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Abstract 
 
Advances in genomic sequencing have improved clinical outcomes in patients with 

haematological malignancies by allowing more refined diagnostic and prognostic 

stratification. However, significant challenges still remain due to tumour heterogeneity 

and the development of treatment resistance. Capturing serial genomic information in 

patients is important to not only understand the molecular mechanisms behind therapy 

response or resistance, but will also guide future therapeutic strategies. However, 

obtaining adequate and representative tissue for molecular analysis is often challenging 

and unfeasible due to the invasive nature of tissue biopsy.  

This work has utilised cell-free circulating tumour DNA (ctDNA) as a minimally invasive 

means to provide molecular information in patients undergoing therapy in chronic 

lymphocytic leukaemia (CLL) and myelodysplastic syndrome (MDS). Using a suite of 

sequencing technologies, this work has shown the feasibility and ability of ctDNA to 

detect various genomic lesions associated with disease. Additionally, serial analysis of 

ctDNA has been able to accurately monitor disease during therapy, and in some cases, 

circumvents issues encountered with current disease monitoring strategies. Finally, 

ctDNA analysis has also been shown to predict impending treatment failure and 

demonstrate clonal evolution highlighting the potential as a molecular biomarker. This 

provides a platform for future research to refine the use of ctDNA as a disease monitoring 

strategy.  

This thesis has also developed a methodology to simultaneously interrogate multiple 

genes simultaneously at high sensitivity. This has subsequently been used to successfully 

detect clonal haematopoiesis in allogeneic stem cell transplant donors and acute myeloid 

leukemia (AML) patients in complete remission. Although in these cohorts, individuals 

do not have an active haematological disorder, there appears to be an increased detection 

rate of sub-clinical mutations compared to what may be expected in the literature and 

provide a rationale for future work to determine the impact of these genetic lesions in the 

development of haematological malignancies.  
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Chapter 1 – Introduction 
 
The development of targeted therapies, epigenetic therapies and immunotherapies have 

greatly improved outcomes in haematological malignancies over the last decade1-3. 

Given the significant benefits of these therapies, it is imperative to obtain the correct 

diagnosis and classification to allow for optimal therapy. Similarly, there is also a need 

to have disease-monitoring strategies that are not only accurate but can reflect changes 

in disease biology that may inform clinicians to plan future therapy. This introduction 

summarises some of the main disease assessment strategies used in haematological 

malignancies, with a specific focus on the role of molecular biomarkers and ctDNA 

analysis.  It will highlight some of the benefits and shortfalls of each modality and 

provide the basis for the work in this thesis.  

 

1.1 Non-molecular monitoring strategies in 

haematological malignancies  
 

Tissue morphology  

The current diagnostic gold standard for haematological malignancies is morphological 

assessment from a representative tissue sample. In lymphoid malignancies this is 

commonly a lymph node biopsy, whereas in myeloid malignancies, bone marrow 

aspirate and trephine is used4.  Sometimes, tumour cells are actively circulating in the 

blood and therefore diagnosis can be made on blood assessment.  Obtaining adequate 

and high quality representative tissue is imperative to accurate diagnosis. Especially, in 

lymphoma, excisional biopsy is preferred5.  There is a role for a needle-core biopsy 

although biopsy crush artifact, inadequate or non-representative sampling can occur6. 

Whist in many cases, access to biopsy may be possible through radiological guidance, 

some cases will require surgical intervention and open biopsy. This is in part a reason 

why serial tissue biopsy is not routine in patients who achieve a complete response to 

therapy. However, non-responding or relapsed disease often requires confirmation 

biopsy for confirmation to exclude alternate pathologies.  In myeloid malignancies, 

serial bone marrow assessment is the definitive modality to monitor response, however, 
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the invasive nature of these procedures makes this approach impractical. Blood tests 

may not be able to pick up early relapse or progression and once progression is picked 

up in the blood, disease progression can often be far advanced. Even if diagnostic tissue 

is obtained morphology may also be subjective, and there is often inter-observer 

variability in the interpretation of findings7,8. As such, ancillary tests such as flow 

cytometry are often used to support diagnosis.  

 

Flow cytometry  

The use of multiparameter flow cytometry is often used to confirm clonality, aid in 

diagnosis and to establish disease associated phenotypes9,10. Specifically in lymphoid 

malignancies, expressions of specific cell surface markers are diagnostic of a particular 

disease subtype. In addition to diagnosis, flow cytometry has been a tool used to 

monitor disease and has been incorporated in response criteria9,11.  In acute myeloid 

leukemia, leukemia associated phenotypes (LAP) can be established at diagnosis which 

can be used subsequently to differentiate from normal cells to look for minimal residual 

disease (MRD) after chemotherapy12,13. In acute lymphoblastic lymphoma, early flow 

cytometry assessment has been used to prognosticate and can influence clinical 

decisions based on these results14-16.  

Flow cytometry analysis is available in most laboratories and consensus guidelines and 

quality assurance programs have been established for many haematological 

malignancies10,17. These range from optimal reagents, panel construction principles to 

reporting templates 17. When combined with tissue biopsy, it can complement and 

enhance diagnostic accuracy18. However, a limitation with both tissue biopsy and flow 

cytometry is that these are obtained from a single site of disease. As such these 

modalities are limited in their ability to assess disease from multiple sites or as overall 

disease burden, especially in lymphoid malignancies with many nodal and extra nodal 

sites. In these cases, radiological assessment is used to capture multiple disease sites.  

 

Radiological assessment 

Radiological assessment by either CT and/or PET scan is often performed to accurately 

stage lymphoid malignancies19,20. It can give a measure of the distribution and burden 

of disease. These have become mainstay of diagnosis with results embedded into 

staging and prognostic models11,21-23. In lymphoid malignancies serial CT scans 
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according to various criteria can be used to track volumetric disease changes and have 

been the main means to monitor response24-26. PET avidity using maximal standardized 

uptake values (SUVmax) can sometimes be a surrogate to distinguish between high 

grade and low grade disease27. Furthermore, results of interim PET analysis in 

lymphomas have formed the basis of early escalation or de-escalation of therapy28. 

Although able to give a picture of disease burden, imaging has limited ability to provide 

insights into disease biology. Positive PET uptake does not necessarily mean 

malignancy and so false positive results can occur29. Furthermore, imaging is unable to 

represent the circulating disease burden and therefore requires assessment of peripheral 

blood.  

 

Blood based haematological and Biochemical markers   

The full blood examination is often a window to the bone marrow. Morphological 

assessment showing presence of leukaemia or lymphoma aside, assessment of blood 

counts can give clues to either abnormal marrow function or marrow infiltration.  Other 

blood-based biomarkers have long been utilised in prognostication and as a surrogate 

marker of disease burden. In addition to the FBE, other tests include, but are not 

exclusive to, LDH, ESR and B2M30-33. Serum protein electrophoresis and light chain 

analysis is used in plasma cell dyscrasias and lymphoplasmacytic disorders34,35.  Whilst 

they can complement clinical response, neither by themselves is a reliable marker of 

disease burden due to their lack of specificity and potential for results to be confounded 

with drug/medication effect or concurrent infective/inflammatory conditions.  

The limitation with all the above modalities of disease assessment is that they can 

provide a disease phenotype in haematological malignancy but do not provide 

information at a genomic level, which has heralded the use of various molecular 

biomarkers.  
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1.2 Molecular biomarkers in haematological malignancies  
 

Genomics in haematological malignancies is a rapidly evolving field. The identification 

of molecular lesions within a tumour has added considerable value to routine 

clinicopathological assessment.  As such, it has provided a complementary tool to aid 

in the diagnosis and management of patients with a variety of haematological 

malignancies4,36. Whilst there are numerous molecular lesions that have been 

discovered within many haematological malignancies, a description of all of these is 

beyond the scope of this introduction. Rather, the following will provide a summary of 

how genomic analysis has given insights into the classification, disease biology and 

management in both lymphoid and myeloid neoplasms drawing on exemplar situations. 

This will be followed by a more focused interrogation of the molecular pathogenesis of 

CLL and MDS as they will be the basis of much of this thesis. 

 

Diagnostics 

As a complementary tool in diagnostics, molecular markers have been used as a 

demonstration of clonality and have the ability to distinguish between reactive and 

neoplastic processes. An example of this is the use of IgH testing or TCR testing to 

demonstrate clonality in lymphoid neoplasms37,38. In conditions such as 

myelodysplasia, demonstration of chromosomal aberrations or somatic mutations 

significantly aids in diagnosis of a clonal haematopoietic disorder, where confounding 

factors such as medications, inflammation, infection and nutritional deficiencies could 

all be contributing to morphological features4,39. Furthermore, molecular markers have 

also been used as a disease-defining lesion or highly synonymous with a specific 

haematological malignancy. These may include chromosome translocations, for 

example t(15;17) in acute promyelocytic leukemia40 and t(11;14) in B-cell neoplasms, 

specifically mantle cell lymphoma41, or somatic mutations such as JAK2 V617F 

mutations in myeloproloiferative neoplasms42 and BRAF V600E mutations in hairy cell 

leukemia43. Such molecular information is imperative clinically, as the treatment 

algorithms for these haematological conditions can change significantly based on the 

presence or absence of these lesions43-45.   

In an era of precision medicine, such information is becoming critical to management 

algorithms. Based on the molecular characteristics of the individual tumour, specific 
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targeted therapies can be chosen. Perhaps the most well known examples of this is the 

identification of translocation t(9,22) leading to the fusion product of BCR-ABL in 

chronic myeloid leukemia (CML)46. This single genomic lesion confers exquisite 

sensitivity to tyrosine kinase inhibitors and has largely changed the natural history of 

the disease47. More recently, therapies have been able to target genes which include 

epigenetic regulators such as IDH248. Although theoretically attractive, responses with 

these therapies have had mixed clinical outcomes49 not withstanding issues with drug 

toxicity50. Whilst new techniques can give us better appreciation into whether anti-

cancer treatment is actually entering tumour tissue51, it is likely that lack of response to 

precision therapy is largely driven by the genomic heterogeneity that exists in 

haematological malignancies52. 

With this, the advent of next generation sequencing (NGS) has made significant 

advances in characterising more broadly the molecular landscape of various 

haematological malignancies53-56. These have identified recurrent somatic mutations in 

genes involved in signaling pathways, transcription factors, tumour suppressors, 

epigenetic regulators and splicing machinery53-57.  Such molecular profiling has enabled 

clinicians to predict unfavorable outcomes, for example the presence of TP53 mutations 

in both lymphoid and myeloid malignancies portend a poor prognosis58. Conversely, 

certain molecular profiles have been observed at baseline that might confer a better 

prognosis and/or a high likelihood of response to systemic therapy. What these 

comprehensive sequencing studies have also provided is a foundation on which to 

understand disease biology.  

 

Disease biology and heterogeneity. 

Our current knowledge of the molecular pathogenesis of haematological malignancies 

posits a scenario whereby a genetic aberration/s occurs in an early haematopoietic stem 

or progenitor cell that confers a survival and proliferative advantage59. These clones 

may acquire more mutations in co-operating oncogenes or more chromosomal 

instability, allowing further expansion of a malignant clone that eventually manifests 

itself as clinical disease60.   

Despite these insights into the prognostic implications of these genetic lesions at 

diagnosis, several significant challenges remain. Comprehensive genomic sequencing 

has uncovered the vast heterogeneity that occurs in haematological malignancies. This 
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heterogeneity can occur within a tumour mass located at a single site or with different 

organs within the same patient. It is now clear that a tumour will often contain multiple 

clones and that each clone may have vastly different mutational and transcriptional 

profiles making them either more or less susceptible to a therapeutic challenge. 

Importantly, in this context, those mutations that might predict response in the dominant 

clone may not predict response if only found in a small subclone39. Secondly, each gene 

can be mutated at different sites within the coding sequence and there is now ample 

evidence that not all mutations in the same gene behave equally59,61. Thirdly, the 

pathogenicity of mutated clones may be influenced by the presence or absence of other 

co-existing mutations within the same clone or co-existing sub-clones62,63. Therefore, 

further study is imperative to establish how intra and inter-tumour heterogeneity in 

haematological malignancies influences the natural history of the disease. Furthermore, 

investigating how theses molecular profiles change throughout disease-modifying 

therapy in both responding and non-responding patients is critical for understanding 

disease evolution. This in turn will inform the development of future therapeutic 

strategies.  

 

Disease monitoring  

CML is the best example of molecular disease monitoring in haematological 

malignancies by analysis of the BCR-ABL transcript64. This approach has highlighted 

the importance of achieving deep molecular responses with regards to PFS and OS65. 

Recently, studies have focused on using deep responses to cease tyrosine kinase 

inhibitor therapy66. 

However, whilst highly specific, the monitoring of a single genetic lesion often does 

not appreciate the potential for clonal evolution in haematological malignancies, 

specifically within the context of therapeutic pressure and resistance.  

 

Molecular evolution and therapeutic resistance  

The development of resistance to chemotherapeutic and targeted agents is a major 

problem currently faced in the care of patients with haematological malignancies and 

represents another key area where understanding the molecular evolution of 

haematological malignancies is likely to play an important role. Cancers evolve during 

disease progression and under the selective pressure of anti-cancer therapies.67 These 
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processes are complex but can occur at genetic or epigenetic levels.  

Genetically, therapy resistance in haematological malignancies is thought to occur 

through clonal evolution. This is in part driven by intra-tumoural heterogeneity and is 

a process of sub-clonal expansion and diversification by a continuously evolving 

combination of somatic mutations and/or karyotypic abnormalities. This can occur in a 

linear fashion whereby relapsed/resistant disease arises from the dominant malignant 

clone that has acquired additional molecular lesions in response to therapy68,69. This 

contrasts with branched evolution where the dominant clone has been removed by 

therapy, but smaller pre-existing sub-clones have been allowed to expand as a result of 

a clonal advantage and these clones then emerge as the dominant and resistant 

clone68,69.  

Therapeutic escape driven by epigenetic heterogeneity can also occur. This is a much 

more dynamic process whereby transcriptional plasticity in response to environmental 

or therapeutic stress contributes to treatment failure70. Much of this is thought to arise 

from the malignant stem cell, which has a greater capacity to adapt to most therapeutic 

challenges71. Under specific therapeutic pressures, these malignant stem cells can adopt 

methods to stay dormant to evade attack and survive68. Furthermore, both malignant 

cells and malignant stem cells can exploit complex signaling networks and epigenetic 

plasticity to overcome therapeutic stress72.  

Therefore, characterising the genetic and non-genetic changes that occur in patient with 

haematological malignancies that fail therapy will give us unprecedented insight into 

the molecular mechanisms by which this occurs. Furthermore, attempting to predict 

these changes early would undoubtedly benefit patients.  

 

Pre-malignant lesions and clonal haematopoiesis   

In recent times, large population studies have demonstrated somatic mutations in the 

haematopoietic cells of a proportion of healthy individuals. This phenomenon, known 

as clonal haematopoiesis (CH) is seen in least 10-15% of people over 60 years 73,74. 

People with clonal haematopoiesis have an increased risk of developing haematological 

malignancies and also bone marrow failure syndromes60,73,74. A recent study has shown 

that clonal haematopoiesis has been observed in approximately 50% of patients with 

aplastic anaemia75. Furthermore, clonal haematopoiesis is associated with an increased 

risk of heart disease, stroke and death from other cancers for reasons currently 
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unknown73,76. 

It is thought that clonal haematopoiesis evolves when the mutated stem cells, which 

have a survival advantage59, acquire more mutations, proliferate and eventually 

progresses to a haematological malignancy or bone marrow failure60. Interestingly, the 

mutations that occur in clonal haematopoiesis occur in genes that are very similar to 

those observed in myeloid malignancies and bone marrow failure syndromes 75,77,78. As 

such these mutations could potentially serve as pre-malignant lesions for the subsequent 

development of a haematological malignancy.  

However, given only a small percentage of patients (~5%) with clonal haematopoiesis 

will go on to develop a haematological malignancy 60,74,77, the role of routine screening 

for CH in health individuals is still uncertain. Furthermore, it is currently unknown as 

to the exact mechanisms by which some patients with clonal haematopoiesis progress 

to haematological malignancies and some do not.  Further focused studies are thus 

required to determine if having clonal haematopoiesis will impact significantly on 

outcomes in both a normal population as well as patients with a haematological 

malignancy.   

 
 

1.3 Genetics and molecular disease monitoring in chronic 

lymphocytic leukaemia  
 

Chronic lymphocytic leukemia (CLL) is a low-grade B-cell lymphoproliferative 

disorder characterised by clonal lymphocytes in the blood, lymph nodes spleen and 

bone marrow of patients. It is the most common leukemia in the U.S. and Western 

Europe79,80, however this is likely understated given CLL often presents 

asymptomatically and is diagnosed incidentally81. The mainstay of diagnosis is through 

demonstration of a peripheral blood lymphocytosis and typical demonstration of co-

expressing CD19, CD5, CD23 and dim light chain positive B-cells by flow cytometry82.  

Imaging by CT and or PET and bone marrow biopsy can also be used to document an 

assess disease within nodal, and extra nodal sites24.  For diagnosis and monitoring, 

clinical examination, PBL, flow cytometry and imaging have traditionally been used83. 

The clinical presentations can be highly variable ranging from peripheral blood 

lymphocytosis only, to nodal disease only (small lymphocytic leukemia) to multi-
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compartmental disease. As such, disease course is also highly variable and treatment is 

not always indicated24. Therefore identifying patients whose disease is likely to have 

poorer outcomes is important and may spare patients from potentially toxic therapy. 

The frequently used Binet84 and Rai85 staging system has in some respects helped 

predict this. Furthermore, in monitoring, highly sensitive flow cytometry techniques 

have demonstrated the prognostic value to achieving MRD negativity86,87.  

 

Genomics in CLL – from diagnosis to prognostication.  

Genomic analysis has given an extra dimension to complement these existing strategies. 

Early genomic studies in CLL focused on characterising karyotypic abnormalities have 

uncovered recurrent abnormalities, the most common being del 17p, del 13q, del 11q 

and trisomy 1288. More uncommon lesions include gain 2p, gain 8q and del 15q. 

Performed by cytogenetic analysis or by FISH, these have found their way into 

diagnostic and prognostic algorithms in CLL24,54,89,90. Complex karyotype91, del 17p92 

and del 11q have shown to confer inferior outcomes as compared to del 13q or normal 

karyotype 93. Such is the disparity between these cytogenetic groups, treatments 

approaches are vastly different94. When looking further into these karyotypic 

abnormalities, the deleted regions contain genes which are important in driving disease. 

Examples of these include ATM and BIRC3 on 11q95, TP53 of 17p96 and the 

microRNAs 15a and 16a of 13q97.  

Over the past few years, landmark studies have characterised the genomic landscape of 

CLL whereby sequencing of a large number of CLL patients using NGS identified 

recurrent mutations in common genes98-102. Many of the major genes identified in CLL 

are involved in key aspects of CLL biology which include RNA and ribosomal 

processing (e.g. SF3B1), DNA damage and cell cycle control (e.g. TP53 and ATM), 

NOTCH signaling (NOTCH1), inflammatory pathways (BIRC3 and MYD88) and RAS 

pathways (KRAS). These large studies have also provided strong evidence supporting 

the prognostic implications of mutational profile with poor prognostic genes including 

TP53, SF3B1, NOTCH1103, ATM (especially when associated with 11q-)104 and 

BIRC3102.  

Unmutated IgH has been found to confer a poorer prognosis compared to CLL with 

mutated IgH105. This may be due to the observation that different states of B-cell 

differentiation are linked to different acquisition of somatic mutations. For example, 
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mutated IgHV is associated with a limited number of drivers whereas unmutated IgH 

has many more driver mutation acquisitions106. This highlights that complex genomics, 

whether characterised by many somatic mutations or karyotypic abnormalities, are a 

sign of poor prognosis in CLL52,91.   

 

Molecular influences on management and the role of targeted therapies 

Molecular profiling in CLL has largely informed clinicians in whether to initiate or 

intensify treatment. For a majority of patients, upfront therapy would consist of a 

combination of fludarabine, cyclophosphamide and a rituximab, a monoclonal antibody 

to CD20 (FCR) 107. CD20 antibodies are one of the first examples of targeted therapies 

in CLL and when added to chemotherapy, have considerably improved outcomes108. 

Nevertheless, there are still a proportion of patients that will fail upfront therapy. 

Molecular profiling has been able to predict these such as the presence of del17p 103,109. 

The presence of TP53 mutations, even if mutated in a sub clone, are also linked with 

poor survival110 suggesting that these mutated clones may confer a survival advantage 

under initial therapeutic pressure. In these cases, alternative therapeutic options are 

planned such as allogeneic stem cell transplant in appropriate cases that have the 

potential to overcome poor risk features such as del 17p 111. However, newer targeted 

therapies have changed considerably the treatment of refractory CLL. These include 

newer monoclonal antibodies to CD20 and CD52112. Agents have also targeted 

biological pathways implicated in CLL such as phosphoinositide 3-kinase (PI3K)113, 

Bruton’s tyrosine kinase (BTK)114-116 and B-cell lymphoma 2 (BCL-2)117-119. Two of 

these targeted agents which have obtained considerable success in the treatment of CLL 

are venetoclax and ibrutinib. 

Venetoclax is a BCL-2 homology domain 3 (BH3) mimetic with high specificity for 

BCL-2 inhibition118. It has shown remarkable efficacy in CLL and other B- cell 

neoplasms, by inducing malignant cell apoptosis that is independent of TP53120. 

Ibrutinib is a first in class inhibitor of BTK, which binds irreversibly to a cysteine 

residue (C481) in the BTK active site and blocks downstream pathway activation121. 

Both these drugs have shown remarkable efficacy in relapsed/refractory CLL, even 

those with adverse molecular profile such as del 17p or TP53 mutations118,120,122.  

However, given their mechanism of action, whist effective, they also exhibit different 

side effect profiles as well as patterns of clinical response. Venetoclax rapidly clears 
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CLL and therefore dramatic responses are seen in both nodal and circulating disease 
118. As a consequence, tumour lysis syndrome is an important consideration in patients 

with high tumor burden123. By contrast, the patterns of clinical response with ibrutinib 

therapy differ to that of venetoclax. Transient lymphocytosis in the peripheral blood is 

commonly observed with ibrutinib therapy, termed ibrutinib induced lymphocytosis. 

This phenomenon is often associated with a reduction in nodal disease burden and 

likely reflects a redistribution of lymphoma to the periphery124. As such, peripheral 

blood lymphocyte count, which currently forms the basis of response criteria, is 

misleading.  

 

Clonal evolution and therapeutic resistance to targeted therapies in CLL. 

Despite the deep responses achieved with these targeted agents, there are still a 

proportion of patients that progress. Not surprisingly, these have been those that have 

previously failed fludarabine based therapy or have multiple genetic lesions such as a 

complex karyotype118,125. This is likely to reflect intratumour heterogeneity, and has 

been shown to largely contribute to clonal evolution and therapeutic resistance98,126. 

The genomic capacity for resistance is likely to arise from combination of the selection 

of resistant clones under therapeutic pressure coupled with multiply acquired genetic 

lesions over time126-128. These acquired molecular changes may be specific to a 

particular therapy, for example the development of mutations in BTK and 

phospholipase Cγ2 in CLL patients treated with ibrutinib129. Conversely, the changes 

may be more non-specific such as the development of karyotypic instability69.   

Recent studies have reported the development of Richter’s syndrome (RS) as a method 

of relapse in patients receiving novel therapies for CLL118,130,131. RS is a transformation 

from CLL to a high-grade lymphoma. This is typically to diffuse large B-Cell 

lymphoma (DLBCL) however transformation to Hodgkin lymphoma (HL) has also 

been observed. Different models of clonal evolution from CLL to RS have been 

hypothesised. These include both branched and linear progression from a pre-existing 

CLL clone. The exact molecular basis is not definitively understood although it is 

thought that acquisition of TP53 mutations is a common occurrence.  

 

Challenges of molecular monitoring in CLL  

The fact that CLL guidelines have already incorporated molecular information as part 
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of prognostic algorithm reflects the ability of genetic information to provide an added 

dimension to current diagnostic and monitoring modalities. However, CLL is a 

multicompartmental disorder, where molecular changes in one tumour compartment 

may not be the same as another, especially since clinical observations have also shown 

that these targeted therapies have differential effects on different disease 

compartments124. The challenge therefore lies in obtaining genetic material from 

multiple disease sites, which is both time consuming and unfeasible.  

With regards to disease progression, specifically in RS, diagnosis is often not 

straightforward, and relies on a high index of clinical suspicion and accurate tissue 

biopsy. RS often infers a poor prognosis although therapeutically, use of some targeted 

agents have bought about responses132,133.  Therefore, prompt recognition and treatment 

of RS is important, however, currently there are no strategies that allow for early 

diagnosis, or serial monitoring of molecular changes that may predict impending 

transformation.   

 

1.4 Genetics and disease monitoring in myelodysplastic 

syndromes and acute myeloid leukaemia. 
 

The myelodysplastic syndromes (MDS) are a clinically heterogeneous group of clonal 

disorders characterized by the presence of ineffective hematopoiesis, peripheral 

cytopenias, and an increased risk of transformation to acute myeloid leukemia (AML), 

a proliferation of immature myeloid precursors. The sequencing of MDS and AML 

cancer genomes has led to the discovery of several recurrent mutations 134-140. Whilst 

there are some insights into the prognosis these mutations have at diagnosis137,140, there 

is little evidence of how the clonal and sub-clonal architecture is influenced by therapy. 

Assessment of response and clonal evolution has thus far relied on tissue obtained from 

bone marrow biopsies, which has limited our ability to study the dynamics of clonal 

evolution, highlighting the urgent need for improved strategies to characterise the 

dynamic changes in disease burden and clonal composition.   

 

Molecular landscape of MDS  

Understanding the molecular aetiology of MDS has presented several challenges that 
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are now being addressed with current technologies. Recurrent chromosomal 

abnormalities are detected in approximately 50% of patients with MDS39. However, 

with the exception of isolated del(5q), most of these represent secondary events that 

facilitate the progression of MDS. More recently, next-generation sequencing methods 

have significantly strengthened these early molecular observations by identifying high 

frequency recurrent mutations in several members of the splicing machinery, epigenetic 

regulators, transcription factors and components of haematopoietic signaling pathways 

in almost all patients diagnosed with MDS134-140. In further support of the concept of 

MDS emerging in the context of clonal haematopoiesis, several investigators have now 

established that between 10-20% of adults aged over 70 demonstrate clonally restricted 

haematopoiesis with underlying mutations principally in epigenetic regulators such as 

DNMT3A, TET2 and ASXL1 conferring a clonal advantage141-144. These clones provide 

the ideal milieu for the subsequent transformation to a myeloid malignancy such as 

acute myeloid leukemia (AML). The genetic composition of AML may therefore have 

many shared aberrations with MDS, although there are some that are much more 

prevalent or almost ubiquitous to AML. Traditionally these have included 

chromosomal translocations involving core-binding factor (CBF), translocations 

involving MLL, and acute promyelocytic leukemia associated lesions53,145,146. More 

recently, recurrent mutations in genes such as NPM1, FLT3, CEBPA, DNMT3A, IDH1 

and IDH2 have been more synonymous with AML147-149.   Overall, it is now well 

established that although MDS/AML are not laden with genetic aberrations, they 

invariably harbor more than one mutation and/or karyotypic abnormality highlighting 

the clonal diversity that underpins therapeutic failures in this disease134-140.  

 

Prognostic importance of mutational landscape in MDS 

The ability to provide patients with an accurate assessment of prognosis is the 

foundation of clinical management. It is imperative in individualizing prognosis to 

consider factors such as age, disease stage and other medical co-morbidities as these 

significantly alter one’s disease course. However, it has been appreciated for several 

decades that morphologically and immunophenotypically identical tumours in separate 

patients matched for demographic features can portend a vastly different prognosis. 

Recently, there is more appreciation of the vast and pervasive nature of intra-tumour 

heterogeneity within the same individual, which can equally confound traditional 
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prognostic algorithms150.  

In MDS, prognosis is calculated using the International Prognostic Scoring System 

(IPSS) or its revised version the IPSS-R39. These scoring systems were valuable and 

helped structure treatment algorithms. However, these scores primarily are performed 

at diagnosis and do not cater for the effect that disease modifying agents have on the 

long-term outcome. Moreover, whilst the patients karyotype is factored into the 

prognostic score neither the IPSS nor the IPSS-R cater for the range of other somatic 

mutations observed in MDS. It is now clear that certain DNA mutations such as those 

in TP53, ASXL1, EZH2 and RUNX1 confer a poor prognosis, whilst others such as 

SF3B1 mark a distinct subset of MDS with improved outcomes137,140,151.  

In AML, it is well known that karyotypic abnormalities at diagnosis associate with 

distinct response to therapies and as such form the basis of prognostic 

stratification53,145,152,153. In the intermediate-risk cytogenetic group (which accounts for 

up to 60% of AML), mutation status of FLT3, NPM1 and CEBPA at baseline have 

provided further prognostic refinement53,152-154.  

Despite these insights into the prognostic implications of some these mutations at 

diagnosis several significant challenges remain. Firstly, MDS patients often harbor 

multiple clones each with different mutational profiles. Importantly, in this context 

those mutations that might predict response as the dominant clone may not predict 

response if only found in a small subclone39. Secondly, each gene can be mutated at 

varied loci and it is clearly apparent that not all mutations in the same gene behave 

equally137,140,151. Finally, although it is well established that several mutations in various 

sub-clones co-exist in MDS/AML, the influence of these mutations and the evolution 

of the sub-clonal architecture following disease modifying therapy has not been 

comprehensively studied.  

 

Azacitidine in MDS 

The cornerstone for the clinical management of patients with high risk MDS are the 

purported DNA methyltransferase inhibitors, azacitidine and decitabine. Azacitidine 

remains the mainstay of treatment, as it is the only agent, which has demonstrated a 

meaningful survival benefit over best conventional care, including chemotherapy in 

randomized Phase III studies for both MDS155 and AML156. Azacitidine is a chemical 

analogue of cytosine, a nucleoside present in both DNA and RNA. Although originally 
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developed as a cytotoxic agent it was quickly established that when incorporated into 

DNA it functions as an inhibitor of the DNA methyltransferases (DNMT). Azacitidine 

covalently traps DNMTs resulting in genome-wide DNA hypomethylation through 

passive dilution of 5-methyl cytosine (5mC). It has been widely assumed that the 

efficacy of azacitidine is primarily driven by its activity as a DNA hypomethylating 

agent. However, the direct evidence in support of this contention is sparse157,158. Despite 

decades of study, the precise mechanism of action that accounts for its efficacy in MDS 

/ AML remains elusive158. As yet there are no clear strategies to predict which patients 

are likely to benefit most from azacitidine therapy. The mutational landscape of MDS 

is currently being retrospectively analyzed to identify potential associations with 

response to therapy. In this regard, early data suggest that TET2 mutations and 

potentially DNMT3A mutations may identify subsets that respond favourably to 

azacitidine63,159,160. However, these data have significant limitations as it is now clear 

that not all mutations within the same gene behave equally and moreover co-existing 

mutations such as those in ASXL1 and TP53 may negate the positive influence of TET2 

on response to azacitidine63,159,160.   

 

Challenges of molecular monitoring in MDS  

Unfortunately, approximately half of MDS patients respond to azacitidine and it is only 

these patients that derive any benefit from the therapy161. Even in responding patients, 

there is invariable progression to acute leukaemia over time.  In AML, response rates 

are even lower156. Azacitidine may take up to 6 months to demonstrate a clinical benefit, 

and at present the only means of documenting this is by repeated bone marrow biopsies, 

which are invasive, resource demanding and can be associated with significant 

procedure-related complications. Therefore, there is an urgent need to identify methods 

by which response to therapy can be more readily assessed at regular intervals in a less 

invasive manner in order to guide therapy.  
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1.5. Cell free circulating molecular biomarkers in 

haematological malignancies  
 

Despite great interest in the study of heterogeneity in haematological malignancies and 

the evolution of genetic changes in the tumour during treatment resistance and disease 

progression, obtaining representative genetic material remains a challenge. With the 

increasing array of sequencing platforms available, obtaining high quality DNA is 

paramount for accurate results. DNA from fresh tissue is likely to yield the best quality 

results but present methods for such analysis rely on repeated tumour biopsies, which 

are invasive and often difficult to obtain (Table 1). Even if such samples were available, 

it takes much time and resource, making it difficult for such molecular information to 

be available in a timely manner to influence clinical decision-making. Furthermore 

tumour samples are prioritised for morphological assessment and so the DNA source 

can often be from formalin fixed paraffin embedded (FFPE) blocks, of which DNA 

yield and quality is often poor. There is therefore a need to find improved 

methodologies to characterize and monitor disease in haematological malignancies.   

Therefore, circulating biomarkers can provide a "liquid biopsy" alternative to tissue 

biopsies allowing non-invasive tumour genotyping162.  Much can be studied from a 

single blood draw including RNA, microRNA, methylation patterns and circulating 

tumour cells (CTCs)163-166.  In haematological malignancies CTCs are seen more 

regularly than solid malignancies and therefore are an attractive option for DNA 

analysis. However, the ability to represent disease from multiple disease sites, 

especially in the absence of disease in the blood restricts its utility. Furthermore, 

circulating disease is not always present, especially in states of remission when disease 

monitoring is still required. Of the circulating biomarkers available for molecular 

analysis, arguably the most studied is the use of cell-free circulating tumour DNA 

(ctDNA). ctDNA can facilitate the serial analysis of genomic changes from a simple 

blood test and has enormous potential to provide insights into intra-tumour 

heterogeneity and clonal evolution during disease progression, and may ultimately 

allow non-invasive molecular disease monitoring to guide therapeutic decisions and 

improve patient outcomes. 
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Table 1. Advantages and disadvantages of various DNA sources 
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1.5.1 Circulating cell free DNA and circulating tumour DNA 

  

Historical discovery and utility of cell free DNA 

Cell free circulating DNA (cfDNA) was initially reported in 1948 by Mandel and 

Metai.167 In healthy individuals the quantity of plasma cfDNA varies but is generally 

very low in concentration.  The origins of this plasma DNA appear to be from all cells 

however in healthy individuals it is mostly derived for haematopoietic tissue168. 

Typically, cfDNA is fragmented at around 160-180bp, which is linked to the 

degradation of DNA by nucleases into nucleosomal units169-171. Longer sequences up 

to and over 1000bp have also been detected in various reports172. This may represent 

variations in degradation or may represent DNA from exosomes within in the plasma 

compartment173,174. cfDNA has also been identified from other bodily fluid such as 

urine175,176, cerebrospinal fluid (CSF)177, pleural fluid178 and saliva179.  

Over the years, it was noted that plasma cfDNA can originate from non-native sources. 

Possibly the best example of this is the discovery of fetal DNA in mother’s plasma, 

which has been pioneered by Lo et al180-182. This has led to the implementation and 

commercialisation of cfDNA in prenatal sex determination and detection of fetal 

aneuploidy181,183,184. These studies have shown than the methodologies are both 

sensitive and specific requiring small amounts of plasma. Other utility of external 

sources of circulating DNA has been demonstrated in solid organ transplant being used 

in monitoring for tissue rejection185. 

cfDNA has also been researched in many disease processes with higher levels noted in 

autoimmune diseases186, sepsis187, tissue injury from burns and trauma188, myocardial 

injury189 and stroke190. The conclusion from these studies suggests a relationship 

between cfDNA and conditions where there are high states of cellular injury and 

turnover. Given these findings, it is not surprising that there would be a utility in cancer 

patients, where high cell proliferation, apoptosis and tissue damage is often observed. 

It has been consistently shown that levels of cfDNA can increase by 5 to 10 times in 

cancer patients with malignant disease compared to healthy controls191,192.  Specifically 

in haematological malignancies, higher cfDNA levels has been reported in patients with 

DLBCL193, HL194,195 and AML196 patients and has been shown to infer poorer 

outcomes. As technology in genomic sequencing has advanced, it was demonstrated 
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that the cfDNA increase in cancer patients is actually derived from the tumour itself 

suggesting that higher cfDNA in these patients may show a direct correlation with 

tumour burden197,198.  

 

Circulating tumour DNA 

Further analysis uncovered that in cancer patients, circulating DNA containing tumour-

specific sequences which harbor the somatic genomic alterations found in a patient’s 

tumour can be found,  hence the term circulating tumour DNA (ctDNA)191,199. The 

mechanism by which this occurs is that ctDNA enters the circulation following 

apoptosis and/or necrosis of tumour cells170,200,201. ctDNA is more fragmented than 

cfDNA by approximately 20bp. It is unknown exactly why this is, possibly due to 

different nuclease activity202.   

 With a reported half-life of up to 2.5 hours, ctDNA has the potential to provide a “real 

time” molecular assessment203,204.  As mentioned, the measurement of absolute levels 

of cfDNA have been investigated for various applications in haematological 

malignancies; however, elevated levels of non-specific cfDNA can also be identified in 

healthy individuals, after physical exercise limiting their potential clinical 

utility199,205,206. In contrast, monitoring tumour specific genetic aberrations in the form 

of ctDNA has excellent specificity and the potential to serve as a highly sensitive 

biomarker for patients with cancer. ctDNA can be detected in a range of different solid 

malignancies and the fraction of ctDNA can vary greatly from <0.1% to >50%.  Whilst 

levels are higher in patients with advanced cancers, recent studies have shown that 

ctDNA can be detected in patients with localized disease supporting the broad 

applicability of ctDNA as a biomarker across various tumour types and in different 

stages of disease.207   

The utility of ctDNA in haematological malignancies has not been as widely studied 

compared to solid organ malignancies with a focus mainly on lymphoid malignancies. 

Conceptually, this would seem logical due to the presence of physical tumours and 

diagnostic and monitoring is much akin to other solid organ malignancies.  The 

perception that haematological malignancies are in many cases “circulating” by 

definition may suggest that there would be limited utility in assessing plasma cfDNA 

when “tumor” could already be accessed from blood.  However, there is evidence to 

suggest that ctDNA is detectable in haematological malignancies, is representative of 
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the underlying tumour genome and can provide an alternative non-invasive method of 

tumour sampling 208-211. Furthermore, these studies have also shown that when  

circulating tumor cells are not easily accessible, ctDNA can not only give an accurate 

representation of inter and intra-tumor heterogeneity, it accurately follows the disease 

course and in some cases can predict the onset of relapsed disease by detecting the 

emergence of new genetic lesions212-214. Table 2 summarises the methods and utility of 

ctDNA detection in haematological malignancies. To determine the best clinical 

applications of ctDNA depends on the analysis methodology used in relation to the 

disease process and the intent and availability of therapy. 
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Assay Method Main utility Coverage 
(loci) Sensitivity Advantages Limitations 

Time 
to 
result  

Single locus PCR 
based �Detection of hot spot mutations 1 to 10 ~0.01% �Highly sensitive �Inability to cover large deletions and 

translocations 
hours 
to days 

  �Quantification and monitoring of 
recurrent mutations   �Quantitative �Individual assays require optimisation  

  �Viral DNA analysis   �Lower cost �Limited number of molecular lesions tested  
  �IgH analysis   �Some standardisation �Simpler data interpretation  

Targeted Amplicon 
based �Gene screening panels 104 0.1-1% �High sensitivity �Custom panels require time to design Days-

weeks 
Gene panel 
sequencing  �MRD analysis 

�IgH analysis   �Can test multiple 
mutations �Semi-quantitative  

     �Can detect clonal 
heterogeneity �Less sensitivity than single locus  

      �Longer workflow than single locus   
      �More costly than single locus  
      �Less comprehensive than hybrid  

      �Lack of methodology and data interpretation 
standards  

      �Inability to detect CNV and fusions  

 Hybrid 
capture �Gene screening panels 104-5 1-5% �Can test multiple 

mutations �Less sensitive than amplicon based Weeks 

     �Can detect clonal 
heterogeneity �More cost than amplicon based  

     �Can capture CNV and 
translocations 

�Lack of methodology and data interpretation 
standards  

     �Greater coverage than 
amplicon �Longer workflow than single locus  

        

Comprehensive Hybrid 
capture �Whole exome sequencing 1010 1-10% �Full characterisation 

of genomic landscape �low sensitivity Many 
weeks 

  �Whole genome sequencing   �Can detect clonal 
heterogeneity �Expensive  

     �Broad applications �Lack of methodology and data interpretation 
standards  

      �Long workflow   
      �Complex data interpretation  

Table 2. Methodologies in circulating tumour DNA analysis
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1.5.2  Methodologies in circulating tumour DNA analysis   
 

There are a myriad of different methodologies used for ctDNA analysis. When 

determining which mode of analysis, one needs to take into account the particular use 

for ctDNA detection as each will have different permutations in terms of assay 

sensitivity, loci coverage and ability to detect various molecular aberrations, cost and 

time to obtain a result.   

 

Single locus assay  

These methods are best used for detection of specific mutations. Allele-specific 

polymerase chain reaction (PCR) methods may also be used to detect specific lesions 

in ctDNA215, but perhaps the most widely used platforms currently in place are by 

droplet digital PCR (ddPCR)216-221. Based on microfluidic platforms, they provide 

absolute quantitative analysis and are able to achieve higher sensitivity in detecting 

ctDNA. ddPCR is a tool that is both sensitive and specific. Sensitivity can be as low as 

0.01% mutant allele fraction however, with various enrichment methods, it can be 

improved further. As such, it is the ideal tool to monitor for MRD. The cost per assay 

is relatively low and the simple workflow can allow results to be delivered in a time 

effective manner. Input DNA required can range from 10pg and 350ng 222. Further 

improvements to sensitivity have been achieved by various enrichment methods223-225. 

The main limitations are that the utility is generally restricted to single genomic lesions 

such as point mutations or small indels. Whilst some ddPCR platforms may 

accommodate for more than 1 assay per analysis226, clinical utility is best suited for 

detection of hot-spot mutations, previously identified mutations within a patient or 

known resistance hot-spot mutations. 

 

Gene panel analysis.  

When multiple genetic loci are required to be screened, next generation sequencing can 

allow massive parallel sequencing of ctDNA227-229. These can involve amplicon based 

techniques such as targeted amplicon deep sequencing of PCR228 products or hybrid 

capture methods230. Depending on the genes of interest, amplicon based sequencing can 

cover up to a hundred genes with high sensitivity231. Multiplexing multiple amplicons 

can allow for greater numbers of genomic regions to be analysed simultaneously, 
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however, this is usually at the cost of sensitivity, preferential amplification and primer 

dimer formation232. Many commercial panels are currently available with varying 

purposes. This includes disease focused panels, hotspot and actionable mutation panels 

or comprehensive panels231,233. Hybrid capture approaches are able to cover larger 

genomic regions from hundreds of genes to whole exomes234. They have an added 

advantage of being able to detect indels, translocations and chromosome changes235. 

Given their boarder genomic coverage, these methodologies are better suited to 

molecular profiling although there is a potential to use these methods for mutant burden 

tracking of multiple clones simultaneously211,214,230,236. Emergence of new mutations 

can also be detected in the context of disease progression and clonal evolution. Targeted 

NGS is becoming increasingly available and whist more costly than single allele 

approaches, represents a cost-effective way to screen for multiple genomic lesions. 

However, standardisation in methodologies and data interpretation is an issue with no 

real “gold standard” at this stage. Time for sequencing can be at best up to a week or 

two owing to library preparation, quality control and sequencing time231. Furthermore, 

unlike allele-based assays, bioinformatics analysis is often required to filter for 

mutations, which adds to the time and cost to obtain a result.  Especially with targeted 

amplicon sequencing, quantification of mutant burden is also semi-quantitative due to 

PCR amplification. As such, given each individual panel will have a unique set of 

sequencing artifacts, they should be correlated with orthogonal methods to determine 

its ability for reliable mutant quantification.  Whilst generally not as sensitive as 

ddPCR, methods such as molecular barcoding can reduce sequencing artefacts and can 

allow for deeper and more accurate mutant identification237-239.   

Whole exome and genome wide analysis   

Whole exome sequencing (WES) and whole genome sequencing (WGS) in ctDNA has 

largely been used in the research setting as it still poses a significant cost and the down 

stream bioinformatics increases in complexity. Both are comprehensive in their ability 

to capture genomic changes however sensitivity is much lower to that gene panel testing 

or single locus assays. Low coverage WGS has been used as a way to detect cancer 

specific copy number gains and losses240,241. This involves comparing sequencing reads 

over all genomic regions with a control242. Due to the shallow coverage, sensitivity of 

detection is usually about 10% and therefore would have limited utility in MRD 

detection.   
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1.5.3 Current clinical applications of ctDNA analysis in 

haematolgical disorders   
 

Diffuse large B-Cell lymphoma (DLBCL)  

Within haematological disorders, the utility of ctDNA has been most studied in 

DLBCL, an aggressive and most common subtype of non-Hodgkin lymphoma243. It is 

a heterogeneous disease both clinically and molecularly and therefore ctDNA appears 

to have promising utility as a biomarker.  

As a diagnostic tool prior to therapy, multiple groups have demonstrated that ctDNA 

levels corresponded with volumetric tumour burden. These have been done by 

identifying various molecular targets in ctDNA which demonstrate clonality and/or  

reflect the underlying tumor genotype208,211,244,245. One such method is the use of NGS 

sequencing to detect clonal rearranged IgH sequences, which occur in early B-Cell 

development and are a hallmark of B-lymphoid malignancies. Roschewski et al. and 

Kurtz et al. have used NGS to detect clonal VDJ gene sequences in ctDNA in DLBCL 

patients prior to therapy and have shown high detection rates at diagnosis245,246. Levels 

also correlated with poorer outcomes and measures of tumour burden, such as LDH, 

IPI and radiological assessment.  Detection of Ig gene rearrangements in plasma are a 

highly specific means to monitor disease. However, the shortfalls of this method 

include limited sensitivity in the setting of low tumour burden, and that it does not 

highlight the molecular complexity that exists within a tumour. Another approach to 

ctDNA analysis has been to capture the mutational landscape of DLBCL via ctDNA, 

through capture-based sequencing211,239,247. At diagnosis, the mutational landscape in 

ctDNA accurately represented that of the tumour, with additional lesions seen in ctDNA 

that were not present in the tissue biopsy208,211. This is likely representative of ctDNAs 

ability to capture molecular heterogeneity from different disease clones. Furthermore, 

this methodology was also able to define tumor subtypes as well as characterise 

DLBCL cell of origin211. In instances where CNS disease is present and tissue biopsy 

is difficult, ctDNA could also be detected248,249.  

Imaging by PET/CT is currently the main monitoring modality in DLBCL19,250. During 

therapy, the use of interim PET in DLBCL as a risk-adapted strategy for treatment 

intensification or de-escalation has yet to conclusively prove a survival benefit250. Part 
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of the reason may be the sensitivity of imaging to detect true MRD and a failure to 

appreciate the disease kinetics at a molecular level. Monitoring ctDNA dynamics in 

DLBCL during treatment provides an opportunity to use more patient and disease 

specific means to assess disease response. Clearance of ctDNA after two cycles of 

therapy has been shown to be predictive of improved progression free survival246,251. 

Similar conclusions were reached in patients at the end of therapy.  In post treatment 

surveillance, detection of ctDNA was evident up to 3.5 months before radiological 

progression. In addition, longitudinal profiling of ctDNA has revealed emergent 

genomic lesions, which could represent resistant clones211,252. Whilst only in small 

numbers, the implications of genetic profiling of ctDNA have the potential to inform 

of poorer prognosis in DLBCL or guide towards a specific therapeutic option. 

Examples include ctDNA detection of activated B-Cell like DLBCL signatures in 

plasma or MYD88 mutations to direct treatment with ibrutibib253, exportin-1 (XPO1) 

mutations and sensitivity to selective inhibitors of nuclear exports (SINEs) or activating 

EZH2 mutations and potential EZH2 inhibitor therapy254.  Studies have shown that 

these potentially actionable mutations are detectable using ddPCR218.  

 

Follicular lymphoma (FL)  

Follicular lymphoma is one of the most common indolent lymphomas and molecularly 

is characterised by a translocation of BCL2 and IgH (t(14;18))255. Traditionally this has 

been detected by cytogenetic and FISH analysis. Sarkozy et al. demonstrated that 

ctDNA was detectable in 83% of patients and higher levels were associated with poorer 

outcomes256. FL is largely incurable and recurrences often occur as well as 

transformation to a more aggressive lymphoma such as DLBCL257. Scherer et al. 

showed that ctDNA was able to distinguish between relapsed FL and transformed 

FL211. Furthermore, they were able to identify different genomic signatures in ctDNA 

that allowed for distinction between transformed FL and de-novo DLBCL. Identifying 

transformation in ctDNA has clinical importance as prognosis and therapeutic 

approaches will differ between transformed and non-transformed FL255,258.  

T cell Non-Hodgkin Lymphoma 

T-cell lymphomas represent a heterogeneous group of rare disorders that at times can 

be sometimes difficult to diagnose given their infrequency and indistinguishability 

from reactive states4,259,260. TCR gene rearrangements in plasma have helped in 
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demonstrating clonality and these have been detected in patients with T-Cell 

lymphomas261. Although this poses a novel opportunity for a biomarker in T-Cell 

malignancies, clonal TCR rearrangements are not specific as these can also be seen in 

non-malignant states262. In angioimmunoblastic T-cell lymphoma (AITL), various 

mutations are highly specific for disease, namely RHOA, TET2, DNMT3A and IDH2 

mutations263. A recent study identified these recurrent mutations in both tumour and 

plasma samples of AITL patients, showing an 83% concordance in mutation 

detection263.  Furthermore, clonal dynamics could be tracked using ctDNA.  

Whilst not technically ctDNA, circulating viral DNA has recently been shown to show 

high concordance with disease status and can be used as a screening tool for detection 

of nasopharyngeal cancers264. Nasal natural killer (NK)-T cell lymphoma is a disease 

often associated with the presence of Epstein-Barr virus (EBV)265. Plasma EBV DNA 

has been detected and correlates with tumour load and can track disease266,267. Plasma 

EBV DNA has been detected in other EBV associated lymphomas such as Burkitt 

lymphoma, and Hodgkin lymphoma (HL)267.    

 

Hodgkin lymphoma  

Obtaining genomic information in HL is often difficult due to the scarcity of tumor 

cells in bulk tissue. Apart from EBV DNA, studies have therefore initially focused on 

cfDNA by assessing levels of POL2 gene or B-globulin gene193-195. These data have 

demonstrated that higher cfDNA levels were associated with disease and that levels 

reduced upon successful treatment. Camus et al. used digital PCR and showed 

detectable XPO1 mutations in ctDNA was associated with shorter progression free 

survival268. More recently, Spina et al. used capture based sequencing to use ctDNA to 

genotype HL patients uncovering mutations which involved pathways of NF-kB, PI3K-

AKT, cytokine and NOTCH signaling at baseline269. Furthermore, they were able to 

identify prognostic subtypes and detect early relapse as well as demonstrate clonal 

evolution within ctDNA.  

 

Acute lymphoblastic lymphoma  (ALL)  

Acute lymphoblastic lymphoma is the most common haematological malignancy in 

childhood. cfDNA levels have been shown to be higher in paediatric ALL than other 

malignancies270. As a monitoring tool, both analysis of cfDNA and IgH rearrangements 
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could be successfully utilized to track disease response as well as show concordance 

with MRD by flow cytometry270,271.  

 

Histiocytic disorders 

Hyman et al. used ctDNA in plasma and urine to detect BRAF V600E mutations by 

digital PCR in patients with Langerhans cell histiocytosis (LCH) and Erdheim-Chester 

disease (ECD), two histiocytic disorders176. They demonstrated that urine and plasma 

BRAF mutation levels correlated with response to therapy with a BRAF inhibitor. In a 

disease where mutation status from tissue can be difficult to obtain, the work 

demonstrates the potential of non-invasive monitoring in ECD and LCH.  

 

Multiple myeloma and plasmacytoid lymphoma 

One of the most common haematological malignancies is multiple myeloma, a 

condition that affects terminally differentiated B-cells272.  Over the years, M-protein, 

cytogenetics, serum free light chain assays, MRI and PET scanning and multiparameter 

flow cytometry have been proven to be accurate in characterising and monitoring 

disease and many of these can be obtained from a blood test273.  Like in non-Hodgkin 

lymphomas, clonal IgH rearrangements have been used in ctDNA as a monitoring tool 

in myeloma274. This study showed a high association between positive ctDNA and a 

poor remission status. However, for patients with no or incomplete M-protein response 

ctDNA was only detected in 39% of cases. Whilst the numbers were small, this result 

may imply that ctDNA in myeloma still has a way to go to compete with M-Protein or 

even flow cytometry as a means of MRD monitoring.  Given there have been many 

novel therapies that have recently been approved in myeloma275, ctDNA could be used 

as a genotyping strategy to help better stratify patients to receive optimal therapy.  By 

ddPCR221,276, targeted amplicon sequencing209,276 or capture based sequencing235, 

groups have highlighted the genomic heterogeneity that can be obtained from ctDNA 

analysis. Such results warrant further studies to look at the utility as a MRD tool as well 

as in non-secretary plasma cell dyscrasias. 

In disorders with an IgM M-Protein such as Waldenstrom’s macroglobulinemia and 

IgM monoclonal gammopathy of uncertain significance (MGUS), ctDNA has been 

used to show a high concordance (97%) between tumour DNA and cfDNA using direct 

sequencing looking for hotspot MYD88 and CXCR4 muations277.   
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AML and bone marrow failure syndromes  

ctDNA in haematological malignancies was first reported in 1994 in AML and MDS 

patients which used PCR to identify NRAS mutations278.  A decade later, Rogers et al. 

analysed loss of heterozygosity in AML/MDS patients with known cytogenetic 

abnormalities and detected these in plasma samples279. The understanding of the genetic 

landscape of AML and MDS has considerably advanced since. Whilst these focused on 

a small subset of genetic lesions, it has paved the way for future studies to analyse 

ctDNA more broadly in AML/MDS 280.     

In aplastic anaemia, much of the challenge to obtain molecular information is the lack 

of cells to obtain genomic material. In a recent letter to the editor, Albitar et al 

demonstrated a proof of principle study using NGS showing that ctDNA mutations 

mirrored that of bone marrow DNA281.   

 

1.5.4 Technical and practical challenges in ctDNA analysis. 
 

The analysis of ctDNA is challenging and requires highly sensitive techniques due to 

the small fraction of tumour specific DNA present within background levels of normal 

cfDNA. Despite its great potential, there is still a great deal to understand with regards 

to ctDNA biology and its best use clinically. Even if deemed clinically applicable, 

implementation of ctDNA as a routine diagnostic tool requires infrastructure, personnel 

and ongoing quality control to keep up with the clinical need and the potential impact 

a result can have on clinical care. Only recently has there been Food and Drug 

Administration (FDA) approval for ctDNA analysis in lung cancer with EGFR 

testing282. It is important to realise that many of the studies in ctDNA in haematological 

malignancies are “proof-of-concept” studies. Thus, further validation of its utility is 

warranted giving the promising potential applications. Pre-analytical, analytical and 

post-analytical factors are outlined below and should be considered to ensure reliable 

data and conclusions can be made on the true utility of ctDNA in haematological 

malignancies. 

Plasma versus serum   

Some studies have attempted to use serum instead of plasma to assess ctDNA283. 

Although, the absolute amount of ctDNA appears to be similar, there is an increase in 
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the fraction of ctDNA extracted from plasma.  

 

Blood collection and plasma separation   

Blood should be ideally collected in ethylenediaminetetraacetic acid (EDTA) tubes. 

Heparinised tubes have been used successfully although it has been demonstrated that 

it can lead to PCR inhibition284.  There is no best time of day for collection of plasma, 

although there may be some diurnal variation in cfDNA levels285. The amount of blood 

required will depend on the type of analysis required and expected concentration of 

ctDNA. Approximately 55 percent of blood volume is plasma and it is important to 

realise the approximate input DNA required as not to over or under collect. Separating 

plasma from blood is typically performed using double centrifugation within a 

centrifuge which allows for slow deceleration. The main objective is to minimise the 

ex-vivo effect where non-mutant cfDNA from blood cells leak into the plasma286-288.  

This can increase the background cfDNA and thus decrease sensitivity in detecting 

ctDNA. For this reason, it is also imperative that once collected, the first spin of blood 

is performed as soon as possible, preferably within 1 to 2 hours. As this may be 

logistically challenging, various collection tubes have added formaldehyde or other cell 

stabilisation solutions and have successfully retained cfDNA levels for up to 14 days 

post collection289-291. It is particularly important that germline DNA from “non-tumour” 

material is collected for paired analysis to determine true somatic variants.  In many 

solid-tumor studies, peripheral blood buffy coat serves as germline DNA. However, 

this is not a viable option in haematological malignancies and therefore saliva DNA is 

often the best source.   

 

Plasma storage and DNA extraction  

Once collected, typical storage should be at -80oC until DNA extraction. Currently there 

are many commercial kits which extract DNA from plasma via different methods292. It 

is important to appreciate that these methods may recover different fragment sizes293,294. 

The most commonly used is affinity column methods292, however other methodologies 

such as magnetic beads based protocols can be used295. This can be a laborious manual 

process however recently instrumentation has been used to automate nucleic acid 

extraction processes. Platforms such as the NucliSenS® EasyMAG® automated 

platform or QIAsymphony® can provide the ability to extract large numbers of samples 
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simultaneously. 

 

Sequencing methodology   

Patients with higher tumour burden are more likely to have detectable ctDNA. 

Therefore, in early stage disease, more sensitive analysis techniques may be required 

due to the small fraction of detectable ctDNA.  In patients with advanced malignancies, 

varied methodological techniques can be successfully employed due to the higher 

ctDNA fraction, which can allow for more extensive genomic analysis. 

 

Library preparation  

In targeted sequencing, commercial targeted panels used in analysing genomic DNA 

from tumor often do not have the capability to generate libraries from plasma DNA 

which is more fragmented. Custom panels may be required with primers that will 

amplify shorter ctDNA fragments. Furthermore, input DNA for each reaction may be 

limited and therefore pre-amplification protocols can be used to enrich plasma DNA 

over regions of interest to maximise yield of amplified product for analysis296. 

 

Bioinformatics analysis  

The large amount of data generated by massive parallel sequencing of plasma DNA 

highlights the increased demand for bioinformatics analysis.  Various pipelines for 

targeted amplicon and capture based analysis have been successfully used to analyse 

ctDNA297,298. Given the fragmented nature of ctDNA, upstream considerations such as 

adapter contamination and GC bias may contribute to poor or preferential mapping of 

reads299. As such, considerations for thresholds and algorithms for variant calling may 

be required to be altered to specifically fit ctDNA analysis and in many cases a 

combination of various programs are used to filter out true mutations from artefact297. 

Machine learning approaches have been used to identify the temporal nature of 

mutations to give added confidence in variant calling300. Furthermore, using unique 

molecular identifiers, algorithms can be used to suppress the error generated by PCR 

artifact 238,239. In addition, given the presence of both tumour and wild-type DNA in 

plasma, factoring in tumour purity and ploidy is an important consideration especially 

when determining mutant allele fraction301.  
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Clinical interpretation of results.  

Positive or negative ctDNA results (i.e. a variant detected in plasma), whilst sometimes 

straightforward require careful clinicopathological correlation. False positive ctDNA 

results may occur as a result of sequencing error.  Furthermore, not all variants are 

necessarily derived from the primary tumour. Attempts at analysing methylation 

patterns provide some insight into the tissue of origin302, however, they still need 

definitive histological confirmation, as mutations could represent a different malignant 

or non-malignant disease process. Similarly, negative results (i.e no ctDNA in plasma) 

may also occur in settings where only one genomic locus is interrogated. Additionally, 

“secretion” of tumor DNA may be disease or compartment related.  

 

Studies of ctDNA in haematological malignancies have thus far shown feasibility and 

promise as a minimally invasive molecular biomarker. However, because of different 

disease biology and therapeutics, the utility of ctDNA needs to be explored in each 

disease context to maximize its value. As such, the first part of this thesis will focus on 

the utility of ctDNA in CLL and MDS patients that are undergoing treatment. In these 

haematological diseases there are particular challenges in current disease assessment 

strategies and the use of ctDNA has not been explored in the context of disease directed 

therapy.  
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Chapter 2 - Materials and methods 

 

2.1 General materials 
Stock solutions and media are made as shown in Table 3. 
 
Solutions  

Name Composition  
PBS 150 mM NaCl, 2.5 mM KCl, 10 mM Na2HPO4, 2 mM 

K2HPO4 
Red blood cell     
(RBC) lysis  
buffer 

1 litre Sterile MilliQ water, 8.02 grams NH4Cl,  
1.0 grams KHCO3, 1ml EDTA (100 mM pH 7.5)  

Freezing solution 90% (45ml) Fetal Bovine Serum (FBS), 10% DMSO (5ml) 

 

Media and Additives  

Item Manufacturer Product number 
Fetal Bovine Serum Sigma Aldrich 12003C 
Dimethyl Sulfoxide  Calibiochem 317275 
Ficoll-Paque Sigma Aldrich 17-1440-03 
Ethanol absolute Merk 1070172511 

Table 3.  Stock solutions, media and additives.  
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2.2 Targeted sequencing (TS) primer design and 

validation 
 

Rationale  

A bespoke targeted sequencing (TS) panel for CLL had already been developed within 

the laboratory. This panel covered seven of the most frequently mutated genes in CLL 

(TP53, ATM, NOTCH1, SF3B1, MYD88, KRAS, and BIRC3) covering 51 regions in 

these genes.  

In this thesis, a myeloid TS panel consisting of 54 genes (Table 4) was developed for 

sequencing of the MDS cohort, AML cohort and allograft donor cohort. Genes were 

selected based on their mutational frequency (>2% in selected series), prognostic 

significance, and their role in RNA splicing, epigenetic regulation and various signaling 

pathways that are associated with MDS and AML 55,63,303-310. The catalogue of somatic 

mutations in cancer (COSMIC)311 was used to identify the genetic co-ordinates of 

somatic mutations within our target genes.  
 

  Gene 
RNA Splicing ASXL1 DIS3 GNAS MLL2 PHF6 SF3B1 TP53 

DNA Methylation BCOR DNMT3A IDH1 MPL 
PRPF40

B SMC1a U2AF1 
Chromatin 

modification BRAF DOCK4 IDH2 MYC PTEN SMC3 UMODL1 
Transcription 

factor/Regulator CALR ETV6 JAK2 NF1 PTPN11 SRSF2 WAC 
Cohesion CBL EZH2 KDM6A NPM1 RAD21 STAG2 WT1 

Receptors/kinases/ 
signal transduction CDKN2A FLT3 KIT NRAS RUNX1 STAT3 ZRSR2 
Tumor supressor CSF1R GATA1 KRAS PDGFRA SETBP1 SUZ12   

Other CUX1 GATA2 MLL PDS5B SF3A1 TET2   
Table 4. Myeloid targeted sequencing (TS) panel gene list 
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Workflow 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 1. Workflow for targeted sequencing design and validation. 

 

2.2.1 Primer design  
 

Primers were designed to tile genomic regions of interest in short segments 150-200bp, 

incorporating universal adaptors at 5’ ends. These were based on melting temperature 

(Tm), GC content, likelihood of self-dimerization, hairpin formation and specificity. 

Tm was based on set thermal cycling conditions of the Illumina access array. In-silico 

testing of primer was also performed using University of California, Santa Cruz 

(UCSC) genome browser to confirm specificity of the amplicon generated to the 

sequence of interest. For the myeloid TS panel 250 primer pairs were designed and 

subsequently validated in singleplex by gel electrophoresis of PCR products. Sequences 

of the primers are listed in Appendix 1.   

 

2.2.2 In-silico validation  
 

In-silico testing of primers was also performed using the UCSC genome browser to 

confirm specificity of the amplicon generated to the sequence of interest. 

In-Silico 
validation  

PCR Validation  

Primer Design  

Multiplexing  
(Chapter 4)  
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2.2.3 Primer validation PCR protocol 

 

Primer solution preparation  

Primer solution for each amplicon are diluted to 250nm from 100µm as shown in Table 

5 below.  

 

Component Volume Final Concentration 
100μm Primer – Forward 1 250nm 

100μm Primer – Reverse 1 250nm 

DNA Free Water 198  

Total 200  
Table 5. PCR primer solution preparation. 

 
 

Primer validation master mix preparation  

Once primers are prepared, the reaction mixture is prepared in the table below. The 

following master mix is a preparation for 48 reactions (Table 6).  

 

Component Volume per 
reaction (μL) 

Volume for 48 
reactions (μL) 

Final 
concentratio
n 

10X FastStart High Fidelity 
Reaction Buffer (WITHOUT 
18mM MgCl2) 

0.5 24 1X 

25mM MgCl2 (Roche) 0.9 43.2 4.5 mM 

DMSO (Roche)  0.25 12 5% 

10mM PCR Grade Nucleotide 
Mix (Roche)  0.1 4.8 200μM 

5U/μL FastStart High Fidelity 
Enzyme Blend (Roche) 0.05 2.4 0.05 U/μL 

20x access array loading 
reagent (Fluidigm) 0.25 12 1X 

DNA Free Water 0.95 45.6  

Total  3.0 240.0  
Table 6. Primer validation mastermix preparation 
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Setting up and PCR Reactions  

The PCR reaction is prepared in a 96 well plate. One reaction well is prepared to test 

one primer pair and contains:  

- 3 µL of the primer validation master mix  

- 1 µL of the 250nm primer solution  

- 1 µL DNA at 50ng/µl (OVCAR cell line DNA was used) 

 

After vortex and centrifugation to mix and spin down components, PCR of the reaction 

plate was performed on the Eppendorf Mastercycler nexus gradient thermocycler under 

the following conditions outlined in Table 7. 

 

 

Primer Validation PCR Protocol 
PCR Stages  Number of Cycles  

50oC - 2 minutes 1 
70oC - 20 minutes 1 

95oC - 10 minutes 1 
95oC - 15 seconds 

10 60oC - 30 seconds 
72oC - 1 minute 

95oC - 15 seconds 

2 80oC - 30 seconds 
60oC - 30 seconds 

72oC - 1 minute 
95oC - 15 seconds 

8 60oC - 30 seconds 
72oC - 1 minute 

95oC - 15 seconds 

2 80oC - 30 seconds 
60oC - 30 seconds 

72oC - 1 minute 
95oC - 15 seconds 

8 60oC - 30 seconds 
72oC - 1 minute 

95oC - 15 seconds 

5 80oC - 30 seconds 
60oC - 30 seconds 

72oC - 1 minute 
Table 7. Primer validation PCR protocol 
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Agarose gel electrophoresis and visualisation of DNA from agarose gels 

DNA fragments after PCR were visualised using horizontal agarose gels. 2% agarose 

gels were made by dissolving analytical grade agarose into 100ml of Tris base, acetic 

acid and EDTA (TAE) and adding 20µl of SYBR®safe (Invitrogen). The mixture was 

heated and poured into a mold to allow to set. Once set, the gel was mounted onto a 

electrophoresis tank and covered with 1X TAE. 5µl of DNA was stained using 1µl of a 

Blue/Orange 6X loading dye (Promega) and then loaded into the gel and 

electrophoresed at 120 volts. A 100-base pair DNA ladder (Promega) was run in 

conjunction with the DNA samples as a marker. After gel electrophoresis, DNA bands 

was visualised using the Bio-Rad Gel Doc XR+. Figure 2 shows a representative 2% 

agarose gel electrophoresis validating of primer pairs.   
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Well 
number  Primer name 

Expected 
Amplicon size 
(Plus tagged 

sequence) 

 
Well 

number on 
Gel 

Primer name 

Expected 
Amplicon 
size (Plus 

tagged 
sequence) 

1 TET2-Exon10-01 219  19 TET2-Exon3-01 202 

2 TET2-Exon10-02 194  20 TET2-Exon3-02 218 

3 TET2-Exon10-03 219  21 TET2-Exon3-03 176 

4 TET2-Exon10-04 220  22 TET2-Exon3-04 218 

5 TET2-Exon10-05 218  23 TET2-Exon3-05 229 

6 TET2-Exon11-01 191  24 TET2-Exon3-06 221 

7 TET2-Exon11-02 212  25 TET2-Exon3-07 192 

8 TET2-Exon11-03 190  26 TET2-Exon3-08 211 

9 TET2-Exon11-04 221  27 TET2-Exon3-09 217 

10 TET2-Exon11-05 213  28 TET2-Exon3-10 214 

11 TET2-Exon11-06 223  29 TET2-Exon3-11 227 

12 TET2-Exon11-07 239  30 TET2-Exon3-12 195 

13 TET2-Exon11-08 190  31 TET2-Exon3-13 219 

14 TET2-Exon11-09 188  32 TET2-Exon3-14 229 

15 TET2-Exon11-10 167  33 TET2-Exon3-15 222 

16 TET2-Exon11-11 217  34 TET2-Exon3-16 194 

17 TET2-Exon11-12 219  35 TET2-Exon3-17 224 

18 TET2-Exon11-13 226  36 NTC (No template 
control) 0 

 

 
Figure 2. Representative gel electrophoresis for primer pair validation. 
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2.3 Targeted amplicon deep sequencing (TS) 

Rationale  

Targeted amplicon deep sequencing (TS) is routinely used across a large panel of genes, 

for the identification of somatic genomic alterations at low MAFs in tumour tissue. The 

reason that this approach was chosen for screening for mutations is due to its ability to 

allow for assessment of multiple genomic regoins at high depth and sensitivity (as low 

as 1%). Furthermore, compared to hybrid capture approaches, TS allows for a much 

more cost-effective strategy and ability for high throughput analysis. This method 

involves the amplification and deep sequencing of short fragments of tumour DNA. A 

microfluidic system (Access Array, Fluidigm) is used to perform parallel single-plex 

or multiplex amplification from multiple pre-amped samples using multiple primer 

sets312. An additional PCR step is performed to attach sequencing adapters and to tag 

each sample with a unique molecular identifier or “barcode”. NGS is then performed, 

using 100-base paired-end reads on an Illumina Miseq or NextSeq instrument, to 

generate up to ~10,000-fold coverage per amplicon.  This will allow comprehensive 

mutation detection at mutant AFs as low as ~1% across a large panel of genes in serial 

samples across the cohorts.  

Workflow 

The workflow for TS is outlined below in Figure 3.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Workflow for targeted sequencing 

Plasma DNA Non-plasma DNA 

Pre-amplification Target specific 
amplification 

Barcoding 
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Data analysis (PathOS)  
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2.3.1 Pre-amplification PCR Protocol 
 

Plasma DNA was subjected to a pre-amplification against a pool of all primers in the 

amplicon sequencing panel to preferentially increase the yield of DNA in the regions 

of interest within the panel.  

Pre-amplification primer solution preparation  

Each primer pair in the panel is diluted from 100µm to 50µm (Table 8). The pre-

amplification primer solution for both the CLL and myeloid targeted sequencing (TS) 

panel is shown below. A lower concentration of each primer pair was made in the 

myeloid TS panel due to the increased number of primer pairs in this panel.  

 

 
CLL TS Panel (51 primer pairs) 

Component Volume (μl) Total Volume (μl) Final 
Concentration 

50μm primer pair 
solution 

2 per primer 
pair 

102 
(51 primer pairs) 

0.5 μm 

DNA Free Water  98  
Total  200   

 

Myeloid TS Panel (250 primer pairs) 
Component Volume (μl) Total Volume (μl) Final 

Concentration 
50μm primer pair 
solution 

2 per primer 
pair 

500 
(51 primer pairs) 

0.2 μm 

DNA Free Water  0  
Total  500   

Table 8. Preamplification primer solution preparation  

 

 

  



	 57	

Pre-amplification master mix preparation  

The reaction mixture is prepared in Table 9 below. The following master mix is a 

preparation for 60 reactions. 

 
Component Volume per 

reaction (μL) 
Volume for 

60 reactions 
(μL) 

Final 
concentration 

10X FastStart High Fidelity Reaction 
Buffer (WITH 18mM MgCl2) 

1 60 1X 

25mM MgCl2 (Roche) 1.08 64.8 2.7 mM 
DMSO (Roche)  0.5 30 5% 
10mM PCR Grade Nucleotide Mix 
(Roche)  0.2 12 200μM 

5U/μL FastStart High Fidelity 
Enzyme Blend (Roche) 0.2 12 0.1 U/μL 

Pre amplification primer solution 1 60  
DNA Free Water 1.02 61.2  
Total  5.0 300  

Table 9. Preamplifciation master mix prepearation 

 

Pre-amplification PCR reaction  

The PCR reaction is prepared in a 96 well plate. One reaction well is prepared to test 

one plasma sample and contains:  

- 5 µL of the pre-amplification master mix  

- 5 µL of plasma DNA  

After vortex and centrifugation to mix and spin down components, PCR of the reaction 

plate was performed on the Eppendorf Mastercycler nexus gradient thermocycler under 

the following conditions (Table 10): 

 

 
Pre-amplification PCR protocol 

PCR Stages  Number of Cycles  
95oC - 10 minutes 1 
95oC - 15 seconds 

15 
60oC - 4 minutes 

Table 10. Preamplification PCR protocol 
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Post Pre-amplification PCR clean up and dilution. 

After the preamplification PCR, a clean-up PCR protocol using the ExoSAP-IT 

(Affymetrix) reagent is performed. This is to remove unwanted primer dimers and 

waste oligonucleotides.  

In a new 96 well PCR plate each reaction well will contain:  

- 2.5 µL of the pre-amplification post PCR Product.  

- 1 µL of ExoSAP-IT  

After vortex and centrifugation to mix and spin down components, the PCR clean up 

reaction was performed on the Eppendorf Mastercycler nexus gradient thermocycler 

under the following conditions (Table 11). After the clean-up reaction, the cleaned pre-

amplification PCR product is diluted 1 in 5 by adding 14µl of DNA free water in each 

reaction well.  

 

Pre-amplification clean up protocol 
PCR Stages  Number of Cycles  

37oC - 15 minutes 1 
80oC - 15 minutes 1 

Table 11. Post pre-amplification clean up PCR protocol 
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2.3.2 Target specific amplification protocol 

 

Preparing 20X primer solution for target specific amplification 

The preparation of the 20X primer solutions to load on to each of the primer inlet wells 

is shown below (Table 12). Within the CLL and MDS/AML panel, up to 6 primer pairs 

were used in each well.  

 

Component 
Volume (μL) Final 

concentration Number of primer pairs per well 
1 2 3 4 5 6 

50 μm Primer pair 
solution – 
(Forward and 
reverse) 

4 8 12 16 20 24 1 μm 

20x access array 
loading reagent 
(Fluidigm) 

5 5 5 5 5 5 1X 

DNA Free Water 91 87 83 79 75 71  
Total 100 100 100 100 100 100  

Table 12. Preparation of 20X primer solution for target specific amplification 
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Target specific amplification sample pre-mix preparation  

The sample pre-mix solution for the sample inlets is prepared in Table 13. The 

following solution is a preparation for 48 reactions. Sample DNA is then added to the 

sample pre-mix solution in individual wells in a 96 well plate.  

 
Pre-mix preparation 

Component Volume per 
reaction (μL) 

Volume for 48 
reactions (μL) 

Final 
concentratio

n 
10X FastStart High Fidelity 
Reaction Buffer (WITHOUT 
18mM MgCl2) 

0.5 24 1X 

25mM MgCl2 (Roche) 0.9 43.2 4.5 mM 
DMSO (Roche)  0.25 12 5% 
10mM PCR Grade Nucleotide 
Mix (Roche)  0.1 4.8 200μM 

5U/μL FastStart High Fidelity 
Enzyme Blend (Roche) 0.05 2.4 0.05 U/μL 

20x access array loading 
reagent (Fluidigm) 0.25 12 1X 

DNA Free Water 0 0  
Total  2.05 98.4  

 

Component 
Volume (μL) 

Plasma DNA 
(use cleaned pre-

amplification DNA Product) 

Non-Plasma 
DNA  

(≥ 50ng/μL ) 

Non-Plasma 
DNA  

(<50ng/μL )  
Sample pre-mix 
solution 2.05 2.05 2.05 

DNA 1 1 2.95 
DNA free water 1.95 1.95 0 
Total  5 5 5 

Table 13. Pre-mix and sample preparation for target specific amplification 
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The sample pre-mix and primer solutions are loaded onto the Illumia 48.48 Access 

array IFC and run using the Fluidigm Access ArrayTM system312 following 

manufacturers instructions. Following amplification, products are harvested and diluted 

with DNA free water in a 1:100 ratio. 

 

 
Figure 4. Fluidigm 48.48 access array plate 

Graphic taken from Fluidigm Access ArrayTMuser guide 312.  
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2.3.3 Library Barcoding Protocol 
 
 
PCR Products from each harvested well after target specific amplification is then tagged 

with sample-specific barcodes (Illumina) and then pooled together.  

Barcoding pre-mix and sample mix solution preparation  

The sample pre-mix solution for the sample inlets is prepared as per Table 14. The 

following solution is a preparation for 48 reactions.  The sample mix for each sample 

is then prepared in a 96 well plate.  

 
Barcoding pre-mix solution preparation 

Component Volume per 
reaction (μL) 

Volume for 48 
reactions (μL) 

Final 
concentration 

10X FastStart High Fidelity 
Reaction Buffer (WITHOUT 
18mM MgCl2) 

1 48 1X 

25mM MgCl2 (Roche) 1.8 86.4 4.5 mM 
DMSO (Roche)  0.5 24 5% 
10mM PCR Grade Nucleotide 
Mix (Roche)  0.2 9.6 200μM 

5U/μL FastStart High Fidelity 
Enzyme Blend (Roche) 0.1 4.8 0.05 U/μL 

DNA Free Water 3.4 163.2  
Total  7 336  

 
Barcoding sample mix solution preparation 

Component Volume (μL) Final 
concentration 

Illumina Access array barcode 
library (forward and reverse 
primer mix) 

2 0.4μM 

Sample pre-mix 7  
1:100 harvested PCR Product 1  
Total  10  

Table 14. Preparation of  pre-mix and sample mix solution for barcoding 
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After vortex and centrifugation to mix and spin down components, the barcoding script 

was performed on the Eppendorf Mastercycler nexus gradient thermocycler under the 

conditions outlined in Table 15. 

 

 

Barcoding protocol 
PCR Stages  Number of Cycles  

95oC - 10 minutes 1 
95oC - 15 seconds 

15 60oC - 30 seconds  
72oC – 1 minute 
72oC - 3 minutes 1 

Table 15. Barcoding PCR protocol 

 

Pooled Library Purification 

After Barcoded products are pooled together, purification of the pooled sample library 

is performed as follows using AMPure XP magnetic beads.  

 

Library Purification Protocol 
1) Bring AMPure beads to room temperature prior to use 
2) 48 μL library + 48 μL beads (1:1 ratio important to purify ~300bp 

products)  
3) Vortex briefly 
4) Incubate at room temperature for 5 mins 
5) Magnetic stand, 5 mins 
6) Remove supernatant 
7) Add 200μL of 70% ethanol and incubate for 30 sec 
8) Magnetic stand, 30 sec 
9) Remove supernatant 
10) Drying step - open lid and incubate on a 42oC heat block for 5 

minutes 
11) Add 20 μL nuclease-free water by slowly dripping over the beads 
12) Incubate at room temperature for 2 mins 
13) Magnetic stand, 5 mins 
14) Carefully aspirate supernatant and put in a new labelled tube - 

cleaned library 
Table 16. Pooled library purification protocol for targeted sequencing. 

Highlighted in red are critical steps that must be adhered to.  
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2.3.4 Library quantification 
 

 
The cleaned barcoded sample library is then quantified using two methods:  

Quantification by Qubit  

Library Quantification using Quibit is done using Qubit Board Range (BR) reagents 

and read on the Qubit ® Flurometer (Invitrogen).  Cleaned barcoded library is 

quantified in duplicate at a 1:1 and 1:10 ratio. The concentration for a 1:1 ratio solution 

is calculated as the average of each replicate. 

Quantification by TapeStation 

Library quantification is performed by using the Agilent 2100 BioAnalyzer D1000 

Chip, using TapeStation BR reagents according to manufacturer’s instructions. The 

cleaned barcoded library is quantified at a 1:1 ratio in triplicate alongside a DNA ladder, 

the barcoded library before cleanup as well as samples from random barcoded wells as 

follows:  

 

1. DNA Ladder (D1000) 

2. Uncleaned pooled library 

3. Cleaned pooled Library (1) 

4. Cleaned pooled Library (2) 

5. Cleaned pooled Library (3) 

6. Random barcoded sample 

7. Random barcoded sample  

8. Random barcoded sample 

 

Samples are placed in this order on to an eight-strip optical tube with 1µL sample and 

3µL BR reagent in each well and loaded on the Agilent 2100 BioAnalyzer.  After 

sample analysis, the data is analysed on the controller software and setting the analysis 

to DNA fragments from 150-400bp in size when calculating the concentration of the 

library. The concentration for a 1:1 ratio solution is calculated as the average of each 

replicate. 

The final quantification of cleaned library is calculated as the average of the Qubit and 

BioAnalyzer results.  
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2.3.5 Library dilution and sequencing.  
 

After library quantification, dilution of library is required before loading onto an 

Illumina Miseq or NextSeq instrument. Firstly, libraries need to be diluted to 2nM. The 

cleaned library is diluted to 2nM using DNA free water as per the formula below: 

 

Dilution to 2nM = 2µL of library + (nM concentration - 2) µL of DNA free water 

 

The diluted 2nM is further quantified using Qubit High Sensitivity (HS) to ensure 

accuracy in dilution. Further dilution is required using bffers from either the Miseq or 

NextSeq cartridge. The ideal concentration is library dependent due to the level of 

complexity for each library.  

For Miseq runs, the CLL TS panel is diluted to 6.0pM whilst the myeloid TS panel is 

diluted to 5.0pM before loading on to the cartridge.  

For Nextseq runs, both TS panels are diluted to 1.0pM. 

Loading and kick-starting of runs is as per manufacturers instructions.  

 

2.3.6 Data analysis 
 

Sequencing data was curated using an in-house bioinformatics pipeline PathOS233,313. 

Sequenced reads were mapped to the human reference genome (version hg19) using 

BWA-MEM (version 0.7.12) with default parameters. Variants were retained for 

further analysis if they satisfied the following attributes. 1) Mutations with a minimum 

of five reads supporting the variant and an MAF >1% were retained for further 

analysis. 2)Variants that were recurrently observed in >50% of the samples 

(representing probable sequencing and/or PCR artefacts) and those with a high global 

allele frequency (>1.0%) in the 1000 genomes database were flagged and removed from 

this curated list unless they have been described in COMSIC. Variants in the curated 

list were then annotated based on their prognostic or functional relevance313 and this 

was based on the American College of Medical Genetics and Genomics (ACMG) 

standards and guidelines for the interpretation of sequence variants314. Null variant (i.e. 

nonsense, frameshift, canonical spicesite, initiation codon or deletions) and presence in 

COSMIC were immediately considered as likely pathogenic variants for further 
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analysis. To account for the lack of germline samples in many of the patients and to 

exclude possible germline variants, variants with an allele fraction of >40% were 

excluded from analysis unless they have been previously described in COSMIC or are 

a null variant. 
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2.4 Digital PCR 
 

Rationale 

Digital PCR allows for an orthogonal point of validation for the variants detected by 

targeted sequencing or whole exome sequencing. It also provides absolute 

quantification and this in theory is a more sensitive form of variant detection. Each 

assay however can only detect one variant and thus the use is very specific.  Digital 

PCR uses a Poisson correction to determine the number of amplifiable molecules, 

which was used to further derive the number of copies of DNA carrying a particular 

mutation per millilitre of plasma. 

Workflow 

The workflow for digital PCR is outlined below inFigure 5. The Bio-Rad platform was 

used for the analysis of the MDS cohort and the Fluidigm platform was used for 

analysis of the CLL cohort. Digital PCR assays used are listed in Appendix 2. 

 
Figure 5. Workflow for digital PCR 
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2.4.1 Biorad Droplet digital PCR 
 

The master mix preparation is shown in Table 17. Master mix reactions need to be at 

25µl. The input of DNA is 1µl however up to 5µl was used in samples with low DNA 

concentrations. Wild type (WT) and mutant probes were custom designed by the 

manufacturer (Bio-Rad).  

 
Probe based reactions  

Component Volume per 
Reaction (μl) 

Final Concentration 

2x ddPCR Supermix for 
Probes  

12.5 1x 

20x WT Primer/probe 1.25 900nM/250nM 
20x Mutant Primer/probe 1.25 900nM/250nM 

Sample Variable 50fg to 100ng 
RNase/DNase free water Variable  

TOTAL 25μl  
Table 17. Master mix preparation for digital PCR reactions. 

 
Droplets were generated on the Bio-Rad QX200TM droplet generator according to 

manufacturer’s protocols.  After generation, the droplet plate underwent PCR to allow 

for amplification of DNA fragment within each droplet. The conditions for PCR are 

shown in Table 18. After thermocycling, the droplets are then read using the Bio-Rad 

QX200TM droplet reader and analysed using the QuantaSoft™ software. Each sample 

was analysed using at least two technical replicates. 
 

 
Probe based reactions 

Cycling step Temperature Time Ramp Rate # Cycles 
Enzyme activation 95 10 min  

 
2 degrees/ 

sec 

1 
Denaturation 94 30 sec 40 

Annealing/Extension 60 1 min 40 
Enzyme deactivation 98 10 min 1 

Hold 4 Infinite 1 
Table 18. Bio-Rad digital PCR thermocycling protocol 
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2.4.2 Fluidigm digital PCR. 
 

BioMark 48.770 Digital Array (Fluidigm) system was used using the manufacturer’s 

protocols. Allele-specific PCR assays were custom designed or obtained from 

PrimePCR PCR Primers and Assays or BioRad Laboratories) (Supplementary Table 

4). Master mix was made according to Table 19. Data analysis was carried out using 

the Digital PCR Analysis Software version 4.1.2 (Fluidigm). Each sample was analysed 

by two or more technical replicates. Each replicate comprised of at least 1,540 

individual reactions. 
 

Mastermix Volume (μl)x1 
Volume (μl) stock 

final 
concentration 

Unit 
 

TaqMan Universal 
Mastermix  3 180 2 1 x 
GE Sample loading 
reagent 0.6 36 20 2 x 
WT assay (ROX) 0.3 18.0 20 1 x 
Mutant assay (FAM) 0.3 18.0 20 1 x 
Rnase-free water 0.0 0.0       
Total 4.2 252    
    
Table 19. Master mix preparation for Fluidigm digital PCR 
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2.5 Whole exome sequencing (WES) and low coverage 

whole genome sequencing (LC-WGS) 
 

Rationale 

Whole exome sequencing was implemented to screen for single nucleotide variants in 

serial tissue and plasma samples in the CLL cohort that have undergone Richter’s 

transformation (Figure 6). This allowed for a comprehensive sequencing of the genomic 

landscape of these samples. Mean total depth of coverage was ∼60 × for germline 

samples, ∼140 × for BM and LN-derived DNA samples, and ∼120 × for plasma 

samples. Low coverage whole genome sequencing was implemented to assess for copy 

number abberations in plasma samples in select CLL and MDS patients.  Both analyses 

were performed within the core genomics facility (Peter MacCallum Cancer Centre) 

after DNA was extracted. Saliva DNA was also obtained to serve as a germline control. 

Data analysis was performed with the assistance of bioinformatics support in the 

laboratory.  

Workflow 

 
Figure 6. Workflow for whole exome and whole genome sequencing 
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2.5.1 Exome sequencing 
 

Library preparation 

Tissue and saliva DNA was initially sheared by sonication (Covaris). Exome 

enrichment was then performed using the NimbleGen SeqCap EZ Exome Kit v3.0, 

following the manufacturer’s protocols. Indexed pools of three to four samples per lane 

were sequenced on the Illumina HiSeq2000 or Illumina NextSeq500 instrument.  

 

Data analysis 

Quality control was performed using FASTQC (version 0.110.3)  to evaluate FASTQ 

sequences files for each sample. Subsequently, adapter sequences, primers and other 

sequence artifacts were removed using Cutadapt (version 1.8.1) and then the reads 

mapped, using default parameters, to the human reference genome (version hg19) using 

BWA-MEM (version 0.7.12). PCR duplicates were removed using Picard (version 

1.133). GATK (version 3.4.0) IndelRealigner and GATK’s BaseRecalibrator was used 

for local realignment and then recalibration of base qualities. Pileup files for variant 

calling was created using SAMtools mpileup command. GATK, VarScan (version 

2.3.8), MuTect (version 1.1.7) and multiSNV was used to assess for SNV and indel 

detection298 and were subsequently curated for read depth of reference and alternate 

alleles. Prediction of the functional mutations (nonsense, missense or splicing SNVs) 

for further analysis was performed using Ensembl Variant Effect Predictor (version 80) 

and COSMIC (version 72). Variants were discarded if there were any mutant reads 

detected in the germline sample as were any variants that were identified within 

homopolymer regions signifying strand bias.  

Of the variant callers used (GATK, VarScan and/or MuTect), two or more variant 

callers were required to predict the variants in order to call high-confidence SNV and 

indel calls297. MultiSNV was then used in cases where a high-confidence variant was 

not observed in more than one sample from the same individual298, using a Gibbs 

sampler to determine relatedness of samples. Hence, high confidence variants were also 

reported if multiSNV detected variants in related samples. Adjusting for purity and 

ploidy was done by 1) analyzing the copy number estimates (Sequenza), 2) adjusting 

for MAF using the formula described by Nik-Zainal et. al.315 and 3) average of purity 
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estimates using ADTEx301 and Sequenza316.  

Whole exome copy number analysis was performed using ADTEx. This was performed 

using a Markov model that adjusts and estimates B-allele frequency (BAF), ploidy and 

sample purity to determine variations in copy number301. 

The exome sequencing data from this thesis has been deposited into the sequence read 

archive, which is hosted by the National Centre for Biotechnology Information. The 

BioProject accession number is PRJNA361191. 

 

2.5.2 Low-coverage whole-genome sequencing 
 

Library preparation 

LC-WGS was performed on plasma DNA in both the CLL and MDS cohorts. Libraries 

were generated and sequenced on the Illumina NextSeq500 platform (paired-end 75 bp) 

according to standard protocol240.  

Data analysis 

QDNASeq was used for copy number analysis of LC-WGS data. This method of 

analysis divides the genome into non-overlapping 15 kb bins. Other parameters are set 

as default as per QDNASeq. Once the genome is divided, the number of reads in each 

bin is counted. Subsequently, read mappability and GC content is accounted for by 

adjustment with a simultaneous two-dimensional loess correction242. 
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2.6 Immunoglobulin heavy chain (IgH) sequencing 
 

Rationale 

IgH sequencing was implemented to identify specific IgH sequences from PBMNL that 

were specific to the dominant CLL clone in selected CLL cases (Figure 7). This was 

performed using next generation sequencing within our molecular diagnostic 

laboratory.  Specific digital PCR assays were then developed to identify the dominant 

IgH sequence in each case. This allowed for absolute quantification of patient- specific 

IgH assays which can be used in serial monitoring in plasma.  

Workflow 

Figure 7. Workflow for IgH sequencing 
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Fidelity PCR System. The PCR conditions are shown in Table 20.  

PCR Stages  Number of Cycles  
denaturation step of 95 °C for 2 min  1 

95oC - 45 seconds 
35 60oC - 45 seconds  

72oC – 90 seconds 
72oC – 10 minutes 1 

Table 20. IgH sequencing PCR protocol 

A second PCR reaction with sample-specific barcode primers (Fluidigm) was then 

performed using the PCR products from above as per the manufacturer’s instructions. 

Samples with unique identifiers were then pooled and the resulting library was purified 

using the Agencourt AMPure XP system (Beckman Coulter). Tapestation 2200 

(Agilent Technologies) was used to quantify the libraries and then denatured and 

diluted as per the manufacturer’s instructions. The library was then sequenced on the 

Illumina MiSeq sequencer. 300bp paired-end reads were assembled using PEAR 

(v0.9.8)318 and analysed with an in-house-designed interactive web-based tool 

displaying the sequences and read-length distribution of assembled reads.  

Dominant IGH sequence was identified for each case (Table 21), for subsequent ddPCR 

assay design.  

Table 21. Dominant IGHV sequences for CLL001, CLL018, CLL020 and CLL043 
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2.6.2 IgH digital PCR 
 

Patient-specific IGH ddPCR assays were then designed and analysed on the BioMark 

48.770 Digital Array (Fluidigm) platform using DNA binding dye (Evagreen) (Table 

22) as described earlier. 

 
Assay 
Name Gene Chr Forward primer Reverse primer Size 

(bp) 

CLL01-
v1S38 IGH 14 

GAGTCGAGTTACCATATCAGTAG
AC 

ACGTCCATACCGTAGTAGTAGTA
C 162 

CLL018
-v1S41 IGH 14 

AGTCGAGTCACCATATCAGTAGA
C 

CATACCGTAGTAGTAGTAGTAAT
TGC 144 

CLL020
-v1S42 IGH 14 CCGCGTCTGTGAAAGGCAGAT 

GAGATCGAAGCTGTTCTTGCCT
C 134 

CLL043
-v1S44 IGH 14 GCCGATTCACCATCTCCAGAG GTCCATACCGGTCCTATCGCT 116 

Table 22. IgH digital PCR assays 

Chr – chromosome, bp – base pair 
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2.7 Patient sample processing  
 

Rationale 

Timely and correct sample processing procedures are pivotal to ensure that components 

are separated for subsequent DNA extraction.  The workflow for sample processing is 

outlined in  

Figure 8. All samples were collected with patient consent under a human research ethics 

committee (HREC) approved study protocol.   

Workflow 

 
 
 

 
 

Figure 8. Workflow for sample processing 

 
 

2.7.1 Blood and bone marrow processing  

Plasma collection 

Blood was collected in acid citrate dextrose (ACD) or Ethylenediaminetetraacetic acid 

(EDTA) tubes and spun within one to four hours of collection. Tubes are spun at 1600g 

with the brake off or deceleration to 1.  Plasma is then collected in 1ml aliquots into 

sterile Eppendorf tubes. A scond spin is performed at high speed of the plasma (14,000 

rpm for 10 minutes) to separate any remaining cellular content. The plasma is then 

collected into 2ml screwcap tubes and stored at -800C until extraction. 

Plasma  

Ficol Separation  Ficol Separation  

Peripheral blood  

Plasma extraction 

Mononucear cells  Neutrophils   

Bone Marrow 
aspirate  

 Saliva 

Oragene Kit 

Saliva  
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Peripheral blood and Bone Marrow (Ficol separation)  

Blood collected is tipped into 50ml falcons to determine the total amount of blood to 

be separated. Equal amounts (as blood) of Ficol is poured into a new 50ml falcon and 

blood is gently placed onto of the Ficol layer with a transfer pipette taking care to 

avoid clots. The Ficol/blood tube is spun at 1800rpm for 20 minutes with the brake 

off. The resultant separation is as follows:  

- Plasma/platelet layer   WASTE 

 - Mononuclear layer (MNL)  Transfer to new 50ml tube 

 - Ficoll     WASTE 

 - Neutrophils    Transfer to new tube 

 - RBCs     WASTE 

After transfer of either the mononuclear layer and/or neutrophils to a separate Falcon 

tube, each sample is washed with PBS and respun at 1800rpm for 5 minutes.  

Lysis of red cells was performed by adding red cell lysis buffer to 20ml and then placed 

on 1ce for 3 minutes and then spun at 1800rpm for 5 minutes. This was repeated if red 

cells were not adequately lysed. The remaining cell pellet was resuspended in 40ml of 

PBS for a last wash step and then spun down at 1800rpm for 5 minutes. The cell pellet 

was then resuspended in 10% DMSO + FCS and stored at -800C using a Thermo 

Scientific™ Mr. Frosty™ Freezing Container. 

 

2.7.2 Saliva sample processing 
 

Patient saliva is collected with an Oragene DNA collection kit (DNA Genotek, 

Catalogue number: OG-500) and collected according to manufacturer’s instructions.  

 

2.7.3 Tissue biopsy processing  
 

Core or open biopsy tissue is collected and placed into10% DMSO + FCS. Samples are 

then transfered to a Thermo Scientific™ Mr. Frosty™ Freezing Container and paced in 

a -800C freezer.  
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2.8 DNA extraction  
 

Rationale 

DNA extraction was performed using various commercial kits depending on the type 

of sample to be extracted.  All DNA was stored at -20oC after extraction until required 

for DNA analysis. The workflow for DNA extraction is outlined in Figure 9. 

Workflow 

 
Figure 9. Workflow for DNA extraction 

 

  

Sample  

Lysis  

Bind  

Wash  

Elution of DNA  

Purified DNA   
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All DNA was extracted using Qiagen DNA extraction kits according to manufacturer’s 

protocols with some additional the exceptions of the following:  

 

1) DNA from plasma was extracted from 2 ml aliquots of plasma using the QIAamp 

Circulating Nucleic Acid Kit (Qiagen, 55114). The final elution step was repeated to 

allow for maximal nucleic acid yield. The total elution volume was in 50µl of elution 

buffer.  

To estimate the efficiency of DNA extraction, equal amounts of a diluted DNA 

amplicon (PCR amplified from Drosophila melanogaster genomic DNA) was spiked 

into each plasma sample before extraction (Appendix 2).  

The amount of spike-in Drosophila DNA was then quantified in each eluted plasma 

DNA sample by ddPCR and the efficiency of extraction was determined by 

comparing this quantity with a no-extraction control that was prepared by re-

suspension of the same amount of Drosophila DNA in the same elution medium. 

 

2) DNA from celullar material (lymph node, bone marrow, PBMNL, neutrophils) 

was performed using the DNA Blood and Tissue kit (Qiagen, 69504). Final elution 

volume was in 100µl of elution buffer.  

 

3) DNA from saliva was extracted from saliva using the prepIT L2P kit (DNA 

Genotek, PTL2P45) 

 

4)  DNA was extracted from formalin-fixed, paraffin-embedded LN biopsy sections 

using the QIA-amp DNA FFPE Tissue Kit (Qiagen, 56404).  
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2.9 Patient cohorts and statistical analysis 
 
 
Samples for the CLL cohort were collected as part of an ongoing prospective clinical 

study for the collection of biospecimens in patients undergoing treatment with novel 

therapeutics for relapsed CLL (ethics approved study number 13/36). Samples for the 

MDS cohort were collected as part of a phase 1 clinical study in patients undergoing 

treatment with azacitidine and eltrombopag for patients with high grade MDS (ethics 

approved study number 10/78). Both studies were conducted at the Peter MacCallum 

Cancer Centre.  

Samples for the AML cohort was collected as part of an ongoing study in patients who 

had obtained complete remission from induction chemotherapy as part of an ethics 

approved study (ANZCTR trial ID ACTRN12610000627055) for the Australasian 

Leukemia and Lymphoma group (ALLG).  

Samples for the allograft donor cohort was collected as part of an ongoing biomarker 

study for allogeneic stem cell transplant as part of an ethics approved protocol at the 

Royal Melbourne Hospital (ethics approved study number 2014.247).  

All blood and tissue samples collected and utilized for the purpose of this study were 

obtained with written informed consent from each patient. 

All correlation analyses were performed using the Spearman method on 

GraphPad Prism 7.0. 
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Chapter 3 - Molecular disease monitoring 

using circulating tumour DNA in chronic 

lymphocytic leukemia  
 

3.1 Introduction 
 

Recent advances in the understanding of the genomic landscape of chronic lymphocytic 

leukemia (CLL) has led to more refined prognostication, whether it be by chromosomal 

abnormalities or the presence of somatic mutations. These lesions may be associated 

with poor-risk disease and therapy resistance. This in part has driven the development 

of targeted therapies. Such therapies began with monoclonal antibodies directed 

against CD20 and CD52. More recently, small molecule inhibitors, which target 

phosphoinositide 3-kinase (idealisib), the Bruton’s tyrosine kinase (ibrutinib), and 

BCL-2 homology domain 3 (BH3) mimetics, which inhibit BCL-2 (Venetoclax and 

Navitoclax) are poised to significantly change the natural history of CLL, especially 

those with adverse molecular characteristics. Although highly effective, the increasing 

use of these targeted therapies has highlighted potential deficiencies with regards to 

disease monitoring, as their effects on different disease compartments are varied.  

Current disease monitoring in CLL involves a combination of radiological and 

clinicopathological parameters according to the International Workshop on Chronic 

Lymphocytic Leukaemia (iwCLL) criteria. Whilst they have long been the mainstay of 

CLL monitoring, they do not take into account the molecular changes that occur in 

response to therapy. Furthermore, they do not accurately assess the development of 

clonal evolution in the context of treatment resistance and therapeutic selection. Such 

information is critical to developing future therapeutic strategies. In addition, it is not 

always technically feasible to obtain representative molecular material to study this due 

to the invasive nature of tissue biopsy.  Therefore, the challenge of monitoring multiple 

disease subclones across different disease compartments has highlighted the need for 

improved methods to accurately assess treatment response, allow the early 

identification of therapeutic failure and follow clonal dynamics over time. 

 



	 82	

3.2 Aims  
 

- To characterise the molecular changes that occur in CLL patients undergoing 

targeted therapies. 

- To evaluate the role of ctDNA as a non-invasive tool for monitoring treatment 

response, disease compartmentalisation and early emergence of therapy 

resistance in CLL patients undergoing targeted therapies. 

 

3.3 Clinical cohort and baseline mutation characteristics 
 

The cohort evaluated included 32 patients with relapsed/refractory CLL. These patients 

had undergone therapy with either ibrutinib (n=25) or venetoclax (n=7). The clinical 

characteristics are shown in Table 23 and Table 24. Most patients had an identifiable 

17p abnormality were refractory to fludarabine-based therapy and therefore this poor 

prognostic group would likely also harbor somatic mutations by which disease could 

be molecularly tracked.  
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  Age  Sex Baseline 
karyotype IGHV Status Prior therapy 

RAI 
stage 
before 
novel 
agent 

Response 
to novel 
therapy  

Duration 
of novel 
therapy 

(months) 

CLL004 57 M  17p- Unknown FCR, R-CHOP II RS 7 

CLL006 52 M  13q- 

Productive 
unmutated and 
unproductive 

mutated 

FCR, 
Chlorambucil, R-

CVP, 
ofatumamab. 

IV PR  12 

CLL020 63 M 17p-, 13q- Hypermutated 
Rituxamab, 

chlorambucil + 
prednisolone 

IV PR  12 

CLL022 75 F 17p- Unmutated 

FCR, 
Chlorambucil, 
Prednisolone, 
obinutuzumab 

IV RS  6 

CLL029 82 F 17p- Hypermutated 
FCR, 

Chlorambucil, 
obinutuzumab 

II PR  10 

CLL042 85 F 17p-, 13q-, 
11q- Unknown Chlorambucil, 

rituximab III CR 24 

CLL050 69 M 17p-, 13q- Unknown FCR, CVP, 
Dexamethasone II CR 17 

CLL078 55 F 17p-, 11q- Unknown None I PR 13 

CLL005 47 M 17p- Unmutated FCR, CHOP II CR 27 

CLL049 78 M del6q Unknown FCR, R-CHOP IV PR 35 

Table 23. Summary of clinical CLL cohort prior to Venatoclax therapy   

Abbreviations: M- Male; F- Female; FCR – Fludarabine/ cyclophosphamide/ 
Rituximab; R-CHOP – Rituximab/ cyclophosphamide/ doxorubicin/ Etoposide/ 
Prednisone; R-CVP– Rituximab/ Cyclophosphamide/ Prednisolone; CR- Complete 
response; PR –Partial Response; RS – Richter’s syndrome. 
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  Age  Sex Baseline 
karyotype IGHV Status Prior therapy 

RAI 
stage 
before 
novel 
agent 

Response 
to novel 
therapy 

Duration 
of novel 
therapy 

(months) 

CLL001 69 M 17p-, Trisomy 
12  Unmutated 

FCR, R-CHOP, R-
VIC, ASCT, 

obinutuzumab  
I PR  19 

CLL008 71 F 17p-, 13q- Mutated FCR,oblimersen, 
ofatumumab II PR  15 

CLL012 73 M 17p-, 13q- unmutated Alemtuzamab+ 
dexamethasone I PR  12 

CLL013 70 M Abnormal 17q 
and complex Unknown FCR, ofatumamab I CR 24 

CLL015 84 F  17p-, Trisomy 
12 Unmutated Chlorambucil, R-

CEP Ofatumamab  III PR 10 

CLL018 58 M Trisomy 12, 
t(14:18)  Unmutated FCR IV PR 12 

CLL021 68 F 17p-, complex Unmutated FCR plus 
Lumiliximab,  IV PR  6 

CLL040 85 M 17p-, 
hypodiploid Unmutated FCR III PR  36 

CLL043 54 F 13q- Unknown FCR, ASCT IV PR  9 

CLL053 66 M 17p-, complex Unmutated FCR IV PR  36 

CLL054 65 M  -13q Unknown FCR, R-CVP 
Chlorambucil,  III RS 9 

CLL056 51 M 17p- Unknown Nil III PR 18 

CLL058 70 M  17p-, 13q-
,complex  Unknown FCR, chlorambucil IV PR 3 

CLL064 68 M 13q- Unknown FCR, ofatumamab IV PR 7 

CLL069 67 M 11q-,13q-
,complex  Unmutated FCR I SD 5 

CLL071 67 M 17p-, Trisomy 
12 Unknown FCR, R-CHOP I PR  24 

CLL073 75 M 11q-, 13q-, 
complex  Unknown FCR, R-CHOP III PR  6 

CLL079 67 M Normal unknown FCR, 
Chlorambucil IV PR  10 

CLL068 73 M 11q- Unknown Chlorambucil, 
rituximab II PR 12 

CLL036 53 M 17p- Unmutated FCR II CR 30 

CLL039 73 F 17p-, 11q- Unknown 
FCR, 

Dexamethasone, 
Obinutuzumab 

IV PR 12 

CLL033 83 F 17p- Unknown FCR, R-CVP IV PR 28 

Table 24. Summary of clinical CLL cohort prior to ibrutinib therapy   

Abbreviations: FCR – Fludarabine/ cyclophosphamide/ Rituximab; R-CHOP – 
Rituximab/ cyclophosphamide/ doxorubicin/ Etoposide/ Prednisone; R-CVP– 
Rituximab/ Cyclophosphamide/ Prednisolone; R-VIC – Rituximab/ Etoposide/ 
Ifosfamide/ Carboplatin; R-CEP – Rituximab/ cyclophosphamide/ Oncovin/ 
Prednisone; ASCT – Allogeneic stem cell transplantation; CR- Complete response; PR 
–Partial Response; RS- Richter’s Syndrome. 
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Somatic mutations are detectable in both tumour cells and ctDNA in majority of 

patients. 

To determine baseline mutational characteristic of the cohort before therapy with either 

ibrutinib or venetoclax, targeted deep sequencing (TS) using the CLL TS panel was 

performed on DNA collected pretreatment from (i) the peripheral blood (PB) 

mononuclear layer (MNL) containing the leukaemic cells, (ii) plasma cfDNA and 

(iii) matched normal DNA. One or more driver mutations were detected in the PB 

MNL in 78% of patients (25 of 32) with TP53 the most recurrently mutated gene 

followed by NOTCH1 and SF3B1 (Table 25). Of those with detectable mutations, 

ctDNA from plasma was detectable in all 25 patients and showed a mutant allele 

fraction (MAF) of between 0.1 and 90% of total circulating DNA. This highlights that 

ctDNA is detectable in patients with relapsed refractory CLL.  
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  Gene/Mutation 
Plasma 
MAF at 

baseline 

PB-MNL 
MAF at 

baseline  

CLL004 
TP53 (p.R280G)  
SF3B1(p.H662D)                       
ASXL1 31022789 

insT  

0.10              
0.10             
0.02 

0.17                
0.11               
0.02 

CLL006 MYD88 p.L265P 0.35 0.25 

CLL020 TP53 (p.R209fs) 0.29 0.64 

CLL022 
TP53 R248Q                             
TP53 C238S                            

SF3B1 K666M 

0.17                 
0.01                       
ND 

0.70                    
0.01             
0.01 

CLL029 TP53 C275Y 0.03 0.03 

CLL042 TP53 D281G 0.76 0.91 

CLL050 NOTCH1 P2514fs 0.39 ND 

CLL001 NOTCH1 (p.2514fs)                        
TP53 (p.R337C) 

0.04          
0.04 

0.02               
ND 

CLL008 TP53 (c.560-1G>A) 0.19 0.43 

CLL012 TP53 p.R209Kfs 0.20 0.46 

CLL013 TP53 R248W 0.10 0.19 

CLL015 TP53 R234C 0.24 0.39 

CLL018 NOTCH1 (p.2514fs)  0.63 0.58 

CLL021 TP53 G244S 0.01              
(Day 28) 

0.14               
(Day 28) 

CLL040 TP53 G245S 0.20             
(Day 29) 

0.83              
(Day 504) 

CLL043 SF3B1 R625C 0.28 0.46 

CLL053 TP53 V272M 0.14 0.35              
(Day 28) 

CLL054 TP53 C275F                                
TP53 C275del 

0.53          
0.03 

0.41             
0.06 

CLL056 TP53 E286K 0.86 0.96 

CLL058 TP53 I195T 0.88 0.86 

CLL064 TP53 G245S 0.56 0.57 

CLL069 TP53 G244S 0.29 0.23 

CLL071 NOTCH1 P2514fs 0.07 0.36 

CLL073 SF3B1 Q903R 0.01 0.03 

CLL079 TP53 R273C 0.07 0.06 

CLL078 None ND ND 

CLL068 None ND ND 

CLL005 None ND ND 

CLL036 None ND ND 

CLL039 None ND ND 

CLL033 None ND ND 

CLL049 None ND ND 

 
Table 25. Baseline mutation summary of clinical CLL cohort  

Abbreviations: ND – Not detected. MAF – Mutant allele fraction. 
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3.4 Comparisons between ctDNA with current disease 

monitoring strategies 
 

Currently, response in CLL is performed through a combination of clinical 

examination, serial PB lymphocyte (PBL) counts, multi-colour flow cytometry, 

radiological imaging, plus lymph node and bone marrow biopsy according to iwCLL 

criteria.  

 

Flow cytometry 

Demonstration of minimal residual disease (MRD) is an important prognostic factor in 

patients that respond to therapy20,21. Flow cytometry on either the PB or BM is the 

current gold standard to detect the residual leukaemic clone. This analysis relies on the 

presence of adequate number of cells and optimal antibody combinations22,23.  

When comparing ctDNA detection with flow cytometry at 30 matched time points 

throughout the cohort, the results showed complete concordance between detection by 

flow cytometry and ctDNA (Table 26).  

 

 

    ctDNA 
    Detected Not detected Total  

Flow MRD 
Detected 28 0 28 

Not detected 0 2 2 
 Total 28 2 30 

Table 26. Comparison of ctDNA with detection of CLL by multi-colour flow cytometry 
on PB or BM.  
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Radiological imaging  

With regards to nodal disease burden, serial matched assessments of ctDNA and 

radiological imaging by CT were compared. This was calculated by assessing the 

change in the maximal value for each case. Table 27 shows data from 38 evaluable 

timepoints where matched radiological data was available.  

 

Peripheral blood lymphocyte count 

Plots were then made to compare the change in peripheral blood lymphocyte (PBL) 

count or the change in radiological disease burden (cm2) with the change in ctDNA 

MAF, from the maximal value analysed for each individual patient (Figure 10). Of 38 

matched time-points, changes in ctDNA showed a stronger correlation with changes in 

radiological disease burden (r2 =0.78, p<0.0001) than changes in PBL counts (r2=0.40, 

p<0.001).  

Additionally, the dynamic fluctuations in ctDNA did not correlate as well with PBL 

counts and MAF changes in MNL DNA MAF (Figure 11). 

This highlights that ctDNA changes are reflective of changes in disease as measured by 

radiology rather than merely reflecting changes in the circulating peripheral blood 

compartment.  
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Patient Day 
PBL 

count 
x10^9/L  

Radiology 
burden 
iwCLL 
(cm2) 

Plasma 
MAF 

MNL 
MAF 

Change 
in PBL         
(% of 
max) 

Change in 
Radiology 

burden      
(% of 
max) 

Change in 
Plasma 

MAF           
(% of max) 

Change in 
MNL MAF 
(% of max) 

CLL006 332 0.33 11.71 0.02 ND 0.73 16.46 4.50 0.00 
CLL006 164 0.66 13.63 0.02 0.01 1.45 19.16 6.23 3.18 
CLL006 80 0.37 15.17 0.02 0.01 0.81 21.32 6.47 2.89 
CLL006 32 0.95 27.85 0.04 0.30 2.09 39.14 12.74 100.00 
CLL006 -28 45.5 71.15 0.35 0.25 100.00 100.00 100.00 85.87 
CLL001 362 2.7 6.65 ND ND 100.00 44.04 0.00 0.00 
CLL001 292 2.47 14.34 0.04 ND 91.48 94.97 100.00 0.00 
CLL001 0 0.77 15.1 0.04 0.02 28.52 100.00 97.02 100.00 
CLL013 177 6.14 11.53 0.02 0.65 100.00 34.50 9.77 100.00 
CLL013 -14 1.85 33.42 0.23 0.19 30.13 100.00 100.00 29.77 
CLL018 180 4.8 6.73 0.46 0.45 38.10 22.63 72.54 77.66 
CLL018 0 12.6 29.74 0.63 0.58 100.00 100.00 100.00 100.00 
CLL020 538 0.6 3.29 ND ND 0.33 16.25 0.00 0.00 
CLL020 333 0.8 5.1 0.03 ND 0.43 25.19 11.58 0.00 
CLL020 169 35.4 12.66 0.09 0.37 19.21 62.52 32.37 57.24 
CLL020 0 184.3 20.25 0.29 0.64 100.00 100.00 100.00 100.00 
CLL029 125 1.77 4.76 0.01 ND 28.55 55.80 100.00 0.00 
CLL029 291 6.2 5.03 ND 0.01 100.00 58.97 0.00 100.00 
CLL029 524 2.81 8.53 0.01 ND 45.32 100.00 96.70 0.00 
CLL029 606 1.51 3.45 ND ND 24.35 40.45 0.00 0.00 
CLL004 175 0.65 22.79 0.01 ND 32.99 22.42 6.60 0.00 
CLL004 91 0.74 38.18 0.02 ND 37.56 37.56 20.01 0.00 
CLL004 0 1.97 88.03 0.10 0.17 100.00 86.59 100.00 100.00 
CLL004 233 1 101.66 0.08 ND 50.76 100.00 80.44 0.00 
CLL042 253 1.57 1.98 0.02 0.01 3.17 8.15 1.96 1.24 
CLL042 55 1.07 3.44 0.01 0.01 2.16 14.16 0.69 0.76 
CLL042 5 49.57 24.29 0.76 0.91 100.00 100.00 100.00 100.00 
CLL050 245 0.59 3.64 ND ND 1.18 15.46 0.00 0.00 
CLL050 77 0.88 6.37 ND ND 1.75 27.05 0.00 0.00 
CLL050 -34 50.2 23.55 0.51 ND 100.00 100.00 100.00 0.00 
CLL053 336 3.18 2.04 0.08 0.11 19.63 28.02 33.21 32.63 
CLL053 588 1.64 2.05 ND ND 10.12 28.16 0.00 0.00 
CLL053 756 1.4 2.11 0.01 0.02 8.64 28.98 4.68 6.69 
CLL053 28 16.2 7.28 0.24 0.35 100.00 100.00 100.00 100.00 
CLL054 318 11.6 10.25 0.01 0.21 42.18 8.39 6.36 46.87 
CLL054 269 27.5 122.22 0.12 0.46 100.00 100.00 100.00 100.00 
CLL008 182 44.3 2.91 0.12 0.35 100.00 34.32 74.28 80.23 
CLL008 0 41.1 8.48 0.16 0.43 92.78 100.00 100.00 100.00 
Table 27. Matched comparison between ctDNA, MNL DNA and disease assessment 
parameters 

ND - Not Detectable; % of max - percentage of the maximal value at any time point in 
each case;  Maximal values in each case for each parameter denoted in red. 
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Figure 10. Comparison between maximal change in ctDNA MAF and change in 
radiological disease burden. 
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Figure 11. Comparison between maximal change in ctDNA MAF and change in MNL 
DNA MAF.  
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3.5 Serial ctDNA monitoring reflects clonal dynamics in 

multiple disease compartments 
 

Having established concordance in detection of somatic mutations between MNL and 

plasma, serial TS of both plasma and MNL was performed to follow these mutations 

during therapy. In total, 111 serial time points were evaluated.  

In addition, droplet digital PCR (ddPCR) was performed in selected patients to provide 

orthogonal validation of TS. Figure 12 shows excellent concordance between the two 

platforms when comparing MAFs of 11 mutations across all cases obtained separately 

using digital PCR and TS (r2=0.87 p<0.0001). This demonstrates that the two 

methodologies can be used interchangeably in this setting to monitor clonal dynamics.  

 
Figure 12. Comparison between targeted sequencing and digital PCR in CLL cohort.  

 
Clonal dynamics was assessed for each of the 25 cases where a mutation was detected 

at baseline. Below highlights how serial molecular monitoring in ctDNA is able to 

reflect clonal dynamics across different tissue compartments in response to treatment 

with either venetoclax or ibrutinib.  
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Utility of ctDNA in response to therapy 

Venetoclax is highly effective at rapid clearing of disease in tissue and peripheral blood 

in CLL. Many of the times this is exemplified by a marked fall in peripheral blood 

lymphocyte (PBL) counts as shown in the following patient CLL020 (Figure 13). When 

serial TS was applied to both MNL and plasma, the sharp fall in PBL and reduction in 

radiological disease burden was mirrored by a corresponding fall in MAF in PBL and 

ctDNA as measured by a TP53 p.R209fs mutation. Figure 14 shows other cases 

highlighting response to venetoclax therapy and that both MAF changes in both MNL 

and plasma mirror disease response.  

 

 

 
Figure 13. Clonal dynamics in case CLL020 
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Figure 14. ctDNA dynamics and clinical assessment in refractory CLL patients treated 
with venetoclax. 
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Figure 14. cont.  
(a) Case CLL029 had marked lymphocytosis and neck lymphadenopathy, which after 4 
cycles of obinutuzumab maintained a partial response for 11 months before the patient 
progressed. Venetoclax subsequently induced a response with only MRD detected by 
flow cytometry. ctDNA MAF of the TP53 mutation reflected the changes in disease state 
throughout Obinutuzumab and venetoclax therapy. 
(b) Case CLL006 had widespread disease in lymph nodes, marrow and a moderate 
lymphocytosis. Following venetoclax these changes largely resolved with only MRD 
detected by flow in the bone marrow. ctDNA MAF of the MYD88 mutation reflected the 
clinical response to venetoclax.  
(c) Case CLL042 had extensive nodal, marrow and circulating disease, which 
responded well to venetoclax. ctDNA MAF of the TP53 mutation reflected the clinical 
response to venetoclax.  
(d) Case CLL050 had lymphocytosis and extensive marrow burden, which responded 
to venetoclax, resulting in complete remission and no MRD detected by flow cytometry. 
ctDNA MAF of the NOTCH1 mutation reflected the clinical response to venetoclax. 
This was in contrast with the MNL DNA where the NOTCH1 mutation was undetectable 
throughout. 
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Utility in Ibrutinib induced lymphocytosis 

In contrast to venetoclax, responses in ibrutinib treated patients exhibit a different 

response pattern. Instead of clearance, ibrutinib treatment is known to cause worsening 

of PBL counts, due to a redistribution of CLL cells from tissue into the peripheral blood. 

This negates the use of PBL counts to monitor disease as it will not necessarily correlate 

with disease response. In the case of CLL018 below (Figure 15) when following a 

NOTCH1 p.P2415fs mutation, analysis of mutant MNL DNA showed similar 

dynamics to that of PBL monitoring. The initial increase in PBL counts observed post 

ibrutinib treatment coincided with an increase in the abundance of the 

NOTCH1 p.P2415fs mutation in the MNL. Interestingly, the worsening of both PBL 

and mutant MNL DNA was not associated with a rise in ctDNA from plasma. Instead, 

ctDNA levels fell reflecting the clinical and radiological response in the patient. Later 

in the course of therapy, the absolute radiological burden appears to be greatly reduced 

although it appears that there was not concomitant reduction in ctDNA. It is important 

to note that radiological disease burden is only measure by a select number of lymph 

nodes and therefore may not represent the total volumetric burden of disease.  The 

ongoing detection of ctDNA in CLL018 is likely to reflect mutant DNA from not only 

the sites which formed the basis of the radiological burden, but all affected lymph node 

groups as well as the peripheral blood. Regardless of the difficulties in comparing 

absolute changes in radiological burden with mutant fraction, a downward trend was 

seen in both ctDNA and radiological disease burden which was not the case with MNL 

DNA.  This phenomenon was also found in other patients treated with Ibrutinib that 

experienced a transient worsening of peripheral blood lymphocytosis (Figure 16).  
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Figure 15. Clonal dynamics in case CLL018 
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Figure 16. ctDNA dynamics and clinical assessment in refractory CLL patients treated 
with ibrutinib  
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Figure 16 cont.  
(a) Case CLL008. The reduction in lymphadenopathy was paralleled by decreasing 
levels of ctDNA (TP53 mutation), despite an ibrutinib-induced spike in the PB 
lymphocyte count shortly after the commencement of treatment.  
(b) Case CLL012. Patient was treated with alemtuzumab (campath) with a good 
initial response but developed complications and was switched to ibrutinib. Following 
ibrutinib, there was an overall partial response, although worsening lymphocytosis 
and a transient rise in lymphadenopathy (as assessed clinically by the treating 
hematologist) was present initially. These dynamics were represented by ctDNA MAF 
of the TP53 mutation.  
(c) Case CLL013. Patient had relapsed CLL in the abdomen and marrow. Ibrutinib 
therapy resulted in a complete remission after an initial worsening of the 
lymphocytosis. ctDNA MAF of the TP53 mutation was initially stable before falling. 
This is in contrast to the MNL DNA MAF of TP53 mutation, where the level showed 
an initial rise with the lymphocytosis before subsequently falling.  
(d) Case CLL015. Patient had bulky lymphadenopathy at baseline. Ibrutinib therapy 
achieved a partial response after an initial worsening of the lymphocytosis. ctDNA 
MAF of the TP53 mutation showed an initial rise, however subsequently fell with 
continued therapy to reflect the patient response.  
(e) Case CLL021. Patient had lymph node and marrow disease with lymphocytosis, 
which responded rapidly after ibrutinib was introduced. ctDNA only analysed after 
the introduction of ibrutinib showed a TP53 mutation at low levels (1% MAF).  
(f) Case CLL040. Patient had widespread lymphadenopathy and lymphocytosis. 
Following the commencement of ibrutinib, there was radiological improvement in 
disease. An initial lymphocytosis was seen before a gradual reduction in lymphocyte 
count. ctDNA levels for the TP53 mutation initially remained steady throughout 
therapy before eventually falling. 
(g) Case CLL043. The kinetics of ctDNA as assessed by the decreasing MAF of the 
SF3B1 mutation in plasma paralleled the concomitant decline in lymphadenopathy 
(as assessed clinically by the treating hematologist). This was despite a sharp 
increase in the PB lymphocyte count shortly after the commencement of ibrutinib 
treatment.  
(h) Case CLL053. Patient had lymphadenopathy and extensive marrow burden, which 
responded well to ibrutinib after an initial worsening of lymphocytosis. Although the 
ctDNA level for the TP53 mutation showed a small transient rise 28 days into 
ibrutinib therapy, there was reduction in the ctDNA at subsequent time-points 
reflecting the overall response to treatment. 
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Utility in compartmentalised disease 

The compartmentalised nature of CLL raises an important issue in the management of 

CLL in that there is no one single monitoring strategy that is able to address the changes 

across all disease sites.  This includes disease resident in tissue compartments as well 

as the circulating compartment. With respect to the circulating compartment, across the 

series, somatic mutations were identified in plasma at 99/111 (89%) time points and in 

MNL DNA at 83/111 (75%). Concordance between the two DNA sources was seen on 

89/111 (80%) occasions (Table 28).  

 
    ctDNA 
    Detected Not detected Total  

MNL DNA 
Detected 80 3 83 

Not detected 19 9 28 
 Total 99 12 111 

 
Table 28. Comparison between ctDNA and MNL DNA across 111 matched time points. 

 
This analysis was then divided into time points before and after Ibrutinib or venetoclax 

therapy (Table 29). Prior to novel therapy, the detection of mutations in ctDNA and 

MNL DNA showed strong concordance across 22/23 (96%) time points. This is 

indicative of the high tumour burden within the circulating compartment reflected in 

both MNL DNA and ctDNA analysis. After initiation of therapy there was still high 

concordance in 67/88 (76%) time points. However, the lower concordance rate likely 

reflects persistent nodal disease despite clearance of circulating disease in some cases. 

Of note, there were 18 time points where mutations could not be detected in MNL DNA 

but identified in ctDNA. 

  



	 101	

 

 
 
 
 
 
 
 
 
 

Before novel agent therapy 
  ctDNA 
  Detected Not detected Total 

MNL DNA 
Detected 22 0 22 

Not detected 1 0 1 
Total 23 0 23 

 
After novel agent therapy 

  ctDNA 
  Detected Not detected Total 

MNL DNA 
Detected 58 3 61 

Not detected 18 9 27 
Total 76 12 88 

 
Table 29. Comparison between ctDNA and MNL DNA across matched time points 
before and after novel therapy. 
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Some of these discordant time points were observed in case CLL001 (Figure 17). In 

this case, there was a significant treatment response to obinutuzumab in PB and BM. 

The NOTCH1 p.P2415fs mutation became undetectable in the MNL and this 

coincided with a parallel decrease in plasma ctDNA as assessed 

by NOTCH1 p.P2415fs mutation levels, although ctDNA did not become 

undetectable. The patient then had compartmentalized disease progression with 

increasing lymphadenopathy that was matched by a plasma ctDNA rise. Following 

ibrutininb therapy, the bulky lymphadenopathy was markedly reduced and ctDNA 

levels reduced, following the dynamic observed in the lymph nodes.  These dynamic 

changes were not reflected in the PBL count or by the NOTCH1 p.P2415fs mutation 

in MNL DNA. 

Similarly, other time points where ctDNA outperformed MNL DNA were in patients 

with compartmentalized disease (CLL004 and CLL050), where the predominant site of 

disease was in the lymph node and not in the circulation (Figure 14).  

Taken together, these data show that ctDNA analysis can represent tumour kinetics 

across multiple disease compartments in CLL, even in the absence of circulating 

disease. 

 

 
Figure 17. Clonal dynamics in case CLL001 
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3.6. ctDNA assessment using Immunoglobulin heavy 

chain rearrangements. 
 

As a comparator for the somatic gene mutations, patient-specific immunoglobulin 

heavy chain (IGH) rearrangements were characterized in a subset of patients and 

specific ddPCR assays were designed to follow these in plasma. Importantly, ctDNA 

levels as assessed by following somatic gene mutations, correlated closely with ctDNA 

levels as assessed by monitoring specific immunoglobulin heavy chain rearrangements 

(Figure 18). Patient specific IGH rearrangements were analysed using digital PCR and 

the dynamics are shown for patients CLL001, CLL018, CLL020 and CLL043 (a-d). In 

all 4 patients, the serial changes in IGH levels in both ctDNA (left) and MNL DNA 

(right) tracked similarly with respective ctDNA and MNL DNA somatic mutation 

levels. 
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Figure 18. ctDNA dynamics using patient-specific IGH rearrangements 
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3.7 Clonal evolution and Richter’s Syndrome  
 

In the CLL cohort, 3 individuals (CLL004, CLL054 and CLL22) developed RS 

following treatment. In order to understand if plasma analysis could detect the 

molecular events underpinning disease transformation, low-coverage whole genome 

sequencing (LC-WGS) was performed on paired plasma (P) samples and whole exome 

sequencing (WES) on paired bone marrow (BM) or lymph node (LN) tissue and 

plasma, at baseline and RS in all 3 cases. These analyses were able to demonstrate 

different types of clonal evolution.  

 

3.7.1 ctDNA demonstrating linear clonal evolution to RS from a 

dominant CLL clone. 
 

Case CLL004 

In CLL004, the RS developed within the lymph node compartment following treatment 

with ABT-199. CT images of the right axillary lymph node of case CLL004 prior to 

venetoclax treatment (Day 0), at Day 174 displaying reduced lymphadenopathy, and 

finally at Day 233 showing increased disease burden at the time of RS diagnosis (Figure 

19).  

H&E staining of bone marrow biopsy prior to the commencement of venetoclax 

displayed a high infiltration of CLL cells indicating a heavy disease burden (Figure 20). 

In contrast, the bone marrow biopsy on Day 233 post- treatment (time-point of RS 

diagnosis) was normocellular with moderate CLL infiltration. H&E staining of the right 

axillary lymph node biopsy displayed a dense distribution of larger B cells, indicating 

Richter’s transformation at this site.  
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Figure 19. CT imaging of Case CLL004   

 

 

 

 

 

 

 

 

 

 
Figure 20. H&E of tissue biopsies in case CLL004  

Scale bar – 100µm. 
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The following is a treatment timeline of case CLL004 highlighting the time-points of 

plasma (P) assessment and bone marrow (BM) / lymph node (LN) biopsies, respective 

to treatment with venetoclax (Figure 21). 

 Whole exome sequencing (WES) was performed on DNA samples highlighted in red 

at baseline diagnosis (P1 and T1-BM) and at transformation to RS (P6 and T2-LN) in 

patient CLL004. Low-coverage whole genome sequencing (LC-WGS) was also 

performed on plasma (P1 and P6). 

 

 
 

Figure 21. Treatment timeline of case CLL004 

 

LC-WGS of plasma at baseline and at RS revealed almost identical copy number 

alterations (CNAs) in both samples, with the acquisition of few new changes at the time 

of disease progression (Figure 22), namely a gain in a region on chromosome 1.   



	 108	

 

 

 
 

Figure 22. Depth of coverage (DOC) log2 ratio plots from LC-WGS of plasma in CLL004.  
Comparison at baseline (top panel) and at RS (bottom panel) showing CNAs specific to the dominant CLL clone in yellow and new CNAs at the 
time of RS in red. 
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These findings were supported by WES of the BM at baseline and LN at the time of RS 

which demonstrated shared copy number alterations in both tissue samples including a 

del(17p) that was confirmed through TP53 fluorescence in situ hybridization (FISH). 

In addition to the CNAs, WES identified 52 predicted functional mutations across all 

tissue samples, and of these, the majority (n=33 (63%)) were shared between the BM 

and LN (Figure 23 and Appendix 3) 

Of the 33 shared mutations, 32 (97%) were identified in the baseline plasma and 32 

(97%) in the plasma collected at the time of RS. Moreover, of the few RS-specific 

mutations identified in the LN sample, most were identified in the plasma at RS and 

several were also identified in the baseline plasma sample. Key driver mutations in 

TP53, SF3B1 and ASXL1 were present in all tissue and plasma samples. Importantly 

ctDNA analysis of these mutations across 6 serial plasma samples by TS and ddPCR 

confirmed the initial high abundance of the mutations in plasma followed by a sharp 

decline post-treatment (Figure 24).  A rapid rise in the MAF of all 3 mutations in plasma 

was then observed ~30 days prior to the clinical diagnosis of RS. Interestingly, these 

TP53, SF3B1, and ASXL1 mutations were not seen in matched MNL DNA at the time 

of RS highlighting that these mutations were likely to be arising from the lymph node 

compartment. 
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Figure 23. Whole exome sequencing heat-map in CLL 004.  

Distribution of predicted functional SNVs from WES at baseline (BM and P) and at 
progression to RS (LN and P shown in red) in CLL004. 
 
 
 
 

 

 
Figure 24. Clonal dynamics in case CLL004.  

ctDNA (Left) and matched MNL DNA (Right) dynamics were followed and compared 
to clinical parameters of disease burden (PBL counts and radiological measurement of 
lymphadenopathy). 
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Case CLL054 

In case CLL054, the RS developed within the lymph node compartment following 

treatment with ibrutinib. FDG-PET imaging at RS diagnosis (Day 269) showed a large 

right inguinal mass with intense uptake highly suspicious of transformed disease 

(Figure 25).  

Biopsy of right inguinal lymph node showed a confluent large cell infiltrate consistent 

with Richter’s transformation to DLBCL (Figure 26). The bone marrow biopsy showed 

a predominant infiltrate of CLL but no clear evidence of large cell transformation.  
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Figure 25. PET imaging of case CLL054 at RS 

 
 
 
 
 
 

 
Figure 26. H&E of tissue biopsies in case CLL054 

Scale bar – 100µm (top panels) and 20µm (bottom panels). 
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A treatment timeline of case CLL054 highlighting the time-points of sample collection 

respective to treatment with ibrutinib and a combination of ibrutinib + chemotherapy is 

shown below (Figure 27). Whole exome sequencing (WES) was performed on DNA 

samples highlighted in red at baseline (P1 and T1-PB) and at the time of RS (P4, T2-

BM and T3-LN). Low-coverage whole genome sequencing (LC- WGS) was also 

performed on plasma (P1 and P4). 

 

 
 

Figure 27. Treatment timeline of case CLL054 

 

LC-WGS of plasma at baseline and at RS revealed shared copy number alterations 

(CNAs) in both samples, with the acquisition of several new changes at the time of 

disease progression (Figure 28) in chromosomes 1, 8 and 10. These findings were 

supported by WES of the BM at baseline and LN at the time of RS (Figure 29).
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Figure 28. Depth of coverage (DOC) log2 ratio plots from LC-WGS of plasma in CLL054. 
Comparison at baseline (top panel) and at RS (bottom panel) showing CNAs specific to the dominant CLL clone in yellow and new CNAs at the 
time of RS in red. 
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Figure 29. B-allele frequency (BAF) plots showing copy number alterations (CNAs) in 
case CLL054.  

WES analysis from samples at baseline (T1-PB) and matched tissue samples at 
progression to RS (T2-BM and T3-LN). Marked in yellow are CNAs that were identified 
from WES of the CLL tissue samples (T1-PB and T2-BM), and red signifies new CNAs 
that were unique to T3-LN at the time of RS diagnosis. 
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In addition, BM was also sampled at the time of RS but histology did not confirm the 

presence of transformation at this site.  WES identified 83 predicted functional 

mutations across all tissue samples, and of these, 35 (42%) were shared between the 

PB, BM and LN (Figure 30 and Appendix 4). Of the shared mutations, 100% were 

identified in the baseline plasma and 34 (97%) in the plasma collected at the time of 

RS. 41 acquired mutations were identified at the time of RS in BM and LN samples; 

20 (49%) were identified in the plasma at RS and 16 (39%) were also identified in the 

baseline plasma sample.  The majority of mutations present in the LN at the time of RS 

that were not detected in plasma were in the IgH variable region suggesting somatic 

hypermutation that does not confer a clear clonal advantage (Appendix 4).  

Analysis of both CLL004 and CLL054 confirmed that the RS was likely to have arisen 

from the dominant CLL clone (Figure 31).  Both cases demonstrated that at the time of 

RS the genomic aberrations were similar to those present prior to therapy with 

additional SNVs and CNAs specific to RS.  
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Figure 30. Whole exome sequencing heat-map in CLL 054. 

Distribution of predicted functional SNVs from WES at baseline (BM and P) and at 
progression to RS (BM, LN and P shown in red) in CLL054. 

 
 
 
 
 
 
 
 
 
 

 
Figure 31. Proposed linear evolutionary pattern from CLL to RS in case CLL004 and 
CLL054.   
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3.7.1 ctDNA demonstrating branched clonal evolution to RS from 

an ancestral CLL clone. 
 

Case CLL022 

In the final case CLL022, the RS developed within the BM compartment following 

treatment with ABT-199.  In this case FDG-PET imaging at RS diagnosis (Day 155) 

displayed extensive and intense marrow, liver and spleen metabolic abnormality 

combined with intense uptake in the upper abdominal and right paratracheal lymph 

nodes, highly suggestive of transformed disease. 

H&E staining of bone marrow biopsy (T1-BM) prior to the commencement of 

venetoclax displayed a high infiltration of CLL cells indicating heavy disease burden 

(Figure 33). Bone marrow biopsy performed on Day 155 post-treatment (time-point of 

RS diagnosis) was hypercellular with clear evidence of large cell transformation. High-

resolution images (bottom panel) illustrate the clear difference in morphology with 

small, rounded CLL cells, in contrast to t h e  markedly disorganised morphology of the 

large transformed cells along with fibrovascular streaming.  
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Figure 32. PET imaging of case CLL022 at RS.  

 

 

 

 
Figure 33. H&E of tissue biopsies in case CLL022.  

Scale bar – 100µm (top panel) and 20µm (bottom panel). 
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A treatment timeline of case CLL022 is highlighted in Figure 34. Whole exome 

sequencing (WES) was performed on DNA samples highlighted in red at baseline 

diagnosis (P1 and T1-BM) and at transformation to RS (P4 and T2-BM) in patient 

CLL022.  Low-coverage whole genome sequencing (LC-WGS) was also performed on 

plasma (P1 and P4). 

 
Figure 34. Treatment timeline in case CLL022 

 
LC-WGS of plasma at baseline and at RS suggested a branched pattern of evolution 

whereby the RS had not arisen from the dominant CLL clone but rather from 

transformation of an ancestral CLL clone (Figure 35).  This finding was supported by 

WES and FISH analysis of BM at baseline and at the time of RS that confirmed a 

del(17p) in ~80% of CLL cells at baseline, which was not present in the RS sample 

(Figure 36). 
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Figure 35. Depth of coverage (DOC) log2 ratio plots from LC-WGS of plasma in CLL022. 
Comparison at baseline (top panel) and at RS (bottom panel) showing CNAs specific to the ancestral CLL clone (yellow), the dominant CLL 
clone (green) and new CNAs at the time of RS (red) 
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Figure 36. B-allele frequency (BAF) plots and FISH analysis showing copy number 
alterations (CNAs) in case CLL054. 

WES data from tissue samples at baseline (T1-BM) and at progression to RS (T2-BM) 
(left panel). Marked in yellow are the CNAs that were common between the two 
samples, green signifies CNAs that were unique to T1-BM and red signifies new CNAs 
that were unique to T2-BM at the time of RS diagnosis. Consistent with the copy number 
data, FISH analysis showed evidence of a 17p deletion (red probe) in T1-BM, not 
present in the larger transformed cells in T2-BM (right panel) 
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WES identified 272 predicted functional mutations in either the baseline or RS BM 

sample (Figure 37 and Appendix 5).  Only 53 (19%) were shared between the 2 

samples; 131 (48%) were identified only at baseline (CLL-specific) and 88 (32%) were 

identified only at transformation (RS-specific). Importantly, the SNVs identified in 

CLL022 were also readily detectable in plasma (Figure 37 and Appendix 5).    Of the 

131 CLL specific mutations, 85 (65%) were identified in baseline plasma.  Moreover, 

of the 88 RS specific mutations, 53 (60%) were identified in plasma at the time of RS 

and 11 (13%) could also be identified in baseline plasma.   

Notably, the WES revealed two TP53 mutations (one mutation at baseline and a 

separate mutation at RS), as well an SF3B1 mutation detected at RS. We were able to 

track the dynamics of the two TP53 mutations in serial plasma samples collected at 

baseline (Day 0), and subsequently at Days 44, 89 and 155 (RS diagnosis) post the 

onset of venetoclax treatment clearly demonstrate the decline of TP53 R248Q over 

time, and the emergence of the TP53 C238S mutation, detected as early as Day 44 

(Figure 38). The two mutations were on mutually exclusive sets of reads, supporting 

the finding that these mutations arose in distinct clones. This highlighed the potential 

of ctDNA to track sub-clonal changes over time. 
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Figure 37. Whole exome sequencing heat-map in CLL022. 

WES data showing distribution of predicted functional SNVs from WES at baseline (BM and P) and at progression to RS (BM and P shown in 
red) in CLL022.
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Figure 38. IGV (Integrative genomics viewer) screenshots of WES data showing new 
TP53 mutation at the time of RS in CLL022. 
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By TS and ddPCR, ctDNA analysis could also identify the emergence of the TP53 and 

SF3B1 mutation ~2 months prior to the clinical diagnosis of RS (Figure 39).  

Furthermore, the changes in ctDNA paralleled changes in the extent of 

lymphadenopathy on imaging, although the PB lymphocyte count was not elevated. 

MNL DNA was unable to detect the emergent TP53 and SF3B1 mutations. These data 

highlight a divergent pattern of evolution in CLL022 as the RS is likely to have arisen 

from the non-dominant clone at initiation of venetoclax therapy (Figure 40).  

The three RS cases highlight the ability of ctDNA analysis in CLL to reflect clonal 

evolution under the selective pressure of therapy, and provide a non-invasive strategy 

to facilitate early identification of treatment failure. 

 

  



	 127	

 

 

 

 
Figure 39. Clonal dynamics in case CLL022.  

ctDNA (Left) and matched MNL DNA (Right) dynamics were followed and compared 
to clinical parameters of disease burden (PBL counts and radiological measurement of 
lymphadenopathy). 

 
 
 
 
 

 
Figure 40. Proposed branched evolutionary pattern from CLL to RS in case CLL022.   
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3.7 Discussion 
 
The data in this chapter is the first to describe the use of ctDNA in CLL, specifically in 

the context of targeted therapies. It highlights the ability of ctDNA to not only monitor 

disease in CLL, but also demonstrates that it represents multiple disease compartments 

and therefore provide a more global representation of disease than DNA analysis from 

circulating mononuclear cells. This is especially evident at timepoints where therapy 

has eliminated the circulating CLL but disease is still present in the tissue 

compartments. Although limited by the sample size and number of matched timepoints 

for comparison, ctDNA analysis has shown to be at least concordant with well-

established disease monitoring strategies such as flow cytometry and correlates 

strongly with changes in radiological disease burden.   

Furthermore, these data have also shown ctDNA’s capabilities in capturing genomic 

changes and clonal evolution in CLL. It has shown that ctDNA can capture the genomic 

landscape of CLL prior to therapy by both somatic mutations, IgHV and karyotypic 

aberrations, and track these changes throughout therapy. More importantly, ctDNA 

could capture genomic changes in the context of disease progression, specifically that 

in RS. In these cases, both linear and branched types of clonal evolutions were seen and 

could be accurately reflected in ctDNA. Moreover, these changes could be detected 

prior to clinicopathological presentation. Although no specific mechanistic patterns of 

relapse were seen from these three RS cases, given the increased use of both ibrutinib 

and venetoclax, future studies involving ctDNA analysis could have the potential to 

uncover mechanisms of resistance to these and other targeted agents in CLL.  

In summary, the data shown highlights the potential of ctDNA to complement existing 

disease monitoring strategies in CLL as well as provide a means to study molecular 

evolution in refractory CLL which could ultimately allow for the development of novel 

therapeutic strategies and better clinical outcomes. Having established this in a 

lymphoid malignancy, the utility of ctDNA in a myeloid malignancy will be explored 

in the next chapter, namely in myelodysplastic syndromes. 
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CHAPTER 4 - Molecular disease monitoring 

using ctDNA in myelodysplastic syndromes 
 

4.1 Introduction 
 

Myelodysplastic syndromes (MDS) are for the majority of patients an incurable disease. 

Allogeneic stem cell transplant and supportive therapy aside, azacitidine and other 

hypomethylating agents are currently the cornerstone of therapy. However, response 

rates are varied and mostly short lived and many will invariably progress to AML. 

Sequencing of MDS genomes have provided better insights into the prognostic value 

of baseline molecular lesions. However, little is known about how the clonal and sub 

clonal architecture is influenced by azacitidine-based therapies. This is in part due to 

the heavy reliance on bone marrow biopsy, an invasive procedure, as the current gold 

standard of monitoring MDS. Therefore, the aims of this chapter are to use ctDNA to 

determine the molecular events that lead to response and clonal evolution during 

azacitidine therapy.  

   

4.2 Aims  
 

- To develop a targeted sequencing panel to screen and quantify mutations in 

plasma in patients with MDS  

- To evaluate ctDNA as a tool for monitoring treatment response and clonal 

evolution in MDS patients undergoing azacitidine based therapy.  

 

4.3 Development of a myeloid targeted sequencing 

amplicon panel 
 
Unlike CLL where a large majority of patents with relapsed refractory disease will have 

a somatic mutation in one of a small number of genes, the mutational profile of MDS 

is much more diverse and spans a larger number of genes and exons. The bespoke panel 
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used in the CLL cohort in the previous chapter was able to detect a driver mutation in 

a high proportion of patients due to the relatively narrow mutational landscape and also 

the enrichment of CLL patients with poor prognostic features especially the presence 

of 17p deletion. Given the different genes implicated in CLL, the panel was not suited 

to screen for genes implicated in MDS. Therefore, before sequencing of MDS patient 

samples could be performed, a more comprehensive targeted sequencing panel 

specifically tailored for MDS was required. The specifics of the gene selection and 

primer design for the myeloid TS panel is described in Chapter 2.2.  

 

4.3.1 Primer multiplexing algorithm 
The Access ArrayTM plate only allows 48 individual primer well reactions per sample 

for amplification (Figure 4). The CLL TS panel consisted of 51 primer pairs and 

therefore almost all primers could be amplified in a single primer well. The myeloid TS 

panel consisted of 250 primer pairs. Therefore, if each primer pair were to be amplified 

in a single primer well, then up to 6 plates will be needed to amplify all genomic regions 

in the myeloid TS panel. This is both time-consuming and costly. Therefore, a strategy 

to allow multiple primer pairs to be amplified in the same well was developed. This 

would allow amplification of all 250 regions in the myeloid TS panel on the one Access 

ArrayTM plate. However, interactions of multiple prime pairs can lead to failed 

amplification due to primer dimer formation, preferential amplification and unwanted 

PCR products232. An algorithm was developed to pool primer pairs to exclude primer 

pair multiplexing that would likely lead to failed amplification (Figure 41). 

The first step was to select primer pairs that were located at least 1000bp away on the 

genome. Next, primer pairs were pooled together matching for similar GC percentage 

and product length. Subsequently, in-silico programs were used to check for primer 

dimer and product specificity checks232,319. The rationale for this algorithm was to allow 

for all primer pairs within the well to amplify their desired product without forming 

hybrid PCR products, primer dimers or create preferential amplification of one DNA 

sequence over another. 250 primer pairs were then pooled into 48 wells with a 

maximum of 6 primer pairs per well using the algorithm above. In general, primer pairs 

with DNA products that had a higher GC content had a higher probability of 

dimerization and therefore less primer pairs could be pooled together.  
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Figure 41. Algorithm for predicting success of multiplexed primers 

 
  



	 132	

Validation of multiplexed targeted sequencing panel  

Having established an “In-silico” algorithm for multiplexing, the panel above was 

subsequently tested against DNA samples using targeted deep sequencing.  A variety 

of DNA sources were chosen, which included DNA from bone marrow, peripheral 

blood mononuclear cells (PBMNL), cell lines and plasma. This was to assess the 

success rate of amplicon products from the primer pairs according to the depth of 

coverage they achieved. A successful amplicon was defined as coverage greater than 

1/6 of mean read depth. 

Amongst the validation samples, the success rate of amplicons was >90% for “cellular” 

DNA (i.e. bone marrow, PBMNL and cell line DNA). The success rate of amplicons 

for plasma cell-free DNA (cfDNA) was also high, however less than that of “cellular” 

DNA (Figure 42). 

One of the reasons for this is likely due to the fragmented nature of cfDNA and thus 

less effective PCR amplification of target regions.  

Similarly, plasma DNA did not perform as well as cellular DNA with regards to the 

mean depth of coverage per base pair (bp).  Cellular DNA (bone marrow, PB MNL/ 

cell line DNA) achieved a mean depth of coverage of 4172 reads compared to 592 reads 

for plasma DNA (Figure 43).   

The panel was validated with cell line DNA with and DNA from patient samples that 

have already undergone clinical sequencing through a National Association of Testing 

Authorities (NATA) accredited diagnostic NGS panel developed at Peter MacCallum 

Cancer Centre (PMCC) with good concordance (Figure 44). Mutations that were not 

detected were due to low read depth and primers were redesigned.  
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Figure 42. Amplicon success in validation of myeloid targeted sequencing panel. 

 
 
 
 
 
 

 
Figure 43. Mean depth of coverage (bp) in plasma versus cellular DNA for myeloid 
targeted sequencing (TS) panel. 
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Sample  Disease DNA 
source Mutation PMCC 

Panel COSMIC  Myeloid 
TS Panel 

Molpath 
A  MPN PB 

CALR 
L367Tfs*46   

N/A 

  

DNMT3A 
R882H     

Molpath 
B AML  BM 

SRSF2 P95L     

TET2 E583*     
Molpath 

C CMML PB U2AF1 R156H     

Molpath 
D CMML PB 

ASXL1 
G646Wfs*12     

EZH2 L128F     

SRSF2 P95L     

TET2 R1359C     
TET2 

I1711Dfs*7     

Molpath 
E CMML BM 

ASXL1 
Q623Rfs*8     

TET2 S420*     

ZRSR2 Y175C     

Molpath 
F AML BM 

U2AF1 Q157R     

U2AF1 S34F     

JAK2 V617F     

 TP53 V272M     
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Figure 44. Validation of mutation detection of Myeloid targeted sequencing (TS) panel 
compared to the PMCC NGS panel and COSMIC database.  

MPN -myeloproliferative neoplasm, AML – acute myelogenous leukaemia, CMML – 
Chronic myelomonocytic leukaemia, T-ALL- T acute lymphoblastic leukaemia, PB- 
peripheral blood, BM- bone marrow. PMCC- Peter MacCallum Cancer Centre.  
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With regards to plasma samples, one sample was from an AML patient with a known 

IDH1 and TP53 mutation in the bone marrow (Figure 45). Sequencing of plasma DNA 

from the same patient identified the same IDH1 and TP53 mutations. This highlights 

the ability of the panel to detect somatic mutations in plasma. 

 

 

 

 
Disease Mutation Marrow Plasma 

AML -MDS related 
changes 

IDH1 A132C     

TP53 D259Y     

    

 Detected   

 Not -Detected   
 

Figure 45. Mutations detected in plasma and bone marrow of patient with AML with 
MDS related changes. 
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4.4. Comparisons of haematopoietic compartments in 

patients with myelodysplastic syndomes.  
 

The majority of cell free DNA is derived from haematopoietic tissue, which is rapidly 

turned over and shed into the vascular compartment320. MDS is a clonal haematopoietic 

disorder, which primarily manifests as ineffective haematopoiesis and can lead to a high 

degree of apoptosis. As such, the malignant MDS genome would in theory be well 

represented in circulating cell free DNA. To further understand how mutation detection 

in ctDNA compares to mutational analysis of DNA from other compartments that are 

used to monitor tumor burden in the myeloid malignancies, MAF of two somatic 

mutations in TP53 and U2AF1 were compared in a patient (AZACOM6) with MDS 

without significant cytopenia (Figure 46). 

Here, the MAF from plasma ctDNA was comparable to that derived from analysis of 

DNA isolated from peripheral blood neutrophils, whole blood, and BM aspirate 

mononuclear (MNL) cells. In contrast, a lower MAF in the analysis of MNL cells from 

peripheral blood was observed, most likely reflecting the fact that PB-MNL are 

enriched for circulating lymphocytes which may not contain the MDS mutations. 

Similar analysis was performed on 2 other patients with MDS. Figure 47 shows one of 

these cases (AZACOM 4) where the plasma MAF of a JAK2 V617F hotspot mutation 

was similar to the MAF of other blood compartments.  

When assessing the mean MAF across all mutations detected for each compartment 

across all three patients, ctDNA analysis is comparable in MAF to DNA from other 

cellular compartments (Figure 48).   

 

 



	 137	

Figure 46. Mutations detected for patient AZACOM6 in different blood and marrow 
compartments. 

 
 
 

 
 

 
Figure 47.  Mutations detected for patient AZACOM4 in different blood and marrow 
compartments. 
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Figure 48. Mean MAF across mutations in MDS patients in different blood and bone 
marrow compartments. 
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4.5 ctDNA assessment in MDS patients receiving 

azacitidine and eltrombopag therapy.  
 

4.5.1 Clinical cohort and baseline mutation characteristics 
 

 
Having established that ctDNA is readily detectable in MDS patients, serial analysis of 

ctDNA and matched bone marrow was performed in a clinical cohort of 12 patients 

with MDS that received azacitidine and eltrombopag as part of a phase 1 clinical trial 

(AZA-E trial). A schema for the study and sample collection is outlined below (Figure 

49). Serial matching bone marrow and plasma samples were collected before and 

during therapy till progression or end of follow up.  

 
 

Figure 49. Study Schema for AZA-E study 

 

Baseline molecular characteristics and clinical outcomes  

 Table 30 shows the clinical characteristics of the cohort and the baseline mutational 

landscape on this cohort. Sequencing of bone marrow (BM) samples identified one or 

more putative driver mutations (e.g. TP53, SRSF2, U2AF1, RUNX1, NRAS, KRAS, 

ASXL1, IDH2 and/or TET2) in 10 of 12 patients.  
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Table 30. Baseline clinical and molecular characteristics of AZA-E patient cohort.

R-IPSS           
(Score / Category) Gene AA Change COSMIC ID

AZA001 72 M RAEB-1 3.5 / Intermediate 160 SD SD Normal IDH2 R140Q COSM41590 40.5 Y
AZA003 68 M RAEB-2 6.5 / Very high 311 CR-M PD t(11,17) SRSF2 P95_R102del(#) COSM146289 87.4 Y

RUNX1 Y196Nfs17(#) 29.7 Y
AZA004 71 M RAEB-2 6.5 / Very High 456 CR-M CR-M Normal TET2 D1376V 9.4 Y

TET2 N1890I 30.8 Y
AZA005 67 M RCMD 3 / Low 543 HI-P HI-P Normal TET2 Q323*(#) COSM132895 23.7 Y

TET2 V1718L COSM41742 18 N
SRSF2 P95H COSM211504 23.8 Y

AZA006 82 M RAEB-2 4 / Intermediate 358 CR-M CR-M Del Y
AZA007 73 M RCUD 2 / Low 701 HI-P PD Normal SRSF2 P95H COSM211504 39.4 Y

KRAS A59G* COSM28518 6.2 Y
AZA008 81 M RAEB-2 6 / High 683 CR-M PD Trisomy 8 ASXL1 K1034Efs12(#) 9.2 Y
AZA009 70 F RAEB-1 5 / High 407 SD PD Trisomy 8 NRAS G13D COSM573 2.2 Y
AZA011 67 M RCMD 2.5 / Low 1492 CR-P CR-P Del 9q TET2 P761Lfs52 COSM211689 46.5 Y

U2AF1 S34F COSM166866 50.4 Y
CBL H398Y COSM34075 43.1 Y

AZA013 67 M Hypoplastic MDS (RCMD) 3.5 / Intermediate 105 SD PD Normal
AZA014 75 M RAEB-1 7 / Very High 424 HI-N PD Trisomy 8 RUNX1 R166Q(#) COSM36055 59.8 Y

Trisomy 21 U2AF1 S34Y COSM146287 60.5 Y
KRAS G12S COSM517 12.4 Y

AZA015 74 M RAEB-2 6.5 / Very High 347 CR-M PD Normal U2AF1 Q157P(#) COSM211534 ND Y

Duration of 
azacitidine 

therapy 
(days)

Best 
response 

(IWG criteria)

Outcome at 
last follow up      
(IWG Criteria) 

MAF Based on dPCR. MAF based on TS are shown as (#).

Patient Information Genomic Information

Mutations detected at baseline 

Karyotype

Bone marrow 
MAF at 

baseline (%)

Detected 
in 

plasmaPatient Age Gender

F, Female; M, Male; ND, Not Determined
SD, Stable Disease; CR-M, Complete response-Marrow; CR-P, Complete response-Peripheral blood; HI-P, Hematological improvement-Platelets; HI-N, Hematological improvement-Neutrophils;  PD, Progressive Disease

MDS subtype                
(WHO 2008 classification)
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4.5.2 ctDNA versus bone marrow as a molecular disease 

monitoring tool  
 

Having established candidate mutations at baseline in the clinical cohort, serial bone 

marrow and plasma samples were analysed using targeted sequencing and digital PCR 

to track mutational burden within each compartment. There was great correlation 

between TS MAF and digital PCR MAF (r2=0.96) across all matched timepoints, 

reaffirming that both methodologies could be used interchangeably to track clonal 

burden in MDS (Figure 50). 

 
 

 
Figure 50. Correlation between TS and ddPCR MAF in MDS patients.  

 

ctDNA can capture the genomic landscape of MDS patients and shows a high 

correlation with bone marrow mutational burden. 

In all 10 patients, ctDNA was able to detect the main driver mutation in the bone 

marrow. Of all 20 mutations detected at baseline in bone marrow samples, ctDNA was 

able to detect 19 of these mutations. This shows that ctDNA is able to reflect the bone 

marrow mutational landscape of these MDS patients (Figure 51). Additionally, there 

was an excellent correlation (r2=0.84 p<0.0001) between the MAF of mutations in the 

BM DNA and plasma ctDNA across 75 matched timepoints (Figure 52). This is one of 

the highest correlations reported between a tumour compartment and ctDNA. 
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Figure 51. Mutations and cytogenetic abnormalities present amongst all patients 
recruited to the AZA-E study. 

 
 
 
 
 

 
Figure 52. Correlation between MAF measured by ddPCR between BM DNA and 
plasma ctDNA in the AZA-E study. 
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ctDNA is superior to bone marrow in cases of poor bone marrow samples 

One major limitation of BM biopsies commonly encountered in clinical practice is the 

fact that the quality of the BM sample may not always be representative. The aspirate 

may be compromised in some patients due to technical difficulties, bone marrow 

fibrosis or hypoplasia. In patients AZA004 and AZA015, there were situations where a 

sub-optimal, blood dilute BM aspirate sample was obtained (Figure 53). At these time 

points, ctDNA analysis provided equal, and in some cases superior molecular 

information to BM sampling. 
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Figure 53. Clonal dynamics for patients AZA004 and AZA015.  
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ctDNA detection is not influenced by peripheral blood leukocyte count  

PB cytopenias are common in MDS. Therefore, the current ‘gold standard’ for 

molecular testing in MDS is from BM aspirate DNA. When comparing the analyses of 

the correlation between BM DNA and ctDNA by digital PCR in both patients with 

leukopenia (peripheral blood leukocyte count < 1 x 109/L) and without leukopenia (i.e. 

peripheral blood leukocyte count  ≥  1 x 109/L), the strong correlation between BM 

DNA and ctDNA was preserved even when the patients were leukopenic (Figure 54). 

Furthermore, there was no correlation (r2 =4.39e-005, p=0.97) between ctDNA MAF 

and peripheral blood white cell count across 75 matched time points (Figure 55).  

Together these data confirm that ctDNA accurately reflects the genomic architecture of 

bone marrow DNA in MDS regardless of the peripheral blood leucocyte count. 
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Figure 54. Correlation between MAF BM DNA and plasma ctDNA across time points 
where total peripheral blood leukocyte count < 1 x 109/L (left) or ≥ 1 x 109/L (right). 

 
 
 
 
 
 
 
 

 
Figure 55. Correlation between MAF measured by ddPCR between plasma ctDNA and 
peripheral blood leukocyte count. 
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4.5.3 ctDNA as a disease monitoring tool for somatic mutations  
 

Having established ctDNA as an accurate surrogate for bone marrow, the utility of 

ctDNA as a molecular disease-monitoring tool during therapy was evaluated.   

ctDNA can track mutations in both responding and non-responding patients 

Studies have shown that TET2 mutations predict response to azacitidine63,159, although 

benefit appears confined to patients with a MAF >10%.  Furthermore, not all clones 

that harbor TET2 mutations show sensitivity to azacitidine63. In case AZA004, there 

were two TET2 mutations present at baseline with a MAF>10%. Consistent with the 

findings of Bejar et al. a response to therapy was achieved, which was paralleled by a 

reduction in the MAF of both TET2 mutations in plasma ctDNA (Figure 53). 

Importantly, cases were also found where the TET2 mutant clones were not suppressed 

by azacitidine therapy such as in case AZA005 (Figure 56). TET2 variants can be 

difficult to annotate given the wide distribution of mutations along the gene, however 

this is often in the case of novel missense mutations. In case AZA005, the TET2 Q232* 

is a nonsense mutation and would be predicted to result in a truncated protein product 

and thus likely to be a pathogenic mutation. Whilst it is not possible to obtain a germline 

sample in this case to definitively exclude a germline mutation, the fact that the VAF 

was initially lower at 25% at baseline and shows dynamic change throughout therapy 

makes it less likely to be a germline mutation. Furthermore, many MDS patients despite 

achieving a restoration of blood counts after azacitidine therapy, still have 

morphological dysplasia and therefore it is conceivable this TET2 variant could still 

represent a functioning dysplastic sub-clone. 

Despite initial response to azacitidine-based therapies, progression invariably occurs. 

In case AZA009, despite initial clinical stability during treatment, ctDNA demonstrated 

an expanding malignant sub-clone containing the NRAS G13D mutation, which 

ultimately resulted in the patient’s progression to AML (Figure 57).  

Importantly, in several patients who progressed after an initial response to therapy 

(AZA007, AZA003, AZA011), ctDNA where available was able to reflect the dynamic 

changes in tumor burden (Figure 58).  
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Figure 56. Clonal dynamics in case AZA005 

 
 

 
 

Figure 57. Clonal dynamics in case AZA009 
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Figure 58. Clonal dynamics in patient AZA007 and AZA003.  
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ctDNA can track multiple clones and highlights differential response to therapy 

Of the 10 patients that had mutations detected at baseline, 6 of these had more than one 

mutation detected (AZA003, AZA004, AZA005, AZA007, AZA011, AZA014). Serial 

tracking of these mutations highlights that clones with certain subsets of mutations 

appear to be more sensitive to azacitidine based therapies than others (Figure 53, Figure 

56, Figure 58, Figure 59, Figure 63). 

For example, patient AZA014 had an initial response to therapy characterized by a 

platelet count improvement (Figure 59).  

 The patient subsequently progressed to AML. Serial plasma ctDNA and BM DNA 

analysis showed a reduction in the MAF of a KRAS and U2AF1 mutation in response 

to therapy. Notably, the U2AF1 was still detectable in plasma ctDNA at day 203. BM 

DNA analysis at progression showed an eventual rise in the U2AF1 mutation MAF but 

the KRAS mutation remained undetected. In this case, the less responsive clones (i.e. 

containing the U2AF1 mutation) could have ultimately served as the source of 

therapeutic resistance and progressive disease. 

 
 

 
 

Figure 59. Clonal dynamics for patient AZA014 
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4.5.4 ctDNA as a disease monitoring tool for karyotypic 

aberrations 
 

 
Although used in MDS prognostic models321, the difficulty in using karyotypic 

abnormalities as a monitoring tool is that they are present in less than 50% of cases39,322, 

which may be further compounded by lack of sensitivity of metaphase cytogenetics. To 

address this, low-coverage whole genome sequencing (LC-WGS) was used to monitor 

chromosomal aberrations in plasma from three MDS patients throughout therapy 

(AZA014, AZA009 and AZA011).  

Case AZA014 was a patient that initially responded to therapy and on top of a U2AF1 

and KRAS mutation, had a known Trisomy 8 and Trisomy 21 detected by conventional 

cytogenetics at “baseline” (Figure 59, Figure 60) 

At “baseline”, the LC-WGS analysis showed the presence of a gain of copy number at 

chromosome 8 and 21 prior to azacitidine therapy (Figure 60). 

 At “response” on day 203, there was near resolution of both copy number alterations 

consistent with the clinicopathological response seen.  

Case AZA009 had a NRAS mutation and a known Trisomy 8 at baseline (Figure 57,  

Figure 61). At “baseline”, LC-WGS analysis plots showed the presence of a gain of 

copy number at chromosome 8 prior to azacitidine therapy (Figure 61). 

At “stable disease” on day 331 there was persistence of the gain of copy number at 

chromosome 8, which correctly correlated with the presence of persistent disease by 

bone marrow morphology.  
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Figure 60. Depth of coverage (DOC) log2 ratio plots from LC-WGS of plasma inpatient 
AZA014.  

Comparison at baseline (top panel) and at response (bottom panel) showing 
resolution of CNAs (green) after azacitidine and eltrombopag therapy.  
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Figure 61. Depth of coverage (DOC) log2 ratio plots from LC-WGS of plasma in 
patient AZA009. 

Comparison at baseline (top panel) and at stable disease (bottom panel) showing 
persistence of CNA (green) after azacitidine and eltrombopag therapy.  
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Analysis of cases AZA014 and AZA009 highlights that karyotypic changes can be 

identified in ctDNA, with response and persistence disease identified after azacitdine-

based therapy. A patient was then analysed that had a long initial response to therapy 

before eventual progression (AZA011).  In this case, dynamic changes in copy number 

and somatic mutations were seen highlighting the molecular evolution that occurs in 

the context of azacitidine-based therapy.  

Case AZA011 had a del9q alteration detected in the BM by conventional cytogenetics 

(28/30 metaphase cells). Prior to treatment at “baseline”, this del9q was identifiable in 

plasma ctDNA (Figure 62) 

At clinical “response” to therapy, the copy number alteration was markedly reduced in 

plasma, suggesting that azacitidine was able to suppress the malignant clone and allow 

haematopoiesis to be restored from other haematopoietic stem and progenitor cells168. 

The patient achieved a prolonged response (>4 years) but eventually progressed in the 

BM with an increasing myeloblast count (Day 1492). Interestingly, progression was 

associated with a re-emergence of the del9q clone, which ctDNA detected almost 3 

months before confirmation by BM cytogenetic analysis at “pre-progression” (Figure 

62). 

Analysis of ctDNA somatic mutations in case AZA011 showed that the MAF of the 

CBL, U2AF1 and TET2 mutations reduced in response to therapy. At progression, 

ctDNA clearly showed all three mutations increase in MAF. Importantly, whilst no 

cytogenetic evolution was noted at progression, clonal evolution with the emergence of 

a new ASXL1 mutation in ctDNA could be easily detected at both progression and pre-

progression time points (Figure 63). 

Notably, ASXL1 mutations confer a poor outcome in the myeloid malignancies 

potentially negating the positive influence of TET2 mutations in mediating response to 

azacitidine therapy63,159.  It is currently unclear if azacitidine primarily acts by 

suppressing or differentiating the dominant malignant clone304,323,324. Whilst, the data 

in this case would suggest the former, it remains entirely possible that in other cases 

azacitidine results in a restoration of blood counts by differentiating the malignant clone 

such as in case AZA005 (Figure 56). 

In summary, these data highlight the utility of ctDNA to track clonal dynamics in MDS 

patients undergoing azacitidine based therapy. 
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Figure 62. Depth of coverage (DOC) log2 ratio plots from LC-WGS of plasma in 
patient AZA011. 

Comparison at baseline (top panel) and at response (bottom panel) showing 
resolution of CNA (green) after azacitidine and eltrombopag therapy. At pre-
progression, there is a recurrence of the same CNA present at baseline.   
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Figure 63. Clonal dynamics in plasma ctDNA in case AZA011  
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4.6 Discussion 
 

The data presented in this chapter is the first to describe ctDNA analysis in the 

molecular monitoring of MDS patients undergoing azacitidine-based therapy. In a 

disease which is highly dependent on BM samples for definitive diagnosis and response 

assessments, ctDNA has provided a means to more easily access genomic information 

without having to undergo invasive BM biopsy.  

Obtaining molecular information in MDS is important not only from a diagnostic 

perspective but also in risk stratification. In this chapter, like in CLL, ctDNA was able 

to detect and track both driver somatic mutations and karyotypic aberrations in MDS 

patients receiving azacitidine-based therapy. In this pilot cohort, differential effects of 

therapy were seen in different mutant clones. In addition, ctDNA could predict 

impending relapse as well as detect acquired mutations in the context of progression. 

This highlights the importance of monitoring the clonal dynamics of multiple molecular 

lesions simultaneously and as such ctDNA could be used to track these in a timelier 

manner. As such, these data were also able to demonstrate ctDNA’s ability to overcome 

some of the logistical challenges of obtaining molecular material from other 

compartments, namely due to poor quality bone marrow aspirates or significant 

leukopenia, which is often seen in MDS patients.  

Analysis of ctDNA in other malignancies is often limited by the amount of circulating 

“non-tumour” DNA potentially diluting ctDNA. ctDNA in this cohort of MDS patients 

appear to give extremely accurate representation of the molecular burden in within the 

BM, suggesting that much of the DNA seen in plasma in MDS patients is ctDNA. This 

is highlighted by the very high correlation between mutant allele burden in ctDNA and 

BM as well as the ease at which karytotypic abnormalities can be seen in ctDNA by 

LC-WGS analysis.  

In summary, although in a small sample size, the data presented shows that ctDNA is a 

promising biomarker as a means to monitor and assess disease in MDS, which warrants 

further exploration in larger cohorts.   
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CHAPTER 5 – Evaluation of sub-clinical 

mutations in non-disease states.  
 

5.1 Introduction 
 

In the previous chapter, the successful development of a myeloid TS panel allowed for 

screening of mutations in MDS patients at baseline as well as tracking of clonal 

dynamics throughout therapy with azacitidine and eltrombopag. Whilst initially 

designed for utility in ctDNA, it was found that there was remarkable coverage depth 

when analyzing cellular DNA, specifically cells from blood or bone marrow (Figure 

43). This allows the myeloid TS panel to not only be a valuable monitoring strategy in 

active myeloid diseases but may also be a useful tool to detect subclinical or pre-

malignant clones. Clonal haematopoiesis (CH) is becoming an increasingly important 

phenomenon as it has been shown to be associated with development of malignancy 

and cardiovascular complications.  CH relates to the presence of a mutation present in 

the DNA of blood or bone marrow. The true incidence in healthy individuals is likely 

to be underestimated given that the large cohort studies describing CH used exome 

sequencing, which has limited sensitivity.   Furthermore, the cost associated with 

exome sequencing makes it an impractical solution as a screening methodology. Given 

the ability of the newly developed myeloid TS panel to cover genes in MDS/AML at 

high sensitivity, it is postulated that this is a reasonable and cost-effective strategy that 

could successfully screen for CH. 

 

5.2 Aims  
 

- To evaluate the presence of clonal haematopoiesis in allogeneic stem cell 

transplant donors.   

- To evaluate the presence of myeloid sub-clones in AML patients in complete 

remission. 
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5.3 Evaluating the presence of clonal haematopoiesis in 

allogeneic stem cell transplantation donors.  
 

In allogeneic stem cell transplantation, donor CH has been associated with unexplained 

cytopenias post-transplant325. Furthermore, cases of donor cell leukaemia have been 

reported, a rare complication due to the engraftment of pre-leukemic clones in the 

transplant recipient derived from the transplant donor326. Intriguingly, follow up of 

donors in these cases show no progression to leukaemia, suggesting that external factors 

may play a role in the expansion of donor engrafted clones326. However, whether donor 

CH influences transplant outcomes more broadly is currently unknown. As poorer 

outcomes have been associated with older stem cell donors327, it seems plausible that 

this may be associated with a enrichment of donor CH as the incidence of CH increases 

with age. However, many transplant donors are generally younger (i.e. less than 60 

years old). Whilst CH is rarer in this age group, more sensitive sequencing technologies 

has shown that this is likely underrepresented328. Therefore, it is important to determine 

the true incidence of CH within an allogeneic transplant donor population and 

determine the range of clinical consequences that donor CH has post-transplant.  

Many of the mutations seen in CH parallel that of patients with MDS/AML. These 

include DNMT3A, TET2, ASXL1, TP53, JAK2 and genes involving RNA splicing73,329-

331, all of which are included in the current myeloid TS panel. Therefore, the myeloid 

TS panel was utilized to screen for CH.  

 

5.3.1 Clinical cohort 
 

To determine if CH could be detected using this panel, a pilot cohort of 43 allograft 

donors were selected as part of a carefully collected and curated database at the Royal 

Melbourne Hospital allogeneic stem cell transplant service. This cohort of subjects was 

chosen as it represented “healthy” individuals without any evidence of a haematological 

malignancy. To maximise the amount of detection of CH, donors selected were greater 

than 50 years of age.  
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5.3.2 Molecular characteristics of allograft donors 
 

PB DNA was collected from donors prior to transplantation and sequenced using the 

myeloid TS panel. The demographics and detected mutations of the donors are 

highlighted below in Table 31. The average age of the donors was 63 years (range 55 

to 78 years) with 88% (38/43) being sibling donors.  

 

CH was detected in allograft donors > 50 years old.  

Sequencing showed that 19% (8/43) of donors had detectable mutations consistent with 

CH.  All CH detected were in sibling donors. 
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Donor ID Age (years) Donor type Mutations  MAF (%) 
DCH001 51 MUD   
DCH002 55 sib IDH1 R132S 2% 
DCH003 55 MUD   
DCH004 57 MUD     
DCH005 59 sib   
DCH006 60 sib     
DCH007 60 sib   
DCH008 60 sib     
DCH009 60 sib   
DCH010 60 sib     
DCH011 60 sib   
DCH012 60 sib     
DCH013 61 sib JAK2 V617F 5% 
DCH014 61 sib JAK2 V617F 10% 
DCH015 61 MUD   
DCH016 61 sib     
DCH017 61 sib   
DCH018 61 sib     
DCH019 61 sib   
DCH020 62 sib     
DCH021 62 sib   
DCH022 62 sib     
DCH023 62 sib   
DCH024 63 sib DNMT3A R736H 18% 
DCH025 63 sib   
DCH026 63 sib     
DCH027 63 sib   
DCH028 63 sib     
DCH029 63 sib   
DCH030 63 sib     
DCH031 63 sib   
DCH032 63 sib     
DCH033 64 sib DNMT3A R749C 11% 
DCH034 64 sib     
DCH035 67 sib TET2 K95E 4% 
DCH036 67 sib     
DCH037 69 sib TET2 D1376N 5% 
DCH038 69 MUD     
DCH039 69 sib   
DCH040 70 sib     
DCH041 70 sib   
DCH042 71 sib     
DCH043 78 sib U2AF1 S34F 20% 

Table 31. Summary of allograft donor cohort  >50 years old.  

Sib- sibling donor, MUD – matched unrelated donor 
 
 
 
 
 
 
 



	 162	

Genes involved in the screening include DNMT3A, TET2, IDH1, U2AF1 and JAK2. 

This is consistent with mutations described in CH 73,329,330(Figure 64). Of note a U2AF1 

S34F mutation was detected in the oldest donor at age 78, which is consistent with 

previous findings that mutations in spliceosome mutations occur almost exclusively in 

patients over 70 years of age78.  

By assessing the average clonal burden of these mutations divided amongst each age 

group, the average MAF of mutations increases with each age bracket (Figure 65). 

Although in small numbers, these data suggest that increasing age may allow for clonal 

dominance and thus expansion of a mutant clone over time.  

It has been shown that frequency of CH in the normal population increases with 

age73,329,330. When divided into detection of mutations by age group, donors aged 

between 60-69 years had the highest number (n=6) of donor CH whilst those aged 70-

79 had the highest proportion (25%).  

When comparing the incidence of mutations in allograft donors with prevalence of CH 

in each age bracket to the 3 largest cohort studies to date73,329,330, the frequency of CH 

within allograft donors appears to be at least 10 to 15% higher amongst each age bracket 

(Figure 66). 

Together, these data highlight that the myeloid TS panel was able to detect CH in 

allograft donors greater than 50 years of age. The panel was able to detect clones as low 

as 2% MAF and in genes most commonly associated with CH. Intriguingly, there 

appears to be enrichment for CH in this donor cohort. Although the numbers are small 

at this stage, the results from this pilot analysis warrant further investigation in an 

expanded cohort.  
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Figure 64. Genes mutated in 43 allogeneic stem cell transplant donors.  

 
 
 
 
 

 
Figure 65. Mean mutant allele fraction of mutations amongst age groups in allograft 
donors.  
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Age (years) Donors with Mutations Total Donors Frequency of CH (%) 

50-59 1 5 20% 

60-69 6 34 18% 

70-79 1 4 25% 
 

Table 32. Frequency of clonal haematopoiesis detected according to age group in 
allograft donor cohort. 

 
 
 
 
 
 
 
  

Figure 66. Comparison of frequency of CH in allograft donors with Genovese et al.329, 
Jaiswal et al73., and Xie et al330. 
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5.4 Evaluating the presence of myeloid sub-clones in 

AML patients in complete remission. 
 

The mainstay of therapy for AML is induction chemotherapy using high doses of 

cytarabine and often an anathacycline. Complete remission (CR) is determined by bone 

marrow assessment where there are less than 5% myeloblasts by morphology and 

normal FBE parameters. Having demonstrated that CH is detectable in allograft donors, 

the myeloid TS panel was then used to screen AML patients in CR to assess if there 

were any molecular lesions detected in the absence of clinicopathological disease.  

 

5.4.1 Clinical cohort 
 

The screening consisted of 31 AML patients in complete CR collected as part of a 

nationwide study looking at AML patients in remission through the Australiasia 

Leukaemia and Lymphoma Group (ALLG). Whole bone marrow DNA was obtained 

from these patients at this remission state from the ALLG tumour registry. TS were 

then performed on these marrow DNA samples.  

 

5.4.2 Molecular characteristics of AML remission patients 
 

The demographics and detected mutations of the donors are highlighted below (Table 

33). 

The average age of patients in this cohort is 59 years old (range 24 to 81 years). 

Mutations were detected in 20 of 31 patients (61%) and sequencing showed good 

genomic coverage with an average depth of 1690X over mutated regions.	
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Patient Age (years) Gender Mutations detected 

AMLCR001 53 F TP53 S240R, KIT M541L 
AMLCR002 64 F TP53 Y220C, DNMT3A R729P 
AMLCR003 58 M  
AMLCR004 64 F   
AMLCR005 68 F  
AMLCR006 64 M DNMT3A F772I, IDH2 R140Q 
AMLCR007 68 M  
AMLCR008 24 F ASXL1 G1397S, KIT M541L 
AMLCR009 71 F RUNX1 L56S, DNMT3A W601* 
AMLCR010 40 F   
AMLCR011 71 M IDH2 R140Q 
AMLCR012 81 M TET2 R1179Sfs*46, U2AF1 S34F 
AMLCR013 60 M U2AF1 S34Y 
AMLCR014 63 F   
AMLCR015 44 F TET2 V1718L 
AMLCR016 59 F DNMT3A F732del, ASXL1 G1397S 
AMLCR017 66 M TET2 L1415R 
AMLCR018 46 M   
AMLCR019 65 M DNMT3A N501S 
AMLCR020 65 M KIT M541L 
AMLCR021 66 F KIT M541L 
AMLCR022 65 F   
AMLCR023 53 M KIT M541L 
AMLCR024 57 F DNMT3A R882H, TET2 N861Tfs*12 
AMLCR025 63 F DNMT3A C911Y 
AMLCR026 67 F   
AMLCR027 51 M TET2 Y1649C 
AMLCR028 71 F DNMT3A R882C 
AMLCR029 60 F DNMT3A R882H 
AMLCR030 25 M   
AMLCR031 49 M  

Table 33. Demographic data of 31 AML patients in CR used to screen for clonal 
haematopoiesis 
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The distribution of genes mutated within this cohort is shown below (Figure 67). 

Mutations in DNMT3A and TET2 were most frequent.  

 

 
Figure 67. Genes mutated in 31 AML patients in complete remission  

 

Mutational burden of AML patients in CR appears in a bimodal distribution 

When assessing the MAFs of all mutations, a bi-modal distribution is noted (Figure 68) 

with clustering of mutations occurring at approximately at 10% and 50% MAF. The 

latter clustering mutations raise the possibility that these may be germline mutations. 

Germline samples were not available for testing in these patients to distinguish between 

a germline or somatic variant.  These heterozygous mutations mostly occur in the genes 

KIT, ASXL1, TET2 and DNMT3A (Figure 69). Of particular note, a KIT M541L variant 

was a frequently detected (5/31). Although it has been described as a benign variant 

with a frequency of 6.4% in the general population (rs3822214), it has also been 

described in COSMIC (COSM28026). Higher frequencies of the M541L allele have 

been reported in myeloid sarcoma and other haematological malignancies332,333.  The 

KIT M541L variant was detected in a higher proportion of patients (16%) in our AML 

cohort compared to the general population, further supporting that this variant may be 

associated with myeloid malignancies and warrants further evaluation in future studies.  
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Figure 68. Distribution of mutant allele fractions amongst mutations detected in 31 
AML patients in CR. 

 
 
 
 
 
Patient TP53 DNMT3A IDH2 TET2 U2AF1 ASXL1 RUNX1 KIT    

AMLCR001 5       57  ND  
AMLCR002 5 10        5%  
AMLCR003            
AMLCR004            
AMLCR005            
AMLCR006  5 13       10%  
AMLCR007            
AMLCR008      50  44    
AMLCR009  19     15     
AMLCR010            
AMLCR011   13       20%  
AMLCR012    10 40       
AMLCR013     3       
AMLCR014            
AMLCR015    48      50%  
AMLCR016  12    75      
AMLCR017    7        
AMLCR018            
AMLCR019  53        80%  
AMLCR020        53  MAF  
AMLCR021        52    
AMLCR022            
AMLCR023        51    
AMLCR024  16  6        
AMLCR025  33          
AMLCR026            
AMLCR027    51        
AMLCR028  45          
AMLCR029  11          
AMLCR030            
AMLCR031            

 

Figure 69. Heat map of mutant allele fractions (MAFs) of mutations detected amongst 
31 AML patients in CR.  
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Higher mutational frequency is seen in AML patients in remission compared to 

allograft donors 

Even excluding potential germline variants, a surprisingly high proportion of mutations 

were detected in this cohort given patients at these assessment timepoints were in CR. 

The frequency of patients with mutations appears to increase with age suggesting that 

these mutations may be partially explained by age-related CH (Table 34). However, 

there is still a higher proportion of mutations detected in AML remission patients (65%) 

compared to allograft donors (19%) despite relatively similar age groups (59 years 

versus 63 years respectively). Another plausible explanation is that mutation rates in 

AML CR patients appear similar to that observed in MDS patients from the previous 

chapter (Figure 70, Figure 71). These suggest that pre-existing or acquired dysplasia 

from chemotherapy may be present in patients with detectable mutations.  

Regardless, there appears to be a higher level of genomic instability in AML CR 

patients despite being technically “leukemia-free”. Although CR rates for AML after 

induction can be as high as 80%, this genomic instability observed may account for the 

much lower disease-free survival rates334.  

Taken together, the data presented in this chapter highlights the ability of the myeloid 

TS panel to screen for CH in both allogeneic donors and AML CR patients.  
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Age (years) Patients with mutations Total patients Frequency of CH (%) 

<49 2 6 33% 
50-59 5 6 83% 
60-69 9 15 60% 
70-79 3 3 100% 
>80 1 1 100% 

Table 34. Frequency of mutations detected according to age group in 31 AML patients 
in complete remission. 

 
 
 
 
 
 
 

 
Figure 70. Comparison of mutation rates in subjects from the 3 cohorts using the 
myeloid TS panel.   
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Figure 71. Numbers of mutations detected amongst three patient cohorts using the 
myeloid TS panel.  
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5.5 Discussion 
 
The data presented in this chapter demonstrates the utility of targeted sequencing to 

detect sub-clinical molecular lesions in hematopoietic tissue, namely CH. In a small 

cohort of allograft donors, CH was detectable and appeared to occur in genes that are 

known to be associated with CH. Interestingly, donor CH appears to be enriched 

compared to what has been described in whole exome population studies73,329,330. This 

in part may be explained by the use of targeted sequencing, a more sensitive sequencing 

methodology, however this would need to be validated in a larger cohort. Another 

consideration is the filtering process by which somatic variants are determined. For 

example, in Genovese et al., candidate driver mutations were classified as missense or 

disruptive mutations in DNMT3A (Exon7 to Exon23), Disruptive mutations in ASXL1, 

TET2, PPM1D and the missense mutation JAK2 V617F as well as any mutation 

described in COSMIC at least seven times328. In comparison, Jaiswal et al. included 

variants reported in COSMIC from 160 genes and excluded frameshift mutations that 

were present in 3 or more times in the same ancestry group unless they have been 

previously described to be pathogenic73. Furthermore, frameshift and non-sense 

mutations occurring in the first or last 10% of the gene open reading frame were 

excluded unless described previously73. The filtering process in this analysis for CH in 

this cohort included missense and truncating mutations that were not described in >1% 

of the general population unless they had been described in COSMIC. One additional 

step to exclude the possibility of germline variants in the analysis of CH is that variant 

with an allele fraction of >40% were excluded unless they have been described in 

COSMIC. Whilst some missense mutations in TET2 and ASXL1 would not have been 

included in Genovese et al., they would have been included in Jaiswal et al.  

In AML patients that are in complete remission, analysis in this chapter showed a much 

higher mutation rate than the donor CH cohort using the above filtering process. Again, 

the mutational profile showed a similar landscape to what has been described in 

CH73,329,330. This could reflect a number of possibilities. Firstly, the CH detected could 

represent molecular evidence of residual disease, either representing an AML clone or 

pre-leukemic clone not eradicated by chemotherapy. Secondly, the mutations may 

represent pre-existing CH which could be age related. Finally, these mutations could 

have been acquired through the administration of high doses of DNA damaging agents 

for AML. In any case, serial genomic analysis from these patients is required to elicit 
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the dynamics of these mutations over time. This will help determine the origins and 

consequences of these clones.  

In both cohorts, correlation with clinical outcomes would also be important. There is 

growing evidence that CH is associated with many adverse outcomes in both an aging 

population and in cancer73,329,330. The data presented in this chapter provides a means 

to successfully screen for CH which can be expanded to a larger sample size.   
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CHAPTER 6 – Discussion  
 
The work in this thesis explores the use of various sequencing methodologies to detect 

and track genetic lesions in haematological disease. In many ways, the use of genetic 

lesions to diagnose and monitor haematological malignancies is not a new concept. 

However, this body of work has provided a means by which molecular information can 

be more readily accessible in haematological malignancies through plasma ctDNA. 

ctDNA analysis has also been used to provide glimpses into understanding disease 

biology and clonal evolution in haematological malignancies in the context of 

therapeutic pressure.  Secondly, this research has developed a methodology to screen 

for a large number of genes successfully from a variety of genomic material.  Finally, 

this technique has been utilized and has identified genetic lesions in “non-disease” 

states and sets up future work in exploring the relevance and clinical implications of 

these subclinical clonal lesions.  

 

6.1 ctDNA in chronic lymphocytic leukaemia  
 
ctDNA has already shown to be a promising molecular biomarker in many cancers. 

However, the role of ctDNA in hematological malignancies with a circulating disease 

component has not been investigated.  Therefore, this work is the first to describe the 

use of ctDNA in CLL showing its detection in patients.  Whilst a high proportion of 

CLL patients had a detectable mutation at baseline, 22% of patients did not have an 

identifiable mutation. This may have been due to the bespoke nature of the TS panel 

used to screen for somatic mutations. Furthermore, the cohort analysed consisted of 

relapsed/refractory CLL patients, which is likely to enrich for CLL that would harbor 

somatic mutations.  

A hallmark of CLL is the presence of circulating tumour cells in the peripheral blood.  

The data from this work highlights that ctDNA analysis differs to analysis of DNA from 

circulating CLL and can represent disease in non-circulating compartments. Given this, 

ctDNA analysis may also serve as a useful tool in assessing disease when there is not a 

circulating disease component such as in small lymphocytic lymphoma. 

This work is also the first report of the use of ctDNA to monitor disease response in 
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CLL patients undergoing targeted therapies. Furthermore, ctDNA was able to monitor 

disease in different topographical sites of disease, even when there were differential 

effects to therapy. ctDNA levels correlated best with nodal disease burden assessed by 

radiology. However, ctDNAs ability to give a measurement of global disease burden 

was not explored fully. Overall disease burden in CLL can be difficult to quantify given 

its multi-compartmentalised nature and the need to consider tumor proliferation and 

death rates simultaneously, especially in the context of therapy. Various mathematical 

models have been attempted but these are complex and thus not routinely used in 

clinical practice 335,336. Given its ability to represent disease in multiple compartments, 

future work could focus on the ability of ctDNA to assess global disease burden.  

As a disease-monitoring tool, ctDNA can detect disease and track response even at low 

MAF. Currently in CLL, in patients who achieve complete responses by conventional 

criteria, the demonstration of minimal residual disease (MRD) has been shown to be an 

important prognostic factor337.  The current gold standard for MRD monitoring involves 

immunophenotyping utilizing flow cytometry on BM or PB specimens to detect the 

residual leukemic clone, however, the analysis is highly dependent on assessment of a 

sufficient number of cells and the use of optimal antibody combinations338. Our data 

suggest that ctDNA is comparable to flow cytometry based MRD monitoring.  

In CLL, ctDNA did actually predict progression prior to radiological detection as 

highlighted in case CLL004 (Figure 24) where a rise in ctDNA was noted before the 

radiological progression to Richter’s syndrome. Base on this case of ctDNA predicting 

progression (CLL004) it would be reasonable for future studies to serially monitor 

ctDNA every month to be able to capture early rises in ctDNA levels. To establish 

whether ctDNA is more or less sensitive than either CT or bone marrow biopsy, larger 

cohort studies with paired ctDNA and CT/bone marrow assessments are required of a 

similar study design to that of the pilot studies. This is to establish the true sensitivity 

of the assay, in addition to determine the critical aspects of ctDNA analysis that would 

have significant impact on patient care. Such endpoints that would be interesting to 

analyse would include ctDNA detection after 3 cycles of therapy, rate of ctDNA decline 

and time to achieve undetectable ctDNA.  

Much of these parameters would be similarly tested in MDS although correlating 

disease “burden” is currently challenging as apart from blast percentage much of the 

response criteria is based on restoration of blood counts which is subject to other 

confounding factors which includes toxicity therapy.  
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Whilst it is premature to suggest that ctDNA should be used for routine MRD 

assessment, these data lay the foundation for a comprehensive comparison of the 

sensitivity of ctDNA analysis alongside flow cytometry analysis of bone marrow for 

MRD monitoring in the setting of larger prospective clinical trial cohorts.   

Furthermore, ctDNA, unlike flow cytometry is able to provide valuable information 

about genomic evolution in the context of treatment failure. RS has been shown to be a 

mode by which CLL relapses in patients receiving Ibrutinib or venetoclax 118,131. In RS, 

TP53 disruption is reported to be one of the most frequent underlying genomic 

alterations339. Clinically, the diagnosis of RS is often not straightforward. ctDNA 

analysis in the 3 RS cases was able to demonstrate increasing genomic instability and 

newly acquired genomic lesions which ultimately presented as RS clinicopathogically. 

Although these genomic alterations are not specific for RS, the analysis does highlight 

the power of ctDNA to comprehensively capture genomic evolution and heterogeneity 

as well as to predict impending therapy failure. This provides a novel and minimally 

invasive strategy to facilitate identification of treatment failure in CLL. The sub-clonal 

complexity demonstrated in the RS cases highlights a potential issue in that tracking a 

single mutation may not necessarily capture the complete mutational landscape nor the 

dominant or emerging clone. In this thesis, this issue could be addressed in part using 

IgHV sequencing in CLL to track the monoclonal B-Cell population in ctDNA rather 

than a single mutation. In MDS, this will be more challenging as it is more apparent 

from the data presented in this thesis that sub-clonal complexity is present and shows 

different clonal dynamics within the same patient. This raises an issue as to how to best 

capture this. An example of an approach could be similar to how radiological response 

is assessed in solid malignancy/lymphoma (i.e. Cheson criteria19). Mutational burden 

could be defined as the sum of all mutants detected and change over time could be 

assessed by assessing dynamics of all mutants detected. 

 
 

6.2 ctDNA in myelodysplastic syndromes 
 

In MDS, the importance of a molecular assessment in MDS cannot be understated, 

especially where traditional evaluation strategies can be subjective and misinterpreted 
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due to confounding factors. Obtaining material to attain accurate genomic analyses can 

be a challenge due to the invasive nature of obtaining a BM sample as well as technical 

difficulties that are often encountered in patients with MDS. This work has shown that 

ctDNA is a minimally invasive tool that has the potential to accurately reflect the 

genomic information obtained from BM assessment.  

In a disease where dysplasia can be seen in blood cells, one may argue that there may 

be no advantage to ctDNA analysis compared to DNA from blood cells in MDS. This 

may be true in patients who are not leukopenic or have a high blast percentage in the 

peripheral blood. However, a hallmark of MDS is leukopenia and therefore obtaining 

molecular assessment of neutrophils and other peripheral blood cells is not always 

feasible. Furthermore, in MDS patients with leukopenia the majority of the circulating 

leucocytes are lymphocytes (the predominant cell type seen in the mononuclear layer), 

which do not accurately reflect the mutational burden of myeloblasts. ctDNA analysis 

is not influenced by these factors. This is highlighted by the remarkable correlation 

between the MAF in BM and ctDNA, a phenomenon seen irrespective of the leucocyte 

count. This is also the highest reported correlation of mutant burden between a tumour 

compartment and ctDNA. This serves to emphasise that in patients with MDS, the 

majority of cell free DNA is derived from the malignant clones driving ineffective 

haematopoiesis and underlines the utility of this biomarker for molecular disease 

monitoring in this disease.  

Additionally, ctDNA can monitor response to therapy, capture dynamic clonal changes 

seen in response to therapy and predict treatment failure. Additionally, ctDNA 

monitoring in MDS need not be confined to gene mutations, as LC-WGS in plasma can 

be an effective strategy to track karyotypic alterations in MDS. These data highlight the 

importance of serial tracking of all genetic lesions found at baseline as not all will have 

the same dynamics in response to therapy. If bone marrow morphology alone were used 

to monitor MDS, progression would likely be detected later. In addition, lack of 

genomic information could also lead to missed opportunities to deliver targeted 

therapies.  ctDNA analysis can demonstrate clonal and sub-clonal changes and can do 

so in a timelier manner, potentially allowing for early relapse detection. Additionally, 

the genomic information could influence the choice of targeted therapies highlighting 

ctDNAs potential to complement bone marrow assessment to allow for real-time and 

impactful disease monitoring in MDS. 

Despite this, there are some limitations in the use of ctDNA in MDS, specifically as an 
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MRD tool, of which currently there are no widely accepted modalities. For the ctDNA 

analysis performed in this MDS cohort the sensitivity of LC-WGS was approximately 

5-10% and TS approximately 1%. The difficulty in assessing the true level of detection 

in a TS panel is that within the panel itself, different variants will have different levels 

of detection based on the potential for artefact from surrounding region (i.e. high GC 

areas and repetitive sequences). Therefore, it is not feasible to test sensitivity for each 

possible variant within a panel especially if it is unknown. In this thesis, the main 

method to assess the limit of detection is the depth of coverage over the particular area 

of interest. Improvements in sensitivity can be achieved by the introduction of unique 

molecular identifiers as well as error suppression to control for PCR artefacts and will 

be explored in future work238. The validity and sensitivity of many of the mutations by 

TS was through an orthogonal and more absolute method of variant detection such as 

digital PCR. Droplet digital PCR was performed on most of the variants detected in this 

cohort and of the variants detected TS detection could be confidently detected as low 

as 0.1% (Figure 12 and Figure 50).  With regards to circumventing the potential issues 

with sensitivity and semi-quantitative nature of TS, a sequencing strategy could be to 

screen for mutations at diagnosis and then design digital PCR assays, to monitor clonal 

dynamics. Although the resources to achieve this routinely are possibly too great at this 

present time, one must realise that cost and workflow of sequencing is becoming more 

accessible and affordable. Importantly, if from future prospective studies early 

detection with ctDNA in MDS and CLL predicts for better patient outcomes by 

allowing for early decision making, then it would justify the cost of this form of disease 

monitoring. It is also important to note that these limitations are not ctDNA specific but 

also apply to bone marrow and blood analysis.  

Another limitation of the analysis is that ctDNA is only able to provide this information 

in the form of a mutational fraction of the total DNA present within the sample.  

Therefore, clonal relatedness can only be inferred based on similar mutational 

dynamics. Again, this is a limitation not only to ctDNA, but all DNA analysis derived 

from bulk cells. To truly determine the clonal relatedness of mutations or the origins of 

resistance in MDS, one would ideally require genomic analysis at a much higher 

resolution, such as at the single cell level340. However, these methodologies are both 

costly and time consuming as well as requiring tissue biopsy.  To do this serially 

throughout treatment is currently impractical and therefore ctDNA analysis is still an 

attractive strategy to understand clonal dynamics and give insights into the mechanisms 
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of response and failure to azacitidine based therapy in MDS.   
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Figure 72. Hypothetical model of disease and clonal course in a MDS patient 
undergoing therapy using bone marrow morphology assessments to monitor disease.   

At baseline, azacitidine brings about a response eliminating the dominant TET2 mutant 
clone. Given the invasive nature of marrow morphology assessments (BMAT) disease 
relapse, reflected by the significant expansion of the persistent IDH2 mutant clone, is 
detected late. Furthermore, marrow morphology will not recognise the potential 
targeted therapy available, potentially leading to ineffective salvage therapeutic choice 
(cytarabine).  
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Figure 73. Hypothetical model of disease and clonal course in a MDS patient 
undergoing therapy using ctDNA to complement bone marrow morphology 
assessments to monitor disease.   

At baseline, azacitidine brings about a response to the dominant TET2 mutant clone. 
Instead of bone marrow assessments, ctDNA is used to monitor disease. Given the 
easier accessibility of ctDNA assessments, the expanding IDH2 mutant clone is 
detected early, which leads to confirmation of early relapse by marrow morphology 
assessments (BMAT). Furthermore, identification of the molecular lesion allows for 
access to therapies specifically targeting IDH2, which may ultimately bring about a 
response.  
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6.3 Donor clonal haematopoiesis in allogeneic stem cell 

transplantation. 
 

Although many of the targeted therapies in CLL and MDS have changed the natural 

history of the disease, it appears that as a single agent – resistance is likely to occur. As 

such the only therapeutic option that has the potential of cure is allogeneic stem cell 

transplantation. However, morbidity and mortality from the transplant itself is 

significant, notwithstanding the possibility of disease relapse.  Furthermore, allograft 

may not be a viable treatment option due to the availability of a suitable transplant 

donor. Ultimately, the aim is to select donor stem cells that will provide optimal graft-

versus-disease effect but also minimize adverse transplant outcomes such as 

engraftment failure, graft-versus-host disease, infective complications, and 

cardiovascular disease 327,341,342. The selection of appropriate donors for transplantation 

is therefore highly personalized and complex. The ability to identify genetic factors 

such as CH within the donor that can potentially influence transplant outcomes would 

be incredibly valuable. Such information would help better utilize this valuable 

resource.  

The work presented showed that within a sibling donor population greater than 50 years 

of age, clonal haematopoiesis could be detected. The gene panel currently used is only 

restricted to 55 genes and therefore the genomic regions covered may not be as broad 

compared to more comprehensive panels. Nevertheless, a large majority of the 

mutations described in CH are in DNMT3a and TET2, which are covered in the panel. 

Furthermore, although in small numbers, there already appears to be an increase in 

incidence of CH compared to that described in large cohort studies. In part this may be 

due to the sequencing technologies, with targeted sequencing a more sensitive 

technique than exome sequencing, the methodology that has been used in these large 

previous sequencing studies.  

Nevertheless, future work will expand on this cohort to see if donor CH is indeed more 

enriched compared to matched unrelated donors. It is equally important to describe and 

correlate clinical outcomes especially with regards to treatment related morbidity and 

mortality as well as disease relapse post allogeneic stem cell transplantation. Such 

information is currently being collected. Additionally, statistical considerations will 

also need to be considered such as subdistribution hazard functions to allow for 
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simultaneous assessment of outcome measures. Competing risk modeling will be 

required to factor in confounding factors such as HLA matching status, type of 

conditioning for transplantation or CMV status. 

 

6.4 Sub-clinical mutations in acute myeloid leukaemia 

patients in a clinical remission. 
 

In AML patients, achieving a CR after induction does not necessarily mean that this 

will be sustained as a percentage will later have relapsed disease. This often infers a 

poor prognosis of which treatment options are limited. Certain molecular characteristics 

may predispose to this occurring, which can include TP53 mutations and complex 

karyotype343. However, these only represent a small proportion of cases and therefore 

further risk stratifying markers would considerably aid in predicting who is likely to 

relapse. In recent studies, detection of NPM1 mutations at the end of induction predicts 

poorer outcomes344. These are likely to represent the detection of molecularly 

detectable disease that hasn’t been eliminated by chemotherapy.  

Within the cohort of AML patients sequenced in this work, although there was no 

detectable disease clinicopathologically, many mutations were detected. The frequency 

of CH in AML patients in remission also appears to increase with age. Advancing age 

has been shown to be associated with poorer prognosis in AML. Therefore, a plausible 

explanation may be that this is due to CH given CH is known to increase the risk of 

haematological malignancies. Unfortunately, outcome data is not available at this point 

but would be important to determine if the presence of CH in these patients predicts 

relapse. However, age related CH is unlikely to be the sole reason for the increase in 

mutation rates as the rates are clearly higher than that observed in the literature and in 

the sequenced allograft donors >50 years. AML patients at remission have been 

subjected to high doses of chemotherapy and thus this may be a contributor to the 

genomic instability at this remission time point. In addition, the mutations detected 

could also represent molecular evidence of an AML clone. To confirm this, sequencing 

from the diagnostic AML sample in these patients is thus required to exclude these 

mutations as part of either a dominant leukemic clone or a resistant sub-clone. 

Furthermore, a number of mutations were detected at an allele fraction of 50% and 
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therefore a germline mutation could not be excluded, as germline samples were not 

available.  

 

6.5 Future research  
 

6.5.1 ctDNA in haematological malignancies 
 

The work presented in the first part of this thesis has shown that in CLL and MDS, 

ctDNA provides a useful tool in disease monitoring that is 1) minimally invasive 2) 

captures the underlying genomic landscape 3) represents treatment responses over time 

4) tracks tumour kinetics across multiple disease sites and 5) detects changes that confer 

resistance or clonal advantage. However, the main limitation of this work is the small 

samples size in each of the CLL and MDS cohorts. Therefore, having demonstrated 

proof-of-concept, future research requires examination of ctDNA in larger cohorts to 

answer broader research questions.  

In CLL, the use of targeted agents such as venetoclax and ibrutinib is likely to become 

more widely used given their remarkable efficacy and ability to induce deep responses. 

As such, future work currently being explored in greater detail is the use of ctDNA as 

an MRD tool. Such analysis would require prospective collection of matched ctDNA 

and flow cytometry analysis correlated with other clinicopathological features. A larger 

cohort will allow firstly the ability to more definitively compare ctDNA and flow 

cytometry as a MRD tool. These analyses will also allow for correlation with clinical 

outcomes to see if ctDNA detection either a baseline or during therapy is an adverse 

prognostic marker. In addition to MRD analysis, the ability of ctDNA to capture 

genomic evolution in a small number of RS cases also highlights a unique opportunity 

to understand more about the genomic basis of RS, which has been limited in part due 

to rarity of cases and difficulty in obtaining tissue material for analysis from multiple 

disease sites. The analysis in this work did not show any genomic lesions specific to 

the development of RS, however only 3 cases were examined. With more RS cases and 

prospective collection, analysis of plasma will hopefully uncover recurrent genetic 

lesions specific to RS and therefore this is a cohort of specific focus for future work in 

ctDNA. 
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In high risk MDS, azacitidine is currently the mainstay of therapy. As almost all patients 

receiving azacitidine will eventually lose response, it is imperative to understand the 

molecular patterns by which azacitidine resistance occurs. In the small number of 

patients analysed in this cohort, ctDNA has been shown to accurately reflect bone 

marrow mutational profile and clonal dynamics in MDS patients receiving azacitidine 

based therapy. As a result, future work will largely use ctDNA to study the patterns of 

genomic evolution in MDS patients receiving azacitidine-based therapy in a larger 

cohort. As yet there are no published data to date that serially monitors clonal evolution 

in a large cohort of patients treated with azacitidine mono- or combination therapy. The 

largest study to date investigating clonal evolution in MDS has only monitored 31 genes 

in 41 patients at 2 separate time points in an observational cohort of patients with MDS 

who progressed to AML345. These data will likely provide an unprecedented insight 

into the evolutionary pressures that azacitidine places on the malignant population. It 

will also potentially uncover how different combination therapies alter the pattern of 

clonal evolution. Ultimately, the anticipation is that these data may uncover novel 

therapeutic opportunities that target the common pathways used by malignant cells to 

subvert azacitidine.  

The data in this thesis focusses on the application of ctDNA in CLL and MDS, however 

the principles and methods could be applied to all haematolgical malignancies. ctDNA 

in hematological malignancies has the potential to become an important biomarker 

which could be used as both a research tool as well as clinical application.  The future 

of ctDNA could see it being used routinely at diagnosis, disease monitoring, predicting 

relapse and using molecular characteristics of ctDNA to select appropriate targeted 

therapies. This would allow for more personalized cancer management. For this to 

occur, there are still many challenges with regards to implementation into clinical 

practice. Firstly, validation and evaluation is needed in larger cohorts to determine the 

best use for ctDNA in various haematolgical malignancies. Once this has been 

established, consideration must also be given to the logistical aspects of implementing 

ctDNA as part of clinical practice. At a local level this involves the setup of appropriate 

infrastructure and evaluation of the cost effectiveness of implementation. 

Considerations from sample processing all the way to analysis and reporting must also 

be included and with this employment of appropriately trained personnel. At a more 

national and international level, consensus guidelines and standards for ctDNA analysis 

will need to be developed to ensure that there is standardization of methods, 
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interpretation, reporting and quality control.  

Despite these challenges, this thesis has provided a starting point for future work in 

ctDNA to be part of routine practice in the management of haematological 

malignancies. 

 

 

6.5.2 Assessment of clonal haematopoiesis 
 
In addition to demonstrating the utility of ctDNA in MDS, the myeloid TS panel 

developed in this thesis has provided a method to develop a comprehensive targeting 

sequencing panel for MDS/AML. Not only does the panel demonstrate ability to screen 

for mutations within this cohort, it can be used as a tool in other cohorts to screen for 

mutations in both cellular and plasma DNA. Furthermore, the principles and algorithms 

developed for primer design and multiplexing can be applied for the development of 

other targeted sequencing panels. Within the laboratory these methods will form the 

basis of subsequent panel designs in multiple cancer streams.  

As demonstration of the utility of the myeloid TS panel, this work has successfully 

detected pre-clinical variants in genes implicated in myeloid malignancies in two 

cohorts of individuals that, by definition, do not have an active myeloid malignancy. 

Whether these represent age related CH or are a potential pre-leukemic clone cannot be 

determined, and thus longitudinal analysis is required to further delineate this. 

Furthermore, although CH is potentially more enriched in both sibling allograft donors 

and AML patients in CR, the major limitations of the data are 1) small sample size, 2) 

lack of clinical correlative information and 3) availability of serial samples for further 

genomic analysis. Nonetheless, these pilot analyses serve as the preliminary data to go 

on and validate these findings in a larger cohort.  

Much of what we understand about CH thus far is that incidence increases with 

age73,329,330. As such, a hypothesis for the potential enrichment of CH could be broadly 

classified as a combination of cumulative environmental exposures and genetic 

predisposition. With AML patients in remission, a large factor will be the exposure 

high dose chemotherapy. In sibling allograft donors however, both genetic and 

environmental factors are likely to be potentially shared amongst siblings and given 

that one of them (i.e. the transplant recipient) already has a haematological malignancy, 
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it raises the question whether environment and/or genetics explains the enrichment of 

CH in sibling donors. What is not described in this cohort is the fact that whether the 

same CH mutation is also present in the recipient pre-transplant.  Hence, future work 

currently being pursued is to see if the transplant recipients have the same CH mutation 

and to expand the cohort size to see if the sibling donor enrichment holds true. It is 

difficult to compare with historical controls for enrichment due to different sequencing 

technologies and also the different processes of variant calling within different 

studies73,328. Therefore, the analysis of a cohort of age-matched unrelated allograft 

donors could be tested as a control group using the same sequencing methodologies 

and variant calling in this thesis. To address the question of whether CH is influenced 

by cell intrinsic (genetic) or cell extrinsic (environmental) factors, a potential study 

design would be to assess the consequence of the donor CH clone in the recipient after 

transplantation. In effect, assessing whether the donor CH engrafts to a different host 

and expands would answer the question as to whether CH can survive in a different 

environment. To do this, serial samples post-transplant would be required to assess the 

clonal dynamics of the donor CH clone. Such information would provide appreciation 

of the dynamic changes of variants seen throughout time, which could help determine 

the consequence of these clones.  This could then be correlated with clinical outcomes. 

Like ctDNA, implementation of screening for CH would require similar logistical and 

economic considerations. Appropriate genetic counselling for patients need to be 

considered before and after testing to discuss the implications of CH detection. There 

is growing evidence that CH is associated with adverse health outcomes. However, 

more needs to be understood about how CH occurs, how it is sustained and how it leads 

to disease. As most CH will not lead to disease, it is critical to determine in which 

context CH will have a significant clinical impact. More refinement of CH mutations 

may be needed to elicit this such as the type of mutation, mutant allele fraction, co-

existing mutations and mutational ontogeny. In the context of haematological disease, 

a foreseeable challenge will to differentiate between “benign” CH and molecular 

lesions which are clinically relevant. Ideally, prospective serial analysis of CH would 

help determine this. Ultimately, these data could stratify different types of CH 

mutations into risk groups for developing haematological malignancies. 

Nevertheless, the research in this thesis has demonstrated the feasibility of screening 

for these sub-clinical molecular lesions and provides the basis for further work to 

understand their true impact.  
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Chapter 8. Appendices 
Appendix 1. Primer pairs used for myeloid targeted sequencing panel 

Name Chr Start Finish Forward Reverse 
Size 
(bp) 

ASXL1-Exon 
12-01 20 3102212

5 
3102229

8 
TGATTCTGTATGCCATGACC

CT 
GGCATATCTGGTAAGT

GGGCT 174 

ASXL1-Exon 
12-24 20 3102114

9 
3102131

8 
AAAGTGGCTTGTGTGTCCC

A 
TGCATCCTTAGCAACC

CCTG 170 

ASXL1-
Exon12-03 20 3102235

6 
3102252

6 
TCGCAGACATTAAAGCCCG

T 
CCTCACCACCATCAC

CACTG 171 

ASXL1-
Exon12-04 20 3102250

6 
3102266

3 GCAGTGGTGATGGTGGTGA AGCTCTGGACATGGC
AGTTC 158 

ASXL1-
Exon12-05 20 3102259

4 
3102275

3 
AACACAACTACTGCCGCCT

T 
GGCATCTCCTAGCCC

ATCTG 160 

ASXL1-
Exon12-06 20 3102271

6 
3102290

2 
GGGCTACAGTTGGACTCAC

A 
CAGGAAGTGGTGCCA

GACTC 187 

ASXL1-
Exon12-07 20 3102287

1 
3102306

9 
AGAACTGAATGTGAGTCTG

GCA 
AGGATTCAGGTGTGG

AACTGG 199 

ASXL1-
Exon12-08 20 3102300

3 
3102319

5 
GCTCTTGACAGTCATCCCA

CT 
TGTTAGAAACGAGAG

CCTTGGT 193 

ASXL1-
Exon12-09 20 3102310

4 
3102326

1 
TGACGAATTAGGGCTTGGT

GG 
TGGATTCTGGTTTGG

GCTGT 158 

ASXL1-
Exon12-10 20 3102323

8 
3102339

5 
TGAAACAGCCCAAACCAGA

ATC 
CCAGAGTGAAGTAAG

GCTGTCA 158 

ASXL1-
Exon12-11 20 3102334

5 
3102352

4 
TTGACAGCTGAGGAGGGTC

T 
AGAGGCTGTATCCGT

GGACT 180 

ASXL1-
Exon12-12 20 3102346

8 
3102360

9 
ATCAACGGAGACTCTGAAG

CA 
CCTTGTCCACCGAAG

ATCCC 142 

ASXL1-
Exon12-13 20 3102358

9 
3102374

9 
AGGGATCTTCGGTGGACAA

G 
ATCTGGGATCTTTTGG

CGGA 161 

ASXL1-
Exon12-14 20 3102374

5 
3102390

1 
CAGATTCCCTACTGCTGGC

C 
CTGTCATCGTGGGCT

GGTG 157 

ASXL1-
Exon12-15 20 3102382

1 
3102397

7 
GGCCACTAACCCACTTGTG

A 
ACCATGTAAAGATCCC

ATGCGT 157 

ASXL1-
Exon12-16 20 3102395

0 
3102410

0 
CTCGCTACGCATGGGATCT

T 
CTGGGTGGCCTCAAT

CCTG 151 

ASXL1-
Exon12-17 20 3102408

2 
3102425

6 CAGGATTGAGGCCACCCAG ACGGACTTCCTTCTGA
TCTTCAC 175 

ASXL1-
Exon12-18 20 3102414

7 
3102431

2 
ACTCCCTCCATCCAGTGAC

A 
AGATCTCCTGGGCTC

TTTCCT 166 

ASXL1-
Exon12-20 20 3102440

8 
3102453

6 
CAGGCCAAGGGAAGAAGCT

T 
TTGGTCCCAACTTCCC

ACTG 129 

ASXL1-
Exon12-21 20 3102457

1 
3102472

3 AAGGGAAGACTGGGCTCCA GGCATCCCTTCCAAG
TGACC 153 

ASXL1-
Exon12-22 20 3102465

7 
3102482

5 
ATGCCGAGAACAGGAAAGC

T 
TTGATGCTGAGTTGG

GAGGG 169 

ASXL1-
Exon12-23 20 3102478

1 
3102493

3 
TGAGCCTCTGGAGCCTTCT

T 
TGCACCACACTTCCA

GCAA 153 

BCOR-
Exon10-01 X 3992199

0 
3992212

3 
AAGAGGTACCTTGCCATCG

G 
ACACCGACAACAGCG

AGAAG 134 

BCOR-
Exon11-01 X 3991644

0 
3991660

4 
AGCGCCATATTCAAGGAGG

T 
TGATGGCATTCTTCCC

TCCC 165 

BCOR-
Exon12-02 X 3991466

8 
3991479

8 
GTTCTACCTGAGTACGTAG

CCAA 
TGAGCATAATTCTATT

GCGCCTC 131 

BCOR-
Exon13-01 X 3991343

3 
3991357

0 
CCCTCACCCATACCAGACA

G 
CCAGGGTCGCAATGA

TGATG 138 

BCOR-
Exon14-01 X 3991314

2 
3991330

9 
TGAGCCACAGATACTTGGA

TGT  
TTGCCCTCCATTAGAA

CCAGAT 168 

BCOR-
Exon4-01 X 3993196

7 
3993213

6 
CGGTGAAGACTGGCTGTTT

G 
GTCCAAACCCAGCTTT

GCAG  170 

BCOR-
Exon4-04 X 3993381

6 
3993399

0 
CAAGGACGATGGGATGTGG

G 
CTACCCTTTCCTCGAC

TCGC 175 

BCOR-
Exon7-01 X 3992368

4 
3992385

7 CGTTTCCTGTCCACCCGG CCCAGGCGAGTATAG
TGTTGG 174 

BCOR-
Exon8-01 X 3992299

7 
3992314

3 CACTTCCTTCCTGCTTTGCC AGTGAGCTGACCAAC
CTGAAG 147 
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Name Chr Start Finish Forward Reverse 
Size 
(bp) 

BRAF -
Exon11-01 7 1404813

78 
1404815

34 
TGCCACTTTCCCTTGTAGAC

TG 
TCTGTTTGGCTTGACT

TGACTT 157 

BRAF-
Exon15-01 7 1404530

12 
1404531

86 
TCTTCATGAAGACCTCACA

GTAA 
AGTAACTCAGCAGCA

TCTCAGG 175 

CALR-
Exon9-01 19 1305454

4 
1305468

3 
GAAGGACAAACAGGACGAG

G 
CTTCCTCCTTGTCCTC

CTCA 140 

CBL-Exon7-
01 11 1191483

53 
1191485

13 ACTTACACCACGTTGCCCTT AGCCAGTCAGATCAG
GATTCT 161 

CBL-Exon8-
01 11 1191488

28 
1191490

28 
TGCAGTTATTTATTCAACTA

ATAGTCTTTT 
AGTCGCTGTTTAGATC

CGTAC 201 

CBL-Exon9-
02 11 

1191490
95 

1191492
67 

CCTGGCTTTTGGGGTTAGG
T 

ACCTTTAATTTCACAT
CGGCAGA 173 

CBL-Exon9-
03 11 1191492

22 
1191493

85 
ATCAGAAGGTCAGGGCTGT

C 
CATCAGCTCGTTCATC

ATCATCA 164 

CSF1R-
Exon21-01 5 1494335

91 
1494337

33 
GTTTGTGGGAGGGGAGAGT

G 
AGTGAGCTGGAGGAG

GAGAG 143 

CUX1-
Exon22-01 7 

1018773
33 

1018774
81 

CCAGCGCTTATTTGGGGAG
A 

CATTGTTGGGGTCGTT
CAGC 149 

DIS3-
Exon10-01 13 7334629

6 
7334640

9 CCTCCAAATTTCCATTTTCG TGAAAAACCGAGAAG
ACCTGA 114 

DNMT3A-
Exon10-01 2 2546947

4 
2546966

9 
GGTGCCCTCATTTACCTTCT

G 
CAACCCTGGCGTGTC

ACC 196 

DNMT3A-
Exon11-01 2 2546888

9 
2546907

3 
CCTCAATGTTCCGGCACTT

C 
CGGAGAAGCCCAAGG

TCAAG 185 

DNMT3A-
Exon13-01 2 2546808

6 
2546825

0 CTCAACGGCACCTCTCCTG GAGAGGCCCTTCGGT
GGTA 165 

DNMT3A-
Exon15-01 2 2546698

2 
2546713

4 AGCCAAGGGAGCTCGAGA TGGAACTGCTACATGT
GCGG 153 

DNMT3A-
Exon15-02 2 2546704

8 
2546723

1 
GAAGAACATCTGGAGCCGG

G 
TCTGCTCACTGGGTCT

CCTT 184 

DNMT3A-
Exon15-03 2 2546737

1 
2546753

8 
CCAGCTAAGGAGACCACTG

G 
TTCCCGCTGCTGTCTA

GAAC 168 

DNMT3A-
Exon16-01 2 2546669

4 
2546688

1 AGAGTTGCCCACACACCTG TGCATCTGACCTGTTG
TGCT 188 

DNMT3A-
Exon17-02 2 2546443

5 
2546461

1 TTCTGTGTGACGCTGCGG CTCCAAGTAACGGTG
CTGTCT 177 

DNMT3A-
Exon18-01 2 2546345

1 
2546362

0 GGAAGCCTATGTGCGGAAG ACGTTGCCTTTATCCT
CCCA 170 

DNMT3A-
Exon19-01 2 2546313

2 
2546329

8 
CCATTAGTGAGCTGGCCAA

AC 
TTGAGTTCTACCGCCT

CCTG 167 

DNMT3A-
Exon19-02 2 2546319

2 
2546334

3 
CCTCTTGTCACTAACGCCC

A 
TGGCTTTCTCTTCCGA

CCTC 152 

DNMT3A-
Exon21-01 2 2546198

1 
2546213

7 
CCAGGAGCTTTCACCAACC

T 
CGCTGTTTCATGCTCC

TCCT 157 

DNMT3A-
Exon22-01 2 2545852

7 
2545869

6 
GCAATCAGAACAGCCACAC

C 
AGTTCAGCAAAGTGA

GGACCA 170 

DNMT3A-
Exon22-03 2 2545977

5 
2545993

0 
CCAGCAGAGGTTCTAGACG

C 
GCCCTTCCCGCTGTT

ATCC 156 

DNMT3A-
Exon23-01 2 2545711

4 
2545729

2 
TTTGTGTCGCTACCTCAGTT

TG 
CAGGGTATTTGGTTTC

CCAGT 179 

DOCK4-
Exon13-01 7 1115558

13 
1115559

37 
GGTACGTCCCAAGTCACCT

AC 
ATTGCACGGAGACATT

GAACA 125 

ETV6-
Exon3-01 12 1199219

1 
1199233

6 
TCCTGCTGCTGACCAAAGA

G 
CTGTTGGGATTTCTTG

GGCC 146 

EZH2-
Exon08-02 7 1485236

34 
1485238

00 CTGAACAGATTTAGCATTT GAAACCTTTTAGAAAC
TGTT 167 

EZH2-
Exon10-01 7 1485149

58 
1485151

15 
ACGTGTCTTACCAGAGGAG

C 
ATAACAGTAGCAGGC

CCAGC 158 

EZH2-
Exon12-01 7 1485137

17 
1485138

91 
GCCTTGCCTGCAGTGTCTA

T 
TGTGACTGTGCCTCTT

GTCA 175 

EZH2-
Exon13-01 7 1485125

78 
1485127

42 
AGGAATGGAAAGATGCTAA

CCCT 
CGCATTCCTGTATTCA

TGGCA 165 

EZH2-
Exon14-01 7 1485118

96 
1485120

69 
CGTCAAGTAAACAAGGGAG

TGC 
AGTTCGTGCCCTTGT

GTGAT 174 

EZH2-
Exon15-01 7 1485111

01 
1485112

50 TGTCCCAATGGTCAGCGG CCTCCAAACCTCTCTC
TGAAGG 150 

EZH2-
Exon16-01 7 1485086

21 
1485088

05 
CAATCAAACCCACAGACTTA

CCT 
TGCTGGCACCATCTG

ACG 185 
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EZH2-
Exon18-01 7 1485063

76 
1485065

13 
CCAATTCTCACGTCAAAGG

TACC 
CACTGGGCTGTGCTT

ACTTT 138 

EZH2-
Exon18-02 7 1485074

03 
1485075

71 
GCCTCCCAGCTCTGAAACA

T 
TGTGTGTTCTGTCAGG

CTTGA 169 

EZH2-
Exon19-01 7 1485060

97 
1485062

67 
TGTCCAGAGTTCACAATCC

AGT 
ACCAGTGTGTCTCTTT

GCAGT 171 

EZH2-
Exon2-01 7 1485442

90 
1485444

56 
CGTCTGAACCTCTTGAGCT

GT 
AGGTGATCATATTCAG

GCTGGT 167 

EZH2-
Exon20-01 7 1485047

24 
1485048

90 
GGAGGTAGCAGATGTCAAG

GG 
ACCCACTATCTTCAGC

AGGC 167 

EZH2-
Exon3-01 7 1485435

00 
1485436

54 ATGTTCCAATAGCATAAAC AGAACGGAAATCTTAA
AC 155 

EZH2-
Exon4-01 7 1485296

32 
1485298

17 
ACTGTCTTGATTCACCTTGA

CAA 
TTCCAACACAAGTCAT

CCCATT 186 

EZH2-
Exon5-01 7 1485267

67 
1485269

39 GTGTCTCTCAATTCTTTAGC TGGAAGATGAAACTG
TTT 173 

EZH2-
Exon6-01 7 1485257

53 
1485259

19 TAAGCCCTATTTCTACTCTT CAATATAATGATGATG
ACGA 167 

EZH2-
Exon7-01 7 1485241

29 
1485243

00 GTATCTTGCAAACACTGTAA CTCAATGTTTCCAGAT
AAG 172 

EZH2-
Exon8-01 7 1485234

79 
1485236

24 
AATGATAGCACTCTCCAAG

CTG 
AGCTTACACTCCTTTC

ATACGCT 146 

EZH2-
Exon9-01 7 1485166

45 
1485167

77 
TCCTCTCAAGTACCCTCTG

CA 
TTTCATGCAACACCCA

ACACTT 138 

FLT3-
Exon14-01 13 2860813

6 
2860831

4 
GACAAATGGTGAGTACGTG

CA 
TGACCGGCTCCTCAG

ATAATG 179 

FLT3-
Exon14-02 13 2860830

9 
2860849

5 
CGGTCACCTGTACCATCTG

T 
TGTTTGTCTCCTCTTC

ATTGTCG 187 

FLT3-
Exon15-01 13 2860798

9 
2860815

6 TGCATCTTTGTTGCTGTCCT TGCACGTACTCACCAT
TTGTC 167 

FLT3-
Exon20-01 13 2859252

6 
2859268

3 
GTGAGTGCAGTTGTTTACC

ATGA 
ACGGGAAAGTGGTGA

AGATATGT 158 

GATA1-
Exon2-03 X 4864957

1 
4864973

3 
GTGGATCCTGCTCTGGTGT

C 
GGGAGTGTCTGTAGG

CCTCA 163 

GATA1-
Exon2-04 X 4864959

0 
4864976

4 
CCTCCACACCAGAATCAGG

G 
TGCCAAGACAGCCAC

TCAAT 175 

GATA2-
Exon4-02 3 1282026

99 
1282028

73 
CTACCAGTCTTCGCTTGGG

C 
CGTGTCTCTCCCTGTT

CCC 175 

GATA2-
Exon5-01 3 1282006

06 
1282007

77 ACAAAGCGCAGAGGTCCC GAAGAGCCGGCACCT
GTT 172 

GNAS-
Exon8-01 20 5748436

1 
5748453

5 TCGGTTGGCTTTGGTGAGA GGGTGAATGTCAAGA
AACCATGA 175 

IDH1-Exon4-
01 2 2091130

78 
2091132

05 
GCCAACATGACTTACTTGAT

CCC 
ATATTCTGGGTGGCA

CGGTC 128 

IDH1-Exon4-
02 2 2091131

32 
2091132

98 
TACCCATCCACTCACAAGC

C 
GCGTCAAATGTGCCA

CTATCA 167 

IDH2-Exon4-
01 15 9063173

6 
9063188

4 
TGCAGAGACAAGAGGATGG

C 
ATCCCACGCCTAGTC

CCTG 149 

IDH2-Exon4-
02 15 9063186

9 
9063203

3 
GGACTAGGCGTGGGATGTT

T 
TCTGGTTGAAAGATG

GCGGC 165 

JAK2-
Exon14-01 9 5073648 5073826 TTATGGACAACAGTCAAACA

ACAA 
TGCTCTGAGAAAGGC

ATTAGAA 179 

KDM6A-
Exon17-01 X 4492904

3 
4492919

7 
ACCAAAGAGAGCAAGCCTT

CA 
TCTCCATGGCTAGGA

CTGCA 155 

KIT-Exon10-
01 4 5559334

5 
5559352

4 TGCCAAAGTTTGTGATTCCA GAGCACTCTGGAGAG
AGAACAAA 180 

KIT-Exon11-
01 4 5559350

4 
5559367

4 
TGTTCTCTCTCCAGAGTGCT

CTAA 
GTGATCATAAGGAAG

TTGTGTTGGG 171 

KIT-Exon11-
02 4 5559357

4 
5559374

7 
CCCCACAGAAACCCATGTA

TGAA 
CCAAAAAGGTGACAT

GGAAAGCC 174 

KIT-Exon17-
01 4 5559924

0 
5559938

3 
TTCACAGAGACTTGGCAGC

C 
TGTCAAGCAGAGAAT

GGGTACT 144 

KIT-Exon18-
01 4 5560268

2 
5560285

6 
TGGATGGCACCTGAAAGCA

T 
CACAAGGAAGCAGGA

CACCA 175 

KIT-Exon8-
01 4 5558964

4 
5558981

8 
CTACTCAGCAGCCTCAGGA

AG 
GGAATCCTGCTGCCA

CACAT 175 

KRAS-
Exon2-01 12 2539812

4 
2539830

5 
ACTCATGAAAATGGTCAGA

GAAACCT 
AACTTGTGGTAGTTGG

AGCTGGT 182 
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KRAS-
Exon2-02 12 2539824

9 
2539842

3 
GTATTAAAAGGTACTGGTG

GAGT 
TTAGCTGTATCGTCAA

GGCAC 175 

KRAS-
Exon3-01 12 2538020

5 
2538037

2 
TTATGGCAAATACACAAAGA

AAGC 
TCCAGACTGTGTTTCT

CCCTTC 168 

KRAS-
Exon4-01 12 2537853

8 
2537868

6 
TGTTACTTACCTGTCTTGTC

T 
GGACTCTGAAGATGT

ACCTA 149 

MLL- 
Exon27-01 11 

1183739
70 

1183741
33 

GTGACAACTGGTGAGGAAG
GA 

TCTACTTGCATGGGTG
GAGC 164 

MLL2-
Exon54-01 12 4941547

6 
4941562

1 
CTGGCTGCTACCTCTCTTC

C 
ATCAGCACAAGATCC

CCTGC 146 

MPL-
Exon10-01 1 4381494

9 
4381510

8 
TGACCGCTCTGCATCTAGT

G 
GCGAACCAAGAATGC

CTGTT 160 

MYC-Exon2-
01 8 1287505

82 
1287507

56 
GCGACGAGGAGGAGAACTT

C 
CGAAGGGAGAAGGGT

GTGAC 175 

NF1-Exon29-
01 17 2956285

7 
2956302

0 
TGTGCAGGGCTGATTGTCT

T 
AGCTAACATGTTGCCA

ATCAGA 164 

NF1-Exon4-
01 17 2949020

3 
2949033

5 
GCAACCAAAGGACACAATG

AGA 
CCCAGAGGCAGAATT

CCGAA 133 

NPM1-
Exon11-01 5 1708374

94 
1708376

56 
TGGTTCCTTAACCACATTTC

TTTT 
GCATTATAAAAAGGAC

AGCCAGA 163 

NRAS-
Exon2-01 1 1152586

39 
1152588

02 GATCAGGTCAGCGGGCTAC ACAGGTTCTTGCTGGT
GTGA 164 

NRAS-
Exon3-01 1 1152564

81 
1152566

44 
CCTTCGCCTGTCCTCATGT

A 

 
TTGAACTTCCCTCCCT

CCCT 
164 

PDGFRA-
Exon18-01 4 5515192

9 
5515208

7 
GATCAGCCAGTCTTGCAGG

G 
GCCAGGCCAAAGTCA

CAGAT 159 

PDS5B-
Exon20-01 13 3330623

9 
3330635

3 
GCCTTGCTTCCTGTTTTACA

TCA 
TCTGTGCAAACTGGG

TCTCT 115 
PDS5B-

Exon34-01 13 3334734
0 

3334749
5 

TCCAAACAAGCAGCTACTA
AGGA 

CCCACACCACTCACA
GAAACT 156 

PHF6-
Exon7-01 X 1335478

72 
1335480

20 
GAAGCAGCCCTAGTGACAC

C 
TGGGCTTAAAAGAAC

CATGC 149 

PHF6-
Exon9-01 X 1335511

98 
1335513

78 
GAAATGTACACTTTGCAGTC

AGC 
CGGTTACTAACATGTT

TAGGGAAAT 181 

PTEN-
Exon4-01 10 

8969079
8 

8969094
1 TTTAGTTGTGCTGAAAGACA 

ACTCGATAATCTGGAT
GACT 144 

PTEN-
Exon5-01 10 8969276

3 
8969291

0 
ACCACAGTTGCACAATATC

CTT 
CAGTTCGTCCCTTTCC

AGCT 148 
PTEN-

Exon7-01 10 8971760
1 

8971776
9 

ACCATGCAGATCCTCAGTTT
GT 

AGCATCTTGTTCTGTT
TGTGGAA 169 

PTPN11-
Exon13-01 12 1129268

21 
1129269

77 
TTCGTAGGTGTTGACTGCG

A 
GCTCTTCTTCAATCCT

GCGC 157 

PTPN11-
Exon3-01 12 1128880

94 
1128882

45 
TGCCTCCCTTTCCAATGGA

C 
TTGCCCGTGATGTTCC

ATGT 152 

RAD21-
Exon10-01 8 1178647

86 
1178649

27 
ACCGATAACATCACGCTGC

T 
ACCGCTTGTACCAGA

AGACC 142 

RAD21-
Exon9-01 8 1178665

02 
1178666

44 
CCACAAAGGCTGAGCAGGT

A 
GCAAGACAATTAGAG

CCCAACT 143 

RUNX1-
Exon3-02 21 3625919

5 
3625934

6 
CAGAGGAAGTTGGGGCTGT

C 
CCAGGCAAGATGAGC

GAGG 152 

RUNX1-
Exon4-01 21 3625279

4 
3625296

8 
TGAAATGTGGGTTTGTTGC

CA 
GTGATGGCTGGCAAT

GATGAA 175 

RUNX1-
Exon4-02 21 3625285

4 
3625304

7 
CTCTTCCACTTCGACCGAC

A 
CCCTGATGTCTGCATT

TGTCC 194 

RUNX1-
Exon5-01 21 3623168

0 
3623184

7 
CCCAAGGAATCTGAGACAT

GGT 
CTTCACAAACCCACC

GCAAG 168 

RUNX1-
Exon5-02 21 3623180

9 
3623197

5 GCTCTGTGGTAGGTGGCG TGCTGAAGGGCTGGA
CAG 167 

RUNX1-
Exon6-01 21 3620661

8 
3620676

6 GTCTGGGAAGGTGTGTGCA CTCGTGCCTCCCTGA
ACC 149 

RUNX1-
Exon6-03 21 3620672

4 
3620690

8 
GGCTGAGGGTTAAAGGCAG

T 
CCCACAATAGGACAT

CGGCA 185 

RUNX1-
Exon7-01 21 3617156

2 
3617169

7 
GCTCAGCTGCAAAGAATGT

GT 
TCCATTGCCTCTCCTT

CTGTG 136 

RUNX1-
Exon7-02 21 3617168

2 
3617185

6 
AAGGAGAGGCAATGGATCC

C 
TGACATATTTGAACAA

GGGCCAC 175 
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RUNX1-
Exon8-01 21 3616435

2 
3616454

3 GCTTGTCGCGAACAGGAG CAGCCTCCCGAACCA
GAG 192 

RUNX1-
Exon8-02 21 3616451

6 
3616467

8 CACCACGTCGCTCTGGTT CTCGCCCTCCTACCA
CCT 163 

RUNX1-
Exon8-03 21 3616465

8 
3616483

3 
TACAGGTGGTAGGAGGGC

G 
CACTATCCAGGCGCC

TTCAC 176 

RUNX1-
Exon8-04 21 3616473

2 
3616490

1 CAGGTAGGTGTGGTAGCGC CCGACCTGACAGCGT
TCAG 170 

RUNX1-
Exon8-05 21 3616480

6 
3616495

7 GGGAGTAGGTGAAGGCGC CTCCGCAACCTCCTA
CTCAC 152 

SETBP1-
Exon4-01 18 4253184

9 
4253200

9 
AAAGGAAATCACGCTGTCC

C 
GGTTGTCCAGGGAGC

AGAAA 161 

SETBP1-
Exon4-02 18 4253203

2 
4253216

1 
CAGCACAAAGAACCGGCAT

G 
CTGGAGGTCATCGCG

GTTT 130 

SF3A1-
Exon5-01 22 3073879

2 
3073895

2 
ACCTGATCCAAAACTTCTCG

GG 
TGCTTTATCACAGGCC

CAGG 161 

SF3B1-
Exon13-01 2 1982675

66 
1982677

55 
AGAAAGGACAGTCATGAGT

TGGT 
TCGTGGTCATTGAACC

GCTA 190 

SF3B1-
Exon14-01 2 1982673

24 
1982674

87 
GCACAGCCCATAAGAATAG

CT 
GTCCGTAACACAACA

GCTAGAG 164 

SF3B1-
Exon14-02 2 1982673

76 
1982675

50 
TCGCTTGCCAGGACTTCTT

G 
GCTGCTGGTCTGGCT

ACTAT 175 

SF3B1-
Exon15-01 2 1982667

12 
1982668

56 TCCTCTGTGTTGGCGGATA TGTAGGTCTTGTGGAT
GAGCA 148 

SF3B1-
Exon15-02 2 1982665

94 
1982667

33 
TCAAGAAAGCAGCCAAACC

CT 
GGGTATCCGCCAACA

CAGAG 140 

SF3B1-
Exon16-01 2 1982664

53 
1982666

15 
CTGGAATAATTACCTTCAGC

ACA 
TAGGGTTTGGCTGCTT

TCTT 163 

SMC1a-
Exon16-01 X 5342657

9 
5342674

9 
GGTCCTCCTTCAGTTGGTT

CT 
GGTCTAGTTTCCCTTT

CTTCCCA 171 
SMC1a-

Exon3-01 X 5344172
6 

5344189
5 

CGAGCTTTGATGAGAATGC
CC 

CCTGGGAGGTGGCTA
GACTA 170 

SMC3-
Exon19-01 10 1123561

54 
1123563

07 
AGGTGACCAAGTCAGCCAT

C 
TTCAATATTTCTGCGC

AGGTT 154 

SRSF2-
Exon1-01 17 7473286

5 
7473303

9 CCTCAGCCCCGTTTACCTG TGAGGACGCTATGGA
TGCC 175 

STAG2-
Exon10-01 X 1231827

97 
1231829

46 
GGTGTTCATTTGGTTGTCTT

CCT 
AAAACTGTCACAACTT

ACCGGTA 150 

STAG2-
Exon13-01 X 1231852

00 
1231853

66 
TGATGTTGCAGTACAAGCA

ATAAA 
GCTGTAAACCTCCATG

ACGTAAG 167 

STAG2-
Exon19-02 X 1231969

20 
1231970

70 
TGCTTTCTTATTGTGATATT

TTTAACG 
ACAAAATAATCTTACC

TTTTCTAATCG 151 

STAG2-
Exon20-01 X 1231976

21 
1231977

64 
TGGTGGTATGGTCATGTAG

TCAC 
CCAAAACATCTGTATC

TGTGTGC 144 

STAG2-
Exon22-01 X 1231999

36 
1232001

01 
TGTTAACAGTCAAGTCCAAA

ACAA 
TGTCTCCATTTTCGAT

TCCA 166 

STAG2-
Exon29-01 X 1232172

87 
1232174

54 
GCTTTTAAAGAGCCTAATCC

GC 
TGCCCTTAAGAATCCC

AAAATGA 168 

STAG2-
Exon30-01 X 1232203

19 
1232205

01 
CCTATGCTCGCACAACTAT

GAG 
TCACCACCAGCTAGC

AAAGA 183 

STAG2-
Exon5-01 X 1231648

42 
1231650

07 
AAAAGGGCAAAGGTGGAAA

T 
AAATGAACTGGGAAG

AACAACA 166 

STAG2-
Exon8-01 X 1231790

77 
1231792

33 
TGTGAATTCATTGGCGTGTT

AGT 
TTTCTAAATACCGACC

TGCCAG 157 

STAT3-
Exon21-01 17 4047433

3 
4047449

8 
CTGGCCGACAATACTTTCC

G 
CAGTCCGTGGAACCA

TACAC 166 
SUZ12-

Exon5-01 17 3029317
3 

3029329
9 

GCTCATTTGCAGCTTACGTT
T 

TTACACTCAGAAGCCC
CACT 127 

TET2-
Exon10-01 4 1061936

54 
1061938

28 
ACACACACACACACACGTT

TT 
CCCAAACTCATCCAC

GTCAGA 175 

TET2-
Exon10-02 4 1061937

69 
1061939

18 
GAGGATGAGCAGCTTCACG

T 
TGGCTCTGCTAACATC

CTGAC 150 

TET2-
Exon10-03 4 1061939

02 
1061940

76 
GGATGTTAGCAGAGCCAGT

CA 
CCTGCCAACTGTTTAG

CCTG 175 

TET2-
Exon10-04 4 1061939

02 
1061940

77 
GGATGTTAGCAGAGCCAGT

CA 
ACCTGCCAACTGTTTA

GCCT 176 

TET2-
Exon10-05 4 1061940

17 
1061941

90 
GTCAGCCCCATCACGTACA

A 
CATCCTGCATGTGTAC

CCCA 174 
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TET2-
Exon11-01 4 1061961

82 
1061963

28 
GTTCTCTCTTACCCTGTCCA

CA 
GTCTGAGGGTGATGT

GGCTG 147 

TET2-
Exon11-02 4 1061962

59 
1061964

26 
TACAGAAGCAGCCACCACA

G 
CTGAAGTGTGTGAAG

AGTTTGGA 168 

TET2-
Exon11-03 4 1061963

80 
1061965

25 
ACGGCCCAATCCAGTTAGT

C 
CAGGGTAAGGGTTCA

TGGGATT 146 

TET2-
Exon11-04 4 1061964

63 
1061966

39 
CCACCTCATCTCAAGCTGC

A 
GATCCATCGGCTGAG

ACTGG 177 

TET2-
Exon11-05 4 1061966

20 
1061967

88 
CCAGTCTCAGCCGATGGAT

C 
GCTGAAACCATCTCC

CTGCA 169 

TET2-
Exon11-06 4 1061966

69 
1061968

47 
TCTAAGCTCAGTCTACCAC

CCA 
TGAGTGGGATAAGGA

GGCAATT 179 

TET2-
Exon11-07 4 1061967

84 
1061969

78 
TCAGCAGTTGTACCATTAGA

CCA 
CCGGAGCTGCACTGT

AGTTA 195 

TET2-
Exon11-08 4 1061969

59 
1061971

04 
TAACTACAGTGCAGCTCCG

G 
GGACACAAGCAGTTC

TATCATGG 146 

TET2-
Exon11-09 4 1061970

82 
1061972

25 
CCATGATAGAACTGCTTGT

GTCC 
CTCTGCTCGCTGTCT

GACC 144 

TET2-
Exon11-10 4 1061971

82 
1061973

04 
GGTGCAGAGGACAACGATG

A 
CTCACGCTTTGCACAC

TCAA 123 

TET2-
Exon11-11 4 1061972

25 
1061973

97 
GCTTTCTGGATCCTGACATT

GG 
TGGCTCATTCATGCTC

TTATGC 173 

TET2-
Exon11-12 4 1061972

85 
1061974

59 
TTGAGTGTGCAAAGCGTGA

G 
TCTTCCTCTTTCTCAC

GGGC 175 

TET2-
Exon11-13 4 1061974

70 
1061976

51 
TATGGCCCAGACTATGTGC

C 
GTGACCCGAGTGAAG

GCATA 182 

TET2-Exon3 
-04 4 1061555

05 
1061556

62 
AGCAGTCAACCAAATGTCT

CC 
TTCCCCTCCTGCTCAT

TCAG 158 

TET2-Exon3-
01 4 1061550

59 
1061552

31 
AACTAGAGGGCAGCCTTGT

G 
AGCTCTCTCAGGCAG

TGGG 174 

TET2-Exon3-
02 4 1061552

96 
1061554

27 
TGAAGGGAAGCCAGAATAG

TCG 
TGATCTGAAGGAGCC

CAGAGA 132 

TET2-Exon3-
03 4 1061553

95 
1061555

68 
GTGAACCTTCTCTCTCTGG

GC 
CTTGGGCTACAGAAC

TCACAGA 174 

TET2-Exon3-
05 4 1061555

98 
1061557

82 
TCAACACATAACTGCAGTG

GG 
TTTTCCAGGAGTTCAC

CATGT 185 

TET2-Exon3-
06 4 1061557

38 
1061559

14 
TTCTGCCTCTTCCGTGGAA

C 
CCTGAGGTATGCGAT

GGGTG 177 

TET2-Exon3-
07 4 1061558

49 
1061559

96 
TGCCATTAACAGTCAGGCT

ACT 
ATCAGCATCACAGGC

CTCAC 148 

TET2-Exon3-
08 4 1061560

09 
1061561

75 
GCCAGTAAACTAGCTGCAA

TGC 
TTGCTGCTGGAACCT

GAACA 167 

TET2-Exon3-
09 4 1061561

23 
1061562

95 
GGAACCACAAAGCTAGCGT

C 
GGTGGTGTGGTAGTG

GCA 173 

TET2-Exon3-
10 4 1061561

90 
1061563

59 
GTGGCAGCTCTGAACGGTA

T 
TGAAGGAAGCTGAGG

AACCTG 170 

TET2-Exon3-
11 4 1061563

36 
1061565

18 
CCACAGGTTCCTCAGCTTC

C 
AGAAGGGCTGCATAC

ATGTGT 183 

TET2-Exon3-
12 4 1061565

00 
1061566

50 
ACATGTATGCAGCCCTTCT

CC 
TGGTGGGTTATGCTT

GAGGTG 151 

TET2-Exon3-
13 4 1061566

32 
1061568

06 
CCTCAAGCATAACCCACCA

ATTT 
GGCCTTCAATTCAATC

CATCCTG 175 

TET2-Exon3-
14 4 1061567

22 
1061569

06 
GAAGGGTCGAGACAAGGA

GC 
TGGAGGTCATTTGATT

GGAGAGA 185 

TET2-Exon3-
15 4 1061568

51 
1061570

28 
ATCACTGCCATCAATTCTTC

AGT 
GGACTGCCCTTGATT

CATTTCA 178 

TET2-Exon3-
16 4 1061569

42 
1061570

91 
CTCCCAAGGCAAGCTTACA

C 
TTTGGAGAAGTGCAC

CTGGT 150 

TET2-Exon3-
17 4 1061570

40 
1061572

19 
GGACCAACATCTCCAGTTC

CA 
GCCTGTTGATTCAAGT

GCTGT 180 

TET2-Exon3-
18 4 1061571

51 
1061573

09 
ACAAAGAGCAGATTCCCAA

ACTG 
TGTGAACTCTGGGAT

GGTTGT 159 

TET2-Exon3-
19 4 1061572

66 
1061574

36 
CCTCATAAACAGGCAGCAC

AAA 
AGTCTGGCCAAAGAA

TGATCCT 171 

TET2-Exon3-
20 4 1061574

15 
1061575

80 
AGGATCATTCTTTGGCCAG

ACT 
TGCACTTGATTTCATG

GTCTGA 166 

TET2-Exon3-
21 4 1061575

06 
1061576

79 
CAAATGGGACTGGAGGAAG

TAC 
TTGGGTCTTGTTTCCT

GCAAA 174 
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Name Chr Start Finish Forward Reverse 
Size 
(bp) 

TET2-Exon3-
22 4 1061575

63 
1061577

61 
ACCATGAAATCAAGTGCAT

GCA 
GCTCCTGTTCTTGAAA

GCACC 199 

TET2-Exon3-
23 4 1061576

59 
1061578

35 
TTTGCAGGAAACAAGACCC

AAA 
CGCAGCTTGTTGACC

AGAC 177 

TET2-Exon3-
24 4 1061577

57 
1061579

17 
GGAGCAGAAGTCACAACAA

GC 
TCTGAGTGTGACTTCC

TCCCT 161 

TET2-Exon3-
25 4 1061578

22 
1061579

98 
GTCAACAAGCTGCGCAACT

T 
GCTGTGTTTGCTGCT

GTTCT 177 

TET2-Exon3-
26 4 1061579

71 
1061581

45 
CAGAAGCAAGAACAGCAGC

A 
AGCTTGCAGGTGGAT

TCTCT 175 

TET2-Exon3-
27 4 1061581

22 
1061582

89 
AGCAAGAGAATCCACCTGC

A 
CTGTGACTGGCCCTG

ACATT 168 

TET2-Exon3-
29 4 1061581

99 
1061583

65 
CAGTTTCACGCCAAGTCGT

T 
TCTGAAGAAGTTGTTT

GCTGCTC 167 

TET2-Exon3-
30 4 1061583

43 
1061585

17 

 
GAGCAGCAAACAACTTCTT

CAGA 

GGCACTTACCTACACA
TCTGCA 175 

TET2-Exon3-
31 4 1061583

44 
1061585

42 
AGCAGCAAACAACTTCTTCA

GA 
ACGCCATGTGTCTCA

GTACA 199 

TET2-Exon5-
01 4 1061639

63 
1061641

26 
TGTGTGTGTTTCTGTGGGTT

TC 
GCCCAAGATTTAAGA

CCAAAGGC 164 

TET2-Exon6-
01 4 1061646

96 
1061648

53 
GGTGTTTGGGATGGAATGG

TG 
CCAGAGACAGCGGGA

TTCC 158 

TET2-Exon6-
02 4 1061648

12 
1061649

88 
TGATTCTCATCCTGGTGTG

GG 
GGGCTTTCCTATCAGT

GGCC 177 

TET2-Exon7-
01 4 1061807

21 
1061808

61 GCACAGCCTATATAATGCTA CATTGTAGTACATGCT
CCAT 141 

TET2-Exon7-
02 4 1061807

75 
1061808

94 GGAGAACTTGCGCCTGTCA TCCTTGGGATCTTGCT
TCTGG 120 

TET2-Exon9-
01 4 1061907

30 
1061908

83 
AACTACTTTCGCATTCACAC

ACA 
GTTGTGCAAGTCTCTG

TGGG 154 

TET2-Exon9-
02 4 1061907

98 
1061909

22 
GTCTGGGTCTGAAGGAAGG

C 
GTCCTCAGCCCAACTT

ACCA 125 

TP53-
Exon10-01 17 7573892 7574052 GGGAGTAGGGCCAGGAAG CCCTCCTCTGTTGCTG

CA 161 

TP53-
Exon11-01 17 7572850 7573030 GACCCAAAACCCAAAATGG

C 
TCCCTGCTTCTGTCTC

CTAC 181 

TP53-Exon4-
01 17 7579260 7579421 ATACGGCCAGGCATTGAAG

T 
CCTCCTGGCCCCTGT

C 162 

TP53-Exon4-
02 17 7579359 7579520 GGAAACCGTAGCTGCCCTG AAGACCCAGGTCCAG

ATGAA 162 

TP53-Exon4-
03 17 7579479 7579626 CAGCCTCTGGcATTCTGG CCTGGTCCTCTGACT

GCTCT 148 

TP53-Exon5-
01 17 7578334 7578503 AACCAGCCCTGTCGTCTCT GTGCAGCTGTGGGTT

GATT 170 

TP53-Exon5-
02 17 7578425 7578594 TGTGCTGTGACTGCTTGTA

G 
TGCCCTGACTTTCAAC

TCTGT 170 

TP53-Exon6-
01 17 7578091 7578274 GAGAAAGCCCCCCTACTGC AGCATCTTATCCGAGT

GGAAGG 184 

TP53-Exon6-
02 17 7578229 7578406 TCCAAATACTCCACACGCA

AA 
GCTGCCCCCACCATG

AG 178 

TP53-Exon7-
01 17 7577432 7577631 GGGGTCAGAGGCAAGCAG CTTGGGCCTGTGTTAT

CTCC 200 

TP53-Exon8-
01 17 7576908 7577075 CTGGTGTTGTTGGGCAGT ATCTCCGCAAGAAAG

GGGAG 168 

TP53-Exon8-
02 17 7577003 7577187 TGTCCTGCTTGCTTACCTC

G 
GCCTCTTGCTTCTCTT

TTCCT 185 

TP53-Exon9-
01 17 7576786 7576983 AGAAAACGGCATTTTGAGT

GT 
AAGGGTGCAGTTATG

CCTCA 198 

U2AF1-02 21 4451472
9 

4451488
3 TGTGCTCAGTCACGTCACT GATGCGGAAAAGGCT

GTGAT 155 

U2AF1-03 21 4452442
1 

4452459
2 

AAACCTGGCTAAACGTCGG
T 

AGTGTATGTCATGCTG
CTGACA 172 

U2AF2-
Exon6-01 19 5617381

2 
5617396

2 TCCTCTCTCCACCTCCCTTC TCCTGGTTAATCTGCA
CAGCC 151 

UMODL1-
Exon10-01 21 4352967

3 
4352982

1 CTGGGACGAGTGTGTGGAC GTCGACACGTACCCT
CACAG 149 
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Name Chr Start Finish Forward Reverse 
Size 
(bp) 

UMODL1-
Exon20-01 21 4355750

2 
4355766

5 
CCTCCCGTTTGTGCAGATC

T 
TTCTCTGGTAGCGCA

CGATC 164 

WAC-Exon3-
01 10 2882462

6 
2882476

6 
AGCACAGGTCACAGTAAGG

C 
GCTAGAAATACTACTG

CCGCCT 141 

WT1-Exon7-
01 11 3241775

7 
3241792

3 
GCTCTTGAACCATGTTTGC

CC 
ACTCTTGTACGGTCG

GCATC 167 

WT1-Exon7-
02 11 3241788

3 
3241803

2 GGGCGTTTCTCACTGGTCT GTGCTCACTCTCCCTC
AAGAC 150 

WT1-Exon8-
01 11 

3241418
4 

3241436
7 

GCCAGCAATGAGAAGTGAA
CC 

AGGTTGCCTTTAATGA
GATCCC 184 

WT1-Exon9-
01 11 3241344

8 
3241364

0 
TCATCACAATTTCATTCCAC

AA 
GCCGAGGCTAGACCT

TCTCT 193 

ZRSR2-
Exon11-01 X 1584082

8 
1584101

7 
GCTGTTTCATCACTGTGCC

A 
CATCCTCTCCCTCCTT

TCGG 190 

ZRSR2-
Exon5-01 X 1582224

3 
1582239

2 
AAGGAACAATGGGAAGAAC

AGC 
AACCCAAACTCTGACA

TGCCT 150 

ZRSR2-
Exon7-01 X 1582731

9 
1582749

4 
ACAGTTGGAAAATGGTACC

ACA 
ACGTCAGCATTTTGAA

TCACTTC 176 

ZRSR2-
Exon8-01 X 1583389

3 
1583405

1 
TGACTATGACCCTGACGCA

A 
TGAAGCAAACCAGTC

CCCTC 159 
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Appendix 2. List of digital PCR assays  

 
Assay 
Name 

Comp
any 

Gen
e Chr Genomic 

Location Mutation Protein 
change Forward primer Reverse primer Probe 1 (VIC/HEX) Probe 2 (FAM) Size 

(bp) 

Custom designed assays 

RPP30 Sigma 
RPP
30 10   - - 

AGATTTGGACCTGCGA
GCG 

GAGCGGCTGTCTCCAC
AAGT 

TTCTGACCTGAAG
GCTCTGCGCG - 65 

DRM IDT 
MBD
-like 3R 5385569 - - 

ATGAACCCGAGCGTCA
CAAT 

TGCTGCTGGCGTTGTT
ATTG - 

CCAAAGGGATG
GCAGCGCGA 118 

TP53_743 Sigma 
TP5

3 17 7577538 c.743G>A p.R248Q 
TCCACTACAACTACATG

TG 
GAGTCTTCCAGTGTGAT

G 
CGGCATGAACCG

GAGGCCCATC 
CGGCATGAACC
AGAGGCCCATC 85 

TP53_560  
Invitro
gen 

TP5
3 17 757829 

c.560-
1G>A - 

CCCCAGGCCTCTGATT
CC 

TCCTTCCACTCGGATAA
GATGCT 

CTGATTGCTCTTA
AGTCTGG 

TGATTGCTCTTA
GGTCTGG 73 

NOTCH1_
7541 

Invitro
gen 

NOT
CH1 9 139390649 

c.7541_75
42del 

p.P2514fs
*4 

CTCGCCTGTGGACAAC
AC 

CAGTCGGAGACGTTGG
AAT 

CCCGTCCCCTGA
GT 

TCCCGAGTCCC
CTG 123 

TP53_626 
Invitro
gen 

TP5
3 17 7578222 

c.626_627
del 

p.R209fs*
6 

CAGTTGCAAACCAGAC
CTCA 

GTGGAAGGAAATTTGC
GTGT 

AGTGTTTCTGTCA
TCC 

AAAAGTGTTTGT
CATCC 100 

PrimePCR ddPCR assays 

TP53_100
9 

BioRa
d 

TP5
3 17 7573957 

c.1009C>
T p.R337C - - dHsaIS2505929 dHsaIS2505928 79 

TP53_838 BioRa
d 

TP5
3 17 7577039 c.838A>G p.R280G - - dHsaIS2505639 dHsaIS2505638 63 

TP53_713 BioRa
d 

TP5
3 17 7577507 c.713G>C p.C238S - - dHsaIS2503795 dHsaIS2503794 63 

SF3B1_18
73 

BioRa
d 

SF3
B1 2 198267423 

c.1873C>
T p.R625C - - dHsaIS2505505 dHsaIS2505504 77 

SF3B1_19
84 

BioRa
d 

SF3
B1 2 198267312 

c.1984C>
G p.H662D - - dHsaIS2501779 dHsaIS2501778 92 

SF3B1_19
97 

BioRa
d 

SF3
B1 2 198267299 

c.1997A>
T p.K666M - - dHsaIS2502409 dHsaIS2502408 69 

CBL 
H398Y 

BioRa
d CBL 11 119148972 

c.1192C>
T  H398Y     

dHsaMDS96231793
6     

IDH2 
R140Q 

BioRa
d IDH2 15 90631934 c.419G>A  R140Q     dHsaCP2000058 dHsaCP2000057   

KRAS 
G12S 

BioRa
d 

KRA
S 12 25398285 c.34G>A G12S     dHsaCP2000011 dHsaCP2000012   

NRAS 
G13D 

BioRa
d 

NRA
S 1 115258744 c.38G>A G13D     dHsaMDV2510526 dHsaCP2500527   
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Assay 
Name 

Comp
any 

Gen
e Chr Genomic 

Location Mutation Protein 
change Forward primer Reverse primer Probe 1 (VIC/HEX) Probe 2 (FAM) Size 

(bp) 

PrimePCR ddPCR assays 

SRSF2 
P95H 

BioRa
d 

SRS
F2 17 74732959 c.284C>A P95H     10031279 10031276   

TET2 
D1376V 

BioRa
d 

TET
2 4 106190849 

c.4127A>
T D1376V     

dHsaMDS35279607
6     

TET2 
N1890I 

BioRa
d 

TET
2 4 106197336 

c.5669A>
T N1890I     

dHsaMDS27802780
3     

TET2 
P761Lfs52 

BioRa
d 

TET
2 4 106157379 c.2280del 

P761Lfs5
2     

dHsaMDS65273494
0     

TET2 
Q323stop 

BioRa
d 

TET
2 4 106156066 c.967C>T Q323*     

dHsaMDS72606273
0     

TET2 
V1718L 

BioRa
d 

TET
2 4 106196819 

c.5152G>
T V1718L     dHsalS2501691 dHsaIS2501690   

TP53 
P177R 

BioRa
d 

TP5
3 17 7578400 c.530C>G P177R     dHsaMDS2512818     

U2AF1 
Q157P 

BioRa
d 

U2A
F1 21 44514777 c.470A>C Q157P     

dHsaMDS35228101
3     

U2AF1 
S34F 

BioRa
d 

U2A
F1 21 44524456 c.101C>T  S34F     

dHsaMDS23706237
4     

U2AF1 
S34Y 

BioRa
d 

U2A
F1 21 44524456 c.101C>A S34Y     

dHsaMDS84604354
1     

IGH ddPCR  assays (Evagreen) 

CLL01-
v1S38 IDT IGH 14   - - 

GAGTCGAGTTACCATAT
CAGTAGAC 

ACGTCCATACCGTAGTA
GTAGTAC - - 162 

CLL018-
v1S41 IDT IGH 14   - - 

AGTCGAGTCACCATATC
AGTAGAC 

CATACCGTAGTAGTAGT
AGTAATTGC - - 144 

CLL020-
v1S42 IDT IGH 14   - - 

CCGCGTCTGTGAAAGG
CAGAT 

GAGATCGAAGCTGTTC
TTGCCTC - - 134 

CLL043-
v1S44 IDT IGH 14   - - 

GCCGATTCACCATCTC
CAGAG 

GTCCATACCGGTCCTAT
CGCT - - 116 
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Appendix 3. Fractional abundance of whole exome single nucleotide variants identified 
in CLL004.  

Variants supported by at least two alternate reads, and a minimum total read depth of 
20, but which did not meet the above criteria are denoted by *. These variants had been 
identified as high-confidence variants in at least one other tumour or plasma sample 
from the same individual. Samples at time of RS are denoted in red. ND = Not 
Detectable 
 

CLL004 Whole exome SNVs 

CHROM:POS GENE BM (MAF) 
Plamsa 
(MAF) 

LN 
(MAF) 

Plasma 
(MAF) 

MNL 
(MAF) 

17:74017554 EVPL 0.54 0.23 0.08 0.91 0.23 

4:119952896 SYNPO2 0.29 0.34 0.59 0.22 *0.01 

19:58385546 ZNF814 *0.04 0.28 *0.02 0.20 *0.04 

17:7577100 TP53 0.19 0.20 0.99 0.14 ND 

2:198267373 SF3B1 0.13 0.48 0.80 0.17 ND 

15:23686019 
GOLGA6L2-

2 0.90 0.82 0.53 1.00 ND 

21:31812875 KRTAP15-1 0.19 0.59 0.78 0.71 ND 

11:67759316 UNC93B1 0.45 0.62 0.38 0.57 ND 

17:7386234 SLC35G6-2 0.51 0.79 0.25 0.60 ND 

1:152127272 RPTN 0.26 0.51 0.74 0.31 ND 

8:139737643 COL22A1 0.58 0.14 0.58 0.17 ND 

19:1043071 ABCA7 0.16 0.39 0.70 0.14 ND 

4:4198966 OTOP1 0.35 0.31 0.56 0.31 ND 

2:227953448 COL4A4 0.26 0.51 0.38 0.34 ND 

6:52054016 IL17A 0.26 0.20 0.48 0.23 ND 

9:137742061 MIR3689B 0.48 0.25 0.09 0.62 ND 

7:131865380 PLXNA4 0.16 0.39 0.66 0.31 ND 

9:80537095 GNAQ 0.26 0.11 0.11 0.14 ND 

17:45234367 CDC27 0.16 0.20 0.03 0.43 ND 

1:248367058 OR2M3 0.13 0.08 0.36 0.11 ND 

19:55179342 LILRB4 0.22 0.20 *0.12 0.43 ND 

6:32485520 HLA-DRB5 1.00 1.00 *0.19 *0.17 ND 

15:23686010 
GOLGA6L2-

1 0.70 *0.40 *0.41 0.91 ND 

19:41595958 CYP2A13 0.51 *0.20 0.25 *0.09 ND 

9:135945997 CEL 0.19 *0.26 0.14 *0.10 ND 

14:106109630 IGHG2 0.10 *0.08 0.44 *0.04 ND 

20:31022789 ASXL1 *0.04 *0.13 0.33 *0.38 ND 

4:79841723 PAQR3 *0.20 *0.38 0.61 0.57 ND 

19:38882863 SPRED3 *0.05 *0.19 *0.14 0.60 ND 

7:77011961 GSAP *0.06 0.17 0.44 0.23 ND 

10:95347071 FFAR4 *0.15 0.20 0.59 0.21 ND 

12:2676932 CACNA1C *0.07 0.38 0.19 0.26 ND 

17:61950968 CSH2 *0.11 *0.08 0.07 *0.09 ND 
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19:7038117 MBD3L4 *0.14 0.56 *0.14 *0.14 ND 

CHROM:POS GENE BM (MAF) 
Plamsa 
(MAF) 

LN 
(MAF) 

Plasma 
(MAF) 

MNL 
(MAF) 

5:878551 BRD9 *0.03 0.20 *0.04 ND ND 

6:31324036 HLA-B 1.00 *0.81 0.75 ND ND 

21:45971082 KRTAP10-2 0.35 0.45 ND *0.15 0.09 

11:71276996 KRTAP5-10 *0.18 *0.20 ND 0.48 ND 

12:133049754 MUC8 *0.04 0.82 ND *0.52 ND 

19:12575330 ZNF709 *0.04 0.17 ND *0.04 ND 

16:88800372 PIEZO1 *0.26 0.59 ND ND ND 

9:95009739 IARS *0.03 0.20 ND ND ND 

7:82784855 PCLO 0.22 ND 0.47 0.37 ND 

16:82101900 HSD17B2 ND *0.04 0.20 0.28 ND 

X:49179755 GAGE12J ND *0.02 *0.01 0.14 ND 

X:84519322 ZNF711 ND *0.03 0.27 0.09 ND 

21:40596349 BRWD1 ND 0.08 0.06 ND ND 

3:52821993 ITIH1 ND 0.48 ND 0.31 ND 

1:22920110 EPHA8 ND 0.20 ND ND ND 

14:56085975 KTN1 ND 0.20 ND ND ND 

19:1556677 MEX3D ND 0.20 ND ND ND 

7:37136241 ELMO1 ND 0.17 ND ND ND 

22:23029703 IGLV3-25 ND ND 0.69 0.11 ND 

3:126915923 C3orf56 ND ND 0.14 0.14 ND 

6:151361080 AL133260.1 ND ND *0.07 0.71 ND 

12:2062350 DCP1B ND ND 0.08 ND *0.03 

1:237052616 MTR ND ND 0.06 ND ND 

16:67839391 RANBP10 ND ND 0.22 ND ND 

17:3920688 ZZEF1 ND ND 0.13 ND ND 

17:39767344 KRT16 ND ND 0.09 ND ND 
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Appendix 4. Fractional abundance of whole exome single nucleotide variants identified 
in CLL054.  

Variants supported by at least two alternate reads, and a minimum total read depth of 
20, but which did not meet the above criteria are denoted by *. These variants had been 
identified as high-confidence variants in at least one other tumour or plasma sample 
from the same individual. Samples at time of RS are denoted in red. ND = Not 
Detectable 
 

CLL054 Whole exome SNVs 
CHROM:POS GENE 

PB 
(MAF) 

Plasma 
(MAF) 

BM 
(MAF) 

LN 
(MAF) 

Plasma 
(MAF) 

MNL 
(MAF) 

17:7577114 TP53 0.83 0.62 0.94 0.87 0.51 0.85 

12:48380868 COL2A1 0.71 0.48 0.66 0.47 0.13 0.32 

12:5672536 ANO2 0.62 0.50 0.79 0.49 0.44 0.66 

13:99337132 SLC15A1 0.49 0.53 0.64 0.46 0.22 0.39 

14:106330048 IGHJ5 0.60 0.30 0.68 0.49 0.13 0.33 

14:106330425 IGHJ4 0.74 0.05 0.55 0.47 0.10 0.55 

14:106573423 IGHV3-11-3 0.74 0.33 0.68 0.46 0.10 0.48 

14:107179053 IGHV2-70 0.65 0.59 0.68 0.50 0.19 0.42 

14:44974333 FSCB 0.40 0.42 0.37 0.38 0.22 0.20 

14:73563791 RBM25 0.79 0.56 0.71 0.64 0.51 0.37 

16:70941378 HYDIN 0.43 0.20 0.35 0.31 0.21 0.29 

22:22782235 IGLV5-37 0.86 0.45 0.68 0.52 0.15 0.40 

3:35779794 ARPP21 0.54 0.50 0.56 0.43 0.25 0.41 

6:152477157 SYNE1 0.63 0.24 0.82 0.54 0.51 0.38 

6:43166449 CUL9 0.79 0.48 0.55 0.54 0.08 0.41 

14:107282928 IGHV7-81 0.37 0.09 0.12 0.13 *0.03 0.21 

16:70604996 SF3B3 0.72 0.53 0.66 0.58 *0.09 0.36 

5:127670451 FBN2 0.75 0.39 0.52 0.55 *0.06 0.38 

14:106330460 IGHJ4-1 0.65 *0.09 0.52 0.38 *0.09 0.48 

15:24922581 NPAP1 0.34 *0.21 *0.29 0.47 *0.19 0.15 

19:21607526 ZNF493 *0.06 *0.33 0.16 *0.09 *0.28 *0.02 

10:81371637 SFTPA1 0.17 0.44 0.16 0.25 0.89 ND 

17:20770017 CCDC144NL 0.24 0.92 0.26 0.28 0.49 ND 

19:1881408 ABHD17A 0.08 0.45 0.25 0.12 0.60 ND 

6:17606218 FAM8A1 0.07 0.59 0.07 0.06 0.09 ND 

6:32486344 HLA-DRB5 0.32 0.40 0.37 0.40 0.82 ND 

4:9784542 DRD5 0.25 0.29 0.13 0.28 *0.09 ND 

11:71507261 FAM86C1 *0.06 0.24 0.08 *0.09 0.09 ND 

14:106471448 IGHV1-3-2 *0.92 0.07 0.58 0.35 0.11 ND 

19:39908214 PLEKHG2 *0.80 1.00 0.60 0.99 1.00 ND 

6:32486332 HLA-DRB5-2 *0.25 0.57 0.14 0.32 0.79 ND 

11:1642989 KRTAP5-4 *0.06 0.17 0.21 *0.12 0.76 ND 

14:106471457 IGHV1-3 *0.92 *0.12 0.61 0.34 0.16 ND 

22:23055404 IGLV3-21 *1.39 *0.18 1.00 1.00 0.13 ND 
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CHROM:POS GENE 
PB 

(MAF) 
Plasma 
(MAF) 

BM 
(MAF) 

LN 
(MAF) 

Plasma 
(MAF) 

MNL 
(MAF) 

16:5140130 FAM86A 0.07 0.15 0.10 0.06 ND ND 

19:52327723 FPR3 0.49 0.15 0.43 ND ND 0.34 

6:86346740 SYNCRIP *0.03 *0.03 0.10 ND ND *0.03 

11:49186289 FOLH1 0.08 *0.03 *0.02 ND ND *0.02 

17:4721655 PLD2 0.17 0.15 ND ND ND 0.04 

14:106090981 IGHG4 *0.06 0.15 ND ND ND ND 

17:7577114 TP53-DEL 0.26 ND ND ND ND 0.85 

2:133402970 GPR39 0.18 ND ND ND ND ND 

8:1876767 ARHGEF10 0.11 ND ND ND ND ND 

15:23685608 GOLGA6L2-2 ND 0.15 0.16 0.32 0.24 0.18 

16:89952461 TCF25 ND 0.86 0.09 0.10 0.90 ND 

4:1388631 CRIPAK ND 0.71 0.28 0.15 0.45 ND 

12:50745924 FAM186A ND 0.24 *0.05 0.10 *0.06 ND 

14:106518627 IGHV3-7 ND *0.09 *0.06 0.11 *0.06 ND 

17:263294 C17orf97 ND *0.09 *0.06 *0.05 0.35 ND 

14:106518704 IGHV3-7-2 ND 0.12 *0.03 0.15 0.16 ND 

19:41354271 CYP2A6 ND 0.11 *0.02 0.12 *0.03 ND 

11:67378012 NDUFV1 ND *0.06 0.14 ND *0.13 ND 

12:64377852 SRGAP1 ND 0.12 0.12 ND 0.16 ND 

3:195513667 MUC4-2 ND 0.18 *0.05 ND *0.06 ND 

12:50746514 FAM186A-2 ND 0.09 ND ND 0.16 ND 

15:50785016 USP8 ND 0.33 ND 0.22 0.44 ND 

14:106452763 IGHV1-2 ND *0.18 ND 0.32 *0.25 ND 

14:106452781 IGHV1-2-1 ND *0.18 ND 0.29 *0.22 ND 

2:95542476 TEKT4 ND 0.13 *0.05 0.14 ND 0.20 

16:84203819 DNAAF1 ND ND 0.11 *0.02 ND ND 

17:39383156 KRTAP9-2 ND ND 0.14 *0.06 ND ND 

22:50861930 PPP6R2 ND ND 0.11 ND ND ND 

22:25243762 SGSM1 ND ND ND 0.57 0.11 ND 

22:39770641 SYNGR1 ND ND ND 0.46 0.13 ND 

5:68504174 CENPH ND ND ND 0.66 0.08 ND 

14:106330440 IGHJ4-2 ND ND ND 0.15 *0.03 ND 

8:145138635 GPAA1 ND ND ND 0.12 *0.06 ND 

14:106573456 IGHV3-11 ND ND ND 0.21 ND *0.01 

10:47000216 GPRIN2 ND ND ND 0.18 ND ND 

11:7111484 RBMXL2 ND ND ND 0.11 ND ND 

14:106109960 IGHG2-5 ND ND ND 0.29 ND ND 

14:106110883 IGHG2-4 ND ND ND 0.66 ND ND 

14:106110914 IGHG2-3 ND ND ND 0.26 ND ND 

14:106110965 IGHG2-2 ND ND ND 0.06 ND ND 

14:106322169 IGHM ND ND ND 0.12 ND ND 

14:106322224 IGHM-2 ND ND ND 0.69 ND ND 

14:106329413 IGHJ6 ND ND ND 0.14 ND ND 
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14:106330070 IGHJ5-1 ND ND ND 0.61 ND ND 

14:106573460 IGHV3-11-2 ND ND ND 0.23 ND ND 

21:15753639 HSPA13 ND ND ND 0.32 ND ND 

22:22782279 IGLV5-37-3 ND ND ND 0.12 ND ND 

22:22782292 IGLV5-37-2 ND ND ND 0.31 ND ND 

22:22782295 IGLV5-37-4 ND ND ND 0.34 ND ND 

3:64644414 ADAMTS9 ND ND ND 0.17 ND ND 

19:625178 POLRMT ND ND ND ND 0.19 ND 

 	 	 	 	 	 	
 
  



	 222	

Appendix 5. Fractional abundance of whole exome single nucleotide variants identified 
in CLL022.  

Variants supported by at least two alternate reads, and a minimum total read depth of 
20, but which did not meet the above criteria are denoted by *. These variants had been 
identified as high-confidence variants in at least one other tumour or plasma sample 
from the same individual. Samples at time of RS are denoted in red. ND = Not 
Detectable 
 
 

CLL022 Whole exome SNVs 
CHROM:POS SYMBOL 

BM 
(MAF) 

Plasma 
(MAF) 

BM 
(MAF) 

Plasma 
(MAF) 

 MNL 
(MAF) 

1:231906671 DISC1 *0.01 0.25 *0.01 *0.05 0.03 
2:201718068 CLK1 0.07 0.15 *0.01 0.09 *0.03 

4:367275 ZNF141 *0.05 *0.07 *0.02 0.77 *0.02 
1:47398494 CYP4A11 0.41 0.22 0.63 0.15 ND 

10:50872904 CHAT 0.56 0.15 0.67 0.09 ND 
11:16007816 SOX6 0.60 0.09 0.55 0.18 ND 

14:104000944 TRMT61A 0.92 1.00 0.69 1.00 ND 
15:41989222 MGA 0.90 0.55 0.45 0.36 ND 
17:1386153 MYO1C 0.29 0.37 0.09 0.86 ND 

4:186366285 C4orf47 0.61 0.15 0.47 0.12 ND 
X:77380901 PGK1 0.43 0.10 0.51 0.09 ND 
10:70673840 DDX50 0.32 0.15 *0.01 *0.02 ND 
11:12263896 MICAL2 0.27 0.15 *0.02 *0.08 ND 
X:68749543 FAM155B 0.43 0.18 *0.02 *0.02 ND 
17:37947776 IKZF3 0.55 *0.08 0.61 0.09 ND 
14:33836428 NPAS3 *0.01 0.06 0.51 0.09 ND 

12:123461252 OGFOD2 *0.01 *0.07 0.57 0.09 ND 
16:1569966 IFT140 *0.02 *0.05 0.55 0.18 ND 

5:115837904 SEMA6A *0.04 *0.05 0.52 0.10 ND 
5:171800817 SH3PXD2B *0.02 *0.07 0.51 0.18 ND 
11:89450843 TRIM77 *0.02 0.09 0.55 0.12 ND 
19:58385546 ZNF814 *0.01 0.18 *0.01 0.18 ND 
16:89016830 RP11-830F9.6 *0.01 *0.07 *0.02 0.15 ND 
8:22974315 TNFRSF10C *0.10 *0.36 *0.06 0.30 ND 
9:34724018 FAM205A *0.13 *0.27 *0.09 0.83 ND 

19:33493767 RHPN2 *0.07 0.09 *0.02 *0.05 ND 
18:28728603 DSC1 *0.01 0.12 0.59 *0.05 ND 
4:100803226 LAMTOR3 *0.01 *0.03 0.53 *0.03 ND 
9:117020876 COL27A1 *0.03 0.09 0.61 *0.07 ND 

10:123970021 TACC2 *0.07 *0.27 0.28 *0.22 ND 
2:107040276 RGPD3 *0.02 *0.01 0.52 *0.04 ND 
4:115769459 NDST4 *0.02 *0.07 0.49 *0.03 ND 
7:95035511 PON2 *0.03 *0.03 0.56 *0.04 ND 
19:4792818 FEM1A 0.09 *0.05 *0.01 *0.02 ND 

2:165997469 SCN3A 0.46 *0.07 *0.03 *0.13 ND 
14:23992006 ZFHX2 *0.03 0.15 0.48 ND *0.01 
16:78148919 WWOX 0.15 0.12 *0.01 ND ND 
9:37537605 FBXO10 0.31 0.12 *0.01 ND ND 

19:54966583 LENG8 0.44 *0.03 *0.01 ND ND 
1:116243973 CASQ2 0.53 0.15 0.59 ND ND 
16:80583494 DYNLRB2 0.51 0.15 0.52 ND ND 
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8:39872936 IDO2 0.09 0.52 ND 0.12 0.08 
1:15769018 CTRC *0.02 0.25 ND 0.21 0.05 

15:29561528 NDNL2 *0.02 0.12 ND 0.21 0.04 
7:131913187 PLXNA4 0.07 0.25 ND 0.09 *0.04 
17:48827952 LUC7L3 0.46 0.31 ND *0.05 *0.01 
15:85383997 ALPK3 *0.01 0.15 ND *0.06 *0.03 
5:112179229 APC *0.04 *0.07 ND 0.24 *0.04 
9:127990338 RABEPK *0.02 *0.05 ND 0.18 *0.03 
12:8618092 CLEC6A 0.38 0.12 ND 0.12 ND 
3:21462785 ZNF385D 0.41 0.28 ND 0.15 ND 
3:66460638 LRIG1 0.27 0.15 ND 0.27 ND 
4:96127865 UNC5C 0.48 0.31 ND 0.15 ND 
7:57194358 ZNF479 0.43 0.09 ND 0.09 ND 
17:7577538 TP53-1 0.85 0.25 ND *0.04 ND 
2:1695739 PXDN 0.60 0.12 ND *0.06 ND 

5:160042949 ATP10B-1 0.14 0.12 ND *0.03 ND 
9:134390829 POMT1 0.43 0.40 ND *0.08 ND 
1:167096275 DUSP27 0.43 *0.11 ND *0.05 ND 
11:5153457 OR52A5 0.26 *0.07 ND *0.03 ND 

13:51825774 FAM124A 0.46 *0.15 ND *0.19 ND 
5:114916337 TICAM2 0.12 *0.08 ND *0.05 ND 
5:140516807 PCDHB5 0.51 *0.04 ND *0.04 ND 

7:5402430 TNRC18 0.43 *0.04 ND *0.08 ND 
3:100949972 IMPG2 *0.01 0.22 ND 0.12 ND 
11:55322620 OR4C15 *0.03 ND 0.48 0.18 *0.02 
6:150290275 ULBP1 *0.02 ND 1.00 0.12 *0.01 
7:121942867 FEZF1 *0.02 ND 0.47 0.09 *0.02 
18:71989970 C18orf63 *0.01 ND 0.56 *0.04 *0.02 

11:108383652 EXPH5 0.05 ND 0.63 0.12 ND 
15:42858888 HAUS2 0.05 ND 0.57 0.12 ND 
4:187630689 FAT1 0.05 ND 0.81 0.15 ND 
1:12336838 VPS13D *0.01 ND 0.55 0.12 ND 

10:44111871 ZNF485 *0.01 ND 0.59 0.09 ND 
11:9830488 SBF2 *0.01 ND 0.56 0.12 ND 

12:97137655 C12orf63 *0.01 ND 0.52 *0.06 ND 
15:91172535 CRTC3 *0.02 ND 0.57 0.09 ND 
18:44266172 ST8SIA5 *0.01 ND 0.63 0.09 ND 
2:198267360 SF3B1-2 *0.04 ND 0.57 0.12 ND 
3:194369465 LSG1 *0.02 ND 0.60 0.12 ND 
3:195611831 TNK2 *0.04 ND 0.59 0.12 ND 
3:85985004 CADM2 *0.04 ND 0.67 0.24 ND 
4:37440983 KIAA1239 *0.02 ND 0.59 0.09 ND 

5:122152979 SNX2 *0.02 ND 0.45 0.12 ND 
10:105420830 SH3PXD2A *0.04 ND 0.59 *0.05 ND 
11:124413030 OR8B12 *0.01 ND 0.65 *0.04 ND 
12:41900294 PDZRN4 *0.03 ND 0.56 *0.04 ND 
19:22364277 ZNF676-2 *0.01 ND 0.57 *0.03 ND 
2:131519862 AMER3 *0.02 ND 0.47 *0.03 ND 
2:27430218 SLC5A6 *0.03 ND 0.65 *0.08 ND 

22:23248699 IGLC3 *0.02 ND 0.35 *0.02 ND 
3:148562554 CPB1 *0.03 ND 0.56 *0.03 ND 

7:6813071 RSPH10B2 *0.01 ND 0.27 *0.05 ND 
11:67074373 SSH3 0.55 ND 0.44 *0.11 ND 
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14:94103622 UNC79 0.09 ND 0.59 *0.14 ND 
2:214228849 SPAG16 0.03 ND 0.61 *0.03 ND 
1:157804362 CD5L 0.41 0.25 ND ND ND 
1:16713995 SZRD1 0.32 0.15 ND ND ND 
1:51767896 TTC39A 0.29 0.12 ND ND ND 

10:43654228 
CSGALNACT

2 0.43 0.22 ND ND ND 
10:69933869 MYPN 0.44 0.15 ND ND ND 
12:20893294 SLCO1C1 0.10 0.18 ND ND ND 
12:4398029 CCND2 0.43 0.12 ND ND ND 

13:28919619 FLT1 0.41 0.15 ND ND ND 
15:72189820 MYO9A 0.07 0.09 ND ND ND 
15:75219108 COX5A 0.09 0.09 ND ND ND 
16:22126693 VWA3A 0.09 0.09 ND ND ND 
16:27761003 KIAA0556 0.46 0.28 ND ND ND 
16:28157448 XPO6 0.09 0.12 ND ND ND 
17:57290795 SMG8 0.29 0.09 ND ND ND 
18:7012112 LAMA1 0.17 0.25 ND ND ND 

18:74091172 ZNF516 0.36 0.18 ND ND ND 
19:54299270 NLRP12 0.34 0.06 ND ND ND 
2:217526564 IGFBP2 0.44 0.12 ND ND ND 
2:228973618 SPHKAP 0.34 0.12 ND ND ND 
20:37198568 RALGAPB 0.43 0.31 ND ND ND 
22:30051656 NF2 0.56 0.09 ND ND ND 
22:43284657 PACSIN2 0.29 0.31 ND ND ND 
3:127395383 ABTB1 0.41 0.25 ND ND ND 
4:79768368 BMP2K 0.19 0.18 ND ND ND 
4:87967997 AFF1 0.31 0.12 ND ND ND 
5:79817833 FAM151B 0.22 0.09 ND ND ND 

6:123892237 TRDN 0.44 0.34 ND ND ND 
7:107706335 LAMB4 0.32 0.15 ND ND ND 
7:108524145 C7orf66 0.39 0.09 ND ND ND 
9:133924405 LAMC3 0.22 0.15 ND ND ND 
X:10176190 CLCN4 0.12 0.10 ND ND ND 

X:102004278 BHLHB9 0.07 0.12 ND ND ND 
X:153296521 MECP2 0.38 0.18 ND ND ND 
1:196874346 CFHR4 0.09 *0.04 ND ND ND 
1:47051586 MKNK1 0.07 *0.02 ND ND ND 

10:50036860 WDFY4 0.07 *0.02 ND ND ND 
12:34176955 ALG10 0.36 *0.04 ND ND ND 
13:25066725 PARP4 0.53 *0.05 ND ND ND 
14:96829151 ATG2B 0.39 *0.14 ND ND ND 
17:41926207 CD300LG 0.20 *0.05 ND ND ND 
18:3874183 DLGAP1 0.09 *0.04 ND ND ND 

18:48248378 MAPK4 0.12 *0.16 ND ND ND 
19:5654098 SAFB 0.51 *0.10 ND ND ND 

2:102625060 IL1R2 0.29 *0.06 ND ND ND 
2:130897509 CCDC74B 0.31 *0.16 ND ND ND 
2:241631651 AQP12A 0.48 *0.07 ND ND ND 
20:1161743 TMEM74B 0.38 *0.16 ND ND ND 
4:80246784 NAA11 0.43 *0.07 ND ND ND 

5:140741412 PCDHGB2 0.22 *0.04 ND ND ND 
5:178391738 ZNF454 0.29 *0.03 ND ND ND 
5:71521921 MRPS27 0.41 *0.10 ND ND ND 
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7:98478815 TRRAP 0.44 *0.09 ND ND ND 
9:112199185 PTPN3 0.36 *0.07 ND ND ND 
9:122011276 DBC1 0.09 *0.09 ND ND ND 

9:6880022 KDM4C 0.03 *0.01 ND ND ND 
X:21871614 MBTPS2 0.07 *0.04 ND ND ND 
X:9673074 TBL1X 0.09 *0.03 ND ND ND 

15:69323927 NOX5 *0.02 0.31 ND ND ND 
1:240351505 FMN2 *0.01 ND 0.61 ND ND 
19:34832333 KIAA0355 *0.02 ND 0.49 ND ND 
2:179197716 OSBPL6-2 *0.03 ND 0.20 ND ND 
2:186670331 FSIP2 *0.03 ND 0.55 ND ND 
2:198266710 SF3B1-1 *0.01 ND 0.51 ND ND 
2:28771749 PLB1 *0.04 ND 0.49 ND ND 

11:123847983 OR10S1 0.38 ND *0.02 ND ND 
14:105412363 AHNAK2 0.20 ND *0.08 ND ND 
14:55326417 GCH1 0.09 ND *0.01 ND ND 
17:45890683 OSBPL7 0.15 ND *0.02 ND ND 
2:228681074 CCL20 0.49 ND *0.02 ND ND 
5:140858056 PCDHGC3 0.43 ND *0.02 ND ND 
16:58538179 NDRG4 0.41 ND ND 0.18 ND 
2:27599509 SNX17 0.43 ND ND *0.08 ND 

4:157688926 PDGFC 0.43 ND ND *0.05 ND 
4:9784853 DRD5 0.31 ND ND *0.07 ND 

6:31610032 BAG6 0.29 ND ND *0.04 ND 
7:17349706 AHR 0.07 ND ND *0.03 ND 
8:75737608 PI15 0.44 ND ND *0.04 ND 

1:110279730 GSTM3 0.09 ND ND ND ND 
1:11116775 SRM 0.14 ND ND ND ND 

1:174945275 RABGAP1L 0.09 ND ND ND ND 
11:119058129 PDZD3 0.39 ND ND ND ND 
11:130340911 ADAMTS15 0.15 ND ND ND ND 
11:64699303 PPP2R5B 0.07 ND ND ND ND 

12:111785617 CUX2 0.10 ND ND ND ND 
12:15784504 EPS8 0.51 ND ND ND ND 
12:57033928 ATP5B 0.07 ND ND ND ND 
16:30128319 MAPK3 0.29 ND ND ND ND 
17:17766048 TOM1L2 0.20 ND ND ND ND 
17:37101335 FBXO47 0.17 ND ND ND ND 
17:61842123 CCDC47 0.27 ND ND ND ND 
19:1440400 RPS15 0.38 ND ND ND ND 

19:24118095 ZNF726 0.07 ND ND ND ND 
19:36210404 WBP7 0.44 ND ND ND ND 
19:38610080 SIPA1L3 0.10 ND ND ND ND 
19:4508825 PLIN4 0.43 ND ND ND ND 

19:54377684 MYADM 0.44 ND ND ND ND 
19:9008323 MUC16 0.15 ND ND ND ND 

2:175333785 GPR155 0.36 ND ND ND ND 
2:179226422 OSBPL6-1 0.27 ND ND ND ND 
22:29939426 THOC5 0.24 ND ND ND ND 
22:50715269 PLXNB2 0.10 ND ND ND ND 
22:51133446 SHANK3 0.10 ND ND ND ND 
3:135870642 MSL2 0.09 ND ND ND ND 
4:68934457 TMPRSS11F 0.66 ND ND ND ND 
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5:134152237 DDX46 0.07 ND ND ND ND 
5:140530425 PCDHB6 0.49 ND ND ND ND 
5:140802062 PCDHGA11 0.12 ND ND ND ND 
5:168176596 SLIT3 0.26 ND ND ND ND 
6:44228002 NFKBIE-1 0.53 ND ND ND ND 

7:100276230 GNB2 0.10 ND ND ND ND 
7:143048724 CLCN1 0.43 ND ND ND ND 
7:72863951 BAZ1B 0.15 ND ND ND ND 

9:112153417 PTPN3-2 0.07 ND ND ND ND 
9:88943385 ZCCHC6 0.07 ND ND ND ND 

X:105449588 MUM1L1 0.07 ND ND ND ND 
X:51644914 MAGED1 0.07 ND ND ND ND 
10:13364849 SEPHS1 ND 0.28 0.29 0.24 ND 

12:112374504 TMEM116 ND 0.12 0.55 0.18 ND 
19:13936508 ZSWIM4 ND 0.18 0.61 0.18 ND 
X:69645928 GDPD2 ND 0.12 0.35 0.33 ND 
19:22364121 ZNF676-1 ND *0.02 0.53 *0.07 ND 
3:27761684 EOMES ND *0.04 0.47 *0.12 ND 

2:233393036 CHRND ND *0.05 *0.02 0.24 ND 
19:50393073 IL4I1 ND 0.25 0.64 ND ND 
19:46973642 PNMAL1 ND *0.15 0.60 ND ND 
2:226446771 NYAP2 ND 0.12 ND *0.05 0.04 
3:49063827 IMPDH2 ND 0.52 ND *0.16 0.05 
3:33135231 TMPPE ND 0.25 ND *0.07 ND 

7:590132 PRKAR1B ND 0.15 ND 0.53 *0.03 
5:23527251 PRDM9-1 ND 0.25 ND *0.22 ND 
7:63538736 ZNF727 ND 0.18 ND 0.24 ND 
5:23527721 PRDM9-2 ND *0.20 ND 0.50 ND 

2:241808651 AGXT ND 0.58 ND ND 0.04 
11:17331124 NUCB2 ND 0.18 ND ND ND 
15:64017674 HERC1 ND 0.25 ND ND ND 
17:56787220 RAD51C ND 0.22 ND ND ND 
2:190656639 PMS1 ND 0.18 ND ND ND 

12:124184309 TCTN2 ND ND 0.37 0.09 *0.01 
13:39550922 STOML3 ND ND 0.47 0.09 *0.02 
7:56151085 PHKG1 ND ND 0.44 0.24 *0.01 
1:35900648 KIAA0319L ND ND 0.64 0.12 ND 
1:94667304 ARHGAP29 ND ND 0.56 0.15 ND 
10:6527144 PRKCQ ND ND 0.59 0.21 ND 

12:12633274 DUSP16 ND ND 0.43 0.15 ND 
12:19501426 PLEKHA5 ND ND 0.47 0.15 ND 
15:69728579 KIF23 ND ND 0.56 0.12 ND 
15:99514323 PGPEP1L ND ND 0.55 0.12 ND 
17:3850864 ATP2A3 ND ND 0.59 0.12 ND 
17:7577568 TP53-2 ND ND 0.40 0.15 ND 

17:80386433 HEXDC ND ND 0.52 0.21 ND 
19:14884782 EMR2 ND ND 0.59 0.12 ND 
19:35999114 DMKN ND ND 0.56 0.30 ND 
2:212812269 ERBB4 ND ND 0.45 0.09 ND 
20:25295587 ABHD12 ND ND 0.53 0.15 ND 
20:43353450 WISP2 ND ND 0.61 0.09 ND 
3:32490947 CMTM7 ND ND 0.63 0.09 ND 
4:68699051 TMPRSS11D ND ND 0.55 1.00 ND 
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6:70070768 BAI3 ND ND 0.52 0.15 ND 
16:24802598 TNRC6A-2 ND ND 0.47 *0.08 *0.01 
19:18538706 SSBP4 ND ND 0.44 *0.12 *0.01 

4:6064122 JAKMIP1 ND ND 0.37 *0.03 *0.01 
4:8584293 GPR78 ND ND 0.61 *0.08 *0.01 

5:159992713 ATP10B-2 ND ND 0.51 *0.05 *0.01 
1:112302091 DDX20 ND ND 0.52 *0.04 ND 
1:169512251 F5 ND ND 0.68 *0.11 ND 
1:44437505 DPH2 ND ND 0.49 *0.30 ND 
1:6166463 CHD5 ND ND 0.44 *0.07 ND 

11:36296206 COMMD9 ND ND 0.64 *0.06 ND 
12:133210877 POLE ND ND 0.45 *0.08 ND 
12:65563552 LEMD3 ND ND 0.61 *0.13 ND 
14:71267672 MAP3K9 ND ND 0.59 *0.11 ND 
16:84495658 ATP2C2 ND ND 0.67 *0.13 ND 
18:61569106 SERPINB10 ND ND 0.53 *0.03 ND 
19:55144029 LILRB1 ND ND 0.57 *0.02 ND 
4:20591266 SLIT2 ND ND 0.55 *0.03 ND 
6:44232949 NFKBIE-2 ND ND 0.48 *0.10 ND 
1:15708624 FHAD1 ND ND 0.49 ND *0.03 

16:88716704 CYBA ND ND 0.63 ND *0.01 
18:2724950 SMCHD1 ND ND 0.40 ND *0.01 

2:100170853 AFF3 ND ND 0.57 ND *0.01 
4:155665665 LRAT ND ND 0.47 ND *0.01 
5:128430593 ISOC1 ND ND 0.65 ND *0.01 
7:111448879 DOCK4 ND ND 0.53 ND *0.02 
1:110212156 GSTM2 ND ND 0.59 ND ND 
1:27950251 FGR ND ND 0.57 ND ND 
1:78340647 FAM73A ND ND 0.55 ND ND 

12:70297599 MYRFL ND ND 0.48 ND ND 
14:106386956 KIAA0125 ND ND 0.05 ND ND 
16:24826605 TNRC6A ND ND 0.49 ND ND 
19:11488943 EPOR ND ND 0.40 ND ND 
19:4028755 PIAS4 ND ND 0.45 ND ND 
2:42180269 C2orf91 ND ND 0.60 ND ND 

21:46897860 COL18A1 ND ND 0.65 ND ND 
3:186435437 KNG1 ND ND 0.59 ND ND 
3:38065896 PLCD1 ND ND 0.41 ND ND 

9:126125438 CRB2 ND ND 0.61 ND ND 
X:62944582 ARHGEF9 ND ND 0.47 ND ND 
X:84519389 ZNF711 ND ND 0.59 ND ND 
1:156256110 TMEM79 ND ND ND 0.24 ND 
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