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Abstract 

 

Cell free DNA (cfDNA) is non-encapsulated DNA present in liquid samples (such as blood 

and urine). Studies of plasma-derived cfDNA are emerging as important and minimally 

invasive adjuncts to standard tumour biopsy in solid organ malignancies. This field has 

progressed over the past decade because of the advances in next-generation sequencing (NGS) 

and other genetic analytical technologies. Some studies have been performed on 

haematological malignancies and provided insights into their biological basis and shown 

potential as monitoring tools. These have primarily been of lymphoid neoplasms and plasma 

cell myeloma. Before translating these technologies for assessing cfDNA to clinical practice, 

a number of pre-analytical and analytical issues need to be addressed. In this body of work, I 

studied cfDNA in acute myeloid leukaemia (AML), assessing the specimen type (plasma and 

urine), optimal sample processing and test sensitivity in conjunction with current testing 

methods.  

 

After initial assessment of the sample type and optimisation of workflow, the study focused on 

plasma cfDNA. Urine was also extensively tested as a sample source but not progressed as I 

found it to have lower cfDNA quantity and quality than plasma; I therefore deemed it 

suboptimal for the analysis of AML. I embarked on a prospective observational and 

longitudinal study of the cfDNA genomic profiles in plasma of 24 patients with AML. Samples 

of diagnostic bone marrow aspirate, whole blood and plasma were all assessed using a 

customised 129-gene panel targeted NGS panel. I then performed ultra-sensitive mutation 

monitoring using NGS with unique molecular identifiers (UMIs) on longitudinal samples to 

determine the sensitivity for measurable residual disease. A total of 253 samples were assessed 

over 129 time-points. The data showed that cfDNA obtained from plasma samples was able to 

detect mutations in 30 genes at variant allelic frequencies (VAF) of 0.11%-93% throughout the 

disease course. Data for plasma cfDNA mirrored the fractional abundance of somatic mutations 

in bone marrow with excellent correlation (r2=0.94).  

This study has shown that plasma cfDNA accurately reflects the dynamic mutational burden 

changes seen in response to therapy and outcome. It has the unique ability for repeated 

measurements and had a median lead time of 13 weeks from molecular MRD relapse to clinical 

relapse. The following summarises the observations:   
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1. Plasma cfDNA mutational monitoring correlates with disease outcome. 

2. MRD monitoring using NGS with UMIs on plasma cfDNA could identify mutations 

prior to clinical relapse.  

3. MRD monitoring using mutation detection on plasma cfDNA is complementary to 

and possibly as sensitive as quantitative PCR.  

4. Analysis of plasma cfDNA can identify clonal evolution in AML.  

5. The plasma cfDNA mutational fraction changes dynamically in response to treatment 

with differences between therapeutic regimens.  

 

In summary, plasma cfDNA mutational assessment, is minimally invasive and allows serial 

testing through the management of AML. To establish a real place in the clinic will require 

harmonisation of testing methods, standardisation of detection limits and reporting. Frequent 

monitoring of cfDNA in a blood sample at ultra-sensitive level has potential as a sensitive 

molecular tool to predict eventual clinical outcomes. If this can be achieved, cfDNA could 

change the way AML is managed with applications including therapeutic response monitoring, 

detection of persistent disease, identification of impending relapse and assessment of clonal 

evolution. The ability to identify and pre-empt disease progression should lead to better patient 

outcome. 
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Chapter 1: Introduction 
 

1.1 Acute Myeloid Leukaemia: introductory comments 

 

Acute myeloid leukaemia (AML) is an aggressive haematological malignancy characterised by 

uncontrolled clonal expansion of abnormally differentiated cells of the myeloid lineage. The 

proliferation of immature myeloid cells results in accumulation of immature progenitor (blast) 

cells with impairment of normal haemopoiesis. This leads to severe infections, anaemia and 

bleeding complications as a consequence of cytopenias. Extramedullary leukaemia can occur, 

albeit rarely, with infiltration of solid organs (e.g. skin, soft tissue, lymph node) leading to 

myeloid sarcoma.  

 

With the incidence rate estimated to be 3.8 per 100,000, AML is diagnosed in around 1,000 

Australians each year (1). The incidence is rising, in part due to an increasing prevalence of 

therapy-related AML as more patients with cancer treated with cytotoxic chemotherapy are 

cured of their primary malignancy (2). Although AML can occur in any age group, it is 

predominantly a disease in older adults, with a median age at diagnosis of 68 years (1). 

Although advances in the treatment have led to significant improvements in outcomes, 

prognosis for the majority of patients remains poor with the 5-year overall survival rates of 

24% even with the current best treatments. The poor prognosis is mainly disease-related due to 

relapse following initial remission, or refractoriness to therapy (3,4).     

 

1.2 Pathogenesis  

AML leukaemogenesis is still incompletely understood. However, it is believed that AML 

originates from the oncogenic transformation of a haemopoietic stem cell, or, of progenitors 

that have re-acquired stem cell-like properties of self-renewal (5). Progenitors from these 

leukaemic stem cells undergo further genetic events, resulting in multiple coexisting, 

competing leukaemic clones. This leads to karyotypic and molecular genetic heterogeneity of 

the bulk leukaemic population at the time of diagnosis (6,7). 

 

Specific mutations occur early in leukaemogenesis. In particular, mutations involving the 

epigenetic genes DNMT3A, TET2, and ASXL1 have been identified in pre-leukaemic 

haemopoietic stem cells decades prior to the development of AML, suggesting these are early 
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founder events that precede leukaemogenic transformation. These genetic events have been 

postulated to provide a selective advantage for clonal expansion of haemopoietic stem cells 

and eventual progression to AML (8,9).  

 

Expanded clones containing these somatic mutations have also been identified in the peripheral 

blood or bone marrow of patients without any evidence of overt haematological malignancy. 

This is a newly defined entity called “clonal haemopoiesis of indeterminate potential” (CHIP) 

(8,10). CHIP has been identified in 10% of patients over the age of 65 years, with an incidence 

that increases with age (11). CHIP predisposes to AML and other haematological malignancies, 

including myelodysplastic syndromes. Notably, the rate of transformation of CHIP into overt 

haematological disease is about 0∙5–1% per annum (12,13). Through incompletely understood 

mechanisms, CHIP has also been shown to be associated with an increased risk of 

atherosclerotic cardiovascular disease and linked to autoimmune disease and inflammation 

(12–16).  

 

1.3 Genomics of AML 

AML is a complex, dynamic disease, characterized by multiple genomic aberrations, coexisting 

competing clones, and with disease evolution over time. The genomic aberrations include 

cytogenetic changes and molecular abnormalities.  

 

1.3.1 Cytogenetics in AML 

Cytogenetic analyses of large cohorts of AML patients have shown that gross structural 

cytogenetic changes, defined as events that are visible on a karyotypic level, including balanced 

translocations and chromosomal gains or losses are seen in approximately 60% of presenting 

patients (17–19). Chromosomal translocations (e.g. t(8;21)) and inversions (e.g. inv(16)) 

leading to the generation of chimeric fusion genes are considered to be the critical initiating 

step in the leukaemogenesis. Some of these involve genes that are key to myeloid cell 

development. The World Health Organization (WHO) has recognized a number of such 

balanced chromosomal rearrangements and their resulting chimeric fusion genes in their 

classification of tumours of haemopoietic tissues. These are designated as “recurrent genetic 

abnormalities” and deemed sufficient to make a diagnosis of AML irrespective of the extent of 

morphological bone marrow infiltration by blast cells (i.e. percentage or blast cell count) 

(20,21). 
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Many studies have highlighted that the outcome for AML differs markedly according to the 

cytogenetic abnormality (17–19). This makes cytogenetics a powerful independent prognostic 

indicator and produces the framework for AML risk stratification (22,23).  Although valuable, 

chromosomal analysis is insufficient on its own due to a number of limitations. Firstly, there is 

considerable heterogeneity in outcome between patients within the same cytogenetic risk group 

(19). This variation in outcomes between patients with the same primary chromosomal 

abnormality may, in some cases, be explained by additional chromosomal changes. Moreover, 

cytogenetics provides no insight into molecular mechanisms underlying AMLs with numerical 

or other structural changes, or those with normal karyotype (40% of adult AML). Patients with 

normal karyotype AML are highly heterogeneous in terms of clinical outcome (17). Over the 

course of the past 2 decades, major advances have been made to address these questions by 

assessing the mutational profile of AML.  

 

1.3.2 Mutations in AML 

Over the past 20 years, the introduction of DNA sequencing technologies, such as polymerase 

chain reaction (PCR), have identified mutations that have been undetectable by cytogenetic 

analysis. Many of these contribute to AML pathogenesis and impact prognosis (e.g. FLT3, 

NPM1). The importance of these somatic mutations led to their incorporation into diagnostic 

assessment; however, there have been challenges in applying these for ongoing monitoring due 

to technical limitations. 

 

Subsequently, high-throughput massively-parallel next-generation sequencing (NGS) has 

emerged as a new tool for molecular mutation profiling. NGS has allowed further insights into 

the molecular diversity and complexity of AML and how these various aberrations interact to 

affect disease phenotype and prognosis (7,9,24–28). The Cancer Genome Atlas AML study 

profiled 200 clinically annotated cases of de novo AML (28). Nearly 2,000 different mutated 

genes were identified, of which only 23 (Table 1.1) were frequently mutated and another 237 

were mutated in 2 or more cases, in non-random patterns of co-occurrence and mutual 

exclusivity. The average number of mutations per AML patient was shown to be only 5, being 

lower than for most other cancers (29). However, at least one driver mutation was identifiable 

in 96% of AML patients, and 86% of patients had two or more driver mutations. Three genes 

were shown to be mutated in more than 25% of patients, i.e. FMS-related tyrosine kinase 3 
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(FLT3), nucleophosmin (NPM1) and DNA methyltransferase 3A (DNMT3A) and had clear 

prognostic associations. Mutated genes were classified into 1 of 9 functional categories: 

transcription factor fusions, the NPM1 gene, tumor suppressor genes, DNA methylation-related 

genes, signaling genes, chromatin-modifying genes, myeloid transcription factor genes, 

cohesin complex genes, and spliceosome complex genes (28). The prognostic impact of many 

of the identified mutations is uncertain. 

 

As conventional cytogenetics has an established prognostic value in AML, consideration of 

both karyotype and mutations is necessary, to provide a meaningful classification of AML 

subtypes. This was assessed in a large, comprehensive analysis of 1540 AML patients using 

targeted sequencing of 111 myeloid cancer genes in conjunction with cytogenetic profiles (24).  

This showed 11 mutually exclusive subtypes of AML, each with a distinct clinical phenotype 

and outcome (Table 1.2). In addition to 8 well established AML subsets, 3 additional, 

heterogeneous classes emerged: AML with mutations in chromatin and RNA-splicing 

regulators; AML with TP53 mutations and/or chromosomal aneuploidies; and, provisionally, 

AML with IDH2 R172 mutations. The inclusion of genetic data to inform disease classification 

and clinical practice continues to be an active field of research.  Specifically, studies are 

required to confirm the prognostic significance of these novel AML subgroups and their 

justification as distinct disease entities. 

 

Table 1.1: 23 frequently mutated genes in AML identified by the Cancer Genome Atlas AML 

study (28) 

CEBPA FLT3 KRAS PHF6 SMC3 TP53 

DNMT3A HNRNPK KIT PTPN11 SMC1A U2AF1 

EZH2 IDH1 NPM1 RAD21 STAG2 WT1 

FAM5C IDH2 NRAS RUNX1 TET2  
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Table 1.2: Proposed 11 AML subtypes by genomic classification (24)  

AML with NPM1 mutation  

AML with mutated chromatin, RNA-splicing genes, or both 

AML with TP53 mutations, chromosomal aneuploidy, or both 

AML with inv(16)(p13.1q22) or t(16;16)(p13.1;q22); CBFB–MYH11 

AML with biallelic CEBPA mutations 

AML with t(15;17)(q22;q12); PML–RARA 

AML with t(8;21)(q22;q22); RUNX1–RUNX1T1 

AML with MLL fusion genes; t(x;11)(x;q23) 

AML with inv(3)(q21q26.2) or t(3;3)(q21;q26.2); GATA2, MECOM(EVI1) 

AML with IDH2R172 mutations and no other class-defining lesions 

AML with t(6;9)(p23;q34); DEK–NUP214 

 

 

1.4 Diagnosis of AML 

 

The presence of 20% or more myeloid blast cells (e.g. myeloblasts) by morphological 

assessment of the peripheral blood or bone marrow forms the basis for the diagnosis of AML 

(20). Other diagnostic criteria are isolated extramedullary AML (i.e. myeloid sarcoma) or the 

presence of AML-defining genomic changes. The AML-defining genomic changes that are 

pathognomonic for AML include t(8;21) forming the RUNX1-RUNX1T1 fusion, inv(16) or 

t(16;16) forming CBFB-MYH11, which define core binding factor AML, and the t(15;17) 

fusion gene PML-RARA, which defines acute promyelocytic leukaemia (20).  

 

Flow cytometry at the time of diagnosis confirms the myeloid origin of the leukaemic blast cell 

populations and further aids categorisation of AML subtype (20). As discussed in Sections 

1.3.1 and 1.3.2, cytogenetic analysis and molecular screening for commonly occurring gene 

mutations and rearrangements are also required. The WHO recognizes 11 acute myeloid 

leukaemia subgroups (Table 1.3) defined by the presence of specific recurrent genetic 

abnormalities, including balanced translocations, gene fusions, or single molecular mutations 

(20).   
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Table 1.3: WHO Acute Myeloid Leukaemia with recurrent genetic abnormalities (20) 

AML with t(8;21)(q22;q22); RUNX1–RUNX1T1 

AML with inv(16)(p13.1q22) or t(16;16)(p13.1;q22); CBFB–MYH11 

APL with PML-RARA 

AML with t(9;11)(p21.3;q23.3);MLLT3-KMT2A 

AML with t(6;9)(p23;q34.1);DEK-NUP214 

AML with inv(3)(q21.3q26.2) or t(3;3)(q21.3;q26.2); GATA2, MECOM 

AML (megakaryoblastic) with t(1;22)(p13.3;q13.3);RBM15-MKL1 

AML with BCR-ABL1 (provisional entity) 

AML with mutated NPM1 

AML with biallelic mutations of CEBPA 

AML with mutated RUNX1 (provisional entity) 

 

 

1.5 Treatment of AML 

 

The goal of treatment in AML is to achieve morphologic complete remission (CR), as this is 

associated with improved overall survival (30). Morphological CR is defined as reduction of 

bone marrow blasts to < 5%, the absence of circulating blast cells and of blasts with Auer rods, 

and no extramedullary leukaemia. This also requires return of normal haemopoietic function 

with neutrophil count of >1.0 x 109/L, platelet count >100 x 109/L and red blood cell transfusion 

independence (30). Choice of initial treatment depends on the functional status of the patient 

(i.e. performance status and co-morbidities), biological status of the disease (measured by 

prognostic risk group and mutations) and goals of the patient.  

 

The two most commonly used therapies in AML are cytotoxic chemotherapy with or without 

targeted therapies, and, hypomethylating agents combined with bcl-2 inhibition (i.e. 

venetoclax) or with targeted therapies. For patients with AML with the goal of cure and who 

are medically fit enough to tolerate chemotherapy, the backbone of therapy has not changed 

for 50 years. This is based on initial induction treatment with cytosine arabinoside (cytarabine), 

an anti-metabolic agent, with an anthracycline (e.g. daunorubicin). This induction therapy, 

known colloquially as 7+3, produces complete disease response rate of 40-80% depending on 
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the AML risk group (31). CPX 351 is a liposomal formulation of cytarabine and daunorubicin 

at a fixed 5:1 molar ratio of cytarabine and daunorubicin. The liposomal encapsulation leads to 

prolonged exposure to the two drugs. CPX 351 showed significantly improved response rates 

and improved survival compared to 7+3 chemotherapy in patients with adverse risk disease 

(i.e. therapy-related AML, AML with MDS related changes) (32). Midostaurin is an oral multi-

targeted tyrosine kinase inhibitor active in patients with a FLT3 mutation. Addition of 

midostaurin to standard 7+3 chemotherapy in patients with FLT3 mutation has improved 

survival (33). Once remission has been achieved, post-remission strategies include 

maintenance chemotherapy and autologous or allogeneic haemopoietic cell transplantation.  

 

For unfit and older patients with AML, frontline management of hypomethylating agent with 

venetoclax, an oral bcl-2 inhibitor, has become the new standard of care. This combination 

therapy has shown improvement in complete remission rates, time to complete remission and 

overall survival compared with hypomethylating agent therapy alone (34).  

 

The upfront management of AML continues to evolve and change. Many new compounds with 

novel and diverse mechanisms of action are actively being tested in clinical trials.  Studies are 

currently underway to explore the addition of venetoclax to other AML treatment regimens and 

settings to determine if the drug could lead to further improvements in outcomes, including 

with intensive induction chemotherapy. Targeted therapies including IDH1 and IDH2 

inhibitors, in combination with hypomethylating agents or intensive chemotherapy, are 

showing promising results in early phase trials (35,36).  

 

1.6 Measurable Residual Disease  

 

In 2003 the International Working Group (IWG) stated that the only response criterion for 

AML was “morphological complete remission”. This was the sole outcome associated with 

improved survival (30). Since then, there has been increasing evidence to indicate that detection 

of measurable residual disease (MRD) far below the morphology-based 5% blast cell threshold 

during and after treatment is a strong prognostic factor for subsequent relapse and shorter 

survival in AML (37,38). A systematic review and meta-analysis of 81 publications reporting 

on 11,151 patients with AML and found that achievement of MRD negativity is associated 

with superior disease-free survival (DFS) and overall survival (OS) in patients with AML. This 
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finding is consistent across age groups, AML subtypes, time of MRD assessment, specimen 

source and MRD detection methods (37). This suggests that the concept of MRD, that not 

having disease is better than having disease, is robust. These findings have led to the 

incorporation of MRD into treatment response criteria in the 2017 European LeukemiaNet 

(ELN) consensus guidelines as a new response category of CR without MRD (23). 

 

MRD provides leukaemic burden assessment at a resolution of 1:104 white blood cells (WBC), 

compared with 1:20 (5%) in morphology-based assessments. This sensitivity of detection has 

provided the impetus to apply MRD detection in AML with the following clinical significance: 

(1) to provide an objective methodology for higher resolution remission assessment 

(2) as a prognostic biomarker in AML to refine outcome prediction  

(3) as a disease monitoring tool in AML to identify impending relapse  

(4) to use as a surrogate end point to accelerate drug testing and approval. 

 

There are two main approaches used to detect MRD in AML. These are multiparameter flow 

cytometry and molecular techniques, including real-time quantitative PCR, digital PCR, and 

next generation sequencing–based technologies.  

 

1.6.1 Flow Cytometric MRD 

Multiparameter flow cytometry (MFC) is currently the most commonly used AML MRD 

detection methodology (39). In general, leukaemic blasts are identified by two related MFC 

operational approaches. First, the leukaemia associated-immunophenotype (LAIP) approach, 

which defines LAIP at diagnosis and tracks these in subsequent samples following therapy 

(40,41). The second approach is the different-from-normal (DfN) approach, which is based on 

the identification of aberrant myeloid cell differentiation or maturation profiles at follow-up 

(42,43).  

 

Acquisition of new antigens, together with loss of leukaemia-associated markers detected at 

diagnosis, commonly referred as immunophenotype shifts, may emerge as a consequence of 

leukaemia evolution or clonal selection during and after therapy (44–46). These alterations in 

immunophenotype over time limit the suitability of the LAIP approach as a monitoring tool for 

MRD. In contrast, the DfN approach detects clones with a phenotypic profile that differs from 

normal haemopoietic elements. This can therefore be applied even if there has been a shift in 
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the leukaemic cell immunophenotype during or following treatment. In 2021, the flow 

cytometry expert panel of the ELN MRD Working Group recommended combining the 2 

philosophies of flow cytometric MRD detection into the “LAIP-based DfN approach” to enable 

tracking of diagnostic and emergent leukemic clones (39,47).  

 

The detection limit of MFC in AML typically ranges from 0.1 to 0.01% (or 10-3 to 10-4) of 

leucocytes, depending on the type of flow cytometer used, number of cells acquired, antibodies 

tested, immunophenotypic differences between leukemic blasts and regenerative myeloid 

populations and operator experience (48). MFC requires expertise in the recognition of aberrant 

populations and exclusion of potential background as part of assay validation which meant that 

MFC requires highly harmonized testing protocols (39,47). As a consequence, this approach is 

challenging to standardise. Irrespective of the MFC approach, studies have consistently 

demonstrated that MRD detected by MFC at any time point after induction therapy is a 

significant risk factor for relapse (40–43). However, MRD detected by MFC is only present in 

approximately 50% patients that eventually relapse, highlighting the limitation of this 

methodology in its current form (48).  

 

1.6.2 Molecular MRD 

The 2 approaches to molecular MRD assessment in AML are polymerase chain reaction (PCR) 

and next generation sequencing (NGS). The 2021 ELN MRD consensus document 

recommended that techniques for molecular MRD assessment should reach a limit of detection 

of 0.1% or lower with technically validated assays, using real-time quantitative PCR (qPCR), 

digital PCR (dPCR) or error-corrected NGS with unique molecular identifiers.  

 

1.6.2.1 PCR approach 

The recommended PCR approach includes classic qPCR, using fluorescent probes and digital 

PCR (dPCR). Quantitative PCR (qPCR), the more commonly used PCR technique in AML 

MRD testing, is a quantitative test of mRNA transcripts specifically expressed in AML. It is 

applied in AML for the NPM1 mutation, WT1 overexpression and gene fusions (including 

RUNX1-RUNX1T1, CBFBMYH11, PML-RARA, KMT2A-MLLT3, DEK-NUP214 and BCR-

ABL). Molecular MRD analysis for NPM1 or fusion genes is usually performed from 

RNA/cDNA because of the high expression of these genes and thus better sensitivity 

(23,39,47). The combination of PCR amplification and overexpression of tested transcripts in 
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leukaemia makes qPCR analytically the most sensitive testing technique in AML MRD 

detection, with a lower limit of detection at approximately 0.01% to 0.0001% (10-4 to 10-6) 

(48).  

 

One significant limitation of qPCR is that it is vulnerable to background noise generated from 

non-specific primer cross-hybridization. As it requires a leukaemia-specific sequence, i.e. gene 

fusion, NPM1 mutation or WT1 overexpression, it is only applicable to 40-50% of AML 

patients (23,39,47). Missense mutations and small insertions/deletions are difficult to quantify 

reliably at high sensitivity by this method, as primers and probes may hybridize to wild type 

sequences, resulting in false positive signals (48). 

 

Instead of the bulk-reaction used in analog qPCR, the dPCR technique uses an emulsion PCR 

in which individual DNA fragments are amplified in droplets. After the PCR, the fluorescent 

signal in the droplets, containing single DNA molecules is “digitally” measured, i.e. droplets 

with different fluorescent signals are counted. Based on the presence or absence of the 

mutation, the fluorescent signal of individual droplets either represents mutant or wild type 

DNA, allowing for accurate and sensitive quantification of the mutation. The digital nature of 

the measurements also improves precision by eliminating low-level noise due to nonspecific 

cross-hybridization.  

 

In the detection of BCR-ABL1 gene fusion transcripts, dPCR has a lower limit of detection 

close to 0.001% International Scale, comparable to qPCR (49). dPCR is capable in detecting 

missense mutations and small insertions/deletions. It has also been explored in the detection of 

mutations in DNMT3A and IDH1/2 where it demonstrated a detection sensitivity of 0.1% VAF 

(50) and in a large variety of subtypes of mutated NPM1 transcripts where a detection 

sensitivity of 0.001% has been seen (51). dPCR is still in the early stages of development for 

AML MRD detection and its application remains unclear in comparison with next generation 

sequencing technologies. 
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1.6.2.2 NGS approach 

For NGS-based MRD assessment, error-corrected sequencing is strongly recommended using 

unique molecular identifiers (UMI) (39). Incorporating UMIs has been shown to overcome the 

sequencing error rate of NGS, and therefore improve the commonly accepted limit of detection 

of 2% VAF in NGS to 0.1% - 0.001% VAF in NGS with UMI (52–55). The wide variation in 

detection sensitivity may be in part due to variable tagging efficiency of molecular barcodes 

and the balance between test multiplexity and depth of sequencing coverage (48).   

 

The principle of error correction involves the use of UMI to label each individual DNA 

molecule in the starting material. Subsequently, standard PCR amplification and NGS 

sequencing is performed, and individual reads are grouped into read families based on the bar-

coding sequence tags. Sequencing errors introduced by polymerase activity and/or sequencing 

inaccuracies are subsequently identified by comparing reads within a read family and removed 

to create an error-corrected consensus sequence, thereby significantly improving the sensitivity 

of NGS to detect low-level mutations.  

 

For AML, samples are generally screened for mutations at the time of diagnosis using a multi-

gene panel. At least one driver mutation can be identified in 96% of patients with AML with 

an average of only 5 recurrent mutations per AML patient (Section 1.3.2) (28). As such, with 

these biological characteristics, NGS has potential to be used as a tool to detect MRD in the 

vast majority of patients with AML.  

 

Nonetheless, NGS as a testing platform in AML MRD faces challenges. These are both 

technical and clinical. Firstly, there are technical considerations such as the method sensitivity. 

The sequencing error rate of NGS is approximately 1%, with 2% VAF being the commonly 

accepted limit of detection. The first challenge has largely been addressed through the use of 

unique molecular identifiers (UMI). With the use of UMI to label each individual molecule in 

the starting material, the sensitivity of NGS to detect rare mutations can be significantly 

improved to 0.1% - 0.001% VAF.  

 

Secondly, there are challenges in interpreting positive MRD results and specifically 

distinguishing residual AML from a pre-leukaemic clone. Mutations that occur late in AML 

ontogeny or characterise certain genetically defined AML subtypes, for example NPM1 

mutation, are closely associated with the leukemic disease burden and have been shown to be 
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markers of residual leukaemia (56–58). Conversely, mutations that occur early in AML 

ontogeny, in clonal haemopoiesis, or in pre-leukaemic disease, such as the ‘DTA mutations’, 

may not confer the same increased risk of relapse if found in the post-treatment setting (11–

13,59). Some mutations can occur either early or late in AML ontogeny and have uncertain 

implications if found in the posttreatment setting. The ELN MRD 2021 consensus document 

recommended considering all detected mutations as potential MRD markers with exception of 

germline mutations, mutations in DNMT3A, TET2, ASXL1 genes and mutations in signaling 

pathway genes (e.g. FLT3, KIT and RAS) (39).  

 

Despite the promising technology and results achieved to date (52–55), the significance of 

residual leukaemia-associated mutations after therapy in AML detected by NGS-based MRD 

remains to be demonstrated. Large studies using high-sensitivity comprehensive NGS assays 

are required. These are needed to define the optimal NGS-MRD threshold level that best 

discriminates subsequent relapse risk for individual mutations, combinations of mutations, or 

treatment time points. In anticipation of these studies, the ELN has provisionally defined AML 

MRD positivity as ≥0.1% variant allele frequency (VAF) (39).   

 

1.6.3 Sample types for MRD assessment 

The optimal sample type to assess MRD in AML depends on the MRD technique being used. 

For MFC-based MRD, the optimal sample source recommended by ELN MRD working party 

is bone marrow (BM) (39). This is based on evidence showing that BM is up to 1 log more 

sensitive than blood when assessed by MFC (60,61). However, to achieve this high assay 

sensitivity requires a high quality BM sample; haemodilution can adversely affect the data 

leading to false negative results (62).  

 

Molecular MRD testing is currently performed on DNA extracted from aspirated BM (BMA) 

and peripheral blood (PB) (39). Though both PB and BMA can be used for molecular MRD 

assessment, sensitivity may be five- to 10-fold lower in PB than in BMA (39). For qPCR 

technique, PB has been shown to have lower sensitivity in MRD detection compared to BMA. 

This has been shown in acute promyelocytic leukaemia (APML), where MRD conversion 

occurs earlier in the BMA than in the PB (63). In AML with mutated NPM1, discrepancies 

between BMA and PB MRD results have been found to be as high as 46% during therapy and 

at follow up (i.e. positive mutation levels in the BMA but negative in PB).   
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Although BMA is currently the optimal sample source for MRD assessment, sample 

procurement is associated with a number of limitations. The few milliliters of bone marrow in 

routine clinical samples may not be representative of the heterogeneous distribution of AML 

cells across the body and may limit the accuracy of MRD testing (64,65). In addition, AML 

relapse can take place in discrete body compartments (e.g. central nervous system; skin) for 

which sampling of BMA is unlikely to be informative. Bone marrow biopsies are also subject 

to technical issues which may compromise the sample availability and quality. The operator 

skill significantly affects sample quality which can potentially impact precision and accuracy 

of MRD results (66). In more than one in four cases, the inherent disease and/or patient factors 

such as marrow fibrosis/scarring, heavy disease burden and difficult anatomy result in 

unsuccessful and uninformative sampling of the bone marrow (67). The world is currently 

battling with the COVID19 pandemic which adds complexity to organising hospital procedures 

such as bone marrow biopsies. There is additional strain on health care system and there are 

strict protocols with regards to hospital access. BMA sampling was not always easily available 

prior to the pandemic and its availability is now further compromised as a consequence of the 

pandemic.  

 

This is not to mention that bone marrow biopsy is a painful and invasive procedure. One survey 

of 250 patients estimated 70% of patients experienced procedure-related pain, with around 35% 

of patients indicating severe pain, despite the use of local anaesthesia (68). It is associated with 

low but significant risk of excessive bleeding, serious infection, organ perforation and nerve 

damage. The major adverse event risk is quoted to be around 0.1% and the procedure is 

associated with significant morbidity (69).  

 

Therefore, although to date, AML MRD testing has been shown BM to more sensitive than 

PB, consideration should be given to whether this remains true with new NGS based 

approaches. To date, there have been limited studies of PB NGS-based MRD assessment in 

AML and hence the sensitivity and value of this approach remains to be determined (52–55). 

Blood, or other liquid-based samples, could potentially circumvent the limitations and 

challenges posed by bone marrow sampling. This is an area of increasing interest for molecular 

pathology with a focus being on cell-free DNA as the input sample source.   
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1.7 Cell-free DNA 

 

Cell-free DNA (cfDNA) consists of fragments of double stranded DNA. They are released 

from both normal haemopoietic cells and malignant cells into the surrounding body fluids, 

including plasma and urine, and can be assayed non-invasively. Since cfDNA are released from 

malignant cells from multiple sites of the body, the repertoire of genomic alterations in cfDNA 

provides a more comprehensive analysis of a disease than a single anatomical site. cfDNA can 

be sampled multiple times, thereby overcoming the limitations of the analysis of single 

biopsies. Furthermore, cfDNA can be sampled from body fluids providing an opportunity for 

regular testing. In this way cfDNA has immense potential as a sample to monitor disease. 

However, this is dependent on sufficient cfDNA being present and the testing platform being 

sufficiently sensitive to answer the clinical question (e.g. MRD). A brief background is 

provided in Sections 1.7.1 and 1.7.2 of cfDNA in plasma and urine (respectively); this will be 

expanded upon in Chapter 2 and 3.  

 

1.7.1 Plasma cfDNA 

Lui and colleagues have shown that the predominant proportion of plasma cfDNA originates 

from the haemopoietic system. This is based on sex-mismatched organ transplantation model. 

Their work looked at plasma cfDNA in sex-mismatched bone marrow, heart, liver and kidney 

transplantation subjects (70,71). The exact mechanism for cfDNA release is still elusive. There 

are three main possible sources that may account for the occurrence of cfDNA, namely: 

apoptosis, necrosis, and active cellular secretion (72). Although most evidence suggests that 

the release of cfDNA is mainly a consequence of apoptosis, it is becoming increasingly clear 

that cfDNA may be released by more than one mechanism. The relative proportions attributable 

to the various release mechanisms by which it is produced and by which it comes into systemic 

circulation is unknown. 

 

They have been numerous studies investigating cfDNA as a sample source for molecular 

analyses in malignancies. Progress in the field in solid organ malignancies has seen cfDNA 

translated into an important clinical tool in oncology practice. Specifically, cfDNA is now 

prescribed for the detection of EGFR mutations in non-small cell lung cancer to help guide the 

clinician in the use of anti-EGFR targeted therapy (73,74). In metastatic colorectal cancer, 

KRAS variants detection by cfDNA is available for commercial use in Europe. This is used to 
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determine eligibility of patients with metastatic colorectal cancer for anti-EGFR targeted 

therapy. These assays have demonstrated clinical validity through correlative studies (74,75). 

 

The field is less advanced for haematological malignancies with a small number of studies. 

Limited studies of cfDNA have been undertaken in lymphoid and myeloid malignancies. Rossi 

and colleagues assessed diffuse large B-cell lymphoma (DLBCL) and found plasma cfDNA 

genotyping to be as accurate as genotyping the diagnostic lymph node biopsy in detecting 

mutations. Using longitudinal samples, they have also showed that plasma cfDNA could track 

mutations which correlated with disease status as well as detecting emergence of clonal 

evolution (76). Studies in multiple myeloma and lymphoplasmacytic lymphoma have shown 

mixed results when cfDNA data has been compared with BMA samples for mutation detection. 

In myelodysplastic syndrome, studies have shown that mutations associated with MDS, which 

usually are assessed on bone marrow DNA, can be detected on plasma cfDNA (77–79). Yeh 

and colleagues showed the potential clinical utility of plasma cfDNA in MDS. They found that 

plasma cfDNA can monitor disease and predict treatment failure by tracking driver mutations 

and karyotypic abnormalities in MDS (79).  

 

Comparatively, cfDNA research in AML is still in its infancy but with some early promising 

data. Vasioukhin et al demonstrated preferential detection of NRAS mutations in plasma cfDNA 

than in DNA from PB or BMA (80). In another AML NGS study some mutations were 

exclusively detected in cfDNA, and not in BMA in 22 newly diagnosed AML patients (81). 

Most recently, Nakamura and colleagues have advanced the field of cfDNA in AML by 

demonstrating the prognostic value of cfDNA in AML (82). In their study, they demonstrated 

the prognostic impact of molecular monitoring using serum cfDNA in AML and MDS post 

allogeneic stem cell transplantation.  

 

1.7.2 Urine cell free DNA 

cfDNA is also present in urine with two main sources. The first is cfDNA circulating in plasma 

that is then filtered through glomerular system (“transrenal cfDNA”), and, the second cfDNA 

that arises from the urogenital tract. Because of the ready accessibility, urine cfDNA has been 

studied as a sample source for molecular analyses and predominantly for urogenital 

malignancies of the bladder and prostate. This work has shown urine cfDNA can identify copy 

number variations, loss of heterozygosity and somatic mutations. Urine cfDNA has also been 
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proposed as a prostate cancer screening tool. Urine cfDNA has also been studied in non-

urogenital solid organ malignancies, including lung, gastric, colorectal, breast, pancreatic and 

liver cancers. In a study of advanced-stage non-small cell lung cancer, EGFR mutations could 

be detected in both plasma and matched urine samples (73). In another of colorectal and breast 

cancers, KRAS mutations were identifiable in urine cfDNA with a 73% concordance rate with 

the primary tumour sample (83).  

There have been very few studies of urine cfDNA analysis in haematological malignancies. 

Studies of Langerhans Cell Histiocytosis (LCH) and Erdheim-Chester disease (ECD) both 

showed that  the BRAF V600E mutation could be detected in cfDNA in urine and plasma 

(84,85); the concordance between urine cfDNA and tissue samples was 100%. 

 

A more detailed review of cfDNA in plasma and urine in haematological malignancies will be 

provided in Chapters 2 and 3 respectively. I will also discuss practical considerations for 

clinical deployment, such as preanalytical factors.  

 

1.8 Study Aims and Chapter Contents 

 

The aim of this programme of research has been to determine the suitability of cell-free DNA 

for molecular assessment in AML. Specifically, 

a) to evaluate the optimal methods for isolation of cfDNA from plasma and urine 

b) to examine if AML-associated mutations can be identified in cfDNA 

c) to determine the limit of detection using error-corrected NGS on cfDNA 

d) to compare cfDNA molecular results to current gold standard bone marrow analysis 

e) to correlate cfDNA molecular results with clinical outcomes 

 

This work is described in the following 5 Chapters. 

 

Chapter 2 involves detailed review of pre-analytical factors and methods for isolating cfDNA 

from plasma. This is followed by validation of proposed workflow as per guidelines for 

processing plasma cfDNA using samples from patients with AML.  
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Chapter 3 describes review of pre-analytical factors and methods for isolating cfDNA from 

urine. Given that there are no published guidelines in handling of urine cfDNA, examination 

of various pre-analytical factors for optimal cfDNA yield in urine was conducted using urine 

samples from patients with AML. This body of work was to determine the suitability of urine 

cfDNA for assessing mutations in AML patients. 

 

Chapter 4 compares three NGS sequencing panels, including NGS with UMIs, for the detection 

of mutations in 24 patients with AML. Bone marrow, whole blood and plasma cfDNA sample 

types are compared.  

 

Chapter 5 progresses cfDNA assessment to longitudinal assessment of mutations in a cohort of 

13 AML patients. Plasma cfDNA and bone marrow are compared for mutation detection and 

correlated with disease outcome. Dynamics of clonal evolution and challenges with 

interpretation of persistent mutations during clinical remission are also discussed.  

 

In Chapter 6, I summarise the whole data, discuss the significance of the work and present my 

view on future directions of plasma cfDNA as a tool in the assessment of AML. This includes 

plasma cfDNA at diagnosis and during monitoring and the challenges that need to be overcome.  
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Chapter 2: Plasma cell-free DNA and Protocol Validation  
 

Cell-free DNA derived from plasma has been reported to be applicable for a number of 

downstream genomic applications. However, to date, few have assessed the applicability for 

analysing somatic mutations in acute myeloid leukaemia. I have therefore undertaken a 

thorough analysis of the pre-analytical processing and methodological aspects of plasma-

derived cfDNA. This was required to validate the methodology prior to applying it to a large 

sample cohort. In this Chapter I give an overview of the biology of plasma cfDNA prior to 

addressing technical and validation aspects for studying AML.  

 

2.1 Biology of Plasma cell-free DNA  

 

2.1.1 Origin of Plasma cell-free DNA 

The predominant proportion of plasma cfDNA originates from the haemopoietic system (1,2). 

This data, derived from an organ transplantation model, assessed plasma cfDNA in sex-

mismatched bone marrow, heart, liver and kidney organ recipients. From this model they 

determined that the majority of cfDNA in plasma originated in the haemopoietic system 

(70,71). The exact mechanism for cfDNA release from haemopoietic cells remains elusive with 

three main possible sources, namely: apoptosis, necrosis and active cellular secretion (72). 

Each of these has been investigated.  

 

2.1.1.1 Apoptosis as the Mechanism of cfDNA  

One of the hallmarks of apoptosis is DNA fragmentation. Fragmentation of cfDNA is higher 

following apoptosis than following necrosis or phagocytosis (86). Specifically, cfDNA 

fragments longer than 10,000 bp are likely to originate from necrotic cells, whereas DNA 

fragments shorter than 1000 bp, particularly of 167 bp or multiples of this size, are reminiscent 

of the oligonucleosomal DNA ladder observed in apoptotic cells (87,88).  
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Figure 2.1: The structure of oligonucleosome and binucleosome, and their pattern on 

electropherogram 

                                                       

     oligonucleosome (167bp)            binucleosome (330bp) 

 

In most cases where plasma or serum DNA is subjected to electrophoresis, a ladder pattern 

reminiscent to that obtained from apoptotic cells is seen. Typically, these fragment sizes relate 

to multiples of nucleosomal DNA stretches, ranging from 150 to 1000 bp, as depicted on Figure 

2.1 (87,88). Giacona and colleagues characterized the cfDNA of healthy humans and 

demonstrated a size distribution between 61 and 567 bp, with a prominent peak between 161 

and 170 bp (89).  Jiang et al. have reported a distinct size of 166 bp for the cfDNA of 

hepatocellular carcinoma (HCC) patients (90). Since DNA fragments derived from necrotic 

cells are normally larger than 10,000 bp, these findings suggest an apoptotic origin for the bulk 

of cfDNA in diseased as well as healthy individuals (72,91).  

 

2.1.1.2 Necrosis as the Mechanism of cfDNA  

In contrast, others have observed larger fragments of cfDNA in the plasma of cancer patients, 

which suggests they are derived from necrotic cells (86,92). An argument against necrosis as 

the primary pathway for cfDNA release comes from observations that cfDNA levels decrease 

by approximately 90% following radiation therapy. If necrosis ensued, one would not expect a 

decline but a surge in cfDNA concentration (93,94). 

 

2.1.1.3 Cellular Secretions as the Mechanism of cfDNA  

The third proposal is that cfDNA is derived from active cellular secretions. The hypothesis is 

that newly synthesized DNA in association with a lipid-protein complex is released in a 

homeostatic manner. Cells have been shown to release extracellular vesicles, such as exosomes 

and prostasomes, which contain highly specific nucleic acids that often relate to the cell from 

which it originated (95,96). 
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In summary, most evidence suggests cfDNA is released as a consequence of apoptosis, but it 

is becoming increasingly clear that there may be more than one mechanism involved in cfDNA 

release. The relative proportions attributable to the various release mechanisms by which it is 

produced and by which it comes into systemic circulation is unknown. 

 

2.1.2 Degradation of cfDNA 

Following release, the subsequent fate of cfDNA is also incompletely understood. The few 

publications in this field infer that cfDNA is rapidly degraded by nucleases present in the blood 

and then metabolized and eliminated by the liver and kidneys. They have shown elimination to 

be in two phases: firstly, a slow process leading to a distribution/elimination phase followed 

by a second, faster phase corresponding to probable total elimination (97,98). In 2013, using 

massively parallel sequencing in post-delivery women, a team of researchers confirmed a two-

phase kinetics of fetal cfDNA. In this study, they identified a first phase with a 1 hr half-life 

time and a second phase with a 13 hr half-life time (99). 

 

The cellular DNAs, initially packaged in chromatin, are released by different biological 

phenomena, as described above, into the extracellular compartment to become cfDNA. cfDNA 

in various structures then undergoes degradation in the plasma. This degradation, is 

nucleosome dependent or, to a lesser extent, requires transcription factor-associated sub-

complexes. It occurs as a result of continuous dynamic inter-nucleosomal and intra-

nucleosomal nuclease activity (100). Consequently, detectable cfDNAs are mostly composed 

of a complex mixture of DNA that is highly degraded depending on the primary, secondary or 

tertiary structures. cfDNA is subject to a form of homeostasis in the bloodstream, where the 

amount of cfDNA depends on the equilibrium between the level of release and degradation or 

clearance. 

 

2.1.3 cfDNA in Malignant Diseases 

The above description outlines the origin, release and degradation of cfDNA. As briefly 

described in Section 1.7 (Chapter 1), there have been studies of cfDNA in malignant diseases, 

in both solid tumours and haematological malignancies. Some of this work is described to 

highlight the relevance of cfDNA as a sample source for studying somatic mutations in 

neoplasia.  
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2.1.3.1 Haematological Malignancies 

The early work on cfDNA in haematological malignancies focused in lymphoid neoplasms. 

These studies have been of diffuse large B-cell lymphoma, multiple myeloma, Waldenstrom 

macroglobulinaemia and Hodgkin lymphoma. These have shown capability of detecting 

mutations in cfDNA at diagnosis and with disease tracking. There are reports that cfDNA can 

be used to detect emergence of clonal evolution and correlates with risk and prognosis. 

However, there is variability between methods, mutations and malignancies and hence the true 

role of cfDNA remains unclear (76,101–108). Currently, cfDNA remains investigational and 

has not gained widespread adoption in clinical practice. 

 

There have been some, but fewer, studies of cfDNA in myeloid neoplasms. Studies of 

myelodysplastic syndrome have shown that disease-associated mutations can be detected on 

plasma cfDNA (77–79). Yeh and colleagues showed the potential clinical utility of plasma 

cfDNA in MDS. They found that plasma cfDNA can monitor disease and predict treatment 

failure by tracking driver mutations and karyotypic abnormalities in MDS (79). In AML, both 

N-RAS and NPM1 mutations have been shown to be identifiable in plasma cfDNA (80). In 

another study, Short and colleagues compared mutation detection using plasma cfDNA and 

BMA DNA in 22 patients with newly diagnosed AML (81). Of the 39 unique mutations 

identified across both sample sources, 5 mutations (13%) were detected exclusively in cfDNA, 

and 15 (38%) were detected only in the bone marrow. These findings are suggestive that plasma 

cfDNA may be complimentary in the molecular profiling in AML. Most recently, Nakamura 

and colleagues have advanced the field of cfDNA in AML by demonstrating the prognostic 

value of cfDNA in AML (82). They demonstrated the prognostic impact of molecular 

monitoring using serum cfDNA in AML and MDS post allogeneic stem cell transplantation. 

2.1.3.2 cfDNA and Solid Organ Malignancies  

More progress in the field of cfDNA has been made in solid organ malignancies with cfDNA 

testing having been translated into clinical oncology practice since 2017. Specifically, cfDNA 

is now prescribed for the detection of EGFR mutations in non-small cell lung cancer to help 

guide the clinician in the use of anti-EGFR targeted therapy (73,74).  In metastatic colorectal 

cancer, KRAS variants detection by cfDNA is available for commercial use in Europe. This is 

used to determine eligibility of patients with metastatic colorectal cancer for anti-EGFR 

targeted therapy. These assays have demonstrated clinical validity through correlative studies 

(74,75).  
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2.1.4 Pre-Analytical Considerations for plasma cfDNA 

The interest in and success of analysing cfDNA has led to the need to establish testing 

guidelines and with specific attention on the pre-analytical conditions (109,110). Some 

guidance has been published but not fully evaluated to determine validity for all disease 

scenarios. Specifically, the feasibility of these protocols has not been explored for analysing 

plasma cfDNA for patients with AML. This is important as the methodology must be 

sufficiently robust to enable leukaemic cfDNA to be differentiated from the background 

normal, wild-type cfDNA fragments. To achieve this will necessitate having stringent and 

standardized preanalytical procedures. Factors that require consideration include:  

(a) Blood collection: including the blood volume requirements, impact of the sample tube 

and anticoagulant, time from collection to processing and sample storage conditions; 

(b) Plasma isolation: methodology and storage prior to analysis; and,  

(c) cfDNA extraction: extraction methodology, storage of cfDNA prior to mutation 

analysis and thawing of frozen cfDNA. 

 

In this component of my research, I have therefore conducted a validation assessment on the 

proposed methods in accordance with published guidelines (109,110), on samples from 

patients with AML. The aim was to ensure the methodology for studying cfDNA in AML 

samples could distinguish leukaemic cfDNA from normal cfDNA. This was essential prior to 

embarking on a thorough analysis of larger number of AML samples at diagnosis and 

throughout the disease course. 

 

2.2 Methods 

2.2.1 Patients and Samples 

This validation exercise was performed on blood samples patients with AML treated at the 

Royal Perth Hospital (RPH), Western Australia. All samples were collected at the time of 

diagnosis. Samples were collected from patients following written informed consent. Full 

ethics and governance approvals have been granted for RPH (reference number: RGS 

0000143). Samples from healthy individuals were not collected as cfDNA in normal population 

has been studied and characterised (111–114).  
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2.2.2 Blood Collection 

Since heparin can inhibit the PCR, it is not an ideal anticoagulant for processing of plasma 

cfDNA (115). Studies have demonstrated that EDTA to be the best anticoagulant for studying 

cfDNA with the stability of cfDNA ensured for up to 4 hour from blood collection (115,116). 

In this study, blood samples were collected into EDTA Vacutainer® blood collection tubes 

(Becton Dickinson, North Ryde, Australia). For this protocol validation exercise, a total of 

27ml of blood was collected from each patient into 3 x 9ml EDTA Vacutainer® blood 

collection tubes (Becton Dickinson, North Ryde, Australia). 

 

2.2.3 Plasma Processing, Isolation and Storage 

As EDTA tubes were used, the prevention of lysis of leucocytes is of the utmost importance. 

To do so, plasma isolation should be of the shortest duration possible, with a delay not 

exceeding 4 hours when using EDTA tubes (117,118). The samples for protocol validation 

purpose were processed within 4 hours of collection.  

 

Guidelines have also suggested that plasma retrieval near the buffy coat should be avoided. It 

is recommended that only approximately the upper two-fifths of the initial blood volume, 

corresponding to the cell-free recovered plasma volume after separation, is used with plasma 

derived from EDTA tubes. However, it is noted that there may be significant variation in the 

quantity of cfDNA recovered from plasma which is dependent on the type of disease and 

treatment received (109,110). Specific procedures are needed to isolate plasma from blood. 

Two research groups have examined a 2-step plasma separation procedure (119,120). The first 

step consisting of a low-speed centrifugation of blood, for 1600g for 10 min, to concentrate 

blood cells in the pellet, and then a second centrifugation at higher speed, 16000g for 10 min, 

to eliminate cell organelles and debris. It is recommended that careful retrieval of the first 

plasma supernatant is needed to avoid contamination by the buffy coat. This 2-step approach 

has been validated and is now established as the optimal procedure of choice (109,110).  

 

In this project, tubes were first centrifuged at 1,600 x g for 10 minutes to separate the blood. 

The plasma fraction was separated into 1 mL aliquots for further clarification by centrifugation 

at 16,000 x g for 10 minutes to pellet any remaining cells and/or debris. The clarified plasma 

supernatant was collected as 1 mL aliquots. Centrifugation below 10,000 x g was performed 

on an Eppendorf centrifuge 5702, and centrifugation 10,000 x g and above on an Eppendorf 
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centrifuge 5430R. After each centrifugation, plasma was carefully transferred to a new 1.5 mL 

DNA LoBind tubes (Eppendorf, Macquarie Park, Australia) without disturbing the buffy coat 

or cell pellet. This was to avoid any potential contamination by leucocytes. 

 

Because degradation continues in ex vivo plasma, the study stored the plasma samples at -80°C 

until further use once isolation process was completed. This is to minimize nuclease activity. 

There have been several experiments showing cfDNA stability in plasma at either-20 °C or -

80 °C (110). It is recommended that plasma could be stored at -80 °C for up to 10 years for the 

detection of a specific DNA sequence (109).  

 

2.2.4 DNA Extraction from Plasma 

Currently, there are 3 general methodologies for cfDNA extraction, based on anion exchange, 

silica membrane and magnetic particles. Although it might be assumed that cfDNA extraction 

should be performed with specific methods, only a small difference was observed when blood 

and tissue kits were directly compared with specific circulating nucleic acid kits (121). 

Commercial cfDNA extraction kits have also been validated with respect to yield and 

reproducibility, such as QIAGEN circulating nucleic acid kit (122). 

 

For this validation exercise, DNA was extracted from 5ml of separated plasma using QIAamp® 

Circulating Nucleic Acid Kit (Qiagen, Chadstone, Australia), according to the manufacturer’s 

protocol. Briefly, plasma was mixed with Qiagen Proteinase K and Buffer ACL for lysing 

purpose to ensure release of DNA from bound proteins, lipids, and vesicles. Buffer ACB and 

carrier RNA were subsequently added to the lysate to allow optimal binding of the circulating 

DNA to the silica membrane. Lysates were then transferred onto a QIAamp Mini column, 

where DNA were adsorbed onto the silica membrane as the lysate is drawn through by vacuum 

pressure on the QIAvac® 24 Plus. Contaminants were excluded during the subsequent wash 

steps. Silica membrane-bound DNA was then eluted using 25ul of low TE. After extraction, 

all DNA samples were analysed for total DNA concentration and the length of DNA fragments 

(cfDNA and gDNA).  

 

2.2.5 Plasma DNA Quantification  

cfDNA can be quantified using 3 broad methodologies, namely spectrophotometry, 

fluorometry and qPCR. Quick and accurate reading of DNA concentration can be performed 
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using spectrophotometry (e.g. Nanodrop technology) to measure the absorbance at 260 nm. 

However, the absorbance measurement is not accurate at measuring low concentration. It is 

mainly limited to double-stranded DNA concentrations of 2ng/uL or more, which are not 

achievable in a substantial fraction of the examined cfDNA extract (123).  Fluorimetric 

quantification (e.g., using Qubit technologies) is the preferred option for the analysis of 

samples with such a relatively low concentration of cfDNA. The use of Qubit enables accurate 

concentration quantification to as low as 10pg/ul (123). qPCR-based methods enable the 

highest sensitivity and specificity levels when determining DNA concentration (124). 

However, this method requires the design and development of qPCR primers that may not be 

readily available. 

 

For the work undertaken in this project, the plasma DNA concentration was measured using 

the Qubit®dsDNA High Sensitivity Assay Kit and the Qubit® 2.0 Fluorometer (Thermo Fisher 

Scientific) according to the manufacturer’s protocol. 10 μL of DNA standards #1 and #2 (0 

ng/μL and 10 ng/μL respectively) were added to 190 μL of working solution (containing the 

Qubit® dsDNA HS Reagent), vortexed for 2-3 seconds and incubated for 2 minutes at RT. The 

same process was carried out for the DNA samples to be tested, using 2 μL of test DNA and 

198 μL of working solution. After incubation for 2 minutes at RT, the tubes were inserted into 

the Qubit® 2.0 Fluorometer for DNA quantification. The fluorescence of each DNA sample 

was measured at 485/530 nm and plotted against a standard curve (based on the relationship 

between the 2 DNA standards) to determine the DNA concentration in ng/μL. Plasma DNA 

yield was adjusted to per ml of plasma for standardisation, and therefore expressed as ng per 

ml of plasma. 

 

2.2.6 Plasma DNA Fragment Analyses 

For this study, fragment length distribution and concentration of extracted DNA from plasma 

were analysed on the Agilent 2100 Bioanalyzer using the Agilent High Sensitivity DNA Kit 

(Agilent Technologies, Mulgrave, Australia) according to the manufacturer’s instructions. 

First, a gel-dye mix was prepared by adding 15 μL of High Sensitivity DNA dye concentrate 

into a vial of High Sensitivity DNA gel matrix and centrifuging in the provided spin filter for 

10 minutes at 2240 x g. The final gel-dye mix filtrate was then loaded into a High Sensitivity 

DNA chip. Briefly, 9 μL of gel-dye mix was dispensed into 1 well of the chip and dispersed 

throughout the chip microchannels via syringe pressure. Each of the sample wells (n=12) was 
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then loaded with 5 μL of High Sensitivity DNA markers, along with 1 μL of the DNA samples 

(11 per chip). High Sensitivity DNA ladder (1 μL) was added to the final sample well. The chip 

was vortexed for 1 minute at 2400 rpm in the IKA vortex mixer (IKA, Selangor, Malaysia) 

then loaded into the Agilent 2100 Bioanalyzer for analysis. The samples were then injected 

from the chip microchannels into a separation channel, where the DNA molecules were 

separated by electrophoresis. The resulting electropherograms detailing DNA fragment size (in 

base pairs) against the fluorescence intensity of the sample (in fluorescence units) were 

computationally generated by the Agilent 2100 Expert Software based on the results of the 

ladder migration. DNA concentration (pg/µL) was extrapolated from the area under the sample 

size peak. 

 

This kit has high sensitivity in the fragment region between 50-7000 bp. Smear analysis was 

performed on 2100 Expert Software. Lower and upper limits on smear analysis were 35bp and 

10380bp respectively. In the smear analysis, the relative amount of DNA present between 

following boundaries were calculated: 35–600 bp and 35-10380 bp. cfDNA was represented 

by the region 35–600 bp. Genomic DNA was represented by the region 600-10380bp. Region 

35-10380 bp represents total DNA including the short fragmented cfDNA and long genomic 

DNA. The boundary of 35 bp and 600 bp was based on literature, since studies showed that 

plasma cfDNA fragments are usually in the size range of 1-3 nucleotides (170bp to 510bp) 

(72,87,88). The purity index of plasma cfDNA isolated was calculated as cfDNA/total DNA 

ratio. In the event of pure cfDNA without genomic contamination, the ratio is 1.0. The ratio is 

lower with increasing genomic contamination. 

 

2.2.7 Plasma DNA Storage 

Generally, degradation of DNA increases with repeated freeze–thaw cycles as this results in 

DNA shearing (125). However, the high fragmentation specific to cfDNA might result in a 

higher susceptibility to degradation (126). Also, repeated freeze–thaw cycles may be 

detrimental for quantification or for fragmentation level studies, especially with regard to 

cfDNA (110). Because of this, for this project, cfDNA was aliquoted just after extraction but 

before freezing. Like genomic DNA extracts, cfDNA extracts have been shown to be stable 

when stored at-20 °C or -80°C. The use of polypropylene tubes (“low-bind” tubes) for cfDNA 

storage has also been shown to beneficial as they absorb less DNA (110). I therefore stored 

cfDNA at -800C in aliquots using 1.5ml DNA LoBind tube (Eppendorf, Macquarie Park, 
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Australia) prior to batch analysis. Study has demonstrated that cfDNA that undergoes more 

than 3 freeze–thaw cycles exhibits increase in fragmentation (110). In this project, the cfDNA 

samples were made sure to not undergo more than 3 freeze-thaw cycles.  

  

2.3 Results  

2.3.1 Patients and Samples 

Thirty-one patients consented to this protocol validation study. Blood samples from these 

patients were collected and processed for plasma isolation. At least 5ml of plasma was 

successfully isolated from each sample. 

 

2.3.2 Plasma cfDNA Quantification 

The plasma input for cfDNA extraction was generalised to 5ml for all 31 samples. The results 

of cfDNA quantity extracted from these plasma samples were listed on Table 2.1. For 

standardisation, cfDNA yield was adjusted to 1ml of plasma.  

 

The median cfDNA yield from plasma was 26.86 ng per ml of plasma, with an interquartile 

range of 8.66 to 78.94 ng per ml of plasma. The results ranged between 2.61 and 1867.60 ng 

per ml of plasma. There were 5 upper outliers, resulting in mean cfDNA yield of 152.28 ng per 

ml of plasma. These data were shown in Figure 2.2. 
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Table 2.1: Results of plasma cfDNA yield from 31 patients 

Sample no Volume of Plasma 

(ml) 

DNA (ng) per ml 

plasma 

cfDNA purity 

1 5 481.07 1.00 

2 5 8.66 0.97 

3 5 101.25 0.97 

4 5 33.09 0.96 

5 5 32.81 0.99 

6 5 13.34 0.94 

7 5 21.62 0.95 

8 5 15.97 0.99 

9 5 47.02 0.98 

10 5 62.10 0.97 

11 5 2.61 0.90 

12 5 8.89 0.85 

13 5 6.97 0.89 

14 5 7.66 0.92 

15 5 66.61 0.99 

16 5 3.44 0.93 

17 5 27.78 0.90 

18 5 15.09 0.89 

19 5 3.62 0.94 

20 5 79.67 0.87 

21 5 1012.00 0.83 

22 5 509.68 0.94 

23 5 7.67 0.90 

24 5 3.99 0.84 

25 5 17.11 0.89 

26 5 1867.60 0.99 

27 5 78.94 0.97 

28 5 80.96 0.95 

29 5 19.50 0.93 

30 5 57.22 0.83 

31 5 26.86 0.91 

 



 29 

Figure 2.2: Plasma cfDNA yield (ng per ml of plasma)  
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2.3.3 Plasma cfDNA Fragment Analyses 

The electropherograms of all plasma cfDNA analysed showed a consistent pattern. A peak of 

DNA fragment was detected at approximately 160bp; in some analyses multiplies of 160 (i.e. 

peaks around 300bp and 450bp) were detected. One representative example of this 

electropherogram is shown in Figure 2.4.   

Genomic DNA contamination was minimal as evidenced by the high purity index. The median 

plasma cfDNA purity index was 0.94, with interquartile range of 0.89 and 0.97, and minimum 

and maximum of 0.83 and 1.0 respectively (Figure 2.3). There were no outliers identified. The 

results were detailed on Table 2.1. 

 

Figure 2.3: Plasma cfDNA purity 
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Figure 2.4: representative example of electropherogram of plasma cfDNA 

                               

                          

 

 

2.4 Discussion  

The work undertaken has shown that cfDNA of sufficient quantity and quality can be obtained 

from the blood of newly diagnosed patients with AML. Further, the data favours the cfDNA to 

have been released from the leukaemic blast cells as a consequence of apoptosis.  

 

2.4.1 cfDNA Protocol for AML 

One of the first challenges in obtaining a cfDNA preparation or extract is to do so with a high 

yield while avoiding any contamination from DNA derived from blood cells. Serum and 

plasma have been used as the sample sources for cfDNA. Several works comparing cfDNA 

concentrations in paired plasma and serum samples have revealed significantly higher cfDNA 

concentrations in serum than in plasma. These studies have demonstrated that the increased 

level of cfDNA in serum is due to the clotting process of white blood cells in the collection 

tube leading to their lysis (127–130). Therefore, the use of plasma is definitely preferred, as 

this helps to minimize contamination with DNA from leucocytes, thus optimizing sensitivity 

oligonucleosome 

binucleosome 
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and data homogeneity. My data has consolidated that cfDNA extracted from plasma samples 

of patients with AML are of high yield and free from significant genomic DNA contamination.   

In my study of 31 patient samples, the optimal blood volume required and plasma cfDNA yield 

for patients was not established. However, the results indicate that the protocol is suitable for 

the analysis of plasma cfDNA in patients with AML (which will be progressed in Chapters 4 

and 5) utilising the findings that: 

• 27 ml blood provides sufficient plasma for cfDNA extraction.   

• The yield of plasma cfDNA using this protocol meets the minimum DNA input of 20ng 

required for NGS.  

• The results also showed reproducibility in cfDNA purity with no significant genomic 

DNA contamination.  

This protocol requires isolation of plasma from blood to be processed within 4 hours of sample 

collection as the sample collection uses EDTA containing collection tube. Contamination with 

DNA from leucocytes is a possibility in EDTA tubes if they are used for the storage of blood 

for more than 4 hours (116). Because of this, commercial cell stabilizer tubes have recently 

been developed to inhibit blood cell lysis. These tubes are used when the delay between blood 

draw and plasma preparation is more than 4 hours. They allow the preservation of cfDNA in 

blood samples for up to 7 days at room temperature by using a preservative agent to prevent 

the release of genomic DNA from blood cells (131). One of the most studied commercial cell 

stabiliser tubes is the Streck cell-free DNA blood collection tube (132). This is an area that 

could be optimised to allow a more flexible workflow in handling and isolation of plasma.  

 

2.4.2 cfDNA Yield  

Using the approach, cfDNA was successfully extracted from plasma isolated from 27ml whole 

blood for all 31 patients studied. The cfDNA yield of 2.61 – 1867.60 ng (median 26.86 ng) per 

ml of plasma, in these diagnostic samples, was higher than normal population. The median 

cfDNA for a healthy individual was estimated to be 5.43ng per ml of plasma (112,114). This 

is consistent with the observation in other cancer groups where cfDNA in other cancer patients 

is higher than healthy subjects (111–114). Specifically, the median plasma cfDNA for patients 

with colorectal cancer was estimated to be 26.0ng/ml of plasma (113). The clinical relevance 

of cfDNA quantity produced by this protocol will be expanded upon in Chapter 4.  
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2.4.3 cfDNA Fragment Analyses  

The fragment length of the extracted cfDNA was extensively studied. My data for the AML 

patients showed that the cfDNA was characterised by a fragment size peak around 160bp, and 

with multiples, as shown consistently on the electropherogram. This size is in accordance with 

other published studies from plasma cfDNA from other malignancies (126,133,134). Several 

studies have examined the length of individual cfDNA fragments in healthy and cancer settings 

have shown that tumour-derived cfDNA is characterised by high fragmentation and on average 

is 6 base pairs shorter than those of healthy origin. In addition, they showed that tumour-derived 

cfDNA exhibits greater variability in their lengths with mutant cfDNA fragments ranged from 

30 bases smaller to 47 bases larger than wild-type cfDNA fragments. When analysed 

individually, it also appeared that each cancer type has a slightly different median cfDNA 

fragment length and fragmentation profile (126,133,134). This gave rise to the idea that 

describing molecules by size could improve the detection of DNA molecules of interest, as has 

been shown in fetal cfDNA studies. Fetal  cfDNA has also been shown to be shorter than 

maternal DNA in plasma, and these size differences have been used to improve sensitivity of 

non-invasive prenatal diagnosis (135,136). A genome-wide study exploited the differences in 

fragment lengths of circulating DNA in cancer to enhance sensitivity for detecting the presence 

of mutant cfDNA.  They showed that by selecting fragments between 90 and 150 bp improved 

detection of tumour cfDNA. Analysis of size-selected cfDNA identified clinically actionable 

mutations and copy number alterations that were otherwise not detected (137). 

 

2.4.4 Source of cfDNA in AML 

The data for the 31 AML patients studied suggests the cfDNA is present in the blood as a result 

of cellular release from normal leucocytes or the neoplastic leukaemic cells. The mechanism 

of release is likely of apoptotic cell death as DNA fragments 167 bp or multiples of this size, 

are reminiscent of the oligonucleosomal DNA ladder observed in apoptotic cells (87,88).  

Observations that cfDNA typically shows peaks at multiples of ~166 base pairs in length have 

been used as evidence that apoptosis serves as a major mechanism for cfDNA release (87,88).  

 

2.5 Conclusion 

In this Chapter I have reviewed the pre-analytical conditions required to optimise cfDNA 

extraction for samples from patients with AML and validated a working protocol. Based on 

this analysis, I have successfully devised a working protocol addressing the blood sample 



 34 

requirements for cfDNA extraction from plasma suitable for the analysis of AML samples. 

This protocol will be applied for plasma processing and plasma cfDNA extraction for the 

analysis of AML samples (to be described in Chapters 4 and 5). Prior to the discussion of 

plasma cfDNA in disease assessment and monitoring in AML, urine will also be evaluated as 

an alternate sample source of cfDNA; this is the subject of Chapter 3. 
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Chapter 3: Urine cell-free DNA and Protocol Development 
 

Urine cfDNA has been studied as a sample source for molecular analyses for malignancies, 

including urogenital malignancies and non-urogenital solid tumours (e.g. breast, gastric, 

colonic cancer). To date, the applicability for analysing somatic mutations on urine cfDNA in 

AML has not been assessed. The promise from these studies of analysing urine cfDNA led to 

this project. The aim of the study is to assess the suitability of urine cfDNA as a sample source 

for molecular analyses in AML.  

 

I will first give an overview of the biology of urine cfDNA and applications to date for genomic 

analysis. I then performed an evaluation of the pre-analytical conditions required to optimise 

urine cfDNA as a sample source for AML assessment. This was required to determine if urine 

would be a suitable non-invasive readily accessible sample to evaluate cfDNA in AML.  

 

3.1 Biology of Urine cell-free DNA 

3.1.1 Origin of urine cell-free DNA 

There are two main sources of urinary cfDNA:  

1. Plasma-derived cfDNA that has been filtered through the renal glomerular system which 

appears in the urine and is termed “transrenal cfDNA”, and,  

2. cfDNA that arises directly from the urogenital tract.  

 

3.1.1.1 Transrenal cfDNA 

Numerous studies have demonstrated the presence of transrenal cfDNA. Botezau and 

colleagues showed the presence of male DNA sequences in urine samples from women 

transfused with male blood (138). In other studies specific cfDNA cancer sequences have been 

detected in the urine from patients with lung and colon cancer, demonstrating that plasma 

cfDNA can pass through the glomerular filtration and appear in urine (73,139). Detection of 

transrenal DNA in urine has raised questions regarding the mechanism of DNA translocation 

from the bloodstream into the urine.  

 

The average molecular weight of transrenal DNA in the urine is about 90 kDa (150 bp), but 

fragments of higher molecular weight are also present (138). It is known that the molecular-
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weight cut-off in the renal glomeruli is about 70 kDa (140). It is important to note that cfDNA 

in plasma are mostly packaged in nucleosomes. The size of a nucleosome is around 160bp 

DNA wound around the histones (87,88). Therefore, in theory, nucleosomes, having a diameter 

larger than glomerular membrane pores, should not be capable of crossing the renal barrier in 

their classical configuration. It has been hypothesized that DNA crosses the kidney barrier as 

a protein free molecule, as a nucleoprotein, or even as a part of small apoptotic bodies 

(141,142). 

 

3.1.1.2 Urogenital Tract cfDNA 

Results from a number of studies have shown that cfDNA in the urine is derived from apoptosis 

or necrosis of urogenital cells, including epithelial cells from the bladder, prostate, kidney and 

also lymphocytes (138,139,143,144). Under normal circumstances up to 3 x 106 bladder and 

urinary tract epithelial cells can be excreted into the urine within 24 hours (141). These cells 

may partially enter apoptosis, and short fragmented apoptotic DNA from these cells will 

inevitably reach the urine. These cells also produce long DNA fragments through necrosis. 

Numerous studies have shown that the amount of long DNA fragments is higher with longer 

duration between collection and processing of urine sample, consistent with genomic DNA 

release from cell lysis within the urine sample (145,146). In addition, bacterial contamination 

of the urine sample contributes to the DNA present in the urine (146).  

 

3.1.2 Urine cfDNA vs Plasma cfDNA profile 

Urine cfDNA is more fragmented than plasma cfDNA due to the degradative urine 

environment (141). The size of low-molecular weight DNA fragments in urine has been 

evaluated in various studies. Su and colleagues recovered cfDNA fragments between 150 and 

250 bp from urine supernatant (139), and in another study cfDNA ranged in length from 150 

to 400 bp (147). In 2008, Melkonyan et al. improved the isolation and detection methods of 

urine cfDNA, and observed a group of shorter urine cfDNA fragments of 10-150 bp, in addition 

to the previously discovered 150-200 bp DNA fragments (148). In a study evaluating fetal 

cfDNA in the urine of pregnant women, fetal urine cfDNA fragments were even shorter, with 

a peak of 29 to 45 bp in length (149). 
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3.1.3 Degradation of Urine cfDNA 

cfDNA becomes degraded in urine through enzyme activity. Nuclease activity, especially 

DNase I activity, is up to100-fold higher in urine than blood (150–152). DNase II in urine is 

also higher in urine, reported to be about 5 times higher than blood (152,153). These 

environmental conditions make urine cfDNA prone to degradation leading to very short half-

life. Compared with serum , urine contents have a much stronger effect on DNA degradation. 

The half-life of DNA in serum is estimated to be around 5.5 hours whereas in urine is too short 

to detect (98). The short half-life in urine was measured in renal stone patients. urine cfDNA 

in both the renal pelvis and voided urine was degraded under first-order kinetics with a half-

life of 2.6-5.1 hours (154). 

 

Figure 3.1: The various components within a urine sample relating to cfDNA and DNA 
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3.1.4 Urine cfDNA and Malignancies 

Urine cfDNA as a sample source for molecular analyses has predominantly been studied in 

solid organ malignancies especially urogenital malignancies and with very limited studies in 

haematological malignancies. This section summarises the published data in this field.  

3.1.4.1 Urine cfDNA and solid organ malignancies 

The majority of the urine cfDNA research in urological cancer has been on bladder and prostate 

cancers. In bladder cancer, Togneri et al. showed that urine cfDNA is more informative of 

mutation status than plasma cfDNA (155). They reported a higher tumour genome burden in 

urine cfDNA for identifying copy number variations, loss of heterozygosity, and numerous 

somatic mutations. Urine cfDNA was also shown to provide a higher sensitivity in terms of 

genomic alterations detection (90%) than cellular DNA from urine (61%). In another study 

focusing on microsatellite instability in chromosomes 4, 9, and 17 the authors showed 

concordant results between primary tumour samples, plasma, serum and urine (156). Urine 

cfDNA analysis for FGFR3 or PIK3CA mutations also demonstrated its utility in the disease 

surveillance for bladder cancer. Urine cfDNA at different time points showed that higher levels 

of FGFR3 or PIK3CA mutations were associated with the progression of bladder cancer (157). 

 

In prostate cancer, whole genome sequencing was used to evaluate copy number variations 

(CNV) in urine cfDNA from patients with advanced disease (158). Significant CNVs in 34 

genomic loci were discovered, leading to development of a urine genomic abnormality score 

algorithm. This was established to evaluate the ten most significant segments with CNVs. The 

urine genomic abnormality scores have been shown to correlate with cancer progression status 

and overall survival during therapy, indicating that urine cfDNA has potential clinical utility 

in monitoring and predicting treatment response in advanced prostate cancer.  

 

In another study urine cfDNA was assessed as prostate cancer screening tool (159). GSTP1 

was the most frequent DNA aberration observed in prostate cancer (160). GSTP1 gene 

methylation status in urine cfDNA of prostate cancer patients was significantly different from 

that of benign prostatic hyperthrophy patients and healthy controls, indicating the potential 

diagnostic value of urine cfDNA in screening of prostate cancer. Further, the methylation 

profile of the GSTP1 gene promoter was the same in urine as in the blood of patients with 

prostate cancer.  
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Urine cfDNA has also been studied in non-urogenital tumours including non-small cell lung 

cancer (NSCLC), gastric cancer, colorectal cancer, breast cancer, pancreatic cancer and 

hepatocellular carcinoma. Reckamp and co-workers reported the ability to detect EGFR 

mutations in both plasma and matched urine samples from patients with EGFR-mutated 

advanced-stage non-small cell lung cancer (NSCLC) (73). Using the mutation status of 60 

evaluable tissue samples as a reference, the sensitivity of EGFR mutation detection in urine 

was 72%, comparable to those achieved with plasma. While receiving treatment with EGFR-

TKI, a rapid decrease in urine T790M levels was observed in keeping with treatment response 

(73). Urine EGFR mutation status was also examined in 120 gastric cancer patients known to 

have  EGFR mutations and 100 healthy controls (161). During the course of EGFR TKI 

treatment of gastric cancer, EGFR mutations were monitored serially for 12 months. The 

concordance rate of EGFR mutation status between urine cfDNA and primary tissue samples 

was 92% at baseline and 99% at different time points in gastric cancer patients.  

 

Urine KRAS mutations have also been assessed in colorectal and breast cancers with 73% 

concordance between urine cfDNA and the primary tumour sample(83). In another study, 

KRAS mutations in urine cfDNA were detected in 27 of 56 patients with pancreatic cancer 

(162). Finally, in hepatocarcinoma, p53 mutations at codon 249 were detected in urine 

specimens in 53% of patients in a small case series (163).  

 

3.1.4.2 Urine cfDNA and haematological malignancies 

There are few studies of urine cfDNA in haematological malignancies. Two rare 

haematological cancers, Langerhans Cell Histiocytosis (LCH) and Erdheim-Chester disease 

(ECD), both which harbour high prevalence of BRAF V600E mutation have been evaluated. 

These studies showed that BRAF V600E mutation was detectable in urine and plasma cfDNA 

of patients with both LCH and ECD (84,85). There was 100% concordance of BRAF V600E 

between urine cfDNA and tissue samples. In addition, urine cfDNA BRAF V600E mutation 

burden was showed to correlate with treatment response (84). 
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3.1.5 Pre-Analytical Considerations for Urine cfDNA Analysis for AML Samples 

To be able to consider using urine cfDNA as an analytical tool requires a standardised method. 

Although these conditions have been established for plasma cfDNA (as described in Chapter 

2), little has been published for urine and there is no standard or validated method for sample 

handling, supernatant separation, cfDNA isolation or urine cfDNA quantification.  

 

Ideally, the presence of long genomic DNA (gDNA) fragments (>500 bp), derived from intact 

non-malignant cells from the urinary tract, should not dilute the cfDNA derived from an 

abnormal (e.g. neoplastic) cell population. This dilution would inevitably decrease the 

sensitivity and specificity of molecular biomarkers. Therefore, a method is required that can 

effectively isolate urine low molecular weight cfDNA. This is crucial because of the low 

molecular weight of transrenal cfDNA which is of the greatest interest for molecular 

biomarkers detection in AML.  

 

In this Chapter I aim to determine how the following pre-analytical conditions influence the 

yield of urine cfDNA and genomic DNA.  

• Optimal method to prepare cell-free and genomic DNA-free urine; 

• The effect of time from urine collection to processing for cfDNA analysis; and, 

• The effect of time since last bladder void on the quality of cfDNA for downstream 

mutation studies. 

Following this analysis, I will determine the suitability of urine to analyse cfDNA for mutations 

in AML.  

 

3.2 Methods 

3.2.1 Subjects and Sample Processing  

Samples were collected following written informed consent from healthy volunteers and 

patients with AML. Full ethics and governance approvals have been granted for RPH 

(reference number: RGS 0000143). 

 

3.2.1.1 Part 1: Preparation of cell-free and genomic DNA-free urine 

Background: In this project the design included assessment of the most optimal protocol to 

obtain the highest yield of urine cfDNA. One of the key steps is to obtain cell-free urine without 
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genomic DNA contamination. The only approach described in previous studies is a 

centrifugation-based protocol (146,156,158,164,165). These have used 1-step high-speed 

(15,000-16,000g, 10-30 mins), 1-step low-speed (600-800g, 10mins) and 2-step (600-1800g, 

10mins followed by 10,000-16,000g, 10 mins) methods. Even though a range of centrifugation 

conditions have been applied, none fully remove sufficient cellular material and genomic DNA 

leading to genomic DNA contamination (146). Filtration, although used for sterilising or 

clarifying biological solutions, such as cell culture and microbial media, by removing cells, 

fine particle and bacteria has not been studied for cfDNA applications.  

 

Protocol: To examine the optimal protocol for the highest yield of urine cfDNA free of cells 

and genomic DNA contaminations, the study set out to examine and compare these two 

approaches: filtration and centrifugation using urine samples from healthy volunteers and AML 

patients. The study was divided into 2 parts: an “experimental” part to evaluate different 

protocols, and, “validation” to further validate the findings. The steps involved in both parts 

are summarised in Figures 3.2 and 3.3. 

• Study 1 - Experimental study: A total of 39 urine samples were obtained from 3 healthy 

volunteers and 10 AML patients. For each subject, at least 30ml of urine was collected 

into 50ml disposable sterile urine containers (Sarstedt, Preston, Australia). Urine 

samples were subjected to 5 different centrifugation protocols and 1 filtration protocol. 

The details of each protocol are listed in Table 3.1. The breakdown of sample number 

and sample source for each protocol are also detailed in Table 3.1. For each protocol, 

30ml of urine with EDTA was used as the starting volume for every sample. Samples 

were processed within 2 hours of collection (Figure 3.2).  

• Study 2 - Validation study: Two urine samples from 2 healthy volunteers were studied. 

At least 60ml of urine was collected from each subject into multiple 50ml disposable 

sterile urine containers (Sarstedt, Preston, Australia). The samples were then divided 

into 2 parts, each of 30ml. The samples were subjected to a 2-step centrifugation 

protocol as well as the filtration protocol (Figure 3.3)  

All urine samples were collected as mid-stream urine in the morning after the first pass urine 

between 7am to 12pm. EDTA, 0.6ml at 0.5mol/L concentration at pH of 8.0 (Thermo Fisher 

Scientific), was added as a preservative to 29.4ml of urine immediately after sample collection 

to achieve a final concentration of 10mmol/L of EDTA.  
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Centrifugation method: Centrifugation below 10,000 x g was performed in an Eppendorf 

centrifuge 5702, and at 10,000 x g or above in an Eppendorf centrifuge 5430R. After each 

centrifugation, the supernatant was carefully transferred to a new 1.5 mL microfuge tube 

(System Biosciences, Palo Alto, USA) without disturbing any urinary sediment. All 

centrifugations were performed at room temperature. Following centrifugation or filtration, 

processed urine supernatant samples were stored at -800C. Prior to analysis, the urine samples 

were thawed at room temperature, and further centrifugation steps were applied for 4-step and 

5-step centrifugation protocols (Table 3.1).   

 

Filtration method: Filtration of urine was performed using Nalgene Syringe Filter 25mm 0.2um 

PES membrane (Thermo Fisher Scientific). A maximum 5ml of urine with EDTA was filtered 

using one Nalgene Syringe Filter. At least 6 were required to process full 30ml of urine sample. 

Filtered urine samples were stored at -800C.  

 

 

Figure 3.2: Workflow showing the procedure used to assess preparation of cell-free and 

genomic DNA-free urine – Experimental Study 
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Figure 3.3: Workflow showing the procedure used to assess preparation of cell-free and 

genomic DNA-free urine – Validation Study 

 

 



 44 

Table 3.1: Centrifugation protocols and filtration protocol used in the experimental setup for urine with EDTA preservative.  

 

Protocol Details Sample number & source 

1-step (1+0) 

centrifugation 

16,000 x g 10 mins, supernatant frozen at -800C 6 patient samples and 1 volunteer sample 

2-step (2+0) 

centrifugation 

1,800 x g 10 mins followed by 16,000 x g 10mins, supernatant frozen at -800C 2 patient samples and 5 volunteer samples 

4-step (1+3) 

centrifugation 

16,000 x g 10mins, supernatant frozen at -800C 

500 x g 10mins, 2000 x g 10 mins, 10,000 x g 10 mins on thawed sample 

7 patient samples 

5-step (2+3) 

centrifugation 

1,800 x g 10 mins followed by 16,000 x g 10mins, supernatant frozen at -800C 

500 x g 10mins, 2000 x g 10 mins, 10,000 x g 10 mins on thawed sample 

10 patient samples  

Filtration 25mm 0.2um filter, filtered urine frozen at -800C 8 volunteer samples 
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3.2.1.2 Part 2: Effect of time from urine collection to processing 

Background: It is recognised that urine DNAases are highly active, inducing urine cfDNA 

degradation under first-order kinetics. On this basis, urine cfDNA half-life is estimated to be 

around 2.6 - 5.1 hours (98,151,154). This biological characteristic of urine makes a compelling 

argument for processing urine sample immediately after collection in order to have the highest 

recovery of urine cfDNA. In the present study, the experimental approach was to determine the 

impact of time from urine collection to preparation of urine supernatant on DNA yield and 

cfDNA purity. The steps involved in this experiment were summarised in Figure 3.4. 

 

Protocol: Urine samples from 3 patients with AML were obtained for this experiment. At least 

120ml of mid-stream urine was collected from each subject using multiple 50ml disposable 

sterile urine containers (Sarstedt, Preston, Australia). Samples were collected after first 

morning urine between 7am and 10am. The samples were then split into 4 lots each of 30ml. 

They were preserved with the addition of 0.6ml of EDTA (at 0.5mol/L concentration at pH of 

8.0) to 29.4ml of urine to achieve a final concentration of 10mmol/L of EDTA. Each sample 

was kept at room temperature until processing (Figure 3.4).   

 

The 4 samples from each patient were then prepared for urine supernatant at 2, 4, 6 and 24 

hours after sample collection. Patient 3 was only able to provide 90ml of urine sample and 

therefore the sample volume was only sufficient for assessments at the 2, 4 and 6-hour time-

points. At the time of the experiment, the optimal protocol in preparing cell-free, genomic 

DNA-less urine was not known. All samples for this experiment were subjected to the 2-step 

centrifugation protocol (Table 3.1), which involves 2 centrifugation steps before freezing 

(1,800G 10 mins followed by 16,000G 10mins).  Processed urine supernatant samples were 

stored at -800C.  
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Figure 3.4: Workflow showing the procedure used to assess the effect of time from urine 

collection to sample processing 

 

 

3.2.1.3 Part 3: Effect of time since last bladder void  

Background: The optimal time to collect a urine sample for urine cfDNA extraction is also 

unknown. A first morning void urine sample has been used in some studies based on the 

hypothesis that this sample will contain the highest concentration of DNA. However, this has 

been shown to be incorrect as urine collections from a single person over the course of a day 

show high variability in cfDNA and genomic DNA contents (146). I hypothesised that genomic 

DNA leaks from cellular breakdown, and, that cfDNA degradation from nucleases commences 

within the bladder prior to collection of the urine sample. Based on this, the time since the last 

bladder void would be an important pre-analytical consideration. This has been examined in 

the present study. The steps involved in this experiment were summarised on line diagrams on 

Figure 3.5. 

 

Protocol: Thirty (30) ml of mid-stream urine was collected from 2 healthy volunteers for this 

experiment. The urine specimens were collected at 1.5 hours, 2.5 hours, 4 hours and 6 hours 

post last bladder void, making a total of 4 samples per subject. Specifically, first morning urine 
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was collected 6 hours after previous bladder void. As with previous experiments, EDTA was 

added (0.6ml at 0.5mol/L concentration; pH 8.0) to 29.4ml of urine to achieve a final 

concentration of 10mmol/L of EDTA (Figure 3.5).  

 

At the time of the experiment, the optimal protocol in preparing cell-free, genomic DNA-free 

urine was not known. As such, all 8 samples were prepared using a filtration method. Samples 

were processed immediately after collection. The urine was filtered using a 25mm 0.2um PES 

membrane (Nalgene filter, Thermo Fisher Scientific). One filter was used to process maximum 

5ml of urine with EDTA. Filtered urine samples were stored at -800C.   

 

Figure 3.5: Workflow used to assess the effect of time since last bladder void 

 

 

3.2.2 DNA Analysis  

3.2.2.1 DNA extraction from urine 

Upon thawing of frozen urine samples (with or without further centrifugation depending on 

protocol examined), DNA was extracted using QIAamp® Circulating Nucleic Acid Kit 

(Qiagen, Chadstone, Australia) according to the manufacturer’s protocol. A volume of 3-4ml 

of urine was used for each DNA extraction. Urine was mixed with Qiagen Proteinase K, Buffer 
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ACL and Buffer ATL for lysing purpose to ensure release of DNA from bound proteins, lipids 

and vesicles. Buffer ACB and carrier RNA were subsequently added to the lysate to allow 

optimal binding of the circulating DNA to the silica membrane. Lysates were then transferred 

onto a QIAamp Mini column, where DNA were adsorbed onto the silica membrane as the 

lysate is drawn through by vacuum pressure on the QIAvac® 24 Plus. The samples were 

washed to remove contaminants. Silica membrane-bound DNA was then eluted in volume of 

25ul. After extraction, all DNA samples were analysed for total DNA concentration and the 

length of DNA fragments (cfDNA and gDNA).   

 

3.2.2.2 Urine DNA quantification 

The urine DNA concentration was measured using the Qubit®dsDNA High Sensitivity Assay 

Kit and the Qubit® 2.0 Fluorometer (Thermo Fisher Scientific) according to the manufacturer’s 

protocol. In brief, 10 μL of DNA standards #1 and #2 (0 ng/μL and 10 ng/μL respectively) 

were added to 190 μL of working solution (containing the Qubit® dsDNA HS Reagent), 

vortexed for 2-3 seconds and incubated for 2 minutes at RT. The same process was carried out 

for the DNA samples to be tested, using 2 μL of test DNA and 198 μL of working solution. 

After incubation for 2 minutes at RT, the tubes were inserted into the Qubit® 2.0 Fluorometer 

for DNA quantification. The fluorescence of each DNA sample was measured at 485/530 nm 

and plotted against a standard curve (based on the relationship between the 2 DNA standards) 

to determine the DNA concentration in ng/μL. Urine DNA yield was adjusted to per ml of 

urine for standardisation, and therefore expressed as ng per ml of urine. 

 

3.2.2.3 Urine DNA fragment analyses 

Length distribution and concentration of extracted DNA from urine were analysed on the 

Agilent 2100 Bioanalyzer using the Agilent High Sensitivity DNA Kit (Agilent Technologies, 

Mulgrave, Australia) according to the manufacturer’s instructions. First, a gel-dye mix was 

prepared by adding 15 μL of High Sensitivity DNA dye concentrate into a vial of High 

Sensitivity DNA gel matrix and centrifuging in the provided spin filter for 10 minutes at 2240 

x g. The final gel-dye mix filtrate was then loaded into a High Sensitivity DNA chip. Briefly, 

9 μL of gel-dye mix was dispensed into 1 well of the chip and dispersed throughout the chip 

microchannels via syringe pressure. Each of the sample wells (n=12) was then loaded with 5 

μL of High Sensitivity DNA markers, along with 1 μL of the DNA samples (11 per chip). High 
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Sensitivity DNA ladder (1 μL) was added to the final sample well. The chip was vortexed for 

1 minute at 2400 rpm in the IKA vortex mixer (IKA, Selangor, Malaysia) then loaded into the 

Agilent 2100 Bioanalyzer for analysis. The samples were injected from the chip microchannels 

into a separation channel, where the DNA molecules were separated by electrophoresis. The 

resulting electropherograms detailing DNA fragment size (in base pairs) against the 

fluorescence intensity of the sample (in fluorescence units) were computationally generated by 

the Agilent 2100 Expert Software based on the results of the ladder migration. DNA 

concentration (pg/µL) was extrapolated from the area under the sample size peak. 

 

This kit has high sensitivity in the fragment region between 50-7000 bp. Smear analysis was 

performed on 2100 Expert Software. Lower and upper limits on smear analysis were 35bp and 

10380bp respectively. In the smear analysis, the relative amount of DNA present between the 

following boundaries was calculated: 35–400 bp and 35-10380 bp. cfDNA was represented by 

the region 35–400 bp. Genomic DNA was represented by the region 600-10380bp. Region 35-

10380 bp represents total DNA including the short fragmented cfDNA and long genomic DNA. 

The boundary of 35 bp and 400 bp was based on literature, since studies showed that urine 

cfDNA fragments are usually more fragmented than ones in plasma, in the size range of 40bp 

to 400bp (139,141,147–149). The purity index of urine cfDNA isolated was calculated as 

cfDNA/total DNA ratio. In the event of pure cfDNA without genomic contamination, the ratio 

is 1.0. The ratio is lower with increasing genomic contamination. 

 

3.3 Results  

In total, 58 urine samples from 10 patients with AML and 3 healthy volunteers were evaluated 

for the different pre-analytical conditions.  

3.3.1 Part 1: Preparation of cell-free and genomic DNA-free urine 

This experiment aimed at identifying an optimal protocol that can effectively remove cellular 

material from urine, without causing cell lysis (hence genomic DNA contamination), whilst 

retaining transrenal cfDNA. To do that, 4 different centrifugation protocols as well as novel 

filtration approach were examined. 

3.3.1.1 Study 1: Experimental study  

The centrifugation protocols yielded more DNA than the filtration protocol with median DNA 

yields (ng per ml of urine) of 4.01 and 2.62 respectively, shown on box and whisker plot (Figure 
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3.6). Four centrifugation protocols were examined individually. The 1-step centrifugation 

protocol produced the highest median DNA yield at 4.65 ng per ml of urine (range: 2.25-7.23). 

The results are detailed on Table 3.2 and Figure 3.8: 

Table 3.2: DNA yield and cfDNA purity index by method 

 DNA (Range) 

ng/ml 

DNA (Median) 

ng/ml 

cfDNA purity index 

(median) 

1-step centrifugation 2.25 - 7.23 4.65 0.64 

2-step centrifugation 2.84 – 6.64 3.56 0.69 

4- step centrifugation 2.64 – 11.79 4.59 0.41 

5- step centrifugation 2.56 – 26.92 4.07 0.49 

Filtration 1.10 – 3.40 2.62 0.89 

 

The centrifugation approach showed larger interquartile ranges in DNA yield, with the 5-step 

protocol showing the largest interquartile ranges indicating highest variability in DNA yield. 

The filtration method generated the smallest interquartile ranges in keeping with consistency 

in DNA yield.  

The filtration approach produced higher urine cfDNA purity indices than centrifugation with 

medians of 0.89 and 0.59, respectively (Figure 3.7). When analysed individually, it appeared 

that 2-step centrifugation resulted in a better purity index (0.69) than the other centrifugation 

protocols (0.64 for 1-step; 0.49 for 5-step; 0.41 for 4-step). These results are depicted in Table 

3.2 and Figure 3.9. 

3.3.1.2 Study 2: Validation study  

The DNA quantity recovered using the centrifugation and filtration methods were similar for 

both sample sets (details in Table 3.3). They were 3.4 and 3.38 ng per ml of urine for volunteer 

1; 2.53 and 4.67 ng per ml of urine for volunteer 2, on filtration and 2-step centrifugation 

respectively. The DNA purity for samples processed using the filtration method was higher 

than the centrifugation protocol (i.e. They were 0.77 and 0.85 using the filtration approach; 

compared to 0.59 and 0.69 using the centrifugation method, for volunteer 1 and 2 respectively. 

These data are also depicted on Table 3.3 and Figure 3.10.  
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Table 3.3: DNA yield and cfDNA purity index by method 

 Filtration 2-step centrifugation 

 DNA 

(ng/ml) 

cfDNA purity 

index 

DNA 

(ng/ml) 

cfDNA purity 

index 

Volunteer 1 3.4 0.77 3.38 0.59 

Volunteer 2 2.53 0.85 4.67 0.69 

 

Figure 3.6: Urine DNA yield (ng per ml of urine) using centrifugation and filtration protocols 
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Figure 3.7: Urine cfDNA purity index using centrifugation and filter protocols  
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Figure 3.8: Urine DNA yield (ng per ml of urine) using various centrifugation and filter protocols 
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Figure 3.9: Urine cfDNA purity index using various centrifugation and filter protocol 
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Figure 3.10: Urine DNA and cfDNA yield (ng per ml of urine) using 2-step centrifugation and filter 

protocols  
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3.3.2 Part 2: Effect of time from urine collection to processing 

The cfDNA yield was highest in samples processed at 2 hours after collection for all 3 AML 

patients. Samples processed at 4, 6 and 24 hours following collection had lower cfDNA yields 

and showed incremental increases in genomic DNA contamination. For patients 1 and 2, the 

total DNA extracted from urine samples processed 24 hours after sample collection were nearly 

the same as urine samples processed at 2 hours after sample collection. However, the 

composition of the DNA was significantly different: predominantly cfDNA on the 2 hour 

samples and predominantly genomic DNA on the sample processed at 24 hours. At 2 hours 

post collection, cfDNA purity index of 0.8 or greater was maintained (seen with all 3 of the 

samples), which decreased further with time. These findings are shown in Table 3.4 and Figure 

3.11.   

 

Table 3.4: DNA yield (ng per ml of urine) on urine samples processed at 2, 4, 6 and 24 hours 

after sample collection  

 

Sample 2 hours 4 hours 6 hours 24 hours 
 

cfDNA gDNA cfDNA gDNA cfDNA gDNA cfDNA gDNA 

Patient 1 9.02 3.56 2.00 6.75 3.53 5.47 5.75 5.75 

Patient 2 3.68 0.00 2.34 0.43 2.53 0.78 0.53 3.41 

Patient 3 2.00 0.00 2.53 0.03 2.69 1.09 - - 
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Figure 3.11: Urine cfDNA & DNA yield (ng per ml of urine) from urine supernatant prepared 

2, 4, 6 and 24 hours after sample collection. 
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3.3.3 Part 3: Effect of time since last bladder void  

The amount of urine cfDNA decreased with time after the last bladder void. The most 

significant drop was seen 6 hours after last bladder emptying (i.e. the first morning urine 

sample). The amount of cfDNA recovered from urine samples collected at 1.5, 2.5 and 4 hours 

following the last bladder emptying were similar. However, this was with variable genomic 

DNA contamination; the highest contamination with genomic DNA was in samples collected 

at 2.5 hours post the last bladder emptying. These findings are listed in Table 3.5 and depicted 

on Figure 3.12. 

 

Table 3.5: DNA yield (ng per ml of urine) on urine samples collected 1.5, 2.5, 4 and 6 hours 

since last bladder emptying 

 

Sample  1.5 hours 2.5 hours 4 hours 6 hours 
 

cfDNA gDNA cfDNA gDNA cfDNA gDNA cfDNA gDNA 

Volunteer 1 1.59 0.39 1.58 1.20 1.07 0.12 0.86 1.29 

Volunteer 2 2.44 0.10 2.60 0.78 2.00 0.20 0.03 2.63 
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Figure 3.12: Urine cfDNA & DNA yield (ng per ml of urine) from urine samples collected at 

1.5, 2.5, 4 and 6 hours after last bladder void.  
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3.4 Discussion 

This component of the work was to determine the optimal sampling conditions and analytical 

method for obtaining and analysing cfDNA in urine. Although urine is not a typical sample 

used in haematological assessment, it was considered worthy of investigation as a source of 

cfDNA due to its ease of access, ready availability and evidence from other studies of its 

clinical value. To confirm its validity for clinical use, required initial analysis of the sample 

quality, method of extracting cfDNA as well as the yield and quality of the cfDNA in urine.  

 

Care in the pre-analytical handling of urine is vital for the successful analysis of urine cfDNA. 

In the domain of AML, the most crucial component of urine cfDNA is the transrenal cfDNA 

as that originates from plasma cfDNA and is therefore a potential leukaemia source. Adopting 

optimal pre-analytical conditions will ensure highest recovery of transrenal cfDNA from urine. 

The results presented in this Chapter have identified important pre-analytical variables that 

impact on the yield and quality of cfDNA extracted from urine.  

 

3.4.1 cfDNA Quality in Urine 

Although centrifugation is suitable for plasma cfDNA (Chapter 2), it is not the preferred 

method for preparing urine for cfDNA analysis. This is primarily due to the high genomic DNA 

contamination which diluted the “specific” transrenal cfDNA from ineffective cellular 

removal, cell lysis during the centrifugation process or bacterial contamination. The study has 

shown, for the first time, that filtration is faster and provides higher quality cfDNA with less 

genomic DNA contamination than centrifugation methods. This is a novel finding as the 

filtration method used had not previously been reported. The filtration method is feasible as 

urine is a distinctively dilute biological body fluid with 91-96% of urine being water.  

 

There may be several reasons for the differences between filtration and centrifugation as a 

preparatory method to clear cells and genomic DNA from the urine samples. Firstly, filtration 

may be more effective in removing cellular material from urine. For use in health care setting, 

membrane filters have been validated to remove contaminating cells (such as epithelial cells 

and lymphocytes), fine particles and bacteria (166). It could also be that fewer cells are lysed 

by the filtration process than urine centrifugation. Further, with pore size of 0.2um, filtration 

will remove potentially contaminating bacteria and fungi in addition to cells which could affect 

sample quality. Finally, the longer processing times associated with the centrifugation method 
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could increase genomic DNA from lysed cells and DNA degradation (including transrenal 

cfDNA) due to DNases (145,146). Since the filtration method is rapid (5 minutes) compared 

with centrifugation (10-60 minutes depending on protocols) this may have been a significant 

factor in the higher cfDNA quality and yield compared with centrifugation.  

 

Differences were seen between the different centrifugation protocols applied. Of the 4 

evaluated, the 2-step protocol had the highest median cfDNA integrity index (0.69) in keeping 

with the least genomic DNA contamination, with lowest median DNA yield at 3.56. The 1-step 

protocol had higher genomic contamination probably because of ineffective cellular removal. 

The 4- and 5-step protocols, showed higher DNA yield and lower cfDNA purity index, likely 

as a result of further sample manipulation and hence cell lysis. These results are in keeping 

with findings from other studies. Some studies performed a first centrifugation (600–1800 × g, 

10 min) followed by a faster centrifugation step (10,000–16,000 × g, 10 min) (158,164), while 

others only did a single high-speed centrifugation (15,000–16,000 × g, 10–30 min) (156,165). 

A direct comparison between the different centrifugation protocols was carried out by 

Augustus and Co (146). Of the 9 protocols involving low and high speeds in a one or two-step 

method, they consistently found high genomic DNA contamination (146). Slow-speed 

protocols were noted to be inefficient in clearing all the cells in the sample, causing cell lysis 

during thawing or during cfDNA isolation. Adding a second high-speed step was shown to 

remove the cells. Unfortunately, their results indicate all two-step centrifugation protocols still 

yield a high amount of gDNA in all tested samples, likely from cell-lysis during high-speed 

centrifugation. Genomic DNA contamination following urine centrifugation diluted transrenal 

cfDNA. This would have a negative impact on the ability to detect transrenal cfDNA of 

malignant origin.  

 

Although filtration was found to be preferable to all centrifugation approaches, there are a few 

potential confounding factors that may have influenced the results. Firstly, the centrifugation 

protocol was applied to both patient and healthy volunteer urine samples, whereas the filtration 

protocol was only assessed on urine samples from healthy volunteers. Although it is not evident 

why this could have impacted the findings. Another limitation was that urine samples assessed 

in the various protocols in “Study 1 - Experimental” were from different subjects. This was 

addressed in “Study 2 – Validation” and showed that the results were independent of the 
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subject. Finally, sample numbers were small and hence to verify, would require confirmation 

using larger study subjects and sample sizes.   

 

3.4.2 Sample Timing 

In the present study I have shown that the timing of urine collection is an important factor. The 

second morning urine, 1.5 hours after first void, appeared to be the optimal urine sample for 

best yield of cfDNA in quantity and quality.  

 

Nuclease activity in urine is as much as 100-fold higher than plasma (150–152). Over time, 

there is degradation of urine cfDNA from DNases and with an increase in genomic DNA as a 

consequence of cell lysis. This is likely to commence in the bladder and continue with time. 

This is an in vivo biological factor, and independent of the (ex vivo) time taken to process the 

urine in the laboratory.  

 

The spike in genomic DNA level at the 2.5-hour time point is an interesting observation. The 

total DNA levels at various time points were also variable. They are likely to reflect the non-

equivalent rates of cfDNA filtered through glomerular pores and cfDNA degradation, together 

with genomic DNA contamination and degradation, at various time points. These findings are 

consistent with the results of Augustus et al (146) who examined the best time to collect urine 

for cfDNA extraction and found that the different urine collections from a single person during 

the day showed high variability in cfDNA and genomic DNA content. They studied the urine 

sample by sequence of the day but without specific information on time since last void. My 

results support those of Augustus et al showing that first morning urine (6-hour time point) had 

the lowest cfDNA level and highest genomic DNA contamination. Since filtration had removed 

cells, bacteria and fungus from the urine sample, the genomic DNA present in the first morning 

urine was likely the result of in vivo cellular breakdown of urogenital origin that took place 

within the bladder.  

 

The results also indicate the optimal time from collection to processing is within 2 hours of 

sample collection and with EDTA as the preservative. EDTA appeared to inhibit urine nuclease 

activity for around 2 hours after sample collection as DNA recovery from urine observed to be 

the best at this timepoint and decline thereafter. Significant cellular breakdown was obvious in 
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sample processed 4 hours or more after sample collection. This may be prevented for up to 72 

hours if commercial cell-stabiliser is used (146).  

 

My findings suggest that cellular breakdown within the urine and the resultant genomic DNA 

release is an ongoing process that increases with time after urine sample collection. This 

cellular breakdown process was not prevented by the addition of EDTA, in keeping with results 

from other studies (145,146,167,168). The data also show that DNA degradation, including 

cfDNA degradation, takes place concurrently evidenced by diminishing cfDNA levels over 

time. The effect of EDTA in protecting urine cfDNA from degradation does not appear to 

extend beyond 2 hours after sample collection. The trends observed therefore indicate that for 

optimal transrenal cfDNA yield and quality, samples should be within 2 hours of sample 

collection. It is of interest that Augustus et al showed that the cfDNA yield was highest in urine 

supernatant processed immediately after sample collection, and that genomic DNA 

contamination increased over time peaking at 72 hours (146).  

 

There are a few limitations to these experiments. Firstly, the time from urine collection to 

processing was limited by logistics. Hence it was not possible to prepare urine for analysis 

immediately post void and the 2-hour time point was the minimal time possible for the 

experiment. Incorporation of urine supernatant prepared immediately after sample collection 

would be worthy of study. Secondly, the number of samples was too small to draw major 

conclusions. However, despite the sample size, the findings appear to indicate that the timing 

of urine collection and timing of urine processing urine are important pre-analytical factors. 

The first morning urine should be avoided for urine cfDNA work given the high genomic DNA 

contamination. The results obtained suggest that the second morning urine, 1.5 hours after first 

void urine, processed within 2 hours after collection, gives optimal DNA yield and quality.  

 

3.4.3 cfDNA Yield from urine  

The DNA yield from urine achieved in this body of work was lower than obtained with plasma 

samples (Chapter 2). Analysis of the results from all methods assessed showed the median 

DNA yield for urine was 3.39ng per ml of urine with cfDNA purity index 0.61; this compared 

adversely with plasma which yielded 26.86ng cfDNA per ml of plasma and purity 0.94. Note 

is taken of the different sample sizes, (i.e. urine: 14 healthy and 25 patient samples; plasma: 31 

patient samples). If data for the healthy subjects is removed from the comparison, the cfDNA 
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yield for AML patients remains lower for urine (3.85ng per ml) than plasma (28.86 ng). These 

results are likely to be due to biological differences between these human liquid samples. 

Specifically, urine may not be sterile, is stagnant in the bladder for a number of hours and this 

leading to DNA degradation due to the presence of DNAases. This lower yield and quality 

would have impact on the ability to take urine samples further with downstream molecular 

processing and analysis.  

 

In addition to the poor quality of the cfDNA, the low amount extracted from 1ml of urine would 

make it difficult to analyse by NGS where a minimum of 20ng is required. The QIAamp 

circulating nucleic acid kit used in the study can only process up to 4ml of urine per standard 

preparation; this is unlikely to achieve the requisite amount of DNA. As such, more than one 

extraction kit may be required to process higher volume of urine to achieve required DNA input 

for NGS analysis thereby significantly increasing the cost and time of processing. This 

challenge could potentially be overcome by using alternate kits with the ability to process larger 

volume of urine per extraction, or, adding additional steps to concentrate the urine prior to 

DNA isolation. Such kits are available that would allow processing of higher volumes of urine. 

An example is Quick-DNA™ Urine Kit (ZQ; Zymo Research, Irvine, CA, USA) which can 

process up to 40ml of urine per standard preparation. However, this kit has been reported to be 

less efficient in isolating short cfDNA fragments (169). Adding additional steps to concentrate 

urine could address this limitation but is not ideal either as further manipulation of the urine 

prior to cfDNA isolation may risk further cellular disruption (and genomic contamination) and 

cfDNA degradation from DNAases.  

 

3.5 Conclusion 

This study has shown that there are a number of important pre-analytical variables that 

determine the yield of cfDNA that can be isolated from urine. The dynamic interplay of 

transrenal cfDNA filtered from the bloodstream, cellular breakdown with resultant genomic 

DNA contamination and cfDNA/DNA degradation by nuclease activity within bladder resulted 

in the high variability in cfDNA yield, even on the same individual on the same day. Filtration 

of urine prior to DNA isolation was shown to be preferable to urinary centrifugation to obtain 

transrenal cfDNA. This is an important analytical component that has not previously been 

described. However, more optimisation is still required in larger studies in the field of urine 

cfDNA to progress this to a clinically useful liquid sample source for cfDNA analysis.  
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In closing, this body of work has shown it is technically feasible to extract cfDNA from urine 

and this is optimised using a pre-analytical filtration approach. Despite this, the data I have 

generated has also shown that urine is inferior to plasma for the following reasons: 

1. More pre-analytical variables  

2. Lower cfDNA yield 

3. Lower quality of cfDNA 

4. Greater handling time 

5. More consumables required 

6. More expensive technique 

7. Less standardisation 

 

Because of these limitations identified in this study, and specifically the quality and quantity 

of cfDNA obtainable, it was deemed that urine would be inferior to plasma as a sample source. 

I therefore concluded that urine was not ideal to study cfDNA for mutation assessment in AML. 

The decision was made to progress the study using plasma as the source material. This strategy 

was then applied to samples of AML and the results described in Chapter 4 and 5.  
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Chapter 4: Plasma cell-free DNA for Mutation Assessment in Acute 

Myeloid Leukaemia  

4.1 Background 

4.1.1 Mutations in AML 

The advances in genomic technology, in particular high-throughput massively-parallel next 

generation sequencing (NGS), have furthered the insights into the molecular diversity and 

complexity of AML. As discussed in Section 1.3.2, at least one driver mutation can be 

identified in 96% of patients with AML, and 86% of patients have two or more driver 

mutations. The 3 most commonly mutated genes, which involved more than 25% of patients 

were FMS-related tyrosine kinase 3 (FLT3), nucleophosmin (NPM1) and DNA 

methyltransferase 3A (DNMT3A). The interaction between these various aberrations affects 

disease phenotype and has clear prognostic implications (7,9,24–28).  

 

The understanding of the mutational landscape and associated clinical implications has 

fundamentally changed the approach to the management of patients with AML (23). Mutational 

profiling at the time of diagnosis informs prognosis and guides formulation of optimal first line 

therapy. At the time of complete remission, measurable residual disease assessment using 

molecular approach serves as a marker of prognosis and informs the likelihood of impending 

relapse. In the event of relapse, repeat comprehensive mutation analyses allows identification 

of clonal evolution which opens up therapeutic options including targeted therapy and potential 

eligibility for clinical trials.  

 

4.1.2 NGS technologies  

The number of molecular markers informing clinical practice in AML is growing. Therefore, 

the testing for single genes using techniques such as Sanger sequencing, pyrosequencing, 

allele-specific PCR and fragment analysis do not meet the testing requirements and is 

impractical to test for each individually. Massively-parallel sequencing capabilities of NGS 

provide a much-needed alternative for mutation screening in multiple genes. There are a 

number of NGS technologies developed to meet this clinical challenge, including commercial 

technologies developed by Ion Torrent, Illumina and Pacific Biosciences (PacBio).  
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The Ion Torrent sequencing technology harnesses the power of semi-conductor technology. 

Using proton-sensing wells, it detects the protons released as nucleotides are incorporated 

during synthesis which enables the order in which nucleotides are incorporated into the 

growing DNA strand to be determined (170). The Illumina sequencing leverages sequencing 

by synthesis technology. It uses distinct fluorescently labeled nucleotides and optical imaging 

to visualize the growing complementary strand on clonally amplified DNA templates 

immobilized to an acrylamide coating on the surface of a glass flowcell (171). PacBio have 

developed a process enabling single molecule real time (SMRT) sequencing (172). The crucial 

component of SMRT sequencing is the SMRT Cell, which contains millions of tiny wells called 

zero-mode waveguides (ZMWs). Single molecules of DNA are immobilized in these wells, 

and as the polymerase incorporates each nucleotide, light is emitted, and nucleotide 

incorporation is measured in real time. 

 

4.1.2.1 Targeted NGS - Ion AmpliSeq Technology 

NGS technology can be applied at various scales with regards to the width of the genome 

covered. This enables whole genome, whole exons or targeted (selected whole genes or "hot 

spots”) sequencing to be performed. Targeted NGS allows sequencing of selected areas of the 

genome for in-depth analyses in a more rapid and cost-effective way than whole genome or 

whole exons sequencing. There are two main types of methods used for targeted NGS: 

hybridization capture and amplicon sequencing (173). Hybridization capture uses long, 

biotinylated oligonucleotide baits/probes to hybridize to the regions of interest. Hybridization 

capture allows more targets to be enriched and sequenced per panel. Amplicon sequencing uses 

PCR to amplify target sequences using specific probes to create sequences of DNA called 

“amplicons”. Amplicon sequencing offer simpler and faster workflow as well as more 

affordable than capture sequencing.  

 

For targeted sequencing, Ion Torrent has created Ion AmpliSeq technology which is an 

amplicon-based enrichment method for creating NGS libraries. It focuses on genes or genetic 

variants of interest with applications include targeting oncogenes and tumour suppressors 

genes in cancer research study. 
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4.1.2.2 NGS limit of detection – Ion AmpliSeq HD Technology 

An important aspect of clinical sequencing tests is the lower limit of detection (LOD). This 

refers to the lowest levels of genomic variants that the platform can detect consistently in the 

background of wild-type sequences. The reported LODs for a variety of NGS assays, including 

targeted sequencing, whole exome sequencing, and whole genome sequencing, ranges from 

2% to 15% variant allele frequency (VAF) (174).  

 

For AML, a complex and dynamic malignancy with multiple somatically gained mutations that 

coexist in competing clones, there is a need to achieve low detection limits (7,25). Since 

leukaemic mutations change in level during the course of treatment, achieving progressively 

higher detection sensitivity (or lower LODs) will be crucial to improve mutation detection. 

Although current NGS platforms routinely identify low-level mutations (1-2% VAF), most are 

not capable of distinguishing these from spurious, low-level sequencing artefacts (false 

positives) that originate from various steps of the NGS workflow (174).  

 

However, recent advances in NGS in the form of template tagging has made mutation detection 

at these very low levels more reliable and feasible. Template tagging is a revolutionary 

breakthrough approach where each template DNA molecule is tagged by a unique molecular 

identifier (UMI) and used to trace back the strands of origin for the variant detected. This form 

of NGS is termed as “error-corrected” NGS. Incorporating UMIs has been shown to overcome 

the sequencing error rate of NGS, and thereby improves the limit of detection from 2% (the 

commonly accepted level) to 0.1% - 0.001% VAF (52–55).  

 

For error-corrected NGS, Ion Torrent has created AmpliSeq HD technology which leverages 

UMI to deliver results with ultrahigh sensitivity to LOD of 0.1% VAF (175). Further, Ion 

AmpliSeq™ HD technology was specifically designed to target cfDNA (175). This is enhanced 

by the short amplicon length to target fragmented cfDNA.  

 

4.1.2.3 NGS Sequencing Metrics  

To evaluate sequencing performance and efficacy, a number of metrics are used, with the most 

commonly used listed in Table 4.1. It is important to understand what the following metrics 

indicate and how to use them together. The following definitions are specific to Ion AmpliSeq 

sequencing.  
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Table 4.1: NGS sequencing metrics and definitions 

Metrics Definition 

Mapped read After reads (sequenced DNA fragments) are generated, they are filtered 

based on quality. The number of pass-filter reads that aligned to a 

reference genome is known as mapped read.  

 

On-target rate On-target rate describes the percentage of sequencing data that maps to 

target regions. For targeted sequencing, the reads that align to the region 

of interest are on-target. The measurement of on-target rate is represented 

as the ratio of the number of bases within a target region to the total 

number of pass-filter bases, expressed as a percentage.  

 

Coverage depth Coverage depth represents the number of times a read maps to a genomic 

target. The deeper the coverage of a target region (i.e., the more times the 

region is sequenced), the greater the reliability and sensitivity of the 

sequencing assay. 

 

Uniformity Uniformity describes the read distribution along target regions of the 

genome. For Ion AmpliSeq, uniformity is a ratio expressed in percentage 

for regions covered by 0.2x to 5x of mean coverage to all target regions. 

Uniform coverage reduces the amount of sequencing required to reach a 

sufficient depth of coverage for all regions of interest. 

 

 

 

4.1.3 Sample Source for molecular analyses of AML 

Studies of various tumour types, an especially solid tumours, has shown cfDNA from plasma 

samples can be used to assess malignancy-associated mutations. Cancer patients are known to 

have higher cfDNA quantity than normal subjects and the predominant proportion of plasma 

cfDNA originates from the haemopoietic system (70). This plasma cfDNA has been reported 

to be applicable for a number of downstream genomic applications in cancer; for example, 

detection of EGFR mutations in non-small cell lung cancer, and KRAS mutations in colorectal 
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cancers (73,74). Such has been the success of plasma cfDNA in the field in solid organ 

malignancies that it has been translated as an important clinical tool in oncology practice.  

 

In AML. the current “gold standard” sample source for the molecular assessment of AML is 

DNA extracted from blood cells or aspirated bone marrow (see Sections 1.3.2 and 1.6.3) (23). 

As reported in Chapter 1, there have been few similar studies in haematological malignancies 

and very few, to date, assessing the applicability for analysing somatic mutations using plasma 

cfDNA in acute myeloid leukaemia. This is an area that requires study.  

 

Therefore, in this chapter, I have assessed NGS of plasma cfDNA for somatic mutation 

detection in AML. Specifically, I have compared molecular analyses using 3 different sample 

sources (i.e. BMA, PB and plasma) and 3 NGS sequencing panels for the detection of mutations 

in 24 patients with AML.  

 

The aims of this chapter were: 

1. To establish the methodology to detect mutations in plasma cfDNA in AML 

2. To determine the LOD in mutation detection in plasma cfDNA in AML 

3. To compare sequencing profiles of different NGS panels 

4. To compare the suitability of sample types (BMA, PB, plasma) for mutation detection 

 

4.2 Methods 

4.2.1 Patients and Samples 

Patients with newly diagnosed AML (excluding acute promyelocytic leukaemia) who were to 

commence treatment were eligible. At diagnosis, BMA along with matched PB (from which 

plasma was prepared) were collected prior to initiating treatment. All patients were recruited 

from one teaching hospital after obtaining informed written patient consent.  The study had 

ethical and governance approvals from Royal Perth Hospital Ethics Committee (reference 

number: RGS 0000143).  

 

In a subset of patients, follow up samples were collected. This cohort of patients were selected 

based on the treatment response to cover different clinical outcomes including remission, 

relapse and refractory disease. Sequential BMAs were collected periodically as per standard of 

care, with matched PB collected at the same time. In addition, PB was collected and plasma 
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prepared during follow up at 1-monthly intervals during and after therapy where possible. Nail 

clippings were collected at diagnosis as genomic constitutional controls. 

Bone marrow: For each BMA, at least 0.5ml was collected into EDTA Vacutainer® blood 

collection tubes (Becton Dickinson, North Ryde, Australia). BMA samples were transferred to 

2ml-screw cap tubes (Sarstedt, Mawson Lakes, Australia) as 0.5ml aliquot and stored at     -

80°C until later use.  

 

Blood: 27ml of PB was collected into 3 x 9ml EDTA Vacutainer® blood collection tubes 

(Becton Dickinson, North Ryde, Australia). Within 4 hours of collection, 1ml of whole blood 

(PB) was aliquoted into 2ml-screw cap tubes (Sarstedt, Mawson Lakes, Australia) and stored 

at -80°C until use.  

 

Plasma: The remaining 26ml of PB was processed using a 2-step centrifugation method 

(Section 2.2.3) to isolate plasma. Plasma was aliquoted (1 ml) into 1.5 mL DNA LoBind tubes 

(Eppendorf, Macquarie Park, Australia) and stored at -800C until use.  

 

Nail Clippings: 2-3 nail clippings were obtained from finger nails and stored at room 

temperature in 50ml sterile sample containers (Sarstedt, Preston, Australia). 

 

4.2.2 DNA and cfDNA extraction 

DNA was extracted from BMA, PB and nail clippings using QIAamp® DNA extraction kits. 

cfDNA was extracted from plasma using QIAamp® Circulating Nucleic Acid kit.  

4.2.2.1 BMA and PB DNA extraction  

DNA was extracted from patient BMA and PB using the QIAamp® DNA Blood Mini Kit 

(Qiagen, Chadstone, Australia) as per manufacturer’s instructions. BMA and PB samples were 

thawed at RT and 200 μl transferred to 1.5 mL DNA LoBind tubes (Eppendorf, Macquarie 

Park, Australia), followed by the addition of 20 μL of Qiagen Protease and 200 μL of Buffer 

AL. Samples were mixed by pulse-vortexing for 15 seconds and incubated at 56°C for 10 

minutes to lyse the cells. After incubation, 200 μL of 100% (v/v) ethanol was added to each 

sample and tubes were pulse-vortexed for another 15 seconds to thoroughly mix the reagents. 

Each sample (approximately 600 μL) was applied to a QIAamp® Mini spin column and 

centrifuged at 20,000 x g for 1 minute to bind the DNA to the column. Filtrate was discarded 

and columns were washed with 500 μL of Buffer AW1, followed by a centrifugation at 20,000 
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x g for 1 minute. After removal of the filtrate, 500 μL of Buffer AW2 was added and columns 

were centrifuged at 20,000 x g for 1 minute for a second wash. Spin columns were transferred 

to sterile 1.5 mL DNA LoBind tubes (Eppendorf, Macquarie Park, Australia) and 200 μL of 

low TE was added. Samples were incubated for 5 minutes at RT and then centrifuged at 20,000 

x g for 1 minute to elute the DNA which was stored at -20°C until further use.  

 

4.2.2.2 Plasma cfDNA extraction  

cfDNA was extracted from plasma using QIAamp® Circulating Nucleic Acid Kit (Qiagen, 

Chadstone, Australia), according to the methods described on Section 2.2.4. Briefly, 5ml of 

plasma was thawed at RT and mixed with Qiagen Proteinase K, Buffer ACL and carrier RNA. 

Lysate was then transferred onto a QIAamp Mini column, where DNA were adsorbed onto the 

silica membrane and eluted using 25ul of low TE into 1.5ml DNA LoBind tube (Eppendorf, 

Macquarie Park, Australia). The eluted DNA was stored at -20°C until further use. 

 

4.2.2.3 Nail clippings DNA extraction  

DNA was extracted from patient nail clippings using the QIAamp® DNA Micro Kit (Qiagen, 

Chadstone, Australia) as per user-developed protocol. This method has been adapted by users 

from the QIAamp® Tissue Protocol. Nail clippings were cut into small pieces and placed in a 

1.5 mL microfuge tubes (System Biosciences, Palo Alto, USA) which was cleaned by adding 

500ul of 100% (v/v) ethanol. The sample was then removed from the tube and airdried for 5 

minutes. To achieve sample digestion, the sample was mixed with 500ul of lysis working 

solution in 0.5 ml DNA LoBind tube (Eppendorf, Macquarie Park, Australia). 500ul of lysis 

working solution was made up of 473ul Buffer X1, 20ul dithiothreitol solution (DTT) and 7ul 

of Proteinase K. The sample was incubated at 55oC for at least 24 hours, with the tube being 

inverted occasionally to disperse the sample. The resultant lysate was transferred to a new 

1.5ml DNA LoBind tube (Eppendorf, Macquarie Park, Australia), followed by the addition of 

500 μL of Buffer AL. Samples were mixed by pulse-vortexing for 15 seconds and incubated at 

56°C for 10 minutes to lyse the cells. After incubation, 250 μL of 100% (v/v) ethanol was 

added to each sample and tubes were pulse-vortexed for another 15 seconds to thoroughly mix 

the reagents followed by incubation at RT for 3 minutes. Each sample was applied to a 

QIAamp® MinElute column and centrifuged at 20,000 x g for 1 minute to bind the DNA to 

the column. Filtrate was discarded and columns were washed with 500 μL of Buffer AW1, 

followed by a centrifugation at 20,000 x g for 1 minute. After removal of the filtrate, 500 μL 
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of Buffer AW2 was added and columns were centrifuged at 20,000 x g for 1 minute for a 

second wash. Spin columns were transferred to sterile 1.5 mL DNA LoBind tubes (Eppendorf, 

Macquarie Park, Australia) and 25 μL of low TE was added. Samples were incubated for 5 

minutes at RT and then centrifuged at 20,000 x g for 1 minute to elute the DNA which was 

stored at -20°C until further use.  

 

4.2.3 DNA and cfDNA quantification 

For the extracted DNA from BMA, PB, nail clippings and cfDNA from plasma, the DNA and 

cfDNA concentrations were measured using the Qubit®dsDNA High Sensitivity Assay Kit 

and the Qubit® 2.0 Fluorometer (Thermo Fisher Scientific) according to the manufacturer’s 

protocol. 10 μL of DNA standards #1 and #2 (0 ng/μL and 10 ng/μL respectively) were added 

to 190 μL of working solution (containing the Qubit® dsDNA HS Reagent), vortexed for 2-3 

seconds and incubated for 2 minutes at RT. The same process was carried out for the DNA 

samples to be tested, using 2 μL of test DNA and 198 μL of working solution. After incubation 

for 2 minutes at RT, the tubes were inserted into the Qubit® 2.0 Fluorometer for DNA 

quantification. The fluorescence of each DNA sample was measured at 485/530 nm and plotted 

against a standard curve (based on the relationship between the 2 DNA standards) to determine 

the DNA concentration in ng/μL. Plasma cfDNA yield was adjusted to volume of plasma input 

for standardisation, and therefore expressed as ng per ml of plasma. 

 

4.2.4 Plasma cfDNA fragment analyses 

Length distribution and concentration of extracted cfDNA from plasma were analysed on the 

Agilent 2100 Bioanalyzer using the Agilent High Sensitivity DNA Kit (Agilent Technologies, 

Mulgrave, Australia) as described in detail in Section 2.2.6. Briefly, plasma cfDNA samples 

were mixed with High Sensitivity DNA markers and gel-dye mix followed by analysis using 

Agilent 2100 Bioanalyzer which generated smear analysis detailing cfDNA fragment size (in 

base pairs).  

 

4.2.5 Targeted Next Generation Sequencing 

Targeted sequencing of genes of interest was carried out using the Ion Torrent™ sequencing 

platform (Thermo Fisher Scientific). This system employs ion semi-conductor technology to 

detect protons released during DNA polymerisation, which enables the order in which 

nucleotides are incorporated into the growing DNA strand to be determined (170). The 
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platform is highly scalable, using amplicon-based sequencing (repetitive amplification of target 

sequences via polymerase chain reaction) to generate high-accuracy reads (oligonucleotide 

sequences containing the genomic regions of interest) from small amounts of input DNA (170). 

All steps in the sequencing process (including library preparation, chip loading and sequencing) 

were carried out according to manufacturer’s instructions, as detailed below. 

 

4.2.5.1 Customised NGS panels 

The clinical samples were processed using 3 Ion AmpliSeq™ panels (Thermo Fisher 

Scientific) (Table 4.2):  

• Pan-myeloid panel: The “Pan-myeloid panel” covered exons of 129 genes implicated 

in myeloid diseases for mutation landscape discovery. This panel has 5771 amplicons 

spanning 593.59kb covering exons of 129 genes with median size of PCR amplicons 

of 109bp (range: 63–140) (Table 4.3). It was custom designed on Ion AmpliSeq™ 

Designer (Thermo Fisher Scientific) to work optimally as a panel. 

• Targeted-myeloid panel: The “Targeted-myeloid panel” is a truncated version of the 

pan-myeloid panel, consisting of 61 amplicons covering exons of 36 genes, for 

mutation monitoring. I constructed this panel by pooling selected amplicons covering 

genes of interest together to conduct deep sequencing (high coverage depth) (Table 

4.4). This was not a custom designed panel but a panel that was constructed in house 

by pooling selected amplicons covering genes of interest together. 

• High definition (HD) panel. The “HD panel” was custom designed on Ion AmpliSeq™ 

Designer (Thermo Fisher Scientific) to work optimally as a panel for ultra-sensitive 

mutation monitoring. The HD panel has 41 amplicons spanning 2.71kb covering 41 

hotspots of 19 genes with median size of PCR amplicons of 66.5 bp (range: 34-88) 

(Tables 4.5 and 4.6).  

 

Table 4.2: Panels and samples 

Ion AmpliSeq™ panels BMA PB Plasma Nail clippings 

Pan-myeloid panel     

Targeted-myeloid panel     

HD panel     
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Table 4.3: Ion AmpliSeq™ customised “pan-myeloid panel” gene list  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4.4: the Ion AmpliSeq™ customised targeted-myeloid panel genes list  

ASXL1 CREBBP ECT2L GNAS JAK3 MPL NPM1 PTPN11 SETD2 SUZ12 

BCORL1 DNMT3A EP300 IDH1 KIT MYD88 NRAS RUNX1 SMC3 TET2 

CARD11 DST FLT3 IDH2 MEF2B NF1 PHF6 SETBP1 SRSF2 TP53 

CEBPA EBF1 GATA2 IL7R MLL2 NF2     
 

 

Table 4.5: The 19 genes (“hotspots”) covered by the Ion AmpliSeq™ customised HD panel 

ASXL1 DMNT3A IDH1 KIT NF2 PTPN11 RUNX1 SRSF2 TP53 WT1 

CEBPA FLT3 IDH2 KRAS NRAS RB1 SMC3 TET2 U2AF1  

ABCB7 CARD11 CYP2D6 ETV6 IDH1 KMT2A MYD88 PLK1 SETD2 SUZ12 

ABL1 CALR DNM2 EVI IDH2 KMT2D NBEAL1 PRPF40B SF1 TCF3 

ACSM2A CBL DNMT1 EZH2 IKZF1 KRAS NF1 PRPF8 SF3A1 TET2 

ASXL1 CBLB DNMT3A FBXW7 IL7R LPHN1 NF2 PTEN SF3B1 TLR4 

ATRX CDKN2A DNMT3B FGFR1 IRF1 LUC7L2 NFE2 PTPN11 SH2B3 TP53 

AURKA CEBPA DST FLT3 ITGA8 MEF2B NOTCH1 RAD21 SMC1A U2AF1 

BAALC CREBBP EBF1 GATA1 JAK1 MET NPM1 RAD50 SMC3 U2AF2 

BCOR CSF1R ECT2L GATA2 JAK2 MLL3 NRAS RAF1 SOCS1 UGT1A1 

BCORL1 CSF2 EED GATA3 JAK3 MLL5 PAX5 RARA SOCS2 UTX 

BIRC3 CSF3R EGFL6 GNAS JARID2 MPL PDGFRA RB1 SOCS3 WT1 

BOD1L1 CTCF EGFR GNB1 KANSL1 MYB PDGFRB RELN SOS1 XRCC2 

BRAF CTNNA1 EP300 HPRT1 KDM5A MYC PHF6 RUNX1 SRSF2 ZRSR2 

CACNA1E CUX1 EPOR HRAS KIT MYCBP2 PIK3CA SETBP1 STAG2  
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Table 4.6: 41 hotspots in 19 genes covered by the Ion AmpliSeq™ customised HD panel 

Gene Variant Chromosome Primer Start Position Primer Stop Position 

ASXL1 E635fs chr20 31022367 31022426 

BCORL1 F1643fs chrX 129189852 129189910 

CEBPA E176fs chr19 33792794 33792835 

CEBPA Q312ter chr19 33792372 33792432 

DMNT3A R882L chr2 25457175 25457250 

DNMT3A C586G chr2 25467113 25467174 

EZH2 K477R chr7 148513815 148513888 

FLT3 D835Y chr13 28592608 28592663 

FLT3 V491L chr13 28609717 28609794 

FLT3 V592A chr13 28608251 28608311 

IDH1 R132C/H chr2 209113051 209113125 

IDH2 R140Q chr15 90631891 90631970 

IDH2 R172K chr15 90631763 90631843 

JAK2 V617F chr9 5073733 5073807 

KIT D816Y chr4 55599293 55599347 

KRAS G61H chr12 25380260 25380324 

NF2 M9I chr22 29999948 30000032 

NF2 N540S chr22 30077444 30077501 

NPM1 W288fs3 chr5 170837501 170837551 

NRAS G12A chr1 115258706 115258780 

NRAS Q61H/K/R chr1 115256485 115256557 

PHF6 E221Ter chrX 133547878 133547956 

PHF6 G287V chrX 133551191 133551257 

PTPN11 F71L chr12 112888176 112888240 

PTPN11 N308D chr12 112915478 112915548 

RB1 I297T chr13 48939034 48939082 

RUNX1 H105Q chr21 36259129 36259176 

RUNX1 S402P chr21 36164643 36164727 

SMC3 G666V chr10 112356173 112356207 

SRSF2 P95H chr17 74732889 74732977 

TET2 R1516Ter chr4 106196147 106196214 

TET2 I1871fs chr4 106197247 106197318 

TET2 K1304R chr4 106180843 106180915 

TET2 Q764K chr4 106157355 106157424 

TP53 C275Y chr17 7577081 7577147 

TP53 F341S chr17 7573995 7574066 

TP53 K373fs chr17 7572960 7573029 

TP53 R306Ter chr17 7577018 7577059 

TP53 V173G chr17 7578385 7578431 

U2AF1 S34F chr21 44524432 44524494 

WT1 R370S chr11 32417907 32417981 
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Figure 4.1: Study overview and workflow 
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Figure 4.2 describes the workflow used for each of the sample types and NGS panels. 

 

 

 

4.2.5.2 Library Preparation 

4.2.5.2.1 Ion AmpliSeq™ customised pan-myeloid and targeted-myeloid panels 

To generate libraries of amplified target DNA sequences, individual ‘amplification’ solutions 

were prepared for patient samples using the Ion AmpliSeq™ Library Kit 2.0 (Thermo Fisher 

Scientific) and the Ion AmpliSeq™ customised pan-myeloid and targeted-myeloid panels. Two 

multiplex PCR reactions were performed for Ion AmpliSeq™ customised pan-myeloid panel 

given the larger panel size (covering entire exons) whereas only one multiplex PCR reaction 

was needed for AmpliSeq™ customised targeted-myeloid panel (hotspot panel).  

 

Each 10 μL reaction mixture comprised 5X Ion AmpliSeq™ HiFi Master Mix, 2X Ion 

AmpliSeq™ customised primer pool solution (Pan-Myeloid or Targeted panels) and NFW (all 

Thermo Fisher Scientific), as well as 10 ng of the DNA/cfDNA sample to be amplified. Target 
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DNA sequences (the exons of the 129 genes targeted by the Ion AmpliSeq™ customised pan-

myeloid panel or the exons of the 36 genes targeted by the Ion AmpliSeq™ customised 

targeted-myeloid panel; see Table 4.3 and 4.4 respectively) were then amplified via PCR using 

a Veriti® 96-well Thermal Cycler (Thermo Fisher Scientific), as per Table 4.7.  

 

Table 4.7: PCR cycling conditions required for the amplification of Ion AmpliSeq™ DNA 

libraries. 

Stage Temperature (°C) Length of cycle Number of cycles 

Enzyme activation 99 2 minutes 1 

DNA denaturation 99 15 seconds 

14/16* Amplification of 

target sequences 

60 8 minutes 

Final hold 10 ∞ - 

*BMA and PB DNA underwent 14 cycles, plasma cfDNA and nail clippings DNA 16 cycles  

 

 

The PCR primers were then partially digested using 1 μL of FuPa Reagent (Thermo Fisher 

Scientific) in a 40-minute incubation in the thermal cycler (see Table 4.8). 

 

Table 4.8: PCR cycling conditions required for the partial digestion of primer sequences. 

Stage Temperature (°C) Length of cycle Number of cycles 

Partial digestion of 

primer sequences 

50 10 minutes 1 

55 10 minutes 1 

60 20 minutes 1 

Final hold 10 Up to 1 hour - 

 

Unique barcodes (Ion Xpress™ Barcodes 1-52, Thermo Fisher Scientific) and adapters (Ion 

Xpress™ P1 Adapters, Thermo Fisher Scientific) were then ligated to each amplicon 

(amplified sequence of DNA) with 1 μL of DNA Ligase (Thermo Fisher Scientific) in a thermal 

cycler reaction (Table 4.9). This enabled rapid identification of samples and allowed multiple 

libraries (i.e. samples from different sources and patients) to be sequenced on a single chip.  
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Table 4.9: PCR cycling conditions required for the ligation of barcodes and adapters to 

amplicons. 

Stage Temperature (°C) Length of cycle Number of cycles 

Ligation of barcodes 

& adapter sequences 

22 30 minutes 1 

72 10 minutes 1 

Final hold 10 Up to 1 hour - 

 

The unamplified libraries were purified to remove primers, enzymes and amplicons that did 

not ligate to adapters using the following steps. Using 23 μL (1.5X) of Agencourt® AMPure® 

XP Reagent (Beckman Coulter), DNA was bound to magnetic beads and pelleted out of 

solution by incubation on a 96-side DynaMag™ magnetic rack (Thermo Fisher Scientific). 

Beads were washed twice in 150 μL of 75% (v/v) denatured AR-grade ethanol (Fronine 

Supplies) and the DNA libraries were eluted with 25 μL of Platinum® PCR SuperMix High 

Fidelity and 1 μL of Library Amplification Primer Mix (Thermo Fisher Scientific).  

 

The purified libraries were then amplified in a short PCR run (Table 4.10) and again purified 

with Agencourt® AMPure® XP Reagent, first at a 0.5X bead-to-sample-volume ratio and then 

at a 1.2X bead-to-sample-volume ratio. In the first step, high-molecular weight (i.e. non-

amplified) DNA bound to the beads and was pelleted out of solution by contact with the 

magnetic separation rack. These beads were discarded, while the supernatant containing the 

amplicons and primers was recovered. In the second step, the bead-to-sample-volume ratio was 

increased so that amplicons bound to the beads and were pelleted out of solution. These beads 

were recovered by resuspension in 20 μL of Low Tris-EDTA (TE) Buffer (Thermo Fisher 

Scientific), while the supernatant (containing the primers) was discarded.  The purified libraries 

were quantified on the Agilent® Bioanalyzer® with the Agilent® High Sensitivity DNA Kit 

(Agilent Technologies; see Section 2.2.6) and equalized to 100 pM with Low TE Buffer.  
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Table 4.10: PCR cycling conditions required for the amplification of the purified DNA 

libraries. 

Stage Temperature (°C) Length of cycle Number of cycles 

Enzyme activation 98 2 minutes 1 

Amplification of 

purified DNA 

libraries 

98 15 seconds 

5 64 1 minute 

Final hold 10 ∞ - 

 

4.2.5.2.2 Ion AmpliSeq™ customised high-definition (HD) panel 

Target regions (the 41 hotspots of the 19 genes targeted by the Ion AmpliSeq™ customised 

HD panel; see Table 4.5 and 4.6) were amplified from 20 ng of DNA/cfDNA in each of two 

multiplex PCR reactions using the Ion AmpliSeq™ HD Library Kit (Thermo Fisher Scientific).  

 

The reaction mixture for cfDNA target amplification comprised 4X Ion AmpliSeq™ HD 

Amplification Mix, 10X Ion AmpliSeq™ customised HD forward and reverse primers and 

NFW (all Thermo Fisher Scientific), as well as 20 ng of the DNA/cfDNA sample, totalling 

15ul in volume. Target DNA sequences were then amplified via PCR using a Veriti® 96-well 

Thermal Cycler (Thermo Fisher Scientific), as per Table 4.11.  

 

 

Table 4.11: PCR cycling conditions required for the amplification of Ion AmpliSeq™ HD 

libraries. 

Stage Temperature (°C) Length of cycle Number of cycles 

Amplification of 

target sequences 

99 30 seconds  

64 2 minutes 
3 

60 6 minutes 

72 30 seconds  

Final extension 72 2 minutes 1 

Final hold 4 Up to 1 hour - 
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The two PCR reaction solutions were then combined before the amplicons were then partially 

digested using 5 μL of Ion AmpliSeq™ HD SUPA Reagent (Thermo Fisher Scientific) in a 57-

minute incubation in the thermal cycler (see Table 4.12). 

 

Table 4.12: PCR cycling conditions required for the partial digestion of primer sequences. 

Stage Temperature (°C) Length of cycle Number of cycles 

Partial digestion of 

primer sequences 

30 15 minutes 1 

50 15 minutes 1 

55 15 minutes 1 

25 10 minutes 1 

98 2 minutes 1 

Final hold 4 Up to 1 hour - 

 

Unique dual molecular barcodes (Ion AmpliSeq™ HD Dual Barcode Kit 1-24, Thermo Fisher 

Scientific) were then ligated to each amplicon (amplified sequence of cfDNA/DNA) with 4 μL 

of selected barcode and the barcoded libraries were amplified in a thermal cycler reaction 

(Table 4.13). This enabled multiple libraries (i.e. samples from different sources and patients) 

to be sequenced on a single chip at ultrahigh sensitivity (0.1% limit of detection). 

 

Table 4.13: PCR cycling conditions required for the amplification of the libraries with unique 

dual molecular barcodes. 

Stage Temperature (°C) Length of cycle Number of cycles 

Activation of enzyme 99 15 seconds 1 

Amplification of 

libraries with unique 

dual molecular 

barcodes 

99 15 seconds 
5 

62 20 seconds 

72 20 seconds  

99 15 seconds 
15 

70 40 seconds 

Final extension 72 5 minutes  1 

Final hold 4 ∞ - 
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The amplified libraries were purified to remove primers, enzymes and amplicons that did not 

ligate to barcodes by the following steps. Using 39 μL of Agencourt® AMPure® XP Reagent 

(Beckman Coulter), libraries were bound to magnetic beads and pelleted out of solution by 

incubation on a 96-side DynaMag™ magnetic rack (Thermo Fisher Scientific). Beads were 

washed twice in 150 μL of 70% (v/v) denatured AR-grade ethanol (Fronine Supplies) and the 

DNA libraries were eluted with 50 μL of Low Tris-EDTA (TE) Buffer (Thermo Fisher 

Scientific). The purified libraries were quantified on the Agilent® Bioanalyzer® with the 

Agilent® High Sensitivity DNA Kit (Agilent Technologies; see Section 2.2.6) and equalized 

to 100 pM with Low TE Buffer.  

 

4.2.5.3 Template preparation and semi-conductor sequencing  

Various numbers of uniquely barcoded sample libraries were diluted in low TE (Thermo Fisher 

Scientific) to reach a final concentration of 100pM, and equal volumes of each were pooled. 

Specifically,  

• 16 libraries for pan-myeloid panel 

• 40 libraries for targeted-myeloid panel   

• 24 libraries for HD panel  

The pooled libraries then underwent template preparation.  

All template preparation steps for the amplification, enrichment and preparation of target 

sequences for sequencing were performed in an automated fashion on an Ion Chef™ System 

(Thermo Fisher Scientific) according to manufacturer’s instructions. Briefly, 25 μL of pooled, 

equalised libraries were dispensed into a barcoded Ion Chef™ Library Sample Tube and loaded 

into the Ion Chef™ Instrument, along with all reagents and consumables provided in the Ion 

PI™ Hi-Q™ Chef Kit (Thermo Fisher Scientific). During the instrument run, the libraries were 

mixed with Ion Sphere Particles (ISPs) and subjected to emulsion PCR, in which each ISP was 

enclosed in an oil phase so only a single template was present in the same particle compartment. 

This ensured that after amplification each particle had amplicons of only 1 specific template 

bound to its surface. The template-positive ISPs were then enriched to maximize sequence 

yield, using streptavidin-coated magnetic beads to select for amplicon-carrying ISPs containing 

the biotinylated primer sequences. The DNA amplicons were then denatured in sodium 

hydroxide, mixed with Sequencing Primers (Thermo Fisher Scientific) and loaded onto an Ion 

PI V3 Chip (Thermo Fisher Scientific). The chip was removed from the Ion Chef™ Instrument 
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and transferred to the Ion Proton Sequencer (Thermo Fisher Scientific) for sequencing using 

the Ion PI Hi-Q Sequencing Kit (Thermo Fisher Scientific).  

 

4.2.5.4 Data analysis  

Initial processing of the output from the Ion Proton™ Sequencer was carried out with Torrent 

Suite Software (V5.8 for pan-myeloid and targeted-myeloid panels, v5.10 for HD panel) 

(Thermo Fisher Scientific). This included base calling to generate sequence reads and the 

alignment of these reads to the reference genome, human genome build 19 (hg19). The 

software also reported the metrics of each sequencing run, including the efficiency of chip 

loading, the number of bases called and the count and quality of aligned reads. 

 

4.2.5.4.1 Variant Curation and Annotation 

Identification and annotation of variants within the DNA sequences (with respect to the 

reference genome hg19) was carried out using Ion Reporter™ Software (V5.2 for pan-myeloid 

and targeted-myeloid panels, v5.10 for HD panel) (Thermo Fisher Scientific). Specifically, this 

software reported the particular variant type (synonymous, missense, frameshift 

insertion/deletion) and genomic location (intronic, exonic) and predicted the consequences of 

the variant on the protein(s) encoded by that sequence (i.e. alterations to the amino acid 

sequence and the potential effect on protein function). Ion Reporter™ also identified variants 

catalogued in public databases such as the single nucleotide polymorphism database (dbSNP) 

and the catalogue of somatic mutations in cancer (COSMIC). 

 

The information generated by Ion Reporter™ was used to create a list of variants that were 

detected for each patient sample (germline DNA, BMA DNA, PB DNA, plasma cfDNA):  

• Ion AmpliSeq™ pan-myeloid panel: only variants with at least 20x coverage with a 

minimum of 3 reads supporting the variant, and a VAF greater than 2% were retained 

for further analysis.  

• Ion AmpliSeq™ targeted-myeloid panel: only variants with at least 20x coverage with 

a minimum of 3 reads supporting the variant and a variant allele fraction greater than 

1% were retained for further analysis.  

• Ion AmpliSeq™ HD panel: a minimum of 2 family reads supporting the hotspot variant 

was required and only variants with variant allele fraction greater than 0.1% were 

retained for further analysis. 
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Variants were further refined through the following filtering process:   

• variants present in an intronic (non-coding) region of the genome were removed.  

• variants with predicted synonymous change to protein function were removed.  

• variants with minor allele frequency (MAF) of greater than 5% were removed, as the 

assumption is that variants that are present in over 5% of a representative population of 

‘healthy’ individuals are not malignant.   

• variants that were recurrently observed in more than 50% of the samples were removed, 

as they represent likely sequencing and/or PCR artefacts (174,176). 

Constitutional control was then performed on the curated variant list for each sample. 

Leukaemic-related somatic variants were identified by eliminating any variants detected within 

the BMA, PB and plasma DNA/cfDNA that were also present in constitutional DNA (nail 

clippings). The leukaemic-related somatic variants identified were validated against the Cancer 

Genome Atlas AML database and the genomic database of 1540 AML patients in another 

pivotal AML genomic study (24,28). Finally, manual confirmation of leukaemic-related 

variants was performed by inspecting the Binary SAM (BAM) files on the Integrated Genomics 

Viewer (IGV) software v 2.3.8 (developed by The Broad Institute, Cambridge, USA). 

 

4.2.6 Validation of somatic mutations 

The validity of the curated variants as leukaemic-related mutations was confirmed by internal 

cross-validation between matched sample sources or between samples of various time points 

from the same patient. The presence of the same variant in at least two matched sample sources 

or across two or more different timepoints of the same patient served as validation of 

leukaemic-related mutation. In the setting where variants could not fulfil the described internal 

validation criteria, alternate molecular techniques were used to confirm the validity of the 

identified variants. Three other techniques were used: pyrosequencing for KRAS mutations, 

allele specific oligonucleotide PCR for JAK2 V617F and fragment analysis for FLT3-ITD 

detection. The methods used for each are described. 

4.2.6.1 KRAS Pyrosequencing 

The Therascreen CE-IVD KRAS pyrosequencing kits (Qiagen) were used for screening 

samples for mutation in KRAS using the PyroMark Q24 System platform (Qiagen) according 

to the manufacturer’s instructions. Primers were used to detect mutations in codon 61 of exon 

3 in KRAS. After PCR amplification, 10 uL of biotinylated PCR products were bound to 
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streptavidin-coated Sepharose beads (GE Healthcare Bio-Sciences, Pittsburgh, PA). The PCR 

products were then denatured and non-biotinylated fragments washed from the beads using the 

PyroMark Q24 Vacuum WorkStation (Qiagen). The beads were then resuspended in annealing 

buffer containing the sequencing primer. Pyrosequencing was performed using the Therascreen 

buffers and reagents, and raw data were analysed with PyroMark Q24 software version 2.0 

(Qiagen).  

4.2.6.2 JAK2 V617F Detection by Allele Specific Oligonucleotide (ASO) PCR  

JAK2 V617F assessment was performed by the qualitative real-time fluorescent ASO PCR. 

Specifically, sample DNA was amplified in a PCR reaction using primer which binds 

specifically to the JAK2V617F mutant and the second primer that binds to housekeeping gene 

B-Actin. For the quantification of the PCR products, ABI Prism 7500 Sequence Detection 

System (Applied Biosystems) was used. A relative quantitative method was performed with a 

multiplex real-time PCR with specific TaqMan probes (Applied Biosystems) for JAK2 V617F 

and for the housekeeping gene B-Actin.  

4.2.6.3 FLT3-ITD Detection by Fragment Analysis   

PCR amplification of the entire exons 14 and 15 of chromosome 13 was performed using PCR 

Mastermix (Geneworks, Invitrogen). PCR products were analysed using capillary 

electrophoresis and GeneScan software (Applied Biosystems) according to manufacturer’s 

instructions. The areas under the curves were quantified for FLT3-ITD and the wild-type allele, 

respectively, by use of the Genemapper Version 4.0 software (Applied Biosystems). The ratio 

of FLT3-ITD to wild type was expressed as a percentage of the area under the curve for FLT3-

ITD divided by the area under the curve for wild-type FLT3. 

 

4.2.7 Statistical analysis 

All statistical analyses were carried out using Microsoft® Excel. The Spearman’s correlation 

was used to analyse the correlation of 2 non-categorical variables.  

 

4.3 Results 

4.3.1 Patient Characteristics  

Twenty-four adult patients aged from 46 to 84 years with AML were recruited to this study. 

Table 4.14 outlines the baseline clinical and genomic characteristics of the patients studied.  
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Table 4.14: Baseline clinical and genomic characteristics of the patient cohort 

Patient M/

F 

Age  WHO 

Classification 

FLT3  NPM1 Karyotype Cytogenetic

s risk group 

(ELN 2017) 

Parameters at diagnosis 

Hb 

g/L 

Neut 

x109/L 

Platelet 

x109/L 

PB 

Blast

s % 

BM 

Blasts 

% 

AML-001 F 69 AML-MRC  -   -  46,XX,del(7)(q22q31.?3)[20] Intermediate 149 1.11 261 65 90 

AML-002 F 73 AML-MRC N N 45,XX,del(2)(p2?1p2?3),der(3;16)(q10;p10),d

el(5)(q13q33)[15]/47,idem,der(3;16),+der(1;9)

(p10;q10),add(2)(p21),+8,add(9)(p13),-

16,add(18)(q11.2)[5] 

Adverse 99 0.33 155 6 23 

AML-003 M 75 AML-MRC N Y 46,XY,del(20)(q11.2)[10]/45,idem,-7[10] Adverse 117 1.34 32 0.26 16 

AML-004 M 55 AML-NOS ITD N 47,XY,+Y[20] Intermediate 79 0.04 16 48 80 

AML-005 F 47 AML-NOS ITD N 46,XX[20] Intermediate 31 0.13 12 55 53 

AML-006 M 84 AML-MRC  -  -  46,XY,dup(1)(p22p34)[2]/46,XY[18] Intermediate 80 4.6 93 8 41 

AML-007 M 71 AML-MRC  -   -  46,XY[20] Intermediate 95 3.99 99 51 47 

AML-008 M 75 AML-MRC  -   -  44,XY,del(5)(q15q33),-7,-12,-17,-

18,+2mar[3]/44,idem,t(3;6) (p?13;q2.?5),-17, 

+mar[13] /44~48,sl,add(1)(p36.?1),-

11,+12,add(12)(p13),+22,+1~4mar[cp3] 

Adverse 54 0.83 24 0 22 

AML-009 F 46 AML-NOS  -   -  46,XX[20] Intermediate 103 0.1 85 Occas

ional 

37 

AML-010 M 49 AML with 

mutated 

NPM1 

N Y 46,XY[20] Favourable  85 10.06 259 48 35 

AML-011 M 68 AML-NOS  -   -  46,XY[20] Intermediate 114 1.98 191 0 22 
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AML-013 M 71 AML with 

inv(16) 

 -   -  46,XY,inv(16)(p13.1q22)[19]/46,XY[1] Favourable 87 1.83 13 6 69 

AML-014 M 56 AML with 

mutated 

NPM1 

TKD Y 46,XY[20] Favourable 122 2.05 221 25 74 

AML-015 M 36 AML with 

t(8;21) 

 -   -  45,X,-Y,t(8;21)(q22;q22)[20] Favourable 95 0.93 12 86 80 

AML-017 M 79 AML-NOS  -   -  47,XY,+8[4]/46,XY[19] Intermediate 112 0.3 124 Occas

ional 

54 

AML-019 M 78 AML-NOS  -   -  47,XY,+4[9]/46,XY[11] Intermediate 78 0.07 115 Occas

ional 

92 

AML-021 F 52 t-MN (t-AML)  -   -  46,XX,del(7)(q22q32)[20] Intermediate 118 1.97 134 47 30 

AML-022 M 81 AML-MRC  -   -  46,XY,der(10)t(10;14)(p12;q11.2)[4]/46,XY,d

el(7)(q22)[2]/46,XY[54] 

Intermediate 121 0.57 66 0 20 

AML-025 F 54 t-MN (t-AML)  -   -  44~46,XX,der(3)(t(3;7)(p13;q11.2),del(4)(q25

q34),-5,der(5)add(5)(q35)del(5)(p15),-

7,add(12)(p11.2),+1~2mar[cp20] 

Adverse 82 2.07 84 12 38 

AML-032 M 49 t-MN (t-AML) N N 46,XY,t(16;21)(q24;q22)[20] Intermediate 96 2.68 22 7 24 

AML-033 F 40 AML with 

inv(16) 

-  -  46,XX,inv(16)(p13.1q22)[40]/47,sl,+13[5]/48,

sdl1,+13[3]/46,sl,der(7)t(7;13)(q32;q12)[9]/46

,sl,der(18)t(13;18)(q12;p11.2)[3] 

Favourable 123 0.22 128 27 60 

AML-034 M 63 t-MN (t-AML) ITD N 46,XY[20] Intermediate 100 0.79 34 85 96 

AML-044 M 68 AML with 

t(8;21) 

 -   -  47,XY,+4,t(8;21)(q22;q22)[10]/47,sl,add(2)(q

31),add(7)(q32)[5]/46,XY[5] 

Favourable 113 3.09 43 82 80 

AML-045 M 75 AML-MRC  -   -  47,XY,+8[1]/46,XY[19] Intermediate 75 0.28 25 0 14 
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4.3.2 Sample Characteristics 

From all the 24 patients, a total of 253 clinical samples across 129 time points were collected 

and studied. These consisted of:  

• BMA: 69  

• PB: 40  

• Plasma: 120 

• Nail clippings: 24  

 

The 129 time points consisted of 24 time points at diagnosis, 18 time points at relapse and 87 

time points during remission. 13 of the patients had follow up samples collected. They were 

selected based on the treatment response to cover different clinical outcomes including 

remission, relapse and refractory disease.  The median number of follow up time points was 8 

(range 2-18).  

 

All diagnostic samples were collected prior to the commencement of treatment. All plasma 

samples (n=120) were processed within 4 hours after sample collection. There were total of 61 

matched samples that included BMA, PB and plasma across all time points of which 31 (51%) 

were all collected on the same day. Overall, 90% (55/61) of PB and plasma samples were 

collected within 4 days of bone marrow collection. The median time between BMA collection 

and blood sampling was 0 day (0 – 33 days). All 24 nail clippings samples from which germline 

DNA was extracted were collected at time of diagnosis before treatment.       

 

4.3.3 DNA and cfDNA Quantification 

DNA and cfDNA yield were adjusted to volume of sample input for standardisation and 

expressed as ng per ml of sample. Plasma cfDNA yield was significantly lower compared to 

BMA or PB DNA across all different clinical settings.  

 

At diagnosis, the median plasma cfDNA yield was 25.76 ng/ml (range 3.62 - 1867.6) compared 

to median BMA DNA yield of 34,000 ng/ml (range 10,467 – 152,000) and PB DNA yield of 

17,700 ng/ml (range 665 – 114,000). The large differences in DNA/cfDNA yield between 

BMA/PB and plasma was also present in the remission and relapsed/refractory samples. The 

results are listed on Table 4.15.  
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Table 4.15: Plasma, BMA and PB DNA/cfDNA yield (ng/ml) at diagnosis, remission and 

relapse 

  DNA/cfDNA yield (ng/ml) 

Sample source Clinical setting Median Max Min 

cfDNA 

At diagnosis 25.76 1867.60 3.62 

Relapsed/Refractory 8.37 993.60 2.27 

Remission 9.20 257.60 3.36 

BMA 

At diagnosis 34,000 152,000 10,467 

Relapsed/Refractory 42,200 97,000 6,800 

Remission 73,200 94,600 12,600 

PB 

At diagnosis 17,700 114,000 665 

Relapsed/Refractory 10,600 65,200 4,480 

Remission 17,700 120,000 2,780 

 

 

To determine whether the cfDNA yield was associated with disease burden, this was compared 

with WCC, peripheral blood blast cell count and the percent of blast cells in the bone marrow. 

There was no correlation with poor r2 values summarised in Table 4.16.  

 

Table 4.16: Correlative values between cfDNA yield and other parameters 

 
r2 value 

cfDNA yield v WCC 0.266239 

cfDNA yield v PB Blasts 0.195938 

cfDNA yield v BMA Blasts 0.347751 

 

 

4.3.4 Comparison of Sequencing Panels  

The 3 NGS sequencing panels used in this study were analysed for their performance. The 

parameters studied include mapped read, on target rate, coverage depth and uniformity (details 

on Section 4.1.2.3). Testing was performed as follows  
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Figure 4.3: Sample collection and NGS processing overview  

 

 

Table 4.17: The sample collection timepoints and NGS panels processing  

 No of timepoint processed 

Clinical Setting Pan-myeloid Targeted myeloid HD 

Diagnosis 24 5 6 

Relapse/refractory 4 10 12 

Follow up (remission) 0 17 81 
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4.3.4.1 Ion AmpliSeq™ pan-myeloid panel  

This panel produced the highest sequencing efficacy. It had the highest median mapped read 

at 5,649,015 (2,305,858 – 25,414,384) with the highest median on target rate of 96.22% 

(80.14% - 98.03%). However, it had the lowest median coverage depth and median uniformity 

at 949 (326 – 3,603) and 88.37% (71.26% - 90.49%) respectively. This panel performed 

equally well in all 3 sample sources on all metrics. This panel was designed on Ion AmpliSeq 

Designer (Thermo Fisher Scientific) to work optimally as a panel. This panel delivered on the 

objective of mutation landscape discover. 

 

Table 4.18: Ion AmpliSeq™ pan-myeloid panel performance metrics  

Sample type 
 

Mapped 

Read On target 

Coverage 

Depth Uniformity 

All Median 5649015 96.22% 949 88.37% 

 
Min 2305858 80.14% 326 71.26% 

 
Max 25414384 98.03% 3603 90.49% 

      
BMA Median 5355944 97.39% 946 88.67% 

 
Min 2859299 95.51% 510 87.63% 

 
Max 7224700 98.03% 1287 90.49% 

      
PB Median 4771367 97.03% 842 89.10% 

 
Min 2550018 96.55% 450 87.30% 

 
Max 6443680 97.35% 1154 89.64% 

      
Plasma Median 6128885 89.27% 953 87.97% 

 
Min 2305858 80.14% 326 83.59% 

 
Max 9430477 92.91% 1507 90.12% 

 

4.3.4.2 Ion AmpliSeq™ targeted-myeloid panel  

This panel generated the lowest median mapped read and on target rate, at 1,854,345 (165,613 

– 5,521,880) and 72.31% (9.28% - 80.80%) respectively. It gave a median coverage depth of 

25,621 (1034 – 125,111) and median uniformity of 89.28% (71.77% - 92.33%). The 

sequencing relative inefficiency was evidenced across all 3 sample types (i.e. BMA, PB and 
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plasma). Plasma samples had the lowest median on target rate and coverage depth at 55.78% 

(9.28% - 66.91%) and 12,345 (1,034 – 45,398) respectively.  

 

Table 4.19: Ion AmpliSeq™ targeted-myeloid panel performance metrics  

Sample type 
 

Mapped Read On target 

Coverage 

Depth Uniformity 

All Median 1854345 72.31% 25621 89.28% 

 
Min 165613 9.28% 1034 71.77% 

 
Max 5521880 80.80% 125111 92.33% 

      
BMA Median 1938080 74.75% 24957 81.37% 

 
Min 1095506 63.50% 10487 77.55% 

 
Max 3100652 80.80% 73896 92.33% 

      
PB Median 1854676 77.33% 31941 90.55% 

 
Min 978573 67.06% 10583 77.58% 

 
Max 5521880 79.72% 125111 91.44% 

      
Plasma Median 1682325 55.78% 12345 89.41% 

 
Min 556505 9.28% 1034 74.38% 

 
Max 2903058 66.91% 45398 92.33% 

 

 

4.3.4.3 Ion AmpliSeq™ HD panel 

This high-definition panel gave the deepest sequencing of all 3 panels analysed. It had the 

highest median coverage depth and uniformity. The highest median coverage depth and 

uniformity was observed on Ion AmpliSeq™ HD panel at 65,624 (24,799 – 122,666) and 

98.45% (49.94% - 100%) respectively. This is with median mapped read of 2,946,044 

(1,088,717 – 5,464,118) and median on target rate of 91.97% (81.91% - 98.87%). This panel 

performed equally well on both BMA and plasma on all metrics. This panel delivered on the 

objective of ultra-high detection sensitivity and very low limit of detection through very deep 

sequencing with unique molecular tag. The very deep sequencing was observed equally on 
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both BMA and plasma samples. In fact, this panel delivered the highest median on-target rate 

for plasma sample. These results were also detailed on Table 4.18 – 4.20.   

Table 4.20: Ion AmpliSeq™ HD panel performance metrics  

Sample type 
 

Mapped Read On target 

Coverage 

Depth Uniformity 

All Median 2946044 91.97% 65624 98.45% 

 
Min 1088717 81.91% 24799 49.94% 

 
Max 5464118 98.87% 122666 100.00% 

      
BMA Median 3144319 90.98% 70195 91.21% 

 
Min 2443323 88.74% 54484 83.79% 

 
Max 5464118 92.42% 122666 98.41% 

      
Plasma Median 2827164 92.27% 60998 100.00% 

 
Min 1088717 81.91% 24799 49.94% 

 
Max 4992407 98.87% 109219 100.00% 

 

 

4.3.5 Mutations identified  

A total of 88 mutations in 30 genes were detected in the 253 samples from the 24 AML patients. 

81 (92%) of these were identified in the diagnostic samples, 4 (4.5%) in relapsed/refractory 

samples and 3 (3.5%) in follow up samples at the time of remission.  

 

4.3.5.1 Mutations at diagnosis 

A total of 81 mutations in 30 genes with a median VAF of 38% (0.12% - 93%) were identified 

in the samples obtained at diagnosis from 24 patients. The median number of mutations was 

3.4 per patient. Single nucleotide variants (SNV) was the main type of mutation. The most 

frequently mutated genes were NRAS and CEBPA and activated signalling pathway was the 

most involved pathways.  
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4.3.5.1.1 Characteristics of Diagnostic Mutations 

Seventy-seven mutations were identified in 30 genes in the 24 diagnostic samples (16 matched 

samples and 8 BMA only samples) with the Ion AmpliSeq™ pan-myeloid panel. The VAF 

limit of detection was 3%.  

 

To explore if there were additional mutations at VAF <3%, selected diagnostic matched 

samples were analysed using the targeted-myeloid (n=5) and HD panels (n=6). No additional 

mutations were identified in 5 cases assessed with the Ion AmpliSeq™ targeted-myeloid panel 

to VAF limit of detection of 1%. With the Ion AmpliSeq™ HD panel, 4 additional mutations 

from 2 of 6 patients were detected and these had VAF <1% and with concordance between 

BMA and plasma. These were:  

• FLT3 D839G (BMA 0.22%, Plasma 0.12%)  

• TET2 H1868Y (BMA 0.21%, Plasma 0.53%)  

• NRAS G12C (BMA 0.2%, Plasma 0.4%)  

• NRAS G12D (BMA 0.6%, Plasma 0.7%).  

 

In summary, with inclusion of the mutations detected using the HD panel, a total of 81 

mutations in 30 genes with a median VAF of 38% (0.12% - 93%) (Table 4.21) were detected, 

of which 65 were distinct. All patients studied harboured at least one mutation with a mean of 

3.4 mutations per patient at diagnosis (Figure 4.4). 

 

Figure 4.4: mutation frequency at diagnosis 
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Of the 81 mutations, 64 (80%) were single nucleotide variants (SNV) of which 56 were 

missense mutations and 8 non-sense mutations. There were 17 (20%) insertion/deletion (Indel) 

of which 15 resulted in frameshift and 2 indels were in frame (Figure 4.5). All of the 81 

mutations detected in this study had previously been reported to be associated with AML 

(24,28).  

 

Figure 4.5: Types of mutations identified  

 

 

4.3.5.1.2 FLT3-ITD mutation detection 

FLT3 analysis was included in the Ion AmpliSeq™ pan-myeloid panel with one positive case 

identified; this case had 6 nucleotides duplication and was only identified on plasma cfDNA 

(VAF 7%). Examining the BAM files of BMA and PB samples, FLT3-ITD with 6 nucleotide 

insertion could be seen, but the VAF was 2%, which did not meet the reportable criteria. Of 

the 24 patients, 9 had FLT3-ITD mutation analysis by conventional fragment analysis method 

and 4 had FLT3-ITD identified. The insertion length was not known due to the nature of 

fragment analysis. The median allelic ratio was 0.37 (range 0.05 – 0.61). The patient was one 

of the 4 patients known to have FLT3-ITD with the pan-myeloid panel.  

 

70%

10%

18%

2%

0%

20%

40%

60%

80%

100%

Missense Nonsense Frameshift Indel



 97 

Table 4.21: Details of the mutations identified in the 24 patients at diagnosis  

All mutations were identified on Ion AmpliSeqTM pan-myeloid panel except for mutation labelled * which were identified on HD panel. 

Patient 
No of 

mutations 

Mutation VAF (%)   

Gene AA changes BMA PB Plasma Function Pathway 

AML-001 4 JAK2 V617F 0 0 12 Missense Myeloid Transcription Factor 

  
NRAS  Q61R 7 6 11 Missense Activated signalling gene 

  
PTPN11  F71L 4 0 3 Missense Activated signalling gene 

  
WT1  R370S 4 8 0 Missense Tumour suppressor gene 

AML-002 3 KRAS  G61H 4 3 10 Missense Activated signalling gene 

  
PTPN11  N308D 8 0 6 Missense Activated signalling gene 

  
TP53  C275Y 72 51 67 Missense Tumour suppressor gene 

AML-003 3 IDH2  R140Q 47 35 50 Missense DNA-methylation-related gene 

  
NPM1  W288fs 41 35 40 Frameshift Nucleophosmin 

  
PHF6  E221Ter 91 76 93 Nonsense Tumour suppressor gene 

AML-004 4 FLT3  D835Y 6 8 23 Missense Activated signalling gene 

  
FLT3  V592A 34 44 21 Missense Activated signalling gene 

  
KRAS  G61H 0 0 14 Missense Activated signalling gene 

  
U2AF1  S34F 44 42 45 Missense Spliceosome factor 

AML-005 2 BCOR  D328fs 45 26 33 Frameshift Chromatin-modifying gene 

  
BCORL1  K1210fs 42 30 31 Frameshift Tumour suppressor gene 

AML-006 7 BCOR  R1547Ter 87 79 80 Nonsense Chromatin-modifying gene 

  
CBLB  Q474E 44 44 40 Missense Myeloid Transcription Factor 

  
DNMT3A  G699D 46 51 47 Missense DNA-methylation-related gene 

  
NRAS  G12V 42 42 40 Missense Activated signalling gene 

  
TET2  E852Ter 45 39 38 Nonsense DNA-methylation-related gene 

  
TET2  R1896T 47 43 49 Missense DNA-methylation-related gene 

  
U2AF1  S34F 46 41 48 Missense Spliceosome factor 
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Patient 
No of 

mutations 

Mutation               VAF (%)  

Function 

 

Pathway Gene AA changes BMA PB Plasma 

AML-007 3 ASXL1  E635fs 54 39 63 Frameshift Chromatin-modifying gene 

  
CEBPA  Q312ter 33 32 36 Nonsense Myeloid Transcription Factor 

  
SRSF2  P95H  46 49 55 Missense Spliceosome factor 

AML-008 1 TP53  R306Ter 23 6 35 Nonsense Tumour suppressor gene 

AML-009 2 DMNT3A  R882L 46 10 34 Missense DNA-methylation-related gene 

  
IDH1  R132C 46 13 39 Missense DNA-methylation-related gene 

AML-010 3 DMNT3A  R882H 43 44 45 Missense DNA-methylation-related gene 

  
IDH1  R132H 25 21 20 Missense DNA-methylation-related gene 

  
NPM1  W288fs 46 46 53 Frameshift Nucleophosmin 

AML-011 5 CEBPA  P23fs 50 - - Frameshift Myeloid Transcription Factor 

  
DNMT3A  C586G 43 - - Missense DNA-methylation-related gene 

  
IDH2  R140Q 49 - - Missense DNA-methylation-related gene 

  
NF2  N540S 50 - - Missense Tumour suppressor gene 

  
SMC3  G666V 44 - - Missense Cohesin-complex gene 

AML-013 1 NRAS  Q61R 39 - - Missense Activated signalling gene 

AML-014 2 FLT3  D835Y 40 - - Missense Activated signalling gene 

  
NPM1  W288fs 42 - - Frameshift Nucleophosmin 

AML-015 2 KIT  D816Y 49 - - Missense Activated signalling gene 

  
TET2  R1516Ter 12 - - Nonsense DNA-methylation-related gene 

AML-017 5 CEBPA  E176fs 18 - - Frameshift Myeloid Transcription Factor 

  
IDH1  R132C 38 - - Missense DNA-methylation-related gene 

  
PHF6  G287V 23 - - Missense Tumour suppressor gene 

  
RUNX1  H105Q 27 - - Missense Myeloid Transcription Factor 

  
SRSF2  P95H 36 - - Missense Spliceosome factor 
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Patient 
No of 

mutations 

Mutation                   VAF (%)  

Function 

 

Pathway Gene AA changes BMA PB Plasma 

AML-019 7 CEBPA  Q312Ter 44 28 38 Nonsense Myeloid Transcription Factor 

  
FLT3 D839G* 0.22 - 0.12 Missense Activated signalling gene 

  
FLT3  V491L 6 3 3 Missense Activated signalling gene 

  
IDH1  R132C 36 24 31 Missense DNA-methylation-related gene 

  
NPM1  W288fs 43 24 36 Frameshift Nucleophosmin 

  
NRAS  G12A 8 0 9 Missense Activated signalling gene 

  
TET2  H1868Y* 0.21 - 0.53 Missense DNA-methylation-related gene 

AML-021 1 PTPN11  E76K 44 39 39 Missense Activated signalling gene 

AML-022 1 U2AF1  S34F 9 0 24 Missense Spliceosome factor 

AML-025 8 EZH2  K477R 38 40 44 Missense Chromatin-modifying gene 

  
NF2  M9I 9 10 14 Missense Tumour suppressor gene 

  
NRAS  G12C* 0.6 - 0.7 Missense Activated signalling gene 

  
NRAS  G12D* 0.2 - 0.4 Missense Activated signalling gene 

  
NRAS  Q61H 12 8 12 Missense Activated signalling gene 

  
NRAS  Q61K 13 20 16 Missense Activated signalling gene 

  
TP53  F341S 44 36 47 Missense Tumour suppressor gene 

  
TP53  R306Ter 41 36 51 Nonsense Tumour suppressor gene 

AML-032 1 TP53  V173G 42 38 39 Missense Tumour suppressor gene 

AML-033 4 BCORL1  F1643fs 23 15 18 Frameshift Tumour suppressor gene 

  
FLT3  E596fs 0 0 7 Frameshift Activated signalling gene 

  
NF1  H553R 31 27 23 Missense Activated signalling gene 

  
ZRSR2  D432_R435dup 17 13 12 Indel Spliceosome factor 
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Patient 
No of 

mutations 

Mutation VAF (%)  

Function 

 

Pathway Gene AA changes BMA PB Plasma 

AML-034 5 PHF6  E191_S193dup 92 - - Indel Tumour suppressor gene 

  
PHF6  S193fs 92 - - Frameshift Tumour suppressor gene 

  
RB1  I297T 61 - - Missense Tumour suppressor gene 

  
RUNX1  S402P 49 - - Missense Myeloid Transcription Factor 

  
TET2  I1871fs 54 - - Frameshift DNA-methylation-related gene 

AML-044 1 KIT  D816V 61 - - Missense Activated signalling gene 

AML-045 6 KMT2A  S463R 21 - - Missense Chromatin-modifying gene 

  
NRAS  G12A 14 - - Missense Activated signalling gene 

  
SRSF2  P95H 49 - - Missense Spliceosome factor 

  
STAG2  L995fs 57 - - Frameshift Cohesin-complex gene 

  
TET2  H1380Y 47 - - Missense DNA-methylation-related gene 

  
TET2  H717fs 43 - - Frameshift DNA-methylation-related gene 
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4.3.5.1.3 Mutated Genes and frequency 

Of the 30 genes in which mutations were detected, there were 8 that occurred in 15% or more 

of the patients. The two most frequently mutated were NRAS and CEBPA, seen in 25% and 

21% of patients respectively. The other commonly mutated genes were DNMT3A, FLT3, IDH1, 

NPM1, TET2 and TP53, seen in 17% of patients for each gene. Together these 8 genes made 

up 54.3% of all mutations identified (44/81).  

 

Four genes (PHF6, PTPN11, SRSF2 and UAF1) were mutated in 13% patients for each gene. 

The remaining 18 genes were mutated in less than 10% of patients but contributed 30% (25/81 

mutations) of total mutations. Although individually rare, mutations in these genes in the “long 

tail” (Figure 4.6) in aggregate comprise a large fraction of all the mutations detected.  

 

Figure 4.6: Mutated genes and their frequency at diagnosis for the patient cohort. Orange line 

represents the cumulative % of mutations (secondary y axis) with each gene. 

 

The most frequent mutations were in  

• Signalling pathway genes (FLT3, KIT, KRAS, NF1, NRAS, PTPN11):  28%.  

• DNA methylation-related genes (DMNT3A, IDH1, IDH2, TET2):   22%  

• Tumour suppressor genes (BCORL1, NF2, PHF6, RB1, TP53, WT1):  19%  

• Myeloid transcription factor genes (CBLB, CEBPA, JAK2, RUNX1):  10% 
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• Spliceosome factor genes (SRSF2, U2AF1, ZRSR2):    9%  

• Chromatin-modifying genes (ASXL1, BCOR, EZH2, KMT2A):  6% 

• Nucleophosmin (NPM1):        5%  

• Cohesion-complex genes (SMC3, STAG2):      2%   

 

4.3.5.2 Additional Mutations at Follow Up  

Seven additional mutations were detected at follow up with the Ion AmpliSeq™ targeted-

myeloid panel and Ion AmpliSeqTM HD panel. Of these, 3 were in patients in clinical remission 

and 4 in relapsed/refractory samples. These will be described further. 

 

4.3.5.2.1 During remission 

A total of 87 follow up samples collected during remission (41 matched BMA and plasma, 

samples; 46 plasma only) were analysed using the Ion AmpliSeq™ targeted-myeloid (n=17) 

and Ion AmpliSeq™ HD panels (n=81). Three new mutations were detected in 2 patients in 

clinical remission by the Ion AmpliSeq™ HD panel in both BMA and plasma samples, as 

follows:  

 

Mutation VAF Panel 

 Gene AA change BMA Plasma 

DNMT3A P904L 4.4% 3.3% HD panel 

DNMT3A R882C 0.41% 0.17% HD panel 

TET2 I1873T 0.21% 0.11% HD panel 

 

No new mutations were identified on the Ion AmpliSeq™ targeted-myeloid panel. 

 

4.3.5.2.2 Relapsed / refractory Samples 

18 relapsed/refractory samples (15 matched BMA and plasma; 3 BMA only) were processed 

using the pan-myeloid (n=4), targeted-myeloid (n=10) and Ion AmpliSeq HD panels (n=12). 

There were an additional 4 mutations detected in BMA and plasma of 4 patients. Two of these 

were detected with the Ion AmpliSeq™ targeted-myeloid panel and a further 2 with the HD 

panel. The 4 new mutations identified were:  
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Mutation VAF Panel 

Gene AA change BMA PB Plasma 

NRAS Q61P 4% 3% 5% Targeted-myeloid 

FLT3 D835H - 3% 3% Targeted-myeloid 

IDH2 R140Q 18.8% - 36% HD panel 

TP53 C277Y 0.38% - 0.55% HD panel 

 

No new mutations were identified by the Ion AmpliSeq™ pan-myeloid panel. 

 

4.3.6 Concordance in Mutation Detection at Diagnosis Between Sample Types 

Bone marrow aspirate (BMA), whole blood (PB) and plasma were compared for their 

concordance for their ability to detect mutations in the samples collected at diagnosis. For this 

study, “concordance” was defined as the presence of the same mutation in each sample type 

collected at the same timepoint (i.e. “matched” samples).  

 

Of the 24 patients with samples collected at diagnosis, 16 had a full set of BMA, PB and plasma 

assessed. These were all analysed using Ion AmpliSeq™ pan-myeloid panel. From the 

diagnostic matched samples of these 16 patients, a total of 50 mutations were detected. Of the 

total 50 mutations identified, 42 mutations were detected in all samples (BMA, PB and 

plasma). The remaining 8 did not share concordance between all sample types (Figure 4.8 and 

Table 4.22): 

• 4 mutations in both BMA and plasma, but not PB; 

• 1 mutation in BMA and PB, but not plasma;  

• 3 mutations in plasma only.  

 

By sample type (Figure 4.7): 

• Plasma identified 49/50 mutations (98%) 

• BMA identified 47/50 mutations (94%)  

• PB identified 43/50 mutations (86%) 
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Figure 4.7: % of total mutations identified by different sample sources  

 

 

 

Figure 4.8: Venn diagram showing the concordance in mutation detection by sample type.  
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The median VAFs for mutations detected on different combinations of sample type(s):  

• BMA, PB and plasma:  41% (4-91%); 

• BMA and plasma only:  8% (3-24%); 

• BMA and PB only:   4% (4-8%); 

• Plasma only:   12% (7-14%).  

 

Overall, the highest yield was from plasma (49 of 50; 98%), with 3 mutations identified 

exclusively in plasma (i.e. JAK2 V617F, KRAS G61H and FLT3-ITD E596fs) (Table 4.22).  

 

Table 4.22: List of discordant results between sample types and VAF  

 VAF (%) 

Mutation BMA PB Plasma 

FLT3-ITD E596fs 0 0 7 

JAK2 V617F 0 0 12 

KRAS G61H 0 0 14 

WT1 R370S 4 8 0 

PTPN11 F71L 4 0 3 

PTPN11 N308D 8 0 6 

NRAS G12A 8 0 9 

U2AF1 S34F 9 0 24 

 

The mutations found exclusively in plasma were validated with alternate molecular techniques. 

FLT3-ITD E596fs was confirmed using fragment analysis. JAK2 V617F was validated using 

ASO PCR technique and KRAS G61H was validated using KRAS pyrosequencing. The WT1 

R370S mutation was detected in BMA and PB DNA but not in the plasma (Table 4.22). 

 

4.3.7 Mutation VAF correlation between sample types 

Mutation VAF correlation was assessed between sample types across the total 233 samples 

over 128 time points from 24 patients, as follows:  

• 193 matched measurements between BMA vs plasma,  

• 95 matched measurements for BMA vs PB, and  

• 210 matched measurements for plasma vs PB 
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The data was analysed using the Spearman correlation method.  

 

There was an excellent correlation (r2=0.94) between the VAF of these mutations in the BMA 

and plasma samples across these matched measurements. This is the highest correlation 

reported between a tumour department and cfDNA. This is superior compared to the correlation 

between the VAF of the mutations in the BMA and PB samples with r2 of 0.87. The correlation 

between VAF of the mutations in the plasma and PB showed r2 value of 0.88.  

 

 r2 value p value 

BMA v Plasma 0.94 <0.0001 

BMA v PB 0.87 <0.0001 

Plasma v PB 0.88 <0.0001 
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Figure 4.9: Mutation VAF correlation between sample types 
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4.4 Discussion 

 

In this chapter, I have progressed the outcomes of Chapter 2 and explored plasma as a sample 

source for cfDNA and mutation analysis in AML. I then applied plasma using 3 different NGS 

panels to assess the ability to detect acquired somatic mutations in plasma cfDNA. The 

following key findings will be discussed: 

1. Characteristic differences between next generation sequencing panels, and, 

2. The suitability of plasma cfDNA assessment for mutation detection in the analysis of 

AML. 

This will include a discussion of the mutations detected at diagnosis as well as the potential of 

this approach as a monitoring tool. I will also discuss the plasma requirements to achieve this 

in clinical practice.  

 

4.4.1 Next Generation Sequencing Panels and Profiles 

A number of commercial NGS sequencing approaches are available for use. For this project, I 

focused on three Ion AmpliSeq™ panels (two custom-designed panels and one panel pooled 

in-house), each of which have been promoted for their unique attributes. Specifically, the pan-

myeloid panel as a discovery tool, the smaller targeted-myeloid panel which focuses on genes 

known to be mutated in this patient cohort and the HD panel with error-corrected NGS 

technology that delivers low limits of detection. The studies I have performed have shown there 

to be differences in the profiles and characteristics of each of the 3 Ion AmpliSeq™ panels 

which could then influence choice when applied to mutation detection in cfDNA.  

 

The Ion AmpliSeq™ pan-myeloid panel delivered the highest sequencing efficacy given the 

large primers set (5771 amplicons spanning 593.59kb covering exons of 129 genes). This panel 

was applied to discover the somatic mutations in the AML cohort studied. Whilst this panel 

was not designed specifically for cfDNA, it has been shown to be equally efficient in cfDNA 

and DNA across all performance metrics.  

 

The Ion AmpliSeq™ targeted-myeloid panel was associated with sequencing inefficiency. This 

is because the panel was compiled in-house without going through dedicated and customised 

design process like the other 2 commercial panels. Despite achieving deep sequencing (mean 

coverage depth at 25,621), this panel was limited by its technology (without unique molecular 
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tag) in its detection sensitivity. Its inability to detect low-level genomic variants at VAF less 

than 2% VAF is due to frequent low-level sequencing errors and artefacts in NGS workflow 

(173,174). Therefore, limited by the sequencing inefficiency and conventional NGS 

technology, the Ion AmpliSeq™ targeted panel was ill-suited for the purpose of sensitive 

mutation monitoring.  

 

The Ion AmpliSeq™ HD panel, a form of error-corrected NGS technology, is enabled by dual 

molecular barcodes technology to facilitate accurate high-sensitive detection of low-level 

mutations, to limit of detection of 0.1% (175). Further, Ion AmpliSeq™ HD technology was 

specifically designed to target cfDNA (175).  This panel produced high coverage depth 

expected of this technology with mean coverage depth of 65,624. It had the smallest PCR 

amplicon size, capable of detecting short (170bp) and fragmented cfDNA in plasma, as well as 

cellular BMA samples (126,133). The median size of PCR amplicons for the AmpliSeq HD 

panel was 66.5 bp (range: 34-88), as compared with 109bp (range: 63–140) for the Ion 

AmpliSeq™ pan-myeloid panel. The short amplicon length, coupled with the dual molecular 

barcodes technology of the HD panel made this panel the optimal one for sensitive mutation 

monitoring in plasma cfDNA. This was demonstrated in detection of TET2 I1873T mutation 

at 0.11% VAF on plasma cfDNA, in concordance with BMA DNA at similar VAF. Other 

studies have reported similar findings and high sensitivity of Ion AmpliSeq™ HD technology 

giving potential for mutation monitoring (177).  

 

4.4.2 Plasma cfDNA for Mutation Detection in AML 

Mutational profiling has fundamentally changed the approach to patients with AML. At the 

time of diagnosis, it informs prognosis and guides formulation of optimal first line therapy. At 

the time of complete remission, molecular monitoring allows assessment of minimal residual 

disease as a marker of prognosis and impending relapse. At the time of relapse, repeat 

molecular assessment allows identification of therapeutic targets and potential eligibility for 

clinical trials. DNA extracted from bone marrow aspirate is the current gold standard in 

molecular assessment across all these clinical settings (23). 

 

In this chapter I focused on assessing differences in the ability to detect somatic mutations in 

DNA extracted from aspirated bone marrow, whole blood and plasma. Bone marrow, although 

the standard sample for assessing disease status in AML, suffers the limitation of access. For 
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this reason, many researchers in haematology and oncology, are diverting their attention to 

“liquid biopsies” or blood samples for mutation detection and monitoring. In this project, I 

have taken this one step further, by assessing mutation detection and comparing “whole blood” 

and plasma. The data shows that all samples (BMA, PB and plasma) were suitable for mutation 

analysis at diagnosis, when there is a high disease burden. However, with lower levels of 

disease, plasma was as least as good a source of DNA for mutation detection as bone marrow, 

and more sensitive than “whole blood”. The particular attributes of plasma cfDNA were: 

i. Plasma cfDNA reflected the mutational landscape detected in BMA at diagnosis and at 

relapsed/refractory setting.  

ii. Plasma cfDNA mirrored the fractional abundance of somatic mutations in BMA at all 

timepoints assessed.  

 

4.4.2.1 Plasma cfDNA for Mutation Detection at Diagnosis  

To my knowledge, this is the first study that has compared molecular profiling using plasma, 

whole blood and bone marrow in AML. At diagnosis, plasma gave the most comprehensive 

molecular profiling by uncovering the highest number of mutations (49/50 mutations; 98% 

sensitivity), exceeding both BMA (47/50) and PB (43/50). In addition, mutations could be 

identified in the plasma at VAF as low as 0.11%. The high sensitivity, specificity and detection 

at low VAF may be due to a number of factors.  

 

Firstly, plasma provides a holistic assessment of disease burden. In other words, in addition to 

reflecting AML in the bone marrow compartment and the cellular component of blood, it also 

includes cfDNA fragments that may originate in other extramedullary sites. This has been 

demonstrated for both haematological and solid tumour neoplasms. Using serum cfDNA for 

molecular monitoring of AML, Nakamura et al observed an increase in mutation burden prior 

to the identification of an isolated breast extramedullary AML relapse (82). In another instance, 

mutation monitoring using serum cfDNA facilitated detection of isolated rectal relapse in a 

patient with T-cell lymphoma (78). The progress in the field of cfDNA in solid organ 

malignancies which has seen cfDNA translated into an important clinical tool in oncology 

practice provides further supports the concept that plasma collects malignant cfDNA from 

various body sites (73–75).  
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Secondly, every AML clone, regardless of clone size and ontogeny, releases cfDNA fragments 

into the plasma. AML is a complex and dynamic malignancy with multiple somatically gained 

mutations of variable mutational burden that coexist in competing clones (7,25). It is now 

recognised that certain mutations occur early in AML ontogeny, such as the “DTA mutations” 

in clonal haematopoiesis, and some mutations develop late in AML ontogeny, e.g. NPM1 

mutation (13,14,56). Plasma contains these cfDNA fragments that reflects the spatial and intra-

tumoral genetic heterogeneity of AML at diagnosis.  

 

Further, plasma is free from the pitfalls associated with haemodilution that occurs with bone 

marrow sampling. This is a well-recognised pre-analytical factor that can impact the quality of 

data (66). Blood dilution occurs when large volumes are aspirated or with multiple aspirations 

at one sampling episode. If multiple aliquots are obtained, the sample for molecular testing is 

commonly the last specimen drawn, which can result in significant haemodilution. Data shows 

that BMA diluted with blood leads to under-estimation of leukaemic burden and minimal 

residual disease assessment (178). This was evident on patient AML-033 samples where FLT3-

ITD E596fs was detected exclusively in the plasma sample using Ion AmpliSeqTM pan-myeloid 

panel (VAF 7%) but not the matched BMA or PB (Section 4.3.6). Using FLT3-ITD PCR 

fragment analysis method, the matched BMA sample demonstrated the presence of a small 

FLT3-ITD mutated clone (0.05 mutant ITD to wildtype ratio). Therefore, for mutations when 

only present at low VAF, haemodilution of the marrow sample could render the mutation 

fraction to fall below the NGS detection threshold.   

 

Despite my work showing higher sensitivity of plasma over BMA for mutation detection, this 

has not been a universal finding. In a study by Short et al they compared molecular profiling 

in AML at diagnosis using plasma and BMA (81). They found 39 mutations in 22 patients on 

both samples in which 34 were detected in the BMA and 24 in plasma; however, only 19 

mutations (49%) were detected in both sample types. The low concordance rate was likely due 

to pre-analytical factors and variability in NGS processing. Of note, they collected PB in Streck 

tubes with time to plasma isolation not specified. As discussed in Chapter 2, time to plasma 

isolation is an important pre-analytical factor to avoid genomic DNA contamination and 

cfDNA degradation (117,118). Further, the BMA and plasma were processed using two 

different targeted NGS panels, 28- and 275-gene panels, respectively. Only the 28 overlapped 

genes results were studied using separate bio-informative pipelines.  
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No previous studies have reported a molecular profiling comparison of PB and plasma with 

mutation detection in BMA, the gold standard (10). Plasma was more sensitive than whole 

blood in mutation detection. In the bone marrow DNA, 47 mutations were discovered, of which 

46 were identified in the plasma cfDNA (98% sensitivity) and 43 in PB (91% sensitivity).  The 

higher mutation discovery sensitivity in plasma compared to PB most likely reflects the fact 

that PB contains circulating lymphocytes that are not derived from the leukaemic clones which 

dilute the fractions of the malignant clones, whereas plasma is enriched with leukaemic cfDNA 

fragments.   

 

A previous study compared PB and BMA at diagnosis and found that PB and BMA were 

equivalent sample sources for molecular profiling in AML, if PB was involved with sufficient 

circulating disease (179). In another AML study the sensitivity of PB sequencing to detect 

mutations in the bone marrow mutations yielded 88% sensitivity, similar to the present (91%) 

results (180). In patients with MDS, Yeh and colleagues compared plasma and PB to BMA 

and their results suggested that sequencing of plasma cfDNA is likely superior to sequencing 

of PB (79).  

 

4.4.2.2 Plasma cfDNA for Mutation Detection at Relapse/Refractory Disease  

In the relapse/refractory disease setting, approximately 80% of patients with AML have been 

shown to gain additional mutations compared with their diagnostic mutation profile (181). 

Whilst this study was not designed to study clonal evolution, the results do suggest that clonal 

evolution assessment could be performed on plasma. Four new mutations were discovered in 

plasma at relapsed/refractory setting at VAF of 0.55% - 36%; these new mutations were also 

seen in the matched BMA. They were clinically significant mutations involving FLT3, IDH2, 

NRAS and TP53 genes. Two of them were actionable mutations using FLT3 inhibitor and IDH2 

inhibitor therapy, underscoring the clinical importance of clonal evolution assessment. In 

another study short et al reported that new mutations were identifiable in plasma cfDNA in 

longitudinal samples of two patients with relapsed AML (81). Plasma cfDNA genotyping has 

also been shown to be able to track clonal evolution in Diffuse Large B-cell Lymphoma (76). 

These results underline the potential of plasma cfDNA as a sample source for clonal evolution 

assessment at relapsed/refractory setting.  
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4.4.2.3 Is Plasma cfDNA Suitable for Molecular Monitoring? 

The purpose of molecular monitoring in AML is to assess measurable residual disease as a 

marker of prognosis and impending relapse. The current practice of molecular MRD 

monitoring for response assessments relies on bone marrow sampling (39,47). Although some 

studies have evaluated whole blood monitoring of MRD in AML, these have been largely 

restricted to the evaluation of specific targets using PCR (e.g. NPM1 mutations) (60,182,183). 

Plasma as a sample source for molecular monitoring in AML remains an area that is largely 

unexplored. 

 

In this study, I have established that by applying Ion AmpliSeqTM HD technology on plasma 

cfDNA, the limit of detection was 0.11% VAF, evidenced on TET2 I1873T mutation (0.21% 

BMA, 0.11% plasma). Importantly, the study has also shown excellent correlation (r2=0.94) 

between the VAF of the mutations in the BMA and plasma samples across all matched 

measurements, which exceeded the correlation between BMA and PB samples (r2 = 0.87). To 

date, the highest reported correlation between plasma cfDNA and BMA was in the setting of 

MDS (r2=0.84) (79). The high correlative value between plasma and BMA mutation burden 

was maintained to mutation fraction as small as VAF 0.11%. These results showed that plasma 

cfDNA accurately reflects the mutation burden of BMA in AML, including the ability of 

plasma to detect very low level of disease, as sensitive as current standard in BMA, and more 

sensitive than PB. These findings highlight the potential clinical values of plasma cfDNA in 

AML. 

 

These biological characteristics make a strong case for plasma to be considered as a reliable 

sample source for residual disease assessment in AML in remission. This claim is supported 

by findings from other studies, such as that by Zhong and colleagues who showed the feasibility 

of using cfDNA for minimal residual disease monitoring. They examined monoclonal IGH and 

TCR rearrangement for MRD monitoring in patients with AML. During follow-up, recurrence 

of rearrangements in cfDNA was observed 1-3 months earlier than bone marrow relapse. From 

this they claimed that cfDNA could be a possible tool for MRD monitoring in patients with 

AML (184). More recently, Nakamura et al demonstrated the feasibility and prognostic value 

of MRD monitoring on serum cfDNA in patients with AML following allogeneic 

transplantation. They showed MRD positivity could be detected as low as 0.03% on serum 

cfDNA using ddPCR (82). 
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The suitability of plasma cfDNA for MRD assessment was further supported by finding that 

plasma cfDNA mirrored the fractional abundance of somatic mutations in BMA at all 

timepoints assessed. To my knowledge, this correlation between plasma cfDNA and a tumour 

compartment (r2=-0.94) is higher than in previous reports. The highest reported correlation to 

date is between plasma cfDNA and BMA in the setting of MDS (r2=0.84) (79). The results 

from the present AML study and MDS support the current understanding that plasma cfDNA 

is of haemopoietic in origin (70,71). This also highlights the potential clinical value of using 

plasma as the source of cfDNA to study the mutational profile in AML. 

 

Serum has also been studied as a sample source for analysing cfDNA. In their study of AML, 

Nakamura et al reported r2 correlation value of 0.67 when comparing serum and BMA (23). 

The reason for this result being lower than that which I have obtained is likely to be because 

of differences between serum and plasma as the sample sources for cfDNA. Several works 

have compared cfDNA have revealed genomic DNA contamination in serum samples resulting 

from leucocytes lysis during the clotting process in serum collection tubes, thus compromising 

on cfDNA purity and mutation detection sensitivity. (127–130). This validates my findings that 

plasma is a preferable source of cfDNA with a higher purity.  

  

4.4.2.4 Summary of Plasma cfDNA and Mutation Detection 

In summary, plasma contains cfDNA fragments that reflect the spatial and intra-tumoural 

genetic heterogeneity of AML at diagnosis. Utilising plasma as the sample source in the clinical 

setting could overcome limitations of analysing bone marrow for genomic defects, i.e. 

restriction to one anatomical site and the variability in sample quality. The enrichment of 

malignant cfDNA in plasma allows detection of mutations, even at very low levels, with the 

application of Ion AmpliSeqTM HD technology and using a readily accessible blood sample. 

 

4.4.3 Mutation Detection in AML at Diagnosis 

The current insight into the molecular landscape of AML at diagnosis was achieved through 

interrogation of whole genome and whole exome of bone marrow samples in patients with 

AML (7,24,26,28). Molecular profiling the 24 patients in this study showed a mean of 3.4 

mutations which is in keeping with previous reports (24,28). At least one mutation was 

identified in each patient, also being in concordance with the published literature (24,28). This 
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universality of mutations, and low number per patient, make molecular disease monitoring in 

AML an appealing option.  

 

All the mutations identified were previously described and implicated in AML (9,24,28). There 

were no new mutations uncovered. Consistent with large-scale AML studies (24,28), the most 

prevalent type of mutation was missense single nucleotide variant and the most frequently 

affected genes by functional group was in genes encoding activated signalling molecules. The 

‘long-tail’ distribution of mutations, with a large number of mutated genes in a small percent 

of patients (<15%), is also in keeping with previously demonstrated data. 

 

In large AML cohort studies, FLT3 and NPM1 have been shown to be the 2 most commonly 

affected genes (24,28) whereas in the present study, NRAS and CEBPA were the 2 most 

commonly mutated. There are several possible explanations to this finding.  Firstly, the small 

sample size (n=24) could skew the distribution of genes mutated. Secondly, mutation landscape 

of this cohort included 4 mutations at VAF of less than 1.0% (identified using Ion AmpliSeq™ 

HD panel); this is below the threshold for other studies that used NGS technology with limits 

of detection of 3-5% (24,28). Thirdly, in the present study the technology used had false 

negative FLT3-ITD mutations results. FLT3 gene is the most mutated gene, involving around 

30% of patients with AML, but were only found in 17% of this patient cohort. The reason for 

this discrepancy is most likely a technical one. NGS technology is not suited to detect large 

insertions, which is the case for FLT3-ITD mutation (173,185–187). Of the entire data set, we 

only detected one FLT3-ITD, which is unusually low given the widely reported frequency of 

22% (24). In the present cohort, there were 3 other patients with FLT3-ITDs detected by 

conventional fragment analysis method but were missed by the NGS platform. This is a well-

recognised pitfall of NGS due to the limitation in identifying large insertion/duplication 

(173,185–187). The duplication for FLT3-ITD is known to range from 3bp to more than 400bp 

(185). In the only FLT3-ITD identified, it was only possible due to the small duplication size 

at 6 nucleotides.  

 

Due to the sensitivity of the HD panel (VAF limit of detection 0.1%), 4 mutations were detected 

on diagnostic samples that were undetected with the standard Ion AmpliSeq™ pan-myeloid 

panel (VAF detection limit 3-5%). These additional mutations (in patient AML-019 and AML-

025) were all at VAFs less than 1.0%. Confidence that these were “true positives” came from 

seeing these being concordant on BMA and plasma samples (Section 4.3.5.1). This illustrates 
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that, at diagnosis, there are mutations in AML VAF of less than 1%, some of which may be of 

potential significance for prognosis and monitoring purposes. Firstly, this data consolidates the 

concept that AML is a complex and dynamic malignancy with multiple somatically gained 

mutations that coexist in competing clones (7,25). Secondly, it shows that there can be 

neoplastic clones at low burden. Thirdly, it emphasises the importance of utilising a highly 

sensitive NGS detection method at diagnosis to identify these mutations. The presence of 

mutations at low VAF therefore suggests that the AML mutation landscape may differ from 

the current understanding. To progress this would require advances in NGS technology that 

would allow for both breadth and depth, covering exons of all genes of interest in AML to VAF 

limit of detection of less than 1%; this is currently not technically possible.  

4.4.4 Plasma cfDNA quantity  

The optimal plasma volume required for cfDNA genomic analyses has not previously been 

determined. Unlike BMA or PB with median DNA yield of tens of thousands ng per ml of 

sample, 1ml of plasma at diagnosis was shown to only isolate median cfDNA of 25.76ng/ml. 

This demonstrated that the volume of PB and therefore plasma required to meet the minimal 

cfDNA input to be crucially important.  I have shown that the yield of cfDNA from plasma is 

different at various clinical settings. It is not related to the total leucocyte count or leukaemic 

blast counts in the blood or bone marrow at time of collection. Therefore, no considerations 

are required for these parameters with regards to cfDNA yield but the clinical setting would 

need to be considered. Each genomic analysis has different minimal DNA input. Depending 

on the genomic assay and hence the minimum cfDNA input required, these results would guide 

the plasma volume required and therefore informing optimal volume for peripheral blood 

collection at different clinical settings. In this study where 20ng of cfDNA was the minimal 

input, 5-8ml of plasma was used at all sample timepoints. This was sufficient to extract cfDNA 

and detect mutants in all cases studied.  

   

The median cfDNA for healthy individuals was estimated to be 5.43 ng/ml (112,114). 

Compared to this result, patients with AML have higher median cfDNA quantity than normal 

subjects. At diagnosis, the median cfDNA quantity for this patient cohort was 25.76ng/ml (3.62 

– 1867.6ng/ml). This is consistent with the observation in other cancer groups where cfDNA 

in cancer patients is higher than healthy subjects (111–114). Specifically, the median plasma 

cfDNA for patients with colorectal cancer was estimated to be 26.0ng/ml of plasma (113). In 

the present study, the median cfDNA level fell to 9.20ng/ml after treatment and at the time of 
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attaining clinical remission. This level, though not normalised, is closer to the median cfDNA 

level of a healthy population (5.43ng/ml). This is suggestive, but not does not confirm, 

restoration of normal haemopoietic function.  

 

4.5 Summary and Concluding Remarks  

The results of studying the 24 patients with AML have shown that disease-associated mutations 

can be identified in plasma cfDNA. These accurately reflect the molecular landscape and 

fractional abundance of mutations as detected in BMA at diagnosis, in remission and the 

relapse/refractory settings. These findings therefore confirm that plasma should be further 

explored as a sample source for comprehensive molecular profiling. Due to its ready access, 

ability for regular sampling and high sensitivity (down to 0.1%), it offers the prospect to be 

used to track for measurable residual disease and clonal evolution. The merits of this approach 

will be further explored Chapter 5, where I present data from longitudinal assessment of plasma 

samples for mutations monitoring in individual AML patients.  
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Chapter 5: Molecular Disease Monitoring in Acute Myeloid 

Leukaemia using Next Generation Sequencing on Plasma cell-free 

DNA 

5.1 Background 

As described in Chapter 1, acute myeloid leukaemia is an aggressive haematological 

malignancy treated with a range of treatment modalities (i.e. cytotoxic therapy, targeted and 

biological therapies, transplantation). The outcome of treatment is monitored with 

morphological assessment, flow cytometry and, in some cases, molecular testing, which vary 

in their limits of detection. I hypothesised that NGS on cfDNA would be more sensitive of 

residual disease and a potential monitoring tool to predict relapsed AML following therapy. 

The work predated the very recently published guidance from the European Leukaemia Net, to 

which I will refer in the Discussion.  

 

5.1.1 Treatment of AML 

5.1.1.1 First Line Therapy 

The choice of initial treatment of AML depends on the functional status of the patient, 

biological status of the disease (measured by prognostic risk group and mutations) and goals 

of the patient. The two most commonly used first line therapies in AML are cytotoxic 

chemotherapy with or without targeted therapies, and, hypomethylating agents combined with 

bcl-2 inhibition (i.e. venetoclax) or with targeted therapies.  

 

Patients with AML who are medically fit enough to tolerate chemotherapy and with the goal 

of cure, are often considered for induction high dose chemotherapy regimen consisting of 

cytarabine delivered over 7 days, and an anthracycline (e.g. daunorubicin) over 3 days. This 

induction therapy, known colloquially as “7+3”s, produces complete disease response rates of 

40-80% depending on the AML risk group (31). This backbone therapy has not changed for 50 

years. Consolidation chemotherapy with 3 or 4 cycles of a cytarabine-based regimen is standard 

of care for patients who achieve remission after the initial induction chemotherapy; this 

therapeutic strategy results in approximately 50% long-term survival in patients who achieve 

complete remission with induction chemotherapy (188). The addition of midostaurin, an oral 

multi-targeted tyrosine kinase inhibitor, to standard 7+3 chemotherapy in patients with FLT3 

mutation improves survival (33).  
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For unfit and older patients with AML, frontline management using a hypomethylating agent 

with venetoclax, an oral bcl-2 inhibitor, has become the new standard of care. This combination 

therapy has shown improvement in complete remission rates, time to complete remission and 

overall survival compared with hypomethylating agent therapy alone (34). Prior to this, 

treatment options for unfit patients with AML were low dose cytarabine and single agent 

hypomethylating therapy (e.g. azacitadine and decitabine). A randomised study showed 

azacitadine improved median overall survival (12.1months) over conventional care including 

low-dose cytarabine (6.9 months) in older patients with AML (189). Another randomised trial 

comparing decitabine with low-dose cytarabine or supportive care in a similar population also 

showed a modest overall survival benefit (190). The proportion of patients who achieve an 

objective response with hypomethylating agents is 20–30%, which is lower than that observed 

with intensive chemotherapy (191).  

 

Although these approaches are currently the “standard of care”, the upfront management of 

AML continues to evolve and change. Targeted therapies including IDH1 (e.g. ivosidenib) and 

IDH2 inhibitors (e.g. enasidenib), in combination with hypomethylating agents or intensive 

chemotherapy, are showing promising results in early phase trials (35,36).  

 

5.1.1.2 Post Remission Therapy 

Induction chemotherapy results in remission in many patients with AML, but relapse is 

common and overall survival is poor. Hence, once remission has been achieved, post-remission 

strategies are considered, such as maintenance chemotherapy or allogeneic haemopoietic stem 

cell transplantation (HSCT).  

 

Allogeneic HSCT improves outcomes of patients with AML, especially those with poor-risk 

AML, through the mechanism of graft-versus-leukaemia effect exerted by engrafted donor T-

cells. Although HSCT for high-risk patients with AML consistently decreases the frequency of 

relapse compared with chemotherapy alone, many patients still relapse (192).  

 

Allogeneic HSCT is not always feasible due to patient age and performance status as well as 

donor availability. Therefore, other maintenance therapies are considered to prolong remission. 

Recently, data from a phase III placebo-controlled trial demonstrated promising overall 

survival (OS) outcomes with oral azacitidine (CC-486) in this setting (193). Median OS was 



 120 

significantly longer for patients receiving oral azacitidine than for those receiving placebo 

(24.7 months versus 14.8 months). This has gained FDA approval for oral azacitidine to be 

used as maintenance treatment of adults with AML in first remission after intensive 

chemotherapy.  

 

5.1.1.3 Relapsed and Refractory AML 

Relapsed disease and the associated leukaemia-associated complications are the most common 

causes of death (23). For patients with primary induction failure or who subsequently relapse, 

the goal of further therapy is to achieve a second remission and proceed to allogeneic HSCT, 

which offers the best chance of cure (194). However, if allogeneic HSCT is not an option, for 

patients with a shorter first remission duration or with primary induction failure, there are 

currently no effective therapies. This was demonstrated in a large, multicentre trial comparing 

8 different salvage regimens in patients with relapsed or refractory AML. An objective 

response was seen in only 20–25%, the median survival was 3–4 months and with no 

differences in survival between the regimens (195).  

 

5.1.2 Clonal Evolution 

AML that relapses after therapy or is refractory to therapy is associated with a substantial 

increase in molecular complexity, with multiple new subclones and mutations identified at the 

time of relapse or refractory disease. In the vast majority of relapsed/refractory AML patients, 

the mutational profile of AML is different from that at initial diagnosis (181,196,197). By 

performing whole exome sequencing of matched diagnostic and relapsed/refractory samples, 

clonal evolution has been observed in 94% of patients (196). This has therapeutic implications 

as gain or loss of specific mutations may determine the suitability of therapeutic agents. This 

was well illustrated by Onecha and colleagues who reported new therapeutic targets, either by 

an approved drug or within clinical trials, in 5 of 23 (22%) patients with relapsed/refractory 

AML (198).   

 

5.1.3 Treatment Response Assessment 

Response to treatment in AML is critical in defining disease status and likely prognosis. This 

is based on blood count recovery, bone marrow morphology and measurable residual disease 

(MRD) status post therapy. The European LeukaemiaNet (ELN) 2017 guidelines for the 

diagnosis and management of AML provided definitions for treatment response and treatment 
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failure. The document also specified the different types of treatment response by the depth of 

response: from partial remission, morphologic leukaemia-free state, complete remission with 

incomplete haematological recovery, complete remission (CR) to complete remission without 

measurable minimal disease (CRMRD-). Complete remission was defined as reduction of bone 

marrow blasts to < 5%, the absence of circulating blast cells and of blasts with Auer rods, and 

no extramedullary leukaemia. This also required return of normal haemopoietic function with 

neutrophil count of >1.0 x 109/L, platelet count >100 x 109/L and red blood cell transfusion 

independence (30). 

 

5.1.3.1 Measurable Residual Disease 

New technologies now enable residual disease to be detected at levels below the 5% 

morphology threshold. This is of great clinical significance as measurable residual disease 

(MRD) positivity has been proven to be a strong independent prognostic factor for subsequent 

relapse and shorter survival in AML (37,38). It was these findings that led to the incorporation 

of the new category of “CR without MRD” (CRMRD-) into the ELN2017 consensus treatment 

guidelines (23). 

 

As described in Chapter 1 (Section 1.6), there are two main established approaches used to 

detect MRD in AML. These are multiparameter flow cytometry (MFC) and molecular 

techniques, especially quantitative PCR, both of which have drawbacks. MFC requires highly 

harmonized testing protocols (39,47). As a consequence, this approach is challenging to 

standardise. In addition, MRD detected by MFC is only present in approximately 50% patients 

that eventually relapse, highlighting the limitation of this methodology in its current form (48). 

Quantitative PCR (qPCR), a quantitative test of AML mRNA transcripts, is applied in AML 

for the NPM1 mutation and gene fusions (including RUNX1-RUNX1T1, CBFBMYH11, PML-

RARA, KMT2A-MLLT3, DEK-NUP214 and BCR-ABL). One significant limitation of qPCR is 

that it requires a leukaemia-specific sequence, i.e. gene fusion or NPM1 mutation, it is only 

applicable to 40-50% of AML patients (23,39,47). Both flow cytometric MRD and qPCR MRD 

were discussed in more detail in Section 1.6.1 and 1.6.2 respectively. 

 

5.1.3.2 NGS-based MRD 

NGS has potential to be used as a tool to detect MRD in the vast majority of patients with 

AML. This is because there is at least one driver mutation in the majority (96%) of patients, 
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and, on average, only 5 recurrent mutations per patient (28). Although these mutations are 

detectable at diagnosis, NGS has to date been insufficiently sensitive to be used for MRD 

assessment given the limit of detection (LOD) of routine NGS is 1-2%. However, there has 

been recent development of error-corrected NGS (NGS with UMIs) which allows higher 

sensitivity mutation detection to LOD of 0.1% (52–55). This technology has led to revision of 

the ELN guidance. In late 2021 the MRD working party recommended error-corrected NGS to 

be included as one of the MRD monitoring techniques. This enhanced sensitivity could 

therefore redefine NGS-MRD test positivity, and this has provisionally been defined as ≥0.1% 

VAF (39). This NGS-MRD approach was elaborated in detail in Section 1.6.2.2, and is a topic 

of this Chapter.  

 

A challenge posed by using NGS for MRD assessment is result interpretation. Specifically, the 

interpretation of positive mutation results in the setting of AML in remission, as this could be 

seen in true residual AML or reversion to residual clonal haemopoiesis that is ancestral to the 

AML. To address this, the ELN MRD working party (2021) recommended using targeted 

NGS-MRD to identify the specific mutations identified at diagnosis (39). This is an area I have 

pursued in this Chapter focusing on targeted NGS, and specifically as applied to plasma 

cfDNA. 

 

5.1.4 Clonal Haemopoiesis 

Clonal haemopoiesis (CH) refers to the expansion of haemopoietic stem cell clones harbouring 

specific and recurrent genetic variants, in individuals without a clear diagnosis of a 

haematologic malignancy. Clonal haemopoiesis of indeterminate potential (CHIP) is a related 

term that refers to a subset of CH with mutant variant allele fraction (VAF) of at least 2%. 

Recent studies have shown that CHIP is associated with an increased risk of developing a 

haematologic malignancy of 0.5% to 1% per year. Additionally, individuals with CHIP are at 

higher risk for morbidity and mortality from cardiovascular disease, autoimmune disorders, 

osteoarthritis and chronic obstructive pulmonary disease (12–16,199). The most common CH-

associated mutations are also prevalent in AML, MDS and other myeloid neoplasms. Mutations 

in DNMT3A, TET2, and ASXL1, collectively referred to as ‘DTA mutations’, account for 80% 

of somatic mutations detected in CH. This is followed by mutations in JAK2, DNA damage 

response (DDR) pathway genes (TP53, PPM1D, CHEK2), and splicing factors (SF3B1, 

SRSF2, U2AF1) (8,11–14).  
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CH sometimes persist after intensive therapy that eliminates the AML-related mutations (200–

203). They are eliminated following allogeneic stem cell transplant with complete donor 

engraftment (82,204). This observation suggests that DTA mutations should not be considered 

as markers of true residual AML and rather represent preleukemic CH. With less data than for 

DTA mutations, SRSF2 mutation also appears to persist in some AML patients who achieve 

complete remission and is also considered as marker of CH (59,200,203). DTA and SRSF2 

mutations may also emerge after therapy in clones unrelated to the initial AML (205).  

 

The significance of CH, including DTA mutations, in patients in remission post treatment 

treated for AML is less well understood. There are conflicting results on the correlation 

between persistent DTA mutations in remission and relapse risk. Some studies have shown that 

DTA mutations do not correlate with relapse risk and suggest these mutations reflect the CH 

state (59,206). However, this is not a universal view, as others report that DTA mutations are 

associated with a higher relapse risk, inferring these are pre-leukaemic clones which seed the 

relapse process (82,200). This is an important and evolving area which will be addressed in the 

work I have undertaken and will be further discussed (Section 5.4.3). 

 

5.1.5 Sample Sources for NGS-based MRD monitoring 

Strong and consistent data have established MRD positivity, on MFC and molecular 

approaches, during and after treatment as strong predictors of subsequent relapse and shorter 

survival in AML (37,38). These data have all been based on BMA and PB samples, with BMA 

being the more sensitive (50,182,183,207–209). This has been supported by the ELN in their 

recently published MRD 2021 guidance whereby they recommend BMA for molecular MRD 

monitoring including NGS-based techniques.  

 

The ELN did not consider liquid samples such as serum, plasma or urine for AML molecular 

monitoring for MRD. This may be due to the limited studies of PB NGS-based MRD, and that 

there are no studies of plasma NGS-based MRD assessment in AML. Hence the sensitivity and 

value of these sample sources in this approach remain to be determined (52–55). This is the 

work that I have undertaken and will describe in this Chapter.  
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5.1.6 Is Plasma cfDNA a Suitable Sample Source for AML Molecular Monitoring?  

In Chapter 4, I established the superiority of plasma over PB (whole blood) for mutation 

detection. Furthermore, I have showed that plasma enjoys near-perfect concordance (r2 0.94) 

with BMA in mutation detection to a level as low as 0.11% VAF. Taking advantage of data, in 

this Chapter I have further explored plasma as a sample source for NGS-based monitoring for 

measurable residual AML.  

 

Specifically, the aims of the chapter are:  

• To determine the potential clinical value of NGS-based molecular disease monitoring in 

AML, using plasma cfDNA, to predict relapse and identify clonal evolution.  

• To compare error-corrected NGS and qPCR in AML MRD monitoring. 

 

5.2 Methods 

5.2.1 Patients and Samples  

Patients with newly diagnosed AML (excluding acute promyelocytic leukaemia) who were to 

commence treatment were eligible. All patients were recruited after obtaining informed written 

patient consent.  The study had ethical and governance approvals from Royal Perth Hospital 

Ethics Committee (reference number: RGS 0000143).  

 

At diagnosis, BMA along with matched PB (from which plasma was prepared) were collected 

prior to treatment. Nail clippings were collected at diagnosis as genomic constitutional 

controls. 

 

During follow up, sequential BMAs were collected periodically as per standard of care, with 

matched PB collected and plasma prepared at the same time. In addition, at 1-monthly intervals 

during and after therapy where possible, PB was collected and plasma prepared during follow 

up.  

 

The processing of BMA, PB, plasma and nail clippings were performed as detailed in Section 

4.2.1.  
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5.2.2 DNA and cfDNA extraction 

DNA was extracted from BMA, PB and nail clippings using QIAamp® DNA extraction kits. 

cfDNA was extracted from plasma using QIAamp® Circulating Nucleic Acid kit. The 

extractions were performed as previously described on Section 4.2.2.  

 

5.2.3 DNA and cfDNA quantification 

For the extracted DNA from BMA, PB, nail clippings and cfDNA from plasma, the DNA and 

cfDNA concentrations were measured using the Qubit®dsDNA High Sensitivity Assay Kit 

and the Qubit® 2.0 Fluorometer (Thermo Fisher Scientific) according to the manufacturer’s 

protocol which was described in details on Section 4.2.3.  

 

5.2.4 Plasma cfDNA fragment analyses 

Length distribution and concentration of extracted cfDNA from plasma were analysed on the 

Agilent 2100 Bioanalyzer using the Agilent High Sensitivity DNA Kit (Agilent Technologies, 

Mulgrave, Australia) as described in detail in Section 2.2.6. 

 

5.2.5 Targeted Next Generation Sequencing 

Targeted sequencing of genes of interest was carried out using the Ion Torrent™ sequencing 

platform (Thermo Fisher Scientific) using 3 Ion AmpliSeq™ panels (Thermo Fisher 

Scientific):  

• Pan-myeloid panel: The “Pan-myeloid panel” covered whole exons of 129 genes 

implicated in myeloid diseases for mutation landscape discovery.  

• Targeted-myeloid panel: The “Targeted-myeloid panel” is a truncated version of the pan-

myeloid panel, consisting of 61 amplicons covering whole exons of 36 genes, for mutation 

monitoring.  

• High definition (HD) panel. The “HD panel” was custom designed on Ion AmpliSeq™ 

Designer (Thermo Fisher Scientific) to work optimally as a panel for ultra-sensitive 

mutation monitoring.  

 

The gene list and details on hotspots were as listed on Section 4.2.5.1 

 

The three panels were used to process the following sample types:  
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Ion AmpliSeq™ panels BMA PB Plasma Nail clippings 

Pan-myeloid panel     

Targeted-myeloid panel     

HD panel     

 

All steps in the sequencing process (including library preparation, chip loading and 

sequencing) were carried out according to manufacturer’s instructions, as detailed in Section 

4.2.5. 

 

5.2.5.1 Somatic Variant Identification 

Identification and annotation of variants within the DNA sequences (in respect to the reference 

genome hg19) was carried out using Ion Reporter™ Software (V5.2 for pan-myeloid and 

targeted-myeloid panels, v5.10 for HD panel) (Thermo Fisher Scientific). The information 

generated by Ion Reporter™ was used to create a list of variants that were detected for each 

patient sample (germline DNA, BMA DNA, PB DNA and plasma cfDNA).  

 

Variants were further refined through the following filtering process:   

• Variants present in an intronic (non-coding) region of the genome were removed.  

• Variants with predicted synonymous change to protein function were removed.  

• Variants with minor allele frequency (MAF) of greater than 5% were removed, as the 

assumption is that variants that are present in over 5% of a representative population of 

‘healthy’ individuals are not malignant.   

• Variants that were recurrently observed in more than 50% of the samples were 

removed, as they represent likely sequencing and/or PCR artefacts (174,176). 

 

Constitutional control was then performed on the curated variant list for each sample. 

Leukaemic-related somatic variants were identified by eliminating any variants detected within 

the BMA, PB and plasma DNA/cfDNA that were also present in the constitutional DNA (nail 

clippings). The leukaemic-related somatic variants identified were then validated against 

Cancer Genome Atlas AML database and the genomic database of 1540 AML patients in 

another pivotal AML genomic study (24,28). Finally, manual confirmation of leukaemic-

related variants was performed by inspecting the Binary SAM (BAM) files on the Integrated 
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Genomics Viewer (IGV) software v 2.3.8 (developed by The Broad Institute, Cambridge, 

USA). 

 

5.2.5.2 Validation of somatic mutations 

The validity of the curated variants as leukaemic-related mutations was confirmed by internal 

cross-validation between matched sample sources or between samples of various time points 

from the same patient. The presence of the same variant in at least two matched sample sources 

or across two or more different timepoints of the same patient served as validation of 

leukaemic-related mutation. 

 

5.2.6 qPCR for RUNX1-RUNX1T1 and CBFB-MYH11 

This method, that detects the known breakpoints of RUNX1-RUNX1T1 and CBFB-MYH11, 

uses 5’ nuclease assay technology with a fluorescent Taqman probe, labelled with a reporter 

and quencher molecule. PCR primers and a probe specific for these breakpoints are used in a 

separate reaction to quantitate the level of disease.   

 

Target gene: RUNX1-RUNX1T1 from t(8;21).  

cDNA from a reverse transcription reaction of 2500ng of patient RNA was mixed with 10µl of 

TaqPath qPCR Master Mix (Applied Biosystems), 0.4µl of AML1-F Primer (100ng/µl), 0.4ul 

of ETO-R Primer (100ng/µl), 2ul of AML1-ETO Probe (1pmole/µl).  

 

Target gene: Type A and Type E breakpoints of the CBFB-MYHII fusion gene 

cDNA from a reverse transcription reaction of 2500ng of patient RNA was mixed with 10µl of 

TaqPath qPCR Master Mix (Applied Biosystems), 0.4µl of CBFB-F Primer (100ng/µl), 0.4µl 

of MYH A/E-R Primer (100ng/µl), 2µl of CBFB-P Probe (1pmole/µl).  

 

Control gene: ABL gene 

cDNA from a reverse transcription reaction of 2500ng of patient RNA was mixed with 10µl of 

TaqPath qPCR Master Mix (Applied Biosystems), 0.4µl of ABL-F Primer (300ng/µl), 0.4µl 

of ABL-R Primer (300ng/µl), 4ul of ABL-P Probe (1pmole/µl).  

 

The samples were tested in triplicate in the target gene PCR and duplicate for control gene PCR 

using the following cycling conditions.  
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Following PCR, patient samples expressing the target gene exhibit fluorescent amplification 

plots. The number of copies of target gene (level of disease) is calculated from a standard curve 

of plasmids with known copy numbers of target using the absolute standard curve method of 

quantitation.  Calibration curves were performed using plasmids and ABL1 was amplified 

concomitantly as an internal reference.  

 

The result is expressed as a percent ratio of Target Gene divided by ABL Control 

Gene multiplied by 100%. Specifically, the average of the target gene transcripts (3 replicates) 

was divided by the averaged copies of control gene transcripts (2 replicates), which was then 

multiplied by 100 to achieve a result in %. 

 

5.3 Results 

Thirteen patients with AML were studied with samples collected serially from diagnosis, on 

therapy, in remission and, for some, at relapse. The patients are listed in Table 4.14 “Baseline 

clinical and genomic characteristics of the patient cohort” and are referred to in this chapter by 

their unique AML patient number (i.e. AML-0XX format).   

 

From these 13 patients, a total of 173 clinical samples (45 BMA, 24 PB, 104 plasma) were 

collected across 105 time points.  

 

Firstly, the results of each patient will be described. This will be followed by the data obtained 

on clonal evolution. Lastly, I present the data on the comparison of MRD monitoring using 

qPCR and error-corrected NGS.  

 

Stage  Step  Temperature  Time   Cycles  Fluorescent 

Reading  

1  1  50°C  2 minutes  1  None  

2  1  95°C   10 minutes  1  None  

3  1  95°C  15 seconds  
40 

None  

2  60°C  1 minute  Yes  



 129 

For the purposes of the results of each patient, they have been grouped into 3 groups by 

treatment outcomes: 

1. Remission  : 2 patients 

2. Refractory disease : 3 patients 

3. Relapsed disease : 8 patients 

 

Results for patients in each group will be presented 

 

5.3.1 AML Patients who Achieved Remission 

There were 2 patients in the study who, following treatment, achieved remission on long term 

follow up. These 2 patients had different treatment regimens, namely high dose chemotherapy 

followed by allogeneic stem cells transplant and hypomethylating agent with IDH1 inhibitor. 

They delivered the same clinical outcome of ongoing remission, defined by ELN treatment 

response criteria. 

 

5.3.1.1 Patient AML-015 

Clinical history: This patient was a 36 year-old male with AML with t(8;21). His diagnostic 

bone marrow aspirate showed 80% blast cells with cytogenetic changes of t(8;21); RUNX1-

RUNX1T1. Ion AmpliSeq pan-myeloid panel was applied to his diagnostic BMA which 

revealed 2 mutations: KIT D816Y and TET2 R1516Ter. He received induction 7+3 

chemotherapy (cytarabine and idarubicin) and achieved morphological remission after the first 

cycle of treatment. After three further cycles of consolidation therapy he was in molecular 

remission with undetectable RUNX1-RUNX1T1 (performed by qPCR on the bone marrow 

sample), in keeping with CR with negative MRD (CRMRD-). This CRMRD- remission status was 

not durable. The RUNX1-RUNX1T1 reappeared at substantial level just 2 months after 

completing his therapy. A bone marrow biopsy 2 weeks later showed morphological relapse 

(70% blast cells) disease with rising RUNX1-RUNX1T1 transcripts in the marrow sample. 

Salvage high dose chemotherapy (FLAG-IDA protocol) was given and he attained 

morphological and molecular remission (second CRMRD- remission). Due to the high risk of 

relapse, he proceeded to allogeneic stem cell transplantation. He remained in molecular 

remission 30 months post-transplantation.  
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Molecular Monitoring (Table 5.1 and Figure 5.1):  

Samples were collected at the end of his 4 cycles of initial induction / consolidation therapy 

until his allogeneic stem cell transplant, and at day-100 and 1 year post transplant milestones. 

A total of 16 samples were obtained and, for the purposes of this thesis, have been divided into 

3 parts:  

1. The first part was between first remission and first relapse.  

2. The second part was at second remission   

3. The third part was post-transplantation  

 

Part 1: Plasma, whole blood (PB) and bone marrow (when available) were analysed with the 

Ion AmpliSeq targeted-myeloid panel to assess the KIT and TET2 mutations.  

a) KIT D816Y: In keeping with morphological and molecular transcript remission, KIT 

D816Y was undetectable on PB and plasma initially at the end of his consolidative 

chemotherapy. The KIT D816Y mutation reappeared in the plasma (at substantial VAF of 

19%) but not the PB. At the time of overt morphological relapse, the KIT D816Y continued 

to be detectable in the plasma, at comparable VAF in the BMA, but at much lower VAF in 

PB.  

b) TET2 R1516Ter: The TET2 mutation was only identified at diagnosis but not in any of the 

follow up samples in plasma, PB or BM. This suggests eradication of the TET2 R1516Ter 

containing clones with first line therapy. 

c) RUNX1-RUNX1T1: The RUNX1-RUNX1T1 transcript reappeared 2 months after 

completion of his therapy at 55.7%. The transcript level increased to 134% at time of overt 

clinical relapse 2 weeks after.  

 

Part 2: Plasma and bone marrow were analysed with the Ion AmpliSeq HD panel for the KIT 

and TET2 mutations after achieving second remission with salvage chemotherapy.  

a) KIT D816Y was detectable in plasma cfDNA and the paired BMA at the end of his salvage 

chemotherapy, at 0.06 and 0.08% respectively. Even though they were below the technical 

limit of detection for Ion AmpliSeqHD of 0.1%, they were detectable and therefore reported 

here. 

b) TET2 R1516Ter: This mutation remained undetectable at second remission on plasma or 

BMA.  
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c) RUNX1-RUNX1T1 transcripts were also very low at 0.15%. This showed that mutation 

monitoring and transcript tracking are comparable in this case.  

 

Part 3: Samples immediately prior to transplant, and 100 days and 1year post-transplantation 

showed undetectable KIT D816Y, in keeping with his morphological remission and 

undetectable RUNX1-RUNX1T1. The TET2 R1516Ter remained detectable.  
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Table 5.1: AML-015 KIT D816Y VAF on matched samples, RUNX1-RUNX1T1 transcript and BMA blasts throughout treatment  

AML-015 

Clinical 

At diagnosis End of 

treatment - 

remission 

Remission Molecular 

relapse 

Relapse Second 

remission 

Pre-

transplant 

100 days 

post 

transplant 

1 year post 

transplant 

Months  0 5 6 8 8.5 10 12 16 28 

BMA Blasts% 51 - - - 70 2 - 1 - 

RUNX1-RUNX1T1 103 0 - 55.7 134 0.15 0 - - 

KIT D816Y 

BMA VAF % 49 - - - 60 0.08 - 0 - 

Blood VAF % - 0 0 3 12 - - - - 

Plasma VAF % - 0 19 62 66 0.06 0 0 0 

   
AmpliSeq Targeted-Myeloid panel AmpliSeq HD panel 
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Figure 5.1: AML-015 KIT D816Y VAF on matched samples, RUNX1-RUNX1T1 transcript and BMA blasts throughout treatment 

 

0

20

40

60

80

100

120

140

0

10

20

30

40

50

60

70

80

0 5 6 8 8.5 10 12 16 28

At diagnosis End of treatment -

remission

Remission Molecular relapse Relapse Second remission Pre-transplant 100 days post

transplant

1 year post

transplant

R
U

N
X

1
-R

U
N

X
1
T

1
%

V
A

F
/B

M
A

 B
la

st
 %

Months

AML-015

KIT D816Y

Bone marrow Blood Plasma BMA Blasts % RUNX1-RUNX1T1



 134 

5.3.1.2 Patient AML-019 

Clinical history: This patient was a 78-year-old male with AML, not otherwise specified. At 

diagnosis, his bone marrow aspirate showed 92% blast cells with 47,XY,+4, an intermediate 

risk cytogenetic profile. On molecular testing the blasts had IDH1 R132C mutation. This 

enabled him to access combination treatment with azacitadine hypomethylating agent and 

IDH1 inhibitor, Ivosidenib through clinical trial participation. After 4 cycles of this monthly 

treatment regimen he achieved complete remission by morphological and blood count criteria. 

At his last follow up 18 months since diagnosis, he continued to remain in remission whilst 

being maintained on the same regimen.  

 

Molecular Monitoring:  

a) Diagnosis (Table 5.2): On his diagnostic matched samples (plasma, PB and BMA), using 

the Ion AmpliSeq pan-myeloid panel, 5 mutations were identified: FLT3 V491L, NRAS 

G12A, IDH1 R132C, NPM1 W288fs and CEBPA Q312Ter. Plasma and BMA were also 

analysed on the diagnostic sample using the Ion AmpliSeq HD panel. This identified two 

additional mutations, TET2 H1868Y and FLT3 D839G, both at VAF <1%. These 

mutations, including those with VAF<1%, were all concordant between sample types, 

except for NRAS G12A. The NRAS mutations was detectable in BMA and plasma, but not 

the diagnostic PB, suggesting lower sensitivity.  

 

b) Follow up (Table 5.3 and Figures 5.2 and 5.3): Monthly mutation testing was performed 

on plasma, and second monthly on matched BMA and plasma samples, for a total of 16 

months. These samples were analysed using the AmpliSeq HD panel. Immediately after 

completion of the first cycle of treatment, his mutation levels on plasma cfDNA were either 

similar to diagnostic levels or higher in some mutations (CEBPA Q312Ter, IDH1 R132C, 

FLT3 V491L). The VAF then started to decline after cycles 2, 3, 4 and 5 of treatment over 

the ensuing 4 months with eventual clearance of the diagnostic mutation profile (except 

TET2 H1868Y) at the end of cycle 5 of treatment. He remained in molecular remission 

(except for low level TET2 H1868Y) throughout the entire follow up period, to the last time 

point, at 16 months after diagnosis. The high sensitivity of molecular MRD monitoring was 

once again demonstrable on BMA DNA and plasma cfDNA using NGS with unique 

molecular identifiers.  The kinetics, with a slow decline from VAF in his mutations in the 

first 5 months of his treatment, was seen in both BMA and plasma samples. 
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On subsequent follow up samples leading up to achievement of molecular remission, two 

additional mutations were detected: DNMT3A R882C and TET2 I1873T at low VAF from 

0.11-2.14%. These additional mutations, together with TET2 H1868Y detected at 

diagnosis, were detectable in BMA, plasma or both samples, throughout the entire follow 

up period. Their presence was in the setting of ongoing molecular remission for other 

mutations identified at diagnosis and ongoing bone marrow morphological remission. 

Possible explanations include mutations associated with CHIP or sub-clonal sub-clinical 

clonal evolution. If they are CHIP-associated mutations, this demonstrates that these can 

be detected on plasma cfDNA, as well as BMA, to level as sensitive as 0.11% VAF. 

 

Table 5.2: Mutations and VAFs (%) identified on AML-019 diagnostic matched samples by 

AmpliSeq pan-myeloid and HD panels 

 

 

 AML-019 

AmpliSeq pan-myeloid panel (VAF %) 

AmpliSeq HD panel 

(VAF %) 

BMA Plasma PB    BMA Plasma 

CEBPA Q312Ter 44 38 28 55 37 

NPM1 W288fs 43 36 24 66 75 

IDH1 R132C 36 31 24 42 37 

NRAS G12A 8 9 0 8 8 

FLT3 V491L 6 3 3 5 2 

TET2 H1868Y       0.21 0.53 

FLT3 D839G       0.22 0.12 
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Table 5.3: AML-019 Mutations VAF on matched samples and BMA blasts throughout treatment using the Ion AmpliSeq HD panel 

 

 
Clinical Status At diagnosis    Remission            

AML-019 Months/Cycles 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

 
BMA Blasts % 92 - 6 - 3 - 0 - 0 - 0 - 0 - 0 - 0 

CEBPA 

Q312Ter 

BMA VAF % 55 - 27 - 0 - 0 - 0 - 0 - 0 - 0 - 0 

Plasma VAF % 37 40 20 8 0 0 0 0 0 0 0 0 0 0 0 0 0 

NPM1 

W288fs 

BMA VAF % 66 - 54 - 0.68 - 0 - 0 - 0 - 0 - 0 - 0 

Plasma VAF % 75 68 36.4 14 0.3 0 0 0 0 0 0 0 0 0 0 0 0 

IDH1 

R132C 

BMA VAF % 42 - 23 - 0.42 - 0 - 0 - 0 - 0 - 0 - 0 

Plasma VAF % 37 38 20 8.5 0.19 0 0 0 0 0 0 0 0 0 0 0 0 

NRAS   

G12A 

BMA VAF % 8 - 0.6 - 0 - 0 - 0 - 0 - 0 - 0 - 0 

Plasma VAF % 8 3 0.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

FLT3 

V491L 

BMA VAF % 5 - 1.7 - 0 - 0 - 0 - 0 - 0 - 0 - 0 

Plasma VAF % 2 8 3.2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

TET2 

H1868Y 

BMA VAF % 0.21 - 1.2 - 2.1 - 1.5 - 2.14 - 1.5 - 1.5 - 0.95 - 0.95 

Plasma VAF % 0.53 0.32 1.2 1.5 1.2 0.94 1.5 0.85 1.5 1.3 1.5 1.1 1.2 1.4 1 1.4 0.98 

FLT3 

D839G 

BMA VAF % 0.22 - 0 - 0 - 0 - 0 - 0 - 0 - 0 - 0 

Plasma VAF % 0.12 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

DNMT3A 

R882C 

BMA VAF % 0 - 0.27 - 0.46 - 0.22 - 0.28 - 0.28 - 0 - 0.3 - 0.41 

Plasma VAF % 0 0 0 0.21 0 0 0.17 0 0 0 0 0.18 0.14 0 0 0 0.17 

TET2 

I1873T 

BMA VAF % 0 - 0 - 0.38 - 0.18 - 0.19 - 0.21 - 0.19 - 0.16 - 0 

Plasma VAF % 0 0 0 0 0.12 0.13 0 0.12 0.11 0.25 0 0 0 0 0 0 0.17 
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Figure 5.2: AML-019 CEBPA Q312Ter, NPM1 W288fs, IDH1 R132C VAFs on matched samples and BMA blasts throughout treatment 
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Figure 5.3: AML-019 TET2 H1868Y, DNMT3A R882C, TET2 I1873T VAFs on matched samples throughout treatment  
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5.3.1.3 Summary of Remission cases 

In summary, both patients (AML-015 and AML-019) had blast cell clearance and no detectable 

leukaemic-associated mutations in plasma cfDNA and BMA DNA demonstrating both 

haematological and molecular remission. Upon achieving mutational clearance, the leukaemic-

associated mutations remained undetectable to limit of detection of 0.1% on plasma cfDNA on 

serial follow up samples.  

 

In both patients, the results have shown that molecular assessment on plasma cfDNA to be as 

sensitive as BMA DNA which is the current gold standard. An undetectable mutation analysis 

profile on plasma cfDNA was consistent with and supported the definition of “remission” 

based on gold standard testing. The ultra-sensitive nature of the test, to a limit of detection of 

0.1% as per the recently published recommendations of the ELN MRD working party (39), on 

plasma samples shows that this may have the potential for consideration as a clinical tool to 

assess and affirm remission status.  

 

5.3.2 Patients with Refractory Disease 

Based on ELN treatment response criteria, refractory disease in AML is defined by failure to 

achieve complete or partial remission despite treatment. Three cases were studied that met this 

definition of refractory disease despite treatment. These 3 patients received different 

chemotherapy regimens with the intention to induce remission. This included high-dose 

chemotherapy, hypomethylating agents and low dose chemotherapy. Despite treatment, 

leukaemic blast cells increased on bone marrow reassessment. These were reflected by a 

persistent and up trending mutational burden on plasma cfDNA and bone marrow aspirate 

DNA.  

 

5.3.2.1 Patient AML-002 

Clinical history: This patient was a 73-year-old female with AML with myelodysplastic-related 

changes. At diagnosis, her bone marrow aspirate showed 23% blast cells with a complex 

cytogenetic profile. She was found to have TP53 C275Y and PTPN11 N308D at diagnosis on 

Ion AmpliSeq pan-myeloid panel.  TP53 C275Y was the dominant mutation with the highest 

VAF (75%). PTPN11 N308D was sub-clonal (VAF 8%). All 2 mutations were identified at 

similar fractions on BMA and plasma DNA. The TP53 C275Y mutation was identified on PB 

but not PTPN11 N308D. After receiving 2 cycles of azacitadine hypomethylating agent, a 
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repeat bone marrow aspirate showed increasing blast cell infiltration to 31% in keeping with 

progressive disease. Treatment was discontinued and she succumbed to progressive AML.  

 

Molecular Monitoring (Table 5.4 and Figure 5.4): TP53 C275Y and PTPN11 N308D were 

followed in BMA, PB and plasma using the Ion AmpliSeq targeted-myeloid panel at the end 

of cycle 1 and 2 of treatment. The VAF of TP53 C275Y increased, in BMA, PB and plasma 

samples, in keeping with bone marrow morphology. For PTPN11 N308D, the VAF stayed 

stagnant, in keeping with the sub-clonal nature of the mutation. They were detected 

concordantly on BMA, PB and plasma samples.  

 

 

Table 5.4: AML-002 Mutations VAF on matched samples and BMA blasts throughout 

treatment   

 
Clinical Status At diagnosis Progressive Disease 

AML-002 Months/Cycles 0 1 2 

 
BMA Blasts % 23 - 31 

                                   

TP53     

C275Y 

BMA VAF % 75 -  82 

Blood VAF % 52 59 69 

Plasma VAF % 
64 79 81 

PTPN11 

N308D 

BMA VAF % 8  - 6 

Blood VAF % 0 5 4 

Plasma VAF % 6 12 4 
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Figure 5.4: AML-002 TP53 C275Y VAF on matched samples and BMA blasts throughout 

treatment 
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5.3.2.2 Patient AML-007 

Clinical history: This patient was a 71-year-old male with AML with myelodysplastic-related 

changes on a background of previously diagnosed and untreated myelodysplastic syndrome. 

At diagnosis of AML, the bone marrow aspirate showed 47% blast cells with normal 46,XY 

male karyotype. He had ASXL1 E635fs, SRSF2 P95H and CEBPA Q312ter at diagnosis on Ion 

AmpliSeq pan-myeloid panel. These were detected in BMA, PB and plasma samples. The 

highest mutational fraction for all 3 mutations was in his plasma sample (ASXL1 E635fs 63%, 

SRSF2 P95H 55% and CEBPA Q312ter 36%). He first received treatment with azacitadine, a 

hypomethylating agent. After 1 cycle, he was found to have refractory disease with persistent 

blast cells on BMA at 52%. He was subsequently treated with 1 cycle of high-dose 

chemotherapy which was complicated by prolonged cytopenias. Disease re-evaluation initially 

showed severe marrow hypoplasia and serous fat atrophy secondary to effect of chemotherapy. 

Subsequent marrow assessment confirmed progressive disease associated with rising 

peripheral blast counts.  

 

Molecular Monitoring (Table 5.5 and Figure 5.5): The mutations were followed up using Ion 

AmpliSeq targeted-myeloid panel. The mutations persisted and at high VAFs in all samples 

following the hypomethylating agent, in keeping with his refractory disease. A new mutation, 

NRAS Q61P, not present at diagnosis, was also identified on all 3 sample sources (VAFs – 

BMA 4%, PB 3%, plasma 5%). This was a transient finding as the NRAS mutation was not 

detected on subsequent follow up samples. His bone marrow samples immediately post high 

dose chemotherapy, despite being hypoplastic, still showed the presence of the mutations. A 

repeat bone marrow showed morphologic leukaemic-free state but mutations remained 

detectable on low VAFs. Neither blood nor plasma were available at these timepoints. His 

morphological remission was short as subsequent bone marrow biopsies showed rising blast 

cells in keeping with relapse disease. At the time of relapsed disease, a change of mutation 

dynamic was observed – CEBPA Q312ter has faltered in mutational fraction whilst VAFs of 

ASXL1 E635fs and SRSF2 P95H trended higher, to levels comparable to diagnostic samples.  
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Table 5.5: AML-007 Mutations VAF on matched samples and BMA blasts throughout treatment using Ion AmpliSeq targeted-myeloid panel. 

 

AML-007 Clinical Status At diagnosis 

Post azacitadine - 

Refractory 

Post induction 

chemo - Atrophic 

Marrow Remission Relapse 

Progressive 

Disease 

Months 0 1 2 2.5 3 4 

BMA Blasts% 47 52 2 0 15 58 

ASXL1 E635fs 

BMA VAF % 54 69 77 4 40 58 

Blood VAF% 39 61 - - - 38 

Plasma VAF % 63 65 - - - 54 

SRSF2 P95H 

BMA VAF % 46 50 33 6 22 35 

Blood VAF% 49 45 - - - 34 

Plasma VAF % 55 49 - - - 43 

CEBPA 

Q312ter 

BMA VAF % 33 36 29 0 16 3 

Blood VAF% 32 36 - - - 4 

Plasma VAF % 36 37 - - - 5 
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Figure 5.5: AML-007 ASXL1 E635fs, SRSF2 P95H and CEBPA Q312ter VAFs on matched samples and BMA blasts throughout treatment  
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5.3.2.3 Patient AML-011 

Clinical History: This patient was a 68-year-old male with AML-NOS. At diagnosis, his bone 

marrow aspirate showed 73% blast cells with normal 46,XY male karyotype. Molecular 

profiling on the BMA showed CEBPA P23fs, NF2 N540S, IDH2 R140Q, SMC3 G666V and 

DNMT3A C586G. He received 4 cycles of high-dose chemotherapy and achieved complete 

remission. Subsequently, he participated in a clinical trial examining the role of maintenance 

oral chemotherapy in patients with AML who had achieved remission. He was assigned to the 

experimental group, taking experimental tablet CC-486. A year into his maintenance therapy, 

the AML relapsed with return of bone marrow blast cells (17%). Low-dose chemotherapy was 

given as palliation and he died from infective complications as a result of his relapsed disease.  

 

Molecular Monitoring (Table 5.6 and Figure 5.6): The only follow up samples available were 

at morphological relapse, 18 months after his initial diagnosis and at times of active disease. 

They were analysed using Ion AmpliSeq targeted-myeloid panel. As expected, his relapsed and 

active disease were reflected in persistently high mutational burden for all variants and in all 

samples (BMA, PB and plasma), and at levels similar to his diagnostic results. The final sample 

also identified a new mutation (FLT3 D835H) in PB and plasma samples, at much lower VAF 

(3 and 2 respectively) than the mutations detected throughout the course of the AML.  

Figure 5.6: AML-011 CEBPA P23fs VAF on matched samples and BMA blasts throughout 

treatment  
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Table 5.6: AML-011 Mutations VAF on matched samples and BMA blasts throughout 

treatment using the Ion AmpliSeq targeted-myeloid panel 

 

AML-011 
Clinical Status Relapse 

Progressive 

Disease     

Months 18 20 21 22 

BMA Blasts% 17 30 - - 

CEBPA 

P23fs 

BMA VAF % 22 33 - - 

Blood VAF% 10 30 45 47 

Plasma VAF % 13 29 41 44 

NF2 

N540S 

BMA VAF % 32 42 - - 

Blood VAF% 26 39 45 47 

Plasma VAF % 27 36 42 42 

IDH2 

R140Q 

BMA VAF % 34 41 - - 

Blood VAF% 28 35 46 48 

Plasma VAF % 32 41 42 40 

SMC3 

G666V 

BMA VAF % 19 32 - - 

Blood VAF% 12 28 42 43 

Plasma VAF % 14 23 43 41 

DNMT3A 

C586G 

BMA VAF % 31 38 - - 

Blood VAF% 27 34 41 40 

Plasma VAF % 21 25 34 33 

FLT3 

D835H 

BMA VAF % 0 0 - - 

Blood VAF% 0 0 0 3 

Plasma VAF % 0 0 0 2 

 

5.3.2.4 Summary of Patients with Refractory Disease  

These three cases illustrate: 

1. The ability to detect mutations throughout the course of the disease. 

2. Emergence of new variants, as seen in 2 of the cases. 

3.   The ability to detect variants in the marrow, even when hypoplastic and atrophic. 
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However, repeat bone marrow biopsy in patients with refractory AML might not always be 

feasible due to risk of bleeding and infection from thrombocytopenia and neutropenia 

respectively as a result of progressive AML. Bone marrow biopsy is also not always practical 

in this cohort of patients due to their poor performance status or the bleeding and sepsis 

complications from their progressive disease. The crucial information about progressive 

disease can be derived from persistent and up-trending of mutational burden using plasma 

cfDNA, a sample type that is more readily available than BMA.  

 

5.3.3 Patients with Relapsed Disease 

Eight patients in this study relapsed after initially achieving remission. This cohort gave an 

opportunity to assess the dynamics of mutation monitoring in BMA, PB and plasma throughout 

a period of remission. The clinical features and molecular monitoring data are presented for 

each. 

 

5.3.3.1 Patient AML-010 

Clinical History: This patient was a 49-year-old male with AML with mutated NPM1. At 

diagnosis, his bone marrow aspirate showed 35% blast cells with normal male karyotype. 

NPM1 mutation was detected by conventional fragment analysis method. On Ion AmpliSeq 

pan-myeloid panel, in addition to NPM1 W288fs, IDH1 R132H and DMNT3A R882H were 

detected in BMA, PB and plasma samples, at comparable VAFs (Table 5.7). He achieved 

complete remission on morphological and blood count criteria after the first cycle of 

chemotherapy. He then received a further 3 cycles of consolidation. Follow-up samples were 

taken at the end of each cycles of treatment and 1 month after the completion of treatment. As 

he was an international visitor, he returned to his homeland 1 month after completion of his 

treatment. Through his family members based in Perth, I learned that his AML relapsed 3 

months post therapy completion and he died without further treatment.  

 

Molecular Monitoring (Table 5.7 and Figures 5.7 – 5.10): I performed two Ion AmpliSeq 

panels on his follow up samples: Ion AmpliSeq targeted-myeloid panel and Ion AmpliSeq HD 

panel. On his first follow up sample, after his first cycle of high dose chemotherapy, NPM1 

W288fs, IDH1 R132H and DNMT3A R882H were still present, but with the following findings: 
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a) The VAFs for the mutations were consistently higher in plasma than the BMA. This 

may have been due to significant haemodilution of the marrow, and thereby dilution of 

malignant BMA DNA by normal DNA from peripheral blood cells. In plasma samples, 

no considerations are needed for the variability in sample quality as long as plasma is 

processed in a timely manner using well established isolation protocol.     

b) Secondly, there were differences in VAF between the two methods used. The Ion 

AmpliSeq HD detected NPM1 W288fs and DNMT3A R882H in the BMA at VAFs of 

1.6 and 0.64% respectively, whereas these variants were undetectable using an Ion 

AmpliSeq targeted panel. Ion AmpliSeq HD also identified IDH1 R132H at 0.27% 

VAF on plasma but was not detected by Ion AmpliSeq targeted panel.  

 

On the subsequent follow up paired PB and plasma sample sets, Ion AmpliSeq HD panel 

detected measurable residual disease to limit of detection at 0.1%. In contrast the targeted 

panel, despite achieving deep sequencing by coverage of 30,000, there was no measurable 

residual disease identified (to a limit of detection of 1.0%). 

 

In the final samples, collected one month after completion of his fourth and final cycle of 

chemotherapy, his NPM1 W288fs VAF was noted to be recurring (from undetectable to 

0.48%). The IDH1 R132H mutation was cleared after his second cycle of treatment and 

remained undetectable to limit of detection of 0.1% on subsequent follow ups. This 

reappearance of his NPM1 W288fs was likely to be a molecular indicator of impending relapse.  
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Table 5.7: AML-010 Mutations VAF on matched samples and BMA blasts throughout treatment using AmpliSeq targeted-myeloid and AmpliSeq HD panels. 

 

AML-

010 

Clinical Diagnosis Remission*                 

Months 0 1.5 3 4 5 6 

BMA Blasts% 35 1 - - - - 

Panel P T HD T HD T HD T HD T HD 

NPM1 

W288fs 

BMA VAF % 53 0 1.6 - - - - - - - - 

Blood VAF% 50 0 - 0 - 0 - 0 - 0 - 

Plasma VAF % 57 20 20 0 0.79 0 0.15 0 0 0 0.48 

DNMT3A 

R882H 

BMA VAF % 46 0 0.64 - - - - - - - - 

Blood VAF% 45 0 - 0 - 0 - 0 - 0 - 

Plasma VAF % 48 7 5.2 0 0.49 0 0.22 0 0.35 0 0.49 

IDH1 

R132H 

BMA VAF % 22 0 0 - - - - - - - - 

Blood VAF% 21 0 - 0 - 0 - 0 - 0 - 

Plasma VAF % 20 0 0.27 0 0 0 0 0 0 0 0 

 

*Haemodilute bone marrow sample; HD = AmpliSeq HD panel, P = AmpliSeq pan-myeloid panel, T = AmpliSeq Targeted-Myeloid panel 
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Figure 5.7: AML-010 NPM1 W288fs VAF on matched samples and BMA blasts throughout treatment. 

 

 

Figure 5.8: AML-010 NPM1 W288fs VAF on matched samples and BMA blasts throughout treatment, focusing on VAF between 0 to 2% 

 

0

10

20

30

40

50

60

0 1.5 3 4 5 6

At diagnosis Haemodilute Marrow Remission Remission End of therapy 1month post therapy

V
A

F
/B

M
A

 B
la

st
s 

%

Months

AML-010

NPM1 W288fs

Bone marrow Blood Plasma BMA Blasts %

0

0.5

1

1.5

2

1.5 3 4 5 6

At diagnosis Haemodilute Marrow Remission Remission End of therapy 1month post therapy

V
A

F
/B

M
A

 B
la

st
s 

%

Months

AML-010

NPM1 W288fs

Bone marrow Plasma BMA Blasts %



 154 

Figure 5.9: AML-010 DMNT3A R882H VAF on matched samples and BMA blasts throughout treatment 

Figure 5.10: AML-010 DMNT3A R882H VAF on matched samples and BMA blasts throughout treatment, focusing on VAF between 0 to 2% 
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5.3.3.2 Patient AML-009 

Clinical History: This patient was a 46-year-old female with AML, NOS. At diagnosis, her 

bone marrow aspirate showed 37% blast cells with normal cytogenetics. Her matched 

diagnostic samples (BMA, PB and plasma) all showed IDH1 R132C and DMNT3A R882L 

mutations. The mutational fractions were comparable between BMA and plasma but lower for 

PB. She received intensive chemotherapy and achieved complete remission after the first cycle. 

She went on to have another 3 cycles of consolidative chemotherapy. Two months after 

completion of chemotherapy she relapsed with 35% blast cells in her bone marrow. 

  

Molecular Monitoring (Table 5.8 and Figures 5.11 – 5.14): Molecular monitoring was 

performed on follow up samples until first relapse using both Ion AmpliSeq targeted-myeloid 

panel and Ion AmpliSeq HD panel. To the limit of detection of 0.1%, she only achieved 

molecular remission at the end of her third cycle of treatment which lasted for 2 months. 

Subsequent samples saw reversion to positive mutation results, initially at low mutation burden 

which then increased further in keeping with her clinical relapse. The changes in molecular 

landscape were revealed largely on plasma samples. Ion AmpliSeq targeted-myeloid panel 

testing, with a sensitivity limit of 1%, projected molecular remission at the end of second cycle 

of treatment and did not pick up the low mutation burden when they initially returned. On this 

panel, PB failed to detect IDH1 R132C and DMNT3A R882L when they were present on BMA 

and plasma at around 3% VAF after first cycle of treatment.  

 

Second Relapse: Following the first relapse, she received another intensive chemotherapy 

regimen with planning for a later allogeneic stem cell transplant. With salvage chemotherapy 

she attained a second remission by morphological criteria before a further relapse. Remission 

was not achieved and the patient died without progressing to transplantation.  

 

Molecular Monitoring after Second Relapse (Table 5.8 and Figure 5.11 – 5.14): Follow up 

samples following first relapse were analysed using the Ion AmpliSeq HD panel. This showed 

persistent IDH1 and DMNT3A mutations presence at low burden in plasma despite 

morphological remission. Repeat testing at time of second relapse showed increased VAF for 

both variants on paired BMA and plasma samples. No new mutations were detected in the 

BMA or plasma when tested at relapse using the AmpliSeq pan-myeloid panel for assessment 

of clonal evolution. The initial mutations were detected but with no new additional findings. 
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Table 5.8: AML-009 Mutations VAF on matched samples and BMA blasts throughout treatment using AmpliSeq targeted-myeloid and AmpliSeq HD panels. 

 

 

HD = AmpliSeq HD panel, P = AmpliSeq pan-myeloid panel, T = AmpliSeq Targeted-Myeloid panel 

 

 

 

 

 

 

 

 

 

AML-

009 

Clinical 
Diagnosis 

1st 

remission 
      

          
1st relapse 2nd remission 2nd relapse 

Months 0 1 2 3 4 5 5.5 6.5 7.5 

BMA Blasts% 60 4 - - 3 - 35 3 23 

Panel P T HD T HD T HD T HD T HD T HD HD HD 

IDH1 

R132C 

BMA VAF % 44 4 3.3 - - - - 0 0 - - 19 16.7 1.4 14.4 

Blood VAF% 11 0 - 0 - 0 - 0 - 0 - 2 -     

Plasma VAF% 35 3 3.8 0 0.69 0 0 0 0 0 0.6 13 11 0.9 8.2 

DNMT3A 

R882L 

BMA VAF % 43 3 4.1 - - - - 0 0 - - 16 15.3 0.73 12.7 

Blood VAF% 12 0 - 0 - 0 - 0 - 0 - 2 -     

Plasma VAF% 34 3 3.5 0 0.81 0 0 0 0 0 0.75 11 10.6 0.8 7.3 
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Figure 5.11: AML-009 IDH1 R132C VAF on matched samples and BMA blasts throughout the course of treatment. 

Figure 5.12: AML-009 IDH1 R132C VAF on matched samples and BMA blasts throughout treatment, focusing on VAF between 0 to 5%
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Figure 5.13: AML-009 DNMT3A R882L VAF on matched samples and BMA blasts throughout treatment.  

 

Figure 5.14: AML-009 DNMT3A R882L VAF on matched samples and BMA blasts throughout treatment, focusing on VAF between 0 to 5%
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5.3.3.3 Patient AML-014 

Clinical History: This patient was a 56-year-old male with AML with mutated NPM1. At 

diagnosis, his bone marrow aspirate showed 74% blast cells with normal male karyotype. 

Molecular profiling was performed on his diagnostic BMA sample using the Ion AmpliSeq 

pan-myeloid panel which showed NPM1 W288fs and FLT3 D835Y mutations. He was treated 

with 3 cycles of high dose chemotherapy and achieved complete remission. Subsequently, he 

was enrolled into a clinical trial and received the experimental drug CC-486 orally. After 22 

months into maintenance therapy, the AML relapsed with return of bone marrow blast cells 

(13%). He received salvage high dose chemotherapy (FLAG-IDA chemotherapy) and died 

from infective complications.  

 

Molecular Monitoring (Table 5.9; Figures 5.15 and 5.16): The first follow up sample available 

to assess was 12 months into maintenance therapy with CC-486, at which time he was in 

continued morphological remission. These were processed using the Ion AmpliSeq HD panel.   

 

Relapse was first evident on reappearance of the NPM1 W288fs mutation in the plasma after 

15 months on maintenance therapy. The NPM1 W288fs mutational fraction increased from 

0.18% at time of remission to 16.4% at time of morphological relapse (13% blast cells). This 

was seen in BMA and plasma samples when paired samples were available. This mutational 

burden grew to around 50% at the height of his relapse disease just prior to his salvage therapy. 

The FLT3 D835Y mutation was not detectable on any follow up samples. This is suggestive of 

selective pressure of his maintenance therapy resulting in resistance clones carrying only 

NPM1 W288fs at relapse.  
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Table 5.9: AML-014 Mutations VAF on matched samples and BMA blasts throughout treatment using AmpliSeq HD panel. 

 

 

Figure 5.15: AML-014 NPM1 W288fs VAF on matched samples and BMA blasts throughout treatment.  
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AML-

014 

Clinical Diagnosis Remission                 Relapse   

Months on cc-486 12 14 15 16 17 18 19 20 21 22 24 

BMA Blasts% 74 1 - - - - 1 - - - 13 34 

NPM1 

W288fs 

BMA VAF % 42 0 - - - - 1.6 - - - 38.6 52.1 

Plasma VAF % - 0 0 0.2 0 0.18 0.19 1.98 3.9 9.6 16.4 45.4 

FLT3 

D835Y 

BMA VAF % 40 0 - - - - 0 - - - 0 0 

Plasma VAF % - 0 0 0 0 0 0 0 0 0 0 0 
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Figure 5.16: AML-014 NPM1 W288fs VAF on matched samples and BMA blasts throughout treatment, focusing on VAF between 0 to 4% 
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5.3.3.4 Patient AML-017 

Clinical History: This patient was a 79-year-old male with AML-NOS. His bone marrow 

biopsy at diagnosis showed 54% blast cells with cytogenetic profile of 47, XY + 8. Molecular 

profiling was performed on the diagnostic BMA DNA and 5 mutations identified: IDH1 

R132C, SRSF2 P95H, RUNX1 H105Q, PHF6 G287V and CEBPA E176fs. He was treated with 

monthly cycles of a hypomethylating agent with remission confirmed on BMA after 5 cycles. 

His remission was maintained on the same monthly treatment for a total of 30 cycles. Treatment 

was discontinued when he was found to have relapsed disease suggested by cytopenias and 

confirmed on bone marrow biopsy. Subsequently, he received supportive care for his relapsed 

disease and died 6 months later.  

 

Molecular Monitoring (Table 5.10 and Figures 5.17 – 5.20): A total of 14 follow up samples 

were available monthly, from 16 months into his hypomethylating therapy, until relapse. 

Plasma was available at all timepoints and there were two BMA samples, being at the time of 

ongoing morphological remission and relapse. All follow up samples were analysed using the 

Ion AmpliSeq HD panel to monitor the 5 diagnostic mutations. Initially, we observed isolated 

persistent presence of SRSF2 P95H at low VAF, even when in morphological remission. On 

subsequent samples over the last 9 months of follow up, IDH1 R132C reappeared, followed by 

re-emergence of RUNX1 H105Q and CEBPA E176fs mutations. The mutational fractions 

increased from <1% VAF when they first reappeared to 15% at morphological relapse. At 

relapse, the VAFs for these mutations were substantially higher on BMA than plasma sample. 

Despite inclusion of appropriate primers, the PHF6 G287V mutation was not detectable on any 

follow up samples.  
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Table 5.10: AML-017 Mutations VAF on matched samples and BMA blasts throughout treatment using AmpliSeq HD panel. 

 

HMA = hypomethylating agent 

 

 

 

 

 

 

 

 

AML-

017 

Clinical Diagnosis Remission                       Relapse 

Months on HMA  16 17 18 19 20 21 22 23 24 25 27 28 29 29.5 

BMA Blasts% 54 2 - - - - - - - - - - - - 25 

IDH1 

R132C 

BMA VAF % 38 0 - - - - - - - - - - - - 13.3 

Plasma VAF % - 0 0 0 0 0 0.18 0.13 0 0.22 0.56 1 3.2 4 1.9 

SRSF2 

P95H 

BMA VAF % 36 0.12 - - - - - - - - - - - - 13.2 

Plasma VAF % - 0.13 0.97 1.5 1.3 0.68 1.4 1.6 1.75 2.9 2.3 3.6 3.4 4.1 3.8 

RUNX1 

H105Q 

BMA VAF % 27 0 - - - - - - - - - - - - 12.6 

Plasma VAF % - 0 0 0 0 0 0 0 0 0.1 0.2 0.6 1.3 2 1.3 

CEBPA 

E167fs 

BMA VAF % 18 0 - - - - - - - - - - - - 18.5 

Plasma VAF % - 0 0 0 0 0 0 0 0 0.26 0.23 0 0.6 1.8 1.36 

PHF6 

G287V 

BMA VAF % 23 0 - - - - - - - - - - - - 0 

Plasma VAF % - 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
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Figure 5.17: AML-017 IDH1 R132C VAF on matched samples and BMA blasts throughout treatment. 

Figure 5.18: AML-017 IDH1 R132C VAF on matched samples and BMA blasts throughout treatment, focusing on VAF between 0 to 4% 
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Figure 5.19: AML-017 SRSF2 P95H VAF on matched samples and BMA blasts throughout treatment. 

 

Figure 5.20: AML-017 SRSF2 P95H VAF on matched samples and BMA blasts throughout treatment, focusing on VAF between 0 to 4% 
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5.3.3.5 Patient AML-025 

Clinical History: This patient was a 54-year-old female with therapy-related AML. She had a 

past history of Hodgkin Lymphoma diagnosed at 16 years of age for which she achieved 

remission with chemotherapy. The lymphoma subsequently relapsed 9 years later and was 

treated with combination chemotherapy and radiotherapy. She was subsequently diagnosed 

with therapy-related AML which had a complex cytogenetic profile at diagnosis. Molecular 

profiling using the Ion AmpliSeq pan-myeloid panel on her matched samples of BMA, PB and 

plasma identified 6 mutations with full concordance between samples. These were NRAS 

Q61H, NRAS Q61K, EZH2 K477R, TP53 R306Ter, TP53 F341S and NF2 M9I. She received 

2 cycles of high dose chemotherapy and achieved complete remission. Given the therapy-

related nature of her AML and associated complex cytogenetic profile, her prognosis was 

deemed to be poor. As such, allogeneic stem cell transplant was performed. There was a gap 

of 10 weeks between the end of her second cycle of high dose chemotherapy and her allogeneic 

stem cell transplant. Bone marrow assessment just prior to her allogeneic stem cell transplant 

showed morphological relapse of the AML. She died from severe graft-versus-host disease 

with multi-organ involvement.  

Molecular Monitoring (Tables 5.11 and 5.12; Figures 5.21 and 5.22): She had two bone marrow 

assessments after her first cycle of therapy, as well as one further assessment after her second 

cycle of treatment. All three bone marrow biopsies showed remission by morphological 

criteria. During this time, all her mutations showed declining levels with concordance between 

BMA and plasma, but mutational clearance was never achieved. At best response, 4 of the 6 

mutations identified at diagnosis were detectable at VAF<1% concordantly on both BMA and 

plasma samples. The exception was NRAS Q61K which was observed on plasma but not BMA. 

On the last paired sample, just prior to transplantation, all the mutations identified at diagnosis, 

except for NF2 M9I, had increased in fractions in both BMA and plasma samples, in keeping 

with the morphological relapse. The Ion AmpliSeq HD panel was used to analyse paired BMA 

and plasma samples on all follow up samples, as well as the initial diagnostic material. This 

high definition panel showed 3 additional mutations, including two that were not present on 

the initial AmpliSeq pan-myeloid panel (i.e. NRAS G12D and NRAS G12C); all were at VAF 

of <1% and present in both sample BMA and plasma samples. The NRAS G12D and NRAS 

G12C were not detectable after the second cycle of treatment. The mutation identified at follow 

up (TP53 C277Y) appeared after the second treatment cycle and persisted remaining at low 

levels (at VAF<1%).
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Table 5.11: AML-025 Mutations VAF on matched samples and BMA blasts throughout treatment using 

AmpliSeq HD. 

 

AML-025 

Clinical Diagnosis Remission – 

post 1st chemo 

Remission Remission – 

post 2nd chemo 

Relapse – pre 

ASCT 

Months  0 1.5 2 3 5 

BMA Blasts% 38 3 4 4 10 

TP53 R306Ter 
BMA VAF % 43.3 16.3 11.8 0.5 3.1 

Plasma VAF % 48.8 16.1 6.2 0.43 4.6 

TP53 F341S 
BMA VAF % 39.8 16.3 12.2 0.7 2.4 

Plasma VAF % 47.1 14.1 6.5 0.53 4.6 

EZH2 K477R 
BMA VAF % 38.7 15.7 12 0.59 2.5 

Plasma VAF % 47.4 14 8.6 0.53 5.4 

NRAS Q61H 
BMA VAF % 13.9 1.5 0 0 0.24 

Plasma VAF % 12.5 1.7 0 0 0.19 

NRAS Q61K 
BMA VAF % 12.1 7 0.92 0 0.7 

Plasma VAF % 18.1 7.3 0.94 0.35 0.92 

NF2 M9I 
BMA VAF % 7.9 3.6 0.61 0 0 

Plasma VAF % 7.4 4.6 0.93 0 0 

NRAS G12D 
BMA VAF % 0.6 0.15 0 0 0 

Plasma VAF % 0.7 0.36 0 0 0 

NRAS G12C 
BMA VAF % 0.2 0 0 0 0 

Plasma VAF % 0.4 0 0 0 0 

TP53 C277Y 
BMA VAF % 0 0 0.36 0.53 0.38 

Plasma VAF % 0 0 0.29 0.39 0.55 

ASCT = Allogeneic stem cell transplant 
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Table 5.12: Mutations and VAFs (%) identified on AML-025 diagnostic matched samples by AmpliSeq pan-

myeloid and HD panels 

 

AML-025 
 

AmpliSeq pan-myeloid panel (VAF %) AmpliSeq HD panel (VAF %) 

BMA Plasma PB    BMA Plasma 

TP53 R306Ter 41 36 51 43.3 48.8 

TP53 F341S 44 36 47 39.8 47.1 

EZH2 K477R 38 40 44 38.7 47.4 

NRAS Q61H 12 8 12 13.9 12.5 

NRAS Q61K 13 20 16 12.1 18.1 

NF2 M9I 9 10 14 7.9 7.4 

NRAS G12D       0.6 0.7 

NRAS G12C       0.2 0.4 
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Figure 5.21: AML-025 TP53 R306Ter VAF on matched samples and BMA blasts throughout treatment. 

 

Figure 5.22: AML-025 TP53 F341S VAF on matched samples and BMA blasts throughout treatment. 
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5.3.3.6 Patient AML-034 

Clinical History: This patient was a 63-year-old male with therapy-related AML following 

treatment for Diffuse Large B-cell Lymphoma, diagnosed 20 years earlier. At diagnosis, there 

were 96% myeloblasts in his bone marrow; these had a normal male karyotype. Using 

conventional methods, he was found to be positive for FLT3-ITD mutation. Molecular profiling 

on BMA DNA on the Ion AmpliSeq pan-myeloid panel identified 4 additional mutations: 

PHF6 S193fs, RUNX1 S402P, RB1 I297T and TET2 I1871fs. The FLT3-ITD mutation was not 

detected, though not unexpected due to the limitations of NGS in detection of large insertion 

mutation such as FLT3-ITD. He achieved morphological remission after 1 cycle of high dose 

chemotherapy. In the delay in delivering his second (of 5) cycles of high dose chemotherapy 

due to a perianal abscess, blast cells returned. Remission was restored after the second cycle of 

treatment and this was consolidated with three further cycles of high dose chemotherapy. Two 

months after completion of induction therapy the AML relapsed. 

 

Molecular Monitoring (Table 5.13; Figures 5.23 and 5.24): I processed his diagnostic and all 

subsequent follow up plasma samples, with paired BMA when available, using Ion AmpliSeq 

HD panel. The RUNX1 S402P, RB1 I297T and TET2 I1871fs were followed up, but not PHF6 

S193fs due to a technical oversight. All 3 mutations reduced in VAF with eventual clearance 

after his second cycle of therapy, except for TET2 I1871fs. The TET2 mutation persisted 

through the remaining 3 cycles of therapy, whereas both RUNX1 S402P and RB1 I297T 

remained undetectable. RB1 I297T became detectable in the BMA (VAF 0.75%) during disease 

assessment at conclusion of his treatment. This was followed by re-emergence of RUNX1 

S402P, along with RB1 I297T and TET2 I1871fs at increasing VAFs, identified on plasma 

samples on his next follow up. These mutations were detectable prior to any haematological 

evidence of relapse. At relapse, all 3 mutations fraction have increased substantially, reflective 

of active relapse disease. In all but one AmpliSeq HD analysis, results on BMA and plasma 

were concordant. The exception was one timepoint in which BMA detected RB1 I1297T at 

VAF of 0.75% whilst not detectable on paired plasma.  
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Table 5.13: AML-034 Mutations VAF on matched samples and BMA blasts throughout treatment using AmpliSeq HD panel. 

 

 

AML-

034 
Clinical 

Diagnosis 

Remission 

- post 1st 

chemo 

Relapse -

prior to 

2nd chemo 

Remission 

- post 2nd 

chemo 

Post 3rd 

chemo 

Post 4nd 

chemo 

Post 5th 

chemo 

Remission 

- end of 

therapy 

 Relapse 

Months  0 1 2 3 4 5 6 7 8 9 

BMA Blasts% 96 4 14 4 - - - 1 - 95 

RUNX1 

S402P 

BMA VAF % 54 3.8 15.2 0 - - - 0 - 37 

Plasma VAF % 54.7 4.2 - 0 0 0 0 0 0.78 13.5 

RB1 

I297T 

BMA VAF % 51 5.8 11.1 0 - - - 0.75 - 44.7 

Plasma VAF % 46.6 4.4 - 0 0 0 0 0 1.5 18.9 

TET2 

I1871fs 

BMA VAF % 47.5 6.5 14.4 0.42 - - - 0.86 - 40.9 

Plasma VAF % 49.2 6.6 - 0.38 0.43 0.42 0.59 0.28 2 15.6 
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Figure 5.23: AML-034 TET2 I1871fs VAF on matched samples and BMA blasts throughout treatment. 

 

Figure 5.24: AML-034 TET2 I1871fs VAF on matched samples and BMA blasts throughout treatment, focusing on VAF between 0 to 2% 
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5.3.3.7 Patient AML-013 

Clinical History: This 71-year-old male had AML with 70% blast cells at diagnosis. 

Cytogenetic showed inv(16) and molecular profiling using the Ion AmpliSeq pan-myeloid 

panel showed NRAS Q61R. He received a total of 18 cycles of monthly hypomethylating agent. 

After 5 cycles, he achieved complete remission by morphological and blood count criteria. This 

was followed by molecular remission and therefore CRMRD- status, confirmed by undetectable 

CBFB-MYH11 transcript for two consecutive time points, with 8 cycles of treatment. Before 

cycle 12, his CBFB-MYH11 transcripts had re-emerged and persisted for the subsequent 4 

months in keeping with MRD relapse. These were at low copy number before rising 

significantly and reaching the ELN definition for molecular relapse (transcripts increasing from 

0.746 to 22.4, more than 1 log10 increase between 2 positive samples). Morphological relapse 

ensued one month later, as confirmed on BMA assessment a month later. He died soon after 

withdrawal of therapy.   

 

Molecular Monitoring (Table 5.14 and Figures 5.25 – 5.27): Follow up samples (plasma) were 

analysed monthly from 5 months into his hypomethylating therapy and concluded at relapse. 

BMA was assessed at the time of remission and relapse.  All analyses were with the Ion 

AmpliSeq HD panel to monitor NRAS Q61R as identified at diagnosis. At time of 

morphological remission, NRAS Q61R remained detectable at 0.12% VAF. He cleared his 

NRAS Q61R mutation at the same time as clearance of his CBFB-MYH11 transcripts. The 

NRAS Q61R re-emerged (VAF 0.16%) 4 months after molecular remission, and CBFB-MYH11 

transcripts reappeared 2 months after molecular remission. Two additional mutations were 

identified during the course of mutation monitoring: IDH2 R140Q and DNMT3A P904L. 

DNMT3A P904L was first observed on the first follow up sample on both BMA and plasma 

samples after 5 cycles of treatment. IDH2 R140Q (VAF 0.24%) first emerged on plasma 

sample 3 months before morphological relapse. CBFB-MYH11, NRAS Q61R and IDH2 R140Q 

levels all increased, at comparable trajectory, with each subsequent follow up samples until 

bone marrow relapse was confirmed. Throughout the monitoring period, DNMT3A P904L 

remained detectable. Its VAF was the highest at time of molecular remission but declined as 

relapse disease was taking place. This trajectory is suggestive that DNMT3A P904L did not 

originate from the AML leukaemic cells but rather of CHIP origin. This will be discussed 

further in the Discussion (Section 5.4.4.2).  
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Table 5.14: AML-13 Mutations VAF on matched samples using AmpliSeq HD panel, BMA blasts and CBFB-MYH11 transcript throughout treatment. 

 

 

 

 

 

 

 

AML-

013 

Clinical 

Diagnosis 

 

Remission 

  

  

Molecular Remission 

  

  

CBFB-MYH11 reappears 

  

    

  

Molecular 

Relapse 

Relapse 

Months into 

HMA 
0 5 6 7 8 10 11 12 13 14 15 16 17 18 

BMA Blasts% 70 5 - - - - - - - - - - - 15 

CBFB-MYH11 106 - - 0 0 - - 0.135 - 0.089 0.314 0.746 22.4 91.7 

NRAS 

Q61R 

BMA VAF % 37.2 0.12 - - - - - - - - - - - 18.9 

Plasma VAF % - 0 0.25 0 0 0 0 0 0 0.16 0.48 1.7 11 38.2 

DNMT3

A P904L 

BMA VAF % 0 4.4 - - - - - - - - - - - 2 

Plasma VAF % - 3.3 3.5 3.7 3.1 3.2 2.9 3.5 3.5 2.9 2.9 3.5 2 0.5 

IDH2 

R140Q 

BMA VAF % 0 0 - - - - - - - - - - - 18.8 

Plasma VAF % - 0 0 0 0 0 0 0 0 0 0.24 1.6 8.7 36 
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Figure 5.25: AML-013 DNMT3A P904L VAF on matched samples, BMA blasts and CBFB-MYH11 throughout treatment, focusing on VAF and transcript 

between 0 to 5% 

 
 

Figure 5.26: AML-013 NRAS Q61R VAF on matched samples, BMA blasts and CBFB-MYH11 throughout treatment. 
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Figure 5.27: AML-013 NRAS Q61R VAF on matched samples, BMA blasts and CBFB-MYH11 throughout treatment, focusing on VAF and transcript between 

0 to 2% 
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5.3.3.8 Patient AML-044 

Clinical History: This patient was a 68-year-old male with AML with t (8;21). Blast cell 

infiltration was estimated to be around 80% on his diagnostic bone marrow sample. 

Cytogenetic analysis showed t(8;21) and molecular genetics the RUNX1-RUNX1T1 transcript 

(188%) as well as KIT D816Vmutation. He received 4 cycles of high dose chemotherapy. After 

one cycle of treatment, he attained CRMRD- status as he achieved morphological remission and 

undetectable RUNX1-RUNX1T1 transcript. This was consolidated with 3 further cycles of 

chemotherapy. After completion of treatment, he was lost to follow up for around 4 months. 

Upon reengagement with medical care, the RUNX1-RUNX1T1 was 0.95% in keeping with 

MRD relapse. Morphological relapse was confirmed on a subsequent BMA with molecular 

transcript rising to 225%. He passed away as the result of his progressive relapse disease. 

 

Molecular Monitoring (Table 5.15 and Figure 5.28): Plasma and matched BMA samples were 

collected on a monthly basis following diagnosis (apart from the time when lost to follow up) 

to monitor the KIT D618V with the Ion AmpliSeq HD panel. The KIT D618V VAF was 60% 

on both BMA and plasma at diagnosis, and undetectable KIT D618V after one cycle of therapy; 

the RUNX1-RUNX1T1 was also undetectable at this timepoint (tested by qPCR). Molecular 

remission was maintained until after completion of therapy when the KIT D618V re-emerged 

at 0.4% burden; RUNX1-RUNX1T1 was not tested at this time. The next sample (4 months 

later) showed the KIT D618V mutational fraction to have increased to 47%; RUNX1-RUNX1T1 

was 0.95% when assessed on PB at the same time point. When relapse was confirmed one 

month later, the RUNX1-RUNX1T1 transcript was 225%, and KIT D618V VAFs were 43% and 

51% on BMA and plasma samples respectively.  
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Table 5.15: AML-044 KIT D816V VAF on matched samples using AmpliSeq HD panel, BMA blasts and RUNX1-RUNX1T1 transcript throughout treatment. 

 

 

 

 

 

 

 

 

 

 

 

AML-044 

Clinical 
Diagnosis Remission - 

post 1st chemo 

Post 2nd 

chemo 

Remission - 

Post 3rd chemo 

Post 4th chemo   Relapse 

Months  0 1 2 3 4 8 9 

BMA Blasts% 80 3   1 - - 95 

RUNX1-RUNX1T1 188 0 0 0 -  0.95 225 

KIT 

D816V 

BMA VAF % 61 0   0 -  - 43 

Plasma VAF % 66 0 0 0 0.4 47 51 
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Figure 5.28: AML-044 KIT D816V VAF on matched samples, BMA blasts and RUNX1-RUNX1T1 throughout treatment. 
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5.3.3.9 Summary of Relapsed Cases 

A common pattern was seen in the AML patients whose disease relapsed. There was an initial 

decline in the mutational burden, in some to undetectable levels (e.g. AML-009) upon 

achievement of morphological remission, and then a subsequent rise. This increase in 

mutational burden always preceded classical measures of clinical and haematological relapse. 

The difference in time was some weeks (patients AML-009, AML-034, AML-044) or even 

months (patients AML-013, AML-014, AML-017). The only exception was case AML-025, 

in whom the increase in mutational burden occurred at the same time as morphological relapse.   

 

5.3.4 Assessment of Clonal Evolution 

I was able to study clonal evolution in 10 of the 13 patients where there were paired diagnostic 

and relapsed/refractory mutation profile samples. Three patients were excluded from the 

analysis. Patient AML-010 was excluded as there was no relapsed sample for analysis. Patient 

AML-19 was not part of the analysis as he did not have relapsed or refractory disease. Due to 

technical oversight, mutation monitoring in patient AML-034 was not fully comprehensive to 

the diagnostic profile, and therefore could not be compared.  

 

Of the 10 patients studied, clonal evolution was observed in seven. Of these, 3 were gains of 

new mutation(s), 3 were loss of diagnostic mutation(s), and one was a combination of gain and 

loss of mutations to diagnostic profile. These changes, both loss and gain of mutations, were 

all evidenced in plasma cfDNA samples, in concordance with the paired BMA samples. The 

details are listed in Table 5.16.  
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Table 5.16: Details of clonal evolution in 10 patients 

Patient  
Mutation Profile 

Changes 
At diagnosis At relapse/refractory 

AML-002 TP53 C275Y TP53 C275Y Nil 

  PTPN11 N308D PTPN11 N308D   

AML-009 IDH1 R132C IDH1 R132C Nil 

  DMNT3A R882L DMNT3A R882L   

AML-044 KIT D816V KIT D816V Nil 

AML-007 ASXL1 E635fs ASXL1 E635fs Gain of NRAS Q61P 

  SRSF2 P95H  SRSF2 P95H    

  CEBPA Q312ter CEBPA Q312ter   

    NRAS Q61P   

AML-011 CEBPA P23fs CEBPA P23fs Gain of FLT3 D835H 

  NF2 N540S NF2 N540S   

  IDH2 R140Q IDH2 R140Q   

  SMC3 G666V SMC3 G666V   

  DNMT3A C586G DNMT3A C586G   

    FLT3 D835H   

AML-013 NRAS Q61R NRAS Q61R Gain of DNMT3A P904L 

    DNMT3A P904L Gain of IDH2 R140Q 

    IDH2 R140Q   

AML-025 NRAS Q61H NRAS Q61H Gain of TP53 C277Y 

  NRAS Q61K NRAS Q61K Loss of NF2 M9I 

  EZH2 K477R EZH2 K477R   

  TP53 R306Ter TP53 R306Ter   

  TP53 F341S TP53 F341S   

  NF2 M9I TP53 C277Y   

AML-014 NPM1 W288fs NPM1 W288fs Loss of FLT3 D835Y 

  FLT3 D835Y     

AML-015 KIT D816Y KIT D816Y Loss of TET2 R1516Ter 

  TET2 R1516Ter     

AML-017 IDH1 R132C IDH1 R132C Loss of PHF6 G287V 

  SRSF2 P95H SRSF2 P95H   

  RUNX1 H105Q RUNX1 H105Q   

  CEBPA E176fs CEBPA E176fs   

  PHF6 G287V     

 

5.3.5 MRD Monitoring: Comparison of qPCR with Error-Corrected NGS 

In the case series, 3 patients had their mutations monitored on plasma cfDNA using error-

corrected NGS and concurrent qPCR assay for their known fusion transcript. I studied the 

correlation between these two monitoring techniques. Given the different assay methodologies 
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(i.e. expression in qPCR versus direct mutation detection in NGS), and the different specimens 

used (RNA for qPCR and cfDNA for NGS), the quantitative values for each method cannot be 

directly compared, and the analysis was limited to categorisation detection of the mutation and 

transcript. These samples covered a range of leukaemic burden from measurable residual 

disease to clinical relapse, comparing CBFB-MYH11 and RUNX1-RUNX1T1 transcripts with 

NRAS and KIT mutations (Table 5.17). Of the 19 samples from these 3 patients, 18 (95%) 

showed concordant categorization for detection of the mutation and transcript. The only 

discordant sample was detected by qPCR for CBFB-MYH11 on PB but not by AmpliSeq HD 

for NRAS Q61R on plasma cfDNA. The full results are described on Table 5.17.  

 

Table 5.17: Comparison of qPCR with error-corrected NGS in MRD monitoring. [PB was used 

for qPCR. Testing for samples AML-013, AML-015 and AML-044 (labelled *) was performed 

on BMA samples.] 

 

Patient ID Mutation Fusion Transcript 

Plasma cfDNA 

VAF (%) 

qPCR Transcript 

(%) Concordant 

AML-015 KIT D816Y RUNX1-RUNX1T1 0 0 Yes 

AML-015 KIT D816Y RUNX1-RUNX1T1 0 0 Yes 

AML-013 NRAS Q61R CBFB-MYH11 0 0 Yes 

AML-013 NRAS Q61R CBFB-MYH11 0 0 Yes 

AML-044 KIT D816V RUNX1-RUNX1T1 0 0* Yes 

AML-044 KIT D816V RUNX1-RUNX1T1 0 0 Yes 

AML-044 KIT D816V RUNX1-RUNX1T1 0 0* Yes 

AML-013 NRAS Q61R CBFB-MYH11 0 0.135 No 

AML-015 KIT D816Y RUNX1-RUNX1T1 0.06 0.15* Yes 

AML-013 NRAS Q61R CBFB-MYH11 0.16 0.089 Yes 

AML-013 NRAS Q61R CBFB-MYH11 0.48 0.314 Yes 

AML-013 NRAS Q61R CBFB-MYH11 1.7 0.746 Yes 

AML-013 NRAS Q61R CBFB-MYH11 11 22.4 Yes 

AML-013 NRAS Q61R CBFB-MYH11 38.2 91.7* Yes 

AML-044 KIT D816V RUNX1-RUNX1T1 47 0.95 Yes 

AML-044 KIT D816V RUNX1-RUNX1T1 51 225* Yes 

AML-015 KIT D816Y RUNX1-RUNX1T1 62 55.7 Yes 

AML-015 KIT D816Y RUNX1-RUNX1T1 66 134* Yes 

AML-044 KIT D816V RUNX1-RUNX1T1 66 188 Yes 
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5.4 Discussion 

In this Chapter I have demonstrated the clinical value of plasma cfDNA for assessing AML at 

different stages of disease. The approach used has been able to detect variants in 30 genes at 

VAF of 0.11% - 93% and throughout the disease, from diagnosis to remission and relapse. The 

validity of using plasma cfDNA for assessing the status of AML has been shown by achieving 

concordant results with BMA analysis. Further, the data demonstrate that variants are not only 

detectable in plasma, but prior to clinical relapse. In this Discussion I will highlight 6 key points 

in relation to plasma cfDNA in the study of AML.   

 

1. Plasma cfDNA mutational monitoring correlates with disease outcome. 

2. Plasma monitoring using error-corrected NGS can identify impending relapse. 

3. How error-corrected NGS compares with qPCR as a monitoring tool. 

4. How to interpret the presence of persistent mutations.  

5. Mutational fraction changes and treatment response. 

6. Detecting clonal evolution using plasma cfDNA. 

 

Each of these will be discussed in detail. 

 

5.4.1 Plasma cfDNA mutational monitoring correlates with disease outcome 

 

This study has shown that plasma cfDNA can be used to monitor AML and to the ELN MRD 

level of 0.1% VAF as proposed in the recently published 2021 guidance 

document. Importantly, serial analyses have shown that plasma cfDNA mutational monitoring 

correlates with disease outcome. Mutation levels were highest with active disease (i.e. at 

diagnosis) and, when fell and maintained at undetectable levels, correlated with remission. In 

contrast, patients with refractory or progressive disease had persistent mutations in the plasma 

at high VAF. For the 9 patients whose disease relapsed after an initial period in remission, the 

mutational burden in the plasma increased from being undetectable or low to high levels. These 

dynamic changes in in mutational plasma cfDNA burden correlated through the phases of the 

disease and were seen for all leukaemia-associated mutations studied.  

 

This data demonstrates the potential clinical value of serial plasma cfDNA mutational burden 

in determining disease status in patients with AML. In the patients studied, a declining 
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mutational burden correlated with reduction in disease, undetectable levels with remission, and 

rising levels with relapse of refractory disease. (The data on plasma cfDNA mutational 

monitoring in remission and relapsed setting will be further discussed in Section 5.4.2 and 

5.4.4). In refractory disease, rising mutational burden was also a valuable finding giving an 

indication of disease status. Overall, the concordance of VAF mutation burden with clinical 

disease status demonstrates the potential of plasma cfDNA monitoring in clinical management.   

 

 

5.4.2 MRD Monitoring Using Error-Corrected NGS on Plasma cfDNA Identified 

Impending Relapses 

The recommendations of the 2021 ELN MRD working party included using error-corrected 

NGS with UMIs as a technique for MRD detection, defining AML MRD positivity as ≥0.1% 

variant allele frequency (VAF) and using BMA as the preferred sample source (39). My study 

has taken this one step further: performing MRD with the recommended error-corrected NGS, 

but, using plasma cfDNA as the sample source. This is a novel approach which has not 

previously been studied. 

 

My findings show that MRD monitoring is feasible on plasma cfDNA using Ion AmpliSeq HD 

technology, to a LOD of 0.1% VAF, thereby meeting the ELN MRD recommendation. In 

addition, with this level of sensitivity, I have shown that using plasma cfDNA, recurrent 

mutations can still be detected whilst in remission. I hypothesise that this indicates persistence 

of low-level disease or reappearance of the leukaemia (“impending relapse”) which predates 

clinical and morphological relapses. Eight patients that experienced relapses (in accordance 

with standard definitions) had their samples studied longitudinally. In 7/8, MRD molecular 

relapse was detected in the plasma prior to morphological relapse. Rising plasma cfDNA 

mutational burden on 2 consecutive timepoints predicted the likelihood that clinical relapse 

would occur. This was seen in all patients: a rise in mutational burden foreshadowed clinical 

relapse in all . Further, patients with undetectable mutations did not relapse. Together, my 

results suggest that the detection of variants, and with a continued increase in mutational load 

on recurrent sampling, is a sensitive biomarker for relapse in AML. 

 

As discussed in Chapter 1 (Section 1.6), it is now established that detection of MRD during 

and after treatment is a strong prognostic factor for subsequent relapse and shorter survival in 
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AM (37,38). These data were based on BMA and PB samples which showed that molecular 

relapse predicts clinical relapse, with BMA being more sensitive (50,182,183,207–209). There 

have been a small number of other studies which have shown that cfDNA monitoring, using 

molecular techniques other than NGS with UMIs, identified molecular recurrence in advance 

of clinical relapses (78,81,82,184). My results are in keeping with these studies.  

 

In the present cohort, the median lead time from MRD relapse to morphological relapse was 

13 weeks, ranging between 0 to 22 weeks. Based on the monthly plasma sample collection, the 

pace of relapse for each patient could be captured on plasma cfDNA mutational burden. It has 

been shown that the rate of relapse in AML is related to the underlying disease cytogenetics 

and molecular changes, patient age, treatment received and depth of response to treatment 

(210–212). For example, the median lead time from molecular relapse to morphological relapse 

for PML-RARA AML and CBFB-MYH11 AML are vastly different, estimated to be 2 and 7 

months respectively (210). Within the same subgroup of CBFB-MYH11 AML, there was 

heterogeneity in the pace of relapse shown to be related to patient-level factors (212). Outside 

the defined AML subgroups, the kinetics of relapse in AML is not well understood (47). My 

data suggests that plasma cfDNA could provide a novel means to study the kinetics of relapse 

in AML.  

 

5.4.3 MRD Monitoring – Comparison of qPCR with Error-Corrected NGS  

In this study I have been able to compare MRD detection on plasma cfDNA using NGS with 

UMIs with qPCR fusion transcript on RNA in core-binding factor (CBF) leukaemias (i.e. AML 

with RUNX1-RUNXT1 and CBFB-MYH11 fusions). qPCR is an established technique used in 

monitoring fusion transcript levels in core-binding factor (39,47). The concordance rate for 

NGS and qPCR was 95%, even at very low levels. The one exception (sample AML-013) was 

from a patient with CBFB-MYH11 transcript at 0.135% and undetectable NRAS Q61R (as 

detected at diagnosis) on plasma cfDNA. Of interest, there was concordance when the CBFB-

MYH11 level was lower (0.089%) when cfDNA for NRAS Q61R VAF was 0.16%. These 

differences may be technical and would require verification on additional samples and patients 

and with serial dilution studies. Although this study was not designed to determine the limit of 

detection, it is notable that MRD monitoring using mutation detection on plasma cfDNA could 

potentially be as sensitive as qPCR and is complementary given the different nature of the 

methodology. Further work would be required to verify this and prior to clinical application. 
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Whilst there was a general positive correlation between the values obtained for qPCR and 

mutation VAF, there were outliers in both directions (i.e. high qPCR with a relatively low 

mutation VAF level and vice versa). Examples include patient AML-044 with RUNX1-

RUNX1T1 transcript and KIT D816V mutation of 0.95% and 47% respectively at one point, 

and, 225% and 51% respectively at another point. This is possibly due to qPCR being an 

expression-based method and NGS being a mutation-based assay. The outlier samples being 

the results of patients with either relatively low or high CBF expression within the leukaemic 

blasts at the time.  

 

5.4.4 Assessment of Persistent Mutations During Clinical Remission using Plasma cfDNA 

One of the central challenges in performing MRD monitoring in AML using NGS is the 

interpretation of persistent mutations when the marrow is in morphological remission. Are 

these from residual AML cells, or is the mutation in an AML precursor clone, e.g. clonal 

haemopoiesis? A key discriminator is the hierarchy of mutation by AML during cell ontogeny. 

Mutations that occur late in AML ontogeny or characterise certain genetically-defined AML 

subtypes (e.g. NPM1 mutation), are closely associated with the leukaemic burden and have 

been shown to be markers of residual disease (56–58). Conversely, mutations that occur early 

in AML ontogeny, in clonal haemopoiesis, or in pre-leukaemic disease, such as the “DTA 

mutations”, may not confer the same increased risk of relapse if found in the post-treatment 

setting (11–13,59).  

 

Results from my series of cases highlight this challenge. In 10 patients, despite ongoing 

complete morphological remission, there were persistent detectable diagnostic AML mutations 

in the plasma at levels ranging from 0.11 to 9.6%. In 4 patients, there were persistent mutations 

in AML-related variants which represented true residual leukaemia with impending relapse. 

They will be discussed further in Section 5.4.4.1.  The remaining 6 patients had persistent 

mutations in clonal haemopoiesis-associated variants. The clinical relevance of this finding 

will be elaborated further in Section 5.4.4.2.  

 

5.4.4.1 AML-related mutations  

Four patients (AML-014, AML-015, AML-025 and AML-044) had MRD positive mutations 

in remission samples following therapy. As evidenced by the increasing VAF of the mutations 

leading up to eventual clinical relapse, the MRD positive mutations during remission indicated 
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true residual leukaemia. The NPM1 mutation (range 0.18 – 9.6%) was detectable in patient 

AML-014 (Figure 5.15), the KIT mutation (0.4 - 19%) in patients AML-015 (Figure 5.1) and 

AML-044 (Figure 5.28), and NRAS (0.35 – 7.3%) in patient AML-025 (Table 5.11). Mutations 

in these genes are strongly AML-associated, and rare in pre-leukaemic conditions. They are 

late events in AML evolution and are usually cleared after therapy (201,205,213). I therefore 

hypothesise that ongoing detectable NPM1, KIT and NRAS mutations, albeit at low levels 

whilst in remission, are associated with true residual leukaemia and their presence indicates 

impending relapse. This is of potential clinical importance as detectable NPM1, KIT and NRAS 

mutations in remission is associated with higher risk of relapse and shorter relapse-free survival 

(54,58,59,201,214). This was confirmed in as all 4 patients subsequently relapsed.   

 

5.4.4.2 Clonal Haemopoiesis-related mutations 

In the present study, there were 6 patients with persistent mutations involving DTA genes and 

the SRSF2 gene. Published studies have reported that up to 50% of patients with AML in 

remission after treatment carry persistence of a subset of mutations identified at diagnosis. 

DTA mutations and SFSR2 mutation are amongst the most frequently involved mutations 

(59,200–203). DTA mutations occur early in AML evolution and alone are insufficient to cause 

AML (8,215,216). With less data than for DTA mutations, SRSF2 mutation is also considered 

as marker of CH (59,200,203). There are conflicting results on the correlation between 

persistent DTA mutations in remission and relapse risk (59,82,200,206).  

 

Using the data from 6 patients with persistent mutations in DTA genes and SRSF2 gene, I 

illustrate the clinical implications of these findings. The persistence of DTA and SRSF2 

mutations in remission following therapy in these patients reflected: 

• Clonal haemopoiesis;  

• Pre-leukaemic clones seeding relapse 

• True residual leukaemia. 

 

5.4.4.2.1 Clonal Haemopoiesis (CH) that is ancestral to the AML  

There were 2 patients who had DTA mutations whilst in remission and are interpreted as being 

of CH in origin.  

a) Patient AML-019 (Figure 5.2 and 5.3) achieved ongoing complete remission on a 

hypomethylating agent and IDH1 inhibitor at 16 months follow up. Of the 7 mutations at 
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diagnosis, 6 became undetectable as the patient achieved remission. They were those of 

relatively late events in AML evolution (i.e. CEBPA Q312Ter, FLT3 D839G, FLT3 V491L, 

IDH1 R132C, NPM1 W288fs and NRAS G12A) and their clearance was in keeping with 

molecular remission. TET2 H1868Y was the only diagnostic mutation that persisted, even 

once remission was attained; the VAF did not exceed 2%. I hypothesise that this reflects 

reversion to residual CH that was ancestral to the AML. It was of interest that 2 additional 

new mutations identified during remission (i.e. DNMT3A R882C and TET2 I1873T) 

persisted at VAF of no more than 0.5% and were not related to the AML. These 3 variants, 

of “DTA mutations”, at low VAFs, in the context of clearance of other diagnostic mutations 

and ongoing remission, are in keeping with CH.  

 

b)  Patient AML-013 (Figure 5.25 – 5.27) had a NRAS Q61R mutation at diagnosis which 

cleared in remission. However, a new DNMT3A P904L mutation became detectable and 

persisted at 2-3% VAF. At relapse, serial follow up testing showed reappearance of the 

NRAS Q61R and a new IDH2 R140Q mutation; this indicated relapse of the initial AML 

clone with genomic evolution with ongoing increases in the VAFs of both mutations. 

However, the trajectory of the DNMT3A P904L mutation was different, being highest 

during molecular remission and then declining at relapse. My interpretation is the DNMT3A 

P904L mutation was derived from an independent CH unrelated to AML. It is known that 

CH populations unrelated to the AML founding clone often expand after induction therapy 

as CH populations may have a competitive fitness advantage after induction chemotherapy 

(203).  

 

The differences in clinical behaviour of these two patients emphasizes the need to interpret the 

persistence of DTA mutations in remission in the context of other mutations, kinetics and 

clinical progress. 

 

5.4.4.2.2 Pre-leukaemic clones preceding relapse 

Patients AML-017 and AML-034 had persistent mutations (SRSF2 P95H and TET2 I1871fs 

respectively; VAF less than 1%) after achieving remission; the other mutations identified at 

diagnosis had cleared. The SRSF2 P95H and TET2 I1871fs mutations increased in VAF on 

serial follow up samples leading to eventual clinical relapse. These were depicted in Figure 

5.17 - 5.20 for patient AML-017 and Figure 5.23 -5.24 for patient AML-034. There was also 

reappearance and similar upward trajectory of VAFs of the other diagnostic mutations that had 
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previously cleared. These findings suggest that there had been initial reversion to CH (with 

SRSF2 P95H for AML-017, and TET2 I1871fs for AML-034) during remission which seeded 

subsequent leukaemic relapse. For AML-034, the relapse genotype was identical to the 

diagnostic mutational profile. In contrast, for patient AML-017, there were differences in the 

mutation profile at relapse, with loss of PHF6 G287V from the diagnostic genotype, implying 

clonal evolution.  

 

CH confers a functional survival advantage to haemopoietic stem cells, including in the setting 

of chemotherapy. Persistence of CH in remission following chemotherapy indicates the 

presence of pre-leukaemic haemopoietic stem cells with CH. These pre-leukaemic clones can 

result in a relapse genotype that is identical to the original profile, as in AML-034 suggesting 

that persistence of a pre-leukemic clone may also be a surrogate for a more difficult-to-

eradicate phenotype of the leukaemia clone itself. Alternatively, these pre-leukaemic clones 

can act as a source of AML relapse harbouring the same pre-leukemic variants, but with a 

different relapse mutation profile compared to initial clone, as in AML-017, indicating clonal 

evolution during relapse.  

 

5.4.4.2.3 True residual leukaemia  

Presence of DTA and SRSF2 mutations in remission could indicate true residual leukaemia, as 

opposed to a pre-leukaemic state, as illustrated by patients AML-007 (Figure 5.5) and AML-

009 (Figure 5.11 – 5.14). The unique genotypic profile of ASXL1 E635fs and SRSF2 P95H has 

been associated with a very poor prognosis with no long-term survivors in AML (24). The 

persistence of these mutations in patient AML-007 during remission, and the resurgence of 

these mutations preceding relapse, showed the leukaemic nature of these mutations. For AML-

009, the diagnostic mutation profile of DNMT3A R882L and IDH1 R132C was found at VAF 

<1% during remission before increasing significantly with relapse. This observation of 

DNMT3A R882L coexisting with IDH1 R132C in pair at diagnosis, in remission and relapse 

reflects underlying leukaemic activity.  

 

5.4.4.3 Persistent Mutations During Clinical Remission using Plasma cfDNA 

The scenarios described above show the challenges faced in determining the clinical 

implications of detectable mutations and specifically when patients are in clinical remission. 

Interpretation needs to be based on knowledge of AML ontogeny, as described above. 

Specifically, if mutations are detectable that are known to occur late (e.g. NPM1) would favour 

leukaemia and indicate risk of impending haematological relapse.  
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The clinical implications of CH-related mutations (persistence or new) when detected 

following treatment is more complex and, when detected in clinical remission, are much more 

context dependent. CH-related mutations (e.g. “DTA mutations”) are seen early in AML 

ontogeny, need to be interpreted in the context of other co-existing mutations and the 

mutational burden and trajectory. For AML in remission, CH-related mutations, when in 

isolation, usually reflect CH. When CH-related mutations co-exist with other mutations (i.e. 

those seen late in AML ontogeny), would favour leukaemia and impending relapse. Therefore, 

knowledge of the complete mutation profile at diagnosis and in remission is crucial to make 

this distinction. This emphasizes the importance of this comprehensive personalised mutation 

monitoring approach.    

 

CH-related mutations alone may not be the appropriate genomic marker to assess the presence 

of residual leukaemia. However, they do provide important insights into the possible CH state 

which may in turn seed possible subsequent relapse. In the series of cases I have studied, all 

patients in whom DTA and SRSF2 mutations were identified in remission and who 

subsequently relapsed, had reappearance of the initially cleared diagnostic mutations.  

 

Regular comprehensive diagnostic mutation plasma cfDNA monitoring, to a sensitivity of 

0.1%, offers a feasible strategy to address this challenge of persisting mutations in remission. 

A key component of this requires interpretation to be in the context of other co-existing 

mutations, including dynamics and kinetics. This approach requires serial sampling and hence 

would not be practical on bone marrow (due to the need for repeat sampling), and not feasible 

with whole blood (PB) due to lack of sensitivity for mutation detection (shown in Chapter 4).  

 

5.4.5 Plasma cfDNA Mutational Fraction Changes Dynamically Reflect Response to 

Therapy in AML 

Results from the 13 patients studied show that changes in the plasma cfDNA mutational 

fraction changes dynamically and reflects alterations in leukaemic burden in response to 

treatment. This was seen for all leukaemia-associated mutations studied and were irrespective 

of treatment strategy (i.e. high-dose intensive chemotherapy, allogeneic stem cell 

transplantation, hypomethylating therapy and IDH1 targeted inhibitor therapy). There were 

however differences in the rate of clearance of mutations from the plasma, in keeping with 

different treatment kinetics. The rate of reduction in VAF was largely determined by the 

treatment used with distinct patterns seen.  
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High Dose Induction Chemotherapy 

The median time to achieving mutation VAF <1% and undetectable mutation in the 6 patients 

receiving high-dose induction chemotherapy was 8 and 12 weeks respectively. This rate of fall 

was for all mutations identified (DNMT3A R882H, DNMT3A R882L, EZH2 K477R, IDH1 

R132C, IDH1 R132H, KIT D816V, KIT D816Y, NF2 M9I, NPM1 W288fs, NRAS G12C, 

NRAS G12D, NRAS Q61H, NRAS Q61K, RB1 I297T, RUNX1 S402P, TET2 I1871fs, TP53 

C277Y, TP53 F341S, TP53 R306Ter) and irrespective of the VAF at diagnosis (range 0.12% 

- 75%). This fall in mutation VAF was slower than the reduction in blast cells. The median 

time to remission by morphological criteria was 5 weeks for this cohort.  I hypothesise that this 

reflects the different depth of response being measured and sensitivity for detectable residual 

disease (5% versus <1%).  

 

Hypomethylating Agents 

There were 2 patients who received low-dose hypomethylating agents, and the reduction in 

plasma cfDNA mutational burden was slower than those who received intensive high-dose 

induction chemotherapy (189,217,218). The median time to achieving mutation VAF <1% and 

undetectable mutations was 20 and 24 weeks respectively, and the median time to 

morphological remission 4.5 months. This was for all mutations involved (CEBPA Q312Ter, 

FLT3 D839G, FLT3 V491L, IDH1 R132C, IDH2 R140Q, NPM1 W288fs, NRAS G12A, NRAS 

Q61R). An exception was seen for 4 mutations (DNMT3A P904L, DNMT3A R882C, TET2 

H1868Y, TET2 I1873T) which are recognised of clonal haemopoiesis in origin; this was 

discussed in details in Section 5.1.4 and 5.4.4.2. 

 

Combination therapy: hypomethylating agent and IDH1 inhibitor 

One of the patients studied received combination therapy with the hypomethylating agent 

azacitadine and IDH1 inhibitor ivosidenib (patient AML-019). Mutational fraction changes 

were captured on both BMA DNA and plasma cfDNA during treatment. There were 2 

important observations. Firstly, despite a marked reduction in bone marrow blast cells in the 

first 2 months of treatment, CEBPA, IDH1 and NPM1 gene mutations remained detectable at 

substantial VAFs (range 20 – 68%). This has previously been reported in the setting of IDH1 

inhibitor, where IDH1 mutations have been shown to persist in cellular fractions of blood and 

bone marrow at the initial stage of treatment (35,219). Results of my work corroborate these 

findings in that the IDH1 mutation persists and can be detected in the cell-free plasma fraction 

of blood. The mechanism of action of IDH1 inhibitors is that they induce clinical responses by 
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promoting differentiation of leukaemic blast cells into mature myeloid cells. Through this 

differentiation the maturing cells retain the IDH1 mutation (220,221). This mechanism is the 

likely explanation for persistence of detectable IDH1 mutations despite the reduction in blast 

cells. cfDNA monitoring may therefore provide a better indication of persistent leukaemic 

activity, despite the lack of blast cells. The second observation is that the patient did achieve 

mutational clearance after 4 months of treatment, in keeping with negative molecular MRD. 

Unlike intensive chemotherapy, combination treatment with azacitadine and an IDH1 inhibitor 

resulted in slower kinetics of therapeutics activity, with bone marrow responses taking longer 

to achieve. In the clinical trial study of azacitadine and ivosidenib, the median time to complete 

remission in this cohort of patients was 3.7 months (35).  These changes in mutational burden 

were not restricted to IDH1 R132C mutation, but were also seen for all other mutations 

identified at diagnosis, including CEBPA Q312Ter, FLT3 V491L, FLT3 D839G, NPM1 

W288fs and NRAS G12A on both BMA DNA and plasma cfDNA samples.  

 

In summary, these data indicate that since plasma cfDNA can capture the mutation dynamics 

in response to various treatments, it makes plasma cfDNA an attractive tool for assessing 

treatment response. 

 

5.4.6 Clonal Evolution in Relapsed/Refractory AML in Plasma cfDNA 

In this study, plasma cfDNA identified emergent mutations consistent with clonal evolution in 

7 of 10 patients at the time of relapse or in patients with persistent disease that was refractory 

to therapy. These were identified in both plasma and simultaneous BMA samples. Both gains 

and loss of mutations identified at diagnosis were seen. This is in keeping with known 

understanding in AML that incomplete eradication of AML founder clones rather than 

emergence of unrelated novel clones underlies AML relapse (181). Four of the 10 patients had 

loss of mutations from their diagnostic mutation profile. This has been identified by others, 

such as  Greif and colleagues who reported loss of diagnostic mutations in 23 out of 50 patients 

(46%) at time of relapsed/refractoriness (196). Single mutation MRD monitoring approach (i.e. 

only following a mutation detected at diagnosis) in these patients would possibly have given 

false negative results. This highlights the advantage of comprehensive mutation monitoring 

throughout the disease course.  

 



 193 

My results on clonal evolution, both incidence rate and pattern, are in keeping with the current 

understandings of this concept in AML. In the vast majority of relapsed/refractory AML 

patients, the mutational profile of AML is different from the time point of initial diagnosis 

(181,196,197). By performing whole exome sequencing of matched diagnostic and 

relapsed/refractory samples, Greif and colleagues observed clonal evolution in 94% of their 

patients (47 out of 50 patients): 24 were gain in mutations, 8 were lost in mutations, and 15 

were combination of gains and losses. Their work was performed on DNA from bone marrow 

aspirate or peripheral blood with circulating blasts (196).  

 

It has been reported on a handful of cases that cfDNA from plasma and serum can capture 

clonal evolution in patients with relapsed/refractory AML. Short and colleagues showed that 

plasma cfDNA was able to identify new mutations at relapse in two AML patients with 

longitudinal samples (81). Monitoring mutations using serum cfDNA, Nakamura and 

colleagues reported loss of mutation in an AML patient who relapsed post allogeneic stem cells 

transplant (78). Our results corroborated the finding that plasma cfDNA can provide insights 

into clonal evolution at time of relapse and refractory disease in AML.  

 

My results also highlight the possibility of plasma cfDNA capturing sub-clonal dynamics at 

real-time. As demonstrated on patient AML-013, plasma cfDNA detected clonal evolution in 

the form of gain of IDH2 R140Q as early as 3 months before clinical relapse at mutation level 

as low as 0.24% when first identified. On the subsequent serial plasma cfDNA samples over 

the ensuring 3 months, the IDH2 R140Q mutation emerged from sub-clonal mutation to 

become co-dominant mutation along with founding mutation of NRAS Q61R. IDH2 R140Q 

VAF rising from 0.24% to 36% on 4 serial plasma cfDNA samples over 4 months. Paired bone 

marrow samples with rising blast cells at relapse showed concordant changes in mutations and 

VAFs. My work has shown that plasma cfDNA is a viable sample source for sensitive sub-

clonal disease interrogation at real-time in AML.   

 

Therapeutic implications of clonal evolution in relapsed/refractory AML have also been 

reported. Examining the relapsed/refractory samples of 23 AML patients, Onecha and 

colleagues reported new therapeutic targets, either by an approved drug or within clinical trials, 

in 5 of the 23 patients (198). In my patient cohort, clonal evolution was clinically significant 

with therapeutic implications in 3 of the 7 patients. Patient AML-011 had a new FLT3 mutation 

at relapse which could be targeted by FLT3 inhibitors. A new mutation in IDH2 identified in 
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patient AML-013 at relapse opened the therapeutic option of IDH2 inhibitors. Loss of a FLT3 

mutation at relapse for patient AML-014 meant that the patient was unlikely to benefit from 

FLT3 inhibitors at relapse. These clinically actionable changes were identifiable on plasma 

cfDNA. This makes plasma cfDNA an actionable clinical tool in addition to a sensitive 

monitoring tool.  

 

The studies that I have undertaken may not fully reflect the underlying landscape of clonal 

evolution in relapsed/refractory AML as this was not the primary objective of my study. 

However, due to the frequent and highly sensitive molecular comprehensive tracking 

throughout the disease course, clonal evolution was able to be detected. Mutation(s) were lost 

from the diagnostic sample and new mutation(s) gained with different patterns in different 

patients. This was achieved due to repeat sampling and testing with a panel which had primers 

to genes and mutations that were not restricted to one specific diagnostic mutation profile.  

 

5.4.7 Summary  

In summary, this series of 13 patients has shown the value of cfDNA plasma monitoring of 

AML during and after therapy. In particular, the study has shown the application of NGS with 

UMIs to LOD of 0.1% VAF on plasma cfDNA gives valuable information about impending 

clinical relapse. Further, it can be used as an adjunct for qPCR assessment for fusion transcripts 

monitoring. The strategy I took, of using targeted panel NGS for regular comprehensive 

diagnostic mutation monitoring, offers insights into clonal evolution and the interpretation of 

persistent mutations in the setting of morphological remission. Of greatest significance is that 

all of this can be achieved using plasma as the sample source. Plasma is easily accessible and 

can be obtained frequently. Further, as shown in Chapter 4 and analysed in Chapter 5, 

leukaemic fragments of cfDNA, when present in plasma, can be detected at all clinically 

important phases of AML to analyse for mutations, even to a level of 0.1%. In the study, 

samples were not obtained at all timepoints for all patients. This therefore raises the question 

of the frequency of testing that would be required to achieve clinically important patient-

specific genomic data using plasma cfDNA.  These points will be further discussed in Chapter 

6 where the results summarised and future directions proposed. 
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Chapter 6: Conclusions and Future Directions 
 

6.1 Introduction 

In this body of work, cfDNA in plasma has been shown to be a suitable sample for genomic 

analysis of AML throughout the course of disease, from diagnosis to remission and relapse. 

Justification for these comments come from the following:  

1. Plasma cfDNA reflected the mutational landscape detected in leukaemic cells in the 

bone marrow at diagnosis.  

2. The mutational burden of the somatic mutations in plasma cfDNA was comparable to 

that seen in BMA, to VAF as low as 0.11%.  

3. The longitudinal data demonstrated that changes in the mutational fraction in plasma 

cfDNA correlated with disease outcome.   

4. MRD monitoring using NGS with UMIs on plasma cfDNA allowed identification of 

measurable residual disease which preceded relapse.  

5. Emergent clones, or clonal evolution, could be detected in plasma cfDNA in patients 

who relapsed or whose disease was refractory to therapy.  

 

In this concluding chapter, I will discuss some of the practical aspects that arise from this work. 

I will also focus on potential clinical applications of this cell-free DNA approach using plasma 

as the sample source. In closing, I will address challenges and future directions of this work. 

 

6.2 Practical Aspects: Advantages of Plasma 

In Chapters 4 and 5 I have shown that plasma is a suitable source for analysing cfDNA in 

patients with AML. There was excellent correlation between plasma and BMA for both 

detecting somatic mutations and the fractional burden and throughout the disease course. It was 

of interest that plasma provided more accurate data than “whole blood” (PB). The reason for 

this difference was likely due to “contaminating” cellular DNA from normal lymphocytes in 

PB samples (Chapter 4). The data obtained therefore provides a rationale to consider plasma 

cfDNA as either a complementary or, potentially, alternate sample source to bone marrow for 

detecting and measuring somatic mutations in AML. If confirmed in larger prospective studies, 

this would be advantageous from both a practicality and sample quality perspectives. 
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6.2.1 Plasma is Easily Accessible  

Bone marrow is a more complex sample to obtain and cannot be repeated frequently due to its 

invasive nature and lack of acceptance by patients. It also varies in quality due to both operator 

and patient factors. Invariably, samples of aspirated marrow are diluted by blood, a well-

recognised pre-analytical factor (66). This is particularly when large volumes are aspirated for 

multiple test types (e.g. flow cytometry; molecular genetics).  It has been shown that BMA 

diluted with blood leads to under-estimation of leukaemic burden and minimal residual disease 

assessment (222). This was evident in the present study where patient AML-010 marrow 

samples were haemodilute resulting in lower mutational fractions than in the matched plasma.  

 

Plasma offers practical solutions to these pitfalls associated with marrow sampling: it is readily 

accessible through minimally invasive blood sampling, is technically easy to prepare by 

centrifugation from whole blood and repeat sampling is acceptable to patients. Importantly, 

plasma cfDNA offers the additional edge that it is free from the pitfall of blood dilution. As 

such, plasma cfDNA may be a more robust sample source for molecular analyses  

 

6.2.2 Quality of Plasma cfDNA Exceeds Urine 

Prior to progressing to a full analysis of AML patients, I assessed both plasma and urine as 

potential sample sources. Urine was seen as an attractive source of cfDNA. It is readily 

accessible and had been shown to be a reliable source of cfDNA mutational profiling for some 

oncological applications. As described in Chapter 3, despite optimising many of the pre-

analytical variables (e.g. urinary filtration), I still obtained lower quality and yield of cfDNA 

than plasma. The high analytical sensitivity required represents a particular challenge for the 

use of urine cfDNA as leukaemic cfDNA fragments bearing informative mutations must be 

detected against background of normal, wild-type cfDNA fragments. More work is required to 

optimise and standardise urine handling if this is to progress to a clinical tool for AML mutation 

analysis. The high purity of cfDNA in plasma, and greater yield, compared to the excessive 

genomic DNA contamination in urine makes plasma a better sample source in AML genomic 

analyses.   

 

6.3 Clinical Application of Plasma cfDNA for AML 

The ultrasensitive plasma cfDNA somatic mutation detection method described in this body of 

work could add significant information to the monitoring and management of patients with 



 197 

AML. The potential practical clinical applications for assessing AML using plasma cfDNA 

include:  

1. Molecular profiling at diagnosis.  

2. MRD assessment following therapy and in remission. 

3. Treatment response assessment.  

 

6.3.1 Plasma cfDNA for AML molecular profiling 

In this study, plasma cfDNA was able to identify 96.1% (49/51) of mutations identified at 

diagnosis, exceeding the yield for both whole blood and aspirated bone marrow. At relapse, 

plasma cfDNA testing was also able to identify emergent mutations thereby reflecting clonal 

evolution. With recurrent testing, plasma cfDNA was able to identify dynamic changes in 

mutational burden and sub-clonal mutational evolution in real time. The sensitivity of this 

approach was demonstrated with serial plasma monitoring showing sequential increases in the 

mutational burden of emerging mutations from <1% through to dominant mutation of 36% at 

relapse (e.g. patient AML-013). Due to the ready accessibility of the sample, and comparability 

in mutation detection to BMA, these data provide strong evidence to suggest plasma could be 

used as the primary sample cfDNA. This is similar to the field of solid tumours where there is 

a move to “liquid biopsy” samples. For AML, plasma has potential to be the preferable, and 

possibly optimal, sample for assessing genomic aberrations throughout the disease.  

 

It is recognised that plasma cfDNA provides a more complete representation of the overall 

tumour particularly when there is genomic variation in different sites (73–75). This has been 

well-established for solid tumours and increasingly recognised for haematological 

malignancies, e.g. lymphoma (78). This is also of relevance to AML where there may be spatial 

and intra-tumoral genetic heterogeneity both within the marrow and other affected anatomical 

sites. An example of this is a reported case with isolated extramedullary relapse of AML within 

breast tissues following allogeneic stem cell transplantation which was identified by cfDNA 

(82). Blood-derived plasma provides a more holistic picture of the AML than a snapshot of the 

tumour in one anatomical location. This is possible as plasma collects cfDNA fragments from 

all leukaemic sites, including bone marrow and extramedullary disease sites. In addition, every 

clone of AML, regardless of the order of ontogeny, will be reflected in cfDNA fragments in 

plasma. The enrichment of malignant cfDNA in plasma allows detection of mutations, even at 

very low levels, as shown in the present study. These findings make the case that plasma 
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cfDNA analysis provides a more 'holistic' depiction of AML mutational profile at various 

stages of the disease.  

 

6.3.2 Plasma cfDNA for AML monitoring and prognostic applications 

The ultrasensitive NGS with UMIs technology used (Ion AmpliSeq HD technology) has shown 

that mutation levels as low as 0.1% can be detected in plasma-derived cfDNA. This far exceeds 

current morphological (5% limit) and routine NGS (2% limit) monitoring methods. Therefore, 

an appealing clinical application of cfDNA genotyping in AML would be its incorporation in 

MRD assessment using NGS with UMIs. Plasma cfDNA is an attractive sample source for 

MRD as it presents an opportunity for simple, minimally-invasive and easily repeatable MRD 

analysis with practical and technical advantages over BMA (as described in Section 6.2). 

Conventionally, MRD in AML has been monitored through multiparameter flow cytometry 

(MFC) and quantitative PCR (qPCR) but each having recognised drawbacks (39). MFC is 

challenging to standardize (39,47). qPCR is only applicable to 40-50% of AML patients as it 

requires leukaemia-specific sequences (23,39,47). The recent development of NGS with UMIs 

which allows high sensitivity of mutation detection to LOD of 0.1% has led to ELN MRD 

working party in 2021 recommending NGS with UMIs as one of the MRD monitoring 

techniques (39). This technique is applicable to vast majority of patients with AML as at least 

one driver mutation can be identified in 96% of patients with AML (28).  

 

In Chapter 5, I showed that plasma cfDNA mutational monitoring using Ion AmpliSeq HD 

technology allows identification of MRD relapse that predates clinical and morphological 

relapses. Rising plasma cfDNA mutational burden predicted impending clinical relapse and 

serially negative cfDNA analyses was in keeping with ongoing remission status. These findings 

provide the rationale to consider MRD using cfDNA as a monitoring biomarker for routine 

surveillance and care of patients following during maintenance or completion of AML therapy. 

It has been shown that the rate of relapse in AML are related to the underlying disease 

cytogenetics and molecular changes, patient age, treatment received and depth of response to 

treatment (210–212). As a simple, minimally-invasive and easily repeatable sample, it is well-

placed to examine the optimal frequency of MRD assessment for disease monitoring in AML 

in relation to these known factors. 
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Molecular MRD positivity after induction chemotherapy in AML, either by BMA or PB, has 

been shown to be associated with poorer prognosis (37,38). In addition, cfDNA in AML has 

been reported to be of prognostic value following allogeneic stem cell transplantation (82). 

Since I have demonstrated that there is an intimate correlation between plasma cfDNA and 

BMA, it is conceivable that plasma cfDNA molecular monitoring is also of prognostic value.  

I consider that further study is required to confirm this, and this remains my next priority in the 

research of cfDNA in AML.  

 

6.3.3 Plasma cfDNA and treatment response  

In Chapter 5, I demonstrated that that changes in the plasma cfDNA mutational fraction during 

treatment reflects the leukaemic burden. This was evidenced across various treatment regimens 

including intensive chemotherapy, hypomethylating agents and IDH1 targeted inhibitor 

therapy. Each regimen was associated with its unique treatment response pattern with differing 

rates of decline in mutational burden. From this I hypothesise that plasma cfDNA could be 

used as a real-time dynamic treatment response assessment tool. This easily repeatable test 

would provide an early indicator to clinicians of patient response to therapy. 

 

Conventionally, with intensive chemotherapy regimens, early response is based on BM 

examination after one treatment cycle; this early evaluation can give an early indication of 

disease response or treatment failure. This is less applicable with newer, slower-acting 

regimens, especially those with non-cytotoxic mechanisms of action, as such therapies are 

often unlikely to elicit best responses after only 1 or 2 cycles (223). Plasma cfDNA could 

overcome this limitation as it can capture the mutation dynamics in response to various 

treatments. This makes plasma cfDNA an attractive tool to address this clinical challenge of 

assessment of treatment response.  

 

The body of work described in this thesis has shown changes in mutational burden in plasma 

cfDNA correspond with treatment response. Response kinetics is of clinical importance in 

predicting therapeutic response in other haematological malignancies, such as chronic myeloid 

leukaemia (CML) and core-binding factor AML. For both, cellular RNA is used and analysed 

by qPCR and the rate of change in the relevant genomic abnormality is of prognostic 

importance (12,18). In CML, for example, early molecular response is a marker of good 

prognosis. It would be of interest to determine the suitability and sensitivity of using plasma 
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cfDNA in other haematological malignancies where there are disease-specific mutations that 

could be monitored. One example is chronic lymphocytic leukaemia with TP53 mutations 

which are associated with poor prognosis. Measuring the rate of change with specific therapies 

may give an indication of likely the impact and outcome. Additionally, in studying treatment 

response, analysis of cfDNA is possibly an effective tool for the detection and identification of 

molecular alterations leading to clinical resistance to therapy.  

 

6.4 Challenges 

A number of technical and biological challenges require consideration prior to progressing this 

work to clinical application. Some of the issues I have identified are discussed. 

 

6.4.1 Pre-analytical challenges 

Given the unique characteristics of cfDNA, pre-analytic variation poses one of the biggest 

challenges in generating a reliable and consistent result. The result can be affected by the 

sample type, collection tube, storage temperature, processing time and centrifugation. This was 

first demonstrated when urine was assessed as a possible source of cfDNA (Chapter 3). This 

was found to be unsatisfactory because of difficulty in standardisation of the multitude of pre-

analytical factors that I concluded urine was not an appropriate sample for AML genomic 

study. The pre-analytical challenges were so significant that I decided to not progress this arm 

of the study.  

 

In contrast, plasma cfDNA could be analysed with quality data emanating from the work. This 

is in keeping with the experience of other workers in the field. With confidence that plasma 

could be a useful liquid biopsy sample for assessing mutations, a range of pre-analytical factors 

are now being standardised leading to the adoption in testing guidelines. This has resulted in 

translation of plasma cfDNA to clinical practice in non-invasive prenatal testing and in 

oncology (e.g. detection of EGFR mutations in lung cancer) (73,74,224). By applying 

standardised testing guidelines to clinical AML samples, the present study has produced 

consistent and quality data. The findings will help to optimise the design of future plasma 

cfDNA studies in AML that will inform the optimal peripheral blood volume required to 

generate sufficient quality and quantity of plasma cfDNA input for genomic analyses as well 

as the timing and frequency of testing.  
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6.4.2 Biological challenges 

The primary biological challenge is interpretation of plasma cfDNA results. As discussed in 

Chapter 5, AML mutations must be distinguished from those arising from clonal 

haematopoiesis. Clonal haematopoiesis-associated mutations are age-related, and as described, 

discriminating these from specific leukaemia-associated mutations is complex. It is however 

achievable when there is regular comprehensive monitoring of the diagnostic AML mutations 

and identifying dynamic alterations. However, more work will be required in this area to 

develop a comprehensive testing paradigm and interpretive tools. 

 

Further, special caution needs to be applied when analysing cfDNA mutations that are not 

specific to AML. Other solid organ cancers, such as lung adenocarcinoma, melanoma and 

colorectal cancer, can share similar mutation profiles, e.g. RAS and TP53 mutations. It is 

possible that a patient with AML could have a concurrent second malignancy (225,226).   

 

6.5 Future Directions  

The availability of highly sensitive molecular monitoring tools has increased our knowledge 

of the dynamics of mutations in AML throughout the disease course. My analyses of plasma 

cfDNA has shown that this tool has many promising potential clinical applications in AML 

disease assessment. Plasma cfDNA can provide mutational landscape, quantify disease burden, 

assess treatment response, and be applied for MRD evaluation including identification of 

emerging new clones and in real time.  

 

To progress this work will require further validation with a larger sample set and on 

standardised treatments. Large prospective studies, preferably in companion with clinical trials, 

are required to determine the potential of cfDNA use in clinical practice of AML. Validation 

and standardization of plasma cfDNA processing and analyses will be required for potential 

integration into standard pathology practice. Current prognostic and therapeutic algorithms of 

AML have been established for mutations detected in BM blast cells, but their significance 

when detected in plasma cfDNA, either in isolation or in concordance with BMA, is unclear. 

MRD monitoring in AML using plasma cfDNA is sensitive and feasible but the prognostic 

value is yet to be determined. These are important questions that need be addressed.  
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Whilst urine has not been progressed as the sample source for cfDNA in this piece of work, it 

is worthy of further research as a source of cfDNA due to evidence from other studies of its 

clinical value and its completely non-invasive nature, ease of access, ready availability which 

enable frequent regular self-sampling. This study has identified a number of important pre-

analytical components that had not previously been described. To improve the recovery of 

transrenal cfDNA, filtration of urine is superior to urinary centrifugation in handling of urine 

supernatant, and the optimal timing of urine collection is second morning void. However, 

further optimisation is required to progress urine as a clinically useful liquid sample source for 

cfDNA analysis.  

 

6.6 Concluding Remarks 

Data from the present study is very promising and offers the prospect that plasma cfDNA could 

complement, or even replace bone marrow examination, for the assessment of AML in the 

future. Further large prospective studies are needed, for standardization of both the platform 

and practice, and to understand the clinical value of plasma cfDNA in management of AML. 

Plasma cfDNA analysis is poised to have a potential transformative effect in the field of AML.  

 

 

 

 

 

  



 203 

References  

1.  Australian Institute of Health and Welfare. Cancer in Australia 2019, Summary. Vol. 

Cancer ser, Cancer in Australia 2019. 2019. 7–18 p.  

2.  McNerney ME, Godley LA, Le Beau MM. Therapy-related myeloid neoplasms: when 

genetics and environment collide. Nat Rev Cancer. 2017 Aug;17(9):513–27.  

3.  Vasu S, Kohlschmidt J, Mrózek K, Eisfeld AK, Nicolet D, Sterling LJ, et al. Ten-year 

outcome of patients with acute myeloid leukemia not treated with allogeneic 

transplantation in first complete remission. Blood Adv. 2018;2(13):1645–50.  

4.  Byrd JC, Mro K, Dodge RK, Carroll AJ, Edwards CG, Arthur DC, et al. Pretreatment 

cytogenetic abnormalities are predictive of induction success , cumulative incidence of 

relapse , and overall survival in adult patients with de novo acute myeloid leukemia : 

results from Cancer and Leukemia Group B ( CALGB 8461 ). 2002;100(13):4325–36.  

5.  Lane SW, Gilliland DG. Leukemia stem cells. Semin Cancer Biol. 2010 Apr;20(2):71–

6.  

6.  Shlush LI, Mitchell A, Heisler L, Abelson S, Ng SWK, Trotman-Grant A, et al. Tracing 

the origins of relapse in acute myeloid leukaemia to stem cells. Nature. 2017 

Jul;547(7661):104–8.  

7.  Welch JS, Ley TJ, Link DC, Miller CA, Larson DE, Koboldt DC, et al. The origin and 

evolution of mutations in acute myeloid leukemia. Cell. 2012 Jul;150(2):264–78.  

8.  Shlush LI, Zandi S, Mitchell A, Chen WC, Brandwein JM, Gupta V, et al. Identification 

of pre-leukaemic haematopoietic stem cells in acute leukaemia. Nature. 

2014;506(7488):328–33.  

9.  Ding L, Ley TJ, Larson DE, Miller CA, Koboldt DC, Welch JS, et al. Clonal evolution 

in relapsed acute myeloid leukaemia revealed by whole-genome  sequencing. Nature. 

2012 Jan;481(7382):506–10.  

10.  Steensma DP, Bejar R, Jaiswal S, Lindsley RC, Sekeres MA, Hasserjian RP, et al. 

Clonal hematopoiesis of indeterminate potential and its distinction from  

myelodysplastic syndromes. Blood. 2015 Jul;126(1):9–16.  

11.  Young AL, Challen GA, Birmann BM, Druley TE. Clonal haematopoiesis harbouring 

AML-associated mutations is ubiquitous in healthy adults. Nat Commun. 2016;7:1–7.  

12.  Jaiswal S, Fontanillas P, Flannick J, Manning A, Grauman P V, Mar BG, et al. Age-

related clonal hematopoiesis associated with adverse outcomes. N Engl J Med. 

2014;371(26):2488–98.  



 204 

13.  Xie M, Lu C, Wang J, McLellan MD, Johnson KJ, Wendl MC, et al. Age-related 

mutations associated with clonal hematopoietic expansion and malignancies. Nat Med. 

2014;20(12):1472–8.  

14.  Genovese G, Kähler AK, Handsaker RE, Lindberg J, Rose SA, Bakhoum SF, et al. 

Clonal Hematopoiesis and Blood-Cancer Risk Inferred from Blood DNA Sequence. N 

Engl J Med. 2014;371(26):2477–87.  

15.  Jaiswal S, Natarajan P, Silver AJ, Gibson CJ, Bick AG, Shvartz E, et al. Clonal 

Hematopoiesis and Risk of Atherosclerotic Cardiovascular Disease. N Engl J Med. 

2017;377(2):111–21.  

16.  Hecker JS, Hartmann L, Rivière J, Buck MC, van der Garde M, Rothenberg-Thurley M, 

et al. CHIP and hips: clonal hematopoiesis is common in patients undergoing hip 

arthroplasty and is associated with autoimmune disease. Blood. 2021;138(18):1727–32.  

17.  Grimwade D, Mrózek K. Diagnostic and prognostic value of cytogenetics in acute 

myeloid leukemia. Hematol Oncol Clin North Am. 2011 Dec;25(6):1135–61, vii.  

18.  Grimwade D, Hills RK, Moorman A V, Walker H, Chatters S, Goldstone AH, et al. 

Refinement of cytogenetic classification in acute myeloid leukemia: determination of  

prognostic significance of rare recurring chromosomal abnormalities among 5876 

younger adult patients treated in the United Kingdom Medical Research Council trials. 

Blood. 2010 Jul;116(3):354–65.  

19.  Mrózek K, Marcucci G, Nicolet D, Maharry KS, Becker H, Whitman SP, et al. 

Prognostic significance of the European LeukemiaNet standardized system for  

reporting cytogenetic and molecular alterations in adults with acute myeloid leukemia. 

J Clin Oncol  Off J Am Soc Clin  Oncol. 2012 Dec;30(36):4515–23.  

20.  Arber DA, Orazi A, Hasserjian R, Thiele J, Borowitz MJ, Le Beau MM, et al. The 2016 

revision to the World Health Organization classification of myeloid  neoplasms and 

acute leukemia. Blood. 2016 May;127(20):2391–405.  

21.  Sabattini E, Bacci F, Sagramoso C, Pileri SA. WHO classification of tumours of 

haematopoietic and lymphoid tissues in 2008: an  overview. Vol. 102, Pathologica. Italy; 

2010. p. 83–7.  

22.  Döhner H, Estey EHE, Amadori S, Appelbaum FRFR, Büchner T, Burnett AK a. K, et 

al. Diagnosis and management of acute myeloid leukemia in adults: recommendations 

from an international expert panel, on behalf of the European LeukemiaNet. Blood. 

2010;115(3):453–74.  

 



 205 

23.  Döhner H, Estey E, Grimwade D, Amadori S, Appelbaum FR, Büchner T, et al. 

Diagnosis and management of AML in adults: 2017 ELN recommendations from an 

international expert panel. Blood. 2017;129(4):424–47.  

24.  Papaemmanuil E, Gerstung M, Bullinger L, Gaidzik VI, Paschka P, Roberts ND, et al. 

Genomic Classification and Prognosis in Acute Myeloid Leukemia. N Engl J Med. 

2016;374(23):2209–21.  

25.  Mardis ER, Ding L, Dooling DJ, Larson DE, McLellan MD, Chen K, et al. Recurring 

mutations found by sequencing an acute myeloid leukemia genome. N Engl J Med. 

2009;361(11):1058–66.  

26.  Yan X-J, Xu J, Gu Z-H, Pan C-M, Lu G, Shen Y, et al. Exome sequencing identifies 

somatic mutations of DNA methyltransferase gene DNMT3A  in acute monocytic 

leukemia. Nat Genet. 2011 Mar;43(4):309–15.  

27.  Patel JP, Gonen M, Figueroa M, Fernandez H, Sun Z, Racevskis J, et al. Prognostic 

Relevance of Integrated Genetic Profiling in Acute Myeloid Leukemia. N Engl J Med. 

2012;366(12):1079–89.  

28.  Voigt P, Reinberg D. Genomic and Epigenomic Landscapes of Adult De Novo Acute 

Myeloid Leukemia The Cancer Genome Atlas Research Network. N Engl J Med. 

2013;368(22):2059–74.  

29.  Lawrence MS, Stojanov P, Mermel CH, Robinson JT, Garraway LA, Golub TR, et al. 

Discovery and saturation analysis of cancer genes across 21 tumour types. Nature. 2014 

Jan;505(7484):495–501.  

30.  Cheson BD, Bennett JM, Kopecky KJ, Büchner T, Willman CL, Estey EH, et al. Revised 

Recommendations of the International Working Group for diagnosis, standardization of 

response criteria, treatment outcomes, and reporting standards for therapeutic trials in 

acute myeloid leukemia. J Clin Oncol. 2003;21(24):4642–9.  

31.  Fernandez HF, Sun Z, Yao X, Litzow MR, Luger SM, Paietta EM, et al. Anthracycline 

dose intensification in acute myeloid leukemia. N Engl J Med. 2009 Sep;361(13):1249–

59.  

32.  Lancet JE, Uy GL, Cortes JE, Newell LF, Lin TL, Ritchie EK, et al. CPX-351 

(cytarabine and daunorubicin) Liposome for Injection Versus Conventional  Cytarabine 

Plus Daunorubicin in Older Patients With Newly Diagnosed Secondary Acute Myeloid 

Leukemia. J Clin Oncol  Off J Am Soc Clin  Oncol. 2018 Sep;36(26):2684–92.  

 

 



 206 

33.  Stone RM, Mandrekar SJ, Sanford BL, Laumann K, Geyer S, Bloomfield CD, et al. 

Midostaurin plus chemotherapy for acute myeloid leukemia with a FLT3 Mutation. N 

Engl J Med. 2017;377(5):454–64.  

34.  DiNardo CD, Jonas BA, Pullarkat V, Thirman MJ, Garcia JS, Wei AH, et al. Azacitidine 

and Venetoclax in Previously Untreated Acute Myeloid Leukemia. N Engl J Med. 2020 

Aug;383(7):617–29.  

35.  DiNardo CD, Stein AS, Stein EM, Fathi AT, Frankfurt O, Schuh AC, et al. Mutant 

isocitrate dehydrogenase 1 inhibitor ivosidenib in combination with azacitidine for 

newly diagnosed acute myeloid leukemia. J Clin Oncol. 2021;39(1):57–65.  

36.  Stein EM, DiNardo CD, Fathi AT, Mims AS, Pratz KW, Savona MR, et al. Ivosidenib 

or enasidenib combined with intensive chemotherapy in patients with newly  diagnosed 

AML: a phase 1 study. Blood. 2021 Apr;137(13):1792–803.  

37.  Short NJ, Zhou S, Fu C, Berry DA, Walter RB, Freeman SD, et al. Association of 

Measurable Residual Disease With Survival Outcomes in Patients With  Acute Myeloid 

Leukemia: A Systematic Review and Meta-analysis. JAMA Oncol. 2020 

Dec;6(12):1890–9.  

38.  Buckley SA, Wood BL, Othus M, Hourigan CS, Ustun C, Linden MA, et al. Minimal 

residual disease prior to allogeneic hematopoietic cell transplantation in  acute myeloid 

leukemia: a meta-analysis. Haematologica. 2017 May;102(5):865–73.  

39.  Heuser M, Freeman SD, Ossenkoppele GJ, Buccisano F, Hourigan CS, Ngai LL, et al. 

2021 Update on MRD in acute myeloid leukemia: a consensus document from the 

European LeukemiaNet MRD Working Party. Blood. 2021;138(26):2753–67.  

40.  Feller N, van der Pol MA, van Stijn A, Weijers GWD, Westra AH, Evertse BW, et al. 

MRD parameters using immunophenotypic detection methods are highly reliable in  

predicting survival in acute myeloid leukaemia. Leukemia. 2004 Aug;18(8):1380–90.  

41.  Kern W, Voskova D, Schoch C, Hiddemann W, Schnittger S, Haferlach T. 

Determination of relapse risk based on assessment of minimal residual disease during  

complete remission by multiparameter flow cytometry in unselected patients with acute 

myeloid leukemia. Blood. 2004 Nov;104(10):3078–85.  

42.  Loken MR. Residual disease in AML, a target that can move in more than one direction. 

Cytometry B Clin Cytom. 2014 Jan;86(1):15–7.  

43.  Kussick SJ, Wood BL. Using 4-color flow cytometry to identify abnormal myeloid 

populations. Arch Pathol Lab Med. 2003 Sep;127(9):1140–7.  

 



 207 

44.  Zeijlemaker W, Gratama JW, Schuurhuis GJ. Tumor heterogeneity makes AML a 

“moving target” for detection of residual disease. Cytometry B Clin Cytom. 2014 

Jan;86(1):3–14.  

45.  Ho T-C, LaMere M, Stevens BM, Ashton JM, Myers JR, O’Dwyer KM, et al. Evolution 

of acute myelogenous leukemia stem cell properties after treatment and  progression. 

Blood. 2016 Sep;128(13):1671–8.  

46.  Baer MR, Stewart CC, Dodge RK, Leget G, Sulé N, Mrózek K, et al. High frequency of 

immunophenotype changes in acute myeloid leukemia at relapse:  implications for 

residual disease detection (Cancer and Leukemia Group B Study 8361). Blood. 2001 

Jun;97(11):3574–80.  

47.  Schuurhuis GJ, Heuser M, Freeman S, Béne MC, Buccisano F, Cloos J, et al. 

Minimal/measurable residual disease in AML: a consensus document from the 

European LeukemiaNet MRD Working Party. Blood. 2018;131(12):1275–91.  

48.  Zhou Y, Wood BL. Methods of Detection of Measurable Residual Disease in AML. 

Curr Hematol Malig Rep. 2017;12(6):557–67.  

49.  Alikian M, Whale AS, Akiki S, Piechocki K, Torrado C, Myint T, et al. RT-qPCR and 

RT-Digital PCR: A Comparison of Different Platforms for the Evaluation  of Residual 

Disease in Chronic Myeloid Leukemia. Clin Chem. 2017 Feb;63(2):525–31.  

50.  Brambati C, Galbiati S, Xue E, Toffalori C, Crucitti L, Greco R, et al. Droplet digital 

polymerase chain reaction for DNMT3A and IDH1/2 mutations to improve early 

detection of acute myeloid leukemia relapse after allogeneic hematopoietic stem cell 

transplantation. Haematologica. 2016;101(4):e157–61.  

51.  Mencia-Trinchant N, Hu Y, Alas MA, Ali F, Wouters BJ, Lee S, et al. Minimal Residual 

Disease Monitoring of Acute Myeloid Leukemia by Massively Multiplex  Digital PCR 

in Patients with NPM1 Mutations. J Mol Diagn. 2017 Jul;19(4):537–48.  

52.  Young AL, Wong TN, Hughes AEO, Heath SE, Ley TJ, Link DC, et al. Quantifying 

ultra-rare pre-leukemic clones via targeted error-corrected sequencing. Vol. 29, 

Leukemia. 2015. p. 1608–11.  

53.  Waalkes A, Penewit K, Wood BL, Wu D, Salipante SJ. Ultrasensitive detection of acute 

myeloid leukemia minimal residual disease using  single molecule molecular inversion 

probes. Haematologica. 2017 Sep;102(9):1549–57.  

54.  Hirsch P, Tang R, Abermil N, Flandrin P, Moatti H, Favale F, et al. Precision and 

prognostic value of clone-specific minimal residual disease in acute myeloid leukemia. 

Haematologica. 2017;102(7):1227–37.  



 208 

55.  Thol F, Gabdoulline R, Liebich A, Klement P, Schiller J, Kandziora C, et al. Measurable 

residual disease monitoring by ngs before allogeneic hematopoietic cell transplantation 

in AML. Blood. 2018;132(16):1703–13.  

56.  Falini B, Brunetti L, Sportoletti P, Paola Martelli M. NPM1-mutated acute myeloid 

leukemia: From bench to bedside. Blood. 2020;136(15):1707–21.  

57.  Gorello P, Cazzaniga G, Alberti F, Dell’Oro MG, Gottardi E, Specchia G, et al. 

Quantitative assessment of minimal residual disease in acute myeloid leukemia carrying 

nucleophosmin (NPM1) gene mutations. Leukemia. 2006;20(6):1103–8.  

58.  Morita K, Kantarjian HM, Wang F, Yan Y, Bueso-Ramos C, Sasaki K, et al. Clearance 

of somatic mutations at remission and the risk of relapse in acute myeloid leukemia. J 

Clin Oncol. 2018;36(18):1788–97.  

59.  Jongen-Lavrencic M, Grob T, Hanekamp D, Kavelaars FG, Al Hinai A, Zeilemaker A, 

et al. Molecular minimal residual disease in acute myeloid leukemia. N Engl J Med. 

2018;378(13):1189–99.  

60.  Maurillo L, Buccisano F, Spagnoli A, Del Poeta G, Panetta P, Neri B, et al. Monitoring 

of minimal residual disease in adult acute myeloid leukemia using  peripheral blood as 

an alternative source to bone marrow. Haematologica. 2007 May;92(5):605–11.  

61.  Zeijlemaker W, Kelder A, Oussoren-Brockhoff YJM, Scholten WJ, Snel AN, 

Veldhuizen D, et al. Peripheral blood minimal residual disease may replace bone 

marrow minimal residual  disease as an immunophenotypic biomarker for impending 

relapse in acute myeloid leukemia. Leukemia. 2016 Mar;30(3):708–15.  

62.  Loken MR, Chu SC, Fritschle W, Kalnoski M, Wells DA. Normalization of bone 

marrow aspirates for hemodilution in flow cytometric analyses. Cytom Part B - Clin 

Cytom. 2009;76(1):27–36.  

63.  Grimwade D, Tallman MS. Should minimal residual disease monitoring be the standard 

of care for all patients  with acute promyelocytic leukemia? Vol. 35, Leukemia research. 

England; 2011. p. 3–7.  

64.  Latham S, Hughes E, Budgen B, Mechinaud F, Crock C, Ekert H, et al. Sources of error 

in measurement of minimal residual disease in childhood acute  lymphoblastic leukemia. 

PLoS One. 2017;12(10):e0185556.  

65.  Vanderhoek M, Juckett MB, Perlman SB, Nickles RJ, Jeraj R. Early assessment of 

treatment response in patients with AML using [18F]FLT PET imaging. Leuk Res. 

2011;35(3):310–6.  

 



 209 

66.  Bain BJ, Bailey K. Pitfalls in obtaining and interpreting bone marrow aspirates: To err 

is human. J Clin Pathol. 2011;64(5):373–9.  

67.  Astle JM, Xu ML, Friedman T, Brown E. Limitations of poor bone marrow aspirations 

(for an accurate diagnosis) despite the  multimodal analytical era: A longitudinal 

retrospective study. Vol. 92, American journal of hematology. United States; 2017. p. 

E600–2.  

68.  Lidén Y, Landgren O, Arnér S, Sjölund K-F, Johansson E. Procedure-related pain 

among adult patients with hematologic malignancies. Acta Anaesthesiol Scand. 2009 

Mar;53(3):354–63.  

69.  Bain BJ. Bone marrow biopsy morbidity and mortality. Br J Haematol. 2003 

Jun;121(6):949–51.  

70.  Lui YYN, Chik KW, Chiu RWK, Ho CY, Lam CWK, Lo YMD. Predominant 

hematopoietic origin of cell-free dna in plasma and serum after sex-mismatched bone 

marrow transplantation. Clin Chem. 2002;48(3):421–7.  

71.  Lui YYN, Woo KS, Wang AYM, Yeung CK, Li PKT, Chau E, et al. Origin of plasma 

cell-free DNA after solid organ transplantation. Clin Chem. 2003;49(3):495–6.  

72.  Stroun M, Lyautey J, Lederrey C, Olson-Sand A, Anker P. About the possible origin 

and mechanism of circulating DNA apoptosis and active DNA  release. Clin Chim Acta. 

2001 Nov;313(1–2):139–42.  

73.  Reckamp KL, Melnikova VO, Karlovich C, Sequist L V., Camidge DR, Wakelee H, et 

al. A highly sensitive and quantitative test platform for detection of NSCLC EGFR 

mutations in urine and plasma. J Thorac Oncol. 2016;11(10):1690–700.  

74.  Merker JD, Oxnard GR, Compton C, Diehn M, Hurley P, Lazar AJ, et al. Circulating 

tumor DNA analysis in patients with cancer: American society of clinical oncology and 

college of American pathologists joint review. J Clin Oncol. 2018;36(16):1631–41.  

75.  Strickler JH, Loree JM, Ahronian LG, Parikh AR, Niedzwiecki D, Pereira AAL, et al. 

Genomic Landscape of Cell-Free DNA in Patients with Colorectal Cancer. Cancer 

Discov. 2018 Feb;8(2):164–73.  

76.  Rossi D, Diop F, Spaccarotella E, Monti S, Zanni M, Rasi S, et al. Diffuse large B-cell 

lymphoma genotyping on the liquid biopsy. Blood. 2017;129(14):blood-2016-05-

719641.  

77.  Suzuki Y, Tomita A, Nakamura F, Iriyama C, Shirahata-Adachi M, Shimada K, et al. 

Peripheral blood cell-free DNA is an alternative tumor DNA source reflecting disease 

status in myelodysplastic syndromes. Cancer Sci. 2016;107(9):1329–37.  



 210 

78.  Nakamura S, Yokoyama K, Yusa N, Ogawa M, Takei T, Kobayashi A, et al. Circulating 

tumor DNA dynamically predicts response and/or relapse in patients with hematological 

malignancies. Int J Hematol. 2018;108(4):402–10.  

79.  Yeh P, Dickinson M, Ftouni S, Hunter T, Sinha D, Wong SQ, et al. Molecular disease 

monitoring using circulating tumor DNA in myelodysplastic syndromes. Blood. 

2017;129(12):blood-2016-09-740308.  

80.  Vasioukhin V, Anker P, Maurice P, Lyautey J, Lederrey C, Stroun M. Point mutations 

of the N-ras gene in the blood plasma DNA of patients with myelodysplastic syndrome 

or acute myelogenous leukaemia. Br J Haematol. 1994;86(4):774–9.  

81.  Short NJ, Patel KP, Albitar M, Franquiz M, Luthra R, Kanagal-Shamanna R, et al. 

Targeted next-generation sequencing of circulating cell-free DNA vs bone marrow in 

patients with acute myeloid leukemia. Blood Adv. 2020;4(8):1670–7.  

82.  Nakamura S, Yokoyama K, Shimizu E, Yusa N, Kondoh K, Ogawa M, et al. Prognostic 

impact of circulating tumor DNA status post–allogeneic hematopoietic stem cell 

transplantation in AML and MDS. Blood. 2019;133(25):2682–95.  

83.  Fujii T, Barzi A, Sartore-Bianchi A, Cassingena A, Siravegna G, Karp DD, et al. 

Mutation-enrichment next-generation sequencing for quantitative detection of KRAS 

mutations in urine cell-free DNA from patients with advanced cancers. Clin Cancer Res. 

2017;23(14):3657–66.  

84.  Hyman DM, Diamond EL, Vibat CRT, Hassaine L, Poole JC, Patel M, et al. Prospective 

blinded study of BRAFV600E mutation detection in cell-free DNA of patients with 

systemic histiocytic disorders. Cancer Discov. 2015;5(1):64–71.  

85.  Janku F, Vibat CRT, Kosco K, Holley VR, Cabrilo G, Meric-Bernstam F, et al. BRAF 

V600E mutations in urine and plasma cell-free DNA from patients with Erdheim-

Chester disease. Oncotarget. 2014;5(11):3607–10.  

86.  Wang BG, Huang HY, Chen YC, Bristow RE, Kassauei K, Cheng CC, et al. Increased 

plasma DNA integrity in cancer patients. Cancer Res. 2003;63(14):3966–8.  

87.  Jahr S, Hentze H, Englisch S, Hardt D, Fackelmayer FO, Hesch RD, et al. DNA 

fragments in the blood plasma of cancer patients: Quantitations and evidence for their 

origin from apoptotic and necrotic cells. Cancer Res. 2001;61(4):1659–65.  

88.  Nagata S, Nagase H, Kawane K, Mukae N, Fukuyama H. Degradation of chromosomal 

DNA during apoptosis. Cell Death Differ. 2003;10(1):108–16.  

 

 



 211 

89.  Giacona MB, Ruben GC, Iczkowski KA, Roos TB, Porter DM, Sorenson GD. Cell-Free 

DNA in Human Blood Plasma. Pancreas. 1998;17(1):89–97.  

90.  Jiang P, Chan CWM, Chan KCA, Cheng SH, Wong J, Wong VWS, et al. Lengthening 

and shortening of plasma DNA in hepatocellular carcinoma patients. Proc Natl Acad Sci 

U S A. 2015;112(11):E1317–25.  

91.  Thierry AR, El Messaoudi S, Gahan PB, Anker P, Stroun M. Origins, structures, and 

functions of circulating DNA in oncology. Cancer Metastasis Rev . 2016;35(3):347–76.  

92.  Jiang WW, Zahurak M, Goldenberg D, Milman Y, Park HL, Westra WH, et al. Increased 

plasma DNA integrity index in head and neck cancer patients. Int J Cancer. 

2006;119(11):2673–6.  

93.  STROUN M, MAURICE P, VASIOUKHIN V, LYAUTEY J, LEDERREY C, 

LEFORT F, et al. The Origin and Mechanism of Circulating DNA. Ann N Y Acad Sci. 

2000;906(1):161–8.  

94.  Leon SA, Shapiro B, Sklaroff DM, Yaros MJ. Free DNA in the Serum of Cancer Patients 

and the Effect of Therapy. Cancer Res. 1977;37(3):646–50.  

95.  Anker P, Stroun M, Maurice PA. Spontaneous Release of DNA by Human Blood 

Lymphocytes as Shown in an in Vitro System. Cancer Res. 1975;35(9):2375–82.  

96.  Thakur BK, Zhang H, Becker A, Matei I, Huang Y, Costa-Silva B, et al. Double-

stranded DNA in exosomes: A novel biomarker in cancer detection. Cell Res. 

2014;24(6):766–9.  

97.  Dennis Lo YM, Zhang J, Leung TN, Lau TK, Chang AMZ, Magnus Hjelm N. Rapid 

clearance of fetal DNA from maternal plasma. Am J Hum Genet. 1999;64(1):218–24.  

98.  Yao W, Mei C, Nan X, Hui L. Evaluation and comparison of in vitro degradation 

kinetics of DNA in serum, urine and saliva: A qualitative study. Gene. 2016;590(1):142–

8.  

99.  Yu SCY, Lee SWY, Jiang P, Leung TY, Chan KCA, Chiu RWK, et al. High-resolution 

profiling of fetal DNA clearance from maternal plasma by massively parallel 

sequencing. Clin Chem. 2013;59(8):1228–37.  

100.  Sanchez C, Snyder MW, Tanos R, Shendure J, Thierry AR. New insights into structural 

features and optimal detection of circulating tumor DNA determined by single-strand 

DNA analysis. npj Genomic Med. 2018;3(1).  

101.  Kurtz DM, Scherer F, Jin MC, Soo J, Craig AFM, Esfahani MS, et al. Circulating tumor 

DNA measurements as early outcome predictors in diffuse large B-cell lymphoma. J 

Clin Oncol. 2018;36(28):2845–53.  



 212 

102.  Frank MJ, Hossain NM, Bukhari A, Dean E, Spiegel JY, Claire GK, et al. Monitoring 

of Circulating Tumor DNA Improves Early Relapse Detection After  Axicabtagene 

Ciloleucel Infusion in Large B-Cell Lymphoma: Results of a Prospective Multi-

Institutional Trial. J Clin Oncol  Off J Am Soc Clin  Oncol. 2021 Sep;39(27):3034–43.  

103.  Bagratuni T, Ntanasis-Stathopoulos I, Gavriatopoulou M, Mavrianou-Koutsoukou N, 

Liacos C, Patseas D, et al. Detection of MYD88 and CXCR4 mutations in cell-free DNA 

of patients with IgM monoclonal gammopathies. Leukemia. 2018;32(12):2617–25.  

104.  Spina V, Bruscaggin A, Cuccaro A, Martini M, Trani M Di, Forestieri G, et al. 

Circulating tumor DNA reveals genetics, clonal evolution, and residual disease in 

classical Hodgkin lymphoma. Blood. 2018;131(22):2413–25.  

105.  Mithraprabhu S, Khong T, Ramachandran M, Chow A, Klarica D, Mai L, et al. 

Circulating tumour DNA analysis demonstrates spatial mutational heterogeneity that 

coincides with disease relapse in myeloma. Leukemia. 2017;31(8):1695–705.  

106.  Manier S, Park J, Capelletti M, Bustoros M, Freeman SS, Ha G, et al. Whole-exome 

sequencing of cell-free DNA and circulating tumor cells in multiple myeloma. Nat 

Commun. 2018;9(1):1–11.  

107.  Oberle A, Brandt A, Voigtlaender M, Thiele B, Radloff J, Schulenkorf A, et al. 

Monitoring multiple myeloma by next-generation sequencing of V(D)J rearrangements  

from circulating myeloma cells and cell-free myeloma DNA. Haematologica. 2017 

Jun;102(6):1105–11.  

108.  Mazzotti Ć, Buisson L, Maheo S, Perrot A, Chretien ML, Leleu X, et al. Myeloma MRD 

by deep sequencing from circulating tumor DNA does not correlate with results obtained 

in the bone marrow. Blood Adv. 2018;2(21):2811–3.  

109.  Meddeb R, Pisareva E, Thierry AR. Guidelines for the preanalytical conditions for 

analyzing circulating cell-free DNA. Clin Chem. 2019;65(5):623–33.  

110.  El Messaoudi S, Rolet F, Mouliere F, Thierry AR. Circulating cell free DNA: 

Preanalytical considerations. Clin Chim Acta. 2013;424:222–30.  

111.  Merker JD, Oxnard GR, Compton C, Diehn M, Hurley P, Lazar AJ, et al. Circulating 

Tumor DNA Analysis in Patients With Cancer: American Society of Clinical  Oncology 

and College of American Pathologists Joint Review. J Clin Oncol  Off J Am Soc Clin  

Oncol. 2018 Jun;36(16):1631–41.  

112.  Alborelli I, Generali D, Jermann P, Cappelletti MR, Ferrero G, Scaggiante B, et al. Cell-

free DNA analysis in healthy individuals by next-generation sequencing: a proof of 

concept and technical validation study. Cell Death Dis. 2019;10(7).  



 213 

113.  Mouliere F, El Messaoudi S, Pang D, Dritschilo A, Thierry AR. Multi-marker analysis 

of circulating cell-free DNA toward personalized medicine for  colorectal cancer. Mol 

Oncol. 2014 Jul;8(5):927–41.  

114.  Meddeb R, Dache ZAA, Thezenas S, Otandault A, Tanos R, Pastor B, et al. Quantifying 

circulating cell-free DNA in humans. Sci Rep. 2019;9(1):1–16.  

115.  Beutler E, Gelbart T, Kuhl W. Interference of heparin with the polymerase chain 

reaction. Biotechniques. 1990 Aug;9(2):166.  

116.  Lam NYL, Rainer TH, Chiu RWK, Lo YMD. EDTA is a better anticoagulant than 

heparin or citrate for delayed blood processing  for plasma DNA analysis. Vol. 50, 

Clinical chemistry. England; 2004. p. 256–7.  

117.  Jung M, Klotzek S, Lewandowski M, Fleischhacker M, Jung K. Changes in 

concentration of DNA in serum and plasma during storage of blood samples. Vol. 49, 

Clinical chemistry. England; 2003. p. 1028–9.  

118.  Barra GB, Santa Rita TH, de Almeida Vasques J, Chianca CF, Nery LFA, Santana 

Soares Costa S. EDTA-mediated inhibition of DNases protects circulating cell-free 

DNA from ex vivo  degradation in blood samples. Clin Biochem. 2015 Oct;48(15):976–

81.  

119.  Lo YM, Tein MS, Lau TK, Haines CJ, Leung TN, Poon PM, et al. Quantitative analysis 

of fetal DNA in maternal plasma and serum: implications for  noninvasive prenatal 

diagnosis. Am J Hum Genet. 1998 Apr;62(4):768–75.  

120.  Chiu RW, Poon LL, Lau TK, Leung TN, Wong EM, Lo YM. Effects of blood-

processing protocols on fetal and total DNA quantification in  maternal plasma. Clin 

Chem. 2001 Sep;47(9):1607–13.  

121.  Devonshire AS, Whale AS, Gutteridge A, Jones G, Cowen S, Foy CA, et al. Towards 

standardisation of cell-free DNA measurement in plasma: controls for  extraction 

efficiency, fragment size bias and quantification. Anal Bioanal Chem. 2014 

Oct;406(26):6499–512.  

122.  Markus H, Contente-Cuomo T, Farooq M, Liang WS, Borad MJ, Sivakumar S, et al. 

Evaluation of pre-analytical factors affecting plasma DNA analysis. Sci Rep. 2018 

May;8(1):7375.  

123.  Ponti G, Maccaferri M, Manfredini M, Kaleci S, Mandrioli M, Pellacani G, et al. The 

value of fluorimetry (Qubit) and spectrophotometry (NanoDrop) in the  quantification 

of cell-free DNA (cfDNA) in malignant melanoma and prostate cancer patients. Clin 

Chim Acta. 2018 Apr;479:14–9.  



 214 

124.  Sze MA, Abbasi M, Hogg JC, Sin DD. A comparison between droplet digital and 

quantitative PCR in the analysis of  bacterial 16S load in lung tissue samples from 

control and COPD GOLD 2. PLoS One. 2014;9(10):e110351.  

125.  Ellervik C, Vaught J. Preanalytical variables affecting the integrity of human 

biospecimens in biobanking. Clin Chem. 2015 Jul;61(7):914–34.  

126.  Mouliere F, Robert B, Peyrotte E, Del Rio M, Ychou M, Molina F, et al. High 

fragmentation characterizes tumour-derived circulating DNA. PLoS One. 2011;6(9).  

127.  Thijssen MAMA, Swinkels DW, Ruers TJM, de Kok JB. Difference between free 

circulating plasma and serum DNA in patients with colorectal  liver metastases. 

Anticancer Res. 2002;22(1A):421–5.  

128.  Lee TH, Montalvo L, Chrebtow V, Busch MP. Quantitation of genomic DNA in plasma 

and serum samples: higher concentrations of  genomic DNA found in serum than in 

plasma. Transfusion. 2001 Feb;41(2):276–82.  

129.  Steinman CR. Free DNA in serum and plasma from normal adults. J Clin Invest. 1975 

Aug;56(2):512–5.  

130.  Jen J, Wu L, Sidransky D. An overview on the isolation and analysis of circulating tumor 

DNA in plasma and  serum. Ann N Y Acad Sci. 2000 Apr;906:8–12.  

131.  Alidousty C, Brandes D, Heydt C, Wagener S, Wittersheim M, Schäfer SC, et al. 

Comparison of Blood Collection Tubes from Three Different Manufacturers for the 

Collection of Cell-Free DNA for Liquid Biopsy Mutation Testing. J Mol Diagnostics. 

2017;19(5):801–4.  

132.  Medina Diaz I, Nocon A, Mehnert DH, Fredebohm J, Diehl F, Holtrup F. Performance 

of Streck cfDNA Blood Collection Tubes for Liquid Biopsy Testing. PLoS One. 

2016;11(11):e0166354.  

133.  Cristiano S, Leal A, Phallen J, Fiksel J, Adleff V, Bruhm DC, et al. Genome-wide cell-

free DNA fragmentation in patients with cancer. Nature. 2019;570(7761):385–9.  

134.  Ma X, Zhu L, Wu X, Bao H, Wang X, Chang Z, et al. Cell-free DNA provides a good 

representation of the tumor genome despite its biased fragmentation patterns. PLoS One. 

2017;12(1):1–18.  

135.  Yu SCY, Chan KCA, Zheng YWL, Jiang P, Liao GJW, Sun H, et al. Size-based 

molecular diagnostics using plasma DNA for noninvasive prenatal testing. Proc Natl 

Acad Sci U S A. 2014;111(23):8583–8.  

 

 



 215 

136.  Luna FMF, Tsui NBY, Chan KCA, Leung TY, Lau TK, Charoenkwan P, et al. 

Noninvasive prenatal diagnosis of monogenic diseases by digital size selection and 

relative mutation dosage on DNA in maternal plasma. Proc Natl Acad Sci U S A. 

2008;105(50):19920–5.  

137.  Mouliere F, Chandrananda D, Piskorz AM, Moore EK, Morris J, Ahlborn LB, et al. 

Enhanced detection of circulating tumor DNA by fragment size analysis. Sci Transl 

Med. 2018;10(466):1–14.  

138.  Botezatu I, Serdyuk O, Potapova G, Shelepov V, Alechina R, Molyaka Y, et al. Genetic 

analysis of DNA excreted in urine: A new approach for detecting specific genomic DNA 

sequences from cells dying in an organism. Clin Chem. 2000;46(8 I):1078–84.  

139.  Su Y-H, Wang M, Brenner DE, Ng A, Melkonyan H, Umansky S, et al. Human urine 

contains small, 150 to 250 nucleotide-sized, soluble DNA derived from the circulation 

and may be useful in the detection of colorectal cancer. J Mol Diagn. 2004;6(2):101–7.  

140.  Tencer J, Frick IM, Öquist BW, Alm P, Rippe B. Size-selectivity of the glomerular 

barrier to high molecular weight proteins: Upper size limitations of shunt pathways. 

Kidney Int. 1998;53(3):709–15.  

141.  Bryzgunova OE, Laktionov PP. Extracellular Nucleic Acids in Urine: Sources, 

Structure, Diagnostic Potential. Acta Naturae. 2015;7(3):48–54.  

142.  Lichtenstein A V, Melkonyan HS, Tomei LD, Umansky SR. Circulating nucleic acids 

and apoptosis. Ann N Y Acad Sci. 2001 Sep;945:239–49.  

143.  Bryzgunova OE, Skvortsova TE, Kolesnikova E V, Starikov A V, Rykova EY, Vlassov 

V V, et al. Isolation and comparative study of cell-free nucleic acids from human urine. 

Ann N Y Acad Sci. 2006 Sep;1075:334–40.  

144.  Ghanjati F, Beermann A, Hermanns T, Poyet C, Araúzo-Bravo MJ, Seifert HH, et al. 

Unreserved application of epigenetic methods to define differences of DNA methylation 

between urinary cellular and cell-free DNA. Cancer Biomarkers. 2014;14(5):295–302.  

145.  Bosschieter J, Bach S, Bijnsdorp I V., Segerink LI, Rurup WF, Van Splunter AP, et al. 

A protocol for urine collection and storage prior to DNA methylation analysis. PLoS 

One. 2018;13(8):1–11.  

146.  Augustus E, van Casteren K, Sorber L, van Dam P, Roeyen G, Peeters M, et al. The art 

of obtaining a high yield of cell-free DNA from urine. PLoS One. 2020;15(4):1–22.  

147.  Su Y-H, Wang M, Brenner DE, Norton P a, Block TM. Detection of mutated K-ras DNA 

in urine, plasma, and serum of patients with colorectal carcinoma or adenomatous 

polyps. Ann N Y Acad Sci. 2008;1137:197–206.  



 216 

148.  Melkonyan HS, Feaver WJ, Meyer E, Scheinker V, Shekhtman EM, Xin Z, et al. 

Transrenal nucleic acids: From proof of principle to clinical tests - Problems and 

solutions. Ann N Y Acad Sci. 2008;1137:73–81.  

149.  Koide K, Sekizawa A, Iwasaki M, Matsuoka R, Honma S, Farina A, et al. Fragmentation 

of cell-free fetal DNA in plasma and urine of pregnant women. Prenat Diagn. 2005 

Jul;25(7):604–7.  

150.  Ito K, Minamiura N, Yamamoto T. Human urine DNase I: immunological identity with 

human pancreatic DNase I, and  enzymic and proteochemical properties of the enzyme. 

J Biochem. 1984 May;95(5):1399–406.  

151.  Nadano D, Yasuda T, Kishi K. Measurement of deoxyribonuclease I activity in human 

tissues and body fluids by a  single radial enzyme-diffusion method. Clin Chem. 1993 

Mar;39(3):448–52.  

152.  Yasuda T, Takeshita H, Nakazato E, Nakajima T, Hosomi O, Nakashima Y, et al. 

Activity measurement for deoxyribonucleases I and II with picogram sensitivity based  

on DNA/SYBR Green I fluorescence. Anal Biochem. 1998 Jan;255(2):274–6.  

153.  Murai K, Yamanaka M, Akagi K, Anai M. Purification and properties of 

deoxyribonuclease II from human urine. J Biochem. 1980 Apr;87(4):1097–103.  

154.  Cheng THT, Jiang P, Tam JCW, Sun X, Lee WS, Yu SCY, et al. Genomewide bisulfite 

sequencing reveals the origin and time-dependent fragmentation of urinary cfDNA. Clin 

Biochem. 2017;50(9):496–501.  

155.  Togneri FS, Ward DG, Foster JM, Devall AJ, Wojtowicz P, Alyas S, et al. Genomic 

complexity of urothelial bladder cancer revealed in urinary cfDNA. Eur J Hum Genet. 

2016 Aug;24(8):1167–74.  

156.  Utting M, Werner W, Dahse R, Schubert J, Junker K. Microsatellite analysis of free 

tumor DNA in urine, serum, and plasma of patients: a  minimally invasive method for 

the detection of bladder cancer. Clin cancer Res  an Off J Am Assoc  Cancer Res. 2002 

Jan;8(1):35–40.  

157.  Christensen E, Birkenkamp-Demtröder K, Nordentoft I, Høyer S, van der Keur K, van 

Kessel K, et al. Liquid Biopsy Analysis of FGFR3 and PIK3CA Hotspot Mutations for 

Disease  Surveillance in Bladder Cancer. Eur Urol. 2017 Jun;71(6):961–9.  

158.  Xia Y, Huang C-C, Dittmar R, Du M, Wang Y, Liu H, et al. Copy number variations in 

urine cell free DNA as biomarkers in advanced prostate cancer. Oncotarget. 2016;7(24).  

 

 



 217 

159.  Bryzgunova OE, Morozkin ES, Yarmoschuk S V, Vlassov V V, Laktionov PP. 

Methylation-specific sequencing of GSTP1 gene promoter in circulating/extracellular  

DNA from blood and urine of healthy donors and prostate cancer patients. Ann N Y 

Acad Sci. 2008 Aug;1137:222–5.  

160.  Henrique R, Jerónimo C. Molecular detection of prostate cancer: a role for GSTP1 

hypermethylation. Eur Urol. 2004 Nov;46(5):660–9; discussion 669.  

161.  Shi X-Q, Xue W-H, Zhao S-F, Zhang X-J, Sun W. Dynamic tracing for epidermal 

growth factor receptor mutations in urinary  circulating DNA in gastric cancer patients. 

Tumour Biol  J Int Soc Oncodevelopmental  Biol Med. 2017 

Feb;39(2):1010428317691681.  

162.  Terasawa H, Kinugasa H, Ako S, Hirai M, Matsushita H, Uchida D, et al. Utility of 

liquid biopsy using urine in patients with pancreatic ductal  adenocarcinoma. Cancer 

Biol Ther. 2019;20(10):1348–53.  

163.  Lin SY, Dhillon V, Jain S, Chang T-T, Hu C-T, Lin Y-J, et al. A locked nucleic acid 

clamp-mediated PCR assay for detection of a p53 codon 249  hotspot mutation in urine. 

J Mol Diagn. 2011 Sep;13(5):474–84.  

164.  García Moreira V, Prieto García B, de la Cera Martínez T, Álvarez Menéndez F V. 

Elevated transrenal DNA (cell-free urine DNA) in patients with urinary tract infection 

compared to healthy controls. Clin Biochem. 2009;42(7–8):729–31.  

165.  Vaara ST, Lakkisto P, Immonen K, Tikkanen I, Ala-Kokko T, Pettilä V. Urinary 

Biomarkers Indicative of Apoptosis and Acute Kidney Injury in the Critically  Ill. PLoS 

One. 2016;11(2):e0149956.  

166.  Eudailey WA. Membrane filters and membrane-filtration processes for health care. Am 

J Hosp Pharm. 1983 Nov;40(11):1921–3.  

167.  Li P, Ning J, Luo X, Du H, Zhang Q, Zhou G, et al. New method to preserve the original 

proportion and integrity of urinary cell-free DNA. J Clin Lab Anal. 2019;33(2):1–8.  

168.  Stankovic AK, DiLauri E. Quality improvements in the preanalytical phase: focus on 

urine specimen workflow. Clin Lab Med. 2008 Jun;28(2):339–50, viii.  

169.  Lee EY, Lee EJ, Yoon H, Lee DH, Kim KH. Comparison of four commercial kits for 

isolation of urinary cell-free DNA and sample storage conditions. Diagnostics. 

2020;10(4).  

170.  Rothberg JM, Hinz W, Rearick TM, Schultz J, Mileski W, Davey M, et al. An integrated 

semiconductor device enabling non-optical genome sequencing. Nature. 2011 

Jul;475(7356):348–52.  



 218 

171.  Bentley DR, Balasubramanian S, Swerdlow HP, Smith GP, Milton J, Brown CG, et al. 

Accurate whole human genome sequencing using reversible terminator chemistry. 

Nature. 2008 Nov;456(7218):53–9.  

172.  Quail MA, Smith M, Coupland P, Otto TD, Harris SR, Connor TR, et al. A tale of three 

next generation sequencing platforms: comparison of Ion Torrent,  Pacific Biosciences 

and Illumina MiSeq sequencers. BMC Genomics. 2012 Jul;13:341.  

173.  Luthra R, Chen H, Roy-Chowdhuri S, Singh RR. Next-generation sequencing in clinical 

molecular diagnostics of cancer: Advantages and challenges. Cancers (Basel). 

2015;7(4):2023–36.  

174.  Singh RR. Next-Generation Sequencing in High-Sensitive Detection of Mutations in 

Tumors: Challenges, Advances, and Applications. J Mol Diagnostics. 2020;22(8):994–

1007.  

175.  C. VL, X. P, D. M, G. L, S. C, K. P, et al. A rapid library preparation method with 

custom assay designs for detection of variants at 0.1% allelic frequency in liquid biopsy 

samples. Virchows Arch. 2018;473(Supplement 1):s133.  

176.  Wong SQ, Fellowes A, Doig K, Ellul J, Bosma TJ, Irwin D, et al. Assessing the clinical 

value of targeted massively parallel sequencing in a longitudinal, prospective 

population-based study of cancer patients. Br J Cancer. 2015;112(8):1411–20.  

177.  Hirotsu Y, Otake S, Ohyama H, Amemiya K, Higuchi R, Oyama T, et al. Dual-

molecular barcode sequencing detects rare variants in tumor and cell free DNA  in 

plasma. Sci Rep. 2020 Feb;10(1):3391.  

178.  Stevens M, Frobisher C, Hawkins M, Jenney M, Lancashire E, Reulen R, et al. The 

British Childhood Cancer Survivor Study: Objectives, methods, population structure, 

response rates and initial descriptive information. Pediatr Blood Cancer. 

2008;50(5):1018–25.  

179.  Lucas F, Michaels PD, Wang D, Kim AS. Mutational analysis of hematologic neoplasms 

in 164 paired peripheral blood and bone marrow samples by next-generation sequencing. 

Blood Adv. 2020;4(18):4362–5.  

180.  Duncavage EJ, Uy GL, Petti AA, Miller CA, Lee Y-S, Tandon B, et al. Mutational 

landscape and response are conserved in peripheral blood of AML and MDS  patients 

during decitabine therapy. Vol. 129, Blood. 2017. p. 1397–401.  

 

 

 



 219 

181.  Parkin B, Ouillette P, Li Y, Keller J, Lam C, Roulston D, et al. Clonal evolution and 

devolution after chemotherapy in adult acute myelogenous leukemia. Blood. 

2013;121(2):369–77.  

182.  Krönke J, Schlenk RF, Jensen K-O, Tschürtz F, Corbacioglu A, Gaidzik VI, et al. 

Monitoring of minimal residual disease in NPM1-mutated acute myeloid leukemia: a 

study from the German-Austrian acute myeloid leukemia study group. J Clin Oncol. 

2011;29(19):2709–16.  

183.  Ivey A, Hills RK, Simpson MA, Jovanovic J V, Gilkes A, Grech A, et al. Assessment 

of Minimal Residual Disease in Standard-Risk AML. N Engl J Med. 

2016;0(0):160120140023007.  

184.  Zhong L, Chen J, Huang X, Li Y, Jiang T. Monitoring immunoglobulin heavy chain and 

t-cell receptor gene rearrangement in cfDNA as minimal residual disease detection for 

patients with acute myeloid leukemia. Oncol Lett. 2018;16(2):2279–88.  

185.  Spencer DH, Abel HJ, Lockwood CM, Payton JE, Szankasi P, Kelley TW, et al. 

Detection of FLT3 internal tandem duplication in targeted, short-read-length, next-

generation sequencing data. J Mol Diagnostics. 2013;15(1):81–93.  

186.  Kohlmann A, Bacher U, Schnittger S, Haferlach T. Perspective on how to approach 

molecular diagnostics in acute myeloid leukemia and myelodysplastic syndromes in the 

era of next-generation sequencing. Leuk Lymphoma. 2014;55(8):1725–34.  

187.  McKerrell T, Moreno T, Ponstingl H, Bolli N, Dias JML, Tischler G, et al. Development 

and validation of a comprehensive genomic diagnostic tool for myeloid malignancies. 

Blood. 2016;128(1):E1–9.  

188.  Mayer RJ, Davis RB, Schiffer CA, Berg DT, Powell BL, Schulman P, et al. Intensive 

postremission chemotherapy in adults with acute myeloid leukemia. Cancer  and 

Leukemia Group B. N Engl J Med. 1994 Oct;331(14):896–903.  

189.  Dombret H, Seymour JF, Butrym A, Wierzbowska A, Selleslag D, Jang JH, et al. 

International phase 3 study of azacitidine vs conventional care regimens in older patients 

with newly diagnosed AML with >30% blasts. Blood. 2015;126(3):291–9.  

190.  Kantarjian HM, Thomas XG, Dmoszynska A, Wierzbowska A, Mazur G, Mayer J, et 

al. Multicenter, randomized, open-label, phase III trial of decitabine versus patient  

choice, with physician advice, of either supportive care or low-dose cytarabine for the 

treatment of older patients with newly diagnosed acute myeloid leukemia. J Clin Oncol  

Off J Am Soc Clin  Oncol. 2012 Jul;30(21):2670–7.  

 



 220 

191.  Döhner H, Weisdorf DJ, Bloomfield CD. Acute Myeloid Leukemia. N Engl J Med. 2015 

Sep;373(12):1136–52.  

192.  Koreth J, Schlenk R, Kopecky KJ, Honda S, Sierra J, Djulbegovic BJ, et al. Allogeneic 

stem cell transplantation for acute myeloid leukemia in first complete  remission: 

systematic review and meta-analysis of prospective clinical trials. JAMA. 2009 

Jun;301(22):2349–61.  

193.  Wei AH, Döhner H, Pocock C, Montesinos P, Afanasyev B, Dombret H, et al. Oral 

Azacitidine Maintenance Therapy for Acute Myeloid Leukemia in First Remission. N 

Engl J Med. 2020 Dec;383(26):2526–37.  

194.  Kurosawa S, Yamaguchi T, Miyawaki S, Uchida N, Sakura T, Kanamori H, et al. 

Prognostic factors and outcomes of adult patients with acute myeloid leukemia after  

first relapse. Haematologica. 2010 Nov;95(11):1857–64.  

195.  Roboz GJ, Rosenblat T, Arellano M, Gobbi M, Altman JK, Montesinos P, et al. 

International randomized phase III study of elacytarabine versus investigator choice in 

patients with relapsed/refractory acute myeloid leukemia. J Clin Oncol. 

2014;32(18):1919–26.  

196.  Greif PA, Hartmann L, Vosberg S, Stief SM, Mattes R, Hellmann I, et al. Evolution of 

cytogenetically normal acute myeloid leukemia during therapy and relapse: An exome 

sequencing study of 50 patients. Clin Cancer Res. 2018;24(7):1716–26.  

197.  Kronke J, Bullinger L, Teleanu V, Tsch F, Gaidzik VI, Michael WMK, et al. Clonal 

evolution in relapsed NPM1-mutated acute myeloid leukemia. Blood. 2013;122(1):100–

8.  

198.  Onecha E, Rapado I, Morales ML, Carreño-Tarragona G, Martinez-Sanchez P, 

Gutierrez X, et al. Monitoring of clonal evolution of acute myeloid leukemia identifies 

the leukemia subtype, clinical outcome and potential new drug targets for post-remission 

strategies or relapse. Haematologica. 2021 Sep 1;106(9):2325-2333.  

199.  Miller PG, Qiao D, Rojas-quintero J, Honigberg MC, Sperling AS, Gibson CJ, et al. 

Association of clonal hematopoiesis with chronic obstructive pulmonary disease. 

2022;139(3):6–8.  

200.  Rothenberg-Thurley M, Amler S, Goerlich D, Köhnke T, Konstandin NP, Schneider S, 

et al. Persistence of pre-leukemic clones during first remission and risk of relapse in 

acute myeloid leukemia. Leukemia. 2018;32(7):1598–608.  

 

 



 221 

201.  Klco JM, Miller CA, Griffith M, Petti A, Spencer DH, Ketkar-Kulkarni S, et al. 

Association between mutation clearance after induction therapy and outcomes in acute 

myeloid leukemia. JAMA - J Am Med Assoc. 2015;314(8):811–22.  

202.  Wong HY, Sung AD, Lindblad KE, Sheela S, Roloff GW, Rizzieri D, et al. Molecular 

measurable residual disease testing of blood during AML cytotoxic therapy for early 

prediction of clinical response. Front Oncol. 2019;9(JAN):1–12.  

203.  Wong TN, Miller CA, Klco JM, Petti A, Demeter R, Helton NM, et al. Rapid expansion 

of preexisting nonleukemic hematopoietic clones frequently follows induction therapy 

for de novo AML. Blood. 2016;127(7):893–7.  

204.  Kim HJ, Kim Y, Kang D, Kim HS, Lee JM, Kim M, et al. Prognostic value of 

measurable residual disease monitoring by next-generation sequencing before and after 

allogeneic hematopoietic cell transplantation in acute myeloid leukemia. Blood Cancer 

J. 2021;11(6).  

205.  Hasserjian RP, Steensma DP, Graubert TA, Ebert BL. Clonal hematopoiesis and 

measurable residual disease assessment in acute myeloid leukemia. Blood. 

2020;135(20):1729–38.  

206.  Gaidzik VI, Weber D, Paschka P, Kaumanns A, Krieger S, Corbacioglu A, et al. 

DNMT3A mutant transcript levels persist in remission and do not predict outcome in 

patients with acute myeloid leukemia. Leukemia. 2018;32(1):30–7.  

207.  Hourigan CS, Gale RP, Gormley NJ, Ossenkoppele GJ, Walter RB. Measurable residual 

disease testing in acute myeloid leukaemia. Leukemia. 2017;31(7):1482–90.  

208.  Walter RB, Ofran Y, Wierzbowska A, Ravandi F, Hourigan CS, Ngai LL, et al. 

Measurable residual disease as a biomarker in acute myeloid leukemia: theoretical and 

practical considerations. Leukemia. 2021;35(6):1529–38.  

209.  Dvorakova D, Racil Z, Jeziskova I, Palasek I, Protivankova M, Lengerova M, et al. 

Monitoring of minimal residual disease in acute myeloid leukemia with frequent and 

rare patient-specific NPM1 mutations. Am J Hematol. 2010;85(12):926–9.  

210.  Ommen HB, Schnittger S, Jovanovic J V., Ommen IB, Hasle H, Østergaard M, et al. 

Strikingly different molecular relapse kinetics in NPM1c, PML-RARA, RUNX1-

RUNX1T1, and CBFB-MYH11 acute myeloid leukemias. Blood. 2010;115(2):198–

205.  

211.  Craddock C, Versluis J, Labopin M, Socie G, Huynh A, Deconinck E, et al. Distinct 

factors determine the kinetics of disease relapse in adults transplanted for acute myeloid 

leukaemia. J Intern Med. 2018;283(4):371–9.  



 222 

212.  Puckrin R, Atenafu EG, Claudio JO, Chan S, Maze D, Mcnamara C, et al. Measurable 

residual disease monitoring provides insufficient lead-time to prevent morphological 

relapse in the majority of patients with core-binding factor acute myeloid leukemia. 

Haematologica. 2021;106(16):56–63.  

213.  Al-Kali A, Quintás-Cardama A, Luthra R, Bueso-Ramos C, Pierce S, Kadia T, et al. 

Prognostic impact of RAS mutations in patients with myelodysplastic syndrome. Am J 

Hematol. 2013;88(5):365–9.  

214.  Höllein A, Meggendorfer M, Dicker F, Jeromin S, Nadarajah N, Kern W, et al. NPM1 

mutated AML can relapse with wild-type NPM1: Persistent clonal hematopoiesis can 

drive relapse. Blood Adv. 2018;2(22):3118–25.  

215.  Hirsch P, Zhang Y, Tang R, Joulin V, Boutroux H, Pronier E, et al. Genetic hierarchy 

and temporal variegation in the clonal history of acute myeloid leukaemia. Nat 

Commun. 2016 Aug 18;7:12475.  

216.  Jan M, Snyder TM, Corces-Zimmerman MR, , Paresh Vyas IL, Weissman, Stephen R. 

Quake  and RM. Clonal evolution of pre-leukemic hematopoietic stem cells precedes 

human acute myeloid leukemia. Best Pract Res Clin Haematol. 2014;27(3–4):229–34.  

217.  Keating GM. Erratum: Azacitidine: A review of its use in the management of 

myelodysplastic syndromes/acute myeloid leukaemia (Drugs (2012) 72:8 (1111-1136)). 

Drugs. 2012;72(11):1578.  

218.  Fenaux P, Mufti GJ, Hellström-Lindberg E, Santini V, Gattermann N, Germing U, et al. 

Azacitidine prolongs overall survival compared with conventional care regimens in 

elderly patients with low bone marrow blast count acute myeloid leukemia. J Clin Oncol. 

2010;28(4):562–9.  

219.  Roboz GJ, DiNardo CD, Stein EM, de Botton S, Mims AS, Prince GT, et al. Ivosidenib 

induces deep durable remissions in patients with newly diagnosed IDH1-mutant acute 

myeloid leukemia. Blood. 2020;135(7):463–71.  

220.  Hagiya A, Vaidya P, Khedro T, Yaghmour B, Siddiqi I, Yaghmour G. Bone Marrow 

Features in Patients With Acute Myeloid Leukemia Treated With Novel Targeted 

Isocitrate Dehydrogenase 1/2 Inhibitors. World J Oncol. 2019;10(6):226–30.  

221.  DiNardo CD, Stein EM, De Botton S, Roboz GJ, Altman JK, Mims AS, et al. Durable 

remissions with ivosidenib in IDH1-mutated relapsed or refractory AML. N Engl J Med. 

2018;378(25):2386–98. \ 

 

 



 223 

222.  Helgestad J, Rosthøj S, Johansen P, Varming K, Østergaard E. Bone marrow aspiration 

technique may have an impact on therapy stratification in  children with acute 

lymphoblastic leukaemia. Pediatr Blood Cancer. 2011 Aug;57(2):224–6.  

223.  Stein EM, DiNardo CD, Pollyea DA, Schuh AC. Response Kinetics and Clinical 

Benefits of Nonintensive AML Therapies in the Absence of Morphologic Response. 

Clin Lymphoma, Myeloma Leuk. 2020;20(2):e66–75.  

224.  Bianchi DW, Chiu RWK. Sequencing of Circulating Cell-free DNA during Pregnancy. 

N Engl J Med. 2018;379(5):464–73.  

225.  Olivier M, Hollstein M, Hainaut P. TP53 mutations in human cancers: origins, 

consequences, and clinical use. Cold Spring Harb Perspect Biol. 2010;2(1):1–18.  

226.  Dhillon AS, Hagan S, Rath O, Kolch W. MAP kinase signalling pathways in cancer. 

Oncogene. 2007;26(22):3279–90.  

 


	THESIS DECLARATION
	Acknowledgements
	Abstract
	Table of Contents
	List of Figures
	List of Tables
	List of Abbreviations
	Chapter 1: Introduction
	1.1 Acute Myeloid Leukaemia: introductory comments
	1.2 Pathogenesis
	1.3 Genomics of AML
	1.3.1 Cytogenetics in AML
	1.3.2 Mutations in AML

	1.4 Diagnosis of AML
	1.5 Treatment of AML
	1.6 Measurable Residual Disease
	1.6.1 Flow Cytometric MRD
	1.6.2 Molecular MRD
	1.6.2.1 PCR approach
	1.6.2.2 NGS approach

	1.6.3 Sample types for MRD assessment

	1.7 Cell-free DNA
	1.7.1 Plasma cfDNA
	1.7.2 Urine cell free DNA

	1.8 Study Aims and Chapter Contents
	Chapter 2: Plasma cell-free DNA and Protocol Validation

	2.1 Biology of Plasma cell-free DNA
	2.1.1 Origin of Plasma cell-free DNA
	2.1.1.1 Apoptosis as the Mechanism of cfDNA
	2.1.1.2 Necrosis as the Mechanism of cfDNA
	2.1.1.3 Cellular Secretions as the Mechanism of cfDNA

	2.1.2 Degradation of cfDNA
	2.1.3 cfDNA in Malignant Diseases
	2.1.3.1 Haematological Malignancies
	2.1.3.2 cfDNA and Solid Organ Malignancies

	2.1.4 Pre-Analytical Considerations for plasma cfDNA

	2.2 Methods
	2.2.1 Patients and Samples
	2.2.2 Blood Collection
	2.2.3 Plasma Processing, Isolation and Storage
	2.2.4 DNA Extraction from Plasma
	2.2.5 Plasma DNA Quantification
	2.2.6 Plasma DNA Fragment Analyses
	2.2.7 Plasma DNA Storage

	2.3 Results
	2.3.1 Patients and Samples
	2.3.2 Plasma cfDNA Quantification
	2.3.3 Plasma cfDNA Fragment Analyses

	2.4 Discussion
	2.4.1 cfDNA Protocol for AML
	2.4.2 cfDNA Yield
	2.4.3 cfDNA Fragment Analyses
	2.4.4 Source of cfDNA in AML

	2.5 Conclusion
	Chapter 3: Urine cell-free DNA and Protocol Development

	3.1 Biology of Urine cell-free DNA
	3.1.1 Origin of urine cell-free DNA
	3.1.1.1 Transrenal cfDNA
	3.1.1.2 Urogenital Tract cfDNA

	3.1.2 Urine cfDNA vs Plasma cfDNA profile
	3.1.3 Degradation of Urine cfDNA
	3.1.4 Urine cfDNA and Malignancies
	3.1.4.1 Urine cfDNA and solid organ malignancies
	3.1.4.2 Urine cfDNA and haematological malignancies

	3.1.5 Pre-Analytical Considerations for Urine cfDNA Analysis for AML Samples

	3.2 Methods
	3.2.1 Subjects and Sample Processing
	3.2.1.1 Part 1: Preparation of cell-free and genomic DNA-free urine
	3.2.1.2 Part 2: Effect of time from urine collection to processing
	3.2.1.3 Part 3: Effect of time since last bladder void

	3.2.2 DNA Analysis
	3.2.2.1 DNA extraction from urine
	3.2.2.2 Urine DNA quantification
	3.2.2.3 Urine DNA fragment analyses


	3.3 Results
	3.3.1 Part 1: Preparation of cell-free and genomic DNA-free urine
	3.3.1.1 Study 1: Experimental study
	3.3.1.2 Study 2: Validation study

	3.3.2 Part 2: Effect of time from urine collection to processing
	3.3.3 Part 3: Effect of time since last bladder void

	3.4 Discussion
	3.4.1 cfDNA Quality in Urine
	3.4.2 Sample Timing
	3.4.3 cfDNA Yield from urine

	3.5 Conclusion
	Chapter 4: Plasma cell-free DNA for Mutation Assessment in Acute Myeloid Leukaemia

	4.1 Background
	4.1.1 Mutations in AML
	4.1.2 NGS technologies
	4.1.2.1 Targeted NGS - Ion AmpliSeq Technology
	4.1.2.2 NGS limit of detection – Ion AmpliSeq HD Technology
	4.1.2.3 NGS Sequencing Metrics

	4.1.3 Sample Source for molecular analyses of AML

	4.2 Methods
	4.2.1 Patients and Samples
	4.2.2 DNA and cfDNA extraction
	4.2.2.1 BMA and PB DNA extraction
	4.2.2.2 Plasma cfDNA extraction
	4.2.2.3 Nail clippings DNA extraction

	4.2.3 DNA and cfDNA quantification
	4.2.4 Plasma cfDNA fragment analyses
	4.2.5 Targeted Next Generation Sequencing
	4.2.5.1 Customised NGS panels
	4.2.5.2 Library Preparation
	4.2.5.2.1 Ion AmpliSeq™ customised pan-myeloid and targeted-myeloid panels
	4.2.5.2.2 Ion AmpliSeq™ customised high-definition (HD) panel

	4.2.5.3 Template preparation and semi-conductor sequencing
	4.2.5.4 Data analysis
	4.2.5.4.1 Variant Curation and Annotation


	4.2.6 Validation of somatic mutations
	4.2.6.1 KRAS Pyrosequencing
	4.2.6.2 JAK2 V617F Detection by Allele Specific Oligonucleotide (ASO) PCR
	4.2.6.3 FLT3-ITD Detection by Fragment Analysis

	4.2.7 Statistical analysis

	4.3 Results
	4.3.1 Patient Characteristics
	4.3.2 Sample Characteristics
	4.3.3 DNA and cfDNA Quantification
	4.3.4 Comparison of Sequencing Panels
	4.3.4.1 Ion AmpliSeq™ pan-myeloid panel
	4.3.4.2 Ion AmpliSeq™ targeted-myeloid panel
	4.3.4.3 Ion AmpliSeq™ HD panel

	4.3.5 Mutations identified
	4.3.5.1 Mutations at diagnosis
	4.3.5.1.1 Characteristics of Diagnostic Mutations
	4.3.5.1.2 FLT3-ITD mutation detection
	4.3.5.1.3 Mutated Genes and frequency

	4.3.5.2 Additional Mutations at Follow Up
	4.3.5.2.1 During remission
	4.3.5.2.2 Relapsed / refractory Samples


	4.3.6 Concordance in Mutation Detection at Diagnosis Between Sample Types
	4.3.7 Mutation VAF correlation between sample types

	4.4 Discussion
	4.4.1 Next Generation Sequencing Panels and Profiles
	4.4.2 Plasma cfDNA for Mutation Detection in AML
	4.4.2.1 Plasma cfDNA for Mutation Detection at Diagnosis
	4.4.2.2 Plasma cfDNA for Mutation Detection at Relapse/Refractory Disease
	4.4.2.3 Is Plasma cfDNA Suitable for Molecular Monitoring?
	4.4.2.4 Summary of Plasma cfDNA and Mutation Detection

	4.4.3 Mutation Detection in AML at Diagnosis
	4.4.4 Plasma cfDNA quantity

	4.5 Summary and Concluding Remarks
	Chapter 5: Molecular Disease Monitoring in Acute Myeloid Leukaemia using Next Generation Sequencing on Plasma cell-free DNA

	5.1 Background
	5.1.1 Treatment of AML
	5.1.1.1 First Line Therapy
	5.1.1.2 Post Remission Therapy
	5.1.1.3 Relapsed and Refractory AML

	5.1.2 Clonal Evolution
	5.1.3 Treatment Response Assessment
	5.1.3.1 Measurable Residual Disease
	5.1.3.2 NGS-based MRD

	5.1.4 Clonal Haemopoiesis
	5.1.5 Sample Sources for NGS-based MRD monitoring
	5.1.6 Is Plasma cfDNA a Suitable Sample Source for AML Molecular Monitoring?

	5.2 Methods
	5.2.1 Patients and Samples
	5.2.2 DNA and cfDNA extraction
	5.2.3 DNA and cfDNA quantification
	5.2.4 Plasma cfDNA fragment analyses
	5.2.5 Targeted Next Generation Sequencing
	5.2.5.1 Somatic Variant Identification
	5.2.5.2 Validation of somatic mutations

	5.2.6 qPCR for RUNX1-RUNX1T1 and CBFB-MYH11

	5.3 Results
	5.3.1 AML Patients who Achieved Remission
	5.3.1.1 Patient AML-015
	5.3.1.2 Patient AML-019
	5.3.1.3 Summary of Remission cases

	5.3.2 Patients with Refractory Disease
	5.3.2.1 Patient AML-002
	5.3.2.2 Patient AML-007
	5.3.2.3 Patient AML-011
	5.3.2.4 Summary of Patients with Refractory Disease

	5.3.3 Patients with Relapsed Disease
	5.3.3.1 Patient AML-010
	5.3.3.2 Patient AML-009
	5.3.3.3 Patient AML-014
	5.3.3.4 Patient AML-017
	5.3.3.5 Patient AML-025
	5.3.3.6 Patient AML-034
	5.3.3.7 Patient AML-013
	5.3.3.8 Patient AML-044
	5.3.3.9 Summary of Relapsed Cases

	5.3.4 Assessment of Clonal Evolution
	5.3.5 MRD Monitoring: Comparison of qPCR with Error-Corrected NGS

	5.4 Discussion
	5.4.1 Plasma cfDNA mutational monitoring correlates with disease outcome
	5.4.2 MRD Monitoring Using Error-Corrected NGS on Plasma cfDNA Identified Impending Relapses
	5.4.3 MRD Monitoring – Comparison of qPCR with Error-Corrected NGS
	5.4.4 Assessment of Persistent Mutations During Clinical Remission using Plasma cfDNA
	5.4.4.1 AML-related mutations
	5.4.4.2 Clonal Haemopoiesis-related mutations
	5.4.4.2.1 Clonal Haemopoiesis (CH) that is ancestral to the AML
	5.4.4.2.2 Pre-leukaemic clones preceding relapse
	5.4.4.2.3 True residual leukaemia

	5.4.4.3 Persistent Mutations During Clinical Remission using Plasma cfDNA

	5.4.5 Plasma cfDNA Mutational Fraction Changes Dynamically Reflect Response to Therapy in AML
	5.4.6 Clonal Evolution in Relapsed/Refractory AML in Plasma cfDNA
	5.4.7 Summary
	Chapter 6: Conclusions and Future Directions


	6.1 Introduction
	6.2 Practical Aspects: Advantages of Plasma
	6.2.1 Plasma is Easily Accessible
	6.2.2 Quality of Plasma cfDNA Exceeds Urine

	6.3 Clinical Application of Plasma cfDNA for AML
	6.3.1 Plasma cfDNA for AML molecular profiling
	6.3.2 Plasma cfDNA for AML monitoring and prognostic applications
	6.3.3 Plasma cfDNA and treatment response

	6.4 Challenges
	6.4.1 Pre-analytical challenges
	6.4.2 Biological challenges

	6.5 Future Directions
	6.6 Concluding Remarks
	References




