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Abstract 
 
Acute lymphoblastic leukaemia (ALL) is the most common form of paediatric 

malignancy and while the prognosis for patients has dramatically improved, specific 

molecular subtypes are still associated with inferior outcomes. Comprehensive 

sequencing studies of large cohorts have identified an expanding number of recurrent 

drivers associated with B-cell ALL (B-ALL), notably gene fusions, and has resulted in 

the characterisation of 23 subtypes. Associated risk of relapse has been established for 

many of these molecular subtypes and is incorporated into clinical risk stratification 

algorithms. However, molecular features of T-cell ALL (T-ALL) are yet to be 

incorporated into these algorithms. For a subset of B-ALL patients and the majority of 

T-ALL patients there is a great need to expand of molecular diagnostic testing to 

identify recurrent molecular features or potentially actionable lesions.  

 

In this thesis, we aimed to identify novel and rare fusion genes in paediatric ALL using 

RNA sequencing (RNA-seq) and understand the mechanisms by which these fusions 

function to drive leukaemia. We performed RNA-seq on 126 ALL patients diagnosed at 

the Royal Children’s Hospital (RCH) to test the utility of implementing RNA-seq into 

standard of care diagnostic pipelines. We showed that RNA-seq reliably detected gene 

fusions identified by clinical diagnostics but has limitation to detect gene fusions in 

samples with low tumour burden, lowly expressed fusion transcripts (KMT2A 

rearrangements), and rearrangements involving promotor or enhancer regions (IGH 

rearrangements). We additionally developed analysis tools to identify IKZF1 deletions 

and a gene expression classifier to predict Ph-like, ETV6-RUNX1+, and ERG-

deleted/DUX4 rearranged ALL, and showed that we could use RNA-seq data to 

molecularly classify patients that did not express standard lesions. This chapter of the 

thesis is accompanied by supporting material contained in 

"Supplementary_table_1.xlsx", which details transcript information for fusion genes 

identified by the fusion-finding algorithm, JAFFA, in this patient cohort. 

 

Using RNA-seq data, we identified a number of rare and novel tyrosine-kinase 

activating fusion genes, which are potentially therapeutically targetable with tyrosine 

kinase inhibitors (TKIs). We cloned and validated the transforming capacity of these 
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fusions in cytokine-dependent cell lines and tested response to therapies. These included 

a rare CNTRL-FGFR1 fusion that we identified in two patients with biphenotypic 

leukaemia, and two rare ABL1 fusions, SFPQ-ABL1 and SNX2-ABL1, identified in two 

patients with B-ALL.  

 

We showed that the structure of the CNTRL-FGFR1 fusion differed from what was 

previously described, and that the fusion is transcribed from exon one of CNTRL and 

undergoes alternative splicing. We confirmed that cells expressing the full-length form 

of CNTRL-FGFR1 were sensitive to TKIs that targeted FGFR1, notably ponatinib. In 

addition, we designed a Droplet Digital PCR (ddPCR) assay that detects CNTRL-

FGFR1, using transcript-specific primers and probes, down to approximately 1 cell in 

100,000 (0.001%). This level of sensitivity suggests that this assay could be utilised 

clinically for minimal residual disease (MRD) monitoring.  

 

Given little is known about the biological function of rare ABL1 fusions, including 

SFPQ-ABL1 and SNX2-ABL1, we utilised cell viability and proliferation assays to 

compare the function of these fusions to BCR-ABL1. Cells expressing SFPQ-ABL1 and 

SNX2-ABL1 have reduced proliferative capacity, reduced sensitivity to TKIs targeting 

ABL1, and different subcellular localisation, compared to BCR-ABL1. We performed 

phosphoproteomics to understand signalling differences between SFPQ-ABL1 and 

BCR-ABL1. We showed that proteins involved in transcriptional regulation and 

spliceosome were enriched in SFPQ-ABL1, suggesting that this fusion may in part 

function by altering gene transcription and RNA-splicing. 

 

In this thesis we show that RNA-seq is a valuable tool for the identification of 

molecular drivers of ALL including gene fusions and IKZF1 deletions. Our data 

suggests that RNA-seq is most valuable for the molecular classification of patients that 

do not harbour standard lesions. Our functional studies show that the 5’ fusion partner 

of tyrosine kinase fusion genes may play a role beyond facilitating dimerisation and 

activation of the kinase and may mediate subcellular localisation and contribute to 

signal transduction. In all, the fusion identification and biology pipeline we have 

developed has the potential to inform clinical management of patients, to both tailor 

treatment and design molecular assays to track MRD.  



 

4 

 

Declaration 

 

 

 
 

 

 

This is to certify that: 

 

1. This thesis contains only my original work towards the Doctor of Philosophy 

except where indicated in the preface; 

 

2. Due acknowledgement has been made in the text to all other material used; 

 

3. This thesis is fewer than 80,000 words in length, exclusive of tables, figures, 

bibliographies, and appendices 

 

 

 

 

 

 

 

 

 

Lauren Maree Brown 

Department of Paediatrics 

The University of Melbourne 

Parkville, Victoria 3052 

Australia  



 

5 

 

Preface 
 

Contributions 
The work presented in this thesis that was carried out in collaboration with the 

following: 

Andrew Lonsdale performed bioinformatics analysis on RNA-seq data from ALL 

patient cohort including gene expression analysis and IKZF1 deletion detection 

Anthony Hawkins developed the AllSorts gene expression classifier  

Nicola Venn and Rosemary Sutton performed RQ-PCR assays for IKZF1 deletion 

Ray Bartolo performed ddPCR assay to detect CNTRL-FGFR1 fusion transcript in 

Ba/F3 cell dilution assay and primary samples, and cloned the SFPQ-ABL1 fusion  

Jarrod Sandow performed mass spectrometry and data analysis for SILAC-based and 

LFQ phosphoproteomics experiments 

Hannah Huckstep and Melissa Davis performed bioinformatics analysis of SILAC 

phosphoproteomics data 

Soroor Hediyeh-Zadeh and Melissa Davis performed bioinformatics analysis of LFQ 

mass spectrometry data 

 

Publication status 
The publication status of material presented in each chapter is described below: 

Chapter 3  contains unpublished material not submitted for publication 

Chapter 4  contains unpublished and published material. Some of the material 

presented in this chapter contributed to a Brief Report published by 

Pediatric Blood & Cancer on 28 June 2019 (publication is included as 

Appendix A3) 

Chapter 5  contains unpublished material not submitted for publication 

Chapter 6  contains unpublished material not submitted for publication 

 

 

 

 

 

 



 

6 

 

Funding 
During my PhD I was supported by the following competitive funding schemes: 

- Research Training Program Scholarship, Australian Government (February 2017 

– July 2019) 

- Henry and Rachael Ackman Travelling Scholarship, The University of 

Melbourne (December 2018) 

 

  



 

7 

 

Acknowledgements 
 
Finally, we are here! For the past three and a half years I have had the privilege of 

working on an extremely rewarding and valuable project. It has been tough at times but 

now we are finally here I seem so consumed with joy that I’ve forgotten all of the 

traumatic parts! There have been many failures (that’s science hey?), but I am 

immensely proud of the research I have completed during my PhD. While completing a 

PhD is a great personal achievement, I have certainly not done it alone and there are so 

many people that have contributed, both directly and indirectly, to this work. 

 

Firstly, I would like to thank my supervisors, Paul and Seong. Paul, thank you for 

taking me on as an honours student (almost five years ago now!) and supporting me in 

completing my PhD. Your passion for research is infectious and motivates me every 

day to think, question and critically analyse everything I do. Seong, thank you for your 

insight, your assistance in helping me better my experiments and understand the clinical 

relevance of my research has been invaluable. In addition, I would like to thank my 

advisory committee, Andrew, Melissa and Alicia, your guidance and support helped 

motivate me and keep me on track.  

 

Secondly, I would like to thank all of the people on the ground that helped and guided 

me daily. Ray, you have literally taught me everything I know, and I couldn’t thank you 

enough. When I arrived in the lab in 2015, I was extremely inexperienced and you had 

your hands full with three honours students, but you always made time to help me out 

and answer my (often) silly questions! You taught me how to clone those horrible 

fusion genes and offered a shoulder to cry on when I failed. To Cancer Research lab 

members past and present; Dong-Anh, Hansen, Alex, Nisha, Andrea, Elise, Khim, 

Guiliano, Leah and Baozun, thank you for your friendship and support. To Louise and 

Elena, thank you for helping me with everything Tissue Bank and sample related, and 

for being great office/coffee buddies! 

 

I would also like to thank some of our research collaborators that have contributed to 

the work presented in this thesis. Thank you to the bioinformatics team at MCRI, in 

particular, Andrew, Nadia, Breon and Alicia, with whom we have had a long-standing 



 

8 

 

collaboration on our RNA-seq project. You have all always been willing to help me out 

and it is greatly appreciated. I would also like to thank Jarrod, Hannah, Soroor and 

Melissa from WEHI who contributed to the mass spectrometry work and 

phosphoproteomics analysis. To Stefan, Kym and Lena from PMCC, thank you for all 

of your assistance in setting up and monitoring the in vivo experiments. To Matt, 

Eleanor and Paul from MCRI flow cytometry, thank you for always being on hand to 

help out with FACS. Thank you also to Francoise and Michelle from RCH for your help 

in collating and interpreting the clinical data from our ALL cohort study. 

 

Lastly, I would like to thank my friends and family who have tolerated me and provided 

unconditional support throughout my PhD. To my beloved drinking buddies who helped 

me unwind on weekends (you know who you are), my family, Wendy, Glen, Taylor and 

Emma, and to my partner, Sam. Having such a strong support network has made this 

journey much easier and I cannot thank you all enough.  



 

9 

 

Table of Contents 
Abstract ............................................................................................................................. 2	

Declaration ........................................................................................................................ 4	

Preface ............................................................................................................................... 5	

Acknowledgements ........................................................................................................... 7	

List of Tables ................................................................................................................... 16	

List of Figures ................................................................................................................. 17	

List of Abbreviations ....................................................................................................... 20	

1. Introduction ............................................................................................................... 25	

1.1. Paediatric Leukaemia ........................................................................................ 25	

1.1.1. Prevalence and prognosis .............................................................................. 25	

1.1.2. Diagnosis ....................................................................................................... 26	

1.1.3. Aetiology ....................................................................................................... 27	

1.2. The genomic landscape of childhood leukaemia ............................................. 29	

1.3. Chromosomal abnormalities in childhood leukaemia .................................... 34	

1.3.1. Types of Chromosomal abnormalities .......................................................... 34	

1.3.2. Identifying chromosomal abnormalities ........................................................ 35	

1.3.2.1. Chromosome G-banding (karyotyping) ................................................. 35	

1.3.2.2. Fluorescence in situ hybridisation (FISH) ............................................. 36	

1.3.2.3. Microarray .............................................................................................. 36	

1.3.2.4. RNA-seq ................................................................................................. 37	

1.3.3. Biological implications in leukaemia ............................................................ 39	

1.4 Subtypes and clinical management of paediatric ALL .................................... 41	

1.4.1. Risk stratification .......................................................................................... 41	

1.4.2. Subtypes of B-cell acute lymphoblastic leukaemia (B-ALL) ....................... 41	

1.4.2.1. Established subtype: Hyperdiploidy ....................................................... 41	

1.4.2.2. Established subtype: Hypodiploidy ........................................................ 42	

1.4.2.3. Established subtype: BCR-ABL1 (Ph+) .................................................. 42	

1.4.2.4. Established subtype: ETV6-RUNX1 ....................................................... 44	

1.4.2.5. Established subtype: KMT2A rearranged ............................................... 45	

1.4.2.6. Established subtype: IL3-IGH ................................................................ 45	



 

10 

 

1.4.2.7. Established subtype: TCF3-PBX1 .......................................................... 46	

1.4.2.8. Provisional subtype: Ph-like ................................................................... 46	

1.4.2.9. Provisional subtype: iAMP21 ................................................................ 47	

1.4.2.10. Emerging subtypes ............................................................................... 47	

1.4.3. Subtypes of T-cell acute lymphoblastic leukaemia (T-ALL) ........................ 48	

1.4.3.1. Provisional subtype: Early T-cell precursor ALL (ETP-ALL) .............. 48	

1.5. FGFR1 rearrangements in paediatric leukaemia ........................................... 50	

1.5.1. Myeloid/lymphoid neoplasms ....................................................................... 50	

1.5.1.1. Myeloid/lymphoid neoplasms with FGFR1 rearrangement ................... 50	

1.6. New classes of genetic drivers in paediatric leukaemia .................................. 52	

1.6.1. B-ALL ........................................................................................................... 52	

1.6.1.1. Cytokine receptor and tyrosine kinase rearrangements .......................... 52	
1.6.1.1.1. ABL-class fusions ...................................................................................... 52	
1.6.1.1.2. CRLF2 rearrangements ............................................................................... 54	
1.6.1.1.3. JAK2 rearrangements .................................................................................. 56	

1.6.1.2. DUX4 rearrangements ............................................................................ 57	

1.6.1.3. ETV6-RUNX1-like .................................................................................. 59	

1.6.1.4. ZNF384 rearrangements ......................................................................... 59	

1.6.1.5. MEF2D rearrangements ......................................................................... 59	

1.6.1.6. Alterations targeting transcriptional regulators: PAX5 and IKZF1 ........ 60	
1.6.1.6.1. PAX5 alterations ......................................................................................... 60	
1.6.1.6.1. IKZF1 alterations ........................................................................................ 60	

1.6.2. T-ALL ........................................................................................................... 61	

1.6.2.1. Dysregulation of transcription factor genes in T-ALL ........................... 61	
1.6.2.1.1. TAL1 dysregulation .................................................................................... 61	
1.6.2.1.2. LMO2 dysregulation ................................................................................... 62	
1.6.2.1.3. Dysregulation of Homeobox genes: TLX1 and TLX3 ................................. 63	

1.6.2.2. Chimeric fusion genes in T-ALL ........................................................... 63	
1.6.2.2.1. t(10;11)(p13;q14); PICALM-MLLT10 ........................................................ 63	
1.6.2.2.2. t(11;19)(p23;p13); KMT2A-MLLT1 (MLL-ENL) .................................... 64	
1.6.2.2.3. 9q34 episomal amplification; NUP214-ABL1 ............................................ 64	

1.6.2.3. Activating NOTCH1 mutations in T-ALL ............................................. 65	

1.7. Dysregulation of cellular pathways in leukaemia ............................................ 66	

1.7.1. Biological features of a cancer cell ............................................................... 66	



 

11 

 

1.7.2. Intrinsic apoptotic pathway ........................................................................... 66	

1.7.3. Tyrosine kinase and cytokine receptor signalling ......................................... 68	

1.7.3.1. ABL1 signalling and ALL ...................................................................... 72	

1.7.3.2. FGFR1 signalling and 8p11 MPN .......................................................... 76	

1.8. Therapeutic targeting of dysregulated pathways ............................................ 78	

1.8.1. BH3 mimetics: targeting pro-survival proteins ............................................. 78	

1.8.2. Kinase inhibitors: targeting activated kinases ............................................... 80	

1.9. A personalised medicine approach to treat ALL ............................................ 82	

1.10. Aims and Hypotheses ....................................................................................... 84	

2. Materials and Methods ............................................................................................. 85	

2.1. Study design ........................................................................................................ 85	

2.1.1. Cytogenetics .................................................................................................. 85	

2.1.2. Non-standard molecular analysis .................................................................. 86	

2.2. RNA extraction and cDNA conversion ............................................................. 86	

2.3. RNA sequencing (RNA-seq) .............................................................................. 87	

2.4. Bioinformatics analysis of RNA-seq data ......................................................... 87	

2.4.1. Gene expression analysis and fusion detection ............................................. 87	

2.4.2. Detecting IKZF1 deletions ............................................................................ 88	

2.4.3. Gene expression classifier ............................................................................. 89	

2.5. Constructs and fusion cloning ........................................................................... 89	

2.5.1. Constructs obtained externally ...................................................................... 89	

2.5.2. Standard PCR protocol .................................................................................. 90	

2.5.3. Cloning from patient cDNA .......................................................................... 92	

2.5.3.1. Full length CNTRL-FGFR1 .................................................................... 92	

2.5.3.2. SFPQ-ABL1 ............................................................................................ 93	

2.5.3.3. SNX2-ABL1 ............................................................................................ 94	

2.5.4. Generation of ABL1 SH2/SH3 domain mutant constructs ........................... 96	

2.5.4.1. BCR-ABL1 –SH2/SH3 ............................................................................ 96	

2.5.4.2. SFPQ-ABL1 +SH2/SH3 ......................................................................... 96	

2.6. Retroviral transfection and transduction ........................................................ 97	

2.7. Generation of cell line models ........................................................................... 98	

2.7.1. Ba/F3 ............................................................................................................. 98	

2.7.2. PU.1/IRF4 double knock-out (PU.1/IRF4 DKO) .......................................... 98	



 

12 

 

2.8. Proliferation and cell viability assays ............................................................... 99	

2.8.1. Cell viability assays: IL-3 withdrawal in short term PI exclusion assays ..... 99	

2.8.2. Cell viability assay: Trypan blue cell counting ............................................. 99	

2.8.3. Proliferation assay: CellTiter-Glo® .............................................................. 99	

2.8.4. Proliferation assay: Colony formation assay ............................................... 100	

2.9. Droplet Digital PCR (ddPCR) ......................................................................... 100	

2.10. Drug screening ................................................................................................ 102	

2.10.1. Assay design .............................................................................................. 102	

2.10.1. Data analysis ............................................................................................. 103	

2.11. Western Blotting ............................................................................................. 104	

2.12. Intracellular staining ...................................................................................... 105	

2.13. Immunofluorescence ...................................................................................... 105	

2.14. Mouse Models ................................................................................................. 106	

2.14.1. Construct and mouse information ............................................................. 106	

2.14.2. Retroviral Transfection and Transduction ................................................. 106	

2.14.3. Irradiation and transplantation .................................................................. 106	

2.14.4. Culling and harvesting organs from diseased mice ................................... 107	

2.14.5. Immunophenotype and histology analysis of mouse tumours .................. 107	

2.15. Phosphoproteomics ........................................................................................ 108	

2.15.1. Stable Isotope Labelling of Amino acids in Culture (SILAC) .................. 108	

2.15.1.1. SILAC labelling and trypsin digest .................................................... 108	

2.15.1.2. Phospho-tyrosine peptide enrichment ................................................ 109	

2.15.1.3. Mass spectrometry .............................................................................. 110	

2.15.1.4. Data analysis ...................................................................................... 110	

2.15.2. Label-free Quantification (LFQ) ............................................................... 111	

2.15.2.1. Preparation of samples and phospho-tyrosine enrichment ................. 111	

2.15.2.2. Mass Spectrometry ............................................................................. 112	

2.15.2.3. Data analysis ...................................................................................... 113	

3. Establishing the utility of RNA-seq to identify fusion genes and novel genetic 
drivers in paediatric ALL ........................................................................................... 114	

3.1. Introduction ...................................................................................................... 114	

3.2. Results ............................................................................................................... 117	

3.2.1. Clinical and cytogenetic features of paediatric ALL patients ..................... 117	



 

13 

 

3.2.2. Utility of RNA-seq to identify fusion genes ............................................... 119	

3.2.3. Fusion genes identified in B-ALL ............................................................... 121	

3.2.4. Genomic landscape of T-ALL ..................................................................... 126	

3.2.5. Utilising gene expression analysis on RNA-seq data to identify gene 

rearrangements ...................................................................................................... 130	

3.2.6. Using RNA-seq data to identify IKZF1 deletions ....................................... 132	

3.2.7. Classifying B-ALL patients using a gene expression classifier .................. 136	

3.3. Discussion .......................................................................................................... 140	

4. Targeted therapy and disease monitoring in CNTRL-FGFR1 driven leukaemia

 ....................................................................................................................................... 144	

4.1. Introduction ...................................................................................................... 144	

4.2. Results ............................................................................................................... 146	

4.2.1. Patient characteristics .................................................................................. 146	

4.2.2.  Structure of the CNTRL-FGFR1 fusion ..................................................... 147	

4.2.3. Cloning and transformation by full length CNTRL-FGFR1 ....................... 150	

4.2.4. Monitoring leukaemic cell abundance using ddPCR, with FGFR1 kinase or 

CNTRL-FGFR1 breakpoint specific probes .......................................................... 151	

4.2.5. Establishing the sensitivity of CNTRL-FGFR1 expressing Ba/F3 cells to 

tyrosine kinase inhibitors ...................................................................................... 154	

4.2.6. Ponatinib, alone or in combination with vincristine and dexamethasone 

effectively kills cells expressing flCNTRL-FGFR1 .............................................. 158	

4.3. Discussion .......................................................................................................... 159	

5. Identifying and understanding the mechanisms of leukaemogenesis driven by 

rare ABL1 fusions ....................................................................................................... 162	

5.1. Introduction ...................................................................................................... 162	

5.2. Results ............................................................................................................... 164	

5.2.1. Identification of SFPQ-ABL1 ...................................................................... 164	

5.2.1.1. Clinical characteristics and cytogenetic features ................................. 164	

5.2.1.2. RNA-seq results and molecular structure of SFPQ-ABL1 ................... 164	

5.2.2. Identification of SNX2-ABL1 ...................................................................... 166	

5.2.2.1. Clinical characteristics and cytogenetic features ................................. 166	

5.2.2.2. RNA-seq results and molecular structure of SNX2-ABL1 .................... 166	

5.2.3. Rare ABL1 fusions transform IL-3 and IL-7 dependent cell lines .............. 167	



 

14 

 

5.2.3.1. IL-3 dependent cell line models (Ba/F3) .............................................. 168	

5.2.3.2. IL-7 dependent cell line model - PU.1/IRF4 DKO cells ...................... 172	

5.2.4. Rare ABL1 fusions are sensitive to ABL1 kinase inhibition ....................... 173	

5.2.4.1. Ba/F3 .................................................................................................... 173	

5.2.4.2. PU.1/IRF4 DKO ................................................................................... 175	

5.2.5. Assessing the capacity of rare ABL1 fusions to induce leukaemia in vivo . 179	

5.2.5.1. SNX2-ABL1 is sufficient to induce leukaemia in vivo ........................ 179	

5.2.5.2. Analysis of immunophenotype ............................................................. 181	

5.2.5.3. Histology .............................................................................................. 184	

5.3. Discussion .......................................................................................................... 185	

6. Utilising phosphoproteomics to understand the differences in signalling between 

different classes of ABL1 fusions ............................................................................... 189	

6.1. Introduction ...................................................................................................... 189	

6.2. Results ............................................................................................................... 192	

6.2.1. Engineering SH2/SH3 domain mutant BCR-ABL1 and SFPQ-ABL1 

constructs and implications for fusion function .................................................... 192	

6.2.2. SILAC-based phosphoproteomics indicates a role for ABL1 fusion partners 

in signal transduction ............................................................................................ 194	

6.2.3. Comparing phosphoproteomic profiles between BCR-ABL1 and SFPQ-

ABL1 using label-free quantification (LFQ) ........................................................ 200	

6.2.3.1. Differential peptide expression (DPE) analysis ................................... 202	

6.2.3.2. Differential peptide usage (DPU) analysis ........................................... 205	

6.2.4. Exploring the subcellular localisation of ABL1 fusion proteins ................. 211	

6.3. Discussion .......................................................................................................... 214	

7. General Discussion .................................................................................................. 219	

7.1. Genomics and treatment implications for paediatric ALL .......................... 220	

7.1.1. B-ALL ......................................................................................................... 220	

7.1.2. T-ALL ......................................................................................................... 221	

7.1.3. Incorporating RNA-seq into clinical diagnostic pipelines in Australia ...... 223	

7.2. Developing models for exploring the biology of rare fusions ....................... 226	

7.2.1. Importance of biologically relevant models ................................................ 227	

7.2.2. Phosphoproteomics to understand signalling requirements for fusions ...... 227	

7.3. Precision medicine and paediatric ALL ......................................................... 230	



 

15 

 

References .................................................................................................................... 232	

Appendices ................................................................................................................... 257	

 

  



 

16 

 

List of Tables 
Table 1.1. Established subtypes of leukaemia ................................................................. 31	

Table 1.2. Key subtypes and recurrent genetic alterations in childhood ALL: prevalence, 

prognosis and treatment implications ...................................................................... 32	

Table 1.3. Summary of reported SNX2-ABL1 and SFPQ-ABL1 cases ............................ 54	

Table 2.1. RQ-PCR probe and primer details ................................................................. 86	

Table 2.2. Genes for AllSorts random forest classifier ................................................... 89	

Table 2.3. PCR protocol and standard conditions ........................................................... 90	

Table 2.4. PCR primer information ................................................................................. 91	

Table 2.5. Droplet Digital PCR primers and probe information ................................... 101	

Table 2.6. Drug details .................................................................................................. 102	

Table 2.7. Antibodies used in Western blotting ............................................................ 104	

Table 2.8. Antibodies used to determine immunophenotype ........................................ 108	

Table 3.1. Patient clinical characteristics ...................................................................... 118	

Table 3.2. Comparison of RNA-seq to standard of care cytogenetic testing to identify 

fusion genes ........................................................................................................... 120	

Table 3.3. Novel fusion transcripts identified in T-ALL patients ................................. 128	

Table 5.1. IC50 values of kinase inhibitors in Ba/F3 ..................................................... 174	

Table 5.2. IC50 values of kinase inhibitor and BH3 mimetic drugs in PU.1/IRF4 DKO

 ............................................................................................................................... 176	

Table 6.1. Different pY events between BCR-ABL1 and SFPQ-ABL1 ....................... 207	

Table 6.2. Implication of pY on protein and biological function .................................. 208	

Table 6.3. Tyrosine phosphorylated peptides identified as differentially expressed 

between BCR-ABL1 and SFPQ-ABL1 by multiple analyses methods ................ 210	

 

  



 

17 

 

List of Figures 
Figure 1.1. The Philadelphia Chromosome ..................................................................... 35	

Figure 1.2. Regulation of apoptosis by the BCL-2 family of proteins ............................ 67	

Figure 1.3. IL-7 signalling ............................................................................................... 71	

Figure 1.4. The ABL1 protein ......................................................................................... 72	

Figure 1.5. Signal transduction by p190 BCR-ABL1 ..................................................... 74	

Figure 2.1. Vector map of MSCV-GFP retroviral vector ............................................... 92	

Figure 2.2. CNTRL-FGFR1 DNA construct with the addition of MluI and XhoI 

restriction sites by PCR ........................................................................................... 93	

Figure 2.3. SFPQ-ABL1 DNA construct with the addition of MluI and XhoI restriction 

sites by PCR ............................................................................................................ 94	

Figure 2.4. SNX2-ABL1 DNA construct with the addition of MluI and XhoI restriction 

sites by PCR ............................................................................................................ 95	

Figure 2.5. Droplet Digital PCR (ddPCR) assay design ............................................... 101	

Figure 3.1. Fusion genes identified in B-ALL patients ................................................. 123	

Figure 3.2. ETV6-other fusion transcripts identified by RNA-seq and JAFFA ............ 125	

Figure 3.3. Gene rearrangements and fusion genes identified in T-ALL patients ........ 127	

Figure 3.4. Structure of activating fusions identified in T-ALL patients ...................... 129	

Figure 3.5 Gene expression analyses of CSF1R and CRX in T-ALL patients with TCF7-

CSF1R and ETV6-CRX fusions identified by RNA-seq ........................................ 129	

Figure 3.6. RNA-seq reliably detects the BCR-ABL1 fusion to 10% abundance ........ 130	

Figure 3.7. Gene expression analysis of genes recurrently altered in B- and T-ALL ... 132	

Figure 3.8. Identifying IKZF1 deletions using RNA-seq data ...................................... 135	

Figure 3.9. Prediction scores for all B-ALL samples using a gene expression classifier 

to predict Ph-like, ETV6-RUNX1+, and ERG deleted/DUX4 rearranged cases .... 136	

Figure 3.10. Using a B-ALL gene expression classifier to identify Ph-like, ETV6-

RUNX1+, and ERG deleted/DUX4 rearranged cases ............................................ 137	

Figure 3.11. Identification of IGH-DUX4 rearrangement in EKL3_5 .......................... 138	

Figure 3.12. Analysis of PDGFRA and DUX4 expression in samples with ERG 

deleted/DUX4 rearranged gene expression profile ................................................ 139	

Figure 4.1. Patient karyotype and FISH analysis .......................................................... 147	

Figure 4.2. Structure of the CNTRL-FGFR1 fusion ...................................................... 149	

Figure 4.3. The full length CNTRL-FGFR1 fusion transforms Ba/F3 cells .................. 151	



 

18 

 

Figure 4.4. ddPCR assay detects CNTRL-FGFR1 fusion in Ba/F3 cells and patient 

samples .................................................................................................................. 153	

Figure 4.5. Tyrosine kinase inhibitors are effective at killing tCNTRL-FGFR1 and 

FGFR1OP2-FGFR1 expressing Ba/F3 cells, by inhibiting phosphorylation of 

FGFR1 and degrading MCL-1 .............................................................................. 155	

Figure 4.6. Ba/F3 cells expressing tCNTRL-FGFR1 and FGFR1OP2-FGFR1 are less 

sensitive to TKIs in the presence of IL-3 .............................................................. 156	

Figure 4.7. Full length CNTRL-FGFR1 expressing Ba/F3 cells are sensitive to tyrosine 

kinase inhibitors that inhibit phosphorylation of FGFR1 ...................................... 157	

Figure 4.8. Ponatinib, alone or in combination with vincristine and dexamethasone 

effectively kills cells expressing flCNTRL-FGFR1 .............................................. 158	

Figure 5.1. SFPQ-ABL1 fusion transcript identified by RNA-seq ............................... 165	

Figure 5.2. Chromatogram of SFPQ-ABL1 breakpoint sequence ................................. 165	

Figure 5.3. SNX2-ABL1 fusion transcript identified by RNA-seq ................................ 166	

Figure 5.4. Chromatogram of SNX2-ABL1 breakpoint sequence .................................. 167	

Figure 5.5. BCR-ABL1 fusion transcript identified by RNA-seq .................................. 168	

Figure 5.6. SFPQ-ABL1 and SNX2-ABL1 block IL-3 withdrawal induced apoptosis .. 169	

Figure 5.7. SFPQ-ABL1 only weakly drives proliferation in the absence of IL-3 ........ 171	

Figure 5.8. Expression of ABL1 fusion contructs in PU.1/IRF4 DKO cells ................. 172	

Figure 5.9. Ba/F3 cells transformed with ABL1 fusions are sensitive to treatment with 

imatinib, dasatinib and ponatinib .......................................................................... 174	

Figure 5.10. PU.1/IRF4 DKO cells expressing SFPQ-ABL1 and SNX2-ABL1 are less 

sensitive to ABL1 inhibitors compared to cells expressing BCR-ABL1 ............... 176	

Figure 5.11. Sensitivity profiles of PU.1/IRF4 DKO cells expressing SFPQ-ABL1, 

SNX2-ABL1, or BCR-ABL1 to MEK inhibitors, JAK2 inhibitor, and BH3 mimetics

 ............................................................................................................................... 178	

Figure 5.12. OS and LFS of mice transplanted with BCR-ABL1, SFPQ-ABL1 and SNX2-

ABL1 transduced bone marrow ............................................................................. 179	

Figure 5.13. Analysis of GFP expression and expression of ABL1 fusions in the bone 

marrow of BCR-ABL1, SNX2-ABL1 and SFPQ-ABL1 mice ................................. 180	

Figure 5.14. WCC counts and spleen weights for leukaemic mice ............................... 181	

Figure 5.15. Gating strategy for immunophenotyping .................................................. 182	



 

19 

 

Figure 5.16. Immunophenotype of bone marrow derived from leukaemic BCR-ABL1 

and SFPQ-ABL1 mice .......................................................................................... 183	

Figure 5.17. Histologic analysis of liver and spleen of BCR-ABL1 and SNX2-ABL1 

leukaemic mice ...................................................................................................... 184	

Figure 6.1. The structure of ABL1 fusion proteins: canonical fusions and SH2/SH3 

mutants .................................................................................................................. 193	

Figure 6.2. SILAC-based phosphoproteomics experimental design ............................. 195	

Figure 6.3. Identification of differentially expressed phosphotyrosine-modified peptides

 ............................................................................................................................... 196	

Figure 6.5. Proteins involved in RNA transport are enriched in SFPQ-ABL1, compared 

to BCR-ABL1, expressing Ba/F3 cells ................................................................... 198	

Figure 6.6. Proteins involved in Spliceosome are enriched in SFPQ-ABL1, compared to 

BCR-ABL1, expressing Ba/F3 cells ....................................................................... 199	

Figure 6.7. LFQ phosphoproteomics experimental design ........................................... 201	

Figure 6.8. MDS plot of LFQ phosphoproteomics data ................................................ 202	

Figure 6.9. Top 50 DPE BCR-ABL1 vs. SFPQ-ABL1 ................................................. 203	

Figure 6.10. Top 50 DPU BCR-ABL1 vs. SFPQ-ABL1 .............................................. 206	

Figure 6.11. Localisation of ABL1 fusion proteins in HEK293T cells ........................ 212	

Figure 6.12. SFPQ and ABL1 proteins and functional domains ................................... 213	

Figure 6.13. BCR-ABL1 and SFPQ-ABL1 localisation and phosphoproteomic networks

 ............................................................................................................................... 219	

 

  



 

20 

 

List of Abbreviations 
5-FU    5-fluorouracil 

ABL1    ABL proto-oncogene 1 

aCGH    Array-based comparative genomic hybridisation 

ACN    Acetonitrile 

ALL    Acute lymphoblastic leukaemia 

AML    Acute myeloid leukaemia 

ANOVA   Analysis of Variance 

AYA    Adolescent and young adult 

B-ALL   B-lineage acute lymphoblastic leukaemia 

BCP-ALL   B-cell precursor acute lymphoblastic leukaemia 

BCR    Breakpoint Cluster Region 

bHLH    Basic helix-loop-helix 

BSA    Bovine serum albumin 

cDNA    Complementary DNA 

CLL    Chronic lymphocytic leukaemia 

CML    Chronic myeloid leukaemia 

CNA    Copy number alteration 

CNS    Central nervous system 

CNTRL   Centriolin 

CRLF2   Cytokine Receptor Like Factor 2 

DdPCR   Droplet Digital polymerase chain reaction 

DFS    Disease-free survival 

DH    Dbl homology 

DKO    Double knockout 

DMSO   Dimethyl sulfoxide 

DNA    Deoxyribonucleic acid 

DOK1    Docking Protein 1 

DPE    Differential Peptide Expression 

DPU    Differential Peptide Usage 

DS-ALL Down syndrome associated acute lymphoblastic 

leukaemia 

DUX4    Double Homeobox 4 



 

21 

 

E-box    Enhancer box 

EFS    Event-free survival 

EGF    Epidermal Growth Factor 

EMS    8p11 myeloproliferative syndrome 

EOC    End of consolidation 

EOI    End of induction 

ERG    ETS Transcription Factor ERG 

ETP    Early T-cell precursor 

ETP-ALL   Early T-cell precursor acute lymphoblastic leukaemia 

ETV6    ETS variant 6 

FA    Formic Acid 

FBS    Fetal bovine serum 

FDA    Food and Drug Administration 

FDR    False discovery rate 

FGFR1   Fibroblast Growth Factor Receptor 1 

FISH    Fluorescence in situ hybridisation 

GADS    GRB2-related adaptor protein 2 

GdnHCl   Guanidine hydrochloride 

GFP    Green Fluorescent Protein 

GO    Gene Ontology 

GRB2    Growth Factor Receptor Bound Protein 2 

H/L    Heavy/Light ratio 

HCD    Higher-energy collisional dissociation 

hnRNP   Heterogeneous nuclear ribonucleoprotein 

HR    High Risk 

HSC    Haematopoietic stem cell 

HTS    High throughput sequencer 

iAMP21   Intrachromosomal amplification of chromosome 21 

IAP    Immunoaffinity purification 

Ig    Immunoglobulin 

IGH    Immunoglobulin Heavy locus 

IGV    Integrative Genome Browser 

IK6    IKZF1 isoform 6 



 

22 

 

IKZF1    IKAROS Family Zinc Finger 1 

IKZF2    IKAROS Family Zinc Finger 2 (or HELIOS) 

IL-3    Interleukin-3 

IL-7    Interleukin-7 

ISCN International System for Human Cytogenetic 

Nomenclature 

JAK2    Janus Kinase 2 

LDA    Low-density array 

LFQ    Label-free quantification 

LMO2    LIM Domain Only 2 

LogFC   Log fold change 

MCRI    Murdoch Children's Research Institute 

MEF2D   Myocyte Enhancer Factor 2D 

miRNA   Micro ribonucleic acid 

MLL    Mixed Lineage Leukaemia 

MPD    Myeloproliferative disease 

MPN    Myeloproliferative neoplasm 

MPN-eo   Myeloproliferative neoplasms with eosinophilia 

MQ    MilliQ water 

MRD    Minima Residual Disease 

MS    Mass spectrometry 

MS/MS   Tandem mass spectrometry 

MSCV    Murine Stem Cell Virus 

NCE    Normalised collision energy 

NGS    Next generation sequencing 

NHEJ    Non-homologous end joining 

NPC    Nuclear pore complex 

NSG    NOD scid gamma 

NUP214   Nucleoporin 214 

OS    Overall survival 

P2RY8   P2Y Receptor Family Member 8 

PAR1    Pseudoautosomal region 1 

PAX5    Paired Box 5 



 

23 

 

PBS    Phosphate buffered saline 

PCR    Polymerase chain reaction 

PDE    Potentially druggable event 

PDX    Patient-derived xenograft 

PH    Pleckstrin homology 

Ph-like ALL Philadelphia (BCR-ABL1)-like acute lymphoblastic 

leukaemia 

Ph+ ALL Philadelphia chromosome (BCR-ABL1) positive acute 

lymphoblastic leukaemia 

PSM Peptide spectrum match 

PTCRA Pre T Cell Antigen Receptor Alpha 

RAG1    Recombinase activating gene 1 

RAG2    Recombinase activating gene 2 

RCH    Royal Children's Hospital 

RNA    Ribonucleic acid 

RNA-seq   RNA sequencing 

RSS    Recombination signal sequences 

RTK    Receptor tyrosine kinase 

RUNX1   Runt Related Transcription Factor 1 

SFPQ    Splicing Factor Proline and Glutamine Rich 

SH2 domain   SRC Homology 2 domain 

SH3 domain   SRC Homology 3 domain 

SILAC   Stable Isotope Labelling of Amino acids in Culture 

SNP    Single nucleotide polymorphism 

SNV    Single nucleotide variant 

SNX2    Sorting Nexin 2 

SOCS    Suppressor of cytokine signalling 

SR    Standard Risk 

T-ALL   T-cell acute lymphoblastic leukaemia 

TAL1    T-cell acute lymphoblastic leukaemia 1 

TCR    T-cell receptor 

TKI    Tyrosine kinase inhibitor 

TLX3    T Cell Leukaemia Homeobox 3 



 

24 

 

TPM    Transcripts Per Million 

TSLP    Thymic Stromal Lymphopoietin 

UHPLC   Ultra High Performance Liquid Chromatography 

UTR    Untranslated region 

WCC    White cell count 

WES    Whole exome sequencing 

WGS    Whole genome sequencing  

WHO    World Health Organisation 

ZNF384   Zinc Finger Protein 384 

  



 

25 

 

1. Introduction 

 

1.1. Paediatric Leukaemia 

1.1.1. Prevalence and prognosis 
Leukaemia is the most common form of malignancy amongst children, adolescents and 

young adults (0-24 years of age) in Australia, with over 300 new cases diagnosed 

annually (1). Leukaemia is particularly prevalent in children (0-14 years of age), and 

approximately 200 new cases are diagnosed each year (2).  

 

Acute lymphoblastic leukaemia (ALL) comprises 26% of cancer cases in children, 

while acute myeloid leukaemia (AML) is less prevalent, and accounts for 5% of cases 

(3). Treatment of children diagnosed with ALL has greatly improved over the last 50 

years, and has increased five-year survival rates to above 90% (4, 5). In contrast, 

survival rates for children diagnosed with AML are much lower, at 45-50% (6). The 

improvement to outcomes for children diagnosed with ALL is based on a number of 

advancements in research and clinical management of ALL that centres on increasing 

understanding of the biological and genetic heterogeneity of this disease (4).  

 

The greatest progress in genetically targeted drug development has been made 

specifically in B-lineage ALL (B-ALL), which has been extensively genetically 

characterised (7-10). The 2016 World Health Organisation (WHO) guidelines for 

classifying myeloid neoplasms and acute leukaemia describes seven established 

subtypes of B-lymphoblastic leukaemia and lymphoma which are defined by distinct 

genetic features (11). Over 70% of patients can now be classified into one of these 

established subtypes (12). 

 

Chronic lymphocytic leukaemia (CLL) and chronic myeloid leukaemia (CML) are 

common forms of adult leukaemia, and extremely rare in children (13). Due to the rarity 

of chronic leukaemia in children, they will not be discussed further in this review. The 

Philadelphia (Ph) chromosome, resulting in the formation of the BCR-ABL1 fusion 

gene, has been identified as the hallmark of CML (14), but also occurs in an important 

and distinct subset of paediatric B-ALL cases. Ph+ ALL occurs in 3-5% of paediatric 
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patients diagnosed with B-ALL, and this genetic subtype is associated with high-risk 

disease and poor clinical outcomes (14-16).  

 

1.1.2. Diagnosis 
Acute leukaemia arises in blood progenitor cells, and acquired genetic mutations result 

in a block in normal haematopoietic differentiation and acquisition of an unlimited self-

renewal capacity (17). These immature white blood cells are termed "blasts", and 

infiltrate the bone marrow, as well as extramedullary sites, including the central nervous 

system (CNS). Patients present with symptoms of bone marrow failure, and systemic 

effects, including malaise, fatigue, nausea and fever. Patients may also present with 

symptoms of CNS or testicular infiltration, evidenced by headache, vomiting, cranial 

nerve palsies, convulsions or testicular enlargement, respectively (18). 

 

The majority of cases of ALL in children arise spontaneously, and less than 5% of cases 

are associated with an inherited predisposition, including a 20-fold increased risk of 

developing ALL in the context of Down syndrome (DS) (18, 19). A diagnosis of 

leukaemia is generally made in children that have been reported to be previously well. 

 

The presence of leukaemia is firstly indicated by elevated white blood cell counts and 

the presence of blast cells on peripheral blood film. A definitive diagnosis of leukaemia 

will be made following a bone marrow aspirate and immunophenotyping using flow 

cytometry. The presence of surface antigens associated with specific cellular lineage is 

used to diagnose subtype. Common cell-surface and cytoplasmic markers used include; 

CD19, CD10, CD22 (cytoplasmic) and CD79a (cytoplasmic) for B-cell lineage; CD7, 

CD2, and CD3 (cytoplasmic) for T-cell lineage; and CD33, CD13 and MPO to 

distinguish myeloid cells (20, 21). However, patterns of antigen expression are not 

always subtype specific. For example, expression of myeloid associated surface markers 

can be found in 50% of ALL cases (22).  

 

In children, immunophenotyping characterises the majority of cases into B-cell 

Precursor ALL (BCP-ALL, 85%), and a lesser proportion into T-cell ALL (T-ALL, 

15%) (23). A small percentage of patients will have a pro-B ALL immunophenotype, 

which is clinically diagnosed as BCP-ALL with negative CD10 expression. Cytogenetic 
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analysis, including karyotyping by G-banding and fluorescence in situ hybridisation 

(FISH), is used to molecularly characterise patients, and identification of specific 

molecular features associated with prognosis may inform risk stratification. 

 

1.1.3. Aetiology 
There is no one causal mechanism underlying the development of ALL, and leukaemia 

development is thought to be due to a combination of infectious exposure, inherited 

susceptibility, and chance mutation (24) . However, the question of how driver 

mutations initially arise and how overt leukaemia ultimately develops still remains in 

many cases. Multiple environmental exposures have been suggested to be implicated in 

the development of leukaemia, but ionizing radiation is the only accepted causal agent 

(25).  

 

Chromosomal translocations characterise a number of biologically distinct subtypes of 

ALL and arise when two double stranded DNA breaks occur and regions of two 

chromosomes are fused together by non-homologous recombination. V(D)J 

recombination is a unique mechanism of recombination that occurs exclusively in 

lymphocytes during early B and T cell development (26). This process involves the 

recombination of variable (V), diversity (D), and joining (J) segments of antigen 

receptor loci, and forms the functional exon coding units of immunoglobulin (Ig) and T-

cell receptor (TCR) genes (27). The dynamic nature of this process allows for the 

formation of the array of receptors to antigens, critical to the adaptive immune system 

(26). V(D)J recombination occurs between two gene sequences flanked by 

recombination signal sequences (RSS), where RAG proteins bind and introduce double 

stranded DNA breaks, and non-homologous end joining (NHEJ) proteins facilitate 

joining of the RSS ends (28). RAG is the collective term used for the protein complex 

encoded by the recombinase activating genes (RAG1 and RAG2). 

 

In the context of leukaemia, the aberrant activity of V(D)J recombination is associated 

with the production of TCR rearrangements, implicated in 35% of T-ALL cases (29, 

30). Aberrant V(D)J recombination and RAG activity has also been implicated in the 

formation of chromosomal translocations characterising a number of subtypes of  B-

ALL including: P2RY8-CRLF2, BCR-ABL1, and KMT2A rearranged ALL (31-34). 
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The most widely accepted mechanism for leukaemia development is the two-hit model. 

This model proposes that the first genetic event occurs in utero, formation of a fusion 

gene or hyperdiploidy, and in itself is insufficient to promote leukaemia formation. 

Secondary hits are then required to promote leukaemia progression (24). This is largely 

supported by studies in monozygotic twin pairs, in which this mutation is predicted to 

arise in a single cell in utero and transferred to the second twin via intra-placental 

anastomoses (35, 36). One particular study analysed "driver" copy number alterations 

(CNAs), those involving known ALL genes, in 5 twin pairs with concordant ETV6-

RUNX1+ ALL and one twin-pair with discordant ETV6-RUNX1+ ALL (35). "Driver" 

CNAs identified were shown to be distinct within and between twin pairs and absent 

from the healthy twin in the discordant ALL twin pair. Supporting the hypothesis that a 

second-hit "driver" mutation is acquired and promotes leukaemia development.  
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1.2. The genomic landscape of childhood leukaemia 
Cancer is an extremely heterogeneous disease, and mutation rates have been shown to 

vary between children and adults, and across different types of cancer (37). Two pan-

cancer studies, published in 2018, examined somatic mutations across a total of 24 

different types of cancer in children, adolescents and young adults (37, 38). Each study 

rigorously compared cancer drivers identified in their paediatric cohorts to those 

previously identified in adults and found that mutation rates across paediatric cancers 

were significantly lower than the 1-10 per Mb found in adults.  

 

Ma et al identified 142 driver mutations, in 1,699 paediatric tumour samples, with only 

45% of these matching adult pan-cancer studies, across six paediatric tumour types: T-

ALL, B-ALL, AML, neuroblastoma, Wilms tumour, and osteosarcoma (38). Only 17% 

of driver mutations identified were found in both leukaemia and solid tumours. Driver 

mutations were found to disrupt 21 different pathways, and specific pathways disrupted 

varied between cancer types. Transcription, cell cycle and epigenetic pathways were 

most commonly disrupted in ALL, while mutations involved in cell cycle genes were 

less common in AML. Genes involved in RAS, JAK-STAT and tyrosine kinase 

signalling were also commonly mutated, with driver mutations identified in up to 30% 

of acute leukaemia (38).  

 

Grobner et al released a paediatric pan-cancer study, alongside the previously 

mentioned study, and analysed 961 tumour samples, across 24 different cancer types 

(37). They found that relapse tumours were more highly mutated than primary tumours, 

and 7.6% of samples were associated with a pathogenic hereditary germline variant 

(39). Cases with whole genome or whole exome data were analysed for potentially 

druggable events (PDEs), and PDEs were found in just under 50% of cases, 

highlighting the potential utility of a personalised medicine approach to treat childhood 

cancer (37). 

 

The wide variety of genetic drivers that have been identified in acute leukemias 

specifically, have informed the classification of leukaemia into distinct molecular 

subtypes, mainly in AML and B-ALL, and are often used in the clinical risk 

stratification of patients (40). Genetic alterations are yet to be incorporated into the risk 
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stratification and clinical management of patients diagnosed with T-ALL. The 2016 

WHO guidelines outline subtype classification for myeloid and lymphoid neoplasms 

and acute leukemia, shown in Table 1.1.  

 

B-ALL has been extensively genetically classified, and a number of recurrent genetic 

drivers have been identified, prompting the characterisation of new subtypes not 

currently captured by the WHO guidelines (11, 12). The utilisation of transcriptome 

sequencing has allowed for the characterisation of these new subtypes, DUX4 

rearranged, ETV6-RUNX1-like, ZNF384 rearranged and MEF2D rearranged, which are 

distinct by gene expression profile (8, 9, 41). Other classes of alterations recurrent in B-

ALL have also been identified, but their clinical significance is unknown, including 

Paired Box 5 (PAX5) rearranged ALL. Clinical features, including prognosis, 

prevalence and outcomes, associated with different subtypes and recurrent genetic 

features associated with ALL are described in Table 1.2. 

 

Activation of transcription factors are a hallmark of T-ALL, and activating mutations 

are found in 60% of cases (30). Multiple chromosome abnormalities and genetic lesions 

are often identified in T-ALL cases, suggesting that disruption of multiple pathways is 

required to drive T-ALL (42). Early T-cell precursor ALL (ETP-ALL) is currently the 

only biological or molecular subtype of T-ALL that influences risk stratification of 

patients, and was listed as a provisional entity in the 2016 WHO classification of T-

lymphoblastic leukaemia/ lymphoma (11). ETP-ALL is defined by a distinct 

immunophenotype and comprises 10-15% of all T-ALL cases (43). 
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Table 1.1. Established subtypes of leukaemia  
Myeloid/lymphoid neoplasms with eosinophilia and rearrangement of PDGFRA, PDGFRB, or FGFR1 
     Myeloid/lymphoid neoplasms with PDGFRA rearrangement 
     Myeloid/lymphoid neoplasms with PDGFRB rearrangement 
     Myeloid/lymphoid neoplasms with FGFR1 rearrangement 
          Provisional entity: Myeloid/lymphoid neoplasms with PCM1-JAK2 
Acute myeloid leukaemia (AML) and related neoplasms 
     AML with recurrent genetic abnormalities 
          AML with t(8;21)(q22;q22.1); RUNX1-RUNX1T1 
          AML with inv(16)(p13.1q22) or t(16;16)(p13.1;q22); CBFB-MYH11 
          APL with PML-RARA 
          AML with t(9;11)(p21.3;q23.3); MLLT3-KMT2A 
          AML with t(6;9)(q23;q34.1); DEK-NUP214 
          AML with inv(3)(q21.3q26.2) or t(3;3)(q21.3;q26.2); GATA2, MECOM 
          AML (magakaryoblastic) with t(1;22)(p13.3); RBM15-MLK1 
          AML with mutated NPM1 
          AML with biallelic mutations of CEBPA 
          Provisional entity: AML with BCR-ABL1 
          Provisional entity: AML with mutated RUNX1 
B-lymphoblastic leukaemia/lymphoma 
     B-lymphoblastic leukaemia/lymphoma with recurrent genetic abnormalities 
          B-lymphoblastic leukaemia/lymphoma with t(9;22)(q31.4;q11.2); BCR-ABL1 
          B-lymphoblastic leukaemia/lymphoma with t(v;11q23.3); KMT2A rearranged 
          B-lymphoblastic leukaemia/lymphoma with t(12;21)(p13.2;q22.1); ETV6-RUNX1 
          B-lymphoblastic leukaemia/lymphoma with hyperdiploidy 
          B-lymphoblastic leukaemia/lymphoma with hypodiploidy 
          B-lymphoblastic leukaemia/lymphoma with t(5;14)(q31.1;q32.3); IL3-IGH 
          B-lymphoblastic leukaemia/lymphoma with t(1;19)(q23;p13.3); TCF3-PBX1 
          Provisional entity: B-lymphoblastic leukaemia/lymphoma, BCR-ABL1-like 
          Provisional entity: B-lymphoblastic leukaemia/lymphoma with iAMP21 
T-lymphoblastic leukaemia/lymphoma 
     Provisional entity: Early T-cell precursor lymphoblastic leukaemia 
Table adapted from WHO classification of myeloid neoplasms and acute leukaemia. Arber et al. Blood. 2016. Table 
is not complete, and only relevant subtypes are listed. 
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Table 1.2. Key subtypes and recurrent genetic alterations in childhood ALL: prevalence, prognosis and treatment implications 
Subtype Prevalence 

(%) 
Prognosis Criteria and treatment implications 

B-cell acute lymphoblastic leukaemia (B-ALL) 
Hyperdiploidy (>50 chromosomes) 30 Excellent Simultaneous trisomies of chromosomes 4,10, and 17 specifically associated with superior 

outcomes 
Hypodiploidy (<45 chromosomes) 1 Poor Further sub classified by number of chromosomes (near-haploid, low-hypodiploid, and 

high-hypodiploid). Cases are distinct by gene expression profile and prognostic outcomes. 
t(9;22)(q34;q11.2); BCR-ABL1  3-5 Poor Improved outcome with imatinib/dasatinib treatment in conjunction with chemotherapy 
t(12;21)(p13;q22); ETV6-RUNX1  25 Excellent Associated with standard risk clinical features.  
t(v;11q23.3); KMT2A rearranged 7 Poor Common in infant ALL, KMT2A rearrangements found in 80% of cases. 
t(5;14)(q31.1;q32.3); IL3-IGH <1 Poor Extremely rare. Generally associated with eosinophilia. 
t(1;19)(q23;p13); TCF3-PBX1 7 Excellent Increased incidence in African-Americans. 
Ph-like ALL; multiple tyrosine kinase and 
cytokine receptor rearrangements 

10-15 Poor Defined by distinct gene expression profile, associated with multiple cytokine receptor and 
tyrosine kinase gene rearrangements. Potentially amenable to TKI treatment. 

CRLF2 rearranged; P2RY8-CRLF2, IGH-
CRLF2 

5-7 Poor Common in Down syndrome-associated ALL and associated with JAK2 mutations (50% 
of cases). Occurs with and without Ph-like gene expression signature 

iAMP21; intrachromosomal amplification of 
chromosome 21 

0.5 Poor 2,700-fold increased risk of developing iAMP21 ALL with rob(15;21)(q10;q10) 

DUX4 rearranged/ ERG-deleted; IGH-DUX4, 
ERG-DUX4 

4 Good Characterised by DUX4 rearrangement and distinct gene expression profile 

ETV6-RUNX1-like 3 Good Classification based on distinct gene expression signature. Prognosis is good even in the 
presence of IKZF1 deletions. 

ZNF384 rearranged 1 Intermediate
/favourable 

Associated with characteristic immunophenotype (CD10 weak with aberrant CD13 and/or 
CD33 expression, and distinct gene expression profile 

MEF2D rearranged 0.5 Poor  
PAX5 alterations 30 Not 

associated 
Including deletions, translocations and sequence mutations. Multiple fusion partners have 
been identified including: JAK2 and ETV6. PAX5-JAK2 rearrangement found exclusively 
in Ph-like ALL. 

IKZF1 alterations 15 Poor Deletions and mutations. Associated with poor outcome excl. DUX4-rearranged and 
ETV6-RUNX1-like ALL 
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T-cell acute lymphoblastic leukaemia (T-ALL) 
Early T-cell precursor ALL (ETP-ALL) 10-15 Intermediate Characterised by immunophenotype. Early T-cell precursors retain markers of early T-cell 

differentiation and exhibit myeloid and stem-like characteristics. 
t(1;7)(p32;q35), t(1;14)(p32;q11), and 1p32 
deletion; TAL1 dysregulation 

15-18 Good Majority of cases express the STIL-TAL1 fusion, the result of a 1p32 interstitial deletion 

t(11;14)(p15;q11), t(7;11)(q34;p13), and 
11p13 deletion; LMO2 dysregulation 

10 Good Most cases the result of chromosomal translocation and juxtaposition of LMO2 with 
TRB/D 

t(7;10)(q34;q24) and t(10;14)(q24;q11); TLX1 
dysregulation 

7 Good TLX1 overexpression also identified in in other molecular subtypes of T-ALL, including 
NUP214-ABL1+ T-ALL 

t(5;14)(q35;q32); TLX3 dysregulation 20 Poor Reports on prognostic outcomes associated with TLX3 dysregulation vary 
t(10;11)(p13;q14); PICALM-MLLT10 8 Poor Outcome poor in paediatric T-ALL. Reports of superior clinical outcomes in other cancer 

types. 
t(11;19)(q23;p13); KMT2A-MLLT1 2-3 Good Prognosis is favourable compared to other subtype of KMT2A rearranged leukaemia 
NUP214-ABL1 5-10 Poor Associated with TLX1 and TLX3 overexpression. Amenable to TKI treatment. 
NOTCH1 alterations 60 Not clear t(7;9)(q34;q34) translocation (<1%) and NOTCH1 sequence mutations (60%) 
NB. This Table is not exhaustive and only includes subtypes relevant to this review 
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1.3. Chromosomal abnormalities in childhood leukaemia 

1.3.1. Types of Chromosomal abnormalities 
Chromosomal abnormalities are the hallmark of ALL and comprise changes in copy 

number or structural variation between or within individual chromosomes. CNAs 

involve either changes in the whole chromosome set (ploidy) and individual 

chromosomal gains and losses (aneuploidy), while structural variants include 

translocations, insertions, deletions, and inversions (44, 45).  

 

Aneuploidy characterises distinct subtypes of ALL and is associated with specific 

prognostic outcomes. High hyperdiploidy (>50 chromosomes) is found in the majority 

of paediatric ALL cases and is associated with favourable outcomes. Furthermore, 

simultaneous trisomies of chromosomes 4,10 and 17 are specifically associated with 

superior outcomes (46, 47). Conversely, hypodiploidy (<45 chromosomes) is much less 

common, but is associated with inferior outcomes, particularly in extreme cases of low 

hypodiploid (33-39 chromosomes) and near haploid (23-29 chromosomes) (48). These 

alterations are most commonly detected by G-banding karyotype analysis, and DNA 

ploidy analysis by flow cytometry (49). 

 

Structural abnormalities are the result of misrepair or non-homologous recombination 

following one or more chromosomal breaks (50). A single chromosome break can result 

in the deletion of the distal end of a chromosome, conversely two or more chromosomal 

breaks can result in more complex structural abnormalities including, but not limited to; 

interstitial deletions, inversions, and translocations. Balanced reciprocal chromosomal 

translocations, resulting in the production of fusion transcripts, characterise a number of 

ALL subtypes (51). Translocations are 'balanced' if there is no net gain or loss of 

genetic material, and 'unbalanced' if genetic material is lost or gained (50). Unbalanced 

translocations normally result in the production of dicentric and acentric chromosomes 

that are not stable during mitosis (52). 

 

The most well characterised chromosomal translocation in ALL occurs between 

chromosomes 9 and 22, resulting in the formation of a minute chromosome 22, termed 

the "Philadelphia Chromosome (Ph)" (shown in Figure 1.1) (53). The 
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t(9;22)(q34;q11.2) translocation results in the production of an aberrant BCR-ABL1 

fusion transcript that is the characteristic lesion of BCR-ABL1+ or Ph+ ALL (54). 

 

 
Figure 1.1. The Philadelphia Chromosome 
Double stranded DNA breaks occur on the long arm of chromosome 9 (band q34), and 
the long arm of chromosome 22 (band q11). Translocation of the short arm of 
chromosome 9, containing ABL1, to chromosome 22, containing BCR, forms the 
Philadelphia Chromosome and juxtaposes BCR and ABL1, forming the BCR-ABL1 
fusion gene.  
 

1.3.2. Identifying chromosomal abnormalities 
Increased understanding of the chromosomal abnormalities that drive ALL has been 

made possible through the progressive development of new cytogenetic and Next 

Generation Sequencing (NGS) techniques. These techniques are discussed below, and 

include methods, capabilities and limitations of each technique to identify chromosomal 

abnormalities and molecular drivers of ALL.  

 

1.3.2.1. Chromosome G-banding (karyotyping) 
Chromosome banding was one of the earliest developed cytogenetic techniques and 

allowed for the identification of individual chromosome pairs on the basis of their 

unique banding patterns produced by the incorporation of DNA-specific dyes. G-

banding is most commonly used, and involves the enzymatic digestion of chromosomes 

with trypsin subsequent staining with Giemsa, positively stained "dark" bands are 

known as G-bands (50, 55). Conventional cytogenetics, chromosome banding, remains 

the clinical gold standard for the identification of chromosomal abnormalities (45). 
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Chromosome G-banding allows for the determination of the karyotype of an individual, 

which describes the composition of total and sex chromosomes, and requires dividing 

cells. Normal human male and female karyotypes are 46,XY and 46,XX, respectively. 

The International System for Human Cytogenetic Nomenclature (ISCN) governs human 

chromosome nomenclature describing chromosome pairs, sex chromosomes and 

individual banding patterns (50). Gross chromosomal alterations including CNAs, large 

insertions/deletions and some translocations can be identified with G-banding. 

However, karyotype analysis is low resolution and some translocations, including 

ETV6-RUNX1 and small insertions/deletions are often cryptic to this technique (49). 

 

1.3.2.2. Fluorescence in situ hybridisation (FISH) 

FISH was developed in 1991 and utilises DNA probes that are either directly 

fluorescently labelled or have reporter molecules incorporated (biotin for example) that 

bind to fluorescently labelled affinity molecules (avidin-FITC in this example). This 

allows for the binding of specific DNA probe molecules to their target DNA sequences 

on denatured metaphase or interphase chromosomes (50). Resolution is dramatically 

improved in FISH, compared to banding techniques, and DNA elements of 1-10kb in 

size can be localised using this technique (56).  

 

FISH analysis in the context of chromosomal translocations allows for the visualisation 

of co-localised fluorescent probes hybridized to genes that are normally located on 

different chromosomes. FISH panels are normally disease-specific and will comprise a 

panel of probes that target established mutations that are recurrent in that particular 

disease. In ALL, rearrangements that are often tested for by FISH include: BCR-ABL1, 

ETV6-RUNX1, TCF3-PBX1 and MLL rearrangements (49). Intrachromosomal 

amplification of chromosome 21, the characteristic mutation of iAMP21 ALL, is also 

routinely identified by FISH using a RUNX1 directed DNA probe (45). 

 

1.3.2.3. Microarray 
Microarray analysis was historically performed using array-based comparative genomic 

hybridisation (aCGH). This process involved labelling patient DNA and reference DNA 

with a different fluorophore to allow for competitive hybridisation of the patient and 

reference DNA to DNA probes mapped to known regions in the genome. The ratio of 
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fluorescence intensities is then measured for each probe, which is proportional to the 

ratio of copy numbers present. Newer platforms, including single nucleotide 

polymorphism (SNP) microarrays, compare fluorescently labelled patient DNA to an in 

silico reference. SNP arrays are commonly used for clinical cytogenetic testing and 

detect the specific genotype at each probe location (57). 

 

In a clinical setting, microarrays can be used to detect genomic instability, gains or 

losses of whole chromosomes or regions of chromosomes, below the resolution of 

conventional karyotyping by G-banding (58). Microarrays cannot detect balanced 

rearrangements or sub-clonal mutations expressed at low levels (57). SNP microarrays 

can be used to examine thousands of genomic loci simultaneously to detect unbalanced 

regions of the genome. SNP arrays are commonly used as an adjunct test to further 

clarify abnormal findings from G-banding analysis, or as an additional test in patients 

that have not had an abnormality found by either G-banding or FISH.  

 

In a research setting, microarrays have been instrumental in identifying gene expression 

signatures associated with existing subtypes of ALL, and identifying and classifying 

new subtypes based on distinct gene expression profile (7-9, 59). More recent studies 

have utilised RNA sequencing (RNA-seq), instead of microarray, for gene expression 

analysis (60, 61). 

 

1.3.2.4. RNA-seq 
NGS technologies including; whole genome sequencing (WGS), whole exome 

sequencing (WES), transcriptome sequencing (RNA-seq), have allowed for the 

characterisation of somatic mutations that recurrently drive ALL (10, 42, 62). 

Transcriptomics specifically sequences the expressed genome, and RNA-seq involves 

sequencing all transcripts including mRNAs, non-coding RNAs and small RNA species 

(microRNA (miRNA) for example). RNA-seq can be used to detect chimeric fusion 

transcripts, define gene expression signatures associated with specific disease subtypes, 

and detect sequence mutations (40). 

 

RNA-seq involves the conversion of RNA molecules to a library of cDNA fragments 

with sequencing adaptor molecules attached to a single end or both ends. These 
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fragments are subsequently sequenced from one (single-end sequencing) or both ends 

(paired-end sequencing). Read lengths vary from 30-400bp, depending on the 

sequencing platform used. These reads are then aligned to the reference genome (63). 

When designing RNA-seq experiments, sequencing type (single-end or paired-end), 

read length, and read depth will vary depending on the experiment (64).  

 

RNA-seq has several advantages, over microarrays, for the study of gene expression. 

Advantages of RNA-seq over microarray technology include; no reliance on pre-

determination of genomic sequence, single base resolution for detection of sequence 

mutations, no upper limit of detection for gene expression, and low background (63).  

 

In the context of leukaemia, RNA-seq has allowed for the identification of fusion genes 

that may be cryptic to conventional karyotype analysis or are not examined by a 

standard FISH probe panel. Multiple fusion-calling algorithms have been developed to 

identify fusion transcripts using RNA-seq data, and generally do this by aligning raw 

sequencing reads or contigs to the reference genome or transcriptome, and look for 

evidence including, read pairs that cover the same breakpoint, that support the fusion. 

Fusion calling algorithms used by international research groups include: CICERO, 

FusionCatcher, ChimeraScan, and TopHat2 (10, 65-67). These tools mainly use paired-

end sequencing data and align to a reference genome, transcriptome, or combined 

genome-transcriptome reference. 

 

JAFFA was developed at MCRI, and has been shown to accurately detect fusion 

transcripts in a range of cancer cell lines, with high sensitivity and specificity compared 

to other commonly used fusion-detection algorithms (68). JAFFA was specifically 

compared to four other algorithms: TopHat-Fusion 2.0.13, SOAPfuse 1.26, DeFuse 

0.6.2, and FusionCatcher 0.99.3d for the detection of fusion transcripts in a range of 

simulated and cancer cell line RNA-seq datasets of varying read lengths. JAFFA 

outperformed all other algorithms when run on two simulated datasets; 1) 75bp paired-

end simulation of 50 fusions and 2) 250bp paired end sequencing of 120 fusions, 

detecting 44 (88% sensitivity) and 86 (72% sensitivity) fusions, respectively. In 

addition, JAFFA demonstrated superior performance with 100bp single and paired-end 

RNA-seq data generated from cancer cell lines and was superior to all other algorithms 
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in the ranking of true positives compared to other fusions [Davidson et al. Genome 

Medicine. 2015]. JAFFA aligns raw reads or contigs, from de novo assembly of short 

reads, of a minimum of 100bp to the reference transcriptome, using any read length of 

either single or paired-end RNA-seq data. JAFFA outputs candidate fusions identified 

in each sample with associated information including the fusion breakpoint sequence, 

genomic break, frame prediction, read support, and whether the fusion is described in 

the Mitelman database (69). JAFFA was the tool used for fusion-detection in RNA-seq 

data for cases presented in the remainder of this thesis. 

 

One important limitation to consider when using RNA-seq data to specifically look for 

rearrangements in leukaemia is that rearrangements involving promotor or enhancer 

regions are difficult to detect. However, it is important to note that some fusion finding 

algorithms, including CICERO, which is currently available on the St Jude Cloud, have 

been reported to detect these rearrangements (10). Immunoglobulin Heavy locus (IGH) 

rearrangements are a recurrent driver in paediatric leukaemia and are found in three 

important subtypes of ALL: IGH-CRLF2 (CRLF2 rearranged ALL), IL3-IGH-driven 

ALL, and DUX4-IGH (DUX4 rearranged ALL). IGH rearrangements are commonly 

identified using RNA-seq data by manually identifying RNA-seq reads in Integrative 

Genome Browser (IGV, Broad), and this is an approach that we, and others, have 

adopted (60). Given the subtelomeric localisation of the IGH locus, rearrangements 

involving IGH, including IGH-CRLF2, IL-3-IGH and DUX4-IGH, are also often cryptic 

to conventional karyotype analysis. 

 

1.3.3. Biological implications in leukaemia 
Chromosomal translocations result in two biological outcomes which both function to 

drive leukaemia. A chromosomal translocation can result in the juxtaposition of 

regulatory elements, promoter or enhancer regions, to oncogenes resulting in 

deregulated expression of the target gene. These types of rearrangements are a hallmark 

of T-ALL and commonly involve the juxtaposition of T-cell receptor (TCR) genes with 

transcription factor genes, deregulating expression of the latter (30). Alternatively, and 

most commonly in B-ALL, they can result in the production of an in-frame fusion 

transcript, encoding a chimeric protein with enhanced tyrosine kinase activity or altered 

transcriptional regulation (70).  
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When these rearrangements involve tyrosine kinase genes, these can result in the loss of 

regulatory domains of the kinase protein and the addition of dimerisation domains that 

facilitate dimerisation and transphosphorylation of the kinase, which normally functions 

to maintain tissue homeostasis (71). Receptor tyrosine kinases are cell surface receptors 

that normally require the binding of its associated ligand, growth factors, cytokines, or 

hormones, to cause activation. Protein kinases are enzymes that catalyse the transfer of 

a phosphate group to an amino acid on the substrate protein. Tyrosine residues are 

rarely phosphorylated, in comparison to serine and threonine, and account for <1% of 

phosphorylation events that occur in a cell (72). In the context of leukaemia 

progression, activated kinases result in downstream protein phosphorylation and 

activation of pathways involved in cell survival, gene transcription and expression (49). 

When expressed in vitro, these fusions have the ability to transform growth-factor 

dependent cell lines to growth factor independence (73, 74). 

 

Over 13 tyrosine kinase and cytokine receptor genes have been shown to be involved in 

these activating fusions, with multiple fusion partners (10, 75). Genes frequently 

implicated in ALL include: ABL1, PDGFRB, CSFR1, CRLF2, and JAK2. However, the 

knowledge of the mechanisms by which these fusions drive uncontrolled cell survival 

and proliferation is limited, particularly in the case of rare fusions. 

 

The BCR-ABL1 fusion gene results in the production of a BCR-ABL1 chimeric protein 

with a constitutively active ABL1 kinase (53). This translocation has been successfully 

targeted with imatinib, a small molecule tyrosine kinase inhibitor (TKI), which 

specifically antagonises ABL1 (76). A different genetic subtype of B-ALL, termed 

Philadelphia-like (Ph-like) ALL, has recently been identified, which expresses a similar 

gene expression pattern to Ph+ ALL, but lacks the t(9;22) translocation (10).  
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1.4 Subtypes and clinical management of paediatric ALL 

1.4.1. Risk stratification 
At diagnosis, B-ALL patients are risk-stratified to assign induction chemotherapy, 

according to the criteria outlined by the National Cancer Institute (NCI) (77). The NCI 

criteria define "standard-risk" as age 1-9.99 years and white cell count (WCC) at 

diagnosis <50,000 cells/µl, and "high-risk" as age >12 months or ≥ 10 years and WCC 

≥ 50,000 cell/ul. Age and WCC have limited prognostic importance in T-ALL, and 

patients often present with higher WCC and are older in age, compared to B-ALL 

patients (23). Following induction, patients are again risk-stratified based on 

cytogenetic and biologic features of their leukaemia and early response to therapy. The 

Children's Oncology Group (COG) have outlined these criteria and they defined 

features of very high-risk (VHR) ALL which include: hypodiploidy, t(9;22), and 

induction failure (78). Positive Minimal Residual Disease (MRD) is highly predictive of 

relapse in standard and high-risk ALL, and is consequently used as an indication to 

modify treatment regimens (79-81). 

 

In spite of the association of many genomic features with outcomes, the majority of 

cytogenetic and molecular features identified in B and T-ALL are yet to be universally 

incorporated into risk stratification algorithms. In the discussion of B-ALL subtypes 

below I have described established and provisional subtypes of ALL according to the 

2016 revision of the WHO guidelines for classifying myeloid neoplasms and acute 

leukaemia (11). For established subtypes there is a risk association that is incorporated 

into patient clinical management, while the associated risk of provisional subtypes is 

not yet clearly established. 

 

1.4.2. Subtypes of B-cell acute lymphoblastic leukaemia (B-ALL) 

1.4.2.1. Established subtype: Hyperdiploidy 
Hyperdiploid is defined by the ISCN as 47-57 chromosomes, however this subtype is 

further sub classified into near-diploid (47-50) and high-hyperdiploid (>50 

chromosomes). This segregation was influenced by the observation of a bimodal 

distribution of chromosome numbers, and differences in treatment responses between 

patients with 47-50, and >50 chromosomes (46). The identification of a high-
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hyperdiploid karyotype (>50 chromosomes) is a favourable prognostic marker. The 

peak age of incidence of high-hyperdiploid ALL is 2-7 years, and this subtype is 

uncommon in DS-ALL (82). Simultaneous trisomies of chromosomes 4,10 and 17 

specifically associated with superior outcome, and their identification is used to risk 

stratify ALL patients in the United States (78). High hyperploidy occurs in the majority 

of BCP-ALL cases; comprising 20-30% (7, 23). 

 

1.4.2.2. Established subtype: Hypodiploidy 
Hypodiploid ALL is defined in the WHO guidelines as aneuploidy with the presence of 

less than 45 chromosomes, and is associated with inferior prognostic outcomes (11, 48, 

83). Hypodiploid ALL is further subdivided into four groups based on the number of 

chromosomes: near-haploid (23-29 chromosomes), low-hypodiploid (33-39 

chromosomes), high-hypodiploid (40-43 chromosomes), and near-diploid (44-45 

chromosomes). Hypodiploid ALL with less than 44 chromosomes is specifically 

associated with poor clinical outcomes (84). Near diploid ALL has been shown to be 

associated with complex karyotypes, which include the presence of dicentric 

chromosomes and the ETV6-RUNX1 fusion, conferring superior outcomes to more 

extreme cases of hypodiploidy (48, 85). Near-haploid and low-hypodiploid are 

extremely rare in BCP-ALL, and while both subtypes of hypodiploid ALL confer the 

worst clinical outcomes, they have distinct transcription and mutation profiles (83, 86). 

TP53 and heterozygous IKZF2 mutations are features of low-hypodiploid ALL, while 

near-haploid ALL is characterised by mutations in tyrosine kinase and Ras signalling 

pathways (86). 

 

1.4.2.3. Established subtype: BCR-ABL1 (Ph+) 
The Philadelphia chromosome was first described in 1960, as a truncated chromosome 

22, the result of a t(9;22)(q34;q11.2) translocation (54). This results in the translocation 

of ABL proto-oncogene 1 (ABL1) gene, normally located on chromosome 9, to 

chromosome 22 downstream of the breakpoint cluster region (BCR) gene, and the 

production of an aberrant BCR-ABL1 fusion transcript. The BCR-ABL1 fusion is the 

hallmark of CML and is generally identified in 100% of CML cases (72). BCR-ABL1 is 

also found in a smaller number of B-ALL cases: 20-30% of adult and 3-5% of 
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paediatric (7, 53). Aside from the characteristic BCR-ABL1 fusion, Ph+ ALL is defined 

by recurrent IKZF1 deletion, found in approximately 84% of cases (33). 

 

Aberrant BCR-ABL1 fusion transcripts result in the production of three different fusion 

proteins that are most often associated with distinct subtypes of leukaemia. P190 BCR-

ABL1 is specifically found in B-ALL, while the p210 BCR-ABL1 fusion is exclusively 

associated with adult CML (53). The p230 BCR-ABL1 fusion transcripts is extremely 

rare and is almost exclusively found in neutrophilic CML, a myeloproliferative disorder 

that is clinically less aggressive than CML (87). In general, BCR-ABL1 fusion 

transcripts encode chimeric proteins, within which the N-terminal coiled-coil 

oligomerisation domain of BCR facilitates dimerisation and transphosphorylation of the 

kinase domain of ABL1, resulting in a constitutively active ABL1 kinase (88). The 

function of the ABL1 kinase and the effect of aberrant ABL1 kinase signalling, in the 

context of leukaemia fusion genes is discussed further in section 1.7.3.1. 

 

Patients diagnosed with Ph+ ALL have had historically poor outcomes, with only 38-

46% of patients surviving their disease when treated with chemotherapy alone (16, 89). 

As the majority of patients relapsed, approximately 77%, bone marrow transplantation 

(BMT) was the only therapeutic option and increased overall patient survival to 64-80% 

(89). The advent of modern chemotherapy and inclusion of molecularly targeted 

therapies to treatment regimens has dramatically improved outcomes for patients with 

Ph+ ALL (90, 91).  

 

There are limited clinical trials that have been conducted in paediatric leukaemia to 

prove the efficacy of targeted therapies (92).  The COG trial AALL0031 (2002-2006) 

combined continuous dosing of imatinib in combination with an intensive 

chemotherapy regimen to treat patients with Ph+ ALL. Imatinib was incorporated into 

treatment regimens post- 4-6 weeks of three or four-drug induction chemotherapy. 

Results from this trial showed improved 3-year event free survival (EFS) rates (64-

90%) for patients treated on this treatment regimen, doubling rates seen in historical 

cohorts (76). Longer follow up of these patients (n = 91) showed 5-year EFS survival 

rates comparable to those of patients who underwent BMT (93). Five-year EFS rates 

were 71% for chemotherapy plus imatinib, 64% for BMT patients with sibling donor, 
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and 63% for BMT patients with an unrelated donor. Similar findings were reported in 

the EsPhALL trial (2004-2009), which reported 4-year disease-free survival (DFS) of 

72.9% when imatinib was incorporated into the treatment regimen after induction (94) 

 

The COG AALL0622 trial subsequently tested the safety and efficacy of incorporating 

dasatinib, a dual ABL/SRC TKI, into treatment regimens of Ph+ ALL patients, 

commencing at day 15 of induction. Combination of chemotherapy with dasatinib was 

found to be safe, and long-term follow up showed that this treatment regimen had 

similar overall survival (OS) and EFS rates to AALL031, 86% and 60% respectively 

(95). All three trials described here are limited by small patient numbers, and despite 

improvements in EFS rates with the incorporation of TKI to standard chemotherapy, 

outcomes for Ph+ ALL patients remain inferior to other subtypes of ALL. 

 

1.4.2.4. Established subtype: ETV6-RUNX1 
The t(12;21)(p13.2;q22.1) chromosomal translocation, resulting in the juxtaposition of 

ETS Variant 6 (ETV6, formerly TEL1) with Runt Related Transcription Factor 1 

(RUNX1, formerly AML1), is associated with approximately 25% of paediatric B-ALL 

cases (7, 90). The peak age of incidence of ETV6-RUNX1 ALL is 2-7 years, and this 

rearrangement is extremely rare in adult ALL (82, 96). Outcomes for these patients have 

continued to improve with modern chemotherapy, and five-year EFS rates now sit at 

approximately 86% (90, 97). The majority of patients with ETV6-RUNX1+ ALL present 

with standard-risk features (76%, compared to 56% in ETV6-RUNX1 negative cases), 

age 1-9.99 years and WCC<50 x 109/L (98). 

 

The t(12;21) translocation, and production of the aberrant ETV6-RUNX1 fusion 

transcript, is a prenatal event, and the postnatal acquisition of secondary mutations is 

required to drive overt leukaemia. In twins with ETV6-RUNX1 concordant ALL, 

"driver" CNAs identified in five twin pairs were shown to be discordant, by the gene 

involved or the boundaries of the gene deletion, between and within twin pairs (35). 

This mechanism has also been evidenced by laboratory studies using cell line and 

murine transplant models of ETV6-RUNX1+ ALL. ETV6-RUNX1 transduced bone 

marrow cells have impaired B-cell differentiation resulting in the accumulation of pro-B 

cells. This can be recapitulated in vivo, but is not sufficient to cause overt leukaemia in 
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mice transplanted with ETV6-RUNX1 transduced bone marrow (99). Aberrant RAG 

recombinase activity has been suggested to mediate the formation of CNAs that provide 

the second-hit mutation required to transform ETV6-RUNX1+ pre-leukaemic cells to 

form overt leukaemia (100).  

 

1.4.2.5. Established subtype: KMT2A rearranged 
Rearrangements involving the Mixed Lineage Leukaemia (MLL, or KMT2A) gene 

account for 80% of infant-ALL (age<12 months) (101). Infant-ALL is a biologically 

distinct subtype of ALL. KMT2A rearrangements arise in utero, the result of aberrant 

V(D)J joining, and are sufficient to form overt leukaemia that presents early in life (24, 

34). KMT2A is located on chromosome 11q23.3, and encodes a histone 

methyltransferase that positively regulates the expression of HOX genes, and is required 

for the maintenance of Hox gene expression in mice (102). KM2TA rearrangements 

juxtapose the KM2TA gene upstream of its fusion partner, most commonly AF4 (t(4;11) 

translocation, also known as AFF1), AF9 (t(9;11) translocation, also known as MLLT3), 

and ENL (t(11;19) translocation, also known as MLLT1) (103). 

 

In spite of intensification of chemotherapy regimens, outcomes for infant-ALL patients 

remain dismal, and KMT2A rearrangement, high WCC, and age <6 months remain 

associated with inferior outcomes (104). KM2TA rearrangements are associated with a 

CD10 negative Pro-B/mixed lineage immunophenotype (identified in 90% of cases) 

(105, 106). Intensified chemotherapy remains the standard of care for infant-ALL 

patients, and the prognosis remains dismal (5-year EFS = 36%) for patients with 

KM2TA rearrangements (107). 

 

1.4.2.6. Established subtype: IL3-IGH 
IL3-IGH is the result of the t(5;14)(q31;q32) chromosomal translocation, and is 

extremely rare in B-ALL. This rearrangement links the immunoglobulin heavy chain 

(IGH) to the promoter region of interleukin-3 (IL3) gene in opposite transcriptional 

directions (108). Juxtaposition of the IGH enhancer to IL3 mediates overexpression of 

IL-3, enhanced cytokine production and eosinophilia, a recurrent clinical feature of 

patients presenting with IL3-IGH+ B-ALL (108-110). ALL with eosinophilia, although 

rare, is reported to be associated with poor outcome. Interestingly, there has been a 
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single case report describing an IL3-IGH+ B-ALL patient that had a Ph-like gene 

expression profile (score = 0.80), determined by an 8-gene low-density array (LDA) 

polymerase chain reaction (PCR) assay (111, 112). 

 

1.4.2.7. Established subtype: TCF3-PBX1 
The aberrant TCF3(E2A)-PBX1 fusion transcript is the result of the t(1;19)(q23;p13) 

chromosomal translocation, and accounts for approximately 3-8% of paediatric B-ALL 

cases (7, 91). There is an increased incidence of the TCF3-PBX1 fusion in African-

American children (found in 12% of cases) (91). TCF3-PBX1 is associated with good 

prognosis (5-year EFS = 80%) (90). 

 

1.4.2.8. Provisional subtype: Ph-like  
In 2009, Mullighan et al found that deletion of IKAROS Family Zinc Finger 1 (IKZF1) 

gene was associated with poor clinical outcome in a cohort of 221 children with high 

risk B-cell progenitor ALL (9). Den Boer et al published a similar finding in their 

cohort of 190 paediatric ALL patients, whereby gene expression analysis clustered 

"BCR-ABL1-like" cases, in which the canonical BCR-ABL1 fusion gene is absent, with 

Ph+ cases (8). This genetic subtype now defined as "Ph-like ALL" constitutes 10-15% 

of all paediatric B-cell ALL cases, and is associated with poor clinical outcomes, as 

seen in Ph+ ALL (10). Incidence of Ph-like ALL increases with age, and accounts for 

25% of cases in young adults (40). Outcomes for ALL patients in the adolescent and 

young adult (AYA) age group (approximately 15-40 years) are markedly inferior to 

those for paediatric patients (0-14 years) (113). 

 

Roberts et al later published an extensive sequencing analysis, transcriptome, whole 

genome, and whole exome sequencing, of 154 Ph-like ALL cases (10). The authors 

showed that Ph-like ALL is characterised by a range of genomic alterations that result 

in activation of a number of signalling pathways. Furthermore, alterations activating 

kinase signalling were identified in 91% of the cohort. These rearrangements are 

particularly important to identify as they can potentially be therapeutically targeted with 

tyrosine kinase inhibitors (TKIs). Genes that are commonly rearranged in paediatric Ph-

like B-ALL include: ABL1, ABL2, CSF1R, PDGFRB, JAK2, EPOR, and CRLF2 (10, 

62, 114). 
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A number of functional studies have explored the efficacy of treating patients with 

kinase-activating fusions implicated in Ph-like ALL, with TKIs in pre-clinical cell line 

and mouse models (10, 115). A TKI screen in Ba/F3 cells transduced with a range of 

fusion contructs identified in Ph-like ALL, identified dasatinib and ponatinib as a potent 

inhibitors of ABL-class fusions; RCSD1-ABL1, RCSD1-ABL2, FLT3-ITD, EBF1-

PDGFRB, and SSBP2-CSF1R. Ruxolitinib and baricitinib were most effective against 

Janus Kinase (JAK)-activating fusions; ATF7IP-JAK2, MYH9-IL2RB, and JAK-

activating mutations; JAK3 V670A and JAK1 L782F (115). Cells transduced with 

PAX5-JAK2 were notably less sensitive to JAK inhibitors. This study, among others, 

highlighted the potential therapeutic implications of identifying kinase-activating fusion 

that may be amenable to TKIs (76, 116). 

 

1.4.2.9. Provisional subtype: iAMP21 
Intrachromosomal amplification of chromosome 21 (iAMP21) is defined by 

amplification of at least three copies of a region of chromosome 21 containing RUNX1, 

and accounts for 2% of paediatric BCP-ALL (51). This subtype of ALL has also been 

found to be associated with the Robertsonian chromosome rob(15;21)(q10;q10), and 

individuals born with this chromosomal abnormality have 2,700 fold increased risk of 

developing iAMP21 ALL (117). While poor outcomes were observed in historical 

cohorts, intensification of chemotherapy has improved outcomes for patients (5-year 

EFS = 78%) (118). 

 

1.4.2.10. Emerging subtypes 
In addition to the established and provisional subtypes of ALL, defined by the WHO 

classification, there are an increasing number of emerging subtypes, which have mainly 

been identified by gene expression profiling and are classified by the presence of 

specific rearrangements, distinct gene expression profile, or a combination of the two 

(60). These include: DUX4 rearranged, ETV6-RUNX1-like, PAX5alt, ZNF384 

rearranged, and MEF2D rearranged. These subtypes are discussed further in Section 

1.6.1. 
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1.4.3. Subtypes of T-cell acute lymphoblastic leukaemia (T-ALL) 
In spite of great improvements to OS rates for children diagnosed with ALL in the 

modern era, OS rates for children diagnosed with T-ALL (81.6%) remain inferior to 

those diagnosed with B-ALL (91.1%) (5). More recently, OS rates of 93.7% were 

achieved in T-ALL patients treated with C-MTX (Capizzi-style escalating intravenous 

methotrexate (MTX) without leucovorin rescue plus pegaspargase Capizzi-style 

intravenous MTX), compared to HDMTX (high-dose intravenous MTX) in the COG 

AALL0434 trial (119). While advancements in chemotherapy regimens and risk-based 

stratification of patients onto more intensive chemotherapy regimens have improved 

overall outcomes for ALL patients, the identification and development of molecularly 

targeted therapies for T-ALL is limited (119). The exception to this is the identification 

of a small subset of patients with kinase activation fusions including: NUP214-ABL1, 

SSBP2-FER, and TPM3-JAK2, which may be amenable to TKI therapy (120, 121). 

Early T-cell precursor acute lymphoblastic leukaemia (ETP-ALL) remains the only 

subtype of T-ALL described in the 2016 revision of WHO classification of acute 

leukaemia, and is discussed in more detail below (11). 

 

1.4.3.1. Provisional subtype: Early T-cell precursor ALL (ETP-ALL) 

Comprising 10-15% of T-ALL cases, ETP-ALL was first characterised in 2009, and 

was associated with poor outcomes in a retrospective cohort of 239 American T-ALL 

patients (1992-2006), reporting 10-year EFS of 22% for ETP-ALL, compared to 69% 

for remaining T-ALL patients (43). The association between ETP-ALL and poor 

outcome was also observed in another retrospective cohort of 99 Japanese T-ALL 

patients (1999-2003), which reported significantly poorer 4-year EFS (40%) for ETP-

ALL patients, compared to T-ALL overall (70%) (122). However, more recent studies 

have failed to identify significant differences for outcome measures between ETP-ALL 

and typical T-ALL (123). Patrick et al reported no significant difference between five-

year EFS and OS rates of ETP-ALL for T-ALL patients treated on the UKALL 2003 

protocol (124). In addition, while higher rates of induction failure were observed for 

ETP-ALL compared to non-ETP-ALL (7.8 vs. 1.1%), no significance difference in five-

year EFS and OS rates were reported for 1144 children treated on the COG AALL0434 

trial (119). Taken together, these data suggest that ETP-ALL may confer an 

intermediate prognosis. ETP-ALL is clinically identified by a distinct 
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immunophenotype (CD1a−, CD8−, CD5weak, with stem and myeloid markers) (43). Early 

T-cell precursors (ETPs) retain stem-like characteristics and possess multi-lineage 

differentiation potential, and these characteristics mediate poor response of ETP-ALL to 

standard lymphoid-directed chemotherapy (43, 125).  
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1.5. FGFR1 rearrangements in paediatric leukaemia 

1.5.1. Myeloid/lymphoid neoplasms 
The WHO 2008 guidelines defined three subtypes of "myeloid/lymphoid neoplasms 

with eosinophilia" that are characterised by the presence of PDGFRA, PDGFRB, or 

Fibroblast Growth Factor Receptor 1 (FGFR1) rearrangements (126). The provisional 

category was added in the 2016 revision of the guidelines to include "myeloid/lymphoid 

neoplasms with PCM1-JAK2" (11). The presence of one of these rearrangements is 

essential for diagnosis, and while eosinophilia is frequently observed, it is required for 

disease classification (127). Incorporation of imatinib into treatment regimens or 

patients with PDGFRA or PDGFRB rearrangements has dramatically improved 

outcomes for patients (128, 129). Patients with FIP1L1-PDGFRA+ myeloproliferative 

neoplasms with eosinophilia (MPN-eo) do particularly well, with the majority of 

patients achieving complete molecular remission with imatinib (128) . 

Myeloid/lymphoid neoplasms with FGFR1 rearrangements, also referred to as 8p11 

myeloproliferative syndrome (EMS), are associated with extremely poor outcomes 

(130).  

 

1.5.1.1. Myeloid/lymphoid neoplasms with FGFR1 rearrangement 
Leukaemia associated with the presence of FGFR1 gene rearrangements is extremely 

rare, and occur at any age (range = 3-84 years) (131). FGFR1 rearrangements are 

associated with myeloproliferative neoplasms (MPN), AML, precursor T- or B-cell 

lymphoblastic leukaemia lymphoma, or mixed phenotype acute leukaemia (132). 

Outcomes for patients are extremely poor, and a recent study that examined 45 case 

reports of acute leukaemia with FGFR1 rearrangements reported 1-year overall survival 

of 43% (130). Currently, there are no FGFR1 targeted inhibitors used clinically, and 

patients are most often treated standard chemotherapy and the multi-TKI, ponatinib 

(132). Ponatinib was well tolerated and induced complete morphologic remission after 

12-weeks of treatment in a patient with BCR-FGFR1+ mixed-phenotype leukaemia. 

However, the patient relapsed with after receiving a matched allogeneic HSCT. The 

BCR-FGFR1 fusion was detected by qPCR and the patient eventually exhibited dose-

toxicities (133). 
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At least 15 genes have been shown to fuse to FGFR1 in 8p11 MPN including: zinc 

finger 198 (ZNF198), centriolin (CNTRL, formally CEP110), breakpoint cluster region 

(BCR), and FGFR1 fusion partners 1 and 2 (FGFR1OP1 and FGFR1OP2) (131). In 

general, the partner protein promotes intracellular localisation and N-terminal 

dimerisation domains result in the constitutive activation and signalling of the FGFR1 

kinase (71).  

 

Using our fusion identification pipeline, we identified two patients diagnosed with 

"myeloid/lymphoid neoplasms with eosinophilia and FGFR1 rearrangement" 

harbouring the CNTRL-FGFR1. The CNTRL-FGFR1 fusion gene was first identified in 

37-year-old male diagnosed with eosinophilia chronic leukaemia, and a t(8;9)(p12;q33) 

chromosomal translocation identified on karyotype (134). There are 18 cases of 

CNTRL-FGFR1+ myeloid/lymphoid neoplasms in the literature, presenting in a range 

of leukaemia subtypes (135). Of the cases described, 6/18 (33%) patients were children 

or adolescents, and 4/6 (66%) of patients were in remission at the time of report, 

suggesting that outcomes may be superior in children. This fusion has been previously 

shown to induce cytokine independence in Ba/F3 cells, and has been shown to induce 

bilineage disease, complementary to patient clinical phenotype, in vivo (135). 
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1.6. New classes of genetic drivers in paediatric leukaemia 

1.6.1. B-ALL 

1.6.1.1. Cytokine receptor and tyrosine kinase rearrangements 

1.6.1.1.1. ABL-class fusions  

ABL-class fusions (ABL1, ABL2, CSF1R, PDGFRB) comprise 10-15% of paediatric 

Ph-like ALL (10). Rearrangements involving ABL1 specifically are most common in 

Ph-like ALL and seven partner genes have been identified: ETV6, RCSD1, ZMIZ1, 

NUP214, SNX2, FOXP1 and SFPQ (53, 136). These aberrant fusion transcripts result in 

the production of a chimeric protein with a constitutively active kinase domain. In 

general the partner protein facilitates activation of the kinase domain through their 

coiled-coil or helix-loop-helix motifs, promoting oligomerisation and phosphorylation 

of tyrosine residues (Y412 in the activation loop) that stabilise the active state of the 

kinase (88). Patients with rare ABL1 fusions frequently harbour IKZF1 deletions and 

have poor clinical outcomes (137-142). 

 

A number of functional studies have explored the efficacy of treating patients with 

kinase-activating fusions implicated in Ph-like ALL, with TKIs in pre-clinical cell line 

and mouse models (10, 115). A TKI screen in Ba/F3 cell transduced with a range of 

fusion contructs identified in Ph-like ALL, identified dasatinib and ponatinib as potent 

inhibitors of ABL-class fusions; RCSD1-ABL1, RCSD1-ABL2, FLT3-ITD, EBF1-

PDGFRB, and SSBP2-CSF1R. Furthermore, there are a number of clinical cases studies 

in the literature that have described responses to targeted TKIs in paediatric and adult 

patients with non-standard (non BCR-ABL) ABL-class rearrangements (10, 137, 143). 

Taken together, these studies have highlighted the potential therapeutic implications of 

identifying kinase-activating fusion that may be amenable to TKIs (76, 116). 

 

Notably, four of the seven ABL1 fusions, FOXP1-ABL1, RCSD1-ABL1, SFPQ-ABL1 

and SNX2-ABL1, fusions implicated in B-ALL harbour a different transcript breakpoint 

in ABL1, compared to the BCR-ABL1 (136, 144-146). In each of these cases, the fusion 

partner fuses to exon 4 of ABL1, compared to BCR, which is fused to exon 2 of ABL1. 

As a result, these rare ABL1 fusions lack exons 2 and 3 of ABL1, containing the SRC 

Homology 3 (SH3) and part of the SH2 coding domains, most likely resulting in SH2 
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domain inactivation. The SH2 and SH3 domains have essential regulatory roles in the 

activation and inactivation of the kinase domain (14). However, the specific implication 

of the loss of these two domains on the function of rare ABL1 fusions: FOXP1-ABL1, 

RCSD1-ABL1, SFPQ-ABL1 and SNX2-ABL1 is unknown (53). 

 

Using our fusion identification pipeline, we identified two rare ABL1 fusions, SFPQ-

ABL1 and SNX2-ABL1, in two patients diagnosed with B-ALL at Royal Children’s 

Hospital (RCH). Both patients had conventional cytogenetic testing and these 

rearrangements were identified on karyotype, and resultant SFPQ-ABL1 and SNX2-

ABL1 fusion transcripts were confirmed by RNA-seq and PCR amplification across the 

breakpoint. 

 

Four cases of the t(1;9)(p34;q34) translocation, and the resultant SFPQ-ABL1 fusion 

gene, have been reported in the literature, all identified in patients with B-cell ALL 

(141, 143, 145). All cases previously described have occurred in young adults (age 

range = 19-34 years, see Table 1.3 for details). Splicing Factor Proline and Glutamine 

Rich (SFPQ, formerly PSF) encodes a DNA and RNA protein that functions in pre-

mRNA splicing (145, 147). The mechanism by which SFPQ-ABL1 specifically 

functions to activates ABL1 kinase signalling has not been studied. However, it is 

thought the two coiled-coil domains in SFPQ facilitate dimerisation of the SFPQ-ABL1 

chimeric protein (143).  

 

SNX2-ABL1 is the result of a t(5;9)(q23;q34) translocation, and has been reported in 

four cases (10, 136, 142, 148). Three of the four cases occurred in children or 

adolescents (see Table 1.3 for details). The Sorting Nexin 2 (SNX2) gene encodes a 

protein that functions in endosomal sorting and signalling (149). Tomita et al 

transduced Ba/F3 cells with SNX2-ABL1 or p190 BCR-ABL1 and compared responses 

to imatinib and dasatinib. The authors showed that SNX2-ABL1 expressing Ba/F3 cells 

were significantly less sensitive to imatinib and dasatinib, compared to BCR-ABL1 

expressing Ba/F3 cells (150). Poor clinical responses to TKI treatment in patients with 

SNX2-ABL1+ ALL have also been described (148). 
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Table 1.3. Summary of reported SNX2-ABL1 and SFPQ-ABL1 cases 
Age/Sex Diagnosis WCC (x109/L) Rearrangement Follow up Reference 

22yr/M BCP-ALL 39.7 x 109/L 
(89% blasts) 

t(1;9)(p34;q34)  
SFPQ-ABL1 

Remission, 6-years 
post-diagnosis 

Hidalgo-
Curtis et al 
(2008) 

19yr/F Common 
B-ALL Not described t(1;9)(p34~35;q34)  

SFPQ-ABL1 

Non-familial allogeneic 
HSCT, in remission 32 
months post-transplant 

Duhoux et 
al (2011) 

28yr/F Common 
B-ALL Not described t(1;9)(p34~36;q34)  

SFPQ-ABL1 

Familial allogeneic 
HSCT, in remission 16 
months post-transplant 

Duhoux et 
al (2011) 

34yr/F Common 
BCP-ALL 

26.0 x 109/L 
(47% blasts) 

t(1;9)(p34;q34) 
SFPQ-ABL1 

Relapsed in BM (55% 
blasts) 3-months post-
diagnosis. Poor 
response to salvage 
chemotherapy and died 
6-months post-
diagnosis 

Sheng et al 
(2017) 

29yr/M B-ALL 161.0 x 109/L t(5;9)(q23;q34)  
SNX2-ABL1 

Relapsed twice on 
treatment. Died one-
year post diagnosis 

Ernst et al 
(2011) 

7yr/M BCP-ALL 115.4 x 109/L 
(93% blasts) 

t(5;9)(q23;q34) 
SNX2-ABL1 

Bone marrow relapse 
15-months post-
diagnosis. Received 
umbilical cord blood 
transplantation and 
obtained morphological 
remission. Second bone 
marrow relapse 6-
months post-transplant. 
Remains on salvage 
chemotherapy. 

Masuzawa 
et al 
(2014) 

NA NA NA t(5;9)(q23;q34) 
SNX2-ABL1 

Identified by genomic 
analysis, no clinical 
information provided 

Roberts et 
al (2014) 

16yr/M B-ALL 115.4 x 109/L 
(93% blasts) 

t(5;9)(q23;q34) 
SNX2-ABL1 

Familial (identical 
sibling) allogeneic 
HSCT 6-months post-
diagnosis. 
Extramedullary relapse 
2-months post-
transplant. Second 
HSCT 4-months post-
relapse and the patient 
died soon after 
following second-
relapse in BM 

Mu et al 
(2017) 

 

1.6.1.1.2. CRLF2 rearrangements 

A sub-microscopic deletion in the pseudoautosomal region 1 (PAR1) of the sex 

chromosomes (ChrXp22.3/Yp11.3), resulting in the formation of the P2RY8-CRLF2 

fusion transcript, and cryptic chromosomal translocations resulting in translocation of 

Cytokine Receptor Like Factor 2 (CRLF2) to the IGH locus are found in approximately 



 

55 

 

4% standard risk (SR) and 7% of high-risk (HR) childhood B-ALL cases (151). The 

PAR1 deletion results in the juxtaposition of intron 1 of P2Y Receptor Family Member 

8 (P2RY8) with exon 1 of CRLF2, and the production of a chimeric fusion transcript, 

fusing the first non-coding exon of P2RY8 to the coding region of CRLF2 (7, 31). 

Translocation of CRLF2 to the IGH enhancer locus, t(X;14)(p22;q32) or 

t(Y;14)(p11;q32), is also observed in a smaller number of cases, resulting in the 

formation of a chimeric IGH-CRLF2 fusion transcript. The P2RY8-CRLF2 and IGH-

CRLF2 fusions result in elevated expression of CRLF2, and activation of JAK/STAT 

signalling (152). Cell surface expression of CRLF2 is routinely measured clinically by 

flow cytometry. 

 

The CRLF2 gene, also known as Thymic Stromal Lymphopoietin Receptor (TSLPR) 

gene, encodes a non-tyrosine kinase cytokine receptor that forms a heterodimeric 

receptor with interleukin-7 receptor α (IL7Rα), which binds Thymic Stromal 

Lymphopoietin (TSLP) (153, 154). TSLP ligand binding, and dimerisation of the IL7Rα 

and CRLF2 chains, phosphorylates JAK1 and JAK2, and ultimately results in 

phosphorylation of STAT5. TSLP-CRLF2 signalling normally functions in 

inflammation, allergy and T-cell development (154).  

 

The PAR1 deletion and P2RY8-CRLF2 fusion is uniquely associated with Down 

syndrome associated-ALL (DS-ALL), identified in approximately 55% of DS-ALL 

cases (31, 155). Furthermore, JAK2 mutations, another recurrent feature of DS-ALL, 

present in 28% of cases, are significantly associated with CRLF2 alterations (31). JAK2 

mutations alone have been shown to confer inferior outcomes in B-ALL (156). JAK 

mutations that commonly occur in B-ALL, including R683G and P933R, do not 

transform cells in the absence of P2RY8-CRLF2 co-expression (31). These data suggest 

that transformation in some cases of DS-ALL is mediated by JAK2 activation and 

CRLF2 overexpression promoting aberrant signalling through the TSLP receptor. 

 

CRLF2 deregulated childhood ALL, mediated by either PAR1 deletion and P2RY8-

CRLF2 or chromosomal translocations resulting in IGH-CRLF2, commonly express a 

Ph-like gene signature (10). JAK2 sequence mutations are also found in 50% of these 

cases, and are potentially amenable to JAK2 inhibition by TKI, including ruxolitinib 
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(10). CRLF2 rearrangements and JAK2 mutations are also a recurrent feature of adult 

Ph-like ALL (112, 157). Interestingly, IGH-CRLF2 is more common (58%) than the 

P2RY8-CRLF2 fusion (21%) in adults with CRLF2 deregulated Ph-like ALL, and 

concomitant JAK2 mutations are present in 25% of patients (112). Interesting in a study 

examining the genomic and transcriptional landscape of P2RY8-CRLF2 B-ALL, 

P2RY8-CRLF2 was lost in 32% of relapse cases (158). Conversely, IKZF1 was 

conserved in all relapse cases and IKZF1 deletion emerged at relapse in a further 22% 

of matched cases, highlighting the role of IKZF1 in leukaemia relapse and its function 

in maintaining a stem-like state (158). 

 

Mullighan et al observed RSS, normally recognised and cleaved by the RAG protein 

complex, internal to the PAR1 deletion, suggesting that the mechanism for formation of 

the P2RY8-CRLF2 is aberrant V(D)J recombination (31). Unlike P2RY8-CRLF2, IGH-

CRLF2 rearrangements are the result of V(D)J type breaks in the IGH region, but 

CRLF2 breaks occur at or in close proximity to CpG islands (32). 

 

1.6.1.1.3. JAK2 rearrangements 

Rearrangements involving Janus Kinase 2 (JAK2), a non-receptor tyrosine kinase 

involved in signal transduction from cytokine and growth hormone receptors, account 

for approximately 7.5% of paediatric Ph-like ALL, and are found almost exclusively in 

this subtype (10, 159). Eleven partner genes have been identified to fuse to JAK2: 

ATF7IP, BCR, EBF1, ETV6, PAX5, PPFIBP1, SPAG9, SSBP2, STRN3, TERF2, TPR 

(10, 160, 161). All of these fusion transcripts retain the tyrosine kinase domain of JAK2, 

and leukaemic transformation is mediated by the acquisition of oligomerisation domains 

from the fusion partner and JAK2 kinase signalling. Activated JAK2 kinase signalling 

by JAK2 chimeras including: ATF71IP-JAK2, BCR-JAK2, ETV6-JAK2, and PAX5-

JAK2 has been demonstrated in vitro by increased phosphorylation of Signal 

Transducer And Activator of Transcription 5A (STAT5) (115, 162). JAK2 most 

frequently fuses to the Paired Box 5 (PAX5) transcription factor, which regulates B-cell 

commitment and maintenance, in B-ALL (159). Gene expression profiling of PAX5-

JAK2+, PAX5-ETV6+, and PAX5-C20orf112(NOL4L)+ primary leukaemia samples, 

showed that gene expression were distinct between patients harbouring each PAX5 

fusion (163). The authors showed that JAK/STAT targets, including SOCS1, CISH, and 
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PIM1, were differentially expressed between PAX5-JAK2+ samples, other PAX5 

fusions, and wild-type (WT) PAX5. Furthermore, they showed that PAX5 targets, 

including NEDD9 or CD79, were differentially expressed in PAX5-JAK2+ samples, 

suggesting that this fusion also functions as an aberrant transcription factor, resulting in 

deregulated expression of PAX5 targets (163). Distinct gene expression profiles of 

PAX5-JAK2+ samples compared to samples harbouring other PAX5 alterations was 

most recently demonstrated by Gu and colleagues where they showed that 17 PAX5-

JAK2+ cases exclusively showed Ph-like gene expression profile, while PAX5-ETV6 

and PAX5-NOL4L were recurrently observed in PAX5 altered (PAX5alt) ALL (60). 

These data highlight the unique contribution of each fusion partner to leukaemic 

transformation, which is largely not considered in relation to rare kinase-activating 

fusions. 

 

Ba/F3 cells transduced with ETV6-JAK2 have been shown to be sensitive to the JAK2 

inhibitor, ruxolitinib (116). A TKI screen in Ba/F3 cells transduced with JAK-activating 

mutations identified in Ph-like ALL including; PAX5-JAK2, ATF7IP-JAK2, MYH9-

IL2RB, and JAK-activating mutations; JAK3 V670A and JAK1 L782F, identified 

ruxolitinib and baricitinib as the most effective inhibitors of JAK-activating mutants 

(115). However, cells transduced with PAX5-JAK2 were notably less sensitive to these 

drugs compared to other lines. Furthermore, in vitro studies of JAK2 translocations 

treated with ruxolitinib showed a re-activation of JAK2 signalling marked by STAT5 

phosphorylation, following washout of the drug (159).  This data suggests that 

ruxolitinib has limited efficacy as a monotherapy for treating BCP-ALL patients 

harbouring JAK2 rearrangements, and that combined therapeutic approaches should be 

considered. Combined JAK2 (TG101209) and BCL-2/BCL-XL (ABT-737) inhibition 

was shown to be most effective in treating patient-derived xenograft (PDX) mice with 

CRLF2 rearranged/JAK2 mutant B-ALL (164). In addition, combined JAK2 and PI3K 

inhibition has also been shown to be effective in treating JAK2 rearranged or CRLF2 

rearranged/JAK2 mutant B-ALL in PDX models (165). 

 

1.6.1.2. DUX4 rearrangements 
Double Homeobox 4 (DUX4) rearrangements have only recently been identified as the 

driver lesion for a genetically distinct subset of B-ALL (41, 166, 167). Yeoh and 
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colleagues first used micro-array gene-expression profiling to describe a subset of BCP-

ALL that had a distinct gene expression signature (168). This subtype was then found to 

be associated with intragenic ETS Transcription Factor ERG (ERG), an ETS family 

member transcription factor that functions in haematopoiesis, deletions, which were 

seen almost exclusively in cases with this gene expression signature by micro-array 

based gene expression profiling (169). ERG deletion cases were shown to have high 

CD2 expression, increased incidence of IKZF1 deletions, and increased five-year event-

free survival (EFS) in comparison to non-ERG deleted cases (170). However, there was 

suggestion that ERG deletions were not the primary lesion in this subtype, given that 

they are not present in all cases, are often subclonal at diagnosis and lost at relapse, and 

that aberrant ERG transcripts do not result in the formation of aberrant ERG proteins 

that can be detected leukaemic cells with endogenous ERG deletion (170, 171). 

 

In 2016, multiple groups identified the presence of DUX4 rearrangements in all patients 

with the distinct gene expression profile, previously associated with ERG deletions (41, 

166, 167). DUX4 is located the subtelomeric region of chromosome 4q, within a D4Z4 

repeat region, and encodes two homeoboxes and functions as a transcriptional activator. 

A partial copy of DUX is most commonly inserted into the IGH locus, and into intron 3 

of ERG in a smaller number of cases (41). Insertion of DUX4 into IGH or ERG induces 

its expression from upstream regulatory regions of the partner gene, as well as the 

formation of C-terminal truncated DUX4 mutant proteins (172). Given the small size 

DUX4 insertions into IGH or ERG, these rearrangements are cryptic to G-banding 

karyotype analysis. These rearrangements are also difficult to identify using a standard 

RNA-seq bioinformatics pipeline, and whole genome sequencing has been used to 

identify the true structure of these rearrangements at a genomic level (41).  

 

DUX4-rearranged ALL comprises 4-5% of all B-ALL cases (12). Aside from increased 

incidence of IKZF1 alterations, mutations in genes involved in Ras signalling, cell cycle 

regulation, and epigenetic modifiers are features of this subtype (167). More recently, 

high PDGFRA expression has also been suggested to be a feature of DUX4 rearranged 

ALL (173). 
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1.6.1.3. ETV6-RUNX1-like 
This subtype is also recently characterised, and has been identified by gene expression 

profiling, identifying B-ALL cases with gene expression signature similar to that of 

ETV6-RUNX1, in the absence of the canonical rearrangement (41). Rearrangements and 

deletions involving ETV6 and IKZF1 are commonly identified in patients with this gene 

expression profile. ETV6-RUNX1-like ALL is also associated with a CD27pos/CD44low-

neg immunophenotype, also characteristic of ETV6-RUNX1 positive ALL (174, 175). 

Although few cases have been described, ETV6-RUNX1-like ALL is estimated to 

comprise 1-3% of B-ALL cases and predicted to be associated with favourable 

outcomes, in spite of co-occurrence with IKZF1 deletions (normally unfavourable) (41). 

 

1.6.1.4. ZNF384 rearrangements 
Rearrangements involving the Zinc Finger Protein 384 (ZNF364) gene characterise a 

newly described subtype of B-ALL, and accounts for approximately 3-4% of cases (12, 

176). ZNF384 encodes a transcription factor that regulates promoters of genes 

associated with the extracellular matrix (177). Six partner genes have been identified in 

B-ALL: TCF3, TAF15, CREBBP, BMP2K, EWSR1, and EP300 (176-178). ZNF384 

rearrangement is associated with a characteristic immunophenotype of weak CD10, and 

aberrant CD13 and/or CD33 expression, and distinct gene expression profile (176, 177). 

ZNF384 rearranged ALL is a newly characterised subtype, and as a result there is 

limited data available on prognosis. Early studies suggest intermediate to favourable 

prognosis (41, 166, 176). 

 

1.6.1.5. MEF2D rearrangements 
Myocyte Enhancer Factor 2D (MEF2D) transcription factor gene rearrangement 

characterises another newly defined subtype of B-ALL, comprising 3.5% of B-ALL, 

and is associated with inferior outcomes (176). MEF2D fuses to BCL9, CSF1R, 

DAZAP1, HNRNPUL1, SS18, and FOXJ2 in B-ALL. MEF2D rearranged ALL cases 

have a distinct gene expression profile with the exception of the MEF2D-CSF1R fusion 

which confers a Ph-like gene expression signature (179). 
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1.6.1.6. Alterations targeting transcriptional regulators: PAX5 and IKZF1 

1.6.1.6.1. PAX5 alterations 

The transcription factor PAX5 plays a key role in regulating the commitment of 

lymphoid progenitors to the B-cell lineage, and is altered in 30% of B-ALL (180). 

These alterations include deletions, chromosomal translocations, and sequence 

mutations. Multiple genes have been shown to fuse to PAX5 in B-ALL including: 

ETV6, NOL4L, AUTS2, CBFA2T3, DACH1, FOXP1, and JAK2 (associated with Ph-like 

ALL) (60, 61, 181-184). Gu et al recently defined two new PAX5 subtypes defined by 

distinct gene expression profile and characteristic genetic lesions. PAX5alt ALL is 

characterised by hierarchical gene expression clustering and PAX5 alterations including 

gene rearrangements, and point mutations. This subtype is associated with increased 

incidence of CDKN2A deletions (68%) and IKZF1 deletion (14%). The PAX5 P80R 

subtype was characterised by the Pro80Arg (P80R) mutation and/or gene expression 

profile. Mutations in NRAS, KRAS, PTPN11, and IL7R were common in this subtype 

(60). In children, these subtypes confer an intermediate prognosis, however, the 

PAX5alt subtype is associated with inferior outcomes in adults (60). 

 

1.6.1.6.1. IKZF1 alterations 

IKZF1, which encodes the lymphoid transcription factor IKAROS, deletion is most 

commonly associated with Ph+ and Ph-like ALL (9, 33). IKZF1 alterations were first 

described in paediatric ALL in 2007 by Mullighan et al, where deletions involving 

IKZF1 were identified in 17/192 B-ALL cases analysed by SNP array [Mullighan et al. 

Nature. 2007]. IKZF1 deletions were subsequently shown to be a characteristic feature 

of Ph+ ALL specifically and were identified in 76% of paediatric Ph+ ALL cases (33). 

IKZF1 undergoes alternative splicing to produce multiple transcript isoforms that 

encode a family of zinc-finger DNA-binding proteins (185). In the context of leukaemia 

progression, functions to maintain a stem-like state. IKZF1 deletions most commonly 

result in the production of a dominant-negative isoform (IK6, deletion of exons 4-7) (9, 

33). IKZF1 alterations confer a distinct transcriptional profile, whereby expression of 

leukaemia and haematopoietic stem cell genes is increased, compared to wild-type 

IKZF1 ALL samples. Furthermore, genes involved in DNA damage and repair are 
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depleted, while genes involved in signal transduction: JAK-STAT, PI3K/mTOR and 

Ras/MAPK pathways are enriched (158). 

 

IKZF1 deletion is associated with inferior outcomes, and has been shown to confer 

worse outcomes on a specific genetic background, suggesting a combination of 

mutations are required in the extremely high-risk group of ALL (9, 169). In addition, 

IKZF1 deletions are extremely uncommon in genetic subtypes that confer favourable 

outcomes: ETV6-RUNX1 and high-hyperdiploid (33). More recently, IKZF1 alterations 

have been implicated in leukaemia predisposition (186). 

1.6.2. T-ALL 

1.6.2.1. Dysregulation of transcription factor genes in T-ALL 

Chromosomal alterations are the major genetic driver of B- and T-ALL, and an 

abnormal karyotype is identified in approximately 50% of T-ALL cases (187). 

Chromosomal translocations that result in the juxtaposition of transcription factor genes 

(most commonly TAL1, LMO2, TLX1, and TLX3) with enhancer and promoter regions 

of the TCR genes are a major genetic driver of paediatric T-ALL (30). These 

translocations arise as a result of aberrant V(D)J recombination and occur in 

approximately 35% of cases (187). Chromosomal translocations in T-ALL are often 

accompanied by other chromosomal abnormalities, which are common across all 

molecular subtypes, suggesting that disruption of multiple cellular pathways may be 

required to drive T-ALL (30). In the absence of chromosomal translocations, T-ALL 

patients frequently highly express TAL1, LYL1, LMO1, and LMO2 (188). 

 

1.6.2.1.1. TAL1 dysregulation 

Dysregulation of T-cell acute lymphoblastic leukaemia 1 (TAL1), most commonly by 

t(1;7)(p32;q11) and t(1;14)(p32;q11) chromosomal translocations or 1p32 interstitial 

deletion, is identified in 19-22% of paediatric and young adult T-ALL cases (42). TAL1 

alterations are associated with favourable prognosis (188). The t(1;7)(p32;q11) and 

t(1;14)(p32;q11) chromosomal translocations juxtapose TRB or TRA/D TCR genes 

upstream of TAL1, and together are identified in 6% of T-ALL. The STIL-TAL1 fusion 

is reported to occur in up to 30% of T-ALL cases(189), and is the result of a 90kb 
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interstitial deletion on 1p32 between the 5' untranslated region (UTR) of TAL1 and the 

STIL genes, resulting in aberrant expression of TAL1 (42, 190). 

 

The TAL1 gene belongs to the basic helix-loop-helix (bHLH) family of transcription 

factors, and is a key regulator of haematopoietic stem cell development (191). This 

family of proteins binds DNA at specific enhancer box (E-box) sites in enhancer regions 

of T-cell regulatory genes including CD4 Molecule (CD4) and Pre T Cell Antigen 

Receptor Alpha (PTCRA) (192, 193). TAL1 is thought to act as a transcriptional 

repressor to promote leukaemogenesis, forming heterodimers with class I bHLH 

transcription factors E2A and HEB (E-proteins), preventing E-protein mediated 

transcription, essential for B and T-cell development (194). Aberrant expression of Tal1 

alone is insufficient to induce leukaemia in Tal1-transgenic mouse models 

(195).Patients with TAL1 dysregulated T-ALL frequently exhibit activation of the LIM-

only binding domain proteins, LMO1 and LMO2 (196). 

 

1.6.2.1.2. LMO2 dysregulation 

The LIM Domain Only 2 (LMO2) gene is frequently dysregulated in T-ALL, identified 

in 10% of all cases. Dysregulation of LMO2 occurs by the chromosomal translocations, 

t(11;14)(p13;q11) and t(7;11)(q34;p13), or 11p13 interstitial deletion (191, 197). The 

t(11;14)(p13;q11) and t(7;11)(q34;p13) chromosomal translocations juxtapose LMO2 

with enhancer regions of TRD and TRB, respectively, and are the most common cause 

of LMO2 dysregulation. Activation of LMO2 by retroviral insertion was also shown to 

cause T-ALL in four patients receiving gene therapy for X-Linked Severe Combined 

Immunodeficiency (198).  

 

Ectopic expression of LMO2 in thymus of CD2-Lmo2 transgenic mice is sufficient to 

induce long-latency leukaemia of approximately 10 months. Furthermore, LMO2 

cooperates with TAL1 to induce more aggressive disease in CD2-Lmo2 x CD2-Tal1 

double transgenic mice, with disease onset from 4 months of age (199). LMO1 and 

LMO2, are not DNA binding, and regulate transcription through the formation of 

transcriptional complexes with bHLH proteins TAL1 and LYL1(191). LMO2 has been 

shown to initiate leukaemia by inducing self-renewal properties in thymocytes Lmo2 

transgenic mice (200). 
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1.6.2.1.3. Dysregulation of Homeobox genes: TLX1 and TLX3 

The chromosomal translocations t(7;10)(q34;q24) and t(10;14)(q24;q11), juxtaposing 

the T Cell Leukaemia Homeobox 1 (TLX1/HOX11) gene with TRB and TRA/D 

respectively, account for 7% of paediatric T-ALL. White the cryptic t(5;14)(q35;q32) 

chromosomal translocation results in aberrant expression of the T Cell Leukaemia 

Homeobox 3 (TLX3/HOX11L2) gene, and is identified in 20% of cases (187). Aberrant 

expression of TXL1 has been identified in T-ALL cases in the absence of t(7;10) and 

t(10;14) chromosomal translocations, suggesting that there are alternative mechanisms 

that activate these genes in T-ALL (196). Overexpression of TLX1 is associated with 

favourable outcomes, while TLX3 dysregulation is suggested to be associated with poor 

outcomes (188, 201).  

 

1.6.2.2. Chimeric fusion genes in T-ALL 
Multiple chimeric fusion genes, the result of chromosomal translocations or other 

chromosomal abnormalities, have been identified in T-ALL. These rearrangements most 

commonly involve KMT2A, MLLT10, ABL1 and NUP98 (42). Importantly multiple 

fusion oncogenes involving tyrosine kinase genes (ABL1, JAK2, and PTK2B (FAK2)) 

have been identified, and are potentially amenable to TKI treatment (121).  

 

1.6.2.2.1. t(10;11)(p13;q14); PICALM-MLLT10 

The t(10;11)(p13;q14) chromosomal translocation results in the production of an in-

frame fusion transcript encoding PICALM-MLLT10, and is identified in 8% of 

paediatric T-ALL (202). The t(10;11)(p13;q14) chromosomal translocation is often 

cryptic to conventional karyotype analysis (202). PICALM (also known as CALM) 

encodes a protein that primarily functions in endocytosis, while MLLT10 (also known 

as AF10) encodes a transcription factor that has also been implicated in infant-ALL 

(203, 204). Multiple PICALM-MLLT10 fusion transcripts have been reported in 

multiple cancer types including lymphoma, AML, and T-ALL, and vary on the amount 

of AF10 that is included in the transcript (202). PICALM-MLLT10 is sufficient to 

induce leukaemia in murine syngeneic transplant models (205). The PICALM-MLLT10 

fusion gene is predicted to promote leukaemogenesis through upregulation of HOX 

genes (204). Prognosis of PICALM-MLLT10+ T-ALL depends on the stage of T-cell 

differentiation arrest, but is reported to confer poor outcomes in children (188, 202). 
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1.6.2.2.2. t(11;19)(p23;p13); KMT2A-MLLT1 (MLL-ENL) 

The KMT2A-MLLT10 (also known as MLL-ENL) fusion gene, the result of a 

t(11;19)(p23;p13) chromosomal translocation, encodes a chimeric transcription factor 

protein. KMT2A rearrangements, including KMT2A-MLLT10, are commonly identified 

in infant ALL and are associated with dismal outcomes (103, 203). Interestingly, the 

KMT2A-MLLT10 rearrangement in T-ALL confers a superior prognosis (206). 

1.6.2.2.3. 9q34 episomal amplification; NUP214-ABL1 

The NUP214-ABL1 fusion gene is the result of a 500kb episomal amplification on 

chromosome 9q34, and is identified in 5-10% of T-ALL (120, 207). Multiple in-frame 

NUP214-ABL1 fusion transcripts have been reported in T-ALL, and all fuse 

nucleoporin 214 (NUP214) to exon 2 of ABL1, and encode a constitutively active 

tyrosine kinase (120). Leukaemic transformation by NUP214-ABL1 is dependent on its 

localisation to the nuclear pore complex, and this differs from other ABL1 fusion 

proteins that are primarily localised to the cytoplasm (208). Furthermore, NUP214-

ABL1 induces longer latency leukaemia, exhibits delayed transformation of Ba/F3 cells, 

lower in vitro kinase activity, and is not phosphorylated in the activation loop of the 

kinase domain (Y412), differing from BCR-ABL1 (74, 208). Imatinib, nilotinib, and 

dasatinib have also been shown to specifically reduce viability of human T-ALL cell 

lines harbouring NUP214-ABL1 (209). NUP214-ABL1 is generally associated with poor 

clinical outcomes, but improved responses to chemotherapy regimens with the inclusion 

of TKIs have been described (210). 

 

Overexpression of either TLX1 or TLX3 is identified in almost all NUP214-ABL1+ T-

ALL cases (120, 211). Furthermore, it has recently been shown that NUP214-ABL1 

cooperates with TLX1 to drive short-latency leukaemia in a transgenic mouse model 

(211). This study showed that NUP214-ABL1 and TLX1 cooperate to upregulate the 

JAK-STAT pathway and increase expression of STAT5 gene targets, including Myc and 

Bcl2. In addition, the authors showed that combination of imatinib and ABT-199 (BCL-

2 inhibitor) was highly efficient at killing NUP214-ABL1+ TLX3+ PDX cells, and was 

more effective than either inhibitor alone (211). 
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1.6.2.3. Activating NOTCH1 mutations in T-ALL 
NOTCH1 mutations are identified in approximately 60% of paediatric T-ALL and are 

associated with poor outcomes (188). Juxtaposition of NOTCH1 with the TRB locus 

also occurs in a small number of T-ALL cases, and is the result of a t(7;9)(q34;q34) 

chromosomal translocation (212, 213). The NOTCH1 gene encodes a transmembrane 

protein with an extracellular subunit containing multiple epidermal growth factor 

(EGF)-like repeat subunits which mediate ligand binding and initiation of multiple 

proteolysis cleavage events to release intracellular Notch, which is translocated to the 

nucleus. In the nucleus, Notch interacts with the transcriptional repressor CSL and 

recruits co-activator proteins to initiate transcription of Notch target genes (30). The 

Notch proteins regulate the commitment of haematopoietic progenitors to the T-cell 

lineage, and promote their proliferation, differentiation and survival (30). NF-κB has 

been shown to be important for intracellular Notch1-induced T-ALL in vivo. Mice 

transplanted with Notch1 infected bone marrow cells on an NF-κB mutant background 

exhibit delayed onset of leukaemia compared to wild-type counterparts (214). 

Furthermore, Human T-ALL cell lines have been shown to be sensitive to NF-κB 

inhibition, highlighting a potential therapeutic approach to treating T-ALL with 

activating NOTCH1 mutations (214). 
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1.7. Dysregulation of cellular pathways in leukaemia 

1.7.1. Biological features of a cancer cell 
A succession of genetic changes is required to transform and ordinary cell into a 

cancerous cell. The Hallmarks of Cancer outlines a distinct set of features that are 

required for the survival and progression of a cancer cell (215, 216). These features 

include: Resistance to cell death, maintenance of proliferative signalling, evasion of 

growth suppressors, invasion and metastasis of distant tissues, induction of 

angiogenesis, replicative immortality, and the induction of angiogenesis. In vitro, 

measurement of the effect of oncogenic expression on both cell survival and cell 

proliferation has become the gold standard of cancer research. Moreover, growth factor 

dependent cell models can be employed to assess the ability of oncogenes to maintain 

proliferative signalling and block the induction of apoptosis. This is particularly 

relevant in exploring kinase-activating mutations (217). 

 

1.7.2. Intrinsic apoptotic pathway 
Evasion of apoptosis is critical for the survival and expansion of cancer cells. Somatic 

alterations in genes involved in the apoptotic pathway are observed in all cancer types 

and commonly include amplification of pro-survival genes, MCL1 and BCL2, and 

deletion of pro-apoptotic genes, including BOK (218). Chimeric proteins that 

characterise a number of subtypes of B-ALL including: BCR-ABL1 and ETV6-RUNX1 

are known to inhibit apoptosis by either upregulating pro-survival Bcl-2 family 

members or inhibiting the pro-apoptotic BH3-only domain proteins (219-221). Specific 

mechanisms by which fusion genes repress apoptosis in ALL are discussed further in a 

review I published in the Journal of Biological Chemistry (see Appendix A1). 

 

The intrinsic (or mitochondrial) apoptotic pathway is activated in response to apoptotic 

stimuli including intracellular stress signals as well as developmental cues. This 

pathway is primarily regulated by the BCL-2 family of proteins, which either have a 

pro-survival (anti-apoptotic) or pro-apoptotic function (222). The BCL-2 family is 

comprised of at least 20 structurally related proteins, whereby each protein is formed by 

a combination of the four BH domains (BCH-2 homology regions 1-4, BH1-4). The 

anti-apoptotic family members include: BCL-2, BCL-XL, BCL-w, and A1. The pro-
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apoptotic family members are further subdivided into BAK/BAX subfamily and the 

BH-3 only proteins, which include: BIM, BAD, BID, BIK, BMF, PUMA, NOXA, and 

HRK (223). The anti-apoptotic and BH3-only proteins interact to directly or indirectly 

activate or repress activation of BAK/BAX (222, 223). Activation of BAK/BAX 

promotes permeabilisation of the outer mitochondrial membrane, releasing Cytochrome 

c (224, 225). This is the "point of no-return" and initiates a cascade of downstream 

events; activation of APAF-1, caspase-9, downstream effector caspases, and cell death 

(226, 227). Regulation of apoptosis by BCL-2 family proteins is depicted in Figure 1.2. 

 

Given the implication of upregulation of pro-apoptotic proteins, mainly Bcl-2, in a 

number of subtypes of leukaemia, there has been an emphasis on trying to target these 

therapeutically (228). Details on specific developments in therapeutic targeting of pro-

survival proteins in ALL and other haematological malignancies are discussed in 

section 1.8.1. 

 

 
Figure 1.2. Regulation of apoptosis by the BCL-2 family of proteins 
BH3-only and anti-apoptotic BCL-2 proteins mediate activation of BAK/BAX. BH3-
only proteins facilitate activation of BAK/BAX, and initiate their oligomerisation, by 
direct binding of BAK/BAX or inhibition of the anti-apoptotic BCL-2 family members. 
Anti-apoptotic BCL-2 proteins repress BAK/BAX activation by inhibiting BH3-only 
proteins or directly inhibiting BAK/BAX activation. Oligomerisation of BAK or BAX 
forms a pore in the mitochondrial membrane, releasing cytochrome c. This event 
defines the "point of no-return". This initiates activation of APAF-1 and caspase-9, 
formation of the apoptosome, and activation of effector caspases: caspase-3 and 
caspase-7. 
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1.7.3. Tyrosine kinase and cytokine receptor signalling 
Tyrosine kinases play a key role in mediating signal transduction and activation of 

cellular pathways (229). Tyrosine kinases come in two varieties: receptor tyrosine 

kinases (RTKs) and non-receptor tyrosine kinases. RTKs are transmembrane proteins 

that contain an extracellular ligand-binding domain that transduce signal through 

adaptor and effector proteins following ligand binding. Examples of RTKs implicated in 

childhood acute leukemias include: PDGFRA, PDGFRB, and FGFR1. Non-receptor 

tyrosine kinases are cytoplasmic proteins that act downstream of RTKs and non-

tyrosine kinase cytokine receptors, to propagate signals within a cell (230). Common 

examples of non-receptor kinases include the JAK kinases, SRC family kinases, and c-

ABL. 

 

Cytokines normally function to aid communication between cells, particularly in the 

haematopoietic system, and they exert their effects by binding their associated receptors 

(230). Cytokine receptors are cell surface proteins that comprise of a extracellular 

cytokine homology domain (CHD) which facilitate ligand binding, and an intracellular 

domain which mediates interactions with downstream tyrosine kinase and signal 

transduction molecules (231). They can be divided into two general classes, Class I; 

which comprise three families of cytokine receptors which share a common chain, and 

Class II (232). Both classes of receptors lack intracellular kinase activity and rely on 

recruitment of downstream tyrosine kinases to propagate their signalling effects (231). 

Upon ligand binding, cytokine receptors undergo conformational changes that activate 

tyrosine kinase, commonly JAKs, to initiate various downstream signalling cascades, 

including phosphorylation of and subsequent translocation of STAT to the nucleus to 

initiate gene transcription. The signalling cascade is terminated by a number of 

mechanisms including the action of tyrosine phosphatases (SHP), and induction of 

suppressor of cytokine signalling (SOCS) proteins that initiate a negative-feedback loop 

(231). 

 

Cytokines play a crucial role in the maintenance of the haematopoietic stem cell (HSC) 

population, and regulate their cellular commitments in response to various stress 

stimuli, in order to maintain hematopoietic homeostasis (233). Imbalances in cytokine 

signalling can have crucial impacts on the haematopoietic system, and if these 
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imbalances favour proliferation and cell survival, it can lead to cancer (234). Given the 

key role of cytokines in regulating haematopoiesis and their reliance on tyrosine kinases 

to exert their effects, cytokine-dependent cell lines are the gold-standard model for 

exploring the function of tyrosine kinase-activating fusion genes, which can bypass 

cellular dependence on exogenous cytokine (235). 

 

The IL-3/ IL-5 and GM-CSF family, also termed the beta-common (βc) family, are a 

class I family of cytokine receptors, which all bind and exert their effects through one 

common βc receptor chain (236). The combination of the βc receptor chain and 

cytokine specific α receptor chains forms the IL-3, IL-5 and GM-CSF specific 

receptors. While the βc family of cytokines exert specific effects on distinct cell types, 

in cells that are responsive to all three cytokines they are functionally similar (237). 

Binding of IL-3/IL-5 and GM-CSF prompts heterodimerisation between the cytokine 

specific α chain and βc, and induces gene transcription, cell survival and gene 

expression, through phosphorylation and activation of JAK/STAT, PI3K/Akt, and 

Ras/Raf/MEK/ERK pathways (238). The IL-3/IL-5/GM-CSF receptor family more 

specifically mediates the function of myeloid cells, and its deregulation has been linked 

to myeloid malignancy (236). Overexpression of the IL-3 receptor α (IL-3Rα) chain, 

CD123, has been found in over 40% of AML patients (238). Furthermore, levels of 

CD123 expression have been found to specifically correlate with reduced patient 

survival (239). 

 

Interleukin-7 (IL-7) is a member of the common gamma-chain (γc, or IL-2Rγ chain) 

family of class I cytokine receptors which comprises IL-2, IL-4, IL-7, IL-9, IL-13, IL-

15, and IL-21, and these cytokines primarily mediate the function of lymphoid cells 

(232). The IL-7 receptor is a non-tyrosine kinase receptor type I comprised of two 

chains, the IL-7 binding chain (IL-7Rα) and the common IL-2Rγ (240). The 

transcription factors, PU.1 and GABP, are required to initiated transcription of the 

IL7Rα in B and T cells respectively (241). In the inactive form, JAK1 is bound to the 

intracellular domain of IL-7Rα, and JAK3 is bound to the intracellular domain of IL-

2Rγ, and the physical distance between the chains of the receptor inhibit the JAK 

kinases from self-activating (154). Upon ligand binding to IL-7Rα, IL-2Rγ is recruited 

and they form a heterodimeric receptor resulting in transphosphorylation of the JAK 
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kinases and signalling activation (see Figure 1.3). Signalling from the IL-7 receptor 

results in activation of a number of downstream pathways including JAK/STAT and 

PI3K/AKT, and activates pro-survival proteins (BCL-2, MCL-1) and inhibits pro-

apoptotic (BIM, BAD). This ultimately results in gene transcription, proliferation and 

survival (154).  

 

IL-7Rα has a role to play in the pathogenesis of CRLF2 rearranged BCP-ALL (31). 

CRLF2, also known as TSLPR, forms a heterodimer with IL-7Rα to form the receptor 

for TSLP, as described in section 1.6.1.1.2. IL-7Rα is expressed on the surface of most 

B-cell precursor cells, and overexpression of CRLF2 most likely results in functional 

TSLP receptor on cells that may not normally express this (154). Increased levels of 

phosphorylated JAK2 and STAT5 have been observed in primary CRLF2 rearranged 

ALL samples (242). Furthermore, TSLP, but not IL-7, induced dose dependent 

proliferation, and increase in expression of phosphorylated STAT5, in ALL cell lines 

(242). 
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Figure 1.3. IL-7 signalling 
In the inactive form, JAK1 and JAK3 are bound to the intracellular domain of IL-7Rα, 
and IL-2Rγ, respectively. IL-7 binds and signals through the IL-7Rα-IL-2Rγ 
heterodimer, resulting in transphosphorylation of JAK kinases and activation of 
downstream signalling pathways. STAT5 is phosphorylated and translocated to the 
nucleus to initiate gene transcription. PI3K-AKT signalling and pro-survival proteins 
are activated, while pro-apoptotic proteins are inhibited, resulting in proliferation and 
cell survival. 
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1.7.3.1. ABL1 signalling and ALL 
ABL1 kinase activation is the key leukaemogenic event implicated in Ph+ and 10-15% 

of Ph-like B-ALL, as well as NUP214-ABL1+ T-ALL (10, 53, 120). Signalling 

requirements of rare ABL1 fusions have not been studied, and as a result this section 

will focus on mechanisms of activation and signal transduction by BCR-ABL1. 

 

The ABL1 gene encodes a 1.1kDa non-receptor tyrosine kinase that contains a SRC 

Homology 2 (SH2), SRC Homology 3 (SH3), tyrosine kinase, and F-actin binding 

domain (see Figure 1.4). ABL1 also has a conserved PTTP motif that facilitates binding 

of SH3 domain-containing proteins. ABL kinases, ABL1 and ABL2, are required for 

cancer cell invasion and metastasis, and are activated as a result of overactive receptor 

tyrosine kinases, chemokine receptors, SRC kinases or oxidative stress. The kinase 

activity of ABL1 is normally regulated by the formation of the SH3-SH2-SH1 clamp 

(inactive state), which is stabilised by the binding of the myristoylated residue in the N-

terminal of ABL1 to a hydrophobic pocket within the kinase domain (53). 

 

 
Figure 1.4. The ABL1 protein 
The ABL1 protein is a non-receptor tyrosine kinase that contains an N-terminal SH3 
domain (blue), SH2 domain (green), tyrosine kinase domain (orange), and a C-terminal 
F-actin (FABD) biding domain (purple). Activation of the kinase domain of ABL1 is 
caused by phosphorylated in the activation loop of the tyrosine kinase (Y412). Protein 
schematic was obtained from the St Jude Children's Research Hospital – Pecan Data 
Portal (https://pecan.stjude.cloud) and edited in Adobe Illustrator CC v22.1. 
 

While each BCR-ABL1 isoform is largely associated with formation of distinct subtypes 

of leukaemia, this association is not absolute (243). However, the preference for 

induction of different forms of leukaemia suggests that the mechanisms by which each 

fusion protein functions favours a specific disease-type. There have been many studies 

that have investigated the molecular mechanism of leukaemia progression by BCR-

ABL1 chimeric proteins, in both the context of CML and p210 BCR-ABL1, and to a 
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lesser extent, B-ALL and p190 BCR-ABL1. Two recent studies used 

phosphoproteomics to directly compare signalling requirements for p190 BCR-ABL1 

and p210 BCR-ABL1 (244, 245). These studies showed that p190 and p210 BCR-

ABL1 differentially phosphorylate downstream targets including STAT transcription 

factors and SRC family kinases. 

 

The p190, p210 and p230 BCR-ABL1 fusions have been shown to have similar 

potential to induce CML-like disease in vivo when recipient mice are transplanted with 

retrovirally transduced bone marrow from 5-fluorouracil (5-FU)-treated donor mice. In 

contrast, only the P190 BCR-ABL1 fusion induces short-latency lymphoid leukaemia, 

when bone marrow from non-5-FU donor mice is transplanted (246). ABL1 tyrosine 

kinase activity is required for transformation by BCR-ABL1, however, p190 BCR-

ABL1has been shown to have a higher tyrosine kinase activity compared to the p210 

and p230 isoforms (246, 247). Transformation by BCR-ABL1 oncoproteins hinges on 

the activation of three pathways: JAK/STAT, RAS/RAF/MAPK, and 

PI3K/AKT/mTOR, to promote gene transcription, proliferation and cell survival (see 

Figure 1.5). 
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Figure 1.5. Signal transduction by p190 BCR-ABL1 
The top panel shows the monomer structure of the p190 BCR-ABL1 chimeric protein, 
comprising of an N-terminal coiled-coiled domain (CC, purple), serine/threonine kinase 
domain of BCR (S/T kinase, orange), SH3 (blue), SH2 (green), tyrosine kinase (Y 
kinase, orange), and F-actin binding domain (FABD). Tyrosine phosphorylated residues 
are also highlighted by lollipops (P, yellow), and include Y177 in the BCR region, and 
Y245 and Y412 in the ABL1 region of the protein. This monomer protein oligomerises 
with neighbouring molecules and results in transphosphorylation of the kinase, shown 
below (BCR-ABL1 oligomer). This results in phosphorylation of the Y177 residue by 
BCR-ABL1 itself and HCK, allowing for interaction with GRB2/GAB2/SOS complex 
and activation of RAS/RAF/MEK/ERK and JAK/STAT signalling. ABL1 kinase 
activation and interaction with downstream adaptor proteins (SOS, CRKL) provides an 
alternative mechanism of activation for RAS signalling and PI3K/AKT pathways. 
 

 

BCR-ABL1 mediates activation of downstream pathways, primarily RAS signalling, 

through multiple mechanisms of signal transduction (248). Aside from tyrosine kinase 

mediated phosphorylation and activation by the ABL1 kinase, the SH2 domain of 

ABL1, and tyrosine residue 177 (Y177) of BCR mediate signal activation by directly 

and indirectly biding and activating adaptor and signal transduction proteins. CRKL is 
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an SH2 and SH3 domain containing adaptor protein that is a well-established substrate 

of ABL1, and is critical for complete transformation by BCR-ABL1 (249). CRKL 

interacts with an SH3 domain-binding region in ABL1 and interacts with SOS to 

activate RAS signalling (249, 250). SOS1, a RAC guanine nucleotide exchange factor 

(GEF), is phosphorylated by the kinase domain of BCR-ABL1 and mediates RAS 

activation (251). PI3K/AKT/mTOR signalling has also been shown to be crucial for the 

induction of BCR-ABL1 disease, evidenced by PI3K deletion blocking BCR-ABL1 

induced leukaemia in vivo (252). Like RAS signalling, PI3K/AKT signalling is 

activated by multiple overlapping pathways. GAB2-mediated binding to PI3K and 

activation of PI3K/AKT signalling is required for CML, but not B-ALL (253). On the 

other hand, SRC family kinases have been shown to be required for the development of 

lymphoid disease, but not myeloid (254). More recently SHP2 has been shown to be an 

important mediator of PI3K/AKT signalling activation by BCR-ABL1, and is required 

for the induction of myeloid and lymphoid disease in vivo (255). 

 

The SH2 domain is present in a variety of signalling molecules and primarily mediates 

protein-protein interactions by binding tyrosine phosphorylated peptides but can also 

mediate interactions independently of phosphotyrosine binding. The SH2 domain binds 

and phosphorylates docking protein 1 (DOK1) and CBL, and interacts with BCR and 

SHC, adaptor protein, in a phosphotyrosine-independent manner (256). Mutation of the 

SH2 domain does not alter the capacity of p210 BCR-ABL1 to transform 

haematopoietic cell lines to cytokine independence (257).  However, SH2 domain 

mutation or deletion from p210 BCR-ABL1 was shown to delay disease onset and 

induce an initial expansion in B-lymphocytes prior to onset of myeloproliferative 

disease (MPD), in murine syngeneic transplant models. In contrast, mice transplanted 

with retrovirally transduced wt p210 BCR-ABL1 rapidly succumbed to MPD within 20 

days post-transplant (258). These results suggest that deletion or mutation of the SH2 

domain partially blocks B-cell development. 

 

Y177 in BCR plays a key role in mediating signal transduction by BCR-ABL1. GRB2 

was originally shown to interact with BCR-ABL1 by directly binding Y177 and 

activating RAS signalling, by forming a protein complex with GAB2 and SOS (259). 

Growth Factor Receptor Bound Protein 2 (GRB2) is an SH2 and SH3 domain 
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containing protein, that interacts with BCR 177 through binding of its SH2 domain, and 

associates with RAS through its SH3 domain. Y177 mediated binding of GRB2/GAB2 

complex has been shown to be essential for the development of myeloid, but not 

lymphoid, disease in vivo (260). GRB2-related adaptor protein 2 (GADS) has also been 

shown to be required for the development of lymphoid disease in vivo (261). Y177 is 

autophosphorylated by BCR-ABL1, but is also phosphorylated by the SRC family 

kinase, HCK (254). 

 

Biological studies describing the function of rare ABL1 fusions are limited. The 

acquisition of dimerisation motifs from the fusion partner is essential for transformation 

by ABL1 kinase domain activation but the contribution of the partner to signalling has 

not been studied. It has been suggested that the fusion partner may contribute to signal 

transduction and localisation of the fusion to mediate function. 

 

1.7.3.2. FGFR1 signalling and 8p11 MPN 
The FGFR1 is an RTK that is normally activated by FGF ligand binding, which 

promotes dimerisation of the receptor and signal transduction. FGFR1 signalling 

regulates a variety of cellular processes including cell proliferation, survival, migration 

and differentiation (71). The FGFR1 receptor mediates activation of JAK/STAT, 

PI3K/AKT/mTOR and RAS/RAF/MEK/ERK pathways through the adaptor protein 

FRS2 (FGFR substrate 2). FRS2 binds and activates a number of adaptor proteins 

including GRB2, SOS, and GAB1, leading to activation of JAK2, PI3K and RAS (see 

Figure 1.6). Fusion of an N-terminal partner, for example CNTRL in 8p11 MPN, to the 

C-terminal region of FGFR1, including the kinase domain, facilitates dimerisation and 

transphosphorylation of the tyrosine kinase (134). Analysis of FGFR1 fusions in cell 

line models has shown that these fusions specifically increase phosphorylation of 

STAT5 and ERK1/2 (73, 262). FGFR1 fusion proteins, ZMYM2-FGFR1, CNTRL-

FGFR1, and BCR-FGFR1, have also been shown to activate SRC kinase (263). 
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Figure 1.6. Activation of FGFR1 kinase signalling 
The FGFR1 receptor tyrosine kinase (RTK) is normally activated by FGF ligand 
binding which induces dimerisation of two FGFR chains and downstream signalling 
activation. When a fusion partner is bound to this receptor, containing N-terminal 
dimerisation domains, it results in constitutive activation of the kinase and FGF ligand 
is no longer required to induce transphosphorylation and signalling. Once the FGFR1 
receptor is activated it becomes phosphorylated on seven tyrosine residues, creating 
docking sites for adaptor proteins. FGFR1 primarily signals through the FRS2 adaptor 
protein to recruit GRB2 and activate downstream pathways: JAK/STAT, PI3K/AKT, 
and RAS/RAF/MEK/ERK. 
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1.8. Therapeutic targeting of dysregulated pathways 

1.8.1. BH3 mimetics: targeting pro-survival proteins 
Amplification of pro-survival genes, mainly MCL1 and BCL2, is a recurrent feature of 

cancers, and this has prompted the development of therapies to target pro-survival 

proteins (218, 264). A new class of therapeutic compounds have been developed to 

specifically bind and inhibit pro-survival proteins, to induce apoptosis in cancer cells. 

These compounds are termed 'BH3 mimetics', as they mimic the function of the pro-

apoptotic BH3-only proteins and inhibit pro-survival proteins by binding their 

hydrophobic groove (265). Multiple studies have highlighted the efficacy of BH3 

mimetics to haematological malignancies in adults. The BCL-2 selective inhibitor 

(venetoclax, or ABT-199) has had the greatest success and has been tested in a number 

of phase I and II clinical trials primarily for relapsed or refractory CLL, but has also 

been tested in relapsed for refractory AML and multiple myeloma (266). In paediatrics, 

KMT2A rearranged ALL PDX mice have been shown to be specifically sensitive to 

venetoclax (267). While multiple BH3 mimetics had been developed to target BCL-2, 

BCL-XL and BCL-w, with varying levels of inhibitory activity and tolerance, a selective 

MCL-1 inhibitor had evaded researchers and drug developers (265).  

 

A selective MCL-1 inhibitor, S63845, was developed in 2016 and effectively killed a 

number of multiple myeloma and lymphoma derived cell lines (268). This inhibitor was 

shown to bind MCL-1 with greater affinity than the previously described MCL-1 

inhibitor, A-1210477, and was well tolerated in mice (268, 269). MCL-1 has been 

implicated in cancer cell survival in a number of malignancies including multiple 

myeloma and AML (270, 271). Furthermore, MCL-1 expression has also been 

implicated in therapeutic resistance to ABT-737, a pre-clinical compound that inhibits 

BCL-2, BCL-XL and BCL-w (272). In the context of ALL, high expression of MCL-1 is 

associated with chemotherapy resistance in KMT2A-rearranged ALL (273). MCL-1 is 

also critical for the function of BCR-ABL1 mediated cell survival. There is a selection 

against deletion of MCL-1 in p190 BCR-ABL1+ Arf1-/- cells, however this can be 

overcome with overexpression of BCL-2 or BCL-BCL-XL (219). Furthermore, imatinib 

and trametinib (MEK inhibitor) has been shown to mediate killing of BCR-ABL1+ cells 

by dephosphorylation of BIM, allowing BIM to bind and repress MCL-1 (274, 275). In 

addition, repression of MCL-1 shifts cellular dependence to BCL-2 and BCL-XL for 
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BCR-ABL1+ leukaemic cell survival, and sensitises cells to ABT-199 and ABT-263 (or 

navitoclax) (275). These results highlight the reliance of leukaemic cells to balance 

expression of pro-survival proteins, MCL-1, BCL-2 and BCL XL to maintain survival. 

 

Given that cancer cells employ multiple mechanisms to evade apoptosis and maintain 

leukaemic cell survival, research focus has shifted to exploring the efficacy of 

combination therapies. Combining venetoclax with rituximab, anti-CD20 antibody, to 

treat relapsed CLL had been shown to increase the complete remission rate to twice that 

of venetoclax monotherapy (276).  

Selective co-targeting of pro-survival proteins has recently emerged as a potential 

therapeutic option to overcome chemotherapy resistance. "BH3 profiling" has been 

proposed as a method to choose effective therapies targeting the pro-survival proteins 

by measuring the dependency of individual cancers on their expression at baseline 

(277). Combined targeting of BCL-2 and MCL-1 effectively cures NOD scid gamma 

(NSG) mice transplanted with AML cells in vivo (278). Furthermore, recent studies 

have highlighted the efficacy of combined BCL-2/MCL-1 targeting in cell line and 

PDX mouse models of B-ALL (279). 
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1.8.2. Kinase inhibitors: targeting activated kinases 
Kinase inhibitors are small molecular compounds that have now been developed to 

target a number of kinases that are recurrently activated in ALL, and other 

haematological malignancies. The majority of kinase inhibitors are Type 1 or Type 2 

ATP-competitive inhibitors and bind to the 'active' and 'inactive' conformation of the 

kinase, respectively. Examples of ATP-competitive inhibitors include TKIs: imatinib, 

dasatinib. Allosteric inhibitors, which bind outside of the ATP-binding site, exhibit the 

highest degree of specificity and include MEK inhibitors, selumetinib, CI-1040, and 

PD334581 (280).  

 

Imatinib was the first selective TKI to be Food and Drug Administration (FDA)-

approved for the treatment of CML, characterised by the hallmark BCR-ABL1 fusion 

gene (281). Imatinib, in combination with intensive chemotherapy, was then shown to 

improve outcomes in paediatric patients with Ph+ ALL, and was subsequently 

incorporated into treatment regimens as standard of care (76). Acquired therapeutic 

resistance of CML patients to imatinib prompted the development of second and third 

generation TKIs, including dasatinib, nilotinib and ponatinib, that exhibit inhibitory 

activity against an array of imatinib-resistant BCR-ABL1 mutations (282). While adult 

patients with Ph+ ALL on imatinib monotherapy commonly harbour kinase domain 

point mutations at relapse, these are rare in paediatric patients (283, 284). In spite of 

this, the increasing arsenal of clinically approved TKIs that exhibit pan-kinase activity 

has opened up therapeutic opportunities for patients with ALL, or other malignancies, 

associated with rare kinase activating fusions or mutations. 

 

In recent years, transcriptome analysis of large paediatric B-ALL cohorts has resulted in 

the identification of driver cytokine receptor and kinase activating fusions and sequence 

mutations, particularly in Ph-like ALL (10, 62, 115). Cytokine-dependent cell line 

models and murine transplant models have allowed for pre-clinical evaluation of 

sensitivity of recurrent mutations, including: ABL1, ABL2, CSF1R, PDGFRB and JAK2, 

to TKIs (115, 159). Furthermore, there are an increasing number of case reports 

describing clinical responses to TKIs in patients with ALL driven by rare tyrosine 

kinase-activating fusions (143). In spite of the presence of actionable lesions and 

incorporation of TKIs into therapeutic regimens, outcomes for patients with ALL driven 
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by rare kinase activating fusions, namely ABL-class rearrangements, remain poor (142, 

148).  

 

While tyrosine kinase inhibitor therapy has resulted in clinical success for Ph+ ALL and 

Ph-like ALL patients with ABL-class rearrangements and JAK/STAT pathway 

mutations, there are no targeted therapies currently available for patients with FGFR1 

kinase driven disease (76, 285, 286). While dovitinib, a potent RTK inhibitor of 

FGFR1, showed pre-clinical efficacy in FGFR1-rearranged MPN-derived patient cell 

lines (73, 287). Ponatinib, has been shown to have inhibitory activity against FGFR1 

fusions in vitro, and is currently the best available targeted therapy for treating FGFR1-

driven malignancies (262, 288). Clinical use of imatinib to treat FGFR1-rearranged 

MPN has been described in a single case report, and while the patient initially showed 

marked reduction in leukaemic burden, evidence of possible drug toxicity was observed 

and ponatinib treatment was ceased (133). Sorafenib, a RAF kinase inhibitor with some 

inhibitory activity against FGFR1, also resulted in an initial disease reduction in a 

patient with BCR-FGFR1+ MPN however the patient ultimately succumbed to relapsed 

disease (289). These data, together with continuing evidence of poor clinical outcomes 

in Ph-like ALL patients in spite of TKI therapy, suggest that alternative downstream 

drug targets and combination therapies need to be explored in these malignancies. 
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1.9. A personalised medicine approach to treat ALL 
ALL is extensively genetically characterised, and recurrent genomic features, including 

t(9;22) BCR-ABL1, are incorporated into clinical algorithms to assign risk prior to 

assignment of induction chemotherapy regimens (78). In addition, algorithms have now 

been developed that utilise transcriptome sequencing data to perform gene expression 

profiling and identify rare kinase-activating lesions in B-ALL patients (75). Targetable 

lesions can be identified in a large number of B-ALL patients that present with high-risk 

clinical features including: ABL-class rearrangements and JAK-STAT activating 

mutations (75). In spite of this, genomic features including Ph-like gene expression 

signature and IKZF1 deletion, which are associated with inferior outcomes in many 

studies, are not routinely analysed in patients diagnosed with B-ALL in Australia (8-10, 

114).  

 

Studies suggest that 58-68% of cytogenetic changes associated with ALL will be 

detected with G-banding karyotype (290, 291). However, it is important to note that 

these studies predominately analysed B-ALL cases. FISH analysis, commonly including 

probes for detection of rearrangements that can be cryptic to karyotype analysis 

including BCR-ABL1, KMT2A rearrangement, and ETV6-RUNX1, will classify 20-30% 

of B-ALL and <5% of T-ALL cases. FISH relies on the use of specific probe sets based 

on established clinical relevance, meaning that its utility is limited to classify standard 

ALL. While these results suggest that up to 90% of ALL patients, the proportion of T-

ALL patients specifically is significantly lower. Given that only conventional karyotype 

and FISH analysis are performed as standard-of-care in Australian hospitals, there 

remains an unmet clinical need for patients with non-standard ALL, suggesting the 

implementation of further genomic analysis for ALL patients that do not harbour 

subtype-defining lesions. 

 

In addition to the identification of potential drug targets, it is imperative to have pre-

clinical models in which to test the growing arsenal of targeted compounds. Primary 

cell lines and PDX mouse models are providing new and more biologically relevant 

models in which to test pre-clinical drugs, and allow for the testing of a spectrum of 

drugs on rare and novel genetic drivers (115, 292).  
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Increased understanding of genetic drivers, and the development of biological models to 

test therapies have made it possible to envisage the implementation of a personalised 

medicine pipeline to treat paediatric patients with B-ALL. However, these areas are 

lacking in both T-ALL and other rare forms of paediatric leukaemia, including FGFR1-

rearranged MPN. The implementation of NGS sequencing technologies, mainly RNA-

seq, in the standard-of-care diagnostic testing for all paediatric patients diagnosed with 

leukaemia may increase understanding of the genomic features of rarer forms including 

T-ALL and FGFR1-rearranged MPN. With the ultimate goal being the identification of 

new and rational therapeutic targets.  
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1.10. Aims and Hypotheses 
 

Aims: 

The overarching aim of this PhD is to identify novel and rare fusion genes in paediatric 

ALL using RNA-seq and understand the mechanisms by which these fusions function to 

drive leukaemia. Specific aims addressed in each chapter are given below: 

 

Chapter 3:  To use RNA-seq to identify fusion genes and understand genetic drivers 

of leukaemia in a cohort of paediatric ALL patients 

 

Chapter 4:  To understand the structure and function of the CNTRL-FGFR1 fusion in 

biphenotypic leukaemia and explore implications for therapy and disease monitoring 

 

Chapter 5:  Understand biological differences between different ABL1 fusions in B-

ALL and how these differences contribute to disease and response to therapies 

 

Chapter 6:  Identify downstream signalling pathways activated by p190 BCR-ABL1 

and SFPQ-ABL1 using phosphoproteomics 

 

Hypotheses: 

- Fusion detection using RNA-seq will identify fusion transcripts that are cryptic 

to standard-of-care cytogenetic testing, in patients that did not have a standard 

genomic alteration identified clinically  

 

- CNTRL-FGFR1 transcript information obtained from RNA-seq will enable the 

design of patient specific MRD assays. Cells expressing the CNTRL-FGFR1 

fusion will be sensitive to kinase inhibitors that specifically inhibit FGFR1 

 

- Rare ABL1-activating fusions will exhibit different biological properties to 

P190 BCR-ABL1, and these will alter response to therapies 

 

- P190 BCR-ABL1 and SFPQ-ABL1 activate different downstream signalling 

nodes 
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2. Materials and Methods 

 

2.1. Study design 
We retrospectively studied 126 patients whom were diagnosed with acute lymphoblastic 

leukaemia (ALL) at the Royal Children’s Hospital (RCH) from September 2009 to 

August 2018. Blood and bone marrow samples were obtained from the Children's 

Cancer Centre (CCC) Tissue Bank, Murdoch Children's Research Institute (MCRI). We 

performed RNA-seq on all 126 patients. All cases had been analysed by G-banding, 

Fluorescence In Situ Hybridisation (FISH), and flow cytometry for DNA ploidy as 

standard of care clinical diagnostics. Patients received long-term follow-up to assess 

outcome measures including; death, relapse and bone marrow transplant (BMT). Length 

to follow-up varied given the recent diagnosis for the majority of our patient cohort. 

Data was locked on 18 December 2018. 

 

The use of patient leukaemia samples for RNA-seq was approved by the Royal 

Children's Hospital Human Research Ethics Committee (HREC 34127). 

 

2.1.1. Cytogenetics 
G-banding (conventional karyotype), targeted FISH results (performed at Victorian 

Clinical Genetics Services (VCGS)), and DNA index were obtained for all patients. 

FISH were performed using five probe sets; including three translocation probes, BCR-

ABL1, ETV6-RUNX1, TCF3-PBX1, a KMT2A break apart probe, and a CEP 4, 10 

&17(triple trisomy) probe. DNA index, measured by flow cytometry, and chromosome 

analysis were used to identify hyperdiploid and hypodiploid samples. Conventional 

karyotype and FISH were used to determine the presence of chromosomal 

rearrangements. Patients were classed as 'defined' if they classified into one of the seven 

established subtypes of B-lymphoblastic leukemia/lymphoma, or the provisional entity 

early T-cell Precursor ALL (ETP-ALL), as described in the WHO 2016 revision of the 

classification of myeloid neoplasms and acute leukemias (11).  
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2.1.2. Non-standard molecular analysis 
SNP microarray and RQ-PCR are performed as non-standard auxiliary tests for patients 

whom did not obtain a meaningful clinical result, the result informs treatment 

assignment and/or classification into established subtype of ALL, from standard-of-care 

cytogenetics, G-banding and FISH analysis. Therefore, SNP microarray and RQ-PCR 

were not performed on all patients analysed in our ALL RNA-seq study. We used SNP 

microarray (available for 53 patients) and RQ-PCR (available for 41 patients) data to 

determine IKZF1 deletion status. Single Nucleotide Polymorphism (SNP) microarray 

was performed at VCGS) and Real-time Quantitative-Polymerase Chain Reaction (RQ-

PCR) was performed at Children’s Cancer Institute (CCIA). For RQ-PCR, four assays 

were performed to test for specific IKZF1 deletions, IKZF1 del2-7, IKZF1 del2-8, 

IKZF1 del4-7, and IKZF1 del4-8 (293, 294). RQ-PCR was performed on DNA with 

Bio-Rad iQ Supermix (Hercules) mastermix using a touchdown program (with 

extension temperature dropping by 1°C from 71°C to 61°C and then a further 45 cycles) 

on the Bio-Rad (Hercules) CFX96 platform. Probes and primer sequences used are 

detailed in Table 2.1.  

 

Table 2.1. RQ-PCR probe and primer details 
Probes and primers Sequences 
Forward primer for IKZF1 Δ4- TCTTAGAAGTCTGGAGTCTGTGAAGGT 
Matching probe to detect IKZF1 Δ4- CCAGCCCATAGGGTAT 
Forward primer for IKZF1 Δ2- CAAAAAGGGCACATGTAC 
Matching probe to detect IKZF1 Δ2- CAAAAAGGGCACATGTAC 
Reverse primer for IKZF1 Δ -7 AAGAACCCTCAGGCATTCAGG 
Reverse primer for IKZF1 Δ -8 GTCTCGGCATACAGGGAAGA 
The IKZF1 Δ4-7 assay forward primer and matching probe for IKZF1 Δ4- and Reverse primer IKZF1 Δ-
7 was published by Venn NC et al 2011 
Reverse primer for IKZF1 Δ -8 was published by Caye A et al 2013 Haematologica 

 

2.2. RNA extraction and cDNA conversion 
RNA was extracted from patient blood or bone marrow samples using the AllPrep 

DNA/RNA/miRNA Universal Kit (QIAgen) and analysed with Agilent 2200 

TapeStation (Agilent Technologies). Total RNA was reversed transcribed into cDNA 

using the SuperScript III First-Strand Synthesis System (Thermo Fisher Scientific). 

Quantification of cDNA was performed using a Qubit® ssDNA Assay Kit with a 

Qubit™ 2 Fluorometer (Thermo Fisher Scientific). 



 

87 

 

2.3. RNA sequencing (RNA-seq) 
Quality of extracted RNA was assessed using the Qubit RNA HS Kit (Life 

Technologies) and The TapeStation RNA screen tape and reagents. High quality RNA 

was then subjected to library preparation using the Illumina TruSeq stranded mRNA kit 

according to the manufacturer’s recommendations with input ranging 100-500 ng of 

total RNA. A non-template control is included in each batch. Libraries quality was 

assessed using the TapeStation D1000 screen tape and reagents and the area between 

150-700bp, with an apex of the library between 245-325bp, used to pool each sample 

equimolar. The quality of RNA pools was confirmed using Qubit dsDNA HS Kit (Life 

Technologies) and the TapeStation D1000 HS screen tape and reagents. Libraries are 

then pooled and sequenced on either the HiSeq 4000 or the NextSeq 500 (v2 

HighOutput 300 cycle kits) using 2x150 bp paired-end sequencing. Runs are de-

multiplexed and quality checked according to manufacturer's instructions. 

 

2.4. Bioinformatics analysis of RNA-seq data 

2.4.1. Gene expression analysis and fusion detection 
RNA sequence fastq.gz files were aligned to the human genome (hg19) using the STAR 

aligner (version 2.5.2a) with default parameters in the 2-pass mode, with the exception 

of parameters controlling junctions limitOutSJcollapsed and limitSjdbInsertNsj set to 

5000000 and 2000000 respectively, and chimeric alignment parameters of 

chimSegmentMin and chimSegmentReadGapMax set to 10 and 3 respectively. 

featureCounts (version 1.50) was used to summarise the reads across the genes, 

counting only uniquely mapped genes using a parsed version of the GENCODE 19 

annotation (295). For individual gene expression analysis read counts were normalized 

by library size and log2 transformed.  

 

Detection of the fusion genes was performed using JAFFA v1.08 in the direct mode 

(68). JAFFA uses unaligned fastq.gz files as the input data. For cases where we did not 

identify a 'high-confidence' fusion candidate we performed a second-pass analysis of the 

JAFFA output file. We interrogated JAFFA files specifically for fusion events involving 

CRLF2 and KMT2A, which recurrently do not meet our first-pass inclusion criteria. In 

addition, we manually curated DUX4 rearrangements by inspecting RNA-seq reads 
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using Integrative Genome Browser (IGV, Broad), as these were not detected using our 

standard bioinformatics pipeline. This method has been previously reported (60). 

 

Visualisation of fusion genes was performed using Clinker v1.32 and v1.4 (296), to 

graphically depict sequencing coverage, genomic breakpoints and transcript variants. 

Clinker plots were customised using Adobe Illustrator CC v22.1 (Adobe Systems). 

 

2.4.2. Detecting IKZF1 deletions 
A custom reference transcriptome with additional transcripts corresponding to the 

deletions of IKZF1 exons 4-7, 2-7, 2-8 and 4-8 was added to the ENSEMBL release 96 

human transcriptome reference and their expression level estimated with Salmon 

v0.12.0 (297). The custom reference transcriptome was built as follows, for each 

deletion, a bed file was created indicating which exons from the canonical IK1 isoform 

of IKZF1 (ENST00000331340) remained after deletion, and a FASTA file was 

produced corresponding to the deletion transcript sequence. Each deletion transcript was 

annotated as ENST00000331340_[del] where del refers to which exons are deleted, e.g. 

ENST00000331340_del28. One reference IKZF1 transcript, ENST00000426121.1, was 

annotated as incomplete at the 5' and 3' ends and consists of exon 3 and a truncated 

exon 8. It was replaced with a custom del4-7 transcript (i.e. exons 1-3, 8) to ensure 

competitive quantification with other transcripts.  The remaining deletion transcript 

FASTA files were appended to the reference. The total number of IKZF1 transcripts in 

the extended reference was 21, consisting of 17 original, one replacement and three 

additional transcripts. This extended reference transcriptome was then indexed with 

Salmon. Applying Salmon quantification with this custom index to all 99 B-ALL 

samples produced abundance estimates as transcripts per million (TPM) for each 

transcript. All transcripts related to IKZF1 including the deletion transcripts were 

collated for further analysis and compared to the total TPM for IKZF1 per sample.  

 

Selected samples with high abundance of the custom deletion transcripts were 

independently aligned from raw sequence fastq.gz files to a SuperTranscript(298) 

reference of human GENCODE 24 annotations using STAR (2.5.2a). The alignment of 

IKZF1 SuperTranscripts was visualised with Gviz (299).   
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2.4.3. Gene expression classifier 

Classification based on gene expression profiles for each sample was performed using 

the AllSorts classifier for B-ALL (https://github.com/Oshlack/AllSorts). AllSorts 

consists of a random forest trained on 484 sets of B-ALL RNA-seq data, with 289 

samples provided from Roberts et al, and 195 samples from Lilljebjörn et al (European 

Genome-phenome Archive: EGAD00001002112) (10, 41). The classifier was trained 

and tested using an 80/20 split of training to test data with five-fold cross validation.  

The training data consisted of labelled samples including Ph-like, ERG-like, ETV-like, 

Hyperdiploid and Hypodiploid classifications, and the random forest built to classify 

into one of ERG-like, ETV-like, Ph-like or Other using gene expression values. Twenty 

genes were selected to perform an optimal classification during cross validation and 

used to construct the classifier (Table 2.2). Importance values for each gene were 

determined as part of the random forest and the top 20 genes were selected by ranking 

Mean Decrease Gini. Applying the classifier to the test achieved an accuracy of 95%. A 

subset of gene counts in the 99 B-ALL samples in this study, corresponding to the 20 

input genes for AllSorts was converted to the required log2 FPKM format and the 

AllSorts random forest model applied yielding a probability for a sample being in each 

of the four prediction classes. The sum of all predictions per sample is 1, and thresholds 

of above 0.5 for ERG, ETV and Ph-like, and above 0.75 for Other was applied to select 

the classification ensuring the probability of the largest prediction exceeded the sum of 

all others. When no class met a threshold, the sample classification was deemed 

Unknown.  

 

Table 2.2. Genes for AllSorts random forest classifier 
Gene 
DSC3 KCNN1 SLC2A5 NCF2 
IGF2BP1 CD99 IFITM1 MIB1 
KCNK3 HAP1 ABHD3 TCFL5 
IGJ AGAP1 PCLO ARHGEF4 
PTPRM CHST2 TNS1 RGMA 
 

2.5. Constructs and fusion cloning 

2.5.1. Constructs obtained externally 
The CNTRL-FGFR1 MIEG3 and FGFR1OP2-FGFR1 MIEG3 constructs were kind 

gifts from Mingqiang Ren. (135, 300) These constructs have been previously described 
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and cloned from a patient harbouring the CNTRL-FGFR1 fusion. The P190 BCR-ABL1 

MSCV construct was a kind gift from Ross Dickins (Monash University). 

2.5.2. Standard PCR protocol 
The GoTaq® Long PCR Master Mix (Promega) was utilised for the amplification of 

fusion transcript breakpoints and complete products, according to the manufacturer's 

instructions. PCR reactions were performed in Applied Biosystems® Veriti™ 96-well 

Thermocycler (Thermo Fisher Scientific) or Biometra TProfessional Thermocycler 

(Analytik Jena). Adjustments were made to the standard protocol recommended by the 

manufacturer due to the frequency of sequence mutations that were observed under 

certain conditions (see Table 2.3 for standard conditions used). Pfu DNA polymerase 

(Promega) was added to PCR cocktail due to 3'à5' proofreading activity, and only PCR 

products amplified at a minimum of 64°C were used for cloning complete fusion 

constructs. Both of these protocol adjustments were shown to reduce sequence mutation 

frequency in our hands. Protocols used for the amplification of specific fusion 

transcripts are detailed in section 2.5.2. Cloning from patient cDNA. Primers used in the 

amplification of specific fusion transcripts are detailed in Table 2.4 and includes 

information of 5'à3' sequence and melting temperature (Tm, °C). 

 

Table 2.3. PCR protocol and standard conditions 
PCR mix1 
Component Volume (µL) 
cDNA (~100ng) X 
Forward primer (10µM) 1 
Reverse primer (10µM) 1 
GoTaq Long (2x) 7 
Pfu 0.5 
H2O Y (up to 20µL) 
Total reaction volume =  20 µL 
Thermal cycling parameters 
Step Temperature Time Number of cycles 
Initial Denaturation 95°C 3 mins 1 cycle 
Denaturation 95°C 20 seconds 

35 cycles Annealing2 60-70°C 20 seconds 
Extension 72°C 1 minute/kb 
Final Extension 72°C 10 minutes 1 cycle 
 4°C Indefinite 1 cycle 
1. PCR amplification performed using GoTaq ® Long Master Mix (Promega) 
2. Gradient PCR performed. PCR products amplified at a minimum of 64°C for used in cloning of 
complete fusion constructs 
 



 

91 

 

Table 2.4. PCR primer information 
Name Purpose Sequence 5’-3’ Tm (°C) 

Full length CNTRL-FGFR1 cloning primers 
CNTRL MluI F Cloning MluI-

flCNTRL-FGFR1-
XhoI MSCV 
construct 

ACGCGTGAACACCTGGCTTTATTCTTGC 75 
CNTRL ex19 R GGAGTTGGGCCAGAATTCTCTC 67 
CNTRL ex19 F GAGAGAATTCTGGCCCAACTCC 67 
FGFR1 XhoI R AATGGCTCGAGCAGTCAGCGGCGTTT 71.4 
CNTRL exon12 F 

PCR analysis of 
transcription start site 
of CNTRL-FGFR1 
fusion in patient 
cDNA 

GAGATTGACAGAAGTCGAGCAG 53 
CNTRL exon10 F ATGGAAAAGCAAAAGCAGGAA 64.6 
CNTRL exon8 F CCCTTACATTGGCAAATCCA 64.4 
CNTRL exon4 F GAAAGGCAACAAGATATCATCG 62.3 
CNTRL exon1 F ATGAACACCTGGCTTTATTCTTGC 66 
CNTRL Ex40 F 

Transcript breakpoint 
primers designed 
from RNA-seq data 

AATGGCAACAATTGAACTGGTAGC 58.1 
CNTRL Ex39 F CCAGCCTGAAGGAAGCACTTA 65.4 
CNTRL Ex38 F GTGAGAGCCTGGAGAAGACAC 63.1 
FGFR1 Ex10 R CATACTCAGAGACCCCTGCTAGC 55.9 
SFPQ-ABL1 cloning primers 
SFPQ exon 5 1F Primers from 

Hidaglo-Curtis et al, 
2008 to confirm 
breakpoint 

GATGCCTATCATGAACATCAGGC 57.1 

ABL1 exon 4 1R1 CCACCGTTGAATGATGATGAACC 59.8 

SFPQ MluI F Amplification of 
SFPQ-ABL1 fusion 

AGTAGACGCGTAGCGTCTTCTTCGCTTTTGC 69.7 

ABL1 XhoI R AGTAGCTCGAGCTACCTCTGCACTATGTCACT
G 66.4 

SNX2-ABL1 cloning primers 
SNX2 BP F Amplification of 

SNX2-ABL1 bp 
CCTACTACACTCATTGCTCC 56.4 

ABL1 exon 4 1R1 CCACCGTTGAATGATGATGAACC 59.8 

MluI SNX2 F Amplification of 
SNX2-ABL1 fusion 

CGTACGCGTGCTCACGTGACGGGT 73.8 

ABL1 XhoI R1 AGTAGCTCGAGCTACCTCTGCACTATGTCACT
G 66.4 

MluI FLAG SNX2 F FLAG-tag primer GAAGACGCGTATGGATTATAAAGATGATGAT
GATAAAGCGGCCGAGAGG 83.0 

ABL1 SH2/SH3 domain mutant cloning primers 
BCR EcoRI F 

Primers for cloning 
BCR-ABL1 –
SH2/SH3 mutant 
construct 

ATCGAATTCATGGTGGACCCGGTGGGCTT 78.4 

BCR R ABL1 
overlap 

CTCTCGGAGGAGACGTAGAGTCTGCGTCTCC
ATGGAAGG 86.3 

ABL1 F BCR overlap 
TCCGCCAGACCGGGCAGATCTGGCCCAACGA
TGGCGAGGGCGCCTTCCATGGAGACGCAGAA
CTCTACGTCTCCTCCGA 

64.1 

ABL1 MluI R AGTAGACGCGTCTACCTCTGCACTATGTCACT
G 73.9 

BCR EcoRI FLAG F Adding FLAG tag to 
BCR-ABL –SH2/SH3 

ATCGAATTCATGGATTATAAAGATGATGATG
ATAAAGTGGACCCGGT 79.5 

SFPQ exon 5 1F1 

Primers for cloning 
SFPQ-ABL1 
+SH2/SH3 mutant 
construct 

GATGCCTATCATGAACATCAGGC 57.1 

SFPQ R ABL1 
overlap 

TACTGGCCGCTGAAGGGCTCATGTCACTTCCC
ATCATGGA 88.1 

ABL1 Exon 2 F 
SFPQ overlap 

TCCATGATGGGAAGTGACATGGAGCCCTTCA
GCGGCCAGTA 88.1 

ABL1 XhoI R1 AGTAGCTCGAGCTACCTCTGCACTATGTCACT
G 66.4 

1. Primer included in table more than once 
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2.5.3. Cloning from patient cDNA 

2.5.3.1. Full length CNTRL-FGFR1 
The CNTRL-FGFR1 fusion was identified in two patients with bi-phenotypic 

leukaemia, using RNA-seq. PCR amplification of the entire CNTRL-FGFR1 fusion 

(7602 bp) transcript from patient cDNA was unsuccessful. Therefore, the full-length 

fusion was assembled in the Murine Stem Cell Virus (MSCV) green fluorescent protein 

(GFP) tagged vector (Figure 2.1) by restriction cloning using patient complementary 

DNA (cDNA) as a template in PCR. Fragment 1 (exon 1-19 of CNTRL; 2883 bp) was 

amplified using the following primers: CNTRL MluI F and CNTRL ex19 R, and 

fragment 2 (exon 19 of CNTRL to the end of FGFR1; 4773 bp) was amplified using the 

primers: CNTRL ex19 F and FGFR1 XhoI R (see Table 2.4 for primer sequences), with 

GoTaq® Long PCR Master Mix (Promega), under standard conditions (see Table 2.3). 

We utilised an EcoRI site in CNTRL exon 19 and the MluI site flanking the 5' end of 

Fragment 1, and then fragment 2 was inserted using EcoRI and the XhoI site at the 3’ 

end of fragment 2 (see Figure 2.2). The sequence of full length CNTRL-FGFR1 was 

confirmed by Sanger Sequencing (performed by the Australian Genome Research 

Facility (AGRF)). Vector maps for all constructs, including flCNTRL-FGFR1 MSCV 

GFP, were produced using SnapGene® Viewer v4.1.9 (GSL Biotech LLC). 

 
 
Figure 2.1. Vector map of MSCV-GFP retroviral vector 
Multi-cloning site contains EcoRI-PmeI-BamHI-BglII-BstX1-MluI-XhoI restriction 
sites. Vector Map was produced with SnapGene® Viewer v4.1.9. 
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Figure 2.2. CNTRL-FGFR1 DNA construct with the addition of MluI and XhoI 
restriction sites by PCR 
Schematic of CNTRL-FGFR1 was produced with SnapGene® Viewer v4.1.9. CNTRL is 
shown in purple, and FGFR1 is shown in grey. This fusion was cloned with the 
inclusion of a small fragment of 5' UTR of CNTRL for optimisation of PCR primers. 
 

2.5.3.2. SFPQ-ABL1  
The SFPQ-ABL1 fusion was identified in a diagnosed with B-cell acute lymphoblastic 

leukaemia (ALL). This fusion, the result of a t(1;9)(p34;q34), has been previously 

described (145). This chromosomal translocation was identified by G-banding 

karyotype analysis, performed as part of standard-of-care cytogenetics (VCGS). The 

fusion transcript was identified by RNA-seq, and confirmed by PCR amplification of 

the fusion breakpoint using previously reported breakpoint primers (145). 

600040002000

FGFR1

CNTRL	5'UTR

End		(7640)

PaeR7I	-	XhoI		(7635)

EciI		(7627)
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BsrGI		(7348)
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EagI		(7139)
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BsaHI	-	NarI*		(6389)

KasI		(6388)
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HpaI(4496)		

BbvCI(4459)		

ApaI(3899)		
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BstZ17I(3769)		
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EcoRI(2866)		

NsiI(2105)		
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NdeI(1684)		
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MluI(1)		

Start(0)		

CNTRL-FGFR1
7640	bp
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Figure 2.3. SFPQ-ABL1 DNA construct with the addition of MluI and XhoI 
restriction sites by PCR  
Schematic of SFPQ-ABL1 was produced with SnapGene® Viewer v4.1.9. SFPQ is 
shown in red, and ABL1 is shown in grey. This fusion was cloned with the inclusion of 
a small fragment of 5' UTR of SFPQ for optimisation of PCR primers. 
 

SFPQ-ABL1 fusion was PCR amplified from patient cDNA using SFPQ MluI F forward 

primer and ABL1 XhoI R reverse primer (4886bp, Figure 2.3), and ligated into the 

pGEM®-T Easy Vector (Promega) for Sanger Sequencing (performed by the Australian 

Genome Research Facility (AGRF)). SFPQ-ABL1 was then subcloned into MSCV GFP 

(Figure 2.1) by MluI/XhoI restriction digest (New England Biolabs). The fusion 

sequence was confirmed by Sanger Sequencing (AGRF). 

 

2.5.3.3. SNX2-ABL1 
The SNX2-ABL1 fusion was identified in a 12-year old male diagnosed with B-cell 

acute lymphoblastic leukaemia (ALL). This fusion had been previously reported and 

was the result of a chromosomal translocation t(5;9)(q23;q34). This translocation was 

identified by G-banding karyotype analysis (VCGS), and the fusion transcript was 

identified by RNA-seq. PCR fusion breakpoint forward and reverse primers, SNX2 BP 

F and ABL1 Ex4 R, were designed on the basis of RNA-seq. The transcript breakpoint 

was amplified from patient cDNA (see Materials and Methods 2.5) under standard 

conditions, using previously reported primers (136). Primers were designed to amplify 

4000300020001000

ABL1

SFPQ	5'UTR

End		(4886)
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SFPQ-ABL1_linear
4886	bp
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the entire SNX2-ABL1 fusion from patient cDNA using the following Ensembl 

reference sequences: SNX2 = ENST00000379516.6 and ABL1 = ENST00000372348.6. 

 

 
Figure 2.4. SNX2-ABL1 DNA construct with the addition of MluI and XhoI 
restriction sites by PCR 
Schematic of SNX2-ABL1 was produced with SnapGene® Viewer v4.1.9. SNX2 is 
shown in orange, and ABL1 is shown in grey. This fusion was cloned with the inclusion 
of a small fragment of 5' UTR of SNX2 for optimisation of PCR primers. 
 

PCR amplification of the entire SNX2-ABL1 fusion (3,234bp) from patient cDNA was 

unsuccessful. In order to amplify the entire SNX2-ABL1 fusion we amplified two arms 

of the fusion, amplifying from the 5' and 3' end with primers that target the opposite 

side of the breakpoint. Fragment 1 (5' arm, 521 bp) was amplified using the following 

primers: MluI SNX2 F and ABL1 exon 4 1R, and fragment 2 (3' arm, 2933 bp) was 

amplified using the primers: SNX2 BP F and ABL1 XhoI R (see Table 2.4 for primer 

sequences, and Figure 2.4). Amplified PCR products were separated by gel 

electrophoresis, and DNA was gel purified using the Wizard SV Gel and PCR Clean-Up 

System® (Promega). Purified template DNA was subsequently added in molar ratios to 

a PCR reaction to amplify the full length MluI-SNX2-ABL1-XhoI fusion using the 

following primers: MluI SNX2 F and ABL1 XhoI R. Full length SNX2-ABL1 PCR 

product was separated by gel electrophoresis, and gel purified using the Wizard SV Gel 

and PCR Clean-Up System®. SNX2-ABL1 DNA was ligated into the pGEM®-T Easy 

Vector for Sanger Sequencing (AGRF). MluI-SNX2-ABL1-XhoI was then subcloned 

300020001000
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into the MSCV GFP tagged retroviral vector. A FLAG-tag was subsequently added to 

the SNX2-ABL1 fusion construct using the MluI FLAG SNX2 F primer. 

 
2.5.4. Generation of ABL1 SH2/SH3 domain mutant constructs 

2.5.4.1. BCR-ABL1 –SH2/SH3 

Primers that bridged BCR exon 1 (at breakpoint) and ABL1 exon 4 were designed to 

clone a mutant BCR-ABL1 construct with exon 2-3 of ABL1 deleted. The BCR arm 

(~1300bp) was amplified with an overlapping ABL1 exon 4 sequence with the 

following primers: BCR EcoRI F forward primer and BCR R ABL1 overlap reverse 

primer (for primer information see Table 2.4), using the P190 BCR-ABL1 MSCV GFP 

DNA as a template in PCR. The ABL1 exon 4-11 arm (~2900bp) was amplified with a 

BCR exon 1 overlapping sequence using the following primers: ABL1 F BCR overlap 

forward primer and ABL1 MluI R reverse primer, using the SFPQ-ABL1 MSCV GFP 

DNA as a template for PCR, under standard conditions. BCR and ABL1 arms with 

overlapping sequence were subsequently gel purified using the Wizard SV Gel and PCR 

Clean-Up System®, and the fragments were annealed at 50°C for 60 minutes using the 

Gibson Assembly® Master Mix (New England Biolabs). BCR-ABL1 –SH2/SH3 DNA 

was subsequently ligated into pGEM®-T Easy Vector for Sanger Sequencing 

(performed by AGRF) and subcloned into MSCV-GFP vector by EcoRI/MluI 

restriction digest (New England Biolabs). 

 

2.5.4.2. SFPQ-ABL1 +SH2/SH3 
Primers that bridged SFPQ exon 9 (at breakpoint) and ABL1 exon 2 were designed to 

clone a mutant SFPQ-ABL1 construct with exon 2-3 of ABL1 added. The SFPQ arm 

(~400bp) of the fusion was amplified from exon 5 of SFPQ with SFPQ Ex5 1F forward 

primer and a reverse primer with a sequence overlapping ABL1 exon 2 (SFPQ R ABL1 

overlap). The ABL1 exon 2-11 arm (3000~bp) was amplified with an SFPQ exon 1 

overlapping sequence using the following primers: ABL1 exon 2 F SFPQ overlap 

forward primer and ABL1 XhoI R reverse primer, using the P190 BCR-ABL1 MSCV 

GFP DNA as a template in PCR, under standard conditions. SFPQ and ABL1 arms with 

overlapping sequence were subsequently gel purified using the Wizard SV Gel and PCR 

Clean-Up System®, and the fragments were annealed at 50°C for 60 minutes using the 
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Gibson Assembly® Master Mix (New England Biolabs). SFPQ(Ex5)-ABL1 +SH2/SH3 

DNA was subsequently ligated into SFPQ-ABL1 in pGEM®-T Easy using BamHI 

restriction site in SFPQ region (see Figure 2.3), and XhoI site at 3' end of the fusion. 

Fusion sequence was confirmed by Sanger Sequencing (performed by AGRF), and 

subcloned into MSCV-GFP vector by EcoRI/MluI restriction digest (New England 

Biolabs). 

 

2.6. Retroviral transfection and transduction 
HEK293T cells were used for all retroviral transfections and were routinely cultured in 

HyClone™ DMEM (GE Life Sciences) medium, supplemented with 10% fetal bovine 

serum (FBS, Thermo Fisher Scientific). HEK293T cells were seeded at 3 x 105 

cells/well in a six-well plate the morning of transfection and incubated for 6-hours at 

37°C and 10% CO2. HEK293T cells were subsequently transfected using Effectene® 

reagent (QIAGEN), gagpol packaging vector, and VSVG envelope protein. 

Retroviruses were produced for the following DNA constructs: MSCV GFP, CNTRL-

FGFR1 MSCV GFP, FGFR1OP2-FGFR1 MSCV GFP, flCNTRL-FGFR1 MSCV GFP, 

P190 BCR-ABL1 MSCV GFP, SFPQ-ABL1 MSCV GFP, SNX2-ABL1 MSCV GFP, 

BCR-ABL1 –SH2/SH3 MSCV GFP, and SFPQ-ABL1 +SH2/SH3 MSCV GFP. Target 

cells were transduced using Polybrene (Sigma Aldrich), and centrifugation at 2500 rpm 

for 90 minutes at 30°C. Double spin infections were performed, where secondary spin 

infection followed the same protocol as previously described.  

 

To increase transduction efficiency of target cells, RetroNectin reagent (Walter and 

Eliza Hall Institute of Medical Research (WEHI)) was used with the env envelope 

protein. Plates were coated in 32µg/mL of RetroNectin the day prior to primary 

infection, and incubated overnight at 4°C. On the day of infection, RetroNectin was 

removed and used to coat plates for secondary spin infection; plates were subsequently 

blocked for 30 minutes in phosphate buffered saline (PBS) with 2% bovine serum 

albumin (BSA, Sigma Aldrich). Following blocking, viral supernatants were added to 

respective wells and plates were spun at 3500prm for 1 hour at 30°C. Viral supernatant 

was removed following centrifugation, and target cells were incubated with virus 

overnight. A secondary infection was performed the following day according to the 
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previously described protocol. Cell lines that are transduced with independently 

produced retrovirus are considered "biologically independent". 

 

2.7. Generation of cell line models 

2.7.1. Ba/F3  
Ba/F3 cells were maintained in RPMI 1640 medium (Sigma Aldrich) supplemented 

with 10% FBS, and 0.5 ng/mL recombinant murine IL-3 (PeproTech), at 37°C and 5% 

CO2. Ba/3 cells were retrovirally transduced with viral supernatants of MSCV GFP 

(control construct), CNTRL-FGFR1 (tCNTRL-FGFR1) MSCV, FGFR1OP2-FGFR1 

MSCV, full length CNTRL-FGFR1 (flCNTRL-FGFR1) MSCV, BCR-ABL1 MSCV 

GFP, SFPQ-ABL1 MSCV GFP, SNX2-ABL1 MSCV GFP, BCR-ABL1 -SH2/SH3 

MSCV GFP, and SFPQ-ABL1 +SH2/SH3 MSCV GFP constructs. GFP positive Ba/F3 

cells were sorted using the FACSAria™ Fusion cell sorter (BD Biosciences). For drug 

treatment assays, fusion transfected Ba/F3 cells were selected out by IL-3 withdrawal 

for 7-10 days and cultures were subsequently maintained in the absence of IL-3. 

 

2.7.2. PU.1/IRF4 double knock-out (PU.1/IRF4 DKO) 
Interleukin-7 (IL-7) dependent primary PU.1/IRF4 double knock-out (DKO) pre-B 

cells, derived from PU.1fl/fl Mb1cre Irf4-/- C57BL/6 mice, were obtained from Steven 

Nutt (WEHI), and have been previously published (301). PU.1/IRF4 KO cells were 

maintained in Gibco™ IMDM (Thermo Fisher Scientific) supplemented with 10% FBS, 

Gibco™ 2-ME (Life Technologies), and 1ng/mL recombinant murine IL-7 

(PeproTech). PU.1/IRF4 DKO cells were retrovirally transduced with viral supernatants 

of MSCV GFP (control construct), BCR-ABL1 MSCV GFP, SFPQ-ABL1 MSCV GFP, 

and SNX2-ABL1 MSCV constructs. GFP positive Ba/F3 cells were sorted using the 

FACSAria™ Fusion cell sorter (BD Biosciences). For drug treatment assays, fusion 

transfected Ba/F3 cells were selected out by IL-3 withdrawal for 7-10 days and cultures 

were subsequently maintained in the absence of IL-3. 
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2.8. Proliferation and cell viability assays 

2.8.1. Cell viability assays: IL-3 withdrawal in short term PI exclusion 

assays 
Ba/F3 or Pu.1/IRF4 DKO cells expressing fusion genes were washed three times in PBS 

and counted with trypan blue using a TC20™ Automated Cell Counter (Bio-Rad 

Laboratories). Cells were seeded at 105 live cells/ml in 24-well plates, in base medium 

(RPMI or IMDM supplemented with 10% FBS) or medium with cytokine (0.5ng/ml IL-

3 or 1ng/ml IL-7). Propidium iodide (PI) exclusion was measured using an LSR X-20 

Fortessa high-throughput sequencer (HTS) (BD Biosciences). Flow cytometry data was 

analysed using FlowJo v10.1 software (FlowJo LLC). Percentage of viable cells, PI 

negative, were calculated and data was analysed using GraphPad Prism v7 (GraphPad 

Software). Treatment groups were compared using unpaired t tests with Holm-Sidak 

correction for multiple comparisons.  

 

2.8.2. Cell viability assay: Trypan blue cell counting 
Ba/F3 or Pu.1/Irf4 DKO cells expressing fusion genes were washed three times in PBS 

and counted with trypan blue using an Automated Cell Counter. Cells were seeded at 1 

x 105 for Ba/F3 or 5 x 105 for Pu.1/Irf4 DKO live cells/ml in 24-well plates, in base 

medium (RPMI or IMDM supplemented with 10% FBS) or medium with cytokine 

(0.5ng/ml IL-3 or 1ng/ml IL-7). Cells were incubated under standard conditions for 

each cell type and counted using an Automated Cell Counter and trypan blue after 3, 5, 

7, and 10 days. Cells were maintained between 0.1-2 x 106 cells/ml, and diluted at each 

timepoint to prevent overgrowth. 

 

2.8.3. Proliferation assay: CellTiter-Glo® 
The CellTiter-Glo® 2.0 Luminescent Cell Viability Assay (Promega) was used to 

measure proliferation in IL-3 withdrawal and drug treatment assays, according to 

manufacturer's instructions. CellTitre-Glo® is a luminescent reagent that binds to ATP, 

and is therefore a measure for the number of metabolically active cells in a sample. 

Ba/F3 cells were seeded at 104 cells in 100ul in Corning® 96 well white polystyrene 

plates (Sigma Aldrich) and treated with IL-3 withdrawal or tyrosine kinase inhibitors 
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(TKIs, described in Table 2.6, Selleck Chemicals). The CellTiter-Glo® 2.0 reagent was 

added to cells in 1:2 ratio (50ul), and background luminescence was determined by 

incubating the reagent with culture medium alone. Luminescent output was measured 

on the Infinite® Pro m200 plate reader using i-control™ v10 software (Tecan).  

 

Background luminescence was subtracted from each luminescence reading, and treated 

wells were normalised to untreated controls to give relative proliferation. Data was 

analysed in GraphPad Prism v7 (GraphPad Software). 

 

2.8.4. Proliferation assay: Colony formation assay 
MSCV GFP, BCR-ABL1 MSCV GFP, and SFPQ-ABL1 MSCV GFP expressing Ba/F3 

cells, were plated in soft agar (0.3% agar, Merck), and colonies formed were counted 

after 10-day incubation. Cells were washed three times in PBS, counted, and diluted to 

1 x 105 cells/mL and serially diluted to reach exact cell numbers. Cells were seeded at 

50, 100, 250 and 1000 cells, in the presence and absence of IL-3, and incubated at 37°C 

in 10% CO2 for 10 days. Well seeded at 1000 cells as a positive control, and this well 

count was not taken into calculation. The total colony count from the remaining three 

wells was converted to ‘colonies per 100 cells seeded’ and averaged to give the final 

colony count. 

 

2.9. Droplet Digital PCR (ddPCR) 
Ba/F3 cells were sorted based on GFP expression using a BD Influx™ cell sorter (BD 

Biosciences). GFP positive (CNTRL-FGFR1 positive) cells were added to GFP 

negative (parental) cells at the following concentrations: 1 in 106, 1 in 105, 1 in 104, and 

1 in 103. Total RNA was extracted, and reverse transcribed to cDNA. For the detection 

of the CNTRL-FGFR1 fusion transcripts in primary patient samples, patient cDNA was 

serially diluted in 293T cDNA (Wt cDNA). Mouse and human PrimePCR™ ddPCR™ 

Expression Probe Assays were used to detect Actin and Rlp13 reference genes using the 

HEX fluorophore and ddPCR Supermix for Probes (No dUTP; Bio-Rad Laboratories), 

as per manufacturer's instructions.  For the detection of the CNTRL-FGFR1 fusion 

transcripts and FGFR1 kinase domain, primer and probe combinations were designed 

using the criteria outlined in the Droplet Digital™ PCR Applications guide from Bio-
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Rad Laboratories (See Figure 2.5 and Table 2.5 for assay design and primer and probe 

details), and contained FAM fluorophore (Integrated DNA Technologies, Inc), and 

assays multiplexed with a reference gene.  Droplets were generated using the QX200 

Automated Droplet Generator (Bio-Rad Laboratories), amplification was carried out on 

a Biometra TProfessional Thermocycler (In Vitro Technologies Pty Ltd), and the 

QX200 droplet reader (Bio-Rad Laboratories) was used to determine fluorescent 

positive and negative droplets.  Data were analysed using QuantaSoft Analysis Pro 

Software, version 1.7.4 (Bio-Rad Laboratories). 

 

 
 

Figure 2.5. Droplet Digital PCR (ddPCR) assay design 
We designed ddPCR primers to amplify the kinase domain of FGFR1, as well as 
primers to amplify the transcript 1 or transcript 2 breakpoint of CNTRL-FGFR1 For 
amplification and detection of the kinase domain of FGFR1 we used For 1 and Rev 1 
primers and kinase probe (shown in orange). For amplification of transcript specific 
breakpoints, we used For 2 and Rev 2 primers and ex40-ex10 probe (shown in blue) for 
transcript 1, and For 3 and Rev 3 primers and ex39-ex10 probe (shown in red) for 
transcript 2. Sequences for ddPCR primers and probes are given in Table 3. 
 

Table 2.5. Droplet Digital PCR primers and probe information 
Name Sequence 5’à3’ Tm (°C) 
CNTRL Ex40 F2 (For 2) GAGCTCAACCAGATGCAG 53.3 
FGFR1 Ex10 R2 (Rev 2) GTTCATGGATGCACTGGAG 53.5 
Ex40–Ex10 probe CACCTGTTTCTTGAGCTCCGTGTACTC 60.7 
CNTRL Ex39 F3 (For 3) TAAGATCCAGCGGAGCCA 55.8 
FGFR1 Ex10 R3 (Rev 3) CCCAGAGTTCATGGATGC 53.1 
Ex39–Ex10 probe AACCTTCTTGTGTCTGCTGACTC 57.0 
Kinase Ex17 F (For 1) TGGAGATCTTCACTCTGGG 55.8 
Kinase Ex18 R (Rev 1) AAGTTCCTCCACAGGCACAC 50.9 
Kinase Probe CAGTCCCGCATCATCATGTA 57.7 
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2.10. Drug screening 

2.10.1. Assay design 
Cell lines were washed three times in PBS and counted with trypan blue using an 

Automated Cell Counter. Cells were seeded in 100ul in 96-well plates, at 104 for Ba/F3 

(1 x 105 cells/ml), and 5 x 104 for PU.1/IRF4 DKO (5 x 105 cells/ml) cells per well. 

TKIs, BH3 mimetics, or chemotherapy drugs were added at the indicated does, most 

frequently in a 7-point dose titration: 0.0024-10µM (See Table 2.6 for drug targets and 

suppliers). Drugs were dissolved in DMSO (Sigma Aldrich) and serially diluted 1:4 in 

base medium (RPMI or IMDM with no cytokine) to obtain a 7-point dose curve. Cells 

were also treated with vehicle control (0.001% DMSO). Drug treatment plates were 

incubated at 37°C and 5% CO2 for 48 hours. Flow cytometry was used to determine cell 

viability, and data was analysed as described in section 2.8.1. The CellTitre-Glo 2.0 

assay was also used as a read-out for some drug treated cells according to the protocol 

described in section 2.8.3. 
 

Table 2.6. Drug details 
Name Targets Supplier Catalogue no. 
Kinase inhibitors 
Imatinib (STI571) v-ABL, p210BCR-ABL1, p190BCR-ABL1, 

PDGFR, c-KIT (281) 
Selleck Chemicals S2475 

Dasatinib ABL, SRC, c-KIT (302) Selleck Chemicals S1021 
Ponatinib (AP24534) v-ABL, PDGFRα, VEGFR2, 

FGFR1, SRC (303) 
Selleck Chemicals S1490 

Nilotinib  Selleck Chemicals  
Dovitinib (TKI-258) FLT3, c-KIT, FGFR1, FGFR3, 

VEGFR1, VEGFR2, VEGFR3, 
PDGFRα, PDGFRβ (287) 

Selleck Chemicals S1018 

AZD1480 JAK2 (304) Selleck Chemicals S2162 
Ruxolitinib JAK1, JAK2  Selleck Chemicals S1378 
Selumetinib 
(AZD6244) 

MEK Selleck Chemicals S1008 

Trametinib 
(GSK1120212) 

MEK Selleck Chemicals S2673 

BH3 mimetics 
ABT-199 (venetoclax) BCL-2 WEHI  
ABT-263 (navitoclax) BCL-2, BCL-XL, BCL-W WEHI  
S63845 MCL-1 (268) Active Biochem A-6044 
Chemotherapy drugs 
Dexamethasone Glucocorticoid receptor Sigma Aldrich D4902 
Vincristine Sulfate Tubulin Pfizer  
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2.10.1. Data analysis 
Dose response data was analysed using GraphPad Prism v7 (GraphPad Software). 

Viability data was normalised to untreated control. Half maximal inhibitory 

concentration (IC50) values were determined by performing nonlinear regression 

analysis on normalised data. Analysis of Variance (ANOVA) and Tukey’s multiple 

comparisons test were performed to compare mean IC50 values between groups. 

Adjusted p-values are reported for Tukey’s comparison. 
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2.11. Western Blotting 
Cells were lysed in reducing sample buffer (2x), containing 1% SDS, 5% glycerol 

(Thermo Fisher Scientific), 0.1% bromophenol blue (Bio-Rad Laboratories), 125mM 

Tri-HCl (pH 6.8) and 5% 2-Mercaptoethanol (2-ME, Sigma Aldrich), and boiled at 

95°C for 10 minutes. As standard, 1 x 106 suspension cells were lysed in 100µl of lysis 

buffer (1 x 107 cells/ml). Protein lysates were either loaded fresh, or stored at -30°C.  

 

Protein samples were separated using SDS-PAGE on 4-20% MiniPROTEAN® TGX™ 

Precast Protein Gels (Bio-Rad Laboratories) and transferred to an Amersham™ 

Hybond® P PVDF membrane (GE Healthcare). Membranes were blocked in 5% skim 

milk powder in PBS with 0.1% tween 20 (Astral Scientific, blocking buffer), for 1 hour. 

Primary antibodies were diluted in blocking buffer and membranes were incubated at 

4°C overnight (see Table 2.7 for antibody information). Membranes were incubated in 

secondary antibodies diluted in blocking buffer, for 2 hours at room temperature. 

Antibodies were detected using Luminata™ Forte Western HRP substrate (Millipore) 

and ChemiDoc™ XRS+ Imaging System (Bio-Rad Laboratories). Images were 

analysed using Image Lab 5.2.1 software. 

 
Table 2.7. Antibodies used in Western blotting 
Antibody Supplier (catalogue no.) Molecular 

weight (kDa) Source Dilution 

Primary antibodies 
Anti-P-FGFR1 (Y653) Abcam (ab173305) 92 Rabbit 1:10,000 
Anti-FGFR1 (D8E4) Cell Signalling Technology (9740) 92 Rabbit 1:5000 

Anti-CNTRL Thermo Fisher Scientific (PA5-
54221) 110 Rabbit 1:10,000 

Anti-Abl Cell Signalling Technology (2862) 135 Rabbit 1:5000 
Anti-P-CRKL (Y207) Cell Signalling Technology (3181) 39 Rabbit 1:5000 
Anti-P-STAT5 (Y694) Cell Signalling Technology (9359) 90 Rabbit 1:5000 
Anti-STAT5 Cell Signalling Technology (3181) 90 Rabbit 1:5000 
Anti-BCL-2 (3F11) BD Biosciences (554218) 25 Hamster 1:5000 
Anti-MCL-1  
(19C4-15) 

Gift from DS Huang. Previously 
described (270) 39 Rat 1:5000 

Anti-β-actin Sigma Aldrich (A2228) 39 Mouse 1:10,000 
Secondary antibodies (HRP conjugated) 
Anti-rabbit HRP GE Healthcare (NA934)  Donkey 1:10,000 
Anti-mouse HRP GE Healthcare (NA931)  Sheep 1:10,000 
Anti-rat HRP Southern Biotech (3050-05)  Goat 1:10,000 
Anti-hamster HRP Thermo Fisher Scientific (A18889)  Rabbit 1:10,000 
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2.12. Intracellular staining 
We performed intracellular staining to analyse expression of ABL1 fusions in 

PU.1/IRF4 DKO cells and bone marrow cells derived from leukaemic mice. Cells were 

fixed and permeabilised using the Fix/Perm solution (BD Bioscience 

Cytofix/Cytoperm™ kit). Cells were incubated with an anti-Abl primary antibody (Cell 

Signalling Technology), diluted in Perm/Wash solution, for 60 minutes on ice. Cells 

were subsequently washed and incubated with an Alexa Fluor® 647 Anti-Rabbit 

secondary antibody (Thermo Fisher Scientific), for 60 minutes on ice. Unstained and 

secondary-only controls were also performed. 

 

Following antibody incubation cells were washed and resuspended in PBS 

supplemented with 2% FBS for analysis by flow cytometry. Expression Abl was 

measured using an LSR X-20 Fortessa high-throughput sequencer (HTS) (BD 

Biosciences), and data was analysed using FlowJo v10.1 software (FlowJo LLC). 

 

2.13. Immunofluorescence 
We retrovirally transduced HEK293T cells with viral supernatants of MSCV GFP 

(empty vector), BCR-ABL1 MSCV, SFPQ-ABL1 MSCV, and SNX2-ABL1 MSCV to 

analyse the subcellular localisation of ABL1 fusion proteins. HEK293T cells were 

retrovirally transfected as per protocol described in Section 2.6. 

 

Retrovirally transduced HEK293T cells were seeded at 2 x 105 cells in 12-well plates 

containing 8mm round coverslips (Trajan). Cells were incubated at 37°C and 10% CO2 

for 48 hours to allow cells to adhere to coverslips. Cells were subsequently washed with 

PBS to remove media and fixed using 4% paraformaldehyde at 4°C for 10 minutes. 

Cells were blocked in 2% goat serum (Life Technologies) diluted in PBS, 1% BSA 

(Sigma Aldrich) and 0.1% Triton-X-100 (Sigma Aldrich) for 1 hour at room 

temperature. Cells were incubated in anti-Abl primary antibody (Cell Signalling 

Technology), diluted 1:500 in PBS, for one hour at room temperature. Cells were 

washed following primary antibody incubation for 15 minutes in three changes of PBS 

and incubated in Alexa Fluor 647 anti-rabbit (Thermo Fisher Scientific) secondary 

antibody, diluted 1:1000 in PBS, for one hour at room temperature in the dark. Cells 
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were washed and mounted on SuperFrost® glass slides (Thermo Fisher Scientific) using 

VECTASHIELD® Antifade Mounting Medium with DAPI (Vector Laboratories). 

 

Slides were set overnight at 4°C in the dark and viewed using the LSM 780 confocal 

microscope (Zeiss). Confocal images were analysed using ImageJ software v2.0.0 

(National Institutes of Health (NIH)). 

 

2.14. Mouse Models 

2.14.1. Construct and mouse information 
Retroviral DNA constructs transduced into donor mouse bone marrow were: MSCV 

GFP, SNX2-ABL1 MSCV GFP, BCR-ABL1 MSCV GFP, SFPQ-ABL1 MSCV GFP, 

BCR-ABL1 +SH2/SH3 MSCV GFP, and SFPQ-ABL1 -SH2/SH3 MSCV GFP. Donor 

bone marrow cells were obtained from 8-week old wild-type Black 6 PTPRCB 

(Carrying the Ptprcb, or CD45.2, allele) mice. Recipient mice were 8-week old wild-

type Black 6 PTPRCA (Carrying the Ptprca, or CD45.1, allele). All mouse experiments 

were conducted at the Peter MacCallum Cancer Centre Animal Facility. 

 

2.14.2. Retroviral Transfection and Transduction 
Retroviral transduction protocol used to transduce donor bone marrow cells is described 

in full in Materials and Methods section 2.6. In short, 293T cells were transfected with 

MSCV retroviral vector constructs (detailed in Section 2.6) using the Effectene® 

reagent, gagpol packaging vector and env protein. Retroviruses were harvested, filtered, 

and concentrated using Amicon® Ultra-15 Centrifugal Filter Unit (Merck), and whole 

bone marrow donor cells were retrovirally transduced using RetroNectin reagent and 

primary and secondary spin infections. Transduced bone marrow cells were incubated at 

37C, 10% CO2 for three days prior to transplant.  

 

2.14.3. Irradiation and transplantation 
Recipient mice were irradiated with 5.5Gy radiation dose and transplanted with 

retrovirally transduced bone marrow cells by tail vain injection by staff at the Peter 

MacCallum Cancer Centre Animal Facility. 
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2.14.4. Culling and harvesting organs from diseased mice 
Experimental mice were monitored daily for signs of morbidity by staff at the Peter 

MacCallum Cancer Centre Animal Facility. Signs of morbidity including weight loss, 

dull or sluggish movements, reduced activity, fatigue, hunched posture, rough coat, 

sunken eyes, and paralysis. Mice showing signs of morbidity were retro-orbitally eye 

bled to obtain peripheral blood for analysis and culled by CO2 asphyxiation or cervical 

dislocation. Liver, spleen, thymus, and hind limbs were harvested from mice to analyse 

for signs of disease. White Cell Count (WCC) was obtained from analysing diluted 

peripheral blood on a haematology analyser (Sysmex).  

 

Liver, spleen, and thymus (if dissected) were fixed for histology analysis with 10% 

neutral-buffered formalin (NBF) or 4% paraformaldehyde (Australian Biostain) and 

stored at room temperature. Spleen cells were extracted by mincing in PBS using the 

base of a sterile 3ml syringe. Bone marrow cells were flushed with PBS from the femur 

and tibia, dissected from hind limbs, using a 27G needle and 1ml syringe. Extracted 

spleen and bone marrow cells were passed through Falcon® 40µm cell strainer (In 

Vitro Technologies) and centrifuged at 300g for 5 minutes. Cells were checked for GFP 

expression by flow cytometry (LSRII), and cryopreserved in 1ml of FBS + 10% 

DMSO, stored at -80°C. 

 

2.14.5. Immunophenotype and histology analysis of mouse tumours 
For analysis of immunophenotype, we analysed bone marrow cells of leukaemic mice, 

as well as MSCV control mice, for expression of cell-type specific surface markers. 

Cells were stained with three antibody panels (two antibodies per panel), B-cell, CD19 

and CD45R, T-cell, CD4 and CD8, and myeloid, CD11b and Gr1 (see Table 2.8). We 

rapidly thawed bone marrow cells that had been stored at -80°C and used an automated 

cell counter to determine the number of viable cells. We stained 1 x 10^5 cells/antibody 

panel, and incubated cells in antibodies for 30 minutes at 4°C. Cells were subsequently 

washed, and resuspended in PBS supplemented with 2% FBS, for analysis by flow 

cytometry. Expression of cell surface markers was measured using an LSR X-20 

Fortessa high-throughput sequencer (HTS) (BD Biosciences), and data was analysed 

using FlowJo v10.1 software (FlowJo LLC). 
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Table 2.8. Antibodies used to determine immunophenotype 
Antibody Supplier (catalogue no.) Conjugate Source Expression Dilution 
Anti-mouse CD19 BD Biosciences (#563333) BV786 Rat B-cell 1:100 
Anti-mouse CD45R 
(B220) BD Biosciences (#553092) APC Rat B-cell 1:100 

Anti-mouse CD4 eBIO (#12-0041) PE Rat T-cell 1:100 

Anti-mouse CD8 Miltenyi Biotec (130-102-
540) APC Rat T-cell 1:100 

Anti-mouse CD11b BD Biosciences (#563553) BUV395 Rat Myeloid 1:100 
Anti-mouse Ly-6G/Gr1 BD Biosciences (#557661) APC-Cy7 Rat Myeloid 1:100 
 

Tissues harvested from leukaemic mice, and MSCV controls, were fixed and stored as 

described in section 2.14.5. Tissues were sectioned, stained with Haematoxylin and 

Eosin, and mounted on slides for analysis by staff at the Centre for Advanced Histology 

& Microscopy, Peter MacCallum Cancer Centre. Tissue sections were analysed using a 

DM2000 LED microscope (Leica). 

 

2.15. Phosphoproteomics 

2.15.1. Stable Isotope Labelling of Amino acids in Culture (SILAC) 

2.15.1.1. SILAC labelling and trypsin digest 
Ba/F3 cells expressing BCR-ABL1 or SFPQ-ABL1 were washed with PBS to remove 

standard culture medium and resuspended in SILAC culture medium. SILAC base 

culture medium comprised of: Gibco SILAC™ RPMI 1640 (Thermo Fisher Scientific), 

supplemented with Gibco™ dialyzed FBS (Thermo Fisher Scientific), and Gibco™ 

GlutaMAX™ supplement (Thermo Fisher Scientific). "Heavy" or "Light" amino acids, 

lysine and arginine, were added to the SILAC base medium. Ba/F3 cells expressing 

fusions were expanded in respective media, with 0.5ng/ml of mIL-3 added, for a 

minimum of five passages to ensure complete isotope labelling. For IL-3 withdrawal, 

cells were washed three times in PBS and resuspended in respective "heavy" or "light" 

SILAC medium without IL-3 and cultured for 24 hours at 37°C and 5% CO2. Following 

24-hour IL-3 withdrawal, BCR-ABL1 and SFPQ-ABL1 expressing Ba/F3 cells were 

washed three times in PBS and mixed at a 1:1 ratio.  

 

Cells were then lysed and subjected to probe sonication as per the S-Trap™ Midi Spin 

Column Digestion Protocol (ProtiFi). Briefly, samples were clarified by centrifugation, 
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disulphides were reduced and alkylated by standard techniques, and proteins were 

further denatured by addition of 1.2% phosphoric acid. Sample lysate was added to the 

S-Trap™ midi column, and proteins were captured on the protein-trapping matrix of the 

spin column by centrifugation. Captured protein was trypsin digested, for 1 hour at 

37°C. Peptides were eluted with 50% acetonitrile (ACN)/0.2% formic acid (FA) in 

MilliQ water (MQ).  

 

Digested peptides were desalted using a 1cc (30mg) Oasis HLB column (Waters) 

following manufacturer’s instructions. Briefly, Columns were activated using methanol, 

rinsed twice with 80% ACN/0.1% FA in MQ, and then re-equilibrated using 3% 

ACN/0.1% FA in MQ. Peptides were resuspended in 3% ACN/0.1% FA in MQ and 

applied to the column using gravity flow. The column was washed 4 times using 3% 

ACN/0.1% FA in MQ before elution using 80% ACN/0.1% FA. Peptides were 

lyophilised to dryness. 

 

The SILAC experiment was repeated on three biologically independent cell lines of 

BCR-ABL1 Ba/F3 and SFPQ-ABL1 Ba/F3. Labelling, "heavy" or "light" was swapped 

for one experiment. A total of 10mg of protein was used per experiment, and the 

Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific) was used to determine 

number of cells required for enrichment and mass spectrometry. 
 

2.15.1.2. Phospho-tyrosine peptide enrichment 
Phospho-tyrosine peptide enrichment was performed using a PTMScan pY-peptide 

enrichment kit (P-Tyr-1000; Cell Signaling Technology) according to the 

manufacturer’s instructions. The desalted peptides were dissolved in ice-cold 

immunoaffinity purification (IAP) buffer (50mM NaCl, 10mM Na2HPO4, 50mM Tris-

HCl pH7.2) and centrifuged at 21,000g to remove precipitate. One aliquot of bead 

slurry was washed 4 times in PBS and added to the peptide mixture. Mixture was 

incubated, rotating for 2hrs at 4°C. Beads were centrifuged 2,000g for 1 minute and 

supernatant discarded. Beads were washed 4 times in MQ. Peptides were eluted using 

0.15% trifluoroacetic acid. Peptides were desalted using a stage-tip protocol. Tips were 

activated using isopropanol, conditioned with 60% ACN/5% FA before re-equilibration 
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using 5% FA. Samples were loaded onto the stage-tip, washed twice with 5% FA and 

eluted using 60% ACN/5% FA. Samples were lyophilised to dryness. 

 

2.15.1.3. Mass spectrometry 
Peptides were resuspended in 2% ACN/1% FA in MQ and injected and separated by 

reversed-phase liquid chromatography on a M-class Ultra High Performance Liquid 

Chromatography (UHPLC) system (Waters) using a 250mm × 75um column (1.6µm 

C18, packed emitter tip; Ion Opticks) with a linear 90-min gradient at a flow rate of 400 

nl/min from 98% solvent A (0.1% Formic acid in MQ) to 35% solvent B (0.1% Formic 

acid, 99.9% acetonitrile). The nano-UPLC was coupled on-line to a Q-Exactive 

Orbitrap mass spectrometer equipped with a nano-electro spray ionization source 

(Thermo Fisher Scientific) and column oven at 40°C (Sonation). The Q-Exactive was 

operated in a data-dependent mode, switching automatically between one full-scan and 

subsequent MS/MS scans of the ten most abundant peaks. The instrument was 

controlled using Exactive series version 2.1 build 1502 and Xcalibur 3.0. Full-scans 

(m/z 350–1,850) were acquired with a resolution of 70,000 at 200 m/z. The 10 most 

intense ions were sequentially isolated with a target value of 10000 ions and an isolation 

width of 3 m/z and fragmented using higher-energy collisional dissociation (HCD) with 

normalised collision energy (NCE) of 27. Maximum ion accumulation times were set to 

50ms for full mass spectrometry (MS) scan and 150ms for tandem mass spectrometry 

(MS/MS). 

 

2.15.1.4. Data analysis 
Raw files were analysed using MaxQuant (Max Planck Institute of Biochemistry, 

version 1.5.5.8). The database search was performed using the Uniprot Mus musculus 

database plus common contaminants with strict trypsin specificity allowing up to three 

missed cleavages. The maximum number of isotopic labeled amino acids was set at 

three. The minimum peptide length was seven amino acids. Carbamidomethylation of 

cysteine was a fixed modification while N-acetylation of proteins N-termini, oxidation 

of methionine and phosphorylation of Serine/Threonine/Tyrosine were variable 

modifications. During the MaxQuant main search, precursor ion mass error tolerance 

was set to 4.5 ppm and fragment ions were allowed a mass deviation of 20 ppm. Peptide 
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spectrum match (PSM) and protein identifications were filtered using a target-decoy 

approach at a false discovery rate (FDR) of 1% with the match between runs option was 

enabled. Further analysis was performed using a custom pipeline developed in Pipeline 

Pilot (Biovia). 

 

For overrepresentation analysis, median Heavy/Light (H/L) ratios were calculated per 

protein. Proteins that had a H/L ratio > 4 or < -4, or p-value <0.05 or standard deviation 

(SD) >1, by Analysis of Variance (ANOVA), were considered differentially expressed. 

We performed overrepresentation analysis on tyrosine phosphorylated modified 

peptides using the Gene Ontology (GO) knowledgebase under the biological processes 

category. 

 

We additionally analysed expression of proteins in selected Kyoto Encyclopedia of 

Genes and Genomes (KEGG) pathways. For this analysis we used the most extreme 

H/L peptide ratio calculated for an individual protein. Peptides with a SD greater than 1 

by ANOVA were enriched in a specific group. 

 

2.15.2. Label-free Quantification (LFQ) 

2.15.2.1. Preparation of samples and phospho-tyrosine enrichment 

Label-free quantification (LFQ) was performed on four biologically independent lines 

of: MSCV Ba/F3, P190 BCR-ABL1 Ba/F3, SFPQ-ABL1 Ba/F3, and SFPQ-ABL1 + 

SH2/SH3 Ba/F3. MSCV Ba/F3 cells were maintained in RPMI supplemented with 10% 

FBS and 0.5ng/ml mIL-3, and all other cell lines were maintained in RPMI 

supplemented with 10% FBS. Cells were expanded, washed three times in PBS, and 

pellets were prepared from 7 x 106 cells, and snap frozen on dry ice.  

 

Cell pellets were lysed in guanidine hydrochloride (GdnHCl) lysis buffer (6M GdnHCl, 

100mM Tris pH 8.5, 10mM TCEP, 40mM Chloroacetamide, max conc. 10mg/ml) and 

heated for 10min at 95°C. Samples were transferred to a sonication vial and sonicated at 

150W for 1 minute (Covaris). Samples were heated again for 5 minutes at 95°C. 

Samples were centrifuged at top speed 5min 4°C and supernatant collected. Lysate was 

diluted 1:1 using MQ before precipitating protein using 4x volumes of -20°C acetone 
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overnight. Precipitate was collected by centrifugation at 2,000g for 15 minutes at 4°C. 

Protein pellets were washed twice in -20°C 80% acetone. Pellets were air dried for 

approximately 10 minutes, or until no residual acetone odour remains. Pellets were 

resuspended in digestion buffer (10% 2,2,2-trifluoroethanol (TFE), 100mM ammonium 

bicarbonate) and sonicated in water bath for 5 minutes until homogeneous suspension 

was formed. Trypsin and LysC were each added at 1:50 ratio (enzyme:protein) in 

digestion buffer. Solution was incubated overnight at 37°C, thermomixer at 1200rpm. 

Digested peptides were acidified with 10% TFA (final 1% TFA) and centrifuged at 

21,000g for 10 minutes to remove precipitate. ACN was added to achieve a final 

concentration of 80% ACN/ 0.1% TFA. 50ul of FeIII-NTA loaded magnetic beads 

(wash 2 x 500ul 80% ACN/ 0.1% TFA prior to use) (CUBE biotech) and incubated for 

30 minutes shaking at room temperature. Tubes were placed on a magnet and washed to 

remove unbound peptides in 3 washed of 250ul Wash buffer (80% ACN, 0.1% TFA). 

Beads were transferred with 40ul of wash buffer into the top of the pre-wetted C8 stage-

tips (2 plugs, pre-wet with 50ul ACN prior to use). Centrifuged C8 stage-tip to remove 

wash buffer, and 30ul of 10% TFA was added to the bottom of a collection tube. 

Phospho-peptides were eluted using 2 x 20ul Elution buffer (50% ACN, 2.5% 

Ammonium Hydroxide, pH 10). Samples were lyophilised until near to dryness. Peptide 

solution was resuspended in 50 ul 5% FA and transfer into C18 stage tips (2 x plugs, 

wet with 20ul 100% IPA, 60% ACN, 5% FA, re-equilibrated using 5% FA prior to use). 

Stage-tips were washed with 2 x 50ul 5% FA and eluted using 50ul 60% ACN, 5% FA. 

Peptides were lyophilised to dryness and stored at -80°C. Peptides were reconstituted in 

2% ACN/1% FA just before running on instrument with 7ul MS loading buffer. 

 

2.15.2.2. Mass Spectrometry 
Peptides were resuspended in 2% ACN/1% FA and injected and separated by reversed-

phase liquid chromatography on a M-class UHPLC system (Waters) using a 250mm × 

75um column (1.6um C18, packed emitter tip; Ion Opticks) with a linear 90-min 

gradient at a flow rate of 400 nl/min from 98% solvent A (0.1% FA in MQ) to 35% 

solvent B (0.1% Formic acid, 99.9% acetonitrile). The nano-UPLC was coupled on-line 

to a Q-Exactive Orbitrap mass spectrometer equipped with a nano-electro spray 

ionization source (Thermo Fisher Scientific) and column oven at 40°C (Sonation). The 

Q-Exactive was operated in a data-dependent mode, switching automatically between 
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one full-scan and subsequent MS/MS scans of the ten most abundant peaks. The 

instrument was controlled using Exactive series version 2.1 build 1502 and Xcalibur 

3.0. Full-scans (m/z 350–1,850) were acquired with a resolution of 70,000 at 200 m/z. 

The 10 most intense ions were sequentially isolated with a target value of 10000 ions 

and an isolation width of 3 m/z and fragmented using HCD with NCE of 27. Maximum 

ion accumulation times were set to 50ms for full MS scan and 150ms for MS/MS. 

 

2.15.2.3. Data analysis 
Raw files were analysed using MaxQuant (version 1.5.8.3). The database search was 

performed using the Uniprot Mus musculus database plus common contaminants with 

strict trypsin specificity allowing up to three missed cleavages. The minimum peptide 

length was seven amino acids. Carbamidomethylation of cysteine was a fixed 

modification while N-acetylation of proteins N-termini, oxidation of methionine and 

phosphorylation of Serine/Threonine/Tyrosine were variable modifications. During the 

MaxQuant main search, precursor ion mass error tolerance was set to 4.5 ppm and 

fragment ions were allowed a mass deviation of 20 ppm. PSM and protein 

identifications were filtered using a target-decoy approach at an FDR of 1% with the 

match between runs option was enabled. 

 

Missing peptide expressions were imputed using a method based on low-rank 

decomposition. The imputed data was corrected for technical variabilities inherent to 

proteomics experiments, by the Surrogate Variable Analysis (SVA) implemented in 

R/Bioconductor package limma (305). Tests for Differential Protein Expression (DPE) 

and Differential Peptide Usage (DPU) were done using Linear Models with Empirical 

Bayes moderated t-statistics using limma. 
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3. Establishing the utility of RNA-seq to identify fusion genes 

and novel genetic drivers in paediatric ALL 

 

3.1. Introduction 
Survival rates for children diagnosed with ALL have dramatically improved in the last 

50 years, which is largely due to the advent of modern chemotherapy, risk-adapted 

therapeutic regimens, and the development of molecularly targeted therapies (40). 

Approximately 80% of paediatric ALL cases are B-cell lineage (B-ALL), and this 

subtype has been extensively characterised by large cohort comprehensive Next 

Generation Sequencing (NGS) studies (7-10, 156). Some molecular features of B-ALL 

have been incorporated into the WHO classification of myeloid neoplasms and acute 

leukaemia, and are used to clinically risk stratify paediatric patients (11, 75). In 

addition, identification of specific genomic aberrations, including ABL1 and JAK2 

fusion genes, results in the incorporation of molecularly targeted therapies into 

treatment regimens. T-cell ALL (T-ALL) is less common, and molecular features are 

yet to be incorporated into risk stratification, and there are few targeted therapies 

available for patients with T-ALL. Patients diagnosed with T-ALL have reduced five-

year survival, compared to B-ALL, and Early T-cell precursor ALL (ETP-ALL) in 

particular is associated with increased rates of treatment failure and relapse (5, 43).  

 

B-ALL patients are routinely risk stratified at diagnosis, according to the National 

Cancer Institutes (NCI) standard criteria, incorporating age and white cell count (WCC) 

a diagnosis (77). Patients are further risk stratified following induction chemotherapy, 

by incorporating cytogenetic features and early response to therapy, minimal residual 

disease (MRD), into risk assignment algorithms (78, 80, 306). NCI standard risk in 

combination with the presence of ETV6-RUNX1 or favourable chromosomal trisomies 

(4, 10, and 17) are low-risk features, while hypodiploid (<44 chromosomes), BCR-

ABL1, and positive MRD at end of induction are common features of very high risk 

ALL (47, 78). Furthermore, MRD-directed treatment intensification has also been 

shown to improve outcomes in patients with high-risk cytogenetic features (307, 308). 

Traditional risk features of age and WCC count at diagnosis have limited efficacy in 

risk stratifying T-ALL patients (23). Currently, T-ALL patients are risk stratified by 
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their response to treatment, and MRD at end of induction (EOI) and end of 

consolidation (EOC) determine treatment intensification and bone marrow transplant 

(BMT). 

 

Chromosomal abnormalities are recurrent in ALL and are clinically identified by G-

banding (conventional karyotype analysis) and Fluorescence In Situ Hybridisation 

(FISH), as standard of care. More recently, RNA Sequencing (RNA-seq) has been 

utilised in a research setting as an unbiased method to identify expressed fusion 

transcripts in paediatric B-ALL and T-ALL (10, 42). There are two types of 

rearrangements recurrently identified in ALL, those that result in the production of a 

chimeric fusion transcript and those that fuse promotor and enhancer regions upstream 

of a target gene to cause dysregulated expression. It is important to note that RNA-seq 

is limited to detect gene fusions involving non-transcribed regions of the genome, 

including IGH rearrangements in B-ALL and T-cell receptor genes (TCR) 

rearrangements in T-ALL. An example of this is the IL3-IGH rearrangement, this 

rearrangement results in the fusion of the IL3 promoter to the IGH enhancer region in 

opposite transcriptional directions (108). The coding region of IL3 is not disrupted as a 

result of this rearrangement and localisation of the IGH enhancer upstream of the IL3 

transcriptional start site increases transcription of IL3. Fusion detection algorithms rely 

on the presence of sequencing reads that span both genes, as a fusion transcript is not 

produced as a result of some rearrangements involving non-transcribed regions of the 

genome, including IL3-IGH, these rearrangements will not be detected by RNA-seq. 

 

Ph-like ALL was included in the 2016 WHO guidelines as a provisional entity of B-

lymphoblastic leukemia/lymphoma. IKZF1 deletions are a hallmark of both BCR-

ABL1+ ALL (Ph+ ALL) and Ph-like ALL (9, 33). IKZF1 deletions are most commonly 

the result of genomic heterozygous deletions resulting in the loss of the whole gene 

(del(7p)) or exons 4-7, which results in expression of a dominant negative IKZF1 

isoform 6 (IK6) (9). In rare cases, IKZF1 deletion in BCP-ALL is associated with 

monosomy 7. Ph-like ALL gene expression signature and IKZF1 gene deletions, with 

the exception of cases characterised by ETV6-RUNX1-like gene expression profile, are 

associated with poor clinical outcomes (8, 9, 41, 114, 309). Despite clear associations 

with clinical outcomes, gene expression profiling for Ph-like gene expression signature 
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and molecular testing for IKZF1 deletions is not routinely performed as standard of care 

for patients diagnosed with ALL in Australia. 

 

Gene expression profiling can uniquely characterise existing subtypes of B-ALL, and 

has facilitated the independent characterisation of nine new subtypes of B-ALL (60, 

61). There had been substantially less progress made in the genomic characterisation of 

T-ALL. Activation of transcription factors are the hallmark of T-ALL, and are most 

commonly activated by the juxtaposition of promoter and enhancer elements of TCR 

with transcription factor genes including: TAL1, LMO2, and HOX genes (42, 191). In 

addition, there are few molecular targets recurrently identified in T-ALL, with the 

exception of rare cases that harbour kinase rearrangements involving ABL1, JAK2, and 

FER (121). 

 

We have performed RNA-seq on a clinical ALL cohort, in parallel with standard of care 

testing, to establish how reliably oncogenic driver fusions, Ph-like expression profiles 

and structural variants such as IKZF1 deletions can be detected. Our experience 

suggests RNA-seq can have the greatest clinical impact when applied to patients in 

whom standard molecular testing is negative. In this group, RNA-seq can identify 

previously unsuspected driver fusions. We additionally developed analysis methods to 

detect IKZF1 deletions and genomic subtypes characterised by gene expression profile. 

RNA-seq data can be used to identify some IKZF1 deletions, but requires specific 

analysis of IKZF1 isoforms, and cannot be deduced from simple IKZF1 expression 

levels.  

 

  



 

117 

 

3.2. Results 

3.2.1. Clinical and cytogenetic features of paediatric ALL patients 
The ALL cohort was drawn from samples of children treated at the Royal Children’s 

Hospital (RCH), Melbourne, and which were banked in the Tissue Bank of the 

Children’s Cancer Centre with informed consent for sequencing analysis. All samples 

had standard of care molecular diagnostic analyses including G-banding, FISH analysis 

for ETV6-RUNX1, BCR-ABL1 and KMT2A rearrangements, and DNA ploidy analysis 

by flow cytometry. The 126 samples in this cohort represents a selected subset of the 

total number of ALL presentations to the clinical service, with a deliberate selection 

bias towards samples without a positive standard of care molecular diagnostic 

classification. The clinical and cytogenetic characteristics of the cohort are shown in 

Table 3.1 and are broadly consistent with established features of childhood ALL (101, 

310). All B-ALL cases were diagnosed as B-cell precursor ALL (BCP-ALL), and 4 of 

27 (14.8%) of T-ALL cases were diagnosed as Early T-cell precursor ALL (ETP-ALL). 

Notably, 5 of 6 (83.3%) KMT2A rearranged B-ALL cases had a characteristic pro-B 

immunophenotype, and negative CD10 expression, while one case had a Precursor B-

cell immunophenotype (106). NCI risk was calculated for all patients, including T-ALL, 

although this is not used for T-ALL risk stratification of T-ALL in our centre. We report 

prevalence of standard risk (SR) and high risk (HR) B-ALL according to the NCI 

criteria as 62.4% and 37.4%, respectively. In spite of acknowledged bias towards 

selection of high-risk cases towards the later stages of our trial, the rates of HR disease 

are comparable to reported frequencies (16). 

 

Minimal residual disease (MRD) was assessed at the end of induction (EOI, day 29) and 

the end of consolidation (EOC), by flow cytometry or molecular methods. The MRD 

status of our cohort is shown in Table 3.1. The rates of MRD at EOI and EOC are 

somewhat higher when compared to all ALL patients managed in our service. This also 

reflects the bias in our cohort towards patients who do not have standard low-risk 

molecular findings. Nine patients (7.1%) died during the follow up period, and the 

median follow-up time for the remaining patients was 2.57 years. The outcomes in the 

sequenced cohort reflected the ascertainment bias for higher risk.  
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Table 3.1. Patient clinical characteristics 

 
Patients 

 
B-ALL (n = 99) T-ALL (n = 27) 

  Number % Number % 
Sex 
    Male 43 43.4 21 77.8 
    Female 56 56.6 6 22.2 
Age 
    <1 year 4 4.0 0 0.0 
    1-9.99 years 77 77.8 19 70.4 
    ≥10 years 18 18.2 8 29.6 
WBC 
    <50,000/µL 84 84.8 11 40.7 
    ≥50,000/µL 15 15.2 16 59.3 
NCI risk 
    Standard risk 62 62.6 6 22.2 
    High risk 37 37.4 21 77.8 
Extramedullary disease 12 12.1 3 11.1 
Trisomy 21 5 5.1 0 0.0 
WHO subtype classification1 

Defined 
    Hyperdiploid 29 29.3 NA NA 
    Hypodiploid 5 5.0 NA NA 
    BCR-ABL1 4 4.0 NA NA 
    KMT2A rearranged 6 6.1 NA NA 
    ETV6-RUNX1 20 20.2 NA NA 
    TCF3-PBX1 2 2.0 NA NA 
    IL3-IGH 1 1.0 NA NA 
Provisional entities 
    Early T-cell Precursor ALL NA NA 4 14.8 
Undefined 32 32.3 23 85.2 
MRD status at end of induction2         
    Positive 35 35.4 18 66.7 
    Negative 64 64.6 9 33.3 
MRD status at end of 
consolidation2     

    Positive 8 8.1 9 33.3 
    Negative 91 91.9 18 66.7 
Bone marrow transplant     
     Total number of patients 11 11.1 6 22.2 
     CR1 3 3.0 6 22.2 
     CR2 8 8.1 1 3.7 
Outcome 

    Death 9 9.1 0 0.0 
    Relapse 16 16.2 1 3.7 
    No event 79 79.8 26 96.3 
Abbreviations: B-ALL, B-cell acute lymphoblastic leukaemia; T-ALL, T-cell acute lymphoblastic leukaemia; WBC, white blood 
cell count; NCI, National Cancer Institute; WHO, World Health Organisation; MRD, minimal residual disease; CR1/CR2, complete 
remission 1/2 
1. WHO subtype classification based on karyotype and FISH analysis performed as part of standard clinical diagnostic testing. 
2. MRD positive defined as ≥0.01% leukaemic cells measured by flow cytometry. Where flow cytometry was uninformative, 
quantitative real-time PCR and molecular markers were used to determine MRD status. 
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3.2.2. Utility of RNA-seq to identify fusion genes 
We used our RNA-seq data to identify fusion genes across our entire cohort using 

JAFFA (68). We identified fusion transcripts in 48/56 (85.7%) patients that had a 

rearrangement identified by standard of care cytogenetics (see Table 3.2). We identified 

fusion transcripts that were not identified by standard of care testing in an additional 18 

patients. These included in-frame fusion transcripts in five 'undefined' B-ALL patients, 

PAX5-JAK2 (2), P2RY8-CRLF2 (1), TCF3-ZNF384 (1), and PAX5-AUTS2 (1), and two 

'undefined' T-ALL patients, TCF7-CSF1R (1), and co-expressed BCOR fusions, BCOR-

KDM6A and PHF16-BCOR in a single patient (1). We also identified out-of-frame 

fusion transcripts in a further two 'undefined' T-ALL patients, predicted to result in gene 

dysregulation: LMO2-TRA (1) and TP53-WDR7 (1), and an in-frame ETV6-CRX fusion 

transcript in a patient with ETP-ALL. We identified additional PAX5 rearrangements in 

four patients who were otherwise classified, and a novel CHST11-VPS8 fusion 

transcript in a patient with ETV6 rearranged B-ALL. JAFFA output for fusion 

transcripts called in each sample is given in supplementary table 1. 

 

Eight standard rearrangements were missed by RNA-seq. These included a single BCR-

ABL1 fusion, which was missed as a result of low blast percentage (6%) in a sample 

taken 8-days post commencement of induction chemotherapy (see Appendix 2 Table 

A2.1). Two KMT2A rearrangements were missed, likely due to low expression of 

KMT2A. Two IGH rearrangements, IGH-CRLF2 and IL3-IGH, were missed, as RNA-

seq will no capture fusions involving non-transcribed regions of the genome (see 

section 3.1). In addition, we missed a non-standard ETV6 rearrangement identified 

clinically by FISH. The remaining rearrangements were missed in T-ALL cases, which 

frequently involve promoter and enhancer regions, and included: TRA-MYC and TRB-

TLX1 (see Table 3.2 and Appendix 2 Table A2.2). Transcriptome sequencing misses 

many rearrangements involving TCR genes, recurrent in T-ALL, and whole genome 

sequencing is often performed to identify these (42). 
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Table 3.2. Comparison of RNA-seq to standard of care cytogenetic testing to identify fusion genes 
Rearrangements identified Standard 

test RNA-seq (RNA-seq only) RNA-seq/ standard test 
(%) 

Comment  
(Fusions identified by RNA-seq alone are bolded) 

B-ALL 
BCR-ABL1 4 3 75 Missed BCR-ABL1 (1) fusion. RNA-seq performed on 

sample taken 8-days post commencement of induction. 
KMT2A rearrangement 6 4 66.7 Missed KMT2A-MLLT1 (1) and KMT2A-X (1) fusions (see 

Figure 3.7A) 
ETV6-RUNX1 20 20 100  
TCF3-PBX1 2 2 100  
IL3-IGH 1 0 0 Missed IL3-IGH (1). 

Undefined/ 
'B-other' 

ABL1 rearrangement 2 2 100  
JAK2 rearrangement 0 0 (2) NA PAX5-JAK2 (2)  
CRLF2 rearrangement 9 8 (1) 88.9 Missed IGH-CRLF2 (1). 

P2RY8-CRLF2 (1) 
ETV6 rearrangement 4 3 (2) 75 Missed ETV6 rearrangement (1) CHST11-VSP8 (1) 

Two ETV6 rearrangements found in one patient:  
ETV6-MDH2 + ETV6-ATP5SL (1) 

ZNF384 rearrangement 1 1 (1) 100 TCF3-ZNF384 (1)  
PAX5 rearrangement 1 1 (1) 100 PAX5-AUTS2 (1)  

Additional findings in patients otherwise classified 0 0 (5) NA PAX5-LINC01400 (Hyperdiploid, 1); 
PAX5-ARHGAP22 (Hypodiploid, 1); 
PAX5-NOL4L (P2RY8-CRLF2+, 1); 
PAX5-MSMP (IGH-CRLF2+, 1); 
IKZF1-CEP170 + ADSS-IKZF1 (ETV6-CLN6+, 1) 

T-ALL 

Undefined/ 
'T-other' 

LMO2 rearrangement 2 2 (1) 100 LMO2-TRA (1);  
KMT2A rearrangement 1 1 100  
NUP214-ABL1 1 1 100  
MYC rearrangement 1 0 0 Missed TRA-MYC (1) fusion 
Other 1 0 (4) 0 PTEN-ATAD1 (1); 

BCOR-KDM6A + PHF16-BCOR (1); 
TCF7-CSF1R (1); 
TP53-WDR7 (1);  

Additional findings in patients otherwise classified 0 0 (1) NA ETV6-CRX (ETP-ALL, 1) 
Total = 56 48 (18) 84.2 %  
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3.2.3. Fusion genes identified in B-ALL 
The RNA-seq results for B-ALL are summarised in Figure 3.1. Following standard of 

care cytogenetic testing, 67 patients were 'defined' by a WHO established subtype of B-

lymphoblastic leukemia/lymphoma. This included the identification of KMT2A-USP2 

by RNA-seq, following identification of an KMT2A rearrangement with unknown 

partner by FISH (EKL10_2). The KMT2A-USP2 is one example of an emerging class of 

KMT2A rearrangements with an alternative molecular breakpoint (311, 312). A further 

17 patients had a rearrangement identified that is characteristic of provisional or 

emerging subtypes and included: two ABL1 rearrangements (2.0%), nine CRLF2 

rearrangements (8.1%, including one IGH-CRLF2 and eight P2RY8-CRLF2 

rearrangements), four non-standard ETV6 rearrangements (4.0%), one TCF3-ZNF384 

rearrangement (1.0%), and one PAX5-AUTS2 rearrangement (1.0%) (182). Following 

standard of care testing, 15 patients (15.2%) remained without an identified lesion prior 

to RNA-seq analysis (see Figure 3.1).  

 

Of the patients that did not have a lesion identified by standard of care, we identified a 

known or potential driver rearrangement in a third of these cases using RNA-seq. 

Strikingly, two of these patients expressed PAX5-JAK2 fusions, which may be 

amenable to ruxolitinib treatment (115). RNA-seq was performed on one of these 

patients while they were undergoing treatment, and ruxolitinib was added to their 

treatment regimen as a result. Following analysis of fusion transcripts using JAFFA, 10 

patients remained 'undefined' (10.1%). These data show that in B-ALL, the greatest 

yield from RNA-seq will most likely be in the subset of patients in whom standard 

molecular testing does not definitively identify a B-ALL molecular subtype. 
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Figure 3.1. Fusion genes identified in B-ALL patients 
Data is presented for 99 patients with B-ALL on which we performed RNA-seq. Each 
column represents a single patient. Patients who classified into WHO established 
subtypes: hyperdiploid (dark blue), hypodiploid (blue), BCR-ABL1 (red), KMT2A 
rearranged (purple), ETV6-RUNX1 (green), TCF3-PBX1 (orange), and IL3-IGH (light 
purple), were classed as 'defined' (n = 67). Patients that did not classify into a WHO 
established subtypes were classed as 'undefined' (n = 32, coloured in grey). Patients that 
were standard-risk at diagnosis by the NCI criteria (NCI risk) are shown in yellow, and 
patients that were high risk are coloured in red. High NCI risk is defined by age <1 or 
≥10 years, or WBC at diagnosis > 50,000 cells/uL, or extramedullary disease. All other 
patients are classified as standard risk. Minimal residual disease (MRD) at the end of 
induction is shown, where patients with positive MRD shown in red and negative MRD 
shown in grey. MRD was determined by the presence of ≥0.01% leukaemic cells by 
flow cytometry, and if flow cytometry was uninformative, MRD was determined by 
molecular methods. Outcome data is shown in the fourth row, where 'event' (red) 
indicates death, relapse or BMT, and 'no event' is shown in grey. IKZF1 status is 
determined by microarray or RQ-PCR assay and is a non-standard clinical test. IKZF1 
alterations identified include: IKZF1 deletion (blue), monosomy 7 (medium blue), and 
subclonal deletion (light blue). (•) Denotes patients that had IKZF1 deletion identified 
in relapse sample. Rearrangements identified by standard clinical test (standard) include 
gene rearrangements identified by either G-banding analysis (karyotype) or 
fluorescence in situ hybridisation (FISH) analysis and are shown in green. Fusions 
identified by RNA-seq include in-frame and out-of-frame fusion transcripts, predicted 
to result in the disruption/dysregulation of a particular gene, identified using JAFFA, 
and are shown in blue. Non-standard rearrangements identified include: non-standard 
KMT2A (purple), ABL1 (dark pink), PAX5-JAK2 fusion (medium pink), IGH-CRLF2 
(pink), P2RY8-CRLF2 (light pink), non-standard ETV6 (green), TCF3-ZNF384 
(orange), PAX5 (purple), and IKZF1 (blue). (*) Denotes an IGH-CRLF2 rearrangement 
that was identified by karyotype, and not identified by RNA-seq. 
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With RNA-seq data we were able to identify additional information about 

rearrangements that had been suspected by clinical testing, mainly the identification of 

fusion partners. We identified four novel 3' ETV6 fusion partners including CLN6, 

NR3C1, and MDH2 and ATP5SL (which were co-expressed in a single patient). The 

patient in whom we identified co-expression of ETV6-MDH2 and ETV6-ATP5SL 

(EKL11_7) was analysed by G-banding, FISH and SNP microarray as part of clinical 

diagnostics. FISH and SNP microarray suggested the presence of a deletion involving 

ETV6 (33kb interstitial deletion involving chromosome 12p13.2 identified by 

microarray) in the majority of the patient sample. Microarray also identified a 2.3Mb 

interstitial deletion on chromosome 7q11.23, approximately 18kb upstream of MDH2. 

The ETV6-MDH2 and ETV6-ATP5SL fusion transcripts identified differ in involvement 

of ETV6 exons; ETV6-MDH2 involves exon 2 of ETV6 while ETV6-ATP5SL involves 

exon 1 (ENST00000396373). The boundaries of the ETV6 deletion identified by 

microarray span intron 1 and 2 of ETV6, including deletion of exon 2. As the ETV6-

MDH2 fusion transcript contains exon 2 of ETV6, this suggests that this fusion 

transcript could have risen as the result of a deletion and insertion event on chromosome 

7 (containing MDH2) or as a separate genomic event, to that which resulted in 

production of ETV6-ATP5SL, involving the other ETV6 allele. In addition to the ETV6 

rearrangements identified in these four patients, we identified co-expressed IKZF1 

fusion transcripts, IKZF1-CEP170 and ADSS-IKZF1, in EKL11_12.  

 

Multiple transcripts were identified for three of the four ETV6 rearrangements identified 

by RNA-seq, ETV6-CLN6, ETV6-MDH2, and ETV6-ATP5SL, each of which involve 

exon 1 or exon 2 of ETV6 and disrupt all functional coding domains of ETV6 (see 

Figure 3.2). A previously unreported out-of-frame CHST11-VPS8 fusion transcript was 

identified in the fourth non-standard ETV6 patient (EKL13_3), which may be indicative 

of a more complex rearrangement chr3/chr12 translocation involving 

ETV6/CHST11/VPS8. We identified additional PAX5 rearrangements in four patients 

that were already classified by another genetic feature. These included a P2RY8-

CRLF2+ patient in which we identified PAX5-NOL4L (182). In addition, we identified 

three novel fusion transcripts including in-frame PAX5-ARGHAP22 (EKL7_5) and 

PAX5-MSMP (MLM_16), and out-of-frame PAX5-PR11-220I1.1 (MLM_7) transcripts 

(see Appendix 2 Table A2.2). 
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Figure 3.2. ETV6-other fusion transcripts identified by RNA-seq and JAFFA 
Images show the structure of ETV6-other fusion transcripts identified by RNA-seq: 
ETV6-CLN6 (A), ETV6-NR3C1 (B), ETV6-MDH2 (C), and ETV6-ATP5SL (D). 
ETV6-MDH2 and ETV6-ATP5SL were identified in a single patient. Each image 
produced by Clinker depicts; RNA-seq read coverage in the top track (shown in purple), 
genes involved in the fusion (blue), functional coding domains in each gene (orange), 
and predicted Ensembl transcripts (green). The vertical black lines depict breakpoints 
within each gene and the bottom track "split reads" shows the read evidence for the 
fusion. Fusion transcript visualisations were produced using Clinker. 
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3.2.4. Genomic landscape of T-ALL 
We sequenced 27 T-ALL cases (Figure 3.3). Four of these samples were defined as 

ETP-ALL based on immunophenotype and the remaining 23 cases were classified as 

'undefined'. Conventional karyotype and FISH analysis identified chromosomal 

rearrangements in seven samples in the undefined group, including two TRA-LMO2 

rearrangements, one KMT2A-MLLT1, one NUP214-ABL1, one TRA-MYC 

rearrangement, and one TRB-TLX1 rearrangement. In this last sample, RNA-seq 

identified an intrachromosomal deletion on chr10 that resulted in the expression of a 

novel PTEN-ATAD fusion transcript. In spite of small cohort size, of the subtypes we 

observed, frequencies were comparable to those reported in the general T-ALL 

population: ETP-ALL (15%), LMO2 dysregulation (11%), KMT2A-MLLT1 (4%), 

NUP214-ABL1 (4%), and TLX1 dysregulation (4%)(see Table 1.2). 
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Figure 3.3. Gene rearrangements and fusion genes identified in T-ALL patients 
Data is presented for 27 patients with T-ALL on which we performed RNA-seq. Each 
column represents a single patient. Patients who classified into the WHO provisional 
subtype Early T-cell precursor ALL (ETP-ALL) are classed as 'defined' (n = 4), and 
remaining patients were classed as 'undefined' (n = 23). Minimal residual disease 
(MRD) at the end of induction (EOI) and end of consolidation (EOC) is shown, where 
patients with positive MRD shown in red and negative MRD shown in grey. MRD was 
determined by the presence of ≥0.01% leukaemic cells by flow cytometry, and if flow 
cytometry was uninformative, MRD was determined by molecular methods. Outcome 
data is shown in the third row, where 'event' (red) indicates death, relapse or BMT, and 
'no event' is shown in grey. Rearrangements identified by standard clinical test 
(standard) include gene rearrangements identified by either karyotype or FISH analysis 
and are shown in green. Fusions identified by RNA-seq include in-frame and out-of-
frame fusion transcripts, predicted to result in the disruption/dysregulation of a 
particular gene, identified using JAFFA, and are shown in blue. Non-standard 
rearrangements identified include: TRA-LMO2 (light green), KMT2A-MLLT1 (purple), 
NUP214-ABL1 (dark pink), TRA-MYC (orange), and TRB-TLX1 (yellow). Novel fusion 
transcripts we identified, as a result of chromosomal translocations or intrachromosomal 
gene deletions are defined as 'other fusion' (light blue). 
 

Of the 17 patients that did not have a rearrangement identified by standard-of-care, 

RNA-seq data identified a TRA-LMO2 rearrangement in an additional patient and a 

range of novel structural variants that included expressed driver fusions or disruptions 

of tumour suppressors (Table 3.3). The tumour suppressor disruptions identified 

included the expression of a TP53-WDR7 fusion, which juxtaposes the 5' untranslated 

region (UTR) of TP53 with WDR7, predicted to result in the loss of TP53 and the 

previously described PTEN-ATAD fusion transcript (see Figure A2.1 in Appendix 2). 

Two BCOR fusion transcripts in the same sample (Table 3.3), suggested a more 
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complex structural event involving chromosome X. BCOR loss-or-function variants are 

a recognized feature in T-ALL (313). 

 

Table 3.3. Novel fusion transcripts identified in T-ALL patients 
Sample ID Subtype RNA-seq 

fusion Fusion Mechanism 

EKL3_6 ETP-ALL ETV6-CRX 

Novel fusion transcript - 
Chromosomal translocation 
t(12;19), resulting in the production 
of in-frame fusion transcripts fusing 
exon 5 of ETV6 to exon 3 and exon 
4 (the result of alternative splicing 
of exon 3) of CRX 

Dysregulated 
expression of ETV6 

EKL12_6 Undefined TCF7-CSF1R 

Novel fusion transcript - 
Intrachromosomal deletion on 
chromosome 5, resulting in the 
production of in-frame fusion 
transcript fusing exon 3 of TCF3 to 
exon 12 of CSF1R 

Constitutive 
activation of CSF1R 

EKL12_7 Undefined TP53-WDR7 
Juxtaposition of the 5'UTR of TP53 
on chromosome 17 with exon 2 of 
WDR7 on chromosome 18 

Complete loss of 
the coding region of 
TP53 

EKL19_4 Undefined BCOR-
KDM6A 

Novel fusion transcript - 
Intrachromosomal deletion on 
chromosome X, resulting in 
production of in-frame fusion 
transcript fusing exon 10 of BCOR 
to exon 14 of KDM5A  

Loss of functional 
coding domains of 
BCOR  

  PHF16-BCOR 

Novel fusion transcript - 
Intrachromosomal deletion on 
chromosome X, resulting in 
production of in-frame fusion 
transcript fusing exon 11 of BCOR 
to exon 8 of PHF16 

Loss of functional 
coding domains of 
BCOR 

EKL3_10 Undefined PTEN-ATAD1 

Intrachromosomal deletion on 
chromosome 10, resulting in the 
juxtaposition of exon 2 of PTEN 
with exon 3 of ATAD1 

Loss of functional 
coding domains of 
PTEN 

 

We additionally identified two novel T-ALL driver using RNA-seq, ETV6-CRX (Figure 

3.4A) and TCF7-CSF1R (Figure 3.4B). Expression of the Cone-Rod Homeobox (CRX) 

gene is normally restricted to photoreceptor cells specifically, and the in-frame fusion 

we have identified drives expression of the CRX homeobox domain. This sample has 

the highest expression of CRX of any sample that we have sequenced (Figure 3.5). 

Further this fusion was the highest expressed fusion in both the diagnostic and relapse 

sample (Figure 3.5). We speculate that enforced expression of this homeobox domain 

blocks differentiation in the ETP-ALL. The TCF7-CSF1R fusion transcript drives the 

expression of the entire tyrosine kinase-coding domain of CSF1R. Although this patient 

responded well to standard chemotherapy, a future relapse may be amenable to 
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dasatinib treatment (115, 314).  Together, these data show that RNA-seq has a relatively 

high yield capacity to identify novel and potentially targetable driver fusions in 

paediatric T-ALL. 

 

 
Figure 3.4. Structure of activating fusions identified in T-ALL patients 
Images show the structure of novel activating T-ALL fusion transcripts identified by 
RNA-seq: ETV6-CRX (A) and TCF7-CSF1R (B). Each image produced by Clinker 
depicts; RNA-seq read coverage in the top track (shown in purple), genes involved in 
the fusion (blue), functional coding domains in each gene (orange), and predicted 
Ensembl transcripts (green). The vertical black lines depict breakpoints within each 
gene and the bottom track "split reads" shows the read evidence for the fusion. Fusion 
transcript visualisations were produced using Clinker. 
 

 
Figure 3.5 Gene expression analyses of CSF1R and CRX in T-ALL patients with 
TCF7-CSF1R and ETV6-CRX fusions identified by RNA-seq 
Gene expression analysis of CSF1R and CRX in patients with TCF7-CSF1R and ETV6-
CRX. Plots show gene name on the x-axis, and gene expression (log2 counts +1) is 
shown on the y-axis. Samples expressing a rearrangement in the specified gene are 
coloured, CSF1R rearrangement (green) or CRX rearrangement (purple), and all other 
samples are coloured in grey. Expression of CRX is shown at diagnosis (circle) and 
relapse (triangle) for the ETV6-CRX+ sample.
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3.2.5. Utilising gene expression analysis on RNA-seq data to identify 

gene rearrangements 
It was important to determine that the RNA-seq methodology we employed effectively 

identified fusion known to be present in samples, and to explore further whether some 

rearrangements will be missed by RNA-seq. Overall, fusion transcripts were identified 

in 48/56 (85.7%) patient samples in which the same rearrangement had been identified 

or suspected using standard-of-care cytogenetics (Table 3.2). Notably, eight standard 

rearrangements were missed by RNA-seq. The most consequential of these was a BCR-

ABL1 fusion in a known Ph+ B-ALL. The most likely explanation for this is that the 

sample was taken 8-days post commencement of induction chemotherapy and had a 

leukemic blast content of only 6%. We explored this further by diluting RNA from a 

BCR-ABL1 positive B-ALL sample into RNA extracted from a normal control and 

sequencing at each dilution. When the BCR-ABL1 positive B-ALL RNA represented 

10% or less of the total sample, the ability to detect BCR-ABL fusion was lost (Figure 

3.6).  

 
Figure 3.6. RNA-seq reliably detects the BCR-ABL1 fusion to 10% abundance  
We performed an assay where we diluted tumour cDNA extracted from primary patient 
samples expressing either the PAX5-JAK2 or BCR-ABL1 fusion transcripts. Tumour 
cDNA was serially diluted into "normal" cDNA (genome in a bottle cDNA). The graphs 
show tumour:normal cDNA dilution on the x-axis, where 0 represents entirely tumour 
cDNA and 1.0 represents entirely "normal" cDNA, and number of reads supporting the 
fusion on the y-axis. 
 

Two IGH rearrangements, IGH-CRLF2 and IL3-IGH, were identified by karyotype 

analysis. It was anticipated that the IGH rearrangements would likely not be detected by 

RNA-seq as the fusion caller, common to most fusion callers, relied on reads spanning 

the fusion breakpoint that map to expressed regions of the genome, rather than promoter 
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or enhancer regions. This also explains why T-ALL fusions, TRA-MYC and TRB-TLX1, 

were not called (Table 3.2 and Table A2.2 in Appendix 2). 

 

We explored the relationship between missed B-ALL and T-ALL fusions and 

expression of the target genes involved in those rearrangements (Figure 3.7) to 

determine whether the fusions may be recognizable in RNA-seq data as expression 

outliers. The highest expressors of IL3 and CRLF2 were the samples harbouring those 

respective fusions (Figure 3.7A). Moreover, other CRLF2 fusions (P2RY8-CRLF2) 

were the next cluster of high expressors. Only one P2RY8-CRLF2 fusion sample had 

expression at or below the mean of the cohort (EKL3_25). The PAR1 deletion was 

identified in only 20% of this sample by SNP microarray, which may explain relatively 

reduced expression of CRLF2. Samples with JAK2 and ABL1 fusions were high 

expressors of these genes. In T-ALL, the TRB-TLX1 fusion drove TLX1 expression to 

levels far in excess of the rest of the T-ALL cohort. This was not the case for TRA-MYC 

(Figure 3.7B) Interestingly, KMT2A fusions tended to have lower expression of KMT2A 

than ALL without KMT2A rearrangements. The two samples in which KMT2A fusions 

were missed were amongst the lowest expressors of this gene (Figure 3.7A). These data 

show that in some instances, in particular when target genes are fused to downstream of 

promoter or enhancer regions (IL3-IGH, IGH-CRLF2, TRB-TLX1), gene expression 

can be a surrogate marker of the presence of an activating fusion. Low-expressed 

fusions such as KMT2A rearrangements, or low tumour burden, will present a challenge 

to the use of RNA-sequencing as a single tool to identify ALL fusions. 
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Figure 3.7. Gene expression analysis of genes recurrently altered in B- and T-ALL 
A) Gene expression analysis of all B-ALL samples analysing expression of ABL1, 
JAK2, KMT2A, IL3 and CRLF2. Plots show gene name on the x-axis, and gene 
expression (log2 counts +1) on the y-axis. Samples in which a fusion was identified by 
RNA-seq in that particular gene are coloured in green. Samples containing 
rearrangements involving IGH are coloured in pink and were missed by RNA-seq 
(IGHr). All other samples that contain gene fusions missed by RNA-seq are coloured in 
red (Missed). B) Gene expression analysis of all T-ALL samples analysing expression 
of MYC and TLX1. Plots show gene name on the x-axis, and gene expression (log2 
counts +1) on the y-axis. Samples in which a fusion was identified by RNA-seq 
involving MYC or TLX1 are coloured light pink or pink, respectively. All remaining 
samples are coloured in grey. 
 

3.2.6. Using RNA-seq data to identify IKZF1 deletions 
IKZF1 deletions contribute to risk stratification and we sought to establish whether 

RNA-seq data could be used to detect these. In our clinical service, IKZF1 deletions are 

not routinely assayed for in all ALL patients and are detected clinically by non-standard 

auxiliary tests - SNP microarray or RQ-PCR (recurrent IKZF1 deletion transcripts are 

shown in Figure 3.8A). The known IKZF1 status of the samples prior to RNA-seq is 

shown for each sample in Figure 3.1. IKZF1 deletions were identified clinically in 14 B-

ALL (14.1%) and one T-ALL patient (3.7%) and are specifically detailed in Table A2.3 

in Appendix 2. There were some discrepancies between IKZF1 deletion status analysed 

by SNP microarray and RQ-PCR. IKZF1 deletions were identified in 10 patients by 

SNP microarray, and eight of these deletions were subsequently confirmed by RQ-PCR. 

One patient (EKL20_5) that tested negative by RQ-PCR harboured a large (20Mb) 

deletion, which would be predicted to involve regions outside of IKZF1 and would not 

be detected by the RQ-PCR assay, which only tests for specific intragenic deletions. 
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The second patient (EKL13_3) that tested negative to RQ-PCR had a 45kb deletion 

suspected by microarray, this deletion could not be confirmed by RQ-PCR and was 

below the stated 0.2Mb resolution of the array. However, this does not rule out the 

possibility that this sample harbours a rare IKZF1 deletion not tested for by the standard 

RQ-PCR panel (309). RQ-PCR also detected subclonal deletions in four samples where 

no deletion had been detected by SNP microarray (EKL6_7, EKL19_12, EKL4_2, and 

EKL7_5, see Table A2.4 in Appendix 2). These data show that there are inherent 

limitations to detect IKZF1 deletions using either SNP microarray or RQ-PCR. While 

SNP microarray has limited ability to detect small intragenic deletions (<0.2Mb) and 

deletions at low abundance (subclonal), RQ-PCR is assay-specific and is currently only 

used to test for four specific IKZF1 deletions. 

 

We used RNA-seq data to look for deletions that would result in truncated transcripts or 

deleted internal exons for IKZF1. We showed that we could not use total IKZF1 

expression to determine the IKZF1 deleted samples (Figure 3.8B). Hence, we developed 

a new method to detect the presence of IKZF1 deletions using RNA-seq. First, we 

augmented our reference transcriptome to include transcripts of IKZF1-deleted 

sequences as described in Methods. We included IKZF1 del 4-7 (IKZF1 deletion of 

exons 4 to 7), IKZF1 del2-7, IKZF1 del2-8, and IKZF1 del 4-8 (Figure 3.8A). We then 

estimated the abundances of each deletion transcript using Salmon (297) and plotted 

this against the total number IKZF1 transcripts (Figures 3.8C-G). We did not find 

compelling evidence of deletion transcripts in T-ALL samples. In B-ALL samples, we 

reliably detected the three samples with known IKZF1 del4-7 and predicted that five 

untested cases would also harbour IKZF1 del 4-7. The predictions were subsequently 

validated by RQ-PCR (Figure 3.8C). One sample was known to have an IKZF1 del4-7 

at relapse from clinical RQ-PCR, and we predicted the presence of a deletion in the 

primary sample even with low tumour burden (MLM_10). While we were unable to 

reliably detect rarer deletion transcripts del4-8, del2-7 and del2-8, using this approach, 

we did accurately predict the presence of a del4-8 in a patient (EKL7_8) with a major 

clonal deletion validated by RQ-PCR (Figure 3.8D). EKL8_6 and EKL7_5 were known 

to harbour major and minor clonal IKZF1 del4-7 deletions at relapse, based on clinical 

RQ-PCR. However, while secondary RQ-PCR confirmed the presence of subclonal 

deletions at diagnosis, these deletions were not detected by RNA-seq (Figure 3.8G).  
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The relationships between the abundance of each of the other deletion transcripts and 

total IKZF1 transcript abundance was less clear, likely due to greater uncertainty in 

transcript abundance estimation. Interestingly, one sample expressed two out-of-frame 

IKZF1 fusion transcripts that disrupt IKZF1 expression (Figure A2.2 in Appendix 2), 

which were identified only by RNA-seq (EKL11_12). Together these data show that 

RNA-seq can be used to detect the commonest form of IKZF1 intragenic deletion. See 

Table A2.4 in Appendix 2 for a summary of RQ-PCR results from primary (clinical) 

and secondary analysis. 
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Figure 3.8. Identifying IKZF1 deletions using RNA-seq data 
A) Schematic of the IKZF1 canonical transcript (IK1) and augmented deletion 
transcripts, del4-7, del4-8, del2-7, and del2-8. Each coding exon is coloured and non-
coding exons are grey. N-terminal DNA-binding and c-terminal dimerisation coding 
domains are indicated by the arrows. B) Expression levels of IK1 (ENST00000331340) 
in all B-ALL samples. Plot shows Transcript Per Million (TPM) on the y-axis. Legend 
for the plot is shown on the right and also applies to panels C-F. Samples are coloured 
according to IKZF1 deletion status del 2-7 (orange), del 2-8 (maroon), del 4-7 (red), del 
4-7 subclonal (pink), del4-8 (blue), or del4-8/IKZF1 fusion (purple) based on primary 
and secondary RQ-PCR results. Samples that have not been tested for IKZF1 deletion 
(untested) or are confirmed non-deletions (undetected) are coloured in grey. Samples 
that were predicted to have IKZF1 deletion based on RNA-seq data and were validated 
by RQ-PCR are depicted by triangles. C) The estimated number of transcripts per 
million (TPM) for IKZF1 del4-7 plotted against sum of all IKZF1 transcripts (Sum of 
all IKZF1 TPM) for each B-ALL sample. The TPM of del 4-8 (D), del2-7 (E), and del 
2-8 (F) were also plotted against the sum of all IKZF1 TPM for each sample to predict 
the presence of rarer IKZF1 deletions. G) TPM for IKZF1 del4-7 of EKL7_5 (purple) 
and EKL8_6 (orange) at diagnosis (circle) and relapse (square) plotted against sum of 
all IKZF1 TPM on the y-axis. 
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3.2.7. Classifying B-ALL patients using a gene expression classifier 
We built a gene expression classifier to identify Ph-like, ETV6-RUNX1+ (ETV) and 

ERG deleted/DUX4 rearranged (ERG) B-ALL using a random forest classifier on RNA-

seq expression data (see Materials and Methods section 2.4.3). We applied the classifier 

to all 99 B-ALL samples and showed that our classifier was highly specific with the 

majority of cases classified by a molecular subtype not captured by the classifier being 

“Other” or “Unknown” (Figure 3.9). One hyperdiploid sample classified as ERG 

(EKL6_2), this patient also expressed an IKZF1 deletion, but we were unable to confirm 

the presence of a DUX4 rearrangement. The cut-off probability for classification into 

Ph-like, ETV, or ERG was 0.5, and Other was 0.75.  

 

 
Figure 3.9. Prediction scores for all B-ALL samples using a gene expression 
classifier to predict Ph-like, ETV6-RUNX1+, and ERG deleted/DUX4 rearranged 
cases 
Bar chart of prediction scores for all B-ALL samples. Samples are grouped according to 
their molecular subtype. Samples were classified into Ph-like (red), ETV6-RUNX1+ 
(ETV, yellow) or ERG-deleted (ERG, blue) if they received a prediction score over 0.5 
for any of these classes. Samples that classified as “Other” with a prediction score 
greater than 0.75 or were not classified into any class are coloured in grey 
“Other/Unknown”. Bars are filled for samples where the patient either relapsed or died. 
 

We first assessed how accurately the classifier predicted a class for samples known to 

harbour Ph-like and ETV6-RUNX1 rearrangements (Figure 3.10). This tool accurately 

classified of four Ph+ and Ph-like samples expected from the fusion we observed. A 

low tumour burden most likely explains the missed classification of MLM_10. Eighteen 

of twenty ETV6-RUNX1+ B-ALL were correctly predicted. One of four non-standard 
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ETV6 rearrangement cases (ETV6 other) classified as ETV6-RUNX1+, which harboured 

an out-of-frame ETV6-NR3C1 fusion transcript and no IKZF1 deletion (EKL18_1). 

ETV6-RUNX1-like is a more recently classified subtype of B-ALL, defined by ETV6-

RUNX1-like gene expression profile and co-existing ETV6 and IKZF1 alterations (60). 

This ETV6 fusion is previously unreported in ETV6-RUNX1—like B-ALL. However, 

our classifier was not built to identify this subtype.  

 
Figure 3.10. Using a B-ALL gene expression classifier to identify Ph-like, ETV6-
RUNX1+, and ERG deleted/DUX4 rearranged cases 
Bar chart of prediction probabilities for B-ALL samples grouped by molecular subtype 
BCR-ABL1, ETV6-RUNX1, ETV6 other, IL3-IGH, CRLF2 rearranged, ABL-class, 
JAK2 rearranged, or undefined. Samples were classified into Ph-like (red), ETV6-
RUNX1+ (ETV, yellow) or ERG-deleted (ERG, blue) if they received a prediction score 
over 0.5 for any of these classes. Samples that classified as “Other” with a prediction 
score greater than 0.75 or were not classified into any class are coloured in grey 
“Other/Unknown”. Bars are filled for samples where the patient either relapsed or died. 
 

We identified a Ph-like gene expression signature in 3/10 (30%) CRLF2 rearranged B-

ALL cases. Additionally, we identified a JAK2 R683S mutation in a Ph-like+ patient 

with an IKZF1 del4-7 (EKL18_4). Of note, 2/3 (67%) of CRLF2 rearranged Ph-like+ 

cases had IKZF1 deletions, compared to 3/7 (43%) of non-Ph-like cases, however our 

cohort is small. See Table A2.5 for a summary of CRLF2 rearranged cases. Our gene 

expression classifier also identified a Ph-like gene expression profile in all ABL-class 

and JAK2 rearranged cases, as expected (10). 
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The classifier was applied to the 10 'unclassified' samples that expressed no fusion 

detectable in RNA-seq and were also unclassified by standard molecular testing (Table 

A2.6 in Appendix 2). Two of these samples were predicted to be ERG deleted (EKL3_5 

and EKL19_14). Manual inspection of aligned reads in IGV identified an IGH-DUX4 

rearrangement in one sample (Figure 3.11). This sample also had high expression of 

PDGFRA, a recurring feature of ERG deleted/DUX4 rearranged ALL (Figure 3.12) 

(173). These two samples were the highest expressors of DUX4. In all, the random 

forest classifier was useful in further refining the sub-type classification of this cohort 

of ALL, however a more robust clinical tool could be developed with a larger training 

dataset. 

 
Figure 3.11. Identification of IGH-DUX4 rearrangement in EKL3_5 
A) Structure of the D4Z4 subtelomeric region on 4q containing DUX4 repeats 
according to the hg19 reference genome. RNA-seq read evidence for the presence of 
IGH-DUX4 fusion in EKL3_5, visualised using IGV, is shown in the bottom two 
panels. B) Shows read evidence for breakpoint in DUX4, where soft clipping (multi-
coloured reads) depicts mapping of part of the read sequence to another gene. C) BLAT 
was used to check mapping of soft clip reads to chr14:107,048,670-107,048,801 in the 
IGH locus. 
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Figure 3.12. Analysis of PDGFRA and DUX4 expression in samples with ERG 
deleted/DUX4 rearranged gene expression profile 
Expression of PDGFRA and DUX4 in "undefined" samples predicted to be ERG deleted 
(EKL3_5 and EKL19_14) by gene expression classifier. EKL3_5 exhibits high 
expression of PDGFRA and DUX4; a recurrent feature of ERG deleted/DUX4 
rearranged ALL. 
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3.3. Discussion 
Fusion genes are implicated in a number of distinct subtypes of B and T-ALL, both 

established and emerging, and commonly involve tyrosine kinase and transcription 

factor genes, resulting in the production of chimeric proteins or dysregulation of a target 

gene. RNA-seq is a well-established technology for identification of fusion transcripts 

and gene expression profiling in a research setting, but is currently not utilised in 

clinical diagnostics for ALL in Australia (10, 41, 60). In this study we have assessed the 

utility of RNA-seq to identify genomic features of ALL in a cohort of 126 patients. In 

addition to fusion identification, we have utilised RNA-seq data to identify IKZF1 

deletions and have developed a preliminary gene expression classifier to identify ETV6-

RUNX1+, ERG deleted/DUX4 rearranged, and Ph-like B-ALL. 

 

In our cohort, RNA-seq detected 86% of fusion transcripts that were captured by 

standard of care diagnostics. While RNA-seq and fusion finding algorithms are widely 

utilised for fusion detection, there are limitations to this approach. Our data, and the 

work of others, shows that RNA-seq will commonly fail to detect fusions in samples 

with low tumour burden, lowly expressed fusion transcripts (such as KMT2A 

rearrangements), and rearrangements involving promoter and enhancer regions (such as 

IGH rearrangements) (60, 315). Our data, and others, suggests that only samples with 

high-tumour burden should be used in total RNA-seq to identify fusion genes or 

sequencing depth will need to be increased. When live cells are available, blast cells 

could be enriched in the sample prior to RNA extraction and subsequent sequencing to 

enhance the likelihood of detecting cancer-associated mutations. While RNA-seq does 

not directly identify fusions involving non-transcribed regions of the genome, these 

rearrangements commonly juxtapose promoter and enhancer regions with target genes 

to enhance gene expression (316). Hence, over-expression of a target gene could be 

utilised as a surrogate measure to identify these rearrangements as seen in two of our 

patients with IL3-IGH and IGH-CRLF2 fusions (317). 

 

We were able to identify fusions in patients in our cohort that were previously 

'unclassified', including fusions that are potentially clinically actionable. We identified 

two PAX5-JAK2 rearrangements and a TCF7-CSF1R rearrangement in a T-ALL patient, 

which would be predicted to be sensitive to ruxolitinib and dasatinib, respectively (115). 



 

141 

 

Both fusions are the result of intrachromosomal deletions and were not detected 

clinically by conventional karyotype analysis. In addition, FISH is not routinely utilised 

to test for rearrangements involving JAK2 or CSF1R. Our data shows that RNA-seq is a 

valuable tool for fusion detection in patients that are not classified into an established 

subtype of ALL by lesion identified by standard of care testing, specifically in 'B-other' 

or T-ALL. 

 

In addition to fusion detection, we have shown that RNA-seq data can be used to detect 

intragenic gene deletions, specifically involving IKZF1. We measured the abundance of 

custom deletion transcripts in all B-ALL samples and showed that we could reliably 

detect IKZF1 del4-7 deletions, the most commonly identified IKZF1 deletion in ALL. 

Furthermore, we have developed a B-ALL gene expression classifier to identify ETV6-

RUNX1+, ERG deleted/DUX4 rearranged, and Ph-like ALL cases. Using our classifier, 

we identified two cases with an ERG deleted/DUX4 rearranged gene expression profile, 

and showed that these samples also had increased expression of DUX4 (41, 167). This 

classifier has been developed specifically for implementation in diagnostic pipelines for 

the identification of subtypes specifically associated with relapse risk. Gene expression 

profiling now defines nine additional subtypes of B-ALL characterised by distinct gene 

expression profile, including PAX5alt and ETV6-RUNX1 like, and a future direction of 

this work will be the ongoing development of our AllSorts classifier to reliably detect 

these subtypes (60). 

 

While there are now 23 subtypes of B-ALL that are defined by either gene 

rearrangement, karyotype or gene expression profile, the small size of our cohort has 

limited our ability to detect cases of the rarer subtypes. Our cohort consists of a total of 

99 B-ALL cases, of which 97 (98%, including 62 SR and 35 HR cases) are infant or 

childhood and only two (2%) are adolescent and young adult (AYA, 16-39 years) 

patients. Due to the small size of our cohort, and in particular the small number of AYA 

cases, there are some discrepancies between the previously reported prevalence of some 

subtypes and the frequency at which we detected these in our cohort (60, 61). Of note, 

our cohort contained two ZNF384 rearranged cases, both of which were Childhood SR 

cases (3.2% of Childhood SR in our cohort). This subtype is usually more prevalent in 

Childhood HR and AYA (3.7% and 3.8%, respectively), compared to Childhood SR B-
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ALL (0.6%) (60). In addition, we did not detect any cases with MEF2D, BCL2/MYC, 

NUTM1 or HLF rearrangements, all of which are prevalent in <1% of Childhood SR 

ALL cases (60). Ongoing RNA-seq analysis of B-ALL cases diagnosed at RCH will 

identify cases with less common rearrangements.  

 

In comparison to the analysis and classification of B-ALL, fusion analysis failed to 

classify the majority of 'undefined' cases. While we did observe a number of T-ALL 

subtypes at previously reported frequencies, the genomic analysis of this T-ALL cohort 

was limited by small sample size (n = 27). T-ALL has recently been classified into eight 

subtypes based on dysregulation of one of eight genes: TAL1, TAL2, TLX1, TLX3, 

HOXA, LMO1/LMO2, LMO2/LYL1, and NKX2-1 using hierarchical clustering of RNA-

seq data from 264 T-ALL samples (42). Expansion of our T-ALL RNA-seq cohort 

could allow for future classification of T-ALL cases by gene expression profile. In 

addition, we did not analyse single nucleotide variants (SNVs), which are recurrently 

identified in T-ALL, in particular NOTCH1 mutations in 60% of cases. While RNA-seq 

data can be used to identify some SNVs, it is not the ideal platform for identification of 

genomic somatic variants due expression balances of alleles in the cDNA and the 

genomic DNA (gDNA). A study that compared the utility of RNA-seq to whole genome 

sequencing (WGS) and whole exome sequencing (WES) for the identification of SNVs 

showed that RNA-seq only identified 40% of exonic variants identified by WGS, 

however this was increased to 81% when only considering genes that are adequately 

expressed in the source tissue (318). While there are inherent limitations for the use of 

RNA-seq to identify SNVs, other modalities could be utilised in the future to identify 

SNVs in this dataset. 

   

Comprehensive diagnostic pipelines integrating Next-Generation Sequencing 

techniques, including transcriptome, WGS and WES, have been implemented in larger 

research hospitals, but the utility of this approach in a smaller context has not been 

established (319). We have shown that RNA-seq can identify additional molecular 

features that are not identified by standard of care testing including fusion genes that are 

the result of intrachromosomal deletions, subtypes characterised by gene expression 

profile, and intragenic gene deletions. However, there are notable limitations to RNA-

seq that should be taken into consideration, including limit of detection in samples with 
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low tumour burden, lowly expressed fusion transcripts, and limitations to detect 

rearrangements involving non-transcribed regions of the genome.  

 

In addition, the feasibility of RNA-seq implementation into Australian clinical 

diagnostic pipelines should be assessed. In 2017, Mody and colleagues explored the 

feasibility and utility of four paediatric precision oncology clinical trials; including three 

coordinated by US institutions and one coordinated by DKFZ in Germany (320). These 

studies employed either single platform, for example WES in the Baylor College of 

Medicine's BASIC3 trial, or multi-platform approaches to profile newly diagnosed or 

relapsed paediatric cancer cases. Two of these studies incorporated RNA-seq into their 

sequencing platforms, the PEDS-MIONCOSEQ trial lead by University of Michigan 

and the INFORM trial lead by DKFZ. The PEDS-MIONCOSEQ pipeline included 

WES of germline and tumour DNA and RNA-seq of tumour RNA with a typical 

turnaround time of 54 days and estimated cost of $6,000 per patient (321). The 

INFORM trial had the most comprehensive molecular profiling protocol, also including 

low-coverage WGS, methylation and microarray analysis, with a typical turnaround 

time of 28 days at a cost of $8,000 per patient (322). It has been postulated that cost 

assessments of these two studies likely underestimated, as they do not include costs 

associated with clinical interpretation and discussion of results (320). 

 

Cost assessment of the implementation of an NGS platform in the Australian clinical 

setting must include costs associated with biochemical reagents, laboratory staff, and 

computational analysis, as well as costs associated with clinical analysis, annotation and 

discussion of results. As our RNA-seq analysis was research-based we did not 

systematically assess turnaround time for results. However, turnaround times achieved 

by the INFORM trial suggest that RNA-seq results can be reported within a clinically 

relevant timeframe, which in the context of ALL is prior to Day 29 of induction.  

 

We conclude that there would be clinical benefit from the implementation of RNA-seq 

into Australian clinical diagnostic pipelines as a second-line genomic test, specifically 

for patients that do not have a standard lesion identified by standard of care diagnostics. 

However, our study did not assess the cost and turnaround time associated with RNA-

seq and assessment of these costs should be a priority for future research. 
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4. Targeted therapy and disease monitoring in CNTRL-

FGFR1 driven leukaemia 

 

4.1. Introduction 
Fusion of FGFR1 to various partner proteins facilitates constitutive activation of the 

kinase domain. These fusions are associated with aggressive, often bilineage, 

haematological malignancies. The distinct clinical disease, initially termed 8p11 

myeloproliferative syndrome (8p11 MPN), is now recognised within the 2016 WHO 

classification as 'myeloid/lymphoid neoplasms with rearrangements of FGFR1', 

reflecting the capacity of FGFR1 fusions to drive chronic myeloproliferative diseases, 

as well as acute lymphoid and /or myeloid leukaemia (11, 300, 323). At least 15 genes 

have been shown to fuse to FGFR1 in 8p11 MPN including: zinc finger 198 (ZNF198), 

centriolin (CNTRL, formerly CEP110), breakpoint cluster region (BCR), and FGFR1 

fusion partners 1 and 2 (FGFR1OP1 and FGFR1OP2) (131). The fusion partner 

provides an N-terminal dimerisation domain that promotes activation of the FGFR1 

kinase, but can also influence subcellular localisation (71). 

 

The CNTRL-FGFR1 fusion gene was first characterised by Guasch et al, arising from a 

t(8;9)(p12;q33) translocation (134). A total of 16 cases have been described, including 

six paediatric cases (131, 300, 324-334). All previously reported cases describe a 

common fusion transcript, where exon 40 of CNTRL is fused to exon 10 of FGFR1 

(134, 329, 335). The leucine zipper motifs and coiled-coil domains of CNTRL are 

thought to facilitate dimerisation of the fusion protein resulting in transphosphorylation 

and activation of the FGFR1 kinase (134). 

 

While tyrosine kinase inhibitor (TKI) therapy has demonstrated clinical efficacy in 

BCR-ABL1 positive chronic myeloid leukaemia (CML) and B-cell acute lymphoblastic 

leukaemia (ALL) patients, there have been no clinical trials and only a limited number 

of case reports describing targeted therapies for patients with FGFR1 kinase-driven 

haematological disease (76, 285, 286). Sorafenib, a Raf kinase inhibitor, and Imatinib, 

an ABL1 inhibitor, have been showed limited efficacy in patients (289, 334). In general, 
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responses to targeted agents have been mixed, and the best clinical approach to the 

management of patients with FGFR1 fusions remains to be determined. 

 

Conventional karyotyping and fluorescence in situ hybridisation (FISH) are most often 

used to identify FGFR1 rearrangements (131). However, G-banding karyotype will 

often miss cryptic gene rearrangements, and FISH will only be performed if a specific 

fusion is clinically suspected. RNA sequencing (RNA-seq) is an emerging diagnostic 

tool for unbiased identification of all potential fusions in a sample, and can also identify 

overexpression of kinase domains associated with leukaemic fusions (40).  

 

We recently identified two paediatric patients with leukaemia harbouring CNTRL-

FGFR1, using RNA-seq. Following this, we aimed to define the structure and function 

of the CNTRL-FGFR1 fusion to develop methods for disease monitoring and establish 

sensitivity to TKIs. We identified novel aspects of CNTRL-FGFR1 fusion structure 

using RNA-seq, including a novel fusion transcript and the presence of co-existing 

isoforms, the result of alternative splicing in, in a single patient. In addition, we 

identified the true transcript start site for the CNTRL-FGFR1 fusion. We designed and 

tested the sensitivity of Droplet Digital PCR (ddPCR) assays to detect the CNTRL-

FGFR1 fusion using breakpoint specific probes designed on the basis of RNA-seq. We 

also present data showing that the efficacy of TKIs for the treatment of CNTRL-FGFR1 

driven leukaemia is dependent on the ability to directly target the FGFR1 kinase and 

propose that ponatinib may effectively target FGFR1 activation and the mechanisms by 

which the fusion maintains cell viability. 

 

A truncated version of this chapter was accepted for publication in Pediatric Blood & 

Cancer as a Brief Report on June 28, 2019 (see Appendix 3). 
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4.2. Results 

4.2.1. Patient characteristics 
Patient 1 was a 10 year-old male who presented with a biphenotypic acute leukaemia. 

Bone marrow was hypercellular with eosinophilia and 40% blasts, of variable and 

ambiguous morphology. Cells co-expressed divergent lineage-specific (B and myeloid) 

markers. Diagnostic karyotype was 46,XY. Single Nucleotide Polymorphism (SNP) 

array revealed a mosaic deletion of approximately 0.3 Mb on the short arm of one 

chromosome 8 at cytogenetic bands p12-p11.23 involving the first two exons of the 

FGFR1 gene. Based on these findings, the patient was diagnosed with acute leukaemic 

presentation of myeloid and lymphoid neoplasm with FGFR1 abnormalities. After an 

initial poor response to corticosteroids, he was treated following an AML protocol 

(COG AAML0531). After two cycles, he relapsed on treatment, with blasts presenting 

the same initial immunophenotype. Relapse karyotype was 47,XY,+9 and FISH 

confirmed an FGFR1 rearrangement (Figure 4.1). Salvage treatment with vincristine, 

dexamethasone and imatinib for two months reduced but did not eradicate the 

leukaemic clone (minimal residual disease (MRD) by flow cytometry 0.5%) and was 

followed by a matched sibling donor allogeneic haematopoietic stem cell transplant 

(HSCT). He is now in complete remission five years post-transplant. 

 

Patient 2 was a two-month-old male who presented with liver failure and marked 

lymphocytosis associated with anaemia and thrombocytopenia. Bone marrow was 

normo-cellular with trilineage haematopoiesis, without evidence of acute leukaemia. 

Immunophenotyping revealed a small population of T-cells with a lymphoblastic 

phenotype. A reciprocal translocation t(8;9)(p11;q33) was reported on karyotype, and 

the subsequent FISH confirmed an FGFR1 rearrangement with translocation of 

3’FGFR1 to 9q33 (Figure 4.1). Based on this molecular finding, he was diagnosed with 

myeloid and lymphoid neoplasm with FGFR1 abnormalities. The patient was treated 

with high dose steroids, hydroxyurea and dasatinib. Due to an acute respiratory illness, 

dasatinib was stopped after only two weeks of treatment. The patient died four months 

after diagnosis from a severe lung disease and generalised myopathy of uncertain 

aetiology, which prevented proceeding with allogeneic stem cell transplant. 
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Figure 4.1. Patient karyotype and FISH analysis 
Karyotype of Patient 1 was 47,XY,+9 at relapse (A) and FISH analysis confirmed a 
cryptic FGFR1 rearrangement (B). For Patient 2, a reciprocal translocation 
t(8;9)(p11;q33) was reported on the karyotype (C), and the subsequent FISH confirmed 
a FGFR1 rearrangement with translocation of 3’FGFR1 to 9q33 (D). FISH probes are 
shown in the key below panel D. 
 

 
4.2.2.  Structure of the CNTRL-FGFR1 fusion 
We identified the CNTRL-FGFR1 fusion in two patients with MPN, one of who had 

two co-existing isoforms of the fusion (Figure 4.2). We used a visualisation tool built 

for RNA-seq (Clinker(296)) to show that both patients expressed a common CNTRL-

FGFR1 fusion transcript, and Patient 1 also expressed an alternate transcript (Figure 

4.2A). PCR amplification using a forward primer to target exons 38, 39 or 40 of CNTRL 

confirmed the presence of two CNTRL-FGFR1 fusion transcripts in Patient 1 (Figure 

4.2B). The first transcript linked exon 39 of CNTRL to exon 10 of FGFR1 and is also 

present in Patient 2. The unique transcript from Patient 1 fused exon 40 of CNTRL to 

exon 10 of FGFR1. Sanger sequencing was then used to identify the genomic 

breakpoints (Figure 4.2C) and showed that the breakpoint in Patient 1 was in intron 40 
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of CNTRL and intron 9 of FGFR1. In Patient 2 we identified a novel genomic 

breakpoint between intron 39 of CNTRL and intron 9 of FGFR1. The simultaneous 

expression of two transcripts of CNTRL-FGFR1 from the same genomic breakpoint 

indicates that the two isoforms are the result of alternative splicing of exon 39. Both 

fusion isoforms are predicted to produce in-frame CNTRL-FGFR1 fusion transcripts, 

and resultant protein products. This is the first reported case of the co-existence of two 

isoforms of CNTRL-FGFR1 in a single patient, including a novel fusion transcript 

where exon 40 of CNTRL is absent. 
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Figure 4.2. Structure of the CNTRL-FGFR1 fusion  
(A) Schematic of the CNTRL-FGFR1 fusions identified in two patients by RNA 
sequencing. The Clinker gene fusion visualiser (https://github.com/Oshlack/Clinker) 
was used to illustrate the coverage of RNA sequencing reads across the CNTRL and 
FGFR1 genes from patients 1 and 2. The Gene track shows the 2 genes involved in the 
fusion with each exon of the gene shown in the exon (green) track. The reference 
transcripts shown are CNTRL Ensembl transcript ID = ENST00000373855.5 and 
FGFR1 Ensembl transcript ID = ENST00000447712.6. The vertical black lines show 
the breakpoints of the fusion transcripts. These are connected to the exon schematic at 
the bottom of this panel which shows that two distinct breaks occur in CNTRL that lead 
to the formation of alternate transcripts, resulting in the fusion of either exon 39 or 40 to 
exon 10 of FGFR1 (B) PCR was used to confirm the predicted transcripts from each 
patient.  Three forward primers that targeted exons 38, 39 or 40 of CNTRL were used 
with an FGFR1 reverse primer to show the presence of two transcripts (Transcript 1 = 
*, Transcript 2 = u) from patient 1 cDNA, compared to one transcript amplified from 
patient 2 cDNA. Transcript 2 does not contain exon 40 of CNTRL. NTC = no template 
control. (C) Chromatogram of Sanger sequencing from patient 1 and 2 genomic DNA 
identified different breakpoints in CNTRL and FGFR1 intronic regions, further 
illustrated by the schematic below. (D) PCR amplification of DNA fragments from 
patient cDNA using forward primers targeting exons 1, 4, 8, 10, 12 and 38 of CNTRL 
and a common reverse primer targeting exon 10 of FGFR1. Lane 1 = breakpoint 
amplification with forward primer targeting exon 38 of CNTRL (Ex38F). Lane 2 = 
molecular weight marker. Lanes 3-7 = contain PCR products amplified with CNTRL 
Ex12F, Ex10F, Ex8F, Ex4F and Ex1F respectively. (*) Denotes a non-specific band. 
(E) Schematic of CNTRL and FGFR1 proteins with canonical fusion of exon 40 of 
CNTRL to exon 10 of FGFR1 depicted. Previously reported translation start site shown 
in exon 26. Red lines depict PCR forward primers targeting CNTRL, and the common 
reverse primer targeting exon 10 of FGFR1 (Ex10R). Protein domains are coloured 
according to the key in the bottom left. CNTRL protein domains; leucine-rich repeat 
(red), chromosome segregation protein SMC (yellow), proline-rich (light blue), 
uncharacterised conserved protein (green), helix-rich mycoplasma protein (orange), and 
FGFR1 protein domains; Immunoglobulin-like domains IgI (blue), IgII (purple) and 
IgIII (teal), kinase domain (pink). 
 

 

CNTRL, previously CEP110 (GenBank ID = AF083322.1), was first cloned from 

patient cDNA in 2000, and predicted to code for a 994 amino acid protein (134). Based 

on this transcript information, the CNTRL-FGFR1 fusion was cloned (135). In more 

recent builds of the human genome, longer CNTRL transcripts have been identified, and 

what was previously exon 1 of CNTRL is now designated exon 26 (Ensembl transcript 

ID = ENST00000373855.5). In order to determine CNTRL-FGFR1 transcript length in 

our patients, we used a reverse PCR primer targeting exon 10 of FGFR1 and forward 

primers targeting exons 1, 4, 8, 10 and 12 of CNTRL (Figure 4.2D-E). The data show 

that we could amplify appropriately sized bands across the breakpoint of CNTRL-
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FGFR1, and that the fusion transcripts in our samples include exon 1 of CNTRL-

FGFR1. The full length CNTRL-FGFR1 chimeric protein includes additional functional 

domains, compared to the protein encoded by the previously identified fusion transcript 

(starting in exon 26), including leucine-rich repeat and proline-rich domains (Figure 

4.2E). Both chimeric proteins share a common CNTRL region containing part of an 

uncharacterised conserved protein (NCBI CDD accession: COG4372) domain and a 

helix-rich mycoplasma protein (NCBI CDD accession: TIGR04523) domain, but the 

function of these domains is unknown (336). 

 

The standard karyotyping and FISH results from the two patients are shown in Figure 

4.1. In Patient 1, the fusion is part of a cryptic insertion, with an additional copy of the 

derivative chromosome 9. In Patient 2 a t(8;9)(p11;q33) translocation was identified 

with FISH consistent with an FGFR1 rearrangement. 

 

4.2.3. Cloning and transformation by full length CNTRL-FGFR1 
Our sequencing and PCR data suggested that the structure of the CNTRL-FGFR1 fusion 

detected in our patients was novel. We therefore cloned the full-length fusion 

(flCNTRL-FGFR1, including exons 1-40 of CNTRL) from our patient sample, and 

compared the activity to the previously described version of CNTRL-FGFR1 

(“truncated” or tCNTRL-FGFR1, that only contains exons 26-40 of CNTRL (135)) and 

FGFR1OP2-FGFR1 (OP2-FGFR1) in Ba/F3 cells (Figure 4.3). Expression of the 

CNTRL-FGFR1 fusion proteins was verified by Western blot, using antibodies to detect 

total phosphorylated FGFR1 (Y653), total FGFR1, and CNTRL (Figure 4.3A). We 

showed that the CNTRL antibody, which binds to an epitope in exon 4 of CNTRL, only 

detected the flCNTRL-FGFR1 fusion protein, and not tCNTRL-FGFR1. Withdrawal of 

IL-3 showed that expression of each of the three FGFR1 fusions was sufficient to confer 

IL-3 independent survival (Figure 4.3B) but expression of an empty vector control was 

not. This data shows that flCNTRL-FGFR1 and tCNTRL-FGFR1 have a similar 

capacity to block apoptosis.  
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Figure 4.3. The full length CNTRL-FGFR1 fusion transforms Ba/F3 cells 
(A) Western blot analysis of Ba/F3 cells retrovirally infected with MSCV (empty vector 
control), tCNTRL-FGFR1 MSCV and flCNTRL-FGFR1 MSCV constructs. Western 
blot probed with anti-phospho-FGFR1 (P-FGFR1) antibody detecting phosphorylation 
at Y653 (upper panel), anti-FGFR1 (second panel), and anti-CNTRL antibody that 
binds to epitope in exon 4 of CNTRL (third panel). Anti-ß-actin antibody was used as a 
loading control. (B) Viability of Ba/F3 cells transformed with FGFR1 fusions; 
tCNTRL-FGFR1 (tCNTRL), flCNTRL-FGFR1 (flCNTRL), and FGFR1OP2-FGFR1 
(OP2), following 48-hour IL-3 withdrawal. Graphs show viability (%) on the y-axis, 
determined by flow cytometry and PI exclusion, and expressed constructs are shown on 
the x-axis (n=3, data presented as Mean ± SEM). 
 

 

4.2.4. Monitoring leukaemic cell abundance using ddPCR, with 

FGFR1 kinase or CNTRL-FGFR1 breakpoint specific probes 
Droplet Digital PCR (ddPCR) assays were designed to track the expression of different 

CNTRL-FGFR1 transcripts in our Ba/F3 cell model (Figure 4.4A). First, we compared 

the performance of the kinase domain probe to the breakpoint-specific probe in a serial 

dilution of tCNTRL-FGFR1 cells into control cells (Figure 4.4B). Both assays showed a 

linear relationship to the cell dilutions down to 0.01%. At this level (1 in 104 fusion 

positive cells) the expression levels measured by the kinase probe and the fusion-

specific probe are equivalent. Below this dilution, only the fusion-specific probe 

continues to correlate with the abundance of fusion positive cells. The kinase probe 

detected FGFR1 in Ba/F3 cells, even when no fusion cells were present, presumably 

representing endogenous levels of FGFR1. At 0.0001% (1 cell in 106), the fusion 

specific probe assays included values of 0 (fusion not detected). This data shows that 
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the detection of CNTRL-FGFR1 by ddPCR most specific when using a probe mapping 

to the fusion breakpoint. 

 

We then increased the cDNA input from the dilution series into the ddPCR assays to 

determine the lower limits of detection (Figure 4.4C). With 10-fold more cDNA, the 

fusion-specific probe could reliably and repeatedly detect 1 in 105 cells expressing 

tCNTRL-FGFR1. At 0.0001% (1 in 106 cells) most assays resulted in some positive 

droplets, however one line had no detectable fusion at this level. These data allow us to 

estimate that the ddPCR assay can reliably detect fusion positive cells down to at least 1 

in 105 cells, with a sensitivity that may approach 1 in 106. 

 

We next compared the fusion-specific probes targeting the specific transcripts (see 

Materials and Methods section 2.9 for primer and probe information) in a dilution series 

of patient cDNA. We diluted cDNA from patient 1 into cDNA derived from 293T cells 

and used ddPCR to measure CNTRL-FGFR1 isoform abundance. Both probes 

performed similarly down to a dilution of 0.01% using a total cDNA input of 100ng. 

Lower dilutions resulted in less reliable fusion detection (Figure 4.4D). These data 

suggest that the ddPCR assay can specifically detect the fusion where tumour derived 

cDNA represents 0.01% of the total cDNA in a sample. Further studies will be required 

to relate this to a true residual disease burden. 
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Figure 4.4. ddPCR assay detects CNTRL-FGFR1 fusion in Ba/F3 cells and patient 
samples 
We performed cell and patient cDNA dilution assays in order to track the detection of 
the CNTRL-FGFR1 fusion using ddPCR. (A) Schematic of the ddPCR assay performed. 
The CNTRL-FGFR1 fusion gene and exonic regions of the two CNTRL-FGFR1 
transcripts we identified in our patients. Forward and reverse PCR primer pairs (labeled 
for and rev 1-3) are depicted by the black arrows, and probes for the detection of 
amplified products, are depicted by the coloured lines. PCR primer and probe sequences 
are shown in the table. (B) The number of positive droplets detected using the FGFR1 
kinase probe (orange) and the CNTRL-FGFR1 breakpoint specific ex40-ex10 probe 
(blue). The concentration of FGFR1 kinase or CNTRL-FGFR1 in the unit of copies/µL 
is shown on the y-axis, and the percentage of GFP positive cells in the sample is on the 
x-axis (n=5). (C) Detection of CNTRL-FGFR1 positive cells from the cell dilution assay 
using the ex40-ex10 probe. Concentration of CNTRL-FGFR1 is shown on the y-axis, 
and percentage of GFP positive cells on the x-axis (n=5). (D) Shows detection of 
CNTRL-FGFR1 with ex39-ex10 (red) and ex40-ex10 (blue) probes. Concentration of 
each transcript is shown on the y-axis, and the percentage of patient cDNA in each 
sample is labeled on the x-axis.  
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4.2.5. Establishing the sensitivity of CNTRL-FGFR1 expressing Ba/F3 

cells to tyrosine kinase inhibitors 
Previous case reports have described treatments of patients with leukaemia expressing 

FGFR1 fusions with a range of kinase inhibitors, including imatinib (133, 289, 334, 

337). To determine which TKIs could effectively target CNTRL-FGFR1, we initially 

performed a TKI dose-titration experiment to test the sensitivity of tCNTRL-FGFR1-

expressing and OP2-FGFR1-expressing Ba/F3 cells to imatinib, dasatinib, ponatinib, 

dovitinib and AZD1480. AZD1480 was developed as a potent JAK2 inhibitor but has 

been shown to inhibit at least 10 other kinases by greater than 50% with 100nM dose, 

including FGFR1(304). In the absence of IL-3, we showed that tCNTRL-FGFR1 and 

OP2-FGFR1 expressing cell lines were most sensitive to ponatinib, dovitinib and 

AZD1480 (Figure 4.5A). Cell lines were only moderately sensitive to dasatinib 

treatment and were completely resistant to treatment with the ABL1 inhibitor, imatinib. 

As expected, empty vector cells undergo cell death in the absence of IL-3, which was 

not accelerated by concomitant treatment with TKIs (Figure 4.6A-B). In the presence of 

IL-3, all cell lines were resistant to TKI treatment at doses well above the respective 

IC50 values (Figures 4.6C-D). Together these data show that broad-spectrum TKI drugs 

can kill cells whose viability is dependent on the expression of the CNTRL-FGFR1 

fusion in the absence of IL-3. 

 

Since some of the TKIs used have broad-spectrum inhibitory activity, we wanted to 

determine whether the effects were attributable to direct inhibition of FGFR1 

phosphorylation, or other kinases (281, 287, 302-304). We treated tCNTRL-FGFR1-

expressing Ba/F3 cells with varying doses of the kinase inhibitors and used Western 

blotting to detect phosphorylation of FGFR1 (Figure 4.5B). Following 2-hour treatment, 

we observed diminished phosphorylated-FGFR1 (P-FGFR1) in cells treated with 

ponatinib at 0.1 µM, and dovitinib and AZD1480 at higher (1µM) concentrations. At 

higher concentrations, there was less total FGFR1 and P-FGFR1 as cells began to die. 

Imatinib and dasatinib had no discernible effect on levels of P-FGFR1 or FGFR1 over 

the full range of concentrations used. We also observed that the most effective TKIs 

caused rapid degradation of the pro-survival BCL-2 family protein, MCL-1, without 

altering expression levels of BCL-2.  
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Figure 4.5. Tyrosine kinase inhibitors are effective at killing tCNTRL-FGFR1 and 
FGFR1OP2-FGFR1 expressing Ba/F3 cells, by inhibiting phosphorylation of 
FGFR1 and degrading MCL-1 
(A) Ba/F3 cells transformed with MSCV (empty vector control) or tCNTRL-FGFR1 
(tCNTRL-FGFR1) were treated with: imatinib, dasatinib, ponatinib, dovitinib and 
AZD1480. Graphs show viability (%) on the y-axis, determined by flow cytometry and 
PI exclusion, and the x-axis depicts increasing drug concentration in µM. Data 
presented as mean ± SEM (n=3). (B) Western blot analysis of tCNTRL-FGFR1 
expressing Ba/F3 cells treated with four doses of each tyrosine kinase inhibitor for two 
hours. Vehicle treated (DMSO) empty vector controls (MSCV) and tCNTRL-FGFR1 
(tCNTRL) Ba/F3 samples are shown in the first two lanes on the left. Treated lanes are 
labelled above western blot images by drug name, imatinib, dasatinib, ponatinib, 
dovitinib and AZD1480, from left to right. Increasing doses are labelled in µM 
concentration. Antibodies used are shown on the right of each panel. Approximate 
protein sizes (in kDa) are labelled on the left, according to a protein standard. Data 
presented is from one independent Ba/F3 cell line and was repeated with two other 
independent lines (n=3). 
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Figure 4.6. Ba/F3 cells expressing tCNTRL-FGFR1 and FGFR1OP2-FGFR1 are 
less sensitive to TKIs in the presence of IL-3 
Ba/F3 cells transformed with MSCV (empty vector control), tCNTRL-FGFR1 
(tCNTRL-FGFR1), or FGFR1OP2-FGFR1 (OP2-FGFR1) were treated with: imatinib, 
dasatinib, ponatinib, dovitinib and AZD1480. Data is presented for MSCV treated in the 
presence (A) and absence (B) of IL-3, and tCNTRL-FGFR1 (C) and OP2-FGFR1 (D) 
treated in the presence of IL-3. Graphs show viability (%) on the y-axis, determined by 
flow cytometry and PI exclusion, and the x-axis depicts increasing drug concentration in 
µM. Data presented as mean ± SEM (n=3).  
 

Following the cloning of flCNTRL-FGFR1, we also wanted to assess the sensitivity of 

cells expressing flCNTRL-FGFR1 to TKIs. As seen with cells expressing tCNTRL-

FGFR1, cells expressing flCNTRL-FGFR1 were most sensitive to ponatinib, dovitinib 

and AZD1480 (Figure 4.7A). Drugs that induced apoptosis also diminished FGFR1 

phosphorylation and over time, decreased FGFR1 fusion expression. Whilst TKIs that 

effectively inhibited tCNTRL-FGFR1 phosphorylation also resulted in diminished Mcl-

1 (but not Bcl-2) expression (Figure 4.5B), this association did not hold true in cells 

expressing flCNTRL-FGFR (Figure 4.7B).  

 

0.01 0.1 1 100
0

20

40

60

80

100

Drug concentration [nM]

Vi
ab

ilit
y 

(%
 P

I n
eg

at
iv

e)

0.01 0.1 1 100
0

20

40

60

80

100

Drug concentration [nM]

Vi
ab

ilit
y 

(%
 P

I n
eg

at
iv

e)

0.01 0.1 1 100
0

20

40

60

80

100

Drug concentration [nM]

Vi
ab

ilit
y 

(%
 P

I n
eg

at
iv

e)

0.01 0.1 1 100
0

20

40

60

80

100

Drug concentration [nM]

Vi
ab

ilit
y 

(%
 P

I n
eg

at
iv

e)

A B

C D

MSCV + IL-3 MSCV - IL-3

tCNTRL-FGFR1 + IL-3 OP2-FGFR1 + IL-3



 

157 

 

Our data show a consistent relationship between the capacity of each TKI to specifically 

target FGFR1 and their effectiveness in killing CNTRL-FGFR1 expressing Ba/F3 cells. 

However, this is at odds with reports of apparent clinical responses to combination 

treatment regimens that included imatinib or dasatinib with vincristine, including in 

Patient 1 (334). 

 

 
Figure 4.7. Full length CNTRL-FGFR1 expressing Ba/F3 cells are sensitive to 
tyrosine kinase inhibitors that inhibit phosphorylation of FGFR1 
(A) Ba/F3 cells transformed with flCNTRL-FGFR1 (flCNTRL), as well as MSCV 
empty vector control cells, were treated with: imatinib, dasatinib, ponatinib, dovitinib 
and AZD1480. Graph shows viability (%) on the y-axis, determined by flow cytometry 
and PI exclusion, and the x-axis depicts increasing drug concentration in µM. Data 
presented as mean ± SEM (n=3). (B) Western blot analysis of flCNTRL-FGFR1 
expressing Ba/F3 cells treated with four doses of dasatinib or ponatinib for two (left 
panel) and six (right panel) hours. Vehicle treated empty vector control (MSCV) and 
flCNTRL-FGFR1 Ba/F3 cells are shown in the left two lanes (DMSO), as well as 
flCNTRL-FGFR1 cells treated with 10µM imatinib. Increasing doses are labelled in µM 
concentration. Western blot probed with anti-phospho-FGFR1 (P-FGFR1, Y653), anti-
FGFR1, anti-CNTRL, anti-Mcl1, and anti-Bcl2, labelled on the right side of each panel. 
Anti-ß-actin antibody was used as a loading control. 
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4.2.6. Ponatinib, alone or in combination with vincristine and 

dexamethasone effectively kills cells expressing flCNTRL-FGFR1 
Patient 1 responded to a combination of dexamethasone, vincristine and imatinib, which 

has previously been seen in another CNTRL-FGFR1 driven leukaemia (334). However, 

our data demonstrates that imatinib has no effect on cell viability or phosphorylation of 

FGFR1 in our cell models (Figure 4.7B). Ponatinib is now in clinical trials in human 

cancers and is a potential therapeutic option for patients with FGFR1 fusion-driven 

leukaemia. We expressed flCNTRL-FGFR1 or OP2-FGFR1 in Ba/F3 cells and treated 

them with varying doses of ponatinib or imatinib, alone or in combination with 

vincristine and dexamethasone (Figure 4.8). Ponatinib effectively induced cells death in 

cells expressing either fusion at concentrations ranging from 0.1 to 1.0 µM.  In 

combination with vincristine and dexamethasone, lower concentrations of ponatinib 

were required to reduce viability below the levels resulting from ponatinib treatment 

alone. This therapeutic combination appears to effectively target cells expressing 

FGFR1 fusions, and the effective concentrations are within clinically achievable ranges. 

 

 
Figure 4.8. Ponatinib, alone or in combination with vincristine and dexamethasone 
effectively kills cells expressing flCNTRL-FGFR1 
flCNTRL-FGFR1 (flCNTRL) and FGFR1OP2-FGFR1 (OP2) Ba/F3 cells were treated 
with a dose titration of imatinib (black lines) or ponatinib (blue lines) in the presence 
(dashed lines) or absence (solid lines) of vincristine and dexamethasone. Graphs show 
viability (%) on the y-axis and tyrosine kinase inhibitor (TKI) concentration on the x-
axis, in µM. Data presented shows mean ± SEM (n=6). 
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4.3. Discussion 
Here, we present two new cases of the CNTRL-FGFR1 fusion, with novel genomic 

breakpoints between CNTRL and FGFR1. Using RNA-seq, we have identified the co-

existence of two CNTRL-FGFR1 fusion transcripts in a single patient, the result of 

alternative splicing. We have been able to define the structure of the CNTRL-FGFR1 

fusion, showing that the transcript originates at exon 1 of CNTRL, and differs from the 

previously described CNTRL-FGFR1 fusion, which originates at exon 26 of CNTRL 

(135). Despite these structural differences, flCNTRL-FGFR1 has the same functional 

activity as the truncated form of the fusion and is sufficient to induce cytokine 

independent survival. Both tCNTRL-FGFR1 and flCNTRL-FGFR1 chimeric proteins 

retain the helix-rich mycoplasma protein domain and at least part of an uncharacterised 

conserved protein domain. While previous studies had hypothesised the N-terminal 

leucine-rich repeat domains of CNTRL would mediate dimerisation of the chimeric 

protein, these domains are not present in the truncated form of the fusion (134). Given 

this fusion has been shown previously, and in this study, to be transforming, the 

retained region of CNTRL must contain regions that are mediating dimerisation (135). 

The function of the helix-rich mycoplasma protein domain is unknown, but it is 

predicted to be almost entirely alpha-helical, which may be mediating dimerisation of 

both CNTRL-FGFR1 proteins. Most importantly, both fusions are phosphorylated at 

Y653 in the activation loop of the kinase domain (338). It has previously been shown 

that enforced expression of tCNTRL-FGFR1 in haematopoietic stem cells, transplanted 

back into irradiated syngeneic recipient mice, can recapitulate the bi-lineage leukaemia 

seen in humans (135). 

 

It is very unlikely that the alternate splicing of flCNTRL-FGFR1 has any significant 

functional impact, since both versions remain in-frame, and the exclusion of exon 39 

does not substantially alter any functional domains. However, the alternate splicing, 

together with the novel genomic breakpoints we have identified, will influence 

molecular assays to detect the fusion. Alternate splicing of oncogenic fusion genes has 

been described previously, and usually reflects known splice isoforms of the genes 

involved (339, 340). It is likely that as more tumour transcriptomes are sequenced, more 

splice-variants of fusions will be recognised. 
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The measurement of MRD is a crucial predictor of outcome in an increasing range of 

haematological malignancies (341). Current MRD methods include flow cytometric 

immunophenotyping (0.01% sensitivity), and real-time quantitative-PCR analysis of 

clonal immunoglobulin and T-cell receptor gene rearrangements, genomic DNA 

breakpoints of fusion-gene transcripts, aberrant gene expression or specific gene 

mutations, depending on disease (0.001% sensitivity) (341-344). A recent study 

highlighted the utility of ddPCR in amplifying fusion transcripts for monitoring MRD in 

a cohort of acute promyelocytic leukaemia (APL) patients, by the detection of the PML-

RARA fusion (345). The ddPCR assay we have designed in this study accurately detects 

CNTRL-FGFR1 cDNA and has the potential to be used clinically. The test is most 

accurate if breakpoint-specific probes are used. Our work highlights the importance of 

accurate characterisation of the fusion breakpoints and potential splice variants in 

designing assays to monitor MRD by fusion detection. While personalised medicine has 

generally focussed on the potential to tailor treatment on an individual basis, our work 

demonstrates that in diseases driven by novel mutations, it may also require the 

development of personalised diagnostic assays. 

 

Given that few patients with FGFR1-fusion driven leukaemia are cured of their disease, 

it is crucial to identify better treatments (331). Ponatinib has been shown to have 

inhibitory activity against FGFR1 fusions in vitro (262, 288). In addition, dovitinib 

(TKI-258 or CHIR-258) induces dose-dependent apoptosis in Ba/F3 cells with enforced 

expression of ZNF198- and BCR-FGFR1 and patient derived cells harbouring various 

FGFR1 fusions (73, 287).  

 

It was surprising that our Patient 1 responded to a combination of vincristine, 

dexamethasone and imatinib, and proceeded to successful bone marrow transplant. A 

case-report also describes successful maintenance of a CNTRL-FGFR1 positive MPN 

patient on imatinib for three years, without ever achieving molecular remission, before 

progressing to AML (334). Our data strongly suggest that the treatment response we 

observed is likely a result of vincristine treatment but suggest that vincristine and 

ponatinib may be a very effective combination for the treatment of CNTRL-FGFR1 

fusion driven disease. This will be best explored with in vivo murine models of 

CNTRL-FGFR1 leukaemia. 
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In conclusion, we describe novel structural features of a rare FGFR1 fusion in two cases 

of paediatric haematological malignancy. We propose that a combination of vincristine 

and ponatinib, a TKI available for use in humans that blocks FGFR1 phosphorylation, 

may be an effective drug combination for use in such patients.  
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5. Identifying and understanding the mechanisms of 

leukaemogenesis driven by rare ABL1 fusions 

 

5.1. Introduction 
Using our RNA-seq pipeline we identified two rare ABL1 fusions, SFPQ-ABL1 and 

SNX2-ABL1, in two patients with B-ALL at the Royal Children’s Hospital (RCH). Each 

of these fusions had been described in four other B-ALL cases previously, but rarely in 

children (see Table 1.3 in Chapter 1) The BCR-ABL1 fusion is a more common driver of 

paediatric B-cell acute lymphoblastic leukaemia (B-ALL), and is identified in up to 5% 

of cases, while other ABL1 fusions are less common (7). SFPQ-ABL1 and SNX2-ABL1 

differ from BCR-ABL1 in that the 5' fusion partner is fused to exon 4 of ABL1, meaning 

that the resultant fusion lacks the SRC Homology 3 (SH3) and part of the SH2 domain. 

While the biological function and signalling profile of BCR-ABL1 has been extensively 

studies, the function of rare ABL1 fusions has not been extensively studied. 

 

We cloned these fusions from patient cDNA into retroviral expression vectors and 

expressed in cytokine dependent cell models. We first utilised Ba/F3, a murine 

interleukin-3 (IL-3)-dependent pro-B cell line that is the gold-standard model for 

exploring the transforming capacity, downstream signal activation, and tyrosine kinase 

inhibitor (TKI) sensitivity of tyrosine kinase oncogenes (217). We used this model to 

confirm the transforming capacity of these fusions and explore the mechanisms by 

which these fusion block cell death and drive cell proliferation and assess sensitivity to 

TKIs. While Ba/F3 has been a popular model for exploring kinase oncogenes, we 

ultimately wanted to explore the biology of these rare ABL1 fusions in a more 

biologically relevant model. 

 

We utilised interleukin-7 (IL-7)-dependent PU.1/IRF4 double knock-out (DKO) pre-B 

cells, derived from PU.1fl/fl Mb1cre Irf4-/- C57BL/6 mice, to explore the functions of 

these fusions (301). The Interferon regulatory factor 4 (IRF4) gene encodes a 

transcription factor with a key role in haematopoiesis, particularly B-cell development. 

IRF-4 functions redundantly with Interferon regulatory factor 8 (IRF8), and loss of IRF-

4 and IRF-8 cooperates to induce lymphoblastic leukaemia in mice (346). Furthermore, 



 

163 

 

IRF-4 and IRF-8 have been shown to cooperate with the Ets transcription factor PU.1 to 

suppress the development of pre-B leukaemia (301). IKAROS Family Zinc Finger 1 

(IKZF1, encoding IKAROS) gene, which is frequently deleted in both Ph+ and Ph-like 

B-ALL, is a direct target of IRF4, IRF8 and PU.1, and is required for normal pre-B cell 

differentiation (9, 33, 347). This model allows us to explore the function of SFPQ-

ABL1 and SNX2-ABL1 in pre-B cells with aberrant expression of IKZF1. 

 

Finally, we aimed to explore the sufficiency of these fusions to induce leukaemia in 

vivo. We utilised a retroviral transduction and transplantation model, whereby we 

transduced wild-type bone marrow from 8-week-old Black 6 PTPRCB donor mice and 

transplanted into sub-lethally irradiated 8-week-old Black 6 PTPRCA recipient mice. 

We monitored mice over a 300-day period for signs of disease and culled mice when 

signs of disease were observed. We examined diseased mice for signs of leukaemia 

including, elevated white cell counts (WCCs), enlarged spleen, and the presence of 

green fluorescent protein (GFP) positive (fusion positive) cells in the bone marrow and 

spleen. Future work will focus on generation of additional primary and secondary 

transplant cohorts to explore SFPQ-ABL1 and SNX2-ABL1-driven leukaemia further. 
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5.2. Results 

5.2.1. Identification of SFPQ-ABL1 

5.2.1.1. Clinical characteristics and cytogenetic features  
The SFPQ-ABL1 fusion was identified in a patient diagnosed with Precursor B-cell 

acute lymphoblastic leukaemia (BCP-ALL), at the RCH (EKL6_1). The patient 

presented as a 9-year-old female with a peripheral blood WCC of 43.5 x 109 cells/L, and 

the presence of central nervous system (CNS-3) disease. Conventional karyotype 

analysis was performed as part of the patient’s standard-of-care diagnostic testing 

(VCGS). The patient had an abnormal karyotype result which identified a 

t(1;9)(p34;q34) chromosomal translocation, predicted to result in the SFPQ-ABL1 gene 

fusion (145). The presence of this rearrangement was also indicated by an abnormal 

interphase Fluorescence In Situ Hybridisation (FISH) result using the standard 

BCR/ABL1 Dual Colour probe showing diminished ABL1 signal and gene splitting 

suggesting a t(1;9) translocation.  

 

5.2.1.2. RNA-seq results and molecular structure of SFPQ-ABL1 
A diagnostic cell pellet from this patient had been retrospectively obtained from the 

Children's Cancer Centre (CCC) Tissue Bank, Murdoch Children’s Research Institute 

(MCRI). RNA was extracted from this sample and sequenced using 2 x 150bp paired-

end RNA-seq (VCGS). JAFFA identified SFPQ-ABL1 as a high confidence in-frame 

fusion transcript. The fusion transcript is a fusion between exon 9 of SFPQ 

(ENST00000357214.5) and exon 4 of ABL1 (ENST00000372348.6). This fusion was 

graphically visualised using the Clinker pipeline(296) which plots (top panel down), 

sequencing coverage, genes involved, sequences that encode functional protein 

domains, transcripts, and the fusion breakpoint (also depicted by the black lines, Figure 

5.1). 
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Figure 5.1. SFPQ-ABL1 fusion transcript identified by RNA-seq 
Fusion visualisation of the SFPQ-ABL1 fusion transcript was produced using the 
Clinker pipeline. The image produced by Clinker depicts; RNA-seq read coverage in the 
top track (shown in red), genes involved in the fusion (blue), functional coding domains 
in each gene (pink), and Ensembl transcripts (green). There were 216 reads that 
evidenced the fusion. 
 

The fusion transcript was identified by RNA-seq, and confirmed by PCR amplification 

of the fusion breakpoint using previously reported breakpoint primers (145). PCR 

amplification from patient cDNA using SFPQ ex5 1F forward primer and ABL1 exon 4 

1R reverse primer amplified a 481bp product which confirmed the presence of the 

SFPQ-ABL1 fusion transcript (Figure 5.2). 

 

 
Figure 5.2. Chromatogram of SFPQ-ABL1 breakpoint sequence 
Sanger Sequencing result of SFPQ-ABL1 breakpoint PCR product amplified from 
patient cDNA confirming fusion of exon 9 of SFPQ to exon 4 of ABL1 
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5.2.2. Identification of SNX2-ABL1 

5.2.2.1. Clinical characteristics and cytogenetic features 
The SNX2-ABL1 fusion was identified in a 12-year old male diagnosed with BCP-ALL 

at the RCH (EKL19_11). The patient presented with a high peripheral blood WCC of 

153.4 x 10^9 cells/L. The patient had an abnormal karyotype result (VCGS), which 

identified a t(5;9)(p23;q34) chromosomal translocation, predicted to result in the SNX2-

ABL1 gene fusion (136). The presence of this rearrangement was also indicated by an 

abnormal interphase FISH result using the standard BCR/ABL1 Dual Colour, suggesting 

the presence of a rearrangement of ABL1 with a gene other than BCR. This patient also 

had a Single Nucleotide Polymorphism (SNP) microarray performed, which identified a 

113kb interstitial deletion on Chr7p12.2 involving IKZF1 and was subsequently 

confirmed to be an IKZF1 del2-7 by RQ-PCR (CCIA). 

 

5.2.2.2. RNA-seq results and molecular structure of SNX2-ABL1  
A diagnostic bone marrow sample, containing 80% blast cells, was obtained from the 

CCC Tissue Bank following the clinical suspicion of an SNX2-ABL1 fusion, the 

predicted result of a t(5;9)(q23;q34) chromosomal translocation identified on karyotype. 

The SNX2-ABL1 fusion transcript was identified by RNA-seq and JAFFA. This fusion 

was graphically visualised using the Clinker pipeline(296) shown in Figure 5.3. 

 
Figure 5.3. SNX2-ABL1 fusion transcript identified by RNA-seq 
Fusion visualisation of the SNX2-ABL1 fusion transcript was produced using the 
Clinker pipeline. The image produced by Clinker depicts; RNA-seq read coverage in the 
top track (shown in orange), genes involved in the fusion (blue), functional coding 
domains in each gene (pink), and Ensembl transcripts (green). There were 56 reads that 
evidenced the fusion. 

1 4 7

ENST00000372348.6

1 2 3 4 5 6 7 8 910 11

C
ov
er
ag
e

G
en
es

SNX2 ABL1

D
om

ai
ns

SH3 Pkinase_Tyr

PkinaseSH2

Tr
an
sc
rip
ts

1 2

ENST00000379516.6

3 4 15141312111098765

56



 

167 

 

PCR amplification from patient cDNA using SNX2 BP F forward primer and ABL1 

exon 4 1R reverse primer (see Table 2.4 in Materials and Methods for primer 

sequences) amplified a 145bp product which confirmed the presence of the SNX2-ABL1 

fusion transcript (Figure 5.4). The entire fusion was subsequently cloned (see Material 

and Methods section 2.5.3.3.) and comprised a 3,234bp fusion transcript, encoding a 

1,078 amino acid protein with a predicted molecular weight of 11kDa. 

 
Figure 5.4. Chromatogram of SNX2-ABL1 breakpoint sequence 
Sanger Sequencing result of SNX2-ABL1 breakpoint PCR product amplified from 
patient cDNA confirming fusion of exon 3 of SNX2 to exon 4 of ABL1 
 

5.2.3. Rare ABL1 fusions transform IL-3 and IL-7 dependent cell lines 
We cloned SFPQ-ABL1 and SNX2-ABL1 from patient cDNA and expressed these fusion 

constructs in the MSCV-IRES-GFP retroviral expression vector. We firstly wanted to 

assess the capacity of these fusions to transform cytokine dependent cell lines to 

cytokine independence. We retrovirally transduced two cytokine dependent cell lines 

and utilised viability and proliferation assays to determine the sufficiency of these 

fusions alone, in comparison with BCR-ABL1, to transform (see Figure 5.5 for structure 

of the BCR-ABL1 fusion). As a first pass, we used IL-3-dependent Ba/F3 cells, and 

secondly utilised an IL-7 dependent murine pre-B cell line, derived from PU.1fl/fl Mb1cre 

Irf4-/- C57BL/6 mice (PU.1/IRF4 DKO cells). We showed that enforced expression of 

all ABL1 fusions blocked cytokine-withdrawal induced cell death but observed 

differences in the proliferative capacity of cell lines expressing each of these fusions. 
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Figure 5.5. BCR-ABL1 fusion transcript identified by RNA-seq 
Fusion visualisation of the BCR-ABL1 fusion transcript was produced using the Clinker 
pipeline. The image produced by Clinker depicts; RNA-seq read coverage in the top 
track (shown in orange), genes involved in the fusion (blue), functional coding domains 
in each gene (pink), and Ensembl transcripts (green).  
 

5.2.3.1. IL-3 dependent cell line models (Ba/F3) 
We firstly transduced Ba/F3 cells with each ABL1 fusion construct, SFPQ-ABL1, 

SNX2-ABL1, and BCR-ABL1, and performed IL-3 withdrawal assays to test the 

transforming capacity of each fusion. Each biological assay presented in this chapter 

was performed in at least three biologically independent experiments (n=3), unless 

otherwise stated. An experiment was considered “biologically independent” if it was 

performed independently (preparation of reagents and treatment) on a “biologically 

independent” line, where the parental line was transduced with independently produced 

retrovirus. 

 

There was no significant difference between the viability of Ba/F3 cells expressing 

SFPQ-ABL1, SNX2-ABL1, or BCR-ABL1 in the presence and absence of IL-3 after 48-

hour IL-3 withdrawal (Figure 5.6). In contrast, the majority of MSCV (empty vector) 

cells died in response to IL-3 withdrawal. This suggests that like BCR-ABL1, SFPQ-

ABL1 and SNX2-ABL1 block IL-3 withdrawal induced apoptosis. Additionally, we 

performed short-term (CellTiter-Glo®) and long-term proliferation assays on SFPQ-

ABL1 expressing Ba/F3 cells to explore the capacity of SFPQ-ABL1 to drive IL-3 

independent proliferation, compared to BCR-ABL1.  
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Figure 5.6. SFPQ-ABL1 and SNX2-ABL1 block IL-3 withdrawal induced apoptosis 
(A) Western blot analysis of Abl, P-STAT5 (Y694), STAT5, and P-CrkL (Y207) 
expression following 4-hour IL-3 withdrawal in Ba/F3 cells expressing ABL1 fusions: 
BCR-ABL1, SFPQ-ABL1, and SNX2-ABL1. β-actin was used as a loading control. (B) 
Viability analysis following 48-hour IL-3 withdrawal in Ba/F3 cells expressing ABL1 
fusions. Viability was determined by PI exclusion, measured by flow cytometry. 
Treatment groups were compared using unpaired t tests with Holm-Sidak correction for 
multiple comparisons (error bars show Mean ± SEM, n=3). (***) denotes a p-value of 
<0.001.  
 

Using the CellTiter-Glo® assay as a read-out, we performed IL-3 withdrawal on 

MSCV, BCR-ABL1, and SFPQ-ABL1-expressing Ba/F3 cells and measured 

luminescence read-out at 24- and 48-hours post-IL-3 withdrawal. The CellTiter-Glo® 

assay measures the amount of ATP present, indicating the number of metabolically 

active viable cells. We normalised luminescence readout to MSCV control cells in the 

presence of IL-3 and determined the relative proliferation for BCR-ABL1 or SFPQ-

ABL1 fusion expressing cells in the presence and absence of IL-3 relative to MSCV. 

 

We showed that IL-3 withdrawal resulted in almost complete elimination of viable 

MSCV Ba/F3 cells, while enforced expression of BCR-ABL1 and SFPQ-ABL1 

protected cells from IL-3 withdrawal (Figure 5.7A&B), consistent with our PI exclusion 

assay result (Figure 5.6). However, there were a significantly reduced number of viable 

SFPQ-ABL1-expressing cells, compared to BCR-ABL1-expressing Ba/F3 cells, 

following 24- and 48-hour IL-3 withdrawal (Figure 5.7A&B). In addition, we 

performed colony formation assays, in which we seeded cells in the soft agar in the 

presence or absence of IL-3 and assessed colony formation after 10 days. While there 
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was no statistically significant difference in colony formation between SFPQ-ABL1 and 

BCR-ABL1-expressing Ba/F3 cells, the number of colonies formed by SFPQ-ABL1-

expressing cells under these conditions were lower suggesting a trend towards 

decreased proliferative capacity of SFPQ-ABL1-expressing cells (Figure 5.7C&D). We 

performed an additional CellTitre-Glo® assay to analyse the effect of SNX2-ABL1 

expression on proliferation of Ba/F3 cells in the absence of IL-3. We performed 48-hour 

IL-3 withdrawal and calculated the number of viable proliferating cells. In this assay 

there was no difference in the number of viable proliferating SNX2-ABL1 or BCR-

ABL1-expressing cells in the absence of IL-3. While there was a trend towards 

reduction of SFPQ-ABL1-expressing Ba/F3 cells compared to BCR-ABL1-expressing 

cells in this assay, this difference was not statistically significant. These data are shown 

in Appendix 4 Figure A4.1. Taken together, these data suggest that SFPQ-ABL1 has a 

reduced capacity to promote IL-3 independent proliferation, compared to BCR-ABL1. 
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Figure 5.7. SFPQ-ABL1 only weakly drives proliferation in the absence of IL-3 
CellTitre-Glo® assay was utilised to determine relative proliferation following IL-3 
withdrawal. Luminescence output was measured at 24 (A) and 48 hours (B) post-IL-3 
withdrawal, and proliferation is presented as luminescence output relative to control 
(MSCV +IL-3) at 24 hours (Day 1). Groups were compared using unpaired t tests with 
Holm-Sidak correction for multiple comparisons (Day 1, error bars show Mean ± 
SEM, n=6). (***) denote p-value <0.001 and (****) denotes p-value <0.0001. (C) 
Colony formation of Ba/F3 cells expressing BCR-ABL1 or SFPQ-ABL1 seeded in soft 
agar and incubated in the presence or absence of IL-3 for ten days (Figure shows 
representative image of 250 cells seeded at Day 0). (D) Number of colonies formed per 
100 cells seeded for soft agar colony formation assay. Cells were seeded at four 
different concentrations per well, 50, 100, 250 and 1000 cells per well. Following 10-
day incubation, colonies formed were counted for each well and counts were normalised 
to colonies formed per 100 cells seeded at Day 0. Groups were compared using 
unpaired t tests with Holm-Sidak correction for multiple comparisons (error bars show 
Mean ± SEM, n=3). ns = not significant. 
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5.2.3.2. IL-7 dependent cell line model - PU.1/IRF4 DKO cells 
As an alternate cell model, we utilised IL-7 dependent PU.1/IRF4 DKO pre-B cells, 

derived from PU.1fl/fl Mb1cre Irf4-/- C57BL/6 mice (301). We retrovirally transduced 

PU.1/IRF4 DKO cells with SFPQ-ABL1, SNX2-ABL1, and BCR-ABL1 MSCV 

constructs. We performed intracellular staining with an anti-Abl1 primary antibody and 

fluorescently labelled secondary antibodies to confirm expression of ABL1 fusions 

using flow cytometry (Figure 5.8). Contrasting to what was seen in Ba/F3 cells, BCR-

ABL1, SFPQ-ABL1, and SNX2-ABL1 did not immediately transform PU.1/IRF4 cells to 

cytokine independence (not all cells blocked IL-7 withdrawal induced cell death). Cells, 

which had been freshly transformed, sorted for GFP expression and cultured in media 

containing IL-7, were therefore selected over a 7-day period and subsequently 

maintained in media lacking IL-7 for drug screening assays. Cell counts were recorded 

for the first selection of cells transformed with BCR-ABL1 or SFPQ-ABL1 and is 

available in Appendix 4 Figure A4.2. 

 

 
Figure 5.8. Expression of ABL1 fusion contructs in PU.1/IRF4 DKO cells 
We performed intracellular staining using an anti-Abl antibody to confirm expression of 
ABL1 fusions, BCR-ABL1 (blue histogram), SFPQ-ABL1 (red histogram), and SNX2-
ABL1 (orange histogram). In each plot, Abl expression in cells expressing MSCV 
control construct are depicted by the grey histogram. Plots show <640> 670/30 (anti-
Abl) vs. event count. We firstly gated on GFP+ cells and detected the Alexa Fluor 647 
conjugated anti-rabbit secondary antibody using the <640> 670/30 channel.  
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5.2.4. Rare ABL1 fusions are sensitive to ABL1 kinase inhibition 

5.2.4.1. Ba/F3 
We next wanted to establish the sensitivity of Ba/F3 cells expressing SFPQ-ABL1 and 

SNX2-ABL1 to specific and broad spectrum TKIs with inhibitory activity against ABL1. 

We treated Ba/F3 cells with a 7-point dose titration of imatinib, dasatinib, ponatinib, 

and the JAK2 inhibitor, ruxolitinib. We determined cell viability by measuring 

propidium iodide (PI) exclusion by flow cytometry, following 48-hour incubation with 

TKIs. Ba/F3 cells transformed by ABL1 fusions were maintained and treated in the 

absence of IL-3, and MSCV control cells were treated in the presence of IL-3. We 

normalised viability to untreated cells and performed nonlinear regression analysis on 

normalised data to determine the half maximal inhibitory concentration (IC50) in each 

cell line. 

 

We showed that Ba/F3 cells expressing ABL1 fusions, SFPQ-ABL1, SNX2-ABL1, or 

BCR-ABL1, were sensitive to inhibitors that targeted ABL1 (Figure 5.9). MSCV control 

cells were not sensitive to treatment with imatinib or dasatinib, and only sensitive to 

ponatinib and ruxolitinib at high doses (IC50: ponatinib = 5.224µM and ruxolitinib = 

3.122µM). In addition, we showed that BCR-ABL1, SFPQ-ABL1 and SNX2-ABL1-

expressing cells were not sensitive to treatment with the JAK2 inhibitor, ruxolitinib. 

MSCV control cells are likely sensitive to ruxolitinib as they are dependent on IL-3 

receptor (IL-3R) signalling, and JAK2 is activated by IL-3R and a key component of 

this signalling pathway (348).  

 

We performed a one-way ANOVA to compare IC50 values between ABL1 fusion-

expressing cell lines for imatinib, dasatinib, and ponatinib. Tukey’s multiple 

comparisons tests was used post-hoc to compare means between cell lines. Using 

ANOVA, we determined that IC50 values for imatinib and ponatinib were significantly 

different between all three ABL1-fusion expressing cell lines (p-values <0.0001, Table 

5.1). SNX2-ABL1-expressing cells were the least sensitive to both imatinib (IC50 = 

2.260) and ponatinib (IC50 = 0.02438). There was no significant difference in sensitivity 

to dasatinib between ABL1 fusion-expressing cells. While Ba/F3 is a popular model to 

explore the biology of tyrosine kinase oncogenes, including sensitivity to TKIs, we 

wanted to validate the responses we had observed in Ba/F3 in a pre-B cell model. We 



 

174 

 

subsequently performed the drug treatment assays in IL-7 dependent PU.1/IRF4 DKO 

pre-B cells. Additionally, we expanded the range of drugs tested, and established 

sensitivity to MEK inhibitors and BH3 mimetics. Raw viability data is given in 

Appendix 4 Figure A4.3. 

 

 
Figure 5.9. Ba/F3 cells transformed with ABL1 fusions are sensitive to treatment 
with imatinib, dasatinib and ponatinib 
Viability analysis of BCR-ABL1, SFPQ-ABL1 and SNX2-ABL1-expressing Ba/F3 cells 
treated with a dose titration of imatinib (A), dasatinib (B), ponatinib (C), and ruxolitinib 
(D). Ba/F3 cells transformed by fusions were maintained and treated in the absence of 
IL-3. Viability was normalised to untreated control. Graphs include viability of 
untreated cells (zero drug concentration). Nonlinear regression analysis was performed 
on normalised data to calculate IC50 values. Data presented shows Mean ± SEM (n=3). 
 

 
Table 5.1. IC50 values of kinase inhibitors in Ba/F3 
 IC50 (µM) 
Drug MSCV BCR-ABL1 SFPQ-ABL1 SNX2-ABL1 
Imatinib NC 1.451 0.8193 2.260 
Dasatinib NC 0.002984 0.003460 0.0082683 
Ponatinib 5.224 0.004086 0.009054 0.02438 
Ruxolitinib 3.122 NC NC NC 
NC = not calculated; IC50 values were not calculated for a drug when a response was not observed in that 
cell line 
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5.2.4.2. PU.1/IRF4 DKO 
We next analysed drug responses in the PU.1/IRF4 DKO cell model. As with Ba/F3 

cells, enforced expression of ABL1 fusions transformed PU.1/IRF4 DKO cells to IL-7 

independence, therefore these cells were maintained and treated in the absence of IL-7, 

while MSCV expressing cells were treated in the presence of IL-7. This assay was 

performed on two biologically independent cell lines, in two independent experimental 

repeats. We firstly wanted to assess sensitivity to TKIs with ABL1 inhibitory activity, 

imatinib, dasatinib, ponatinib, and nilotinib. We performed ANOVA and Tukey’s 

multiple comparisons test to compare IC50 values. In this model, BCR-ABL1-expressing 

cells were most sensitive to imatinib (IC50 = 1.989, Table 5.2), and this response was 

significantly different from both SFPQ-ABL1- (adjusted p-value <0.0001) and SNX2-

ABL1-expressing (adjusted p-value <0.0001) cells (Figure 5.10A). Of note, SFPQ-

ABL1-expressing cells were more sensitive to imatinib than SNX2-ABL1-expressing 

cells (IC50 = 3.588, adjusted p-value = 0.0024, Table 5.2). As seen in Ba/F3 cells 

(Figure 5.9B), there was no significant difference in response to dasatinib between the 

three ABL1 fusion-expressing PU.1/IRF4 DKO cell lines (Figure 5.10B). SNX2-ABL1-

expressing cells were less sensitive to ponatinib treatment than both SFPQ-ABL1- 

(adjusted p-value <0.0001) and BCR-ABL1-expressing (adjusted p-value <0.0001) cells 

(Figure 5.10C). While BCR-ABL1-expressing cells appeared to be more sensitive to 

nilotinib, compared to other ABL1 fusions, this difference was not statistically 

significant (Figure 5.10D). In PU.1/IRF4 DKO cells, we observed differential 

sensitivity to ABL1 inhibitors between cell lines expressing different ABL1 fusions. 

Overall, cells expressing SNX2-ABL1 were less sensitive to ABL1 inhibitors compared 

to BCR-ABL1 and SFPQ-ABL1-expressing cells. Raw viability data is given in 

Appendix 4 Figure A4.4. 
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Figure 5.10. PU.1/IRF4 DKO cells expressing SFPQ-ABL1 and SNX2-ABL1 are 
less sensitive to ABL1 inhibitors compared to cells expressing BCR-ABL1 
Viability analysis of BCR-ABL1, SFPQ-ABL1 and SNX2-ABL1-expressing PU.1/IRF4 
DKO cells treated with a dose titration of imatinib (A), dasatinib (B), ponatinib (C), and 
nilotinib (D). PU.1/IRF4 DKO cells transformed by fusions were maintained and 
treated in the absence of IL-7. Viability was normalised to untreated control. Graphs 
include viability of untreated cells (zero drug concentration). Nonlinear regression 
analysis was performed on normalised data to calculate IC50 values. Data presented 
shows Mean ± SEM (n=4). 
 

Table 5.2. IC50 values of kinase inhibitor and BH3 mimetic drugs in PU.1/IRF4 
DKO 
 IC50 (µM) 
Drug MSCV BCR-ABL1 SFPQ-ABL1 SNX2-ABL1 
Imatinib NC 1.989 3.588 4.363 
Dasatinib 5.394 0.003573 0.01884 0.01505 
Ponatinib 0.8377 0.004880 0.02532 0.3656 
Nilotinib 7.202 0.01820 0.1897 0.2807 
Selumetinib NC NC NC NC 
Trametinib NC NC NC NC 
Ruxolitinib 0.9829 NC NC 130.6 
Venetoclax 3.857 5.004 3.951 4.147 
Navitoclax 0.5784 0.6684 0.2095 0.1633 
S63845 0.02707 0.03768 0.01274 0.01113 
NC = not calculated; IC50 values were not calculated for a drug when a response was not observed in that 
cell line 
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In addition to ABL1 inhibitors, we tested cell line sensitivity to MEK inhibitors, 

selumetinib and trametinib, ruxolitinib, and BH3 mimetics, venetoclax (ABT-199), 

navitoclax (ABT-263), and S63845 (Figure 5.11). We hypothesised that SFPQ-ABL1 

and SNX2-ABL1 may promote cell survival by up-regulating BCL-2 family pro-

survival proteins and this may sensitise cells expressing these fusions to BH3 mimetics 

(226). In addition, the MEK/ERK signalling pathway is activated downstream of many 

tyrosine kinase-activating oncogenes, including BCR-ABL1, and we wanted to assess 

the dependency of SFPQ-ABL1 and SNX2-ABL1-expressing cells on MEK/ERK 

signalling. Previous studies have shown that MEK inhibition alone does not kill BCR-

ABL1+ cell lines, but it does sensitise cells to ABT-199 and ABT-263 (275).  

 

In PU.1/IRF4 DKO cells, we observed no sensitivity to MEK inhibition in any of the 

ABL1 fusion-expressing cell lines or MSCV control (Figure 5.11A&B). We showed 

some sensitivity of SNX2-ABL1-expressing cells to ruxolitinib, but this was not 

statistically significantly different than the response observed in cells expressing MSCV 

(Figure 5.11C). We had previously shown in Ba/F3 cells that SNX2-ABL1 maintained 

phosphorylation of STAT5, which could explain differential sensitivity compared to 

SFPQ-ABL1 and BCR-ABL1 (Figure 5.6A). However, we will need to analyse 

expression of STAT5 in the PU.1/IRF4 DKO cell model to confirm this result.  

 

BCR-ABL1-expressing cells were significantly less sensitive to venetoclax (IC50 = 

5.004) compared to SFPQ-ABL1-expressing (adjusted p-value =0.004), SNX2-ABL1-

expressing (adjusted p-value =0.022) and MSCV controls (adjusted p-value =0.0017, 

Figure 5.11D). There was no difference in response between SFPQ-ABL1, SNX2-ABL1, 

and MSCV lines. While differences in response to venetoclax were observed between 

the different ABL1 fusion expressing lines, all cell lines tested were largely resistant to 

this drug (a decrease in cell viability was observed at doses >1µM) suggesting that 

venetoclax as a monotherapy may be largely ineffective in patients with ABL1 fusion+ 

ALL. SFPQ-ABL1 and SNX2-ABL1-expressing cells were also more sensitive to 

navitoclax and MCL-1 inhibitor, S63845, compared to BCR-ABL1-expressing and 

MSCV control cells (adjusted p-values <0.0001). Raw viability data for PU.1/IRF4 

DKO cells is given in Appendix 4 Figure A4.5. 
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Figure 5.11. Sensitivity profiles of PU.1/IRF4 DKO cells expressing SFPQ-ABL1, 
SNX2-ABL1, or BCR-ABL1 to MEK inhibitors, JAK2 inhibitor, and BH3 mimetics 
Viability analysis of BCR-ABL1, SFPQ-ABL1 and SNX2-ABL1-expressing PU.1/IRF4 
DKO cells treated with a dose titration of selumetinib (A), trametinib (B), ruxolitinib 
(C), venetoclax (D), navitoclax (E), and S63845 (F). PU.1/IRF4 DKO cells transformed 
by fusions were maintained and treated in the absence of IL-7. Viability was normalised 
to untreated control. Graphs include viability of untreated cells (zero drug 
concentration). Nonlinear regression analysis was performed on normalised data to 
calculate IC50 values. Data presented shows Mean ± SEM (n=4). 
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5.2.5. Assessing the capacity of rare ABL1 fusions to induce leukaemia 

in vivo 

5.2.5.1. SNX2-ABL1 is sufficient to induce leukaemia in vivo 
After we established the transforming capacity of SFPQ-ABL1 and SNX2-ABL1 in vitro, 

we wanted to assess if SFPQ-ABL1 and SNX2-ABL1 were sufficient to induce 

leukaemia in vivo. We retrovirally transduced whole-bone marrow from 8-week old 

PTPRCB mice with ABL1 fusion constructs and transplanted into sub-lethally 

irradiated PTPRCA recipient mice. Four (out of a total of six) mice transplanted with 

BCR-ABL1 transduced bone marrow succumbed to disease within 23 days post-

transplant. Four mice transplanted with SNX2-ABL1 succumbed to disease over the 

course of the experiment, with GFP positive (fusion positive) cells detected in the bone 

marrow. We have reported overall survival (OS) and leukaemia-free survival (LFS) as 

several mice succumbed to illness not related to leukaemia throughout the duration of 

the experiment (Figure 5.12).  

 
Figure 5.12. OS and LFS of mice transplanted with BCR-ABL1, SFPQ-ABL1 and 
SNX2-ABL1 transduced bone marrow 
A total of six mice were transplanted with bone marrow transduced with each retroviral 
construct MSCV GFP (control), BCR-ABL1 MSCV, SFPQ-ABL1 MSCV, and SNX2-
ABL1 MSCV. Mice were culled when showing signs of morbidity and organs were 
harvested for analysis. Bone marrow and spleen cells were checked for GFP (fusion) 
expression using flow cytometry. Remaining mice were culled at 302 days post-
transplant. (A) Shows overall survival (OS), and (B) Shows leukaemia-free survival 
(LFS) (n=6). 
 

We analysed GFP expression in the bone marrow and spleen for each mouse that was 

culled due to sickness (see Appendix 5, Table A5.1). In addition, we analysed 

expression of each fusion in the bone marrow of diseased mice using an anti-Abl 

antibody and flow cytometry. We demonstrated the presence of GFP positive cells and 

expression of fusion constructs in the bone marrow of mice transplanted with BCR-
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ABL1 and SNX2-ABL1 transduced bone marrow cells (Figure 5.13). We culled a single 

SFPQ-ABL1 mouse at 193 days post-transplant and analysed for signs of leukaemia. 

This mouse had a high white cell count (WCC) and enlarged spleen, but we did not 

detect GFP positive cells or expression of Abl in the bone marrow of this mouse (Figure 

5.13, Appendix 5 Table 5.1). Disease-free mice were culled at 302 days post-transplant, 

and we analysed the bone marrow for expression of GFP+ cells. GFP+ cells were not 

detected in the bone marrow of remaining SFPQ-ABL1 and SNX2-ABL1 mice at the 

end of experiment. The failure to induce leukaemia in these mice could be due to failure 

to transduce bone marrow prior to transplantation, failed engraftment of donor bone 

marrow, or in the case of SFPQ-ABL1, the fusion alone may not be leukaemogenic. 

While repeat primary transplant cohorts are required, it is possible that SFPQ-ABL1 

alone may be insufficient to induce leukaemia in mice. 

 
Figure 5.13. Analysis of GFP expression and expression of ABL1 fusions in the 
bone marrow of BCR-ABL1, SNX2-ABL1 and SFPQ-ABL1 mice 
(A) Representative analysis of GFP expression by flow cytometry of in the bone 
marrow of #115 BCR-ABL1, #174 SNX2-ABL1, and #159 SFPQ-ABL1 mice. Scatter 
plots show <488>530/30 (GFP) vs. <488>670/30. (B) Intracellular staining using an 
anti-Abl antibody was used to confirm expression of ABL1 fusions in the bone marrow 
of #115 BCR-ABL1 (blue histogram), #174 SNX2-ABL1 (red histogram), and #159 
SFPQ-ABL1 (orange histogram). Abl expression in MSCV is depicted in each plot by 
the grey histogram. For BCR-ABL1 and SNX2-ABL1, expression of Abl was analysed 
in GFP positive cells. 
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We analysed WCC and spleen weights for all mice sacrificed due to disease and culled 

at end of experiment (see Appendix 5 Table 5.1). WCC and spleen weights for all 

leukaemic mice and MSCV control mice are presented in Figure 5.14. WCC tended to 

be higher in BCR-ABL1 and SNX2-ABL1 leukaemic mice, compared to MSCV 

controls, however these differences are not statistically significant (Figure 5.14A). 

Spleens harvested from BCR-ABL1 leukaemic mice were significantly enlarged 

compared to MSCV controls (p-value <0.01), however we observed no difference 

between SFPQ-ABL1 mice and MSCV controls (Figure 5.14B). This is the first study 

to show that SNX2-ABL1 can induce leukaemia in a mouse model. However, this cohort 

is small, and this experiment will need to be repeated to obtain sufficient numbers to 

characterise SNX2-ABL1-induced leukaemia. 

 

 
Figure 5.14. WCC counts and spleen weights for leukaemic mice 
(A) WCC (x 10^9 cells/L) for MSCV (control, n=2), BCR-ABL1 leukaemic mice 
(n=5), and SNX2-ABL1 leukaemic mice (n=4) (B) Spleen weights for MSCV (n=4), 
BCR-ABL1 (n=6), and SNX2-ABL1 (n=4). Groups were compared using unpaired t 
tests with Holm-Sidak correction for multiple comparisons. (**) denote p-value <0.01, 
ns = not significant. 
 

5.2.5.2. Analysis of immunophenotype 
We analysed the immunophenotype of whole bone marrow from leukaemic mice, as 

well as cells derived from MSCV control mice. We gated on viable single cells based 

on forward scatter and side scatter, and only analysed the immunophenotype of GFP+ 

cells for bone marrow derived from BCR-ABL1 and SNX2-ABL1 mice and analysed 

all cells for MSCV controls (Figure 5.15).  
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Figure 5.15. Gating strategy for immunophenotyping 
For all bone marrow, we gated on viable cells based on FSC-A vs. SSC-A, and single 
cells based on FSC-W vs. FSC-H. For MSCV control cells we analysed expression of 
cell surface markers in all single cells. For bone marrow cells derived from BCR-ABL1 
and SNX2-ABL1, we analysed expression of these markers in GFP+ cells alone, based 
on the gate shown in the [488]530_30 vs. [488]670_30 scatter plot. This is a 
representative image of gated based on result from mouse #115 BCR-ABL1.  
 

We used B-cell (CD19 and B220), T-cell (CD4 and CD8), and myeloid (Gr1 and 

CD11b) markers to immunophenotype bone marrow from leukaemic mice (see 

materials and methods section 2.14.5. for antibody details and suppliers). We showed 

that bone marrow derived from BCR-ABL1 or SNX2-ABL1 mice showed markedly 

different immunophenotypes. As all mice from the same group, either BCR-ABL1 or 

SNX2-ABL1, had the same immunophenotype in the bone marrow, representative 

images of cell surface marker expression from one mouse in each group are shown in 

Figure 5.16. 

 

We show that BCR-ABL1 induced B-cell leukaemia, as majority of bone marrow cells 

analysed were B220/CD19 double positive (Figure 5.16). In contrast, bone marrow cells 

derived from SNX2-ABL1 mice had a mixed T/myeloid phenotype. Notably, there was 

a population of CD4/CD8 double positive cells (17.6%), which were not observed in 

control cells. Interestingly, approximately 50% of bone marrow cells derived from 

SNX2-ABL1 mice were not positive for any of the markers tested. This could represent 

a population of primitive precursor cells, for example double negative (DN) T-cells. 

However, in this model, SNX2-ABL1 did not give rise to a B-lineage leukaemia, 

suggesting that alternate models may need to be used to recapitulate SNX2-ABL1-

induced B-ALL in vivo.  
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Figure 5.16. Immunophenotype of bone marrow derived from leukaemic BCR-
ABL1 and SFPQ-ABL1 mice 
Representative image of flow cytometry plots analysing the expression of cell type-
specific surface markers on bone marrow cells derived from leukaemic mice. The plots 
show results for three antibody panels used for #134 MSCV (control), #115 BCR-
ABL1, and #174 SNX2-ABL1 mice. The top panel shows expression of myeloid 
markers, CD11b vs. Gr1, the middle panel shows expression of T-cell markers, CD4 vs. 
CD8, and the bottom panel shows expression of B-cell markers, CD19 vs. 
CD45R/B220. 
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5.2.5.3. Histology 
We harvested spleen, liver and thymus (when resectable), and performed Haematoxylin 

and Eosin staining to analyse histology of diseased tissues. We analysed spleen and 

liver from one MSCV control mouse (#134) to compare normal histology to tissue from 

diseased mice (see Appendix 5 Figures A51-3). The thymus was visibly enlarged in 

diseased mice but was not resectable in MSCV control mice (Histologic analysis of 

thymus tissue in Appendix 5 Figure A4.5). We observed lymphoblast infiltration in the 

liver of BCR-ABL1 and SNX2-ABL1 mice (Figure 5.17). In addition, we observed an 

increase in megakaryocytes in the spleen of BCR-ABL1 and SNX2-ABL1, suggesting 

extramedullary haematopoiesis, a result of bone marrow insufficiency (Figure 5.17).  

 
Figure 5.17. Histologic analysis of liver and spleen of BCR-ABL1 and SNX2-ABL1 
leukaemic mice 
Tissue sections were stained with Haematoxylin and Eosin and mounted on glass slides 
for histologic analysis. Images are representative analysis of MSCV (control) tissue, 
and BCR-ABL1 and SNX2-ABL1 tissue from leukaemic mice. The black arrows 
indicate lymphoblast infiltration in the liver of BCR-ABL1 and SNX2-ABL1 mice. The 
white arrows indicate the presence of megakaryocytes in the spleen. Images were taken 
with Leica DM2000 LED microscope using a 20X objective lens. 
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5.3. Discussion 
In this chapter, we have explored the function of SFPQ-ABL1 and SNX2-ABL1 in 

leukaemia. We identified these fusions in two patients diagnosed with BCP-ALL at the 

RCH. We aimed to understand the biological function of different ABL1 fusions in B-

ALL, and specifically compare rare ABL1 fusions, SFPQ-ABL1 and SNX2-ABL1, to 

BCR-ABL1. In addition, we wanted to explore how these differences contribute to 

response to therapies. This is the first study to examine biological function of the SFPQ-

ABL1 fusion. Furthermore, biological data on the SNX2-ABL1 fusion is limited and 

has only been reported in a single study (150). 

 

We have shown that the SFPQ-ABL1 and SNX2-ABL1 fusions block cytokine 

withdrawal induced-apoptosis, transforming IL-3 dependent Ba/F3 cells, and IL7-

dependent PU.1/IRF4 DKO cells to cytokine independence. While the IL-3 dependent 

pro-B cell line, Ba/F3, is a well-established and robust model for initial examination of 

tyrosine kinase oncogenes, more biologically relevant cell lines must be utilised to 

extrapolate results to the disease context. We have utilised PU.1/IRF4 DKO cells as a 

novel model to explore the function of tyrosine kinase oncogenes identified in B-ALL 

(301). This cell line is a surrogate model of IKZF1 deletion, providing a rational context 

to explore downstream signalling activation and TKI sensitivity of fusions implicated in 

Ph-like ALL. Importantly, our SNX2-ABL1+ harboured an IKZF1 del4-7. 

 

In spite of the presence of molecularly targetable lesions, clinical reports suggest that 

rare ABL1 fusions are possibly associated with poor outcome, in contrast to Ph+ ALL 

where the addition of imatinib and dasatinib has dramatically improved outcomes (76, 

95, 136, 141, 142). Given survival rates for other subtypes of B-ALL, and B-ALL as a 

whole, have dramatically improved, research focus needs to shift to better 

understanding how rare fusion genes function and signal to identify additional 

therapeutic targets. We utilised Ba/F3 and PU.1/IRF4 DKO cells to establish the 

sensitivity profiles of SFPQ-ABL1 and SNX2-ABL1 and understand if sensitivities 

differed from BCR-ABL1. 

 

We observed differences in the sensitivity profiles of SFPQ-ABL1, SNX2-ABL1, and 

BCR-ABL1 transduced cells in both Ba/F3 and PU.1/IRF4 DKO. In the context of 



 

186 

 

Ba/F3 cells, we showed that cells expressing SNX2-ABL1 were significantly less 

sensitive to imatinib and ponatinib, compared to BCR-ABL1 and SFPQ-ABL1 (Figure 

5.9A&C). While in the PU.1/IRF4 DKO model, we showed that cells expressing either 

SFPQ-ABL1 or SNX2-ABL1 were less sensitive imatinib and ponatinib, compared to 

cells expressing BCR-ABL1 (Figure 5.10A&C). No differences in response to dasatinib 

were observed in either model. Clinically, identification of an ABL1 fusion in a patient 

prompts the addition of imatinib or dasatinib to treatment regimens. Previous reports 

have suggested that patients with SNX2-ABL1-driven leukaemia may be less sensitive to 

treatment with dasatinib (150). However, while we showed differences in sensitivity to 

imatinib and dasatinib, we did not detect a difference in response to dasatinib in our 

models. Our patient with SNX2-ABL1 fusion responded to dasatinib but treatment was 

stopped due to toxicity. This patient is now in remission post-transplant. In addition, our 

patient with the SFPQ-ABL1 fusion was treated on dasatinib and is in remission three 

years off-treatment. There appear to varying reports of the efficacy of specific ABL1 

TKIs to treat patients with leukaemia driven by rare ABL1 fusions. However, these 

results highlight the need for investigation of alternate molecular targets for patients 

who may not respond or relapse on imatinib or dasatinib. 

 

We also examined sensitivity of ABL1 fusion expressing cells to MEK inhibitors 

(selumetinib and trametinib), JAK2 inhibitor (ruxolitinib), and BH3 mimetics, 

venetoclax (BCL-2 inhibitor), navitoclax (BCL-2, BCL-XL, and BCL-w inhibitor), and 

S63845 (MCL-1 inhibitor), in PU.1/IRF4 DKO cells. As the MEK/ERK and 

JAK/STAT pathways are well established to be activated by tyrosine kinase activating 

oncogenes, we wanted to explore the reliance of SFPQ-ABL1 and SNX2-ABL1 on 

these signaling pathways. We observed no difference in response to MEK inhibitors or 

ruxolitinib between fusion-expressing cells and controls. While we observed some 

sensitivity of SNX2-ABL1-expressing PU.1/IRF4 DKO cells, response did not differ 

from MSCV control cells.  

 

We showed that SFPQ-ABL1 and SNX2-ABL1 transduced cells were more sensitive to 

treatment with venetoclax, navitoclax, and S63845, compared to BCR-ABL1 transduced 

cells (Figure 5.11). In addition, responses observed to navitoclax and S63845 also 

differed from MSCV controls. While increased sensitivity of SFPQ-ABL1 and SNX2-
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ABL1-expressing cells to BCL-2 family inhibitors was observed, these differences were 

small, and further studies would be needed to determine if SFPQ-ABL1 and SNX2-

ABL1 differentially interact and maintain pro-apoptotic proteins, mediating increased 

sensitivity to these inhibitors, compared to BCR-ABL1 (226). BCL-2 pro-survival 

proteins have also been shown to mediate therapeutic resistance in B-ALL, suggesting 

the efficacy combination therapies, co-targeting ABL1 kinase and BCL-2 family pro-

survival proteins should be explored (274, 275). One study showed that MEK inhibitors 

and BCL-2 inhibitors can synergise to induce apoptosis in some BCR-ABL1+ human 

cell lines (275). Furthermore, they showed that this sensitivity is dependent on 

MEK/ERK pathway activation and expression of the pro-apoptotic protein, BIM. Future 

research will include studies to examine the expression of MEK/ERK pathway proteins 

and BCL-2 family proteins in SFPQ-ABL1 and SNX2-ABL1-expressing cell lines. 

Furthermore, the efficacy of MEK inhibitor/BCL-2 inhibitor combination therapy in 

cell lines or patient samples expressing these fusions should be established. 

 

We used syngeneic transplant models to show that SNX2-ABL1 induced leukaemia in 

mice. In this experiment, the latency of SNX2-ABL1-induced leukaemia was longer than 

that of BCR-ABL1. In addition, bone marrow cells derived from SNX2-ABL1 mouse 

tumours expressed a mixed population of cells, while bone marrow from BCR-ABL1 

mice displayed a B-cell immunophenotype. Alternate models will need to be utilised to 

explore whether we can recapitulate SNX2-ABL1-induced B-ALL in vivo. However, our 

initial results suggest that SNX2-ABL1 may function differently to BCR-ABL1 to 

induce leukaemia in vivo, and additional studies are needed to determine how this 

influences response to therapies. In addition, we showed that SFPQ-ABL1 may be 

insufficient to induce leukaemia in vivo, and cooperating mutations may be required to 

cause disease. However, we cannot prove that retroviral transduction of donor bone 

marrow cells or that bone marrow engraftment was successful.  

 

Future work will involve repeat primary and secondary transplant cohorts to establish 

features of SFPQ-ABL1 and SNX2-ABL1-induced leukaemia including, the sufficiency 

of each fusion to cause disease, disease latency, and response to therapies. In addition, 

we will explore alternate approaches to preferentially induce B-ALL. Multiple research 

groups have used 5-FU pre-treatment of donor bone marrow to enrich for 



 

188 

 

haematopoietic stem cells prior to transduction to develop mouse models of BCR-ABL1-

driven B-ALL (246, 349). Another direction that has been considered is the 

transplantation of ABL-fusion PU.1/IRF4 DKO pre-B cells into donor mice to examine 

the sufficiency of SFPQ-ABL1 to induce B-ALL. Secondary transplant models may also 

enable more accurate classification of the lineage of SNX2-ABL1-induced leukaemia, 

given the mixed phenotype observed in the primary model. 

 

In contrast to BCR-ABL1, SFPQ-ABL1 and SNX2-ABL1 lack the SH2/SH3 domain. 

Our in vitro studies suggest that the biological function of SFPQ-ABL1 and SNX2-

ABL1 is distinct from that of BCR-ABL1. Importantly, we observed reduced cytokine-

independent proliferation of Ba/F3 cells expressing SFPQ-ABL1, compared to BCR-

ABL1. This result suggested that there might be differences in how SFPQ-ABL1 and 

BCR-ABL1 interact with signal transduction proteins and proliferation pathways, and 

this could be influenced by the difference in retainment of the SH2/SH3 domain of 

ABL1 in the fusion.  

 

It is widely accepted that transformation by ABL1 fusions is mediated by the 

acquisition of dimerisation motifs from a 5’ fusion partner, promoting constitutive 

activation of the ABL1 kinase and aberrant signal transduction. In the context of BCR-

ABL1, it is well documented that BCR, in particular Y177, contributes to signal 

transduction by BCR-ABL1 (259, 260). Interestingly, studies exploring the function of 

rare ABL1 fusions, let alone the contribution of the fusion partner to signal 

transduction, are extremely limited. Given the difference in proliferative capacity 

observed between SFPQ-ABL1 and BCR-ABL1 expressing Ba/F3 cells, and different 

cellular localisation of each chimeric protein, we wanted to further explore the 

signalling networks interacting with SFPQ-ABL1 and BCR-ABL1. 
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6. Utilising phosphoproteomics to understand the differences 

in signalling between different classes of ABL1 fusions 

 

6.1. Introduction 
Given we observed differences in the capacity of ABL1 fusions to drive IL-3 

independent proliferation in vitro, we wanted to explore the mechanisms by which 

SFPQ-ABL1 and BCR-ABL1 promote leukaemogenesis and specifically how they 

interact with downstream proliferation pathways. There have been many studies that 

have explored the signalling mechanisms by BCR-ABL1, but less is known about 

signalling by rare ABL1 fusions. SFPQ-ABL1 is of particular interest, as prior to this 

work this fusion had not been biologically modelled. While we showed that SNX2-

ABL1, unlike SFPQ-ABL1, was sufficient to induce leukaemia in our mouse models 

(see Figure 5.12), this fusion was not included in these phosphoproteomic studies. 

 

Complete transformation by p190 BCR-ABL1 requires interaction with adaptor proteins 

and downstream signalling from multiple regions of the fusion protein. BCR-ABL1 

primarily interacts with RAS to promote downstream pathway activation, through 

multiple mechanisms of signal transduction (248). The most well characterised 

mechanism is activation of ABL1 kinase signalling, mediated by coiled-coil domains in 

the BCR region promoting oligomerisation of the fusion protein and 

transphosphorylation of the kinase. It is by this mechanism that more rare ABL1 fusion 

proteins are assumed to drive leukaemogenesis (53). However, it is well established that 

BCR-ABL1 also promotes signal transduction through mechanisms other than ABL1 

kinase signalling. Specifically, the SH2 domain of ABL1 and Y177 of BCR mediate 

signal transduction by BCR-ABL1 through direct and indirect interaction with adaptor 

proteins and signal transduction proteins (249, 256, 259, 260). The functional 

implications for signal transduction by rare ABL1 fusion proteins that do not contain 

the SH2 domain and bind to different fusion partners is rarely explored. 

 

Recently, two groups utilised Stable-Isotope Labelling of Amino acids in Culture 

(SILAC)-based phosphoproteomics to directly compare the phosphoproteome activated 

by p190 BCR-ABL1 and p210 BCR-ABL1, using Ba/F3 cells (244, 245). SILAC-based 
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quantification allows for the determination of relative expression of peptides identified 

by mass spectrometry between two populations of cells in a single assay (350). 

 

P190 BCR-ABL1 and p210 BCR-ABL1 have a highly similar structure, only differing 

in the absence of a Dbl homology (DH) and Pleckstrin homology (PH) domain in p190 

BCR-ABL1. However, P190 BCR-ABL1 and p210 BCR-ABL1 are generally 

associated with distinct subtypes of leukaemia, suggesting that these proteins function 

differently to promote leukemogenesis (246). The phosphoproteomic studies by Cutler 

et al and Reckel et al showed that p190 BCR-ABL1 and p210 BCR-ABL1 exhibit 

distinct interactomes and phosphoproteomes, highlighting key differences in interaction 

with proteins involved in JAK-STAT and SRC kinase signalling (244, 245). We opted 

to employ this approach to directly compare the phosphoproteome of BCR-ABL1 

compared to SFPQ-ABL1. We hypothesised that the absence of the SH2 domain from 

SFPQ-ABL1 and signal transduction from the SFPQ region of the fusion protein would 

mediate differences in interaction and activation of downstream signalling pathways. 

 

Given the established role of the SH2 domain in signal transduction specifically by 

BCR-ABL1, we firstly wanted to assess if these domains would mediate interaction 

with proliferative pathways in the context of SFPQ-ABL1 and restore the proliferative 

capacity of cells expressing this fusion. We cloned SH3/SH3 domain mutant contructs 

of BCR-ABL1 and SFPQ-ABL1, where these domains were either deleted or added, 

respectively. These contructs were expressed in Ba/F3 cells and we performed IL-3 

withdrawal assays and assessed cell viability and proliferation. We showed, that 

deletion or addition of the SH2/SH3 domain from BCR-ABL1 or SFPQ-ABL1 did not 

alter the fusions functional capacity to block IL-3 withdrawal induced apoptosis or 

promote cytokine independent proliferation. 

 

We performed SILAC-based phosphoproteomics as a first-pass approach to understand 

how BCR-ABL1 and SFPQ-ABL1 specifically interact with protein signalling 

networks. We performed this analysis at a protein and pathway level and showed that 

proteins involved in DNA replication and RNA splicing were tyrosine phosphorylated 

and enriched in SFPQ-ABL1, compared to BCR-ABL1. We additionally observed 
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enrichment for proteins involved in RNA transport and components of the Spliceosome 

machinery in SFPQ-ABL1. 

 

We next performed label-free quantification (LFQ) to identify peptides and proteins that 

were either differentially expressed or exhibited differential posttranslational 

modification in cells expressing SFPQ-ABL1 or BCR-ABL1, as well as MSCV (control) 

or SFPQ-ABL1 +SH2/SH3. By performing this analysis at a peptide level, we 

hypothesised we would identify specific phosphorylation events that mediate activation 

of a downstream signalling proteins or protein-protein interactions. Using this approach, 

we showed that SFPQ-ABL1 differentially phosphorylates STAT5A and STAT5B 

proteins. 

 

Taken together, our results suggest that unlike BCR-ABL1, which promotes cellular 

transformation through cytoplasmic localisation and activation of signal transduction 

pathways, SFPQ-ABL1 localises to the nucleus and may in part function to dysregulate 

the cell cycle and gene expression. 
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6.2. Results 

6.2.1. Engineering SH2/SH3 domain mutant BCR-ABL1 and SFPQ-

ABL1 constructs and implications for fusion function 
We initially wanted to understand the functional consequences of deletion or addition of 

the SH2/SH3 domain from BCR-ABL1 and SFPQ-ABL1, more specifically if the 

addition of these domains to SFPQ-ABL1 would restore the proliferative capacity of the 

fusion. We cloned SH2/SH3 domain mutant constructs and expressed these constructs 

in Ba/F3 cells to assess function (Figure 6.1A & B). For details on primers used and 

cloning approach to delete or introduce SH2/SH3 domains into BCR-ABL1 and SFPQ-

ABL1 fusion constructs see Materials and Methods section 2.5.4. 

 

In Ba/F3 cells, we showed that deletion or addition of the SH2/SH3 domains from 

BCR-ABL1 and SFPQ-ABL1, respectively, did not alter the fusions capacity to block 

IL-3 withdrawal induced apoptosis (Figure 6.1C). We next performed proliferation 

analysis using the CellTitre-Glo® assay to compare BCR-ABL1 or SFPQ-ABL1 

canonical fusions to their respective SH2/SH3 domain mutants. We did not detect any 

statistically significant difference between BCR-ABL1 or SFPQ-ABL1 canonical 

fusions, compared to their respective SH2/SH3 domain mutants (Figure 6.1D). While 

there was a trend towards reduced number of viable SFPQ-ABL1 cells in the absence of 

IL-3, compared to BCR-ABL1-expressing cells, this difference was not statistically 

significant (Figure 6.1D). This result differed to the results presented in chapter 5 (see 

Figure 5.7). However, there were important differences to note between these assays, in 

the first assay viable cell populations were compared to the control at 24 hours, in 

contrast to 48 hours in the second. This suggests that the difference in proliferative 

capacity between SFPQ-ABL1 and BCR-ABL1 may be the greatest in short-term 

assays. In addition, the first assay was performed on six biologically independent 

transformed cell lines, compared to three in the second assay, which may have limited 

the ability of the assay to detect any true difference between the cell lines.  

 

While the differences were not significant, a subtle increase in proliferative capacity 

was observed when SH2/SH3 domains were added to SFPQ-ABL1, suggesting that 

these domains may interact with signal transduction proteins that are components of 
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proliferation pathways. We next wanted to explore the interacting signalling networks 

driven by BCR-ABL1 and SFPQ-ABL1. 

 

 
Figure 6.1. The structure of ABL1 fusion proteins: canonical fusions and SH2/SH3 
mutants 
(A) Schematic of ABL1 canonical and SH2/SH3 domain mutant constructs. The BCR-
ABL1 fusion transcript involves exon 1 of BCR and exon 2 of ABL1, resulting in the 
production of a fusion protein containing the SH2, SH3 and kinase domains of ABL1. 
SFPQ-ABL1 and SNX2-ABL1 fusion transcripts are the result of the fusion of either 
SFPQ exon 9 or SNX2 exon 3 to exon 4 of ABL1. These fusion transcripts encode 
proteins that lack the SH3 and part of the SH2 domain of ABL1. Exons 2-3, which 
encode the SH2 and SH3 domains of ABL1, were either deleted or added to clone BCR-
ABL1 –SH2/SH3 or SFPQ-ABL1 +SH2/SH3 mutant constructs. (B) Western blot 
analysis of Ba/F3 cells expressing MSCV (empty vector control) and FLAG-tagged 
fusion constructs. Canonical (Wt) and SH2/SH3 domain mutant (±SH2/SH3) BCR-
ABL1 and SFPQ-ABL1 were expressed in Ba/F3 and cells were lysed following 6-hour 
incubation in the presence (+) or absence of IL-3 (-). (C) Viability analysis of Ba/F3 
cells expressing ABL1 fusion constructs, MSCV (empty vector control), BCR-ABL1, 
BCR-ABL1 –SH2/SH3, SFPQ-ABL1, or SFPQ-ABL1 +SH2/SH3, following 48-hour 
IL-3 withdrawal. Viability was determined by PI exclusion, measured by flow 
cytometry (error bars show Mean ± SEM, n=3). (D) Proliferation analysis of Ba/F3 
cells expressing ABL1 fusion constructs following 48-hour withdrawal. Proliferation 
was measured by luminescence relative to MSCV empty vector control, using the 
CellTiter-Glo® 2.0 reagent. Groups were compared using unpaired t tests with Holm-
Sidak correction for multiple comparisons (error bars show Mean ± SEM, n=3). (ns) 
denotes ‘not significant’. 
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6.2.2. SILAC-based phosphoproteomics indicates a role for ABL1 

fusion partners in signal transduction 
We combined SILAC and phosphoproteomics to further understand the signalling 

requirements of different classes of ABL1 fusions. As we observed biological 

differences between BCR-ABL1 and SFPQ-ABL1-expressing Ba/F3 cells in short-term 

IL-3 withdrawal assays, we wanted to look at the phosphoproteome specifically under 

this condition. We hypothesised that we would identify differences in abundance of 

peptides that may indicate how BCR-ABL1 and SFPQ-ABL1 interacted with proteins 

that promote cell survival and proliferation. We employed a Stable Isotope Labelling of 

Amino acids in Culture (SILAC)-based approach to specifically compare the 

phosphoproteome of SFPQ-ABL1 and BCR-ABL1 expressing Ba/F3 cells following 

short-term (24 hour) IL-3 withdrawal. To perform this assay, one cell population was 

cultured in media containing standard amino acids ("light") and the other was cultured 

in media containing isotopically labelled amino acids ("heavy"). SILAC-labelling and 

IL-3 withdrawal was performed on three biologically independent cell lines of each 

fusion, and labels were swapped for one repeat. Samples were then mixed, in this case 

following 24-hour IL-3 withdrawal, prior to cell lysis and protein purification. Peptides 

were enriched using antibody-mediated phosphotyrosine enrichment and run on a mass 

spectrometer (performed in collaboration with Jarrod Sandow, Walter and Eliza Hall 

Institute (WEHI)).  Pipeline for SILAC-based phosphoproteomics and data analysis is 

shown in Figure 6.2. 
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Figure 6.2. SILAC-based phosphoproteomics experimental design 
We utilised a SILAC-based approach to compare the phospho-proteome of BCR-ABL1 
and SFPQ-ABL1 following 24-hour IL-3 withdrawal. BCR-ABL1 and SFPQ-ABL1 
expressing Ba/F3 cells were cultured in "Heavy" or "Light" SILAC medium 
supplemented with IL-3, for five passages. Cells were subsequently washed and plated 
in SILAC medium without IL-3 and cultured for 24 hours (n=3). Cell populations were 
then mixed, and protein was extracted using the S-Trap™ Midi Spin Column Kit. 
Proteins were trypsin digested and lyophilised for phospho-enrichment. We performed 
total phospho-enrichment and antibody-mediated phosphotyrosine enrichment on 
lyophilised peptides. Samples were subsequently run on a mass spectrometer. For each 
peptide identified by the mass spec, a Heavy/Light (H/L) ratio was calculated. We then 
performed ANOVA and collated a list of differentially expressed peptides based on the 
following criteria: the peptide had a p-value<0.05 AND standard deviation (SD)>1 OR 
a H/L ratio>4 or <-4. We subsequently performed overrepresentation analysis on all 
phosphopeptides and phosphotyrosine (Y) modified peptides, to explore differentially 
expressed pathways. 
 
We analysed the mass spectrometry data at both a protein and pathway level. 

Heavy/Light (H/L) ratios were calculated for each peptide identified by mass 

spectrometry, giving a relative abundance of that specific peptide in one cell population 

relative to the other. We next performed an ANOVA to identify peptides that were 

differentially expressed based on the following criteria: p-value<0.05 and standard 

deviation (SD)>1, or a H/L ratio>4 or <-4. We next isolated tyrosine-phosphorylated 

peptides alone and performed overrepresentation analysis (Figure 6.3). Based on our 

criteria for differential expression, we identified 205 unique proteins. Peptides were 

filtered against contaminant and reverse protein sequence databases to generate a final 

list containing 527 differentially expressed peptides comprising 178 unique peptides. 
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Unfiltered peptide lists were used in GO and KEGG analysis as these pipelines 

automatically discard contaminant and faulty peptides. 

 

 
Figure 6.3. Identification of differentially expressed phosphotyrosine-modified 
peptides 
Peptide H/L ratio vs. p-value of phospho-tyrosine modified peptides identified by mass 
spectrometry. Each point represents a single peptide. The number of significant peptides 
was determined by a p-value of less than 0.05 and a standard deviation of greater than 1. 
Red dashed lines mark p-value = 0.05, peptide H/L ratio = 4 or -4. This plot includes 
unfiltered peptides, which are automatically filtered and discarded in GO and KEGG 
analyses pipelines. GO enrichment analysis was performed on the unique proteins 
identified in this analysis, shown in Figure 6.4. 
 
Our overrepresentation analysis was performed using the GO knowledgebase under the 

biological processes category. The aim of this analysis was to identify pathways that 

were differentially expressed between BCR-ABL1 and SFPQ-ABL1, to understand how 

these proteins are specifically interacting with pathways that drive proliferation and cell 

survival, given our biological observations. Of the peptides we identified that were 

differentially expressed, there was enrichment for proteins involved in megakaryocyte 

differentiation, DNA replication, mRNA splicing, and RNA splicing (Figure 6.4). 

Given the established function of BCR-ABL1, we had hypothesised that SFPQ-ABL1 

would also function by mediating interactions with signal transduction pathways in the 

cytoplasm. An enrichment for proteins involved in DNA replication and RNA 

processing suggests that SFPQ-ABL1 may be localised in the nucleus and promoting 

leukaemia formation through dysregulation of these biological processes 
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Figure 6.4. GO term enrichment analysis of phosphotyrosine-modified proteins 
differentially expressed between BCR-ABL1 and SFPQ-ABL1-expressing Ba/F3 cells 
Differentially expressed proteins were obtained using the criteria shown in Figure 6.3. 
Overrepresentation analysis was performed to determine enrichment for GO biological 
processes. 
 

We next analysed the enrichment of specific proteins involved in RNA processing 

pathways. We selected Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways, 

and overlayed differentially expressed peptides to highlight specific proteins in these 

pathways that may be interacting differently with BCR-ABL1 and SFPQ-ABL1. In this 

analysis, we used the most extreme peptide H/L ratio for an individual protein to 

identify proteins that are enriched in either sample. We identified enrichment for 

proteins involved in RNA transport (Figure 6.5) and Spliceosome (Figure 6.6) in SFPQ-

ABL1, compared to BCR-ABL1. We observed enrichment for nucleoporin proteins, 

proteins that form the Nuclear Pore Complex (NPC), in SFPQ-ABL1, in the RNA 

Transport pathway. We observed specific enrichment for NUP96, NUP98, NUP153, 

NUP205, and NUP188. Several nucleoporin genes have been implicated in cancer, 

including NUP98 and NUP214, which are involved in gene fusion events associated 

with AML and T-ALL (120, 351). Increased expression of nucleoporins (NUP88) has 

also been identified in a range of human cancer cell lines and primary tumour samples 

(352). NUP88 was identified in our dataset, but an extreme H/L peptide ratio was not 
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identified, suggesting similar levels of expression between SFPQ-ABL1 and BCR-

ABL1-expressing cells.  

 

 
Figure 6.5. Proteins involved in RNA transport are enriched in SFPQ-ABL1, 
compared to BCR-ABL1, expressing Ba/F3 cells 
This figure shows proteins identified in our SILAC analysis overlayed onto the KEGG 
pathway RNA Transport (03013). The most extreme H/L ratio of all peptides identified 
in a protein was used in this analysis. Proteins coloured in yellow were identified in our 
data, but no extreme ratio was observed, meaning that the protein was not relatively 
enriched in either sample. Proteins coloured in red (>2SD) or orange (>1SD) were 
enriched in BCR-ABL1, and proteins coloured in blue (>2SD) or green (>1SD) were 
enriched in SFPQ-ABL1. Proteins coloured in white were not identified. 
 

In addition to increased expression of nucleoporin proteins in SFPQ-ABL1-expressing 

Ba/F3 cells, we also observed enrichment for components of the Spliceosome complex 

(Figure 6.6). The Spliceosome is comprised of five ribonucleoprotein particles 

(snRNPs: U1, U2, U4, U5, and U6), which function to remove intronic regions from 

pre-mRNA. We observed upregulation of serine- and arginine-rich (SR) proteins in 

BCR-ABL1, and upregulation of heterogeneous nuclear ribonucleoprotein (hnRNP) 

proteins in SFPQ-ABL1. These families play an essential role in regulating protein 

component of the splicing machinery and their upregulation has been shown to promote 

tumourigenesis (353). An additional six proteins that form part of the Spliceosome 
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complex were upregulated in SFPQ-ABL1: U2A, SPF45, Prp8, SKIP, eIFA3, and 

CypE. Increased expression of SF3b was observed in BCR-ABL1-expressing cells. Our 

results suggest that the mechanisms by which SFPQ-ABL1 and BCR-ABL1 directly or 

indirectly interact with the Spliceosome machinery differ. 

 

 
Figure 6.6. Proteins involved in Spliceosome are enriched in SFPQ-ABL1, 
compared to BCR-ABL1, expressing Ba/F3 cells 
This figure shows proteins identified in our SILAC analysis overlayed onto the KEGG 
pathway Spliceosome (03040). The most extreme H/L ratio of all peptides identified in 
a protein was used in this analysis. Proteins coloured in yellow were identified in our 
data, but no extreme ratio was observed, meaning that the protein was not relatively 
enriched in either sample. Proteins coloured in red (>2SD) or orange (>1SD) were 
enriched in BCR-ABL1, and proteins coloured in blue (>2SD) or green (>1SD) were 
enriched in SFPQ-ABL1. Proteins coloured in white were not identified. 
 

There are limitations of a SILAC-based approach importantly include that it only allows 

for the measurement of relative abundances of identified peptides in the two cell 

populations. Given that or data was very variable using this approach, we chose to 

employ a method of LFQ to identify phosphoproteomic profiles of BCR-ABL1 and 

SFPQ-ABL1. 
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6.2.3. Comparing phosphoproteomic profiles between BCR-ABL1 and 

SFPQ-ABL1 using label-free quantification (LFQ) 
To explore the downstream signalling pathways activated by BCR-ABL1 and SFPQ-

ABL1 further, we employed a label-free mass spectrometry approach. We performed 

LFQ on BCR-ABL1 and SFPQ-ABL1 expressing Ba/F3 cell lines, and compared the 

phosphoproteome activated by these fusions, to Ba/F3 cells expressing MSCV (empty 

vector control) and the SFPQ-ABL1 + SH2/SH3 domain mutant. We generated cell 

pellets from four biologically independent cell lines of Ba/F3 cells expressing each 

fusion and performed phosphopeptide enrichment (Figure 6.7). We collaborated with 

Soroor Hediyeh-Zadeh and Melissa Davis to perform bioinformatics analysis of mass 

spectrometry data (Bioinformatics, WEHI). We imputed missing peptide values and 

performed a peptide-level analysis to analyse peptides that are differentially expressed, 

or differentially used. Differential peptide expression (DPE) tests whether a peptide is 

differentially expressed independent of all other peptides, while Differential peptide 

usage (DPU) compares a peptide to all other peptides of the that same protein.  
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Figure 6.7. LFQ phosphoproteomics experimental design 
We performed LFQ of peptides isolated from MSCV GFP, BCR-ABL1, SFPQ-ABL1, 
and SFPQ-ABL1 +SH2/SH3 expressing Ba/F3 cells. Cells pellets were prepared from 
Ba/F3 cells cultured in the presence of IL-3 for MSCV (empty vector)-expressing 
control cells, and in the absence of IL-3 for fusion expressing cells. We performed a 
total phospho-enrichment to isolate STY phosphorylated peptides and ran enriched 
peptides on the mass spectrometer. We analysed phosphopeptides identified by mass 
spectrometry across all 16 samples (4 biological replicates of cells expressing each 
construct), and imputed missing values using a method based on low-rank 
decomposition. We performed an analysis of differential peptide expression (DPE) and 
differential peptide usage (DPU) on three comparisons: SFPQ-ABL1 vs. BCR-ABL1, 
SFPQ-ABL1+SH2/SH3 vs. SFPQ-ABL1, and SFPQ-ABL1 +SH2/SH3 vs. SFPQ-
ABL1 (n=4). 
 

We have previously shown in our SILAC analysis that BCR-ABL1 and SFPQ-ABL1 

differentially interact with downstream proteins and signalling networks (Figure 6.4-

6.6). We hypothesised that addition of the SH2/SH3 domain to SFPQ-ABL1 would alter 

the mechanism by which this fusion signals and interacts with downstream proteins, and 

would alter the phosphoproteome of SFPQ-ABL1 to be more similar to BCR-ABL1. 

The multidimensional scaling (MDS) plot showed that the BCR-ABL1 

phosphoproteome is quite distinct from that of both SFPQ-ABL1 and SFPQ-ABL1 

+SH2/SH3 domain mutant (Figure 6.8). The insertion of the SH2/SH3 domains into the 

SFPQ-ABL1 construct makes the phosphoproteome of SFPQ-ABL1 marginally more 

similar to BCR-ABL1. This suggests that the contribution of the fusion partner, either 
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BCR or SFPQ, to signal transduction is the largest source of differentiation between 

BCR-ABL1 and SFPQ-ABL1, rather than the presence or absence of the SH2/SH3 

domain of ABL1. 

 
Figure 6.8. MDS plot of LFQ phosphoproteomics data 
Phosphoproteomics data was normalised and missing peptide values were imputed 
using a method based on low-rank decomposition. Data was SVA corrected to remove 
unwanted variation. 
 

6.2.3.1. Differential peptide expression (DPE) analysis 
We looked at the differentially expressed peptides between SFPQ-ABL1 and BCR-

ABL1. As we performed a phosphopeptide enrichment, most of our sequenced peptides 

contained phosphorylated serine, threonine, or tyrosine (STY) modifications. However, 

a small number of alternatively modified, and unmodified peptides were sequenced and 

included in our primary DPE and DPU analyses. We identified the top 50 most 

differentially expressed peptides, and plotted expression of these peptides across all 16 

samples (Figure 6.9). We used PhosphoSitePlus®(354) to interrogate post-translational 

modifications identified in differentially expressed, and ranked the Top 50 significantly 

differentially expressed peptides (adjusted p-value <0.05) based on log fold change 

(logFC) to identify peptides that were the most highly expressed relative to the other 

group. In this way we identified 32 peptides that were enriched in BCR-ABL1, and 18 

peptides that were enriched in SFPQ-ABL1. In general, we observed enrichment for 

adaptor protein and signal transduction molecules in BCR-ABL1 (See Table A6.1 in 
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Appendix 6), and enrichment for transcription factors and transcriptional regulators in 

SFPQ-ABL1 (See Table A6.2 in Appendix 6). In BCR-ABL1, we observed increased 

relative expression of proteins known to interact with Y177 of BCR-ABL1 including 

GAB2 and DOK1 (259, 260, 355). In addition, we observed specific enrichment of 

tyrosine phosphorylation events, previously identified in BCR-ABL1 expressing Ba/F3 

cells: VASP pY39, CBL-B pY763, and DOK1 pY295, enriched in BCR-ABL1 (244, 

245). 

 
Figure 6.9. Top 50 DPE BCR-ABL1 vs. SFPQ-ABL1 
We tested differential peptide expression between BCR-ABL1 and SFPQ-ABL1. This 
plot shows Z-score for the top 50 peptides that are differentially expressed between 
BCR-ABL1 and SFPQ-ABL1, across all 16 samples. Samples with a high Z-score for 
the corresponding peptide are enriched for expression of that peptide and are shown in 
red. Corresponding protein names for each peptide are listed on the right of the plot. 
 

Given that much less is known about the signalling network of rare ABL1 fusions such 

as SFPQ-ABL1, than is known about BCR-ABL, we focussed on the unique signalling 

events associated with SFPQ-ABL1 expression. We observed enrichment for 

transcription factor, transcription activators and repressors, and proteins involved in 

post-transcriptional modification (Zinc finger CCCH type-containing 7B (ZC3H7B), 

encoded by Zc3h7b gene). In the Top 50 differentially expressed peptides, we identified 
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five peptides that were specifically enriched in SFPQ-ABL1 that were not enriched in 

BCR-ABL1 or MSCV. These included ZC3H7B, Polycomb protein SCMH1 (encoded 

by Scmh1), Targeting protein for Xklp2 (encoded by Tpx2), Max-like protein X 

(encoded by Mlx), and Polypyrimidine tract-binding protein 1 (encoded by Ptbp1). All 

of these proteins are expressed in the nucleus and have a role in either gene transcription 

or cell cycle regulation. TPX2 is a spindle assembly factor that mediates localisation of 

Aurora Kinase A (AURKA) to spindle microtubules, and has suggested to mediate 

survival of BRCA2-depleted breast cancer cells through AURKA activation (356). The 

functional consequences of TPX2 Y518 phosphorylation have not been studied. 

 

Polypyrimidine tract-binding protein 1 (hnRNP I, alternatively named PTBP1) was the 

most relatively highly expressed protein in SFPQ-ABL1 expressing Ba/F3 cells. We 

showed that this peptide was enriched in SFPQ-ABL1 and SFPQ-ABL1 +SH2/SH3 

compared to both BCR-ABL1 and MSCV empty vector control (Figure 6.10). HnRNP I 

is a member of the hnRNP family of proteins, and plays a key role in pre-mRNA 

splicing and regulation of alternative splicing events. In general, hnRNP proteins 

function to repress splicing (353). HnRNP I was tyrosine phosphorylated on amino acid 

residue 126 (Y126, Y127 in human). Proteins belonging to the hnRNP family were also 

enriched in our SFPQ-ABL1 group in the SILAC analysis (Figure 6.7). Increased 

expression of HnRNP I has been associated with mediating alternative splicing events 

in a number of cancers including neuroblastoma, glioblastoma, and colorectal cancer 

(357-359). 

 

In addition, we also observed reduced expression of Ikaros Family Zinc Finger 2 (or 

HELIOS, encoded by Ikzf2), a member of the Ikaros transcription factor family, and 

SHIP1 (encoded by Inpp5d) specifically in BCR-ABL1 (Figure 6.9). Notably, we 

identified downregulation of SHIP1 tyrosine residue 918 (Y918) phosphorylation in 

BCR-ABL1. SHIP1 is a SH2 domain containing inositol phosphatase with a role in the 

negative regulation of PI3K signalling (360, 361). SHIP1 is downregulated by BCR-

ABL1, and phosphorylation of SHIP1 triggers its ubiquitination and proteasomal 

degradation, mediated by CBL (244, 362, 363). In BCR-ABL1 expressing cells, 

remaining SHIP1 is tyrosine phosphorylated and interacts with DOK1 through 
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phosphorylated Y917/918 and Y1020 residues (355, 364). This data suggests that 

SFPQ-ABL1 may not downregulate SHIP1 in the same manner as BCR-ABL1. 

 

We utilised a secondary comparison between SFPQ-ABL1 +SH2/SH3 and SFPQ-ABL1 

to identify peptides and proteins that are interacting specifically interacting with the 

SH2/SH3 domain of ABL1. Of the top 32 peptides that were specifically enriched in 

BCR-ABL1, compared to SFPQ-ABL1, in our primary differential expression analysis, 

we identified seven of these peptides in our SFPQ-ABL1 +SH2/SH3 vs. SFPQ-ABL1 

comparison. Of these peptides, six were enriched in SFPQ-ABL1 + SH2/SH3 domain 

suggesting that these peptides are directly or indirectly interacting or phosphorylated by 

the SH2/SH3 domains or associated proteins (See Table A6.3 in Appendix 6). These 

peptides belonged to the following proteins:  Cytoplasmic dynein 1 light intermediate 

chain 1 (DNCLI1), Nuclear pore complex protein Nup98-Nup96 (NUP98), 5'-AMP-

activated protein kinase subunit beta-2 (AMPKB2), Docking protein 2 (DOK2), 

Vasodilator-stimulated phosphoprotein (VASP), and Zinc finger C3H1 domain-

containing protein (PSRC2).  

 

This analysis allowed us to identify specific phosphorylation events that are enriched in 

BCR-ABL1 or SFPQ-ABL1. Taken together, these results suggest that SFPQ-ABL1 

may function to alter transcriptional regulation or splicing functions, in addition to 

activation of the ABL1 kinase, as part of its overall oncogenic effect. 

 
6.2.3.2. Differential peptide usage (DPU) analysis 
We next performed a differential peptide usage (DPU) analysis to identify 

phosphopeptides that are differentially expressed compared to all other constituent 

peptides of a single protein. We subsequently compared the expression of these peptides 

between SFPQ-ABL1 and BCR-ABL1 to identify those that are differentially expressed 

between cells expressing either fusion. We have plotted expression of the Top 50 

significantly differentially used peptides (false discovery rate (FDR) <0.05) between 

BCR-ABL1 and SFPQ-ABL1, for all 16 samples in Figure 6.10. As with the DPE 

analysis, we included all peptides regardless of modification: unmodified, serine 

phosphorylated, threonine phosphorylated, or tyrosine phosphorylated in the primary 

DPU analysis. We identified eight phosphopeptides in our DPU analysis that we also 
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identified in our DPE analysis including CBL-B (Y763), ZFC3H1 (S356), VASP (Y39), 

KLC2 (S151), DOK1 (Y295), CEP350 (S2221), KLC4 (T612), and TPX2 (Y518). See 

Tables A6.4&5 in Appendix 6 for sequences of peptides identified in DPU analysis. 

 
Figure 6.10. Top 50 DPU BCR-ABL1 vs. SFPQ-ABL1 
We analysed differential peptide usage between BCR-ABL1 and SFPQ-ABL1. Peptides 
identified are differentially expressed relative to other peptides identified in the same 
protein. This plot shows Z-score for the top 50 peptides that are differentially used 
between BCR-ABL1 and SFPQ-ABL1, across all 16 samples. Samples with a high Z-
score for the corresponding peptide are enriched for expression of that peptide and are 
shown in red. Corresponding protein names for each peptide are listed on the right of 
the plot. 
 

We next wanted to focus only on tyrosine-phosphorylated (pY) peptides and isolated 

these from our DPU analysis. We identified 35 tyrosine-phosphorylated peptides that 

were differentially expressed between BCR-ABL1 and SFPQ-ABL1 (See Table A6.6 in 

Appendix 6 for modified peptide sequences). These tyrosine phosphorylation events are 

described in Table 6.1. In general, we observed enrichment for phosphopeptides 

constituting proteins involved in signal transduction and cell cycle regulation in BCR-

ABL1 cells and transcription factors and Spliceosome proteins in SFPQ-ABL1. 

 



 

207 

 

Table 6.1. Different pY events between BCR-ABL1 and SFPQ-ABL1 
Protein Y 

residue 
Protein class Enriched 

group 
Known 
event1 

LogFC 

CBLB Y763 E3 ubiquitin ligase BCR-ABL1 Yes -4.254736138 
VASP Y39 Cytoskeletal protein BCR-ABL1 Yes -2.538547717 
NDC80 Y458 Cell cycle regulation BCR-ABL1 Yes -2.292692611 
GAB2 Y632 Adaptor protein BCR-ABL1 Yes -2.260833728 
SORBS1 Y1125 Cytoskeletal protein BCR-ABL1 Yes -2.187234951 
CBL Y672 Adaptor protein BCR-ABL1 Yes -2.080331048 
GAB2 Y263 Adaptor protein BCR-ABL1 Yes -1.881512208 
PPP1R12A Y496 Phosphatase activity BCR-ABL1 Yes -1.670689199 
TARS Y297 Translation regulation BCR-ABL1 Yes -1.621332624 
DOK1 Y295 Adaptor protein BCR-ABL1 Yes -1.553751967 
SND1 Y109 Transcriptional regulation BCR-ABL1 Yes -1.496200067 
PKM Y175 Glycolytic protein BCR-ABL1 Yes -1.450690006 
DBNL Y162 Actin binding BCR-ABL1 Yes -1.331061529 
PEAK1 Y879 Tyrosine kinase BCR-ABL1 Yes -1.291630086 
Tensin-2 Y483 Cell cycle regulation BCR-ABL1 Yes -1.229356095 
DOK2 Y304 Adaptor protein BCR-ABL1 Yes -0.948479769 
STAT5B Y699 Transcription factor SFPQ-ABL1 NA 1.226187202 
SORBS1 Y1077 Cytoskeletal protein SFPQ-ABL1 NA 1.266162671 
SORBS1 Y274 Cytoskeletal protein SFPQ-ABL1 NA 1.415028748 
STAT5A Y694 Transcription factor SFPQ-ABL1 NA 1.442696574 
SHIP1 Y918 Phosphatase activity SFPQ-ABL1 NA 2.381906289 
KNL2 Y107 DNA binding SFPQ-ABL1 NA 2.455042224 
H2B Y42 DNA binding SFPQ-ABL1 NA 2.703394561 
NFYA Y265 Transcription factor SFPQ-ABL1 NA 3.010392768 
RPL10A Y11 Ribosomal protein SFPQ-ABL1 NA 3.069024958 
DDX48 Y202 RNA splicing/binding; 

Spliceosome 
SFPQ-ABL1 NA 3.116354118 

Skip Y176 Transcriptional regulation; 
Spliceosome 

SFPQ-ABL1 NA 3.520242748 

TPX2 Y518 Cell cycle regulation SFPQ-ABL1 NA 3.658033118 
hnRNP A1 Y289 RNA splicing/binding; 

Spliceosome 
SFPQ-ABL1 NA 3.857899687 

hnRNP A1 Y295 RNA splicing/binding; 
Spliceosome 

SFPQ-ABL1 NA 4.063587768 

RBMX Y206 RNA splicing/binding; 
Spliceosome 

SFPQ-ABL1 NA 4.079896741 

hnRNP M Y63 RNA splicing/binding; 
Spliceosome 

SFPQ-ABL1 NA 4.814020068 

H4 Y51 DNA binding SFPQ-ABL1 NA 5.053055845 
RBM14 Y614 Transcriptional regulation SFPQ-ABL1 NA 5.369405241 
hnRNP I Y126 RNA splicing/binding SFPQ-ABL1 NA 9.484276858 
1. Phosphorylation events were identified in p190 vs. p210 BCR-ABL1 phosphoproteomic studies (Cutler et al. 2017. 
Leukemia. and Reckel et al. 2017. Leukemia.) 
Tyrosine phosphorylation events that mediate an effect on the protein (conformational changes, localisation, or 
interactions) or mediate effects on biological processes (for example, transcription, cell growth or differentiation) are 
coloured in green. See Table 6.2 for details on biological implication of modification.  



 

208 

 

We identified 16 tyrosine phosphorylation events enriched in BCR-ABL1, all of which 

were previously identified in the phosphoproteome of p190 BCR-ABL1 (244, 245). 

This suggests that the methodology we have employed is appropriately identifying 

phosphopeptides associated with oncogenic fusions. Our focus, however, was on 

tyrosine phosphorylation events enriched in SFPQ-ABL1, of which we identified 19 

events. Notably, we identified enrichment for tyrosine phosphorylation in six proteins 

involved in the Spliceosome including DDX48 (encoded by Eif4a3), SKIP (encoded by 

Snw1), RBMX (encoded by Rbmx), and three hnRNP proteins, hnRNP A1, hnRNP M, 

and hnRNP I. The specific functional consequence of tyrosine phosphorylation in the 

context of these proteins is unknown. 

 

A number of tyrosine phosphorylation events mediated documented effects on either the 

protein itself (for example, interaction with other proteins) or biological processes 

(including cell growth or differentiation). These effects are detailed in Table 6.2. We 

identified key tyrosine phosphorylation events in of GAB2 and DOK2, which modulate 

downstream interactions with SHIP-2, CRKL, and RASA1, a GTPase activator for 

normal RAS p21 (253, 365, 366). Additionally, we showed enrichment for CBL Y672 

(Y674 in human) phosphorylation, which plays a role in the regulation of migration of 

v-Abl-transformed cells (367). 

 

Table 6.2. Implication of pY on protein and biological function 
Protein Tyrosine (human1) Enriched group Biological implication 
GAB2 Y632 (Y643) BCR-ABL1 Induces interaction with SHIP-2 

Effects on cell growth and 
differentiation 

CBL Y672 (Y674) BCR-ABL1 Effects on cell motility 
GAB2 Y263 (Y266) BCR-ABL1 Induces interaction with CRKL 
DOK2 Y304 (Y299) BCR-ABL1 Induces interaction with RASA1 
STAT5B Y699 SFPQ-ABL1 Activates STAT5B 

Effects on growth and transcription 
STAT5A Y694 SFPQ-ABL1 Activates STAT5A 

Effects on growth and transcription 
SHIP1 Y918 (Y915) SFPQ-ABL1 Induces interaction with DOK1 and 

SHC1 
1. Tyrosine residue is specified for human only if it differs from residue in mouse. 

 

As seen in our DPE analysis, we observed enrichment for SHIP1 Y918 phosphorylation 

in SFPQ-ABL1 cells. Interestingly, we showed that SFPQ-ABL1 also mediates 
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increased phosphorylation and activation of STAT5A and STAT5B at tyrosine residues 

Y699 and Y694, respectively. Phosphorylation at these residues induces STAT5 

activation, most commonly mediated by receptor-linked JAK kinases (368). However, 

STAT5 can also be phosphorylated by a variety of JAK-independent mechanisms 

including phosphorylation directly by receptor tyrosine kinases (RTKs) and non-

receptor tyrosine kinases (NTKs), including SRC family kinases (369). BCR-ABL1 

specifically is known to activate STAT5 in a JAK-independent manner (370). Other 

studies have shown that STAT5 is required to induce and maintain BCR-ABL1-positive 

leukaemia (371-373). In addition, STAT5 is phosphorylated by NUP214-ABL1 and has 

been shown to cooperate with TLX1, leading to enhanced transcription of STAT5 target 

genes, BCL2 and MYC, in NUP214-ABL1-positive T-ALL (208, 211). We speculate 

that like NUP214-ABL1, STAT5 mediated transcription of target oncogenes may 

contribute to SFPQ-ABL1-induced B-ALL.  

 

Including both SILAC and LFQ phosphoproteomics experiments, we identified a total 

212 proteins that were differentially tyrosine phosphorylated between BCR-ABL1 and 

SFPQ-ABL1 (see Table A6.7 in Appendix 6). Of these proteins, 178 were identified in 

our SILAC experiment, 53 were identified in LFQ DPE analysis, and 31 were identified 

in LFQ DPU analysis. Of the total 86 tyrosine-phosphorylated proteins identified by 

LFQ, 28 of these were also identified in our SILAC experiment. Proteins that were 

identified in multiple analyses are detailed in Table 6.3. 
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Table 6.3. Tyrosine phosphorylated peptides identified as differentially expressed 
between BCR-ABL1 and SFPQ-ABL1 by multiple analyses methods 

Protein SILAC 
LFQ (group enriched) 

DPE DPU 
CBLB DE BCR-ABL1 BCR-ABL1 
DOK1 DE BCR-ABL1 BCR-ABL1 
DOK2 DE BCR-ABL1 BCR-ABL1 
GAB2 DE BCR-ABL1 BCR-ABL1 
hnRNP A1 DE SFPQ-ABL1 SFPQ-ABL1 
SHIP1 DE SFPQ-ABL1 SFPQ-ABL1 
NFYA DE SFPQ-ABL1 SFPQ-ABL1 
PEAK1 DE BCR-ABL1 BCR-ABL1 
PKM DE BCR-ABL1 BCR-ABL1 
hnRNP 1 DE SFPQ-ABL1 SFPQ-ABL1 
RBM14 DE SFPQ-ABL1 SFPQ-ABL1 
VASP DE BCR-ABL1 BCR-ABL1 
Abi-1 DE SFPQ-ABL1   
API5 DE SFPQ-ABL1   
BCR DE BCR-ABL1   
CBL DE   BCR-ABL1 
ENO1 DE BCR-ABL1   
H4 DE   SFPQ-ABL1 
hnRNP H1 DE BCR-ABL1   
hnRNP M DE   SFPQ-ABL1 
ITSN2 DE BCR-ABL1   
L-plastin DE BCR-ABL1   
KNL2 DE   SFPQ-ABL1 
PGAM1 DE BCR-ABL1   
PIK3R1 DE BCR-ABL1   
PLCG2 DE SFPQ-ABL1   
Spinophilin DE BCR-ABL1   
SFRS7 DE SFPQ-ABL1   
DDX48   SFPQ-ABL1 SFPQ-ABL1 
PPP1R12A   BCR-ABL1 BCR-ABL1 
RPL10A   SFPQ-ABL1 SFPQ-ABL1 
SND1   BCR-ABL1 BCR-ABL1 
Skip   SFPQ-ABL1 SFPQ-ABL1 

SORBS1   
BCR-ABL1 (one peptide) 
SFPQ-ABL1 (two peptides) 

BCR-ABL1 (one peptide) 
SFPQ-ABL1 (two peptides) 

STAT5A   SFPQ-ABL1 SFPQ-ABL1 
TARS   BCR-ABL1 BCR-ABL1 
TPX2   SFPQ-ABL1 SFPQ-ABL1 
DE = differentially expressed 
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6.2.4. Exploring the subcellular localisation of ABL1 fusion proteins 
SFPQ is normally located in the nucleus where it functions as a pre-mRNA splicing 

factor. Furthermore, we identified enrichment for proteins involved in transcriptional 

regulation and RNA binding/splicing in SFPQ-ABL1 in our phosphoproteomics 

analysis. Given this, we hypothesised that the SFPQ-ABL1 fusion protein would be 

localised to the nucleus. BCR-ABL1 is localised to the cytoplasm, and activates 

proliferation and cell survival pathways to promote leukaemogenesis, while NUP214-

ABL1 is localised to the NPC and requires interaction with other nuclear pore proteins 

for complete transformation (208, 374). The subcellular localisation of SFPQ-ABL1 

and SNX2-ABL1 is unknown. 

 

To determine the subcellular localisation of our ABL1 fusion proteins, we retrovirally 

transduced HEK293T cells with ABL1 fusion constructs. We performed 

immunofluorescence analysis of 293T cells that had been fixed and stained with an anti-

Abl primary antibody and Alexa Fluor 647 anti-rabbit secondary antibody, for 

fluorescence visualisation of subcellular localisation. We showed that in our model, 

BCR-ABL1 was localised to the cytoplasm, while SFPQ-ABL1 was exclusively 

localised to the nucleus (Figure 6.11). SNX2-ABL1 was mostly localised in the 

cytoplasm, but we also observed some diffuse staining in the nucleus, suggesting 

SNX2-ABL1 is more diffusely localised. 
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Figure 6.11. Localisation of ABL1 fusion proteins in HEK293T cells 
We performed fixed and stained HEK293T cells, expressing GFP tagged ABL1 fusion 
constructs, with an antibody targeting Abl to explore the subcellular localisation of each 
fusion protein. The nucleus is shown in blue (DAPI), fusion construct expression shown 
in green (GFP), and Abl expression shown in red (Alexa Fluor 647 conjugated anti-
rabbit secondary antibody). Images were captured using a 20X objective magnification 
and 5X zoom. Slides were analysed using the LSM 780 confocal microscope and 
ImageJ software. 
 

The SFPQ-ABL1 fusion includes exons 1-9 of SFPQ, encoding amino acids 1-662 of 

SFPQ including most SFPQ functional domains (Figure 6.12). These include N-

terminal proline and glutamine regions, a DNA binding domain (DBD), two RNA 

recognition motifs (RRM1 and RRM2), a NONO/paraspeckle (NOPS) domain, and an 

extended coiled-coil domain (145, 147, 375). The two RRM domains, the NOPS 

domain, and the extended coiled-coil region form a 300 amino acid region that is 

common to the 'Drosophila-Behaviour, Human-Splicing (DBHS)' family, which also 

includes NONO and PSPC1 (375). SFPQ also contains two nuclear localisation signals 

(NLSs), one between amino acids 547-574 and one at the extreme C-terminus (between 
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amino acids 701-707), which is lost in SFPQ-ABL1 (376). In spite of the loss of one 

NLS, we showed that SFPQ-ABL1 is localised to the nuclear compartment. 

 

 
Figure 6.12. SFPQ and ABL1 proteins and functional domains 
This schematic shows the functional domains of SFPQ and ABL1 proteins. Each 
domain is coloured according to the 'protein domains' key in the bottom right corner of 
the figure. The SFPQ domains include an N-terminal proline/glutamine-rich region 
(red), DNA binding domain (DBD), two RNA recognition motifs (RRM1 and RRM2, 
shown in blue), NONO/paraspeckle (NOPS) domain (dark green), coiled-coil domain 
(green), and two nuclear localisation signals (pink). The ABL1 protein includes an N-
terminal SH3 domain (blue), SH2 domain (green), tyrosine kinase domain (orange), and 
a C-terminal F-actin (FABD) biding domain (purple). Activation of the kinase domain 
of ABL1 is caused by phosphorylated in the activation loop of the tyrosine kinase 
(Y412). Protein schematics were obtained from the St Jude Children's Research 
Hospital – Pecan Data Portal (https://pecan.stjude.cloud) and edited in Adobe Illustrator 
CC v22.1. 
 

Unlike BCR-ABL1, which relies on cytoplasmic localisation and interaction with 

proliferation and cell survival pathways to drive transformation, SFPQ-ABL1 appears 

to function differently. Nuclear localisation, and dysregulation of proteins DNA 

replication and RNA splicing, identified in our phosphoproteomics experiments, 

suggests that SFPQ-ABL1 may function to alter gene transcription and expression, in 

addition to ABL1-mediated signal transduction, to promote leukaemogenesis. 
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6.3. Discussion 
In this chapter we have explored the phosphoproteomic profiles of BCR-ABL1 and 

SFPQ-ABL1 to establish how these fusion proteins differentially interact with 

signalling pathways. While much is already known about the proximal and downstream 

signalling network of BCR-ABL1, rare ABL1 fusions, including SFPQ-ABL1, have not 

been studied. The work presented in this chapter clearly indicate that whilst there are 

protein and pathway interactions that are common to ABL1 fusions, there are likely to 

be unique aspects of the oncogenic function of rare ABL1 fusions that are mediated by 

the fusion partner. 

 

BCR-ABL1 functions by mediating interactions with signal transduction pathways in 

the cytoplasm, and we had hypothesised that SFPQ-ABL1 would function to drive 

leukaemogenesis by the same mechanism (374). SFPQ encodes an RNA and DNA-

binding protein that is an essential factor for RNA splicing and component of the 

Spliceosome C complex. In addition to its role in pre-mRNA processing, SFPQ plays a 

role in multiple nuclear processes including gene transcription and DNA replication 

(147). Our immunofluorescence studies showed that SFPQ-ABL1 is localised to the 

nuclear compartment (Figure 6.11). The cellular localisation of SFPQ-ABL1 is 

somewhat surprising, given the loss of the C-terminal NLS (Figure 6.12). Localisation 

of SFPQ-ABL1 to the nuclear compartment could suggest that the chimeric protein may 

still play a role in the nuclear functions of wild-type SFPQ. However, functional studies 

should be performed to confirm whether SFPQ-ABL1 has a direct role in nuclear 

processes including transcriptional regulation and RNA splicing. In addition, it is 

important to note that the purpose of this experiment was for preliminary analysis of 

ABL1 fusion localisation. Future studies are needed to determine the true localisation 

and distribution of rare ABL1 fusion proteins, notably SFPQ-ABL1, and should include 

immunofluorescence analysis of localisation in a range of cell lines. In addition, 

quantitative analysis could be utilised to determine the relative proportions of nuclear 

and cellular localisation of each fusion protein. 

 

In the context of cancer, SFPQ is recurrently fused to the transcription factor TFE3 in 

renal cell carcinoma (RCC) (377, 378). Like SFPQ-ABL1, SFPQ-TFE3 includes exons 

1-9 of SFPQ in the fusion transcript. SFPQ-TFE3 has been specifically identified in 
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cases of paediatric RCC, including the report of SFPQ-TFE3-associated RCC in a 

paediatric patient with prior malignancy and chemotherapy exposure (379). Functional 

studies of the SFPQ-TFE3 protein showed that SFPQ-TFE3 is essential for both tumour 

initiation and maintenance, and is required for tumour cell proliferation and invasion 

(380). Notably, while SFPQ and TFE3 are both nuclear proteins, SFPQ-TFE3 is 

localised to the extranuclear compartment, specifically aggregating in endosomes. 

SFPQ-TFE3 functions to sequester wild-type TFE3 to the extranuclear compartment 

and results in a transcriptionally inactive TFE3 (381).  

 

Our previous work had shown that the BCR-ABL1 and SFPQ-ABL1 fusions have 

different functional capacities to drive IL-3 independent proliferation in Ba/F3 cells (see 

Chapter 5, Figure 5.7). We generated SH2/SH3 domain mutant constructs of BCR-ABL1 

and SFPQ-ABL1 and showed that addition of the SH2/SH3 domains to the SFPQ-ABL1 

fusion did not significantly alter the function of this fusion to drive IL-3 independent 

cell proliferation. While addition or deletion of these domains to SFPQ-ABL1 or BCR-

ABL1 respectively did not alter the functional capacity of these fusions, we postulated 

the SH2/SH3 domains would drive interactions with SH2/SH3 domain binding proteins 

that mediate the unique function of BCR-ABL1. 

 

We utilised two phosphoproteomic approaches, SILAC and LFQ, to understand 

differences in the signalling networks activated by BCR-ABL1 and SFPQ-ABL1. BCR-

ABL1 and SFPQ-ABL1 encode fusion proteins with constitutively active ABL1 kinase 

domains. ABL1 is a non-receptor tyrosine kinase with intrinsic catalytic activity, and 

transphosphorylation of the ABL1 kinase domain activates the catalytic activity of 

ABL1 to, as well as mediating interaction with cytoplasmic adaptor proteins that 

interact with tyrosine phosphorylated residues (53). Tyrosine phosphorylation of 

downstream proteins and subsequent activation of multiple signalling cascades mediates 

transformation by kinase oncogenes, including ABL1, and we decided to focus on 

tyrosine-phosphorylated peptides for our subsequent pathway analysis (382). 

 

We initially employed a SILAC-based approach to compare the phosphoproteome of 

BCR-ABL1 and SFPQ-ABL1. We identified GO biological processes pathways 

megakaryocyte differentiation, DNA replication, mRNA splicing, and RNA splicing as 
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differentially expressed between SFPQ-ABL1 and BCR-ABL1. We additionally 

showed that proteins involved in RNA transport and components of the Spliceosome 

were specifically enriched in SFPQ-ABL1. We observed enrichment for nucleoporin 

proteins, NUP96, NUP98, NUP153, NUP205, and NUP188, in SFPQ-ABL1. These 

proteins form the NPC, which is responsible for trafficking of molecules between the 

nucleus and cytoplasm, and is comprised of approximately 30 proteins, several of which 

have been implicated in cancer, including AML and T-ALL (120, 351). It has been 

suggested that cancer cells may exploit specific functions of nucleoporins to alter gene 

transcription (383).  

 

We also observed enrichment for heterogeneous nuclear ribonucleoprotein (hnRNP) 

proteins and additional components of the Spliceosome complex in SFPQ-ABL1 in our 

SILAC analysis. Mutations and altered expression of genes encoding components of the 

Spliceosome complex and mutations resulting in the aberrant splicing of cancer 

associated genes are enriched in cancers (353, 384). This suggests that dysregulated 

RNA splicing is a common feature of cancer and whether this dependency could 

potentially be targeted therapeutically is currently being investigated. 

 

We next utilised LFQ to identify peptides that are differentially expressed (DPE), 

independent of all other peptides, or differentially modified (DPU) within a protein. In 

our DPE analysis, we identified specific enrichment for proteins that were involved in 

gene transcription or cell cycle regulation in SFPQ-ABL1. In addition, we observed 

downregulation of IKZF2 (or HELIOS) and SHIP1 in BCR-ABL1. HELIOS is 

proposed to function in differentiation of Regulatory T-cells (Tregs) (385). Ikzf2 is 

frequently deleted in low-hypodiploid ALL but has recently been shown to be required 

for myeloid leukaemia (86, 386).  

 

We identified a downregulation of SHIP1 Y918 phosphorylation in BCR-ABL1. SHIP1 

is primarily expressed in the cytoplasm, where it re-localises to the plasma membrane to 

exert its negative regulatory function on PI3K signalling (360). A recent study has also 

suggested that SHIP1 partially localises to the nucleus, where its function has been 

postulated to be similar to that of cytoplasmic SHIP1, converting nuclear PI(3,4,5)P3 to  

PI(3,4)P2 or Ins(1,3,4,5)P4 to Ins(1,3,4)P3 (387). Phosphorylation of SHIP1 Y918 
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mediates interaction with DOK1, and negatively regulates migration of cell migration 

through complex formation with CRKL and PI3K (364). Comparative studies between 

the p210 and p190 BCR-ABL1 previously showed that tyrosine phosphorylation of 

SHIP1 is enriched in p210 BCR-ABL1, suggesting that p190 BCR-ABL1 may mediate 

greater degradation of SHIP1 (244). Unlike BCR-ABL1, SFPQ-ABL1 does not appear 

to downregulate SHIP1. However, expression of SHIP1 would need to be quantified in 

SFPQ-ABL1 expressing cells to confirm this. 

 

In contrast to DPE, the purpose of the DPU analysis was to identify peptides that are 

differentially used within a constituent protein. We focused on tyrosine 

phosphorylation, to identify proteins that are differentially activated or modified with 

functional consequences on signalling or molecular interactions. In this analysis, we 

identified 35 peptides that were differentially tyrosine phosphorylated between SFPQ-

ABL1 and BCR-ABL1. In general, we showed enrichment for peptides constituting 

proteins involved in signal transduction in BCR-ABL1, and transcriptional regulators 

and Spliceosome proteins in SFPQ-ABL1. 

 

Notably, we identified an increase in STAT5A Y694 and STAT5B Y699 

phosphorylation by SFPQ-ABL1 in the DPE analysis. STAT5, in combination with 

TLX1, has been previously shown to induce NUP214-ABL1+ T-ALL through 

mediating transcription of MYC and BCL2 (211). Unlike BCR-ABL1, NUP214-ABL1 

is localised to the NPC, and induces delayed transformation of Ba/F3 cells with reduced 

kinase activity (208). While we identified an increase in STAT5 phosphorylation in 

SFPQ-ABL1-expressing compared to BCR-ABL1-expressing cells in this analysis, 

previous analysis of expression of phosphorylated STAT5 by Western blot (see Chapter 

5, Figure 5.6), showed comparable levels of Y694 phosphorylated STAT5 in SFPQ-

ABL1 and BCR-ABL1-expressing cells. In addition, STAT5 has been shown to 

important for BCR-ABL1-induced leukaemogenesis (373). However, this does not 

eliminate the possibility that STAT5 activation is required by both SFPQ-ABL1 and 

BCR-ABL1. Given our conflicting results, additional studies are required, crucially in 

alternate cell models, to establish the true relationship between SFPQ-ABL1 and 

STAT5 and the role of STAT5 activation in SFPQ-ABL1-induced leukaemogenesis. 

One possibility is that SFPQ-ABL1, like NUP214-ABL1, may function to drive B-ALL 
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through transcription factor activation, including STAT5, to drive expression of target 

oncogenes. 

 

In both DPE and DPU analyses, we identified specific phosphorylation events that are 

well established to be directly or indirectly mediated by BCR-ABL1. These included 

phosphorylation events in key signal transduction proteins GAB2, CBL, and DOK2. 

These events are well established to be completely, or in part, mediated by Y177 of 

BCR and the SH2 domain of ABL1 (253, 256, 260). In addition, we observed a 

reduction in phosphorylation of SHIP1 Y918 by BCR-ABL1, in comparison to SFPQ-

ABL1 (364). An overall schematic of BCR-ABL1 and SFPQ-ABL1 chimeric protein 

localisation and phosphoproteomic networks identified in this study is provided in 

Figure 6.13.  

 

While this work specifically compared SFPQ-ABL1 and BCR-ABL1, other rare ABL1 

fusions, including SNX2-ABL1, could be included in future phosphoproteomics studies 

to understand signalling pathway activation mediated by the ABL1 kinase and 

signalling that is mediated by the 5' fusion partner. Identifying mechanisms that are 

common between or unique to the leukaemogenic function of specific ABL1 chimeric 

fusions could reveal specific therapeutic dependencies. In addition, a 

phosphoproteomics approach could be applied to an array of Ph-like fusion proteins 

associated with B-ALL to identify signalling nodes that are universally required. 

 

In this work, we have established differences in the phosphoproteome of BCR-ABL1 

and SFPQ-ABL1. We have established a basis for understanding the mechanism by 

which the SFPQ-ABL1 fusion functions to drive leukaemia and shown that unlike 

BCR-ABL1 it is localised to the nucleus and may function in part by altering gene 

transcription and RNA splicing. While we have identified potential differences in the 

signalling networks of BCR-ABL1 and SFPQ-ABL1, these differences will need to be 

validated in alternate cell models and functional assays. These future studies may allow 

for the determination of the mechanism by which SFPQ-ABL1 specifically promotes 

leukaemogenesis. It will be important to look at rare ABL1 fusion partner proteins and 

assess the potential influence on downstream signal activation and subcellular 

localisation to identify rational therapeutic targets. 
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Figure 6.13. BCR-ABL1 and SFPQ-ABL1 localisation and phosphoproteomic 
networks 
This schematic shows BCR-ABL1 and SFPQ-ABL1 proposed protein networks, based 
on LFQ phosphoproteomics analysis. BCR-ABL1 (dark blue) is localised to the 
cytoplasm, while SFPQ-ABL1 (red) is primarily localised in the nucleus. Underlined 
tyrosine residues indicate phosphorylation events that were identified in the LFQ 
experiment (also marked by yellow circle (P)). Six spliceosome proteins; SKIP, RBMX, 
DDX48, hnRNP AI, hnRNP I and hnRNP M (shown in green) were differentially 
phosphorylated by SFPQ-ABL1, possibly promoting increased pre-mRNA splicing. In 
addition, transcription factors, STAT5 and NFYA (shown in pink), and the 
transcriptional regulator, RBM14 (shown in purple), were also differentially 
phosphorylated by SFPQ-ABL1, suggesting an effect on transcription. Known BCR-
ABL1 interactors and pathways are also indicated in the schematic but are opaque in 
colour if the specified protein was not identified as differentially tyrosine 
phosphorylated. These interactors include the interaction of Y177 of BCR-ABL1 with 
the GRB2/GAB2/SOS complex, resulting in activation of RAS/RAF/MEK/ERK and 
JAK/STAT signalling, and PI3K/AKT pathway activation. This schematic only shows a 
selection of differentially phosphorylated peptides identified in this analysis. 
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7. General Discussion 

7.1. Genomics and treatment implications for paediatric ALL 

7.1.1. B-ALL 
Microarray gene expression profiling studies were instrumental in identifying and 

characterising new genomic subtypes of B-ALL, notably Ph-like ALL (8, 9). More 

recently, transcriptome sequencing (RNA-seq) has been used in a research setting to 

identify recurrent genomic features of ALL, including fusion genes, which are present 

in approximately 60% of cases (12). Gene expression analysis of almost 2000 paediatric 

samples recently characterised a total of 23 B-ALL subtypes, and over 90% of patients 

will fall into one of these subtypes (60). Some of these subtypes include established and 

provisional subtypes as defined by the 2016 revision of the World Health Organization 

(WHO) guidelines for the classification of myeloid neoplasms and acute leukaemia, and 

others are new or emerging subtypes of B-ALL (11, 12, 60). In addition to genomic 

characterisation of B-ALL, there is increasing understanding of relapse risk associated 

with specific genomic aberrations, which can inform the clinical decisions regarding 

treatment intensification (78). 

 

Increased understanding of the molecular drivers of ALL, aided by large genomic and 

transcriptomics studies, has resulted in the identification of molecular targets for 

therapy for several subtypes of B-ALL (10, 60, 75). The incorporation of targeted TKIs 

into the treatment regimens of patients diagnosed with BCR-ABL1+ and Ph-like ALL 

has improved prognosis for patients that were historically facing dismal outcomes (76). 

Genomic studies continue to refine our understanding of B-ALL and inform the 

development of targeted therapies. These studies also continue to identify novel 

molecular drivers of B-ALL and promote the exploration of the mechanisms by which 

specific oncogenes function. 

 

Given how much is known of the genomic landscape of B-ALL, there is great 

opportunity to molecularly characterise the majority of children diagnosed with this 

disease. However, it is clinically important to have the tools that can reliably identify 

genetic aberrations associated with molecular subtypes of B-ALL so patients can be 

risk-stratified accordingly. While standard of care cytogenetics incorporates tests for a 
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number of lesions that characterise B-ALL subtypes, including FISH analysis for ETV6-

RUNX1, BCR-ABL1, and KM2TA rearrangements, a proportion of patients remain 

unclassified following clinical cytogenetics. We have shown that RNA-seq is most 

valuable in a clinical setting for patients that are unclassified by an established subtype 

of B-ALL, 'B-other', to identify fusion transcripts that are cryptic to karyotype or are not 

tested for in targeted FISH panels. In addition, RNA-seq is particularly important for 

the identification of druggable kinase fusions that are not tested for by targeted FISH, 

specifically PAX5-JAK2. 

 

7.1.2. T-ALL 
Five-year OS rates for T-ALL patients have improved dramatically with treatment 

intensification, rising to almost 90% (119). However, the prognosis for patients with 

relapsed T-ALL remains extremely poor, and prompts refinement of risk-assignment 

algorithms to accurately identify those patients at the highest risk. Whilst the linking of 

genomic features with targeted molecular therapies has dramatically improved 

outcomes for high-risk B-ALL, this is yet to impact in the same way in T-ALL. The 

WHO classification of myeloid neoplasms and acute leukaemias currently defines seven 

established and two provisional subtypes of B-ALL, while early T-cell precursor ALL 

(ETP-ALL) remains the sole entity described for T-ALL (43). The European Group for 

the Immunological Characterization of Leukemias (EGIL) classification system defines 

four subtypes based on cluster of differentiation (CD) markers, pro-T, pre-T, cortical-T 

and mature T-cell ALL (388). In addition, recurrent genetic abnormalities identified in 

T-ALL have been matched with different stages of differentiation (389). However, 

immunological subtypes are yet to be included in the WHO classification system as the 

prognostic implications are not clear (11, 389). A number of compounds are currently 

being trialled for the treatment of relapsed/refractory T-ALL, including immunotherapy 

and targeted agents, but are yet to be implemented as standard of care (123). In addition, 

advancements in the understanding of the molecular basis of T-ALL suggests that a 

number of existing drugs could be utilised in T-ALL to target the frequently 

dysregulated NOTCH, PI3K/AKT, and JAK/STAT pathways (42, 390, 391). However, 

pre-clinical and clinical studies exploring the efficacy of targeted therapies in paediatric 

T-ALL are still in progress.  
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Independent of molecular characterisation, MRD remains the most accurate predictor of 

relapse in T-ALL. The AIEOP-BFM-ALL 2000 study performed quantitative MRD 

assessment on 464 paediatric T-ALL patients, and showed that while MRD negativity at 

day 33 was the most favourable prognostic marker, late MRD positivity (day 78) 

conferred the most inferior prognosis, with 7-year EFS of only 49.8% (392). MRD is 

currently solely used in the clinical management of T-ALL to guide treatment 

intensification. Given the majority of T-ALL patients are now being cured of their 

disease, it is crucial that clinical and research focus is shifted to the identification of 

rational molecular drug targets to reduce patient exposure to high-dose chemotherapy. 

In addition, T-ALL patients are undergoing BMT at a much higher rate than B-ALL 

(the 22.2% vs. 11.1%, see Table 3.1 in chapter 3, in our cohort is consistent with 

international trends), and the majority of these patients are transplanted in their first 

remission as a curative treatment.  

  

While specific genomic features are recurrently identified in T-ALL, the prognostic 

significance of many of these alterations is unknown. Dysregulation of transcriptional 

regulation (most commonly TLX1, TLX3, TAL1, and LMO2), the cell cycle 

(CDKN2A/CDKN2B deletion), and NOTCH signalling are hallmarks of T-ALL, but 

developing agents to particularly target these mutations has proved challenging (42). As 

an exception to the current treatment paradigm for T-ALL, cases in which an actionable 

kinase rearrangement is identified (including ABL1 and JAK2 rearrangements), are 

being treated with TKIs (42). In our study, we importantly identified a novel driver 

fusion, TCF7-CSF1R, using RNA-seq in a patient that was clinically unclassified. This 

fusion would be predicted to be responsive to dasatinib. Given its utility for the 

identification of fusion transcripts, which are commonly missed by standard of care 

cytogenetics, RNA-seq is a valuable parametric test that can be utilised in T-ALL. 

Aside from its use in the clinical classification of T-ALL, RNA-seq identified novel 

"driver" fusions and intrachromosomal events in our cohort demonstrating its utility in a 

research context to further understand the biology of T-ALL (see Figure 3.2 in chapter 

3). 
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7.1.3. Incorporating RNA-seq into clinical diagnostic pipelines in 

Australia 
RNA-seq has dramatically enhanced our understanding of the genomic landscape of B-

ALL and has contributed to the continual expansion of our knowledge of molecular 

drivers of T-ALL. While RNA-seq has proven value in a research setting for gene 

discovery and genomic characterisation, larger institutions have now incorporated 

RNA-seq into their clinical diagnostic pipelines (319, 393). In 2016, Foundation 

Medicine published an integrated DNA/RNA profiling platform that could be applied 

clinically for the identification of somatic mutations including single nucleotide variants 

(SNVs), indels, copy number alterations (CNAs) and rearrangements in haematological 

malignancies (393). For sequencing analysis, genomic DNA and total RNA were 

extracted from either FFPE tissue, bone marrow, or blood samples with 20% or greater 

tumour content. The authors applied this pipeline to 3696 samples, including over 250 

ALL samples. The ALL subset contained 16 Ph-like samples, by gene expression 

profile, in which the DNA/RNA platform detected nine kinase gene fusions and other 

recurrent features of Ph-like ALL, including IKZF1, PAX5 and CDKN2A/B deletions, 

suggesting that this approach can identify a spectrum of alterations associated with Ph-

like ALL.  

 

The St. Jude Total XVII study also utilises an integrative diagnostic platform in which 

DNA index, RT-PCR for standard rearrangements and RNA-seq for rare fusion 

detection are performed concurrently for all newly diagnosed ALL cases (319). RT-

PCR and FISH are performed to screen for select recurrent fusions, including ETV6-

RUNX1, BCR-ABL1, KMT2A rearrangements and TCF3-PBX1, while concurrent RNA-

seq is performed for the unbiased identification of less common fusion transcripts. This 

approach facilitates the addition of targeted therapies, specifically dasatinib for ABL-

class fusions, by day 15 of induction chemotherapy. Further genomic analysis, 

including WGS and WES, is performed on patients that do not have an ABL-class 

fusion identified. The Total XVII clinical trial is still recruiting patients, and results of 

overall survival rates and prevalence of driver mutations identified in this cohort are yet 

to be published. 

 



 

224 

 

In our study, we aimed to assess the utility and practical implications of incorporating 

RNA-seq into clinical diagnostics to inform genomic classification of patients not 

defined by established subtypes of acute leukaemia (11). We performed this study at the 

Royal Children's Hospital in Melbourne, Australia, on a cohort of 126 patients. We 

analysed both archival and current samples obtained during the patient's admission 

treatment. The aim of this study was to determine the utility of implementing RNA-seq 

in clinical diagnostic pipelines to identify genomic features that could aid in risk-

stratification. 

 

The utility of RNA-seq for fusion detection has been well established, but we have 

additionally developed tools that can identify other recurrent features of B-ALL, 

including IKZF1 deletions, that could aid in genomic classification and risk assignment. 

While similar pipelines are being used in larger institutions, RNA-seq is not currently 

being used as a clinical test for ALL patients in Australia. Given the risk of relapse 

associated with specific genomic aberrations including tyrosine kinase and cytokine 

receptor fusions, and IKZF1 deletion, there is a clinical need to utilise testing modalities 

that can reliably detect these features. 

 

There are limitations to the standard of care cytogenetic testing to identify specific 

chromosomal aberrations and gene mutations associated with ALL. Firstly, karyotype 

analysis can detect gross chromosomal changes including copy number alterations, 

translocations, insertions and deletions. However, this approach is limited to detect 

certain types of chromosomal alterations associated with ALL including 

intrachromosomal deletions resulting in the production of fusion genes (for example, 

ETV6-RUNX1 and PAX5-JAK2), and rearrangements involving sub-telomeric regions 

(DUX4-IGH) (41). Secondly, only a panel of established gene fusions are investigated 

using FISH including ETV6-RUNX1, BCR-ABL1, TCF3-PBX1, and KMT2A 

rearrangements. In addition, SNP microarray and RT-PCR are not performed as 

standard-of-care, and are only performed upon specific request, most often in cases 

where patients are not classified into an established subtype of ALL or they are 

responding poorly to treatment. 
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Analysis of somatic and germline variants in large RNA-seq, WES and WGS ALL 

cohorts has greatly enhanced our understanding of both familial cancer risk and the 

genomic landscape of ALL. However, the application of the same technology in an 

individual service, whereby each new ALL case is analysed individually, presents 

different challenges. The accurate and meaningful genomic classification of patients 

relies on the availability of a known cohort, to which new samples can be compared, 

and the means to be able to reliably detect and validate new lesions. The biological 

implications of many new genomic lesions associated with ALL are yet to be 

determined. The RNA-seq project we have reported in Chapter 3 shows how RNA-seq 

might be applied specifically for the clinical classification of ALL patients. From a 

research perspective, this approach can result in the identification of interesting novel 

"driver" fusions, in our case ETV6-CRX and TCF7-CSF1R in T-ALL and could drive 

further studies into understanding the mechanisms by which these "drivers" function. In 

terms of practical considerations, our study did not assess the feasibility, including costs 

and turnaround time associated with implementation of RNA-seq in Australia. 

Systematic assessment of time and total cost associated with delivering an RNA-seq 

result in a clinical setting should be a priority for future research. Importantly, cost 

assessment should include costs associated with sample collection, processing, 

biochemical reagents, laboratory staff, analysis and clinical interpretation. In all, RNA-

seq is most valuable in cases that are not classified into an established subtype of ALL 

and could be a clinically valuable second-line genomic test for 'B-other' and T-ALL 

patients. 
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7.2. Developing models for exploring the biology of rare 

fusions 
Beyond the application of RNA-seq in a clinical setting, RNA-seq has also been a 

valuable tool for the identification of rare or novel oncogenes in a research setting. 

Using RNA-seq we identified and explored the biology of two classes of fusion genes 

that were sequenced in two subtypes of leukaemia that affect children. These were the 

CNTRL-FGFR1 fusion, described in chapter 4, identified in two patients diagnosed with 

biphenotypic leukaemia, and two rare ABL1 fusions, SFPQ-ABL1 and SNX2-ABL1, 

identified in patients with B-ALL, described in chapter 5. Our approach was to clone 

the fusions into retroviral vectors and develop cell line and mouse models to explore the 

biological function of these fusions. This allowed us to identify novel aspects of fusion 

structure and function and show that these fusions consist of structural complexity 

(CNTRL-FGFR1) and differential functional activity (SFPQ-ABL1) that has not been 

previously appreciated. It is only in conducting biological studies to explore the biology 

of individual fusions that we will elucidate how these fusions actually function to drive 

leukaemia and identified required signalling nodes that could be therapeutically 

targeted.  

 

Cloning of fusion genes identified by RNA-seq is a challenge in itself. RNA-seq data 

aids the process by identifying the transcript fusion breakpoint between the two genes 

and helping to predict the likely open reading frame of the fusion. However, 

amplification of the entire fusion in a single PCR reaction is difficult to do given the 

large size of many fusion transcripts (the full length CNTRL-FGFR1 fusion is over 7kb 

in length). This means that we often amplified the fusion in smaller fragment pieces and 

assembled the entire fusion in retroviral expression vectors using restriction digest. An 

alternate approach would be to use CRISPR/Cas9 technology to replicate the fusions 

endogenously as opposed to enforcing expression. There are some reports that this can 

be achieved, particularly when the successful generation of a fusion can drive a 

powerful positive selection phonotype, such as cytokine independent proliferation 

(394). 
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7.2.1. Importance of biologically relevant models 
We utilised Ba/F3 and a novel pre-B IL-7 dependent cell line, derived from pre-B cells 

from PU.1/IRF4 DKO mice, to explore the biological function of fusions in vitro. Ba/F3 

is the gold-standard for exploring the function of kinase oncogenes, they are easily 

retrovirally infected and they are fast-growing for rapid expansion (217). Importantly, 

viability and proliferation of Ba/F3 cells is dependent on the continued maintenance of 

signalling through the IL-3 receptor, normally through exogenous addition of IL-3. 

Thus, they are an excellent first-pass model to asses transforming capacity of novel 

oncogenes – measured as cytokine independent proliferation and resistance to cytokine 

withdrawal-induced apoptosis – as well as a model in which to perform high-throughput 

drug assays. Given these properties, Ba/F3 cells were ideal for initially characterisation 

of novel fusion genes including transformation capacity and response to TKIs. 

However, we wanted to validate TKI responses in a more biologically relevant model to 

ensure we have accurate pre-clinical data. 

 

We utilised PU.1/IRF4 DKO cells to explore the sensitivity of rare ABL1 fusions to 

TKIs, as this pre-B cell line exhibits dependence on IL-7, an essential growth factor for 

B-cell development (301). In addition, PU.1 and IRF4 are transcription factors that bind 

and regulate expression of IKZF1 meaning that this model essentially mimics IKZF1 

deletion, a recurrent feature of Ph-like ALL (8-10) In this model, we observed different 

cell line responses to TKIs, whereby rare ABL1 fusions, SFPQ-ABL1 and SNX2-

ABL1, were less sensitive to ABL1 inhibitors. In future, it will be important to validate 

the TKI response observed in the PU.1/IRF4 DKO cell line in alternate models. These 

models could include alternate cytokine dependent cell lines, ex vivo cells derived from 

murine transplant models or PDX models of SFPQ-ABL1 and SNX2-ABL1-driven 

leukaemia.  

 

7.2.2. Phosphoproteomics to understand signalling requirements for 

fusions 
We chose to use phosphoproteomics experiments to understand the signalling 

requirements of rare ABL1 fusions because we were interested to go beyond the simple 

abundance of certain proteins in the presence of leukaemic fusions to understanding 
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whether we could observe specific phosphorylation events. Our study was designed to 

compare the well-established phosphoproteome of BCR-ABL1 fusion to that of SFPQ-

ABL1 and identify signalling pathways and proteins that are differentially engaged by 

these fusion proteins. 

 

Recently, two individual groups published SILAC-based phosphoproteomics studies 

that aimed to elucidate the difference between the phosphoproteome and interactome of 

the p190 and p210 BCR-ABL1 fusion proteins (244, 245). Using this approach these 

groups were able to identify phosphorylation events and protein-protein interactions that 

were unique and common to each of these proteins. SILAC is an internally controlled 

method to compare two cell populations and had been specifically performed using 

Ba/F3 cells. We utilised SILAC-based phosphoproteomics and pathway enrichment 

analysis techniques, GO overrepresentation analysis, to identify pathways that were 

differentially expressed. We showed that proteins involved in DNA replication, mRNA 

splicing, and RNA splicing were differentially expressed, suggesting that SFPQ is 

contributing to signalling by the fusion protein and possibly mediating cellular 

localisation. 

 

While this approach was valuable for a first-pass analysis, there were inherent issues 

with peptide mapping and variability between biological replicates. This was why we 

performed label-free quantification (LFQ) to identify phosphorylation events that 

mediate fusion function. The two levels of analysis we used in this experiment, DPE 

and DPU, facilitated the identification of highly expressed proteins and individual 

peptides that are differentially phosphorylated by BCR-ABL1 and SFPQ-ABL1. We 

showed that LFQ and differential expression analysis accurately identified BCR-ABL1 

mediated phosphorylation events and interactions. Specifically, we identified 

enrichment for phosphorylation events mediated by Y177 of BCR and the SH2 domain 

of ABL1, including tyrosine phosphorylation of GAB2, CBL, and DOK2. We were 

most interested in the phosphoproteome of SFPQ-ABL1 and showed enrichment for 

peptides involved in transcriptional regulation and components of the spliceosome. We 

additionally showed enrichment for Y694/Y699 phosphorylation of STAT5, suggesting 

that SFPQ-ABL1 functions to activate the JAK/STAT signalling. We finally showed 

that unlike BCR-ABL1, SFPQ-ABL1 is localised to the nucleus.   
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While it has been assumed the acquisition of dimerisation motifs and constitutive kinase 

activation is the required transforming event for kinase fusion genes, we have shown the 

fusion partner mediates localisation of the fusion and contributes to signal transduction. 

Differential interactions with kinases are particularly important to identify, in this case 

interaction with the JAK/STAT pathway, as these are druggable targets that could 

inform the selection of drugs to be used in combination therapies or combat TKI 

resistance. 

 

Here, we utilised phosphoproteomics to understand signalling differences between 

SFPQ-ABL1 and BCR-ABL1 that may contribute to biological function and drug 

sensitivity. However, phosphoproteomic approaches could also be utilised to elucidate 

protein and pathway interactions that are common, and may be required, for the 

function of broad classes of fusion genes. One example of this would be the application 

of phosphoproteomics to identify common signalling requirements for different classes 

of Ph-like rearrangements including JAK/STAT alterations and ABL-class 

rearrangements. This approach could identify signalling nodes that could be universally 

required and provide alternate druggable targets for combination therapies or for the 

treatment of relapsed disease. 
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7.3. Precision medicine and paediatric ALL 
One of the earliest examples of the benefits of precision medicine is in the treatment of 

BCR-ABL1+ B-ALL, whereby specific targeting with imatinib, and now dasatinib, has 

improved patient outcomes (76, 95). More recently, the identification and 

characterisation of Ph-like ALL, and subsequent clinical trials have assessed the 

efficacy of specifically targeting kinase-activating fusions, specifically ABL-class 

rearrangements and CRLF2 rearrangements with JAK pathway mutations, with TKIs in 

combination with chemotherapy (395). The Children's Oncology Group (COG) has 

developed a clinical algorithm to be applied to high-risk B-ALL patients for the 

identification of Ph-like gene expression signature and associated tyrosine kinase or 

cytokine receptor rearrangements (75). Patients with high-risk features, HR by NCI 

criteria, presence of extramedullary disease, or positive MRD at the end of induction, 

enrolled on COG trials were subjected to low density array (LDA) analysis to identify 

Ph-like expression profile. LDA positive patients were subjected to subsequent analysis 

to assess the presence of BCR-ABL1, ETV6-RUNX1, and elevated CRLF2 expression. 

Patients were then subjected to RT-PCR and Sanger sequencing to analyse the presence 

of CRLF2 rearrangements, previously reported kinase fusions, and JAK2 mutations. 

Patients that were negative following this analysis underwent RNA kinome capture and 

RNA-seq.  

 

Rusch and colleagues recently assessed the utility of three-platform, whole genome 

sequencing (WGS), whole exome sequencing (WES) and transcriptome sequencing 

(RNA-seq), for clinical genomic profiling in a pilot study of 78 paediatric cancer 

patients, including 38 with haematological malignancies (396). The authors sequenced 

both tumour and germline samples and performed analyst curation and panel review of 

variants identified with an automated bioinformatics pipeline to generate a clinical 

report for each patient. Notably, the authors showed that combined RNA-seq and WES 

achieved 78% sensitivity for the detection of known "pathogenic" or "likely pathogenic" 

variants, while this was increased to 99% with the incorporation of WGS. The authors 

of this study concluded that WGS should be incorporated into clinical diagnostics for 

precision oncology, which currently only includes RNA-seq plus WES as gold standard, 

to achieve the highest diagnostic sensitivity. 
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Unbiased RNA-seq is a comprehensive method for the detection of fusion transcripts, 

and has been integral in identifying the landscape of fusion genes implicated in ALL 

(10, 42). However, RNA-seq is costly and not currently utilised as a clinical test in most 

hospitals. We have shown that RNA-seq is most valuable as a secondary analysis tool 

for patients that do not have standard features identified by clinical cytogenetics. The 

implementation of a tiered approach for the genomic diagnosis of ALL, as is being 

performed by COG, is likely the best method to accurately characterise patients and 

identify potentially druggable targets in the Australian clinical context. However, these 

comprehensive diagnostic pipelines will be difficult to implement outside of large-scale 

clinical trials. 

 

In this thesis, we have demonstrated the utility of RNA-seq to molecularly classify ALL 

patients. We have proposed a method for the implementation of RNA-seq in clinical 

diagnostic algorithms to be specifically used in cases where standard lesions are not 

identified by cytogenetics. Additionally, we performed biological studies to analyse the 

function of rare kinase activating fusions that we have identified using RNA-seq. We 

have shown that SFPQ-ABL1 and BCR-ABL1 engage different signalling nodes to 

drive leukaemia. Our results have highlighted the importance of elucidating the function 

of 5' fusion partners involved in kinase fusions, as they will most likely play a role in 

mediating cellular localisation, molecular interactions, and pathway activation. 

Developing personalised approaches for both the molecular classification and the 

biological characterisation of "driver" fusions will further understanding of specific 

signalling requirements and identify druggable targets. 
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The genomic lesions that characterize acute lymphoblastic
leukemia in childhood include recurrent translocations that
result in the expression of fusion proteins that typically involve
genes encoding tyrosine kinases, cytokine receptors, and tran-
scription factors. These genetic rearrangements confer pheno-
typic hallmarks of malignant transformation, including unre-
stricted proliferation and a relative resistance to apoptosis. In
this Minireview, we discuss the molecular mechanisms that link
these fusions to the control of cell death. We examine how these
fusion genes dysregulate the BCL-2 family of proteins, prevent-
ing activation of the apoptotic effectors, BAX and BAK, and
promoting cell survival.

Recurrent fusion genes in acute lymphoblastic leukemia

Acute lymphoblastic leukemia (ALL)2 is the most common
form of childhood malignancy. Therapy for ALL is one of the
great success stories of modern chemotherapy, and overall cure
rates are now !90% in developed countries, depending on
molecular subtypes and clinical features (1). The extraordinary
improvements in outcomes in ALL have unquestionably been
driven by the treatment of patients on international collabora-
tive clinical trials (2), which have made it possible to rapidly
recruit sufficient numbers of patients to studies of new treat-
ment regimes. The analysis of treatment responses, based on
measurement of minimal residual disease, has allowed the early
identification of treatment failure or relapse and the conse-
quent adjustment of treatment intensity.

The next revolution in our understanding of ALL biology is
being driven by many studies, involving thousands of patient
samples, characterizing the genomic landscape of ALL through
genome and transcriptome sequencing (3–7). This has led to
the recognition of novel molecular subtypes of ALL, defined by
the genomic lesions that drive them. Characterization of leuke-

mic genomes provides insight into the key molecular pathways
involved in ALL subtypes.

Many recently identified genomic lesions in ALL are fusion
genes, arising from chromosomal translocations (8). These
include fusions that activate tyrosine kinases, cytokine recep-
tors, and transcription factors. The presence of these fusions
has important prognostic and treatment implications. In this
Minireview, we consider how these genomic lesions promote
resistance to apoptosis in ALL.

Gene fusions in ALL

Chromosomal translocations, resulting in the expression of
fusion genes, are a hallmark of B-cell malignancies. This likely
arises as fusion partners are mistakenly juxtaposed during
periods of genomic editing and recombinase-activating gene
(RAG1 and RAG2) activation or somatic hypermutation during
B-cell development (9). Recurrent chromosomal translocations
have been recognized and detected in ALL, initially by staining
of metaphases and microscopy, and more recently by fluores-
cent in situ hybridization (FISH). The detection of a small num-
ber of recurrent translocations is a standard component of ALL
diagnosis and risk assessment. For example, t(12;21) ETV6-
RUNX1 and t(1;19) TCF3-PBX1 identify ALL associated with
excellent outcomes, whereas TCF3-PBX1 is associated with a
higher incidence of central nervous system involvement. Other
fusions are associated with poor prognosis and are an indica-
tion for treatment intensification (8). This includes the mixed
lineage leukemia-rearranged (MLL-r) leukemias, which are dis-
cussed later.

Fusions activating tyrosine kinases are particularly impor-
tant in ALL, as they are potentially amenable to treatment with
tyrosine kinase inhibitors (TKI’s). Imatinib, a small molecule
ABL1 inhibitor, has dramatically altered the treatment para-
digm for patients with Philadelphia chromosome positive
(Ph") B-ALL and chronic myeloid leukemia (CML) because it
encodes the BCR-ABL1 fusion gene (10). The majority of Ph"
patients are now successfully treated with TKI-containing reg-
imens, without the need for hematopoietic stem cell transplant.
Philadelphia-like ALL (Ph-like ALL) is characterized by a gene
expression profile resembling Ph" ALL but with the absence of
BCR-ABL1. Ph-like ALL includes 10 –15% of all pediatric
B-ALL cases, and the prevalence in adults peaks in the 16 – 40-
year age group (20%) (4, 11). Ph-like ALL is frequently associ-
ated with resistance to frontline chemotherapy and poor clini-
cal outcomes (8, 11, 12). Ph-like ALL is also a fusion-driven
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disease, and to date, rearrangements involving 13 kinases and
cytokine receptors have been identified (4). The kinases acti-
vated in Ph-like ALL, which include ABL1, ABL2, and JAK2,
can potentially be targeted with specific TKIs (4, 13).

Many ALL fusion genes block apoptosis

A key test that a fusion gene is a true driver of leukemia is its
capacity to inhibit apoptosis induced by cytokine deprivation in
cytokine-dependent cell lines (14, 15). This test and determin-
ing whether expression of the fusion in hematopoietic stem
cells recapitulates the primary tumor when cells are trans-
planted into syngeneic mice are commonly used to establish
genes as drivers of leukemia.

Not all leukemia fusions have the same capacity to block
cytokine withdrawal-induced cell death. Fusions that activate
tyrosine kinases or cytokine receptor signaling often have this
function. Others, principally those that involve transcriptional
regulators, readily cause leukemia in mice, but leukemic cells
expressing such fusion genes remain cytokine-dependent when
cultured ex vivo. Understanding the mechanisms by which
fusions repress apoptosis has important therapeutic implica-
tions, as blocks in apoptosis are a mechanism of chemoresis-
tance, including resistance to therapies targeting fusions (16,
17). The application of drugs that directly target cell death path-
ways, or inhibit the signaling pathways downstream of activated
tyrosine kinases, may significantly enhance the efficacy of stan-
dard chemotherapy. The BCL-2 family of apoptosis regulators
is key in this process, because they regulate the cell death
responses repressed by leukemia fusion oncogenes (18).

BCL-2 family and cancer

Overexpression of members of the BCL-2 protein family that
block apoptosis contributes to malignant transformation. This
was first recognized as the mechanism of action of the recurrent
translocation t(14;18) in follicular lymphoma (19 –21). Ampli-
fication of pro-survival, BCL-2-like, genes MCL-1 and BCL-XL
and deletion of pro-apoptotic genes BOK and PUMA are over-
represented in the somatic copy number variations in over 3000
cancer specimens, across 26 human cancers, including ALL
(22).

The BCL-2 family has been reviewed in detail elsewhere (15,
23, 24). However, for the purposes of this review, it is worth
considering the key molecular events that regulate cellular
commitment to apoptosis in cytokine withdrawal models. Both
the cytokine signaling pathways on which cells normally
depend and the cell survival pathways activated by kinase fusion
genes converge on repressing the activation of the intrinsic apo-
ptotic pathway regulated by the BCL-2 family (Fig. 1).

The BCL-2 family is functionally grouped into proteins that
repress apoptosis, BCL-2, BCL-XL, BCL-w, MCL-1, and A1,
and the proteins that promote apoptosis (pro-apoptotic) (23).
The pro-apoptotic members are further subdivided into two
groups, the BAX/BAK subfamily and the BH3-only subfamily,
consisting of BIM, BAD, BID, BIK, BMF, PUMA, NOXA, and
HRK (25). The pro-survival and BH3-only subgroups regulate
the activation of BAX and BAK. Activation of BAX and BAK is
the critical step in the commitment to apoptosis, as it is
required to trigger mitochondrial outer membrane permeabi-

Figure 1. Regulation of apoptosis by the BCL-2 family of proteins. This schematic shows the interactions between the BCL-2 family members that regulate
BAX and BAK activation. The middle (yellow) panel shows that in healthy cells BAX and BAK exist in monomeric form. Following an apoptotic stimulus, they
assemble into higher order oligomeric structures, which form a pore in the outer mitochondrial membrane. This results in loss of the mitochondrial outer
membrane potential and egress of cytochrome c from mitochondria. This is the “point of no return” or commitment to cell death. Cytochrome c (lower gray
panel) together with APAF-1 and caspase-9 form a molecular machine known as the apoptosome. This machine drives activation of caspase-9 and the
subsequent activation of other caspases, including the “executioner caspases” caspase-3 and caspase-7. This caspase activation is responsible for the mor-
phological features of apoptosis. The upper gray panel illustrates the key interactions that regulate BAX and BAK activation. The BH3-only proteins, notably BID
and BIM, promote activation of BAX and BAK by directly binding to BAX or BAK. Other BH3-only proteins such as PUMA (and also BIM) bind anti-apoptotic BCL-2
proteins at the hydrophobic groove (hg) and inhibit anti-apoptotic function. BCL-2, BCL-xL, and MCL-2 function to directly inhibit BAX and BAK or prevent their
activation by binding and blocking the BH3-only proteins.
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lization, initiating a cascade of programmed downstream
events, including cytochrome c release, formation of the apop-
tosome by APAF-1, and activation of caspase-9 and the effector
caspases, that characterize apoptotic cell death (Fig. 1) (24,
26 –28).

The interleukin-3 (IL-3)-dependent cell lines are commonly
used to test the capacity of ALL fusions to block apoptosis
induced by cytokine deprivation (29). IL-3-dependent cell lines
from gene-deleted mice have shown that the presence of at least
one of BAX and BAK is absolutely required for cytokine with-
drawal-induced apoptosis (30 –32). When cytokine is removed
from cultures of IL-3-dependent Ba/F3 cells lacking both BAX
and BAK, cells remain viable for long periods, although they do
not proliferate. When cytokine is restored, cells re-enter the cell
cycle and divide again. Demonstrating that some ALL fusions
can maintain cell survival in the absence of cytokine provides
clear evidence that such leukemia fusion genes directly or indi-
rectly prevent BAX and BAK activation (33, 34).

The molecular mechanisms of BAX and BAK activation are
complex and are tightly regulated by the interactions between
the BCL-2 protein family members. Mutational and structural
analysis shows that BAX and BAK activation is initiated by
conformational changes that, for example in the case of BAX,
allow translocation and insertion into the outer mitochondrial
membrane (35). For both BAX and BAK, the conformational
changes expose interaction domains that favor first homo-
dimerization and then the formation of higher order oligomeric
structures that ultimately punch a hole in the mitochondrial
membrane.

The BH3-only BCL-2 family members initiate BAX and BAK
activation in two ways. Some BH3-only proteins directly engage
BAX and BAK through an interaction between their BH3
domain and a hydrophobic groove on the surface of BAX and
BAK (36, 37). Other BH3-only proteins do not directly bind
BAX or BAK, but instead they repress the function of the anti-
apoptotic BCL-2 family members through an analogous molec-
ular interaction (37). Anti-apoptotic BCL-2 family members
and BAX and BAK share significant structural homology,
including the surface of the hydrophobic groove interaction site
for the BH3 domain of the BH3-only proteins (25). Anti-apo-
ptotic BCL-2 family proteins can thus “soak up” BH3-only pro-
teins that might otherwise bind BAX or BAK. This is over-
whelmed when the abundance of BH3-only proteins increases.
The anti-apoptotic BCL-2 family members are also able to
directly bind and inhibit activated monomeric BAX and BAK to
inhibit apoptosis (24).

Kinase-activating fusions and anti-apoptotic BCL-2
proteins

Fusions involving tyrosine kinases in ALL typically result in
the loss of regulatory domains, overexpression of the kinase
domain, and the acquisition of coiled-coil domains or helix-
loop-helix motifs that facilitate oligomerization and autophos-
phorylation of the kinase domain (38). This could be through
the repression of BH3-only protein expression or increased
expression of anti-apoptotic BCL-2 proteins. Both mechanisms
may operate simultaneously.

The regulation of MCL-1 protein abundance is important.
MCL-1 is absolutely required for normal hematopoietic devel-
opment (39). The half-life of MCL-1 is short, and it plays a key
role in regulating apoptosis in response to cytokine receptor
signaling, including interleukin-7 (IL-7)-dependent survival of
T- and B-lymphocytes (40). In IL-3 or granulocyte-macrophage
colony-stimulating factor (GM-CSF)-dependent hematopoi-
etic cells, MCL-1 undergoes rapid proteasomal degradation
soon after cytokine withdrawal (41). When cytokine is restored,
MCL-1 expression is rapidly up-regulated. The most compel-
ling evidence that kinase-activating fusions function to main-
tain MCL-1 expression and repress BH3-only proteins is from
studies of the BCR-ABL1 fusion.

BCR-ABL1 shifts the balance of BCL-2 family proteins in
favor of cell survival

There are three forms of the BCR-ABL1 fusion gene, with
alternate breakpoints in the breakpoint cluster region (BCR)
gene. Each is associated with distinct subtypes of leukemia (42).
The p210 BCR-ABL1 is the hallmark of CML; p185 is found in
adult and pediatric B-ALL; and p230 is associated with neutro-
philic CML (38). In Arf!/! B-ALL cells expressing p185 BCR-
ABL1, there is selection against silencing of MCL-1 expression,
unless apoptosis was blocked by BAX and BAK deletion, or
overexpression of BCL-2 or BCL-XL (43, 44). This shows that
MCL-1 is required to prevent BAX and BAK activation for the
fusion to maintain cell viability. Treatment of these cells with
imatinib induced a dose-dependent reduction in MCL-1 pro-
tein, but it had no effect on BCL-2 or BCL-XL expression (43).
In CML models, BCR-ABL1 appears to maintain MCL-1
expression through the activation of STAT3-dependent tran-
scription. Deletion of STAT3 prevents BCR-ABL1 from initiat-
ing CML, and there is a correlation between STAT3 phosphor-
ylation and resistance to imatinib (45, 46). These observations
raise the possibility that inhibition of STAT3 phosphorylation,
directly or indirectly, could synergize with imatinib treatment.

Other evidence supports repression of pro-apoptotic BH3-
only proteins by BCR-ABL1. Imatinib treatment up-regulated
expression of BIM and BAD in human CML cell lines (17).
There is some indication that the presence of BCR-ABL1 drives
ERK-mediated phosphorylation of BIM and subsequent BIM
degradation (Fig. 2) (47, 48). However, the functional signifi-
cance of BIM phosphorylation driven by leukemia fusion genes
is not established (49).

The levels of other anti-apoptotic BCL-2 proteins may also
be regulated by BCR-ABL1, which may raise the threshold that
a death stimulus must reach before apoptosis can proceed. An
intriguing line of evidence comes from experiments using
BCL-2 inhibitor drugs (or BH3-mimetic drugs). ABT-737 is the
prototype inhibitor with broad activity against BCL-2, BCL-
XL, and BCL-W, but with no activity against MCL-1 (50).
This drug enhanced imatinib cell killing and prolonged the
survival of mice transplanted with Ph" ALL (17, 51). Mech-
anistically, ABT-737 increases the pool of unbound BH3-
only proteins, which in steady state are otherwise bound to
and sequestered by BCL-2 and BCL-XL (17). Although ABT-
737 treatment increased survival in some imatinib-treated
Ph" ALL xenografts, ABT-263 (navitoclax, identical activity
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to ABT-737) and ABT-199 (selectively inhibits BCL-2) were
ineffective in another Ph! ALL xenograft model (51, 52).
Nevertheless, therapeutic combinations of TKIs and BH3

mimetics are of interest, as anti-apoptotic BCL-2 proteins
other than MCL-1 can compensate for the loss of MCL-1
induced by TKIs.

Figure 2. Mechanisms by which fusion genes promote kinase activation and cell survival and opportunities for therapeutic intervention. This figure
shows two common gene rearrangements in ALL, BCR-ABL1 (left panel) and P2RY8-CRLF2 (right panel). The schematics depicting each fusion were produced
using a program for visualization of gene rearrangements from RNA sequencing data (Clinker https://github.com/Oshlack/Clinker. Please note that the JBC is
not responsible for the long-term archiving and maintenance of this site or any other third party hosted site.). The Clinker images show, from top to bottom,
the coverage of reads mapped to each fusion, functional domains, and transcript variants. The breakpoint in each gene and associated fusion is also shown. The
pathways show downstream kinases that are activated as a result of each fusion and consequently the impact on expression and/or degradation of mediators
of cell survival. Therapeutic interventions at each point are shown in the red-shaded boxes. Constitutive activation of the ABL1 kinase, mediated by BCR-ABL1,
promotes activation of the RAS/RAF/MEK/ERK pathway. Tyrosine kinase inhibitors can be used to either target ABL1 (imatinib, dasatinib, or ponatinib) directly
or by MEK inhibitors. Phosphorylation of ERK, in turn, decreases BIM expression, blocks MCL-1 degradation, and increases BCL-2 expression. This prevents
BAX/BAK activation. Pro-survival proteins BCL-2 and BCL-XL can be therapeutically targeted with BH3-mimetics (ABT-737, ABT-263, or ABT-199). The P2RY8-
CRLF2 fusion cooperates with JAK2 mutations, the most common of which, p.R683G/R683S/R683T/R683K, is depicted to promote cell survival. Activated JAK2
can be directly inhibited with ruxolitinib. STAT5 promotes transcription and increased expression of BCL-XL, and perhaps BCL-2 and MCL-1 also. Treatment with
BH3-mimetics may increase the capacity of these cells to undergo apoptosis in response to JAK2 inhibition.
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Leonard et al. (53) highlighted the importance of the BCL-2/
MCL-1 ratio in sensitivity to venetoclax. The high BCL-2/
MCL-1 ratio (in a pediatric Ph! ALL cell line) mediated sensi-
tivity to venetoclax, whereas low expression of BCL-2 conferred
resistance in another CML cell line. Combined treatment with
venetoclax and the TKI dasatinib induced the highest levels of
cell killing (53). Depletion or inhibition of the total BCL-2 anti-
apoptotic protein pool lowers resistance to cell death. Thus,
diminished expression of MCL-1, driven by inhibition of BCR-
ABL1 kinase, together with direct inhibition of BCL-2 by BH3-
mimetic drugs may drive ALL cells to activate their intrinsic
apoptosis pathways (48). Similarly, a MEK inhibitor in human
Ph! cell lines was insufficient as a single agent to induce cell
killing (48, 54). However, when combined with ABT-263 or
ABT-199, cell killing was induced (48). These studies highlight
the potential efficacy of combining tyrosine kinase and BCL-2
family inhibition to treat patients with BCR-ABL1-driven
leukemia.

JAK2 fusions and the role of BCL-XL

JAK-STAT pathway-activating fusions in ALL are also asso-
ciated with poor outcomes. Many Janus kinase 2 (JAK2) fusions
with different fusion partners have been reported (4). In addi-
tion, fusions that increase expression of cytokine receptor-like
factor 2 (CRLF2), most commonly with P2RY8 or as an IGH
rearrangement, cooperate with activating JAK2 mutations to
drive ALL (Fig. 2) (55). How these fusions regulate the apopto-
tic pathway is less well studied, but activating JAK2 mutations
provides some insights. JAK2V617F is the causal mutation of
polycythemia vera (PV) and is also found in a range of other
myeloproliferative neoplasms. Like JAK2 fusions, JAK2V617F is
constitutively activated (56). There is evidence supporting the
hypothesis that activated JAK2 signaling leads to elevated
expression of BCL-2, BCL-XL, and MCL-1. BCL-2 and BCL-XL
expression is increased in PV patients with the JAK2V617F

mutation, and higher JAK2V617F expression in erythroid pre-
cursor cells from PV patients was associated with increased
sensitivity to ABT-737 treatment (57). RNA interference-in-
duced knockdown of BIM decreased sensitivity to JAK2 inhibi-
tion, implying that JAK2 signaling also represses BIM, whereas
MCL-1 knockdown increased apoptosis in JAK2V617F cells and
increased sensitivity to JAK2 inhibition (58). Enforced expres-
sion of JAK2V617F increased MCL-1 expression by STAT3-de-
pendent transcription (59). Together, this suggests that JAK2
signaling raises the apoptosis threshold by increasing expres-
sion of anti-apoptotic members of the BCL-2 family.

One might then predict synergy between JAK2 inhibitors and
BH3-mimetic drugs. The combination of JAK2 inhibitors, such
as ruxolitinib or AZD1480, with BH3-mimetics enhanced the
limited efficacy of JAK inhibitors as single agents (60, 61).
Waibel et al. (62) used an E!-TEL-JAK2 (ETV6-JAK2) mouse
model of T-ALL to show that up-regulation of BCL-2/BCL-XL
and down-regulation of BIM expression promote leukemic cell
survival. BCL-2/BCL-XL inhibition (ABT-737), combined with
JAK2 inhibition, induced the greatest therapeutic response,
compared with either agent alone. Clearly, there are common
mechanisms by which BCR-ABL1 fusions and JAK2 fusions
maintain cell viability. This may apply to all leukemia fusions

activating tyrosine kinase domains. They must all, in some way,
regulate the activation of BAX and BAK, although the individ-
ual BCL-2 proteins and the pathways that connect the fusions
to the apoptosis machinery may vary (63).

ETV6-RUNX1 and cell survival

The ETV6-RUNX1 fusion is present in up to 25% of pediatric
B-ALL cases and is associated with favorable outcomes for
patients (4, 64). The ETV6-RUNX1 fusion is not necessary to
maintain leukemic cell viability, and it is not sufficient alone to
cause a leukemia in murine transplant models (65, 66). There is
substantial evidence to indicate that the ETV6-RUNX1 fusion
can be detected antenatally in pre-leukemic clones. The full
manifestation of ETV6-RUNX1-driven ALL therefore requires
secondary changes that confer resistance to apoptosis (65).

The erythropoietin receptor (EPOR) is consistently overex-
pressed in ETV6-RUNX1-positive ALL (67, 68). EPOR is a
homodimeric cytokine receptor that may also be expressed as a
fusion in Ph-like ALL (4). Normal EPOR signaling requires
binding of the EPO ligand to the receptor to induce signal trans-
duction through JAK2 and STAT5 phosphorylation (69). Chro-
matin immunoprecipitation assays showed the ETV6-RUNX1
fusion bound to the promoter of EPOR, driving EPOR tran-
scription. However, most data suggest that elevated expression
of EPOR alone is not sufficient to activate signaling and that
EPO ligand is also required. It may be that ETV6-RUNX1 drives
unregulated EPOR signaling, STAT5 activation, and elevated
BCL-XL expression (70). Another suggested survival mecha-
nism may be a combination of STAT3 activation (which
increases BCL-2 and BCL-XL expression) and c-MYC-depen-
dent transcription (71).

Infant MLL-r ALL

Infant MLL-r ALL is often aggressive, and the outcomes
remain poor despite intensified chemotherapy or allogeneic
hematopoietic stem cell transplantation (74, 75). The MLL
(KMT2A) gene is a histone methyltransferase located on chro-
mosome 11q23. MLL-r ALL accounts for 80% of infant ALL,
and more than 80 fusion partners have been identified. The
most common are AF4, ENL, and AF9 (76, 77). KMT2A func-
tions in a multiprotein transcriptional regulatory complex and
is required for normal hematopoiesis (78). Among the key tran-
scription targets regulated by KMT2A are the homeobox
(HOX) genes and in particular the HOXA cluster. The trans-
genic expression of the MLL-AF9 fusion does not cause AML in
HoxA9-deficient animals. MLL rearrangements may arise dur-
ing fetal hematopoiesis and may be detected at birth, prior to
the onset of disease (79). Although additional genetic muta-
tions are uncommon in infant MLL-r ALL (3, 80), there are
recognized associations with activating PI3K/RAS pathway
mutations and FLT3 (79).

The common MLL translocations in infant ALL confer resis-
tance to apoptosis (81). This may result from high BCL-2
expression (82). Although BCL-2 is not required for MLL-AF9
to initiate leukemia in murine models, deletion of BCL-2 delays
disease onset and diminishes clonal proliferation (83). MLL-
AF4 also specifically up-regulates the BCL-2 expression by
DOT1L-mediated H3K79 methylation at the BCL-2 locus (84).
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Transcriptional up-regulation of anti-apoptotic BCL-2 pro-
teins by MLL rearrangements may inhibit glucocorticoid-de-
pendent apoptosis. Glucocorticoids form the backbone of ALL
treatment protocols. Approximately 30% of infant MLL-r ALL
have poor glucocorticoid responses (75, 85). Glucocorticoid-
induced apoptosis in lymphocytes proceeds via the BCL-2-reg-
ulated pathway and is absolutely dependent on BAX and BAK
(86). Stam et al. (88) and others (87) showed increased expres-
sion of MCL-1 in prednisolone-resistant pediatric ALL sam-
ples, most notably MLL-r ALL. RNAi knockdown of MCL-1 in
prednisolone-resistant MLL-r leukemia cells partially restores
prednisolone killing (88). Epigenetic silencing of BIM in MLL-r
ALL also contributes to glucocorticoid resistance (89, 90).

The role of BCL-2 in the viability of MLL-r leukemia suggests
that including BCL-2 inhibition in treatment regimens may be
effective. Data from the Pediatric Preclinical Testing Program
showed the BH3 mimetic navitoclax has significant anti-tumor
activity, particularly in MLL-r ALL (91). Jayanthan et al. (92)
also demonstrated that combining ABT-737 with a histone
deacetylase inhibitor, proteasome inhibitor, multi-tyrosine
kinase inhibitor, and anthracycline had additive effects. Vene-
toclax was also effective at killing MLL-r ALL leukemic cells. In
MLL-r ALL xenografts, venetoclax was associated with a higher
response rate of 50%, compared with 26% in non-MLL-ALL
xenografts, suggesting that BCL-2 inhibition, in conjunction
with chemotherapeutics, is effective in this sub-group (93, 94).
These data support the trial of the introduction of BCL-2-in-
hibitor drugs into therapeutic regimens for MLL-r leukemias
(84).

DOT1L is a critical component of the MLL-r transcriptional
complex. Phase I trials of small molecule DOT1L inhibitors
have shown promising molecular efficacy (95, 96). DOT1L
inhibitors also sensitize MLL-r ALL to venetoclax (84), provid-
ing additional evidence that BCL-2 proteins play a role in
MLL-r leukemia and that BCL-2 inhibition may improve clini-
cal outcomes.

Exploiting other cell death pathways in ALL

Repressing BH3-only protein expression while maintaining
expression of anti-apoptotic BCL-2 proteins is a common
theme of ALL fusion function. Other genetically programmed
cell death pathways, which do not necessarily contribute
directly to fusion-driven ALL, may be clinically exploited to
bypass blocks in apoptosis. Necroptosis, or programmed necro-
sis, is activated by diverse extrinsic stimuli but prominently by
TNF receptor 1 signaling (97). The key molecules that mediate
necroptosis include the RIP kinases (RIPK1 and RIPK3) and the
mixed lineage kinase domain-like protein. The inhibitor of apo-
ptosis proteins, cIAP1 and cIAP2, determines whether TNFR1
signaling activates necroptosis. When these are expressed, the
necroptosis pathway is blocked (98). IAP inhibitor small mole-
cule drugs bind to the IAPs and cause rapid proteasomal deg-
radation and simultaneous up-regulation of TNF-activated
TNFR1 signaling (99). The net effect is autonomous TNFR1-
dependent necroptosis. In ALL, the IAP antagonists have
shown single agent efficacy in a range of patient-derived xeno-
graft models (100). The mechanism of action of IAP inhibitor
drugs exploits pathways not primarily regulated by the leuke-

mia driver fusions but that are intact even in highly resistant
tumors.

Conclusion

The mechanisms by which oncogenic fusion genes promote
survival converge on the BCL-2 family of proteins and the
repression of BAX and BAK activation. These fusions promote
cell survival by altering the balance of the BCL-2 family mem-
bers to favor survival, repressing expression of pro-apoptotic
BH3-only proteins, and up-regulating pro-survival BCL-2 fam-
ily members. For fusions that activate tyrosine kinases, most
interest has focused on how the signal transduction pathways
initiated by the fusion impact on key anti-apoptotic proteins
such as BCL-2 and MCL-1. Transcription factor fusions also
regulate the levels of these same BCL-2 family proteins. Fusion-
dependent up-regulation of BCL-2 or MCL-1 expression is a
mechanism of drug resistance but also a therapeutic opportu-
nity. Although drugs that inhibit BCL-2 (BH3 mimetics) have
shown some efficacy in vitro, their use has yet to be imple-
mented into ALL treatment protocols. The promise of this
approach will be tested in upcoming clinical trials.

References
1. Adamson, P. C. (2015) Improving the outcome for children with cancer:

development of targeted new agents. CA Cancer J. Clin. 65, 212–220
2. Pui, C. H., Carroll, W. L., Meshinchi, S., and Arceci, R. J. (2011) Biology,

risk stratification, and therapy of pediatric acute leukemias: an update.
J. Clin. Oncol. 29, 551–565

3. Mullighan, C. G., Goorha, S., Radtke, I., Miller, C. B., Coustan-Smith, E.,
Dalton, J. D., Girtman, K., Mathew, S., Ma, J., Pounds, S. B., Su, X., Pui,
C. H., Relling, M. V., Evans, W. E., Shurtleff, S. A., and Downing, J. R.
(2007) Genome-wide analysis of genetic alterations in acute lymphoblas-
tic leukaemia. Nature 446, 758 –764

4. Roberts, K. G., Li, Y., Payne-Turner, D., Harvey, R. C., Yang, Y. L., Pei, D.,
McCastlain, K., Ding, L., Lu, C., Song, G., Ma, J., Becksfort, J., Rusch, M.,
Chen, S. C., Easton, J., et al. (2014) Targetable kinase-activating lesions in
Ph-like acute lymphoblastic leukemia. N. Engl. J. Med. 371, 1005–1015

5. Roberts, K. G., Morin, R. D., Zhang, J., Hirst, M., Zhao, Y., Su, X., Chen,
S. C., Payne-Turner, D., Churchman, M. L., Harvey, R. C., Chen, X.,
Kasap, C., Yan, C., Becksfort, J., Finney, R. P., et al. (2012) Genetic alter-
ations activating kinase and cytokine receptor signaling in high-risk
acute lymphoblastic leukemia. Cancer Cell 22, 153–166

6. Mullighan, C. G., Zhang, J., Harvey, R. C., Collins-Underwood, J. R.,
Schulman, B. A., Phillips, L. A., Tasian, S. K., Loh, M. L., Su, X., Liu, W.,
Devidas, M., Atlas, S. R., Chen, I. M., Clifford, R. J., Gerhard, D. S., et al.
(2009) JAK mutations in high-risk childhood acute lymphoblastic leuke-
mia. Proc. Natl. Acad. Sci. U.S.A. 106, 9414 –9418

7. Den Boer, M. L., van Slegtenhorst, M., De Menezes, R. X., Cheok, M. H.,
Buijs-Gladdines, J. G., Peters, S. T., Van Zutven, L. J., Beverloo, H. B., Van
der Spek, P. J., Escherich, G., Horstmann, M. A., Janka-Schaub, G. E.,
Kamps, W. A., Evans, W. E., and Pieters, R. (2009) A subtype of childhood
acute lymphoblastic leukaemia with poor treatment outcome: a genome-
wide classification study. Lancet Oncol. 10, 125–134

8. Roberts, K. G., and Mullighan, C. G. (2015) Genomics in acute lympho-
blastic leukaemia: insights and treatment implications. Nat. Rev. Clin.
Oncol. 12, 344 –357

9. Papaemmanuil, E., Rapado, I., Li, Y., Potter, N. E., Wedge, D. C., Tubio, J.,
Alexandrov, L. B., Van Loo, P., Cooke, S. L., Marshall, J., Martincorena, I.,
Hinton, J., Gundem, G., van Delft, F. W., Nik-Zainal, S., et al. (2014)
RAG-mediated recombination is the predominant driver of oncogenic
rearrangement in ETV6-RUNX1 acute lymphoblastic leukemia. Nat.
Genet. 46, 116 –125

10. Druker, B. J., Sawyers, C. L., Kantarjian, H., Resta, D. J., Reese, S. F., Ford,
J. M., Capdeville, R., and Talpaz, M. (2001) Activity of a specific inhibitor

MINIREVIEW: Leukemia fusions and apoptosis

14330 J. Biol. Chem. (2017) 292(35) 14325–14333

 at RO
Y

A
L CH

ILD
REN

'S H
O

SPITA
L on O

ctober 3, 2017
http://w

w
w

.jbc.org/
D

ow
nloaded from

 



 

264 

 

  

of the BCR-ABL tyrosine kinase in the blast crisis of chronic myeloid
leukemia and acute lymphoblastic leukemia with the Philadelphia chro-
mosome. N. Engl. J. Med. 344, 1038 –1042

11. Roberts, K. G., Gu, Z., Payne-Turner, D., McCastlain, K., Harvey, R. C.,
Chen, I. M., Pei, D., Iacobucci, I., Valentine, M., Pounds, S. B., Shi, L., Li,
Y., Zhang, J., Cheng, C., Rambaldi, A., Tosi, M., et al. (2017) High fre-
quency and poor outcome of Philadelphia chromosome-like acute lym-
phoblastic leukemia in adults. J. Clin. Oncol. 35, 394 – 401

12. Jain, N., Roberts, K. G., Jabbour, E., Patel, K., Eterovic, A. K., Chen, K.,
Zweidler-McKay, P., Lu, X., Fawcett, G., Wang, S. A., Konoplev, S., Har-
vey, R. C., Chen, I. M., Payne-Turner, D., Valentine, M., et al. (2017)
Ph-like acute lymphoblastic leukemia: a high-risk subtype in adults.
Blood 129, 572–581

13. Chase, A., Bryant, C., Score, J., Haferlach, C., Grossmann, V., Schwaab, J.,
Hofmann, W. K., Reiter, A., and Cross, N. C. (2013) Ruxolitinib as po-
tential targeted therapy for patients with JAK2 rearrangements. Haema-
tologica 98, 404 – 408

14. Cambier, N., Chopra, R., Strasser, A., Metcalf, D., and Elefanty, A. G.
(1998) BCR-ABL activates pathways mediating cytokine independence
and protection against apoptosis in murine hematopoietic cells in a dose-
dependent manner. Oncogene 16, 335–348

15. Adams, J. M., and Cory, S. (2007) The Bcl-2 apoptotic switch in cancer
development and therapy. Oncogene 26, 1324 –1337

16. Ferrao, P. T., Frost, M. J., Siah, S. P., and Ashman, L. K. (2003) Overex-
pression of P-glycoprotein in K562 cells does not confer resistance to the
growth inhibitory effects of imatinib (STI571) in vitro. Blood 102,
4499 – 4503

17. Kuroda, J., Puthalakath, H., Cragg, M. S., Kelly, P. N., Bouillet, P., Huang,
D. C., Kimura, S., Ottmann, O. G., Druker, B. J., Villunger, A., Roberts,
A. W., and Strasser, A. (2006) Bim and Bad mediate imatinib-induced
killing of Bcr/Abl! leukemic cells, and resistance due to their loss is
overcome by a BH3 mimetic. Proc. Natl. Acad. Sci. U.S.A. 103,
14907–14912

18. Delbridge, A. R., Grabow, S., Strasser, A., and Vaux, D. L. (2016) Thirty
years of BCL-2: translating cell death discoveries into novel cancer ther-
apies. Nat. Rev. Cancer 16, 99 –109

19. Fukuhara, S., and Rowley, J. D. (1978) Chromosome 14 translocations in
nonBurkitt lymphomas. Int. J. Cancer 22, 14 –21

20. Tsujimoto, Y., Finger, L. R., Yunis, J., Nowell, P. C., and Croce, C. M.
(1984) Cloning of the chromosome breakpoint of neoplastic B cells with
the t(14;18) chromosome translocation. Science 226, 1097–1099

21. Vaux, D. L., Cory, S., and Adams, J. M. (1988) Bcl-2 gene promotes
hematopoietic-cell survival and cooperates with c-Myc to immortalize
pre-B-cells. Nature 335, 440 – 442

22. Beroukhim, R., Mermel, C. H., Porter, D., Wei, G., Raychaudhuri, S.,
Donovan, J., Barretina, J., Boehm, J. S., Dobson, J., Urashima, M., Mc
Henry, K. T., Pinchback, R. M., Ligon, A. H., Cho, Y. J., Haery, L., et al.
(2010) The landscape of somatic copy-number alteration across human
cancers. Nature 463, 899 –905

23. Cory, S., Huang, D. C., and Adams, J. M. (2003) The Bcl-2 family: roles in
cell survival and oncogenesis. Oncogene 22, 8590 – 8607

24. Chipuk, J. E., Moldoveanu, T., Llambi, F., Parsons, M. J., and Green, D. R.
(2010) The BCL-2 family reunion. Mol. Cell 37, 299 –310

25. Delbridge, A. R., and Strasser, A. (2015) The BCL-2 protein family, BH3-
mimetics and cancer therapy. Cell Death Differ. 22, 1071–1080

26. Liu, X., Kim, C. N., Yang, J., Jemmerson, R., and Wang, X. (1996) Induc-
tion of apoptotic program in cell-free extracts: requirement for dATP
and cytochrome c. Cell 86, 147–157

27. Ekert, P. G., Read, S. H., Silke, J., Marsden, V. S., Kaufmann, H., Hawkins,
C. J., Gerl, R., Kumar, S., and Vaux, D. L. (2004) Apaf-1 and caspase-9
accelerate apoptosis, but do not determine whether factor-deprived or
drug-treated cells die. J. Cell Biol. 165, 835– 842

28. Henry-Mowatt, J., Dive, C., Martinou, J. C., and James, D. (2004) Role of
mitochondrial membrane permeabilization in apoptosis and cancer. On-
cogene 23, 2850 –2860

29. Warmuth, M., Kim, S., Gu, X. J., Xia, G., and Adrián, F. (2007) Ba/F3 cells
and their use in kinase drug discovery. Curr. Opin. Oncol. 19, 55– 60

30. Wei, M. C., Zong, W. X., Cheng, E. H., Lindsten, T., Panoutsakopoulou,
V., Ross, A. J., Roth, K. A., MacGregor, G. R., Thompson, C. B., and
Korsmeyer, S. J. (2001) Proapoptotic BAX and BAK: a requisite gateway
to mitochondrial dysfunction and death. Science 292, 727–730

31. Lum, J. J., Bauer, D. E., Kong, M., Harris, M. H., Li, C., Lindsten, T., and
Thompson, C. B. (2005) Growth factor regulation of autophagy and cell
survival in the absence of apoptosis. Cell 120, 237–248

32. Ekert, P. G., Jabbour, A. M., Manoharan, A., Heraud, J. E., Yu, J., Pakusch,
M., Michalak, E. M., Kelly, P. N., Callus, B., Kiefer, T., Verhagen, A., Silke,
J., Strasser, A., Borner, C., and Vaux, D. L. (2006) Cell death provoked by
loss of interleukin-3 signaling is independent of Bad, Bim, and PI3 kinase,
but depends in part on Puma. Blood 108, 1461–1468

33. Okuda, K., Golub, T. R., Gilliland, D. G., and Griffin, J. D. (1996)
p210BCR/ABL, p190BCR/ABL, and TEL/ABL activate similar signal
transduction pathways in hematopoietic cell lines. Oncogene 13,
1147–1152

34. Li, S., Ilaria, R. L., Jr., Million, R. P., Daley, G. Q., and Van Etten, R. A.
(1999) The P190, P210, and P230 forms of the BCR/ABL oncogene in-
duce a similar chronic myeloid leukemia-like syndrome in mice but have
different lymphoid leukemogenic activity. J. Exp. Med. 189, 1399 –1412

35. Czabotar, P. E., Westphal, D., Dewson, G., Ma, S., Hockings, C., Fairlie,
W. D., Lee, E. F., Yao, S., Robin, A. Y., Smith, B. J., Huang, D. C., Kluck,
R. M., Adams, J. M., and Colman, P. M. (2013) Bax crystal structures
reveal how BH3 domains activate Bax and nucleate its oligomerization to
induce apoptosis. Cell 152, 519 –531

36. Letai, A., Bassik, M. C., Walensky, L. D., Sorcinelli, M. D., Weiler, S., and
Korsmeyer, S. J. (2002) Distinct BH3 domains either sensitize or activate
mitochondrial apoptosis, serving as prototype cancer therapeutics. Can-
cer Cell 2, 183–192

37. Willis, S. N., Fletcher, J. I., Kaufmann, T., van Delft, M. F., Chen, L.,
Czabotar, P. E., Ierino, H., Lee, E. F., Fairlie, W. D., Bouillet, P., Strasser,
A., Kluck, R. M., Adams, J. M., and Huang, D. C. (2007) Apoptosis initi-
ated when BH3 ligands engage multiple Bcl-2 homologs, not Bax or Bak.
Science 315, 856 – 859

38. Greuber, E. K., Smith-Pearson, P., Wang, J., and Pendergast, A. M. (2013)
Role of ABL family kinases in cancer: from leukaemia to solid tumours.
Nat. Rev. Cancer 13, 559 –571

39. Opferman, J. T., Iwasaki, H., Ong, C. C., Suh, H., Mizuno, S., Akashi, K.,
and Korsmeyer, S. J. (2005) Obligate role of anti-apoptotic MCL-1 in the
survival of hematopoietic stem cells. Science 307, 1101–1104

40. Opferman, J. T., Letai, A., Beard, C., Sorcinelli, M. D., Ong, C. C., and
Korsmeyer, S. J. (2003) Development and maintenance of B and T lym-
phocytes requires antiapoptotic MCL-1. Nature 426, 671– 676

41. Chao, J. R., Wang, J. M., Lee, S. F., Peng, H. W., Lin, Y. H., Chou, C. H., Li,
J. C., Huang, H. M., Chou, C. K., Kuo, M. L., Yen, J. J., and Yang-Yen, H. F.
(1998) mcl-1 is an immediate-early gene activated by the granulocyte-
macrophage colony-stimulating factor (GM-CSF) signaling pathway and
is one component of the GM-CSF viability response. Mol. Cell. Biol. 18,
4883– 4898

42. Melo, J. V. (1996) The diversity of BCR-ABL fusion proteins and their
relationship to leukemia phenotype. Blood 88, 2375–2384

43. Koss, B., Morrison, J., Perciavalle, R. M., Singh, H., Rehg, J. E., Williams,
R. T., and Opferman, J. T. (2013) Requirement for antiapoptotic MCL-1
in the survival of BCR-ABL B-lineage acute lymphoblastic leukemia.
Blood 122, 1587–1598

44. Williams, R. T., Roussel, M. F., and Sherr, C. J. (2006) Arf gene loss
enhances oncogenicity and limits imatinib response in mouse models of
Bcr-Abl-induced acute lymphoblastic leukemia. Proc. Natl. Acad. Sci.
U.S.A. 103, 6688 – 6693

45. Bewry, N. N., Nair, R. R., Emmons, M. F., Boulware, D., Pinilla-Ibarz, J.,
and Hazlehurst, L. A. (2008) Stat3 contributes to resistance toward BCR-
ABL inhibitors in a bone marrow microenvironment model of drug resis-
tance. Mol. Cancer Ther. 7, 3169 –3175

46. Eiring, A. M., Page, B. D., Kraft, I. L., Mason, C. C., Vellore, N. A., Resetca,
D., Zabriskie, M. S., Zhang, T. Y., Khorashad, J. S., Engar, A. J., Reynolds,
K. R., Anderson, D. J., Senina, A., Pomicter, A. D., Arpin, C. C., et al. (2015)
Combined STAT3 and BCR-ABL1 inhibition induces synthetic lethality in
therapy-resistant chronic myeloid leukemia. Leukemia 29, 586–597

MINIREVIEW: Leukemia fusions and apoptosis

J. Biol. Chem. (2017) 292(35) 14325–14333 14331

 at RO
Y

A
L CH

ILD
REN

'S H
O

SPITA
L on O

ctober 3, 2017
http://w

w
w

.jbc.org/
D

ow
nloaded from

 



 

265 

 

  

47. Steelman, L. S., Franklin, R. A., Abrams, S. L., Chappell, W., Kempf, C. R.,
Bäsecke, J., Stivala, F., Donia, M., Fagone, P., Nicoletti, F., Libra, M.,
Ruvolo, P., Ruvolo, V., Evangelisti, C., Martelli, A. M., and McCubrey,
J. A. (2011) Roles of the Ras/Raf/MEK/ERK pathway in leukemia therapy.
Leukemia 25, 1080 –1094

48. Korfi, K., Smith, M., Swan, J., Somervaille, T. C., Dhomen, N., and Marais,
R. (2016) BIM mediates synergistic killing of B-cell acute lymphoblastic
leukemia cells by BCL-2 and MEK inhibitors. Cell Death Dis. 7, e2177

49. Clybouw, C., Merino, D., Nebl, T., Masson, F., Robati, M., O’Reilly, L.,
Hübner, A., Davis, R. J., Strasser, A., and Bouillet, P. (2012) Alternative
splicing of Bim and Erk-mediated Bim(EL) phosphorylation are dispens-
able for hematopoietic homeostasis in vivo. Cell Death Differ. 19,
1060 –1068

50. van Delft, M. F., Wei, A. H., Mason, K. D., Vandenberg, C. J., Chen, L.,
Czabotar, P. E., Willis, S. N., Scott, C. L., Day, C. L., Cory, S., Adams, J. M.,
Roberts, A. W., and Huang, D. C. (2006) The BH3 mimetic ABT-737
targets selective Bcl-2 proteins and efficiently induces apoptosis via Bak/
Bax if Mcl-1 is neutralized. Cancer Cell 10, 389 –399

51. Scherr, M., Elder, A., Battmer, K., Barzan, D., Bomken, S., Ricke-Hoch,
M., Schröder, A., Venturini, L., Blair, H. J., Vormoor, J., Ottmann, O.,
Ganser, A., Pich, A., Hilfiker-Kleiner, D., Heidenreich, O., and Eder, M.
(2014) Differential expression of miR-17!92 identifies BCL2 as a thera-
peutic target in BCR-ABL-positive B-lineage acute lymphoblastic leuke-
mia. Leukemia 28, 554 –565

52. Jones, L., Carol, H., Evans, K., Richmond, J., Houghton, P. J., Smith, M. A.,
and Lock, R. B. (2016) A review of new agents evaluated against pediatric
acute lymphoblastic leukemia by the Pediatric Preclinical Testing Pro-
gram. Leukemia 30, 2133–2141

53. Leonard, J. T., Rowley, J. S., Eide, C. A., Traer, E., Hayes-Lattin, B., Lori-
aux, M., Spurgeon, S. E., Druker, B. J., Tyner, J. W., and Chang, B. H.
(2016) Targeting BCL-2 and ABL/LYN in Philadelphia chromosome-
positive acute lymphoblastic leukemia. Sci. Transl. Med. 8, 354ra114

54. Irving, J., Matheson, E., Minto, L., Blair, H., Case, M., Halsey, C., Swid-
enbank, I., Ponthan, F., Kirschner-Schwabe, R., Groeneveld-Krentz, S.,
Hof, J., Allan, J., Harrison, C., Vormoor, J., von Stackelberg, A., and Eck-
ert, C. (2014) Ras pathway mutations are prevalent in relapsed childhood
acute lymphoblastic leukemia and confer sensitivity to MEK inhibition.
Blood 124, 3420 –3430

55. Mullighan, C. G., Collins-Underwood, J. R., Phillips, L. A., Loudin, M. G.,
Liu, W., Zhang, J., Ma, J., Coustan-Smith, E., Harvey, R. C., Willman,
C. L., Mikhail, F. M., Meyer, J., Carroll, A. J., Williams, R. T., Cheng, J., et
al. (2009) Rearrangement of CRLF2 in B-progenitor- and Down syn-
drome-associated acute lymphoblastic leukemia. Nat. Genet. 41,
1243–1246

56. Quintas-Cardama, A., Kantarjian, H., Cortes, J., and Verstovsek, S. (2011)
Janus kinase inhibitors for the treatment of myeloproliferative neoplasias
and beyond. Nat. Rev. Drug Discov. 10, 318 –318

57. Zeuner, A., Pedini, F., Francescangeli, F., Signore, M., Girelli, G., Tafuri,
A., and De Maria, R. (2009) Activity of the BH3 mimetic ABT-737 on
polycythemia vera erythroid precursor cells. Blood 113, 1522–1525

58. Rubert, J., Qian, Z., Andraos, R., Guthy, D. A., and Radimerski, T. (2011)
Bim and Mcl-1 exert key roles in regulating JAK2(V617F) cell survival.
BMC Cancer 11, 24

59. Guo, J., Roberts, L., Chen, Z., Merta, P. J., Glaser, K. B., and Shah, O. J.
(2015) JAK2(V617F) Drives Mcl-1 expression and sensitizes Hemato-
logic Cell lines to dual inhibition of JAK2 and Bcl-xL. PLoS One 10,
e0114363

60. Schinnerl, D., Fortschegger, K., Kauer, M., Marchante, J. R., Kofler, R.,
Den Boer, M. L., and Strehl, S. (2015) The role of the Janus-faced tran-
scription factor PAX5-JAK2 in acute lymphoblastic leukemia. Blood 125,
1282–1291

61. Suryani, S., Bracken, L. S., Harvey, R. C., Sia, K. C., Carol, H., Chen, I. M.,
Evans, K., Dietrich, P. A., Roberts, K. G., Kurmasheva, R. T., Billups, C. A.,
Mullighan, C. G., Willman, C. L., Loh, M. L., Hunger, S. P., et al. (2015)
Evaluation of the in vitro and in vivo efficacy of the JAK inhibitor
AZD1480 against JAK-mutated acute lymphoblastic leukemia. Mol.
Cancer Ther. 14, 364 –374

62. Waibel, M., Solomon, V. S., Knight, D. A., Ralli, R. A., Kim, S. K., Banks,
K. M., Vidacs, E., Virely, C., Sia, K. C., Bracken, L. S., Collins-Underwood,
R., Drenberg, C., Ramsey, L. B., Meyer, S. C., Takiguchi, M., et al. (2013)
Combined targeting of JAK2 and Bcl-2/Bcl-xL to cure mutant JAK2-
driven malignancies and overcome acquired resistance to JAK2 inhibi-
tors. Cell Rep. 5, 1047–1059

63. Cuesta-Domínguez, Á., Ortega, M., Ormazábal, C., Santos-Roncero, M.,
Galán-Díez, M., Steegmann, J. L., Figuera, Á., Arranz, E., Vizmanos, J. L.,
Bueren, J. A., Río, P., and Fernández-Ruiz, E. (2012) Transforming and
tumorigenic activity of JAK2 by fusion to BCR: molecular mechanisms of
action of a novel BCR-JAK2 tyrosine-kinase. PLoS One 7, e32451

64. Rubnitz, J. E., Wichlan, D., Devidas, M., Shuster, J., Linda, S. B., Kurtz-
berg, J., Bell, B., Hunger, S. P., Chauvenet, A., Pui, C. H., Camitta, B.,
Pullen, J., and Children’s Oncology Group. (2008) Prospective analysis of
TEL gene rearrangements in childhood acute lymphoblastic leukemia: a
Children’s Oncology Group study. J. Clin. Oncol. 26, 2186 –2191

65. Fischer, M., Schwieger, M., Horn, S., Niebuhr, B., Ford, A., Roscher, S.,
Bergholz, U., Greaves, M., Löhler, J., and Stocking, C. (2005) Defining the
oncogenic function of the TEL/AML1 (ETV6/RUNX1) fusion protein in
a mouse model. Oncogene 24, 7579 –7591

66. Zaliova, M., Madzo, J., Cario, G., and Trka, J. (2011) Revealing the role of
TEL/AML1 for leukemic cell survival by RNAi-mediated silencing. Leu-
kemia 25, 313–320

67. Fine, B. M., Stanulla, M., Schrappe, M., Ho, M., Viehmann, S., Harbott, J.,
and Boxer, L. M. (2004) Gene expression patterns associated with recur-
rent chromosomal translocations in acute lymphoblastic leukemia.
Blood 103, 1043–1049

68. Inthal, A., Krapf, G., Beck, D., Joas, R., Kauer, M. O., Orel, L., Fuka, G.,
Mann, G., and Panzer-Grümayer, E. R. (2008) Role of the erythropoietin
receptor in ETV6/RUNX1-positive acute lymphoblastic leukemia. Clin.
Cancer Res. 14, 7196 –7204

69. Szenajch, J., Wcislo, G., Jeong, J. Y., Szczylik, C., and Feldman, L. (2010)
The role of erythropoietin and its receptor in growth, survival and ther-
apeutic response of human tumor cells from clinic to bench–a critical
review. Biochim. Biophys. Acta 1806, 82–95

70. Torrano, V., Procter, J., Cardus, P., Greaves, M., and Ford, A. M. (2011)
ETV6-RUNX1 promotes survival of early B lineage progenitor cells via a
dysregulated erythropoietin receptor. Blood 118, 4910 – 4918

71. Mangolini, M., de Boer, J., Walf-Vorderwülbecke, V., Pieters, R., den
Boer, M. L., and Williams, O. (2013) STAT3 mediates oncogenic addic-
tion to TEL-AML1 in t(12;21) acute lymphoblastic leukemia. Blood 122,
542–549

72. Strasser, A., Harris, A. W., Bath, M. L., and Cory, S. (1990) Novel primi-
tive lymphoid tumors induced in transgenic mice by cooperation be-
tween Myc and Bcl-2. Nature 348, 331–333

73. Fanidi, A., Harrington, E. A., and Evan, G. I. (1992) Cooperative interac-
tion between C-Myc and Bcl-2 protooncogenes. Nature 359, 554 –556

74. Dreyer, Z. E., Hilden, J. M., Jones, T. L., Devidas, M., Winick, N. J., Will-
man, C. L., Harvey, R. C., Chen, I. M., Behm, F. G., Pullen, J., Wood, B. L.,
Carroll, A. J., Heerema, N. A., Felix, C. A., Robinson, B., et al. (2015)
Intensified chemotherapy without Sct in infant all: results from COG
P9407 (Cohort 3). Pediatr. Blood Cancer 62, 419 – 426

75. Pieters, R., Schrappe, M., De Lorenzo, P., Hann, I., De Rossi, G., Felice,
M., Hovi, L., LeBlanc, T., Szczepanski, T., Ferster, A., Janka, G., Rubnitz,
J., Silverman, L., Stary, J., Campbell, M., et al. (2007) A treatment protocol
for infants younger than 1 year with acute lymphoblastic leukaemia (In-
terfant-99): an observational study and a multicentre randomised trial.
Lancet 370, 240 –250

76. Chessells, J. M., Harrison, C. J., Kempski, H., Webb, D. K., Wheatley, K.,
Hann, I. M., Stevens, R. F., Harrison, G., Gibson, B. E., and MRC Child-
hood Leukaemia Working Party. (2002) Clinical features, cytogenetics
and outcome in acute lymphoblastic and myeloid leukaemia of infancy:
report from the MRC Childhood Leukaemia Working Party. Leukemia
16, 776 –784

77. Yokoyama, A., Lin, M., Naresh, A., Kitabayashi, I., and Cleary, M. L.
(2010) A higher-order complex containing AF4 and ENL family proteins
with P-TEFb facilitates oncogenic and physiologic MLL-dependent tran-
scription. Cancer Cell 17, 198 –212

MINIREVIEW: Leukemia fusions and apoptosis

14332 J. Biol. Chem. (2017) 292(35) 14325–14333

 at RO
Y

A
L CH

ILD
REN

'S H
O

SPITA
L on O

ctober 3, 2017
http://w

w
w

.jbc.org/
D

ow
nloaded from

 



 

266 

 

   

78. Muntean, A. G., and Hess, J. L. (2009) Epigenetic dysregulation in cancer.
Am. J. Pathol. 175, 1353–1361

79. Andersson, A. K., Ma, J., Wang, J., Chen, X., Gedman, A. L., Dang, J.,
Nakitandwe, J., Holmfeldt, L., Parker, M., Easton, J., Huether, R., Kri-
wacki, R., Rusch, M., Wu, G., Li, Y., et al. (2015) The landscape of somatic
mutations in infant MLL-rearranged acute lymphoblastic leukemias.
Nat. Genet. 47, 330 –337

80. Andersson, A. K., Ma, J., Wang, J. M., Chen, X., Rusch, M., Wu, G.,
Easton, J., Parker, M., Raimondi, S. C., Holmfeldt, L., Gedman, A. L.,
Song, G. C., Becksfort, J., Gupta, P., Ulyanov, A., Payne-Turner, D., et al.
(2011) Whole genome sequence analysis of 22 MLL rearranged infant
acute lymphoblastic leukemias reveals remarkably few somatic muta-
tions: a report from the St Jude Children’s Research
Hospital–Washington University Pediatric Cancer Genome Project.
Blood 118, 33–34

81. Kersey, J. H., Wang, D., and Oberto, M. (1998) Resistance of t(4;11)
(MLL-AF4 fusion gene) leukemias to stress-induced cell death: possible
mechanism for extensive extramedullary accumulation of cells and poor
prognosis. Leukemia 12, 1561–1564

82. Robinson, B. W., Behling, K. C., Gupta, M., Zhang, A. Y., Moore, J. S.,
Bantly, A. D., Willman, C. L., Carroll, A. J., Adamson, P. C., Barrett, J. S.,
and Felix, C. A. (2008) Abundant anti-apoptotic BCL-2 is a molecular
target in leukaemias with t(4;11) translocation. Br. J. Haematol. 141,
827– 839

83. Brumatti, G., Salmanidis, M., Kok, C. H., Bilardi, R. A., Sandow, J. J., Silke,
N., Mason, K., Visser, J., Jabbour, A. M., Glaser, S. P., Okamoto, T.,
Bouillet, P., D’Andrea, R. J., and Ekert, P. G. (2013) HoxA9 regulated
Bcl-2 expression mediates survival of myeloid progenitors and the sever-
ity of HoxA9-dependent leukemia. Oncotarget 4, 1933–1947

84. Benito, J. M., Godfrey, L., Kojima, K., Hogdal, L., Wunderlich, M., Geng,
H. M., Marzo, I., Harutyunyan, K. G., Golfman, L., North, P., Kerry, J.,
Ballabio, E., Chonghaile, T. N., Gonzalo, O., Qiu, Y., et al. (2015) MLL-
rearranged acute lymphoblastic leukemias activate BCL-2 through
H3K79 methylation And are Sensitive to the BCL-2-specific antagonist
ABT-199. Cell Rep. 13, 2715–2727

85. Dördelmann, M., Reiter, A., Borkhardt, A., Ludwig, W. D., Götz, N.,
Viehmann, S., Gadner, H., Riehm, H., and Schrappe, M. (1999) Predni-
sone response is the strongest predictor of treatment outcome in infant
acute lymphoblastic leukemia. Blood 94, 1209 –1217

86. Bouillet, P., Metcalf, D., Huang, D. C., Tarlinton, D. M., Kay, T. W.,
Köntgen, F., Adams, J. M., and Strasser, A. (1999) Proapoptotic Bcl-2
relative bim required for certain apoptotic responses, leukocyte homeo-
stasis, and to preclude autoimmunity. Science 286, 1735–1738

87. Holleman, A., Cheok, M. H., den Boer, M. L., Yang, W., Veerman, A. J.,
Kazemier, K. M., Pei, D., Cheng, C., Pui, C. H., Relling, M. V., Janka-
Schaub, G. E., Pieters, R., and Evans, W. E. (2004) Gene-expression pat-
terns in drug-resistant acute lymphoblastic leukemia cells and response
to treatment. N. Engl. J. Med. 351, 533–542

88. Stam, R. W., Den Boer, M. L., Schneider, P., de Boer, J., Hagelstein, J.,
Valsecchi, M. G., de Lorenzo, P., Sallan, S. E., Brady, H. J., Armstrong,
S. A., and Pieters, R. (2010) Association of high-level MCL-1 expression
with in vitro and in vivo prednisone resistance in MLL-rearranged infant

acute lymphoblastic leukemia. Blood 115, 1018 –1025
89. Bachmann, P. S., Gorman, R., Mackenzie, K. L., Lutze-Mann, L., and

Lock, R. B. (2005) Dexamethasone resistance in B-cell precursor child-
hood acute lymphoblastic leukemia occurs downstream of ligand-in-
duced nuclear translocation of the glucocorticoid receptor. Blood 105,
2519 –2526

90. Bachmann, P. S., Piazza, R. G., Janes, M. E., Wong, N. C., Davies, C.,
Mogavero, A., Bhadri, V. A., Szymanska, B., Geninson, G., Magistroni, V.,
Cazzaniga, G., Biondi, A., Miranda-Saavedra, D., Göttgens, B., Saffery, R.,
et al. (2010) Epigenetic silencing of BIM in glucocorticoid poor-respon-
sive pediatric acute lymphoblastic leukemia, and its reversal by histone
deacetylase inhibition. Blood 116, 3013–3022

91. Lock, R., Carol, H., Houghton, P. J., Morton, C. L., Kolb, E. A., Gorlick, R.,
Reynolds, C. P., Maris, J. M., Keir, S. T., Wu, J., and Smith, M. A. (2008)
Initial testing (stage 1) of the BH3 mimetic ABT-263 by the pediatric
preclinical testing program. Pediatr. Blood Cancer 50, 1181–1189

92. Jayanthan, A., Incoronato, A., Singh, A., Blackmore, C., Bernoux, D.,
Lewis, V., Stam, R., Whitlock, J. A., and Narendran, A. (2011) Cytotox-
icity, drug combinability, and biological correlates of ABT-737 against
acute lymphoblastic leukemia cells with MLL rearrangement. Pediatr.
Blood Cancer 56, 353–360

93. Khaw, S. L., Suryani, S., Evans, K., Richmond, J., Robbins, A., Kur-
masheva, R. T., Billups, C. A., Erickson, S. W., Guo, Y., Houghton, P. J.,
Smith, M. A., Carol, H., Roberts, A. W., Huang, D. C., and Lock, R. B.
(2016) Venetoclax responses of pediatric ALL xenografts reveal sensitiv-
ity of MLL-rearranged leukemia. Blood 128, 1382–1395

94. Hanna, D., and Anderson, M. A. (2016) A new approach to high risk
pediatric acute lymphoblastic leukemia? Transl. Cancer Res. 1428 –1432

95. Chen, C. W., and Armstrong, S. A. (2015) Targeting DOT1L and HOX
gene expression in MLL-rearranged leukemia and beyond. Exp. Hematol.
43, 673– 684

96. Daigle, S. R., Olhava, E. J., Therkelsen, C. A., Basavapathruni, A., Jin, L.,
Boriack-Sjodin, P. A., Allain, C. J., Klaus, C. R., Raimondi, A., Scott, M. P.,
Waters, N. J., Chesworth, R., Moyer, M. P., Copeland, R. A., Richon,
V. M., and Pollock, R. M. (2013) Potent inhibition of DOT1L as treatment
of MLL-fusion leukemia. Blood 122, 1017–1025

97. Hitomi, J., Christofferson, D. E., Ng, A., Yao, J., Degterev, A., Xavier, R. J.,
and Yuan, J. (2008) Identification of a molecular signaling network that
regulates a cellular necrotic cell death pathway. Cell 135, 1311–1323

98. Deveraux, Q. L., and Reed, J. C. (1999) IAP family proteins–suppressors
of apoptosis. Genes Dev. 13, 239 –252

99. Vince, J. E., Wong, W. W., Khan, N., Feltham, R., Chau, D., Ahmed, A. U.,
Benetatos, C. A., Chunduru, S. K., Condon, S. M., McKinlay, M., Brink,
R., Leverkus, M., Tergaonkar, V., Schneider, P., Callus, B. A., et al. (2007)
IAP antagonists target cIAP1 to induce TNF !-dependent apoptosis. Cell
131, 682– 693

100. Richmond, J., Robbins, A., Evans, K., Beck, D., Kurmasheva, R. T., Billups,
C. A., Carol, H., Heatley, S., Sutton, R., Marshall, G. M., White, D.,
Pimanda, J., Houghton, P. J., Smith, M. A., and Lock, R. B. (2016) Acute
sensitivity of Ph-like acute lymphoblastic leukemia to the SMAC-mi-
metic birinapant. Cancer Res. 76, 4579 – 4591

MINIREVIEW: Leukemia fusions and apoptosis

J. Biol. Chem. (2017) 292(35) 14325–14333 14333

 at RO
Y

A
L CH

ILD
REN

'S H
O

SPITA
L on O

ctober 3, 2017
http://w

w
w

.jbc.org/
D

ow
nloaded from

 



 

267 

 

Appendix 2. 

Table A2.1. Blast percentage in peripheral blood or bone marrow samples 
obtained from 126 ALL patients 
Sample ID Group Subtype Sample type Blast (%) 
MLM_7 B-ALL Hyperdiploidy Bone marrow 96 
MLM_20 B-ALL Hyperdiploidy Bone marrow 95.5 
MLM_18 B-ALL Hyperdiploidy Bone marrow 78.8 
EKL3_13 B-ALL Hyperdiploidy Bone marrow 83.5 
EKL3_17 B-ALL Hyperdiploidy Bone marrow 85 
EKL3_19 B-ALL Hyperdiploidy Bone marrow 90 
EKL5_5 B-ALL Hyperdiploidy Bone marrow 32.9 
EKL10_5 B-ALL Hyperdiploidy Bone marrow 13 
EKL15_1 B-ALL Hyperdiploidy Bone marrow 36 
EKL15_8 B-ALL Hyperdiploidy Bone marrow 93 
EKL17_7 B-ALL Hyperdiploidy Peripheral blood 88 
EKL8_5 B-ALL Hyperdiploidy Bone marrow 70 
EKL8_4 B-ALL Hyperdiploidy Bone marrow 83 
EKL3_23 B-ALL Hyperdiploidy Bone marrow 88 
EKL23_1 B-ALL Hyperdiploidy Bone marrow 87 
MLM_21 B-ALL Hyperdiploidy Bone marrow 77 
EKL5_4 B-ALL Hyperdiploidy Bone marrow 75 
EKL18_6 B-ALL Hyperdiploidy Peripheral blood 0 
EKL20_2 B-ALL Hyperdiploidy Bone marrow 99 
EKL17_8 B-ALL Hyperdiploidy Bone marrow 0 
EKL20_5 B-ALL Hyperdiploidy Bone marrow 93 
EKL5_6 B-ALL Hyperdiploidy Bone marrow 91 
EKL12_2 B-ALL Hyperdiploidy Bone marrow 97 
EKL12_5 B-ALL Hyperdiploidy Peripheral blood 60 
EKL15_4 B-ALL Hyperdiploidy Peripheral blood 86 
EKL15_6 B-ALL Hyperdiploidy Bone marrow 96 
EKL7_6 B-ALL Hyperdiploidy Bone marrow 86 
EKL8_7 B-ALL Hyperdiploidy Bone marrow 1.5 
EKL6_2 B-ALL Hyperdiploidy Bone marrow 95 
EKL7_5 B-ALL Hypodiploidy Bone marrow 98 
EKL19_18 B-ALL Hypodiploidy Bone marrow 95 
EKL18_16 B-ALL Hypodiploidy Bone marrow 0 
EKL9_4 B-ALL Hypodiploidy Bone marrow 87 
EKL11_9 B-ALL Hypodiploidy Bone marrow 88 
MLM_10 B-ALL BCR-ABL1 Bone marrow 6 
EKL11_10 B-ALL BCR-ABL1 Peripheral blood 92 
EKL15_9 B-ALL BCR-ABL1 Bone marrow 91 
EKL6_9 B-ALL BCR-ABL1 Bone marrow 85 
EKL10_2 B-ALL KMT2A rearranged Bone marrow 80 
EKL3_20 B-ALL KMT2A rearranged Peripheral blood 0 
EKL5_7 B-ALL KMT2A rearranged Bone marrow 40 
MLM_4 B-ALL KMT2A rearranged Peripheral blood 80 
EKL9_8 B-ALL KMT2A rearranged Peripheral blood 94 
EKL18_7 B-ALL KMT2A rearranged Peripheral blood 74 
EKL7_7 B-ALL ETV6-RUNX1 Bone marrow 91.5 
EKL8_1 B-ALL ETV6-RUNX1 Bone marrow 89.5 
MLM_1 B-ALL ETV6-RUNX1 Bone marrow 89.9 
MLM_8 B-ALL ETV6-RUNX1 Bone marrow 86.6 
EKL3_1 B-ALL ETV6-RUNX1 Bone marrow 78 
EKL5_8 B-ALL ETV6-RUNX1 Peripheral blood 0 
EKL5_10 B-ALL ETV6-RUNX1 Bone marrow 95 
EKL14_8 B-ALL ETV6-RUNX1 Bone marrow 93 
EKL16_2 B-ALL ETV6-RUNX1 Bone marrow 97.5 
EKL16_3 B-ALL ETV6-RUNX1 Bone marrow 94 
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EKL18_14 B-ALL ETV6-RUNX1 Bone marrow 97 
EKL9_2 B-ALL ETV6-RUNX1 Bone marrow 87.2 
EKL3_2 B-ALL ETV6-RUNX1 Bone marrow 92 
EKL14_7 B-ALL ETV6-RUNX1 Bone marrow 87 
EKL9_5 B-ALL ETV6-RUNX1 Bone marrow 95 
EKL5_11 B-ALL ETV6-RUNX1 Bone marrow 85 
EKL12_4 B-ALL ETV6-RUNX1 Bone marrow 88 
EKL17_3 B-ALL ETV6-RUNX1 Bone marrow 92 
EKL11_8 B-ALL ETV6-RUNX1 Bone marrow 95 
EKL16_9 B-ALL ETV6-RUNX1 Bone marrow 95 
EKL20_7 B-ALL TCF3-PBX1 Peripheral blood 12 
MLM_9 B-ALL TCF3-PBX1 Bone marrow 86 
EKL13_6 B-ALL IL3-IGH Bone marrow 20 
EKL6_1 B-ALL Other; ABL1 rearranged Bone marrow 87.8 
EKL19_11 B-ALL Other; ABL1 rearranged Bone marrow 80 
EKL9_3 B-ALL Other; PAX5-JAK2 Bone marrow 93 
EKL3_21 B-ALL Other; PAX5-JAK2 Bone marrow 93 
EKL3_26 B-ALL Other; P2RY8-CRLF2 Bone marrow 76 
MLM_16 B-ALL Other; IGH-CRLF2 Bone marrow 96.7 
EKL7_8 B-ALL Other; P2RY8-CRLF2 Bone marrow 100 
MLM_22 B-ALL Other; P2RY8-CRLF2 Bone marrow 86.1 
EKL6_8 B-ALL Other; P2RY8-CRLF2 Bone marrow 80 
EKL19_12 B-ALL Other; P2RY8-CRLF2 Bone marrow 90 
EKL3_25 B-ALL Other; P2RY8-CRLF2 Peripheral blood 0 
EKL13_7 B-ALL Other; P2RY8-CRLF2 Peripheral blood 66 
EKL6_7 B-ALL Other; P2RY8-CRLF2 Peripheral blood 91 
EKL18_4 B-ALL Other; P2RY8-CRLF2 Bone marrow 95 
EKL11_12 B-ALL Non-standard ETV6 Bone marrow 97 
EKL13_3 B-ALL Non-standard ETV6 Bone marrow 92 
EKL11_7 B-ALL Non-standard ETV6 Bone marrow 97 
EKL18_1 B-ALL Non-standard ETV6 Bone marrow 100 
EKL19_1 B-ALL Other; TCF3-ZNF384 Bone marrow 83 
EKL20_10 B-ALL Other; TCF3-ZNF384 Bone marrow 68.5 
EKL18_5 B-ALL Other; PAX5 rearranged Bone marrow 89 
MLM_23 B-ALL Other; PAX5 rearranged Bone marrow 91 
EKL3_5 B-ALL Other Bone marrow 90 
EKL4_2 B-ALL Other Peripheral blood 18 
EKL18_12 B-ALL Other Bone marrow 64 
EKL5_9 B-ALL Other Bone marrow 95 
EKL5_12 B-ALL Other Bone marrow 63 
EKL12_1 B-ALL Other Peripheral blood 9 
EKL18_18 B-ALL Other Bone marrow 67 
EKL19_14 B-ALL Other Bone marrow 93.4 
EKL8_6 B-ALL Other Bone marrow 91 
EKL15_12 B-ALL Other Bone marrow 60 
EKL3_6 T-ALL ETP-ALL Bone marrow 30 
EKL18_2 T-ALL ETP-ALL Bone marrow 94.7 
EKL3_22 T-ALL ETP-ALL Bone marrow 26 
MLM_2 T-ALL ETP-ALL Bone marrow 1 
EKL20_4 T-ALL LMO2 rearranged Bone marrow 56 
EKL19_8 T-ALL LMO2 rearranged Peripheral blood 62 
EKL5_1 T-ALL LMO2 rearranged Bone marrow 95 
EKL22_2 T-ALL KMT2A rearranged Peripheral blood 62.2 
EKL19_5 T-ALL NUP214-ABL1 Bone marrow 19.8 
EKL20_3 T-ALL TRA-MYC Peripheral blood 82 
EKL12_6 T-ALL Other Bone marrow 16.5 
EKL12_7 T-ALL Other Bone marrow 89 
EKL19_4 T-ALL Other Bone marrow 4.5 
EKL3_10 T-ALL Other Peripheral blood 67 
EKL20_1 T-ALL Other Bone marrow 82 
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EKL15_13 T-ALL Other Bone marrow 91 
EKL13_2 T-ALL Other Bone marrow 78 
EKL14_9 T-ALL Other Bone marrow 89 
EKL24_3 T-ALL Other Bone marrow 95.5 
EKL3_7 T-ALL Other Bone marrow 97 
EKL7_2 T-ALL Other Bone marrow 44 
EKL10_1 T-ALL Other Peripheral blood 6 
EKL4_1 T-ALL Other Peripheral blood 50 
MLM_3 T-ALL Other Peripheral blood 88 
EKL14_10 T-ALL Other Bone marrow 91 
EKL15_11 T-ALL Other Bone marrow 88 
EKL5_2 T-ALL Other Bone marrow 82.7 
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Table A2.2. Specific fusions identified in B- and T-ALL patients 
 Rearrangements identified 
Subtype Standard test RNA-seq 
B-ALL (n=99) 
Hyperdiploid (29) NA PAX5-LINC014001 (1) 
High-hypodiploid (2) NA PAX5-ARHGAP22 (1) 
Low Hypodiploid (3) NA 0 

BCR-ABL1 (4) BCR-ABL1 (4) BCR-ABL1 (3) 
Not identified (1) 

KMT2A rearranged (6) 

KMT2A-AFF1 (2); 
KMT2A-MLLT3 (1); 
KMT2A-MLLT1 (1) 

KMT2A other (2) 

KMT2A-AFF1 (2); 
KMT2A-MLLT3 (1); 
KMT2A-USP2 (1); 
Not identified (2) 

ETV6-RUNX1 (20) ETV6-RUNX1 (20) ETV6-RUNX1 (20) 
TCF3-PBX1 (2) TCF3-PBX1 (2) TCF3-PBX1 (2) 
IL3-IGH (1) IL3-IGH (1) Not identified (1) 

Undefined/'B-other' (32) 

 
 

SFPQ-ABL1 (1); 
SNX2-ABL1 (1); 

P2RY8-CRLF2 (8); 
ETV6-other (4); 

 
 
 

TCF3-ZNF384 (1); 
PAX5-AUTS2 (1); 
IGH-CRLF2 (1); 

Not identified (15) 

Rearrangement identified by standard test (18) 
SFPQ-ABL1 (1); 
SNX2-ABL1 (1); 

P2RY8-CRLF21, 2 (8); 
ETV6-CLN62 (1); 

ETV6-MDH22 (1) + ETV6-ATP5SL2 (1); 
ETV6-NR3C11 (1); 

CHST11-VPS82, 3 (1); 
TCF3-ZNF38 (1); 
PAX5-AUTS2 (1); 
Not identified (1) 

No rearrangement identified by standard test (15) 
PAX5-JAK2 (2); 

P2RY8-CRLF2 (1); 
TCF3-ZNF384 (1); 
PAX5-AUTS2 (1); 
Not identified (11) 

Additional findings (2) 
IKZF1-CEP1701, 4 (1) 

PAX5-NOL4L5 (1) 
PAX5-MSMP6 (1) 

T-ALL (n=27) 
ETP-ALL (4) NA ETV6-CRX (1) 

Undefined/'T-other' (23) 

 
 

LMO2-TRA (2); 
KMT2A-MLLT1 (1); 
NUP214-ABL1 (1); 

TRA-MYC (1); 
TRB-TLX1 (1); 

Not identified (17) 

Rearrangement identified by standard test (7) 
LMO2-TRA1 (2); 

KMT2A-MLLT1 (1); 
NUP214-ABL1 (1); 

PTEN-ATAD11, 3 (1); 
Not identified (1) 

No rearrangement identified by standard test (17) 
LMO2-TRA1 (1); 

BCOR-KDM6A + PHF16-BCOR (1); 
TCF7-CSF1R (1); 
TP53-WDR71 (1); 
Not identified (12) 

1. Out-of-frame fusion transcript. Results in dysregulated expression of one gene partner. 
2. Multiple transcripts of this fusion identified. Frame may vary between transcripts. 
3. Rearrangement identified was different to what was identified by standard test. 
4. Additional finding of IKZF1-CEP170 fusion found in patient that also had ETV6-CLN6 fusion identified 
5. Additional finding of PAX5 rearrangement, PAX5-NOL4L fusion found in patient with P2RY8-CRLF2 fusion identified 
6. Additional finding of PAX5 rearrangement, PAX5-MSMP fusion found in patient with IGH-CRLF2 fusion identified 
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Table A2.3. Summary of IKZF1 deletion cases identified by clinical cytogenetics or non-standard molecular tests 
Sample 
ID Group Subtype Rearrangement IKZF1 alteration Method Outcome SNP microarray RQ-PCR 
EKL20_5 BCP-ALL Hyperdiploid Nil Boundaries of 

deletion unknown1 
Yes, interstitial deletion 7p14.3-p11.2 
(20Mb) 

Yes2 No event 

EKL7_6 BCP-ALL Hyperdiploid Nil Monosomy 73 No No Relapse 3-years post-diagnosis. 
Died 4-months post-relapse. 

EKL6_2 BCP-ALL Hyperdiploid Nil Del4-7 Yes, interstitial deletion 7p12.2 (21kb) Yes Relapse 1-year post-diagnosis. 
Died 4-months post-relapse. 

EKL7_5 
 

BCP-ALL High-
hypodiploid 

PAX5-ARHGAP22 Subclonal Del4-7 
at relapse 

Yes, no deletion in 7p12.2 detected Yes Relapse 18-months post-
diagnosis. BMT 5-months post-
relapse. Died 4-months post-
BMT. 

EKL15_9 BCP-ALL BCR-ABL1+ BCR-ABL1 Del4-7 No Yes No event 
MLM_10 
 

BCP-ALL BCR-ABL1+ BCR-ABL1 Del4-7 at relapse Yes, interstitial deletion 7p12.2 (211kb) 
at relapse 

Yes Relapse 6-months post-diagnosis. 
BMT 4-months post-relapse. In 
remission 14-months post-BMT. 

EKL19_11 BCP-ALL Undefined SNX2-ABL1 Del2-7 Yes, interstitial deletion 7p12.2 (113kb) Yes BMT 7-months post-diagnosis. In 
remission 7-months post-BMT. 

EKL9_3 BCP-ALL Undefined PAX5-JAK2 Del4-8 Yes, interstitial deletion 7p12.2 (58kb) Yes No event 
EKL7_8 BCP-ALL Undefined P2RY8-CRLF2 Boundaries of 

deletion unknown1 
Yes, interstitial deletion 7p12.2 (56kb) No No event 

EKL18_4 BCP-ALL Undefined P2RY8-CRLF2 Del4-7 Yes, interstitial deletion 7p12.2 (39kb) Yes No event 
EKL13_3 BCP-ALL Undefined CHST11-VPS8 Boundaries of 

deletion unknown1 
Yes, interstitial deletion 7p12.2 (45kb) No No event 

EKL11_12 BCP-ALL Undefined ETV6-CLN6 IKZF1-CEP1704 Yes, no deletion in 7p12.2 detected No No event 
EKL19_1 BCP-ALL Undefined TCF3-ZNF384 Boundaries of 

deletion unknown1 
Yes, interstitial deletion 7p12.2 (58kb) No No event 

EKL8_6 
 

BCP-ALL Undefined Nil Del4-7 at relapse Yes, interstitial deletion 7p12.2 Yes Relapse 3-years post-diagnosis. 
BMT 4-months post-relapse. In 
remission 15 months post-BMT. 

EKL20_3 T-ALL Undefined MYC 
rearrangement 

Subclonal Del4-7 Yes, no deletion in 7p12.2 detected Yes BMT 6-months post-diagnosis. In 
remission 6 months post-BMT 

1. Deletion only detected by microarray. Intragenic boundaries of the deletion unknown prior to RNA-seq 
2. Deletion not detected by RQ-PCR assay 
3. Monosomy 7 detected on conventional karyotype analysis 
4. IKZF1-CEP170 fusion transcript detected by RNA-seq 
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Table A2.4. RQ-PCR data from primary (clinical) and secondary (post RNA-seq validation) analysis 
Sample ID Subtype/fusion Primary/Secondary Microarray RNA-seq prediction RQ-PCR result IKZF1 del concentration 
EKL18_4 P2RY8-CRLF2 Primary Deletion NA Positive del4-7 9.9e-01 
EKL6_2 Hyperdiploid Primary Deletion NA Positive del4-7 1.00+00 
EKL20_5 Hyperdiploid Primary Deletion NA Negative 0 
EKL19_11 SNX2-ABL1 Primary Deletion NA Positive del2-7 2.0E-01 
EKL9_3 PAX5-JAK2 Primary Deletion NA Positive del4-8 3.0E+00 
MLM_10 BCR-ABL1 Primary (relapse) Deletion NA Positive 4-7 3.0E+00 
EKL15_9 BCR-ABL1 Primary NT NA Positive 4-7 1.2E+00 
EKL7_5 Hypodiploid Primary (relapse) NT NA Subclonal del4-7 1.9E-02 
EKL8_6 Undefined Primary (relapse) NT NA Positive del 4-7 9.4E-01 
EKL13_7 P2RY8-CRLF2 Secondary NT Del4-7 Positive del4-7 6.00e-01 
EKL6_7 P2RY8-CRLF2 Secondary No deletion Del4-7 Subclonal del4-7 9.00e-02 
EKL19_12 P2RY8-CRLF2 Secondary No deletion Del4-7 Subclonal del4-7 1.00e-02 
MLM_1 ETV6-RUNX1 Secondary NT Del2-7 Negative 0 
EKL8_1 ETV6-RUNX1 Secondary NT Del2-7 Negative 0 
EKL6_1 SFPQ-ABL1 Secondary NT Del2-7 Negative 0 
MLM_8 ETV6-RUNX1 Secondary NT Del2-8 Negative 0 
EKL4_2 Undefined Secondary No deletion Del2-8 Subclonal del4-7 1.00e-04 
EKL7_8 P2RY8-CRLF2 Secondary Deletion Del4-8 Positive del4-8 8.00e-01 
EKL13_3 ETV6_other Secondary Deletion Del4-8 Negative 0 
EKL20_7 TCF3-PBX1 Secondary No deletion Del4-8 Negative 0 
EKL16_2 ETV6-RUNX1 Secondary NT Del4-8 Negative 0 
EKL19_1 TCF3-ZNF384 Secondary Deletion Del4-8 Positive del2-8 8.00e-01 
EKL10_5 Hyperdiploid Secondary NT Del4-8 Negative 0 
EKL11_8 ETV6-RUNX1 Secondary NT Del4-8 Negative 0 
EKL18_6 Hyperdiploid Secondary NT del4-8 Negative 0 
EKL8_6 Undefined Secondary Deletion NA Subclonal del4-7 3.00E-03 
EKL6_9 BCR-ABL1 Secondary NT del4-7 positive del4-7 4.00E-01 
MLM_10 BCR-ABL1 Secondary NT del4-7 positive del4-7 (low blasts) 7.00E-02 
EKL7_5 Undefined Secondary No deletion NA subclonal del4-7 1.00E-04 
NT = Not tested 
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Table A2.5. Summary of CRLF2 rearranged cases 

Sample ID Fusion 
Mutation 
prevalence 
in tumour1 

Modality2 Down 
syndrome Ph-like 

Mutation status 
IKZF1 del Outcome 

JAK2 KRAS NRAS 

EKL13_7 P2RY8:CRLF2 100% FISH yes yes Wt Wt Wt del4-7 no event 

EKL18_4 P2RY8:CRLF2 100% FISH; 
microarray  yes R683S Wt Wt del4-7 no event 

MLM_16 IGH:CRLF2; PAX5:MSMP 100% FISH; 
microarray  yes Wt Wt Wt  no event 

EKL6_7 P2RY8:CRLF2 ND RNA-seq yes  Wt Wt Wt del4-7 death 
EKL3_25 P2YR8:CRLF2 20% Microarray yes  Wt Wt Wt  no event 

EKL6_8 P2RY8:CRLF2 80% FISH; 
microarray yes  Wt Wt Wt  no event 

EKL3_26 P2RY8:CRLF2; PAX5:NOL4L 100% FISH; 
microarray   Wt Wt Wt  no event 

EKL7_8 P2RY8:CRLF2 100% FISH; 
microarray   Wt Wt Wt del4-8 no event 

MLM_22 P2RY8:CRLF2 100% FISH; 
microarray   Wt Wt Wt  no event 

EKL19_12 P2RY8:CRLF2 100% FISH; 
microarray   Wt Wt Wt del4-7 no event 

1. Mutation prevalence in tumour is determined by the prevalence of the CRLF2 mutation in the abnormal cell population of the patient sample. Some normal cells will be 
present in samples analysed by cytogenetics, these cells have been excluded from this proportion. 
2. The cytogenetic modality used to give determine the prevalence of the mutation in bulk tumour cell population: FISH, SNP microarray, RNA-seq 
ND = Not Determined 
 
  



 

274 

 

Table A2.6. Summary of undefined cases following standard-of-care cytogenetic testing and fusion detection by RNA-seq 
Sample 
ID Comorbidities NCI risk MRD at 

EOI Outcome Microarray IKZF1 Classifier Clinical RNA-seq 
EKL3_5 Nil Standard Negative No event No clinically significant genomic imbalance detected. No deletion 

detected by 
microarray 

 ERG 

EKL4_2 Nil Standard Negative No event Abnormal genotyping profile for chromosome region 3q21. 2-
qter in ~10-15% of sample. 
This technique is usually limited to detect aberration present in 
less than ~20% of the sample. It is unclear whether the abnormal 
genotyping profile represents gain, loss or copy number neutral 
loss of heterozygosity (CNN-LOH). 

No deletion 
detected by 
microarray 

IKZF1 del2-8 
predicted from 
RNA-seq data; 
Subclonal del4-
7 identified by 
RQ-PCR 

Unknown 

EKL18_12 Nil Standard Negative No event Acquired clonal and subclonal chromosomal abnormalities in 
~85-90% of sample. Abnormalities included a 1.1Mb focal 
deletion from chr9p21.3, including CDKN2A/2B. 

No deletion 
detected by 
microarray 

 Unknown 

EKL5_9 Down syndrome Standard Negative No event Trisomy 21 karyotype. Acquired segmental aberrations in 
approximately 80% of sample.  

No deletion 
detected by 
microarray 

 Unknown 

EKL5_12 Nil Standard Negative No event Trisomy of chromosome 1 in ~30-40% of the sample. No deletion 
detected by 
microarray 

 Unknown 

EKL12_1 Nil Standard Positive Relapse 6-years post 
diagnosis. In 
remission 7.5 
months post-relapse 
(lost to follow-up) 

Acquired chromosomal abnormalities in ~50-60% of the sample. 
Abnormalities included a 634kb focal homozygous deletion at 
9p22.1-p21.3, including CDKN2A/2B, and subclonal (<20%) 
1.5Mb loss from 12p13.2-p13.1, including ETV6. 

No deletion 
detected by 
microarray 

 Unknown 

EKL18_18 Nil High Positive No event Acquired chromosomal abnormalities in ~60-65% of sample. 
Abnormalities included relative gains of chromosomes 5, 18 and 
21. 

Microarray and 
MLPA both 
NEGATIVE for 
IKZF1 del 

NA Unknown 

EKL19_14 Nil High Positive No event No clinically significant genomic imbalance detected. No deletion 
detected by 
microarray 

 ERG 

EKL8_6 Nil High Positive Relapse 3-years 
post-diagnosis. 
BMT 4-months 
post-relapse. In 
remission 15 months 
post-BMT. 

Complex copy number and genotyping profile in ~95% of the 
sample. Abnormalities included: 0.3Mb interstitial deletion from 
chr7p12.2, and terminal deletion from chr9pter-p13.2. 
Interrupting IKZF1, PAX5, and focal homozygous deletion of 
CDKN2A/2B. 

Interstitial 
deletion 7p12.2 
on microarray. 
IKZF1 del 4-7 
confirmed by 
MLPA. 

Subclonal Del4-
7 

Unknown 

EKL15_12 Nil High Positive BMT 5.5 months 
post-diagnosis. Died 
3 months post-BMT 
of respiratory failure 
due to idiopathic 
pneumonia 

Abnormal genotyping profile for chromosome region 7q22.1-
qter in ~10-15% of sample.  
 
As aberration is present in less than 20%, It is unclear whether 
the abnormal genotyping profile represents gain, loss or copy 
number neutral loss of heterozygosity (CNN-LOH). 

Microarray and 
MLPA both 
NEGATIVE for 
IKZF1 del 

NA Unknown 
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Figure A2.1. Structure of novel fusion transcripts identified in T-ALL patients 
Images show the structure of novel T-ALL fusion transcripts identified by RNA-seq: 
TP53-WDR7 (A), PTEN-ATAD1 (B), BCOR-KDM6A (C), and JADE3-BCOR (D). 
Each image produced by Clinker depicts; RNA-seq read coverage in the top track 
(shown in purple), genes involved in the fusion (blue), functional coding domains in 
each gene (orange), and predicted Ensembl transcripts (green). The vertical black lines 
depict breakpoints within each gene and the bottom track "split reads" shows the read 
evidence for the fusion. Fusion transcript visualisations were produced using Clinker. 
  

5

A BTP53-WDR7

1 2 3

0

2

4

6
C

o
v
e

ra
g

e
 (

R
P

M
)

G
e

n
e

s

TP53 WDR7

D
o

m
a

in
s

P53 GVQWWD40WD40GVQW

GVQW P53_tetramer

P53_TAD

T
ra

n
s
c
ri
p

ts

1 234567891011121314 15 161718192021222324252627 28

ENST00000254442.7

45678910 11

ENST00000420246.6

050100150200250300350

S
p

li
t 

R
e

a
d

s

3

332

PTEN-ATAD1

0

5

10

15

20

25

PTEN ATAD1

D
om

ai
ns

PTEN_C2

DSPc RuvB_N

1 234 5 6 7 8 9 1 2 34 5 6789 10

ENST00000308448.11ENST00000371953.7

287

C
o
v
e

ra
g

e
 (

R
P

M
)

G
e

n
e

s
D

o
m

a
in

s
T
ra

n
s
c
ri
p

ts
S

p
li
t 

R
e

a
d

s

287

C BCOR-KDM6A

0

0.5

1

1.5

2

2.5

BCOR KDM6A

BCOR PUFDAnk_2 JmjC

1 23456789101112 13141516 17 1819202122232425262728 29

ENST00000382899.8

12 3 4 56 7 8 9 1011121314 15

ENST00000397354.7

6

8

10

9

D JADE3-BCOR

0

0.1

0.2

0.3

C
o
v
e

ra
g

e
 (

R
P

M
)

G
e

n
e

s

JADE3 BCOR

D
o

m
a

in
s

zf−HC5HC2H

PHD

BCOR PUFDAnk_2

T
ra

n
s
c
ri
p

ts

1 2 3 4 56 7 8 9 1011121314 15

ENST00000397354.7

1 234 5 6 7 8 9 10 11

ENST00000614628.4

3
4
5
6

S
p

li
t 

R
e

a
d

s

6

G
e

n
e

s
D

o
m

a
in

s
T

ra
n

s
c
ri
p

ts
S

p
li
t 

R
e

a
d

s
C

o
v
e

ra
g

e
 (

R
P

M
)

6



 

276 

 

 
Figure A2.2. IKZF1-CEP170 and ADSS-IKZF1 fusion transcripts identified in 
EKL11_12 
Images show the structure of IKZF1 transcripts, IKZF1-CEP170 (A) and ADSS-IKZF1 
(B), identified in a single patient by RNA-seq. Each image produced by Clinker depicts; 
RNA-seq read coverage in the top track (shown in purple), genes involved in the fusion 
(blue), functional coding domains in each gene (orange), and predicted Ensembl 
transcripts (green). The vertical black lines depict breakpoints within each gene and the 
bottom track "split reads" shows the read evidence for the fusion. Genomic location and 
scale for protein size are given at the top of each image. Fusion transcript visualisations 
were produced using Clinker. 
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Abstract
We report two patients with leukaemia driven by the rare CNTRL-FGFR1 fusion oncogene. This

fusion arises froma t(8;9)(p12;q33) translocation, and is a rare driver of biphenotypic leukaemia in

children.We used RNA sequencing to report novel features of expressedCNTRL-FGFR1, including

CNTRL-FGFR1 fusion alternative splicing. From this knowledge, we designed and tested a Droplet

Digital PCR assay that detects CNTRL-FGFR1 expression to approximately one cell in 100 000

using fusion breakpoint-specific primers and probes.Wealso utilised cell-linemodels to show that

effective tyrosine kinase inhibitors, whichmay be included in treatment regimens for this disease,

are only those that block FGFR1 phosphorylation.

K EYWORD S

fusion gene, leukaemia, minimal residual diseasemonitoring, targeted therapies, tyrosine kinase

1 INTRODUCTION

Oncogenic fusions involving the FGFR1 receptor tyrosine kinase

are associated with aggressive haematological malignancies including

8p11 myeloproliferative syndrome (MPN), acute myeloid leukaemia,

acute lymphoblastic leukaemia and mixed lineage or biphenotypic

leukaemia.1 FGFR1-driven malignancies have a poor prognosis with

current treatment regimens, and more effective therapeutic combi-

nations are needed. Centriolin (CNTRL, formerly CEP110) is one of

15 genes recognised as an FGFR1 fusion partner in 8p11 MPN.2 The

CNTRL-FGFR1 fusion gene was first characterised by Guasch et al,3

Abbreviations: MPN, myeloproliferative syndrome; ddPCR, Droplet Digital PCR; FISH,

fluorescence in situ hybridization; RNA-Seq, RNA sequencing; TKIs, tyrosine kinase

inhibitors..

arising from a t(8;9)(p12;q33) translocation. Sixteen cases have been

reported, all of which describe a common fusion transcript linking exon

40 of CNTRL to exon 10 of FGFR1.3–5

Conventional karyotyping and fluorescence in situ hybridization

(FISH) are commonly used to identify FGFR1 rearrangements.2 Kary-

otyping may miss cryptic rearrangements, and FISH analysis depends

on prior clinical suspicion. RNA sequencing (RNA-Seq) provides an

unbiased method to identify expressed fusion genes.6 Here we

describe two paediatric patients with acute leukaemia harbouring

CNTRL-FGFR1 fusions. RNA-Seq data identified additional structural

features of the fusions, including the co-existence of two splice iso-

forms in a patient, and a transcriptional start site that differs from that

previously described.3,7 We developed a Droplet Digital PCR (ddPCR)

assay to detect CNTRL-FGFR1 fusion transcripts using breakpoint-

specific probes designed on the basis of RNA-Seq data.

Pediatr Blood Cancer. 2019;e27897. c⃝ 2019Wiley Periodicals, Inc. 1 of 5wileyonlinelibrary.com/journal/pbc
https://doi.org/10.1002/pbc.27897
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F IGURE 1 Patient clinical characteristics and RNA sequencing (RNA-Seq) analysis; (A) shows a table describing clinical characteristics of
Patient 1 and Patient 2. The karyotype of Patient 1 was 47,XY,+9 at relapse (B) and FISH analysis confirmed a cryptic FGFR1 rearrangement (C).
For Patient 2, a reciprocal translocation t(8;9)(p11;q33) was reported on the karyotype (D) and subsequent FISH confirmed an FGFR1
rearrangementwith translocation of 3′FGFR1 to 9q33 (indicated by thewhite arrow) (E). FISH probes are shown in the key below (E). (F) Schematic
of the CNTRL-FGFR1 fusions identified in two patients by RNA-Seq; the Clinker gene fusion visualiser (https://github.com/Oshlack/Clinker) was
used to illustrate the coverage of RNA-Seq reads across the CNTRL and FGFR1 genes from Patients 1 and 2. The gene track shows the two genes
involved in the fusion with each exon of the gene shown in the exon (green) track. The reference transcripts shown are CNTRL Ensembl transcript
ID ENST00000373855.5 and FGFR1 Ensembl transcript ID ENST00000447712.6. The vertical black lines show the breakpoints of the fusion
transcripts. These are connected to the exon schematic at the bottom of this panel, which shows that two distinct breaks occur in CNTRL that lead
to formation of alternate transcripts, resulting in the fusion of either exon 39 or 40 to exon 10 of FGFR1. (G) Chromatogram of Sanger sequencing
from the genomic DNA of Patients 1 and 2 identified different breakpoints in CNTRL and FGFR1 intronic regions
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2 METHODS AND RESULTS

The clinical details of both patients are outlined in Figure 1 (additional

information provided in Table S1). The FGFR1 aberration in Patient 1

was suspected at diagnosis on the basis of a reported mosaic dele-

tion on chr8p12-p11.23, involving part of the FGFR1 gene, identified

on single nucleotide polymorphism (SNP) array of the tumour sample.

At relapse, the karyotype was 47,XY,+9 and FISH confirmed an FGFR1

rearrangement (Figure 1). Salvage treatment with vincristine, dexam-

ethasone and imatinib reduced, but did not eradicate, the leukaemic

clone. Matched sibling donor allogeneic haematopoietic stem cell

transplant was successful in inducing complete remission, which per-

sists 5 years post transplant.

The karyotype of the malignant cells from Patient 2 indicated

the presence of the reciprocal translocation t(8;9)(p11;q33). Subse-

quent FISH confirmed an FGFR1 rearrangement with translocation of

3′FGFR1 to 9q33 (Figure 1). The patient was treated with high-dose

steroids, hydroxyurea and dasatinib, but an acute respiratory illness

led to discontinuation of dasatinib after 2 weeks. The patient died

4 months after diagnosis from severe lung disease and generalised

myopathy of uncertain aetiology.

RNA-Seq of Patient 1 was performed retrospectively on tissue-

banked samples. Patient 2’s samples were sequenced during admis-

sion. In both instances, the precise identity of the FGFR1 fusion was

definitively established using RNA-Seq. The full details of the RNA-Seq

protocol and bioinformatics analyses are provided in Supporting Infor-

mation “Methods.” We identified fusion transcripts with the JAFFA

pipeline8 in direct mode, and Clinker,9 a fusion visualisation program

(Figure 1, Figure S1). Themalignant cells from Patient 1 expressed two

CNTRL-FGFR1 isoforms, distinguished by alternative splicing of exon

40 of CNTRL (Figure 1, Figure S2). Only a single expressed isoformwas

detected in Patient 2, the result of a previously unreported genomic

break, which was confirmed by Sanger sequencing (Figure 1).

The RNA-Seq data suggested that the CNTRL-FGFR1 fusion is tran-

scribed from exon 1 of CNTRL, which we confirmed by polymerase

chain reaction (PCR) amplification from Patient 2’s cDNA across the

breakpoint with reverse PCR primers aligning to exon 10 of FGFR1 and

forwardprimers targeting exons1, 4, 8, 10 and12ofCNTRL (Figure S3).

Theoriginal descriptionofCNTRL-FGFR1 (orCEP110-FGFR1) identified

the start site as exon 1 ofCEP110 (GenBank IDAF083322), which now

corresponds to exon 26 of CNTRL (Ensembl ID NST00000373855.5).7

We use the nomenclature flCNTRL-FGFR1 (full length) to distin-

guish this fusion from the previously described “truncated” version

(tCNTRL-FGFR1).We cloned and expressed flCNTRL-FGFR1 in Ba/F3

cells and showed that this formof the fusion is expressed (Figure 2) and

sufficient to promote IL-3 independent survival (Figure S4).

A ddPCR assay to detect CNTRL-FGFR1 transcripts was compared

to detection of the FGFR1 kinase domain in Ba/F3 cells infected with

retrovirus encodingCNTRL-FGFR1 serially diluted intowild-typeBa/F3

cells (Figure 2). There was a linear relationship between fusion tran-

script or kinase domain transcript abundance and the proportion of

fusion-expressing cells, down to one fusion-positive cell in 104 wild-

type cells (0.01%). Below this dilution, only the fusion-specific probe

continued to correlate with the abundance of fusion-positive cells.We

also serially diluted cDNA from Patient 1 into cDNA derived from

HEK293T cells, and tested fusion isoform-specific probes using ddPCR

(Figure 2). Both isoforms were detectable down to a dilution of 0.01%,

with a cDNA input of 100 ng.

Previous case reports (including Patient 1 here) described treat-

ment of FGFR1 fusion-driven leukaemias with a range of tyrosine

kinase inhibitors (TKIs), including imatinib.10–13 We measured the

viability of Ba/F3 cells expressing tCNTRL-FGFR1 (Figure S5) or

flCNTRL-FGFR1 (Figure 2) after TKI treatment, and measured FGFR1

phosphorylation and fusion expression (using a CNTRL antibody)

by Western blot. Cells were most sensitive to ponatinib, dovitinib

and AZD1480. Drugs that induced apoptosis also diminished FGFR1

phosphorylation and over time, decreased FGFR1 fusion expression.

Downstream signaling from FGFR1 fusions repress apoptosis, so we

sought to understand the association between TKI exposure and

abundance of anti-apoptotic proteins known to be critical for onco-

genic fusion-immortalised Ba/F3 survival, notably Mcl-1.14 Whilst

TKIs that effectively inhibited tCNTRL-FGFR1 phosphorylation also

resulted in diminished Mcl-1 (but not Bcl-2) expression (Figure S5),

this association did not hold true in cells expressing flCNTRL-FGFR

(Figure 2).

Our data show a consistent relationship between the capacity of

each TKI to specifically target FGFR1 and their effectiveness in killing

CNTRL-FGFR1-expressing Ba/F3 cells. However, this is at odds with

reports of apparent clinical responses to combination treatment reg-

imens that included imatinib or dasatinib with vincristine, including in

Patient 1.10 Ba/F3 cells expressing flCNTRL-FGFR1were treated with

ponatinib or imatinib, together with vincristine and dexamethasone,

and imatinib induced no additional decrease in cell viability (Figure S6).

Ponatinib effectively killed fusion-expressing cells, alone or in combi-

nation with vincristine and dexamethasone.

3 DISCUSSION

In this study, we present two new cases of CNTRL-FGFR1 fusion. Using

RNA-Seq, we have identified a novel CNTRL-FGFR1 fusion transcript,

linking exon 39 of CNTRL to exon 10 of FGFR1, and have shown

that this transcript arises through either a different genomic break-

point or alternative splicing. We show that the CNTRL-FGFR1 fusion

is transcribed from exon 1 of CNTRL, and differs from that previously

described.7 Despite these structural differences, flCNTRL-FGFR1 has

the same functional activity as tCNTRL-FGFR1, and is sufficient to

induce cytokine independent survival.

It is unlikely that the alternate splicing of CNTRL-FGFR1 has any

significant functional impact, as there are no alterations to functional

domains, and both isoforms drive elevated expression of the FGFR1

kinase domain. However, alternate splicing and the novel genomic

breakpoints we have identified will influence the design of molecular

assays for fusion detection, such as ddPCR, critical forminimal residual

diseasemonitoring.

Despite reports of clinical responses to treatment regimens that

included imatinib or dasatinib, our data suggest that these responses
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F IGURE 2 Minimal residual diseasemonitoring by Droplet Digital PCR (ddPCR), and therapeutic targeting of CNTRL-FGFR1 in Ba/F3 cells;
(A)Western blot analysis of Ba/F3 cells retrovirally infectedwithmurine stem cell virus (MSCV; empty vector control), tCNTRL-FGFR1MSCV and
flCNTRL-FGFR1MSCV constructs;Western blot probedwith an anti-phospho-FGFR1 (P-FGFR1) antibody detecting phosphorylation at Y653
(upper panel), anti-FGFR1 (second panel), and an anti-CNTRL antibody that binds to the epitope in exon 4 of CNTRL (third panel); an anti-ß-actin
antibodywas used as a loading control. (B) The number of positive droplets detected using the FGFR1 kinase probe (orange) and the CNTRL-FGFR1
breakpoint-specific ex40-ex10 probe (blue), using ddPCR assay; the concentration of FGFR1 kinase or CNTRL-FGFR1 expressed as copies/!L is
shown on the y-axis, and the percentage of green fluorescent protein-positive cells in the sample is on the x-axis (n= 5). (C) shows detection of
CNTRL-FGFR1with ex39-ex10 (red) and ex40-ex10 (blue) probes. The concentration of each transcript is shown on the y-axis, and the percentage
of patient cDNA in each sample is labelled on the x-axis. (D) Ba/F3 cells transformedwith flCNTRL-FGFR1 (flCNTRL), as well asMSCV empty
vector control cells, were treated with imatinib, dasatinib, ponatinib, dovitinib and AZD1480. The graph shows viability (%) on the y-axis,
determined by flow cytometry and propidium iodide exclusion, and the x-axis depicts increasing drug concentration in !M.Data are presented as
mean± standard error of themean (n= 3). (E)Western blot analysis of flCNTRL-FGFR1-expressing Ba/F3 cells treatedwith four doses of dasatinib
or ponatinib for 2 (left panel) and 6 (right panel) h; vehicle-treated empty vector control (MSCV) and flCNTRL-FGFR1 Ba/F3 cells are shown in the
left two lanes (dimethylsulfoxide), along with flCNTRL-FGFR1 cells treated with 10!M imatinib. Increasing doses are labelled in terms of !M
concentration.Western blot probedwith anti-phospho-FGFR1 (P-FGFR1, Y653), anti-FGFR1, anti-CNTRL, anti-Mcl1 and anti-Bcl2 is labelled on
the right side of each panel. An anti-ß-actin antibody was used as a loading control
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weremost likely the result of inclusion of drugs such as vincristine. The

use of a TKI that effectively targets FGFR1 (such as ponatinib) may be

a more rational therapeutic choice for treating CNTRL-FGFR1-driven

leukaemia.
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Appendix 4. 

 
Figure A4.1. Analysis of proliferation of Ba/F3 cells expressing BCR-ABL1, SFPQ-
ABL1, or SNX2-ABL1 in the absence of IL-3 
CellTitre-Glo® assay was utilised to determine the relative proliferation of ABL1 
fusion-expressing cells in the absence of IL-3. Luminescence output was measured at 48 
hours post-IL-3 withdrawal, and proliferation is presented as luminescence output 
relative to control (MSCV +IL-3) at 48 hours. Groups were compared using unpaired t 
tests with Holm-Sidak correction for multiple comparisons (error bars show 
Mean ± SEM, n=3). (ns) denotes ‘not significant’. 
 

 

 
Figure A4.2. Analysis of number of viable	BCR-ABL1	and	SFPQ-ABL1-expressing 
PU.1/IRF4 DKO cells over 7-day IL-7 withdrawal 
MSCV, BCR-ABL1, and SFPQ-ABL1-expressing PU.1/IRF4 cells were seeded in the 
presence and absence of IL-7 for a total of 7 days. Cell cultures were counted at 0, 48, 
120 and 168 hours, and the number of viable cells was determined by trypan blue 
exclusion (shown on the y-axis). Data presented is from one independent retroviral 
transduction of PU.1/IRF4 DKO cells (n=1). 
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Figure A4.3. Viability analysis of Ba/F3 cells expressing BCR-ABL1, SFPQ-ABL1, 
or SNX2-ABL1, following treatment with TKIs 
Viability analysis of BCR-ABL1, SFPQ-ABL1 and SNX2-ABL1-expressing Ba/F3 cells 
treated with a dose titration of imatinib (A), dasatinib (B), ponatinib (C), and ruxolitinib 
(D). Ba/F3 cells transformed by fusions were maintained and treated in the absence of 
IL-7. Data presented shows Mean ± SEM (n=3). 
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Figure A4.4. Viability analysis of PU.1/IRF4 DKO cells expressing BCR-ABL1, 
SFPQ-ABL1, or SNX2-ABL1, following treatment with AB1 inhibitors 
Viability analysis of BCR-ABL1, SFPQ-ABL1 and SNX2-ABL1-expressing PU.1/IRF4 
DKO cells treated with a dose titration of imatinib (A), dasatinib (B), ponatinib (C), and 
nilotinib (D). PU.1/IRF4 DKO cells transformed by fusions were maintained and 
treated in the absence of IL-7. Data presented shows Mean ± SEM (n=4). 
  

0.01 0.1 1 100
0

20

40

60

80

100

Imatinib (µM)

V
ia

bi
lit

y 
(%

 P
I n

eg
at

iv
e 

no
rm

al
is

ed
 to

 u
nt

re
at

ed
)

0.01 0.1 1 100
0

20

40

60

80

100

Ponatinib (µM)

V
ia

bi
lit

y 
(%

 P
I n

eg
at

iv
e 

no
rm

al
is

ed
 to

 u
nt

re
at

ed
)

0.01 0.1 1 100
0

20

40

60

80

100

Dasatinib (µM)

V
ia

bi
lit

y 
(%

 P
I n

eg
at

iv
e 

no
rm

al
is

ed
 to

 u
nt

re
at

ed
)

0.01 0.1 1 100
0

20

40

60

80

100

Nilotinib (µM)

V
ia

bi
lit

y 
(%

 P
I n

eg
at

iv
e 

no
rm

al
is

ed
 to

 u
nt

re
at

ed
)

A B

C D

MSCV
BCR-ABL1
SFPQ-ABL1
SNX2-ABL1



 

285 

 

 
Figure A4.5. Viability analysis of PU.1/IRF4 DKO cells expressing SFPQ-ABL1, 
SNX2-ABL1, or BCR-ABL1 to MEK inhibitors, JAK2 inhibitor, and BH3 mimetics 
Viability analysis of BCR-ABL1, SFPQ-ABL1 and SNX2-ABL1-expressing PU.1/IRF4 
DKO cells treated with a dose titration of selumetinib (A), trametinib (B), ruxolitinib 
(C), venetoclax (D), navitoclax (E), and S63845 (F). PU.1/IRF4 DKO cells transformed 
by fusions were maintained and treated in the absence of IL-7. Data presented shows 
Mean ± SEM (n=4). 
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Appendix 5.  
Table A5.1. Retroviral transduction and transplantation mouse models data  
Construct Mouse (#) Scarified (days post-transplant) Reason Spleen weight (mg) WCC (x10^9) Spleen GFP+ (%) BM GFP+ (%) 
MSCV1 135 127 found dead         
MSCV 134 269 sick/ weight loss 40.5 7.5 3.21 9.14 
MSCV1 136 298 found dead         
MSCV 137 302 end of experiment 102.4  FM 42.2 12.4 
MSCV 141 302 end of experiment 180.2  FM 14.1 3.15 
MSCV 142 302 end of experiment 187.1 6.6 7.86 1.65 
SNX2-ABL1 146 102 sick 287 6.7 22 11.8 
SNX2-ABL1 176 147 sick 98 12.5 1.9 8.7 
SNX2-ABL1 174 178 sick 291 20.7 20.1 29.3 
SNX2-ABL1 175 273 hind-limb paralysis 172.4 10.7 0.33 0.064 
SNX2-ABL1 147 302 end of experiment 195.6 3.7 1.38 0.24 
SNX2-ABL1 173 302 end of experiment 118.9 13.5 4.69 3.49 
BCR-ABL1 115 20 hind-limb paralysis 306 24.3 54.5 78.3 
BCR-ABL1 118 20 hind-limb paralysis 255 8.2 50.1 80.7 
BCR-ABL1 117 23 sick 293 16.8 43.7 77.2 
BCR-ABL1 119 23 sick 243 28.1 52.5 70.2 
BCR-ABL1 116 71 sick 237 14.7 3.44 2.55 
BCR-ABL1 114 114 sick 182  FM 1.48 0.075 
SFPQ-ABL1 159 193 sick 212 13.6 <0.01 <0.01 
SFPQ-ABL1 156 302 end of experiment 102.9 13.2 2.24 0.25 
SFPQ-ABL1 157 302 end of experiment 116.4 2 1.05 0.33 
SFPQ-ABL1 158 302 end of experiment 207.2 12 19 1.13 
SFPQ-ABL1 160 302 end of experiment 130.5 6.9 2.58 0.45 
SFPQ-ABL1 161 302 end of experiment 196.1 3.2 1.78 0.25 
1. Mice found dead were not harvested and analysed; FM = failed measurement - WCC unable to be measured due to clotted blood. 
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Figure A5.1. Histologic analysis of liver from MSCV, BCR-ABL1, and SNX2-ABL1 mice 
Tissues sections were stained with Haematoxylin and Eosin and mounted on glass slides for histologic analysis. Images were taken with Leica 
DM2000 LED microscope using 10X, 20X, and 40X objective lenses.  



 

288 

 

 
Figure A5.2. Histologic analysis of spleen from MSCV, BCR-ABL1, and SNX2-ABL1 mice 
Tissues sections were stained with Haematoxylin and Eosin and mounted on glass slides for histologic analysis. Images were taken with Leica 
DM2000 LED microscope using 10X, 20X, and 40X objective lenses.  
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Figure A.5.3. Histologic analysis of thymus from BCR-ABL1 and SNX2-ABL1 
mice 
Tissue sections were stained with Haematoxylin and Eosin and mounted on glass slides 
for histologic analysis. Images were taken with Leica DM2000 LED microscope using 
10X, 20X, and 40X objective lenses. 
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Appendix 6. 
Table A6.1. Differentially expressed peptides enriched in BCR-ABL1 

Modified peptide sequence Modification Reported 
Gene 
name Protein class 

Enriched 
group logFC 

Adjusted p-
value 

_TTGAAQEEDACS(ph)CR_ S240 no Tnfrsf9 membrane protein BCR-ABL1 -4.323315883 0.000681446 
_DFS(ph)LEQLR_ S98 yes Pgrmc2 membrane protein BCR-ABL1 -4.099115885 0.000770059 
_RLS(ph)ASDIVSEK_ S356 yes Zfc3h1 cytoskeletal protein BCR-ABL1 -3.58888897 0.000681446 
_GALTAQDESS(ph)QAK_ S360 no Akap8l adaptor/scaffold protein; RNA binding BCR-ABL1 -3.563753501 0.000788945 
_VQIY(ph)HNPTANSFR_ Y39 yes Vasp cytoskeletal protein BCR-ABL1 -3.137134677 0.000681446 
_(ac)S(ph)GGGGDDVVCTGWLR_ S2 yes Gab2 adaptor protein BCR-ABL1 -2.850492413 0.000788945 
_SNIPDLGIY(ph)LK_ Y763 yes Cblb E3 ubiquitin ligase BCR-ABL1 -2.832496197 0.000332452 
_LIY(ph)LVPEK_ Y554 yes Itsn2 adaptor/scaffold protein BCR-ABL1 -2.445146962 0.000681446 
_TIESATQQTDK_ unmodified NA Srp72 endoplasmic reticulum; ribosome binding BCR-ABL1 -2.217776198 0.000681446 
_DAT(ph)PPVS(ph)PINMEDQER_ T252/S256 yes Junb transcription factor BCR-ABL1 -2.165289589 0.000681446 
_AGAVTSSASLS(ph)SPALAK_ S592 yes Tcof1 transcriptional regulation; RNA binding BCR-ABL1 -2.068781503 0.000798074 
_TVPPPVPQDPLGSPPALY(ph)AEPLDSLR
_ Y295 yes Dok1 adaptor protein BCR-ABL1 -2.052481851 0.000506734 
_RFS(ph)GTVR_ S50 yes Rpl10a ribosomal; translation BCR-ABL1 -1.958143469 0.000736092 
_AVS(ph)CLR_ S62 yes Acp1 acid phosphotase BCR-ABL1 -1.927793442 0.000681446 
_KLDEDAS(ph)PNEEK_ S151 yes Klc2 microtubule binding BCR-ABL1 -1.906679122 0.000681446 

_S(ph)SSDMPETITSR_ S62 no Hm13 
endoplasmic reticulum; membrane 
protein BCR-ABL1 -1.904131107 0.000332452 

_IMVGS(ph)TDDPSVFSLPDSK_ S38 yes Prkab2 kinase activity BCR-ABL1 -1.741718052 0.000681446 
_KPASVSPTTPTS(ph)PTEGEAS_ S516 yes Dync1li1 cell cycle regulation; microtubule binding BCR-ABL1 -1.716723626 0.000332452 
_GS(ph)VS(ph)DEEMMELR_ S5/7 yes Lcp1 actin binding BCR-ABL1 -1.707409196 0.000681446 
_VTNGAFTGEIS(ph)PGMIK_ S130 yes Tpi1 glycolytic enzyme BCR-ABL1 -1.534269819 0.000679403 
_DLSSS(ph)PPGPYGQEMYVFR_ S183 yes Prkab2 kinase activity BCR-ABL1 -1.508388748 0.000530103 
_(ac)ACGLVAS(ph)NLNLK_ S8 yes Lgals1 cell adhesion; extracellular matrix BCR-ABL1 -1.475442656 0.000681446 
_TLQDT(ph)SPHYQNLK_ T299 no Ptpn18 protein phosphatase BCR-ABL1 -1.441945009 0.000592871 
_NT(ph)CNS(ph)TEKPEELVR_ T243/S246 yes Rcsd1 cytoskeletal protein BCR-ABL1 -1.427744018 0.000788945 
_EALPDLPS(ph)PDADHK_ S438 yes Zw10 cell cycle regulation BCR-ABL1 -1.332311033 0.000681446 
_FASGTFLSPS(ph)ASVQECRTPR_ S1059 yes Nup98 nucleoporin BCR-ABL1 -1.274839348 0.000798074 
_EQSESVNTAPES(ph)PSK_ S116 yes Brap ubiquitin ligase BCR-ABL1 -1.206710213 0.000681446 
_DSLESAPSLS(ph)PVK_ S2221 yes Cep350 centrosomal protein BCR-ABL1 -1.203971139 0.000681446 
_ALES(ph)PERPFLAILGGAK_ S203 yes Pgk1 glycolytic enzyme BCR-ABL1 -1.19844742 0.000770059 
_GLLTGPPPHLPDPLYDSIQEDPGAPLPD
HIY(ph)DEPEGVAALSLYDR_ Y351 yes Dok2 adaptor protein BCR-ABL1 -1.183821309 0.000736092 
_KGS(ph)DDDGGDSPVQDIDTPEVDLYQ
LQVNTLR_ S131 yes Sap30 

histone deacetylase activity; DNA 
binding BCR-ABL1 -1.160766324 0.000681446 

_DMS(ph)PSAETEAPLAK_ S517 yes Map4 microtubule binding BCR-ABL1 -1.035976867 0.000788945 
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Table A6.2. Differentially expressed peptides enriched in SFPQ-ABL1 

Modified peptide sequence Modification 
Reporte
d Gene name Protein class 

Enriched 
group logFC 

Adjusted p-
value 

_AVPIAVADEGES(ph)ES(ph)EDDDLKPR_ S132/134 yes Usp20 protease SFPQ-ABL1 0.957760621 0.000681446 
_(ac)TEPGAS(ph)PEDPWVK_ S7 yes Mlx transcription factor SFPQ-ABL1 1.036133149 0.000736092 
_TES(ph)PGIPVR_ S408 yes Zfp362 transcription factor SFPQ-ABL1 1.155899335 0.000681446 

_LGALDSFGS(ph)AR_ S368 yes Zc3h7b 
DNA/RNA binding; 
posttranscriptional regulation SFPQ-ABL1 1.302023968 0.000681446 

_GHDEGS(ph)S(ph)LEEPLIESSEVADNR_ S78/79 yes Ikzf2 transcription factor SFPQ-ABL1 1.488165654 0.000681446 
_ADGDNAGTAGTPGGT(ph)PAADK_ T221 yes Smarcd2 transcriptional regulation SFPQ-ABL1 1.509807439 0.000798074 
_IHFS(ph)PLESTPSTVAR_ S573 no Aspm cell cycle regulation SFPQ-ABL1 1.595624182 0.000332452 
_ILIPHPTST(ph)PSK_ T294 no Scmh1 transcriptional regulation SFPQ-ABL1 1.659127861 0.000332452 
_DLHGS(ph)QGSLALSVADGR_ S1231 yes Erbb2ip cell adhesion SFPQ-ABL1 1.886733905 0.000681446 
_STS(ph)FMSVSPSK_ S260 yes Depdc6 signal transduction protein SFPQ-ABL1 1.912673048 0.000562232 
_YPAPS(ph)LVIVR_ S295 yes Tmem59 membrane protein SFPQ-ABL1 1.967375565 0.000736092 
_EMEAELEDERK_ unmodified NA Myh9 actin binding SFPQ-ABL1 1.986649278 0.000332452 
_GLSAST(ph)VDLSSSS_ T612 yes Klc4 microtubule binding SFPQ-ABL1 2.702466076 0.000681446 
_EVS(ph)PSSNLEEIFNWK_ S442 yes Abhd15 hydrolase SFPQ-ABL1 2.762668734 0.000592871 
_AQPVPHY(ph)GVPYK_ Y518 yes Tpx2 cell cycle regulation SFPQ-ABL1 3.923830286 0.000332452 
_GEGPPTPPSQPPLS(ph)PK_ S972 yes Inpp5d phosphatase activity SFPQ-ABL1 4.50588573 0.000332452 
_VPACGVSSLNEMINPNY(ph)IGMGPFGQ
PLHGK_ Y918 yes Inpp5d phosphatase activity SFPQ-ABL1 6.069892002 0.000681446 
_GQPIY(ph)IQFSNHK_ Y126 yes Ptbp1 RNA splicing/binding SFPQ-ABL1 7.742580988 0.000788945 



 

292 

 

Table A6.3. Top 50 differentially expressed peptides SFPQ-ABL1 +SH2/SH3 vs. SFPQ-ABL1 
Modified peptide sequence Gene 

name 
Protein name Enriched group logFC Adjusted p-

value 
_ASTSRPFS(ph)R_ Enpp4 Bis(5-adenosyl)-triphosphatase enpp4 SFPQ-ABL1 -5.942010869 0.001345783 
_SPSSLSANVTS(ph)SPK_ Usp32 Ubiquitin carboxyl-terminal hydrolase SFPQ-ABL1 -3.367629812 0.001345783 
_STSSPY(ph)HASNLLQR_ Peak1 Pseudopodium-enriched atypical kinase 1 SFPQ-ABL1 -2.23110557 0.001484333 
_NSVS(ph)PGLPQR_ Mef2d Myocyte-specific enhancer factor 2D SFPQ-ABL1 -2.167094399 0.004384555 
_LPS(ph)VSK_ Tbcel Tubulin-specific chaperone cofactor E-like protein SFPQ-ABL1 -1.755749087 0.004393014 
_INQMVCNS(ph)DR_ Rb1 Retinoblastoma-associated protein SFPQ-ABL1 -1.697920484 0.001653893 
_NIIHGSDS(ph)VESAEK_ Gm20390 Nucleoside diphosphate kinase;Nucleoside diphosphate kinase B SFPQ-ABL1 -1.649855442 0.002957835 
_ATDPAS(ph)PHIGR_ Svil Supervillin SFPQ-ABL1 -1.551018319 0.004195162 
_LGAVDESLSEETQK_ Ero1l ERO1-like protein alpha SFPQ-ABL1 -1.338560277 0.002957835 
_LGALDSFGS(ph)AR_ Zc3h7b  SFPQ-ABL1 -1.283732229 0.001345783 
_PIES(ph)SILAQR_ Rps6ka1 Ribosomal protein S6 kinase;Ribosomal protein S6 kinase alpha-1 SFPQ-ABL1 -1.228486256 0.002574946 
_QTPMAS(ph)SPR_ Hp1bp3 Heterochromatin protein 1-binding protein 3 SFPQ-ABL1 -1.145520644 0.003520888 
_IETIAASST(ph)PTPIR_ Agap3 Arf-GAP with GTPase, ANK repeat and PH domain-containing protein 3 SFPQ-ABL1 -1.059854082 0.003520888 
_TVAISDAAQLPQDYCTT(ph)PGGT
LFSTT(ph)PGGTR_ 

Eif4ebp2 Eukaryotic translation initiation factor 4E-binding protein 2 SFPQ-ABL1 -1.031261381 0.002969043 

_GPLS(ph)PR_ Ndufs8 NADH dehydrogenase [ubiquinone] iron-sulfur protein 8, mitochondrial SFPQ-ABL1 -0.887800317 0.003004338 
_SPSST(ph)FEHLLYK_ Adam24 Disintegrin and metalloproteinase domain-containing protein 24 SFPQ-ABL1 -0.503614919 0.004195162 
_ILDQMPATPS(ph)SPMYVD_ Map2k4 Dual specificity mitogen-activated protein kinase kinase 4 SFPQ-ABL1 +SH2/SH3 0.861512938 0.001747065 
_DMS(ph)PSAETEAPLAK_ Map4 Microtubule-associated protein 4 SFPQ-ABL1 +SH2/SH3 0.864001196 0.003300438 
_DYEGPAIS(ph)PK_ Kif3b Kinesin-like protein;Kinesin-like protein KIF3B SFPQ-ABL1 +SH2/SH3 1.064483065 0.004108785 
_SPAGS(ph)PELK_ Champ1 Chromosome alignment-maintaining phosphoprotein 1 SFPQ-ABL1 +SH2/SH3 1.088339471 0.004195162 
_KPASVS(ph)PTTPTSPTEGEAS_ Dync1li1 Cytoplasmic dynein 1 light intermediate chain 1 SFPQ-ABL1 +SH2/SH3 1.200139671 0.003968432 
_STVS(ph)ETFMSK_ Srgap2 SLIT-ROBO Rho GTPase-activating protein 2 SFPQ-ABL1 +SH2/SH3 1.215051101 0.001099229 
_KPASVSPTTPTS(ph)PTEGEAS_ Dync1li1 Cytoplasmic dynein 1 light intermediate chain 1 SFPQ-ABL1 +SH2/SH3 1.241197294 0.001653893 
_PAEDSALS(ph)PGPLAGAK_ Lrrfip1 Leucine-rich repeat flightless-interacting protein 1 SFPQ-ABL1 +SH2/SH3 1.287935778 0.004677152 
_FASGTFLSPS(ph)ASVQECRTPR_ Nup98 Nuclear pore complex protein Nup98-Nup96 SFPQ-ABL1 +SH2/SH3 1.343152836 0.001500431 
_S(ph)PGLELPVMSHTILLVQPTK_ Erh  SFPQ-ABL1 +SH2/SH3 1.361287613 0.003300438 
_GTPSSSPVSPQES(ph)PK_ Sorbs1 Sorbin and SH3 domain-containing protein 1 SFPQ-ABL1 +SH2/SH3 1.40393883 0.0042073 
_GDVVY(ph)IYR_ Sorbs1 Sorbin and SH3 domain-containing protein 1 SFPQ-ABL1 +SH2/SH3 1.420341709 0.001500431 
_IY(ph)DLNIPAFVK_ Nck2 Cytoplasmic protein NCK2 SFPQ-ABL1 +SH2/SH3 1.491651877 0.002235889 
_IMVGS(ph)TDDPSVFSLPDSK_ Prkab2 5-AMP-activated protein kinase subunit beta-2 SFPQ-ABL1 +SH2/SH3 1.571387676 0.001653893 
_IALY(ph)ETPTGWK_ Pgm1 Phosphoglucomutase-1 SFPQ-ABL1 +SH2/SH3 1.597584672 0.003968432 
_FANY(ph)IDK_ Vim Vimentin SFPQ-ABL1 +SH2/SH3 1.765073995 0.001653893 
_AGAVTSSASLS(ph)SPALAK_ Tcof1 Treacle protein SFPQ-ABL1 +SH2/SH3 1.818740634 0.001500431 
_GLLTGPPPHLPDPLYDSIQEDPGA
PLPDHIY(ph)DEPEGVAALSLYDR_ 

Dok2 Docking protein 2 SFPQ-ABL1 +SH2/SH3 1.922890067 0.000235464 

_LPENEGIS(ph)PSDPASK_ Zfyve16 Zinc finger FYVE domain-containing protein 16 SFPQ-ABL1 +SH2/SH3 1.985272639 0.003874367 
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_ELNY(ph)FAK_ Pgk1 Phosphoglycerate kinase 1;Phosphoglycerate kinase SFPQ-ABL1 +SH2/SH3 2.008686572 0.001653893 
_TQIY(ph)SDPLR_ Dock11 Dedicator of cytokinesis protein 11 SFPQ-ABL1 +SH2/SH3 2.13040691 0.002957835 
_CVLPEEDS(ph)GELAK_ Strap Serine-threonine kinase receptor-associated protein SFPQ-ABL1 +SH2/SH3 2.370676245 0.002908489 
_TQVY(ph)APLK_ Ndc80 Kinetochore protein NDC80 homolog SFPQ-ABL1 +SH2/SH3 2.381338946 0.002574946 
_LLDQQNPDEDFS(ph)_ Crk Adapter molecule crk SFPQ-ABL1 +SH2/SH3 2.495307813 0.002574946 
_FDTIY(ph)QVLVK_ Trim25 E3 ubiquitin/ISG15 ligase TRIM25 SFPQ-ABL1 +SH2/SH3 2.647112322 0.001099229 
_TST(ph)FCGTPEFLAPEVLTETSYT
R_ 

Pkn2 Serine/threonine-protein kinase N2 SFPQ-ABL1 +SH2/SH3 2.729956847 0.000833924 

_MGGGGAMNMGDPYGS(ph)GGQ
K_ 

 SH2/SH3 domain of mutant fusion specifically SFPQ-ABL1 +SH2/SH3 2.927576804 0.002969043 

_LAPVQVLEY(ph)GEAIAK_ Sorbs1 Sorbin and SH3 domain-containing protein 1 SFPQ-ABL1 +SH2/SH3 2.975254182 0.001345783 
_EY(ph)GMIYLGK_ Snd1 Staphylococcal nuclease domain-containing protein 1 SFPQ-ABL1 +SH2/SH3 2.976865019 0.001771475 
_AADEDWDS(ph)ELEDDLLGEDLL
SGK_ 

Rbm33 RNA-binding protein 33 SFPQ-ABL1 +SH2/SH3 3.127200155 0.003392973 

_GALTAQDESS(ph)QAK_ Akap8l A-kinase anchor protein 8-like SFPQ-ABL1 +SH2/SH3 3.129403037 0.001653893 
_VMSS(ph)SNPDLTGSHCAADEEV
K_ 

Dock8 Dedicator of cytokinesis protein 8 SFPQ-ABL1 +SH2/SH3 3.13157108 0.00014382 

_VQIY(ph)HNPTANSFR_ Vasp Vasodilator-stimulated phosphoprotein SFPQ-ABL1 +SH2/SH3 3.517003653 0.001099229 
_RLS(ph)ASDIVSEK_ Zfc3h1 Zinc finger, C3H1-type-containing SFPQ-ABL1 +SH2/SH3 3.91909715 0.001304529 
Peptides that were also identified as enriched in BCR-ABL1 in SFPQ-ABL1 vs. BCR-ABL1 DPE analysis are coloured in green 
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Table A6.4. Differentially used peptides enriched in BCR-ABL1 

Modified peptide sequence Modification Reported Gene name Protein class 
Enriched 
group logFC FDR 

_GESAADS(ph)DGWDSAPSDLR_ S74 yes Phf23 chromatin binding BCR-ABL1 -6.468292086 2.71592E-08 
_GGSSEELHDS(ph)PR_ S635 yes Hdgfrp2 chromatin binding BCR-ABL1 -4.774747749 4.63156E-08 
_HLLETHS(ph)SPAK_ S679 yes Aftph adaptor protein BCR-ABL1 -4.72491182 1.50868E-09 
_SNIPDLGIY(ph)LK_ Y763 yes Cblb E3 ubiquitin ligase BCR-ABL1 -4.254736138 3.13297E-14 
_SRS(ph)PQWR_ S507 yes Srrm2 RNA splicing/binding BCR-ABL1 -4.165532055 6.07621E-10 
_TS(ph)PLMLDR_ S2351 yes Srrm2 RNA splicing/binding BCR-ABL1 -3.84530863 7.99533E-11 
_RLS(ph)ASDIVSEK_ S356 yes Zfc3h1 cytoskeletal protein BCR-ABL1 -3.552228608 1.06095E-07 
_SEDRPSS(ph)PQVSVAAVETK_ S268 yes Tp53bp1 transcriptional regulation BCR-ABL1 -3.402537378 7.81666E-12 
_AEEGKS(ph)PFR_ S757 yes Zfp609 zinc finger protein BCR-ABL1 -3.208939972 2.20096E-13 
_DQLAFEAEPPPQGLSS(ph)SPQS(ph)PAGSR_ S516/520 yes Rab44 G protein BCR-ABL1 -3.20317187 5.60108E-08 
_VSS(ph)ETHQGPGTPESK_ S1973 yes Numa1 cell cycle regulation BCR-ABL1 -3.022579012 2.75017E-07 
_SFSIS(ph)PVR_ S2031 yes Son RNA-binding BCR-ABL1 -2.93242211 2.21868E-09 
_SDDESPSTSSGSSDADQR_ unmodified NA Ube2e3 ubiquitin ligase BCR-ABL1 -2.882644495 2.16081E-09 
_S(ph)PPEHLQR_ S485 yes Casp8ap2 apoptotic protein BCR-ABL1 -2.858820921 7.78541E-14 
_EEKEES(ph)DDEAAVEEEEEEK_ S306 yes Hsp90b1 molecular chaperone BCR-ABL1 -2.811443248 1.8376E-09 
_FYDPS(ph)PPR_ S1387 yes Ccdc88a actin binding BCR-ABL1 -2.62766665 4.98791E-09 
_VQIY(ph)HNPTANSFR_ Y39 yes Vasp cytoskeletal protein BCR-ABL1 -2.538547717 2.19586E-14 
_WEYCTIPSCESSPLST(ph)ER_ NA NA unknown   BCR-ABL1 -2.453904613 6.71447E-07 
_S(ph)PFLHSGMK_ S1605 yes Arid1a transcriptional regulation BCR-ABL1 -2.248680609 4.52261E-09 
_LAPVQVLEY(ph)GEAIAK_ Y1125 no Sorbs1 cytoskeletal protein BCR-ABL1 -2.187234951 2.21561E-16 
_KPAS(ph)PPLPAGQQERPSLIPETGR_ S1016 yes Kiaa1211 unknown function BCR-ABL1 -2.178901974 5.8474E-07 
_AQDAS(ph)LNVPER_ S435 yes Mybbp1a transcriptional regulation BCR-ABL1 -2.066208607 8.14253E-09 
_ALLS(ph)SPEGEEK_ S4002 yes Mycbp2 E3 ubiquitin ligase BCR-ABL1 -2.006285332 4.48775E-07 
_KLDEDAS(ph)PNEEK_ S151 yes Klc2 microtubule binding BCR-ABL1 -1.882468672 4.16384E-07 
_APEVS(ph)PAQPK_ S102 yes Prrc2c cell cycle regulation BCR-ABL1 -1.841483889 1.8376E-09 
_VIAGS(ph)SPEGVETMELNVR_ S1868 yes Rif1 cell cycle regulation BCR-ABL1 -1.593913457 3.95167E-07 
_TVPPPVPQDPLGSPPALY(ph)AEPLDSLR_ Y295 yes Dok1 adaptor protein BCR-ABL1 -1.553751967 3.07149E-07 

_EADMSSIQIPSS(ph)PPAHGSPQLR_ S739 yes 
Ppp6r1; 
Saps1 protein phosphatase BCR-ABL1 -1.541061893 4.06211E-07 

_APACSPLLFSDPLMGPASASASSSNPSSS(ph)PDD
DSSK_ S796 no Tbc1d5 GTPase activator BCR-ABL1 -1.465336613 2.04242E-07 
_DSLESAPSLS(ph)PVK_ S2221 yes Cep350 centrosomal protein BCR-ABL1 -1.211717675 4.98766E-13 
Modified peptides also identified in differential expression analysis are coloured in Red 
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Table A6.5. Differentially used peptides enriched in SFPQ-ABL1 

Modified peptide sequence Modification Reported 
Gene 
name Protein class Enriched group logFC FDR 

_TSS(ph)LVLEK_ S397 yes Tex2 membrane protein; lipid binding SFPQ-ABL1 1.672383812 2.22994E-07 
_S(ph)APTS(ph)PTATNISSK_ S565/569 yes Peak1 kinase activity SFPQ-ABL1 1.694263961 4.11671E-08 
_GDLAS(ph)IR_ S1514 yes Fasn multifunctional enzyme SFPQ-ABL1 1.7394989 9.49068E-09 
_TEQIVNEDS(ph)QAAALAPNPK_ S1387 yes Rif1 cell cycle regulation SFPQ-ABL1 2.058175252 1.85408E-11 
_HGVVAEES(ph)LTSLPR_ S1544 yes Casp8ap2 apoptotic protein SFPQ-ABL1 2.335060587 6.14989E-15 
_GLSAST(ph)VDLSSSS_ T612 yes Klc4 microtubule binding SFPQ-ABL1 2.500436604 2.38686E-12 
_QNSPVTS(ph)PGSSPLAQR_ S480 yes Cblb E3 ubiquitin ligase SFPQ-ABL1 2.734461092 2.71592E-08 
_VCDQTSKFS(ph)PK_ S315 yes Atrx transcriptional regulation SFPQ-ABL1 2.740767488 4.25932E-13 
_QSLS(ph)SADNLEPDVQGHQVAAR_ S355 yes Arfgef2 guanine nucleotide exchange factor SFPQ-ABL1 2.786827974 3.77747E-14 
_GLQLT(ph)PGIGGMQQHFFDDEDR_ T2184 yes Tpr nucleoporin SFPQ-ABL1 2.809799555 1.25334E-08 
_GSRPPLILQSQSLPCS(ph)SPR_ S305 yes Nipbl chromatin protein SFPQ-ABL1 2.81798415 2.32437E-11 
_STS(ph)FMSVSPSK_ S260 yes Depdc6 signal transduction SFPQ-ABL1 2.961883161 5.54745E-11 
_S(ph)LHPVVLHS(ph)HAPSRPPSR_ NA NA unknown   SFPQ-ABL1 3.160112767 7.99533E-11 
_WGQPPSPTPVPRPPDADPNT(ph)PSPK
_ T522 yes Chd4 helicase; DNA binding SFPQ-ABL1 3.601740718 1.92452E-09 
_AQPVPHY(ph)GVPYK_ Y518 yes Tpx2 cell cycle regulation SFPQ-ABL1 3.658033118 5.61299E-19 
_AAPSSEGDS(ph)CDGVEATDAEEPGG
NIVATK_ S1332 yes Cux1 transcription factor SFPQ-ABL1 3.759166738 5.53565E-08 
_S(ph)TPSSGDVQVTEDAVR_ S436 yes Gtf2f1 transcriptional regulation SFPQ-ABL1 5.273926814 9.72183E-08 
_DEILPT(ph)TPISEQK_ T220 yes Rps3 ribosomal protein SFPQ-ABL1 7.142046373 1.70672E-08 
_EESDWPASGSSS(ph)PLR_ S64 yes Phf23 chromatin binding SFPQ-ABL1 7.22494728 2.06483E-09 
_RFS(ph)RS(ph)PIR_ S2047/2049 yes Son RNA-binding SFPQ-ABL1 7.523692788 3.74351E-37 
Modified peptides also identified in differential expression analysis are coloured in Red 
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Table A6.6. Differentially used tyrosine phosphorylated peptides in SFPQ-ABL1 vs. BCR-ABL1 comparison 
Modified peptide sequence Modification Reported Gene 

name 
Protein class Enriched 

group 
logFC FDR 

_SNIPDLGIY(ph)LK_ Y763 yes Cblb E3 ubiquitin ligase BCR-ABL1 -4.254736138 3.13E-14 
_VQIY(ph)HNPTANSFR_ Y39 yes Vasp cytoskeletal protein BCR-ABL1 -2.538547717 2.20E-14 
_TQVY(ph)APLK_ Y458 yes Ndc80 cell cycle regulation BCR-ABL1 -2.292692611 0.000367817 
_VDY(ph)VQVDK_ Y632 (Y643 in human) yes Gab2 adaptor protein BCR-ABL1 -2.260833728 0.000154605 
_LAPVQVLEY(ph)GEAIAK_ Y1125 no Sorbs1 cytoskeletal protein BCR-ABL1 -2.187234951 2.22E-16 
_IKPSSSANAIY(ph)SLAAR_ Y672 (Y674 in human) yes Cbl adaptor protein BCR-ABL1 -2.080331048 4.57E-05 
_DSTY(ph)DLPR_ Y263 (Y266 in human) yes Gab2 adaptor protein BCR-ABL1 -1.881512208 0.002692162 
_LAY(ph)VTPTIPR_ Y496 yes Ppp1r12a phosphatase activity BCR-ABL1 -1.670689199 0.049269526 
_IY(ph)GISFPDPK_ Y297 yes Tars translation regulation BCR-ABL1 -1.621332624 0.022834806 
_TVPPPVPQDPLGSPPALY(ph)AEPLDSLR_ Y295 yes Dok1 adaptor protein BCR-ABL1 -1.553751967 3.07E-07 
_EY(ph)GMIYLGK_ Y109 yes Snd1 transcriptional regulation BCR-ABL1 -1.496200067 0.000404343 
_IY(ph)VDDGLISLQVK_ Y175 yes Pkm glycolytic protein BCR-ABL1 -1.450690006 7.23E-05 
_ESTSFQDVGPQAPVGSVY(ph)QK_ Y162 yes Dbnl actin binding BCR-ABL1 -1.331061529 0.039056743 
_STSSPY(ph)HASNLLQR_ Y879 yes Peak1 non-receptor tyrosine kinase BCR-ABL1 -1.291630086 0.000107766 
_GPLDGSPY(ph)AQVQR_ Y483 yes Tns2 cell cycle regulation BCR-ABL1 -1.229356095 0.005187045 
_PGAPEGEY(ph)AVPFDTVAHSLR_ Y304 (Y299 in human) yes Dok2 adaptor protein BCR-ABL1 -0.948479769 0.00184344 
_AADGY(ph)VKPQIK_ Y699 (Y699 in human) yes Stat5b transcription factor SFPQ-ABL1 1.226187202 0.02766129 
_GDVVY(ph)IYR_ Y1077 yes Sorbs1 cytoskeletal protein SFPQ-ABL1 1.266162671 0.000297574 
_SEMNY(ph)IEGEK_ Y274 yes Sorbs1 cytoskeletal protein SFPQ-ABL1 1.415028748 0.000821351 
_AVDGY(ph)VKPQIK_ Y694 yes Stat5a transcription factor SFPQ-ABL1 1.442696574 0.012473943 
_VPACGVSSLNEMINPNY(ph)IGMGPFGQP
LHGK_ 

Y918 (Y915 in human) yes Inpp5d phosphatase activity SFPQ-ABL1 2.381906289 0.001114971 

_NEMIY(ph)ESPGK_ Y107 yes Mis18bp1 DNA binding SFPQ-ABL1 2.455042224 0.04524695 
_ESYSVYVY(ph)K_ Y42 yes Hist1h2bn DNA binding SFPQ-ABL1 2.703394561 0.032613276 
_IPLPGAEMLEEEPLY(ph)VNAK_ Y265 yes Nfya transcription factor SFPQ-ABL1 3.010392768 0.000291647 
_DTLY(ph)EAVR_ Y11 yes Rpl10a ribosomal protein SFPQ-ABL1 3.069024958 0.010441891 
_EQIY(ph)DVYR_ Y202 yes Eif4a3 RNA splicing/binding; spliceosome SFPQ-ABL1 3.116354118 5.28E-06 
_LAPAQY(ph)IR_ Y176 yes Snw1 transcriptional regulation;spliceosome SFPQ-ABL1 3.520242748 0.001144208 
_AQPVPHY(ph)GVPYK_ Y518 yes Tpx2 cell cycle regulation SFPQ-ABL1 3.658033118 5.61E-19 
_SSGPY(ph)GGGGQYFAK_ Y289 yes Hnrnpa1 RNA splicing/binding; spliceosome SFPQ-ABL1 3.857899687 0.024058589 
_SSGPYGGGGQY(ph)FAK_ Y295 yes Hnrnpa1 RNA splicing/binding; spliceosome SFPQ-ABL1 4.063587768 3.75E-06 
_DVY(ph)LSPR_ Y206 yes Rbmxl1 RNA splicing/binding; spliceosome SFPQ-ABL1 4.079896741 0.000187633 
_FEPY(ph)SNPTK_ Y63 yes Hnrnpm RNA splicing/binding; spliceosome SFPQ-ABL1 4.814020068 0.001875029 
_ISGLIY(ph)EETR_ Y51 yes Hist2h4 DNA binding SFPQ-ABL1 5.053055845 0.02171743 
_LAELSDY(ph)R_ Y614 yes Rbm14 transcriptional regulation SFPQ-ABL1 5.369405241 5.33E-06 
_GQPIY(ph)IQFSNHK_ Y126 yes Ptbp1 RNA splicing/binding SFPQ-ABL1 9.484276858 1.97E-06 
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Table A6.7. BCR-ABL1 and SFPQ-ABL1 differentially tyrosine phosphorylated proteins identified in SILAC, DPE or DPU analyses 

UniprotKB ID Protein name Gene name SILAC 
LFQ (group enriched) 

DPE DPU 
Q3UAH6 Abl interactor 1 Abi1 DE SFPQ-ABL1   
SFPQABL1 Tyrosine-protein kinase 1 Abl1 DE 

  E9Q9D1 Actin-binding LIM protein 1 Ablim1 DE 
  Q059U9 A-kinase anchor protein 8 Akap8 DE 
  Q8CI22 Aldo-ket reductase domain containing protein Akr1b10 DE 
  Q3U538 Aldo-keto reductase family 1, member C18, isoform CRA_a Akr1c18 DE 
  Q8VCX1 Aldo-keto reductase family 1 member D1 Akr1d1 DE 
  P24549 Retinal dehydrogenase 1 Aldh1a1 DE 
  Q8CIF2 10-formyltetrahydrofolate dehydrogenase Aldh1l1 DE 
  Q544B1 Aldehyde dehydrogenase 2, mitochondrial, isoform CRA_b Aldh2 DE 
  O35381 Acidic leucine-rich nuclear phosphoprotein 32 family member A Anp32a DE 
  Q4FK88 Annexin Anxa1 DE 
  Q9CZI7 Annexin Anxa2 DE 
  Q3UYQ4 Apoptosis inhibitor 5 Api5 DE SFPQ-ABL1   

B7FAU7 V-type proton ATPase subunit S1 Atp6ap1 
 

BCR-ABL1 
 Q3TBC5 HP domain-containing protein Avil DE 

  Q14DJ8 Axin-1 Axin1 DE 
  B9EKB5 Baz2b protein Baz2b DE 
  Q6PAJ1 Breakpoint cluster region protein Bcr DE BCR-ABL1    

E0CY74 RIKEN cDNA C130026I21 gene C130026I21Rik DE 
  A0A0U1RP47 E3 ubiquitin-protein ligase CBL Cbl DE   BCR-ABL1  

B9EKI5 E3 ubiquitin-protein ligase CBL-B Cblb DE BCR-ABL1 BCR-ABL1  
Q8CH18-3 Cell division cycle and apoptosis regulator protein 1 Ccar1 DE 

  B2RRE8 CD2-associated protein Cd2ap DE 
  A2A9P6 Cyclin-dependent kinase 11B Cdk11b DE 
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Q32MW8 CCAAT/enhancer-binding protein Cebpe DE 
  Q5DTP7 MKIAA4075 protein Chd4 DE 
  Q5SUH7 Clathrin interactor 1 Clint1 DE 
  Q99LI7 Cleavage stimulation factor subunit 3 Cstf3 DE 
  E9QLH9 Inactive tyrosine-protein kinase PRAG1 D8Ertd82e DE 
  Q62418-3 Drebrin-like protein Dbnl 

  
BCR-ABL1  

Q9EQM6 Microprocessor complex subunit DGCR8 Dgcr8 DE 
  E9QNN1 ATP-dependent RNA helicase A Dhx9 DE 
  Q499D4 H/ACA ribonucleoprotein complex subunit DKC1 Dkc1 DE 
  A0A0R4J055 Dynamin-binding protein Dnmbp DE 
  Q3UWF9 Docking protein 1 Dok1 DE BCR-ABL1  BCR-ABL1  

Q3U208 Docking protein 2 Dok2 DE BCR-ABL1  BCR-ABL1  
A1L341 Dual specificity tyrosine-phosphorylation-regulated kinase 1A Dyrk1a 

 
BCR-ABL1  

 Q6ZQJ8 MKIAA0075 protein E2f3 DE 
  Q58E64 Elongation factor 1-alpha Eef1a1 DE 
  Q5FW97 Alpha-enolase;Enolase;Beta-enolase EG433182 DE BCR-ABL1    

Q8QZY1 Eukaryotic translation initiation factor 3 subunit L Eif3l DE 
  Q3TLL6 Uncharacterised protein Eif4a1 DE 
  A2AFK7 Eukaryotic initiation factor 4A-III Eif4a3   SFPQ-ABL1  SFPQ-ABL1  

Q8BW03 ELAV-like protein Elavl1 DE 
  Q8BUZ9 Uncharacterised protein Elmsan1 DE 
  P49290 Eosinophil peroxidase Epx DE 
  Q5SUT0 RNA-binding protein EWS Ewsr1 DE 
  Q4KML7 Ezrin Ezr DE 
  H7BX99 Prothrombin F2 DE 
  F6YU21 Protein FAM179A Fam179a 

 
SFPQ-ABL1  

 Q9CPX4 Ferritin Ftl1 DE 
  A2AJ72 Far upstream element (FUSE)-binding protein 3 Fubp3 DE 
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B2RUR0 FYN-binding protein Fyb 
 

BCR-ABL1  
 Q571F9 MKIAA4115 protein G3bp1 DE 

  Q790Y8 Glucose-6-phosphate 1-dehydrogenase G6pdx 
   Q3ZB57 GRB2-associated-binding protein 2 Gab2 DE BCR-ABL1  BCR-ABL1  

F6SL78 H/ACA ribonucleoprotein complex subunit Gar1 DE 
  A1L3S7 Gatad2b protein Gatad2b DE 
  A0A0G2JDK2 Glucosylceramidase Gba DE 
  Q7M754 Try10-like trypsinogen Gm5409 DE 
  D3YX71 Uncharacterised protein Gm8973 DE 
  Q8C298 Uncharacterised protein Grsf1 DE 
  Q3U3C9-3 Genetic suppressor element 1 Gse1 DE 
  O09131 Glutathione S-transferase omega-1 Gsto1 DE 
  Q3UHU8 General transcription factor II-I Gtf2i DE 
  Q501L4 General transcription factor IIIC, polypeptide 4 Gtf3c4 DE 
  Q542Q3 G two S phase expressed protein 1, isoform CRA_a Gtse1 DE 
  Q542G0 Hematopoietic lineage cell-specific protein Hcls1 

 
BCR-ABL1  

 A0JLV3 Histone H2B Hist1h2bj 
  

SFPQ-ABL1  
B2RTM0 Histone H4 Hist2h4 DE   SFPQ-ABL1  
Q6P6I7 Hnrpa3 protein Hnrnpa DE 

  Q9CX86 Heterogeneous nuclear ribonucleoprotein A0 Hnrnpa0 DE 
  Q3U7F3 Heterogeneous nuclear ribonucleoprotein A1 Hnrnpa1 DE SFPQ-ABL1  SFPQ-ABL1  

O88569 Heterogeneous nuclear ribonucleoproteins A2/B1 Hnrnpa2b1 DE 
  Q9Z204-2 Heterogeneous nuclear ribonucleoproteins C1/C2 Hnrnpc DE 
  Q9Z2X1 Heterogeneous nuclear ribonucleoprotein F Hnrnpf DE 
  Q811L7 Heterogeneous nuclear ribonucleoprotein H1 Hnrnph1 DE BCR-ABL1    

P70333 Heterogeneous nuclear ribonucleoprotein H2 Hnrnph2 DE 
  Q3TUA1 Uncharacterised protein Hnrnpk DE 
  G5E924 Heterogeneous nuclear ribonucleoprotein L Hnrnpl DE 
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Q3TW40 Heterogeneous nuclear ribonucleoprotein M Hnrnpm DE   SFPQ-ABL1  
Q8VDM6-2 Heterogeneous nuclear ribonucleoprotein U-like protein 1 Hnrnpul1 DE 

  Q71LX8 Heat shock protein 84b Hsp90ab1 DE 
  Q3UBA6 Uncharacterised protein Hspa8 DE 
  P63038 60 kDa heat shock protein, mitochondrial Hspd1 DE 
  Q0QER9 Isocitrate dehydrogenase 1 Idh1 DE 
  Z4YJL9 Intraflagellar transport protein 20 homolog Ift20 DE 
  Q9ES52-2 Phosphatidylinositol 3,4,5-trisphosphate 5-phosphatase 1 Inpp5d DE SFPQ-ABL1  SFPQ-ABL1  

Q6P549 Phosphatidylinositol 3,4,5-trisphosphate 5-phosphatase 2 Inppl1 DE 
  Q8CIM8 Integrator complex subunit 4 Ints4 DE 
  E9QNG1 Intersectin-2 Itsn2 DE BCR-ABL1    

Q3URU8 Tyrosine-protein kinase Jak1 DE 
  Q3TFE8 Importin N-terminal domain-containing protein Kpnb1 DE 
  Q3U9M7 Plastin-2 Lcp1 DE BCR-ABL1    

D3Z7F0 L-lactate dehydrogenase Ldhb DE 
  O08573-2 Galectin-9 Lgals9 DE 
  Q8K2F8 Protein LSM14 homolog A Lsm14a 

 
SFPQ-ABL1  

 Q8CEI0 Non-specific protein-tyrosine kinase;Tyrosine-protein kinase Lyn Lyn 
 

BCR-ABL1  
 Q5BL18 Matrin 3 Matr3 DE 

  Q8C4Y1 Protein max Max DE 
  A0A0A6YWB0 Muscleblind-like protein 1 Mbnl1 DE 
  Q3UZH2 DNA helicase Mcm3 DE 
  Q8BQ03 DNA helicase Mcm5 DE 
  A2ANY6 Midasin Mdn1 DE 
  Q3TWT2 Protein MEMO1 Memo1 

 
SFPQ-ABL1  

 Q5K4Q9 AAM-B protein Mettl7a1 DE 
  Q80WQ8 Mis18-binding protein 1 Mis18bp1 DE   SFPQ-ABL1  

Q7TMS4 Mpo protein Mpo DE 
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Q3UA02 Uncharacterised protein Ncf1 DE 
  Q8BH99 Cytoplasmic protein NCK1 Nck1 DE 
  A0A0J9YUK4 Cytomplasmic protein NCK2 Nck2 

 
BCR-ABL1  

 Q8CD23 Uncharacterised protein Ncl DE 
  E9Q9Y2 Nuclear receptor corepressor 1 Ncor1 DE 
  Q9D0F1 Kinetochore protein NDC80 homolog Ndc80 

 
BCR-ABL1  

 A0A0R4J212 Enhancer of filamentation 1 Nedd9 DE 
  B5B2P6 Nuclear factor of activated T-cells c2 isoform IA-IIL-Xa Nfatc2 DE 
  F6TWX0 Nuclear transcription factor Y subunit alpha Nfya DE SFPQ-ABL1  SFPQ-ABL1  

Q05AG7 5'-nucleotidase domain containing 1 Nt5dc1 DE 
  Q80Y35 Nuclear mitotic apparatus protein 1 Numa1 DE 
  O55019 Putative olfactory receptor Olfr1355 

 
SFPQ-ABL1  

 Q8VG77 Olfactory receptor Olfr620 DE 
  Q8BN32 Polyadenylate-binding protein Pabpc1 DE 
  B2RSW8 Pericentriolar material 1 Pcm1 DE 
  Q69Z38 Pseudopodium-enriched atypical kinase 1 Peak1 DE BCR-ABL1  BCR-ABL1  

Q3U7Z6 Phosphoglycerate mutase 1 Pgam1 DE BCR-ABL1    
P09411 Phosphoglycerate kinase 1;Phosphoglycerate kinase Pgk1 

 
BCR-ABL1  

 Q9EQ32 Phosphoinositide 3-kinase adapter protein 1 Pik3ap1 DE 
  P70304 Phosphatidylinositol 3-kinase regulatory subunit alpha Pik3r1 DE BCR-ABL1    

P52480 Pyruvate kinase PKM Pkm DE BCR-ABL1  BCR-ABL1  
Q8CIH5 1-phosphatidylinositol 4,5-bisphosphate phosphodiesterase gamma-2 Plcg2 DE SFPQ-ABL1    
Q9QZH3 Peptidyl-prolyl cis-trans isomerase E Ppie DE 

  Q9DBR7 Protein phosphatase 1 regulatory subunit 12A Ppp1r12a   BCR-ABL1  BCR-ABL1  
Q6R891 Neurabin-2 Ppp1r9b DE BCR-ABL1    
Q545D8 Proteoglycan 2, bone marrow Prg2 DE 

  A0A0R4IZY6 Myeloblastin Prtn3 DE 
  Q8BKE0 Proteasome subunit alpha type-2 Psma2 

 
BCR-ABL1  
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P99026 Proteasome subunit beta type-4 Psmb4 DE 
  Q8CB58 Polypyrimidine tract-binding protein 1 Ptbp1 DE SFPQ-ABL1  SFPQ-ABL1  

G3UZ01 Polypyrimidine tract-binding protein 3 Ptbp3 DE 
  P35235-2 Tyrosine-protein phosphatase non-receptor type 11 Ptpn11 DE 
  Q3TRY9 Uncharacterised protein Ptpra DE 
  Q9QYS9-8 Protein quaking Qki DE 
  P68040 Receptor of activated protein C kinase 1 Rack1 DE 
  Q91YX7 RAS p21 protein activator 1 Rasa1 DE 
  A0A158RFV1 MCG1050220 Raver1 DE 
  Q3URY9 Retinoblastoma-associated protein Rb1 

 
BCR-ABL1  

 P97868-2 E3 ubiquitin-protein ligase RBBP6 Rbbp6 DE 
  Q99KG3-3 RNA-binding protein 10 Rbm10 DE 
  B2RPV4 C430048L16Rik protein Rbm12b2 DE 
  Q3U6A2 RNA-binding protein 14 Rbm14 DE SFPQ-ABL1  SFPQ-ABL1  

Q3US38 Uncharacterised protein Rbm45 DE 
  D3YXZ5 RNA-binding protein 47 Rbm47 DE 
  Q91VM5 RNA binding motif protein, X-linked-like-1 Rbmxl1 DE 
 

SFPQ-ABL1  
Q5XJF6 Ribosomal protein;60S ribosomal protein L10a Rpl10a   SFPQ-ABL1  SFPQ-ABL1  
P62717 60S ribosomal protein L18a Rpl18a DE 

  Q9CY93 Uncharacterised protein Rpl31 DE 
  Q9DC85 60S ribosomal protein L35a Rpl35a 

 
SFPQ-ABL1  

 A4FUS1 MCG123443 Rps16 DE 
  Q9D0A2 KH type-2 domain-containing protein Rps3 DE 
  Q3UJN2 RuvB-like helicase Ruvbl1 DE 
  Q69Z71 MKIAA1905 protein Scin DE 
  A2A6U3 Septin9 Sept9 DE 
  D3YZC9 Splicing factor 1 Sf1 DE 
  B2RSV4 Splicing factor 3b, subunit 3 Sf3b3 DE 
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Q9JJ20 14-3-3 protein sigma Sfn DE 
  Q8VIJ6 Splicing factor, proline- and glutamine-rich Sfpq DE 
  P98083-3 SHC-transforming protein 1 Shc1 DE 
  Q3UND0-2 Src kinase-associated phosphoprotein 2 Skap2 

 
BCR-ABL1  

 Q545A2 MCG11560 Slc25a5 DE 
  

Q6P5D8 
Structural maintenance of chromosomes flexible hinge domain-
containing protein 1 Smchd1 DE 

  Q3UZI3 Staphylococcal nuclease domain-containing protein 1 Snd1   BCR-ABL1  BCR-ABL1  
A0A0B4J1E2 SNW domain-containing protein 1 Snw1   SFPQ-ABL1  SFPQ-ABL1  

Q62417-5 Sorbin and SH3 domain-containing protein 1 Sorbs1   

BCR-ABL1 (one 
peptide)  
SFPQ-ABL1 (two 
peptides) 

BCR-ABL1 (one 
peptide)  
SFPQ-ABL1 (two 
peptides) 

H7BX95 Serine/arginine-rich-splicing factor 1 Srsf1 DE 
  Q62093 Serine/arginine-rich splicing factor 2 Srsf2 DE 
  Q3U781 MCG21131, isoform CRA_a Srsf3 DE 
  Q3THA6 Serine/arginine-rich splicing factor 7 Srsf7 DE SFPQ-ABL1    

Q3TXM9 Uncharacterised protein Srsf9 DE 
  Q9JM90-2 Signal-transducing adaptor protein 1 Stap1 

 
BCR-ABL1  

 Q9JIA0 Signal transducer and activator of transcription 5A Stat5a   SFPQ-ABL1  SFPQ-ABL1  
P42232 Signal transducer and activator of transcription 5B Stat5b 

  
SFPQ-ABL1  

Q8BUM1 Uncharacterised protein Tardbp DE 
  Q3U630 Threonine--tRNA ligase, cytoplasmic Tars   BCR-ABL1  BCR-ABL1  

A2T4N7 TATA-box binding protein Tbp DE 
  Q6P1B8 Tdp1 protein Tdp1 DE 
  P40142 Transketolase Tkt DE 
  Q3UHS6 Uncharacterised protein Tln1 DE 
  A0A0R4J1L0 Activated CDC42 kinase 1 Tnk2 DE 
  Q8CGB6-2 Tensin-2 Tns2 

  
BCR-ABL1  
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P17751 Triosephosphate isomerase Tpi1 DE 
  Q9CT36 Targeting protein for Xklp2 Tpx2   SFPQ-ABL1  SFPQ-ABL1  

Q3U3X7 E3 ubiquitin/ISG15 ligase TRIM25 Trim25 
 

BCR-ABL1  
 Q5EBP9 Tripartite motif-containing 28 Trim28 DE 

  Q9D0C4-2 tRNA (guanine(37)-N1)-methyltransferase Trmt5 DE 
  P68372 Tubulin beta-4B chain Tubb4b DE 
  Q14C24 MCG14259, isoform CRA_a U2af1 DE 
  Q8BJ53 UBA domain-containing protein Ubap2l 

 
SFPQ-ABL1  

 E9Q2H1 E3 ubiquitin-protein ligase UBR5 Ubr5 DE 
  Q3TI06 UDPG_MGDP_dh_C domain-containing protein Ugdh DE 
  Q8R0M2 Ugp2 protein Ugp2 DE 
  Q7TPT7 Valyl-tRNA synthetase Vars DE 
  P70460 Vasodilator-stimulated phosphoprotein Vasp DE BCR-ABL1  BCR-ABL1  

Q3UGK7 Neural Wiskott-Aldrich syndrome protein Wasl 
 

BCR-ABL1  
 Q8K1I7 WAS/WASL-interacting protein family member 1 Wipf1 DE 

  Q6PEV3 WAS/WASL-interacting protein family member 2 Wipf2 DE 
  

A2A5N2 
Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation 
protein, beta polypeptide Ywhab DE 

  P63101 14-3-3 protein zeta/delta Ywhaz DE 
  Q1LZJ0 6430526N21Rik protein Zfp865 DE 
  O35615 Zinc finger protein ZFPM1 Zfpm1 DE 
  A0A0N4SV80 Zinc finger protein 638 Znf638 DE 
  Q9CQU5 ZW10 interactor Zwint DE 
  Proteins that were identified as differentially expressed in SILAC and both LFQ analyses are coloured in green. 

Proteins that were identified as differentially expressed in SILAC and one of the LFQ analyses methods are coloured in blue. 
Proteins that were identified as differentially expressed in both LFQ analyses methods are coloured in orange. 
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