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ABSTRACT
FACULTY OF MEDICINE, HEALTH AND LIFE SCIENCES
SCHOOL OF MEDICINE

Doctor of Philosophy

CHARACTERISATION OF BCR-ABL AND FIP1L1-PDGFRA
GENOMIC REARRANGEMENTS IN HAEMATOLOGICAL
MALIGNANCIES.

By Joannah Claire Score

Chromosomal translocations that produce oncogenic fusion genes are common in
haematological malignancies but the mechanism by which they are formed is incompletely
understood. Broadly there are three factors that are believed to be relevant to this process:
(i) biological selection for specific gene fusions, (ii) susceptibility of particular
chromosomal regions to breakage and (iii) the opportunity to recombine due to physical
proximity. Analysis to date has indicated that translocations in leukaemia result from non-
homologous end joining following two double stranded DNA breaks. Homologous
recombination does not play a significant role. In lymphoid disorders DNA breaks may be
a consequence of normal or aberrant RAG recombinase activity, whereas in myeloid
disorders the reasons for breakage are not known.

The paradigm for fusion genes in leukaemia is BCR-ABL, produced as a consequence of
the t(9;22). In chronic myeloid leukaemia, breaks within BCR are located in the major
breakpoint cluster region (M-bcr), resulting in a p210 BCR-ABL protein. In Philadelphia
chromosome positive acute lymphoblastic leukaemia (Ph+ ALL), however, the breaks
within BCR are frequently located further upstream in the minor breakpoint cluster region
(m-bcr), resulting in a smaller p190 protein. Since the p190 isoform is almost exclusively
associated with Ph+ ALL, it is plausible that the breakpoints arise from a lymphoid
progenitor cell specific mechanism, such as illegitimate RAG recombinase activity. To
determine if RAG activity might be responsible for p190 breakpoints, fosmid fluorescence
in situ hybridisation and multiplex long range PCR have been developed to identify the
genomic breakpoints. This is technically challenging since the breaks are widely dispersed
within both BCR and ABL, and thus there are only 2 cases have been fully characterised in
the literature. Forward breakpoints in 25 p190 ALL cases, plus for comparison 25
breakpoints in patients with p210 ALL and 32 with p210 CML have been characterised.

Statistical analysis of the forward BCR breakpoints have revealed 2 distinct clusters in
p210 ALL but none in CML or p190 ALL. Analysis of the forward ABL breakpoints
showed evidence for 2 clusters in p210 ALL and one cluster at the 3’ end of p190 ALL
breakpoints, but no clustering in the CML breakpoints. When the forward breakpoints were
compared to the proximity of sequence motifs the only significant association was a deficit
of breakpoints falling in repeat regions for p210 CML BCR breakpoints and all p210 BCR



breakpoints. No significant differences were found in the distribution of forward
breakpoints in ABL between the different subtypes of leukaemia. However, comparison of
the patterns at reciprocal breakpoints (57% were characterised; 50% CML, 40% p210 ALL
and 80% p190 ALL) showed differences between p190 and p210 (ALL and CML).

Functional analysis of a subset of cases with breakpoints found to be close to cryptic RSS
sites revealed 1 of 5 p190 cases tested had a “specific’ RSS 4 bp from the forward
breakpoint but at the exact location of the reciprocal breakpoint. Involvement of RAG was
confirmed by the formation of both coding joints and signal joints, which is the defining
feature of VV(D)J recombination. In addition 1 of the 3 p210 ALL cases tested had a
‘specific’ RSS at the forward breakpoint, however only a hybrid joint and signal joints
were formed therefore the significance of this is uncertain. Neither of the p210 CML cases
tested gave ‘specific’ RSSs. This data therefore shows that aberrant RAG mediated
recombination is involved in a subset of BCR-ABL translocations in ALL.

In parallel, a LR-PCR technique was optimised to identify genomic breakpoints in patients
with chronic eosinophilic leukaemia (CEL) who have the FIP1L1-PDGFRA fusion gene.
Amplification of genomic breakpoints in these patients is difficult due to the large region
in the FIP1L1 gene in which the breakpoints can occur. To date 46 genomic breakpoints
have been characterized using long range or bubble PCR, the LR-PCR technique is a more
sensitive method of detecting the fusion at presentation with all 46/46 (100%) detected at
first step LR-PCR compared to 22/44 (50%) detected by nested RT-PCR, the remaining 2
patients were nested negative by RT-PCR and therefore LR-PCR is now routinely used in
screening for the fusion in patients at presentation. As gDNA LR-PCR was better at
detecting the fusion at presentation, patient-specific gDNA RQ-PCR primers were
designed to assess its sensitivity for monitoring for minimal residual disease (MRD) after
imatinib treatment in selected patients. This was found to be a more sensitive test than both
the routine reverse-transcriptase PCR (RT-PCR) and patient specific cDNA RQ-PCR
MRD. Quantification of the amount of gDNA breakpoint in patients at presentation also
revealed a large 40 fold variation, with many patients having low levels of the fusion and
may explain why FISH can sometimes be unreliable for identification of this fusion, indeed
1/6 of the patients tested by both methods was gDNA RQ-PCR positive and FISH
negative.

Analysis of genomic breakpoints has also enabled identification of a previously
undescribed fusion of KIF5B to PDGFRA in chronic eosinophilic leukaemia as a
consequence of a complex translocation.
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Chapter 1: Introduction

1.1 Normal Haematopoiesis

Haematopoiesis is the formation and development of blood cells by proliferation and
differentiation from haematopoietic stem cells (HSCs). Maintenance of the haematopoietic
system involves a tightly controlled steady-state of cell proliferation and cell death
(apoptosis). As most mature blood cells have a limited life-span, haematopoietic stem cells
continually produce new cells that become committed to granulocytic, monocytic,
megakaryocytic, erythroid and lymphocytic lineages. In addition, the haematopoietic
system must be able to allow quick cell production in response to biological stresses such
as bleeding or infection and then be able to return to normal levels upon resolution of these
stresses. Haematopoiesis is therefore a highly orchestrated system and as a result is
regulated by complex genetic and environmental mechanisms that determine whether cells

remain quiescent, proliferate, differentiate, self-renew or undergo apoptosis (1).

In adult humans the major site for haematopoiesis is the bone marrow, which contains all
the different types of blood cells at various stages of development. Cell differentiation
occurs from the morphologically indistinct stem cell down the progressively
morphologically distinct multiple haematopoietic lineages via a successive series of

committed progenitors (2) (see Figure 1-1).
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haematopoietic stem cell, CMP common myeloid progenitor, MEP megakaryocyte erythroid
progenitor, GMP granulocyte-macrophage progenitor, EP erythroid progenitor, MkP megakaryocyte
progenitor, CLP common lymphoid progenitor, TNK T-cell natural killer cell progenitor, BCP B-cell

progenitor.

Haematopoiesis is mediated largely by cytokines which are soluble extracellular
glycoproteins (3-5). In haematological cells, once the cytokines are bound to their cell
surface receptors, they stimulate biological responses such as proliferation, survival and
differentiation, though a variety of signal transduction pathways that impact on gene
expression. Prominent amongst these is the JAK (Janus kinase)/STAT (signal tranducers
and activators of transcription) pathway, which is employed by a number of different

receptors (6, 7).

Excessive signalling must be prevented and is therefore tightly controlled by several
mechanisms. For example in the JAK/STAT pathway, JAKs may be inhibited by

constitutive expression of antagonists such as SH2-containing phosphatases (SHPs) that



attenuate signal transduction (8, 9), or inducible inhibitors such as the suppressors of
cytokine signalling molecules (SOCS) (10) which can directly inhibit signalling by JAK-
associated cytokine receptors or target the receptor complex for ubiquitin mediated
degradation (11, 12). Downstream signals through STATs may be blocked by protein
inhibitors of activated STATs (PIAs) (13).

1.2 Abnormal Haematopoiesis

There are a number of haematological malignancies caused by the deregulation of the
otherwise tightly controlled haematopoietic system, including leukaemia. Leukaemia,
which is largely the result of acquired genetic abnormalities that confer a selective
advantage to the host cell, leads to disruption of normal haematopoiesis. The progeny of
the cell can acquire further mutations leading to further clonal expansion and disease
progression by a variety of mechanisms, such as the generation of reactive oxygen species
(ROS) (14) or inhibition of mismatch repair which gives rise to point mutations (15), both
of which result in genetic instability and increased probability for further mutations (see

Figure 1-2).
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Figure 1-2: The clonal evolution of malignancy. The single yellow cell denoted with a star acquires
a mutation providing a slight selective advantage over the normal green cells. The progeny of this
cell acquire further mutations (blue, orange and red cells), some of which are deleterious causing
the clone to die out (blue cells), however some result in uncontrolled expansion resulting in overt
malignancy. In this example the end state contains a heterogeneous cell population (orange and

red cells) with a dominant sub-population of cells (red cells).

1.3 Classification of Leukaemia

The World Health Organisation (WHO) classifies leukaemia into many distinct groups
depending on the clinical course of the disease, cell morphology, clonal origins and the
underlying genetic abnormalities. Broadly, leukaemia is categorised depending on whether
the malignant cell type is lymphoid or myeloid. Chronic leukaemia results from
proliferation and accumulation of differentiated clonally derived cells, which follow a near
normal maturation (see Figure 1-1). Conversely acute leukaemia is characterised by a
predominance of clonally derived cells that have a differentiation block causing

accumulation of immature blast cells.



1.3.1 Chronic Leukaemia

Chronic leukaemia that is characterised by the over proliferation of cells from one or more
of the myeloid lineages are termed by the WHO as chronic myeloproliferative neoplasms
(CMPNSs), and are: chronic myeloid leukaemia (CML), chronic eosinophilic
leukaemia/hypereosinophilic syndrome (CEL/HES), polycythaemia vera (PV), essential
thrombocythaemia (ET), primary myelofibrosis, chronic neutrophilic leukaemia and
unclassifiable CMPNs. Chronic leukaemias that are characterised by both dysplastic and
proliferative features of the myeloid lineages at presentation are termed the
myelodysplastic/myeloproliferative neoplasms and include chronic myelomonocytic
leukaemia (CMML), juvenile myelomonocytic leukaemia and atypical chronic myeloid
leukaemia (aCML). Chronic leukaemia arising from the over-proliferation of cells from the
lymphoid lineages includes chronic lymphocytic leukaemia and prolymphocytic

leukaemia.

1.3.2 Acute Leukaemia

The WHO criteria for the diagnosis of acute leukaemia is denoted by the presence of at
least 20% blast cells in the blood or bone marrow at presentation, although this can be
lower if specific acute leukaemia-associated cytogenetic or molecular genetic
abnormalities are present. Further classification is again based upon lineage, therefore
acute myeloid leukaemia (AML) has blast cells that are derived from myeloid lineages
with sub-classifications either based upon the genetic abnormalities involved such as PML-
RARA (16) or AML1-ETO (17) gene fusions, or on morphology and immunophenotype.
Acute lymphoblastic leukaemia (ALL) is divided into two types of disease, T-ALL and B-
ALL again reflective of the lineage involved i.e. either T-lymphocytes or B-lymphocytes,
respectively, and further sub-classifications based on the immunophenotype displayed by
the abnormal cells. Again there are sub-classifications based on the type of genetic
abnormalities, some of which overlap the myeloid leukaemias (such as the BCR-ABL gene
fusion found in CML, rare cases of AML and in some B-ALL (18) and some that are more
closely related to the biology of the malignant cell type, such as those involving fusions of

antigen receptor genes.



1.4 The Philadelphia chromosome and the paradigm of the

derequlation of the ABL kinase

The first chromosomal abnormality to be associated with a haematological malignancy was
the Philadelphia chromosome (Ph). It was discovered in 1960, when Nowell and
Hungerford (19) first described a correlation between CML and the presence of a ‘minute’
chromosome, which was later named the Philadelphia chromosome after its place of
discovery. In 1973, Rowley (20) identified that the Ph chromosome was in fact a reciprocal
translocation between the long arms of chromosomes 9 and 22, i.e. t(9;22)(q34;q11). The
translocation was characterised molecularly in the 1980s and was the result of the first
example of a fusion gene in malignancy. Specifically, the t(9;22) was shown to fuse the
breakpoint cluster region (BCR) gene at 22q11 to the Abelson (ABL) gene at 9q34,
resulting in the production of a BCR-ABL fusion protein with its increased tyrosine kinase

activity (21) that is able to transform cells both in vitro and in vivo (22).

BCR-ABL has now become the defining marker of CML and by definition is present in
100% of cases (23). BCR-ABL is also present in 30% of adult ALL (24), 3 to 5% of
childhood ALL (25) and in 2% of AML (26).

1.4.1 The discovery of the ABL gene and its significance to leukaemia

The ABL gene was discovered as a result of work carried out in the 1970s on the Abelson
murine leukaemia virus (A-MuLV), although the full significance would not be realised
until later. Abelson and Rabstein (27) discovered A-MuLV by inoculating the thymoma
causing Moloney leukaemia virus (M-MuLV) into thymectomised mice, one of which
developed a lymphosarcoma. The extracted A-MuLV virus reproducibly gave rise to
lymphomas in vivo and could also transform lymphoid cells in vitro whereas the M-MuLV
could not (28). One hypothesis for the difference in transforming ability of the A-MuLV
was that a recombination event had taken place between the M-MuLV and a mouse host
cellular oncogene (29, 30) and that this oncogene was likely to be the transforming

component (31).



The acquired viral p120 protein was isolated from transformed cells and the resulting A-
MuLV protein was found to be composed of the viral gag gene fused to a non-M-MuLV
component derived from a normal cellular gene in mice, designated C-abl (32). It was
subsequently shown that the human cellular counterpart ABL was located on chromosome
9 (33) and that ABL was not only translocated onto the Ph chromosome in Ph positive
CML patients (34, 35) but was in fact localised next to the translocation breakpoint (36,
37) suggesting a role for ABL in the genesis of CML.

1.4.2 The structure and function of the ABL protein

It is now known that the human proto-oncogene ABL encodes a non-receptor tyrosine
kinase. Tyrosine kinases are enzymes that catalyse the transfer of the terminal phosphate of
adenosine triphosphate (ATP) to tyrosine residues of substrate proteins, however these
enzymes may also autophosphorylate on specific tyrosine residues. It is believed that
tyrosine kinases, of which there are 90 in the human genome, evolved to mediate aspects
of multicellular communication and development. They are crucial for the response of
haematopoietic progenitor cells to external growth stimuli and are involved in the
regulation of cell proliferation, migration, differentiation, survival and cell adhesion. The
activity of tyrosine kinases is normally very tightly controlled (38), and is deregulated in

many cases of leukaemia (31).

ABL is highly conserved across evolution, expressed in many tissues throughout
development, involved in many cellular processes and localised in the cytoplasm, nucleus
and endoplasmic reticulum (ER) (39-42). The location, level of phosphorylation and
expression of ABL dictates whether it has a positive or negative effect on cell growth (42-
45). In normal cells, 14-3-3 proteins keep ABL in the cytosol, however, upon genotoxic
stress, such as ionising radiation, ABL is released and translocates to the nucleus (42).
Nuclear ABL exerts a negative effect on cell growth when it is activated in association
with ataxia telangiectasia-mutated kinase to promote apoptosis (38, 46). ABL that is
located in the ER may also induce apoptosis by communicating ER stress to the
mitochondria when it is bound to protein kinase C delta (PKC¢) (45) and therefore ABL

ironically may also serve as a tumour suppressor gene.



ABL is also involved in signalling pathways regulating growth factor-induced proliferation
when located in the cytoplasm (23, 42, 44). To facilitate understanding of the ABL
tyrosine kinase and its role in the genesis of leukaemia, it is important to be able to relate
its cellular functions to its protein structure. The ABL protein contains many different
domains reflecting the various functions it has within the cell (see Figure 1-3). The first
exon can be alternatively spliced and therefore the protein can exist in two different
isoforms 1b or 1a (47). Figure 1-3 shows how the 1b form of ABL is maintained in its
inactive form by tight intramolecular interaction of the N-terminal myristoyl group with
the C lobe of the tyrosine kinase domain (48). It has been less clear how 1a ABL is
regulated, although this isoform retains the serine 69 which, when phosphorylated, binds
the ABL Src homology-2 (SH2) domain, where it may contribute to inhibition (49). A
recent study has shown, however, that 1a ABL can be inhibited through binding of an ABL
substrate called Abil, that binds to phosphorylated tyrosine residue 312 and PXXP in the
ABL SH2 and Src homology-3 (SH3) domains, respectively (50).

The ABL SH2 and SH3 domains provide docking sites for specific ligands (51), which
activate the enzyme by changing its conformation and allowing oligomerisation and
subsequent tyrosine phosphorylation of receptor subunits (52). This leads to repositioning
of the activation loop away from the Src homology-1 (SH1) tyrosine kinase domain,
allowing binding of ATP and substrate activation. Autophosphorylation of other tyrosine
residues also creates binding sites for other SH2 containing signalling molecules, which
are present in many signalling molecules (53). Both the ABL SH2 and SH1 domains are

necessary for transformation (46).
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Figure 1-3: Mechanism of 1b ABL tyrosine kinase activation. ABL is maintained in an inactive
conformation by anchorage of the myristoyl group and through clamping of the negative regulatory
SH3 domain to the SH2 domain. ABL tyrosine kinase domain activation requires attachment of
phosphotyrosine and proline rich proteins to the ABL SH2 and/or SH3 domain as well as
dimerisation. The kinase domain then opens up, exposing the activation loop and enabling

recruitment of ATP.

At the C-terminus of ABL there are nuclear localisation and export sequences, which allow
it to move in and out of the nucleus (54), a unique DNA binding domain and an F-actin
binding domain that allows ABL to bind to the cytoskeleton (55) and which may be
involved in cell-cell interactions (39). The N-terminal SH3 domain also has an important
role in regulating the tyrosine kinase activity of ABL by forming a clamp with the SH2
domain, keeping it in its inactive form, thus preventing binding of ATP (56). The SH3
domain is not present in the v-abl component of the A-MuLV and it is the lack of this
regulatory domain that causes constitutive activation of the v-abl kinase (57). However in
the BCR-ABL fusion protein, the SH3 protein is intact suggesting a different mechanism

of activation (39).



1.4.3 The role of BCR in activating the ABL proto-oncogene

Once the structure and origin of the BCR-ABL fusion protein was elucidated, the
mechanism by which BCR caused constitutive activation of ABL and hence transformation
could be studied. It was already known that the tyrosine kinase activity of the fusion
protein was increased and was likely to have an important role in transformation (31). A
coiled-coil domain encoded by BCR exon 1 was found to be essential for constitutively
activated tyrosine kinase activity in the fusion protein by causing dimerisation of the BCR-
ABL proteins, thereby allowing the 2 adjacent BCR-ABL molecules to phosphorylate each
other on tyrosine residues (58) resulting in increased tyrosine kinase activity. BCR-ABL
was also found to have serine kinase activity that could not be inhibited by site directed
ABL specific antisera, suggesting that this activity was not from the ABL component but

BCR (59), a postulate that was subsequently confirmed (21).

1.4.4 BCR-ABL domains and their role in leukaemogenesis

Although the ABL kinase domain (SH1) is critical for BCR-ABL transforming ability, as
demonstrated by the fact that ABL kinase inactivating point mutations in the ATP binding
site inactivate the transforming ability of BCR-ABL (60) as well as by therapies that target
kinase activity, (61) there are other important domains such as those that connect to

downstream signalling pathways.

As mentioned previously, the BCR coiled-coil domain is necessary for transformation by
constitutively activating ABL (58, 62), however, there is a BCR SH2 binding domain
(encoded for by amino acids 176-242 of BCR exon 1) that binds to the SH2 domain of
ABL making it into a more active and accessible conformation allowing interaction with
tyrosine phosphorylated proteins (58). In addition there is a tyrosine residue on BCR
designated Y177 that is phosphorylated and binds the growth factor receptor bound protein
2 (GRB2) adaptor molecule. GRB2 then recruits GRB2-associated binding protein 2
(GAB2) which leads to the activation of downstream cell proliferation signals and is
required for the induction of MPN by BCR-ABL in murine models (63-65). GRB2 can
also be recruited by the SH2 domain of ABL through the binding and phosphorylation of
the adaptor molecule SHC (Src homology 2 domain containing) to the SH2 domain (66)
and as such, mutations in SH2 reduce the ability of BCR-ABL to induce a CML-like
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disorder in mice (67, 68). Therefore both BCR and ABL domains play a role in the
transforming ability of BCR-ABL.

1.4.5 The effects of BCR-ABL on signal transduction

Although many signalling proteins interact with BCR-ABL through its various functional
domains, the RAS pathway is critical for the transformation of cells (69), as proved by the
use of dominant negative RAS mutants, which block transformation by BCR-ABL (70,
71). Indeed, deregulated RAS signalling has been implicated in a wide variety of human
leukaemias (72, 73). RAS is directly activated through the binding of the SH2 domain of
GRB2 to Y177 of BCR-ABL (65), BCR-ABL-GRB?2 then recruits SOS (Son of sevenless),
which stimulates conversion of the inactive GDP-bound form of RAS to its active GTP-
bound state (69) (see Figure 1-4). However, BCR-ABL can also activate RAS indirectly by
the activation of SHP2 by recruitment of the scaffold protein GAB2 to the BCR-ABL-
GRB2 complex (66, 74) or through other SH2 containing adaptor molecules that can
connect the tyrosine kinase signals to the RAS signalling pathway, such as activation by
the SHC adaptor molecule (66). Once activated, RAS exerts its proliferative effects by
activating the transcription factors FOS and JUN through the mitogen-activated protein
kinase (MAPK) cascades ERK and JNK respectively (75). However, RAS, in addition to
increasing the proliferation rates of cells, also has inhibitory effects on apoptosis therefore
increasing cell survival (76) by inducing the expression of the anti-apoptotic molecules
BCL-2 (B-cell lymphoma 2) and BCL-XL (77). JUNB is an antagonist of RAS and is
therefore a negative regulator of cell proliferation and survival. The findings that JUNB is
down regulated in CML cells isolated from patients (78) and that murine models with
inactivation of JUNB leads to a CML-like disease (79) are consistent with the importance

of RAS signalling in promoting the growth of BCR-ABL positive cells.

Phospho-inositol-3-phosphate kinase (PI3-K) is another pathway through which BCR-ABL
transduces its oncogenic signals (80). PI3-K, like RAS has been linked to many human
cancers (81) and its normal function is to stimulate DNA synthesis after ligand activation
by some receptor tyrosine kinases. PI3-K is directly activated by the BCR-ABL-GRB2-
GAB2 complex (82), by RAS and by the SH2 domain of BCR-ABL, and signals through
the Akt/mTOR (mammalian target of rapamycin) pathway (83-85). mTOR both increases
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translation of mRNAs necessary for cell cycle progression by up-regulation of the
translation initiation complex EIF4E (Eukaryotic initiation factor 4E) (86) which can, in
turn, up-regulate MYC (87). In addition, up-regulation of PI3K also inhibits pro-apoptotic
proteins (88) and BCL-2 associated death promoter (BAD) (89) as well as inducing the
expression of the anti-apoptotic molecule BCL-2 (90).

BCR-ABL also signals through the JAK/STAT pathway (91) particularly JAK2 (92-94).
JAK2 interacts directly with the SH2 domain of BCR-ABL and is necessary for its full
oncogenic effects (95), at least in some contexts. JAK2 exerts its effects partly through the
up-regulation and suppression of degradation of MYC (95). Indeed, enforced expression of
the IL3 receptor in NIH-3T3 cells results in susceptibility to transformation by BCR-ABL
via a mechanism that involves JAK2 and STATS (96).
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Figure 1-4: Signal transduction by p210 BCR-ABL.The breakpoint between BCR and ABL is
denoted by a star (after the PH domain of BCR). Up regulation of signals is indicated by the red

lines and down regulation by the black lines.
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As already eluded to, the proto-oncogene MYC has also been implicated in the
transforming activity of BCR-ABL. MYC is over-expressed in CML cell lines (66, 74, 97,
98) and introduction of dominant negative isoforms reduces the transforming ability of
BCR-ABL (97). MYC transcription can be induced by mTOR, (87) JAK2 (95, 99) and the
WNT signalling pathway (100). WNT regulates cell proliferation, differentiation and stem
cell renewal, it has been shown that BCR is a negative regulator of WNT and that this
putative tumour suppressor function of BCR is abrogated when BCR 1is fused to ABL
(100).

Due to the complexities of signal cascades, experimental systems for testing the effects of
signalling molecules in the genesis of leukaemia can lead to conflicting results. For
example, STATS is constitutively activated in BCR-ABL positive leukaemias (93), and has
been shown to activate the anti-apoptotic BCL-XL gene in cell cultures (101), however the
expression of BCR-ABL in bone marrow cells of STATS5a/b knockout mice still led to a
CML-like MPD, suggesting that neither STAT5a not STATS5b are required for BCR-ABL
mediated leukaemogenesis (102). However, it is now widely accepted that the strain of
mouse that was used was not a true knockout (103) and further studies with both a
complete STATS5a/b knockout mouse model and siRNA against STATS have confirmed a
requirement for this molecule in the transformation of BCR-ABL positive leukaemia (104,

105).

There are also differences in signalling between BCR-ABL positive CML and B-ALL. For
example, the use of a RAS inhibitor that blocks all 3 isoforms (NRAS, KRAS and Ha-
RAS) showed that RAS is essential for BCR-ABL transformation in CML but not B-ALL
(106). Conversely, the three Src-family kinases (SFK) that are expressed in haematopoietic
cells (LYN, HCK and FGR) are over-expressed in BCR-ABL positive diseases (107),
however a CML-like MPN can still be reproduced by retroviral transfer of BCR-ABL into
Lyn/Hck/Fgr triple knockout mice, indicating that these kinases are not necessary for the
pathogenesis of chronic phase CML (108). In B-ALL however, absence of any two of
these three SFKs leads to drastically impaired disease (108). It is possible that these

differences are linked to rapid disease progression seen in ALL.
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Along with the increase in proliferative and survival abilities of cells through RAS and
other signalling molecules, BCR-ABL may also suppress expression of negative regulators
of haematopoiesis. Interferon consensus sequence binding protein (ICSBP) has the ability
to down-regulate proliferation and survival of BCR-ABL cells. ICSBP is down regulated
in cells from CML patients (109) and knockout murine models of ICSBP develop a CML-
like disease (110). This suggests that ICSBP acts as tumour suppressor, the abrogation of
which is important for the development of CML.

1.4.6 Other oncogenic effects of the BCR-ABL fusion protein

As described above, the BCR-ABL fusion protein deregulates tyrosine kinase activity
through altering intracellular signalling cascades that have detrimental effects on the cells
ability to control the intricate balance between cell proliferation and apoptosis (43).
However, it is not just changes in signalling that have been implicated in BCR-ABLSs
transforming ability. The fusion of BCR to ABL also alters the sub cellular localisation of
ABL, by blocking nuclear translocation signals and increasing association with the
cytoskeleton and cytoplasm by activating the F-actin binding function (58). This exclusive
localisation of BCR-ABL in the cytoplasm means that the pro-apoptotic effects of nuclear

ABL no longer exist and there is inhibition of apoptosis.

For maintenance of normal haematopoietic cell regulation and development, the interaction
between the bone marrow stromal cells and haematopoietic progenitor cells is critical. The
bone marrow stromal cells, to which normal progenitor cells adhere, provide a highly
controlled microenvironment where cell proliferation is tightly regulated which is crucial
for the cells to develop correctly (43, 44). Normal ABL kinases are required for correct
formation, maintenance and maturation of intercellular adhesion (111), however BCR-
ABL positive cells have altered cellular interactions, most notably their decreased adhesion
to the bone marrow stromal cells and their ability to proliferate in the extramedullary space
(112). Stromal-derived factor 1 (SDF-1) and its receptor CXCR4 are critical for normal
cell movement and adherence in the bone marrow microenvironment (113, 114). Both have
been found to be deregulated by BCR-ABL (115) and may be required for the altered
adhesive properties of CML cells (116), resulting in them leaving the inhibitory

environment of the bone marrow and entering the circulation.
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1.4.7 BCR-ABL independent oncogenic effects and disease progression

In addition to direct effects of BCR-ABL on intracellular signalling, location and adhesion,
there are also seemingly unconnected mechanisms by which the oncogenic cells can
proliferate or escape apoptosis. For example, micro RNAs have been recently linked to the
pathogenesis of CML and ALL (117). Micro RNAs are small non-coding RNAs that
silence specific target genes and are therefore able to regulate many cellular processes
(118). ABL is thought to be a putative target of miR-203, which is thought to have tumour
suppressive properties. In CML and ALL, miR-203 is hypermethylated but when re-

expressed can reduce BCR-ABL fusion protein levels and inhibit cell proliferation (117).

BCR-ABL independent or co-operating mechanisms of transformation are believed to
underlie the progression of CML to blast crisis and also the development of BCR-ABL
positive ALL. One example is the B-lymphoid transcription factor Ikaros, which has been
found to be deleted in the majority of BCR-ABL positive ALL and lymphoid blast crisis
CML cases but is intact in chronic phase CML (119). Deletion of p16 has also been
implicated in lymphoid blast crisis and BCR-ABL positive ALL, but the mechanisms

responsible for myeloid blast crisis remain poorly understood.

1.4.8 The structure and diversity of the BCR-ABL fusion genes and their

products

The ABL gene breakpoints can occur anywhere in the first 150 kb of the gene, more
specifically upstream of exon 1b, between exon 1b and 1a or between exons la and a2
(120). The breakpoints in the BCR gene are more variable. In CML, the breakpoints in the
majority of cases (approximately 99%) fall within the major breakpoint cluster region (M-
ber) which spans 5 exons now known to be exons 12 to 16, but historically called exons
b1-b5. This usually gives rise to a hybrid messenger RNA (mRNA) with either a e13a2
(b2a2) or el4a2 (b3a2) junction encoding a p210 fusion protein (see Figure 1-5). The Ph
chromosome is also found in 30% of adult ALL (24) and 3-5% of childhood ALL (25). In
contrast to CML, only about 30-50% of patients with Ph positive ALL harbour the p210
fusion protein, with the remaining 50-70% harbouring the p190 fusion protein. This
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smaller protein results from breakpoints in the BCR minor breakpoint cluster region (m-
ber) within the large intron 1, giving rise to a hybrid ela2 mRNA (see Figure 1-5). Because
of this transcript variability it has been postulated that some fusions may be loosely

associated with various clinical phenotypes (18).
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Figure 1-5: Translocation breakpoint clusters in the ABL and BCR genes and the most common

fusion transcripts.

There are also rare cases of atypical BCR-ABL fusions in CML and ALL patients, for
example e6a2, e8a2, e19a2 and fusions that lack ABL exon a2 (121-123).

The role of the reciprocal ABL-BCR fusion protein is much less clear, even though it
appears to be transcriptionally active in 65% of CML patients (124). About 10-15% of
CML patients, often those with atypical translocations, have large deletions on the
derivative 9 chromosome that are believed to occur at the time of formation of the Ph
chromosome (125, 126). Patients with deletions have poorer median survival compared to

patients with no detectable deletion (125, 127, 128). There are two principal hypotheses as
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to why this may be the case, (i) the deletion of neighbouring genes on chromosomes 9 and
22 that have tumour suppressive properties, or (ii) the deletions may reflect a higher
genetic instability in the cell at the time of Ph chromosome acquisition and therefore may

be more prone to acquiring further genetic alterations (125).

1.5 Tarqgeted therapy

The cumulative effect of the intensely studied structure, function and effects of BCR-ABL
has led to the first rationally designed targeted therapy for cancer (61). The transforming
domain of the BCR-ABL protein is the SH1 tyrosine kinase domain. It is here that ATP
binds and the transfer of phosphate from the bound ATP to the tyrosine residues of
substrates takes place (129). It was postulated that an ATP mimic could bind to this site
thus preventing phosphorylation of its substrates, thereby blocking activation of signalling
transduction pathways and thus proliferation of the malignant clone (61). Several inhibitors
were purified and tested but the best inhibitor was a 2-phenylaminopyrimidine derivative,
subsequently called imatinib mesylate (130). Indeed, imatinib has been shown to inhibit

CML cell growth and induce apoptosis both in vitro and in vivo (131).

Imatinib was initially trialled on CML chronic phase patients who had no response to the
then current best chemotherapy, interferon-a (IFNa). The results were very encouraging
(132, 133), and a large randomised trial of chronic phase CML patients was performed,
tracking the progress of over 1000 patients who were given either imatinib or IFNa plus
cytarabine (CYB). Imatinib was found to be superior to IFNa plus CYB therapy (achieving
a complete cytogenetic response in over 75% of patients compared to less than 35% in the
IFNa group). In addition the side effects and intolerance levels to imatinib were markedly
lower (134). In a recent follow-up analysis of patients who received imatinib from
diagnosis, the survival rate was 89% by 60 months with 7% of patients progressing to

accelerated phase or blast crisis (135).

Despite the successful use of imatinib for CML, it has some limitations. First, residual
leukaemia usually remains detectable by reverse transcriptase polymerase chain reaction

(RT-PCR) and therefore imatinib treatment is not a cure (136, 137). CML patients on
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imatinib therapy may become resistant through point mutations in the ATP binding region
of BCR-ABL (138, 139) or other mechanisms. Extensive in vitro studies found that some
mutations both inside and outside the tyrosine kinase domain can destabilise the inactive
form of BCR-ABL to which imatinib binds, to its active conformation, which precludes
imatinib binding (140). Alternatively, mutations may result in steric hindrance or eliminate
critical H-bonds, either of which can reduce or eliminate imatinib binding (141). Other
mechanisms of resistance are less well defined, but in some cases appear to be related to

impaired ability of imatinib to enter or remain inside target cells.

The beneficial effects of imatinib are reduced for Ph positive ALL as well as CML in
accelerated or blastic phases (142). This may be partly due to the higher rate of mutations
compared to chronic phase CML (143). In addition, constitutively activated LYN kinase
(144) has been observed in lymphoid transformation of CML (145), suggesting a possible
beneficial role for SFK inhibitors (146).

The second generation of kinase inhibitors includes dasatinib, which is the only dual
SFK/BCR-ABL inhibitor approved for use on patients with imatinib resistant CML and Ph
positive ALL. Dasatinib is structurally unrelated to imatinib and was originally designed as
a SFK inhibitor but because the structure of ABL is closely related to SFKs, it was also
found to have inhibitory effects on BCR-ABL, KIT, PDGFR and ephrin receptor kinases
(147). Dasatinib can bind to the ABL kinase domain in many conformations including the
active conformation to which imatinib cannot bind (148, 149). As a result, dasatinib is
active against all imatinib resistant mutations except T315I and has a 325-fold increased
specific activity compared to imatinib in vitro (148). Results from Phase I, II and III trials
have shown that patients have good responses in both patients with imatinib resistant
mutations (excluding T315]) in all phases of CML and in Ph positive ALL (150-152). It
also has good efficacy for many patients who are imatinib resistant without detectable
mutations (153). The reason for this is unknown, but could possibly relate to inhibitory
activity of dasatinib against the SFKs. However, it is not known how long responses will
last and indeed some resistant patients do not respond to any treatment modality. This is

likely to be due to the fast evolution of the malignant clone as the result of the acquisition
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of further genetic abnormalities conferring complex mechanisms of resistance that are

incompletely understood.

In addition to dasatinib there is a new imatinib derivative called nilotinib, that is in Phase II
trials (154) and which has recently been licensed in Europe. Nilotinib has a 30-fold greater
potency than imatinib due to its better fit to the ATP binding pocket and is effective on all

kinase mutants except T315I, however unlike dasatinib it has no SFK activity (155).

Both nilotinib and dasatinib are ineffective against the kinase domain mutant T315I,
mainly because this mutation eliminates the critical H-bonds required for binding to the
ATP pocket (141). Although relapse with T315I is relatively uncommon, other approaches
to targeting BCR-ABL are being developed, such as GNF-2 which binds to the myristoyl
binding site of BCR-ABL leading to inactivation (156). Third generation inhibitors are also
being developed to target T3151 mutant, such as the aurora kinase inhibitor MK-0457
(157) which can also inhibit FLT3, ABL and JAK2 (158). Early clinical trials suggest that
MK-0457 is well tolerated and gives encouraging responses in ALL and in some patients

with T315I (159).

Despite these therapeutic advances, in order to achieve full and permanent remission by
chemotherapy, quiescent Ph positive stem cells also need to be targeted. These non-
proliferating cells have been found in Ph positive CML as well as ALL and, importantly,
that their quiescence is reversible (160). The presence of quiescent Ph positive cells in
patients with chronic phase CML on imatinib has been demonstrated and may be relevant
for subsequent relapse (161, 162) as neither imatinib, dasatinib nor nilotinib are capable of
targeting primitive quiescent CML cells (163-165). Targeting of these cells may be
essential for a true cure of CML, which can only be achieved currently by allogeneic stem

cell transplantation (164, 166).

It is clear that the BCR-ABL fusion protein is a constitutively active tyrosine kinase that
can concomitantly deregulate cell growth and apoptosis by activation of multiple

intracellular signalling pathways. However, it has become apparent that ABL is not the
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only tyrosine kinase that, when constitutively activated, leads to transformation and
leukaemia. Indeed since the discovery of BCR-ABL, many other activated tyrosine kinases
have been identified in MPNs, lymphoma and some solid tumours such as papillary thyroid
carcinoma, gastrointestinal stromal tumours and lung cancer. Some of these activated
tyrosine kinases are inhibited by imatinib, e.g. patients with fusion genes that involve the
platelet-derived growth factor receptors alpha or beta (PDGFRa and ) (167).
Unfortunately, not all activated tyrosine kinases are imatinib responsive but increasing
numbers of new tyrosine kinase inhibitors are being developed that are active against a

wider range of targets (158).

1.6 Other derequlated tyrosine kinases involved in MPNSs

More than 40 tyrosine kinase fusion genes have been described in MPNs, most commonly
involving PDGFRa, PDGFR or FGFR1 (168). Such fusions have several features in
common; the N-terminal portion of the fusion partner gene replaces the extracellular ligand
binding domain of receptor protein tyrosine kinases (RPTKSs) such as the PDGFRs and the
N-terminal domain of non-receptor protein tyrosine kinases (NRPTKs) such as ABL. The
chimaeric protein always retains the kinase domain but the loss of regulatory domains
means that the kinase is no longer responsive to its normal ligands or normal negative

regulators.

However, it is not only translocations that can cause the deregulation of tyrosine kinase
genes in MPNs. Point mutations can also be responsible for constitutive activation of
tyrosine kinases. For example, the KIT receptor is activated by point mutations in the
majority of cases of systemic mastocytosis, a disease that is clearly myeloproliferative
(169, 170) but classified separately by the WHO. More recently, a single acquired point
mutation in the JAK2 gene has been identified in approximately 95% of patients with PV,
and 40 to 50% of patients with ET and PMF (171-173). The JAK2 mutation occurs at
nucleotide 1849 substituting a guanine with a thymine, changing the amino acid from a
valine to a phenylalanine at codon 617 (V617F). This mutation occurs within the highly
conserved auto-inhibitory JH2 domain. Although the JH2 domain is homologous to the
true tyrosine kinase domain (JH1) the JH2 domain lacks the important catalytic domains

and is actually thought to negatively regulate the tyrosine activity (174). Thus the V617F
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mutation is thought disrupt this negative regulatory role of the JH2 domain and lead to
constitutive activation of JAK?2 and its downstream signalling molecules (175). Indeed,
expression of JAK2 V617F in murine models gives rise to a disease similar to PV (171).
The JAK2 mutation is also found in a small number of patients with HES, AML, MDS and
CMML (176-178) but is not apparent in lymphoid malignancies (177). The JAK2 mutation
is heterozygous in most cases of ET (179) but is homozygous in a substantial proportion of
PV and PMF cases as a consequence of acquired uniparental disomy at chromosome 9p
(180). It is thought that ET, PV and PMF represent a continuum in disease progression,
much like the different stages of CML, with acquisition of further copies of JAK2 V617F
and other mutations leading to transformation (181). However, it still remains controversial
as to whether JAK2 V617F is the only mutation that is required to give rise to this
spectrum of diseases or whether there are other, as yet unidentified, co-operating mutations

that are also necessary (182).

Internal tandem duplications (ITD) of FLT3 in AML are another example of leukaemia-
associated mutations that increase tyrosine kinase activity. In general, tyrosine kinases that
are activated by point mutations, ITDs or gene fusions all result in activation of various
signalling pathways that provide the transformed cells with survival and proliferative

advantages.

1.6.1 Platelet derived growth factor alpha (PDGFRA) gene fusions

One example of an alternative activated tyrosine kinase involved in MPNss is the type I11
RPTK PDGFRa, which has been linked to atypical CML when fused to the BCR gene
(183) and it is the most common recurrent fusion in patients with IHES/CEL when fused to

the FIP1-Like 1 (FIP1L1) gene (184).

1.6.2 Diagnosis of Idiopathic Hypereosinophilic Syndrome (IHES)

Hypereosinophilic syndromes (HES) can arise from clonal disorders of the bone marrow or
from a number of reactive conditions such as parasitic infections and allergies. The
diagnosis of idiopathic HES (IHES) is one of exclusion and characterised clinically as a

persistent state of unexplained eosinophilia for longer than 6 months, with evidence of
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organ dysfunction due to eosinophilic tissue infiltration and the consequent release of their
granules and toxic contents (170). IHES is predominantly a disease of men, with a male to
female ratio of 9:1 and is usually diagnosed between the ages of 20 and 50 years (185). It

is only once clonal proliferation of the eosinophils and its cause is ascertained, that cases of
IHES may be reclassified as the MPN chronic eosinophilic leukaemia (CEL) (186, 187)
and treated appropriately. Until relatively recently, as the majority IHES patients are
cytogenetically normal, establishing the clonality of IHES was difficult and had only been
proved in a small number of patients with cytogenetically visible lesions (188) or by X-

inactivation assays in female patients (189).

1.6.2.1 Discovery of FIP1L1-PDGFRA as a major cause of IHES/CEL

The elucidation of the molecular lesion that gives rise to many IHES/CEL cases was a
result of the observation that some of the treatments for CML were also useful for IHES
and they may therefore share a common pathogenetic mechanism. Specifically, imatinib
was found to be very effective in some IHES cases, implicating a constitutively activated,
imatinib sensitive, tyrosine kinase gene, as the cause of the disease (190), for example

ABL, KIT, PDGFRs (191) or an unidentified target.

This bedside-to-bench approach eventually led to the identification of a cytogenetically
invisible interstitial deletion on chromosome 4q12 that fuses the FIP1L1 gene to the
tyrosine kinase PDGFRA gene 800 kb downstream. In the initial description, FIP1L1-
PDGFRA was found in approximately half of all patients with IHES (184). Further
evidence that this fusion gene was the cause of IHES/CEL in these patients arose through
the identification of a resistance mutation (T6741) in FIP1L1-PDGFRa in a patient who
relapsed during imatinib therapy (187). Tyrosine kinase domains are highly conserved and
the T3151 mutation in BCR-ABL that confers resistance to imatinib (192) is homologous
to the T6741 mutation in FIP1L1-PDGFRa. In addition, it was shown that the fusion has
deregulated, constitutive tyrosine kinase activity and is capable of transforming
haematopoietic cells (184, 186, 193), in a manner analogous to BCR-ABL. In vitro
experiments have confirmed the constitutive activation of PDGFRa deregulates signalling

pathways such as those involving STATS (184).
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IHES has a very ambiguous clinical presentation and is often associated with considerable
morbidity and mortality. Most FIP1L1-PDGFRA positive patients show dramatic
responses to imatinib therapy with rapid normalisation of peripheral eosinophil counts and
achievement of nested or real time quantitative reverse transcription polymerase chain
reaction (RQ-PCR) negativity (194-196). Identification of patients who are positive for
FIP1L1-PDGFRA is therefore critical for appropriate clinical management (197).
Exclusion of FIP1L1-PDGFRA is also important as some patients may benefit from
alternative therapies such as the IL-5 antibody mepolizumab (198).

1.7 Mechanisms that qgive rise to translocations

It is widely accepted that acquired translocations are initiated after two double stranded
breaks (DSBs) have occurred in pairs of non-homologous chromosomes (199), that are in
close proximity to one another. Furthermore, it has been shown that the distances between
genes common in translocations are a lot shorter than control genes during cell division in
both myeloid (200) and lymphoid (201) malignancies. DSBs may be the result of a number
of exogenous factors such as ROS, ionising radiation, genotoxic chemicals and DNA
replication stress (202) or by the cell itself, as ROS are by-products of normal respiration.
The aberrant recombination that follows represents a failed attempt by repair enzymes to
re-ligate the severed DNA (203). The mechanisms behind many chromosomal
translocations in lymphoid malignancies are believed to be the result of illegitimate
recombination mechanisms, such as V(D)J recombination (204) or class switch
recombination (CSR) (205, 206), that normally give rise to the generation of diversity of

antigen receptors found in lymphoid cells required to mount an effective immune response.

In V(D)J recombination, the recombinase-activating gene (RAG) enzyme complex
recognises specific recombination signal sequences (RSSs) at the variable (V), diversity
(D) and joining (J) segments and cuts these segments which are then joined together by
non-homologous end joining (NHEJ) early in B-cell differentiation (see Figure 1-6). The
RAG enzyme complex can, however, mis-target recombination and juxtapose proto-
oncogenes such as BCL2 to loci that encode antigen receptors (207). These receptors
contain regulatory regions that activate the proto-oncogene, giving rise to lymphoid

malignancies. It is also possible for two non-antigen receptor loci to be joined erroneously
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by illegitimate V(D)J recombination, such as fusions between SCL-interrupting locus
(SIL) and stem cell leukaemia gene (SCL) in some patients with T-ALL, where the SCL
promoter region is replaced with the SIL promoter resulting in the inappropriate expression
of SCL (208). Indeed, at such translocation breakpoints, signal sequences suggestive of
V(D)J recombination such as cryptic RSSs and non-templated (‘N’ region) nucleotide

additions have been found (204).
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Figure 1-6: RAG mediated recombination. RAG 1 and 2 recognise specific recombination signal
sequences (heptamers and nonamers) flanking the Variable (V), Diversity (D) and Joining (J)
segments of antigen receptor gene loci. The RAG recombinase complex then makes double

stranded breaks which are then repaired by non-homologous end joining.

CSR occurs later in B-cell differentiation and the first translocation of this type was
identified over 20 years ago when the proto-oncogene MYC was found to be translocated
to the immunoglobulin heavy chain (IgH) switch region in Burkitt lymphoma (209) and are
thought to be the result of illegitimate activation induced cytidine deaminase (AID) activity
(210). Many different translocations involving immunoglobulin switch regions have since

been identified, particularly in multiple myeloma (205).
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The mechanisms behind chromosomal translocations in myeloid and in the remainder of
lymphoid malignancies, however, remain much more elusive. Broadly there are two main
opposing hypotheses as to why some fusions, such as the t(9;22) are seen so frequently
compared to other fusions such as those, for example, involving FGFR1 or indeed, why
recurrent fusions involve relatively few proto-oncogenes compared to the total number in
the genome. The first is the ‘selection hypothesis’ which poses that such breaking and re-
ligation events occur relatively frequently between chromosomes and that the gene fusions
seen in leukaemia are a consequence of biological selection for oncogenic products. Any
others which do not fulfil these criteria will never be seen and rapidly die out. Indeed the
finding of BCR-ABL transcripts in healthy individuals suggests that BCR-ABL and other
fusion genes are generated regularly but perhaps in a more committed progenitor without
the necessary cell machinery for a selective growth advantage (211). Therefore only in-

frame fusions in leukaemic stem cells may give rise to malignancy (160).

The second is the ‘hot-spot hypothesis’ which poses that the breaks are non-random and
instead tend to occur at particular genomic regions as a result of mechanisms that use
either sequence specific targets or sequence dependent secondary structures, which are
therefore termed recombinogenic sequences (212). Sequence specific mechanisms include
homologous recombination (HR) whereby translocations are mediated by large (at least
200 bp) repetitive sequences such as Alu sequences. These elements have been implicated
in the generation of translocations in both myeloid (213) and lymphoid (214-216) Ph
positive leukaemia, however as a relatively large proportion of the human genome is

comprised of Alu repeat sequences the evidence is not hugely convincing.

Recombinogenic sequences include purine/pyrimidine repeat regions, which have been
found in association with some ALL breakpoints (217, 218). Chromatin structural elements
may also lead to chromosome rearrangements (219) and as such, scaffold and matrix
attachment regions (S/MARs), have been implicated in mediating translocations such as
those involving MLL, AML1 and AF9. Breakpoint clusters within these genes have also
been shown to be preferred cleavage sites during early apoptosis (220, 221) and therefore

translocations could occur as a result of an aborted apoptosis event (222) in which cells
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aberrantly repair cleaved DNA. In concordance with this, NHEJ as opposed to HR is
thought to be the most likely mechanism for repair following DSBs, and indeed genomic
junctions suggestive of NHEJ have been found in patients with balanced translocations

with both lymphoid (223) and myeloid (224, 225) leukaemia.

As many as 50 DNA DSBs occur during each mammalian cell division (226) and it is
postulated that impaired NHEJ or increased frequency of DNA DSBs could also lead to
increased frequency of translocations. There is some evidence for this, including an
increased risk of CML in patients exposed to radiation (227, 228) and also inherited
conditions such as Nijmegen’s breakage syndrome, which results from defects in the DNA
DSB repair machinery, and is associated with an increased incidence of chromosomal
rearrangement and cancer (229). It has also been found that mice deficient in components
of the NHEJ machinery are prone to developing lymphoma (230). Features of NHEJ
include short (1-6 bp) stretches of microhomology between the translocated chromosomes,

short deletions and insertions and direct and indirect repeats at the breakpoints (224).

There is evidence to support both the ‘selection’ and ‘hot-spot” hypotheses (221, 231), but
it is likely that neither of these mechanisms is mutually exclusive and that some
translocations may therefore be the result of more than one mechanism. It is, however,
important to study the mechanisms behind translocations as it may allow the identification

of individuals at risk and ultimately lead to the design of preventative measures.

1.7.1 Mechanism of the formation of the BCR-ABL fusion gene

The precise mechanisms responsible for the formation of the t(9;22) are unknown, partly
because relatively few genomic breakpoints have been fully characterised. The reason for
this is because of the very large regions within which breakpoints may occur, particularly
within ABL but also within BCR for ela2 fusions (see Figure 1-5). There are several
possible candidate mechanisms for the generation of the t(9;22). The observation that the
distances between the BCR and ABL genes are a lot shorter than control genes during cell
division in haematopoietic stem cells (200) is probably a significant factor and implies that

if breakages do occur in these regions then aberrant recombination might be significantly
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increased due to the proximity to one another. This is further substantiated by the
implication of Alu repeat sequences which may facilitate aberrant DSB repair and therefore
be involved in the genesis of both Ph positive CML (213) and p190 ALL (214-216) which
might mediate aberrant recombination if DSBs occurred during mitosis. Clearly, biological
selection is important, for example it has been shown that ionising radiation can produce a
variety of BCR-ABL fusion proteins in HL60 cells not naturally present in either CML or
ALL (228). However, these factors do not account for all features of the BCR-ABL fusion
protein. Specifically, why is the p190 variant common in ALL but very rare in CML? Why
are breakpoints in CML and many cases of ALL generally limited to the M-bcr where
there are many possible in-frame combinations of BCR and ABL that are known to be
biologically active? It is possible that these anomalies are a consequence of the mechanism
of recombination between BCR and ABL, and differences in that mechanism between CML

and ALL.

1.8 Aims of this project

This project aims to explore and develop genomic translocation breakpoint analysis in
order to pursue the hypothesis that the mechanisms of translocation may explain some of
the unusual features of BCR-ABL described above. In addition, rapid breakpoint analysis

may also be useful diagnostically. Thus the specific aims of this study are to:

1. Identify mechanisms that give rise to the Ph chromosome in ALL by characterising

genomic DNA breakpoints in a cohort of patients.

2. Develop genomic breakpoint analysis to assist in the diagnosis and monitoring of IHES

patients with PDGFRA fusions.
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Chapter 2: Materials and methods

2.1 Patient Samples

Patient samples were either referred from hospitals throughout the UK for diagnostic
analysis or provided by collaborators from abroad. Research on samples was approved by
the Salisbury and South Wiltshire Research Ethics Committee in the study entitled
‘Mechanisms and consequences of tyrosine kinase activation in chronic myeloproliferative
disorders and related conditions’ (LREC study number 05Q2008/6), either following

informed consent or anonymisation.

2.1.1 Preparation of blood and bone marrow samples

Patient samples for processing were received as blood or bone marrow. Mononuclear cells
(MNCs) were separated by density gradient centrifugation over Lymphoprep’ ™ (Axis
Shield, Norway). Cell counts were then determined using a Neubauer type
haemocytometer (BDH, Poole, UK). 2 x 10" cells were diluted in Hanks’ balanced salt
solution (HBSS, Invitrogen, Paisley, UK) to a maximum volume of 25 ml. The cell
suspension was layered of an equal volume of Lymphoprep™™ prior to centrifugation for 30
minutes at 1800 rpm (revolutions per minute). After centrifugation, the MNCs were
removed from the interface using a sterile Pasteur pipette (BDH) and transferred to a clean
tube. The recovered cells were washed twice in RPMI 1640 (Invitrogen, Paisley, UK)

supplemented with L-glutamine, penicillin, and 10% fetal calf serum, before counting.

Granulocytes were obtained by discarding the supernatant before adding ice-cold red cell
lysis buffer (see Appendix I for recipe) to the cell pellet. The cells were placed on ice for
10 minutes then spun for 5 minutes at 1600 rpm. The resultant cell pellet was washed twice
in supplemented RPMI 1640 then counted. For DNA extraction at a later date, cell pellets
of 1-2.5 x 10 cells were frozen at —70°C (see section 2.1.3). For RNA extraction, 1 x 10’
cells were lysed with guanidine thiocyanate (GTC) mixed with 7 pl B-mercaptoethanol
(Sigma, Poole, UK) per 1 ml GTC (see Appendix I).
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2.1.2 RNA extraction

350 pl of GTC lysed cells for RNA extraction were mixed with an equal volume of 70%
ethanol to provide the appropriate conditions for the RNA to bind to the silica-gel
membrane, mixed, and applied to an RNeasy kit column (Qiagen, West Sussex, UK). The
column was spun for 15 seconds at 10 000 rpm. The column was washed in accordance to
the manufacturer’s instructions and the RNA eluted with 20 ul deionised, RNase free

water. RNA was then reverse transcribed into complementary DNA (cDNA).

2.1.2.1 cDNA synthesis

Prior to cDNA synthesis, the RNA was heated for 5 minutes at 65°C to destroy any tertiary
structures and placed on ice. For cDNA synthesis, the RNA was mixed with 21 pul cDNA
mix (50 mM Tris pH 8.3, 75 mM KCI, 3 mM MgCl,, 1 mM DTT, 1 mM dATP, dTTP,
dCTP, dGTP), 100 ng/ul random pd(N)s hexamers (Amersham Pharmacia, Amersham,
UK), 15 units RNasin (Promega, Southampton, UK) broad spectrum ribonuclease inhibitor
and 150 units of Moloney Murine Leukaemia Virus (MMLYV) reverse transcriptase
(Invitrogen, Paisley, UK) which synthesises cDNA from RNA. This reaction was
incubated at 37°C for 2 hours before being terminated by heating the samples to 65°C for
10 minutes. All cDNA samples were stored at —20°C.

2.1.3 DNA extraction

DNA was salt extracted from stored patient granulocyte cell pellets. Cells were thawed
prior to addition of 1 ml RSB (see Appendix I), 30 ul SDS (see Appendix I) and 200 pg
proteinase K (Roche, UK) and incubated at 37°C overnight. 300 ul of 6 M NaCl was added
to the cells and the cell debris was pelleted by centrifugation at 13 000 rpm for 30 minutes.
The supernatant containing the DNA was carefully transferred into a clean tube to which
an equal volume of 100% ethanol was added and the tube gently inverted to precipitate the
DNA. The DNA was hooked out with a hyperdermic needle, washed in 70% ethanol and
re-suspended in an appropriate volume of 1 x Tris EDTA (pH 7.4) before quantification of
DNA using an ND-1000 spectrophotometer (NanoDrop) and storage at 4°C.
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2.2 Fluorescence in situ Hybridisation (FISH)

FISH is the process by which DNA probes spanning the area of interest are labelled,
hybridised and subsequently used to detect the presence of complementary DNA in

cultured patient cells.

2.2.1 Culturing of clones for FISH

Ensuring aseptic techniques at all times, E.coli harbouring Bacterial Artificial
Chromosomes (BACs; which span regions of approximately 200 kb) or Fosmid clones
(which span smaller regions of approximately 40 kb) were streaked out onto the
appropriate antibiotic plates (20 png/ml chloramphenicol for BACs) and grown up
overnight at 37°C. One colony for each clone was then picked and re-suspended in 30 ml
LB broth (supplemented with 20 ug/ml chloramphenicol) and cultured in a flask overnight
at 320 rpm and 37°C.

2.2.2 Extraction of BAC or Fosmid probes

On day one of this procedure, cultured cells were spun down for 10 minutes at 3000 rpm in
a Sorvall centrifuge. Each pellet was then re-suspended in 1.8 ml of P1 (see Appendix I)
and transferred to a plastic ultra-centrifuge tube. Slowly 1.8 ml of P2 (see Appendix I) was
added and left for 5 minutes, this solution increases the pH, which denatures the bacterial
DNA and the FISH or Fosmid clone DNA. 1.8 ml of P3 (see Appendix I) was then added
and left on ice for 5 minutes. This lowers the pH, precipitating the denatured bacterial
DNA and proteins, however, the supercoiled FISH or Fosmid clone DNA re-anneals and
stays in solution. The tubes were then spun for 10 minutes at 10 000 rpm at 4°C. Once
complete the supernatant containing the FISH or Fosmid clone DNA was cleaned by
transferring the supernatant to 1.5 ml tubes containing 700 pl of chloroform and spun for 5
minutes at 13 000 rpm. The top layer was removed by pipetting and the DNA precipitated
by transferral into a tube containing 800 ul of ice cold isopropanol and placed at -20°C
overnight. On day two, the tubes were removed from -20°C and centrifuged at 13 000 rpm
for 15 minutes. The pellets were then washed twice with 70% ethanol before air-drying

and re-suspension in 40 pl of deionised water, ready for labelling.

30



2.2.3 Labelling

On ice, 1 pg of probe DNA was labelled by nick-translation in the presence of 0.015 U
DNase I (Invitrogen) and 10 U DNA polymerase (Invitrogen). For biotin labelling, 5 pl of
Bio mix (see Appendix I) was added, for digoxygenin labelling, in addition to the 5 ul of
Dig mix (see Appendix I), 1 ul of 1:4 BSA (New England Biolabs, NEB, USA) and 25 pg
of Digoxygenin were also added. All labelling reactions were made up to 50 ul with
deionised water and incubated at 16°C for 90 minutes, reactions were then terminated with
a denaturation step of 65°C for 10 minutes. To check the efficiency, labelling reactions

were run on a 1.5% agarose gel (see section 2.4).

2.2.4 Probe precipitation

To prevent co-hybridisation of repetitive sequences such as Alu repeats, 10 pul of labelled
DNA was co-precipitated with 10 pul of Cot-1 competitor DNA (Eur-X, Gdansk, Poland) in
40 ul 100% ethanol and 2 pl of 3M sodium acetate (pH 5.2) for -20°C for one hour. The
DNA was then pelleted by centrifugation at 13 000 rpm for 15 minutes before washing
with 70% ethanol, air drying and re-suspension with 12 ul hybridisation buffer (see
Appendix I).

2.2.5 Slide preparation from fixed cell suspensions

Fixed cells were centrifuged and the pellet re-suspended in freshly made fix (3:1
methanol:acetic acid) solution. Cells were centrifuged again and the pellet re-suspended in
as much fix as required to make the suspension clear. Microscope slides were prepared by
using a Pasteur pipette to apply one drop of the suspension from about 30 cm above the
slide. The slides were then allowed to dry in a humidity-controlled room, checked under a

phase contrast light microscope and left at room temperature to age overnight.

2.2.6 Addition of probes to slides

Slides were prepared by soaking in 2 x SSC (sodium saline citrate to give 0.3M sodium
citrate, 3M sodium chloride with pH 7.0, diluted from 20 x SSC from Sigma) for 30
minutes to 2 hours prior to incubation with 25 pg pepsin in the presence of 0.01M HCI for
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10 minutes at room temperature in a moist chamber in order to remove excess proteins
from the fixed nuclei that may interfere with hybridisation. The slides were then washed 3
times 5 minutes in 2 x SSC before being fixed in 1% paraformaldehyde (Sigma) in
phosphate buffer solution (PBS) (Oxoid, Basingstoke, UK) for 10 minutes. Slides were
washed a further 3 times for 5 minutes in PBS before dehydration through an ethanol series
of 3 minutes in each of 70%, 90% and 100% ethanol respectively. The slides were then
allowed to air dry prior to the addition of 12 ul of the appropriate probes, left on a 72°C
hotplate for 5 minutes then placed in a sealed moist chamber and allowed to hybridise for

60 hours at 37°C.

2.2.7 Post hybridisation washes and detection

Post hybridisation washes of 3 times 5 minutes in 50% formamide/2 x SSC then 3 times 5
minutes in 2 x SSC were carried out in a 42°C water bath. Slides were incubated with 50 ul
SSCTB (see Appendix I) for 20 minutes in a moist chamber at room temperature then
washed 3 times in 4 x SSC. Successive antibody layers were then applied, each antibody
was diluted in SSTB and incubated for 30 minutes under a cover slip in a dark moist
chamber in the following order: (i) 1/500 sheep anti-digoxygenin FITC conjugated (Roche)
(i1) 1/400 Texas red Avidin (Vector Laboratories Inc) and 1/200 Rabbit anti-sheep FITC
(Vector Laboratories, Peterborough, UK) (iii) 1/100 Goat anti-Avidin biotinylated (Vector
Laboratories) and 1/100 swine anti-rabbit FITC (Dako, Denmark) iv. 1/400 Texas red
avidin. Between each antibody application the slides were washed 3 times for 5 minutes in
SSCT (see Appendix I). After the final application, slides were washed for 5 minutes in
SSCT then twice for 5 minutes in PBS before mounting under a cover slip in Vectorshield
(Vector Laboratories) containing 1 pg/ml 4-6-diamidino-2-phenylindole (DAPI). Slides

were then ready for examination.

2.3 The Polymerase Chain Reaction (PCR)

The PCR is a technique by which DNA is amplified in vitro by the use of two synthetic
oligonucleotide primers that are complementary to two regions flanking the target DNA.
Thermal cycling is then carried out whereby the target DNA is repeatedly denatured, the

primers annealed and nascent strands extended from the primers, in conditions of excess
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deoxynucleotides and a thermostable DNA polymerase. This enables exponential
amplification, as the new strands act as a template for each cycle. Details of all primers

used in this project can be found in Appendix II.

2.3.1 High Fidelity PCR (Roche)

On ice, PCRs were set up with 10 pl of Mix 1 (containing 2 pl High Fidelity buffer with 15
mM MgCl,, 1 U Enzyme mix and 7.7 ul water) 7 ul Mix 2 (final concentrations of 200 uM
dNTPs), 500 nM of forward and reverse primers and 1 ul DNA to give 400 ng DNA. For

cycling programme see Appendix II.

2.3.2 Expand Long Range PCR (LR-PCR)

For detection and amplification of genomic DNA breakpoints, ranging from 300 bp to 12
kb the Expand Long Template PCR kit (Roche) was used. All primers were designed on
Primer3 (http://frodo.wi.mit.edu/cgi-bin/primer3/primer3 www.cgi) to be 23 bases long
with a melting temperature of 66°C. PCRs were set up on ice with final concentrations of
500 uM dATP, dCTP, dTTP and dGTP, 300 nM forward primer, 300 nM reverse primer,
2.5 ul Buffer 2 (with a final concentration of 2.75 uM MgCl,), 1 U of Enzyme Mix and 20
ng of patient DNA, made up to a final volume of 25 ul with deionised water. In all
screening PCRs, controls using normal DNA were included with each primer combination
and two PCRs using primer pairs to amplify up normal sequences were included to ensure

the PCRs worked with all DNAs used. For cycling conditions see Appendix II.

2.3.2.1 Expand Long Range PCR Multiplex

As for section 2.3.2 except an appropriate forward or reverse primer mix containing 300
nM of each of the different primers was used, in place of either the single 300 nM forward

or reverse primer respectively.
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2.3.3 Bubble PCR

For the detection of some genomic breakpoints, a modified protocol of the allele-specific
bubble PCR was used (as first described by Zhang et al., 1995 (232), see Figure 2-1). The
bubble oligo was made by annealing 50 uM of the BUB-T and BUB-B oligos in 136 uM
Tris (pH 8), 10 mM MgCl; and 50 mM NaCl for 16 hours at 4°C and kept at this
temperature at all times. Approximately 2 ug of patient DNA was digested at 37°C
overnight with the appropriate restriction enzymes (NEB, Ipswich, USA) in a total volume
of 10 ul. 190 pl of distilled water and 200 pl of phenol:chloroform was added, which was
then centrifuged for 5 minutes at 14 000 rpm at room temperature. The top layer was
removed into a clean tube and precipitated in two times the volume of 100% ethanol, one
tenth the volume of 3M sodium acetate and 40 pg of glycogen (Invitrogen) then placed at —
70°C for 20 minutes. The precipitate was pelleted by centrifugation for 30 minutes at 14
000 rpm and washed twice in 500 ul of 70% ethanol. The pellet was then left to air dry
before re-suspension in 10 pl distilled water. On ice, 2 pl of the digested DNA was ligated
to 10 pmol bubble oligo with 1 unit of T4 DNA Ligase (Invitrogen) then incubated at 15°C
overnight. To denature the ligase, the samples were heated at 65°C for 5 minutes then
excess unligated bubble oligos were removed by using the MinElute® PCR Purification kit
(Qiagen). The PCRs were then performed with the appropriate reverse primers and the
NV1 and NV2 forward primers for first and second step PCRs respectively. For PCR and
cycling conditions, see section 3.2.4.3 for Long Range bubble PCR and section 4.2.6 for
PDGFRA bubble PCR.
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Figure 2-1: Bubble PCR.: (A). Digestion of putative genomic breakpoint with restriction enzymes.
(B). Ligation of the bubble oligo and subsequent single stranded PCR with an allele-specific
reverse primer R1 (C) to give rise to a unique site for the forward primer nvamp-1 (NV1) to anneal

(D) to allow allele-specific amplification of the fusion gene by nested PCR.

2.4 Aqarose Gel Electrophoresis

Gel electrophoresis allows separation of DNA by differential migration through the
agarose according to size. DNA is negatively charged and when an electric current is
applied, it will migrate towards the positive anode. The smaller molecules are able to move
more quickly through the polymer than the larger molecules. Ethidium bromide is added to
the gel to visualise the DNA, as the positively charged ethidium ion intercalates between
the bases of the DNA and fluoresces under ultra violet (UV) light. As the putative
breakpoint products of long range PCR can be any size from about 300 bp to 12 kb long,
1% gels were used. Gels were made by heating 0.5 g of agarose in 50 ml 1 x tris-borate (1
x TBE) buffer (Sigma) in a microwave, the gels were then cooled before addition of 0.2
mg/ml of ethidium bromide and then cast into the appropriate gel tank with the correctly

sized combs. Before loading of PCR products the gel was immersed in TBE buffer and the
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combs removed. 10 pl of PCR product was mixed with 2 pl of 6 x Orange-G Loading
Buffer (see Appendix I) on parafilm then loaded. The orange-G enables monitoring of the
approximate location of the bands and the high sucrose concentration sinks the DNA into
the wells. To allow correct sizing of bands of all gels, a lane at either end of the comb was
loaded with 1 kb plus ladder (Invitrogen) (see Figure 2-2). Gels were run at 80 volts for

approximately 20 minutes and bands visualised using a UV transilluminator.

50
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Figure 2-2: Invitrogen 1 kb plus DNA ladder sizes. All gel products were run alongside this ladder
unless otherwise stated in the figure legend.

2.5 Cloning of PCR products

Fragments less than 4 kb are suitable for cloning with the TOPO TA Cloning kit for

sequencing (Invitrogen).
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Taq polymerase has template independent terminal transferase activity, which adds a
deoxyadenosine (A) to the 3’ ends of the PCR products. The linearised pCR®4-TOPO
vector has single overhanging 3’ deoxythymidine (T) residues which allows the PCR

products to ligate efficiently.

Selection of positive colonies is based on the acquisition of the lacZ gene, derived from the
E.coli lac operon. The lacZ gene is carried on the plasmid vector and codes for the enzyme
B-galactosidase. X-gal (5, bromo-4-chloro-indolyl-beta-thio-galactoside) is an artificial,
chromogenic substrate for 3-galactosidase. Transformed bacteria containing the religated
vector lacking the desired insert, when plated onto X-gal and agar form blue colonies as
these cells will contain a functional lacZ gene, which is able to convert the colourless
substrate X-gal into a blue product. If successful ligation of the PCR product takes place
into the reading frame of the lacZ gene, it is disrupted and there is no production of active

enzyme and the colonies remain white, in a process known as insertional inactivation.

2.5.1 Ligations

1 ul salt solution (1.2 M NacCl, 0.06 M MgCl,), 1 ul fresh PCR product and sterile water to
a final volume of 5 pul were mixed before addition of 1 ul of pCR4 vector. The ligation was
carried out at room temperature for 5 minutes before being placed on ice to await

transformation.

2.5.2 Chemical transformation

For each transformation, one tube of TOP10 E.coli chemically competent cells provided
with the kit were removed from storage at —80°C and thawed on ice. 2 ul of the cloning
reaction was added to the cells, gently mixed and incubated on ice. After between 5 — 60
minutes the cells were heat shocked for exactly 30 seconds at 42°C and placed immediately
back on ice for 2 minutes. 250 ul of room temperature SOC medium (2% tryptone, 0.5%
yeast extract, 10 mM MgSOQO,, 20 mM glucose) was aliquoted into the tube and the cells

were shaken at 37°C at 225 rpm to recover. After recovery for an hour, the transformed
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cells were spread onto pre-warmed (to 37°C) Luria Bertani (LB) agar plates (see Appendix

I) supplemented with 50 pg/ml ampicillin and pre-spread with 30 pul X-gal (50 mg/ml).

Once the liquid was absorbed the plates were inverted and placed at 37°C overnight. After

incubation, plates were placed at 4°C to allow the colour to develop.

2.5.3 Culturing and plasmid extraction

Only white colonies were picked and each colony was grown in 2 ml LB broth (see
Appendix I) 50 pg/ml ampicillin, overnight at 37°C and 320 rpm. Plasmid DNA was
extracted the following morning from the cultured cells using the QIAprep spin Miniprep
kit (Qiagen) according to the manufacturer’s guidelines. Similar to the extraction of FISH
probes described in section 2.2.2, the principle of the procedure is based on alkaline lysis
of the cells. The high [OH] lyses the bacterial cells, denatures the bacterial DNA, but
leaves the supercoiled vector DNA unaffected. The lysate is then neutralised and adjusted
to high salt conditions, which precipitates the bacterial DNA and proteins leaving the
plasmid DNA in the supernatant upon centrifugation. The supernatant is then applied to the
silica column upon which the plasmid DNA is selectively absorbed where it can be washed
with ethanol and eluted with water. Plasmid DNA was eluted with 30-50 pl of deionised

water.

Plasmid DNA extracts were checked for the presence of the correct inserts by agarose gel
electrophoresis of EcoR1 digested plasmid DNA (see section 2.6) and then directly

sequenced using M13 forward and M13 reverse primers (see section 2.7).

2.6 Restriction enzyme digests

Restriction enzymes recognise specific nucleotide sequences that are usually 4 bp to 8 bp
long, they then cleave the DNA at these sites. 1 U of enzyme was used to digest
approximately 1 pg of DNA in the appropriate buffers and then incubated at 37°C

overnight, prior to running on an agarose gel.
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2.7 Sequencing by dideoxynucleotide chain termination

The dideoxynucleotide chain termination method is a PCR based technique for sequencing
that utilises the addition of all four fluorescently labelled dideoxynucleotides (ddNTPs) to
homogeneous, single stranded template DNA with the correct primer, DNA polymerase
and deoxynucleotides (ANTPs). The ddNTPs lack the 3’ hydroxyl group, necessary for the
formation of 3° — 5° phosphodiester bond and therefore halts chain elongation at random
when incorporated into the synthesised template DNA. The resultant mixture is a series of
DNA molecules at different lengths which, when run through the capillary gel
electrophoresis separate on the basis of size and are detected when the laser excites the

fluorescent dye attached to the ddNTPs.

2.7.1 EX0SAP

If direct sequencing of PCR products was performed, removal of unused primers was
performed by incubating 2 pl of the PCR product in 4 U of exonuclease (NEB) and 0.8 U
of shrimp alkaline phosphatase (Roche) (made up in a ratio of 1:4) at 37°C for 15 minutes
and then denatured by heating to 80°C for 15 minutes. The DNA from this reaction was

then a suitable template for sequencing.

2.7.2 Sequencing reaction

All sequencing was performed using 50 ng of the appropriate forward or reverse primer, 1
ul of 5 x v3.1/v1.1 reaction buffer (Applied Biosystems, Foster City, California, USA) and
0.5 ul of v1.1 BigDye Terminator (Applied Biosystems, USA) with template DNA from
either Exosap PCR product, extracted plasmid DNA or gel extracted DNA in a total
volume of 10 pl (see Appendix II for cycling conditions).

2.7.3 Removal of unincorporated dye terminators

DyeEx 2.0 spin columns (Qiagen) or Montage sequencing reaction clean-up kits
(Millipore, Watford, UK) were used for removal of un-incorporated dye terminators,

depending on the numbers to be cleaned up. Deionised formamide or deionised water was
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used to re-suspend the cleaned sequencing reactions, which were then loaded onto an

Applied Biosystems 3100 or 3130 sequencing machine.
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Chapter 3: The mechanism of formation of BCR-ABL in ALL

3.1 Introduction

Acute lymphoblastic leukaemia (ALL) is characterised by the over production and
accumulation of immature lymphoid cells that are devoid of function. The Philadelphia
(Ph) chromosome is present in 30% of adult ALL (24) and 3-5% of childhood ALL (25)
and its presence indicates a worse prognosis than Ph negative ALL (24, 233, 234).

As detailed in section 1.4.8, in all Ph positive leukaemia, the breakpoints in ABL invariably
occur anywhere in the ~150 kb region 5’ of exon 3 (120) whereas the breakpoints in BCR
are more variable (see Figure 1-5). Nearly all CMLs and 30-50% of Ph positive ALLs have
breakpoints in the M-ber (e14a2 or el3a2 fusions) that give rise to a p210 fusion protein. A
very small number of CMLs and 50-70% of Ph positive ALLs have breaks in the m-bcr
(intron 1 of BCR), giving rise to the ela2 fusion and a p190 BCR-ABL fusion protein (24).
These differences lead to the supposition that these two fusion proteins might be disease

specific, or at least disease-related, and possibly transform different target cells (18, 235).

In order to try and elucidate the basis and mechanism for the different BCR-ABL isoforms,
it is first necessary to understand how and at what stage in the development of the cell they
arise. In CML, it is thought that the transforming event takes place in a multipotent stem
cell, inferred from the range of cell lineages involved (236). In Ph positive ALL, it is still
of some debate as to whether the acquisition of the Ph chromosome occurs in a multipotent
stem cell or a committed lymphoid progenitor. Indeed, these two hypotheses need not be
mutually exclusive as Ph positive ALL may in fact be two diseases, covert CML
presenting at blast phase after a silent chronic phase transforming very early to lymphoid
disease which would be of multilineage origin and lymphoid restricted de novo ALL (237).
Therefore the p190 fusion protein, found rarely in CML, but the majority of ALL (238)
would give rise to de novo ALL whereas p210 would be more likely to be covert CML and
therefore of stem cell origin. This would account for the over representation of Ph positive
adult ALL compared to Ph positive childhood ALL, as CML is known to be primarily an

adult disorder and therefore those adult ALL patients with a silent chronic phase,
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presenting at blast phase may be misconstrued as true de novo ALL patients, rather than

CML patients.

However, there is evidence both for and against this hypothesis of disease specific fusion
proteins. Some of the evidence for a multipotent stem cell origin of p190 ALL, and
therefore against disease specific fusion proteins, includes (i) the observation that human
p190 Ph positive cells are capable of inducing the same characteristics as leukaemic stem
cells in non-obese diabetic mice with severe combined immunodeficiency (239) and (ii)
the use of interphase FISH to show the presence of the p190 Ph chromosome in
granulocytes of ALL patients (240). Conversely, in studies into the acquisition of further
genetic abnormalities of over 500 cases of Ph positive CML, de hovo ALL and CML in
lymphoid transformation, the 3 types showed significant differences in karyotype at
diagnosis, disease progression and relapse, suggesting different modes of disease initiation
and progression (241). It has also been shown that some p190 ALL patients have no
detectable myeloid involvement, indicating a more restricted lineage (242). Studies into the
origin of Ph positive childhood ALL have shown that the Ph positive cells originate in
primitive lymphoid progenitor cells without myeloerythroid developmental potential (243).
Indeed, Castor et al., (2005) (244) used fluorescent-activated cell sorting (FACS) to study
the origins of ALL and found that p210 and p190 ALLs fell into 2 distinct biological
entities. The p210 ALL fusions arose from multipotent haematopoietic stem cells while
p190 ALL fusions with no myeloid involvement arose from B-cell committed progenitor

cells.

In vitro and in vivo models have also indicated that the reason that the p190 fusion is seen
in a much higher proportion of adult ALLs compared to CMLs is a result of when the
translocation occurs during development. Indeed, murine models have demonstrated that
both p190 and p210 can give rise to a similar polyclonal CML like disease when stem cells
are targeted for transduction but when committed progenitor cells are targeted for
transduction monoclonal, B-ALL results (245). The p190 BCR-ABL fusion protein has
been demonstrated to have a higher intrinsic tyrosine kinase activity in lymphoid cell lines
and can transform them to growth factor independence quicker than p210. The reason for

this difference is thought to be p190s exclusive up regulatory effect on STAT6 (93).
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However, both p210 and p190 can give rise to B-ALL (246) but in myeloid cells there is
no apparent difference in their transforming potencies (245). It may therefore be argued
that the rarity of p190 in human CML is not due to a lack of transforming potency but
rather that BCR intron 1 breaks may be much more frequent in ALL because they are

formed by a lymphoid-specific mechanism (245).

It is therefore plausible that a mechanism encompassing both physical and biological
selection causes the genesis p210 and p190 BCR-ABL. One such mechanism that may
explain the genesis of ela2 breakpoints in ALL could be the action of RAG recombinase,
which would only be present in lymphoid restricted cells. The RAG enzyme complex is
responsible for a very specific mechanism of recombination. RAG recognises specific
heptamer and nonamer RSSs at the V, D, and J segments and cuts these segments which
are then joined together by NHEJ (see Figure 3-5). Indeed, sequence specific signatures
suggestive of NHEJ following double stranded breaks have been found at the breakpoint
junctions at a variety of recurrent translocations in both myeloid (224, 247) and lymphoid
malignancies (248), indicating NHEJ as a common mechanism of aberrant fusion rather

than HR.

Methylation is a known inhibitor of V(D)J recombination (249-251) and cell lines with
high levels of RAG activity, such as the Reh cell line, retain stable karyotypes over long
periods of time due to high levels of methylation (252). This maybe important as in a study
of promoter methylation differences in ABL, all p190 ALL samples were found to have no
methylation, whereas p210 CML and p210 ALL samples were found to have ABL
promoter methylation (253). This further supports the idea that RAG could be pivotal in
the genesis of p190 breaks.

It has even been shown that RAG can misrecognise sequences that have no heptamer or
nonamer sequences. For example, in the BCL-2 major breakpoint region in which the
majority of breakpoints are found in follicular lymphomas, a common non-B DNA
structure is found in 20-30% of human alleles and is more prone to be misrecognised by

RAG even though no heptamer or nonamer signals are present. Thus, there is a higher rate
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of recombination within the BCL-2 M-bcr region relative to other BCL-2 regions in a RAG

expressing cell line but not in cell lines unable to express the RAG complex (254).

3.1.1 Aims

The aim of this part of the study was to try and understand mechanisms that give rise to the
Ph chromosome by focusing on the characterisation of genomic breakpoints in Ph positive
ALL in order to ascertain if the initial transforming event occurs in multipotential or
lineage restricted haematopoietic cells. This has not been done previously because of the
difficulty in characterising translocation breakpoints that fall in such large genomic
regions. The hypothesis that breakpoints may be restricted to the lymphoid lineage as a
result of RAG misrecognition was then tested using functional assays to determine if any
of the breakpoints contain cryptic V(D)J RSSs, by cloning the sequences into an
appropriate vector and subsequently co-transfecting them with RAG1, RAG2 and TdT into
mouse NIH-3T3 cells. This assay gives quantitative results which were then compared
with controls (p190 ALL versus p210 CML and p210 ALL). Additionally, differences in
clustering of breakpoints in ABL were also looked at between the three types of

breakpoints.

3.2 Materials and Methods

3.2.1 Patient Samples

All samples were confirmed to have the e13a2, el4a2 or ela2 BCR-ABL fusion mRNA by
multiplex RT-PCR (255) after a clinical diagnosis of adult ALL or CML and usually also
the detection of the Ph chromosome by conventional cytogenetics or the BCR-ABL fusion

by FISH.

3.2.2 Whole Genome Amplification (WGA)

WGA was performed on samples where only small quantities of DNA were available for
screening, using the GE Healthcare (Amersham) GenomiPhi DNA Amplification kit. This
method enables production of microgram quantities of genomic DNA (gDNA) up to 10 kb
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in length, from as little as 1 ng of gDNA and combines Phi29 DNA polymerase, random
hexamer primers, dNTPs and input DNA to amplify DNA representative of the original

sample by utilising strand displacement amplification.

For one reaction, on ice, 1 pl (approximately 10 ng) of sample DNA was dispensed into 9
ul of GenomiPhi sample buffer in a thin walled PCR tube. This was denatured for 3
minutes at 95°C and placed immediately back on ice. In a separate tube, also on ice, 1 ul of
enzyme mix was added to 9 pl of GenomiPhi reaction buffer. This was gently mixed and
all 10 pl was dispensed into the tube containing sample DNA and sample buffer. The
reagents were then incubated at 30°C for 16 hours after which the enzyme was denatured
by heating the reaction to 65°C for 10 minutes. The amplified DNA was quantified on the
NanoDrop ND-1000 spectrophotometer, run on an agarose gel and checked for quality by
use in LR-PCR to amplify normal sequences of up to 10 kb (see section 2.3.2).

3.2.3 FISH to sub-localise the p190 breakpoint

For the purposes of this project, small fosmid DNA probes of approximately 40 kb were
used to delineate the breakpoint region in the p190 patients for whom suitable cytogenetic
suspensions were available. See section 2.2 for general materials and methods, except
probe precipitation (see section 2.2.4) where optimisation experiments showed 20 pl of
labelled DNA gave much stronger signals for these much smaller probes. Initially, 7
fosmid probes were ordered from the Sanger Institute (see Table 3-4) and tested on normal
metaphases to optimise the technique and ensure hybridisation to the correct regions. For
breakpoint analysis, the best 5 probes were selected; 3 fosmid probes spanning the ABL

breakpoint region and 2 probes spanning the BCR intron 1 (see Figure 3-1).
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Figure 3-1: Positions of the fosmids used in FISH and the primers used in screening for breakpoints (to scale) in p190 ALL (intron 1 primer map) and p210

ALL and CML (M-bcr primer map). ABL primers used for both p190 and p210 samples are shown on the ABL primer map.
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3.2.4 PCR-based techniques

3.2.4.1 High Fidelity PCR

See section 2.3.1. For ease of use, ABL was split into 5 sections designated 1-5 (using

NM_ 007313 starting from the ATG the designated sections were as follows: ABL 1 = 129-
30877; ABL 2 =30878-63340; ABL 3 =63341-94401; ABL 4 =94402-124341; ABL 5 =
124342-141000) and BCR intron 1 was split into 3 sections designated Bt 1 to Bt 3 (using
NM 004327 starting from the ATG, the designated sections were as follows: Bt 1 = 1280
(start of intron 1)-19454; Bt 2 = 19455-43454; Bt 3 = 43455-72904 (just passed the start of
exon 2). All primers designed were therefore labelled and numbered according to their
section of origin, i.e. ABL 3 (19522) F would anneal to base pair number 19522 in ABL

section 3. The same primers and numbering systems were used for LR-PCR.

3.2.4.2 Expand Long Range PCR (LR-PCR)

See section 2.3.2. For detection and amplification of genomic ALL and control CML
breakpoint containing fragments ranging from 300 bp to 12 kb, the Expand Long Range
PCR kit (Roche) was used. Primers were designed to span ABL and BCR regions within
which the breakpoints in Ph positive ALL and CML are known to occur (see section
3.2.4.1). Before screening, however, the PCR was extensively optimised using normal
genomic DNA and each primer was tested with its appropriate normal partner (see
Appendix II for all primer lists and sequences) to yield a product of approximately 6-10 kb

to ensure that all primers worked at the same standard conditions.

3.2.4.3 Long Range Bubble PCR

A modified protocol for the allele-specific bubble PCR was assessed for use in genomic
breakpoint detection for p190 patients that were negative by multiplex LR-PCR. Long
Range bubble PCR was performed as described in section 2.3.3 with nested PCR
performed on the appropriately digested, bubble-ligated and cleaned DNA, using the
bubble specific forward primers NV1 and NV2 with BCR reverse primers R1 and R2 that
were designed at the 3’ end of each specific BCR digested fragment using the LR-PCR

protocol (see section 2.3.2).
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3.2.4.4 Long distance inverse PCR (LDI-PCR)

LDI-PCR is a technique that has been used to amplify long breakpoint fragments in B-
lymphoid cell malignancies (256) and which was adapted to amplify genomic breakpoints
in multiplex LR-PCR negative p190 patients. Genomic DNA was digested as in section
2.6, which was then purified according to the bubble protocol (see section 2.3.3) except for
the ligation step where the DNA was re-suspended in 179 pl of distilled water with 3 Units
of T4 Ligase in 1 x Ligase buffer and incubated at 15°C overnight. This high dilution
factor is necessary to allow the digested fragments to self-ligate. Nested LR-PCR was then
performed (see section 2.3.2) using the correct BCR primers according to the digest
performed (see Figure 3-2). PCR products were run on an agarose gel, the bands extracted

and sequenced.
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Figure 3-2: Long Distance Inverse PCR. Digestion of putative BCR-ABL genomic breakpoint
followed by self-ligation and nested LR-PCR with primers F1 + R1 and F2 + R2, respectively.
Primers were designed at the 5’ end of the known BCR sequence to amplify into the unknown ABL

sequence and across the putative BCR-ABL breakpoint.

3.2.5 Multiplex ligation-dependent probe amplification (MLPA)

MLPA quantifies target sequences by hybridising 2 adjacent complementary
oligonucleotide probes which are then ligated and subsequently amplified in a multiplex
PCR reaction using unique primer sequences that are tagged onto the probes. Only probes
that hybridise and ligate will be amplified in the PCR. The primers are fluorescently
labelled (FAM labelled), allowing the differentially sized products to be analysed by
capillary gel electrophoresis. The area under the peak of each product relative to other
peaks and normal controls reflects the copy number of the target sequence, allowing

changes such as deletions and/or duplications to be identified (see Figure 3-3).
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Figure 3-3: A schematic representation of Multiplex Ligation-dependent Probe Ampilification
(MLPA). Target A represents a normal MLPA trace with the probe represented in black, the ‘stuffer’
sequence in grey (variation in the size of the stuffer is used to produce final products of defined
sizes), and the primers are shown in red and green. The 5 primer (red) is fluorescently labeled.
The probes are hybridised to the target sequence, ligated together and finally amplified. The
amplified products are analysed on an ABi 3100 analyser and a representative trace is shown at
the bottom. Target B represents a control where some of the peaks are deleted, the star indicating

an example of a reduction in peak height compared to the normal.

MLPA was performed to detect deletions on the reciprocal 9q+ chromosome in patients for
whom the forward BCR-ABL breakpoints were characterised, but the reciprocal
breakpoints could not be amplified by LR-PCR. This was performed as described by Kreil
et al., (128), who designed oligonucleotide probes to specific, loci flanking the 9q+ ABL-
BCR breakpoint region (see Figure 3-4), each probe set generating products of a unique

size (as first described by Schouten et al., (257)).
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Figure 3-4: Positions of the MLPA probes (indicated by horizontal lines) used to detect reciprocal
9g+ ABL-BCR breakpoint deletions.

To perform MLPA, 2 pl (containing approximately 50 ng genomic DNA) of sample was
added to 3 pl of 0.1 x Tris EDTA and heated at 98°C for 5 minutes and then cooled to
25°C, to denature. For hybridisation of the probes, 1.5 ul of probe mix (containing 1.33
fmol of each probe) was mixed with 1.5 pl of MLPA buffer and added to the denatured
DNA at 25°C and incubated at 60°C for 16 hours. For the ligation reaction, the temperature
was reduced to 54°C whilst the ligation mix (3 ul Ligase-65 buffer A, 3 pl Ligase-65
buffer B, 25 ul deionised water and 1 pl Ligase-65) was dispensed, and then incubated at
54°C for 15 minutes. The ligase was then inactivated by heating for 5 minutes at 98°C.
Once completed, 5 pl of the MLPA ligation reaction was added to the PCR mix (2 pl
Selective Adaptor Ligation, Selective Amplification SALSA PCR buffer, 1 pl of the
SALSA PCR primers, 1 pl of SALSA Enzyme Dilution buffer, 0.25 ul SALSA
Polymerase and 15.75 pl deionised water) and amplification was performed for 35 cycles
(30 seconds at 95°C; 30 seconds at 60°C, 60 seconds at 72°C) followed by a final

incubation for 20 minutes at 72°C.

For analysis, 1 pl of sample DNA was added to 8.9 ul Hi-Di Formamide (Applied
Biosystems) and 0.1 pul GeneScan Rox 500 (Applied Biosystems) added as a size standard,
in a new 96 well plate and analysed on the ABi 3100. Using Genotyper version 2.0, results
were interpreted and the peak areas calculated. These results were exported into an Excel

spreadsheet which calculates the ratios between all probe peak areas for each individual.
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For normal sequences a ratio of 1.0 is expected, however if a deletion or duplication is
present the ratio should be 0.5 or 1.5 respectively. Reactions were performed in duplicate
with 2 normal controls and a positive control for an ABL-BCR deletion on each run to
ensure that the assay was working correctly. In addition, probes were designed to
sequences that were not expected to be deleted to provide an internal control to which the

other probes could be compared.

3.2.6 Statistical and sequence motif analysis of breakpoints (performed by

Ru-Fang Leh and Joe Wiemels)

See Supplementary information for details of all statistical analyses.

3.2.6.1 Komolgorov-Smirnov test for distribution of breakpoints

This test was used to assess if there were any differences between the forward breakpoint
distributions by comparing the subtypes of leukaemia. A P-value was considered

significant if it was less than 0.05.

3.2.6.2 Scan statistics to detect clustering of breakpoints

Clustering of breakpoints was assessed by scan statistics, which tests for evidence of
clustering by sliding a window along the breakpoint region and comparing the observed
number of breakpoints in that window by the number that would be expected by chance
alone. The result of this test is influenced by the size of the window used for analysis and
so several window sizes were used. If any real clustering is present, then there would be

significant values in more than one window size.

3.2.6.3 Silverman’s smoothed bootstrap test for numbers of clusters

The Silverman’s test was used to provide evidence for the number of clusters in the
breakpoint regions. The null hypothesis states that there are one or less clusters, so if this

hypothesis is rejected than there is evidence for more than one breakpoint cluster.
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3.2.6.4 Proximity of breakpoints to sequence motifs

Two methods were used to assess if there were any significant associations between the
position of the breakpoints and sequence motifs within 50 bp either side of the breaks. The
first method was to map known sequence motifs (such as repeat regions, ss'MARs, V(D)J
sites, etc) and to assess if these were enriched around the breakpoints. This was done by
comparing the sequence around each breakpoint with 200 simulations of uniformly
generated breakpoints within each sequence region. The percentage of breakpoints that
overlapped given motifs was then calculated. The second method was to search for
enrichment of unspecified motifs in association with particular types of breakpoints (p210
CML, p210 ALL or p190 ALL), by taking the sequences 50 bp either side of the
breakpoints and running through the Bioprospector software, web address:

http://ai.stanford.edu/~xslie/cgi-bin/BPsearch.cgi.

3.2.7 Insilico analysis BCR-ABL breakpoints for cryptic RSSs

RAG recognises specific heptamer and nonamer RSSs, makes double stranded breaks
which are then repaired by NHEJ (see Figure 3-5). As non-consensus RSS sites can be
mis-targeted by the RAG complex and these can be highly variable and thus difficult to
look for by eye, the EMBOSS Fuzznuc tool
(http://bioweb.pasteur.fr/seqanal/interfaces/fuzznuc.html) was used to select the most
likely candidate breakpoints for RAG recombination (p190 ALL, p210 ALL and p210
CML) and was done using the definition CACAGTG (heptamer), followed by 12 or 23
nucleotides and then ACAAAAACC (nonamer). The CAC in the heptamer had to be
present and up to nine mismatches were allowed in the remaining heptamer or the nonamer
sequences (258, 259). Sequences 70 bp either side of the breakpoints in both BCR and ABL
were inputted into Fuzznuc, and the results of any putative forward or reverse RSSs

recorded. Based on these results, constructs were made as in section 3.2.8.

The action of RAG recombinase results in two products: the coding joint which results in
the assembly of the V(D)J gene segments and the signal joint, which is the excised by-
product of the recombination containing the RSSs which is ligated into a circular piece of

DNA and subsequently degraded (see Figure 3-5).
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Figure 3-5: Coding and signal joint formation following DSBs by RAG recombinase and subsequent

ligation.

3.2.8 Constructs for use in RAG recombination assays

In order to formally test if breakpoint sequences were acting as cryptic RAG sites, it was
necessary to assess their ability to act as RAG substrates in a cell culture model. Constructs
were made by inserting sequences flanking the breakpoints into a vector that would act as a

model for RAG activity.

3.2.8.1 Preparing the vector

To clone fragments of DNA into the vector of choice, it was necessary to prepare the
vector so that it was in the correct state to clone in the desired insert. This varied depending
mainly on the restriction sites that both the vector and the insert contained. Vector DNA
was either linearised or a fragment cut out by digesting between 5-10 pug with 1 U of the
appropriate enzyme(s) per 1 pg of vector DNA in a total volume of 50 ul. This reaction
was then incubated at 37°C for between 3 to 15 hours. The vector was then purified by

crystal violet agarose gel extraction
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Preparation of a crystal violet agarose gel is similar to the method described in section 2.4,
however, there are some important differences. First, to make constructs it is important to
limit DNA nuclease (DNase) contamination and therefore all apparatus was washed with
distilled water prior to running the gels and sterile tips were used throughout. Also sterile 1
x Tris-acetate EDTA (1 x TAE) was used to both make the agarose gel and cover it whilst
the gel was running, and 40 ul of 2 mg/ml crystal violet was added to the melted agarose in
order to visualise the bands under white light and thus minimise DNA damage. In addition,
when loading the gel, 8 pl of 6X crystal violet loading dye was used. Appropriate bands
were then excised with a sterile scalpel blade and placed in a sterile 1.5 ml eppendorf tube.
Using the Simple Nucleic Acid Purification (SNAP) UV-free purification kit (Invitrogen),
the DNA was extracted from the gel according to the manufacturers instructions and eluted
in 30 pl of deionised water. The concentration of DNA remaining after extraction was then

quantified on the NanoDrop.

To prevent vector recircularisation of single digested vectors, DNA alkaline phosphatase
was used to remove the 5’phosphate groups. For dephosphorylation of 5° overhangs with
Calf Intestinal Alkaline Phosphatase (CIAP, New England Biolabs), 2 U were added to
approximately 2 pg of linearised, crystal violet gel extracted vector and incubated at 37°C
for 30 minutes. A further 1 U of CIAP was added to the reaction and incubated for a
further 37°C for 30 minutes and then the DNA was crystal violet gel extracted and the

amount of DNA quantified using the NanoDrop prior to use in ligations.

3.2.8.2 Preparing the insert

High Fidelity PCR (see section 2.3.1) was used for amplifying inserts for sub-cloning into
TOPO vectors (Invitrogen) as it contains an enzyme blend of proof-reading and Taq DNA
polymerase and therefore generates PCR products both with and without A overhangs. The
cycling conditions were as Appendix II, except an extension time of 1 minute was used for
these smaller fragments. Taq polymerase adds deoxyadenine (A) to the 3* ends of PCR
products and the linearised TOPO vectors have single overhanging 3° deoxythymidine (T)
residues which allows the PCR products to ligate efficiently. Thus, any DNA inserts
amplified using a Taq polymerase were able to be sub-cloned into TOPO vectors easily

prior to cloning into the construct vectors. The inserts were cleaved from the TOPO vector

55



with appropriate restriction enzyme(s) and crystal violet gel extracted prior to ligation into
the cloning vector. For some of the constructs it was necessary to add restriction enzyme
sites to the PCR product using primers tagged with the appropriate restriction enzyme sites
for cloning into the RAG vector. These products were cloned into TOPO cloning vectors
and then cut out using the engineered restriction enzyme sites before crystal violet

purification and cloning into the RAG vectors.

To generate blunt ended PCR products which were also error free, PfuUltra High Fidelity
DNA Polymerase (Stratagene, California, USA) was used. PCRs were set up with 500 nM
forward primer, 500 nM reverse primer, 200 uM of each dATP, dTTP, dCTP, dGTP and
2.5 Units of polymerase in 1 x Pfu buffer with 1 ul of template DNA made to a final
volume of 50 pl. For cycling conditions see Appendix II. The inserts were then crystal

violet gel extracted prior to blunt end ligation into the blunt ended cloning vector.

In some instances, single-stranded extensions were removed from inserts by mung bean
nuclease digestion. 1 U of mung bean nuclease was used per 1 pg of crystal violet gel
purified DNA in 1 x mung bean nuclease buffer or 1 x NEB buffers 1, 2 or 4. The reaction
was then incubated at 30°C for 30 minutes, then immediately crystal violet gel extracted to

purify the DNA from the enzyme reaction.

3.2.8.3 Ligating the insert into the cloning vector

For the ligation reaction, 50 ng of cloning vector DNA was added to the insert DNA in a
ratio of 1:3 vector:insert with 3U of T4 DNA Ligase (Promega), 1 x Ligase buffer, made
up to a final volume of 10 pl with nuclease free water and incubated at 16°C overnight.
The amounts of DNA used were calculated according to the equation: {[Amount vector
DNA (ng) x Size of the insert (bp)] / Size of the vector (bp)} x Ratio (i.e. 3). Vector only

controls were included to ensure that the digest and dephosphorylation steps had worked.
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3.2.8.4 Transforming E.coli cells with the construct

See section 2.5.2 for chemical transformation with the ligated vector and insert. If there
were lots of colonies on plates transformed with the ligated vector plus insert compared to
the vector only control, then colonies were picked, grown up and the plasmid DNA
extracted, digested and sequenced to check for the correct insert (see sections 2.5.3, 2.6

and 2.7).

3.2.8.5 Endotoxin free plasmid DNA extraction

Once the correct inserts had been ligated into the cloning vectors, they were ready to be
transfected into the cell line. For efficient transfections it is important to have the plasmid
DNA extracted using endotoxin free techniques. Therefore the E.coli containing the
constructs for the RAG assay were cultured and the vector DNA extracted using the Maxi-
prep endotoxin free kit (Qiagen) prior to transfections. As less DNA was required for the
test constructs these were extracted using the HQ mini-prep kit (Invitrogen) which is

designed for use in transfections.

3.2.9 Transfecting NIH-3T3 cells

In order to test if the sequences surrounding BCR-ABL genomic breakpoints have
functionally active, cryptic RSS sites, these constructs were co-transfected with RAGI,
RAG?2 and TdT expression plasmids (kindly provided by Professor Nadel, (207)) into the
NIH-3T3 cell line.

3.2.9.1 Growing NIH-3T3 cells

Ensuring asceptic techniques were used at all times when performing tissue culture work, a
vial of cryopreserved NIH-3T3 cells were defrosted. The cells were then washed by slow
re-suspension in 5 ml Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with
L-Glutamine, Penicillin, Streptamycin and 10% Fetal Calf Serum (FCS) and then spun
down for 5 minutes at 1200 rpm. The supernatant was removed and the cells re-suspended
in the residual media by flicking the tube. The cells were washed twice more before being

diluted in 30 ml DMEM. For counting, 10 pl of the cell suspension was removed and
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mixed with 10 ul of Trypan Blue in an Eppendorf and the live (unstained) cells were then
counted under a light microscope using a Neubauer haemocytometer. The number of cells
was estimated and each 75 cm? flask required to be seeded with between 1 x 10* cells per
cm’, therefore the appropriate volume of the cell suspension was added to 25 ml of DMEM

grown at 37°C in 5% carbon dioxide.

3.2.9.2 Preparing the NIH-3T3 cells for transfections

Approximately 18 hours prior to transfections, the adherent NIH-3T3 cells that were in
log-phase and at a density of approximately 70-80%, were trypsinised. This was done by
discarding the media, washing the monolayer of cells briefly with 4 ml of trypsin (0.05%,
Invitrogen), adding a further 4 ml of trypsin and then incubating at 37°C for 5 minutes. The
trypsin was then inactivated with 10 ml of complete DMEM and the resultant cell
suspension transferred into a 50 ml centrifuge tube and centrifuged for 5 minutes at 1300
rpm. The supernatant was discarded and the cell pellet re-suspended in the residual media
by flicking the tube. For counting, 5 ml of DMEM was added to the cell suspension and
the cell number counted in the same manner as in section 3.2.9.1. For use in transfections,
1 x 10° cells were plated into each 100 mm culture plate in 10 ml of DMEM supplemented
with only FCS and L-Glutamine (as the antibiotics interferes with the transfection). The
plates were then incubated at 37°C and 5% carbon dioxide for approximately 18 hours to

achieve a confluency of 40% prior to transfections.

3.2.9.3 FuGene HD transfection

To determine the approximate optimum volume of FuGene transfection reagent to use in
the assay, 2 ng of pEFLacZ was transfected with different volumes of FuGene from 3 pl to
8 ulin 1 pl increments and mixed in 100 pl of diluent. After 60 hours, cells were washed 3
times with 1xPBS, re suspended in 1 ml paraformaldehyde (4%) in 1xPBS, incubated at
37°C for 10 minutes, and then washed with 1xPBS 3 times. A staining mix was made by
adding 1 ml BetaBlue (Invitrogen) buffer and 25 pl BetaBlue X-Gal for each well to be
stained. This was added to the cells and, following incubation at room temperature for 10
minutes, 200 cells (blue and non-blue cells) were counted. The optimum volume of

FuGene HD reagent was then estimated and used in the RAG assay.
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For the RAG assay: several hours before transfection, the Opti-MEM diluent and FuGene
HD transfection reagent (Roche) were removed from storage at 4°C and allowed to
equilibrate to room temperature. For each transfection reaction, 500 pl of Opti-MEM and
2.5 pg of each plasmid (RAG1, RAG2, TdT and the plasmid with the sequence to be
tested) were added to a 5 ml polystyrene tube. To each transfection reaction, 40 pl of
Fugene HD reagent was added directly into the solution and immediately mixed. After 10
minutes at room temperature, the medium of each of the dishes was replaced with fresh
DMEM (again with no antibiotics). After a further 5 minutes at room temperature, the
transfection reagent / DNA complex was added in a drop wise manner below the surface of
the medium into the dish containing the NIH-3T3 cells. After swirling to ensure good
dispersal of the transfection reagent / DNA complex over the cells, the dishes were

incubated at 37°C and 5% carbon dioxide for approximately 40 hours.

3.2.9.4 Plasmid DNA extraction from transfected cells

For each dish of transfected cells, the medium was removed and the cells gently washed
with 1 ml of trypsin, which was then discarded and a further 1 ml of trypsin added and
incubated at 37°C. After 5 minutes the trypsin was inactivated with 4 ml of complete
DMEM and the cells transferred to a 50 ml centrifuge tube. The dish was washed in sterile
1xPBS to ensure all cells were in the tube and then completed to 30 ml with 1xPBS. This
was centrifuged for 7 minutes at 1000 rpm at 4°C. The supernatant was discarded and the
pellet re suspended in the residual PBS and then completed to a volume of 40 ml with
1xPBS. The cell suspension was centrifuged as before and the supernatant discarded before
being re suspended in 1.2 ml 1xPBS, transferred to a 1.5 ml tube and centrifuged as
previously described. After the supernatant was discarded, 100 pl of cold P1 (see
Appendix I) was added and mixed by pipetting up and down to lyse the cells. To denature
the NIH-3T3 genomic DNA, 200 pl of freshly made P2 (see Appendix I) was then added,
mixed by inversion and incubated on ice for 5 minutes. To neutralise the suspension and
allow the plasmid DNA to re-anneal and stay in solution, whilst precipitating the NIH-3T3
genomic DNA and proteins, 150 pl of cold P3 (see Appendix I) was added and mixed by
inversion. This mixture was incubated upside down on ice. After 1 hour the suspension

was centrifuged for 15 minutes at 14 000 rpm at 4°C. To remove impurities, the
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supernatant containing the DNA was transferred into a new 1.5 ml tube with an equal
volume of phenol/chloroform and centrifuged at 14 000 rpm for 5 minutes. The DNA
contained in the upper phase was transferred to a new 1.5 ml tube and precipitated with
two times cold 100% ethanol, 10% 3M sodium acetate and 20 pg of mussel glycogen.
After incubation at -80°C for 20 minutes, the DNA was pelleted by centrifugation at 14
000 rpm for 15 minutes at 4°C. The pellet was then washed twice with 750 ul of 70%
ethanol and allowed to air dry for 10-15 minutes prior to re-suspension of the pellet in 17
ul of nuclease free water. To ensure complete re-suspension the DNA was incubated at

65°C for 10 minutes.

3.2.9.5 Digestion of parental plasmids

As only the plasmids that have been replicated in the cells are required to assess for RAG
mis-recognition, the parental plasmids must be removed prior to transformation. The
methylated parental plasmids are specifically digested with the methylation sensitive
enzyme Dpnl, leaving only replicated plasmids. Therefore prior to transformation, to the
17 ul of DNA from section 3.2.9.4, 2 ul of the appropriate 10x buffer was added with 10U
of Dpnl and incubated at 37°C for at least 2 hours.

3.2.9.6 Ethanol precipitation of plasmid DNA

For DNA extraction, 80 ul of distilled water was added to the 20 pl of the Dpnl digested

plasmid DNA (see section 3.2.9.5) and then precipitated in two times 100% ethanol, 10%
3M sodium acetate and then placed at —70°C for 20 minutes. The precipitate was pelleted
by centrifugation for 15 minutes at 14 000 rpm and washed twice in 500 pl of 70%

ethanol. The pellet was then left to air dry before re-suspension in 10 pl distilled water at

65°C for 10 minutes.

3.2.9.7 Transformation of E.coli with extracted, digested plasmid DNA

As section 2.5.2 except all 10 pl of the product from section 3.2.9.6 was transferred to the

chemically competent TOP10 E.coli cells, they were incubated for 60 minutes on ice and
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the recovered cells were plated on ampicillin (50 pg/ml) and chloramphenicol (5 pg/ml)
plates.

3.2.9.8 Screening of the colonies for RAG mis-recognition (see Figure 3-6)

PCR and then sequencing was used to screen approximately 25 colonies from each
transfection with a BCR or ABL breakpoint segment. Each colony was plucked into
AmpliTaq Gold (Applied Biosystems) PCR mix (1.5 mM MgCl,, 0.5 uM primers, 200 uM
dNTPs) and a hotstart PCR program: 95°C 15 mins (96°C 20 sec; 60 °C 50 sec; 72 °C 50
sec) for 25 cycles, then 72°C for 10 mins, using the RAG forward and RAG reverse
primers that flank the putative and consensus RAG recognition sequences (see Appendix

).
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Figure 3-6: Experimental procedure to identify V(D)J recombination using Professor Nadel’s
constructs. The test constructs are introduced into the NIH-3T3 cell line in addition to the
expression plasmids (RAG1, RAG2 and TdT, not shown). After 40 hours, the test constructs are
recovered and transformed into E.coli for detection of recombinants on Amp plus Chloramp plates.
The recombination is depicted between a consensus 23 (dark triangle) and 12 (open trapezoid)
‘specific’ cryptic RSS, leading to a coding joint formation (the excised signal joint is also shown for

clarity. See Figure 3-41 for full description of recombination substrate.
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3.3 Results

3.3.1 Screening for genomic breakpoints in p210 ALL

3.3.1.1 High Fidelity simplex PCR
The system for amplification of BCR-ABL breakpoints was developed in several stages.

Initially, a total of 7 p210 cases (5 ALL and 2 CML) were screened using simplex High
Fidelity PCR (see Table 3-1).

ID Nbr | Diagnosis | e13a2/ | Breakpoint High Size of | Primer Breakpoint
el14a?2 | detected Fidelity PCR mix sequencing
or LR- product primer
PCR
NP241| CML | e13a2 | Yes High 9 kb 4 BCR b2 1F
Fidelity
E656 CML el4a2 Yes LR-PCR 3 kb 20 BCR b3 1F
P679 ALL e13a2 No LR-PCR NA NA NA
P682 ALL el4a2 Yes LR-PCR 1 kb 17 BCR bp(851) F
High 2 kb
P851 ALL el4a2 Yes Fidelity 15 BCR bp(851) F
22251 ALL el4a2 Yes LR-PCR 4 kb 18 BCR b3(1850) F
26231 | ALL | ef4a2 |  Yes High 10kb 1 19 | BCR b3(2340) F
Fidelity

Table 3-1: Cases screened for p210 (e13a2 or e14a2) genomic breakpoints with simplex High
Fidelity or Long Range PCR with ABL primers A and B.

The ABL breakpoint region is the same for both p210 and p190 but in p210 the breakpoint
region in BCR is much smaller and therefore only 2 BCR forward primers were designed to
anneal to BCR exon 13 and exon 14 to detect p210 breakpoints (see Figure 1-5). Five ABL
reverse primers (designated ABL A) spanning the genomic sequence from ABL exon 1b to
ABL exon a3 (see Figure 3-1) were also designed and tested prior to patient screening. All
primers were tested with the appropriate BCR reverse or ABL forward complementary
primer on normal DNA to ensure that they worked correctly. The resultant 10 primer
combinations (each BCR forward primer with each ABL reverse primer) were then used to
screen the 7 p210 cases. Breakpoint containing fragments were amplified from two of the
ALL cases (cases 26231 see Figure 3-7A, and P851) plus one of the CML cases (case

NP241). For the other cases, no amplification products were obtained.
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Figure 3-7: High Fidelity breakpoint detection and sequencing for case 26231. (A) Agarose gel of
breakpoint containing fragment of approximately 10 kb amplified by High Fidelity PCR from case
26231 using primers BCR B3 F and ABL 1A R. (B) Electropherogram of 26231 breakpoint

sequence.

The bands from the 3 positive cases were cloned and subsequently sequenced with plasmid
DNA specific M13 forward and reverse primers to confirm amplification and cloning of
the correct breakpoint sequence rather than a non-specific product. For NP241, sequencing
with the M 13 forward primer allowed sequencing across the breakpoint, however, for the
other 2 cases, 3 successive sequencing primers were designed along the M-bcr region to
enable sequencing across the breakpoints (see Figure 3-7 B and Table 3-1 for sequencing

primers used).

3.3.1.2 Simplex LR-PCR

Since only 3 of the 7 p210 cases had amplified with the 10 primer combinations in the

simplex amplification procedure, it was necessary to explore and optimise a more efficient
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approach. The Expand LR-PCR kit was used in place of the High Fidelity PCR kit as it is
designed to amplify larger sequences up to 20 kb and required less template DNA in the
PCR reaction. Prior to use in screening, the LR-PCR was extensively optimised with
changes made to the cycling conditions, buffer types, enzyme concentrations and patient

DNA concentrations.

As it was a new kit all the primers were tested with a normal forward or reverse primer

(see Figure 3-8) and re-designed if they did not work.

Normal DNA
Normal DNA
No DNA Control
Normal DNA
Normal DNA
No DNA Control
Normal DNA
Normal DNA
No DNA Control
Normal DNA
Normal DNA
No DNA Control

Ladder

ABL5AF &R BCR1AF &R BCR2AF &R BCR3AF &R

~9kb x - ~10 kb
~4 kb “ “ ~5kb

Figure 3-8: Normal control LR-PCRs. Bands amplified by different sets complementary primer pairs

were extensively optimised until each primer pair worked well at the same PCR conditions.

In addition to the re-designed original set of 5 reverse ABL A primers, 5 more ABL reverse
primers (designated ABL B) were designed to cover more comprehensively the large ~ 150
kb ABL region from exon 1b to exon a3 (see Figure 3-1). The remaining 4 samples in
which the breakpoints had not been detected were then screened using the new ABL B

reverse primers in conjunction with the original BCR forward primers. This led to the
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identification of a further 2 ALL breakpoints (cases P682 and 22251) and the other CML
breakpoint (case E656) after cloning and sequencing, therefore simplex PCR amplified 6/7
(85%) of the p210 breakpoints. This left only one p210 ALL breakpoint unidentified (case
P679, see Table 3-1) after screening with ABL primers A and B.

3.3.1.3 Multiplex LR-PCR

As there was still one patient in whom a breakpoint had not been identified by LR-PCR
with the ABL A and B primers, 10 more ABL forward and reverse primer pairs were
designed and optimised (see Figure 3-1 for locations). At this stage, a multiplex LR-PCR
method of detecting the genomic breakpoints was designed and optimised. This decreased
the number of PCRs required to screen each patient from 40 to 8 and therefore the amount
of patient DNA required, which for many patients was very limited. As all the primers
used were designed and optimised for the same PCR conditions, the new ABL reverse
primers were placed into groups of 5, and designated ABL C and D (see Figure 3-1 and
Appendix II for the primers in each mix). Each ABL primer set (sets A to D) were made up
so that each of the 5 ABL reverse primers in each mix had a final concentration of 300 nM,
both of the BCR forward primers also had a final concentration of 300 nM. The PCR was
then performed as in section 2.3.2.1. The multiplex was initially tested on 3 positive
controls already detected by the simplex High Fidelity or LR-PCR, to ensure that the
breakpoints would be detected, and on two p210 patients that should not yield a band from
the primers used to ensure that there were no false positive bands produced by the

multiplex (see Figure 3-9).
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~4 kb

~650 bp

Figure 3-9: Test multiplex LR-PCR for p210 ALL and CML breakpoint detection. Agarose gel of
p210 multiplex on negative (26231 and P851) and positive (E656, P682 and 22251) controls. The
correct sized bands are seen in 2 out of the 3 positive controls (P682 and 22251). Each sample

was amplified in duplicate.

Out of the 3 breakpoints, 2 amplified very well with no false positive bands and therefore
the multiplex was suitable for use at least on a preliminary screen for breakpoints in p210
patients. Subsequent to this experiment, 4 more p210 ALL cases were tested in addition to
the case in which a breakpoint could not be found (P679) with the ABL A and B primers.
The multiplex was performed on these samples combining the appropriate BCR forward
primer (depending on the breakpoint, either exon 13 primer - B2 F or exon 14 primer - B3
F) with each of the ABL reverse primer multiplex mixes A to D making a total of 4 PCR
reactions for each case (if done in simplex the total would be 40 PCRs for each case).
Breakpoint bands in 3 out of the 5 cases tested were observed (see Table 3-2) and two of
these breakpoints were found using the newly designed and optimised ABL C or D reverse

primer mixes.
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ID Diagnosis | e13a2/e14a2 | Breakpoint | Size of Reverse Breakpoint seq
Nbr detected band Primer primer
P679 ALL e13a2 No NA NA NA
19715 ALL e13a2 Yes 1.5kb ABL 3CR BCR B2 (368) F
24375 ALL el4a2 Yes 5 kb ABL4CR | BCR bp (P851) F
26219 ALL el4az2 Yes 4 kb ABL 1AR BCRB3F
26498 ALL el4a2 No NA NA NA

Table 3-2: The first set of cases screened with the p210 multiplex LR-PCR.

All breakpoints identified by LR-PCR were confirmed by a second split-out PCR, whereby
the BCR forward primer was combined with each ABL reverse primer (see Figure 3-10 B)

in separate reactions and any products sequenced (see Figure 3-10 C).

Normal DNA
Normal DNA
Normal DNA

[>
Ladder

BCRB3F +ABL ‘C'R BCRB3F +

ABL D' R BCRB3F+ABL3DR BCRB3F + ABL4D R

C T ¢c A C A A C T 66 C T T 6 6 6 A 6 G6G:i{T T C A A 6 C A A T T

BCR intron 14 ABL intron 1

Breakpoint in 24375

Figure 3-10: Multiplex LR-PCR breakpoint detection and sequencing for case 24375. (A) Agarose
gel of multiplex LR-PCR on 24375 using BCR B3 F and ABL reverse primer mix D to amplify the
breakpoint. (B) Individual simplex LR-PCR showing the breakpoint amplified with the BCR B3 F
and ABL 4D R primer combination. (C) Electropherogram of 24375 sequence (see Table 3-2 for

patient details).
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A further 23 p210 ALL cases were subsequently received and screened with the LR-PCR
multiplex. 12/23 (52%) of these resulted in amplified bands, which were then sequenced
and confirmed (see Table 3-3). Simplex LR-PCR was performed on the remaining 11
multiplex LR-PCR negative cases, whereby the ABL primers in the multiplex were used
separately with the BCR B3 or B2 forward primer to give 20 PCRs. 6 out of these 11 cases

gave putative breakpoints which were sequenced and confirmed.

ID Nbr Breakpoint | Multiplex Size of Reverse Breakpoint seq
detected | or Simplex | band (kb) Primer primer
6875 Yes Multiplex 9.4 ABL 2B R BCR B3 (1850) F
7982 No NA NA NA NA
10887 Yes Simplex 3.3 ABL 5B R BCR B2 (368) F
10258 Yes Multiplex 2.1 ABL 1DR BCR bp (P851) F
11129 Yes Multiplex 3.1 ABL 3CR BCR B3 (1850) F
11128 Yes Multiplex 2.3 ABL 4A R BCR B2 (368) F
8436 No NA NA NA NA
F23302 No NA NA NA NA
F22666 Yes Multiplex 1.0 ABL 2CR Cloned
F26154 No NA NA NA NA
F17685 Yes Simplex 8.8 ABL 5B R BCR B3 (1762) F
F17730 Yes Simplex 5.3 ABL 4D R BCRB2F
F18544 Yes Multiplex 29 ABL 4B R BCRB2F
F17237 Yes Multiplex 8.3 ABL 2D R BCR B3 (2340) F
F16604 Yes Multiplex 3.6 ABL 1AR BCR B2 (368) F
F15010 Yes Multiplex 0.9 ABL4CR BCR B2 (368) F
F22757 Yes Multiplex 6.1 ABL 3CR BCR B3 (P851) F
F14472 Yes Multiplex 3.4 ABL 5A R BCR B2 (368) F
F11329 Yes Multiplex 4.2 ABL 4B R BCR B2 (368) F
F11751 Yes Simplex 3.4 ABL 2C R BCRB3 F
F12469 No NA NA NA NA
F24559 Yes Simplex 1.2 ABL 2CR BCR B2 (368) F
F20099 Yes Simplex 6.8 ABL 2C R BCR B3 (2340) F

Table 3-3: The second set of p210 ALL cases screened with the multiplex LR-PCR.

In total, therefore, 32 p210 ALL cases were screened (see Tables 3-1 to 3-3) and 25
breakpoints successfully amplified and sequenced, all of which were consistent with the

RT-PCR results. See Figure 3-11 and Appendix III for positions of breakpoints along BCR
and ABL.
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Figure 3-11: Maps of BCR and ABL showing locations of the p210 ALL genomic breakpoints.
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3.3.2 Control CML p210 patients using Multiplex LR-PCR

As the multiplex was found to work well, and was quick and easy to perform on p210
patients, 33 more p210 CML controls were screened for breakpoints, in addition to the 2
CML breakpoints found previously (see sections 3.3.1.1 and 3.3.1.2). This screening
provided a good panel of controls for comparison with the ALL results. 32 out of 35 of
these cases resulted in the amplification of putative breakpoint bands (see Figure 3-12)
which were confirmed on sequencing. Of these positives, 6 were negative on the multiplex

but positive by simplex LR-PCR.
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Figure 3-12: Multiplex LR-PCR detection fo p210 CML cases using BCR B2 F and ABL AR
primers resulted in amplification of 3 breakpoints (1716, 1349 and 1578).

The positions of the sequenced breakpoints are shown below (see Figure 3-13). Of the 5
that failed to produce a breakpoint band, 3 failed to produce normal control bands and thus
these failed results are due to poor DNA quality rather than the failure of the LR-PCR.
Overall, the LR-PCR successfully amplified breakpoints in 32/32 (100%) of patients
known to express p210 BCR-ABL (see Figure 3-13 and Appendix III).
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From Figure 3-13, it is also clear that there are 2 cases with breakpoints outside the normal
regions. Case 286 had a breakpoint upstream of ABL intron 1b and 1103 had a breakpoint
within BCR exon B4, which concurs with the RT-PCR results for this case.
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Figure 3-13: Maps of BCR and ABL showing the positions of the p210 CML control breakpoints. Breakpoints shown below the line are those from

collaboration with Junia Melo which were also used for statistical analysis.
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3.3.3 Screening for genomic breakpoints in p190 ALL

3.3.3.1 Fosmid FISH

Due to the large size of the regions in both BCR and ABL where breakpoints can occur in
p190 ALL, fosmid FISH was used to sub-localise the breakpoint region and therefore
decrease the area over which LR-PCR was required for cases with available cytogenetic
material. Fosmids are approximately 40 kb in length and in total 7 fosmid clones (5 in ABL

and 2 in BCR) were ordered and received from the Sanger Institute (see Table 3-4).

Full name Abbreviated BCR or ABL | Worked correctly Used in
name screening
G248 P81363 D5 D5 BCR Yes Yes
G248 P8761 F1 F1 BCR Yes Yes
G248 P84175 E8 ES8 ABL Yes Yes
G248 P86688 G4 G4 ABL Yes Yes
G248 P85890 D11 D11 ABL Yes No
G248 P89107 E11 E11 ABL Yes Yes
G248 P800008 G3 G3 ABL Failed No

Table 3-4: Details of fosmid clones.

Before use in screening, all probes were tested on normal metaphases. It was found
necessary to increase the amount of DNA in the probe precipitation step (see section 3.2.3)
from 10 pl to 20 pl, before the probes could be visualised in interphase and metaphase
cells. The fosmids were then tested to ensure hybridisation to the correct regions (see
Figure 3-14). Only one fosmid (G3) failed to give signals, the remaining 6 hybridised
correctly and gave strong signals. As a result of these initial experiments, 5 fosmids were
chosen that gave the least background, the strongest signals and the best coverage of the 2
regions. Three were chosen to span the ABL breakpoint region up to exon a3 and two

chosen to span the BCR intron 1 up to exon 2 (see Figure 3-1 and Table 3-4).
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Figure 3-14: ABL fosmid FISH probe G4 (green) showing hybridisation to 9934 on normal

metaphases.

Six p190 ALL cases had cytogenetic suspensions available for FISH analysis. Systematic
FISH analysis was then performed to narrow down the region within which the breakpoints
were located, using different combinations of probes. Due to the low frequency of
metaphases in ALL patient samples, interphases were also scored to ensure the most
accurate interpretation of the FISH data. One patient with a very poor cytogenetic
suspension was unscoreable and was screened using all LR-PCR primer combinations.
Three of the remaining 5 samples, 25373, 25169 and 25654 showed positive fused red and
green signals with the D5 and G4 probes indicating breakpoints within the regions covered
by them. 23827 showed fusion signals with F1 and E8 (see Figure 3-15 A) and on
subsequent FISH showed fused signals with F1 and E11. 21296 showed a fusion between
F1 and E11 (see Figure 3-15 B).
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Figure 3-15: Fosmid FISH on p190 cases. (A) Fosmid FISH on 23827 using BCR (red) labeled
probe F1 and ABL (green) probe E8, clearly showing fused signals in both the metaphase and the
interphase cell. (B) Fosmid FISH on 21296 using BCR (red) labeled probe F1 and ABL (green)

labeled probe E11 showing a fused signal and two normal signals.

LR-PCR was performed on all 5 cases with good cytogenetic suspensions, with primers

spanning the FISH probes and 3 of the breakpoints were amplified and sequenced. Two of

the breakpoints (21296 and 23827) were not amplified by LR-PCR using primers based on

the predicted fosmid pattern of F1 E11, and it was not until LR-PCR screening, that the

actual fused fosmids of D5 E11 were ascertained (see Table 3-5 and Figure 3-1).

ID | Predicted LR-PCR | LR-PCR | Sizeof ‘?35231 Breakpoint seq
Nbr | fosmidsseen | BCR primer | ABL primer band . primer
fosmids
21296 F1 El1 BCR5AF ABL 1AR 11.5kb D5 E1l1 | BCRbt3 (17086) F
23827 F1 Ell BCR4BF ABL 2D R 9.5kb D5 E1l | BCRDbt3 (13916) F
25169 D5 G4 BCR5AF ABL 4A R 3.8kb D5 G4 BCR5AF
25373 D5 G4 BCR 5B F ABL 4D R 6.0 kb D5 G4 BCR bt3 (25887) F
25654 D5 G4 BCR5BF ABL 4A R 5.4kb D5 G4 BCR bt3 (22807) F

Table 3-5: Fosmid FISH results.
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3.3.3.2 LR-PCR

Although it might have been possible to obtain cytogenetic material from more cases, it
was very unlikely that material would be available from all of them and therefore a LR-
PCR strategy was developed, following on from the success of the LR-PCR for p210
breakpoints. Although the region in which breakpoints can occur in ABL remains the same
in p190 ALL, the breakpoints in BCR occur in the m-bcr with the possibility of them
occurring in the rest of the large intron 1 of BCR. This meant that more BCR forward
primers were required to adequately cover the region for breakpoint screening and
consequently increased the number of primer combinations than were necessary for p210
breakpoint determination. Initially, for screening of cases for which no cytogenetic
material was available, 50 primer combinations were used for screening (5 BCR forward
and 10 ABL reverse primers) however in the first 4 cases screened no breakpoints were
amplified. A further 5 BCR primer pairs were designed and optimised making 100 primer

combinations in total (see Table 3-6).

Primer combinations
Primer
Forward Primers Reverse Primers mixes
ABL 1A R 1-5
ABL 2A R 6-10
ABL 3AR 11-15
ABL 4A R 16-20
BCR 1AF —BCR5AF ABLOAR 21-25
ABL 1BR 26-30
ABL 2B R 31-35
ABL 3B R 36-40
ABL 4B R 41-45
ABL 5B R 46-50
ABL 1A R 51-55
ABL 2A R 56-60
ABL 3AR 61-65
ABL 4A R 66-70
BCR 1B F —BCR 5B F ABLOAR 75
ABL 1B R 76-80
ABL 2B R 81-56
ABL 3B R 86-90
ABL 4B R 91-95
ABL 5B R 96-100
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Table 3-6: Simplex LR-PCR primer combinations used in screening for p190 cases indicated in
Table 3-7, each of the 10 BCR forward primers are used with each of the 10 ABL reverse primers
to give 100 primer mixes for screening. See Figure 3-1 for primer positions and Appendix Il for

sequences.

These 100 primers combinations were used to test 13 p190 ALL cases for whom no fixed

cell suspensions were available for FISH analysis (Table 3-7).

Name Breakpoint Primer mix Size of Breakpoint seq
detected band primer

Ital 1 Yes Simplex 73 5.1kb | BCRbt2(18020) F
Ital 2 Yes Simplex 9 3.0kb ABL 4A R

Ital 3 No NA NA NA

Ital 4 Yes Mpx BCR4AF + ABLCR 12.1 kb NA

Ital 5 Yes Mpx BCR4C F+ ABLDR 7.2kb | BCR bt 3 (4496) F
Ital 6 Yes Simplex 78 8.1kb | BCRbt2(19316) F
Ital 7 No NA NA NA

Ital 9 Yes Mpx BCR5A(b)F+ ABLAR | 9.2kb | BCRbt3 (19155) F

Ital 10 Yes Simplex 100 45kb | BCR bt 3 (24281) F
747 Yes Mpx BCR2C F + ABLAR 7.3 kb ABL 4 (12550) R
P650 No NA NA NA

P653 Yes Mpx BCR9CF + ABLCR 3.2kb | BCRbt3(21368) F

Table 3-7: p190 cases screened by LR-PCR including primers used to detect and sequence the
breakpoints (see Appendix Il for primer details).

Initially, all amplified bands were checked by sequencing with the PCR primers to confirm
that they were real (i.e. have one end from BCR and one end from ABL) and not an
artefact. This sequencing yielded the breakpoint in case Ital 2, which fortunately lay close
to the ABL primer. Of the remaining 12 cases, the breakpoints were successfully identified
in three further cases (see Table 3-7). As an example, the LR-PCR product for Ital 6 is
shown in Figure 3-16 A. Restriction enzyme digests were performed, using unique sites to
ascertain the approximate position of the breakpoint. The results of the digests enabled
primers to be designed that were much closer to the breakpoint (Figure 3-16 B). The
product was then cloned and sequencing with M 13 forward primer revealed the breakpoint
sequence (Figure 16 C). The breakpoint in Ital 1 was sequenced in a similar manner by

using restriction enzyme digests.
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Figure 3-16: Simplex LR-PCR breakpoint detection and sequencing of Ital 6. (A) Amplification of

Ital 6 breakpoint using primer mix 78 (see Table 3-7). (B) Amplification of breakpoint using primers
designed from the results of restriction enzyme digests. (C) Electropherogram showing breakpoint

sequence after cloning of smallest breakpoint band and sequencing with M13 forward primer.

Although most positive sequencing bands were very bright (see Figure 3-16 A), some
breakpoints amplified weakly. Therefore all bands that did not appear to be a result of non-
specific binding i.e. one faint discrete band present in only one patient for a particular
primer combination (see Figure 3-17 A) were sequenced. Many bands were sequenced in
this manner and, for one case (Ital 10), the breakpoint was identified. To confirm the
breakpoint the PCR was repeated with the same primers but at a lower annealing
temperature of 64°C to yield a much brighter band (see Figure 3-17 B). From this point

onwards all LR-PCRs were run at this annealing temperature.
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Figure 3-17: Simplex LR-PCR breakpoint amplification for Ital 10 using primer mix 100. (A).
Agarose gels of LR-PCR annealing temperature at 66 °C and (B) at 64°C

Again, the amplified product for Ital 10 was relatively large - approximately 5 kb and quite
weak. Such a weak product would not be easy to assess by restriction enzyme digests, so
instead, to determine the approximate location of the breakpoint, 3 primers were designed
at approximately 1.5 kb intervals 3’ of the BCR PCR primer (BCR 5B F) and then used to
sequence the band in Figure 3-17 B. If the sequencing failed, the breakpoint was assumed
to be 5’ of the failed primer and if sequencing worked with a particular primer but showed
only BCR sequence, the breakpoint was assumed to be 3’ of this primer and further primers
designed and used for sequencing. In this way the location of the breakpoint was

determined.

3.3.3.3 Multiplex LR-PCR on p190 samples

Although 4 out of 13 breakpoints were found using the simplex of 100 primer
combinations, the additional 10 ABL primers (ABL C and D) designed to screen for the
p210 breakpoints could be used on the p190 breakpoints in combination with the p190
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specific BCR primers, to increase the coverage for breakpoints. However, another 10 ABL
reverse primers would mean another 100 PCR reactions bringing the total number of
reactions to 200 for each case. This would have been both very time consuming and
expensive so the multiplex LR-PCR was again tested and optimised for screening for
genomic breakpoints in p190 cases. This reduced the number of PCRs from 200 to 40. The
multiplex was performed in exactly the same way as the p210 multiplex except each p190
BCR forward primer (of which there were 10, split into 2 groups of 5; BCR A and B) was
combined with each ABL reverse primer mix A, B, C and D. Again, this technique was
tested on the positive controls already identified using the simplex with a normal control
included to ensure that there were no false positives (see Figure 3-18). Out of 5 positive

controls tested, 4 amplified breakpoint bands of the correct size and one failed.
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Figure 3-18: Test multiplex LR-PCR to detect 25169 positive control using BCR 5A F and ABL A R.

The normal and water negative controls are both blank.

The multiplex using BCR A and B forward primers with the ABL A — D reverse primer

mixes were therefore considered good enough for use in screening and were used to test a
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further 25 samples that had been received (see Table 3-8) and also the 9 which had been
previously screened using the simplex and had failed to give breakpoint bands (see Table
3-7) at the decreased annealing temperature of 64°C. This led to the identification of 10

new breakpoints.

Nor | detoged | LRPCRprimermix | SERE | o inaing primer
17847 No NA NA NA

7853 No NA NA NA

7847 No NA NA NA

9463 Yes Mpx BCR3BF + ABLD R 4.3 kb BCR3BF
8069 No NA NA NA
20763 Yes Mpx BCR 5B F + ABL BR 4.0 kb BCR bt 3 (23282) F
30023 No NA NA NA
30583 No NA NA NA
44095 Yes Mpx BCR 3B F + ABLBR 8.7 kb NA
44240 Yes Mpx BCR 8C F + ABLAR 1.9 kb BCR bt 3 (18256) F
50006 No NA NA NA
25624 No NA NA NA

27523 Yes Mpx BCR4BF + ABLBR 8.0 kb BCR bt 3 (13468) F
28624 Yes Mpx BCR5B F + ABLAR 7.1kb BCR bt 3 (28590) F
28835 Yes Mpx BCR5AF + ABLCR 5.7 kb BCR bt 3 (17550) F
28852 Yes Mpx BCR4BF + ABLAR 9.2 kb BCR bt 2 (12440) F

11941 Yes Mpx BCR5C F + ABLB R 0.6 kb ABL1BR
14208 No NA NA NA

14382 No NA NA NA

14866 No NA NA NA

15637 No NA NA NA

19635 Yes Mpx BCR4B F + ABLCR 9.9 kb BCR bt 3 (4699) F
20394 No NA NA NA

21385 No NA NA NA

21981 No NA NA NA

24350 Yes Mpx BCR4AF+ABLCR | 10.3kb BCR bt 3 (6038) F

Table 3-8: Cases screened using the p190 multiplex LR-PCR. Cases screened with BCR A, B and
C forward primers and ABL A-D R multiplex mixes and ABL upstream multiplex mixes.

However, this still only gave a total of 19 breakpoints identified out of 43 cases with p190
ALL that were available for analysis. Therefore other techniques were investigated to find

the multiplex negative breakpoints.
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3.3.4 Long Range Bubble PCR

As the bubble PCR technique had been successfully used to amplify breakpoints in
FIP1L1-PDGFRA positive CEL (see Chapter 4), this technique was also assessed for use
in detection of p190 multiplex LR-PCR negative cases. As a proof of principle experiment,
6 bp blunt ended restriction enzymes were chosen to cut a 7 kb and a 10 kb fragment in
BCR intron 1. Nested reverse primers were then designed at the 3’ end of the fragments
and the bubble PCR protocol performed as section 3.2.4.3 and Figure 2-1. Prior to use in
bubble PCR, the primers were tested to make sure that they worked with the LR-PCR
conditions (see Figure 3-19 A). The first step LR bubble PCR was initially tried ata 1 in
20 dilution and then this product was diluted again to a 1 in 20 dilution and used in the
second step however, from the gel picture in Figure 3-19 B, it is clear from the smeary
appearance that too much DNA was used in the PCR. Two more dilutions were tried: the
DNA to be dispensed into the first step LR bubble PCR was diluted by 1 in 100 and then
for the nested step, dilutions of the first step product were made of 1 in 200 (see Figure 3-
19 C) and 1 in 2000 (see Figure 3-19 D). None of the normal controls gave the correct
sized bands (see Figure 3-19 B, C, D) therefore LR bubble PCR was not pursued further.
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Figure 3-19: LR bubble PCR products. (A) LR-PCRs on normal control DNA, with BCR R1 and
BCR R2 with appropriate BCR forward primers. (B) Nested LR bubble PCRs using bubble DNA
dilutions of 1 in 20 in the first and nested step. (C) Nested LR bubble PCRs using bubble DNA
dilutions of 1 in 100 in the first step and 1 in 200 in the nested step. (D) Nested LR bubble PCRs
using bubble DNA dilutions of 1 in 100 in the first step and 1 in 2000 in the nested step.

3.3.5 Long Distance Inverse (LDI) PCR

One reason that the LR bubble PCR may not have worked is because it is necessary to use
blunt ended ligation of the bubble oligo onto the digested DNA fragments. Blunt ended
ligation is notoriously inefficient and, although bubble PCR works well for short PCRs,
this inefficiency may have compromised the LR-PCRs. Therefore, LDI-PCR was

attempted since this technique is known to work for amplification of large breakpoints
(256).

To digest the DNA, 6 bp sticky ended restriction enzymes were used, specifically EcoRI,
as it generated overlapping fragments that covered the m-bcr of BCR intron 1 of between

3-8 kb long (as determined by analysis of the sequence using DNA Strider). EcoRI also
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cuts frequently in the ABL breakpoint region, thus increasing the likelihood of amplifying a
breakpoint band within the size range of LR-PCR (see Table 3-9).

Position of EcoRlI sites in BCR intron 1 | Size of fragment Name
35304 & 41820 6516 LDI 1
41820 & 44756 2936 LDI 2
44756 & 51448 6692 LDI 3
51448 & 54433 2985 LDI 4
54433 & 62665 8232 LDI 5
62665 & 70192 7527 LDI 6

Table 3-9: Location of EcoR1 sites in BCR intron 1 and the size of fragment for LDI-PCR

amplification.

To amplify BCR-ABL breakpoints, nested forward and reverse BCR primers were designed
in the 5’ region of the BCR digested fragments (see Figure 3-2). Prior to use in LDI-PCR,
these primers were tested on normal control DNA with the appropriate forward or reverse
primers to ensure that they worked with LR-PCR conditions (see Figure 3-20 A). Initially,
only two fragments were tested by LDI-PCR both on normal DNA and on positive control
p190 ALL DNA (see Figure 3-20 B and C). The products were sequenced and all

confirmed to be normal BCR or BCR-ABL breakpoint sequence as appropriate.
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Figure 3-20: LDI-PCR products. (A) LR-PCRs using BCR LDI primers with the appropriate BCR
forward and reverse primers on normal control DNA to check primers work correctly. (B) LDI-PCRs
using LDI DNA dilutions of 1 in 20 in both first and nested PCRs. (C) LDI-PCRs using LDI DNA
dilutions of 1 in 100 in both first and nested PCRs.

Due to the success of the first two fragments, the remaining 5 sets of primers were ordered
and tested. LDI-PCR was then performed on 5 cases that were negative on the multiplex
and for whom large quantities of DNA were available. However after sequencing all
spurious bands, no breakpoint sequences were found and so this technique was not used
any further. In retrospect, after further multiplex LR-PCR screening, Ital 5 should have
given a band in LDI3 of 6269 bp but did not (see Figure 3-21).
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Figure 3-21: Multiplex LR-PCR breakpoint detection for Ital 5. (A) Agarose gel of amplified
breakpoint band by multiplex LR-PCR. (B) LDI-PCR of Ital 5 with LDI3 which should have amplified
the breakpoint band of (C) 6269 bp.

3.3.6 Multiplex LR-PCR with more primers

Due to the lack of success in finding more p190 breakpoints with alternative techniques,
more multiplex LR-PCR primers were designed and used in screening. As breakpoints
upstream of ABL exon 1b have been described in the literature and two cases in this dataset
(one in a p190 ALL and a CML case see case Figures 3-26 and 3-13 respectively), 4
reverse primers upstream of ABL exon 1b were designed every 8 kb and used in multiplex
with BCR A and B forward primers. In addition, all the BCR A - B forward and ABL A - D
reverse primers were checked on UCSC Blat for SNPs and homology to other regions of
the genome, even though this had been done when they were first designed. This resulted
in 10 re-designed primers, 5 BCR primers and 5 ABL primers. These new ABL primers
were then put into a multiplex with the remaining old primers and the new upstream ABL
primers (see Appendix II) and tested on all remaining p190 multiplex LR-PCR negative

cascs.
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One breakpoint, Ital 9, was amplified as a result (see Table 3-7 and Figure 3-22).

'“’L"'(V‘\A/\w !'M‘f H'M“ "”'* \ \"/ﬂ‘\fw‘v'(‘ ”M'/' W”‘\‘ ‘F\W‘.“ J’\\NM*"”MM
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BCR ABL

Figure 3-22: Multiplex LR-PCR breakpoint detection and sequencing for Ital 9. (A) Amplification of
breakpoint band from multiplex LR-PCR screening with newly designed BCR 5A F and ABL AR
primers. (B) Split apart multiplex PCR showing breakpoint bands in lanes 11 and 12 with the new
BCR 5A F and the original ABL 4A R. (C) Electropherogram showing sequencing either side of the

breakpoint, the precise identification of which was not possible due to the large run of Ts.

Upon comparison of the p210 and p190 breakpoints, it became apparent that one reason
that there was a higher hit rate with the p210s was because of the smaller intronic
breakpoint region in the M-ber which allowed primers to be spaced up to 3 kb apart,
whereas for p190 breakpoint the BCR primers were spaced every 8-10 kb. Therefore 11
more BCR primers, designated BCR C primers, were designed in the m-bcer of intron 1 (as
no breakpoints had been found outside this region) and tested with the new multiplex ABL
reverse primers. This screen was initially performed on 5 cases with large quantities of
DNA and two further breakpoints were found for cases P653 and Ital 5 (see Table 3-8 and
Figure 3-21). Upon cloning and sequencing of the amplified breakpoint bands, (see Figure
3-23 B — D) case P653 was found to have an insertion of approximately 3 kb derived from
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chromosome 11p12 between the BCR intron 1 and ABL intron 1 breakpoints. This
chromosome 11 material is from a gene desert and therefore, at least the forward
breakpoint in this patient does not disrupt any additional genes. Searching of the Mitelman

database (http://cgap.nci.nih.gov/Chromosomes/Mitelman) did not show any evidence for

recurrent BCR-ABL translocations involving 11p. Further investigation of the cases
karyotype revealed a three way translocation between chromosomes 9, 11 and 22
(59,XY,+2,+4,+5,+6,+7,+8,+8,t(9;22;11)(q34:;q1 1;p11),+?710,+15,+16,+20,+21,+der(22)t(9
;22;11)[91/46,XY ,del(5)(q15q33),del(7)(q22q34),add(11)(p15)[2]/ 46,XY[24]).
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C.| Human BLAT Resulis

BLAT Search Results

ACTIONS QUERY SCORE START END QSIZE IDENTITY CHRO STRAND START END SPAN
browser details YourSeg 347 294 643 647 99.8% 11 + 42438222 42438571 350
browser details TourSeqg 211 a0 293 647 99.6% 22 + 21917919 21918132 214

D.[ Human BLAT Resulis

BLAT Search Results

ACTIONS QUERY SCORE START END QSIZE IDENTITY CHRD STRAND START END SPAN
browser details YourSeg 278 273 569 590 93.3% 9 + 132669093 132669393 296
browser details YourSeg 272 1 274 590 99,7% 11 + 42440973 42441246 274

Figure 3-23: Multiplex LR-PCR breakpoint detection for P653, complex translocation. (A)
Amplification of a breakpoint band in patient P653 using the new BCR 9C F and the original ABL C
R mix. (B) Split apart breakpoint band amplified using BCR 9C F and ABL 4C R. (C) and D. BLAT
search results from sequencing over the breakpoint, showing the insertion of chromosome 11 DNA

from the complex translocation.

However, as 16 of the remaining p190 cases did not have enough DNA to perform the new
screen, WGA was performed (see section 3.2.2). The WGA DNA was then tested by using
LR-PCR with normal pairs of primers. It was found that the use of 20 ng input DNA per
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PCR did not give bands for some of the WGA DNAs, so for these cases the amount was
doubled to 40 ng per PCR, which proved to be more successful (see Figure 3-24 A and B).

Using the WGA DNA with the new BCR C primers and ABL multiplex primers, another 3
breakpoints were found for cases P747, 44240 and 11491 (see Tables 3-7 and 3-8 and

Figure 3-24 C).
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Figure 3-24: WGA LR-PCR products and multiplex LR-PCR breakpoint detection. (A) LR-PCR on
WGA patient DNA at 20 ng per PCR using ABL forward and reverse primers to check the quality of
the WGA DNA. (B) LR-PCR on WGA patient DNA at 20 ng and 40 ng per PCR using BCR forward
and reverse primers to determine the best concentration of WGA DNA to use for screening. (C)

Multiplex LR-PCR screen on WGA DNA, showing amplification of a breakpoint band in case 11491.

To delineate these breakpoints, BCR forward primers were designed at 1 kb intervals from
the original BCR forward primer. Initially, a LR-PCR was performed with the new primers

and, if a band was amplified, it was then sequenced with the forward primer. If the
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breakpoint was not ascertained more primers would be designed, and the process repeated

(see Figure 3-25).

BCR5BF+  BCRSBF +
EREISCIES A8 NE R' ABL 2BR ABL 3BR

= X ~3Kkb

BCR (23282)

' ' +ABL28R'
-

BCR (22966) F  BCR5BF + ~1.7kb
+ABL 2B R ABL 2B R

w

20763 breakpoint

m

BCRintron 1 (1 | ABL introfy 1

Figure 3-25: Multiplex LR-PCR breakpoint detection and sequencing for 20763. (A) Agarose gel of
multiplex LR-PCR on 20763 using BCR 5A F and ABL reverse primer mix B to amplify the
breakpoint. (B) Agarose gel of individual simplex LR-PCR. The breakpoint was amplified with BCR
5A F and ABL 2B R primer combination, confirming the breakpoint and ascertaining which ABL
reverse primer to use in future PCRs. (C) and (D) Agarose gels of breakpoint bands using BCR
primers designed 3’ to the original BCR breakpoint primer. (E) Electropherogram of 20763
sequence obtained using BCR (23282) F.

However, subsequently, the original breakpoint bands in most cases were sequenced
directly with new BCR forward primers and no further PCRs performed. Further
sequencing was based on the results of the initial sequencing. In total, 43 p190 cases were
screened (see Tables 3-5, 3-7 and 3-8) and 25 (58%) breakpoints were detected and
sequenced (see Figure 3-26 and Appendix III).
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Figure 3-26: Maps showing BCR and ABL forward breakpoints in p190 ALL.
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3.3.7 Reciprocal breakpoint detection and sequencing

Once the forward breakpoints (BCR-ABL) were sequenced, primers were designed to allow
amplification by LR-PCR of the reciprocal breakpoints (ABL-BCR) on the derivative
chromosome 9 using the appropriate ABL forward and BCR reverse primers flanking the
breakpoint (see section 3.3.7.1 for an example). The sequence of both breakpoints is
important as it may help to indicate how the translocations arose, by determining if there

are any sequence signatures common to certain types of breakpoint repair.

3.3.7.1 Example of forward and reciprocal breakpoint determination for case Ital 10

The BCR-ABL breakpoint in Ital 10 was detected by use of BCR Bt 3 5B (22728) F and
ABL 5B (16551) R (see Figure 3-27 A and Figure 3-17 for gel of forward breakpoint). The
forward breakpoint was located to BCR Bt 3 at 24476 (NM_004327 at 67879) and ABL 5
at 13846 (NM_007313 at 138137) by sequencing using BCR Bt 3 (24281) F. Knowing the
forward breakpoint in BCR-ABL enabled primers to be designed to detect the reciprocal
breakpoint. Reciprocal primers were typically designed to amplify fragments of 4-8 kb if
the translocation was balanced, thus allowing for moderate deletions which are commonly
seen at reciprocal translocation breakpoints (see Figure 3-27 A for primer names). In this
case, once the reciprocal breakpoint was amplified and was found to be the approximate
predicted size of 4000 bp (actual predicted size 3898 bp if no deletions/insertions; see
Figure 3-27 B), a further primer, ABL 5 (13568) F was designed to be close enough to the
predicted reciprocal breakpoint (at ABL 5 13846) to sequence across it. This revealed a

small deletion of 27 bp (see Figure 3-27 C for sequencing results).
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BCR TTTGCAGGAAGGATGTGGCTGATGAGACCATCAACCTCAGTCCTGCCAAGGGTGAGGCGGCC
BCR ABL | TTTGCAGGAAGGATGTGGCTGATGAGACCATGCCCAGTTAGTGATTTTTAAATTGTAGTTCC
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Figure 3-27: Reciprocal breakpoint detection using LR-PCR for Ital 10 p190 ALL. (A) Ideograms
showing primers used to detect both the breakpoint and the reciprocal breakpoint respectively. (B)
Agarose gel of Ital 10 reciprocal breakpoint LR-PCR product, amplified using ABL 5 (11708) F and
BCR Bt 3 (26236) R primers. (C) Table showing sequence of both the breakpoint BCR-ABL and
reciprocal breakpoint ABL-BCR in comparison to the normal BCR (underlined) and ABL
sequences, the dots indicate a deletion in the reciprocal DNA.

3.3.7.2 Results of reciprocal breakpoint detection by LR-PCR

LR-PCR was used to screen for reciprocal breakpoints in all 82 cases in whom forward
breakpoints had been found. This yielded 46 (56%) positive bands which were sequenced
and confirmed. Of these, 16 were from cases with p210 CML (16/32; 50%), 10 with p210
ALL (10/25; 40%) and 20 with p190 ALL (20/25; 80%). See Table 3-10 for examples of
different types of reciprocal breakpoints and Appendix III for all sequences. The number of
cases with perfectly balanced translocations was 5 of the p190s, 2 of the p210 ALLs and 0
of the p210 CMLs. The median number of nucleotides deleted and the range were; 3 bp for
the p190s (n=12; range 1-27), 37 bp for the p210 ALLs (n=6; range 3-7883) and 33 bp for
the CMLs (n=13; range 1-985). Short stretches of micro-homologies (2-3 bp) were found
in 4 of the p190s (25373, 20763, 22852 and 28624), 1 of the p210 ALLs (F17237) and 1 of
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the p210 CMLs (1716). Duplications of sequences from either or both genes were found in
5 of the p190s (Ital 2 = 3bp, Ital 6 =4 bp, Ital 9 = 4bp, Ital 4 =5 bp and 19635 = 3 bp), 2 of
the p210 ALLs (10258 =7 bp and 10887 = 3 bp) and 7 of the p210 CMLs (248 =3 bp, 470
=3 bp, 403 =4 bp, 286 =173, 266 = 362 bp, 1716 = 534 bp).

44095 No deletion, duplication or insertion

BCR GGGGAAGTGGTTCCCGAGGAAGGAGGCAGAGGAGTGTAGATTTTGTAGAGAAGGCTAAGAGAGG
BCR ABL GGGGAAGTGGTTCCCGAGGAAGGAGGCAGAGGATCTTCAGATATCTAAAAGAAACTTTGTAACA
ABL GGGGATGTTTCTGTTGTTGCTCCTTGCTGAGTATCTTCAGATATCTAAAAGAAACTT .GTAACA
ABL BCR GGGGATGTTTCTGTTGTTGCTCCTTGCTGAGTAGTGTAGATTTTGTAGAGAAGGCTAAGAGAGG
25373 Identical short stretches of homology

BCR TCGTCTTCAGATAAACAGCAAAACCGTTGGTTAAAAGCTGGTCTAACCCACCTTATTTTGTTGT
BCR ABL TCGTCTTCAGATAAACAGCAAAACCGTTGGTTTTACAAGACTATTTTTAGCCTTTTTTACAAGA
ABL GAAAGGGATTGCTGTTTTTTATTACCAGATTTTTACAAGACTATTTTTAGCCTTTTTTACAAGA
ABL BCR GAAAGGGATTGCTGTTTTTTATTACCAGA . TTAAAAGCTGGTCTAACCCACCTTATTTTGTTGT
Italian 1 Duplication within one gene

BCR GGGACTCGTGTGGGGACAAGCTGAACAGTGTGCTGATCTCTGATCACCACTCAAGCCACAAGTG
BCR ABL GGGACTCGTGTGGGGACAAGCTGAACAGTGTGTTAGCAGCCTAAAATGGTGGCTTTACCAGTTT
ABL AAAAGTAAGCTGTTGTTACTTTAAGCAAATATTTAGCAGCCTAAAATGGTGGCTTTACCAGTTT
ABL BCR AAAAGTAAGCTGTTGTTACTTTAAGCAAATATTTAGATCTCTGATCACCACTCAAGCCACAAGT
Italian 6 Duplication within one gene, deletion within the other

BCR GTTCTGCCACCTGCCCTTTGAGGCTGTGTGGGCACGGTTCCCTCTAGAGCTCCATGTCTAGCAG
BCR ABL GTTCTGCCACCTGCCCTTTGAGGCTGTGTGGGAGTGAGATCTTACCTCTACAGAAATTTAAAAA
ABL AGGTCAGGAGTTCGAACCCAGCTGTGCAATCTAGTGAGATCTTACCTCTACAGAAATTTAAAAA
ABL BCR AGGTCAGGAGTTCGAACCCA. . . . TGGGCACGGTTCCCTCTAGAGCTCCATGTCTAGCAG
Italian 10 Deletion within both genes

BCR CTTTGCAGGAAGGATGTGGCTGATGAGACCATCAACCTCAGTCCTGCCAAGGGTGAGGCGGCCC
BCR ABL CTTTGCAGGAAGGATGTGGCTGATGAGACCATGCCCAGTTAGTGATTTTTAAATTGTAGTTCCT
ABL TCTAGGGTTACAGGCATGAGCTACTGTGCCTGGCCCAGTTAGTGATTTTTAAATTGTAGTTCCT
ABL BCR TCTAGGGTTAC. . . . . . . . . . . .. . CAGTCCTGCCAAGGGTGAGGCGGCCC
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9463

BCR
BCR ABL
ABL
ABL BCR

25373

BCR
BCR ABL
ABL
ABL BCR

Deletion within one gene

TCCTTTTGAAGGTCATTGTTTTCCTAAACAGATGGTTATTTGGACTCTTACAAGTTCTCTGTA

TCCTTTTGAAGGTCATTGTTTTCCTAAACAGAGCAATCCCAGGGCTTTAATATCCTTTTTGTA

GTCTCAAAAAAAAAGAAAAGAAAATTAGAAACTCAATCCCAGGGCTTTAATATCCTTTTTGTA
GTCTCAAAAAAAAAGAAAAGAAAATTAGAAACT . . TTATTTGGACTCTTACAAGTTCTCTGTA

Deletion of 1lbp in one gene

TCGTCTTCAGATAAACAGCAAAACCGTTGGTTAAAAGCTGGTCTAACCCACCTTATTTTGTTGT

TCGTCTTCAGATAAACAGCAAAACCGTTGGTTTTACAAGACTATTTTTAGCCTTTTTTACAAGA

GAAAGGGATTGCTGTTTTTTATTACCAGATTTTTACAAGACTATTTTTAGCCTTTTTTACAAGA
GAAAGGGATTGCTGTTTTTTATTACCAGA . TTAAAAGCTGGTCTAACCCACCTTATTTTGTTGT

Table 3-10: Forward and reciprocal breakpoints of 7 p190 ALL cases with the corresponding

normal sequence. Short regions of homology are shown in bold, BCR derived sequences are

underlined and deleted sequences are shown as dots.

3.3.8 Detection of deleted reciprocal breakpoints by MLPA

One possibility for the failure to amplify reciprocal breakpoints in many cases could be the

presence of large deletions. Of the 36 cases that were negative for reciprocal breakpoints

by LR-PCR, 30 had suitable sample quality to be tested by MLPA (see Table 3-11).

p190 ALL MLPA results p210 ALL MLPA results p210 CML MLPA results
Italian 5 Failed P851 Not deleted NP241 BCR and ABL deleted
21296 Small ABL deletion P682 Not deleted E656 Not done
27523 Not deleted 22251 BCR deletion 1349 BCR and ABL deleted
24350 Not done 26219 Not deleted 1578 ABL deleted
P653 Not done 24375 Not done 1810 Not done
11128 BCR and ABL deleted 1538 Failed
F17685 BCR and ABL deleted 230 Not done
F17730 Failed 440 Not deleted
F18544 Failed 446 Not deleted
F16604 ABL deleted 495 Not deleted
F15010 Failed 545 Not deleted
F22757 Failed 282 BCR and ABL deleted
F11329 Not deleted 287 Not deleted
F24559 Failed 291 Not deleted
F20099 ABL and EXOSC1 deleted 300 BCR deleted
317 Not deleted
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Table 3-11: MLPA results on p190 and p210 (ALL and CML) cases who were negative for
reciprocal breakpoints by LR-PCR.

Of the 23 cases that gave informative results, 12 showed no deletions of the MLPA probes
and therefore had no evidence of large deletions on the derivative chromosome and the
remaining 11 (48%) showed deletions of one or more of the MLPA probes (see Figure 3-
28). This correlated to 1/2 p190 cases, 5/9 p210 ALL cases and 5/12 p210 cases (see Table
3-11). The proportions of large deletions as determined by MLPA in each of the disease
subtypes (including LR-PCR positive results but excluding failed or inadequate samples)
were therefore; 5/28 (18%) for p210 CMLs, 5/19 (26%) for p210 ALLs and 1/23 (4%) for
p190s. Identification of the reciprocal translocations by LR-PCR revealed that the number
of perfectly balanced translocations was 5/23 (22%) for p190s, 2/19 (11%) for p210 ALLs
and 0/28 (0%) for p210 CMLs.

fiasa

ECR1 AEL1 BCRf6 FLJ31665-2  PROMiZZ ASS4 BCR 2 ABLE AEL 1 EROSCET
ECR1 1[01.85112.0279372) 20954722 | 2.102128) | 212343287 103630523 1057400357 1085074211 [N 222068
ABLA 1 1096IFITSZ M2FTIEH LI370224) 1207854002 12539325
ECR 1§ 0312 1 1029371279 10370774 1101FR4I0N 11432384
FLJ3166S-2 0557 D3T24N144 1 1008466 1OFIITTT4 11175326
PROMI2-12 0579 DIG4Z4E16E | 0.991605H2 1 1052353855 1102161
A554 0523 0307627071 0.3333TTEN  0.9412735 i 10430733
ECR 2 0354953614 [NiTE 1956886 210124053 | 21029442 | 2560463 1 1043301996 104705735 2124893
ABLE 0313624431 LF 18643407 19178514 1934088 20547434 0353014454 1 0937360313 214326
ABL1H 0521595951 .7 1.8689387  1.9219629 1938234  2.0591482 0955057524 1002143767 1 214786
ex0sCz-7  [JNGHOREN 0734 0ST0MMET 0534878483 09074041 0958699322 1
Fis7s Ezons
Eions BCR1 ABEL1 BCRTE FLI36EG-2  PROMIZ2 ASS 4 BCA2 ABLE ABL1H EXD5C2-7
BCR1 102 10s4725367 1096843435 | 1I9A6023) | 210294886 0957553714 1019337337 0.956051745 | 229248
ABL1 [ oavmiezy ¢ 0.9281505 0958600243 1085314
BCR 1§ 0321892772 193 1 totieisss DLF9S101 | L8FI2486. 0552755623 0939719276 08917777 2M05809
FLIFEE-2 | 0.9M707HE) 81 0938951671 1) 1773291 1.8505728 0573035451 0929337136 0471639213 2.03535
PROMIZ-12 1077 1 1043530987 L1771
A554 1032 0355233 1 1039543
BCR 2 1044295685 2019 1132774 1185425545 031179 21196994 1 10BH439563 | 0.998400697 (233195
ABLE 0351023502 | 2.06| 1054147557 1076035763| LAOEI25 19912825 0333417354 1 083rsMer| 24901
ABL1H 1045963457 | 208|  11:4526551 1147263668 2.034432 21230948 1L00IE0ISEE  10EEI4TH 1 2.33508
Exoocz | OERE 0333 0571246 0309215742 1

Figure 3-28: Peak areas obtained from MLPA exported to Microsoft Excel. The Excel spreadsheet
was set up to assess the ratios of each peak relative to all other peaks for each patient and also to
two healthy controls on each run. Ratios of 0.5 and 1.5 represent deletions or duplications
respectively. For any given probe a horizontal red row and a corresponding vertical green column

represent a deletion for that probe.
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3.3.9 Statistical analysis

All statistical analyses were performed by Ru-Fang Yeh and Joe Wiemels. In addition to
the breakpoints found in this study, 18 additional p210 CML forward breakpoints were
amplified and sequenced using the LR-PCR multiplex described here but screened under
the supervision of Junia Melo at the Hammersmith (see Appendix 1V for positions of

breakpoints). For the full analysis see supplementary information.

3.3.9.1 Forward breakpoint locations

The Komolgorov-Smirnov test revealed that there were no significant differences in the
distribution of forward breakpoints between the different subtypes of leukaemia (see Table

3-12).

Comparison Komolgorov-Smirnov test p-value
ABL.ALL.vs.CML 0.967
ABL.p190.vs.p210 0.6
ABL.p190ALL.vs.p210 ALL 0.915
ABL.p190ALL.vs.p210 CML 0.637
BCR.p210ALL.vs.p210 CML 0.915

Table 3-12: Analysis of the breakpoint locations in the subtypes of leukaemia by the Komolgorov-

Smirnov test. Any p-value below 0.05 reveals a significant difference.

3.3.9.2 Clustering of breakpoints

Analysis of the positions of the forward breakpoints in BCR for p210 ALL gave evidence
for two distinct clusters of breakpoints (red line, Figure 3-29), whereas in p210 CML these,

peaks are not so distinct (see blue line, Figure 3-29 A).
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Figure 3-29: Analysis from clustering of p210 BCR breakpoints. Density curves were determined by

using the Sheather-Jones solve-the-equation bandwidth. The coloured boxes below the

breakpoints show the locations of different classes of repetitive elements as determined by

RepeatMasker, and known motifs (exact match) using Fuzznuc or PWM. The peaks indicate

clustering, which is particularly apparent with the p210 ALL breakpoints which shows 2 clusters.

The breakpoints in BCR for p190 ALL show a flat line and therefore no evidence of

clustering around any specific region in these cases (see Figure 3-30), although it is

striking that all breakpoints fall in the second half of BCR intron 1, previously defined as

the m-becr.
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Figure 3-30: Analysis from clustering of p190 BCR breakpoints. Density curves were determined by
using the Sheather-Jones solve-the-equation bandwidth. The coloured boxes below the
breakpoints show the locations of different classes of repetitive elements as determined by
RepeatMasker, and known motifs (exact match) using Fuzznuc or PWM. The flat line reveals that

there is no evidence of clustering.

The breakpoints in ABL show that there is some evidence for clustering of breakpoints in
the 3* end of ABL for p190 ALL and evidence of two clusters for p210 ALL, and although
there appears to be no clustering for the p210 CML cases, all the cases combined show

amplified clustering in two parts of ABL (see Figure 3-31 C).

100



ABL Breakpoints
—— p190 N= 25, SJste bw= 118037
@ —— p210ALL M= 25, SJste bw= 13808
® —— p210CML M= 50, SJste bw= 173568
] — p210N= 75, SJste bw= 12084
& e all N- 100, SJste bw- 103956
a
++ [] j
T = ]
- - | et -.._"-~_____
L~ 1 ]
~ T | " L
| --——-..
[ — T —
[ | m——| '_ -
o |
E1 B3
1 H
Intron1 Intronitron
ABL [ | 11 | 1 I 1 A A M e rrere n e wnm {1 e (N A A ]
LA LA LR (O I 11 LT R TN e |
DNA LINE LTR Low_complexity
>
RESPWM
| iRy I [ A A 1 A e | R e 1 | I (R A W ] (T
Chi 3IMAR R357
T T 1
0e+00 Se+04 1e+05
bp position in sequence NM_007313

Figure 3-31: Analysis from clustering of p210 CML, ALL and p190 ALL ABL breakpoints. Density
curves were determined by using the Sheather-Jones solve-the-equation bandwidth. The coloured
boxes below the breakpoints show the locations of different classes of repetitive elements as
determined by RepeatMasker, and known motifs (exact match) using Fuzznuc or PWM. The peaks
may indicate some clustering in the p190 and p210 ALL breakpoints, conversely the flat line for

p210 CML indicates no clustering.

In addition to clustering, the positions of the breakpoints in BCR were directly compared to
those in ABL for all p210 and p190 breakpoints, however, no significant associations were

found (see Figure 3-32).
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Figure 3-32: Positions of ABL versus BCR breakpoints in (A) p210 ALL and CML and (B) p190
ALL. If there were associations between the positions of the breakpoints in BCR and ABL, there

would be clustering of data points on the graphs.

3.3.9.3 Proximity of breakpoints to sequence motifs

In order to check if the clustering of breakpoints was a result of their proximity to known
sequence motifs, including RSSs, 50 bp of sequence flanking the breakpoints were
compared to specific motifs. One significant association was found: a deficit of
breakpoints falling in repeat regions for p210 CML BCR breakpoints and all p210 BCR
breakpoints (see Figure 3-33 B and D).
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Figure 3-33: Proximity of breakpoints near sequence motifs. Box and whisker plots showing the
percentage of breakpoints in BCR against sequence motifs (within 50 bp either side of the
breakpoints). The red points are observed from the breakpoint data and the box plot is based on
data generated from 200 simulations. Each simulation calculates the percentage of N breakpoints
overlapping any of the motifs. (A) p190 ALL. (B) p210 ALL and CML. (C) p210 ALL. (D) p210 CML.

In addition to seeing if specified known motifs were associated with the breakpoints,
undirected searches for motifs were performed to see if any unknown motifs were enriched
50 bp either side of the breakpoints. The only consistent result generated by this method
was an association of CTGNNTTG with the BCR breakpoints in p210 ALL, which was
found in 3 separate runs. This motif has no known function and so the significance of this

finding is unclear.
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3.3.10 Screening for a common sequence motif associated with recombination

hot spots and genome instability in humans

A recent paper by Myers et al., (260) identified a 13-mer degenerate sequence motif
(CCNCCNTNNCCNC) that is enriched in short regions of the genome involved in meiotic
crossover events, but importantly has also been found in disease causing recombination
hotspots. Therefore screening was undertaken using Fuzznuc of the BCR and ABL genes
and 50 bp either side of each of the BCR-ABL breakpoints (see Appendix IV). Screening of
ABL revealed that the 13-mer motif occurs on average once every 4788 bp in the large ABL
breakpoint region and once every 4952 bp in the whole ABL gene. Screening of the
breakpoint regions revealed that only 2 CML cases (266 and 483) had ABL breakpoints
that were located within 50 bp of a motif. Screening of BCR revealed a larger difference
between breakpoint regions, the entire length of the BCR gene had a motif every 7615 bp,
whilst the m-ber had one every 4479 bp and the M-bcer had 2 motifs (NM_004327 at
108822 and 111061) giving it a frequency of one every 1511 bp. There were no motifs
within 50 bp of p190 breakpoints but were 3/50 p210 CML and 3/25 p210 ALL (see Table
3-13). The previously identified 7-mer motif (CCTCCCT) has been linked to non-
homologous DNA recombination and is part of the family of motifs from which the 13-mer
degenerate motif is derived (261). This motif occurred every 1679 bp in the BCR gene as a
whole, every 1707 bp m-bcr, but every 378 bp in the M-bcr. Furthermore, it was found in
BCR within 50 bp of the breakpoint in 5/25 p210 ALL, 9/50 p210 CML and in 0/25 of the
p190 ALL breakpoints (P=0.018; p210 versus p190; Fisher’s exact test). The occurrence in
the ABL breakpoint region was more than 4-fold lower, with a motif frequency of one
every 7812 bp and none found to be within 50 bp of any of the breakpoints (see Table 3-
13).

Frequency of 13-mer Frequence of 7-mer
motif (per bp) motif (per bp)
BCR gene 7615 1679
m-bcr 4479 1707
M-BCR 1511 378
ABL breakpoint region 4788 7812
p190 ALL breakpoints 0/25 (0%) 0/25 (0%)
p210 ALL breakpoints 3/25 (12%) 5/25 (20%)
P210 CML breakpoints 3/50 (6%) 9/50 (18%)

Table 3-13: Frequencies of recombination motifs in the BCR and ABL breakpoint regions
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3.3.11 Functional analysis of BCR-ABL breakpoints for cryptic RSSs

As previously mentioned, it is difficult to identify cryptic RSS sites by sequence homology
alone because of the high degree of degeneracy these sites show. A rapid and robust in
vitro assay that will give quantitive results is necessary to determine if RAG mis-

recognition is responsible for the BCR-ABL fusion gene in some ALL cases.

One such assay was first described in 1987 by Hesse et al. (262), and was originally
designed to study the mechanisms of how V(D)J coding and signal sequences were
formed. This assay has subsequently been optimised and recently used to analyse the role
of RAG mis-recognition in the lymphoid translocation breakpoints by substituting one of
the consensus RSSs for common breakpoint cluster regions or known breakpoints, and thus
demonstrating that some recurrent breakpoint clusters can act as RAG targets (207, 254,

263).

The method of Raghavan et al., (263) utilises a plasmid which can replicate in either
mammalian cells or E.coli cells. It confers ampicillin (Amp) resistance all the time but
chloramphenicol (Cam) resistance is conditional on a RAG-mediated recombination event
having taken place, enabling correct transcription of the cat gene. This is achieved by the
presence of a stop sequence in the parental plasmid flanked by the two putative RSSs. If no
recombination occurs, the stop sequence will prevent the expression of the downstream cat
gene, however, if recombination takes place the stop sequence is excised and the cat gene
is then placed under the control of a transcriptional promoter. Plasmids are constructed
with the test sequence (in this study this will be the sequence immediately flanking the
ABL or BCR breakpoints) plus an authentic 12 or 23 spacer RSS sequence. The plasmid
containing the breakpoint sequence to be tested is transfected into the RAG producing Reh
cell line and left for 48 hours to allow recombination events to take place. Plasmids are
then recovered and transformed into E.coli for selection of recombination positive cells
using Cam and Amp plates (see Figure 3-34). The number of Cam resistant colonies is a
measure of the ability of the test sequence to act as a RAG recognition sequence. Use of
this plasmid would have been ideal, however despite initial assurances from the authors
that it was available, it proved impossible to obtain it from the authors and therefore

making of a similar plasmid was undertaken (we already had the Reh cell line).
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Figure 3-34: Modified from Raghavan et al., (263), depicting the experimental procedure they used
to detect V(D)J recombination. Circular plasmids are introduced into the human Reh cell line active
for V(D)J recombination. After 48 hours, the episomes are harvested and transformed into E.coli for
detection of recombinants on Amp plus Cam plates. The recombination is depicted between a
consensus 12 (open triangle) and 23 (dark triangle) signal, leading to a signal joint formation. Stop

denotes the prokaryotic bacteriophage lambda transcription terminator and the E.coli lac promoter
is denoted as Plac.

3.3.11.1 Measuring RAG recombination using the pGlow-TOPO expression vector.

Initial experiments were performed using the pGlow-TOPO (Invitrogen) expression vector,
whereby the strategy was to insert a promoter flanked by RSSs which would drive
expression of the downstream GFP gene and therefore fluoresce upon transformation into

E.coli cells. If a recombination event in the Reh cells excised the promoter, transcription of
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the fluorescent GFP gene would not take place and the transformed E.coli would not

fluoresce (see Figure 3-35).

Ribosomal

%x— Ptrp > binding site ATG

12 RSS 23 RSS
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EcoRlI

Transfect into Reh, extract plasmids

Transform back into E.coli

Recombination negative Recombination positive
/ \ Ribosomal
Sequence remains the binding site ATG
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Figure 3-35: First strategy for determination of recombination using negative selection of the GFP
gene. The tryptophan promoter denoted Ptrp, flanked by consensus RSS sequences denoted by
the open and dark triangles was cloned into the pGlow-TOPO vector. This should result in
fluorescing E.coli colonies.

3.3.11.1.1 Cloning the Ptrp RSS oligo into pGlow
Forward and reverse synthetic oligos of 140 bp long were designed to contain the

tryptophan promoter (Ptrp) flanked by the consensus RSS sequences as used by Raghavan
etal., 2001 (263) and were manufactured by Sigma (see Appendix II for sequence). In

order to ligate the oligos into the pGlow vector, the Ptrp RSS forward and reverse oligos
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needed to be annealed so that they were double stranded therefore the protocol for
annealing the bubble oligo was followed (see section 2.3.3). However, despite repeated
attempts no recombinant clones were obtained so PCR primers were designed to enable
PCR using the forward oligo as a template (see Figure 3-36 A). Even though the fragment
was successfully cloned into the vector, as confirmed by restriction enzyme digest, it was
difficult to ascertain if the E.coli colonies were glowing or not, due to the background

fluorescence of the E.coli cells (see Figure 3-36 B).

Figure 3-36: Cloning the Ptrp RSS oligo into pGlow. (A) Agarose gel of PCR amplified Ptrp RSS
oligo. (B). E.coli transformed with PCR amplified Ptrp RSS oligo under white light and (C) the same

plate under ultra violet light.

Another potential problem with this strategy was that it was based on negative selection
whereby cells that were recombination positive would lose fluorescence. As recombination
efficiencies are low when breakpoint regions are substituted for RSSs, an antibiotic

selection strategy against the non-recombinants, whereby large numbers of transformed
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E.coli cells can be plated out to find the few cells with double resistance, is likely to be

preferable.

3.3.11.2 Measuring RAG recombination using pcDNA3.1/CT-GFP-TOPO vector

A second strategy, based on a positive selection and selection against the non-
recombinants (as used in Raghavan et al., 2001 (263)) was subsequently devised using the
oop transcription stop sequence flanked by the RSS sequences (oop RSS) at the 5° end of
the kanamycin (Kan) resistance gene. Any RAG recombination negative plasmids would
retain the stop sequence and be resistant only to ampicillin, whereas recombination
positive vectors will have the stop sequence excised and the colonies would be resistant to

both ampicillin and kanamycin (see Figure 3-37).
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Figure 3-37: Second experimental strategy for determining illegitimate RAG recombination. The
RSS flanked oop transcriptional terminator is cloned into the pcDNA3.1-TOPO vector between the
T7 promoter and the Kan gene, therefore preventing transcription of the KanR gene and giving
colonies upon ampicillin selection only. These vectors can then be transfected into the V(D)J
positive Reh cell line for 48 hours, transformed back into E.coli and spread onto both ampicillin only
and ampicillin plus kanamycin plates. Only recombination positive colonies will have both AmpR

and Kan®. These colonies can then be sequenced.

3.3.11.2.1 Amplification and cloning of the Kan® gene into pcDNA
To make the construct, the kanamycin resistance gene was amplified from the unligated

XL-TOPO vector (Invitrogen) at dilutions of 1 in 50 and 1 in 5000, using High Fidelity
PCR from the ORF to the end of the gene (from positions 1140 to 2076 of the XL-TOPO
plasmid). This was cloned into the pcDNA3.1-TOPO vector (Invitrogen) (in a manner

analogous to TOPO cloning in section 2.5) and upon transformation into competent E.coli
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cells gave kanamycin resistant colonies. Six of these colonies were cultured and sequenced
and all found to have the correct kanamycin insert. To ensure that the kanamycin resistance
was a result of the cloned kanamycin gene and not inherent in the pcDNA3.1 plasmid, a
negative control (i.e. without the kanamycin gene) was also performed and found to have

no colonies on the kanamycin plates but many on the control ampicillin plate.

3.3.11.2.2 Amplification and cloning of the oop RSS fragment into pGlow TOPO
An oligo was designed and synthesised that encoded the bacteriophage lambda oop

transcription stop site flanked by RSSs (see Appendix II for sequence). As there was a 250
bp limit on the size of the fragment that could be synthesised, the Kpnl enzyme restriction
sites necessary for cloning the oop RSS fragment into the pcDNA3.1 vector upstream of
the Kan® gene, were tagged onto the primers. Amplification of the fragment to make it
double stranded for cloning was then performed using High Fidelity PCR (see Figure 3-38
A). The PCR product was then firstly cloned into the pGlow TOPO vector according to the
protocol in section 2.5 (see Figure 3-38 B and C).
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Figure 3-38: PCR and cloning of the RAG oop oligo. Agarose gel of the RAG oop oligo High
Fidelity PCR product, at different dilutions of the original 100 uM oligo (A). Bglll digest of RAG oop
ligated into the pGlow TOPO vector. The approximate size of the insert should be 438 bp and
sequencing showed lane 3 to have the error free RAG oop insert (B). Kpnl digest of product from
lane 3 to confirm correct ligation and that the Kpnl sites were intact for sub-cloning; the

approximate size of the insert should be 330bp (C).

3.3.11.2.3 Sub-cloning oop RSS into pcDNA3.1 Kan®
To sub-clone the oop RSS from the pGlow vector into the pcDNA Kan® vector, 5 pg of a

sequenced pGlow oop RSS clone was digested with Kpnl and the oop RSS fragment
excised and purified from a crystal violet gel. This fragment was then ligated into a
pcDNA Kan® clone which had been Kpnl digested, dephosphorylated using CIAP and
crystal violet gel extracted. The two fragments were ligated at a 3:1 insert:vector ratio
along with a vector only control, transformed into competent E.coli cells and plated out on
ampicillin agar plates. As the vector only control showed a third less colonies than the
ligated insert and vector, plasmid DNA was extracted from 20 colonies and digested with
Kpnl to check for the insert and 3 clones showed bands of the correct size. However, as the

pcDNA3.1 and pGlow vectors are similar in size it was difficult to establish if the clones
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were just carryover pGlow oop RSS clones and a second restriction digest was carried out
with pcDNA3.1 Kan® specific enzymes. Only clone 9 was pcDNA3.1 Kan® with the oop
RSS but upon sequencing it was found to be in the wrong orientation. Therefore plasmid
DNA was extracted from 30 more colonies and digested with Kpnl and a further 3 were
found to have a correct sized insert, with again only one having the correct vector (see

Figure 3-39 A and B) and upon sequencing this was found to be in the correct orientation.
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Figure 3-39: Kpnl digest of the RAG oop oligo — pcDNA3.1 construct, the first 14 colonies: clones 2
and 7 show a band of the correct size for RAG oop ligation (A), as did clone 18 (not shown). To
check that the RAG oop was in the correct vector, pcDNA3.1 CT TOPO with the Kanamycin gene
(pcK), and not re-ligated into the original pGlow TOPO vector (pG), pcK specific digests, using Spel

and Ndel were performed, showing that clone 2 and clone 7 were both in the correct vector but

clone 18 was not (B).

Before use in the cell line, it was necessary to check if the insert was able to stop
transcription of the kanamycin gene, so compentent E.coli cells were transformed with this
clone and plated out on ampicillin only and kanamycin and ampicillin plates. If the insert
worked correctly it would stop colonies growing on kanamycin plates, however, colonies

were found on both plates and therefore the insert did not work correctly.
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3.3.11.3 Measuring RAG recombination using pGlow-TOPO vector

The strategy in section 3.3.11.2 was thought not to work because of the strong CMV
promoter in the pcDNA vector over-riding the oop stop sequence therefore the pGlow
vector was used as the vector to be transformed into the Reh cells after addition of the

correct DNA fragments (see Figure 3-40).

<% oop STOP +

12RSS 23 RSS

Transfect into Reh, extract plasmids

Transform back into E.coli

Recombination negative Recombination positive
Sequence remains the same oop STOP is deleted by SJ
as above, oop STOP formation, therefore
represses expression of KanR transcription and expression

of KanR can take place

| l

AMpR only AmpRand KanR

Figure 3-40: Third experimental strategy for determining illegitimate RAG recombination. The Kan®
gene is cloned into the pGlow-TOPO vector. This is then digested with Xcml restriction enzyme
which specifically digests the plasmid between the Kan® promoter and the Kan® gene. The RSS
flanked oop transcriptional terminator is then ligated in, preventing transcription of the KanR gene
and giving colonies upon ampicillin selection only. These vectors can then be transfected into the
V(D)J positive Reh cell line for 48 hours, transformed back into E.coli and spread onto both
ampicillin only and ampicillin plus kanamycin plates. Only recombination positive colonies will have

both Amp® and Kan®. These colonies can then be sequenced.
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This strategy involved TOPO ligating the kanamycin gene with its own promoter into the
pGlow vector. The unique Xcml site between the kanamycin promoter and gene was then
utilised as the cloning site for the oop RSS fragment. However, as there was no Xcml site
in the oop RSS fragment, blunt ended ligation was necessary. Xcml does not generate
blunt ends so the vector, after Xcml digestion, was blunt ended by use of mung bean
nuclease prior to dephosphorylation and crystal violet gel extraction of the vector. The oop
RSS fragment was amplified using Pfu PCR which generates blunt ends, this was then
crystal violet gel extracted and ligated into the prepared vector. This was tried several
times unsuccessfully, by which time it became apparent that there was another group doing
similar experiments on other lymphoid translocations from whom plasmids could be

obtained.

3.3.12 Assessment of cryptic RSSs using the extra chromosomal recombination

assay (plasmids provided by Professor Nadel (207))

This assay was originally designed to test the efficiency of V(D)J recombination between
two authentic RSSs, which typically recombine at a high frequency, however when one of
these authentic RSSs is replaced with a region containing putative cryptic RSSs, there is a
decrease in the frequency of recombination and the appearance of other low level events
such as; (a) non-specific recombination between the authentic RSS and a fortuitous RSS in
either (i) the sequence flanking the test sequence or (ii) the plasmid core sequence or (b)
break / repair (BR) recombination which is not mediated by V(D)J recombination and
which makes up the bulk of the background in this assay (Marculescu et al., (207) (see
Figure 3-41).
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Figure 3-41: Recombination construct from Professor Nadel (not to scale). The upstream cassette

is situated between the Mlul (M) and Sall (S) sites. The downstream cassette is situated between
the Spel (Sp) and Sacll (Sc) or Notl (N) sites. The authentic RSS is shown as a triangle (a).
Fortuitous RSSs are represented as trapezoids: b, fortuitous RSS observed at the BCR or ABL
translocation breakpoints, c, other potential fortuitous RSS in the BCR or ABL junction fragments,
d, other fortuitous RSS in core plasmid sequence. Pathways 1-3: V(D)J recombination; Pathway 4:
break repair. The horizontal arrows indicate the location of the PCR screen primers. Modified from

Marculescu et al., (207).

In total, 5 test plasmids were received, 3 plasmids containing authentic RSS sites and test
proto-oncogene sequences (RS7, RS8 and RS24) and 2 plasmids containing
authentic/consensus RSS sites in both the upstream and downstream cassettes (RS39 and
RS32) which were therefore suitable for use as positive controls to ensure the assay was
working correctly (see Table 3-14). In addition, expression plasmids RAG1, RAG2 and
TdT were received. All the plasmids were cloned into TOP10 cells, the plasmid extracted
using the Endo-Free Maxi-prep kit (Qiagen) to ensure high quality DNA for transfections.

The identity of all plasmids was confirmed by restriction enzyme digestion.

116



Name RE Upstream cassette RE oop STOP RE Downstream cassette RE
™) DB1 220 <p 160 (S) STOP (Sp) TAL2 40 <] 30 (N,Sc)
™) TALL1 190 p 19 (S) STOP (Sp)(Bg) D32 220 i 140 (N,Sc)
™) LMO2inv 50 > 50 (S) STOP (Sp) Dd2inv 140 <> 220 (Bg,N,Sc)
™) Dy3.10 40 > 320 (Bg)(S) STOP (Sp) JH6m 190 > | 200 (N,Sc)
Name RE Upstream cassette (1) RE Upstream cassette (2) RE oop STOP RE Downstream cassette RE
M) VKA2 90 > 40 | (N,Sc) | VkA27 100 > 100 (S) STOP (Sp) Jkl 90 < 25 | (Sc)

Table 3-14: The locations of the upstream and downstream cassettes for use in the cell recombination assay. Open triangles represent 12 RSSs and closed

triangles represent 23 RSSs.
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Dp1 and D32 were chosen to test the BCR and ABL junction sequences as although they
did not have consensus RSSs (see Table 3-15), they are both authentic RSSs found in vivo
that have been verified in the assay by Marculescu et al., (207) to identify low efficiency
cryptic proto-oncogene RSSs. Indeed, they also used D32 to test the BCL-2 major
breakpoint cluster region to confirm that no functional cryptic RAG sites existed and, in
addition, D2 was also used to confirm that a cryptic RSS found by Lewis et al., (264) had

a recombination frequency of about 1% of a consensus RSS.

Heptamer and nonamer variations occur in vivo (265). Some have more effect than others,
for example mutation of any of the first 3 bp of the heptamer (5’CAC) abolishes RSS
activity, whereas substitutions in the nonamer have little effect as long as the A-rich core is
maintained, as in Do2 (266). In addition, both D1 and D32 contain a 12 and a 23 authentic
RSS enabling any of the corresponding cryptic sequences in the rest of the BCR or ABL
breakpoint sequences to be tested at the same time, and this also meant that fewer

additional constructs needed to be made to test all putative combinations of recombination.

RSSs Heptamer | Spacer | Nonamer
Consensus RSSs CACAGTG ACAAAAACC
Authentic RSSs

DBl CACAATG 23 ACAAAAACC
DB1 CACRATG®* |12 ACAAAAACA
D32 CACAGTG 23 ACAAAAACT
D32 CACAGTG? 12 ACAAAAACT
Dy3.10 CACAGTG 12 ACAAAAACC
Ju6° CACAATG* |22 ACAAAAACC
VkA2 CACAGAG 12 ACAAAAACC
VKA27 CACAGTG 12 ACAAAAACC
Jx1l CACAGTG? 23 ACAAAAACC

Table 3-15: Authentic RSSs used in plasmid constructs. Mismatches from the consensus sequence

are underlined. a indicates sequence shown in reverse complement orientation. b indicates
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changes from the wild-type sequence - the non-consensus A was converted to a consensus G by

site-directed mutagenesis (modified from Marculescu et al.,(207).

3.3.12.1 Insilico identification of cryptic RSSs at BCR-ABL breakpoints

All of the genomic breakpoints (p190 ALL, p210 ALL and p210 CML) were screened
using the EMBOSS Fuzznuc tool (see section 3.2.7). The screen was used to identify
cryptic RSS sites flanking the breakpoints that may be mis-targeted by the RAG enzyme
complex. There are four possible cryptic RSS sites that can be located at, or near a
breakpoint: a 12 or 23 RSS in either forward (5’-CACAGTG 12 or 23 ACAAAAACC-3’)
or reverse (5’-GGTTTTTGT 12 or 23 CACTGTG-3’) orientations. Each of these may
form either a coding joint or a signal joint, depending on its location in the upstream or

downstream cassette (see Figure 3-42).

A. Breakpoint

5’—GGTTTTTGTNNNNNNNNNNNNCACTGTGECACAGTGNNNNNNNNNNNNACAAAAACC—3’
37 -CCAAAAACANNNNNNNNNNNNGTGACAC :GTGTCACNNNNNNNNNNNNTGTTTTTGG-5"

Reverse 12 RSS i Forward 12 RSS

'CJQ\ /DCJ‘

M/ T 4

B. Breakpoint

5’—GGTTTTTGTNNNNNNNNNNNNNNNNNNNNNNNCACTGTGECACAGTGNNNNNNNNNNNNNNNNNNNNNNNACAAAAACC—3’
37 -CCAAAAACANNNNNNNNNNNNNNNNNNNNNNNGTGACAC :GTGTCACNNNNNNNNNNNNNNNNNNNNNNNTGTTTTTGG-5"

Reverse 23 RSS i Forward 23 RSS

DCJ‘\ /’CJQ
‘SJD/ || \QSJ'

Figure 3-42: The four possible ways that cryptic RSSs may be located at breakpoints. (A) Reverse
and forward consensus 12-RSSs (represented by open triangles) flanking a putative breakpoint.
(B) Reverse and forward consensus 23-RSSs (represented by solid triangles) flanking a putative
breakpoint. Each of these can be used by RAG to create either a signal joint (SJ) or coding joint

(CJ) depending on the position of the putative RSS relative to the authentic RSS.
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In total, 11 p190 ALL, 11 p210 ALL and 12 p210 CML forward breakpoints had cryptic
RSS sites as determined by the Fuzznuc screen, where the start of the forward or reverse

cryptic heptamer fell within 10 bp of the breakpoint (see Table 3-16).

Patient Cryptic 12 RSSs Distance breakpoint Cryptic 23 RSSs Distance breakpoint
from RSS (bp) from RSS (bp)
pl190
Ital 1 Reverse BCR 0,2 Forward BCR 0
Reverse BCR 2

Ital 2 Reverse ABL 2 Reverse ABL 1

25654 Reverse BCR 1 Reverse BCR 1

Ital 6 Forward BCR 1 Forward BCR 1
Reverse BCR 4 Reverse ABL 6

Reverse BCR 2,4

25169 Forward BCR 0

Ital 10 Reverse ABL 4 Reverse ABL 4

Ital 4 Reverse ABL 6 Reverse ABL 6

28835 Forward ABL 9

19635 Forward ABL 6

27523 Reverse BCR 10

P747 Forward BCR 10

p210 ALL

P851 Forward ABL 1 Forward ABL 1

F17730 Forward BCR 10 Forward BCR 0

F24559 Forward BCR 1

22251 Reverse BCR 4 Forward ABL 7

11129 Forward ABL 7

6875 Reverse ABL 1

F22666 Forward ABL 5

F17685 Reverse BCR 5

F16604 Forward BCR 6 Forward BCR 6

F14472 Reverse ABL 2

F20099 Forward BCR 7

p210 CML

266 Forward ABL 8

386 Forward BCR 1 Forward BCR 1
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Forward ABL 2,6
NP241 Reverse BCR 10 Reverse ABL 10
Reverse ABL 10
1538 Reverse BCR 7,9
1578 Reverse BCR 4
Forward ABL 9
1349 Reverse ABL 3 Forward BCR 5
Reverse BCR 4
316 Forward BCR 2 Forward BCR 2
440 Forward BCR 4,8
446 Forward ABL 5
545 Reverse ABL 10 Reverse ABL 10
282 Reverse ABL 6 Reverse ABL 6
291 Forward BCR 8

Table 3-16: Results of the EMBOSS Fuzznuc screen on all 82 cases. Only the cases shown had

cryptic RSS sites that were within the specified parameters (see section 3.2.7) that were 10 bp or

closer to the breakpoints. Those in bold and underlined were chosen to use in the recombination

assay.

Due to the complexity of the protocol for testing breakpoints for cryptic RSSs and the

limited time due to the delay in receiving the plasmids, 5 p190 ALL, 3 p210 ALL and 2

p210 CML breakpoints were selected for functional analysis based on the following

criteria; proximity of cryptic RSS site to breakpoint, to have a mixture of both ABL and

BCR breakpoints and to have a mixture of 12 and 23 cryptic RSSs (see Table 3-17).
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RSSs Heptamer Spacer Nonamer Distance from
breakpoint (bp)
Consensus RSSs CACAGTG 12/23 ACAAAAACC
Fortuitous RSSs
p190 ALLs
Ital 1 BCR CACTGTT® 12 ACACGAGTC 2
Ital 1 BCR CACACTG? 12 CCACACGAG 0
Ital 1 BCR CACTGTT® 23 ACAGCTGAA 2
Ital 1 BCR CACACTG 23 CCACAGCTG 0
Ital 2 ABL CACAGCA?® 12 AAACACCTC 2
Ital 2 ABL CACAGCA*® 23 GCTGTAAAA 1
25654 BCR CACAGAG*? 12 CCCCCACCC 1
25654 BCR CACAGAG® 23 TCATGGCTG 1
Ital 6 BCR CACGGTT 12 CCATGTCTA 1
Ital 6 BCR CACAGCC? 12 TGGCAGAAC 4
Ital 6 BCR CACGGTT 23 AGAGCATGC 1
Ital 6 BCR CACACAG?® 23 AGCCCCTCC 2
Ital 6 BCR CACAGCC? 23 CCCCTCCCC 4
25169 BCR CACCTCA 12 GCTGAAAAC 0
p210 ALLs
P851 ABL CACAGAG 12 ACATTATAC
P851 ABL CACAGAG 23 TTAGGATTT 0
F17730 BCR CACTGGT 12 TGAAACCAG 10
F17730 BCR CACTTCG 23 GAAACCAGC 0
F24559 BCR CACTTCG 23 GAAACCAGC
p210 CMLs
266 ABL CACCTTG 12 GCTGGGATT 8
386 BCR CACTTTG 12 AGGTGGATC
386 BCR CACTTTG 23 TTGAGCTCA 1

Table 3-17: Cryptic RSS sites at the vicinity of the BCR or ABL breakpoint for cases selected to be
tested. Mismatches from the consensus sequence are underlined, ? indicates that the reverse

complement orientation is shown.

3.3.12.2 Additional constructs required for testing BCR-ABL breakpoint cryptic RSSs

As each cryptic RSS found in each breakpoint could either be used as a signal joint or a
coding joint in a RAG recombination event and it is the formation of both of these that
defines V(D)J recombination, it was necessary to test the selected breakpoints for all the

putative combinations of cryptic RSSs (see Figure 3-42) by using the authentic RSSs D32
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or DB1. As these authentic RSSs contained both 12 and 23 RSSs and D32 was already
supplied with the downstream cassette in both forward and inverse (RS8 and RS24
respectively) orientations, it was necessary to make only two additional constructs (D62
forward and inverse in the upstream cassette) giving a total of 5 test constructs for each

breakpoint junction to be examined (see Table 3-18).
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Name RE Upstream cassette RE oop STOP RE Downstream cassette RE
™) D&2 220 <p 140 (S) STOP (Sp) BCR/ABL <> (N,Sc)
™) Dd&2inv 140 4> 220 (S) STOP (Sp) BCR/ABL 4> (N,Sc)
™) Dp1 220 p 160 (S) STOP (Sp) BCR/ABL < (N,Sc)
™) BCR/ABL < (S) STOP (Sp)(Bg) D&2 220 <lp 140 (N,Sc)
™) BCR/ABL 4> S) STOP (Sp) Dd&2inv 140 4D 220 (Bg,N,Sc)

Table 3-18: The locations of the upstream and downstream cassettes for use in the cell recombination assay. RS7, RS8 and RS24 were received from
Professor Nadel, whilst RS3 and RS2 were made by inserting the D82 and Dd2inv cassettes into the upstream cassette in order to test every combination of
RSS.
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In order to make the two new test constructs RS2 (D62 inverse in the upstream cassette)
and RS3 (D52 in the upstream cassette), primers were designed to be as close to the
original primers used by Marculescu et al., (207) as possible and tagged with either Mlul
or Sall in order to be able to be cloned into the upstream cassette (see Appendix II for
primer sequences). Due to possible sequence variants in normal control DNA, dilutions of
each of the appropriate plasmids (RS24 and RS8) were used as templates for amplification
with High Fidelity PCR. The PCR products (see Figure 3-43 A) were then cloned into the
TOPO pCR4 vector and the plasmid DNA extracted. Each clone was digested with EcoRI
to ensure the correct sized insert (see Figure 3-43 B). Once each clone was sequenced to
ensure no PCR errors had been introduced, Spug was digested with Mlul and Sall, crystal

violet extracted, cleaned and quantified with the NanoDrop.

Ladder

12 3 4

Figure 3-43: Agarose gels showing the process of making construct RS2. (A) PCR of D2inv from
various dilutions of RS24. (B) EcoRlI digest of Dd2inv from pCR4 TOPO of clones 1-4. C. Mlul and

Sall digest of D2inv from the core plasmid.

Concurrently, the parent vector, RS24, was prepared for the inserts by removal of the
LMO2inv upstream cassette by Mlul and Sall digestion (see Table 3-18). The RS2
(D62inv) and RS3 (D§2) inserts were then ligated into the parent vector and DNA from
individual colonies sequenced with the core plasmid specific Rag F and Rag R primers to
ensure correct insertion into the parent plasmid (see Figure 3-44). For example, the RS2
Rag F sequence was compared to both the core plasmid sequence using NCBI BLAST 2
sequences (http://www.ncbi.nlm.nih.gov/blast/bl2seq/wblast2.cgi) (Figure 3-44 A) and the
RS24 (D62inv) Rag R reverse complement sequence using UCSC BLAT
(http://genome.ucsc.edu/cgi-bin/hgBlat) (see Figure 3-44 B and C). Finally, RS2 Rag R
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sequence was compared to RS24 Rag R sequence (see Figure 3-44 D) to ensure insertion

of correct Dd2inv sequence in the correct place.

Seore = 515 bhits (263), Expect = 6e-143
[ . Identities = 268/268 (100%), Gaps = 0/268 (0%)
= Strand=Plus/Plus

B. BLAT Search Results

ACTIONS QUERY SCORE START END Q3IZE IDENTITY CHRO STRAND START END SPAN
browser details Yourleg zz4 Z69 49z 49z 100.0% 14 = 219587866 21955089 ZZ4
C. Score = 439 bits (228), Expect = Se=-120
| Identities = 228/228 (100%), Gaps = 07228 (0%)
— e =rond=Plus/Plus

RS2 269 GTGGAAAGCAGGGAGGGAAGCTGCTTGCTGTGTTTGTCTCCTGAGGCATGGGACCCAGGG 328

FELEETEEETE e e e e e e e e e e e e e e e e e e e e e e e
RS24 157 GTGGALLGCAGGGLGGGAAGCTGCTTGCTGTGTTTGTCTCCTGAGGCATGGGACCCAGGG 216

RS2 329 TGAGGATATCCCAGGGAAATGGCACTTTTGCCCCTGCAGTTTTTGTACAGGTCTCTGTAG 368

FELEETEEETE e e e e e e e e e e e e e e e e e e e e e e e
RS24 217 TGAGGATATCCCAGGGAAATGGCACTTTTGCCCCTGCAGTTTTTGTACAGGTCTCTGTAG 276

RS2 389 GTTTTGTAGCACTGTGCGTATCCCCCAGTCACAGTGCTACAGAGCTTTACALLALCTTCC 448

FELEETEEETE e e e e e e e e e e e e e e e e e e e e e e e
RS24 277 GTTTTGTAGCACTGTGCGTATCCCCCAGTCACAGTGCTACAGAGCTTTACAARLACTTICC 336

449 CCTCGGTTTCACACTATATGGCCCCTGAGAATCCCCAGAACCAGATGT 496
FEVEEEEEE e e e e e e e b e e e e e e e e e
RS24 337 CCTCGGTTTCACACTATATGGCCCCTGAGRATCCCCAGALCCAGATGT 384

Score = 890 khits (463) , Expect = 0.0
Identities = 4§3/463 (100%), Gaps = 0463 (0%)
Strand=Plus/Flus

l‘D

Figure 3-44: Sequencing of RS2. (A) Comparison of RS2 Rag F sequencing with the core plasmid
sequence using NCBI ‘compare 2 sequences’, showing that the first 268 bp of RS2 (top line) are
identical to the plasmid core sequence (bottom line). (B) UCSC BLAT results from sequencing of
RS2 with Rag F, showing insertion of Dd2inv (located on chromosome 14) adjacent to the plasmid
core sequence starting at 269 bp. (C) Comparison of RS2 Rag F sequencing with RS24 Rag R
sequencing (reverse complemented), showing identical sequence. Underlined in black is the
inverse 23 RSS and underlined in red is the forward 12 RSS (see Table 3-18). (D) Comparison of
RS2 and RS24 Rag R sequencing.

Once RS2 and RS3 were confirmed to be correct by digests and sequencing, the
downstream cassettes were excised using a Spel and Sacll double digest. The downstream
cassette for RS7 and the upstream cassettes for RS8 and RS24 were also excised ready for

ligations to breakpoint fragments.
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3.3.12.3 Making constructs for testing patient breakpoints.

As each RSS can potentially be used as either a coding joint or a signal joint, there are 2
constructs required for each type of RSS (12, 23, forward or reverse) and, as many of the
cases chosen had more than one type of RSS at or near the breakpoint there were 31
constructs that needed to be made to test all permutations of the selected 10 breakpoints

(see Figure 3-45).

Vector RSS Upstream cassette Downstream cassette  Tests for:
p190 ALL’s
ltal 1 RS8 D52 < R12SJ
ltal 1 RS3 D52 <H>- R 12 CJ
ltal 1RS24 D&2inv <> R 23 SJ
ltal 2 RS8 D52 4 <> R 12 SJ
ltal 2 RS3 D52 —» ~— R 12 CJ
ltal 2 RS24 Do2iny —4D> R 23 SJ
ltal 2 RS2 D&2inv <> F R23CJ
25654 RS8 D52 <> R12SJ
25654 RS3  Db2 > R 12 CJ
25654 RS24  Dd2inv <> R 23 SJ
25654 RS2 D&2inv <> : R 12 CJ
ltal 6 RS2 D&2inv <> —- F125SJ
R23CJ
ltal 6 RS24 Do2iny —<eg— <> F12CJ
R 23 SJ
ltal 6RS8 D52 — - <> F23CJ
: R12SJ
ltal 6 RS7 DB1 <> — - R 12 CJ
: F23sJ
25169 RS2 D&2inv <> >— F12SJ
25169 RS24  D&2inv 4l>— <> F12CJ
p210 ALL’s
P851 RS2 D&2inv <> P———  Fi2sy
P851RS24  Do2iv B <> F12CJ
P851 RS7 DB1 <> P——— F23sy
P851 RS8 D52 I <> F23CJ
F17730 RS7  Dp1 <'" "> F23sJ
F17730RS8 D52 0> <> F 23 CJ
F24559 RS7 D1 <t > F235SJ
F24559 RS8 D52 > <> F23CJ
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Vector Upstream cassette Downstream cassette Tests for:
p210 CML’s

266 RS2 D&2inv — &> > F128SJ
266 RS24 D&2inv > —4D>— F12CJ
386 RS2 D&2inv —4> F128J
386 RS24 D&2inv + F12CJ
386 RS7 DB1 T F235SJ
386 RS8 D52 <p———— F23CJ

Figure 3-45: Constructs required to test RSS activity in the 10 cases. Authentic RSS sites (in red)
and patient breakpoint flanking cryptic RSS sites in black (BCR cassettes) and purple (ABL
cassettes) patient breakpoint locations are denoted by the vertical dotted lines (to scale, except
386 breakpoint region which should be ~7cm). RSSs with 12 bp spacers are open triangles and 23
bp spacers are solid black (BCR) and red (authentic RSSs) triangles; those that can be either 12 or
23 bp RSSs are solid grey (BCR) and solid purple (ABL) triangles. For clarity, cryptic RSSs in the

patient sequences are not shown if over 10bp from the breakpoint.

To make each construct, each BCR or ABL breakpoint region was amplified from the
patient DNA from which it was originally derived (to ensure that there was no exclusion of
SNPs particular to each patient which might effect the results) using High Fidelity PCR
(see Figure 3-46 A). Tagged onto the 5 end of the primers was the appropriate enzyme
sequence to allow cloning into the parent ‘core’ plasmid. In addition, the minimum region
flanking the breakpoint was approximately 100 bp either side with a maximum of
approximately 300bp either side (see primer lists in Appendix II) depending on where
primers could be designed. The fragments were then cloned into TOPO pCR4, the resultant
extracted plasmid clones were digested with Mlul/Sall or Spel/Sacll as appropriate (see
Figure 3-46 B) and sequenced with M13 F and M13 R primers. Once the inserts were
confirmed to be mutation free compared to the PCR amplified and originally amplified
breakpoint sequence, the insert was ligated into the appropriate parent vector (RS2, RS3,
RS7, RS8 or RS24 see Figure 3-45). All final test constructs were checked by digests (see
Figure 46 C) and sequencing both the upstream and the downstream cassettes (see Figure

46 D and B).
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Il. BLAT Search Results
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ii. BLAT Search Results
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browser details YourSegq 339 1 341 541 99.8% 14 + 21987752 215988002 341

Figure 3-46: Construction and verification of construct P851 RS8. (A) High fidelity PCR of the P851
ABL breakpoint region in duplicate using tagged Mlul forward and Sall reverse primers. (B) Miul
and Sall digest of the ABL fragment from pCR4 TOPO vector, clones 1 and 2. (C) Mlul and Sall
digest of the ABL fragment from the core plasmid, clones 1 and 3 have the correct ABL insert,
clone 2 has retained the original upstream RS8 cassette. (D) Rag F sequencing of clone 1. (i)
Comparison of the P851 RS8 vector to the plasmid core sequence showing identical sequence for
the first 262 bp. (ii) BLAT results showing chromosome 9 ABL sequence from 263 bp onwards. (E)
Rag R sequencing of clone 1. (i) Comparison of P851 ABL vector to the plasmid core sequence. (ii)

BLAT results showing chromosome 14 D82 sequence.

3.3.12.4 Optimising FuGene transfections

As the protocol received from Professor Nadel did not detail the amount of FuGene
transfection reagent to use in the assay and as this is likely to vary between NIH-3T3 cell
lines, it was necessary to establish the optimal volume of FuGene. To estimate transfection
efficiency, different amounts of FuGene reagent were used with pEFLacZ (see section
3.2.9.3). The volumes of FuGene found to give the highest transfection efficiency of
between 5-10% were 6, 7 and 8 pl.
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To ensure that the cell culture assay was working correctly and to further optimise the
volume of FuGene, the positive control RS39 plasmid was transfected into the NIH-3T3
cells using 30, 35 and 40 pul of FuGene (these volumes represent the same ratios as with the
pEFLacZ but scaled up for use in the cell culture assay which requires a greater number of
starting NIH-3T3 cells and 10 pg of plasmid DNA in total). In addition, a negative control
with all the plasmids but no FuGene was also included. The resultant transfected TOP10
cells were plated on both ampicillin only and choramphenicol plus amplicillin plates. The
negative control worked well with only approximately 20 colonies on each plate. The
positive control plates were confluent with colonies on the amplicillin only plates
indicating that the transfections had worked and that the plasmids had propagated in the
NIH-3T3 cells. The remaining cells that were plated on the chloramphenicol plus
amplicillin plates showed that 40 ul of FuGene gave the most recombined colonies at an
average of 582 (compared to an average of 250 per plate from Marculescu et al., (207)
using electroporation) and therefore this amount was used for all further transfections. The
number of colonies on ampicillin plus chlroramphenicol plates for plasmids RS8, RS32
and RS39 was also greater than that reported by Marculescu et al., (207) (see Table 3-19),

presumably due to the improved transfection efficiency with FuGene.

Name Colonies A Colonies AC Colonies ACM
RS8 TNTC 97 ~18
RS32 TNTC ~6000 ~3700
RS39 TNTC 560 ~250

No FuGene 24 1 -

Table 3-19: Comparison of assay results with those published by Marculescu et al., (207). The
number of colonies were counted on each plate; A = ampicillin, AC = ampicillin and

chloramphenicol and ACM = ampicillin and chloramphenicol. TNTC = too numerous to count.

Although the numbers of colonies on each plate compared to the negative (no FuGene)
control were a good indication that the assay had worked, to definitively prove this was the
case 5 colonies from each plasmid were amplified by PCR and sequenced using Rag F and
Rag R primers (see Figure 3-47 A). In concordance with Marculescu et al., (207), V(D)J

recombination was seen all of the RS32 and RS39 colonies, indicated by the formation of
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coding joints (see Figure 3-47 B) and also showing features of RAG recombination by
insertion of non-templated nucleotides (see Figure 3-47 C to E). However, no V(D)J
recombination was seen in the 5 colonies for RS8, probably because this vector only has a
5% recombination efficiency and 5 colonies were not enough to see this. However as the
other 2 positives gave 100% recombination efficiency with high colony numbers, and upon
discussion with Professor Nadel, this was considered to be a high enough sensitivity to

proceed with patient constructs.

STOP +

Coding joint formation

(TATTATAACCACAG TG TCACAGAGTCCATCAAAAACC

L I e P

'EIC AGACGCG GT.iIT.!-C AIGGTTCGGGGAGICCCTTT:XCIS«CI;‘eCT.ECTACGGI;EIGGACGICIGGG

tEETTTTTGT G GGG TEAGGATGGACAT TCT G CCA CTGTGA|TTACTACTACTACTACGGTATGGACGT CTGGG

Figure 3-47: Analysis of the RS39 positive control. (A) Agarose gel of five RS39 colonies amplified
by PCR from the cell culture assay. (B) Schematic showing coding joint formation if V(D)J
recombination occurs. (C) and (E) Electropherogram of un-recombined RS39 plasmid sequences
showing the authentic 12 RSS (open triangle beneath the sequence) and 23 RSS (solid triangle
below the sequence). (D) Electropherogram of RS39 colony 1 (from gel A) showing V(D)J
recombination, the vertical lines show where the breaks occurred and also flank the inserted of

non-templated nucleotides which are a feature of V(D)J coding joints.
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3.3.12.5 Cell culture assay with BCR / ABL test constructs.

Once the correct clones were identified through sequencing, clones were re-grown from
glycerol stocks and the plasmid DNA extracted using the PureLink HQ mini-prep kit
(Invitrogen) and only 2.5 pg was required for each transfection. The quality of this DNA
was initially tested by extracting the positive control RS39 plasmid and comparing it to the
original RS39 in the cell culture assay to ensure that it did not affect transfection
efficiency. The numbers of ampicillin and chloramphenicol colonies produced at the end
were similar between the two methods of plasmid extraction and therefore this technique
was used subsequently for extraction of the test plasmids for which less DNA was
required. Once the test constructs were re-grown and extracted, they were re-sequenced

with Rag F and Rag R to ensure that they were correct.

All BCR / ABL test constructs were used in the cell culture assay at least once, except 3
constructs; Ital 1 RS3, 25169 RS2 and 266 RS2 (see Figure 3-45) which failed to ligate
into the core plasmids and could not be repeated due to time constraints. Each set of
transfections was run with a positive control to ensure the assay was working with a high
enough sensitivity and a negative (no FuGene) control. Again as there was only a limited
time, only a small number of transfections could be performed and thus the colony
numbers were somewhat variable (see Table 3-20). Importantly, all positive controls
worked well with colony numbers routinely double those reported by Marculescu et al.,
(207). PCR and sequencing revealed that most of the recombination events between the
vectors containing two authentic RSSs (RS32 and RS39) were indeed mediated by RAG
(85-100% see Table 3-20).
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Vector No. T* No. clones® No. A® | Specific RSS* | Other RSS® BR'
Controls
RS8 3 360 (120) 5 0 0 5
RS39 4 1996 (499) 40 34 (85%) 1(2.5%) | 5(12.5%)
RS32 3 19500 (6500) 28 28 (100%) 0 (0%) 0 (0%)
pl90 ALLs
Ital 1 RS8 3 194 (65) 43 0 (0%) 16 37%) | 27 (63%)
Ital 1 RS3 Failed to ligate insert into parent vector RS3.
Ital 1 RS24 2 135 (68) 42 0 (0%) 5 (12%) 37 (88%)
Ital 2 RS8 1 15 14 0 (0%) 0 (0%) 14 (100%)
Ital 2 RS3 1 175 24 0 (0%) 12 (50%) | 12 (50%)
Ital 2 RS24 2 124 (62) 35 0 (0%) 10 (28%) | 26 (72%)
Ital 2 RS2 3 190 (63) 34 0 (0%) 14 (41%) | 20 (59%)
25654 RS8 1 30 15 0 (0%) 3 (20%) 12 (80%)
25654 RS3 1 39 19 0 (0%) 5 (26%) 14 (74%)
25654 RS24 2 212 (106) 48 0 (0%) 1 (2%) 33 (98%)
25654 RS2 2 48 (24) 41 0 (0%) 18 (44%) | 23 (54%)
Ital 6 RS2 2 46 (23) 38 0 (0%) 8 (21%) 30 (79%)
Ital 6 RS24 1 50 24 0 (0%) 1 (4%) 15 (96%)
Ital 6 RS8 2 311 (156) 39 2 (5%) 5 (13%) 32 (82%)
Ital 6 RS7 2 154 (77) 31 3 (10%) 1 (3%) 27 (87%)
25169 RS2 Failed to ligate insert into parent vector RS2.
25169 RS24 1 61 20 0 (0%) 4 (20%) 16 (80%)
p210 ALLs
P851 RS2 1 180 21 4 (19%) 7 (33%) 10 (48%)
P851 RS24 1 98 12 0 (0%) 2 (17%) 10 (83%)
P851 RS7 2 137 (69) 43 1 (2%) 1(2%) 41 (96%)
P851 RS8 2 265 (133) 47 0 (0%) 21 (45%) | 26 (55%)
F17730 RS7 2 62 (31) 33 0 (0%) 5 (15%) 28 (85%)
F17730 RS8 1 78 20 0 (0%) 4 (20%) 16 (80%)
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F24559 RS7 2 132 (66) 37 0 (0%) 4 (11%) 33 (89%)
F24559 RS8 3 159 (53) 41 0 (0%) 8 (20%) 33 (80%)
p210 CMLs

266 RS2 Failed to ligate insert into parent vector RS2.

266 RS24 1 55 18 0 (0%) 1 (6%) 17 (94%)
386 RS2 1 77 9 0 (0%) 5 (56%) 4 (46%)
386 RS24 1 316 21 0 (0%) 1 (5%) 20 (95%)
386 RS7 1 46 20 0 (0%) 0 (0%) 20 (100%)
386 RS8 2 475 (238) 48 0 (0%) 7 (15%) 31 (85%)

Table 3-20: Results of transfections with positive control constructs and test constructs containing
authentic RSS sites and BCR / ABL breakpoint sequences (see Figure 3-45 for details of
constructs). a is the total number of independent transfections, b is the total number of clones
obtained (average number of colonies per transfection), ¢ total number of clones analysed (by PCR
and sequencing), d is V(D)J-mediated recombination between two authentic RSSs or between one
authentic RSS and the fortuitous RSS identified at the breakpoints in vivo, e is V(D)J-mediated
recombination at other fortuitous sites (within the sequence flanking the breakpoint or in the core
plasmid), f is break repair (BR)-mediated recombination (defined as not mediated by V(D)J).
Excluded from the table are those that failed to PCR.

The majority of the breakpoints tested (26/28) had a higher level of BR (with an average of
70%) than non-specific V(D)J recombination (with an average 19%) (see Table 3-20).
Colonies arising through BR were not mediated by RAG and were scored if one of the
following were found: (a) breaks joining the plasmid core sequence together, completely
excising the upstream and downstream sequences and the intervening OOP transcription
stop site (see Figure 3-48 A), (b) a break in the test BCR / ABL sequence and a break in the
sequence flanking the RSS (see Figure 3-48 B) (¢) a break in the plasmid core and (i) a
break in the sequence flanking the authentic RSS (see Figure 3-48 C) or (ii) a break in the
test BCR / ABL breakpoint flanking sequence (see Figure 3-48 D) and (d) if the sequencing
did not directly show a BR event but read over both of the authentic RSS sites. This was
also considered to be a BR event as it was not possible for these to be mediated by V(D)J

recombination (not shown).
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ii. Plasmid core 172

Plasmid core 1218

ATC G GCTC GTATA ATGTGTG G AATTGTGA|GO G GTC GOAL GC CTAG ATGITGTTTAGAT CCAGA ATGCTTTC

i. BLAT Search Results

ACTIONS QUERY SCORE START END QSIZE IDENTITY CHRO STRAND START END SPAN
browser detmils Yourdeq 172 158 329 527 100.0% 14 = 21987743 21987914 172
browser details YourSeq 142 g 156 5z7 100.0% 2z + 21919267 219139420 154

ii. BCR 66273 Dd2inv

GGEACAGCTGCAGCCATGACAGG GTGG GO CCCTCEGTTTCACACTATATGGCCCCTGAGAATCCCCAGAACT

i. BLAT Search Results

ACTIONS QUERY SCORE START END QSIZE IDENTITY CHRO STRAND START END SPAN
browser details YourSeq 356 55 430 510 29.8% 22 4+ 218191392 21919567 376
ii __{ 437  CACTCGACAAGCTTCGACGAGATTTTCAGGAGCTAAGGARGCTARRANGGAG 488
FEEREEEEEERE e et e e e e e e e e e e e e e e e e e el
1257 CACTCGACAAGCTTCGACGAGATTTTCAGGAGCTARGGAAGCTAAALATGGAG 1308

ii. BCR 66415 Plasmiid dore 1257

lh.mlhh:l‘.Lunuhhxll.mm“Lh | AM‘M‘ “m

AGGATEGAGACCACT CTG CTGA TGAT CICCTGETC GA CCO(CACTCGACAAG CTTCG ACGAGATTTTCAGGAG CT

i m__
R
Query 1 ACRCAGGAANCAGGATCCGTGACATTGAGCTGTAATCAGACTALTA, |, . . . . TCCCTCATTCTGGAGTTGGCTACCCCCTCTCAGR 220
RN e N N A AR R N N e RN
Shict 198

ACACAGGARACAGGATCCGTGACATTGAGC TGTAATCAGACTAATA. . . . . . TCCCTCATTCTGGAGTTGGCTACCCCCTCTCAGE 415

ii. BLAT Search Results

ACTICONS QUERY SCORE START END Q3IZE IDENTITY CHRO STRAND START END 3PAN

browser details Yourleq 144 213 361 561 100.0% 14 = 21987743 21987886 144

iii. Plasmid core 415 Dd2inv

T i T T T T T
CTCCCTCATTETG GAGTIEGCTACCCC CT CTAGS

T T T T T T T T
ATCCCCAGAAC CAGATGTTITTC TS CAAGTCAR GCTCCE

Figure 3-48: BR events in construct 25654 RS24. The vertical black lines mark the breakpoints in
each region. (A) Table showing structure of 25654 RS24 construct. (B) BR joining the plasmid core

sequence together excising the OOP stop signal. (i) Comparison of colony sequence to plasmid
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core sequence. ii. Electropherogram of colony sequence, showing overlapping sequence between
the two plasmid regions. (C) BR joining of test DNA (BCR) to a site other than the RSSs in Dd2inv.
(i) BLAT of colony sequence results (chromosome 22 = BCR, chromosome 14 = Dd2inv. (ii)
Electropherogram showing colony sequence with a BCR break at position 66273 (breakpoint at
66292) fused to Dd2inv 3’ of both 12 and 23 RSSs; breaks indicated by the vertical lines with an
inserted A nucleotide. (D) BR joining test DNA (BCR) to plasmid core DNA. i. BLAT of colony
sequence (chromosome 22 = BCR) sequence to position 430 then (ii) comparison to plasmid core
sequence shows plasmid core DNA from position 437 onwards. (iii) Electropherogram of the
breakpoint region, insertion of unknown sequence between breakpoints marked by vertical lines.
(E) BR joining plasmid core DNA to a site other than the RSSs in D&2inv. (i) Identical sequence
between colony sequence and core plasmid DNA up to position 220. (ii) From position 218
onwards, BLAT results show chromosome 14 sequence (D&2inv). (iii) Electropherogram of
breakpoint showing plasmid core sequence at position 415 to D&2inv 3’ of both RSSs with a 3 bp

homology marked by the vertical lines.

There was also a variety of non-specific V(D)J recombination, with 143/168 (85%)
utilising fortuitous RSS sites within the plasmid core DNA (see Figure 3-49 A-D).
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A. RS2

D&2inv upstream cassette

AGTTTTTGTACAGGTCTCTGTAGGTT TTGTA GCACTGIGL CICACAGTCCTC TACTCTTCT CCTGGGTC GCAR

B. RS24 |
| ‘ >

Plasmid core 240 D&2inv downstream cassette

C.RS3 %_’ }

D&2 upstream cassette Plasmid core 1196

D. RS8 } }F

Plasmid core 157

TCCCCATCCCCCTGTTGAC A ATTRAATCATC G GETC GTATAL TGTHCAC A GTGC TACAAARACCTACAGAGAC C TGTACARARACTE

Figure 3-49: Examples of colonies with ‘non-specific’ V(D)J recombination between authentic RSSs
and fortuitous RSSs in the plasmid core. Empty and solid red triangles represent authentic 12 and

23 RSSs, respectively, and empty black triangles represent fortuitous 12 RSSs within the plasmid
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core DNA. The black vertical lines mark the breakpoints in each of the sequences. (A) RS2 signal
joint formation with the plasmid core showing 2 non-templated nucleotides (CC) inserted at the
breakpoint. (B) RS24 coding joint formation with the plasmid core DNA. (C) RS3 hybrid joint
formation with the plasmid core DNA, with 2 non-templated nucleotides (CT) at the breakpoint. (D)

RS8 signal joint formation with the plasmid core DNA.

There were a smaller number of ‘non-specific’ V(D)J recombination events 25/168 (15%)
utilising fortuitous sites other than the breakpoint in the test sequence in both BCR (see
Figure 3-50) and ABL breakpoint regions (see Figure 3-51).

A. BLAT Search Results

ACTIONS QUERY SCORE S3TART END Q3IZE IDENTITY CHRO STRAND START END IPAN
browser details YourSeg 136 252 387 583 100.0% 14 + 21987957 21988092 136
browser details YourSeg 81 171 252 583 100.0% 22 + 21892148 21892227 82

B. AGTTTTTGTAAAGCTCTGTAGCACTGTGACTGGGGGATACGCACAGTGCTACAAAACCTACAGAGACCTGTACAAAAACT

C._BCR <> D ST N ) - S| —

BCR D Dd2

D. Signal joint formation
BCR Dd2

LG GCCCCTTGGGGC TG G TG GTGTCATGTGCACAGTGC TACAAAAC CTACAGAGACC TGTACARARARAACT

Figure 3-50: Ital 6 RS8 ‘non-specific’ V(D)J recombination found in one colony from the cell culture
assay. (A) BLAT results of colony sequencing. (B) D82 RSS sequence. (C) Schematic
representation of the signal joint formation, Ital 6 BCR recombination cassette is to scale with all
the cryptic RSSs represented by triangles (12 RSSs are white, 23 RSSs are black and 12/23 RSSs
are green). The authentic RSSs in D82 are represented by red empty or solid triangles (12 and 23
RSSs respectively). (D) Electropherogram of the colony sequencing with the breakpoint marked by

the vertical black line.
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BLAT Search Results

ACTIONS QUERY SCORE START END QSIZE IDENTITY CHRO STRAND START END SPAN
browser details Your3eq 136 216 351 5§55 100.0% 14 + 21987957 21988092 136
brovser details YourSeq 66 155 222 555 98.6% 9 + 132707959 132708026 63

B. AGTTTTTGTAAAGCTCTGTAGCACTGTGACTGGGGGATACGCACAGTGCTACAAAACCTACAGAGACCTGTACAAAAACT

ABL : Dd2

€ e sToP | -

ABL D32
——

D Signal joint formation

Figure 3-51: P851 RS8 ‘non-specific’ V(D)J recombination found in 13 colonies from the cell culture
assay, utilising 3 different cryptic 12 RSSs (asterisked). (A) BLAT results of colony sequencing. (B)
D62 RSS sequence. (C) Schematic representation of the signal joint formation, P851 ABL
recombination cassette is to scale with all the cryptic RSSs represented by triangles (12 RSSs are
white and 12/23 RSSs are green). The authentic RSSs in D82 are represented by red empty or
solid triangles (12 and 23 RSSs respectively). (D) Electropherogram of the colony sequencing with

the breakpoint marked by the vertical black line.

However, some of the transfections yielded no RAG mediated (neither specific nor non-
specific) recombination and 8/28 of the breakpoints tested (29%) had fewer than 10%
RAG mediated recombination, implying that these transfections may not have worked
efficiently. Indeed, the average frequency of non-specific V(D)J recombination using
construct RS8 was 22%, compared to 70% using the same authentic RSS by Marculescu et
al., (207).

3.3.12.5.1 Identification of ‘specific’ RSSs at the breakpoints in two patients
The results in Table 3-20 show that most of the breakpoints tested did not have functional

‘specific’ RSSs at or near the breakpoints. Of the 10 cases tested, two were found to have
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low level functional RSSs at the breakpoints. The first case was the p190 ALL patient Ital
6 which had several RSSs all, within 10 bp of the breakpoint (see Table 3-17). Three
colonies (of 31 tested; 10%) from the Ital6 RS7 construct (see Figure 3-45) were found to
have a break at the 12/23 RSS 4 bp upstream of the BCR forward breakpoint (see Figure 3-
52 A). As the 23 RSS from D1 was used to form the coding joint, the 12 RSS from the
BCR breakpoint was the active RSS (see Figure 3-52 B and C). Furthermore, the sequence
from the colonies also revealed non-templated nucleotides which are a common feature
V(D)J coding joints (see Figure 3-52 D). Upon comparison of the RAG mediated
breakpoint with the forward and reciprocal breakpoints for this case (see Figure 3-52 A),
the breakpoint was found to be exactly at the reciprocal ABL-BCR breakpoint junction (see
Figure 3-52 D).

A. BCR GAGGGGCTGTTCTGCCACCTGCCCTTTGAGGCTGTGTGGGCACGGTTCCCTCTAGAGCTCCATGTCTAGCAGAGCATGCG
BCR ABL | GAGGGGCTGTTCTGCCACCTGCCCTTTGAGGCTGTGTGGGAGTGAGATCTTACCTCTACAGAAATTTAAAAAATTAGCCA
ABL ATCACCTGAGGTCAGGAGTTCGAACCCAGCTGTGCAATCTAGTGAGATCTTACCTCTACAGAAATTTAAAAAATTAGCCA
ABL BCR | ATCACCTGAGGTCAGGAGTTCGAACCCA. . . . TGGGCACGGTTCCCTCTAGAGCTCCATGTCTAGCAGAGCATGCG

B. TGTTTTTGTACAAAGCTGTAACATTGTGGGGACAGGGGGCCACAATGATTCAACTCTACGGGAAACCTTTACAAAAACC

C. DLy [eor}BR « e

DR1 'BCR

Coding joiht formation

Figure 3-52: Ital 6 RS7 ‘specific’ V(D)J recombination found in 3 colonies from the cell culture
assay. (A) Ital 6 forward and reciprocal breakpoint sequences. (B) D1 RSS sequence. (C)
Schematic representation of the coding joint formation, Ital 6 BCR recombination cassette is to
scale with all the cryptic RSSs represented by triangles (12 RSSs are white, 23 RSSs are black
and 12/23 RSSs are green). The authentic RSSs in D1 are represented by red empty or solid

triangles (12 and 23 RSSs respectively). (D) Electropherogram from colony sequencing with the
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breakpoint in DB1 marked by the vertical black line, the breakpoint in BCR marked by the dotted

black line. The intervening nucleotides are non-templated.

Two colonies from the Ital 6 RS8 construct (see Figure 3-45) also showed ‘specific’ V(D)J
recombination by formation of a signal joint utilising the same 12 RSS in the colonies with
the coding joint formation (see Figure 3-52) at the exact same location (see Figure 3-53).
The formation of a coding joint and a signal joint is a definitive feature of V(D)J
recombination. There was one additional colony with this construct that showed a signal
joint with a fortuitous RSS, 55 bp 5’ of the breakpoint (see Figure 3-53 and Figure 3-50),
but this did not give rise to a coding joint in the Ital 6 RS7 construct and there were no
other V(D)J recombination breaks involving any of the other cryptic RSSs in any of the

other Ital 6 constructs.

BLAT Search Results

ACTIONS QUERY SCORE START END O3IIZE IDENTITY CHRO STRAND START END SPAN
browszer details FTourSedg 136 Z54 359 554 100.0% 14 + 21987357 21985092 136
browszer details YourSedq 131 1z2 254 584 100.0% 22 + 21892146 21892278 133

B. AGTTTTTGTAAAGCTCTGTAGCACTGTGACTGGGGGATACGCACAGTGCTACAAAACCTACAGAGACCTGTACAAAAACT

C_BCR sy T 1. L -

BCR < 4>D62
Signal joint formation
D.
BCR Dd2
U0 Vaho W) 0 G AR ol B e ) L Ao S L L2 U A VoL A i

CACGAGGGGAGGEGC TETTC TGC CACCTGC CCTTTCAGGC TETHCACA GTGC TACAAAACC TACAGAGACC TGTACAAAAACTGCAGG GG(

Figure 3-53: Ital 6 RS8 ‘specific’ V(D)J recombination found in 2 colonies from the cell culture
assay. (A) BLAT results from colony sequencing. (B) D82 RSS sequence. (C) Schematic
representation of the signal joint formation, Ital 6 BCR recombination cassette is to scale with all
the cryptic RSSs represented by triangles (12 RSSs are white, 23 RSSs are black and 12/23 RSSs
are green). The authentic RSSs in D82 are represented by red empty or solid triangles (12 and 23
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RSSs respectively). (D) Electropherogram from colony sequencing showing the breakpoint in D32

marked by the vertical black line.

The second patient to show a breakpoint ‘specific’ RSS was the p210 ALL patient P851.
One colony in the P851 RS7 construct showed a RAG mediated recombination event
utilising the 12 RSS to form a hybrid joint (see Figure 3-54 C). Comparison of the
breakpoint junction to the breakpoint locates it exactly to the breakpoint (see Figure 3-54 A
and D). This construct was used to test for the 23 forward signal joint (see Figure 3-45) but
picked up the 12 forward RSS instead, there were no other V(D)J recombination events

within other ABL cryptic RSSs for this construct.

BCR TTTGGGAGGCTGAGGCAGGTGGATCGCTTGAGCTCAGGAGTTGGAGACCAGCCTGACCAACATGGTGAAACCCTGTGTCT
BCR ABL | TTTGGGAGGCTGAGGCAGGTGGATCGCTCGAGCTCAGGAGCACAGAGAACTGTGTTTTT .ACATCATACCTTTAGGATTT
ABL TCTGTTAGGAATCTGGAGCAAATCCTATTTCTTTTGAAAGCACAGAGAACTGTGTTTTTTACATTATACCTTTAGGATTT
ABL BCR Not amplified by LR-PCR, MLPA failed

B. TGTTTTTGTACAAAGCTGTAACATTGTGGGGACAGGGGGCCACAATGATTCAACTCTACGGGAAACCTTTACAAAAACC

CTETT TTGTACAAAGC TG TAACATT GTGGGGACAGGLCPACAGAGAAC TG TG TTTTTAC ATTATAC CTTTAGGATTTTG GC O

Figure 3-54: P851 RS7 ‘specific’ V(D)J recombination found in 1 colony from the cell culture assay.
(A) P851 forward breakpoint sequence. (B) DB1 RSS sequence. (C) Schematic representation of
the hybrid joint formation, P851 ABL recombination cassette is to scale with all the cryptic RSSs
represented by triangles (12 RSSs are white and 12/23 RSSs are green). The authentic RSSs in
DB1 are represented by red empty or solid triangles (12 and 23 RSSs respectively). (D)
Electropherogram from colony sequencing showing the breakpoint in D1 marked by the vertical

black lines and insertion of non-templated nucleotides CC.
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Four colonies using the P851 RS2 construct (see Figure 3-45) were also found to utilise the
same 12 RSS located at the breakpoint to make a signal joint. Three colonies were found to
have the a signal joint exactly at the breakpoint (see Figure 3-55) and a further colony was
found to have a signal joint with a 4 bp deletion in ABL. Again no other RSSs either
upstream or downstream were found to be utilised in RAG mediated recombination.
However, the P851 RS24 construct should have yielded a coding joint with this active 12
RSS, but only two colonies were found to have non-specific RSS with the plasmid, the

remaining 10 colonies all showed BR.

BLAT Search Results

ACTIONS QUERY SCORE START END QSIZE IDENTITY CHRO STRAND START END SPAN
browser details YourSecq 254 131 384 5§82 100.0% 9 + 132708135 132708388 254
browser details YourSeg 99 30 132 582 99.1% 14 = 21987957 21988060 104

B. AGTTTTTGTACAGGTCTCTGTAGGTTTTGTAGCACTGTGCGTATCCCCCAGTCACAGTGCTACAGAGCTTTACAAAAACT

D&2inv ABL

D&2inv | ABL

Signal joint formation
Dd2inv ABL )
RGO ot X000 g OOROC-OA Se O 000 SO X 000

GTTTTIGGACAGGTCTCTGTAGG TTTGTA GCACTGTGICACAGAGAACTGTG TTTTACA TATACC TITAGGATT T GGCCATGG TTTATATTT

Figure 3-55: P851 RS2 ‘specific’ V(D)J recombination found in 4 colonies from the cell culture
assay. (A) BLAT of colony sequence. (B) Dd2inv RSS sequence. (C) Schematic representation of
the signal joint formation, P851 ABL recombination cassette is to scale with all the cryptic RSSs
represented by triangles (12 RSSs are white and 12/23 RSSs are green). The authentic RSSs in
D&2inv are represented by red empty or solid triangles (12 and 23 RSSs respectively). (D)
Electropherogram from colony sequencing with the breakpoint in D82 marked by the vertical black

line.
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In addition, 13 of the colonies from the P851 RS8 construct were found to have inverse 12
RSSs that were used in V(D)J signal joint formation with the authentic 23 forward RSS
(see Figure 3-55 and 3-51).

3.4 Discussion

In order to successfully treat leukaemia, it is important to understand its pathogenesis.
Since the discovery of the Ph chromosome nearly 50 years ago (19), many advances have
been made in the understanding of CML and Ph positive ALL that have resulted in the
development of novel therapies. Perhaps most notably, the identification the BCR-ABL
fusion gene (20) and the demonstration that the fusion results in constitutive activation of
the ABL tyrosine kinase moiety (21, 31) that has led to the rationally designed ATP mimic
imatinib. Imatinib prevents constitutive activation of ABL by preventing the binding and
therefore phosphorylation of signalling substrates to BCR-ABL thus halting aberrant cell
proliferation (130). However, imatinib, despite being effective on chronic phase Ph
positive CML has a decreased efficacy in Ph positive ALL (142). Although both diseases
harbour the Ph chromosome, there are distinct differences with over two-thirds of Ph
positive ALLs having the p190 BCR-ABL fusion (24) compared with over 99% of CMLs
that have p210 BCR-ABL (23). This, along with evidence from recent studies (243, 244)
highlights the possibility that CML and ALL fusions may be disease specific and thus may
arise by different mechanisms. Such a mechanism might be aberrant RAG recombinase
activity (207, 254, 263, 267) in lymphoid precursors specific to ALL. To investigate the
hypothesis that illegitimate RAG recombination may give rise to p190 ALL, both the
genomic DNA forward and reciprocal breakpoints were amplified and sequenced in order
to check for RAG specific signal sequences by homology searches and functional RAG
substrate assays. This approach required controls and therefore p210 CML and p210 ALL
breakpoints were also analysed. In addition, differences in clustering of breakpoints in ABL
between p210 Ph positive leukaemia and p190 ALL may also be expected and this was

examined using statistical analysis.
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3.4.1 Detection of forward BCR-ABL breakpoints

In order to facilitate detection of genomic breakpoints for both p210 and p190 positive
diseases, several long template PCR-based techniques were evaluated. Use of the long
range PCR (LR-PCR) kit (Roche) after extensive optimisation of conditions by changing
buffers, template DNA concentration, enzyme concentration etc, was found to be more
robust than the High Fidelity PCR kit (Roche). This is mainly because LR-PCR is designed
to amplify larger DNA templates and was therefore more reliable at amplification of
templates up to 12 kb in size, which in turn necessitated fewer primers for screening. This
kit also yielded much brighter bands even though less template was used. This was

important as there was only a limited amount of DNA available for many cases.

Initially, simplex PCR was used to screen all cases for breakpoints and although this was
successful in identifying a number of breakpoints, it soon became clear that a substantial
proportion of breakpoints, especially the p190 patients, were not being picked up.
Therefore the number of screening primers in both ABL and the m-bcr were increased to
adequately cover the region within which breakpoints can occur. However, using all the
BCR and ABL primer combinations (not including the ABL upstream primers) to screen
one p210 or p190 patient with simplex LR-PCR would require 20-40 or approximately 225
individual PCRs, respectively (see Figure 3-1 for primer locations). However the simplex
was easily converted to a multiplex LR-PCR as all PCRs were already optimised to work

under the same conditions.

3.4.1.1 Detection of p210 ALL and CML genomic breakpoints

Although the simplex PCR worked well for p210 cases amplifying breakpoints in 6/7 in
the initial test set, the multiplex LR-PCR was more efficient as a preliminary screen,
reducing the number of PCRs from 20 to 4. However, initial testing yielded breakpoints for
only 2 of 3 p210 ALL positive controls and therefore it was possible that some breakpoints
may be missed. Indeed, preliminary screening of newly received p210 cases, revealed a
detection rate of 52% (12/23) in p210 ALL and 73% (22/30) in p210 CML. The remaining
multiplex negative cases were then screened with the simplex LR-PCR which detected a
further 26% (6/23) of p210 ALL and 20% (6/30) of p210 CML breakpoints. The cases that

were still negative were then screened with the ABL upstream and redesigned primers but
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no further breakpoints were found. This indicates that although the multiplex was a good
rapid method of detecting the majority of p210 breakpoints, it may miss about 20% of
cases that would be detected by simplex PCR. It is also possible that other factors might
have contributed to the initial multiplex failures, such as variability in the PCR blocks, a

failed well or missed aliquoting of DNA.

In total, using the simplex and multiplex screens, 25/32 (78%) p210 ALL and 32/32
(100%) p210 CML breakpoints were amplified and sequenced (see Figure 3-56), giving
the combined screen a very high detection rate. Of those that failed it is possible that the
breakpoint in some may have been located in such a way that the breakpoint amplicon may
have been too big, although the 10 additional ABL primers (C and D) were designed to
overcome this. It is also possible that liquid handling errors such as failing to put DNA in
all wells for PCR may have contributed to some failures, but as each case was done at least
in triplicate (by multiplex, the new multiplex with upstream ABL primers and simplex) this
was unlikely to occur in the same patient for the same primer on three separate occasions,
in addition for each LR-PCR all cases had to give a band with normal control primers to

ensure the assay was working correctly.
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p210 CML and ALL breakpoints in BCR
including previously published breakpoints
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Figure 3-56: Breakpoints in p210 CML and p210 ALL compared to other previously published
breakpoints

3.4.1.2 Detection of p190 ALL genomic breakpoints

The identification of p190 breakpoints is more difficult than p210 breakpoints due to the
large size of the m-bcr within BCR intron 1 and indeed breakpoints in only two have been
sequenced to date (214, 216). The initial strategy was to sub-localise the breakpoints using
fosmid FISH, prior to LR-PCR with a limited number of primers flanking the predicted
fused fosmids. Indeed, this proved successful in identifying 3 of 5 breakpoints, however,
the remaining 2 breakpoints were not elucidated until screening with LR-PCR, as the 5’
predicted fosmids were actually incorrect (see Table 3-5). This may have been because the
background in some cases was quite high and, in addition, ALL cytogenetic suspensions
tend to have few metaphases. This together with the fact that fosmids are small probes
(approximately 40 kb) means that if the breaks were close to the end of the probe the
resultant small signal may not be observed and/or ascribed correctly. It also became
apparent that cytogenetic material could not be obtained for all cases and so LR-PCR was

the preferred strategy to detect further breakpoints.
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Like the p210 cases, the p190 ALL cases were initially screened using the simplex LR-
PCR, however the first screen (with 5 BCR forward and 10 ABL reverse primers) detected
no breakpoints. Five more BCR primers were designed, resulting in 100 primer
combinations for each case, which were tested on a larger number of cases and which
yielded 4/13 (31%) breakpoints. In an attempt to increase the detection rate for both p210
and p190 breakpoints, 10 further ABL reverse primers were designed. At this point the
number of primer combinations for the simplex PCR would have been 200 for each case
and was therefore impractical, both in terms of the amount of time it would take to
perform, but also with the amount of DNA this would use for each case. By combining
each BCR forward with 5 ABL reverse primers the number of PCRs was reduced to from
200 to 40. Initial testing of the p190 multiplex yielded breakpoints in 4/5 positive controls
and therefore this was used to screen further p190 patients. This first multiplex detected
9/25 (36%) of breakpoints in newly received cases and 1/9 (11%) of the simplex negative
cases, which was a small improvement on the simplex PCR. This meant that 14/37 (38%)
breakpoints had been detected with the multiplex, with a further 5/6 from the fosmid FISH
patients giving a total of 19/43 (44%) (see Figure 3-26).

Once a putative breakpoint band had been amplified by the multiplex, the band was
confirmed by doing a split apart PCR of the primers in the particular multiplex mix and
sequencing with the PCR primers. Most confirmed bands were large (i.e. several kb) with
the possibility of the breakpoint occurring anywhere within it, and so several techniques
were used to sequence across the breakpoint, in particular digests of the amplified band
and further PCRs with primers designed every 1 kb to decrease the size of the breakpoint
band prior to sequencing. However, the quickest and most efficient way to sequence across
the breakpoint was to design successive primers approximately every 1 kb along the
breakpoint region and use the original breakpoint band to sequence from. If a sequencing
reaction failed with a particular primer it was assumed to be because this was where the
breakpoint was and therefore another primer upstream or downstream, as appropriate, was

designed. This strategy was continued until the breakpoint was sequenced.
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The numbers of breakpoints identified and rates of detection were still relatively low by
comparison with the p210 multiplex, therefore other PCR-based techniques were tested.
Firstly, due to the success of bubble PCR in amplifying FIP1L1-PDGFRA breakpoints (see
Chapter 4), a long range bubble PCR was devised (see section 3.3.4). Unfortunately, this
did not work on the normal controls, possibly because bubble PCR relies on relatively
inefficient blunt end ligation of the bubble oligo onto the digested DNA fragments.
Although this works well for short amplicons, the efficiency may be too low for the longer
amplicons required for BCR-ABL. Alternatively, the pre-defined bubble oligo specific
primers may not have been suitable for LR-PCR, despite the fact that the long range
primers were designed to the same annealing temperature as the bubble specific primers.
Although it would have been possible to redesign the bubble PCR to incorporate sticky
ended ligation, another one sided PCR-based technique called LDI-PCR (256) was trialled,
which has the advantage of routinely using sticky ends for ligation. Despite working well
on several positive controls, LDI-PCR failed to work on any of the 5 cases tested. The
multiplex LR-PCR successfully amplified one of these LDI-PCR negative breakpoints (Ital
5), thus indicating that the LDI-PCR had failed, rather than the breakpoints in the test cases
were intrinsically unamplifiable by this technique (see section 3.3.5). This may have been
due to incomplete digestion of the genomic DNA, presence of a SNP abolishing or creating
a restriction site, or perhaps preferential amplification of a smaller, non-specific fragment.
Neither of the one-sided techniques were pursued further as they required a relatively large

amount of DNA and were labour intensive.

Failure of these alternative techniques prompted a return to the LR-PCR multiplex. As one
upstream ABL p190 breakpoint (19635) had already been identified with the multiplex and
there were examples of upstream breakpoints in the literature (225, 268), 5 upstream ABL
primers were designed and at the same time, all the other multiplex primers were checked
again on UCSC BLAT to make sure no further SNPs had been identified and that they had
no homology to other regions of the genome. As a result of this analysis, 10 primers were
re-designed. All previous negative cases were screened using the upstream primers and the
newly re-designed primers with the rest of the original multiplex primers (see section
3.3.6). This meant that if any liquid handling errors had occurred in the first screen, giving
rise to false negative results, each sample was tested again. However, the re-screening led

to the identification of only 1 further breakpoint with one of the re-designed primers and
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no further breakpoints were found to be upstream of ABL. Therefore a total of 20/43 (46%)
had been found, which by comparison to 86% of p210 breakpoints was poor. Comparison
of these multiplexes also revealed that another difference between them was the frequency
of the BCR primers, the smaller p210 breakpoint region effectively had a BCR primer
every 2-3 kb, whereas the p190 region only had one every ~8 kb. The ABL primers were
also 8-10 kb apart meaning that for BCR-ABL sequence junctions, the maximum distance
between the p210 primers was 10-12 kb whereas between p190 primers it could be up to
20 kb and therefore not amplifiable. Consequently 11 more BCR forward primers were
designed in the m-bcr, as no breakpoints had been found upstream of this region,
concurring with other probe based studies of the p190 breakpoint region (214, 269). As
some cases were running low on DNA, 5 cases with ample DNA were screened first, and 2
breakpoints were amplified. Sequencing of one of these breakpoints, P653 revealed an
insertion of approximately 3 kb of chromosome 11p, which was later found to be a
consequence of a complex karyotype. The break did not involve any genes in chromosome
11 and was not found in association with additional BCR-ABL breakpoints according to the

Mitelman database.

Due to the success of the new BCR primers, 2 further negative cases were tested and, in
addition, 16 cases for whom only very small amounts of DNA were available, which were
therefore whole gene amplified (WGA) prior to screening. As a result 3 further breakpoints
were amplified, all from WGA DNA. Although all the LR-PCR normal controls worked
well after WGA (once the correct concentration of DNA had been determined) it may be
possible that some breakpoints were missed due to decreased quality of the DNA. WGA
uses strand displacement to amplify DNA and therefore only gives rise to strands of about

10 kb in length which may decrease the ability to amplify long breakpoint products.

In total, therefore, 25/43 (58%) of p190 breakpoints were amplified compared to 57/64
(89%) of the p210 breakpoints and only 2 p190 breakpoints that have been sequenced in
two separate studies (214, 216). Taking the false negative rate of approximately 20% in
detecting breakpoints with the p210 multiplex, the discrepancy between p210 and p190
detection rates are almost accounted for since, unlike the p210 multiplex, it was

impractical to screen each of the 18 multiplex negative p190 cases with the approximately
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200 PCRs that constitute all the simplex PCR combinations in the m-bcr. In addition as
over 20 breakpoints were amplified and sequenced for each subset of disease, this was

enough to establish whether there was any significant clustering of breakpoints.

3.4.2 Detection of reciprocal ABL-BCR breakpoints

In addition to statistical analysis of forward breakpoints to determine if there were any
significant clusters, it was also important to look at sequence signatures that are elucidated
by sequencing the reciprocal breakpoints, such as micro-homologies, deletions, insertions
and duplications in order to try and establish the mechanism of recombination (223, 224,
232, 270). To this end, in addition to the forward breakpoints, the reciprocal breakpoints
were also sequenced (see section 3.3.7 and Appendix III). In theory reciprocal breakpoints
should be easier to locate if completely balanced however, in practice some have large
deletions (125, 127, 128). Therefore firstly primers were designed to flank the reciprocal
breakpoint based on the position of the forward breakpoint for use in LR-PCR. Using this
method 46/82 (56%) of the reciprocal breakpoints were amplified. These were much easier
to sequence as the approximate location of the reciprocal breakpoints could be estimated,
based on the location of the forward breakpoints and sequencing primers designed
accordingly. Since the primers were designed to amplify reciprocal fragments of 2-5 kb, it
was assumed that all failures were a consequence of deletions, however it is possible that a

small proportion failed for technical reasons.

The results from the 46 reciprocal breakpoints amplified by LR-PCR revealed significant
differences depending on disease category: 16/32 (50%) were p210 CML, 10/25 (40%)
were p210 ALL, and 20/25 (80%) were p190. The greater proportion of p190 reciprocal
breakpoints that were amplified concurs with experiments performed by Melo et al., (124,
271) where expression of the ABL-BCR transcript, which is lost in cases with large
deletions, was found in 65% of CML, 1/2 p210 ALL and 7/7 p190 ALL patients. This
implies that perhaps the p190 ALLs are less likely than the p210 cases to have large
derivative 9 deletions, which may reflect different mechanisms by which these

translocations arise.
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To investigate this further, the LR-PCR negative cases were screened with MLPA (see
section 3.3.8) as this method can be used on DNA to detect large deletions on the
derivative 9 chromosome (128, 257) which are known to arise in 10-15% of CML cases
(125, 127, 128). Of the 36 cases for whom reciprocal breakpoints failed to amplify,
adequate DNA was available for 30. These were tested by MLPA and 23 gave informative
results. Eleven of these (48%) showed deletions of one or more of the probes, which broke

down into 1/2 p190 cases, 5/9 p210 ALL cases and 5/12 p210 CML cases (see Table 3-11).

The remaining 12 LR-PCR negative cases tested by MPLA showed no deletions of the
probes and therefore no large deletions. This could potentially be a result of an LR-PCR
false negative, however all primers were checked with a corresponding normal control
primer on normal DNA prior to use and each LR-PCR done in duplicate so this is unlikely.
A large insertion could make the LR-PCR product too large to amplify, but as all primers
were designed to be approximately 2-4 kb either side of the breakpoint where possible, an
insertion would need to be over 4-6 kb to give a negative result. The sensitivity of the
MLPA technique was found to be 60% (128) therefore it is possible that some genuinely
positive cases were missed if the proportion of fusion positive cells was below this level.
The final possibility is that these remaining patients had relatively small deletions that took
out one or both primer sites but were too small for detection by MLPA. Potentially this
could have been investigated by designing a more targeted MLPA probe set, or by high

density comparative genomic hybridisation or SNP arrays.

Identification of the reciprocal translocations by LR-PCR revealed that the number of
perfectly balanced translocations was; 5/25 (20%) for p190s, 2/32 (6%) for p210 ALLs and
0/32 (0%) for p210 CMLs. By comparison, in a series of AML cases with the t(15;17),
only 2/29 (7%) cases showed perfectly balanced translocations (224). For the remaining
LR-PCR positive cases, both the median number of nucleotides deleted at the breakpoints
and the range were smaller for LR-PCR positive p190s (3 bp; n=12; range 1-27) compared
to both p210 ALLs (37 bp; n=6; range 3-7883) and CMLs (33 bp; n=13; range 1-985).
Only five BCR-ABL reciprocal breakpoints have been published to date, and all showed
small deletions, duplications and insertions (214, 232, 272), although the bias to detect
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small insertion/deletion events may be due to the techniques used to identify the CML

cases.

Short stretches of micro-homologies (2-3 bp) were also found in more of the p190s with
4/20 (20%) compared to 1/10 (10%) of the p210 ALLs and 1/16 (6%) of the p210 CMLs.
The CML results were in contrast with a recent study where they claimed 21/27 (78%) of
CML breakpoints had micro-homologies, however they only used forward breakpoints to
generate the data and, in addition, were not stringent about the length or position of the
micro-homologies (225). Micro-homologies at translocation breakpoints although not a
feature of normal V(D)J have been seen in RAG mediated recombination cell assays in the
absence of TdT (273). Duplications of sequences from either or both genes were found to
be slightly lower with the ALL breakpoints than CML; 5/20 (25%) of p190s, 2/10 (20%) of
p210 ALLs and 6/16 (37%) of p210 CMLs. All of the duplications were between 2-7 bp
except for 3 of the CMLs which were 173-534 bp. Such large duplications have been found
previously in CML (232, 274).

The absence of any large tracts of homology and presence of small deletions, insertions
and/or duplications, are features concordant with both BCR-ABL, other primary myeloid
and some lymphoid malignancies and is suggestive of NHEJ following a double stranded
break (214, 216, 223-225, 232, 247, 272). From the analysis of the reciprocal breakpoints it
is clear that the p190 breakpoints consist mainly of this type of small event, which is
confirmed by results from other studies (271, 275, 276) and that p210 CML and p210 ALL
are more prone to larger deletions and insertions (124, 271, 274, 276). The proportions of
types of events in p190 reciprocal breakpoints are largely consistent with other breakpoints
involving illegitimate V(D)J recombination, e.g. Jager et al., (270) sequenced 40 reciprocal
breakpoints with the t(14;18) in follicular lymphoma and found 17.5% were perfectly
balanced, 52% had deletions of between 2-22 bp and 25% had duplications of between 1-
56 bp (which are substantially larger than those found in p190s which had duplications of
between 2-5 bp). These duplications may be consistent with a transposition model whereby
RAG1 and RAG2 can insert signal ends into new DNA sites and the subsequent joining of
the ends can result in 3-5 bp duplication (277, 278). The two hallmarks of V(D)J

recombination — the addition of non-templated (N) nucleotides at the breakpoint junction
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and palindromic (P) sequences formed by resolution of DNA hairpins - were not observed,
however this does not preclude the possibility that one or both breaks in ALL may be
accomplished by aberrant RAG activity.

Identifying and trying to find an association of breakpoints with RSSs is impossible by eye
and since an estimated >10° sequences can theoretically act as RSSs for RAG (263). A
search for degenerate RSS motifs was therefore performed along with statistical analysis to

determine if there was any evidence for clustering of the forward breakpoints.

3.4.3 Statistical analysis of forward breakpoints

The detailed statistical analyses performed on all the forward breakpoints revealed that
there were no significant differences between the positions in ABL between CML and
ALL. There was however some evidence for clustering of p210 and p190 breakpoints (see

Figures 3-29 to 3-31).

The only significant association between any of the disease subsets and sequence motifs
tested was for the p210 CML and p210 ALL BCR breakpoints which were found to have a
deficit of repeat elements, which is in stark contrast to most other studies (214, 268). This
deficit of repeat regions may be accounted for by the high number of recombination
hotspots in the M-bcr compared to the rest of the gene (see table 3-13). A 7-mer motif has
been reported to be associated with non-repeat mediated recombination and both this motif
and the related 13-mer (260, 261) are over-represented in the M-bcr. Furthermore, visual
inspection indicates that the positions of these motifs correlates approximately to the larger
cluster found in p210 ALL BCR breakpoints (see Figure 3-56). In addition to searching for
known sequence motifs near breakpoint junctions, all breakpoints were searched for any
unknown motifs. One novel motif, CTGNNTTG, was found to be associated with p210

ALL, although the significance of this finding is unclear.

To date, many BCR-ABL breakpoints that have been reported to be near repeat regions,
specifically Alu repeats (213, 279) however these observations are based on small numbers

of cases. A recent paper looking for associations in 27 CML breakpoints (15 from the
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literature and 12 identified in-house) also showed an association of breakpoints with repeat
regions (225). The data derived in this thesis was from a larger dataset of 75 breakpoints
(25 ALL and 50 CML) that were all amplified by LR-PCR from the majority of cases in
the study group. Any amplification bias towards certain areas of the genes should have
been minimised by the use of primers designed at regular intervals across the BCR and
ABL breakpoint regions (see Figure 3-1). In contrast, other studies have involved digestion
of the genomic DNA and ligation of an adapter prior to nested PCR of short fragments
(225, 232). These techniques rely on evenly distributed restriction sites, which may often
not be the case, and thus may lead to biases in amplification of those areas in which

restriction sites occur frequently.

There was evidence of some clustering of breakpoints in p190 at the 3* end of ABL,
although when this cluster was compared to known translocation-associated sequence
motifs (see Supplementary information for full statistical analysis) no association was
found. As previously reported, all p190 BCR breakpoints were located in the 3’ half of
intron 1 (the m-bcr), however there was no other clustering as has been previously
suggested by studies that used Southern blotting or association with Alu repeats (214, 280).
Importantly for this work, searches for cryptic RSSs within 50 bp either side of the
breakpoints revealed no statistical enrichment for these sequences. However, these
searches used a stringent RSS criteria based on the a position-specific weight matrix
(PWM) from Lewis et al.,(264) which will find consensus or functional RSSs as defined in
that study. It is conceivable that very low efficiency RSSs are involved in the generation of
BCR-ABL in ALL that would not be detected by such a stringent search (207, 263) or,
alternatively, that there are several mechanisms that lead to the formation of BCR-ABL
with only a proportion being formed by RAG mis-recognition. Thus to definitively
ascertain whether illegitimate RAG activity is relevant, sequences needed to be tested

functionally.

3.4.4 Functional analysis of RSSs

Three attempts were made to construct plasmids to assess RAG recombination using
commercial vectors as the parent vector. The first two attempts failed and the third was not

completed due to the low efficiencies of blunt end ligation which makes insertions
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difficult. At this point it became apparent that Professor Nadel’s group were doing similar
experiment, using mouse derived constructs and cell lines and were happy to for their
constructs to be used as part of this work (see section 3.3.12). All recombination assays
were therefore carried out with their already validated constructs and a newly optimised
protocol using lipotransfection. Prior to any work, all constructs were digested and all the
test constructs also sequenced to ensure the correct ones had been received. The protocol
was then optimised using our NIH-3T3 cell line and tested with the positive control
constructs to ensure the assay worked with a sufficient efficiency to detect low level
recombinants. As both the RS39 and RS32 positive controls had consistently twice the
number of colonies than in Marculescu et al., (207) (see Table 3-20) and showed RAG
mediated recombination upon sequencing, the assay was commenced. To determine which
breakpoints would be most likely to act as cryptic RSSs, 70 bp either side of each BCR and
ABL breakpoint flanking sequence for each of the 82 breakpoints was screened using
previously defined criteria (see section 3.3.2.7) which were less stringent than for the
statistical analysis. As V(D)J can result in small (1-5 bp) deletions and insertions in the
formation of coding joints (273) and additions can also occur at the signal joint (281), the
candidate breakpoint regions were refined to those which had the start of a forward or
reverse heptamer up to 10 bp from the breakpoint (see table 3-16 and 3-17). From these, 10
were chosen to represent a good spread of types of breakpoints with a bias towards the
p190s as these were the subtype hypothesised to be the breakpoints most likely to undergo
illegitimate V(D)J.

The results (although not quite complete as 3 of the 31 constructs failed to ligate) revealed
that 1/5 of the p190 ALL cases tested (Ital 6) had a ‘specific’ recombination event 4 bp
from the forward breakpoint but at the exact location of the reciprocal breakpoint in BCR
and at a reverse 12 RSS (see Figures 3-52 and 3-53). This was confirmed by the finding of
both coding joints and signal joints which is the defining feature of V(D)J. The coding
joint was found in 3/31 (10%) of the colonies and, despite the presence of 5 other cryptic
reverse 12 RSSs in the flanking BCR sequence, no other coding joints were formed. The
signal joint was formed using exactly the same reverse 12 RSS as with the coding joint and
was found in 2/39 (5%) of the colonies. However there was an additional upstream cryptic
site that was used in a signal joint formation but this was only found in one colony and was

not found to make a coding joint with the other construct so it is likely that this cryptic site
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has a much lower efficiency than the one found at the breakpoint. In addition none of the
other cryptic RSSs were found to form signal joints or coding joints with the other 2

constructs despite the presence of 10 other cryptic sites.

The other ‘specific’ V(D)J recombination event was in the p210 ALL case P851 (see
Figures 3-54 and 3-55). The exact location of the forward breakpoint in ABL had a cryptic
forward 12 RSS which was used in the formation of a hybrid joint in the RS7 construct in
1/43 (2%) of the colonies. The efficiency of hybrid joint formation is lower than either the
coding joint or signal joint as it requires the formation of both (282) and therefore this
forward 12 RSS might have quite a high recombination efficiency. Indeed 4/21 (19%) of
colonies were also found to form a signal joint with the same 12 RSS and although none of
the expected coding joints were found with RS24, however only 12 colonies were analysed

and therefore this event may have been missed.

There were no other recombination events involving the ABL breakpoint sequence in these
constructs, however 3 cryptic reverse 12 RSS sites within ABL were identified in the RS8
construct in 13/47 (28%) of the colonies (see Figure 3-51). None of these formed the
expected coding joints with the RS7 construct, and it was this construct which gave rise to
the “specific’ hybrid joint. The finding of a ‘specific’ RSS in a p210 ALL case is not
implausible, as it is likely that a proportion of the p210 ALLs may be true de novo ALL
and therefore arise in a lymphoid progenitor. However it is conceivable that this is a
fortuitous finding whereby the signal joint was formed more than once in addition to a

hybrid joint.

Although the remaining 8 cases (4 p190 ALL, 2 p210 ALL and 2 p210 CML) showed no
‘specific’ recombination at cryptic sites near the breakpoints, the proportion of ‘non-
specific’ V(D)J was much lower than in the assays performed using the same constructs by
Marculescu et al., (207). This may imply a decreased sensitivity of the assay and therefore
RSSs with low recombination efficiency may not have been detected. The reason for this
difference is unclear as both the constructs and protocol were received from Professor
Nadel. Two minor variations were made to the protocol: first, the expression plasmids and

control plasmids were extracted using the Qiagen endotoxin free maxi-prep kit as
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recommended however the test constructs were extracted using the HQ plasmid
purification kit (Invitrogen) which is suitable for transfection grade plasmids. Indeed, this
protocol was used to grow the positive control RS39 which was found to have the expected
efficiencies on transfection and so the use of the different extraction protocol is unlikely to
have affected the results. A second reason might have been that the NIH-3T3 cells were
supposed to be transiently transfected for approximately 40 hours, however, a 40 hour
incubation was difficult to do due to the previous timings of the cell splitting and
transfections, and consequently the cells were left to incubate for between 44 to 48 hours.
Although the doubling time of NIH-3T3 cells is approximately 20 hours, this slightly
longer incubation time might have increased the proportion of BR recombination events, as
NIH-3T3 cells that are cultured in conditions of confluency for several weeks have been
shown to induce neoplastic transformation possibly as a result of DSBs (283). However,
there was no evidence of this in the positive controls. It might also be plausible that
although the positive controls worked well for each experiment that there was intra-
experimental variation with some constructs not working at the optimum level of
efficiency. However to help prevent this, a master mix of the expression plasmids was

made immediately prior to each experiment.

Overall, one of the p190 ALLs and one of the p210 ALLs were shown to be able to act as
targets for V(D)J recombination at their breakpoints in several colonies despite other
competing cryptic RSSs. Clearly these results need to be confirmed by repeat transfections
and analysis of larger numbers of colonies, however if they are substantiated this data
provides strong evidence that at least a subset of BCR-ABL fusions in ALL are formed by
aberrant RAG recombination. Additionally neither of the two CML patients generated
‘specific’ RSSs although ‘non-specific’ sites were found (a minimum of 50 bp from the
breakpoint) in some colonies of some constructs. Although neither consensus nor
functional RSSs were found to be significantly associated with any of the breakpoints, this
is not necessarily unexpected as such rare events may be mediated by cryptic RSSs that
could be quite different from both consensus and known functional variants. Such sites in
the vicinity of lymphoid breakpoints have been shown to be active RAG substrates in vitro
(207, 263), even in the absence of cryptic RSSs if the DNA adopts a non-B form (254,
267).
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It is also possible, especially for the two breakpoints found to be mediated by RAG, that
these may be transposition events, where the RAG complex is able to insert signal joints
into an unrelated DNA target. These types of events have been found both in vitro and in
vivo (277, 278, 284-286). The preferred targets of transpositions are again non-B forms of
DNA, specifically cruciforms (286). It may be that the reason for the p190 ALL
breakpoints are all found within the second half of BCR intron 1 relates to the presence of
an internal promoter (287). Potentially, this promoter might cause a distorted DNA
structure that may be more fragile to transposition or nicking by the RAG complex. It is
not obvious though why these effects might extend over the remaining ~30 kb of intron 1.
Alternatively it may be associated with unmethylated DNA, which is the only form of
DNA RAG can cut (252), indeed unmethylated promoters in ABL were found in p190 ALL
but not in either of the p210 subtypes (253).
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Chapter 4: Utility of genomic breakpoint detection in patients

with hypereosinophilia

4.1 Introduction

The finding of the cryptic deletion that fuses the FIP1L1 gene to the PDGFRA gene
revolutionised the diagnosis of CEL (184, 193). Importantly the presence of the FIP1L1-
PDGFRA fusion gene predicts a favourable response to the small molecule inhibitor
imatinib and most positive patients show dramatic responses to therapy with rapid
normalisation of peripheral eosinophil counts and achievement of nested or real time
quantitative reverse transcription PCR negativity (184, 195, 197). Identification of patients
who are positive for FIP1L1-PDGFRA is therefore critical to appropriate clinical
management (197, 288). Exclusion of FIP1L1-PDGFRA is also important as some patients
may benefit from alternative therapies such as the IL5 therapeutic antibody mepolizumab
(198). The FIP1L1-PDGFRA fusion is the most common lesion found in IHES/CEL and
the 7 published genomic breakpoints within FIP1L1 (184) are very variable. Conversely
the breakpoints in PDGFRA are all very tightly clustered within exon 12. This exon
encodes the juxtamembrane domain, and the breakpoints occur specifically between the

regions encoding the two tryptophan (W) residues in the WW-domain (see Figure 4-1).
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Figure 4-1: The FIP1L1, PDGFRa and FIP1L1-PDGFRa proteins. Breakpoints are highly variable
in FIP1L1 but all are between the two tryptophan (W) residues in PDGFRa, the WW-domain. Two
patient PDGFRa transcripts are shown to represent the two extremes of breakpoints within the
WW-domain. NLS, nuclear localisation signal; JM, juxtamembrane region; TM, transmembrane

region.

Unambiguous detection of FIP1L1-PDGFRA, however, is complicated by several factors.
FISH to detect the heterozygous deletion of CHIC2, a surrogate marker for the fusion, can
be difficult due to the variability in the proportion of cells involved in the malignant clone
(289, 290), which is often low and may overlap with the intrinsic background positive rate
of this technique. The other routine method for detection of this fusion is reverse
transcriptase PCR (RT-PCR) but this is complicated by the considerable diversity of
breakpoints in FIP1L1, the complex alternative splicing of FIP1L1 and the variable use of
cryptic splice sites in the fusion gene (184, 196, 291). Indeed, FIP1L1-PDGFRA
transcripts can often only be detected by sensitive nested RT-PCR assays, even in
previously untreated patients (184, 288, 292). Nested RT-PCR has a greatly enhanced risk
of contamination giving rise to false positive results, potentially leading to misdiagnosis

and inappropriate treatment. Although real time quantitative RT-PCR can detect FIP1L1-
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PDGFRA in many cases (195), the diversity of mRNA fusions makes the design of
workable primer/probe sets that are capable of detecting all variants very difficult. Finally,
although FIP1L1-PDGFRA is by far the most common lesion found in IHES, it is not
found in all imatinib responsive patients, (184, 293) suggesting the possible existence of
other PDGFRA fusions or other imatinib sensitive tyrosine kinase genes. Identification of
the full spectrum of imatinib-responsive abnormalities is clearly important for optimal

patient management.

To help address these shortcomings the principal aims of this project were:

1. To develop LR-PCR to detect genomic DNA (gDNA) FIP1L1-PDGFRA breakpoints

which are unique to each patient, enabling a definitive diagnosis.

2. To ascertain if the amplification of gDNA breakpoints enables more robust detection of
FIP1L1-PDGFRA in patients at diagnosis and a more sensitive means of detecting minimal

residual disease (MRD) in patients undergoing targeted therapy.

3. To use genomic DNA amplification as a means to identify new PDGFRA fusions.

4.2 Materials and Methods

4.2.1 Patient samples

Patient samples were referred for diagnostic analysis to test for the presence of the

FIP1L1-PDGFRA fusion gene by nested RT-PCR.

4.2.2 Preparation of blood and bone marrow samples

See section 2.1.1.

4.2.3 RT-PCR

FIP1L1-PDGFRA RT-PCR was performed by Kathy Waghorn. The presence of the
FIP1L1-PDGFRA fusion gene was tested by nested RT-PCR performed routinely on IHES
cases using forward FIP1L1 primers and reverse PDGFRA primers; FIP1E6 F1 and PDA
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R1 for first step and FIP1E6 F2 and PDA R2 for the nested step, using Invitrogen Taq
(Invitrogen, Paisley, UK) and standard amplification conditions with an annealing

temperature of 60°C.

4.2.4 Cloning, culturing and plasmid extraction

RT-PCR products were cloned and sequenced to verify their identity (see sections 2.5 and
2.7). LR-PCR and bubble PCR products were usually sequenced directly but in some
instances were cloned prior to sequencing. Culturing and extraction of plasmids was

performed as described in section 2.7.

4.2.5 PDGFRA expression multiplex

The PDGFRA expression multiplex was developed and performed by Claire Hidalgo-
Curtis to detect over-expression of the PDGFRA tyrosine kinase domain relative to the 5’
part of the gene, which may be as a result of a fusion gene leading to aberrant PDGFRA
kinase activity. The technique uses a common PDGFRA reverse primer (PDA Exon 15R)
and two forward primers one annealing to either side of the common breakpoint region in
exon 12 of PDGFRA (PDA-exon 10F and PDA-exon 13F) on patient cDNA (292). As
PDGFRA is not normally expressed in peripheral blood leukocytes, patients without a
PDGFRA rearrangement do not have either of the bands present, however those positive
for a fusion gene causing over-expression of the PDGFRA tyrosine kinase domain, should
have a band of 290 bp amplified with the PDA-exon 13F and PDA-exon 15R primers and
can therefore be used to detect both FIP1L1 and novel PDGFRA fusions (see Figure 4-2).
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Figure 4-2: PDGFRA over-expression by RT-PCR. Schematic showing positions of primers relative
to normal PDGFRA cDNA. Primers PDA-exon 10F and PDA-exon 15R amplify a 650 bp product
from normal PDGFRA, but not the X-PDGFRA fusion gene (where X represents any partner gene).
Primers PDA-exon 13F and PDA-exon 15R amplify a 290bp band from both normal PDGFRA and
X-PDGFRA.

4.2.6 Bubble PCR (see section 2.3.3)

For patients who were positive by RT-PCR or PDGFRA expression multiplex, bubble PCR
(first described by Zhang et al.,(232)) and/or LR-PCR was performed to elucidate the
genomic DNA breakpoint. Bubble PCR was particularly useful for PDGFRA fusions since
the breakpoints within this gene are so tightly clustered. Bubble PCR was performed as in
section 2.3.3 using Rsal and Haelll enzymes to digest the genomic DNA. Nested PCR was
then performed on the purified DNA using standard Amplitaq Gold (Applied Biosystems)
conditions (1.5 mM MgCl,, 0.5 uM primers, 200 uM dNTPs) with PDGFRA reverse
primers (PDAI12R3 and PDAI12R4), bubble specific forward primers (NVAMP1 and
NVAMP2) and a hotstart PCR programme 95°C 15 mins (96°C 20 sec; 66 °C 50 sec; 72 °C
50 sec) for 30 cycles, then 72°C for 10 mins.

4.2.7 Gel purification of bubble PCR products

Bubble PCR products were run on a 2% agarose gel, bands of interest were excised from
the gel using a clean scalpel under UV light and each band placed into a sterile 1.5 ml
Eppendorf tube. Using the QIAquick Gel Extraction kit (Qiagen) the DNA was extracted
according to the manufacturer’s guidelines including the optimal washing step for direct

sequencing of the product. All extracted DNA was eluted in 30 ul of deionised water and
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then sequenced. If the products were weak then the observed product was cloned prior to

sequencing.

4.2.8 Simplex LR-PCR to detect genomic FIP1L1-PDGFRA breakpoints

As the bubble PCR technique involves a laborious, multi-step protocol, a more
straightforward LR-PCR strategy was developed to amplify FIP1L1-PDGFRA gDNA
breakpoints. The initial approach, referred to as simplex LR-PCR, was performed on
patients who were found to be single or nested RT-PCR positive by routine screening (see
section 4.2.3). Once the cDNA breakpoint was sequenced the location of the genomic
DNA breakpoint could be approximated and amplified (see section 2.3.2 for LR-PCR

methods) usually with a single pair of primers.

4.2.9 Multiplex LR-PCR to detect genomic FIP1L1-PDGFRA breakpoints

Due to the success of using simplex LR-PCR to detect FIP1L1-PDGFRA breakpoints (see
section 2.3.2.1) and multiplex LR-PCR to detect BCR-ABL breakpoints (see Chapter 3), a
multiplex PCR was designed using 15 FIP1L1 forward primers (see Figure 4-9) along the
72 kb region from intron 5 to the end of the gene, therefore encompassing the region
within which breakpoints have been found and a common reverse primer in PDGFRA

intron 12 (see section 2.3.2 for LR-PCR methods).

4.2.10 Qualitative gDNA MRD using nested PCR

For detection of MRD in follow-up samples, patient-specific FIP1L1 forward primers were
designed 5’ of each genomic breakpoint using the Primer3 website

(http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi) to have an annealing

temperature of 66°C. These primers were then tested in combination with generic nested
reverse primers on the original positive samples using 50 ng to 0.0005 ng DNA in a 10 fold
dilution series in normal control genomic DNA. All follow up sample DNA was quantified
using the NanoDrop ND-1000 Spectrophotometer to enable addition of as close to 500 ng
of follow-up DNA as possible into the first step PCR in order to be able to achieve

detection of low and reproducible levels of the fusion. Nested PCRs were then performed
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on the follow-up samples including neat and 0.05 ng positive controls, a normal control
and a no DNA control, using AmpliTaq Gold (Roche) standard conditions with an
annealing temperature of between 64°C and 66°C. PCR products were then run on an

agarose gel (see section 2.4) for end point analysis.

4.2.11 TagMan real time quantitative PCR (RQ-PCR)

In conventional PCR (see section 4.2.10) the amplified product is detected by end-point
analysis by running the PCR product on an agarose gel. However, TagMan RQ-PCR
allows quantitative detection of products by utilising a sequence specific TagMan dual-

labelled probe in addition to flanking primers (see Figure 4-3).

PDGFRA probe

FIP1L1F
poo e B #

X
PDGFRA R

FIP1L1 F

FIPIL1F ~_ @

Figure 4-3: RQ-PCR using TagMan probes. The TagMan probe contains a 5’ fluorescent reporter
and a 3’ quencher. When intact, the reporter and quencher are held in close proximity. During the
annealing/extension step of the RQ-PCR the probe hybridises to the sequence (A), the primers
then extend, and it is during extension that the probe is displaced (B) and cleaved by the
exonuclease activity of the polymerase allowing the free reporter to fluoresce (C). The amount of
fluorescence is proportional to the amount of PCR product and therefore the amount of fusion

gene.
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For MRD analysis this assay allows important information to be elucidated about the
amount of fusion present before and during treatment and therefore allows determination

of the success of the treatment regime.

4.2.11.1 Genomic DNA MRD detection using RQ-PCR

Genomic DNA RQ-PCR was used as a quantitative assay to measure MRD in patients with
the FIP1L1-PDGFRA fusion using unique genomic DNA breakpoints. A generic PDGFRA
probe was designed by Sigma Proligo using Molecular Beacon software to be just 3’ of the
breakpoint region in PDGFRA to allow amplification of all fusions. This probe had Locked
Nucleic Acids incorporated into its structure to increase its specificity. Specific FIP1L1
forward primers were then designed (using Primer3), to the same Tm (55°C) as the generic
PDGFRA reverse primer (also designed by Sigma Proligo) and as close to the breakpoint
as possible as RQ-PCR amplicons need to be short, ideally around 75-100 bp in length.
The FIP1L1 primers were tested on the appropriate patient presentation sample prior to use
in MRD analysis, in normal controls and no template controls to ensure that the primers

did not amplify any non-specific products.

All reactions were performed on a Corbett Research RotorGene 6000 using 2 x qPCR
Mastermix (PrimerDesign, Southampton, UK) and designed to work using standard
conditions. 10 pl of 2 x qPCR Mastermix, 0.2 uM forward primer, 0.2 uM reverse primer,
0.15 uM probe, 100 ng of patient gDNA where possible and made up to a final volume of
20 ul with deionised water. Cycling conditions were; 10 minutes at 95°C (15 seconds at
95°C; 60 seconds at 60°C and data was acquired through the green channel at this step) for
50 cycles.

For analysis of MRD, relative quantification using the ACt method (294) was used. The
ACt method allows relative quantification of fusion levels by determining the difference in
Ct value (ACt) between the FIP1L1-PDGFRA fusion and a control gene in the pre-
treatment sample and the ACt between the fusion and the control gene in the follow up
samples, providing that the EAC criteria for assay performance are fulfilled (295). All
samples were run in triplicate for the appropriate FIP1L1-PDGFRA fusion and for the
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albumin control gene (296) as a measure of the amount of amplifiable DNA for each
sample if negative results for the fusion were obtained and were used to normalise FIP1L1-
PDGFRA levels for use in the ACt method if the patient was positive for the fusion (see
Figure 4-4). A sample was designated positive for the fusion if amplification was seen in at
least 2 of the 3 wells with a Ct value of 40 or less. All follow-up RQ-PCRs were set up
using the Corbett Robotics Cas 1200 to ensure the highest accuracy possible.

Run all patient gDNA MRD samples with FIP1L1-
PDGFRA patient specific primers and albumin control

|
FIP1L1-PDGFRA positive

Yes No
! !
Use relative quantification Calculate amount of
l amplifiable gDNA using
albumin control gene
Calculate pre-treatment ACt; l
(ACt FIP-PDA) — (ACt albumin)
l Estimate the Ct and
concentration of gDNA
Calculate MRD ACt; . in the sample by
(ACt FIP-PDA) — (ACt albumin) comparing against the
l albumin standard curve
Calculate A ACt; |

(ACt pre-treatment) - (A Ct MRD) Convert to pg/reaction

: ]

-A ACt
Calculate 2 Multiply by 330 000 (to
l obtain number of
Convert to Log;, values and haploid genomes in the
represent graphically reaction)

}

Convert to Log,, values
and represent
graphically

Figure 4-4: Flow diagram showing calculations for relative quantification of gDNA FIP1L1-PDGFRA
positive MRD samples (left side) and for the amount of amplifiable gDNA for determination of assay

sensitivity if the samples were FIP1L1-PDGFRA negative (right side).
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Where follow-up samples were negative for the fusion gene, the amount of amplifiable
DNA for each sample and therefore the sensitivity of the negative result, was estimated by
RQ-PCR of the albumin gene. To do this, all patient samples were compared against a
standard curve using serial dilutions of known amounts of human genomic DNA (Roche,
Burgiss Hill, UK) for the albumin gene. Each result was then converted into estimates of
the actual amounts of amplifiable DNA in pg and multiplied by 3.3x10’ to estimate the
number of amplifiable haploid genomes (297, 298) (see Figure 4-4).

4.2.11.2 cDNA MRD using RQ-PCR

The cDNA RQ-PCR had been optimised and performed on the cDNA of two WRGL
patients as part of a collaborative project by Jovanovic et al., (195) (E370 and E359). To
compare the sensitivity of fusion levels in gDNA and cDNA, further cDNA RQ-PCR was
carried out to look at the expression levels of the fusion for a selection of patients. RQ-
PCR was carried out as in section 4.2.11.1 except 2 pl of cDNA was used and added by
hand to the robot dispensed master mixes. The probes and primers for detection of the
cDNA fusions were as described by Jovanovic et al., (195) except the PDGFRA probe was
labelled with BlackHole 1 quencher instead of Tamra. In addition, two new FIP1L1
forward primers were designed to the same Tm as the PDGFRA reverse primer, to test
further patients and tested on the appropriate patient cDNA sample with normal control

gDNA to ensure no non-specific binding.

4.2.11.3 Absolute quantification of gDNA FIP1L1-PDGFRA levels in presentation

samples

The unique genomic DNA breakpoint junctions from each of the patients to be tested were
amplified by PCR and then cloned into the TOPO pCR4 vector (Invitrogen). The
breakpoint containing plasmids were then linearised by RE digestion to ensure efficient
denaturation, cleaned up using the PCR purification kit (Qiagen) and quantified on the
NanoDrop ND1000. The genomic breakpoint containing plasmids were then used to create
standard curves which could be used to quantify the absolute levels of FIP1L1-PDGFRA

genomic fusion in each patient presentation sample. Each FIP1L1-PDGFRA result was

169



normalised against its corresponding quantified albumin result giving a figure for the
number of copies of FIP1L1-PDGFRA per ng DNA and then converted into number of
haploid genomes (see Appendix V for sample calculations). The absolute quantification

was also used to calculate the sensitivity of each of the assays.

4.2.12 FISH

See section 2.2, except: FIP1L1-PDGFRA FISH was performed using the Poseidon
FIP1L1-CHIC2-PDFRA dual labelled deletion break probe (Kreatech, Holland). The
protocol was the same except that the Poseidon probes were provided labelled and required
no further detection steps. KIFSB-PDGFRA FISH was performed with BAC clones
selected from the Ensembl 37 kb clone set as follows: PDGFRA BACs RP11-571118 and
RP11-20410; KIF5B BACs RP11-16706 and RP11-460H18.

4.3 Results

4.3.1 Detection of FIP1L1-PDGFRA mRNA breakpoints

During routine screening for FIP1L1-PDGFRA by single step and nested RT-PCR, two
specific problems were encountered, (i) in occasional genuinely positive cases the fusion
was not reproducibly amplifiable by nested RT-PCR (e.g. only 1 of 3 replicate reactions
were positive) and (ii) a period of intermittent PCR contamination was experienced.
Contamination was indicated by the finding of a common fusion junction on sequencing
the RT-PCR products, however different positive cases may occasionally have identical
mRNA fusions and therefore it was not possible to be absolutely certain that the
amplification resulted from contamination without obtaining a repeat blood sample. For

these reasons we sought to develop better methods to detect the fusion.

During the study period (October 2004-April 2008), 46 patients were confirmed as
FIP1L1-PDGFRA positive by detection of the genomic breakpoints. In addition, 20
patients were found to be false positives after giving negative results for genomic

amplification and, in some cases, sequencing of the cDNA product.
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4.3.2 Detection of genomic FIP1L1-PDGFRA breakpoints

Initially, samples were analysed for genomic breakpoints by bubble PCR only, however,
this was a very laborious protocol and therefore a simplex LR-PCR method was used as a
primary screen based on the knowledge of the cDNA breakpoint. The simplex PCR was
then replaced by the more generic multiplex long range PCR, which has primers spanning

FIP1L1 from intron 5 to the end of the gene.

4.3.2.1 Detection of FIP1L1-PDGFRA genomic breakpoints by bubble PCR

In an initial attempt to resolve any ambiguity that arose through the results obtained by the
nested RT-PCR technique, 30 RT-PCR single or nested positive patients were initially
screened for patient-specific genomic DNA breakpoints by bubble PCR and unique
breakpoints were identified in 12/30 patients (see Figure 4-5 and Table 4-1). The
remaining 18/30 only gave normal sized bands and were therefore thought to be false
positive RT-PCR results. However one of these patients (E939) was RT-PCR single step
positive, indicating that bubble PCR had failed to amplify the breakpoint, possibly because
the distal Rsal and Haelll sites were too far from the FIP1L1 breakpoint to allow
amplification of a bubble product. To resolve case E939, a simplex LR-PCR was designed
and performed based on the knowledge of the cDNA breakpoint (which had been
previously sequenced), and was found to be single step positive by LR-PCR and sequenced
to give a unique gDNA breakpoint. However, from the gDNA breakpoint obtained there
was an Rsal site which should have given a 212bp band by bubble, so perhaps the digest
did not work properly, despite the positive and normal control bands working well. As the
bubble PCR is a laborious technique and clearly capable of missing some breakpoints, the
simplex LR-PCR was used subsequently to confirm positive samples. Once the gDNA
multiplex had been optimised, all the bubble PCR negative cases were screened using this
technique and a further 3 were found to be positive, having unique genomic DNA

breakpoints: cases E458, E566 and E747 (see Table 4-1).
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Figure 4-5: Agarose gel showing bubble PCR for Haelll and Rsal digested FIP1L1-PDGFRA RT-
PCR positive and normal patients. Normal bands of 978bp and 615bp for Haelll and Rsal
respectively can be seen in the normal control and positive lanes. The bands at ~ 450bp and
200bp, denoted by the stars, are products of the genomic FIP1L1-PDGFRA fusion.

Due to this work, suspected FIP1L1-PDGFRA positive cases are only reported as positive
if they are amplified by single step RT-PCR and have a unique cDNA fusion or are
detected by nested RT-PCR and the fusion is confirmed by identifying the unique genomic
breakpoints. More rigorous precautions were also implemented to prevent cross
contamination during the processes of cloning and sequencing the cDNA breakpoints and

therefore reduce the chances of further false positive results.
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E number

RT-PCR result

Method of gDNA detection

43 Single step positive Bubble
176 Single step positive Bubble
243 Single step positive Bubble
344 Nested negative Bubble
359 Single step positive Bubble
370 Single step positive Bubble
458 Nested positive Multiplex LR-PCR
513 Single step positive Bubble
591 Nested positive Bubble
606 Nested positive Bubble
614 Single step positive Bubble
630 Single step positive Bubble
759 Single step positive Simplex LR-PCR
905 Single step positive Simplex LR-PCR
939 Single step positive Simplex LR-PCR
1025 Nested positive Simplex LR-PCR
1080 Nested positive Simplex LR-PCR
1131 Nested positive Simplex LR-PCR
1279 Single step positive Bubble
1336 Single step positive Simplex LR-PCR
1401 Single step positive Simplex LR-PCR
1424 Single step positive Simplex LR-PCR
1556 Nested positive Multiplex LR-PCR
566 Nested positive Multiplex LR-PCR
635/636 Negative/Single step | Multiplex LR-PCR
positive
747 Nested positive Multiplex LR-PCR
1675 Single step positive Multiplex LR-PCR
1755 Nested positive Multiplex LR-PCR
1788 Nested positive Multiplex LR-PCR
1803 Single step positive Multiplex LR-PCR
1940/1962 | Single step positive Multiplex LR-PCR
1961 Nested positive Multiplex LR-PCR
2002 Nested positive Multiplex LR-PCR
2076 Single step positive Multiplex LR-PCR
2245 Single step positive Multiplex LR-PCR

173




2316 Nested positive Multiplex LR-PCR
2378 Nested positive Multiplex LR-PCR
2453 Nested positive Multiplex LR-PCR
2465 Single step positive Multiplex LR-PCR
2588 Single step positive Multiplex LR-PCR
2716 Nested positive Multiplex LR-PCR
2826 Nested negative Multiplex LR-PCR
2831 Nested positive Multiplex LR-PCR
2842 Nested positive Multiplex LR-PCR
2860 Nested negative Multiplex LR-PCR (1 mix)
3011 Nested positive Multiplex LR-PCR (1 mix)
EOL1 Single step positive Multiplex LR-PCR

Table 4-1: FIP1L1-PDGFRA patients in whom genomic DNA breakpoints were found and the initial

method of determining the genomic breakpoint.

4.3.2.2 Detection of FIP1L1-PDGFRA gDNA breakpoints by simplex LR-PCR

As the breakpoints in FIP1L1 are very heterogeneous, there are several different types of
cDNA breakpoint. Some FIP1L1-PDGFRA cDNA sequences contain short pieces of
inserted intronic FIP1L1 sequence (see Figure 4-6). These sequences provide RNA
acceptor sites to allow splicing between the end of the FIP1L1 exon and the beginning of
PDGFRA exon 12 in the absence of appropriate splice sites in the PDGFRA sequence.
Determining the origin of the inserted sequence by homology searches greatly facilitated
the identification of genomic breakpoints. For example, the cDNA sequence for E1080
showed a fusion between exon 13 FIP1L1 and exon 12 PDGFRA, with an inserted 7 bp of
FIP1L1 intron 13 between these sequences (see Figure 4-6 C). This short inserted sequence
occurred twice in intron 13, with only one proceeded with an AG (acceptor splice site)
nearly 14 kb downstream of FIP1L1 exon 13. Forward primers were therefore designed 5’
to flank this inserted sequence in conjunction with PDGFRA generic reverse primers. For
this case only, a very limited amount of cDNA was available for analysis, and so nested
LR-PCR was used to amplify residual genomic DNA present in the cDNA (see Figure 4-6
A and B). The resultant bands were sequenced and the genomic breakpoint was found to be

as predicted from the cDNA insert (see Figure 4-6 C).
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Figure 4-6: E1080 single and nested step simplex LR-PCRs (A and B respectively) amplified with
FIP1L1 intron 13 forward primers designed to anneal 5’ of the 7 bp inserted sequence, as gleaned
from the cDNA sequence (C) and PDGFRA intron 12 reverse primers to enable amplification and

sequencing of the genomic breakpoint (C).

For cDNA sequences that did not contain inserted sequences, simplex LR-PCR was
performed with primers designed to anneal to the approximate region where the breakpoint
was expected to be. For example, E905 was found to have a cDNA breakpoint at the end of
FIP1L1 exon 12 with no inserted sequence and therefore the genomic breakpoint could be
anywhere in the 2 kb of intron 12. A FIP1L1 forward primer was therefore designed at the
end of FIP1L1 intron 11 and used in conjunction with the generic PDGFRA reverse

primer. A 650 bp product was subsequently amplified (see Figure 4-7 A) and sequenced
which revealed that the genomic sequence was the same as the cDNA sequence (see Figure

4-7 B).

175



o g 5 8
U -
L pz4 ; —
1B
Genomic DNA & cDNA FIP1L1 exon 12 PDGFRA exon 12

gggcaattgaatCAATCAGCCC

Figure 4-7: E905 genomic DNA simplex LR-PCR product (A) amplified with FIP1L1 intron 11
forward and PDGFRA intron 12 reverse primers. Sequencing with the PDGFRA intron 12 reverse

primer revealed that the genomic DNA and cDNA sequences were the same (B).

In total, 9/9 patients were found to be positive for the fusion with the simplex LR-PCR at
single step when only 6/9 were single step positive by RT-PCR (see Table 4-1).

4.3.2.3 Detection of genomic FIP1L1-PDGFRA breakpoints by multiplex LR-PCR

Due to the success of the simplex LR-PCR to detect genomic breakpoints in FIP1L1-
PDGFRA RT-PCR positive patients and the success of the BCR-ABL LR-PCR multiplex
(see Chapter 3), a multiplex PCR to detect FIP1L1-PDGFRA genomic breakpoints was
designed. As the breakpoints in PDGFRA are restricted to a very small ~ 100 bp region of
exon 12, a common intron 12 PDGFRA reverse primer was designed and used in all the
multiplex reactions. In order to comprehensively cover the region within which
breakpoints occur in FIP1L1, 15 FIP1L1 forward primers were designed and spaced
approximately every 5 kb from intron 5 to intron 16, covering all of this ~ 72 kb region of

FIP1L1 (see Table 4-2), with the exception of a region of approximately 12 kb in intron 10
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for which primers could not be designed due to the highly repetitive nature of this

sequence.

Primer name Primer position LR-PCR Multiplex
relative to start of mix primer used in
FIP1LA1

FIP Intron 5 (11403) F 11403 Mix 1
FIP Intron 9 (15351) F 15351 Mix 2
FIP Intron 9 (20848) F 20848 Mix 3
FIP Intron 10 (22850) F 22850 Mix 1
FIP Intron 10 (34060) F 34060 Mix 2
FIP Intron 11 (38554) F 38554 Mix 3
FIP Intron 11 (40225) F 40225 Mix 1
FIP Intron 11 (44469) F 44469 Mix 2
FIP Intron 12 (49317) F 49317 Mix 3
FIP Intron 13 (56273) F 56273 Mix 1
FIP Intron 13 (60580) F 60580 Mix 2
FIP Intron 14 (65181) F 65181 Mix 3
FIP Intron 15 (70370) F 70370 Mix 1
FIP Exon 16 (75275) F 75275 Mix 2
FIP Intron 16 (80314) F 80314 Mix 3

Table 4-2: Details of the primers used in the LR-PCR multiplex to detect genomic FIP1L1-PDGFRA

breakpoints.

Once the primers had been designed, it was necessary to test them in simplex format on as
many positive controls as possible to ensure that the primers worked well. At the time,
there were a total of 18 FIP1L1-PDGFRA positive patients in whom genomic breakpoints
had been characterised by either bubble PCR or simplex LR-PCR with enough material to
carry out testing. LR-PCR is capable of amplification of up to 12 kb products and therefore
some patients could have products with more than one of the primer mixes as FIP1L1
primers were mostly designed to be 5 kb apart therefore, a total of 26 test simplex PCRs

were performed on positive control patients (see Figure 4-8).
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Figure 4-8: Test simplex LR-PCRs on FIP1L1-PDGFRA positive control cases to ensure

amplification of the correct sized bands.

Out of the 26 simplex test PCRs, 16 worked well. The multiplex was therefore performed
after splitting the FIP1L1 forward primers into 3 mixes, each containing 5 forward
primers. They were split so that each of the 5 primers in each set were about 15 kb apart
rather than with the neighbouring primers of 5 kb apart (see Figure 4-9) as this may have
resulted in amplification of more than one breakpoint product with each multiplex, which

may decrease the efficiency of the PCR and in turn decrease the detection of breakpoints.
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M1

Int 10 (22850)

Int 11 (40225)

Int 13 (56273)

Int 15 (70370)

M2: Int 9 (15351)

Int 10 (34060) Int 11 (44469)

Int 13 (60580)

Exon 16 (75275)

M3:

Int 9 (20848)

Int 11 (38554) Int 12 (48718)

Int 14 (65181)

Int 16 (80314)

Figure 4-9: Positions of FIP1L1 screening primers (to scale). The thick horizontal line represents

the FIP1L1 gene from exon 9 to the end of exon 18 and the black vertical lines represent each

exon. The FIP1L1 forward screening primers are represented by the horizontal arrows with their

names and which of the screening mixes they are in, above, except the Int 5 (11403) forward

primer which was included in Mix 1.

Initially the multiplex was run at an annealing temperature of 65°C, however, the bands

obtained were quite weak and therefore the PCR was repeated at a decreased annealing

temperature to 64°C in order to increase the intensity of the bands (see Figure 4-10).
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Figure 4-10: Agarose gels of multiplex LR-PCR Mix 2 on positive controls. (A) Multiplex run at an

annealing temperature of 65°C. (B) Multiplex run at a decreased annealing temperature of 64°C.

Decreasing the annealing temperature increased the intensity of the bands without leading
to any substantial non-specific amplification and therefore all the multiplexes from this
point onwards were run at an annealing temperature of 64°C. The multiplex was tested on
all the 26 positive control samples (it is important to note that some positive controls could
be used in more than one mix; see Figure 4-12 A) and worked well, with 3 out of the 10
that failed to work in the simplex; samples E176 in Mix 1 and Mix 2 and E905 in Mix 2
worked when tried with the multiplex (see Figure 4-11). This may have been due

decreasing the annealing temperature from the simplex at 65°C to 64°C in the multiplex.
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Figure 4-11: Agarose gels of FIP1L1-PDGFRA positive control patients. A. E176 and E905 show

no bands in the simplex PCR, however, in the multiplex (B) bright bands are seen for both.

Of the remaining 7 positive controls that failed to work in either the multiplex or the
simplex PCR, E1279 and E344 failed to produce bands in control LR-PCRs, indicating
inadequate DNA quality. These samples represent 4 of the positive controls as they were
each used as positive controls in two multiplex mixes (see Figure 4-12 A). Another 2
positive control samples E43 and E513 worked after the appropriate primers were
redesigned several times, again E513 was used as a positive control in two of the mixes

and therefore all 7 failures were accounted for.

Overall, therefore, all of the 23 positive controls with adequate DNA amplified with the
optimised multiplex PCR at single step PCR (see Figure 4-12), suggesting that it would be
a useful and rapid screening procedure for the detection of the FIP1L1-PDGFRA fusion.
Unfortunately, though, the multiplex test cannot be used to definitively exclude the
presence of FIP1L1-PDGFRA due to the large 12 kb FIP1L1 intron 10 region that primers

could not be designed for.
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513
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759, 359, 1279
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176, 1336, 905, 939, 1401,1131

FIP Intron 13 (60580) F
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FIP Exon 16 (75275) F

614

FIP Intron 9 (20848) F
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FIP Intron 11 (38554) F

1279
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243, 344

FIP Intron 14 (65181) F

606

FIP Intron 16 (80314) F

1025

©

Figure 4-12: FIP1L1-PDGFRA genomic breakpoint LR-PCR multiplex on all positive controls. (A)
Table showing the forward FIP1L1 primers used in each of the three mixes in combination with the
common reverse PDGFRA intron 12 primer R1. In bold are the positive controls that did not work.
(B) to (D) Agarose gels of the FIP1L1-PDGFRA multiplex on positive controls, Mix 1 E614 and
E1131 and Mix 2 E606 failed in this run but were repeated and worked.

Finally, the multiplex was tested on 12 normal individuals (i.e. without any known form of
leukaemia) to ensure that there was no non-specific binding and no false positives in
normal DNA. Each multiplex mix was also tested with an appropriate positive control to
ensure the PCR was working and, in addition, the FIP1L1-PDGFRA positive cell line
EOLI was tested in order to detect and sequence its genomic breakpoint (see Figure 4-13).
The normal controls were also tested with a complementary primer pair designed to
amplify products of 6 kb to ensure the DNA was not degraded (ABL 5D F and R). All the
normal controls produced bright control bands, and no false positive bands were seen with

the FIP1L1-PDGFRA multiplex primers.
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Figure 4-13: Agarose gels of FIP1L1-PDGFRA multiplex LR-PCR on normal controls. (A) LR-PCR

multiplex mix 3. (B) LR-PCR control using ABL 5D F and 5D R primers, on normal controls 1 to 12,
with a positive control (E243) and EOL1 included.

The multiplex was also used to test for a genomic breakpoint in the RT-PCR nested
positive patient E1556 (see Table 4-1) and gave a positive band in mix 3 (see Figure 4-14).
This led to confirmation of the presence of the fusion by sequencing with the PDGFRA
intron 12 reverse primer (see Table 4-5). In addition this band was amplified with the FIP
Int 9 (20848) F, primer for which there was no previous positive control for, thus

indicating that this primer also worked well.
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Figure 4-14: FIP1L1-PDGFRA gDNA multiplex LR-PCR on E1556 with a band of approximately 2
kb with mix 3.

4.3.2.4 Discrepancies between RT-PCR and multiplex LR-PCR

Unexpectedly, patient E2826 was referred for FIP1L1-PDGFRA screening and found to be
negative by nested RT-PCR, however another laboratory found deletion of CHIC2 by
FISH. The patient was found to be positive by the LR-PCR multiplex screen with a unique
breakpoint, confirming that the fusion was indeed present and had been missed by standard
RT-PCR analysis. Repeat testing of the original sample by RT-PCR showed intermittent

positivity, i.e. some reactions tested positive whereas others were negative.

The LR-PCR multiplex was then used to retrospectively screen all 202 samples referred for
IHES or eosinophilia since the beginning of 2007 and tested negative for FIP1L1-
PDGFRA by RT-PCR. To facilitate screening large numbers of patients, the multiplex was
consolidated into 1 mix with all the 15 forward primers. However, in doing this the
possibility of amplifying more than one breakpoint band for each patient was likely which

may decrease the efficiency of the PCR leading to false negative results, therefore the
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specificity of the reaction was decreased by increasing the concentration of magnesium

(see Figure 4-15).

A. 3.25 mM magnesium B. 3.75 mM magnesium

All samples with ABL primers All samples with ABL primers
"L A& A & B B g -t

'-ﬁ-h—'«—!!-

Figure 4-15: FIP1L1-PDGFRA gDNA multiplex LR-PCR using one multiplex mix. (A) 3.25 mM
magnesium and (B) 3.75 mM magnesium. Lanes 1-7 in each gel are a selection of positive

controls.

However, sample E370 (see Figure 4-15 lane 5) did not amplify well. This was because the
breakpoint of this patient is at the beginning of the large intron 10 repeat region within
which no primers could be designed and therefore a second PCR with this primer alone
(FIP Int 10 22850 F) was also run for all patients to ensure that any breakpoints in this

region would be detected.

Of the 202 patients tested, just one (E2860) was found to be positive despite being negative
on the nested RT-PCR screen. Positivity in both E2826 and E2860 was confirmed by
obtaining repeat specimens, both of which were positive by nested but not single step RT-

PCR. Sequencing of the amplicons revealed typical mRNA fusions between FIP1L1 exon
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13 for both patients and part of PDGFRA exon 12. Despite the fact that both initial cDNAs
had passed the quality control procedure (qualitative amplification of normal BCR mRNA),
the discrepant results were probably due to relatively poor quality cDNA. Indeed,
quantitation of normal ABL transcripts by RQ-PCR revealed a level of only 1-2x10°
transcripts per 2l of cDNA, compared to a level of >10* (sensitivity >0.01%) that is
generally considered as suitable quality for MRD analysis (299).

4.3.2.5 Overall comparison of RT-PCR and multiplex LR-PCR

Upon comparison of both of the diagnostic techniques, the gDNA multiplex LR-PCR gave
a more sensitive detection of the FIP1L1-PDGFRA fusion with all the samples with
adequate DNA quality were positive at single step, whereas only 50% were positive by
single step amplification from cDNA (the remaining 50% required nested RT-PCR, see
Table 4-3).

Analysis of patients positive by RT-PCR (n=44)
Method of analysis Single step positive
gDNA (LR-PCR) 44 (100%)
cDNA (RT-PCR) 22 (50%)

Table 4-3: Comparison of the numbers of FIP1L1-PDGFRA patients positive by single step gDNA
(LR-PCR) or cDNA (RT-PCR).

4.3.3 Genomic DNA nested PCR for monitoring MRD

Next, the utility of genomic DNA analysis for detection of MRD was examined in patients
undergoing treatment with imatinib. Initially nested gDNA PCR was employed: once the
genomic breakpoints were identified, specific FIP1L1 nested forward primers were
designed and used with generic nested PDGFRA intron 12 reverse primers and to amplify
short regions spanning the breakpoint. These primers were firstly tested on the presentation
sample and a normal control to confirm that they worked specifically. Then the sensitivity
was tested to confirm that they would pick up very small numbers of the fusion by

performing a serial dilution of the patient presentation sample using 1 in 10 to 1 in 10°
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dilutions of patient DNA in FIP1L1-PDGFRA negative normal control DNA. From Figure
4-16 it is clear that the single step PCR for E359 is sensitive to 1 in 10 and nested to 1 in
10* using 500 ng of input DNA. Prior to testing MRD samples, each patient breakpoint-
specific PCR primers were tested for sensitivity on presentation samples and all 7 tested
amplified nested bands to at least 1 in 10* dilution. Theoretically, 1ug of genomic DNA is
equivalent to 3.3 x 10> haploid genomes (297, 298) therefore the genomic MRD reaches a

sensitivity that is very close to the maximum threshold.

First step
1/10* 17102 17108 17104

458 bp
Normal
Nested step
1/10* 1/102 1/103 1/104
G T e WS wam GEa T - T e

1/10¢ 17105 17106
/—/%

Normal

Figure 4-16: Agarose gels gDNA nested PCR for detection of MRD in E359. Serial dilution of E359
genomic DNA in normal control DNA using breakpoint specific primers FIP Exon 11 (36955) F1
and PDA | 12 R3 for the first step to yield a 458bp product and FIP Exon 11 (37004) F2 and PDA |
12 R4 for the nested step to yield a 377bp product.

All follow-up samples were tested for the presence of the FIP1L1-PDGFRA fusion gene
using nested primers specific for each breakpoint using as close to 500ng of DNA in the
first step PCR as possible in order to detect very low copies of the fusion. As shown in
Figure 4-17, there are 31 data points comparing RT-PCR with gDNA MRD PCR. Of these,

20 were concordant, however 10 data points were gDNA positive, RT-PCR negative
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whereas only one (E243) was gDNA negative, RT-PCR positive. This indicates that the
gDNA MRD PCR is more sensitive than RT-PCR at detecting the aberrant fusion. One
case that highlights the sensitivity of the genomic DNA MRD and its relevance to the
clinical course of the disease is E370. This patient was non-compliant after about 12
months of treatment (when the cDNA result was found to be nested negative). He
subsequently relapsed and was found, retrospectively, to be single step genomic DNA
positive at this same time point showing that the genomic DNA MRD is not only more
sensitive in some cases to the RT-PCR but more importantly relates to the clinical course
of the disease. It is therefore clear that using genomic DNA breakpoint specific primers
provides a more sensitive test for MRD in the majority of cases when compared to the

conventional RT-PCR results.
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Figure 4-17: Comparison of cDNA nested RT-PCR and gDNA breakpoint specific PCR for MRD
analysis of FIP1L1-PDGFRA positive patients.

As the gDNA nested PCR gave better sensitivity than the cDNA nested RT-PCR, a RQ-
PCR method was developed to fully quantify and compare the levels of the gDNA fusion
and to determine if gDNA RQ-PCR provides a better technique for monitoring MRD.

4.3.4 Genomic DNA real time quantitative PCR (RQ-PCR) for MRD
detection

Due to the small region in PDGFRA in which a probe would be suitable i.e. close enough

to the WW domain to allow efficient RQ-PCR of all breakpoints but not in the WW
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domain which would exclude some patients being tested, designing of a generic PDGFRA
probe was difficult. Initially, PrimerDesign (Southampton) designed a PerfectProbe'™,
which has complementary ends to keep the reporter and quencher in close proximity and
therefore the background fluorescence low in order to increase sensitivity, however this
probe did not conform to EAC criteria with an R? value of at least 0.98 (295), give good
standard curves with an efficiency as close to 1 as possible (usually between 0.95 and 1.05)

or give high enough sensitivity (see Figure 4-18).
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Figure 4-18: RQ-PCR using the PrimerDesign probe. (A) RQ-PCR graph showing log fluorescence
against cycle number. A dilution series of normal control DNA in water was run with the PDGFRA
gDNA PerfectProbe with the PDGFRA normal forward and reverse primers. DNA amounts are
indicated (lines showing no amplification are the no template controls) and show a maximum
sensitivity of only 0.25 ng/reaction, equivalent to 82.5 haploid genomes. (B) Standard curve
showing the cycle threshold data against concentration of DNA, r? value of 0.7124 and
amplification efficiency of 1.10. The r? value should be at least 0.98 and according to the EAC

criteria, there should be an amplification efficiency of close to 1 (usually between 0.95 and 1.05).
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PDGFRA primers and probe were then designed using Molecular Beacon software by
Sigma (Gillingham, UK). To increase the specificity of the PDGFRA probe, Locked
Nucleic Acids (LNA™) were incorporated into its structure (300) which enabled it to be
designed just 3° of the WW domain and therefore suitable for use on all the FIP1L1-
PDGFRA breakpoints (see figure 4-19).

Q cDNA probe 9 Q gDNA probe 9

CTGCCTTATGACTCAAGATGGGAGTTTCCAAGAGATGGACTAGTGCTTGgtaagttccatggggtaaccteccaagactecectttteecttgecacacaactttacaatttatagg
—W-
5 3
PDGFRA exon 12 PDGFRA intron 12

Figure 4-19: Schematic showing positions of cDNA and gDNA RQ-PCR probes in PDGFRA. The
cDNA probe lies partially over the breakpoint region in PDGFRA i.e. 5’ of the red TGG (tryptophan
residue) and therefore excludes analysis of some patients with this technique. The gDNA probe lies

just within intron 12 and can be used to analyse all patients.

The probe was initially tested on serial dilutions of normal control DNA with the PDGFRA
forward and reverse primers to ensure high sensitivity and conformation to EAC criteria
(295), with a delta reaction of at least 1 in diagnostic samples and an efficiency of close to

100% (see Figure 4-20).
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Figure 4-20: RQ-PCR using the PDGFRA LNA probe and primers on normal DNA serial dilutions.
(A) RQ-PCR graph showing log fluorescence against cycle number. A dilution series of normal
control DNA in water was run with the PDGFRA gDNA LNA probe with PDGFRA normal forward
and reverse primers. DNA amounts are indicated (lines showing no amplification are the no
template controls). (B) Standard curve showing the cycle threshold data against concentration of

DNA, r2 value of 0.9971 and amplification efficiency of 0.97.
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The patient specific FIP1L1 forward primers were then designed on Primer3 with the same
annealing temperature as the PDGFRA reverse primer. The gDNA RQ-PCR was tested on
FIP1L1-PDGFRA positive presentation samples, normal controls and no template controls
to ensure patent specific amplification of breakpoints (see Figure 4-21 A). The probe was
also tested on serial dilutions of 3 patient presentation samples in normal control DNA
with the appropriate FIP1L1 forward primers to ensure that changing the forward primer

did not affect the assays performance (see Figure 4-21 B and C).
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Figure 4-21: FIP1L1-PDGFRA specific RQ-PCR using the PDGFRA LNA probe. (A) RQ-PCR
graph showing fluorescence against number of cycles. The three lines showing increasing
fluorescence correspond to DNA from three FIP1L1-PDGFRA positive cases: E1025 (green line),
E1131 (red line) and E370 (purple line). No amplification was seen from the either the normal
control DNAs or the no template controls (flat lines). (B) RQ-PCR graph showing a dilution series of

E606 DNA in normal control DNA as indicated with the calculated cycle threshold line marked
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(lines showing no amplification are the normal control DNAs and the no template control). (C) E606
standard curve showing the cycle threshold data against concentration of DNA, r value of 0.998

and amplification efficiency of 95%. A similar analysis was performed for each case.

4.3.4.1 Comparison of gDNA and cDNA RQ-PCR and cDNA RT-PCR to assess the
sensitivity of detecting MRD

In total, 66 samples from 13 patients who underwent imatinib treatment (median dose =
100 mg/day, median follow-up = 25 months; range 9-58) were analysed by gDNA RQ-
PCR and initially compared to the results obtained by qualitative single or nested step RT-
PCR. Comparison of gDNA RQ-PCR and nested RT-PCR revealed large discrepancies
with 49% (31/63) samples positive by gDNA RQ-PCR but only 31% (19/61) were positive
by nested RT-PCR, again highlighting the inaccuracies of the standard RT-PCR technique.

Of the 13 patients monitored for MRD using gDNA RQ-PCR, 9 were amenable to cDNA
RQ-PCR analysis due to the position of the probe at the 3* end of the WW-domain which
excludes approximately 25% of all breakpoints (195) and 7 of these had adequate number
of sequential cDNA samples available for analysis. Of the 31 post-treatment data points
available for comparison, 4 (13%) were discordant (gDNA positive and cDNA negative;
see Figure 4-22 C to E). In contrast there were no instances where cDNA was positive and
gDNA was negative. The gDNA RQ-PCR also showed a higher sensitivity for the negative
results giving 1-2 logs better than analysis of cDNA by RQ-PCR (see Figures 4-21 and 4-
22).
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Figure 4-22: Graphs showing log reduction in FIP1L1-PDGFRA fusion against time of imatinib
initiation in months. Three different techniques of measuring the amounts of fusions were
compared; RT-PCR (triangles), cDNA RQ-PCR (pink lines and squares) and gDNA RQ-PCR (blue
lines and circles) between 7 FIP1L1-PDGFRA positive patients and their follow-up samples.
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4.3.4.2 gDNA RQ-PCR used for monitoring MRD

As the gDNA RQ-PCR showed greater sensitivity than both cDNA methods, MRD
assessment using gDNA RQ-PCR showed that 11 out of 13 patients achieved a complete
molecular response to imatinib within a median of 9 months (range (3-17)) of starting
treatment (see Figure 4-23). As all 13 patients were tested by absolute RQ-PCR (see
section 4.3.5) the sensitivity could be calculated and most could detect the fusion within a
few copies of the plasmid, and as the maximum recommended concentration of 100 ng of
gDNA was used for each MRD sample a sensitivity with which FIP1L1-PDGFRA could
be excluded was approximately 1 in 30 000.

-2 —m—E243
—m—E43
—m—E359
E591
E759
E1025
—m—E1279
—m—E370
—m—E6B30
E614
—m—E1131

—m—E606
—m—E2245

reduction FIP1L1-PDGFRA

Log

Time from presentation (months)

Figure 4-23: Graph showing log reduction in the levels of gDNA FIP1L1-PDGFRA fusion against
time of imatinib initiation in months for 13 patients. The solid datapoints represent positive and

empty datapoints represent negative results.

When the gDNA RQ-PCR results were compared to cDNA RQ-PCR results for Jovanovic
et al., (195) the median sensitivity of the gDNA was also 1 log greater than the cDNA (see
Figure 4-24).
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Figure 4-24: Graphs comparing the levels of gDNA FIP1L1-PDGFRA fusion to cDNA RQ-analysis
performed by Jovanovic et al., (195). The solid datapoints represent positive and empty datapoints
represent negative results.

Two cases (E370 and E2245) failed to achieve a molecular response. Sequencing of the
region encoding the FIP1L1-PDGFRa tyrosine kinase domain in the most recent samples
revealed only normal sequence for E370, but E2245 had an A to C sequence change at
position 57247 of PDGFRA, which is predicted to result in a D842V substitution. This

sequence change was not detectable in the pre-imatinib sample.

4.3.5 Variability of FIP1L1-PDGFRA expression

As previous cDNA RQ-PCR studies have revealed considerable variation in FIP1L1-
PDGFRA expression levels in patients prior to imatinib treatment (195), the levels of
genomic DNA fusion were determined by absolute gDNA RQ-PCR to assess if the
variable levels in expression may be attributed, at least in part, to variable clone size. All
primer/probe combinations were specific to each patient and demonstrated linear results on
analysis of dilution series of each fusion containing plasmid in normal control DNA (see

Figure 4-25), with most achieving sensitivities down to at least 10 copies of the fusion.
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Figure 4-25: Absolute quantification using a FIP1L1-PDGFRA plasmid standard curve. (A) RQ-
PCR graph showing log fluorescence against cycle number. A dilution series of plasmid DNA
containing the gDNA breakpoint of E243 in normal control gDNA was run with the appropriate
gDNA FIP1L1 forward primer and the PDGFRA gDNA LNA probe and PDGFRA reverse primer.
Copies of plasmid per reaction as indicated (lines showing no amplification are the no template
controls). (B) Standard curve showing the cycle threshold data against concentration of DNA, r2

value of 0.9983 and amplification efficiency of 1.00.
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Absolute quantification of the fusion at presentation (n=13) by gDNA RQ-PCR revealed a
median of 0.13 copies of FIP1L1-PDGFRA per haploid genome (equivalent to 13% fusion
positive cells) with a 40-fold variation between patients (range 2.7%-100% fusion positive

cells, see Figure 4-26).
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Figure 4-26: Graphical representation of percentage of cells harbouring the gDNA FIP1L1-

PDGFRA fusion gene in cases at presentation.

4.3.6 Comparison of gDNA RQ-PCR and FISH

As the gDNA RQ-PCR results suggested that the clone size may be too small to be easily
identified by FISH in some cases, CHIC2 deletion FISH (as described in Materials and
Methods section 2.2) was performed for comparison. Of the 13 cases analysed by gDNA
RQ-PCR, 6 had contemporaneous peripheral blood-derived fixed cells suitable for
interphase FISH. As shown in Table 4-4, the results between the two techniques were
broadly concordant. The two patients with low level positive results of only 3% FIP1L1-
PDGFRA cells estimated by gDNA RQ-PCR (cases E513 and E2002) had 6% and 4%

positive cells respectively detectable by FISH compared to a background false positive rate
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of 5% (289, 290). This suggests that FISH screening alone might miss some FIP1L1-

PDGFRA positive cases and would have missed at least one and possibly two cases in this

dataset.
E number gDNA RQ-PCR Interphase FISH (on PB)
(% fusion positive) (% fusion positive)

359 Positive (20%) Positive (41%)

513 Positive (3%) Borderline (6%)

566 Positive (13%) Positive (14%)

606 Positive (11%) Positive (63%)

759 Positive (22%) Positive (26%)

2002 Positive (3%) Negative (4%)

Table 4-4: Comparison of the percentage of FIP1L1-PDGFRA positive cells estimated by gDNA
RQ-PCR and FISH.

4.3.7 Structure of the FIP1L1-PDGFRA breakpoints

In total, 46 FIP1L1-PDGFRA breakpoints were identified during the course of this study.
This data was contributed to a larger European LeukemiaNet study patients that aimed to
classify the variability of FIP1L1-PDGFRA breakpoints and determine if there are any

structural features associated with the breakpoints (Walz et al, submitted).

To facilitate the classification of the different types of FIP1L1-PDGFRA genomic
breakpoints they were split into three groups, designated Type A, B and C depending on
how the fusion was spliced. Type A breakpoints contain short pieces of inserted intronic
FIP1L1 sequence in the mRNA fusion that provides RNA acceptor sites to allow splicing
between the end of the FIP1L1 exon and the beginning of PDGFRA exon 12 in the absence
of appropriate splice sites in the PDGFRA sequence. Type B breakpoints are the result of
splicing of a complete FIP1L1 exon to a cryptic splice site within PDGFRA exon 12 that
lies downstream of the genomic PDGFRA breakpoint either near the beginning of

PDGFRA or within PDGFRA exon 12. Type C breakpoints fuse part of an FIP1L1 exon
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directly to the truncated PDGFRA exon 12 creating an in-frame exonic fusion which is

identical at both the cDNA and gDNA levels (see Figure 4-27).
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Figure 4-27: The three types of FIP1L1-PDGFRA splicing.

Of the 46 genomic DNA breakpoint sequences that were amplified, the sequence of the
cDNA fusion (necessary to classify the breakpoint) was not determined in 8 cases. Of the
38 cases that could be fully classified 15 (39%) were type A, 19 (50%) were type B and 4
(11%) were type C. The positions of the breakpoints in FIP1L1 varied considerably,
occurring anywhere in the 65 kb region between intron 9 and intron 16. The genomic
breakpoints in PDGFRA were all in exon 12 of the gene within the region encoding the
WW-domain (see Table 4-5).
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PDGFRA

A.a. seq |-E—-I—-R—-W—-R—-V—-I—-E—-S—-I—-S—-P—-D—-G—-H—-E—-Y—-I—-Y—-V—-D—-P—-M—-Q—-L—-P—-Y—-D—-S—-R—W—-E—-F--P
DNA seq [GAAATTCGCTGGAGGGTCATTGAATCAATCAGCCCAGATGGACATGAATATATTTATGTGGACCCGATGCAGCTGCCTTATGACTCAAGATGGGAGTTTCC
E1940/62 |Intron 10

[Type B cttatttgtTGGAGGGTCATTGAATCAATCAGCCCGGATGGACATGAATATATTTATGTGGACCCGATGCAGCTGCCTTATGACTCAAGATGGGAGTTTCC
E1279 Intron 11

[Type B lgatgttgctagGAGGGTCATTGAATCAATCAGCCCGGATGGACATGAATATATTTATGTGGACCCGATGCAGCTGCCTTATGACTCAAGATGGGAGTTTCC
E513 Intron 9

[Type A tctcagcatcacAGGGTCATTGAATCAATCAGCCCGGATGGACATGAATATATTTATGTGGACCCGATGCAGCTGCCTTATGACTCARGATGGGAGTTTCC
E630 Intron 11

[Type B catgcatgtatttccGTCATTGAATCAATCAGCCCGGATGGACATGAATATATTTATGTGGACCCGATGCAGCTGCCTTATGACTCAAGATGGGAGTTTCC
E2465 Intron 11

[Type A cttttaaggctcatcGTCATTGAATCAATCAGCCCGGATGGACATGAATATATTTATGTGGACCCGATGCAGCTGCCTTATGACTCAAGATGGGAGTTTCC
E747 Intron 11

[Type A agagtgagaccctgtcTCATTGAATCAATCAGCCCGGATGGACATGAATATATTTATGTGGACCCGATGCAGCTGCCTTATGACTCAAGATGGGAGTTTCC
E905 Exon 12

[Type C aggagattacctggggcaattgaa tCAATCAGCCCGGATGGACATGAATATATTTATGTGGACCCGATGCAGCTGCCTTATGACTCAAGATGGGAGTTTCC
E2831 Intron 11

[Type B cagagtggttagtttcttagctttttAATCAGCCCGGATGGACATGAATATATTTATGTGGACCCGATGCAGCTGCCTTATGACTCAAGATGGGAGTTTCC
E1556 Intron 10

[Type B accttttgtgttactggtttaaatttattCAGCCCGGATGGACATGAATATATTTATGTGGACCCGATGCAGCTGCCTTATGACTCAAGATGGGAGTTTCC
E2588 Intron 10

[Type B attacagcattttgtatatttatgggaatCAGCCCGGATGGACATGAATATATTTATGTGGACCCGATGCAGCTGCCTTATGACTCAAGATGGGAGTTTCC
E1803 Intron 11

[Type B tgcataatagcttttaacattattttattcAGCCCGGATGGACATGAATATATTTATGTGGACCCGATGCAGCTGCCTTATGACTCAAGATGGGAGTTTCC
E2316 Intron 10

Unknown actcaggacttgctttatgattctgggtgcAGCCCGGATGGACATGAATATATTTATGTGGACCCGATGCAGCTGCCTTATGACTCAAGATGGGAGTTTCC
E1755 Intron 11

[Type B @aacacacacacacacacacacacacacacagCCCGGATGGACATGAATATATTTATGTGGACCCGATGCAGCTGCCTTATGACTCAAGATGGGAGTTTCC
E2453 Intron 13

Unknown [gtttcatgctttttctgagtaataatagatataatagATGGACATGAATATATTTATGTGGACCCGATGCAGCTGCCTTATGACTCAAGATGGGAGTTTCC
E939 Intron 11

[Type B TctaaaattatcatttgtatgttttcatattcttaaaatGGACATGAATATATTTATGTGGACCCGATGCAGCTGCCTTATGACTCAAGATGGGAGTTTCC
E2002 Intron 10

[Type A tgatagcacatctatatttaaatacttagtaccacagcaaGACATGAATATATTTATGTGGACCCGATGCAGCTGCCTTATGACTCAAGATGGGAGTTTCC
E1424 Intron 12 (inversion)

[Type B agatccttgctgactaaagcaatcttttaaacatacaatcecctettteccaTATTTATGTGGACCCGATGCAGCTGCCTTATGACTCAAGATGGGAGTTTCC
E2378 Intron 12

[Type B tctcttgatactaagcaaaattgggatactattataattatatttctgtgTATTTATGTGGACCCGATGCAGCTGCCTTATGACTCAAGATGGGAGTTTCC
E176 Intron 11

[Type A @aaatatatataaagtatttagaacagtgcttaccttgecgcatagtaggtgetccTATGTGGACCCGATGCAGCTGCCTTATGACTCAAGATGGGAGTTTCC
E370 Intron 10

[Type A tttctgtgggtgtcctttectgtttgttagttttecttectaacagacaggaccctcATGTGGACCCGATGCAGCTGCCTTATGACTCAAGATGGGAGTTTCC
E1336 Intron 11

[Type A lgggaccacaagcatgtgctactatgcctagctgatattttaaattatttgtagaCATGTGGACCCGATGCAGCTGCCTTATGACTCAAGATGGGAGTTTCC
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PDGFRA

A.a. seq |-E—-I—-R—-W—-R—-V—-I—-E—-S—-I—-S—-P—-D—-G—-H—-E—-Y—-I—-Y—-V—-D—-P—-M—-Q—-L—-P—-Y—-D—-S—-R—-W—-E—-F--P
DNA seq [GAAATTCGCTGGAGGGTCATTGAATCAATCAGCCCAGATGGACATGAATATATTTATGTGGACCCGATGCAGCTGCCTTATGACTCAAGATGGGAGTTTCC
E2716 Intron 12

Unknown [atttttaaaactgtatgtatgtgtatactcacacaggecgtatgtatacacatatcggGTGGACCCGATGCAGCTGCCTTATGACTCAAGATGGGAGTTTCC
E614 Intron 16

[Type A ctattagtctttcctgcaacacacttatgtgttaagttttaatgtttaaggaaattttTGGACCCGATGCAGCTGCCTTATGACTCAAGATGGGAGTTTCC
E1675 [Exon 11

[Type C tctcagtctcagacaagtactgcctccagaaaagccaattcaagegttgggaagtggcaGGACCCGATGCAGCTGCCTTATGACTCAAGATGGGAGTTTCC
E2842 Intron 13

[Type A tctataatatccagaaaatctgttatttcattttctcecgtgaatcagaaaatagtttccaGGACCCGATGCAGCTGCCTTATGACTCAAGATGGGAGTTTCC
E2076 Intron 13

[Type B tttttctcattttactgaaacttttgtatcctttgaaaatcatctccectacctcacccagACCCGATGCAGCTGCCTTATGACTCAAGATGGGAGTTTCC
E1131 Intron 12

[Type B cattatttattcctattttctgagtccttttaaaaatgtccagagcactttattcttacctACCCGATGCAGCTGCCTTATGACTCAAGATGGGAGTTTCC
E2826 Intron 13

Unknown [tttacttataaagatttgcattgaaataacatcttagatgaaatggaggtctcacaagaagggCCGATGCAGCTGCCTTATGACTCAAGATGGGAGTTTCC
E43 Intron 13

Unknown JaatttaaaaagcctgcctatcagtgttttcattaaattcaaaacagagagcaatgctaattatCCGATGCAGCTGCCTTATGACTCAAGATGGGAGTTTCC
E1788 Intron 12

[Type B cacacatgtagaactattactctccccccaaaaatacatatatgtgaattaaactaccttttacCGATGCAGCTGCCTTATGACTCAAGATGGGAGTTTCC
E359 Intron 11

[Type B aatgaattatattgaaccgtgctaatggatgctcagtaattttttttttegttectettgetgecagGATGCAGCTGCCTTATGACTCAAGATGGGAGTTTCC
E43 Intron 11

Unknown [ttcaatttaaaaagcctgcctatcagtgttttcattaaattcaaaacagagagcaatgctaattatCCGATGCAGCTGCCTTATGACTCAAGATGGGAGTTTCC
E606 Intron 14

[Type A caaggttcgtaagccctttgagactcagttttecctttttaccaaaagggttgatagaattgtgaaGATGCAGCTGCCTTATGACTCAAGATGGGAGTTTCC
E1080 Intron 13

[Type A @aaagtgtagtgtagattaactgttttttagccatattattctgtggtattccatttaggtattgtGATGCAGCTGCCTTATGACTCAAGATGGGAGTTTCC
EOL1 Intron 12

[Type B ctattataattatatttctgtgtatacttttttccccatctaaaattatcatttgtatgttttcatATGCAGCTGCCTTATGACTCAAGATGGGAGTTTCC
E344 Intron 13

[Type A lgttggggagcgtacaggctatgtatttctatctatgttteecctacagttttagtcaagtggettgtATGCAGCTGCCTTATGACTCAAGATGGGAGTTTCC
E1961 Intron 13

[Type A ttaaatgtttttgaggactaaagtttgaaggggctgactagtaattttttagtttttagcatgaatATGCAGCTGCCTTATGACTCAAGATGGGAGTTTCC
E635/636 |Intron 10

Unknown |[gataatatcctgcagagtattttgcaacttggttccattectcccegtcactttcaggtacaccaatATGCAGCTGCCTTATGACTCAAGATGGGAGTTTCC
E1401 Intron 12

[Type B atactaagcaaaattgggatactattataattatatttctgtgtatacttttttccccatctaaaattaCAGCTGCCTTATGACTCAAGATGGGAGTTTCC
E2245 Intron 11

[Type A gtagtgtcagttgcatgtgttgctttagaaggttaaggaaagttttcatcttattattttgaaagtactCAGCTGCCTTATGACTCAAGATGGGAGTTTCC
E759 Intron 10

[Type B tcttttacttccatttgaacatcacaggattcttattcctatttctetttecctattecatattgecateteccttGCCTTATGACTCAAGATGGGAGTTTCC
E2860 Intron 13

Unknown [aataattacttcttcccagggagaaagctagtagtaaatgatgaaaaaatagctgcttgtcectcatcagggcaacaCTTATGACTCAAGATGGGAGTTTCC
E243 |[Exon 13

[Type C agcaaaccacctccgtttttcecctccaggagectecteccactcaccttecacctectecatttctteccaceteccteccTTATGACTCAAGATGGGAGTTTCC
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PDGFRA
IA.a. seq [-E—-I—-R—-W—-R—-V—-I—-E—-§—-I—-§—-P—-D—-G—-H—-E—-Y—-I—-Y—-V—-D—-P—-M—-Q—-L—-P—-Y—-D—-S—-R—-W—-E—-F--P

DNA seq |GAAATTCGCTGGAGGGTCATTGAATCAATCAGCCCAGATGGACATGAATATATTTATGTGGACCCGATGCAGCTGCCTTATGACTCAAGATGGGAGTTTCC

E566 Intron 13

Unknown [agattaactgttttttagccatattattctgtggtattccatttaggtattgtgaattattcagaatgcagaccccaTTATGACTCAAGATGGGAGTTTCC

E1025 Intron 16

[Type B caggtatgtccaatctgcattttgtatggatgctgtagaagttgetttgatgtctetettetttatttttatacttctacTGACTCAAGATGGGAGTTTCC

E591 Intron 15 Exon 16 seq of unknown origin

[Type C tttttttaaagtaccataacgtttgtttttaatcgtgttttttectttagttgectttcceccatcttectggttectgetecttctCtCAGATGGGAGTTTCC

E3011 Intron 16

[Type A igtgcaaaccacatgtacaacagtggtctcataagattacaatactgtttttactgtatcttttgtttagatacacaaacccattgtgttaaaaGAGTTTCC

Table 4-5: Genomic breakpoints of FIP1L1-PDGFRA patients. All breaks lie within the WW-domain
of PDGFRA (W residues and codons are underlined). Lower case indicates FIP1L1 introns in black
and exons in red. Upper case in blue indicates PDGFRA exon 12 and splice acceptor sites are
underlined where present. The pink nucleotide indicates a SNP found in all of the patients with a
break in PDGFRA sufficiently 5'.

The European LeukaemiaNet dataset consisted of FIP1L1-PDGFRA junction sequences
from 113 patients at the mRNA (n=113) and genomic DNA (n=85) levels. The anaysis of
this data was undertaken mostly by Christoph Walz (Mannheim), Andreas Reiter
(Mannheim) and Joe Wiemels (San Francisco). Transcript Type A was seen in 50 (46%) of
cases, Type B in 47 (43%) of cases and Type C in 12 (11%) of cases. It was shown that the
location of genomic breakpoints within PDGFRA exon 12 and the availability of AG splice
sites determine the transcript type and restrict the FIP1L1 exons which are used for the
creation of the fusion gene. In the majority of cases, short stretches of overlapping
sequences were identified at the genomic junction site, suggesting that the FIP1L1-
PDGFRA fusion is created by illegitimate non-homologous end-joining after DNA
breakage. Analysis of breakpoint positions using scan statistics provided some evidence for
clustering of breakpoints within FIP1L1 that may be related to DNA or chromatin-related
structural features. Significant clustering was evident for all breakpoints when considered

together, and also for type B breakpoints considered in isolation.

4.3.8 ldentification of a novel PDGFRA partner gene (292)

Because all PDGFRA breakpoints reported to date are so tightly clustered in PDGFRA
exon 12, analysis of genomic DNA by bubble PCR may also provide a rapid means to
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identify new PDGFRA fusions. Patients who were positive by the PDGFRA expression
multiplex (see Figure 4-28) but negative for FIP1L1-PDGFRA were tested by bubble PCR

to detect any novel fusions.
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Figure 4-28: Gel showing PDGFRA over-expression results. MG-63 cells express normal PDGFRA
and both the 650bp and 290bp bands are visible. EOL1 cells express FIP1L1-PDGFRA but not
normal PDGFRA and only the smaller 290bp band is visible. Normal individuals 1-3 express
PDGFRA very weakly and the predominant amplification product (1094bp) is exons 13-15 from
genomic DNA. Patient E683 shows the 290bp band but not the 650bp band suggesting the
presence of a PDGFRA fusion gene.

The multiplex screen to detect over-expression of the PDGFRA kinase domain (and
therefore potential PDGFRA fusion genes) was developed and performed by Claire Curtis
(Salisbury). Samples from 229 patients referred for IHES or persistent unexplained
eosinophilia were screened and all 12 FIP1L1-PDGFRA positive cases were also positive
by the multiplex PDGFRA assay (292). Of the remaining 217 cases, 9 (4%) were also
PDGFRA multiplex positive. Of these 9, DNA was available for 7 cases.

4.3.8.1 Results

4.3.8.1.1 Bubble PCR screening
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All 7 cases were screened by bubble PCR. For 6 cases only normal bands were amplified,
but for case E683 additional bands were amplified which upon sequencing revealed a
fusion between PDGFRA exon 12 and exon 23 of kinesin family member 5B (KIF5B) at
chromosome 10p11.22 (see Figure 4-29).
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Figure 4-29: UCSC BLAT results on sequence obtained from bubble PCR from patient E683.

The KIF5B protein is composed of 3 structural domains; an N-terminal domain that

hydrolyses ATP and binds microtubules, a large central a helical coiled coil domain and a
C terminal domain that interacts with other proteins, vesicles and membranous organelles.
The KIF5B-PDGFRA breakpoint is within exon 23, producing a fusion protein containing
most of the first two structural domains of KIF5B, including 6 of the 7 coiled coil domains

(see Figure 4-30).
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Figure 4-30: Domain structure of PDGFRa, KIF5B and KIF5B-PDGFRa.

4.3.8.1.2 Case report for E683
A 54-year old male (designated E683) presented with fatigue, night sweats, weight loss

and headaches. Blood counts showed a leukocytosis of 31 x 10°/1 with a marked
eosinophilia of 26 x 10/1. The differential showed 6% neutrophils, 84% eosinophils, 0.5%
basophils, 4% monocytes and 5.5% lymphocytes. Clinical examination showed a cardiac
murmur but no thorax, abdomen or brain abnormalities. Parasitic investigations were
carried out on stool samples but were found to be negative, as were blood tests for HIV 1
and 2 and TPHA. The bone marrow aspirate showed an increase of myeloid cells and a
marked eosinophilia but an absence of blast cells. Immunopheontyping showed no
monoclonal B or T lymphocyte populations. The patient was found to be BCR-ABL
negative by RT-PCR, however cytogenetic analysis revealed 8 out of 16 metaphases with a
complex karyotype; 46XY, del(3)(p21), add(4)(q12),-
10,13q?,+der(?)(?—cen—?::4q12—>4q28.3::10q11.2—>10qter). The patient was treated
with prednisone then hydroxyurea but no improvement was seen. Following detection of
the KIF5B-PDGFRA fusion, the patient was then treated with 100 mg of imatinib per day

after the cessation of the other medication. Four days after the introduction of imatinib
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total blood leukocytes returned to within normal parameters (3.5 x 10°/1) with the
disappearance of eosinophilia (0.105 x 10°/1). A bone marrow aspirate was taken 6 months

after the introduction of imatinib and all the 25 metaphases analysed had a normal

karyotype.

4.3.8.1.3 Confirmation of the presence of KIF5B-PDGFRA
The presence of the fusion was confirmed in both genomic DNA and mRNA in both blood

and bone marrow by single step PCR and RT-PCR respectively (see Figure 4-31 A). The
reciprocal fusion was not detected. Upon sequencing the cDNA and genomic DNA
breakpoints were found to be identical and the breakpoint within exon 23 of KIF5B (see
Figure 4-31 B and C) creating an in-frame fusion. The breakpoint in exon 12 of PDGFRA
is just outside the WW-domain (see Figure 4-31 B).
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Figure 4-31: Detection of the KIF5B-PDGFRA fusion. (A) RT-PCR and gDNA PCR of KIF5B-
PDGFRA in E683 and controls using primers KIF5B Exon 19 F1 + PDA Exon 14 R1 and Exon 22
F1 and PDAI12 R3 respectively. (B) Structure of the fusion mRNA/genomic DNA of the patient. The
PDGFRA breakpoint is 5’ of the tryptophan (W) residue that denotes the beginning of the WW-
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domain. (C) Electropherogram from sequencing of genomic DNA KIF5B-PDGFRA breakpoint. The

breakpoints in the patient are indicated.

Interphase FISH was also performed to confirm the presence of the fusion and for all
results 200 interphase cells were scored. Using BACs RP11-460H18 and RP11-16706,
which are 5’ and 3’ respectively of KIF5B at 10p11.22, on normal interphase cells gave
two sets of overlapping signals as expected. For patient E683, 66% of cells showed a
normal pattern, but for 34% of cells one green signal was missing (see Figure 4-32)

indicating a deletion downstream of KIF5B.

Direction of{ 10p.11.22 KIF5B
transcription

460H18

Abnomal interphase bone marrow cell

Normal interphase bone marrow cell

Figure 4-32: Flanking FISH analysis of E683 with differentially labeled flanking KIF5B BAC probes
RP11-16706 (green) and RP11-460H18 (red) demonstrating a fused signal and a lone red signal

but no green signal.

Furthermore, the KIF5B flanking BAC RP11-460H18 in conjunction with the PDGFRA
flanking BAC RP11-20410 gave four separate signals in normal interphase cells, but
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overlapping signals, consistent with fusion of KIF5B to PDGFRA, were seen in 41% of
cells for patient E683 (see Figure 4-33).
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Figure 4-33: Split FISH analysis of E683, using differentially labelled BAC probes RP11-460H18, 5’
of KIF5B and probe RP11-20410 5’ of PDGFRA. Abnormal cells show a co-localised red/green
signal indicating fusion of these two regions flanking the KIF5B-PDGFRA breakpoint.

Unexpectedly, however, a split signal was not observed with the two BACs that flank
PDGFRA (RP11-571118 and RP11-20410) suggesting that KIF5B has been inserted into
the PDGFRA locus. These findings indicate a complex rearrangement, consistent with the

reported karyotype (see section 4.3.8.1.2).
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4.4 Discussion

441 FIP1L1-PDGFRA breakpoint identification

In contrast to other leukaemia-specific fusions, nested RT-PCR is routinely required to
detect the FIP1L1-PDGFRA fusion in many pre-treatment cases (184, 196) even when
good quality cDNA is used. This can lead to contamination and an increased risk of false
positive results. Furthermore, breakpoint variability and low levels of expression of the
fusion mean that some genuinely positive cases may be missed. Implementation of bubble
PCR, simplex and multiplex LR-PCR enabled 46 FIP1L1-PDGFRA genomic DNA
breakpoints to be identified (see Table 4-1) and confirmed as unique and patient-specific
by sequencing (see Table 4-5). In addition, 20 further patients initially found to be nested
RT-PCR positive were found to be false positive after screening with bubble and/or LR-
PCR yielded negative results, therefore these genomic techniques have allowed resolution

of ambiguities in detection of the fusion that arose from the use of nested RT-PCR.

Subsequent to the success of the multiplex LR-PCR to detect BCR-ABL breakpoints at
single step in CML and ALL (see Chapter 3) and the success of the simplex LR-PCR to
detect gDNA FIP1L1-PDGFRA breakpoints at single step, the gDNA multiplex was
designed and optimised. The FIP1L1-PDGFRA gDNA LR-PCR multiplex picked up all of
the positive controls (with adequate sample quality) at single-step amplification (see Figure
4-12) and was therefore implemented alongside the nested RT-PCR initially for confirming
unique breakpoints in patients found to be positive by RT-PCR but is now used for
screening all incoming patients with eosinophilia, alongside the nested RT-PCR.
Comparison of the nested RT-PCR and the gDNA LR-PCR revealed that all patients with
adequate sample quality (46/48) were single-step positive by LR-PCR but only 50%
(22/44) were single step positive by RT-PCR, the remaining 50% requiring nested
amplification. Importantly, 2 patients that were nested negative by RT-PCR were single
step positive by LR-PCR multiplex. The cDNA quality for these 2 cases was relatively
poor as assessed by RQ-PCR for ABL mRNA and therefore suggests that a minimum
cDNA quality criteria similar to those employed for MRD analysis (e.g. number of ABL
transcripts > 10%; (299)) should also apply to diagnostic RT-PCRs for FIP1L1-PDGFRA.
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The gDNA multiplex LR PCR also easily detected FIP1L1-PDGFRA in two cases that
were negative or borderline negative by FISH (see Table 4-4, E513 and E2002), however it
is important to stress that the FISH analysis was performed on peripheral blood rather than
bone marrow. In the six cases tested in-house, the median proportion of FISH positive cells
was only 13% compared to a median of 80% in 10 cases for whom bone marrow was
analysed (290). Although further comparative FISH data of blood and bone marrow are
warranted, these results suggest that the absence of CHIC2 deleted cells by interphase
FISH should be interpreted with caution when peripheral blood is used for analysis. This
data taken together shows that the gDNA multiplex is a more sensitive method of FIP1L1-
PDGFRA detection when compared to both nested RT-PCR and FISH. However, currently
the gDNA multiplex is used in conjunction with nested RT-PCR to screen for FIP1L1-
PDGFRA fusions as there is a 12 kb repeat region in intron 10 within which no primers
could be designed. There is a small chance therefore that the gDNA multiplex may not
pick up breakpoints at the very 3’ end of this region, currently however we have not

detected such a case.

4.4.2 Location of breakpoints

The breakpoints in FIP1L1 were distributed in the large 62 kb region between introns 9 to
16. Previously the most 3’ break in FIP1L1 that had been described was in exon 14 (184).
Conversely, all the breakpoints in PDGFRA were within the 78 bp WW-domain (see Table
4-5) concurring with previous reports (184). There were found to be 3 different types of
breakpoints depending on the splicing of the fusion. Type B was the most common, being
seen in 50% (19/38) of cases with type A occurring in 39% (15/38) and type C the least
common at 11% (4/38). There did not appear to be any particular clustering of the FIP1L1
breakpoints in this dataset although the more detailed analysis performed by Walz et al.,
(submitted) did indicate specific clusters, particularly for Type B breakpoints that may be

related to specific chromatin features.

Within PDGFRA, all genomic breakpoints are tightly clustered within exon 12. The most
likely reason for this clustering appears to be functional since breakpoints in this region
specifically disrupt the auto-inhibitory WW-like domain between its two tryptophan
residues (W559 and W586). Stover et al., (301) have previously shown that this disruption
of the WW-like domain is essential for the activation of the PDGFRA kinase by FIP1L1,
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which, in contrast to other tyrosine kinase fusion partners, does not contribute a protein
dimerisation domain. Breakpoints within the same region of exon 12 are also seen in most
rare cases with variant PDGFRA fusions involving alternative partner genes. However,
several questions remain, e.g. if a dimerisation domain is not required when the WW
domain is disrupted, why does BCR disrupt the region when fused to PDGFRa? Also why
are WW domain disrupting fusions not usually seen for PDGFRJ fusions given the fact
that the WW domains are almost identical in PDGFRa and PDGFRf. One possible
explanation is that PDGFRa exon 12 is particularly susceptible to breakage, whereas the
corresponding exon in PDGFR} is not. Potentially this could relate to the fact that
PDGFRa has a developmentally regulated internal promoter in intron 12 that may be
associated with an open chromatin structure (302). To investigate this DNasel
hypersensitivity assays around PDGFRa and PDGFRf exon 12 using myeloid cell lines

could be performed.

4.4.3 Comparison of methods to monitor MRD

The higher sensitivity of the gDNA multiplex indicated that the use of patient-specific
gDNA breakpoints might lead to increased sensitivity for detection of MRD. Initial testing
by qualitative nested gDNA PCR on 7 patients revealed that this method was indeed more
sensitive than nested RT-PCR in all but one datapoint (see Figure 4-17). RT-PCR is used
routinely for the monitoring for MRD of other fusion genes such as BCR-ABL and is found
to have a high sensitivity (255). The reason for the lower sensitivity in RT-PCR for the
FIP1L1-PDGFRA fusion may be due to the fact that unlike other fusions, FIP1L1 has
many splice variants which might affect the efficiency of the nested RT-PCR but would
not affect detection of the genomic DNA breakpoint.

For example, case E591 (see Table 4-5), who had an unusual clinical presentation and
hence was difficult to diagnose, was found to be intermittently positive by RT-PCR on
repeat pre-imatinib samples and therefore it was unclear whether the fusion was real or a
false positive result. Bubble PCR was undertaken in an attempt to clarify the ambiguous
results and the genomic breakpoint was found to be in exon 16 of FIP1L1 (288). This may
account for the intermittent results with the nested RT-PCR, as the RT-PCR product would
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be approximately 300 bp longer than the most 3° breakpoint previously published (184). In
pre-imatinib samples the fusion was amplified from gDNA by single step PCR and gDNA
RQ-PCR but subsequent follow up samples have been nested gDNA and RQ-PCR
negative. In addition, this case also had the PDGFRA breakpoint at the 3° end of the
breakpoint region and this case was unsuitable for cDNA RQ-PCR.

As the gDNA nested PCR gave more sensitive results than nested RT-PCR in both
detecting the fusion at presentation and for MRD, a RQ-PCR technique was designed to
allow quantification and assess more accurately if the gDNA fusion was present at higher
levels than the cDNA fusion. As expected, comparison of gDNA RQ-PCR with cDNA
RQ-PCR and cDNA nested RT-PCR showed that the patient specific RQ-PCR (gDNA and
cDNA) were much more sensitive than the nested RT-PCR (see Figure 4-22). Comparison
of the gDNA and cDNA RQ-PCR showed that the gDNA RQ-PCR was more sensitive
than the cDNA RQ-PCR with 13% (4/31) of the post-treatment datapoints discordant, all
of which were gDNA positive and cDNA negative. There were no instances where the
cDNA was positive and the gDNA was negative (see Figure 4-22). The gDNA RQ-PCR
also showed a greater sensitivity of 1 log upon comparison to both the cDNA results from

this study (see Figure 4-24) and also those obtained by others (195).

This lower sensitivity of the cDNA RQ-PCR compared to gDNA RQ-PCR is therefore not
simply a result of decreased specificity due to the high levels of splice variants, as both
RQ-PCR techniques use patient-specific primers. Other possible reasons for low and
variable expression levels are discussed in section 4.4.4. It is important to note that the
gDNA probe could be used for all breakpoints as it is located outside the breakpoint region
of PDGFRA whereas the cDNA probe can only be utilised for about 75% of all
breakpoints as the only feasible design was just within the breakpoint region (195). ES91 is
an example of a case for whom the mRNA breakpoint was not amenable for testing with
the cDNA probe and therefore the gDNA RQ-PCR is the only available method to

quantitatively measure MRD levels.
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4.4.4 Absolute gDNA RQ-PCR of presentation samples

To ascertain if clone size was important for detection of the fusion by gDNA PCR
techniques, absolute gDNA RQ-PCR was performed. This confirmed a considerable
degree of variation in the proportion of FIP1L1-PDGFRA positive cells between patients
(median 13%; range 3% to 100%). However this variation was much smaller (40-fold
versus 1000-fold) than that previously described for FIP1L1-PDGFRA mRNA levels
(195), suggesting that the difficulties in RT-PCR detection are only partly due to variable
clone size. This is consistent with the observation that gDNA PCR was able to amplify
FIP1L1-PDGFRA junction sequences in all cases, whereas only half were single step RT-
PCR positive. The variability in clone size ascertained by gDNA analysis is concordant
with the FISH data and with the fact that some FISH presentation samples are below the
levels of detection (by FISH) but can still be amplified at single step by the gDNA
multiplex or gDNA RQ-PCR. It seems likely that high levels of alternative splicing within
the FIP1L1 moiety of the fusion may lead to an apparent low level of fusion gene
expression but other factors might play a role, for example polymorphic variation in the
strength of the FIP1L1 promoter or regions affecting stability of the mRNA fusion.
Although the ability of gDNA analysis to detect the fusion might be affected by variable

clone size, it should not be influenced by other mechanisms leading to variable expression.

4.4.5 Responses to imatinib

Absolute gDNA RQ-PCR showed that 11 of 13 cases achieved a complete gDNA
molecular response to imatinib in a median of 9 months, confirming the excellent response
of this disease to targeted therapy (187, 194, 303). The superior sensitivity of gDNA
analysis may be particularly useful for novel approaches to disease management such as

determination of optimal dosing for individual cases (304).

Resistance of FIP1L1-PDGFRA positive cases to imatinib is uncommon. Only two cases
have been reported in the literature, both of whom developed T6741 resistance mutations
(184, 305). In the series studies here, two cases failed to achieve a complete molecular
response, one of whom acquired a D842V mutation. This sequence variant has not been
reported previously in FIP1L1-PDGFRA, but is the most common mutation seen in

imatinib-resistant, PDGFRA-mutated gastrointestinal stromal tumours (306). D842V
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corresponds to the D816V mutation seen in systemic mastocytosis, an activating mutation
that is also refractory to inhibition with imatinib as it locks the catalytic domain into an
active conformation which imatinib is unable to bind (307). The suboptimal response in the

second case was believed to be a consequence of poor treatment compliance.

4.4.6 ldentification of a novel PDGFRA fusion partner gene

Bubble PCR was used to identify a novel PDGFRA partner gene, KIF5B, in a patient with
CEL. KIF5B is located on chromosome 10p11.22 (NM_004521.1) and encodes a member
of a family of microtubule-based motor proteins involved in transport of organelles, which
are highly expressed in neural cells (308). In vivo studies found that knockout mice (kif5b -
/-) were embryonic lethal with severe growth retardation (309). The presence of the in-
frame fusion was confirmed in mRNA and DNA (see Figure 4-31 A) and abnormal FISH
patterns were also seen (See Figures 4-32 and 4-33). The fusion gene is unusual as it is
identical in the cDNA and gDNA and within exon 23 of KIF5B. The breakpoint in
PDGFRA is also unusual, as it is just outside of the WW-domain within which all the
FIP1L1-PDGFRA breakpoints occur (see Figure 4-31 B). The KIF5B protein is composed
of 3 structural domains; an N-terminal domain that hydrolyses ATP and binds
microtubules, a large central a helical coiled coil domain and a C terminal domain that
interacts with other proteins, vesicles and membranous organelles (see Figure 4-30). In the
fusion protein, 6 out of the 7 coiled coil domains are retained, which could allow
dimerisation and constitutive activation of the PDGFRa tyrosine kinase in a manner
analogous to the BCR coiled coil domain in the BCR-ABL fusion (58). This was the third
PDGFRA fusion partner gene to be reported after FIP1L1 and BCR (183, 310).
Furthermore this was only the second PDGFRA partner gene to be associated with
CEL/IHES, highlighting the possibility of other fusion genes involved in the generation of
this disease and indeed, now there have been 6 fusion partners for PDGFRA identified
(168). Although the karyotype of the case was not known when the molecular analysis was
performed, subsequent information revealed the presence of a complex rearrangement that
included abnormalities of 4q12. This, in combination with the clinical phenotype, should

have suggested the possible involvement of PDGFRA.
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None of the other 6 cases that were found to specifically over-express the region encoding
the PDGFRa kinase domain had PDGFRA rearrangements as determined by bubble PCR.
Although it is possible that bubble might miss occasional rearrangements the ability of this
technique to pick up most FIP1L1-PDGFRA rearrangements suggests this is unlikely. Or
that the breakpoint in PDGFRA is not localised in exon 12. These cases may have been
false positives, or possibly might result from some unexplained activation of the PDGFRA
internal promoter (302). The function of this internal promoter is unknown, but
conceivably it might be activated with pathogenic consequences in the PDGFRA multiplex

expression positive cases.
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Chapter 5: Conclusions

Genomic instability is a hallmark of malignant cells and chromosomal rearrangements are
commonly associated with cancer (311). Acquired reciprocal translocations that produce
oncogenic fusion genes are now known to be a common cause of haematological
malignancies. The first translocation to be consistently associated with a haematological
malignancy was the t(9;22), which fuses the BCR gene to the tyrosine kinase gene ABL in
CML (19) and is able to transform cells in vitro and in vivo (22). Indeed, with many
different acquired translocations associated with malignancy this is clearly an important
mechanism for the genesis of neoplasms and as such these translocations have been
intensely studied. The mechanisms by which they are formed, however, is still

incompletely understood.

In its simplest form, translocations are the result of two DSBs that occur in pairs of non-
homologous chromosomes (199) that must be in close proximity to one another. Indeed it
has been shown that the distances between genes commonly involved in both lymphoid
and myeloid translocations are a lot shorter than control genes during cell division (200,
201). The subsequent aberrant ligation represents a failed attempt for DNA repair enzymes
to mend the severed DNA (203). The resultant gene fusions must confer a selective

advantage to enable biological selection and clonal expansion.

DSBs can be caused by a number of exogenous factors such as ROS, ionising radiation,
genotoxic chemicals and DNA replication stress (202) or by the cell itself, as ROS are by-
products of normal respiration. Due to the danger that DSBs cause to the integrity of the
genome, pathways for efficient and accurate repair of DSBs are critical (312, 313) and
there are 2 main mechanisms by which they can be repaired: (1) NHEJ rejoins free DNA
ends without the use of sequence homology and as such the DNA may undergo
modifications during the ligation process and is potentially mutagenic and (2) HR which
utilises long stretches of homologous DNA as a template to repair breaks and is therefore
more likely to maintain genomic integrity. Single stranded annealing (SSA) is another type

of HR but it uses single stranded tails to recombine at repeat regions which results in
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deletions and is therefore mutagenic. In addition, lymphoid cells have the unique capability
to generate (and repair) DSBs in a controlled manner, in order to generate the large
repertoire of antibodies required to mount an efficient immune response (258). However
these mechanisms can also be used to aberrantly produce and repair DNA breaks and

therefore give rise to translocations.

By cloning translocation breakpoints and determining if there are any breakpoint clusters
or sequence homologies, the mechanisms by which some translocations occur have been
elucidated in some subtypes of disease. For example, the mechanisms behind many
chromosomal translocations in lymphoid malignancies are believed to be the result of
illegitimate recombination mechanisms such as V(D)J (204, 207, 208, 263, 270) or CSR
(205, 206). This highlights the importance of determining what cell-type and stage of
development the translocation may occur as this could affect what mechanisms are active

and therefore likely to be responsible.

The mechanisms behind chromosomal translocations in myeloid and the remainder of
lymphoid malignancies are poorly understood. Sequence analysis of breakpoints has
revealed that the majority probably result from NHEJ, less frequently from SSA and very
rarely from HR (223, 224, 314), however, the reason why some fusions are seen very
frequently compared to other known or putative fusions is still unclear. Two main

hypotheses have been proposed.

The first is the ‘selection hypothesis’ which poses that breaking and re-ligation events
between chromosomes occurs relatively frequently, however leukaemia is only seen in
those which provide a selective advantage for the cell (226, 229). The second is the ‘hot-
spot hypothesis’ which poses that the breaks are non-random and due to particular fragile
sites in the genome that are particularly susceptible to breaks such as non-B forms of DNA
or S/MARs (218, 220-222, 315). However, it is likely that both of the above hypotheses
have their part to play in the genesis of translocations and elucidation of these mechanisms
provides vital information which could potentially lead identification of risk factors and

possibly preventative measures.
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In addition to the elucidation of the mechanisms that give rise to translocations, it is also
vitally important to be able to quickly and accurately identify the oncogenic lesions in
leukaemia patients so that the necessary and correct treatment regimes can be
administered. Even within the same group of disease, such as ALL, there are many
different disease causing translocations, which not only have differing prognostic
outcomes, but different optimal treatments, such as BCR-ABL positive ALL which has a
poorer outcome and requires more aggressive treatment than, for example TEL-AML1

(316).

Once a particular fusion gene has been identified in a patient and the corresponding
treatment regime undertaken, it is also important to be able to monitor the effectiveness of
the regime. As the hallmark of a particular leukaemia caused by a gene fusion is the
presence of this marker in the patients blood or bone marrow, it can be used to determine if
treatment has been successful by monitoring for minimal residual disease (317). Indeed the
depth of response gauged by such monitoring can in itself be used as a prognostic indicator
(318). If the patient has a complete molecular response, regular monitoring can be used to

catch any relapse at an early stage and to change therapy.

In the past 50 years since the identification of the first translocation associated with a
malignancy (19), many efforts have been made to identify further genetic lesions that give
rise to leukaemia, their mode of action and the mechanisms by which these arise. This
research has led to many seminal discoveries, culminating in the first rationally designed
drug, imatinib, that can specifically target a number of tyrosine kinases (61) including
BCR-ABL. There is now a plethora of data on many different types of leukaemia and
treatment regimes can now be tailored depending on the acquired genetic abnormality

(although for most of these the therapy is not yet truly targeted).

The main unifying aim of this project was to identify genomic breakpoints, but for very
different purposes. Toward this end several different techniques were optimised and used
to varying degrees of success. The most successful technique which was employed for both
parts of this project was the LR-PCR, which proved to be a robust and quick method of
amplifying breakpoints after it had been optimised.

222



In the first part of this project, genomic breakpoints were amplified from p190 ALL, p210
ALL and p210 CML to try and establish if there were lymphoid-specific mechanisms
responsible for the over representation of p190 breakpoints in ALL compared to CML.
Although 3 other techniques were trialled, the only method by which breakpoints were
successfully amplified was LR-PCR. In total 82 BCR-ABL breakpoints were amplified and
sequenced which broke down into to 25/43 p190 ALL (i.e. amplification was attempted
from 43 cases and 25 were successful), 25/32 p210 ALL, and 32/32 p210 CML. However
there are relatively few breakpoints published in the literature, the paucity of breakpoint
data in the literature highlights the difficulties of isolating these sequences, especially the
p190 breakpoints which not only have the large ABL breakpoint region but also a
considerably larger region in BCR where breakpoints can occur. The percentages of
successfully characterised breakpoints were higher for p210 (89%) than p190 breakpoints
(58%), and the most likely reason for this is that follow up simplex PCR was not
performed for p190 cases due to the large numbers of PCRs and large amount of patient

DNA this would involve.

Amplification of the reciprocal breakpoints revealed that, in concordance with previously
published data generated by FISH and RT-PCR (271, 276), the p190s had much lower
frequency of derivative 9 deletions compared to the established figure of around 15% in
CML (125). Fine breakpoint mapping revealed that in the 20 reciprocal breakpoints
amplified (of 25 tested) the largest deletion/insertion or duplication event was 27 bp, which
was in stark contrast to the p210s. Statistical analysis did not reveal any differences
between the locations of forward breakpoints between the subtypes of leukaemia, however,
two clusters were found for p210 ALL in both BCR and ABL in addition, when all
breakpoints were combined (p210 and p190) there were also two clusters observed in ABL.
The p190 breakpoints were not found to have any clustering within the m-bcr, contrary to
previous reports that suggested sub-clustering of these breakpoints, a possible clustering of
breakpoints was found in the 3° end of the ABL breakpoint cluster region (see section

3.3.9).
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Analysis of sequence motifs found one significant association, a deficit of repeat regions in
p210 BCR breakpoints which might possibly be related to the non-repeat recombination
motif (CCTCCCT) and its 13-mer family member, which has been reported to be located
close to many translocation breakpoints (260). Despite the lack of association of any of the
breakpoints with consensus or functional RSSs, it was still possible that a subset of p190
ALL breakpoints were caused by illegitimate RAG recombination utilising cryptic sites
and therefore all breakpoints were screened for cryptic RSSs and a representative subset

selected for functional testing.

The functional testing, although limited to 10 cases, revealed 1/5 p190 cases had a
‘specific’ RSS next to the breakpoint which was targeted for both CJ and SJ formation, the
presence of both are required for the definitive V(D)J recombination. In addition 1/3 p210
ALL patients was found to have a ‘specific’ RSS at the breakpoint in ABL which showed a
SJ and a hybrid joint but did not show coding joint formation. In addition there were 3
other RSSs in the flanking sequence that were also targeted by RAG, which means the
origins of this breakpoint are less certain. The remaining cases tested did not show any
‘specific’ recombination, with the caveat that the number of ‘non-specific’ recombination

events was low.

If there was more time there are several experiments which could be done. First, it would
be desirable to identify additional forward and reciprocal breakpoints. More p190 forward
breakpoints could be screened for by running the LR-PCR simplex PCRs on the multiplex
negative patients, or at least those for whom sufficient DNA is available, or the multiplex
LR-PCR could be repeated with an increased magnesium concentration as with the
FIP1L1-PDGFRA LR-PCR multiplex. If this was unsuccessful, more BCR forward primers
could be designed. In addition the remaining unidentified reciprocal breakpoints could also
be run on a reciprocal breakpoint multiplex LR-PCR to see if intermediate sized breaks
could be identified. It would be interesting (but expensive) to perform high density array
CGH on these cases to examine the extent of the deletions and provide sufficient resolution

to enable the reciprocal breakpoints to be amplified by LR-PCR.
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For the functional analysis, more transfections will be run on those cases with constructs
already made and, in addition, some of the remaining breakpoints will be tested for
‘specific’ V(D)J recombination. As the two cases that showed ‘specific’ RSSs did not have
cryptic RSSs near the breakpoint in the translocation partner, it is possible that this DNA
was a target for RAG mediated transposition whereby a signal joint is inserted into an
unrelated DNA target (277, 278, 284-286). This is believed to be facilitated by the fact that
signal joints are degraded slowly thereby providing a prolonged opportunity for irregular
events to occur (282). The structure and nucleotide sequence of the target DNA is of
importance for this mode of recombination and non-B forms, especially cruciforms, are
preferred targets (286). This may be relevant for BCR which has an internal promoter in
intron 1 upstream of the m-bcr (287). Potentially this could result in a distorted DNA
structure, although this would be highly unusual if it extended over such a large region.
Non-B form DNA has also been found to be a target of RAG cutting which is able to
generate double stranded breaks even in the absence of cryptic RSSs, as has been described
in follicular lymphomas (254, 267). This may be another way of generating double
stranded breaks in ALL patients with subsequent RAG directed or other mechanisms of
joining facilitated by the proximity of chromosomes 9 and 22 during mitosis (200). The
fact that BCR is located near to the IgL locus on chromosome 22 may also be relevant.
Indeed, the finding of RAG mediated deletions of exons 3-6 in the transcription factor
Ikaros in the majority of BCR-ABL positive ALL and CML in lymphoid transformation but
not chronic phase CML clearly substantiates the notion that illegitimate RAG activity is
important for the genesis of lymphoid malignancies (119). In addition, specific mutations
in RAG1 and RAG2 can alter the targeting and processing of RSSs (319, 320) and a gain of
function mutation has been identified in vitro that increases the frequency and infidelity of
targets (321). It is possible therefore that mutations in RAG genes might be a feature of
lymphoid disorders by promoting genetic instability. Alternatively, the breaks could be the
result of another lymphoid specific enzyme such as AID, and although this is unlikely as

this enzyme is usually active in later B-lymphoid cells, it is not impossible.

A successfully employed method for amplifying tightly clustered breakpoints was bubble
PCR, which has the added advantage of allowing amplification from a known gene into an
unknown partner. This resulted in the amplification of a novel fusion partner to PDGFRA

which was only the second fusion to be associated with CEL. This highlighted the
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possibility of further fusion partners for PDGFRA and to date a total of six have been
identified (168). In addition bubble PCR was used to amplify some FIP1L1-PDGFRA
genomic breakpoints, but this was later changed to a multiplex LR-PCR strategy which
was found to be more efficient than the RT-PCR amplifying all the positive controls at
single step compared to the RT-PCR technique for which many breakpoints could only be
amplified by nested amplification. As a result, the LR-PCR has now been adopted in a
diagnostic setting to run alongside the RT-PCR. In addition the genomic breakpoints were
used to design patient-specific gDNA RQ-PCRs which were more sensitive than analysis
of cDNA for detection of MRD. In addition, the results could be directly translated into the
proportion of fusion positive cells, which is not possible for cDNA-based techniques due to
variability in fusion gene transcript numbers per cell. Furthermore, levels of the gDNA
fusion at presentation, and thus the clone size, were shown to be widely variable and in

some cases very low which may account for why some patients are negative by FISH.

Finally, the question remains why the breakpoints within PDGFRa are so tightly clustered
within exon 12. One reason for this is likely to be functional, and support for this comes
from a recent analysis that showed FIP1L1 is completely dispensable for transformation by
FIP1L1-PDGFRa, and that the breaks between the two tryptophan residues in the WW
domain is sufficient to activate the fusion in the absence of a partner gene encoded
dimerisation domain (301). However, several questions remain, e.g. if a dimerisation
domain is not required when the WW domain is disrupted, why do BCR and KIF5B
(which are known to harbour dimerisation domains) also disrupt this region when fused to
PDGFRa. Also why are WW domain disrupting fusions not seen for PDGFRJ fusions (the
WW domains are almost identical in PDGFRa and PDGFRJ). One possible explanation is
that PDGFRa exon 12 is particularly susceptible to breakage, whereas the corresponding
exon in PDGFR} is not (302). Potentially this could relate to the fact that PDGFRa has a
developmentally regulated internal promoter in intron 12 that may be associated with an
open chromatin structure. To investigate this DNasel hypersensitivity assays could be

performed around PDGFRa and PDGFRJ exon 12 using myeloid cell lines.

The work in this thesis has demonstrated the value of translocation breakpoint

characterisation to help understand the genesis of specific diseases as well as providing the
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means for improved diagnosis and follow up of affected patients after treatment. Although
the current techniques are laborious and cumbersome, breakpoint characterisation is likely
to become easier and cheaper in the future with the development of new analysis

techniques such as ‘next-generation’ sequencing.
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Appendix |

Solutions

Guanidine Tiocyanate (GTC): 4M Guanidine thiocyanate, SmM EDTA, 25mM citrate pH
7.0, 0.5% sarcosyl. 7 pl B-mercaptoethanol per 1 ml of GTC was added fresh prior to use.

Red cell lysis buffer: 155mM KHCO;, 0.1mM EDTA, pH 7.4 at 4°C.

RSB: 4.38g NaCl, 48 ml EDTA made up to 1 litre with sterile water.

10% SDS: Made with equal volumes of 20% SDS and sterile water.

P1: 5mM glucose, 25mM Tris-Cl, 10mM EDTA, pH 8.0

P2: 0.2M NaOH, 1% SDS.

P3: 5M potassium acetate, 3M glacial acetic acid.

Biotin (Bio) Labelling mix: 0.5M Tris-CI pH 7.8, 0.05M MgCl,, 0.1M B-mercaptoethanol,
20 uM dATP, 20 uM dGTP, 20 pul dCTP, 10 uM dTTP, 0.5 pg BSA and 25 ng of d UTP
conjugated with Biotin.

Digoxygenin (Dig) Labelling mix: As Biotin mix except 0.5 ug BSA and 25 pg
digoxygenin added fresh when labelling reactions are set up.

SSCT: 4 x SSC, 0.1% Triton-X pH 7.0.

Hybridisation Buffer (HB): 50% formamide, 2 x SSC, 20% dextran sulphate, pH 7.0.

SSCTB: 2 x SSC, 0.1% Triton-X, 0.03 g/ml BSA.

SSCT: 4 x SSC, 0.1% Triton-X, pH 7.0.
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Phosphate buffered saline (PBS): PBS was prepared as instructed by the manufacturer
(Oxoid, Basingstoke, UK). One tablet was dissolved in 100 ml of distilled water.

6 x loading buffer with Orange-G loading dye: 40% sucrose, 0.25% Orange-G, 1 uM
EDTA.

LB Broth: 25 g LB broth per litre dH,O. Autoclaved before use.

LB Agar: 3 gagar per 200 ml LB broth. Autoclaved before use.
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PCR programs

High Fidelity PCR program

Appendix 11

Temp
Step | (°C) Time
1 95 2 min
2 94 20 sec
3 66/64 4 min
4 68 14 min
5 10 times to 2
6 94 20 sec
7 66/64 40 sec
8 68 14 min
9 22 times to 6
10 72 9 min
11 15 Forever
12 End

Long Range PCR program

Temp

Step | (°C) Time
1 95 2 min
2 94 20 sec
3 66/64 30 sec
4 68 8 min
5 10 times to 2

6 94 20 sec
7 66/64 40 sec
8 68 8 min
9 25 times to 6
10 68 9 min
11 15 Forever

230



‘12 ‘ End ‘

Sequencing program

Step Temp (°C) Time

1 96 1 min
2 96 10 sec
3 50 30 sec
4 60 2 min

5 25 times to 2

6 4 Forever
Pfu polymerase program

Step Temp (°C) Time

1 96 1 min
2 96 30 sec
3 64 30 sec
4 72 1 min

5 30 times to 2

6 4 Forever
Primers

M213 primers for TOPO TA clone sequencing

MI3 F 5’ GTAAAACGACGGCCAGY
MI3 R 5" CAG GAA ACA GCT ATGAC¥

BCR primers used in PCR screening of p190s

BCR forward primers sets A and B:

Forward Primer A
BCR 1A Bt1(374) F
BCR 2A Bt 1 (13651) F
BCR 3A Bt2 (11553) F
BCR 4A Bt 2 (23655) F
BCR 5A Bt 3 (15209) F

Primer Sequence (5' to 3')

GGA GTC ATC TCT AGC GCC CAC AT
TGC AGT CAC CAT GAT CCC TTC TC
GCA GGA CTC CCC TAC CCC ATA AC
CAG GGA CTG ACT CCA CAA CAG GA
CTC CTC AGT GCT GGT GTC TGA GC
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Forward Primer ‘B’
BCR 1B Bt 1 (9246) F
BCR 2B Bit 2 1F

BCR 3B Bt 2 (17001) F
BCR 4B Bt 3 (6494) F
BCR 5B Bt 3 (22728) F

Primer Sequences (5' to 3")

CAA AGC ATT TTC CCC TGC GTA TC

TAT GAG TTT CTG CCC ATG ATG GG
CTT GCT GAC CTT GAT GGA GTG GA
CTA GAG AAC CCA TCC CAC GCA GT
CTC CAA AAG ACG TGT GCT GCT GT

BCR reverse primers used to test forward primers work:

Reverse Primer A

BCR 1A Bt 1(9246) R
BCR 2A Bt2 (2801) R
BCR 3A Bt 2 (16990) R
BCR 4A Bt 3 (6370) R
BCR 5A Bt 3 (22870) R

Reverse Primer B
BCR IBBt 1 (17176) R
BCR 2B Bit 2 1R
BCR 3B Bt 2 (23641) R
BCR 4B Bt 3 (14649) R
BCR 5B Bt 3 (29314) R

BCR C primer set:

Forward Primer

Primer Sequences (5'-3")

GAT ACG CAG GGG AAA ATG CTT TG
AGG GTC ATC AAG GAA TCG GGA AT
AAG GTC AGC AAG GCG AAG AGA GA
TCT TTA TGC ACC AGT GGC CTG AA
TTT TCA CAG AGG CGG ACA TCA AA

Primer Sequences (5'-3")

TCA ACC TTC CCA GAC TTC CTT GC
CAA GGT TCT CAC AAA TGC CAG AG
CAG TCC CTG TCT CTG CCA TTT CA
GAA GGT GCC TAT GAA CCCTGC TG
CAA CAG GCA TCT CAC AACGACCT

Primer Sequences (5' to 3") Reverse Primer

BCR 1C bt 2 (18817) F
BCR 2C bt2 (21316) F
BCR 3C bt3 (972) F
BCR 4C bt 3 (3305) F
BCR 5C bt 3 (8176) F
BCR 6C bt 3 (10651) F
BCR 7C bt 3 (12440) F
BCR 8C bt 3 (17350) F
BCR 9C bt 3 (20584) F
BCR 10C bt 3 (25406) F

TTCCAGTGAGTCGGTGAAAGCTG  Use 3B (23641) R
CCCACTTTTCTTTGTGGGACAGC Use 3B (23641) R
GGGCTCATTTTCACTGGATGGAC  Use 4A (6370) R

TCCTGTCACATCAGACCCTTTGC Use 4A (6370) R

CCACCCTTTACCTGACCAGCATC  Use 4B (14649) R
GTGAGGGTGAAAACCAGGGTCAG Use 4B (14649) R
CAAGGAGCAGGAATCAGCCTTGT Use 4B (14649) R
GCCTGCGTTTTTCTACCAACACC Use 5A (22870) R
TGGAGACAGGGGATGGTCCTTTA  Use 5A (22870) R
GGGGCAACAAGTATGGATTGGAG Use 5B (29314) R
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BCR 11C bt 3 (27463) F

GGAGTGGAGAAGGGATCCTCACA Use 5B (29314) R

BCR primers for p210 screening

BCR p210 forward primers used for screening p210s:

Forward Primer
BCR B2 F (exon 13)
BCR B3 F (exon 14)

Primer Sequences (5'-3')
ACT CGT GTG TGA AACTCC AGA CT
TGG GTT TCT GAA TGT CAT CGT CC

ABL primers used in PCR screening p210s and p190s

Reverse Primer A
ABL 1A (26693) R
ABL 2A (26877) R
ABL 3A (8944) R
ABLA4A (16040) R
ABL 5A (5357) R

Reverse Primer B
ABLIB (8470) R
ABL2B (15120) R
ABL3B (20180) R
ABLA4B (7790) R
ABLS5B (16551) R

Reverse Primer C
ABL 1C (937) R

ABL 2C (4301) R
ABL 3C (2114)R
ABL 4C (3) (28389) R

Reverse Primer D

ABL 1D (17887) R
ABL 2D (21000) R
ABL 3D (14776) R
ABL 4D (24077) R

Primer Sequences (5'-3")

AAC ACG GAG AAG TGG CAA ACCTC
TAA GGC AGT TAC CAG GAA GCATTT
GGA AGG AGG AGG AAA TGA CAG CA
ACT GTT CAC TAA GTG GCA CTG TG
CAT GAT GTG CTT TGC AGG GTA GC

Primer Sequences (5'-3")

GAT CTG AAG CAC AAG CAC GGT TC
GGA ACA GGA ATC CTA ATG GCC AAC
ACA TGG GGC ACA GTCTCT TGA TG
AGG AAT GGG TAT GCT GGG GTT G
ATG GAA TGA CTC CCA CCT GAA AG

Primer Sequences (5'-3")

AAG CCA CTG GCA CACTTC ATA CG
TGG ACC AGG CTT TAG CCC TAT CA

CCC GCA GTA TCC CTC AAA ATC AG

ACA TGA GGT TTG CAG AAG CAC CA

Primer Sequences (5'-3')

AGC CAT AAC CAT TCT CCC AAG CA
ACC AAA GCC TCC CCTTGT ACCTC
TCA TGG AGA AAG GGG GAG AACTG
CCA GAA GAA CAC CCC AAG AAGGA
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ABL 5D (9338) R

AAA CAT TCT GCC GCATCT GGA TT

ABL primers used to test reverse primers work:

Forward Primer A
ABL 1A (18236) F
ABL 2A (19817) F
ABL 3A (920) F
ABL 4A (11147)
ABL 5A (1735) F

Forward Primer B
ABLIB 1F
ABL2B (6300) F
ABL3B (14450) F
ABLA4B (1280) F
ABLS5B (8750) F

Forward Primer C
ABL 1C(92)F

ABL 2C (241) F

ABL 3C (2) (27017) F
ABL 4C (3) (22069) F

Forward Primer D
ABL 1D (10441) F
ABL 2D (14516) F
ABL 3D (7683) F
ABL 4D (17150) F
ABL 5D (3948) F

Primer Sequence (5'to 3')

CAA AGC ATT TTC CCC TGC GTA TC

TAT GAG TTT CTG CCC ATG ATG GG

CTT GCT GAC CTT GAT GGA GTG GA
CTA GAG AAC CCA TCC CAC GCA GT
CTC CAA AAG ACG TGT GCT GCT GT

Primer Sequences (5' to 3")

TCA ACC TTC CCA GAC TTC CTT GC
CAA GGT TCT CAC AAA TGC CAG AG
CAG TCC CTG TCT CTG CCA TTT CA
GAA GGT GCC TAT GAA CCC TGC TG
CAA CAG GCA TCT CAC AACGACCT

Primer Sequence (5' to 3')

GCG ACA GTT CCT TCC AAT TCC AC
AGA GCG CCT GCT GTT TGA TTT TC
ACA TCG GAA CAC TGG TCT GGT CA
TGG ACG CTA CCT TGA CAG AGT GTG

Primer Sequence (5' to 3')

TTT TAG CCT TGG CAC ACC AGT CA
GGA GAC CAT GTC TCA GTG GTG GA
GCT GTG TGT TCC TGT GGA GCT GT
TTT GTT GTT TCT TCG CCA TCA GC
TTC TGG GGA AAT TGC CTG TCA TT

ABL upstream primers for p190s and p210s

Forward primer Primer sequence (5’ to 3”)

ABLUS2F

CCTCCCAATGCCTAGACTCTCCA
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ABLUS3F TGACATGGTATGCCAACATGGAA

ABLUS4F GCAGATCAGTGCAGGCTTCAGAG
ABLUSSF ACCCAGAGGCACACATCTCACAG
Reverse primer

ABLUS 2R TCCATGTTGGCATACCATGTCAG
ABLUS 3R CTCTGAAGCCTGGCACTGATCTGC
ABL US 4R GTGCAAATCCATGTCTGGTCCTG
ABLUSSR CACAATTCAAAGGGGCTTCATCA

New BCR and ABL primers used in new screen

Forward pirmer

BCR 4A(b) bt2 (23655) F
BCR 5A (b) bt3 (15152) F
BCR 3B (b) bt2 (16990) F
BCR 4B (b) bt3 (6508) F
BCR 5B (b) bt3 (22728) F
Reverse primer

ABL 3A (b) (8929) R
ABL 4B (b) (10202) R
ABL 1C (b) (937) R

ABL 2D (b) (21151) R
ABL 3D (b) (14858) R

Primer sequence (5’ to 3°)
CAGGGACTGACTCCACAACAGGA
TCTTCCCCTCTGTCTGCCACTCT
TCTCTCTTCGCCTTGCTGACCTT
CCACGCAGTTGTTTTGGACACAT
CTCCAAAAGACGTGTGCTGCTGT

TGACAGCAGAGGAGCTTCATCCA
ACAGGGGCCCAGAGTGGTTAGTT
AAGCCACTGGCACACTTCATACG
TGTCTGCGGTCATGGATCTCTTC
CCTCCCCCAATTCCGTACTTCTT

p210 ALL forward breakpoint primers

Primers used to amplify breakpoint band with LR-PCR:

Patient ID BCR forward primer ABL reverse primer

P682 BCR B3 IF
P851 BCR B3 F
22251 BCR B3 IF
26231 BCR B3 F
24375 BCR B3 F
26219 BCR B3 F

ABL 2BR
ABL 5BR
ABL 3BR
ABL 4B R
ABL 4CR
ABL IAR
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19715
6875
F22666
10887
10258
11129
11128
F17685
F17730
F18544
F17237
F16604
F15010
F22757
F14472
F11329
F11751
F24559
F20099

BCR B2 F
BCR B3 F
BCR B2F
BCR B2FR
BCR B3 F
BCRB2F
BCR B2 F
BCR B3 F
BCR B2 F
BCR B2 F
BCR B3 F
BCRB2 F
BCRB2 F
BCR B3 F
BCRR B2 F
BCR B2 F
BCR B3 F
BCRB2F
BCR B3 F

ABL3CR
ABL 5DR
All ABLs
ABL 5BR
ABL IDR
ABL3CR
ABL4A R
ABL 5B(b) R
ABL4D R
ABL 4B R
ABL 2D R
ABL IAR
ABL 4C R
ABL 4C R
ABL5A R
ABL 4B R
ABL2C R
ABL 2C R
ABL 2C R

Primers used to sequence over breakpoints:

Patient ID  Primer name

P682
P851
22251
26231
24375
26219
19715
6875
F22666
10887

BCR bp (P851) 2F
BCR bp (P851) 2F
BCR B3 (1850) F
BCR B3 (2340)F
BCR bp (P851) 2F
BCR B3 F

BCR B2 (368) F
BCR b3 (1850) F
Cloned

BCR B2 (368) F

Primer Sequence (5'-3")

TGC TCT GTC GAG CTG GAT GGA T
TGC TCT GTC GAG CTG GAT GGA T
TGC TGT TTG CGC TCA CAT TTA CA
GGC CTC CTC CCT GGT CTT TGT AG
TGC TCT GTC GAG CTG GAT GGA T
TGG GTT TCT GAA TGT CAT CGT CC
CTC CTC AGA TGC TCT GTG CCT TG
TGC TGT TTG CGC TCA CAT TTA CA
M13 R

CTC CTC AGA TGC TCT GTG CCT TG
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10258

11129

11128

F17685
F17730
F18544
F17237
F16604
F15010
F22757
F14472
F11329
F11751
F24559
F20099

BCR bp (P851) 2F
BCR B2 (368) F
BCR B2 (368) F
BCR B3 (1762) F
BCR B2 F

BCR B2 F

BCR B3 (2340) F
BCR B2 (368) F
BCR B2 (368) F
BCR bp (P851) 2F
BCR B2 (368) F
BCR B2 (368) F
BCR B3 F

BCR B2 (368) F
BCR B3 (2340) F

TGC TCT GTC GAG CTG GAT GGA T
CTC CTC AGA TGC TCT GTG CCT TG
CTC CTC AGA TGC TCT GTG CCT TG
GAATGGGGTTGGGAGAGAGGACT
ACT CGT GTG TGA AACTCC AGA CT
ACT CGT GTG TGA AACTCC AGA CT
GGC CTC CTC CCT GGT CTT TGT AG
CTC CTC AGA TGC TCT GTG CCT TG
CTC CTC AGA TGC TCT GTG CCT TG
TGC TCT GTC GAG CTG GAT GGA T
CTC CTC AGA TGC TCT GTG CCT TG
CTC CTC AGA TGC TCT GTG CCT TG
TGG GTT TCT GAA TGT CAT CGT CC
CTC CTC AGA TGC TCT GTG CCT TG
GGC CTC CTC CCT GGT CTT TGT AG

p210 CML forward breakpoint primers

Primers used to amplify breakpoint band by LR-PCR:

Patient ID
NP241
E656
1716
1349
1578
1103
1810
1569
1338
1460
230
248
266
316

BCR forward primer ABL reverse primer
BCR B2 F ABL 4B R
BCR B3 F ABL 5B R
BCR B3 F ABL 4A R
BCR B3 F ABL IAR
BCR B2 F ABL 4A R
BCR B3 F ABL 4A R
BCR B2 F ABL 2D R
BCR B2 F ABL 2B R
BCR B3 F ABL 2D R
BCR B3 F ABL 2CR
BCR B2 F ABL 5AR
BCR B2 F ABL 1BR
BCR B2 F ABL 2A R
BCR B2 F ABL 4B R
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403
440
446
483
495
524
545
282
286
287
291
300
317
375
386
436
389
470

BCR B2 F
BCR B2 F
BCR B2 F
BCR B2 F
BCR B2 F
BCR B2 F
BCR B2 F
BCR B3 F
BCR B3 F
BCR B3 F
BCR B3 F
BCR B3 F
BCR B2 F
BCR B3 F
BCR B3 F
BCR B3 F
BCR B3 F
BCR B3 F

ABL 5D R
ABL 2BR
ABL IAR
ABL 4A R
ABL IDR
ABL 4D R
ABL IBR
ABL 3CR
ABL ICR
ABL3DR
ABL 4CR
ABL 4B R
ABL 5SAR
ABL4CR
ABL IDR
ABL 2B R
ABL 3D R
ABL 2A R

Primers used to sequence over breakpoint:

Patient ID  Primer name

NP241
E656
1716
1349
1578
1103
1810
1569
1538
1460
230
248

BCR B2 F
BCR B3 F

BCR b3 (1850) F
BCR b3 (2340)F
BCR B2 (368) F
BCR B3 (2737) F
BCR B2 (1)F
BCR P851 F
BCR B2 (368) F
BCR P851 F

BCR B3 F
BCR B2 F

Primer sequence (5°-3’)

ACT CGT GTG TGA AACTCC AGA CT
TGG GTT TCT GAA TGT CAT CGT CC
TGC TGT TTG CGC TCA CAT TTA CA
GGC CTC CTC CCT GGT CTT TGT AG
CTC CTC AGA TGC TCT GTG CCT TG
TAGGGGCTTTAGCTGGGGTTTGT
GTTTCAGAAGCTTCTCCCTGACA
TGC TCT GTC GAG CTG GAT GGA T
CTC CTC AGA TGC TCT GTG CCT TG
TGC TCT GTC GAG CTG GAT GGA T
TGG GTT TCT GAA TGT CAT CGT CC
ACT CGT GTG TGA AACTCC AGA CT
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266
316
403
440
446
483
495
524
545
282
286
287
291
300
317
375
386
436
389

BCR B2 F
BCR B2 F
BCR B2 F
BCR B2 F

BCR B2 (516) F

BCR B2 F
BCR B2 F

BCR B3 1850 F

BCR B2 F
BCR B3 F

BCR P851 F

BCR B3 F
BCR B3 F

BCR B3 (2737) F

BCR B2 F

BCR 1850 F
BCR P851 F
BCR 1850 F

BCR B3 F

ACT CGT GTG TGA AACTCC AGA CT
ACT CGT GTG TGA AACTCC AGA CT
ACT CGT GTG TGA AACTCC AGA CT
ACT CGT GTG TGA AACTCC AGA CT
ATGCACATGTGTCCACACACACC
ACT CGT GTG TGA AACTCC AGA CT
ACT CGT GTG TGA AACTCC AGA CT
TGC TGT TTG CGC TCA CAT TTA CA
ACT CGT GTG TGA AACTCC AGA CT
TGG GTT TCT GAA TGT CAT CGT CC
TGC TCT GTC GAG CTG GAT GGA T
TGG GTT TCT GAA TGT CAT CGT CC
TGG GTT TCT GAA TGT CAT CGT CC
TAGGGGCTTTAGCTGGGGTTTGT
ACT CGT GTG TGA AACTCC AGA CT
TGC TGT TTG CGC TCA CAT TTA CA
TGC TCT GTC GAG CTG GAT GGA T
TGC TGT TTG CGC TCA CAT TTA CA
TGG GTT TCT GAA TGT CAT CGT CC

p190 ALL forward breakpoint primers

Primers used to amplify breakpoint band with LR-PCR:

Patient ID
Ital 1
Ital 2
Ital 4
Ital 6
Ital 9
Ital 10
21296
23827
25169
25373

BCR forward primer

BCR 3BF
BCR4A F
BCR4AF
BCR 3B F)

BCR 5A(b) F

BCR 5B F
BCR 5A F
BCR 4B F
BCR 5A

BCR 5B F

ABL reverse primer
ABL 5SAR
ABL 2A R
ABL3C
ABL 1BR
ABL 4A R
ABL 5BR
ABL 1AR
ABL 2D R
ABL 4A R
ABL 4D R
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25654
9463

20763
44095
27523
28624
28835
28852
19635
24350

BCR 5B F
BCR3BF
BCR 5B

BCR 3B F
BCR 4B F
BCR 5B F
BCR 5A F
BCR 4B F
BCR 4AF
BCR4AF

ABL 4A R
ABL 4D R
ABL 2BR
ABL 2B R
ABL IBR
ABL 4A R
ABL 2CR
ABL 4A R
ABL 1ICR
ABL 4CR

Primers used to sequence over breakpoint:

Patient ID  Primer name

Ital 1
Ital 2
Ital 4
Ital 6
Ital 9
Ital 10
21296
23827
25169
25373
25654
9463
20763
44095
27523
28624
28835
28852
19635

BCR bt2(18020) F
ABL 4A (16040) R
BCR bt 3 (6175) F
BCR bt2(19326) F
ABL 4 (11131) R
BCR bt3(24281) F
BCR bt3(17086) F
BCR bt 3 (13916) F
BCR bt 3 5A (22870)F
BCR bt 3 (25887) F
ABL 4 (11230) R
BCR 3B Bt2 (23641) F
BCR bt 3 (23282) F
BCR bt 2 (20399)F
BCR Bt 3 (13468) F
BCR Bt 3 (28590) F
BCR Bt 3 (17550) F
BCR bt 3 (12440) F
BCR Bt 3 (4496) F

Primer Sequence (5°-3”)

CAC CCA CTA GTT GTC CCT GCT CA
ACT GTT CAC TAA GTG GCA CTG TG
TTT TTC CAG GCA AAG CACCTC TC
ACT TGC CCA GCT CTG TCC TCT GT
CCGCGCCCAGCTGAAAAATACCT
TTT CAC TAG GCC CTC CCT CTT CC
GGG ACT CCC TCC AGT CACTTT CA
AAT GGA AGA GTT CCT GGC CAC A
CTC CTC AGT GCT GGT GTC TGA GC
GGG CTC GGA AAG CAC TCA GAT AA
GAG ACG CCA CCA ATG ACC AAA AC
CTT GCT GAC CTT GAT GGA GTG GA
TAG GCA TAT CTG GCC TGG GAG AG
CTG TGG GCT TCC AGG GAG ATTTA
GATTTCCTGAAGTGGAGCCCTCA
TCCAGAAGACTGCCCCTAACGTC
CCC ACA AAATCA CCCTCT TCC TC
CAA GGA GCA GGA ATC AGC CTT GT
GGT TCA CTG CAT TTC TCG GGT CT
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24350

BCR Bt 3 (6038) F

GTGGTGGCCCATACTGATCACCT

p210 ALL reciprocal breakpoint primers

Primers used to amplify reciprocal breakpoint bands:

Patient ID
P851
26231
P682
22251
26219
24375
19715
11129
10258
11128
6875
10887
F22666
F17685
F17730
F18544
F17237
F16604
F15010
F22757
F14472
F11329
F11751
F24559
F20099

ABL forward primer

ABL5DF
ABL4BF
ABL2DF
ABL3BF

ABLI1 (20970) F
ABL4DF

ABL 2 (27499) F
ABL3BF

ABL IDF
ABL4AF

ABL 2BF

ABL 5 (11708) F
ABL 2B F

ABL 5BF
ABL4DF
ABL4BF

ABL 2D F

ABL 1A

ABL 3 (27172) F
ABL 4C (3)F
ABL5AF
ABL4BF

ABL 2CF

ABL 2CF

ABL 1 F

BCR reverse primer
BCR B4 (4099) R
BCR B4 (4099) R
BCR B4 (4099) R
BCR B4 (4099) R
BCR B4 (4099) R
BCR B4 (4099) R
BCR B4 (4099) R
BCR B4 (4099) R
BCR B4 (4099) R
BCR B4 (4099) R
BCR B4 (4099) R
BCR B4 (4099) R
BCR B3 (3000) R
BCR B3 (3000) R
BCR B3 (3000) R
BCR B3 (3000) R
BCR B3 (3000) R
BCR B3 (3000) R
BCR B3 (3000) R
BCR B3 (3000) R
BCR B3 (3000) R
BCR B3 (3000) R
BCR B3 (3000) R
BCR B3 (3000) R
BCR B3 (3000) R

New primers used to amplify reciprocal breakpoints:

Primer

Primer sequence (5°-3)
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ABLI (20970) F GCACCTCTGCCACTCTGTCCTTT

ABL 2 (27499) F GCCAGAGTGAATGTCCTGAGCAA
ABL 5 (11708) F CAGTGGGAATGCGTAGTGAATGG
ABL 3 (27172) F AGTAGGGGGACCAAGAGGGAGGT
BCR B4 (4099) R CTGCAGGGATGTCCAGAGCTACA
BCR B3 (3000) R TTTTCCACATCACCCACATGGTC

Sequences of primers used to sequence over the reciprocal breakpoint in positives:

Patient ID  Primer Primer sequence (5°-3”)

26231 ABL 4 (9361)F CACACCAGTTGCTCCATTTGGTC
19715 ABL 2 (29501) F TTAGCCAGGCATGGTGGCGTGCA
11129 BCR B3 (844) R TAGAGCCCCGGAGACTCATCATC
10258 ABL 1 (17143) F GATCTGCTGGGGAACTCCTTCCT
6875 BCR (2613) R CTCTTTGCCCCATAGTACAGCGG
10887 BCR B3 (844) R TAGAGCCCCGGAGACTCATCATC
F22666 BCR B3 (1909) R ACCCTACACTTGGAATGGATGAA
F17237 BCR B3 (3000) R TTTTCCACATCACCCACATGGTC
F14472 BCR B3 (1053) R TGTGGAGTGTTTGTGCTGGTTGA
F11751 BCR B3 (1053) R TGTGGAGTGTTTGTGCTGGTTGA

p210 CML reciprocal breakpoint primers

Primers used to amplify reciprocal breakpoint bands:

Patient ID  ABL forward primer BCR reverse primer

NP241 ABL4BF BCR B4 (4099) R
E656 ABL5B F BCR B4 (4099) R
1716 ABL 4 (7792) F BCR B4 (4099) R
1349 ABLI (20970) F BCR B4 (4099) R
1578 ABL 4 (7792) F BCR B4 (4099) R
1103 ABL 4 (7792) F BCR B4 (4099) R
1810 ABL 2D F BCR B4 (4099) R
1338 ABL 2D F BCR B4 (4099) R
1569 ABL 2B F BCR B4 (4099) R
1460 ABL 2CF BCR B3 (3000) R
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230 ABL4F BCR B3 (3000) R
248 ABL 1 F BCR B3 (3000) R
266 ABL2F BCR B3 (3000) R
316 ABL4BF BCR B3 (3000) R
403 ABL5AF BCR B3 (3000) R
440 ABL 2B F BCR B3 (3000) R
446 ABL 1A F BCR B3 (3000) R
483 ABL4AF BCR B3 (3000) R
495 ABL 1 (10441) F BCR B3 (3000) R
524 ABL4D F BCR B3 (3000) R
545 ABL ICF BCR B3 (3000) R
282 ABL3C (2)F BCR B3 (3000) R
286 ABL US (36126) F BCR B3 (3000) R
287 ABL3DF BCR B3 (3000) R
291 ABL 4C 3)F BCR B3 (3000) R
300 ABL4BF BCR B4 (4099) R
317 ABL 5BF BCR B3 (3000) R
375 ABL 3BF BCR B3 (3000) R
386 ABL IDF BCR B3 (3000) R
436 ABL 2BF BCR B4 (4099) R
389 ABL3DF BCR B3 (3000) R
470 ABL2AF BCR B4 (4099) R

Sequences of new primers used to amplify reciprocal breakpoints:

Primer

ABL 4 (7792) F
ABL1 (20970) F
ABL 1 (10441)F
ABL US (36126) F

Primer sequence (5°-3")
ACCCCAGCATACCCATTCCTCTT
GCACCTCTGCCACTCTGTCCTTT
TTTTAGCCTTGGCACACCAGTCA
AACACTCATCGTGCAGCTGTTC

Primers used to sequence over the reciprocal breakpoint in positives:

Patient ID  Primer

1716 ABL 4 (9361)F

Primer sequence (5°-3")

CACACCAGTTGCTCCATTTGGTC
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1103
1569
1460
248
266
316
403
483
524
286
375
386
436
389
470

p190 ALL reciprocal breakpoint primers

ABL 4 (8980) F
BCR B3 (2282) R
BCR B3 (1808) R
BCR B3 (485) R
BCR B3 (707)R
BCR B3 (844) R
BCR B3 (844) R
BCR B3 (485) R
BCR (2613)R
BCR B3 (2282) R
BCR (2613) R
BCR (1659) R
BCR (2613)R
BCR (1659) R
BCR B3 3000 R

GTGCTTTTTCTTCAGGGCACCAG
TGGTCTGCTCTCCCTCCGTTAAA
ACTGCAGATGAACCCAAGGGGGA
CTGTTTTGCATTCACTGTTGCAC
GACACTGGCTTACCTTGTGCCAG
GATGATGAGTCTCCGGGGCTCTA
GATGATGAGTCTCCGGGGCTCTA
CTGTTTTGCATTCACTGTTGCAC
CTCTTTGCCCCATAGTACAGCGG
TGGTCTGCTCTCCCTCCGTTAAA
CTCTTTGCCCCATAGTACAGCGG
AGCCGAGCTTGTGCCACTGCATT
CTCTTTGCCCCATAGTACAGCGG
AGCCGAGCTTGTGCCACTGCATT
TTTTCCACATCACCCACATGGTC

Primers used to amplify reciprocal breakpoint bands:

Patient ID
Ital 1
Ital 2
Ital 5
Ital 6
Ital 10
21296
23827
25169
25373
25654
9463
20763
44095
Ital 4

ABL forward primer

ABL 5 (49) F
ABL4AF

ABL 2D F

ABL IBF

ABL 5 (11708) F
ABL 1 (20970) F
ABL 2D F
ABL4AF
ABL4DF

ABL 4 (7792) F
ABL4DF

ABL 2 (9742) F
ABL 2 (9742) F
ABL 2 (20977) F

BCR reverse primer
BCR bt2 3B R
BCR bt3 (5691) R
BCR bt3 (5691) R
BCR bt2 (21867) R
BCR bt3 (26236) R
BCR bt3 SAR
BCR bt3 (17384) R
BCR bt3 (17384) R
BCR bt3 5B R
BCR bt3 (26236) R
BCR bt2 (21867) R
BCR bt3 (26236) R
BCRbt23BR
BCR bt 3 (8881) R
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28852 ABL4AF BCR bt3 (17384) R
28835 ABL2CF BCR bt3 SA R
19635 US ABL (34129) F BCR bt3 (5691) R
28624 ABL4AF BCR bt3 5BR
27523 ABL 1 (4679) F BCR bt3 (17384) R
24350 ABL 4C (3) F BCR bt 3 (8881) R
Italian9  ABL 4 (7792) F BCR bt3 5A R
P747 ABL4AF BCR bt3 (5691) R
P653 ABL 4C (3) F BCR bt3 5A R
44240 ABL 1 (23775) F BCR 5AR

11491 ABL 1 (4679) F BCR bt 3 (8881) R

Sequences of new primers used to amplify reciprocal breakpoints:

Primer
ABL5(49)F

ABL 5 (11708) F
ABL 2 (9742) F
ABL 2 (20977) F
US ABL (34129) F
ABL 1 (4679) F
ABL 1 (23775) F
BCR bt3 (5691) R
BCR bt2 (21867) R
BCR bt3 (26236) R
BCR bt3 (17384) R
BCR bt 3 (8881) R

Primer sequence (5°-3”)

CTT TCC CCT GGA GAC GTC AAA GA
CAG TGG GAA TGC GTA GTG AAT GG
CGTGGAGTAAGGCAGGAAAGCAT
CACATGGCAGCTCACTCAGGAAT
CAGCTGACCTCTGCTGTGACTCC
GGAGCTTTAGGTGGAATCGGAGAA
ACATTGCACAAGGGGGAAAGAAA
TCT ACA CTA ACC AAG CGC CAC CA
GTG CCT AAT AAG GGG CCC AAG AC
CAT GAC CCT CCA GACTTGGCTTT
CCAGGTAGGCCTGGTGTTGGTAG
CTCAGGAAGCTCGCTCCAAGAAC

Primers used to sequence over the reciprocal breakpoint in positives:

Patient ID  Primer Primer sequence (5°-3”)

Ital 1 ABL 5 (1285) F CATTCACCGAGGCTCACTGTACC
Ital 2 BCR bt3 (2516) R AGGGCCATTCCCAAATCTCTGAT
Ital 6 BCR bt2 (19958) R AGACACAGAGGCCATTCCCTGAC

Ital 10

ABL 5 (13568) F

CTGCCAGGCTAGAGTGCAGAGAC
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23827 ABL 2 (18967) F CAGAGAGGCCAGGACACACACAT

25169 ABL 4 (12151) F GGGTTTCACCATGTTAGCCAGGA
25373 BCR bt3 (26294) R ATCCCCTTGGCCTCCTTTAACAA
25654 BCR bt3 (23077) R TCAAGAGAAGAAAGGGGCACTGG
9463 ABL 4 (19877) F CTCGGGAGGCTGAGACAGGATAA
20763 BCR bt3 (23706) R CGCCCAGCCTCTAAAAGAACTGA
44095 ABL 4 (11296) F TTCAGCTATTTTTCGGCGTTGCT
Ital 4 BCR bt 3 (6545) R CCCTGAAGGAACGCTATGTGTCC
28852 BCR bt3 (12913) R TATCACCATGCCACTGCAGACAC
28835 BCR bt3 (18274) R AGAATGCGACCAACAGAGCCTTC
19635 BCR bt3 (4983) R CAACCCCAAGATGACCCAAATGT
28624 ABL 4 (14732) F GGAGCAATTCAAACAAGCGAGATG
Italian 9 Cloned M13 forward and reverse

P747 ABL 4 (11609) F GCAGGTTGGAAAGCTGCCATTAC
44240 ABL 1 (25851) F ATGGGGTTGGAAGTCCCTTGGAT
11491 BCR bt3 (8881) R CTCAGGAAGCTCGCTCCAAGAAC

Construct Primers

pGlow forward oligo

5’ggtttttgttccagtctgtagcactgtgggtacceccectgttgacaattaatcatcgaactagttaactagaattccacagtggtagtactcca

ctgtctggctgtacaaaaaccgaattcaggactgcaattcatgaaa-3’

RAG oop
5’ gtttttgttccagtctgtagcactgtggaattcatcagcaggtggaagagggactggattccaaagttctcaatgetgettgetgttett

gaatgggggotcgttgacgacgacatggetcgattggegegacaagttgctgegattctcaccaataaaaaacgeeccggeggea
accgagcgttctgaacaaatccagatggagttctgaggtcattactggtttaaaccacagtggtagtactccactgtctggcetgtacaaa

aacccc 3’

Primers for Professor Nadel constructs

Insert PCR and sequencing primers (5° to 3°):
RAG forward: CAACTTCTGGTCCGGTAACGTGCTG
RAG reverse: CGATGCCATTGGGATATATCAACGGTGG

Primers for amplifying RS2 and RS3 inserts:
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RS2 Mlul F: 5’-ACGCGTGGAAAGCAGGGAGGGAAGCTGCT-3’
RS2 Salll R: 5’~-GTCGACCCGCCACAAACCCCAAGGCAG-3’
RS3 Mlul F: 5’-ACGCGTCACAAACCCCAAGGCAGATCTAG-3
RS3 Salll R: 5’~-GTCGACCCCAAAGCAGGGAGGGAAGCT-3’

Mlul Sall tagged BCR primer (italics = tagged restriction sites):

pl190 Primer name Primer Seq (5’ to 3’)
Italian 1 BCRint 2 (18020) F Miul acgcgtCACCCACTAGTTGTCCCTGCTCA
BCRint 2 (18373) R Sall gtcgacTTACAGGAGTCCCCTCTGCCTTG
Italian 2 Na na
Italian 6 BCR bt2 (19533) F Miul acgcgtTCCTGGAGCATTGAGTCATCCTG
BCR bt2 (19781) R Sall gtcgacGTAGATCCTGTTGGTCCCCATGC
25169 BCR bt3 (15358) F Miul acgcgttgttggctgggttggatccttat
BCR bt3 (15687) R Sall gtcgaccaggccaggagttcgagactagce
25654 BCR bt3 (22728) F Mlul acgcgtCTCCAAAAGACGTGTGCTGCTGT
BCR bt3 (23077) R Sall gtcgacACAGCAGCACACGTCTTTTGGAG
p210 ALL
P851 Na na
F17730 BCR b2/b3 (368) F Mlul acgcgtctcctcagatgcetcetgtgecttg
BCR b2/b3 (744) R Sall gtcgacaaatcaaccatccggtggacact
F24559 BCR b2/b3 (368) F Miul acgcgtctcctcagatgcetcetgtgecttg
BCR b2/b3 (744) R Sall gtcgacaaatcaaccatccggtggacact
p210 CML
266 na na
386 BCR b2/b3 (1053) F Mlul | acgcgtatgccttctgggtgtggaattgt
BCR b2/b3 (1766) R Sall | gfcgaccattccccaacaatccctggtaa

Spel Sacll tagged BCR primers ((italics = tagged restriction enzyme sites):

p190 Primer name Primer seq (5" to 3)
Italian 1 BCR int2 (18020) F Spel | CACCCACTAGTTGTCCCTGCTCA
BCR int2 (18373) R Sacll | ccgcggTTACAGGAGTCCCCTCTGCCTTG
Italian 2 Na na
Italian 6 BCR bt2 (19533) F Spel | actagtTCCTGGAGCATTGAGTCATCCTG
BCR bt2 (19781) R Sacll | ccgcggGTAGATCCTGTTGGTCCCCATGC
25169 BCR bt3 (15358) F Spel actagttgttggctgggttggatccttat
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BCR bt3 (15687) R Sacll

ccgcggcaggccaggagticgagactage

25654 BCR bt3 (22728) F Spel | actagtCTCCAAAAGACGTGTGCTGCTGT
BCR bt3 (23077) R Sacll | ccgcggACAGCAGCACACGTCTTTTGGAG
p210 ALL
P851 Na na
F17730 BCR b2/b3 (368) F Spel actagtctcctcagatgctctgtgecttg
BCR b2/b3 (744) R Sacll | ccgcggaaatcaaccatccggtggacact
F24559 BCR b2/b3 (368) F Spel actagtctcctcagatgctctgtgecttg
BCR b2/b3 (744) R Sacll | ccgcggaaatcaaccatccggtggacact
p210 CML
266 Na Na
386 BCR b2/b3 (1053) F Spel | actagtatgccttctgggtgtggaattgt

BCR b2/b3 (1766) R
Sacll

ccgcggcattccccaacaatcecctggtaa

Mlul Sall tagged ABL primer (italics = tagged restriction sites):

p190 Primer name Primer seq (5" to0 3)

Italian 1 na na

Italian 2 ABL 4 (10777) F Mlul | acgcgtCCAGCCAAATGAGACCAGGAAGT
ABL 4 (11325) R Sall | gtcgacTGCAGTGACTGAAGTCCAACAAGC

Italian 6 na na
na na

25169 na na

25654 na na

p210 ALL

P851 ABL 5 (4091) F Mlul | acgcgtGTCTGTTGCAAATGGCCTGTGAC
ABL 5 (4520) R Sall gtcgacGCTGGGTGAACTCAGATGTGGAA

F17730 na na

F24559 na na

p210 CML

266 ABL 2 (24179) F Mlul | acgcgtaggctggagtgcaatggtgctat
ABL 2 (24680) R Sall | gtcgaccacaagggaattctagggggtga

386 na na

Spel Sacll tagged ABL primer (italics = tagged restriction sites):

p190 Primer name Primer seq (5" to 3’)
Italian 1 Na na
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Italian 2 ABL 4 (10777) F Spel actagtCCAGCCAAATGAGACCAGGAAGT
ABL 4 (11325) R Sacll ccgcggTGCAGTGACTGAAGTCCAACAAGC

Italian 6 Na na

25169 Na na

25654 Na na

p210 ALL

P851 ABL 5 (4091) F Spel actagtGTCTGTTGCAAATGGCCTGTGAC
ABL 5 (4520) R Sacll ccgcggGCTGGGTGAACTCAGATGTGGAA

F17730 Na na

F24559 Na na

p210 CML

266 ABL 2 (24179) F Spel actagtaggctggagtgcaatggtgctat
ABL 2 (24680) R Sacll ccgcggcacaagggaattctagggggtga

386 Na na

Bubble primers

Primer Name
BUB-T
BUB-B
NVAMPI
NVAMP2
PDAI12R3
PDAI12R4

Primer Sequence (5' to 3')

AAGGATCCTAGTCTAGCTGTCTGTCGAAGGTAAGGAACGGACGAGCACTGAG
CTCAGTGCTCGTAGTAATCGTTCGCACGAGAATCGCAAGATCTAGGATCCTT
TGC TCG TAG TAATCG TTC GCA C

GTT CGC ACG AGA ATC GCA AGAT

AAG TTG TGT GCA AGG GAA AAG GG

AGG TTA CCC CAT GGA ACT TAC CA

Simplex LR PCR primers for gDNA breakpoint detection in FIP1L1-PDGFRA

Patient ID

E1080

E905
E759
E939
E1025
E1131
E1336
E1401
El1424

Primer name

FIP Intron 13 (63966) F1
FIP Intron 13 (64195) F2
FIP Intron 11 (47665) F1
FIP Intron 11 (47665) F1
FIP Intron 11 (47665) F1
FIP Intron 15 (75072) F
FIP Intron 11 (47665) F1
FIP Intron 11 (36955) F
FIP Intron 11 (47665) F1
FIP Intron 11 (47665) F1
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Primer Sequence (5'-3")

ACA GCT GGT CAG GTG GCTGTTC
TGC TTG CAA GGG TGG GTC TAA AT
CAG AAA TGG CAA ACT GGTTCCTT
CAG AAA TGG CAA ACTGGTTCCTT
CAG AAA TGG CAA ACT GGTTCCTT
CCA CTG CAC CTG GCA TGA TAG AC
CAG AAA TGG CAA ACTGGTTCCTT
CCT CCA GAA AAG CCA ATT CAA GC
CAG AAA TGG CAA ACT GGTTCCTT
CAG AAATGG CAAACTGGTTCCTT



Multiplex LR PCR primers for gDNA breakpoint detection in FIP1L1-PDGFRA

Mix Primer names Sequence (5'-3")

FIP Intron 5 (11403) F TCTTGGTCATTAACCACCCACCA
FIP Intron 10 (22850) F | CTCGGCCAGATCACTTACCTTTTG

1 FIP Intron 11 (40225) F | AAATGTGGAGTTTGAGGCATTGCT
FIP Intron 13 (56273) GTGGCGAGTTGCTCATATCTAGGG
FIP Intron 15 (70370) F | TTGGAACATGCCTTTCTCCACCT
FIP Intron 9 (15351) F AAATAGGGCCATGATGAGCAGGA
FIP Intron 10 (34060) F | ATGCTGGGTTTCCAACGTTCTGT

2 FIP Intron 11 (44469) F | GGG TTG TGA AAC AAT TTG GTG GTC
FIP Intron 13 (60580) F | AGGGGAAAGAAGAGGGACGTTTG
FIP Exon 16 (75275) F GACACCAGCAAGCAGTGGGACTA
FIP Intron 9 (20848) F CTTTGCCTCATGGGAAAGGAGAG
FIP Intron 11 (38554) F | TGAACCTAAAAGGGCCAGACAACA

3 FIP Intron 12 (49317) F | GTG GGC CTG AGT TTT GAT TGT GA
FIP Intron 14 (65181) F | CCCGATATCAAAACAGGGCAAAG
FIP Intron 16 (80314) F | CCCCTGCCCACACAGATGTAAT

Reverse | PDA intron 12 R1 TGTGCAAGGGAAAAGGGAGTCTT

Breakpoint specific primers for MRD in gDNA

Patient ID | PCR Primer name Primer sequence (5'-3")
First FIP Intron 13 (49895) F GAA TGT CTG ACC TGC TGC CAT GT
B2 Nested | FIP Intron 13 (49974) F TCA ACT TTG GTT GGG TGA CAA AGA
First FIP Exon 11 (36955) F1 CCT CCA GAA AAG CCA ATT CAA GC
£3%9 Nested | FIP Exon 11 (37004) F2 GAG GGC CGA ATC ACC TGA TCT AA
First FIP Intron 10 (31242) F1 TGA ATT TCC TCC CGT AGC TTG GA
F370 Nested | FIP Intron 10 (31324) F2 TTT GTT CCG TTG CTT GTG AGG AA
First FIP Intron 15 F1 TGG ATC TTC CCG ATA CTG TGG GTA
B9 Nested | FIP Intron 15 F2 TGA CAC ATT TTT GGT GGG CATTT
E614 First FIP Intron 16 (75917) F1 TCA GTG CCT GGC TTC AGA GTT TG
Nested | FIP Intron 16 (76002) F2 TCA AGT GAT CCT CCT GGC CTA GC
£630 First FIP Inton 11 (40568) F1 TGG AGC CCA ACC TGG TCT CTA AA
Nested | FIP Intron 11 (40845) F2 GAA GCA GTT TCA GTG AGT GCA GGA
First FIP Intron 10 (35023) F1 GAT GGT GTC CTT TGG GTT TCT GC
F759 Nested | FIP Intron 10 (35259) F2 TCC CAC TCC GCC ACT TAT CACTT
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FIP1L1-PDGFRA RQ-PCR primers

All sequences 5’ to 3°.
¢cDNA RQ-PCR control gene probe and primers:
ABL EAC primers and probe.

cDNA RQ-PCR probe and primers from Jovanovic et al., 2007:

PDGFRA R: CAAGACCCGACCAAGCACTAGT

PDGFRA probe: FAM-CTGCCTTATGACTCAAGATGGGAGTTTCCAA-BIlackholel
FIP1L1 Exon 12 F: GGGCAAATGAGAACAGCAACA

cDNA RQ-PCR primers designed by Joannah Score:
FIP1L1 Exon 14 F: GCTCCACCTCCATCTCTTAT
FIP1L1 Exon 16 F: CATCTTCCTGGTTCTGCTC

gDNA RQ-PCR control gene probe and primers:

Alb F: TGAAACATACGTTCCCAAAGAGTTT

Alb R: CTCTCCTTCTCAGAAAGTGTGCATAT

Alb probe: FAM-TGCTGAAACATTCACCTTCCATGCAGA-Blackhole 1

gDNA RQ-PCR LNA PDGFRA probe and primers:

PDGFRA LNA F: ACTAGTGCTTGGTAAGTTCC

PDGFRA LNA R: CCTATAAATTGTAAAGTTGTGTGC
PDGFRA LNA probe: FAM-cct+Ccct+Aag+Act+Ccct-Blackholel

gDNA RQ-PCR FIP1L1 forward patient specific primers:
E43 F: TTAAAAAGCCTGCCTATCAG

E243 F: CAATTTTAGCAAACCACCTC

E359 F: AATTATATTGAACCGTGCTAATG

E370 F: TGTTAGTTTTTCCTTCTAACAGACA

E591 F: CATCTTCCTGGTTCTGCTC

E606 F: AGGGTTGATAGAATTGTGAAGAT

E614 F: GGTTTTCCTATTAGTCTTTCCTG

E630 F: CAATGTTAAATCACGAATACATTT
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E759 F: CACAGGATTCTTATTCCTATTTCT
E1025 F: ATTTTGTATGGATGCTGTAGAAG
E1279 F: TTGATCAAGTGCTCTGAATG
E975/1131 F: ATTCCTATTTTCTGAGTCCTTTT
E1961 F: TTTGAGGACTAAAGTTTGAAGG
E2002 F: AAGAAAGTGTTGATAGCACATCTA
E2378 F: CACCAGTGATTTTACCACCT

PCR primers for making plasmids for absolute RQ-PCR:
E43 F: TTGGCAGAAGCTTGGCCTGTATT
E243 F: GAATGTCTGACCTGCTGCCATGT
E359 F: CCTCCAGAAAAGCCAATTCAAGC
E370 F: TGAATTTCCTCCCGTAGCTTGGA
E591 F: TGGATCTTCCCGATACTGTGGGTA
E606 F: TCATGGGTGGCAGTATGGTGTTT
E614 F: TCAGTGCCTGGCTTCAGAGTTTG
E630 F: TGGAGCCCAACCTGGTCTCTAAA
E1961 F: TTGCCATGCCAACTTTCTGATGT
E2002 F: CAGAGTGTTGCTGTTAACTGGTTGC
E2378 F: GTGGGCCTGAGTTTTGATTGTGA

PDGFRA (1330) R: GGTATCTTTGCCAGCCCTCTTCA

KIF5B-PDGFRA primers

Primer name Primer Sequence (5'-3")

KIF5B Exon 19 F1 TGA ACA GCA GAT CCA GAG CCATA
cDNA PDA Exon 14 R1 TGG CCC CAG GTG AGT CAT TAT CT
JDNA KIF5B Exon 22 F2 CTG CGC AAA CTC TTT GTT CAG GA

PDAI12R3 AAG TTG TGT GCA AGG GAA AAG GG
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Appendix 111

Position of forward breakpoints

Reference sequences used:
NM 004327 BCR from ATG
NM 007313 ABL from ATG

p210 ALL

Patient ID | BCR bpt | ABL bpt
P682 110061 45934
P8&51 110042 128608
22251 110640 80502
26231 111313 104250
24375 110146 117901
26219 109487 11224
19715 109368 60782
6875 110950 39021
10887 109253 138274
10258 110172 17477
11129 109211 88554
11128 109251 108853
F22666 110271 37683
F17685 110397 133833
F17730 109149 113725
F18544 108792 99563
F17237 111291 46309
F16604 109033 23724
F15010 109203 91522
F22757 110138 87352
F14472 109329 127029
F11329 109120 98551
F11751 109477 32662
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F24559 109149 34587
F20099 111031 28149
p210 CML

Patient ID BCR bpt | ABL bpt
NP241 108923 100389
E656 109473 137729
1716 110672 104268
1349 111413 25318
1578 109263 105366
1103 111574 103666
1810 108688 48293
1569 110255 40196
1338 109540 47245
1460 110253 31164
230 109832 121996
248 108785 6941
266 109131 55259
316 109063 96194
403 108984 126382
440 109092 38909
446 109294 22454
483 108807 107887
495 108754 17597
524 110884 114565
545 108966 1292
282 109918 60312
286 110614 -3162 (upstream ABL)
287 109483 76292
291 109766 88366
300 111520 97218
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317 108803 135075
375 110977 83626
386 109999 12188
436 110767 39959
389 109758 75580
470 111252 51756
From

Hammersmith

S1 109711 82412
S2 108922 36293
S9 108995 -6872 (upstream ABL)
S10 109059 91004
S11 109880 74312
S12 109195 56535
S13 109741 91213
S14 111042 122256
S15 109345 85519
S16 109736 130755
S18 109698 137794
S19 109374 106169
S20 110116 108325
S24 109002 129000
S29 109268 48489
S30 109201 42796
S31 108783 45247
S33 109428 17084
p190 ALL

Patient ID | BCR bpt | ABL bpt
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Italian 1 37687 125796
Italian 2 45801 105587
Italian 4 49688 63186
Italian 5 & 8 | 48056 46024
Italian 6 39135 3202
Italian 9 62710 105351
Italian 10 67879 138187
P653 64986 89570
747 43865 106383
21296 60916 22505
23827 57573 50072
25169 58970 107002
25373 69389 115708
25654 66293 105216
9463 36737 114421
20763 66845 42708
44095 41572 42364
44240 61908 26106
27523 57016 7982
28624 72229 109358
28835 61397 32232
28852 56004 107680
11941 52114 8511
19635 48131 -3752 (upstream ABL)
24350 49755 88277
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Forward and reciprocal breakpoint sequences

P190 ALL

Ital 1

BCR TCAGCTGTGGGACTCGTGTGGGGACAAGCTGAACAGTGTGCT . GATCTCTGATCACCACTCAAGCCACAAGTGACTGGACA
BCR ABL TCAGCTGTGGGACTCGTGTGGGGACAAGCTGAACAGTGTGTTAGCAGCCTAAAATGGTGGCTTTACCAGTTTCTGTAATG
ABL CCTAGCAGAAAAGTAAGCTGTTGTTACTTTAAGCAAATATTTAGCAGCCTAAAATGGTGGCTTTACCAGTTTCTGTAATG
ABL BCR CCTAGCAGAAAAGTAAGCTGTTGTTACTTTAAGCAAATATTTAGATCTCTGATCACCACTCAAGCCACAAGTGACTGGAC
Ital 2

BCR ATGCCATGTGGCTTGCAAAGCTAAGATATTCATTAGCTGGCTCTTTCCAGGAAAAGTTTGACCCCTGCTTTAGGATAAAA
BCR ABL ATGCCATGTGGCTTGCAAAGTGAAGATATTCATTAGCTGGTTTCTGTTTCTCCAGGCATTCCTGGTATGGACATTTATAC
ABL TACAGCAGGAGGTGTTTCTGCTTCTACTTTGCTGTGA. . .CTTCTGTTTCTCCAGGCATTCCTGGTATGGACATTTATAC
ABL BCR TACAGCAGGAGGTGTTTCTGCTTCTACTTTGCTGTGACTTCTCTTTCCAGGAAAAGT TTGACCCCTGCTTTAGGATAAAA
Ital 5

BCR CACCTGGGACATGAAATTAGACATCAACATCTTTTGATGTTGTTCCATAGATGCTTGAGGTTTTATTCCATTTTTCT
BCR ABL CACCTGGGACATGAAATTAGACATCAACATCTTTTGATGTTTTGGGTTTGTAATAGAAGCTACTGTCCCCCTGATCA
ABL AAGAGCTGGGACACTGTTGGCCATTAGGATTCCTGTTCCTTTTGGGTTTGTAATAGAAGCTACTGTCCCCCTGATCA
ABL BCR MLPA failed

Ital 6

BCR GAGGGGCTGTTCTGCCACCTGCCCTTTGAGGCTGTGTGGGCACGGTTCCCTCTAGAGCTCCATGTCTAGCAGAGCATGCG
BCR ABL GAGGGGCTGTTCTGCCACCTGCCCTTTGAGGCTGTGTGGGAGTGAGATCTTACCTCTACAGAAATTTAAAAAATTAGCCA
ABL ATCACCTGAGGTCAGGAGTTCGAACCCAGCTGTGCAATCTAGTGAGATCTTACCTCTACAGAAATTTAAAAAATTAGCCA
ABL BCR ATCACCTGAGGTCAGGAGTTCGAACCCA. . . . TGGGCACGGTTCCCTCTAGAGCTCCATGTCTAGCAGAGCATGCG
Ital 9

BCR TGTGAGCTGTTCTAGCAATTTTTTTTTTTTTTTTTTAAGA. . TGGAGCCTCGCTCTGTTGCCCAGGCTGGAGTGCAGT
BCR ABL TGTGAGCTGTTCTAGCAATTTTTTTTTTTTTTTTTTAAGACTGGGACTACGGGCACACACCACCATGCCCGGCTACTTTT
ABL CCAGGTTCAAGCAATTCTATTGCCTCAGCCTCCCCAGTAGCTGGGACTACGGGCACACACCACCATGCCCGGCTACTTTT
ABL BCR CCAGGTTCAAGCAATTCTATTGCCTCAGCCTCCCCAGTAGCTGGTGGAGCCTCGCTCATGTTGCCCAGGCATGGAGTGCA
Ital 10

BCR GGATAAAGCTTTGCAGGAAGGATGTGGCTGATGAGACCATCAACCTCAGTCCTGCCAAGGGTGAGGCGGCCCAGAGAGGT
BCR ABL GGATAAAGCTTTGCAGGAAGGATGTGGCTGATGAGACCATGCCCAGTTAGTGATTTTTAAATTGTAGTTCCTTAAATGAG
ABL CCCAATGTTCTAGGGTTACAGGCATGAGCTACTGTGCCTGGCCCAGTTAGTGATTTTTAAATTGTAGTTCCTTAAATGAG
ABL BCR CCCAATGTTCTAGGGTTAC. . . . . . . . . . . .. . CAGTCCTGCCAAGGGTGAGGCGGCCCAGAGAGGT
25169

BCR TCACTGTAGCCTCAGCCTCCTGGGCTCAAGTGATCCTCCCACCTCAGCCTCCCAAGTAGCTGAAAACTACACTTGACCAC
BCR ABL TCACTGTAGCCTCAGCCTCCTGGGCTCAAGTGATCCTCCCACCATTCATATTTGCTTTTTCTATAGATTTGTCTTTTCCG
ABL CCCTTTGCAGCAGTCCTACCCCCACTTCCAGCCCCAGGCGACCATTCA. . TTTGCTTTTTCTATAGATTTGTCTTTTCCG
ABL BCR CCCTTTGCAGCAGTCCTACCCCCACTTCCAGC. . - . - . - . - . -AAGTAGCTGAAAACTACACTTGACCAC
9463

BCR CTTCAGGCTCCTTTTGAAGGTCATTGTTTTCCTAAACAGATGGTTATTTGGACTCTTACAAGTTCTCTGTAAGTTTGTAA
BCR ABL CTTCAGGCTCCTTTTGAAGGTCATTGTTTTCCTAAACAGAGCAATCCCAGGGCTTTAATATCCTTTTTGTAGGAATTCCA
ABL GAAACTGCGTCTCAAAAAAAAAGAAAAGAAAATTAGAAACTCAATCCCAGGGCTTTAATATCCTTTTTGTAGGAATTCCA
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ABL BCR

GAAACTGCGTCTCAAAAAAAAAGAAAAGAAAATTAGAAACT . . TTATTTGGACTCTTACAAGTTCTCTGTAAGTTTGTAA

21296

BCR CTCTAGGCTCCCCTCTTGTTCCAGACCCAGACATCTCCTAAATGGAGCCCAAGTCCTTGGCCTGAAGCCTGAGGCTCCCC
BCR ABL CTCTAGGCTCCCCTCTTGTTCCAGACCCAGACATCTCCTACATACTTATCTTTCTGTGAACCATCTCATCAGGTTCTTTG
ABL CCCGGCCGGTTGAACGTTTTTAACATGTTTAGGGGAGATACATACTTATCTTTCTGTGAACCATCTCATCAGGTTCTTTG
ABL BCR MLPA = ABL 1b & EXSOC2 DELETION 07.01.26

23827

BCR AGTTGGGGATCCTCCTTCTTAGCTGTGGAGCTCAGGGTATGTTGGTTCCACGTCCAAACCTTCAACCTTCATCTGTAAAA
BCR ABL AGTTGGGGATCCTCCTTCTTAGCTGTGGAGCTCAGGGTATCTGAACTGTATTGCTGACCCTTTCCCATGTTCAAAGTTCC
ABL TATTGCTGGAGGGAACTAGCTCTGGTCCTGTTGGTTGGGACTGAACTGTATTGCTGACCCTTTCCCATGTTCAAAGTTCC
ABL BCR TATTGCTGGAGGGAACTAGCTCTGGTCCTGTTGGTTGGG . GTTGGTTCCACGTCCAAACCTTCAACCTTCATCTGTAAAA
25373

BCR TCTTAAGATCGTCTTCAGATAAACAGCAAAACCGTTGGTTAAAAGCTGGTCTAACCCACCTTATTTTGTTGTTGTTTGTT
BCR ABL TCTTAAGATCGTCTTCAGATAAACAGCAAAACCGTTGGTTTTACAAGACTATTTTTAGCCTTTTTTACAAGACTTTTAGT
ABL ATACAGGGGAAAGGGATTGCTGTTTTTTATTACCAGATTTTTACAAGACTATTTTTAGCCTTTTTTACAAGACTTTTAGT
ABL BCR ATACAGGGGAAAGGGATTGCTGTTTTTTATTACCAGA . TTAAAAGCTGGTCTAACCCACCTTATTTTGTTGTTGTTTGTT
25654

BCR AGCCATGACAGGGTGGGGGTTTGATGTCCGCCTCTGTGAAAACCTCCACCACAGCTGGCCGAGCCACCGGATGTTTGATC
BCR ABL AGCCATGACAGGGTGGGGGTTTGATGTCCGCCTCTGTGACTTTTTTTTTTTTTTTTTTTTTGGAGACGGAGCCTCACTTT
ABL AACCAGCCAAATGAGACCAGGAAGTGAAGAAAAATACCTTTTTTTTTTTTTTTTTTTTTTTGGAGACGGAGCCTCACTTT
ABL BCR AACCAGCCAAATGAGACCAGGAAGTGAAGAAAAATA. . . . TCCACCACAGCTGGCCGAGCCACCGGATGTTTGATC
20763

BCR CTATGAATCTGACTACTGTAGGTACCTCATATGAGTGGAATCATAACAATATTTGTCCTTTTGTGTCTGGCTTATTCCAC
BCR ABL CTATGAATCTGACTACTGTAGGTACCTCATATGAGTGGAACCATTCTGCAGAATTCCCTTCCAGCCGTCTGTGAGAAGGC
ABL CCAGAGCAGGGAGCCGATGGAAAGGGGGACCCAGAACATTCCATTCTGCAGAATTCCCTTCCAGCCGTCTGTGAGAAGGC
ABL BCR CCAGAGCAGGGAGCCGATGGAAAGGGGGACCCAGAACATTCCATAACAATATTTGTCCTTTTGTGTCTGGCTTATTCCAC
44095

BCR TCAGAGCAGGGGAAGTGGTTCCCGAGGAAGGAGGCAGAGGAGTGTAGATTTTGTAGAGAAGGCTAAGAGAGGGTGGGATGTG
BCR ABL TCAGAGCAGGGGAAGTGGTTCCCGAGGAAGGAGGCAGAGGATCTTCAGATATCTAAAAGAAACTTTGTAACACAGCGTCAGCC
ABL GAGGGGAAGGGGATGTTTCTGTTGTTGCTCCTTGCTGAGTATCTTCAGATATCTAAAAGAAACTT . GTAACACAGCGTCAGCC
ABL BCR GAGGGGAAGGGGATGTTTCTGTTGTTGCTCCTTGCTGAGTAGTGTAGATTTTGTAGAGAAGGCTAAGAGAGGGTGGGATGTG
44240

BCR GAAGTCCCACATCAAGGTGTCCGCAGGGCCAGGCTGTCTCTGGAGG . CTCTAGGGGAGGATCCTTCCTTTCTGTTCCCAGC
BCR ABL GAAGTCCCACATCAAGGTGTCCGCAGGGCCAGGCTGTCTCCGCCCCAGACATCATCAGCTCCTTGCTGTGTGTATGATTC
ABL GAGGAGGCCTCAGAGTTCTCATGGGCAAAGATTCCAAAGGCGCCCCAGACATCATCAGCTCCTTGCTGTGTGTATGATTC
ABL BCR GAGGAGGCCTCAGAGTTCTCATGGGCAAAGATTCCAAAGGCGCCCCACTCTAGGGGAGGATCCTTCCTTTCTGTTCCCAGC
Ital 4

BCR TGTCTGCTTTGCTTCAGACCCTTCTATCAAATTCCATTGTC. . TCTGTCTTAATGGTCTTTGCAGGGTAGGCATGGCCAT
BCR ABL TGTCTGCTTTGCTTCAGACCCTTCTATCAAATTCCATTGTCCGAATCGAGGAACCTCTCAGGGCTTTGTGTTGGGACGCTGA
ABL CGCTGACACACTGCATTAGTACTTTCTAGACTGTGAGCAGAGGAATCGAGGAACCTCTCAGGGCTTTGTGTTGGGACACTGA
ABL BCR CGCTGACACACTGCATTGGTACTTTCTAGACTGTGAGCAGTTGTCTCTGTCTTAATGGTCTTTGCAGGGTAGGCATGGCCAT
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22852

BCR AGCTGTGGAGGCAAGAGTGTTGGGCAGGGTGACCTGATTGAGCCAAGCTGTTATTCTTCCACCTGAGGATTTTCCAGAAGAA
BCR ABL AGCTGTGGAGGCAAGAGTGTTGGGCAGGGTGACCTGATTGAGCCCGGCTAATTTTTTGTATTTTTAGTAGAGACGAGGTTTC
ABL TCAGCCTCCCAAGTACTGGGACTACAGGCACCCACCACCACCCCCGGCTAATTTTTTGTATTTTTAGTAGAGACGAGGTTTC
ABL BCR TCAGCCTCCCAAGTACTGGGACTACAGGCACCCGCCACCACCCC. . TGTATTCTTCCACCTGAGGATTTTCCAGAAGAAG
11941

BCR CTTTGGATAGAAGCATCTTTCCAGACAATTGGGATCCTGTAGAAAATCTGCCCTCTGAGGCTCTTCTATGCCTTCTGTTG
BCR ABL CTTTGGATAGAAGCATCTTTCCAGACAATTGGGATCCTGTCAAAAGAGTTTTACTTCATTTAAATGAAGCATGTTGTCAA
ABL TGTGGGGTAAGTAAAGAAAGATGATCAAAGATGATTTGACCAAAAGAGTTTTACTTCATTTAAATGAAGCATGTTGTCAA
ABL BCR TGTGGGGTAAGTAAAGAAAGATGATCAAAGATGATTTGA . . GAAAATCTGCCCTCTGAGGCTCTTCTATGCCTTCTGTTG
28835

BCR AGGCCCACTGCAGCCCCCGATTCCATCTCAGGTGATAAGGGCTATTTTCTCCCCTGGTTCAAGGAAGACACCCCTCCCAG
BCR ABL AGGCCCACTGCAGCCCCCGATTCCATCTCAGGTGATAAGGGGCTTCTTTCACTGAGCGTAATGCCTTTGAGATCCATCTA
ABL CACAGAAATGGAAGCATCTAGTATGTAACCTTTTGAGATTGGCTTCTTTCACTGAGCGTAATGCCTTTGAGATCCATCTA
ABL BCR CACAGAAATGGAAGCATCTAGTATGTAACCTTTTGAGATTGCTATTTTCTCCCCTGGTTCAAGGAANACACCCCTCCCAG
19635

BCR TCCATTTTTGTTTTCTCTCTCTTATTTAGATTGGATAATTTCTATTGATCTATCTTTAAGTTCACTGACTCCATTGTCAT
BCR 5"ABL TCCATTTTTGTTTTCTCTCTCTTATTTAGATTGGATAATTCGTGTCACTGCACTCCAGCCTGGGCAACAGAGCAAGACTG
5"ABL CGCTTCAGCCTGGGTGGTGGAGGTTGCAATGAGCAGAGATCGTGTCACTGCACTCCAGCCTGGGCAACAGAGCAAGACTG
5"ABL BCR CGCTTCAGCCTGGGTGGTGGAGGTTGCAATGAGCAGAGATCGT . . TGATCTATCTTTAAGTTCACTGACTCCATTGTCAT
28624

BCR GGTGCACAGAGGAAGGTCTGTGGGAAGGGGTGCAGAGCTTCCATGCCCTCTCGGGGCACTGCCACATTTTCAGCAACCTG
BCR ABL GGTGCACAGAGGAAGGTCTGTGGGAAGGGGTGCAGAGCTTCCTGACCCAGAAGTCTTACACAGCACTTTTGCCCACATAC
ABL AGAAAGAGGAGAGGGAGTGCGTGCCTGTTGCTTTGAAGAACCTGACCCAGAAGTCTTACACAGCACTTTTGCCCACATAC
ABL BCR AGAAAGAGGAGAGGGAGTGCGTGCCTGTTGCTTTGAAGAACCT. . . CTCGGGGCACTGCCACATTTTCAGCAACCTG
27523

BCR AATGTTGCAGGTGGGAGTGCGTGAACAGGTGAGGCTTCCGGTAATTATGACAAGTGATGCTTGTGCTTCTCAGTGCCGTT
BCR ABL AATGTTGCAGGTGGGAGTGCGTGAACAGGTGAGGCTTCCGGGAGAATCGCTTGAACCTGGGAGGCAGAGATTGCAGTGAG
ABL GCATATGCCTGTAATCCCAGCTACTCAGGAGGCTGAGGCAGGAGAATCGCTTGAACCTGGGAGGCAGAGATTGCAGTGAG
ABL BCR MLPA normal

24350

BCR GCATGGCCATCTGCATGTTCACTGAAGGGCCTGCCTGCATTTCCAGGGAGAGAAAGCCTTCAGGCCACTGGTGCATAAAG
BCR ABL GCATGGCCATCTGCATGTTCACTGAAGGGCCTGCCTGCATTCTTAGCTGAGATTTTCATTCATTGGAAACATGCCTTATA
ABL TTTTTTGTTGTTCCTATTTCCCCCATTGAGATTTCCTACTTCTTAGCTGAGATTTTCATTCATTGGAAACATGCCTTATA
ABL BCR Not found

P747

BCR GTCAGGATAATCGCTTGAACCCAGAAGGTAGAGGTTGCAGTAAGCCGAGATCACGCCACTGCACTCCATCCTGGGCGACA
BCR ABL GTCAGGATA. TCGCTTGAACCCAGAAGGTAGAGGTTGCAGTAGAACTGAGCAGCCCTCACTGGGGTGCATTTCTAATCCT
ABL CCAACAACACGTACAGCACAGTCTTTCTGTGTTTGCAGCTTGGAACTGAGCAGCCCTCACTGGG - TGCATTTCTAATCCT
ABL BCR CCAACAACACGTACAGCACAGTCTTTCTGTGTTTGCAGCTTGGG . CGAGATCACGCCACTGCACTCCATCCTGGGCGACA
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P653
BCR CCACCATCTCCGTTTAGTTCCGAAACATTTTCGTCACCCC . . AGAAGGAAACCCCTGCCCATTAAGCAGTCACCGACCTCCT
BCR
11p(3024bp)ABL | CGAAACATTTTCGTCACCCCGGGGTGGGGGGAGGGGGGAG . . TGGCATGATTCATACAAAAATTTATGACCTGAAGTGTTTT
ABL AACACCTGGAAATTAAAACTTAGGCCAACACATCAAAGTC. . TTTATGACTTGAAGTGTTTTAAGAATTAATGAGGCAAAGC
ABL BCR Not found
pP210 ALL
P851
BCR TTTGGGAGGCTGAGGCAGGTGGATCGCTTGAGCTCAGGAGTTGGAGACCAGCCTGACCAACATGGTGAAACCCTGTGTCT
BCR ABL TTTGGGAGGCTGAGGCAGGTGGATCGCTCGAGCTCAGGAGCACAGAGAACTGTGTTTTT . ACATCATACCTTTAGGATTTT
ABL TCTGTTAGGAATCTGGAGCAAATCCTATTTCTTTTGAAAGCACAGAGAACTGTGTTTTTTACATTATACCTTTAGGATTTT
ABL BCR MLPA failed
26231
BCR TGCAGGGCCCTTCTCATCGTAGGGGCTTTAGCTGGGGTTTGTGGATCGACTGAGTGAACGAATGTTGTGGGAAGTCCC
BCR ABL TGCAGGGCCCTTCTCATCGTAGGGGCTTTAGCTGGGGTTTAAAAGATTCTTCTGTTTTTTTTCTAGAAGATTTATAAG
ABL TTCACCTAACTCAAGTTTACCTTCACCTAACTCAAGTTTACAAAGATTCTTCTGTTTTTTTTCTAGAAGATTTATAAG
ABL BCR TTCACCT. . . . . . . . . . . . . . . . .GTGGATCGACTGAGTGAACGAATGTTGTGGGAAGTCCC
P682
BCR GTGGATCGCTTGAGCTCAGGAGT TGGAGACCAGCCTGACCAACATGGTGAAACCCTGTGTCTACTAAAAATACAAAGATT
BCR ABL GTGGATCGCTTGAGCTCAGGAGT TGGAGACCAGCCTGACCATGGTGCTGTTGGGATGTCATTTTGCTGTACCAAGGGTAA
ABL ATGGTGCTGTTGGGATGTCACATTGCCTTGCCTGCAGATCATGGTGCTGTTGGGATGTCATTTTGCTGTACCAAGGGTAA
ABL BCR MLPA failed
22251
BCR AGCAATACAGCGTGACACCCTACGCTGCCCCGTGGTCCCGGGCTTGTCTCTCCTTGCCTCCCTGTTACCTTTCTTTCTAT
BCR ABL AGCAATACAGCGTGACACCCTACGCTGCCCCGTGGTCCCGAGGTTCCACTCTTCTTGAGATTTGTGTTACTTTTTAGACA
ABL TGGAACCTTAGTTACAATGTTGGAACCTTAGTTACAATGTAGGTTCCACTCTTCTTGAGATTTGTGTTACTTTTTAGACA
ABL BCR MLPA = BCR deletion
26219
BCR GCCGAGCCAGGGTCTCCACCCAGGAAGGACTCATCGGGCAGGGTGTGGGGAAACAGGGAGGTTGTTCAGATGACCACGGGA
BCR ABL GCAGAGCCAGGGTCTCCACCCAGGAAGGACTAATCGGGCATTGGTCAGGCTGGTCTCAAACTTCCGACCTCAGGTGATCTG
ABL GCTAATTTTGTATTTTTAGTAGAGATGGGGTTTCTCCATATTGGTCAGGCTGGTCTCGAACTCCTGACCTCAGGTGATCTG
ABL BCR MLPA = Normal
24375
BCR GGGCTAGGCAGTGGGCACCTGTAATCACAACTGCTTGGGAGGCTGAGGGAAGAGAATCGCTTGAACCCAGGAGGCGGAGG
BCR ABL GGGCTAGGCAGTGGGCACCTGTAATCACAACTGCTTGGGAGGTTCAAGCAATTCTCTGCCTCAGCCTCCCGAGTAGCTG
ABL TGGTGGTGCGATCACTGCTCACTGCATCCTCCACCTCCCAGGTTCAAGCAATTCTCTGCCTCAGCCTCCCGAGTAGCTG
ABL BCR No band, MLPA not done
19715
BCR GCCTCCCTTTCCCGGGACAACAGAAGCTGACCTCTTTGATCTCTTGCGCAGATGATGAGTCTCCGGGGCTCTATGGGTTTC
BCR ABL GCCTCCCTTTCCCGGGACAACAGAAGCTGACCTCTTTGATCAGAGTTCCTAGATTACTACAGTTCCTAGTTAGCTGGCAGA
ABL TTCCAAGAAGAGACATTATTTTAGAGAGATACTAGGTTGCTAGAGTTCCTAGATTACTACAGTTCCTAGTTAGCTGGCAGA

260




ABL BCR

CTGCCTTCTTTTAAACTTTGTTTGAATTTACCTGGCCTCTGGTTTGCCTGTATTGTGAAACCAACTGGATCCTGAGATCCCCAAG

11129

BCR TATTGTGAAACCAGCTGGATCCTGAGATCCCCAAGACAGAAATCATGATGAGTATGTTTTTGGCCCATGACACTGGCTTA
BCR ABL TATTGTGAAACCAACTGGATCCTGAGATCCCCAAGACAGCTTGAACACAAATGTGTTTCTCTCTGAGATCTTTAGTCTGT
ABL ATACTTGTTTGGTTTTATCAGGTGGTTTTCTTGGCTGGGTTTGAACACAAATGTGTTTCTCTCTGAGATCTTTAGTCTGT
ABL BCR TCCCGTTTCTTCAGCACTGCTTGATATGACTGGTATGGAGGT TGATTTTGAAGCAGAGTTAGCTTGTCACCTGCCTCCCT
10258

BCR AACTGCTTGGGAGGCTGAGGGAAGAGAATCGCTTGAACCC. . . .AGGAGGCGGAGGTTGCAGTGAGCCGAGCTTGTG
BCR ABL AACTGCTTGGGAGGCTGAGGGAAGAGAATCGCTTGAACCCTACCCTTAAGGATTTTCTTCTCTGATTGCACTAAATCTAT
ABL TTTAGAGTGGGTTTTATCAGCTTCCATACCCAAACAGAAATACCCTTAAGGATTTTCTTCTCTGATTGCACTAAATCTAT
ABL BCR TTTAGAGTGGGTTTTATCAGCTTCCATACCCAAACAGAAATAAACCCAGGAGGCGGAGGTTGCAGTGAGCCGAGCTTGTG
11128

BCR AAATCATGATGAGTATGTTTTTGGCCCATGACACTGGCTTACCTTGTGCCAGGCAGATGGCAGCCACACAGTGTCCACCG
BCR ABL AAATCATGATGAGTATGTTTTTGGCCCATGACACTGGCTTGGAAAAGGGATAGTTAATAGTAATCATAATAATGTTTAAT
ABL AGCTTTTTATCTTCCTTACACCAGTGCAAGTTTATAGAAAGGAAAAGGGATAGTTAATAGTAATCATAATAATGTTTAAT
ABL BCR MLPA = BCR & ABL DELETION 07.01.26

6875

BCR CCTGGTCTTTGTAGCTCTGGATATCCCTGCAGAAAGGGTCCCCACTACCAGGCCTCTCCATCCCCAGTCTCAGGTAGTTT
BCR ABL CCTGGTCTTTGTAGCTCTGGATATCCCTGCAGAAAGGGTCCGAACTTGGCTATCACTTCCTCTGTTCCCACTGCATGCTG
ABL AAAAGAACACCCTTGGTAGCTCCTACTTGTGCTGCAGAGGTGAACTTGGCTATCACTTCCTCTGTTCCCACTGCATGCTG
ABL BCR AAAAGAACACCCTTGGT. = = = = = = = = = = = = = = - - - . . CCATCCCCAGTCTCAGGTAGTTT
10887

BCR AATCATGATGAGTATGTTTTTGGCCCATGACACTGGCTTA. . . CCTTGTGCCAGGCAGATGGCAGCCACACAGTGTCCACC
BCR ABL AATCATGATGAGTATGTTTTTGGCCCATGACACTGGCTTACGAGGTTATTTGATTTGCTGGTTTGCAAGAACTCGTCTACA
ABL GGATTTCACTCCACAATGTTCTTCAACTGTAAGATCTACTTGAGGTTATTTGATTTGCTGGTTTGCAAGAACTCGTCTACA
ABL BCR GGATTTCACTCCACAATGTTCTTCAACTGTAAGATCTACTTGACCTTGTGCCAGGCAGATGGCAGCCACACAGTGTCCACC
F22666

BCR AGAGCAAGACTCCGCCTCAAAAAAAAAAAAAAAAAGT TCCTAGAAACAGCAAAATGTGGAGACAGAAAGCTTACCAGGGAT
BCR ABL CAGAGCAAGACTCCGCCTCAAAAAAAAAAAAAAAAGTTCCTACATCCACCATATTCGCTCCAAATTCTTAACCTGATATGA
ABL AGAAGGGACCCTGGAAGGAGGATGGAATGGCTATGGATTATCCATCCACCATATTCGCTCCAAATTCTTAACCTGATATGA
ABL BCR AGAAGGGACCCTGGAAGGAGGATGGAATGGCTATGGATTATC. . CAGCAAAATGTGGAGACAGAAAGCTTACCAGGGAT
F17685

BCR AAGGGGGACTTTTTAGGTGAGAGCAGTGTCGTGAAAAGACTGTGGTGCTGTTTGCGCTCACATTTACATTTCCTAAAATTC
BCR ABL AAGGGGGACTTTTCAGGTGAGCGCAGTGTCGTGAAAAGACTCAATTATGTAAGTTTAGGGCCAGGCGCGGTGGCTCCTGCC
ABL GGAAGCCTCCCTCCCCAGCATGCTTTTTCATGTTAAATTATCAATTATGTAAGTTTAGGGCCAGGCGCGGTGGCTCCTGCC
ABL BCR MLPA = BCR & ABL DELETED 07.02.07

F17730

BCR CATCACCCCGACCCCCTCTGCTGTCCTTGGAACCTTATTACACTTCGAGTCACTGGTTTGCCTGTATTGTGAAACCAGCTG
BCR ABL CGTCACCCCGACCCCCTCTGCTGTCCTTGGAACCTTATTACTAACAATCAGAATAAGAATAAAAATGAATTATTTTTCTTT
ABL GAGATTGCAAATGTCAGAAAACAGGATGCTTTTAAAAACAATAACAATCAGAATAAGAATAAAAATGAATTATTTTTCTTT
ABL BCR MLPA failed

261




F18544

BCR

GAAGAGCTATGCTTGTTAGGGCCTCTTGTCTCCTCCCAGGAGTGGACAAGGTGGGTTAGGAGCAGTTTCTCCCTGAGTGGCTG

BCR ABL GAAGAGCTATGCCTCCAGCCCTAGGTGACAGAGCAAGGCCCTGCCTCAAATAAATAAATAAATTGGCCGGTTGAGCATCTGTA
ABL GACTTATGACGTCTCAACTTACATTTTTCAATTTTATGATGGGTTTTTCAGGATGTAACCCAATTTTAAGTTGAGCATCTGTA
ABL BCR MLPA failed

F17237

BCR GTACACCTCTCTGTCCCCACCAGTGCAGGGCCCTTCTCATCGTAGGGGCTTTAGCTGGGGTTTGTGGATCGACTGAGTGA
BCR ABL GTACACCTCTCTGTCCCCACCAGTGCAGGGCCCTTCTCATCTTGTAAACTTTTTGGGAGACTAGATTTATTTCCTCCCCC
ABL CAGTATACTGCTTCTCTAGTTGTTAAGGAAGAAAATTTCTCTTGTAAACTTTTTGGGAGACTAGATTTATTTCCTCCCCC
ABL BCR CAGTATACTGCTTCTCTAGTTGTTAAGGAAGAAAATTTCTCGTAGGGCTTTAGCTGGGGTTTGTGGATCGACTGAGTGAA
F16604

BCR CCTGCCAGCCGGCACTTTTGGTCAAGCTGTTTTGCATTCACTGTTGCACATATGCTCAGTCACACACACAGCATACGCTA
BCR ABL CCTGCCAGCCGGCACTTTTGGTCAAGCTGTTTTGCATTCACCCCATGCTGGTCTCAAACTCCTGACCTCGTGATCCGCCC
ABL ATTTTTTGCGTTTTTAATAGAGATAGGGTTTCACCATATTGGTTAGGCTGGTCTCAAACTCCTGACCTCGTGATCCGCCC
ABL BCR MLPA = ABL & BCR Exon 16 DELETION

F15010

BCR TGGTTTGCCTGTATTGTGAAACCAGCTGGATCCTGAGATCCCCAAGACAGAAATCATGATGAGTATGTTTTTGGCCCATG
BCR ABL TGGTTTGCCTGTATTGTGAAACCAACTGGATCCTGAGATCCCTACTGACCTGTCTTTTAGACAGGCAGGACAGAGGATCT
ABL AAGTAGGGGGATGAAGGGGGAAGCCCTTCAGTTAAACAAAGTTACTGACCTGTCTTTTAGACAGGCAGGACAGAGGATCT
ABL BCR MLPA failed

F22757

BCR CTTGGGAGGCTGAGGGAAGAGAATCGCTTGAACCCAGGAGGCGGAGGTTGCAGTGAGCCGAGCTTGTGCCACTGCATTCCA
BCR ABL CTTGGGAGGCTGAGGGAAGAGAATCGCTTGAACCCAGGAGTTGTGTCTTTTTGTTGTTGGCTTTTGTTTTGTTTTTGCCCC
ABL AGAGGTTGACAAGTTTTTTGGTATTGGTTTTAGTTTTGGGTTGTGTCTTTTTGTTGTTGGCTTTTGTTTTGTTTTTGCCCC
ABL BCR MLPA failed

F14472

BCR CGGATGGTTGATTTTGAAGCAGAGTTAGCTTGTCACCTGCCTCCCTTTCCCGGGACAACAGAAGCTGACCTCTTTGATCT
BCR ABL CGGATGGTTGATTTTGAAGCAGAGTTAGCTTGTCACCTGCCCGCCCACCTCGGCCTCCCAAAGCCCTGGGATTACAGGCG
ABL CATGTTAGCCAGGATGGTCTCCATCTCCTGACCTCGTGATCCGCCCACCTCGGCCTCCCAAAGCCCTGGGATTACAGGCG
ABL BCR CATGTTAGCCAGGATGGTCTCCATCTCCTGACCTCGTGATTTCCCTTTCCCGGGACAACAGAAGCTGACCTCTTTGATCT
F11329

BCR GTGTCCACACACACCCCACCCACATCCCACATCACCCCGACCCCCTCTGCTGTCCTTGGAACCTTATTACACTTCGAGTC
BCR ABL GTGTCCACACACACCCCACCCACATCCCACATCACCCCGACAAGTGCATATGGAACTGTTTCCAAGACAAATCATTTTCT
ABL AGAACATTCGACCCCTAAACAGCAGAATACACGTTCTTTTCAAGTGCATATGGAACTGTTTCCAAGACAAATCATTTTCT
ABL BCR MLPA = Normal

F11751

BCR TTAAGCAG . AGTTCAAGTAAG . TACTGGTTTGGGGAGGAGGGTTGCAGCGGCCGAGCCAGGGTCTCCACCCAGGAAGGACT
BCR ABL TTAAGCAGTAGTTCAAGTAAGATACTGGTTTGGGGAGGAGCTTCTGGAGGCCACCTGCATTGCTTGGTTTGTGACCCCTT
ABL CCAGAGACTCCAGGAGAGAAATACTTCCTGGCCTCTCTGGCTTCTGGAGGCCACCTGCATTGCTTGGTTTGTGACCCCTT
ABL BCR CCAGAGACTCCAGGAGAGAAATACTTCCTGGCCTCT. .GGGTTGCAGCGGCCGAGCCAGGGTCTCCACCCAGGAAGGAC

262




F24559

BCR ACATCACCCCGACCCCCTCTGCTGTCCTTGGAACCTTATTACACTTCGAGTCACTGGTTTGCCTGTATTGTGAAACCAGC
BCR ABL ACGTCACCCCGACCCCCTCTGCTGTCCTTGGAACCTTATTACGCTTGGCCTCTATATAAGCTTTTAATGAATAATAAAGA
ABL TTGGCTTCCCAAAGTCTTGGGATTGCAGGCGTGAGCCACTGCGCTTGGCCTCTATATAAGCTTTTAATGAATAATAAAGA
ABL BCR MLPA failed

F20099

BCR CTAAAATGCAAACCCCACCCTGCAACTTACCGCCCACAGCCCAGCCCACTCTTCTCCAGGCCTCGCCTCCCTCCCTTCCC
BCR ABL CTAAAATGCAAACCCCACCCTGCAACTTACCGCCCACAGCAATAACCCATCTTAGCTAGACTCCAGGTTTCGTCACATAT
ABL GGAGGCCATTACTAGATTTACAGATGATGGGCCGTGCTTAAATAACCCATCTTAGCTAGACTCCAGGTTTCGTCACATAT
ABL BCR MLPA = ABL1 & EXSOC2 DELETED
p210 CML

NP241

BCR TGCACGGCTTCTGTTCCTAGTCACAAGGCTGCAGCAGACGCTCCTCAGATGCTCTGTGCCTTGGATCTGGCCCCACTCCC
BCR ABL TGCACGGCTTCTGTTCCTAGTCACAAGGCTGCAGCAGACGTCCACTAAAAATACAAAAAATTCTCCGGGCGTGGTGGCGG
ABL GAGACCGAGACCATCCTTGCTAACACGGTGAAACCCCGTCTCCACTAAAAATACAAAAAATTCTCCGGGCGTGGTGGCGG
ABL BCR MLPA = BCR & ABL DELETED

E656

BCR GTAAGTACTGGTTTGGGGAGGAGGGTTGCAGCGGCCGAGC

BCR ABL GTAAGTACTGGTTTGGGGAGCAGGTACAGGGGTGAGCCTC

ABL CCTCAGCCTCCCAAAATGCTGGGATTACAGGGGTGAGCCTC

ABL BCR Not found, MLPA not done

1538

BCR TCCACCCAGGAAGGACTCATCGGGCAGGGTGTGGGGAAACAGGGAGGTTGTTCAGATGACCACGGGACACCTTTGACCCT
BCR ABL TCCACCCAGGAAGGACTCATCGGGCAGGGTGTGGGGAAACGGCATCGAAAGCTGTTGACCTTCATCAAACAATGAGCACA
ABL TAATCAACTCCCCTTTTAATTTTTTCAAAAGTCATTATTAGGCATCGAAAGCTGTTGACCTTCATCAAACAATGAGCACA
ABL BCR MLPA failed

1716

BCR TGGTCCCGGGCTTGTCTCTCCTTGCCTCCCTGTTACCTTTCTTTCTATCTCTTCCTTGCCCCGTGCACTCAACCTTGCAT
BCR ABL TGGTCCCGGGCTTGTCTCTCCTTGCCTCCCTGTTACCTTTGTATTTTTAGTAGATTTATAAGTTTTAATTTAACTTTTAG
ABL AAATCTTCACCTAACTCAAGTTTACAAAGATTCTTCTGTTTTTTTTCTAGAAGATTTATAAGTTTTAATTTAACTTTTAG
ABL BCR AAGATTTATAAGTTTTAATTTAACTTTTAGGCTTATAATTCTTGGGAGGCTGAGGGAAGAGAATCGCTTGANCCCAGGAG
1578

BCR TGTTTTTGGCCCATGACACTGGCTTACCTTGTGCCAGGCAGATGGCAGCCACACAGTGTCCACCGGATGGTTGATTTTGA
BCR ABL TGTTTTTGGCCCATGACACTGGCTTACCTTGTGCCAGTGCCACACCACCATGCCCGGCTACTTTTTTTTTGTATTTTTAG
ABL TCTATTGCCTCAGCCTCCCCAGTAGCTGGGACTACGGGCACACACCACCATGCCCGGCTACTTTTTTTTTGTATTTTTAG
ABL BCR MLPA = ABL DELETED 07.01.26

1349

BCR AATTCCACAGAGCGGGCAGGGGCATCGCATGAGGTGCTGGTGTTCACGCCAGACCACAATTAGGTGTTTAATTTTTAAAA
BCR ABL AATTCCACAGAGCGGGCAGGGGCATCGCATGAGGTGCTGGTTGGGTTCTATTGCTTCCACATCAGGAACTCATAATTACT
ABL ATTAAAAGTAGGTGCCCTAAGACCATTTTTCAGGGTGCATTTGGGTTCTATTGCTTCCACATCAGGAACTCATAATTACT

263




ABL BCR

MLPA = BCR & ABL DELETED 07.01.26

1103 Break in BCR exon 4

BCR cccacagATCTGTACTGCACCCTGGAGGTGGATTCCTTTGGGTATTTTGTGAATAAAGCAAAGACGCGCGTCTACAGGGA
BCR ABL CCCACAGATCTGTACTGCACCCTGGAGGTGGATTCCTTTGGATAAGTATATGCTTAACTTAGGAGACCCTGCCACAGTAT
ABL TCTTCGGTAAATAATTAGGAGTAGAATTGCTAGGTCGTAGGATAAGTATATGCTTAACTTAGGAGACCCTGCCACAGTAT
ABL BCR CACACCATATGTATTCACACCAGTTGCTCCATTTGGTCTT. . . . . . . . . . AAGACGCGCGTCTACAGGGA
1810

BCR CCATCAATAAGGAAGGTGGGCCCCCCC. GTTTCCGTGTACAGGGCACCTGCAGGGAGGGCAGGCAGCTAGCCTGAAGGCT
BCR ABL CCATCAACAAGGAAGGTGGGCCCCCCCCGTCTCCGTGTACAGTGAAAACCTGAATAATCTGGCTGGGCGTGGTGGCTCAC
ABL CTCCTGCTTTCAGTCTTCCTCCTCTGCTAGTTATTTTTCATATGAAAACCTGAATAATCTGGCTGGGCGTGGTGGCTCAC
ABL BCR No band by PCR MLPA not done

1569

BCR TCCAGCCTGGGCGACAGAGCAAGACTCCGCCTCAAAAAAAAAAAAAAAAAGTTCCTAGAAACAGCAAAATGTGGAGACAG
BCR ABL TCCAGCCTGGGCGACAGAGCAAGACTCCACCTCAAAAAAAAAAAAAAAAAA . . _TTTACTATCATGTAAAGGGGAGTT
ABL TCCAGCCTGGGCGACAGAGCGAGACTCCGTCTCAAAAAAAAAAAAAAAAAAAAAAATTTACTATCATGTAAAGGGGAGTT
ABL BCR CTGAGGCAGGAGAATGGCGTGAACCTGGGAGGCGGAGCTTGGGAGAGAGGACTAACTGCAGATGAACCCAAGGGGGACTT
1460

BCR TCCAGCCTGGGCGACAGAGCAAGACTCCGCCTCAAAAAAAAAAAAAAAAAGT TCCTAGAAACAGCAAAATGTGGAGACAG
BCR ABL TCCAGCCTGGGCGACAGAGCAAGACTCCACCTCAAAAAAAAAAAT CAAACCAACAATAGCAAAACTCATGATACCTCCTG
ABL CCTGCTGTTTGATTTTCAGTTTTCTGTAGAAGGAAAAAAAAAAATCAAACCAACAATAGCAAAACTCATGATACCTCCTG
ABL BCR GAGCTCAGGAGTTGGAGACCAGCCTGACCAACATGGTGAAACCCTGTGTNTANTAAAAATACAAAGATTAGCCAGGNTAG
230

BCR AGGGCTGTCAGCAGTGCACCTTCACCCCACAGCAGAGCAGATTTGGCTGCTCTGTCGAGCTGGATGGATACTACTTTTT

BCR ABL AGGGCTGTCAGCAGTGCACCTTCACCCCACAGCAGAGCAGATTTTATTTTTCTTTCCTGTTGTAGTCTTTAGTTTTATA

ABL TTCTTTCTACCTACTCTCCTTCTCTAATTACATCTGTTTTATTTTATTTTTCTTTCCTGTTGTAGTCTTTAGTTTTATA

ABL BCR MLPA = NOT DELETED

248

BCR GCACTTTTGATGGGACTAGTGGACTTTGGTTCAGAAGGA. .AGAGCTATGCTTGTTAGGGCCTCTTGTCTCCTCCCAGG
BCR ABL GCACTTTTGATGGGACTAGTGGACTTTGGTTCAGAAGGAAGACCCACCTACATGGGAGGCTGAGGCAGAGGGATCACGTG
ABL AAAATACAAAAATTAGTCGGCATGGTGGCACACACCTATAGTCCCACCTACATGGGAGGCTGAGGCAGAGGGATCACGTG
ABL BCR AAAATACAAAAATTAGTCGGCATGGTGGCACACACCTATAGTAGAGCTATGCTTGTTAGGGCCTCTTGTCTCCTCCCAGG
266

BCR ACACCCCACCCACATCCCACATCACCCCGACCCCCTCTGCTGTCCTTGGAACCTTATTACACTTCGAGTCACTGGTTTGC
BCR ABL ACACCCCACCCACATCCCACATCACCCCGACCCCCTCTGCTGATCTACCCACCTTGGCCTCCCAAGGTGCTGGGATTACA
ABL ACCGTGTTGGCCAGGCTGGTCTCAAACTCCTGACCTCAGGTGATCTACCCACCTTGGCCTCCCAAGGTGCTGGGATTACA
ABL BCR GCTGAAGGACAGTGCTCCAGGGTCCTAGAGCACAGAACTCTTTGGTTCAGAAGGAAGAGCTATGCTTGTTAGGGCCTCTT
316

BCR GTTTTGCATTCACTGTTGCACATATGCTCAGTCACACACACAGCATACGCTATGCACATGTGTCCACACACACCCCACCCA
BCR ABL GTTTTGCATTCACTGTTGCACATATGCTCAGTCACACACACACAGAGATGAAAAATACACTGAAGACTGTCAGAATAAACA
ABL GGGCGAGAGAGCAAGATTCCGTCTCCACAAAAAAGAAAGATACAGAGATGAAAAATACACTGAAGACTGTCAGAATAAACA
ABL BCR GGGCGAGAGAGCAAGATTCCGTC. . . - - - - - - - - - - . . . .CATGTGTCCACACACACCCCACCCA

264




403

BCR CTTGGATCTGGCCCCACTCCCGTCCTCCCAGCCCTCCTCTCCTC . CAGCTACCTGCCAGCCGGCACTTTTGGTCAAGCTGT
BCR ABL CTTGGATCTGGCCCCACTCCCGTCCTCCCAGCCCTCCTCTCCATAGAGATGGGTCTCACTATGTCGCCCAGGCTGGTCTC

ABL TAGTGTCAATTTTTAAAACTATCTCTTTTTTAATTAAAAAAAATAGAGATGGGTCTCACTATGTCGCCCAGGCTGGTCTC

ABL BCR TAGTGTCAATTTTTAAAACTATCTCTTTTTTAATTAAAAAAAATACAGCTACCTGCCAGCCGGCACTTTTGGTCAGCTAC

440

BCR GTCACACACACAGCATACGCTATGCACATGTGTCCACACACACCCCACCCACATCCCACATCACCCCGACCCCCTCTGCT

BCR ABL GTCACACACACAGCATACGCTATGCACATGTGTCCACACACAGCCTGGGCGACAGAGCGGACTCCATCTCAAAAAAAAAG

ABL GGCAGAGCTTGCAGTGAGCCAAGATCGCGCCACTGCACTCCAGCCTGGGCGACAGAGCGGACTCCATCTCAAAAAAAAAG

ABL BCR MLPA NOT DELETED

446

BCR TGGTTGATTTTGAAGCAGAGTTAGCTTGTCACCTGCCTCCCTTTCCCGGGACAACAGAAGCTGACCTCTTTGATCTCTTG

BCR ABL TGGTTGATTTTGAAGCAGAGTTAGCTTGTCACCTGCCTCCCTGAGCCACTGTGCCCGGCCGGTTGAACGTTTTTAACATG

ABL TCTGCCCACCTCGGCCTCCCAAAGTGCTGGGATTACAGGCGTGAGCCACTGTGCCCGGCCGGTTGAACGTTTTTAACATG

ABL BCR MLPA NOT DELETED

483

BCR CTTTGGTTCAGAAGGAAGAGCTATGCTTGTTAGGGCCTCTTGTCTCCTCCCAGGAGTGGACAAGGTGGGTTAGGAGCAGT

BCR ABL CTTTGGTTCAGAAGGAAGAGCTATGCTTGTTAGGGCCTCTTCACCATGTTGATCAGGCTGGTCTCAAACTCCTGACCTCA

ABL CATGCCTGGCAAATTTTGTATTTTTAGTAGAGACGAGGTTTCACCATGTTGATCAGGCTGGTCTCAAACTCCTGACCTCA

ABL BCR CATGCCTGGCAAATTTTGTATTTTTAGTAGAG. . . . - - - . . . . . TGGACAAGGTGGGTTAGGAGCAGT

495

BCR TAGCCTGAAGGCTGATCCCCCCTTCCTGTTAGCACTTTTGATGGGACTAGTGGACTTTGGTTCAGAAGGAAGAGCTATGC

BCR ABL TAGCCTGAAGGCTGATCCCCCCTTCCTGTTAGCACTTTTGATTTTTTTCTGTTAATGATAAAGGCTAAATGATTCCTGTC

ABL AGAATTCTTATTGATGAAAGAAAGCTATTTCAGGAAACTTTTTTTTTTCTGTTAATGATAAAGGCTAAATGATTCCTGTC

ABL BCR MLPA NOT DELETED

524

BCR ATTCTCCATCAGTGAGGCTTCTTAGTCATCTCTGGCTGCCTGGCCAGGCCCTGGCTGTGGCCTCCTCCCTGGTCTTTGTA

BCR ABL ATTCTCCATCAGTGAGGCTTCTTAGTCATCTCTGGCTGCCTGTTCCAAAACAGAATTATATAAATCTCTGGATTTATGAG

ABL TAAATGTAAGGAAAAATTTCAGAGTTTAGTGAAGTGAGTATTTTCCAAAACAGAATTATATAAATCTCTGGATTTATGAG

ABL BCR TAAATGTAAGGAAAAATTTCAGAGTTTAGTGAAGTGAG. . .CCAGGCCCTGGCTGTGGCCTCCTCCCTGGTCTTTGTA

545

BCR TCCTCAGATGCTCTGTGCCTTGGATCTGGCCCCACTCCCGTCCTCCCAGCCCTCCTCTCCTCCAGCTACCTGCCAGCCGG

BCR ABL TCCTCAGATGCTCTGTGCCTTGGATCTGGCCCCACTCCCGTCGGTTCCCAAATTCAGGATTTAAAAAGTGAATTATTTAC

ABL TTTGTTTTTAGGCAGGCAAATATGGTAATGTGTTGTTATGATGGTTCCCAAATTCAGGATTTAAAAAGTGAATTATTTAC

ABL BCR MLPA NOT DELETED

282

BCR CCTCTAAGTGGGGGTCTCCCCCAGCTACTGGAGCTGTCAGAACAGTGAAGGCTGGTAACACATGAGTTGCACTGTGTAAAA
BCR ABL CCTCTAAGTGGGGGTCTCCCCCAGCTACTGGAGCTGTCAGACTGGGCAACATGGAGAAACCTCATCTGTTAAAAAAACAAA
ABL GAGGTGGGCGGATTGCCTGAGCTCAGGAGTTCGTGACCAGACTGGGCAACATGGAGAAACCTCATCTGTTAAAAAAACAAA
ABL BCR MLPA DELETED

265




286

BCR GACACCCTACGCTGCCCCGTGGTCCCGGGCTTGTCTCTCCTTGCCTCCCTGTTACCTTTCTTTCTATCTCTTCCTTGCCCC
BCR 5"ABL | GACACCCTACGCTGCCCCGTGGTCCCGGGCTTGTCTCTCTTGCTGGCAATGCATTCCTTTTCGTCAGAGTCGAGGGCAAAC
ABL GATTGGTTCCACAGGCCTTTTAAAAAGCGGACTTAAAAGTTGCTGGCAATGCATTCCTTTTCGTCAGAGTCGAGGGCAAAC
ABL BCR GTTTCTTAGGGTCCCTGGTTCTATGATTCTGCTCTAACCGACACCTTCATAACATAATCTTTCTCCTGGGCCCCTGTCTCT
287

BCR GCAGAGTTCAAGTAAGTACTGGTTTGGGGAGGAGGGTTGCAGCGGCCGAGCCAGGGTCTCCACCCAGGAAGGACTCATCG

BCR ABL GCAGAGTTCAAGTAAGTCCTGGTTTGGGGAGGAGGGTTGCACATTAATTACCACACCTAGTATTTTTTTTTTATTTTTAT

ABL AACTTCTGGACTCATGCAGTCCTCCTGAGTAGTTGGGACTACATTAATTACCACACCTAGTATTTTTTTTTTATTTTTAT

ABL BCR Not found

291

BCR GGTTTGGCAAGGACTTTGACAGACATCCCCAGGGGTGCCCGGGAGTGTGGGGTCCAAGCCAGGAGGGCTGTCAGCAGTGC

BCR ABL GGTTTGGCAAGGACTTTGACAGACATCCCCAGGGGTGCCCGAGCATTTTGTTGATCTGCAGGTTAGACTGGCAGTTGAAC

ABL TGAGATGATTATAATAGCTGCTTAAAATCTTTGTCTATTCCAGCATTTTGTTGATCTGCAGGTTAGACTGGCAGTTGAAC

ABL BCR MLPA NOT DELETED

300

BCR TTTTTATTTTTTCTGATTCTGCAAATAACACCTGCTCTTACAGACCATGTGGGTGATGTGGAAAAGACCTGTGACCTTCT

BCR ABL TTTTTATTTTTTCTGATTCTGCAAATAACACCTGCTCTTACATGTGAAGTTGTATAATGTCAATTGAAGGTAGACTGTGA

ABL AGTGGGAGAACAAATATACTCTTGTAAGCTTTTTACACTACATGTGAAGTTGTATAATGTCAATTGAAGGTAGACTGTGA

ABL BCR MLPA = BCR DELETED

317

BCR TGGACTTTGGTTCAGAAGGAAGAGCTATGCTTGTTAGGGCCTCTTGTCTCCTCCCAGGAGTGGACAAGGTGGGTTAGGAG

BCR ABL TGGACTTTGGTTCAGAAGGAAGAGCTATGCTTGTTAGGGCCCGTTTCTCTGAAATCTTACCCACACTGGCTGTCAGCGTC

ABL CTCAATTTATACACCTACTACTAGCATTGTATGAGAGTGCCCGTTTCTCTGAAATCTTACCCACACTGGCTGTCAGCGTC

ABL BCR MLPA = NOT DELETED

375

BCR TGCAGAAAGGGTCCCCACTACCAGGCCTCTCCATCCCCAGTCTCAGGTAGTTTTTCTAAAATGCAAACCCCACCCTGCAA

BCR ABL TGCAGAAAGGGTCCCCACTACCAGGCCTCTCCATCCCCAGTTTTTCCCTCTCTCTTTCTCTCCCCTTCCCCTCCTTGATT

ABL AAACACTGCATCAAGAGACTGTGCCCCATGTCTTTTCACTTTTTTCCCTCTCTCTTTCTCTCCCCTTCCCCTCCTTGATT

ABL BCR AAACACTGCATCAAGAGACTGTGCCCCATAGTTTTT. . . . . . . . . .CTAAAATGCAAACCCCACCCTGCAA

386

BCR TTCTCGAGGCCGGGCGCAGTGGCTCATGCCTGTAATCCCAGCACTTTGGGAGGCTGAGGCAGGTGGATCGCTTGAGCTCA

BCR ABL TTCTCGAGGCCGGGCGCAGTGGCTCATGCCTGTAATCCCAGTCACACACACCTTTTCAGTTAGTTTTGCTGAGGGTTTAC

ABL CCTCACATTGGTAATTTGTGTTTTTTCTCTCTGTTTCTCTCTCACACACACCTTTTCAGTTAGTTTTGCTGAGGGTTTAC

ABL BCR ATTTCTAGCTTCTTAAAGTAGAAATTTAGATCGATTCCAAACACCCCACAGCAGAGCAGATTTGGCTGCTCTGTCGAGCT

436

BCR CTATTATTCATGGACCCCAAACTTGTTCCTCTTATGTCCTGTCCCTTTGAGGGGCACCACCATCCACCCGCATGGCCAAG

BCR ABL CTATTATTCATGGACCCCAAACTTGTTCCTCTTATGTCCTGTGCGGGTGGATTACGAGGTCAGGAGATCGAGACCATCCT

ABL TGGTGGCTCACGCCTGTAATCCCAGCACTTTGGGAGGCCGAGGCGGGTGGATTACGAGGTCAGGAGATCGAGACCATCCT

ABL BCR TGGTGGCTCACGCCTGTAATCCCAGCACTTTGGGAGGCC. . . TTTGAGGGGCACCACCATCCACCCGCATGGCCAAG

266




389

BCR AATTGCAGGGGTTTGGCAAGGACTTTGACAGACATCCCCAGGGGTGCCCGGGAGTGTGGGGTCCAAGCCAGGAGGGCTGT
BCR ABL AATTGCAGGGGTTTGGCAAGGACTTTGACAGACATCCCCAGGACCACGAGAGGCTCAGAGATATAGTGAGAAGGTCCAAC
ABL GAAATAACACAGACTGAAGCTAATAGAAACAAAGGGATGTAAACCACGAGAGGCTCAGAGATATAGTGAGAAGGTCCAAC
ABL BCR GAAATAACACAGACTGAAGCTAATAG. . . - . . . - . . . . .GAGTGTGGGGTCCCAGCCAGGAGGGCTGT
470

BCR GGCTGCCCTCTGCTGTGGCATCACTGTGTAACAATGGCGTGTACACCTCTCTGTCCCCACCAGTGCAGGGCCCTTCTCAT
BCR ABL GGCTGCCCTCTGCTGTGGCATCACTGTGTAACAATGGCGTGTCTGTTTCCCAGGCTTGCAGAGAAACTGCTGCTCAGGAG
ABL CAGATGGAGATGAAGTGGGTGCAGGTCATCGCCCACGAC. .CTGTTTCCCAGGCTTGCAGAGAAACTGCTGCTCAGGAG
ABL BCR GCAGATGGAGATGAAGTGGGTGCAGGTCATCGCCCACGACCTACACCTCTCTGTCCCCACCAGTGCAGGGCCCTTCTCAT

267




Reference sequences

NM 004327 BCR from ATG
NM 007313 ABL from ATG

Appendix

A4

Locations of recombination sequence motifs in 50 bp either side of BCR and ABLforward

breakpoint in p210 ALL

Patient BCR Fuzznuc 7- | Fuzznuc 13- Fuzznuc | Fuzznuc 13-
ID bpt mer mer ABL bpt | 7-mer mer
22251 110640 | 72t0 78 None 80502 | None None
19715 109368 | 16 to 22 None 60782 | None None
6875 110950 | 11 to 17 None 39021 | None None
97 to 85
F18544 108792 | None (ccaccttgtccac) 99563 | None None
81t087 & | 85t097
F20099 111031 | 85 to 91 (ccteecttecccc) 28149 | None None

Locations of recombination sequence motifs in 50 bp either side of BCR and ABL forward

breakpoint in p210 CML

BCR Fuzznuc | Fuzznuc 13- Fuzznuc | Fuzznuc 13-
Patient ID bpt 7-mer mer ABL bpt | 7-mer mer
1716 110672 | 40to 46 | None 104268 | None None
1810 108688 | 70-64 None 48293 | None None
1338 109540 | 62-56 None 47245 | None None
61-73
266 109131 | None None 55259 | None (ccaccttggcecte)
446 109294 | 90-96 None 22454 | None None
82-70 66-78
483 108807 | None (ccaccttgtccac) 107887 | None (ccaccttggcectc)
524 110884 | 77-83 None 114565 | None None
-3162
1-7, 98- (upstream
286 110614 | 104 None ABL)
287 109483 | None None 76292 | None None
86-74
317 108803 | None (ccaccttgtccac) 135075 | None None
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From

Hammersmith
-6872
S9 108995 | None None (US ABL)
70-76, 74-86
S14 111042 | 74-80 (cctececttecccec) 122256 | None None
S15 109345 | 39-45 None 85519 | None None
S19 109374 | 10-16 None 106169 | None None

Locations of recombination sequence motifs in 50 bp either side of BCR and ABL forward

breakpoint in p190 ALL

There were no 7-mers or 13-mers in any of the p190 breakpoints.
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Appendix V

FIP1L1-PDGFRA sample calculation

E Copies FP /ul | Am gDNA in Copies FP / Number haploid % haploid
number in samples sample ng/ul ng DNA genomes genomes
FP gDNA FP/gDNA (FP/gDNA)x330 x100
E243 5060 61.93 81.7 0.248 24.8
E43 341 40.295 8.5 0.026 26
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Project: Analysis of clustering and sequence feature association with
breakpoints in BCR-ABL translocations

PI: Nick Cross, Joe Wiemels

Analysis: Ru-Fang Yeh <rufang@biostat.ucsf.edu>

I. Data: Three sets of breakpoint data involving BCR/ABL:

p190 p210 ALL p210 CML Total

# subjects 25 25 50 100

Il. Analysis Aims:
* Assess breakpoint clustering patterns and identify 'hotspots' if any.
* Search for sequence feature associated with breakpoints.
® Compare the distribution/motif features

- in ABL between ALL (p190 and p210) vs CML
in ABL between p190 vs p210 (ALL+CML)

in ABL between p190 ALL vs p210 ALL

in ABL between p190 ALL vs p210 CML

in BCR between p210 ALL and p210 CML

lll. Results:
1. Compare the breakpoint distributions of various subgroups.
No differences in all comparisons of the subgroup breakpoint distributions.

Table 1 Komolgorov-Smirnov test p-values for the comparisons of breakpoint
distribution in different subtypes of leukemia.

Comparison Komolgorov-Smirnov test p-value
ABL.ALL.vs.CML 0.967
ABL.p190.vs.p210 0.6
ABL.p190ALL.vs.p210ALL 0.915
ABL.p190ALL.vs.p210CML 0.637
BCR.p210ALL.vs.p210CML 0.915

2. Test for existence of clusters using scan statistics, using bandwidth
determined by various selection methods. The p-values of scan statistics
were calculated as described in Segal & Wiemels 2002 using the endpoint
correction method (Loader 1991).

Table 2 The p-value of the scan statistics for all breakpoints and within each subtypes
using corresponding bandwidth as determined by different kernel smoothing
bandwidth selection methods: nrd0: Silverman’s rule-of-thumb for choosing the
bandwidth of a Gaussian kernel density estimator (Silverman 1986), 0.9* min(sd,
IQR/(1.34*n"(-1/5))); nrd: Scotts (1992) variation of the rule-of-thumb with factor
1.06; ucv: unbiased cross-validation; bev: biased cross-validation; ste - the solve-the-




equation method in Sheather & Jones (1991); dpi - the direct plug-in method in

Sheather & Jones (1991).
BCR breakpoints
p190 p210ALL p210CML p210

nrd0 4996.9, p=1 359.8, p=0.053 315.4, p=0.27 301.2, p=0.015
nrd 5885.3, p=1 423.7, p=0.043 371.4, p=0.14 354.8, p=0.0049
ucv 6329.8, p=1 151.6, p=0.2 283.7, p=0.14 238, p=0.079
bcv 6329.6, p=1 455.5, p=0.069 417.2, p=0.13 380.7, p=0.012
SJste 5968.8, p=1 170.2, p=0.07 258.9, p=0.51 219.5, p=0.11
SJdpi 5997.7, p=1 294.4, p=0.061 283.5, p=0.14 247, p=0.041

ABL breakpoints

p190 p210ALL p210CML p210 All breaks

nrd0  21059.5, p=0.067 193854, p=1 17167.2,p=1 15656.2, p=1 15006.8, p=0.16
nrd 24803.3, p=0.17  22831.7,p=1 20219.2, p=1 18439.6,p=0.7 17674.7, p=0.19
ucv 2776.8, p=0.0019 16646.3, p=1 21710.1, p=1 12074.3, p=0.87 8816.3, p=0.1
bcv 26662.2, p=0.24  24542.8,p=1 21677.3,p=1 19821.5, p=0.98 19002, p=0.19
SJste 11803.7, p=0.041 13808, p=1 17956.9, p=1 12084.9, p=0.87 10395.8, p=0.067
SJdpi 16217.5, p=0.054 16777.3, p=1 18992.3, p=1 14189.8, p=0.97 12033.7, p=0.1

3. Number of cluster.

From the Silverman's method and gap statistics assessment, there is one or less
cluster for all the subgroups of BCR breakpoints, and 2 clusters for the
subgroups of ABL breakpoints.

Table 3 Assessing number of modes using Silverman's smoothed bootstrap method
as described in Segal and Wiemels (2002). bw: critical bandwidth.

BCR breakpoints

p190 p210ALL p210CML p210

nModes bw p-value bw p-value bw p.value bw p-value

1 4700 04775 362 0.396 340 0.4015 293 0.488

2 3030 0.46 302 0.0765 205 0.575 167 0.7955

3 3000 0.0735 146 0.42 192 0.194 153 0.4275

ABL breakpoints

p190 pP210ALL p210CML p210 all breakpoints
nModes bw p-value bw p-value bw p-value bw p-value bw p-value
1 29620 0.0545 28530 0.043 22720 0.103 25130 0.014 26060 0.012
2 11650 0.443 8790 0.725 9030 0.801 8950 0.594 6950 0.8365
3 6660 0.6795 5540 0.873 7540 0.676 5710 0.904 5840 0.754



Figure 1 Assessing number of clusters using gap statistics with k-means clustering
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Figure 2 BCR breakpoints. (A) p190 breakpoints. (B) p210 breakpoints. Density
curves were determined using the Sheather-Jones solve-the-equation bandwidth.
Color boxes beneath the breakpoints indicate the locations of different classes of
repetitive elements as determined by RepeatMasker, and known motif matches

(exact match) using fuzznuc or PWM.
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Figure 3 ABL breakpoints. Density curves were determined using the Sheather-
Jones solve-the-equation bandwidth. Color boxes beneath the breakpoints indicate
the locations of different classes of repetitive elements as determined by
RepeatMasker, and known motif matches (exact match) using fuzznuc or PWM.
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4. Search for sequence features/motifs associated with breakpoints.
(i) Map known motifs (listed in Table 3) to the sequence and test for
enrichment of each known motif in the proximity of breakpoints using
simulations. Matches were plotted in Figure 2 and 3. And Figure 5 compares
% of BCR breakpoints overlapping motifs in their proximity (within 50bp or
100bp of either side of breakpoints), compared to the motif co-localization of
simulated, randomly distributed breakpoints. No apparent enrichment found.

Figure 5. % of breakpoints associated with motifs within 50bp of either side of
breakpoints). The red points are the observed from the breakpoint data, and the
box plot gives the results based on 200 simulations. Each simulation draws N
breakpoints uniformly from the sequence region and calculate % of N breakpoints
overlapping the given type of motif within (-50, +50). No apparent motif enrichment
found. Repeats: repetitive elements identified by RepeatMasker; S/MAR: regular
expression matches of the motifs; Topoll: regular expression matches of the Topoll
consensus; TopolIPWM: sites identified by PWM scoring; Ytrait: regular
expression matches of the Y trait.
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Figure 6. % of breakpoints associated with motifs within S0bp of either side of
breakpoints) in ABL. (a) p190 (b) p210 (c¢) p210ALL (d) p210CML
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Table 4 Known motifs searched in the BCR and ABL breakpoint regions. fuzznuc:
use EMBOSS/fuzznuc to search for regular expression pattern match of the motif;
PWM: use custom perl script and the position-specific weight matrix to find high-

scoring matches.

What Motif Search References
Method

Repetitive Repeat Smit 1996.

elements Masker

(SINE, LINE, http://www.repe

LTR, atmasker.org

transposon

fossils, simple

repeats...)

V(D)J RSS TIrFACY Fuzznuc, Lewis et al 1997

(R(’e():ombination m N{12,23} PWM

Site Sequence)

Topoisomerase Fuzznuc, Spitzner & Muller

Il binding site PWM 1988

IicraliteoliCasy

S/MAR WADAWAYAWW; Fuzznuc, Gasser et al 1989;

(Scaffold/matrix | TWWTDTTWWW; SMARtest” Liebich et al 2002

attachment AATATTTTT

regions)

Translin Major: GCNCWSSW-No2- | Fuzznuc Aoki et al 1995

binding site GCCCWSSW

Minor: MTGCAG- No.s-
GCCCWSSW

Chi-like GCWGGWGG Fuzznuc Krowczynska et al

sequence 1990

Purl binding GGNNGAGGGAGARRRR | Fuzznuc Bergemann &

site Johnson 1992

Eukaryotes WAWTTDDWWWDHWGW | Fuzznuc Dobbs et al 1994

replication HMAWTT

origin

sequence

ARS- WTTTAYRTTTW Fuzznuc Campbell &

S.cerevisiae Newlon 1991;
Stinchcomb et al
1981

Putative triple (GA)s Fuzznuc Caddle et al 1990;

helices Lyamichev et al
1986; Wells 1988

Pyrimidine trait | Y42 Fuzznuc Yamaguchi et al




1985; Suzuki et al
1993
Human GGGCAGGARG Fuzznuc Wahls et al 1990
minisatellite
core sequence
Satellite Ill core | YMCNTACSYCCKYYTNN | Fuzznuc Kas & Laemmli
C 1992

# MAR/SAR (matrix/scaffold attachment region): There are several program
tools available to search for candidate S/MAR in a sequence, including

EMBOSS/marscan, search for bipartite sequence element within 200bp.
(AATAAYAA and AWWRTAANNWWGNNNC, van Drunen et al 1999)
http://emboss.sourceforge.net/apps/release/4.0/emboss/apps/marscan.html
Genomatrix/ SMARTest (Frisch et al 2002; Liebich et al 2002), use a
proprietary library of currently 97 S/MAR-associated weight matrices to
find good sequence matches and identify candidates by thresholding # bp
covered by S/Mar matrices in a sliding window of 300bp.
http://www.genomatix.de

MAR-finder, utilizes the pattern-density of a number of known sequence
features, including origin of replication motifs (ATTA, ATTTA and
ATTTTA), TG-richness, curved DNA (AAAAnN7AAAN7AAAA as well as the
motif TTTAAA), kinked DNA (copies of dinucleotides TG, CA or TA
separated by 2-4 or 9-12 bp), topoisomerase |l binding site consensus
sequence, AT-richness.

http://www.futuresoft.org/MAR-Wiz/

ChrClass (Glazko et al 2001),
http://ftp.bionet.nsc.ru/pub/biology/chrclass/chrclas2.zip

(i) De novo motif finding to search for novel sequence motifs enriched in

the proximity of breakpoints. Take (-50bp, +50bp) of each breakpoint, and run
motif finder Bioprospector (Liu et al 2003; http://ai.stanford.edu/~xsliu/cgi-
bin/BPsearch.cgi) for enriched motif.

Motif 1 Motif 2 Motif 3

ORI [.Clal 1 [ meatCelr. | Lcta.CCT

5CR: p210 %CTC.TC., | CATGaCxs | o TeTlsT

PO PZOAL | (T, T | €0 1T | CTCeTTS

BCR: p210CML LICTCC ICQ JcTéT | CTT A ¢6¢1TT
| Motif 1 | Motif 2 | Motif 3 |




ABL: all ‘Goszla | [ Ar o G A | Aixa cTe
ABL: p190 AR LTA, AT icTTngf
ABL: p210 iAcﬁégg C en CTA LCCQTCCE
ABL: p210ALL Q Aocaca ‘ T TTI{ EACTIQAT
ABL: p210CML ACTCAT | A CchTl;\TT,_\{ } | CgACA¢
AL |2 AACécAA‘E ‘ohsh_che LITTQT%‘C
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