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HEMATOPOIESIS 

The blood system has many different lineages of mature blood cells that perform various 
and specialized tasks: red blood cells or erythrocytes transport carbon dioxide and provide 
oxygen and hemoglobin throughout the body. White blood cells, also known as leukocytes, 
recognized in the blood system as morphologically different subtypes, defend against 
pathogens and foreign bodies. Megakaryocytes generate platelets that confer the process 
of blood clotting (Figure 1). Mature blood cells have a short life span and require continuous 
regeneration to maintain a constant supply of cells to ensure their functions’ sustainability. 
The process of forming all blood cellular components to replenish the blood system is known 
as hematopoiesis. In adulthood, this process occurs mainly in the bone marrow (BM) and all 
blood cell lineages arise from hematopoietic stem cells (HSCs).1-3

In adult mammals, HSCs reside at the apex of the hematopoietic hierarchy of many 
progenitor cell stages with progressively restricted lineage potential that gives rise to all 
blood cells. The HSCs are known to reside in a specific microenvironment called “niches” 
that orchestrate HSC function.4 The HSCs have a distinctive ability to self-perpetuate through 
a process known as self-renewal, in addition to being able to give rise to many mature cell 
types through differentiation. The HSCs choice between self-renewal and differentiation is 
a strictly controlled process to ensure that the HSC pool is not depleted and to enable the 
generation of differentiated cells. The HSC compartment consists of cells with increasingly 
declined self-renewal aptitude with the maintenance of multi-lineage potential.2, 5 The 
HSCs are divided into two populations based on their self-renewal capacity: long-term (LT) 
and short-term (ST) HSCs. The LT-HSC is at the peak of the hematopoietic hierarchy, is rare 
and is predominantly dormant.  Besides, LT-HSCs have the lifelong proliferative ability and 
contribute to long-lasting multilineage re-formation. In contrast, the ST-HSCs have limited 
self-renewing capacity.5-9 

At the start of HSCs differentiation, LT-HSCs lose their self-renewal ability, differentiating 
first into ST-HSCs and subsequently to multipotent progenitors (MPPs). MPPs have no 
evident self-renewal propensity but retain the capacity for multilineage differentiation.9-11 
A significant degree of homeostatic control of mature cells is medicated at the level of 
multipotent, oligo-potent, and lineage-restricted progenitor cells due to the enormous 
proliferative and development capacity of these more committed progenitors. The MPPs, 
in turn, give rise to oligo-potent progenitors, which have more restricted developmental 
potential. This denotes the branching stage in the hematopoietic hierarchy with the common 
lymphoid progenitors (CLP), giving rise to mature lymphoid progenitor cells, which include 
B-cells, T-cells, dendritic and natural killer (NK) cells.12 MPPs also give rise to common 
myeloid progenitors (CMP), which can differentiate and generate either megakaryocyte/
erythrocyte progenitors (MEPs) or granulocyte/macrophage progenitors (GMPs).13, 14 MEPs 
give rise to either erythrocytes or megakaryocytes, which in turn generate platelets. GMPs 
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differentiate into monocytes/macrophages and granulocytes (neutrophil, eosinophil, and 
basophil). 

The process of hematopoiesis is meticulously controlled to meet a variety of human 
biological demands throughout life, including normal homeostasis, severe blood loss, or 
infection. The regulation of HSCs fate is mediated through a wide range of critical factors, 
including cytokines, growth factors, transcription factors, chromatin modifiers, and cell 
cycle regulators, and also, both intrinsic and extrinsic signals play a role in the regulation 
of HSCs. Deregulation of normal HSC fate decision underlines hematological disorder.2, 15 
The abrogation of normal hematopoiesis (or HSC function) via either cell-intrinsic genetic 
alterations (gene mutations, deletions, amplifications or translocations, and epigenetic 
changes) and/or cell-extrinsic factors as a result of a defect in BM microenvironment; both 
can lead to hematological malignancies including leukemia, myelodysplastic syndrome 
(MDS) and myeloproliferative neoplasms (MPNs).4
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Figure 1: Hematopoiesis. The hematopoietic stem cell (HSC) compartment is divided into long-term self-renewing 
HSCs (LT-HSC), short-term HSCs (ST-HSC), and multipotent progenitors (MPP). They give rise to common lymphoid 
progenitors (CLP) and common myeloid progenitors (CMP). The CLP can give rise to Pro-B, Pro-T, and Pro-NK, 
and upon maturation, they give rise to B-cells, T-cells, and NK-cells, respectively. Besides, CLP can give rise to 
dendritic cells. The CMP provides granulocyte-macrophage precursors (GMP) and macrophage erythrocyte pre-
cursors (MEP). Successively, GMPs give rise to dendritic cells, granulocytes, and macrophages. The MEPs give rise 
to megakaryocyte precursors (MkP) and erythrocyte precursors (ErP), which mature to platelets and erythrocytes, 
respectively. Adapted from Reya et al. 5
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Acute Myeloid Leukemia
Acute Myeloid Leukemia (AML) is a heterogeneous clonal disorder of hematopoietic 
progenitor cells characterized by uncontrolled proliferation of immature cells (“myeloblast’) 
and a block in myeloid differentiation that accumulate in BM and peripheral blood (PB). 
AML can occur as primary or de novo, which means patients have no known previous clinical 
history of preceding hematological malignancy such as MDS or MPN and were previously 
not exposed to potential leukemogenic agent or treatment.16 In other cases, AML develops 
from other malignant hematopoietic conditions such as MDS or MPN (secondary or s-AML), 
or arises following treatment with genotoxic therapy for unrelated malignancies (therapy-
related or t-AML); yet, most AMLs appear as a de novo.17, 18

Epidemiology and Etiology of AML
AML is a rare disorder, yet an aggressive malignant neoplasm responsible for a large number 
of cancer-related mortalities.19 In adult, AML is one of the most common myeloid neoplasms 
with an incidence of 3.8 cases per 100,000 individuals. The prevalence increases to 17.9 
cases per 100,000 persons aged 65 years and older, with a median age of about 70 years 
at presentation. Also, three men are affected for every two women.17 In children, AML 
occurs in 15 – 20% of all acute leukemias. The incidence in infants is 1.5 cases per 100,000 
individuals and decreases with age, i.e., 0.4 per 100,000 individuals children aged 5 to 9 
years old; subsequently, the prevalence gradually increases into adulthood and accounts 
for approximately 25% of all leukemias in adults. AML has been associated with several risk 
factors (Table 1).

The underlying causes of AML remain elusive, but AML generally occurs as a de novo 
malignancy. In elderly patients, AML is often preceded by a pre-leukemic disease state, 
including MDS and MPN. Individuals suffering from genetic disorders such as Fanconi 
anemia, or Bloom syndrome, have a high risk for developing AML as a secondary disease. 
Recent studies have shown that families with a germline mutation involving one of several 
genes, for instance, TP53, RUNX1, GATA2, and CEBPA, have a familial predisposition risk 
of developing AML.20 Although this hereditary myeloid malignancy is usually presenting in 
childhood, it can also be seen in adults generally less than 40 years of age and occasionally in 
older adults.21 Moreover, AML may develop as a secondary malignancy in patients who have 
previously been exposed to radiotherapy or chemotherapy-containing alkylating agents or 
epipodophyllotoxins.20
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Table 1: Selected risk factors associated with Acute Myeloid Leukemia

Genetic disorders Down Syndrome
Klinefelter syndrome
Patau syndrome
Ataxia telangiectasia
Schwachman syndrome

Kostman syndrome

Neurofibromatosis
Fanconi anemia
Li-Fraumeni syndrome

Physical and chemical exposures Benzene
Drugs such as pipobroman
Pesticides
Cigarette smoking
Embalming fluids
Herbicides

Radiation exposure Non-therapeutic, therapeutic radiation

Chemotherapy Alkylating agents
Topoisomerase-II inhibitors
Anthracyclines

  Taxanes

Adapted from Deschler and Lubbert 19

Diagnosis, Classification, and Risk Stratification 
AML is characterized by the accumulation of blasts in the BM and PB, resulting from an 
increase in the proliferation of undifferentiated myeloid progenitors. The classical and primary 
diagnosis of AML is based on the morphological identification of leukemic blast in PB and 
BM. Morphologic, cytochemical, or immunophenotypic features are used to determine the 
lineage of the neoplastic cells and to assess their maturation. AML is a very heterogeneous 
disease. At the morphological level, this heterogeneity is exhibited by variability in the 
degree of commitment and differentiation of the cell lineage. This variability led AML to 
be categorized into distinct morphologic subgroups. The most commonly used method to 
classify AML was the French–American–British (FAB), which is based on cytomorphology 
and cytochemistry.22 However; this system has been updated by a more comprehensive 
classification model developed by the world health organization (WHO), which incorporates 
besides cytomorphology, also cytogenetics and molecular genetics (Table 2).23-25

The inclusion of cytogenetics resulted in the identification of chromosomal 
rearrangements in a relatively large fraction of AML patients, which correlated with specific 
FAB subtypes. Several of cytogenetic lesions are used to identify patients with distinct 
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clinical outcomes. Cytogenetic and molecular genetic testing has become an indispensable 
part of the routine diagnostic workup of a patient with AML. This multidisciplinary approach, 
including cytomorphology, immunophenotyping, cytogenetics, and molecular testing do not 
only make it possible to modify therapy based on the sensitivity of biologically defined AML 
subtype but also provides unique markers that can be used to monitor patient response to 
treatment.22 

Diagnosis of AML is confirmed when the marrow or peripheral blood contains at least 20% 
blast cells of myeloid origin determined immunophenotypically or by cytochemical analyses. 
18 The minimum criterion of 20% blast is not a mandate to confirm that the patient has 
AML or blast transformation; a therapeutic decision must be based on the clinical situation 
after all information is considered. For instance, cases of core-binding factor (CBF) AML 
[associated with inv(16)/t(16;16)(p13.1q22), or t(8;21)(q22;q22)], NPM1 mutant AML, or 
acute promyelocytic leukemia (APL) [associated with t(15;17)(q22;q21)] are also exempted 
from the ≥20% blast cut-off; they should be considered to have AML regardless of the blast 
percentage. The 20% blast criterion is arbitrarily used to distinguish AML from MDS. 

Cytogenetic analysis is essential at presentation for establishing the baseline karyotype, 
judging response to therapy, and detecting genetic evolution at follow-up. In some cases, 
fluorescence in situ hybridization is required to detect rearrangement of well-recognized 
cytogenetic aberrations or submicroscopic abnormalities not detected by routine 
karyotyping. Furthermore, gene mutations are ever more being recognized as important 
diagnostic and prognostic markers in AML; examples of these are mutations in NPM1, FLT3, 
CEBPA, and RUNX1.21, 23, 26
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Table 2: WHO classification of myeloid neoplasms

Types Genetic abnormalities

AML with recurrent genetic abnormalities 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)

AML with myelodysplasia-related changes

Therapy-related myeloid neoplasms

AML, NOS AML with minimal differentiation

AML without maturation

AML with maturation

Acute myelomonocytic leukemia

Acute monoblastic/monocytic leukemia

Acute erythroid leukemia

Pure erythroid leukemia

Acute megakaryoblastic leukemia

Acute basophilic leukemia

Acute panmyelosis with myelofibrosis

Myeloid sarcoma

Myeloid proliferations related to Down 
syndrome

Transient abnormal myelopoiesis

  AML associated with Down syndrome

Abbreviations: AML, acute myeloid leukemia; APL, acute promyelocytic leukemia; NOS, not otherwise specified; 
WHO, World Health Organization. Adapted from Arber et al.24.
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AML is classified based on prognostic risk groups (favorable, intermediate, and adverse) 
(Table 3). The risk stratification is purely based on cytogenetic abnormalities and gene 
mutations. This risk stratification system is a recommendation made by an international 
expert panel on behalf of the European LeukemiaNet (ELN). The ELN guideline is the most 
widely used for diagnosis, management, and assessing patient risk. The first proposed risk 
criteria for AML risk stratification was in 2010, and recently the ELN published a revised 
version of the recommendation (ELN2017). The revision was due to recent discoveries within 
the genomic landscape of the disease, in the development of genetic testing techniques, 
detection of minimal residual disease (MRD), and the emergence of novel anti-leukemic 
therapies. The revised version of the ELN divides AML into three risk categories rather than 
four risk groups (favorable, intermediate I, intermediate II, and adverse). The reason for this 
change is that intermediate I and II were separated based on the genetic characteristic, but 
prognostically these two categories were indistinguishable in older patients, who represent 
the majority of AML. There were several other modifications to the system, such as biallelic 
mutated CEBPA, that are now considered as a favorable risk in AML. FLT3-ITD is deemed to 
be unfavorable only when the allelic ratio (AR) of mutated to normal alleles is more than 0.5. 
NPM1 mutation and FLT3-ITD with low AR (<0.5) are regarded as a favorable risk group similar 
to patients with an NPM1 mutation. Besides, the adverse risk group has been expanded and 
includes additional molecular markers and a cytogenetic aberration (i.e., mutated RUNX1, 
mutated ASXL1, and the BCR-ABL1 fusion gene as a provisional AML entity).27 
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Table 3: 2017 ELN risk stratification by genetics

Risk category Genetic abnormality

Favorable t(8;21)(q22;q22.1); RUNX1-RUNX1T1

inv(16)(p13.1q22) or t(16;16)(p13.1;q22); CBFB-MYH11

Mutated NPM1 without FLT3-ITD or with FLT3-ITDlow

Biallelic mutated CEBPA

Intermediate Mutated NPM1 and FLT3-ITDhigh

Wild-type NPM1 without FLT3-ITD or with FLT3-ITDlow (without adverse-risk genetic lesions)

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

Cytogenetic abnormalities not classified as favorable or adverse

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

t(v;11q23.3); KMT2A rearranged

t(9;22)(q34.1;q11.2); BCR-ABL1

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

-5 or del(5q); -7; -17/abn(17p)

Complex karyotype, monosomal karyotype

Wild-type NPM1 and FLT3-ITDhigh

Mutated RUNX1

Mutated ASXL1

  Mutated TP53

Abbreviation: ITD: internal tandem duplication. Low: depicts FLT3-ITD with an allelic ratio of <0.5, while high 
represent FLT3-ITD with an allelic ratio of >0.5. Adapted from Dohner et al.27
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Genetic landscape of AML
AML is considered a heterogeneous disease due to the variation in morphology, 
immunophenotype, cytogenetics, molecular aberrations, and response to treatment. The 
cytogenetic and molecular aberrations are associated with various mechanisms affecting cell 
proliferation, differentiation, self-renewal, apoptosis, and DNA repair.23, 28-30 Chromosomal 
karyotype examination can be considered the first “whole-genome scan” in AML and 
continues to be an indispensable component of the diagnostic workup for all patients. 
Early in the 1970s, Rowley and others identified and molecularly characterized recurrent 
chromosomal rearrangements, including t(8;21), inv(16), and t(15;17).31 Followed by 
discovering numerous number of chromosomal rearrangements and copy number variations 
that also have prognostic value (e.g., -5q/-5, -7, inv(3)/t(3;3), and 11q23 rearrangements).32

Cytogenetic abnormalities are found in around 30% - 50% of AML patients at the time 
of diagnosis and remain the strongest predictor of survival.27, 33, 34 The remaining 50% of 
AML patients present with normal cytogenetic. Historically these patients are classified 
as an intermediate-risk group; however, they are found to exhibit very variable clinical 
outcomes, which suggests the contribution of other molecular events in the pathogenesis 
of this AML subcategory. Patients with abnormal cytogenetic at diagnosis regularly present 
with chromosomal losses and/or balanced reciprocal translocations involving a fusion of a 
transcription factor essential in maintaining normal hematopoiesis such as CBF or retinoic 
acid receptor alpha (RARA). Based on the chromosomal structural aberration at diagnosis, 
patients are classified into three risk categories, favorable, intermediate, and adverse 
following 2017ELN, as mentioned earlier. Patients with t(15;17) have an excellent prognosis, 
and this is due to the fact that patients treated with targeted therapy involving all-trans 
retinoic acid (ATRA) and arsenic trioxide (ATO) have up to 90 to 95% achieve complete 
remission.35, 36 Patients with CBF alterations have a relatively favorable prognosis. On the 
other hand, patients with inv(3)(q21q26/t(3;3)(q21;q26), -7 or a complex cytogenetic (i.e., at 
least three chromosomal aberrations) have an adverse clinical outcome (Table 3). Complex 
cytogenetics are often associated with the presence of poor-risk cytogenetic aberrations 
such as -5, del(7q), -17/-17p, -18, or -20. The incidence of the later is higher in patients with 
secondary AML, and rises with the AML patient’s age.37

CBF leukemia (i.e., t(8;21) which is associated with the RUNX1-RUNX1T1 fusion protein 
or inv(16)/t(16;16) with the CBFB-MYH11 fusion protein) represent approximately. 10% 
of adult de novo AML cases. Both translocations disrupt the function of the CBF protein 
complex leading to a block in myeloid differentiation and, ultimately, leukemia.27, 38 The 
chromosomal rearrangement disrupts genes encoding components of the heterodimeric 
transcription factor complex, including RUNX1 (CBFα) and CBFβ, which plays an essential 
role in hematopoiesis.39 Alterations in the receptor tyrosine kinase genes KIT and FLT3 and 
the proto-oncogenes NRAS and KRAS have been detected in up to 80% of CBF leukemia 
patients, suggesting that they function as cooperating factors in CBF leukemogenesis 
promoting proliferation.40-42
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Recurrent cytogenetic rearrangements of 11q23 involving KMT2A (formerly known as 
MLL) gene are found in approximately 4% of adult AML and 3 to 7% of adults with acute 
lymphoid leukemia43 and at a much higher incidence in infants44, 45. Till today, 11q23 have 
been found to have over 60 different translocation partners.46 KMT2A encodes a histone 
methyltransferase that is essential for regulating gene expression during embryonic 
development and hematopoiesis. Translocations of the KMT2A gene generate chimeric 
KMT2A fusion proteins that bind to DNA and positively regulate gene transcription. Such 
activities cause aberrant expression of downstream KMT2A targets, including the HOX gene, 
thus resulting in leukemic transformation.46, 47 Recent Findings showed that the prognosis 
of 11q23/KMT2A AML is heterogeneous based on the 11q23 fusion partner.48, 49 Although 
rearrangements involving KMT2A occur more frequently in de novo leukemia, a subset 
of AML patients with KMT2A rearrangements is defined by the history of treatment with 
topoisomerase inhibitors.50, 51 These cases are frequently associated with rearrangements 
involving chromosome 11q23 fused to chromosome 4, -9, or -19 and tend to occur with a 
latency phase of approximately three years post-drug exposure.52, 53 Besides chromosomal 
translocations, partial tandem duplication (PTD) of the KMT2A gene which is characterized 
by a duplication of the 5’ part of the gene spanning exon 3 to 9, exon 3 to 10, or exon 3 
to 11.54 These mutations detected in 3  to 11% of adult AML patients. KMT2A-PTDs very 
frequently co-occur with trisomy of chromosome 1154-57, and found in approximately 10% 
of CN-AML. KMT2A-PTDs are found to be associated with unfavorable clinical outcome in 
AML56-58.

The advent of next-generation sequencing (NGS) has facilitated new perceptions of 
myeloid malignancies’ molecular origin. Like most human sporadic cancers, AML is a 
complex, and dynamic disease, characterized by several somatically acquired mutations, 
concomitant competing clones, and disease evolution over time. Mutated genes in AML 
can be classified into one of the nine 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 splicing factor genes (Table 4).59

Genes that encode transcription factors are one of the most often mutated genes in 
AML. These genes are typically implicated in chromosomal translocations that lead to an 
abnormal activation in the hematopoietic compartment, causing impairment of maturation 
and differentiation of myeloid precursor cells (e.g., CBF translocations and RARA- and 
KMT2A rearrangements).37 In addition to large structural variants, recurrent mutations in 
genes encoding transcriptions have been implicated in AML pathogenesis, such as CEBPA 
and RUNX1. CEBPA mutations are detected in about 10% of cytogenetic normal (CN) AML, 
although these can also be detected in patients with an abnormal karyotype (e.g., del9q). 
CEBPA mutations are never found to coexist with balanced chromosomal rearrangements. 
Mutations are mainly found to cluster in both the amino- (N-) and carboxy- (C-)terminal 
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regions; the former results in the expression of the truncated isoform of CEBPA (p30) and 
loss of the full-length protein (p42).60 Mutations in the carboxy-terminal affect sites involved 
in mediating dimerization and DNA binding. Both alleles are mutated in over half of the 
patients with mutant CEBPA gene, combining an upstream mutation in one allele with a 
downstream mutation in the other allele. Atypically, CEBPA mutations are inherited in a 
subset of patients through germline involvement, with the formation of AML associated 
with the acquisition of additional CEBPA mutations, typically in the other CEBPA allele.61 
Studies in murine models have shown that loss of p42 expression (simulating biallelic 
N-terminal CEBPA mutations) or compound heterozygous mutations involving both amino- 
and carboxy-terminal regions impact hematopoiesis and lead to AML.62, 63 Early studies 
revealed that the presence of CEBPA mutation predicts a relatively favorable outcome, but 
subsequent studies showed that the effect was limited to the subgroup with the biallelic 
mutation. Such AMLs are associated with mutated GATA2 and usually lack FLT3-ITD.64-68

RUNX1 is a relatively common somatic mutation in cytogenetic standard risk and CN-
AML.69 Similar to CEBPA mutations, germline mutations in the RUNX1 gene have also been 
described, which result in familial platelet disorder and predisposition to AML. In adult 
AML, RUNX1 mutations are scattered throughout the gene and can also be biallelic. They 
are usually mutually exclusive of balanced chromosomal rearrangements and mutations 
involving NPM1 and CEBPA but reported to be associated with the M0 FAB subtype, trisomy 
of chromosome 13, KMT2A-PTD, and ASXL1 mutations.70, 71 About 10% of MDS cases also 
have mutated RUNX172, indicating that a fraction of AML patients with the secondary disease 
may evolve from MDS. RUNX1 mutation has been shown consistently by large cohort studies 
of young adults with AML to be an independent predictor for a poor outcome.73-75

The ectopic virus integration site 1 (EVI1) is a transcription located on chromosome 
3q26 and plays a vital role in HSC fate.76, 77 The expression of EVI1 is affected by recurrent 
chromosomal rearrangements in AML, MDS78, 79, and CML80.  EVI1 has been shown to 
be aberrantly expressed in virtually all adult AML patients with inv(3)/t(3;3).78, 81-83 Thus, 
abnormal EVI1 expression has been associated with this subcategory of AML that accounts 
for 2 to 2.5% of all AMLs.78, 81, 82 Conversely, overexpression of EVI1 can be found in other 
types of AML with 3q rearrangements other than the classical inv(3)/t(3;3) (e.g., t(2;3)
(p12;22q26), t(3;7)(q26;q21), t(3;6)(q26;q25) and t(3;17)(q26;q22).78, 79, 81-88 AML cases 
with high EVI1 expression but lack detectable cytogenetic alterations in 3q, may have an 
enigmatic translocation involving 3q26.82, 89, 90 Studies on murine models revealed that 
aberrant expression of EVI1 alone may not be sufficient to cause leukemogenesis91, 92, 
indicating additional genetic alterations are required in order to develop leukemia. Mutations 
in RAS, RUNX1, SF3B1, and genes encoding epigenetic modifiers recurrently co-occur 
with the inv(3)/t(3;3) chromosomal aberration.93, 94 Overexpression of EVI1 is significantly 
associated with monosomy 7 and 11q23 rearrangements in non-3q translocations AML.81, 

82, 95 Application of functional genomics and genome engineering on AML samples with 
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inv(3)/t(3;3) demonstrated that 3q rearrangements play a role in the relocation of a 
distal GATA2 enhancer to ectopically activate EVI1 and simultaneously confer functional 
haploinsufficiency on GATA2.96, 97 This illustrated that the inv(3) relocates a single enhancer 
causing a malfunction of two unrelated distal genes in this type of AML. The aberrant 
expression of EVI1 by other 3q rearrangements remains elusive. AML patients with high 
EVI1 expression, like in AML with 3q26 rearrangements, independently predicts for a worse 
outcome.81, 82, 95

Four base pair insertion mutations in the NPM1 gene denote the most prevalent AML 
defining molecular lesion identified to date, detected in a third of cases, including more than 
50% of those with CN-AML. More than 40 different NPM1 mutations have been reported, 
where types A, B, and D together represent approximately 90% of the cases. Mutations in 
NPM1 involve the C-terminal segment of the protein and result in loss of tryptophan residues 
and formation of a nuclear export signal resulting in delocalization of nucleophosmin from 
the nucleoli to the cytoplasm. Experiment on murine model has shown that mutant NPM1 
(termed NPM1c in murine) can promote the self-renewal capacity of the hematopoietic 
progenitors, concomitant with expanded myelopoiesis resulting in the development of 
AML98, with FLT3-ITD significantly decreasing the latency and enhancing leukemic phenotype 
penetration99. Young adults with AML harboring NPM1 mutations without FLT3-ITD (or low 
FLT3-ITD burden) have a favorable prognosis100; whereas, concurrence with (high) FLT3-ITD 
(burden) and/or mutated DNA methyltransferase 3A (DNMT3A) have been associated with 
increased risk of relapse and inferior outcome101.

The discovery of aberrant protein tyrosine kinase signaling pathways in several human 
cancer resulted in a significant diagnostic and therapeutic advances in recent years.102 A 
typical example is FMS-like tyrosine kinase 3 (FLT3), a class three tyrosine kinase receptor 
that is expressed on the surface of normal hematopoietic lineages and blast cells from many 
cases of AML.103 It is constitutively activated in several cases of AML because of mutation(s) 
in the FLT3 gene.104-106 Mutations in the FLT3 gene are one of the most frequently harbored 
mutations in AML. These are detected in a third of AML patients and FLT3 mutations are 
divided into two types according to the region affected in the gene and the context in which 
it occurs. The first type involves an in-frame duplication within the juxtamembrane region 
(FLT3-ITD) and found in approximately 25% - 30% of the cases.  The second type is point 
mutations in the tyrosine kinase domain (FLT3-TKD) and found in 5 to 7% of the cases. Several 
studies demonstrated FLT3-ITD as an independent predictor for an elevated relapse rate 
and inferior overall survival in cases with a high mutant allele burden. 107 Whereas, patients 
with FLT3-TKD mutation have been found to perform well.108 It is interesting how these 
two classes of mutations on the same gene are associated with such markedly different 
outcomes. This may reflect variation in the arrays of accompanying cooperative mutations, 
as well as variation in downstream signaling pathways of FLT3 affecting disease biology.34

Following studies have recognized several other genes encoding signaling pathway 
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elements, such as RAS, KIT, CBL, NF1, and PTPN11, as frequently mutated targets in 
AML. While RAS mutations are considered prognostically neutral109, multiple studies have 
demonstrated that the presence of KIT mutations and CBF leukemia in a patient predicts for 
indication of a worse response110. The fact that mutations in the signaling protein frequently 
co-occur with chromosomal translocations that affect hematopoietic transcription factors 
(for example RUNX1-RUNX1T1, CBFB-MYH11, and PML-RARA) instigated the proposal of a 
two-hit concept of AML, involving the cooperation of mutations bestowing a proliferative 
advantage (named class I mutations) and those anticipated to cause a block in myeloid 
differentiation (named class II mutations).111 However, based on studies on the AML genome, 
it became apparent that the state is more complex because about 40% of AML patients have 
no mutations in genes encoding classical signaling pathway components.59

TP53 is a tumor suppressor gene that has a vital role in the regulation of the cell 
cycle in response to cellular stress. TP53 mutations are more common in secondary AML 
(approximately 20 to 25%) than in de novo AML (about 2 to 9%)112-115 and are frequently 
found in association with complex karyotype but seldom with CEBPA, NPM1, FLT3-ITD, and 
RUNX1 mutations.113 Moreover, mutations in TP53 are associated with therapy-related AML, 
chemoresistance, high relapse rate, and poor response.34, 116, 117 Generally speaking, AML 
patients with TP53 mutations have inferior outcome regardless of other predictive factors 
for instance complex karyotype.112, 113

Several recurrent mutations in epigenetic regulators genes have been recently proposed 
to be associated with clinical outcomes in AML, including DNMT3A, TET2, ASXL1, and 
EZH2.34, 59, 118, 119 Recurrent mutations in the DNMT3A gene occur in approximately 14 to 18%, 
including 20 to 35% with CN and associated with inferior outcome.120-126 However, in a study 
of the German-Austrian AML study group where they investigated 1494 samples of 181 
DNMT3A mutatant AMLs revealed no association with risk of relapse and OS.127 Mutations 
in DNMT3A, NPM1, FLT3, and IDH1/2 are frequently found to coexist120, 124, thus inferring 
cooperativity in AML pathogenesis. Numerous various loss-of-function mutations have been 
identified in all DNMT3A exons, most commonly a single base substitution hotspot mutation 
encoding arginine at codon 882 (R882). DNMT3A is a methyltransferase that transforms 
cytosine to 5-methylcytosine and produces de novo DNA methylation. Abnormal methylation 
patterns have been associated with tumorigenesis and tumor evolution.128 The biological 
implications of DNMT3A mutations in leukemia are not clearly understood. It is postulated 
that mutations cause a reduction in methyltransferase activity of DNMT3A by a dominant-
negative mechanism.120, 129 Recent research in vivo showed that Dnmt3a-null hematopoietic 
stem cells have an elevated self-renewal propensity and forfeit their differentiation ability, 
which was accompanied by hypomethylation of many genes involved in leukemogenesis.130 
In the absence of Dnmt3a, however, pronounced focal hypermethylation has been observed 
and it thus remains ambiguous which biological function of Dnmt3a contributes to the 
Dnmt3a-knockout phenotype. Intriguingly, the knockout of Dnmt3a is insufficient to cause 
leukemia in mice.130
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Mutations in the TET2 gene have been identified in several myeloid malignancies and 
occur in 10 to 20% of AML.131-134 TET2 mutations are very diverse and scattered across 
the whole coding sequence.131-133 Detection of mutations in both TET2 alleles and loss of 
heterozygosity in various myeloid malignancies imply a role of TET2 as a tumor suppressor 
gene.135-137 In vitro and in vivo researches revealed a role for TET2 in stem and progenitor cells 
self-renewal and myeloid differentiation134, 138, 139, but the mechanisms and the downstream 
impacts of TET2 remain elusive. The TET2 protein is an enzyme that is involved in the 
conversion of 5-methylcytosine that causes demethylation of DNA140 and this enzymatic 
function has been demonstrated to be impaired when the TET2 gene is mutated138. The 
prognostic value of TET2 remains controversial, some studies found an adverse outcome in 
certain AML subgroups131, 132, while other studies found no prognostic value141.

The ASXL1 gene encodes a chromatin-binding protein involved in the regulation of 
chromatin remodeling and histone methylation142, 143,  and reported to be mutated in a 
broad variety of myeloid malignancies, including MDS, MPN, chronic myelomonocytic 
leukemia (CMML) and AML144. In AML, ASXL1 mutations are found in around 3 to 5%112, 122, 145 
with higher prevalence in patients with intermediate-risk AML including CN-AML (i.e., 11 to 
17%). Approximately 15 to 25% of MDS patients harbor mutations in the  ASXL1 gene,146, 147 
ASXL1 mutations are rarely seen in children (nearly 1%), however, their incidence increases 
with age especially in patients 60 years or older115, 147, 148, and the high frequency is also seen 
in patients with secondary AML (i.e., 30%)144, 149. Mutations in the ASXL1 gene are almost 
exclusively found in exon 12 and virtually all are heterozygous.144, 150, 151 They are mainly 
frameshift and stop mutations that are predicted to result in truncation of the carboxy-
terminal plant homeodomain (PHD) finger at the protein level152, suggesting these mutations 
are loss-of-function mutations153. ASXL1 mutations frequently coexist with EZH2154, IDH1/2, 
RUNX1, and TET2155, 156; conversely, they are mutually exclusive with NPM1 mutations151, 157. 
Mutations in ASXL1 are associated with worse outcome.113, 114, 151, 155, 158, 159 

IDH mutations of the gene encoding isocitrate dehydrogenase are found in 8 to 16% 
of cases that harbor IDH1 with CN-AML160, and in 12 to 15% of cases with IDH2. These 
mutations are mutually exclusive, however, in rare instances, both genes are mutated 
in AML.160-162 Both IDH1 and IDH2 convert isocitrate to α-ketoglutarate; conversely, 
the mutated proteins possess a gain-of-function that results in abnormal upturn of 
oncometabolite 2-hydroxyglutarate (2-HG).162, 163 The function of IDH1/2 overlaps with TET2 
and consequently these two mutation sets are also mutually exclusive in AML.131, 132, 134 The 
epigenetic signature and global DNA hypermethylation of patients with IDH1/2 and TET2 
are alike.134 In addition, it was revealed that the oncometabolite 2-HG which is produced as 
a consequence of mutation in IDH1/2 hinders TET2 function.134 Initial studies revealed that 
IDH mutations have an adverse response, however, recent large cohort studies showed that 
outcomes differ depending on the different sites of the IDH mutations and the additional 
co-occurring mutations.145, 164 Various studies demonstrated that IDH1 and IDH2R172 mutation 
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may predict a poorer clinical prognosis particularly in CN-AML, while, IDH2R140 found with 
NPM1 mutation may be associated with favorable outcome in AML.164, 165

Mutations in splicing factor genes are found in 10% of patients with AML.166, 167 
Spliceosome genes encode elements of the splicing machinery e.g., SF3B1, SRSF2, U2AF1 
and ZRSR2, which are involved in pre-messenger RNA (mRNA)  processing, before protein 
translation, and are frequently mutated in MDS as well.168  They can induce aberrant splicing, 
impacting the cell's transcriptome and proteome. Complying evidence demonstrates that 
spliceosome mutations are connected with older age, less proliferative disease, and poor 
response rate to standard treatment, and worse survival.166 Splicing factor gene mutations 
are found to be mutually exclusive and detected in about 50% of MDS cases, where they 
are regarded to be the initiating mutation and segregate with a distinct subcategory of 
disease.72 Primarily, SF3B1 mutations are detected with the presence of ring sideroblasts,167 
and SRSF2 mutations are observed in more severe disease and CMML168, 169. Recent study on 
a well-characterized cohort of AML patients revealed that mutation of SRSF2, SF3B1, U2AF1, 
or ZRSR2 were among a panel of mutated genes that could be labeled as pathognomonic of 
secondary AML, developing on a background of MDS.166

Application of whole-genome sequencing (WGS) and whole-exome sequencing (WES) 
have contributed to the identification of recurrent mutations in AML in genes encoding 
members of the cohesin complex, including SMC1A, SMC3, RAD21, and STAG1/2.59, 170 These 
proteins have important roles in DNA repair and looping.170-172 Mutations in cohesin complex 
are detected in about 6% of de novo AML with no impact on OS. Additionally, they are 
found in 10 to 15% of MDS and in 20% of secondary AML patients and frequently associated 
with mutations comprising RUNX1, BCOR, and ASXL1 but mutually exclusive with NPM1 
mutations.171, 172
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Table 4: Prevalence, association, and prognosis of mutations detected in young adults with AML 

Category/mutant gene % Associated mutations/chromosomal 
abnormalities

Prognostic implications

DNA methylation   

DNMT3A 20 NPM1, FLT3-ITD, NK Adverse

DNA demethylation   

TET2 8 ASXL1, NK Poorer in IR-AML

IDH1 7 NPM1, NK Poorer in FLT3-ITD-neg 
AML

IDH2-R140 7 NPM1, NK Favorable

IDH2-R172 2 NK Adverse

WT1 9 FLT3-ITD Poorer in NK-AML

Activated signaling   

FLT3-ITD 27 NPM1, DNMT3A, NK, t(15;17)/PML-RARA, t(6;9)/
DEK-NUP214, t(5;11)/NUP98-NSD1

Poorer in IR-AML

FLT3-TKD 7 inv(16)/CBFB-MYH11, t(15;17)/PML-RARA Variable according to 
study

NRAS 11 inv(16)/CBFB-MYH11, t(3;5)/NPM1-MLF1, 
11q23/MLL-X 

NS

KRAS 5 inv(16)/CBFB-MYH11, 11q23/MLL-X NS

PTPN11 5 NPM1 ND

NF1* 4 MK, -17/17q ND

KIT 4 t(8;21)/RUNX1/RUNX1T1, inv(16)/CBFB-MYH11 Poorer outcome in CBF 
AML

CBL 1   TBC

Myeloid transcription factors  

RUNX1 5 MLL-PTD, ASXL1, IDH2, NK, +13 Adverse

biCEBPA 4 GATA2, NK Favorable

Tumor Suppressor /multifactorial  

TP53* 8 Complex, MK, -5/-5q, -7/-7q, -17/17p Adverse

NPM1 33 DNMT3A, IDH1, IDH2-R140, FLT3-ITD, PTPN11, 
cohesin, NK

Favorable in the absence 
of FLT3-ITD and mutant 
DNMT3A

Chromatin regulation   

ASXL1 5 RUNX1, IDH2-R140, t(8;21)/RUNX1-RUNX1T1, +8 Poorer in IR-AML

MLL-PTD 5 +11, NK, RUNX1, FLT3 Adverse

PHF6 3 RUNX1 TBC

ASXL2 2 t(8;21)/RUNX1-RUNX1T1 ND

BCOR 1 NK, DNMT3A TBC

EZH2 1   ND

Spliceosome   

SRSF2 2 +13, ASXL1, RUNX1, IDH1/2 ND
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Category/mutant gene % Associated mutations/chromosomal 
abnormalities

Prognostic implications

SF3B1 3 RUNX1, inv(3)/GATA2-EVI1  

U2AF1 2  

ZRSR2 <1  

Cohesin   

RAD21 6-9 NPM1 NS

SMC1A

SMC3

STAG1

STAG2  

Mutations within the same functional category are negatively associated and positive associations are listed. 
bi: biallelic; IR: intermediate risk; ITD: internal tandem duplication; MK: monosomal karyotype; ND: not 
determined; NK: normal karyotype; NS: not significant; PTD: partial tandem duplication; TBC: to be confirmed; 
TKD: tyrosine kinase domain
* Includes mutations and gene deletions.
(Adapted from Grimwade et al. 34) 
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Secondary AML
As stated earlier, s-AML alludes to AML that has emerged from the perspective of antecedent 
myeloid malignancy (e.g., MDS or MPN). The distinction between secondary AML from de 
novo AML presented in 1997 WHO classification of hematopoietic and lymphoid neoplasms, 
establishing a classification system for AML that comprises the following subcategorize: 
AML with recurrent genetic abnormalities, AML with multilineage dysplasia, therapy-related 
AML and MDS and AML not otherwise categorized.173 The WHO 2016 classification defines 
AML with myelodysplastic-related alterations as a diagnosis of AML with a prior six-month 
history of MDS or MDS/MPN or demonstrated at least 50% dysplasia in two or more myeloid 
lineages23, 24, 26; however, cases harboring an NPM1 mutation or biallelic CEBPA mutation 
are exempted174, 175. In the absence of strong morphological evidence of dysplasia, specific 
MDS-related cytogenetic aberrations can denote MDS.23, 24 Recent study by Lindsley and 
colleagues suggests that patients with secondary-type AML with inferior responses to 
cytotoxic therapy and outcome, may be identified by detection of mutations involving the 
spliceosome machinery and chromatin remodeling.166 However, this has not been integrated 
into the diagnostic criteria of the WHO.166

s-AML occurs more frequently in elderly individuals than in de novo AML, which has a 
low prevalence during life.176 It has been found by large population-based studies that s-AML 
accounts for approximately 18 to 20% of all AML cases.177, 178 Although the risk of progressing 
to AML varies greatly according to the specific myeloid disease, all myeloid malignancies 
are associated with an elevated risk for AML. In MDS, patients with excess blasts have a 
forecasted 25% and 35% risk for AML at 1 and 2 years, respectively. Whereas, the low-risk 
MDS have 5% and 10% transformation probability over comparable time periods. In MPNs, 
Primary Myelofibrosis is more likely to transform (6 to 21% at 5 years and about 20% at 10 
years) compared to Polycythemia Vera (2% at 10 years and 8% at 20 years) and Essential 
Thrombocythemia (about 2% at 15 years); indicating that MPNs have variable leukemic 
transformations risk.179-183 The MDS/MPN overlap syndromes may pose a significant risk for 
leukemic transformation, with a 20% and a 40% risk ascribed to chronic myelomonocytic 
leukemia and an atypical CML, respectively.184, 185 Leukemic transformation can be displayed 
in bone marrow failure syndromes, such as Aplastic anemia and Fanconi anemia.186-190

The biology of s-AML is distinct from de novo AML with many key differentiating attributes 
such as it is equated with multilineage dysplasia, it frequently harbors complex karyotype 
with the regular loss of genetic material, it emerges in a clonal hematopoiesis context and 
it develops as a byproduct of the progressive genetic lesion. In contrast, de novo AML is 
not associated with multilineage dysplasia, but frequently features recurrent balanced 
translocations and inversions.176 While de novo disease is believed to be an outcome of an 
inciting genomic event that results in expansion of the leukemic clone, AML originating from 
MDS or MPN typically progresses in a stepwise manner with multiple hits accumulating with 
time. Consequently, patients with s-AML tend to have more mutated genes than patients with 
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de novo AML. Mutations in SRSF2, SF3B1, U2AF1, ZRSR2, ASXL1, EZH2, BCOR, and STAG2 are 
considered very specific for s-AML. However, there are additional mutated genes that have 
been implicated in the leukemogenic process such as mutations in signaling pathway (i.e., 
FLT3, RAS, CBL, PTPN11), transcription factors (i.e., RUNX1, WT1), epigenetic regulators (i.e., 
IDH1/2, TET2) and TP53. The founding clone is eventually outcompeted by an advantageous 
subclone, nevertheless evidence of the founder clone consistently persists.166, 191-197

Therapy-related AML
Therapy-related AML (t-AML) associated with previous exposure to leukemogenic agents 
can be classified into two groups with distinctive cytogenetic and morphological features. 
The first group is associated with exposure to alkylating agents (e.g., cyclophosphamide) 
therapy or actinotherapy. It is characterized by long latency between exposure to a 
leukemogenic agent and the development of an overt AML. The progression to AML can 
take from 5 to 10 years from the start of the exposure. These patients often present with 
MDS features (e.g., dysplastic changes similar to MDS but with a higher grade of dysplasia). 
Cytogenetic findings include deletion of the long arm of chromosome 5 or 7 (-5q and -7q, 
respectively), monosomy of chromosome 5 or 7  (-5 and -7, respectively), or complex 
karyotype. TP53 gene is recurrently mutated in this group of AML as well. The second group 
is a distinct group of therapy-induced AML which comprises patients who were treated with 
topoisomerase 2 inhibitors (e.g., etoposide, mitoxantrone). In contrast to the first group, 
patients have relatively short latency (2 to 3 years), do not present with MDS characteristics, 
and are often associated with balanced chromosomal translocations involving 11q23 
(KMT2A) or 21q22 (RUNX1). Topoisomerase 2 inhibitors have been additionally implicated 
in more sporadic forms of t-AML, including CBF t-AML and therapy-related APL. The former 
exhibits rearrangements at CBF genes RUNX1 at 21q22 and CBFB at 16q22 and, similarly to 
CBF de novo AML, respond well to intensive chemotherapy regimens. The latter presents 
balanced chromosomal translocation between chromosomes 15 and 17 (i.e., t(15;17)) and 
responds favorably to all-trans retinoic acid-based therapies.  Therefore, the spectrum of 
cytogenetic aberrations in t-AML is similar to that of de novo AML; however, the incidence of 
abnormalities associated with unfavorable and intermediate-risk is higher in t-AML. 22, 198-201 
Host propensity plays a crucial role in t-AML; it has been found that many patients with t-AML 
have germline mutations in cancer predisposition genes.202-204 Inter-individual heterogeneity 
in drug metabolism has been implicated.200, 205 Similar to s-AML, clonal hematopoiesis 
may play an essential role, particularly in the group of t-AML in which cytotoxic treatment 
imposes a selective pressure on a minor chemoresistant preleukemic clone, inducing clonal 
expansion. To that end, studies have shown that mutant clones that harbor mutant TP53 can 
be detected in hematopoietic cells years’ prior to cytotoxic therapy and eventually pursued 
by TP53 mutant t-MDS/t-AML.206, 207 Thus, the manifestation of clonal hematopoiesis prior 
to a cytotoxic therapy is much more prevalent in patients who ultimately develop therapy-
related myeloid neoplasms.208, 209     
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Treatment
The main objective of AML treatment is to induce remission and prevent relapse. Remission 
is defined morphologically by the presence of less than 5% blast in BM accompanied by 
the recovery of PB counts. Treatment of AML consists of two phases: the induction phase 
to achieve complete remission (CR) and followed by post-induction phase (consolidation 
therapy), which aims to retain long-lasting CR and prevent relapse. In the induction phase, 
daunorubicin and cytarabine have been the backbone of AML treatment for more than 
three decades. With induction therapy, CR can be achieved in 60 to 80 % of patients who 
are 60 years of age or younger and in about 40 to 60 % of older patients.22, 210 

To maintain patients in CR, further intensive treatment is required to prevent relapse. 
Young patients have two options of consolidation therapy: chemotherapy or stem cell 
transplantation (SCT). SCT is subdivided into two types: allogeneic-SCT ((allo-SCT); which is 
usually from an HLA of either matched-related or unrelated donor), autologous-SCT (auto-
SCT). The choice of post-induction therapy is based on patient AML risk group, response to 
therapy, and availability of a donor. Treatment choices for older patients are limited because 
of the high rate of treatment related-toxicity.18, 22 However, being older should not be the 
reason for not treat with intensive therapy; evaluating risk factors such as disease-related 
prognostic factors and comorbidities against treatment intensity is essential.211 In general, 
unfit AML patients, regardless of age, will not tolerate intensive chemotherapy; therefore, 
these patients are limited to supportive care, low-intensity treatment, or clinical trials with 
investigational drugs.27

Clonal Evolution
The advent of high-throughput sequencing has revolutionized and facilitated the study of 
malignancy and clonal evolution. The sequencing of hundreds of leukemia samples allowed 
the identification of the recurrent mutations associated with each subset of the disease and 
the tracking of these mutations over time, and the inference of clonal evolution patterns.17, 

59, 212-215 In AML, NGS studies have also indirectly documented the stepwise acquisition 
of mutation by demonstrating the difference in the relative proportion of concurring 
mutations within the bulk tumor at diagnosis. The achievement of greater sequencing 
depth has enabled these differences to be quantified by variant allele fraction (VAF), where 
the proportion of reads containing the mutated allele is compared to that of the wild-type 
allele reads, with the relative proportions capable of inferring clonal architecture. 34 By 
their VAF, mutations can be classified into clonal (present in the major clone; dominant 
clone) or subclonal (present in a minor clone), indicating how many cells in a sample carry 
a specific variant.216 Such analysis has illustrated the appearance of new clones harboring 
novel mutations at different times during leukemia evolution.34

Several studies have described the genetic and epigenetic evolution of AML from 
diagnosis to relapse showing that the molecular profile of AML changes during the  
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disease.214, 215, 217, 218 It is believed that AML arises from a single HSPC, which with time, acquires 
somatic mutations that cause a block of differentiation and provide stem cell-like properties 
of limitless self-renewal capacity.219, 220 Prior to overt leukemia, a mutation in epigenetic 
modifiers such as DNMT3A, TET2 and ASXL1 commonly acquired that may provide a growth 
advantage, nevertheless; they are insufficient to initiate leukemia and are thus widely 
referred as pre-leukemic.221-223 Leukemia-initiating mutations are frequently found in genes 
associated with signaling activation, such as FLT3 and the gene nucleophosmin (NPM1).59, 

213 Individual mutation adds up to the genetic complexity, and ultimately, increased clonal 
heterogeneity is associated with poor outcome of AML.224, 225

During the disease course, each AML population may follow distinct patterns of clonal 
evolution. The manifestation and the profusion of mutations at various time points portray 
a picture of dynamic changes. The stepwise acquisition of single mutations is termed linear 
evolution; whereas, the elimination of the dominant clone and outgrowth of a subclone 
is known as branching evolution (Figure 2). Cell populations are likely to pursue a linear 
evolution, gradually increasing in their fitness, when there is no change in the evolutionary 
pressure. Branching evolution may follow nonetheless linear evolution, or vice versa, mainly 
when there have been profound alterations in the evolutionary pressure (e.g., at treatment 
induction or change of therapy). During treatment, the AML clone may evolve by either 
acquiring additional mutations that mediate resistance to therapy (Figure 2A) or by losing 
mutations that are, for instance, associated with treatment sensitivity (Figure 2B).

In summary, at relapse, the AML cell population might have evolved from clonal or 
subclonal cell populations that exist at baseline, convoyed by a prospective gain of additional 
mutations. Pursuing either linear or branching evolution, cell populations undergo gradual 
clonal evolution to best adapt to their environment. Since most AML patients relapse 
following initial response to chemotherapy, few AML cell populations in many patients find 
a niche to evade chemotherapy and eventually raise out again.216
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Linear evolution

(A)

(B)

Branching evolution

normal
hematopoiesis

clonal
hematopoiesis

intial
diagnosis remission relapse

stable mutations

diagnosis-speci�c mutation

relapse-speci�c mutation

wild-type cell

relapse originating clone

Figure 2: Models of clonal evolution. The schematic diagram illustrates the models of the clonal evolution of AML 
over time. (A) Linear clonal evolution depicts the sequential gaining of mutations. The relapse initiating cells are a 
fraction of the major clone at diagnosis. (B) Branching clonal evolution illustrates the elimination of the major clone 
and is followed by the growth  of a secondary clone. Relapse caused by a subclone at diagnosis. The cells without 
a marker(s) (small colored circle in the nucleus of cells) indicate wild-type cells without somatic mutations. The 
different small colored circles in the nucleus of cells indicate somatic mutations; colored based on their stability: 
green and yellow: stable mutations; blue: diagnosis-specific mutation; red: relapse-specific mutation. Cells of 
different colors with and without somatic mutations represent different clones, and the number of colored cells 
represents the size of the clone. Cells that originate from the relapse clone are colored differently. (Adapted from 
Vosberg and Greif 216)
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Clonal Hematopoiesis
The manifestation of initiating mutations that result in clonal expansion and the thus 
premalignant state has long been suspected of preceding the development of most 
malignancies. Recently, exome sequencing of PB samples from approximately 30,000 healthy 
individuals without known hematological neoplasms showed recurrent somatic mutations 
in myeloid malignancy-associated genes in up to 10% of individuals above the age of 65 and 
more than 20% of individuals over the age of 90 years. This phenomenon is known as clonal 
hematopoiesis of indeterminate potential (CHIP).226 CHIP is a term used to describe the 
presence of a somatic mutation in the white blood cells of apparently healthy individuals 
with no diagnostic features of hematological malignancies. The somatic mutations occur in 
leukemia-associated driver genes causing clonal expansion of a genetically identical clone of 
marrow and blood cells. The majority of patients with CHIP are healthy individuals (Figure 
3).227 Consequently, it is also known as age-related clonal hematopoiesis (ARCH). Individuals 
with CHIP have a slightly high risk of developing myeloid malignancy. Besides, they have a 
relatively elevated risk of developing atherosclerosis and cardiovascular disorder. However, 
a subset of individuals with CHIP does not develop malignancy or cardiovascular disease.227

The most frequent recurrent somatic mutations observed in individuals with CHIP occurs 
in proteins that play a role in DNA methylation or its regulation primarily in DNMT3A, TET2, 
and ASXL1 (Figure 4).222, 223 These mutations are commonly seen in patients with MDS and 
AML.226 Mutation in these proteins accounts for more than 90% of ARCH suggesting that 
these mutations provide a selective advantage to hematopoietic stem and progenitor 
cells (HSPCs).228 Additionally, these mutated HSPCs are still capable of differentiating into 
granulocytes, monocytes, and lymphocytes.229, 230 It remains unclear why these mutations 
are associated with enhanced HSPCs fitness.228 

Individuals with CHIP have a yearly risk of about 0.5 to 1% for developing myeloid 
malignancy compared with age-matched control, indicating that the presence of somatic 
mutations in these genes is not sufficient to cause malignant transformation. Therefore, 
these mutations can be regarded as initiating events (or pre-leukemia state) that prime cells 
towards progression to malignancy. Furthermore, this indicates that additional mutations 
are required to develop overt hematological malignancy.223   

Chapter 1



35

Figure 3: Prevalence of Somatic Mutations, according to age. Colored bands, in increasingly lighter shades, 
represent the 50th, 75th, and 95th percentiles. (Adapted from Jaiswal and colleagues223) 
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Figure 4: Candidate somatic variant. The bar chart shows the 10 most recurrently mutated genes associated with 
hematologic cancers. (Adapted from Jaiswal and colleagues223)
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Minimal/Measurable Residual Disease Detection in AML
Despite profound advancement in the therapy of AML, the outcome is still dismal only 30 
- 40% of adult patients are curable.231 Although the majority of patients achieve CR after 
initial therapy, the relapse rate remains high. 211 For sixty years, early treatment response 
was judged by the cytomorphological appearance of the BM by means of blast level predicts 
relapse risk. The detection of five percent blasts or more after achieving morphological CR is 
associated with a high risk. A substantial fraction of the patients in morphological remission 
will relapse within five years and die of the disease.232 The current method to assess patient 
prognosis classify the patient into three categories and relies on a variety of factors at 
diagnosis but mainly on cytogenetic and molecular genetic abnormalities.27, 231 However, 
these factors cannot predict patient outcome perfectly. These facts have paved the path 
for the search for more accurate tools to predict which patient will relapse based on the 
detection of submicroscopic numbers of the leukemic blast that may have the potential to 
cause the recurrence of leukemia. 

In the last two decades, there was a considerable development in tools that can detect 
submicroscopic remnants of the leukemic blast, including multicolor flow cytometry 
(MFC), polymerase chain reaction (PCR) techniques, and more recently, next-generation 
sequencing (NGS). These tools enable the detection of measurable (previously known as 
minimal) residual disease (MRD) to as low as one leukemic cell in a million non-leukemic 
cells, which is way past the resolution of the microscope.232

MFC
MFC is a rapid method that focuses on the immunophenotype of the leukemic to profile 
the lineage of the cells. It can be used to determine MRD in the majority of AML patients 
irrespective of the immunophenotypic,  cytogenetic, and molecular genetic aberrations. 
Thus, it nowadays is the most widely used technique. MRD detection using MFC relies 
on finding inherent immunophenotypic features of the leukemic cells at the time of 
diagnosis. This can be done using two different methods. The first MFC approach depends 
on determining the leukemia-associated immunophenotype (LAIP) at diagnosis and is 
later used for tracking residual disease during follow-up. This method is applicable to 90 
- 95% of the patients. The second approach relies on identifying “different from normal” 
phenotype, which can be used on the remaining patients or when the diagnostic phenotype 
is inaccessible. The latter approach is essential because phenotypic abnormalities such as 
gains or losses of antigens due to disease evolution as compared to normal progenitors 
could be systematically investigated.  

The drawbacks of using  MFC for MRD detection are: 1) low sensitivity compared to 
quantitative PCR (qPCR) (Figure 5); 2) phenotype change is quite often (for at least one 
antigen), which makes them difficult to detect/track leading to false-negative results; 3) 
requires a considerable degree of expertise and experience; analysis and data interpretation 
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have some subjective elements and hence, likely biases (operator-dependent) making it 
challenging to harmonize the assays across laboratories.232, 233

RQ-PCR
The most broadly exploited molecular MRD technique is qPCR. It is used for the detection of 
chromosomal fusion genes or mutation-specific sequences in nucleic acid derived from PB 
or BM samples. In general, this methodology is well-established and very sensitive; however, 
due to the molecular heterogeneity of AML, the application of PCR-based MRD assays is 
limited to a few molecular subsets of AML patients. This MRD approach is most applicable 
in AML cases harboring recurrent chromosomal rearrangements such as t(15;17)(q22;q21), 
t(8;21)(q22;q22.1) or inv(16)(p13.1q22) or patients with a mutation in NPM1. These genetic 
aberrations may be tracked longitudinally using qPCR.231 However, altogether, these cases 
represent around 40-50% of all AML cases less than 60 years of age.233, 234 

NGS
Since many patients, especially elderly patients, do not present with any of the established 
molecular MRD markers, techniques other than qPCR are needed.231, 235 NGS is an emerging 
new technique and offers several advantages over other MRD detection techniques.231 NGS 
can be used to detect patient-specific mutation covering the entire genes in virtually all AML 
patients236, and due to its ability to do massive parallel sequencing, several samples can be 
multiplexed simultaneously in a single experiment while testing multiple regions of interest 
in the genome which makes it more attractive tool for high throughput setting. Thus, NGS is 
an attractive technology for advancing MRD assessment.231 It has been shown recently that 
molecular MRD detection by NGS is applicable to the vast majority of all newly diagnosed 
AML patients.237-240 However, NGS-based MRD detection in AML has to overcome several 
drawbacks before it can be reliably used in routine clinical practice. The technical difficulties 
for NGS-based MRD detection are owed to the low sensitivity of NGS (Figure 5). Currently, 
NGS can be reliably used to detect mutations of ≥0.1%. Additionally, the technology has a 
high intrinsic error rate (0.1 to 1%) and thus may cloud the detection of minor subclones and 
discriminating a true mutation from PCR and sequencing artifacts. Altogether, these issues 
hinder the clinical application of NGS MRD tracking during therapy.231 
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Figure 5:  Detection thresholds of various MRD approaches compared to the classical clinical complete remission. 
An expert hematopathologist, at best,  can detect a 2-log reduction in disease burden (1% limit of detection) 
using microscopic examination of morphology or NGS. Whereas, MPFC and real-time quantitative PCR (RQ-PCR) 
for overexpressed genes (for instance, WT1) are two log more sensitive than microscopic examination (enable 
detection of 1 abnormal cell in a population of 10,000 cells). RQ-PCR for fusion transcripts (such as CBF AMLs) 
and hotspot/specific mutations (e.g., NPM1 mutations) by RQ-PCR can detect residual disease with about 10,000-
fold more sensitive than the classical CR criteria. Axis scales are approximate and merely for illustrative purposes. 
Adapted from Hourigan and Karp241.
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Scope of the thesis
AML is a heterogeneous clonal disease of the hematopoietic progenitor cells that are 
characterized by a variety of cytogenetic and molecular genetic aberrations that play a role 
in the pathogenesis of the disease and clinical outcome upon treatment.    

The work on this thesis is divided into two parts, all centered around in-depth molecular 
analyses of AML. The first part is focused on molecular characterization of AML subsets, 
the role of mutations in AML risk stratification and MRD detection by NGS. The second part 
provides an insight into a new germline syndrome leading to AML development. 

Minimal/measurable residual disease (MRD) detection in AML is mostly done on a 
handful of AML with specific markers (i.e., NPM1, RUNX1-RUNX1T1, CBFB-MYH11, and 
PML-RARA) by quantitative real-time PCR. However, the majority of AML carry patient-
specific mutation or combination of mutations in genes associated with AML pathogenesis 
that can be used for MRD detection. NGS is a powerful technique to detect mutations in 
multiple genes simultaneously, which makes it an ideal method to detect mutations in 
virtually all AML patients. Therefore, in Chapter 2, we demonstrated the use of NGS for MRD 
monitoring to predict impending relapse in 482 AML patients. We investigated the clinical 
outcome of identifying molecular MRD by NGS in AML patients at complete remission. We 
found that 51.4% of the cohort had persistence of mutation during CR and many of the 
persisting mutations were in genes associated with clonal hematopoiesis (i.e., DNMT3A, 
TET2,  and ASXL1; abbreviated DTA mutations). Strikingly, the persistence of DTA mutations 
in CR were not associated with increased risk of relapse. However, we found that detection 
of non-DTA mutations in CR to be significantly associated with an elevated risk of relapse 
and overall survival, which was confirmed by multivariate analysis.

Mutant TP53 AML is a specific subtype of AML with a dismal outcome. While TP53 
mutant AML generally receives an allogeneic-HSC transplant in first complete remission, 
relapse rates remain high. In-depth molecular characterization of the clonal architecture of 
mutant TP53 AML may shed more light on the biology of mutant TP53 AML, its response to 
treatment and the role of MRD detection in mutant TP53 AML. In Chapter 3,  we studied a 
large cohort of AML cases (i.e., 2200 patients) with the aim to study the interactions between 
the molecular and clinical characteristics of TP53 mutant patients by meticulously dissecting 
all clonal features, including TP53 mutation status, variant allele frequency, concurrent 
mutations, cytogenetics and molecular MRD. In this study we demonstrated distinct clonal 
features of TP53 mutant AML and identified that genomic instability, which is characterized 
by complex cytogenetic, as surrogate for disease progression and serves as an independent 
predictor for patients’ outcome. Moreover, our study revealed that genomically stable 
mutant TP53 patients benefit from an allogeneic-HSC transplant and provides a rationale to 
identify new treatment approaches for residual disease detection and suitable treatments 
for genomically instable mutant TP53 AML.
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In Chapter 4, mutant PPM1D AML has been shown to be associated with clonal 
hematopoiesis in patients with previous history of malignancy. To determine the contribution 
of mutant PPM1D to AML relapse and the potential of using it as an MRD marker, we studied 
a large cohort of AML patients (n= 685) and determined the prevalence of PPM1D mutations 
in AML. Subsequently, we studied the kinetics of PPM1D mutant clone(s) from diagnosis to 
CR/relapse and our data indicate that PPM1D mutations are rare in AML and do not cause 
relapse in AML. 

Sequential sampling of AML patients for molecular MRD is mostly available for selected 
AML patients (e.g., AML patients with mutant NPM1) and at limited sampling time points 
during the disease course. Consequently, this represents a hurdle to study the kinetic and 
the dynamic of AML relapse. However, MGG-stained BM slides are routinely and frequently 
done for all AML patients and archived in contemporary laboratories. In Chapter 5, we 
explored the feasibility of using DNA derived from archived May-Grünwald Giemsa stained 
BM (MGG-stained BM) for NGS-based mutation in 18 AML patients. This study revealed that 
mutations detection in DNA derived from MGG-stained BM slides is feasible and mutation 
burden is highly comparable to DNA derived from Ficoll purified mononuclear cells. We also 
demonstrated that MGG-stained BM slides can be used to study mutations kinetics and 
MRD detection. Thus, this makes MGG-stained BM slides a valuable source for NGS-based 
mutation analyses.

AML patients with KMT2A-PTD mutation are known to have an adverse outcome; 
furthermore, previous mouse studies showed that Kmt2a-ptd is insufficient to cause AML, 
suggesting that additional mutations are required to develop leukemia. To shed some 
light on the biology and clinical outcome of this subset of AML patients in the context of 
coocuring mutation, in Chapter 6, we investigated the prevalence of this AML subset by 
screening 1998 AML patients and found that this mutation is found in about  5.5% of all AML 
cases. In line with previous studies, we showed that the presence of KMT2A-PTD mutations 
was significantly associated with a concurrent trisomy of chromosome 11 as compared to 
the KMT2A wild-type of a well-characterized AML cohort (n=561) [hereafter referred to as 
reference cohort/KMT2A wild-type AML]. Next, we determined the molecular and gene 
expression profile of KMT2A-PTD AML and compared it to the KMT2A wild-type cohort and 
to translocation involving 11q23. Our study revealed that KMT2A-PTD AML has a specific 
gene expression signature and concomitant DNMT3A and NRAS mutations are associated 
with an adverse outcome.   

The second part of this thesis provides some insight into the etiology of clonal 
hematopoiesis and successive development of AML. DNA methylation on cytosine residues 
is a significant mutagenic stimulus, as 5-methylcytosine (5mC) is vulnerable to spontaneous 
deamination to thymine. Studies in mice models revealed that inactivation of methyl-binding 
domain 4 (Mbd4) plays a vital role in the repair of methylation damage. We revealed 3 early-
onset AML cases with germline loss of MBD4 and with a common set of driver mutations. 
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The results of this study are described in Chapter 7 of this thesis. Our study demonstrated 
that AMLs with germline MBD4-deficient have high mutational burden than any other AMLs 
(about 33-fold over typical AML), with >95% being C>T in the context of a CpG dinucleotide. 
This distinct mutational signature is similar to what has been reported in sporadic cancers 
with acquired biallelic mutations in MBD4 and Mbd4 knockout mice. Our study confirmed 
that individuals with germline biallelic loss of MBD4 sustain high levels of damage from 5mC 
deamination throughout their lifetime and experience clonal expansions decades earlier, 
which leads to the development of AML. Finally, the findings reported in this work are 
summarized and discussed in Chapter 8.      
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ABSTRACT

BACKGROUND
Patients with acute myeloid leukemia (AML) often reach complete remission, but relapse 
rates remain high. Next-generation sequencing enables the detection of molecular minimal 
residual disease in virtually every patient, but its clinical value for the prediction of relapse 
has yet to be established.

METHODS
We conducted a study involving patients 18 to 65 years of age who had newly diagnosed 
AML. Targeted next-generation sequencing was carried out at diagnosis and after induction 
therapy (during complete remission). End points were 4-year rates of relapse, relapse-free 
survival, and overall survival.

RESULTS
At least one mutation was detected in 430 out of 482 patients (89.2%). Mutations persisted 
in 51.4% of those patients during complete remission and were present at various allele 
frequencies (range, 0.02 to 47%). The detection of persistent DTA mutations (i.e., mutations 
in DNMT3A, TET2, and ASXL1), which are often present in persons with age-related clonal 
hematopoiesis, was not correlated with an increased relapse rate. After the exclusion of 
persistent DTA mutations, the detection of molecular minimal residual disease was associated 
with a significantly higher relapse rate than no detection (55.4% vs. 31.9%; hazard ratio, 
2.14; P<0.001), as well as with lower rates of relapse-free survival (36.6% vs. 58.1%; hazard 
ratio for relapse or death, 1.92; P<0.001) and overall survival (41.9% vs. 66.1%; hazard ratio 
for death, 2.06; P<0.001). Multivariate analysis confirmed that the persistence of non-DTA 
mutations during complete remission conferred significant independent prognostic value 
with respect to the rates of relapse (hazard ratio, 1.89; P<0.001), relapse-free survival 
(hazard ratio for relapse or death, 1.64; P = 0.001), and overall survival (hazard ratio for 
death, 1.64; P = 0.003). A comparison of sequencing with flow cytometry for the detection 
of residual disease showed that sequencing had significant additive prognostic value.

CONCLUSIONS
Among patients with AML, the detection of molecular minimal residual disease during 
complete remission had significant independent prognostic value with respect to relapse 
and survival rates, but the detection of persistent mutations that are associated with clonal 
hematopoiesis did not have such prognostic value within a 4-year time frame. (Funded by 
the Queen Wilhelmina Fund Foundation of the Dutch Cancer Society and others.)
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Acute myeloid leukemia (AML) is a heterogeneous group of clonal hematopoietic stem-
cell disorders with a variable response to therapy.1-3 Although the majority of patients with 
newly diagnosed AML have morphologic complete remission after they are treated with 
intensive induction chemotherapy, relapse rates remain high.2 Decisions about the choice 
of post-remission therapy in patients with AML currently depend on the identification of 
a selected set of genetic markers at diagnosis and the detection of residual disease with 
multiparameter flow cytometry.2, 4 Quantitative molecular evaluation during complete 
remission could further improve prognostication of outcomes in patients with AML.

The potential of the detection of molecular minimal residual disease after treatment 
to predict disease relapse in patients with AML has been explored, but assessment of 
molecular minimal residual disease is not widely established in clinical practice. Previous 
studies have dealt with only a few leukemia-specific genetic aberrations.5-11 Next-generation 
sequencing enables comprehensive, simultaneous detection of somatic mutations that are 
often patient-specific, both at diagnosis and during treatment.5, 12 Initial studies showed the 
complex dynamics of residual mutations after induction therapy and the possible association 
between the persistence of certain somatic mutations and risk of relapse.12, 13

In determining whether molecular monitoring may be applicable in patients with AML, 
the phenomenon of age-related clonal hematopoiesis (also known as clonal hematopoiesis of 
indeterminate potential),14-17 a condition characterized by the recurrence of gene mutations 
(allele frequency, >2%) in healthy persons with no evidence of hematologic disease, has 
added an extra layer of complexity. Persons with age-related clonal hematopoiesis have a 
slightly increased risk of developing hematologic cancers over time.14, 15, 18 Mutations in the 
epigenetic regulators DNMT3A, TET2, and ASXL1 (i.e., DTA mutations) are most common 
in persons with age-related clonal hematopoiesis.14-19 Residual leukemia-specific mutations 
that are present in the bone marrow during complete remission may represent either 
residual leukemic cells or age-related clonal hematopoiesis.14, 15, 17 Whether post-treatment 
persistence of genetic mutations  associated with age-related clonal hematopoiesis in the 
bone marrow from patients with AML has an effect on the disease course remains unclear.

We evaluated a large cohort of patients with AML to investigate whether targeted 
molecular monitoring with next-generation sequencing could add clinical value for predicting 
the recurrence of leukemia.
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METHODS

Study Design
The study was designed by the first two and the last two authors, who wrote the manuscript 
with input from the other authors. The authors vouch for the completeness and accuracy 
of the data and analysis. No one who is not an author contributed to the manuscript. There 
was no commercial support for the study.

Patients and Cell Samples
Between 2001 and 2013, we obtained samples of bone marrow or peripheral blood from 
482 patients, between the ages of 18 and 65, who had a confirmed diagnosis of previously 
untreated AML (428 patients) or had refractory anemia with excess of blasts, with a score 
on the Revised International Prognostic Scoring System of more than 4.5, indicating a high 
or very high risk of relapse (54 patients). To be included in the study, patients had to be in 
either complete remission or complete remission with incomplete hematologic recovery 
(defined according to the European Leukemia Net recommendation; hereafter collectively 
referred to as complete remission), with less than 5% blast cells in the bone marrow,2, 4 after 
receiving two cycles of induction chemotherapy (Fig. S1 in the Supplementary Appendix, 
available with the full text of this article at NEJM.org). Among patients in whom at least 
one mutation was detected at diagnosis, samples were obtained during a defined period 
of remission, between 21 days and 4 months after the start of the second treatment cycle. 

Patients were treated according to the clinical protocol of either the Dutch–Belgian 
Cooperative Trial Group for Hematology–Oncology (HOVON)20 or the Swiss Group for Clinical 
Cancer Research (SAKK). The treatment protocols and patient eligibility criteria have been 
described previously.21, 22 All the patients provided written informed consent. Details about 
the patients and cell samples are provided in the Supplementary Appendix.

Targeted Next-Generation Sequencing and Multiparameter Flow Cytometry
To detect the mutations in 54 genes that are often present in patients with hematologic 
cancers, we used targeted next-generation sequencing with the Illumina TruSight Myeloid 
Sequencing Panel (Illumina), following the manufacturer’s protocol. Detection of residual 
disease with multiparameter flow cytometry was performed as described previously.23 
Details about these detection methods and data interpretation are provided in the 
Supplementary Appendix.

Statistical Analysis
The 430 patients in whom at least one mutation was detected at diagnosis were randomly 
assigned to either a training cohort (283 patients) or a validation cohort (147 patients); 
the two cohorts had similar clinical, cytogenetic, and molecular characteristics (Table 1, 
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and Fig. S1 and Table S1 in the Supplementary Appendix). The primary end point was the 
4-year cumulative incidence of relapse (defined according to the European Leukemia Net 
recommendation4), and the secondary end points were the 4-year rates of overall survival 
and relapse-free survival. Within each cohort, the difference in the incidence of relapse 
between patients in whom residual disease was detected and those in whom residual 
disease was not detected was evaluated with the use of the method of Gray and the Fine 
and Gray model for competing risks. The log-rank test and the Cox proportional-hazards 
model were used for survival analyses. A two-sided P value of 0.05 or less was considered 
to indicate statistical significance. Details about the statistical analyses are provided in the 
Supplementary Appendix.
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   Table 1. clinical, cytogenetic, and molecular characteristics of the 430 Patients.*

Characteristic Value

Age at diagnosis — yr

Median 51

Range 18–66

Sex — no. (%)

Male 216 (50)

Female 214 (50)

White-cell count per microliter at diagnosis — no. (%)

≤100,000 387 (90)

>100,000 43 (10)

2017 European Leukemia Network risk classification at diagnosis — no. (%)

Favorable 204 (47)

Intermediate 113 (26)

Adverse 113 (26)
No. of chemotherapy cycles to attain complete remission — no. (%)

1 360 (84)

2 70 (16)

Consolidation therapy — no. (%)

None 46 (11)

Chemotherapy 117 (27)

Autologous hematopoietic stem-cell transplantation 78 (18)

Allogeneic hematopoietic stem-cell transplantation 189 (44)

Cytogenetic analysis at diagnosis — no. (%)†

t(8;21) 27 (6)

inv(16) 24 (6)

Complex karyotype 38 (9)

Monosomal karyotype 30 (7)

Mutation at diagnosis — no. (%)

ASXL1 31 (7)

CEBPA double mutation 19 (4)

DNMT3A 141 (33)

FLT3

Tyrosine kinase domain 53 (12)

Internal tandem duplication, low ratio 40 (9)

Internal tandem duplication, high ratio 51 (12)

NPM1 168 (39)

RUNX1 50 (12)

TET2 48 (11)

* The percentages may not sum to 100 because of rounding.
† Karyotyping failed in 13 patients.
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RESULTS

Detection of Mutations at Diagnosis
We performed targeted next-generation sequencing to detect gene mutations at diagnosis 
in samples obtained from 482 patients with AML (Fig. S1 in the Supplementary Appendix). 
We detected an average of 2.9 mutations per patient; at least 1 single mutation, which could 
potentially serve as a marker of residual disease, was present in 430 (89.2%) of the patients. 
Mutations in NPM1, DNMT3A, FLT3, and NRAS were among the most common detectable 
mutations at diagnosis (Table 1 and Fig. 1A, and Table S1 in the Supplementary Appendix).

Detection of Mutations during Complete Remission
We then performed targeted next-generation sequencing to detect persistent mutations 
after induction therapy in samples of bone marrow obtained from 430 patients who were 
in complete remission. Persistent mutations were detected in 51.4% of the patients (Fig. 
1A, and Fig. S2A in the Supplementary Appendix). The rate at which mutations persisted 
was highly variable across genes. DTA mutations were most common, persisting at rates of 
78.7% for DNMT3A, 54.2% for TET2, and 51.6% for ASXL1 (Fig. 1A). In contrast, the majority 
of mutations in genes related to the RAS pathway were cleared after induction therapy, with 
mutations in NRAS, PTPN11, KIT, and KRAS persisting at rates of 4.2%, 7.0%, 13.5%, and 
12.5%, respectively. 

Of note, the allele frequencies of the mutations that persisted during complete remission 
ranged from 0.02 to 47% (Fig. 1B). This finding suggests that residual mutation-bearing cells 
could constitute a minor population of the cells or perhaps even a majority of the cells. An 
allele frequency of 50% is consistent with the presence of a heterozygous mutation in all 
cells. Thus, although the patients were in morphologic complete remission, which would 
typically imply that heterozygous mutations are present at allele frequencies lower than 
2.5% (the equivalent of <5% blast cells in the bone marrow), the samples that were obtained 
during remission often contained mutations with much higher allele frequencies (Fig. 1B).

Mutations that persisted after induction therapy at allele frequencies higher than 2.5% 
were often DTA mutations (Fig. 1, and Fig. S2 and S3 in the Supplementary Appendix). 
In contrast, mutations in IDH1, IDH2, STAG2, TP53, and other genes only occasionally 
persisted after induction therapy at allele frequencies higher than 2.5%, and thus the allele 
frequencies of these mutations were typically consistent with the state of morphologic 
complete remission (<5% blast cells in the bone marrow).

Because DTA mutations have been established as the most common gene mutations 
in persons with age-related clonal hematopoiesis,14-19 the persistent DTA mutations might 
have represented non-leukemic clones that repopulated the bone marrow after induction 
therapy. Among patients who had both DTA mutations and non-DTA mutations at diagnosis, 
non-DTA mutations were generally cleared after induction chemotherapy, whereas DTA 
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mutations often remained detectable during complete remission and were the only 
persistent mutations in 90 of 133 (67.7%) of those patients (Fig. S2 in the Supplementary 
Appendix). These observations are consistent with the notion that residual cells bearing 
DTA mutations after induction therapy represent non-leukemic clones rather than persistent 
malignant disease.
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Figure 1. Detection of Mutations at Diagnosis and during Complete Remission and Allele Frequency of Mutations 
Detected during Complete Remission. 
Panel A shows the number of mutations in each leukemia-associated gene, both at diagnosis of acute myeloid 
leukemia and during complete remission, in 430 patients. Panel B shows the allele frequency of each mutation 
in each gene during complete remission in 430 patients. In male patients, the variant allele frequencies for PHF6, 
KDM6A, ZRSR2, BCOR, BCORL1, and STAG2 (on the X chromosome) were divided by 2.
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Relapse and Survival End Points
In the training cohort (283 patients), we found that the detection of any persistent 
mutation during complete remission was associated with an increased risk of relapse (4-
year relapse rate, 48.2% with detection vs. 32.4% with no detection; P = 0.03) (Fig. S4A in 
the Supplementary Appendix). We then imposed various thresholds for allele frequency 
to determine whether the prognostic value of the persistent mutations would improve 
after the exclusion of mutations with a high allele frequency, which could indicate a state of 
clonal hematopoiesis. The correlation of persistent mutations with an increased relapse risk 
appeared to be independent of allele frequency. A correlation with relapse risk generally 
remained present when we excluded persistent mutations with allele frequencies at or 
above the following thresholds: 30% (P = 0.09), 20% (P = 0.11), 10% (P = 0.01), 5% (P = 
0.04), 2.5% (P = 0.007), and 1% (P = 0.07) (Fig. S4 in the Supplementary Appendix). The 
exclusion of persistent mutations with certain allele frequencies had no clear effect on the 
relationship between persistent mutations and an increased relapse risk, thus precluding 
the identification of a threshold for allele frequency that could be used to distinguish 
populations at higher or lower risk for relapse. As we mentioned previously, the patients 
with persistent mutations at high allele frequencies were enriched for DTA mutations (Fig. 
1B).

We next determined whether persistent DTA mutations, which are associated with 
age-related clonal hematopoiesis, might be correlated with an increased relapse risk. We 
observed that the detection of persistent DTA mutations was not significantly associated 
with a higher 4-year relapse rate than no detection (P = 0.29). The absence of a correlation 
was independent of allele frequency. No significant correlation of persistent DTA mutations 
with an increased relapse risk was apparent when we excluded persistent DTA mutations 
with allele frequencies at or above the following thresholds: 30% (P = 0.91), 20% (P = 0.66), 
10% (P = 0.89), 5% (P = 0.82), 2.5% (P = 0.53), and 1% (P = 0.92) (Fig. S5 in the Supplementary 
Appendix). In contrast, among patients who had persistent DTA mutations during complete 
remission, coexisting persistent non-DTA mutations had high prognostic value with respect 
to relapse (4-year relapse rate, 66.7% with detection vs. 39.4% with no detection; P = 
0.002) (Fig. 2A). Thus, in patients with persistent DTA mutations, the presence of residual 
disease that specifically included coexisting non-DTA mutations represented a predictor of 
impending relapse.

We next assessed whether persistent non-DTA mutations might be correlated with 
an increased relapse risk. The detection of persistent non-DTA mutations at any allele 
frequency was strongly associated with an increased relapse risk (4-year relapse rate, 55.7% 
with detection vs. 34.6% with no detection; P = 0.001) (Fig. 2B), as well as with reduced 
relapse-free survival (4-year rate of relapse-free survival, 36.6% with detection vs. 56.7% 
with no detection; P = 0.006) and reduced overall survival (4-year rate of overall survival, 
43.7% with detection vs. 65.3% with no detection; P = 0.01) (Fig. 2C, and Fig. S6 in the 
Supplementary Appendix).
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Figure 2. Rates of Relapse and Overall Survival. 
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To assess the reproducibility of these results, we evaluated the effect of sequencing-
based detection of persistent non-DTA mutations during complete remission on the rates of 
relapse, relapse-free survival, and overall survival in the validation cohort (147 patients). The 
rates with detection versus no detection were as follows: 4-year relapse rate, 55.1% versus 
26.5% (P<0.001); 4-year rate of relapse-free survival, 35.6% versus 60.6% (P<0.001); and 
4-year rate of overall survival, 37.1% versus 67.6% (P<0.001) (Fig. 2B and 2C, and Fig. S6 in 
the Supplementary Appendix). The results in the validation cohort confirmed the significant 
findings in the training cohort.

In the combined training and validation cohorts (a total of 430 patients), persistent 
non-DTA mutations were detected during complete remission in 28.4% of the patients. 
Detection of these mutations was associated with a significantly higher 4-year relapse rate 
than no detection (55.4% vs. 31.9%; hazard ratio, 2.14; 95% confidence interval [CI], 1.57 to 
2.91; P<0.001), as well as with lower 4-year rates of relapse-free survival (36.6% vs. 58.1%; 
hazard ratio for relapse or death, 1.92; 95% CI, 1.46 to 2.54; P<0.001) and overall survival 
(41.9% vs. 66.1%; hazard ratio for death, 2.06; 95% CI, 1.52 to 2.79; P<0.001) (Fig. S6 in the 
Supplementary Appendix).
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Multivariate and Sensitivity Analyses
We performed multivariate analyses that accounted for the major established relevant 
prognostic factors, including age, white-cell count, 2017 European Leukemia Network 
risk classification, and the number of cycles of induction chemotherapy needed to attain 
complete remission. Sequencing-based detection of non-DTA mutations maintained 
significant independent prognostic value with respect to the rates of relapse (hazard ratio, 
1.89; 95% CI, 1.34 to 2.65; P<0.001), relapse-free survival (hazard ratio for relapse or death, 
1.64; 95% CI, 1.22 to 2.20; P = 0.001), and overall survival (hazard ratio for death, 1.64; 95% 
CI, 1.18 to 2.27; P = 0.003) (Table 2). No significant interactions were apparent between the 
detection of residual disease and the other prognostic factors in the multivariate model, 
type of consolidation therapy, or disease entity (AML vs. refractory anemia with excess of 
blasts) (data not shown).

In sensitivity analyses involving correction for variation in the time at which bone marrow 
specimens were obtained for sequencing analysis (within the remission period of 21 days 
to 4 months after the second treatment cycle), the prognostic value of sequencing-based 
detection of non-DTA mutations with respect to the rates of relapse, relapse-free survival, 
and overall survival remained unaffected (Table S2 in the Supplementary Appendix). In 
addition, an analysis that included post remission treatment with allogeneic stem cell 
transplantation as a time-dependent variable conferred no effect on the prognostic value of 
the detection of residual disease (Table S3 in the Supplementary Appendix).

Detection of Residual Disease with Multiparameter Flow Cytometry
Multiparameter flow cytometry is an increasingly used method for predicting relapse in 
patients with AML who are in complete remission.7, 24 We compared next-generation 
sequencing for the detection of persistent non-DTA mutations with flow cytometry for the 
detection of residual disease in a representative subgroup of 340 patients, from whom 
sufficient samples were obtained for both analyses. Concordant results (either detection or 
no detection on both assays) were found in 69.1% of the patients (30 patients with detection 
and 205 with no detection), whereas persistent non-DTA mutations were detected only on 
sequencing in 64 patients and only on flow cytometry in 41 patients. The 4-year relapse 
rate was 73.3% among patients in whom both assays were positive, 52.3% among those 
who had residual disease on sequencing but not on flow cytometry, 49.8% among those 
who had residual disease on flow cytometry but not on sequencing, and 26.7% among 
those in whom both assays were negative (Fig. 3). In a multivariate analysis that combined 
the results of sequencing and flow cytometry, the combined use of the two assays for the 
detection of residual disease conferred independent prognostic value with respect to the 
rates of relapse (P<0.001), relapse-free (P<0.001), and overall survival (P = 0.003) (Table S4 
in the Supplementary Appendix).
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Table 2. Multivariate Analysis of Prognostic Factors for Relapse, Relapse-free Survival, and Overall Survival.	
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Figure 3. Rate of Relapse According to Results of Next-Generation Sequencing and Multiparameter Flow 
Cytometry.
Shown is the cumulative incidence of relapse, according to the presence of positive (+) or negative (−) results for 
the detection of persistent non-DTA mutations during complete remission on next-generation sequencing (NGS) 
and on multiparameter flow cytometry (MFC).
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DISCUSSION

In addition to the presence of genetic abnormalities at diagnosis, the continued presence 
of particular gene mutations during or after treatment carries prognostic information for 
certain genetically defined AML subtypes.5-11 This applies, for example, to AML associated 
with a mutation in NPM1, for which the detection of a residual mutation in NPM1 transcripts 
during complete remission is indicative of an increased probability of relapse.8, 9 However, 
this example is only representative of a single-gene approach. We report the results of a 
systematic study that involved a large number of patients with AML, in which we used a 
genome-wide approach to evaluate the persistence of multiple gene mutations for the effect 
on treatment outcomes. Patients were treated with intensive chemotherapy regimens and 
attained morphologic complete remission, with a median follow-up exceeding 3 years. 

Of note, age-related clonal hematopoiesis,14-17 which is characterized by recurrent somatic 
mutations in leukemia-associated genes in persons with no apparent hematologic disease, 
adds a challenge in the detection of residual disease. Our study showed that the persistence 
of mutations that are most commonly associated with age-related clonal hematopoiesis 
(i.e., DTA mutations [mutations in DNMT3A, TET2, and ASXL1]) during complete remission 
did not contribute to a measurably increased risk of relapse within a follow-up period of 4 
years in adults with AML who were younger than 65 years of age. This appeared to be true 
for mutations that were present at various allele frequencies, which suggests that the clone 
size in age-related clonal hematopoiesis yields no prognostic value with respect to the end 
points defined in this study.

The cells bearing DTA mutations appeared to persist and possess a selective clonal 
advantage over normal stem cells when they repopulated the bone marrow after induction 
therapy. This finding is consistent with the competitive clonal advantage of hematopoietic 
stem cells with deficiencies and mutations in DNMT3A and TET2, an advantage that has 
been reported previously.25-27 The proliferative advantage of hematopoietic stem cells 
with DTA mutations and their capacity to withstand chemotherapy because of inherent 
resistance may explain why persistent premalignant DTA mutations were not correlated 
with an increased probability of relapse and thereby did not constitute a reliable molecular 
biomarker for the assessment of relapse risk.

It is possible that gene mutations other than DTA mutations also partially reflect clonal 
hematopoiesis. However, at this time, we cannot rigorously verify the possibility that gene 
mutations associated with age-related clonal hematopoiesis also reside as sub-fractions 
among the other gene abnormalities in leukemia cells. In addition, mutations in TP53, IDH1, 
and IDH2, along with genes related to the RAS pathway and spliceosome genes, have been 
shown to have distinct biologic features in the context of AML pathogenesis.28-31 Therefore, 
in this study, we collectively considered non-DTA mutations to be abnormalities that are 
unrelated to clonal hematopoiesis.
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Our study had a median follow-up of almost 40 months. Among patients with AML who 
have complete remission, most relapses generally occur within the first 4 years. We found 
that the continued persistence of DTA mutations was not associated with an increased 
relapse risk, and thus these residual cells may not need to be eliminated to prevent relapse. 
However, the limited follow-up of 40 months does not rule out the possibility that persistent 
DTA mutations represent an increased risk of relapse at a later time point.

Although sequencing-based detection enables assessment for residual disease in 
virtually all patients with AML, it is imperfect in two ways. First, not all patients with residual 
mutation-bearing cells have a relapse. Second, some patients with no measurable residual 
disease have a relapse. It is conceivable that relapse estimation can be improved with the 
development of technological variations of sequencing-based approaches that have greater 
sensitivity or a broader scope (e.g., those with molecular barcoding, exome sequencing, 
or whole-genome sequencing) or with the identification of additional molecular and 
phenotypic markers so that quantitative minor clones or subclones associated with the 
leukemia are captured by the assay. In this respect, it is of particular interest that the 
use of multiparameter flow cytometry7, 24 which identifies patients with AML who have 
an increased risk of relapse according to an entirely different approach that is based on a 
residual leukemia-associated immunophenotype23, 32 can increase the yield of identification 
of residual leukemia during complete remission.

In this study, gene sequencing and multiparameter flow cytometry each had independent 
and additive prognostic value with respect to rates of relapse and survival in patients 
with AML. The detection of residual leukemia with both methods is associated with an 
excessively high probability of relapse (approximately 75%), and the absence of detection of 
residual disease with both methods is correlated with a relatively low probability of relapse 
(approximately 25%). Thus, the combined use of sequencing and flow cytometry during 
complete remission warrants further development and evaluation in clinical practice.

In conclusion, targeted sequencing-based detection of molecular minimal residual 
disease during complete remission was associated with an increased risk of relapse or death 
in patients with AML. However, over a 4-year follow-up period, the risk of relapse or death 
was not influenced by the persistence of genetic lesions that are associated with age-related 
clonal hematopoiesis.
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SUPPLEMENTARY APPENDIX

This appendix has been provided by the authors to give readers additional information 
about their work.
Supplement to: Jongen-Lavrencic M, Grob T, Hanekamp D, et al. Molecular minimal 
residual disease in acute myeloid leukemia. N Engl J Med 2018;378:1189-99. DOI: 10.1056/
NEJMoa1716863
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SUPPLEMENTARY METHODS

PATIENTS AND CELL SAMPLES
Bone marrow aspirations or peripheral blood samples at diagnosis were taken after informed 
consent. Follow-up bone marrow samples of 430 out of 482 AML or RAEB patients in CR with 
mutations at diagnosis (Figure S1) were taken at least 21 days after the start of the second 
induction cycle. If additional samples were available, the most recent sample prior to start 
of consolidation therapy was selected. In case no consolidation therapy was given, the last 
sample that was available within a four month interval from start of the second induction 
cycle was selected. The probabilities of relapse in AML patients with or without available 
samples did not differ (p=0.281). The median follow-up of the 430 AML cases was 39.7 
months and the residual disease status was not available to the clinical investigator and did 
not influence the choice of consolidation therapy. Blasts and mononuclear cells at diagnosis 
were purified by Ficoll-Hypaque (Nygaard, Oslo, Norway) density gradient centrifugation 
and cryopreserved. Of all 430 AML cases reaching CR, white blood cells were isolated after 
induction treatment in 385 cases and mononuclear cells were subsequently purified in 
45 cases. After thawing, cells were lysed in RLT solution with the addition of DTT (Qiagen, 
Venlo, The Netherlands).

DNA AND RNA ISOLATION
High quality DNA was extracted using the QIAsymphony (Qiagen, Venlo, The Netherlands). 
DNA concentration was measured by Qubit Fluorometric Quantitation (Thermo Fisher 
Scientific, Wilmington, DE). RNA was isolated with RNA-Bee following the protocols of the 
manufacturer (Bio-Connect BV, Huissen, The Netherlands). CBFB-MYH11, RUNX1-RUNX1T1, 
FLT3 internal tandem duplication (ITD) and CEBPA mutations were determined as described 
previously.1, 2

TARGETED NGS
The NGS libraries were paired-end sequenced (2x221bp) on an Illumina HiSeq 2500 System 
(Illumina, San Diego, CA) in Rapid Run mode. Since CBF fusion transcripts, CEBPA mutations 
and FLT3 ITDs cannot be reliably assessed with NGS on DNA, these molecular aberrations 
were excluded from the analyses.

NGS DATA ANALYSIS
The vast majority of amplicon target regions were completely paired-end sequenced. 
Overlap-based error-correction was utilized to attenuate any form of strand-specific error 
biases. Error-corrected paired-end reads aligned to the human genome version 19 (hg19) 
with BBMAP3 followed by quality control to determine cases with insufficient number of 
reads for adequate variant calling. Single nucleotide variants (SNVs) and insertions-deletions 
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(indels) at diagnosis were determined by MuTect4, Samtools5, GATK6, Varscan7, Indelocator8 
and Pindel6. Variant allele frequencies (VAF) of mutations detected at diagnosis were 
calculated as the ratio between the number of mutant and total reads. The persistence 
of mutations at follow-up, previously detected at diagnosis, requires the detection of 
mutations at exceptionally low VAFs. A follow-up background error model was determined 
by calculating the VAF for each potential SNV within the set of target genes across all follow-
up samples.

The detection of variants at low detection level is primarily reserved for highly 
discriminative insertion or deletion mutations sequenced at sufficient depth in both the 
follow-up samples of interest and the control set of remission samples. The strength of a 
site-specific error model is that it models the unique site-and-variant specific noise profile 
based on a large set of remission samples from patients who did not carry that specific 
mutation at diagnosis and thereby enables the assessment whether the variant remains 
persistent, defined as a statistical outlier, in the follow-up sample from the patient of interest. 
Since more complex insertion or deletion mutations are particularly distinct and the odds of 
detecting such variants as a consequence of sequencing or alignment errors is exceptionally 
low, such variants can be detected at higher sensitivity. The detection sensitivity of other 
mutations is variable and highly dependent on the average coverage for that specific locus 
for all samples, the observed error variance of the site-specific variant in the control set 
(a high variance results in decreased detection sensitivity) and the number of control 
sample available. The unique combination of patient-specific mutations, the application of 
a site-specific error model and strict detection criteria minimizes the odds that variants are 
erroneously called to persist.

Quantile normalization of the calculated VAFs was performed per flow cell to mitigate the 
effect of qualitative differences amongst samples. All SNVs detected across the diagnostic 
samples were compiled and the background VAF distribution was determined for each 
individual SNV from follow-up samples lacking this SNV in the matched diagnostic sample. 
For the remaining follow-up samples the persistence of the SNV was considered confirmed 
when the VAF was an outlier compared to the background VAF distribution according to 
the Thompson-Tau test. A one-sided p-value <0.01 was considered statistically significant. 
Indels were processed and compared similarly, except for quantile normalization as there 
are infinitely many possible indel-configurations per locus.

MULTI-PARAMETER FLOW CYTOMETRY
Residual disease detection by MFC was performed as described previously9. The residual 
disease percentage was defined as the number of leukemia-associated immuno phenotype 
(LAIP) cells within the total white blood cell compartment. The threshold between residual 
and no residual disease based on flow cytometry was established and validated on 0.1%.9 
Multi-parameter flow cytometry was carried out in a subset of 340 of the 430 AML cases 
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analyzed by NGS, which did not differ significantly from the total series of cases regarding 
clinical, cytogenetic and molecular characteristics (data not shown).

STATISTICAL ANALYSES
The complete cohort of 430 AML patients was randomly split using Stata into a training 
(n=283) and validation cohort (n=147) (Table 1, Figure S1 and Table S1). Each patient received 
a pseudorandom number from a uniform distribution from 0 to 1. The random numbers 
generated were shuffled by sorting, allowing for random allocation of patients to the 
training or validation set. Differences in clinical, cytogenetic and molecular characteristics of 
the training and validation cohorts or NGS and flow cohorts were tested using the Fisher’s 
exact test for categorical variables and Mann-Whitney U test for continuous variables. 
Clinical, cytogenetic and molecular characteristics of the training and validation cohorts 
were not significantly different (Table S1). The primary endpoint of the study was the 
cumulative incidence of relapse (CIR). Competing-risks regression analysis was performed 
for relapse with adjustment for non-relapse mortality according to the method of Gray 
and the Fine & Gray model10. The secondary endpoints were relapse free (RFS) and overall 
survival (OS) which were analyzed using the log-rank test and the Cox proportional hazards 
model. Relapse and survival time was calculated from the sampling date until the date of 
the event of interest or censoring. RFS was defined from date of sampling to death, relapse 
or censoring, whichever came first. All statistical tests were two-sided and p-values <0.05 
were considered statistically significant. The proportional hazards assumption was tested 
by interaction with time and the interactions were evaluated in a standard way. The effect 
of allogeneic stem cell transplantation on CIR and OS was investigated in both multivariable 
models as a time-dependent covariat11. All p-values are two sided and p-values <0.05 were 
considered statistically significant. Statistical analyses were  performed with Stata Statistical 
Software, Release 14.1 (Stata, College Station, TX).
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SUPPLEMENTARY FIGURES

Figure S1: Consort diagram molecular residual disease study
Abbreviations: HO, HOVON-SAKK, Dutch-Belgian Hemato-Oncology Cooperative Group and the Swiss Group for 
Clinical Cancer Research; CR, Complete morphological Remission; FU2, Follow-up after induction cycle II; NGS, Next 
Generation Sequencing.
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Figure S2: Mutation status at diagnosis and after induction cycle II with various VAF cut-offs.
Overview of the mutation status at diagnosis (present: blue) and after induction cycle II (present: red). Each 
column represents an individual patient. The upper panel indicates the ELN 2017 risk category (green: favorable 
risk, orange: intermediate risk, red: adverse risk). The total number of mutations present at diagnosis and the 
number remaining after induction cycle II are indicated on the right. The total number of residual mutations after 
induction treatment are summarised in the bottom figure (green: number of residual mutations present after 
induction treatment; orange: number of residual mutations exclusively in DNMT3A, TET2 and/or ASXL1). Figure 
2A-E represent the mutation status with distinct VAF cut offs: no cut off (2A), <10% (2B), <5% (2C), <2.5% (2D) and 
<1.0% (2E). Abbreviations: ELN, European LeukemiaNet. VAF, Variant Allele Frequency.
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Figure S2A: Mutation status at diagnosis and after induction cycle II without VAF cutoff.
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Figure S2B: Mutation status at diagnosis and after induction cycle II VAF cut-off ≤10%.
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Figure S2C: Mutation status at diagnosis and after induction cycle II VAF cut-off ≤5%.
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Figure S2D: Mutation status at diagnosis and after induction cycle II VAF cut-off ≤2.5%.
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Figure S2E: Mutation status at diagnosis and after induction cycle II VAF cut-off ≤1%.
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Figure S3: Total number of mutations at diagnosis and after induction cycle II with various VAF cut-offs. (blue: at 
diagnosis, red: without cut off, green: cut off 10%, purple: cut off 5%, black: cut off 2.5%, orange: cut off 1% and 
light blue: cut off 0.1%).
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Figure S4: Cumulative incidence of relapse by any detectable mutation in CR with various VAF cut offs in AML 
patients allocated to the training set. (no cut off (A), ≤30% (B), ≤20% (C), ≤10% (D) ≤5% (E), ≤2.5% (F) and ≤1% (G); 
solid line: mutations detectable in CR (N+); dashed line: mutations not detectable in CR (N-).
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Figure S5: Cumulative incidence of relapse by detectable DNMT3A, TET2 and/or ASXL1 mutations in CR with VAF 
cut offs in DNMT3A, TET2 and/or ASXL1 mutant AML patients allocated to the training set. No cut off (A), ≤30% 
(B), ≤20% (C), ≤10% (D), ≤5% (E), ≤2.5% (F) and ≤1.0% (G); solid line: DTA mutations detectable (N+); dashed line: 
DTA mutations not detectable (N-).
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Supplementary Figure S6: Relapse free survival analyses of non-DTA persisting mutations in CR in AML patients 
allocated to the training AML cohort and the validation cohort. Cumulative incidence of relapse curves of (A) 
relapse free survival training cohort and (B) relapse free survival validation cohort. Solid line: non-DTA mutations 
detectable (N+); dashed line: non-DTA mutations not detectable (N-). Forest plots of (C) relapse, (D) relapse free 
survival and (E) overall survival, including training, validation and summary measures. In Figures S6A-E all DTA 
persisting mutations are excluded at any VAF.
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ABSTRACT

BACKGROUND
TP53 mutations in acute myeloid leukemia (AML) confer very poor outcome. However, 
substantial heterogeneity within the mutant TP53 AML subgroup on a clinical and molecular 
level precludes the exact assessment on prognostic impact.

METHODS
We performed next-generation sequencing (NGS) on 2,200 AML specimens and assessed 
the molecular characteristics of mutant TP53 AML in detail, including the TP53 mutant allelic 
status (mono or bi-allelic), clone size, concurrent mutations, cytogenetics and molecular 
minimal residual disease. The primary end point was overall survival.

RESULTS
TP53 mutations were detected in 230 (10.5%) AML patients and associated with poor 
outcome. In 174 (76%) patients bi-allelic TP53 mutations were found. Complex karyotype 
(CK) was observed in 185 (84%) patients. The majority of bi-allelic mutant TP53 patients 
were marked by CK (97%), which coincided with higher mutant TP53 variant allele 
frequencies (VAF). TP53 mutant allelic status, VAF and concurrent mutations were not 
significantly associated with survival. Persistence of mutant TP53 in CR (73% of cases) was 
not correlated with increased relapse or inferior survival rates. CK in mutant TP53 AML, was 
significantly associated with worse overall survival (OS) (2-year OS; 9.2% vs. 34.3%, hazard 
ratio for death, 1.87; P=0.003), irrespective of TP53 mutant allelic status and VAF. Among 
mutant TP53 AML patients who received an allogeneic hematopoietic stem cell transplant, 
CK was significantly associated with a higher relapse rate and worse survival (2-year OS; 
16.7% vs. 63.6%, hazard ratio for death 2.79; P=0.016). Multivariate analysis established CK 
as an independent prognostic factor for mutant TP53 AML.

CONCLUSIONS
CK appeared independently and strongly associated with a higher relapse rate and worse 
survival in mutant TP53 AML, irrespective of the type of consolidation therapy.
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INTRODUCTION

Mutations in TP53 are present in approximately 10% of acute myeloid leukemia (AML) 
patients and represent a unique leukemia subtype with very poor outcome.1 TP53 is located 
on chromosome 17p13 and is essential for cell cycle control and the DNA damage response.2 
Although the exact mechanism of leukemogenesis of mutant TP53 AML remains unknown, 
it has been shown that TP53 mutations drive a dominant negative effect and typically occur 
in founding clones that expand upon cytotoxic stress.3,4 In AML, mutant TP53 is strongly 
associated with enhanced chromosomal instability as illustrated by the accumulation 
of numerous cytogenetic aberrations.5,6 Regarding the poor outcome, mutant TP53 AML 
is assigned to the adverse risk category of the 2017 European LeukemiaNet (ELN) risk 
classification and is recommended to receive intensive consolidation treatments.7 Although 
many mutant TP53 AML patients achieve complete remission (CR) and generally receive 
an allogeneic hematopoietic stem cell transplant (HSCT), relapse rates remain considerably 
high.

Clinical and molecular heterogeneity in mutant TP53 has been explored in myeloid 
malignancies, but it is unclear which clinical and molecular characteristics are associated 
with outcome and whether they could be incorporated into clinical practice. The presence of 
wild type TP53 is critical for maintaining chromosomal stability and appears to be associated 
with a more favorable outcome in patients with myelodysplastic syndrome (MDS).8 Other 
initial studies into AML suggest that the mutant TP53 variant allele frequency (VAF) and 
concurrent cytogenetic aberrations carry prognostic value.5,6,9,10

Here, we present an in-depth characterization of mutant TP53 patients in relation 
to survival in a large cohort of newly diagnosed AML who were treated with intensive 
chemotherapy by using demographic, therapeutic and follow-up data in the context of 
molecular aberrations. We performed next-generation sequencing (NGS) to assess the 
molecular characteristics of mutant TP53 AML in detail, including the TP53 mutant allelic 
status (mono or bi-allelic), clone size, concurrent mutations, cytogenetics and molecular 
minimal residual disease (MRD).
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METHODS

PATIENTS AND SAMPLES
In total 2,200 AML patients were assessed for eligibility and treated in the Haemato-
Oncology Foundation for Adults in the Netherlands and Swiss Group for Clinical Cancer 
Research (HOVON-SAKK) clinical trials  between 2001 and 2017 (Fig. S1). All patients received 
standard induction chemotherapy and were consolidated according to the HOVON-SAKK 
study protocols. Details of treatment protocols were described previously (www.hovon.
nl).11-16 All trial participants have provided written informed consent in accordance with the 
Declaration of Helsinki. DNA was isolated from diagnostic bone marrow samples of 2,200 
AML patients and 537 CR samples (Supplementary Methods). In 33 AML patients carrying 
TP53 variants with VAF above 40%, DNA from saliva was available to verify the germline 
status.

CYTOGENETICS
Cytogenetic analysis was carried out at the local reference centers using standard protocols. 
Cytogenetic data was entered into the database of the HOVON Data Center. This data, 
including karyotypes and FISH, was centrally peer-reviewed by clinical genetics laboratory 
specialists. The clonal structural and numerical chromosomal abnormalities were reported 
in accordance with the International System for Human Cytogenetic Nomenclature and the 
European LeukemiaNet 2017 recommendations. Complex karyotype is defined by three or 
more unrelated chromosome abnormalities in the absence of one of the WHO-designated 
recurring translocations or inversions, that is, t(8;21), inv(16) or t(16;16), t(9;11), t(v;11)
(v;q23.3), t(6;9), inv(3) or t(3;3), AML with BCR-ABL1.7

TARGETED NEXT-GENERATION SEQUENCING AND TP53 DEEP SEQUENCING
The TruSight Myeloid Sequencing panel (Illumina, San Diego, CA, USA) was used to detect 
the presence of driver mutations at diagnosis. Details were described previously.17 In this 
study only AML cases carrying pathogenic TP53 mutations were included. Pathogenic TP53 
variants were defined by occurrence in the COSMIC and IARC TP53 database as well as by 
analyses in silico with programs, such as Polyphen-2, SIFT, FATHMM, MetaSVM, MetaLR, 
CADD, DANN and ClinVar. The limit of detection was VAF 1% at diagnosis. To detect TP53 
mutations in CR we used Illumina-based deep sequencing, according to the manufacturer’s 
protocol (Illumina, San Diego, CA) (Supplementary Methods). The maximum limit of 
detection in the follow up samples was VAF 0.001% (variable dependent on TP53 mutation 
type). Of note, patients with TP53 germline mutations were excluded from MRD analyses 
(n=2).
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ALLOCATION OF PATIENTS BASED ON TP53 MUTANT STATUS
Mutant TP53 AML patients were considered bi-allelic when (I) two or more TP53 gene 
variants were detected, irrespective of the VAF, (II) when at least one TP53 gene variant co-
occurred with a cytogenetic aberration involving chromosome 17p (e.g., abnormality of 17p 
or monosomy 17), or (III) when TP53 mutations were detected with a VAF above 55% (Fig. 
S2). We applied this VAF threshold to ensure homozygosity.

STATISTICAL ANALYSIS
Associations between variables were tested by the Fisher’s exact test for categorical 
variables and by the Mann-Whitney U test for continuous variables. The primary endpoint 
of the study was overall survival (OS), defined as death from any cause. Survival time was 
calculated from the start of induction chemotherapy until the event of interest or censoring. 
Of note, the survival time in the analysis evaluating allogeneic HSCT started at the date of 
transplant. For the analysis evaluating molecular minimal residual disease and allogeneic 
HSCT, the endpoints were OS and cumulative incidence of relapse (CIR). Relapse incidence 
was defined as relapse with correction for competing non-relapse mortality. To compare the 
survival distributions, we used the log-rank test and the cox proportional hazards model. CIR 
was evaluated by the method of Gray and the Fine and Gray model for competing risks. The 
proportional hazards assumption was tested by interaction with time. All p-values were two 
sided and p-values below 0.05 were considered statistically significant. Statistical analyses 
were executed with Stata Statistical Software, Release 16.0 (College Station, Texas, USA).
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RESULTS

MOLECULAR CHARACTERISTICS OF MUTANT TP53 AML
We performed NGS to investigate the molecular characteristics of mutant TP53 AML, 
including the TP53 mutant allelic status, clone size and concurrent mutations. We detected 
283 TP53 mutations in 230 out of 2,200 (10.5%) AML patients. Two or more TP53 mutations 
were found in 49 cases (Fig. S2). In total 206 missense, 16 nonsense , 38 indels and 23 
splice-site mutations were detected (Fig. S3). Nearly all missense mutations occurred in the 
TP53 DNA binding domain (Fig. S3). Of note, in 112 mutant TP53 AML patients concurrent 
chromosomal aberrations involving TP53 (e.g., abnormality 17p or loss of chromosome 17) 
were detected. In total 56 (24.3%) patients were considered mono-allelic TP53 mutant AML 
patients and 174 (75.7%) were bi-allelic TP53 mutants (Fig. S2). The mutant TP53 clone 
size was normally distributed with a median VAF of 47% (Fig. S4A). In contrast to AML in 
general, concurrent mutations were detected in only 113 (49%) mutant TP53 AML patients. 
The most frequent concurrent mutations were detected in DNMT3A, TET2, ASXL1, RUNX1 
and SRSF2 (Fig. 1 and Table 1).
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Table 1: Patient characteristics of AML with mutated TP53 (n=230).

 Table 1. Patient characteristics of AML with mutated TP53
  Age - yr

26naideM     
08-81egnaR     

  Sex - no. (%)
)95( 631M     

)14( 49F     
  WBC at diagnosis - no. (%) *

     ≤100 227 (99)

)1( 2001>     
  AML type - no. (%)
     De novo 166 (72)

)91( 44yradnoceS     
     )9( 02detaler-ypare 
  Last treatment before  rst CR - no. (%)

)53( 08yrotcarfeR     
)25( 911I elcyC     

)31( 13II elcyC     
  Consolidation therapy - no. (%)

)47( 071TCSH cienegolla oN     
)62( 06TCSH cienegollA     

  Cytogenetics - no. (%) †
)82( 265 ymosonom     
)74( 401q5 noiteled     

)33( 277 ymosonom     
)73( 1871 ymosonom     

 abnor  93p71 ytilam (18)
)48( 581epytoyrak xelpmoc     

     monosomal karyotype 174 (79)
  Mutation at diagnosis - no. (%)

)94( 311tnerrucnoc yna     
     DNMT3A 31 (13)
     TET2 20 (9)
     ASXL1 12 (5)
     RUNX1 11 (5)
     SRSF2 12 (5)
  TP53 mutant allelic status - no. (%)

)42( 65cilella-onom     
)67( 471cilella-ib     

*Numbers may not sum to 230 because of missing values. 
†Cytogenetics failed in 10 patients.
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Figure 1: Overview of cytogenetic aberrations and concurrent mutations in mutant TP53 AML (n=230). Each column 
represents an individual patient and the presence of the aberration is indicated in blue. The upper panel shows 
the cytogenetic aberrations and the lower panel the concurrent mutations. A bi-allelic TP53 mutant status is also 
indicated in blue. In case of failed cytogenetics the cytogenetic aberrations were considered negative.
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SURVIVAL BY MOLECULAR CHARACTERISTICS IN MUTANT TP53 AML
We compared outcome of mutant TP53 AML patients with the established ELN 2017 
subgroups. Mutant TP53 strongly associates with reduced survival in the context of the ELN 
2017 risk classification (2-year OS, 12.8% TP53 mutant vs. 42.5% TP53 wild type; P<0.001) 
(Fig. 2A). 

Next, we performed survival analysis to evaluate a variety of molecular characteristics 
and cytogenetic aberrations in relationship to outcome in mutant TP53 AML. Mono-
allelic mutant TP53 lacked survival difference over its bi-allelic counterpart (P=0.327) (Fig. 
2B), nor did the TP53 mutation burden or aberrations involving chromosome 17 confer 
better outcome (Fig. S5). Clone size, realized by taking decreasing TP53 mutation VAF 
thresholds, was investigated for impact on outcome. None of the TP53 VAF thresholds 
appears to significantly associate with survival: VAF 50% (P=0.990), VAF 40% (P=0.257), VAF 
30% (P=0.064), VAF 20% (P=0.189), VAF 10% (P=0.161), and VAF 5% (P=0.226) (Fig. S6). 
Concurrent mutation conferred limited but detectable survival benefit (Fig. 2C), while the 
presence of specific concurrent mutations provided no further survival advantage (Fig. S7). 
Hence, in this study none of the molecular characteristics of mutant TP53 AML evidently 
relates with outcome.
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Figure 2: Overall survival of AML patients by the ELN 2017 risk classification (n=2,200). Patient in the adverse risk 
category are segregated by TP53 wild-type and TP53 mutant (A). Overall survival of mutant TP53 AML by TP53 
mutant allelic status (mono-allelic versus bi-allelic) (B) and by the presence or absence of concurrent mutations (C).
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MOLECULAR MINIMAL RESIDUAL DISEASE IN MUTANT TP53 AML
Detection of molecular MRD is an important prognostic marker in AML.17-19 We performed 
deep sequencing by targeted NGS on complete morphological remission bone marrow 
samples from 62 mutant TP53 AML patients to assess molecular MRD. Mutant TP53 is often 
the only suitable marker for molecular MRD detection since the prevalence of concurrent 
mutations is low and the majority of concurrently mutated genes associates with antecedent 
clonal hematopoiesis (DNMT3A, TET2 and ASXL1). In total, 45 out of 62 AML patients had 
persistent TP53 mutations in CR, for which the status did not associate with OS (P=0.653) or 
CIR (P=0.911) (Fig. 3).

Figure 3: Overall survival (A) and relapse incidence (B) of patients with TP53 mutations in complete remission. Two 
patients with TP53 germline mutations were excluded from the analysis.
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CHROMOSOMAL INSTABILITY IN MUTANT TP53 AML
We next determined whether the molecular characteristics of mutant TP53 AML were related 
to chromosomal instability. Cytogenetic data was available for 220 out of 230 mutant TP53 
AML patients. Complex karyotypes, indicating chromosomal instability, were observed in 185 
(84%) mutant TP53 AML patients (Table 1). No association between complex karyotype and 
standard clinical patient characteristics were found (Table S1). However, major associations 
were present between complex karyotype, the TP53 mutant allelic status and the TP53 VAF 
(Table 2 and Fig. S4B). Remarkably, complex karyotypes were detected in the majority of 
bi-allelic TP53 mutant AML patients (97%). In contrast, complex karyotype was observed 
in only 20 out of 50 (40%) mono-allelic mutant TP53 AML patients (Table 2). With the 
noted exception of a single case, all AML patients with mutant TP53 and chromosome 17p 
aberrations were marked by complex karyotype (Table 2). Of note, the VAF of mutant TP53 
was significantly higher in patients with complex karyotypes irrespective of chromosome 
17p aberrations, suggesting that in certain AML cases focal 17p abnormalities may have 
been missed by karyotyping or FISH (Table 2 and Fig. S4B). Concurrent mutations were 
enriched in AML marked by complex karyotype, yet the prevailing mutated genes (DNMT3A 
and TET2) were not significantly associated with complex karyotype (Fig. 1 and Table 2).
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Table 2: Molecular characteristics of mutant TP53 AML by chromosomal instability (n=220).

Table 2. Molecular characteristics of mutant TP53 AML by chromosomal instability

Complex karyotype  Non-complex karyotype

(n=185) (n=35)

  TP53 mutant allelic status - no. (%) p<0.001

     mo )68( 03)11( 02cilella-on

)41( 5)98( 561cilella-ib     

  TP53 clone size - VAF (%) p<0.001

1135naideM     

79-179-2egnaR     

  Cytogenetics - no. (%)

100.0<p)0( 0)43( 265 ymosonom     

100.0<p)9( 3)55( 101q5 noiteled     

300.0=p)11( 4)73( 867 ymosonom     

100.0<p)3( 1)34( 0871 ymosonom     

100.0=p)0( 0)12( 93p71 ytilamronba     

     monosomal karyotype 171 (92) 3 (9) p<0.001

  Mutation at diagnosis - no. (%)

300.0=p)47( 62)54( 48tnerrucnoc yna     

     DNMT3A 25 (14) 6 (17) p=0.597

     TET2 16 (9) 4 (11) p=0.534

     ASXL1 6 (3) 5 (14) p=0.017

     RUNX1 6 (3) 5 (14) p=0.017

     SRSF2 4 (2) 7 (20) p<0.001
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SURVIVAL BY CHROMOSOMAL INSTABILITY IN MUTANT TP53 AML
Detectable molecular characteristics and presence of molecular MRD lack clinical value in 
TP53 mutant AML. Complex karyotype, manifesting as chromosomal instability, is another 
hallmark of TP53 mutant AML that potentially associates with disease progression and 
treatment response. Complex karyotype strongly associates with reduced outcome in TP53 
mutant AML (2-year OS, 9% complex karyotype vs. 34% non-complex karyotype; P=0.002) 
(Fig. 4A). Within mono-allelic TP53 mutant AML, complex karyotype precipitated reduced 
outcome compared to its non-complex counterpart (P=0.001) (Fig. 4B). Altogether, this 
indicates that the degree of chromosomal instability has profound prognostic value in 
mutant TP53 mutant AML, irrespective of TP53 mutant allelic status and TP53 VAF.

CHROMOSOMAL INSTABILITY IN MUTANT TP53 AND ALLO HSCT
The prognostic value of complex karyotype in the context of allogeneic HSCT was assessed 
in 59 TP53 mutant AML patients. Despite receiving allogeneic HSCT, TP53 mutant AML cases 
marked by complex karyotype had higher relapse incidence rates (2-year CIR, 69% complex 
karyotype vs. 36% non-complex karyotype; P=0.056) and worse outcome (2-year OS, 17% 
complex karyotype vs. 64% non-complex karyotype; P=0.020) (Fig. 5).

Figure 4: Overall survival of mutant TP53 AML patients by chromosomal instability (A) and of mutant TP53 AML 
patients stratified by the TP53 mutant allelic status and chromosomal instability (B).
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Figure 5: Overall survival (A), relapse incidence (B), and non-relapse mortality (C) of mutant TP53 AML by chromo-
somal instability in patients that received allogeneic hematopoietic stem cell transplant. The survival time starts at 
the date of transplant. 
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MULTIVARIATE AND SENSITIVITY ANALYSIS
Complex karyotype was subsequently assessed as an independent outcome predictor in 
multivariate analysis, including standard prognostic markers such as age, AML type (e.g. de 
novo, secondary or therapy-related AML) and the numbers of cycles needed to achieve CR. 
Complex karyotype appeared independently and strongly associated with outcome (hazard 
ratio for death, 1.96; 95% CI, 1.29 to 2.99; P=0.002) (Table 3). Sensitivity analysis, performed 
to identify potential treatment modification within trial protocols, yielded no significant 
interactions. Similar results were obtained when elderly AML patients were excluded (data 
not shown).

Table 3: Multivariate analysis of chromosomal instability and other prognostic factors for overall survival (n=220).

Table 3. Multivariate analysis of prognostic factors for overall survival.

OS

Hazard ratio 95% CI p-value

   Complex karyotype (Complex vs. non-complex) 1.96 1.29-2.99 0.002

   Age per year 1.02 1.01-1.04 0.009

   AML type 

     Secondary AML vs. de novo AML 0.85 0.59-1.24 0.403

      erapy-related AML vs. de novo AML 0.56 0.34-0.93 0.024

   Number of cycles to attain complete remission

100.0<06.0-23.044.0yrotcarfeR .sv elcyc enO     

100.0<84.0-81.003.0yrotcarfeR .sv selcyc owT     
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DISCUSSION

Mounting evidence revealed that mutant TP53 AML is a distinct risk group.6 However, the 
substantial heterogeneity within the mutant TP53 AML subgroup on a clinical and molecular 
level precludes the exact assessment on prognostic impact. Here, we report the detailed 
molecular characterization of leukemic clones in TP53 mutant AML.

Although concurrent mutations are present in mutant TP53 AML, mutant TP53 itself 
appeared to be isolated in half of the patients. Of note, the majority of concurrent mutations 
are known contributors of age-related clonal hematopoiesis.20,21 Since TP53 mutations are 
more frequent in elderly, this observation could therefore at least partially explain why 
concurrent mutations were not associated with survival in mutant TP53 AML. In addition, 
the concurrent mutations may exist in separate age-related clonal hematopoiesis clones. 
Regardless of the presence of concurrent mutations, mutant TP53 AML evolves to become 
chromosomal instable indicating that mutant TP53 AML is a distinct entity irrespective of 
other mutations.

While molecular MRD has prognostic value for predicting impending relapse in AML17-

19, we did not observe such association in mutant TP53 AML. Despite the fact that we used 
deep sequencing, revealing MRD in the majority of cases, molecular MRD detection in 
mutant TP53 AML did not have prognostic value. It is conceivable that all mutant TP53 AML 
patients achieving CR have MRD, sometimes at levels that are undetectable with current NGS 
approaches. In fact, the high relapse rates in AML patients without detectable mutant TP53 
MRD in CR illustrates the critical role of mutant TP53 in chemotherapeutic response and 
implies that small refractory clones are present below our NGS detection limit.3 Therefore, 
the detection of residual cytogenetic aberrations in mutant TP53 AML patients, as indicators 
of chromosomal instability, may be more relevant than detection of molecular MRD.

Our study revealed that chromosomal instability, reflected by complex karyotypes, is an 
independent marker for outcome in mutant TP53 AML. In contrast to previous studies,8-10 
we did not observe prognostic value of the TP53 mutant allelic status or clone size. However, 
important interactions between these molecular characteristics and chromosomal instability 
appeared evident. AML patients with complex karyotypes often have higher TP53 mutation 
VAF, regardless of cytogenetic abnormalities involving chromosome 17. The high VAF in these 
patients suggests mutant TP53 homozygosity. Thus, it is possible that bi-allelic TP53 mutant 
patients were erroneously misclassified as mono-allelic TP53 mutants because of small TP53 
gene deletions missed by conventional cytogenetics, or by epigenetic changes that result in 
loss of transcription from the remaining wild type TP53 allele. These findings illustrate the 
limitations of allocating patients by the TP53 mutant allelic status based on cytogenetics 
and NGS. In addition, complex karyotype clearly modifies the prognostic value of the TP53 
mutant allelic status. The great majority of bi-allelic TP53 AML mutant patients are marked 
by complex karyotypes and rarely by non-complex karyotypes. However, mono-allelic 
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mutant TP53 patients with complex karyotypes have decreased overall survival compared 
to their chromosomal stable counterparts. From a clinical and molecular perspective, we 
therefore consider chromosomal instability, as defined by complex karyotype, as the most 
important prognostic factor in mutant TP53 AML, irrespective of the TP53 mutant allelic 
status and clone size.

In conclusion, in depth clinical and molecular characterization determined that complex 
karyotype independently associates with higher relapse rates and worse overall survival 
in mutant TP53 AML, irrespective of the type of consolidation therapy. These patients 
therefore qualify for novel experimental therapies.  
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SUPPLEMENTARY METHODS

PATIENT SAMPLES AND DNA ISOLATION
Follow up samples were taken at least 21 days after the start of the last induction cycle. 
If additional CR samples were available, the sample preceding consolidation therapy 
was chosen. When patients did not receive any consolidation therapy, the last sample 
within four months after the start of the last induction cycle was selected. 

The majority of AML samples were purified by Ficoll-Hypaque centrifugation (Nygaard, 
Oslo, Norway), cryopreserved and subsequently lysed in RLT buffer (Qiagen, Venlo, the 
Netherlands). High quality DNA was extracted using the QIASymphony DSP DNA Mini 
Kit according to the manufacturer’s instructions (Qiagen, Venlo, the Netherlands). DNA 
concentration was measured by Qubit Fluorometric Quantitation (Thermo Fisher Scientific, 
Wilmington, DE). 

TARGETED NGS AND DATA ANALYSIS
The TruSight Myeloid Sequencing Panel libraries were paired-end sequenced (2x221bp) on 
an Illumina HiSeq 2500 System (Illumina, San Diego, CA) in Rapid Run mode or on a Illumina 
MiSeq System (Illumina, San Diego, CA). The vast majority of amplicon target regions were 
completely paired-end sequenced. Overlap-based error-correction was utilized to attenuate 
any form of strand-specific error biases. Error-corrected paired-end reads aligned to the 
human genome version 19 (hg19) with BBMAP3 followed by quality control to determine 
cases with insufficient number of reads for adequate variant calling. Single nucleotide 
variants (SNVs) and insertions-deletions (indels) at diagnosis were determined by MuTect4, 
Samtools5, GATK6, Varscan7, Indelocator8 and Pindel6. Variant allele frequencies (VAF) of 
mutations detected at diagnosis were calculated as the ratio between the number of mutant 
and total reads. Pathogenic TP53 variants were defined by occurrence in the COSMIC and 
IARC TP53 database as well as by analyses in silico with programs, such as Polyphen-2, SIFT, 
FATHMM, MetaSVM, MetaLR, CADD, DANN and ClinVar.

TP53 DEEP SEQUENCING
For deep sequencing template specific primers for TP53 mutation NGS analysis were 
designed by using the Ion AmpliSeq Designer software (ThermoFisher Scientific, 
Bleiswijk). The TP53 specific primers (see below) were adapted for Illumina-based 
sequencing by adding an Illumina forward (5′-TCGTCGGCAGCGTCAGATGTGTATAAGAG
ACAG-3’-[locus-specific sequence] or reverse (5′-GTCTCGTGGGCTCGGAGATGTGTATAAG
AGACAG-3’)-[locus-specific sequence] overhang adapter sequence to the TP53 specific 
primers. 

In the second PCR, by means of these adapter sequences, sample-specific dual indices 
for sample identification and Illumina sequencing adapters are attached by using unique 
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dual index primers from the IDT for Illumina Nextera DNA UD Index Kit (Illumina, San Diego, 
CA, USA). Two multiplex reactions were carried out (see below). The TP53 loci of interest 
were amplified by multiplex PCR on 100ng genomic DNA using the Roche FastStart High 
Fidelity PCR System (Roche) containing 1× Buffer with 1.8mM MgCl2, 0.2mM dNTP, ~0.4µM 
each primer, 0.1U FastStart Taq DNA polymerase. Amplification was performed using the 
following thermocycling conditions: 95°C for 5 minutes, 25 cycles of 30 seconds at 95°C, 
30 seconds at 60°C, and 30 seconds at 72°C and a final extension for 7 minutes at 72°C. 
Amplicons from the first step PCR were purified using the Agencourt AMPure XP bead 
purification kit (Beckman Coulter, Fullerton, CA, USA). 

The second step PCR was performed with primers from the IDT for Illumina Nextera 
DNA UD Index Kit (Illumina, San Diego, CA) using the KAPA HiFi HotStart ReadyMix (Kapa 
Biosystems, Wilmington, MA, USA) with the following thermocycling conditions: 95°C for 3 
minutes, 10 cycles of 20 seconds at 95°C, 30 seconds at 55°C, and 30 seconds at 72°C and a 
final extension for 5 minute at 72°C.

The library pool was purified with Agencourt AMPure XP beads and normalized for 
Illumina-based sequencing, according to the manufacturer’s protocol (Illumina, San Diego, 
CA). The NGS libraries were paired-end sequenced (2×221-bp) on the MiSeq System (Illumina, 
San Diego, CA) according to manufacturer’s recommendation (Illumina, San Diego, CA). NGS 
data analysis to detect variants at a low detection level is performed as described before 
(Jongen-Lavrencic et al., 2018). The maximum limit of detection in the follow up samples 
was VAF 0.001% (dependent on type of TP53 mutation).
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Primer name Sequence (5' -3' )
TP53_AMP1_Rd1 ACACTCTTTCCCTACACGACGCTCTTCCGATCTGTGCTTCTGACGCACACCTATTG
TP53_AMP1_Rd2 TCGCGAGTTAATGCAACGATCGTCGAAATTCGCCATGTTCAAGACAGAAGGGCCTGA
TP53_AMP2_Rd1 ACACTCTTTCCCTACACGACGCTCTTCCGATCTGGAATCCTATGGCTTTCCAACCTAG
TP53_AMP2_Rd2 TCGCGAGTTAATGCAACGATCGTCGAAATTCGCAGAGCTGAATGAGGCCTTGGAACT
TP53_AMP3_Rd1 ACACTCTTTCCCTACACGACGCTCTTCCGATCTcaggctaggctaagctatgatgttccttaga
TP53_AMP3_Rd2 TCGCGAGTTAATGCAACGATCGTCGAAATTCGCTTGTTAAAGAGAGCATGAAAATGGTTCT
TP53_AMP4_Rd1 ACACTCTTTCCCTACACGACGCTCTTCCGATCTAAAACGGCATTTTGAGTGTTAGACTGGA
TP53_AMP4_Rd2 TCGCGAGTTAATGCAACGATCGTCGAAATTCGCTTTCCTTGCCTCTTTCCTAGCACTG
TP53_AMP5_Rd1 ACACTCTTTCCCTACACGACGCTCTTCCGATCTCATAACTGCACCCTTGGTCTCCTC
TP53_AMP5_Rd2 TCGCGAGTTAATGCAACGATCGTCGAAATTCGCAACAGCTTTGAGGTGCGTGTTTG
TP53_AMP6_Rd1 ACACTCTTTCCCTACACGACGCTCTTCCGATCTGAAATCGGTAAGAGGTGGGCCCAG
TP53_AMP6_Rd2 TCGCGAGTTAATGCAACGATCGTCGAAATTCGCCCACTACAACTACATGTGTAACAGTTCC
TP53_AMP7_Rd1 ACACTCTTTCCCTACACGACGCTCTTCCGATCTttcaactgtgcaatagttaaacccat
TP53_AMP7_Rd2 TCGCGAGTTAATGCAACGATCGTCGAAATTCGCCTGAGGTCTGGTTTGCAACTGGG
TP53_AMP8_Rd1 ACACTCTTTCCCTACACGACGCTCTTCCGATCTTCATCCAAATACTCCACACGCAAATTTC
TP53_AMP8_Rd2 TCGCGAGTTAATGCAACGATCGTCGAAATTCGCCGCTGCTCAGATAGCGATG
TP53_AMP9_Rd1 ACACTCTTTCCCTACACGACGCTCTTCCGATCTGTGCTGTGACTGCTTGTAGATGGC
TP53_AMP9_Rd2 TCGCGAGTTAATGCAACGATCGTCGAAATTCGCCCTGACTTTCAACTCTGTCTCCTTCCTC
TP53_AMP10_Rd1 ACACTCTTTCCCTACACGACGCTCTTCCGATCTGAAGCCAAAGGGTGAAGAGGAATCCC
TP53_AMP10_Rd2 TCGCGAGTTAATGCAACGATCGTCGAAATTCGCAAGTCTGTGACTTGCACGGTCAGTTG
TP53_AMP11_Rd1 ACACTCTTTCCCTACACGACGCTCTTCCGATCTGTAGCTGCCCTGGTAGGTTTTC
TP53_AMP11_Rd2 TCGCGAGTTAATGCAACGATCGTCGAAATTCGCCACTGAAGACCCAGGTCCAGAT
TP53_AMP12_Rd1 ACACTCTTTCCCTACACGACGCTCTTCCGATCTccccagcccAACCCTTGTCCTT
TP53_AMP12_Rd2 TCGCGAGTTAATGCAACGATCGTCGAAATTCGCAGCCCCCTAGCAGAGACCTG
TP53_AMP13_Rd1 ACACTCTTTCCCTACACGACGCTCTTCCGATCTGGGAACAAGAAGTGGAGAATGTCAG
TP53_AMP13_Rd2 TCGCGAGTTAATGCAACGATCGTCGAAATTCGCATGTGATGTCATCTCTCCTCCCTGCTT
TP53_AMP14_Rd1 ACACTCTTTCCCTACACGACGCTCTTCCGATCTCTTCCCAGCCTGGGCATCCTT
TP53_AMP14_Rd2 TCGCGAGTTAATGCAACGATCGTCGAAATTCGCaaccatcttttaactcaggtactgtGT
TP53_AMP15_Rd1 ACACTCTTTCCCTACACGACGCTCTTCCGATCTatcgtaagtcaagtagcatctgTATCA
TP53_AMP15_Rd2 TCGCGAGTTAATGCAACGATCGTCGAAATTCGCGCTCCTGGTTGTAGCTAACTAACTTC
TP53_AMP16_Rd1 ACACTCTTTCCCTACACGACGCTCTTCCGATCTAGAGGAGCTGGTGTTGTTGGG
TP53_AMP16_Rd2 TCGCGAGTTAATGCAACGATCGTCGAAATTCGCCTAAGCGAGGTAAGCAAGCAGGAC
TP53_AMP17_Rd1 ACACTCTTTCCCTACACGACGCTCTTCCGATCTCCTTTCTTGCGGAGATTCTCTTCCTCT
TP53_AMP17_Rd2 TCGCGAGTTAATGCAACGATCGTCGAAATTCGCGGACAGGTAGGACCTGATTTCCTT
TP53_AMP18_Rd1 ACACTCTTTCCCTACACGACGCTCTTCCGATCTAGTCTTCCAGTGTGATGATGGTGAG
TP53_AMP18_Rd2 TCGCGAGTTAATGCAACGATCGTCGAAATTCGCCTTGCCACAGGTCTCCCCAAGG
TP53_AMP19_Rd1 ACACTCTTTCCCTACACGACGCTCTTCCGATCTCCACTGACAACCACCCTTAACCC
TP53_AMP19_Rd2 TCGCGAGTTAATGCAACGATCGTCGAAATTCGCTCTGGCCCCTCCTCAGCATCT
TP53_AMP20_Rd1 ACACTCTTTCCCTACACGACGCTCTTCCGATCTTCCAGCCCCAGCTGCTCAC
TP53_AMP20_Rd2 TCGCGAGTTAATGCAACGATCGTCGAAATTCGCTTGCCAACTGGCCAAGACCT
TP53_AMP21_Rd1 ACACTCTTTCCCTACACGACGCTCTTCCGATCTAAAACATCTTGTTGAGGGCAGGG
TP53_AMP21_Rd2 TCGCGAGTTAATGCAACGATCGTCGAAATTCGCCTGAGGTGTAGACGCCAACTCTC
TP53_AMP22_Rd1 ACACTCTTTCCCTACACGACGCTCTTCCGATCTGGCATTGAAGTCTCATGGAAGCCA
TP53_AMP22_Rd2 TCGCGAGTTAATGCAACGATCGTCGAAATTCGCTCCTGGCCCCTGTCATCTTCTGT
TP53_AMP23_Rd1 ACACTCTTTCCCTACACGACGCTCTTCCGATCTGGAGCAGCCTCTGGCATTCTG
TP53_AMP23_Rd2 TCGCGAGTTAATGCAACGATCGTCGAAATTCGCTCTGACTGCTCTTTTCACCCATC
TP53_AMP24_Rd1 ACACTCTTTCCCTACACGACGCTCTTCCGATCTCTGCCCTTCCAATGGATCCACTC
TP53_AMP24_Rd2 TCGCGAGTTAATGCAACGATCGTCGAAATTCGCAGGGTTGGAAGTGTCTCATGCTGGA
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Primer mix 1 Primerstock (pmol/µl) Pool primerstock (µl)
TP53_AMP1_Rd1 200 5
TP53_AMP1_Rd2 200 5
TP53_AMP2_Rd1 200 5
TP53_AMP2_Rd2 200 5
TP53_AMP3_Rd1 200 5
TP53_AMP3_Rd2 200 5
TP53_AMP4_Rd1 200 5
TP53_AMP4_Rd2 200 5
TP53_AMP5_Rd1 200 5
TP53_AMP5_Rd2 200 5
TP53_AMP6_Rd1 200 5
TP53_AMP6_Rd2 200 5
TP53_AMP7_Rd1 200 5
TP53_AMP7_Rd2 200 5
TP53_AMP8_Rd1 200 5
TP53_AMP8_Rd2 200 5
TP53_AMP9_Rd1 200 5
TP53_AMP9_Rd2 200 5
TP53_AMP10_Rd1 200 5
TP53_AMP10_Rd2 200 5
TP53_AMP11_Rd1 200 5
TP53_AMP11_Rd2 200 5
TP53_AMP12_Rd1 200 5
TP53_AMP12_Rd2 200 5

Primer mix 2 Primerstock (pmol/µl) Pool primerstock (µl)
TP53_AMP13_Rd1 200 5
TP53_AMP13_Rd2 200 5
TP53_AMP14_Rd1 200 5
TP53_AMP14_Rd2 200 5
TP53_AMP15_Rd1 200 20
TP53_AMP15_Rd2 200 20
TP53_AMP16_Rd1 200 5
TP53_AMP16_Rd2 200 5
TP53_AMP17_Rd1 200 5
TP53_AMP17_Rd2 200 5
TP53_AMP18_Rd1 200 2.5
TP53_AMP18_Rd2 200 2.5
TP53_AMP19_Rd1 200 5
TP53_AMP19_Rd2 200 5
TP53_AMP20_Rd1 200 5
TP53_AMP20_Rd2 200 5
TP53_AMP21_Rd1 200 2.5
TP53_AMP21_Rd2 200 2.5
TP53_AMP22_Rd1 200 5
TP53_AMP22_Rd2 200 5
TP53_AMP23_Rd1 200 5
TP53_AMP23_Rd2 200 5
TP53_AMP24_Rd1 200 5
TP53_AMP24_Rd2 200 5
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Table S1: Patient characteristics of mutant TP53 AML by chromosomal instability (n=220).

Table S1. Patient characteristics of mutant TP53 AML by chromosomal instability

Complex karyotype Non-complex karyotype

(n=185) (n=35)

  Age - yr p=0.786

1626naideM     

77-8287-81egnaR     

  Sex - no. (%) p=0.851

)75( 02)06( 111M     

)34( 51)04( 47F     

  AML type - no. (%) p=0.400

     De novo 136 (73) 24 (68)

)62( 9)71( 13yradnoceS     

     )6( 2)01( 81detaler ypare 

  Last treatment before  rst CR - no. (%) p=0.582

)62( 9)43( 36yrotcarfeR     

)75( 02)25( 79I elcyC     

)7( 6)41( 52II elcyC     

  Consolidation therapy - no. (%) p=0.535

)96( 42)47( 731TCSH cienegolla oN     

)13( 11)62( 84TCSH cienegollA     
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Figure S1: Consort diagram of mutant TP53 study. Abbreviations: HO, HOVON-SAKK, Dutch-Belgian Hemato-
Oncology Cooperative Group and the Swiss Group for Clinical Cancer Research.

Assessed for eligibility (n=2,938)
                     • HO42A (n=511)
                     • HO102 (n=858)
                     • HO103 (n=664)
                     • HO132 (n=905)

Excluded (n=2,708)
• No sample available at diagnosis (n=738)
• TP53 wild-type AML (n=1,970)

Mutant TP53 AML at diagnosis (n=230)

No sample available at follow up (n=168)

Mutant TP53 AML at follow up (n=62)
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Figure S2: Consort diagram of the mutant TP53 allelic status of 230 AML patients. AML patients with multipele 
TP53 mutations or with mutant TP53 combined with concurrent chromosome 17 aberrations (e.g., monosomy 17 
of abnormality 17p) were assigned as bi-allelic TP53 mutant. In TP53 AML without chromosome 17 aberrations, 
patients with a mutant TP53 variant allele frequency above 55%, were also considered bi-allelic TP53 mutant. In 
10 patients cytogenetic data was missing. Of note, 4 patients with missing cytogenetics were considered bi-allelic 
TP53 mutant based on the presence of multiple TP53 mutations or a variant allele frequency above 55%.

AML with mutated TP53
n=230

Normal Chr 17p
n=84

-17 or abn17p
n=97

Mono-allelic TP53 mutant
n=56

Bi-allelic TP53 mutant
n=174

>1 TP53 mutation
n=49

1 TP53 mutation
n=181

TP53 VAF <55%
n=56

TP53 VAF >55%
n=28
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Figure S3: Lollipop plot illustrating the distribution of 228 TP53 gene variants in 230 mutant TP53 AML patients. The 
variants shown are depicted by using the NM_000546 transcript reference sequence. Functional protein domains 
are indicated in purple (TAD: Trans-activation domain), orange (DNA binding domain) and yellow (oligomerization 
domain). The upper panel shows the distribution of missense mutations (green) and the lower panel the nonsense 
and indel mutations. The Y-axis represent the number of detected gene variants. Splice-site mutations (n=23) are 
not reported and 32 gene variants are out of scope of the reference sequence.
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Figure S4: Variant allele frequency of TP53 mutations (A) and TP53 variant allele frequency in relation to 
chromsome 17 aberrations and chromosomal instability (B). TP53 mutant AML patients without an abnormality 
involving chromosome 17 (norm17) or chromosomal instability (blue); TP53 mutant AML patients with norm17 and 
chromosomal instability (orange) and TP53 mutant AML patients with an abnormality involving chromosome 17 
(abn17) and chromosomal instability (gray).
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Figure S5: Overall survival of mutant TP53 AML by the number of TP53 mutations (A) and concurrent chromosome 
17 aberrations (B,C).

N
o.

 a
t r

is
k:

60
0

0
0

N
o.

 a
t r

is
k:

M
on

th
s

M
on

th
s

M
on

th
s

84
0

48
3636

2424
48

36
24

12

25507510
0 25507510
0

0

25507510
0

48
36

25507510
0 0

24
06

21

Overall survival (%)

Overall survival (%)

Overall survival (%)

P
=0

.5
28

 
P

=0
.4

35
 

49
16

3
3

3
2

18
1

49
25

12
6

3

S
in

gl
e 

m
ut

M
ul

tip
le

 m
ut

81
N

on
-m

17
13

9

12

2045

24

919

36

411

48

36

60

23
m

17

m
17

N
on

-m
17

S
in

gl
e 

m
ut

M
ul

tip
le

 m
ut

A
B

N
o.

 a
t r

is
k:

25507510
0 25507510
0

P
=0

.8
98

C

39
12

4
1

1
0

ab
n1

7p
18

1
53

24
14

8
5

N
on

-a
bn

17
p 

ab
n1

7p
N

on
-a

bn
17

p

Chromosomal instability determines outcome in acute myeloid leukemia with mutated TP53



132

Figure S6: Overall survival by mutant TP53 variant allele frequency cut off.
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Figure S7: Overall survival of mutant TP53 AML by individual concurrent mutations.
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TO THE EDITOR:

Acute myeloid leukemia (AML) is a heterogeneous clonal disorder characterized by the 
uncontrolled clonal expansion of undifferentiated myeloblasts.1, 2 Hematopoietic clonal 
expansion is often the result of age-related acquisition of somatic driver mutations in 
hematopoietic stem or progenitor cells (HSPCs). In these conditions HSPCs acquire distinct 
sets of mutations3, conferring fitness advantage and clonal expansion, ultimately leading 
to a genetically heterogeneous group of diseases.4-6 Increased clonal expansion has been 
observed to occur subsequent to particular biologic conditions and cellular stressors, such 
as aplastic anemia7 and cytotoxic therapy8, 9, resulting in outgrowth of cells carrying specific 
subsets of mutations, i.e., in PIGA, BCOR, and BCORL1 in AA7 and in TP53, CHEK2, and PPM1D8, 

9 after chemo- and radiotherapy. This observation suggests that cellular stressors affect 
clonal evolution toward the development of secondary malignancy or relapse. Recently, 
Wong et al. demonstrated that stress from cytotoxic therapy promotes the expansion of 
clones with mutations in DNA damage response (DDR) genes, such as protein phosphatase 
Mg2+/Mn2+ 1D (PPM1D).10

The PPM1D gene encodes a protein phosphatase that is upregulated in a p53-
dependent manner in response to DNA damage. PPM1D regulates the DDR pathway 
through dephosphorylation of TP53 and other tumor suppressor target proteins.11 PPM1D 
functions as an inhibitor or homeostatic regulator of the DDR by facilitating the return 
of cells into steady state following DNA damage.12, 13 Mutations in the PPM1D gene have 
been found to occur in various malignancies, such as breast and ovarian cancers.14 PPM1D 
mutations are also reported to be present in blood of healthy individual with no history of 
hematological malignancy; indicating that this gene drives clonal hematopoiesis.4 In myeloid 
neoplasms, PPM1D mutations are more frequent in patients with therapy related than in 
de novo disorders.15 Remarkably, virtually all PPM1D mutations are truncating variants that 
predominantly occur in exon 6 of PPM1D and are considered to be gain-of-function mutations 
that impair TP53 function.15, 16 Recently, Kahn et al. showed that protein truncating PPM1D 
mutations result in a chemo resistance phenotype leading to expansion of PPM1D mutant 
cells under selective pressure, as a consequence of an altered DDR response.16 In vitro and 
in vivo expansion of PPM1D mutant clones in the presence of chemotherapy was reversible 
using PPM1D inhibitors.16

In this study we determined the frequency of PPM1D mutations in a cohort of 685 newly 
diagnosed AML and cases of refractory anemia with excess of blasts (RAEB) (Supplementary 
Tables S1–S5). All cases were enrolled in the AML clinical trials of the Haemato-Oncology 
Foundation for Adults in the Netherlands and Swiss Group for Clinical Cancer Research 
(HOVON/SAKK). Mononuclear cells were isolated from all bone marrow and peripheral 
blood samples at diagnosis. The complete exons 5 and 6 of the PPM1D gene were examined 
using amplicon-based next-generation sequencing (NGS; see Supplementary Data for 
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details). PPM1D mutations were present in only 4 out of the 685 newly diagnosed AML 
cases (0.6%; Supplementary Table S6). In three, relatively young AML patients virtually all 
mononuclear cells contained the PPM1D mutation (VAF ~45%), whereas in the remaining 
AML case the PPM1D mutation was present in only a minor clone (VAF 1%). Two out of four 
cases received prior. All PPM1D mutations present at diagnosis were located in exon 6 and 
resulted in a premature stop of PPM1D translation as a consequence of a frame shift (n = 1) 
or a premature stop codon (n = 3) (Supplementary Table S6).

We subsequently addressed the question whether chemoresistant mutant PPM1D AML 
cells due to their potential selective advantage would become more prevalent after high 
dose chemotherapy and possibly contribute to disease relapse. Genomic DNA after two 
cycles of induction treatment was available for 448 out of 685 AML patients who achieved 
a complete morphological remission (CR). PPM1D mutations were detected by NGS in 14 
AML patients in CR (Supplementary Table S6). Of the four AML patients carrying a PPM1D 
mutation at diagnosis, one patient retained the same PPM1D mutation in CR (#14333; VAF 
at diagnosis: 49% and in CR: 15%), one patient lost the PPM1D mutation (#264; VAF at 
diagnosis 43%), and the remaining two patients were not evaluable, i.e., no CR (#47642) or 
follow-up material was unavailable (#29274).

In 13 out of 448 AML patients (2.9%) without detectable PPM1D mutations at diagnosis, 
mutations became apparent at time of CR after induction cycle 2 (Supplementary Table 
S6). All PPM1D mutations were located in exon 6 and introduced frame shifts (n = 6) or 
premature stop codons (n = 11) (Supplementary Table S6). This phenomenon is analogous 
to mutant TP53 cells that can be present at very low frequencies in the bone marrow prior 
to chemotherapy and grow out after due to a competitive advantage.10 In total 18 PPM1D 
mutations were detected in CR, with VAFs ranging from 1 to 18%. The majority of the 
mutant PPM1D clones were small, 11 out of 18 PPM1D mutations had VAFs between 1 and 
3%, indicative for clone sizes of up to 6% of the total mononuclear cells. Remarkably, 3 out 
of the 13 patients bone marrow carried 2 or even 3 PPM1D mutations in CR, whereas these 
were all absent at diagnosis. Most mutations were unique, however, PPM1D p.(Arg458*) 
(3×), p.(Cys478*) (2× in CR and 1× at diagnosis (#264)), and p.(Arg552*) (2×) were more 
recurrently noted (Supplementary Table S6), even in this small series of AML cases. Of 
note, these mutations all represent C-to-T and C-to-A variants, the type of mutations 
most frequently seen in clonal hematopoiesis of indeterminate potential (CHIP).5 The C>T 
transition mutations in PPM1D may indeed be related to aging, whereas the C>A mutations 
may be the result of errors during transcription-coupled DNA repair.17 Remarkably, PPM1D 
mutations in CR were significantly more frequently present in elderly (8 out of 125 (6.4%; 
>60 years) versus 6 out of 323 (1.9%; <60 years) (p = 0.028), which may suggest that these 
variants are associated with clonal hematopoiesis rather than disease. In fact, PPM1D 
mutations is among the most frequent mutated gene in CHIP after DNMT3A, TET2, and 
ASXL1.5 In addition, in our study PPM1D mutations were found in CR across various subtypes
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Figure 1: Evolution of PPM1D and co-occurring mutations during treatment in AML patients with relapse. Somatic 
mutations present at AML diagnosis and during the course of  disease in all relapsed cases (A–H; n = 8) [VAF variant 
allele frequency (%), Blasts (%), persistence of PPM1D, NPM1, and FLT3-ITD (including VAF) are indicated below the 
relevant figures, CR complete remission].
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Figure 2: Evolution of PPM1D and co-occuring mutations during treatment in AML patients without relapse. 
Somatic mutations present at AML diagnosis and during the course of disease in all relapsed cases (A–G; n = 8) [VAF 
variant allele frequency (%), Blasts (%), persistence of PPM1D, NPM1, and FLT3-ITD (including VAF) are indicated 
below the relevant figures, CR complete remission]. 
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of AML carrying a wide variety of (cyto)genetic aberrations, e.g., core binding factor 
translocations, abnormalities involving chromosome 7, and/or various mutations, indicating 
that the PPM1D aberration did not co-segregate with any specific set of mutations when 
expanding after high dose chemotherapy (Supplementary Table S6). PPM1D mutations are 
observed in patients with solid tumors following exposure to chemotherapy.8-10 Seven out 
of the 17 AML cases with PPM1D mutations at diagnosis or in CR had leukemias secondary 
to antecedent disease (Supplementary Table S6). In five of these cases, who received radio- 
and/or chemotherapy, the treatment possibly preferentially selected for mutations in genes 
involved in the DDR pathway, like PPM1D .15 PPM1D mutations were significantly more 
frequently present in AML cases who received previous therapy at diagnosis (p = 0.027) and 
in CR (p = 0.008).

We next addressed the question if PPM1D mutations appearing in CR would contribute 
to AML relapse. In addition to PPM1D mutations, we monitored all mutations present 
at AML diagnosis in all follow-up samples (Fig. 1 (relapsed cases (n = 8)) and Fig. 2 (non-
relapsed cases (n = 7))). The AML patient who lost the diagnostic PPM1D mutation in CR 
(#264) relapsed after 287 days. In relapse the p.(Asn533Thrfs*6) mutation (VAF 32%/blasts 
64% (Fig. 1A)) was present. Of the 13 AML cases with PPM1D mutations only present in 
CR, 7 experienced disease relapse (Fig. 1B–H). Genomic DNA for 5 out of these 7 relapses 
was available at time of relapse. Only in a single relapse (#39443) the PPM1D mutation 
was present at a high level (VAF 23%) (Fig. 1B), however, the blast count at relapse was 
5%, indicating the PPM1D mutation most probably represented clonal hematopoiesis rather 
than frank leukemia. In all other AML cases the low VAF of the PPM1D mutations indicates 
the improbability of their participation in disease relapse. This observation is further 
augmented by their poor co-segregation with other relapse-specific driver mutations (Fig. 
1C–F). Although the remaining AML cases showed stable or even rising levels of mutant 
PPM1D during the course of disease, these patients never experienced a relapse of the 
disease (Fig. 2). Remarkably, one of these AML cases (#39476), previously treated for 
primary cerebral lymphoma, carried multiple TP53 as well as PPM1D mutant clones during 
the disease course (Fig. 2H).

In conclusion, PPM1D mutations are rare in de novo AML and RAEB in contrast to therapy-
related AML15 but present at higher frequency after high dose induction chemotherapy at 
generally low VAFs. Importantly, the presence of PPM1D mutations in CR do not seem to 
herald AML relapse.
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SUPPLEMENTARY DATA 

Supplementary Materials and Methods
Patients 
We selected diagnostic samples of 685 de novo AML or refractory anemia with excess 
of blasts (RAEB) cases enrolled in the Haemato-Oncology Foundation for Adults in the 
Netherlands and Swiss Group for Clinical Cancer Research (HOVON/SAKK) clinical trials. 
Follow up material after induction cycle 2 of 448 out of the 685 AML cases was included. 
Follow-up bone marrow samples were taken at least 21 days after the start of the second 
induction cycle. If additional samples were available, the most recent sample prior to start 
of consolidation therapy was selected. In case no consolidation therapy was given, the last 
sample that was available within a four months interval from start of the second induction 
cycle was selected. Detailed clinical characteristics of the selected AML cases at diagnosis 
and follow up are described in Supplementary Table S1 and Supplementary Table S6. The 
study was conducted according to the declaration of Helsinki. 

Cells and DNA isolation 
Blasts and mononuclear cells at diagnosis were purified by Ficoll-Hypaque (Nygaard, Oslo, 
Norway) density gradient centrifugation and cryopreserved. Of the majority of all AML/
RAEB cases reaching CR, white blood cells were isolated after induction treatment, whereas 
of a minority of cases mononuclear cells were subsequently purified. After thawing, cells 
were lysed in RLT solution with the addition of DTT (Qiagen, Venlo, The Netherlands). 
High quality DNA was extracted using the QIASymphony DSP DNA Mini Kit according to 
the manufacturer’s instructions (Qiagen, Venlo, the Netherlands). DNA concentration was 
measured by Qubit Fluorometric Quantitation (Thermo Fisher Scientific, Wilmington, DE).

Next-Generation Sequencing (Custom PPM1D Panel) 
Primer design 
Primers for PPM1D mutation NGS analysis were designed by using the Ion AmpliSeq Designer 
software (ThermoFisher Scientific, Bleiswijk). 

The PPM1D specific primers (Supplementary Table S2) were adapted for Illumina-based 
sequencing by adding Illumina forward (5′-ACACTCTTTCCCTACACGACGCTCTTCCGATCT-3′) 
and reverse (5′-TCGCGAGTTAATGCAACGATCGTCGAAATTCGC-3′) overhang adaptor 
sequences to the gene specific primers. In the second PCR, by means of these overhang 
adaptor sequences, sample-specific dual indices for sample identification and Illumina 
sequencing adaptors are attached by using primers from the Illumina TruSeq Custom 
Amplicon Index Kit (Illumina, San Diego, CA, USA). 

PPM1D mutations appear in complete remission after exposure to chemotherapy without predicting emerging 
AML relapse



146

PPM1D NGS library preparation 
The PPM1D gene was amplified by multiplex PCR on 50ng genomic DNA using the Roche 
FastStart High fidelity PCR System (Roche) containing 1× Buffer with 1.8mM MgCl2, 0.2mM 
dNTP, 0.4μM each primer, 0.1U FastStart Taq DNA polymerase. Amplification was performed 
using the following PCR condition: 95°C for 5 minutes, 25 cycles of 30 seconds at 95°C, 30 
seconds at 60°C, and 30 seconds at 72°C and a final extension for 7 minutes at 72°C. 

Amplicons from the first step PCR were purified using the Agencourt AMPure XP bead 
purification kit (Beckman Coulter, Fullerton, CA, USA). The second step PCR was performed 
with primers from the Illumina TruSeq Custom Amplicon Index Kit ((Illumina, San Diego, 
CA) using the KAPA HiFi HotStart ReadyMix (Kapa Biosystems, Wilmington, MA, USA) with 
the following thermocycling condition: 95°C for 5 minutes, 10 cycles of 20 seconds at 98°C, 
30 seconds at 66°C, and 30 seconds at 72°C and a final extension for 1 minute at 72°C. The 
library pool was purified with Agencourt AMPure XP beads and normalized for Illumina-
based sequencing, according to the manufacturer’s protocol (Illumina, San Diego, CA). 

The NGS libraries were paired-end sequenced (2×221-bp) on the MiSeq according to 
manufacturer’s recommendation (Illumina, San Diego, CA). The mean sequencing depth for 
PPM1D variants at diagnosis was 20383 reads (range 1034-71653) and at CR 7497 (range 
930-18446). The limit of detection was VAF 1.5%. 

Next-Generation Sequencing (Custom CEBPA Panel) 
Primer design 
Primers for CEBPA mutation NGS analysis were designed by using the Ion AmpliSeq Designer 
software (ThermoFisher Scientific, Bleiswijk). 

The CEBPA specific primers (Supplementary Table S3) were adapted for Illumina-based 
sequencing by adding Illumina forward (5′-ACACTCTTTCCCTACACGACGCTCTTCCGATCT-3′) 
and reverse (5′-TCGCGAGTTAATGCAACGATCGTCGAAATTCGC-3′) overhang adaptor 
sequences to the gene specific primers. In the second PCR, by means of these overhang 
adaptor sequences, sample-specific dual indices for sample identification and Illumina 
sequencing adaptors are attached by using primers from the Illumina TruSeq Custom 
Amplicon Index Kit (Illumina, San Diego, CA, USA). 

CEBPA NGS library preparation 
The CEBPA gene was amplified by 4 PCR reactions on 50ng genomic DNA using the Roche 
FastStart High fidelity PCR System (Roche) containing 1× Buffer with 1.8mM MgCl2, 0.2mM 
dNTP, 0.4μM each primer, 0.1U FastStart Taq DNA polymerase. Amplification was performed 
using the following PCR condition: amplicons A/B/C2: 94°C for 5 minutes, 25 cycles of 1 
minute at 94°C, 1 minute at 56°C, and 1 minute at 72°C and a final extension for 10 minutes 
at 72°C and amplicon C1: 94°C for 5 minutes, 27 cycles of 1 minute at 94°C, 1 minute at 62°C, 
and 1 minute at 72°C and a final extension for 10 minutes at 72°C. 
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Amplicons from the first step PCR were purified using the Agencourt AMPure XP bead 
purification kit (Beckman Coulter, Fullerton, CA, USA). The second step PCR was performed 
with primers from the Illumina TruSeq Custom Amplicon Index Kit ((Illumina, San Diego, CA) 
using the KAPA HiFi HotStart ReadyMix (Kapa Biosystems, Wilmington, MA, USA) with the 
following thermocycling condition: 95°C for 5 minutes, 10 cycles of 20 second at 98°C, 30 
seconds at 66°C, and 30 seconds at 72°C and a final extension for 1 minutes at 72°C. The 
library pool was purified with Agencourt AMPure XP beads and normalized for Illumina-
based sequencing, according to the manufacturer’s protocol (Illumina, San Diego, CA). 

The NGS libraries were paired-end sequenced (2×221-bp) on the MiSeq according to 
manufacturer’s recommendation (Illumina, San Diego, CA). 

Next-Generation Sequencing (Custom FLT3) 
Primer design 
Primers for FLT3 mutation NGS analysis were designed by using the Ion AmpliSeq Designer 
software (ThermoFisher Scientific, Bleiswijk). 

The FLT3 specific primers (Supplementary Table S4) were adapted for Illumina-based 
sequencing by adding Illumina forward (5′-ACACTCTTTCCCTACACGACGCTCTTCCGATCT-3′) 
and reverse (5′-TCGCGAGTTAATGCAACGATCGTCGAAATTCGC-3′) overhang adaptor 
sequences to the gene specific primers. In the second PCR, by means of these overhang 
adaptor sequences, sample-specific dual indices for sample identification and Illumina 
sequencing adaptors are attached by using primers from the Illumina TruSeq Custom 
Amplicon Index Kit (Illumina, San Diego, CA, USA). 

FLT3 NGS library preparation 
The FLT3 exon 14 was amplified by PCR on 100ng genomic DNA using the Roche FastStart 
High fidelity PCR System (Roche) containing 1× Buffer with 1.8mM MgCl2, 0.2mM dNTP, 
0.4μM each primer, 0.1U FastStart Taq DNA polymerase. Amplification was performed using 
the following PCR condition: 95°C for 5 minutes, 25 cycles of 30 seconds at 95°C, 30 seconds 
at 60°C, and 30 seconds at 72°C and a final extension for 7 minutes at 72°C. 

Amplicons from the first step PCR were purified using the Agencourt AMPure XP bead 
purification kit (Beckman Coulter, Fullerton, CA, USA). The second step PCR was performed 
with primers from the Illumina TruSeq Custom Amplicon Index Kit ((Illumina, San Diego, CA) 
using the KAPA HiFi HotStart ReadyMix (Kapa Biosystems, Wilmington, MA, USA) with the 
following thermocycling condition: 95°C for 5 minutes, 10 cycles of 20 second at 98°C, 30 
seconds at 66°C, and 30 seconds at 72°C and a final extension for 1 minutes at 72°C. The 
library pool was purified with Agencourt AMPure XP beads and normalized for Illumina-
based sequencing, according to the manufacturer’s protocol (Illumina, San Diego, CA). 

The NGS libraries were paired-end sequenced (2×221-bp) on the MiSeq according to 
manufacturer’s recommendation (Illumina, San Diego, CA). 
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Next-Generation Sequencing (Custom NPM1) 
Primer design 
Primers for NPM1 mutation NGS analysis were designed by using the Ion AmpliSeq Designer 
software (ThermoFisher Scientific, Bleiswijk). 

The NPM1 specific primers (Supplementary Table S5) were adapted for Illumina-based 
sequencing by adding Illumina forward (5′-ACACTCTTTCCCTACACGACGCTCTTCCGATCT-3′) 
and reverse (5′-TCGCGAGTTAATGCAACGATCGTCGAAATTCGC-3′) overhang adaptor 
sequences to the gene specific primers. In the second PCR, by means of these overhang 
adaptor sequences, sample-specific dual indices for sample identification and Illumina 
sequencing adaptors are attached by using primers from the Illumina TruSeq Custom 
Amplicon Index Kit (Illumina, San Diego, CA, USA). 

NPM1 NGS library preparation 
The NPM1 exon 12 was amplified by PCR on 100ng genomic DNA using the Roche FastStart 
High fidelity PCR System (Roche) containing 1× Buffer with 1.8mM MgCl2, 0.2mM dNTP, 
0.4μM each primer, 0.1U FastStart Taq DNA polymerase. Amplification was performed using 
the following PCR condition: 95°C for 5 minutes, 25 cycles of 30 seconds at 95°C, 30 seconds 
at 60°C, and 30 seconds at 72°C and a final extension for 7 minutes at 72°C. 

Amplicons from the first step PCR were purified using the Agencourt AMPure XP bead 
purification kit (Beckman Coulter, Fullerton, CA, USA). The second step PCR was performed 
with primers from the Illumina TruSeq Custom Amplicon Index Kit ((Illumina, San Diego, CA) 
using the KAPA HiFi HotStart ReadyMix (Kapa Biosystems, Wilmington, MA, USA) with the 
following thermocycling condition: 95°C for 5 minutes, 10 cycles of 20 second at 98°C, 30 
seconds at 66°C, and 30 seconds at 72°C and a final extension for 1 minutes at 72°C. The 
library pool was purified with Agencourt AMPure XP beads and normalized for Illumina-
based sequencing, according to the manufacturer’s protocol (Illumina, San Diego, CA). 

The NGS libraries were paired-end sequenced (2×221-bp) on the MiSeq according to 
manufacturer’s recommendation (Illumina, San Diego, CA). 

Next-Generation Sequencing (TruSight Myeloid Sequencing Panel) 
The TruSight Myeloid Sequencing Panel (Illumina, San Diego, CA) was used to generate 
NGS libraries from 50 ng of DNA according to the TruSight Myeloid Sequencing Reference 
Guide (Illumina, San Diego, CA, USA). The generated libraries were pooled and paired-end 
sequenced (2×221-bp) on the Illumina MiSeq according to manufacturer’s recommendation 
(Illumina, San Diego, CA, USA). 

DNA sequencing data, alignment, and variant detection 
We used our in-house data analysis pipeline for variant calling as previously described.1 
Briefly, overlap-based error-correction was utilized to attenuate any form of strand-specific 



error biases. Error-corrected paired-end reads aligned to the human genome version 19 
(hg19) with BBMAP3 followed by quality control to determine cases with insufficient number 
of reads for adequate variant calling. Single nucleotide variants (SNVs) and insertions-
deletions (indels) at diagnosis were determined by MuTect2, Samtools3, GATK4, Varscan5, 
Indelocator6 and Pindel7. Single nucleotide variants (SNVs) and insertions/deletions (indels) 
were called for each sample by combining the results produced by MuTect (SNVs), SAMtools 
(SNVs & indels), GATK (SNV & indels), VarScan (SNVs & indels) and Indelocator (indels). In 
brief, the union of all variants called across the different variant callers was taken and only 
variants with a variant allele frequency (VAF) greater than 0.015 (1.5%) were considered 
candidates. Differences between variant callers in call sets were not considered and a call 
from a single variant caller was sufficient. 

The variant allele frequency (VAF) of both single nucleotide variants (SNVs) and 
insertions/deletions (indels) were determined by AnnotateBAMStatistics (https://github.
com/MathijsSanders/AnnotateBAMStatistics) for all variant caller output. VAFs estimated 
by the different callers were not considered. AnnotateBAMStatistics is a light-weight multi-
threaded application that is paired-end aware. Mutations irrespective of type must be 
present in both mates when overlapping at the genomic position of interest. In case of 
discrepancy, the base with the highest base call quality score is selected for SNVs. VAFs 
of mutations detected at diagnosis were calculated as the ratio between the number of 
mutant and total reads.
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Supplementary Table S1: Detailed clinical characteristics of the selected AML cases at diagnosis (n=685) and at 
follow up (n=448; after cycle 2).

n (%) n (%)

Sex M 373 (54) 238 (53)

F 312 (46) 210 (47)

Age (yrs) median 59 52

Trial HO42A 123 (18) 120 (27)

HO92 34 (5) 33 (7)

HO102 256 (37) 222 (50)

HO103 272 (40) 73 (16)

AML 633 (92) 419 (94)

tAML 48 (7) 28 (6)

FAB M0 42 (6) 29 (6)

M1 127 (19) 89 (20)

M2 183 (26) 120 (27)

M3 1 (<1) 0

M4 77 (12) 63 (14)

M5 101 (16) 68 (15)

M6 19 (3) 11 (2)

M7 1 (<1) 1 (<1)

RAEB 42 (6) 23 (5)

RAEB-t 42 (6) 25 (6)

WBC ≤ 20 419 (61) 262 (58)

20 - 100 201 (29) 140 (31)

>100 64 (9) 46 (10)

Last treatment before CR no CR 80 (12)

cycle 1 488 (71) 372 (83)

cycle 2 105 (15) 76 (17)

later 12 (2)

Cytogenetics t(8;21) 30 (4) 25 (6)

inv(16) 34 (5) 32 (7)

normal 346 (51) 232 (52)

other 175 (25) 114 (26)

monosomy 52 (8) 27 (6)
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Supplementary Table S2: Custom PPM1D Panel Primer Sequences

Primer name (1st Stage PCR) Pool 
name

Primer sequence (including Rd1 or Rd2) for 1st Stage PCR

17-1537 PPM1D_AMP5_Rd1 Pool1 ACACTCTTTCCCTACACGACGCTCTTCCGATCTGCCACAGCGAACACCAAATATT

17-1538 PPM1D_AMP5_Rd2 Pool1 TCGCGAGTTAATGCAACGATCGTCGAAATTCGCCACTTCTGGAGAGATGCAGATTACT

17-1539 PPM1D_AMP6_Rd1 Pool1 ACACTCTTTCCCTACACGACGCTCTTCCGATCTATGCATAGATTTGTTGAGTTCTGGGAT

17-1540 PPM1D_AMP6_Rd2 Pool1 TCGCGAGTTAATGCAACGATCGTCGAAATTCGCAATCATGTATCCTTAAAGTCAGGGCTTTAG

17-1541 PPM1D_AMP7_Rd1 Pool1 ACACTCTTTCCCTACACGACGCTCTTCCGATCTAAAGGACATTAGAAGAGTCCAATTCTGG

17-1542 PPM1D_AMP7_Rd2 Pool1 TCGCGAGTTAATGCAACGATCGTCGAAATTCGCTAAGTTTGGAAAAACCTCATTTCCCAGAT

17-1551 PPM1D_AMP12_Rd1 Pool2 ACACTCTTTCCCTACACGACGCTCTTCCGATCTGCGTATGCTCCGAGCAGATAAC

17-1552 PPM1D_AMP12_Rd2 Pool2 TCGCGAGTTAATGCAACGATCGTCGAAATTCGCGCTAACCAAAGAACTGGTGTCTATTAAAAC

17-1553 PPM1D_AMP13_Rd1 Pool2 ACACTCTTTCCCTACACGACGCTCTTCCGATCTCCTCAAAAGATCCAGAACCACTTGA

17-1554 PPM1D_AMP13_Rd2 Pool2 TCGCGAGTTAATGCAACGATCGTCGAAATTCGCACTTAAGCCATTTCGTCTATGCTTCT

Supplementary Table S3: Custom CEBPA Panel Primer Sequences

Primer name (1st Stage PCR) Pool name Primer sequence (including Rd1 or Rd2) for 1st Stage PCR

CEBPA_A_NGS_Rd1 - ACACTCTTTCCCTACACGACGCTCTTCCGATCTCGCCATGCCGGGAGAACTCT

CEBPA_A_NGS_Rd2 - TCGCGAGTTAATGCAACGATCGTCGAAATTCGCCTTCTCCTGCTGCCGGCTGT

CEBPA_B_NGS_Rd1 - ACACTCTTTCCCTACACGACGCTCTTCCGATCTGCCGCCTTCAACGACGAGTT

CEBPA_B_NGS_Rd2 - TCGCGAGTTAATGCAACGATCGTCGAAATTCGCCTTGGCTTCATCCTCCTCGC

CEBPA_C1_NGS_Rd1 - ACACTCTTTCCCTACACGACGCTCTTCCGATCTCGGCCGCTGGTGATCAAG

CEBPA_C1_NGS_Rd2 - TCGCGAGTTAATGCAACGATCGTCGAAATTCGCACTTCTTGGCCTTGCCCGCG

CEBPA_C2_NGS_Rd1 - ACACTCTTTCCCTACACGACGCTCTTCCGATCTCCTCCGCGCGAGTGGCGGCA

CEBPA_C2_NGS_Rd2 - TCGCGAGTTAATGCAACGATCGTCGAAATTCGCCCCAGGGCGGTCCCACAGC

Supplementary Table S4: Custom FLT3 Primer Sequences

Primer name  
(1st Stage PCR)

Pool 
name

Primer sequence (including Rd1 or Rd2) for 1st Stage PCR

55-HP_FLT3_ex14_Rd1 - ACACTCTTTCCCTACACGACGCTCTTCCGATCTTGCAAAGACAAATGGTGAGTACGT

56-HP_FLT3_ex14_Rd2 - TCGCGAGTTAATGCAACGATCGTCGAAATTCGCCTCTATCTGCAGAACTGCCTATTCC

Supplementary Table S5: Custom NPM1 Primer Sequences

Primer name 
(1st Stage PCR)

Pool name Primer sequence (including Rd1 or Rd2) for 1st Stage PCR

47-HP_NPM1_
indel-Rd1 - ACACTCTTTCCCTACACGACGCTCTTCCGATCTGTTAACTCTCTGGTGGTAGAATGAAAAATAGA

48-HP_NPM1_
indel-Rd2 - TCGCGAGTTAATGCAACGATCGTCGAAATTCGCGATATCAACTGTTACAGAAATGAAATAAGACG
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Genome Chr Amplicon Start Amplicon Stop Insert Start Insert Stop Amplicon length 
(bp)

hg19 chr17 58733863 58734079 58733885 58734054 217

hg19 chr17 58733863 58734079 58733885 58734054 217

hg19 chr17 58740291 58734079 58740318 58740530 270

hg19 chr17 58740291 58734079 58740318 58740530 270

hg19 chr17 58740699 58740947 58740727 58740918 249

hg19 chr17 58740699 58740947 58740727 58740918 249

hg19 chr17 58734022 58734260 58734044 58734230 239

hg19 chr17 58734022 58734260 58734044 58734230 239

hg19 chr17 58740495 58740763 58740520 58740737 269

hg19 chr17 58740495 58740763 58740520 58740737 269

Genome Chr Amplicon Start Amplicon Stop Insert Start Insert Stop Amplicon length 
(bp)

hg19 chr19 33793051 33793349 33793071 33793329 299

hg19 chr19 33793051 33793349 33793071 33793329 299

hg19 chr19 33792808 33793110 33792828 33793090 303

hg19 chr19 33792808 33793110 33792828 33793090 303

hg19 chr19 33792492 33792855 33792510 33792830 364

hg19 chr19 33792492 33792855 33792510 33792830 364

hg19 chr19 33792217 33792535 33792237 33792516 319

hg19 chr19 33792217 33792535 33792237 33792516 319

Genome Chr Amplicon Start Amplicon Stop Insert Start Insert Stop Amplicon  
length (bp)

hg19 chr13 28608130 28608404 28608154 28608379 275

hg19 chr13 28608130 28608404 28608154 28608379 275

Genome Chr Amplicon Start Amplicon Stop Insert Start Insert Stop Amplicon 
length (bp)

hg19 chr5 170837411 170837635 170837443 170837603 225

hg19 chr5 170837411 170837635 170837443 170837603 225

PPM1D mutations appear in complete remission after exposure to chemotherapy without predicting emerging 
AML relapse



154

Supplementary Table S6: Characteristics of PPM1D mutant AML patients (diag: diagnosis; fu: follow-up; RAEB: 
refractory anemia with excess of blasts; WBC: 109/l; platelets: 109/l; bone marrow blasts: %; 2017ELN: risk strati-
fication according to 2017ELN; Tx: (type of) transplant; MDS: myelodysplastic syndrome)

Sample Sex Age at 
diagnosis

PPM1D 
mutation

VAF PPM1D 
diagnosis

NM_003620.3 
(PPM1D ): cDNA

NM_003620.3 (PPM1D ): 
protein

FAB diagn WBC 
diagn

Platelets 
diagn

Blast 
diagn

Cytogenetics at diagnosis Mutation status at

29274 M 53 diagn 48 c.1451T>G p.(Leu484*) M1 228 7 86 45,XY,-7[10] RUNX1, TET2, EZH
47642 M 68 diagn 1 c.1349T>G p.(Leu450*) RAEB 4 88 17 IDH2, SRSF2, T
264 M 45 diagn-lost fu 43 c.1434C>A p.(Cys478*) M4 10 125 64 46,XY,add(7)(q22)[4]/46,XY[21] FISH: abberation involving MYH11 and CBFB PPM1D, PTPN

14333 F 44 diagn-fu 49 c.1388del p.(Gly463Valfs*2) M4 79 83 33 45,XX,der(7;12)(q10;q10)[19]/46,XX,der(16)t(11;16)(q13;q22)[1] PPM1D, NRA

36150 M 59 fu - c.1528del p.(Gln510Lysfs*4) M2 19 20 71 46,XX,t(8;21)(q22;q22)[2]/47,sl,+4[8] KIT
36099 M 63 fu - c.1372C>T p.(Arg458*) AML 39 86 51 46,XX,del(9)(q21q3?3)[2]/46,XX[29] SF3B1, NPM1, FLT3

c.1603A>T p.(Lys535*)
c.1654C>T p.(Arg552*)

47709 F 67 fu - c.1372C>T p.(Arg458*) unknown 2 105 34 46,XX[20] WT1, DNMT3A 

47723 M 68 fu - c.1615G>T p.(Glu539*) RAEB 2 141 17 46,XY[20]

47726 M 77 fu - c.1654C>T p.(Arg552*) M2 46 27 80 46,XY[20] SRSF2, TET2, CEBP
48233 M 71 fu - c.1636del p.(Leu546*) M1 2 21 45 46,XY[20] FLT3, NPM1, STAG2, 

c.1372C>T p.(Arg458*)
c.1403C>G p.(Ser468*)

48197 M 73 fu - c.1598del p.(Asn533Thrfs*6) unknown 31 31 31 46,XY[20] ASXL1, JA
39443 M 53 fu - c.1538dup p.(Leu513Phefs*15) RAEB 3 138 19 46,XY,del(7)(q22q3?4)[1]/46,XY[24] DNMT3A

c.1228_1229del p.(Thr410Serfs*23)
c.1528C>T p.(Gln510*)
c.1434C>A p.(Cys478*)

39522 M 51 fu - c.1535del p.(Asn512Ilefs*2) M2 2 93 20 46,XY[20] IDH1, DNMT3
40548 F 61 fu - c.1450_1451dup p.(Leu484Phefs*2) M1 2 52 41 46,XX[20] IDH2, DNMT3A, EZH

27983 M 60 fu - 44~46,X,del(X)(q2?3),del(5)(q14q33),add(12)(p1?0),?16,-17,del(20)(q11q13),                       
-21[12],+mar1[11],+mar2[3][cp16]RAEB 2 36 7

48237 M 70 fu - RAEB 6 15

TP53

16 46,XY[20] ASXL1, RUNX1, C

39476 M 36 fu - M5 1 60 48 42,XY,-2,-4,-6,-12,-13,-15,-16,-17,-18,-20,-21,6mar[cp10] TP53 (3x)
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Mutation status at diagnosis Relapse FAB at 
relapse

WBC count at 
relapse

Blast at 
relapse

Cytogenetics at relapse Mutation status at relapse Prior 
chemo

Prior disease

RUNX1, TET2, EZH2, PHF6 No Yes Crohn's disease
IDH2, SRSF2, TP53 No No

PPM1D, PTPN11 Yes M2 2 34 46, XY, add(7)(q22)[11]/46, XY[10] PPM1D No

PPM1D, NRAS Yes M4 2 30 45,XX,dic(7;12}(p11.2;p11.2)[2)/ 
45,sl,del(9)(q34)[8J Yes MDS

KIT No Yes Breast carcinoma
SF3B1, NPM1, FLT3-ITD (2x) Yes not done 51 3 not done SF3B1, NPM1, FLT3-ITD (2x) No Endometrial cancer

WT1, DNMT3A (2x) Yes M2 1 32 46, XX  DNMT3A, WT1 Yes Breast carcinoma

Yes not done 4 49 not done CSF3R, RUNX1, PHF6, ASXL1, 
abn involving KMT2A No

SRSF2, TET2, CEBPA (2x) No No
FLT3, NPM1, STAG2, PTPN11 No No Rectosigmoid carcinoma

ASXL1, JAK2 Yes unknown 1 60 46, XY No
DNMT3A Yes RAEB 23 5 ND PPM1D No

IDH1, DNMT3A No No
IDH2, DNMT3A, EZH2, BCOR Yes unknown unknown unknown unknown IDH2, DNMT3A, BCOR, STAG2 No

Cerebral lymphoma

No NoTP53

NoNoASXL1, RUNX1, CEBPA

NoTP53 (3x) Yes
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TO THE EDITOR:

Acute myeloid leukemia (AML) is a heterogeneous disease as illustrated by the enormous 
diversity in numbers, types and often patient-specific molecular alterations. The current 
AML prognostic paradigm classifying patient into three 2017ELN risk groups relies solely on 
cytogenetic and molecular findings at baseline.1 Besides the established clinically relevant 
aberrations, numerous acquired mutations have been revealed in AML.2, 3 The clinical 
relevance of many of these somatic mutations is currently unknown because sufficient 
materials of AML patients carrying these less frequent mutations are lacking. Similarly, 
studies on the evolution of AML between initial diagnosis and relapse and minimal residual 
disease (MRD) detection have been hampered by inaccurate sampling during the course 
of the disease. Here we explored the feasibility of using archived May-Grünwald Giemsa 
stained bone marrow (MGG-stained BM) slides for next-generation sequencing (NGS)-based 
mutation detection. MGG-stained BM slides, taken at all clinically relevant time points, are 
widely available in  contemporary biobanks. This study shows that archived MGG-stained 
BM slides are an excellent source for retrospective molecular analyses of AML, which could 
certainly be valuable for similar analyses of other hematologic malignancies.

We fist demonstrated that DNA could be more efficiently isolated from MGG-stained BM 
slides, in contrast to archived unstained slides (Supplementary Data). Next, we examined 
whether targeted NGS using the Illumina TruSight Myeloid sequencing panel was feasible 
on DNA isolated from the MGG-stained BM slides (Supplementary Figs. S1 and S2 and 
Supplementary Tables S1–S4). We compared the mutation profiles of DNA samples derived 
from MGG-stained BM slides and matched DNA extracted from Ficoll-purified BM (FPBM) 
of 18 paired diagnosis-relapse AML cases. In the majority of cases the mutation profiles i.e., 
mutation present versus absent, of DNA isolated from the MGG-stained BM slides were 
identical to FPBM DNA at diagnosis and relapse (Fig. 1A and Supplementary Fig. S3). The 
majority of MGG-stained slides included were collected after 1997. Interestingly, however, 
we were able to detected driver mutations in DNA isolated from MGG-stained slides 
prepared in 1975 (44-year old, Supplementary Data). 

We did notice variations in variant allele frequencies (VAFs) in few AML samples. A 
consistently lower VAF in MGG-stained BM DNA as compared to FPBM DNA could be the 
result of a variety of cells present on MGG-stained BM slides, such as unmutated stromal 
or differentiated cells. Ficoll purification enriches for mononuclear cells, which would result 
in increased percentages of blast cells and higher VAFs in FPBM DNA. In few instances VAFs 
were higher in MGG-stained BM DNA. These differences were mostly seen in genes known 
to be associated with clonal hematopoiesis, i.e., DNMT3A and TET2.4, 5 In these cases more 
differentiated cells carrying these mutations may have been lost during Ficoll purification 
resulting in decreased VAFs in the FPBM samples. 

Archived bone marrow smears are an excellent source for NGS-based mutation detection in acute myeloid 
leukemia
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In 5 out of 18 AML pairs we were able to compare the mutation profiles of MGG-stained 
slides and FPBM DNA at time of complete remission (CR). Targeted NGS analysis on DNA 
from both the MGG-stained slides and matched FPBM confirmed the feasibility of detecting 
mutations from stained slides not only at diagnosis and relapse, but also at time of CR (Fig. 
1B). The only exception was the SRSF2 (P95H) mutation (VAF: 3%), which was absent in the 
MGG-stained slide DNA. In contrast, other mutations at VAF of about 1% were detectable in 
CR in both FPBM and the MGG-stained slide DNA. Importantly, a comparison of the VAFs of 
68 mutations in 41 AML and CR samples revealed that the VAFs of the mutations present in 
FPBM were detectable in MGG-stained BM slides with highly similar VAFs (R2: 0.87; Fig. 1C), 
indicating that MGG-stained BM slide DNA is an excellent and reliable source to measure 
mutation burden in AML.

To demonstrate the feasibility of PCR-based NGS approaches in addition to hybridization-
based, we also assessed the feasibility for mutation detection in DNA derived from 4 MGG-
stained BM slides with a custom NGS 18 gene panel (Supplementary Table S5). The VAFs 
detected with the custom NGS hotspot panel were highly similar to those found with the 
TruSight Myeloid sequencing panel, even at VAFs of 1–2% (Supplementary Fig. S4). 

Successively, we addressed the question if MGG-stained BM slides could be utilized to 
study mutation kinetics in AML during the course of disease. Therefore, we performed NGS 
on 191 DNA samples derived from MGG-stained BM slides of the 18 AML patients from 
diagnosis to relapse. On average we sequenced 11 slides per patient (range: 6–16 slides). 
At diagnosis, we detected 1–6 mutations per patient (mean: 3.1) and at first relapse we 
detected 0–5 mutations (mean: 3.1).

The power of NGS-based MGG-stained BM DNA mutation detection to retrospectively 
analyze mutation kinetics in AML is illustrated by four representative cases (Fig. 2 and 
Supplementary Fig. S5). In the 18 AML patients, we observed four types of clonal evolution 
patterns as reported previously6, 7: the major clone at AML diagnosis (1) is undetectable 
during treatment but reappears as a relapse clones (n=3) (UPN:25413,25415,25423) (Fig. 
2A); (2) gained additional mutations at relapse (gain, n=8) (UPN:25399,25407,25417, 
25427,25431,25435,25437,25439) (Fig. 2B); (3) lost mutations at relapse (loss, n=5) 
(UPN:25411,25421,25425,25429, 25441); and (4) lost mutation(s) and gained new 
mutation(s) at relapse (gain and loss, n=2) (UPN:25433,25459) (Fig. 2C).

UPN25423 carried at baseline mutations in DNMT3A (R882H), NPM1 (W288fs), and FLT3-
ITD that were cleared after induction therapy (day 26, Fig. 2A). The patient achieved CR based 
on morphology and relapsed after 245 days carrying the same set of mutations. The patient 
reached a second CR but relapsed 209 days post first relapse. In this case, the kinetics of 
the NPM1 and bi-allelic FLT3 mutations nicely follow the BM blast percentages. The mutant 
DNMT3A clone, however, persists and is not entirely eradicated by chemotherapy at various 
time points, indicating a state of clonal hematopoiesis. 

Chapter 5



163

0 

10 

20 

30 

40 

50 

60 

SRSF2 
(P95T) 

ASXL1 
(G642fs) 

EZH2 
(T374fs) 

VA
F 

Mutation 

UPN 25415 
(diagnosis) 

0 

10 

20 

30 

40 

50 

60 

SRSF2 
(P95T) 

ASXL1 
(G642fs) 

EZH2 
(T374fs) 

VA
F 

Mutation 

UPN 25415 
(relapse) 

0 

10 

20 

30 

40 

50 

60 

70 

SRSF2 
(P95H) 

DNMT3A
(G543C) 

TET2 
(H1380Y) 

KIT
(D816V) 

CALR 
(E370fs) 

VA
F 

VA
F 

Mutation 

UPN 25417 
(diagnosis) 

0 

10 

20 

30 

40 

50 

60 

SRSF2 
(P95H) 

DNMT3A
(G543C) 

TET2 
(H1380Y) 

KIT
(D816V) 

CALR 
(E370fs) 

Mutation 

UPN 25417 
(relapse) 

0 

10 

20 

30 

40 

50 

KIT
 (D816V) 

VA
F 

Mutation 

UPN 25429 
(relapse) 

0 

10 

20 

30 

40 

50 

KIT
 (D816V) 

VA
F 

Mutation 

UPN 25429 
(diagnosis) 

0 

10 

20 

30 

40 

50 

60 

NRAS 
(G12S) 

ETV6 
(L398Q) 

PHF6 
(L324P) 

V A
F 

Mutation 

UPN 25437 
(relapse) 

0 

10 

20 

30 

40 

50 

60 

NRAS 
(G12S) 

ETV6 
(L398Q) 

PHF6 
(L324P) 

VA
F 

Mutation 

UPN 25437 
(diagnosis) 

A

FPBM

MGG-stained BM slide

B

C

0 
10 
20 
30 
40 
50 
60 
70 
80 
90 

100 

NRAS 
(G12D) 

TP53 
(R210G) 

VA
F 

Mutation 

UPN 25399 
(diagnosis) 

0 
10 
20 
30 
40 
50 
60 
70 
80 
90 

100 

NRAS 
(G12D) 

TP53 
(R210G) 

VA
F 

Mutation 

UPN 25399 
(remission; day 98)

0 
10 
20 
30 
40 
50 
60 
70 
80 
90 

100 

NRAS 
(G12D) 

TP53 
(R210G) 

VA
F 

Mutation 

UPN 25399 
(relapse) 

0 

10 

20 

30 

40 

50 

60 

70 

NRAS 
(G12D) 

DNMT3A
(R771Q) 

TET2 
(R1359S) 

TET2 
(S1369P) 

RAD21 
(splicing) 

PHF6 
(A140T) 

VA
F 

Mutation 

11 UPN 254
(diagnosis) 

0 

10 

20 

30 

40 

50 

60 

70 

NRAS 
(G12D) 

DNMT3A
(R771Q) 

TET2 
(R1359S) 

TET2 
(S1369P) 

RAD21 
(splicing) 

PHF6 
(A140T) 

VA
F 

Mutation 

UPN 25411 
 (relapse) 

0 

10 

20 

30 

40 

50 

60 

70 

NRAS 
(G12D) 

DNMT3A
(R771Q) 

TET2 
(R1359S) 

TET2 
(S1369P) 

RAD21 
(splicing) 

PHF6 
(A140T) 

VA
F 

Mutation 

(
UPN 25411 

remission; day 267) 

0 
10 
20 
30 
40 
50 
60 
70 

FLT3 
(D835E) 

FLT3 
(D835V) 

IDH2 
(R140Q) 

SRSF2 
(P95H) 

DNMT3A
(R635P) 

VA
F 

Mutation 

UPN 25427 
(diagnosis) 

0 
10 
20 
30 
40 
50 
60 
70 

FLT3 
(D835E) 

FLT3 
(D835V) 

IDH2 
(R140Q) 

SRSF2 
(P95H) 

DNMT3A
(R635P) 

VA
F 

Mutation 

UPN 25427 
(relapse) 

0 
10 
20 
30 
40 
50 
60 
70 

FLT3 
(D835E) 

FLT3 
(D835V) 

IDH2 
(R140Q) 

SRSF2 
(P95H) 

DNMT3A
(R635P) 

VA
F 

Mutation 

UPN 25427 
(remission; day 92) 

0 

10 

20 

30 

40 

50 

60 

NRAS 
(Q61R) 

NRAS 
(G13D) 

NRAS 
(G12D) 

KRAS 
(G12D) 

ASXL1 
(E877fs) 

WT1 
(delins) 

VA
F 

Mutation 

UPN 25433 
(diagnosis) 

0 

10 

20 

30 

40 

50 

60 

NRAS 
(Q61R) 

NRAS 
(G13D) 

NRAS 
(G12D) 

KRAS 
(G12D) 

ASXL1 
(E877fs) 

WT1 
(delins) 

VA
F 

Mutation 

UPN 25433 
(relapse) 

0 

10 

20 

30 

40 

50 

60 

NRAS 
(Q61R) 

NRAS 
(G13D) 

NRAS 
(G12D) 

KRAS 
(G12D) 

ASXL1 
(E877fs) 

WT1 
(delins) 

VA
F 

Mutation 

UPN 25433
(remission; day 82)

0 
5 

10 
15 
20 
25 
30 
35 
40 
45 

WT1 
(R380G) 

WT1 
(R380fs) 

WT1 
(P376fs) 

FLT3 ITD RUNX1 
(Q335fs) 

VA
F 

Mutation 

UPN 25435 
(diagnosis) 

0 
5 

10 
15 
20 
25 
30 
35 
40 
45 

WT1 
(R380G) 

WT1 
(R380fs) 

WT1 
(P376fs) 

FLT3 ITD RUNX1 
(Q335fs) 

VA
F 

Mutation 

UPN 25435 
(relapse) 

0 
5 

10 
15 
20 
25 
30 
35 
40 
45 

WT1 
(R380G) 

WT1 
(R380fs) 

WT1 
(P376fs) 

FLT3 ITD RUNX1 
(Q335fs) 

VA
F 

Mutation 

UPN 25435 
(remission; day 86) 

FPBM

MGG-stained BM slide

 = 0.87911 

0 

10 

20 

30 

40 

50 

60 

70 

80 

90 

100 

0 10 20 30 40 50 60 70 80 90 100 

M
G

G
-S

ta
in

ed
 B

M
 s

lid
e 

(V
A

F)
 

FPBM (VAF) 

R2

Fig. 1 Mutation detection by targeted NGS on DNA isolated from MGG-stained BM slides and FPBM samples.  
a Mutation profiles of 4 representative AML diagnosis-relapse pairs. b Mutation profiles of 5 representative AML 
diagnosis—CR—relapse trios. c Scatter plot showing the correlation between VAFs of mutations detected in FPBM
DNA and MGG-stained BM slides. R2 R squared, VAF variant allele frequency.`
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UPN25427 had mutations in SRSF2(P95H), IDH2 (R140Q), and DNMT3A (R635P) with 
approximately similar VAFs. After a single cycle as well as post-induction therapy, the patient 
achieved a morphologic CR. However, the three mutations present at baseline were not 
cleared by the two cycles of chemotherapy and remained persistent until relapse. Mutant 
SRSF2 (P95H) seemed to be cleared post-induction therapy and reappeared before relapse. 
However, when investigating the FPBM DNA it appeared that the mutant SRSF2 was still 
persistent at low level but missed in DNA derived from MGG-stained slide as a result of 
inadequate coverage (Fig. 1B). At day 334, the patient relapsed, with high blast counts, the 
same founding mutations and novel mutations in the FLT3 gene (FLT3-TKD). One of these 
acquired FLT3-TKD mutations (D835V) was eradicated by treatment; however, the second 
FLT3-TKD mutation (D835E) remained stable throughout the relapse phase (Fig. 2b). 

UPN25459 is an AML patient with baseline mutations in DNMT3A (R882H), NPM1 
(W288fs) and NRAS (G13D) who relapsed twice (Fig. 2C). The NPM1 (W288fs) and NRAS 
(G13D) mutations were cleared after induction therapy. Interestingly, post induction 
the DNMT3A (R882H) clone was dramatically reduced but not eradicated (VAF: 2%) and 
subsequently repopulated the complete BM. The DNMT3A (R882H) mutation remained 
present during treatment at high VAF and was eradicated only after stem cell transplantation 
(allogeneic reduced intensity conditioning (RIC) with matched unrelated donor (day 561)). 
In first relapse, the patient harbored the NPM1 (W288fs) mutation, lost the NRAS (G13D) 
mutation but gained mutations in IDH1 (R132H) and in FLT3 (D835Y), which were both 
absent at presentation. The patient received again cycle(s) of chemotherapy that cleared all 
mutations except for the DNMT3A (R882H) mutant clone. At day 1471 from diagnosis, the 
patient faced a second very late relapse. At second AML relapse, the patient retained some 
mutations that were present at diagnosis (NPM1 (W288fs) and DNMT3A (R882H)) and first 
relapse (IDH1 (R132H)). However, the NRAS (G13D) and FLT3 (D835Y) mutations were lost, 
suggesting that the patient relapsed on the same founding clone, which acquired additional 
mutations that were missed with the gene panel used. Interestingly, after transplantation the 
patient acquired a CR but harbored a new DNMT3A (E30A) that was not previously present 
in this AML patient. In fact, since the patient had a donor chimerism of >93% after transplant 
(day 561–855) the BM was repopulated with donor cells carrying a DNMT3A (E30A) variant. 
This DNMT3A variant may either represent donor-derived clonal hematopoiesis or a rare 
DNMT3A germline variant.

At diagnosis, UPN25417 harbored mutations in SRSF2 (P95H), DNMT3A (G543C), TET2 
(H1380Y), and KIT (D816V) (Fig. 2D). Sixty nine days (day 73) post induction chemotherapy 
most mutations were cleared except the DNMT3A mutation, which survived. Surprisingly, 
post high-dose chemotherapy, the patient gained two additional mutations in CALR (E370fs) 
and JAK2 (V617F) that were not detected at diagnosis (day 73; Fig. 2d). Interestingly, 
the mutation in the CALR gene was detected with a VAF of 50%, indicating that this 
mutation was present in a heterozygous state in virtually all cells of the bone marrow. 
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Fig. 2 Longitudinal mutation detection by targeted NGS on DNA derived from MGG-stained BM slides. a–d 
Sequential mutation analysis from diagnosis until the last available evaluation sampling time point (days). Each 
line represents the VAF of an acquired mutation in the indicated gene. The thick gray line depicts the BM blast 
percentage. 
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However, the mutation burden in the JAK2 gene at this sampling point was low (VAF: 4%). 
The co-occurrence of CALR (E370fs) and JAK2 (V617F) mutations in this constellation has 
been reported in patients diagnosed with myeloproliferative neoplasms.8, 9 On day 147, the 
patient relapsed with the same mutations detected at diagnosis and also carried a minor 
CALR mutant clone without a detectable JAK2 mutation. Although the blast percentages 
drop over time, the mutation burden in SRSF2, DNMT3A and TET2 remain high (VAF: ̴50%). 
This indicates that even in the presence of this combination of mutations cells are able 
to differentiate in a state of clonal hematopoiesis and that sequential mutational analyses 
during treatment enable clear discrimination between mutations representing true residual 
disease and clonal hematopoiesis.5

In this study, we demonstrate that reliable mutation detection by using NGS on DNA 
derived from archived AML MGG-stained BM slides taken during the course of disease 
is feasible. Although we have performed NGS analyses on DNA of archived MGG-stained 
BM slides of AML patients, we are convinced that the retrospective molecular monitoring 
using BM sides will be beneficial for other hematologic malignancies as well. It would be 
of interest to determine if DNA of archived MGG-stained BM slides would also be suitable 
for NGS-based copy number or structural variant analyses to further classify AML cases 
according to 2017ELN.
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SUPPLEMENTARY MATERIALS AND METHODS

Patients
We selected samples of 18 de novo AML pairs (diagnosis - relapse) enrolled in the Haemato-
Oncology Foundation for Adults in the Netherlands and Swiss Group for Clinical Cancer 
Research (HOVON/SAKK) clinical trials, and the study was conducted according to the 
declaration of Helsinki. Detailed clinical characteristics of the selected patients are described 
in Supplementary Table S1. 

The collected samples were archived MGG-stained BM slides and matched FPBM; n=191 
and n=41, respectively. The majority of archived MGG-stained BM slides were prepared 
between 1998 and 2014 at different clinical evaluation points. Two MGG-stained BM 
prepared in 1975 were analysed. In the comparison between the MGG-stained BM slide 
and FPBM DNA we examined AML at diagnosis (n=18), complete remission (CR) (n=5) and 
relapse (n=18).

DNA isolation from MGG-stained BM slides
Before storage, the MGG bone marrow smears were covered using a coverslip and an 
embedding agent. BM slides were first dipped in xylene in separate glass jars to remove 
the coverslip. Once the slide was detached from the coverslip, the slide was rinsed with 
running tap water and then air-dried in a fume hood. Next, RLT buffer (QIAGEN, Venlo, the 
Netherlands) was dripped over the entire smear (approximately 250 µL). Using the P1000 
pipette, the smear was washed off by pipetting the RLT buffer up and down gently several 
times. Then the entire volume was transferred to a 1.5 ml microfuge tube and incubated at 
56°C for 1 hour, vortexed and briefly centrifuged at high speed. Subsequently, the volume 
was toped-up to 1 ml with PBS. Next, DNA was extracted using QIASymphony DSP DNA 
Mini Kit according to the manufacturer’s instructions (Qiagen, Venlo, the Netherlands). 
Subsequently, the DNA was concentrated using Amicon Ultra-0.5 mL Centrifugal Filters 
30K as described by the manufacturer (Millipore, Amsterdam, the Netherlands). The DNA 
concentration was measured with Qubit using the broad-range kit as per manufacturer’s 
recommendations (Thermofisher Scientific, Bleiswijk, the Netherlands). 

DNA isolation from ficoll-purified mononuclear bone marrow cells (FPBM)
Genomic DNA derived from FPBM was extracted using QIASymphony DSP DNA Mini Kit 
according to the manufacturer’s instructions (Qiagen, Venlo, the Netherlands).

Screening for FLT3-ITD by fragment length analysis
FLT3 internal tandem duplications (ITD) were determined with fragment length analysis as 
previously described.1 
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Next-Generation Sequencing (TruSight Myeloid Sequencing Panel)
The TruSight Myeloid Sequencing Panel (Illumina, San Diego, CA) was used to generate NGS 
libraries from 50 ng of DNA or and a fixed volume of 8.5µL of DNA derived from archived 
MGG-stained BM slide and prepared according to the TruSight Myeloid Sequencing 
Reference Guide (Illumina, San Diego, CA, USA). The generated libraries were pooled and 
paired-end sequenced (2×221-bp) on the Illumina HiSeq 2500 in Rapid Mode according to 
manufacturer’s recommendation (Illumina, San Diego, CA, USA). Bioinformatics analysis was 
performed as previously described.2

DNA sequencing data, alignment, and variant detection
We used our in-house data analysis pipeline for variant calling as previously described.2 
Moreover, a site-specific error model that models the unique site-and-variant specific noise 
profile from a large set of complete remission samples (n=480) from patients who did not 
carry the variant of interest was used for reliable variant detection at low levels.2 Variants 
with a p-value < 0.001 was considered detected.

Next-Generation Sequencing (Custom Hotspot Panel)
Primer design
Primers for hotspot mutation NGS analysis were designed by using the Ion AmpliSeq 
Designer software (ThermoFisher Scientific, Bleiswijk).

Target specific primers were adapted for Illumina-based sequencing by adding 
Illumina forward (5′-ACACTCTTTCCCTACACGACGCTCTTCCGATCT-3′) and reverse 
(5′-TCGCGAGTTAATGCAACGATCGTCGAAATTCGC-3′) overhang adaptor sequences to the 
respective primers. The second PCR, by means of these overhang adaptor sequences, 
attaches sample-specific dual indices for sample identification and Illumina sequencing 
adaptors using primers from the Illumina TruSeq Custom Amplicon Index Kit (Illumina, San 
Diego, CA, USA).

Multiplex PCR-based custom NGS library preparation
The multiplex PCR assay to be analyzed by NGS was processed as follows: First, the hotspot 
gene targets were amplified by multiplex PCR using the Roche FastStart High fidelity PCR 
System (Roche) containing 1× Buffer with 1.8mM MgCl2, 0.2mM dNTP, 0.4µM each primer, 
0.1U FastStart Taq DNA polymerase and 50ng and 4µL DNA input of FPBM and MGG-stained 
BM, respectively. Amplification was performed using the following PCR condition: 95°C for 
5 minutes, 25 cycles of 30 second at 95°C, 30 seconds at 60°C, and 30 seconds at 72°C and a 
final extension for 7 minutes at 72°C.

Amplicons from the first step PCR were purified using the Agencourt AMPure XP bead 
purification kit (Beckman Coulter, Fullerton, CA, USA). The second step PCR was performed 
with primers from the Illumina TruSeq Custom Amplicon Index Kit ((Illumina, San Diego, CA) 
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using the KAPA HiFi HotStart ReadyMix (Kapa Biosystems, Wilmington, MA, USA) using the 
following thermocycling condition: 95°C for 5 minutes, 10 cycles of 20 second at 98°C, 30 
seconds at 66°C, and 30 seconds at 72°C and a final extension for 1 minutes at 72°C. The 
library pool was purified with Agencourt AMPure XP beads and normalized for Illumina-
based sequencing, according to the manufacturer’s protocol (Illumina, San Diego, CA).

The NGS libraries were paired-end sequenced (2×151-bp) on the MiSeq according to 
manufacturer’s recommendation (Illumina, San Diego, CA). Bioinformatics analysis was 
performed as previously described.2
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Custom Hotspot Panel Primer Sequences

Target Forward primer sequence (5’-3’) Reverse primer sequence (5’-3’)

ASXL1_G643-G645 CAGACATTAAAGCCCGTGCTC TCTGCCACCTCCCTCATCGG

BCORL1_rs4830173 AAACTTGGGCACAAGTCAGAAGA GTCAGATGCGGGAAGCTTGA

BRAF_V600 TCAGTGGAAAAATAGCCTCAATTCTTACC CTTCATGAAGACCTCACAGTAAAAATAGGT

CSF3R_T618 TACCCTCCAAACAGCCATCTCT CAGTCTGTATCACATCCACCTCAT

DNMT3A_R882 TCCCTTACACACACGCAAAATACT TGGTTTCCCAGTCCACTATACTGA

ETNK1_H243-N244 TTTTATGCGGTTTTGTTTTAAACAGGCTA TCCTGTGGGAATGAGAGAGAAATACTT

FLT3_D835 ATAACGACACAACACAAAATAGCCGT CCACGGGAAAGTGGTGAAGATATG

IDH1_R132 AGAATAAAACACATACAAGTTGGAAATTTCTGG CTTGTGAGTGGATGGGTAAAACCTAT

IDH2_R140 GACTAGGCGTGGGATGTTTTTG GTGGGACCACTATTATCTCTGTCCT

IDH2_R172 GGCCTTGTACTGCAGAGACAA CTGGACCAAGCCCATCACCAT

JAK2_V617 TTCCTTAGTCTTTCTTTGAAGCAGCA AGATGCTCTGAGAAAGGCATTAGAAAG

KIT_D816 TATTCACAGAGACTTGGCAGCCAGAA GCAGAGAATGGGTACTCACGTTTC

KIT_L416_R420 AGCACTCTGACATATGGCCATTT CCTGGACAAAAATACCAATCTATTGTGG

KRAS_G12-G13 TACCTCTATTGTTGGATCATATTCGTCCA TATTATAAGGCCTGCTGAAAATGACTGAAT

KRAS_Q61 CATGTACTGGTCCCTCATTGCA GTAATAATCCAGACTGTGTTTCTCCCTT

MPL_W515 GCCGAAGTCTGACCCTTTTTGT GGTACCTGTAGTGTGCAGGAAA

MYD88_L265 CTTGCAGGTGCCCATCAGA GGCGAGTCCAGAACCAAGATTT

NRAS_G12-G13 GTGGGATCATATTCATCTACAAAGTGGT GATTACTGGTTTCCAACAGGTTCTTG

NRAS_Q61 GAGGTTAATATCCGCAAATGACTTGC AAACCTGTTTGTTGGACATACTGGA

SETBP1_H860-K884 CTCCCTAAAGGAAATCACGCTGT AGTACCTCCTTCGGGATTCTGA

SF3B1_K700 ACCCTTCCATAAAGGCTTTAACACA TGTTTGGTTTTGTAGGTCTTGTGGA

U2AF1_Q157-R156 GAACTGTGCTCAGTCACGTCA TGACTTGAATAACCGTTGGTTTAATGGA

U2AF1_S34 AAAAAGGCAAACAAACCTGGCTA CCCAGCAAAATAATCAGCTCTCATTTTC

Archived bone marrow smears are an excellent source for NGS-based mutation detection in acute myeloid 
leukemia
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SUPPLEMENTARY RESULTS

DNA isolation from archived MGG-stained and unstained BM slides and FPBM
We initially tested the DNA isolation protocol on matched MGG-stained and unstained BM 
morphology slides, which were both archived over the years. We isolated genomic DNA 
from the MGG-stained BM slides (n=16) and unstained BM slides (n=16). However, the 
success rate of obtaining DNA from the MGG-stained BM slides was higher compared to 
the unstained BM slides (16 out of 16 (100%) versus 11 out of 16 (69%)). Furthermore, 
the DNA yield from the unstained slides was much lower as compared to the MGG-stained 
slides (range: 0 – 85.6 ng/µl; mean: 40 ng/µl versus range: 2.94 – 340 ng/µl; mean: 127.6 
ng/µl) (Supplementary Table S2). The reason for this difference in DNA yields might be due 
to the fact that the DNA may be better conserved on the MGG-stained morphology slides 
following MGG staining and the coverslip protection of the BM smears. 

We subsequently isolated DNA from 191 MGG-stained BM slides and 41 FPBM samples 
in total. The mean concentration of DNA derived from MGG-stained BM and DNA extracted 
from FPBM [with a mean cell count of 35.7 million cells/ml (range: 18.9 – 80 million cells)] 
was 1µg (range: 40.8ng – 14.3µg) and 14.5µg (range: 3.9µg – 37.4µg), respectively. The 
DNA concentrations of all individual DNA samples derived from MGG-stained BM slides 
are depicted in Figure S1. The indicated DNA concentration of the MGG-stained BM DNA 
is after concentrating the DNA using Amicon Ultra Centrifugal Filters. The average size of 
the DNA fragments of DNA derived from MGG-stained BM slides is approximately 8-10 Kb 
(Supplementary Figure S2). The OD260/280 values of 11 representative DNAs derived from 
MGG-stained BM slides are depicted in Supplementary Table S3. We did not experience any 
differences in success rate regarding DNA isolation, yield or NGS between older or younger 
MGG-stained BM slides. Overall the FLT3 ITD ratios of all FPBM and MGG-stained slides 
of the FLT3 ITD-mutant cases were comparable between FPBM and MGG-stained slides 
(Supplementary Table S4).  

DNA isolation from very old archived MGG-stained BM slides
We collected 2 slides (both prepared in 1975) from our MGG-stained slide collections. The 
coverslips of these very old MGG-stained BM slides did not loosen in xylene. Most probably 
these coverslips were attached using other chemicals. We have tried some other types of 
dissolvent to loosen the coverslips and were successful with toluene. We next performed 
NGS-based panel sequencing on the DNA derived from the 44 years-old MGG-stained BM 
slides and were able to detect known driver mutations [slide 1:  NPM1 (VAF 0.35) and slide 
2: NPM1 W288fs (VAF 0.61), IDH1 R132H (VAF 0.05), IDH2 R140Q (VAF 0.38) and KRAS G12S 
(VAF 0.08). Unfortunately, there were no FPBM samples available for comparison.
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SUPPLEMENTARY FIGURES AND TABLES 

Figure S1: Correlation between DNA concentration (ng/µL) and blast percentage in BM at diagnosis (%).

Figure S2: Four representative BioAnalyzer Agilent High Sensitivity DNA Assay measurements of DNA derived from 
MGG-stained BM slides (104: 16.8 ng/μL and OD260/280 2.08; 105: 19.6 ng/μL and OD260/280 1.78; 126: 14.4 ng/
μL and OD260/280 1.92; 165: 42.9 ng/μL and OD260/280 1.90).
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Figure S3: Comparison of variant allele frequencies (VAF) of mutations detected in DNA derived from Ficoll-purified 
BM and MGG-stained BM slide. The bar charts illustrating the VAFs of mutations detected at diagnosis and relap-
sein four acute myeloid leukemia patients.
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Supplementary Figure S4: MGG-stained BM slide mutation comparison between laboratory developed hotspot 
panel and TruSight Myeloid Panel. Comparison of variant allele frequencies (VAF) of mutations detected inDNA 
derived from MGG-stained BM slide using hotspot panel and TruSight Myeloid Panel in DNA derived from MGG-
stained BM slide. The bar charts illustrate the VAFs of mutations detected using two NGS panels at different sam-
pling day.

Archived bone marrow smears are an excellent source for NGS-based mutation detection in acute myeloid 
leukemia
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Supplementary Figure S5: Longitudinal mutation detection by targeted NGS on DNA derived from MGG-stained 
BM slides. Sequential mutation analysis from diagnosis until the last available evaluation sampling time point (in 
days). Each line represents the VAF of an acquired mutation in the indicated gene. The thick transparent gray line 
depicts the BM blast count. The black arrow indicates the time of stem cell transplant.
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Supplementary Table S1: Patients clinical characteristics
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Supplementary Table S2: Comparison of DNA concentration between DNA derived from MGG-stained and 
unstained BM slides

Nr. Sample ID Sampling date B l a s t 
(%)

MGG-stained BM slide gDNA 
concentration (ng/µL)

Unstained BM slide gDNA 
concentration (ng/µL)

1 1 9/16/1998 84 340 85.6

2 2 10/5/1998 51 3.98 too low

3 3 10/12/1998 32 14.5 8.4

4 4 11/2/1998 3 2.94 too low

5 5 11/9/1998 0.8 136 64.4

6 6 11/18/1998 0.4 115 77.8

7 7 12/1/1998 0.8 79.6 30.6

8 8 1/18/1999 0.6 9.46 16.4

9 9 3/3/1999 1.2 81.8 19.9

10 10 5/26/1999 1.8 258 too low

11 11 9/1/1999 0.4 108 too low

12 12 1/24/2000 1.6 330 25.8

13 13 1/3/2001 16.2 185 75

14 14 1/15/2001 7.6 268 24.2

15 15 2/8/2001 0.8 45.2 too low

16 16 2/21/2001 2.4 63.4 12
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Supplementary Table S3: OD260/280 of 11 representative MGG-stained BM samples 

Nr. Sample ID NanoDrop [ng/µl] A260/280

1 104 16.8 2.15

2 105 19.6 2.36

3 126 14.4 2.47

4 134 8 2.21

5 150 179.48 1.89

6 165 42.9 2.04

7 175 739.8 1.92

8 215 165.98 1.95

9 228 21.73 2.63

10 265 10.5 2.86

11 300 44.48 2.11

Supplementary Table S4: FLT3-ITD ratios FPBM and MGG-stained BM samples.

Sample ID Disease time-point Material FLT3ITD size Allelic ratio (ELN2017) 
25407 Diagnosis FPBM 72 0.90 

    MGG-stained 72 0.62 
  Relpase FPBM 72 1.16 
    MGG-stained 72 0.32 

25423 Diagnosis FPBM 24 0.85 
    MGG-stained 24 0.77 
  Relpase FPBM 24 2.73 
    MGG-stained 24 3.85 

25431 Diagnosis FPBM 48 0.34 
    MGG-stained 48 0.18 
  Relpase FPBM 48 0.67 
    MGG-stained 48 0.55 

25435 Diagnosis FPBM 60 0.34 
    MGG-stained 60 0.14 
  Relpase FPBM 60 0.30 
    MGG-stained 60 0.20 

25439 Diagnosis FPBM 141 0.50 
    MGG-stained 141 0.25 
  Relpase FPBM 141 0.09 
    MGG-stained 141 0.05 

25441 Diagnosis FPBM 24 0.21 
    MGG-stained 24 0.21 
  Relpase FPBM 24 6.13 
    MGG-stained 24 0.76 
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Supplementary Table S5: List of genes in Custom Hotspot Panel

Gene Amino Acid
ASXL1 G643-G645

006VFARB
816TR3FSC

DNMT3A R882
ETNK1 H243-N244
FLT3 TKD D835

231R1HDI
IDH2 R140 and R172

716V2KAJ
KIT L416-R420, D816
KRAS G12, G13, Q61

515WLPM
562L88DYM

NRAS G12, G13, Q61
SETBP1 H860-K884

007K1B3FS
U2AF1 S34, Q157-R156



REFERENCES

	 1.	� Versluis J, In ‘t Hout FE, Devillier R, van Putten WL, Manz MG, Vekemans MC, et al. Comparative value of 
post-remission treatment in cytogenetically normal AML subclassified by NPM1 and FLT3-ITD allelic ratio. 
Leukemia 2017 Jan; 31(1): 26-33.

	 2.	� 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 Mar 29; 378(13): 1189-1199.

Archived bone marrow smears are an excellent source for NGS-based mutation detection in acute myeloid 
leukemia

181



Chapter 

6



Adil S.A. Al Hinai1,2, Marta Pratcorona3, Tim Grob2, François G. Kavelaars2, Elena 
Bussaglia3, Mathijs A. Sanders2, Josep Nomdedeu3, Peter J.M. Valk2

1 National Genetic Center, Ministry of Health, Muscat, Sultanate of Oman 
2 Erasmus University Medical Center, Rotterdam, the Netherlands 

3 Hospital de la Santa Creu i Sant Pau, Barcelona, Spain.

The Landscape of KMT2A-PTD AML: Concurrent 
Mutations, Gene Expression Signatures,  

and Clinical Outcome

Hemasphere. 2019 Mar 5;3(2):e181





185

TO THE EDITOR:

Acute myeloid leukemia (AML) patients with partial tandem duplications (PTDs) in the 
Mixed Lineage Leukemia (MLL) officially known as the Lysine (K)-specific Methyltransferase 
2A (KMT2A) gene, generally have adverse outcomes. Previous mouse studies have shown 
that Kmt2a-ptd is insufficient to cause AML, indicating additional mutations are required 
for leukemogenesis. Herein, we evaluated the mutational landscape, gene expression 
signatures and prognosis of KMT2A-PTD adult AML in comparison to a well-characterized 
adult AML cohort without KMT2A-PTD. Our study demonstrates that KMT2A-PTD AML has 
a distinct gene expression signature and that concomitant DNMT3A and NRAS mutations 
were associated with adverse clinical outcome in this subset of AML. 

AML patients with KMT2A-PTD is characterized by an internal duplication spanning exon 
3 to 9, exon 3 to 10, or exon 3 to 11 (Fig. S1A).1 KMT2A-PTDs occur in 3.2 to 11% of adult de 
novo AML and are more frequently present in AML with normal cytogenetics and AML with 
trisomy of chromosome 11 as a sole cytogenetic aberration.2 The presence of a KMT2A-PTD 
has been shown to associate with adverse outcome in AML.2, 3

The partial-tandem duplications within KMT2A result in in-frame additions of 
extra N-terminal amino acids and maintain functional proteins, which contribute to 
leukemogenesis.4 Under normal physiological conditions, the KMT2A gene encodes a SET 
domain-containing protein, which mediates methylation of histone 3 lysine 4 (H3K4).5 The 
effect of the PTD on normal KMT2A function and its role in leukemogenesis are currently 
unknown. 11q23-rearrangements involving KMT2A gene (3–4% of adult AML) result in 
abrogation of KMT2A transactivation and histone methyltransferase function.6 Kmt2a-PTD 
alone appeared insufficient to cause AML.7 These findings support the notion that additional 
genetic hits are required for the development of KMT2A-PTD leukemia.7, 8 

We aimed to evaluate the mutational landscape, gene expression signatures and 
prognosis of KMT2A-PTD adult AML in comparison to a well-characterized adult AML cohort 
without KMT2A-PTD (hereafter referred as reference cohort) treated according to the 
international multicenter HOVON-SAKK AML clinical trials (www.hovon.nl).

cDNA from 1998 AML patients was screened for KMT2A-PTD mutations using RT-PCR 
and confirmed by Sanger sequencing (Fig. S1B and Supplementary method). KMT2A-PTDs 
were present in 5.5% (109 out of 1998) of all AML cases. The KMT2A-PTD was examined 
in the context of a number of clinical parameters (summarized in Table S1, and detailed 
in Table S4). The median age of AML patients with or without a KMT2A-PTD was 56 and 
51 years, respectively (p=0.0016). The majority of KMT2A-PTD AML patients had a normal 
karyotype (57.3%). However, this did not significantly differ from AML patients without a 
KMT2A-PTD (48.8%) (p=0.158). In line with previous studies, the presence of KMT2A-PTDs 
was significantly associated with a concurrent trisomy 11 as compared to the KMT2A wild-
type AML reference cohort (7.3% vs. 1.1%; respectively, p=0.002). Genomic DNA (gDNA) 
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was available for 85 out of the 109 KMT2A-PTD AML cases. We performed next-generation 
sequencing (NGS) on the 85 KMT2A-PTD AML cases to determine the concurrent driver 
mutations, with as reference the KMT2A wild-type AML cohort (n=561). All AML cases 
were sequenced using the Illumina TruSight Myeloid Sequencing Panel (Table S6) on the 
HiSeq 2500 in Rapid mode following the manufacturer’s recommendations (Illumina, San 
Diego, CA). FLT3 internal tandem duplications (ITD) were determined with fragment length 
analyses as previously described.9 The number of mutations detected in the KMT2A-PTD 
AML cohort ranged from 0 to 6 mutations, with an average of 2.7 mutations per KMT2A-PTD 
AML patient, whereas, the AML reference cohort carried 0 to 9 mutations with an average 
of 3.0 mutations per AML patient. The average number of mutations was not significantly 
different between both cohorts (p=0.1). 

The most frequently mutated genes in KMT2A-PTD AML were DNMT3A (38.8%), FLT3-
ITD (34.9%), IDH2 (21.2%), RUNX1 (20%), IDH1 (18.8%), TET2 (16.5%), WT1 (14.1%), and 
SRSF2 (12.9%) (Fig. 1). In contrast to what has been reported, we found three cases with a 
concurrent mutation in the NPM1 gene (Fig. 1).10, 11

We next examined whether the concurrently mutated genes were significantly associated 
with KMT2A-PTD AML compared to the KMT2A wild-type AML reference cohort. KMT2A-
PTD concurrent mutations were present in proteins involved in epigenetic regulation, 
signaling, transcription, splicing, chromosome segregation, and tumor suppression (Fig. 1A). 
None of these mutational categories was significantly associated with KMT2A-PTD AML. 
However, a number of mutated genes were significantly more frequent in KMT2A-PTD AML 
compared to other types of AML, i.e., FLT3-ITD (34.9% vs. 23%; p=0.028) as well as mutations 
in IDH1 (18.8% vs. 9.1%; p=0.012), U2AF1 (9.4% vs. 3.2%; p=0.014) and IDH2 (21.2% vs. 
12.1%; p=0.027) [Fig. 1B and Fig. S2]. Similar associations with IDH2 and U2AF1 mutations 
were demonstrated by Papaemmanuil et al.12; however, DNMT3A, RUNX1, and STAG2 
mutations were not significantly associated with KMT2A-PTD AML in our cohort. Sun et al. 
demonstrated that KMT2A-PTD AML carried more frequently FLT3, DNMT3A, RUNX1, IDH1 
and IDH2 mutations,10 whereas Kao et al. showed this correlation for FLT3, U2AF1, RUNX1, 
STAG2, PTPN11, WT1 and EZH2 mutations.11 However, in the latter 2 studies results were 
not compared to an internal KMT2A wild-type AML cohort, which could potentially result in 
misinterpretation as a result of selection biases regarding these positive associations. In our 
AML cohort, we did see trends for associations, for example, mutations in DNMT3A, RUNX1, 
PTPN11, and WT1, but these did not reach statistical significance. In contrast, mutations in 
NPM1 (3.5% vs. 33.9%; p<0.001), TP53 (3.5% vs. 10.3%; p=0.046) and NRAS (5.9% vs. 22.8%; 
p<0.001) were significantly less frequent in KMT2A-PTD AML in our cohort (Fig. 1 and Fig. 
S2). Mutual exclusivity between NPM1 mutations and KMT2APTDs have been shown before 
in AML.10-12
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We next investigated which genes were differentially expressed between KMT2A-PTD AML 
and all other AMLs, in particular, AML with t(11q23), using our previously published gene 
expression profile (GEP) dataset (n=513 AML).13 Interestingly, multiple homeobox-related 
gene family members were consistently overexpressed in KMT2A-PTD AML. The top-
35 differentially expressed genes included HOX- and TALE-related genes, such as HOXB5, 
HOXB6, HOXB7, HOXB8, HOXB9, and NKX2.3, whereas KMT2A itself appeared to be the most 
consistently overexpressed gene (Table S2). Since mutations in NPM1 are also associated 
with dysregulation of HOX gene expression, we next used an association model to see if 
those differentially expressed HOX genes were also dysregulated in NPM1 mutant AML.14, 15 
In this association model, which takes a number of relevant clinically and genetically defined 
subsets of AML into account, HOX-related genes, such as HOXA7, HOXA9, and HOXA5, 
seemed to be more significantly differentially expressed in mutant NPM1 AML (Table S2). 
In contrast, these specific gene expression changes were absent when a similar analysis 
was performed in AML with t(11q23) involving KMT2A (Table S2). Thus, KMT2A-PTD may 
induce overexpression of HOX-related genes in different ways than t(11q23)-related fusion 
proteins, suggesting that the KMT2A-PTD induces leukemogenesis by mechanisms distinct 
from t(11q23) abnormalities involving KMT2A.

The prognostic impact of KMT2A-PTD on overall survival (OS) and event-free survival 
(EFS) of this AML cohort appeared to be not significantly different to wild-type KMT2A AML 
(p= 0.44) (Figure S3). This is in contrast to what has been shown before but in line with more 
recent publications.2, 3 In normal karyotype AML, this association was also absent (p=0.7, 
data not shown). We next addressed the question whether the concurrent mutations might 
carry prognostic value within KMT2A-PTD AML. Interestingly, in KMT2A-PTD AML, coexisting 
DNMT3A mutations were significantly associated with inferior overall survival (HR: 2.06; 
95%CI: 1.19–3.58; p= 0.010) (Fig. 2A), as was suggested before.11 Moreover, KMT2A-PTD 
AML patients that harbor NRAS mutations also have an inferior outcome (HR: 6.54; 95%CI: 
2.45–17.49; p<0.001) (Fig. 2B). RAS-related mutations such as FLT3-TKD mutations recently 
were shown to confer an inferior outcome to patients with KMT2A-PTD AML. Survival 
analysis of DNMT3A and NRAS mutations in KMT2A wild-type AML patients revealed that 
mutations in DNMT3A were not associated with treatment outcome (p=0.99) (Fig. S4), 
whereas mutations in NRAS only showed a borderline association with positive outcome 
(p= 0.044) (Fig. S5). In multivariable analysis, including white blood cell count (WBC) and 
cytogenetics, DNMT3A and NRAS mutations remained significantly associated with adverse 
outcome (Table S3). Thus, although KMT2A-PTD did not associate with outcome in AML 
in general, specific mutational subtypes within KMT2A-PTD AML appear to carry poor 
prognostic value. 
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Figure 1. Mutational landscape of KMT2A-PTD AML.
KMT2A-PTD mutation landscape. Each column represents an individual AML patient. The gene mutations are cat-
egorized according to gene function and family. The number and the percentage of the gene mutations in KM-
T2A-PTD AML and the AML reference cohort and p-value are indicated. B) The frequency of concurrent mutations 
of KMT2A-PTD AML (red) and the reference cohort (blue).
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Figure 2. Overall survival analysis KMT2A-PTD AML and concurrent mutations. 
KMT2A-PTD with and without DNMT3A mutations (P=0.0087). B) KMT2A-PTD with and without NRAS mutations 
(P<0.0001).
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To validate our findings in KMT2A-PTD AML, we investigated an independent KMT2A-PTD 
AML cohort of patients included in the treatment protocols of the CETLAM cooperative 
group. The validation cohort contained 27 KMT2A-PTD AML patients with a median age of 56 
years (Table S5), who were sequenced using Qiagen Human Myeloid Neoplasms GeneRead 
DNAseq Targeted Panel V2 (Table S6) (Qiagen, Hilden, Germany) on the MiSeq (Illumina, San 
Diego, CA) as per manufacturer instructions. The most frequently mutated genes in KMT2A-
PTD AML validation cohort were similar to our 85 AML patients cohort (DNMT3A (48%), 
FLT3-ITD (37%), IDH2 (22.2%), WT1 (14.8%), IDH1 (14.8%) and RUNX1 (11.1%)) (Fig. S2). In 
the validation cohort, we confirmed that KMT2A-PTD AML patients with concurrent mutant 
DNMT3A have inferior outcome (13 out of 27; p=0.0017; Fig. S6). Unfortunately, the low 
numbers in the validation cohort precluded survival analyses of coexisting NRAS mutations, 
which should be confirmed in a larger KMT2A-PTD AML cohort. 

In summary, we revealed within the molecular landscape of KMT2A-PTD AML, which 
carry specific HOX gene expression signatures, that concurrent DNMT3A mutations and 
NRAS mutations are associated with an adverse outcome.
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SUPPLEMENTARY INFORMATION

MATERIALS AND METHOD:

Patient material, RNA isolation cDNA synthesis, and DNA isolation
Bone marrow aspirates or peripheral blood samples of cohorts of patients with AML were 
collected after a written informed consent in accordance with the Declaration of Helsinki. 
These procedures were performed as previously described 1. DNA was isolated as per the 
standard molecular techniques.

Screening for KMT2A-PTD by conventional PCR and Sanger sequencing
The primer set used for the detection of partial tandem duplication (PTD) of the 
KMT2A gene are flanking exon 8 and exon 4 (Supplementary figure S1). The primer 
set used to detect the common type PTD of the KMT2A gene (ex9/ex3, ex10/ex3, and 
ex11/ex3) were adopted from Caligiuri et al. 1998 2. The sequence of the forward 
primer KMT2A-ex8: 5’-GGAAGTCAAGCAAGCAGGTC and reverse primer KMT2A-ex4:  
5’-AGGAGAGAGTTTACCTGCTC-3’ were used at 200nM  for PCR in a total reaction volume of 
50µL using 3µL cDNA, 1×PCR buffer, 1.5mM MgCl2, 200nM dNTPs (Thermo Fisher, Walthan, 
MA) and 200nM of each primer. The thermocycling condition was 94°C for 3min, followed 
by 35 cycles of 94°C for 15sec, 63°C for 1min, 72°C for 1min, ending with a final extension 
for 10min at 72°C. The PCR product was then visualized on a 2% agarose gel. Serial dilution 
of the EOL-1 cell line was taking along each PCR as a positive control. The PCR products of 
the positive cases were purified using MultiScreen plates (Merck Millipore, Amsterdam, the 
Netherlands) and Sanger sequenced on the ABI PRISM 3130xl genetic analyzer (Thermo 
Fisher, Waltham, MA).

Next-Generation Sequencing 
Genomic DNA of 50ng used for generating libraries using multiplexed oligonucleotide 
probes as per the protocol described by the manufacturer of TruSight Myeloid Sequencing 
Panel (Illumina, San Diego, CA). Subsequently, sample-specific indexes were ligated to each 
library. The libraries were then pooled, and paired-end sequenced (2× 221-bp) on the 
Illumina HiSeq 2500 in Rapid Mode according to manufacturer’s recommendation (Illumina, 
San Diego, CA).  Bioinformatics analysis was performed as previously described 3.

EVI1 Expression assay
EVI1  expression was assessed by RQ-PCR assay as previously described 4.
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Gene Expression Profiling
Samples were analyzed using Affymetrix Human Genome U133Plus2.0 GeneChips 
(Affymetrix, Santa Clara, CA, USA) as previously described 5.

Statistical analysis 
The Fisher’s exact test and the Mann-Whitney U test were used for categorical and 
continuous variables, respectively. Survival time was calculated from the date of diagnosis 
until the date of death from any cause or censoring. Event-free survival was defined as 
the date of diagnosis to relapse or death from any cause or censoring, whichever came 
first. Survival estimates were graphically represented with the Kaplan-Meier method. The 
log-rank test was used to compare the survival distributions of the groups and the Cox 
proportional hazards model for multivariable analysis. P-values are two-sided and p-values 
<0.05 were considered statistically significant. Statistical analysis was performed in STATA 
statistical software, Release 15.1 (Stata, College Station, TX, USA).
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Supplementary Table S6: List of genes present in the kits used for targeted DNA sequencing of the main cohort 
and validation cohort; TruSight Myeloid Sequencing Panel, and Human Myeloid Neoplasms GeneRead DNAseq 
Targeted Panel V2, respectively

Illumina Qiagen

TruSight™ Myeloid Sequencing Panel Human Myeloid Neoplasms GeneRead DNAseq 
Targeted Panel V2

15 genetargets, full gene (exon only) + 39 genetargets 
(hotspots only)

50 genetargets,full gene (exon only)

568 amplicons (~250bp amplicon), 141kb target 
region

2536 amplicons (~150bp amplicon) 236kb target 
region

ASXL1 ASXL1

FLT3 FLT3

KIT KIT

NPM1 NPM1

RUNX1 RUNX1

TP53 TP53

CEBPA CEBPA

ABL1 ABL1

ATRX ATRX

BCOR BCOR

BCORL1 BCORL1

CBL CBL

CBLB CBLB

DNMT3A DNMT3A

ETV6/TEL ETV6

EZH2 EZH2

GATA1 GATA1

GNAS GNAS

IDH1 IDH1

IDH2 IDH2

IKZF1 IKZF1

JAK2 JAK2

JAK3 JAK3

KRAS KRAS

MPL MPL

NRAS NRAS

PHF6 PHF6

PTPN11 PTPN11

RAD21 RAD21

SETBP1 SETBP1

Chapter 6
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Illumina Qiagen

SF3B1 SF3B1

SMC3 SMC3

STAG2 STAG2

TET2 TET2

U2AF1 U2AF1

WT1 WT1

ZRSR2 ZRSR2

KMT2A (MLL) KMT2A (MLL)

BRAF DAXX

CALR EED

CBLC JAK1

CKDN2A KAT6A

CSF3R NF1

CUX1 PRPF40B

FBXW7 RB1

GATA2 SF1

HRAS SF3A1

KDM6A SH2B3

MYD88 SMC1A

NOTCH1 SUZ12

PDGFRA U2AF2

PTEN

SMC1A

SRSF2
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SUPPLEMENTARY FIGURES 

Supplementary Figure S1: Schematic diagram of the DNA structure of a KMT2A wild-type (WT) and partial tandem 
duplication of the KMT2A gene. A) The boxes represent an exon, and the number above each box represents exon 
number. The KMT2A gene is composed of 36 exons, but for illustration, only the first 13 exons are displayed in the 
above diagram. The black small arrows indicate the location of the primers used for the analysis (adapted from 
Caligiuri et al., 1996). The grey boxes illustrate the exons that are duplicated in an e3-e9 KMT2A-PTD in the KMT2A 
gene. The PTD can also involve other exons of the KMT2A gene. B) Representative RT-PCR analyses KMT2A-PTD. The 
EOL1 cell line carries KMT2A-PTD and served as positive control (1H). The assay limit of detection was determined 
by diluting the EOL1 cell line (1:10 dilutions (1H-1D (100% - 0.01%)) in HL-60, a cell line without KMT2A-PTD. 
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Supplementary Figure S2: KMT2A-PTD AML mutation frequency in study (KMT2A-PTD AML), validation cohort 
(KMT2A-PTD AML), AML reference cohort and t(11q23) AML. The frequencies of concurrent mutations in KMT2A-
PTD AML study cohort (blue), KMT2A-PTD AML validation cohort (green), reference cohort (red) and t(11q23) 
(purple). 
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Supplementary Figure S3: Survival analysis KMT2A-PTD AML vs. KMT2A-WT AMLs. A) Kaplan-Meier graph OS of 
KMT2A-PTD AMLs (red) vs.  KMT2A wild-type AML (black).

 

Supplementary Figure S4: Survival analysis of KMT2A wild-type cohort and concurrent mutations. KMT2A wild-
type with and without DNMT3A mutations (p=0.99). 
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Supplementary Figure S5: Survival analysis of KMT2A wild-type cohort and concurrent mutations. KMT2A wild-
type with and without NRAS mutations (p=0.044). 

 

Supplementary Figure S6: Survival analysis of KMT2A-PTD validation cohort and concurrent mutations. KM-
T2A-PTD with and without DNMT3A mutations (p=0.0017). 
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ABSTRACT

The tendency of 5-methylcytosine (5mC) to undergo spontaneous deamination has had a 
major role in shaping the human genome, and this methylation damage remains the primary 
source of somatic mutations that accumulate with age. How 5mC deamination contributes 
to cancer risk in different tissues remains unclear. Genomic profiling of 3 early-onset 
acute myeloid leukemias (AMLs) identified germ line loss of MBD4 as an initiator of 5mC 
dependent hypermutation. MBD4-deficient AMLs display a 33-fold higher mutation burden 
than AML generally, with >95% being C>T in the context of a CG dinucleotide. This distinctive 
signature was also observed in sporadic cancers that acquired biallelic mutations in MBD4 
and in Mbd4 knockout mice. Sequential sampling of germ line cases demonstrated repeated 
expansion of blood cell progenitors with pathogenic mutations in DNMT3A, a key driver 
gene for both clonal hematopoiesis and AML. Our findings reveal genetic and epigenetic 
factors that shape the mutagenic influence of 5mC. Within blood cells, this links methylation 
damage to the driver landscape of clonal hematopoiesis and reveals a conserved path to 
leukemia. Germ line MBD4 deficiency enhances cancer susceptibility and predisposes to 
AML.

KEY POINTS

• �The DNA glycosylase MBD4 acts as a safeguard against damage from 5mC deamination.
• �Germ line MBD4 deficiency stimulates clonal hematopoiesis and guides the development 

of leukemia via recurrent mutations in DNMT3A.

Chapter 7



221

INTRODUCTION

Cells are exposed to a variety of stresses that damage DNA. Most damage arises from 
endogenous sources, including exposure to reactive molecules and replication errors.1 
Although the vast majority of these events are repaired, some are propagated and introduce 
mutations. This decay in genomic integrity has major implications for our health, particularly 
for modulating cancer incidence as we age. Fanconi anemia provides an illustration of this 
within the hematopoietic system. The specific DNA repair defects that underpin this family 
of diseases set the stage for a high risk of development of myelodysplasia and acute myeloid 
leukemia (AML) at an early age.2

DNA methylation on cytosine residues provides a major mutagenic stimulus, as 
5-methylcytosine (5mC) has a tendency to undergo spontaneous deamination to hymine.3 
Therefore, it is not surprising that CG>TG mutations are a prominent feature of age-related 
DNA damage, as detected in human cancers,4 normal stem cells,5 and de novo mutations 
passed through the germ line.6 This form of damage is so ubiquitous that it has been proposed 
as a molecular clock to track aging.4 CG>TG mutations make an important contribution to 
the somatic mutation landscape of cancer,7 and it is important to delineate how the repair 
pathways that restrict methylation damage modify cancer risk.

Methylation damage is repaired by the base excision repair (BER) pathway. After 
deamination of 5mC, removal of the mispaired thymine is accomplished by 1 of 2 DNA 
glycosylases, methyl binding domain 4 (MBD4)8 or thymine DNA glycosylase (TDG).9 
Inactivation of Mbd4 in mice confirmed a functional role in repair of methylation damage,10, 

11 but whether it protects against cancer remains unclear. In this report, we characterize 
familial cases with germ line inactivation of MBD4 and demonstrate its crucial role in 
safeguarding against methylation damage and vulnerability to the development of AML and 
some solid cancers.
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METHODS

Patient characteristics and sample collection
Patients provided informed consent in accordance with the Declaration of Helsinki for 
participation in research and for collection of samples over the course of their treatment. 
This research project was approved by our respective human research ethics committees 
(HRECs) (Erasmus Medical Center [EMC] Medical Review Ethics Committee project MEC 
2015-155, Walter and Eliza Hall Institute of Medical Research [WEHI] HREC project 13/01, 
Melbourne Health HREC project 2012.274). EMC-AML-1, WEHIAML-1, and WEHI-AML-2 
were diagnosed with AML and treated with combination chemotherapy as per the protocols 
at their respective institutions.
EMC-AML-1 was 33 years old when diagnosed with acute monocytic leukemia (AML, World 
Health Organization [WHO] International Classification of Diseases [ICD] 9891/3). The AML 
had trisomy 11 on karyotyping and was negative for NPM1, FLT3, and CEBPA mutations. His 
medical history included colonic polyps requiring a hemicolectomy 2 years prior to his AML 
diagnosis. His AML was refractory to induction chemotherapy (standard dose cytarabine and 
daunorubicin). Repeat induction with intermediate dose cytarabine resulted in complete 
morphologic and cytogenetic remission. He then had an autologous hematopoietic stem cell 
transplant (HSCT) with BU-CY conditioning (busulfan and cyclophosphamide). He relapsed 
2 years and 3 months post-autologous HSCT. The AML at relapse had a normal karyotype 
and was negative for NPM1, FLT3, and CEBPA mutations. Salvage induction chemotherapy 
(high-dose cytarabine, mitoxantrone, and etoposide) resulted in complete morphologic 
remission. This was followed by an allogeneic HSCT from a matched unrelated donor with 
myeloablative and total body irradiation conditioning. He achieved complete morphologic 
remission with full donor chimerism. He developed extensive graft-versus-host disease with 
secondary graft failure responsive to steroids and Epstein-Barr virus reactivation requiring 
rituximab. He died 2 years post-allogeneic HSCT with relapsed AML.
WEHI-AML-1 was 31 years old when diagnosed with AML withmyelodysplasia-related 
changes (myelodysplastic syndrome–associated cytogenetic abnormality, monosomy 
7,WHOICD9895/3). The AML was negative for NPM1, FLT3, and CEBPA mutations. She had 
induction chemotherapy (high-dose cytarabine, idarubicin, and etoposide) and achieved 
complete morphologic and cytogenetic remission. This was followed by 2 cycles of 
consolidation chemotherapy (standard-dose cytarabine, idarubicin, and etoposide). Early 
morphologic relapse was detected on bone marrow examination prior to allogeneic HSCT 
from her female sibling (WEHI-AML-2) with BU-CY conditioning. Bone marrow examination 
5 weeks postallogeneic HSCT showed complete morphologic and cytogenetic remission, as 
well as full donor chimerism. Relapsed AML (of WEHI-AML-1 origin) occurred 11 weeks post-
allogeneic HSCT. Salvage therapy with FLAG chemotherapy regimen (fludarabine, cytarabine, 
and filgrastim) proved unsuccessful. WEHIAML-1 died of relapsed AML ,12 months after 
diagnosis.
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WEHI-AML-2 was 30 years old when she donated peripheral blood stem cells to WEHI-
AML-1. Her medical history included iron deficiency anemia secondary to menorrhagia and 
bleeding from descending colon and rectal polyps. Her full blood count was normal at the 
time of stem cell donation. Her routine full blood count 4 years later, at 34 years old, showed 
pancytopenia. A diagnosis of AML with myelodysplasia-related changes (myelodysplastic 
syndrome–associated cytogenetic abnormality, monosomy 7, WHO ICD 9895/3) was 
made on bone marrow examination. The AML was negative for NPM1, FLT3, and CEBPA 
mutations. She had induction chemotherapy (high-dose cytarabine and idarubicin) and 
achieved complete morphologic and cytogenetic remission. This was followed by 1 cycle 
of consolidation chemotherapy (standard-dose cytarabine, idarubicin, and etoposide). 
She then had an allogeneic HSCT using 2 partially HLA-matched umbilical cord blood 
units following FLU-CY-TBI conditioning (fludarabine; cyclophosphamide, and total body 
irradiation). She developed grade 1 graft-versus-host disease of the gut. She remains in 
complete morphologic and cytogenetic remission.
Samples from bone marrow and peripheral blood were collected over the course of their 
treatment (supplemental Table 1; available on the Blood Web site). WEHI-AML-2 was the 
donor for an allogeneic HSCT for WEHI-AML-1 and had peripheral blood taken for chimerism 
analysis at time of donation that was available for analysis.

Whole exome sequencing and whole genome sequencing
Whole exome sequencing on EMC-AML-1 was performed as previously described.12 For 
WEHI-AML-1 and WEHI-AML-2, 50 to 100 ng of DNA and the TruSeq Nano DNA Sample 
Preparation Kit (Illumina) were used to generate indexed DNA libraries. Whole genome 
sequencing was performed on a HiSeq X Ten (Illumina). Exome capture was performed 
with the Human All Exon v5_UTR Capture Library and the SureSelectXT2 Target Enrichment 
System (Agilent Technologies) before sequencing on a HiSeq2500 (Illumina). Alignment and 
variant calling are detailed in the supplemental Methods.

Assessment of MBD4 status and proportion of CG>TG mutations in TCGA
To assess the frequency of CG>TG mutations in The Cancer Genome Atlas (TCGA) samples, 
somatic single nucleotide variant (SNV) calls available through the National Cancer Institute 
Genomic Data Commons were filtered to restrict the analysis to variants with a variant 
allele frequency >20%, with minimum 20 reads coverage and that were recognized by at 
least 3 out of the 4 callers: SomaticSniper, VarScan2, MuTect2, and MuSE. This approach 
correlated well with results from our own analysis pipeline. Candidate germ line loss-of-
function variants impacting MBD4 were sourced from Genomic Data Commons (September 
2016) and analysis restricted to variants with a variant allele frequency >10%, found with 
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a population frequency <1% in ExAC (non-TCGA cohort).13 The variant allele frequency and 
local copy number around MBD4 were assessed in the matched cancer sample to designate 
cases as either monoallelic or biallelic inactivation.

Reduced representation bisulfite sequencing (RRBS)
For WEHI-AML-1 and WEHI-AML-2, RRBS libraries were made from 75 to 100 ng of DNA 
using the Ovation RRBS Methyl-Seq System (NuGEN) with bisulfite conversion using the 
Epitect kit (Qiagen). The libraries were sequenced on a HiSeq2500. Enhanced RRBS data 
from EMC-AML-1 were available through the Database of Genotypes and Phenotypes 
(dbGaP) (phs001027), and RRBS data from a glioblastoma, GBM1063T, were available from 
Gene Expression Omnibus (GSE70175).14 RRBS sequencing reads were trimmed to remove 
adapters and low-quality sequence with Trim_Galore. Diversity adaptors were removed 
with a NuGEN python script (trimRRBSdiversityAdaptCustomers.py). Alignment to hg19 
was performed with Bismark 0.13.0, and methylation status was assessed using bismark_
methylation_extractor, ignoring 5 bases at the 5’ end of each read.15

Whole genome sequencing of Mbd4 wild-type and knockout mice
Mbd4 knockout mice (JAX stock #004989) were obtained from Jackson Laboratory.11 The 
mice were backcrossed an additional generation to C57BL/6, prior to intercrossing. All 
animal studies were approved by the WEHI Animal Ethics Committee (Project 2014.010). 
Mouse bone marrow cells were collected in Dulbecco modified Eagle medium (Thermo 
Fisher Scientific) containing 10% HyClone bovine calf serum, iron supplemented (Thermo 
Fisher Scientific). Ten thousand cells were cultured in 1 mL Dulbecco modified Eagle medium 
with 20% bovine calf serum, 0.3% agar (BD), 100 ng/mL murine stem cell factor, 10 ng/mL 
murine interleukin-3 (IL-3), and 2 IU erythropoietin.16 Cultures were incubated for 11 days 
at 37°C in a fully humidified atmosphere with 10% CO2. Individual colonies were isolated, 
and DNA was extracted using QIAamp DNA Micro Kit (Qiagen). DNA from individual colonies 
was amplified using the TruePrime WGA Kit (SYGNIS), and the amplified DNA was purified 
using QIAamp DNA Mini Kit (Qiagen). Mouse bone marrow DNA was extracted using DNeasy 
Blood & Tissue Kit (Qiagen). DNA was measured using the Agilent 2200 Tapestation Genomic 
DNA ScreenTape Assay (Agilent Technologies). Whole genome sequencing was performed 
on a NovaSeq (Illumina). DNA sequencing data were aligned to the mouse genome (mm10) 
using bwa-mem. Alignment, variant calling, and calculation of relative mutation rate were 
performed using the same approach outlined for the human sequencing data. Welch’s t test 
was used to compare between the groups of samples (n = 3 per group).

Genomic profiling of single-cell–derived colonies (SCDCs) from EMC-AML-1
EMC-AML-1’s autologous stem cell transplant and diagnosis peripheral blood samples were 
used to obtain single hematopoietic progenitor cell colonies. Briefly, cells were thawed and 
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sequentially diluted in Iscove modified Dulbecco medium (Thermo Fisher) supplemented 
with 5% human serum albumin (Thermo Fisher) and 20 U/mL heparin (ie, initially 1:1; 
after 10 minutes, 1:10; and after 20 minutes, 1:20). The cell suspension was centrifuged 
at 4°C, and cells were resuspended in cold phosphate-buffered saline. Cells were plated at 
different densities (0.04 to 23105 cells per mL) in MethoCult GF H84434 Methylcellulose 
medium with cytokines (Stemcell Technologies) for 14 days at 37°C and 5% CO2. DNA was 
isolated from individual colonies using the QiaAmp DNA Micro Kit (Qiagen) and quantified 
using Qubit DNA HS assay kit (Life Technologies). The Illumina TruSight Myeloid Sequencing 
Panel (Illumina) was applied to detect mutations in genes frequently mutated in myeloid 
malignancy.

MBD4 glycosylase activity assays
MBD4 glycosylase activity assays were performed as previously described with the following 
modifications.17 The glycosylase activity of MBD4 protein (0.5 µM) on double-stranded 
FAM-labeled 32bp-oligonucleotides (0.1µM) was assessed and monitored by denaturing 
gel electrophoresis. The resulting FAM labeled single-stranded DNA was visualized using 
the 473-nm laser (Blue LD Laser) and 530DF20 emission filter on a Typhoon FLA9500 (GE 
Healthcare).

The following 32-bp oligonucleotides were obtained from Integrated DNA 
Technologies: (FAM)-5’-TCGGATGTTGTGGGTCAGXGCATGATAGTGTA-3’ (where X = C or 
T); 5’-TACACTATCATGCGCTGACCCACAACATCCGA-3’. The double-stranded FAM-labeled 
matched and mismatched oligonucleotides were prepared by hybridization whereby 100 
µM of oligodinucleotides were mixed in 50 µL annealing buffer containing 10 mM tris 
(hydroxymethyl) aminomethane HCl, 1 mM EDTA, and 50 mM NaCl (pH 8.0), then incubated 
at 95°C for 2 minutes, followed by a steady temperature reduction over 45 minutes to 25°C. 
The double-stranded duplexes were cooled and stored at 4°C.
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RESULTS

Germ line loss of MBD4 predisposes to AML with a novel mutational signature
We identified 3 patients with AML, including 2 siblings, that were distinctive because of their 
high mutational burden (~33-fold above what is typical for AML) and unique mutational 
signature, where .95% of mutations were CG>TG (Figure 1A-B; supplemental Figure 1A). This 
signature differs from the distribution of C>T mutations generally observed in AML and is 
more refined than the mutational signature ascribed to aging,4 suggesting a near complete 
dependence on 5mC deamination. Although CG>TG mutations are an integral feature of 
age-related DNA damage and AML is most commonly a disease of older age (median age of 
onset is >70 years), all 3 patients were younger than 35 years at diagnosis.

Sequencing germ line DNA from the 3 cases identified loss-of-function variants in the 
gene encoding the DNA glycosylase MBD4, which plays a key role in initiating repair after 5mC 
deamination8 (Figure 1C; supplemental Table 2). Case EMC-AML-1 carried a homozygous 
deletion of Histidine 567 (H567) in the glycosylase domain of MBD4. An in vitro glycosylase 
assay confirmed that loss of H567 results in a catalytically inactive MBD4 protein (Figure 1C). 
The siblings (WEHI-AML-1,WEHI-AML-2) were compound heterozygotes with a frameshift 
in exon 3 and a variant that disrupts the splice acceptor of exon 7 of MBD4 (Figure 1C; 
supplemental Figure 2A). Analysis of the MBD4 messenger RNA allowed for phasing of the 
variants to distinct alleles and confirmed aberrant splicing that excludes exon 7 and disrupts 
the glycosylase domain (supplemental Figure 2B). MBD4 has not previously been associated 
with hematological malignancy, but somatic mutations, predominantly frameshifts, have 
been detected in sporadic colon cancers with mismatch repair deficiency.18, 19 Two patients 
(EMCAML-1, WEHI-AML-2) also had colorectal polyps, a common manifestation of DNA 
repair defects, including those associated with loss of BER components MUTYH20 and 
NTHL1.21

Figure 1. MBD4-deficient cancers exhibit a distinctive mutational signature. (A) Mutation burden in AML, 
presented as number of base substitutions per exome. Data sourced from dbGaP; cases are ordered on patient 
identifier (EMC: phs00102712 and TCGA: phs00017824). (B) Trimer context of C.T mutations in 3 MBD4-
deficient AML cases. The center of origin is reflected in the sample label. For comparison, we show signature 
1, the established signature associated with 5mC deamination, and all C.T mutations present in TCGA-AML. (C) 
Schematic representation of MBD4, highlighting germ line loss-of-function variants detected in the AML cases and 
cases within TCGA (at top). A glycosylase assay was performed to assess the activity of recombinant MBD4 (either 
AA430-580 or full length), wild-type (WT), delH567, or the catalytically inactive mutant D560A. Substrate (S) and 
product (P). Consistent results were obtained in 5 experiments for MBD4 AA430-580 and 3 experiments for full 
length. (D) The proportion of CG.TG mutations observed is set out against the total number of base substitutions 
detected for all TCGA samples. Samples with germ line MBD4 loss-of-function variants were designated either as 
heterozygous (monoallelic) or completely inactivated (biallelic) based on the genotype of the cancer (includes 
somatic mutations). Gray lines mark the top 1% and 0.1% of cases with the highest proportion of CG.TG mutations. 
A select set of tumor types are highlighted.
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Figure 2. Damage introduced by 5mC deamination is influenced by genetic and epigenetic features. (A) Observed 
relative mutation rates (RMRs) at different genomic features in whole genome sequencing from WEHI-AML-1 and 
WEHI-AML-2, calculated per Mb of CG dinucleotides (CG corrected), or corrected for methylation status in normal 
CD341 cells (5mC corrected). (B) Abundance and methylation status for NCG trimers from whole genome bisulfite 
sequencing derived from normal CD341 cells.37 An RMR value was calculated for WEHI-AML-1 and WEHI-AML-2 
for each NCG trimer, accounting for differences in abundance and 5mC status in normal CD341 cells and scaled 
to account for total mutation load (see supplemental Methods). Individual values are plotted (n 5 2), and bars 
show the mean. (C) RMR values were calculated from exome data for the 5 MBD4-deficient cancers. There was 
a significant enrichment of mutations in the ACG context compared with TCG (P 5 .0079, Mann-Whitney U test). 
(D) RMR values were calculated from whole genome sequencing data generated from Mbd4 knockout (Mbd4-
KO) murine blood cell progenitors at 4 months of age. Values from individual colonies are plotted (n53), and the 
bar shows the mean. There was a significant enrichment of mutations in the ACG context compared with TCG 
(P5.019, Welch’s t test). (E) RMR values were calculated for NCGN tetramers in WEHI-AML-1 and WEHI-AML-2, then 
separated by replication timing (n 5 2).
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MBD4 deficiency drives a common path of clonal evolution to AML
The 3 cases of AML with germ line MBD4 deficiency exhibited common molecular features, 
including biallelic DNMT3A mutations and IDH1 or IDH2 hot spot mutations, all of which 
were CG>TG (Figure 3A-C). This is a relatively rare path to AML, affecting <3% of patients in 
TCGA-AML24; therefore, it is highly unlikely that these 3 individuals share this pattern of driver 
mutations by chance. Analysis of sequential bone marrow biopsies taken during treatment 
and single-cell genotyping allowed us to refine the order of somatic mutation acquisition 
in 2 cases (EMC-AML-1, WEHI-AML-1), with DNMT3A mutations preceding IDH mutations 
(Figure 3A-B; supplemental Figure 7). DNMT3A mutations present in the AML at diagnosis 
were also detected in non-leukemic bone marrow populations in both cases, indicating that 
these mutations are among the first acquired. Mutations in DNMT3A are known to alter 
the self-renewal capacity of hematopoietic stem cells (HSCs)25 and are associated with age-
related clonal hematopoiesis (ARCH), also known as clonal hematopoiesis of indeterminate 
potential.26-29 For both cases, a marked expansion of clones carrying DNMT3A mutations 
occurred in the remission phase following treatment (Figure 3A-B). EMC-AML-1 experienced 
multiple clonal outgrowths, with 9 distinct DNMT3A mutations, and repeated selection of 
clones with biallelic DNMT3A mutations, which appears to be a key step in the development 
of leukemia in these patients. Broader testing of other AMLs with biallelic DNMT3A mutations 
demonstrated that 24 out of 30 (80%) have coincident mutations in IDH1 or IDH2, suggesting 
cooperation between these mutations that may explain this conserved path to leukemia.

MBD4 deficiency stimulates clonal hematopoiesis through inactivation of DNMT3A
To determine the influence of this mutational process on the composition of MBD4-deficient 
bone marrow, we genotyped additional single cells, or SCDCs, isolated from EMC-AML-1 at 
multiple points during treatment. As expected, the leukemic clones were dominant at the 
time of diagnosis and relapse, but genotyping individual cells revealed that they continue to 
acquire CG>TG mutations (supplemental Figure 8). When HSCs collected at remission were 
examined, we found that 20 of 30 (67%) SCDCs carried mono- or biallelic CG>TG mutations 
in DNMT3A that were mostly distinct (Figure 4A). A further 2 (7%) SCDCs carried CG>TG 
mutations in TP53 (Figure 4B). Deep variant calling across all EMC-AML-1 samples uncovered 
additional CG.TG mutations in ARCH-associated genes: 28 in DNMT3A, 10 in TP53, 5 in 
ASXL1, and 7 in TET2 (Figure 4A-D). When these findings are extrapolated to the entire bone 
marrow compartment, it suggests a rich diversity of clones carrying mutations in ARCH-
associated genes, predominantly in DNMT3A. Three observations support the notion that 
the mutations in DNMT3A are functionally important: first, their repeated expansion in the 
blood indicates a fitness advantage; second, there is clear enrichment of nonsynonymous 
mutations (assessed with dNdScv,30 q = 4.63e-05, Benjamini-Hochberg corrected); and 
third, the majority of mutations (65%) have been observed in ARCH26, 28, 31 (Figure 4A). Taken 
together, these results emphasize the importance of 5mC damage as a source of mutations 
that drive clonal expansion in the blood, representing a key contributor to ARCH.
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Inactivation of MBD4 is associated with a methylation damage signature across 
different types of cancer
We mined large cancer databases to explore the link between MBD4 deficiency and the 
distinctive CG>TG signature. Analysis of TCGA, comprising 10 683 cancers (including 200 
AMLs), identified 9 cases that carried germline loss-of-function variants in MBD4 (Figure 1C; 
supplemental Figure 1A-B and supplemental Table 2). In 2 of these cases, a uveal melanoma 
(TCGA-UVM-1) and a glioblastoma multiforme (TCGA-GBM-1), splice site mutations were 
accompanied by loss of the wild-type MBD4 allele (supplemental Figure 3A). Analysis of RNA 
sequencing from both tumors confirmed aberrant splicing of MBD4, predicted to result in 
protein truncation and loss of function (supplemental Figure 3B). Both cases exhibited an 
elevated mutation rate and strong enrichment for CG.TG mutations, similar to the MBD4-
deficient AMLs (Figure 1D; supplemental Figure 1A). This signature was also observed in a 
glioma cell line, SW1783, that carries a homozygous truncating variant in MBD4 at Leucine 
563 (supplemental Figure 1A). Cancers that retained a wild-type allele did not display a 
prominent CG>TG signature (Figure 1D; supplemental Figure 1A). These results suggest both 
alleles of MBD4 must be inactivated to inhibit its repair activity, which is consistent with 
other BER-associated cancer syndromes.20, 21

Genetic and epigenetic features that impact methylation damage
Whole-genome sequencing and methylation profiling were performed to refine the 
mutational signature associated with MBD4 deficiency in AML. Overall, >15 000 substitution 
mutations were identified in each AML genome, of which >90% were CG>TG (supplemental 
Figure 1B). Insertions and deletions were uncommon, suggesting the mismatch repair 
pathway remains intact. The mutation rate was linked to 5mC abundance. Sparsely 
methylated regions, such as promoters and CG islands, were rarely mutated (Figure 2A). 
Correcting for 5mC abundance measured in normal CD34+ cells revealed a consistent 
mutation rate across different genomic features (Figure 2A). Direct assessment of the 
methylation status in MBD4-deficient cancers, or matched control tissue, confirmed that 
mutations occurred at methylated CG sites (supplemental Figure 4).

We next assessed the influence of genetic and epigenetic features on the mutation 
rate.22 When we examined the local sequence context, we observed that the proportion 
of mutations was higher in the context of the ACG triplet and lower in the context of TCG, 
with CCG and GCG being intermediate. The preference for ACG remained after correction 
for trimer abundance and methylation status (Figure 2B) and was found to be significant 
in the exome data from 5 MBD4-deficient cancers (P = .007937, Mann-Whitney U  test) 
(Figure 2C). The same mutational signature, including the preference for the ACG trimer, 
was recapitulated in blood cell progenitors isolated from Mbd4 knockout mice, both at 4 
months of age (Figure 2D) and in animals aged for over a year, which had a higher mutation 
burden (supplemental Figure 5). The ACA trimer was the most commonly mutated site 
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outside of a CG context in the cancers, and this matches the most common site of non-CG 
methylation.23 Extending the analysis of sequence context to include 1 base on either side of 
the CG identified higher mutation rates in the context of a 3’ cytosine (NCGC). The relative 
mutation rate was not influenced by the transcriptional strand (supplemental Figure 6A) but 
was higher in late replicating regions (Figure 2E) and at lowly expressed genes (supplemental 
Figure 6B). The differences between tetramers and enrichment in late replicating regions 
were also evident in rare germ line CG>TG single nucleotide polymorphisms from the 
gnomAD database13 (supplemental Figure 6C). Collectively, these results suggest that 
although 5mC is the dominant factor contributing to the mutation rate, the local sequence 
context, replication timing, and expression status also contribute.
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Figure 4. Recurrent C>T mutations in genes implicated in age-related clonal hematopoiesis (ARCH). (A) DNMT3A 
mutations were detected in MBD4-deficient patients at time of disease (leukemic phase) or remission (remission 
phase). EMC-AML-1 had additional DNMT3A mutations that were detected through sequencing of bulk DNA, 
SCDCs obtained from diagnostic bone marrow, and SCDCs from autologous stem cells collected during complete 
remission. The majority of the DNMT3A mutations had been detected in healthy individuals with ARCH. Additional 
point mutations were identified in remission material from EMC-AML-1, in TP53 (B), ASXL1 (C), and TET2 (D). A 
more detailed phylogenetic tree is provided in supplemental Figure 8.

MBD4 guards against methylation damage and germ line deficiency predisposes to clonal hematopoiesis and 
early-onset AML



234

DISCUSSION

Here we describe a new genetic predisposition to cancer, in which germ line MBD4 
deficiency is associated with the development of early-onset AML, through the acquisition 
of pathogenic mutations in driver genes, most particularly DNMT3A. Although additional 
investigation is required to determine the frequency with which MBD4 deficiency contributes 
to familial cancer predisposition and to refine the disease spectrum and penetrance, our 
results highlight a crucial role for MBD4 in safeguarding against the damage wrought by 5mC 
deamination. Concomitantly, 2 other groups have also identified the link betweenMBD4 
inactivation and methylation damage, through identification of sporadic solid cancers 
with a combination of germ line and somatic mutations (Rodrigues et al32 and Jan Korbel, 
manuscript submitted November 2017). Our study, in addition, reveals the impact of 
constitutive inactivation of MBD4 on the development of early-onset AML and reveals that 
blood cell progenitors are particularly sensitive to methylation damage.

As noted earlier, methylation damage accumulates as part of normal aging.4, 5Our current 
understanding of how methylation damage manifests largely depends on mutational 
profiles garnered from large collections of human cancers,4 but distilling a clear signature 
has been complicated by the diverse DNA damage processes and repair defects present 
in those cancers. MBD4-deficient cancers, particularly cases with constitutive loss, provide 
a unique opportunity to refine the mutational signature for methylation damage, and we 
have identified genetic and epigenetic factors that shape its influence. This distinctive 
damage signature was recapitulated in blood cells from Mbd4 knockout mice, indicating 
that the DNA repair pathway guarding against methylation damage is broadly conserved. 
The ubiquitous nature of methylation damage means even small fluctuations in mutation 
rate are relevant if we wish to understand its influence on genomic integrity. Our results 
demonstrate a profound link between methylation damage and the development of 
hematological malignancy, which is reshaping our understanding of how 5mC contributes to 
cancer risk over a lifetime.

One manifestation of methylation damage is clonal hematopoiesis, a phenomenon 
typically observed in people >70 years of age.26-29 The influence of methylation damage is 
reflected in the prevalence of C.T mutations in clonal hematopoiesis, which has been noted 
previously.28, 33 Individuals with biallelic loss of MBD4 in the germ line confirm this link; 
they sustain high levels of damage from 5mC deamination throughout their lifetime and 
experience clonal expansions decades earlier, which eventually progress to AML. Repeated 
sampling and single-cell genotyping of blood cell progenitors revealed a rich diversity of 
mutations that overlap the driver landscape of clonal hematopoiesis, including mutations in 
DNMT3A particularly, but also in TP53, ASXL1, and TET2. The coexistence of this diverse array 
of mutant clones, and our ability to monitor their prevalence dynamically, offers new insight 
into the fitness landscape of clonal hematopoiesis. Future studies will need to explore the 
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latency and degree of penetrance of mutations associated with clonal hematopoiesis and 
AML in Mbd4 knockout mice as they age, in order to fully investigate the human disease 
pathogenesis we have identified.

There are >40 million 5mC residues in the genome, yet the 3 individuals that lack MBD4 
constitutively all developed the same type of cancer, AML, with a common set of driver 
mutations. A small set of genes have been defined that predispose to AML (reviewed by 
Godley and Shimamura34), including DNA repair genes, such as those in the Fanconi anemia 
pathway, but to our knowledge none exhibit such a conserved path to malignancy.

Our results indicate this convergence results from the combination of a highly restricted 
mutational signature, which accesses a select set of driver genes, and the role of DNMT3A, 
which regulates HSC self-renewal capacity and protects against transformation.25, 35, 36 This 
interaction between mutational process, driver landscape, and stem cell biology may explain 
the tissue-restricted pattern of disease in this and other cancer predisposition syndromes 
and has broader implications for understanding how the aging process shapes cancer risk.
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SUPPLEMENTARY METHODS

Validation and phasing of WEHI-AML-1 MBD4 variants
Primers flanking the MBD4 variants in exon 3 and exon 7 were designed using Primer3. 
Non-amplified DNA extracted from remission material from WEHI-AML-1 was used as a 
template. PCR of exon 7 (MBD4_Ex7-F: 5’-CCTCTTGGTCTCTACGATCTTC-3’ and MBD4_Ex7-R: 
5’-TCGGTAAGAGTCGTTGCCAT-3’) was performed using Platinum Taq DNA Polymerase 
(Thermo Fisher Scientific) (5 minutes at 94°C, 35 cycles of 20 seconds at 94°C, 30 seconds 
at 60°C and 60 seconds at 72°C, and a final 5 minutes at 72°C). PCR of exon 3 (MBD4_Ex3-F: 
5’-GCTGAAAGTGAACCTGTTGC-3’ and MBD4_Ex3-R: 5’-TGTGTTCTGAGTCTTTGGCTG-3’) was 
performed using Phusion Hot Start II High-Fidelity DNA Polymerase (30 seconds at 98°C, 
32 cycles of 10 seconds at 98°C, 30 seconds at 60°C and 15 seconds at 72°C, and a final 10 
minutes at 72°C). Phusion Hot Start II High-Fidelity DNA polymerase was used as its enhanced 
proof-reading ability was preferable for amplifying the poly-A stretch in exon 3. The PCR 
products were used directly for Sanger sequencing and analysed on Applied Biosystems 
3730 or 3730xl capillary sequencers (Thermo Fisher Scientific). Sanger sequencing results 
were analysed using SeqMan (DNASTAR) and by comparison to the human genome with 
BLAT (https://genome.ucsc.edu/cgi-bin/hgBlat). PCR products were also cloned using 
Zero Blunt TOPO PCR Cloning Kit and One Shot Top10 Electrocomp E. coli (Thermo Fisher 
Scientific) prior to Sanger sequencing, to enable resolution of the mixed signal produced by 
frameshift variants. Plasmid DNA was obtained using PureLink HiPure Plasmid Miniprep Kit 
(Thermo Fisher Scientific).

Total RNA from WEHI-AML-1 and WEHI-AML-2 at the time of first remission was 
used to make cDNA with SuperScript III Reverse Transcriptase (Thermo Fisher Scientific). 
Primers flanking MBD4 exons 3 to 8 were designed using Primer3 (MBD4_Phasing1-F 
5’-GAGACCCTCAGTGTGACCAG-3’ with MBD4_Phasing1-R 5’-GCTGGAAAGGTGGTTGGTTG-3’, 
and MBD4_Phasing2-F 5’-GCTGAAAGTGAACCTGTTGC-3’ with MBD4_Phasing2-R 
5’-GCTGGAAAGGTGGTTGGTTG-3’). PCR was performed using Phusion Hot Start II High-
Fidelity DNA Polymerase (30 seconds at 98°C, 30 cycles of 10 seconds at 98°C, 30 seconds at 
60°C and 2 minutes at 72°C, and a final 10 minutes at 72°C). The PCR products were cloned, 
plasmids were purified and Sanger sequenced, as above.

Alignment and variant detection
DNA sequencing data from WEHI-AML-1 and WEHI-AML-2 (exome, genome and small 
amplicons) were aligned to the human genome (hg19) using bwa-mem v0.7.10-r7891. 
Additional sequencing data were sourced from the NIH-NCI Genomic Data Commons (GDC) 
Data Portal [phs001027 and phs000178] through an authorised access request. Aligned 
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sequencing data (BAM files aligned to hg38) was downloaded from GDC, together with 
variant calls. Preliminary variant detection of WEHI-AML-1, WEHI-AML-2, EMCAML-1, the 
EMC cohort [phs001027]2 and all TCGA-AML samples [phs000178]3 was performed with 
samtools version 0.1.19-44428cd, followed by Varscan v2.3.64. These preliminary calls were 
refined with superFreq 0.9.15, which also provided clonality estimates for copy number 
and somatic SNV calls (https://github.com/ChristofferFlensburg/superFreq) and clonal 
relationships were visualized5. Somatic mutation calls for SW1783 were available through 
the Catalogue of Somatic Mutations in Cancer (v81)6. The MutationalPatterns R Package was 
used to assess the trimer base context for somatic mutations7. Additional variants in a target 
gene set in EMC-AML-1 were identified using a site-specific error model detailed below.

RNA sequencing alignment and analysis
For WEHI-AML-1 and WEHI-AML-2, total RNA was extracted using TRIzol (Thermo Fisher 
Scientific). One microgram of RNA, except for the WEHI-AML-1 diagnosis time point 
where only 170ng was available, was used to generate RNA libraries using the TruSeq RNA 
Sample Preparation Kit v2 (Illumina). The fragmentation protocol was modified to generate 
fragments with a median insert size of 200 bp. The libraries were sequenced on a HiSeq2500 
and data aligned to hg19 with Tophat v2.0.128. Aligned sequencing data for TCGA samples 
(BAM files aligned to hg38) was downloaded from GDC. Aligned RNA-seq data was counted 
over genes with featureCounts9. Reads spanning splice sites were used to calculate the 
proportion of reads involved in canonical and non-canonical splicing.

Assessment of the relative mutation rate and its association with genetic and 
epigenetic features
The incidence of CG>TG mutations was assessed in different genomic features, defined by 
the sequence context (NCG trimer, NCGN tetramer) or functional classification (CG island, 
promoter, promoter flanking, exon or intron). CG island annotation was obtained at the 
University of California, Santa Cruz (UCSC) genome browser10. Promoter and promoter 
flanking annotations were obtained from the Ensembl website through biomaRt11. Intronic 
and exonic regions were determined from the Ensembl v75database12 (GRCh37).

As the mutations occurred almost exclusively in a CG context, the rate of CG>TG 
mutations per CG was calculated for each genomic feature. Each CG provides two mutational 
substrates and was therefore counted twice. Whole genome bisulfite (WGBS) data from 
CD34+ specimens from 5 healthy individuals was used to estimate methylation status for CG 
sites13. Due to the variable coverage in WGBS, the analysis was restricted to CG sites covered 
in at least 1 of the WGBS CD34+ samples, and a weighted average was used to estimate 
methylation status based on the coverage in each sample. The restriction to CG sites with 
coverage in WGBS ensured that a methylation call was available for all sites and omitted 
difficult to align regions.
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A relative mutation rate (RMR) was calculated for each feature, either corrected for 
CG abundance (RMR–CG) or for 5mC abundance (RMR–5mC), using RoaMeR (https://
github.com/MathijsSanders/RoaMeR). RMR is calculated in a way that is analogous to the 
fragments per kilobase of exon per million reads mapped statistic (FPKM). RMR-CG reflects 
the number of mutations expected in 1 Mb of CG sites in a particular genomic feature if 
1000 somatic mutations were randomly selected from the total mutation load:

Where µij represents the CG>TG mutation count for feature i within sample j, αi represents 
the total number of CGs present in feature i, and τj  is the total CG>TG mutation burden 
in sample j. The RMR-5mC replaces αi with the weighted average methylation  level for a featumethylation 
level for a feature:

Where ωi  represents the sum of the weighted average methylation level for all CG sites in 
feature i across the CD34+ WGBS cases: 

Where covj reflects the local coverage and ßj is the methylation level for this CG, both 
for sample j. For a fully methylated feature the CG-abundance (αi) is equal to the 5mCG-
abundance (ωi ), meaning the RMR-CG and RMR-5mC are equivalent. 
RMRs were calculated for each genomic feature, then further stratified based on replication 
timing, transcriptional strand or expression level.
Replication timing: A conserved DNA replication timing profile was generated from 14 Repli-
seq data sets from ENCODE14 downloaded through the UCSC genome browser10 (hg19). The 
data comprises genome-wide wavelet-smoothed values per 1-kb bin for 14 cell lines (BG02ES, 
BJ, GM06990, GM12801, GM12812, GM12813, GM12878, Hela-S3, HepG2, HUVEC, IMR90, 
K562, MCF-7 and NHEK). The median value over all cell lines was calculated per 1-kb bin, 
and then the median of these values was calculated for contiguous 10-kb blocks. Each 10-kb 
block was distributed among 4 equally-sized domains, designated the latest (< 29), late (≥ 29 
& < 47), early (≥ 47 & < 63) and earliest (≥ 63) replication domains.
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Transcriptional strand and expression level: Transcriptional strand bias analysis was 
performed by determining the template and non-template strands per gene as reported in 
Ensembl v7512. Overlapping gene bodies on the same strand were merged while overlapping 
regions defined by genes located on opposite strands were excluded. The number of CG>TG 
mutations on the template and non-template strands was counted genome-wide and 
corrected for the total CG-abundance within gene bodies. Transcriptional bias was assessed 
by binning genes into categories based on expression. The average FPKM value per gene 
was calculated from RNA-seq data available from WEHI-AML-1 and WEHI-AML-2. Genes 
with an average FPKM value ≤ 0.5 were considered to have very low expression (n=7464) 
and were allocated to the none-gene expression bin. The remaining genes were ordered 
by average FPKM value and distributed among 4 equally-sized expression bins (n=4509 per 
bin), designated lowest-, low-, high- and highest- gene expression bins. A high correlation 
between gene expression level and replication domain was noted.
RMR-5mC calculation for gnomAD: The Genome Aggregation Database15 (gnomAD) was 
provided by the Broad Institute and downloaded from Google Cloud Storage (release-170228). 
Rare CG>TG germline polymorphisms with a minor allele frequency between 0.0001 and 
0.001 were considered for further analysis. SNPs were used in place of somatic mutations 
to calculate an RMR-5mC for all NCGN tetramers, either globally or for each replication 
domain.

Variant validation using a small amplicon panel
Primers flanking variants of interest were designed using Primer3 (http://bioinfo.ut.ee/
primer3-0.4.0/). Whole genome amplification (WGA) was performed on DNA from WEHI-
AML-1 and WEHI-AML-2 using the REPLI-g Mini/Midi Kit (Qiagen). Amplified DNA was 
purified using Agencourt AMPure XP (Beckman Coulter) before use in PCR, which was 
performed using Phusion Hot Start II High-Fidelity DNA Polymerase (Thermo Fisher 
Scientific) (30 seconds at 98°C, 31 cycles of 10 seconds at 98°C, 20 seconds at 60°C and 15 
seconds at 72°C, and a final 5 minutes at 72°C). PCR products were analysed on an agarose 
gel, pooled and purified using Agencourt AMPure XP. A second PCR was performed using 
indexed forward and reverse primers that introduce the P5 and P7 sequences (30 seconds 
at 98°C, 24 cycles of 10 seconds at 98°C, 20 seconds at 60°C and 15 seconds at 72°C, and a 
final 5 minutes at 72°C). PCR products were analysed on an Agilent 2200 Tapestation D1000 
ScreenTape Assay (Agilent Technologies), purified using Agencourt AMPure XP, quantified 
and diluted before sequencing on a MiSeq (Illumina, San Diego, CA, USA).

Mutation analysis on bone marrow smears and isolated single cells
EMC-AML-1 DNA was isolated from May-Grunwald Giemsa (MGG) stained bone marrow 
smears. Material was removed from glass slides and dissolved in RLT plus lysis buffer 
(Qiagen). Genomic DNA was isolated with the QIAsymphony. A Becton Dickson FACS 
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Aria II was used to sort intact and living cells into 96-well plates at one cell per well. 
WGA was performed on each cell using the REPLI-g Single Cell DNA Library Kit (Qiagen). 
Selected samples were analysed using the Illumina TruSight Myeloid Sequencing Panel 
(Illumina). Sanger sequencing was also performed to assess mutations in DNMT3A, 
with the following PCR primers: R635-F: 5’-CAGGGTGTGTGGGTCTAGGA-3’ and R635-R: 
5’-AAGCTTCCCCTTTGGGATAA-3’; R688-F: 5’-CAGGGAGATGGCTCCAAGTA-3’ and R688-R: 
5’-TTTGCCCTTTACCCTCTCAA-3’; R882/A884-F: 5’-AGGAGTTGGTGGGTGTGAGT-3’ and R882/
A884-R: 5’-TCTCCATCCTCATGTTCTTGG-3’; 3’UTR-F: 5’-TTCTAGAAGCCGCTGTTACCTC-3’ and 
3’UTR-R: 5’-CCTCATCTAGCCCCCTTTTT-3’. PCR was performed using Taq DNA polymerase 
(Thermo Fisher Scientific) (4 minutes at 94°C, 35 cycles of 1 minute at 94°C, 1 minute at 
60°C and 1 minute at 72°C, and a final 7 minutes at 72°C). PCR products were purified 
using a Millipore Microscreen™ PCR cleanup plate (Merck) and sequenced on an Applied 
Biosystems 3130xl Genetic Analyzer (Thermo Fisher Scientific).

Deep variant detection in serial samples from EMC-AML-1
We constructed a site-specific error model that models the unique site-and-variant specific 
noise profile from a large set of complete remission samples (n=480) from patients who 
never carried the variant of interest in the leukemia16. Variant allele frequencies (VAFs) for 
each potential SNV within the target gene set was calculated across all serial samples from 
EMC-AML-1 and the set of remission samples. Quantile normalization of the calculated 
VAFs was performed to mitigate the effect of qualitative differences amongst samples. 
The VAFs for variants of interest in the serial samples of EMC-AML-1 was compared to the 
site-and-variant specific noise profile constructed from the set of remission samples by the 
modified Thompson-Tau test. A p-value < 0.0001 was considered statistically significant, 
implying that the variants was present at that time point, and only variants present at 3 or 
more time points were considered detected. The strict criteria imposed limit the number of 
erroneously detected variants.

Assessment of positive selection for somatic mutations in EMC-AML-1
Positive selection for individual genes was assessed by an unmodified version of dNdScv17 
for the whole exome sequencing data, while a modified substitution model (12 substitution 
classes for non-CG mutations: A>C, A>G, A>T, C>A, C>G, C>T, G>A, G>C, G>T, T>A, T>C and 
T>G + the 4 different CG-contexts: ACG>ATG, CCG>CTG, GCG>GTG and TCG>TTG) within 
dNdScv was used for the variants detected for the single cell derived colonies (SCDCs) 
expanded from the autologous hematopoietic stem cell transplant material of EMC-AML-1. 
Any duplicate variants detected in the SCDCs were omitted from further analysis as it could 
not be guaranteed that they were independent events.
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Site-directed mutagenesis and cloning
Full length MBD4 cDNA was PCR amplified from a pReceiver-B13 vector (GeneCopoeia) 
and cloned into pET28-MHL expression vector (GenBank accession EF456735, Addgene) 
by applying BD-BioScience In-Fusion enzyme-mediated directional recombination between 
complementary 15 nucleotide DNA sequences at the end of the PCR products, using the 
following primers for MBD4: sense 5’-TTGTATTTCCAGGGCGGCACGACTGGGCTGGAGAGTCT 
and anti-sense 5’-TTGTATTTCCAGGGCGGCACGACTGGGCTGGAGAGTCT-3’. The truncated 
form of MBD4, residues 430-580, in the pET28 backbone was sourced from Addgene.

QuikChange II XL Site-Directed Mutagenesis Kit (Agilent Technologies) was used to 
generate the MBD4 mutants, including the catalytically inactive mutant D560A18. The 
primer sequences were as follows, with the site of deletion or mutation underlined: MBD4 
H567 deletion: sense 5’-CCCTGAAGACCACAAATTAAATAAATAT___GACTGGCTTTGGGAA-3’ 
and anti-sense 5’-TTCCCAAAGCCAGTC___ATATTTATTTAATTTGTGGTCTTCAGGG-3’; MBD4 
D560A: sense 5’-GAAGCAGGTGCACCCTGAAGCCCACAAATTAAATAAATATCA-3’ and anti-sense 
5’-TGATATTTATTTAATTTGTGGGCTTCAGGGTGCACCTGCTTC-3’; Successful mutagenesis was 
confirmed by enzymatic digestion and DNA sequencing.

Expression and purification of recombinant MBD4
The pET28-MHL containing hexahistidine-tagged MBD4 full length and mutants, MBD4 
residues 430-580 and mutants were expressed in Escherichia coli BL21(DE3) Gold and 
BL21(DE3) pLysS cells (Thermo Fisher Scientific). A single BL21(DE3) colony containing the 
pET28 expression vector with the desired insert was cultured for 16 hours at 37°C in Luria 
Broth (LB) medium supplemented with 50 μg/ml kanamycin. The culture was diluted 25 
times in LB medium without selection marker and grown at 37°C until it reached an OD600 
of 0.5 to 0.8. Cells were induced by adding 0.5 mM isopropyl b-D-1-thiogalactopyranoside 
and incubated for 4 hours at 37°C. Cell cultures were centrifuged at 38,000 x g for 30 
minutes at 4°C and the cell pellets resuspended in lysis buffer containing 20 mM sodium 
phosphate, 500 mM NaCl, 10 mM imidazole (pH 7.4), 1 mg/ml lysozyme, 200 μg/ml DNAse, 
and 1x SIGMAFAST Protease Inhibitor, EDTA-Free (Sigma-Aldrich), before incubation on ice 
for 30 minutes. The cells were sonicated on ice for 6 minutes at amplitude 60%, using 10 
second bursts followed by a 20 second reprieve with a Branson Digital Sonifier. The lysate 
was clarified by centrifugation at 38,000 x g for 30 minutes at 4°C. The hexahistidine-tagged 
proteins were isolated from the crude lysate using Ni-NTA Superflow (Qiagen) and a 2.5 x 
10cm Econo-chromatography column (Bio-Rad). The Ni-NTA resin was washed twice with cold 
washing buffer containing 20 mM sodium phosphate, 500 mM NaCl and 10 mM imidazole 
(pH 7.4) to remove non-specific interacting proteins. Hexahistidine-tagged proteins were 
eluted from the Ni-NTA group on the matrix with cold elution buffer, containing 20 mM 
sodium phosphate, 500 mM NaCl and 500 mM imidazole (pH 7.4). Directly after elution 
into buffer containing 500 mM imidazole, the protein suspensions were dialyzed in a Slide-
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A-Lyzer G2 Dialysis Cassette (gamma irradiated, 10K MWCO) (Thermo Fisher Scientific), for 
2 hours at 4°C against 300x volume dialysis buffer containing 50 mM Tris-HCl and 150 mM 
NaCl (pH 7.6). The dialysis buffer was refreshed twice, with further incubation at 4°C for 2 
hours and 16 hours. Proteins were quantified using Qubit protein assay kit and Qubit 3.0 
fluorometer (Thermo Fisher Scientific). Proteins were verified by SDS-PAGE using a NuPage 
Novex 4-12% Bis-Tris Protein Gel run in a Bis-Tris XCell SureLock™ Mini-Cell system (Thermo 
Fisher Scientific) with 1x MOPS at 200V for 90 minutes. Blots were incubated in blocking 
buffer containing 5% BSA, 0.1% Tween and 1xPBS with the appropriate antibodies: α-His 
H-15 (sc-803, Santa Cruz Biotechnology) and α-MBD4 (ab12187, Abcam). Proteins were 
visualized using a Li-Cor Odyssey 3.0.
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Table S1: Clinical sample description
W

EH
I-A

M
L-

1 
w

ith
 A

M
L 

w
ith

 m
ye

lo
dy

sp
la

si
a-

re
la

te
d 

ch
an

ge
s 

(M
D

S-
as

so
ci

at
ed

 c
yt

og
en

et
ic

 a
bn

or
m

al
ity

, m
on

os
om

y 
7,

 W
H

O
 IC

D
 9

89
5/

3)

Sa
m

pl
e

Ti
m

e 
fr

om
 d

ia
gn

os
is

 
da

ys
 (m

on
th

s)
Cl

in
ic

al
 ti

m
e 

po
in

t
Ti

ss
ue

Bl
as

t %
 

m
or

ph
ol

og
y

Pa
th

ol
og

y 
su

m
m

ar
y

An
al

ys
is

Sa
m

pl
e

Ti
m

e 
fr

om
 d

ia
gn

os
is

 
da

ys
 (m

on
th

s)
Cl

in
ic

al
 ti

m
e 

po
in

t
Ti

ss
ue

Bl
as

t %
 

m
or

ph
ol

og
y

Pa
th

ol
og

y 
su

m
m

ar
y

An
al

ys
is

Sa
m

pl
e

Ti
m

e 
fr

om
 d

ia
gn

os
is

 
da

ys
 (m

on
th

s)
Cl

in
ic

al
 ti

m
e 

po
in

t
Ti

ss
ue

Bl
as

t %
 

m
or

ph
ol

og
y

Pa
th

ol
og

y 
su

m
m

ar
y

An
al

ys
is

1
0 

(0
)

D
ia

gn
os

is
B

M
21

D
ia

gn
os

is
 o

f A
M

L
W

G
S

, W
E

S
, R

N
A

-s
eq

, R
R

B
S

2
35

 (1
)

P
os

t i
nd

uc
tio

n
B

M
3

In
 m

or
ph

ol
og

ic
 a

nd
 c

yt
og

en
et

ic
 re

m
is

si
on

W
G

S
, W

E
S

, R
N

A
-s

eq
, R

R
B

S
3

69
 (2

)
P

os
t c

on
so

lid
at

io
n 

cy
cl

e 
1

B
M

2
In

 m
or

ph
ol

og
ic

 a
nd

 c
yt

og
en

et
ic

 re
m

is
si

on
W

E
S

, R
N

A
-s

eq
, R

R
B

S
4

11
5 

(3
)

P
os

t c
on

so
lid

at
io

n 
cy

cl
e 

2
B

M
4

In
 m

or
ph

ol
og

ic
 a

nd
 c

yt
og

en
et

ic
 re

m
is

si
on

W
E

S
, R

N
A

-s
eq

5
14

8 
(4

)
P

re
 a

llo
ge

ne
ic

 H
S

C
T

B
M

13
R

el
ap

se
d 

A
M

L
W

E
S

, R
N

A
-s

eq
6

20
2 

(6
)

P
os

t a
llo

ge
ne

ic
 H

S
C

T
B

M
3.

5
In

 m
or

ph
ol

og
ic

 a
nd

 c
yt

og
en

et
ic

 re
m

is
si

on
W

E
S

7
24

5 
(8

)
R

el
ap

se
B

M
36

R
el

ap
se

d 
A

M
L

W
E

S
, R

N
A

-s
eq

, R
R

B
S

W
EH

I-A
M

L-
2 

w
ith

 A
M

L 
w

ith
 m

ye
lo

dy
sp

la
si

a-
re

la
te

d 
ch

an
ge

s 
(M

D
S-

as
so

ci
at

ed
 c

yt
og

en
et

ic
 a

bn
or

m
al

ity
, m

on
os

om
y 

7,
 W

H
O

 IC
D

 9
89

5/
3)

1
 -1

41
0 

(-
46

)
H

S
C

T 
do

no
r t

o 
W

E
H

I-A
M

L-
1

P
B

0
N

or
m

al
 fu

ll 
bl

oo
d 

co
un

t a
nd

 b
lo

od
 fi

lm
W

E
S

2
0

D
ia

gn
os

is
B

M
22

D
ia

gn
os

is
 o

f A
M

L
W

G
S

, W
E

S
, R

N
A

-s
eq

, R
R

B
S

3
33

 (1
)

P
os

t i
nd

uc
tio

n
B

M
1.

5
In

 m
or

ph
ol

og
ic

 a
nd

 c
yt

og
en

et
ic

 re
m

is
si

on
W

G
S

, W
E

S
, R

N
A

-s
eq

, R
R

B
S

EM
C

-A
M

L-
1 

w
ith

 A
M

L,
 n

ot
 o

th
er

w
is

e 
sp

ec
ifi

ed
 (a

cu
te

 m
on

oc
yt

ic
 le

uk
ae

m
ia

, W
H

O
 IC

D
 9

89
1/

3)

1
0

D
ia

gn
os

is
B

M
84

D
ia

gn
os

is
 o

f A
M

L
W

E
S

, R
N

A
-S

eq
, P

an
el

, e
R

R
B

S
2

27
 (1

)
In

du
ct

io
n 

cy
cl

e 
1 

(D
ay

 2
5)

B
M

32
P

er
si

st
en

t A
M

L
P

an
el

3
48

 (1
)

In
du

ct
io

n 
cy

cl
e 

2 
(D

ay
 1

7)
B

M
3

H
yp

oc
el

lu
la

r b
on

e 
m

ar
ro

w
P

an
el

4
55

 (2
)

In
du

ct
io

n 
cy

cl
e 

2 
(D

ay
 2

5)
B

M
0.

8
In

 m
or

ph
ol

og
ic

 re
m

is
si

on
P

an
el

5
64

 (2
)

C
om

pl
et

e 
re

m
is

si
on

B
M

0.
4

In
 m

or
ph

ol
og

ic
 re

m
is

si
on

P
an

el
6

77
 (3

)
P

re
 a

ut
ol

og
ou

s 
H

S
C

T
B

M
0.

8
In

 m
or

ph
ol

og
ic

 re
m

is
si

on
P

an
el

7
12

5 
(4

)
P

os
t a

ut
ol

og
ou

s 
H

S
C

T
B

M
0.

6
In

 m
or

ph
ol

og
ic

 re
m

is
si

on
P

an
el

8
16

9 
(6

)
C

om
pl

et
e 

re
m

is
si

on
B

M
1.

2
In

 m
or

ph
ol

og
ic

 re
m

is
si

on
P

an
el

9
25

3 
(8

)
C

om
pl

et
e 

re
m

is
si

on
B

M
1.

8
In

 m
or

ph
ol

og
ic

 re
m

is
si

on
P

an
el

10
35

1 
(1

2)
C

om
pl

et
e 

re
m

is
si

on
B

M
0.

4
In

 m
or

ph
ol

og
ic

 re
m

is
si

on
P

an
el

11
49

6 
(1

6)
C

om
pl

et
e 

re
m

is
si

on
B

M
1.

6
In

 m
or

ph
ol

og
ic

 re
m

is
si

on
P

an
el

12
84

1 
(2

8)
R

el
ap

se
 ti

m
ep

oi
nt

 1
B

M
16

.2
R

el
ap

se
d 

A
M

L
P

an
el

, S
in

gl
e 

ce
lls

13
85

3 
(2

8)
R

el
ap

se
 ti

m
ep

oi
nt

 2
B

M
7.

6
R

el
ap

se
d 

A
M

L
W

E
S

, R
N

A
-S

eq
, P

an
el

14
87

7 
(2

9)
C

om
pl

et
e 

re
m

is
si

on
B

M
0.

8
In

 m
or

ph
ol

og
ic

 re
m

is
si

on
P

an
el

15
89

0 
(2

9)
C

om
pl

et
e 

re
m

is
si

on
B

M
2.

4
In

 m
or

ph
ol

og
ic

 re
m

is
si

on
P

an
el

Description of clinical samples and molecular profiling approaches applied to each. HSCT: Hematopoietic stem 
cell transplant, BM: Bone marrow, PB: Peripheral blood, AML: Acute myeloid leukemia, MDS: Myelodysplastic 
syndrome, WGS: Whole genome sequencing, WES: Whole exome sequencing, RNA-seq: RNA sequencing, RRBS: 
Reduced representation bisulfite sequencing, eRRBS: Enhanced reduced representation bisulfite sequencing, 
Panel: Illumina TruSight Myeloid Sequencing Panel.
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Table S2: Candidate germline loss-of-function variants in MBD4.

Code: Sample identifiers, TCGA samples were re-coded. Genomic position in hg19 (chr: Chromosome. pos: Position. 
ref: reference. var: variant. dbSNP: rs identifier). Coverage values derived from exome data for the cancers and 
matched normal samples. An estimate of tumour purity was calculated based on copy number alterations and 
somatic SNV frequency. Annotation: Gene, transcript, annotation and variant type.
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Figure S1. Mutation profiles in cancers with germline loss-of-function variants in MBD4. (A) Trimer mutation 
profiles determined from diagnostic AML exome data (EMCAML-1, WEHI-AML-1 and WEHI-AML-2), cancers from 
TCGA with germline loss-of-function variants and the SW1783 cell line (COSMIC). Samples with biallelic MBD4 
inactivation are shown left (separated into germline biallelic and compound germline/somatic), and cases with 
monoallelic MBD4 inactivation are shown at right. TCGA-THYM-1 was excluded due to low purity. There was a 
significant enrichment of mutations in the ACG context compared to TCG in MBD4-deficient exomes (p=0.007937, 
Mann-Whitney U test). (B) Trimer context for somatic mutations identified in whole genome sequencing (WGS) 
from WEHI-AML-1 (n=14,313 mutations) and WEHI-AML-2 (n=15,543 mutations).
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Figure S2. Confirmation and phasing of loss-of-function MBD4 variants present in the genomes of the WEHI-AML 
cases. (A) Confirmation of the loss-of-function MBD4 variants present in the genomes of WEHI-AML-1 and WEHI-
AML-2. Sanger sequencing traces were generated from cloned PCR products after amplification from DNA (top). 
The reverse complement of the genome sequence is shown, which represents the open reading frame 5’-3’. (B) 
A schematic of the MBD4 gene is shown. PCR was performed on cDNA to generate fragments that covered both 
variant positions, using primers in exon 3 and exon 8. Products cloned into TOPO were sequenced and BLAT results 
are shown to demonstrate transcript structure. Each product was assessed for the presence of the +T insertion 
(+T) and aberrant splicing of exon 7 (Δ7). The variants were mutually exclusive in fifteen out of sixteen clones. In 
one clone the variants were coincident, likely due to instability in the poly-T stretch (during reverse transcription 
or subsequent PCR amplification).
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Figure S3. Copy number changes and RNA splicing defects in cancers with germline loss-of-function variants in 
MBD4. (A) Copy number profiles were generated from cancer exome data by tracking shifts in allele frequencies 
at heterozygous germline SNPs and coverage (summarised at the gene level). Sample codes are shown; gain is 
represented in red, loss in blue, and loss of heterozygosity in green. The position of MBD4 is highlighted. The 
intensity of the colour is proportional to the clonality, with darker colours representing higher clonality estimates. 
(B) A schematic of the MBD4 gene is shown at top together with the position of two candidate loss-of-function 
variants that impact splice sites. The genotype status is indicated, which is informed based on the copy number 
calls. Canonical and aberrant splice products are shown below, which were quantified with RNA-seq by counting 
reads that span splice junctions. Three unrelated control samples were selected to serve as controls for canonical 
splicing. Each bar  represents data from a single sample. The error bars reflect the level of coverage and are set at 
1/√N, where N is the total number of spliced reads.
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Figure S4. Methylation status at somatic mutation positions in AML and glioblastoma. (A) Methylation levels were 
assessed at CG dinucleotides following bisulfite conversion, either globally (all CG) or at sites of somatic mutations. 
Normal bone marrow was taken at remission. Assessment of the mutated sites in each AML directly revealed ~50% 
methylation, indicating the non-mutated CG site on the alternate allele was methylated. (B) Methylation status was 
extracted for CG sites from RRBS data from an unrelated glioblastoma (GBM1063T)19, either at all CG sites (All CG) 
or at sites of somatic CG>TG mutations in TCGA-GBM-1 or the cell line SW1783. Sites with mutations were typically 
fully methylated in the control sample.
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Figure S5. Mutation profiles in myeloid progenitors from Mbd4 knockout mice.
(A) Mutation profiles determined from genomes from myeloid progenitors from Mbd4-/- mice20 and controls 
(Mbd4+/+). The proportion of mutations in each trimer context is shown; individual values are plotted (3 colonies 
per genotype) and the bar shows the mean. (B) The number of base substitutions identified in myeloid colonies 
from Mbd4-/- and Mbd4+/+ mice at different ages, separated into CG>TG or other (3 colonies per mouse). Analysis 
was restricted to high quality somatic variants on autosomes. There was a 9.4-fold elevation in CG>TG mutations 
in Mbd4-/- colonies at 4 months (mean 170±16.6 compared to 18±1.7). A similar increase was observed after a 
year, but with a higher number of CG>TG mutations (8.5-fold increase, mean 313±25.1 compared to 37±3.6). The 
increase in CG>TG mutations was significant at both timepoints (p=0.0037 and p=0.0023, respectively, Welch’s 
t-test). (C) The NCG trimer context for CG>TG mutations identified in myeloid colonies from Mbd4-/- and Mbd4+/+ 
mice. There were significantly more mutations in the ACG context compared to TCG in the Mbd4-/- animals 
(p=0.019 at 4 months and p=0.0051 for the older mice, Welch’s t-test).
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Figure S6. Assessment of genetic and epigenetic factors that impact mutation rate.
(A) Mutations from WEHI-AML-1 and WEHI-AML-2 were tested for association with transcriptional strand. The 
relative mutation rate was calculated per megabase of CG sites (dark blue) or per megabase of 5mCG sites (light 
blue). The values are corrected to account for total mutation load (see Methods). Individual values are plotted 
(n=2) and the bar shows the mean. (B) Genes were divided into bins based on their expression (see Methods). The 
relative mutation rate was calculated per bin based on CG or 5mCG abundance. Individual values are plotted (n=2) 
and the bar shows the mean. There is considerable correlation between replication domain and expression level. 
(C) The NCGN tetramer context was determined for rare germline CG>TG SNPs from the gnomAD  database15. The 
dataset was split based on replication timing, with a quarter of the genome ascribed to each bin. Note that the 
correction for methylation status uses data derived from normal CD34+ blood cells.
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Figure S7 - Single cell genotyping for EMC-AML-1 at relapse. Single cells isolated at relapse (SC1-SC34, Sample #12, 
841 days post-diagnosis) were genotyped for key mutations after whole genome amplification. Cells were assessed 
using the TruSight Myeloid Sequencing Panel (A), or by PCR followed by Sanger sequencing (B). The genotyping 
results were used to assign each cell to a clone, with colours matching the phylogenetic tree presented in Figure 
3 (repeated here for clarity (C)). No clonal assignment was made if the genotyping results were ambiguous due to 
technical failure (white). Discordant results between the platforms are highlighted using red text and outline (in 
(B)) and generally reflect the lower sensitivity of detection for Sanger sequencing. For SC10 multiple alleles were 
detected at the site of the DNMT3A R882C mutation (denoted with a G>T symbol).
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Figure S8. Mutations in ARCH-associated genes detected in SCDCs, single cells or bulk DNA from EMC-AML-1. 
The phylogenetic tree diagram highlights disparate clones with key driver mutations, which were detected in EMC-
AML-1 in SCDCs from diagnostic and autoHSCT material, single cells at relapse or from bulk DNA sequencing.
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Supplementary Data Set S1
Somatic mutations detected in MBD4-deficient AML at diagnosis (hg19). VCFv4.0 format.
A quality score is provided (SOMATICP), variants with a score >0.5 were used for mutation 
signature analysis. Each call set presented in a tab of an xlsx file.
WEHI-AML-1.vcf [Diagnosis, Bone Marrow, Exome]
WEHI-AML-1.G.vcf [Diagnosis, Bone Marrow, Genome]
WEHI-AML-2.vcf [Diagnosis, Bone Marrow, Exome]
WEHI-AML-2.G.vcf [Diagnosis, Bone Marrow, Genome]
EMC-AML-1.vcf [Diagnosis, Bone Marrow, Exome]

Supplementary Data Set S2
Somatic mutations calls from Mbd4 knockout myeloid progenitors (mm10). VCFv4.0 format. 
Variant calls were restricted to substitutions with a SOMATICP score >0.5. Each call set 
presented in a tab of an xlsx file.
MBD4_WT_113d_C36.G.vcf
MBD4_WT_113d_C40.G.vcf
MBD4_WT_113d_C45.G.vcf
MBD4_MUT_132d_C16.G.vcf
MBD4_MUT_132d_C22.G.vcf
MBD4_MUT_132d_C25.G.vcf
MBD4_WT_382d_C19.G.vcf
MBD4_WT_382d_C20.G.vcf
MBD4_WT_382d_C21.G.vcf
MBD4_MUT_382d_C13.G.vcf
MBD4_MUT_382d_C3.G.vcf
MBD4_MUT_382d_C7.G.vcf

Supplementary Data Set S3
Average FPKM values from WEHI-AML-1 and WEHI-AML-2. Columns are chromosome, start, 
end, gene, average FPKM, strand.
SDataset3-expression.bed.xlsx

Supplementary Data Set S4
Calculated relative mutation rates derived from sequencing data of MBD4-deficient cancers 
and for the Mbd4 knockout myeloid progenitors from young mice. For the human data, the 
analysis includes mutations covered in the WGBS controls. For the mouse data the analysis 
includes CG sites with coverage of ≥ 10x in at least one sample.
SDataset4-RMR.xlsx
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SUMMARY

Acute myeloid leukemia (AML) is a heterogeneous group of disorders with variable treatment 
outcomes attributable to the intrinsic genetic complexity, present at initial diagnosis and/
or evolving through disease evolution.1, 2 These genetic lesions have a profound impact on 
patients response to treatment and prognosis. The advent of next-generation sequencing 
has tremendously increased our knowledge and understanding of AML pathogenesis, 
heterogeneity, and clinical outcome.1, 3 In addition, it revealed genetic precursor lesions 
associated with age-related clonal hematopoiesis or clonal hematopoiesis of indeterminate 
potential (CHIP). 4, 5 These advancements in the field of genomics of cancers, in general, and 
AML in particular, has led to improvements in the WHO classification of AML in 2016 and 
updates of the ELN risk stratification of AML in 2017.6, 7   

In Chapter 2, we studied the utility of molecular NGS-based minimal residual disease 
(MRD) detection in AML. We analyzed a large number of adult patients with AML (i.e., 482 
patients) by targeted NGS panel, at diagnosis and complete hematologic remission (CR) 
achieved after 2 cycles of intensive induction therapy. We used NGS to detect mutations 
in 54 genes known to be recurrently mutated in myeloid malignancies. The endpoints were 
4-year rates of relapse, relapse-free survival, and overall survival (OS). We divided the 
cohort into a training set (283 patients) and a validation set (147 patients); two sets with 
similar clinical, cytogenetic, and molecular genetic characteristics. At diagnosis, mutations 
were present in 430 out of 482 patients (i.e., 89.2%). Persistent mutations were detected 
in 51.4% of those patients during CR. The frequency at which mutations persisted across 
genes was highly variable, frequently at high variant allele frequencies (VAF; range: 0.02 
up to 47%). Persistence of mutations known to be associated with age-related clonal 
hematopoiesis (i.e., mutation in DNMT3A, TET2, and ASXL1 [abbreviated DTA mutations]) 
were commonly detected at high VAFs in CR. However, these persisting mutations did not 
have prognostic value in both the training and the validation sets. In contrast, detection of 
non-DTA mutations during CR was significantly associated with an elevated risk of relapse, 
confirmed in the validation set. Along the same line, we showed that persistence of non-DTA 
mutations was associated with shorter relapse-free survival and overall survival. When we 
performed multivariate analyses and corrected for the major established relevant prognostic 
factors (e.g., age, white-cell count, 2017 ELN risk classification, and the number of cycles 
of induction chemotherapy), we confirmed that persistence of non-DTA mutations during 
complete remission conferred significant independent prognostic value with respect to the 
rates of relapse, relapse-free survival, and OS. Furthermore, we compared NGS for detection 
of persistent non-DTA mutations with multiparameter flow cytometry for the detection 
of residual disease according to the leukemia-associated immune phenotype from which 
sufficient samples were available for both analyses (i.e., 340 patients). Using multivariate 
analysis, we demonstrated that the combined use of the two assays for the detection of 
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residual disease conferred the strongest independent prognostic value with respect to the 
rates of relapse, relapse-free, and overall survival. In this unprecedented study of NGS-
based MRD, we demonstrated that persistence of mutations in genes associated with 
pre-leukemia (i.e., DTA mutations) in CR were not predictive for relapse, and we provided 
evidence that NGS-based MRD is a powerful prognostic tool that is applicable to the vast 
majority of AML patients.

In Chapter 3, we sequenced a large cohort of AML patients (i.e., 2200 patients) using 
NGS to comprehensively investigate the mutation and clonal features of AML with mutated 
TP53. Mutated TP53 was detected in 10.5% (230 out of 2200) of AML patients. The majority 
of mutant TP53 AML had bi-allelic TP53 mutations. Interestingly, concurrent mutations were 
found in 49% (113 out of 230) of the mutant TP53 AML patients and the most frequent 
concurrent mutations were in genes known to be associated with clonal hematopoiesis (i.e., 
DNMT3A, TET2, and ASXL1). We observed that 84% of mutant TP53 AML patients had genomic 
instability; defined by the presence of a complex karyotype. Remarkably, genomic instability 
was more prevalent in bi-allelic than in mono-allelic TP53 mutant AML patients, i.e., 97.1% 
and 40%; respectively. We observed no significant association between survival and various 
TP53 VAF thresholds (from 50%, down to 5%). Moreover, we did not observe any survival 
advantage of mono-allelic over bi-allelic TP53 mutant AML patients. Since the majority of 
mutant TP53 AML concurrent mutations were associated with clonal hematopoiesis, TP53 
was considered the only suitable mutation for molecular MRD detection by deep NGS. 
Seventy-three percent of mutated TP53 at diagnosis had persistence TP53 mutation in CR. 
Yet, detection of TP53 mutation in CR was not associated with relapse incidence (p= 0.911) 
or with OS (p= 0.653). Although the association between TP53 mutations and the complex 
karyotype is well known, our study revealed that the presence of genomic instability was 
strongly associated with reduced OS in TP53 mutant AML (2-year rate of OS, 34% vs. 9% 
genomic stable and genomic instable, respectively; p= 0.002). Furthermore, we showed that 
mono-allelic mutant TP53 AML who are genomically stable have better OS than mutant TP53 
AML with genomic instability (p= 0.001). This implies that the degree of genomic instability 
in TP53 mutant AML, regardless of TP53 allelic status, has a profound prognostic value. In 
order to recognize who would benefit from allogeneic HSCT, we evaluated the prognostic 
value of genomic instability in 59 mutant TP53 AML patients received allogeneic-HSCT. We 
showed that genomic instability in mutant TP53 AML patients was associated with shorter 
OS (2-year rate of OS, 60% genomically stable vs. 16.7% genomically instable; HR 2.44, 95% 
CI: 1.03 to 5.79; p=0.02). Multivariate analysis confirmed that genomic instability in mutant 
TP53 AML confers an independent prognostic value for OS. 

In Chapter 4, we examined the occurrence of PPM1D mutations at diagnosis, in CR, 
and at the time of relapse. We demonstrated that PPM1D mutations are rare in de novo 
AML and refractory anemia with excess of blasts (RAEB) in contrast to therapy-related AML, 
present at higher frequency after high dose chemotherapy at generally low VAFs and not 

Chapter 8



265

part of the AML relapse. Thus, PPM1D mutations should not be considered as a marker for 
measurable (minimal) residual disease.

In Chapter 5, we investigated the feasibility of using May-Grünwald Giemsa stained bone 
marrow (MGG-stained BM) slides for NGS-based mutation detection. We demonstrated 
that DNA could be more efficiently isolated from MGG-stained BM slides, in contrast to 
archived unstained slides. We showed that in the majority of cases the mutation profiles of 
DNA derived from the MGG-stained BM slide were identical to the DNA derived from Ficoll-
purified BM (FPBM) at diagnosis and relapse. We also revealed the possibility to detect 
driver mutations in DNA isolated from old MGG-stained slides (i.e., prepared in 1975). We 
did not only show that mutations were detectable in DNA derived from MGG-stained BM 
slides, but the variant allele frequencies (VAFs) of the mutations were highly similar to 
the mutations detected in FPBM-derived DNA (R2: 0.87). This finding indicates that MGG-
stained BM slide DNA is an excellent and reliable source to measure mutation burden in 
AML. Besides demonstrating the feasibility of mutation detection by hybridization-based 
NGS approach (Illumina TruSight Myeloid sequencing panel), we showed that mutations can 
also be detected using PCR-based NGS custom approach. We demonstrated that detection 
of mutations in DNA derived from MGG-stained slides is feasible not only at diagnosis and 
relapse but also during treatment. We used MGG-stained slide DNA to study mutation 
kinetics in 18 AML patients during the course of the disease. The mutation patterns were 
in line with the treatment and clonal hematopoiesis could be effectively distinguished 
from residual disease. Thus, archived MGG-stained BM slides are an excellent source for 
retrospective molecular analyses of AML during the course of disease and treatment. Similar 
molecular analyses are for certain applicable to other hematological malignancies as well. 
This study provides a new avenue for studying molecular dynamics and kinetics of mutations 
during the course of disease of patients when limited samples are available at critical time 
points. In addition, this approach has the potential to discriminate early mutations, which 
are often associated with clonal hematopoiesis of indeterminate potential, from oncogenic 
driver mutations. 

In Chapter 6, we evaluated the mutational landscape, gene expression signatures and 
prognosis of a subset of AML patients harboring KMT2A-PTD mutations in comparison to a 
well-characterized adult AML cohort without KMT2A-PTD. We showed that KMT2A-PTDs 
were present in 5.5% of all AML cases. KMT2A-PTDs were significantly associated with 
concurrent trisomy of chromosome 11 in line to previous studies. When we analyzed the 
mutational landscape of AMLs with and without KMT2A-PTDs we found that a number of 
mutated genes were significantly more prevalent in KMT2A-PTD AML (i.e., FLT3-ITD, IDH1, 
U2AF1, and IDH2). In contrast, mutations in NPM1, TP53, and NRAS were significantly 
less frequent in KMT2A-PTD AML. Using our previously published gene expression profile 
dataset8, we demonstrated that multiple homeobox-related gene family members were 
consistently overexpressed in KMT2A-PTD AML. Furthermore, using an association model 
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that takes a large number of clinically relevant and genetically defined subsets of AML into 
account, we revealed that KMT2A-PTDs induce overexpression of a subset of HOX-related 
genes differently as compared to t(11q23)-related KMT2A fusion proteins, indicating that 
the KMT2A-PTD prompts leukemogenesis by a distinct mechanism. Finally, we demonstrated 
that KMT2A-PTD AML with concurrent DNMT3A or NRAS mutations are associated with 
adverse clinical outcomes. This detailed study of a subset of AML with KMT2A-PTD mutations 
provides further insights into the biology and the clinical outcome of KMT2A-PTD AML and 
evidence that KMT2A-PTD AML is a different entity than other 11q23-rearranged AML. 

In Chapter 7, we investigated familial cases with germline inactivation of methyl-
binding domain 4 (MBD4) which is associated with the development of early-onset AML 
by acquiring pathogenic mutations in driver genes, most particularly DNMT3A. Our results 
provided insight into the vital role of MBD4 in safeguarding against the damage produced by 
5-methylcytosine (5mC) deamination. We revealed the impact of constitutive inactivation 
of MBD4 on the development of early-onset AML and revealed that MBD4-deficient blood 
cell progenitors are particularly sensitive to methylation damage. We showed that there is 
a profound link between methylation damage and the development of molecularly defined 
hematological malignancy, AML with bi-allelic mutations in DNMT3A, and mutant IDH1 or 
IDH2. Our study revealed that patients with germline biallelic MBD4 mutations, experience 
accelerated clonal expansions of cells carrying mutations strongly associated with clonal 
hematopoiesis, however, decades earlier than healthy individuals. We have revealed an 
entirely new germline syndrome with a predisposition to myeloid malignancy. Although this 
syndrome appears to be rare it can potentially give important insights into the etiology of 
clonal hematopoiesis and subsequent development of AML.
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GENERAL DISCUSSION

Next-generation sequencing in AML
Over the last decade, our knowledge about the mutational landscape of AML has increased 
tremendously, largely due to advances in novel sequencing techniques.1, 3, 9 Next-generation 
sequencing (NGS), which is also known as high-throughput sequencing, is the term that is 
used to refer to several different modern massively parallel sequencing technologies. The 
main NGS technologies include whole-genome sequencing (WGS), whole-exome sequencing 
(WES), and targeted gene sequencing. These technologies have enabled sequencing of 
multiple genes or even whole genomes and exomes rapidly, precisely, and cost-effectively 
within a short amount of time, which has revolutionized genomic research.10 

Targeted NGS sequencing is used to sequence selected or clinically relevant genes 
and hotspot mutations. This method has gained popularity in recent years due to the 
reduced cost and time of sequencing.10 In addition to reducing the costs and turnaround 
time required for the single diagnostic assay, such myeloid panels also enable significantly 
higher levels of coverage of a given region of interest compared with Sanger sequencing. 
While Sanger Sequencing has a detection limit of 20% of allele frequency, targeted NGS 
reaches sensitivities up to at least 1% allelic burden. In contrast to PCR, NGS also allows 
for single-base resolution.11, 12 This approach has been shown to be effective for targeted 
molecular genotyping of AML patients.1 Many laboratories around the world nowadays 
are using targeted NGS in routine clinical diagnostics and prognostics of AML. A number 
of commercially available gene panels focusing on genes frequently mutated in myeloid 
malignancies have been introduced, e.g., the Illumina TruSight Myeloid panel, the Archer 
VariantPlex Core Myeloid panel, the Human Myeloid Neoplasms QIASeq DNA Panel and 
the AmpliSeq for Illumina Myeloid panel among many others. For example, the Hemato-
oncology laboratory, unit molecular diagnostics of the department of Hematology at the 
Erasmus University Medical Center, Rotterdam, as a reference laboratory for the multicenter 
international AML HOVON-SAKK clinical trials uses the TruSight Myeloid Sequencing Panel 
from Illumina, to determine all clinically relevant genetic markers. The kit was designed to 
sequence 54 genes that are known to be frequently mutated in myeloid malignancies. This 
panel has been extensively validated before applying it in routine clinical diagnosis and is 
now used by many laboratories worldwide. AML patients are classified locally according to 
2017 ELN, only NPM1, CEBPA, FLT3, RUNX1, ASXL1, and TP53 need to be included in a small 
and cost-effective gene panel. Of note, mutations in CEBPA, a notoriously difficult gene to 
be sequenced due to its GC-content cannot be reliably detected with the TruSight Myeloid 
panel. Thus, for the identification of bi-allelic CEBPA mutant cases, separate custom assays 
need to be developed. However, some commercially available targeted NGS myeloid panels 
claim that their chemistry is able to sequence the entire gene with a good coverage.

WGS and WES were elegantly used by The Cancer Genome Atlas (TCGA)3 to determine 
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the mutational profile of 200 de novo AML patients (50  and 150 patients, respectively), 
along with analysis of RNA and microRNA expression and DNA methylation. In contrast to 
most adult cancers such as breast, lung or pancreatic cancer, AML genomes have fewer 
mutations. Recurrently mutated genes were classified into nine distinct categories based on 
gene function or pathway involvement (i.e., signaling genes, DNA methylation-associated 
genes, myeloid transcription factor gene fusions or mutations, chromatin modifier genes, 
the NPM1 gene, tumor suppressor genes, spliceosome complex genes and cohesin complex 
genes) revealing many potentially essential biologic relationships. Several genes were 
found mutated in 1 or 2 patients, however, clear nonrandom mutational patterns of co-
occurrence and mutual exclusivity were revealed. Using the variant allele frequency (VAF), 
the TCGA characterized the clonal architecture of AML. Mutations with the highest VAF were 
considered to define the founding clones, and lower VAFs represented subclones. More 
than 50% of the patients exhibited both the founding clone and at least one subclone.3, 13, 14 
This study provided a comprehensive picture of the AML genome, however, in a relatively 
small series of AML.        

In a recent comprehensive study of 1540 AML patients treated in different intensive 
chemotherapy trials, Papaemmanuil et al.1 identified 5234 driver mutations across 76 
genes or genomic regions. These driver mutations were found in 96% of the patients. Over 
80% of the patients harbored 2 or more driver mutations. Combining NGS and cytogenetic 
data enabled the classification of the cohort into 11 subgroups or classes with distinctive 
diagnostic features and clinical outcomes.1 Clearly more than what was shown by the TCGA3 
as a result of the size of the cohort, which enabled better and refined definitions of the AML 
subtypes. Remarkably, three AML subgroups representing novel entities were revealed: 
AML with mutations in genes involved in chromatin remodeling, the spliceosome or both 
(18%); AML with mutations in the TP53 gene, chromosomal aneuploidies or both (13%); 
and AML with IDH2R172 mutations (1%).1 The study showed that patients with the first two 
subgroups had the poorest outcomes. AML with mutated IDH2R172 showed absence of co-
occurring class-defining mutations and featured by favorable clinical outcome.1 Intriguingly, 
84% of patients in the chromatin – spliceosome category would initially be categorized as 
intermediate risk, although these patients showed lower induction chemotherapy response 
rates and elevated relapse rates comparable to  adverse risk outcome rates. Papaemmanuil 
and colleagues were able to propose a clinically relevant and systematic detailed molecularly 
driven classification and in addition, provide fertile grounds to improve WHO and ELN 
classification systems.15-17 

Recent NGS-based analyses of well-defined AML cohorts have enriched our knowledge 
about the genetic landscape of AML in general. These analyses also demonstrated that 
AML is a group of diseases rather than one disease, which should thus be studied as 
separate entities as we did in Chapter 5 where we investigated the mutational landscape, 
gene expression signatures, and prognosis of a subset of AML patients with KMT2A-PTD 
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mutations (app. 5% of AML). We demonstrated that KMT2A-PTD AML with concurrent 
DNMT3A or NRAS mutations is associated with adverse clinical outcome. We also showed 
that KMT2A-PTD AMLs may cause leukemogenesis in a different fashion than 11q23  AMLs. 
The improved knowledge of small genetically defined subsets may form the basis of more 
individualized treatment of the AML patient in the future. The various NGS-based AML 
genomic profiling studies 1, 3, 9, 18 already resulted in the improvement of the classification, 
prognostic stratification, treatment and response assessment of AML10.  

NGS-based MRD detection in AML     
The genetic landscape of AML is characterized by numerous somatic mutations and 
each mutation could potentially be used as an MRD marker.1, 3 This feature makes NGS 
technologies an appealing approach, not only for detection of somatic mutations at AML 
diagnosis, but also as a tool for MRD measurements during the course of disease. Several 
studies demonstrated the ability of NGS for MRD detection, initially focusing on specific 
single markers. In 2012, Thol et al.19 demonstrated in 80 AML patients the feasibility of 
MRD detection by NGS. Their study focused on tracking MRD levels in patients with AML 
carrying FLT3-ITD or NPM1 mutations. They showed that DNA sequencing by NGS is a 
reliable method for the quantitative assessment of NPM1 mutation burden during the 
disease course. This NGS-based MRD approach was found to be concordant with qPCR in 
95% of the AML patients with mutated NPM1.19 In a prospective cohort of 814 AML patients, 
Kohlman and colleagues20 investigated the potential of amplicon deep sequencing of RUNX1 
mutations as an MRD marker. This approach revealed that patients can be categorized into 
good or bad responders on the basis of median RUNX1 mutational burden at CR, following 
distinct patterns of event-free survival (EFS) and overall survival (OS), respectively.20 

Successively, in recent years several studies illustrated the potential of NGS-based MRD 
detection by targeting multiple markers using amplicon-based sequencing (Table 1). Klco 
and colleagues21 performed WGS or WES on samples obtained at diagnosis from 71 AML 
patients treated with standard induction chemotherapy. Subsequently, they performed 
enhanced deep exon sequencing targeting 264 recurrently mutated genes on paired 
diagnosis and CR samples from 50 patients. While using a fairly less sensitive method (VAF 
cut-off of 2.5%), they reported that patients who cleared their somatic mutations at CR had 
prolonged event-free survival (EFS) and overall survival (OS) with hazard ratio of 6.0 (CI 1.93 
– 7.11) and 2.86 (CI 1.39 – 5.88), respectively.21

Morita et al.22 used a 295 gene panel to evaluate 131 AML patients who achieved CR of 
whom 93% had at least one mutation pretreatment. Subsequently, BM specimens taken 
30 days post-induction chemotherapy were sequenced and examined using maximum 
VAF cut-offs of 2.5%, 1.0% and undetectable. Morita and colleagues reported that day 30 
persistent mutations with VAFs of <1% were associated with a substantially better OS than 
that of patients with mutation VAFs >1%. They also showed that patients with undetectable 
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mutations at day 30 had significantly better EFS in multivariate analysis after adjusting for age, 
cytogenetic risk, allogeneic stem cell transplantation (allo-SCT), and flow cytometry-based 
MRD. Furthermore, they demonstrated that removal of solely persisting DTA mutations in 
CR from the MRD analysis produced stronger prognostic associations. This study confirmed 
our findings in Chapter 2, where we reported that the detection of the DTA mutations in CR 
have no prognostic impact.23

NGS-based MRD has also been used in transplantation setting of AML patients. Getta et 
al.24 investigated if NGS can be used for MRD detection by comparing a targeted 28 gene NGS 
panel to multicolor flow cytometry (MFC) at diagnosis and prior to allogeneic HSCT. MRD 
positivity by NGS was defined as having a mutation burden of more than 5%. They observed 
in pre-allo-HSCT the persistence of mutations in DNMT3A, TET2 and JAK2 at rather high VAFs, 
similar to our findings. The two MRD detection methodologies, i.e., NGS and MFC, exhibited 
a concordance of 71% and patients with MRD positivity detected by both techniques were 
associated with an elevated risk of relapse, compared to either modality alone, similar to 
our findings (Chapter 2). This work demonstrated that NGS is complementary to MFC and 
provides actionable clinical information before transplantation.24

Thol and colleagues25 evaluated 116 pre-transplant AML patients using a 46 targeted 
genes panel to identify persisting somatic mutations. They detected at least one trackable 
mutation in 93% of the patients. They used error-corrected sequencing that is based on 
unique molecular index (UMI) and applied it on pre-allogeneic transplant BM or peripheral 
blood (PB) specimens with a sensitivity of <0.02%. The study revealed that 45% of patients 
were NGS MRD positive with a median VAF of 0.33% (range: 0.016 to 4.91%). Based on 
competing risk analysis, these NGS MRD positive pre-transplant patients had a higher 
cumulative incidence of relapse (CIR) (hazard ratio 5.58; P < 0.001). Surprisingly, no difference 
was found between MRD positive and MRD negative patients in OS. In a similar study, Press 
et al.26 investigated 42 AML patients for MRD pre- and post-allogeneic transplant using 
42 gene NGS panel with a sensitivity of 0.5% VAF. The CIR was significantly higher in pre-
transplant MRD-positive patients (P= 0.014). They found pre-transplant MRD positivity was 
associated with an elevated risk of relapse (hazard ratio 7.3; P= 0.05), reduced progression-
free survival (P= 0.038), and marginally reduced OS (P= 0.068) in multivariate analysis. 

Using a 13 genes NGS panel, Hourigan and colleagues27 examined PB samples from 
pre-transplant AML patients in morphologic CR who were randomly allocated to either 
myeloablative (MAC) or reduced-intensity pre-transplant conditioning (RIC). They observed 
significant differences in relapse (19 vs. 67%; P < 0.001) and OS (61 vs. 43%; P= 0.02) 
between patients with MAC or RIC pre-transplant, respectively, for patients with detectable 
mutations. Compared to patients who underwent MAC, they found that patients who had 
RIC pre-transplant demonstrated a higher risk of relapse (hazard ratio 6.38; 95% CI 3.37 to 
2.10), reduced relapse-free survival (hazard ratio 2.94; 95% CI, 1.84–4.69), and decreased 
OS (hazard ratio 1.97; 95% CI, 1.17– 3.30). These data indicate that MAC may result in better 
outcome for MRD-positive pre-transplant AML patients.
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Similar results were reported by Kim et al.28 in a cohort of 104 AML patients who 
underwent allo-SCT. They used an NGS panel of 84 genes on pre-transplant BM and paired 
CD3+ T-cells. Eighty percent of the patients had a traceable mutation. Post-transplant 
BM specimens were collected 21 days post-transplantation and sequenced utilizing a 
computational error correction approach and applied a cut-off of 0.2% VAF. They found 
that detection of MRD post-transplant was associated with an increased risk of relapse 
(56.2 vs. 16.0% at 3 years; P < 0.001) and decreased OS (36.5 vs. 67.0% at 3 years; P= 0.006) 
compared to patients with undetectable MRD. In multivariate analysis when taking into 
account 2017 European LeukemiaNet risk groups, these associations remained significant.

While these studies addressing slightly different prognostic time points of MRD 
assessment (i.e., after 2 cycles of chemotherapy, before and/or after transplantation) with 
different NGS-based MRD approaches and variable MRD sensitivities/thresholds, most 
of them showed that detectable NGS-based MRD in CR is associated with worse clinical 
outcomes irrespective to the time of MRD measurement. The above studies range in cohort 
size from 30 to 482 patients, markers were measured with variable sequencing depth 
and sensitivity ranging from 575x to >100.000x and from 2.5 to 0.001%, respectively. The 
number of markers targeted by the different studies was also highly variable (range from 
13 to 295 genes). In comparison to all the aforementioned studies, our study (Chapter 2) 
was carried out using the largest AML study cohort. However, among the aforementioned 
studies, Hourigan and colleagues27 performed the most sensitive NGS-based MRD approach 
in detecting residual disease due to the sequencing depth and error-corrected sequencing 
(mean MRD coverage >100.000x, and a sensitivity of 0.001% VAF) (Table 1). However, not 
all studies that used UMI error-corrected sequencing achieved the same sensitivity, which 
may be caused by different factors, such as the higher number of amplicons in the gene 
panel, insensitivity of the gene panel due to suboptimal design, the bioinformatics analysis 
tools used or lower DNA input. In our study, we used position-based error correction, similar 
to two other studies.26, 28 However, one of these studies had lower sensitivity/threshold 
(0.5% VAF) 26, which might indicate that they possibly had high rates of sequencing artifacts. 
Clearly, there are a number of factors that influence the efficiency of MRD assessment by 
NGS, which requires harmonization to be able to compare all international AML clinical trials 
where NGS-based molecular MRD detection is applied.

We showed that the presence of most mutations at the time of CR was associated 
with an elevated risk of relapse. In contrast, the persistence of DTA mutations, which are 
known to be frequently mutated in aged healthy individuals with clonal hematopoiesis 
of indeterminate potential (CHIP)4, 29, did not have prognostic value and this finding was 
confirmed by two studies, the study of Morita and colleagues22 and by the study of Hourigan 
et al.27, were they found that the prognostic significance becomes more pronounced when 
mutation associated with clonal hematopoiesis (i.e., DNMT3A, TET2, JAK2) were excluded. 
However, the other studies were not able to show this because of too small sample sizes. 
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Currently, MRD detection by MFC is the golden standard for patients with AML. There 
are only limited studies with a rigorous comparison between NGS- and multiparameter flow 
cytometric MRD detection besides ours. Getta et al.24 findings supported our data that NGS-
based MRD may complement MFC MRD assay. Collectively, these data from the different 
studies demonstrated the profound ability of NGS for MRD assessment. However, there 
are a number of issues that need to be addressed to reliably implement NGS-based MRD 
detection in routine clinical practice.
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NGS-based MRD detection in elderly AML

Following to the success in showing a profound relapse prediction by NGS-based MRD 
detection in AML of the young (<65 years), we sought to study MRD in elderly AML patients 
(>65 years). In this follow-up study, we used the same NGS panel and determined mutations 
at diagnosis and in CR similarly to what we did in Chapter 2; however, in a cohort of 157 
elderly AML patients (manuscript in preparation). As expected the mutational landscape 
in AML of the elderly was as heterogeneous as of the young adults at diagnosis. Ninety 
percent of the patients (n=140 patients) had at least one mutation at diagnosis and on 
average more mutations were present in the elderly compared to the young AML. We 
found that 38% of the mutation were persistent in 68% of patients in CR which is more 
than what we found in the young AML patients (i.e., 26% of the mutations persisted in 50% 
of patients in CR; Chapter 2) and the frequency of persistent mutations was again highly 
variable. Similar to the young AML patients, we saw a high frequency of persistent DTA 
mutations in CR. However, we found other mutations to be more frequently persisting in 
CR of the elderly compared to young AMLs, including IDH2, RUNX1, STAG2, BCOR, and TP53 
(Figure 1, figure 1A in Chapter 2). Many mutations in the elderly persisted at high VAF in CR, 
similar to young AML; however, in the elderly several mutations other than DTA mutations 
persisted at high VAF (Figure 2, figure 1B in Chapter 2). Surprisingly, when we looked at the 
CIR of all mutations present versus absent in CR, we did not see any association between 
the persistence of mutations in CR and the risk of relapse (Figure 3A). This finding is different 
than what we revealed within the young AML patients (see Figure S4A in Chapter 2). When 
we only considered non-DTA mutations as MRD, again we did not see any association with 
risk of relapse, suggesting that the response to treatment and/or the biology of AML of the 
elderly is different than in the young AML patients (Figure 3B). Of note, due to the small 
size of patients with mutations high VAF in CR other than the DTA mutations, we could not 
analyze the impact in risk of relapse when these mutations would be included in the DTA 
mutation category.

Looking at the landscape of mutations in AML of the elderly at diagnosis it was clear 
that mutations types and frequencies in the elderly are different as compared to the young 
AMLs. Several mutations were found to be more frequently mutated in the elderly than in 
young AMLs, including RUNX1, TET2, ASXL1, SRSF2, ZRSR2, U2AF1, BCOR, EZH2, and TP53. 
Whereas, other mutations were less prevalent at diagnosis in elderly AML than in the young 
patients, such as NPM1, WT1, KIT, and NRAS. These results directed our focus to the findings 
of Lindsley et al.31 published in 2015, where they showed in clinically proven de novo and 
s-AML that some mutations appear to be highly specific for de novo AML and others are 
highly specific for s-AML. They revealed that the mutations (i.e., 8 of all mutations) that 
were highly specific for s-AML involved mutations in the spliceosome, and chromatin-
modifying genes. Whereas, core-binding factor fusion genes, 11q23 rearrangements and 
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mutant NPM1 were highly specific to de novo AML. 

Figure 1: Mutations profile of elderly AML patients at diagnosis and in complete remission. The figure depicts 
the number of mutations on the y-axis and the gene mutations on the x-axis. The number of mutations found at 
diagnosis is illustrated by blue bars and the number of mutations detectable in CR is depicted in red bars.
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Figure 2: Variant allele frequencies of mutations detected in CR. The graph depicts the VAF of mutations detected 
in elderly AML patients at CR. Each dot in the graph represents an individual mutation. The y-axis depicts the VAF 
and on the x-axis the names of the genes.
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P=0.47

P=0.19

A

B

Figure 3: Cumulative incidence of relapse in elderly AML. The figure depicts the CIR in elderly AML patients when 
all mutations were detected in CR (3A) and when non-DTA mutations were considered as MRD (3B).
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The s-AML characterized by the 8 mutations defined a group of AML patients from now on 
termed secondary-type AML. This group of patients is highly similar to the group of patients 
with mutations in genes encoding chromatin, RNA splicing regulators or both that were 
defined in a large cohort by Papaemmanuil and colleagues1 in 2016. They classified AML 
patients into different subtypes of mutual exclusivity based on patterns of co-existence of 
mutations and these subsets of patients (i.e., patients with mutations in chromatin and RNA 
splicing regulators genes) represented 18% of the AML patients who are highly similar to 
secondary-type AMLs. AML with TP53 mutations were considered a separate entity31.

Table 2: Distribution of young and elderly AML patients in CR in the three AML 
categories (ontogeny)

n %

AML <65 years (n= 430)

de novo AML 295 69%

secondary type AML 116 27%

mutant TP53 AML 19 4%

AML >65 years (n= 139)

de novo AML 51 37%

secondary type AML 71 51%

mutant TP53 AML 17 12%
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We next defined our cohort of AML patients in remission molecularly into de novo AML, 
secondary-type AML (patients with mutations in SRSF2, ZRSR2, SF3B1, ASXL1, BCOR, EZH2, 
U2AF1, and STAG2), and AML patients with mutant TP53 based on mutations present at 
diagnosis as per Lindsley paper31. By looking at the prevalence of mutations in the three 
categories, it is clear that molecularly defined de novo AML is more frequent in AML of the 
young (69% vs. 37%), whereas, molecularly defined secondary-type AML is more frequent 
in the elderly than in young AML (51% vs. 27%) like mutant TP53 AML (4% vs. 17%; young 
and elderly, respectively) (Table 2). When we determined the CIR in patients who achieved 
complete morphological remission (combined young and elderly), we found that patients 
with mutant TP53 have increased risk of relapse independent of MRD status (Figure 4), but 
strikingly, there was no difference in the risk of relapse between patients with de novo and 
secondary-type AML mutations. This similarity might be due to the fact that all patients with 
de novo and secondary-type AML mutations in this cohort achieved CR. When we looked 
at MRD using any marker (presence vs. absence) in molecularly defined de novo AML at CR 
(n=346), patients with residual disease have a higher risk of relapse than patients with no 
residual disease (data not shown, p=0.01). This difference in risk of relapse became more 
pronounced when the persistence of DT mutations only was excluded (Figure 5). Similarly, 
when we examined MRD using any marker (presence vs. absence) in molecularly defined 
secondary AML at CR (n=187), there was no difference in risk of relapse (data not shown). 
Interestingly, however, when considering the secondary-type AML cases with >3 persistent 
mutations in CR, these appeared to have a higher relapse risk compared to those cases with 
<3 persistent mutations in CR (Figure 6). These findings suggest that there is a difference in 
approach when considering NGS-based MRD detection in secondary-type AML compared 
to de novo AML, possibly determined by the etiology of this type of AML. In addition, there 
was no difference between AML patients with or without detectable mutant TP53 in CR, 
suggesting that MRD detection is not beneficial for mutant TP53 AML patients,  as shown 
in Chapter 5. This unpublished study suggests that there is a quantitative and qualitative 
difference in mutations between age groups at diagnosis and persisting in CR and that NGS-
based MRD detection in the young and elderly may be affected by the differences in types 
of AML, de novo, and secondary type AML. Moreover, this study indicates that mutant 
TP53 AMLs should be considered as a separate AML entity (Chapter 3). Further studies are 
warranted to decipher the proper way on how to apply NGS-based MRD detection in these 
types of AML.  
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Figure 4: Cumulative incidence of relapse in AML patients. The graph demonstrated the risk of relapse in patients 
molecularly defined de novo AML, secondary-type AML, and TP53 mutant AMLs.

Figure 5: Cumulative incidence of relapse in CR in molecularly defined de novo AML when considering persisting 
mutations excluding DNMT3A and TET2 mutations (non-DT mutations). The graph demonstrated the risk of 
relapse in patients with and without detectable MRD in non-DT de novo AML in CR. The red line represents MRD-
positive and the blue line MRD-negative.
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Figure 6: Cumulative incidence of relapse in CR in molecularly defined secondary-type AML. The graph 
demonstrated the risk of relapse in patients molecularly defined as secondary type AML. The red line represents 
patients who carry 3 or more mutations in CR and the blue line represents patients that carry less than three 
mutations in CR.

Limitations of NGS-based MRD detection  
The ideal MRD detection method should be able to identify and quantify the smallest 
subclone(s) of leukemic cells in AML patients accurately during the disease course.32 NGS 
has the potential to detect mutations in virtually all AML patients and thus is by far the 
most ideal molecular technique for MRD detection as demonstrated in Chapter 2. However, 
in order to implement NGS-based MRD detection in AML, the technique has to overcome 
several hurdles before it can be reliably used in routine clinical practice. 

Sensitivity and specificity of NGS-based MRD detection
One of the limitations for NGS-based MRD detection is owed to the low sensitivity of NGS. 
Currently, NGS can be reliably used to detect mutations of ≥1%, because low-level mutational 
artifacts are introduced from isolation of DNA up to the actual NGS. Additionally, the NGS 
technology itself has a high intrinsic error rate (0.1 to 1%) and thus may cloud the detection of 
minor subclones and the discrimination of true mutation from PCR and sequencing artifacts. 
The limited sensitivity hinders the clinical application of NGS MRD tracking during therapy.33 
Several approaches have been developed to try to overcome these hurdles. Firstly, this could 
be done biochemically, for instance, the use of proof-reading polymerases can reduce the 
rate of PCR artifacts.34 Secondly, it has been shown that computational approaches can be 
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used to correct for background noise to discriminate minor clone from artifact. For instance 
in Chapter 2 and 3 we used mathematical and computational approaches for which all SNVs 
detected across the diagnostic samples were compiled and the background VAF distribution 
was determined for each specific SNV from follow-up samples missing this SNV in the 
matched diagnostic sample. For the remaining follow-up samples the presence of the SNV 
was considered confirmed when the VAF was an outlier compared to the background VAF 
distribution according to the Thompson-Tau test. A one-sided p-value <0.01 was considered 
statistically significant. Indels were processed and compared similarly, except for quantile 
normalization as there are infinitely many possible indel-configurations per locus.23, 34 
Thirdly, a method that relies on the incorporation of unique molecular identifiers (UMIs) can 
improve the accurate detection of mutations at low level by NGS. UMIs have been shown to 
have the ability to enhance the accuracy of identifying rare and subclonal mutations.35 UMIs 
are a string of entirely random degenerate nucleotides that can be utilized to distinguish 
a true variant from artifacts/errors that were introduced during sample preparation or 
sequencing. This approach is known as error-corrected sequencing (ECS). This method has 
been recently applied by several groups, such as Thol25, Balagopal36 and Hourigan27 (Table 1) 
for MRD detection in PB and BM and demonstrated marked reduction in false positive noise 
and appear to have better sensitivity over the standard NGS approach.

We sought to compare the accuracy of the application of error-corrected sequencing 
by using UMIs over the computational and statistical approaches that we used in Chapters 
2 and 3. We randomly selected 24 AML patient samples at CR with known mutational 
profiles at diagnosis from our cohort in the study of Jongen–Lavrencic and colleagues23 
(Table 1). For testing the UMI method/ECS, we used VariantPlex Core Myeloid Panel kit 
(VPCMP) from ArcherDx (37 genes), and for the standard NGS method we used the TruSight 
Myeloid Sequencing Panel (TSM) from Illumina (54 genes); the same panel that we used in 
Chapters 2 and 4. The libraries were prepared as per the manufacturer’s instructions and 
sequenced on the Illumina NovaSeq and variants we called similar to the computational and 
bioinformatics approach we applied in Chapter 2. Variants in samples sequenced with the 
ArcherDx kit were determined using the ArcherDx analysis tool. We obtained coverage of 
9444 and 3261 reads/amplicon for VPCMP and TSM, respectively. The mutations detected 
and their VAFs were highly concordant. VAFs called by both error correction methods 
were extremely similar, when we examined all mutations (R2= 0.976; Figure 7A) and the 
same was true when we focused on mutations with VAF <0.1% (R2= 0.961; Figure 7B). The 
latter mutations are deletion and insertion mutations which can be detected with higher 
sensitivity than point mutations. The indel mutations are unique and the probability of 
detecting such variants as sequencing error is exceptionally low. These results indicate 
that applying computational error correction is as accurate as using the ECS method; 
additionally, it indicates that ECS might be superior when analyzing individual samples. In 
contrast to ECS, the computational approach requires to have control samples in each run 
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to use for background noise discrimination from true mutation. However, more samples and 
rigorous analyses are warranted to demonstrate the superiority of the ECS approach in MRD 
assessment of individual AML cases.   

Discrimination of MRD from clonal hematopoiesis
We (Chapter 2) and others showed that persistence of mutations in preleukemic genes 
(i.e., DTA mutations), in the absence of non-preleukemic mutations, post-therapy indicate 
a state of clonal hematopoiesis rather than residual disease or pre-relapse condition.22, 23, 

27 However, there are other genes that were reported to be associated with CHIP, including 
TP53, JAK2, SF3B1, SRSF2, PPM1D, CBL and IDH24, 5, which may or may not be predictive 
for impending relapse. In Chapter 3, we showed that mutant TP53 MRD is not beneficial. 
In addition, there are many other mutated genes of unknown prognostic significance when 
detectable in CR due to their low prevalence and so far analyzed within the bulk of non-
DTA mutations.23 Since the incidence of most of these genes is low in AML, it precluded 
the discrimination between residual disease and clonal hematopoiesis. Large AML cohort 
studies are warranted to distinguish between the two to refine and improve risk prediction. 

Multiple time points (as illustrated in Chapter 5) enable discrimination of clonal 
hematopoiesis and true leukemia during CR. Studying the order of mutations also enables 
the discrimination. Mutations in the founding clone are the ones that may represent clonal 
hematopoiesis, whereas, the late mutations are the ones we need to aim at, such as NPM1, 
FLT3, and RAS. When such discrimination between clonal hematopoiesis and true leukemia, 
designing a small NGS panel that includes only the true leukemia mutated gene will enable 
deeper sequencing. Our preliminary data in the elderly AMLs show that NGS MRD might be 
different due to the persistence of more clonal hematopoiesis-related mutations. 

Design challenges for accurate NGS-based MRD detection
Another limitation of NGS technologies is the sequencing of the CEBPA gene and detection 
of internal tandem duplication (ITD) in the FLT3 gene in commercial NGS gene panels in 
a multiplex setting at diagnosis or for MRD monitoring. CEBPA (i.e., bi-allelic CEBPA) and 
FLT3-ITD are recognized as important AML prognostic factors in the ELN risk stratification 
of AML.7 The CEBPA gene is a single exon gene that is generally difficult to amplify using 
PCR and in turn difficult to sequence as well since the gene is GC-rich. Detection of FLT3-
ITD mutations by NGS is challenging because the size of the FLT3-ITD vary dramatically37 
producing a large range of variable insertions within the Juxtamembrane (JM) domain 
(range from 3 to 400bp)38, which makes it challenging to align the mutation to a reference 
sequence. However, there are nowadays some commercially available NGS gene panels that 
are able to sequence CEBPA gene successfully and there is a company that provides kits and 
analysis tool to detect mutations in these two genes (i.e., ArcherDx). 
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Recently a group established a single target custom high-coverage approach to detect 
FLT3-ITD mutations using NGS and developed a novel open-source analysis program called 
“getITD”. In this study, 57 samples from 28 AML patients were sequenced, as well 3 human 
AML cell lines and 2 healthy volunteers and demonstrated that this method can reliably 
detect a wide range of ITD lengths (up to 244bp) at high sensitivity (0.0067%) with high 
accuracy and precision.39 In addition, they performed longitudinal analysis on 10 out of 28 
AML patients and revealed that this method can be reliably used for MRD detection of the 
vast majority of FLT3-ITD mutations accurately and deeply.39 Nonetheless, more extensive 
testing of this approach is required to validate it for clinical MRD detection. Conversely, it 
would be better if the mutations in these two genes could be sequenced in gene panels 
rather than separately for ease of library preparation and detection of other mutation(s) 
that might emerge during disease course/CR and cause relapse. 

The NGS technology is not yet optimal for MRD detection due to the fact that it has 
limited sensitivity in detecting mutation <0.1%. To improve the sensitivity and specificity of 
NGS technology for MRD detection in AML patients, a comprehensive targeted NGS panel 
with ECS feature is desirable. The design should contain all the driver mutations found in 
major studies in AML genomics such as the TCGA3, and Papaemmanuil1. The design should 
exclude genes that are known to be associated with clonal hematopoiesis and shown 
to be not predictive of relapse. WGS or WES may be applied in the future for mutation 
detection at diagnosis, subsequently, deep sequencing focusing on those mutations should 
be performed at follow-ups. 

Is there a role for WGS and WES in MRD detection? 
WGS enables the detection of the entire range of genomic lesions, including point mutations, 
indels, copy number variations (CNV), and structural rearrangements such as translocations, 
inversions, cryptic and complex rearrangements.40 On the other hand, WES is an approach 
to selectively sequence the coding region of the genome, accounting for only 1% of the 
genome.40 These approaches could be considered ideal since all the possible variants could 
be detected in a single run; additionally, they could provide valuable information into clonal 
evolution during treatment on mutated genes beyond the panel to predict for impending 
relapse. However, currently, there are several limitations preventing WGS and WES to 
be used in routine analyses of malignancies and MRD surveillance in particular. These 
limitations for WES and WGS include i) the two technologies have a relatively low sensitivity 
(i.e., 30-60X and 100-500X, respectively), which may result in missing subclonal mutations 
at diagnosis (which may be predictive for impending relapse) and thus not optimal for MRD 
detection; ii) sequencing the entire genome or exome, limits the number of samples to be 
sequenced in a single run; (iii) consequently it is expensive (approximately $1000 to $2000 
and $5000 - $15000 per sample, respectively); iv) the time taken until reporting the result 
to the clinic is long with the current processing time; v) it requires a high amount of starting 
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material (approximately 3 µg and 1µg of genomic DNA, respectively).40 Both WGS and 
WES technologies are more powerful than targeted NGS; however, WGS and WES are still 
considered quite expensive for routine clinical diagnosis as well as MRD detection. Moreover, 
both approaches generate a massive amount of genome data that in turn requires large and 
probably multiple servers to store the data, but nevertheless, they could be of an additional 
clinical value. 

 

Figure 7: MRD with error-corrected NGS versus site-and-variant-specific error correction model. A) Correlation 
of variant allele frequency of all mutations detected by TruSight Myeloid Sequencing panel versus VariantPlex 
Core Myeloid Panel in 24 samples (n= 24). In the left graph, the mutations are highly concordant between the two 
panels, and in the right graph, there is a high correlation between the two panels. B) Same as in Figure 7A but 
focusing on mutations with low VAF (<0.1%). VAF: variant allele frequency; r2: correlation coefficient.
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Peripheral blood as an alternative source for NGS-based MRD assessment
PB is an attractive material for both patients and clinicians for NGS-based MRD tracking as 
an alternative for the more invasive BM aspiration. There are some studies that suggested 
similar findings using both sources of assay material41, 42, however, most of the available 
clinical studies on the prognosis and predictive impact of MRD are based on BM specimens. 
That is due to the fact that BM likely provides additional sensitivity with detectable MRD 
levels of about 1-log higher than those of PB.43 For instance, in CBF AML, an MRD negative 
PB assay might miss an MRD positive BM in up to 40% of cases during therapy and 10 to 
15% of cases during follow-up.44 However, Ivey et al.45 used qPCR in a large study to monitor 
mutant NPM1 levels in 2569 samples obtained from 346 patients with NPM1 mutated AMLs 
treated with intensive chemotherapy in both BM and PB after each cycle of chemotherapy.45 
They demonstrated that association with survival was better when PB was used than when 
BM was used. This finding suggests that the source of MRD assessment is likely dependent 
on the assay, as well as regimen and time.46 Due to the lower sensitivity of PB over BM there 
is a need to improve the sensitivity of NGS technology to detect residual disease by ECS. 
Besides, the European LeukemiaNet MRD Working Party recently produced a consensus on 
the frequency of monitoring MRD in PB which will allow early detection of residual disease.43

Hourigan and colleagues27 used UMI ECS combined with ultra-deep sequencing to 
determine MRD status in frozen whole blood specimens of AML collected during CR before 
the conditioning regimen. The result they obtained in this study indicates that PB can also be 
used for NGS-based MRD assessment to predict patient’s performance when a sensitive NGS 
method is used.27 Our group also did an experiment on a small subset of AML patients in CR 
(n=30) and looked at NGS-based MRD in BM versus PB. We found that all mutations detected 
in BM were also detected PB; however, at lower VAF which indicates that the detection of 
MRD in PB is less sensitive (Figure 8). However, this approach remains to be proven with a 
large cohort and perhaps with more frequent sampling intervals as recommend by the ELN 
working party, and eventually, it has to be validated for routine clinical MRD tracking.
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Figure 8: NGS-based MRD detection in bone marrow versus peripheral blood. A) Correlation of variant allele 
frequency of all mutations detected in BM and PB. B) Same as in Figure 8A but looking at mutations with variant 
allele frequencies. 
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Harmonization and standardization of NGS-based MRD detection 
Currently, NGS based assays are becoming more routinely used in clinical diagnosis setting 
of AML and since NGS is hypothetically applicable to all AML patients, there is an urgent 
need to utilize NGS for MRD monitoring, because nowadays the most widely used molecular 
MRD technique (i.e., Quantitative real-time PCR) is applicable to approximately 40% of AML 
patients (i.e., CBF AMLs, NPM1 mutant AML and PML-RARA).43 MRD testing has many clinical 
values, including but not limited to determining the risk of relapse after induction therapy 
(as demonstrated in Chapter 2); determine prognosis and assignment to maintenance 
following completion of standard therapy, and the efficacy of the treatment.43, 47 

A number of studies revealed the prognostic value of NGS MRD after induction 
therapy21-23, pre- and post-stem cell transplantation25. However, prior to the implementation 
of MRD measurement by NGS in routine clinical practice, there should be harmonization to 
enable comparability of results. The harmonization will allow independent laboratories to 
continue using the platform and the methodologies developed and validated similarly to 
what has been done for major BCR-ABL1 fusion gene transcript monitoring.48 There should 
be consensus on the following simple and complex issues, but not limited to i) DNA input 
during follow-up (minimum requirement to detect residual disease with the appropriate 
sensitivity); ii) sampling time-points, sampling tissue (BM and/or PB); iii) molecular markers 
for tracking MRD (for instance focused on ELN 2017 recommendation or more), and single 
markers or combination, iv) sequencing depth and minimum variant reads; tissue/material 
of choice to distinguish somatic from germline mutations; v) methodologies to discriminate 
artifact from true mutations (ECS/UMI or computational approach); vi) adequately 
discriminate  MRD from clonal hematopoiesis. 

Conclusion and future perspective
Although the majority of AML patients achieve complete morphological remission, 
unfortunately, many patients will eventually relapse. Thus, suggesting that relying on 
pretreatment risk stratification only is insufficient to improve patient outcome. Therefore, 
there is still a great need for adequate prediction of impending relapse in order to adapt 
the treatment accordingly and improve the outcome of patients at risk of relapse. The work 
described in this thesis mainly deals with the question on how we can further refine and 
improve AML risk stratification focusing on MRD monitoring by NGS. Several conclusions 
can be drawn from this thesis; however, the main conclusions lay around the application of 
molecular MRD by NGS during CR. We demonstrated that targeted NGS-based identification 
of molecular MRD during CR was associated with an elevated risk of relapse and mortality 
over years of follow-up in patients with AML. Moreover, NGS has a profound independent 
prognostic value for patients with AML and NGS-based MRD is highly concordant with 
multiparameter flow cytometry for detection of persistent non-DTA mutations and provides 
an additive prognostic value. The new and important finding in Chapter 2, was the discovery 
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that detection of DTA mutations in CR have no association with the risk of relapse.23 This 
discovery was confirmed by a number of later studies.22, 27 However, we found that there are 
other mutated genes that persist in CR, but, in low frequency. This finding suggests that there 
might be additional mutated genes that are also associated with clonal hematopoiesis. This 
in turn means that these mutations may not be suitable for MRD monitoring. Unfortunately, 
due to the low prevalence of these mutations in our study cohort, their distinction was 
hindered and analyses in a larger cohort are warranted. Hence, increasing the cohort size 
and the sensitivity of NGS-based MRD will enable the discrimination of true residual disease 
from clonal hematopoiesis.

The mechanism by which mutations in genes associated with clonal hematopoiesis 
occur remains elusive and the same is true for late mutations that lead to the development 
of AML. Therefore, understanding the mechanism by which mutations in genes involved in 
DNA repair pathway such as MBD4 and TDG and their contribution to the development of 
mutations is another dimension that warrant investigation. Future plans in this part would 
include, i) increase patient’s number with germline inactivation of MBD4 by identifying 
patients with colon and/or rectal polyps and screening for mutations in MBD4 gene; ii) 
recapitulate what we found in the three AML patients in mice model with inactive MBD4 
protein and the introduction of mutations in DNMT3A, IDH and TDG using CRISPR-cas9 
technology; iii) measure the activity of MBD4 and TDG under various single and double 
mutant DNMT3A cells/mice/patient to understand which mutations contribute to AML 
development and or clonal hematopoiesis. Studying syndromes that predispose to AML 
may enhance our knowledge and understanding AML pathogenesis and might provide more 
insight on MRD tracking of patients with a predisposition to AML.

Although we successfully monitored MRD by NGS as shown in Chapters 2 and 5, the 
Illumina TruSight Myeloid NGS panel used in these studies was not developed for MRD 
detection and produces relatively high sequencing error rates. Thus, the Illumina TruSight 
Myeloid NGS panel is far from optimal when it comes to sensitivity and specificity. There is a 
need to develop an NGS-based MRD detection panel that has better sensitivity and specificity 
to enable correct discrimination between residual leukemia and clonal hematopoiesis. In 
addition, a larger panel is warranted to study mutations that are less frequent in AML in a 
large AML cohort.  

Our future plan in improving NGS-based MRD detection would involve developing 
a comprehensive NGS AML panel that takes into account all relevant mutations in driver 
genes that have been reported in large cohort studies, such as the TCGA (n= 200), the 2016 
Papaemmanuil et al. study (n= 1540) and also the well-annotated HOVON AML patients cohort 
(n=2600) to enable adequate detection of all relevant mutations in the vast majority of AML 
patients. The methodology of choice is a PCR-based approach which is already operational 
in our molecular diagnostic laboratory for the detection of JAK2 (V617F), JAK2 exon 12, 
MPL and CALR in MPN. This NGS approach has been proven to produce a significantly low 
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sequence error rate than the Illumina TruSight Myeloid NGS Panel. To enhance the sensitivity 
and specificity of this approach we would incorporate the ECS approach which will enable to 
distinguish true mutation from an artifact. This approach will ultimately enable us to detect 
and monitor MRD more accurately and precisely. Alternatively, using commercially available 
error-corrected sequencing kits, such as ArcherDx is also a valid option.  

We aim also to use this custom NGS panel to investigate the sensitivity of NGS-based 
MRD detection in peripheral blood as an alternative to the more invasive BM aspiration in 
a large cohort of AML patients (approx. 400 patients). To further enable the detection of 
molecular MRD in virtually all AML, we aim to develop an RNASeq/cDNA approach to detect 
the various fusion gene transcripts such as RUNX1-RUNX1T1 (5% in AML), CBFB-MYH11 
(5% in AML), DEK-NUP214 (2% in AML) and rearrangement involving 11q23 (approx. 10% 
in AML). The result from peripheral blood MRD detection will be compared to the data 
obtained from bone marrow.

To further enhance MRD detection, we aim to explore the feasibility of NGS-based 
MRD detection by using single-cell analyses. So far NGS-based MRD detection have been 
applied on the bulk of AML cells, which lack the resolution and accuracy for characterizing 
small MRD subclones that may drive the impending relapse. We will apply single-cell gene 
expression analyses and genotyping to determine the identity of the cell and deconstruct 
the clonal architecture at AML diagnosis and MRD in CR (i.e., clonal hematopoiesis and 
residual leukemia). These analyses will reveal the cellular identity and molecular patterns 
of the cell populations persistent in CR that are responsible for AML relapse. Furthermore, 
these analyses will reveal whether single-cell MRD detection is superior to bulk AML cells 
MRD detection.

All the aforementioned future plans will enable and aid in better distinction of residual 
disease from clonal hematopoiesis as well as a true mutation from sequencing artifact. This 
will result in a significant improvement in molecular MRD detection specificity and sensitivity 
by NGS. To improve the clinical outcome of patients at risk of relapse, it is essential to 
perform longitudinal MRD detection which will definitely advance/refine relapse prediction 
to the level of an individual patient. For longitudinal MRD detection, using a less invasive 
material such as blood for longitudinal MRD detection by NGS will be more alluring to both 
patients and clinicians. Standardization and harmonization of NGS-based MRD detection 
across laboratories are paramount and will speed up the incorporation of this MRD tool into 
routine clinical practice.
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NEDERLANDSE SAMENVATTING

Acute Myeloïde Leukemie (AML) is een heterogene groep hematologische aandoeningen 
met verschillende behandeluitkomsten, hetgeen toe te wijzen is aan de intrinsieke 
genetische complexiteit die reeds aanwezig is bij diagnosis en voortkomend uit evolutie 
tijdens progressie van de ziekte. Deze genetische afwijkingen hebben een sterke invloed 
op zowel de respons van patiënten op de behandeling en de hierbij behorende prognose. 
De opkomst van Next Generation Sequencing (NGS) technieken heeft de kennis naar de 
pathogenese, heterogeniteit, en klinische uitkomst in AML-patiënten sterk verbeterd, 
en heeft daarnaast bijgedragen aan het identificeren van vroege genetische laesies die 
geassocieerd zijn met leeftijd-gerelateerde klonale hematopoëse, ook bekend als ‘clonal 
hematopoiesis of indeterminate potential (CHIP)’. Door de ontwikkelingen in het genetisch 
onderzoek binnen de oncologie, en in het bijzonder binnen studies naar AML, zijn er in 2016 
verbeteringen aangebracht in de WHO classificatie van AML, en is in 2017 de European 
Leukemia Net (ELN) risico stratificatie herzien en bijgewerkt.

In hoofdstuk 2 wordt de toepassing van NGS-methoden voor het detecteren van moleculaire 
restziekte (minimal/measurable residual disease (MRD)) in AML beschreven.  In een groot 
cohort van volwassen AML-patiënten (n = 482), hebben we m.b.v. een targeted NGS 
genpanel analyses uitgevoerd op AML-samples afgenomen bij diagnose en tijdens complete 
hematologische remissie (CR), bereikt na twee cycli intensieve inductie chemotherapie. 
Hiermee werd de aan- en afwezigheid van mutaties bepaald in 54 genen, waarvan bekend is 
dat deze gemuteerd kunnen zijn in myeloïde maligniteiten. De eindpunten van de studie waren 
het optreden van een recidief binnen 4 jaar, recidiefvrije overleving en algehele overleving. 
Het cohort was opgedeeld in een training- (283 AML patiënten) en validatie set (147 AML 
patiënten), beiden vergelijkbaar op klinisch, cytogenetisch en moleculair gebied. Tijdens 
diagnose werden er mutaties gedetecteerd in 430 van de 482 patiënten (89,2%), waarvan 
51.4% persisterend in CR. Het persisteren van mutaties was zeer variabel tussen genen, 
dikwijls bij een hoge variant allel frequentie (VAF), variërend tussen 0,02 en 47%. Mutaties 
in genen geassocieerd met CHIP (DNMT3A, TET2, en ASXL1; afgekort DTA mutaties) werden 
vaak gedetecteerd met een hoge VAF in CR, echter de aanwezigheid van deze mutaties in CR 
hadden geen prognostische waarde in zowel de training als de validatie set. Daartegenover 
was de detectie van andere mutaties, de non-DTA mutaties, in CR significant geassocieerd 
met een verhoogd risico op een recidief, wat ook bevestigd werd in de validatie set. Hiermee 
in overeenstemming hebben we tevens laten zien dat het persisteren van non-DTA mutaties 
was geassocieerd met een kortere recidiefvrije- en algehele overleving. Dit hield stand 
na het uitvoeren van een multivariate analyse, waarbij gecorrigeerd was voor relevante 
prognostische factoren waaronder leeftijd, witte bloedcellen, ELN risico classificatie 2017, 
en het aantal cycli inductie chemotherapie. Daarnaast hebben we een vergelijking gemaakt 
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tussen het detecteren van restziekte door het identificeren van persisterende non-DTA 
mutaties met NGS en leukemisch geassocieerde immunofenotypes met multiparameter 
flow cytometrie in 340 AML patiënten. Na het uitvoeren van een multivariate analyse, 
toonden we aan dat de combinatie van NGS en flow cytometrie de sterkste onafhankelijke 
prognostische waarde had voor het detecteren van restziekte bij alle eindpunten. 
Samengevat, in deze studie naar MRD-detectie met NGS-technieken, hebben we kunnen 
aantonen dat persisterende mutaties in genen die geassocieerd zijn met pre-leukemie (DTA 
mutaties) in CR niet voorspellend waren voor het ontwikkelen van een recidief. Daarnaast 
hebben we laten zien dat MRD-detectie met NGS een sterke prognostische techniek is, die 
van toepassing kan zijn op een groot deel van de AML-patiënten.

In hoofdstuk 3 worden de mutationele en klonale kenmerken van AML met een gemuteerd 
TP53 gen in kaart gebracht d.m.v. het sequensen van een groot cohort AML-patiënten (n 
= 2200). Een mutatie in TP53 was hierbij gedetecteerd in 10,5% (230 van de 2200 AML-
patiënten), waarbij de meerderheid bestond uit bi-allelische TP53 mutaties. In 49% 
(113/230) van deze patiënten werd een co-mutatie gevonden, waarbij de meest frequent 
voorkomende mutaties in genen waren die geassocieerd zijn met klonale hematopoiese, 
namelijk in DNMT3A, TET2, en ASXL1. Daarnaast vertoonde 84% van de AML-patiënten met 
een TP53 mutatie genomische instabiliteit in de vorm van een complex karyotype. Opvallend 
hierbij was dat genomische instabiliteit vaker voorkwam in AML met bi-allelische TP53 
mutaties (97,1%) ten opzichte van AML met mono-allelische mutaties (40%). Betreffende 
overleving was er geen significant verschil tussen verschillende TP53 VAF drempelwaardes, 
getest van 50% tot 5%, en daarnaast was er geen positief effect op algehele overleving voor 
AML-patiënten met mono-allelische TP53 mutaties. Aangezien de meerderheid van de co-
mutaties voorkomend met TP53 mutaties waren geassocieerd met klonale hematopoiese, 
werd voor het vervolg TP53 beschouwd als de enige geschikte marker voor moleculaire 
MRD-detectie d.m.v. deep sequencing NGS. Van de TP53 mutaties gedetecteerd bij 
diagnose, was 73% persisterend in CR, echter was de detectie hiervan niet geassocieerd met 
een verhoogde kans op recidief (p = 0,911) of een verlaagde overleving (p = 0,653). Hoewel 
de associatie tussen TP53 mutaties en een complex karyotype al bekend is, heeft deze 
studie aangetoond dat de aanwezigheid van genomische instabiliteit sterk geassocieerd is 
met een verlaagde overleving in deze patiënten (2 jaars overleving van 34% t.o.v. 9% in 
AML-patiënten met een complex karytopye; p = 0,002). Daarnaast, toont deze studie aan 
dat patiënten met een mono-allelische TP53 mutatie zonder complex karyotype een betere 
algehele overleving hebben dan patiënten met een complex karyotype (p = 0,001), wat 
impliceert dat de mate van genomische instabiliteit in TP53 gemuteerde AML-patiënten van 
prognostische waarde is, ongeacht de TP53 allel status. Om te achterhalen welke patiënten 
baat hebben bij een allogene stamceltransplantatie (HSCT), werd de prognostische waarde 
bepaald van genomische instabilitieit van 59 AML-patiënten met een TP53 mutatie die 
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ook een allogene HSCT hadden ontvangen. Hieruit kwam naar voren dat in deze patiënten 
genomische instabiliteit was geassocieerd met een kortere overleving (2 jaars overleving 
ratio, 60% genomisch stabiel vs. 16,7% genomisch instabiel; HR 2,44, 95% CI: 1,03 – 5,79; p 
= 0,02), bevestigd in een multivariate analyse.

In hoofdstuk 4 wordt de aanwezigheid van PPM1D mutaties tijdens diagnose, in CR, en tijdens 
recidief onderzocht. We tonen aan dat mutaties in PPM1D mutaties zelden voorkomen in 
de novo AML en refractoire anemie met een overmaat aan blasten (refractory anemia with 
excess of blasts; RAEB) in tegenstelling tot therapie-gerelateerde AML. Daarnaast komen 
PPM1D mutaties vaker voor na hoge dosis chemotherapie met een relatief lage VAF, en 
maken ze geen deel uit van het AML-recidief. In conclusie, aangezien PPM1D mutaties niet 
zijn geassocieerd met een opkomend recidief zijn deze mutaties niet bruikbaar als MRD-
marker in AML.

In hoofdstuk 5 wordt de haalbaarheid getest van het gebruik van beenmerg-glaasjes 
gekleurd met May-Grünwald Giemsa (MGG) voor de detectie van mutaties m.b.v. NGS. We 
hebben aangetoond dat isolatie van DNA efficiënter verloopt in MGG-gekleurde glaasjes 
dan bij gearchiveerde ongekleurde glaasjes, doordat in de meeste gevallen de mutatie 
profielen afkomstig van MGG-gekleurde beenmerg monsters identiek waren aan de mutaties 
gevonden met DNA afkomstig van Ficoll gezuiverd beenmerg (FPBM) bij zowel diagnose als 
in recidief. Daarnaast onderzochten we de mogelijkheid om driver mutaties te detecteren 
in DNA afkomstig van oudere MGG-gekleurde glaasjes, geprepareerd in 1975. We konden 
hierbij niet alleen aantonen dat de mutaties detecteerbaar waren, maar ook dat de VAFs 
van deze mutaties zeer vergelijkbaar waren met de VAFs van de mutaties gedetecteerd in 
DNA afkomstig van FPBM (R2: 0,87). MGG-gekleurde beenmerg glaasjes zijn een goede en 
betrouwbare bron om mutaties te meten in AML. Naast het aantonen van de mogelijkheid 
tot het detecteren van mutaties met een NGS-methode gebaseerd op hybridisatie (met het 
Illumina TruSight Myeloid sequensing panel), konden we ook laten zien dat deze mutaties 
detecteerbaar waren met een op maat gemaakt NGS genpanel gebaseerd op PCR, bij 
zowel bij diagnose en recidief, en tijdens behandeling. Tevens werd de kinetiek van de 
mutaties gedurende behandeling onderzocht m.b.v. MGG-gekleurd beenmerg DNA bij 18 
AML patiënten. De mutatie profielen waren in lijn met de behandeling, waarbij er duidelijk 
onderscheid kon worden gemaakt tussen klonale hematopoiese en leukemie. Hieruit volgt 
dat gearchiveerde MGG-gekleurde beenmerg glaasjes uitstekend kunnen fungeren als bron 
voor retrospectieve moleculaire analyses naar AML gedurende het ziekteverloop. Deze 
benadering zou ook kunnen gebruikt in vergelijkbare studies aan andere hematologische 
aandoeningen. Deze studie biedt daarom nieuwe mogelijkheden voor het onderzoeken van 
de moleculaire kinetiek van mutaties vooral in patiënten waar van gelimiteerd testmateriaal 
beschikbaar is. Daarnaast heeft deze aanpak de potentie om vroege mutaties, vaak 
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geassocieerd met CHIP  te kunnen onderscheiden van de oncogene transformerende driver 
mutaties.

In hoofdstuk 6 wordt in een subset van AML-patiënten met een KMT2A-PTD mutatie gekeken 
naar het spectrum van mutaties, gen expressie profielen, en prognoses en vergeleken met 
een cohort AML-patiënten waarbij deze mutatie niet voorkomt. Hierbij konden we aantonen 
dat KMT2A-PTDs aanwezig waren in 5,5% van alle AML gevallen, en dat ze significant 
geassocieerd waren met een gelijktijdig voorkomende trisomie van chromosoom 11, zoals 
vermeld in eerdere studies. Gekeken naar de mutatie profielen in AML-patiënten met en 
zonder KMT2A-PTD mutaties, waren er een aantal genen significant vaker gemuteerd in 
KMT2A-PTD AML, waaronder FLT3-ITD, IDH1, U2AF1, en IDH2. Hiertegenover, werden 
mutaties in NPM1, TP53, en NRAS significant minder vaak gevonden in deze patiënten. 
Met ons eerder gepubliceerde genexpressie dataset, hebben we laten zien dat meerdere 
homeobox-gerelateerde gen families consistent over-expressie vertoonden in patiënten 
met een KMT2A-PTD mutatie. Daaropvolgend, gebruikmakend van een associatie model 
waarbij een groot aantal relevante klinisch- en genetisch gedefinieerde subsets van AML 
werden meegenomen, hebben we laten zien dat KMT2A-PTDs een over-expressie in een 
subset van HOX-gerelateerde genen veroorzaakt op een andere manier dan t(11q23)-
gerelateerde KMT2A fusie eiwitten. Dit kan erop duiden dat KMT2A-PTD leukemogenese 
aanstuurt via een ander mechanisme. Daarnaast hebben we aangetoond dat KMT2A-PTD 
AML met een bijbehorende DNMT3A of NRAS mutatie geassocieerd is met een verslechterd 
klinische uitkomst. Deze gedetailleerde studie aan een subset van AML geeft hierdoor meer 
inzicht in de onderliggende biologie en klinische uitkomst van KMT2A-PTD AMLs en laat zien 
dat dit type AML zich onderscheid van andere 11q23 gemuteerde AMLs.

In hoofdstuk 7 wordt een studie beschreven naar familiale gevallen met een kiembaan 
inactivatie van het Methyl-binding Domain 4 (MBD4) gen, geassocieerd met de ontwikkeling 
van een een specifiek type AML, welke ontstaat als gevolg van pathogene mutaties in 
driver genen, voornamelijk in DNMT3A. Onze resultaten geven meer inzicht in de rol die 
MBD4 speelt in de bescherming tegen 5-methylcytosine (5mC) geïnduceerde DNA schade. 
We hebben aangetoond wat de impact is van een constitutieve inactivatie van MBD4 op 
de ontwikkeling van voorloper AML door een extreme gevoeligheid voor DNA methylatie 
schade. Daarnaast konden we aantonen dat er een sterke link is tussen methylatie schade 
en de ontwikkeling van een moleculaire gedefinieerde hematologische maligniteit, AML met 
bi-allelische DNMT3A mutaties, en mutaties in IDH1 of IDH2. Onze studie onthuld ook dat 
patiënten met een kiembaan bi-allelische MBD4 mutatie een versnelde klonale groei van 
cellen hebben die sterk geassocieerd is met klonale hematopoiese tientallen jaren eerder dan 
gezonde personen. We hebben hiermee een compleet nieuw kiembaan syndroom ontdekt 
met een predispositie voor een myeloide maligniteit. Hoewel dit syndroom zeldzaam lijkt te 
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zijn kan het in potentie belangrijke inzichten geven in de etiologie van klonale hematopoiese 
en de daaruit volgende ontwikkeling tot AML.
In hoofdstuk 8, de algemene discussie, worden de resultaten van alle hoofdstukken 
besproken en vergeleken met de huidige kennis en nieuwe ontwikkelingen betreffende 
moleculaire analyses aan en minimale restziekte detectie voor patiënten met AML.

Dutch summary
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LIST OF ABBREVIATIONS

ABL1	 c-Abl oncogene1
Allo-HSCT	 Allogeneic hematopoietic stem cell transplantation
AML	 Acute myeloblastic/myeloid leukemia
AML1	 Acute myeloid leukemia 1
APL	 Acute promyelocytic leukemia
AR	 Allelic ratio
ARCH	 Age-Related Clonal Hematopoiesis
ASXL1 	 Additional sex combs like 1(Drosophila)
ATO	 arsenic trioxide
ATRA	 all-trans retinoic acid 
Auto-HSCT	 Autologus hematopoietic stem cell transplantation
BCOR	 BCL6 corepressor
BCR	 Breakpoint cluster region
BER	 Base excision repair
BM	 Bone marrow
bp	 base pair
C	 Cytosine
CALR	 Calreticulin
CBF	 Core binding factor
CBFB	 Core binding factor beta subunit
CBL	 Casitas B-lineage Lymphoma
CEBPA	 CCAAT/enhancer binding protein alpha
CHEK2	 Checkpoint Kinase 2
CHIP	 Clonal Hematopoiesis of Indeterminate Potential 
CI	 Confidence interval
CIR	 Cumulative incidence of relapse
CK	 Complex Karyotype
CLP	 Common lymphoid progenitor
CML	 Chronic myeloid leukemia
CMML	 Chronic myelomonocytic leukemia
CMP	 Common myeloid progenitor
CN	 Cytogenetic normal
CNV	 copy number variation
CR	 Complete remission
DDR	 DNA damage response
DEK	 DEK Proto-Oncogene
DNA	 Deoxyribonucleic acid
DNMT3A	 DNA methyltransferase 3A
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dNTP	 Deoxyribonucleotide triphosphate
DTA	 DNMT3A, TET2 and ASXL1
ECS	 Error corrected sequencing
EFS	 Event-free survival
ELN	 European LeukemiaNet
ErP	 erythrocyte precursors
ETO	 Eight twenty one
EVI1	 Ectopic virus integration site 1
EZH2	 Enhancer of zeste homolog 2
FAB	 French-American-British
Fig	 Figure
FISH	 Flourescence in situ hybridization
FLT3	 fms-related tyrosine kinase 3
FPBM 	 Ficoll-purified BM
GATA2	 GATA binding prtein 2
gDNA	 genomic DNA
GMP	 Granulocyte monocyte progenitor
GMP	 Granulocyte macrophage precursor
HOVON	 Dutch-Belgian Hemato-Oncology Cooperative Group
HOVON	 Dutch-Belgian Cooperative Trial Group for Hematology-Oncology 
HOX	 Homeobox
HR	 Hazard ratio
HSC	 Hematopoietic stem cell
HSCP	 Hematopoietic stem cell progenitor
IDH1	 Isocitrate dehydrogenase 1
IDH2	 Isocitrate dehydrogenase 2
Indel	 Insertion or deletion
ITD	 Internal tandem duplication
JAK2	 Janus kinase 2
KMT2A	 lysine (K)-specific methyltransferase 2A
KRAS	 V-Ki-ras2 Kirsten rat sarcoma viral oncogen homolog
LAIP	 leukemia-associated immunophenotype
LT-HSC 	 long-term Hematopoietic stem cell
MBD4	 methylbinding domain 4
MDS	 Myelodysplastic syndrome
MECOM	 MDS1  and EVI1 complex locus
MEP	 Megakaryocyte erythrocyte precursor
MFC	 Multicolor Flow Cytometry 
MgCl2	 Magnesium chloride
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MGG-stained BM 	 May-Grünwald Giemsa stained bone marrow slides
MKL1	 Megakaryoblastic Leukemia 1
MkP	 Megakaryocyte precursor
MLF1	 Myeloid Leukemia Factor 1
MLL	 Mixed lineage leukemia
MLLT3	 Mixed-Lineage Leukemia  (Trithorax Homolog); Translocated To, 3
MPFC	 Multiparameter Flow Cytometry 
MPN	 Myeloproliferative Neoplasms
MPP	 Multipotent progenitor
MRD	 Minimal/Measurable Residual Disease
mRNA	 Messenger RNA
MYH11	 Myosine heavy chain 11
NF1	 Neurofibromatosis type 1
NGS	 Next-generation sequencing
NK	 Normal karyotype
NPM1	 Nucleophosmin 1 
NRAS	 Neuroblastoma RAS viral oncogene homolog
NS	 Not significant
NSD1	 Nuclear Receptor SET Domain-Containing Protein 1
NUP214	 Nucleoporin 214
NUP98	 Nucleoporin 98
OS	 Overall survival
p	 Short arm of a chromosome
P	 P-value
PB	 Peripheral blood
PCR	 Polymerase chain reaction
PHD	 Plant homeodomain 
PML	 Promyelocytic leukemia
PPM1D	 Protein Phosphatase, Mg2+/Mn2+ Dependent 1D
PTD	 Partial tandem duplication
PTPN11	 Protein Tyrosine Phosphatase Non-Receptor Type 11
q	 Long arm of a chromosome
qPCR	 Quantitative PCR
RAEB	 Refractory anemia with excess of blast
RARA	 Tetionic acid receptor, alpha
RBM15	 RNA Binding Motif Protein 15
RFS	 Relapse-free survival
RIC	 Reduced intensity conditioning
RNA	 Ribonucleic acid
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RQ-PCR	 Real-time quantitative PCR
RQ-PCR	 Real-time Quantitative PCR
RRBS	 Reduced representation bisulfite sequencing
RTK	 Receptor tyrosince kinase
RT-PCR	 Reverse transcription PCR
RUNX1	 Runt-related transcription factor 1
RUNX1T1	 RUNX1 translocation partner 1
SAKK	 Swiss Group for Clinical Cancer Research
s-AML	 Secondary Acute Myeloid Leukemia
SCDC	 Single-cell-derived colonies
SCT	 Stem Cell Transplantation 
SF3B1	 Splicing factor 3B subunit 1
SMC1A	 Structural Maintenance Of Chromosomes 1A
SMC3	 Structural Maintenance Of Chromosomes 3
SNP	 Single nucleotide polymorphism
SNV	 Single nucleotide variation
SRSF2	 Serine And Arginine Rich Splicing Factor 2
STAG2	 Stromal Antigen 2
ST-HSCs 	 short-term Hematopoietic stem cell
SV	 Structural variant
T	 Thymidine
t-AML	 therapy-related Acute Myeloid Leukemia
TCGA	 The cancer genome atlas
TDG	 Thymine DNA glycosylase
TET2	 Tet methylcytosine dioxygenase 2
TKD	 Tyrosine kinase domain
t-MDS	 therapy-related Myelodysplastic Syndrome
TP53	 Tumor Protein P53
U2AF1	 U2 Small Nuclear RNA Auxiliary Factor 1
UMI	 Unique molecular identifier
VAF	 Variant allele frequency
vs.	 Versus
WBC	 White blood count
WES	 Whole exome sequencing
WGS	 Whole genome sequencing
WHO	 World health organization
WT1	 Wilms’ tumor suppressor gene1
ZRSR2 	 Zinc Finger CCCH-Type, RNA Binding Motif And Serine/Arginine Rich 2
5mC	 5-methylcytosine
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and for your advices. 

The sad part of leaving the Netherlands for me and my wife is leaving friends who were 
always there to ease our stay, which made us feel welcomed and happy in our second 
homeland. They shared our happiness and welcomed our guests into their house. We will 
cherish these memories for the rest of our lives and look forward to the day that they come 
to Oman. 

The best thing that happened to me and my wife during our stay in the Netherlands is the 
birth of our two children. The Netherlands for both of us isn’t the place where I did my Ph.D, 
it is the place where our family grew and the joys of our life were born. The Netherlands will 
always have a very special place in our hearts.   

Last but not least I’m looking forward to seeing those who said will visit me in Oman, you 
know who you are!

I would like to finish by apologizing for missing to mention anyone who has contributed, 
supported, and helped me during my Ph.D journey. Thank you all and I wish you all the best!
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