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Abstract

Background: Acute myeloid leukaemia (AML) results from the clonal expansion of

blast cells of myeloid origin driven by genomic defects. The advances in next-

generation sequencing (NGS) have allowed the identification of many mutated genes

important in the pathogenesis of AML.

Aims: In this study, we aimed to assess the mutation types and frequency in a

Chinese cohort presenting with de novo AML cohort using a targeted NGS strategy.

Methods: In total, we studied samples from 87 adult patients with de novo AML who

had no prior history of cytotoxic chemotherapy. Samples were evaluated using a

120-gene targeted NGS panel to assess the mutation profile.

Results: Of the 87 AML patients, there were 60 (69%) with a normal karyotype. 89.7%

of patients had variants, with an average of 1.9 mutations per patient (range: 0–5

mutations per patient). DNMT3A variants were the most common, being detected in

33 patients (37.9%). NPM1 (34.5%), IDH1/2 (24.1%) and FLT3-ITD (20.7%) mutations

was the next most common. Of the patients with DNMT3A mutations, 24.2% also had

mutations NPM1 and FLT3-ITD and 6.1% NPM1, FLT3-ITD and IDH mutations.

Conclusion: Both DNMT3A and NPM1 mutations were more common than in other

Chinese and Western AML cohorts that have been studied. DNMT3A mutations

tended to co-occur with NPM1 and FLT3-ITD mutations and were most commonly

seen with a normal karyotype.
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1 | INTRODUCTION

Acute myeloid leukaemia (AML) is a group of heterogeneous diseases

characterised by distinct clinical, morphological, cytogenetic and

genetic features. AML is classified as a unique disease entity in the

current 2017 World Health Organization (WHO) classification of

tumours of haematopoietic and lymphoid tissues1,2,3 based on specific

recurring genetic abnormalities for predicting prognosis and treatment

response. Specific mutations that are included in the classification are

NPM1 and CEBPA. Recurrent chromosomal structural abnormalities

are now confirmed as diagnostic and prognostic markers, which indi-

cate that acquired genetic abnormalities are essential in leukaemogen-

esis.4,5,6 However, many cytogenetically normal AML (NK-AML) cases

that lack recurrent structural abnormalities, and account for 40% to
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50% of de novo adult AML,7 are associated with an intermediate clini-

cal outcome.2 It is known that the prognosis of AML patients is signifi-

cantly affected by multiple genetic mutations and many leukaemias are

composed of multiple subclones with different responses to treatment

protocol.8 In the Cancer Genome Atlas (TCGA) group, 23 significantly

mutated genes were identified by whole-genome or whole-exome

sequencing in 200 AML patients. These include genes that are well

known to be related in AML pathogenesis (e.g., DNMT3A, FLT3, NPM1,

IDH1, IDH2 and CEBPA).6 For AML risk classification, it is important to

study the mutations in multiple genes simultaneously because of com-

plicated interactions with different pathways in leukaemogenesis.9,10

The majority of data regarding the frequencies of specific AML

mutations have been derived from Caucasian populations.6,11,12

These have shown frequencies for the most common variants rang-

ing from 26.3% to 33.0% for FLT3, 23.0% to 28.0% for NPM1 and

22.1% to 26.0% for DNMT3A. Other populations groups that have

F IGURE 1 Number of gene mutations per patient of the acute
myeloid leukaemia (AML) patient cohort

F IGURE 2 Waterfall plot of the filtered mutations in all patients. The left plot shows the frequency of each mutation. For clarity, FLT3-ITD
and FLT3-TKD are shown separate to other mutations in FLT3. The right plot shows the types of mutations in each patient sample

F IGURE 3 Mutation frequencies
of significantly mutated genes in AML
patients
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been studied are Japanese, Korean and Singaporean.13,14,15 The

genes that are involved in AML in these populations are the same,

but with some differences in frequency. Few studies have assessed

AML mutations in Chinese populations.16,17,18 These reports have

shown the mutational frequencies ranging from 12.5% to 14.0% for

DNMT3A and 15.0 to 15.9 for NPM1. In the present study, we have

progressed this by studying an adult Chinese population presenting

with de novo AML using a next-generation sequencing (NGS) plat-

form. This targeted approach assessed the mutation profile and fre-

quency of 120 genes associated with myeloid malignancies. The

purpose of this study was to assess the frequency of mutations in

the genes most commonly associated with aberrations in myeloid

neoplasms in a population of Chinese patients with de novo AML.

2 | MATERIALS AND METHODS

2.1 | Patients and samples

In total 87 adult Chinese patients with de novo AML without any prior

history of cytotoxic chemotherapy were studied. These patients were

diagnosed with AML between 2004 and 2014 in two acute hospitals

in Hong Kong and classified according to the 2001 and 2008 WHO

classification.2,19 Diagnoses were made on bone marrow morphology

and immunophenotyping, using standard methods.

Cytogenetic analysis was performed on short-term unstimulated

synchronised culture using fluorodeoxyuridine (FdU) of the BM or PB

samples. Karyotypes were analyzed after Giema-banding and reported

in the International System for Human Cytogenetic Nomencla-

ture.20,21 Patients were divided into favourable, intermediate and

adverse risk groups according to their cytogenetic results and also the

incorporation of molecular analyses as recommended by European

LeukaemiaNet (ELN) in 2010.21,22,23

DNA extraction was performed on the buffy coat of PB or BM

samples using AllPrep DNA/RNA Mini Kit (Qiagen, Valencia, Califor-

nia) according to the manufacturer's protocol. FLT3-ITD mutations

were analysed by conventional PCR based molecular method.

FLT3-ITD mutations in exons 14 and exon 15 were detected by

PCR and ITD was then confirmed by sequencing as previously

described.24 NPM1 exon-12 mutations were detected by PCR and

then fragment analysis was performed by ABI 3130 genetic analyzer

(Applied Biosystems). The results were analyzed with GeneMapper

Software Version 4.0 (Applied Biosystems) as previously described.25

2.2 | Massively parallel sequencing

Ion AmpliSeq Designer was used to create an Ion AmpliSeq Custom

Panel (Thermo Fisher Scientific). Twenty nanograms of DNA was used

to create the amplicon library for sequencing the whole exons of

120 genes (Appendix S1) that are involved with myeloid disorders as

previously described.26 The completed library was prepared using an

Ion AmpliSeq Library Kit 2.0 and the custom primer panel (ThermoT
A
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Fisher Scientific) following the manufacturer's instruction. Barcoded

libraries were measured using the Qubit dsDNA HS Assay Kit and the

Qubit 2.0 Fluorometer (Thermo Fisher Scientific). The barcoded librar-

ies were clonally amplified by emulsion PCR (E-PCR) on Ion Sphere

Particles (ISPs) using an Ion PI Template OT2 200 Kit v2 and the Ion

OneTouch 2 System (Thermo Fisher Scientific). Enrichment of the

template-positive ISPs was achieved by the Ion OneTouch 2 ES

(Thermo Fisher Scientific). Sequencing of the enriched ISPs was pre-

pared on an Ion Proton Sequencer (Thermo Fisher Scientific) using

Ion Proton I (PI) chip and Ion PI Sequencing 200 Kit (Thermo Fisher

Scientific) as previously described.26 Torrent Suite Software Version

4.0 (Thermo Fisher Scientific) was used for signal processing, base

calling, sequence alignment, variant calling and to generate run met-

rics. Variants were confirmed with Variant Caller Version 4.0

(Thermo Fisher Scientific) and align reads to the reference human

genome build 19. Ion Reporter Version 4.0 (Thermo Fisher Scientific)

was used to annotate the variants and detect amino acid changes

and diagnostic significance.

The following filtering criteria were used for the NGS variant muta-

tions: Intronic and exonic synonymous variants were removed while

exonic non-synonymous variants were retained for analysis. For poly-

morphic variants, a minor allelic frequency ≥ 1% and/or found in single

nucleotide polymorphism (SNP) Database were excluded. In addition, a

variant allele frequency (VAF) > 5% was used as the cutoff.

2.3 | Statistical analysis

Chi-square test was used to analyze the association between different

gene mutations and also for other categorical variables. Two-sided

p value <.05 was considered statistically significant. All statistical analyses

were performed with SPSS Version 26.0 (SPSS Inc, Chicago, Illinois).

3 | RESULTS

3.1 | Clinical and cytogenetic characteristics

There were 45 males and 42 females (M:F ratio = 1.07:1) newly pre-

senting adult Chinese patients with de novo AML were included in

the study. The mean age was 62 years (range: 20–91 years) with

39 patients (45%) being under the age of 60 years. Cytogenetic

results showed 60 patients (60/87, 69.0%) with a normal karyotype

(NK-AML) and 27 patients (27/87, 31.0%) were abnormal (AK-AML).

TABLE 2 Co-occurrence of gene mutations in acute myeloid leukaemia (AML) patients

NPM1 FLT3-ITD

WT Mutant p WT Mutant p

DNMT3A WT 41 13 .009 DNMT3A WT 48 6 .002

Mutant 16 17 Mutant 18 12

IDH1/2 IDH1

WT Mutant p WT Mutant p

DNMT3A WT 43 11 .293 DNMT3A WT 50 4 .460

Mutant 23 10 Mutant 29 4

IDH2 TET2

WT Mutant p WT Mutant p

DNMT3A WT 47 7 .508 DNMT3A WT 47 7 .908

Mutant 27 6 Mutant 29 4

NPM1 NPM1

WT Mutant p WT Mutant p

FLT3-ITD WT 50 19 .008 IDH1/2 WT 45 21 .354

Mutant 7 11 Mutant 12 9

NPM1 NPM1

WT Mutant p WT Mutant p

IDH1 WT 53 26 .333 IDH2 WT 49 25 .743

Mutant 4 4 Mutant 8 5

IDH1

WT Mutant p

IDH2 WT 66 8 .213

Mutant 13 0

Abbreviation: WT, wild type.
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3.2 | Mutation profile

After applying the filtering criteria, an average of 1.9 mutations were

detected per patient (range: 0–5 mutations) and variants were seen in

78/87 (89.7%) of all patients (Figure 1). Of these 60/87 (69%) had a

normal karyotype. Because of the lack of matched constitutional nor-

mal control material, we could not confirm that all gene mutations

were somatic mutations because some may be rare SNPs. DNMT3A

mutations were detected in 33/87 (37.9%) of patients (mean age

61 years). The other commonly mutated genes were NPM1 (30/87,

34.5%), IDH1/2 (21/87, 24.1%) and FLT3-ITD (18/87, 20.7%) mutations

(Figures 2, 3 and Table S1). Of the 33 patients with DNMT3Amutations

(Table 1), 29 patients (29/33, 87.9%) had a normal karyotype. We also

found that DNMT3A mutations had the highest frequency in NK-AML

patients (33/60, 55%). The most frequent mutations were located in

R882, with R882H mutation being the most common (9/13, 69.2%),

followed by R882C mutation (3/13, 23.1%). DNMT3A mutations

tended to co-exist with other mutations (Table 2). Among the patients

with DNMT3A mutations, six patients had concomitant NPM1 and

FLT3-ITD mutations. In addition, two patients had IDH1/2 mutation

that co-occur with NPM1 and FLT3-ITD mutations.

The NPM1 mutations detected by NGS (30/87 or 34.5% patients)

were successfully validated by conventional molecular methods. The

majority of NPM1 mutations (26/30, 86.7%) were type A mutations

(insertion of TCTG).27 There were two patients (2/30, 6.7%) with type

D (insertion of CCTG), one (1/30, 3.3%) was type B (insertion of CATG)

and another (1/30, 3.3%) with the type DD-3 (insertion of CAGA)

mutations. Of these 30 patients NPM1-mutated cases, 29 (29/30,

96.7%) had a normal karyotype. NPM1 mutations were frequently con-

current with FLT3-ITD mutations (p = .008) (Table 2).There were

FLT3-ITD mutations found in 18 of the 30 patients (18/87, 20.7% of

all), of which 14 patients had a normal karyotype.

IDH1 mutations were detected in 8 patients (8/87, 9.2%) and all

cases had a normal karyotype-AML (NK-AML). All IDH1 mutations

were located in R132 with R132H mutations being the most common

(5/8, 62.5%) and followed by R132C mutations (3/8, 37.5%). IDH2

mutations were detected in 13 patients (13/87, 14.9%), 11 (84.6%) of

whom had a normal karyotype. In 10 patients (10/13, 76.9%) IDH2

mutations were located in R140 with all of being R140Q mutations.

IDH1 and IDH2 mutations did not co-exist in our cohort (Table 2).

4 | DISCUSSION

In this study, we used a targeted NGS panel to sequence the whole

exons of 120 genes known to be mutated in myeloid neoplasms, in

87 newly diagnosed Chinese adult patients with AML. Mutations

were detected in 78/87 (89.7%) patients with an average of 1.9 muta-

tions per patient. Of note, was that 60/87 (69%) patients with variants

had NK-AML. The most frequently mutated genes were similar to

those previously reported Caucasian AML cohorts, including

DNMT3A, NPM1, IDH1/2 and FLT3-ITD.6,11,12 We showed higher gene

mutation frequencies than reported for other Chinese cohorts.16,17,18

This was seen for both DNMT3A (37.9% vs. 12.5%–14.0%) and NPM1

(34.5% vs. 15.0%–15.9%) mutations.

We found DNMT3A was the most common mutated gene, pre-

sent in 37.9% of patients, almost double the frequencies in other

reports.6,11,12 Other Chinese studies16,17,18 had shown DNMT3A

mutation frequencies of 12.5%–14.0% which were slightly less than

the Caucasian populations and other Asian population countries

(Korea: 17.5%; Japan: 19.0%; Singapore: 21.0%).13,14,15 Although

the frequency of DNMT3A mutations was high, a single nucleotide

change in R882 was commonly seen (39.4%), from arginine to histi-

dine (R882H mutation, 69.2%) or cysteine (R882C, 23.1%), as

reported in other studies.12,13,28 DNMT3A mutations seemed to co-

occur with NPM1 (p = .009) and FLT3-ITD mutations (p = .002).

Among the AML patients with DNMT3A mutations, 6.1% of patients

had concomitant NPM1, FLT3-ITD and IDH mutations while 24.2%

AML patients had triple mutations of DNMT3A, NPM1 and FLT3-ITD.

These findings were in line with published reports on DNMT3A in

patients with AML.6,11,13,29,30 The high frequencies of DNMT3A and

NPM1 mutations in our study may be due to the high incidence of

normal karyotype (69.0%). However, those with DNMT3A mutations

were not in the older age group, as the mean age of this cohort was

61 years. Further those with concurrent DNMT3A and NPM1 muta-

tions (n = 17) also were not of older age (mean = 60.2 years). These

findings therefore do not support those of previous reports6,13,30 that

show that patients with DNMT3A mutations were generally older in

age. A larger cohort is needed to further investigate these relationships

and explore the different gene mutation frequencies are related to

genetic background, lifestyle, environment and other factors.

DNMT3A is an epigenetic regulator catalyses DNA methylation in

CpG islands and regulates the gene silencing processes.31 It is vital in

normal haematopoietic stem cell differentiation32 and self-renewal

and its mutation produces a sufficient amount of preleukaemic stem

cells which finally convert into AML.33 Mutations in DNMT3A and

IDH1/2, genes that encode epigenetic modifiers, are present in the

early pre-leukaemic cells and these “founder” mutations can be impli-

cated as functional components of AML evolution. These genes are

frequently mutated in elderly patients with clonal haematopoiesis.11

NPM1 mutations are regarded as secondary events and usually occur

after DNMT3A and IDH1 mutations. These suggest that development

of AML will follow specific and ordered evolutionary processes.

Recent studies showed that DNMT3A R882 mutation exerts a

dominant-negative effect. The mutant protein then interferes with

the remaining normal DNMT3A to form active tetramers that reduces

the enzyme activity and hypomethylation at specific cytosine-guanine

dinucleotides in early AML cells.34

NPM1 is a nuclear protein involving ribosome biogenesis, DNA

repair and prevent apoptosis.23 The frequency of NPM1 mutations

was higher than in other Chinese cohorts (15.0%–15.9%).16,17,18 We

found NPM1 mutations in 34.5% of our patients with the majority

(86.7%) being type A mutations (insertion of TCTG). Of these, 96.7%

had a normal karyotype-AML.

The combined frequency of IDH1/2 mutations was 24.1%, in line

with other publications.6,11 IDH1 mutations were found in 9.2% of the
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AML patients and all cases had a normal karyotype (NK-AML). It has

been reported that patients with IDH1 mutations are commonly older.

This was not the case in the present study where the mean age of

patients with IDH1/2 mutations was 60 years (range 42–85 years),

consistent with the full cohort with mean age of 62 years. All IDH1

mutations detected were single nucleotide change in R132 with

R132H mutations being the most common (62.5%). Dang et al.35

showed that R132 IDH1 mutations cause the encoded enzyme to

acquire the novel ability to convert alpha-ketoglutarate (α-KG) to

2-hydroxy-glutarate (2HG). The increased cellular 2HG levels will

cause inhibition of α-KG-dependent enzymes that are important for

the demethylation of DNA.36,37,38 IDH2 mutations were more com-

mon, detected in 14.9% of the AML patients with 84.6% having nor-

mal karyotype. The most common IDH2 mutation caused changes of

R140 with all cases were R140Q mutation. No patients had both

IDH1 and IDH2 mutations, in keeping with previous reports9,14,39,40

that these mutations are mutually exclusive. Studies38,41,42 showed

that IDH1 and IDH2 seem to act as an epigenetic role in histone and

DNA methylation. IDH1 and IDH2 mutations then cause a

hypermethylation phenotype in leukaemia and inhibit haematopoietic

stem cell differentiation.

Several studies12–14,16,29,30 have shown that AML patients with

DNMT3A mutations had poorer clinical outcomes compared with the

wild-type DNMT3A. DNMT3A mutations were also associated with

worse survival for AML patients with a normal cytogenetic and those

with an intermediate-risk profile. For the unique subgroup of AML

patients with concomitant DNMT3A, NPM1 and FLT3-ITD mutations,

they had the poorest prognosis.13,29 Since DNMT3A, NPM1 and FLT3

mutations belong to the three separate classes of mutations, this sug-

gests the possible interaction between different classes of gene muta-

tion in AML pathogenesis.

For our study, we only performed large-scale gene sequencing

on the leukaemia samples. Although the use of matched normal

specimens may be important in the identification of recurrent vari-

ants, it is not necessary when a good filtering system has been

established.43 We used “population frequency” approach which is

the percentage of the samples with mutation in the database of

sample sequenced in order to filter out common benign variants.44

This is important in filtering out the common germline polymor-

phisms and homopolymer-related artefacts with particular high

frequency.

In conclusion, simultaneous screening of multiple gene mutations

using a 120-gene targeted NGS approach has identified high frequen-

cies of genomic variants in adult de novo AML. In addition, we have

shown that DNMT3A is the most common mutation in Chinese AML

patients. The frequency of both DNMT3A and NPM1 mutations are

higher than in other published studies of Chinese patients, three and

twofold, respectively. DNMT3A mutations tended to co-occur with

NPM1 and FLT3-ITDmutations in patients with NK-AML.
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