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disease diagnosis to relapse in patients with childhood acute myeloid 
leukaemia
Habsah AZIZ1*, Nurul Syakima AB MUTALIB2, Hamidah ALIAS2,3, Rahman JAMAL2

1Institute of Systems Biology (INBIOSIS), Universiti Kebangsaan Malaysia, 43600 Bangi, Selangor, 
Malaysia, 2UKM Medical Molecular Biology Institute (UMBI), Universiti Kebangsaan Malaysia, 
Jalan Yaacob Latif, 56000 Cheras, Kuala Lumpur, Malaysia, 3Department of Paediatrics, Faculty 
of Medicine, Universiti Kebangsaan Malaysia, Jalan Yaacob Latif, 56000 Cheras, Kuala Lumpur, 
Malaysia.

Abstract

Introduction: Leukaemia is the most common cancer in children, however, there is still a big gap in 
knowledge about the genomic alterations in childhood acute myeloid leukaemia (AML) compared 
to adult AML. Relapsed AML remains as a leading cause of cancer deaths among children. This 
study aims to understand the molecular mechanisms of relapsed AML by elucidating the mutational 
landscape before and during relapse. Materials and Methods: Whole genome sequencing was 
performed on matched samples collected at diagnosis, remission and relapse from three patients of 
de novo childhood AML. Sanger sequencing was performed for validation in 47 patients’ samples, 
followed by functional analysis. Results: Overall, we identified 312 somatic mutations including 
synonymous single nucleotide variants (SNVs), missense SNVs, deletions and insertion frameshifts, 
stopgains and splice sites. After prioritisation, only 46 variants were present at diagnosis (13-17 
mutations per patient) and 49 variants at relapse (12-20 mutations per patient). Out of 81 variants, 
there were 35 new variants detected at relapse but not present at diagnosis. Six potential driver 
mutations (KIT, CDC73, HNF1A, RBM10, ZMYM4 and ETV6) were identified in predicting relapse 
for the 3 patients, with recurrent mutations of the ETV6 gene in 2 patients. Functional analysis of 
the ETV6 mutation showed that ETV6 lost its tumour suppressive function when both mutant ETV6 
p.P25fs and ETV6 p.N75fs were tested in vitro. Conclusion: This study has uncovered the mutational 
landscape in three local childhood AML patients and contributes to a better understanding of the 
molecular mechanisms of relapsed AML.
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INTRODUCTION

Acute myeloid leukaemia (AML) is believed 
to be a consequence of arrested myeloid 
differentiation in hematopoietic system, and 
is characterized by abnormally differentiated 
and occasionally poorly differentiated cells.1 
The biology of AML is associated with its 
age variation, as evidenced by the significant 
variability of genomic aberrations in AML from 
infancy to adulthood. There is also a significant 
age-based incidence, with elevated incidence 
reported in both infants and older adults.2-6 AML 
accounts for around 25% of childhood leukaemia 

cases and despite advances in therapy over the 
past decades, overall survival for childhood AML 
has not exceeded 70% compared to the overall 
survival of childhood ALL at 80-90%.7-11 This 
is in part because of the disease heterogeneity. 
AML is the leading cause of death in childhood 
cancers even though the prognosis is classified 
in the low or middle risk group. 12

	 Relapsed AML significantly contributes to the 
mortality of AML patients and has resulted in the 
death of more than half of the affected children.13 
The median time of relapse in children with AML 
has been reported over the decades as 0.93 years 
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(1976–1991), 0.76 years (1991–1997) and 0.8 
years (2002–2008), with little improvement.14 
Advances in disease management through 
intensification of chemotherapy, accuracy of 
risk classification, improvement in supportive 
care and the use of minimal residual disease 
(MRD) for monitoring therapy response have 
contributed to a decrease in relapse rate to 30-
40%. However, new therapies are much needed 
because the event free survival to many sub-types 
of childhood AML is still at a very low level of 
only 50%.10,11 In Malaysia, the overall cure rate 
of childhood AML patients for 1, 3 and 5 years 
were 52.0%, 42.4% and 38.1% respectively from 
1990 to 2010.15

	 Although there has been much progress 
in understanding the molecular heterogeneity 
and pathogenesis of AML, most patients still 
experience relapse. Identification of somatic 
variants is an approach to understanding 
the molecular mechanism of AML relapse. 
Nevertheless, identifying driver mutations from 
the list of somatic mutations is still challenging 
in the current cancer genome sequencing era.16 
The latest techniques such as next generation 
sequencing (NGS) have facilitated the study 
of cancer genomes. Whole genome sequencing 
(WGS) and whole exome sequencing (WES) has 
successfully identified novel driver genes such as 
NPM1, FLT3, CEBPA, DNMT3A, IDH1, IDH2, 
TET2, RUNX1, TP53, NRAS, WT1, PTPN11, 
KRAS, KIT, SMC3 PHF6, STAG2, RAD21, 
FAM5C, HNRNPK and WT1 in adult AML.17–21 
However, the relevance of these findings to 
childhood AML remains unclear given that 
mutations commonly found in adult AML are 
less discovered in childhood AML.12,22–24

	 Therefore, understanding each patient’s 
genome and identifying actionable mutations 
may help improve the survival of patients with 
relapsed AML. The knowledge of the childhood 
AML genome is still at the early stage as most 
genome-based studies involved adult AML 
patients.12,17,26,27,18–25 Thus, this study was carried 
out to fill some of the knowledge gaps in the 
molecular mechanisms of relapse in childhood 
AML. 

MATERIALS AND METHODS

Study Cohort and Sample Collection
Recruitment of subjects for this study involved 
patients with AML from birth to 18 years of 
age at the Hospital Canselor Tuanku Muhriz 
and Institute of Paediatrics, Hospital Kuala 
Lumpur. This study was approved by the UKM 

Research Ethics Committee (UKM 1.5.3.5/244/
UMBI-2015-001) and the Medical Research 
Ethics Committee of the Ministry of Health 
Malaysia (NMRR-15-583-24799 (IIR). This 
study involved the collection of bone marrow 
specimens from 30 paediatric AML patients at 
three stages: during diagnosis, after remission 
and after relapse. Written informed consent was 
obtained from all the participants.

Bone Marrow Sample Processing and Cells 
Sorting
Bone marrow samples of patients with paediatric 
AML were collected in two sodium heparin tubes 
through a bone marrow aspiration procedure. 
The mononuclear cells were isolated using 
the Ficoll-Paque method. As the bone marrow 
samples obtained did not contain 100% AML 
leukaemia blast cells, isolation of AML blast 
cells were performed using FACSAriaTM II Cell 
Sorter flow cytometer to increase the purity of 
AML blast cells before DNA and RNA extraction. 
We used seven antibody staining markers namely 
BB515 Mouse Anti-Human HLA-DR, PE Mouse 
Anti-Human CD13 PerCP-Cy™5.5, Mouse Anti-
Human CD56, CD117-PE-Cy7, APC Mouse 
Anti-Human CD34, APC-H7 Mouse anti-Human 
CD45 and BD Horizon™ Fixable Viability Stain 
620 (BD Bioscience).

DNA and RNA Extraction
DNA and RNA were extracted from 
mononuclear cells using the AllPrep DNA/
RNA/miRNA Extraction Kit according to the 
manufacturer’s procedures. The NanoDropTM 
2000c spectrophotometer was used to measure 
the purity and concentration of nucleic acids. 
The Qubit® 2.0 fluorometer was used to measure 
DNA concentration using a Qubit® dsDNA High 
Sensitivity kit (Thermo Fisher Scientific). The 
integrity of extracted DNA was determined using 
1.2% agarose gel electrophoresis.

Library Preparation and Whole Genome 
Sequencing
WGS was performed using the Illumina 
HiSeqXTenTM sequencing system. The library 
preparation was performed using the TruseqTM 
DNA Nano kit (Illumina) according to the 
manufacturer’s protocol. 

Bioinformatic Analysis
Raw data from the FASTQ files were exported 
from the Illumina HiSeqX sequencing system 
and alignment was performed against Hg19 
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human genome reference using Burrows-
Wheeler Aligner (BWA) and variant calling 
was performed using Genome Analysis Toolkit 
(GATK). Somatic analysis of Single Nucleotide 
variants (SNV), Small insertions and deletions 
(InDels) and Structural Variants (SV) was 
analysed using muTect software, Strelka dan 
DELLY. 
	 After variants detection was performed, 
subsequent variants were annotated using 
ANNOVAR. Gene annotation was based on the 
RefSeq Database and GENCODE were used to 
search for genome regions affected by variants 
and protein changes. Variants were annotated 
against conservation areas using alternative allele 
frequency data in populations as reported by 
large scale sequencing projects covering 1000 
human genome projects and Exome Aggregation 
Consortium (ExAC). 
	 The Single Nucleotide Polymorphism 
Database (dbSNP), COSMIC, OMIM and the 
Genome Wide Association Studies (GWAS) 
catalog were used to obtain information related 
to frequently encountered variants such as 
Single Nucleotide Polymorphism (SNP). The 
annotations to the function and signaling pathway 
were from Gene Ontology database, KEGG, 
Reactome and Biocarta. Protein pathogenicity 
prediction was performed using Sorting 
Intolerent From Tolerant (SIFT), PolyPhen2 
HDIV and PolyPhen2 HVAR, Likelihood Ratio 
Test (LRT), Mutation Taster and Mutation 
Assessor. 
	 All somatic variants obtained from muTect 
software, Strelka and DELLY were manually 
validated using Integrated Genomic Viewer 
(IGV) software to check for sequencing artifacts 
and alignment errors. Subsequently, somatic 
variants were further prioritised based on protein 
pathogenicity scores namely Sorting Intolerent 
From Tolerant (SIFT), PolyPhen2 HDIV and 
PolyPhen2 HVAR, Likelihood Ratio Test 
(LRT) and Mutation Taster. Variants were also 
prioritised based on sequencing depth, that is 
more than 10 sequencing coverage for alternative 
alleles.

Sanger Sequencing
Sanger sequencing was performed to validate the 
selected variants (ETV6 p.P25fs, ETV6 p.N75fs, 
ABCG8, EZH1, EDARADD, RYR2, PKHD1, 
PLXNA1, PRR13, RBM10, SH2B1 and TAS2R7) 
for technical and biological validation. Technical 
validation involved all trio samples obtained (9 
samples) that have been performed using WGS. 

As for biological validation, validation was 
performed on 47 additional samples from another 
27 patients consisting of 28 samples of AML 
diagnosis, 15 samples of AML remission and 
4 samples of AML relapse. Sanger sequencing 
was performed on an automatic DNA sequencer 
3130xl Genetic Analyzer. DNA chromatogram 
was analysed using BioEdit Sequence Alignment 
Editor software.

Plasmid DNA
DNA plasmids were constructed for wild-type 
plasmids ets variant 6 (ETV6) (ETV6 wild type; 
WT) and mutant plasmids (ETV6 P25fs and ETV6 
N75fs) before being transfected into cell lines. 
For the ETV6 wild type Plasmid (ETV6 wild 
type; WT), cDNA comprising the full-length 
sequence of the human ETV6 gene (NM_001987) 
was cloned into the pcDNA3.1+/C- (K) DYK 
vector expression in the cytomegalovirus (CMV) 
promoter region together the DYKDDDDK tag 
on terminal C uses the CloneEZ cloning strategy. 
For ETV6 Mutant Type Plasmids (ETV6 P25fs 
and ETV6 N75fs), the desired mutations were 
integrated into the ETV6 open reading frame 
(ORF) on the pcDNA3.1+/C- (K) DYK vector 
using the CloneEZ cloning strategy.

Cell Culture
Two cell lines, Kasumi-1 (ATCC® CRL-2724TM) 
and 293T (ATCC® CRL-3216TM), were used 
for the functional study. Kasumi-1 cell line is 
a suspension cell lines and it is a myoblast cell 
obtained from a 7-year-old Japanese child with 
AML relapse (FAB M2). The Kasumi-1 cells 
have the translocation of t (8:21) (q22, q22) 
making this cell line the most suitable based 
on the characteristics that also exist in the trios 
samples of this study. While 293T cell line is an 
adherent type cell obtained from human kidney 
embryo. This 293T cells were selected for their 
high transfection capacity and often used as 
in-vitro models to study the function of gene 
mutations. Kasumi-1 cells and 293T cells were 
cultured in T-25 or T-75 culture flasks using 
RPMI and DMEM media respectively with 20% 
FBS and incubated at 37oC with 5% CO2. The 
media for these cells were added or changed 
every 2 or 3 days for the cells to receive adequate 
nutrients. The sub-culture process was performed 
when the cell density reached a confluent state. 

Transient Transfection
Kasumi-1 cells were transfected with wild type 
and mutant plasmid ETV6 using electroporation 
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method and Neon™ Transfection System 10 
µl Kit (Invitrogen). The transfection protocol 
is set at a voltage of 1650V with 1 pulse rate 
(pulse) for 20 milliseconds and 3 μg of DNA 
plasmid was used for 1x106 cells. Meanwhile, 
LipofectamineTM 3000 (Thermo Fisher Scientific) 
transfection reagent was used for 293T cells. 
The transfection was carried out according to 
the manufacturer’s protocol. After 48 hours 
of transfection, protein was extracted by 
radioimmunoprecipitation assay (RIPA) (Thermo 
Fisher Scientific) and HaltTM Protease Inhibitor 
(Pierce). 

Gene Expression Analysis by Quantitative Real 
Time PCR
Quantiative Real-Time PCR (qRT-PCR) reaction 
was performed to assess the expression of wild 
and mutant ETV6 gene. This analysis used 
extracted RNA from transfected Kasumi-1 
and 293T cells with wild-type ETV6 plasmids 
and mutant constructs. The cDNA synthesis 
process was carried out using an iScriptTM 
cDNA synthesis kit (Bio-rad Laboratories Inc) 
according to the manufacturer’s instruction. The 
synthesized cDNA was then subjected to qPCR 
using the SsoAdvancedTM Universal SYBR® 
Green Supermix kit (Bio-rad Laboratories Inc) 
on a CFX96TM real-time PCR machine. GAPDH 
is used as a reference gene for the normalization 
process of ETV6.

Western Blot
Sodium dodecyl sulfate-polyacrylamide gel with a 
concentration of 5% and 10% was prepared using 
a mixture of 30% Bis-Acrylamide, 1.5M Tris-
HCL (Tris–(hydroxymethyl)-aminomethane) pH 
8.8, 0.5M Tris-HCL pH 6.8 (Bio-rad Laboratories 
Inc), N, N, N’, N’-tetramethyl-ethylenediamine 
and 10% ammonium persulfate (Sigma-Aldrich). 
After SDS–polyacrylamide gel electrophoresis 
and protein transfer to polyvinydilene difluoride 
(PVDF) membrane using a semi-dry blotter with 
a voltage of 15V for 15 min, immunoblots were 
blocked with 1% buffer 1X Tris Buffered Saline 
(TBS) and 1% Tween 20 containing 5% nonfat 
dried milk. Immunoblots were probed with 1: 
1000 primary antibody Anti-DDK (Gene Script), 
1: 1000 primary antibody β-actin (AC-15): 
clone sc-69879 (Santa Cruz Biotech), 1: 10000 
secondary antibody goat anti-mouse IgG-HRP: 
clone sc-2005 (Santa Cruz Biotech). Proteins 
were detected with SuperSignal West Pico PLUS 
Chemiluminescent Substrate (Thermo Fisher 
Scientific) and Chemidoc XRS imaging system 

and Chemidoc XRS Quantity One software (Bio-
rad Laboratories Inc) was used to visualize the 
intensity of the protein.

Cell Viability Assay
Cell viability assays were conducted to study 
the effect of ETV6 mutation on cell viability. 
Analysis was performed after the cells were 
transfected for 24, 48, and 72 hours. The XTT 
Cell Viability Assay kit (Biotium Inc) is used 
to assess the rate of cell proliferation based on 
the activity of mitochondrial enzymes in living 
cells. Absorption readings were taken using a 
VarioskanTM Flash (Thermo Fisher Scientific) 
microplate reader at 450 nm and 630 nm 
wavelengths as background absorption.

Protein Expression Assay
Protein expression assays were performed using 
the Proteome ProfilerTM Human Apoptosis 
Array kit (R&D System) to assess the effect 
of ETV6 mutation on apoptosis related protein. 
The procedures were performed according 
to manufacturer’s protocol. The intensity of 
the resulting protein spots was visualized 
using the Chemidoc XRS imaging system and 
Chemidoc XRS Quantity One software (Bio-rad 
Laboratories Inc).

Statistical Analysis
Statistical analysis was performed using 
GraphPad Prism 7.0. Data were shown as mean 
± standard deviation. Two-tailed T-test was used 
for functional assay analysis. In all assays, P 
<0.05 was considered significant. Experiments 
were performed at least twice for the assays 
involved in this study.

RESULTS

Demographic Data of Study Patients
We recruited 30 patients with childhood 
AML who received treatment at HCTM and 
HKL hospitals. The demographic and clinical 
characteristics of the patients are listed in Table 
1. In total, 56 bone marrow samples from 30 
patients with childhood AML aged 8 weeks to 
15 years were examined in this study from the 
three phases of the disease that is diagnosis, 
remission and relapse. Three patients with the 
trio samples (at diagnosis, remission and relapse) 
were used for WGS. The clinical data for the 
three trio samples are shown in Table 2. We had 
3 patients from whom we managed to obtain the 
samples at diagnosis, remission and relapse. We 
managed to collect 47 samples from another 27 
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Table 1: Demographic and clinical data of study subjects

CATEGORY Total Percentage %
GENDER
Male 17 56.7
Female 13 43.3
AGE
Infant (8 weeks-1 year old) 3 10.0
Toddler (1 - 3 years old) 12 40.0
Kid (3 - 11 years old) 11 36.7
Teenager (12 - 17 years old) 4 13.3
RACE
Malay 25 83.3
Chinese 4 13.3
Indian 1 3.3
HOSPITAL
HCTM 16 53.3
HKL 14 46.7
STAGE
Diagnosis 31 55.4
Remission 18 32.1
Relapse 7 12.5
Matched diagnosis & remission 18
Matched diagnosis, remission & relapse 3

Table 2: Clinicopathological data for the three trios (matched diagnosis-remission-relapse)

Patient Gender Age Race Cytogenetic Blast at 
diagnosis 
(%)

Blast at 
remission 
(%)

Blast at 
relapse 
(%)

Time to 
relapse 
(month)

UL8 Female 12 Malay 45,X,-X, t(8;21)
(q22;q22)

60 2 33 15

UL16 Male 14 Malay Structural 
abnormalities 
on chromosomes 
2,3 & 8. There 
was a loss of Y 
seen in all cells 
analysed

60 3 55 10

UL27 Female 5 Indian Female normal 
chromosomes, 
no clonal 
abnormalities 
were shown.

90 3 81 9

patients which were used for validation. The data 
of the 27 patients are shown in Supplementary 
Table A. 

Whole Genome Sequencing Technical Report
WGS was performed on nine samples from the 
three patients (matched samples at diagnosis, 
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Table 3: Total somatic single nucleotide variants at various genome regions

Variant type and location UL8T UL8T2 UL16T UL16T2 UL27T UL27T2
Coding sequence 58 72 49 48 43 31
  Synonymous SNV 21 23 22 19 21 17
  Missense SNV 33 45 25 27 17 14
  Stopgain 2 1 2 1 2 0
  Stoploss 0 0 0 0 0 0
  Unknown  2 3 0 1 3 0
Intronic 1964 2384 1705 1742 1845 1511
3’-unstranslated region 33 32 24 39 31 36
5’-unstranslated region 11 13 9 6 21 16
splicing 1 2 2 4 1 1
ncRNA_exonic 32 38 19 29 30 30
ncRNA_intronic 452 629 338 476 421 375
ncRNA_UTR3 0 0 0 0 0 0
ncRNA_UTR5 0 0 0 0 0 0
ncRNA_splicing 1 0 0 0 0 0
Upstream 44 64 34 43 35 33
Downstream 47 56 43 54 53 28
Intergenic 4073 4711 3009 3648 3304 2942
Total 6716 8003 5233 6089 5787 5003

remission and relapse). The quality of WGS 
data is shown in Supplementary Table B. The 
quality score for the Q30 phred scale is greater 
than 80% for all samples, ranging from 82.97% 
to 92.48%. Supplementary Table C shows the 
mapping statistics, coverage and sequencing 
depth in each WGS sample. 

Characterization of Somatic Single Nucleotide 
Variants (SNVs), Somatic Insertion and Small 
Deletions (InDels) and Somatic Structural 
Variants (SV)
From the analysis of the sequencing data from the 
leukaemia cells (diagnosis and relapse samples) 
to the remission samples, we identified the 
somatic mutations that have been accumulated in 
the Leukaemia cells. Somatic analysis of Single 
Nucleotide Variants (SNV), Small insertions and 
deletions (InDels) and Structural Variants (SV) 
was performed using the muTect software,28 
Strelka29 dan DELLY30 respectively. Table 3 
summarises the somatic SNVs statistics observed 
in patients with childhood AML. The full list of 
somatic SNVs is listed in Supplementary Table 
D to I. Table 4 summarises the statistics for 
InDels and Table 5 shows the complete list of 
somatic InDels. The identified SV statistics and 
the distribution of somatic SV in each patient 
are as shown in Table 6. 

Driver Mutation Identification
The driver gene identification for this study 
was based on CGC513 which is the driver 
gene listed in the Cancer Gene Census (CGC), 
the Bert Vogelstein125,31 the SMG127,32 and 
Comprehensive435.33 The driver gene must 
have at least one ‘damaging’ prediction or two 
‘possibly damaging’ scores. The list of the driver 
genes found in this study is in Table 7.

Variant Prioritisation
Prioritisation of somatic SNV and InDels variants 
was performed by using IGV,34 pathogenicity 
score screening based on SIFT,35 PolyPhen2 
HDIV and PolyPhen2 HVAR,36,37 LRT38 
Mutation Taster39 and Mutation Assessor40 as 
well as screening sequencing depth coverage 
must at least 10X for alternative alleles. After 
prioritisation, 312 somatic gene variants were 
finalised to 81 somatic gene variants, with 46 
variants were present at diagnosis and 49 variants 
present at relapse. We then compared the variants 
present at diagnosis to the relapse samples using 
the Venn diagram. Figures 1 (A, B and C) shows 
the results of variant comparison on samples 
UL8, UL16, and UL27. The prioritisation of 
variants was further refined by comparing the 
somatic variants identified in the three patients’ 
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Table 6: Statistics of somatic structural variants

Patient Tandem duplication Translocation Inversion Deletion
UL8T (Diagnosis) 19 66 12 24
UL8T2 (Relapse) 105 31 27 37
UL16T (Diagnosis) 73 21 8 24
UL16T2 (Relapse) 25 93 15 88
UL27T (Diagnosis) 23 105 17 26
UL27T2 (Relapse) 18 101 17 101

Table 4: Total somatic InDels at various genome regions

Variant type and location UL8T UL8T2 UL16T UL16T2 UL27T UL27T2
Coding sequence 3 2 0 1 0 0
  Frameshift deletion 1 1 0 0 0 0
  Frameshift insertion 2 1 0 1 0 0
  Inframe deletion 0 0 0 0 0 0
  Inframe insertion 0 0 0 0 0 0
  Stopgain 0 0 0 0 0 0
  Stoploss 0 0 0 0 0 0
  Unknown 0 0 0 0 0 0
Intronic 31 37 11 20 10 36
3’-unstranslated region 0 0 1 0 0 1
5’-unstranslated region 0 0 0 1 1 1
Splicing 0 0 0 0 1 0
ncRNA_exonic 0 0 0 0 0 0
ncRNA_intronic 5 9 1 2 1 1
ncRNA_UTR3 0 0 0 0 0 0
ncRNA_UTR5 0 0 0 0 0 0
ncRNA_splicing 0 0 0 0 0 0
Upstream 0 1 0 2 0 1
Downstream 0 1 0 0 0 0
Intergenic 44 62 20 18 14 27
Total 83 112 33 44 27 67

Table 5:  List of somatic InDels

Patient Gene   InDel type Amino acid changes Variant 
Allele 
Frequency 
(VAF)

UL8T ABCG8   Frameshift deletion exon5:c.637delT:p.L213fs 38%
UL8T ETV6   Frameshift insertion exon3:c.224_225insGAGGT:p.N75fs 40%
UL8T MAGEA10   Frameshift insertion exon4:c.321_322insAG:p.G108fs, 

exon5:c.321_322insAG:p.G108fs, 
exon5:c.321_322insAG:p.G108fs

47%

UL8T2 ABCG8   Frameshift deletion exon5:c.637delT:p.L213fs 41%
UL8T2 ETV6   Frameshift insertion exon3:c.224_225insGAGGT:p.N75fs 42%
UL16T2 ETV6   Frameshift insertion exon2:c.73_74insCCTCT:p.P25fs 39%
UL27T CTRB2   Stop codon exon8:c.631-1->T 33%
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Figure 1 (A):	 Venn diagram of diagnosis versus relapse for UL8 patient. Ten recurrent somatic variants namely 
PKHD1, EZH1, ABCG8, RYR2, SH2B1, RBM10, EDARADD, ETV6, PLXNA1 and PRR13 in the 
diagnosis and relapse samples as well as having additional mutations during the relapse phase 
(GABRB2, ARNT2, ZMYM4, ZBTB7A, ANAPC1, PRRC2C and COL17A1). 

Figure 1 (B):	 Venn diagram of diagnosis versus relapse for UL16 patient. Three somatic variants 
(BAGE2,BAGE5,BAGE4,BAGE3, TUBA3D and TAS2R7) present in both sample. There are 17 new 
variants exist during relapse (YAP1, CDC73, PRKRIR,CDK13, CHST15, CRISP2,FAT4, NOVA1, 
ZNF705A, DNAH14, CBWD6, C22orf42, IGFBP5, ATAD3B, ANKRD20A4, BMPER and ETV6).

Figure 1 (C):	 Venn diagram of diagnosis versus relapse for UL27 patient. Only one recurrent variant SPRR2E. 
However, there are 11 new variants observed at relapse phase (THBS1, POTEF, DNAH2, CRTAC1, 
ZNF705A, NANOG, TATDN3, ZNF185, HNF1A, GCFC2 dan MYSM1).
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relapse samples (Figure 2). Based on the driver 
gene identification analysis, the ETV6 variant 
is one of the variants identified as a driver 
gene, resulting the selection of this variant for 
the functional study. A lollipop plot (Figure 3) 
was generated to identify the distribution of the 
somatic variants of ETV6 p.P25fs and p.N75fs 
found in this study. This study is the first to report 
these two somatic variants in AML.

Sanger Sequencing Validation
Technical validation involved nine samples 
while biological validation was performed on 
47 other samples from another 27 patients. 
Technical validation successfully detected the 
presence of variants discovered using WGS. 
No variants were detected on the remission 
samples indicating all of these variants were 

not germline variants. Whereas for biological 
validation, these 12 variants were not detected 
in the additional samples.

Gene Expression Analysis by Quantitative Real 
Time PCR
Evaluation of wild-type and mutant ETV6 gene 
expression was carried out using the quantitative 
real time pcr (qRT-PCR). The relative expression 
of wild-type and mutant ETV6 mRNAs was 
calculated after 48 hours transfection into 
Kasumi1 and 293T cells and normalized to 
GAPDH expression. The results were shown in 
and Figure 4A and 4B. 

Detection of Wild-type and Mutant ETV6 Proteins 
Using Western Blot
Figure 5 shows the results of the western blot. 

Figure 2:	Venn diagram of relapse variants in three patient trios. ETV6 is a recurrent mutation that exists in UL8 
and UL16 relapse samples. The ZNF705A variant is a recurrent mutation in UL16 and UL27 relapse 
samples.

Figure 3:	Distribution of ETV6 somatic variants on ETV6 gene domain function. The gray bars represent the 
whole protein with different amino acid (aa) positions and the colored boxes are specific to the domain 
protein function; green for the PNT domain and red for the ETS domain. ETV6 p.N75fs is located in 
the PNT domain and ETV6 p.P25fs is located before the PNT domain. Protein diagrams were generated 
using Mutation Mapper.
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The results indicated that transfected cells had a 
higher protein expression than the untransfected 
cells. In both cells, the concentration of ETV6 
protein in cells transfected with the mutant ETV6 
p.P25fs decreased as compared to the wild-type 
ETV6. The absence of ETV6 protein expression 
in cells transfected with mutant ETV6 p.N75fs 

Figure 4:	 (A) Quantification of mRNA expression of the mutants ETV6 p.P25fs and p.N75fs in 293T cells. 
ETV6 mutants p.P25fs and p.N75fs had significantly reduced gene expression compared to wild-type 
ETV6 (WT). (B) Quantification of wild-type ETV6 mRNA expression in Kasumi1 cells compared 
with untransfected cells. Wild-type ETV6 showed a high level of mRNA expression when compared 
to untransfected cells.

in both cells implies that this mutant protein 
truncated the ETV6 protein as a result of a stop 
codon termination.

Cell Viability Assay
Figure 6 shows a graph of cell viability assay 
in a Kasumi-1 cell. Wild-type proteins ETV6 

Figure 5: 	Western blotting analysis showed the expression of wild-type protein (WT) and ETV6 mutants in 
Kasumi-1 and 293T cells after 48 hours of transfection. ß-actin (42 kDa) served as a positive control 
of protein load.

Figure 6:	Cell viability assay for ETV6 plasmid transfection. After 24, 48 and 72 hours of transfection, WT and 
ETV6 mutants p.P25fs and p.N75fs, respectively, showed a significant decrease in cell viability com-
pared to non-transfected cells in Kasumi 1 cells. Statistical significance in all cases was measured using 
Student’s t-test (*p <0.05, *** p <0.001), n= 3. The error bar represents the average ± S.D.



Malays J Pathol August 2024

270

Figure 7 (A).	 Profile of apoptosis related proteins in 293T cells transfected with ETV6 WT, mutant ETV6 p.P25fs 
and p.N75fs.

Figure 7 (B).	 Significantly deregulated 22 apoptosis-related protein (p <0.01) by ETV6 p.P25fs versus WT (Bax, 
Bcl-2, Bcl-x, Pro-Caspase-3, Catalase, Claspin, TRAIL R2/DR5, FADD, HIF-1a, HO-1/HMOX1/
HSP32, HO-2/HMOX2, HSP27, HSP60, HSP70, HTRA2/Omi, Phospho-p53 (S15), Phospho-p53 
(S46), Phospho-p53 (S392), Phospho-Rad17 (S635), SMAC/ Diablo, Survivin and XIAP).

(WT) and ETV6 mutants p.P25fs and p.N75fs 
exhibited a significant decrease in cell viability 
after 24 hours, 48 hours and 72 hours.

Protein Expression Assay using Proteome 
Profiler Human Apoptosis Array
Proteome Profiler assays were performed to 
analyse the expression of apoptosis-related 
protein profiles in 293T cells transfected with 
ETV6 WT and ETV6 mutants p.P25fs and 
p.N75fs. A total of 35 proteins that have roles in 

apoptosis were analysed. Figure 7 (A, B and C) 
shows the results comparing ETV6 WT as well 
as ETV6 mutants p.P25fs and p.N75fs.

Apoptosis Signaling Pathway
From the analysis of the apoptosis proteome 
profiler, a significant apoptosis-related protein 
profile in ETV6 p.P25fs and p.N75fs mutants 
versus ETV6 WT was observed in the apoptosis 
signaling pathway. The profile of the proteins 
involved is illustrated in Figure 7 (D). 
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DISCUSSION

We identified various types of somatic mutations 
in the genomes of the three relapsed AML 
patients including synonymous single nucleotide 
variants (SNVs), missense SNVs, deletions 
and insertion frameshifts, stopgains and splice 
sites. A total of 312 somatic gene variants were 
identified: 154 variants in the diagnosis phase 
and 158 variants in the relapse phase. After 
prioritisation, the list was finalised to 81 somatic 
gene variants, with 46 variants were present at 
diagnosis (13-17 mutations per patient) and 49 
variants present at relapse (12-20 mutations per 
patient). These findings are similar with previous 
studies showing that on average there are several 
hundred mutations in the AML genome yet 
only a few will have the expected translational 
effects.12,17–21,41

	 Each cancer has a unique and distinctive 
genome profile and AML itself is so heterogenous. 
It is important that each case is examined 
separately before group observations are 
discussed. The AML UL8 patient was a 12-year-
old Malay girl, whose cytogenetic analysis 
showed the t(8;21) (q22; q22). This patient had 
59 somatic gene variants at the diagnosis phase 
and 74 somatic gene variants upon relapse 15 
months later. After prioritising the variants for 
translational effects, we identified 10 somatic 
gene variants found in both the diagnosis and 
relapse phases, 3 variants in the diagnosis sample 
and 7 new somatic gene variants in the relapsed 
sample. Out of the 20 somatic gene variants 
found, 3 variants namely RBM10, ZMYM4 and 

ETV6 are believed to be potential driver variants 
responsible in the development of relapse for 
this patient. 
	 The next patient (UL16) was a Malay boy, 
having structural abnormalities on chromosomes 
2, 3 and 8. He was diagnosed with AML at the 
age of 14. The leukaemia cell genome of this 
patient had 51 somatic gene variants at the 
diagnosis phase and 52 somatic gene variants 
in the relapsed sample (10 months later). Only 
three somatic gene variants were found at the 
diagnostic phase and remained detected in 
the relapse sample. Interestingly, this patient 
has a mutation in the same gene found in the 
UL8 patient, that is the ETV6 gene. However, 
the ETV6 mutation in UL16 was detected at 
relapse whereas this mutation was found during 
diagnosis and relapse in UL8. Based on the AML 
driver gene database, the three somatic gene 
variants that have the potential to be the driver 
genes for this patient are KIT, CDC73 and ETV6.
	 The AML UL27 patient was an Indian 
girl, aged 5 years, with no chromosomal 
abnormalities. She relapsed after 9 months of 
diagnosis. The patient’s genome had 44 somatic 
gene variants at the diagnosis phase and only 
32 somatic gene variants at relapse. Only one 
variant of the somatic gene has been identified 
as a potential driver gene in the development of 
relapse, the HNF1A gene.
	 The investigation of AML genomic changes 
from diagnosis to remission and relapse has 
revealed significant heterogeneity in the AML 
genome. We identified the variants present at 
diagnosis which were not detected during relapse, 

Figure 7 (C).	 Significantly deregulated 12 apoptosis-associated protein (p <0.01) by ETV6 p.P75fs versus WT 
(Pro-Caspase-3, cIAP-1, HIF-1a, HO-2/HMOX2, HSP70, HTRA2/Omi, Phospho-p53 (S15), 
Phospho-p53 (S46), Phospho-p53 (S392), Survivin, HO-1/HMOX1/HSP32 and SMAC/Diablo).
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persistent variants that remained in both phases, 
as well as new variants that appeared at relapse 
only. Out of 46 somatic gene variants in the 
diagnosis samples, only 14 (30%) persisted in the 
relapse samples. In contrast, of the 49 somatic 
gene variants identified in the relapse phase, 35 
(71%) were newly developed variants that were 
not found at diagnosis. A total of 81 somatic 
gene mutations were found in the diagnosis 
and relapse phases; 32 (40%) were only found 
in the diagnosis sample, 35 (43%) were only 
identified when relapse occurred and only 14 
(17%) variants were present in both samples. 
	 The findings of this study support the 
evolutionary model of AML clones by Vosberg 
and Greif which is based on Darwin’s theory 
of natural selection, also known as survival of 
the fittest.42,43 The population of AML cells in 
the relapse phase can grow from either a clone 
or a sub-clone of cell populations that existed 
at the time of diagnosis, followed by additional 
mutations. For linear evolution, the cell 
responsible for the relapse is believed to be part 
of the major clone at the time of diagnosis. This 
can be seen in UL8 patient where 10 mutations 
of the same gene remained from the diagnosis 
phase to the relapsed phase. As for branched 
evolution, it is believed that major clones at 
diagnosis were eliminated but leukaemia cells 
responsible for the relapse develop from sub-
clones at diagnosis. The presence of many new 
gene mutations during relapse as in UL16 patient 
(17 genes) and UL27 patient (11 genes) suggests 
that this branching evolution occurred in them. 
	 Our findings are almost similar to the study 
by Farrar and colleagues from the United States 
that used the whole exome sequencing on 
matched diagnosis, remission and relapse sample 
in 20 patients with childhood AML. They also 
found a lower number of gene mutations in the 
diagnosis sample than in the relapsed sample, 
and the number of somatic gene mutations 
persisting from diagnosis to relapse was higher 
(41%)23 than in this study (17%). A study from 
Japan reported a similar pattern, using WES in 4 
childhood AML cases, but with fewer number of 
mutations than our findings. They identified 51 
gene mutations with only 5 (10%) gene mutations 
at diagnosis and 15 (29%) gene mutations when 
relapse occurred.24

	 The findings of this study also support the 
belief that the genomic landscape of patients with 
childhood and adult AML are distinct, not only in 
the Caucasian population but in other ethnicities 
as well. The Cancer Genome Atlas (TCGA) 

project involving 200 adult AML de novo patients 
using WGS (n = 50) and WES (n = 150) found 23 
genes with recurrent mutations, including NPM1, 
FLT3, CEBPA, DNMT3A , IDH1, and IDH2, 
TET2, RUNX1, TP53, NRAS, WT1, PTPN11, 
KIT, KRAS, PHF6, STAG2, RAD21, FAM5C, 
HNRNPK as well as newly confirmed genes have 
implications in leukemogenesis namely EZH2, 
U2AF1, SMC3A, and SMC.19 On the other hand, 
gene mutations commonly found in adult AML 
patients such as DNMT3A and TP53 could not 
be detected in most samples of childhood AML 
patients, and if any at a very low rate of only 
1%. 12,22,24,44-46 Nevertheless, there are also similar 
recurrent gene mutations found such as NPM1, 
FLT3, CEBPA, WT1 and KIT.12 FLT3, NRAS, 
WT1, PTPN11, KIT, KRAS and TET223 as well. 
RAD21, SMC3, STAG2, EZH2, NRAS, KRAS, 
KIT, FLT3, CEBPA, WT1, NPM1 and IDH2.24 
With a limited sample size, our study found 
recurrent mutations of ETV6 gene in two patients 
out of three patients with childhood AML and all 
cases had no cytogenetic similarities compared 
to the previous three studies. 
	 Identification of driver genes is crucial in the 
treatment of AML especially for the development 
of targeted therapies. Overall, through these 
three genome profiles, six driver genes that 
potentially play a role in leukemogenesis and 
can predict the occurrence of relapse have been 
successfully identified; KIT, CDC73, HNF1A, 
RBM10, ZMYM4 and ETV6. Variants that are 
present in both the diagnosis and persist in the 
relapse phase are believed to increase the risk 
of relapse for patients with mutations in this 
gene. These variants (PKHD1, EZH1, ABCG8, 
RYR2, SH2B1, EDARADD, PLXNA1, PRR13, 
RBM10, TAS2R7 and ETV6) were validated in 
4 relapsed samples, 28 diagnosis samples and 
15 remission samples from other patients with 
childhood AML. However, all the variants were 
not detected hence consolidating the belief that 
AML is really very heterogenous. We believe that 
biological validation requires a larger sample size 
to obtain more significant and accurate results. 
	 Our previous study using deep transcriptome 
sequencing with the same cohort revealed that 
the most enriched pathway is the transcriptional 
misregulation in cancer for comparison of relapse 
versus remission samples.47 Therefore, based on 
the driver gene identification analysis and our 
previous finding, we performed a functional 
study to characterise the function of the recurrent 
mutation in the ETV6 gene using an in vitro 
model. ETV6 also known as Translocating E26 
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transforming-specific Leukaemia 1 (TEL1) is 
one of the family to E26-transforming specific 
(ETS) transcription regulators.48,49 The ETV6 
gene is located on chromosome 12p13 which 
contains 8 exons that encode a protein with 
452 amino acids.50-53 The ETV6 gene has been 
shown to play an important role in hematopoiesis 
as well as vascular development.54 Each ETV6 
gene consists of key functional domains namely 
N-terminal pointed domain (PNT) also known 
as N-terminal helix–loop–helix (HLH) or sterile 
alpha motif (SAM), less-conserved central 
regulatory domain and C-terminal DNA-binding 
domain (ETS-domain).49,55–59 The PNT domain 
for ETV6 consists of four α-helixes responsible 
for homodimerization.57,60 This domain also 
contributes to the suppression of target genes.55,61

	 We had identified mutations in the ETV6 
gene PNT domain specifically p.N75fs. Previous 
studies have found that mutations of the ETV6 
gene in the PNT domain in various types of blood 
cancers.62-66 To our knowledge, the ETV6 p.N75fs 
mutation is a novel frameshift insertion mutation 
for patients with childhood AML. To date, there 
are two types of mutations that have been found 
in AML patients, nonsense mutations resulted 
in severely truncated ETV6 protein production 
in E76X and S78X67 as well as E115X64 and 
the missense mutation involves specific amino 
acids such as R105P resulting in misfolding of 
the ETV6 protein which in turn interferes with 
protein multimerization.64 Frameshift InDels 
on the ETV6 gene within PNT domain were 
only found in ALL patients V66fs (adult ALL 
patient)68 and Q118fs (paediatric ALL patients).65 
We also discovered mutation before the PNT 
ETV6 domain, p.P25fs, and this novel frameshift 
insertion mutation was the first to be reported 
in AML patients. There are missense mutations 
namely S16T, P25Q, V37M that located before 
the PNT domain have been reported in ALL 
patients.69 Yet no functional analysis has ever 
been reported for the effect of mutations on this 
region of ETV6 gene. 
	 We demonstrated that mutations in the 
ETV6 gene result in the loss of its function as a 
tumour suppressor gene. This is evidenced by 
the absence of protein bands on the western blot 
in the cells transfected with p.N75fs plasmids. 
The absence of protein bands implies that the 
ETV6 protein has been truncated. Similar findings 
were also reported by previous researchers who 
examined the effects of frameshift mutations 
(p. R127fsX207, p. H383fsX389) and nonsense 
mutations (p. E76X, p.S78X) of this ETV6 gene 

in AML patients.67,70 Whereas the frameshift 
insertion of p.P25fs before the PNT domain 
showed the presence of lower concentration of 
protein bands than the wild-type ETV6 in both 
transfected cells indicating the protein truncation. 
This frameshift insertion of p.P25fs has resulted 
in the loss of ETV6 gene function as a tumour 
suppressor.
	 Evaluation of ETV6 gene expression found that 
the relative mRNA expression of both p.P25fs 
and p.N75fs ETV6 mutants had significantly 
reduced gene expression compared to wild-type 
ETV6. ETV6 p.P25fs mutants had significantly 
reduced mRNA expresssion than ETV6 p.N75fs 
mutants but it was found that protein truncation 
was not as complete as in ETV6 p.N75fs mutants. 
Steady-state protein abundance is determined 
by four rates; transcription, translation, mRNA 
decay and protein decay. The abundance of these 
proteins can be obtained infinitely from various 
combinations of these rates.71–73 A recent study 
looking at simultaneous quantification between 
mRNA and protein involving 86 loci in 10 genes 
also found that less than 20% of these loci had 
a similar effect between mRNA and protein, but 
a large number of these loci affected proteins 
instead of mRNA in the same gene. This suggests 
a complex post -transcription effect on gene 
expression.74

	 Previous studies have also shown that 
high expression of the ETV6 gene in rat 
erythroleukaemia cells has accelerated the cell 
differentiation into erythrocytes, with ETV6 
mRNA expression peaked in the first three 
days of cell differentiation but the presence of 
dominant ETV6 negative mutants blocked this 
effect.75 Other researchers examining the role 
of ETV6 in the regulation of red blood cell 
maturation also showed that morphant ETV6 
reduces gata1 expression but enhances erythroid 
cell differentiation and elevates erythroblasts 
in the blood.76 Moreover, loss of ETV6 gene 
expression due to deletion in wild-type ETV6 
was also found to contribute to leukamogenesis 
in ALL paediatric patients.77

	 The hematopoietic system needs to maintain its 
balance between apoptosis and cell proliferation, 
as changes in protein expression will disrupt 
this balance and trigger the accumulation of 
malignant cells.78-80 Analysis of leukaemia cell 
viability under the influence of ETV6 mutants 
p.P25fs and p.N75fs exhibited a significant 
rate of decrease in cell viability compared to 
non-transfected cells. These findings further 
strengthened the fact that the ETV6 gene acts 
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as a tumour suppressor gene. Yamagata and 
colleagues noted that ETV6 causes disruption to 
cell proliferation by blocking the cell cycle and 
triggering apoptosis via mitochondrial intrinsic 
pathways.81

	 Proteome profiler apoptosis assays revealed 
22 and 12 apoptosis-related proteins regulated by 
p.P25fs and p.N75fs ETV6 mutant respectively. 
There are several significant proteins regulated 
by p.P25fs and p.N75fs ETV6 mutants involved 
in apoptosis signaling pathways namely p53, 
TRAIL R2, FADD, Bcl-2, Bcl-xl, Bax, Pro-
Caspase -3, Diablo, HTRA2 and XIAP. Caspase 
(cysteine-aspartic proteases) is a key protein 
responsible for apoptosis function. Both ETV6 
p.P25fs and ETV6 p.N75fs mutants significantly 
regulated pro-caspase 3 compared to WT ETV6. 
The activation of this executioner caspase will 
initiate a cascade of events that results in DNA 
fragmentation with endonuclease activation, 
destruction of nuclear and cytoskeleton proteins, 
protein cross-linking, ligand expression for 
phagocytic cells and formation of apoptotic 
bodies.82,83

	 The intrinsic signaling pathway of apoptosis 
is also regulated by the B cell lymphoma gene 
2, BCL-2, a group of proteins that inhibit 
cytochrome C production from mitochondria 
and can be classified as pro-apoptotic and 
anti-apoptotic proteins.79,84 The ETV6 p.P25fs 
mutant produced significantly higher BCL-
2 and BAX protein expression profiles than 
wild-type ETV6, indicating that this mutant 
regulates pro-apoptotic proteins. The increase in 
BCL-2 expression correlated with resistance to 
chemotherapy in AML patients.85,86 In addition 
to the BCL-2 protein, apoptosis is also inhibited 
in blood cancers by overexpression of inhibitors 
of apoptosis (IAP) family proteins that play a 
role in blocking the terminal caspase responsible 
for apoptosis activation.87 IAP expression is 
correlated with poor prognosis, where cIAP 
expression in AML patients is able to predict 
poor overall survival.88 Moreover, high XIAP 
expression is also associated with poor prognosis 
in patients with childhood AML.79,89,90 These 
findings also support the results of our study 
which indicated that childhood AML patients 
with ETV6 mutation experienced relapsed when 
expressing significant level of XIAP and cIAP 
proteins.
	 The discovery of this ETV6 gene mutation 
in patients with childhood AML had very 
different implications compared to patients 
with childhood ALL. Translocation of t(12; 

21) (p13.1; q22) of ETV6-RUNX1 is the most 
common genetic aberration found in patients 
with childhood ALL covering 25% of cases 
with precursor-B phenotype.91 However, patients 
with childhood ALL with ETV6-RUNX1 have a 
favourable prognosis with long-term remission 
rate and a good survival rate.92 Most patients 
with this genetic aberration will experienced 
relapse between 10 and 20 years after cessation 
of treatment.93,94 In contrast, the mutation in 
ETV6 gene increased the likelihood of relapse 
in patients with childhood AML.

CONCLUSION

This research profiled the mutational landscape of 
three patients with childhood AML using WGS 
on matched trio samples of diagnosis, remission 
and relapse. Our research has successfully 
revealed the genomic landscape from the disease 
diagnosis to relapse. There are genetic differences 
between local patients with childhood AML from 
other populations. Given that AML genome 
heterogeneity is a critical issue in the treatment 
of AML patients, the genetic variant profile data 
obtained from this study will have implications 
in relapse risk classification and development 
of genomic based therapies. The discovery of a 
recurrent mutation of relapse driver gene that is 
the ETV6 in the genome of these patients with 
childhood AML will contribute to its exploitation 
as a future targeted therapy.
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