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Abstract

We studied acute myeloid leukemia (AML) patients with lympho-myeloid clonal hematopoiesis 

(LM-CH), defined by the presence of DNA methyltransferase 3A (DNMT3A) mutations in both 

the myeloid and lymphoid T-cell compartment. Diagnostic, CR and relapse samples were 

sequenced for 34 leukemia-related genes in 171 DNMT3A mutated adult AML patients. AML 

with LM-CH was found in 40 patients (23%) and was associated with clonal haematopoiesis of 

indeterminate potential (CHIP) years prior to AML, older age, secondary AML, and more frequent 
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MDS-type co-mutations (TET2, RUNX1 and EZH2). In 82% of AML patients with LM-CH the 

preleukemic clone was refractory to chemotherapy and was the founding clone for relapse. Both 

LM-CH and non-LM-CH MRD positive AML patients who achieved CR had a high risk of 

relapse after 10 years (75% and 75%, respectively) compared to patients without clonal 

hematopoiesis in CR with negative MRD (27% relapse rate). Long-term survival of patients with 

LM-CH was only seen after allogeneic hematopoietic stem cell transplantation (HSCT). We define 

AML patients with LM-CH as a distinct high risk group of AML patients that can be identified at 

diagnosis through mutation analysis in T cells and should be considered for HSCT.

Introduction

The origin of acute myeloid leukemia (AML) is still poorly understood. Our current 

understanding of AML development is based on the concept that multiple gene mutations 

and chromosomal aberrations occur in a multistep process leading to epigenetic as well as 

genetic alterations of genes and their functions. This aspect can be summarized as clonal 

evolution of AML.1, 2 The majority of AML patients harbour 2-6 recurrent somatic 

mutations in the genome of their leukemic cells1, which is a considerably lower number 

compared to most solid tumors.3, 4 An important aspect of clonal evolution is that leukemia 

related mutations can occur in healthy people resulting in a predisposition for hematologic 

malignancies.5–7 This process is now termed as clonal haematopoiesis of indeterminate 

potential (CHIP).8–10 Recently, a very important finding was the observation that mutations 

in DNA methyltransferase 3A (DNMT3A) can be present in T cells of some patients with 

DNMT3A mutations in their AML blasts.11 Interestingly, in the DNMT3A mutated T cells 

NPM1 was not found to be mutated in those patients with NPM1 mutations in AML blasts.
11 This phenomenon indicates the clonal expansion of an immature hematopoietic stem/

progenitor cell that affects both myeloid and lymphoid lineage before the onset of leukemia, 

which may be transformed by a leukemia-specific mutation like NPM1.

DNMT3A mutations are among the most frequent mutations in AML and are suggested to 

have a negative prognostic impact on patients' outcome.12–18 Very little is known at this 

point what impact a history of LM-CH may have on the clinical picture and course of AML. 

We also do not know whether the sensitivity to intensive chemotherapy and long term 

remissions are different in patients with a history of LM-CH. Thus, the purpose of this study 

was to analyze the presence of DNMT3A mutations in T cells as a marker for a history of 

preleukemic LM-CH in a large cohort of DNMT3A mutated AML patients in order to gain 

novel information about the clinical and molecular impact of LM-CH in patients with AML.

Patients, Materials and Methods

Patient samples

1482 adult AML patients were screened for DNMT3A mutations. 171 adult AML patients 

(aged 18-87 years) were found to be DNMT3A mutated and had available diagnostic bone 

marrow or peripheral blood cell samples. All patients entered multicenter treatment trials 

AML SHG 0199 (ClinicalTrials Identifier NCT00209833, June 1999 to September 2004, 

n=44) or AML SHG 0295 (February 1995 to May 1999, n=14), or the AMLSG Biology and 
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outcome study (n=113). Patients with PML-RARA or t(15;17) positive AML were excluded 

from these trials. 140 patients received intensive therapy19, 20, 21 patients received non-

intensive therapy and for 10 patients the therapy is unknown. Written informed consent was 

obtained according to the Declaration of Helsinki, and the studies were approved by the 

institutional review board of Hannover Medical School. For 20 out of 71 relapsed patients a 

sample at the time of relapse was available. 55 patients had follow up samples at the time of 

remission yielding a total of 168 follow up samples. For 18 patients with non-LM-CH AML 

matched diagnosis and CR samples and persistent DNMT3A mutation were available for 

mutational analysis with the myeloid panel in order to detect additional mutations in CR.

From 13 patients (including 2 patients from the LM-CH group) DNA was available from 

hair follicles serving as a germline control. We had two DNMT3A mutated patients with a 

blood/bone marrow sample 2-5 years prior to diagnosis of AML. At that time both patients 

had no malignancy.

Sorting of CD3 positive T cells and hematopoietic progenitor cells

Bone marrow from AML patients were stained with PE mouse anti-human CD3 (UCHT1) 

antibody from BD Biosciences (Heidelberg, Germany) and sorted at the cell sorting facility 

of Hannover Medical School. Strict purity control measures were administered. Diagnostic 

AML samples were used for T cell sorting (CD3+CD11b-CD14-CD33-). The median purity 

of T cells was 96.8%. A sample was only called DNMT3A mutated in T cells if the mutated 

allelic burden was higher than the measured percentage of contaminating leukemic cells.

Cytogenetic and molecular analysis

Pretreatment samples from all patients were studied by conventional banding analysis.21 

Only DNMT3A mutated AML patients were selected for our study and DNMT3A 
mutational status was investigated as previously reported.13 Sequencing was performed on 

the MiSeq sequencer. Library preparation of samples at the time of diagnosis (n=171) and 

relapse (n=20) were performed with the TruSight myeloid sequencing panel (Illumina, San 

Diego, CA). We considered 34 entire genes or hot spot gene regions involved in leukemia 

for further analysis (Supplemental Table S1). DNMT3A mutational analysis in T cells, 

progenitor cells and follow-up samples was performed by targeted sequencing of DNMT3A 
with customized NGS primers. For DNMT3A a primary PCR was performed with 

customized primers (Table S3) and PCR conditions described previously13.

The Illumina Miseq reagent kit v3 (San Diego, USA) was used for library preparation. 

Sequencing was performed on the MiSeq sequencer aiming for a high coverage per sample 

(50.000-100.000 average number of aligned reads per sample). This allowed ultra-deep 

sequencing in order to gain a high sensitivity. DNMT3A mutations were called in T cells 

when the VAF was ≥ 1%. Using conventional fragment analysis all patients were 

additionally screened for NPM1 and FLT3 mutations. Sanger sequencing of DNMT3A was 

performed for DNA from hair follicles. The mean coverage of all amplicons was 3262 reads 

per amplicon (range 101-23004) in the targeted resequencing of 34 different genes and 

82587 aligned reads per amplicon in the targeted resequencing of DNMT3A (follow up 

samples and CD3 positive cells).
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Bioinformatic and statistical analysis

The definition of complete remission (CR), overall survival (OS) and relapse-free survival 

(RFS) followed recommended criteria.22, 23 Statistical test results are provided for 

explorative purposes.

In the bioinformatical analysis short reads from targeted resequencing of 34 genes were 

aligned to the hg19 reference genome using bwa (mem, paired-end).24 Local realignment 

around indels was done using local realignment tools from the Genome Analysis Tool Kit 

(GATK).25 Further details are listed in the supplement.

Results

AML with lympho-myeloid clonal hematopoiesis (LM-CH) occurs in 23% of DNMT3A 
mutated AML patients and is associated with secondary AML and MDS-related mutations

A total of 171 AML patients with DNMT3A mutation were included in our analysis (143 

with R882 and 28 with other DNMT3A mutation, see Supplemental Figure S1, 

Supplemental Table S2). The somatic origin of DNMT3A mutations was confirmed in 

germline DNA from hair follicles in 13 patients, i.e. DNMT3A was wildtype in germline 

DNA (including 2 with mutation in T cells).

DNMT3A was mutated in both mononuclear and T cells in 40 patients (23%) (termed here 

AML with lympho-myeloid clonal hematopoiesis, LM-CH), while it was mutated only in 

mononuclear cells in 131 patients (77%) (termed non-LM-CH group). The mean allele 

burden was 43.2% in mononuclear cells and 15.7% in T cells of LM-CH patients, while it 

was 44.6% in mononuclear cells and by definition 0% in T cells in non-LM-CH patients 

(Figure 1A). In AML patients with LM-CH the DNMT3A variant allele frequency (VAF) in 

mononuclear cells did not correlate with VAF in T cells (Pearson correlation R=0.075, 

Figure S2). Comparing the clinical characteristics of AML patients with and without LM-

CH revealed that significantly more patients in the LM-CH cohort had secondary AML 

(P=0.009) and were older at diagnosis (P=0.018, Figure 1B and 1C, Table 1). There was no 

difference in the distribution to the three different trials between the patients with or without 

LM-CH (P=0.22). Other clinical parameters including cytogenetic risk group and blood cell 

counts did not significantly differ between the two groups (Table 1). Patients with LM-CH 

were more likely to show a DNMT3A mutation affecting the mutational hotspot R882 of 

DNMT3A (P=.007, Table 1, Figure S1). Analysing the mutational profile of 34 genes 

revealed that the number of mutations per patient between these 2 groups was similar (mean 

3.9 vs 3.5 mutations in patients without vs with LM-CH, P=0.19). The most frequently 

mutated genes in the cohort were NPM1, FLT3-ITD, TET2 and IDH2 (Figure S3, and Table 

S2). Patients with LM-CH were significantly more likely to harbour mutations in TET2 
(P=0.008), RUNX1 (P=0.041) and EZH2 (P=0.05) but less likely to have mutated NPM1 
(P=0.003) or FLT3-ITD (P=0.037, Figure 1D, Table 1). No significant difference was seen 

regarding the frequency of the remaining 29 genes (Table 1, Figure 1D). We clustered 

patients with at least one co-mutation based on their mutation profile by unsupervised 

hierarchical clustering and found AML patients with LM-CH enriched in a cluster defined 

by secondary AML-type mutations (ASXL1, RUNX1, TET2) and the two splicing genes 
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SF3B1 and SRSF2, while AML patients without LM-CH clustered with NPM1, FLT3, 

IDH1, IDH2, and cohesin gene mutations (Figure 1E). Thus, genes related to de novo AML 

are less common, while MDS-related gene mutations are more common in the LM-CH 

group. We also compared the VAF of mutated genes between AML patients with and 

without LM-CH. Confirming our previous result, secondary AML-type mutations had a 

higher VAF in LM-CH compared to non-LM-CH patients (ASXL1, TP53, EZH2, SF3B1, 

U2AF1, ZRSR2 and SMC3) (Figure S4), suggesting that these mutations can initiate AML 

from a DNMT3A mutated preleukemic clone. Overall, TET2, DNMT3A and NPM1 had the 

highest VAF (Figure S4), confirming that these are driver or preleukemic mutations. In 

summary, we describe a subgroup of AML that developed on the basis of lympho-myeloid 

clonal hematopoiesis and can be distinguished at diagnosis through mutation analysis in T 

cells. This patient group constitutes 23% of DNMT3A mutated patients and is associated 

with secondary AML-type characteristics.

The preleukemic LM-CH clone is refractory to chemotherapy

We followed the development of the mutation burden of DNMT3A during the course of the 

disease in 168 remission samples from 55 patients and 20 relapse samples with ultra-deep 

sequencing. Fifteen (27%) of 55 patients lost the DNMT3A mutation in remission, while 40 

(73%) patients remained DNMT3A mutated in remission (cut-off ≥ 1%). Of the 11 patients 

with LM-CH who had available follow up samples, 9 remained mutated during remission 

(82%) and 2 patients (18%) lost the mutation in remission. These two patients had a VAF of 

11% and 27% in T cells at diagnosis, received an HSCT in first CR, and are alive after long 

term follow-up. In the non-LM-CH cohort 13 of 44 patients lost the mutation (30%) and 31 

patients with follow-up samples (70%) remained mutated during remission (P=0.45; Figure 

2A). Examples of the DNMT3A mutation load during the course of the disease are shown in 

Figure S5. In LM-CH patients the DNMT3A VAF in T cells largely followed the VAF in 

MNCs, although at a lower level. Figure 2B shows the summary of the DNMT3A mutational 

load in AML patients with and without LM-CH from diagnosis to CR (Figure 2B). In LM-

CH patients DNMT3A levels were similar between diagnosis and CR at a mean level of 

36.2% (n=7 compared to 46.7% at time of diagnosis, n=39, P=0.12), while they were much 

lower at CR compared to diagnosis in non-LM-CH patients (42.8% at diagnosis and 10% at 

CR, P<0.001, Figure 2B). These data suggest that the preleukemic LM-CH clone is resistant 

to induction chemotherapy in the majority of patients and persists at high levels in complete 

remission, although the morphologically defined leukemic blast clone had been reduced 

below 5% (CR).

We sequenced 18 patients with the myeloid panel at the time of CR, who had at least 1 

concomitant mutation at diagnosis, no LM-CH, but a persistent DNMT3A mutation in CR, 

to monitor the course of the concomitant mutations. In 15 patients NPM1 was lost in CR, in 

2 patients each IDH1, TET2, NRAS, TP53, SMC3, RUNX1, and ETV6 were lost, and in 1 

patient each RAD21, SMC1A, SF3B1, U2AF1, ZRSR2, WT1 and PTPN11 were lost. As 

expected no new mutations were gained in CR. Interestingly, in 3 patients one additional 

gene remained mutated in CR (IDH1, IDH2, or TET2). In each case, the course of the VAF 

from diagnosis to CR was similar for DNMT3A and the respective additional mutation. 

These findings suggest that the majority of concomitant mutations are part of the leukemic 
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clone, while some mutations in genes with epigenetic impact may be part of the preleukemic 

clone.

Next, we compared the DNMT3A allele burden between CR and relapse (Figure 2C). In 

LM-CH patients the allele burden remained high between CR and relapse (43% vs 47%, 

n=3, P=0.02), while it considerably increased from CR to relapse in AML patients without 

LM-CH (from 5% to 29%, n=13, P<0.001; Figure 2C). In LM-CH patients the allele burden 

at relapse was comparable to that at diagnosis (P=0.35), while patients without LM-CH had 

a lower allele burden at relapse compared to diagnosis (P=0.07; Figure S6).

Of all patients undergoing HSCT only patients with full chimerism lost the DNMT3A 
mutation (Patients 3, 9, 12, and 17, Figure S5). These data suggest that the preleukemic 

clone has engaged almost the entire hematopoiesis in LM-CH patients, while non-LM-CH 

patients may have had only a minor or no preleukemic clone before the onset of AML.

AML with LM-CH is preceded by CHIP

Intriguingly, in two AML patients with LM-CH with samples 2 and 5 years prior to AML 

diagnosis, we found the identical DNMT3A mutation already in these early samples (Figure 

3A). At that time both patients had normal blood counts (Figure 3B) and did not have 

evidence of a hematological malignancy. Thus, the retrospective diagnosis of CHIP can be 

made for both patients years prior to AML development. We therefore propose that LM-CH 

is an indicator of prior CHIP, which can be retrospectively diagnosed at the time of AML 

diagnosis.

AML patients with LM-CH have a high risk of relapse

We next compared the mutational profile between available diagnosis and matched relapse 

samples and found a slightly decreased number of mutations covered by our myeloid panel 

at the time of relapse (3.6 vs 3.2, Supplementary Figure S7). DNMT3A and IDH2 mutations 

were the most stable markers (95-100% stable) between diagnosis and relapse. Less stable 

genes were NPM1 (80% stability), FLT3-ITD (75% stability), IDH1 (67% stability) and 

NRAS (40% stability, Figure 4A).

To better understand the risk of relapse in DNMT3A mutated AML patients, we evaluated 

the cumulative incidence of relapse (CIR) in intensively treated AML patients who achieved 

CR and had follow-up information available. LM-CH patients were included independent of 

sample availability at CR because clonal hematopoiesis had already been proven at 

diagnosis. However, non-LM-CH patients were only included if a remission sample was 

available for DNMT3A mutation analysis (n=64). Twenty-one patients had AML with LM-

CH. Of the remaining patients without LM-CH, 30 remained DNMT3A mutated in CR 

(70%), suggestive of pre-existing myeloid clonal hematopoiesis, M-CH and 13 lost the 

DNMT3A mutation in CR (30%). Patients with LM-CH and M-CH had a very high CIR at 

10 years (75% and 75%, respectively), while non-LM-CH patients who were DNMT3A 
negative in CR had a lower CIR of 27% (P=.18, Figure 4B). All seven censored LM-CH 

patients had received allogeneic HSCT in CR1 (100%), 4 of the 10 censored non-LM-CH 

patients who were DNMT3A mutated in CR had received allogeneic HSCT in CR1 (40%), 

and 5 of the 10 censored non-LM-CH patients who were DNMT3A wildtype in CR had 
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received allogeneic HSCT in CR1 (50%), suggesting that in LM-CH patients allogeneic 

HSCT is an essential treatment to achieve long-term relapse-free survival.

Long term survival of AML patients with LM-CH requires allogeneic stem cell 
transplantation

We next assessed the clinical outcome of all patients who received intensive induction 

chemotherapy and had clinical follow up information (28 LM-CH and 110 non-LM-CH 

patients). Median follow-up time for these patients was 5.94 years (range, 0.06 to 15.64 

years). Complete remission was achieved in 75% of LM-CH and 85% of non-LM-CH 

patients (P=0.23).

Patients with LM-CH had similar OS compared to patients with non-LM-CH (5 year OS 

35% and 44%, respectively, P=0.95, Figure 5A). Relapse-free survival was similar in LM-

CH and non-LM-CH patients (5 year RFS 33% and 36%, P=0.8, Figure 5B). HSCT was 

performed in 61% of LM-CH and 56% of non-LM-CH patients (P=0.62). All 11 surviving 

LM-CH patients had received HSCT; of the 47 surviving non-LM-CH patients, 27 had 

received HSCT and 20 conventional consolidation therapy (Figure 5C). We further evaluated 

the efficacy of HSCT in CR1 in patients with and without LM-CH. Five year OS was 78% in 

LM-CH and 57% in non-LM-CH patients receiving HSCT (P=0.17, Figure 5D), suggesting 

that allogeneic HSCT in CR1 is an effective treatment in LM-CH patients.

Discussion

Clonal hematopoiesis as defined by the presence of preleukemic mutations in DNMT3A or 

other genes in healthy individuals has been identified as an age-related phenomenon, which 

is associated with a transformation rate of 0.5-1% per year.5–7 We have taken advantage of 

the fact that some AML patients show DNMT3A mutations in their T cells to better 

understand the role of clonal hematopoiesis as a preleukemic disease.26–29 In our study we 

identified patients with clonal hematopoiesis that preceeded the AML phase already at 

diagnosis by mutation analysis of their T cells. In two patients, we could prove that 

DNMT3A mutations were present years before the onset of AML, demonstrating that these 

patients had CHIP before AML. Most of these patients remained DNMT3A mutated in 

morphologic complete remission, often at high variant allele frequency, showing that the 

DNMT3A mutated clone (1) was the founding clone of AML, (2) existed as an AML-

independent clone and (3) was resistant to induction chemotherapy in most patients. 

Currently, there is no data on the therapeutic response of DNMT3A mutated clonal 

hematopoiesis. However, by determining the presence and extent of clonal hematopoiesis 

before and after chemotherapy we might be able to identify drugs that can inhibit this 

clonally expanded hematopoiesis.

Of our AML patients without LM-CH who achieved morphologic CR, 70% maintained the 

DNMT3A mutation in mononuclear cells and 30% lost the mutation. Evidence of DNMT3A 
in CR likely represents myeloid clonal hematopoiesis (M-CH), which distinguishes these 

patients from LM-CH patients and patients without evidence of clonal hematopoiesis in CR. 

Our study shows that M-CH patients have a less expanded clonal hematopoiesis than LM-

CH patients: LM-CH patients had no significant reduction in the DNMT3A VAF during CR 
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while patients without LM-CH showed a significant reduction in the VAF in CR. Since both 

groups were characterized by a high rate of relapse unless transplanted, and since the 

DNMT3A mutated clone were very stable at relapse, the preleukemic clone needs to be 

inhibited to prevent relapse in AML patients, which in our study was only possible by 

HSCT.

We next evaluated whether AML derived from LM-CH is different than AML without LM-

CH. Patients with LM-CH were older and more frequently had secondary AML. In line with 

this, genes commonly mutated in MDS such as the epigenetic modifiers TET2 and EZH2 as 

well as the transcription factor RUNX1 30 were more frequently mutated in AML patients 

with LM-CH, while de novo AML mutations like NPM1 and Flt3-ITD3 were less frequent. 

This is an important distinction as DNMT3A mutations in general are associated with FLT3-

ITD and NPM1 and not associated with TET2.3, 12–14, 16, 18, 3127, 32–36

From a clinical point of view our study underscores that DNMT3A is not reliable as MRD 

marker, although clearance of DNMT3A in CR seems to be associated with a lower risk of 

relapse. In three patients we found a TET2, IDH1 or IDH2 mutation in CR samples together 

with mutated DNMT3A, suggesting that the preleukemic clone may contain several 

mutations. However, the majority of concomitant mutations disappeared in CR including 

mutations in IDH1 and TET2. Mutation analysis in T cells at the time of diagnosis may be 

useful in DNMT3A mutated patients to identify as early as possible patients with LM-CH, 

who may benefit most from allogeneic HSCT (although this should be evaluated 

prospectively). In addition, mutation analysis in T cells is the only method to identify LM-

CH patients for all patients who do not achieve CR.

In summary, our data demonstrates that AML with DNMT3A mutations is derived from 

LM-CH in approximately a quarter of the patients. CHIP is likely to precede AML with LM-

CH. AML patients with LM-CH are more likely to be older and have secondary AML, and 

the mutational profile is more likely to be characterized by MDS related mutations (Figure 

S8). While initial response to therapy is good, the preleukemic CHIP clone is refractory to 

chemotherapy and long-term survival of AML patients with LM-CH can only be achieved 

with HSCT. Thus, mutation analysis in sorted T cells already at diagnosis of AML can 

instruct the search for a suitable stem cell donor.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. AML with LM-CH is associated with secondary AML and MDS-type mutations.
(A) Variant allele frequency of DNMT3A mutations at diagnosis in mononuclear and sorted 

T cells for AML patients with LM-CH and without LM-CH.

(B) Comparison of median age at diagnosis in AML patients with and without LM-CH.

(C) Frequency of de novo and secondary AML in patients with and without LM-CH.

(D) Mutational landscape of patients with LM-CH or without LM-CH as identified by 

targeted sequencing analysis.38
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(E) Unsupervised hierarchical clustering of all 158 patients based on genes that are mutated 

in at least 10 patients. LM-CH patients (yellow) cluster on the left side and are enriched for 

MDS-type mutations.
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Figure 2. The preleukemic LM-CH clone is refractory to chemotherapy.
(A) Schematic overview of DNMT3A mutated AML patients according to their DNMT3A 
mutation status in T cells at diagnosis and in mononuclear cells at CR.

(B) and (C) Comparison of mean variant allelic frequency of DNMT3A at time of diagnosis 

and CR (B) as well as CR and relapse (C)
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Figure 3. AML with LM-CH is preceded by CHIP.
(A) Comparison of mean variant allelic frequency of DNMT3A years prior to AML 

diagnosis in healthy condition (CHIP), at time of diagnosis and during disease course in two 

patients with LM-CH and available samples prior to diagnosis

(B) Blood counts of the two patients from (A) at time of CHIP and AML diagnosis
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Figure 4. AML patients with LM-CH have a high risk of relapse.
(A) Mutation pattern of paired diagnosis and relapse samples of 20 DNMT3A mutated 

patients.

(B) Cumulative incidence of relapse (CIR) in patients with LM-CH, patients without LM-

CH who are DNMT3A mutated in CR (M-CH), and patients without LM-CH who are 

DNMT3A wildtype in CR.
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Figure 5. Long term survival of AML patients with LM-CH requires allogeneic stem cell 
transplantation.
(A) Overall survival in intensively treated AML patients with or without LM-CH.

(B) Relapse-free survival in intensively treated AML patients with or without LM-CH.

(C) Proportion of surviving patients with or without LM-CH who received either 

chemotherapy alone or an allogeneic transplantation during their course of treatment. Only 

patients are considered who received intensive induction chemotherapy.
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(D) Overall survival of AML patients with or without LM-CH who were treated with 

intensive induction chemotherapy, achieved CR and were transplanted in CR1.
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Table 1
Comparison of pretreatment characteristics between AML patients with LM-CH (n=40) 
and AML patients without LM-CH (n=131).

Characteristic AML with LM-CH
n=40

AML without LM-CH
N=131

P

Age, years 0.018

     median 61 56

     range 30-87 18-83

Sex 0.64

     male - no. (%) 20 (50) 71 (54)

     female - no. (%) 20 (50) 60 (46)

ECOG performance status 0.24

     0 - no. (%) 4 (11) 17 (13)

     1 - no. (%) 17 (42) 37 (28)

     2 - no. (%) 2 (5) 16 (12)

     3 - no. (%) 0 (0) 2 (2)

     missing data - no. (%) 17 (42) 59 (45)

FAB-subtype 0.45

     M0 - no. (%) 0 (0) 2 (2)

     M1 - no. (%) 8 (20) 20 (15)

     M2 - no. (%) 1 (2) 18 (14)

     M4 - no. (%) 9 (23) 32 (24)

     M5 - no. (%) 8 (20) 21 (16)

     M6 - no. (%) 1 (2) 1 (1)

     M7 - no. (%) 0 (0) 0 (0)

     missing data - no. (%) 13 (33) 37 (28)

Type of AML 0.009

     de novo - no. (%) 16 (40) 66 (51)

     secondary - no. (%) 15 (38) 20 (15)

     missing data - no. (%) 9 (22) 45 (34)

Cytogenetic risk group
§ 0.32

     Favorable – no. (%) 0 (0) 0 (0)

     Intermediate – no. (%) 28 (70) 106 (81)

     Adverse – no. (%) 4 (10) 8 (6)

     missing data - no. (%) 8 (20) 17 (13)

WBC count 0.443

     median - (x109/l) 26.6 36.6

     range - (x109/l) 0.9-127.9 0.5-350

     missing data – no. (%) 5 (12) 8 (6)

Hemoglobin 0.58
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Characteristic AML with LM-CH
n=40

AML without LM-CH
N=131

P

     median – g/dL 9.1 9.5

     range – g/dL 5.7-12.1 6.1-13.8

     missing data – no. (%) 5 (12) 9 (7)

Platelet count 0.75

     median - (x109/l) 68 62

     range - (x109/l) 16-200 7-945

     missing data – no. (%) 6 (15) 8 (6)

Intensive induction therapy 0.063

     Yes – no. (%) 28 (70) 112 (85)

     No – no. (%) 8 (20) 13 (15)

missing data – no. (%) 4 (10) 6 (5)

Position of DNMT3A mutation 0.007

     R882 – no. (%) 39 (97) 104 (79)

other than R882 – no. (%) 1 (3) 27 (21)

FLT3-ITD – no. (%) 0.037

     mutated – no. (%) 10 (25) 58 (44)

wildtype – no. (%) 29 (73) 73 (56)

     missing – no. (%) 1 (2) 0

NPM1– no. (%) 0.003

     mutated – no. (%) 15 (38) 84 (64)

     wildtype – no. (%) 25 (62) 47 (36)

NPM1/FLT3 mutation risk group 0.19

     low risk* – no. (%) 12 (30) 39 (30)

     high risk* – no. (%) 27 (67) 92 (70)

     missing – no. (%) 1 (3) 0 (0)

IDH1 0.19

     R132 mutated – no. (%) 2 (5) 16 (12)

     wildtype – no. (%) 38 (95) 115 (88)

IDH2 0.21

     mutated – no. (%) 3 (8) 20 (15)

     wildtype – no. (%) 37 (92) 111 (85)

CEBPA 0.69

     mutated – no. (%) 1 (3) 5 (4)

     wildtype – no. (%) 39 (97) 125 (96)

ASXL1 0.65

     mutated – no. (%) 3 (8) 13 (10)

     wildtype – no. (%) 37 (92) 118 (90)

BCOR 0.63
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Characteristic AML with LM-CH
n=40

AML without LM-CH
N=131

P

     mutated – no. (%) 4 (10) 10 (8)

     wildtype – no. (%) 36 (90) 121 (92)

CBL 0.37

     mutated – no. (%) 2 (5) 3 (2)

     wildtype – no. (%) 38 (95) 128 (98)

CUX 0.43

     mutated – no. (%) 0 (0) 2 (1)

     wildtype – no. (%) 40 (100) 129 (99)

EZH2 0.05

     mutated – no. (%) 3 (8) 2 (1)

     wildtype – no. (%) 37 (92) 129 (99)

GATA2 0.074

     mutated – no. (%) 2 (5) 1 (1)

     wildtype – no. (%) 38 (95) 130 (99)

KIT 0.43

     mutated – no. (%) 0 (0) 2 (1)

     wildtype – no. (%) 40 (100) 129 (99)

KRAS 0.069

     mutated – no. (%) 4 (10) 4 (3)

     wildtype – no. (%) 36 (90) 127 (97)

NRAS 0.86

     mutated – no. (%) 5 (12) 15 (11)

     wildtype – no. (%) 35 (88) 116 (89)

PHF6 0.43

     mutated – no. (%) 0 (0) 2 (1)

     wildtype – no. (%) 40 (100) 129 (99)

RAD21 0.13

     mutated – no. (%) 1 (3) 13 (10)

     wildtype – no. (%) 39 (97) 118 (90)

RUNX1 0.041

     mutated – no. (%) 8 (20) 11 (8)

     wildtype – no. (%) 32 (80) 120 (92)

SF3B1 0.40

     mutated – no. (%) 4 (10) 8 (6)

     wildtype – no. (%) 36 (90) 123 (94)

SMC1A 0.94

     mutated – no. (%) 1 (3) 3 (2)

     wildtype – no. (%) 39 (97) 128 (98)

SMC3 0.30
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Characteristic AML with LM-CH
n=40

AML without LM-CH
N=131

P

     mutated – no. (%) 1 (3) 9 (7)

     wildtype – no. (%) 39 (97) 122 (93)

SRSF2 0.86

     mutated – no. (%) 3 (8) 11 (8)

     wildtype – no. (%) 37 (92) 120 (92)

STAG2 0.19

     mutated – no. (%) 2 (2) 16 (12)

     wildtype – no. (%) 38 (95) 115 (88)

TET2 0.008

     mutated – no. (%) 12 (30) 16 (12)

     wildtype – no. (%) 28 (70) 115 (88)

TP53 0.67

     mutated – no. (%) 2 (5) 9 (7)

     wildtype – no. (%) 38 (95) 122 (93)

U2AF1 0.56

     mutated – no. (%) 2 (5) 4 (3)

     wildtype – no. (%) 38 (95) 127 (97)

WT1 0.56

     mutated – no. (%) 1 (3) 6 (5)

     wildtype – no. (%) 39 (97) 125 (95)

ZRSR2 0.91

     mutated – no. (%) 2 (5) 6 (5)

     wildtype – no. (%) 38 (95) 125 (95)

Abbreviations: AML, acute myeloid leukemia; ECOG, performance status of the Eastern Cooperative Oncology Group; FAB, French-American-
British classification of acute myeloid leukemia; FLT3-ITD, internal tandem duplication of the FLT3 gene; WBC, white blood cell count; P, P-value 
from two-sided chi-squared tests for categorical variables and from two-sided Student’s T or Mann-Whitney U-tests for continuous variables.

*
The high-risk molecular group is defined as either NPM1 wildtype/FLT3-ITDnegative, or NPM1 wildtype/FLT3-ITD positive, or NPM1 

mutated/FLT3-ITD positive. The low-risk molecular group is defined by the presence of an NPM1 mutation and the absence of FLT3-ITD.

§
The cytogenetic risk group is defined according to MRC criteria38 
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