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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 I 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, I 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, I 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 I 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 Vk*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.
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Chapter 1: Introduction 
;3;%)*%-&#,+!&%)0')&**
Peter Nowell was the first to describe cancer as an evolutionary process with
parallels to Darwinian natural selection (Nowell, 1976). Complex organisms have
evolved highly efficient systems to protect their cellular genomes from accumulating
DNA mutations. However, such mechanisms are not impenetrable and cells slowly
accumulate mutations over time even in the absence of identifiable exogenous
mutagens. Carcinogenesis involves the serial selection of cells with a growth
advantage, in a multi-step process akin to evolution by natural selection. Just like
Darwinian evolution, the progression is not linear, but usually leads to the generation
of multiple clades downstream of a single ancestor, the cell with a “cancer-initiating”
mutation.
The change from a normal to a cancer cell requires acquisition of multiple somatic
mutations which impart the malignant phenotype. The potential for limitless selfrenewal is one of the hallmarks of cancer (Hanahan and Weinberg, 2000) although it is
recognised that this capacity is often restricted to a sub-population of tumour cells;
the cancer or leukaemia stem cells (CSC/LSC) (Lapidot et al., 1994).
cancer genomes are genetically heterogeneous.

Individual

It follows that if LSCs drive

sustained clonal expansion and disease progression, then these must also be
genetically diverse. There is evidence that this is the case in acute lymphoblastic
leukaemia (ALL). Transplantation of primary leukaemia cells into immune deficient
mice revealed variable competitive regeneration of sub-clones in patterns reflecting
the diversity within the primary tumour (Anderson et al., 2011; Notta et al., 2011).
Haematopoietic (HSC), like other normal stem cells are undifferentiated, long-lived
cells capable of asymmetric division, facilitating both self-renewal and the generation
of differentiated progeny in very large numbers. Haematopoiesis is normally
polyclonal with contribution from a small proportion of all HSCs. During homeostasis
normal peripheral blood is estimated to have contributions from approximately 1000
HSC (Catlin et al., 2011), but the majority of adult HSC are in a quiescent state (Arai et
al., 2004; Li and Clevers, 2010). The signals that drive a G0 HSC to enter into cell cycle

are not understood. It may be that this is a largely stochastic process (McKenzie et al.,
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2006). On average human HSCs are thought to divide once every 40 weeks (Catlin et
al., 2011), however blood cell production is a continuous process throughout life with

an adult human producing an estimated 10 11 cells daily (Beerman et al., 2010). Adult
HSCs, like other tissue stem cells, are prime candidates for malignant transformation
as they have inherent self-renewal capacity and persist throughout life.
Nevertheless, the fact that some mutations can transform differentiated cells,
suggests that HSCs may not be the unique source of LSCs (Cozzio et al., 2003; Huntly
et al., 2004).

Typically hundreds to thousands of somatic mutations are identified in genomic DNA
from most adult tumours. The mutations present in a cancer cell genome accumulate
throughout the life of a patient and are the result of exposure to external mutagens,
as well as cell-intrinsic mutational processes, such as errors in DNA replication or
illegitimate action of DNA editing enzymes (Papaemmanuil et al., 2014). The median
number of somatic mutations differs by more than 1000-fold between different types
of human cancer (Alexandrov et al., 2013; Lawrence et al., 2013). It is estimated that
about half of the variation in mutation frequencies can be explained by the difference
in somatic mutation rates between tissues (Lawrence et al., 2013), however the
number of somatic mutations can also vary by over 1000-fold between different
cancers of the same subtype (Alexandrov et al., 2013; Lawrence et al., 2013). AML has
one of the lowest number of mutations per case of any adult cancer studied to date
(figure 1.1), yet the range varies by more than 100-fold between individual cases
(Lawrence et al., 2013; TCGA_Research_Network, 2013).

The number of driver mutations that co-operate to induce a malignant phenotype is
not well established and appears to differ between tumours. It is estimated that in
common adult epithelial tumours there are 5-7 driver mutations, while in
haematopoietic malignancies this number is thought to be lower (Stratton et al., 2009).
Some of the difference is likely to be attributable to the pattern and intensity of the
mutational processes underlying each cancer type rather than representing an
intrinsic cellular characteristic. For example, a cancer arising through rare
“background” stochastic mutations may be more likely to arise via a small number of
powerful mutations, whilst one in which mutagenesis is avid may evolve through a
larger number of weak mutations. If this were true one would usually expect the

                 


  

former type to be rarer than the later and observations on the total number of
mutations in different cancer types appear to broadly support this thesis (figure 1.1).
The binary classification of mutations into drivers and passengers is context
dependent. Tumour sub-clones compete with each other and with normal cells for
“real estate” and resources within the tissue microenvironment. Changes imposed on
this ecosystem will alter the relative competitiveness of cells/clones. Mutations that in
isolation have a neutral or even negative effect on long-term clonogenicity
(passenger) may be “selected” if they co-occur with a fitness conferring mutation or
are advantageous in the context of other mutations (epistatic effect). The highly
variable number of passenger lesions both between and within sub-types of cancer
reflects the dynamics of clonal evolution (Nik-Zainal et al., 2012; Welch et al., 2012).
Factors that affect the number of passenger mutations in the final tumour include i)
variation in the number of cellular divisions between the germline and the sequenced
cancer cell ii) differences in susceptibility to somatic mutation iii) the fidelity of
intrinsic DNA repair mechanisms and iv) differential exposure to mutagens. A major
challenge for researchers is to distinguish the few driver mutations from the multitude
of passengers within a cancer genome.
The explosion in cancer genomics has led to the identification of innumerable
somatic mutations, most of which are functionally unexplored. As such their driver vs
passenger status remains formally untested. For the time being, their recurrence rate

within and between cancer types serves as a proxy for this status; i.e. genes
mutated in cancer more often than expected by chance are considered to be drivers.
This is very likely to be an oversimplification as “chance” is difficult to determine. For
example some very large genes are recurrently mutated by virtue of their size and
others by virtue of their chromatin organisation (Lawrence et al., 2013). Also, it is
plausible that some presumed drivers function to accelerate mutagenesis rather than
to impart improved fitness. It is highly likely that some true drivers have not been
identified as such yet, because not enough cancers of their type have been studied
or because their genomic location or specific sequence context leaves them
relatively

resistant

to

common

mutational

processes

or

prevents

their

capture/identification by current sequencing methods. It is also probable that the
number and type of mutations that can confer a fitness advantage is highly variable
between genes.
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FIGURE 1.1: MUTATION BURDEN AND CANCER INCIDENCE (A) A comparison of the
mean number of non-coding mutations per genome across various tumour types. The
raw data is taken from Lawrence et al, 2013. Error bars show the standard error of the
mean. (B) UK annual incident cases of various malignancies taken from the Cancer
Registry
Statistics
(2011)
(http://www.ons.gov.uk/ons/publications/re-referencetables.html?edition=tcm%3A77-302299)
and
Cancer
Research
UK
(http://www.cancerresearchuk.org/cancer-info/cancerstats/). Patterned bars depict the
incidence for the entire tissue rather than the specific cancer sub-type shown in A (eg
lung cancer rather than lung adenocarcinoma)(Grove and Vassiliou, 2014).

The importance of timing and genetic context in identifying driver mutation status is
exemplified by transient myeloproliferative disease of the newborn (TMD) and Down
syndrome associated acute megakaryocytic leukaemia (DS-AMKL). TMD develops
in up to 10% of newborn infants with Down syndrome, with most presenting in the
first week of life (Gamis et al., 2011; Malinge et al., 2009; Pine et al., 2007). Affected
children develop a megakaryocytic leukaemia, which typically spontaneously
regresses within three months (Malinge et al., 2009). Around 20% of children who had
TMD will develop DS-AMKL by the age of four and this occurs when the dormant
TMD clone accumulates additional leukaemogenic mutations, although the mean
number of somatic mutations in DS-AMKL is still much lower than in most other
cancers (Yoshida et al., 2013). Intratumoral heterogeneity in mutations is described in
both TMD and DS-AMKL and progression to leukaemia originating from major or
minor TMD sub-clones has been reported (Yoshida et al., 2013). Both TMD and DSAMKL are associated with truncating mutations in GATA1 that arise in utero (Malinge
et al., 2009; Nikolaev et al., 2013; Pine et al., 2007). Exome sequencing studies suggest
                 


   

that the combination of trisomy 21 with a truncating GATA1 mutation is sufficient to
cause TMD, although additional putative driver mutations may also be seen, without
disease progression to DS-AMKL (Nikolaev et al., 2013; Yoshida et al., 2013).
Presumably the changes induced by trisomy 21 render cells susceptible to additional
transforming events and/or alter the phenotypic consequences of these events as
germ-line GATA1 mutations in the absence of trisomy 21 do not associate with
leukaemia (Malinge et al., 2009) and this mutation is found in only around 10% of
AMKL cases in the absence of Down Syndrome (Gruber et al., 2012). Trisomy 21 is
also associated with genome-wide hypomethylation and additional methylation
abnormalities are detected at the TMD stage, although it is uncertain if the epigenetic
changes reflect the genetic lesions or contribute to disease (Malinge et al., 2013). The
transcriptional and epigenetic programs of TMD and DS-AMKL are very
similar(Malinge et al., 2013).
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In AML, there is a relatively well-defined group of recurrent mutations, most of which
fall into functional categories (figure 1.2) (TCGA_Research_Network, 2013). The
variation in the identity of co-occurring driver mutations is in keeping with the
stochastic nature of myeloid leukaemogenesis, yet the identifiable patterns of cooccurrence and mutual exclusivity between specific mutations hint respectively to
molecular synergy and redundancy between them (TCGA_Research_Network, 2013).
Gilliland and Griffin proposed the two hit model of leukaemogenesis (Gilliland and
Griffin, 2002).

In their model two mutations each belonging to a different class,

collaborate to cause AML when neither is sufficient to do so in isolation. Class I
mutations such as FLT3-ITD or N-RAS mutations confer a proliferative advantage but
have no effect on differentiation. Class II mutations, represented by specific fusion
genes in the original model impair haematopoietic differentiation and subsequent
apoptosis. The initiating lesions in these AMLs are thought to be Class II mutations,
for example PML/RARα and MLL fusions, whereas Class I mutations are typically
later events. This model has provided a useful framework to conceptualise the
pathogenesis of AML as a disease in which differentiation is blocked and
proliferation is increased. Although most of the recently identified mutations do not fit
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neatly into one of the two classes, they are thought to collaboratively produce the
equivalent effects leading to the AML phenotype.

Figure 1.2: RECURRENT MUTATION GROUPS IN AML. Data on the prevalence of
different mutation groups in AML (based on data from TCGA Research Network, 2013)
(Grove and Vassiliou, 2014).

The number of identifiable driver mutations differs between AML cases. In a study of
200 AMLs using whole genome and whole exome sequencing the authors describe
a mean of 13 (range 0-51) tier 1 (coding, splice-site and RNA gene) mutations
(TCGA_Research_Network, 2013). On average five of these were in genes which are

recurrently mutated in AML and thus presumed to represent driver events. The
number of recurrent tier 1 mutations was lower in the presence of specific
translocations while higher numbers were observed in cases with RUNX1-RUNX1T1
fusions and those without fusion genes(TCGA_Research_Network, 2013). Cooccurrence analysis showed some common mutations such as NPM1, DNMT3A,
CEBPA, IDH1/2 and RUNX1 were mutually exclusive of the transcription factor fusions

and the authors proposed that these mutations may have a role in the initiation of
AML (TCGA_Research_Network, 2013).
Although difficult to validate, evidence from mouse models suggests that as few as
two highly complementary mutations may be sufficient to generate leukaemia (Mupo
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et al., 2013; Wartman et al., 2011). In a knock-in mouse model, the combination of
Npm1c and Flt3-ITD caused universal leukaemia, with all mice becoming moribund

with AML in 31-68 days (Mupo et al., 2013). In another model the co-expression of
PML-RARα and Jak1 V657F mutations in mice resulted in a rapid onset of acute

promyelocytic leukaemia (APL) like leukaemia with a mean latency of 35 days (range
28-52 days) (Wartman et al., 2011). Compared to single mutant controls, both models
demonstrated a markedly accelerated disease, increased penetrance and a change
in phenotype in the double mutant mice. Although these observations suggest that
specific combinations of two mutations may be sufficient to drive AML, the possibility
that additional mutations are rapidly acquired even within such short latencies cannot
be ruled out. In fact, in the former model most AMLs displayed acquired loss-ofheterozygosity for Flt3-ITD.
Similarly, human sequencing data describes many AMLs with only one or two
identifiable driver mutations. Whole genome sequencing of twelve human samples of
APL included one case in which FLT3-ITD and PML-RARα were the only recurrent
cancer- or AML-associated tier 1 somatic mutations expressed in the tumour (Welch
et al., 2012).

In a mouse model, PML-RARα and FLT3-ITD induced an APL-like

disease with complete penetrance and a short latency which is consistent with the
hypothesis that these two mutations are sufficient for disease development (Kelly et
al., 2002). Interpreting human sequencing data is compounded by the real possibility

that driver mutations were missed or misclassified as passengers because of their
rarity. The possibility that additional non-recurrent driver mutations contributed to the
pathogenesis cannot be excluded and in a further four cases of APL with these
mutations additional cancer associated tier 1 somatic mutations were identified.
Additionally, in support of the premise that driver mutations may be missed,
examples of AML with only one identifiable AML-recurrent mutation in the whole
genome

were

described

more

recently

(TCGA_Research_Network,

2013).

Nevertheless, it remains possible that specific combinations of two mutations may be
sufficient for leukaemogenesis, although most cases harbour three or more
identifiable drivers at the time of clinical presentation (Welch et al., 2012).
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Many common mutations driving myeloid neoplasms are found in several
phenotypically distinct diseases. For example, TET2 mutations are found recurrently
in

AML,

MDS,

MPD

and

CMML

as

well

as

tumours(Delhommeau et al., 2009; Quivoron et al., 2011).

occurring

in

lymphoid

This raises two important

questions; first to what extent can the disease phenotype be deduced from its
complement of somatic mutations and second, how do shared initiating mutations
evolve into distinct neoplasms.
Although the LSC is the cell of origin for AML, selective pressures are applied to
tumour cells at all stages of differentiation in the mixed tumour population. Itzykson
et al analysed candidate genes in single-cell-derived colonies from CMML patients to
characterise the distribution of mutations at various stages of progenitor
differentiation (Itzykson et al., 2013b). Sub-clones with a greater number of mutations
were over-represented in the granulocyte-monocyte progenitors (GMP) compared to
the HSC/multipotent progenitor (MPP) compartment, even though CMML is a
disease of HSC origin and clonal dominance of the malignant clone is evident at the
HSC/MPP stage(Itzykson et al., 2013b). Therefore, it appears these mutations present
in only some of the LSCs, provide an additional clonal advantage to differentiating
progeny. A comparison of TET2 mutant CMML and MDS samples found the
peripheral monocyte count correlated with the proportion of TET2 mutated
CD34+/CD38- cells suggesting that the extent of dominance of the TET2 mutated
clone in the HSC/MPP compartments influences the clinical phenotype (Itzykson et
al., 2013b). However, the serial analysis of samples from individual patients also

provided evidence that changes in the clonal composition of the HSC/MPP
compartment are not always evident in the disease phenotype. For example, some
patients showed a significant increase in the proportion of double mutant HSC/MPP
clones over time even though the clinical phenotype was unchanged (Itzykson et al.,
2013b).

Together such findings indicate that varied selective pressures and fitness
determinants drive clonal outgrowth at different stages of the myeloid stem and
progenitor cell hierarchy. This is relevant to sequencing studies as the distribution of
mutations detected in the mass tumour population will not necessarily reflect their
frequency in LSCs. Furthermore, when evaluating treatment it is important to
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recognise that therapies which remove the proliferative advantage of a sub-clone
during differentiation may have a phenotypic benefit, but will not necessarily have the
same impact on LSCs.
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Cancer dynamics depend on the rate of acquisition of fitness conferring mutations,
the relative selective advantage they give and the size of the susceptible cell
population. A mutation that confers a strong selective advantage could allow a clone
to expand and dominate the haematopoietic compartment in a ‘selective sweep’
especially if there is a long lag time before additional driver mutations occur. With
sequential dominant clones leukaemia evolution would be represented by an
essentially linear architecture with stepwise accumulation of driver mutations (figure
1.3A). However, deep sequencing methods have revealed that cancers, including
AML, are characterised by significant mutational complexity and that the diversity
and relative dominance of sub-clones varies throughout the course of disease
(Anderson et al., 2011; Campbell et al., 2008; Campbell et al., 2010; Ding et al., 2012;
Gerlinger et al., 2012; Nik-Zainal et al., 2012; Notta et al., 2011). The sub-clones with the

highest numbers of genetic abnormalities are not necessarily numerically dominant
within the tumour (Anderson et al., 2011; Jan et al., 2012; Walter et al., 2012). Cancers
can be traced back to a single cell, but the continuous acquisition of mutations and
associated expansions in population sizes dramatically increase genetic and clonal
heterogeneity and it is likely that most cancers evolve with a complex, branching
architecture (figure 1.3B).
In deep sequencing studies of mixed tumour cell populations the variant allele
frequencies can be used to size sub-clones. In the whole genome sequencing of 24
primary AML samples between one and four clusters of mutations were detected
based on variant allele frequency, although the number of variants specific to
individual sub-clones was small (average only 40) (Welch et al., 2012). Most AMLassociated mutations are generally shared by all leukaemic clones/cells, as the
initiating lesion arises in a cell with a mutational history (Welch et al., 2012). Exome
sequencing of the progeny of single haematopoietic stem/progenitor cells (HSPCs)
from healthy individuals revealed that the number of mutations increases nearlinearly with age and is very similar to that found in AML. This suggests that AML
develops stochastically in a cell which fortuitously accrues a transforming
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combination of mutations (Welch et al., 2012). Therefore it does not seem surprising
that somatic single nucleotide variants (SNVs) in sub-clones accounted for only 14%
of the total SNV per genome (Welch et al., 2012). Interestingly, in other tumours the
proportion of SNVs that are specific to sub-clones is much higher (Gerlinger et al.,
2012; Nik-Zainal et al., 2012). Possible explanations include a longer latency between

the initiating lesion and clinically overt disease and higher rates of somatic mutation
acquisition.

FIGURE 1.3: LINEAR AND BRANCHING CLONAL EVOLUTION
(A) Linear evolution: Sequential dominant clones (clonal sweep) result in a linear
architecture with stepwise accumulation of driver mutations. The final tumour carries all
mutations arising during evolutionary history and overwhelms earlier clones carrying
only some of the mutations. (B) Branching evolution: The final leukaemia/cancer may
be dominated by a single clone, but others which have followed divergent mutational
pathways are also evident. Small sub-clones may fall below the limit of detection, in
which case the complexity of the branching is underestimated. Branching evolution is
favoured by faster acquisition and smaller effects of mutations. Numerals indicate the
number of mutations in cells. Cells carrying identical mutations are represented in the
same colour (Grove and Vassiliou, 2014).

It is likely that genetic heterogeneity is significantly under-reported in cancer genome
sequencing studies because mutations in small sub-clones fall below the limit of
detection. For example, the expected allelic frequency of a heterozygous mutation in
a clone that represents 5% of the total tumour mass is only 2.5% and therefore at
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40x coverage only one read is expected to have the mutant allele. Either ultra-deep
or single cell genomic sequencing methods will be required to fully elucidate tumour
architecture (Hou et al., 2012; Navin et al., 2011; Nik-Zainal et al., 2012).
The prevailing dogma is that the evolution of cancer occurs through a complex
branching pattern of mutation acquisition (Greaves and Maley, 2012), although there is
evidence for dominance of both linear and branching pathways in individual AMLs. A
comparison of paired primary and relapsed AML samples by whole genome
sequencing revealed two patterns of clonal evolution during relapse (Ding et al.,
2012).

In some cases only a single mutation cluster was found in the primary

tumour. In these cases the single clone gained additional mutations at relapse,
consistent with a linear pattern of evolution, although minor branching sub-clones
may have been present below the limit of detection. In the remaining cases, multiple
mutation clusters corresponding to different sub-clones were detected in the primary
sample. A sub-clone survived therapy, gained additional mutations and expanded at
relapse (branching evolution). In comparison to primary tumour mutations, there was
an increase in transversions in the relapse-specific mutations and it is thought that
these arose due to DNA damage caused by cytotoxic therapy (Ding et al., 2012).
Similarly, two studies comparing acquired copy number aberrations (CNA) and copy
neutral LOH in paired diagnosis and relapse samples in NPM1 mutant (Krönke et al.,
2013) and unselected cases of AML (Parkin et al., 2013) found that re-emergence or

evolution of a founder or ancestral clone is typical in relapsed AML.

This is in

contrast to findings in ALL where genetically distinct clones are occasionally
observed (Mullighan et al., 2008). One patient from the NPM1 mutant AML study was
found to have different NRAS mutations at diagnosis and relapse, indicating either
these represented independent clones and branching evolution, or that the mutation
was lost and a new mutation acquired in the same gene in an earlier clone that was
not eradicated by therapy. Similarly, the specific FLT3-ITD mutations differed
between diagnosis and relapse in 3/24 patients (Krönke et al., 2013). In any event,
both examples show that convergent evolution operates frequently in AML.
In another study, antecedent MDS bone marrow samples were genotyped for
mutations identified on whole genome sequencing of a secondary AML from the
same patient (Walter et al., 2012). Most MDS samples were oligoclonal, but each
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clone carried all of the pre-existing driver and passenger mutations (Walter et al.,
2012). The MDS founding clone was outcompeted by daughter clones in some

cases, but it always persisted in the AML sample. Progression to AML was
associated with the persistence of a founding clone containing 182 - 660 somatic
mutations, and the outgrowth of at least one sub-clone with tens to hundreds of new
mutations including at least one new tier 1 mutation (Walter et al., 2012). The
proportion of secondary AML specific mutations was smaller in the subjects who
progressed to secondary AML in less than 6 months(6.7%) than in those with slow
progression (>20 months)(37.8%)(Walter et al., 2012).
In chronic myelomonocytic leukaemia (CMML), a condition which progresses to AML
in 15-30%(Swerdlow, 2008) of patients, a predominantly linear pattern of acquisition of
mutations is described, with limited branching through LOH (Itzykson et al., 2013b). In
this study 18 candidate genes were analysed in single cell derived colonies from 28
patients. Only one patient showed somatic mosaicism with independent acquisition
of NRAS and KRAS mutations in distinct sub-clones. Although the candidate gene
approach may underestimate true clonal diversity, this work does suggest that in
CMML the dominant tumour clone mostly results from sequential waves of mutation
acquisition and expansion, with only minor branching sub-clones generated.
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Available evidence suggests that cancer evolution is an inefficient process with a
highly variable rate of progression (Stratton et al., 2009). AML is an uncommon cancer
(figure 1.1), whose incidence rises with age, although it can occur at any age with
15% of cases in people under 40(2012; Bhayat et al., 2009; Dores et al., 2012; Shah et
al., 2013). The rarity of the disease probably reflects the small mutational burden of

AMLs and may reflect a paucity of external mutagens in the HSC niche or an
unusual level of protection against them. One possible explanation for the latter is
the ability of a small fraction of HSCs to sustain haematopoiesis at any time, allowing
HSCs to remain quiescent for most of their lifespan and in so doing reducing their
total number of divisions. This is only possible because of the very high proliferative
capacity of later progenitors, whose limited lifespan and self-renewal minimises their
own risk of transformation.

                 


   

Pre-malignant clones arise with surprising frequency during foetal development. The
in-utero acquisition of leukaemogenic mutations was first reported in concordant
twins with ALL whose haematopoietic cells shared a unique somatic MLL
rearrangement (Ford et al., 1993). Subsequently, clonotypic AML1-ETO fusion
sequences were detected in Guthrie spots in cases of childhood AML (Wiemels et al.,
2002). However, the prevalence of detectable AML1-ETO and TEL-AML1 in cord

bloods is 100-fold greater than the risk of the corresponding leukaemia and the
frequency of positive cells (10-4 to 10-3) indicates substantial clonal expansion of the
abnormal progenitor population (Mori et al., 2002). This is because these fusion genes
are not sufficient for disease development, as evident by protracted post-natal
latencies, non-concordant phenotypes in monozygotic twins (Wiemels et al., 1999;
Wiemels

et

al.,

2002)

and

the

lack

of

overt

leukaemia

in

genetically-

modified/transgenic mice(Rhoades et al., 2000). Therefore, secondary genetic events
appear necessary for tumour development. It is unknown whether foetal acquisition
of AML1-ETO can lead to adult-onset AML, but it is possible that long-lived HSCs
progress only in later life, for example following chemotherapy in therapy related
AML. In fact adults treated for AML1-ETO positive AML can exhibit persistence of the
fusion in the blood for years in the absence of disease relapse (Kusec et al., 1994;
Miyamoto et al., 1996).

The presence of detectable oncogenic mutations in blood in the absence of
haematological disease is not unique to childhood.

For example, somatic TET2

inactivating mutations were identified in 10 of 182 females aged over 65 with skewed
X-chromosome inactivation patterns (XCIP) and normal haematopoietic parameters
(Busque et al., 2012). Mice with Tet2 deletion exhibit increased HSC self-renewal

potential, without detectable changes in standard haematological parameters,
paralleling what happens in the aforementioned human cases (Moran-Crusio et al.,
2011; Quivoron et al., 2011). After follow up of seven TET2 mutant individuals for at

least 5 years, one developed evidence of a haematological malignancy; a
JAK2V617F mutant MPN (Busque et al., 2012).

The above findings show that somatic mutations, a universal feature of normal
ageing, can drive the expansion of individual HSCs to the point of dominating
haematopoiesis without causing disease. Nevertheless, the onward development of
a haematological malignancy although not inevitable, becomes much more likely.
                 


   

This observation is not unique to TET2 mutations, but is also a feature of other
somatic mutations such as large chromosomal deletions/amplifications which also
increase in frequency with age (Jacobs et al., 2012; Laurie et al., 2012; Schick et al.,
2013). In fact, there is a 5-10 fold increase in the risk of developing a haematological

malignancy in the decade after the detection of mosaicism for such chromosomal
changes in blood leukocyte DNA (Laurie et al., 2012; Schick et al., 2013).
Some studies which have analysed the clonal composition of blood from healthy
women using X-inactivation markers suggest this is stable over time even in the
elderly (Prchal et al., 1996; Swierczek et al., 2008). However, a study of the serial
composition of copy number variants (CNV) in people without diagnosed
haematopoietic disorders showed clear fluctuations in the proportion of nucleated
blood cells with aberrations over time (Forsberg et al., 2012). In one person with a 20q
deletion, the variant was barely detectable at 71 years of age, accounted for 50% of
cells at 75 years, but only 36% at 88 years of age (Forsberg et al., 2012). In the
longitudinal study of CSF3R mutations in congenital neutropenia, the independent
acquisition of several different CSF3R mutations in different cells was demonstrated
(Beekman et al., 2012; Campbell et al., 2010). Serial analysis of patient samples shows

that one mutation/clone dominates at a time, but new mutations are able to replace
previously dominant ones and mutations that fall below the limit of detection are
sometimes detectable on subsequent samples (Campbell et al., 2010). It is unknown
whether the clonal expansion of cells containing genetic abnormalities is always due
to positive selection or reflects stochastic fluctuations in the frequency of HSC
progeny or simply cycles of quiescence and active division of HSCs.
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There are limited human studies which trace the presence of mutations in sequential
samples from AML patients. For obvious reasons those that do compare relapsed
versus primary tumours, or secondary AML versus a preceding haematological
disorder, rather than profiling the pre-leukaemic evolution of primary or de novo AML
(Ding et al., 2012; TCGA_Research_Network, 2013; Walter et al., 2012). The initiating

lesion is only definitively known in familial AML however the dynamics of clonal
evolution are likely to be different as all HSPCs carry the initiating mutation. Our
understanding of initiating mutations in de novo AML is derived from studies of
mutational allelic burden at presentation, stability of mutations through the disease
                 


  



course, patterns of co-occurrence between mutations in leukaemia blasts and preleukaemic HSCs, and mechanistic studies of the properties of specific mutations.
Generally it is thought that proliferative (type I) mutations are secondary events that
co-operate with a variety of initiating lesions to produce disease. However, it is clear
that at least some lesions can occur as either early or late events in the same tumour
type, suggesting they are not acquired in any strict order(Anderson et al., 2011). In
AML there are examples of ‘early’ mutations lost at relapse and ‘late’ mutations
which are acquired first (Krönke et al., 2013).
The pattern of co-occurring mutations in residual HSCs or leukaemia cells has been
used to determine the order of acquisition of mutations (Itzykson et al., 2013b; Jan et
al., 2012). In one study residual HSCs were screened for patient specific mutations

identified by tumour exome sequencing in six patients with de novo, FLT3-ITD
mutant, normal karyotype AML (Jan et al., 2012). Many AML-associated mutations
including NPM1, TET2 and SMC1A were detectable in the residual HSC, but others,
such as the FLT3-ITD and IDH1, were not, indicating these were probably late events.
The population of residual HSCs showed varying allele frequencies for each of the
detectable mutations and by comparing the patterns of mutations at the single cell
level, researchers were able to reconstruct the phylogenetic tree in several cases
(Jan et al., 2012).

Mutations in NPM1 are often considered early events in AML pathogenesis largely
because of their stability through the disease course and their mutually exclusivity
with the most well established type of initiating mutations, chromosomal
translocations (Falini et al., 2005; TCGA_Research_Network, 2013). However, recent
studies have provided evidence that mutations in NPM1 are not necessarily an
initiating event and often follow DNMT3A mutation (Krönke et al., 2013; Shlush et al.,
2014). Although DNMT3A and NPM1 mutations frequently co-occur in AML blasts,

stem cells purified from the blood of AML patients with both mutations showed
recurrent DNMT3A mutations at high allele frequency without co-incident NPM1
mutation(Shlush et al., 2014). These single mutant stem cells had a multi-lineage
repopulation advantage over un-mutated HSC and persisted in post chemotherapy
remission samples. Similarly, in a study comparing copy number aberrations and
recurrent mutations in paired diagnosis and relapse samples of 53 NPM1 mutant
AMLs, mutations in DNMT3A were the most stable lesion. Persistence of DNMT3A
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was found in five patients who lost the NPM1 mutation at relapse suggesting that the
DNMT3A mutations preceded those affecting NPM1 (Krönke et al., 2013). In mice,

knockout of DNMT3A in HSC induced increased self-renewal but did not lead to AML,
suggesting co-operating mutations were required (Challen et al., 2012). Similarly, in
the human study the long latency to relapse in cases which lost the NPM1 mutation
suggests the residual clone needed to acquire additional mutations before relapse
occurred (Krönke et al., 2013). Notably, there was also a single case where DNMT3A
was lost at relapse and the NPM1 mutation was maintained, which implies that the
mutation order is not strict.
So why are some mutations more often early and others more often late events in
the pathogenesis of AML? It is very likely that in the great majority of AMLs the
initiating mutation happens stochastically. However, this might alter the probability
and type of secondary mutations en route to a malignancy. Potential mechanisms
include a restriction in the cellular pathways through which secondary mutations
could imbue additional fitness, but are not limited to this. For example, induced
changes in the epigenetic program or the microenvironment may alter the phenotypic
consequences of secondary mutations or the nature of selective pressures.
Evidence of convergent evolution in multiple tumour types (Anderson et al., 2011;
Gerlinger et al., 2012) suggests that either (i) those mutations are targeted by a

specific mechanism of mutation, for example the off target effects of activation
induced deaminase (AID), (ii) such mutations are recurrently selected due to their
strong fitness advantage in a situation of high mutational diversity (parallel evolution)
or (iii) the spectrum of co-operating lesions is severely limited in the context of preexisting mutations. It is probable that there are no set rules governing the order of
acquisition of mutations in AML, but that the specific effects/consequences of
individual mutations make them more or less likely to facilitate subsequent evolution
to leukaemia/cancer.
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Somatic mutation in NPM1, which encodes Nucleophosmin, is found in around 30%
of AMLs, making it one of the most frequent mutations in this disease (Falini et al.,
2005; TCGA_Research_Network, 2013).

The prevalence of the NPM1 mutation

increases with age and it is found in approximately 50% of normal karyotype AMLs in
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adults (Falini et al., 2005; Suzuki et al., 2005; Swerdlow, 2008; Verhaak et al., 2005).
Mutations in NPM1 define a distinct subgroup of AML with typical clinical,
pathological and molecular characteristics and consequently ‘AML with mutated NPM1’
has recently been included as a provisional entity in the WHO classification of
tumours of the haematopoietic and lymphoid tissues (Swerdlow, 2008).
Although several different types of mutations in NPM1 have been described in AML,
these are localised to exon 12 and consistently result in nucleotide gain at the Cterminus (Falini et al., 2006; Falini et al., 2005). This disrupts the normal nucleolar
localisation signal and generates a novel nuclear export signal, resulting in
cytoplasmic dislocation of nucleophosmin (2005; Falini et al., 2006; Falini et al., 2005).
The most common such mutation (Type A), is a TCTG duplication and accounts for
approximately 80% of NPM1 mutations in human AML (Verhaak et al., 2005). Although
cytoplasmic dislocation of nucleophosmin is the universal consequence of NPM1
mutations found in human AML, how this contributes to the pathogenesis of
leukaemia is not yet understood. This is a subject of great interest due to the high
prevalence of this mutation in human AML and because NPM1 mutations are thought
to be crucial events in leukaemic evolution.
Several groups have attempted to model the effect of mutant NPM1 in the mouse.
Npm1 haploinsufficiency in heterozyogous knock-out mice resulted in an increase in

the HSC number (Raval et al.). In a transgenic mouse model the expression of the
type A NPM1 mutation was driven by a myeloid specific human promoter MRP8I
(Cheng et al., 2010). This resulted in the development of myeloproliferative changes in

haematopoietic organs in 27% of mice. These changes were first evident from six
months of age but none of the transgenic mice went on to develop leukaemia over
the course of 24 months. The lack of AML development may result from differences
in the expression level and pattern of the NPM1 mutant protein in transgenic mice
compared to the human disease, or could reflect a requirement for co-operating
mutations. In a recent model the type A Npm1 mutation was conditionally expressed
from the Rosa26 locus using a CAG promoter and MxCre (Sportoletti et al., 2013).
These mice developed thrombocytopenia and an expansion of megakaryocyte
precursors in haematopoietic organs, but did not develop AML after 1.5 years of
follow-up.
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Our group published the only Npm1 mutant mouse model which has successfully
recapitulated the major features of the human disease(Vassiliou et al., 2011). In this
model, a conditional knock-in of the type A NPM1 mutation (Npm1cA) caused Hox
gene overexpression, enhanced self-renewal and expanded myelopoiesis (Vassiliou
et al., 2011). Approximately one third of these mice developed AML, but only after a

long latency (median survival 617 days), which suggests that co-operating mutations
were required. To identify these mutations we employed transposon insertional
mutagenesis (IM) using the Sleeping Beauty (SB) transposon. In the absence of the
Npm1cA mutation SB caused predominantly lymphoid leukaemias, however the

combination of SB and Npm1cA resulted in rapid onset AML in 80% of mice. Several
known and novel putative driver mutations were identified using this approach
(Vassiliou et al., 2011).
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Transposons are mobile genetic elements that were first described by Barbara
McLintock in the 1950’s (McClintock, 1950); a discovery for which she was awarded
the Nobel Prize in Medicine and Physiology in 1983. The genomes of most
eukaryotic and prokaryotic species are known to contain significant numbers of
transposable elements (Bire and Rouleux-Bonnin, 2012) and in humans it is estimated
that almost half the genome is derived from them, although these are predominantly
transpositionally inactive (2001).
Transposable elements are categorised into two classes based on their mechanism
of transposition. Class I elements or retro-transposons mobilise through a ‘copy and
paste’ mechanism and use an RNA intermediate which is reverse transcribed prior to
re-insertion (Ivics et al., 2009). In contrast, class II elements or DNA transposons
move by a cut and paste mechanism and are characterised by inverted terminal
repeat sequences. These class II elements have been recently developed into
powerful gene discovery tools and have been applied to the study of different
cancers by many groups including ours..
In nature, DNA transposons consist of a single gene encoding the transposase
protein, surrounded by inverted terminal repeat sequences which contain the
recognition sequence for the transposase (Izsvák et al., 2002; Jacobson et al., 1986).
The excision and re-integration of the transposon by a cut-and-paste mechanism is
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catalysed by the transposase protein. Inverted repeats are found at each end of the
mobile sequence and constitute the transposase binding sequences, which are
necessary and sufficient for DNA mobilisation. Therefore, it is possible to replace the
transposase gene with alternate DNA cargo as long as this is located between the
repeat sequences. In these non-autonomous systems, the DNA cargo is mobilised
widely throughout the genome by the transposase, which is supplied in trans (Ivics et
al., 2009). This is the key stratagem through which transposons are applied as a tool

for insertional mutagenesis, genome manipulation and transgenesis.
Transposon systems have been used for these applications in invertebrate animal
models for several decades. It wasn’t until the development of the synthetic Sleeping
Beauty (SB) transposon that transposition efficiency in vertebrate cells was sufficient

for insertional mutagenesis and transgenesis in mammalian systems(Ivics et al.,
1997). SB was initially resurrected from multiple inactive Tc1/mariner element fossil

sequences found in fish genomes. The other widely used transposon system for
insertional mutagenesis in murine models is PiggyBac (PB), which was derived from
the cabbage looper moth Trichoplusia ni (Ding et al., 2005).

Subsequent genetic

engineering/modification of both the transposon and transposase has resulted in
significant improvement in the transposition efficiency of both the SB and PB
systems. These modifications included changes to specific amino acid residues and
species optimisation for codon usage (Baus et al., 2005; Cadinanos and Bradley, 2007;
Geurts et al., 2003; Mates et al., 2009; Yant et al., 2007; Yant et al., 2004; Yusa et al., 2011;
Zayed et al., 2004).As a result,

SB and PB transposon systems can integrate

efficiently into chromosomes of somatic, germ and embryonic stem cells.
For insertional mutagenesis screens in mice the SB or PB transposon is typically
introduced by zygote pronuclear injection and inserts as a concatamer at a random
site in the mouse genome (Mann et al., 2014).

Transgenic lines containing

concatemeric transposon casettes are then crossed with lines which express the
transposase. Tissue targeted insertional mutagenesis can be achieved by using
either a tissue specific promoter to control transposase expression or by employing
an inducible allele. In Cre inducible systems the transposase is usually inserted into
an endogenous ubiquitously expressing locus, with conditionality imparted by either
an upstream stop cassette flanked by loxP sites (Dupuy et al., 2009; Starr et al., 2009)
or by the use of an invertible transposase cDNA flanked by mutant loxP sites (March
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et al., 2011; Vassiliou et al., 2011). A tissue specific Cre recombinase is used to either

remove the lox-stop-lox cassette or invert the transposase resulting in permanent
expression of the sense-oriented cDNA.
Both the SB and PB transposons integrate widely throughout the genome and have
been used successfully for cancer gene discovery in murine models (Collier et al.,
2009; Collier et al., 2005; Dupuy et al., 2005; Rad, 2010).

The SB and PB systems

reportedly differ in terms of insertion site sequence, mobilisation efficiency, the size
of the insert that can be mobilised, the degree of local hopping and the footprint that
remains after excision (Ding et al., 2005; Liang et al., 2009; Wang et al., 2008). Genomic
integration is largely random but is dependent on a minimal sequence; in the case of
SB a TA dinucleotide and for PB a TTAA tetranucleotide, although around 2% of PB

insertions were found to occur at non-canonical sequences in one screen(Li et al.,
2013). PB has a higher integration preference for actively transcribed genes

compared to SB (Liang et al., 2009; Wang et al., 2008). SB preferentially inserts in TA
rich regions and with the consensus ANNTANNT although only the TA is an absolute
requirement (Carlson et al., 2003). As a result of local hopping approximately 30-50%
of SB integrations have been reported to map to the donor chromosome (Collier et al.,
2009; Starr et al., 2009). Although local hopping still occurs (Li et al., 2013; Wang et al.,
2008) it is less of an issue for PB and the effected region is much smaller (Friedel et
al., 2013; Rad, 2010). The local hopping interval for SB has been estimated at 3-

15Mb (Carlson et al., 2003; Horie et al., 2003) compared to ~100kB for PB (Wang et al.,
2008).

An important difference between SB and PB, which is of relevance to forward
mutagenesis screens because of the potential for occult mutagenesis, is the DNA
footprint. Transposon excision results in a double strand DNA break, which is
mended by the cell’s endogenous repair machinery. The canonical SB footprint is a
five base pair insertion creating a TACAGTA or TACTGTA sequence at the TA
integration site, although deletions, insertions and non-canonical footprints also
occur, albeit less frequently (Liu et al., 2004; Luo et al., 1998).

Although the

predominant footprint differs between cell types, in zebrafish embryos, mouse
embryonic stem cells and cells of the adult mouse liver 90% of the footprints add five
base pairs leading to a frame shift (Liu et al., 2004). In contrast, PB almost always
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excises itself completely leaving no footprint, with excision induced genomic
alterations detected in as few as 0.8% of excisions(Yusa et al., 2011).
There are several advantages of transposon IM over chemical and retroviral
mutagens for performing forward genetic screens in mice. In contrast to chemical
mutagens, the mutated locus is easily identifiable as the transposon itself serves as
a tag. Furthermore, transposons integrate widely allowing extensive and largely
unbiased coverage of the genome and can be targeted to a variety of tissues in a
spatially and temporally controlled manner. The DNA cargo can also be manipulated
to achieve gain or loss of function mutations, or both (Collier et al., 2005; Dupuy et al.,
2005; Rad et al., 2010; Vassiliou et al., 2011).

For such bi-functional transposons the

precise mutagenic effect will depend both on the orientation in which they insert and
their spatial relationship to surrounding gene(s) (figure 1.4).

The frequency of

integration in a given orientation around a particular gene can be used to surmise if it
is acting to activate or inactivate target genes.
The conventional approach for analysing transposon insertional mutagenesis
screens is to use ligation-mediated splinkerette polymerase chain reaction (PCR)
followed by deep sequencing (Uren et al., 2009).

One or multiple frequent cutter

restriction enzymes are used to digest genomic DNA and restriction products that
contain both genomic and transposon sequence are then PCR amplified after
ligation of a linker sequence. After massively parallel sequencing across multiple
tumours, the sites in which the transposon integrated more frequently than would be
expected by chance are identified using one of several statistical methods. Genes
within these common integration sites (CIS) are taken as the putative tumour drivers.
Whole body transposon IM screens frequently result in haematopoietic tumours, in
particular T cell malignancies (Collier et al., 2009; Dupuy et al., 2005; Dupuy et al., 2009).
In addition to using tissue specific expression of the transposase, the spectrum of
induced tumours can also be influenced by the structure of the SB or PB transposon;
more specifically the choice of promoter (Dupuy et al., 2009; Rad et al., 2010). The
aforementioned model of Npm1 mutant AML is the first published model in which IM
has been targeted to induce AML (Vassiliou et al., 2011).
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Figure 1.4 Examples of the mutagenic
effects of transposons. A: A transposon
with a unidirectional activating element
followed by a splice donor, but dual splice
acceptors and polyadenylation signals such
that gene expression may be blocked
regardless of the direction of transposon
insertion. B: The effect of the transposon
shown in A will depend on the direction in
which it inserts and its spatial relationship to
surrounding genes. Some examples are
shown. i) The transposon inserts in the
forward orientation 5’ to the gene, causing
overexpression of the gene. ii) The
transposon inserts in the reverse orientation
in the middle of the gene resulting in a 3’
truncated gene product. iii) Insertion in the
forward orientation mid-gene may result in
overexpression of a 5’ truncated product.
Figure modified from the original provided by
G Vassiliou.

Transposons used in cancer gene discovery are designed to mutate genes primarily
by overexpression or truncation and therefore they cannot recapitulate the specific
naturally-occurring mutations seen in human disease. This has been cited as a
limitation of transposon insertional mutagenesis screens, but it is also a potential
advantage. Although the precise mutations seen in the human disease were not
seen, in previous transposon screens genes such as Ras and Flt3 were still identified
as important targets for up-regulation or activation by 5’ truncation (Rad, 2010;
Vassiliou et al., 2011). In addition, the transposon IM approach allows for pathway

analysis, facilitating the identification of associated targets up- or down-stream of
known cancer causing mutations. For example, in a SB driven pancreatic cancer
model 20 CIS genes were identified that significantly predicted poor survival in
humans, although only two of these were found to be mutated in human pancreatic
cancer (Mann et al., 2012). IM screens are also useful for elucidating the functional
consequences of mutations. Cancer typically involves multiple mutational events that
include simultaneous activation of oncogenes and inactivation of tumour suppressor
genes. Transposons are often designed so that their orientation can be used to
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understand if a gene is activated or inactivated by an insertion. For example, by
incorporating a unidirectional activating element (i.e. enhancer/promoter) within a
transposon one can identify recurrent activating insertions by the fact that insertions
always (or nearly always) face in the forward orientation with respect to their target
gene (Rad, 2010; Vassiliou et al., 2011).
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It seems likely that similar to human tumours, transposon driven cancers also evolve
in stepwise manner akin to Darwinian evolution. Mobilisation of transposons is a
continual process in the presence of on-going transposase expression. During
tumour development cells in which a transposon integrates in a position where it
gives a growth or survival advantage will be clonally selected and form premalignant
clones. Amongst such clones subsequent transposon mobilisation will lead to serial
clonal selection until full blown cancer becomes manifest.
The sub-clonal architecture of transposon driven tumours has not previously been
assessed in detail because of the lack of a quantitative method for deriving the
equivalent of mutant allelic burden. Conventional restriction-based splinkerette PCR
methodology for capturing transposon insertions is not quantitative. Recent protocols
have introduced shearing-based methods to fragment genomic DNA in an unbiased
manner and this has significantly reduced the level of amplification bias and has, for
the first time, allowed semi-quantitative analysis of transposon and retroviral
integrations (Klijn et al., 2013; Koudijs et al., 2011). This, combined with significant
reductions in sequencing costs will enable transposon insertions to be used as a
marker of clonal size and by extension help decipher the clonal architecture of
transposon-driven cancers (Friedel et al., 2013).
Another potential application of transposon-driven IM is in the study of tumour
evolution. For the study of AML in particular, this could be performed in real time, as
insertions can be readily and serially identified in blood samples taken prior to the
onset of overt leukaemia. A model such as the Npm1c mutant mouse provides an
ideal platform in which to study the clonal evolution of transposon-driven tumours
(Vassiliou et al., 2011). As alluded to earlier, an improved understanding of the clonal

evolution of AML could offer important clinical insights. For example, it has
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implications for selecting appropriate markers for minimal residual disease (MRD)
monitoring and for predicting the progression of pre-leukaemic clonal expansions
and haematopoietic disorders.
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Lymphocytes, like other haematopoietic cells, are derived through lineage specific
differentiation of HSCs and downstream proliferation. Normal B cell development in
the bone marrow involves a process of V(D)J recombination, in which B-cell
progenitors assemble the variable regions of antibody heavy and light chains from
the numerous different V, D and J segments present in the germline loci. DNA
sequences located between the recombined elements are deleted in the process.
The endonuclease which mediates this process is encoded by the recombinase
activating genes (RAG). B cells which express autoreactive receptors either undergo
secondary V(D)J rearrangements or apoptosis, while those with in-frame V(D)J
rearrangements and non-auto-reactive receptors leave the bone marrow to become
mature, naïve B cells (Küppers et al., 1999).
When a naïve B cell recognizes an antigen it moves to the germinal centre (GC) of a
secondary lymphoid organ. Within the GC, the B cell DNA is subjected to various
types of DNA modification which may alter the antigen receptor specificity or the
antibody type and effector function.

Somatic hypermutation (SHM) introduces

mutations within the variable region sequences with high frequency. This may result
in increased antibody affinity for the antigen, positive selection and release of the cell
into the periphery as an antibody producing plasma cell or a long-lived memory B
cell. Alternatively, SHM may reduce the function of the antibody, which typically
results in apoptosis of the mutated germinal centre B cell. Also, some B cells within
the germinal centre will undergo class switching recombination (CSR), which is
mediated by a recombination event between repeat sequences located 5’ of the
constant region of Ig heavy chain genes. Such recombination events leave the
specificity of the antibody unaltered but switch the B cell to express other classes of
immunoglobulin heavy chains and thereby change immune effector functions. Both
CSR and SHM are mediated by activation induced deaminase (AID), but whereas
                 


  ! 

SHM is thought to be largely restricted to the GC, CSR can also occur elsewhere
(MacLennan et al., 2003). V(D)J recombination may also take place within the germinal

centre, allowing receptor editing (Han et al., 1997).
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Within the GC, normal B cells are subjected to molecular processes designed to
initiate double-strand breaks and also to otherwise modify their DNA. As well as
modifying the antigen receptor loci, both RAG recombinase and AID can introduce
illegitimate off-target damage.

Such damage, coupled with the significant

proliferative expansion of B cells within the germinal centre, make this a high-risk
stage of B cell development for acquisition of cancer driver mutations. B cell NHLs
typically harbour translocations that juxtapose an oncogene to an Ig receptor locus.
Many of these are thought to arise due to aberrant class switch recombination (CSR)
or somatic hypermutation (SHM) mediated by AID, while others, such as BCL-2
translocations in follicular lymphoma, probably arise due to errors in V(D)J
recombination as indicated by the position of the breakpoint within the Ig gene. The
relative rarity of T cell lymphomas may relate to the fact that normal T cells do not
undergo SHM or CSR (Küppers et al., 1999). Nevertheless, it is also likely that at least
some mutations within mature lymphoid neoplasms are acquired by earlier
uncommitted haematopoietic progenitors (Weigert and Weinstock, 2012).
B cell lymphomas that are considered to be of GC or post-GC origin carry switched
and hypermutated Ig heavy chain alleles (IgH). Somatically mutated variable region
sequences are typical of many types of non-Hodgkin’s B cell lymphomas (B-NHL)
including follicular lymphomas, Burkitt’s lymphomas, diffuse large B cell lymphomas,
prolymphocytic leukaemia and lymphoplasmacytoid lymphoma, as well as chronic
lymphocytic leukaemia and multiple myeloma. The differentiation between GC and
post-GC origin is largely based on growth pattern, surface marker expression and
the presence or absence of ongoing somatic hypermutation within the tumour clone
(Küppers et al., 1999).

Among the mature B cell neoplasms, unmutated variable

region genes are only reported in mantle zone lymphomas and some cases of CLL
(Küppers et al., 1999). In lymphomas such as Waldenstrom macroglobulinaemia or

splenic marginal zone lymphoma, the malignant B cells may have undergone SHM
but not CSR and IgH translocations are not typical.
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Lymphomas are also among the most common tumours in many strains of laboratory
mice, with an incidence of 10-60% in aging C57BL/6 mice (Brayton et al., 2012;
Szymanska et al., 2013; Ward, 2006). However, accurately recapitulating the features of

human B cell neoplasms in mouse models has proven difficult. As well as the
challenge of introducing recurrent somatic mutations to B cells at the appropriate
stage of development, it is also evident that the constitutional genome of the mouse
is important, as demonstrated by differences in disease incidence and phenotype
between strains.

Furthermore, the housing of experimental lines in specific

pathogen free conditions may affect the spectrum and incidence of tumours, as
immune activation has a role in the pathogenesis of many lymphoid tumours. There
are also fundamental differences in the structure of the primary and secondary
lymphoid organs between mouse and man, which must be considered.

For

example, in mice extramedullary haematopoiesis is normal in the spleen throughout
life and continues in the thymus into adulthood. However despite these differences,
the Bethesda proposals for the classification of lymphoid neoplasms in mice do
highlight significant parallels between mouse and human B-lineage tumours (Morse
et al., 2002).

The difficulties of modelling mature B cell neoplasms in the mouse are exemplified
by plasma cell neoplasms. Multiple myeloma (MM) is a malignancy of terminally
differentiated, immunoglobulin producing B cells (plasma cells). It comprises
approximately 1% of all human cancers, is incurable with conventional therapy and
causes nearly 2% of cancer deaths(Jemal et al.). Clinical features include
osteoporosis, lytic bone lesions, renal impairment, immune paresis, hypercalcaemia
and anaemia. MM is preceded by monoclonal gammopathy of uncertain significance
(MGUS), an asymptomatic state characterised by the presence in serum of a
monoclonal protein, which occurs in 3% of people over the age of 50 (Kyle et al.,
2006). Transformation of MGUS to MM occurs at a rate of approximately 1% per

year(Kyle et al., 2002), but the molecular mechanisms that drive progression are
largely unknown.
Modelling MM in the mouse has proven particularly challenging, because the precise
differentiation stage of the ‘myeloma stem cell’ remains unknown and targeting
cancer genes to the mature B cell compartment is difficult. Previous mouse models
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of MM have relied on the rare spontaneous development of plasma cell neoplasms
in predisposed backgrounds and transplantation of transformed plasma cells(Janz,
2008). Xenograft models are useful for pre-clinical testing of novel therapies, but

cannot model pre-malignant neoplastic stages and do not recapitulate normal
tumour-stroma interactions. Forward genetic screens have identified various cancer
genes involved in the pathogenesis of leukaemia and lymphoblastic lymphoma
(Dupuy et al., 2005; Erkeland et al., 2004; Kool et al.; Li et al., 1999), but viral insertional

mutagenesis of the plasma cell compartment has not been possible, probably
because viruses with B-lineage tropism target less mature B-cells leading to
lymphomagenesis. Transgenic mouse models in which oncogenes are targeted to
the B cell compartment have frequently resulted in lymphomas with an immature or
transitional cell phenotype (Adams et al., 1985; Butzler et al., 1997; Kovalchuk et al.,
2000; Palomo et al., 1999). Those which cause a neoplastic plasma cell phenotype

produce predominantly extraosseous tumours and do not recapitulate the typical
bone marrow tumour growth of human MM (Janz, 2008).
In 2008 the Bergsagl group described a mouse model of MM, which was the first to
accurately recapitulate many of the clinical features of human disease and show
therapeutic fidelity (Chesi et al., 2008). This transgenic model placed the human cMYC gene under the transcriptional control of the Vk promoter (Vk*MYC) and

maintained the kappa light chain gene regulatory elements, which are required for
targeting by somatic hypermutation(SHM) (Betz et al., 1994; Papavasiliou and Schatz,
2000). In the Vk*MYC model the pool of transgene expressing cells was restricted to

B cells in a late stage of development, from which MM is believed to arise (Brennan
and Matsui, 2009; Huff and Matsui, 2008). The construct contained a V-kappa exon,

which spliced in frame to human MYC exons, however the third codon of V-kappa
was mutated to a stop codon, thus preventing translation of the downstream MYC
codons. This stop codon was engineered to overlap with a preferential target
sequence for endogenous Activation Induced Deaminase (AID), the enzyme
responsible for class switch recombination and SHM during B cell development
(Delker et al., 2009; Maul and Gearhart; Rogozin and Diaz, 2004). The transgene was

expressed in only a minority of mature B cells, yet with age all mice developed
progressive monoclonal plasma cell expansion. The MM tumours did not show
intraclonal heterogeneity, suggesting they were not subject to ongoing SHM. Notably
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the incidence of Burkitt lymphoma was low and there were no aggressive pro-B
lymphomas.
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Mice subjected to whole body transposon insertional mutagenesis frequently develop
lymphoma, but these are most commonly aggressive T cell lymphomas (Dupuy et al.,
2009).

In our AML insertional mutagenesis study in which an inducible SB

transposon was targeted to the haematopoietic compartment using Mx1-Cre, B cell
tumours were more common than T cell lymphomas (Vassiliou et al., 2011). However,
even in Npm1WT mice only around a third developed B cell neoplasms and these
were typically of high grade.
Insertional mutagenesis has previously been targeted to germinal centre B cells
using a conditional transposase and an Aid-Cre knock in allele in which the Cre
recombinase cDNA is fused to the activation-induced cytidine deaminase
gene(Dupuy et al., 2009). Of the eighteen insertional mutagenesis mice for which
results are published, eight (44%) developed B cell neoplasms, which included
diffuse large cell, follicular and pre-B lymphomas, but no plasma cell neoplasms.
Interestingly myeloid, T cell and solid tumours were also detected.
The approach used in the Vk*MYC mouse model provides an alternative method for
targeting insertional mutagenesis to the mature B cell compartment. By modifiying
the Vk*MYC construct to express a transposase in place of, or in addition to the MYC
transgene, one would expect to generate a forward mutagenesis screen which is
highly specific for mature B cell malignancies. This specificity is predicted because
the activation of the transposase is thought to be dependent on AID induced
reversion of the stop codon.

;3A!$*
The aims of the first part of this thesis are to investigate the clonal evolution and subclonal architecture of AML by studying the timing and pattern of acquisition of
mutations in NPM1 mutant AML. Both human tumour samples and a mouse
insertional mutagenesis model were used to investigate the order of acquisition of
mutations in serial samples. Firstly, a detailed studied of an informative case of
human CMML evolving to AML is described and the implications about clonal
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evolution and leukaemic transformation discussed. Subsequently, using the mouse
model, pre-leukaemic blood samples were studied to identify i) when integrations in
putative co-operating driver genes were first evident, ii) whether such integrations
resulted in any detectable changes in the blood parameters, iii) the time lag between
first detection of such driver integrations and the development of overt leukaemia
and iv) whether the order of acquisition of co-operating mutations followed a set
pattern in different mice. I also discuss the extent to which such driver integrations
were shared between different leukaemia cells within the tumour population.
The second major aim of this work is to generate a PB IM mouse model of MM for
cancer gene discovery. Two related models were developed for this study. In the first
the PB transposase replaced the MYC transgene in the Vk*MYC model. The second
expressed MYC and PB together from the same cistron, in order to study genes cooperating with MYC in disease pathogenesis.
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Chapter 2: Materials and Methods
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The human samples were collected with the written informed consent of the patient
and after ethics approval (REC 07/MRE05/44: The causes of clonal blood cell
disorders). The protein coding exome of non-amplified whole bone marrow (BM)
DNA was sequenced in three samples from the same patient; i) at diagnosis with
CMML (day1) ii) at diagnosis of AML (day 83) and iii) in first complete remission (day
112).
Library preparation, sequencing and variant calling were done through the Sanger
pipeline. Genomic libraries, enriched for protein coding exons were generated by
hybridisation to RNA baits using Agilent SureSelect Human Exon 50Mb Kit (Agilent,
S02972011). The libraries were analysed on the Illumina HiSeq2000 sequencing
platform. Paired 75bp reads were generated, which were aligned to the human
genome(NCBI build 37) using the BWA algorithm(Li and Durbin, 2010). Reads which
were unmapped or outside the target region were excluded from analysis as were
PCR duplicates.
The day 112 clinical remission sample was used as the reference for the
identification of somatic mutations. A modification of the Pindel algorithm was used
to identify insertions and deletions as previously described (Bolli et al., 2014; Ye et al.,
2009). The CaVEMan (Cancer Variants through Expectation Maximisation) algorithm

was used to call single nucleotide substitutions (Papaemmanuil et al., 2011; Varela et
al., 2011) and copy number analysis was performed by Peter Van Loo using ASCAT

(allele-specific copy number analysis of tumors) (Van Loo et al., 2010). The variant
clustering on the exome data was done by David Wedge using a previously
developed Bayesian Dirichlet process (Nik-Zainal et al., 2012).
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Purified DNA from nine blood and BM samples from the same patient were obtained
from Addenbrooke’s Hospital.

Presumed driver mutations were selected for re-

sequencing along with mutations that clustered with them on the Bayesian Dirichlet
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analysis of the exome sequencing data. The PCR primers were designed using
Primer3web (http://primer3.ut.ee) and a 33 or 32 nucleotide sequencing adaptor was
added to the forward and reverse primer sequences respectively (table 2.1). The
first and second round PCR reactions and pooling of products was performed by
Nicla Manes. The first round reaction used 20ng of DNA (10ng/μL), 1μL of each
primer (10 μM) and 48μL of Platinum® PCR SuperMix High Fidelity (Life
Technologies). PCR conditions were: 95°C 5min; then 36 cycles of (95°C 30s, 50°C
30s, 72°C 30s); with a final extension of 7 minutes at 72°C. 15uL of the PCR
product was run on a 2.5% ethidium bromide gel with loading buffer (4 μL). Samples
that failed were re-run with an annealing temperature of 57°C. The CEBPA PCR
failed a second time, but was subsequently successful using Platinum® Taq DNA
Polymerase High Fidelity with an annealing temperature of 60°C and a total reaction
volume of 40μL: 20ng DNA; 0.8μL each primer; 4μL 2.5mM dNTP mixture; 4 μL
buffer; 0.4μL Platinum®Taq (5U/μL); 3μL MgCl2 (50mM) and 2.5μL 5% DMSO.
Between 7 and 30μL of each first round PCR product was pooled for each of the
nine time points depending on the relative strength of the gel band for each reaction.
The pooled PCR products were then purified using the Qiagen PCR purification kit
and quantified by NanoDrop.

Addition of the barcoded indexing primers was

performed in a second PCR enrichment step, using primers designed by Mike Quail
(table 2.2). This reaction was performed in a total volume of 50μL as follows: 25μL
2xKAPA HiFi HotStart ReadyMix; 200pg of pooled PCR product; 2μL of each primer
(5μM). PCR conditions were: 98°C 30s; then 12 cycles of (98°C 10s, 66°C 15s,
72°C 20s); followed by final extension at 72°C for 5 minutes. Size selection was
then performed using SPRI beads. A total of 31.5μL of SPRI beads was added and
after 5 minutes at room temperature to allow binding, the PCR plate was placed on a
magnetic plate for 3 minutes for bead capture. The liquid was then removed and two
washes with 80% ethanol were performed before the samples were left to air dry for
5 minutes. The plate was then removed from the magnet and 35μL of EB buffer
(Qiagen) was added. After mixing and incubation to allow release of the DNA, the
plate was placed back on the magnet and 30μL of DNA solution was collected from
each well. The samples were then sequenced on the MiSeq platform.
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 Table 2.1: Primer sequences used for re-sequencing target genes in the human
serial samples. The gene specific sequence is shown in red. The length of the PCR

products is shown, along with the position of the mutation target. Two sets of TET2 and
 SMC3 primers were used.

Alignment of MiSeq reads to the reference genome was performed by Ignacio Varela
(Universidad de Cantabria). A modified Bayesian Dirichlet process to allow for
multiple sample analysis was performed by David Wedge.

In brief, subclonal

clusters of mutations were identified using a previously described Dirichlet process,
implemented using a Markov Chain Monte Carlo (MCMC) method (Bolli et al., 2014;
Nik-Zainal et al., 2012). The method is summarised by David Wedge as follows: ‘From

the MCMC assignment of mutations to clusters, the most likely configuration of
clusters and node assignments was obtained using a stepwise, greedy expectationmaximization (EM) algorithm which alternately added a node and shuffled mutations
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between nodes until no further improvement in the agreement with the posterior
distribution from the MCMC sampling could be made. The best set of clusters was
then chosen using the Bayesian information criterion (Schwarz, 1978). The Dirichlet
process was run 5 times, each time for 10000 MCMC iterations. Mutations were
assigned to the same clique if every mutation in the clique appeared in the same
cluster as every other mutation within the clique in most (i.e. 3 or more) of the runs’.
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Table 2.2: Indexing primers used for the second round PCR for MiSeq. The barcode
sequences are underlined. Only the first two of the ten barcoded primers are shown.
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The Npm1flox-CA/+, Rosa26 conditional Sleeping Beauty transposase (Rosa26flox-SB)
and Mx1-Cre have been previously described (Kuhn et al., 1995; Li et al., 2010; Rad
et al., 2010; Vassiliou et al., 2011). The low copy transposon line was generated by
George Vassiliou and differs to the published GrOnc high copy (GRH) model only in
donor site (Chr16 vs Chr19) and transposon copy number (15 vs 80 copies)
(Vassiliou et al., 2011). The mutagenesis cohort (Npm1flox-cA/+, RosafloxSB/+; GrOnc+;
Mx1-Cre+) given four to six intraperitoneal injections of polyinosinic-polycytidylic acid
(pIpC)(500μg) to activate the mutant Npm1cA and SB at 8-12 weeks of age. The
NOD Cg-Prkdcscid Il2rgtm1Wjl/SzJ mice, called NOD-SCID Gamma (NSG) mice
were purchased from Jackson Laboratories (Bar Harbor, ME).

All mice were

maintained in accordance with Home Office requirements under project licenses
80/2477 and 80/2564.
<3<3<)%*'#%+&$!
Frozen spleen cells were thawed at 37°C and re-suspended in 5mL RPMI media.
An aliquot, mixed 1:1 with 0.4% trypan blue was counted using a haemocytometer.
The cells were spun at 250g for 5 minutes and resuspended in 1mL of RPMI. This
cell suspension was used to generate aliquots of the required number of cells in
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250μL of RPMI media. Transplants were performed by tail vein injection using a
26G needle and a 1mL syringe.
<3<3= !!%+   +,02#&%!%$ %$" " 
The Vk*Myc construct was generously provided by Leif Bergsagel (Mayo Clinic)
(Chesi et al., 2008) (figure 2.1). The hyperactive PiggyBac (hPB) cDNA was
generated by Kosuke Yusa by modification of mPB cDNA (Cadinanos and Bradley,
2007; Yusa et al., 2011). Linker sequences containing restriction enzyme sites and
the start of the hPB sequence were synthesised to order (GENEART) (Appendix 2A).
The Vk*hPB only construct was designed to replace the hMYC coding region
(exons 2&3) with hPB cDNA. The Vk*MYC-TA-hPB construct was designed to
introduce the T2A-hPB cDNA in frame, after the penultimate codon of hMYC, thus
removing the stop codon (figure 2.1). Insect virus Thosea asigna 2A peptide (T2A)
and similar 2A like peptides from other viruses enable translation of multiple proteins
from a single mRNA (Szymczak et al., 2004). As the T2A linker peptide is hydrolysed
soon after translation this construct will generate two separate proteins, hMYC and
hPB.
The linker sequences were digested with KpnI and PmlI and cloned into the PB
plasmid. PCR with a high fidelity polymerase (Phusion, Finnzymes) was performed
using suitable primers to add an FseI restriction site (table 2.3). PCR products
containing the hPB sequence were cloned into the PGEM-T-Easy vector system,
which was then digested with either FseI and ClaI (MYC-TA-hPB) or FseI and BbvcI
(hPB only) and the relevant fragment cloned into the Vk*Myc backbone. Sequence
was verified using capillary sequencing and the constructs were digested (MluI/PmeI
for Vk*MYC-TA-hPB, MluI/EcoRV for Vk*hPB) and the correct fragment purified and
sent for pro-nuclear injection (PolyGene Transgenics, Switzerland). Three transgenic
C57Bl/6N mice were generated for the Vk*MYC-TA-hPB construct and four for the
Vk*hPB construct. These were imported and re-derived into the clean area of the

WTSI animal facility. One of each of these lines was chosen to generate the
insertional mutagenesis cohorts by mating with low copy GrOnc transposon mice.
40% of the IM mice in the Vk*hPB cohort and 47% in the Vk*MYC-TA-hPB cohort,
along with a matched number of controls, received a single intra-peritoneal injection
with 500μL of a 2% solution of sheep red blood cells (Sigma-Aldrich R3378) in PBS
at 8-16 weeks of age as a form of antigen stimulation.
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Figure 2.1: The Vk*MYC, Vk*hPB and Vk*MYC-TA-hPB constructs.
(A) In the Vk*MYC construct published by Chesi et al, the Jk5 exon in the rearranged
mouse Vk21 kappa light chain gene was replaced by a short coding exon containing a
Kozak ATG(Chesi et al., 2008) . Human MYC exons 2 and 3 replaced the C1k region.
Transcription initiates at the Vk21e proximal promoter ( ), extends to the leader (L) and
Vk (V) exons, splices in frame to human MYC (hMYC) and terminates at the endogenous
polyA signal (PA). ATG codons (*) in L were mutated to ACG to stop initiation of
translation at these positions. Intronic (ie) and 3’kappa (3’kE) enhancers are maintained.
The DNA sequence immediately downstream of the Vk21 ATG is depicted. Nucleotides
in red letters fit the DGYW consensus for AID targeting.
(B) In Vk*hPB, hMYC is replaced by the hPB cDNA, carrying a splice acceptor signal
that leads to splicing of hPB mRNA in-frame with the reading frame “opened” by AID
mutation of the upstream TAG stop codon.
(C) In Vk*MYC-TA-hPB the cDNA for the self-cleaving peptide T2A links hPB in-frame to
hMYC. The chimaeric polypeptide produced from a single cistron is predicted to
spontaneously dissociate into hMYC and hPB proteins.
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Primer

Sequence

hMYCTAHyperPB_F

TCACTATAGGGAGACCCAAGC

hMYCTAHyperPB_FseI_R

ACTTCAGGCCGGCCCATAGAGCCCACCGCATC

VkmPBHyperPB_F

ATTCTTCCTCAGCCCCTCAA

VkmPBHyperPB_FseI_R

ACTTCAGGCCGGCCCATAGAGCCCACCGCATC

Table 2.3 Primers to add FseI restriction sites to the linker-hPB plasmids


<3<3>%&+0'!%)%*%! !
Ear or tail biopsies, lysed overnight at 55˚C in ear lysis buffer with proteinase K
(300ng/μL), were used as the DNA source. In most cases the genotype was later
validated in tumour or spleen samples from diseased mice. Genotyping primers
used in the Vk*MYC-TA-hPB and Vk*hPB IM cohorts are shown in table 2.4.
Genotyping primers for the SB cohort were as previously described (Vassiliou et al.,
2011). The primers to assess mobilisation of the transposon were also as published
(Rad, 2010).

Standard PCR reactions contained 11μL REDTaq ReadyMix (Sigma-Aldrich), 7 μL
H20, 2μL DNA (or cDNA) and 1μL each of the forward and reverse primers. Primers
were obtained from Sigma Genosys. Standard PCR conditions were 94˚C for 2
minutes, 36 cycles of 94˚C/57˚C/72˚C each for 30s, then 72˚C for 10 minutes.
Amplified DNA was loaded directly onto a 2% agarose gel. The ‘Jump’ and ‘NoJump’ PCRs were suboptimal using this standard protocol and were performed using
the KAPA mouse genotyping kit with a 25μL reaction volume (12.5μL 2x KAPA2G
fast genotyping mix, 1.25μL each primer (10μM), 1μL template DNA and 9μL H 20)
with PCR conditions 95 ˚C for 3 min, 35 cycles of 95˚C/57 ˚C/72˚C each for 15s, then
72 ˚C for 10min.
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Primer

Sequence

Genotyping Primers Vk*MYC-TA-HPB Construct

Myc-ex3_to_HPB_F

AAGAGGACTTGTTGCGGAAA

Myc-ex3_to_HPB_+257R

CTCCTCGGTGTCGGACTG

Myc-ex3_to_HPB_F2

GGAAACGACGAGAACAGTTGA

Myc-ex3_to_HPB_+279R2 TGGTAGGCTGCACCTCGT
Genotyping Primers Vk*hPB Construct

VkHPB_3345F

CATCCTCTGTGCTTCCTTCC

VkHPB_3729R

CTGGCTTCTCACGATGTTCA

VKHPB_3233F

TGGCCCATTGTTCCTTATCT

VKHPB_3578R

TTCTGCTCGTCCAGGATCTC

Primer for detection of mobilised and non-mobilised
transposons†
Jump 2F

GGGCCTCTTCGCTATTACG

Jump 2R

GGTCGAGTAAAGCGCAAATC

No-jump 1F

GGGCCTCTTCGCTATTACT

No-jump 1R

CCGATAAAACACATGCGTCA

GrOnc genotyping PCR#
LunSD_F

CGCGAGGATCTCTCAGGTAA

LunSD_R

AACCTCTGCCCTTTCTCCTC

Table 2.4: Genotyping primers. Previously published primers are
indicated † (Rad, 2010) and # (Vassiliou et al., 2011).
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The mice in the SB serial analysis study were bled fortnightly from a tail vein after
pIpC injection. A small incision was made over a tail vein and approximately 75μL of
blood was collected into a Microvette 200μL potassium EDTA capillary tube
(Sarstedt).

Blood counts were performed on a VetABC Haematology Analyser

(Horiba ABX), an air dried blood smear was prepared, and the remaining sample
was processed for DNA extraction as described below.
A cohort of mice in each of the PB insertional mutagenesis cohorts were bled
monthly by tail vein injection and approximately 100μL of blood was collected into a
Microvette 200μL BD SST clot activator gel additive tube (Sarstedt). Samples were
mixed and left at room temperature for 30 minutes, before being spun down at 6.5g
for 90s. The serum was transferred to an Eppendorf and stored at -20°C. Serum
protein electrophoresis was subsequently performed in batches using the SAS-MX
SP-10 gel kit and chamber (Helena Biosciences) according to the manufacturer’s
instructions.
Blood sampling in the PB mice was done by the animal technicians, whereas I
performed the majority of the tail bleeds in the SB insertional mutagenesis cohort.
<3=3<)&'*0&*!"$!1*$'#&##+!&%%')&**!%
The insertional mutagenesis cohorts were checked twice daily by our animal
technicians for signs of illness. Timely euthanasia of sick mice was performed using
rising concentrations of carbon dioxide after signs of significant illness or distress
were observed. Subjective physical signs included, but were not limited to; inactivity,
hunched posture, poor grooming, pallor, visible masses, abdominal distension,
respiratory difficulty and hind-limb paralysis.
Blood was collected at necropsy by intra-cardiac aspiration, placed into EDTA and
serum tubes and processed as described in 2.3.1. At necropsy, gross examination
of the internal organs was performed with particular attention to the spleen, thymus,
lymph nodes, liver and kidney. Macroscopic abnormalities and the weights of the
whole mouse, one kidney (PB cohort only), spleen and liver were recorded. Samples
of spleen, tail and any macroscopically abnormal tissue were collected into RNAlater
and kept at room temperature for 24-48 hours before storage at -20°C. For later
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collection of live cells, bone marrow (BM), spleen or other abnormal tissue were
collected into PBS ± 2% fetal calf serum (FCS).
Sections of spleen, liver, kidney and spine as well as the heart, lung, thymus and
femur were routinely placed in buffered formalin (10%) and transferred to the
Addenbrooke’s Hospital Tissue Bank for processing.

Formalin-fixed, paraffin-

embedded sections were stained with haematoxylin and eosin and haematopoietic
tumours were stained for T, B and myeloid markers using rabbit anti-mouse CD3
(Abcam; UK), rat anti-mouse B220 (CD45R; R&D systems) and rabbit anti
myeloperoxidase (Dako). The secondary antibodies were Biotin-conjugated donkey
anti-rabbit

IgG

and

Biotin

conjugated

donkey

anti-rat

IgG

(Jackson

ImmunoResearch). Anti-cMyc staining was performed using c-Myc (N-262) rabbit
polyclonal antibody (Santa Cruz Biotechnology).

Attempts to perform c-Myc

immunohistochemistry using antibodies directed to the 9E10 epitope, specific to
human Myc were unsuccessful(Evan et al., 1985) (Jac6, NB600-704, Novus
Biologicals and ab10910, Abcam).
The histopathology and the majority of the immunohistochemistry were reviewed by
an experienced histopathologist, Gary Hoffman, who was blinded to the mouse
genotypes.
<3=3=)&**!%&#!-##*
After removing the tip of the head of the femur (or tibia), BM was flushed on ice using
a 19G needle and 10mL PBS with 2% FCS.

The BM suspension was passed

through a 40μm filter and spun at 250g. The cell pellet was re-suspended in 5mL
0.85% ammonium chloride for 5 min to lyse red blood cells (RBC) then processed in
a similar manner to spleen and tumour cells.
Spleen and tumour samples were gently squashed in 5mL of 0.85% ammonium
chloride using the end of a 5mL syringe, and the solution was then pipetted up and
down to create a cell suspension.

This was filtered to remove cell clumps,

transferred into a 15mL falcon tube and RPMI 1640 media (+10% FCS and 1%
glutamine-penicillin-streptomycin) was added and the red cell lysed samples were
spun for 5 minutes at 250g. A wash step was performed and an aliquot of this
solution was taken for counting. Cells were re-suspended at a concentration of 2 x
107 cells/mL, frozen in 10 million cell aliquots in a 50:50 mix with 2x RPMI freezing
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media (60% RPMI, 20% FCS and 20% dimethylsulphoxide (DMSO)), and stored
initially at -80°C before transfer to liquid nitrogen.

Aliquots of 0.5mL of the cell

suspension were also spun down in microtubes and the cell pellets were resuspended in 1mL Trizol and stored at -80°C, or stored as a frozen cell pellet at 80°C.
<3=3>%)+!&%&*!%###)!- $+&'&!+!&#&%!*&)+)%*'#%+
Frozen spleen cells from leukaemic mice were thawed and resuspended at a
concentration of 150000cells/mL in Iscove’s Modified Dulbecco’s Media (IMDM).
Aliquots of 100μL and 300μL of this suspension were each mixed into 3mL of
MethoCult® GF M3434 media, plated across two wells of a 6-well plate and
incubated at 37°C. After nine days of growth, ten discrete colonies for each primary
tumour were picked into 1.5mL of RPMI media and incubated at 37°C for 30
minutes. The tubes were then spun down at 250g and the supernatant removed
leaving 100μL of media in which the cells were re-suspended and injected into NSG
mice via the tail vein.
<3=3?)')+!&%& +' *')*%  %#0*!*
Spleen samples were collected at necropsy from leukaemic mice and placed in PBS
with 2% FCS. Red cell lysis, filtering and resuspension in RPMI media was
performed as described above and the cell suspension, in 5mL RPMI media was
transferred to a single well of a six well plate. Demecholchicine (D1925, 10Pg/mL,
100PL) was added and after mixing the cells were incubated at 37qC for three to four
hours. The cells were then spun down at 250g for 4 minutes in a 15mL Falcon tube,
the supernatant removed and the tube flicked to break up the pellet. 5mL of
hypotonic KCL (0.56%) was drip-added whilst mixing to avoid clumping and this
suspension was incubated for 15min at 37qC to swell the cells. Freshly made
methanol and acetic acid fixative (3:1) was then added (5mL) and the sample spun
down at 300G for 4 minutes. This fixing process was repeated once, before the cell
pellet was re-suspended in 2mL of fixative and transferred to a 2mL Eppendorf for
storage at -20qC or dropped onto slides to make chromosome spreads.
The transposon specific probe was prepared by digesting the pA6GrOnc plasmid with
AflII to generate a 2.5kb transposon specific probe. Probe amplification, labelling and
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preparation and processing of slides was performed by Ruby Banerjee (WTSI FISH
facility) as previously described (Rad, 2010).
<3=3@/+)+!&%
For spleen and tumour samples, a 2mm diameter section of tissue from the RNAlater
sample or a 1x107 cell pellet was lysed overnight at 55°C in 500μL Qiagen cell lysis
solution with proteinase K (3μL of 20mg/mL solution). For the blood samples, red cell
lysis was performed by incubating in 0.85% ammonium chloride for 3 minutes, the
white cell pellet was washed in PBS and lysed overnight. The next day 3μL of
RNaseA solution (Qiagen) was mixed into the cell lysate before incubation at 37°C
for one hour.

After cooling on ice protein was removed using 200μL protein

precipitation solution (Qiagen). The samples were vortexed vigorously, spun at
15000rpm for three minutes and the supernatant was moved into a clean Eppendorf.
Isopropanol (600μL) (±1μLpellet paint) was added before mixing and spinning at
15000rpm for 1 minute. The supernatant was removed and the pellet washed in 70%
ethanol, before air drying. The DNA pellet was re-suspended in 50μL of water and
quantified using Nanodrop or Qubit.
<3=3A/&$(,%!%& &,* ,$&,)*
Library preparation and sequencing was done through the Sanger pipeline using the
Illumina HiSeq 2000 sequencer to generate 75bp paired reads. The alignment and
variant call analysis were done by Dr Ignacio Varela. The reads were aligned using
the BWA algorithm (Li and Durbin, 2010), against a modified version of GRCm38
mouse reference genome in which an extra register with the Sleeping Beauty
transposon sequence was included. PCR duplicates were marked and ignored using
Picard tools (http://picard.sourceforge.net), and local realignment was performed using
GATK (McKenna et al., 2010). Both tumour and normal DNA samples were
sequenced in order to identify somatic mutations. Additionally, a collection of normal
DNA samples from syngeneic mice was used to improve identification of germline
variants. Substitutions were called using an in house written Perl script (Conte et al.,
2013) and indels were called using Pindel (Ye et al., 2009).
<3=3B&$')!+!-%&$! 0)!!*+!&%6 7
CGH was performed using the Agilent Mouse CGH 244K array (014695).

The

amplification, labelling, microarray hybridisation, scanning, data extraction, QC and
analysis was performed by the Microarray facility.
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Trizol samples were spun at 12000g for 5 minutes at 4˚C and the supernatant
transferred to a clean tube. After standing for 5 minutes at room temperature, 0.2mL
of chloroform was added for each 1mL of trizol, before mixing vigorously. Samples
were then stood for 10 minutes at room temperature, before centrifugation at 12000g
for 15 minutes.

The aqueous phase was transferred to a fresh tube, 0.5mL of

isopropanol was added and mixed before standing at room temperature for 7
minutes. The sample was then spun at 12000g for 10minutes at 4˚C. The
precipitated RNA pellet was washed in 75% ethanol, air dried and dissolved in 100μL
RNase- free water.

<3>(,%!%+)%*'&*&%!%+)+!&%*!+*2+ & >?> + &
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As the identity of the sequence is only known at the transposon end, a linker-based
PCR method is used to amplify the transposon integration sites. The splinkerette is
a double stranded linker, which also contains an unpaired region, with the unpaired
extension of one strand forming a hairpin within itself(Devon, 1995).

DNA was

digested with MboI, a restriction enzyme which cuts frequently throughout the
genome and leaves a GATC 5’ overhang. The splinkerette adaptors were ligated to
digested genomic DNA forming the template for PCR amplification. The PCR uses
one primer complimentary to the transposon sequence and a second which is
identical to the unpaired region of the non-hairpin strand of the adaptor (figure 2.2).
The specificity of the PCR amplification for transposon integration sites is because
the second primer cannot anneal and initiate priming until the complement of the
unpaired region of the adaptor is generated by extension from the transposon. A
nested second-round, barcoded, 454-ready PCR step further improves specificity.
The Splinkerette adaptors were prepared by combining 150pmol of each
oligonucleotide (HMSpAa/HMSpBb) in 5μL of buffer 2 (NEB) and adding water to a
total volume of 100μL. The solution was heated to 100°C for ten minutes and then
allowed to cool slowly to room temperature before storage at -20°C. The restriction
digests were performed in a 96-well plate in a total volume of 10μL using 1μL of MboI
(NEB). MboI cuts at ‘GATC’ sites and leaves a 5’ ‘GATC’ overhang. Restriction
digests were performed overnight at 37°C before the enzyme was heat-inactivated.
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For the ligation reaction, 5μL of the digested product was annealed with 3μL of the
pre-annealed splinkerette oligonucleotides in a total volume of 10μL. The ligation
was performed overnight (16°C), before heat inactivation of the T4 ligase.

First

round PCR reactions were performed using Sigma REDTaq ReadyMix, 2μL of
template and 2μL each of the primers (10μM) in a reaction volume of 40μL. PCR
conditions were as follows: 94°C 60s; 68°C 30s; 72°C 60s for 2 cycles then 94°C
30s; 65°C 30s; 72°C 2min for 30 cycles, followed by final extension at 72°C for 10
minutes. For the second round PCR, 3μL of 1 in 100 diluted first round product was
amplified in a total volume of 31μL using 3μL of each primer (10μM). The PCR
conditions were identical to the first round except for omission of the first two cycles.
The Splinkerette linker and primer sequences are given in table 2.5.


Figure 2.2: Principle of the Splinkerette PCR
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An 8μL aliquot of each second round PCR product was run on an agarose gel to
ensure adequate amplification and the remainder was pooled, purified through a
Qiagen column and submitted for sequencing on the 454 platform (Roche).
Sequencing reads were mapped to the mouse genome using the Genomic Insertion
Annotation Tool (“GIANT”) algorithm created by Stephen Rice (WTSI, Core
Informatics Group) (Vassiliou et al., 2011).
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 Table 2.5: Splinkerette linkers and primers
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Sequences were filtered to include only reads which contained the primer sequence,
then the end of the SB repeat, followed by genomic sequence. Each raw sequence
read was screened for the SB primer and the 10bp barcode by blasting against a
database of the barcode-primer sequences. The best hit was identified for each
read and the alignment data was used to identify those where the primer and
barcode were at the beginning of the read sequence. Reads with less than 93%
identity with the primer sequence were discarded. Reads were included in further
analysis only if the barcode sequence was unambiguous. Reads which satisfied
these filtering criteria were then trimmed at the 5’ end to remove the primer
sequence before further analysis.
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Each read was checked for a GATC sequence (MboI restriction site). To remove
multiple-ligation artefact, any sequence downstream of the first GATC was removed.
The length of the remaining sequence was assessed and reads of less than 20bp
were removed from further analysis. Reads which did not contain a GATC sequence
were also excluded if they had less than 50bp mapping to the genome. Finally any
reads that did not start with the expected TGTA sequence (end of the SB repeat and
integration site) were excluded.
GrOnc insertions passing this initial filtering process were mapped to the mouse
genome

(NCBI37/mm9)

using

SSAHA2

(http://www.sanger.ac.uk/resources/software/ssaha2/). To quantitatively assess the
uniqueness of the alignment a normalised score difference (NSD) was calculated as
follows:
NSD = [(Score of best hit) – (Score of second-best hit)] / query length * 100
A previous analysis performed by Stephen Rice on a randomised set of 5000 mouse
genomic fragments found that 96.5% of correctly-mapped reads and only 1.5% of
wrongly mapped reads had an NSD ≥4. Reads with NSD <4 were removed from
analysis.
The genomic co-ordinate at the start of the alignment was determined as the
integration site for each read. Reads were then grouped according to barcode and
listed by integration site. Redundant sequences mapping to the same location in the
same tumour were ‘collapsed’ into a single integration. The script I used to process
the data up to this point was written by Stephen Rice. All of the data were stored on
a MySql database.
To identify common integration sites (CIS) non-redundant insertions were analysed
by Stephen Rice, using the CIMPL R package provided by Jelle ten Hoeve. The
common insertion site mapping platform (CIMPL) is based on the Gaussian Kernel
Convolution (GKC) framework (de Ridder et al., 2006). Data were analysed using
10kb, 30kb, 60kb and 100kb scales (windows), with the significance threshold set at
5%. Bonferroni multiple testing correction was applied.
Due to the local hopping phenomenon a single tumour could contain multiple
integrations around a site. To minimise the impact of local hopping, integrations in a
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single tumour that occurred within a 10Kb window were collapsed to a single
integration for the CIS analysis. This was the same method as used in the published
Npm1cA high copy (GRH) transposon model (Vassiliou et al., 2011).
The CIS identified from all windows in the analysis were merged to compile a CIS list
for comparison to the published AML insertional mutagenesis cohort. The default
analysis was the 10Kb ‘lockout’ including all reads with NSD of ≥4. These CIS were
reviewed manually to remove questionable CIS sites, as was done in the published
Npm1cA GRH transposon model. Reasons for editing CIS from the list included:
1. The genomic Engrailed homeobox 2 (En2) locus was excluded because
part of the gene sequence is present within the transposon cassette.
2. Occasionally multiple integrations from the same tumour were seen in the
CIS window despite the 10kb ‘lockout’. A second analysis was performed
in which reads within a 100kb window in the same tumour were excluded.
CISs where the 10kb analysis included multiple integrations from the same
tumour were excluded if they were lost on the re-analysis using the 100kb
‘lockout’.
3. In rare cases the hits contributing to the CIS were all from tumours
analysed on the same 96-well plate in the same 454 sequencing run and
mapped to the same base position. It is probable such integrations were a
result of cross- contamination and such sites were excluded from the CIS
list. CIS were excluded on this basis if more than half of all hits
contributing to a CIS came from a single experiment and more than half of
hits from that experiment were at an identical site.
4. If the identity of the alignment was ≤98% in at least 20% of hits, the CIS
was excluded.
Despite the NSD threshold, several reads with an NSD score between 4 and 7 were
found to blast with good alignment to multiple locations in the genome. Therefore the
CIMPL analysis was re-run using an NSD cut off of ≥7.
The CIMPL program also has an inbuilt local hopping correction (LHC) method. This
works on the basis that when the distance between two neighbouring insertions is
less than three kernel widths, the insertion with the smallest ‘contig_depth’ is
considered ‘hopped’. Using read count as ‘contig_depth’ Stephen Rice re-ran the
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CIMPL analysis with the LHC filter on. It is important to note that the read depth does
not directly correlate with the number of DNA molecules in the tumour with that
transposon insertion because the method involves numerous rounds of PCR
amplification.

This will introduce PCR amplification bias, for example, due to

variation in the proximity of the nearest MboI digestion site. The CIS identified on the
LHC CIMPL run were also reviewed manually and integrations where multiple
tumours from the same run had the same integration site were removed as
previously described, as well as integrations were the identity of the read was <98%
in over 20% of hits. The CIS identified using each of these CIMPL methods (original
as per GRH, NSD ≥7 and LHC) were compared.
The CIS analysis on the pre-leukaemic blood samples was performed using the
same analysis method as used in the published GRH cohort (Vassiliou et al., 2011). All
of the serially bled Npm1cA mutant insertional mutagenesis mice that received any
pIpC were included in this analysis. Samples from these mice were grouped by the
number of days prior to sacrifice that the blood sample was taken.
<3>3=++!% %+)4)% ,$'!%,*!%1'#!%")++%(,%!%
If one of the SB repeats is ‘lost’ or mutated, the transposon, or part of it will be unable
to re-mobilise. This could cause a persisting integration on serial blood or transplant
samples, even if the integration was not leukaemogenic (and therefore selected
during tumour evolution). For example, this could happen if a transposon re-inserts
into a neighbouring transposon sequence by local hopping and then on remobilising
jumps using two ‘non-partner’ repeats (figures 2.3 and 2.4).

To explore this

possibility I first designed primer pairs to determine if transposons were jumping into
each other (figure 2.3B). Additionally, I designed primers to detect whether after such
an event transposons can jump out of each other again, using previously unpaired
repeats (figure 2.3C).
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Figure 2.3: Positioning of primers to detect jumping of the SB transposons into
adjacent transposons. Two adjacent GrOnc transposons in the donor locus (A), which
have the outer PB repeats present unlike two transposons mobilising together to a new
locus by SB. Example of one GrOnc transposon jumping into another at the donor locus
and primers designed to ‘capture’ such an event (B). Example of jump out of the ‘+’ host
transposon shown in B, using SB5 and SB3 repeats that previously belonged to different
transposons and primers designed to ‘capture ‘ such an event (C, left). The same primers
would capture this event happening outside the donor locus (C, right).
+: the orientation of the host and inserted transposons are the same.
-: the orientation of host and inserted transposons are opposite.

If more than one transposon mobilised together from the donor site, this would move
adjacent 5’ and 3’ PB repeats together into a genomic locus where they would
become ‘fixed’ on remobilisation of the individual transposons (figure 2.4A). If an
insertion of one transposon into another happened after they had mobilised together
from the donor site this would also leave the PB repeats fixed in the genomic locus
(figure 2.4B), and if a remobilisation happened after this insertion, this could
generate specific PB-SB repeat configurations (figure 2.4C). With such events, the
‘blunt’ end of the PB repeats would be left adjacent to genomic DNA and could
therefore be mapped using splinkerette PCR. The protocol used for Splinkerette
from the blunt end of the PB repeat was identical to that used for the standard
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Splinkerette PCR, except for the modified primer sequences and an additional AflII
digestion step. This digestion was used to cut between adjacent PB and SB repeats
found in native unmobilised transposons at the donor locus (figure 2.3A), and avoid
amplification of such PB-SB junctions. Primer sequences are shown in table 2.6.

Figure 2.4: Transposon Neopartnerships. A. Two adjacent transposons that have
jumped together into a genomic locus. Note the opposite facing PB repeats are
transported as ‘cargo’ between them. B. One SB transposon integrates into the adjacent
transposon
by local hopping. C. Two possible re-mobilisation events using SB5 and SB3

repeats that previously belonged to different transposons (neopartnerships) and leaving a
lone SB repeat ‘sequence-fixed’ at the genomic locus. Red lines represent the sequence

found between adjacent transposons in the donor locus.
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Table 2.6: Primers used to screen for intra-GrOnc jumping and for
 splinkerette from the blunt end of the PB transposon.
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DNA was extracted from blood, spleen or tumour mass samples as previously
described. Samples were quantified by Qubit fluorometer (Life Technologies) using
1μL of sample DNA and the ds-DNA Broad Range dye-buffer mix, following the
manufacturer’s instructions. A quantity of 2μg of DNA was used for library
preparation, diluted to 100μL in sterile MilliQ water.
A method for eukaryotic transposon direct insert sequencing (TraDIS) was
developed by Iraad Bonner (Sequencing Research and Development team, WTSI).
The library preparation on the SB and PB samples was performed by him using the
method described below and the primer and adaptor sequences shown in appendix
2B.
Genomic DNA was sheared in a Covaris 96microTUBE plate with the following
settings to shear at 250bp: duty cycle 20%; intensity 5, cycles per burst 200, time
60s, temperature 4°C to 7°C. After shearing the samples were spun briefly at
1000rpm and then purified using the QIAquick column system according to the
manufacturer’s instructions in an elution volume of 80μL. The shearing quality was
then assessed using the Agilent 2100 Bioanalyser and DNA 7500 chip and reagent
kit.
End-repair of the sheared and cleaned DNA was performed in a total volume of
100μL: 10 x T4 DNA ligase buffer, 10μL; T4 DNA polymerase, 7 μL; T4 PNK, 7μL;
dNTPs, 6μL; Klenow DNA polymerase 2μL; sheared DNA 78μL. After incubation at
20°C for 30 minutes the samples were purified using the QIAGEN 96 well plate
column system and eluted in 27μL of EB buffer. An A tail was added using the
following reaction: Klenow fragment exo-, 4.5μL; dATP, 15μL; 10 x Klenow buffer,
5μL; incubate at 37°C, 1 hour. The samples were eluted through MinElute columns
in 20μL of EB buffer and 1μL of the sample was run on a 7500 Agilent chip. The
splinkerette adaptors were ligated using NEBNext(TM) DNA Sample Prep Reagent
Set 1 (NEB: E6000B-SS) using the reaction parameters as follows: 18μL A-tailed
DNA; 25μL 2x ligation buffer; 1μL MilliQ water; 5μL ligase; 30 to 60 minute
incubation at 20°C. Clean up of the DNA was performed using a double SPRI bead
(AMPure XP) purification, using 50μL beads to 50μL of adapter ligated DNA in the
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first reaction and 40μL (0.8x) in the second in a similar method to that described
above (SPRI bead purification of MiSeq library). The final volume of the purified,
adapter ligated DNA in EB buffer was 30μL and 1μL of this sample was run on the
7500 Agilent chip to determine whether the adapter was successfully ligated. The
size of the adapter ligated DNA should be approximately 100bp larger than the preligated library.
Two paired rounds of PCR were then performed on the adaptor ligated DNA to
generate the 3’ and 5’ transposon sequencing libraries. The first round PCR mix
was prepared on ice to a total volume of 50μL: 7μL adaptor ligated DNA; 25μL 2x
Kapa HiFi HS ReadyMix; 17μL sterile MilliQ water; 0.5μL transposon specific primer
(100μM) and 0.5μL Splinkerette adapter nested primer 1 (SplAP1) (100μM).

PCR

conditions were as follows: 95°C, 2 min; 95°C 20s, °C 20s, 72°C for 40s repeat for
18 cycles; 72°C 5min. An AMPure XP bead purification step was performed on the
first round PCR products using 0.8x beads and eluting into 25μL of EB buffer and
1μL of this product was run on an Agilent High Sensitivity chip. The second round
PCR was also in a total volume of 50μL: PCR1 product 24μL; 2x Kapa HiFi HS
ReadyMix 25μL; Transposon specific primer 2 (100μM) 0.3μL; Splinkerette adapter
nested primer 2 (100μM) (SplAP2) 0.3μL.

Reaction conditions were as follows:

95°C, 2 min; 95°C 20s, °C 20s, 72°C for 40s repeat for 12 cycles; 72°C 5min. The
PCR products were again cleaned up using 40μL of AMPure XP beads and two
500μL, 80% ethanol washes before elution in 30μL of EB buffer. 1μL of the purified
DNA was run on an Agilent High Sensitivity chip.
A quantitative PCR was then performed on each sample in triplicate to determine the
quantity of transposon specific template within the library and guide the quantity of
each sample to be used in pooling. Two reactions were performed with details as
follows: KAPA SYBR Fast qPCR Mix, 10μL; sterile MiliQ water, 5.2μL; qPCR primers
(10μM), 0.4μL of each. Both reactions used a generic library qPCR reverse primer
(2.2), but the first used a generic forward primer (2.1) and the second a transposon
specific sequencing primer. For PB libraries a third qPCR reaction was performed to
quantify non-specific product in the library using the same volumes and generic
reverse primer and a transposon sequencing primer from the opposite end. An
aliquot of 4μL of 1:1000 diluted library DNA was used in the qPCR reactions and the
reactions were performed in a MicroAmp Fast Optical 96-well reaction plate (Life
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Technologies: 4346906) on a StepOnePlus Real-Time PCR System (Life
Technologies).
The quantities of each sample were then standardised and pooled for sequencing.
Each 96 well plate of samples was run on two 75bp paired end MiSeq runs; one for
the 5’ and one for the 3’ library.
<3?3<)%*'&*&%$''!%% %#0*!*& ##,$!%+
The Illumina transposon sequencing analysis was performed by Hannes Postingl
(Core Informatics Group, WTSI). As the majority of reads start with an identical
transposon sequence each was sequenced in two parts to allow the Illumina
software to correctly align clusters on the MiSeq. The full length read was reassembled and those which did not start with the expected transposon specific
sequence were filtered at this stage.
Illumina paired-end sequencing reads were trimmed of the transposon sequence and
mapped to the mouse genome (GRCm38) using the SMALT alignment software
(smalt.sourceforge.net). A hash index of 13 base pair words, sampled every fourth
base pair along the reference mouse genome, was used and an expected insert
range up to 800 nucleotides was specified. The software identified potentially
matching segments in the reference genome from the hashed words and aligned
them with the read using a banded Smith-Waterman algorithm. The quality score for
the reliability of the mapping took into account the expected insert range. The
analysis was performed twice, with and without the removal of putative PCR
duplicates.
Read pairs which mapped in the expected orientation on the same chromosome,
irrespective of the insert range, were included in further analysis. All other reads,
including those where the placement was ambiguous or where mates aligned to
different chromosomes, were discarded. The reads were filtered further by applying
thresholds of the mapping quality score of 20 (expected mapping error rates of less
than 1 in 100) and of the Smith-Waterman alignment score of 30 (using standard
affine gap penalties of 1, -2, -4 and -3, respectively, for matches, mismatches, gap
openings and gap extensions). In addition the presence of the integration motif, TA
for SB, TTAA for PB, at the mapped location of the 1st mate (sequenced out of the
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transposon) of each pair was checked. After this filtering step the 1st mates were
sorted by barcode and integration site. A putative insertion site had to be covered by
a least two independent reads mapping to the same location (twenty reads for nonduplicate filtered data).
CIS analysis was performed using the same CIMPL program as described for the
454 sequencing. Ten kernel widths sizes were chosen at 10,000 base pair intervals
between 10,000 and 100,000. The analysis was performed using the in-built local
hopping filter with default settings.

<3@
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The human myeloma cell line U-266 (1x107 cells) was transfected with 10μg of
construct DNA by electroporation in a 0.4cm cuvette at 220V and 900μF. Cells were
then transferred to a 10mL flask and incubated in 90% RPMI/10% FCS media at
37˚C for 24 hours, harvested, washed in PBS and lysed in Trizol (Invitrogen). RNA
was extracted, treated with DNaseI, reverse transcribed (Superscript II, Invitrogen)
and subjected to RT-PCR using primers in Vĸ, hPB and in different exons of hMYC
(table 2.7).

Controls included samples not treated with DNaseI and/or reverse

transcriptase. RT-PCR products were run on a 2% agarose gel at 150V.
The same primers were subsequently used to check for reversion of the stop codon
and to validate the splicing of the transgene in tumour samples from IM mice.
These RT-PCR products were sent for sequencing using the Sanger or MiSeq
sequencing platforms.
RT-PCR on in vitro samples: 16μL RNA was treated with 2μL DNAseI and 2μL 10x

buffer for 15 minutes at room temperature, before adding 2μL stop solution and
incubating at 70˚C for 10 minutes. Matched control samples were not treated with
DNAseI. 10μL of random hexamers (100μM) were then added to 20μL of RNA,
incubated at 65˚C for 10minutes and then placed on ice for 2minutes. The reverse
transcription reaction used 15μL of DNAseI treated RNA, 8.4μL water, 8μL 5xMMLV
buffer, 4μL DTT, 1.6μLdNTP, 1μL Rnasin (Promega-40U/μL) and 2μL reverse
transcriptase(Gibco-GRL). A control reaction, without reverse transcriptase was also
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performed. RT-PCR samples were incubated at 37˚C for 90minutes, 70˚C for 10
minutes and then stored at -20˚C until PCR.
RT-PCR of tumour samples: Reactions were prepared on ice in 0.2mL micro-tubes
and containing 4μL qScriptTM cDNA SuperMix (5x) (Quanta Biosciences), 5μL RNA
template and 11μL of RNase/DNase-free water. After mixing, samples were
incubated at 25°C for 5 min, 42°C for 30 min and 85°C for 5 min. cDNA was stored
at -20°C.
RT-PCR Primers
VkMycexon1F

TGCTGACACAGTCTCCTGCT

VkMycexon2R

CAGCAGCTCGAATTTCTTCC

VkMycexon2F

CCTACCCTCTCAACGACAGC

VkMycexon3R

ACTCTGACCTTTTGCCAGGA

VkMycexon3Rb

CTCTGACCTTTTGCCAGGAG

SAHPBR (hPB)

CTCACGTGGTCGCTGATCT

SAHPBRCORTAHPBR
(TA-hPB)

CTCACGTGGTCGCTCACCT

 Table 2.7: Primers used to assess splicing of the Vk* constructs and reversion of


the stop codon
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MYC-TA-hPB cDNA was generated from U-266 cells previously transfected with
Vk*MYC-TA-hPB, by high fidelity RT-PCR (Phusion, Finnzymes) using a modified
forward primer to revert the in-frame stop codon (table 2.8). This cDNA was cloned
into a pGEM-T-Easy vector and used to transform chemically competent E. Coli
(One

Shot

Mach

T,

Invitrogen).

X-Gal

(5-bromo-4-chloro-3-indolyl-β-D-

galactopyranoside) and IPTG (isopropyl-β-D-thiogalactopyranoside) were used for
colour selection of recombinants and correct colonies were confirmed by diagnostic
digest. One of these clones was digested using Not1 and FspI, run on a 2% agarose
gel and the 3000bp band was cloned into the eukaryotic expression vector pcDNA3.
The correct clones were selected by diagnostic digest and verified by capillary
sequencing.
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Primer Name

Sequence

Vk*MYCTAHPB-

cDNA_F1

CACCATGGGAAAGTACCCTTATGATGTGC

Vk*MYCTAHPB-

cDNA_R1

GCTCATCAGAAACAGCTCTGG

Vk*MYCTAHPB-

cDNA_R2

CCGCTCATCAGAAACAGCTC

Vk*MYCTAHPB-

cDNA_F2

ACCATGGGAAAGTACCCTTATGATG

Vk*MYCTAHPB-

cDNA_R3

CGCTCATCAGAAACAGCTCTGG

Vk*MYCTAHPB-

cDNA_F1

CACCATGGGAAAGTACCCTTATGATGTGC

Table 2.8: Primers used for reversion of the stop codon in MYC-TA-hPB cDNA

A hypoxanthine-aminopterin-thymidine (HAT) resistance assay was used to assess
the function of the T2A linked hPB in ES cells(Liang et al., 2009; Wang et al., 2008).
Male AB1:HprtE3 (PB-FL-pu∆tk:neo) cells harboured a PB transposon within the Xlinked hypoxanthine-guanine phosphoribosyltransferase (Hprt) locus, inactivating the
only copy of the gene (figure2.5). Removal of the transposon by PB restores Hprt
activity and permits growth in HAT media. 1x107

AB1:HprtE3 cells were

electroporated (230V/500uF) with pcDNA3-MYCTAHPB (2, 10 or 20μg), pcDNA3HPB (10μg) or water. Cells were divided into 1/10 and 9/10 aliquots after transfection
and grown on 10cm feeder plates in M15 media for 48 hours post transfection, then
switched to HAT media. After 7 days HAT-resistant colonies were stained with 2%
methylene blue in methanol, washed, air dried and counted.
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Figure 2.5: Hprt locus of ES cells used for the HAT resistance assay: The PB
transposon, with inverted terminal repeats (red) positioned within exon 3 of the Hprt
locus. Excision by PB transposase restores normal configuration and function of the
Hprt locus. (Figure and cells courtesy of Kosuke Yusa, Stem Cell Genetics Team,

WTSI).
<3@3=#&.0+&$+)0
Flow cytometry was performed on the Vk*MYC-TA-hPB and Vk*hPB lines with the
assistance of George Giotopolos and Sarah Horton (CIMR, Huntly lab). Frozen cells
were thawed and re-supended in PBS with DNase I to minimise clumping, then spun
at 300g for 5min. The cell pellet was re-suspended in PBS with blocking agent
(1.2μL of 2.4G2 per mL) and left on ice while the antibodies (Cambridge
Biosciences) were prepared. Three antibody panels were used as follows: i) B220
APC 640 670, CD19 PE 561 582, CD3 PECy7, Mac1 FITC, Gr1 PB ii) B220 APC,
CD 19 PE Cy7, CD43/ AA4.1 PE, CD24 Pacific blue and iii) B220 Pacific green,
CD19 PE Cy7, BP1 PE, IgM FITC, IgD APC. A 100μL aliquot of cell suspension,
pooled from multiple samples was used in the control tubes. The samples were
made up to a total volume of 300μL in PBS and 95μL was added to the antibody mix
(1:100). After mixing the cells were incubated for 45minutes in the dark, before being
washed, re-suspended in 300μL of PBS and filtered. Samples were analysed on a
BD LSR Fortessa flow cytometer, gating on AAD negative cells and analysis was
performed using FlowJo software.
Flow sorting of mouse bone marrow and spleen cells was performed with the
assistance of David Kent (CIMR, Green Lab) or Bee Ling Ng (WTSI) using the
following panels; (1) CD45 Pacific blue, CD19 PE, B220 APC Alexa 750, Kit APC,
Gr1-CD11b FITC and CD3 PerCPCy5.5. or (2) CD34 FITC, CD19 PE, B220 Alexa
Fluor 750, CD3 PerCPCy5.5 and CD11b Alexa Fluor 647. Cells were sorted into i)
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granulocytes (CD45+, Mac1Gr1+, CD19-), ii) T cells (Mac1Gr1 and CD19 negative,
CD3 positive) iii) CD19+,B220+ B cells iv) B220+, CD19- B cells and v) c-kit/CD34
positive progenitor cells, with a target of 100 000 cells in each.
<3@3>*+)%#&++!%
Protein samples were prepared from stored RNA-later tissues. Tissue was lysed in
RIPA buffer supplemented with protease inhibitors. Approximately 30 μg of protein
was added per well to a NuPAGE Bis-tris mini gel and transferred to a PVDF
membrane. Primary antibodies were diluted in PBS with 5% bovine serum albumin
(BSA): human cMyc (Covance) 1:200, mouse c-Myc (Abcam) 1:1000 and β-actin
(Abcam) 1:5000. The secondary antibodies were anti mouse IgG HRP (human cMyc
and β actin) and anti-rabbit IgG HRP (mouse c-Myc), diluted 1:5000. The detection
was performed using an ECL western blotting substrate kit.
<3@3?##)'+&))')+&!)%#0*!*
This analysis was performed by Rachael Bashford-Rogers using DNA supplied to
her. Rearranged IgH genes were amplified using a multiplex PCR containing 11
forward primers, each specific to a group of functional IgHV genes, and two reverse
primers specific to IgHJ genes (table 2.9). The forward primers were grouped into
two pools based on similar melting temperatures and PCR amplification was
performed using 70ng DNA, JH reverse primers (25μM) and each of the forward
pools (25μM), using 0.5μl Phusion® High-Fidelity DNA Polymerase (Finnzymes), 1μl
dNTPs (0.25mM), 1μl DTT (0.25mM), per 50μl reaction. The PCR reaction
conditions were as follows: 3 min at 94oC, 35 cycles of 15 sec at 94oC, 30 sec at
60oC and 30 min at 72 oC, 7 min at 72 oC. The two amplified sets of PCR products
were pooled before sequencing.
Sequencing libraries were prepared and sequenced using standard protocols and
the MiSeq platform to generate 300bp paired end reads. Filtering and repertoire
analysis was performed as follows: “Raw reads were filtered for base quality (median
>34) using the QUASR program (http://sourceforge.net/projects/quasr/). MiSeq paired
end reads were co-joined at their overlapping region, and non-immunoglobulin
sequences were removed, retaining only reads with significant similarity to mouse
IgH from the IMGT reference database(Lefranc et al., 2009) using BLAST(Altschul et
al., 1990) (1x10-10 E-value threshold). Sequences were trimmed to remove primer

sequences, and sequences with a minimum length of 180bp were retained. IgH
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sequence network generation was performed according to Bashford-Rogers et
al.(Bashford-Rogers et al., 2013a)”.
Group 1 forward primers

VH-for11

CAGATKCAGCTTMAGGAGTC

VH-for13

CAGGTTCACCTACAACAGTC

VH-for15

GARGTGMAGCTGKTGGAGAC

VH-for2

CAGGTGCAAMTGMAGSAGTC

VH-for5

GAKGTGCAGCTTCAGSAGTC

VH-for8

GAGGTGMAGCTASTTGAGWC

Group 2 forward primers

VH-for1

GAGGTTCDSCTGCAACAGTY

VH-for12

CAGGCTTATCTGCAGCAGTC
VH-for14

CAGGTGCAGCTTGTAGAGAC

VH-for3

GAVGTGMWGCTGGTGGAGTC

VH-for7

CAGRTCCAACTGCAGCAGYC

J Reverse primers

JH-1_reverse

TCACCGTCTCCTCAGGTAAG

JH-2_reverse

TCACTGTCTCTGCAGGTAAG

Table 2.9: Primers used for the B cell receptor repertoire analysis
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3. Whole exome sequencing reveals
rapid acquisition of driver mutations
and branching evolution in a case of
NPM1 positive CMML transforming to
AML
=3; %+)&,+!&%
Chronic myelomonocytic leukaemia (CMML) is a clonal disorder characterised by the
accumulation of monocytes in the peripheral blood together with abnormal myeloid
differentiation, which is either dysplastic or proliferative or both. CMML develops due
to the stepwise accumulation of genetic mutations in haematopoietic stem cells
(HSC). Although several recurrent mutations have been described, none are specific
to CMML (Itzykson and Solary, 2013). Cancers are thought to evolve with a complex
branching clonal architecture, however the evidence so far in CMML is that the
majority of mutations accumulate in a linear manner, with limited branching through
loss of heterozygosity (LOH) (Itzykson et al., 2013b). CMML progresses to secondary
AML in 20-30% of cases. This is thought to be driven by a clone acquiring a novel
fitness conferring mutation, although the expansion of a clone with high fitness in the
absence of new genetic lesions has not been excluded (Itzykson and Solary, 2013).
Nucleophosmin (NPM1) mutations are described in around 30% of cases of AML,
making it one of the commonest driver lesions in this disease (Falini et al., 2005;
TCGA_Research_Network, 2013). Mutations in NPM1 are thought to be an early

although not necessarily initiating event (Shlush et al., 2014) and define a large
subgroup of AML with distinct clinical, pathological and molecular characteristics
(Swerdlow, 2008).

These mutations result in cytoplasmic dislocation of the NPM1

protein and are mutually exclusive to the fusion genes, which are presumed initiating
lesions in several other subtypes of AML (TCGA_Research_Network, 2013).
NPM1 is frequently overexpressed in solid malignancies and is involved in

chromosomal translocations in various haematological and solid tumours, however
NPM1 mutations are generally considered specific to AML (Falini et al., 2011; Grisendi
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et al., 2006). Therapy related AMLs and AMLs secondary to myeloproliferative

neoplasms (MPN) or myelodysplasia (MDS) are sometimes found to have
cytoplasmic NPM1, but NPM1 mutations are much more common in de novo disease
(Falini et al., 2005; Fernandez-Mercado et al., 2012; Gale et al., 2008; Schnittger et al.,
2011). Also, NPM1 mutations have been reported in a small proportion of cases of

MDS(Bains et al., 2011; Falini et al., 2011; Zhang et al., 2007). However, NPM1 mutant
AML may have dysplastic features (Falini et al., 2011) and as the distinction between
MDS and AML is based on a 20% threshold of detectable blasts, the diagnosis is
subject to sampling and inter-observer variation. It is therefore unclear if these cases
represent true MDS or early evolving AML. Similarly there are occasional reports of
NPM1 mutant CMML (Bains et al., 2011; Caudill et al., 2006; Courville et al., 2013;
Itzykson et al., 2013a), but these cases generally progress rapidly to AML (Bains et al.,
2011; Caudill et al., 2006; Courville et al., 2013). Similarly, some experts question

whether these cases are CMML or AML which has been detected in an early, subclinical phase, accompanied by marked monocytic differentiation (Falini et al., 2011).
In the acute leukaemia clinic at Addenbrooke’s Hospital we were treating one such
patient, who was initially diagnosed with CMML, but progressed to clinically overt
AML within three months. Routine diagnostic tests performed at the hospital at the
time of AML presentation detected both NPM1 and FLT3-ITD mutations, but on
retrospective assessment of the CMML sample only the NPM1 mutation was
identified. In order to understand the nature of the CMML to AML progression in this
uncommon situation where the NPM1 mutation was detectable prior to the onset of
overt AML, I studied the paired CMML and AML diagnostic samples using deep
sequencing.

=3<#!%!#*
A 50y.o. woman presented with an eight week history of non-specific symptoms.
She was anaemic (haemoglobin 7.5g/dL) and had a peripheral blood monocytosis
(1.74 x 109/L) with normal neutrophil count (5.48 x 10 9/L) and a total white cell count
(WCC) of 8.7 x 109/L. Her bone marrow was hypercellular, with myeloid to erythroid
ratio of >10:1 and dysplastic changes, but <5% blasts. There were no high risk
features on FISH analysis and the cytogenetic study was normal. However 83 days
later she was admitted to hospital with fevers, abdominal symptoms and a WCC of
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209x109/L (82% blasts). The diagnosis of AML was confirmed on bone marrow
examination and molecular testing identified FLT3-ITD and NPM1 mutations. She was
treated according to the AML17 trial protocol with cytarabine, daunorubicin and
etoposide (ADE) chemotherapy and initially went into complete remission with no
detectable FLT3-ITD or NPM1 mutation by PCR.

However, following the first

consolidation cycle of ADE chemotherapy she relapsed with 38% blasts on her bone
marrow.

She responded to salvage treatment with FLAG-IDA (fludarabine,

cytarabine, idarubicin and G-CSF) followed by high dose cytarabine and was in
complete remission with incomplete peripheral recovery of blood counts at the time
of allogeneic transplant, 300 days after her initial presentation with CMML.
Unfortunately three months after transplant she died from relapsed disease. We
studied samples taken at different time points during her clinical course. The timing
of the analysed samples along with her peripheral blood WCC, haemoglobin and
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Figure 3.1: Disease timecourse. Major clinical events are noted. Black
arrowheads indicate BM samples used in both exome sequencing and PCR
validation. Those indicated by red and grey arrowheads were used for PCR and
MiSeq only. Red = blood, grey = BM
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Exome sequencing was performed on whole bone marrow samples taken at
diagnosis of both CMML and AML and during the first complete remission, using
Agilent SureSelect Human Exon 50Mb Kit baits and the Illumina HiSeq2000
sequencing platform. This generated between 84 and 90 million, 75bp, paired end
reads in all three samples. In each sample 88% of all reads were mapped to the
genome covering over 98% of the targeted regions. The median coverage was 100
fold across the exome with 80% 40 fold or higher coverage in all three samples.
After comparison to the remission sample and standard filtering, ten insertions and
deletions were identified on Pindel analysis in the AML samples and eight in the
CMML (appendix 3A). These included a four nucleotide TCTG insertion at
5:170837547 in both samples, consistent with a type A NPM1 mutation. The only
other shared aberration called by Pindel was a complex abnormality involving 2127
bases within CDC27 on chromosome 17, of uncertain significance.
Caveman analysis for single nucleotide variants (SNV) identified 43 mutant calls in
the AML sample and 62 in the CMML sample, of which 23 were common to both
(table 3.1) (appendix 3B). As each read of an Illumina sequencing run derives from a
single molecule of genomic DNA, the proportion of independent sequencing reads
reporting a variant allele can be used to estimate the proportion of cells in a DNA
sample carrying that mutation(Campbell et al., 2008). Exome sequencing of the
CMML sample revealed three mutations which are likely to have a driver role in
leukaemogenesis, with an allelic frequency suggesting they were present in the
dominant clone; DNMT3A, TET2 and NPM1 (figure 3.2).
In addition to these three driver lesions, mutations in PTPN11 and SMC3, which are
both genes that are recurrently mutated in AML, were also found in the CMML
sample. However, these mutations had a low variant allele frequency (VAF) in the
CMML sample, suggesting they were occurring in minor sub-clones (figure 3.2).
Sequencing of the AML sample demonstrated an expansion of the SMC3 clone, but a
reduction in PTPN11 mutant reads. In fact the PTPN11 mutation was detected in such
small number in the AML sample that it did not pass filtering to be included on the
output list on Caveman analysis, but mutant reads were evident on review of the raw
sequencing data mpileup (Niccolo Bolli). The contrasting pattern in VAF of these two
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mutations on serial sampling suggests they may not be co-occurring within a single
tumour sub-clone although with this level of coverage they were still grouped
together on the Dirichilet analysis.

Table 3.1: SNV shared by both the CMML and AML samples as detected by
Caveman Analysis. CHR = Chromosome, WT = wildtype and MT mutant allele

There were several recurrent leukaemia associated mutations that were identified in
the AML sample and were not detected at the CMML stage on standard Caveman
and Pindel analysis. The dinucleotide insertion in CEBPA is one such example.
Although this was evident in occasional reads in the CMML sample when the data
was reviewed in mpileup, this mutation represented a much higher proportion of
reads in the AML sample. It is possible the acquisition of a bi-allelic CEBPA mutation
within a sub-clone contributed to this increased VAF, however the degree of change
indicates there was expansion of this CEBPA containing clone. Analysis of the AML
sample also revealed an additional NRAS mutation, which was not detected at the
CMML stage. The allelic frequency indicates this mutation was present within a
small AML sub-clone.
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Subclonal fraction AML

Subclonal fraction CMML
FIGURE 3.2: Two dimensional density plot showing the fraction of tumour cells
carrying the mutations indicated, and their clustering. Increasing intensity of red
indicates high posterior probability of a cluster. The FLT3-ITD mutation is not represented
as it was not detected by Pindel or Caveman analysis. Manual annotation (Niccolo Bolli)
was used to determine the subclonal fractions for CEBPA and NPM1.

Interestingly, the FLT3-ITD mutation which was picked up in the AML sample by PCR
and agarose gel analysis in the diagnostic laboratory (figure 3.3) was not detected
using exome sequencing and Pindel analysis. This is a recurrent problem with this
specific type of mutation (Dr Eli Papaemmanuil, personal communication). Sanger
sequencing was performed on DNA from the mutant band and identified the FLT3ITD sequence as an 81bp duplication of 13:28608238-28608319. However, re-
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analysis of the exome data performed by Dr Eli Papaemmanuil, specifically
screening for this FLT3-ITD sequence, failed to detect mutant reads.
Copy number analysis (ASCAT) (Van Loo et al., 2010) was also performed based on
the exome sequencing data. This showed sub-clonal copy-neutral loss of
heterozygosity (LOH) in chromosome 1p and 13 in the AML sample, which would be
consistent with acquired uniparental disomy in the NRAS and FLT3 loci (figure 3.4).

410bp
329bp

1

2

3

4

5

6

7

*

8

9

FIGURE 3.3: PCR and gel electrophoresis for the FLT3-ITD mutation
performed at the diagnostic laboratory (Anthony Bench).
Samples 1-9
correspond to the samples used for MiSeq analysis.

FIGURE 3.4: Copy number changes between CMML (top) and AML (bottom)
The CMML had normal karyotype but there was sub-clonal copy neutral LOH in
chromosome 1p and 13 in the AML sample.
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The eight presumed driver mutations that have been described already (figure 3.2)
along with thirteen probable passenger mutations that clustered with them were
validated using read counting of Illumina sequencing (MiSeq) of non-allele specific
PCR products.

This analysis was performed on nine blood and bone marrow

samples that were collected through the clinical course (figure 3.1) including the
remission and diagnostic samples used for exome sequencing, and a control DNA
from a person with no diagnosis of haematological malignancy. After excluding
samples with <1000 reads for a given gene, the remaining gene and sample
combinations gave an average of 65 000 fold coverage at the mutant loci (median
51023). As the ZXDB locus amplified poorly and failed in the majority of samples, it
was excluded from further analysis (figure 3.5).
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Figure 3.5: Coverage for the 10 samples across 21 target genes. The mean and
standard error of the mean are shown for each site. Where a sample gave <1000 reads
at a site this was excluded from the analysis. When less than10 samples were included
the number of samples analysed are given in parenthesis.
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Using these deep sequencing results we were able to track the allelic frequency
through the serial samples. On Dirichlet analysis twelve clusters were identified of
which six contained only a single mutation (figure 3.6). The findings for CEBPA in the
CMML sample differed to the exome sequencing where only occasional CEBPA
mutant reads were detected. Notably, the VAF of the CEBPA mutation rose above
50% in the last relapse sample. The VAF agreed closely with the exome data for all
three samples studied and for all genes except CEBPA thus confirming the
quantitative nature of the PCR method.
There were five mutations, TET2, THOC2, DNMT3A, NPM1 and CEBPA, which had
allelic frequencies of over 30% in both the CMML and AML samples and rose to a
similar level in the last relapse sample, although these were clustered into five
separate groups. The TET2, THOC2 and DNMT3A mutations were detectable above
baseline at low level in the day 175 peripheral blood sample; the time of relapse 1
(sample 5), whereas the CEBPA and NPM1 mutations were not (table 3.2). SMC3 and
UBN2, which were grouped together on Dirichilet analysis, were also increased at

relapse 1 but unlike TET2, DNMT3A and THOC2 these were not detected in the later
relapse samples. Both of these mutations were detected at low level in the CMML
sample and were present in around 30% of cells in the initial AML sample (sample
2). The allelic frequencies of TET2, DNMT3A, THOC2, SMC3 and UBN2 in the relapse
1 sample (sample 5) were low (around 1.5% in most) and comparable to the level
seen in the initial remission sample used for exome sequencing (sample 3) for TET2
and DNMT3A. However, this represented a 3-12 fold increase and an absolute rise
in mutant read number of several hundred compared to the mean coverage in the
deep remission samples (sample 4 and 6) and control sample for each of these
genes. Such changes were not seen in sample 5 for CEBPA, NPM1, NRAS or FLT3.
TET2

Sample
1
2
3
4
5
6
7
8
9
Control

THOC2

DNMT3A

SMC3

UBN2

CEBPA

NPM1

NRAS

FLT3

Proportion
Proportion
Proportion
Proportion
Proportion
Proportion
Proportion
Proportion
Proportion
Number
(%)
Number
(%)
Number
(%)
Number
(%)
Number
(%)
Number
(%)
Number
(%)
Number
(%)
Number
(%)
64014
40.35
12352
40.93
27901
44.37
4148
4.11
8013
4.36
8466
34.16
17210
43.11
848
1.55
12
0.07
53654
46.58
21338
43.98
16895
50.57
22440
14.39
28614
13.77
10313
35.50
5635
44.42
5325
12.13
5400
23.81
1278
1.19
329
0.31
684
2.11
290
0.27
366
0.17
2
0.01
0
0.00
73
0.20
10
0.03
611
0.69
105
0.33
53
0.24
298
0.24
224
0.19
2
0.01
72
0.31
113
0.20
7
0.04
2717
1.79
2163
4.63
987
1.79
2351
1.51
2440
1.49
16
0.03
0
0.00
69
0.16
3
0.01
250
0.28
127
0.51
65
0.25
265
0.20
285
0.11
3
0.02
0.00
51
0.16
6
0.03
5041
4.06
4715
8.01
1817
4.69
284
0.21
95
0.07
1819
6.31
1045
3.78
63
0.19
1008
4.40
32897
19.93
10229
26.06
8710
21.46
410
0.24
88
0.05
10062
24.50
3126
16.79
86
0.15
8148
24.25
53843
47.10
20911
47.02
17428
45.31
401
0.21
217
0.14
20764
56.57
9832
46.09
111
0.23
16832
86.75
473
0.57
397
1.58
123
0.22
256
0.20
52
0.06
11
0.02
0
0.00
123
0.19
10
0.03

Table 3.2: The absolute number and proportion of reads assigned to the variant
allele for nine of the mutations. The first relapse sample (sample 5) is shaded.
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Although NPM1 and CEBPA were clustered separately on the Dirichilet analysis, they
were both detected in the CMML, AML and late relapse samples but not in the initial
relapse (sample 5). Cluster 9, which contained CLCN1 and ACLS6 had a similar
pattern of occurrence to NPM1 and CEBPA, but were present at roughly half the
allelic frequency. FLT3-ITD was also clustered separately on Dirichilet analysis. It
had an allelic frequency of 24% in the AML diagnosis sample, was not detected in
the initial relapse and had an allelic frequency of 87% in the final sample, which
suggests the majority of cells had bi-allelic mutations at that time. NRAS clustered
with ABCA4 and AP4S1 but is in a separate clone to the other driver mutations. It
was present in the initial AML sample, but not in either of the relapses.
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Figure 3.6: Variant allele frequencies (VAF) for the various mutations over
time. The cluster to which the mutation was assigned on the Dirichilet analysis is
also shown.
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This case is striking for the sheer number of AML associated mutations which were
identified in the CMML genome. The detection of a combination of TET2, DNMT3A
and NPM1 mutations in the predominant clone at the time of CMML was surprising
as one might have expected these three powerful mutations to cause full blown AML.
It has been suggested that as few as two driver mutations may be sufficient to
generate leukaemia (Welch et al., 2012). However, it also appears that rather than
occurring due to the simple expansion of this CMML clone, the clinical progression to
AML was driven by the acquisition of new mutations. The FLT3-ITD containing clone,
or a sub-clone that evolved from it, also led to the fatal relapse following bone
marrow transplantation. The evolution of pre-leukaemia clones to AML is thought to
be a stochastic process. However, in this case with multiple pre-existing mutations
the independent acquisition of FLT3-ITD and NRAS in separate clones in such a short
time suggests that the evolution to AML was almost inevitable, akin to a deterministic
process.
The combination of whole exome sequencing to identify disease specific mutations,
with a targeted gene re-sequencing approach across multiple serial samples has
proven effective in deciphering the branching clonal evolution of this individual
leukaemia. In AML disease relapse typically arises from a pre-existing clone (Ding et
al., 2012). In this study we used a targeted sequencing approach on the relapse

samples and therefore we could not identify new mutations specific to the relapse.
However, the pattern of allele frequencies for the various mutations during the
disease course provided evidence for which mutations were co-occurring within a
single disease clone and the order of acquisition of mutations (figure 3.7).

Figure 3.7: Phylogram showing the order of acquisition of the driver mutations.
TET2, DNMT3A, CEBPA and NPM1 are all in the major clone. The distinction between
TET2/DNMT3A and CEBPA/NPM1 is based on their presence in the early relapse. The
differing patterns of recurrence of SMC3, FLT3 and NRAS indicate these were likely to be
in separate sub-clones.
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Non-allele specific PCR and deep sequencing is a powerful approach for analysis of
specific mutations at high read depth. Although whole genome and whole exome
sequencing approaches have provided unique insights into the heterogeneity of
mutations and sub-clonal architecture of diseases such as AML, these approaches
are limited in their ability to detect mutations occurring in minor sub-clones with VAFs
of less than 10%(TCGA_Research_Network, 2013). Although the proportion of mutant
reads detected in the initial relapse sample from this patient were in the order of 1.54.6%, this represented a clear increase above baseline at these sites (table 3.2).
The pattern of mutations detected in the first relapse sample suggests that the TET2
and DNMT3A mutations were acquired before the NPM1 and CEBPA mutations in
clonal evolution. This concurs with recent evidence that the former are early events
(Busque et al., 2012; Jan et al., 2012; Shlush et al., 2014). Nevertheless, the mutant

VAFs were closely concordant at CMML and AML diagnosis and in the second
relapse. The first relapse sample was a peripheral blood sample and the detected
mutations were at low VAF despite the fact there were 38% blasts reported on a
bone marrow taken at the time. Unfortunately we were unable to obtain any DNA
from the marrow sample. One potential criticism of the targeted re-sequencing
approach is that PCR may introduce bias to the VAF and it is possible the NPM1 and
CEBPA mutations were only absent due to reduced sensitivity for detection

compared to the other mutations, hence the dotted line in figure 3.7. PCR bias is
unlikely to be a problem for SNVs, and the mutated base was positioned in the
middle of the PCR product where possible. Although PCR bias is potentially more of
an issue with insertions and deletions both the NPM1 mutation (a tetra-nucleotide
repeat) and the CEBPA insertion (two base pairs) are very short. It is unlikely that
such small changes introduce a significant bias to the PCR reaction and with such
deep coverage we would expect to find some evidence of the mutation at the initial
relapse. There were over 50 000 MiSeq reads for each of these genes at this timepoint, so for a heterozygous variant in 3% of cells there should be 750 mutant reads.
Even if the PCR favoured the wild-type allele 10:1, 75 mutant reads would be
detectable with this depth of read coverage.

Furthermore, both mutations were

clearly evident in the seventh sample, with VAF of 3.7% and 6.3% respectively.
These results are in line with the VAF of the TET2 (4.1%) and DNMT3A (4.6%)

                 


  %&

mutations in this blood sample, when all of these mutations are present in the
relapsing clone.
The data suggests that the two AML relapses occurred from different sub-clones, the
first of which contained SMC3 but not the second. The absence of SMC3 in relapse 2
indicates this mutation was in a branching sub-clone from the one that progressed
causing fatal disease, as was the NRAS mutation seen at diagnosis (sample 2). The
final relapse sample contained TET2, THOC2, DNMT3A, NPM1, CEBPA, FAM171A1,
API5 and FLT3-ITD mutations at a VAF that implies they were present in close to

100% of nucleated cells in the peripheral blood.
Several of the mutations that were targeted for re-sequencing were thought to be
passenger mutations. These were selected as they appeared to track with driver
mutations based on their VAF in the exome sequencing. Including these mutations
improved the confidence with which we could track sub-clones, nevertheless some
of these, such as THOC2 were grouped separately in the MiSeq analysis. Most of
the mutations with a sub-clonal fraction of close to one on the exome sequencing
were clustered separately in the Dirichilet analysis of the MiSeq data. This is likely to
be a consequence of the deeper read coverage and does not imply these are in
separate clones.
The FLT3-ITD was not detected on exome sequencing, but on PCR re-sequencing
had an allelic frequency of 24% in the AML diagnosis sample. The copy number
analysis on the AML exome sample also suggests LOH at the FLT3 locus. The FLT3ITD sequence could not be detected in the exome sequencing output despite

specifically searching for this and other FLT3-ITD mutations in the raw data. A
possible explanation is that the 81bp duplication affected the ‘pull down’ of the
mutant allele during hybridisation to the RNA baits, therefore selecting against the
mutant allele in the exome sequencing protocol. In the MiSeq analysis it is also
possible that the PCR performed ahead of re-sequencing introduced an amplification
bias. However, given the larger size of the mutant PCR product any such bias is
more likely to favour the wild-type allele and the mutant allele frequency of 87% in
the final relapse sample suggests that this mutation is not strongly selected against
in the MiSeq library preparation. Furthermore, the MiSeq data correlates well with
the PCR gel electrophoresis which was performed by the diagnostic laboratory.
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DNMT3A and NPM1 mutations are among the commonest mutations in de novo
AML and frequently co-occur with each other and with FLT3 mutations within the
same tumour(TCGA_Research_Network, 2013). In fact this combination of
mutations was reported in the first published case of AML analysed by whole
genome sequencing(Ley et al., 2010; Ley et al., 2008). The NPM1 mutation
identified in this case is the commonest, type A mutation which affects the critical
288 and 290 tryptophan residues disrupting the nucleolar localisation signal (Falini et
al., 2005) as well as introducing a new nuclear export signal(2005; Falini et al.,
2006). DNMT3A encodes one of a group of DNA methyltransferases, which catalyse
the addition of a methyl group to cytosine residues of CpG dinucleotides. Increased
methylation of CpG islands is typically associated with reduced expression of
downstream genes(Ley et al., 2010). DNMT3AR882C is a missense mutation
commonly found in AML and previously described in CMML-derived AML(Jankowska
et al., 2011; Ley et al., 2010).
TET2 mutations also have an effect on epigenetic regulation. TET2 catalyses the

conversion of 5-methylcytosine to 5-hydroxymethylcytosine (5hmC) and therefore
plays are role in DNA demethylation (Figueroa et al., 2010; Ko et al., 2010). TET2
mutant samples display low levels of 5hmC (Ko et al., 2010). TET2 mutations are one
of the commonest lesions in CMML (Jankowska et al., 2011; Meggendorfer et al., 2012),
are reported in 7-23% of de novo AML cases and seem to be more prevalent in
elderly patients (Gaidzik et al., 2012; Metzeler et al., 2011; TCGA_Research_Network,
2013). The particular nonsense TET2 mutation found in this case was in exon 11, and

to our knowledge it has not been previously reported. However, exon 11 encodes the
alpha ketoglutarate binding domain and is one of the most frequently mutated TET2
exons in AML(Gaidzik et al., 2012). As opposed to TET2 and IDH1/2 mutations which
are mutually exclusive in AML(Figueroa et al., 2010), TET2 and DNMT3A are known to
co-occur(TCGA_Research_Network, 2013). In fact the combination of NPM1, DNMT3A,
TET2 and FLT3 mutations was reported in one case in the recent study of 200 AML

patients using exome and whole genome sequencing(TCGA_Research_Network,
2013).

Only about 2-4% of NPM1 mutated AML cases also carry a CEBPA mutation and
over 90% of these are single CEBPA mutations (Dufour et al., 2010; Green et al., 2010;
Taskesen et al., 2011; TCGA_Research_Network, 2013).

In contrast across all non-
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acute promyelocytic leukaemia (APL) cases of AML around 7% of patients are found
to have CEBPA mutations of which over half are double mutations (Dufour et al., 2010;
Green et al., 2010). It appears that the good prognostic impact of CEBPA mutations

are limited to this double mutant group, which has distinct molecular characteristics
(Green et al., 2010; Taskesen et al., 2011; Wouters et al., 2009). Surprisingly, in this

patient with a NPM1 mutation the VAF of the CEBPA mutation is 57% in the final
relapse sample. This suggests either our patient has acquired a bi-allelic CEBPA
mutation or lost her wildtype allele or that there is a bias for this variant in the MiSeq
PCR library preparation.
The mutations in NRAS and SMC3 found in this patient are probable driver lesions,
even though they were not found in the major disease clone at AML diagnosis or in
the final relapse. The NRASG12D mutation is frequently described in human cancers
including AML and has been shown to co-operate with other mutations in mice to
induce AML(Li et al., 2011; Ward et al., 2012). Cohesin complex genes, including
SMC3 are mutated in 6-13% of cytogenetically normal AML(Kon et al., 2013;
TCGA_Research_Network, 2013) and in 10% of cases of CMML. In AML they

frequently co-exist with NPM1 mutations (Ding et al., 2012; TCGA_Research_Network,
2013; Thol et al., 2013) and across all myeloid malignancies they are commonly found

in association with mutations in TET2, ASXL1 and EZH2 (Kon et al., 2013). The cohesin
complex mutations result in reduced amounts of chromatin bound cohesin
components and are thought to have global effects on gene expression (Kon et al.,
2013). The missense mutation of SMC3L866P found in this case is not reported in the

COSMIC database.

However, to date no particular mutation hotspot has been

identified in SMC3 in AML or other myeloid malignancies and the majority of the
reported mutations are of the missense type as found in this case (Cosmic
Database).
Although mutations in PTPN11 which encodes the protein tyrosine phosphatase
SHP-2 are widely reported in AML and other myeloid malignancies (Loh et al., 2004;
Tartaglia et al., 2003) the ‘driver’ credentials of the particular mutation found in this

case are less clear. The PTPN11N308D mutation was detected in the CMML sample
with a VAF around 5%, had a lower allelic ratio in the AML sample and was not
detectable above baseline in the remaining samples.
N308D

PTPN11

The missense mutation

is described as a germ-line mutation in Noonan Syndrome, but has not
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been associated with AML(Tartaglia et al., 2003). Phosphatase assays using wild type
and mutant SHP-2 proteins have shown the phosphatase activity of the N308D
mutant is less than JMML associated SHP-2 mutants but greater than the wild-type
protein. In in vitro assays, proliferation in cells transiently expressing the N308D
mutation was also intermediate between normal cells and those with a JMML
associated mutation. The prevalence of PTPN11 mutations is lower in adult than in
childhood AML (Tartaglia and Gelb, 2005) and whether this particular somatic mutation
is a true driver in the context of adult AML is uncertain.
Regardless of the veracity of the PTPN11 mutation as a driver, this case clearly
demonstrates the molecular complexity of AML and shows a branching clonal
evolution. Although the dominant clone at the time of CMML diagnosis already
contained co-occurring TET2, DNMT3A and NPM1 mutations, progression to frank
AML was associated with the clear acquisition of new driver mutations. Three distinct
sub-clones carrying unique driver mutations were detected in the AML sample. The
initial relapse appears to have developed from a clone carrying SMC3 along with the
TET2 and DNMT3A mutations. The ultimate relapse leading to death was from the re-

emergence of a clone containing at least five driver mutations; FLT3-ITD, CEBPA,
NPM1, TET2 and DNMT3A but not SMC3 or NRAS. This case highlights that clonal

evolution is a dynamic process and forces us to question if the progression to AML is
inevitable in the setting of a CMML clone with a high mutational burden.
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4. Sleeping Beauty driven
leukaemogenesis follows a rapid
Darwinianlike evolution in a mouse
model of Npm1c+ acute myeloid
leukaemia
>3; %+)&,+!&%
Leukaemia, like other cancers, arises through the sequential acquisition of ‘fitness’
conferring mutations within a single cell. This clonal evolution framework underlies
the molecular heterogeneity evident within the whole tumour DNA.

Current

knowledge regarding the order of acquisition of co-operating mutations during
leukaemogenesis is inferred from; i) the variant allele frequencies (VAF) of mutations
within the mass tumour, ii) observation of the pattern of mutations in single tumour
cells or residual haematopoietic stem cells (HSC) (Jan et al., 2012) iii) knowledge of
the biological effects of recurrent mutations, iv) the pattern of mutation co-occurrence
across different tumours(TCGA_Research_Network, 2013) and v) studies of the
mutational profile of serial samples either in relapsed disease or in secondary
AML(Ding et al., 2012; Walter et al., 2012). However, this order of acquisition has not
been monitored in real time in de novo AML as the presentation is acute and the
disease is rare, unpredictable and arises without a prodrome.
Transposon insertional mutagenesis is a valuable technique with which to study
tumorigenic mutations in mouse models. To date the predominant application has
been for cancer gene discovery, analogous to retroviral mutagenesis. Putative
tumour drivers are identified by ascertaining genes and regions in which the
transposon or retrovirus integrates more frequently than is expected by chance
alone; the common integration sites (CIS). This approach has proven effective for
both solid and haematopoietic malignancies, but the in vivo kinetics of transposon
integration is poorly understood.

Unlike retroviruses, transposon mobilization

continues throughout the life of a host cell and critical oncogenic events may
potentially occur after a significant latency.

Typically multiple copies of the
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transposon cassette are supplied in a concatamer and the rate of new integrations
(i.e. transposition) relative to the rate of cell division is largely unknown. The timing
and order of acquisition of oncogenic integrations in mouse insertional mutagenesis
models has not been studied to date.
Heterozygous somatic mutations in the terminal exon of NPM1, the gene for
Nucleophosmin, are found in up to 35% of cases of human AML(Falini et al., 2005).
Sleeping Beauty (SB) was used to identify genes that collaborate with Npm1 in an

insertional mutagenesis (IM) mouse model of AML developed by our lab (Vassiliou et
al., 2011). In brief, the conditional Npm1flox-cA allele was designed to minimise

interference with the native locus, but to switch to Npm1cA after Cre-loxP
recombination (figure 4.1A). Approximately one third of Npm1cA mutant mice
developed myeloid leukaemia but only after a protracted latency suggesting the need
for co-operating mutations. A conditional Rosa26 SB transposase allele (figure 4.1B)
was used to mobilise GrOnc, a bi-functional PB/SB transposon capable of both gene
activation and disruption, in NPM1cA mice (figure 4.1c). In this model the Npm1cA
mutation and the SB transposase, activated by the haemopoietic Mx1Cre (Kuhn et al.,
1995), caused rapid onset AML in 80% of mice (Vassiliou et al., 2011).

CIS were

identified at known and novel cancer genes including insertions near Csf2, Flt3,
Rasgrp1, Kras, Bach2, Nf1 and Nup98(Vassiliou et al., 2011). Some of these recurrent

integrations were largely mutually exclusive, suggesting their effects in leukaemia
pathogenesis are redundant.
The Npm1cA IM model provides a useful platform in which to investigate the in vivo
behaviour of transposons and the clonal evolution of AML. Blood can be sampled
sequentially throughout the life of the mice, abnormalities in blood parameters can
be monitored quantitatively and tumour cells from effected mice can be serially
transplanted into recipients. Determining when the mutations first appear during
tumour evolution and if they persist on transplantation, should improve the
confidence for distinguishing driver and passenger mutations, define the order of
mutation acquisition and enhance our understanding of how transposons operate as
well as giving insights into the clonal evolution of AML.
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cA

Figure 4.1: Generation of Npm1 insertional mutagenesis mice. A: Targeting construct for
cA
Npm1 . B: Conditional Rosa26 SB transposase. Upon Cre activation the SB cDNA flips to the
sense orientation and cannot take part in any further Cre mediated recombination. C: The GrOnc
transposon flanked by PB and SB repeats and gene activating and inactivating elements.
Gr1.4LTR =
Graffi 1.4 MuLV long terminal repeat, SD = splice donor, SA = splice acceptor. D:
The
Npm1cA insertional mutagenesis model provides a useful platform in which to
Mating scheme to generate insertional mutagenesis mice. Pictures courtesy of George Vassiliou
(GV)(Vassiliou
2011).
vivo
behaviour of transposons and the clonal evolution of AML.
investigate
theetinal.,

>3<*,#+*
>3<3; % $,+%+ $! .!+   #&. &'0 %,$) #'!% ,+0 +)%*'&*&%
-#&'$0#&!#,"$!*
Mice created by GV, with a humanised conditional knock-in of NPM1cA, SB
transposase and GrOnc were used in this study (figure 4.1). The model is closely
related to the one used in the published work, and differs only in the transposon copy
number and donor locus. The mice described here have only 15 copies of the GrOnc
transposon resident at a donor locus within the centromere of chromosome 16 (GRL)
(figure 4.2). This lower transposon copy number was selected to try to prolong the
latency until tumour development, whilst the centromeric location has the potential
advantage of being distant from cancer genes.
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Figure 4.2: FISH analysis of the GrOnc constructs. On the left the published high copy
number construct (GRH) and on the right the low copy number construct used for this
work (GRL). FISH results were supplied by Ruby Banerjee and GV.

The mice were mated using the same scheme as the published model (figure 4.1D)
to generate 71 quadruple transgenic mice (Npm1floxcA/+, Mx1Cre, RosafloxSB/+, GRL). Of
these 52 received a full course of four to six polyinosinic-polycytidylic acid (pIpC)
injections at 8-12 weeks of age to activate the Npm1flox-cA/+ and RosafloxSB/+ conditional
alleles. These mice had a shortened lifespan compared with Npm1WT non IM
(hereafter called WT) mice (median survival 215 v 597 days p<0.0001) (figure 4.3).
Sixteen mice with all of the mutant alleles did not receive pIpC injections and the
survival of these mice was not significantly different to the WT cohort with median
survival of 483 days (p=0.07). Two mice received an incomplete course of pIpC (only
2 injections) and these were excluded from survival and phenotyping analysis. The
low copy transposon cohort developed myeloid leukaemias with similar prevalence
to the published cohort, but with a longer median survival of 215 compared to 99
days (figure 4.3 and 4.4).
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Figure 4.3: Survival Curves. A) Survival in the GRL cohorts. Mice that received an
incomplete course of pIpC injections are not included in the analysis. B) Survival
compared to the GRH IM cohorts.
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Figure 4.4: Disease phenotype in the Npm1cA IM cohorts. On the left the GRL cohort
and on the right the published GRH colony.

The Npm1cA/IM cohort had a higher WCC and mean cell volume (MCV) at death
compared to wild type (non-pIpC treated and WT) mice (mean WCC 227 ± 34 v 76 ±
23, p=0.0005, MCV 70.0 ± 2.1 v 57.8 ± 1.5, p<0.0001) and lower platelet count (561
± 138 v 1034 ± 109 p=0.0098) but there was no significant difference in haemoglobin
(p=0.9271) (figure 4.5). The mice with myeloid leukaemia had variable proportions of
blasts. In some the morphology was more akin to a myeloproliferative neoplasm
(MPN) or CMML (figure 4.6a and b), whereas many had acute leukaemia with a very
high percentage of blasts (figure 4.6c).
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Figure 4.5: FBC parameters in the GRL IM cohort at death: A) White cell count B)
Mean cell volume and C) Platelet count. The WT cohort includes mice that did not receive
any pIpC injections, in addition to those with a WT genotype.







Figure 4.6: Spectrum of morphology in the Npm1cA GRL IM cohort. Although
the bone marrow is packed with myeloid cells, many of the mice have blasts and
maturing cells on the peripheral blood smear as in 16.3e (A and B). Some have a
high percentage of frank blasts, as shown here in the tail of the blood film from
6.4h (C). Picture A provided by G Hoffman.
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Common integrations sites were identified using the CIMPL program and the
parameters described (Materials and Methods 2.4.2). There were 27 CIS genes
identified by all three methods (figure 4.7 and table 4.1). These CIS showed
significant overlap with the published model (figure 4.8). However, several additional
CIS regions were identified, indicating that the utility of the SB IM approach to identify
genes co-operating with Npm1cA in leukaemogenesis was not exhausted in the initial
study. These additional CIS included some at the sites of well-established leukaemia
associated genes such as Mll1 and Phf6. The additional nine CIS identified by only
one or two methods are shown in the appendix 4A.

Figure 4.7: CIS identified by the three CIMPL methods. The total number of sites
identified by each method before manual filtering are shown on the left, and after manual
filtering on the right. GV method = published GRH model, NSD≥7 as per GRH but with
higher NSD value, LHC method with built in local hopping correction.
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Table 4.1 Details of the CIS identified in the Npm1cA GRL IM cohort. The genes indicated in bold are the presumed target gene
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Figure 4.8: CIS genes identified on the two screens. The genes are ordered left to
right according to the frequency with which they were hit. Pten is excluded from the GRH
and Crebbp and Ubn1 from the GRL list as these were near the donor site and may reflect
local hopping.

The distribution of integrations across the genome in the final tumour samples for the
low copy cohort is shown in figure 4.9. The SB transposon is known to exhibit local
hopping. Less local hopping was mapped in the GRL cohort than in the published
model, which probably relates to the location of the donor site within the centromere.
However, the number of integrations on chromosome 16 was still double the
expected number and it is difficult to be certain of the validity of the CIS involving
Crebbp and Ubn1 given the higher background integration rate along chromosome

16.
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Figure 4.9: Distribution of integrations across the genome (top) and within the donor
chromosome (bottom) for the published GRH cohort (left) and the GRL cohort (right).
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Twenty five mice were bled fortnightly from the time of pIpC injection until the
development of leukaemia or other illness. This included 17 mice with all conditional
alleles, two mice that had the SB transposon but were Npm1WT (hereafter called SB
only) and six WT mouse. Of the mice that contained both Npm1cA and the
transposon, fourteen received the full course of pIpC injections (Npm1cA IM mice).
One mouse (6.4g) received only two and two mice (7.7a and 7.7b) had no pIpC
injections to activate the conditional alleles. Both of the SB only mice received the full
course of pIpC.
The fourteen Npm1cA IM mice showed a marked variation in tumour latency. All but
one of these mice had a stable white cell count (WCC) until the final fortnight, when it
increased sharply (figure 4.10a).

The other blood count parameters were also

typically normal in the pre-leukaemic phase, with the exception of 7.5c. This mouse
showed progressive polycythaemia and thrombocytosis across serial samples (figure
4.11). The two Npm1WT IM mice showed a similar pattern to the Npm1cA IM mice;
reaching an inflection point where the WCC rapidly rose, but for the WT mice the
WCC was stable until death (figure 4.10b). The clinical details of the mice which
were serially bled are shown in appendix 4B.
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Figure 4.10: WCC in serial blood tests from the Npm1cA GRL IM cohort (A)
and the mice wildtype for at least one allele or with incomplete course of
pIpC (B). The normal range is indicated in blue. Timing of the pIpC injections is
indicated in red. Injections in an individual mouse were given over 2 weeks.
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Figure 4.11: Unusual characteristics of mouse 7.5c. Top: Blood parameters.
Bottom: Blood film and bone marrow pathology showing giant platelets and increased
megakaryocyte number, some with atypical morphology. Photographs provided by G
Hoffman.
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SB integrations presented in this chapter were detected using the non-quantitative

digestion, splinkerette and 454 sequencing approach.

With this method SB

integrations were detectable throughout the genome even in the first blood samples.
Local hopping was evident with a larger number of integrations within chromosome
16, particularly in the earlier blood samples (figure 4.12). In 172 pre-leukaemic blood
samples from IM mice that went on to developed leukaemia, on average 504 unique
integration sites were identified per sample. The mean total read number per sample
was 2992, although this varied widely (standard error (SE) 152) (figure 4.13). This
compares to a mean of 516 unique integrations and 3146 (SE 284) total reads in 50
insertional mutagenesis spleen samples taken at the time of death (p=0.86 and 0.63
respectively). The specific overlapping integrations for two mice are shown in figure
6.14.
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Figure 4.12: Transposon distribution over time. The number of transposon integrations in 1Mb bins are shown across the genome in
samples taken 2 (left) and 12 (right) weeks after completion of pIpC injections. The data are pooled from sibling mice 16.3e, 16.3g and
16.3h.

Unique Integrations

Total Reads

6.4a
0

0

0

0

7

3

5

0

0

8

5000

500

4000

400

3000

300

2000

200

1000

100

6000

500

4000

0
14 16 18 20 22 24 26 28 30 32 34

0

2000

14
18
22
26
30
34
38
42
46
50
54
58
62
66
70
74

0

1

3

1000

9

8

0

7.5b

6.4h
12

41

4000
3000

500

1

0

1

2

1

0

0

0

0

1

2 18 15

1000

40000

700
600

20000
10000

2000

400

1000

200

7500
5000

18

20

22

0

22.5

7.5c
1

1000

1

0

40
42

16

30
32
34
36
38

0
14

22
22.5*
24
26
28

0

2500

14
16
18
20

Number of unique integrations

8000

0

Total read count

1000

6.4g
0 0 0 1 0 1 0 0 1 0 0 5 3 39 34 29
0 0 1 0 0 0 0 0 0 0 0 3 18 40 30

7.5h
5

9

3000

4

1000

4

2600
2400

2000
500

2200
500
2000

1000

1800
0

0
14

16

18

20

22

0

24

1600
14

16

18

Weeks since pIpC
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Figure 4.14 (next page): Overlapping integrations in 16.3e (top) and 22.2b
(bottom). The arrows show the number of reads per blood sample and the number of
overlapping integrations between consecutive samples. The chromosome and gene
names are given. Int = intergenic. Each intergenic site listed in separate rows is
different.
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The vast majority of transposon integrations appeared only transiently. A minority of
transposon integrations persisted on sequential samples from the same mouse,
although the number of persisting integrations typically increased over time (figure
4.13). Pre-leukaemic blood samples were analysed for transposon integrations
identified in leukaemic spleen and other blood samples from the same mouse. All of
the transposon integrations shared between the tumour sample and the preleukemic blood tests are shown in figure 4.14 for two of the mice that were serially
bled. There were several examples where a mutation was evident in the blood and
persisted on all blood samples for two months prior to the diagnosis of leukaemia
(figures 4.14 and 4.15). The persisting integrations in the serially bled mice not
included in figure 4.15 are shown in appendix 4C.
Spleen cells from mice with leukaemia were serially transplanted into NSG mice by
tail vein injection. The details of all of the transplants and the cell doses used are
shown in appendix 4D. The transposon integrations in the recipient tumours were
compared with those from the primary tumour (figures 4.15 and 4.16 and appendices
4C and E). Some but not all of the integrations that were found in serial blood
samples persisted in the transplant tumours. The integrations that persisted on serial
blood and/or transplant samples were enriched for CIS genes, however not all CIS
integrations in the primary tumour persisted on transplant (figure 4.15 and 4.16, table
4.2 and appendices 4C and 4E).
Transplants were performed at varying cell doses from 1 million down to 100 cells.
The transplanted cells generally engrafted and generated leukaemia when a dose of
at least 104 unsorted spleen cells were used. Upon transplantation of 1000 cells,
only 12 of 21 transplants generated leukaemia and with 100 cells this dropped 5 of
19 transplants.
Figure 4.15 (next pages): Shared integrations on serial blood and transplant recipient
tumours for mice 6.4a, 16.3b and 16.3e (next pages). The precise position of each
integration is shown across the top. Integrations in a position are indicated by the coloured
squares (blue = serial blood or primary tumour spleen, yellow = recipient tumour). The
integration sites that fall within CIS are indicated in red. The age of the mouse is shown in
weeks for each of the blood samples. IDs of the recipient tumours are indicated.
Integrations are shown by the order in which they accumulated and only integrations that
persisted on multiple samples, including the tumour are shown.
                 


  

                 


  

                 


   

                 


  !

                 


  "

Figure 4.16: Shared integrations on serial transplants from 6.4a (top) and 7.5b (bottom). Integrations are represented if
they were found in ≥2 transplant samples. The format is otherwise similar to figure 4.15. Several integrations were shared in
multiple recipient tumours even though they were not detected in the primary tumour sample. Tables for several other mice are
shown in appendix 4E.



Table 4.2: CIS identified in spleen sample from serially bled mice. The mice with *
were not standard Npm1cA/IM mouse and were not included in the CIS analysis. 6.4g was
not found to have leukaemia on histopathology and received a reduced number of pIpC
injections. 7.7b had no pIpC and 19.2a was Npm1 wildtype. The spleen from mouse
20.2b was not analysed with this protocol and it is therefore excluded from the table.
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A kernel analysis was performed on the blood samples from the cohort of serially
bled Npm1cA IM mice at selected time points prior to the euthanasia of sick mice. The
full results are shown in appendix 4F, and the integrations that overlapped with the
CIS identified in tumours from the whole cohort are summarised in table 4.3. The
detection of CIS was limited due to the small number of samples, but it is notable
that the top three CIS were all identified in the analysis taken on blood samples 2433 days prior to death.
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Sample

Number of samples
included in analysis

Final tumour

15

24-33 days pre-tumour
51-61 days pre-tumour
79-88 days pre-tumour
91-113 days pre-tumour

15
14
11
11

CIS
Csf2, Nf1, Nup98, Mll1, Nrf1,
A330023F24Rik
Csf2, Nf1, Nup98, Pax5, Bmi1/Commd3
Bach2

Table 4.3: CIS from the tumour analysis that were detected in the pre-leukaemic blood
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It is likely that the transposon integrations driving leukaemogenesis are among the
small group that persist on serial blood samples and transplants. However, it is also
probable that the persisting integrations include passengers.

Such passenger

integrations may have persisted because either (i) they preceded drivers and did not
have time to remobilise or (ii) the transposon lost the ability to re-mobilise. Possible
explanations for this include mutation of the repeat sequences or if a transposon
jumps inside another and then remobilises using a non-contiguous SB repeat, a
phenomenon I have termed ‘neopartnerships’ (see Materials and Methods figures 2.3
and 2.4). It is possible this happens inside the donor locus, in which case these
events cannot be mapped, however if it happened elsewhere in the genome the
unpaired SB repeat would be ‘stuck’ and the integration site would be mapped on
sequential samples.
To look for evidence of transposons jumping within adjacent transposons I initially
performed PCRs from the repeat sequences of the transposon. The length of the
GrOnc transposon between SB repeats is ~2700bp and so amplification from

adjacent transposons would be expected to give a large product. In fact, amplifying
from a forward and reverse primer both positioned within the SB 5’ repeat gave
several bands of varying size from 200bp to just over 1000bp. Similarly PCR from a
forward primer in the SB 5’ repeat to reverse primers in the PB 5’ repeat or between
the SB 3’ an PB 5’ repeats also gave multiple bands of under 1000bp, suggesting reinsertion within other transposons does occur (figure 4.17).
To further investigate if more than one transposon was mobilising as a single unit
from the donor locus I designed a splinkerette to sequence from the blunt end of the
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PB5’ repeat.

I identified an average of 23.4 PB integration sites across the

chromosome in the 17 IM samples which suggests that mobilisation of more than
one transposon together from the donor site is not an exceptional event. There was
a detectable false positive rate with an average of 3.75 PB integrations detected in
three Cre negative and one transposase negative control, however 12 of these 15
integrations were detected in a single sample and generally the number and read
coverage of PB integrations detected in the IM samples is higher. Overall I identified
four examples where PB5’ blunt end integrations were found at the same site as a SB
integration which was present in the serial blood, tumour or transplant samples
(appendix 4G). One example was in mouse 6.4g at position 14:120987953, and this
integration had very high read coverage (appendix 4G).

However, in these four

cases the integration site was typically detected from both ends of the SB
transposon, rather than a single end which would be expected with the
‘neopartnership’ scenario I described. In the one example (7.5h) where the integration
site was only detected from one end of the SB transposon, this was the 5’ and not
the 3’ SB repeat.

Figure 4.17: PCR to detect hopping into other transposons. The position of the
primers is shown. 16.3i is a no Cre control and PBGL contains the low copy GrOnc but is
mobilised with PB.
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Together, this data suggests that transposons do integrate within other transposons
and that multiple SB transposons can mobilise together from the donor site and reintegrate elsewhere in the genome. However, the ‘neopartnership’ scenario is not a
major cause for persisting integrations on serial sampling.
>3<3B) !%&)#+)%+!-)!-)*!%+)%*'&*&% $!
It was noted, both in the GRH and GRL IM cohorts, that occasional tumours did not
contain transposon integrations in any of the CIS genes. It remains possible that the
non-CIS insertions in these leukaemias were drivers, but it was also considered that
other mechanisms could be driving these tumours.

The potential alternative

mechanisms include (i) the SB transposon leaving a footprint after it re-mobilised that
disrupted a gene but was no longer identifiable on routine analysis, (ii) acquisition of
sporadic (non-transposon) coding mutations and (iii) acquisition of chromosomal
aberrations or copy number changes. We therefore performed exome sequencing
and CGH on selected tumours to look for evidence of such changes.
We performed exome sequencing on ten primary tumour spleen samples from the
mice that were serially bled as well as four transplant recipient tumours and four nonIM mice from the cohort that did not develop AML. The canonical SB footprint is
CTGTA, but other footprints are possible, particularly 5bp insertions and small
deletions. The analysis was performed by Ignacio Varela.

Although over 1000

insertions and deletions were mapped in coding regions in these samples, not a
single canonical SB footprint was identified. The majority of the identified
abnormalities

were

shared

by

multiple

samples,

suggesting

these

were

polymorphisms rather than true insertions and deletions. Amongst the small number
of frameshift mutations that were unique to specific samples, we did not identify any
in recognisable tumour genes. Therefore, although gene knockout due to a
transposon footprint in a coding gene is possible, I did not find evidence of this in this
cohort and we also did not identify any recognisable sporadic mutations in known
AML drivers.
To investigate whether copy number aberrations were occurring in these mice we
performed comparative genomic hybridisation (CGH) on four primary tumour
samples (6.4a, 6.4h, 7.5b and 19.2b) and one recipient tumour sample from mouse
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21.3j. Samples 7.5b and 6.4a had evidence of monosomy 7 on CGH, but overall
there was no evidence of significant copy number changes.

>3=!*,**!&%
These results confirm and extend many of the important findings from the published
GRH insertional mutagenesis model of Npm1cA mutant AML. Using a new donor locus
and a reduced number of transposons I was able to validate many of the major CIS
genes identified in the published work. On serial blood sampling I demonstrated that
the blood leucocytosis occurred suddenly, without antecedent abnormalities in the
full blood count (FBC) in the majority of mice. Furthermore, I was able to study the
order of acquisition of mutations and by comparison of integrations in serial blood,
primary and recipient leukaemia samples I identified a narrow pool of integrations
amongst which the driver mutations for that primary tumour appear to reside.
The serial assessment of blood and tumour samples clearly shows that transposon
mobilisation is continuous both before and after leukaemia develops. Although only a
small number of integrations persist in all of the serial transplants, there are other
groups of mutations which track down particular lines of recipient mice but are not
evident in the primary tumour. Either these integrations were newly acquired in the
recipient mouse or they were only present in rare cells in the primary tumour and fell
below the limit of detection. The majority of the detected integrations were not
shared between mice, even recipients transplanted with the same primary tumour,
which suggests that many transposons are in ‘passenger’ positions within sub-clones
and that transposons are continuing to re-mobilise. However, it is also true that when
the same sample was run twice, although there was considerable overlap, the
detected integrations were not identical. The differences in integrations from identical
samples run in duplicate may result from the limited amount of input DNA used or
because the sequencing depth was insufficient to detect all of the integrations
present in small sub-clones.

I limited the amount of DNA used in serial blood

splinkerette analysis to attempt to standardise this between blood samples, realising
that the DNA yield from some samples would be small. The quantity of DNA used
(100ng) may have been insufficient to capture the full heterogeneity of integrations.
However, generally the integrations that persisted on transplant were found in both
runs.
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Typically the pre-leukaemic blood and tumour samples contained hundreds of
unique transposon integrations, despite the fact that each individual cell started with
only 15 copies of the GrOnc transposon. The number of transposon integrations per
cell is likely to fall over time as re-integration of SB is not 100% efficient (Liang et al.,
2009; Luo et al., 1998).

Therefore, rather than a homogenous population, the

leukaemia likely contains a large number of sub-clones with varying malignant
potential, which are competing for resources and ‘real estate’, akin to Darwinian
evolution. On serial transplantation of 1 million mixed tumour cells a small set of
recurrent integrations were consistently detected suggesting these include the driver
mutations for both the original and the re-emergent clone/s.
In this analysis the number of reads assigned to any transposon integration cannot
be used to estimate the fraction of cells with a particular integration as the method
was not linear and relied on DNA digestion and 62 rounds of PCR amplification prior
to sequencing. The ability to amplify transposon integration sites varies depending
on the location of the nearest restriction site.

Although the MboI enzyme is a

frequent cutter, the distance between the end of the transposon and the nearest
restriction site will vary widely. Also, factors such as GC content will bias the PCR
reaction to amplify some integration sites more efficiently than others.

This is

evident from the variable read coverage detected for specific integrations on analysis
from the 3’ and 5’ ends of the transposon. In fact, it was not uncommon for a
particular integration site to be mapped only from one end of the transposon.
It is also evident from the serial blood sample data in figure 4.13, that increased read
depth does not necessarily correlate with a significantly higher number of unique
transposon integrations, although as expected, few unique integrations are mapped
when the read depth is poor.

Again this variation likely reflects the preferential

amplification of particular transposon integrations.

When the splinkerette PCR

amplifies a small number of integrations very well, a large proportion of the 454
sequencing reads are taken up by these sites. In spite of the good overall read
number, coverage of other integration sites is limited. In some samples there was
also an artefact due to reads which were amplifications from the transposon primer
directly into the Splinkerette linker, without intervening DNA or the transposon end
sequence. This is presumed to occur due to non-specific annealing of the primer
and in a few samples this accounted for 25-30% of total reads, whereas in most it
                 


  

was <1%. Varying the amount of linker used in the ligation reaction did not have a
consistent effect on the proportion of reads with this artefact. Although these reads
were filtered out in the analysis because they did not start with ‘TG’ corresponding
with the end of the transposon sequence, they did reduce the read coverage for true
transposon integrations in some samples.
When a transposon integrates into a genomic location it can freely re-mobilise. The
persistence of certain integrations on serial sampling reflects the Darwinian evolution
of transposon driven tumours. Although it occurs, re-mobilisation of the transposon
from a ‘driver’ position is selected against as cells in which this happens will lose any
advantage. The persistence of integrations will also depend on the relative rate of
cell division and re-mobilisation of the transposon (figure 4.18). For this reason it is
likely that not all of the persisting integrations are drivers.

Akin to passenger

mutations, ‘passenger integrations’ persist because they happened to be present in
the clone when it acquired a driver integration that led to clonal expansion. Although
re-mobilisation of such passengers is not selected against, the integration is likely to
be detected on serial sampling because it will not remobilise from all clonal cells
before their next cell division. As a clone accumulates ‘driver’ integrations the rate of
cell division is likely to increase, which would make it less likely for ‘passenger’
transposon integrations to be lost from every cell within the clone.
Transposon integrations would also persist if one of the SB repeats was mutated or
‘lost’. Although there is an exponential drop in efficiency of transposition with larger
elements, transposition is still reasonably efficient with a transposon length of 5kb
(Izsvák et al., 2000), so mobilisation of multiple SB elements together is plausible. The

‘reverse’ Splinkerette experiment provides supportive evidence that this occurs,
although the ‘neopartnership’ scenario was not a significant cause of the serially
persisting integrations. We also questioned whether leukaemogenesis was driven
through mechanisms independent of the mapped transposons, but the canonical SB
footprint was not identified on exome sequencing, nor did we find evidence of major
chromosomal aberrations on CGH analysis.

                 


  

Figure 6.18: Effect of rate of transposon excision relative to cell division on
the persistence of passenger integrations in the final tumour sample. In B
and C an equilibrium is likely to be reached where the passenger integrations is
maintained and continuously detectable in tumour DNA samples.

In several cases some of the transposon integrations found in the final tumour were
present in the sequential blood samples for over two months prior to the
development of overt leukaemia. This implies the continuous contribution by HSCs
with these mutations to haematopoiesis during this interval. The disappearance and
re-emergence of other integrations may reflect the proliferative cycles of HSCs with
these mutations, or more commonly, the small percentage of cells carrying them and
their variable detection by the assay. In some instances this is because of the
variable DNA yield from the serial blood samples. For example, in sample 16.3g the
paucity of integrations in the 32 week blood sample (20 weeks post pIpC) is likely to
be due to a low DNA yield. Although this sample was processed twice for
splinkerette and sequencing, a low number of reads were mapped on both
occasions. However, there are also gaps in the presence of mutations in some
samples in which a large number of integrations were mapped. This may occur
because these integrations are carried in only a small proportion of cells and they fall
below the limit of detection or because of a paucity of Mbo1 restriction sites near to
the particular integration which biases the PCR amplification against detection of
                 


   

these integrations. For example, in case 19.2D the integration in Mll3 (5:25000472)
is only 19 nucleotides from the nearest restriction site at one end and there is no
restriction site within a thousand bases on the other side of the transposon. If the
DNA is completely digested, the transposon DNA fragments containing this
integration will be either too short to map or too long to PCR efficiently in the
Splinkerette protocol. Samples will vary in the number of easily amplified integration
sites, which could differentially affect the rate of PCR amplification of integrations
sites that are more difficult to amplify, such as those several hundred bases from the
nearest Mbo1 restriction site. In mouse 6.4g, there are a group of integrations
‘missing’ from the week 75, 77, 79, 81 and 83 blood samples even though all of
these had comparatively good read depth and many other integrations did persist.
The finding that these integrations are present in the final tumour, including two
which persist on the serial transplants (Dtx2 and Cdyl2), indicates these integrations
were not lost, as it would be unlikely that a new integration event occurred at exactly
the same site and even more improbable that this happened at multiple positions. It
is possible that these integrations occurred in a small clone that fell below the limit of
detection, but re-emerged upon acquisition of a driver later on.
Despite such limitations there is important information to be gained by studying the
order of acquisition of mutations in these serially bled samples. The serial CIS
analysis revealed for the first time, that the Csf2, Nup98 and Nf1 CIS were all
identifiable two weeks before death. Csf2 integrations appeared as either early
events several weeks before any demonstrable changes in blood counts (19.2b,
19.2d, 21.3j, 20.2b) or as late events just as the WCC became abnormal (16.3b,
16.3e, 16.3f, 7.5b, 22.2b). This is also the case for Nup98 in which integrations were
often first detected several weeks before death (19.2b, 19.2d, 6.4g, 7.5b) but were
also seen as a late event (7.5c). Similarly Nf1 integrations occurred as both early and
late events and often multiple integrations were detected in the same tumour (e.g.
7.5b, 19.2b, 19.2d). In contrast, where Mll1 integrations were detected in the serial
blood samples they were always late (16.3b, 16.3f, 21.3j). Integrations in Flt3 were
universally in intron 9 in the forward orientation as in the published study suggesting
these are activating integrations.

Typically these were late events (7.5c, 19.2d,

19.2a) except in 16.3f where a single read was detected in the week 37 blood
sample. This integration was not detected again until a blood sample a day before
                 


  !

death. It is difficult to be certain of the veracity of this early integration, particularly as
it was a single read detected from one end of the transposon, however if real this
would imply the combination of Npm1cA and up-regulation of Flt3 alone is insufficient
for leukaemogenesis. However, the combination of Npm1cA and Flt3-ITD mutations in
mice was previously found to cause highly penetrant AML with an explosive onset
and short latency (Mupo et al., 2013).
The transposon system provides a platform of rapid mutation acquisition, which in
the setting of a predisposing Npm1cA background makes the development of
leukaemia inevitable. The longer latency in the GRL compared to the GRH cohort
reflects the lower mutation rate per cell.

However, given the accelerated

mutagenesis in both models, it is likely that there are multiple related and possibly
unrelated tumour cell populations at different stages of evolution towards leukaemia.
Some CIS integrations do not persist on serial transplant, for example the Csf2 and
Bach2 integrations in 19.2b. The loss of the Csf2 integration on transplant seems

surprising as this is one of the most frequently hit genes in both the GRH and GRL
screens. Similarly the Flt3 integration described above in 16.3f was not detected in
the majority of recipient tumours. However, rather than indicating these are not driver
integrations in the particular primary tumour, the loss of apparent drivers in recipient
mouse tumours is more likely to represent the presence of more than one clone
capable of generating leukaemia in the mixed tumour cell population. Even when
high cell doses were used, not all clones were necessarily re-established in the
transplant model. In sample 21.3j two integrations were identified immediately 5’ to
Csf2 and both were in the forward orientation. Although both integrations are found

in several blood as well as the final tumour samples, only one persists in all of the
transplants. The other Csf2 integration, along with another CIS hit in Mll1, is only
found in one of the one million cell transplants (21.3j1.1). It is highly likely that the
two Csf2 integrations occurred in independent clones, one of which co-occurs in the
same clone as the Mll1 integration, while the other was in a clone that dominated the
recipient tumours.

However, single cell experiments are required to definitively

prove this hypothesis.
Precisely how polyclonal these tumours are and how the transposon copy number
effects this clonality is yet to be determined. It is likely the number of potentially
leukaemogenic clones varies between mice and this may, in part, explain the large
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variation in the number of CIS integrations identified in each mouse in this and the
GRH model. It is also likely that the different integrations are associated with varying
levels of fitness advantage. Some mice may develop leukaemia with only one or two
‘strong’ integrations whereas others may have multiple ‘driver’ integrations in a single
clone as each one provides only a ‘weak’ advantage. Whether the differences in the
CIS identified between the two cohorts reflects a biological difference due to the
mutation rate is uncertain.
Upon transplantation of primary tumours into NSG mice some of the integrations
which persisted for an extensive period in the pre-leukaemic serial blood samples
were not evident in the recipient tumours.

There are at least two plausible

explanations for this. The first is that the tumours are oligoclonal and not all clones
engraft as discussed above. Secondly, the transplant experiments provide an
additional opportunity for dispersion/loss of passenger integrations, particularly when
a low number of primary tumour cells are injected. If the number of leukaemia
initiating cells (LIC) injected into the recipient mouse is small, then a large number of
tumour cell divisions are required before the leukaemia becomes clinically apparent
as is evidenced by the longer latency to tumour development.

It is likely that any

single passenger integration has dispersed from a significant proportion of LIC even
in the primary tumour. Such passengers may be lost on transplant either because
they were not represented in the LICs that successfully engraft, or because the
growth kinetics of the tumour in the recipient mouse are such that the passenger is
able to fully dispersed from the tumour clone. I observed that for the integrations that
did not persist on transplant, the read number was typically falling in the later serial
blood samples (data not shown). This may suggest they only persisted in a
diminishing fraction of tumour cells or were not in the dominant expanding clone.
However, as previously discussed the analysis method used here is not quantitative
and this observation could also be explained by new integrations that PCR amplify
easily, resulting in a relatively reduced read number without any change in the
number of cells with these integrations.
It is striking that the top three CIS; Csf2, Nf1 and Nup98, are identical between the
GRL and GRH screens, although of these only Nf1 is recurrently mutated in human
myeloid leukaemia(Boudry-Labis et al., 2013; Haferlach et al., 2012; Parkin et al., 2010).
Transposons do not recapitulate the type of mutations seen in human disease. This
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is often seen as a limitation of transposon mutagenesis screens, however it is also
an advantage as genes and pathways that are less susceptible to natural mutational
processes may be identified. The recurrent integrations upstream of Csf2, the gene
which encodes GM-CSF, are likely to be one such example. In the GRL model
presented here, Csf2 integrations were almost universally in the forward orientation
suggesting these are activating mutations. Furthermore, on serial transplantation
they typically persisted as opposed to the vast majority of integrations, suggesting
they have a driver role in these tumours. Similarly, in the published GRH model the
Csf2 integrations were universally in the forward orientation and resulted in marked

overexpression of Csf2 mRNA and increased GM-CSF levels in leukaemia cell
supernatants(Vassiliou et al., 2011).
GM-CSF is a cytokine that regulates the proliferation, differentiation, survival and
functional activation of myeloid cells by binding its receptor and activating
downstream signalling pathways including JAK-STAT, PI3K and RAS/MAPK(Javadi
et al., 2013). CSF2 has not been identified as a recurrent mutation target in human

AML and in animal models sustained elevations in GM-CSF lead to granulocyte and
macrophage hyperplasia, but not leukaemia(Johnson et al., 1989; Lang et al., 1987).
However, GM-CSF stimulation is required for the in vitro proliferation of the majority
of leukaemic cells from human chronic and acute myeloid leukaemia and mouse
leukaemia (Metcalf, 2013; Metcalf et al., 2013). Furthermore, in some cases of AML
that proliferate autonomously in vitro, GM-CSF is produced endogenously by
leukaemia blasts (Bradbury et al., 1992; Young and Griffin, 1986) and in others, insertion
or activation of GM-CSF or IL-3 in cell lines transforms these into leukaemic
populations(Metcalf, 2013). Myelomonocytic leukaemia cells from mice generate both
GM-CSF dependent and independent progeny and move between autonomous and
factor dependent states (Metcalf et al., 2013). Recently secretion of growth-arrest
specific gene 6 (Gas6), the ligand for Axl, a TAM family receptor tyrosine kinase,
was found to be secreted by bone marrow stromal cells in response to AML
mediated M-CSF(Ben-Batalla et al., 2013). Gas6 promotes tumour cell proliferation
and survival in vitro and together with Axl upregulation it induces chemoresistance of
AML cells. This positive feedback loop is being investigated as a therapeutic target
in AML and it is possible that GM-CSF mediates a non-cell autonomous effect
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through tumour-stromal cell feedback loops akin to those described for M-CSF (BenBatalla et al., 2013).

Together the studies detailed above suggest that although CSF2 is not recurrently
mutated in human AML it has a role in leukaemogenesis and may provide a
therapeutic target. The absence of mutations in human disease may be because
CSF2 is relatively ‘protected’ from mutation or because naturally occurring mutations

result in decreased cell viability which for example, may occur due to the disruption
of important nearby genes such as IL-3 in addition to CSF2. As Csf2 is a ligand,
rather than coding mutations, other forms of transformation such as translocation
would be needed to cause its overexpression. The activation of Csf2 in the mouse
model probably mimics the biological effect of human mutations in related pathways.
For example CBL mutations, were recently found to enhance GM-CSF signalling
(Javadi et al., 2013).

Heterozygous germline mutations in the neurofibromatosis-1 (NF1) gene are found in
the autosomal disorder neurofibromatosis type 1 and children with this condition
have an increased risk of juvenile myelomonocytic leukaemia (JMML) which may
progress to AML. In these cases mutation or loss of the remaining wild-type NF1
allele is characteristic, consistent with a tumour suppressor function of NF1. In
human AML mono-allelic deletion of NF1 is reported in around 5% of cases, but
mutation in the remaining allele is not identified in a large proportion of cases and the
impact of mono-allelic loss is not fully elucidated (Haferlach et al., 2012; Parkin et al.,
2010). NF-1 is a negative regulator of RAS signalling but mono-allelic NF-1 loss has

been found to co-occur with activating RAS mutations and it is thought these
mutations can co-operate to up-regulate RAS signalling(Haferlach et al., 2010). In
mice, the simultaneous expression of K-RasG12D

and inactivation of Nf1 in

haematopoietic cells results in AML (Cutts et al., 2009), whereas either mutation alone
results in a myeloproliferative disease(Braun et al., 2004; Le et al., 2004). Furthermore,
bone marrow and spleen cells from mice with somatic inactivation of Nf1also show
hypersensitivity to GM-CSF on in vitro culture(Le et al., 2004) and the absence of GMCSF attenuates the MPD that arises in recipient mice on adoptive transfer of Nf1-/fetal liver cells(Birnbaum et al., 2000). Hypersensitivity to GM-CSF is a feature of
JMML.
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In this mouse model the integrations within Nf1 are in both orientations, suggesting
these are inactivating mutations and there are frequently multiple Nf1 hits in a single
tumour. In the absence of single cell analysis it is difficult to be certain if these
integrations are occurring in both Nf1 alleles. The likelihood is that the majority
represent local hopping events, which have a similar effect to the initial mutation.
Although coding mutations in the Nucleoporin 98 gene ( NUP98) are not described in
AML, NUP98 is involved in structural chromosomal re-arrangements in a wide variety
of haematopoietic malignancies including AML, MDS and T-ALL.

These

translocations are more common in myeloid malignancies, in which they are
associated with poor prognosis.

The fusion protein usually retains the amino

terminus of NUP98 (Gough et al., 2011). Several fusion partner genes have been
described and around half encode homeodomain proteins. The NUP98 protein is a
structural component of the multi-protein nuclear pore complex that traverses the
nuclear membrane, but it is also found diffusely throughout the nucleus (although not
in the nucleolus). NUP98 binds CREB-binding protein (CBP) and it is thought the
amino terminal portion of NUP98 has a role in active transcription as has been
demonstrated in Drosophila cells(Gough et al., 2011).

Leukaemogenesis is

dependent on the GLFG repeats that recruit the transcriptional coactivator complex
CBP/p300(Gough et al., 2011). The NUP98 fusion proteins are predominantly located
in the nucleus as opposed to the wild-type protein which is mainly in the nuclear pore
and these are thought to act primarily as aberrant transcriptional regulators (Gough et
al., 2011).

In our mouse models the integrations in Nup98 are bi-directional, suggesting these
are inactivating integrations and they are spread through multiple introns of this
gene. It is possible these integrations are affecting the role of Nup98 in transcription
regulation, but this may not be the mechanism of action. As part of the nuclear pore
complex

NUP98 has a role in the passage of small ions and polypeptides by

diffusion and the active transport of larger macroproteins across the nuclear
membrane mediated by karyopherins(Gough et al., 2011). As such it is a chaperone in
the transport of messenger ribonucleoprotein particles to the cytoplasm. The Npm1cA
mutation results in cytoplasmic dislocation of the Npm1 protein although how this
leads to leukaemia is not understood. It seems plausible that the high prevalence of
inactivating transposon integrations in Nup98 in this model, could relate to its nuclear
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transport function and that this may have an additive effect with Npm1 on the mislocalisation of additional proteins or nucleic acids.
The CIS analysis is a statistical approach and as such it will not identify all driver
mutations in these mice.

‘Driver integrations’ that occur infrequently across the

cohort will not be detected by this method even if they have a powerful effect in an
individual tumour. One likely example is the chromosome7:35894357 integration in
22.2b. This was one of the early integrations detected in the blood samples and
persisted in all seven recipient tumours from this mouse. This integration is just 5’
and in the reverse orientation to Cebpa (35904 312 – 35906945). CEBPA mutations
are found in around 10% of human AML(Kihara et al., 2014; TCGA_Research_Network,
2013) and knock-in mice carrying bi-allelic CEBPA mutations or lacking the 42kDa

CEBPA isoform develop leukaemia (Bereshchenko et al., 2009; Kihara et al., 2014).
Although Cebpa is not identified as a CIS gene in either the GRL or GRH studies it is
probable that it has a driver role in this tumour.
The reverse situation, that not all of the identified CIS represent true drivers, may
also be true. Large genes or those that are actively transcribed(Liang et al., 2009) are
likely to have more frequent hits irrespective of their role in leukaemogenesis.
Although such hits may be found in only a small number of tumour cells, in the
absence of quantitative data all integrations are treated equally in the CIS analysis.
Read depth was only taken into account in the local hopping filtering. Some of the
CIS identified do not contain any mapped genes or microRNA. It would be helpful to
identify that these integrations are occurring in a major tumour clone before deciding
to investigate them further. If the analysis approach was quantitative, integrations
that were only found in a small number of cells could reasonably be excluded from
the CIS analysis. This should improve the confidence that the identified genes are
true driver integrations.
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5. Development and Validation of a
Protocol for Quantitative Analysis of
Transposon Integrations
?3; %+)&,+!&%
In IM-driven cancers integrations that function as true drivers are expected to occur
in a significant proportion of tumour cells. In my work, a small proportion of
transposon integrations persist on serial transplantation of transposon-driven AMLs,
suggesting that these contain the major drivers for leukaemogenesis. By contrast a
much larger number of integrations are “lost” in leukaemias developing in AMLtransplant recipients. Also, recipients of the same primary tumour can show different
patterns of transposon integrations and occasionally even ‘driver’ integrations are
“lost” in recipient tumours. These observations provide evidence that these IM-driven
tumours may contain more than one clone capable of leukaemogenesis.
A major limitation of the conventional transposon-sequencing approach used in the
previous chapter is that the read depth does not correlate with the number of cells in
the tumour which carry a particular integration. It was previously reported that on
restriction-based splinkerette analysis of tumour samples, an average of between
100 and 150 SB insertions were detected in each tumour, of which 50-80% are
represented by a single sequence read (Dupuy et al 2009). Furthermore, the ability
to amplify transposon integrations is dependent on there being a nearby restriction
site and it is possible that important integrations are underrepresented or even
missed simply because there is no restriction site in close proximity. A DNA shearing
approach should overcome this problem and reduce the PCR amplification bias. A
method for transposon direct insert sequencing (TraDIS) had previously been
developed for bacterial genomes by the Sequencing Research and Development
Team at the Wellcome Trust Sanger Institute (Langridge et al., 2009). I worked closely
with them to adapt this method for insertional mutagenesis of mammalian cells. The
team used AML samples from my Npm1cA insertional mutagenesis study to adapt the
protocol for mapping Sleeping Beauty integrations in mouse tumours. I was involved
in troubleshooting of experiments and analysis of results.
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The TraDIS protocol gives high sequencing coverage when 96 samples are pooled
and sequenced on a single MiSeq run for each end of the transposon. After filtering
as described in Methods, including removal of PCR duplicates, there was an
average of approximately 27000 reads per barcoded sample obtained from the first
96-well plate analysed. As with the 454 sequencing protocol, integrations were
mapped from both ends of the SB transposon in two independent experiments. The
reproducibility of the data from these two experiments was used to decipher how
quantitative the TraDIS protocol is. The identity of the ‘top’ hits ranked by read
number correlated well between the two experiments, as did the 5’ and 3’ read
proportions for the majority of these hits (figure 5.1). Only 414 of the 475 integrations
were used for this analysis as the others were only captured from one end of the
transposon.
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 Figure 5.1: Correlation of 5’ and 3’ reads. The 5’ to 3’ ratio for the 25 integrations with
highest coverage in each sample after removal of duplicates are shown for the leukaemias

from 19 IM mice in the serial bleed study (chapter 4). The log 2 of the ratio of the 5’ to 3’
reads
is shown. Each blue dot represents the read ratio for the correspondingly ranked hit

from one leukaemia.

                 


   


Typically at least 1000 reads were obtained for the integration with the highest coverage.
The number of reads per integration fell away sharply after the first few integrations in most
cases. Often this occurred in a ‘step-wise’ manner, where several integrations had similar
coverage and then there was a fall from a top tier to the next tier of integrations (figure 5.2).
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Figure 5.2: Number of reads per integration. Data is shown for the top 25 integrations by
read number in the leukaemias from 19 serially bled mice (Chapter 4) after removal of PCR
 duplicates in the analysis.
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The set of 46 Npm1cA GRL IM tumours presented in the previous chapter were
analysed using the TraDIS approach and CIMPL analysis was performed using the
in-built local hopping filter. After duplicate removal, all integrations with two or more
reads were included in the initial ‘all reads’ analysis. This analysis required a
massive amount of computing power and the CIMPL analysis repeatedly failed for
small kernel widths, probably as a consequence of the quantity of data. As a result,
                 


  



data sets for kernel windows of 40000bp or less in size were incomplete. Even so,
over 100 CIS were identified for this cohort (appendix 5A). It is probable that not all
of these CIS represent true driver integrations as a large number of integrations
occurred at low read number in each of these tumours.
The CIS analysis on the TraDIS/Illumina data was therefore repeated using various
thresholds of the number of integrations to be included from each sample. The
integrations were ranked by read number and the top 10, top 25 and top 100
integrations were used for analyses. The number of CIS identified increased as the
number of included integrations increased, but generally the most frequently hit sites
were detected by all three analyses (table 5.1, 5.2, 5.3, 5.4 and figure 5.3). All of the
CIS identified in multiple kernel scales using the top 10 hits were also detected using
25 or 100 integrations, and some of the integrations excluded from the final ‘top 10’
CIS list because they were only observed at one kernel scale were also identified
with lower thresholds. Of note, the integrations upstream of Csf2 (Gm12223) and
within Nf1 are the most frequent, regardless of the threshold. The CIS which were
excluded from the final list in the analysis using the top 10 integrations are shown in
table 5.1.

The excluded CIS and the reasons for their exclusion are shown in

appendix 5b for the 25 and 100 integration analyses.
The TraDIS/Illumina analysis identified several additional CIS that were not detected
on analysis of the Splinkerette/454 data (figure 5.4). These included some genes,
such as Ets1, Pik3r5 and Rasgrp1 that were identified on all Illumina analyses
thresholds. Overall, Ets1 integrations were detected in 11 spleen samples using the
TraDIS protocol. All were in intron 1 and nine were in the forward and three in the
reverse orientation (one sample had integrations mapping in both orientations). In
three tumours Ets1 was in the top 10 hits and it accounted for between 1 and 15% of
reads in these mice. Review of the 454 data revealed that an Ets1 integration was
detected in only one of these three cases. In the other two, Mbo1 restriction sites
were present within 201 bases of one end of the transposon and it is therefore
surprising that these integrations were not detected on 454 sequencing.

Pik3r5

integrations were detected by 454 sequencing in 7.2i, 16.3f and 19.1i however in
19.1i these sequences failed quality filtering. Both of the tumours with top 10 hits in
Rasgrp1 by TraDIS analysis were also found to have this integration on 454 analysis,

but this did not reach significance as a CIS.
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Table 5.1: CIS identified using only the top 10 integrations from each tumour. The CIS are listed in descending order according to the
number of tumours with hits within the CIS boundaries. The kernel scales for which each CIS was significant are shown. The maximum
and minimum peak location show the extremes in position of the kernel peak across the various scales. The variation in peak height across
the scales and the maximum boundaries of the CIS across all scales are also represented. The genes included in the largest single CIS
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Table 5.2: CIS integrations identified with the top 25 integrations per sample. CIS that were excluded and the reason for their
exclusion are shown in appendix 5b. Otherwise the features of the table are similar to table 5.1
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Table 5.4 (next page): Common integrations sites identified using the various thresholds for analysis. (Next two pages)
The central gene in the CIS, maximum CIS boundaries and analysis in which the CIS were identified are shown. The tumours
which had integrations within the designated CIS boundary and the number of tumours with hits within the CIS are indicated,
however integrations from outside these limits also contribute to the CIS. After the analysis was completed it was noted that
samples 9.1B and 9.1D gave very similar data. CIS that were based on these integrations were excluded when these were the
only hits. Those with additional hits contributing to the CIS are included, but the validity of some of these CIS needs to be
confirmed. Sites identified as ‘false’ CIS by ourselves and others are shown in italics at the bottom. CIS that were identified on one
kernel scale only were excluded.

Table 5.3: CIS integrations identified with the top 100 integrations per sample. CIS that were excluded and the reason for
their exclusion are shown in appendix 5b. Otherwise the features of the table are similar to table 5.1.
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 Figure 5.3: Overlapping CIS at different thresholds of the number of integrations
included in the analysis.




Figure 5.4: Overlapping CIS integrations between the 454 and Illumina sequencing

data. The integrations which were identified as CIS in the published GRH (high copy) IM
cohort are indicated in red.

Some of the CIS detected on TraDIS sequencing analysis were initially detected on
the 454 analysis but were removed on manual filtering. This was for various reasons
including multiple hits in the same tumour (Ghr) and most hits mapping to the same
site and occurring in the same sequencing run (Tmem135 and Ptprk). The Illumina
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data allows further analysis of these sites. For example, although multiple
integrations in Ghr were mapped in sample 9.1e, there were several other samples in
which reads could be mapped to Ghr in low number (table 5.5). However, there was
only one tumour (6.5k) in which over 5% of reads mapped to Ghr. Two tumours had
Tmem135 integrations at different sites in their top 10 hits, which suggests that this

integration may have a driver role, although not all of the top hits are necessarily
drivers (some are likely to be passengers acquired in a cell prior to acquisition of the
first or subsequent driver).
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Table 5.5. Integrations in the Ghr
locus. All of the primary tumour
samples in which 2 or more reads
(after PCR duplicate removal) were
mapped to this locus are shown. The
samples in which this was a top 100
hit are shaded. Also note the
correlation between 5’ and 3’ reads is
poor at low read number.
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The observation of local hopping within a CIS was not unique to the Ghr locus. In
fact, it was typical to see some evidence of local hopping around major integrations.
As an example, the hits immediately upstream of Csf2 in spleen samples for twelve
of the mice which were serially bled are shown in table 5.6.




Table 5.6: Integrations upstream of Csf2 in 12 of the serially bled mice.
 Multiple integrations at this locus were detected in some, but not all of these
tumours. Read counts and proportions are shown for duplicate filtered data.
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The number of unique positions at which shearing of genomic DNA could result in
successful capture of an integration by subsequent PCR is limited to a few hundred
bases either side of the transposon. If the major integrations are common to the
majority of cells in a tumour sample, then the number of unique reads could be
limited by the number of possible shear sites. In other words, shearing will lead to
cutting of the genome at exactly the same position in independent DNA fragments
and this can appear as a PCR duplicate.

In this instance, the true clonal

representation of the major integrations may be underestimated by analysis of
duplicate-filtered data. To investigate this, some of the Illumina sequencing was also
analysed without removal of duplicate reads.
In the plate of samples presented above in 5.2.1 there was a mean of 138781 reads
per barcode, with 70244 reads from the 3’ and 68537 reads from the 5’ end before
removal of the PCR duplicates. Therefore, the removal of PCR duplicates resulted in
a five-fold reduction in read number at both ends of the transposon. Typically over
5000 reads were obtained for the integration with the highest coverage in the nonduplicate filtered data (figure 5.5). There were only minor changes in the rank order
of the top integrations (table 5.7). In most (e.g. 16.3f, 19.2b), but not all samples
(e.g.16.3e), the proportion of reads taken by the top few integrations was higher
when duplicate reads were included in the analysis (table 5.7).
In the unfiltered data there was still good correlation between the ratio of reads from
the 5’ and 3’ ends of the transposon for the top integrations where both ends were
mapped, particularly for the top ten hits (figure 5.6). There was an issue with the
read correlation in both duplicate and non-duplicate filtered data sets in that around 1
in every 10 of the top integrations were only mapped to one end of the transposon.
As these integrations did not return a read ratio they were not evident in figures 5.1
and 5.6. Although in some instances there was only data from one end of the
transposon, in others the hit was mapped at both ends, but failed final pooling into
pairs on the analysis. This seems to have occurred because amongst the thousands
of aligned reads for that site, there were a handful of reads that were very long and
looked aberrant. The integration site was excluded in the processing because of
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these suspicious overlapping reads, even though the vast majority of reads at the
same site looked real.
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Table 5.7. Comparison of duplicate filtered and non-filtered data sets from three
 primary tumours. The top 25 integrations are shown for each. Integrations a coloured
by rank in the ‘with duplicates’ data for easier visualisation of the corresponding
 integrations in the ‘no duplicates’ data; red=top 5, blue = 6-10, green = 11-15, purple =
16-20, black= 21-25. Integrations sites that are not in the top 25 hits in both data sets are
shown in bold.
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Figure 5.5: Read coverage for the major integrations without removal of duplicates.
Left: Total 5’ plus 3’ read coverage for the top 40 integrations in the spleen samples from
the 19 mice in the serial bleed study (chapter 4). Right: Closer view of the fall in read
count in 8 selected samples from this group. In most samples there was a sharp fall in read
count after the top few integrations, but in some this drop off was more gradual. In all
cases the read coverage fell below 400 reads by the 40th integration and in most it was
under 200.
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 Figure 5.6: Correlation of 5’ and 3’ reads in the non-duplicate filtered analysis. The
5’ to 3’ ratio for the 40 integrations with highest coverage in each sample are shown for

the 19 mice in the serial bleed study (chapter 4). The log2 of 5’ and 3’ read ratio is
 shown. 95 of the 760 integrations were excluded from analysis of 5’ to 3’ ratios as they
only mapped to one end of the transposon.
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In general, the integrations which persisted on serial blood samples and recipient
tumours gave high read number using the TraDIS method. Selected examples from
mice which had serial sampling are described below.
5.2.4.1 Npm1cA/GRL 19.2B

Mouse 19.2b is an interesting example because four integrations each account for
over 10% of the total sequencing reads from this primary tumour, while all other
integrations had read coverage of less than 1.5%. In all mice transplanted with
tumour 19.2b, the recipient tumour contained these same four integrations which
accounted for the majority of sequencing reads (figure 5.7). In the two 1000-cell
transplants (1.5 and 1.6), there was not a single other integration that had over ten
reads after duplicate removal and only 28 other integrations were mapped in total
between these two samples. The four top integrations were located in i) intron 17 of
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Nup98 (reverse orientation), ii) intron 49 of Nf1 (forward orientation), iii) intron 6 of
Arap2 (reverse orientation) and iv) an intergenic location on chromosome 10 just

upstream of Avpr1a. It is likely that the driver integrations for this tumour are among
these four sites and both Nup98 and Nf1 were located in CIS for this cohort of mice.
In the serial blood samples from this mouse which were analysed by Illumina
sequencing, the Nup98 integration was already the major integration on the week 20
blood sample taken seven weeks before the mouse died and the Nf1 integration was
the ninth integration at that time. By the week 22 sample these were the top two
integrations by read number and the integrations in Arap2 and chromosome 10 were
detected for the first time in much lower read numbers. None of these integrations
were detected in the week 18 sample, although an alternative integration in Nup98
was detected in low numbers. This correlates reasonably well with the 454
sequencing data in which only the Nup98 integration was apparent in the week 20
blood sample. Using the 454 sequencing method Nf1 and the intergenic integration
on chromosome 10 were first detected at week 22 and the Arap2 integration at week
24.
Together these results reveal that it took several weeks after acquiring all four
mutations for the mouse to develop frank leukaemia. The Arap2 and chromosome 10
intergenic lesions are not obvious candidate drivers. In the absence of this serial
data it would be easy to assume they were passengers present at the time the Nf1
and Nup98 integrations were acquired.

However, although the Arap2 and

chromosome 10 integrations are in similar proportion to the Nf1 and Nup98
integrations in the final tumour, the TraDIS data shows these integrations expanded
in read number over a different time course and in that sense behaved like at least
one of them was a driver. Alternatively, a non-transposon driver mutation may have
occurred in a cell carrying the two lesions as passengers.
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Figure 5.7: Proportion of total reads taken by the top 25 integrations in tumour
19.2b and associated recipient tumours. In each tumour the top four hits were 
identical and it was only in the primary tumour and 19.2b.1.2 that other transposon
 integrations were found in any number.

5.2.4.2 Npm1cA/GRL 21.3j

As highlighted in chapter 4, mouse 21.3j had two separate transposon integrations
upstream of Csf2 (table 5.6), although only one persisted in the majority of
transplants. Five recipient tumours from 21.3j were analysed using TraDIS; namely
two 106 cell transplants and one transplant each of 10 4, 103 and 102 cells (figure 5.8).
The persisting Csf2 integration (11:54252890) was the top integration by read
number in the primary tumour and was the only integration which was shared by all
of the recipient tumours (figure 5.8). The second Csf2 integration (11:54250980) was
the 40th integration in the primary tumour and seemed to track with Mll1 which was
the 24th ranked integration. Of the recipient leukaemias, only 1.1 and 1.2 had the Mll1
or Csf2 11:54250980 integrations and both were present in similar read numbers in
each case. However, these two tumours also had the Csf2 11:54352890 integration
as their top hit.
To determine if these Csf2 integrations were co-occurring in the same clone I
generated single cell derived colonies from frozen spleen cells of the primary tumour.
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After eight days of growth in semisolid media (M3434), ten single-cell derived
colonies were picked and re-suspended in RPMI media for tail vein injection into
NSG mice. Of the ten recipient mice, four developed leukaemia after a latency of
36-42 days (appendix 4D).

Three of these tumours were sequenced using the

TraDIS protocol and in all three cases the 11:54250980 and Mll1 integrations were
among the top three hits, but the 11:54252890 integration was not detected (figure
5.9).

The third top three hit varied between the colony-derived recipient tumours.

Also, although several of the transposon integrations in colony-derived leukaemias
were shared with the primary, most were not; which indicates that transposons were
still active during colony generation and/or within the recipient mice.
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Figure 5.8: Shared integrations in primary tumour 21.3j and five recipient tumours.
The top 40 integrations by read number are represented. Those shown in colour are
 shared between different tumours, but those in greyscale are not. The integrations are
represented as a proportion of the total reads taken by the top 40 integrations. The
 number of spleen cells transplanted into each recipient mouse is shown.


Two serial blood samples from 21.3j were also analysed using the TraDIS protocol;
the week 20 and 24 samples. In the week 20 blood sample the Mll1 integration was
ranked 8th according to read count and the Csf2 integration at 11:54250980 was 18th,
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while the Csf2 integration that dominated the final tumour sample was only
detectable at low count. Of note, a third Csf2 integration at 11:54250118 was the
15th transposon integration at that time. By the week 24 blood sample, one week
pre-death, the 11:54252890 integration had expanded to become the top read, while
Mll1 was 15th and the second Csf2 integration was 38th. The third integration that was

the most prominent of the Csf2 integrations (15th) in the week 20 sample was no
longer detected.
Together these results indicate that there were multiple transposon integrations in
Csf2 in mouse 21.3j during the pre-leukaemic period. In the final tumour the two

detectable Csf2 integrations occurred in separate clones. The clone containing the
11:54252890 integration dominated the final tumour sample mixed cell transplants.
However, in colony transplants a different leukaemic clone, containing the Mll1 and
11:54250980 integrations dominated. Also, in the 10 6 cell transplants the latter clone
seemed to be growing faster than the former, although during leukaemic evolution
the opposite appeared to be happening.
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Figure 5.9: Transposon integrations in leukaemias generated after
transplantation of one of three single cell-derived colonies from primary 21.3j.
 Identical integrations are depicted in the same colour (also used in figure 5.9) in three
different recipient leukaemias. Numerals represent percentages of all reads from the
 top 30 integrations. Integrations not shared between the leukaemias are depicted in
grey.



5.2.4.3 Npm1cA/GRL 16.3f

Mouse 16.3f had atypical results on 454 analysis because it had detectable
transposon integrations in multiple CIS genes several months prior to the onset of
leukaemia, however most of these did not persist in serial transplants. The TraDIS
sequencing data shows that many of the main integrations in the tumour sample
were those that had persisted in serial blood samples. However, it seems that the
major primary tumour clone(s) was outcompeted in the transplant experiments. The
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integrations that were shared by all transplant recipient tumours each accounted for
less than 0.5% of the total reads in the primary tumour (table 5.8). This also shows
that some of the CIS hits that went missing were in a major clone in the primary
tumour (eg Flt3, mmu-mir-29b-2), whereas others such as the Nf1 integration 11:
79447002 (11:79260504 on Gm37 version) were not.


Table
5.8: Major integration sites in the primary and recipient tumours from 16.3f.

The top 12 hits from the primary tumour and their coverage in six transplant leukaemias are

shown
at the top. In the bottom table the top six hits in the transplant leukaemias and their
coverage in mouse blood at weeks 49, 51, 53 and from its spleen at the time of death are
shown. The numbers refer to the proportion of total reads in a sample assigned to that
integration. The results for the week 49, 51 and 53 blood samples and spleen samples from
the primary and recipient tumours are included. The clone containing Mll1 and Csf2 that
was detected in all the recipient tumour samples, was different to the one containing the
mmu-mir-29b-2 integration which was prominent in the late serial blood and primary tumour
samples.

It is important to highlight that case 16.3f is an exception rather than the rule. In most
cases the integrations which persisted on serial transplant were high ranking
integrations in the primary tumour. Often the pattern of the major transposon
integrations was very similar in the primary and recipient tumours.
(!&!'!' %# )!'

Case 6.4a is a much more typical example, where the major integrations in the
primary also predominated in the recipient tumours. The TraDIS sequencing results
from nine of the 15 recipient tumours are represented in figure 5.10. Although the
proportion of reads for the Dmxl1 integration fell in the third generation transplants,
and the intergenic integration in chromosome 10 was more prominent in tumour
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1.2.1, overall the major integrations were shared in similar proportions in all tumours.
Of note, in the 454 sequencing analysis the Csf2 integration was not detected in the
primary tumour sample, although it was detected in the majority of transplants. It is
surprising this was mapped in any of the samples given that the nearest Mbo1
restriction site is 764 bases from the Csf2 integration. The 7:93253552 (7:100402062
on Gm37) and 10:11589188 (10:11308987 on Gm37) (see figure 4.15) were only
detected in some transplants on the 454 analysis even though there was an Mbo1
restriction site within 300 bases of both of these integrations.


Figure 5.10: Shared transposon integrations in primary tumour 6.4a and 9 of its
recipient tumours. The shared integrations are plotted in colour and the identity of
 these integrations is indicated. Integrations shown in grey-scale differ between the
tumours.
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On the 454 sequencing analysis of mouse leukaemia 19.2d several CIS genes were
identified in the serial blood and final tumour samples including Nup98, Nrf1 and
multiple integrations near Csf2 (Gm12223) and within Nf1. However, none of these
persisted on multiple transplants. The TraDIS data reveals that all of these
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integrations, with the exception of one that was downstream of Csf2, were
represented by very small numbers of reads in the final tumour.
All six of the recipient tumours from this mouse, as well as seven pre-leukaemic
blood samples, were analysed by TraDIS sequencing.

Once again, the major

transposon integrations in the primary tumour were those that were shared by all of
the recipient tumours (figure 5.11). The proportion of reads taken by each of these
integrations in the serial blood samples are shown in table 5.9.


Figure 5.11: Major transposon integrations in 19.2d and its recipient tumours. The
cell doses for each of the transplants are shown.
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Table 5.9: Timing of major tumour integrations in the serial blood samples (A) The
proportion
of reads taken by the transposon integrations that persisted in multiple

recipient tumours are shown for each of the serial blood and tumour samples. (B) The
 presence of these integrations in the same samples analysed with the 454 protocol. The
 integration positions correlate, but the precise coordinates differ as the 454 and Illumina
analyses were analysed using different versions of the mouse genome (GRCm37 v
 GRCm38).
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Mouse 7.5c was one of the two serially bled cases in which transplant of primary
spleen cells into NSG mice failed to initiate leukaemia in the majority of recipients.
This was the mouse with MPD-like changes in the pre-leukaemic blood samples
(figure 4.11).

The TraDIS analysis of the primary tumour identified the major

integrations as i) Flt3, ii) 2:72469204

intergenic (missed by 454 analysis), iii)

16:54136662 intergenic (=16:54136774), iv) Nup98, v) 16:52008898 intergenic
(=16:52009011) and vi) 11:112705632 BC006965 (missed by 454). Each of these
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integrations accounted for over 2% of non-duplicate Illumina sequencing reads. The
viability of the spleen cells was noted to be poor on thawing (<10%). The recipient
mice that became sick did so after a prolonged latency and typically did not have
signs of leukaemia at necropsy, although some showed myeloproliferative changes
on histopathology. Two of these mice were analysed by the TraDIS protocol but their
integrations showed little overlap with the primary tumour.
The other sample that failed to generate myeloid leukaemia in the majority of
recipients was from mouse 16.3h. Two of the recipient spleen samples were
analysed by TraDIS even though they were not found to have leukaemia on
histopathology and blood film examination (appendix 4D). One of these samples
(1.4) showed no major overlap in transposon integrations with the primary tumour,
however the other (1.1) shared the top four integrations including one upstream of
Csf2, and these were in similar proportion to the primary tumour (table 5.10).
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Table 5.10: Shared integrations between 16.3h and one recipient. This recipient failed to

develop
overt leukaemia despite sharing several major integrations with the primary tumour.

Mouse 7.5h also had several transplants that failed to generate leukaemia. Mouse
1.2, which was transplanted with 106 cells, eventually developed a poorly
differentiated myeloid leukaemia but only after a latency of 99 days, which was much
delayed compared to the timing of recipient tumour development in most other
cases. This tumour was successfully transplanted on to three further mice which
developed leukaemia after a latency of only 25-36 days. I was able to map a typical
number of transposon integration sites in the primary tumour, but we were unable to
identify transposon integrations in the recipient tumours, despite generating good
quality DNA and repeating the analysis (both 454 and Illumina) on multiple
occasions. Transposon integration sites were not amplified in the TraDIS library
preparation and following the qPCR results the samples were excluded from pooling
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for sequencing. Therefore, it appeared that these recipient tumours were not
transposon driven.
To further investigate the mechanism of leukaemogenesis in the transplants from
mouse 7.5h we performed karyotyping and FISH analysis on three recipient tumours.
All

showed

complex

chromosomal

abnormalities

including

Robertsonian

translocations involving the donor and other chromosomes (figure 5.12). Stored
metaphases on the primary tumour were therefore examined and although
Robertsonian translocations were not identified, this was found to have a
transposition of the centromere of chromosome 16 into the long arm of chromosome
16 in eight of the ten metaphases analysed. An additional del(3), der(3)t(3:16) was
found in one metaphase (figure 5.13).

A



Figure 5.12: Metaphase paint images of transplants 1.2.1 (A, above), 1.2.2 (B, next
page) and 1.2.3 (C, next page), showing Robertsonian translocations in all cases. In
1.2.1 there is tetraploidy in 4 metaphases in addition to the indicated Robertsonian
translocations involving chromosomes 3, 5, 13, 14, 15 and 16. In 1.2.2 the abnormalities in
addition to the indicated Robertsonian translocations include trisomy of chromosome 16 and
tandem translocations between chromosomes 6 and 14, 11 and 16 and 14 and 19. In 1.2.3
there are several Robertsonian translocations, including one between chromosomes 13 and
14, that also has telomeric association between chromosomes 13 and 14 (T 14; 13; 14). The
FISH was performed by Ruby Banerjee who supplied these images.

                 


  "$

B

C



                 


  "%


Figure
5.13: Metaphase karyotyping
of primary tumour 7.5h. This showed del(3),


der(3)t(3;16) in one metaphase and transposition of chromosome 16 centromere within the
long arm of chromosome 16 in eight. Close up images of the abnormalities are shown at the
bottom, including a metaphase paint image of the translocation. Images provided by R.
Banerjee
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We generated a fluorescently labelled probe directed at the GrOnc transposon and
used this to investigate if these structural abnormalities were occurring at transposon
integration sites. FISH analysis was performed by Ruby Banerjee. In the analysis of
10 metaphases from the primary tumour, transposon FISH signals were detected at
the transposed chromosome 16 centromere in all nine metaphases with this
abnormality. She also reported transposon integrations in chromosomes 7, 9, 11 and
12 in a large proportion of metaphases. The top three integrations by read number
on the TraDIS sequencing data were on these chromosomes (figure 5.14).
Furthermore, analysis of the transplant recipient metaphases with the same probe
showed that transposons were localised within the centromeres of multiple
chromosomes, but were not found with confidence at other sites (figure 5.15). This
suggests the transposon may have a role in generating the Robertsonian
translocations and that these tumours may have been transposon driven, even
though transposon integrations were not mapped on TraDIS or 454 sequencing.

Figure 5.14: Transposon FISH analysis of 7.5h. (A) Diagramatic representation of the
positions at which transposons were recorded on FISH analysis by Ruby Banerjee. Each red
dot indicates a transposon integration. The chromosomes with the largest number of

integrations are shown in yellow. There were integrations in the transposed centromere of
chromosome 16 in nine of the ten metaphases. (B) The top hits by read count on TraDIS
sequencing were in chromosomes 7, 9 and 11.
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Figure 5.15: FISH of a metaphase from 7.5h recipient tumour 1.2.3. The transposon
integrations are indicated by red double dots and the centromeres fluoresce bright blue.
The arrows indicate some of the clear transposon integrations within centromeres.
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In this chapter I have presented the results of a re-analysis of the Npm1cA GRL IM
cohort using TraDIS, a method employing DNA shearing followed by Illumina
sequencing. The CIS analysis identified 18 of the 27 CIS found in the 454 analysis
and added several additional CIS of interest. The advantage of this sequencing
approach was that read depths of major integrations correlated with the size of the
leukaemic clone/sub-clone harbouring them. This was the result of the fact that the
TraDIS protocol uses shearing to perform fragmentation of genomic DNA, which
generates a smooth distribution of ligation sites around transposon integrations, and
also requires significantly fewer rounds of PCR amplification (30 vs 62). Together
these factors significantly reduce the problem of PCR amplification bias seen with
the restriction/454 protocol. I have shown that this method is at least semiquantitative, by demonstrating a good correlation between the proportions of reads
from the major integrations mapped from the 5’ vs 3’ end of the transposon. The
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major integrations by read number were also reproducible on re-sequencing DNA
from a given tumour and on sequencing primary and recipient tumours.
This dataset was analysed both with and without removal of PCR duplicates. In
reality the presence or absence of duplicates made little difference to the order of the
top hits. The reason for analysing without removal of the PCR duplicates was
because of concern that the clonal representation of the major integrations would be
underestimated, due to the finite number of unique ligation points around any
individual transposon. It seemed likely that all possible shearing positions could be
utilised around integrations present in the majority of tumour cells. Although this did
occur, the small overall effect it introduced was to reduce the read proportion taken
by the top few hits, without changing their order significantly.
Regardless of whether or not PCR duplicates were included in the analysis, the
typical pattern was one of a few ‘step-wise’ drops in the proportion of reads assigned
to each of the top 10-20 integrations in a tumour. The much larger number of
integration after these top10-20 were detected by small numbers of reads. The
number of integrations in each ‘step’ or ‘tier’ did vary from case to case, but generally
there were around three significant ‘drop-offs’ in read coverage amongst the top 20
integrations.
These quantitative read results were used to infer which integrations were present in
the major clones and which were found in only a small number of cells. It was
evident that the quantitative nature of the data did not hold well for minor
integrations. It was not possible to draw conclusions about the possible cooccurrence of particular integrations in the same clone when they were represented
by lower, but similar levels of coverage, as the presence of more than one sub-clone
of similar size would lead to similar results. Groups of integrations that co-occurred
together in transplant recipient tumours could be traced back to the primary tumour
and were often found to have a similar read coverage in that tumour, for example
integrations in 16.3f. However, it is not possible to pre-emptively pick these out as a
single clone in the absence of the transplant data. Even with the evidence from the
transplants that these mutations tracked together, it is still theoretically possible that
they were occurring in multiple sub-clones, each of which expanding at a similar rate
in the recipient mice.
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It was not surprising that some of the top hits account for more than 7% of the total
reads even though each cell starts with 15 copies of the transposon. Some
transposons may remain un-mobilised in the donor locus and the re-integration
efficiency for SB transposons is not 100%, so over time the number of transposons
per cell is expected to fall. Therefore, it is not possible to determine a read proportion
that equates to an integration being shared by all cells within a tumour. Also, the
number of integrations in the major clone will affect the read coverage assigned to
each of them.
The core aim of IM analysis is to distinguish true driver CIS integrations from ones
that arise due to random clustering of insertions. Increasing the read coverage can in
principle increase the problem of false-positive CIS, unless appropriate filtering is
applied to exclude spurious and/or low level reads. This could be achieved by giving
more weight to the integrations which account for a high proportion of reads and are
therefore more widely represented in the tumour cell population. As I have shown,
the integrations that have high read coverage are typically the ones that persist on
serial transplant experiments and therefore are the group of integrations amongst
which the major drivers for an individual tumour are likely to reside.
There are various published methods for performing CIS analysis on transposon and
retroviral IM screens. However, there is no consensus strategy and with the current
shift to Illumina based sequencing approaches the problem of false positive CIS is
only likely to grow. In the literature there are few references to applying cut-offs to
sequencing data to eliminate insertions that are only read a few times and therefore
likely represent non-clonal insertions. TAPDANCE is a publicly available software
that aims to fully automate the analysis of CIS and rank their importance (Sarver et
al., 2012). In the analysis of Illumina sequencing data TAPDANCE uses a cut-off

based on the percentage of total mapable reads. The recommendation is that this
cut-off be set at 1/10 000, so only insertions with at least 10 reads will be included in
the CIS analysis if there are 100 000 sequencing reads for the region. Another study
used the number of unique adaptor ligation points on Roche 454 sequencing of
sheared DNA to estimate the clonality of individual insertions (Koudijs et al., 2011). On
analysis of PB insertions in a clonal embryonic stem cell line they found that the
number of unique ligation points correlated with the expected number from
permutation analysis in more samples than the raw read count. On mixing studies of
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two clonal cell lines with mouse mammary tumour virus (MMTV) insertions they
showed a strong correlation between the DNA mixing ratios and the number of
unique ligation points at five of six MMTV insertion sites and had a sensitivity of
approximately 10% for detecting bi-clonal tumours. On comparative analysis of
sheared and digested splinkerette data from SB induced lymphomas they showed
that this protocol could be used to enrich for biologically relevant insertions by
excluding random insertions represented by single ligation points and likely occurring
at low frequency within the tumour mass.
It is debatable as to how best to apply the ‘cut-off’ for reads to include in the CIS
analysis. I chose to include the top 10, top 25 and top 100 insertions per sample to
allow for variation in read coverage. If the cut-off was set based on read number, the
number of integrations per tumour would be expected to vary, not only as a function
of clonality, but also due to variation in sequencing depth. The cut off applied here of
the top 10, 25 or 100 hits was chosen as it was easy to apply and used the same
number of integrations per tumour regardless of sequencing depth. A reasonable,
but more difficult alternative would be to apply a cut-off based on read proportion, for
example, including all integrations that account for over 0.5% of the total reads within
a tumour.
Going forward it is difficult to know what threshold of reads to recommend for CIS
analysis. Certainly, there seems to be no need to include all of the integrations
found in each tumour sample. The TraDIS protocol allowed very deep sequencing
coverage and including all of the hits added unnecessary burdens to computer
processing requirements and significantly extended the list of CIS hits, but probably
at the cost of including a number of false positive CIS. As the number of included
integrations per tumour was increased, the number of identified CIS also increased.
Limiting the analysis to the top ten hits allowed identification of a small set of CIS
that are likely to be important. However, it is also probable that some drivers will be
missed with this approach. As I have shown in tumour 21.3j and 16.3f, integrations
which account for <1% of reads in the primary tumour, may not be in the dominant
tumour clone, but may be present in a smaller clone which was still capable of
initiating leukaemia in recipient mice. It is therefore helpful to have the analysis
performed at multiple cut off levels.
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There were notable differences in the number of tumour hits and the CIS identified
using the various analysis cut-offs that I applied. Although the CIS at Mll1 is common
to all lists and was found in 16 tumours overall, insertions in Mll1 were amongst the
top 10 hits in only two tumours, and in the top 25 in six. This suggests that although
integrations around this well-known leukaemia associated gene are common, the
integration is not in the dominant primary tumour clone in the majority of cases.
Similarly, the integrations in Nup98 and Nf1 did not appear to be in the major clone in
most tumours with these integrations, although they were in some cases.
In contrast, integrations in other CIS genes were typically amongst the top 10 hits by
read number when they were detected in the top 100, which suggests that when
present, they are usually in the major clone. For example, Pax5 was in the top 10
hits in five of the six tumours it was found in, Zfp423 in four of five and Flt3 in six of
ten. Integrations upstream of Csf2 were found in the top ten hits in 25 tumours and
were only found in the top 100 in ten further cases. Therefore, Csf2 was among the
integrations in a major tumour clone in over 50% of cases and it was amongst the
top 100 integrations by read number in around 76%.

Bmi1, Iqgap2, Nav2 and

Tmem135 were only detected among the top 100 hits in two cases each, but in both

cases they were in the top 10 hits. The significance of these hits as a CIS was
therefore lost when 100 integrations were included in the analysis. Of these
integrations, only Bmi1 was identified as a CIS on the 454 analysis.
Overall there were nine CIS identified using only the top 10 integrations that were not
detected in the 454 analysis. Amongst these was Ets1, a member of the ETS protein
family of helix-loop-helix domain transcription factors. This has previously been
identified as a CIS gene in a SB transposon IM screen of erythro-megakaryocytic
leukaemia (Tang et al., 2013). In cases of AML with 11q23 amplification, the ETS1
gene is in the amplified region(Poppe et al., 2004; Rovigatti et al., 1986) and over
expression of ETS1 has been demonstrated in CD34+ haematopoietic progenitor
cells from patients with AML, while decreased expression was shown to be
associated with differentiation of leukaemia cells(Lulli et al., 2010). Furthermore Ets-1
is among the transcription factors known to be important in regulation of the GM-CSF
promoter (Thomas et al., 1995) and the autocrine production of GM-CSF in the
leukaemic progenitor cell line KG1a was recently shown to be mediated by
ETS1(Bade-Döding et al., 2014). In this context, it is noteworthy that two of the three
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tumours with Ets1 integrations as a top 10 hit did not have Csf2 integrations, even
though Csf2 was the most frequently hit CIS in this screen and was amongst the top
100 integrations in three quarters of the tumours. Ets1 is therefore an interesting CIS
for further study, which was not apparent on the 454 analysis.
The other CIS that came up on the top 10 Illumina analysis, but were not identified
as CIS in the 454 data, include Pik3r5, Rasgrp1, Cblb and Hecw2. Pik3r5, which
encodes a regulatory subunit of the PI3K gamma complex and Rasgrp1, a nucleotide
exchange factor involved in activating Ras and the Erk/MAPK pathway, were both
described as CIS in the published Npm1cA GRH IM model. RASGRP1 has previously
been identified as a gene-expression marker that can be used to predict response to
the farnesyl transferase inhibitor, tipifarnib in AML(Raponi et al., 2008) and has been
identified as a resistance gene for therapy with MEK inhibitors in a mouse model of
AML(Lauchle et al., 2009). Cblb is an E3 ubiquitin protein ligase, which transfers
ubiquitin to targets, including activated tyrosine kinases. Both c-CBL and CBL-b
mutations have been described in human AML(Caligiuri et al., 2007). Hecw2 is also
believed to have ubiquitin ligase function and although it is not known to have a role
in leukaemogenesis, it was recently found to be mutated in a single case of germline
GATA-2 mutation which evolved to MDS/AML(Fujiwara et al., 2014).

Although there is no consensus in the literature on how it should be performed, CIS
analysis is the accepted method for analysing insertional mutagenesis screens.
However, I have shown that the detailed analysis of tumours with serial sampling
and transplant experiments can be a useful complementary approach to defining the
driver mutations in an individual tumour. For example in tumour 19.2d, although
multiple integrations in CIS genes were identified in the final tumour, only one of
these, the integration in Csf2 was among the top ten hits on Illumina analysis.
Additionally, the integrations which persisted on transplantation included one at Irf2,
which is a plausible driver of this individual tumour. IRF2 codes for a transcriptional
suppressor of type 1 interferon signalling and normally suppresses IFN signalling in
HSCs, which is essential for maintaining HSCs in a quiescent state (Sato et al., 2009).
IFN-α has been shown to stimulate the proliferation of dormant HSCs in vivo and
mice deficient for Irf2 show a reduction in HSC number and an increase in immature
progenitor cells (Sato et al., 2009). Furthermore, in the leukaemia cell line TF-1, IRF2
knock-down was associated with growth inhibition and induction of differentiation
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(Choo et al., 2008). Therefore, although Irf2 was not detected as a CIS gene, it was

the integration with the highest read coverage in the primary and all of the recipient
tumours in this line and is a likely leukaemia driver in this individual leukaemia.
In conclusion, in this chapter I have shown that the TraDIS sequencing approach is a
quantitative method, which allows clonally expanded integrations to be distinguished
from the numerous background transposon insertions present in tumour DNA. The
integrations that have high read coverage are enriched for the driver integrations,
although not all clonally expanded integrations are necessarily drivers. The
performance of CIS analysis using only the top 10 or 25 integrations from each
tumour allowed identification of a small set of CIS genes which were likely to be
significant, while minimising the rate of false positive CIS that could arise if the large
number of background mutations were included in the analysis. The quantitative
analysis of serial samples allowed identification of additional integrations (e.g. Irf2),
that were likely to have a driver role, but occurred infrequently across the whole
cohort and therefore were not identified on CIS analysis.
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Chapter 6: PiggyBac Insertional
Mutagenesis of the Mature B Cell
Compartment
@3; %+)&,+!&%
Multiple myeloma (MM) is a plasma cell malignancy that is incurable with
conventional therapy and causes nearly 2% of cancer deaths (Jemal et al.). It is
preceded by the asymptomatic presence of a monoclonal protein in serum/plasma;
termed the monoclonal gammopathy of uncertain significance (MGUS). MGUS
occurs in 3% of people over the age of 50 (Kyle et al., 2006) and transforms to MM at
a rate of approximately 1% per year (Kyle et al., 2002), but the molecular mechanisms
that drive progression are largely unknown.
MM is a heterogenous disease. A hyperdiploid karyotype occurs in approximately
50% of cases, but the driver for chromosome accumulation is not known (Chng et al.,
2007). Recurrent chromosomal translocations involving the immunoglobulin loci are

found in approximately 70% of non-hyperdiploid tumours (Avet-Loiseau, 2007). These
translocations are thought to represent primary oncogenic events that occur in
normal B cells during germinal center development. Breakpoints are usually within or
near the immunoglobulin switch regions or VDJ sequences (Chng et al., 2007).
Recurrent translocation partners include Cyclin D, MAF and MMSET/FGFR3 (Chng et
al., 2007). These genetic sub-groups of MM can be used to predict clinical response

and guide treatment decisions (Avet-Loiseau et al., 2007; Palumbo and Rajkumar, 2009).
Massive parallel sequencing studies have recently highlighted the remarkable
molecular heterogeneity of multiple myeloma and described several additional
molecular abnormalities. Deep sequencing of 38 tumour-normal pairs revealed
frequent mutations in genes involved in protein translation, histone methylation and
blood coagulation(Chapman et al., 2011). Along with previously reported recurrent
mutations in MM such as KRAS, NRAS and TP53, this paper described several
additional point mutations which may act as driver lesions including CCND1, DIS3,
FAM46C, BRAF and IRF4 (Chapman et al., 2011). Another group described further
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candidate driver genes including truncating mutations of SP140, LTB, ROBO1 and
missense mutations in EGR1(Bolli et al., 2014). The striking features in all of the
sequencing studies performed to date is the heterogeneity of mutational spectra
between cases and the large burden of variants within each tumour.
In 2008 Chesi and colleagues described a novel mouse model, which was the first to
accurately recapitulate many of the clinical features of human MM (Chesi et al., 2008).
In this model the human c-MYC transgene was placed under the transcriptional
control of the Vk promoter (Vk*MYC) and expressed in late B-cells. The third codon of
the lead V-kappa exon was mutated to a stop codon (figure 6.1), so although it
spliced in frame to the human MYC exons, translation of the MYC protein did not
occur in tested tissues. The stop codon was engineered to overlap with a preferential
target sequence for endogenous Activation Induced Deaminase (AID) and the native
kappa light chain gene regulatory elements were maintained to invite targeting by
AID. Therefore, it was anticipated that the stop codon would be mutated in a small
proportion of B cells during germinal centre development allowing expression of the
MYC transgene in these cells (Betz et al., 1994; Papavasiliou and Schatz, 2000). With

age all mice developed progressive monoclonal plasma cell expansion and as the
tumours did not show intra-clonal heterogeneity of B cell receptor sequences, the
authors concluded they were not subject to ongoing somatic hypermutation (SHM).
MYC is a global transcriptional regulator that controls cell proliferation, differentiation,
growth and survival (Larsson and Henriksson; Meyer and Penn, 2008). Translocations
involving c-MYC that lead to its inappropriate expression are an initiating event in
human Burkitt lymphoma, an aggressive, mature B cell non-Hodgkin lymphoma, but
are not unique to this disease (Dalla-Favera et al., 1982) (Au et al., 2004; Kanungo et al.,
2005). Notably the incidence of Burkitt lymphoma was low in the Vk*MYC mice and no

cases of aggressive pro-B lymphoma were reported (Chesi et al., 2008). In mice, MycImmunoglobulin translocations are an initiating event in plasmacytoma (Ohno et al.,
1979; Shen-Ong et al., 1982), whilst constitutive MYC expression in early B cells often

leads to aggressive pro-B or diffuse high-grade blastic B-cell lymphoma (Adams et al.,
1985; Butzler et al., 1997; Chesi et al., 2008; Harris et al., 1988; Kovalchuk et al., 2000;
Palomo et al., 1999; Park et al., 2005; Refaeli et al., 2008; Zingone et al.). However,

transgenic expression of MYC alone does not appear to be sufficient for lymphoma
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development as Eu-Myc transgenic mice initially demonstrate a benign expansion in
pre-B cells (Harris et al., 1988).
Translocations involving MYC do occur in human MM, but they are thought to be late
progression events(Chng et al., 2007) and are rare in MGUS. In contrast, they occur
in 15% of MM tumours and nearly 90% of human myeloma cell lines (Chng et al.,
2007). However, mutations or translocations involving the MYC locus are not required

for MYC activation (Meyer and Penn, 2008) and c-MYC over-expression due to
stimulation by IL-6 and other mechanisms, occurs early in MM(Chesi et al., 2008).
Compared to normal bone marrow plasma cells MYC expression is significantly
higher in cells from MGUS and even higher in MM (Chesi et al., 2008; Zingone et al.).
Gene expression profiling data suggests that patients with MM that expresses NMYC or very high levels of c-MYC have worse survival (Chng et al., 2007; Janz, 2008).

Transposon insertional mutagenesis (IM) provides a powerful approach for the
identification and validation of cancer drivers that compliments human sequencing
efforts. In order to further investigate genes involved in the pathogenesis of multiple
myeloma I adapted the Vk*MYC model to target (hyper)piggyBac (hPB) IM to the
mature B cell compartment (figure 6.1).
The PB transposon system was chosen because of its efficiency, extensive access
to the genome, lack of excision footprint and high rate of intragenic insertions
(Cadinanos and Bradley, 2007; Liang et al., 2009; Rad, 2010; Wang et al., 2008). The

hyperactive PB (hPB) cDNA was used, which is an enhanced version of the mouse
codon optimised PB (mPB) but with a ten-fold higher transposition efficiency versus
mPB, which is itself much more efficient than the native Trichoplusia Ni version
(Cadinanos and Bradley, 2007; Liang et al., 2009; Yusa et al., 2011).

Two related constructs were generated. In the first, the coding exons of MYC were
replaced by the hPB transposase (figure 6.1B). In the second, MYC and hPB were
expressed together from the same cistron using a Thosea asigna 2A (T2A) linker
peptide that is hydrolysed very quickly after translation to generate equimolar
amounts of the MYC and hPB proteins (Szymczak et al., 2004). In the Vk*MYC-TA-hPB
mice there was minimal disruption of the original Vk*MYC construct as the latter
generated highly penetrant plasma cell tumours (Chesi et al., 2008). T2A-hPB cDNA
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was introduced in frame, after the penultimate codon of MYC(thus removing the stop
codon), but the remainder of the Vk*MYC construct was left intact.

Figure 6.1: The Vk*MYC, Vk*hPB and Vk*MYC-TA-hPB constructs. This figure is
repeated from Chapter 2 (figure 2.1) for ease of reference
(A) In the Vk*MYC construct published by Chesi et al, the Jk5 exon in the rearranged
mouse Vk21 kappa light chain gene was replaced by a short coding exon containing a
Kozak ATG(Chesi et al., 2008). Human MYC exons 2 and 3 replaced the C1k region.
Transcription initiates at the Vk21e proximal promoter ( ), extends to the leader (L) and
Vk (V) exons, splices in frame to human MYC (hMYC) and terminates at the endogenous
polyA signal (PA). ATG codons (*) in L were mutated to ACG to stop initiation of
translation at these positions. Intronic (ie) and 3’kappa (3’kE) enhancers are maintained.
The DNA sequence immediately downstream of the Vk21 ATG is depicted. Nucleotides
in red letters fit the DGYW consensus for AID targeting.
(B) In Vk*hPB, hMYC is replaced by the hPB cDNA, carrying a splice acceptor signal that
leads to splicing of hPB mRNA in-frame with the reading frame “opened” by AID mutation
of the upstream TAG stop codon.
(C) In Vk*MYC-TA-hPB the cDNA for the self-cleaving peptide T2A links hPB in-frame to
hMYC. The chimaeric polypeptide produced from a single cistron is predicted to
spontaneously dissociate into hMYC and hPB proteins.
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The decision to generate two models was taken to enable comparisons between
tumours derived in the presence and absence of MYC and because it was uncertain
whether the MYC transgene would be critical for the development of MM. As the Vk
regulatory elements in combination with the early stop codon requiring mutation by
SHM should have, in principle, ensured that transgene activation was restricted to
late B-cells, it was considered probable that hPB could drive the development of MM
as well as other mature B cell tumours such as follicular or Burkitt lymphoma (figure
6.2 (Weigert and Weinstock, 2012)). Information on the role of MYC in initiating and
driving these tumours would therefore be derived by comparing the tumour
phenotype, latency and transposon integrations between the Vk*MYC-TA-hPB and
Vk*hPB cohorts.

Figure 6.2: B cell maturation and lymphoma phenotypes. The stages of normal
maturation are indicated in black and the corresponding neoplasm in blue text. The
germinal centre is represented by the area shaded in green. GCB = germinal centre B cell
like; ABC = activated B cell like; DLBCL = diffuse large B cell lymphoma; CLL/SLL =
chronic lymphocytic leukaemia/small lymphocytic lymphoma.From Weigert and Weinstock,
2012.
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The Vk*MYC-TA-HPB and Vk*HPB constructs were generated as described in
Materials and Methods, sequenced by Sanger sequencing, linearised and sent for
pronuclear injection at PolyGene AG (Switzerland). The hPB sequence in Vk*MYCTA-hPB was identical to the expected sequence. The Vk*hPB construct had an S to G

substitution at position 1520 in hPB. This corresponds to an intermediate stage of
hPB development between mPB and the final hPB, and is expected to have a very

slightly reduced transposition efficiency compared to the final hPB version, but still
higher than mPB (Kosuke Yusa personal communication).
Three of the 46 tail samples received after pro-nuclear injection were positive for the
Vk*MYC-TA-hPB transgene and four of 40 samples were positive for the Vk*hPB

construct by PCR analysis. The seven founder (F0) mice were imported to our
quarantine facility and colonies generated for re-derivation inside the WTSI animal
facility. One line from each construct was selected for expansion and mating with low
copy GrOnc transposon lines. This decision was primarily based on the fecundity of
initial matings.

@3<3<#!+!&%&*'#!!%!%+ +)%*%!&%*+),+*
Correct splicing of the constructs was initially confirmed by RT-PCR of RNA from
U266 cells transiently transfected with each of the constructs. PCR products using
primers annealing to exon 2 of MYC and to hPB cDNA are shown in figure 6.3. For the
Vk*HPB construct, the V exon forward primer (VkMycexon1F) and the reverse primer

in hPB (SAHPBR) also generated the expected RT-PCR product (190bp) (image not
shown). The splicing was subsequently confirmed on mouse tumour RNA samples
using the same method and further verified using capillary sequencing of PCR
products.
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Figure 6.3: RT-PCR using primers VkMycexon2F and SAHPBRCORTAHPBR. RNA
from the Vk*MYC-TA-hPB transfected U-266 cells generated the expected 900bp RT-PCR
product. By contrast when Vk*MYC-TA-hPB plasmid DNA was used as a template a
2200bp PCR product was generated. As expected, no RT-PCR product was amplified from
non-reverse transcribed RNA (RT-) or from RNA from Vk*HPB transfected cells.
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After hydrolysis, the T2A linker leaves a single proline at the 5’ end of hPB(Szymczak
et al., 2004). To test if this affected PB transposase activity, I performed a HAT

resistance assay. In this assay, when an active transposase removes a PB
transposon from within the X-linked Hprt gene locus of male ES cells, Hprt activity is
restored permitting growth in HAT media. Transfection with the Vk* MYC-TA-hPB
cDNA resulted in growth of HAT resistant colonies, in numbers proportional to the
amount of transfected DNA. Colony numbers were comparable to those seen after
transfection with hPB cDNA (positive control), confirming that an active transposase
is generated from the bi-cistronic MYC-TA-hPB construct (Figure 6.4).
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Figure 6.4: HAT resistance
assay.
Male
ES
cells
harbouring a PB transposon
in the Hprt locus were
electroporated with H20 or
constructs Vk*MYC-TA-hPB
or pcDNA3-hPB (positive
control) using the indicated
amounts
of
plasmid.
Photographs are of colony
growth from 1/10 platings
(1/10th
of
1x107
electroporated cells plated).
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The Vk*Myc-TA-hPB and Vk*hPB constructs were designed to specifically express
hPB protein in the mature B cell compartment. This specificity would be imparted by

the Vk regulatory elements and the presence of the early stop codon, designed to
prevent expression of the hPB transposase in the absence of mutation by SHM. The
stop codon was positioned such that it created a preferential target sequence for
AID and it was anticipated this would be reverted in a small percentage of B cells
during germinal centre development as previously described (Chesi et al., 2008).
However, using “jump” PCR, we found that mobilisation of the transposon was also
occurring in non-haematopoietic tissues (figure 6.5) and some insertional
mutagenesis mice were observed to develop non-haematopoietic tumours.
Furthermore, when spleen and bone marrow cells from IM mice were flow sorted and
DNA was extracted separately from CD34+ (progenitor), CD3+ (T), Gr1+/Mac1+
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(granulocytes), B220+/CD19+ (pro/mature B) and B220+/CD19- (pre-pro B) cells, the
‘jump’ PCR was positive in all lineages tested in the MYC-TA-hPB mouse and in all
cells except granulocytes in the hPB mouse tested.

A

B

'"-%(
-%(

Figure 6.5: Tissue specificity of the hPB transposon. (A) Design of ‘jump’ and ‘no
jump’ PCRs. The yellow line represents the plasmid backbone. When one or more
transposons mobilise, the region flanked by the PB repeats is removed and a 220bp
product is generated by the P1 and P3 primers (Jump PCR). In the absence of jumping
these primers are separated by the full length of the GrOnc transposon (3.5kb) and no
PCR product is generated. By contrast, the P1 and P2 primers will produce a 274bp
product only when one or more transposons do not mobilise (No jump PCR). (B)
Results from alternating ‘jump’ and ‘no jump’ PCRs on DNA extracted from various
tissues from two Vk*Myc-TA-hPB IM mice (8.5D and 8.5E) and a control mouse which
carried the GrOnc transposon, but no transposase. Sp-spleen, Li-liver, Ki-kidney, Heheart, Lu-lung, Ty-thymus, Mu-muscle, Tl-tail, Br-brain, LN-lymph node.
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The Vk*MYC-TA-hPB and Vk*hPB IM mice were born at expected Mendelian ratios.
They died at a similar rate (p=0.57), which was significantly accelerated compared to
non-IM mice (median survival 75.4, 71.9 and 91.1 weeks respectively) (figure 6.6).
Of note, the survival of the Vk*MYC-TA-hPB only mice was also no different to the
GRL (GrOnc) only mice which lacked the MYC transgene (median survival 94.3 v
93.2 weeks, p = 0.61 Mantel-Cox test). Intraperitoneal injection of sheep red blood
cells did not alter the survival or tumour spectrum and mice were considered
together in the results, regardless of whether or not they received antigen
stimulation.
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Figure 6.6: Survival curves for the Vk*MYCTA-hPB and Vk*hPB cohorts. The p values
shown are from a Mantel-Cox (log-rank) test
comparing all three curves. Non IM mice include
GRL only, MYC-TA-hPB only, hPB only and wildtype mice. Survival of the two cohorts of IM mice
was not significantly different, but in both cases
IM mice had reduced survival compared to both
GRL and MYC-TA-hPB/hPB only mice. There
was no significant survival difference between the
GRL and transposase only cohorts in either
model (Myc-TA-hPB p=0.61, hPB p=0.08).

Histopathology assessment was performed on 170 of the first 184 mice in the
Vk*MYC-TA-hPB cohort culled due to illness or found dead. Of the fourteen cases

that were not reviewed, eight mice were found dead and considered too
decomposed for useful histological analysis. Histopathology samples were collected
in three cases but blocks and slides could not be located. No histopathology or
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necropsy records were identified for two mice. One mouse was culled due to an
ulcerated eye but had no other abnormality. Of the 170 cases reviewed 100 were
insertional mutagenesis mice, 40 had Vk*Myc-TA-hPB only and 30 had GRL only. The
spectrum of tumours is shown in figure 6.7.
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Figure 6.7: Diagnoses in the Vk*MYC-TA-hPB and Vk*hPB mice. The disease
classification is based on independent review by a histopathologist (who was blinded to
genotype) and immunophenotyping where this was performed. The GRL (GrOnc) only
mice were pooled between the two cohorts. The diagnoses in twelve wild-type littermates
which were aged along with the study animals are also shown. The hPB group includes
one mouse that had a benign lesion only that was culled at 97.7 weeks for experimental
reasons. Similarly, one of the hPB IM mice was culled for experimental reasons at 94.1
weeks of age but was found to have lymphoma.

In the Vk*-hPB cohort histopathology examination was performed on 69 of the first 96
mice to be culled sick or found dead and a further two mice which were culled for
experimental reasons. Of the mice that did not have histopathology examination, two
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were not necropsied (died aged 12.7 and 48.4 weeks). A further thirteen were found
dead and considered too decomposed for useful histological analysis. The
histopathology blocks and slides could not be found in four cases. In the remaining
eight mice, histopathology samples were not recorded as received by our tissue
bank.
$" " " 

Of the 100 Myc-TA-hPB IM mice on which histopathology was performed, 51 were
reported to have lymphoma.

Of these, six had additional non-haematopoietic

tumours (carcinomas (4), sarcoma (1), probable neural or smooth muscle
tumour(1)), two had focal increases in plasma cells in the bone marrow and one had
a lymph node plasmacytosis of uncertain significance.

Overall, there was no

evidence of multiple myeloma in any of the Vk*Myc-TA-hPB IM mice.
Immunohistochemistry (IHC) staining for B220 and CD3 was performed on 46 of the
mice with lymphoma and 43 were determined to have B cell lymphoma based on this
staining. The other three lymphomas were of uncertain lineage. Flow cytometry was
performed on spleen cells from two of these and one was found to be a T cell
tumour, while in the other the spleen was not definitely involved with lymphoma and
flow cytometry was unhelpful. The third tumour was reported to have a sclerotic
pattern with giant cells on histopathology, more similar in morphology to human
Hodgkin lymphoma. IHC was also performed on a further two mice that were called
‘possible lymphoma’ on initial histopathology review, but a definitive diagnosis could
still not be made. Both of these mice were culled sick; one had a swollen abdomen
with pale liver and splenomegaly (0.6g), the other was culled due to respiratory
difficulties and had marginal thymomegaly with a spleen size of 0.34g.
Of the remaining 47 Myc-TA-hPB IM mice, only nine were diagnosed with other
malignancies. These included myeloid leukaemia (1), squamous cell carcinoma (2),
skin appendage carcinoma and hydronephrosis with probable carcinoma in the
urinary tract (1), sarcoma (2) and papillary adenocarcinoma (3) of which one was
also reported to have evidence of a myeloproliferative disease in the bone marrow.
The remaining 38 mice were reported as having no (35) or benign lesions only (3).
Of these, nine mice were found dead at ages of between 33 and 63.1 weeks. In one
of these cases the spleen was enlarged (0.66g) and a large abdominal mass was
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found at necropsy which is suggestive that this mouse also had lymphoma, however
the tissue was too autolysed to allow a histopathological diagnosis. In the remaining
eight mice that were found dead, the spleen was 0.1g or less and no masses or
lymphadenopathy were identified at necropsy.

The other 27 mice in which no

abnormality was diagnosed on histopathology were culled due to illness. The
commonest reason was a swollen abdomen (13 mice) but at necropsy the only
abdominal finding was enlarged seminal vesicles in the majority of these cases.
Some had a very full bladder and one had a distended bowel without an overt mass.
The other mice were culled sick due to tachypnoea, severe scratch marks,
piloerection, being hunched and inactive and one mouse each with limping and anal
prolapse. Only one was reported as moribund by the animal technicians and this
animal was found to have a left inguinal mass and splenomegaly (0.63g) at necropsy
but no diagnosis could be reached on histopathology assessment. The spleen was
less than 0.22g in weight in all of the remaining mice that were culled sick and
reported as having ‘no lesion’ on histopathology.

Figure 6.8 shows the spleen

weight at death for the various cohorts. A bimodal distribution of spleen sizes across
the Vk*MYC-TA-hPB cohort is evident, which largely represents cases with and
without lymphoma.
$" 

Histopathology assessment was performed on 48 IM mice from the Vk*hPB cohort,
including one which was culled for experimental purposes and had features of
lymphoma at death. Of these, 26 were found to have lymphoma on review of the
H&E slides. Immunohistochemistry, flow cytometry or both was performed on 25 of
these samples and the lineage was confirmed as B cell in 23 cases. In the most
striking case of B cell lymphoma the spleen was 11.8g and there were also liver
lesions, thymomegaly, and a mesenteric mass (figure 6.8 and 6.9). One mouse with
B cell lymphoma was also noted to have a plasmacytosis in the thoracic and
mesenteric lymph nodes and the liver. One of the remaining cases showed double
staining for CD3 and B220 on IHC but the flow cytometry of the spleen suggested
this was a T cell tumour (66% CD4+, 32% CD19+/B220+). Of the two lymphoma
cases not assigned a lineage one was thought to be a B cell lymphoma based on
morphology

and

distribution,

however

it

has

not

been

assessed

by

immunophenotyping. The flow cytometry of the other case is most suggestive of a T
                 


  $'

cell tumour, but around 40% of spleen cells were negative for all markers used (CD3,
CD19, B220, Mac1 and Gr1). There were two further mice which were reported as
‘possible lymphoma’, but this diagnosis was not confirmed even after flow cytometry
and IHC.

These mice both had enlarged spleens (2.07g and 1g) and one had

widespread lymphadenopathy. Of the remaining IM cases, no lesion was identified
in sixteen and none of these had macroscopic features of lymphoma. There were
two cases with papillary adenomas of the lung and one with extensive invasive
adenocarcinoma of the lung. The final case had unusual morphology with reactive
and apoptotic changes and it was concluded this was most likely reactive.
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Figure 6.8: Spleen weight for the variousColony
colonies. Each mouse is represented by a
point. The mean and the standard error of the mean for each colony are shown in black.
The difference between hPB IM and MYC-TA-hPB IM is statistically significant (p=0.0022).
For the hPB IM and MYC-TA-hPB IM mice the difference versus GRL only mice was
statistically significant (p=0.0004 and p=0.003 respectively), but not quite so versus the
hPB only (p=0.15) or MYC-TA-hPB only (p=0.0785) mice.
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In total there were 41 GRL only (GrOnc) mice that had histopathology assessment
between these two cohorts. Of these, no lesion was identified on histopathology in
29 cases, including one which was culled due to an eye defect and was not
considered to have reached the survival endpoint. Of the cases in which no lesion
was identified, nine were found dead. One of these had an enlarged spleen (0.52g)
with no other findings at necropsy, but the tissues showed autolysis making it
unsuitable for histopathology. Four of the remaining 12 GrOnc mice had lymphoma;
two B cell, one T cell and one of uncertain lineage which was negative for B220 and
CD3 on IHC but involved the thymus, heart, lung, kidney, spleen, liver, lymph nodes
and blood. One of the mice with B cell lymphoma also had a focal increase in
plasma cells in the BM and protein deposits in the glomeruli. Five of the GRL mice
had non-haematopoietic tumours, one a lung adenoma and one fatty liver only. The
final mouse had thoracic lymphadenopathy and splenomegaly, but these changes
were thought to be reactive based on histopathology and IHC.
Of the 40 mice with the Vk*MYC-TA-hPB transgene but no GrOnc, only seven were
found to have lymphoma. IHC was performed in six of these and confirmed B cell
lymphoma in all cases. Two of these had focal areas of plasmacytosis in the bone
marrow in addition to the lymphoma. No lesion was identified on histopathology in a
further 21 mice and all had spleens that weighed less than 0.35g at death.
Diagnoses in the remaining twelve mice were; i)probable myeloproliferative disorder
(MPD) ii)

chronic inflammation and immune complex glomerulopathy iii) groin

abscess iv) periarteritis in lung and muscle v) lung adenoma only (n=3) vi) lung
adenocarcinoma (n=3) vii) transitional cell papilloma of kidney and viii) possible
myeloid leukaemia.
To date, histopathology examination has been performed on twelve mice with the
Vk*hPB transposase alone. Of these four had B cell lymphoma, four had no lesion,
and one each had plasmacytosis with mastocytosis, a skin lesion of uncertain
aetiology with a plasmacytosis in a nearby lymph node, a high grade malignant mass
in the abdomen of uncertain lineage and a lung adenoma. One of the mice with
lymphoma was also noted to have plasmacytosis in the thoracic lymph nodes.
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Figure 6.9: Mouse Vk*hPB IM 4.1c. (A) Necropsy findings included an 11.8g spleen and
4.75g liver. (B – E) Histopathology shows a diffuse infiltrate of B cells in the spleen [x200
H&E (B) and x 100 B220 IHC (C)] and peri-portal infiltrates in the liver [x400 H&E (D) and x
50 B220 IHC(E)].

Twelve wild-type littermates were aged along with these mice and tissues were
taken for histopathology at death. Of these only one had a possible haematopoietic
malignancy; an undifferentiated malignant infiltrate involving the liver, lymph node,
lung, spleen, blood and kidney, which was negative for B220, CD3 and MPO on IHC.
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The histopathology and immunophenotyping confirmed an increase in B cell
malignancies in the two insertional mutagenesis cohorts. However, the morphology
of these lymphomas was variable and included follicular, diffuse and sclerotic
tumours and some that varied in pattern between different regions of the same
tumour. The cell size also varied from small to large cell both between and within
tumours.

Some lymphomas also had leukaemic changes, including some with

blastic morphology.
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With the assistance of Dr George Giotopolos (Huntly laboratory, University of
Cambridge) I performed flow cytometry on CD19 and B220 positive tumours using
CD24, CD43, AA4.1 (CD93), BP-1, IgM and IgD to determine what stage of B cell
development these tumours correspond to (figure 6.10). Nine Vk*MYC-TA-hPB and
12 Vk*hPB IM tumours were selected for further analysis along with one Vk*MYC-TAhPB only, one Vk*hPB only and two GrOnc only tumours. These included B cell

lymphomas which were described on morphology as mature and immature, small
and large cell and follicular, nodular and diffuse in pattern.

Figure 6.10: Stages of B cell development in mouse bone marrow. B cell development
stages are shown according to the Hardy classification system (Hardy and Hayakawa,
2001).
Corresponding surface antigens are indicated along with the timing of
immunoglobulin gene re-arrangement for the heavy (IgH) and light (IgL) chain genes.
Adapted from Hardy and Hayakawa, 2011.

Three samples described as ‘blastic’ or ‘poorly differentiated’ were selected for flow
cytometry; two from the Vk*MYC-TA-hPB and one from the Vk*hPB IM cohorts. Of
these, two were clearly positive for B220 and CD19, while one of the Vk*MYC-TA-hPB
samples was positive for B220 but not for CD19 (figure 6.11A).

Unfortunately,

further flow cytometry could not be performed on the Vk*MYC-TA-hPB 12.4a and
Vk*MYC-TA-hPB 10.1h samples due to a lack of viable cells. The other sample with

blastic morphology Vk*hPB 5.1e was strongly positive for CD24, predominantly
negative for BP-1 and showed variable staining for AA4.1, CD43, IgM and IgD. This
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suggests that a significant proportion of the B cells in this tumour had a mature B cell
phenotype (figure 6.11B).



Figure 6.11: Flow cytometry of spleen samples from three mice with blastic
morphology (A) CD19 (vertical axis) and B220 (horizontal) staining on the three mice (B)
Further analysis of Vk*hPB5.1e. Clockwise from top left CD24, BP1, AA4.1, IgD, IgM and
CD43 on the vertical axis; all shown against CD19 (horizontal).

The nine Vk*MYC-TA-hPB IM and one Vk*MYC-TA-hPB only tumours investigated
using the extended flow panel were uniformly negative for AA4.1 and BP-1 and
positive for CD24. Representative flow cytometry results are shown in figure 6.12.
IgM was positive in most cases and the IgD staining varied from weak to strong but
was positive in all cases, with the exception of Vk*MYC-TA-hPB 10.4f (figure 6.13),
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which was reported as a large cell high grade lymphoma on morphology. The CD43
was negative in most cases, including tumours classified as both small and large
cell, and low and high grade on morphological appearance. However, in samples
Vk*MYC-TA-hPB 14.1G, the Vk*MYC-TA-hPB only mouse, and Vk*MYC-TA-hPB 12.1C

(figure 6.12), there was some weak CD43 staining. A third sample also had a small
number of B cells with weak CD43, although the majority were negative. All of these
tumours were described as follicular lymphomas on histopathology, although 12.1C
was also noted to have sclerotic changes. Despite these differences, in general, the
flow patterns were similar across the various morphological subtypes. Therefore,
flow cytometry analysis showed that the majority of Vk*MYC-TA-hPB B cell
malignancies had a mature B cell phenotype.

Figure 6.12: Representative flow cytometry from MYC-TA-hPB IM cases. The
samples are Vk*MYC-TA-hPB 7.2g (top), Vk*MYC-TA-hPB 7.6e (middle) and Vk*MYCTA-hPB 12.1c (bottom). Each tumour is represented in a separate row. From left to right
the columns show; i)gating on B cells by B220 and CD19, ii) CD24, iii) AA4.1, iv) CD43,
v) BP-1, vi) IgM and vii) IgD. CD19 is shown on the horizontal axis in all.
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Figure 6.13: MYC-TA-hPB14.3f. Like most Vk*MYC-TA-hPB samples 14.3f was
negative for CD43, but In contrast to the other samples it was negative for IgM and had
negative/weak IgD.

The flow cytometry of the twelve Vk*hPB IM samples was more variable. Although
these samples were uniformly positive for CD24, there was a spectrum of CD43
staining, with some samples clearly positive (e.g. Vk*hPB 4.2b, Vk*hPB 6.2l), others
negative (e.g. Vk*hPB 5.1d, hPB 7.7d) and most showing a mixture of positive and
negative cells (figure 6.14). Vk*hPB 4.2b and 6.2l were both uniformly positive for
AA4.1 and 6.5c and 5.1e were positive in a significant proportion of cells, however all
the other samples were negative. BP-1 was negative in the majority of B cells in all
cases, but two had BP-1 positivity in up to 30% of cells (4.2b and 6.5c). Regardless
of their CD43 expression, the Vk*hPB IM tumours were mostly IgD positive. Even in
samples 4.2b and 6.2l, a number of cells were IgD positive (figure 6.15). The fact
that these tumours are positive for IgD suggests they have a mature B cell
phenotype, but CD43 is usually negative from the late pro-B stage of development.
Therefore these tumours are not easy to classify in the spectrum of normal B cell
maturation (figure 6.10). The finding of CD43 with sIgM and IgD may reflect an
aberrant phenotype or is consistent with these being B1 cells (Wells et al., 1994).
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Figure 6.14: CD24 and CD43 flow cytometry on hPB IM samples. All analyses were
performed on CD19 and B220 double positive cells. The mouse ID is indicated in each.
Although all samples were CD24 positive there was significant variation in CD43.

Figure 6.15: IgD expression in the Vk*hPB tumours. The data and mouse ID are
shown for each of the twelve Vk*hPB IM mice analysed with the extended flow panel.
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In order to establish if the tumours in the Vk*MYC-TA-hPB cohort were MYCdependent we performed Western blotting using various anti-Myc antibodies. This
work was performed with Nicla Manes. Although both the human and mouse cMyc
were detected by the appropriate antibodies in positive control lysates, neither was
detected in the mouse samples despite abundant protein (figure 6.16). Western
blotting for the PB transposase was also attempted using an in-house antibody, but
this was unsuccessful.
Immunohistochemistry was performed using the same antibody as described in the
Chesi paper, which detects both mouse and human Myc(Chesi et al., 2008). MYC was
found to be expressed in many, but not in all of the Vk*MYC-TA-hPB IM tumours
(figures 6.17 – 6.19). The Vk*MYC-TA-hPB IM samples which were described as
having immature morphology typically had a high proportion of Myc positive cells
(e.g. 10.1h, 12.4a and 3.4c) (figures 6.17 and 6.18). Many of the GrOnc only control
mice or IM mouse from the Vk*hPB cohort did not stain strongly for Myc, but some of
these tumours were positive (figures 6.20). Eight samples from Vk*MYC-TA-hPB mice
that lacked the GrOnc transposon were also stained. Four of these had no lesion
detected on histopathology and none of these had increased Myc staining. Of the
four samples that were reported as lymphoma, only one had a noticeable increase in
Myc staining (figure 6.21). Attempts to perform IHC using an antibody specific to
human Myc were unsuccessful.
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Figure 6.16: Western Blot for human and mouse Myc protein. (A) The Covance
antibody is specific for human Myc. Despite a strong signal in the control lysate, no
human MYC protein was detected in the transgenic IM mice. However, neither human or
mouse MYC protein was detected with the non-specific Myc antibody in any of the tumour
samples, although it was positive in control lysates (B). The bottom panels show the
beta-actin staining, indicating adequate protein was present. The control samples were a
lymphoma from a RasG12D GRL insertional mutagenesis mouse (1), and tumours from
GrOnc only mice from this study (2 and 3). The Vk*MYC-TA-hPB IM lysates were all from
spleen samples from mice with lymphoma, including three with follicular morphology (1-3)
and one with blastic morphology (4). These blots were generated by Nicla Manes.
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Figure 6.17: IHC staining of three Vk*MYC-TA-hPB IM tumours. The top row shows
B220 staining and the bottom c-Myc. (A) Axillary lymph node from Vk*MYC-TA-hPB
10.1e, which has described as a large cell lymphoma by our histopathologist. The
majority of cells are positive for B220 and many are also positive for c-Myc. Bone
marrow samples from Vk*MYC-TA-hPB10.1h (B) and Vk*MYC-TA-hPB3.4c (C)
showing almost complete replacement of the marrow with B220 and c-Myc positive
cells. Both of these tumours were described as blastic on morphological appearance.

Figure 6.18: IHC of Vk*MYC-TA-hPB 12.4a, an IM tumour with blastic morphology.
From left to right the tissues are spleen, lymph node, liver and bone marrow. Top panel:
B220. Bottom panel: c-Myc.
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Figure 6.19: IHC of tumours from Vk*MYC-TA-hPB IM mice diagnosed with
lymphoma, which were negative for Myc. B220 staining (top row) and c-Myc (bottom
row) in each. (A) The malignant B cells in Vk*MYC-TA-hPB14.1h are negative for Myc in
the spleen (left), liver (center) and mesenteric lymph node (right). (B) The findings were
similar in Vk*MYC-TA-hPB1.1b. Liver immunohistochemistry is shown. (C) Vk*MYC-TAhPB12.3g had an axillary tumour (left) (thought to be a carcinoma of a skin appendage or
breast) in addition to a B cell lymphoma which involved the spleen (right). The axillary
tumour is positive for Myc, but the B220 positive spleen cells are all negative.
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Figure 6.20: Myc IHC shows variable numbers of MYC positive cells in control
mice. (A) Spleen sample from Vk*hPB5.1a, an IM mouse without the MYC transgene
that developed lymphoma (x200). (B/C) Spleen samples from GrOnc only mice 4.1f
(x200) and 2.5d (x100) showing only occasional Myc positive cells. (D) Spleen (x100)
and (E) bone marrow (x100) from a wild type mouse showing scattered Myc positive
cells. (F) A large number of Myc positive cells are seen in the bone marrow from
Vk*hPB5.1e (x200), an IM mouse without the MYC transgene which developed
lymphoma that was described as blastic in morphology6

Figure 6.21: Myc IHC in Vk*MYC-TA-hPB mice that lacked the GrOnc transposon.
(A) Of the four tumours tested three had only occasional Myc positive cells as seen here
in Vk*MYC-TA-hPB14.1g. (B) Vk*MYC-TA-hPB10.1g was the only one to have some
increase in Myc staining. Shown is the IHC performed on the liver (left) and spleen
(right). This was reported as a high grade large cell lymphoma. Top panel B220; bottom
Myc.
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In order to investigate if the stop codon was reverted in the hPB and MYC-TA-hPB
mice I performed RT-PCR followed by capillary sequencing on RNA from tumour
samples in three Vk*hPB and four Vk*MYC-TA-hPB mice using the same primers as in
6.2.2, which were used to validate splicing from the Vk exon into MYC or hPB. The
results showed clear sequence with maintenance of the stop codon in all tumour
samples. Reversion of the stop codon in a minor sub-clone could not be excluded
using this capillary sequencing approach. However, as the construct was designed
such that activation of the transposase should have been dependent on reversion of
the stop codon, we would expect this to be evident in the major tumour clone if it had
occurred.
To further investigate reversion of the stop codon in tumour samples I performed the
same RT-PCR in eight Vk*hPB and ten Vk*MYC-TA-hPB samples followed by
sequencing of the PCR products using the MiSeq platform. The RNA was derived
from tumour samples in 16 of 18 cases. There was one spleen sample from each IM
cohort where the histopathology showed ‘no lesion’. At least 350 000 reads were
mapped to the target sequence in each sample, which represented between 67 and
86% of the total reads. Although there was evidence of mutation around the stop
codon, this was always in a minority of reads (table 6.1 and 6.2). In every case at
least 88% of the reads had the wildtype sequence which resulted in a protein
sequence of ATMG-YPYDV around the stop codon.

Typically this wild type

sequence accounted for over 95% of reads (table 6.1).
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Table 6.1: Total reads around the stop codon in each sample from sequencing the
RT-PCR products on the MiSeq platform. In each case the top hit was the unmutated
sequence and this accounted for at least 94% of reads in all but one case.
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In order to determine if these tumours were clonally re-arranged and had undergone
SHM, BCR repertoire analysis was performed by Rachael Bashford-Rogers using
the method she has established (Bashford-Rogers et al., 2013b). This analysis was
performed on DNA from spleen, lymph node or abdominal mass in samples from five
Vk*hPB and five Vk*MYC-TA-hPB IM mice. All samples except one returned more than

21000 reads that passed filtering, which is sufficient to derive robust B cell
repertoires. The sample that failed was Vk*MYC-TA-hPB1.1b, which returned only
635 reads after filtering (16% of the all reads with its unique barcode). The DNA
from this sample was taken from an abdominal mass, which turned out to be a non-B
cell tumour, with morphology consistent with a neural or smooth muscle tumour. The
mouse also developed lymphoma in the spleen and liver, however the BCR
repertoire analysis was not performed on these samples. The remaining samples
gave a mean of 130732 reads post filtering (range 21123-239144).
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Table 6.2: Results from RT-PCR and sequencing around the stop codon in 10 Vk*MYC-TA-hPB and 8 Vk*hPB samples. The diagnosis
is shown in each case along with the protein translation of the major sequences identified using MiSeq sequencing. Although some
sequences were identified in which the stop codon is reverted, these were always in a minority of reads. The bioinformatic analysis was
performed by Rachael Bashford-Rogers.
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The Vk*hPB samples included two controls that had no clinical features of lymphoma
at death and no identifiable abnormality on histopathology. The spleen DNA from
these samples showed diverse B cell repertoires without evidence of clonal
expansion (figure 6.22). The largest cluster in the samples without an identified
tumour was 2.1%. By contrast, the most monoclonal of the samples was Vk*MYC-TAhPB10.1h, the sample which was positive for B220 but negative for CD19 on flow

cytometry (figure 6.11a) and was positive for Myc on IHC (figure 6.17).

In this

sample 95% of the B cell repertoire was represented by a single cluster. This cluster
shared the V gene IGHV14-2*02 and the J gene IGHJ4*01 and there were also an
average of 7.94 mutations in the V gene, indicating the B cells had undergone SHM.
Of the six other tumour samples that were analysed four had a dominant cluster that
accounted for at least 50% of the repertoire (table 6.1). In sample Vk*hPB3.3a there
were two clusters that accounted for 16% and 10% of the repertoire and this was
reported as a diffuse large cell lymphoma based on H&E stained tissue sections.
However, IHC showed double staining for CD3 and B220 and on flow cytometry only
33% of viable cells were CD19 and B220 positive, while 66% were CD4 positive. On
the basis of the flow cytometry results this was called a T cell tumour, but these
results indicate there was also a clonal expansion of B cells. In the remaining sample
analysed for B cell repertoires (Vk*MYC-TA-hPB13.2f) the largest two clusters
accounted for 4% of reads each. This sample was reported as follicular lymphoma
based on the H&E stained specimens, but IHC was not performed. Flow cytometry
on the spleen showed 42% B cells and 35% T cells and no definite lineage was
assigned to this tumour. The B cell repertoire results on the spleen are consistent
with a small clonal expansion of B cells. Repeat analysis was subsequently
performed using BM RNA from the same mouse and the largest cluster identified
was 18%, which provides further evidence that this mouse did have a clonal B cell
disorder.
It is important to note that as our main analysis was performed on DNA it is possible
that two clusters relate to a single B cell clone, with one representing an abortive
non-functional rearrangement.

This is less likely when the clusters are clearly

different in size such as for Vk*hPB 6.4d, than in cases such as Vk*hPB 6.5c.
However, on flow cytometry of Vk*hPB6.5c two distinct B cell populations were
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evident (figure 6.23) and it is also possible that these clusters came from separate B
cell clones.

Figure 6.22: B cell receptor repertoires from different samples. Each vertex
represents a unique sequence and the relative size of the vertex is proportional to the
number of reads that shared this identical sequence. Vertices that differ by one base
are connected by edges and groups of connected vertices are grouped into clusters.
The colour of the major vertex indicates the proportion of reads that share that
sequence (yellow <40%, orange 40-90%, red>90%)(Bashford-Rogers et al., 2013b).
The sample ID and histopathology diagnosis are indicated for each sample. The total
sequence reads and proportion assigned to the major clusters are shown in table 6.3.
Plots courtesy of R. Bashford-Rogers.

                 


  &%

 # 
 A6C
+($&

(&'%
>"

#%'"%

( %"
&

( %
"
%'&

!
(''"!&
!

!

!
 B;>?

?@6>>











?

3+27

?ECA

@AC

 A7D;>?

?
@
A
B
C
G
?
@
A
?
@
?
@
?
@
?
@
A
B
C
D
E
F
G
?>
?@

?6GA
4+34
?6@>
?6>D
?6@>
?6?D
A6FA
5+;;
?6>A
?>6>B
37+79
73+66
BD6?C
85+98
@E6G@
8:+96
@6F@
@6CB
?6GF
@6@C
?6@F
@6@E
?6AC
?6?@
?6A>
?6>F

E>D
EEA
BAG
AFD
BAF
B@B
CG>?
D?BF
?CF@
?@EB>
?GEBD
?@A>@D
??>ACB
FF@AE
AFDAE
?BC?G
CGD
CAE
B?G
BED
@E>
BEG
@FC
@AD
@EB
@@F

?CC
?C@
EE
E@
DF
CF
EBC
B@?
@>@
ABDA
??@D
D>D?
CEG?
BAC@
@?G?
?@@>
G>
EG
EC
DD
BG
BE
BE
BC
AE
A>

 C7?C;>?
 C7G7?;>@
 A7?;>@
 A7?;>@
 ?C7@;>@
 A7?;>@
 ??7@;>?
 A7?;>@
 ??7@;>?
 ?7?C;>?
 @7B7?;>?
 C7B;>A
 ?7CC;>?
 ?C7@;>?
 ?B7@;>@
 ?7?C;>?
 A7?;>@
 A7A;>?
 ?@7A;>?
 A7D;>?
 A7?;>@
 ??7@;>?
 ??7@;>?
 C7D7@;>?
 ?@7A;>?
 C7@;>@


















?;>A
B;>?
B;>?
B;>?
B;>?
B;>?
?;>A
@;>?
B;>?
A@
A;>?
A;>?
A;>?
?;>A
A;>?
@;>?
B;>?
B;>?
?;>A
?;>A
A;>?
?;>A
B;>?
B;>?
A;>?
B;>?

?6AE
?6?F
C6>D
D6??
?6>A
C6@?
?6BB
C6G@
B6FG
A?6>>
D6AA
?6GA
C6E>
?6DA
E6D>
A6AF
E6?A
?6@A
?6?G
?6?@
??6GB
>6G?
B6>>
B?6AD
@6G@
?6?E

  
?>6B+($&

?
@
A

:4+56
E6FC
B6CB

E@EGB
DGB>
B>?A

CGFD
?ECE
BE>

 ?7CA;>?
 ?7CA;>?
 ?@7A;>?

 @;>?
 @;>?
 ?;>A

@D6?B
@E6A@
?6AC

  
?>6?  

?

;6+;7

?GAGBE

ED?C

 ?B7@;>@

 B;>?

E6GB

 D6@
+($&

  
?A6@+($&
 A6A
+($&
 D6C
+($&
 D6B
+($&

  
E6D%+&,*!
%++

Table 6.3: Cluster assignment and B cell repertoires for samples depicted in Figure
6.22. All clusters which accounted for at least 1% of the reads for a sample are shown.
The V and J genes assigned to the cluster and the mean number of mutations in the
variable region of sequences in that cluster are shown.
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Figure 6.23: Flow cytometry on hPB 6.5c. Two distinct B cell populations are evident.
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Serum samples were collected at monthly intervals from a cohort of mice to look for
the development of a paraprotein. In addition, where possible, a serum sample was
taken from all mice at the time of death. The rate of detection of monoclonal proteins
was lower than that reported by Chesi et al who found that over 50% of Vk*MYC
mice, but less than 10% of controls had a detectable paraprotein at 30weeks of age
(Chesi et al., 2008). In that study monoclonal proteins were first detectable from 20

weeks of age and increased in intensity over time. By 50 weeks 80% of Vk*MYC mice
had a monoclonal band (Chesi et al., 2008).

Although I detected occasional

monoclonal bands these did not always increase in intensity and were sometimes
lost on subsequent sampling (figure 6.24). For example Vk*MYC-TA-hPB 10.1b had a
clear monoclonal band on the week 37 serum sample, but it was negative when the
mouse died of lymphoma at 84.5 weeks of age.
Protein electrophoresis was performed on blood samples taken at death from 49
Vk*MYC-TA-hPB mice (all genotypes) of which only eleven had a definite monoclonal

band. Of these, no diagnosis of malignancy was made based on histopathology in
four, while the other seven were found to have lymphoma. Only one was found to
have a bone marrow plasmacytosis on histopathology examination and this mouse
also had lymphoma. Of the 17 Vk*MYC-TA-hPB only mice (i.e. no IM), which had
protein electrophoresis performed on the final blood sample, four had a clearly
detectable paraprotein of which one had a bone marrow plasmacytosis on
histopathology. Of 16 GRL only or WT mice, four had a clear paraprotein at death.
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Protein electrophoresis was performed on serum samples taken at death from
seventeen Vk*hPB mice (including two non-IM) and six had a paraprotein detected.
The one IM mouse reported to have a plasmacytosis in the lymph nodes and liver on
histopathology had an increase in gamma globulins but no discrete monoclonal
band.





Figure 6.24: Serum protein electrophoresis on Vk*MYC-TA-hPB mice. A: Week 37-40
results from a selection of live mice which were serially bled. B: Results from sera obtained
at death from ten mice including five mice from A (left). In these terminal blood samples only
10.1G has a clear monoclonal band. This mouse was a Vk*MYC-TA-hPB only mouse (No
IM) that died with large cell high grade lymphoma. Mouse 12.1C had a lymph node
plasmacytosis on histopathology and shows increased gamma globulins without a discrete
band. 10.1B, 14.1H, 1.1b, 12.3G and 10.2K were all IM mice that died with lymphoma. Note
that a monoclonal band was evident in mouse 10.1B at week 37 (as well as in several other
serial samples). This was lost at death when the mouse had lymphoma. The arrows indicate
the point of sample application and the position of α, β and ƴ globulins are indicated. The
controls are Kemtrol Normal and abnormal serum controls.
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CIS were analysed using the top 10, 25 and 100 integrations from each tumour
sample.

Samples included in the analysis were from IM mice which had been

diagnosed

with

lymphoma

based

on

histopathology

analysis

or,

where

histopathology results were not available, from mice with necropsy findings which
were

suggestive

of

lymphoma

(splenomegaly

(≥0.4g)

and/or

significant

lymphadenopathy). Only a single tissue sample from each mouse was used in the
analysis and non-lymphoid tumours were excluded. The CIS identified using the top
25 hits in each cohort are shown in tables 6.3 and 6.4. Similar lists for the top 10
and 100 hit analysis are shown in appendix 6A.
The CIS identified by CIMPL analysis showed significant overlap between the
Vk*hPB and Vk*MYC-TA-hPB IM cohorts (figure 6.25). The overlapping integrations
between the two cohorts using the top 10 hits from each tumour included five of the
top hits in the Vk*Myc-TA-hPB cohort and four of the top six in the Vk*hPB cohort.
The number of CIS sites identified increased with the number of integrations from
each sample used in the analysis (figure 6.26). The most frequently hit CIS were
detected regardless of the cut-off used and there were 26 CIS integrations found in
all three analyses on Vk*MYC-TA-hPB cohort and 22 for the Vk*hPB tumours (figure
6.26). The samples that harboured integrations contributing to these CIS are shown
in tables 6.5 and 6.6.
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Table 6.3: Complete list of CIS generated by CIMPL analysis using the top 25 hits in
each of the Vk*hPB IM lymphoma samples. The start and end boundaries encompass all
analysis windows in which each locus was identified as a CIS. The gene shown as nearest
to peak was the central gene in the majority of kernel windows (scales) detecting the CIS,
but is not necessarily the target gene for the CIS. Due to local hopping the total number of
insertions occasionally included multiple integrations from the same tumour, so both the
total number and the number after correction for local hopping are shown. The smallest p
value identified at any scale is shown along with the analysis scales at which the CIS was
detected (x1000).
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Table 6.4: Complete list of CIS generated by CIMPL analysis using the top 25 hits
in each of the Vk*MYC-TA-hPB IM lymphoma samples. Columns are as described
in table 6.3.
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Figure 6.25: Overlapping integrations between the two cohorts on analysis using
the top 10, 25 or 100 integrations in each. The identity of the central gene in the CIS
is shown on the right, for each of the shared integrations.

Figure 6.26: Number of integrations shared between analysis using different cutoffs for the number of integrations per tumour included in the analysis. The total
number of CIS detected in each analysis is shown in brackets. This includes all CIS
including those detected only at a single kernel window.
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Table 6.5: CIS identified in the Vk*hPB cohort using the top 10, 25 or 100
integrations for CIMPL analysis. Only CIS that were detected in at least two analyses
are shown. The start and end CIS boundaries (columns 3& 4) encompass all windows in
an analysis in which each locus was identified as a CIS and differed between analyses.
Tumours that had integrations within the CIS boundaries are highlighted (red = top 10
integration, blue = top 25, green = top 100). The gene nearest to the centre of the CIS is
listed. Where this differed between analyses, more than one gene name is shown.
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Table 6.6: CIS identified in the Vk*MYC-TA-hPB cohort using the top 10, 25 or 100 integrations for CIMPL analysis. Only CIS
that were detected in at least two analyses are shown. The CIS boundaries differed between analyses as shown. Tumours that had
integrations within the defined CIS boundaries are highlighted (red = top 10 integration, blue = top 25, green = top 100). The gene
nearest to the centre of the CIS is listed. Where this differed between analyses, more than one gene name is shown.

The CIS with the highest number of integrations in both cohorts was at the position
of the gene for Rreb1 (Table 6.3-6.6).

Rreb1 integrations were in the forward

orientation within intron 1 in the vast majority of cases suggesting this was an
activating integration. Another frequently hit gene in both cohorts was the known B
cell lymphoma oncogene Bcl6. Although the larger CIS windows report a single CIS
spanning the Bcl6 gene and its flanking regions, the smaller windows report multiple
CIS around Bcl6. The integrations are localised within intron one and the intergenic
region 5’ of Bcl6. For example, in the Vk*hPB CIS data, using the top 25 integrations
the 10kb kernel scale reports three discrete CIS; i)centred at 23988419, with 10 hits,
ii) centred at ~24144166 with four hits and iii) at ~24188921 with four hits. The first
location involves the integrations within intron 1 of Bcl6, but the latter two sites are 5’
of the gene. It is noteworthy that although the integrations in intron one are almost
universally in the forward orientation, which suggests this is an activating integration,
those 5’ to the gene occur in both orientations.
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In addition to sequencing the Vk*hPB and Vk*MYC-TA-hPB IM mice that developed
tumours I also included many spleen samples from mice which were not found to
have an abnormality on histopathology analysis. Although the read coverage was
generally lower in these samples compared to mice with lymphoma (mean 55491 vs
113460 reads, p=0.0048) this still provided deep coverage of transposon
integrations. A mean of 92 unique transposon integration sites were mapped with 2
or more reads after removal of duplicates in these samples compared to 466 in the
Vk*hPB and Vk*MYC-TA-hPB IM mice (p<0.0001). It is notable that the proportion of

reads assigned to the top integrations in these samples is significantly lower than in
the mice with lymphoma (4.6% vs 18% p=0.0008 in the non-duplicate filtered data)
(figure 6.28) although there were a few outlier samples. The sample with the lowest
read

coverage

(8933

reads

including

duplicates)

was

unremarkable

on

histopathology, but over 23% of reads mapped to a single integration (6:71585574,
intergenic). It is possible this was an artefact related to the low read coverage.
The drop off in the read count in data without removal of the PCR-duplicates was
reviewed for the top 50 integrations in samples which also underwent BCR repertoire
analysis (figure 6.29). In the two samples in which the largest clone was less than
2.5% on B cell repertoire analysis, the top transposon integration accounted for
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under 1% of total reads. For Vk*hPB 3.3a, which had two clusters of 10 and 15%,
the top integration accounted for 19% of reads, but the fall off in read counts for the
next most common integrations was marked. It is evident that the pattern of fall in
read count is different between samples and this did not appear to directly correlate
with the number and size of clusters on B cell repertoire analysis. Therefore, from
the transposon integration read counts it is not possible to tell if the major
integrations are shared in a single or multiple clones although it is possible to infer
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which samples are unlikely to contain a clonal expansion.

Figure 6.28: Sequence coverage and proportion of reads assigned to the top insertion
Read number (left) and proportion of reads assigned to the top hit (right) in IM mice with
either no malignant lesion or a diagnosis of lymphoma. Only mice sequenced on the first two
(of three) TraDIS sequencing runs are represented. Each dot represents a single mouse.
The mean and standard error of the mean are indicated PCR duplicates were not removed
for this analysis.

Multiple samples from a single mouse were analysed by TraDIS in 22 Vk*MYC-TAhPB and nine Vk*hPB cases. In those where lymphoma was the only tumour
identified on histopathology the major transposon integrations were similar between
the different tissue samples. In samples where a non-haematopoeitic tumour was
also detected, transposon integrations were often detected in these tumours, but the
integrations typically differed to those in the lymphoma samples.
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Figure 6.29: The proportion of reads assigned to each of the top 50 transposon
integrations in mice that had B cell repertoire analysis. The mice are listed in order of
size of the dominant clone as determined by BCR analysis. The tissue that was
sequenced is shown and was the same tissue used for B cell repertoire analysis except
for 10.4f (*) in which thoracic LN was used for integration site analysis and spleen for the
BCR analysis. Mice 6.2g and 3.5c had no abnormality identified on histopathology.
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Two PB IM mouse cohorts based on Vk*MYC mice, which were reported to develop
highly penetrant plasma cell malignancies (Chesi et al., 2008), had significantly
reduced survival largely due to the development of mature B cell lymphomas, but did
not develop multiple myeloma. Although the PB transposase was clearly active, the
mechanism of activation was not through reversion of the stop codon by SHM, as
had been anticipated given the design of the construct. Furthermore, there was
evidence of jumping in multiple tissues analysed by PCR, which suggests that
activation of PB was not specific to the mature B cell compartment. Although it is
possible that positive jump PCRs reflect the presence of mature B cells in nonhaematopoietic tissues, the finding of large numbers of transposon integrations in
                 


   

malignant samples which were not B cell lymphomas, and the positive jump qPCR in
different haematopoietic lineages is evidence that the transposase was active in cells
other than B cells. Nevertheless, the significant incidence of B cell lymphomas
suggests that transposition was most active in B lymphocytes.
In the original Vk*MYC model as published in Cancer Cell (Chesi et al., 2008), it was
predicted that translation of the transgene would be stopped by the engineered stop
codon in the third codon of the V-kappa exon. However, this stop codon was also
engineered as part of a DGYW motif, a preferential target sequence for AIDmediated SHM, in order for it to be sporadically reverted to allow MYC translation in a
small proportion of germinal and post-germinal centre B cells. In the original paper
transfection experiments in 293T cells were used to confirm that translation of MYC
was absent, and that it did not initiate from a downstream AUG in the setting of the
engineered stop codon (Chesi et al., 2008). Furthermore, hMYC mRNA expression
was only detectable in spleen and BM and was up-regulated by LPS stimulation to
induce plasma cell differentiation. The authors reported that 100% of Vk*MYC mice
developed a monoclonal expansion of bone marrow plasma cells with age, with
approximately 80% of necropsied mice found to have more than 5% (range 2%62%). In contrast, transgenic mice with MYC but without the engineered stop codon
developed aggressive pro-B lymphomas (Chesi et al., 2008).
To evaluate reversion of the stop codon, Chesi et al performed single colony
sequencing on the heavy chain locus VDJ fragment and the transgenic Vĸ region
from CD138 selected tumour plasma cells. They found evidence of SHM at both loci,
with a median of 2.6% mutations in the VH gene and 2.4% in the transgenic Vĸ
region, but no evidence of SHM in the MYC exons. Of the ten mice on which data
was presented, reversion of the stop codon was detected in at least one colony in
six, including both mice with Burkitt-like lymphoma. Although not every colony
showed reversion of the stop codon, they thought this was because multiple copies
of the transgene were expressed (either 20 or 8 copies) and concluded that
reversion did occur in every plasma cell because they expressed Myc by IHC.
However, although it was raised against amino acids 1-262 of the human protein, the
anti-Myc

antibody

used

(sc-764_N-262)

is

not

specific

for

human

Myc

(http://datasheets.scbt.com/sc-764.pd).

                 


   

In the PB IM mouse cohorts I did not identify reversion of the stop codon in any of the
tumours analysed using PCR and capillary sequencing of DNA from the bulk tumour.
RT-PCR and deep sequencing on MiSeq, showed that over 94% of reads in each
tumour had an identical sequence, with the stop codon intact. Although a small
number of reads with reversion of the stop codon were detected in most tumours,
these accounted for less than 1% of the total reads in each case, and therefore could
not be responsible for activation of the transposase in the main tumour clone.
The precise mechanism by which the transposase is activated in these transgenic
mice is yet to be determined. Alternate start codons in the leader sequence were
mutated to prevent premature initiation and there are no in-frame initiation codons
downstream of the engineered stop codon. The presumption is that there is a cryptic
initiation codon and alternate splicing which allows bypass of the stop codon. This
may occur from a distant methionine, but translation initiation at non-AUG triplets has
also been described in mammalian cells (Peabody, 1989; Starck et al., 2008). These
issues were discussed with Leif Bergsagl, senior author on the Vk*MYC paper. He
acknowledged they are also now suspicious that reversion of the stop codon is not
the main mechanism for transgene expression and this may only be true in the
infrequent mice which develop Burkitt lymphoma (2/122 mice in the original paper)
(Leif Bergsagl, personal communication). Their evidence for this is that the Myc
protein is frequently truncated in the plasma cell tumours. Furthermore, in a modified
Vk*MYC model in which Cre was expressed instead of MYC, Cre activation occurred

in 15% of plasma cells, which seems too high for SHM (Leif Bergsagl, personal
communication).
The other striking feature of our PB IM mice cohorts is the similar median survival
and tumour rate between the Vk*MYC-TA-hPB and Vk*hPB mice, suggesting that the
MYC transgene did not have a strong additional tumourigenic effect. In keeping with

this, the Vk*MYC-TA-hPB IM mice without the GRL transposon did not have shortened
survival compared to the GRL only mice. Less than a quarter of these mice died with
lymphoma and there were no cases of plasma cell malignancy at death. Therefore,
even in the absence of transposition, the MYC transgene did not have a powerful
tumorigenic effect in the B cell compartment. One possible explanation is that the
T2A linker adversely effected Myc function, as after cleavage it is expected to leave
a 17 amino acid tail on the C terminal end of Myc(Szymczak et al., 2004).
                 


    

Interestingly, we identified a CIS centred at Myc in the Vk*MYC-TA-hPB cohort, but not
in the Vk*hPB IM mice. Although there were some integrations around this site
detected in Vk*hPB mice, these were always in low number (<0.5% of reads). In
three Vk*MYC-TA-hPB mice (7.3h, 8.1b and 16.2a) this was amongst the top 10 hits
by read number. The transposon integration site was at position 15:61983792, 2kB
upstream of the Myc gene in all three cases. If the MYC transgene was having a
strong lymphomagenic effect, it would be surprising to have further selection for
integrations at the Myc locus during disease development.
Although the Vk*MYC-TA-hPB and Vk*hPB mice did not develop the spectrum of
tumours we anticipated, insertional mutagenesis was still active in the B cell
compartment and resulted in tumour formation. Furthermore, these tumours were
predominantly mature B cell lymphomas. CIS analysis performed on integrations
from these tumours identified several known lymphoma associated genes (e.g. Bcl6
and Malt1) and novel genes of interest. In this regard, the study was successful in
identifying putative cancer genes of relevance to mature B cell malignancies, which
are candidates for further study.
The CIS genes included several genes with known roles in lymphomagenesis. The
CIS with the second highest number of hits in both cohorts was at the Bcl6 locus.
Bcl6 is a transcription factor and a proto-oncogene that is expressed in normal

germinal centre (GC) B cells and follicular helper T cells (Wagner et al., 2011). Bcl6
deficient mice display normal B cell development except they are unable to form GC
(Dent et al., 1997; Ye et al., 1997). Within the B lymphocyte lineage, expression of Bcl6

is restricted to GC B cells and its down-regulation is thought to be required for
differentiation into plasma cells or memory B cells. Normally, expression of Bcl6 is
regulated by T cell induced CD40 signalling, which down-regulates Bcl6 via NF-ĸB
and IRF4 activation (Saito et al., 2007), and B cell receptor signalling which leads to
Bcl6 phosphorylation by MAPK and targets it for degradation by the ubiquitin

proteasome pathway(Niu et al., 1998). Bcl6 is expressed in cases of diffuse large B
cell lymphoma (DLBCL), follicular, Burkitt’s, primary mediastinal B cell, and some
Hodgkin lymphomas.

Overall about 20-35% of DLBCL have chromosomal

translocations involving BCL6 (Iqbal et al., 2007; Lo Coco et al., 1994; Offit et al., 1994).
These translocations are more common in the activated B cell type, than germinal
centre cases of DLBCL, although gene expression studies have associated
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overexpression of Bcl6 with a GC signature(Wagner et al., 2011). Mouse studies have
demonstrated an auto-regulatory site in the first exon of Bcl6 and around 10-15% of
DLBCL have mutations in this auto-regulatory sequence which is another
mechanism of Bcl6 overexpression (Iqbal et al., 2007; Wang et al., 2002). The 5’ non
coding region of BCL6 is also a target for SHM and mutations are reported in around
60% of cases of DLBCL, although the functional significance of many of these
mutations is not known (Iqbal et al., 2007).
Bcl6 is a transcriptional repressor. Its activity is dependent on binding to specific DNA

sequences via its C-terminal zinc finger domain and recruiting co-repressor
molecules including SMRT, NCoR and BCor (Wagner et al., 2011). This co-repressor
complex then recruits histone deacetylases, leading to transcriptional repression of
target genes, including ATR, TP53 and CDKN1A(Wagner et al., 2011). Interestingly
both Ncor1 and Bcor were also identified as CIS genes in the IM cohorts.
The pathogenic role of deregulated Bcl6 expression in lymphomagenesis has been
demonstrated in a transgenic mouse model in which the full length of the murine Bcl6
coding sequence was expressed under the control of the immunoglobulin heavy
chain (Iμ) promoter(Cattoretti et al., 2005). Bcl6 transgenic mice had an increased
number of GCs and at six months of age, showed abnormal polyclonal B cell
expansions, with partial effacement of the follicular architecture of lymphoid organs
consistent with a benign lymphoproliferative disorder. From 13 months onwards,
Bcl6 transgenic mice showed increased mortality due to clonal B cell lymphomas,

which had a mature B cell phenotype (IgM+IgD+CD43-) with histology similar to
human DLBCL in most cases (Cattoretti et al., 2005).
Another CIS common to both screens and with a well described role in
lymphomagenesis

is the mucosa associated lymphoid tissue lymphoma

translocation gene 1 (Malt1). The detected integrations were in the forward
orientation and predominantly in intron 6 of Malt1 and are likely to be activating
integrations.

Malt1 was initially described due to its recurrent translocation,

t(11;18)(q21;q21), in MALT lymphoma(Dierlamm et al., 1999). The translocation
created a fusion protein and resulted in constitutive activation of the canonical NF-ĸB
pathway. It was subsequently recognised that MALT1 binds to and synergises with
BCL10 to promote canonical NF-ĸB activation as part of the CARD11-BCL10-MALT1
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(CBM) complex (McAllister-Lucas et al., 2011). This activates the inhibitor of kappa B
kinase (IKK) complex, leading to degradation of inhibitor of kappa-Bα (IĸBα) and
release of active NF-ĸB dimers into the nucleus. Therefore, as part of the CBM
complex MALT1 activates canonical NF-ĸB activation downstream of both T and B
cell receptor stimulation, resulting in cytokine production and cellular proliferation in
response to antigen stimulation(McAllister-Lucas et al., 2011). In addition to its role in
MALT lymphoma, it has recently been recognised that MALT1 is important in the
pathogenesis of DLBCL, even in the absence of described mutations or
translocations in this disease. Activated B cell-like DLBCL (ABC) is characterised by
constitutive NF-ĸB activity and in an shRNA screen, CARD11, BCL10 and MALT1
were found to be essential to the survival of ABC-DLBCL cells (Ngo et al., 2006).
Furthermore, inhibition of MALT1 protease activity was toxic for ABC-DLBCL(Ferch et
al., 2009).

In this context it is also noteworthy that other genes involved in the

regulation of NF-ĸB transcription factor complexes were also identified as CIS genes
in this IM screen including NFĸBIZ and NFĸB1.
Mir17hg (mir17-92 cluster of microRNAs) is another CIS which has previously been

implicated in lymphomagenesis. In humans, Mir17hg is in a region at 13q31-q32
which is frequently amplified in DLBCL, follicular, mantle and other lymphoma
subtypes (He et al., 2005). Overexpression of Mir17hg in transgenic mice resulted in
increased lymphocyte proliferation and decreased cell death, and lymphoproliferative
and autoimmune disease (Xiao et al., 2008). Overexpresssion of Mir17hg with Myc in
EuMyc

mice resulted in accelerated development of aggressive lymphoid

malignancies (He et al., 2005).
Other CIS identified in our models included well-known transcription factors involved
in B cell development including Foxp1, Ets1, Pax5 and Bach2. Foxp1 is involved in
chromosomal translocations in DLBCL and MALT lymphoma, but it may also be
overexpressed by other mechanisms(Goatly et al., 2008).

It is reported to be

expressed in 40-60% of DLBCL and its overexpression is associated with poor
prognosis (Banham et al., 2005; Barrans et al., 2004). Recurrent gains at 11q24.3 were
recently described in 23% of DLBCL cases and were associated with significantly
higher expression of ETS1(Bonetti et al., 2013). PAX5 is an important regulator of B cell
differentiation, which, among other roles, activates BACH2 and initiates the GC
reaction. Translocations involving PAX5 are described in human B cell lymphomas
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(Cobaleda et al., 2007) and loss of heterozgosity of BACH2 has been described in

around 20% of B cell lymphoma(Ichikawa et al., 2014). The overexpression of BACH2
has been associated with poor prognosis in DLBCL in one study (Ichikawa et al., 2014)
although the reverse finding was reported in another (Sakane-Ishikawa et al., 2005).
Along with CIS genes with a well described role in lymphomagenesis, there were a
number other CIS that warrant further investigation. The most frequently hit CIS in
both cohorts was centred on the gene Ras responsive element binding protein 1
(Rreb1). Rreb1 is a paralog of ZNF821 and encodes a zinc finger transcription factor
that binds specifically to the RAS responsive elements of gene promoters. It has
previously been identified as a putative oncogene in a retroviral and a transposon
insertional mutagenesis screen (Starr et al., 2009; Uren et al., 2008) and has been
implicated in the pathogenesis of several tumours including childhood ALL (Xiao et
al., 2014), thyroid (Thiagalingam et al., 1996), pancreatic (Costello et al., 2012) and

colorectal (Kent et al., 2013) malignancies. A three way translocation involving MLLENL and RREB1 was also recently described in paediatric AML (Tuborgh et al., 2013).
RREB1 Is thought to be activated by RAS signalling downstream of the MAPK

pathway (Kent et al., 2013; Thiagalingam et al., 1996; Zhang et al., 2003). In a recent
study of childhood ALL, RREB1 was shown to bind to the PTPRG promoter and the
methylation status of the PTPRG locus was found to be a complementary event in
oncogenesis and was associated with RAS mutation status (Xiao et al., 2014). The
differential susceptibility of Balb/c mice to pristane induced plasma cell tumours has
been attributed to polymorphisms in the p16INK4a gene promoter that effect the Rreb1
binding site and increase Rreb1 mediated repression of p16INK (Zhang et al., 2003).
RREB1 silencing of ZIP3 is thought to be an early event in the evolution of pancreatic

adenocarcinoma, which results in reduced zinc levels in the ductal and acinar
epithelium (Costello and Franklin, 2013). A similar role in the down-regulation of the
zinc transporter hZIP1 has been described for RREB-1 in prostate cancer (Milon et al.,
2010). RREB1 also represses miR-143/miR-145 promoter activity(Kent et al., 2010)

and the loss of miR-145 is seen in K-RAS mutated pancreatic cancers(Sureban et al.,
2013) and colorectal carcinoma(Kent et al., 2013).

K-RAS medicated activation of

RREB1 is thought to directly inhibit transcription of the miR-143/145 cluster. This

appears to be a feed forward mechanism to potentiate RAS signalling in these
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tumours as K-RAS and RREB1 are targets of miR-145 and therapeutic restoration of
miR-145 abrogates tumorigenesis.
Despite the numerous recent accounts of the oncogenic role for RREB1, I could not
identify any reports of mutations or dysregulation of RREB1 in human B cell
lymphomas. Nevertheless, in our IM cohorts 23/33 Vk*hPB IM and 25/65 Vk*MYCTA-hPB IM tumours had integrations within the Rreb1 CIS in the top ten hits and

these were almost universally in the forward orientation suggesting they are
activating mutations. Although Rreb1 has been described as a CIS in some previous
IM screens (Starr et al., 2009; Uren et al., 2008) it was only seen in small numbers of
cancers and its specificity to any particular cancer was not determined. By contrast,
in my data Rreb1 was the most commonly hit CIS and this may suggest an important
role of this gene as an effector of activated Ras and MAPK signalling. Mutant genes
signalling through Ras such as EGFR, FGFR2, KRAS and BRAF have been found to
be recurrently mutated in mature B cell malignancies (Chapman et al., 2011; Vaqué et
al., 2014) and at least in some instances their key oncogenic effects may operate

through RREB1 overexpression. The ability of transposons to activate gene
expression in a very different manner to naturally occurring human cancer mutations
may be the reason this gene was identified by our studies, but has not been found to
be recurrently mutated in human lymphomas.
Notably there were other CIS involving RAS pathway genes in the Vk*MYC-TA-hPB
cohort including Nras itself. Although Csde1 is listed as the central gene in this CIS,
the majority of integrations are either in the terminal exon (exon 20) of Csde1 or
intron 1 of Nras and these are almost universally in the forward orientation for Nras
suggesting activating integrations. These Nras integrations were amongst the top hits
in samples that did not have Rreb1 integrations as a top 25 hit, suggesting that
mutations in the two genes were mutually exclusive, in turn alluding to them having
similar and therefore redundant effects. Similarly, two further tumours had top ten
integrations in the Ras activator Rasgrp2, and neither of these tumours had Rreb1
integrations in significant number. Another CIS in the MYC-TA-hPB cohort involved
Rasgrp3, a member of the RAS family of GTPases, and this did co-occur with Rreb1

as one of the top hits in some, but not all of the tumours in which it was present.
Notably, none of these sites were detected as CIS in the hPB cohort, which had a
much higher rate of Rreb1 integrations.
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Evidence from a conditional Kras mutant mouse model is that Ras activation is
insufficient to transform primary germinal centre B cells. These mice had a
conditional KRasG12D mutation that was induced by two different Cre recombinases
thought to be specific to germinal centre B cells (Cƴ1-Cre and AID-Cre). The mice
developed T cell lymphomas, lung adenomas and sarcomas but not B cell
lymphomas or plasma cell tumours despite the presence of activated Kras in the B
lineage cells (Mullins et al., 2013).

Even in a tumour-prone Arf-null genetic

background or following sub-lethal irradiation, the KRasG12D mutation failed to induce
a mature B cell malignant phenotype, which suggests that Ras activation is
insufficient to transform primary germinal centre B cells (Mullins et al., 2013). Rreb1
integrations were also detected in several of the IM mice that died with normal
spleen size and no detectable lesion on histopathology at death, which suggests that
this is an early and commonly occurring integration in these mice, but is insufficient
itself to generate lymphoma.
Another CIS gene of interest is Cflar (CASP8 and FADD-like apoptosis regulator),
also known as cFLIP, which was hit by insertions which were almost universally in
the forward orientation in intron 2. This gene was originally identified as a
competitive inhibitor of death signalling as it blocks recruitment of caspase-8 to the
death inducing signalling complex (DISC) (Budd et al., 2006). Subsequently it has also
been found to form a heterodimer with caspase-8 and to activate caspase-8. This
heterodimer also links T cell receptor signalling to activation of NF-ĸB through the
CMP complex (Budd et al., 2006). Notably, lymphoma cell lines with constitutively
activated NF-ĸB are resistant to induction of apoptosis and Cflar is one of the downstream targets whose overexpression is associated with this resistance (BernalMizrachi et al., 2006). Retroviral expression of Cflar in B cells was reported to reduce

CD95 mediated B cell death and cause retention of activated B cells in the germinal
centres, while transduction of B-lymphoma cells with viral FLIP resulted in highly
aggressive tumours which were resistant to CD95 induced cell death (Budd et al.,
2006; Djerbi et al., 1999). The expression of Cflar has been associated with poor

outcome in Burkitt lymphoma and in DLBCL of both GC and non-GCB sub-types
(Harris et al., 2012; Valnet-Rabier et al., 2005).

In conclusion, although the MYC-TA-hPB and hPB IM mice did not develop plasma
cell tumours, expression of the transposase under the control of the Vĸ gene
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regulatory elements led to the development of mature B cell lymphomas as the
predominant tumours in our mice.

The identified CIS genes were similar between

the two cohorts, suggesting that the MYC transgene was not operative.

The

identified driver genes included transcription factors, microRNAs and apoptosis
regulators, many of which have been found to be de-regulated in human lymphoma.
These CIS genes also include some, such as Rreb1, which could be the focus of
future studies, to better understand the mechanisms by which they contribute to
lymphomagenesis and to develop targeted therapies.
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7. Discussion
There were two central themes to this thesis. Firstly, the use of the Npm1cA/ GRL,
Vk*MYC-TA-hPB and Vk*hPB IM models as tools for discovery and validation of

tumour associated genes. Secondly, the use of IM as a tool for studying the clonal
evolution and architecture of cancer and its relation to human malignancies.

7.1 Transposon IM as a tool for cancer gene discovery
The transposon IM models presented in this thesis were analysed to identify CIS
genes as putative drivers for these tumours. For the purposes of this discussion the
Vk*MYC-TA-hPB and Vk*hPB CIS will be considered together unless specifically

stated otherwise. This is because there was significant overlap in the CIS identified
in these screens and there was no convincing evidence that the MYC transgene had
a strong collaborative effect in driving the Vk*MYC-TA-hPB tumours.
It is notable that in both the AML and lymphoma IM screens over 75% of tumours
had integrations in the single most frequently hit CIS (Csf2 and Rreb1 respectively)
as one of the top 100 integrations on TraDIS analysis.

Furthermore, in

approximately 50% of these tumours, integrations in these genes were amongst the
top ten hits.

This indicates that these loci were frequently hit, and that these

integrations were strongly selected for in the respective tumours. Neither Csf2 nor
Rreb1 have been reported to be mutated in the corresponding human tumours and

therefore some may dismiss these genes as irrelevant to the human diseases.
However, the validity of these novel driver integrations is supported by the fact that
several other well-known human disease-associated genes were also identified in
the CIS list for each of the cohorts. Immediately identifiable examples include
recurrent integrations in Flt3, Mll1 and Nf1 in the myeloid leukaemia mice, and Bcl6,
Mir17hg and Malt1 in the lymphoma cohorts. Several other CIS integrations identified

in the lymphoma screen have also recently been identified as significantly mutated
genes in human and cell line sequencing studies of diffuse large B cell lymphoma
(DLBCL).

These include GNA13, TNFRSF14, CIITA, POU2F2, EBF1, ETS1 and

TNFAIP3 (Lohr et al., 2012; Morin et al., 2013; Pasqualucci et al., 2011; Zhang et al., 2013)

                 


   

A possible explanation for the fact that neither of the highly prevalent top hits have
been identified in the respective human cancers, may be found in differences
between transposon-induced mutagenesis and sporadic somatic mutations found in
human tumours. Transposons can cause gene knockout, or overexpression of a full
length or truncated gene product, but they cannot introduce point mutations, which
are a common mechanism of somatic mutation in human disease. Although this is
often put forward as a weakness of transposon IM screens, it may also be a major
strength. Transposons are likely to identify the targets genes or pathways of point
mutations seen in human cancer and therefore can help to inform understanding of
the biological mechanisms involved in tumourgenesis. Although there are rare
examples to the contrary, such as Bcl6 in DLBCL (Wang et al., 2002), it is unusual for
point mutations to directly up-regulate human genes. The effect of the transposon
integrations around both Csf2 and Rreb1 appears to be gene up-regulation, and such
an effect cannot be recapitulated by point mutations in these genes. Therefore, it is
not surprising that such mutations have not been identified in the human diseases.
Translocations are a recurrent type of mutation associated with gene overexpression
in human haemopoietic cancers, but gene targets for translocations are relatively
limited and regulatory elements or the location of these genes may protect them from
this mechanism of mutation. For example, the very close genomic proximity (10kb)
and co-regulation of the CSF2 and IL3 genes in human and mouse, could be
preventing any translocation from upregulating one gene without disrupting the other.
This could therefore “protect” the locus from such an event. By contrast, the small
size of transposons enables them to overexpress Csf2 without a significant effect on
Il3 expression.

The absence of detectable mutations in Csf2 or Rreb1 in the human diseases may
reflect the difficulty of achieving up-regulation of these genes by the mechanisms of
mutation that regularly occur in the human genome, however this does not make
them irrelevant as potential therapeutic targets. For example, the bromodomain and
extraterminal (BET) protein, BRD4 is a general transcriptional regulator that is rarely
mutated in human cancers and recurrent mutations in this gene have not been
described in haemopoietic malignancies

(Shi

and

Vakoc,

2014).

However,

pharmacological inhibition of BET proteins shows therapeutic activity in a variety of
human cancers, including diverse genetic subtypes of haematological malignancies
                 


   

and the protein product of the wild-type BRD4 gene is believed to be the therapeutic
target(Dawson et al., 2011; Shi and Vakoc, 2014). It is possible that the transposon
integrations in Rreb1 and Csf2 are highlighting important common pathways in the
pathogenesis of human haematopoietic malignancies which could be targeted
therapeutically.
Csf2 is the gene which encodes GM-CSF, a cytokine that regulates myeloid cells by

binding its receptor and activating downstream signalling pathways. Csf2 was the
most frequently hit CIS in both the GRL and the published GRH model (Vassiliou et al.,
2011) and the transposon was in the forward orientation relative to the gene,

suggesting these are activating integrations. In the GRH model these integrations
were demonstrated to result in marked overexpression of Csf2 mRNA and increased
GM-CSF levels in leukaemia cell supernatants(Vassiliou et al., 2011). Although the
role of GM-CSF has not been extensively evaluated in human myeloid leukaemia,
there is some evidence that up-regulation of GM-CSF signalling has a pathogenic
role. High expression levels of the common beta chain subunit of the GM-CSF
receptor are frequently found in FLT3-ITD mutant AML(Riccioni et al., 2009) and
hypersensitivity to GM-CSF is a feature of juvenile myelomonocytic leukaemia
(JMML)(Bunda et al., 2013). Also, mutations affecting genes involved in GM-CSF
receptor signalling including PTPN11, NRAS, KRAS, NF1 and CBL are seen in both
JMML and AML(Ward et al., 2012). GM-CSF is required for the in vitro proliferation of
most leukaemia cell lines from human and mouse myeloid leukaemias (Metcalf, 2013;
Metcalf et al., 2013). It is also noteworthy that Ets1, which was also identified as a CIS

on the Illumina analysis, is known to have a role in regulating the GM-CSF
promoter(Thomas et al., 1995) and has recently been reported to mediate autocrine
GM-CSF production in the KG1a leukaemia cell line(Bade-Döding et al., 2014).
The frequency with which the Csf2 integrations occurred in our models indicates this
is an important event in the pathogenesis of these mouse leukaemias and the role of
Csf2 signalling is therefore a focus of ongoing research in our laboratory. The finding

that Csf2 integrations, when present, are typically among the top ten hits, suggests
that this integration is selected for and that over-expression of Csf2 in a minor subclone of cells is insufficient to drive leukaemia proliferation in the bulk tumour. It
remains to be determined if the up-regulation of Csf2 is having a cell-autonomous
effect, with the leukaemic cells secreting GM-CSF which then binds the GM-CSF
                 


    

receptor on their surface for its action. An alternative possibility is raised by recent
work highlighting a non-cell autonomous role of AML mediated M-CSF, acting on
stromal cells and causing them to secrete cytokines that can stimulate leukaemic cell
growth(Ben-Batalla et al., 2013).
To further investigate whether the effect of Csf2 is dependent on a leukaemia-stromal
cell interaction we have recently imported B6.129S1-Csf2rb1tm1Cgb/Csf2rbtm1Clsc/J
mice. These mice have a knockout of the βc and β-IL3 loci which are required for
formation of high affinity receptors for GM-CSF, IL-3 and IL-5 (!'$,$64?GGD; '
,$64?GGC; ',,,$64@>>>). IM tumour cells with Csf2 integrations have recently been

transplanted into these mice. If the Csf2 integrations are acting in a cell autonomous
manner, we anticipate these tumours will engraft, however if the GM-CSF effect is
dependent on a tumour-stroma interaction, they would not engraft or would do so
much more slowly. If the findings suggest a non-cell autonomous effect, confirmation
could come from experiments to suppress expression or knock-out the gene for GMCSF receptor in AML cells and demonstrate that this does not affect tumour growth
in a normal host.
The other CIS which was identified in the myeloid leukaemia cohort and is the focus
of ongoing work in our laboratory is Nup98. Translocations, but not point mutations
have been described in NUP98 in human haematopoietic malignancies. Nup98 was a
frequently hit CIS gene in the 454 analysis and in serially bled mice integrations in
Nup98 were often evident for several weeks prior to the development of leukaemia.

On TraDIS analysis Nup98 was one of the top ten hits in four of the leukaemia
samples and it persisted on transplantation in all recipient mice from 19.2b as one of
only four hits with high read coverage. The transposon integrations in Nup98 were bidirectional and spread through multiple introns, suggesting they are inactivating
integrations. Although NUP98 fusion proteins are thought to act as aberrant
transcriptional regulators(Gough et al., 2011), NUP98 is part of the nuclear pore
complex and it is possible that disruption of nuclear-cytoplasmic transport may be
having an oncogenic effect in these tumours. As Npm1cA mutations are known to
cause cytoplasmic dislocation of Nucleophosmin our hypothesis is that these
mutations either exacerbate its mislocalisation or alter the localisation of its protein
partners. We have therefore generated a Nup98 conditional knockout mouse, which
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has recently been crossed with the Npm1cA mutant mice to study their interactions in
haematopoiesis and leukaemogenesis.
In the Vk*MYC-TA-hPB and Vk*hPB mice, the most frequently hit CIS gene was Rreb1.
Rreb1 encodes a zinc finger transcription factor that binds to the RAS responsive

elements of gene promoters at the consensus sequence CCCCAAACCACCCC
(Thiagalingam et al., 1996). RAS genes are the most frequently mutated oncogenes in

human cancers, and yet there is still much to learn regarding the downstream
oncogenic effects of their mutations(Stephen et al., 2014).

RAS-GTPs activate

multiple downstream effectors, including the RalGDS, Raf and PI3 kinase pathways
(Stephen et al., 2014). So far, RAS-driven tumours have proven relatively resistant to

therapy,

and

feedback

systems

have

thwarted

tumour

responses

to

farnesyltransferase, Raf, MEK and PI3K inhibitors(Stephen et al., 2014). It is plausible
that the transposon-mediated activation of Rreb1 is affecting a subset of downstream
RAS pathways and that this indicates a potential therapeutic target for modulating
RAS signalling. A role of Rreb1 has already been demonstrated in several solid

tumours (Costello and Franklin, 2013; Kent et al., 2013; Sureban et al., 2013).
RAS mutations are reported to occur rarely in human mature B cell non Hodgkin

lymphomas (Lohr et al., 2012; Nedergaard et al., 1997), although they are common in
multiple myeloma, in which they have a prevalence of around 30% (Chng et al., 2008;
Liu et al., 1996). The relative absence of these mutations in mature B cell lymphomas

may reflect the extensive intracellular effects of RAS. Perhaps direct mutation of the
RAS genes disrupts critical intracellular pathways in germinal centre B cells resulting

in growth disadvantage or even apoptosis, rather than activating RAS pathways
involved in lymphomagenesis. In keeping with such a scenario, in hairy cell
leukaemia heterozygous mutations in BRAF, which cause constitutive kinase
activation and increased MAPK signalling, are almost universal, yet there is no
evidence for mutations in RAS itself (Tiacci et al., 2011). Amongst the lymphomas
BRAF mutations are highly specific for hairy cell leukaemia, although they have also

been reported at low frequency in MM(Chapman et al., 2011). This is one example of a
pathogenic mutation affecting a specific pathway downstream of RAS that occurs
with high prevalence in a sub-type of a mature B lymphoid disease. It is plausible
that deregulation of specific pathways downstream of RAS are found in other B cell
lymphomas in the absence of mutations in RAS itself. Overexpression of Rreb1 by
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transposon integrations may modulate a subset of the downstream pathways from
the many that can be disrupted by direct RAS mutations. In this context, the human
equivalent of Rreb1 overexpression could be mutations of specific RAS pathway
genes or target genes of RAS responsive element.
The downstream transcription targets of Rreb1 in these IM induced lymphomas are
not clear, but the prevalence of this integration across so many tumours indicates
that it is worthy of further investigation. Unfortunately, due to the long latency for
tumour development in these mice, there was insufficient time to further investigate
the mechanisms through which Rreb1 may be contributing to lymphoma formation
during my PhD studies. Future work would include confirming overexpression of
Rreb1 mRNA in the IM mice and studying the gene expression profiles (GEP) of

these mice to investigate potential targets. However, the selection of an appropriate
control group for such an analysis is challenging. One option would be to use
samples from mice that did not have overt lymphoma at death, but TraDIS analysis
of spleen DNA from such mice also revealed frequent Rreb1 integrations. It is
presumed that this integration arises early in the pathogenesis of the transposondriven lymphomas, but is not sufficient in itself for lymphoma formation.

An

alternative approach would be to compare GEP in lymphomas with and without
integrations in Rreb1. However, many of the mice that did not have Rreb1 integrations
had hits in other Ras pathway genes, including Nras, Rasgrp2 and Rsgrp3, and it is
likely that these represent alternative mechanisms for activating overlapping
pathways. It would also be important to investigate Rreb1 gene expression levels in
human mature B cell lymphomas, which could be done using publicly available
datasets. If these investigations gave further supportive evidence of a potential
pathogenic role for Rreb1, the next step could be to try to generate cell lines from
these tumours and show that their growth is Rreb1 dependent, or to knock down
Rreb1 and demonstrate that this inhibits lymphoma growth in vivo in a transplant

setting. 
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The results of the studies described here also give new insights into the biology of
transposon IM, which are of relevance for the analysis of future transposon screens
performed for cancer gene discovery.

Rather than a homogenous population,
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transposon-driven tumours are dynamic, heterogenous collections of cells, which are
constantly evolving and acquiring new integrations.
One important finding from this study is that in the Npm1cA mutant mice AML typically
develops without major antecedent abnormalities in the blood parameters, akin to de
novo human AML. The sudden change in the white cell count (WCC) occurs despite

clear evidence of tumour associated integrations for weeks, and sometimes months,
prior to the onset of leukaemia. This sudden shift from a normal to an abnormal
blood count was a surprising finding. Although the majority of human cases of AML
arise de novo, a significant proportion occur in patients with pre-existing
haematological disorders such as myelodysplastic or myeloproliferative neoplasms,
in which there are detectable somatic mutations in haematopoietic cells. Compared
to most adult tumours AML has a low burden of somatic mutations, which may reflect
the paucity of external mutagens in the HSC compartment or an unusually high level
of protection against them. Although the haematopoietic compartment in these mice
was a target for mutagenesis, only one mouse (7.5c) developed FBC abnormalities
suggestive of a myeloproliferative disorder in the pre-leukaemic phase. The rarity of
myeloproliferative changes in the mouse peripheral blood samples concords with the
fact that human NPM1c-mutant AML does not usually have an antecedent preleukaemic phase, although this can be seen rarely when mutations in a small set of
genes co-occur with NPM1c as in the case of CMML transformation described in
Chapter 3.
The analysis of the serial blood and tumour samples clearly demonstrates that
transposon mobilisation begins early and is a continuous process, so what is the
trigger for the rapid change in the peripheral blood parameters? It is possible that
the full complement of leukaemia inducing integrations is acquired early and that the
bone marrow is abnormal for a period of time without significant spill of malignant
cells into the peripheral blood. However, the evidence from the serially bled cases is
that the final hit, which provided the leukaemia clone with its full complement of
driver mutations, occurred just before the rapid increase in WCC. For example, in
tumour 6.4a the top hits by read number in the final tumour were in intergenic
regions of chromosomes 7 (7:932553553) and 16 (16:42681152) and in the genes
Dmxl1 and Iqgap2. These were first detected in the week 27, 33, 35 and 37 blood

samples respectively, however the top hit in all of the transplants was another
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intergenic integration on chromosome 7 (7:145053139). This integration was not
detected until the final blood sample at week 43, although it was one of the top ten
hits by read number in the leukaemia . The 7:145053139 integration is proximal to
Ccnd1, a known oncogene, which is overexpressed in AML and is therefore a

plausible driver integration(Wang et al., 2009). Both the 7:145053139 and a Csf2
integration were among the top three hits in all of the transplant recipient tumours.
The timing of the Csf2 integration in this tumour is uncertain as the pre-leukaemic
samples were not sequenced by TraDIS and it was not detected on 454 sequencing
in the serial blood or final tumour samples, most likely because the nearest Mbo1
restriction site was over 700 bases away. A second example is tumour 6.4g. The
major integrations in the primary tumour also persisted on the serial transplants and
many of these were detected in several blood samples prior to tumour development
on the 454 analysis. These included integrations at 9:21989714 (week 67), Bach2
(week73), 14:120558731(week73), 5:3343787 (week 75) and Ankrd17 (week75), but
not the Pou2f2 integration, which was first detected in the final blood sample (week
85), but was a major hit in all of the recipient tumours. Pou2f2, otherwise known as
Oct2, is a homeobox containing transcription factor, which is overexpressed in a

subset of AML patients and has been associated with poor prognosis (Advani et al.,
2010). Tumour 6.4h is a third example, in which two integrations that were dominant

in the final tumour and were shared by most of the transplants, were first detected at
week 25 (8:45103026) and week 27 (Bmi1), whereas two further apparent driver
integration, involving Pax5 and Ikzf1, were first detected at 31 weeks, when the WCC
was starting to rise. Therefore, in all three examples, the rapid rise in white cell
count is associated with the first detection of additional integrations in plausible
driver positions, which also persist as part of the major cell population in the recipient
tumours.
It is difficult to draw major conclusions about the order of acquisition of driver
mutations, given the small number of tumours and high level of variation in apparent
drivers between them.

Some integrations, such as those in Flt3 and Mll1 were

typically late, while the serial CIS analysis revealed that the Csf2, Nup98 and Nf1 CIS
were all identifiable at least two weeks before the onset of leukaemia. However,
integrations at these sites still occurred as both early and late events, and the timing
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of the integrations did not seem to influence whether or not these were top ten hits in
the primary tumour on TraDIS sequencing.
The low copy SB IM screen was characterised by a longer latency to leukaemia
development than the high copy cohort, consistent with a lower rate of mutation
acquisition. Although the latency to tumour development varied widely, in most cases
overt leukaemia developed within a few months of the mouse starting to accumulate
integrations which persisted on the serial blood samples (presumed to reflect the
development of a persistant

pre-leukaemic clone). The variation in leukaemia

latency seemed to largely reflect the lag to the first hit that persisted on subsequent
samples, although there was also variation in the time it took took to accumulate
additional persisting integrations. Mice 7.7b and 6.4g which had no, or reduced
doses of pIpC, had long latencies to leukaemia. In these mice there were very few
integrations which were shared by successive blood samples in the first six months
of sampling, but they still accumulated several persisting integrations at later time
points. These observations suggest that for the given mutagenesis rate, once the
initiating mutation has been established in a clone, leukaemogenesis follows a
deterministic models with regards to the leukaemia latency.
The step wise accumulation of persisting transposon integrations over time in some
of the serially bled mice is a significant finding. The continuous detection of specific
transposon integrations on fortnightly blood tests indicates both that the transposon
integration persists at that site at least in a proportion of cells, and that that clone is
continuously contributing to the production of circulating blood cells. It is unlikely that
all of the persisting integrations are tumour drivers. However, it is probable that when
a number of mutations are acquired in the same “step”, such steps correlate with the
acquisition of a ‘driver’ integration, with the majority of integrations representing
passengers which were present in the cell at the time of acquisition of the driver.
This is difficult to prove, as the allocation of each individual integration into
categories of driver and passenger lesions cannot be fully substantiated. However,
typically only a small proportion of the persisting integrations from each step were
also found in the transplant recipient tumours.
The reasons that non-driver integrations would persist on serial sampling have been
discussed in chapter 4. Integrated transposons are free to re-mobilise, but the
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excision of transposons from ‘driver’ positions is selected against, as cells in which
this happens will lose any growth or survival advantage that was due to the
transposon. Although the remobilisation of passenger lesions is not selected against
passenger lesions are unlikely to remobilise from all clonal cells before their next cell
division if the cells are rapidly dividing (see figure 4.18). Unfortunately, there was
insufficient DNA remaining from most of the pre-leukaemic blood samples to allow
for re-sequencing with our quantitative approach. However, this was possible for
some samples and in these cases there were examples of persisting integrations
with increasing, stable or falling read proportions in the serial blood samples. Many
of the integrations that persisted as top hits in the transplants tended to be stable or
increase over time. However, as demonstrated in figure 4.18, this does not imply that
all the integrations with stable read proportions are necessarily drivers, or that those
with a falling read percentage are necessarily passengers. Some may be drivers in
clones that were overtaken by other clones over time.
The results from the serial transplant experiments have helped to clarify which
integrations are likely to be acting as driver mutations in individual tumours.
Typically these integrations persist in multiple transplants and are found in high read
number in the recipient tumours. Most of these integrations were also in high read
number in the primary tumour, but this is not universally the case as demonstrated
by mouse 16.3f. In this example the transplant experiments seemed to select out a
clone which was only a small sub-clone in the tumour of the primary mouse. All of
the integrations that dominated the transplant tumours were first detected in the final
blood sample from the original mouse and represented less than 1% of the total
reads in the primary tumour. It is unlikely that these integrations arose in the same
clone as the intergenic chromosome 11 and mmu-mir-29b-2 integrations which were
the top hits in the primary tumour, each corresponding to about 9% of the total reads,
as these were not found in the recipient tumours. The presence of more than one
clone which was able to drive leukaemia formation, in the mass tumour population,
was clearly demonstrated in mouse 21.3j in which transplant recipients of single-cell
derived colonies had a different Csf2 integration to the one which predominated the
bulk transplants. Therefore, although the persistence of a transposon integration in
a high percentage of reads in multiple transplants implies that it is either a driver, or
co-occuring in the same clone as a driver; the loss of integrations in recipient
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tumours does not exclude these from being a driver. It may have been occurring in a
different clonal population, some of which are clearly also capable of generating
leukaemia.
Although it is tempting to try to draw conclusions about the collaboration of
integrations based on their co-occurrence in transposon driven tumours, care must
be taken to ensure such lesions are actually present within the same cell, rather than
in independently arising clones within the tumour. Previously, CIS data generated
using a restriction enzyme based sequencing approach had been used to try to
identify genes which collaborate or are mutually exclusive in tumorigenesis (Vassiliou
et al., 2011), but little attention could be paid to the clonality of these tumours. The

serial quantitative data is useful in helping to determine which integrations are likely
to be co-occurring in tumour sub-clones. For example, in tumour 16.3e, which was
atypical because there were so many integrations which persisted in the recipient
tumours, on the serial TraDIS data two groups of mutations could be distinguished
by the pattern in read proportion. One group of integrations, which included the
Pax5, Dock10, Pik3r1, E103008A19Rik and intergenic integrations on chromosome 18

seemed to be falling in read proportion in the late serial bloods and were in lower
proportion in the final tumour (10th to 16th ranked integrations), while the two
intergenic integrations in chromosome 7 and one in chromosome 5 were rising in
prominence in the late serial blood samples and were the top three hits in the
primary, and among the top hits in most of the recipient tumours.

Such serial

quantitative data can help tease out which integrations are co-occurring and which
may be in separate sub-clones.
The problems of identifying which mutations are acting as drivers and defining which
mutations are co-occurring within a clone are not unique to transposon driven
tumours. Our use of the serial quantitative data to make inferences about the subclonal architecture of transposon driven tumours is akin to the use of allele burden in
human genome/exome sequencing. Although the number of mutations required for
tumour formation is thought to be lower in AML compared to many adult tumours, the
human case presented in chapter 3 highlights that in some people at least, multiple
AML associated mutations can be identified several weeks before the development
of clinical features of this disease, and that a large number of AML associated
drivers can co-occur in human leukaemia samples.

Furthermore, the different

                 


  



patterns of mutational burden that were identified in the relapse samples reinforces
that driver mutations found in human sequencing are not necessarily co-occurring at
a single cell level. The findings with regard to sub-clonal architecture and clonal
evolution in the IM mouse model are not dissimilar to many of the observations in the
human case presented here.
The transplant experiments also highlight the low frequency of tumour initiating cells
within the spleen cell population. Not all of the cells in the mixed spleen cell
population used in the transplants will act as leukaemia initiating cells (LIC) and the
inconsistent tumour engraftment in the 100 and even the 1000 cell transplants
suggests that the proportion of LIC is quite small. On serial transplantation of a
million mixed tumour cells, only a small set of recurrent integrations were
consistently detected, suggesting that these include the driver mutations for both the
original and the re-emergent clones. Although in some cases it is likely that more
than one leukaemia clone engrafted, in others this may not have been the case and
a similar pattern of persisting integrations was often seen at reducing cell does down
to 100 cells. The inconsistent engraftment of 100 cell transplants implies that the
number of LIC is very small at this cell dose, which in turn suggests the major
integrations in these recipient tumours are more likely to be co-occurring at a single
cell level.
The most valid method for studying the sub-clonal composition of transposon driven
tumours would be to study these integrations at the single cell level. The approach
used here, was to generate single cell derived haematopoietic colonies and to
transplant these into recipient NSG mice. However, the yield from this was low, with
few mice developing tumours. A more cost and time effective approach would be to
directly sequence a number of single cell derived colonies from each primary tumour,
to directly validate which major integrations are co-occurring at a single cell level. I
attempted this using a 454 sequencing approach, but this was unsuccessful as most
of the colonies shared a panel of integrations, which appeared to be artefactual, with
few tumour specific integrations being mapped probably because of the limited
amount of DNA. We are yet to try sequencing single cell derived colonies using the
TraDIS protocol. To date all the samples have been prepared starting with 2μg of
DNA, but there is no reason, in theory that this could not be attempted with less
DNA.
                 


  



In many of the mice it took about two months to develop leukaemia following the first
detection of an apparent driver transposon integration that persisted in subsequent
samples. This probably reflects a requirement for several co-operating mutations for
leukaemogenesis. In tumour 21.3j the only integration that was shared by all the
recipient tumours was the integration in Csf2, and yet it took seven weeks for the
primary tumour to become apparent after this integration. It may be that in this case
there were various secondary driver lesions that dominated in the different recipient
tumours. It is also possible that other mechanisms, such as chromosomal
translocations or footprint mutations could have provided additional driver hits later in
the time-course. Chromosomal translocations may occur more commonly in the
setting of the frequent double strand breaks induced by transposons and on FISH
analysis of case 7.5h we did find significant chromosomal abnormalities. However, in
the cases examined using CGH, which included one 21.3j recipient tumour, there
was little evidence of copy number change and exome sequencing of tumour
samples did not find evidence of the canonical SB footprint in any coding regions.
Going forward, it is not practical to extensively transplant every tumour in an IM
screen to validate which are the driver integrations in individual tumours. However,
this approach may be helpful to try to characterise the driver integrations in specific
tumours in which there are no integrations in recognised tumour-associated or CIS
genes. It is also a useful approach to help validate ‘novel’ drivers, such as Rreb1,
which do not have correlates in human sequencing. Furthermore, transposon IM
screens could be used as a platform to explore cancer therapies and mechanisms of
drug resistance and for this application it may be more useful to characterise
changes in the mutation spectrum in treated vs untreated mice which have been
transplanted from the same primary tumour with well characterised transposon
integrations. In addition to minimising the number of mice needed for such studies,
this approach would allow investigation of therapies in different sub-groups of
leukaemias. For example, tumours with a known Flt3 integration in addition to the
Npm1cA mutation could be studied separately from those with Mll1 integrations,

allowing differences in drug response or resistance mechanisms in these sub-groups
to be explored.
An important question facing the IM field is how to pick out the important drivers
amongst the many background integrations detected using deep sequencing and
                 


  



which are only present in rare cells. Is it reasonable to identify candidate tumour
drivers at the level of individual tumours just based on the read frequency of the
integrations, using shearing based sequencing approaches? Although the top hits
are likely to be present in a clonal cell population, as discussed above, it cannot be
assumed that all of these are driver integrations. Furthermore, I have shown in the
leukaemia mice that sub-clones present within the bulk tumour may also have
tumourigenic potential, and it is therefore difficult to set a threshold level below which
integrations are unlikely to have a driver role.
My data from the lymphoma cohorts suggests that the spread of reads for the top
integrations can be used to differentiate clonal from non-clonal tissue samples.
However, in the few samples in which B cell repertoire analysis was performed, the
pattern of fall in read count for the top integrations did not directly correlate with the
size of the mutant clone detected. It would be interesting to further investigate the
relationship between read number and clonality, by performing the B cell repertoire
analysis in a larger number of samples or in transplanted samples where cells are
likely to become more clonal.
In their analysis of solid tumours generated by a ubiquitously expressed PB
transposon system, Friedel et al identified the candidate cancer genes as those
which had enriched sequence read frequencies, compared to that from tail DNA
controls(Friedel et al., 2013). In their study, between 9 and 25 insertions had enriched
sequence read frequencies above their threshold of 0.37%, which was set by
calculating the average read frequencies for the top ten hits in each tail sample. As
(i) there was distinct enrichment of reads in tumour samples, (ii) the clonally
expanded insertions included many well defined cancer genes and (iii) the analysis
of related tumours showed strong correlation of read frequencies of clonally
expanded insertions, they concluded that the identification of clonally expanded
insertions is a valid method for identifying candidate tumour genes.
Friedel et al also analysed integrations in tissues from various organs without overt
tumours and found some did carry more expanded insertions than tail tissue, with a
range of between 3 and 23 expanded insertions and an average of 11 per
sample(Friedel et al., 2013). Therefore, they estimate that around two thirds of
expanded insertions in tumours may reflect pre-cancer insertions and conclude that
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other methods are still required to validate tumour genes. Although I agree with their
conclusion that all clonally expanded integrations are not necessarily drivers, I do not
think the finding of clonally expanded integrations in non-malignant tissue alone is
justification for this statement. To me, the finding of clonally expanded integrations in
non-tumour tissues in mice with a ubiquitously active transposon is not surprising.
Furthermore, these insertions are still causing clonal expansion, and are therefore
potentially of relevance in tumourigenesis. The difference is that in samples in which
overt cancer has not been recognised, the full complement of integrations required
for transformation is yet to be reached in individual cells. The evidence from the
serially bled mice is that integrations in CIS genes were not infrequent in the preleukaemic blood samples, although not all of these went on to become part of the
major tumour clone. Whether such clones were outcompeted during tumour
evolution because they failed to acquire additional hits, or whether the order of
integration acquisition is important is uncertain.
Transposon insertions that are not driver integrations may still be clonally expanded
in the tumour population. One mechanism for this would be if passenger insertions
co-occur with the driver integrations and do not have time to disperse, due to the rate
of tumour cell division exceeding the rate of transposon remobilisation (figure 4.18).
Another reason this may happen would be if transposition activity ceased, meaning
that a transposon could not remobilise, but other transposon integrations caused
clonal expansion of the cell in which that occurred. In the analysis of the SB tumours
I looked for evidence of fixed integrations with the ‘neopartnership’ assay and found
little evidence to support this as a common mechanism of fixing integrations.
However, the possibility that some of the clonal integrations were fixed due to
mutation of the repeat sequence, cannot be excluded. It is also important to
recognise that shearing based transposon sequencing methods such as TraDIS, do
still have PCR steps to enrich for transposon integrations as part of the library
preparation. Therefore, there will still be some biases in read quantification as a
result of PCR amplification bias (e.g. due to GC content) and due to difficulties in
mapping certain integrations (e.g. when the transposon integrates in a repetitive
region).
The data from Friedel et al supports my thresholds of using the top 10 or 25 integrations
only, to perform the CIS analysis. It is debatable whether this cut-off for included hits should
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be based on a proportion of reads per integration, rather than a ranking by absolute read
number.

The ideal threshold based on read proportion may vary between samples

depending on the clonality of the tumour, the degree of non-tumour contamination in the
sample and the number of driver integrations “sharing” the reads. Therefore, the read
proportion may not be any more relevant than rank when setting the threshold as to which
hits to include in CIS analysis. Although the most appropriate means for doing this may be
debated, such an approach can be used to give more weight to the top hits, rather than
treating all integrations equally in CIS analysis.

A3=&%#,!%)$)"*
Haematopoeitic malignancies evolve through the serial selection of cells with a
growth advantage, in a multi-step process akin to natural selection. Mutations in
leukaemia associated genes have been documented in the blood of healthy adults,
without causing haematological disease. Although the development of leukaemia is
not inevitable, such individuals are at higher risk of haematological malignancy and it
may be that in the setting of particular combinations of mutations progression to AML
becomes unavoidable.

In the human sequencing case presented here, multiple

mutations in leukaemia associated genes were found in a woman with CMML. Given
the high mutational load and the rapid acquisition of additional FLT3 and RAS
mutations, it seems probable that the progression of her disease was almost
inevitable.
The biology of the mutagenic processes in transposon IM screens differs to those
seen in human tumours. In spite, or perhaps because of this, IM provides a powerful
approach for the identification and validation of cancer genes and pathways that
compliments human sequencing efforts. In this work I have shown that transposon
mobilisation is a continuous process during leukaemia evolution. Integrations in CIS
genes are not infrequent in the pre-leukaemic samples, but only some of these
persist as dominant integrations in the primary and recipient tumours. Following
acquisition of the final driver there is a sudden change in blood parameters. The
driver status and co-occurrence of individual integrations can be delineated using
serial transplant experiments and quantitative sequencing approaches. My data
suggests that only a minority of transposon integrations behave as ‘drivers’.
However, in the case of the Npm1cA IM mice the development of leukaemia is almost
universal as the rate of mutagenesis is sufficient for the rapid accumulation of
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multiple driver integrations within a single clone. In some cases at least, the
acquisition of a full complement of leukaemogenic mutations occurs in multiple
independent clones within a single mouse.
The power of the IM approach for cancer gene discovery is strengthened by the
recent development of quantitative methods to analyse transposon integrations,
which now allows differentiation of clonally expanded integrations from background
integrations for the first time. The challenge going forward is to use this quantitative
data to inform the CIS analysis. Using threshold cut-offs of 10 and 25 integrations
from each tumour I was able to identify CIS in many known disease associated
genes. With this approach in each model I identified highly recurrent integrations in
genes not known to be mutated in the human diseases, but with plausible roles in
disease pathogenesis including activating integrations affecting the putative novel
lymphoma oncogene Rreb1 in 75% of B-cell tumours. Such integration sites warrant
further investigation which may provide new therapeutic targets for patients and their
study is currently under way.
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Sequence 1 – Vk*hPB linker
GGATCCAGAATTCTTCCTCAGCCCCTCAACggcagcagcctggacgacgagcacatcctgagcgcc
ctgctgcagagcgacgacgagctggtcggcgaggacagcgacagcgagatcagcgaccacgtg
Sequence 2 – Vk*hMYC-TA-hPB linker
GAATTCaGGTACCaagaaatcgatgttgtttctgtggaaaagaggcaggctcctggcaaaaggtcagagtctggatcac
cttctgctggaggccacagcaaacctcctcacagcccactggtcctcaagaggtgccacgtctccacacatcagcacaactacg
cagcgcctccctccactcggaaggactatcctgctgccaagagggtcaagttggacagtgtcagagtcctgagacagatcagc
aacaaccgaaaatgcaccagccccaggtcctcggacaccgaggagaatgtcaagaggcgaacacacaacgtcttggagcg
ccagaggaggaacgagctaaaacggagcttttttgccctgcgtgaccagatcccggagttggaaaacaatgaaaaggccccc
aaggtagttatccttaaaaaagccacagcatacatcctgtccgtccaagcagaggagcaaaagctcatttctgaagaggacttgt
tgcggaaacgacgagaacagttgaaacacaaacttgaacagctacggaactcttgtgcggagggcagaggaagtcttcta
acatgcggtgacgtggaggagaatcccggccctggcagcagcctggacgacgagcacatcctgagcgccctgctg
cagagcgacgacgagctggtcggcgaggacagcgacagcgagatcagcgac cacgtgagc
Open reading frame
Restriction sites KpnI = GGTACC, PmlI = CACGTG, EcoRI = GAATTC, ClaI =

ATCGAT, BbvcI = CCTCAGC
From just before start of hMYC
hMYC exon 3 (last) excluding stop codon
T2A linker peptide
mPB from 2nd codon to PmlI site
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These primer sequences were provided by Iraad Bronner
PiggyBac
Name

Order sequence

temp

PB5pr_1

g*atatacagaccgataaaacacatgcgtc*a

63

PB5pr_2

a*atgatacggcgaccaccgagatctacaccacgcatgattatctttaacgtacgtca*c

65

PB5pr_seq_2

c*accgagatctacaccacgcatgattatctttaacgtacgtcacaatatgattatcttt*c

-

PB3pr_1

g*acggattcgcgctatttagaaagaga*g

63

PB3pr_2

a*atgatacggcgaccaccgagatctacacatgcgtcaattttacgcagactat*c

65

PB3pr_seq_3

c*accgagatctacacatgcgtcaattttacgcagactatcttt*c

-

Sleeping Beauty
Name

Order sequence

temp

SB5pr_1

t*ttgttaacaagaaatttgtggagtagtt*g

63

SB5pr_2

a*atgatacggcgaccaccgagatctacacaaaaacgagttttaatgactccaa*c

65

SB5pr_seq_3

a*aaaacgagttttaatgactccaacttaagtgtatgtaaacttcc*g

SB3pr_1

a*ctgaccttaagacagggaatctttact*c

63

SB3pr_2

a*atgatacggcgaccaccgagatctacacggaatctttactcggattaaatgtca*g

65

SB3pr_seq_4b

g*tgagtttaaatgtatttggctaaggtgtatgtaaacttcc*g

-

-

(')!$)*
Name

sequence (for ordering)

qPCR2.1

a*atgatacggcgaccaccgagat*c

temp
60

qPCR2.2

c*aagcagaagacggcatacgaga*t

60

PB5prseqR1

t*gattatctttaacgtacgtcacaatatgattatcttt*c

60

PB3prseqR1

a*tgcgtcaattttacgcagactatcttt*c

60

SB5prseqR1

t*gactccaacttaagtgtatgtaaacttcc*g

60

SB3prseqR1

t*ttggctaaggtgtatgtaaacttcc*g

60

%)#'#!%")++')!$)*%'+)')!$)*
Name

Sequence (for ordering)

SplAP1

g*ttcccatggtactactcat*a

temp

Spl_rev_seq

t*aatacgactcactataggtgacagcgagcgc*t

-

Spl_tag_seq

a*gcgctcgctgtcacctatagtgagtcgtatt*a

-

63

Splinkerette V1.2 top strand

g*ttcccatggtactactcatataatacgactcactataggtgacagcgagcgc*t

ND

Splinkerette V1.2 bottom strand

/5Phos/g*cgctcgctgtcacctatagtgagtcgtattataatttttttttcaaaaaa*a

ND
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Only the first ten are shown
name

Sequence (for ordering)

Obtained tag sequence

P7_SplAP2_V1.1

c*aagcagaagacggcatacgagatcggtACAAGCTAtaatacgactcactatag*g

tagcttgt

P7_SplAP2_V1.2

c*aagcagaagacggcatacgagatcggtAAACATCGtaatacgactcactatag*g

cgatgttt

P7_SplAP2_V1.3

c*aagcagaagacggcatacgagatcggtACATTGGCtaatacgactcactatag*g

gccaatgt

P7_SplAP2_V1.4

c*aagcagaagacggcatacgagatcggtACCACTGTtaatacgactcactatag*g

acagtggt

P7_SplAP2_V1.5

c*aagcagaagacggcatacgagatcggtAACGTGATtaatacgactcactatag*g

atcacgtt

P7_SplAP2_V1.6

c*aagcagaagacggcatacgagatcggtCGCTGATCtaatacgactcactatag*g

gatcagcg

P7_SplAP2_V1.7

c*aagcagaagacggcatacgagatcggtCAGATCTGtaatacgactcactatag*g

cagatctg

P7_SplAP2_V1.8

c*aagcagaagacggcatacgagatcggtATGCCTAAtaatacgactcactatag*g

ttaggcat

P7_SplAP2_V1.9

c*aagcagaagacggcatacgagatcggtCTGTAGCCtaatacgactcactatag*g

ggctacag

P7_SplAP2_V1.10

c*aagcagaagacggcatacgagatcggtAGTACAAGtaatacgactcactatag*g

cttgtact
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The sex, genotype, number of pIpC injections, age at death, necropsy finding and pathology findings are shown for each mouse.

Appendix 4B: Details of the serially bled mice.

''%!/>2

These tables show the shared integrations on blood, primary and recipient tumours for each
of the mice that were serially bled. The identity of the mouse is shown at the top left. The
precise position of each integration is shown across the top. Integrations in a position are
indicated by the coloured squares (blue = serial blood or primary tumour spleen or lymph
node, yellow = recipient tumour). The integrations that fall within CISs are indicated in red.
The age of the mouse is shown in weeks for the blood samples. IDs of the recipient tumours
are indicated. Integrations are shown by the order in which they accumulated and only
integrations that persisted on multiple samples are shown. Not all integrations in a given
tumour could be represented in these tables.
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The identity of the mouse is shown at the top left.
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''%!/>2 )*,#+*&)+ %#0*!*&%*)!##&&*$'#
CIS which were found in the tumour analysis of the whole cohort are shown in red. CIS
which were excluded in that analysis are shown in blue. The number of samples, and the
time at which the blood samples were taken relative to the onset of leukaemia are shown for
each
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Integrations which shared an insertion site in the SB analysis are highlighted in red
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Appendix5A: CIS analysis using all integrations with 2 or more reads from the duplicate filtered analysis of the TraDIS data.



''%!/?!2 integrations excluded from the ‘top 25 analysis ‘&+ ) +3
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''%!/?!!2/#, integrations from the ‘top 100 analysis ‘&+ ) +3
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CIS analysis using the top 10 hits in the hPB cohort. The start and end boundaries
encompass all analysis windows in which each locus was identified as a CIS. The gene
shown as nearest to peak was the central gene in the majority of kernel windows
(scales) detecting the CIS, but is not necessarily the target gene for the CIS. Due to local
hopping the total number of insertions occasionally included multiple integrations from
the same tumour, so both the total number and the number after correction for local
hopping are shown. The smallest p value identified at any scale is shown along with the
analysis scales at which the CIS was detected (x1000).
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CIS analysis using the top 10 hits in the Vk*MYC-TA-hPB cohort. The start and end
boundaries encompass all analysis windows in which each locus was identified as a CIS.
The gene shown as nearest to peak was the central gene in the majority of kernel windows
(scales) detecting the CIS, but is not necessarily the target gene for the CIS. Due to local
hopping the total number of insertions occasionally included multiple integrations from the
same tumour, so both the total number and the number after correction for local hopping
are shown. The smallest p value identified at any scale is shown along with the analysis
scales at which the CIS was detected (x1000).
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Top 100 CIS analysis for the Vk* hPB cohort
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CIS identified using the top 100 integrations in the Vk*hPB cohort
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Top 100 CIS analysis for the Vk* MYC-TA-hPB cohort
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