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Abstract 

Massively parallel sequencing (MPS) technology has revolutionised the genomic exploration of 

human disease. This is especially true in the case of cancer, which is primarily driven by the 

development of acquired genomic aberrations. 

The body of work described within this thesis represents a broad yet in-depth array of novel 

applications of MPS technology in the evaluation of haematological malignancies. This field is 

currently surging in relevance and clinical utility as the ongoing movement of MPS technology 

from the research to the routine diagnostic setting continues to facilitate the development of 

increasingly personalised medicine. 

High impact contributions have been made in a number of areas encompassing myeloid and 

lymphoid malignancies as well as haematological malignancies as a collective. Key 

achievements include: quantifying the risk of incidentally detecting germline variants of potential 

clinical significance during unpaired MPS testing of cancer samples; definitively proving that 

ASXL1 NM_015338.5:c.1934dup;p.Gly646Trpfs*12 is a true somatic alteration and developing 

an accurate and sensitive assay for its detection; exploring the pathogenesis of and 

mechanisms of resistance to histone deacetylase inhibitors in cutaneous T-cell lymphomas as 

well as defining the clinical features, outcomes and genomic landscape of transformed marginal 

zone lymphoma. 

This thesis represents a diverse portfolio of novel research with a strong translational focus. 

Despite the wide scope of the individual lines of inquiry described herein there is a common 

thread that binds the narrative together: the pursuit of innovative yet practical ways of utilising 

the powerful technology now available to improve the genomic characterisation of 

haematological malignancies and ultimately the lives of the patients and families they affect. 
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Chapter 1: Introduction 

Haematological malignancy serves as a hypernym to describe the multitude of neoplasms that 

can arise from haematopoietic and lymphoid tissues. The pluripotent haematopoietic stem cell, 

at its most primitive stage of development, is driven to develop either down a path of myeloid or 

lymphoid differentiation depending on the requirements of the surrounding microenvironment. 

Disruption of the cellular pathways governing physiological growth and maturation, secondary to 

acquired genomic aberrations, results in neoplastic growth. 

When such disruption occurs within the maturation spectrum of myeloid cells, myeloid 

malignancies such as acute myeloid leukaemia (AML), myelodysplastc syndromes (MDS) and 

myeloproliferative neoplasms (MPN) result, primarily within the bone marrow. The precise 

phenotype that manifests within an individual results from the complex interplay of multiple 

factors such as the stage of maturation arrest, rate of proliferation and the influence of the 

tumour microenvironment. Lymphoid maturation may be similarly affected, resulting in the 

development of lymphoid malignancies such as acute lymphoblastic leukaemia, chronic 

lymphocytic leukaemia as well as Hodgkin and non-Hodgkin lymphomas. These arise primarily 

within lymphoid tissues such as the bone marrow, the lymph nodes and the spleen. 

Despite the biological and clinical differences that distinguish each subtype of haematological 

malignancy, the use of genomic testing to aid diagnosis and prognostication as well as to inform 

treatment strategy has been a common theme for many years. Examples include the detection 

of gene mutations for the prognostication of AML (e.g. FLT3 and NPM1) and the use of real-

time quantitative reverse transcription polymerase chain reaction (qRT-PCR) for the diagnosis 

and monitoring of the chronic myeloid leukaemia defining BCR-ABL1 fusion gene transcript. 

Until relatively recently, routine genomic testing in the context of haematological malignancies 

has been defined by the detection of a single target at a time via the testing of initially 

chromosomes (e.g. cytogenetics and fluorescence in situ hybridisation) and then nucleic acids 

(e.g. Sanger sequencing and fragment analysis). This type of testing continues to play a role 

due to the relative simplicity and low cost of the techniques involved, as well as the ease of 

result interpretation. In addition, the use of such techniques within the correct clinical context 

can provide much useful information, as the measurand is often highly associated with the 

disorder of interest or is less commonly seen but highly clinically meaningful when detected. 

However, such testing can provide an incomplete understanding of individual disease biology, 

particularly in disorders associated with genomic complexity such as MDS. In conditions with 

multiple, mutually exclusive causative mutations such as the MPNs (JAK2, CALR and MPL), 

multiple tests may need to be performed in series, potentially increasing the time required to 

confirm the diagnosis. 

In more recent times the development and increasing use of massively parallel sequencing 

(MPS) technology has somewhat mitigated these limitations, leading to its increased uptake for 

the genomic characterisation of haematological malignancies. MPS describes a number of 

technologies that allow for the multiplexing of different samples within a single test and the 

sequencing of multiple genes within those samples concurrently. These fundamental 

characteristics have allowed for a complete paradigm shift from a low throughput, in series 

testing strategy to a high throughput, in parallel testing strategy. 

Despite the fact that the initial and running costs, run-time, data complexity and difficulty of 

result interpretation are all greater than for non-MPS techniques on a per assay basis, the ability 

to multiplex samples and analyse multiple genes at once results in significant per sample 

efficiencies and ultimately lower per sample costs in favour of MPS. This progress has been of 

particular value in clinical settings that require multiple genes to be assessed concurrently. It 

has also made possible previously unfeasible exploratory research, such as the comprehensive 
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genomic landscaping of large disease cohorts and the elucidation of disease-specific genomic 

determinants of clinical outcome. This burgeoning knowledge has resulted in an increasing 

demand on the diagnostic laboratory to offer evermore genomic services which, together with 

the decreasing costs of MPS technologies over time, has in turn facilitated their transition from 

the research to the routine diagnostic setting. 

The increasing availability of MPS technologies within the diagnostic laboratory has given 

clinicians and their patients access to a breadth and depth of real-time sequencing that allows 

for a more detailed assessment of individual disease biology – a necessary precondition for the 

democratisation of precision medicine. 

Multiple distinct MPS technologies have become established or are currently in various stages 

of development. Despite the differences amongst the various options, certain common technical 

principles broadly apply to the use of such technologies in the context of cancer testing. 

Firstly, sample quality is of the utmost importance. Ideally tumour burden verification should be 

performed so that data derived from low tumour burden samples may be interpreted and 

reported with caution. In addition, nucleic acid quantity and quality as well as sample-specific 

and run-specific quality metrics should be assessed and should meet the standards set during 

the validation of the relevant assay. 

Secondly, the type of nucleic acid used is of vital importance as this determines the type of MPS 

technology used, the validation strategy required, the types of genomic aberrations that can be 

assessed and ultimately the quality of the results obtained. MPS can be performed using 

genomic deoxyribonucleic acid (DNA) extracted directly from within cells which may be collected 

fresh or which may undergo further processing as in the case of formalin fixed, paraffin 

embedded (FFPE) samples. DNA-based MPS is typically used for the detection of gene 

variants and copy number variations (CNV). 

Ribonucleic acid (RNA), in the form of reverse transcribed copy DNA, is another input type that 

is commonly used for MPS. RNA is, in general, less stable than DNA and so has to be 

stabilised or extracted and frozen promptly in order to prevent degradation. Respecting such 

preanalytical quality considerations is necessary in order to ensure good quality sequencing 

results. At a practical level RNA extracted from FFPE samples is often of insufficient quality for 

MPS due to its degree of degradation. Such RNA is more reliably assessed by non-sequencing-

based technologies such as NanoString. RNA-based MPS is able to detect transcribed gene 

variants and fusion genes, but is more typically used for gene expression analysis. 

Circulating tumour DNA (ctDNA) is DNA derived from within tumour cells but present within the 

plasma as a result of cell death. This can be collected from the peripheral blood and is currently 

the subject of active investigation as a type of nucleic acid that can be used for MPS testing. 

The unique characteristics of ctDNA are currently driving the development of a number of MPS 

assays specifically designed for this purpose. An advantage of ctDNA is that its collection is less 

invasive than tissue biopsy, allowing for more frequent sampling and sampling in situations 

where a biopsy may not be feasible. This approach holds much promise for the assessment of 

spatial heterogeneity, clonal evolution and measurable residual disease monitoring, amongst 

other applications. 

Thirdly, assays performed on various MPS technologies can be differentiated according to the 

enrichment method employed. Library preparation is a complex, multi-step process required to 

prepare the nucleic acids for optimal sequencing. A central step of library preparation is the 

process of target enrichment during which the ratio of desired sequence to undesired sequence 

is increased. This can be achieved in one of two ways. 
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Amplicon-based target enrichment requires the use of multiple primer pairs that are designed to 

flank DNA sequences of interest. These reads are then amplified by polymerase chain reaction 

(PCR) prior to sequencing. Hybridisation capture-based target enrichment requires random 

shearing of the DNA followed by target DNA capture using oligonucleotide baits. Captured DNA 

is pulled down using magnetic beads and then eluted prior to sequencing. This method 

(illustrated below) is less reliant on PCR amplification and due to the random shearing the reads 

will overlap but will have unique start and stop positions. 

 

 

Jennings LJ, Arcila ME, Corless C et al. Guidelines for Validation of Next-Generation Sequencing-Based Oncology 

Panels: A Joint Consensus Recommendation of the Association for Molecular Pathology and College of American 

Pathologists. J Mol Diagn, 2017. 

The unique length and position of the reads generated using hybridisation capture-based target 

enrichment allows for the independent sequencing of a large number of unique DNA fragments. 

This allows for higher sequencing quality as duplicate reads can be identified and removed from 

the analysis which reduces artefact. In addition the use of oligonucleotide baits, which are less 

specific for their target than are primers, results in the capture of off-target reads and those 

spanning fusion gene breakpoints. The sequencing of such reads allows for additional analytical 

capabilities such as low coverage, whole genomic copy number assessment as well as 

translocation detection. 

Amplicon-based target enrichment lacks these beneficial features as all reads generated due to 

a particular primer pair have the same start and stop positions. Despite this, amplicon-based 

target enrichment may be a fit for purpose choice when designing panels to sequence a limited 

number of genes or when particular mutation hotspots are of primary interest. Such panels 

consume fewer resources and hence offer a cost-efficient solution when high throughput, 

disease-specific MPS is required. 
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Finally, panel size is a major consideration that affects multiple technical aspects such as the 

type of MPS technology employed, the capacity of the required sequencer, panel design and 

validation as well as bioinformatic requirements and result interpretation. Smaller panels are 

generally better suited to high throughput, disease-specific testing, tend to be amplicon-based 

and are less resource intensive. Larger panels, whole exome and whole genome sequencing 

are generally better suited to research applications or to the evaluation of atypical cases, tend to 

be capture-based and are more resource intensive. However, ongoing technical improvements 

and decreasing costs are likely to make more extensive sequencing more prevalent within the 

routine diagnostic setting over time. 

MPS testing generates a large amount of data, the management of which represents a 

substantial challenge. Significant computing power, storage and specialist knowledge is 

required to manipulate, interpret and archive MPS data. The series of steps through which the 

raw data generated by MPS technologies must pass in order to be rendered into a form 

evaluable to the end user is known as the bioinformatic pipeline. A typical example is illustrated 

below. 

 

 

Roy S, Coldren C, Karunamurthy A et al. Standards and Guidelines for Validating Next-Generation Sequencing 

Bioinformatics Pipelines: A Joint Recommendation of the Association for Molecular Pathology and the College of 

American Pathologists. J Mol Diagn, 2018. 
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The individualised development and validation of an appropriate bioinformatic pipeline is vital for 

maximising the utility of each MPS assay and for ensuring the accuracy of the sequencing data. 

After the data has passed through an appropriate bioinformatic pipeline it is presented to the 

end user in an evaluable form, for example Human Genome Variation Society nomenclature in 

the case of gene variants. Despite this, a further process of technical and contextual data 

interpretation known as curation is still required. During curation putative genomic aberrations 

(those above the validated variant allele fraction threshold for detection in the case of gene 

variants) are confirmed not to be artefactual in nature. This is accomplished through knowledge 

of known panel-specific artefacts and through manual data visualisation and inspection. In the 

case of unpaired cancer testing germline single nucleotide polymorphisms are excluded from 

the analysis based on their presence in large population databases. Those genomic aberrations 

deemed to be somatic are assigned a pathogenicity rating based on information available in the 

literature or their presence in cancer mutation databases. Finally, each finding must be 

interpreted in the relevant disease context in order to define its biological and clinical 

implications. 

Due to the varied and complex laboratory, bioinformatic as well as biological and clinical 

expertise required to generate and interpret MPS data accurately, a multidisciplinary team of 

specialist scientists, bioinformaticians and curators is required in order to ensure the best quality 

results. 

The body of work described within this thesis represents a broad yet in-depth array of novel 

applications of MPS technology in the evaluation of haematological malignancies. This field is 

currently surging in relevance and clinical utility as the ongoing movement of MPS technology 

from the research to the routine diagnostic setting continues to facilitate the development of 

increasingly personalised medicine. 
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Chapter 2: Methodology 

Ethics and governance 

All studies described herein were performed with the approval of the Peter MacCallum Cancer 

Centre human research ethics committee and conducted in accordance with the Helsinki 

Declaration of 1975 (revised in 2008). All clinical and genomic data was de-identified and stored 

in secure, password protected databases. Genomic testing was performed in the Molecular 

Haematology Laboratory and the Molecular Genomics Core Laboratory, both located at the 

Peter MacCallum Cancer Centre (Melbourne, VIC, Australia). 

Statistical Analysis 

All statistical analyses were performed using GraphPad Prism v9.0.0 software (GraphPad 

Software, San Diego, CA, USA). 

Patient and cell line samples 

Disease cohorts were defined by the World Health Organization (WHO) 2008 and 2016 

diagnostic criteria1 2 as well as by the WHO-European Organization for Research and Treatment 

of Cancer classification for cutaneous lymphomas3. Samples were selected from routine 

diagnostic cases stored at the Molecular Haematology Laboratory at the Peter MacCallum 

Cancer Centre (Melbourne, VIC, Australia) and identified using institutional databases and/or 

the Victorian Cancer Biobank (Melbourne, VIC, Australia) as follows. 

Deoxyribonucleic acid (DNA) extracted from peripheral blood or bone marrow aspirate samples 

stored at room temperature: 

 Myelodysplastic syndrome 

 Chronic myelomonocytic leukaemia 

 Myeloproliferative neoplasms 

 Normal karyotype acute myeloid leukaemia 

DNA and RNA extracted from snap frozen fresh samples stored at -80°C: 

 Cutaneous T-cell lymphomas 

DNA and ribonucleic acid (RNA) extracted from formalin fixed, paraffin embedded (FFPE) 

samples stored at room temperature: 

 Transformed marginal zone lymphomas 

DNA from peripheral blood, bone marrow aspirate and cell line samples was extracted using the 

EZ1 DNA Tissue Kit (Qiagen, Hilden, Germany) on the EZ1 Advanced XL system (Qiagen) as 

per the manufacturer’s instructions. 

DNA and RNA from snap frozen fresh samples were extracted using the AllPrep DNA/RNA Mini 

Kit (Qiagen) after tissue homogenisation using a TissueRuptor handheld rotor-stator 

homogenizer (Qiagen) as per the manufacturer’s instructions. 

DNA and RNA from FFPE samples were extracted from 10 – 20 sections (five micrometers 

thick) using the AllPrep DNA/RNA FFPE Kit (Qiagen) as per the manufacturer’s instructions. 

DNA from LoVo, LS180 and SNU-C4 cell lines was obtained from the Walter and Eliza Hall 

Institute of Medical Research (Parkville, VIC, Australia). 
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DNA quantification was performed using the Qubit dsDNA BR Assay Kit (Thermo Fisher 

Scientific, Waltham, MA, USA) and a Qubit 2.0 Fluorometer (Thermo Fisher Scientific). Quantity 

and integrity of total RNA was assessed using a TapeStation 2200 (Agilent Technologies, Santa 

Clara, CA, USA). 

Cell culture 

Kasumi-1 (American Type Culture Collection, Manassas, VA, USA), SH1 (Shanghai Second 

Medical University, Shanghai, China), NOMO1 (Leibniz Institute DSMZ – German Collection of 

Microorganisms and Cell Cultures, Braunschweig, Germany), OCI-AML3 (Leibniz Institute 

DSMZ – German Collection of Microorganisms and Cell Cultures) and K562 (American Type 

Culture Collection) cell lines were cultured in Roswell Park Memorial Institute (RPMI) 1640 

medium (Thermo Fisher Scientific) supplemented with 10% vol/vol fetal bovine serum (Sigma-

Aldrich, St. Louis, MI, USA) and 100 U/ml of penicillin/streptomycin (Invitrogen, Carlsbad, CA, 

USA). 

Flow cytometry – Intracellular staining 

Staining of peripheral blood, bone marrow aspirate and cell line samples was carried out in 

tubes and all washing steps were performed by centrifugation. Cells were blocked with 5% 

bovine serum albumin, fixed with IntraStain Reagent A (Agilent) and permeabilised with 

IntraStain Reagent B (Agilent). Cells were incubated with primary antibody for 60 minutes at 

room temperature, washed and incubated with fluorescent dye conjugated secondary 

antibodies for 60 minutes at room temperature in the dark. Cells were washed and run on a BD 

FACSCanto II (BD Biosciences, Franklin Lakes, NJ, USA). Flow cytometry data was interpreted 

using Kaluza v1.5a software (Beckman Coulter, Brea, CA, USA). 

The logarithm of the mean fluorescence intensity (logMFI) was used as the measure of signal 

intensity. All flow cytometry experiments were performed using fluorescence minus one 

controls, such that true signal was expressed as ΔlogMFI (logMFI (primary+secondary 

antibody)-logMFI (secondary antibody)). 

The optimal dilution of each antibody within a primary-secondary antibody pairing was 

determined by performing titration experiments. Each of four dilutions of primary antibody 

(1:100, 1:200, 1:400 and 1:800) was tested with each of three dilutions of secondary antibody 

(1:100, 1:250 and 1:500). The primary-secondary antibody pairing with the highest true signal 

was chosen for subsequent experiments. 

Primary antibodies tested and validated dilutions where applicable: 

 Ubiquityl-Histone H2A (Lys119) (D27C2) XP Rabbit mAb #8240 (Cell Signaling 

Technology, Danvers, MA, USA) – 1:200 dilution 

 ASXL1 rabbit polyclonal antibody (PAB5254) (Abnova, Cambridge, UK) – 1:200 dilution 

 BAP1 (C-4) mouse monoclonal antibody: sc-28383 (Santa Cruz Biotechnology, Dallas, 

TX, USA) – 1:100 dilution 

 Histone H2A (L88A6) Mouse mAb (Cell Signaling Technology) – not able to be 

optimised for flow cytometry 

 ASXL1 mouse monoclonal antibody (M05), clone 6E2 (Abnova) – not able to be 

optimised for flow cytometry 

 ASXL1 mouse polyclonal antibody (PAB5254) (Abnova) – not able to be optimised for 

flow cytometry 
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Secondary antibodies tested and validated dilutions where applicable: 

 Anti-Rabbit IgG (H+L), F(ab’)2 Fragment (Alexa Fluor 488 Conjugate) (Cell Signaling 

Technology) – 1:1000 dilution 

 Anti-Mouse IgG (H+L), F(ab’)2 Fragment (PE Conjugate) (Cell Signaling Technology) – 

not able to be optimised for flow cytometry 

Primer design 

All primers were rationally designed in silico using OligoCalc4 to determine properties such as 

melting temperature and self-complementarity as well as Primer3Plus5 to guide primer pair 

selection. Primers were manufactured by Integrated DNA Technologies (Boronia, VIC, 

Australia). 

Sanger sequencing 

Gene regions of interest were amplified by polymerase chain reaction (PCR) on an ABI Veriti 
Thermal Cycler (Thermo Fisher Scientific) using target-specific M13 tailed primers. Each PCR 
reaction contained 1X Amplitaq Gold 360 Master Mix (Thermo Fisher Scientific), 400 nM each 
primer and 10 ng of input DNA in a 10 μl reaction volume. PCR conditions were an initial 
denaturation at 95°C for 5 minutes followed by 40 rounds of cycling at 94°C for 30 seconds, 
60°C for 40 seconds and 72°C for 45 seconds. 

The PCR reaction was purified using the Agencourt AMPure XP system (Beckman Coulter). 

Sequencing was performed using M13 forward and reverse primers and the BigDye Terminator 

v3.1 Cycle Sequencing Kit (Thermo Fisher Scientific). The sequencing reaction was then 

purified using the AxyPrep MAG DyeClean Kit (Thermo Fisher Scientific) and analysed by 

capillary electrophoresis on an ABI 3730 DNA Analyser (Thermo Fisher Scientific). Sequencing 

data was analysed using Mutation Surveyor v4.0.5 software (SoftGenetics, State College, PA, 

USA). 

Samples were run together with no template controls (NTC). 

A region of ASXL1 exon 12 that contains the eight base pair mononucleotide guanine repeat 

extending from c.1927 to c.1934 was amplified using the following M13 tailed primers: 

ASXL1_For: 5’ tgtaaaacgacggccagtTGCCATGACCCTTAAGCTACT 3’ 

ASXL1_Rev: 5’ caggaaacagctatgaccAGCTCTGGACATGGCAGTTC 3’ 

The entire length of BAP1 was amplified using the following M13 tailed primers: 

BAP1_1_For: 5’ tgtaaaacgacggccagtCGTTGTCTGTGTGTGGGACT 3’ 

BAP1_1_Rev: 5’ caggaaacagctatgaccCTGCGATGAGGAAAGGAAAG 3’ 

BAP1_2_For: 5’ tgtaaaacgacggccagtGCTCGTGGAAGATTTCGGTA 3’ 

BAP1_2_Rev: 5’ caggaaacagctatgaccAAAGCAGCTGAACCAAAGGA 3’ 

BAP1_3_For: 5’ tgtaaaacgacggccagtCGCTTCCCTTTTTGTAGCAG 3’ 

BAP1_3_Rev: 5’ caggaaacagctatgaccTGCAGTCAGGAAAGCAAATG 3’ 

BAP1_4_For: 5’ tgtaaaacgacggccagtCAACCGTGACTGAACCAAGA 3’ 

BAP1_4_Rev: 5’ caggaaacagctatgaccCTCAGGTGTCCTTGCTGTGA 3’ 
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BAP1_5_For: 5’ tgtaaaacgacggccagtTGGAGCATCACAGTCAGAGG 3’ 

BAP1_5_Rev: 5’ caggaaacagctatgacc CCTGTCTTCCTCCATTTCCA 3’ 

BAP1_6_For: 5’ tgtaaaacgacggccagtACGTCCGTGATTGATGATGA 3’ 

BAP1_6_Rev: 5’ caggaaacagctatgaccTCAAGAATGGGGATCCAGAG 3’ 

BAP1_7_For: 5’ tgtaaaacgacggccagtGGCAAAGATGAAAGGAGCTG 3’ 

BAP1_7_Rev: 5’ caggaaacagctatgaccTCATGTGGTAGCATTCCCAGT 3’ 

BAP1_8_For: 5’ tgtaaaacgacggccagtGGACTTCACCAAGGGTTTCA 3’ 

BAP1_8_Rev: 5’ caggaaacagctatgaccGGAATCGGAAGGAACACAGA 3’ 

BAP1_9_For: 5’ tgtaaaacgacggccagtGGGCTCCAGAGCTCTTTTCT 3’ 

BAP1_9_Rev: 5’ caggaaacagctatgaccGTAGACCTTCAGCCCATCCA 3’ 

BAP1_10_For: 5’ tgtaaaacgacggccagtCTCCCTGAGAAGCAGAATGG 3’ 

BAP1_10_Rev: 5’ caggaaacagctatgaccGCCTTGTCTGTCCACTCCTC 3’ 

BAP1_11_For: 5’ tgtaaaacgacggccagtAGGGTTTCCTTCTCGCTGAT 3’ 

BAP1_11_Rev: 5’ caggaaacagctatgaccTGTATGAGGGGCCTATCTGG 3’ 

BAP1_12_For: 5’ tgtaaaacgacggccagtAGGCCTCAGTGGAGCCTTAG 3’ 

BAP1_12_Rev: 5’ caggaaacagctatgaccCCTGCTGCAGAGCCTCTAGT 3’ 

BAP1_13_For: 5’ tgtaaaacgacggccagtCCGCAGGATCAAGTATGAGG 3’ 

BAP1_13_Rev: 5’ caggaaacagctatgaccACCCGGGCTTCTACCTTAAA 3’ 

BAP1_14_For: 5’ tgtaaaacgacggccagtGAGTGGGGAGGGAGAATAGC 3’ 

BAP1_14_Rev: 5’ caggaaacagctatgaccCAAGGACATCCCCAGAAAAA 3’ 

BAP1_15_For: 5’ tgtaaaacgacggccagtGTCTGACATGGGAGGCCTAA 3’ 

BAP1_15_Rev: 5’ caggaaacagctatgaccGAACCAGCACTTCCCAGAGA 3’ 

BAP1_16_For: 5’ tgtaaaacgacggccagtGCGGGATCATGACTTAGAGC 3’ 

BAP1_16_Rev: 5’ caggaaacagctatgaccGGAACCACATGGGAAAATTG 3’ 

BAP1_17_For: 5’ tgtaaaacgacggccagtCCGGCCTTTCTAGACAATCA 3’ 

BAP1_17_Rev: 5’ caggaaacagctatgaccAGCCAGAGAGAAAGCCAACA 3’ 

BAP1_18_For: 5’ tgtaaaacgacggccagtCGTGGGGTTCTATCCAGTGT 3’ 

BAP1_18_Rev: 5’ caggaaacagctatgaccATTATCTGCTGCAGGGCATT 3’ 

BAP1_19_For: 5’ tgtaaaacgacggccagtTTCGGATCCCATCCTGAATA 3’ 

BAP1_19_Rev: 5’ caggaaacagctatgaccTGGCATCAAGTTCTGACAGC 3’ 
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BAP1_20_For: 5’ tgtaaaacgacggccagtAGTGGGATGGCTGGAATAGA 3’ 

BAP1_20_Rev: 5’ caggaaacagctatgaccCAAGACGTTGATGGTGTTGG 3’ 

BAP1_21_For: 5’ tgtaaaacgacggccagtCGTTCCCTTGCTTCACATCT 3’ 

BAP1_21_Rev: 5’ caggaaacagctatgaccGACAGCACGGTTGTAGCGTA 3’ 

BAP1_22_For: 5’ tgtaaaacgacggccagtCCACATCTCCAAGGTGCTTT 3’ 

BAP1_22_Rev: 5’ caggaaacagctatgaccGAGCTCAGGCCTTACCCTCT 3’ 

BAP1_23_For: 5’ tgtaaaacgacggccagtAGAGAGAAGACGGGGATGGT 3’ 

BAP1_23_Rev: 5’ caggaaacagctatgaccTCAGCCTCCACACACTTCAG 3’ 

BAP1_24_For: 5’ tgtaaaacgacggccagtTCCTTGCCTCTAGCTGCCTA 3’ 

BAP1_24_Rev: 5’ caggaaacagctatgaccGCAGGGCATTCCAGTTAAGA 3’ 

BAP1_25_For: 5’ tgtaaaacgacggccagtGACCAGAGAAGGACCCACAA 3’ 

BAP1_25_Rev: 5’ caggaaacagctatgaccAGAGTGGGCTGCAGAGTCAG 3’ 

Fragment analysis  

A region of ASXL1 exon 12 that contains the eight base pair mononucleotide guanine repeat 

extending from c.1927 to c.1934 was amplified by PCR on an ABI Veriti Thermal Cycler 

(Thermo Fisher Scientific) using specific ASXL1 forward                                                                                     

(5’ acactgacgacatggttctacaACCCTGGGTGGTTAAAGGTC 3’) and reverse                                         

(5’ HEX-GTTCCGGCCTGGGTATGCTC 3’) primers. Each PCR reaction contained 1X PCR 

Buffer (200 mM Tris-HCl (pH 8.4) and 500 mM KCl), 1.5 mM MgCl2, 200 nM each 

deoxynucleoside triphosphate, 125 nM each primer, 2 U Invitrogen Platinum Taq DNA 

Polymerase (Thermo Fisher Scientific) and 25 ng of input DNA in a 10 μl reaction volume. PCR 

conditions were an initial denaturation at 95°C for 7 min followed by 35 rounds of cycling at 

95°C for 45 seconds, 60°C for 45 seconds and 72°C for 90 seconds followed by a final 

extension at 72°C for 10 minutes. 

The resulting PCR product was combined with Hi-Di Formamide (Thermo Fisher Scientific) and 

GeneScan 500 ROX dye size standard (Thermo Fisher Scientific) and heat denatured at 95°C 

for 5 minutes. Samples were sized by capillary electrophoresis on an ABI 3730 DNA Analyser 

(Thermo Fisher Scientific). Fragment analysis data was analysed using GeneMarker v1.97 

software (SoftGenetics). 

Samples were run together with NTCs, positive controls (Kasumi-1 DNA) and negative controls 

(wild type DNA). 

Real-time quantitative reverse transcription polymerase chain reaction 

Real-time quantitative reverse transcription polymerase chain reaction (qRT-PCR) was 

performed using a LightCycler 480 (Roche, Basel, Switzerland). Each PCR reaction contained 

1X Amplitaq Gold 360 Master Mix (Thermo Fisher Scientific), 200 nM each primer (see below), 

5 µM Syto9 (Thermo Fisher Scientific) and 10 ng of input DNA in a 10 μl reaction volume. 
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Primers used for qRT-PCR experiments: 

 7G_For: 5’ CCATCGGAGGGGGGGT 3’ 

7G_Rev: 5’ AGCTCTGGACATGGCAGTTC 3’ 

8G_For: 5’ ATCGGAGGGGGGGGT 3’ 

8G_Rev: 5’ AGCTCTGGACATGGCAGTTC 3’ 

9G_For: 5’ ATCGGAGGGGGGGGGT 3’ 

9G_Rev: 5’ AGCTCTGGACATGGCAGTTC 3’ 

Ref_For: 5’ acactgacgacatggttctacaAGCCTCTGGAGCCTTCTTCT 3’ 

Ref_Rev: 5’ tacggtagcagagacttggtctAAGGAAAGTGATGCACTGTGG 3’ 

PCR conditions were an initial denaturation at 95°C for 5 minutes followed by 45 rounds of 

cycling at 94°C for 30 seconds, 60°C for 45 seconds and 72°C for 45 seconds. qRT-PCR data 

was analysed using LightCycler 480 v1.5.0 software (Roche). Cycle thresholds were set at 3.55 

relative fluorescence units (RFU) for the 9G primers and 7.05 RFUs for the reference primers. 

All samples were run in duplicate at minimum together with NTCs, high positive controls 

(Kasumi-1 DNA – 50% ASXL1 c.1934dupG mutation burden), low positive controls (Kasumi-1 

DNA – 3% ASXL1 c.1934dupG mutation burden) and wild type controls. 

Massively parallel sequencing – Peter MacCallum Cancer Centre myeloid and lymphoid 

amplicon panels 

Library preparation was performed using the Fluidigm Access Array System (Fluidigm, San 

Francisco, CA, USA). PCR amplification occurred within an Access Array 48.48 integrated 

fluidic circuit using 50 ng of input DNA. PCR products were indexed using sample-specific 

barcode primers (Fluidigm) as per the manufacturer’s instructions. Samples were pooled and 

the resulting library was purified using the Agencourt AMPure XP system (Beckman Coulter) 

and quantified on a 2200 TapeStation instrument (Agilent Technologies). Libraries were then 

denatured and diluted as per the manufacturer’s instructions and 150 base pair paired-end 

sequencing was performed using an Illumina MiSeq sequencer (Illumina, San Diego, CA, USA) 

using MiSeq v2 chemistry. 

Sequencing data was then de-multiplexed and FASTQ files were generated by CASAVA v1.8.2 

(Illumina). Reads were assembled and aligned to the human reference genome (GRCh37/hg19) 

using Primal (an in-house developed non-global alignment method based on a modified Smith-

Waterman algorithm) and variants called using VarScan 26 7. An in-house developed 

combination non-global alignment method and variant caller (Canary)8 was used as an 

alternative to Primal and Varscan 2 only where specifically indicated. Both of these methods 

discard variants with coverage of <100 total reads or <20 mutant reads. 

Variants were annotated and reported using in-house developed software (PathOS)9 that 

integrates variant annotation with sequencing characteristics as well as facilitating variant 

curation and report generation. Visualisation of sequencing data was performed using 

Integrative Genomics Viewer (IGV)10-12. At >1000 paired reads coverage these assays have a 

limit of detection of approximately 5% variant allele fraction (VAF). 

Samples were run in duplicate together with NTCs and positive controls (NA12878 DNA (Coriell 

Cell Repositories, Camden, NJ, USA). 
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Non-coding region variants and known single nucleotide polymorphisms (SNP) as per 

population databases such as the Exome Aggregation Consortium (ExAC)13 database and the 

Genome Aggregation Database14 are curated as not pathogenic and not reported. Coding 

region and splice site variants are curated for pathogenicity by review of the literature as well as 

information from databases including the Catalogue of Somatic Mutations in Cancer 

(COSMIC)15, the International Agency for Research on Cancer (IARC) TP53 Database16 and 

the Universal Protein Resource (UniProt)17. 

The Peter MacCallum Cancer Centre myeloid amplicon panel is a 26 gene panel targeting 

regions of interest (mutation hotspots and/or entire coding regions) of the following genes: 

ASXL1 (exon 12), BRAF (exon 15), CALR (exon 9), CBL (exon 8, 9), CSF3R (exon 14, 17), 

DNMT3A (exon 23), EZH2 (exon 2-20), FLT3 (exon 14, 15, 20), GATA2 (exon 4, 5), IDH1 (exon 

4), IDH2 (exon 4), JAK2 (exon 12, 14, 16), JAK3 (exon 13), KIT (exon 8, 10, 11, 17), KRAS 

(exon 2, 3, 4), MPL (exon 10), NPM1 (exon 11), NRAS (exon 2, 3, 4), RUNX1 (exon 4-9), 

SETBP1 (exon 4), SF3B1 (exon 14,15,16), SRSF2 (exon 1), TET2 (exon 2-11), TP53 (exon 2-

11), U2AF1 (exon 2, 6) and WT1 (exon 7, 8, 9). The amplicon that covers the ASXL1 exon 12 

eight base pair mononucleotide guanine repeat extending from c.1927 to c.1934 is generated 

using the CS1/CS2 tagged specific ASXL1 forward                                                                     

(5’ acactgacgacatggttctacaGTGCTCTGCAGGTCCGAG 3’) and reverse                                    

(5’ tacggtagcagagacttggtctACGTACACTTTCCAGGGGTG 3’) primers. 

The Peter MacCallum Cancer Centre lymphoid amplicon panel is a 26 gene panel targeting 

regions of interest (mutation hotspots and/or entire coding regions) of the following genes: AKT1 

(exon 3), BIRC3 (exon 6-9), BRAF (exon 11, 15), BTK (exon 15), CARD11 (exon 4-9), CXCR4 

(exon 2), DNMT3A (exon 23), EZH2 (exon 16, 18), FYN (exon 7), FOXO1 (exon 1), IDH1 (exon 

4), IDH2 (exon 4), JAK3 (exon 13, 15), KRAS (exon 2-4), MYD88 (exon 5), NOTCH1 (exon 26-

28, 34), NRAS (exon 2-4), PHF6 (exon 7-10), PIK3CA (exon 10, 21), PLCG1 (exon 11), PLCG2 

(exon 19, 20, 24), RHOA (exon 2), RUNX1 (exon 4-9), SF3B1 (exon 14-16), STAT3 (exon 21), 

STAT5B (exon 16), STAT6 (exon 10, 13, 16) and TP53 (exon 2-11). 

Massively parallel sequencing – Peter MacCallum Cancer Centre PanHaem hybridisation 

capture panel 

Library preparation was performed using the KAPA Hyper Prep Kit (Kapa Biosystems, MA, 

USA) as per manufacturer’s instructions using 300 ng of input DNA sheared by an LE220 

Focused-ultrasonicator (Covaris, Woburn, MA, USA). Hybridisation enrichment capture was 

performed using a custom Agilent SureSelect Panel (Agilent) with baits designed to target the 

coding regions of 313 genes of diagnostic, prognostic and/or therapeutic relevance in 

haematological malignancies. The IGH locus (coding and non-coding regions) was also 

captured to facilitate IGH translocation detection (see below)18. Indexing with sample-specific 

barcodes allowed multiplexed 75 base pair paired-end sequencing to be performed using an 

Illumina NextSeq sequencer (Illumina). 

Sequencing data was then de-multiplexed and FASTQ files were generated by CASAVA v1.8.2 

(Illumina). Reads were then aligned to the human reference genome (GRCh37/hg19) using 

BWA-MEM19 and variants called using GATK HaplotypeCaller20. Off-target reads (up to 60% of 

reads align to regions not targeted by baits) were used to determine low coverage, whole 

genome copy number variation (CNV). CNVs were quantified by comparing read counts to a 

reference pool of 10 normal samples with similar technical artefacts (snap frozen fresh sample 

versus FFPE sample specific comparisons). Boundaries between areas with different copy 

number were determined using circular binary segmentation21. Significance for each locus was 

estimated from null distributions empirically derived from the reference pool. Copy number data 

was visualised using an in-house developed browser (CNspector)22. Translocation detection 

was performed using a multithreaded structural variant caller (GRIDSS) that performs genome-
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wide break-end assembly prior to variant calling using a novel positional de Bruijn graph-based 

assembler that probabilistically combines assembly, split read and read pair evidence23. 

Variants were annotated and reported using in-house developed software (PathOS)9 that 

integrates variant annotation with sequencing characteristics as well as facilitating variant 

curation and report generation. Visualisation of sequencing data was performed using IGV10-12. 

At ≥600 reads coverage this assay has a limit of detection of approximately 10% VAF. 

Approximately 20% tumour burden is required for the detection of CNVs. 

Samples were run in duplicate together with NTCs. 

Non-coding region variants and known SNPs as per population databases such as the ExAC13 

database and gnomAD14 are curated as not pathogenic and not reported. Coding region and 

splice site variants are curated for pathogenicity by review of the literature as well as information 

from databases including COSMIC15, the IARC TP53 Database16 and UniProt17. 

All coding exons of the following genes are covered by the Peter MacCallum Cancer Centre 

PanHaem hybridisation capture panel: ABL1, ACD, ADAMTS13, AK2, AKT1, ALK, ANKRD26, 

ANP32E, ARAF, ARID1A, ASXL1, ASXL2, ATG2B, ATM, ATR, ATRIP, ATRX, B2M, BCL2, 

BCL6, BCL7A, BCOR, BCORL1, BCR, BIRC2, BIRC3, BRAF, BRCA1, BRCA2, BRCC3, BRD2, 

BRD3, BRD4, BRIP1, BTG1, BTK, C10orf71, C3, CALR, CARD11, CBL, CCND1, CCND2, 

CCND3, CD274, CD28, CD37, CD40, CD46, CD58, CD70, CD79A, CD79B, CDH23, CDKN1B, 

CDKN2A, CDKN2C, CEBPA, CFB, CFH, CFHR1, CFI, CHD2, CHD4, CHEK2, CIITA, CKS1B, 

CNOT3, CRBN, CREBBP, CRLF2, CSF1R, CSF3R, CSMD1, CTC1, CUL4A, CUL4B, CUX1, 

CXCR4, CYLD, DDB1, DDX3X, DDX41, DGKE, DIS3, DKC1, DNMT3A, DOCK4, DTX1, EBF1, 

EED, EGFR, EGLN1, EGR1, EGR2, ELANE, ELF4, EP300, EPAS1, EPHA7, EPOR, ERAP2, 

ERBB2, ERBB4, ERCC4, ERCC6L2, ETNK1, ETS1, ETV6, EWSR1, EZH2, FAF1, FAM46C, 

FANCA, FANCB, FANCC, FANCD2, FANCE, FANCF, FANCG, FANCI, FANCL, FANCM, FAS, 

FAT1, FAT3, FAT4, FBXO11, FBXW7, FGFR1, FGFR3, FLT3, FOXO1, FOXP1, FUBP1, FYN, 

G6PC3, GATA1, GATA2, GFI1, GNA13, GNAS, GNB1, GSKIP, HAX1, HIST1H1B, HIST1H1C, 

HIST1H1D, HIST1H1E, ID3, IDH1, IDH2, IGLL5, IKBKB, IKZF1, IKZF3, IL7R, IRAK1, IRF2BP2, 

IRF4, IRF8, ITK, ITPKB, JAGN1, JAK1, JAK2, JAK3, KDM2B, KDM6A, KIT, KLF2, KLHL14, 

KLHL6, KMT2A, KMT2C, KMT2D, KRAS, LTB, LYN, LYST, MAF, MAFB, MAP2K1, MAP3K14, 

MAX, MED12, MEF2B, MEP1B, MGA, MIF4GD, MKI67, MPL, MTOR, MYC, MYD88, MYSM1, 

NCKAP5, NCOR1, NCOR2, NF1, NFKB2, NFKBIA, NFKBIE, NHP2, NOP10, NOTCH1, 

NOTCH2, NOTCH3, NOTCH4, NPM1, NRAS, NSD1, NT5C2, NXF1, P2RY8, PALB2, PARN, 

PAX5, PCBP1, PCDHGA2, PDCD1LG2, PDGFRA, PDS5B, PHF6, PIGA, PIK3CA, PIK3CD, 

PIK3R1, PIM1, PIM2, PLCG1, PLCG2, PML, POT1, PRDM1, PRF1, PRKCB, PRKD2, 

PRPF40B, PSMB5, PTEN, PTPN1, PTPN11, PTPN6, RAB27A, RAD21, RAD51C, RAF1, 

RARA, RASA2, RB1, RBBP4, RBBP6, RBBP7, RBM8A, REL, RELA, RELB, RHOA, ROS1, 

RPL11, RPL15, RPL26, RPL35A, RPL5, RPS10, RPS14, RPS15, RPS17, RPS19, RPS24, 

RPS26, RPS29, RPS7, RRAGC, RTEL1, RUNX1, S1PR2, SALL3, SAMHD1, SBDS, SETBP1, 

SETD2, SF1, SF3A1, SF3B1, SGK1, SH2B3, SH2D1A, SIGLEC10, SLC2A12, SLFN12, SLX4, 

SMARCA4, SMARCAL1, SMARCB1, SMC1A, SMC3, SOCS1, SOS1, SOX7, SP140, SRP72, 

SRSF2, STAG2, STAT3, STAT5B, STAT6, STIL, STX11, STXBP2, SUZ12, TAB2, TAL1, 

TBL1XR1, TCF3, TCIRG1, TERT, TET1, TET2, TET3, THBD, THPO, TINF2, TLR2, TMPRSS6, 

TNFAIP3, TNFRSF11A, TNFRSF13C, TNFRSF14, TNFSF9, TP53, TPMT, TRAF2, TRAF3, 

TRAF5, TYK2, U2AF1, U2AF2, UNC13D, UNC80, UQCRC1, VHL, VPS45, WAC, WAS, 

WHSC1, WIF1, WNK1, WRAP53, WT1, XBP1, XIAP, XPO1, ZAP70, ZBTB7A, ZEB1, ZMYM3, 

ZRSR2, ZSWIM4 as well as VWF exon 28, noncoding RNAs (DLEU2 and TERC) and 

microRNAs (MIR15A and MIR16-1). 
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Massively parallel sequencing – coding transcriptome RNA sequencing 

Library preparation was performed using the TruSeq RNA Access Library Prep Kit (Illumina) as 

per manufacturer’s instructions using 200 ng of input RNA. Indexed libraries were pooled and 

75 base pair paired-end sequencing was performed using an Illumina NextSeq500 sequencer 

(Illumina) to a minimum of 30,000,000 mapped reads. 

RNA sequencing data underwent initial quality control with overrepresented sequences 

identified using FastQC (Babraham Bioinformatics, Cambridge, UK). Reads were trimmed using 

cutadapt v1.724 to remove poor quality ends. Sequencing data was then aligned to the human 

reference genome (GRCh37/hg19) using TopHat225. Comprehensive quality assessment of the 

aligned files was performed using RNA-SeQC26. Read counting was performed with HTSeq27 

using transcript annotation from Ensembl 7328. 

Principal component analysis (PCA) plot generation, gene transcript counting, differential gene 

expression and heatmap generation were performed using RStudio v3.4.0 software (RStudio, 

Boston, MA, USA) and the following packages: edgeR v3.18.1, RUVSeq v1.10.0, 

limma v3.32.10, ggplot2 v2.2.1,  EDASeq v2.10.0, Hmisc v4.1-1, gplots v3.0.1, RColorBrewer 

v1.1-2 and annotate v1.54.0. Libraries were scaled using normalisation factors that were 

calculated using the upper quartile method. Removal of unwanted variation (RUVg and RUVr) 

was performed using standard methods29. Dispersion was estimated using local regression and 

fitted to a linear model to find significant factors that may explain the observed variation.  

Differential gene expression data was quantified as log base 2 fold change (log2FC) while 

statistical significance was quantified using false discovery rates (FDR) and p-values. 

NanoString – nCounter® Immunology Panel (Human V2) 

The NanoString nCounter® Immunology Panel (Human V2) (NanoString Technologies, Seattle, 

WA, USA) covers the transcripts of 594 genes (579 general immunology genes and 15 

housekeeping genes). Samples were run on the NanoString nCounter® FLEX Analysis System 

(NanoString Technologies) as per manufacturer’s instructions using 150 ng – 300 ng of input 

RNA. 

NanoString count data underwent initial quality control with poor quality samples identified using 

nSolver Analysis Software v4.0 (NanoString Technologies). Normalisation of the NanoString 

count data was performed using nSolver Analysis Software v4.0 (NanoString Technologies). 

Negative control probes were used to account for background signal while positive control 

probes and housekeeping gene transcripts were used to calculate normalisation factors. 

PCA plot generation was performed using RStudio v1.1.442 software (RStudio) and ggplot2 

v3.2.1 – normalised NanoString count data was used for this purpose. Differential gene 

expression and volcano plot generation were performed using RStudio v1.1.442 software 

(RStudio), ruv v0.9.7.1 (RUV4 function, K=2), ggplot2 v3.2.1 and ggrepel v0.8.1 – unnormalised 

NanoString count data was used for this purpose. Differential gene expression data was 

quantified as log2FC while statistical significance was quantified using FDRs. 
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Chapter 3: The incidental detection of germline variants of potential 

clinical significance by massively parallel sequencing in haematological 

malignancies 

Introduction and literature review 

Massively parallel sequencing (MPS) technology is becoming routinely available for diagnosis, 

prognostication and therapeutic decision making in the management of patients with cancer, 

including those with haematological malignancies. This technology represents a significant 

advancement over previously relied upon, allele-specific methods of variant detection due to its 

ability to test multiple genes in multiple samples concurrently. 

Despite increasing the throughput and broadening the scope of testing, MPS technology has 

also brought with it certain challenges. One such challenge is the detection of incidental 

findings, which may be defined broadly as the detection of variants unrelated to the primary 

clinical indication for testing. 

A study by Jones et al of 815 predominantly non-haematological paired tumour-germline 

samples tested by whole exome sequencing (WES) and targeted panel sequencing found the 

frequency of germline protein truncating variants within cancer predisposing genes to be 

approximately 3% in patients with apparently sporadic cancers30. A subsequent study of 1000 

paired tumour-germline samples tested by targeted panel sequencing (202 genes) reported a 

similar rate (2.3%) of incidental pathogenic germline variants31. 

The American College of Medical Genetics and Genomics (ACMG) has published 

recommendations for the reporting of such variants. In their 2013 recommendations the ACMG 

proposed a list (reproduced below) of 56 medically actionable genes recommended for return 

after clinical sequencing of germline samples32. This list is weighted towards conditions for 

which penetrance may be high and in which intervention may be possible – in such situations 

concerns about patient autonomy are reasonably superseded in order to prevent harm. Many of 

these genes are associated with an inherited predisposition to cancer. 
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Green RC, Berg JS, Grody WW et al. ACMG recommendations for reporting of incidental findings in clinical exome and 

genome sequencing. Genet Med, 2013. 
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In their 2016 recommendations the ACMG removed one gene and added four genes to the list 

(reproduced below), resulting in an updated list of 59 medically actionable genes recommended 

for return after clinical sequencing of germline samples33. 

 

 

Kalia SS, Adelman K, Bale SJ et al. Recommendations for reporting of secondary findings in clinical exome and 

genome sequencing, 2016 update (ACMG SF v2.0): a policy statement of the American College of Medical Genetics 

and Genomics. Genet Med, 2017. 

The sole intention for testing tumour samples is the detection of acquired genomic aberrations. 

However, incidental germline variants may also be detected during unpaired MPS testing of 

cancer samples, in which setting a germline sample is not routinely tested. This occurs because 

a number of genes that are covered by MPS panels designed for cancer testing may also cause 

an inherited syndrome when mutated in the germline. An example of such a gene is TP53. 

Mutations in this tumour suppressor gene are often associated with inferior outcomes when 

detected in cancer samples, but when mutated in the germline may result in an inherited 

predisposition to multiple cancer types termed Li-Fraumeni syndrome. Such incidental findings 

are potentially of substantial clinical significance for patients and their families, as they may 

have implications beyond the biological evaluation of a specific tumour. 

The true incidence of most cancer predisposing syndromes is unknown, but collectively they are 

thought to occur relatively infrequently in the general population. The frequency of pathogenic 

germline variants may, however, be higher than most appreciate. Some studies of Li-Fraumeni 

syndrome, the most well characterised cancer predisposing syndrome, report germline TP53 

variant frequencies of up to 1:5,000 to 1:20,000 individuals34 35. 

It stands to reason that the cancer patient population, by its very nature, is likely to be enriched 

for such cancer predisposing germline variants. In addition, an inherited syndrome is often 

unsuspected at the time of cancer diagnosis for reasons such as incomplete penetrance, lack of 

clinician awareness or the lack of a suggestive family history. In such cases the opportunity for 

pre-test genetic counselling may be lost, as patient education and consent for germline testing 

is not standard practice in the context of unpaired cancer testing. 

Another challenge is that the difficulty associated with attributing germline origin to variants 

detected during unpaired MPS testing of cancer samples is greatest within the samples most 

appropriate for unpaired cancer testing, i.e. those with significant clonal burdens (≥50%). In 

such samples, when variant allele fractions (VAF) of variants within genes known both to play a 

role in tumour biology and to cause an inherited syndrome approximate 50%, these variants 

may either be of heterozygous germline or acquired origin. 

This point was emphasised in the aforementioned study by Jones et al which reported an 

inability of unpaired cancer testing to reliably identify germline origin, despite the use of tools 

including population databases such as the Single Nucleotide Polymorphism Database 
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(dbSNP)36, cancer databases such as the Catalogue of Somatic Mutations in Cancer 

(COSMIC)15 and techniques such as filtering by mutation type or location within a functional 

domain30. False positive germline origin attribution rates of 31% and 65% were reported with 

targeted panel sequencing and WES respectively. 

To further complicate the issue, the management of germline variants of potential clinical 

significance (GVPCS) detected during unpaired MPS testing of cancer samples is not 

addressed by the aforementioned ACMG recommendations or any other guidelines to date. The 

development of generally applicable guidelines addressing this issue is challenging due to the 

myriad technical and clinical factors requiring consideration in each individual case. 

Aims 

A study with three aims was performed in order to inform practice regarding the management of 

incidental germline variants detected during unpaired MPS testing of cancer samples containing 

haematological malignancies. 

1. To quantify the detection of incidental germline variants during unpaired MPS testing of 

cancer samples in a real-world cohort of patients with haematological malignancies. 

2. To validate a VAF threshold below which germline origin can be reliably excluded 

during unpaired MPS testing of cancer samples, in order to develop recommendations 

for follow-up germline sample testing. 

3. To identify areas of clinical and laboratory practice that can be optimised in order to 

ensure the appropriate management of incidental GVPCS detection during unpaired 

MPS testing of cancer samples. 

Methodology 

MPS testing of samples containing haematological malignancies was performed at the 

Molecular Haematology Laboratory at the Peter MacCallum Cancer Centre (Melbourne, VIC, 

Australia) using two in-house developed, 26 gene amplicon sequencing panels (Chapter 2: 

Methodology). In brief, the Peter MacCallum Cancer Centre myeloid amplicon panel sequences 

genes of clinical relevance when mutated in myeloid malignancies such as acute myeloid 

leukaemia (AML) and myelodysplastic syndromes (MDS) and the Peter MacCallum Cancer 

Centre lymphoid amplicon panel sequences genes of clinical relevance when mutated in 

lymphoid malignancies such as chronic lymphocytic leukaemia and non-Hodgkin lymphomas. 

Sequencing of genes may also be requested on an individual basis from either panel. 

Genes sequenced by either the Peter MacCallum Cancer Centre myeloid and/or lymphoid 

amplicon panels and that may cause an inherited syndrome when mutated in the germline were 

considered in the analysis. Genes of potential germline relevance sequenced by either or both 

of the amplicon panels described above, together with their potential inherited phenotypes, are 

described below. 

TP53 is a gene central to many vital cellular processes. During periods of cellular stress the 

protein encoded by this gene regulates cell cycle arrest, deoxyribonucleic acid (DNA) repair and 

apoptosis, in keeping with its role as a tumour suppressor gene37. Biallelic loss of this gene, 

therefore, renders cells vulnerable to increasing genomic derangement and instability which 

may result in neoplastic transformation. 

TP53 is covered by both the Peter MacCallum Cancer Centre myeloid and lymphoid amplicon 

panels as it is of significant clinical relevance when mutated in a wide variety of cancer types 

where it is usually associated with inferior outcomes. The inheritance of a loss-of-function 

germline mutation in TP53, however, results in a familial cancer predisposition syndrome 

inherited in an autosomal dominant manner termed Li-Fraumeni syndrome, as mentioned 
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previously. This syndrome is not associated with a particular clinical phenotype, but increases 

the risk of developing multiple cancer types – most commonly sarcoma as well as breast, 

adrenal and brain cancer. 

RUNX1 encodes a transcription factor that plays a significant role in regulating haematopoiesis. 

This gene is covered by both the Peter MacCallum Cancer Centre myeloid and lymphoid 

amplicon panels as acquired mutations are frequently demonstrated in an array of 

haematological malignancies38. AML with mutated RUNX1 has been recognised as a 

biologically distinct, separate entity in the 2016 WHO classification and is associated with 

inferior outcomes39-41. Germline mutations in RUNX1 are associated with a familial platelet 

disorder (varying degrees of thrombocytopenia and bleeding tendency) with a predisposition to 

developing AML that is inherited in an autosomal dominant manner42. 

GATA2 encodes another transcription factor with a significant role in haematopoietic 

differentiation43. GATA2 is covered by the Peter MacCallum Cancer Centre myeloid amplicon 

panel as it is recurrently mutated in AML, where it is associated with biallelic CEBPA 

mutations44 45. When mutated in the germline, however, a number familial syndromes inherited 

in an autosomal dominant manner may occur. These often have incomplete penetrance and 

overlapping features, but are classified as MonoMac syndrome, Emberger syndrome and 

familial MDS/AML46. MonoMac syndrome manifests as a congenital immunodeficiency 

characterised by a lack of dendritic cells, cytopenias (monocytopenia, B-cell lymphopenia and 

natural killer cell lymphopenia) and mycobacterial infections. Emberger syndrome is defined by 

the co-occurrence of MDS (associated with monosomy of chromosome 7) and primary 

lymphoedema usually affecting the lower limbs and genitalia47 48. 

WT1 encodes a transcription factor that plays a role in ensuring normal cellular development 

and cell survival49. This gene is covered by the Peter MacCallum Cancer Centre myeloid 

amplicon panel and is recurrently mutated in AML, MDS and T-ALL in which settings it is of 

diagnostic value – it may also have prognostic implications in certain AML subgroups50 51. When 

mutated in the germline WT1 is associated with familial syndromes that affect the urogenital 

system and are inherited in an autosomal recessive manner, such as Denys-Drash and Frasier 

syndrome 52 53. They are also found in a minority of patients with apparent de novo Wilms 

tumour in whom a clearly identifiable clinical phenotype is lacking. 

CBL, NRAS and KRAS are genes involved in the RAS signalling pathway. CBL is covered by 

the Peter MacCallum Cancer Centre myeloid amplicon panel, while NRAS and KRAS are 

covered by both the Peter MacCallum Cancer Centre myeloid and lymphoid amplicon panels. 

CBL is a negative regulator of multiple pathways but exerts its effect on RAS signalling by 

regulating Rap1, a Ras-like small guanosine triphosphatase (GTPase)54. NRAS and KRAS are 

highly conserved GTPases that effect signal transduction and therefore drive cellular 

proliferation55. CBL is recurrently mutated in various myeloid malignancies, but the association 

is strongest in MDS/myeloproliferative neoplasm overlap syndromes such as chronic 

myelomonocytic leukaemia56. NRAS and KRAS mutations (particularly codon 12 and 13 

missense variants) are established activating mutations in a wide array of solid organ and 

haematological malignancies55. These three genes are of potential germline origin when testing 

is requested in the context of juvenile myelomonocytic leukaemia (JMML)57. This paediatric 

leukaemia may occur de novo or in association with an overt inherited clinical syndrome such 

as Noonan syndrome58. RAS pathway mutations are detected in approximately 90% of patients 

with JMML - a small minority of these RAS pathway mutations are of germline origin57. 

Clinical MPS reports issued between January 2015 and October 2016 inclusive were collated. 

Only reports generated from the Peter MacCallum Cancer Centre myeloid amplicon panel or the 

Peter MacCallum Cancer Centre lymphoid amplicon panel, as well as those reporting single 

gene testing of a gene of potential germline relevance, were included in the analysis. In order to 
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assess only cases of incidental germline mutation detection, reports were excluded if the 

referrer indicated the potential presence of an inherited condition of any sort on the request for 

testing. Such grounds for exclusion included a suggestive family history, a suggestive clinical 

phenotype or requests for the testing of germline samples. 

Included reports were individually reviewed to ascertain whether a gene of potential germline 

relevance had been reported and if so, in which clinical context. Also recorded was whether 

follow-up testing of a germline sample had been suggested and if so for which indication. For 

cases in which germline testing had been suggested, a search of institutional databases was 

undertaken to ascertain whether such testing had occurred by any method. 

Results 

The inclusion criteria were met in 721 clinical reports. Of these, 142 (19.69%) reported 

mutations in genes of potential germline relevance (Table 1). 

Gene Number of variants detected by MPS 

TP53 101 

RUNX1 37 

GATA2 20 

WT1 5 

CBL/KRAS/NRAS in JMML 1 
MPS, massively parallel sequencing; JMML, juvenile myelomonocytic leukaemia 

Table 1 

Number of variants detected in genes of potential germline relevance reported in 721 clinical MPS reports – it is 

possible for multiple variants to be reported within a single clinical report 

As has been mentioned above, there are currently no prescriptive rules governing when to 

suspect that a variant detected during unpaired MPS testing of cancer samples may be of 

germline origin and thus when to suggest follow-up testing of a germline sample. 

VAFs generated from amplicon-based MPS panels are semi-quantitative due to the potential for 

polymerase chain reaction (PCR) artefact, amongst other factors. For this reason an attempt 

was made to determine the VAF threshold below which germline origin could be reliably 

excluded using the aforementioned unpaired amplicon-based MPS panels. The establishment 

of such a threshold is of value as it facilitates the rational selection of cases for germline sample 

testing. 

VAFs of the following four TP53 variants (≥100 paired reads coverage) were extracted from 

samples of tested over 177 consecutive myeloid and lymphoid amplicon panel runs: TP53 

NM_000546.5:c.993+352C>T, TP53 NM_000546.5:c.673-36G>C, TP53 NM_000546.5:c.97-

29C>A and TP53 NM_000546.5:c.74+38C>G. These four variants, which are covered by both 

panels, are non-coding and have population frequencies between 1.269% and 66.89% in the 

Exome Aggregation Consortium (ExAC)13 database – they are therefore considered to be non-

pathogenic germline single nucleotide polymorphisms (SNP). Samples within the VAF range of 

20.00% – 74.99% formed a Gaussian distribution around the heterozygous state, both for each 

individual SNP and also when the data was aggregated (n=4423) (Figure 1). 
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Figure 1 

A – VAFs (20.00% – 74.99%) of each SNP forming a Gaussian distribution around the heterozygous state 

v. TP53 NM_000546.5:c.993+352C>T 

vi. TP53 NM_000546.5:c.673-36G>C 

vii. TP53 NM_000546.5:c.97-29C>A 

viii. TP53 NM_000546.5:c.74+38C>G 

B – Aggregated VAFs (20.00% – 74.99%) from all four SNPs (n=4423) forming a Gaussian distribution around the 

heterozygous state 
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The aggregated mean VAF was 47.87% (standard error = 0.11) with a standard deviation (SD) 

of 7.39. Based on this data, a VAF threshold of ≥33.39% was defined for considering germline 

origin (-95% confidence limit (two-tailed) = aggregated mean VAF - (1.96 x SD)). 

It is important to acknowledge that this VAF threshold was developed using single nucleotide 

variations and thus may not apply to other, more complex mutation types such as deletions or 

insertions. In an attempt to address this issue, the VAF threshold of ≥33.39% was evaluated in a 

validation cohort of nine samples (run in duplicate) containing haematological malignancies 

(Table 2). These samples contained variants (≥500 paired reads coverage) that were 

unselected for mutation type and known to be of germline origin due to germline sample testing 

performed in remission. Samples were excluded from the analysis if they were known to contain 

a somatic copy number variation involving the relevant gene locus. 

Variant Disease Germline 
source 

Somatic 
source 

Panel VAF 1 VAF 2 

TP53 
NM_000546.5: 
c.390_426del; 
p.Asn131Cysfs*27 

BL Saliva     

 Bone 
marrow 

Lymphoid 54.98 61.61 

TP53 
NM_000546.5: 
c.746G>A;p.Arg249Lys 

BIA-ALCL,  
ALK 
negative 

Saliva     

 Effusion 
fluid 

Lymphoid 51.86 58.12 

TP53 
NM_000546.5: 
c.704A>G;p.Asn235Ser 

MM Peripheral 
blood 

    

 Bone 
marrow 

Lymphoid 53.93 56.48 

RUNX1 
NM_001754.4: 
c.155T>A;p.Met52Lys 

AML Saliva     

 Bone 
marrow 

Myeloid 46.35 48.67 

 Bone 
marrow 

Myeloid 41.68 60.47 

GATA2 
NM_032638.4: 
c.1082G>A;p.Arg361His 

MDS Saliva     

 Bone 
marrow 

Myeloid 43.91 52.38 

CARD11 
NM_032415.4: 
c.572A>G;p.Asn191Ser 

Nodal MZL Saliva     

 Lymph 
node 

Lymphoid 43.86 58.02 

 Bone 
marrow 

Lymphoid 50.46 50.46 

TET2 
NM_001127208.2: 
c.1874C>T;p.Thr625Ile 

Biphenotypic 
acute 
leukaemia 

Saliva     

 Bone 
marrow 

Myeloid 28.62 40.58 

VAF, variant allele fraction; BL, Burkitt leukaemia; BIA-ALCL, breast implant associated anaplastic large cell lymphoma; ALL, acute lymphoblastic leukaemia; 

MM, multiple myeloma; AML, acute myeloid leukaemia; MDS, myelodysplastic syndrome; MZL, marginal zone lymphoma 

Table 2 

Variants of confirmed germline origin contained within the VAF threshold validation cohort 

The mean VAF was 49.96% (standard error = 1.96) with a range of 28.62% – 61.61% and a SD 

of 8.33. A single VAF fell below the 33.39% threshold, therefore no sample had VAFs of 

<33.39% in both replicates. 

During data collection the primary indication for suggesting follow-up germline sample testing 

was recorded. On analysing the data it became clear that these indications were able to be 

divided into two categories. The first category reflects the initial rationale for performing this 

study and relates to the detection of variants that, if present in the germline, may indicate the 

presence of an inherited clinical syndrome.  These variants are of potential clinical significance 



23 
 

beyond the biological evaluation of an individual cancer as they may have wider implications for 

both the patient and their family. 

The second category relates to the detection of variants the significance of which depends on 

whether they are present in the germline or the tumour. These variants are often classified as 

variants of unknown significance (VUS), usually on account of their low detection frequencies in 

population databases such as the ExAC13 database and cancer databases such as COSMIC15, 

as well as a lack of information available in the literature (such as disease associations or in 

vivo functional studies) to guide classification. Such variants may either be rare, non-pathogenic 

germline SNPs (assuming the absence of a clinical phenotype or family history suggestive of a 

potential inherited syndrome) or acquired mutations with the potential to play a role in tumour 

biology. 

Due to the technical and contextual complexities that underlie suggesting the follow-up testing 

of a germline sample in the context of unpaired cancer testing, practice at the Molecular 

Haematology Laboratory at the Peter MacCallum Cancer Centre (Melbourne, VIC, Australia) 

during the period under investigation was to perform patient-disease-variant specific curation 

with discussion of cases at a multidisciplinary forum with pathology, clinical and genetic 

counselling representation. This practice is in line with the recommendations of other groups59 

60. 

Using the above strategy, follow-up testing of a germline sample for the assessment of a 

potential GVPCS was recommended in 41/721 reports (5.69%). The most common indications 

for suggesting such testing were to clarify the origin of pathogenic TP53 variants (24/43, 

55.81%) and RUNX1 VUSs (12/43, 27.91%) (Table 3). 

 Pathogenic  
(?inherited syndrome) 

VUS (?acquired) 

TP53 24 1 

RUNX1 0 12 

WT1 3 0 

GATA2 2 0 

CBL/KRAS/NRAS in 
JMML 

1 0 

VUS, variant of unknown significance; JMML, juvenile myelomonocytic leukaemia 

Table 3 

Variants considered to be of potential germline origin and the indication for recommending germline sample testing 

It is important to emphasise that germline variants are only returned to patients if curated as 

pathogenic by standardised criteria33 61. Any potential GVPCS curated as such and confirmed to 

be of germline origin would therefore be returned to the patient with appropriate genetic 

counselling. VUSs of germline origin are by definition of ‘unknown pathogenicity’ and are 

therefore not returned to patients. This is appropriate as the detection of such variants does not 

result in a recommendation for patient monitoring or family testing. 

In 14/41 (34.15%) of the cases in which it was recommended, follow-up testing of a germline 

sample was undertaken. Sixteen potential GVPCSs were evaluated in this cohort of patients 

with haematological malignancies, spread equally across the myeloid (8/16, 50%) and lymphoid 

(8/16, 50%) disease contexts (Table 4). 
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Variant Disease Panel Pathogenic 
versus VUS 

Germline 

TP53 
NM_000546.5: 
c.390_426del;p.Asn131Cysfs*27 

BL Lymphoid Pathogenic Yes 

TP53 
NM_000546.5: 
c.746G>A;p.Arg249Lys 

BIA-
ALCL,  
ALK 
negative 

Lymphoid Pathogenic Yes 

TP53 
NM_000546.5: 
c.704A>G;p.Asn235Ser 

MM Lymphoid VUS Yes 

RUNX1 
NM_001754.4: 
c.155T>A;p.Met52Lys 

AML Myeloid VUS Yes 

GATA2 

NM_032638.4: 
c.1082G>A;p.Arg361His 

MDS Myeloid Pathogenic Yes 

WT1 
NM_024426.4: 
c.1141_1144dup;p.Ala382ValfsTer4 

MDS Myeloid Pathogenic No 

TP53 
NM_000546.5: 
c.733G>A;p.Gly245Ser 

DLBCL Lymphoid Pathogenic No 

TP53 
NM_000546.5: 
c.839G>A;p.Arg280Lys 

MM Lymphoid Pathogenic No 

TP53 
NM_000546.5: 
c.844C>T;p.Arg282Trp 

MDS Myeloid Pathogenic No 

TP53 
NM_000546.5: 
c.1049T>C;Leu350Pro 

MCL Lymphoid Pathogenic No 

TP53 
NM_000546.5: 
c.919+1G>A 

MCL Lymphoid Pathogenic No 

RUNX1 
NM_001754.4: 
c.496C>T;p.Arg166* 

MCL Lymphoid Pathogenic No 

RUNX1 
NM_001754.4: 
c.329A>G;p.Lys110Arg 

AML Myeloid VUS No 

RUNX1 
NM_001754.4: 
c.497G>A;p.Arg166Gln 

AML Myeloid VUS No 

RUNX1 
NM_001754.4: 
c.317G>T,p.Trp106Leu 

MDS Myeloid VUS No 

RUNX1 
NM_001754.4: 
c.613+1G>A 

AML Myeloid Pathogenic No 

VUS, variant of unknown significance; BL, Burkitt leukaemia; BIA-ALCL, breast implant associated anaplastic large cell lymphoma; MM, multiple myeloma; AML, 

acute myeloid leukaemia; MDS, myelodysplastic syndrome; DLBCL, diffuse large B-cell lymphoma; MCL, mantle cell lymphoma 

Table 4 

Variants of potential germline origin contained within the 14 cases in which follow-up germline sample testing was 

performed 

Five variants were confirmed to be of germline origin – of these GVPCSs a GATA2 and two 

TP53 variants were pathogenic (Table 4 and Table 5). Variants confirmed to be of germline 
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origin were classified according to the ACMG and the Association for Molecular Pathology 

standards and guidelines61. 

 Confirmed germline Confirmed somatic 

TP53 2 pathogenic, 1 VUS 5 pathogenic 

RUNX1 1 VUS 5 VUS 

WT1 0 1 pathogenic 

GATA2 1 pathogenic 0 
VUS, variant of unknown significance 

Table 5 

GVPCSs detected from a total of 721 clinical MPS reports 

Therefore, the rate of detection of incidental GVPCSs by the MPS panels described above was 

0.67% (5/721) in this cohort of patients with haematological malignancies. The incidental 

detection of pathogenic germline variants with potential implications for both the patient and 

their family was 0.42% (3/721) and included a GATA2 and two TP53 mutations. 

Discussion and conclusion 

The clinically impactful issue of incidental GVPCS detection in a cohort of patients with 

haematological malignancies that underwent MPS testing as part of routine evaluation has for 

the first time been identified, investigated and quantified (Figure 2). 

 

 

Figure 2 

Cohort flow diagram 

As such this study represents a significant and novel contribution to the literature as it 

addresses a suboptimally characterised issue that is currently at the forefront of relevance in 

diagnostic genomics. This issue will likely grow more prominent as MPS becomes more widely 

available for unpaired cancer testing. 
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These results have directly informed practice at the Molecular Haematology Laboratory at the 

Peter MacCallum Cancer Centre (Melbourne, VIC, Australia). Germline origin is now not 

routinely considered for any variant (≥500 paired reads coverage) in which both VAFs (running 

in duplicate is routine) are <33.39%. This applies to samples run on either the Peter MacCallum 

Cancer Centre myeloid amplicon panel or the Peter MacCallum Cancer Centre lymphoid 

amplicon panel. 

Caution is warranted prior to generalising this threshold to other technical and clinical settings, 

however. MPS technologies vary with regard to their degree of quantitative certainty and are 

subject to a range of technical artefacts62 63. For example, amplicon-based MPS panels may be 

less quantitatively accurate than hybridisation capture-based MPS panels due to the potential 

for PCR artefact64. In addition, mutation types may vary according to the genes covered and the 

patient population tested by a particular panel, which may in turn influence the certainty of VAF 

quantification. 

Despite these concerns, a similar VAF threshold of 35% has been validated using the 

commercially available, capture-based FoundationOne MPS panel in the setting of solid organ 

malignancies65 66. Until more reports confirm the general applicability of a 30% – 35% VAF 

threshold for excluding variant germline origin by MPS, it is suggested that laboratories 

establish local, panel-specific thresholds for this purpose. 

Sample-specific considerations should also be taken into account. For example, samples with 

lower DNA input may be more prone to PCR artefact resulting in less accurate VAF 

quantification64. Caution should also be applied when interpreting VAFs of variants in genes for 

which pseudogenes exist. In such cases the pseudogene may be represented amongst the wild 

type reads resulting in germline variants being detected at lower than expected VAFs, as has 

been shown to be the case for the CHEK2 gene67. 

The prominence of VUSs for which germline sample testing was recommended to clarify the 

variant’s role in tumour biology (rare SNP versus acquired mutation) was informative. RUNX1 

was the most common gene in which variants of this type were detected. As described above, 

RUNX1 is associated with inferior outcomes when mutated in the setting of AML. However, 

there is some evidence to suggest that germline RUNX1 variants (likely to be rare, non-

pathogenic SNPs) may represent a distinct biological group unlikely to share this unfavourable 

prognostic impact, particularly in the absence of a clinical phenotype or family history 

suggestive of a familial platelet disorder with a predisposition to developing AML68. One RUNX1 

mutation was confirmed to be of germline origin in this cohort of patients with haematological 

malignancies. This variant was detected in a patient with normal karyotype AML and no other 

mutations. In this setting, clarifying the germline origin of this variant altered the risk category of 

this patient from adverse to intermediate risk and potentially averted an allogeneic stem cell 

transplantation (AlloSCT) in first complete remission41 69. 

It is worth noting that the reported rates of GVPCS detection may potentially be underestimated, 

as only 34.15% of cases thought to warrant follow-up testing of a germline sample underwent 

such testing. It was beyond the scope of this study to specifically assess the reasons for not 

pursuing follow-up testing of a germline sample in individual cases, however multiple factors 

may have contributed to this observation. Follow-up testing of a germline sample may not have 

been thought necessary by the referring clinician in the clinical context (e.g. patients with no 

first-degree relatives) or the patient may have declined such testing. Germline testing may have 

been performed by an external laboratory or germline samples may have been tested at the 

Molecular Haematology Laboratory at the Peter MacCallum Cancer Centre (Melbourne, VIC, 

Australia) after data collection had concluded. These unknown factors notwithstanding, it is 

expected that increasing genomic literacy amongst referrers will lead to increased numbers of 

appropriate cases undergoing follow-up germline sample testing in the future. 
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The rate of incidental GVPCS detection was relatively low in this cohort (0.67% chance per 

test), but the incidental detection of a pathogenic germline variant (0.42% chance per test) may 

be a very significant clinical event. Despite the fact that the intention for testing in such cases is 

to identify acquired cancer mutations, the outcome nevertheless represents de facto germline 

testing. This is an area of unmet clinical need because patient education, genetic counselling 

and pre-test consent are all recommended prior to conventional germline testing to ensure that 

patients and their families understand the implications of such testing and have the opportunity 

to opt out if desired. The consequences of detecting such variants may affect the patient 

directly, both during the management of their cancer (e.g. donor or conditioning choice for 

AlloSCT) and beyond (e.g. the need for ongoing cancer surveillance in remission). The patient’s 

family may also be affected, as family testing may be recommended. 

The illustrative case of a 16 year old male patient with Burkitt leukaemia who was included 

within this study is presented to illustrate these issues. The bone marrow biopsy detected 85% 

involvement by Burkitt leukaemia and near tetraploidy on cytogenetics without evidence of the 

t(8;14)(q24;q32) by fluorescence in situ hybridisation. Despite this the morphology, 

immunophenotype and Ki67 proliferation index were diagnostic. 

MPS testing detected a TP53 NM_000546.5: c.390_426del;p.(Asn131Cysfs*27) with VAFs of 

55.0% and 61.6%. This frameshift variant is predicted to adversely affect protein function due to 

truncation of the DNA binding domain. Germline origin was confirmed by testing both a bone 

marrow aspirate sample and a buccal swab sample in remission. The TP53 Asn131Cysfs*27 

has been reported only once in the literature in a case of paediatric glioblastoma multiforme70. 

In that case, testing of a germline sample was not performed and there was no reported family 

history of cancer. 

The clinical issues that potentially arise from the detection of this germline variant include the 

need for periodic cancer screening of the patient, education regarding heritability and family 

planning as well as family testing for the TP53 Asn131Cysfs*27 (particularly of family members 

who may otherwise act as donors if AlloSCT was to be pursued). 

This study has directly informed practice at the Molecular Haematology Laboratory at the Peter 

MacCallum Cancer Centre (Melbourne, VIC, Australia) where it is now a requirement that 

appropriate patient education and consent be documented by referring clinicians prior to MPS 

testing of cancer samples. 

This requirement is in keeping with the observation of others that patients with cancer prefer to 

receive information regarding the detection of incidental variants71. To evaluate the attitudes of 

local patients, data was requested from the Parkville Familial Cancer Centre (Melbourne, VIC, 

Australia) to which the Peter MacCallum Cancer Centre (Melbourne, VIC, Australia) routinely 

refers patients for genetic counselling. Of the 30 patients who had been referred for genetic 

counselling with a potential GVPCS detected during MPS testing of either a haematological or 

solid organ malignancy sample, follow-up germline sample testing was pursued in every case. 

This may be an inherently biased cohort of patients (those presenting for genetic counselling 

may be more in favour of receiving information about their health than those not presenting for 

genetic counselling). However, it may also indicate that when patients are informed and allowed 

to participate actively in the decision-making process, they are unlikely to decline follow-up 

germline sample testing. 

This issue will likely grow more prominent as MPS becomes more widely available for unpaired 

cancer testing. Future directions include increasing awareness of this issue amongst patients 

and referring clinicians through direct education and developing the literature related to this 

topic. The development of a publicly accessible database of incidental findings detected during 

unpaired MPS testing of cancer samples would be highly informative. Such a database would 
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ideally capture: patient demographics, cancer type, clinical features of an inherited phenotype, 

family history, MPS technology utilised, variant description, VAF and confirmation of germline 

origin. Such a resource would allow for a more comprehensive assessment of the true impact of 

incidental GVPCS detection in the real-world setting across different types of MPS technologies 

and patient populations. Ultimately, the formation of an expert working group with a mandate to 

guide investigation in the field and develop consensus guidelines on how best to manage 

incidental GVPCS detection during unpaired MPS testing of cancer samples would add value 

for patients, clinicians and laboratories. 

This study emphasises that a targeted family history, an evaluation for clinical features of an 

inherited syndrome and an individualised discussion regarding the possibility and potential 

impact of incidental GVPCS detection should be undertaken by clinicians prior to MPS testing of 

cancer samples. Open communication between laboratories and referring clinicians regarding 

potential GVPCS detection should occur – preferably in a multidisciplinary setting. Pre-test 

patient education regarding potential GVPCS detection as well as follow-up germline sample 

testing and referral for genetic counselling when appropriate, should be considered best 

practice. 
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Chapter 4: ASXL1 c.1934dupG – a true somatic alteration requiring a new 

approach 

Introduction and literature review 

The ASXL1 gene, together with ASXL2 and ASXL3 are human homologs of the Asx gene found 

in Drosophila. The proteins encoded by this family of genes have a significant role in the 

epigenetic regulation of chromatin remodelling and subsequent gene transcription via multiple 

mechanisms. In the pathogenesis of human cancers, ASXL family members may behave in a 

tumour suppressive or oncogenic manner, depending on the disease context72. 

ASXL1 has been shown to be a required cofactor for the activation of BAP1 which has a direct 

epigenetic function – the polycomb group repressor complex 1 (PRC1) mediated regulation of 

gene expression via deubiquitination of ubiquitinated histone 2A (H2A) at K119 (H2AK119Ub), 

which affects chromatin remodelling73-76. 

BAP1 is a deubiquitylase which associates with a variety of multi-protein complexes and as 

such plays a role in the regulation of a wide array of fundamental cellular functions including: 

cell cycling, cell fate determination, gluconeogenesis and deoxyribonucleic acid (DNA) damage 

response77. BAP1 mutations have been described in a number of solid organ malignancies, 

most commonly uveal melanoma78, melanocytic skin cancers such as atypical Spitz tumour, 

malignant melanoma79, mesothelioma80 and clear cell renal carcinoma81. BAP1 mutations occur 

as both acquired and germline variants - the latter giving rise to an inherited predisposition to 

developing the solid organ malignancies mentioned above77 82-84. 

ASXL1 dependent H2A deubiquitination has also been linked to the transcriptional activation of 

INK4B, a tumour suppressor gene, in response to oncogenic signalling or extrinsic anti-

proliferative signals85. In addition, ASXL1 has a significant role in mediating the function of 

polycomb group repressor complex 2 (PRC2), an epigenetic gene repression complex required 

for homeobox gene silencing, as well as in the regulation of other transcription modifying 

factors86-88. 

ASXL1 homozygous knockout mice develop myelodysplastic syndrome (MDS) with a reduced 

and functionally suboptimal haematopoietic stem cell pool89. ASXL1 heterozygous knockout 

mice developed a milder form of myelodysplastic haematopoiesis, suggesting a 

haploinsufficiency effect of ASXL1 in the pathogenesis of myeloid malignancies. A separate 

ASXL1 knockout mouse model showed similar findings: defective myeloid and lymphoid 

differentiation but only mild myelodysplastic features90. This data implies that ASXL1 functions 

to maintain haematopoietic cell homeostasis in normal haematopoiesis but acts as a tumour 

suppressor gene in the pathogenesis of myeloid malignancies. 

These findings were confirmed in a mouse xenograft model of myeloid leukaemia in which the 

KBM5 cell line, which lacks functional ASXL1 expression, was gene edited using the 

CRISPR/Cas9 system to restore ASXL1 wild type homozygosity91. KBM5 ASXL1 wild type cells 

were demonstrated to have recovered ASXL1 expression and reduced PRC2 target gene 

expression. Mice transplanted with these cells survived longer than those transplanted from 

ASXL1 mutated KBM5 cells, indicating the significant role of this gene in leukaemia biology. 

In the context of human myeloid malignancies ASXL1 mutations are typically heterozygous, in 

keeping with a haploinsufficiency effect92. However, truncated ASXL1 protein has also been 

demonstrated to have increased function within the ASXL1-BAP1 complex76 93. ASXL1 knockout 

experiments using human haematopoietic cells indicate that ASXL1 loss results in the loss of 
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PRC2-mediated histone 3 (H3) trimethylation at K2786. Truncating ASXL1 mutations were 

shown to result in loss of ASXL1 expression. Even though ASXL1 and BAP1 were shown to 

form a complex within acute myeloid leukaemia cells, ASXL1 loss but not BAP1 loss resulted in 

HOXA gene upregulation within haematopoietic cells. Homeobox gene dysregulation is 

associated with cell immortalisation and human leukaemogenesis94. 

These lines of evidence, together with the observation that BAP1 mutations are associated with 

solid organ and not haematopoietic malignancies, suggests that truncating ASXL1 mutations 

may initiate leukaemogenesis via their effect on H3 K27 rather than their effect on H2A K119. 

However, it has been demonstrated that BAP1 loss in mice results in an MDS phenotype95. As 

such, the exact role of ASXL1 and BAP1 within the contexts of normal and dysregulated 

haematopoiesis remains the subject of active investigation. 

In clinical studies ASXL1 mutations have been implicated as founding genomic aberrations in 

myeloid malignancies. A study by Chen et al in which 32 patients with primary ASXL1 mutated 

MDS who were sequentially monitored (until disease progression in 27 cases) demonstrated 

that the original ASXL1 mutation remained unchanged throughout the evolution of the disease, 

except in two patients who attained a complete remission after allogeneic stem cell 

transplantation (AlloSCT)96. Disease progression was often associated with the acquisition of 

mutations in other genes, despite the stability of the ASXL1 mutation status over time. Of the 80 

ASXL1 wild type patients who were sequentially monitored (until disease progression in 36 

cases) only two acquired an ASXL1 mutation, both at the time of disease progression. This data 

suggests that ASXL1 plays a more significant role in the development of myeloid malignancies 

than it does in their evolution. 

Mutations in ASXL1 are recurrent findings in myeloid malignancies and are generally associated 

with inferior outcomes92. The majority of mutations occur within ASXL1 exon 12, although 

mutations have been detected in other locations within the gene97. Most ASXL1 exon 12 

mutations are frameshift or nonsense and result in a C-terminal truncation of the resulting gene 

product. Missense mutations are also detected but these appear not to have an effect on clinical 

outcome and are of uncertain significance98 99. 

This prevailing view is being challenged, however, by emerging evidence suggesting that 

missense mutations may influence clinical outcome. A study of 480 patients with myelofibrosis 

(MF) found an equivalent impact on overall survival (OS) regardless of mutation type (truncating 

versus missense mutations), which was inferior to that seen in ASXL1 wild type patients100. This 

study made an active attempt to remove likely germline single nucleotide polymorphisms (SNP) 

from consideration, however, which may account for this finding. Whether acquired missense 

mutations in ASXL1 affect clinical outcome is currently unknown and is likely to be an area of 

future investigation. 

A study of 882 patients with de novo acute myeloid leukaemia (AML) reported the frequency of 

truncating ASXL1 mutations to be 5.3%101. This proportion is approximately fivefold greater in 

patients ≥60 years old than in their younger counterparts, as demonstrated in an analysis of 423 

elderly patients102. The OS was shown to be inferior in ASXL1 mutated patients (hazard ratio 

(HR) 1.64, p=0.006). 

In a more focussed analysis of 740 patients with AML of intermediate cytogenetic risk, ASXL1 

mutations were shown to be enriched (17.2%)103. OS was once more inferior in the ASXL1 

mutated patients (RR 1.7, p=0.032). 

An analysis of 1696 younger AML patients (<60 years) once again reported an inferior OS in 

ASXL1 mutation patients (30.3% versus 45.7%, p=0.0004)104. Subgroup analysis revealed a 

higher risk of death (HR 1.8, p=0.04) in ASXL1/RUNX1 co-mutated patients. 



31 
 

ASXL1 mutations are enriched in the context of AML with MDS-related changes. In an analysis 

of 125 such patients, 21% (26/125) were found to have ASXL1 mutations. In the ASXL1 

mutated patients with intermediate risk cytogenetics (23/26) OS was once again inferior (14% 

versus 37%, p=0.03)105. 

In a cohort of 193 MDS patients ASXL1 mutations were detected at a frequency of 20.7% with 

70% of these being frameshift mutations98. ASXL1 frameshift mutations were associated with an 

inferior OS (HR 2.06, p=0.008) and a reduced time to AML progression (HR 2.35, p=0.017). 

Missense mutations were shown to have no impact on OS, progression to AML or levels of 

ASXL1 expression. 

ASXL1 mutations (together with mutations in other chromatin regulation or ribonucleic acid 

splicing genes) define a poor risk patient group within the genomic classification of AML, as 

demonstrated in the study by Papaemmanuil et al in which the ‘chromatin-spliceosome’ group 

had an OS superior only to those patients with TP53 mutations or aneuploidy on cytogenetics41. 

In the previously mentioned study by Chen et al, ASXL1 mutations were detected in 22.7% of 

the 466 included MDS patients96. OS was inferior in ASXL1 mutated patients (HR 1.425, 

p=0.035) and this effect was more pronounced when only patients with normal cytogenetics 

were considered (HR 2.307, p=0.001). 

A collaborative study of 466 patients with chronic myelomonocytic leukaemia (CMML) was 

undertaken by an American and a French group99. The frequency of ASXL1 frameshift and 

nonsense mutations was 39% (164/420) and the OS was inferior in those patients harbouring 

ASXL1 mutations (HR 1.5; 95% CI (confidence interval) 1.1-2.0). Despite this, ASXL1 mutation 

was not shown to predict for disease transformation. 

These two groups had independently published conflicting results prior to this combined 

analysis. In the American group’s study of 226 CMML patients, ASXL1 mutations were reported 

not to impact OS106. The French group’s study of 312 CMML patients, however, found ASXL1 

mutation to be the most predictive of the 19 genomic aberrations associated with an inferior OS 

in univariate analysis and the only one to retain this association in multivariate analysis107. This 

was validated in an independent cohort of 165 patients (p<0.0001). 

The French group’s study included only frameshift and nonsense mutations in the analysis. The 

American group’s study, however, included these as well as missense mutations. The inclusion 

of missense mutations was clearly shown to account for the seeming difference in outcome, as 

reanalysis of the American cohort in the collaborative study demonstrated that the removal of 

missense mutations from consideration converted the results from statistical non-significance to 

statistical significance in favour of an association with an inferior OS (p=0.08 versus p=0.04). 

These results have been confirmed in an independent study of 145 CMML patients108. 

Frameshift and nonsense mutations were detected in ASXL1 at a frequency of 45% (65/145) 

and were once again significantly associated with an inferior OS (HR1.99, p=0.007). ASXL1 

mutations have also been shown to abrogate the favourable prognostic impact conferred by 

TET2 mutations in CMML109. 

Due to its confirmed negative effect on OS in a further large CMML study that assessed a 214 

patient training cohort and a 260 patient validation cohort, ASXL1 mutation status has now been 

incorporated as a risk factor into a combined clinical and molecular prognostic model56. 

Truncating ASXL1 mutations are found in up to 36% of patients with MF but are very rarely 

found in other myeloproliferative neoplasms such as polycythaemia vera (PV) or essential 

thrombocytosis (ET)110. The acquisition of ASXL1 mutations has been associated with 

progression from PV/ET to secondary MF110 111. 



32 
 

An analysis of 879 patients with primary MF found that ASXL1 mutations were the only 

identified genomic aberrations to retain their negative effect on OS independent of cytogenetic 

risk (HR 2.02, p<0.001 in the initial cohort and HR 1.4, p=0.04 in the validation cohort)112. 

In a study of 570 patients with primary MF ASXL1 mutations were shown, in combination with 

CALR mutations, to have prognostic significance113. The frequency of ASXL1 mutations was 

24.9% in this cohort. Median OS was longest in ASXL1 wild type/CALR mutated and shortest in 

ASXL1 mutated/CALR wild type patients (10.4 years versus 2.3 years, HR 5.9; 95% CI 3.5-

10.0). ASXL1 wild type/CALR wild type and ASXL1 mutated/CALR mutated patients had a 

similar and intermediate OS. 

The effect of ASXL1 mutations on clinical outcome has been shown to be independent of 

standard prognostic scoring systems such as the dynamic international prognostic scoring 

system plus114 and of other acquired mutations113. ASXL1 mutated MF is associated with older 

age and more often presents with a leukocytosis112 

The COMFORT-II study compared treatment with ruxolitinib (a JAK1/2 inhibitor) versus best 

available care in patients with primary MF115. Of note, ruxolitinib improved the OS of “high 

molecular risk” patients as defined by the presence of mutations in one of the following genes: 

ASXL1, EZH2, SRSF2, IDH1 or IDH2 (HR 0.57; 95% CI 0.3-1.08). This data indicates that 

ASXL1 mutations may play an emerging role as biomarkers for the rational selection of 

treatments in myeloid malignancies. 

ASXL1 mutations have been associated with disease transformation and an inferior OS in the 

setting of CSF3R mutated chronic neutrophilic leukaemia116. In a study of fourteen such 

patients, 8 (57%) harboured ASXL1 mutations. On multivariable analysis ASXL1 mutation was 

independently predictive of shortened survival (HR 28.8; 95% CI 2.8-298.8, p=0.005). Both 

cases that transformed into CMML were ASXL1 mutated. 

In a study of nineteen patients with advanced systemic mastocytosis, those with an ASXL1 

and/or a CBL mutation had an inferior OS compared with those who were ASXL1 and CBL wild 

type (11 versus 84 months, p=0.0002)117. 

Although not traditionally considered a myeloid malignancy, the development of ASXL1 

mutations in the context of aplastic anaemia (AA) has been associated with inferior 

outcomes118. Patients with ASXL1 mutations were included in an “unfavourable mutations” 

group (DNMT3A, ASXL1, TP53, RUNX1, JAK2, JAK3 or CSMD1) which predicted for a poorer 

clinical response to immunosuppressive therapy, progression to MDS/AML and an inferior OS. 

ASXL1 has been described as one of the most commonly mutated genes in age-related, 

premalignant clonal haematopoiesis (together with DNMT3A and TET2)119-121, a condition that 

has been associated with an increased risk of developing a haematological malignancy and with 

an inferior OS in large, whole exome sequencing (WES) studies119 120. 

The most commonly detected truncating ASXL1 mutation is ASXL1 

NM_015338.5:c.1934dup;p.Gly646Trpfs*12 (ASXL1 c.1934dupG), which accounts for 

approximately half of variants across the spectrum of myeloid malignancies96 99 103 112. This 

single nucleotide duplication causes a frameshift within ASXL1 exon 12, resulting in the 

formation of a premature stop codon and a truncated protein product. The duplicated guanine 

occurs within an eight base pair mononucleotide guanine repeat that extends from c.1927 to 

c.1934 of ASXL1 (8G repeat). 

Areas of repetitive sequence may be prone to accelerated mutagenesis due to replication 

slippage122. This occurs when DNA polymerase pauses and dissociates from repeated areas of 

sequence, allowing the terminal portion of the newly synthesised strand to anneal to a different 
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yet still complementary location on the template. Resumption of DNA replication completes the 

slippage event which may result in duplications or deletions. This process has, however, also 

been described as a source of artefact123 124. 

This fact, coupled with the detection by Sanger sequencing and mass spectrometry of ASXL1 

c.1934dupG within the buccal DNA of individuals with myeloid malignancies and by Sanger 

sequencing in the granulocyte DNA of those without, has led some to assert that this variant is 

not a true somatic alteration125. In addition, ASXL1 c.1934dupG has been reported in the 

general population by WES at a frequency of between 0.001634% in the Exome Aggregation 

Consortium13 database and 2.58% in the NHLBI Exome Sequencing Project 

(https://esp.gs.washington.edu/drupal/ – last accessed 25/09/2017) database. Despite the fact 

that ASXL1 may be mutated in otherwise well individuals with age-related clonal 

haematopoiesis120, these detection frequencies may be overestimated due to artefact-related 

false positive ASXL1 c.1934dupG detection. 

The assertion that ASXL1 c.1934dupG is not a true somatic alteration has led to much 

controversy in the literature, due to the existence of various lines of contrary evidence. Firstly, in 

a number of follow-up studies, ASXL1 c.1934dupG was virtually absent from the DNA of healthy 

control, germline and remission samples98 101-103 111. Secondly, the use of high-fidelity DNA 

polymerases resistant to replication slippage has consistently demonstrated ASXL1 

c.1934dupG in tumour but not in paired germline DNA102 – in one study four different DNA 

polymerases were used with consistent results126. A separate study demonstrated that ASXL1 

c.1934dupG detection was consistent in both the forward and reverse sequencing directions 

and on re-sequencing after TA cloning127. Thirdly, the gene expression profile is similar between 

ASXL1 c.1934dupG containing cells and other truncating ASXL1 mutation containing cells, 

which differs from that of ASXL1 wild type cells102. Finally, patients harbouring ASXL1 

c.1934dupG have a similar clinical phenotype to those with other truncating ASXL1 

mutations107. 

Anecdotally, the detection of ASXL1 c.1934dupG at the Molecular Haematology Laboratory at 

the Peter MacCallum Cancer Centre (Melbourne, VIC, Australia) by Sanger sequencing in the 

diagnostic bone marrow samples of patients with myeloid malignancies but not in the germline 

samples (e.g. saliva) or remission bone marrow samples from those same patients supported 

the hypothesis that ASXL1 c.1934dupG is a true somatic alteration (Figure 1). 

  

https://esp.gs.washington.edu/drupal/
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Figure 1 

Sanger sequencing evidence of ASXL1 c.1934dupG in the bone marrow sample of a patient with AML at diagnosis but 

not in a synchronous saliva or remission bone marrow sample 

However, the supportive lines of evidence described above are not entirely definitive. In many 

cases they represent peripheral observations secondary to the main aims of the study in 

question. Furthermore, the first two lines of evidence described above rely on DNA polymerase 

to read the mononucleotide guanine repeat in which ASXL1 c.1934dupG occurs, this process 

being the very source of artefact that the ASXL1 c.1934dupG has been claimed to represent. 

The latter two lines of evidence are circumstantial in nature. Only a direct demonstration of the 

presence of ASXL1 c.1934dupG in the DNA of a sample, without the need for sequencing the 

mononucleotide guanine repeat directly, would provide definitive evidence of ASXL1 

c.1934dupG being a true alteration. Given the clinical significance of truncating ASXL1 

mutations in the setting of myeloid malignancies, it is clear why clarifying the status of the 

commonly detected ASXL1 c.1934dupG would be of significant value. 

Sanger sequencing is the original method for performing ASXL1 exon 12 testing, including in 

many of the previously mentioned studies96 99 103-108 112 113 128. However, more recent studies 

have used massively parallel sequencing (MPS) technology for this purpose, which is more 

reflective of current routine laboratory practice109 129. 

MPS technologies of various types can have difficulty in correctly resolving nucleotide 

homopolymers such as the mononucleotide guanine repeat in which ASXL1 c.1934dupG 

occurs, with the Illumina platform performing better than platforms such as Ion Torrent and 

Pacific Biosciences in this regard62 63. The Molecular Haematology Laboratory at the Peter 

MacCallum Cancer Centre (Melbourne, VIC, Australia) uses an in-house developed, 26 gene 

amplicon sequencing panel for the routine testing of myeloid malignancies (Chapter 2: 

Methodology). The Peter MacCallum Cancer Centre myeloid amplicon panel covers the entirety 

of ASXL1 exon 12, including the mononucleotide guanine repeat in which ASXL1 c.1934dupG 

occurs. 
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Of note, approximately 30% of all samples run on the Peter MacCallum Cancer Centre myeloid 

amplicon panel have ASXL1 c.1934dupG called at a variant allele fraction (VAF) of ≥3.00% 

(data not shown), indicating that even if ASXL1 c.1934dupG is a true alteration there is very 

likely a significant degree of artefactual detection related to the mononucleotide guanine repeat 

in which it occurs (Figure 2). 

 

 

Figure 2 

Visualisation of Peter MacCallum Cancer Centre myeloid amplicon panel sequencing of DNA in which ASXL1 

c.1934dupG was not detected by Sanger sequencing: ASXL1 c.1934dupG called at a VAF of >4% and ASXL1 

NM_015338.5:c.1934del;p.Gly645Valfs*58 (ASXL1 c.1934delG) called at VAF of >10% indicating artefact related to the 

mononucleotide guanine repeat in which ASXL1 c.1934dupG occurs 

In addition, samples in which ASXL1 c.1934dupG had been detected by Sanger sequencing 

had been noted to have ASXL1 c.1934dupG VAFs of <4% when run on the Peter MacCallum 

Cancer Centre myeloid amplicon panel. Such anecdotal observations raised concerns regarding 

the sensitivity and specificity of MPS testing for the detection of ASXL1 c.1934dupG. If the 

ASXL1 c.1934dupG were proven to be a true alteration, it would then be desirable to optimise 

testing techniques in order to ensure the detection of true variants and to minimise false 

positives. 

Aims 

A study with three aims was performed in order to investigate the nature of ASXL1 c.1934dupG 

and to optimise its detection. 

1. To prove unequivocally that ASXL1 c.1934dupG is a true alteration. 

2. To determine the ability of MPS to detect ASXL1 c.1934dupG. 

3. To determine and implement the most practical and cost-efficient testing strategy to 

optimise ASXL1 c.1934dupG detection in patient samples. 

Methodology 

Proving ASXL1 c.1934dupG to be a true alteration was approached using two different 

strategies. 



36 
 

The first strategy used to evaluate whether ASXL1 c.1934dupG is a true alteration involved a 

functional study based on the known effects of epigenetic biology on cellular phenotype. 

PRC1 mediated deubiquitination of H2A at K119 and PRC2 mediated trimethylation of H3 at 

K27 act in concert to regulate polycomb mediated chromatin remodelling and subsequent gene 

expression75 130-132. As discussed above, PRC2 mediated H3 K27 trimethylation appears to be 

the mechanism through which truncating ASXL1 mutations initiate leukaemogenesis86. 

However, ASXL1 also plays a significant role in the deubiquitination of H2AK119Ub, a process 

that affects chromatin remodelling and therefore regulates gene expression. BAP1 functions as 

the deubiquitinase of H2AK119Ub75 133. BAP1 is activated by the N-terminal of ASXL1 in a 

process that is highly conserved across species74 134 135. It has been demonstrated that the 

BAP1 C-terminal extension auto-recruits BAP1 to the nucleosome where it is activated by the 

DEUBAD domain of ASXL1, thereby enhancing the ability of BAP1 to deubiquitinate 

H2AK119Ub76. This mechanism (illustrated below) is specific to the epigenetic regulation of 

chromatin as the ubiquitination of H2A at K13/15, which plays a role in the DNA damage 

response, is not affected by the action of BAP1. 

 

 

Sahtoe DD, van Dijk WJ, Ekkebus R et al. BAP1/ASXL1 recruitment and activation for H2A deubiquitination. Nat 

Commun, 2016. 

It has been proven by in vitro functional studies that truncated ASXL1 potentiates the 

deubiquitinating action of the BAP1/ASXL1 complex93. This implies an inhibitory function of the 

ASXL1 C-terminal region on BAP1 function. Experiments have demonstrated that in cells 

transfected with wild type ASXL1 vectors H2AK119Ub was still detectable by western blot, 

whereas in those transfected with truncating ASXL1 mutations H2AK119Ub was undetectable. 

Differential H2AK119Ub expression between ASXL1 wild type (H2AK119Ub detected) and 

truncating ASXL1 mutation containing (H2AK119Ub not detected) cells was also observed by 

flow cytometry. Relevant figures from the study by Balasubramani et al are reproduced below93. 
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Balasubramani A, Larjo A, Bassein JA, et al. Cancer-associated ASXL1 mutations may act as gain-of-function mutations 

of the ASXL1-BAP1 complex. Nat Commun 2015. 

Utilising this data, the following functional hypothesis was developed: if truncating ASXL1 

mutation containing cells (other than ASXL1 c.1934dupG) were shown to express lower levels 

of H2AK119Ub than ASXL1 wild type cells as predicted, then a low level of H2AK119Ub 

expression within ASXL1 c.1934dupG containing cells would indicate that ASXL1 c.1934dupG 

is associated with a truncating ASXL1 mutation phenotype. This would serve as supportive 

evidence that ASXL1 c.1934dupG is a true alteration. In addition, as truncating ASXL1 

mutations are known to result in a loss of ASXL1 expression86, the detection of low levels of 

ASXL1 within ASXL1 c.1934dupG containing cells would further support the functional 

hypothesis. 

ASXL1 c.1934dupG has been reported as detectable in the Kasumi-1 AML cell line101. AML cell 

lines in which other truncating ASXL1 mutations have been reported include K562 and 

NOMO186. 

Eight available cell lines were screened for ASXL1 exon 12 truncating mutations by the Peter 

MacCallum Cancer Centre myeloid amplicon panel, Sanger sequencing and fragment analysis 

(Chapter 2: Methodology). A number of these were selected for further experimental evaluation 

(Table 1). 

Cell line ASXL1 exon 12 truncating mutation status 

Kasumi-1 c.1934dup;p.Gly646Trpfs*12 

NOMO-1 c.2077C>T;p.Arg693* 

K562 c.1773C>A;p.Tyr591* 

SH1 Wild type 

OCI-AML3 Wild type 
 

Table 1 

Cell lines of various ASXL1 exon 12 truncating mutation statuses selected for further experimental evaluation 

A flow cytometry assay was developed and validated for the intracellular detection of 

H2AK119Ub and ASXL1 (Chapter 2: Methodology). In brief, primary rabbit-derived antibodies 

targeting ubiquitinated K119 on H2A and a proprietary region within the amino acid sequence 

encoded by ASXL1 exon 12, together with a secondary fluorochrome-conjugated rabbit 

antibody were validated for use with this assay. Mouse-derived primary antibodies targeting the 

N-terminal and C-terminal of ASXL1, H2A and BAP1, together with a secondary fluorochrome-

conjugated mouse antibody were unable to be validated for use with this assay. 
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Primers were rationally designed in silico to cover the entire length of the BAP1 gene for the 

purpose of Sanger sequencing (Chapter 2: Methodology). 

The second strategy used to evaluate whether ASXL1 c.1934dupG is a true alteration was a 

direct genomic study. As has been described above, any approach requiring direct sequencing 

of the mononucleotide guanine repeat of ASXL1 exon 12 would not be appropriate for this 

purpose, given the concerns regarding artefactual detection. 

This led to the genomic hypothesis that an oligonucleotide complementary to and spanning the 

ASXL1 c.1934dupG nine base pair mononucleotide guanine repeat (9G repeat) would anneal 

with greater efficiency to ASXL1 c.1934dupG than to the 8G repeat (ASXL1 wild type) to which 

it would be partially mismatched. If this genomic hypothesis proved to be true and such a 

differential annealing efficiency could be demonstrated, this would indicate the existence of the 

ASXL1 9G repeat within a sample, without the need for DNA polymerase to read the 

mononucleotide guanine repeat in which ASXL1 c.1934dupG occurs. This would serve as 

definitive evidence that ASXL1 c.1934dupG is a true alteration. 

Such an oligonucleotide would be required to act both as a probe for the purpose of mutation 

detection and as a primer, given the dynamics of DNA amplification seen in a subsequent 

polymerase chain reaction (PCR) would act as a surrogate signal for annealing efficiency 

(Figure 3). 

 

 

Figure 3 

Mutation-specific mechanism of ASXL1 c.1934dupG detection using the mutation-specific primer (9G primer): 

 A – ASXL1 c.1934dupG (9G repeat) – primer and template complementary 

 B – Wild type (8G repeat) – primer and template partially mismatched 

Resulting PCR product amplification characteristics constitute signal 

A real-time quantitative reverse transcription polymerase chain reaction (qRT-PCR) assay using 

a fluorescent DNA-intercalating dye was developed for this purpose (Chapter 2: Methodology). 

In brief, primers were rationally designed in silico to target the 8G repeat, 9G repeat and 

subsequently the ASXL1 c.1934delG seven base pair mononucleotide guanine repeat (7G 

repeat), together with a shared reverse primer. 
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This assay was later modified and validated for the detection of ASXL1 c.1934dupG in patient 

samples. This was accomplished by testing the 9G primer together with reference primers 

designed to target a separate region of ASXL1 exon 12 with the purpose of normalising for 

ASXL1 gene count across samples. 

Sample replicate qRT-PCR results (number of cycles to cycle threshold (Ct)) were averaged 

prior to analysis using the double delta Ct (2-ΔΔCt) method136. In brief, for each sample, averaged 

replicate results of 9G primer analysis were subtracted from those of reference primer analysis. 

This delta value (ΔCt (Sample)) was then subtracted from the delta value for wild type DNA 

derived from a healthy individual (ΔΔCt (WT-Sample)). Fold change (FC) between wild type 

DNA and sample DNA was calculated using the formula: FC (WT-Sample) = 2-ΔΔCt (WT-Sample). 

In order to evaluate the utility of MPS for ASXL1 c.1934dupG detection, patient samples were 

run on the Peter MacCallum Cancer Centre myeloid amplicon panel. ASXL1 c.1934dupG VAFs 

were generated by two bioinformatic pipelines using different alignment methods (Primal and 

Canary) (Chapter 2: Methodology). 

Sanger sequencing and fragment analysis of ASXL1 were performed on each sample within this 

study. Sanger sequencing of ASXL1 c.1934dupG involves the identification of a single guanine 

duplication within the mononucleotide guanine repeat in which ASXL1 c.1934dupG occurs. This 

method does not allow for the accurate quantification of mutation burden (the height of the 

mutated peak is only an approximate indication of mutation burden). Fragment analysis detects 

a single base pair increase in DNA length in the presence of ASXL1 c.1934dupG. This method 

allows for the quantification of mutation burden using the peak height ratio (PHR), defined by 

the ratio of the heights of the lengthened peak to the wild type length peak. Fragment analysis is 

unable to differentiate ASXL1 c.1934dupG from other single nucleotide insertions. 

The detection of ASXL1 c.1934dupG by Sanger sequencing and the detection of a single base 

pair increase in DNA length by fragment analysis were both required in order to define a sample 

as ASXL1 c.1934dupG containing for the purpose of subsequent analyses. 

Results 

Five cell lines of various ASXL1 exon 12 mutation statuses were tested by flow cytometry in 

order to determine their intracellular levels of H2AK119Ub, ASXL1 and BAP1. In addition, these 

cell lines underwent Sanger sequencing of the entire length of the BAP1 gene. Data from these 

experiments is presented below (Figure 4 and Table 2). 
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ASXL1 

 

BAP1 

 

 

Figure 4 

Intracellular levels of H2AK119Ub, ASXL1 and BAP1 for the ASXL1 c.1934dupG containing Kasumi-1 cell line 
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 Kasumi-1 NOMO1 K562 SH1 OCI-AML3 

ASXL1 
mutation 
status  

c.1934dup; 
p.Gly646Trpfs*12 

c.2077C>T; 
p.Arg693* 

c.1773C>A; 
p.Tyr591* 

Wild type Wild type 

BAP1 
mutation 
status 

Wild type Wild type Wild type Wild type Wild type 

ASXL1 level 
(ΔlogMFI*) 

0.63† 0.99† 0.52† 0.89† 0.93† 

BAP1 level 
(ΔlogMFI*) 

0.37† 0.16† Not tested 0.17† 0.27† 

H2AK119Ub 
level 
(ΔlogMFI*) 

0.90† 0.35† 0.15† 0.53† 0.45† 

MFI, mean fluorescence intensity 

*ΔlogMFI = logMFI (primary+secondary antibody) - logMFI (secondary antibody) 

†All samples were run in duplicate at minimum and results were averaged 

Table 2 

Intracellular protein levels and BAP1 mutation status of cell lines of various ASXL1 exon 12 mutation statuses 

In keeping with the functional hypothesis stated above, cell lines containing truncating ASXL1 

mutations had lower levels of H2AK119Ub expression than ASXL1 wild type cell lines (mean 

H2AK119Ub(NOMO1+K562) = 0.25 ΔlogMFI versus mean H2AK119Ub(SH1+OCI-AML3) = 

0.49 ΔlogMFI). However, this observation was not as marked as that seen in cell line 

transfection experiments where global H2AK119Ub erasure was detected by a similar flow 

cytometry method after the introduction of truncated ASXL193. This stands to reason, as cells 

transfected with truncated ASXL1 may have an exaggerated phenotype due to higher levels of 

truncated ASXL1 protein within the cells. 

Truncating ASXL1 mutations are known to result in detectable altered protein products137. 

Despite this, such mutations are also known to result in reduced overall ASXL1 levels86. Such a 

trend was observed within the data (mean ASXL1(NOMO1+K562) = 0.76 ΔlogMFI versus mean 

ASXL1(SH1+OCI-AML3) = 0.91 ΔlogMFI). 

BAP1 levels were uniformly low across all the tested cell lines and so did not allow for any 

differentiation (ΔlogMFI range = 0.16 – 0.37). Non-synonymous mutations within the BAP1 

gene, however, were excluded by Sanger sequencing in all the tested cell lines. 

The ASXL1 c.1934dupG containing Kasumi-1 cell line did not resemble either the truncating 

ASXL1 mutation containing cell lines or the ASXL1 wild type cell lines with regard to 

H2AK119Ub expression. In fact, the Kasumi-1 cell line had the highest H2AK119Ub level of all 

the tested cell lines – significantly higher than the second highest measurement (Kasumi-1, 0.90 

ΔlogMFI versus SH1, 0.53 ΔlogMFI). This finding differentiates the ASXL1 c.1934dupG 

containing Kasumi-1 cell line into a separate phenotype with a high H2A119KUb level and so 

does not serve as supportive evidence for ASXL1 c.1934dupG being a true alteration. Thus, the 

functional hypothesis stated above was shown to be false. 

Despite this, the Kasumi-1 cell line ASXL1 level (0.63 ΔlogMFI) was more similar to that seen in 

truncating ASXL1 mutation containing cell lines (mean ASXL1(NOMO1+K562) = 0.76 ΔlogMFI) 

than to that seen in ASXL1 wild type cell lines (mean ASXL1(SH1+OCI-AML3) = 0.91 ΔlogMFI). 

This phenotypic association is potentially in keeping with ASXL1 c.1934dupG being a true 

alteration resulting in ASXL1 protein truncation and low ASXL1 levels. 
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Given the inability of the functional study to fully support the functional hypothesis stated above, 

a qRT-PCR assay was developed as a direct genomic study to evaluate whether ASXL1 

c.1934dupG is a true alteration without the need for DNA polymerase to read the 

mononucleotide guanine repeat in which ASXL1 c.1934dupG occurs. 

The Kasumi-1 cell line is purported to be heterozygous for ASXL1 c.1934dupG based on 

reports in the literarure101. This was supported by Sanger sequencing and fragment analysis 

performed on the Kasumi-1 cell line source used in this study. Kasumi-1 is also known to be 

diploid for chromosome 20 (the location of ASXL1) by karyotyping138 and SNP array-based copy 

number analysis (http://www.ebi.ac.uk/arrayexpress/ under accession number E-MTAB-4950 – 

last accessed 22/11/2017)139. Thus, a mutation burden of 50% is expected in Kasumi-1 DNA if 

ASXL1 c.1934dupG is confirmed to be a true alteration. 

Kasumi-1 DNA was tested by qRT-PCR using the mutation-specific 9G primer and a wild type 

specific primer (8G primer) (Figure 5). 

 

 

Figure 5 

Amplification dynamics of the 9G and 8G primers with Kasumi-1 DNA and ASXL1 wild type DNA: 

 9G primer 

o Amplifies Kasumi-1 DNA more efficiently than ASXL1 wild type DNA 

 8G primer 

o Amplifies ASXL1 wild type DNA more efficiently than Kasumi-1 DNA 

Greater difference in amplification efficiency between DNA types for the 9G than for the 8G primer due to the presence 

of the 8G repeat within Kasumi-1 DNA (50% 8G repeat – ASXL1 c.1934dupG heterozygous) and the absence of the 9G 

repeat within ASXL1 wild type DNA (0% 9G repeat) 

This experiment confirmed that there was a demonstrable difference between the amplification 

dynamics of the 9G and 8G primers with both Kasumi-1 DNA and ASXL1 wild type DNA. 

The 9G primer amplified Kasumi-1 DNA with significantly greater efficiency than wild type DNA. 

This indicates the presence of the 9G repeat within Kasumi-1 DNA and hence proves 

unequivocally that ASXL1 c.1934dupG is a true alteration. 

http://www.ebi.ac.uk/arrayexpress/
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The fact that ASXL1 wild type DNA amplified at all using the 9G primer does not necessarily 

indicate the presence of the 9G repeat within the sample. There is a high degree of sequence 

homology between the 8G and 9G repeats and so some degree of annealing of the 9G primer 

to the 8G repeat is not unexpected despite the partial mismatch. However, the amplification of 

ASXL1 wild type DNA by the 9G primer was the least efficient of the four conditions tested, in 

keeping with the genomic hypothesis stated above. 

The 8G primer, by way of contrast, amplified ASXL1 wild type DNA more efficiently than 

Kasumi-1 DNA. This is likewise in keeping with the genomic hypothesis stated above, as 

ASXL1 wild type DNA contains more of the 8G repeat (100% 8G repeat) than does Kasumi-1 

DNA (50% 8G repeat – ASXL1 c.1934dupG heterozygous). 

As expected there was a greater difference in amplification efficiency between DNA types for 

the 9G than for the 8G primer due to the presence of the 8G repeat within Kasumi-1 DNA (50% 

8G repeat – ASXL1 c.1934dupG heterozygous) and the absence of the 9G repeat within ASXL1 

wild type DNA (0% 9G repeat). 

As the ASXL1 c.1934dupG was confirmed to be a true alteration, the aim of determining the 

ability of MPS to detect ASXL1 c.1934dupG was then considered. 

A cohort of 186 patients with myeloid malignancies who had blood or bone marrow samples 

referred to the Molecular Haematology Laboratory at the Peter MacCallum Cancer Centre 

(Melbourne, VIC, Australia) for routine MPS testing was identified using institutional databases. 

The myeloid malignancies represented in this cohort were MDS/CMML (n=47), 

myeloproliferative neoplasms (MPN) (n=81) and normal karyotype AML (n=58). All samples 

were tested by the Peter MacCallum Cancer Centre myeloid amplicon panel, Sanger 

sequencing and fragment analysis (Table 3). Visual inspection of Sanger sequencing 

chromatograms revealed no evidence of artefact related to the mononucleotide guanine repeat 

in which ASXL1 c.1934dupG occurs. 
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Sam
ple 

 Peter MacCallum Cancer Centre Myeloid Amplicon Panel  Sanger Sequencing  Fragment Analysis 

 Primal Canary Coverage           
(paired reads) 

  

 ASXL1 
c.1934dupG 
VAF 1 

ASXL1 
c.1934dupG 
VAF 2 

ASXL1 
c.1934dupG 
VAF 1 

ASXL1 
c.1934dupG 
VAF 2 

Replicate 
1 

Replicate 
2 

 ASXL1 
c.1934dupG 

Other 
truncating 
ASXL1 
mutations 

 +1 base 
pair 

+1 base 
pair 
PHR 

Other 
fragment 
lengths 

MDS 
1 

 <3.00 <3.00 <3.00 3.47 941 969  Not   
detected 

Not 
detected 

 Not 
detected 

Not 

detected 

Not 

detected 

MDS 
2 

 4.26 4.73 6.91 7.62 1048 1097  Detected Not 
detected 

 Detected 0.54 Not 
detected 

MDS 
3 

 <3.00 <3.00 <3.00 <3.00 1308 1247  Not   
detected 

Not 
detected 

 Not 
detected 

Not 

detected 

Not 

detected 

MDS 
4 

 <3.00 <3.00 <3.00 <3.00 1181 975  Not   
detected 

Not 
detected 

 Not 
detected 

Not 

detected 

Not 

detected 

MDS 
5 

 6.45 5.12 8.20 7.60 1040 1017  Detected Not 
detected 

 Detected 0.59 Not 

detected 

MDS 
6 

 <3.00 <3.00 3.27 <3.00 851 1015  Not   
detected 

Not 
detected 

 Not 
detected 

Not 
detected 

Not 

detected 

MDS 
7 

 9.80 6.96 10.00 7.23 1122 1005  Detected Not 
detected 

 Detected 0.48 Not 

detected 

MDS 
8 

 <3.00 <3.00 <3.00 3.07 1249 1407  Not   
detected 

Not 
detected 

 Not 
detected 

Not 
detected 

Not 

detected 

MDS 
9 

 11.15 6.88 10.40 7.08 883 1088  Detected Not 
detected 

 Detected 0.56 Not 

detected 

MDS 
10 

 <3.00 <3.00 <3.00 <3.00 1111 1083  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MDS 
11 

 <3.00 <3.00 <3.00 <3.00 982 959  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MDS 
12 

 <3.00 <3.00 <3.00 <3.00 871 927  Not   

detected 

c.1900_ 
1922del 

 Not 

detected 

Not 

detected 

22 base 
pair 
deletion 

MDS 
13 

 <3.00 <3.00 3.10 3.19 816 830  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MDS 
14 

 <3.00 <3.00 <3.00 <3.00 766 842  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 
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MDS 
15 

 <3.00 <3.00 <3.00 <3.00 685 919  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MDS 
16 

 <3.00 <3.00 <3.00 3.17 785 898  Not   

detected 

c.1779dup  Detected 0.47 Not 

detected 

MDS 
17 

 <3.00 <3.00 <3.00 <3.00 1047 1024  Not   

detected 

c.1934del  Not 

detected 

Not 

detected 

1 base 
pair 
deletion 

MDS 
18 

 <3.00 <3.00 3.06 <3.00 794 872  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MDS 
19 

 <3.00 <3.00 3.31 <3.00 992 884  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MDS 
20 

 <3.00 <3.00 <3.00 <3.00 951 1047  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MDS 
21 

 4.04 4.23 6.94 6.67 891 659  Detected Not 
detected 

 Detected 0.45 Not 

detected 

MDS 
22 

 <3.00 <3.00 <3.00 <3.00 786 827  Not   
detected 

Not 
detected 

 Not 
detected 

Not 
detected 

Not 

detected 

MDS 
23 

 11.54 7.71 11.73 8.25 993 1074  Detected Not 
detected 

 Detected 0.59 Not 

detected 

MDS 
24 

 <3.00 <3.00 <3.00 <3.00 697 874  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MDS 
25 

 <3.00 <3.00 <3.00 3.27 946 1067  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MDS 
26 

 <3.00 <3.00 <3.00 3.07 861 926  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MDS 
27 

 <3.00 <3.00 3.19 3.08 942 980  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MDS 
28 

 <3.00 <3.00 3.20 3.26 904 965  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MDS 
29 

 <3.00 <3.00 4.60 4.39 872 886  Detected Not 
detected 

 Detected 0.26 Not 

detected 

MDS 
30 

 <3.00 <3.00 3.06 <3.00 943 899  Not   
detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MDS 
31 

 <3.00 <3.00 <3.00 3.48 828 768  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 
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MDS 
32 

 <3.00 <3.00 <3.00 <3.00 715 796  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MDS 
33 

 4.77 5.42 7.70 8.44 661 697  Detected Not 
detected 

 Detected 0.53 Not 
detected 

MDS 
34 

 <3.00 <3.00 3.43 <3.00 769 906  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MDS 
35 

 <3.00 <3.00 <3.00 <3.00 825 1028  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MDS 
36 

 4.88 6.19 4.95 6.71 856 823  Detected Not 
detected 

 Detected 0.52 Not 
detected 

MDS 
37 

 <3.00 <3.00 <3.00 3.75 725 822  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 
detected 

MDS 
38 

 <3.00 <3.00 <3.00 <3.00 775 792  Not   

detected 

c.1912_ 
1913del 

 Not 

detected 

Not 

detected 

2 base 
pair 
deletion 

MDS 
39 

 <3.00 <3.00 <3.00 <3.00 795 815  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MDS 
40 

 <3.00 <3.00 4.51 4.64 766 873  Detected Not 
detected 

 Detected 0.36 Not 

detected 

MDS 
41 

 <3.00 <3.00 <3.00 3.02 700 745  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MDS 
42 

 <3.00 <3.00 <3.00 <3.00 597 706  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MDS 
43 

 <3.00 <3.00 <3.00 <3.00 838 688  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MDS 
44 

 <3.00 4.48 5.56 8.17 828 680  Detected Not 
detected 

 Detected 0.59 Not 

detected 

MDS 
45 

 <3.00 <3.00 3.20 <3.00 823 728  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MDS 
46 

 <3.00 <3.00 <3.00 <3.00 686 798  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MDS 
47 

 8.19 8.95 7.81 9.27 975 931  Detected Not 
detected 

 Detected 0.55 Not 

detected 

MPN 
1 

 3.40 <3.00 3.56 <3.00 832 922  Not   

detected 

Not 
detected 

 Not 
detected 

Not 
detected 

Not 

detected 
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MPN 
2 

 <3.00 <3.00 <3.00 <3.00 1580 1308  Not   

detected 

c.1932_ 
1933insT 

 Detected 0.78 Not 

detected 

MPN 
3 

 <3.00 <3.00 <3.00 <3.00 478 442  Not   

detected 

c.1754_ 
1755dupG
GTT 

 Not 

detected 

Not 

detected 

Not 

detected 

MPN 
4 

 <3.00 <3.00 <3.00 <3.00 736 1058  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MPN 
5 

 <3.00 <3.00 <3.00 3.20 578 802  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MPN 
6 

 3.32 4.47 3.32 4.35 1925 1045  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MPN 
7 

 <3.00 <3.00 3.36 3.19 1863 1189  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MPN 
8 

 <3.00 <3.00 <3.00 <3.00 332 373  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MPN 
9 

 4.06 3.39 4.24 4.07 723 732  Detected Not 
detected 

 Detected 0.17 Not 

detected 

MPN 
10 

 3.51 <3.00 3.79 <3.00 747 922  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MPN 
11 

 <3.00 3.07 <3.00 <3.00 948 1102  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MPN 
12 

 <3.00 <3.00 <3.00 <3.00 973 829  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MPN 
13 

 <3.00 <3.00 4.04 <3.00 416 352  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MPN 
14 

 <3.00 <3.00 <3.00 <3.00 777 957  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MPN 
15 

 <3.00 <3.00 <3.00 <3.00 800 1205  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MPN 
16 

 <3.00 <3.00 <3.00 <3.00 1456 283  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MPN 
17 

 <3.00 3.15 <3.00 3.12 0 744  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MPN 
18 

 <3.00 <3.00 <3.00 3.16 1394 1625  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 
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MPN 
19 

 <3.00 <3.00 <3.00 3.05 1202 1451  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MPN 
20 

 <3.00 3.68 <3.00 3.44 1016 1266  Detected Not 
detected 

 Detected 0.12 Not 
detected 

MPN 
21 

 <3.00 <3.00 <3.00 <3.00 1650 1619  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MPN 
22 

 <3.00 <3.00 <3.00 <3.00 1058 939  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MPN 
23 

 <3.00 <3.00 <3.00 <3.00 885 866  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MPN 
24 

 <3.00 <3.00 <3.00 <3.00 764 904  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MPN 
25 

 3.52 <3.00 3.69 <3.00 1078 1242  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MPN 
26 

 <3.00 <3.00 <3.00 <3.00 1091 942  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MPN 
27 

 5.52 5.90 7.07 7.02 860 978  Detected Not 
detected 

 Detected 0.53 Not 
detected 

MPN 
28 

 <3.00 <3.00 <3.00 <3.00 1277 884  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MPN 
29 

 <3.00 <3.00 <3.00 <3.00 950 1090  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MPN 
30 

 <3.00 <3.00 <3.00 <3.00 969 877  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MPN 
31 

 <3.00 <3.00 <3.00 3.50 973 985  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MPN 
32 

 <3.00 <3.00 <3.00 3.48 997 1288  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MPN 
33 

 <3.00 <3.00 <3.00 <3.00 1125 1119  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MPN 
34 

 3.01 <3.00 3.22 <3.00 1011 985  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MPN 
35 

 <3.00 3.02 <3.00 <3.00 1087 1026  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 
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MPN 
36 

 <3.00 <3.00 <3.00 <3.00 787 980  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MPN 
37 

 3.03 <3.00 <3.00 <3.00 1209 1158  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MPN 
38 

 <3.00 <3.00 <3.00 <3.00 1008 1145  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MPN 
39 

 <3.00 <3.00 <3.00 <3.00 1072 1037  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MPN 
40 

 <3.00 <3.00 <3.00 <3.00 1039 439  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MPN 
41 

 <3.00 3.23 <3.00 3.19 1010 849  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MPN 
42 

 6.66 6.79 6.70 6.93 1354 1784  Detected Not 
detected 

 Detected 0.46 Not 
detected 

MPN 
43 

 3.18 3.79 3.86 3.50 669 861  Not   

detected 

Not 
detected 

 Not 
detected 

Not 

detected 

Not 

detected 

MPN 
44 

 3.23 4.11 <3.00 4.30 822 895  Not   

detected 

c.1779dup  Detected 0.55 Not 
detected 

MPN 
45 

 3.11 <3.00 3.13 <3.00 871 960  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MPN 
46 

 <3.00 <3.00 <3.00 <3.00 855 1113  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MPN 
47 

 3.32 3.11 3.62 3.19 933 1032  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MPN 
48 

 <3.00 <3.00 <3.00 <3.00 843 970  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MPN 
49 

 <3.00 3.26 <3.00 3.11 2013 2016  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MPN 
50 

 3.83 4.27 3.66 4.41 1721 2780  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MPN 
51 

 3.41 3.44 3.77 3.13 1018 1271  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MPN 
52 

 3.37 3.18 3.46 <3.00 1451 1797  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 
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MPN 
53 

 5.50 9.41 5.94 10.02 963 1245  Detected Not 
detected 

 Detected 0.6 Not 
detected 

MPN 
54 

 <3.00 <3.00 <3.00 <3.00 1705 2211  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MPN 
55 

 <3.00 <3.00 <3.00 3.11 1084 1948  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MPN 
56 

 6.48 7.85 5.94 7.38 986 1212  Detected Not 
detected 

 Detected 0.33 Not 
detected 

MPN 
57 

 <3.00 <3.00 <3.00 <3.00 764 1017  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MPN 
58 

 3.85 3.82 3.25 4.04 718 987  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MPN 
59 

 <3.00 <3.00 <3.00 <3.00 988 1154  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MPN 
60 

 3.62 <3.00 3.35 <3.00 902 1065  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MPN 
61 

 <3.00 <3.00 <3.00 <3.00 540 838  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MPN 
62 

 3.41 <3.00 3.16 <3.00 929 1090  Not   

detected 

c.1779dup  Detected 0.49 Not 
detected 

MPN 
63 

 3.38 3.28 3.44 4.19 636 875  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MPN 
64 

 <3.00 3.08 <3.00 <3.00 951 1208  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MPN 
65 

 3.46 <3.00 3.61 <3.00 1042 1494  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MPN 
66 

 <3.00 <3.00 <3.00 <3.00 1362 1377  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MPN 
67 

 3.03 3.19 3.09 3.26 776 1145  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MPN 
68 

 <3.00 <3.00 <3.00 <3.00 1130 1516  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MPN 
69 

 <3.00 3.62 <3.00 3.61 771 1037  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 
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MPN 
70 

 <3.00 <3.00 3.56 <3.00 469 749  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MPN 
71 

 <3.00 4.04 <3.00 4.34 828 1086  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MPN 
72 

 3.90 <3.00 3.89 <3.00 931 993  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MPN 
73 

 4.12 <3.00 4.02 <3.00 1268 1196  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MPN 
74 

 <3.00 <3.00 <3.00 <3.00 1330 1308  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MPN 
75 

 3.05 <3.00 3.08 <3.00 1237 1118  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MPN 
76 

 3.56 <3.00 3.71 <3.00 1062 1322  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MPN 
77 

 11.26 8.17 11.63 8.31 833 918  Detected Not 
detected 

 Detected 0.55 Not 
detected 

MPN 
78 

 3.14 <3.00 <3.00 <3.00 1341 1225  Not   

detected 

c.1773C>G  Not 

detected 

Not 

detected 

Not 

detected 

MPN 
79 

 <3.00 4.87 <3.00 4.87 544 693  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MPN 
80 

 3.57 4.16 3.84 4.01 2093 2242  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

MPN 
81 

 <3.00 <3.00 <3.00 <3.00 982 1419  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

AML 
1 

 3.07 3.63 <3.00 3.49 1077 1357  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

AML 
2 

 <3.00 <3.00 <3.00 <3.00 1021 1162  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

AML 
3 

 <3.00 3.47 <3.00 3.37 1173 988  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

AML 
4 

 3.41 3.40 3.46 3.32 1004 983  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

AML 
5 

 3.02 3.25 <3.00 3.17 982 1079  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 
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AML 
6 

 3.99 4.74 4.10 4.66 1557 1501  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

AML 
7 

 3.36 <3.00 3.24 3.13 969 1248  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

AML 
8 

 3.79 <3.00 3.83 <3.00 1031 864  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

AML 
9 

 3.30 <3.00 3.38 3.18 1177 1151  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

AML 
10 

 <3.00 3.54 <3.00 3.43 1073 1236  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

AML 
11 

 <3.00 <3.00 <3.00 <3.00 1258 1221  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

AML 
12 

 <3.00 3.14 <3.00 <3.00 1229 1077  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

AML 
13 

 <3.00 <3.00 <3.00 <3.00 991 1268  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

AML 
14 

 3.21 <3.00 3.17 <3.00 1120 1181  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

AML 
15 

 <3.00 3.77 <3.00 3.96 1132 1286  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

AML 
16 

 <3.00 <3.00 <3.00 <3.00 1209 1239  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

AML 
17 

 3.12 17.60 10.38 3.18 955 1239  Detected Not 
detected 

 Detected 0.59 Not 
detected 

AML 
18 

 <3.00 3.28 <3.00 3.19 1163 1185  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

AML 
19 

 3.43 3.93 3.41 3.83 979 1239  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

AML 
20 

 3.26 <3.00 3.11 <3.00 972 1085  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

AML 
21 

 3.14 <3.00 3.04 <3.00 1113 1178  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

AML 
22 

 3.85 4.16 4.26 4.12 880 915  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

 



54 
 

AML 
23 

 <3.00 3.15 <3.00 <3.00 860 854  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

AML 
24 

 <3.00 <3.00 <3.00 <3.00 944 1047  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

AML 
25 

 <3.00 3.58 <3.00 3.65 941 922  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

AML 
26 

 <3.00 3.17 <3.00 3.31 948 1010  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

AML 
27 

 <3.00 3.44 <3.00 3.50 839 1123  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

AML 
28 

 <3.00 <3.00 <3.00 <3.00 809 1131  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

AML 
29 

 <3.00 3.79 <3.00 3.87 783 1245  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

AML 
30 

 <3.00 <3.00 <3.00 3.33 1130 547  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

AML 
31 

 3.70 <3.00 3.53 <3.00 801 1206  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

AML 
32 

 <3.00 3.53 <3.00 3.41 1063 1297  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

AML 
33 

 <3.00 <3.00 3.48 3.13 567 1023  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

AML 
34 

 <3.00 <3.00 <3.00 <3.00 980 1018  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

AML 
35 

 <3.00 3.61 <3.00 3.73 837 1144  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

AML 
36 

 <3.00 <3.00 <3.00 <3.00 1152 955  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

AML 
37 

 <3.00 3.09 <3.00 3.11 1004 1167  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

AML 
38 

 <3.00 <3.00 3.08 <3.00 1116 1135  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

AML 
39 

 <3.00 <3.00 3.05 <3.00 1052 1222  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 
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AML 
40 

 7.13 8.73 7.58 8.42 1000 851  Detected Not 
detected 

 Detected 0.57 Not 
detected 

AML 
41 

 <3.00 3.54 <3.00 3.81 1210 1223  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

AML 
42 

 4.82 <3.00 4.93 <3.00 973 1048  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

AML 
43 

 <3.00 <3.00 3.04 <3.00 823 910  Not   

detected 

c.2060_ 
2061del 

 Not 

detected 

Not 
detected 

2 base 
pair 
deletion 

AML 
44 

 <3.00 <3.00 <3.00 <3.00 1334 1137  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

AML 
45 

 3.62 <3.00 3.34 <3.00 1200 1123  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

AML 
46 

 <3.00 <3.00 <3.00 <3.00 1195 1079  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

AML 
47 

 <3.00 3.51 <3.00 3.52 1278 1367  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

AML 
48 

 <3.00 <3.00 <3.00 <3.00 1157 1342  Not   

detected 

c.1900_ 
1922del 

 Not 

detected 

Not 

detected 

Not 

detected 

AML 
49 

 3.26 3.14 <3.00 <3.00 1177 1396  Not   
detected 

Not 
detected 

 Not 
detected 

Not 

detected 

Not 

detected 

AML 
50 

 8.97 8.33 8.11 7.32 1145 1196  Detected Not 
detected 

 Detected 0.62 Not 
detected 

AML 
51 

 3.07 3.12 <3.00 3.09 1179 1410  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

AML 
52 

 3.29 <3.00 <3.00 <3.00 1383 672  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

AML 
53 

 3.38 3.80 <3.00 <3.00 1042 1490  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

AML 
54 

 3.09 3.14 <3.00 3.25 1320 1384  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

AML 
55 

 <3.00 3.93 <3.00 3.29 1286 1138  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

AML 
56 

 <3.00 <3.00 <3.00 <3.00 1413 1226  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 
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AML 
57 

 3.82 <3.00 3.43 <3.00 1262 1477  Not   

detected 

Not 
detected 

 Not 

detected 

Not 

detected 

Not 

detected 

AML 
58 

 6.48 9.64 6.91 9.39 1143 1296  Detected Not 
detected 

 Detected 0.46 Not 
detected 

VAF, variant allele fraction; +1 base pair, a single base pair increase in DNA length; PHR, peak height ratio; MDS, myelodysplastic syndrome; MPN, myeloproliferative syndrome; AML, acute myeloid leukaemia 

Table 3 

Cohort of 186 patients with myeloid malignancies tested for ASXL1 c.1934dupG by the Peter MacCallum Cancer Centre myeloid amplicon panel, Sanger sequencing and fragment analysis 
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ASXL1 c.1934dupG containing samples were defined by the detection of ASXL1 c.1934dupG 

by Sanger sequencing and the detection of a single base pair increase in DNA length by 

fragment analysis. The rate of ASXL1 c.1934dupG detection was 25.53% (12/47) in the MDS 

cohort, 8.64% (7/81) in the MPN cohort and 6.90% (4/58) in the normal karyotype AML cohort. 

As testing by the Peter MacCallum Cancer Centre myeloid amplicon panel was run in duplicate, 

highest versus lowest VAF per sample was compared for ASXL1 c.1934dupG containing 

samples. ASXL1 c.1934dupG VAFs generated by both Primal and Canary correlated positively 

with ASXL1 c.1934dupG quantification by fragment analysis, irrespective of whether highest or 

lowest VAF per sample was considered (Figure 6). 

 

 

PHR, peak height ratio; VAF, variant allele fraction 

Figure 6 

Positive correlation between Peter MacCallum Cancer Centre myeloid amplicon panel ASXL1 c.1934dupG VAFs 

(Primal and Canary) and fragment analysis PHRs in ASXL1 c.1934dupG containing samples: 

 A – Highest VAF per sample 

 B – Lowest VAF per sample 
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A single base pair increase in DNA length was detected by fragment analysis in all 23 samples 

in which ASXL1 c.1934dupG was detected by Sanger sequencing. Of note, 14.81% (4/27) of 

single base pair increases in DNA length detected by fragment analysis were accounted for by 

single base pair duplications/insertions other than ASXL1 c.1934dupG, demonstrating the 

suboptimal specificity of fragment analysis for ASXL1 c.1934dupG detection if used without 

correlative sequencing. 

ASXL1 c.1934dupG VAFs generated by the Peter MacCallum Cancer Centre myeloid amplicon 

panel are often underestimates of the true mutation burden in ASXL1 c.1934dupG containing 

samples. The highest ASXL1 c.1934dupG VAF detected in the cohort was 17.60 (17.60% 

mutation burden), compared with the highest ASXL1 c.1934dupG PHR detected in the cohort 

which was 0.62 (62% mutation burden). Thus, maximising sensitivity is a priority in the 

optimisation of ASXL1 c.1934dupG detection by MPS. For this reason the highest VAF for each 

sample was chosen for subsequent analyses. 

Mean VAF was not chosen for subsequent analyses as the VAF difference varied substantially 

between replicates. The median difference in ASXL1 c.1934dupG VAFs generated by Primal 

and Canary in ASXL1 c.1934dupG containing samples was 1.33% versus 1.44% (VAF range = 

0.00% – 14.48% versus 0.05% – 7.20%) with 9/23 (39.13%) versus 10/23 (43.48%) of samples 

having a VAF difference of >2.00% respectively. 

ASXL1 c.1934dupG VAFs were highest in ASXL1 c.1934dupG containing samples. ASXL1 

c.1934dupG VAFs of ≥3.00% generated by Primal were detected in 91.30% (21/23) of ASXL1 

c.1934dupG containing samples (median VAF = 7.85%, range 3.68 – 17.6) and ASXL1 

c.1934dupG VAFs of ≥3.00% generated by Canary were detected in 100% (23/23) of ASXL1 

c.1934dupG containing samples (median VAF = 8.17%, range 3.44 – 11.73). 

The proportion of samples with an ASXL1 c.1934dupG VAF of ≥3.00% was lowest in samples 

not containing ASXL1 c.1934dupG (44.17% (72/163) (median VAF = 3.45%, range 3.01 – 4.87) 

and 56.44% (92/163) (median VAF = 3.43%, range 3.02 – 4.93) for VAFs generated by Primal 

and Canary respectively). Despite this, the significant false positive rate indicates that the 8G 

repeat is a source of artefact in the absence of ASXL1 c.1934dupG. Of note, artefact related to 

the mononucleotide guanine repeat in which ASXL1 c.1934dupG occurs was frequently 

consistent between paired reads, implying a contribution of PCR amplification to the generation 

of such artefact (data not shown). 

Irrespective of the bioinformatic pipeline used, VAFs of ≥6.00% indicated the presence of 

ASXL1 c.1934dupG in all cases. Optimal sensitivity (86.96% for Primal and 95.65% for Canary) 

and specificity (93.87% for Primal and 92.02% for Canary) was achieved at a VAF of 5.00%, 

which was deemed to be insufficiently discriminatory for the confident categorisation of patient 

samples (Figure 7). 
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ROC, receiver operator characteristic 

Figure 7 

Receiver operator characteristic curves of ASXL1 c.1934dupG VAFs generated by Primal and Canary demonstrating 

optimal ASXL1 c.1934dupG detection at a VAF of 5.00% 
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Mean coverage at the site of the mononucleotide guanine repeat in which ASXL1 c.1934dupG 

occurs was 1039.51 paired reads per replicate (95.70% of samples achieved ≥600 paired reads 

coverage). ASXL1 c.1934dupG VAFs from NA12878 DNA (Coriell Cell Repositories, Camden, 

NJ, USA) tested over 75 runs excluded significant inter-assay variability (highest VAF = 4.66% 

versus 4.50% for Primal versus Canary respectively). 

The inability of the Peter MacCallum Cancer Centre myeloid amplicon panel to detect ASXL1 

c.1934delG was demonstrated in this study. ASXL1 c.1934delG was detected in one patient 

sample by Sanger sequencing and the detection of a single base pair decrease in DNA length 

by fragment analysis. This variant has been described previously in the setting of AML, where it 

is reported to occur less commonly than ASXL1 c.1934dupG104. 

This variant is not able to be differentiated from artefact as it is called at a VAF of ≥3.00% in 

>95% of all samples run on the Peter MacCallum Cancer Centre myeloid amplicon panel (data 

not shown) typically at a VAF of approximately 10% (Figure 2). Of note, the ASXL1 c.1934delG 

containing sample had ASXL1 c.1934delG VAFs approximately three times higher than those 

due to artefact (31.18% and 27.52%). 

As ASXL1 c.1934delG occurs within the mononucleotide guanine repeat in which ASXL1 

c.1934dupG occurs and is subject to an even greater degree of artefactual detection than 

ASXL1 c.1934dupG, it may be subject to the same questions regarding whether it is a true 

alteration. 

ASXL1 c.1934delG has been reported as occurring within colorectal carcinoma cell lines140. 

Certain colorectal carcinomas are subject to microsatellite instability, a form of genomic 

instability that in most cases results from sporadic hypermethylation of the MLH1 gene 

promoter141. Microsatellite instability results in accelerated mutagenesis within mononucleotide 

repeats142, such as the mononucleotide guanine repeat in which ASXL1 c.1934dupG occurs. 

DNA from three colorectal carcinoma cell lines exhibiting microsatellite instability (LoVo, LS180 

and SNU-C4) was obtained from the Walter and Eliza Hall Institute of Medical Research 

(Parkville, VIC, Australia). ASXL1 c.1934delG has been reported as detectable in the LoVo cell 

line140. Sanger sequencing detected deletions within the mononucleotide guanine repeat in 

which ASXL1 c.1934dupG occurs within the DNA of all three colorectal carcinoma cell lines 

(Table 4). 

Cell line ASXL1 8G repeat mutation status 

LoVo c.1934del;p.Gly645Valfs*58 

LS180 c.1934del;p.Gly645Valfs*58 

SNU-C4 c.1933_1934del;p.Gly645Trpfs*12 
8G repeat, eight base pair mononucleotide guanine repeat that extends from c.1927 to c.1934 of ASXL1 

Table 4 

Colorectal carcinoma cell lines of various ASXL1 8G repeat mutation statuses 

The qRT-PCR assay described above was modified by substituting the 9G primer with an 

ASXL1 c.1934delG specific primer (7G primer). DNA from the LoVo and LS180 colorectal 

carcinoma cell lines was tested by qRT-PCR using 7G and 8G primers (Figure 8). 
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Figure 8 

Amplification dynamics of the 7G and 8G primers with LoVo and LS180 DNA (50% 7G repeat - ASXL1 c.1934delG 

heterozygous) and with ASXL1 wild type DNA (0% 7G repeat): 

 7G primers 

o Amplify LoVo and LS180 DNA more efficiently than ASXL1 wild type DNA 

o Greater difference in amplification efficiency between DNA types due to absence of the 7G repeat 

within the ASXL1 wild type DNA 

 8G primers 

o Amplify ASXL1 wild type DNA more efficiently than LoVo and LS180 DNA 

o Lesser difference in amplification efficiency between DNA types due to presence of the 8G repeat 

within the LoVo and LS180 DNA 

Greater difference in amplification efficiency between DNA types for the 7G than for the 8G primer due to the presence 

of the 8G repeat within LoVo and LS180 DNA (50% 8G repeat – ASXL1 c.1934delG heterozygous) and the absence of 

the 7G repeat within ASXL1 wild type DNA (0% 7G repeat) 

The results were analogous to those obtained when testing Kasumi-1 DNA with the 9G primer. 

The 7G primer amplified LoVo and LS180 DNA with significantly greater efficiency than wild 

type DNA. This indicates the presence of the 7G repeat within LoVo and LS180 DNA and hence 

proves unequivocally that ASXL1 c.1934delG is a true alteration. 

The 8G primer amplified ASXL1 wild type DNA more efficiently than LoVo and LS180 DNA as 

ASXL1 wild type DNA contains more of the 8G repeat (100% 8G repeat) than does LoVo and 

LS180 DNA (50% 8G repeat – ASXL1 c.1934delG heterozygous). 

There was a greater difference in amplification efficiency between DNA types for the 7G than for 

the 8G primer due to the presence of the 8G repeat within LoVo and LS180 DNA (50% 8G 

repeat – ASXL1 c.1934delG heterozygous) and the absence of the 7G repeat within ASXL1 wild 

type DNA (0% 7G repeat). 

Multiple truncating ASXL1 mutations were detected in 1.61% (3/186) of patients in the cohort 

(Table 5). 
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Sample Truncating ASXL1 mutations 

ASXL1 c.1934dupG Other truncating ASXL1 mutations 

MDS 2 Detected Not detected 

MDS 5 Detected Not detected 

MDS 7 Detected Not detected 

MDS 8 Not Detected c.1924G>T;p.Gly642* 

MDS 9 Detected Not detected 

MDS 10 Not Detected c.2122del;p.Gln708Argfs*17 

MDS 12 Not Detected c.1900_1922del;p.Glu635Argfs*15 

MDS 16 Not Detected c.1779dup;p.Cys594Metfs*25 

MDS 17 Not Detected c.1934del;p.Gly645Valfs*58 

MDS 18 Not Detected c.2285T>A;p.Leu762* 

MDS 19 Not Detected c.1748G>A;p.Trp583* 

MDS 21 Detected Not detected 

MDS 23 Detected Not detected 

MDS 28 Not Detected c.2423del;p.Pro808Leufs*10 

MDS 29 Detected Not detected 

MDS 30 Not Detected c.2083C>T;p.Gln695* 

MDS 32 Not Detected c.3202C>T;p.Arg1068* 

MDS 33 Detected Not detected 

MDS 36 Detected Not detected 

MDS 38 Not Detected c.1912_1913del;p.Thr638Hisfs*19 

MDS 40 Detected Not detected 

MDS 44 Detected Not detected 

MDS 45 Not Detected c.1773C>A;p.Tyr591* 

MDS 47 Detected Not detected 

MPN 2 Not Detected c.1932_1933insT;p.Gly645Trpfs*13 

MPN 3 Not Detected c.1752_1755dup;p.Lys586Glyfs*2 

MPN 9 Detected c.1827_1830delins32;p.Gly610Leufs*5 

MPN 20 Detected c.2823del;p.Asp943Ilefs*2 

MPN 27 Detected Not detected 

MPN 28 Not Detected c.2423del;p.Pro808Leufs*10 

MPN 38 Not Detected c.2541del;p.Thr848Hisfs*19 

MPN 42 Detected Not detected 

MPN 44 Not Detected c.1779dup;p.Cys594Metfs*25 

MPN 47 Not Detected c.2077C>T;p.Arg693* 

MPN 53 Detected Not detected 

MPN 54 Not Detected c.2250del;p.Val751Leufs*21 

MPN 56 Detected Not detected 

MPN 62 Not Detected c.1772dup;p.Tyr591* 

MPN 64 Not Detected c.2693G>A;p.Trp898* 

c.2138del;p.Met713Serfs*12 

MPN 77 Detected Not detected 

MPN 78 Not Detected c.1773C>G;p.Tyr591* 
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AML 14 Not Detected c.2674dup;p.Ser892Phefs*2 

AML 17 Detected Not detected 

AML 40 Detected Not detected 

AML 43 Not Detected c.2060_2061del;p.Cys687Tyrfs*30 

AML 48 Not Detected c.1900_1922del;p.Glu635Argfs*15 

AML 50 Detected Not detected 

AML 58 Detected Not detected 
MDS, myelodysplastic syndrome; MPN, myeloproliferative syndrome; AML, acute myeloid leukaemia 

Table 5 

Patients with myeloid malignancies harbouring at least one truncating ASXL1 mutation 

The frequency of truncating ASXL1 mutations was 51.06% (24/47) in the MDS cohort, 20.99% 

(17/81) in the MPN cohort and 12.07% (7/58) in the normal karyotype AML cohort. Of note, 

sample MPN 9, MPN 20 and MPN 64 were noted to contain more than one truncating ASXL1 

mutation each. 

As has been mentioned above, ASXL1 mutations are typically heterozygous in the context of 

myeloid malignancies, in keeping with a haploinsufficiency effect. The clinical features and 

outcomes of patients with myeloid malignancies harbouring multiple truncating ASXL1 

mutations have not been adequately described in the literature. 

In an analysis of 115 patients with MF, two were reported as harbouring more than one ASXL1 

mutation143. However, these cases were described in no further detail and it is unknown whether 

these were truncating ASXL1 mutations. In a separate analysis of 178 MF patients, 8.99% 

(16/178) were found to have more than one truncating ASXL1 mutation100. 

In order to further investigate this patient group an additional eight patients with myeloid 

malignancies harbouring multiple truncating ASXL1 mutations (tested by the Peter MacCallum 

Cancer Centre myeloid amplicon panel, Sanger sequencing and fragment analysis) were 

identified using institutional databases (Table 6). 
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 Clinico-pathological 
features 

Truncating ASXL1 
mutations 

Other mutations 

Patient 1 
(MPN 9) 

68F 
MF 
46,XX 

c.1934dupG; 
p.Gly646Trpfs*12 

CALR 
c.1154_1155insTTGTC; 
p.Lys385AsnfsTer47 

c.1827_1830delins32; 
p.Gly610Leufs*5 

Patient 2 
(MPN 20) 

72M 
MF 
46,XY 

c.1934dupG; 
p.Gly646Trpfs*12 

CALR 
c.1154_1155insTTGTC; 
p.Lys385Asnfs*47 

c.2823del; 
p.Asp943Ilefs*2 

Patient 3 
(MPN 64) 

43F 
MF 
46,XX 

c.2138del; 
p.Met713Serfs*12 

JAK2 c.1849G>T; 
p.Val617Phe 

CBL c.1259G>A; 
p.Arg420Gln 

c.2693G>A; 
p.Trp898* 

DNMT3A c.2645G>A; 
p.Arg882His 

U2AF1 c.472_477dup; 
p.Tyr158_Glu159dup 

Patient 4 68M 
MF 
Unknown karyotype 

c.1779dup; 
p.Cys594Metfs*25 

U2AF1 c.470A>C; 
p.Gln157Pro 

c.1900_1922del; 
p.Glu635Argfs*15 
 

c.2077C>T; 
p.Arg693* 

Patient 5 82M 
MF 
46,XY 

c.2077C>T; 
p.Arg693* 

JAK2 c.1849G>T; 
p.Val617Phe 

c.2819dup; 
p.Leu940Phefs*8 

Patient 6 36M 
MF 
46,XY,t(6;12)(q21;q13) 

c.2077C>T; 
p.Arg693* 

CALR c.1099_1150del; 
p.Leu367Thrfs*46 

c.1926dup; 
p.Gly643Argfs*15 

Patient 7 82M 
MF 
46,XY,-7,+r 

c.1934dup; 
p.Gly646Trpfs*12 

JAK2 c.1849G>T; 
p.Val617Phe 

c.1900_1922del; 
p.Glu635Argfs*15 

c.2298del; 
p.Ser767Profs*5 

Patient 8 74M 
AML with MDS-related 
changes 
46,XY 

c.1934dup; 
p.Gly646Trpfs*12 

SRSF2 c.284C>G; 
p.Pro95Arg 

TET2 c.1389del; 
p.Asn464Ilefs*22 c.2348del; 

p.Pro783Argfs*35 TET2 c.2601T>A; 
p.Tyr867* 
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Patient 9 43M 
MF 
46,XY 

c.1934dup; 
p.Gly646Trpfs*12 
 
 

JAK2 c.1849G>T; 
p.Val617Phe 

c.2190C>A; 
p.Cys730* 

Patient 10 85M 
Unknown diagnosis 
Unknown karyotype 

c.1934dup; 
p.Gly646Trpfs*12 

JAK2 c.1849G>T; 
p.Val617Phe 

c.1772dup; 
p.Tyr591* 

Patient 11 45F 
MDS transformed from 
AA 
46,XX 

c.2053G>T; 
p.Gly685* 

RUNX1 c.317G>T; 
p.Trp106Leu 

c.2329G>T; 
p.Glu777* 

Patient 12 43F 
MDS with fibrosis 
45,XX,-7 

c.4243C>T; 
p.Arg1415* 

U2AF1 c.470A>C; 
p.Gln157Pro 

SETBP1 c.2602G>A; 
p.Asp868Asn c.2212G>T; 

p.Gly738* SETBP1 c.2603A>G; 
p.Asp868Gly 

MPN, myeloproliferative syndrome; F, female; MF, myelofibrosis; M, male; AML, acute myeloid leukaemia; MDS, myelodysplastic syndrome; AA, aplastic 

anaemia 

Table 6 

Patients with myeloid malignancies harbouring multiple truncating ASXL1 mutations 

Two thirds (8/12) of patients with myeloid malignancies harbouring multiple truncating ASXL1 

mutations were male. Of those with a known diagnosis, 72.73% (8/11) had MF. MF is a 

relatively uncommon disorder with an estimated incidence of 1.5 cases per 100,000 persons per 

year144 compared with MDS (4.1 cases per 100,000 persons per year) and AML (2.1 cases per 

100,000 persons per year)145. As these patients were identified from samples that underwent 

routine testing and given the relatively low incidence of MF described above, the 

overrepresentation of MF in this patient group is a significant observation and likely represents a 

true association. 

Of the patients with MF and a known karyotype, 71.43% (5/7) had normal cytogenetics. This is 

in keeping with rates reported in the literature146. In addition, 12.50% (1/8) of MF patients lacked 

a typical MPN driver mutation (JAK2, CALR or MPL), once again in keeping with rates reported 

in the literature113. 

All three patients with myeloid malignancies harbouring multiple truncating ASXL1 mutations 

and a known diagnosis other than MF were characterised by unfavourable prognostic features 

such as disease transformation or poor risk cytogenetics. Interestingly, the single case in this 

group that did not undergo disease transformation was characterised by significant marrow 

fibrosis, despite being classified as MDS rather than MF. The association between ASXL1 

mutation and disease transformation is unclear96 99 116. Whether this observation represents the 

accumulation of multiple truncating ASXL1 mutations by chance during the relatively prolonged 

disease duration associated with transformation or whether the acquisition of multiple truncating 

ASXL1 mutations is a biological driver of transformation is currently unknown. 

This cohort of patients with myeloid malignancies harbouring multiple truncating ASXL1 

mutations is the largest described in the literature to date. Despite the small number of patients, 

the data suggests that this genomic profile represents a distinct clinico-pathological entity 
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characterised by a male preponderance as well as an association with MF and disease 

transformation. 

Having demonstrated that MPS is inadequate for the detection and quantification of ASXL1 

c.1934dupG, the aim of optimising ASXL1 c.1934dupG detection was then considered. 

The available non-MPS techniques for the detection of ASXL1 c.1934dupG have limitations. 

The detection limit of Sanger sequencing is relatively high, generally reported to be in the range 

of 10% – 20% mutation burden147 148, while fragment analysis is unable to differentiate ASXL1 

c.1934dupG from other single nucleotide insertions. 

In an attempt to improve on these techniques the qRT-PCR assay described above was 

modified and validated for the detection of ASXL1 c.1934dupG in patient samples. 

The 9G and reference primers were demonstrated to have linear performance characteristics 

across a range of DNA inputs and ASXL1 c.1934dupG mutation burdens (Figure 9). 
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Figure 9 

Serial dilution curves demonstrating performance characteristics of the qRT-PCR assay: 

 A – 9G primers tested with various inputs of wild type DNA 

o Linear range = 1.5625 ng – 50 ng 

 B – Reference primers tested with various inputs of wild type DNA 

o Linear range = 0.78125 ng – 100 ng 

 C and D – 9G primers tested with various ASXL1 c.1934dupG mutation burdens (serial dilutions of Kasumi-1 

DNA) 

o C – Kasumi-1 DNA at 50ng input 

 Linear range = 0.78125% – 25% 

o D – Kasumi-1 DNA at 10ng input 

 Linear range = 0.78125% – 25% 

Based on these results a DNA input of 10 ng was chosen for subsequent experiments. This 

input amount was chosen as it is within the linear range for both the 9G and reference primers. 

It is also low enough to allow for the routine testing of the majority of patient samples. 

The 9G primer was also demonstrated to have linear performance characteristics at mutation 

burdens between 0.78125% and 25%. Sanger sequencing was unable to detect ASXL1 

c.1934dupG and fragment analysis was unable to detect a single base pair increase in DNA 

length at a mutation burden of 6.25%, indicating a limit of detection of 12.5% mutation burden 

for both assays (data not shown). 

As greater clinical utility is derived from detecting a truncating ASXL1 mutation than from 

quantifying its mutation burden, experiments were performed to validate the qRT-PCR assay for 

the detection of ASXL1 c.1934dupG at ≥3% mutation burden utilising 2-ΔΔCt analysis. A mutation 

burden threshold of 3% was chosen as previous experiments using the 9G primer had indicated 

that the lowest mutation burden within the linear range (0.78125%) was distinguishable from a 

mutation burden of 3.125% (Figure 9). 

Six validation experiments were performed (Table 7). 

9G WT 
Ct 

Ref WT 
Ct 

ΔCt* 
WT 

9G 3% 
Ct 

Ref 3% 
Ct 

ΔCt* 
3% 

ΔΔCt (WT-
3%)† 

FC (WT-
3%)‡ 

37.83 26.07 11.76 35.56 26.46 9.10 -2.66 6.32 

38.07 25.98 12.09 36.55 25.70 10.85 -1.24 2.36 

35.46 25.13 10.33 33.32 25.04 8.28 -2.05 4.14 

32.50 24.35 8.15 30.95 24.35 6.60 -1.55 2.93 

31.62 24.69 6.93 30.05 24.65 5.40 -1.53 2.89 

32.39 24.57 7.82 30.36 24.45 5.91 -1.91 3.76 
9G, 9G primer; WT, wild type; Ct, cycle threshold; Ref, reference primer; 3%, 3% mutation burden; FC, fold change 

*ΔCt = 9G Ct - Ref Ct 

†ΔΔCt (WT-3%) = ΔCt wild type DNA - ΔCt Kasumi-1 DNA at 3% ASXL1 c.1934dupG mutation burden 

‡FC (WT-3%) = 2-ΔΔCt (WT-3%) 

Table 7 

Data from experiments performed to validate the qRT-PCR assay for the detection of ASXL1 c.1934dupG at ≥3% 

mutation burden 

Across the six validation experiments the mean FC (WT-3%) was 3.73 with a standard deviation 

(SD) of 1.42. Based on this data, a FC (WT-Sample) threshold of 1.39 was defined for the 

detection of ASXL1 c.1934dupG at a mutation burden of ≥3% (-95% confidence limit (one-

tailed) = mean FC (WT-3%) - (1.645 x SD)). 
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Therefore, the qRT-PCR assay is able to detect ASXL1 c.1934dupG at a mutation burden of 

≥3% within a particular sample if the FC (WT-Sample) is greater or equal to both 1.39 and the 

FC (WT-3%) obtained from the relevant experiment. 

Ct values generated using the 9G and reference primers varied from experiment to experiment 

(Table 7). However, the FC values generated by different experiments are directly comparable 

as the relationship of the ΔCt values generated across experiments was linear when corrected 

for 9G and reference primer Ct values (Figure 10). 
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Ct, cycle threshold; WT, wild type; CF, correction factor; 3%, 3% mutation burden 

*ΔCt = 9G Ct - Ref Ct 

†CF = 9G Ct / Ref Ct 
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Figure 10 

Linear relationship of ΔCt values generated across the six validation experiments when corrected for 9G and reference 

primer Ct values: 

 A – Wild type DNA 

o Gradient: 28.58 

o Y intercept: -29.83 

 B – Kasumi-1 DNA at 3% ASXL1 c.1934dupG mutation burden 

o Gradient: 27.66 

o Y intercept: -28.40 

In order to assess the false positive rate, 15 samples containing various B-cell lymphoid 

malignancies (in which setting truncating ASXL1 mutations are not recurrent findings), were 

tested by qRT-PCR (Table 8). 

Sample 9G Ct Ref Ct ΔCt* ΔΔCt (WT-Sample)† FC (WT-Sample)‡ 

WT 32.39 24.57 7.82 0.00 1.00 

3% 30.36 24.45 5.91 -1.91 3.76 

L1 32.94 24.29 8.65 0.83 0.56 

L2 32.78 24.06 8.72 0.90 0.54 

L3 32.57 24.52 8.05 0.23 0.85 

L4 32.42 24.55 7.87 0.05 0.97 

L5 31.87 24.18 7.69 -0.13 1.09 

L6 32.40 24.42 7.98 0.16 0.90 

L7 32.41 24.39 8.02 0.20 0.87 

L8 33.04 24.16 8.88 1.06 0.48 

L9 33.51 24.44 9.07 1.25 0.42 

L10 32.46 24.39 8.07 0.25 0.84 

L11 32.33 24.51 7.82 0.00 1.00 

L12 31.81 24.34 7.47 -0.35 1.27 

L13 32.09 24.47 7.62 -0.20 1.15 

L14 32.11 24.30 7.81 -0.01 1.01 

L15 32.22 24.33 7.89 0.07 0.95 
9G, 9G primer; Ct, cycle threshold; Ref, reference primer; WT, wild type; FC, fold change; 3%, 3% mutation burden; L, lymphoid 

*ΔCt = 9G Ct - Ref Ct 

†ΔΔCt (WT-Sample) = ΔCt wild type DNA - ΔCt Sample DNA 

‡FC (WT-Sample) = 2-ΔΔCt (WT-Sample) 

Table 8 

qRT-PCR results for patient samples containing various B-cell lymphoid malignancies 

Across the 15 patient samples containing various B-cell lymphoid malignancies the mean FC 

(WT-Sample) was 0.86 with a SD of 0.25. The +95% confidence limit (one-tailed) of the mean 

FC (WT-Sample) for the B-cell lymphoid malignancy samples was 1.28 (+95% confidence limit 

(one-tailed) = mean FC (WT-Sample) + (1.645 x SD)). This was less than the previously 

established -95% confidence limit (one-tailed) of the mean FC (WT-3%) of 1.39 for the six 

validation experiments, indicating the ability of the qRT-PCR assay to distinguish between 0% 

and 3% mutation burden samples. In no B-cell lymphoid malignancy sample did the FC (WT-

Sample) exceed the 1.39 threshold of detection or the FC (WT-3%) of this experiment, thus no 

false positive results were observed. 

As the qRT-PCR assay relies on the 9G primer annealing with greater efficiency to ASXL1 

c.1934dupG than to the 8G repeat, there is the potential for other ASXL1 mutations to be 

detected by the qRT-PCR assay if they have a high degree of homology with the sequence to 



72 
 

which the 9G primer anneals. To assess for this, samples containing ASXL1 mutations affecting 

the sequence to which the 9G primer anneals (other than ASXL1 c.1934dupG) were identified 

using institutional databases and tested by qRT-PCR (Table 9). 

ASXL1 mutation Mutation type VAF – Primal* qRT-PCR 
(FC (WT-
Sample))† 

c.1934del;p.Gly645Valfs*58 Single guanine 
deletion 

NA‡ Not detected 
(0.66) 

c.1933_1934del;p.Gly645Trpfs*12 Dinucleotide 
guanine deletion 

57.41 Not detected 
(0.95) 

c.1928G>T;p.Gly643Val Missense variant 90.13 Not detected 
(0.46) 

c.1932_1933insT;p.Gly645Trpfs*13 Single thiamine 
insertion 

62.18 Detected     
(7.04) 

VAF, variant allele fraction; qRT-PCR, real-time quantitative reverse transcription polymerase chain reaction; FC, fold change; WT, wild type; NA, not applicable 

*Highest VAF per sample 

†FC (WT-Sample) = 2-ΔΔCt (WT-Sample) 

‡Sample tested by Sanger sequencing 

Table 9 

qRT-PCR results for ASXL1 mutations affecting the sequence to which the 9G primer anneals (other than ASXL1 

c.1934dupG) 

Based on these result there is no evidence that missense mutations or deletions affecting the 

sequence to which the 9G primer anneals affect the results obtained by qRT-PCR. However, 

the qRT-PCR assay was able to detect a single thiamine insertion affecting the sequence to 

which the 9G primer anneals, indicating that the assay is not completely specific for ASXL1 

c.1934dupG detection. 

For this reason when an ASXL1 mutation is detected by qRT-PCR, although highly likely to be 

ASXL1 c.1934dupG, it should be more accurately described as a single nucleotide 

duplication/insertion within the sequence to which the 9G primer anneals (c.1921 – c.1935). As 

in the case of fragment analysis, correlative sequencing is required to determine the exact 

nature of the detected mutation. However, the likelihood of the detected mutation being ASXL1 

c.1934dupG is far greater when using qRT-PCR than when using fragment analysis due to the 

shorter length of the evaluated sequence. 

Of the 23 samples demonstrated to contain ASXL1 c.1934dupG by Sanger sequencing and the 

detection of a single base pair increase in DNA length by fragment analysis (Table 3), sufficient 

DNA was available for testing by qRT-PCR in 15 cases (Table 10). 
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Sample Fragment analysis (+1 base pair PHR) qRT-PCR 

MDS 7 0.48 Detected 

MDS 9 0.56 Detected 

MDS 36 0.52 Detected 

MDS 47 0.55 Detected 

MPN 9 0.17 Detected 

MPN 20 0.12 Detected 

MPN 27 0.53 Detected 

MPN 42 0.46 Detected 

MPN 53 0.60 Detected 

MPN 56 0.33 Detected 

MPN 77 0.55 Detected 

AML 17 0.59 Detected 

AML 40 0.57 Detected 

AML 50 0.62 Detected 

AML 58 0.46 Detected 
+1 base pair, a single base pair increase in DNA length; PHR, peak height ratio; qRT-PCR, real-time quantitative reverse transcription polymerase chain 

reaction 

Table 10 

qRT-PCR results for patient samples containing ASXL1 c.1934dupG 

The qRT-PCR assay detected ASXL1 c.1934dupG in all 15 samples across a variety of 

fragment analysis PHRs (PHR range = 0.12 – 0.62). 

In order to investigate whether the superior sensitivity of the qRT-PCR assay (limit of detection 

of 3% mutation burden) versus Sanger sequencing and fragment analysis (limit of detection of 

12.5% mutation burden) can be of clinical utility, a number of samples from patients with 

myeloid malignancies referred for routine MPS testing were tested by Sanger sequencing, 

fragment analysis and qRT-PCR. These included purportedly ASXL1 wild type MDS, MPN and 

AML samples tested by the Peter MacCallum Cancer Centre myeloid amplicon panel, as well as 

cases known to contain ASXL1 c.1934dupG prior to AlloSCT (Table 11). 
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 Myeloid 
malignancy 

Clinical setting qRT-PCR 
(FC (WT-
Sample))* 

Fragment 
analysis    
(+1 base 
pair PHR) 

Truncating 
ASXL1 mutations† 

Case 1 MPN At diagnosis Detected 
(5.43) 

Not detected Not detected 

Case 2 AML 
transformed 
from MF 

At diagnosis Detected 
(12.17) 

Not detected Not detected 

Case 3 MDS At diagnosis Detected 
(2.91) 

Not detected Not detected 

2 weeks after 
azacitidine 

Not detected 
(1.89) 

9 weeks after 
azacitidine 

Not detected 
(0.84) 

Case 4 AML 
transformed 
from 
MDS/MPN 

At diagnosis Detected 
(4.18) 

Not detected Not detected 

3 weeks after 
azacitidine and 
venetoclax 

Not detected 
(1.31) 

AML in 
complete 
remission, 
persisting 
MDS/MPN 

3 months after 
azacitidine and 
venetoclax 

Not detected 
(1.96) 

Case 5 MF Relapse 
after AlloSCT 

Detected 
(4.79) 

Not detected Not detected  

6 months after  
relapse after 
AlloSCT 

Detected 
(5.86) 

Not detected Not detected 

Case 6 MF 2 months prior to 
AlloSCT 

Detected 
(53.35) 

Detected ASXL1 c.1934dup; 
p.Gly646Trpfs*12 

1 month prior to 
AlloSCT 

Detected 
(55.43) 

35 days 
after AlloSCT 

Not detected 
(1.78) 

Not detected 

64 days after 
AlloSCT 

Not detected 
(0.88) 

100 days after 
AlloSCT 

Not detected 
(0.69) 

qRT-PCR, real-time quantitative reverse transcription polymerase chain reaction; FC, fold change; WT, wild type; +1 base pair, a single base pair increase in 

DNA length; PHR, peak height ratio; MPN, myeloproliferative syndrome; AML, acute myeloid leukaemia; MF, myelofibrosis; MDS, myelodysplastic syndrome; 

AlloSCT, allogeneic stem cell transplantation 

*FC (WT-Sample) = 2-ΔΔCt (WT-Sample) 

†Tested by the Peter MacCallum Cancer Centre myeloid amplicon panel and Sanger sequencing 

Table 11 

Clinical cases of patients with myeloid malignancies illustrating the use of qRT-PCR for the detection of otherwise 

undetectable ASXL1 c.1934dupG containing subclones at diagnosis, the monitoring of response to therapy and the 

measurement of residual disease after AlloSCT 

Five cases harbouring otherwise undetectable ASXL1 c.1934dupG containing subclones at the 

time of initial testing were identified. In three of these cases, DNA from subsequent time points 

was available for qRT-PCR testing. In the two cases where active therapy was administered 

after initial qRT-PCR testing (case 3 and case 4) the ASXL1 c.1934dupG containing subclones 

were suppressed to mutation burdens of <3%. Subclone suppression was not observed in case 

5 where no active therapy was delivered after initial qRT-PCR testing. 
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In case 6 suppression of the ASXL1 c.1934dupG containing clone to a mutation burden of <3% 

was demonstrated by day 35 after AlloSCT and persisted across subsequent time points. 

These clinical cases of patients with myeloid malignancies demonstrate that the superior 

sensitivity of the qRT-PCR assay versus Sanger sequencing and fragment analysis can be of 

clinical utility. 

Discussion and conclusion 

This study represents a biological, technical and clinico-pathological exploration of the common 

and clinically impactful ASXL1 c.1934dupG. 

Prior to this study the question of whether ASXL1 c.1934dupG is a true somatic alteration had 

led to much controversy in the literature. Functional studies were designed and performed to 

attempt to answer this question but yielded mixed results. An ASXL1 c.1934dupG associated 

H2AK119Ub phenotype was not demonstrated, however there was evidence of an ASXL1 

c.1934dupG associated ASXL1 phenotype. The latter finding could be argued to be more 

informative than the former as it represents a direct measurement of ASXL1 protein structure 

(truncated versus not truncated) as opposed to an indirect functional consequence of ASXL1 

truncation status. 

It is acknowledged that this data is not definitive. The small number of cell lines tested and the 

fact that only a single ASXL1 c.1934dupG containing cell lines was identified are limitations, as 

is the uncertainty surrounding the quantification of BAP1 expression by flow cytometry. 

BAP1 knockout in ASXL1 wild type AML cell lines has been shown not to lead to increased 

Homeobox gene expression, suggesting that leukaemogenesis mediated by truncating ASXL1 

mutations is BAP1 independent86. In keeping with this observation, the loss of BAP1 function by 

gene mutation/deletion or loss of protein expression has not been described as a recurrent 

finding in AML. In addition, BAP1 expression has been demonstrated previously by western blot 

in the ASXL1 mutated AML cell lines NOMO1 and K56286. 

BAP1 knockout has been associated with an MDS-like phenotype in mice, but the mechanism 

of loss of BAP1 function described in human MDS is gene mutation, not deletion95. An 

inactivating BAP1 mutation has been demonstrated to prevent the accentuated deubiquitination 

of H2AK119 otherwise seen in cells transfected with truncating ASXL1 mutations93. In order to 

exclude the possibility of BAP1 mutations affecting the results of the flow cytometry 

experiments, the tested cell lines were shown to be BAP1 wild type by Sanger sequencing. 

For these reasons it could be argued that regardless of the reason for the low BAP1 expression 

detected across the tested cell lines (truly low versus analytical) this is unlikely to have affected 

the levels of H2AK119Ub in the tested cell lines. 

As the phenotypic association between truncated ASXL1 and H2AK119Ub expression is based 

on a relatively underdeveloped area of epigenetic biology, it is perhaps more likely that the 

regulation of H2AK119 ubiquitination in cells not directly transfected with truncating ASXL1 

mutations is regulated by more than the ASXL1-BAP1 complex alone. This data indicates that a 

more comprehensive understanding of the positive and negative in vivo regulators of H2AK119 

ubiquitination is required. Indeed, since the design and completion of these experiments, such 

data has already begun to emerge149. In addition, further insights have also been gained into the 

mechanisms by which truncating ASXL1 mutations play a role in the pathogenesis of myeloid 

malignancies150. 

A qRT-PCR assay was developed that demonstrated the differential annealing efficiency of a 

mutation-specific primer between purportedly ASXL1 c.1934dupG containing and wild type 
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DNA. This provided definitive evidence that ASXL1 c.1934dupG is a true alteration and 

assurance that the subsequent work related to optimising ASXL1 c.1934dupG detection could 

reasonably proceed. A similar approach was also used to prove that the rarer ASXL1 

c.1934delG mutation is a true alteration. 

ASXL1 exon 12 sequencing has historically only rarely been requested as a stand-alone test in 

the setting of routine testing. As MPS panels that sequence multiple genes including ASXL1 

become more commonplace, however, demand for the accurate detection of all truncating 

ASXL1 mutations is likely to increase due to the growing appreciation of their negative effect on 

clinical outcome in myeloid malignancies. 

The detection of truncating ASXL1 mutations such as ASXL1 c.1934dupG is likely to 

increasingly affect clinical decision making. For example, the detection of mutations that are 

associated with inferior outcomes, such as truncating ASXL1 mutations, may influence the 

selection of eligible patients with myeloid malignancies for AlloSCT. Although there is as yet no 

high level evidence to support this practice, the development of clinico-genomic prognostic 

scoring systems is providing the tools needed to investigate such questions. 

For these reasons the performance characteristics of the Peter MacCallum Cancer Centre 

myeloid amplicon panel for ASXL1 c.1934dupG detection were assessed by testing samples 

from a cohort of patients with myeloid malignancies. This analysis identified a peripheral but 

significant observation: a number of patients were found to have multiple truncating ASXL1 

mutations. This finding is of note as in the context of human myeloid malignancies ASXL1 

mutations are typically heterozygous, in keeping with a haploinsufficiency effect92. 

This genomic profile appears to represent a distinct clinico-pathological entity characterised by 

a male preponderance as well as an association with MF and disease transformation. Whether 

the acquisition of multiple truncating ASXL1 mutations is of biological consequence or may 

influence clinical outcome compared with the heterozygous state versus whether it merely 

reflects the accumulation of functionally inert mutations over time due to genomic instability, is 

currently unknown. Also unknown is whether subsequent truncating ASXL1 mutations occur 

within the original truncating ASXL1 mutation containing clone or whether these arise within 

ASXL1 wild type clones or whether both situations occur. 

Various AML cell lines have been reported to contain homozygous truncating ASXL1 mutations 

(NOMO1, KBM5, TS9;22 and MEG-01)86 151. However, as homozygous truncating ASXL1 

mutations are not the norm in patients with myeloid malignancies, the biological mechanisms 

that lead to homozygosity in cell lines (e.g. loss of heterozygosity) do not necessarily represent 

those that lead to heterozygosity and ultimately the acquisition of multiple truncating ASXL1 

mutations in patients, as clonal evolution is driven by multiple factors in vivo such as the 

selective pressures of therapy as well as immune and microenvironment effects. 

Although patients with myeloid malignancies harbouring multiple truncating ASXL1 mutations 

had been reported in the literature prior to this study, their clinico-pathological characteristics 

had not been adequately described. As ASXL1 c.1934dupG was detected in half (6/12) of such 

patients identified in this study, the issues described above related to optimising ASXL1 

c.1934dupG detection may have contributed to this. 

The Peter MacCallum Cancer Centre myeloid amplicon panel was found to be insufficiently 

discriminatory for the confident detection of ASXL1 c.1934dupG in patient samples. Similar 

performance limitations concerning ASXL1 c.1934dupG detection have been reported with the 

Illumina TruSight Myeloid Sequencing Panel152. Challenges in accurately resolving 

mononucleotide repeats have been described across a variety of MPS technologies62 63 and 

may potentially arise from PCR, sequencing and/or bioinformatic sources. In the case of the 



77 
 

Peter MacCallum Cancer Centre myeloid amplicon panel the substitution of the routine 

bioinformatic pipelines with an alternative using a different alignment method did not 

significantly improve ASXL1 c.1934dupG detection. 

An accurate and sensitive orthogonal method is required to complement routine MPS testing of 

patients with myeloid malignancies for the comprehensive detection of all clinically relevant 

ASXL1 mutations in this patient population. The three non-MPS techniques evaluated for the 

purpose of ASXL1 c.1934dupG detection (Sanger sequencing, fragment analysis and qRT-

PCR) have different implications and performance characteristics. For this reason each may be 

considered an acceptable orthogonal method, depending on the requirements of the relevant 

diagnostic laboratory. 

The two previously available non-MPS techniques for the detection of ASXL1 c.1934dupG 

(Sanger sequencing and fragment analysis) were both found to have a limit of detection of 

12.5% mutation burden, which is significantly higher than the limit of detection of 3% mutation 

burden achievable using qRT-PCR. As this study demonstrated that the superior sensitivity of 

the qRT-PCR assay versus Sanger sequencing and fragment analysis for the detection of 

ASXL1 c.1934dupG can be of clinical utility, a case can be made for the preferential use of 

qRT-PCR over other non-MPS techniques during routine MPS testing of patients with myeloid 

malignancies. 

Both fragment analysis and qRT-PCR are limited by a lack of specificity, although this is a larger 

issue for fragment analysis than for qRT-PCR as described above. For this reason correlative 

sequencing, either by MPS or Sanger sequencing, is required when using these assays. 

Fragment analysis allows for the quantification of ASXL1 c.1934dupG mutation burden using 

the PHR, which is an advantage over Sanger sequencing and qRT-PCR in the form described 

above. However, the qRT-PCR assay can be modified into a quantitative assay through the use 

of a reference curve of serial dilutions of Kasumi-1 DNA (Figure 9). This could potentially be of 

value for the monitoring of ASXL1 c.1934dupG containing subclones in response to therapy and 

for the early detection of disease progression, particularly in the setting of alloSCT where 

ASXL1 mutated age-related, premalignant clonal haematopoiesis may be eradicated. 

This study has definitively proven ASXL1 c.1934dupG to be a true alteration. Due to the 

challenges described across a variety of MPS technologies in accurately resolving 

mononucleotide repeats, the use of this technology alone for the detection of ASXL1 

c.1934dupG may be associated with false negative and artefact-related false positive results. 

This is of significant clinical relevance as mutations in ASXL1 are recurrent findings in myeloid 

malignancies and are generally associated with inferior outcomes. For this reason an accurate 

and sensitive orthogonal method is required to complement routine MPS testing of patients with 

myeloid malignancies for the comprehensive detection of all clinically relevant ASXL1 mutations 

in this patient population. The qRT-PCR assay described above represents a new approach to 

the detection of ASXL1 c.1934dupG, the superior sensitivity of which can be of clinical utility. 
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Chapter 5: Genomic evaluation of clinical response to panobinostat in 

cutaneous T-cell lymphomas 

Introduction and literature review 

T-cell non-Hodgkin lymphomas (NHL) are a heterogeneous group of disorders characterised by 

the development and accumulation of malignant, monoclonal T lymphocytes in lymph nodes 

and/or extranodal sites. These disorders are classified into many entities by the WHO 2016 

diagnostic criteria, however diagnosis is often difficult as many cases have features that overlap 

multiple disease categories2. 

Genomic evaluation has added a degree of discriminatory value to traditional diagnostic 

techniques such as morphological and immunohistochemical evaluation. For example, 

mutations in the RHOA gene are reported in approximately 60% – 70% of patients with 

angioimmunoblastic T-cell lymphoma (AITL)153 154. However, this finding is not pathognomonic 

of AITL as RHOA mutations are also reported in cases of peripheral T-cell lymphoma, not 

otherwise specified (PTCL, NOS) at a frequency of approximately 10% – 20%155. Due to this 

heterogeneity the classification of T-cell NHLs often requires the holistic evaluation of a number 

of clinico-pathological features. 

Another characteristic of the majority of T-cell NHLs is their relative resistance to treatment and 

association with inferior outcomes compared with B-cell NHLs. With some notable exceptions 

(e.g. ALK positive anaplastic large cell lymphoma (ALCL) or breast implant associated ALCL) 

the risk of relapse after first line treatment is high enough to warrant the consideration of 

autologous stem cell transplantation in cases with chemosensitive disease156. For this reason T-

cell NHLs represent an area of unmet clinical need. 

Cutaneous T-cell lymphomas (CTCL), a T-cell NHL subgroup, can be classified according to the 

WHO-EORTC classification for cutaneous lymphomas (reproduced below)3. The 2016 WHO 

classification has adopted the WHO-EORTC classification for cutaneous lymphomas with only 

minor modifications2. Of the CTCLs mycosis fungoides (MyF) and its leukaemic manifestation 

Sézary syndrome (SS) are the most common and best characterised from a genomic 

perspective. 
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Willemze R, Jaffe ES, Burg G et al. WHO-EORTC classification for cutaneous lymphomas. Blood, 2005. 

In a study of 40 patients with stage 4 CTCL by Choi et al, tumour cells were purified from 

peripheral blood and paired tumour-germline whole exome sequencing (WES) as well as 

ribonucleic acid (RNA) sequencing was performed. This study implicated 17 genes (TP53, 

ZEB1, ARID1A, DNMT3A, CDKN2A, FAS, NFKB2, CD28, RHOA, PLCG1, STAT5B, BRAF, 

ATM, CTCF, TNFAIP3, PRKCQ and IRF4) in the pathogenesis of CTCL, by virtue of their being 

recurrently affected by mutation, copy number variation (CNV) and/or copy number neutral loss 

of heterozygosity157. These genes are predominantly involved in T-cell activation, apoptosis, 

nuclear factor kappa-light-chain-enhancer of activated B-cells (NF-κB) signalling, chromatin 

remodelling, cell cycle regulation and the deoxyribonucleic acid (DNA) damage response. 

A subsequent study of 11 patients with MyF and SS was performed by Ungewickell et al158. The 

analysis was similar to that performed by Choi et al (paired tumour-germline WES as well as 

RNA sequencing)157. This study identified many of the genes previously implicated in the 

pathogenesis of CTCL but also contributed TNFRSF1B, a regulator of T-cell activation, as a 

recurrently altered gene in CTCL. A novel, recurrent CTLA4-CD28 fusion gene was also 

described. 

Following this Wang et al, using a similar multiplatform approach, reported on 37 patients with 

SS159. The recurrent nature of somatic alterations affecting TP53, ZEB1, ARID1A, CDKN2A and 

PLCG1 were once again emphasised, with many of the previously reported genes also 

detected, albeit at lower frequencies. CARD11, CCR4 and RPS6KA1 also emerged as genes 



80 
 

recurrently affected by mutation and/or CNV in SS while RNA sequencing detected the almost 

universal overexpression of IL32 and IL2RG. 

In their study of 42 patients da Silva Almeida et al evaluated a greater variety of CTCL 

subtypes, even though MyF and SS accounted for the majority (33/42, 78.57%)160. Using paired 

tumour-germline WES, recurrent somatic alterations in many of the previously reported genes 

were again demonstrated. In addition, deletions affecting tumour suppressor genes (RB1, PTEN 

and CDKN1B) as well as mutations in genes involved in epigenetic regulation (TET2, CREBBP, 

KMT2D, KMT2C, BRD9, SMARCA4 and CHD3) and T-cell activation (MAPK1 and PRKG1) 

were reported. 

In the largest study published to date, Park et al performed a pooled analysis of publicly 

available MPS sequencing data from 220 patients with CTCL161. MyF and SS accounted for the 

majority (211/220, 95.91%). Data from the studies described above157-160 as well as others162-166 

were included in the analysis. However, it is important to note that only mutations and not CNVs 

or RNA sequencing data was considered. This study implicated 55 putative driver genes in the 

pathogenesis of CTCL: TP53, POT1, ATM, ZNF365, PLCG1, CARD11, CD28, RLTPR, PRKG1, 

PTPRN2, IRF4, PDCD1, PRKCQ, ARID1A, TRRAP, DNMT3A, TET2, CREBBP, KMT2D, 

NCOR1, SMARCB1, BCOR, KMT2C, CTCF, KDM6A, RHOA, SETDB2, ARHGEF3, ZEB1, 

RARA, STAT5B, JAK3, JAK1, STAT3, JAK2, CCR4, FAS, RFXAP, CD58, TNFRSF1B, NFKB2, 

CSNK1A1, TNFAIP3, PRKCB, VAV1, PIK3R1, U2AF1, NF1, MAPK1, BRAF, KRAS, MAP2K1, 

NRAS, CDKN2A and LATS1. 

Seventeen of these putative driver genes had not previously been implicated in the 

pathogenesis of CTCL. These genes are predominantly involved in chromatin remodelling 

(BCOR, KMD6A, SMARCB1 and TRRAP), immune surveillance (CD58 and RFXAP), MAPK 

signalling (MAP2K1 and NF1), NF-κB signalling (PRKCB and CSNK1A1), PI-3-kinase signalling 

(PIK3R1 and VAV1), RHOA/cytoskeleton remodelling (ARHGEF3), RNA splicing (U2AF1), T-

cell activation (PTPRN2 and RLTPR) and T-cell differentiation (RARA). 

As described above, CTCLs are relatively resistant to treatment and represent an area of unmet 

clinical need167. For this reason the use of novel agents in this clinical setting remains the 

subject of active investigation. Histone deacetylase (HDAC) inhibitors are one such class of 

agent that has proven efficacious and tolerable for the treatment of CTCL. Little is known about 

the mechanism of action of HDAC inhibitors in CTCL but epigenetic regulation, cytokine 

regulation, apoptosis and autophagy have been implicated168. Two agents in this class 

(vorinostat and romidepsin) have been approved for use in the setting of relapsed or refractory 

CTCL by the United States Food and Drug Administration169 170. 

HDAC inhibitors affect the regulation of gene transcription by altering the structure of chromatin 

and exert their antineoplastic action by affecting a wide array of cellular processes including the 

DNA damage response, cell cycle regulation, cellular differentiation, apoptosis, angiogenesis 

and immune modulation171 172. RNA sequencing experiments performed on CTCL cell lines 

exposed to vorinostat in vitro revealed that the drug affects T-cell receptor, MAPK and JAK-

STAT signalling173. 

It has been proposed that tumour cells may have an “epigenetic vulnerability” whereby they lack 

redundancy in epigenetic regulatory mechanisms and thus have a greater reliance on HDACs 

than do normal cells174. This vulnerability may account for the preferential cytotoxicity 

experienced by tumour cells versus non-tumour cells when exposed to HDAC inhibitors. 

Analyses using Assay for Transposase-Accessible Chromatin using sequencing, a technique for 

measuring chromatin accessibility, has revealed that clinical response to HDAC inhibitors is 

strongly associated with a gain in chromatin accessibility in exposed CTCL cells175. 
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Vorinostat showed an overall response rate of 30% in a phase 2 trial of 74 patients with CTCL 

who had received at least two prior lines of systemic therapy176. A similar response rate of 36% 

was seen in a smaller study of 33 patients with refractory CTCL treated with vorinostat177. This 

drug has also been shown to be efficacious in combination with other agents in the setting of 

CTCL178-180. 

Two phase 2 trials of romidepsin have been performed in the setting of relapsed or refractory 

CTCL. Both of these clinical trials have reported overall response rates of 34%181 182. This drug 

has been shown to provide substantial symptomatic relief from pruritis183 and is able to be 

effectively combined with radiotherapy184. 

The HDAC inhibitor belinostat was evaluated in a phase 2 trial of 53 patients with PTCL, NOS 

and CTCL who had received at least one prior line of systemic therapy185. The overall response 

rate in the 29 patients with CTCL was 14%. Panobinostat, another HDAC inhibitor, was found to 

have a similar overall response rate of 17.3% in a larger phase 2 study of 139 patients with 

relapsed or refractory CTCL who had received at least two prior lines of systemic therapy186. 

Additional clinical responses were observed when less stringent criteria were applied. A 

reduction in the cutaneous tumour burden as assessed using the modified severity weighted 

assessment tool was seen in 74.1% of patients after panobinostat treatment. 

It is clear from the clinical trial data that HDAC inhibitors can be of value in the management of 

CTCL, however only approximately a third of patients achieve a clinical response to treatment. 

Given the heterogeneity of T-cell NHLs, a greater understanding of the mechanism of action of 

HDAC inhibitors in CTCL is required. In addition, the identification of biomarkers of clinical 

response and mechanisms of resistance may allow for the rational selection of patients most 

likely to benefit from HDAC inhibitors. 

In an analysis using the skin biopsy samples of 10 patients with CTCL treated with panobinostat 

by Ellis et al, 23 genes were identified as being either upregulated or downregulated by HDAC 

inhibitor exposure187. Microarray-based gene expression analysis was performed on skin biopsy 

samples at baseline as well as at 4 hours, 8 hours and 24 hours after treatment. The identified 

differentially expressed genes implicate cellular processes such as apoptosis (SEPT10, TEF 

and SORBS2), cellular proliferation (NR2F2, CCND1 and TM4SF18), angiogenesis (GUCY1A3 

and ANGPT1) and immune modulation (LAIR1) in the mechanism of action of HDAC inhibitors 

in CTCL. 

A similar analysis was performed using the peripheral blood mononuclear cells of seven 

patients with CTCL and circulating tumour cells treated with romidepsin. Microarray-based gene 

expression analysis was performed at baseline as well as at 4 hours and 24 hours after 

treatment and identified NF-κB signalling as being significantly affected by HDAC inhibition188. 

Activated JAK-STAT signalling has been implicated as a mechanism of resistance to HDAC 

inhibitors in CTCL. Microarray-based gene expression analysis has indicated that higher levels 

of STAT1, STAT3 and STAT5 expression are associated with resistance to vorinostat in CTCL 

cell lines189. Of note, the levels of STAT1, STAT3 and STAT5 expression were not affected by 

vorinostat exposure in these CTCL cell lines, implying that this mechanism of resistance may be 

intrinsic. Immunohistochemistry performed on the skin biopsy samples of patients with CTCL 

treated with vorinostat on the phase 2 trial described above by Olsen et al demonstrated higher 

levels of STAT1 and phosphorylated STAT3 staining in patients who were resistant to 

treatment176 189. 

HR23B is a protein involved in nucleotide excision repair and the transportation of proteins to 

the proteasome for proteolysis190-192. HR23B levels have been proposed as a biomarker of 

clinical response to HDAC inhibitors in CTCL. 
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In experiments performed using diverse cancer cell lines, higher levels of HR23B were shown to 

cause apoptosis after exposure to vorinostat versus autophagy in those with lower levels of 

HR23B193. HR23B levels were shown to be regulated by HDAC6 and HSP90. 

In a separate study using CTCL cell lines it was demonstrated that exposure to vorinostat 

dysregulates proteasome activity via an HR23B dependent mechanism194. 

Immunohistochemistry performed on the skin biopsy samples of patients with CTCL treated with 

vorinostat on the phase 2 trial described above by Duvic et al demonstrated higher levels of 

HR23B staining in patients who achieved a clinical response to treatment177 194. 

ΔNp63 is an isoform of the TP63 protein that acts to inhibit the tumour suppressive activities of 

the TP53 protein family. HDAC inhibitors have been shown to reduce ΔNp63 stability through 

the action of FBXW7, an E3 ubiquitin ligase195. ΔNp63 inhibition decreases the transcription of 

DGCR8 and the maturation of the micro-RNAs let-7d and miR-128 which were found to play a 

role in the mechanism of action of HDAC inhibitors. Immunohistochemistry performed on the 

skin biopsy samples of 22 patients with CTCL treated with HDAC inhibitors demonstrated higher 

levels of FBXW7 staining in patients who achieved a clinical response to treatment. 

Despite a number of studies investigating and proposing biomarkers of clinical response to 

HDAC inhibitors in CTCL, there does not appear to be a single biomarker sufficiently predictive 

so as to be of use in routine clinical practice. An approach that considers multiple biomarkers of 

clinical response is likely to be of greater predictive value and hence clinical utility. Such an 

approach has been attempted across different cancer types using cancer cell line screening 

projects such as the Cancer Genome Project196 197. Large-scale gene expression analyses were 

performed in order to develop a polygenic prediction model of clinical response to vorinostat. 

Using machine learning, cellular processes such as chromatin remodelling, autophagy and 

apoptosis were found to play a role in the mechanism of action of vorinostat. The expression of 

CHD4, a gene that encodes a helicase involved in the histone deacetylase complex, was found 

to be a biomarker of vorinostat sensitivity across diverse cancer cell lines. 

Aims 

A study with three aims was performed in order to explore the genomic features of and the 

effects of panobinostat on CTCL. 

1. To describe the genomic aberrations (somatic variants and CNVs) detected within the 
tumour-containing skin biopsy samples of patients with CTCL. 

2. To compare RNA sequencing data from normal and tumour-containing skin biopsy 
samples at baseline and from tumour-containing skin biopsy samples at baseline and 
after exposure to panobinostat in order to assess the transcriptome alterations caused 
by panobinostat in CTCL. 

3. To compare DNA and RNA sequencing data from tumour-containing skin biopsy 
samples at baseline and at disease progression after exposure to panobinostat in order 
to assess for mechanisms of resistance to panobinostat in CTCL. 

Methodology 

The panobinostat biological correlates study (VEG VCA1) was a prospective phase 2 single arm 

clinical trial performed at the Peter MacCallum Cancer Centre (Melbourne, VIC, Australia) from  

2012 – 2016 (NCT01658241). This clinical trial investigated the use of panobinostat in patients 

with a number of haematological malignancies, including CTCL. Patients were dosed on a 40 

mg per day, three days per week schedule for a total of 12 months or until disease progression. 

Clinical response assessment was performed according to the International Society for 

Cutaneous Lymphoma (ISCL) clinical response criteria in patients with CTCL198. 
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Patients with CTCL with normal and tumour-containing snap frozen fresh skin biopsy samples 

collected at baseline (T1) and a snap frozen fresh tumour-containing skin biopsy sample 

collected 4 – 8 hours after exposure to panobinostat (T2) were included in the analysis. In cases 

where a snap frozen fresh tumour-containing skin biopsy sample was collected at the time of 

clinical response and/or disease progression (T3 and/or T4 assigned chronologically) these 

were included in the analysis. 

DNA extracted from T1 tumour-containing skin biopsy samples (T1T) and where available from 

T3 and T4 tumour-containing skin biopsy samples (T3T and T4T respectively) was tested by the 

Peter MacCallum Cancer Centre PanHaem hybridisation capture panel. This panel sequences 

313 genes of diagnostic, prognostic and/or therapeutic relevance in haematological 

malignancies, as well as detecting CNVs and translocations involving the IGH locus (Chapter 2: 

Methodology). 

Only non-synonymous variants within coding regions and splice sites (within 2 base pairs of an 

intron-exon boundary) were considered as potentially pathogenic. Variants were designated as 

germline single nucleotide polymorphisms and excluded from the analysis if their frequency in 

the Exome Aggregation Consortium13 database was ≥0.1% or if they were adequately 

represented within the RNA sequencing data (described below) of the patient’s T1 normal skin 

biopsy sample (T1N). If variants had variant allele fractions (VAF) of ≥30% in all samples from 

the same patient and inadequate coverage in the T1N RNA sequencing data to determine 

germline origin definitively they were classed as variants of potential germline origin. In addition, 

only variants with VAFs of ≥10% (≥5% VAF if present in two or more samples from the same 

patient) and coverage of ≥80 reads (≥40 reads if present in two or more samples from the same 

patient) were included in the analysis. 

RNA extracted from T1Ts, T2 tumour-containing skin biopsy samples (T2T) and where available 

from T3Ts and T4Ts was tested by coding transcriptome RNA sequencing (Chapter 2: 

Methodology). RNA sequencing provided gene expression data (gene transcript counting, 

differential gene expression and heatmap generation) as well as sequencing data. Patients 

were excluded from the analysis if a somatic variant with a VAF of ≥10% was detected within 

that patient’s T1N so as to ensure that normal skin biopsy samples were not significantly 

contaminated by tumour. Principal component analysis (PCA) was used to compare various 

methods of removal of unwanted variation (no RUV versus RUVg versus RUVr). RUVr resulted 

in the greatest degree of differentiation between the most biologically distinct sample types 

(normal versus tumour-containing skin biopsy samples) and so was chosen for subsequent 

analyses (Figure 1). Genes were considered to be of biological relevance at a log base 2 fold 

change (log2FC) of ≤-1 or ≥1 and statistically significantly differentially expressed at a false 

discovery rate (FDR) of <0.05. 
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PC, principal component 

Figure 1 

PCA of all skin biopsy samples that underwent RNA sequencing (normal in red and tumour-containing in blue): 

 A – No RUV 

o Degree of differentiation between normal and tumour-containing skin biopsy samples after upper 

quartile normalisation only 

 B – RUVg 

o Lessened degree of differentiation between normal and tumour-containing skin biopsy samples 

after RUVg 

 C – RUVr 

o Greater degree of differentiation between normal and tumour-containing skin biopsy samples after 

RUVr 

Outlier (P4T1N) likely explained by minimal tumour contamination as this was the only normal skin biopsy sample in 

which a somatic variant was detected (VAF <10%) 

Results 

Of the 30 patients enrolled on the panobinostat biological correlates study (VEG VCA1), eight 

fulfilled the eligibility criteria described above and were included in the analysis (Table 1). 

 

C 
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Patient Age Gender CTCL subtype High-grade 
transformation 

Prior lines of 
therapy 
(inclusive of 
radiotherapy Y/N) 

Best clinical 
response to 
panobinostat 

T3 
(days on 
panobinostat) 

T4 
(days on 
panobinostat) 

P1 76 F Mycosis fungoides Y 5 (Y) Stable disease Disease 
progression (43) 

NA 

P2 71 M Mycosis fungoides Y 3 (Y) Stable disease Stable disease – 
clinically improving 
skin lesion (29) 

Disease 
progression 
(71) 

P3 71 M Mycosis fungoides Y 6 (Y) Stable disease Disease 
progression (85) 

NA 

P4 49 M Mycosis fungoides Y 6 (N) Stable disease Disease 
progression (43) 

NA 

P5 70 M Primary cutaneous 
PTCL, unspecified 

N 2 (Y) Progressive 
disease 

Disease 
progression (38) 

NA 

P6 38 M Primary cutaneous 
aggressive 
epidermotropic CD8+ 
T-cell lymphoma 

N 3 (Y) Stable disease Disease 
progression (162) 

NA 

P7 57 M Primary cutaneous 
PTCL, unspecified 

N 10 (Y) Progressive 
disease 

NA NA 

P8 71 F Cutaneous γ/δ T-cell 
lymphoma 

N 1 (N) Stable disease NA NA 

CTCL, cutaneous T-cell lymphoma; Y, yes; N, no; T3/T4, time of clinical response and/or disease progression; F, female; NA, not applicable; M, male; PTCL, peripheral T-cell lymphoma 

Table 1 

Clinico-pathological and clinical response characteristics of patients with CTCL enrolled on the panobinostat biological correlates study (VEG VCA1) and included in the analysis 
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The median age of patients included in the analysis was 70.5 years and 75% (6/8) were male. 

Half (4/8) of the patients had MyF, with the remainder having less common CTCL subtypes. The 

majority of patients (6/8) derived clinical benefit from panobinostat by achieving stable disease 

as their best clinical response, however all patients eventually experienced progressive disease. 

The two patients who did not derive clinical benefit from panobinostat had primary cutaneous 

PTCL, unspecified. The median number of prior lines of therapy was 4 (range = 1 – 10 prior 

lines of therapy) with the majority of patients having undergone radiotherapy prior to 

panobinostat treatment (6/8). 

Six patients (P1 – P6) had T3Ts/T4Ts available for analysis. A single patient (P2) had a 

clinically improving skin lesion biopsied, despite the fact that they did not meet the ISCL clinical 

response criteria for a partial response overall. The median time to biopsy of a disease 

progression skin biopsy sample was 57 days (range = 38 days – 162 days). 

Somatic variants detected by the Peter MacCallum Cancer Centre PanHaem hybridisation 

capture panel at baseline are reported below (Table 2). The median number of somatic variants 

detected per patient was eight (range = 1 – 20 somatic variants). 

 Gene Transcript Variant VAF Coverage 

P1 NOTCH1 NM_017617.3 c.443C>T;p.Pro148Leu 44.94 178 

TMPRSS6 NM_153609.2 c.1327_1328delinsTT; 
p.Pro443Phe 

43.11 334 

NT5C2 NM_012229.4 c.413C>T;p.Pro138Leu 42.03 295 

UNC80* NM_182587.3 c.4948C>T;p.Arg1650Cys 43.73 311 

STAT3 NM_139276.2 c.875C>T;p.Ser292Phe 30.35 346 

STX11 NM_003764.3 c.601C>T;p.Arg201Trp 45.94 320 

SAMHD1 NM_015474.3 c.482C>T;p.Ser161Leu 40.58 345 

PAX5* NM_016734.2 c.421A>G;p.Thr141Ala 39.35 155 

DOCK4 NM_014705.3 c.3319G>A;p.Glu1107Lys 45.38 357 

SALL3* NM_171999.3 c.2671G>A;p.Ala891Thr 65.41 266 

P2 TP53 NM_000546.5 c.742C>T;p.Arg248Trp 26.76 142 

SOS1 NM_005633.3 c.3454C>T;p.Pro1152Ser 35.09 379 

KDM6A NM_021140.2 c.4006-1G>A 70.77 195 

EED NM_003797.3 c.1321C>T;p.Arg441* 34.40 282 

C10orf71 NM_001135196.1 c.337C>T;p.Pro113Ser 34.72 288 

KMT2D NM_003482.3 c.6208G>C;p.Ala2070Pro 32.00 250 

KMT2D NM_003482.3 c.5531C>T;p.Pro1844Leu 34.98 323 

TMPRSS6 NM_153609.2 c.1497_1498delinsAA; 
p.Asp500Asn 

34.85 264 

SMC3 NM_005445.3 c.749G>A;p.Gly250Glu 49.52 311 

FBXW7 NM_033632.3 c.1127T>A;p.Leu376Gln 32.57 307 

SH2B3 NM_005475.2 c.406C>T;p.Gln136* 65.90 173 

ROS1 NM_002944.2 c.893A>G;p.Lys298Arg 39.36 343 

SLX4 NM_032444.2 c.178C>T;p.Gln60* 34.92 315 

STAT3 NM_139276.2 c.1178T>G;p.Val393Gly 65.94 276 

SIGLEC10 NM_033130.4 c.270_271delinsTT; 
p.Gln91* 

35.48 310 

EGFR NM_005228.3 c.2749G>A;p.Gly917Arg 30.85 363 

FAF1 NM_007051.2 c.236C>T;p.Ser79Phe 29.45 343 

CSMD1 NM_033225.5 c.7862C>T;p.Ser2621Leu 46.11 180 

EP300 NM_001429.3 c.5128C>T;p.Leu1710Phe 36.71 316 

CSMD1 NM_033225.5 c.2410C>T;p.Gln804* 41.89 148 

P3 ASXL1 NM_015338.5 c.2169_2172del; 
p.Leu724Glufs*19 

9.55 314 
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P4 TP53 NM_000546.5 c.843_844delinsTT; 
p.Arg282Trp 

55.82 249 

ERBB4 NM_001042599.1 c.2051G>A;p.Arg684Lys 33.21 277 

TLR2 NM_003264.3 c.329del; 
p.Asn110Ilefs*17 

48.41 314 

CARD11 NM_032415.4 c.1853C>T;p.Ser618Phe 32.60 273 

P5 ARID1A NM_006015.4 c.1348C>T;p.Gln450* 30.53 226 

NPM1 NM_002520.6 c.479_481del;p.Ala160del 48.50 334 

BCL6 NM_001706.4 c.1355+2T>G 29.85 134 

NOTCH1 NM_017617.3 c.6022G>A;p.Glu2008Lys 43.30 321 

CSMD1* NM_033225.5 c.8431C>A;p.Gln2811Lys 31.04 335 

PTPN6 NM_002831.5 c.1527C>A;p.Tyr509* 59.72 144 

FANCI NM_001113378.1 c.622C>T;p.Gln208* 36.56 320 

PIK3R1 NM_181523.2 c.1324_1351delinsT; 
p.Ile442* 

21.81 376 

RARA NM_000964.3 c.1181G>A;p.Arg394Gln 36.89 103 

MTOR NM_004958.3 c.6016G>C;p.Val2006Leu 40.09 227 

P6 SALL3* NM_171999.3 c.608C>A;p.Pro203His 54.08 196 

REL NM_002908.2 c.1473_1476del; 
p.Ser492Ilefs*4 

44.61 269 

P7 ADAMTS13 NM_139025.4 c.2953G>A;p.Asp985Asn 15.49 213 

CSF1R* NM_005211.3 c.2073G>C;p.Gln691His 82.03 217 

ARID1A* NM_006015.4 c.472C>T;p.Pro158Ser 57.42 155 

UNC80* NM_182587.3 c.1514G>A;p.Arg505Gln 47.46 295 

TP53 NM_000546.5 c.376_394del; 
p.Tyr126Argfs*38 

43.00 100 

ERBB4 NM_001042599.1 c.3641C>T;p.Pro1214Leu 17.13 321 

NCOR1 NM_001190440.1 c.4627G>A;p.Glu1543Lys 22.47 89 

MYC NM_002467.4 c.475C>T;p.Leu159Phe 58.25 297 

P8† NA NA NA NA NA 
VAF, variant allele fraction; NA, not applicable 

*Variants of potential germline origin designated as such due to VAFs of ≥30% in all samples from the same patient and inadequate coverage in the T1N RNA 

sequencing data to confirm germline origin definitively – none of these variants are reported in the Catalogue of Somatic Mutations in Cancer15 and if reported in 

the ExAC13 database are at a frequency of <0.1% 

†Insufficient DNA extracted from P8 T1T for Peter MacCallum Cancer Centre PanHaem hybridisation capture panel testing 

Table 2 

Somatic variants detected at baseline per patient 

Somatic variants in nine of the 55 putative CTCL driver genes identified by Park et al were 

detected in this cohort: STAT3, TP53, KDM6A, KMT2D, CARD11, ARID1A, PIK3R1, RARA and 

NCOR1161. Of note, 17 of the 55 putative CTCL driver genes are not sequenced by the Peter 

MacCallum Cancer Centre PanHaem hybridisation capture panel (ZNF365, RLTPR, PRKG1, 

PTPRN2, PDCD1, PRKCQ, TRRAP, CTCF, SETDB2, ARHGEF3, CCR4, RFXAP, TNFRSF1B, 

CSNK1A1, VAV1, MAPK1 and LATS1). 

Six genes not included in the list of 55 putative CTCL driver genes identified by Park et al were 

found to be recurrently mutated (at least one somatic variant within the gene detected in at least 

two patients) in this cohort: NOTCH1, TMPRSS6, UNC80, SALL3, CSMD1 and ERBB4161. As 

there is an element of doubt regarding the somatic nature of a number of variants within 

UNC80, SALL3 and CSMD1 which brings their recurrently mutated status into question (Table 

2), the greatest confidence exists for proposing NOTCH1, TMPRSS6 and ERBB4 as newly 

described recurrently mutated genes in CTCL. 

The Notch signalling pathway is evolutionarily conserved and functions within a wide array of 

cell types and stages of cellular development199 200. As such it plays a role in a number of 
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physiological as well as pathogenic processes. During lymphocyte development, Notch 

signalling controls the commitment of early precursors to the T-cell lineage and their eventual 

differentiation into effector T-cell subsets201 202. T-cell acute lymphoblastic leukaemia (ALL), a 

disease characterised by dysregulated early T-cell development, is characterised by over 

activation of NOTCH1 in more than 60% of cases203. 

Aberrant Notch signalling has been implicated in the pathogenesis of a number of other 

lymphoid malignancies, however its contribution is less significant in the setting of mature 

lymphoid malignancies than in T-cell ALL204. For example, in chronic lymphocytic leukaemia 

NOTCH1 mutations are detected in approximately 10% of cases205. 

Immunohistochemistry performed on 40 skin biopsy samples of patients with MyF and SS 

demonstrated significant levels of NOTCH1 staining on tumour cells 206. Notch signalling 

blockade via γ-secretase inhibition induced apoptosis in MyF and SS cell lines and primary SS 

cells. The mechanism of apoptosis involved the inhibition of NF-κB which, as described above, 

has been implicated in the pathogenesis of CTCL. Similar findings have been reported with 

PTCL-NOS and ALCL (ALK positive and ALK negative)207. 

The TMPRSS6 gene encodes for the matriptase-2 protein which plays a role in iron metabolism 

by negatively regulating the systemic iron regulatory hormone hepcidin208. Germline mutations 

in TMPRSS6 are associated with iron-refractory iron deficiency anaemia209. 

Matriptase-2 has been implicated in the pathogenesis of human cancers. Higher levels of 

TMPRSS6 gene expression inhibit breast cancer development and are associated with 

favourable outcomes210. In addition, it has been demonstrated that matriptase-2 levels decrease 

in association with disease progression and that lower TMPRSS6 gene expression is detected 

in triple-negative breast cancers (those that lack oestrogen receptors, progesterone receptors 

and HER2 receptors) which are associated with inferior outcomes. Matriptase-2 has also been 

implicated in tumour invasion and metastasis in the setting of prostate cancer211 212. 

Many tumour cells require greater amounts of iron than normal cells in order to maintain optimal 

function. Gene expression analysis of breast cancers has demonstrated that low hepcidin and 

high ferroportin levels are associated with favourable outcomes213. However, matriptase-2 plays 

a role not only in iron metabolism, but also acts as a proteinase that is able to degrade 

extracellular matrix proteins214. Whether the role of matriptase-2 in the pathogenesis of human 

cancers relates to its effect on iron levels within tumour cells, its ability to cleave extracellular 

matrix proteins and thus facilitate tumour invasion and metastasis or a combination of 

mechanisms has yet to be elucidated. 

ERBB4 is a member of the human epidermal growth factor receptor (HER) signalling pathway 

that plays a role in the pathogenesis of human cancers215. ERBB4 mutation is a well described 

mechanism of loss of ERBB4 kinase function in cancer216. Paired WES analysis of 63 cases of 

PTCL (including two cases of CTCL) identified that the HER signalling pathway was significantly 

enriched for mutated genes, including ERBB4217. In addition, the identification of fusion proteins 

involving ERBB4 in PTCL-NOS218 and truncated ERBB4 transcripts promoted by intronic long 

terminal repeats in ALK negative ALCL219 further implicate this gene in the pathogenesis of T-

cell NHLs. 

As has been described above, CNV is a mechanism through which CTCL cells can affect gene 

function. CNVs detected by the Peter MacCallum Cancer Centre PanHaem hybridisation 

capture panel at baseline are reported below (Table 3). The median number of CNVs detected 

per patient was 32 (range = 8 – 75 CNVs). 
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 Chromosome arm Gain versus loss 
(copy number) 

Global versus focal CNV 
(cytobands affected)* 

P1 1p Loss (1) Focal (31.1 – 31.2) 

1p Loss (1) Focal (33) 

1p Loss (1) Focal (36.11) 

1q Loss (1) Focal (32.2) 

1q Loss (1) Focal (43) 

2p Loss (1) Focal (23.3) 

2q Loss (1) Focal (37.1 – 37.2) 

3p Gain (3) Focal (21.1 – 25.3) 

3q Loss (1) Focal (24) 

3q Loss (1) Focal (25.33 – 26.1) 

3q Loss (1) Focal (26.31) 

3q Loss (1) Focal (26.32 – 28) 

4q Loss (1) Focal (21.1 – 25) 

4q Gain (4) Focal (25 – 27) 

4q Gain (5) Focal (27 – 28.1) 

4q Gain (4) Focal (28.1 – 31.21) 

4q Gain (5) Focal (31.21 – 35.2) 

6p Loss (1) Focal (25.3) 

6q Loss (1) Focal (16.3 – 21) 

7p Gain (3) Focal (11.2 – 21.3) 

7q Gain (5) Global 

7q Gain (6) Focal (21.2 – 21.3) 

7q Gain (6) Focal (22.3 – 31.1) 

7q Gain (6) Focal (31.1) 

7q Gain (6) Focal (32.3) 

7q Gain (4) Focal (34 – 36.1) 

7q Loss (1) Focal (34) 

8p Loss (1) Global 

8p Loss (0) Focal (23.1) 

8q Gain (3) Global 

8q Gain (4) Focal (24.3) 

9p Loss (1) Focal (11.2) 

9p Loss (1) Focal (21.1) 

9p Loss (1) Focal (21.1 – 21.2) 

9p Loss (0) Focal (21.2 – 21.3) 

9p Loss (1) Focal (21.3) 

9p Loss (1) Focal (22.3) 

9p Loss (1) Focal (23 – 24.1) 

10p Loss (1) Global 

11p Loss (1) Focal (12 – 14.3) 

12q Loss (1) Focal (24.31) 

13q Gain (3) Focal (12.11 – 14.13) 

13q Loss (1) Focal (14.13 – 34) 

14q Loss (1) Focal (13.2) 

14q Gain (7) Focal (32.33) 

15q Gain (3) Focal (11.2) 

16p Loss (1) Focal (12.2) 

16p Loss (1) Focal (12.2) 

16p Loss (1) Focal (13.13) 

16q Loss (1) Global 

17q Gain (3) Focal (21.2 – 24.2) 

18p Gain (4) Global 

18q Gain (4) Global 

19p Gain (6) Focal (13.2) 
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 19p Loss (1) Focal (13.3) 

20q Loss (1) Focal (11.23) 

21q Loss (1) Focal (22.12) 

21q Loss (1) Focal (22.3) 

22q Loss (1) Focal (11.21) 

22q Loss (1) Focal (11.21) 

22q Loss (1) Focal (11.21) 

Xp Loss (1) Focal (11.23) 

Xq Loss (1) Focal (25) 

P2 1p Gain (3) Focal (11.2) 

1p Loss (1) Focal (36.11) 

1p Loss (1) Focal (36.13) 

1q Gain (3) Global 

1q Loss (1) Focal (21.2) 

3p Loss (1) Focal (21.2) 

3p Loss (1) Focal (21.31) 

4q Gain (3) Focal (31.3 – 35.2) 

5q Loss (1) Focal (13.2) 

5q Gain (3) Focal (13.2) 

5q Loss (1) Focal (13.2) 

5q Gain (3) Focal (13.2) 

6q Gain (3) Focal (21) 

7p Gain (3) Global 

7q Gain (4) Global 

7q Gain (3) Focal (11.21 – 11.23) 

7q Loss (1) Focal (34) 

7q Gain (6) Focal (35) 

7q Gain (3) Focal (36.1 – 36.3) 

8p Gain (3) Focal (11.21) 

8p Loss (1) Focal (11.21 – 23.3) 

8q Gain (3) Focal (11.21 – 12.1) 

8q Gain (3) Focal (13.1 – 24.21) 

9p Gain (4) Focal (11.2) 

9p Loss (1) Focal (12) 

9p Loss (1) Focal (21.3) 

9q Loss (1) Focal (21.11 – 21.33) 

9q Loss (1) Focal (22.31 – 31.3) 

9q Loss (1) Focal (32 – 33.2) 

13q Loss (1) Focal (14.2 – 14.3) 

14q Gain (3) Focal (32.33) 

15q Loss (1) Focal (11.2) 

15q Gain (4) Focal (26.3) 

16p Loss (1) Focal (12.2) 

16p Loss (1) Focal (13.13) 

16p Loss (1) Focal (13.3) 

16p Gain (3) Focal (13.3) 

17q Loss (1) Focal (12) 

17q Loss (1) Focal (21.31) 

19p Loss (1) Focal (13.3) 

22q Loss (1) Focal (11.1 – 11.21) 

22q Gain (3) Focal (11.21) 

22q Loss (1) Focal (11.21) 

22q Gain (3) Focal (11.21) 

22q Loss (1) Focal (11.21) 

22q Gain (3) Focal (11.21) 
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 22q Loss (1) Focal (11.21) 

22q Loss (1) Focal (11.22) 

22q Loss (1) Focal (12.2) 

22q Loss (1) Focal (13.2) 

P3 1p Loss (1) Focal (36.13) 

3p Gain (4) Focal (12.3) 

4p Gain (4) Focal (16.1) 

7p Gain (3) Focal (22.3) 

12q Gain (3) Focal (24.31) 

13q Gain (3) Focal (21.1) 

14q Gain (3) Focal (11.2) 

17q Loss (1) Focal (21.31) 

22q Gain (3) Focal (11.21) 

P4 1p Loss (1) Focal (12 – 13.1) 

1p Loss (1) Focal (13.2 – 13.3) 

1p Loss (1) Focal (21.3 – 22.2) 

1p Loss (1) Focal (22.3 – 31.1) 

1p Loss (1) Focal (35.2 – 36.11) 

1p Gain (7) Focal (36.13 – 36.21) 

1p Gain (7) Focal (36.21 – 36.23) 

2p Gain (4) Focal (11.2) 

2p Gain (3) Focal (11.2 – 12) 

2p Gain (4) Focal (12 – 13.3) 

2p Loss (1) Focal (13.3) 

2p Loss (1) Focal (16.1 – 22.2) 

2p Loss (1) Focal (25.3) 

2q Gain (3) Focal (11.1 – 12.2) 

2q Gain (3) Focal (33.1 – 33.3) 

2q Gain (3) Focal (35) 

3p Loss (1) Focal (25.2 – 26.3) 

4p Gain (4) Focal (13) 

4p Gain (4) Focal (15.2) 

4p Gain (4) Focal (15.31) 

4p Gain (3) Focal (15.32) 

4p Loss (1) Focal (15.32 – 15.33) 

4p Gain (3) Focal (15.33) 

4p Loss (1) Focal (15.33 – 16.1) 

4q Gain (4) Focal (12) 

4q Loss (1) Focal (12) 

4q Gain (4) Focal (12) 

4q Loss (1) Focal (12) 

4q Gain (4) Focal (12) 

4q Loss (1) Focal (12) 

4q Loss (1) Focal (21.1) 

4q Loss (1) Focal (22.1) 

4q Gain (3) Focal (24 – 31.1) 

4q Loss (1) Focal (31.1) 

4q Loss (1) Focal (31.1) 

5q Loss (1) Focal (31.3 – 32) 

5q Loss (1) Focal (34) 

6p Loss (1) Focal (11.2) 

6p Gain (3) Focal (25.2 – 25.3) 

6q Loss (1) Focal (11.1 – 12) 

6q Loss (1) Focal (16.1 – 23.2) 

7p Gain (5) Focal (22.1) 
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 7q Gain (3) Focal (22.3) 

8q Gain (3) Focal (11.1 – 24.11) 

9p Gain (3) Focal (11.2 – 13.2) 

9p Loss (0) Focal (21.2 – 21.3) 

9p Gain (3) Focal (24.1 – 24.3) 

10q Loss (1) Focal (23.33) 

10q Loss (1) Focal (24.1 – 24.2) 

12q Loss (1) Focal (21.33) 

12q Gain (3) Focal (22) 

12q Loss (1) Focal (22) 

12q Gain (3) Focal (22) 

12q Loss (1) Focal (22) 

12q Gain (3) Focal (24.11) 

12q Loss (1) Focal (24.11) 

12q Gain (3) Focal (24.11 – 24.21) 

12q Loss (1) Focal (24.22) 

12q Gain (3) Focal (24.23 – 24.33) 

13q Loss (1) Focal (11 – 21.1) 

13q Loss (1) Focal (21.33 – 31.1) 

14q Loss (1) Focal (12 – 13.21) 

14q Gain (5) Focal (13.21) 

14q Gain (3) Focal (23.3 – 24.3) 

14q Gain (4) Focal (24.3 – 32.33) 

17p Loss (1) Global 

17q Gain (4) Global 

19p Loss (1) Focal (13.3) 

19q Loss (1) Focal (11 – 12) 

19q Loss (1) Focal (12) 

19q Gain (4) Focal (13.31 – 13.43) 

22q Loss (1) Focal (11.21) 

22q Loss (1) Focal (11.21) 

Xp Loss (0) Focal (22.11) 

Xq Gain (2) Focal (27.2 – 28) 

P5 5p Gain (3) Focal (12) 

6q Loss (1) Focal (21) 

7p Gain (3) Global 

7p Gain (4) Focal (22.1 – 22.3) 

7q Gain (3) Global 

9p Loss (1) Focal (21.1 – 21.3) 

9p Loss (1) Focal (23) 

9q Loss (1) Focal (13 – 31.3) 

9q Loss (1) Focal (33.1 – 33.2) 

11q Loss (1) Focal (23.3 – 24.3) 

12p Loss (1) Focal (13.1 – 13.31) 

17q Loss (1) Focal (12) 

19p Gain (3) Focal (13.11 – 13.3) 

Xq Loss (1) Focal (21.1) 

P6 3p Gain (4) Focal (12.3) 

7p Gain (3) Focal (21.3 – 22.3) 

7q Gain (4) Focal (22.1) 

16p Gain (3) Focal (11.2 – 13.3) 

19p Gain (3) Focal (13.11 – 13.3) 

19q Loss (1) Focal (13.2 – 13.31) 

22q Loss (1) Focal (11.21) 

22q Loss (1) Focal (11.21) 

P7† NA NA NA 

P8‡ NA NA NA 
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CNV, copy number variation; NA, not applicable 

*Global CNVs affect an entire chromosome arm 

†CNV data from P7 T1T suboptimal for confident calling 

‡Insufficient DNA extracted from P8 T1T for Peter MacCallum Cancer Centre PanHaem hybridisation capture panel testing 

Table 3 

CNVs detected at baseline per patient 

Genomic regions that were amplified or deleted in at least two patients at baseline are reported 

below together with the cancer related genes potentially affected in the case of sufficiently focal 

(containing fewer than 50 genes) CNVs (Table 4). Genomic regions containing 50 or more 

genes were deemed too large for the meaningfully proposal of potentially affected cancer 

related genes. Cancer related genes were defined by their inclusion in the Bushman Lab 

allOnco_v3 cancer gene list (http://www.bushmanlab.org/links/genelists – last accessed 

01/04/2018). The Bushman Lab allOnco_v3 cancer gene list contains 2027 genes and was 

compiled from a number of sources including the Atlas of Genetics and Cytogenetics in 

Oncology and Haematology database220 amongst others. Genes affected by ultra-focal 

amplifications or deletions (containing three or fewer genes) in at least two patients at baseline 

were also included in the analysis due to the increased likelihood of their biological relevance. 

Chromosome 
arm 

Global versus 
focal CNV 
(cytobands 
affected)* 

Gain 
versus 
loss 

Number of 
patients 
affected at 
baseline 

Cancer 
related 
genes 
affected 

Cancer related 
gene function 

1p Focal 
(36.11) 

Loss 2 ARID1A Epigenetic 
regulator221 

1p Focal 
(36.13) 

Loss 2 CROCC Cell cycle 
machinery222 

3p Focal 
(12.3) 

Gain 2 ZNF717 Multifunctional 
transcription 
factor 

4q Focal 
(21.1) 

Loss 2 Nil NA 

4q Focal 
(22.1) 

Loss 2 Nil NA 

4q Focal 
(25 – 31.1) 

Gain 2 Insufficiently 
focal 

NA 

4q Focal 
(31.3 – 35.2) 

Gain 2 Insufficiently 
focal 

NA 

6q Focal 
(16.3 – 21) 

Loss 2 PRDM1 Regulator of 
lymphocyte 
proliferation/ 
differentiation223 

6q Focal 
(21) 

Loss 2 CDK19 Regulator of 
TP53224 

7p Global Gain 2 Insufficiently 
focal 

NA 

7q Global Gain 3 Insufficiently 
focal 

NA 

7q Focal 
(34) 

Loss 2 PRSS2 Cellular 
adhesion225 

MTRNR2L6 Regulator of 
apoptosis226-228 

8p Focal 
(11.21 – 23.3) 

Loss 2 Insufficiently 
focal 

NA 

 

http://www.bushmanlab.org/links/genelists
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8q Focal 
(11.1 – 24.11) 

Gain 3 Insufficiently 
focal 

NA 

9p Focal 
(21.2 – 21.3) 

Loss 4 CDKN2A Cell cycle 
regulator229 

CDKN2B Cell cycle 
regulator229 

9q Focal 
(21.11 – 21.33) 

Loss 2 Insufficiently 
focal 

NA 

9q Focal 
(22.31 – 31.3) 

Loss 2 Insufficiently 
focal 

NA 

9q Focal 
(33.1 – 33.2) 

Loss 2 TRAF1 Regulator of 
TNF 
signalling230 

12q Focal 
(24.31) 

Gain 2 NCOR2 Epigenetic 
regulator231 

13q Focal 
(14.13 – 21.1) 

Loss 2 LCP1 Regulator of the 
lymphocyte 
cytoskeleton232 

RB1 Multifunctional 
tumour 
suppressor 
gene233 

INTS6 Multifunctional 
tumour 
suppressor 
gene234 235 

OLFM4 Multifunctional 
oncogene 

13q Focal 
(21.33 – 31.1) 

Loss 2 LMO7 
 

Cytoskeleton 
regulator236 

14q Focal 
(32.33) 

Gain 2 TMEM121 Regulator of 
MAPK 
signalling237 

16p Focal 
(12.2) 

Loss 2 NPIPB5 Unknown 

16p Focal 
(13.13) 

Loss 2 SOCS1 Regulator of 
JAK-STAT 
signalling238 

RMI2 Regulator of 
DNA damage 
repair239 

16p Focal 
(13.3) 

Gain 2 Insufficiently 
focal 

NA 

17q  Focal 
(12) 

Loss 2 Nil NA 

17q Focal 
(21.2 – 24.2) 

Gain 2 Insufficiently 
focal 

NA 

17q  Focal 
(21.31) 

Loss 2 Nil NA 

19p Focal 
(13.11 – 13.3) 

Gain 2 Insufficiently 
focal 

NA 

19p Focal 
(13.3) 

Loss 3 Insufficiently 
focal 

NA 

22q Focal 
(11.21) 

Loss 2 TUBA8 Unknown 

DGCR6 Unknown 

22q Focal 
(11.21) 

Loss 2 DGCR6L Unknown 

RIMBP3 Unknown 

ZNF74 Unknown 
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22q Focal 
(11.21) 

Loss 2 SLC7A4 Unknown 

CCDC116 Unknown 

22q Focal 
(11.21) 

Gain 2 DGCR6L Unknown 

RIMBP3 Unknown 
CNV, copy number variation; NA, not applicable 

*Global CNVs affect an entire chromosome arm 

Table 4 

Genomic regions amplified or deleted in at least two patients at baseline together with potentially affected cancer related 

genes 

The cancer related genes that were recurrently amplified or deleted in this cohort at baseline 

emphasise the role played by cell cycle dysregulation (CDKN2A and CDKN2B), dysregulated 

DNA damage response (CDK19 and RMI2), epigenetic dysregulation (ARID1A and NCOR2) 

and dysregulated T-cell signalling and development (PRDM1 and SOCS1) in the pathogenesis 

of CTCL, as described in the literature157-160. 

In addition, 14 of the 55 putative CTCL driver genes identified by Park et al were contained 

within genomic regions that were recurrently amplified or deleted in this cohort at baseline 

(Table 5)161. This brings the total to 19 of the 55 putative CTCL driver genes affected in this 

cohort if both recurrently mutated genes and recurrent CNVs are considered together. 

Chromosome 
arm 

Global versus 
focal CNV 
(cytobands 
affected)* 

Gain 
versus 
loss 

Number of 
patients 
affected at 
baseline 

Genes in the list of 55 
putative CTCL driver genes 
identified by Park et al 

1p Focal 
(36.11) 

Loss 2 ARID1A 

7p Global Gain 2 CARD11 

7q Global Gain 3 TRRAP 

POT1 

BRAF 

KMT2C 

PTPRN2 

9p Focal 
(21.2 – 21.3) 

Loss 4 CDKN2A 

13q Focal 
(14.13 – 21.1) 

Loss 2 SETDB2 

17q Focal 
(21.2 – 24.2) 

Gain 2 RARA 

STAT3 

STAT5B 

19p Focal 
(13.11 – 13.3) 

Gain 2 JAK3 

VAV1 
CNV, copy number variation; CTCL, cutaneous T-cell lymphoma 

*Global CNVs affect an entire chromosome arm 

Table 5 

Genomic regions amplified or deleted in at least two patients at baseline together with affected genes in the list of 55 

putative CTCL driver genes identified by Park et al 

RNA sequencing data from the T1Ns and T1Ts was compared across all eight patients in the 

cohort. In total, 3035 genes were found to be both statistically significantly (FDR<0.05) and 

biologically meaningfully (log2FC of ≤-1 or ≥1) differentially expressed between normal and 

tumour-containing skin biopsy samples. Upregulation occurred in 47.22% (1433/3025) of genes 

and downregulation occurred in 52.78% (1602/3025) of genes after exposure to panobinostat. 
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When differential gene expression between T1Ts and T2Ts was assessed no genes achieved 

an FDR of <0.05, potentially reflecting the relatively short duration between T1 and T2 skin 

biopsy sample collection (4 – 8 hours). However, when a less stringent threshold of statistical 

significance was employed (p<0.01) 17 genes were found to be differentially expressed at a 

biologically meaningful level (log2FC of ≤-1 or ≥1) (Table 6). 

Gene Function log2FC P-value 

PAGE2 Cancer-testis gene 7.30 0.000326 

PAGE2B Cancer-testis gene 3.26 0.001356 

LRRIQ1 Unknown 2.67 0.006587 

HAVCR1 T-cell activation 2.14 0.002124 

GSTM2 Glutathione pathway 2.12 0.001509 

CD19 B-cell surface 
protein 

2.08 0.001683 

NAP1L2 Epigenetic regulator 2.03 0.006600 

KCNN2 Potassium channel 
protein 

1.14 0.000844 

CARMIL3 Unknown 1.13 0.002381 

ZNF540 Epigenetic regulator 1.09 0.003793 

RAB3A Cytoskeleton 
regulator 

1.02 0.000084 

ERRFI1 EGF signalling -1.08 0.006680 

ANKRD31 Multifunctional -1.30 0.009382 

CTGF Extracellular matrix 
protein 

-1.58 0.007418 

SERPINE1 Fibrinolysis inhibitor -1.93 0.008410 

MMP10 Metalloproteinase -3.95 0.005839 

CD177P1 Pseudogene -3.97 0.005803 
log2FC, log base 2 fold change 

Table 6 

Differentially expressed genes (log2FC of ≤-1 or ≥1 and p<0.01) after exposure to panobinostat 

The genes differentially expressed after exposure to panobinostat have diverse functions across 

multiple biological pathways, in keeping with the results of similar analyses described in the 

literature187 188. This finding is potentially consistent with the genome-wide epigenetic effects 

exerted by HDAC inhibitors. The expression of cancer-testis genes is known to be induced by 

exposure to HDAC inhibitors across a wide array of cancer types240-243 as well as in lymphoma 

generally244 and CTCL specifically245. The fact that the most highly upregulated genes after 

exposure to panobinostat were cancer-testis genes (PAGE2 and PAGE2B) lends validity to the 

differential gene expression data. No genes related to biomarkers of clinical response to HDAC 

inhibitors in CTCL described in the literature such as HR23B, FBXW7 or CHD4 were found to 

be differentially expressed after exposure to panobinostat. 

In order to assess the potential mechanisms of resistance to panobinostat in CTCL, DNA and 

RNA sequencing data from T1Ts and disease progression skin biopsy samples (T3Ts or T4Ts) 

was compared in the patients for whom a disease progression skin biopsy sample was available 

(P1 – P6). 

In three of the patients with an available disease progression skin biopsy sample (P1, P4 and 

P5) no evidence of clonal evolution was detected by DNA sequencing i.e. no somatic variants or 

CNVs were detected in the disease progression skin biopsy sample from that patient that were 

not also detected in the T1T from that patient. The somatic variants and CNVs that emerged 

after exposure to panobinostat in the remaining patients with an available disease progression 

skin biopsy samples (P2, P3 and P6) are reported below (Table 7). Of note, the median time to 
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biopsy of a disease progression skin biopsy sample was longer in the patients who underwent 

demonstrable clonal evolution than in those who did not: 85 days (range = 29 –162 days) 

versus 43 days (range = 38 – 43 days) respectively. This association implies that clonal 

evolution may result from the selective pressure of exposure to panobinostat over time in cases 

with longer durations of response (secondary resistance) as opposed to those with shorter 

durations of response that may have intrinsic mechanisms of resistance, such as enhanced 

drug metabolism, that do not require genomic adaptation (primary resistance). 
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 Gene variants CNVs 

Gene Transcript Variant Chromosome arm Gain versus loss 
(copy number) 

Global versus focal 
CNV (cytobands 
affected)* 

P2 ITPKB NM_002221.3 c.1381C>T;p.Pro461Ser 4q Loss (1) Focal (13.1 – 23) 

DOCK4 NM_014705.3 c.1649G>A;p.Gly550Asp 19p Gain (3) Focal (13.11 – 13.3) 

SETBP1 NM_015559.2 c.3751T>G;p.Leu1251Val  

PDGFRA NM_006206.4 c.394G>A;p.Gly132Arg 

BRD3 NM_007371.3 c.439T>A;p.Leu147Ile 

PDGFRA NM_006206.4 c.2418_2419delinsAA; 
p.Met806_Glu807delinsIleLys 

IRF8 NM_002163.2 c.1049T>G;p.Phe350Cys 

SALL3 NM_171999.3 c.3685G>A;p.Glu1229Lys 

NOTCH4 NM_004557.3 c.3679G>A;p.Gly1227Arg 

C10orf71 NM_001135196.1 c.271G>A;p.Glu91Lys 

FAT4 NM_024582.4 c.3941C>T;p.Ser1314Phe 

MGA NM_001164273.1 c.6187A>T;p.Lys2063* 

FAT4 NM_024582.4 c.11303G>A;p.Arg3768Gln 

FAS NM_000043.4 c.652-1_652delinsAA 

LYST NM_000081.3 c.376G>A;p.Gly126Arg 

FAT1 NM_005245.3 c.1594C>T;p.Arg532Trp 

TNFAIP3 NM_006290.3 c.419T>C;p.Phe140Ser 

NOTCH3 NM_000435.2 c.160C>T;p.Arg54Cys 

BRD4 NM_014299.2 c.1917_1918delinsGT; 
p.Arg640Trp 

ASXL2 NM_018263.4 c.2074G>T;p.Gly692* 

JAK3 NM_000215.3 c.2440C>T;p.Pro814Ser 

STAT3 NM_139276.2 c.1679C>G;p.Ser560Cys 

SETD2 NM_014159.6 c.7021C>T;p.Pro2341Ser 

ARAF NM_001654.4 c.598C>T;p.Pro200Ser 

PCDHGA2 NM_018915.2 c.334G>A;p.Asp112Asn 

CSF1R NM_005211.3 c.2282A>G;p.Gln761Arg 

DOCK4 NM_014705.3 c.5441G>A;p.Arg1814Gln 

IRAK1 NM_001569.3 c.1250C>T;p.Thr417Ile 

JAK3 NM_000215.3 c.1533G>A;p.Met511Ile 

CSMD1 NM_033225.5 c.4983C>T 
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P3 BRAF NM_004333.4 c.1406G>C;p.Gly469Ala 1q Gain (3) Global 

PTPN1 NM_002827.3 c.215T>C;p.Ile72Thr 2q Loss (1) Focal (12.2) 

CSMD1 NM_033225.5 c.5831G>T;p.Gly1944Val 2q Loss (1) Focal (14.3) 

DTX1 NM_004416.2 c.1386G>A 2q Loss (1) Focal (21.2) 

CSMD1 NM_033225.5 c.442C>T;p.Pro148Ser 6p Loss (1) Focal (21.33) 

CSF1R NM_005211.3 c.1224G>A;p.Trp408* 7p Gain (3) Global 

MPL NM_005373.2 c.1768G>A;p.Asp590Asn 7q Gain (3) Global 

MKI67 NM_002417.4 c.7571C>T;p.Ala2524Val 9p Loss (1) Focal (21.3) 

DOCK4 NM_014705.3 c.4794del;p.Ser1599Valfs*21 10p Loss (1) Focal (14) 

WT1 NM_024426.4 c.1295T>A;p.Phe432Tyr 11q Loss (1) Focal (14.1 – 23.3) 

DDX3X NM_001356.3 c.586G>T;p.Glu196* 14q Loss (1) Focal (11.2) 

SUZ12 NM_015355.2 c.1339G>T;p.Asp447Tyr 16p Loss (1) Focal (13.13) 

WHSC1 NM_133330.2 c.3448A>G;p.Thr1150Ala 21q Loss (1) Focal (22.11 – 22.2) 

EED NM_003797.3 c.203G>A;p.Trp68*  

BRAF NM_004333.4 c.1094C>T;p.Ser365Leu 

STAT5B NM_012448.3 c.2207C>T;p.Pro736Leu 

P6 CSF3R NM_156039.3 c.380A>C;p.His127Pro 5p Gain (3) Global 

ATG2B NM_018036.5 c.5563C>T;p.Leu1855Phe 5q Gain (3) Global 

UNC80 NM_182587.3 c.3208C>T;p.Leu1070Phe 7q Loss (1) Focal (31.1 – 32.1) 

BRCA1 NM_007294.3 c.3701T>A;p.Val1234Glu 9p Loss (1) Focal (21.2 – 21.3) 

NOTCH2 NM_024408.3 c.1354C>T;p.Arg452Cys  

CSMD1 NM_033225.5 c.3071C>T;p.Ser1024Leu 

CFH NM_000186.3 c.2534T>G;p.Ile845Ser 

CYLD NM_015247.2 c.1679C>T;p.Ser560Phe 

KLHL14 NM_020805.1 c.1498C>T;p.Arg500* 

SF1 NM_004630.3 c.464T>G;p.Leu155Arg 
CNV, copy number variation 

*Global CNVs affect an entire chromosome arm 

Table 7 

Somatic variants and CNVs that emerged after exposure to panobinostat in the three patients with an available disease progression skin biopsy sample that underwent clonal evolution (P2, 

P3 and P6) 
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Three genes were recurrently mutated in the disease progression skin biopsy samples that 

underwent clonal evolution i.e. at least one somatic variant within the gene (not detected in the 

T1T from that patient) detected in at least two disease progression skin biopsy samples from 

different patients: CSF1R, DOCK4 and CSMD1. 

CSF1R is a transmembrane receptor for colony stimulating factor 1. It is primarily expressed on 

macrophages where it plays a significant role in regulating proliferation and differentiation. 

DOCK4 is a GTPase activator which activates Rap GTPase and thereby promotes cellular 

adhesion246. DOCK4 mutations have been implicated in a number of cancer types and promote 

disease progression by causing dysregulated cellular migration. CSMD1 is a complement 

activator that has been implicated as a tumour suppressor gene in a number of cancer types 

including head and neck as well as breast cancer247 248. 

A single CNV was recurrently detected in the disease progression skin biopsy samples that 

underwent clonal evolution i.e. a somatic CNV (not detected in the T1T from that patient) 

detected in at least two disease progression skin biopsy samples from different patients: 9p21.3 

deletion. This deletion results in the loss of the CDKN2A and CDKN2B tumour suppressor 

genes which function as cell cycle regulators. Inactivation of CDKN2A has been implicated in 

the pathogenesis of human cancers, including various subtypes of lymphoma249. As has been 

mentioned above, CDKN2A has been implicated in the pathogenesis of CTCL161. In addition, 

CDKN2A deletion has been associated with inferior outcomes in CTCL, including in those with 

high-grade transformation250. 

A 9p21.3 deletion was detected in four of the six patients in this cohort with evaluable CNV data 

at baseline (66.67%), making this the most commonly observed CNV in this study at baseline 

(Table 3). With the development of this CNV in the disease progression skin biopsy samples of 

the remaining two cases (P3 and P6), the overall frequency of 9p21.3 and hence CDKN2A and 

CDKN2B deletion in evaluable patients with CTCL in this study was 100% (6/6). 

When differential gene expression between T1Ts and disease progression skin biopsy samples 

(T3Ts or T4Ts) was assessed in the patients for whom a disease progression skin biopsy 

sample was available (P1 – P6), once again no genes achieved an FDR of <0.05. However, 

when a less stringent threshold of statistical significance was employed (p<0.01) 140 genes 

were found to be differentially expressed at a biologically meaningful level (log2FC of ≤-1 or ≥1). 

Of these 140 genes 115 (82.14%) were upregulated and 25 (17.86%) were downregulated in 

disease progression skin biopsy samples. 

Heatmap visualisation of unsupervised hierarchical clustering and PCA of all skin biopsy 

samples that underwent RNA sequencing are presented below (Figure 2). Heatmaps were 

generated using the 100 most differentially expressed genes across all tumour-containing skin 

biopsy samples as well as the 23 genes identified by Ellis et al to be differentially expressed 

after exposure to panobinostat in CTCL187. 
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Figure 2 

Heatmap visualisation of unsupervised hierarchical clustering and PCA of all skin biopsy samples that underwent RNA sequencing (normal in red and tumour-containing in blue): 

 A – Heatmap generated using the 100 most differentially expressed genes across all tumour-containing skin biopsy samples 

 B – Heatmap generated using the 23 genes identified by Ellis et al to be differentially expressed after exposure to panobinostat in CTCL 

 C – PCA (RUVr) – arrows indicate areas of clustering according to sample type and according to individual patients 
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P1 Tumour 

P7 Tumour 
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A consistent finding across the unsupervised hierarchical clustering and PCA is that the 

greatest degree of differentiation occurs between normal and tumour-containing skin biopsy 

samples. This finding lends validity to these analyses as regardless of any hypothesised patient 

and/or time point related differences, the greatest degree of differentiation would be expected to 

occur between biologically distinct sample types (normal versus tumour-containing skin biopsy 

samples). 

Amongst the tumour-containing skin biopsy samples, clustering occurred according to individual 

patients to a greater degree than according to individual time points, suggesting that neither 

exposure to panobinostat nor type of clinical response were sufficient to overcome the inherent 

biological similarity of tumour-containing skin biopsy samples from the same patient. These 

findings are similar to those reported by Bates et al who, in their study of romidepsin in CTCL, 

likewise observed clustering according to individual patients rather than according to time points 

on unsupervised hierarchical clustering and PCA188. 

Discussion and conclusion 

Therapeutic options are limited for patients with CTCL, particularly in the relapsed or refractory 

setting. Treatment with HDAC inhibitors has become a standard of care option for such patients, 

yet little is known about the mechanism of action, biomarkers of clinical response and 

mechanisms of resistance to HDAC inhibitors in CTCL. 

This study represents a clinico-genomic analysis of patients with CTCL treated with the HDAC 

inhibitor panobinostat and as such is amongst very few studies to address these questions. In 

addition, this is the only study to date that has analysed disease progression skin biopsy 

samples in this clinical setting. 

DNA sequencing of tumour-containing skin biopsy samples at baseline confirmed the presence 

of genomic aberrations affecting genes that have been implicated in the pathogenesis of CTCL. 

Considered together, recurrently mutated genes and recurrent CNVs affected 19 of the 55 

putative CTCL driver genes identified by Park et al161. Given the small number of patients 

analysed and the fact that 17 of the 55 putative CTCL driver genes identified by Park et al are 

not sequenced by the Peter MacCallum Cancer Centre PanHaem hybridisation capture panel, 

the genomic aberrations detected in this cohort can be said to be similar to those described in 

the literature161. Novel insights into the pathogenesis of CTCL were gained through the 

identification of three newly described, recurrently mutated genes: NOTCH1, TMPRSS6 and 

ERBB4. 

RNA sequencing data from normal and tumour-containing skin biopsy samples at baseline and 

from tumour-containing skin biopsy samples at baseline and after exposure to panobinostat was 

compared. The greatest degree of differentiation occurred between normal and tumour-

containing skin biopsy samples as expected. Amongst the tumour-containing skin biopsy 

samples, clustering occurred according to individual patients to a greater degree than according 

to individual time points, suggesting that neither exposure to panobinostat nor type of clinical 

response were sufficient to overcome the inherent biological similarity of tumour-containing skin 

biopsy samples from the same patient. 

These findings limit the use of differential gene expression data as a potential biomarker of 

clinical response to HDAC inhibitors in CTCL. Nevertheless, 17 genes with diverse functions 

across multiple biological pathways were found to be differentially expressed after exposure to 

panobinostat. No genes related to biomarkers of clinical response to HDAC inhibitors in CTCL 

described in the literature such as HR23B, FBXW7 or CHD4 were found to be differentially 

expressed after exposure to panobinostat. 
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DNA sequencing data from tumour-containing skin biopsy samples at baseline and at disease 

progression after exposure to panobinostat was compared. In half of the patients with an 

available disease progression skin biopsy sample no evidence of clonal evolution was detected. 

In those who underwent clonal evolution the median time to biopsy of a disease progression 

skin biopsy sample was longer, suggesting that clonal evolution is a mechanism of secondary 

resistance to panobinostat in CTCL. 

Four somatic (not detected in the T1T from that patient) genomic aberrations were recurrently 

detected in the disease progression skin biopsy samples that underwent clonal evolution. These 

include variants in three genes (CSF1R, DOCK4 and CSMD1) as well as the focal deletion of 

CDKN2A and CDKN2B. These findings implicate dysregulation of cellular adhesion and 

migration, the complement system and the cell cycle as potential mechanisms of resistance to 

panobinostat in CTCL. 

It is acknowledged that definitive conclusions regarding the mechanism of action, biomarkers of 

clinical response and mechanisms of resistance to HDAC inhibitors in CTCL cannot be drawn 

from this study alone due to the small number of patients analysed. However, this limitation is a 

hallmark of the field as CTCL is an uncommon disorder and most of the genomic analysis 

undertaken in this clinical setting has been performed on skin biopsy samples collected on 

small, early phase clinical trials. Patient eligibility is also often compromised by the need to 

collect multiple skin biopsy samples from the same patient at predetermined time points. 

The remaining limitations of this study are technical. Tumour burden verification was not 

performed on snap frozen fresh skin biopsy samples prior to analysis. However, the presence of 

somatic variants and CNVs in all of the tested tumour-containing skin biopsy samples, together 

with the absence of somatic variants of significant VAF in all of the tested normal skin biopsy 

samples provided assurance that the clinical attribution of normal versus tumour-containing was 

accurate. 

In addition, the methodologies used for both DNA and RNA sequencing were to some degree 

limited in scope. The use of a targeted 313 gene hybridisation capture panel rather than WES 

and sequencing of the coding rather than the whole transcriptome left many genes and non-

coding gene transcripts unanalysed. Regardless, the DNA sequencing that was performed 

proved extensive enough to be considered exploratory, as is evidenced by the identification of 

genomic aberrations not previously implicated in the pathogenesis of CTCL. 

Finally, although the detection of altered differential gene expression at 4 hours after exposure 

to HDAC inhibitors in CTCL has been demonstrated in other studies, it is possible that if tumour-

containing skin biopsy samples were collected at additional time points within the first 24 hours 

after panobinostat exposure (as has occurred in these other studies) the differential gene 

expression data may have yielded results of greater statistical significance187 188. 

Despite the limitations described above, this study represents a significant and novel 

contribution to the literature as it has led to a deeper understanding of the pathogenesis of and 

mechanisms of resistance to HDAC inhibitors in CTCL. Larger studies, particularly those 

analysing disease progression skin biopsy samples after exposure to HDAC inhibitors in CTCL, 

are warranted. 
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Chapter 6: High-grade transformation of marginal zone lymphoma: an 

international multicentre clinico-genomic analysis 

Introduction and literature review 

Marginal zone lymphoma (MZL) is classified by the WHO 2016 diagnostic criteria as an indolent 

form of B-cell non-Hodgkin lymphoma (NHL)2. The cell of origin that gives rise to MZL is the 

mature, post-germinal centre B-cell associated with the physiological marginal zone of the 

lymph node. 

Three main subtypes of MZL are recognised, primarily based upon the anatomical location from 

which the lymphoma arises. MZL that involves mucosa-associated lymphoid tissue (MALT) may 

affect a variety of anatomical locations such as the stomach or ocular adnexa. MALT lymphoma 

is the most common subtype, accounting for approximately 70% of MZL. Splenic MZL primarily 

involves the spleen and accounts for approximately 20% of MZL while nodal MZL, the rarest 

subtype, presents primarily with lymph node involvement. Despite their different clinical 

presentations the three main subtypes share morphological and immunophenotypic similarities. 

The pathogenesis of MZL is incompletely understood, but both chronic antigenic stimulation and 

the development of genomic aberrations appear to be involved to varying degrees across the 

three main subtypes. 

The development of MALT lymphoma is strongly associated with chronic inflammatory disorders 

such as persistent infection or autoimmune disease251. The association between gastric MALT 

lymphoma and chronic gastritis caused by persistent Helicobacter pylori infection serves as a 

model for describing this process. 

In the initial phase, chronic antigenic stimulation results in the ongoing proliferation of polyclonal 

B-cells that are able to recognise and respond to the presence of Helicobacter pylori. This state 

of unrelenting cell turnover increases the susceptibility of B-cells to the development of genomic 

aberrations that further promote cellular proliferation via nuclear factor kappa-light-chain-

enhancer of activated B-cells (NF-κB) activation. At this stage the proliferation of neoplastic B-

cells is not yet fully autonomous as there is an ongoing requirement for antigenic stimulation 

and so eradication of Helicobacter pylori infection with antibiotics may induce a complete 

remission (CR) of the lymphoma. However, if the process continues unabated further genomic 

aberrations may develop and result in fully autonomous B-cell proliferation, at which stage the 

lymphoma may no longer respond to the eradication of Helicobacter pylori infection. This 

concept is illustrated below. 
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Suarez F, Lortholary O, Hermine O et al. Infection-associated lymphomas derived from marginal zone B cells: a model 

of antigen-driven lymphoproliferation. Blood, 2006. 

Chronic antigenic stimulation also plays a role in the development of splenic MZL as evidenced 

by its association with hepatitis C infection. This is further reinforced by the fact that the 

eradication of hepatitis C infection is able to induce a CR in some cases of splenic MZL252. 

Although there is some evidence of an association between chronic antigenic stimulation and 

nodal MZL, this is not as well established as for the other two main subtypes of MZL253. This 

may be due to the rarity of nodal MZL resulting in a paucity of data and/or an actual lesser role 

played by chronic antigenic stimulation in the pathogenesis of this subtype. 

As has been mentioned above, the development of genomic aberrations plays a significant role 

in the pathogenesis of MZL. Although there are many similarities between the genomic 

landscapes of the three main subtypes of MZL (e.g. NF-κB pathway mutations) there are also 

subtype-specific genomic aberrations. 

MALT lymphoma is characterised by a number of recurrent translocations not seen in splenic or 

nodal MZL. The t(11;18)(q21;q21) is primarily seen in pulmonary (53%) and gastric (24%) MALT 

lymphoma and results in a fusion protein involving API2 and MALT1254 255. The t(1;14)(p22;q32) 

and the t(14;18)(q32;q21), which are seen less commonly, result in overexpression of BCL10 

and MALT1 respectively256-258. These three recurrent translocations ultimately result in NF-κB 

activation. Other less common recurrent translocations include the t(3;14)(p13;q32)259, the 

t(X;14)(p11.4;q32)260 261, the t(1;14)(p21;q32), the t(5;14)(q34;q32) and the t(9;14)(p24;q32)262. 

Loss of TNFAIP3 function either by deletion of 6q23.3, promotor methylation or mutation is a 

prominent finding in MALT lymphoma of the ocular adnexa, salivary glands and thyroid gland263 

264. Loss of TNFAIP3 and the recurrent translocations described above are mutually exclusive in 

the majority of MALT lymphoma patients. TNFAIP3 functions to negatively regulate a number of 

positive NF-κB pathway regulators such as TRAF6 and so its loss ultimately results in NF-κB 

activation265. 
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Activating mutations in MYD88 are recurrently detected in MALT lymphoma of the ocular 

adnexa. These include both the hotspot MYD88 Leu265Pro mutation as well as non-hotspot 

activating MYD88 mutations266 267. MYD88 plays a significant role in NF-κB activation via the 

IRAK-TRAF signalling pathway268. 

Other genes involved in the NF-κB pathway that are known to be recurrently mutated in B-cell 

lymphoid malignancies such as CD79A, CARD11 and BIRC3 do not appear to play a significant 

role in the pathogenesis of MALT lymphoma267 269. 

Splenic and nodal MZL lack the recurrent translocations seen in MALT lymphoma. Despite this, 

a number of cytogenetic abnormalities have been reported as being recurrent in splenic MZL, 

including amplifications of chromosome 3 and chromosome arm 12q, as well as deletions of 

chromosome arms 6q and 7q270. The deletion of 7q32 is the most common cytogenetic 

abnormality seen in splenic MZL (approximately a third of cases) and has a high degree of 

specificity for this subtype270 271. The tumour suppressor gene or genes targeted by the deletion 

of 7q32 have yet to be identified. The deletion of TP53 on chromosome arm 17p has been 

reported at a frequency of <10% in splenic MZL272. Nodal MZL shares many of the cytogenetic 

abnormalities described in splenic MZL, but lacks chromosome arm 7q deletions273. Trisomies 

of chromosomes 3, 12 and 18 are the most recurrent cytogenetic abnormalities in nodal MZL274. 

Epigenetic regulators are recurrently mutated in a significant proportion of non-MALT MZL, 

occurring in approximately 60% of splenic and 70% of nodal MZL275 276. The most commonly 

mutated genes include: KMT2D, TBL1XR1, SIN3A, EP300, ARID1A, CREBBP, NCOR2, 

HIST1H1B and HIST1H1C. 

Mutations in Notch pathway genes are amongst the most commonly seen genomic aberrations 

in non-MALT MZL, occurring in approximately 30% – 40% of cases277. NOTCH2 is mutated in 

approximately 20% of splenic and nodal MZL, making it the most commonly mutated gene in 

this pathway275 277. Mutations in other Notch pathways genes such as NOTCH1, SPEN and 

DTX1 occur less frequently and appear to be mutually exclusive. 

Much like in MALT lymphoma, NF-κB activation plays a significant role in the pathogenesis of 

non-MALT MZL. Mutations in both positive and negative NF-κB pathway regulators are 

commonly seen in both splenic MZL (approximately a third of cases) and nodal MZL 

(approximately half of cases)275 277. NF-κB pathway genes commonly mutated in non-MALT 

MZL include: MYD88, BCL10, CARD11, BIRC3, TRAF3, IKBKB and TNFAIP3. 

KLF2 plays a significant role in the regulation of lymphocyte development and homing. The B-

cells of KLF2 deficient mice preferentially develop a marginal zone B-cell phenotype278. 

Inactivating mutations in KLF2 have been shown to adversely affect the ability of KLF2 to 

negatively regulate NF-κB in splenic MZL276. KLF2 mutations are seen in up to 40% of splenic 

and approximately 20% of nodal MZL275 276. 

IGLL5 is mutated in approximately 25% of splenic MZL and 10% – 15% of nodal MZL. Little is 

known about the function of IGLL5, however, its homolog IGLL1 is associated with autosomal 

recessive agammaglobulinaemia when mutated in the germline and hence appears to be vital 

for B-cell development279. 

Mutations in TP53 occur in approximately 15% of splenic and 5% of nodal MZL274 277. 

A number of genes have been found to be recurrently mutated in nodal but not in splenic MZL, 

indicating that these are biologically distinct entities. Such genes include BRAF (BRAF 

Val600Glu as well as non-hotspot mutations), FAS, TNFRSF14 and PTPRD274 275. 
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Any of the three main subtypes of MZL can undergo transformation to an aggressive, high-

grade lymphoma termed transformed MZL (tMZL). High-grade transformation is associated with 

inferior outcomes in MZL and appears to be a less frequent occurrence than in other indolent 

forms of B-cell NHL such as follicular lymphoma (FL)280 281. Due to the relative rarity of MZL and 

the subsequent extreme rarity of tMZL the latter is poorly characterised from both a clinical and 

a genomic perspective and so is often equated with other indolent forms of B-cell NHL that have 

undergone transformation such as FL. In practice, the management of tMZL is extrapolated 

from that of tFL, despite a lack of understanding of their biological relatedness. 

The majority of cases of MZL that undergo high-grade transformation transform into diffuse 

large B-cell lymphoma (DLBCL). However, other aggressive, high-grade lymphomas such as 

classical Hodgkin lymphoma (cHL) are occasionally seen280 282 283. 

Data concerning the risk factors for tMZL development and its clinical features are sparse and 

often conflicting. In addition, studies often retrospectively describe relatively small cohorts and 

focus on only one of the three main subtypes of MZL, predisposing them to bias284-289. Such 

studies indicate that the rate of transformation in MZL is likely 5% – 20%, but the reported 

overall survival (OS) rates vary significantly. 

Two relatively large studies have retrospectively described cohorts of MZL patients of all three 

main subtypes treated in the real-world setting. The study performed by Conconi et al described 

a cohort of 340 MZL patients (46% MALT lymphoma, 25% splenic MZL and 11% nodal MZL)280. 

Transformation occurred in 13 cases (4% of MALT lymphoma, 5% of splenic MZL and 3% of 

nodal MZL). The only factor found to be significantly associated with transformation at the time 

of MZL diagnosis was an elevated lactate dehydrogenase (LDH) level. The rate of 

transformation was 5% at five and 10 years and 10% at 12 years. The two year OS from the 

time of transformation was 57%. 

Alderuccio et al described a cohort of 453 MZL patients290. In this study 34 patients (7.5%) 

underwent transformation – this represented the largest cohort of tMZL patients described in the 

literature. Seven of the transformations were apparent at the time of MZL diagnosis. Amongst 

the 27 patients who underwent transformation after the time of MZL diagnosis, the median time 

to transformation was 29 months. Factors found to be significantly associated with 

transformation at the time of MZL diagnosis were: splenic or nodal MZL subtype, advanced 

disease (stage 3 – 4), bone marrow involvement, Eastern Cooperative Oncology Group 

performance status ≥2, elevated LDH level, involvement of more than four nodal sites, 

prognostic index score (International Prognostic Index291 (IPI) >2, Follicular Lymphoma IPI292 >2 

and MALT Lymphoma IPI293 >1), treatment as opposed to observation and failure to achieve a 

CR after first line treatment. 

Patients who underwent transformation had an inferior OS when compared with their 

counterparts who did not undergo transformation (five year OS, 65% versus 86%, p<0.001). 

The median OS from the time of transformation was 7.3 years. Of note, patients who underwent 

transformation within one year of MZL diagnosis had an inferior OS when compared with those 

with transformation at the time of MZL diagnosis combined with those who underwent 

transformation more than 12 months after MZL diagnosis (four year OS, 43% versus 81%, 

p<0.001). Survival curves from the study by Alderuccio et al are reproduced below290. 
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In MALT lymphoma, hepatitis C infection has been associated with a higher risk of tMZL 

development284. 

Data concerning the genomic landscape of tMZL are even sparser than those concerning the 

risk factors for its development and its clinical features. 

In MALT lymphoma an early study proposed a link between TP53 loss of function aberrations 

(mutations and/or deletions) and transformation294. In this study the frequency of TP53 loss of 

function aberrations differed between a cohort of MALT lymphoma patients (n=48, 18.8% TP53 

mutation and 6.8% TP53 deletion) and a cohort of transformed MALT lymphoma patients (n=27, 

33.3% TP53 mutation and 28.6% TP53 deletion). 

Similarly, another early study suggested a possible role for the loss of the CDKN2A tumour 

suppressor gene, which functions as a cell cycle regulator, in the pathogenesis of transformed 

MALT lymphoma295. Two cohorts of 12 patients each (MALT lymphoma versus transformed 

MALT lymphoma) were compared. Only two cases of homozygous CDKN2A deletion were 

detected across the 24 patients - both in the transformed MALT lymphoma group. Of note, the 

assay used in this study was unable to detect heterozygous CDKN2A deletion. 

As neither of the above studies has been replicated in over two decades and as the numbers of 

transformed MALT lymphoma patients were small, these findings are considered insufficient to 

establish a role for either TP53 or CDKN2A in the pathogenesis of transformed MALT 

lymphoma294 295. 
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The translocation of transcription factor FOXP1 on chromosome 3 and the IGH locus on 

chromosome 14 occurs in approximately 10% of MALT lymphoma patients259. Trisomy 3 is also 

recognised as a recurrent finding in MZL270 296 297. In a study of 70 MALT lymphoma patients 

FOXP1 expression was assessed by immunohistochemistry and FOXP1 structural aberrations 

and copy number variations (CNV) were assessed by fluorescence in situ hybridisation (FISH) 

testing298. In 29% (20/70) of cases nuclear expression of FOXP1 was detected – this was 

associated with inferior outcomes. Eight cases displayed strong FOXP1 expression by 

immunohistochemistry. Of the eight cases with strong FOXP1 expression five underwent 

transformation – no patients outside of this group underwent transformation. All five transformed 

MALT lymphoma patients had a FISH-detectable aberration affecting FOXP1 – trisomy 3 in four 

cases and the t(3;14) in a single case. 

In splenic MZL a number of genomic aberrations have been associated with transformation. In a 

study of 48 splenic MZLs, nine underwent transformation288. Five of the patients with 

transformed splenic MZL had cytogenetic abnormalities, including two with deletions of 

chromosome arm 7q. TP53 loss of function aberrations were detected in a third of transformed 

splenic MZL patients. 

A case series of 12 transformed splenic MZL patients likewise suggests an association between 

chromosome arm 7q deletions and transformation289. Chromosome arm 7q deletions were 

detected in 42% of patients in this study, while TP53 loss of function aberrations or CDKN2A 

deletions were only detected in a single case. 

A study of 99 splenic MZLs tested by whole genome sequencing identified activating NOTCH2 

mutations in approximately 25% of cases299. NOTCH2 mutated patients had a shorter median 

time to relapse, transformation or death of 32.6 months versus 107.2 months for NOTCH2 

wildtype patients (p=0.002). These results implicate NOTCH2 mutation in the pathogenesis of 

tMZL. 

In a multicentre analysis of 175 splenic MZLs 11% of cases underwent transformation300. 

Splenic MZL samples in this study were tested by targeted panel sequencing (768 genes) which 

detected mutations in genes that are known to be recurrently mutated in MZL such as TP53, 

KLF2 and NOTCH2. TNFAIP3 mutations (the majority of which were inactivating) were detected 

in 7% of cases. TNFAIP3 mutations were the only mutations associated with transformation in 

this study (32% versus 4%, p=0.002). Of note, transformed splenic MZL patients were more 

likely to have unmutated immunoglobulin heavy chain variable genes (40% versus 10%, 

p=0.04). 

Due to its rarity nothing definitive is known about the genomic landscape of transformed nodal 

MZL. 

Aims 

A study with three aims was performed in order to characterise the clinico-genomic features of 

tMZL. 

1. To describe the clinical features and outcomes of a large cohort of tMZL patients. 
2. To describe the genomic aberrations (variants and CNVs) detected within FFPE 

samples containing tMZL. 
3. To compare differential gene expression data from FFPE samples containing various 

aggressive, high-grade B-cell NHLs (tMZL, de novo DLBCL and transformed follicular 
lymphoma (tFL)) in order to assess the biological relatedness of the three comparator 
groups. 
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Methodology 

Patients included in this study were treated either at the Peter MacCallum Cancer Centre 

(Melbourne, VIC, Australia) between 2002 – 2018 or at the British Columbia Cancer Agency 

(Vancouver, BC, Canada) between 1985 – 2017. Patients were identified for inclusion in this 

study using institutional databases. 

Patients with biopsy proven aggressive, high-grade lymphomas such as DLBCL and cHL, as 

well as biopsy proven MZL at or prior to the aggressive, high-grade lymphoma diagnosis were 

included in the analysis. 

Clinical data was collated from the medical records of the participating sites. Disease staging 

and clinical response assessment was performed according to the Lugano classification301. 

Formalin fixed, paraffin embedded (FFPE) samples from patients included in the study were 

independently reviewed by two pathologists to ensure the accuracy of the diagnosis and for 

tumour burden verification. When performed, cell of origin (COO) classification was evaluated 

by immunohistochemistry as per the methodology described by Hans et al302. Samples 

containing an aggressive, high-grade lymphoma and with a tumour burden of >60% underwent 

deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) extraction (Chapter 2: Methodology). 

DNA was tested by the Peter MacCallum Cancer Centre PanHaem hybridisation capture panel. 

This panel sequences 313 genes of diagnostic, prognostic and/or therapeutic relevance in 

haematological malignancies, as well as detecting CNVs and translocations involving the IGH 

locus (Chapter 2: Methodology). 

Only non-synonymous variants within coding regions and splice sites (within 2 base pairs of an 

intron-exon boundary) were considered as potentially pathogenic. Variants were designated as 

germline single nucleotide polymorphisms and excluded from the analysis if they had variant 

allele fractions (VAF) of ≥30% and were present at any frequency in the Genome Aggregation 

Database14. In addition, only variants with VAFs of ≥10% and coverage of ≥80 reads were 

included in the analysis. 

RNA was tested by the NanoString nCounter® Immunology Panel (Human V2) (Chapter 2: 

Methodology). This panel provides gene expression data (gene transcript counting and 

differential gene expression) for 579 general immunology and 15 housekeeping genes. Genes 

were considered to be of biological relevance at a log base 2 fold change (log2FC) of ≤-1 or ≥1 

and statistically significantly differentially expressed at a false discovery rate (FDR) of <0.05. 

Results 

The inclusion criteria were met by 43 patients – 28 from the Peter MacCallum Cancer Centre 

(Melbourne, VIC, Australia) and 15 from the British Columbia Cancer Agency (Vancouver, BC, 

Canada). Patient demographics and clinical features of the cohort at the time of tMZL diagnosis 

are reported below (Table 1). 
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Characteristic Value 

Median age – years (range) 66 (40 – 86) 

Gender – number (%) 
   Male 
   Female 

 
21/43 (49) 
22/43 (51) 

Hepatitis C infection – number (%)* 4/34 (12) 

MZL subtype – number (%) 
   MALT lymphoma 
   Splenic MZL 
   Nodal MZL 

 
16/43 (37) 
12/43 (28) 
15/43 (35) 

Transformation at the time of MZL diagnosis – 
number (%)† 

15/43 (35) 

Transformed lymphoma subtype – number (%) 
   DLBCL 
   cHL 
   Composite lymphoma‡ 

 
39/43 (91) 
1/43 (2) 
3/43 (7) 

DLBCL COO – number (%) 
   Germinal centre B-cell phenotype 
   Non-germinal centre B-cell phenotype 

 
7/25 (28) 
18/25 (72) 

tMZL stage – number (%) 
   Early (stage 1 – 2) 
   Advanced (stage 3 – 4) 

 
10/39 (26) 
29/39 (74) 

Elevated LDH level – number (%) 17/37 (46) 

Central nervous system involvement –  
number (%)§ 

3/43 (7) 

MZL, marginal zone lymphoma; MALT, mucosa-associated lymphoid tissue; DLBCL, diffuse large B-cell lymphoma; cHL, classical Hodgkin lymphoma; COO, 

cell of origin; tMZL, transformed marginal zone lymphoma; LDH, lactate dehydrogenase 

*75% (3/4) of hepatitis C infection cases underwent transformation from MALT lymphoma 

†Biopsy proven transformation within 3 months of MZL diagnosis 

‡An aggressive, high-grade lymphoma and a second, non-MZL lymphoma detected in the same biopsy 

§Central nervous system involvement at any time after tMZL diagnosis 

Table 1 

Patient demographics and clinical features of the cohort at the time of tMZL diagnosis 

Transformation from each of the three main subtypes of MZL was adequately represented in 

this cohort: 16 MALT lymphomas, 12 splenic MZLs and 15 nodal MZLs. Of note, approximately 

a third of patients had transformation at the time of MZL diagnosis as defined by biopsy proven 

transformation within 3 months of MZL diagnosis. The median time to transformation amongst 

the patients who underwent transformation after the time of MZL diagnosis was 54.4 months 

(range = 3 – 270 months). 

As expected, the vast majority of transformations were to DLBCL (39/43, 91%). Of these, COO 

classification data was available for 25 cases. The majority (18/25, 72%) were of the non-

germinal centre B-cell (non-GCB) phenotype, in keeping with the post-germinal centre origin of 

MZL, as discussed above. 

Sufficient clinical data was available to assign tMZL stage in 91% (39/43) of cases. 

Approximately three quarters (29/39, 74%) of such cases were of advanced stage at the time of 

tMZL diagnosis. 

The majority (36/43, 84%) of cases received anthracycline containing chemoimmunotherapy 

such as R-CHOP (rituximab and cyclophosphamide/doxorubicin/vincristine/prednisolone) as first 

line treatment at the time of tMZL diagnosis (Table 2). Of note, only a single case received 

anthracycline containing chemoimmunotherapy prior to the time of tMZL diagnosis. 
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First line treatment of tMZL Number (%) 

R-CHOP 31/43 (72) 

R-HyperCVAD 2/43 (5) 

R-CHEP 2/43 (5) 

R-CVP 1/43 (2) 

R-ICE 2/43 (5) 

R-ABVD 1/43 (2) 

Radiotherapy* 2/43 (5) 

Palliative radiotherapy/steroids/no treatment 2/43 (5) 
tMZL, transformed marginal zone lymphoma; R-CHOP, rituximab and cyclophosphamide/doxorubicin/vincristine/prednisolone; R-HyperCVAD, rituximab and 

fractionated cyclophosphamide/vincristine/doxorubicin/dexamethasone alternating with high dose methotrexate/cytarabine; R-CHEP, rituximab and 

cyclophosphamide/doxorubicin/etoposide/prednisolone; R-CVP, rituximab and cyclophosphamide/vincristine/prednisolone; R-ICE, rituximab and 

ifosfamide/carboplatin/etoposide; R-ABVD, rituximab and doxorubicin/bleomycin/vinblastine/dacarbazine 

*Radiotherapy delivered alone as definitive treatment in the setting of early stage disease 

Table 2 

First line treatments delivered at the time of tMZL diagnosis 

Forty one patients received first line treatment with curative intent – 39 received 

chemoimmunotherapy and two received radiotherapy delivered alone as definitive treatment in 

the setting of early stage disease. Two patients did not receive first line treatment with curative 

intent and were therefore removed from subsequent outcomes analyses. 

The CR rate after first line treatment was 80% (33/41). Of note, 50% (2/4) of the patients who 

underwent disease progression immediately after first line treatment were transformations to 

aggressive, high-grade lymphomas other than DLBCL (one cHL and one composite lymphoma). 

Median progression free survival (PFS) and OS were 37 months and 76 months respectively 

(Figure 1). 
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Figure 1 

Survival curves of tMZL patients who received first line treatment with curative intent: 

 A – Median PFS = 37 months 

 B – Median OS = 76 months 

Of the clinical features assessed at the time of tMZL diagnosis only age less than 60 years and 

early stage disease were statistically significantly (p<0.05) associated with favourable outcomes 

(Figure 2 and Figure 3). 
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Figure 2 

Survival curves by age at the time of tMZL diagnosis: 

 A – Median PFS 

o Age <60 = not reached 
o Age ≥60 = 15.5 months 

 B – Median OS 

o Age <60 = not reached 
o Age ≥60 = 76 months 
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Figure 3 

Survival curves by tMZL stage at the time of tMZL diagnosis: 

 A – Median PFS 

o Early (stage 1 – 2) = 20 months 
o Advanced (stage 3 – 4) = 89 months 

 B – Median OS 

o Early (stage 1 – 2) = 60 months 
o Advanced (stage 3 – 4) = 116 months 

Neither the median PFS nor the median OS were reached for younger patients. Older patients 

had a median PFS and median OS of 15.5 months (p=0.024) and 72 months (p=0.034) 

respectively. 

The median PFS for early stage versus advanced stage disease was 20 months versus 89 

months (p=0.003). The median OS for early stage versus advanced stage disease was 60 

months versus 116 months and showed a trend towards statistical significance (p=0.075). 
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None of the other clinical features assessed at the time of tMZL diagnosis were associated with 

clinical outcome. These included MZL subtype, transformation at the time of MZL diagnosis or 

early transformation (within one or two years of MZL diagnosis) versus later transformation and 

elevated LDH level. The attainment of CR versus non-CR after first line treatment and the use 

of autologous stem cell transplantation (AutoSCT) as consolidation after first line treatment were 

also not associated with clinical outcome. However, the median PFS for the attainment of CR 

versus non-CR after first line treatment was 41 months versus 8 months and showed a trend 

towards statistical significance (p=0.053) (Figure 4). 

0 50 100 150
0

50

100

Progression Free Survival

Months

P
e
rc

e
n

t 
s
u

rv
iv

a
l

CR

Non-CR

 

0 50 100 150 200
0

50

100

Overall Survival

Months

P
e
rc

e
n

t 
s
u

rv
iv

a
l

CR

Non-CR

 

CR, complete remission 

  

A 

B 

8 41 

76 

p=0.053 

p=0.314 



120 
 

Figure 4 

Survival curves by the attainment of CR after first line treatment: 

 A – Median PFS 

o CR = 41 months 
o Non-CR = 8 months 

 B – Median OS 

o CR = 76 months 
o Non-CR = not reached 

FFPE samples containing tMZL from patients included in the study yielded sufficient DNA for 

Peter MacCallum Cancer Centre PanHaem hybridisation capture panel testing in 25 cases (nine 

transformed MALT lymphomas, six transformed splenic MZLs and 10 transformed nodal MZLs). 

Potentially pathogenic variants detected by the Peter MacCallum Cancer Centre PanHaem 

hybridisation capture panel are reported below (Table 3). The median number of potentially 

pathogenic variants detected per patient was 10 (range = 4 – 19 potentially pathogenic 

variants). 

 Gene Transcript Variant VAF Coverage 

Case 
1 

LYST NM_000081.3 c.8662G>A;p.Ala2888Thr 12.94 255 

CD79B NM_000626.2 c.550-1G>A 16.67 108 

IRF4 NM_002460.3 c.208C>G;p.Leu70Val 39.49 157 

BRD2 NM_005104.3 c.1964A>G;p.Asn655Ser 25.84 178 

PIM1 NM_002648.3 c.-4_5del;p.? 26.25 259 

STIL NM_003035.2 c.2530T>C;p.Ser844Pro 48.81 252 

Case 
2 

FANCI NM_001113378.1 c.2447C>T;p.Ala816Val 42.65 136 

MYD88 NM_002468.4 c.430G>A;p.Val144Met 14.77 88 

MYD88 NM_002468.4 c.728G>A;p.Ser243Asn 20.79 101 

PLCG1 NM_002660.2 c.1816C>T;p.Gln606* 50.49 103 

P2RY8 NM_178129.4 c.847T>C;p.Cys283Arg 23.81 84 

Case 
3 

KRAS NM_033360.2 c.38G>A;p.Gly13Asp 40.17 361 

TP53 NM_000546.5 c.596G>A;p.Gly199Glu 68.09 257 

CCND3 NM_001760.3 c.787_797dup; 
p.Lys268Alafs*40 

28.51 221 

NFKBIE NM_004556.2 c.1025G>T;p.Cys342Phe 37.93 348 

NFKBIE NM_004556.2 c.759_762del; 
p.Tyr254Serfs*13 

37.03 316 

KLF2 NM_016270.2 c.76-1G>A 32.61 230 

KMT2D NM_003482.3 c.8429T>A;p.Leu2810* 44.17 326 

BTG1 NM_001731.2 c.145G>A;p.Ala49Thr 48.15 324 

BTK NM_000061.2 c.1978T>C; 
p.*660Argext*4 

44.51 346 

CUL4B NM_003588.3 c.1912G>A;p.Gly638Arg 41.26 223 

IRF4 NM_002460.3 c.38G>A;p.Gly13Asp 32.29 319 

IRF4 NM_002460.3 c.54C>G;p.Ser18Arg 28.12 345 

IRF4 NM_002460.3 c.118C>G;p.Leu40Val 36.68 349 

IRF4 NM_002460.3 c.121G>A;p.Val41Met 37.25 349 

IRF4 NM_002460.3 c.172_173delinsAA; 
p.Gly58Asn 

36.69 357 

MTOR NM_004958.3 c.5683T>G;p.Ser1895Ala 34.08 358 

Case 
4 

BRAF NM_004333.4 c.1799T>A;p.Val600Glu 22.04 363 

UNC80 NM_182587.3 c.261C>G;p.His87Gln 18.21 357 

KMT2D NM_003482.3 c.10355+2T>A 23.16 285 

CDH23 NM_052836.3 c.748C>T;p.Pro250Ser 47.59 353 

PDS5B NM_015032.3 c.3073C>G;p.Leu1025Val 16.24 271 
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Case 
5 

KMT2A NM_005933.3 c.9382G>A;p.Gly3128Ser 52.90 155 

IGLL5 NM_001178126.1 c.99G>T;p.Met33Ile 46.95 279 

BCR NM_004327.3 c.178C>G;p.Gln60Glu 34.13 334 

MYC NM_002467.4 c.419T>G;p.Ile140Ser 48.96 288 

ZAP70 NM_001079.3 c.913C>T;p.Pro305Ser 47.45 333 

MYC NM_002467.4 c.458T>C;p.Phe153Ser 54.81 270 

MYC NM_002467.4 c.490C>G;p.Leu164Val 49.62 266 

MYC NM_002467.4 c.560C>G;p.Ser187Cys 49.10 279 

FOXO1 NM_002015.3 c.1_6del;p.? 17.07 82 

P2RY8 NM_178129.4 c.655A>C;p.Lys219Gln 24.30 251 

MGA NM_001164273.1 c.2255T>A;p.Leu752* 83.78 333 

ATR NM_001184.3 c.5863C>G;p.Leu1955Val 36.99 319 

Case 
6 

RAD51C NM_058216.2 c.1103G>A;p.Arg368Gln 27.10 321 

KMT2C NM_170606.2 c.7364_7365dup; 
p.Ala2456Metfs*21 

10.16 305 

PIM1 NM_002648.3 c.73C>G;p.Leu25Val 17.47 269 

KLF2 NM_016270.2 c.416G>A;p.Gly139Glu 58.76 97 

MKI67 NM_002417.4 c.7864C>G;p.Leu2622Val 20.98 305 

Case 
7 

FUBP1 NM_003902.3 c.1642C>T;p.Gln548* 16.52 339 

GFI1 NM_005263.3 c.331G>A;p.Glu111Lys 14.10 383 

KMT2C NM_170606.2 c.13768C>T; 
p.Arg4590Cys 

29.86 278 

RARA NM_000964.3 c.880C>T;p.Arg294Trp 17.45 321 

RARA NM_000964.3 c.1172-1G>A 12.70 126 

TNFRSF14 NM_003820.2 c.472C>T;p.Gln158* 15.72 229 

ARID1A NM_006015.4 c.335C>T;p.Ala112Val 15.00 280 

CD79B NM_000626.2 c.479_483del; 
p.Gly160Aspfs*24 

17.17 297 

RUNX1 NM_001754.4 c.7T>C;p.Ser3Pro 13.91 345 

IGLL5 NM_001178126.1 c.188T>G;p.Leu63Arg 31.28 195 

IGLL5 NM_001178126.1 c.197T>C;p.Leu66Pro 29.70 165 

SGK1 NM_005627.3 c.850G>T;p.Gly284* 17.92 318 

SGK1 NM_005627.3 c.2T>G;p.? 15.56 315 

BCR NM_004327.3 c.206G>A;p.Ser69Asn 19.43 314 

Case 
8 

NRAS NM_002524.4 c.183A>T;p.Gln61His 24.51 359 

TP53 NM_000546.5 c.743G>A;p.Arg248Gln 41.10 292 

SF3B1 NM_012433.2 c.2584G>A;p.Glu862Lys 24.36 353 

CCND3 NM_001760.3 c.850C>T;p.Pro284Ser 26.77 310 

DDX3X NM_001356.3 c.1463G>T;p.Arg488Leu 51.37 292 

ZMYM3 NM_201599.2 c.3880_3882dup; 
p.Arg1294dup 

48.01 302 

TRAF5 NM_004619.3 c.657G>T;p.Glu219Asp 17.65 357 

TRAF5 NM_004619.3 c.786del; 
p.Glu262Aspfs*10 

18.68 348 

SMARCB1 NM_003073.3 c.1091_1093del; 
p.Lys364del 

62.01 329 

ANKRD26 NM_014915.2 c.2227A>G;p.Lys743Glu 32.48 351 

ARID1A NM_006015.4 c.987_989delinsA; 
p.Ala330Glyfs*69 

33.64 214 

Case 
9 

EBF1 NM_024007.3 c.148del;p.Ala50Profs*71 10.12 326 

BCL2 NM_000633.2 c.397G>A;p.Val133Met 18.71 278 

BCL2 NM_000633.2 c.386G>A;p.Arg129His 10.71 280 

BCL2 NM_000633.2 c.260G>A;p.Ser87Asn 16.56 151 

BCL2 NM_000633.2 c.205A>G;p.Thr69Ala 22.76 145 

BCL2 NM_000633.2 c.60T>G;p.His20Gln 18.21 357 

BCL2 NM_000633.2 c.140G>A;p.Gly47Asp 17.21 215 

BCL2 NM_000633.2 c.392C>T;p.Ala131Val 23.13 281 

PIM1 NM_002648.3 c.286G>A;p.Val96Met 22.65 309 
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 PIM1 NM_002648.3 c.511G>A;p.Glu171Lys 21.93 301 

PIM1 NM_002648.3 c.549G>C;p.Lys183Asn 22.36 313 

FBXW7 NM_033632.3 c.1153A>C;p.Thr385Pro 23.14 363 

FAT1 NM_005245.3 c.9425C>T;p.Thr3142Met 17.12 333 

EP300 NM_001429.3 c.4340T>A;p.Ile1447Asn 18.73 363 

EGR1 NM_001964.2 c.46A>G;p.Ile16Val 21.99 332 

HIST1H1C NM_005319.3 c.193G>C;p.Ala65Pro 20.23 346 

HIST1H1E NM_005321.2 c.272G>A;p.Gly91Asp 21.34 253 

HIST1H1E NM_005321.2 c.491C>T;p.Ala164Val 21.16 293 

HIST1H1D NM_005320.2 c.299C>A;p.Thr100Asn 18.06 299 

Case 
10 

NOTCH1 NM_017617.3 c.2080G>A;p.Glu694Lys 50.42 236 

FGFR3 NM_000142.4 c.1150T>C;p.Phe384Leu 52.52 318 

ATR NM_001184.3 c.6394T>G;p.Tyr2132Asp 50.69 290 

POT1 NM_015450.2 c.903G>T;p.Gln301His 59.93 277 

CXCR4 NM_003467.2 c.392G>A;p.Ser131Asn 34.87 238 

TCF3 NM_001136139.2 c.1438G>A;p.Asp480Asn 48.88 223 

P2RY8 NM_178129.4 c.116C>T;p.Pro39Leu 56.61 295 

NCOR2 NM_006312.5 c.1526_1531del; 
p.Gln509_Gln510del 

26.50 117 

PHF6 NM_001015877 c.535dup; 
p.Thr179Asnfs*11 

64.31 283 

FANCM NM_020937.2 c.4102G>T;p.Val1368Leu 32.17 286 

FBXW7 NM_033632.3 c.45_46insCCT; 
p.Thr15_Gly16insPro 

45.07 284 

Case 
11 

MYD88 NM_002468.4 c.649G>T;p.Val217Phe 26.02 342 

FAT3 NM_001008781.2 c.905C>T;p.Ser302Phe 33.33 99 

ARID1A NM_006015.4 c.595C>T;p.Gln199* 22.36 313 

RUNX1 NM_001754.4 c.1277_1278ins 
CCCCCCCC; 
p. Arg427Profs*170 

30.95 84 

IGLL5 NM_001178126.1 c.206G>C;p.Arg69Thr 18.45 271 

PIM1 NM_002648.3 c.21C>G;p.Asn7Lys 23.81 336 

PIM1 NM_002648.3 c.327G>A;p Trp109* 21.43 294 

BCR NM_004327.3 c.104T>A;p.Leu35Gln 26.76 340 

KMT2D NM_003482.3 c.5983_5986del; 
p.Gly1995Serfs*51 

41.67 324 

XBP1 NM_005080.3 c.155G>A;p.Ser52Asn 30.31 254 

FAS NM_000043.4 c.676+1_676+2insT 23.83 386 

ITPKB NM_002221.3 c.334C>T;p.Gln112* 24.60 248 

DTX1 NM_004416.2 c.662C>A;p.Ser221* 20.93 86 

CREBBP NM_004380.2 c.4477dup; 
p.Ile1493Asnfs*26 

30.47 256 

NOTCH2 NM_024408.3 c.7198C>T;p.Arg2400* 77.94 136 

SOCS1 NM_003745.1 c.530T>C;p.Leu177Pro 17.93 145 

SOCS1 NM_003745.1 c.330C>G;p.Asn110Lys 12.45 233 

Case 
12 

MKI67 NM_002417.4 c.3059A>C;p. His1020Pro 44.06 261 

PRDM1 NM_001198.3 c.1456G>T;p. Glu486* 57.08 233 

CFI NM_000204.3 c.48G>T;p. Arg16Ser 45.90 329 

UNC80 NM_182587.3 c.9490C>A;p.Gln3164Lys 43.73 263 

MED12 NM_005120.2 c.2611C>T;p. Gln871* 17.36 265 

CD79A NM_001783.3 c.524_525del; 
p.Gly175Valfs*6 

30.56 144 

PTPN6 NM_002831.5 c.1679A>G;p. Lys560Arg 47.99 298 

CREBBP NM_004380.2 c.693_694delinsAT; 
p.Met231_Leu2442 
delinsIle 

34.55 275 
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Case 
13 

CTC1 NM_025099.5 c.1264G>A;p.Ala422Thr 26.80 291 

ETS1 NM_005238.3 c.82+1G>T 31.94 310 

KMT2D NM_003482.3 c.4490_4491del; 
p.His1497Leufs*30 

29.84 248 

FAS NM_000043.4 c.679_682delinsATATTT; 
p. Val227Ilefs*4 

23.56 191 

SOCS1 NM_003745.1 c.16C>T;p.Gln6* 59.38 224 

ARID1A NM_006015.4 c.961_986dup; 
p.Ala330Argfs*42 

24.19 124 

WHSC1 NM_133330.2 c.2972A>G;p.Tyr991Cys 28.98 314 

ZBTB7A NM_015898.2 c.1402T>A;p.Cys468Ser 29.35 310 

SLC2A12 NM_145176.2 c.1082T>A;p.Met361Lys 27.06 255 

CARD11 NM_032415.4 c.1013A>G;p.Asp338Gly 25.15 338 

SF3B1 NM_012433.2 c.2584G>A;p.Glu862Lys 25.88 340 

Case 
14 

BRAF NM_004333.4 c.1803A>C;p.Lys601Asn 42.40 342 

FAS NM_000043.4 c.691_695delinsTAATT; 
p.Lys231* 

38.05 226 

IGLL5 NM_001178126.1 c.131_196del; 
p.Ala44_Leu66delinsVal 

57.60 125 

TET2 NM_001127208.2 c.2387_2388dup; 
p.Phe797Serfs*17 

42.40 250 

FAM46C NM_017709.3 c.209G>A;p.Arg70Gln 35.06 174 

SALL3 NM_171999.3 c.3749del; 
p.Leu1250Profs*54 

36.93 287 

TNFAIP3 NM_006290.3 c.401_402ins 
AGCTCAAGGAAACAGA; 
p.Asp134Glufs*11 

73.04 204 

CD274 NM_014143.3 c.247C>T;p.Gln83* 85.08 315 

PAX5 NM_016734.2 c.26C>T;p.Thr9Ile 40.31 382 

B2M NM_004048.2 c.33_37del; 
p.Leu13Serfs*42 

38.98 354 

TNFRSF14 NM_003820.2 c.1A>G;p.? 85.29 272 

TET2 NM_001127208.2 c.5618T>C;p.Ile1873Thr 43.52 216 

Case 
15 

KMT2D NM_003482.3 c.12772_12776del; 
p.Gly4258Profs*74 

45.35 258 

TBL1XR1 NM_024665.4 c.1055T>A;p.Val352Glu 40.00 310 

TBL1XR1 NM_024665.4 c.503A>C;p.His168Pro 31.07 338 

TBL1XR1 NM_024665.4 c.483A>T;p.Lys161Asn 37.08 356 

NOTCH4 NM_004557.3 c.2048G>C;p.Trp683Ser 70.61 262 

CSMD1 NM_033225.5 c.4448T>G;p.Val1483Gly 42.89 380 

CREBBP NM_004380.2 c.3955C>T;p.Arg1319* 23.12 333 

TNFAIP3 NM_006290.3 c.294_295insG;p.Asp100* 78.41 264 

NOTCH2 NM_024408.3 c.6351_6360dup; 
p.Lys2121* 

33.85 192 

CCND1 NM_053056.2 c.854G>A;p.Cys285Tyr 39.06 297 

Case 
16 

CARD11 NM_032415.4 c.688G>A;p.Asp230Asn 21.87 343 

EGR1 NM_001964.2 c.938C>A;p.Ser313Tyr 52.74 237 

PTPN6 NM_002831.5 c.330G>A;p.Trp110* 11.35 282 

IGLL5 NM_001178126.1 c.127G>C;p.Val43Leu 16.97 271 

LYST NM_000081.3 c.6988C>G;p.Leu2330Val 46.59 352 

BTG1 NM_001731.2 c.200A>T;p.Tyr67Phe 12.14 346 

HIST1H1E NM_005321.2 c.209G>C;p.Gly70Ala 12.88 264 

FAS NM_000043.4 c.676G>A;p.Asp226Asn 12.46 353 

CD70 NM_001252.3 c.196+2T>G 27.87 366 

AK2 NM_013411.4 c.496_500dup; 
p.Ile167Metfs*8 

10.40 327 
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Case 
17 

SMARCA4 NM_003072.3 c.2342T>G;p.Met781Arg 44.74 304 

TP53 NM_000546.5 c.246_252del; 
p.Ala83Leufs*38 

39.02 82 

TRAF2 NM_021138.3 c.346G>A;p.Gly116Arg 28.08 203 

CCND2 NM_001759.3 c.839C>A;p.Thr280Asn 38.06 310 

MGA NM_001164273.1 c.6117_6121del; 
p.Glu2040Leufs*8 

32.96 270 

CDH23 NM_052836.3 c.611C>T;p.Thr204Met 38.71 217 

TBL1XR1 NM_024665.4 c.977_979del; 
p.Ser326del 

39.32 323 

KLHL6 NM_130446.2 c.289T>C;p.Phe97Leu 24.35 271 

KLHL6 NM_130446.2 c.257A>G;p.His86Arg 23.73 295 

NOTCH4 NM_004557.3 c.42_47del; 
p.Leu15_Leu16del 

13.16 114 

Case 
18 

BCL7A NM_020993.3 c.12G>C;p.Arg4Ser 36.73 422 

CREBBP NM_004380.2 c.4504T>C;p.Trp1502Arg 82.80 343 

MEP1B NM_005925.2 c.1512A>T;p.Gln504His 17.87 291 

EP300 NM_001429.3 c.974C>G;p.Ser325Cys 26.29 194 

TNFRSF14 NM_003820.2 c.632T>A;p.Val211Asp 81.90 326 

FAT4 NM_024582.4 c.12674G>T; 
p.Arg4225Leu 

15.52 335 

FAT1 NM_005245.3 c.4263G>T;p.Gln1421His 21.02 352 

KMT2D NM_003482.3 c.15536G>A; 
p.Arg5179His 

40.36 280 

KMT2D NM_003482.3 c.1940dup; 
p.Pro648Thrfs*2 

40.00 80 

TP53 NM_000546.5 c.743G>A;p.Arg248Gln 63.83 282 

MKI67 NM_002417.4 c.4991_4992del; 
p.Thr1664Argfs*7 

10.70 215 

Case 
19 

KLF2 NM_016270.2 c.120_141del; 
p.Asp40Glufs*94 

18.35 327 

KLF2 NM_016270.2 c.815dup; 
p.His272Glnfs*28 

26.53 196 

EZH2 NM_004456.4 c.361A>C;p.Met121Leu 37.68 284 

CFH NM_000186.3 c.2400A>C;p.Glu800Asp 28.33 240 

IGLL5 NM_001178126.1 c.163T>C;p.Ser55Pro 38.74 191 

RASA2 NM_006506.2 c.836T>A;p.Leu279* 34.80 296 

CHEK2 NM_007194.3 c.980A>G;p.Tyr327Cys 38.16 228 

TBL1XR1 NM_024665.4 c.772del;p.Ala259Leufs*4 31.10 283 

NOTCH2 NM_024408.3 c.7198C>T;p.Arg2400* 77.74 292 

Case 
20 

ARID1A NM_006015.4 c.6527_6528del; 
p.Gln2176Argfs*48 

10.66 272 

SMARCA4 NM_003072.3 c.934_935insG; 
p.Ser312Cysfs*75 

11.66 223 

KMT2D NM_003482.3 c.15628T>C; 
p.Tyr5210His 

10.19 265 

ATR NM_001184.3 c.6646del; 
p.Thr2216Leufs*3 

50.00 298 

NOTCH1 NM_017617.3 c.7541_7542del; 
p.Pro2514Argfs*4 

11.63 301 

MEF2B NM_001145785.1 c.937A>C;p.Thr313Pro 18.06 216 

Case 
21 

TP53 NM_000546.5 c.517G>T;p.Val173Leu 14.29 273 

STAT6 NM_001178078.1 c.1114G>A;p.Glu372Lys 17.14 210 

KMT2D NM_003482.3 c.4135_4136del; 
p.Met1379Valfs*52 

13.65 315 

CUL4B NM_003588.3 c.1405C>T;p.Arg469* 29.25 212 

CTC1 NM_025099.5 c.3541T>G;p.Cys1181Gly 17.56 353 

BIRC2 NM_001166.4 c.1714A>G;p.Lys572Glu 16.38 287 
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 FAT4 NM_024582.4 c.755G>T;p.Ser252Ile 48.69 191 

IGLL5 NM_001178126.1 c.167T>C;p.Val56Ala 17.13 251 

Case 
22 

ARID1A NM_006015.4 c.338_342dup;p.Asn115* 31.90 232 

HIST1H1E NM_005321.2 c.347C>G;p.Ala116Gly 27.97 261 

LTB NM_002341.1 c.179A>G;p.Asp60Gly 32.46 345 

FAS NM_000043.4 c.818A>G;p.Gln273Arg 70.62 337 

CD37 NM_001774.2 c.52T>G;p.Phe18Val 40.24 333 

SMARCAL1 NM_014140.3 c.1079T>C;p.Met360Thr 47.41 348 

FAT4 NM_024582.4 c.8093G>T;p.Gly2698Val 30.32 277 

PLCG2 NM_002661.3 c.580A>G;p.Lys194Glu 50.00 344 

TNFAIP3 NM_006290.3 c.1067G>A;p.Trp356* 64.17 321 

KMT2D NM_003482.3 c.8083_8128del; 
p.Ile2695Leufs*23 

26.14 176 

MED12 NM_005120.2 c.6256_6258del; 
p.Gln2086del 

11.25 80 

HIST1H1E NM_005321.2 c.578C>T;p.Ala193Val 27.78 342 

CCND3 NM_001760.3 c.811dup; 
p.Arg271Profs*53 

30.20 298 

NFKBIE NM_004556.2 c.759_762del; 
p.Tyr254Serfs*13 

32.97 279 

Case 
23 

ZBTB7A NM_015898.2 c.927del; 
p.Asp310Thrfs*14 

27.72 267 

CCND3 NM_001760.3 c.848C>A;p.Thr283Asn 31.56 301 

KLF2 NM_016270.2 c.427G>T;p.Gly143* 41.18 85 

KLF2 NM_016270.2 c.862C>G;p.His288Asp 27.82 417 

ARID1A NM_006015.4 c.6606_6619del; 
p.Ser2202Argfs*18 

22.22 315 

TNFAIP3 NM_006290.3 c.463del; 
p.Thr155Argfs*61 

66.55 287 

UNC80 NM_182587.3 c.5474C>T;p.Thr1825Met 48.39 310 

UNC80 NM_182587.3 c.8645G>A;p.Arg2882His 27.94 315 

EGFR NM_005228.3 c.41del;p.Leu14Argfs*66 33.41 428 

STAT6 NM_001178078.1 c.2449T>C;p.Ser817Pro 15.02 213 

BTG1 NM_001731.2 c.99_109del; 
p.Glu34Alafs*16 

22.28 395 

NOTCH2 NM_024408.3 c.6909del; 
p.Ile2304Leufs*2 

29.45 146 

IGLL5 NM_001178126.1 c.325G>A;p.Gly109Ser 21.95 287 

Case 
24 

TP53 NM_000546.5 c.949C>T;p.Gln317* 17.03 323 

TNFAIP3 NM_006290.3 c.1005dup; 
p.Pro336Thrfs*9 

23.63 237 

FAT1 NM_005245.3 c.4902T>A;p.Asp1634Glu 11.64 318 

NOTCH1 NM_017617.3 c.7470C>A;p.Tyr2490* 18.32 273 

Case 
25 

KRAS NM_033360.2 c.35G>T;p.Gly12Val 27.56 352 

FANCD2 NM_001018115.1 c.1156T>G;p.Phe386Val 17.56 336 

TBL1XR1 NM_024665.4 c.1100G>T;p.Cys367Phe 10.86 350 

KMT2D NM_003482.3 c.13878dup; 
p.Pro4627Alafs*20 

13.75 80 

IGLL5 NM_001178126.1 c.170_172delinsCAG; 
p.Gly57_Ser58 
delinsAlaGly 

10.68 281 

IGLL5 NM_001178126.1 c.203G>A;p.Gly68Asp 10.15 197 
 

Table 3 

Potentially pathogenic variants detected per tMZL patient 



126 
 

CNVs detected by the Peter MacCallum Cancer Centre PanHaem hybridisation capture panel 

are reported below (Table 4). The median number of CNVs detected per patient was 6 (range = 

0 – 25 CNVs). 

 

 Chromosome 
arm 

Gain versus loss 
(copy number) 

Global versus focal CNV 
(cytobands affected)* 

Case 1 1q Gain (3) Focal (21.2 – 32.1) 

3p Gain (3) Global 

3q Gain (3) Global 

8q Gain (3) Focal (22.3 – 24.3) 

8q Loss (1) Focal (24.3) 

9p Loss (1) Focal (21.3) 

9p Gain (3) Focal (12 – 13.3) 

9q Gain (3) Focal (31.3 – 34.2) 

11q Loss (1) Focal (13.3 – 13.4) 

11q Gain (3) Focal (22.1 – 24.3) 

12p Loss (1) Global 

12q Gain (3) Focal (12 – 21.33) 

14q Loss (1) Focal (32.2 – 32.33) 

15q Loss (1) Focal (21.1 – 22.2) 

16q Loss (1) Focal (12.1 – 21) 

18p Gain (3) Global 

18q Gain (3) Global 

Yp Loss (1) Global 

Yq Loss (1) Global 

Case 2 8q Loss (1) Focal (24.3) 

Xp Loss (1) Focal (11.3 – 22.33) 

Case 3 12p Gain (3) Global 

12q Gain (3) Global 

13q Gain (3) Focal (21.2 – 32.1) 

17p Gain (3) Focal (11.2 – 13.1) 

17p Loss (1) Focal (13.1 – 13.2) 

17p Gain (3) Focal (13.2 – 13.3) 

17q Gain (3) Global 

Xp Loss (1) Focal (22.33) 

Case 4 Nil Nil Nil 

Case 5 1p Loss (1) Global 

1q Gain (3) Global 

4p Loss (1) Focal (13 – 16.3) 

4q Loss (1) Global 

15q Loss (1) Global 

17q Loss (1) Focal (21.31) 

Xp Loss (1) Focal (22.33) 

Yp Loss (1) Global 

Yq Loss (1) Global 

Case 6 2p Gain (3) Focal (21 – 25.1) 

2q Gain (3) Global 

7p Gain (3) Focal (15.3 – 22.3) 

7q Gain (3) Focal (31.1 – 36.1) 

12p Gain (3) Global 

12q Gain (3) Global 

18q Gain (3) Focal (12.3 – 22.3) 

Case 7 7p Gain (3) Focal (15.3 – 22.1) 

7q Gain (3) Focal (11.23 – 36.3) 

8q Gain (3) Focal (12.1 – 24.22) 
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Case 8 5q Gain (3) Focal (13.2) 

6q Gain (3) Focal (16.1) 

11q Gain (4) Focal (12.1 – 12.2) 

11q Gain (3) Focal (13.1 – 13.2) 

11q Loss (1) Focal (13.2 – 13.3) 

11q Gain (3) Focal (13.3 – 13.4) 

11q Loss (1) Focal (13.4) 

11q Gain (3) Focal (13.4) 

11q Loss (1) Focal (13.4) 

11q Gain (3) Focal (14.1) 

11q Loss (1) Focal (14.1 – 22.1) 

11q Gain (3) Focal (22.1) 

11q Loss (1) Focal (22.1 – 22.3) 

11q Gain (4) Focal (22.3) 

11q Loss (1) Focal (22.3 – 23.3) 

11q Loss (1) Focal (23.3 – 24.1) 

11q Gain (4) Focal (24.1 – 24.2) 

11q Loss (1) Focal (24.2 – 25) 

14q Loss (1) Focal (32.31 – 32.33) 

17p Gain (3) Focal (11.2) 

17p Loss (1) Focal (11.2 – 13.3) 

19p Loss (1) Focal (13.3) 

Case 9 2p Gain (4) Focal (14 – 16.1) 

3p Gain (3) Global 

3q Gain (3) Global 

4p Loss (1) Focal (16.1 – 16.3) 

8q Gain (3) Focal (21.2 – 24.23) 

18q Gain (3) Global 

22q Loss (1) Focal (11.22) 

Case 10 1p Loss (1) Focal (31.1) 

1q Loss (1) Focal (32.1 – 42.13) 

2p Loss (1) Focal (11.2 – 15) 

3p Gain (3)  Focal (24.1 – 21.31) 

3q Loss (1) Focal (26.33 – 27.1) 

4p Loss (1) Focal (16.1 – 16.3) 

5q Loss (1) Focal (21.1 – 21.2) 

5q Loss (1) Focal (22.3) 

6q Loss (1) Focal (12 – 25.3) 

7p Gain (3) Global 

7q Gain (3) Global 

9p Loss (1) Focal (21.3) 

13q Loss (1) Focal (14.2 – 14.3) 

18p Loss (1) Global 

18q Gain (7) Focal (11.1 – 11.2) 

18q Gain (4) Focal (11.2 – 12.1) 

18q Loss (1) Focal (12.1 – 12.3) 

18q Gain (3) Focal (12.3) 

18q Gain (7) Focal (12.3 – 21.33) 

18q Loss (1) Focal (21.33 – 23) 

18q Gain (3) Focal (23) 

19p Loss (1) Focal (13.2 – 13.3) 

20q Loss (1) Focal (12 – 13.31) 

Xp Loss (1) Global 

Xq Loss (1) Global 

Case 11 1q Gain (3) Focal (21.1 – 32.1) 

6p Loss (1) Focal (21.32 – 21.33) 

6p Loss (1) Focal (22.2) 

21q Gain (3) Global 
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Case 12 1q Gain (3) Focal (21.1 – 32.1) 

3q Gain (3) Global 

4q Loss (1) Focal (21.1 – 22.1) 

6q Loss (1) Focal (13 – 22.1) 

7q Gain (3) Focal (11.22 – 22.1) 

8p Loss (1) Global 

9p Loss (1) Focal (21.3) 

13q Loss (1) Focal (14.2 – 14.3) 

17q Gain (4) Focal (21.31) 

18p Gain (3) Global 

18q Gain (3) Global 

22q Loss (1) Focal (11.22) 

Xp Loss (1) Global 

Case 13 1q Gain (3) Focal (21.1 – 32.1) 

3p Gain (3) Global 

3q Gain (3) Global 

9p Loss (1) Focal (21.3) 

Xp Loss (1) Global 

Xq Loss (1) Global 

Case 14 Xp Loss (1) Focal (22.33) 

Case 15 1p Loss (1) Focal (36.32) 

6p Loss (1) Focal (21.32 – 21.33) 

9p Gain (4) Focal (13.2) 

12q Gain (4) Focal (13.3) 

17q Gain (3) Focal (21.31 – 25.3) 

17q Loss (1) Focal (21.31) 

19p Loss (1) Focal (13.3) 

Xp Loss (1) Focal (22.33)  

Case 16 Nil Nil Nil 

Case 17 3q Gain (3) Focal (25.1 – 29) 

8p Loss (1) Global 

8q Gain (3) Global 

9p Loss (1) Focal (21.1 – 24.3) 

9p Gain (3) Focal (11.2 – 13.3) 

9q Gain (3) Focal (12 – 21.11) 

9q Loss (1) Focal (21.11 – 21.2) 

9q Gain (3) Focal (21.2 – 22.31) 

9q Loss (1) Focal (22.31 – 32) 

9q Gain (3) Focal (32 – 34.11) 

9q Loss (1) Focal (34.11 – 34.3) 

15q Gain (3) Focal (15.1 – 26.3) 

17p Loss (1) Focal (12 – 13.3) 

19q Loss (1) Focal (12 – 13.2) 

19q Loss (1) Focal (13.33 – 13.43) 

Case 18 2p Gain (3) Global 

2q Gain (3) Global 

2q Gain (4) Focal (15 – 16.1) 

3p Loss (1) Focal (11.1 – 24.3) 

3q Loss (1) Focal (11.1 – 13.2) 

3q Loss (1) Focal (28 – 29) 

5p Gain (3) Global 

5q Gain (3) Focal (11.1 – 23.1) 

6p Loss (1) Focal (21.31 – 22.1) 

6q Loss (1) Focal (14.1 – 15) 

6q Loss (1) Focal (16.1 – 27) 

7p Gain (3) Global 
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CNV, copy number variation 

*Global CNVs affect an entire chromosome arm 

Table 4 

CNVs detected per tMZL patient 

Genes considered to be recurrently mutated in this cohort of sequenced tMZL patients were 

those in which potentially pathogenic variants were detected in more than 15% of cases. 

Similarly, genomic regions considered to be recurrently affected by CNV were those in which 

the same area of amplification or deletion was detected in more than 15% of cases. Recurrently 

mutated genes as well as recurrent CNVs are reported below together with the cancer related 

genes potentially affected in the case of sufficiently focal (containing fewer than 50 genes) 

CNVs (Table 5 and Table 6). Cancer related genes were defined by their inclusion in the 

Bushman Lab allOnco_v3 cancer gene list (http://www.bushmanlab.org/links/genelists – last 

accessed 01/04/2018). The Bushman Lab allOnco_v3 cancer gene list contains 2027 genes 

and was compiled from a number of sources including the Atlas of Genetics and Cytogenetics in 

Oncology and Haematology database220 amongst others. 

  

 7q Gain (3) Global 

8p Loss (1) Global 

8q Loss (1) Global 

9p Gain (3) Global 

10p Gain (3) Focal (11.22) 

11q Loss (1) Focal (13.3 – 13.4) 

13q Gain (3) Focal (14.11 – 34) 

16q Loss (1) Global 

17p Loss (1) Global 

17q Gain (3) Global 

19p Loss (1) Focal (13.2 – 13.3) 

Case 19 1p Gain (6) Focal (12) 

1p Gain (6) Focal (13.2) 

2p Gain (6) Focal (15 – 16.1) 

2q Gain (3) Focal (31.1 – 33.2) 

Case 20 Nil Nil Nil 

Case 21 Nil Nil Nil 

Case 22 3p Gain (6) Focal (24.3 – 25.1) 

9p Loss (1) Focal (21.3) 

12q Gain (3) Focal (13.13 – 24.33) 

18p Loss (1) Global 

18q Gain (3) Focal (12.3 – 23) 

22q Loss (1) Focal (13.2 – 13.33) 

Case 23 7q Loss (1) Focal (31.31 – 35) 

19p Gain (3) Global 

19q Gain (3) Global 

Case 24 5q Loss (1) Focal (13.2) 

21q Gain (3) Focal (21.2 – 22.12) 

Case 25 12p Gain (3) Focal (11.23 – 12.3) 

Xp Loss (1) Focal (22.33) 

http://www.bushmanlab.org/links/genelists
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Gene function Gene Number of cases Recurrently mutated 
in MZL 

Lymphocyte 
development and/or 
signalling 

IGLL5 9 Y 

TNFAIP3 5 Y 

PIM1 4 Y* 

KLF2 4 Y 

Chromatin 
remodelling 

KMT2D 10 Y 

ARID1A 7 Y 

CREBBP 4 Y 

TBL1XR1 4 Y 

Notch signalling NOTCH2 4 Y 

Apoptosis FAS 5 Y 

DNA damage repair TP53 6 Y 

Cell cycle regulation CCND3 4 N 
MZL, marginal zone lymphoma; Y, yes; N, no 

*PIM1 mutations have been described in nodal MZL303 

Table 5 

Recurrently mutated genes detected in more than 15% of sequenced tMZL patients 

Chromosome 
arm 

Gain 
versus 
loss 

Global 
versus 
focal CNV 
(cytobands 
affected)* 

Number 
of 
cases 

Cancer 
related 
genes 
affected 

Cancer 
related gene 
function 

Recurrently 
affected by 
mutation 
and/or CNV 
in MZL 

9p Loss Focal 
(21.3) 

6 CDKN2A Cell cycle 
regulator229 

N 

CDKN2B Cell cycle 
regulator229 

N 

17p Loss Focal (13.1 
– 13.2) 

4 TP53 Regulator of 
DNA damage 
repair37 

Y 

CNV, copy number variation; MZL, marginal zone lymphoma; Y, yes; N, no 

*Global CNVs affect an entire chromosome arm 

Table 6 

Genomic regions amplified or deleted in more than 15% of sequenced tMZL patients together with potentially affected 

cancer related genes 

Genomic aberrations were detected in genes known to be recurrently affected by mutation 

and/or CNV in MZL in this cohort of sequenced tMZL patients. These include genes known to 

play a role in lymphocyte development and/or signalling, epigenetic regulation, Notch signalling, 

apoptosis and DNA damage repair, as described above. 

TP53 loss of function aberrations were detected in 24% (6/25) of sequenced tMZL patients. Of 

note, in each of the four cases in which a TP53 deletion was detected, a TP53 variant was also 

detected. This rate of detection is higher than that described for MZL and supports the findings 

of Du et al (described above) that suggest that TP53 dysregulation may be linked to 

transformation in MZL294. TP53 loss of function aberrations were detected across 

transformations from each of the three main subtypes of MZL: two transformed MALT 

lymphomas, three transformed splenic MZLs and one transformed nodal MZL. 

Genomic aberrations affecting genes involved in cell cycle regulation have not been described 

as recurrent in MZL. In this cohort of sequenced tMZL patients, genes involved in cell cycle 

regulation were found to be recurrently affected by mutation (CCND3) and/or deletion (CDKN2A 

and CDKN2B) in 36% (9/25) of cases. This finding implicates cell cycle dysregulation in the 
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pathogenesis of tMZL. Of note, a CCND3 variant together with CDKN2A and CDKN2B deletion 

were detected in the same case only once, suggesting that either mechanism may be sufficient 

to result in cell cycle dysregulation independently. Genomic aberrations affecting genes 

involved in cell cycle regulation were detected across transformations from each of the three 

main subtypes of MZL: one transformed MALT lymphoma, four transformed splenic MZLs and 

four transformed nodal MZLs. 

Genomic aberrations affecting genes associated with inferior outcomes in MZL (TP53, 

CDKN2A, CDKN2B, NOTCH2 and/or TNFAIP3) were detected in 64% (16/25) of sequenced 

tMZL patients and were not associated with clinical outcome. 

A search of institutional databases was undertaken to identify tMZL patients with an available 

FFPE sample containing MZL prior to the time of tMZL diagnosis. This was done in an attempt 

to investigate clonal evolution in general and the potential role of TP53 and cell cycle 

dysregulation in the pathogenesis of tMZL in particular. An appropriate FFPE sample was 

available and successfully sequenced in a single case (Table 7). 
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 MZL tMZL 

Variants 
detected in 
MZL alone 

BCR c.584A>G;p.Glu195Gly 
KMT2D c.3319A>C;p.Ser1107Arg 

NA 

Variants 
detected in 
both MZL 
and tMZL 

BTK c.1978T>C;p.*660Argext*4 
NFKBIE c.1025G>T;p.Cys342Phe 
NFKBIE c.759_762del;p.Tyr254Serfs*13 
KLF2 c.76-1G>A 
CUL4B c.1912G>A;p.Gly638Arg 
KMT2D c.8429T>A;p.Leu2810* 

Variants 
detected in 
tMZL only 

NA TP53 c.596G>A;p.Gly199Glu 
CCND3 c.787_797dup; 
p.Lys268Alafs*40 
KRAS c.38G>A;p.Gly13Asp 
MTOR c.5683T>G;p.Ser1895Ala 
BTG1 c.145G>A;p.Ala49Thr 
IRF4 c.38G>A;p.Gly13Asp 
IRF4 c.54C>G;p.Ser18Arg 
IRF4 c.118C>G;p.Leu40Val 
IRF4 c.121G>A;p.Val41Met 
IRF4 c.172_173delinsAA;p.Gly58Asn 

CNVs 
detected in    
MZL alone 

Nil NA 

CNVs 
detected in 
both MZL 
and tMZL 

Nil 

CNVs 
detected in    
tMZL alone 

NA Chromosome 
arm 

Gain 
versus 
loss 
(copy 
number) 

Global 
versus 
focal CNV 
(cytobands 
affected)* 

12p Gain (3) Global 

12q Gain (3) Global 

13q Gain (3) Focal 
(21.2 – 32.1) 

17p Gain (3) Focal 
(11.2 – 13.1) 

17p Loss (1) Focal 
(13.1 – 13.2) 

17p Gain (3) Focal 
(13.2 – 13.3) 

17q Gain (3) Global 

Xp Loss (1) Focal 
(22.33) 

MZL, marginal zone lymphoma; tMZL, transformed marginal zone lymphoma; NA, not applicable; CNV, copy number variation 

*Global CNVs affect an entire chromosome arm 

Table 7 

Genomic aberrations detected in MZL prior to and in tMZL at the time of tMZL diagnosis in a single case (case 3) 

In this case (case 3) both TP53 dysregulation (mutation and deletion) as well as cell cycle 

dysregulation (CCND3 mutation) were found to have developed at the time of tMZL diagnosis. 

Although this has only been directly observed in a single case, it does serve as supportive 

evidence that both TP53 and cell cycle dysregulation may play a role in the pathogenesis of 

tMZL. 



133 
 

Data concerning the translocation status of tMZL patients was available from two sources. The 

results of FISH testing for translocations involving MYC, BCL2 and/or BCL6 performed as part 

of routine testing were collated from the medical records of the participating sites, where 

available. In addition, sequencing-based detection of translocations involving the IGH locus was 

available for all cases that underwent Peter MacCallum Cancer Centre PanHaem hybridisation 

capture panel testing, a representative example of which is presented below (Figure 5). 

 

 

Figure 5 

Sequencing-based detection of a MYC-IGH translocation in case 5 visualised using Integrative Genomics Viewer – 

multiple individual reads are mapping to both the MYC locus on chromosome 8 and the IGH locus on chromosome 14 

indicating the presence of a translocation involving these genes 

FISH testing was performed in a minority of the 43 tMZL patients included in the analysis, likely 

due to the significant time period spanned by this study and the only relatively recent practice of 

routinely performing such testing for the prognostication of DLBCL2. Seven cases had MYC 

FISH and BCL2 FISH testing performed respectively, with three cases being tested by both. No 

cases underwent BCL6 FISH testing. The translocations detected in this cohort of tMZL patients 

are reported below (Table 8). 

 Translocations detected by FISH Translocations detected by sequencing 

Case 4 Not performed t(14;18), IGH-BCL2 

Case 5 Not performed t(2;14), ?-IGH 

t(8;14), MYC-IGH 

Case 7 Not performed t(3;14), BCL6-IGH 

Case 9 MYC translocation not detected t(14;18), IGH-BCL2 

BCL2 translocation not detected 

Case 11 Not performed t(3;14), BCL6-IGH 

Case 18 Not performed t(14;18), IGH-BCL2 

Case 26 MYC translocation detected Not performed 

BCL2 translocation detected 
FISH, fluorescence in situ hybridisation 

Table 8 

Translocations detected per tMZL patient 

Individual reads 

mapping to the 

IGH locus on 

chromosome 14 

Individual reads 

mapping to the 

MYC locus on 

chromosome 8 
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Of the seven cases in which translocations were detected, only a single case (case 9) was 

tested by both FISH and the Peter MacCallum Cancer Centre PanHaem hybridisation capture 

panel. A t(14;18) translocation involving BCL2 was detected by sequencing in this case, despite 

no translocation being detected by BCL2 FISH testing. While this single case does not prove 

that sequencing-based detection of translocations is of superior sensitivity compared with FISH 

testing, it does suggest that using these techniques in combination may add diagnostic value to 

the standard practice of using FISH testing alone.  

In total, 26 cases of transformation to DLBCL were evaluable for the presence of translocations 

involving MYC and BCL2 by FISH and/or by sequencing, with 25 being evaluable for the 

presence of translocations involving MYC, BCL2 and BCL6 by sequencing. Combinations of 

these translocations, termed “double hit” (translocations involving MYC and BCL2 or BCL6) and 

“triple hit” (translocations involving MYC and BCL2 and BCL6) lymphoma, are associated with 

the GCB phenotype and inferior outcomes2 304. Only a single case of “double hit” lymphoma was 

detected amongst the 26 evaluable cases, in keeping with the predominance of the non-GCB 

phenotype in this cohort of tMZL patients. 

Differential gene expression data from FFPE samples containing various aggressive, high-

grade B-cell NHLs (tMZL, de novo DLBCL and tFL) was compared in order to assess the 

biological relatedness of the three comparator groups. Assessing the biological relatedness of 

these three lymphomas is of interest given that the majority of cases of MZL that undergo high-

grade transformation transform into DLBCL and that in practice the management of tMZL is 

extrapolated from that of tFL. 

FFPE samples containing tMZL from patients included in the study yielded sufficient RNA for 

NanoString nCounter® Immunology Panel (Human V2) testing in 23 cases. NanoString (non-

sequencing-based gene transcript counting) was used in this study as RNA extracted from 

FFPE samples is often of insufficient quality for RNA sequencing. The NanoString nCounter® 

Immunology Panel (Human V2) was selected in order to facilitate direct comparison with an 

existing, in-house cohort of 59 de novo DLBCL cases previously run on this panel. Patients with 

tFL were identified and underwent RNA extraction using criteria analogous to those described 

above for tMZL patients. Appropriate FFPE samples were available and successfully tested by 

the NanoString nCounter® Immunology Panel (Human V2) in 16 cases for use as a third 

comparator group. As for tMZL, only samples containing an aggressive, high-grade lymphoma 

and with a tumour burden of >60% were included in the de novo DLBCL and tFL cohorts in 

order to ensure the comparability of the data. The contribution of non-tumour tissue to the 

analysis would therefore be limited to 40% at most. 

Principal component analysis did not identify a significant degree of differentiation amongst the 

three comparator groups (tMZL, de novo DLBCL and tFL) tested by the NanoString nCounter® 

Immunology Panel (Human V2) (Figure 6). 
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DLBCL, diffuse large B-cell lymphoma; tFL, transformed follicular lymphoma; tMZL, transformed marginal zone lymphoma; PC, principal component 

Figure 6 

Principal component analysis of the three comparator groups (tMZL, de novo DLBCL and tFL) tested by the NanoString 

nCounter® Immunology Panel (Human V2) 

When differential gene expression between the de novo DLBCL cohort and the tMZL cohort 

was assessed, 53 genes were found to be both statistically significantly (FDR<0.05) and 

biologically meaningfully (log2FC of ≤-1 or ≥1) differentially expressed (Table 9). Of these 53 

genes 51 (96.23%) were upregulated and two (3.77%) were downregulated in the tMZL cohort. 

Gene log2FC FDR 

TNFRSF13B 2.33 0.013220 

IL21 2.22 0.000072 

CR2 1.93 0.004199 

CXCL13 1.88 0.002680 

CD40LG 1.80 0.001399 

CTLA4 1.60 0.001298 

CCR6 1.60 0.000295 

CD19 1.56 0.000310 

CD6 1.53 0.000007 

KLRB1 1.52 0.008040 

CCL19 1.52 0.010717 

LTF 1.51 0.049519 

CD7 1.50 0.000295 

ITGAL 1.48 0.000017 

CTLA4.TM 1.42 0.002005 

ZAP70 1.41 0.000833 

TBX21 1.39 0.000042 

IL2RB 1.37 0.000090 
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SLAMF6 1.37 0.000007 

ICOS 1.35 0.001730 

GZMK 1.33 0.000397 

SH2D1A 1.32 0.000142 

PDCD1 1.32 0.001730 

CD2 1.27 0.000059 

LAG3 1.22 0.001482 

CD3E 1.21 0.000294 

IL12RB1 1.20 0.000059 

IRF4 1.20 0.045784 

IL18RAP 1.13 0.002968 

BATF 1.13 0.029299 

CD45RA 1.13 0.018483 

CD28 1.12 0.003216 

CR1 1.12 0.002372 

CXCR6 1.12 0.000114 

CD1A 1.11 0.012590 

TNFRSF4 1.11 0.001495 

FYN 1.10 0.000114 

SLAMF7 1.10 0.003713 

IL6 1.09 0.011777 

JAK3 1.09 0.000003 

FOXP3 1.09 0.027753 

IL21R 1.08 0.003713 

CD3D 1.07 0.002635 

TIGIT 1.07 0.001667 

TCF7 1.06 0.038437 

IL12B 1.06 0.010537 

TNFRSF1B 1.05 0.000096 

TNF 1.01 0.029998 

IL16 1.01 0.000134 

CD8A 1.00 0.010717 

CD97 1.00 2.09 x 10-7 

CD9 -1.17 0.022662 

FN1 -1.62 0.005747 
log2FC, log base 2 fold change; FDR, false discovery rate 

Table 9 

Differentially expressed genes (log2FC of ≤-1 or ≥1 and FDR<0.05) between the de novo DLBCL cohort and the tMZL 

cohort 

In contrast, when differential gene expression between the de novo DLBCL cohort and the tFL 

cohort was assessed no genes achieved an FDR of <0.05. 

Taken together, these observations suggests a greater degree of biological distinctness 

between de novo DLBCL and tMZL than between de novo DLBCL and tFL – at least when the 

expression of general immunology genes is considered. In addition, 44 genes were found to be 

both statistically significantly (FDR<0.05) and biologically meaningfully (log2FC of ≤-1 or ≥1) 

differentially expressed between the tFL cohort and the tMZL cohort, which serves as further 

supportive evidence that tMZL appears to be an entity distinct from both de novo DLBCL and 

tFL. 
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When differential gene expression between the de novo DLBCL cohort and all 39 transformed 

B-cell lymphomas (the tMZL cohort and the tFL cohort combined) was assessed, 8 genes were 

found to be both statistically significantly (FDR<0.05) and biologically meaningfully (log2FC of  

≤-1 or ≥1) differentially expressed (Figure 7). This intermediate number of genes is as expected 

given the combination of the tMZL cohort and the tFL cohort and so lends validity to the 

differential gene expression data. 

 

DLBCL, diffuse large B-cell lymphoma; tFL, transformed follicular lymphoma; tMZL, transformed marginal zone lymphoma; tL, transformed B-cell lymphoma 

Figure 7 

Number of differentially expressed genes (log2FC of ≤-1 or ≥1 and FDR<0.05) per intergroup comparison using the 

NanoString nCounter® Immunology Panel (Human V2) 

Discussion and conclusion 

tMZL is a subtype of aggressive, high-grade lymphoma that is poorly characterised from both a 

clinical and a genomic perspective. Due to the extreme rarity of tMZL it is often equated with 

other indolent forms of B-cell NHL that have undergone transformation such as FL. In practice, 

the management of tMZL is extrapolated from that of tFL, despite a lack of understanding of 

their biological relatedness. 

This cohort of tMZL patients is the largest described in the literature to date. In addition, it is 

unique as it combines a description of clinical features and outcomes with a multiplatform 

genomic evaluation. This has both led to a deeper understanding of the pathogenesis of and 

has informed treatment strategy in tMZL. 

Of the clinical features assessed at the time of tMZL diagnosis only age less than 60 years and 

early stage disease were associated with favourable outcomes. Such findings are a 

characteristic of the majority of B-cell NHLs and so were not unexpected in the setting of tMZL. 

Of note, none of the other clinical features assessed at the time of tMZL diagnosis nor the 

presence of genomic aberrations affecting genes associated with inferior outcomes in MZL were 

associated with clinical outcome. 
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Patients who underwent transformation within one year of MZL diagnosis did not have an 

inferior OS in this study, unlike in the study by Alderuccio et al290. In addition this study brings 

the use of AutoSCT as consolidation after first line treatment, a practice extrapolated from the 

management of tFL, into question305. 

DNA sequencing of tMZL patients detected genomic aberrations affecting genes known to be 

recurrently affected by mutation and/or CNV in MZL. Presumably, such genomic aberrations 

reflect those present prior to the time of transformation. A higher than expected frequency of 

TP53 loss of function aberrations as well as genomic aberrations affecting genes involved in cell 

cycle regulation were also detected in sequenced tMZL patients. These findings implicate TP53 

and cell cycle dysregulation in the pathogenesis of tMZL, as directly observed in a single case 

with an available FFPE sample containing MZL prior to the time of tMZL diagnosis. 

Prior to this study the role of TP53 and cell cycle dysregulation in the pathogenesis of tMZL had 

not been well established. However, there is supportive evidence for the role of TP53 and cell 

cycle dysregulation in the pathogenesis of transformed B-cell lymphoma beyond the studies by 

Du et al294 and Neumeister et al295 described above and the findings of this study. 

Studies have linked CDKN2A and CDKN2B deletion, CCND3 mutation as well as TP53 loss of 

function aberrations to the development of tFL306 307. In addition, a study using both genome-

wide DNA promoter methylation profiling and gene expression analysis has identified two 

groups of splenic MZL characterised by either high or low promoter methylation, the former 

being associated with an inferior OS and a higher rate of transformation308. In the high promoter 

methylation group cell cycle dysregulation was shown to occur by a number of mechanisms 

including hypermethylation and therefore downregulation of KLF4, which in turn resulted in 

downregulation of CDKN1A, CDKN1B and CDKN1C. In addition, CDKN2D was also shown to 

be hypermethylated and therefore downregulated in the high promoter methylation group, which 

in turn resulted in upregulation of CDK4 and CDK6. Several gene sets involved in cell cycle 

regulation were enriched in the high promoter methylation group, as were gene sets of 

negatively regulated targets of TP53. Members of the RUNX and GADD45 gene families, which 

participate in TP53 mediated DNA damage repair, were downregulated in the high promoter 

methylation group. GADD45G in particular was highly methylated. 

These findings indicate that splenic MZL characterised by TP53 and cell cycle dysregulation are 

at increased risk of tMZL development. This, taken together with the well established role of 

TP53 and cell cycle dysregulation in the pathogenesis of tFL, lends validity to the findings of this 

study. 

NanoString facilitated direct comparison of three comparator groups (tMZL, de novo DLBCL and 

tFL) tested by the NanoString nCounter® Immunology Panel (Human V2). Of note there were a 

significant number of differentially expressed genes between the tMZL cohort and the de novo 

DLBCL and tFL cohorts, but no differentially expressed genes between the de novo DLBCL and 

tFL cohorts, indicating that tMZL appears to be an entity distinct from both de novo DLBCL and 

tFL. This insight further challenges the practice of extrapolating the management of tMZL from 

that of tFL. 

Despite the fact that this cohort of tMZL patients is the largest described in the literature to date 

the numbers are still not sufficient to draw definitive conclusions regarding a number of potential 

clinical and genomic determinants of clinical outcome. For example, the attainment of CR 

versus non-CR after first line treatment showed a trend towards statistical significance. 

The retrospective nature of this study compromised the completeness of both the clinical and 

genomic data. However, this limitation is a hallmark of the field as tMZL is an extremely rare 

disorder. The lack of availability of FFPE samples containing tMZL from a significant number of 
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patients included in the study limited the power of the genomic analysis. In addition, the 

availability of an FFPE sample containing MZL prior to the time of tMZL diagnosis in only a 

single case limited the ability of this study to investigate clonal evolution. 

The methodologies used for both DNA sequencing and RNA testing were to some degree 

limited in scope. The use of a targeted 313 gene hybridisation capture panel rather than WES 

and the use of a targeted 579 general immunology gene transcript NanoString panel rather than 

RNA sequencing left many genes and gene transcripts unanalysed. In addition, the unpaired 

testing of FFPE samples containing tMZL (germline samples were not available for testing) 

limited the certainty of germline origin attribution, despite appropriate curation. Regardless, the 

DNA sequencing that was performed proved extensive enough to be considered exploratory, as 

is evidenced by the identification of genomic aberrations not previously implicated in the 

pathogenesis of tMZL. 

NanoString was used in this study as RNA extracted from FFPE samples is often of insufficient 

quality for RNA sequencing. It is acknowledged that the selection of the NanoString nCounter® 

Immunology Panel (Human V2) was a pragmatic decision in order to facilitate direct comparison 

with an existing, in-house cohort of de novo DLBCL cases previously run on this panel. The 

selection of a different NanoString panel may have yielded different results. For this reason the 

conclusions drawn regarding the biological relatedness of the three comparator groups (tMZL, 

de novo DLBCL and tFL) must be interpreted in the context of the gene transcripts covered by 

this panel, which are those of general immunology genes. 

Despite the limitations described above, this study represents a significant and novel 

contribution to the literature as it has characterised the clinico-genomic features of tMZL. 

Further studies, particularly those investigating the use of AutoSCT as consolidation after first 

line treatment and clonal evolution in tMZL, are warranted. 
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Chapter 7: Concluding Remarks 

The body of work described within this thesis represents a broad yet in-depth array of novel 

applications of massively parallel sequencing (MPS) technology in the evaluation of 

haematological malignancies. 

The clinically impactful issue of incidental germline variant of potential clinical significance 

(GVPCS) detection in a cohort of patients with haematological malignancies that underwent 

MPS testing as part of routine evaluation was for the first time identified, investigated and 

quantified. The rate of incidental GVPCS detection was relatively low in this cohort (0.67% 

chance per test), but the incidental detection of a pathogenic germline variant (0.42% chance 

per test) may be a very significant clinical event with wider implications for both the patient and 

their family. 

This study has directly informed practice at the Molecular Haematology Laboratory at the Peter 

MacCallum Cancer Centre (Melbourne, VIC, Australia) where it is now a requirement that 

appropriate patient education and consent be documented by referring clinicians prior to MPS 

testing of cancer samples. This work has been published in the Journal of Clinical Pathology, a 

high impact journal co-owned by the Association of Clinical Pathologists and The BMJ309. 

A biological, technical and clinico-pathological exploration of the common and clinically 

impactful ASXL1 NM_015338.5:c.1934dup;p.Gly646Trpfs*12 (ASXL1 c.1934dupG) was 

undertaken. Prior to this study the question of whether ASXL1 c.1934dupG is a true somatic 

alteration had led to much controversy in the literature. Mutations in ASXL1 are recurrent 

findings in myeloid malignancies and are generally associated with inferior outcomes. 

A real-time quantitative reverse transcription polymerase chain reaction (qRT-PCR) assay was 

developed that demonstrated the differential annealing efficiency of a mutation-specific primer 

between purportedly ASXL1 c.1934dupG containing and wild type deoxyribonucleic acid (DNA). 

This provided definitive evidence that ASXL1 c.1934dupG is a true alteration and assurance 

that the subsequent work related to optimising ASXL1 c.1934dupG detection could reasonably 

proceed. 

The Peter MacCallum Cancer Centre myeloid amplicon panel was found to be insufficiently 

discriminatory for the confident detection of ASXL1 c.1934dupG in patient samples. An accurate 

and sensitive orthogonal method is required to complement routine MPS testing of patients with 

myeloid malignancies for the comprehensive detection of all clinically relevant ASXL1 mutations 

in this patient population. 

The qRT-PCR assay described above was modified and validated for the detection of ASXL1 

c.1934dupG in patient samples. The two previously available non-MPS techniques for the 

detection of ASXL1 c.1934dupG (Sanger sequencing and fragment analysis) were both found to 

have a limit of detection of 12.5% mutation burden, which is significantly higher than the limit of 

detection of 3% mutation burden achievable using qRT-PCR. As this study demonstrated that 

the superior sensitivity of the qRT-PCR assay versus Sanger sequencing and fragment analysis 

for the detection of ASXL1 c.1934dupG can be of clinical utility, a case can be made for the 

preferential use of qRT-PCR over other non-MPS techniques during routine MPS testing of 

patients with myeloid malignancies. 

In addition, the qRT-PCR assay can be modified into a quantitative assay through the use of a 

reference curve of serial dilutions of Kasumi-1 DNA. This could potentially be of value for the 

monitoring of ASXL1 c.1934dupG containing subclones in response to therapy and for the early 

detection of disease progression, particularly in the setting of allogeneic stem cell 

transplantation where ASXL1 mutated age-related, premalignant clonal haematopoiesis may be 
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eradicated. This work has been published in Blood Cancer Journal, a high-impact Nature 

Research journal310. 

Cutaneous T-cell lymphomas (CTCL) are relatively resistant to treatment and represent an area 

of unmet clinical need. For this reason, the use of novel agents in this clinical setting remains 

the subject of active investigation. Histone deacetylase (HDAC) inhibitors are one such class of 

agent that has proven efficacious and tolerable for the treatment of CTCL. 

Skin biopsy samples from patients with CTCL treated with panobinostat (an HDAC inhibitor) on 

the panobinostat biological correlates study (VEG VCA1) were tested using a multiplatform 

approach of DNA sequencing (Peter MacCallum Cancer Centre PanHaem hybridisation capture 

panel) and coding transcriptome ribonucleic acid (RNA) sequencing. 

Novel insights into the pathogenesis of CTCL were gained through the identification of three 

newly described, recurrently mutated genes: NOTCH1, TMPRSS6 and ERBB4. 

In order to assess the potential mechanisms of resistance to panobinostat in CTCL, DNA and 

RNA sequencing data from baseline tumour-containing and disease progression skin biopsy 

samples was compared in the patients for whom a disease progression skin biopsy sample was 

available. 

Clonal evolution was shown to potentially result from the selective pressure of exposure to 

panobinostat over time in cases with longer durations of response (secondary resistance) as 

opposed to those with shorter durations of response that may have intrinsic mechanisms of 

resistance, such as enhanced drug metabolism, that do not require genomic adaptation 

(primary resistance). 

Four somatic (not detected in the baseline tumour-containing skin biopsy sample from that 

patient) genomic aberrations were recurrently detected in the disease progression skin biopsy 

samples that underwent clonal evolution. These include variants in three genes (CSF1R, 

DOCK4 and CSMD1) as well as the focal deletion of CDKN2A and CDKN2B. These findings 

implicate dysregulation of cellular adhesion and migration, the complement system and the cell 

cycle as potential mechanisms of resistance to panobinostat in CTCL. 

Transformed marginal zone lymphoma (tMZL) is a subtype of aggressive, high-grade lymphoma 

that is poorly characterised from both a clinical and a genomic perspective. The clinical 

features, outcomes and genomic landscape of tMZL were defined in a clinico-genomic analysis 

of the largest cohort of tMZL patients described in the literature to date. 

Of the clinical features assessed at the time of tMZL diagnosis only age less than 60 years and 

early stage disease were associated with favourable outcomes. Of note, none of the other 

clinical features assessed at the time of tMZL diagnosis nor the presence of genomic 

aberrations affecting genes associated with inferior outcomes in MZL were associated with 

clinical outcome. The use of autologous stem cell transplantation as consolidation after first line 

treatment was not associated with clinical outcome which brings this practice into question. 

Formalin fixed, paraffin embedded (FFPE) samples containing tMZL were tested using a 

multiplatform approach of DNA sequencing (Peter MacCallum Cancer Centre PanHaem 

hybridisation capture panel) and NanoString. 

DNA sequencing of tMZL patients detected genomic aberrations affecting genes known to be 

recurrently affected by mutation and/or CNV in marginal zone lymphoma (MZL). Presumably, 

such genomic aberrations reflect those present prior to the time of transformation. A higher than 

expected frequency of TP53 loss of function aberrations as well as genomic aberrations 

affecting genes involved in cell cycle regulation were also detected in sequenced tMZL patients. 



142 
 

These findings implicate TP53 and cell cycle dysregulation in the pathogenesis of tMZL, as 

directly observed in a single case with an available FFPE sample containing MZL prior to the 

time of tMZL diagnosis. 

NanoString facilitated direct comparison of three comparator groups (tMZL, de novo DLBCL and 

tFL) tested by the NanoString nCounter® Immunology Panel (Human V2). Of note there were a 

significant number of differentially expressed genes between the tMZL cohort and the de novo 

DLBCL and tFL cohorts, but no differentially expressed genes between the de novo DLBCL and 

tFL cohorts, indicating that tMZL appears to be an entity distinct from both de novo DLBCL and 

tFL. This insight further challenges the practice of extrapolating the management of tMZL from 

that of tFL. 

The body of work described within this thesis was primarily produced at the Molecular 

Haematology Laboratory at the Peter MacCallum Cancer Centre (Melbourne, VIC, Australia), a 

diagnostic laboratory, during a time period when MPS was being newly implemented for the 

routine testing of haematological malignancies. This context is reflected in the title and contents 

of this thesis, as well as in its strong translational focus. This emphasis on performing practical 

translational research has yielded high impact, practice informing results of benefit to the 

laboratory as well as the clinicians and patients it serves. 

However, this strong translational focus did not impede the investigation of biological questions 

when required. Many of the techniques used for this purpose were not available within the 

Molecular Haematology Laboratory at the Peter MacCallum Cancer Centre (Melbourne, VIC, 

Australia) and so required selection, development, validation and/or collaboration in order to be 

used. Apart from assistance received with the wet lab running of the MPS panels, the coding 

transcriptome RNA sequencing and the NanoString nCounter® Immunology Panel (Human V2), 

all other activities described within this thesis were performed primarily by the author. This 

required the development of many new skills in the areas of sample preparation, assay 

development and data analysis. 

Despite the wide scope of the individual lines of inquiry described within this thesis, certain 

common themes and learnings can be distilled and highlighted. 

Firstly, the importance of effective collaboration cannot be overstated. The good will and 

enthusiasm of both local collaborators such as the Parkville Familial Cancer Centre (Melbourne, 

VIC, Australia) and international collaborators such as the British Columbia Cancer Agency 

(Vancouver, BC, Canada) allowed the body of work described within this thesis to reach its full 

potential. 

Secondly, feasibility assessments proved to be vital for the successful completion of the body of 

work described within this thesis. Well considered and innovative study designs that maximised 

analytical yield were of particular value when working with a small number of samples such as 

those collected on the panobinostat biological correlates study (VEG VCA1) or when working 

with an extremely rare disorder such as tMZL. 

Thirdly, the representativeness and quality of the nuclei acids extracted from samples is 

paramount. Ideally samples must be reviewed to ensure the accuracy of the diagnosis and for 

tumour burden verification. The most suitable method of nucleic acid extraction should be used 

for each sample type so as to optimise the quantity and quality of yield. In addition, an assay 

suited to the relevant type of nucleic acid must be used in order to ensure the best quality 

results. For example, RNA extracted from FFPE samples is more reliably assessed by non-

sequencing-based technologies such as NanoString than it is by MPS. 
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Fourthly, the appropriate postanalytical manipulation, interpretation and archiving of MPS data 

represents a substantial challenge. The body of work described within this thesis presented 

different statistical, bioinformatic and analytical challenges. These ranged from relatively minor 

for techniques already well established within the laboratory (such as the use of MPS panels 

already in use for the routine testing of haematological malignancies) to relatively significant for 

techniques not already well established within the laboratory (such as the use of RStudio 

software for the analysis of raw data generated by coding transcriptome RNA sequencing and 

the NanoString nCounter® Immunology Panel (Human V2). 

Finally and from a biological perspective cell cycle dysregulation was associated with an 

unfavourable prognostic impact by being implicated as a mechanism of resistance to HDAC 

inhibitors in CTCL and in the pathogenesis of tMZL. 

This thesis represents a diverse portfolio of novel research with a strong translational focus. 

Despite the wide scope of the individual lines of inquiry described herein there is a common 

thread that binds the narrative together: the pursuit of innovative yet practical ways of utilising 

the powerful technology now available to improve the genomic characterisation of 

haematological malignancies and ultimately the lives of the patients and families they affect. 
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