table 2.871 List of antibodies used for cord blood immunophenotyping

Antibody Fluorescat Clone Dilution Source RRID
conjugate

IgG1 PE MOPG21 1/10 Biolegend AB 2847829

CD34 PE 581 1/10 Biolegend AB 1731862

CD45 APC HI30 1/20 Biolegend AB 314400

APC - Allophycocyanin;PET PhycoerythrinRRID T Research Resource Identifier.
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Figure 2.3 Estimation of CD34" HSPC in cord blood by flow cytometry

Representative bivariate dot gehowingthe gating strategyisedfor the estimation of CD34HSPC

in human cord blood sampld®) Example gate use exclude cell debrjdased on FSC and SSC
B)YUsi ng t-chebriiNsoon gat e, t he expr es griommuclearfcellCD4 5
(CD45"; (C) The pecentage of CD34cells were estimated from within the mononuclear cell
population.Background auto fluorescence was established @@y cells stained with the isotype
control IgG1PE(Table 2.8).
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2.7.3 Fluorescence Activated Cell Sorting

Following transduction(2.5.2, CD34" HSPCweresubjected to FAC$or GFP positivity
to ensure @& enrichedpopulation(Figure 2.4), using a BD FACSArialft , within the Central
Biotechnology Services OBS) facilities, Cardiff University.Cells were countedand
centrifuged at 27@g for 10 min. Supernatant was discarded and cells were resuspsnaled
final density of 1 x 1®cells/mL inPBScontainingl% BSA and 5 ng/mLIL-3, to minimize
background. Resuspended cells were passed through a 40 uM cell straidérnmtofalcon
tubes Uninfected(mock) cells were used to set background autofluorescence. Cells were
sorted at RT, using the 100 um nozzle, at a low flow rate. Soeleiwere collected in 1L
falcon tubes containin@ mL of IMDM supplemented with 10%v/v) FBS and 20 mg/mL
gentamycin. Followingorting, cells were transferred to UCs and centrifuged for 5 min at 270

Xg, at RT. Following centrifugation, supernatarasadiscarded, and tefesuspended in 1 mL
33°"G/GM (Table 2.5) for cell enumeration by flow cytometry2.2.2. Cell density was

adjusted as appropriate, for a final concentratior? of 1 cells/mL Sorted cells were

subsequently used in colony ass&:8.4) and morphology slide2(3.4.
2.7.4 Immunophenotypic analysis of transducedCD34" HSPCs

To assesmyeloid cell differentiation, immunostaining was carrigddifferent timepoints
using a panel of cell surface markeraljle 2.9). CD13APC, in combination with CD36
biotin was used for lineage discrimination, along with strepta\FP(dair(:I:?CyE 5.5 in a twe
step antibody labelling. Furthermore, cells were incubated with one on the foll&king
labelled markers: IgG1, CD11b, CD14, CD15 and CD34. Briefly,-5 x 1 cells were
washed and resuspended in 75 pL SB. Antibodies were added -tmotidth 96well plate,
followed by the addition of 15 uL of cell suspension. Plates were briefly frayed to bring
down the contents of each well, and carefully vortexed prior to incubat®iCdbr 30 min
Subsequently, 1506L of SB was added to each well and its contents transferred to mini flow
tubes. Cells were centrifuged at 206 for 5 min andsupernatant discarded, following which
samples were labelled wittreptavidinperidinin chlorophyll proteifSA-PerCRCYE 5.5; BD
Pharmingen, USA) for 30 min 4fC. Stained cells were washed and resuspended in 100 pL
of SB for analysis using the AccEIC6 Plus cytometer2.7.1), using the gating strategy

outlined inFigure 2.5 and the appropriate compensation settiBygpplementary Tablel).
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Figure 2.47 Gating strategy used to sort GFRexpressingCD34" HSPC

Representative bivariate dot @ehowingFACS-enriched CD34HSPC cultures for transduced cells,

according to GFP positivity, using FACSAridlll(A) Example gate used exclude cell debrjbased

on FSC and SS(B) Examplegating used to exclude doublets, based on the previously established

i N edne b r(C)sTlee pecentage of GFPcells within a bulk culture was established based on the
ANednebri so0 and ADoubl et e x c Backgroumdhawto ffuaréseesce was o wn i
established using cells subjected to the equivalent viral infection procedure but in the absense of viru

(for CD34 culturesi mock culture).
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Table 2.97 Antibodies used for immunophenotypic analysis of transduced CD34+ HSPC

Fluorescent

Antibody . Clone Dilution Source RRID
conjugate

IgG1 PE MOPC21 1/17 Biolegend AB_ 2847829
1/17 .

CD11b PE ICRF44 Biolegend  AB_314158
1/17 .

CD13 APC WM15 Biolegend  AB_314182
117 .

CD14 PE HCD14 Biolegend  AB_830679
117 .

CD15 PE W6D3 Biolegend  AB_756012

CD34 PE 581 117 Biolegend  AB_1731862

CD36 Biotin SMO 1/100 Ancell Not defined

) Corporation
PerCRCY"5.5  oicpeyEss - 1/100 BD AB_2868934

Streptavidin Biosciences

APC - Allophycocyanin; PE i Phycoerythrin;PerCP-Cy5.5 i Peridinin chlorophyll protein i
Cyanine5.5RRID 7 Research Resource Identifier.
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Figure 257 Immunophenotypic analysis of CD34 HSPC

Events

Representative bivariate plots and histograms outlining the gating strategy used for immunophenotypic
analysis ofCD34" HSPC throughouhaematopoieticlevelopmentCells were gated according to the
fiNond e br i s 0 gnaFigwe 2gtA Apprepdiatecompensation was applied before the analysis.

(A) The CD13 and CD36 markers were used to discriminate between the granulocytic, monocytic and
erythroid lineages within GFPpopuktion Figure 2.4C). (B-C) Each subpopulation was further
examined for differentiation markersuch as the granulocytic marker CD15 or monocytic marker
CD14 (Table 2.9) (Isotype- filled histogram; CD14/CD15 open histogram).
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2.7.5 Cell cycle analysis

To determine changes in CD3MSPC cell cycle, propidium iodé (PI, SigmaAldrich)
wasused to label intracellular DNA. For this analysis, 5 % déllsweretransferred to a UC
andwashed with 20 mL ofx PBS Following centrifugation, supernatant wdiscared, and
cultures resuspended in 300 pL of PBS, following which cells were fixed for 30 min on ice by
adding 700 pL absolute ethanol. After fixation, samples were store2ZDaE for an O/N
incubation The following day, cells were washed with 10 mL of 1x PBS and centrifaged
270 xg for 10 min Supernatant was discarded amtls were resuspended 7® pL 1x PBS
Subsequently, cells were incubated with 25 L staining solution, contaifiing/nL Pl and
0.1 mg/mL RNase (Sigmaldrich) diluted in 1x PBS, aB7°C for 30 min. Samples were
acquired withing 20 min following incubation using the AcE@6 Plus cytometer2(7.1).
Cell cycle aalysis was performed using FEXpres® $ulticycle AV DNA analysis tool

plug-in, according to the gating strategy outlinedrigure 2.6.
2.7.6 Apoptosis

To determinethe proportion of apoptotic cells, an apoptosis assay using Annexin V
(ThermoFisher) was performed. Annexin V is a calcimpendent phospholipitinding
protein, thabinds to phosphatidylserine (PS), usually located in the inner leaflet of the plasma
membrane. When a cell becomes apoptotic, PS is translocated to the extracellular membrane
leaflet, and is detected by the fluorescent labelled Annexin V in a catispeent manner.

To perform this assay, 5 x 16ells were transferred onto a labelled UC and washed with 1x
PBS, followed by an additional wash with 1x Annexin V Binding Buffer (ThermoFisher).
Supernatant was discarded and cells resuspended in 50 pL Bindfieg. B\fterwards, 5 pL

of APC-conjugated Annexin V was added and cells incubated td51@in at RT. Following
incubation, cells were washed with 1x Binding Buffer and resuspended in 100 pL of the same
solution. 5 pL of Pl or 7AAD were added to the UGand cells analysed by flow cytometry
(2.7.1), using the setting describedRigure 2.7.
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Figure 2.6 7 Gating strategy used to perform cell cycle analysis

Representative bivariate plagad histogram describing the gating strategy used for the analysis of cell
cycle status by flow cytometrgA) Gating strategyisedto exclude cell debris based on FSC and SSC;
(B) Gating strategy used to exclude doulaleticell aggregatebased orHeight andAreaparameters

(C) Histogramshowing DNAcontentanalysis and determinatioof the proportion of cells within the

G1, S and G2 phases on cell cycle.
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Figure 2.7 i Gating strategy used to analyse apoptosis

Representative bivariate dot plots showfAy gating strategyised to identify cell debris and exclude
them for further analysidased on FSC and SS@®) gaing strategy used to exclude doublet cells,
based orPl-height andPl-area (C) quadrant gating used to determine viable (Q4)gmaptotic (Q3)
and late apoptotic cells (Q2).
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2.7.7 Growth and proliferation assay

To measure growth and proliferation of cell lines, a proliferation/viability assay was
performed. Cells in log phase growth were pelleted in a UC and washed in 10 mL of serum
free medium. Cells were seeded at a concentration of°loelB/mL in a 24well plate.
Following seeding, 50 pL of cell suspension was recovered and transferred to FACS tubs to
confirm cell density. In addition, 1 pL of 5 uMOPRG3 was added to each tube to check cell
viability, as described i@.2.3

The following day, cells in each well were resuspended and 50 pL of cell suspension were
transferred to FACS tubes. To each tube, 1 pL ofPIRID-3 was addedind suspension mixed.
The Accuri Plus B6 flow cytometer was used

calculated for each samy(2.2.2). Thisprocess was repeated for 5 consecutive days.
2.8 Proteomic analysis using SWATH

Sample preparation was performe€atdiff University Sample processingas performed
during a visit to Manchester University, whitstalysis was performed in the Stoller Bianker
Discovery Centre in the University of Manchester oy Andrew Pierce andr. Bethany

Geary, inProf Ant hony Whettonds group.
2.8.1 Sample preparation

Human ord bloodderived CD34 HSPCwereisolated as described 213.2 Subsequently,
cells were transducedith either a contro(PINCO GFP)or a RUNX1-ETO PINCO vector
(n=3), according t®.5.2 On the third day ofell culture efficiency of infection was assessed
through GFP expressid@.7), following which nuclear and cytosolic proteins were extracted
Following protein quantificatioi2.6.3, samples were stored €0°C until procesag at the
University of Manchestg(2.8.2).

2.8.2 Tryptic digestion

Samples were prepared by dilutidg pg of extract 30 uL of 30 nM Ammonium
Bicarbonate (AmBic). Disulphide bonds were reduced by adding 3 uL of 50mM TCEP,
followed by an incubation at 6090r 1 h. Subsequentlyproteins were alkylated by adding 3.3
pL of 60mM iodoacetamide and incubatedratfor 30 min in the darklastly, proteinswere
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digested by adding trypsin at a 10:1 substrate:enzyme ratio (i.e. by adding 10 pg of trypsin per
100 pg of protein). Samples were incubated overnight at 37°C.

2.8.3 Strong Cation Exchange Clearup

To removecontaminatingsolutions from the digestion process and to purify the sample, a
UltraMicroSpir© (The Nest Group, Massachusetts, UPBRL: https://www.nestgrp.cotp
column based ofstrong Cation Exchange (SCX) was used, according to the manufacturers
protocol.Columns were conditioned by adding 100 pL of 100% methanol and centrifuged for
1 min at 11X g. The columns wersubsequentlywashed with 50 uL of water and centrifuged
1 min at 110x g. After discarding the liquid, 100 pL of a 0.2M monosodium phosphate
supplemented witf0.3M sodium acetate solution (pH63%) was added, and columns
centrifugedfor 10 sec to allow for the solution to be in contact with the filter. Columns were
left for 1 h atRT, following which the solution was eluted by spinning the colufiond min
at 110xg. The final step of conditioning consistelwashing the columns with 100 pL of
water, followed by a new step of centrifugation. The columns were then equilibraaddiby
100 pL of 25mM ammonium format in 85% acetonitrile and centrifuged for 1 min atgl10

In the meantime, samples were placed in a miVac BbiAcentrator for T to allow cell
pellets to dry and solvents to evaporate. Tryptic peptides were afterwesdspended in 100
pL of 25 mM ammonium format in 85% acetonitrile and added to the column, which was
centrifuged for 1 min at 118g. After discarding the supernatant, columns were washed by
adding 50 pL of 25mM ammonium format in 85% acetonitrile. Samwere eluted by placing
the columns onto new 2mL microcentrifuge tubes, and by adding 30 pL of 15 mM formic acid,
followed by a 1 min centrifugation at 1X@. Elution was repeated one more time to maximize

sample yield.
2.8.4 Relative quantification by SWATH acquisition

Samples were analysed using SCIEX (Framingham, Boston, MA, USA) TripleTOF 6600
instrumentation coupled dime to an Ultimate 3000 HPLC (Dionex), according to the standard
operating procedures of the Stoller Biomarker Discovery Cegiianchester, UK) The
analytical column used was an Eksigent LC system with a nanoLC 400 autosampler and
nanoLC 425 pump module. Peptides were eluted using a gradient from a 98% water, 2%
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acetonitrile and 0.1% formic acid buffer to an 8Q%y) acetonitrile, 20%v/v) water, 0.1%

(v/v) formic acid buffer over 120 minutes at 0.3uL/min. Nuclear and cytosolic samples from
control and RUNXIETO cells were analysed using datdependent acquisition (DIA)
method. Raw spectral data files were analysed using openSWAersiqw 2.0.0) using the

Pan Human Library (Rosenbergeet al, 20149 followed by scoring and filtering using
pyProphet (version 0.18.3). Resultant output files were combined using the MSproteomicstools
feature alignment script. Further filtering and protein abundance summarisation and
normalisation were performed in R (s&m 3.4.1) using the packages SWATH2stats and
MSstats from Bioconductor (release 3.5). Statistical significance was analysed according to

section2.8.5 and pathway analysis according to secB¢h2
2.8.5 SWATH-MS datistical analysis

Parte® Genomics Suit® (v. 7.0, St. Louis, USA)vas used to pérm statistical analysis
on the protein expression dataset. To do thesectedoroteins wergartitionedaccording to
their sub-cellular localgation (cytoplasmic or nuclearSubsequentlyonly proteins that were
commonlydetected irall 3 biological replicategfor each conditiophwere used to perform
statistical analysisAn ANOVA was used to determine statisticatlysregulatedprotein
changes between RUNXATO expressing and control cells, and aaffitvalue of p < 0.05
was applied tdhe analysis. Mean values of protein expression were used for calculation of
fold-change (FC). No fokthange cut offs were applied in this analysis. Cytosolic and nuclear
proteins were then combined to generate a new list for pathway and network analysis
perfor med us acadndtgrl8.cor e E,

2.9 Analysis of existing mRNA expression data

2.9.1 Analysis of microarray data of RUNXI-ETO induced changesin mRNA
expression inCD34" HSPC

Previously, the effects of aberrant transcriptional activity of RUNEXD were analysed
by Affymetrix® microarray gene expression in a study performed by Tenld(Tonkset al,
2007). Dysregulated genes arising from this analysis were downloaded from

https://www.nature.com/articles/2404961#supplemertdnrmation Supplematary Table

2, accession numbdi-MEXP-583 Dysregulated probsets were converted to Entrez Gene ID

using the DAVID tool (Database for Annotation, Visualization and Integrated Discovery ver.
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6.7) (Huang et al, 20093. Pathway and Interactome analysis were greréd using

Met acoreE, as 2d@scribed below (

2.9.2 Publicly available databases
2.9.2.1 Bloodspot

MRNA expression in human haematopoietic deltghe different targets mentioned in this
studywas accesskthrough the online databasml Bloodspot(Baggeret al, 2016 using the
ONor malat hm@imesi s wi tand the Marr@spoadang arsbese{®RL:
http://servers.binf.ku.dk/bloodspp(GSE42519 (Rapinet al, 2014).

2.9.2.2 cBioPortal

In addition, MRNA expressiorwas also assessaa AML patients through cBioPortal
(Ceramiet al, 2012 Gaoet al, 2013 (URL.: https://cbioportal.org/ Analysis was performed
basedon the Cancer Genome AtlasTCGA), NEJM 2013 dataset, comprising of old

genome or wholexome sequencing of 163 addi# novoAML samples(Ley et al, 2013.

For patient survival analysesatent samples were excluded basedipmuntreated patients
and/or (ii) diagnosed with APL. The remaining patients were stratified according to mRNA
expressiorof the gene of interestto the upper (high expressipor lower (low expression)
guartiles. Furthermore, patients were anadjsased in clinical attributes associated with high
and low mRNA target expression, including FAB classification, cytogenetic or molecular
abnormalities, and overadurvival. All mRNA expression data within cBioPortal is
represented as RNASeq RSEM.

2.10Meta-analysisof mMRNA and proteomic data

Met ac Maévﬁt@ Analytics, UK), is aweb-based bioinformatics toalsed for the
analysis of multiple omics data, including microarray, RNASeq and proteomics datasets. This
analysis is based goublished peereviewed literaturecombined into a curated knowledge
databaseMetaBasecovering over 2700 scientific journals. all the studieglescribed below
the following elements were selected for the input dataset: for the mRNA analysis, Entrez Gene
ID identifiers were used, as well as their correspondingdblthge values; for the protein

analysis, the protein name ane ttorresponding-valuewere used.
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Ingenuity Pathway Analysis (IPA) is another wadsed software application, alike
Metacord . Similarly, it allows the analysis and interpretation of microarray and proteomics
data, by performing not only pathway analydist also by identifying key regulators of a
specific dataset, predicting downstream effects, and providing potentially useful target data.
IPA is based on the Ingenuity Knowledge Database, derived from manually curated literature
from over 300 scientifipournals, and abstracts from more than 3600-p@@ewed journals.

The workflow usedo analyse both datasétasbeen described iRigure 2.8.
2.10.1 Pathway analysis using Metacore

The MetacoreE Pathway Analysis tool was uUSeEé
dataset of dysregulated genes/proteins. The background of the awdlyises microarray
datasetdefined as the base gene listinwhichha anal yses was perfor med,
/1 Ul133A0, correspondi n% previauslytubed forMihecmRdA r r ay
analysis. The resulting pathways were ranked according to themlpe, based on a
hypergeometric di sdusdsp uatliuen.c aMetud adri o dlos e\

relevance to Gene Ontology biological processes classification. -Vaki@ is calculated as

follows:
min ir,R) L2l _ X _ min n,R)
pVal(r,n,R,N)= P(z‘,n,R,N)zR!n!(N RN —n) S— L :
fzmax(r,R+n—N) N' i:max(r,Rﬂl—N)l!'(R 71)!'(;7 71)!'(N7R*n +1)’
The set of al | nodes i n t he Met acoreE dat

net wor k Bl. Respectiwelyzaeset of nodes corresponding to our dataRednd set of

nodes in the network under evaluatiomisconsidering that r nodes in n turned out to be

Amar kedod by association with wuserdés | ist. R
association with some ot hf&om Gene ©Ontglogyskorctie as i
evaluation of statistical significance, Me t ¢
that the subset® andn are independent and, therefore, the size of their intersection follows

the hypergeometric distribution. Thdtemnative hypothesis states that there is positive
correl ation between the subsets. Based on th
p-value as the probability that intersection of two randomly selectedetstof N would have

having thesizeof n or larger.
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Identification of Differentially Expressed
Genes/Proteins
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——
l'-
i)
RN
I\

Pubmed .28” cBioPortal

v

Figure 2.8 - Strategy for the analysis of differentially expressed genes/protein to study tledfects
of RUNX1-ETO overexpression in human CD34HSPC

Diagram illustrating thetrategy employed to analyse the consequences of RUENX expression in
CD34" HSPC. Differentially expressed genes had been previously filtered according to Toaiks et.
using pvalue < 0.05 and a foldhange cubff of 1.5 (Tonkset al, 2007%; differentially expressed
proteins were identified bgpplying a cubff of p-value < 0.05Enrichmentanalysis was performed
using Metacore and IPA (fonRNA analysis); TF overconnectivity was performed using Metacore.
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The pvalue wasset with a False Discovery Rate (FDR) of <0.05 (ho more than 5% false
positives) and used to estimate the probability of a random intersection between the input probe
set IDs with ontology gene IDs within the Metadbreatabase. The lowervalue, the higar
relevance of the gene ontology IDs to the dataset, showing as a higher rating for the given
probe sets of the corresponding pathway.

2.10.2 Interactome analysis using Metacore

The Metacor eE | nt e rtaidentidy genesfiproteinovernepresenteds e d
within the given datasets. This tool provides an estimation of the level of interconnectivity
within the input dataset based on published literatures algorithmestimaes statistically
significant interactions in the set, and enrichment of the datasetrding to certain

genegproteirs.

In this study, tadentify statistically significant TF responsible for the regulation of other
genes/ proteins, the al gor i twasmuseiThe tesultsaverd o me
ranked by pvalue using the basiformula for a hypergeometric distribution, as described in
2.10.1 MetacoréM provides an alternative statistical analysis based on the level efame
underconnectivity of each TFdesignatedz-score. The &core measures the difference
between the obtained number of proteins and the expected average number of proteins
corresponding to genes expressed in units of standard dispersion, andasesabzibelow:

Z — score =

Wherer represents theumber of proteins derived from the current protein list that have
interactions with given protein; RRpresents thital number of proteins in the GeneGo global
network that have interactions with the given proteirefers to thdotal number of proteins
in given protein list andN is based on thé&tal number of proteins in the GeneGo global

network.All analyses vere performed considering an FDR of < 0.05
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2.10.3 Pathway analysis and identification of transcription factors using Ingenuity

Pathway Analysis

Similarly, IPA was used to analyse the microarray dataset. For the microarray analysis, the
background waslefined before any analysis was made as Affy // U133A. To identify TF,
Upstream regulator analysis algorithm was used, allowing to predict the regulators responsible
for the changes in gene expression. Once more, genes were ranked according-t@atboer p
calculated using a Riglitai | e d Fi sher 6s Exact Test , refl
association or overlap between a set of significant molecules from our dataset and a given
process/pathway/transcription neighbourhood is due to random chancemaler she p

value the less likely that the association is random.
2.11 Statistical analysis

Statistical analysis was performed using a paired sariphd,tor onevay ANOVA with
Bonferronids mul tiple test Values of@.05 wene, unl
consideredstatistically significant. All statistical analyses were conducted using GraphPad
Prism (ver. 8) (GraphPad Software, California, USBgtails regarding thetatistical tests

usedare labelled in figure legends.
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RUNX1-ETO Induces Changes in mRNA and

Protein Expression of Transcription Factors
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3.1 Introduction

AML is characterisedby a block in terminal myeloid cell differentiation resulting in the
accumulation of nowlifferentiated leukaemic cells in ti&M andPB. It is widely accepted
that abnormal activity of critical genes, suclT&s, which arenvolved in haematopoietic del
development, survival, proliferatipmnd maturation contribute tine development of this
diseasgSaultz and Garzon, 201®e Kouchkovsky and AbdtHay, 2016. Chromosomia
translocations are one of the most common cytogenetic abnormalities in AML and result in the
expression of abnormal oncogenic fusion praeih.2.2. These translocationalmost
invariably consist of at least oii€& protein (or a shortened truncated form) frequently involved
in the regulation of myeloid cell differentiatiofLee et al, 200§. Consequently, AML
associated fusion proteins function as aberrant transcriptional regulators with theaptuaten

interfere with the normal processes of haematopoietic differentiation.

One of the most commorranslocationsin AML is the t(8;21), which results in the
expression of th@ncogenic fusion protein RUNXETO (Rowley, 1990 Reikvamet al,
2017). Expression of this proteiis the product of the fusionfdRUNX1(chromosome 21p
critical TF in haematopoietic developmenifwETO (chromosome 8(1.3.3. To investigate
thein vivo mechanisms through which RUNXATO contributes to leukaemogenesis, Okuda
et al, generated a murine model containing a single allele of RUNRQ® whose expression
was regulated by the endogenous transcriptional regulatory elements of murine RUNX1
(Okudaet al, 1999. The study showed that RUNXATO not only disrupts norm&UNX1-
mediated transcriptional activity, bulso contributes to the generation of abnormal
haematopoietic progenitor cells. In addition, mice that are heterozygous for the REJNX1
allele are foetally incompatible with life due to haemorrhaging in #méral nervous system
and exhibit a severe block in foetal liver haematopo{@®sgeatet al, 1997. In vitro studies
using anexperimental model based on normal human printé®PC (CD34" cord blood
derived) enabled the analysis of the effects of RUNEXD expression as a single abnormality
on normal human haematopoiesis. These studies showed that ectopic expression ofrthis fusio
protein was able to inhibit the development of haematopoietic cells, promote the growth of
immature blood cells and increase selffiewal hallmarks of AML(Tonkset al, 2003 Tonks
et al, 2004 Schnerchet al, 2012 Mulloy et al, 20039.
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Increasing data hahown that developmentabnormalities observed in the presence of the
RUNX1-ETO fusion protein disturbs one or more transcriptional processes that regulate
haematopoietic developmgit3.3.4. To understand the mechanism through which this fusion
protein blocks haematopoietic development, transcrigianalysis was performed using
DNA oligonucleotide microarrayélonkset al, 2007. Using the human cord bloaterived
model, Tonkset al, found 380 genew bedysregulated in the presence of the RUNKXIO
fusion protein when compared to control cells. The analysis identified several dysregulated
genes known to be implicated in AML and in the arrest of cell development, inclatirig
and CEBPA; both widely desgbed in the literature as master regulators of haematopoiesis
(Nerlov and Graf, 1998Koschmiederet al, 2003. Furthermore, gene changes weaiso
observed throughoummyeloid cell development, including monocytic, granulocytic and
erythroid lineages. These dysregulated genes incl8dgd CD200anda-catenin suggesting
that the effect of RUNXETO on gene expression in human haematopoietic progenitor cells
in highly contextdependenfTonkset al, 2007 Morganet al, 2013 Damianiet al, 2015 Lu
et al, 20179.

Further studies have since been performed to try to understanabteeular mechanism
through which this fusion protein contributes to leukaemia development, by analysing the
transcriptone or proteone of RUNX1-ETO expressing cells. Ptasinska al. peformed a
genomewide associatiorstudy in t(8;21) AML patients coupled with RUNETO expressing
cell lines (Kasumil and SKNQ®1) to determine the alterations in the epigenetic landscape
caused by the expression of this prot@asinskeaet al, 2012. The authors were able to
demonstrate that the expression of genes involvédématopoietic differentiatn and sel
renewal is controlled by RUNXETO; these geneslso included the welkestablished TF
C/EBP , PU.1andNFE2 The same study showed thatockdown ofRUNX1-ETO using
SsiRNA, led to anepigenetic reprogramming and a gerewide redistribution of RUNX1
binding influencing processes involved in myeloid differentiation, proliferation, and self
renewal. Furthermore, RUNXETO knockdown in primary t(8;21) patient cells and cell lines
resulted in the upregulation of genesdtwed in myeloid differentiation, whilst downregulated
genes were shown to be involved in cell proliferation and cell cycle progression, resulting in
the inversion of the typical t(8;21) phenotype. An additional study performed by Martinez
Soria @ al. using an RNA interference (RNAI) approach identified Cyclin D2 (CCND2) as a
crucial transmitter of RUNXETO-driven leukaemic propagatio(MartinezSoria et al,
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2018). Moreover, Singlet al.identified RUNXXETO mediated changes in protein expression

by inducing the expression of this oncoprotein in adfeinducible U937 cell line coupled

with mass spectrometry analy¢singhet al, 201Q. The authors showed that in these cells,
the protein profile is drastically changed due to the expression of RUENX, and were able

to identify several changing proteins, including NM23 and HSP27. These specific changes

were also observed in AML patient samp8s1ghet al, 2010.

However, theabovestudies have primarily focused tnansformedAML cell lines, and in
general gene/proteiexpression, using an unsupervised analysis of transcriptomic/proteomic
changesGiven that transcriptional retation is likely mediated by changes in TF expression
this study will reanalyse transcriptomic data obtained from microarray studies performed by
Tonkset. al, and use a supervised approach to focus specifically on changes observed in TF.
Furthermore, \Wilst MRNA abundance can be used as a strategy for target identifi¢aison,
not a powerful predictor of protein expressioRor this reason, this study will use both TF
transcriptomics and proteomics expression data to identify potential targetspbietinatype
observed in t(8;21), by performing quantitative MS. In additiom,study has specifically
examinedthe cytosolic andnuclear protein expression profile of CD3WSPC upon the
expression of the RUNXETO fusion proteinfocusing instead on chagg) to total protein
expressionTherefore, MS analysis will be employed on cytosolic and nuclear fractions of
RUNX1-ETO expressing human CD3#SPC to identify, firstly, changes in TF expression,
and secondly, aberrant subcellular protein localisationctinat help explain the phenotypic
changes observed in AML t(8;21). Analysis of transcriptomic and proteomic data sets will be
used to investigate similarities between differentially expressed genes and proteins, as a result
of the expression of the RUNXATO fusion proteinHowever, it is important to taketo
consideration thevell-recogniseddelay between mRNA expression and protein production,
alongside the short hdlife of MRNA against the extended héife of some proteinsThis
understanding leads to tleepectatiorthat despite bottanalysisbeingperformedfollowing

three days of HSPC transduction, some measure of discrepancy will inherently remain.
3.2 Hypothesis and Aims

| hypothesse that the RUNXZETO fusion protein dysregulates TF that mediate the block

in haematopoietic cell differentiation. The overall aim of thapter is to identify changes in
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the expression of T& relevant in theontext of t8;21) AML by analysing the transcriptome
and proteome of human CD3HBISPC expressing RUNXETO (Figure 3.1). The specific

objectives are:

To determine RUNXI1-ETO induced changes in TF mRNA expression using normal
human CD34" HSPC.

Preexisting Affymetrix transcriptome data relating to RUNETO-induced changes in
MRNA gene expression in human CDBEPC is availablgTonkset al, 2007. This dataset
will be analysed to identify changes in TF mRNA abundance in CPIBPC expressing
RUNX1-ETO, compared tanormal CD34 HSPC controls. This will be achieved using
pathway analysis software Metacorand IPA, which are manually curated databases used
to analyse omics data. In addition, identification of dysregulated genes will be compared to
publicly availabé transcriptomic data from AML patients to identify clinically relevant
changing TF mRNA.

To determine RUNXI1-ETO induced changes in TF protein expression using normal
human CD34" HSPC.

To quantify significant changes in TF protein expression as a resSRUBX1-ETO
expression, SWATHMS analysis 2.8) will be performed on cytosolic and nuclear extracts of
human CD34 HSPC expressing RUNXETO and compared to control. This will allow the
identification of TFs inappropriately localised inther subcellular compartment, thus
interfering with normal cellular processes. Pathway analysis using Metaailtde used to
identify misregulated proteins arising from the expression of RUNXD. Furthermore,
examination of the cytoplasmic to nuclgaptein expression ratio in control and RUNEKETO
CD34" HSPC will allow the identification of differential protein expression with regard to these

subcellular compartments.
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Figure 3.1 1 Strategy for the identification of changes in gene/protein expression
arising from the expression of the fusion protein RUNXIETO

Flow diagram showing the experimental strategy used to identify key target genes/jmdReinex1-
ETO expessing cells, compared to contrfol; further study. Human CD3#HSPCwere isolated from
neonatal cord blood and transduced with retrovirusxqessing either RUNXETO and GFP or GFP
alone (control). Transduced cells were assessed for transductaenefjiand RNA/proteins extracted
on day 3 of cell culture. Samples were analysed by performing Affymetrix Microémrad) or
SWATH-MS (n=3) analysis to determine mRNand protein expression, respectively. Differentially
expressed genes/proteins were agkd into pathway analysis software for pathway analysis and target
identification (Part 2)with a specific focus on TFAdditionally, aberrantly localised proteins were
analysed in the cytoplasmic and nuclear compartmémtifowing identification of aargefs) of
interest, these was used to perform overexpression afb/dunctional studies in CD34HSPCand
AML cell lines (Part 3Chapter 4Chapter .
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3.3 Results
3.3.1 Transcriptional dysregulation mediated by RUNXX-ETO
3.3.1.1 RUNXZETO expression in HSPC alters TF gene expression aaskciated with

GO processes that regulate transcription

Previouslythe effects oRUNX1-ETOe x pr essi on on the cell 6s tr
in cord bloodderived CD34 HSPC by contrasting control against a RUNKIO
overexpressiorvector (Tonks et al, 2007. However, the analysis did not consider an
assessment of changes to cellular pathways or gene expmstsianks but rather focused on
highest fold changing transcripts. A more focused approach based on changes observed in TF
coupled with o6Pathwayd analysis wild.l refine

changes in transcriptional changes.

To understand the biological implications of RUNEKIO expression,functional
0 mErichmentAnalysi©was performedising Metacore. Based upon a fold change value of
+1.5, significantlychangdprobesets(465)were matched to 380 unique genes and sulesgqu
Gene Ontology (GO) analysiwas performedSeveral GO Processes were found to be
significantly disrupted as a result of the expression of RUEXIL O , i n pobitivedanch g 6
negative cell regulation procesées aawldprolderatiord (Figure 3.2A), consistent with the
hallmarks of AML (Niebuhret al, 2008. This approach is effectivie identifying processes
thatare involvedn RUNX1-ETO-induced gene dysregulationowever, it does natonsider
thedirectionality of expression changes, which is an inherent limitationerfepresentation
analysis such as there presented in this studfevertheless, this is a weakcognisecand
widely utilised teehnique foridentifying the mostbroad processes which have been perturbed

in this settingy.

Alternative analysisexamining Metacofe curated Pathwayg Maps identified several
disruptedcell developmerat processes, of whicht r anscri ption regul ati
developmerd was f ound toeerrdpesestadsgpparting peedaud obsgrvations
that RUNXEETO expression impaiisaematopoietidifferentiation(Figure 3.2B) (Niebuhr
et al, 2008 Tonkset al, 2004. Additionally, Gmmune respongeelated pathways were found
to be disrupted aa consequence of RUNXETO expressiorfVangalaet al, 2003 Choi et
al., 2008.
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Figure 3.27 Functional Enrichment Analysis of MRNA changes observed in human CD3HSPC
expressing RUNXIETO

Enrichment Analysis of the 380 significantly dysregulated g€heskset al, 2007 in CD34" HSPC
expressing RUNXETO, when compared to control, using MetaEordop 10 Significantly
dysregulatedA) GO processes and) Pathway Maps, ranked byLog (p-Value). Processes can
further be clustere’ Developmenthprocess® Immune responseelated process arfél Asthma
related process. A False Discovery Rate (FDR) of 0.05 was applied to both analyses.
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Changes observed in the transcriptome of RUNETD expressing CD34HSPC, when
compared to control, correlate with the phenotypical features observéd and in t(8;21)

AML patients, in which cells display an arrest in normal development, as well as corroborating
that multiple physiological processes are disruptea @snsequence of the expression of this

fusion protein.

To determine the proportion &inctional classes ajenesdysregulateds a consequence
of RUNX1-ETO expression, a classification for all 380 dysregulated genes was performed
using Metacore (Figure 3.3A). In order to statistically support these observations, an
Enrichment Analysis by Protein Function using MetaEores performed. TF were identified
as the most ovarepresented group of genédetermined by -&Acore) whose expression was
significantly disrupted by RUNXETO expression (48etwork objectscorresponding to 44
TFs), followed by receptor ligands and general enzyniégufe 3.3B). Changes in TF
expression supports the pathway analysis described previousligich transcriptional and
development processes are significantly associattdRUNX1-ETO expressionTable 3.1
shows that 22 TFs were found to be upregulated in RUEXQ® cells compared to control,

whilst 22 were found to be downregulated under the same conditions.

Since avelopmental disruption is likely mediated through changéBrimegulation we
attempted to use the 380 dysregulated gene list to determine the TF which regulated the highest
number of genes within this list. As different pathway analysis programs gaonrdifferent
databaseswo parallel approaches wenadertaken using Metacreand IPA to maximise
the resulting targets. InitiallyMetacoré, in combination withits built-in dnteractome
Transcription Factofslgorithmwas usedo identify the upstreari(s) responsible for the
changing mRNA expression of downstregemes This algorithm achieves this by determining
the densityand statistical significanagf theinteractions of each Twith other genefrom the
dataset. This appach resulted in the identification o25 TFs (Table 3.1). The most
significantly connectedF includedPU.1, which isamaster regulator of myeloid ke(Nerlov
and Graf, 1998Koschmiedeet al, 2009; ERG a member of the erythroblast transformation
specific family, responsible for regulating haematopoiesis and the differentiation and
maturation of megakaryocytic cell&nudsenet al, 2019; and CEBPA, a coordinator of
proliferation arrest and differentiation of myeloid progeni{gisschmiedeet al, 2005.
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Transcription Factor (44)
Binding Protein (130)
Enzyme (69)
Receptor (50)
General Protein (30)
Receptor Ligand (15)
B Regulator (6)
B Channel (7)
B RNA(7)
Transporter (18)
RAS Superfamily (4)
Protein class Actual N R N p-value z-score % in dataset
Other 219 402 32582 40433 7.663x10%  -13.3  54.48%
TF 48 402 1249 40433 1632x10° 10.31  11.94%
Receptor 50 402 1701 40433 9.642x 107 8262  12.44%
Receptor Ligand 17 402 555 40433 4.995x 10 4946  4.23%
Enzyme 44 402 2868 40433 291 x10° 3.024  10.95%
Kinase 12 402 685 40433 4.298x1¢ 2016  2.99%
Phosphatase 5 402 241 40433 9.378x10 1696  1.24%
Protease 9 402 623 40433 1709x10" 1142  2.24%

Figure 3.3 1 TF were identified as the most significantly represented functional class due to
RUNX1-ETO expression in CD34 HSPC

(A) Pie chart indicating the classification of the differentially expressed genes using Met&g0e

genes were found to be dysregulated in RUNETIO expressing cells when compared to control.

Numbers after each class represent the number of genes idenfB)e Table indicating the
classification of 6net work object sEF0. Metexcartee gul at e
identified TF as the most significantly changed class of genes, followed by receptors. However, it failed

to identifynevwor kO®&bptcakb Agualensimbertof nétworkbljeets dat as
from the dataset(s) for a given protein classnumber of network objects in the activated datdRet;

- number of network objects of a given protein class in the completeadatab background lish -

total number of network objects in the complete database or backgroupdAlistzscores can be
negative, the higherg c or es correspond to shorter O0distancebd
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Table 3.171 Identification of RUNX1-ETO induced TF dysregulationin CD34* HSPC

TF expressiornad beempreviouslydetermined by performingricroarrayanalysis on CD34HSPC transfected either with a RUNXET O retroviral vector, or

a control plasmid, on day 3 of cell cultute identify significantly overconnected genes withing the dataset, the Métacoré | nt er act ome Tr anscHt
andthe IPR6 Upstr eamrReég wll & or iVanddhdenotesifrthe gamesveaslidentified or not (respectively) by the algorithm used. The results

from both approaches were used to generate a list of 35 genes for subsequent @nalysis verecalculated bybothsoftwareas described i@.10

RNASeqdata fronmthe TCGA 2013 datasétey et al, 2013 (GSE1359)was used to determine mRNA expression in AML M2 patients, divided into t(8;21),
expressing the fusion protein RUNXEITO, and noft(8;21) patients. mMRNA expression in normal human HSC were obtained(Rapinet al, 2019
(GSE42519)Each gene has a corresponding Affymetrix ID uniquééoHu133A GeneChip (Affymetrix®).

Fold-changgFC) values represent the regulation of each gene when compared to control cells (gneyulated; red repressedwhen compared to control
cells). () denotesupregulatedr (@) downregulated gene expression according to each analysis

* Genes are represented by multiple Affymelids. For genes with multiple Affymetrix IDs, values of fallange were averagdd/a denotes not applicable
CDS denotes coding sequence)

. £ ® CDS

Affymetrix Metacore® IPA . . AML M2 AML t(8:21)
Gene FC D N N T Literature review | yg.51) ys nont(s;21) vs.HSC | (kbp)
EGR2 3.69 205249 at 3.65 x 101 2.61x 1¢¢ - Q n/a n/a
HOXB6 3.05 205366_s al X - X - n/a n/a n/a n/a
ID1 299 208937 s al X - 2.89 x 1¢¢ (Wanget al,, 201523 n/a n/a n/a
CREM* 275 209967 s al 2.39 x 10¢ 5.53 x 16F . Q@ n/a n/a

214508 x af

ARID5B 2.59 212614 at X - 411 x 1% - ~2.9
KLF6  2.58 208961 s af 438x16* | X : (Degeo"g;et al, n/a n/a n/a
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Affymetrix Metacore® IPA® _ _ AML M2 AML 1(8:21) CDS
Gene FC ID Interactome p-value ;ggSJ:?on:s p-value Literature review 1(8;21) vs nont(8;21) vs.HSC (kbp)
* 222357_at . .
ZBTB20 2.51 213168 at X 1.01x 17 0] n/a n/a
AHR 242 205749 at 8.84 x 10 X - (Ly et al, 2019 n/a n/a n/a
NFKB2 212 207535 s af 2.56 x 107 377x10 | (Nakagawatal, n/a n/a n/a
2011, Zhouet al,

RUNX1 1.91 1440878 at 6.9 x 103 1.57 x 108 n/a n/a n/a n/a
HLF 1.88 204753 s al X - X - n/a n/a n/a n/a
IRF9 1.78 203882_at X - 4.65 x 16 - ~1.4
MXI1 1.73 202364 _at X - 2.73 x 1¢¢ (Wenget al, 2017 n/a n/a n/a
SOX4 165 201416_at 1.62 x 10° 2.00x10 | (Nafaetal, 2020 n/a n/a n/a

Fernandeet al, 2017

IRF7 1.64 208436_s_ af 3.06 x 16* 9.07 x 1¢¢ - No change ~15
E2F5 1.62 221586 s af 1.38x 16 1.40 x 16 (Huanget al, 2020 n/a n/a n/a
TCF7L2  1.62 216035 _x_at 6.26 x 15° 246x 10 | (Saenztal, 2029 n/a n/a n/a
Zhaoet al, 2019

s o (Martenset al, 2012
ERG 1.61 213541 s af 2.31x1¢ 1.28 x 10 Mandoliet al. 2016 n/a n/a n/a
SMARCA1 155 203874 s al X - X - n/a n/a n/a n/a
HBP1 1.54 209102_s_al 1.10 x 1¢? X - - Q@ nla

HOXAS5 1.54 213844 at X - X - n/a n/a n/a n/a

ZNF217 15 203739_at X - 3.79x 16 - No change ~3.2
EGR3 -1.52 206115 at 3.69 x 16° X - (Chenget al, 2015 n/a n/a n/a
IRF8  -1.52 204057 at 4.88 x 10° 257x1¢ | (Pogosovergadjanyan n/a n/a n/a

etal, 2013 Lisset al,
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Affymetrix Metacore® IPA® _ _ AML M2 AML 1(8:21) CDS
Gene FC ID Interactome p-value ;ggSJ:?on:s p-value Literature review 1(8;21) vs nont(8;21) vs.HSC (kbp)
JUND  -153 203752 s_af 8.5 x 101 3.77x 10 | (Plasinskatal, 2019 n/a n/a n/a
MartinezSoriaet al,
E2F8 -1.55 219990 at X - X - n/a n/a n/a n/a
TSC22D1 -1.56 215111 s al X - X - n/a n/a n/a n/a
_ (Steinaueet al, 2019
CBFA2T3 -1.57 208056_s_al 1.39x 17 2.88 x 1¢7 Jakobczyket al. 2029 n/a n/a n/a
RARA  -157 203749 s_al 158x16 | X . (De Brazeokfl';e‘*t al, n/a n/a na
) ) 3 | (Zhouet al, 2017 Deb
ID2 1.58 213931 at X 3.56 x 10 and Somervaille, 2016 n/a n/a n/a
) i (Kawagoeet al, 2007
MYCN 1.59 209757 s al X 1.47 x 10 Liu et al, 2017 n/a n/a n/a
) 7 (Ptasinskeet al, 2012
ZBTB16 1.61 205883 at 6 x 10 3.15x 1¢° Melnick et al, 2000 n/a n/a n/a
C/ EBF -1.64 214523 at 1.06 x 10° 361x 106 | (Shimizuetal, 2000 n/a n/a n/a
Li et al, 2019
ZFP36L2 -1.65 201367 s al X - X - nla n/a n/a n/a
CIAO1 -1.66 217501 at X - X - n/a n/a n/a n/a
RUNX3*  -1.69 ggﬂg;—z—g 9 x 1010 1.06 x 10° x n/a n/a n/a
GATA2  -1.76 209710 at 2.25 x 107 1.06 x 101 | (Soodetal, 2018 na na n/a
— Lokeet al, 2017
_ 5 1 | (Vangalaet al, 2003
PU.1 1.76 209454 s alf 1.18 x 1¢° 5.58 x 10 Ederet al, 2018 n/a n/a n/a
) ) 0 (Elagibet al, 2003
GATA1l 1.81 210446 _at X 8.62 x 17 Choiet al, 200§ n/a n/a n/a
) (Mordy and
GFI1B 1.94 208501_at 5.46 x 1¢° 5.74 x 16 Khandanpour, 2019 n/a n/a n/a
TEADS3 -2.09 209454 s a{ X - X - n/a n/a n/a n/a
C/ EBF -2.34 204039 _at 1.57 x 162 208x1¢ | (Pabsetal, 2001 na na nia
Grossmanret al,
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; F ® CDS
Affymetrix Metacore® IPA . , AML M2 AML 1(8;21)
Gene FC ID Interactome p-value ;5;5:?0”:5 p-value Literature review 1(8;21) vs nont(8;21) vs.HSC (kbp)
KLF1  -259 210504 at 1.05 x 16° 8.47x 16 |  (Kuvardinaetal, n/a n/a n/a
- 2015 Mansooret al,
) _ 7 (Ptasinskeet al, 2012
NF-E2 2.64 209930 s alf 1.68 x 10 3.43x 10 Wanget al, 20103 n/a n/a n/a
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Other overconnected Thncluded EGR2and JUND, known for protecting cells from p53
dependent senescence and apoptosis, reflecting the diversity of genes and processes influenced
by the RUNXZETO fusion proteirf{Morita et al, 2016 Hernandezt al, 200§.

The second approach agsthe IPA® algorithm dJpstream Regulater.6Similarly, this
method aims to identify the cascade of upstream transcriptional regulators based on how many
known downstream targets of each transcription regudamepresented in the dataset. This
approachdentified 35 upstream transcriptional regulators. However, transcriptional regulators
refers to both TK and regulators of transcriptipafter filtering nonrelevant results, 31 TF
were identified for further investigation, sisown inTable 3.1. The results obtained from both
proprietary software approaches were combined, resulting in the generation of a list containing
35 overconnected TBf which 22 were identified by both approaches, suggesting concordance
between the underlying databases. Subsequent steps of analyses were based on the combined

35-gene list.
3.3.1.2 ldentificationof aberrantly expressed TFs driving transcriptional change in AML

To identify novel genes that could be involved in the arrest in cell differentiation observed
upon the expression on the RUNETO fusion proteinsubsequenanalysis filtered the 35
TF based on key literature search criteria, includgiogely, significarcein terms of its role in
AML t(8;21) and modebystemused.Severalgenes identified had already besxtensively
studied in AML t(8;21)including PU.1 (SP11), CEBPA, NFKB2 andNFE2 (Vangalaet al,
2003 Pabstet al, 2001 Zhouet al, 2015 Wanget al, 2010a Jutziet al, 2019. Genes that

lacked the novelty factor were excluded from further analysis.

Subsegently, to determine whether the pattern of expression of thieldrfified above
correlated withmRNA expression observed patients, this study examined ttranscriptome
of AML blast samplesrom AML M2 patients harbouring the (8;21) translocation, and
compared them to net(8;21) patients. In order to do this, the publicly available TCGA dataset
generated by RNAequencing was analysed for the mRNA expression pattern of each gene
(Ley et al, 2013. Moreover, an additional analysis examined gene expression patterns in
undifferentiated HSC and compared them to that of patients diagnosed with t(8;21(_AML
et al, 2013 Rapinet al, 2014. In order to refine the gene lishe cataset wasfiltered by only

examining genes for which expression was concordant betavedysed studie@enes with
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no change in one of the studies, but same trend in the other as thé cobBBloodderived
model were still considedg (Table 3.1).

Furthermore, a feasibility analysis was performed to ensurengtoeam analysis was
possible; folinstance genes with a coding sequence bigger tankb were excluded due to
an inability to overexpressin our model syster(iTable 3.1). Based orall these factors, four
genetargets were chosdor further study ARID5B IRF7, IRF9 andZNF217 Giventhat the
expression or function of these genes has not yet thescribed in AML, this studitially
assessed their protein expression in RUNETIO expressing CD34SPChby westen blot.

IRF7is a master regulator of Type | IFdpendant immune responaead ts dysregulated
expression has been described in prostate and breast (adr€yanget al, 2016 Taraet
al., 20198. Increasedexpressia of IRF7-regulated genes baalsobeen associated with
prolonged metastatiitee survival(Savitskyet al, 201Q Takaokaet al, 2009. Figure 3.4
showslIRF7 mRNA was 1.6fld upregulated in CD34HSPCexpressing RUNXETO, when
compared to control cellfiowever, no difference was observed at the protein level. Another
member of the IRF famil)RF9 has been described as having a role in Tyifé&N-mediated
cellular response and has been shown to stimulate the p53 pathway, preventing encogene
induced magnant cell transformation and in inducing DNA dam#agguced apoptosis
(Savitskyet al, 201Q Takaokeet al, 200§. Even though othdRF genes have been linked to
myeloid cell differentiatio{Tamuraet al, 2015h Wang and Morse, 2008this has not been
described in AML. As showin Figure 3.5, IRF9 mRNA was2.7-fold upregulated in CD34
RUNXZ1-ETO expressing cells compared to contrmhilst a 3fold increase in IRF9 protein
expression was observed in the cytoplasm of CO33PC expressing the fusion protein
RUNX1-ETO. A 1.5fold increase in the expressiontbfs protein in the nucleus of RUNX1

ETO expressing cells was also observed.

ARID5Bhas been identified for its role in embryonic development, cell$ypeeific gene
expression and cell growth regulati¢Ratsialouet al, 2005. Its aberrant expression or
mutations have been widely described in ALL and APL, however its role in AML remains
unidentified. mMRNA analysis of CD34HSPC expressing RUNXETO showed a -old
upregulationARID5BIn these cells when compared to contfag(re 3.6). ARID5B praein
was found to be detected in the nucleus of both RUEXD and controlCD34" HSPC;
however, expression level was the same. Moreover, no ARID5B protein was detected in the

cytoplasm of either control or RUNXETO expressing CD34ells.
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Lastly, ZNF217 las been widely described as having a crucial role in the development of
multiple types of cancer, including breast, ovarian and prostate, and its increased expression
has been linked to a poorer outcome in this diseas®@)g@ahmaret al, 2012 Rooneyet al,

2009). Furthermore, ZNF217 has been implicated in the maintenance of an undifferentiated
phenotype in glioma and breast primary cultui@shenet al, 2015. ZNF217mRNA and
proteinis upregulatedy 1.7 and >10 fold respectiveily cells expressing the RUNXETO

fusion protein(Figure 3.7).

Additionally, SWATHMS analysis was performed to determine the proteomic profile of
RUNX1-ETO CD34 HSPC, as compared to control ($£8.2for a complete description of
this analysis). Regarding these 4 targets, SWATE was able to detect 3 of the potentially
relevant proteins, but failed to identify IRF7, detectable through weslettimg technique.
Nevertheless, this analysis showed that the IRF9 protein was found to be exclusively expressed
in the nuclear compartment of RUNXEITO cells, with no detectable expression in control
CD34" HSPC Figure 3.8A). SWATH-MS was able to detect the ARID5B protein, previously
found in the nucleus of both control and RUNKTO CD34 HSPC; however, this was
identified as being expressed i ttytoplasm of these celBigure 3.8B). Lastly, the ZNF217
protein was detected as being overexpressed in the nucleus of REENXtells, as compared
to control Figure 3.8C). Even though both SWAT#MS and western blotting analysis were
performed on identical samples, both techniques measured dpttein expression levels,
and were not concordant between each other. The discrepancies between -BABAdr

western blotting results will be further discussed in sedlion

In summary, this study was able to identify four potentially relevant targets in the
development of AML t(8;21) Table 3.2). Even though several targets were found to be
upregulated at the mRNA level, these changes did not equate to the corresponding protein
expressionFor this reason, additional methods for geeilg the proteomiprofile of these

cells are necessary
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Figure 3.47 RUNX1-ETO does not influence the expression of IRF7 in CD34HSPC

(A) IRF7 mRNA expression following retroviral transfection (day 3 of cell culture), in CD&PC
transduced with a control or RUNXATO vector(Tonkset al, 2007 (n=4) (Paired Ttest; ns- not
significant).(B) Western blot analysis of IRF7 expression in CDB&PCtransduced with either a
control or a RUNX1ETO vector, on day 3 of cell cultufe=1). The OCI-AML 2 cell line wasused as

a positive control (PCJGAPDH was used as a loading control for cytosolic fractions; Histone H1 was

used as a loading control for nuclear fractions. Both proteins were used as a verification of subcellular
fraction. (C) Western blot quantification by densitometry analysis usinggeJ. Relative protein
expression was determined by normalising each cytosolic and nuclear sample to GAPDH or Histone
respectively, and

H1,

t o

each

corresponding
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Figure 3.57 RUNX1-ETO leads to the upregulation of IRF9 in CD34 HSPC

(A) IRFO mRNA expression following retroviral transfection (day 3 of cell culture), in CDH&PC
transduced with a control or RUNXATO vector(Tonkset al, 2007 (n=4). Significant differences
between RUNXIETO and control cells was analysed using pattedtt* denotes p<0.0§B) Western

blot analysis of IRF9 expssion in CD34 HSPCtransduced with either a control or a RUNKTO

vector, on day 3 of cell cultu@=1). The OCIAML2 cell line wasused as a positive control (PC).
GAPDH was used as a loading control for cytosolic fractions; Histone H1 was useading ¢mntrol

for nuclear fractions. Both proteins were used as a verification of subcellular frgCliéiestern blot
quantification by densitometry analysis using ImageJ. Relative protein expression was determined by
normalising each cytosolic and neal sample to GAPDH or Histone H1, respectively, and to each
corresponding écontrold (n=1).
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Figure 3.6 7 RUNX1-ETO leads to the upregulation of ARID5B in CD34 HSPC

(A) ARID5BMRNA expression following retroviral transfection (day 3 of cell culture), in CBISPC

transduced with aontrol or RUNXZETO vector(Tonkset al, 2007 (n=4). Significant differences

between RUNXIETO and control cells was analysed using pairédst, * denotes p<0D

(Appropriate band is indicated by the arroiB) Western blot analysis of ARID5B expression in

CD34" HSPC transduced with either a controadRUNXI-ETO vector, on day 3 of cell cultu(e=1).

The Helacell line wasused as a positive control (P@QAPDH was used as a loading control for

cytosolic fractions; Histone H1 was used as a loading control for nuclear fractions. Both proteins were

usal as a verification of subcellular fractiqi€) Western blot quantification by densitometry analysis

using ImageJ. Relative protein expression was determined by normalising each cytosolic and nuclear
sample to GAPDH or Histone H1, respectively, andtheac or r esponding o6contr ol
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Figure 3.77 RUNX1-ETO leads to the upregulation of ZNF217 in CD34HSPC

(A) ZNF217mRNA expression following retroviral transfection (day 3 of cell culture), in CBISPC
transducedvith a control or RUNXIETO vector(Tonks et al, 2007 (n=4). Significant differences
between RUNXIETO and control cells was analysed using pattedt; * denotes p<0.08B) Western

blot analysis of ZNF217 expression in CDBSPC transduced with either a contoa RUNXEETO

vector, on day 3 of cell cultuf@=1). TheK562 cell line wasused as a positive control (PGAPDH

was used as a loading control for cytosolic fractions; Histone H1 was used as a loading control for
nuclear fractions. Both proteins were used as a verification of subcellular frg&@)owestern blot
quantification by densitometry analysis usingalgeJ. Relative protein expression was determined by
normalising each cytosolic and nuclear sample to GAPDH or Histone H1, respectively, and to each
corresponding 6écontrold (n=1).
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Figure 3.87 RUNX1-ETO leads to the upregulation of protein targets, in CD34HSPC

SWATH-MS analysis was performed on CD3#WSPC transduced with either a RUNETO
overexpression retroviral vector, or a control plasmid. Cytosolic ackbar proteins were extracted
and quantified on day 3 of cell culture. Data indicates Mean = 1SD (where appliga8g)Null
expression values refer to protein samples not being detected in the SW&Tidn for each
corresponding protein.
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Table 3.2 7 Summary showing the effects of RUNXZETO expression in CD34 HSPC on gene
and protein expression in prioritised targets

8 mMRNA expression was compared between RUNEXD and contrlbCD34" HSPChby microarray
analysis, performed on day 3 of cell culture (adapted {foonkset al, 2007)

Y Protein expression was compared between RUEXD and control CD34HSPCby performing
western blot/SWATHKMS analysis on cytosolic and nuclear extracts, on day 3 of cell culture.

() (2) denotes upregulation or downregulation of gene/protein in RUNKQ cells, respectively, as
compared to contrdiSPC

* Fold-change was not calculated for these samples due to the fact that protait detected in the
control samplegn/a denotes not applicable; CDS denotes coding sequence)

mRNA expression in Protein expression in CD34HSPCY
Gene/  CDS CD34"HSPC § Western Blot SWATH-MS
Protein (kbp) _ _ _
Regulation  Loc. Regulation  Loc. Regulation Loc.
IRF7 ~15 1.6fold n/a Unaltered  C+N Not detected
3-fold C
IRF9 ~14 2.7-fold n/a ) * C
Z 1.5fold N
ARID5B ~29 4-fold n/a Unaltered N * C
ZNF217 ~3.2 1.7-fold n/a 10-fold N 3-fold N

Loc.T1 localisationwithin the cell; Ci cytoplasm, N- nucleus
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3.3.2 Quantitative SWATH -MS analysis reveals proteomic changesising from
RUNX1-ETO expression, in CD34HSPC
3.3.2.1 Generation of humarCD34" HSPC expressing RUNXETO for SWATHMS

analysis

This study used primary human CD34HSPCmodel to investigate the effeaRUNX1-
ETO on the dysregulation of prote@xpression. Changes in global protein expression were
guantitated using SWATHS, a datandependent acquisition (DIA) technique that allows
comprehensive quantification of thousandsdetectable analysein a sample(2.8.5. To
generate the samples for MS analysis, three replicate pairs of EI3RIC from biologically
distinct sources were infected with either a control or a RUEXD-overexpression vector
(2.5.2, following which proteins wre separated and enriched according to their subcellular
localisation: cytoplasmic or nucledfollowing MS analysis,statistical analysisvas used to
identify significantly changed proteinas a consequence &®UNXI1-ETO expression,
compared to controM etacoré was used to perform pathway analysis and to identify targets
of interest

3.3.2.2 Assessment of CD3#HSPCnuclear and cytosolic extracts shows sample purity and

integrity

Proteomic analysis requires high quantitiésextremelypure protein. As CD34HSRC
account for such a small proportion of total cord blood and withrdhairemento extract
proteirsby day 3of culture thereby limiting the growth potentjgdhe methodhad tobe adapted
to maximse recovery where possible. Bolatesufficientquantities of nuclear proteins from
transduced cellst was decided that sufficient infection rate was achieved (>60%)gure
3.9), cells would not be sorted, thereby avoiding¢bacernsurrounding stress response to the
sorting process and further cédiss. This does, however, raise two important limitations.
Firstly, the existenceof a GFP expression range suggests varied incorporation rates within
CD34" HSPC, which may suggest differing overexpression levels. In additiorgrtening
40% of cells are ndtansduceavith theplasmid analonot experience overexpression. Despite
this, the strict protein requiremenfter SWATH-MS necessitated such compromises.
Following infection, cytosolic and nuclear proteins from RUNXIO and control CD34
HSPC were extracted. Prior SWATH-MS analysis,the overall protein quality and
fractionation efficiency of eaclsamplewas assessed by performi@f assay$o ensure no

crosscontamination between cellular compartmerfgstly, protein extract quality was
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assessedsingingeSYPROE Ruby Pr q26&iThis aBdlysis sho®edditileror
undetectablecytoplasmic contamination in the nuclear fractiamd undetectable nuclear
contamination in the cytoplasmic sampl@sgure 3.10A - Figure 3.11). In the nuclear
sampes, it was possible to identify thestone proteins (~ 30 kDa), exclusive to tol

compartment, whilst their presence in the cytoplasmakasnt

In addition in gel protein staininggshowed no degradation of any sample, with a clear
separation of mteins according to sizéloreover the RUNXLETO fusion protein was solely
detected in the nucleus of RUNXTO-transduced CD34HSPC whilst no protein was
detected in the control samplé-igure 3.10B). Based on these assaysge samples were
appropriate for SWATHMS and downstream analysis.

3.3.2.3 SWATHMS analysis detected over 4000 proteins in CD38PC

This studyinitially e x a mi n e d e @ ih praeine dx@usivelyexpressed withirthe
cytoplasmicor nuclear compartment to further confifractionation efficiencyAs expected,
GAPDH protein was found almost exclusively in the cytoplasm of both control @NKR-
ETO expressing cells, whilddistone H1 was solely detected in thaclear comartment
(Figure 3.11).

The protein library provides coverage for 50.9% of all human proteins annotated by
UniProtKB/SwissProt, which accounts for approximately 13,000 protéResenbergest al,
2014. Unfortunately, as RUNXZETO is a fusion protein formed through abnormal
translocations, it is not detectable in this setting; however, RUNX1 leva}de used as an
approximate indicator for RUNXETO levels. RUNX1 wagxpressedn the nucles with
levelssignificantly higher in RUNXZETO infected cells compared to cont(&ligure 3.12).
It should be notecthis is not a definitive conclusion, as ba&hdogenoufRUNX1 and the
RUNXZ1 portion of thefusion protein RUNXIETO can be detected
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Figure 3.97 Viral infection of CD34* cells. CD34 HSPC cells were analysed for GFP expression
on day 3 of cell culture

Representative flow cytometry histograms showing percentad8®CexpressingsFP in(A) Control
(green);(B) RUNX1-ETO (red) transduced cells. Histograms were gated to exclude cell debris and
dead cells based on FCS/SSC. Backgroundfluncescence was established uditgPCsubjected to

the equivalent retroviral infection procedibut in the absence of retrovirus (mock) (grey). Percentage
within the black marker line represents proportion of cells showing fluorescence greater than

background autofluorescence at < 0.01% (n=3).
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Figure 3.107 Quality control and characterisation of CD34" HSPC overexpressing RUNXAETO

(A) Purity of the cytoplasmic (Cyt) and nuclear (Nuc) fractionated samples was assessed by
immunoblotting 1 pug of sample onto a PVDF membrane stained with SYAR®Yy Protein Blot

Stain.(B) Overexpression of RUNXETO protein in CD34cells transduced withiBNX1-ETO, when
compared to control. Each | ane was | oaded with
as a loading control and as a verification of subcellular fraction for cytosolic and nuclear samples,
respectively. This blot was a reprobeFijure 3.5B, hence the same GAPDH and Histone H1 control
imageswere used(C) Western blot quantification by densitometry analysis using ImageJ. Relative

protein expression was determined by normaligagh cytosolic and nuclear sample to GAPDH or

Hi stone H1, respectively, and to each correspond
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Figure 3.117 GAPDH and Histone H1 protein quantitation by SWATH-MS supports acceptale
subcellular fraction efficiencies for cytosol and nuclear protein isolation

SWATH-MS analysis performed on cytosolic and nucleus fractions of CBIBPC allowed the
detection of the GAPDH pr ot eism,whilstidistene Hlevasohlyu s i v e |
detected in the cell 6s RHIOéxgressng cetlsnThaastrdpreserdsnt r o |
the protein expression value; theaXis represents the different cell compartments analysed (n=3).
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Figure 3.127 RUNX1 is significantly overexpressed in RUNXJETO transfected CD34 HSPC

SWATH-MS analysis showed RUNX1 upregulation in the nucleus of CBI®PCtransfected with a
RUNX1-ETO retroviralvector, on day 3 of cell culture, as compared to the nuclear compartment of
control cells. The Yaxis represents RUNX1 protein expression value (arbitrary units) .(n=3)
Significant differences between RUN>EITO and control cells was analysed using patresbt; *

denotes p<0.05.
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Data acquisition, filtering, and annotation was performed at the University of Manchester
byPr of essor Anthony Whettonds group. Three aj
protein dysregulation as a result of RUNEKTO expression, in CD34HSPC.

Firstly, proteins were separated according to-cellular localisation, cytoplasmic or
nuclear. For each compartment, proteins were filtered to those that were detected in all
biological replicates in both control and RUNXETO expressing cells (3/3 replicates),
resulting in 4,635 detectable proteins, of which 2,787 were identified in the cytoplasm and
1,848 in the nucleus (explored3r8.2.4-3.3.2.7.

The second approach consisted of analysing proteins exclusively expressed in-EOEX1
cells, without detectable protein aontrol cells. This analysis is possible as SWAWS is
unable to detect certain proteins, either because there is no expression, expression level is
undetectable or due errors in the detection process (discussédd o prevent the latter from
happening and influencing the results, this analysis will take into consideration proteins that
failed to be detected in all three biological replicates of either contRUNX1-ETO. This
allowed the identification of 52 aberrantly expressed proteins in RUBRKQ cells, from

which 29 were localised in the cytoplasm and 23 in the nucB82(8.

Lastly, the third approach will analyse all proteins detected in both the cytoplasm and
nucleus of control and RUNXETO cells to identify proteins that could have suffered a shift
in normal protein localisation as a resuft RUNX1-ETO expression. This analysis will

considerer the expression of 926 proteins, explor&d3i2.9

Taken together, the above data demonstitatgdy efficient subcellular fractionations in
control or RUNXZETO expressing cells. In addition, SWATMS was able to quantify over

4,500 proteins suitable for downstream targets analysis.
3.3.2.4 Exploratory data analysis

To assess theelationship between control and RUNET O samples, two methods were
employed. Firstly, pncipal component analysis (PCA) is a useful tool which allows the
visualisatiorof patterns form large and complex datasets. Additionally, hierarchical clustering,
consisting of a statistical method used to assign objects into groups, or clusters, allows the
highlighting of pattens in the protein expression dataset, basedample type (RUNXETO
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vs control CD34 HSPC).This analysed was based on protein expression accaalihegir

sub-cellularlocalisation (4,635 proteiris2,768 cytosolic and 1,848 nuclear proteins)

Regarding cytosolic proteingigure 3.13A and Figure 3.14A show the clustering of
RUNX1-ETO samples, indicating that these cells have a protein expmgsrofile similar to
each other, whilst the control samples cluster separddelsiear protein expression data, on
the other hand, show a similarity between 2/3 RUNEITID samples and, once more, no

relationship between control samples.

Altogether, ths analysis indicates a distinction between control and RUBRKQ
expressingCD34" HSPC; however, control samples did not cluster together, indicating variable
patters of expressipmalong wth samplevariability, which might be sowed from the fact that
sampes wereprepared from different corddmd donationsMoreover the factthat RUNXZ%:

ETO samples @re shown to cluster togethsrggestshatthis is a resulncogeniéinduction
consideringhatall samplesvere sbjected o the sameiral transluction For this reasorm
paired parametricstatistical test with ANOVA wasperformed to determine statistically

significant changing proteinarising from the xpression of the fusion protein RUNX&TO.
3.3.2.5 Statistical model used for data analysis

Following normalization (log) of the protein expression dataset, a-oa@ay ANOVA
statistical test was employed to identify significantly changed proteins in the cytoghasm
nucleus of CD34 HSPC, arising from the expression of the fusion protein RUEXO.
Uncorrected pralues were considered as this study represents an exploratory investigation due
to low sample size. An uncorrected-ait p-value of < 0.05 was applidd generate two lists
of significantly changing cytosolic and nuclear proteins between CB®PC expressing
RUNX1-ETO and control cellsSupplementary Table2). This resulted in a combined list of
257 proteins significantly dysregulated as a consequence of RUENXLexpression, from

which 183 were present in the cytoplasm and 74 were found mutiteus Figure 3.15A-B).
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Figure 3.1371 Principal Component Analysis (PCA) of the protein expression data

Protein expression data was analysed based on its cédicddisation (A) cytoplasm oi(B) nucleus.

Protein expression from each sample is represented by colouredhctmisling to each biological
replicate. Each dot represents individual cord blood samples transduced with retroviral vectors. For
each replicate of the experiment, different cord blood was used, and three replicates were performed
per condition (n=3).

144



Chapter3

Cytoplasm

i e g

IM 'V" U‘ it PIIMI

IIHW«IIH\dI I\ I\i I\hllﬁ |||| Hh\
i f

A

Type M Control MRUNXIETO Repeat ll1 2 M3 2 4

‘I ﬁ\l

HI

‘ U 1R
e ‘L 1

ip

Figure 3.14 7 Hierarchical clustering of proteins expressed in the cytoplasmic and nuclear
compartment of CD34 HSPC

Heatmap of Control and RUNXETO-expressing CD34HSPC biological replicate samples (n=3).
Protein expression values were uploaded ParteR and a Euclidean correlation was applied as the
distance metric to cluster the proteins. Columns represent proteins; rows represent samples, defined by
experimental condition and replicate number. Dendrogram trees show the hierarchy of clulsters fo
samples and geneBhe colour balkey) represents the-gcore from mean expression, calculated for

each proteinThe heatmaps were divided into cytosolic and nuclear proteins. Red indicates upregulation
and blue indicates downregulation of protémBRUNX1-ETO CD34 HSPC when compared to control

cells.
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Figure 3.1571 Differential protein expression analysis between CD34HSPC expressing RUNX1
ETO and control

Left panel:Volcano plots of proteins differentially expressed in the cytosol and nucleus of RUNX1
ETO cells, when compared to control. TheaXisrepresents statistical significancd_pg.o p-value),
whilst the Xaxis indicates fole&change (Logfold-change) of protein expression in cord blood derived
CD34 cells transfected with either a RUNXETO or a control vector (n=3)A) 183 cytosolic protas

were found to be statistically significantly changed in RUNXIO cells compared to control, whereas
(B) 74 proteirs in the nucleus were identified using the same approach. The significanof cut
(p<0.05) is highlighted with a dotted line. Colour s based on fold change, in which blue indicates
repressed proteins in RUNXATO CD34 HSPCwhen compared to control, whilst proteins in red were
found to be overexpressed in the same cells.

Right panel:A hierarchical clustering algorithm was usedlasterdifferentially expressegroteins in
control and RUNXIETO CD34 HSPC. Columns represensamples,defined by experimental
conditiony rows represent proteinBendrogram trees show the hierarchy of clusters for both samples
and genesThe colour batkey)representstheg c or e from mean expression,
each proteinRed indicates upegulation, blue indicates dowegulationof a specific proteirHeatmap
showing differential expression @) 183 cytosolic andD) 74 nucleamproteins
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3.3.2.6 Expression of RUNXETO disrupts normal protein expression in CD®4érd blood
derived HSPC

Comparably to the analysis performed to identify differentially expressed genes changes in
RUNX1-ETO CD34 HSPC,the 257-protein list was uploaded into Metacbréor pathway
and downstream target analysis. Firstly, to understand the underlying biological processes and
pathways which might be regulated by RUNKTO, functional Enrichment Analysis was
performed(3.3.1.). GO analysis identified several altered processes in cells overexpressing
RUNX1-ETO (Figure 3.16A). I nterestingly, t hese i ncl uc
060Bi ogenesisdéd and Ol mmune responsebo®. Even th
been widely described in AML t(8;21), leukaemic gebliferation has been shown to require
the upregulation and rewiring of metabolic pathways to promote anabolic cell growth
(Rashkovan and Ferrando, 2Q0Hanahan and Weinberg, 2Q Hobinsoret al, 202J).

To support GO analysis, an alternative approach determining the sigpsficant
dysregulated pathways was performétdig(re 3.16B). The most significantly influenced
processes included o6Cel | cycle regul ationd,
kB pathway Aberrant activation of the NkB pathway has been sigibed in AML, as its been
shown to regulate cell survival and apoptdZisouet al, 2015. These processes are similar
to the changes observed in the transcriptome of RUNKQ cells, described above, and agree
with phenotypical changes observéd vitro and in AML t(8;21) patients 3(3.1.).
Furthermore, this analysis demonstrates the wide range of processes implicated in the
development of AML, arising as a consequence of the expression of the REENX1usion

protein.

To clarify the classes of proteins dysregulated by RUNETIO, proteins were analysed for
their attributed function in Metacdre TF, binding proteins, enzymes, receptors, general
proteins, receptor ligands, regulators, channel proteins, RAS superfamily and rtexsspo
(Figure 3.17). Binding proteins and enzymes were found to represent more than half of the
total number of proteins significantly altered by therespion of RUNX1ETO. This supports
my analysis of RUNXIETO dysregulated mRNA3(3.1.).
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Figure 3.16 i Functional Enrichment Analysis of protein changes observed in normal
haematopoietic developmenvs RUNX1-ETO expressing CD34 HSPC

Enrichment Analysisising Metacore of 250 proteins identified to be significantly dysregulated in
CD34" HSPCexpressing RUNXZETO when compared to control. Top 10 Significantly dysregulated
(A) GO processes and (B) Pathway Maps, rankedng (pvalue).Processes can filier be clustered
into @ Developmenta @ Immune responseelatedor ) Asthmarelated process.A False Discovery
Rate (FDR) of 0.05 was applied to bathalyses.
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Figure 3.1771 Classification of differentially expressed proteins due to the expression of RUNX1
ETO in CD34* HSPC

Pie chart indicating the classification of the differentially expressed genes using Meta2bve

proteins were foundtbe significantly dysregulated in RUNX&TO expressing cells when compared
to control.
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3.3.2.7 Identification of aberrantly expressed TF in CD34SPCexpressing RUNXETO

Pathway analysis described above can be supported by changesy from TF
dysregulated expression. This study was able to identify 16 statistically significantly
dysregulated TF proteins arising from the expression of the RURNDPQ fusion protein
(Table 3.3). From these, L TFs were found to be upregulated in CD3SPC expressing
RUNX1-ETO, as compared to control, whistwere shown to be downregulated under the
same conditions. Most of the Ti®re localised in the nucleus, as expected; however, 4 were
found to have their expression significantly dysregulated in the cytoplasm of* @Bk
(Table 3.3). To identify the level of TF connectivity with other proteins from the dataset, this
studyusedtheMetac&real gorithm o6l nteractome Transcript
perturbed proteins (257 proteins). This analysis identified 4 oneemed TF, all present in
the nucleus of CD34HSPC, detaild inTable33.CBFb and RUNX1 were f ou
of the TF with the highest number ofténactions with other proteins from the dataBetth
proteins belong to the CBF complex and are responsible not only for promoting the expression
of other TF involved in cell differentiation, but also growth factors and proliferation and
survival regulatss. RUNX1 was shown to be equally overexpressed in RUNXD-
expressing CD34HSPC, on day 3 of cell culture, as compared to control HSPC. Even though
there was in increase in CBFb protei-HIOexpr es
there was no difference i€ B F mRNA expression levels under the same conditions, as
compaed to control CD32HSPC.

This analysis was also able to identify PU.1, a master regulator of myeloid cells, as a TF
responsible for the higher number of changes observed at the protein level in ICER33
upon the expression on RUNXETO compared to cordl cells. PU.1, a known gene/protein
to be dysregulated in t(8;21), was also identified in the mMRNA anal§s3sl(3. In this
context, PU.1 mRNA expession was concordant with protein expression levels, showing

similar levels of downregulation in RUNXETO-expressing CD34HSPC.

This analysis also identified C/EBPD as a
from the dataset. This protein asmember of the CCAT enhandanding protein (C/EB)
family, which have been known to play important roles in proliferation and differentiation,
including the suppression of myeloid leukemogen¢Ramji and Foka, 2002 C/ EBP b
specifically has been shown to reprogram B cells to the myeloid lineage, in mouse splenic and

bone marrow dés (Heaveyet al, 2003.
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Table 3.371 Identification of RUNX1-ETO induced TF protein dysregulationin CD34" HSPC

TF protein expression watetermined by performing SWATMNIS analysis on cytosolic and nuclear extracts of CIBPC transfected either with a RUNX1
ETO retroviral vector, or a control plasmid, on day 3 of cell culture. To identify significantly overconmectes withing the dataset, the MetaEdre

6l nteract ome T raigoarithm mas ysediv/ andO deroted ifathe gehe was identified or not (respectively) by the algofitvaiues vereas
described ir2.10

§ Normalised microarragxpression (log was compared between RUNXET O and control CD34HSPCby microarray analysis, performed on day geif
culture (adapted frorfiTonkset al, 200%). (V) (2) denotes upregulation or downregulation of corresponding gene in RENX1CD34 HSPC respectively
as compared to control.

RNASeqdata fronthe TCGA 2013 datasétey et al, 2013 (GSE13159Wwas used to determine mRNA expression in AML M2 patients, divided into t(8;21),
expressing the fusion protein RUNXEITO, and nofi(8;21) patients. mMRNA expression in normal human HSC were obtained(Rapinet al, 2019
(GSE42519. Each gene has a ecesponding Affymetrix ID unique to theld33A GeneChip (Affymetrix®).

Fold-changgFC) values represent the regulation of each gene when compared to control cell$ (gnegulated; red repressedwhen compared to control
cells). () denotesupregulatecdr (@) downregulated gene expression in patients with t(8;21) as compared to normal undifferentiatédai@otes not
applicable,CDS denotes coding sequence; Loc. denotes localisation within the cell; C denotes cytoplasm, N dengtges nucle

Metacore® CD34' HSPCS AML M2 AML cDS

Protein  UniProtID  p-value FC Loc. | ieractome val R FC Literature Review t(8;21) vs | t(8;21) vs. (Kbp)

TF p-value €g. non t(8;21) HSC P

NFKB2 Q00653 3.30x10* 3.2 C X - nla nla nla nl/a

TRIM28 Q13263 7.16x10* 15 C X - n/a n/a n/a n/a

PU.1 P17947 1.11x16¢ -1.9 N 1.453x 10° | @ = -1.76 | (Vangalaetal, 2003 n/a n/a
Ederet al., 2016

KMT2A Q03164 597x1¢ 16 N X - n/a n/a n/a n/a

ZBTB48 P10074 6.90x 16 1.4 N X - n/a n/a n/a n/a

LRRFIP1 Q32Mz4 7.01x1¢ 131 C X - n/a n/a n/a n/a

EDF1 060869 1.10x16¢ 1.4 N X - n/a n/a n/a n/a
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. . Metacore® CD34* HSPCS ' . AML M2 AML CDS
Protein  UniProtID p-value FC Loc. eractome p-Value Reg.| FC Literature Review r;[é?]%(ls) Zi) t(8|;_|2812:vs. (Kbp)
CEBPb P17676 1.17x1¢ -21 N 1.39x 1¢* (0] -1.6 - Q@ ~1

RB1 P06400 154x1¢ 24 N X - n/a n/a n/a n/a
RUNX1 Q01196 2.08x1¢* 1.7 N 1.53x 10%2 1.91 n/a n/a n/a
CBFb Q13951 2.99x1¢ 14 N 1.571 x 16 No change | (Roudaiaet al, 2009 nla nl/a
BAZ2A Q9UIF9 3.66x1¢ 1.4 N X - n/a n/a n/a n/a
TTF2 Q9UNY4 3.71x1¢ -18 N X - n/a n/a n/a n/a
HIRA P54198 3.80x1¢ -14 N X - n/a n/a n/a n/a
ZBTB49 Q6ZSB9 3.89x1¢ -1.2 N X - n/a n/a n/a n/a
TSHZ1 Q625726 4.49x1¢% 16 C X - n/a n/a n/a n/a
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However, no studies have been performed to determine the role of this protein in the
development of AML t(8;21). In CD34HSPC, this gene was found to be repressed both at the
MmRNA and the protein level, by 1.@&nd 2.1fold, respectively, upon the expression of
RUNX1-ETO (Figure 3.18). Moreover, theCEBPB gene was seen to be significantly
downregulated in AML patients harbouring the t(8;21), as compared to otheyMR2AB
diagnosed patient§ @ble 3.3) . For this reason, C/ EBPb has
target and its role in the development of AML t(8;21) will be determiné&hipter 5.

3.3.2.8 RUNXZETO leads to the aberrant expression of 53 proteins

As described above, this study ideietif proteins whose expression was found to be
significantly (statistically) dysregulatedn RUNX1-ETO expressingCD34" HSPC, as
compared to controHowever, statistical analysis is not possible in all samples in which there
is no detectable protein expression due to missing expression values. Hence, an additional
method of analysis was apgdi based on proteins solely detected in RUNEXD cells, with
no protein being detected in control cells. In totalp&&eins, ofwhich 29 were expressed in
the cytoplasm and 24 in the nucleus, were identified in RUEXOD expressing CD34HSPC
but couldnot be detected in control cells under the same conditions.

Of these proteing were found to ba@Fsor regulatorof transcription 4 of which detected
in the cytoplasm andlin the nucleus of RUNXETO CD34 HSPC(Table 3.4). The fact that
these proteins were found to be in cytoplasm, as opposed to the nucleus, could suggest that
their normal function is somehow impaired in these cells; howeverwbley not detected in
control cells at alljndicating that are either being expressed earlier in RUEXOD cells,
given that analysis was performed on day 3 of blood cell development, or RUBYXLis
somehow promoting the expression of these prof@iiggire 3.19A). Whi | st it és app
that TF would only be expected to have transcriptomic consequences within the nucleus,
aberrant expression of T&=, which is not normally expressed, could lead to-apigropriate
shuttling in certain situations. However, as prote&ngenerated within the cytoplasmic
compartment of the cell, a measure of background detection of nuclear proteins can occur.
Nevertheless, as these TF were not detected in control cells, they are aberrant in expression in
RUNX1-ETO AML. ATXN7 and MIER1 were identified as the most highly expressed in
RUNX1-ETO CD34 HSPC.
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Figure3.181 C/ EBPb expr es s i OHSPQexpreksing RUNXIETOCD 3 4

(A) Normalised microarray data showing J00EBFB mRNA expression in normal human CD34
HSPC expressingRUNX1-ETO compared to contrabn day 3 of cell culture (h=4) (adapted from
(Tonkset al, 2007%). Significant differences between RUN>ETO and control cells was analysed
using paired -test; * denotes p<0.05.(B) C/ EBPb pr ot eprofile veax pbtaipext by o n
performing SWATHMS analysis on CD34HSPC transfected with either a control or a RUNKXIO;

this protein was found to be expressed solely in the nufRaised Ftest; * denotes p <.05)

154



Chapter3

Table 3.4717 TF detected exclusively in RUNX1ETO expressing CD34 HSPC

8 mMRNA expression (lof was compared between RUNET O and control CD34cells by microarray analysis, performed on day 3 of blood cell development
(adapted fronfTonkset al, 2007.

Y Protein expression profiles were obtained by performing SWAM3Hanalysis on CD34HSPC transfected with either a control or a RUNETO
expressing vector. Cytosolic and nuclear proteins were extracted on day 3 of blood cell develorerit.e ct edd i ndi cat es-EfOr ot ei n
CD34" HSPC. (TReg denotes transcriptional regulator).

Protein UniProtID Localisation Classification m%NDg? Elrggsciog IiDr]rc();[([e)ig 4(3)('_? éeps Cs:i$n %?ps
ATXN7 015265 Cytoplasm TReg No change Detected ~2.7
ZNF395 QO9H8N7  Cytoplasm TReg Not detected Detected ~1.4
REL Q04864 Cytoplasm TF No change Detected ~1.8
IRF9 Q00978 Cytoplasm TF Detected ~1.4
MIER1 Q8N108 Nucleus TReg Absent from chip Detected ~1.7

155



Chapter3

A
e Control e RUNXI1-ETO
S 10-
c < 8-
_O
%
.
o
)
£ 4
°
a O
»
0=y hnd | .T# | ot p
A o) N o)
S . S
+ 4 & & &
v N
B
9_ *
g 8- I_I_}
EE
% -
s )
& 67
=
X o7 %
z -
4 T 1 T
QA v )
&S E

Figure 3.1971 Target protein and mRNA expression profiles of TF found exclusively in RUNX1
ETO CD34" HSPC

(A) Protein expression profiles were obtained by performing SWiM3Hanalysis orCD34" HSPC
transfected with either a control or a RUNEKTO expressing vector. Cytosolic and nuclear proteins
were extracted on day 3 of blood cell development. Data indicatesMEaD (n=3)(B) Normalised
microarray data showing legnRNA expression of the identified target genedere data was
available mRNA expression in normal human CD3#5PCand cells transfected with a RUNXETO
expressing vector was measured on day 3 of blood cell development (n=4) (adapi@frkset al,
2007). Significant differences between RUN>EITO and control cells was analysed using paired t
test; * denotes p<0.05.
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Given the differences observed in protein expression between REYR1and control
CD34" HSPC, this study analysed the cor@sging mMRNA expression levels to determine if
these differences could be observed at the transcriptomic level, or if these are transcriptionally
driven. This analysis was unable to detect two gend§,385and MIERL even though the
microarray chip used contained the prale¢ for theZNF385transcript, this was not detected.
Moreover, no probset for theMIERL1 transcript can be found on the chip used (Hul33A).
Previously, IRF9 was shown to be significantlypreguléed in RUNX1-ETO cells, as
compared to contraCD34" HSPC 8.3.1.2; however, this analysis showed that whiRE9
mRNA was present in control CD34HSPC, no protein was detected in these cells.
Furthermore, no differences were observed in the mRNA levels &Ttk&l7andREL genes
in RUNX1-ETO expressing CD34HHSPC, when compared to control cefalre 3.19B).

A subsequent feasibility assay was performed in order to ensure that
overexpression/knockdown studies were possible, in the model systems used. All genes
analysed presented a CDS below 3kbpking them suitable for subsequent functional studies
(Table 3.4).

This analysis showed significant differences between mRNA and resulting protein
expression, thus strengthening previous observations that mRNA analysis can be insufficient
to infer protein expression. The fact that these proteins were found to be solely detected in
RUNXZ1-ETO cells, even though its mRNA can also be detected in coet®| could suggest
that changes are pesainscriptionally driven; however, is in unlikely that these are direct
transcriptional targets of RUNXETO. This study found that no gene expression correlated
with its corresponding protein, except IRF9. Intéregy, IRF9 had already been identified as
a target of interest when analysing the transcriptomic profile of CES#C expressing the
fusion protein RUNXIETO (3.3.1.9; the fact that is was identified as being expressed solely
in RUNX1-ETO cells suggests that this protein may play a role in the development of AML
t(8;21). Nevertheless, all targets are of interest, as their expression seems todbedcpedimer
directly or indirectly by RUNXIETO.

3.3.2.9 RUNXZEETO leads ta shift in protein suizellular localisationin CD34" HSPC.

| next examinedvhether the expression of RUNXTO wasassociated with a change in

protein sub-cellular localisation in CD34 HSPC. A total of 926 proteins were identified as
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being expressed in both the cytoplasm and the nucleus of control and REINDkéxpressing
CD34 HSPC. Considering the total amount of protein and its relativeslilldar localisation,
33 proteins were determined to be localised differently to proteins in normal"G{332C a
consequence of RUNXETO expressioiiFigure 3.20A).

The relatve expression of 17 proteins was found to be higher in the cytoplasm of RUNX
ETO-expressing cells, as compared to the cytoplasm of control cells. The EEA1, POLR2A,
ALB and RIC8B proteins exhibited the greatest abundance in the cytosolic compartment of
RUNX1-ETO cells, whilst in control cells, these proteins were found predominantly in the
nucleugFigure 3.20B). Conversely, 16 proteingere identified abeing more abundant in the
nucleus of RUNXIETO cells, compared to control, possible indicating a translocation from

the cytoplasm to the nucleus, as a consequence of the expression of this fusion protein.

Of these, KRT77, SNRPD3 and PLAA showibdlowestdetectable levels the cytoplasm
of RUNX1-ETO cells when comparing to normal protein expressiéigire 3.20B). Due to
the increased variabiitarising from these studies, of the 33 proteins, this study examined the
ones that presented with the lowest variation between replicates. A cut off SD of £10% was
applied, resulting in 9 proteins that presented the lowest variation between all thicagpl
of RUNX1-ETO-expressing and control CD3#ISPC. These proteins showed no significant
difference in total protein expression between RUNEIO and control CD32HSPC Figure
3.21A), indicating that, even though the same protein is being expressed at similar levels, the
sub-cellular localisation was different. Of these, 5 proteins were possibly translocated to the
cytoplasm as a result of RUNXATO expression, whilst 4 presented a higher prevalence in
the nucleus of the same cells, when compared to coritiglire 3.21B-C). Mechanisms

underlying thesehanges will be discussed3m.

Most of the proteins possibly miscalised because of RUNXBETO expression were
identified as enzymes and binding proteins; however, no abnormal TF protein shifts were
observed in this anadys (Table 3.5). Nevertheless, thesmight be involved in protein
synthesis and postanslational modification processeEhe fact that these proteinsere
shown to be translocated into a different subcellular compartment, as a result of FEIOX1
expression, could indicate that their expression is altered, and promoting the expression of
genes involved in the leukaemogenic process.
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Figure 3.207 Proteins are mislocalised to the nucleus or cytoplasm as a consequence of RUNX1
ETO expression, in CD34 HSPC

For each detected protein, the relative percentage of cytosolic and nuclear protein was quantified based
on the total amount of protein, both in control and RUNKIIO expressing CD34HSPC To
determine the difference in protein expression between RUBPQ and control cells in the
cytoplasmic compartment, the percentage of cytosolic proteins present in RENXXells was
subtractedrom the equivalent in control cells; the same approach was used to analyse nuclear protein
localisation (A) Protein expressn was analysed for 926 molecules, and differences in RUBK2-
expressing compared to control cells calculated for each one; lines denote a Bftadidve which

there is a possible translocation of at least 15% of the total amount of protein tgaplastn of
RUNXZ1-ETO cells(Barretinaet al), whereas proteins idefi¢d below the line indicate an increase of
protein expression in the nucleus of RUNKTO cells, as compared to control. Each dot indicates
mean (n=3)(B) Proteins with a shift of at least 15% were plotted in an independent graph; as shown in
(A), red poteins indicate a protein shift to the cytoplasm in RUNKIIO-expressing cells, while blue
proteins show a higher protein expression in the nucleus of these cells, compared to normial CD34
HSPC Data indicatesneant 1SD (n=3).
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Figure 3.217 RUNX1-ETO leads to a shift inlocalisation of 9 proteins

Protein expression profiles were obtained by performing SWAM3H analysis on CD34HSPC
transfected with either a control or a RUNETO expressing vector. Cytosolic and nuclear proteins
were extracted on day 3 of blood cell developm@)t-To calculate total protein expression, cytosolic
and nuclear protein expression values were combined, and expression analysed betweeit RONX1
and cottrol cells, showing no significant differences between the two conditions. However, when
analysing each compartment, it was possible to seéBh&tproteins presented a higher prevalence in
the cytoplasm of RUNXETO cells, as compared to control, iratiog a possible shift in normal
proteinlocalisation Conversely(C) 4 proteins were shown to be more expressed in the nucleus of
RUNXZ1-ETO cells, as oppodeo control.Dots represent each one of the three biological replicates.
Line indicates Meast 1D (n=3).
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Table35il denti fication of Oshi ft-ElDgexpessiont ei ns as a result of RUNXI1
8 MRNA expression (log was compared between RUNET O and control CD34cells by microarray analysis, performed on day 3 of blood cell development
(adapted fronfTonkset al, 2007%).

Y Protein expression profiles were obtained by performing SWAM3Hanalysis on CD34HSPC transfected with either a control or a RUNETO
expressing vector. Cytosolic and nuclear proteins were extracted on day 3 of blood cell development.

() or (2) denotes upregulation or downregulation of gene/protein in RUEKQ cells, respectively, ammpared to contrdiSPC

Protein UniProtID Classification Function m‘qc'\égi}ﬂrseésc'og npqr(c):tgi:;]4$)|(-|psn|aosc;3i$n

RIC8B QINVN3 GEF Intracellular signalling pathways Not detected No change
MRPL15 Q9P015  Mitochondrial protein Protein synthesis in the mitochondria Not detected No change
XPNPEP1  Q9NQW?7 Enzyme Maturation/degradation of peptides No change z

RRM1 P23921 Enzyme Cell proliferation/migration, tumour/metastasis developny No change
CHMP1A Q9HD42 Binding protein Multivesicular bodies formation and sorting No change z

MANFE P55145 Binding protein Protects cells against ERress induced damage No change z

NMT1 P30419 Enzyme Posttranslational modifications No change No change
UBAP2L Q14157 Binding protein Ubiquitination No change z

PLAA Q9Y263 Binding protein Ubiquitination No change z

GEP7T guanine nucleotide exchange fa¢teR 1 endoplasmic reticulum
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In summary, this analysis demonstrated that some proteins mighishecalised and a
shiftedto a different subcellular compartment, arising from the expression of RUENXL
However, the number of proteins identified was small, and the changes in localisation were not
significant. Even though it is unlikely that them® a major mechanism of action by RUNX1

ETO, it is possible that these genes/proteins contribute to the t(8;21) phenotype.

In conclusion, this chapter was identified two targets of interest for further study and
possible mediators of the RUNXATO phenot pe. The roles of ZNF217
explored in subseque@hapter 4 andChapter 5.

3.4 Discussion

Expression of RUNXZETO leads to widespread disruption in gene and protein function;
however, the exact mechanisms through which this fusion protein is able to promote
leukaemogenesis remains wal. Even though this AML subtype presents a favourable
outcome, additional target discovery and a deeper understanding of the underlying processes
that lead to the development of the disease are necessaiysT c hapt er 6s mai n
identify changesn genetranscription and/oproteinexpressioras a consequenoé RUNX1-

ETO expressionn humanCD34" HSPC The expression of this fusion protein results in a

block in normal cell differentiation; since this is a transcriptionally regulated process, |
speifically focused on TF dysregulation. Transcriptome analysis identified ZNF217, also
confirmed by SWATHMS, as a potential target of interest and possible mediator of the block

in differentiation observed in RUNXETO expressing cells. Given that mMRNAmdodoes not

reliably predict changes in protein expression, quantitative proteomics was also performed in
parallel. SWATHMS allowed the quantitation of changes in protein expression in the cytosol

and nucleus of RUNXETO expressing cells. This approache nt i fi ed C/ EBPDb a

target of interest in the context of t(8;21).
3.4.1 Transcriptional dysregulation imposed by RUNX1ETO expression

Previously, microarray studies performed by Toekal.identified 380 dysregulated genes
as a consequence of RUNBETO expression in human CD3#SPC(Tonkset al, 2007.
However, this analysis was performed gsan unsupervised approach, focusing exclusively
on the highest fold changing genes, and not on global changes to pathways. This current study
was able to improve upon the previous analysis and identify further transcriptomic changes, by
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analysing changesithin pathway contexts and focusing specifically on TiFeanalysisused
two online pIatforms:Metacoré and IPA. One of Metacoré s most useful tools is the
Enrichment Analysis workflow, which calculates enrichedafues in different types of gene
sds within the uploaded dataset. These gene sets originate from curated pathways, networks or
related genes derived primarily from literature evaluation and fror@kexicon (Cirillo et

al., 2017%. An &nrichment Analysigperformed on the 38@ifferentially expressed genes
identified them as being implicated in multiple and complex cellular pathways, including those
regulating cell proliferationin addition,this studyidentified several differentially expressed
pathways involved in the progtgion of AML Theseincluded changes in thd-catenin
pathway, which have previously been described in AML t(8:ZBveral studies have shown
t h adatenfn is essential for the clonogenic growth of RUNETIO-expressing HSPC and
leukaemic cellfZhanget al, 2013 Ysebaertet al, 2009. Fur t h-eatemmohasebeen b
described as playing a key role in the development of AMlang et al, 2010h), and
cooperates with several chromosomal aberrations driving this di@déafier-Tidow et al,
2004). Dysregulated pathways also includedittiek B pathway previously described in AML

to be associated with disrupted apoptosis in several cell (iFfeta and Riccioni, 200.7
Moreover, constitutive activation of NEB has been observed in AML CD3HSPC,
contrasting to normal bone marrow cébsrkenkampet al, 2004 Braunet al, 2006 Guzman

et al, 200, leading to changes in tumour formation and mainten@esséres andaldwin,
2009. Lastly, pathway analysis identified significacttanges in the normal transcriptional
regulation of granulocytic developmeas reported by Tonket al in CD34 HSPC(Tonkset

al., 2009.

In order to determine the most significantly represented gene/protein déssgsed due
to RUNXI1-ETO expression, this study used the Enrichment Analysis in MeFaddEfing he
z-score(a bidirectional measure of a difference from the mean of involved proteins within a
pathway)(Shi et al, 2010, this analysis demonstrated that TFs were found to be the most
represented gene class to be dysregulated as a result of REENXExpression, following
00t her so. T h eonsideaed toebe of wtarsst as @ ts too generic and does not
represent a specific gene <c¢cl ass. The reason
significant, relies on the fact that Metacoreas unable classify 221 genes, which represent
55% of he dataset. Ass cores can be negative, since itds
significant of the analysis, the greatest deviastares from the mean correspond to the most

meaningful results. For this reason, this analysis alone can leadleadmng results, as the
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00t hers6é6 category will contain genes from di

of genes is often necessary.

Having determined that TFs were one of the most represented gene class dysregulated as a
consequencefdRUNX1-ETO expression, this studgimed to identifyspecific TF whose
activity could beenhancedlue to the presence of RUNXEITO. Similarly to Metacoré , IPA®
allowstheidentification ofkeytranscriptionalegulators according tverallgene expressig
based on the Ingenuity Knowledge BaBe.generate a more robust analysis, considering that
Metacoré and IPA are established on different databases, this study combined both
approaches, thus generating agéme list. Metacofewas able to identify 26verconnected
TF, whilst IPA® identified 31; 22 TF were shown to be identified by both approaches. The fact
that some TF were only identified by one of the programs relies on the use of different

databases within the programmes.

Among theTF identified werePU.1, a known master regulator required for the development
of mature myeloid and lymphoid cell$)diCEBPA, agenethat has been demonstrated to play
a role in normal granulocytic developméRtinget al, 2018 Tenen, 2001 Both of these TFs
have been extensively studied in AML, and validate the approach undertaken here to identify
overconnected TF. Importantly, this approach identified other TFs not yet descrhmsadras
a leukaemogenic role in AML. These includetBTB2Q which normally acts as a
transcriptional repressandis generally associated withdll lymphomanot AML (Peterson
et al, 2019. Another example ISMARCAlexpressed in a broad range of normal tissues, and
reported to modulate the Whitatenin pathway. Recently, it hagsen shown th&8MARCAL
contributes to the pathogenesis of leiomyosarcomas, possible due to epigenetic modifications
(Patilet al, 2018, as well ago that of gastric carcinomg3$akeshimeet al, 2015. However,
itdéds role in the devel opment of Takehltogethdr,8; 2 1)
this analysis identifiethe differential expression of genagose activities could possibly be
modulated and consequently the expression of genes involved in cell differentiation and

proliferation.

Following identification of TF of interestthe TCGA (Ley et al, 2013) and MILE
(Kohimannet al, 2008 studies were analysed to determine the mRNA expression of each
target in patients diagnosed with AML t(8;21), as compared to normal HSCs, in an attempt to

refine the 35genelist. Genes that presented contradictory patterns of expression, shown to be
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upregulated in our model but downregulated in t(8;21) patients, oversa, were excluded
from further analysis. Furthermgreechnical aspects weedso considered Theseincluded
sequencsize,as overexpression studies are more difficult to perform using genes with a bigger
CDS,as well as its clinical significancEsing this approach,identified four potentialargets

that might be implicated in the developmaitthe phaotype observed in RUNXETO
expressing cell$ IRF7, IRF9, ARID5BandZNF217 SincemRNA levels are not powerful
predictors otorrespondingrotein expressiorihis wasassessed through western blottifg.
further validate protein expression analysig/ATH-MS results were analysed for each of

targets(see below)

This approach identified two members of théerferon Regulatory FactdtRF) family,
IRF7 andIRF9,implicated in mediatingype linterferon (IFN) esponselRF7 has been shown
to be involved in antibacterial and antiviral innate immunitin the CD34 HSPC
overexpressing RUNXETO, IRF7 was shown to be upregulated at the mRNA level, as well
as in t(8;21) AML patient sampleshe IRF7 protein was equally found lve upregulated in
RUNX1-ETO cells, as compared to control, verified by western blotting . However, this protein

was not detected in the SWATKS analysis, hence it was eliminated from further analysis.

IRF9is another member ¢iRF family, and has been stvn to be upregulated in both CD34
HSPCand t(8;21) AML patient samples. Similarlyl®F7, IRF9is a TF that mediates the type
I IFN response by regulating downstream expression of interinonilated genes, namely
STAT1 and 2, with which it forms a ngplex that shuttles to the nucleus to allow IRF9 to act
as a TK(Tsunoet al, 2009. IRF9 has also been shown to be involved in regulating cell
proliferation (Weihuaet al, 1997 and tumour formatiorfLuker et al, 200]). High IRF9
expression has been shown to display-pruliferative effect in ovarian adenocarcinoma
(Provance and Lewi®ambi, 2019; the contrary effect has been proven in cells where the
expressn of IRF9 is absent or low, in prostate car{@gbet al, 2013. In breast cancer, IRF9
upregulation has shown to confer resistance to the chemotherapeutic agent péClitaze!
et al, 200). Even though its role in breastrazer has been well established, whether IRF9
plays an important part in the pathogenesis of AML is still uncléaund it to be upregulated
both at the mRNA and protein leyghlidated through western blotting and SWAMS.

ARID5B or AT-rich domain 5B is a chromatirmodifier transcriptional regulator present
in chromosome 10 found to begnificantlyupregulated in CD34HSPCexpressing RUNX4
ETO, by 4fold. Expression of the ARID5B protein, however, showed no difference in
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RUNXZ1-ETO cells, as compadeto control HSPC, contrasting with SWATMS analysis

where ARID5B was shown to be detected in cells expressing the fusion protein REJNOX1

whilst no protein was detected in control samplésder normal circumstances, the ARID5B
protein recognizes theore DNA sequence motif AAT(C/T), influencing cell growth and
differentiation of Blymphocyte progenitors(Whitson et al, 1999 Lahoudet al, 200J).
ARID5B knockout mice exhibit abnormalities in-lgmphocyte development andRID5B

MRNA expression has been shown to be upregulated in other haematological malignancies
such as acute promyelocytic leukaemia and acute megakaryoblast leukasmoadet al,

2001 Paulssoret al, 201Q Bourquinet al, 2006. In addition, hcreasing evidence has shown

that mutations and single nucleotide polymorphisms oARRED5Bgene are a®ciated with

the development of acute lymphoblastic leukaemia, influencing treatment outcome, and may

alsobe associated with paediatric AM({Lin et al, 2014 Emerencianet al, 2014

Lastly, ZNF217is an oncogenic protein thatsnumerous functions in various human
cancerqdiscussed below)especially considerg that it is located in a chromosomal region
frequently amplified in human canceis 20q13(Collins et al, 1998 Tabachet al, 2011).

This studyconfirmed thaZNF217wasupregulatedn CD34 HSPC expressing RUNXETO,
compared to control. Upregulation was confirmed afptioéein levelby western blotting and
SWATH-MS. ZNF1217possesses multiple roles, such as binding to specific DNA sequences
to regulate target gene expression, is a component of the human histone deacetylase complex
CoRESTFHDAC and can be found in complexes with other transcriptionalepoessors
including the Gterminal binding protein and the methyltransferase &avgeret al, 2007

Krig et al, 2007 Thillainadesaret al, 2012 Thillainadesaret al, 2009. Even though ZNF217

mainly acts in transcriptional repressor complexes, it positively regulates the expression of
specific target genes, making it a doufdeed transcriptional regulat¢€ohenet al, 2015.

Several studiemdicate that ZNF217 interferes withultiple intracellular signalling netwés

to reprogram cancer cells, by altering cell cycle, cell groaniddisruptingantiproliferative
signalling(Cohenet al, 2015. Moreover,ZNF217 has been shown to interfere with normal
apoptotic pathways at early stages of tumour progresand conferring resistance to
chemotherapy in breast cancer c€llbolletet al, 201Q Huanget al, 2005. Overexpression

of ZNF217 in breast and ovarian cancer promoted cell proliferation, whereas the opposite effect
was shown when silencing it in prostate, colorectal, ovarian and breast @areteal, 2014
Tholletet al, 201Q Szczyrbeet al, 2013 Li et al, 2019. In primary cells, ZNF21has been

shown to interfere with the expressiai genes involved in differentiation and organ
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developmentwhile at the ame timedysregulatng genes involved in the repression of cell
differentiation and maintenance of cancer stem ¢Klig et al, 2007 Vendrell et al, 2012
Littlepageet al, 2012. In primary mammary cells, overexpression of ZNF217 increased the
formation of cells displaying setenewal ability, an important feature observed in leukemic
stem cell{Vendrellet al, 2012 Littlepageet al, 2012.

This study used both western blotting and SWAWIS to measure protein expression in
CD34" HSRC; however, results were not concordant, with results being different between the
two approaches. Even though both approaches were able to identify an increased or detectable
expression of three targets in CD3ISPC (IRF9, ARID5B and ZNF217), levels ofjtgation
varied significantly; of these, only ZNF217 had a similar pattern of protein expression. Even
t hough i1ts | evel of u pfaldeupgregllaidniinovestem dist ns63 t h e
fold upregulation detected through SWATHES, in RUNXLETO cdls compared to control),
the trend was the sanikEhe inconsistencies observed betwtdentwo techniqueshay rely on
the fact tlat western blot is typically considered a s@muantitative technique, as it provides a
relative comparison of protein levelsually to a loading control, and not an absolute measure
of quantity. Moreover, it could be related to the quality of the antibodies used. This poses the
main advantage in using SWATMS instead of western blotting, as it provides a level of
specificity wnavailable when performing western blot. Furthermore, SWAI& allows the
detection of thousands of proteins in a single run, maximizing the information obtained per
sample, while significantly decreasing the time used for each exper{derasenat al,

2016. The main disadvantage of SWATMS is cost, with can constrain the use of MS
based techniques.

In summary, ZNF217 was the only target that consistently showed to be overexpressed, both
at the mRNA and protein level. Furthermore, based on literature research, overexpression of
ZNF217 has been linke several hallmarks of cancer, but its dysregulation has not been
explored in the context of haematopoiesis and AML. This study will, therefore, address this in
Chapter 4.

3.4.2 Dysregulation of the proteome arising from RUNX1-ETO expression

To datestudiegperformed to identify putative target genes in RUNKTO expressing cells
have mainly focused on analysing the cells transcriptomic profijieafria et al, 202Q

Ptasinskaet al, 2019 MartinezSoriaet al, 2018 Ptasinskat al, 2019. However, proteomic
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profile analysis presesii more realistic picturef cell physiology, as compared to genomic
studies(Singh and Sharma, 20R0

Over the past few years, several studies have been performed using MS techniques in an
attempt to elucidate the mechanisms underlying RUHEXD-mediated AML. Schoenheeat
al. applied MS analysis to the Kaswhicell line, which expresses the fusion protein RUNX1
ETO, to analyse the incidence of proteolytic cleavage of cathepsin G and neutrophil elastase
and to identify contributing proteases on a protewite scale(Schoenheret al, 2019.
Previously, gene expression studies performed byet al. allowed the identification of
RASSFZas a potential target gene shownb® downregulated in RUNXETO leukaemic
blasts, compared to contrilo et al, 2019. Following up on this study, Stonet al.used MS
analysis to identifthe RASSF2 proximal proteome ithe Kasumil cell line, revealing its
association with Rac GTPaselated proteingStoneret al, 202Q. Lastly, a study performed
by Singhet al.amed atusing an MSbased approach to identify changes in protein expression
using the U937 cell line, with inducible RUNXETO expression. The authors showed that
RUNXI-ETO | eads to drastic change in the <cell
increased expression of NM23inghet al, 2010. The authors showed that NM23 expression
is normally suppresed by C/EBP proteins; however, upregulation of RUEXD blocks this
effect, leading to increased levels of NM23, which in turn promoted a block in differentiation
and increased proliferatiofsingh et al, 2010. Even though thse studies contributed to a
further understating of the mechanism through which RUHEXD leads to the development

of AML, their main focus relied on AML cell lines, and not on primary cell material.

For this study, CD34HSPC were transduced with a cahtror a RUNXIETO-
overexpressing vector, following which cytosolic and nuclear proteins were extracted and
guantified. Before proceeding, extracts were validated for fraction purity, to ensure little or no
cross contamination between cytosolic and nudtaations, as well as for RUNX1 expression,

an indicative of RUNXIETO overexpression.

In order to detect all the proteins within our samples, the Pan Human Library was used,
which allows the detection and quantification of 50.9% of all human proteinsad@tdy
UniProtKB/SwissProt, corresponding to approximately 13,000 prot@Rasenbergeet al,

2014. Within this study, SWATHMS analysis detected over 6,000 proteins in the model
system used. From these, 4,635 were found to be detected in all three replicates in

cytoplasm/nucleus of control and RUNETO cells, making them suitable for statistical
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analsis. The remaining detected proteins were missing expression values, making statistical
analysis impossible. This can be attributed to two factors: failure of detection or true protein
absence. It is inappropriate to assume that because a protein Wateotdd by SWATHVS,

is it not being expressed in a cell at the
some, but not all, protein expression values, can be technical or biological. Technical, and
stochastic, reasons can include instrumerniaitian, protein expression levels too close to the

noise level, or pranalytical variation in sample preparati@ollins et al, 2017.

Nevertheless, this study statistically analysed 4,635 proteins, of which\2€f8 detected
in the cytoplasm of CD34HSPC and 1,848 were present in the nucleus. An exploratory
analysis was performed using PCA plots and heat maps, comparing general protein expression
between control and RUNXETO-expressing cells. These showed ertain degree of
clustering, more noticeable in the cytosolic proteins, as compared to the nuclear samples, in
RUNX1-ETO-trasnduced cells. Variations in sample clustering can be attributed to different
factors. Even though cord blood is an invaluable sowfcmaterial for the study of bloed
related diseases, it is a source of variability. Furthermore, cells originated from different donors
have been shown to grow at different rates, depending on a number ofrelatedl factors
(Siegelet al, 2013 Kanget al, 2018 Yap et al, 2000. Moreover, these differences can also
be attributed to background noise, due to low expression of certain proteins, thusg@sulti
very low signal. Nonetheless, of the 4,635 proteins, 257 were found to be statistically
dysregulated (p<0.05) because of RUNKIO expression; 183 were localised to the
cytoplasm and 74 to the nucleus. This analysis was performed in an exploratorgr raad
without performing statistical corrections, as the number of samples (n=3) is insufficient to
confer corrected statistical significance. Downstream analysis was performed on the 257
differentially expressed proteins with a specific focus on TlRgés, as previously performed
for the transcriptomic dataset. Once more, the first step of analysis consisted of performing an

Enrichment Analysis using MetacSreFigure 3.16). This analysis identified the significantly

dysregul ated proteins as being iIimplicated i
di f f er eMafria ea &l 2029 échikawaet al, 2013, 6kNBF p a t (Bhausetlyad,
2015, 0-Ap b p t(@yamaebal, 2013 and S Neutrophil c(Toeksno t a x i ¢

et al, 2004 Tijchon et al, 2019, known to be imjicated in AML t(8;21) pathophysiology.
Analysis of changes in the transcriptome and proteome of CBSRC, as a consequence of
RUNX1-ETO expression, yielded similar results, as cell differentiation and apoptosis were
highly represented in both datasets.
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Following pathway analysis, this study analysed and clustered the 257 significantly
dysregulated proteins previously described. Comparably to the analysis performed above
(3.4.9, TFs were one of the classes with the highest representation within the dataset.
Subsequently, this study focused on TF changes arising from REYXL expression, by
analysing their overconnectivity with other proteins from the dataset, leading to the
identi fication of 4 overconnected TEF: CBFb,
RUNX1 was identified in this analysis, potentially as a result of RUIHEXD expression,
known to influence normal gene expression. Subsequently, the algorithm also identFidad CB
a TF regulating the transcription of several haematopesetcific targets, including
myeloperoxidase, CSF1 receptor,-1Land GMCSF (Downing, 200). Upon binding to
RUNX1, this complex is responsible for not only the tcaipgional activation in early HSC,
but alscexpression ofirowth factors and proliferation and survival regulat&isilarly to the
analysis performed above8.4.1), PU.1 was once more identified as one of the most

overconnected TF within the dataset.

Lastl vy, C/ EBPb was identified as one of t
dysregulated proteinss idatified in 3.3.2.7 Another member of the CEBP family, this TF
has been shown to play an important role in macrophage develofimkstrontHimes and
Xanthopoulos, 199&0li, 1998 Ramji and Foka, 2002The processtbo ugh whi ch C/ EI
is activated is complex, since it is regulated upon different levels, including transcriptionally,
translationally and podtanslationally. Firstly, th€ EBFB gene does not possess any introns,
and its mRNA can originate three distinct protein isoforms based on three alternative AUG
translation initiation sitegDescomies and Schibler, 199Timchenkoet al, 1999. C/ EBPD
LAP* (al so named flu)l,l a/emnBgRbh ,L Mo a (Od /EEBEPHBIB P b
( C/ E-B)PThe latter is thought to function as a transcriptional repressor, since itHacks t
transcription activating domain but still processes the ability to dimerize and bind to DNA
(Descombes and Schibler, 199Alternatively, CEBP proteins can be regulated through
proteinprotein interactions with proteins important for cell proliferation, including Cdk2,
Cdk4 or the Rb proteiJi andStudzinski, 2004Charleset al, 2003 Wanget al, 200J.
Lastl vy, C/ EBPb has sever al phosphoryl ati on
localisation and transcriptional activitfMetz and Ziff, 1991 Chinery et al, 1997 Piwien
Pilipuk et al, 2003 Berget al, 20035.
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To study the role of C/EBPDb in &0delfseanenti a
APL cell line, and 1,25D, a drug capable of promoting the differentiation of these cells. These
groups noted an increase in C/EBPb express
contributing to the cell 6s differentiation
observed in the expression levels of other members of the CEBP family, igclDduBP
and C/JEad® Studzinski, 2004tudzinskiet al, 2005 Marcinkowskaet al, 2008.
Furthermore, the LAP and LIP isoforms-o0of C/E
differentiating HL-60, as compared to control H80 cells, suggesting that thaseformshave
dominant roles over LAP*. Momwer, even though LIP functions as a transcriptional repressor,
the authors suggest that C/ EBPb LI P plays
differertiating cells, such as those involved in cell proliferat{tMarcinkowskaet al, 2009.

The same trend was observed by Ple&al.in peripheral blood monocytéBhamet al, 2007).

The authors showed that human macrophages contain high constitutigeoefienctional

C/ EBPD, unl i ke per i pher dreatedniHRLocelly weeeshownlton a d d i
induceCEBPB expression; however, even though the authors observed that these transitions
were not associated with major change<CEBPB mRNA levels,which remained stable
throughout the differentiation process, t he
particularly regarding the LAP and LAP* i so:
protein were downregulated in cells expressing RUNETD sugesting that this fusion

protein is inhibitingCEBPB at the transcriptional level. Currently there is no information

whet her this change in C/EBPD expression col

haematopoietic cells, this will therefore be addedsa Chapter 5.
3.4.2.1 Alternative analysis of RUNX&ETC-indiced proteomic changes in CD3ASPC

An alternative approach analysed proteins exclusively sgpcein RUNXIETO cells, but
undetectable in control samples. These were not identified above as it was not possible to
perform a statistical analysis on undetected samples. This study found that 53 proteins were
found to be exclusively expressed in RUNKIO cells, from which 29 were found

exclusively in the cytoplasm and 24 in the nucleus.

Of these, this study identified 4 TFs found to be expressed in the cytoplasm, including
ATXN7, ZNF395, REL and, interestingly, IRF9. THRF9 transcript had previouslpeen
identified as a target of interes8.8.1.9 as it had been identified as one of the most
overconnected genes within the mRNA dataset. However, western blotting analysis detected
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nuclear levels of IRF9 protein, even if no nuclear protein was detected by SWISTH
ATXN7, is a member of the STP3/TARRICNS histone acetyltransferase (STAGA) complex.
Even though some additional studies have been performed in colorectal and cleamnatell re
carcinomas, the functional consequences arising from mutations in this gene have not been
determined yefGotohet al, 2014 Kalvalaet al, 2016. Gene expression studies have found
that the expression @NF395is significantly incrased in several cancer types, including renal
cell carcinoma, osteosarcoma, and Ewing sarq@kabitzet al, 2006 Tsukaharat al, 2004

Dalgin et al, 2007. REL is a proteoncogene known to play a role in cell differentiation by
being part of the NdkB complex, and its role has already been extensively studies in the
context of AML (Guzmanet al, 2001 Nakagaweet al, 2011 Zhouet al, 2019. However,

since these TFs were identified in tlegtoplasm it is unlikely that thg possess any
transcriptional roles. Furthermore, additional western blotting analysis would be necessary to

assess nuclear protein expression.

Moreover, one TF was identified in the nucleMER1 is a transcriptional regulator
differentially expressed imreast carcinoma cell lines and tumogiPaternoet al, 1998
McCarthyet al, 2009. However, tlese targets were not pursued in this current study, as this
posed as an alternative way of analysing the proteomic changes induced by fETRX1

expression.

Thelastapproach analysed proteitigat were detected in both the cytoplasm and nucleus
of controland RUNXXETO CD34 HSPC, by analysingelative protein expression &ach
compartmentregarding taotal protein expressiorio identify mislocalised proteinsThese
shifts in proportion of expression at each subcellular localisatiay help identify pteins
differently localised between RUNXETO and control cells. Previously, several proteins have
been shown to promote cancer development due to their abnocabsationwithin a cell
such as EGFRand b-catenin, normallylocalised in the plasma menmhne, that upon
translocation to the nucleus leads to the developmeptoéreaticcancer(Cohen, 1988
Therefore, this study analysed the expression levels of 926 proteins, ardldotier relative
sub-cellular localisation. Of these, 33 proteins were shown to be localised differently in
RUNX1-ETO cells, as compared to control, by at least 15% of relative protein expression,
indicating that, in RUNXIETO cells, there was an acculaiion of certain proteins in the
cytoplasm or nucleus, as compared to the same compartment of control cells. -bfisvest

based on potential validation experiments through western blotting techniques, since a smaller
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difference might be harder to deteAdditionally, due to the high variability arising from the
source of cord blood material and viral preps, an additional cut off SD of £10% was applied
(n=3). This led to the identification of 9 proteins potentially translocated/retained as a
consequere of RUNXIETO expression. Of these, 5 proteins showed a higher expression in
the cytoplasm of RUNX:ETO cells, possible indicating protein retention in this compartment,

as compared to control cells; and 4 were identified as being more abundant inl¢lis piic
RUNX1-ETO cells. However, most of these proteins were identified as enzymes and binding
proteins, as no TFs were identified using this approach. For this reason, proteins were not
examined further. Even so, maxalisation of these proteins camatl to TF significant
dysregulation and, therefore, impaired normal cellular process and leukaemogenic

development, as a result of RUNETO expression.

It is also important tcacknowledgethat the current proteomics study represents an
exploratory pilot programe and, as such, the small sample simd inability to stdy the
consequences of RUNXETO i n the cel | s&ecognisedtdeeotmmcost pr of
concernsThe sample size is sufficieto examine changes to inform further research and day
3 of culture was selected as the consequence of RLEDO is a differentiation block in early
developmental stageSecondly, due to the scarcity of umbilical cord blood donatana
result ofthe COVID-19 pamlemic, it was not possible to validate these findings within the
same CD34" context However,owed to the proteomic approach, there is less concern

regardng validation as mRNAased approaches would suffer

I n conclusion, t hi sdentfhchgndegim Td expresaionmrisiag from wa s
the expression of the fusion protein RUNKTO, in CD34 HSPC. This aim was divided into
two main objectives. The first one consisted of analysing previously generated microarray data,
to identify changes at &imRNA level that could explain the dysregulation observed in these
cells. This led to the identification aZNF217 as a target of interest. Its role in the
haematopoietic process and in the development of AML will be exploréchapter 4.
However, since mRNA is not always an accurate predictor of protein expression, | also
performed SWATHMS anal ysi s on the same cells, to si
analysis identified C/EBPD, a member of C/ EE
leukaemogenic process of AML t(8;21). The effects of its dysregulation in haematopoiesis will

be addressed @hapter 5.
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ZNF217 Promotes Normal Human Myeloid
Development
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4.1 Introduction

Previously, | identifiedZNF217as being overexpressed in RUNKTO expressing cells
compared to controlGhapter 3). ZNF217 is a TF whose normal function is to regulate gene
expression through binding to multiple regulatory complexes, includingpuhean histone
deacetylase complefCoRESTFHDAC) (Cowgeret al, 2007 Thillainadesanet al, 2012
Thillainadesanet al, 2009. However, this protein has a knovamcogenic rolein solid
tumours,often attributed to the fact that its gene is located in a region frequently amplified in
human cancer§20g13 chromosomegCollins et al, 1998 Tabachet al, 201J). Increased
copies ofZNF217have been reported in multiple tumours, inahgdbreast, colorectal and
ovarian cance(Plevovaet al, 201Q Fanget al, 201Q Rahmaret al, 2012, and have been
linked to a poorer outcome in colon and ovarian carcindeisoet al, 2002 Rooneyet al,
2004).

In solid tumours, ZNF217 has been shawimterfere with several cell processes including
disruption of cell proliferatiorfLi et al, 2014 Tholletet al, 2010 through changes in TGF
b-dependenantiproliferative signalling(Massagué, 2008kushima and Miyazono, 20),0
cell cycle (Li et al, 2019 and apoptosigHuang et al, 2005. For example ZNF217
overexpression was able to confer drug resistance, as well as promote cell prolifieration
and increastumour growthn vivo, in a breast cancer mod@lholletet al, 201Q. Conversely,
downregulation of ZNF217 resulted in decrease in cell proliferatigprincreased drug
sensitivity, decreased colony formation efficiency and cell migration and invasibreast,
ovarian and colorectal cell lin€Sunet al, 2008aTholletet al, 201Q Li et al, 2015. ZNF217
is also able to bind to the promotor of genes involved in cell differentiation and organ
developnent, resulting in an arrestihecell differentiation process and maintenancbrefst
cancer stem cell&rig et al, 2007 Vendrellet al., 2012 Littlepageet al, 2012. In normal
primary mammay epithelial cells, ZNF217 overexpression led to an increase in the formation
of mammospheres with an increased -seffewal potential and was associated with the
repression of an adult stem cell expression signdlutttepageet al, 2012 Vendrellet al,

2012 Nguyen, 2018 Moreover, Macet al.described that ZNF217 was upregulated in glioma
stem cells (GSC) when compared to +®8C. This study showed that forced differentiation
of GSC led to a decrease in thevels of ZNF217 and its knockdown inhibited ithe
proliferation, while reducing stetiike populationdMao et al,, 2011).
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Altogether,these studies have established a link between the tumorigenic procels and t
overexpression of ZNF217 in solid tumours. However, whether ZNF217 has a role in

perturbing haematopoietic growth and development has not been determined.
4.2 Hypothesis and Aims

This study hypotheses that ZNF217 expression plays an important role in aBgraiesis
and that modulating its expression will disrupt normal human myeleictlopment, thus
leading to AMLinitiation. Thi s chapter éds main objective 1is
in haematopoietic development and its possible contributior tettelopment of AML, using
a normal human primary HSPC model and AML cell lines. This will be achieved by performing

the following aims:

Determine the expression 0ENF217 during normal human myeloid development and

in AML patient blasts

Analysis of publcly availabletranscriptomicdatasets will be performed to determine

ZNF217mRNA expression in human HSRQGbsets andcross different AML subtypes.

Determine the effects of ZNF217 overexpression and knockdown on myeloid colony
forming ability and self-renewal

Limiting-dilution colony forming assays will be performed transduced human CD34
HSPC and compared tontrol.Re pl at i ng assays will be-perfor

renewal potential

Determine the effect of ZNF217 overexpression or knockdown on normal human
haematopoietic growth, differentiation, and development.

CD34" HSPCwill be transduced wita ZNF217overexpressionraknockdown vector and
grown in bulk liquidculture. Changes in monocytic and granulocytic growth will be astesse
by analysing the cellsdé | ineage and cell sur

To determine the effect of ZNF217 overexpression or knockdown on AML cell growth,

proliferatio n and apoptosis.
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AML cell lines will be transduced with a ZNF2bkerexpression otkknockdown vectors
and grown in bulk liquid culture. Changes in cell growth will be evaluated by following the
cell sé proliferative abiedadeltswilbeaseayedtodetesnine Fu r t

if ZNF217 dysregulated expression results in changes in cell cycle and apoptotic frequency.

4.3 Results

4.3.1 Expression ofZNF217 mRNA increases throughout myeloid cell development

In order to determine the expressionZiF217 throughout haematopoietic development,
MRNA expression data for normal human haemopoietic cell populations was analysed.
ZNF217 mRNA expression significantly increases throughout granulocytic development,
particularly in metamyelocytes, band cells andypwrphonuclear cells, as compared to
immature HSC, by 2:2 3.3 and 6.6fold, respectively Figure 4.1A). Regarding monocytic
differentiation,ZNF217mRNA levels significantly increase by 2f@ld in mature monocytes,
as compared to HSC, though levels were lower compared to granuloEigase(4.1A)
Analysis of the mouse homol&ip217 also showed upregulation in mature granulocytes and
monocytes, with a significant increase of-Bo&l observed in both populationsigure 4.1B).

These observations suggest that ZNF217 is transcriptionally regulated during blood cell

differentiation, and differentially expressed according to specific cell types.

4.3.2 ZNF217 is variably expressed across AML subtypes

As previously introduced, AML is a highly heterogenous disehaeacterisethy multiple
molecular and cytogenetic abnormaliti@s2(?). To determin&ZNF217mRNA expression in
different subtypes of AML, publicly available transcriptomic datasets were analysed. Firstly,
this study comparedNF217mRNA expression in differenubsets of AML with that of cell
subsets at different stages of haematopoietic developmemtighee 4.2A shows,ZNF217
expression is highly variable ass AML. There were no significant differencesziNF217
MRNA expression between undifferentiated HSC and the multiple AML subtypes analysed.
However, this expression was significantly lower in all AML subtypes as compared to
polymorphonuclear cells, suggesting that expression of ZNF217 might influence normal

granulocytic development.
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Figure 4.17 ZNF217 mRNA expressionin normal haematopoiesis

(A) Normalised microarray data (log showing ZNF217 mRNA expression in distinct human
haematopoietic cells subsets based on cell surface marker expression. Normal human haematopoiesis
data derived fronGSE24759(Rapinet al, 2014 Svendseret al, 2019 Dataindicates Mean + 1SD.

Statistical analysis was performed using-wr®y ANOVAwi t h Bonferroni 6s mul ti
test ** denotes p<0.01; *** denotes p<0.001; **** denotes p<0.00@4HSC (Probeset 203739_at).

(B) Normalised microarray data (legshaving ZFP217 mRNA expressionZNF217 mouse homolog,

across different murine haematopoietic cell types. Mouse normal haematopoiesis data derived from
GSE60101(Lara-Astiasoet al, 2014. Data indicates Meah 1SD. Statistical analysis was performed

using oneway ANOVAwi t h Bonf err oni 0 destrifuénotesp<40.61; ¢*aen@iesr i S 0 N S
p<0.001; **** denotes p<0.000¥sHSC (Probeset 1437414 _at)

HSC i Haematopoietic Stem CelMPP i Multipotential Progenitors;CMP i Common Myeloid
Progenitorcell; MEP i Megakaryocyte / Erythroiérogenitor cellGMP i Granulocyte / Monocyte
ProgenitorsEarly PM - Early Promyelocytet ate PM - Late PromyelocyteMY - Myelocyte;MM

T MetamyelocytesBC i Band cell;PNM 1 Polymorphonuclear celMono i Monocytes;Gran 1
GranulocytesMacro i Macrophages.
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Figure 4.27 ZNF217 mRNA expression levels are variable across AML subtypes

(A) Normalised microarray data (lag showing ZNF217 mRNA expression innormal human
haematopoietic developmental subsets vs. AML subtypes. Normal human haematopoiesis data derived
from GSE422519(Rapin et al, 2014 Svendsenet al, 2016; human AML cells derived from
GSE13159Haferlachet al, 2010 Kohimannet al, 2008), GSE15434(Klein et al, 2009, GSE61804

(Metzelderet al, 2015, GSE14468Wouterset al, 2009 Taskesert al, 2015 Taskesert al, 2017

andTCGA (Leyetal, 2013 (dataanal ysed wusing Bl ood¢Bpguareba, al gor i
2016). Normalised microarray data (lagshowingZNF217mRNA expressioin (B) AML according

to FAB subtype an@C) AML FAB2, categaised into t(8;21) and net{8;21), within theTCGA dataset

(Ley et al, 2013 All studies were analysed using th&289 at probeseData indicate mean + 1SD.

Significant difference wereanalysed boneway ANOVA wi th Bonferroni és r
correction; * denotes p<®Q** denotes p<0.01; *** denotes p<0.001; **** denotes p<0.0001.

AML norm al i AML with normal karyotype AML complex i AML with complex karyotype
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Interestingly, analysis of transcriptomic data from the TCGA dataset according to AML
FAB subtype, shows thaZNF217 expression, whilst highly variable, remains similarly
expressed aioss different developmental AML subtypeSigure 4.2B). Furthermore, no
difference was observed in AML M2 patients expressing the fusion protein RUETXL
(Figure 4.2C).

Subsequently, | analysed the expressiafiNiF217in patients diagnosed witte novcAML
using the TCGA 2013 RNAseq dataflety et al, 2013, and stratified them according to high
and low quartiles, to represent high and BWF217expression, respectivelfFigure 4.3A).
For this analysis, patients with APL and those who didrective standard chemotherapy
treatment were excluded from the dataset. Having established these parameters, this study
analysed the OS and disedsse survival of patients with high and |IGINF217expression.
Additionally, the association between diffetieal ZNF217expression and disease subtypes,
molecular and cytogenetic abnormalities, and patient characteristics were assessed.

Regarding patient outcome, this analysis showed that patients with €217
expression were associated with a lower OS, as compared to patients with lower mRNA
expression, with a median survival of 17 compared to 30 months., although this was deemed
not significant Figure 4.3B). Furthermore, patients with higtiNF217expression were found
to possess a significantly reduced disefase survival, accompanied by a hazard ratio of 2.2

(95% CI[1-4.8]), suggesting increased risk efapsgFigure 4.3C).

Having determined that high@NF217expression is associated with reduced disérase
survival, this study aimealt determining the relationship between disease characteristics, such
as FAB subtype or molecular abnormalities, as well as patient attributesZNi2il7
expression. FirstlyZNF217expression was found to not correlate with PB blasts or WBC in
AML patients (Figure 4.4A, C). A significantly higher proportion of BM blasts was detected
in patients with loweZNF217expressionKigure 4.4B), as well as a higher mutation count
(Figure 4.4D). Both these factors are indicative of a poorer prognosis, despite AN#F217
expression being associated with better disé@sesurvival. Moreover, dysregulatédiF217
expression was significantly correlated with AML FAB subtypgre 4.5A). Lastly, high
ZNF217was not associated with patient characteristics, such as age or geégdes 4.5B-

C). Altogether, these results suggest a potential role for ZNF21#egugation in the

development of AML, regardless of subtype.
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Figure 4.471 High ZNF217 expression is associated with decreased BM blasts and lower mutation
count

Relationship between high and low ZNF217 expression and several clinical attributes of AML patients.
Data obtained from TCGALey et al., 201Busing cBioPortal yww.cbioportal.org. ZNF217 upper
quartile (n=27); ZNF217 lower quartile (n=27). Graph showing the percentage of (A) peripheral blood
(PB) blasts; (B) BM blasts; (C) white blood count (WBC); and (D) mutation couAiif patients
according to ZNF217 high (n=27) and low (n=27) expression. Statistical differences between high and
low ZNF217 expression in AML patients was analysed using Mahiiney test; Data represents mean

+ 1SD; * denotes p<0.05; ** denotes p<0.01
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Figure 457 DysregulatedZNF217 expression is not associated with patient characteristics

Relationship betweedmghandlow ZNF217expression andML patientcharacteristicsData obtained
from TCGA (Ley et al, 2013 using cBioPortal\ww.cbioportal.or. ZNF217upper quartilén=27);
ZNF217lower quartile(n=27). Graph showing théA) number of patients across the different FAB
subtypes of AML (MBM7), (B) age at diagnosis (years) ai@) proportion of male andeale patients
according taZNF217high (n=27) and low (n=2&xpressionStatisticaldifferences between high and
low ZNF217expression in AML patients wasalysed using MarWhitney test; Data represents mean
+ 1SD; * denotes p<0.05.
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4.3.3 Overexpression of ZNF217 promotes human myeloid development

The above data shows tlZEtiF217expression increases with myeloid cell development and
the previous chapter demonstrated that this gene and its corresponding protein are upregulated
in RUNX1-ETO-expressing HSPCs compared to control vector. To determine the effect of
ZNF217 overexpression amyeloid growth differentiation,and seHrenewal, | ectopically
expressed this protein asiagle abnormality in the CD34#HSPCin vitro model.Knockdown

studies were subsequently performedtif.4

4.3.3.1 Generation of ZNF217 overexpressi@®34" HSPC

A lentiviral vectorharbouringthe ZNF217 CDS and ceexpressing GFP as a selectable
marker was used to infect CD3ASPC.To confirm ZNF217 protein expression, western bot
was performed on transfected HEK 293T cells. As showligare 4.6A, cells transfected
with ZNF217 had higher ZNF217 protein expression compared to cells transducedmtith
vector A significantly lower infection rate was observed in COB#PC transduced with a
ZNF217overexression plasmigyrimarily due to plasmid sizgigure 4.6B). For this reason,
it wasnot technically feasible to isolate sufficient nuclear protein from HSPC for western blot

Assayswhichrequired a pure population, such as colony forming efficiéd@&/4), as well
as cell cycleZ.7.9, apoptoss (2.7.6 and morphological analysi2.8.5, necessitateFACS
sorting to ensurenont r ansduced mftuénteshe interprétadiom dft the data.
However, for assays whicfacilitate subselection of the population of intereste( flow
cytometry based), it is pabse to gate through the GFP population prior tolysia(2.7.4). It
is appreciatedhat this mixed culture could enabllentransduced cells to influence transduced
cells however, sorting this popation would not allow theecoveryof enough cells to perform
suchassaysAdditionally, puromycin selection wasot feasiblein these cellsas this process

takes approximately 482h, in which analysis of the cells would not be possible.
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Figure 4.6 Transduction of ZNF217 in HEK 293T cells and human HSPC

(A) Western blot showingNF217 proteinexpressiorin HEK 293T cells transduced with ZNF217
plasmidor control plasmign=1). The K562 cell line wasused as a positive control (PGAPDH was
used as a loading contr@i=1). (B) Summary datahowingpercentages GHpsitivity in control and
ZNF217overexpressioD34" HSPCcultures, on day 3 afulture Data indicates Mean + 1SD=5).
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4.3.3.2 ZNF217 overexpression supresses myeloid colony formation anérselal

Previous studies have shown that ZNF217 overexpression in primary mammary epithelial
or breast cancagells is able tgromotethe formation of mammospheres with increased self
renewal potentia(Vendrell et al, 2012 Littlepageet al, 2012. Initially, to determine the
effect of ZNF217 overexpression on myeloid colony forming ability anerestfwal potential,

a colony assay, followed by subsequent replating veafogned on GFPcells isolated by
FACS (Figure 4.7), thus ensuring a pure transduced populatfaiowing 7 days of culture,
ZNF217 overexpression led tosgnificant 35% reduction colorfprming ability compared

to control cells(Figure 4.8A). Furthermorea subsequent serial refihg assayshowed a
significant 60% reductiorfFigure 48B) i n t h e -erewd potentisd aslafresult of
ZNF217 expression, as compared to cdrdetls. These results indicate that ZNF2ibpairs
myeloid colony formation, with a reduction inh e ¢ ererlewababilgydHbwever, it &
important to note that the current assay does not allow the discrimination between different
types of colonieancluding monocytieand granulocytiderived cellsAs the media used does
not supporterythroid cell development, its possible to affirm thatheseare not present in
culture.Additional assays using serwolid culture medium, such as methylcellulose, would be

necessary tdefinitively make further conclusions.

4.3.3.3 ZNF217 overexpression supresses the growth of myeloid cells

Previous studies havé®wn thatupregulatedNF217 expressioleads to thesuppresion
of breast, colon and teratocarcinoma caredrdifferentiation leading to tumorigenes{&rig
et al, 2007. | hypothesise that ZNF217 overexpression may have ardiffetientiation
phenotype on myelopoiesi3o analyse the effect of ZNF217 overexpression in myeloid
dewelopment,specific time-points were selected at appropriatefrequency tdfully capture
thesechangespreviously optimised within the research grodpreover, cells were rseeded
at the appropriatdensityfollowing each timepoint, as described i2.3.3 Overexpression of
ZNF217 led to a 2-2old decrease in the growth of myeloid cells following 13<alyculture
(Figure 4.9A). To analyse the impact on different myeloid lineages, the CD13 and CD36 cell
surface markers were used dscriminate between monocytic, granulocytic and erythroid
populations.ZNF217 caused asignificantdecrease in monocytic cell growth, compared to
control cells (3.5old on day 13)Figure 4.9B). A slower growth rate was equally observed
in the granulocytic lineage, in which ZNF2bverexpessing cells showed-#okd decrease in

growth compared to controkigure 4.9C).
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Figure 4.7 Expressionand enrichmentof GFP* populationsin human CD34" HSPC

(A) Representative flow cytometric histograms showing GFP expression in control and ZNF217
transduced cultures(peeor t ed cul tures on day 3 of edwelbtrursed) .
gate described irrigure 2.4. Background auto fluorescence was established using ‘CE8K

subjected to the equivalent viral infection procedure but in the absence of virus (mock). Mock HSPC

grey; Transduced HEP- green (control) / red (ZNF217 OEB) Representative histogram for control

culture post sortingfor GFRNdGFPc e | | popul ati ons. Pl odeasbmgiesni@r@dtee
described irFigure 2.4.
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Figure 4.8 i ZNF217 overexpressioninhibits myeloid colony formation and decreases self
renewal capacity

(A) Colony forming efficiency of control and ZNF24&&erexexpression cultures following 7 days of
growth in liquid culture containing H3, SCF, G andGM-CSF(2.3.4. Data indicates Mean + 1SD
(n=5). Significant difference was analysed bgined Ttest; ** denotes p < 0.0(B) Selfrenewal
potential assessdiy a single replating round of control and ZNF217 cultures, in the same conditions
as previouslyData indicates Mean = 1SD (n=3ignificant differencébetweenZNF217expressing
cellsandcontrol was analysed by pairetest * denote<0.05 ** denotes p<0.01.
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Figure 491 ZNF217 overexpression inhibits monocytic and granulocytic growth during myeloid
development

(A) Cumulative foldexpansion of control and ZNF2-brrerexpressing GFRells grown over 13 days
in culture mediuntontaininglL-3, SCF G- andGM-CSF(Supplementary Figure?2). (B) Cumulative
fold-expansion of monocytic cells (CD13CD369) transduced with a control of ZNF217
overexpressing vector(C) Cumulative foldexpansion of granulocytic cells (CD13CD36)
transduced with a control of ZNF2brerexpressing vector(D) Cumulative foldexpansion of
erythroid cells (CD13CD36") transluced with a control of ZNF21@verexpressing vectoCells were
re-seeded at the appropriate density following each-poiat, as described i2.3.3 Gating strategies
were applied as describedRigure 2.4 andFigure 2.5. Data indicates Mean + 1SD@ Significant
differences betweernZNF217expressing cellandcontrolat each timeoint wereanalysed by paired
t-test * denoteg<0.05 (this data has also ée represented as dot plots, within the supplementary
section[Supplementary Figure30Q]).
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Whilst statistical significance is achieved late (10/13 days of cell cutheddend is consistent
throughout the experiment, suggesting a biological effect is present from onset.

However, the growth in erythroid cells was not significantly altered INFZA7
overexpression in these cellsidure 4.9D). This was not unexpected as the media in which
these cells are grown promotes monocytic and granudodgivelopment, but not erythroid,
due to the absence of the EPO, essential for terminal erythroid differentiation. These
observations suggest that ZNF217 overexpression influences the growth of myeloid cells,

particularly the cells committed to the montcyand granulocytic lineages.

4.3.3.4 ZNF217 overexpression promotes myeloid differentiation

To determine the consequences of ZNF217 overexpression on myeloid development, |
analysed the expression of differentiation cell surface markers in combinatiofinedahe
discriminators over time using flow cytometr8.7.4. As shown inFigure 4.10A, ZNF217
overexpression led tosgnificant1.6-fold (day 13) increase in the percentage of monocytic
cells in culture compared to control. Concomitantly, the proportion of granulocytiongels
significantly lower throughout developmefigure 4.10B). Conversely, there was an increase
in erythroidcommitted cells in the ZNF217 culture coanpd to control, within the same
timeframe Figure 4.10C). Altogether, these observations suggest that the balance between
lineages in culture is influeed by ZNF217 overexpression, by reducing the granulocytic
population at the expense of monocytes, during normal myeloid development of human HSPC.

In order to analyse the consequences of ZNF217 overexpression on monocytic and
granulocytic differentiationthis study assessed the expression of the differentiation cell
surface markers CD34, CD11b, CD14 and CD15. CD34 is expressed in HSPC and
progressively declines as HSPC differentig@auxet al, 1989. Moreover, as myeloid cell
development progresses, there is an increase in the expression of @Ddkset al, 2009.
Monocytic cells upregulate CD14 expression during development, whilst granulocytes show
an incrase in CD1%Tonkset al, 2009.
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Figure 4.107 ZNF217 overexpression disrupts the balance between granulocytic and erythroid
populations during myeloid cell development.

Summary data showing the proportion(8) monocytic (CD13 CD36"), (B) granulocytic (CD13
CD36) and(C) erythroid cells (CD13CD36") in control and ZNF21-bverexpressing culture€ells
were reseeded at the appropriate density following each-poiet, as described i8.3.3 Gating
strategies were applied as describeBigure 2.4 andFigure 2.5. Data indicate$lean + 1SD (© %
Significant differencebetweerZNF217expressing cellandcontrolat each timgoint wereanalysed

by paired ttest * denotesp<0.05 (this data has alsbeen represented as dot plots, within the
supplementary sectidgi®upplementary Figure31]).

191



Chapterd

In monocytes, ZNF217 overexpression significantly altered monocytic develbpme
(Figure 4.11), resulting in a 40% reduction in the percentage of cells expressing the CD34
marker on day 3 Higure 4.11A). Upregulation of CD11b was increased in ZNF217
overexpressing monocytic cells throughout development and, by day 10, it waklhigher
compared to controlFigure 4.11B). CD14 was also upregulated throughout development
(Figure 4.11C). Additionally, a significant increase in cgifanularity (SSC) on days 10 and
13 of development was further observedy(ire 4.11D).
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Figure 4117 ZNF217 overexpression promotes monocytic differentiation

(A) Summary data of CD34xpression in terms of percentage in monocytic cells (CODB6") over

time for control and ZNF2Xadverexpressing cells. Summary data showlBgCD11b andC) CD14
expression in terms of MFI in monocytic cells over time for control and ZN2&expressing cells.

(D) Complexity of monocytic cells was measured by changes in SSC for control and ZNF217
overexpressing cells on days 10 and 13 of myeloid differentia®ils were reseeded at the
appropriate density following each timpeint, as described i2.3.3 Gating strategies were applied as
described irFigure 2.4 andFigure 25.Dat a i ndi cat es MigrfinantNiffelesc® ( n O03)
between ZNF2Z1-expressing cells and control at each tipoént were analysed by pairedetst; *
denotes p<0.05** denotes p<0.01, ** denotes p<0.00@for representative flow cytometry plots
please refer t&Gupplementary Figure 3, Supplementary Figure 4, Supplementary Figure5; this

data has also been represented as dot plots, within the supplementary] Segidementary Figure

32
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Analysis of morphological features showed an increase in the percentage of cells displaying
late monocytic features, consistent with immunophenotypic anallygsiré 4.13). These
results suggest that overexpression of ZNF217 promotes monocytic differentiation which may

give rise to the decreased proliferation of this lineage obsenkdure 4.10A.

ZNF217 overexpression was shown to also perturb granulocytic lineage development
(Figure 4.12). CD34" was only modestly impacted by ZNF21Fidure 4.12A). CD11b was
shown to be upregated in ZNF217 cells (1-Bld on day 13Figure 4.12B) suggesting that
differentiation was again promoted in this lineageobservation supported by increase in
cell granularity (SSC)Rigure 4.12D), however, ZNF21-bverexpressing cells had a lower
expression level of CD15 (:f6ld decrease by day 13), compared to control céligufe
4.12C) confounding this interpretatioldditionally, morphological analysis of granulocytic
cells showed no difference in ZNF2Exkpressing cultures, as compared to control, with an
equal proportion of cells displaying late morphological featUfegite 4.13).

Taken together, these results suggest that the overexpression of ZNF217 inHIP%2
leads to a pralifferentiation phenotype, as evidenced by upregulation of monocytic and, to
some extent, granulocytic developmental markers, and morphology.

4.3.3.5 ZNF217overexpression in HSPi@duces changes in cell cycle

Having determined that ZNF217 leads to a decrease in colony forming ability and self
renewal potential, two possible explanations for this were tested: decreased proliferative
capacity and/or icreased apoptosigNF217transduced cells showedsgnificantdecreas
in the proportion of cells in cycle (S +/), indicatingan accumulation of cells ini®hase

supporting the hypothesis that ZNF217 impacts proliferative cap&igyre 4.14A).

In order to assess whether ZNF24dverexpression led to an increase in apoptasis
Annexin V-basedassay was performedlo significantdifference inapoptosisvas observed
for ZNF217transduced cellsompared t@ontrolin the days examing@rigure 4.14B). These
resultsindicate that thereduced colony forming ability of ZNF23iéxpressing cells and
reduced growth ability of HSPC is not a result of cell death, bahaequence of the decrease
in the proportion of cells entering cell cycle, suggesting that these cells are dividing at a slower

rate, as compared to control cells.
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Figure 4127 ZNF217 overexpressionpromotes granulocytic differentiation by upregulating
monocytic markers

(A) Summary data of CD34xpressiornin granulocyticcells (CD13"- CD36). Summary data showing
(B) CD11b andC) CD15 expression igranulocyticcells.(D) side scatter analysiS§Q of transduced
cellson days 10 and 13 of myeloid differentiatic@ells were reseeded at the appropriate density
following each timepoint, as described &.3.3 Gating strategies were applied as describdeigare

24 andFigure 25. Dat a i ndicat es Qigmiicant diferenc® BetwéenZDNB2L7
expressing celland control at each timgoint were analysed by pairedtest * denotegp<0.05 **
denotes p<0XD (for representative flow cytometry plopdease refer t&Gupplementary Figure 6.
Supplementary Figure7, Supplementary Figure8; this dda has also been represented as dot plots,
within the supplementary sectiffSupplementary Figure33).
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Figure 4.137 ZNF217 overexpression alters cell morphology during myeloid development

(A) Representative images showing the morphology of HSPC transducembmiithh andZNF217 OE
cultureswere analysed on day bf differentiationby cytospinning 3x1tcells and staininhemwith
May-GrunwaldGiemsadifferential stain (B) Differential counts of all cultures with morphology
categorised intgranulocytic and monocyticommitted cds. Approximately 500 cells were counted

in total and each population count normalised to total number of eed®rding toFigure 2.2.
Granulocytic cells were further divided into myelocytes, metamyelocytes and band/segmented cells.
Data indicatesnean = 1SD (n=3)Significant differencébetweerzNF217 OE cultures armbntrd were
analysed byaired Ftest ** denotes p<0.01.

19¢€



Chapterd

A
Control ZNF217 OE
*
l l

@ (S+G/M) 2 (S+G/M)
3 23.9% + 1.29% o 15.9% +2.81%
Lﬁ | L M| |

11 I ! I

, ‘ | : . N\\‘\‘ i | ‘R[\D. ‘

DNA Content DNA Content
B

@ (i) BN ZNF217 OF
[%2] [%2]
@ _ 15- @ ~ 10 I Control
oo o g4
O -~ - S~
-g'_+> 10— 48_+> 6-

c 9
&= S-S 4-
> 55 5- qy)
= C ) C
5 C ® & 27
w < - <
< 0- ° 0-

6 10 13 6 10 13
Days in culture Days in culture

Figure 4.147 ZNF217 overexpression in CD34HSPC significantly disrupts normal cell cycle.

(A) Representative histograms showing cell cycle distribution of normal HSPC (Control) and ZNF217
expressing cells after 6 days of culture. Initial gating was applied as describgglia 2.6 The
percentage of cells in S +x is indicated by mean £ 1SD (n=3) Significant difference between
ZNF217expressing cells and control was analysed by paitestt* denotes p<0.0%B) Summary

data showing the efé¢ of ZNF217 overexpression in apoptosis, on CORB8PC following 6, 10 and

13 days of culturelnitial gating was applied as describedFigure 2.7 (i) Early apoptotic cells are
characterisethy Annexin V* / PI; (i) Apoptotic cells areeharacterisethy Annexin V*/ PI*. Data
indicates Mean + 1SD (n=3).
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Whilst feasible, earlier timpoints would not be practictdr three main reasons. Firstly, an
apoptosisassay requires a minimumwf 50.000 cells and hence would use a substantial
proportion, if not allof sortedcells. Secondly, the CD34nodel exhibits thgreatst growth
potential between days 3 ana6culture in which 5B-20-fold growth is frequently observed,;
taking cells on day 3 wouldubstantiallyredue the availableells for subsequent analysis.
Lastly, as cellshaveonly just beencollectedfrom cell soting, it is likely that the stresse
incurredby this processvould mask any biological effects. For these reasons, day 6 is the
earliest suitable timpoint for the apoptotic assay.

Altogether, these results indicate that ZNF217 has-@iffeventiation role, in concordance
with the mRNA analysis described abo¥e3(1), in which the expression of ZNF217 increases
with myeloid differenitation. Overexpressing ZNF217 in HSPC suggests that this favours
monocytic development, although granulocytic development might also be influenced by its
expression. More importantly, given these observations, it is unlikely that overexpression of
ZNF217 ontributes to leukaemogenic development through change in normal myeloid cell
differentiation.

19¢



Chapterd

4.3.4 Knockdown of ZNF217does not impact myeloid differentiation

The data above shows that ZNF217 overexpression was shown to promote normal myeloid
development by gnificantly increasing monocytic and granulocytic cell differentiation.
Previously, several authors have also addressed the eff&iF@fl 7downregulation in solid
tumours. Surt. al used shRNAmediated KD vectors in ovarian cancer cell lines, and showed
that ZNF217KD cells presented a decrease in cell growth and in colony formation efficiency
(Sunet al, 20083a. Similar observationg/ere made by Lét.al in colorectal cancer, in which
the ZNF217siRNA mediated KD lead to a decrease in cell proliferation and impaired cell
migration and invasion in the colorectal cancer cell line SW#8@t al, 2015. Altogether
these results indicate that the ZNFzhédiated cell proliferation and invasion can be
attenuated by employing KIHowever, the consequences of ZNF217 KD in haematopoiesis
have not been determined yet. Therefore, this study aimed at determining the effect of ZNF217
KD on myeloid growth and diéfrentiation of CD3%2HSPC, using shRNA constructs.

4.3.4.1 Selection and validation of ZNF217 shRNA constructs

To reduce the levels of ZRR17 expression in normal human CD3SPC, lentiviral
vectorsbased on shRNA constructs targeting ZNF217, encoding both a GFP and puromycin
were usedTable 2.1). To initially validate KD, ZNF217 was KD in K562 ke The level of
KD achieved was similar across all constructs used, with a reduction of at least 50% in the

levels on endogenous ZNF217 protein expressed in thesersglisg(4.15A-B).

In CD34 HSPC, it was possible to achieve over 60% infection efficiency for the different
shRNA constructsHigure 4.16). For subsequent assays, shZNF217 #4 was discarded, as its
expression resulted in cell death (data not shown), possibly duettrget effects.

4.3.4.2 Knockdown of ZNF217 leads to a decrease iBC€IHSPC colony forming ability

To determine the effect of ZNF217 KD on colony forming ability of myeloid cells,
transduced CD34%cells were sorted based on GFRpression and plated by limiting dilution,
as previously described.@.3. Following 7 days of culture, all three ZNF2KD cultures had
a significant decrease in colony forming ability of approximately 50%, compared t@lcontr
cells Figure 4.17A).
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Figure 4.157 ZNF217 shRNA constructs successfully reduced the levels of endogenous ZNF217
in K562 cells

(A) Western blot of ZNF217 total protein levels in K562 cells transduced with a scrambled shRNA
vector, as well as three different ZNF217 shRNA constrinstd). K562 parental cells were used as a
positive control (PC). GAPDH was used as a loading contrdCN'Rumbers have been described in
Table 2.1. (B) Western blot semijuantification by densitometry using ImageJ. Relative protein
expression was deterngid by normalising each sample to GAPDH and to shRNA control.
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Figure 4.167 Infection efficiency of transduced CD34 HSPC using shRNA lentiviral constructs

Summary data showing tipercentagefcGFP cells in control and ZNF217 KBD34" HSPCcultures

analysed on day 3 of cultur@ating strategies were applied as describdeignre 2.4. Data indicates
Mean £ 1SD (n=4).
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Figure 4.177 ZNF217 knockdown disrupts myeloid colony formation of HSPC

(A) Colony forming efficiency of control and three ZNF2kifockdown cultures following 7 days of

growth in liquid culture containing H3, SCF, G andGM-CSF(2.3.4. Data indicates Mean + 1SD

(n=4). Sgnificant differencebetweenshZNF217 cultures andcontrol was analysed bgneway

ANOVA with Bonferronidéds multipl &*deootepm0.dl*s*ons cor
denotes 10.001.(B) Self-renewal potential was assesssda single replating round of control and
ZNF217KD colonies in the same conditions as previousyata indicates Mean + 1SD (n=3)

Significant difference betweenshZNF217cultures andcontrol wereanalysed byoneway ANOVA

with Bonferroniés multiple &o0*ndenatesipsO®h 8* denotesr ect i C
p<0.001.
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Furthermore, a replating assay showed no difference inesedival ability between control
cells and two ZNF217 KBultures; however, shZNF217 #2 showed a 75% reduction in colony
forming-ability (Figure 4.17B). Altogether, reduction of ZNF127 levels led to a decréase
the cell sd col ony f or-nenewdg potedtial foritwto pf the somstrubts n o |

used.

4.3.4.3 Knockdown of ZNF217 disrupts myeloid cell growth and development

To determine the consequences of reducing endogenous levels of ZNF217 irHIP84
cells were cultured as described abo#8.63.3 and subsequent growth, differentiation, and
survival of control and ZNF217 KD cultures were asaly throughout 13 days of culture.
Having established that ZNF217 overexpression supressed the growth of HRE 4.9),
this study hypothesised the#éducing ZNF217 expression would increase the proliferative
ability of these cellsFigure 4.18 shows the effect of ZNF217 KD on myeloid cell growth,
representing two biological replicates (de€.3for more details). KD of ZNF217 in these cells
failed to induce significant differences in the growth of cells in bulk liquid culfieigure
4.18A). As previously describedhe CD13 and CD36 cell surface markers were used to
discriminate between monocytic, granulocytic and erythroid populations, and to analyse the
growth and differentiation of each lineage. KD of ZNF217 led to an iser@amonocytic cell
growth, in cultures transduced with shZNF217 #1 and #3, byah& 2.5fold on day 13,
respectively Figure 4.18B). No meaningful dferences were noted in both granulocytic and
erythroid growth(Figure 4.18C-D). Taken together, these results suggest that KD of ZNF217
disrupts the normal growth of monocytic cells, potentially associated with an immature
phenotype.

Similarly to the approach desceith above 4.3.3.9, cell surface markers were used to
analyse individual lineages. No significant changes were observed in terms of lineage balance
regarding the granulocytic or erythroid lineages, following ZNF217 Kiyre 4.19B-C).
However, there was a significant increase inditggortion of monocytic cells in ZNF217 KD
cultures as compared to control throughout culture-fdlids for shZNF217 #2, on day 13)
(Figure 4.19A).
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Figure 4.187 Knockdown of ZNF217 promotes monocytic cell growth in myeloid development

(A) Cumulative foldexpansion of control and three ZNF2KID constructs in terms of GFP positivity

in culture mediumcontaininglL-3, SCF G- and GM-CSF, grown over 13 day$Supplementary

Figure 9). (B) Cumulative foldexpansion of monocytic cells (CD138D36") transduced with a control

or ZNF217KD vectors. (C) Cumulative foldexpansion of gramocytic cells (CD13" CD36)
transduced with a control or ZNF2KD vector. (D) Cumulative foldexpansion of erythroid cells
(CD13 CD36") transduced with a control of ZNF2KD vector. Cells were reseeded at the
appropriate density following each tirpeint, as described i2.3.3 Gating strategies were applied as
described inFigure 2.4 and Figure 2.5. Data indicates Mean 2SD (n=2) (no statistical test was
employed; (this data has also been represented as dot plots, within the supplementary section
[Supplementary Figure 34)]).
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Figure 4.197 ZNF217 knockdowndisrupts the balance between the monocytic and granulocytic
populationsin CD34* HSPC during myeloid cell development

Summary data showing percentagéfmonocytic (CD13CD36'), (B) granulocytic (CD13- CD36

) and(C) erythroid cells (CD13CD36") in control and three ZNF21KD cultures Cells were reseeded

at the appropriate density following each tipmnt, as dscribed in2.3.3 Gating strategies were

applied as described iRigure 2.4 andFigure 2.5. Data indicatedMlean + 1SD (© % Sgnificant

differences betweenshZNF217cultures andcontrol at each timgoint wereanalysed byone-way
ANOVAwithBonf erroni 6s mul ti pl e c¢omp5™ denates p<0.@lor r ect
(this data has also been represented as dot plots, within the supplementary] Sapitementary

Figure 35)]).
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Following the assessment of the proportion of cells committed to each lineage in each
condition, the effect of ZNF217 KD on the normal differentiatioih nmonocytes and
granulocytes was further assessed, using the cell surfademngrreviously described
(4.3.3.9. Figure 4.20 shows the effect of ZNF217 KD in the monocytiammitted cells. No
significant changes were observed for any of the parameters analysed, including expression of
CD34, CD11b and CD14. In constaa significant decrease in cell granularity was observed
in ZNF217 KD cells, on days 10 and 13 of cell culture. However, even thought this was
statistically significant, biologically this was very modest and unlikely to show a real effect.
Similarly, nosignificant differences were observed regarding granulocytic development upon
KD of ZNF217 Figure 4.21)

Altogether, these results indicate that KD &fF217 impairs the colony forming ability of
myeloid cells; however, it does not play an endogenous role in myeloid development, and the
reduced monocytic growth is not a result of altered differentiation. Moreover, even though
ZNF217 expression was showmgromote monocytic differentiation, expression of this TF is

not essential for monocytic development.

4.3.4.4 Knockdown of ZNF217 does not affeetl cycle and apoptosis

Lastly, to determine the effects of ZNF217 KD on cell cycle, this study andifge8orted
transduced HSPC, on day 6 of culture. No difference between control and ZNF217 KD cells,
was observedHigure 4.22A). | next determined ifthd ecr ease i n the cell s
ability was a result of increased apoptosis. ZNFRIY cultures showed no difference in
apoptosis on days 10 and 13 of development. These results indicate that the impact of ZNF217
KD on the cells colony forming abiiy and growth i s not supporte
cycle or apoptotic event&igure 4.22B).
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Figure 4.207 Knockdown of ZNF217 does not significantly alter monocytic development

(A) Summary data of CD34xpression in terms of percentage in monocytic cells (CODB6") over
time for control and ZNF21KRD cells. Summary data showirig§) CD11b andC) CD14 expression
in terms of MFI in monocytic cells over time for control and ZNFKLY cells. (D) Complexty of
monocytic cells was measured by changes in SSC for control and ZME2&idltureson days 10 and
13 of myeloid differentiationCells were reseeded at the appropriate density following each-poiet,
as described i2.3.3 Gating strategies were applied as describdeignre 2.4 andFigure 2.5. Data
indicates Mean £ 1SD (n=4¥ignificant difference betweenshZNF217cultures anctontrol at each
time-pointwereanalysed bpneway ANOVA with Bonferronidéds multip
denotes p<0® ** denotes p<0.01 (for representative flow cytometry plots pleasger to
Supplementary Figure 10, Supplementary Figurell, Supplementary Figure12; this data has also
been represented as dot plots, within the supplementary sgstipplementary Figure36]).



Chapterd

—— shRNAControl
—— shZNF217 #1
—— sShZNF217 #2
shZNF217 #3
A B
100- 1~
i g
75- " 0.75

CD11b (MFI)
o
q

25 0.25-
o B S N e S
3 6 8 10 13 3 6 8 10 13
Days in Culture Days in Culture
C D

. " E ']

z g x4 T 'I‘ |
075 s J : 1
E 3 } * - N n *
=
S 05 ﬂ S
)

° 3
0.251 1
O—T—T— T T 0 v J
3 6 8 10 13 10 13
Days in Culture Days in Culture

Figure 4.217 Knockdown of ZNF217 does not significantly alter granulocytic development

(A) Summary data of CD34expression in terms of percentagegmanulocyticcells (CD13" CD36)
over time for control and ZNF2i1RD cells. Summary data showin@®@) CD11b and(C) CD15
expression in terms of MFI igranulocyticcells over time for control and ZNF2KD cells. (D)
Complexity ofgranulocyticcells was measured by changes in SSC for control and ZNKRXCUltures

on days 10 and 13 of myeloid differentiati@ells were reseeded at the appropriate density following
each timepoint, as described iR.3.3 Gating strategies were applied as describdéignre 2.4 and
Figure 2.5. Data indicates Mean + 1SD@®#). Significant difference betweershZNF217cultures and
controlat each timgooint wereanalysed byneway ANOVAwithBonf erroni 6s mul ti pl e
correction; * denotes p<®0Q** denotes p<0.G1(for representative flow cytometry plots please refer
to Supplementary Figure 13, Supplementary Figure 14, Supplementary Figure 15; this data has
also been represented as dot plots, within the supplementary $8cipplementary Figure37)).
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Figure 4.227 Knockdown of ZNF217 has no effect on normal cell cycle or apoptosis

(A) Representative histograms showing cell cycle distribution of nokB&C (Control) andthree
ZNF217knockdwonculturesafter 6 days of culturénitial gating was applied as described-igure
2.6 The percentage of cells in S +/i4 is indicated bymean + 1SD (n=3)(B) Summary data showing
the effect of ZNF21'knockdownin apoptosispn HSPC following 10 and 13 days ailture. Initial
gating was app#id as described Figure 2.7; (i) Early apoptotic cells areharacterisedy Annexin V*
/ Plrand(ii) Apoptotic cells areharacterisetty Annexin V*/ PI*. Data indicates Mean + 1SD (n=3).
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4.3.5 Therole of ZNF217in AML cell lines

4.3.5.1 ZNF217 expressiorsivariable acros&\ML cell lines

Using the Cancer Cell Line Encyclopaedia (CLI(Barretinaet al, 2012, the expression
of ZNF217mRNAIn a cohort of AML cell linesvas determined=igure 4.3A showsZNF217
transcript ishighly expressedcross allines including in the t(8;21) cell lireKasumil and
SKNO-1. However, previous studies have reported that ZNF217 protein expression does not
correlate withZNF217gene amplification leveld.i et al, 2015 Szczyrbeet al, 2013 Renner
et al, 2013 Etcheverryet al, 201Q. For this reason, this study determined ZNF217 protein
expressiorby western blotZNF217 protein expressidavel was shown to beariableacross
the AML cell lines tested. The expression level of ZNF217 was undetectabdomo-1,
PLB985, TF1, NB4, HE60 and OCIAMLS cells but was strongly expresséa SKNO-1,
HEL, OCFAML2 and K562 cells Figure 4.3B) making these cell lines suitable for
overexpression and knockdown studies respectivehdditionally, ZNF217 was
heterogeneously expressed in t(8;21) cell lines, showsndpstantitly lower expression in the
Kasumil cell line, as compared 8KNO-1; furthermore, there was no distinct pattern of

expression between t(8;21) cell lines and-t@21) cell lines.

4.3.5.2 Generation of ZNF21}knockdown AML cell lines

Using the same shRNA constts @.3.4, ZNF217 was knockedown in the leukaemic
cell lines HEL and SKNEL. which presented the highest levels of endogenous ZNF217
protein. Transfected cell lines were selected using puromyadrfirmed through GFP
positivity (Figure 4.24-Figure 4.25A) and validated by western bldEigure 4.24-Figure
4.25B-C). Different levels of knockdown were achieved based on the cell line used. In the HEL
cell line, all three constructs used were shown to possess a similar level of KD, with
endogenous levels of ZNF217 reduced by c75%. In the SKN@, however, shZNF217 #1
had the weakest level of KD, with a modest c40% reduction in ZNF217 expression; the other

two constructs showed similar reduction levels to HEL cells.
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Figure 4.237 ZNF217 expression in leukaemic cell lines

(A) Western blotanalysis of ZNF217 endogenous expression in a cohort of AML cell (imely. The K562 cell line was used as a positive control (PC);
GAPDH was used as a loading contf@l) Normalised (log) ZNF217mRNA expression in a cohort of leukaemic cell lines. MRMpression data derived
from https://portals.broadinstitute.org/ccle/page?gene=ZNBaftetinaet al, 2012. Null protein values refer to undetectable levels of endogenous ZNF217.
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Figure 4.247 ZNF217 is knockeddown in the erythroleukaemia cell line HEL

(A) Representative flow cytometric plots showing transduction efficiency in the HEL cell line
transfected with (i) an shRNA control andig) three ZNF217 knockdown constructsZ®F217#1,
SIWZNF217 #2, slZNF217 #3), following puromycin selection(B) Westen blot analysis showed
successful ZNF217 knockdown in all three shRNA constriretd). GAPDH was used as a loading
control.; K562 cells were used as a positive control (RC) Western blot quantification by
densitometry analysis using ImageJ. Relatika@ein expression was determined by normalising each
sample firstly to the loading control, then to shRNA control (n=1)
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Figure 4.2517 ZNF217 is knockeddown in the t(8;21) cell line SKNO1

(A) Representative flow cytometric plots showing transduction efficiency in the SKNé) line
transfected with (i) an shRNA control andig) three ZNF217 knockdown constructsZ®F217#1,
SIZNF217 #2, stZNF217 #3), following puromycin selection(B) Western blot analysis showed
successful ZNF217 knockdown in all three shRNA constriretd). GAPDH was used as a loading
control. (C) Western blot quantification by densitometry analysis using ImageJ. Relative protein
expression was determined by normatiseach sample firstly to the loading control, then to shRNA
control (n=1).
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4.3.5.3 ZNF217 knockdown in AML cell lines reduces cell growth by promoting changes in
cell cycle and apoptosis

| next determired the effect of ZNF217KD on leukaemic cellgrowth Growth was
significantly reducedn the HEL cell line following day 4 ofculture(Figure 4.26A), by 1.5
fold (with shZNF217 #3). This reduction in grdwtemained consistently lower until day 7, in
which a 2.1 and 2.5fold reduction was observed upon transduction with shZNF217 #1 and
#3, respectivelySimilarly, even though not statistically significant, a reduction in cell growth

was alsambserved in the SKNQ cell line Figure 4.27A).

In order to determine the reason behind this decreased proliferative ability, these lines were
assayedor apoptosis using Annexin V binding in combination witA&D exclusion. In HEL
cells, the decrease in growth observed for shZNF217 #3 can be attributed to an increase in pre
apoptotic cells, on day 6 of culture, bydld, as compared to contrdtigure 4.26B). However,
an analysis of the apoptotic rate on day 4 of culture would be necessary to furthéhetreng
these observationblo significant diferences were observed in SKNQells Figure 4.27B).

These data suggest that ZNF217 expression performs aapaptiotic role in HEL cells.

Additionally, the cell cycle distribution of these cells was analysed using the DNA dye PI.
I n the HEL cell l'ine, ZNF217 KD did not | eac
cycle Figure 4.26C). However, loss of this protein resulted in substantial changes in SKNO
1 cell sdo cell cycl e, with a signi #phasent i n
throughout culture Kigure 4.27C). Taken together, the decrease in proliferative potential
observed upon ZNF217 KD can be a result of not only an increase in apoptosis, but also due to
an arrst in the (S + @ phase, potentially enhancing cell death, suggesting ZNF217 is
necessary for AML c el IHsvwevenp iti®duggésed that thioeffecta n d ¢

occurs independently of RUNXETO expression.
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Figure 4.267 ZNF217 knockdown significantly decreases HEL cell proliferation

Summarydata showing(A) the growth of HEL cells with three ZNF217 knockdown constructs
compared to control over 7 days of growibata indicates Mean + 1SD (n=52-vay ANOVA
statisticaltestvi t h Bonf err oni 6s -huwuénotésp « E) *¢ denoeap<iodh n t est
**** denotes p < 0.000}; (B) the effect of ZNF217 knockdown on Annexin V staining in HEL cells

following 1, 3 and 6 days of cell growth. Bars indicate percentage -@fpmetotic cells (Annexin V/

7-AAD"). Data indicates Mean + 1SD (n=@Pneway ANOVA statistical teswi t h Bonf err on
multiple comparison test* denotes p < 0.05(C) the effectof ZNR2 1 7 knockdown in the
cell cycle following 1, 3 and 6 days of cell growth. Data indicates Mean + 1SD (@+&way

ANOVA statistical testvi t h Bonf err oni 6s -rhdehotes pd0dd53*denatgsdr i s on

< 0.01; *** denotes p < 0.00F*** denotes p < 0.0001).
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Figure 4.271 ZNF217 knockdown significantly decreases SKN@Q cell proliferation

Summarydata showingA) the growth of SKNQO1 cells with three ZNF217 knockdown constructs
compared to control over 7 days of growth. Data indicates Mean + 1SD (2¥&y ANOVA
statisticaltesvi t h Bonf err oni 6s -huénotesp «ED*¢ denoeap<iod®f n t est
**** denotes p < 0.000% (B) the effect of ZNF217 knockdown on Annexin V staining in SKNO

cells following 1, 3 and 6 days of cell growBars indicate percentage of papoptotic cells (Annexin

V* /[ 7-AAD"). Data indicates Mean + 1SD (n5®neway ANOVA statistical testvi t h Bonf err on
multiple comparison test* denotes p < 0.05(C) the effect of ZNF217 knockdown in the SKNO

c e lcellxyile following 1, 3 and 6 days of cell growth. Data indicates Mean + 1SD (@n&way

ANOVA statistical testvi t h Bonf erroni 6s -rhdehotes pd0dd53*denatgsdr i s on

< 0.01; *** denotes p < 0.001; **** denotes pG<0001).

21¢



Chapterd

4.4 Discussion

ZNF217 is a TF belonging to the Krupgi#de family of TF. The gene is located on
chromosome 21913, in a region frequently amplified in various human cancers, including
breast and ovarian, as compared to normal tissue and epithdia{@alins et al, 1998
Littlepageet al, 2012. Whilst several studies have been perfornmesilid tumours, the role
of ZNF217 in the haematopoietic process and in the development of AML has not yet been
described. The main aim of this chapter was to describe the normal expression of ZNF217
during haematopoiesis and its role in normal human enyelevelopment. Overexpression of
ZNF217 in HSPC was found to significantly inhibit the growth of myeloid progenitor cells,
associated with an increase in their differentiation potential, therefore suggesting that ZNF217
promotes myeloid development. Moker, KD of ZNF217 had no impact in both monocytic
and granulocytic maturation, suggesting that, even though expression of ZNF217 promotes

differentiation, it is not essential for this process to occur.

To understand whether overexpression Z¥IF217 might contribute to leukaemic
development, this study aimed at analysing its expression level during normal haematopoiesis.
ZNF217gradually increases as cells differentiate into mature granulocytes and, to a lesser
extent, monocytes. Expression of the mousediogueZfp217revealed a similar trend, with
mature monocytes and granulocytes expressing the higher lev&ig2df7 as compared to
HSC. However, a study based on embryonic stem cells identifig2tlZ (homologue) as
essential for maintaining the undiféattiated state cells present, associated with epigenetic
regulation and A RNA modifications(Aguilo et al, 2019. These high expression levels
tightly correlate with the regulation ofgeral pluripotency genes, includiNg\NOG POU5F1
andSOX?2and upregulation of these has previously been described in other d&wels et
al., 2015. For instance, SOX2 upregulation has not only been identified in several cancers, but
it also correlated with poor disease prognd$msm and Ng, 201,4AVNeina and Utikal, 2014
Wuebben and Rizzino, 20l Wltimately, there are few studies regarding the role of ZNF217
in the haematopoietic process and often have conflicting data. These might be related to

different model¢echniques used.
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4.4.1 High ZNF217in AML is associated with increased risk of relapse

Analysis aimed at exploring the association betweBNF217 expression and
leukaemogenesis showed that the expressidhNBR217mRNA is highly variable across AML
subtypes, but is generally lower in AML as compared to fully mature granulocytes, suggesting

thatZNF217is promoting a block in granulocytic differeation.

To determine the relationship betwedF217expression and clinical attributes, the TCGA
dataset was used to stratify patients according to high and low expression qllayiketsal,
2013. Diseasdree survival was found to be sifjcantly lower in patients with high levels of
ZNF217 indicating that these patients possess a higher risk of relapse. Similar observations
have previously been made in solid tumours. OverexpressiéN217levels was observed
in both primary prostatearcinomaSzczyrbeet al, 2013 and colorectal carcinom@hanget
al., 2019, the latter further associating with poor clinical features. Similar reswdte
observed in glioma samples, in which highF217was found to relate to poor outcoiiédao
et al, 201]). However, the majority of studies regarding overexpressi@N&R217in tumour
development are assated with breast cancer, in which higNF217has been documented
in breast tumour samples, as compared to normal epithelia(KKetiset al, 201Q Littlepage
et al, 2012 Nguyenet al, 2014 Nonetet al, 200X Plevovaet al, 201Q Tholletet al, 201Q
Vendrellet al, 2012 Collins et al, 1999. Similarly to the present study, analysis of breast
cancer patients showed that high levelglfF217were associated with decreased reldpse
survival(Vendrellet al, 2012 Littlepageet al, 2012 Nguyenet al,, 20149, further correlating
with poor OY(Littlepageet al, 2012 Nguyenet al, 2014 and prognosigNguyenet al, 2014
Vendrellet al, 2013, and with the development of metastgsémndrellet al, 2012. Equally,
high levels of ZNF217 protein have been identified in ceryical et al, 2009 andcolorectal
(Zhanget al, 2015 Li et al, 2015 cancers, as well as gastric carcinof8hidaetal., 2014.
These were found to be associated with more aggressive disease s{#itgpgst al, 2015
Li et al, 2015, as well as poorer O&.i et al, 2015 and relapsdree survival(Shidaet al,
2014). Given that this study identified ZNF217 as overexpressed in RURPO-expressig
cells, it is hypothesed that the block in normal cell differentiation might be mediated by
ZNF217.

21¢



Chapterd

4.4.2 ZNF217 overexpression of promotes myeloid development in HSPC

Previous studies have demonstrated that increased levels of ZNF217 contribute to tumour
development in several cancers, including breast and ovdiitiepageet al, 2012 Nonetet
al., 2001 Plevovaet al, 201Q Li et al, 2014 Li et al, 2007. However, its role in the
development of leukaemia remains largely unknown. A recent study attempting to unravel the
role of this TF in paediatric B\LL has identified ZNF217 as a crucial mediator of the
oncogenic role observed in these patiesmts, essential for the survival ofBLL cells (Qin et
al., 2019.

To determine whether ZNF217 equally contributes to the pathogenesis of AML by
disrupting normal myeloid development, functional studies were performed. To determine if
overexpression ZNHAZ in HSPC affected haematopoiesis and cell survival, this study
performed a colony forming assay. ZNF217 was shown to significantly reduce myeloid colony
formation under clonal conditions, suggesting that this TF influences the proliferative ability
of these cells. A subsequent replating assay yielded similar results, in which ZNF217
overexpressing cells generated significantly less colonies as compared to control cultures.
These observations indicate that expression of ZNF217 in HSPC inhibits colonyidorared
decreases the safnewal potential of myeloid progenitor cells, potentially associated with a
more mature phenotype. Previous studies have shown that overexpression of ZNF217 in
primary mammary epithelial cells resulted in enhanced formatioraoimospheres associated
with an increased setenewal ability(Vendrellet al, 2012 Littlepageet al, 2012 Nguyenet
al., 2014. However, this studyds r esdsuggest instead,t r a st
that ZNF217 promotes HSPC differentiation in this system. However, once more, the models

used to perform these experiments were not equivalent.

Subsequently, this study analysed the consequences of ZNF217 overexpression on myeloid
devdopment. In this context, overexpression of ZNF217 significantly reduced HSPC growth,
especially within the monocytic and granulocytic populations, suggesting that ZNF217 does
not act as an oncogene in a haematopoietic se#idg217 has been previouslgsociated
with increased proliferation of ovarian and breast cancericelisro (Li et al, 2014 Thollet
et al, 2010, with similar observations demonstratadsivo, where constituke expression of
this TF promoted the growth and rate of tumour forma{endrell et al, 2012 Li et al,

2014 Tholletet al, 201Q Littlepageet al, 2012, which this studylid not observe. A reduction

in cell growth can be a result of several factors, including changes in cell cycle, increased
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apoptotic rate or differentiation processes. In other models, the increased proliferation of
ZNF217overexpressing cells was accomieanby an increase in the S phase of the cell cycle
(Li et al, 2014. In this model, the decreased growth of the cells was actually associated with
a significant reduction in the proportion of cells in the $ pase, suggesting an arrest in

normal cell cycle arising from the expremsiof ZNF217.

The consequences on cell differentiation upon ZNF217 expression were assessed through
the expression of both monocytic and granulocytic maturation markers. Overexpression of
ZNF217 promoted significant increases in the exgoesof monocytic markers CD11b and
CD14, accompanied by a significant reduction in CD34 in early time points, indicating that the
reduced proliferation of monocytic progenitasairesult of the differentiation process induced
by theexpression of ZNF217The impact on granulocytic developmemithe other hand, was
less clear. Even though expression of ZNF217 resulted in the upregulation of CD11b in these
cells, increase of CD15 was not observed, hence drawing a meaningful conclusion is not
possible andadditional analysis of other cell surface markers would need to be conducted.
Altogether, these results suggest that ZNF217 is mainly involved in monocytic differentiation
and does not contribute to leukaemic development. Additionally, these results dgre®
with the analysis described abowvke4(.1), which suggested an important role for ZNF217 in
granulocytic development. Moreover, a role for ZNF217 in differentiation directly contrasts
with preceding studies performed in other tumours. For instance, overexpression of ZNF217
in breast cancer cellwas found to promote the repression of an adult stem cell expression
signaturgLittlepageet al, 20129. Additionally, expression of this TF in CSC was shown to be
associagd with the dysregulation of genes involved in the differentiation and maintenance of
these cellgKrig et al, 2007 Vendrell et al, 2012 Littlepageet al, 2012. In summary,
overexpression of ZNF217 in HSPC resulted in an increased atiffation potential,
associated with a reduced proliferative ability and colony forming efficiency, leading to the
hypothesis that overexpression of this TF is actually promoting haematopoietic development
and not contributing the leukaemogenesisese obervations have been summarisedable
4.1.
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Table 4.1 - Summary of the main findings regarding the role of ZNF217 in normal human
haematopoiesis

Table summary detailing the consequendedNF-217 modulatiorvs control.
* denotes significant differences in ZNF217 overexpression / knockdown, as compared to
normal control cells.

ZNF217 Knockdown

ZNF217 Overexpression

Monocytes
Growth Decrease* No change
Markers Increase in CD11b and CD14 No change
Granulocytes
Growth Decrease* No change
Markers Increase in CD11b and CD15 No change
Apoptosis No change No change
Cell Cycle Increase in G1* No change
CFU Decrease* Decrease*
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4.4.3 ZNF217 knockdown in HSPC does not impact myeloid development

To determine if ZNF217 was necessary for myeloid development, an sihidgsl
approach was used by lentivirally transducing HSPC with a scrambled shRNA control or three
ZNF217 shRIA constructs. Since overexpression of ZNF217 promoted monocytic and
granulocytic differentiation, it was hypothesised that knockidgwn in the same cells would
lead to a block in normal myeloid development associated with an immature phenotype. KD
of ZNF217 significantly inhibited myeloid colony formation, associated with a decreased self
renewal potential. These suggest that losZMF217 does not promote the retention of an

immature phenotype.

The effects of ZNF217 KD on myeloid development were also assessed in liquid bulk
culture. Significant differences in the overall growth were observed, with HSPC derived from
frozen units preenting a 14old increase in growth, as compared to cells originated from fresh
blood. For this reason, growth analysis solely reflects the results obtained from two sets of
experiments, which did not allow statistical analysis. KD of ZNF217 was shoswthasively
impact monocytic growth, consistent with a role for this TF in monocytic development.
Expression of cell surface markers showed minimal impact throughout myeloid development,
suggesting that, even though ZNF271 might possess a role in my#terérdiation, this is

not critical for maturation to occufhese observations have been summarisédle 4.1.

In conclusion, this study hypotheail the overexpression of ZNF217 observed in RUNX1
ETO expressing cells resulted in the disruption of normal myeloid development. This
hypothesis was strengthened by the fact that overexpression of ZNF217 had previously been
observed in several cancer typesd the assumption that ZNF217 played a key role in
tumorigenesis by orchestrating tumour progression. This included the involvement of ZNF217
in the major hallmarks of cancer, including cell proliferation, replicative immortality,
resistance to cell ddator changein cell cycle. However, this study found that, instead of
possessing a pileukaemic phenotype, overexpression of ZNF217 in HSPC resulted in
monocytic differentiation, inconsistent with previous studies. Moreover, even though KD of
ZNF217 impated monocytic growth, no impact was observed regarding their differentiation

ability, suggesting that this TF is not essential for this process to occur.
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|dentification of C/EBPDb Suppression byRUNX1-
ETO as aPotential Mediator of a Block in
Differentiation
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5.1 Introduction

The 1(8;21), responsible for the expression of the fusion protein REEND{, occurs in
approximately 12% of all AML cases. Ectopic expression of RUHEXD in a primary human
haematopoietic model has been shown to result in a block in myeloid developseeoiaizd
wi th an i ncr e aremwal potentiaffTenksetall, 20836Tonksetlalf, 2009
(1.3.3.94. A subsequent study by our group demonstrated that expression of this fusion gene
leads to dysregation in the transcriptome of HSRTonkset al, 2007. However, whilst
MRNA studies are routinely used for target identification, it is not a powerful predictor of
protein expression(Singh and Sharma, 20R0Therefore, this current study performed
SWATH-MS to determine quantitative changes in the proteome of human *GESRC
expressing RUNXZETO compared to normal control cell€hapter 3). Expression of
RUNXI1-ETO in these cells resulted in the dysregulated expresdi several TF, including
PU.1 and CBFb, c on f{Manmgaeetalg2003 Kveok et ab, 2009 Roudaiad i e s
et al, 2009. However, RUNX1ETO expression was also shown to result in the repression of
C/ EBPDb, a member of HRgbre3.18),/ak d$servdtianmot prgviously T F
reported.

Generally, members of the C/EBP family are viewed as tumour suppressor genes, due to
their ability to repress cell growth and respond upon DNA dareagets {.5.1). However, in
certain cell types, or depending on the protein isoform present, members of this family can
possess opposing effectsoh e cel | s6 proliferative ability.
demonstrated in several solid tumours, including breast and lung ¢aogegnco and Coffer,
2017. Its role in hepatocellular carcinoma and hepatoblastoma, however, has been the subject
of multiple studies, as discordant results have been observed. Whilst some studies show that
expression of C/ EB Pé&cancer cetlsmndrisasariatédavithediorst @S t h e
(Tomizawaet al, 2003 Tsenget al, 2009, other studies claim that a poorer OS is linked to
its overexpressio(Lu et al, 2015 Grayet al, 200Q. This suggests that the role of C/EBR
context dependent and may have a tumour suppressor or promoter role (at least in live
cancers)In other solid tumours, CEPb has been shown to be fre
aggressive types of breast cancer, correlating with poor prognosis, metastasis, and high tumour
grade(van de Vijveret al, 2002 Zahnow, 2009 This was further associated with an increased
ratio of C/ EBPb LZafow, 20B9Aina-Bsfapéet al, 2014 (1i5.8.
C/ EBPU, on t he ot her hand, IS a tumour pr
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glioblastoma cells and associated with poor progr{@udsperet al, 2012 Carroet al, 2010.

C/ E BnfRINA levels have been shown to be overesged in cancer cells expressing high

levels of STAT3 which is frequently hyperactivated in caifgbanget al, 2007 Silva, 2004.

Addi tionally, expr es sbeenshowrtoithibiEcBIIBlar sehescence r e v i
and promote cell proliferation in several solid tumours, further associating with poor clinical

prognosigHugginset al, 2013.

Despite their roles as tumour promoter genes, some members of5BE @Gmily have
been shown to be important in normal haematopoiesis, including myeloid development. For
instance, C/ EBPU has been shown t o be I mp
differentiation(Suhet al, 2006, and its dysregulation has been shown to block the transition
from CMPs to GMPs, resulting in the loss of mature granuloddieangetal., 1997. This
was subsequently shown to be associated with an increase in proliferation, increase in number
of functional LT-HSC, and repopulating abilitZzhanget al, 2004h. C/EBPb on the ot
hand, is essential for macrophage andeB differentiation(Ruffell et al, 2009 Chenet al,
1997. Additionally, myeloid dif er ent i ati on i s preceded by th
followed by the upregulation of-GSF and repression ofKyc (Agrawalet al, 2007; Wang
and Friedman, 2002 I n f act, mature granul oScettetals expr ¢
1992 Geryet al, 2009. This is similar to macrophages, in which this TF is responsible for the
regulation of genes associated with M1 nophage polarisatiofBanerjeeet al, 2013. Lastly,
cC/ EBPU is exclusively expressed i n myel oi d
differentiation of both neutrophilic and eosinophilic cells; however, expression of this protein
and different isoforms has the ability to reprogram myeloid liseagmmitment and
differentiation(Koike et al, 1997.

Several studies have reported the dysregulation of rends the C/EBP family and the
devel opment of AML. Downregulation of C/EBPU
leukaemogenic development, and has been reported in AML, leading to a block in myeloid
differentiation(Pabstet al, 2001 Rosenbauer and Tenen, 200¢rrottiet al, 2002 Zhenget
al., 20044. Furthermore, mutations in tigEBPAgene have equally been associated with the
development of AML(PazPriel and Friedman, 20L1Hypermethylation of another member
of this family, C/EBPU, htalevexpression lavalssinAML b e e n
(Agrawalet al, 2007%). No association has been establ i st
and the development of AML, even though allelic loss of this TF was deiectdVIL patients
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(Koike et al, 1997. Lastl vy, whil st di fferent C/ EBPDb p
possess multiple functions, relying on their ratio to each other, there is little information
regarding the r o0l5% .of C/CE EBmbacraplmngelAadition, gs well

as emergency granulopoiesis and neoplastic transfornm&tica et al, 2006 Tanakaet al,

1995a Natsukaet al, 19929. Il n APL, C/ E B RifducpdrcellriffereatisitiorA T R A
These studies suggest that high levels of thisepraesult in transcriptional changes able to
overcome the block in the differentiation procéBsiprezet al, 2003. Similarly, ectopic
expression o f -ABL-ekpBeBsing CMiL ceBsCpromotes granulocytic cell
differentiation (Guerzoniet al, 2006. However, the pathophysiolo
AML, including t(8;21), as well as its role in haematopoietic ttgy@ent remains largely

unknown.
5.2 Hypothesis and Ams

This study hypothesés that downregulation of C/EBRexpression will disrupt normal
human myel oid development. This chapbiar ds ma
haematopoietic developmemdiits possible contribution to the development of AML, using
a normal human primary HSPC model, as well as AML cell lines. This will be achieved by

performing the following objectives:

Determine the expression o€CEBPB during normal human myeloid development and
in AML patient blasts.

Analysis of publicly availablaranscriptomicdatasets will be performed to determine
CEBPBMRNA expression inormalhuman HSPGubsets andcross different AML subtypes.

Determine the efects of C/EBFb overexpression and KD on myeloid colony forming

ability and self-renewal.

Limiting-dilution colony forming assays will be performed transduced human CD34
HSPC and compared tmntrol. Replating assays will be performed to assess tHesdb- s e | f

renewal potential

Determine the effect of C/EBB® overexpression or KD on normal human

haematopoietic growth, differentiation, and development
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CD34" HSPC will be transduced witha C/EBFb-overexpression ro-KD vectors and
culturedin bulk liquid culture. Changes in monocytic and granulocytic growth will be askesse

by analysing the cellsdé | ineage and cell sur

To determine the effect of C/EBB overexpression or KD on AML cell growth,

proliferation, and apoptosis

AML cell lines will be transduced with a C/EBRverexpression ofKD vectors and
changes in cell growth wild.l be evaluated by
Furthermore, transduced cells will be assayeatketermine if C/EBB dysregulated expression
results in changes in cell cycle and apoptotic frequency.

5.3 Results

5.3.1 Expression of CEBPB mMRNA increases throughout myeloid cell development

Members of the C/EBP family of Tdyimportant | udi n
roles in haematopoietic developmehts(d ; however, the expression
in myeloid cell development has not yet bedelly established. In order to determine the
expression oCEBFB in human haematopoietic cells, publicly available microarray data was
analysed using the online repository BloodsjBsggeret al, 2016 (2.9.2.). Figure 5.1A
shows that tb expressionf CEBFB is lower in less differentiated cells, including HSC, MPP
and CMP than differentiated cell types (mature granulocytes and monocytes). This data is
supported by RNASeq analysis of t6é&BFB mouse homologue, which showed a similar
increase in MRNA expression in differentiated granulocytes, monocytes and macrophages
compared to immature HS@igure 5.1B). These observations suggest the transcriptional
regulation of CEBMPB during haematopoietic development, and a possible role in myeloid

differentiation.

To validate mRNA expression data, CCHBP pr ot ei n expressi on was
cord blood derived HSPC throughout myeloid developm2r8.3. Total protein lysates
harvested over 1&ays of myeloid culture were generated and western blot analysis performed.
As shown inFigure 5.2A-B,t he expression of the 15@waser C/ E
shown to be higher in early myeloid progenitors (day 3 of culture), decreasing over time.
Mor eover, expressi on o éctedcan Hay B lysateBtre 52A4)s s ol e
whilst LIP was not detected through myeloid development. These observations contrast with
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MRNA expression. Howeverthese lysates were derived from a combination of all
haematopoietic populations, including monocytic, granulocytic and erythroid, and these are not
equally distributed within a bulk popul atio
lineage was asse=s$ in total protein lysates from monocytigranulocytie and erythroid

committed progenitor cells. These cell subpopulations were FACS based on the expression on

the cell surface markers CD14 and CD3& (4. This analysis showed that, on day 6 of culture,

C/ EBPb is expressed in monocytes and erythr
(Figure 5.2C-D). However, day 6 granulocytmommitted cells most likely correspond to late
promyelocytes which have | ower C/ EBPb expr e:
these results do not correspdned t he mMRNA analysis, and the f
shown to decline over 13 days cannot be accountedbfdrll Nevertheless, this analysis
suggests that C/ EBPb i1is differentially exp

populations, suggesting a specific role for this protein in myeloid cedldement.
5.3.2 CEBPB is variably expressed across AML subtypes

Heterogeneity observed in AML is generally associated with molecular and chromosomal
abnormalities 1.2.9. To determine the expression@EBFB mRNA in different subtypes of
AML, this study analysed publicly available transcriptomic datasets, and compared them with
normal undifferentiated HSC andature granulocytes/monocytdsgure 5.3A shows that
CEBPB expression is significantly increased in all subtypes of AML studied, as compared to
normal HSC. However, mRNA expression was found to be significantly downregulated
compared to normal terminally differentiated myeloid cells, suggesting that reQifeB
expression might contribute to a block in normal haematopoietic differentialieBFB
expression was further observed to be heterogeneously expressed across FAB disgase sub
(Figure 5.3B). Interestingly, within the M2 AML subtype&,EBFB expression was shown to
be significantly lower in t(8;21) patients as compared tot(@®21) FAB-M2 patients Figure
5.3C), suggesting a specific role for this gene in the development of AML t(8;21).
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Figure 5.17 CEBPB mRNA expression in normal haematopoiesis

Normalised nctroarray data (log showing CEBFB mRNA expression in distinct human
haematopoietic cells subsets based on cell surface marker expression. Normal human haematopoiesis
data derived from(A) GSE24759(Rapin et al, 2014 Svendsenet al, 2016§. (B) Normalised

microarray data (log showingCEBFB mRNA expression across different murine haematopoietic cell

types. Mouse normal haematopoiesis data derived G&BE60101(LaraAstiasoet al, 2014. Data

indicates Mean + 1SD. Statistical analysis was performed usingg@eng A NOVA wi t h Bonf e
multiple comparisons test; *** demes p<0.001; **** denotes p<0.000dsHSC (Probesetebph

HSC i Haematopoietic Stem CelMPP i Multipotential ProgenitorsCMP i Common Myeloid
Progenitor cellMEP i Megakaryocyte / Erythroid Progenitor céBMP 1 Granulocyte / Monocyte
ProgenitorsgEarly PM - Early Promyelocytet ate PM - Late PromyelocyteMY - Myelocyte; MM

T MetamyelocytesBC i Band cell;PNM 1 Polymorphonuclear celllono i Monocytes;Gran 1
GranulocytesMacro i Macrophages.
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Figure527 C/ EBPb endogenous expression throughout ha;t

(A)yWestern bl ot analysis showing C/ EBPDb expressi:
supplemented with H3 SCF, G and GMCSF(33°"G/GM) (n=1). HEK 293T cells transduced with

an overexpression C/EBRector were useds a positive control (PCEAPDH was used as a

loading control(B)Bar chart showing densitometry analysis
days of cul ture derived from (A). C/ EBPb expr es
loading control (GAPDH) and to HSPC day(@)We st er n bl ot anakxpressien s howi
in human CD34HSPC, and in monocytic (Mono, CD1¥); erythroid (Ery; CD18"CD36"9") and

granulocytic (Gran; CD1%'CD36°") progenitorgTonkset al, 2007 (n=1). GAPDH was used as a

loading control.Reprobed membrane provided by Dr. Rachael Nicholddh Bar chart showing
densitometry analysis of C/EBPb expression in HS
(C). C/ EBPb expr esglmagal, noramdised|ta laadihgi cdnirok (GAPDBAT n

Positive control.
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This study next analysed the TCGA 2013 RNASeq datasstet al, 2013 to deermine
OS and diseaskee survival of AML patients with high and lo@EBPBexpression. Patients
were stratified according t6EBFB expression using the upper and lower quartiles (high and
low CEBPB expression, respectivelyffigure 5.4A). Patients with APL and those who did not
receive standard treatment were excluded from this analysis GHiBIRB expression patients
had a nedian survival of 12.4 months compared to 27 months in patients witiC EBFB
expression Kigure 5.4B); however, this difference was not statisticadignificant. High
CEBPB expression was, however, associated with a significant decrease in -flisease
survival (DFS of 9.25 months, compared with 39 months for patients withCB®PB
expression) Kigure 5.4C). This was further associated with an increased risk of relapse,
suggested by a hazard ratio of 2.4 (95% CiAL8)).

To further elucidate the relationship betw&sBBFB expression and clinical taome, the
co-occurrence with disease characteristics and known prognostic indicators was analysed. High
CEBPB expression was found to be associated with a lower percentage of PBHgasts (
5.5A), as well as increased WBEi@ure 5.5C), although no differences were observed in BM
blast proportion Figure 5.5B). Moreover, patients with higB EBFB expression were found
to be significantly associated with a lower mutation count, aepared to lowCEBFB
expression Kigure 5.5D). Additionally, high CEBFB mRNA expression significantly
correlated with higher age at diagnostgg(re 5.6A). There were no significant differences
in patient genderHigure 5.6B). Interestingly t(8;21) was solely linked to low expression
levels Figure 5.7A), which was also significantly associated with mutations in both the
RUNX1andETOgenes (Figure 5.7B). These observations further strengthen the hypothesis
that C/ EBPb downregul ation plays a role in
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Figure 5.37 CEBPB mRNA expression levels are variable across AML subtypes

(A) Normalised microarray data (lepj showing CEBFB mRNA expression innormal human
haematopoietic developmental subsets vs. AML subtypes. Normal human haematopoiesis data derived
from GSE422519(Rapin et al, 2014 Svendsenet al, 2016; human AML cells derived from
GSE13159Haferlachet al, 2010 Kohlmannet al, 200§, GSE15434(Klein et al, 2009, GSE61804
(Metzelderet al, 2015, GSE14468Wouterset al, 2009 Taskesermt al, 2015 Taskesertal., 2017

andTCGA (Leyetal, 2013 ( dat a anal ysed using Bl(Baggdretplpt 6s al
2016). Normalised microarray data (legshowingCEBPB mRNA expressioin (B) AML according

to FAB subtype an@C) AML FAB2, categorised into t(8;21) and nof8;21), within theTCGA dataset

(Ley et al, 2013 All studies were analysed using #2501 at probeseData indicate mean + 1SD.

Significant difference wereanalysed byoneway ANOVA with Bonfe r oni 6 s mul ti pl e ¢
correction; * denotes p<®Q** denotes p<0.01; *** denotes p<0.001; **** denotes p<0.0001.

AML normal i AML with normal karyotype AML complex i AML with complex karyotype
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Figure 5.47 High levels of CEBPB s associated with poorer diseaskee survival of AML patients

(A) Normalised (log) CEBPBMRNA expression according to upper (n=27) and lower quartiles (n=27). Significanceideteby onevay ANOVA, ****
denotes p<0.0001B) Overall survival andC) diseasdree survival analysis of AML patients stratified according to upper and B&EBPBmMRNA expression
guartiles. Untreated patients and t(15;17) AML patients (that present a different treatment regime compared to otheypddl. web¢ excluded from this
analysis. Statistical analysis was performed using the-Rank test between higimé low CEBPBexpression groupfata obtained from TCGALey et al,

2013 using cBioPortal\ww.cbioportal.org.
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Figure 557 High CEBPBexpression is associated with increased WBC and lower mutation count

Relationship betweehnigh andlow CEBPBexpression and several clinical attributes of AML gaifs.
Data obtained fronTCGA (Ley et al, 2013 using cBioPortal ww.cbioportal.org. CEBPBupper
quartile(n=27); CEBPBIlower quartile(n=27). Graph showing the percentage(af) peripheral blood
(PB) blasts(B) BM blasts;(C) white blood count (WBC); an(D) mutation counof AML patients
according taCEBPBhigh (n=27) and low (n=27%xpressionSatisticaldifferences between high and
low CEBPB expression in AML patients wasalysed using MarWhitney test; Data represents mean
+ 1SD; * denotes p<0.05* denotes p<0.01
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Figure 5.6 7 DysregulatedCEBPB expression is associated with patient characteristics

Relationship betweenigh andlow CEBPBexpression andML patient characteristicata obtained
from TCGA((Ley et al, 2013 using cBioPortal\ww.cbioportal.ord. CEBPBupper quartilgn=27);
CEBPBIlower quartile(n=27). Graph showing théA) age at diagnosis (years) afi) proportion of
male and female patientxcording toCEBPBhigh (n=27) and low (n=27gxpressionStatistical
differences between high and IGREBPB expression in AML patients waanalysed using Mann
Whitney test; Data represents mean = 1SD; * denotes p<0.05.
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Figure 5.77 CEBPB expression correlates with cytogenetic and molecular abnormalities

Relationship between increased and red@@eBPBmMRNAexpression and the occurrence of specific
(A) cytogenetic o(B) molecular abnomalities in AML patientsaccording taCEBPBhigh (n=27) and
low (n=27) quartiles Data obtained from TCGA (Ley et al., 2013) using cBioPortal
(www.cbioportal.org. Statistical analysis was performed using-sited Fisher Exactest. * denotes

p<0.05; ** denotes p<0.01.
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5333 Knockdown of C/EBPb influences nor mal my e

The above observations show thHaEBPB expression increases throughout blood cell
development and lower levels GEBPBare associated with t(8;21) in AML patienis.vitro
studies have shown that both the C/EBPDbD mMRN/
ETO-expressing CD34HSPC, as compad to control Figure 3.18). For these reasons, this
study next determined if C/EBPDb is required
was knockd down in normal human cord blood derived COBSPC and the effect on

myeloid cell growth, differentiation and seHnewal was assessed. Moreover, ectopic

expression of this protein for overexpression studies was also performed, as deséribdd in

5331 Gener at i o rknockilowCCDB4{BRC

To assess the eff ectHSRC lentviraEv@gdiobs bas& om shRNBD 3 4
constructs, in combination with a GFP selectable marker were Tabt €.1). Transduction

efficiency in HSPCusing the four shRNA vectors was assessed using GFP expression. As
shown inFigure 5.8A, transduction frequencies ranged betweeid @ across all constcts.

To validate protein KD by western blot, cells were sorted by FACS for GFP expression. On
day 6 of <culture, C/ EBPb LAP* and LAP isofo
cells, with no detectable levels of LIPigure58B) . KD wi t h shC/ EBPb #1 |
ef fect on endogenous | evels of the C/EBPDb p
reduction of 4660% of LAP* protein expressionnd a 45% reduction in LAP, as compared

to shRNA control (no mammalian targefigure 5.8C).

5332 Knockdown of C/ EBPDb | edodyfornimyabiditydecr ease

To determine the effect of C/ EBPb KD on my
renewal potential, a colony assay, followed by subsequent replating was performed*on GFP
sorted cells Z.3.4 . Foll owing one week of cul tur e,
significantly less myeloid colonies as compared to control; showing a reduction e3&&%

(Figure 5.9A). Moreover, all three cultures showed a significant decrease Hneselival

capacity Figure 5.9B) . The fact that one of the knockd
shown to inhibit colony formation, even though no level of KD was dete€igdrée 5.8),

suggests offarget effects, further discussedinl Nevertheless, these observations suggest

thatC/ EBPb KD reduces myel oi d c woenaval poteitialr mat i on
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Figure 587 C/ EBPb i sdovwnnndenare @34 HSPC

(A) Summary data showing percentages of *GISFC posi ti
populations, analysed on day 3 of culture. Gating strategies were applied as desdrigedar2.4.

Data indicates mean = 1SD (n=f) We st ern Dbl ot analysis showing C,
FACS HSPC transduced -tagetedhshRNA coonstructiglild 2.1)pan dag 6 dE B P b
culture(n=1). HEK 293T tr an s fowmxtpressioneonstrbct veas uSéd BBaRpbsitive

control (PC); GAPDH was used as a loading conf{i©). Bar chart showing densitometry analysis
regarding C/ EBPb expression in HSPC transduced w
was quantified using ImageJ, normalised to loading control (GAPDH) and to shRNA control (n=1).
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Figure597 C/ EBPb KD di srupts myeloid colony formati ol

(A) Myeloid mlony forming efficiency of control and threeh C/ EcBltBrés following 7 days of

growth in liquid culture coniaing IL-3, SCF, G and GM-CSF(2.3.4). Data indicatesnean + 1SD

(n=3). Sgnificant differencebetweens h C/ EdalRrfes andcontrol was analysed bgneway

ANOVA with Bonferroni 6s nttidenoieppkC0l¥t demopeap0i08lo ns cor
(B) Selfrenewal potentialwas asseséeg a singl e replating round of
in the same conditions as previoughata indicatesnean + 1SD (n=3)Significant differencebetween

shC/ EBPDb c gonttoluwere analysed tyoneway ANOVA with Bonferror
comparisons correction; * denotes p<).&* denotes p<0.01; *** denotes p<0.001.



Chapterb

5333 Knockdown opfess€&/mielid eell growth

This study next determined the consequenc:
proliferation and differentiation. Wi th no i
#1 had little effect on myeloid cell growth in a bulegulation settingKigure 5.10A). In
contrast, there was up to a significant-tall reduction in HSPC growth transduced with other
shC/ EBPb. aMgnamulocytit ¢cumulative cell growth was significantly impaired by
approximately 2and 5fold, respectively, when analysed on day 13 of culture in KD #2 and
#3 cells Figure 5.10B-C). Even though erythroid growth showed significant reduction in cells
transduced with shC/EBPb #2 and #3, this wa
(Figure 5.10D). However, these cultures are not designed to examine erythroid growth given
the | ack of EPO. These observations suggest

myeloid cells, particularly in cellsoenmitted to the monocytic and granulocytic lineages.

5334 Knockdown of C/EBPb influences myeloid d

Differentiation in each myeloid lineage was determined using myeloid differentiation cell
surface markers, including CD34, CD11b, CD14 and C1%3.4. Over 13 days of culture,
KD of C/ EBPb resulted in a significant 1incr
myeloid development, culminating in an increase of 10%, 15% and 14%vethseith
shC/ EBPb #1, #2 and #3, r es p eFmure 5/48A). yhis as co
increase was likely at the expense of significant deesean the granulocytic population,
reduced on day 13 of development by 9%, 14% and 13% in cultures transduced with in
shC/ EBPb #1, # 2 a nkgurg 311B). dcNo signitcanp differences gdrey  (
observed in the erythroidommitted populationHigure 5.11C); even though these cells have
the alility to grow within the same media as the other haematopoietic constituents, terminal

erythroid differentiation is impaired due to lack of EPO.

Regarding monocytic development, even though there was a significant impairment of
growth in cells transducediwt h s hC/ EBPb #2 and #3, anal ysi
markers showed a modest increase of 1.3 andoldGn the expression of the cell surface
markers CD11b and CD14, respectiveiygure 5.12A-C).
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Figure 51171 C/ EBPb KD di srupts the Dbalance between
populations in CD34" HSPC during myeloid cell development

Summary data showing percentagéX)fmonocytic (CD13CD36"), (B) granulocytic (CD13- CD36)

and(C) erythroid cells (CD13CD36") i n contr ol and GQGelswererseete€Cdt EBP b
the appropriate density following each tipeint, as described i2.3.3 Gating strategies were applied

as described ifrigure 2.4 andFigure 2.5. Data indicatesnean = 1SD (r4). Sgnificant difference

betweens h C/ EBP b cooritrol at eaehstimgaomwereanalysed byoneway ANOVA with
Bonferronids multiple ¢ omp&r*idenotessp<0OL; r*t demotes o n ;
p<0.001 (this data has also been represented as dot plots, within the supplementary section

[Supplementary Figure39)).
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—— shRNA Control
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Figure 5121 KD of C/ EBPb has Il ittle impact on nor mal I

(A) Summary data of CD34xpression in terms of percentage in monocytic cells (CODB6") over

time for control and h C/ Ec8lI® Bummary data showirig) CD11b andC) CD14 expression in
terms of MFI in monocytic cells over time for control andh C/ E@&I$(D) Granularityof monocytic

cells was measured by changes in SSC for contrat dmcC / Ec@t&rdson days 10 and 13 of myeloid
differentiation.Cells were reseeded at the appropriate density following each-fimet, as described

in 2.3.3 Gating strategies were applied as describédgare 2.4 andFigure 2.5. Data indicatesnean

+ 1SD (n=4).Significant difference betweers h C/ Ec8ltBrés andtontrolat eachtime-point were
analysed bpneway ANOVA with Bonferroni és multipl e comg
** denotes p<0.01(for representative flow cytometry plots please refe8upplementary Figurel?7,
Supplementary Figure18, Supplementary Figurel9; this data has also been represented as dot plots,
within the supplementary séan [Supplementary Figure4(]).
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Moreover, monocytic cell surface marker upregulation was accompanied by a significant
increase in the SSC of these cells, implying dedissduced with constructs #2 and #3 have an
increased granularity and complexity, as compared to shRNA control Egjled 5.12D).
Altogether, theselmservations suggest that the reduction in monocytic proliferation maybe a

result of increased differentiation; however, this increase was modest.

Regarding granulocytic development, KD of
expression of the CD34 ker nor CD11bKigure 5.13A-B) . However, shC/ EBPD
transduced cells showed a significant upregulation of the granulocytic marker CD15
throughout myeloid development, culminatinginanincreasedf©3d d obser ved i n
#3 (Figure 5.13C). No differences were observed in termg@nularity and complexity upon
KD of CFigdarB R13D) (. These results indicate that
critical for granulocytic devepment.

Morphological assessment of transduced cells was performedliainGrinwaldGiemsa
staining of cells cultured under myeloid conditions for 17 d&ygufe 5.14). This analysis
scores posinitotic developmental changes which are difficult to measure by flow cytometry.
The proportion of granulocytes was markedly increased in all conditions, as compared to
monocytes. s hC/ EBPiaseinthetpercerdage oftdérmivaley diffeeentidtedc
granul ocytic cell s. These suggest t hat KD

differentiation.

shC/ EBPb cul tures presented a significant
population, in accordece with lineage analysigigure 5.11A-B). These observations support
the hypothesis that KD of C/EBPD has a role
differentiated cells will lose their setenewal potential, reaching terminal maturation earlier

than shRNA control cells.

Overall, these observations do not agree with the mRNA results described &g (
which suggested a role for C/ EBePbhis maybelaa e mat
result of several factors, including poor level of KD, as well as the interplay with other members
of the C/EBP family of TF, further discussed in sectoh
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—— shRNA Control
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Figure 513T KD of C/ EBPDb promotes granulocytic develop

(A) Summary data of CD34expression in terms of percentagegmnulocyticcells (CD13" CD36)
over time for control and h C/ E&I® Summary data showifg) CD11b anqC) CD15 expression
in terms of MFI ingranulocyticcells over time for control angl h C/ EcBIIB. (©) Granularity of
granulocyticcells was measured by changes in SSC for contrasamdC / Ec@téréson days 10 and
13 of myeloid differentiationCells were reseeded at the appropriate density following each-pioiet,
as described i2.3.3 Gating strategies were applied as describdeignre 2.4 andFigure 2.5. Data
indicatesmean + 1SD (r4). Significant difference betweens h C/ EcBItBrés andtontrol at each
time-point was analysed bgneway ANOVAwithBonf erroni 6s mul tiple comp
denotes p<0® ** denotes p<0.01; *** denotes p<0.00(for representative flow cytometry plots
please refer tSupplementary Figure20, Supplementary Figure21, Supplementary Figure22; this
data haslao been represented as dot plots, within the supplementary d&ujgplementary Figure

41]).
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Figure51471 C/ EBPb KD affects cell mor phol ogy during m

(A) Representative images showingntrol ands h C/ EB P b, acalyted wrr dayg 71 of
differentiation by cytospinning 3x1fcells and staining them witlay-GriinwaldGiemsadifferential
stain (B) Differential counts of all cultures with morphology categorised igtanulocytic and
monocyticcommitted cellsaccording td-igure 2.2. Approximately 500 cells were counted in total
and each population count normalised to total number of Gattgulocytic cds were further divided
into myelocytes, metamyelocytes and band/segmented @rls indicatesmean + 1SD (n=3).
Significant differencebetweers h C/ EB P b ccantrdlwas amadysed Iogrib-way ANOVA with
Bonferroni 6s muwdrrectiop; denote® pr@ie*rdénstes p<.01.
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5335 Knockdown of C/ EBPb does not resul t i n s

Having determined that C/EBPb KD significa

study next determegd ifther e duct i on i n proliferation coul d
nor mal cel | cycl e, or due to an increase 1in
modest accumulation of cellsinthe@hase of the <cycl eFigireb% i n

5.15A), suggesting a slight reduction in rate of cell cycle progression.

AnAnnexinV assay was further performedsisino asses
these cells. No changes were observed in the apoptotic frequency of HSPC, upon KD of
C/ E B PRdure 5.15B). Altogether, the reduced proliferationb s er ved i n shC/ EBF

is not a result of either significant change
5.3.4 Overexpressionof C/ EBPb influences nor mal myel oi

Having determined the eff ecdmatopbiesi€thEBWRY KD
t hen ai med at analysing the consequences of

cord blood model.

5341 Gener at i o povecekpreSSihgHSPM

To promote the ectopic expression of t he
overexpression construct was usdable 2.1), coupled with a GFP selectable marker, to allow
for cell sorting. HSPC were transduced with the control or overexpression construct and, on
day 3 of cell culture, efficiency of infection wasaluated by flow cytometry through GFP
expression. Efficiency of transduction of these cultures was ¢25% for cells transduced with a
control vector and ¢c18% of GFP posiHgue ity f
516A) . To validate C/ EBPb overexpression in t
were sorted by FACS based on their GFP exp
overexp essed the C/EBPDb LAP* prot Eigurepbl6B-6). compar



Chapterb

El shRNA Control

shC/EBPR #1
A shC/EBPR #2
100- ShC/EBPR#3
1
B, 175,
v
S  50-
S
25— IT T 1
0- | | i |T
Gl S G2
B
(1) (i)
(7]
—_ [%2]
g o O o
2+ 104 B
g = I a >
g = T [ I g £ o7
> é 57 ! Th o 8 [
= 2 I i g € l T T T1
g ~ 0- | T I | ; < 0- | i T i T
© 6 10 13 ° 6 10 13
Daysin Culture Daysin Culture

Figure 5151 KD of C/ EBPb has no significant effect on

(A) Graphshowing cell cycle distribution of normal CD3#SPC (Control) andt hr ee shC/ EBP
culturesafter 6 dag of culture.lnitial gating was applied as describedFigure 2.6. Data indicates

mean + 1SD (n=3).(B) Summary data showing the effect ©f/ E B P bon &pbdptosis,n HSPC

following 6, 10 and 13 days afulture. Initial gating was applied as describe&igure 2.7; (i) Early

apoptotic cells areharacterisedy Annexin V* / PI and (ii) Apoptotic cells arecharacterisedy

Annexin V¥ / PI*. Data indicates Mean = 1SD (n=8jgnificant differencédbetweers h C/ EBPb cul t u
andcontrolwas analysed bpneway ANOVA with Bonferroni s multip
denotes p<0®.
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Figure51671 C/ EBPb overexpression in human HSPC

(A) Summary data showing percentages of GFP posit
CD34" HSPC populations, analysed on day 3 of culture. Gating strategieapydied as described in

Figure 2.4. Data indicates mean + 1SD (n=B) We st er n bl ot anal ysi s show
expression in sorted cel | sovetexpeessiordcansteid, ondaytliofa c or
culture(n=1). HEK 293T tr an s foemtpressionweonstroct veas usdd BBaRpbsitive

control (FC); GAPDH was used as aloadingcontt@)Bar chart showing C/ EBPHb
transduced -wveéeheapCé &E8P6bn construct. C/ EBPDb expr
normalised to loading control (GAPDH) and to control (n=1).
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5.3.4.2 C/ E B Rebexpression promotes myeloid colony formation anereeéwal ability

Having generated and validated the overex,
consequences on myeloid colony forming capacity anerseéfwal ability were examined by
performing ailmiting dilution assay. To do this, GFBorted cells were cultured in the presence
of IL-3, SCF, Gand GMCSF @.3.4. Under clonal conditions, tlewlony-forming efficiency
was 4f ol d higher in C/ EBPb c ulRgure 21FA). Serimipar ed
replating of colony forming cells h o we d t h-averexptessih@® €lbs were able to
generate Zold more colonies compared to control cefigylre 5.17B). These results indicate
thatover expression of C/ EBPb increases myel oi
enhanced selfenewal potential.

5343 C/ EBPb promotes myeloid cell gr owt h

Having determined that overexpression of C/
growth and differat i at i on of HSPC was foll owed over
promoted the expansion of myeloid cellsf@d) compared to control cells, in bulk liquid
culture Figure 5.18A). Using the lineage discriminator markers CD13 and CD36 to
di scri minate haemat-ovprexpressing monocytes displgyectaf@dl@C/ EBP b
increase in normal growth, compared to cells transduced with a control \Fegtme(5.18B).

This increase was more evident in the granulocytic population, in which cell expansion was
increased by® ol d i n C/ EBP fells oompareé to pont®iHgsire 218C). As
expected, since the media used for these experiments does not support terminal erythroid
differentiation, tke growth of erythroid progenitor cells was not significantly alteFégufe

5.18D).
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Figure5171C/ EBPb overexpression promotes myeloid col

(A) Myeloid colony forming efficiency of control an@ / E B-@&éexpression (OEultures following
7 days of growth in liquid culture containing-B8, SCF, GandGM-CSF(2.3.4. Data indicatesnean
+ 1SD (n=3). HSgnificant differencebetweenC/EBFb-overexpression andontrol cultures were
analysedby paired test ** denotes p<0.01(B) Self-renewal potential wassaessedy a single
replating r ound -@Ecultaresnnthe same comdition<Cas [EeBi@lldya indicates
mean = 1SD (n=3gignificant differencebetweenC/EBFb-overexpression andontrol cultureswas
analysedpaired ttest * denotes p<M5.
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Figure518TiOver expression of C/EBPb promotes monocyt:.
development

(A) Cumulative folde x pansi on of c eovetexpessionacandtruc /inBeéBnis fiof GFP
positivity in culture mediumcontaining IL-3, SCF G- and GM-CSF, grown over 13 days
(Supplementary Figure 23). (B) Cumulative foldexpansion of monocytic cells (CD1ED36")
transduced wi t h-OR vectar (€)CQuroulative foldexpan&ds Bffgranulocytic cells
(CD13""CD36) transduced wi t-OE vactoc(D)rCumulative faldexpa@siok & P b
erythroid cells (CD13CD36) transduced wi t-@E vactorcCells wereadseeded C/ EB|
at the appropriate density following each tipmnt, as described i2.3.3 Gating strategies were
applied as described iRigure 2.4 and Figure 2.5. Data indicatesnean + 1SD (n4). Significant
differences betweenC / E Bdvwdiexpression ancbntrol culturesat each timgpoint wereanalysed by
paired Ftest * denotes p<0.®; ** denotes p<@®1; (this data has also been represented as dot plots,
within the supplementary sectipBupplementary Figure42]).
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