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Abstract
Haematopoeitic malignancies evolve through the serial selection of cells with a

growth advantage, in a multi-step process akin to natural selection. Transposon
insertional mutagenesis (IM) is a powerful approach for the identification and
validation of cancer driver mutations and compliments human sequencing efforts.
This technology has not previously been applied to study tumour evolution, nor has

the sub-clonal architecture of transposon driven tumours been carefully investigated.

In the first part of this work | have investigated the timing and pattern of acquisition of
mutations in NPM1-mutant acute myeloid leukaemia (AML). NPM1 mutations are
found in around 30% of cases of AML and are thought to be critical events in
leukaemogenesis. First, | present the detailed study of an informative human case
of CMML evolving to AML and discuss the implications for clonal evolution and
leukaemic transformation. Subsequently, |1 describe the investigation of an IM
mouse model of Npm1-mutant AML in which the timing and order of acquisition of
transposon integrations was characterised using pre-leukaemic blood samples. The
driver status and co-occurrence of integrations was also investigated in serial
transplant experiments. Transposon mobilisation continued throughout leukaemia
evolution, but this data suggests that only a minority of integrations behave as
‘driver’ mutations in this context. Although some of these ‘drivers’ were detectable
several weeks earlier, the onset of leukaemia was sudden and occurred without
antecedent abnormalities in blood count parameters. Transplant experiments
demonstrated that multiple distinct clones with different transposon integrations were

present within the primary tumour cell population.

In the final part of this dissertation | present the findings of two mouse models in
which piggyBac (PB) IM is targeted to the mature B cell compartment for cancer
gene discovery. Both models were based on the published Vk*MYC mice, which
were reported to develop highly penetrant plasma cell malignancies recapitulating
the major features of human multiple myeloma. In one model, the PB transposase
replaced the MYC transgene in the VkK*MYC construct. In the second, MYC and PB
were co-expressed from the same cistron, in order to identify genes co-operating
with MYC in oncogenesis. IM mice had a significantly reduced survival largely due
to the development of mature B cell lymphomas; although plasma cell malignancies

were not a feature. Mapping and common integration site analysis of transposon
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insertions identified several recurrent integrations in known (e.g. Bcl6) and novel

(e.g. Rreb1) lymphoma-associated genes.

A Study of Molecular Synergy and Clonal Evolution in Haematopoietic Malignancies



Contents

Introduction

1.1 Cancer as an EVOIULIONAIY PrOCESS ......icicieeeeiuieeeeitteeesiteeeetreessseeessseeeessseeesteeesssseeesnsseesaseeesesnsseeans 9

1.2 AML as an exemplar of clonal @VOIULION..........uiiiiiiee e e e 13
1.2.1 How many driver mutations are required for leukaemogenesis?........ccccecvvvveeeeeiiiiieeeeeeccnnns 13
1.2.2 Genotype Phenotype Correlations and Myeloid Malignancy........cccceevveeeeciieecieeesciee s 16
1.2.3 Linear Versus Branching Evolution and Clonal Hierarchy .........cccocooveecieeiicieeccee e 17
1.2.4 The Timeframe for AML EVOIULION ...c..eiiiiiiiieeee e 20
1.2.5 Initiating Mutations and Order of ACQUISITION .......cocuvieriiiiie e 22

1.3 AML With MULALEA NPIMIL ..ottt ettt e sae e et e st e bt e e be e st e e saeeeeee 24

1.4 Transposons as tools for gene discovery in the study of cancer ........ccccceeeciiieiiieccciee e 26

1.5 Using transposon insertional mutagenesis to study the molecular pathogenesis of AML ............ 31

1.6 Transposon insertional mutagenesis for cancer gene discovery in mature B cell malignancies...32

1.6.1 Normal B cell deVeIOPMENT ...cocieiieeeeee e e et e e e e e e rae e e e e e e eannes 32
1.6.2 Correlation of lymphoma phenotypes with normal B cell development ........cccceevcvvveennennns 33
1.6.3 Modelling Mature B cell Neoplasms in the MOUSE.........ccueiiiiieeiiir e 34
1.6.4 Targeting insertional mutagenesis to the mature B cell compartment..........ccccecevveeeeiennnenn. 36
L7 ATIMIS ettt et h ettt b e a et e bt e et e e e bt e eh et e bt e eabeeehee e bt e e heeebee et e e nbeeereenaee 36
Methods
2.1 Sequencing of human leukaemia SAMPIES..........ooiiiiiiiiiiii e s 38
2.1.1Exome Sequencing and genomic aligNMmeNnt..........coeeiiiiiiiiiie e 38
2.1.2 Re-Sequencing Using Non-allele Specific PCR and MiSEQ ......cccevvterieriieeriieniesieesieeee e 38
2.2 IMHCR ettt ettt ettt ettt e ht e e bttt a st e bt e bt sabe e hee e be e e i beeeat e e bt e e beeeatee e eabeenateebeeeteennteen 41
2.2.1 Mouse Strains used in the Sleeping Beauty STUY........ccuuveeeiieiiiiieii e 41
2.2.2 Transplant Of NSG MICE....c.eiiiieiiieiieetie ettt ettt sttt e beesbeesateesaeeebeesnteesanseesseen 41
2.2.3 Mice in the PiggyBac Study: Cloning Vk*hPB and VK*MYC-TA-APB...........ccccoeeecvuveeicrreeecrnnnnn 42
2.2.4 Genotyping TraNSEENIC IMHICE ...uuuuiiiiiiiiiiiiiiiiiieeeee et e e e e e e e e e e eaaaaaaeeeeesesanaaaens 44
2.3 Sample Collection aNd PrOCESSING ...ccveervieriieriieeriieesieeneeesteesteesteestaesaeeseseesseesnseesnseessseenseseesssean 46
2.3.1 Collection and processing of blood samples from live Mice.........ccccoveeeeiviiiiiee e, 46
2.3.2 Necropsy of sick mice, sample collection and ProCesSING ........ccceeevvveeeeirereeiieeeeereeeeereeeeeveeenn 46
2.3.3 ProcCesSiNg OF [IVE COIIS.....couiiiiiiiiiiciie ettt st s e s te e e e e saneesaee s 47
2.3.4 Generation of single cell derived haematopoietic colonies for transplant .........c.cccccvveeunenn. 48

A Study of Molecular Synergy and Clonal Evolution in Haematopoietic Malignancies



2.3.5 Preparation of Metaphase Spreads and FISH analysSis.........cceeecciieeieeeiiiieeee e eeeneeee e 48

2.3.6 DNA @XEFACTION ..ceiiiiiiiiieee ettt ettt e ee e e 49
2.3.7 Exome Sequencing Of MOUSE SB TUMOUIS........cccccueeeiiieeerieeessieeesnneeesseeesssssseesssseessssesessssees 49
2.3.8 Comparitive Genomic Hybridisation (CGH) ......ccocvueeeiiiiieiiieee ettt et 49
2.3.9 RNA @XEIACTION weeiiiiiiiiiiee ettt ettt e s e st e e s e e ee s eere e e sneees 50
2.4 Sequencing transposon integration sites: the Roche 454 Method ..........ccccoeecvveeviieecciec e, 50
2.4.1 Splinkerette PCR to identify transposon integration Sit€S........cccvvveeeeeiiiieeieeccciieee e 50
2.4.2 Transposon mapping and common integration site (CIS) analysis of 454 data.........ccc........... 52
2.4.3 Detecting Intra-GrOnc Jumping using PCR, Splinkerette and Sequencing ........ccccvevvveeeennnenn. 55
2.5 lllumina Sequencing of Transposon INTEZratioNs .......cccuvvvieeiiiiiiiiee e e e e 58
T R 1T TV o =T o =T 1 (o o [P PP 58
2.5.2 Transposon mapping and CIS analysis of Hlumina data........cccccoeeeviiee i 60
2.6 Additional methods for the Vk*MYC-TA-hPB and VK*hPB models .........cccceveevencienennenieneeiene 61
2.6.1 Validation of splicing in the transgenic CONSIUCES ......ceeeeiiieeiiiii e 61

2.6.2 In vitro verification of hPB activity in the Vk*MYC T2A linked construct: HAT resistance assay

B B o (o 1Y AV o 3 =Y o VPR 64
2.6.4 WESTEIN BIOTEING .. uvvieiiiiee et e e e ae e et e e st e e e nte e e e natee e e eenraeeenneeas 65
2.6.5 B cell receptor repertoire analysis........eucuieiicieieeiieee e e 65

3. Whole exome sequencing reveals rapid acquisition of driver mutations and
branching evolution in a case of NPM1 positive CMML transforming to AML

B INEPOTUCTION ettt ettt ettt b ettt sb et e et saeesb e et e saeesh e e beeatesbeenneeanens 67
3.2 ClINICAT CASE... ittt a e e 68
B3 RESUIS ettt ettt bttt h bttt sh et et eh b e b e e beeatesheente et 70
B D T ol Y (o OO OPT PP 77

4. Sleeping Beauty driven leukaemogenesis follows a rapid Darwinian-like
evolution in a mouse model of Npm1c+ acute myeloid leukaemia

/N R oY oY [¥ T 4T o O OO TR U PP PPN 83
4.2 RESUIES .ttt h ettt s a e e h e e bt e bt e e he e e b et et e e sabe e et e e ae e et e e eareenaee 85
4.2.1 Npom1® mutant mice with a low copy number Sleeping Beauty transposon develop
MYEI0IA [EUKABIMIAS ...eeeiiie ettt e e et e e e st e e e sate e e sbaeeesnseeesesneeeens 85
4.2.2 GRL verifies CISs identified by GRH and identifies additional ones.........ccccceevvveevcieeciieeeenee, 89

4.2.3 Sleeping Beauty driven leukaemia develops suddenly without detectable antecedent
abnormalities in the peripheral blood .........ooouiii e e s 92

A Study of Molecular Synergy and Clonal Evolution in Haematopoietic Malignancies



4.2.4 Transposon mobilisation begins early and continues throughout the pre-leukaemic period 94

4.2.5 A small number of transposon integrations occur early and persist in the pre-leukaemic

samples and on serial transplantation of leukaemia cells........ccoovveeriiiiccei e, 100
4.2.6 CIS in the pre-leukaemic blood SAMPIES .......eeeviiiiiciiiiieee e 105
4.2.7 Some transposons loose the capacity to re-mobilise ........cccccvveeviieeeciie e, 106
4.2.8 Searching for alternative drivers in transposon [IM MiCE.......c.eeecuveeerceeeeriee e 108
e B D 1oV 1Y (o] o PO PP R PPRT 109

5. Development and validation of a protocol for quantitative analysis of
transposon integrations
5.1 INEFOTUCTION .ttt ettt st et s e st e bt e et e e beesaneenaeeeane 120

5.2 RESUIES ..ttt ettt ettt ettt e ettt e sttt e e ettt e e ate e e e ba e e e atee e e bae e e abeeteeebteeenabaeenraeeens 121
5.2.1 The TraDIS lllumina Sequencing Protocol Generates High Coverage and Quantitative Datal121
5.2.2 TraDIS Identifies Additional CIS Compared to Restriction-Based Mapping........ccccceeeevvveennn. 122

5.2.3 PCR duplicate removal decreases the proportion of reads attributed to the top hits but does
not significantly alter ranking of integration SiteS.......cccuveveiiiiiie i 133

5.2.4 Integrations that persisted on serial sampling generally had high read coverage using TraDIS

N 3 B 1 oV £ (o] o VU PUPPPRR 150

6. PiggyBac insertional mutagenesis of the mature B cell compartment

6.1 INEFOTUCTION <.ttt b e ettt e s at e e bt e s b e e st e e sae e et abeebeesabeesaneenne 157
5.2 RESUIES ..ttt et ettt e at e e bt e et e e sat e e ehe e e bt e e be e e ate e bt e e sheeeneesabeenneeeane 162
6.2.1 Cloning VK*HPB and VK*MYC-TA-HPB........cooiiiriierieeeteesieenite sttt e eteeseeesieesseesareesaee s 162
6.2.2 Validation of splicing in the transgenic CONSIUCES .......c.eeevciieiciii e, 162

6.2.3 The Vk*MYC-TA-HPB construct generates an active PB transposase: HAT resistance assay

6.2.4 The hPB transposase is active in vivo, although transposon mobilisation is not limited to the

MAture B cell COMPArTMENT .....cccuiiieeeee ettt e e e e e sate e e eba e e e sasaeeaeeaeeas 164
6.2.5 Insertional mutagenesis mice have increased lymphoma-associated mortality................... 166
VKE-IMYC-TA-RNPB IMUCE ...ttt ettt ettt ettt st e e satesaeesabeesaeeebeeens 168
VKF=RPB ITCE ..ottt ettt st b ettt e bttt at e bttt st e s be e be et 169
6.2.6 Immunophenotyping to determine developmental stage of the B cell tumours.................. 172
6.2.7 The MYC-TA-hPB tumours are not universally MYC dependent ........cccccevveenierceenieeneennnen. 178
6.2.8 Stop codon reversion was not seen in Vk*hPB and Vk*MYC-TA-hPB tumours.........cc.uee.u.. 183
6.2.9 The hPB and MYC-TA-hPB IM tumours are clonal and have undergone somatic
N V7 01T 0 [V =1 [ o PR SRTN 184
6.2.10 Serum protein electrophoresis of MYC-TA-HPB and HPB MiCE........ccccuvvreieiiiieeeeeeicireeeennn, 189

A Study of Molecular Synergy and Clonal Evolution in Haematopoietic Malignancies



6.2.11 Common integration site analysis identifies known and novel lymphoma genes .............. 191
6.2.12 Read depth and correlation with sample clonality.......cccceeeeeciiieiiiccce e, 198
(SR B B 1 1Y o{ U 1Y (o] o FH PO PPUPPPN 200

7. Discussion

7.1 Transposon IM as a tool for cancer gene diSCOVENY ........ccoveeeeeieieieieiesiesese e 210
7.2 Transposon IM as a tool for studying clonal evolution...........coceeeciiiiiinie e 215
7.3 CONCIUAING FEMAIKS ..uviiiiiieiieeeiie ettt ettt ettt sa e et e st esab e e saee e bt e sabeesateesbeeeneeaeeabeesareanne 225
8. REFEI'CIICES............ooee e et sttt sss s bs b e e b e st s bt ent st sas bt bans 228
Q. APPEIUAICES ...ttt e ettt st et sen e s eas et et et et eeseen et ee e e 252

A Study of Molecular Synergy and Clonal Evolution in Haematopoietic Malignancies



