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Acute myeloid leukemia (AML) is a clonal disorder that affects myeloid progenitor cells residing in the bone marrow

(BM). This implies altered differentiation with subsequent abnormal proliferation and accumulation of inadequately

matured myeloid cells. The detection of leukemic cells moved in the last two decades from immune-phenotyping to

polymerase chain reaction (PCR) and real-time quantitative PCR (RT-qPCR). This technique was shown to be

reproducible, accurate and highly sensitive for MRD monitoring, with a significant capacity in predicting prognosis,

treatment effectiveness and relapse risk. NGS or massively parallel sequencing is a revolutionary method of DNA

and RNA sequencing. It is called parallel because it sequences millions of DNA fragments simultaneously. In the

early years of its appearance, Next Generation Sequencing (NGS) platforms were used primarily for cancer

research purposes. Recently, they are increasingly emerging as irreplaceable diagnostic tools in clinical settings.
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1. Introduction

Acute myeloid leukemia (AML) is a clonal disorder that affects myeloid progenitor cells residing in the bone marrow

(BM). This implies altered differentiation with subsequent abnormal proliferation and accumulation of inadequately

matured myeloid cells . AML arises mostly as a “de novo” neoplasm in healthy individuals; however, secondary

forms of AML (sAML) derived from myelodysplastic syndrome (MDS), myeloproliferative neoplasms (MPNs) or

therapies-related (i.e., topoisomerases II, radiation or chemotherapy) are probable . From a molecular point of

view, diagnosis is involved with a chromosomal translocation involving crucial genes such as t(8:21), resulting in

the formation of RUNX1-RUNX1T1  fusion gene  t(15:17), which generates chimeric PML-RARA   and inv(16),

involving the core binding factor β (CBF-β) and the smooth muscle myosin heavy chain (SMMHC), MYH11  .

A cytogenetic profile has allowed stratifying cases into groups that are favorable, intermediate and adverse-risk.

Complete identification of genetic mutations has enhanced the previous classification, and it has been useful in

determining personalized prognosis and risk stratification. Currently,  NPM1,  FLT-

3, CEBPA, TP53, RUNX1 and ASXL1 are included to define the profile of prognostic-risk groups .

To date, diagnosis of AML according to the redesigned guidelines of the World Health Organization (WHO) must

provide immunophenotypic, cytogenetic and molecular gene panel screening . Moreover, research efforts in the

last decade, carried out on large cohorts of AML patients highlighted the pivotal role of signal transduction
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alterations in promoting the onset of AML, including non-genomic loss of function of tumor suppressors . With

reference to this, epigenetic and splicing deregulations or mutations have arisen as third-class mutations due to

their impact on cellular differentiation and proliferation. IDH-1, IDH-2, DNMT3A and TET2 emerged in this context

. These acquired driver alterations are expressed in more than 40% of AML cases and may be associated with

leukemia progression when occurring with other mutations. Currently, they are evaluated in mostly relapsed cases,

knowing that new drugs and specific inhibitors are available (i.e., IDH inhibitors and hypomethylating agents) 

.

Although ongoing studies have shown improvement in the outcome of AML patients, the real prognosis remains

poor. Approximately 70% of patients aged ≥65 died within one year of diagnosis, despite the newly available target

treatment options . The molecular identity of AML, enhanced and revised several times from 1976 to 2016,

proved its intrinsic genetic complexity. In this direction, diagnosis and prognosis profiles are currently achieved with

more sensitive techniques and are used in tandem with canonical methods such as flow cytometry and

cytogenetics in order to improve the monitoring of minimal residual disease (MRD), to optimize the treatment,

increase overall survival (OS) and to prevent relapse . In this entry, researchers outlined molecular testing

advised for AML diagnosis and measurable residual disease (MRD) assessment in order to translate molecular

techniques into clinical practice. Researchers' major focus will be RT-qPCR, digital PCR (ddPCR), next-generation

sequencing (NGS) and the recent most attractive approach—metabolomic profiling (Figure 1).
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Figure 1.  Workflow of diagnostic methods used in “de novo” or relapsed form of AML, as well as its MRD

assessment. This scheme highlights the network of methods used in hematology laboratories and the main targets

tested, divided into four levels: cytogenetic and RT-qPCR, flow cytometry, digital PCR and next generation

sequencing (NGS).

2. RT-qPCR: The Gold Standard for Diagnosis and Prognosis
Stratification in AML

The detection of leukemic cells moved in the last two decades from immune-phenotyping to polymerase chain

reaction (PCR) and real-time quantitative PCR (RT-qPCR) . RT-qPCR has been consolidated not only for gene

expression measurement and common fusion transcripts detection but also for genetic mutations in genes, such

as NPM1, FLT3-ITD, CEBPA, IDH1/2, KIT, RAS, RUNX1 and TP53 or gene overexpression (WT1). It is commonly

used as a standardized method in hematology laboratories to obtain a diagnosis and to monitor the kinetics of

MRD without inter-laboratory mismatch . This technique was shown to be reproducible, accurate and highly

sensitive for MRD monitoring, with a significant capacity in predicting prognosis, treatment effectiveness and

relapse risk  (Figure 2).
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Figure 2. Schematic comparison of “omic” technologies with their main advantages and disadvantages.

In relation to this, the European LeukemiaNet (ELN), a group of 24 international experts in the clinical and

translational knowledge in MRD in AML, has established the RT-qPCR approach as “highly sensitive” and as the

“gold standard” .

ELN indicates that molecular evaluation of  PML-RARA,  RUNX1/RUNX1T1,  CBFB-MYH11  and

mutated NPM1 need to be considered as a standard of care for AML patients, and it recommends performing that

assessment at diagnosis and every 3 months for 24 months after treatment editing .

PML-RARA  is the fusion gene responsible for acute promyelocytic leukemia (APL). Three main alternative

transcripts (bcr1, bcr2 and bcr3) may arise according to the location of breakpoints . RT-qPCR has proved to be

highly sensitive, readily standardized and to date represent the gold standard analysis for diagnosis and treatment

monitoring of APL. MRD follow-up in patients treated with ATRA or ATO is considered important to achieve

molecular remission . Furthermore, given the small rates of relapses even in patients with intermediate-risk, the

endpoint of treatment (previously associated with PCR negativity) has been substituted with a suggestion to

maintain the treatment plan and MRD monitoring in BM until negativity, even if  PML-RARA  levels remain

detectable . Monitoring MRD for at least two years after the end of therapy remains mandatory for high-risk APL
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. The molecular assessment involved the use of a single RT-qPCR protocol, meaning three reactions, one for

each PML-RARA  transcript . This approach proved to be too laborious and costly. Consequently, a 3-plex RT-

qPCR assay has been designed for fast molecular diagnosis and MRD monitoring of APL. Composed of multiple

primers and probes, it allows seeing simultaneously all three main PML-RARA fusion transcripts .

Core-binding factor acute myeloid leukemia (CBF-AML) is a subtype of AML characterized

by RUNX1/RUNX1T1  translocation or inv(16) and associated with a better prognosis compared to other types of

AML . RT-qPCR analysis of MRD has proved to be a sensitive and accurate method regarding peripheral blood

(PB) levels of RUNX1/RUNX1T1 after consolidation therapy and during remission and in predicting relapse risk .

Jourdan et al.  illustrated that 3-log MRD of RUNX1/RUNX1T1 or inv(16) reduction is useful for discriminating

high-risk patients from low-risk patients. However, a recent study investigating the real contribution of measuring

transcript kinetics of CBF-AML showed that the majority of relapses were not predicted by molecular monitoring

and occurred in a very short period of time, suggesting that MRD monitoring may be poorly informative in the

follow-up of CBF-AML patients . Moreover, the permanence of a low amount of positive transcripts in patients

with long-term remission without effects on treatment outcome has encouraged the development of more accurate

methods, such as ddPCR .

NPM1  has an incidence of mutation near to 30–40% of adult AML and is frequently associated with normal

karyotype (50–60%). To date, more than 50 different mutations are described . Types A, B and D are the most

abundant (approximately 90% of  NPM1  mutated AML patients) . Being one of the most frequent molecular

lesions observed in AML, it is an optimal leukemia-specific MRD target, with implications in clinical practice .

However, RT-qPCR is limited to patients carrying out types A, B and D since commercial plasmid standards are

available for them.

ELN recommends the monitoring of NPM1 transcripts in BM and PB. The recurrence of NPM1 mutation in BM after

treatment and the not attainment of a 4-log reduction in PB requires closer monitoring every 4 weeks for at least 3

months . Indeed, even if NPM1 mutation is classified as a favorable risk, its persistence after the second cycle

of chemotherapy was associated with a higher relapse risk and reduction in OS independently of other prognostic

factors . Finally,  NPM1  qPCR analysis has proved to be essential as a marker of allogeneic stem cell

transplantation in poor responders .

Nevertheless, RT-qPCR has some limitations: (1) more than 60% of AML patients cannot be analyzed by RT-qPCR

because they lack common MRD molecular targets; (2) RT-qPCR needs a plasmid standard curve for each

molecular target analysis, limiting its usage; (3) identification of the most clinically significant time-points and MRD

thresholds; and (4) detection limit in monitoring AML patients with long term remission, where the level of fusion

transcript is extremely low. These difficulties can interfere with risk assessment, and they have driven to

development of droplet digital PCR (ddPCR), a recently designed technology that can reach high-precision

absolute quantification (Figure 2).
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3. Next Generation Sequencing (NGS): Unveiling of the
Molecular Landscape in Myeloid Neoplasms

NGS or massively parallel sequencing is a revolutionary method of DNA and RNA sequencing. It is called parallel

because it sequences millions of DNA fragments simultaneously. Sequencing may be limited to selected segments

of certain genes or to the entire exome . The workflow that NGS runs is as follows: (i) library preparation, (ii)

sequencing and (iii) data analysis. In the first stage, the DNA or RNA sample is prepared for sequencing, while

fragmenting and adding special adapters to both ends of the fragments. In this manner, the fragments can be

amplified. In the next step (ii), the fragments are placed in a flow cell and sequencer. The clusters of DNA or RNA

fragments are then amplified in a process called cluster generation, creating millions of copies of single-stranded

DNA or RNA. In this very step, chemically modified and fluorescently labeled nucleotides, through the principle of

natural complementarity, bind to the DNA template and prevent the next base incorporation. The last step (iii) is

data analysis, i.e., the determination of incorporated nucleotides .

In the early years of its appearance, NGS platforms were used primarily for cancer research purposes. Recently,

they are increasingly emerging as irreplaceable diagnostic tools in clinical settings. So far, there are several

commercially available NGS myeloid panels. They target about 30 genes directly or indirectly involved in the

pathophysiology of myeloid neoplasms. Depending on their function, these genes may belong to the group of

transcription factors, epigenetic modifiers, signal molecules, etc.

The clinical use of NGS proved to be important in demystifying myeloid neoplasms that lack classical chromosomal

or gene aberrations. For example, in Ph-MPNs, in addition to the presence of “driver” mutations, the application of

NGS in a clinical setting reveals new mutations that facilitate risk stratification and treatment decision . NGS

reveals an entirely new concept of disease understanding, pushing several layers deeper into the genetic profile

and directly opening the possibility for new therapeutic approaches. The co-occurrence of newly discovered and

“driver” mutations also offers a new concept regarding prognosis . Of particular interest here is the detection of a

mutation that will predict early progression (development of) in secondary AML. Thus, the co-existence

of ASXL1, SRSF2, EZH2, IDH1 and IDH2 in PMF patients is associated with shorter leukemic-free survival and an

increased risk of leukemic transformation . Similarly, in ET and PV patients, mutations in

the  IDH2,  U2AF1,  EZH2,  TP53,  SH2B3  and  SF3B1  genes are associated with a worse prognosis . NGS

enables more detailed detection of each patient’s molecular map and further efficient selection of HSCT

candidates.

The idea of MRD assessment with NGS in AML patients has existed since the very beginning of NGS expansion in

clinical settings. Scientific studies have shown that 96% of AML patients have at least one driver mutation, and

86% have at least two . By improving clinical applicability and increasing sensitivity, NGS can be a valid tool for

MRD assessment in AML patients, especially among those with rare gene mutations. One study, based on

mutation detection in  NPM1  and  FLT3-ITD  genes, showed that NGS had assured MRD assessment and 95%

concordance with RT-qPCR for mutated NPM1  .
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In a study by Morita et al. using targeted sequencing of 295 genes in 131 AML patients, the lower cumulative

incidence of relapse (CIR) and better overall survival (OS) were found among patients who had no residual

mutations until 30 days after induction therapy . RUNX1 gene evaluation with NGS is also a possible choice for

MRD analysis in AML patients. In one study in this context, mutational burden <3.61% was associated with better

event-free survival (EFS) and OS . In a large study of 482 AML patients using a 54-gene NGS panel, samples

were sequenced at the time of diagnosis and in the phase of clinical remission after induction chemotherapy. It was

found that, in almost 90% of patients, at least one detectable mutation was present at the time of diagnosis. Using

the same assay, the same analysis was performed after therapy, and a mutation was observed in 51% of the

patients. A conclusion of great importance in this study is the fact that patients who had only  DTA  mutations

(DNMT3A, TET2 and ASXL1) had a reduced risk of developing relapse, while patients with persistent mutations in

other genes had an increased risk of developing relapse .

The fact that at least one leukemic mutation is present in a large number of AML patients permits us to believe that

any of these mutations may be an appropriate marker for MRD, and NGS can provide an effective MRD

assessment. Additionally, NGS can detect reciprocal gene rearrangements such as  PML-RARA,  RUNX1-

RUNX1T1  and  CBFB-MYH11. The NGS method is particularly superior in detecting intra-chromosomal

rearrangements compared to FISH, which can detect these changes with great sensitivity only on larger

chromosomes . However, even if NGS can be used to detect MRD markers, association with cytogenetic and

PCR-based approaches are essential to quantify correctly the presence of target . At this time, detection of

novel mutations or gene variants by NGS is not associated with change in treatment plan since their functional

consequences are not yet fully understood. Furthermore, NGS is considered useful to define relapse, but it would

be necessary to identify clinically the meaning of novel genetic mutation and their impact on disease patterns.

The future advent of genome-wide approaches in clinical practice could allow the identification of additional driver

gene mutations and potential MRD markers suitable for prognosis and innovative therapeutic procedures .

NGS offers precise gene sequencing, but what is the true impact of the discovered mutations on leukemogenesis?

These questions remain unclear to clinicians and scientists; therefore, one of the imperfections of NGS is the

inability to determine the impact of a particular mutation. Hence, the challenge of introducing it into routine clinical

practice . Furthermore, a distinction must also be made between leukemia-related somatic mutations and clonal

hematopoiesis of indeterminate potential (CHIP). CHIP by definition is a process associated with the aging of

hematopoietic cells, in which they form clones that have acquired leukemia-related mutations with an allelic

frequency of 2% or more. Thus, in AML patients, even in the period of clinical remission, certain mutations of genes

such as TET2, ASXL1, RUNX1, IDH, DNMT3A and others may be present . Along this line, another important

aspect to consider when interpreting NGS assays includes germline mutations in certain genes that may be

involved in leukemogenesis. The role of these germline mutations is not always clear; thus, their numbers are likely

to grow in the future as NGS progresses. For example, one study reported germline p53 mutations in 6 of 107 AML

patients after cancer treatment . Thus, the role of this mutation in leukemogenesis is undoubtedly clear.
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It will be of great importance in the future to create updated and extensive cancer databases that would include all

mutations that can initiate the leukemogenic process. Moreover, NGS analysis in AML patients is of particular

importance applied to the IDH1, IDH2 or FLT3-ITD/TKD genes, as they may represent a hot spot for target therapy.

NGS as a newly introduced method will proceed through many more processes of intensive comparative analysis

with existing methods of molecular diagnosis before being applied in clinical practice. A multidisciplinary approach

must be taken to overcome technical, economic and organizational aspects.
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