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Abstract

Background: Acute lymphoblastic leukemia (ALL), the most common childhood malignancy, is characterized by
recurring structural chromosomal alterations and genetic alterations, whose detection is critical in diagnosis, risk
stratification and prognostication. However, the genetic mechanisms that give rise to ALL remain poorly
understood.

Methods: Using next-generation sequencing (NGS) in matched germline and tumor samples from 140 pediatric
Chinese patients with ALL, we landscaped the gene mutations and estimated the mutation frequencies in this
disease.

Results: Our results showed that the top driver oncogenes having a mutation prevalence over 5% in childhood
ALL included KRAS (8.76%), NRAS (6.4%), FLT3 (5.7%) and KMT2D (5.0%). While the most frequently mutated genes
were KRAS, NRAS and FLT3 in B cell ALL (B-ALL), the most common mutations were enriched in NOTCH1 (23.1%),
FBXW7 (23.1%) and PHF6 (11.5%) in T cell ALL (T-ALL). These mutant genes are involved in key molecular processes,
including the Ras pathway, the Notch pathway, epigenetic modification, and cell-cycle regulation. Strikingly, more
than 50% of mutations occurred in the high-hyperdiploid (HeH) ALL existed in Ras pathway, especially FLT3 (20%).
We also found that the epigenetic regulator gene KMT2D, which is frequently mutated in ALL, may be involved in
driving leukemia transformation, as evidenced by an in vitro functional assay.

Conclusion: Overall, this study provides further insights into the genetic basis of ALL and shows that Ras mutations
are predominant in childhood ALL, especially in the high-hyperdiploid subtype in our research.
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Background
Acute lymphoblastic leukemia (ALL), the most common
childhood tumor, results from the clonal proliferation of
lymphoid stem or progenitor cells with arrested matur-
ation, with more than 80% originating from B cell

progenitors [1]. ALL is characterized by recurring struc-
tural chromosomal alterations, including aneuploidy
(high-hyperdiploid, chromosomes ≥51; hypodiploid,
chromosomes ≤44) and translocations (e.g., t (12;21)/
ETV6-RUNX1, t (1;19)/TCF3-PBX1, t (9;22)/BCR-ABL1,
and KMT2A (also known as MLL) rearrangement).
However, chromosomal changes alone are often insuffi-
cient to trigger leukemia, some additional genetic alter-
ations must contribute to tumorigenesis [2, 3].
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Cytogenetic alterations or molecular abnormalities are
frequent, and several molecular markers have been iden-
tified to stratify risk and predict prognosis, as they play
key roles in ALL pathogenesis. Specific ALL subtypes ex-
hibit different mutation distributions; for example, TP53
mutations mostly occur in hypodiploidy [4, 5]. PAX5/
IKZF1 copy number abnormalities frequently exist in B-
ALL, whereas mutations within NOTCH1, FBXW7, and
CDKN2A/CDKN2B are enriched in T-ALL [1, 6–8].
Rare germline mutations in the genes PAX5 [9] and
ETV6 [10] were found to be linked to familial leukemia,
and some chemical agents or radiation exposure could
increase the incidence of leukemia [6]. In addition, some
molecular alterations, such as CREBBP [11–13], NT5C2
[14, 15] and PRPS1 mutations [16], are associated with
chemo-resistance. Thus, the identification of these ab-
normalities not only reveals molecular pathology, but
also provides important therapeutic targets. Some target-
able alterations or pathways have been used for thera-
peutic interventions in the clinic, especially kinase-
activating alterations in BCR-ABL1-positive or Philadel-
phia chromosome-like ALL patients who are amenable
to tyrosine kinase inhibitors with improved survival rates
[17, 18]. However, a substantial percentage of patients
classified as having a “good prognosis” (e.g., t (12;21)/
ETV6-RUNX1 or high-hyperdiploid) still experience re-
lapse, which may be caused by the existence of add-
itional or secondary molecular variants. Therefore, it
remains important to further identify the repertoires of
gene mutations and understand its clinical significance
in pediatric ALL.
Recently, genetic profiling of several subtypes of

pediatric ALL has been conducted with NGS [4, 5, 11,
19, 20]. Numerous germline genetic variants and somatic
alterations have been identified in newly diagnosed and
relapsed childhood ALL or in specific subtypes, which
may also have prognostic implications [19, 20]. NGS has
revealed changes in the microarchitecture and gene se-
quence, which advanced the understanding of the mo-
lecular basis of ALL and complemented genetic features
of the ALL subtypes.
In this study, we used targeted exome sequencing

technology to reveal the mutational spectrum in patients
with ALL at initial diagnosis to better understand the
cytogenetic and molecular classification of pediatric ALL
in Chinese children, which may lead to the discovery of
new therapeutic targets and enable the development of a
tailored therapeutic regimen for each patient.

Methods
Sample collection and genomic DNA extraction
A total of 140 pediatric patients (≤18 years) with ALL
enrolled consecutively in this study were newly diag-
nosed and treated in the children’s hospital of Fudan

University in China between January 2015 and Decem-
ber 2017. ALL diagnosis was established by analysis of
leukemic cells with morphology, immunophenotyped,
and cytogenetics. Immunophenotype (B-ALL or T-ALL)
was defined according to the European Group for the
Immunological Characterization of Leukemias. Informed
consent was obtained in accordance with the Declaration
of Helsinki and approved by the Institutional Review
Board of the Fudan Institutes. Bone marrow samples
were collected at initial diagnosis; matched remission
samples or fingernails were used as germline controls.
Genomic DNA was extracted from cell pellets using
DNAeasy Blood and Tissue Kit (Qiagen, USA). DNA
was quantified using a Qubit Fluorometer (Life Tech-
nologies, USA), and DNA integrity was assessed by agar-
ose gel electrophoresis. The transcripts of BCR-ABL1,
ETV6-RUNX1, TCF3-PBX1, SIL-TAL1 fusion genes, and
MLL rearrangement (MLLr) were detected with reverse
transcriptase polymerase chain reaction (RT-PCR) or
fluorescence in situ hybridization (FISH) as previously
described [21].

Targeted capture sequencing and mutation analysis
Targeted capture libraries were prepared, and the exons
of 950 genes related to cancer were selected for sequen-
cing (Table S1). Genomic DNA samples were sheared by
sonication, and the sheared genomic DNA was then hy-
bridized with a NimbleGen 2.0 probe sequence capture
array of Roche (http://www.nimblegen.com/products/
seqcap/ez/v2/index.html) to enrich the exonic DNA (Joy
Orient, China). The libraries were first tested for enrich-
ment by qPCR and for size distribution and concentra-
tion using the Agilent Bioanalyzer 2100. The samples
were then sequenced on an Illumina Hiseq2500, and two
parallel reactions were performed for each sample. Raw
image files were processed by BclToFastq (Illumina) for
base calling and generating the raw data. The low-
quality variations were filtered out using a quality
score ≥ 20 (Q20). The sequencing reads were aligned to
the NCBI human reference genome (hg19) using BWA
(version 0.5.10), including coverage and quality assess-
ment, single-nucleotide variant (SNV) and indel detec-
tion, annotation and prediction of deleterious effects for
sequence mutations. Samtools and Pindel were used to
analyze single-nucleotide polymorphisms (SNPs) and
indels in the sequence. Synonymous changes and SNPs
with MAF (minor allele frequency) higher than 5% were
removed (http://www.ncbi.nlm.nih.gov/projects/SNP).
Nonsynonymous changes and small indels were filtered
using SIFT (version 1.03), PolyPhen-2 (version 2.2.2),
PROVEAN (version 1.1.3), and MutationTaster 2. All
candidate mutations were filtered with minimum cover-
age ≥10, minimum tumor variant frequency ≥ 0.10, nor-
mal variant frequency ≤ 0.05, and candidate driver
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mutations were considered as two prediction algorithms
to be significant or identified as recurrent in COSMIC.

Generation of KMT2D knockdown cell lines
Lentivirus-mediated gene-specific small hairpin RNAs
(shRNAs) were used to knockdown the expression of the
KMT2D gene in Nalm-6 cells (human ALL pre-B cells).
Nalm-6 cells were obtained from FuDan IBS Cell Center
(FDCC) and tested for mycoplasma (catalog no. FDCC-
HGN101) and were cultured in RPMI1640 (Gibco, USA)
medium with 10% FBS (Gibco, USA) and 1% penicillin-
streptomycin (Gibco, USA). shRNA-targeted sequences
(Table S2) were subcloned into the lentiviral vector
pLenO-GTP, and then plasmids and packaging vectors
(pRsv-REV, pMDlg-pRRE, pMD2G, pLenO-GTP) were
cotransfected into HEK293T cells to generate lentivirus.
These vectors were obtained from BioLink Laboratory
(Shanghai, China). A total of 5 × 104 cells/μl were in-
fected with MOI = 100 IU/ml virus and 5 μg/ml of poly-
brene (Sigma-Aldrich, Germany) by spin-down infection
at 1400 rpm for 2 h; 1 μg/ml puromycin (Sigma-Aldrich,
Germany) was used to select stable cell lines 3 days later.
Three biologically independent replicates were carried
out. Reverse-transcription quantitative real-time PCR
(RT-qPCR) was performed to measure the knockdown
effect of shRNA.
Total RNA was extracted from infected cells using the

RNeasy Mini Kit (Qiagen, USA), and 1 μg of RNA was
reverse transcribed using the PrimeScript RT reagent Kit
with gDNA Eraser (Takara, Japan) and qPCR amplifica-
tions using TB Green Premix Ex Taq II (Takara, Japan).
GAPDH was used as a reference gene (Table S3). Cell
proliferation was detected using a Cell Counting Kit-8
(CCK-8) (Dojindo, Japan) in 96 well plates according
to the manufacturer’s instructions. The cell cycle
(CycleTest PLUS DNA Reagent Kit, catalog no.
340242) and the cell apoptosis (Annexin V-PE Apop-
tosis Detection Kit, catalog no. 559763) analysis were
measured by BD flow cytometry according to the
manufacturer’s instructions.

Statistical analysis
We used SPSS 24.0 (SPSS, Chicago) statistical software
for statistical analysis. Comparisons of categorical vari-
ables were determined by Pearson’s chi-squared test or
Fisher’s exact test. Two-sided P < 0.05 was considered
statistically significant.

Results
Somatic mutations in newly diagnosed ALL patients
To better understand the landscape of somatic mutations
in Chinese children with ALL, we performed targeted se-
quencing of 140 pediatric ALL patients (114 B-ALL and 26
T-ALL) with matched germline and diagnostic samples.

The average sequencing coverage reached 634.06X (range
109.17X~ 1149.39X) and 128.43X (45.58X~ 500.37X), re-
spectively, in tumor and control samples, which allowed ac-
curate determination of mutant allele fractions and somatic
mutation analysis (Figure S1A). In total, we detected 2193
somatic SNVs, 87 deletions and 56 insertions in the 950 se-
quenced genes. The average number of somatic mutations
detected was 8.8 (range 0~78) per patient, including the
nonsynonymous and synonymous mutations. We found no
correlation between the number of mutations and gender,
age, and initial white blood cell (WBC) counts. There was a
trend towards more somatic mutations in T-ALL (average
8.0) than in B-ALL (average 6.0), although no significant
difference (P = 0.267) was achieved plausibly because of
limited sample size (Figure S1B). Basic characteristics of pa-
tients are described in Table S4.
Mutational spectrum analysis revealed that C > T

single-base substitution was the dominant mutational
event, which has been observed in all common cancer
types and is likely caused by a spontaneous endogen-
ous deamination process [22, 23]. By comparison, we
found that B-ALL and T-ALL showed the highest
rates of C > T (39.5%) and T > C (26%) substitutions,
respectively (Figure S1C). The allele fractions (AFs) of
SNVs were binomially distributed with a major peak
around AF 0.15 (Figure S1D), suggesting a large frac-
tion of somatic mutations were from the subclones.

Mutational landscape of pediatric ALL
To identify the somatic mutations of potential pathogen-
icity in ALL, we excluded several genes whose protein se-
quences and structural changes were not predicted to be
deleterious (materials and methods). Based on 261 (25.9%)
of the non-silent mutations predicted to be deleterious,
we estimated the mutation prevalence and found that re-
currently mutated genes with a mutation prevalence over
5% included KRAS (8.76%), NRAS (6.4%), FLT3 (5.7%) and
KMT2D (5.0%) in childhood ALL. The most frequently
mutated genes were members of the Ras signaling path-
way (KRAS, NRAS, FLT3, NF1, PTPN11), especially in
HeH, where 50% mutations occurred in the Ras pathway.
In 30 HeH patients, FLT3 had the most recurrent muta-
tions with a mutation prevalence of 20, and 75% FLT3
mutations occurred in HeH.
We observed obvious differences in terms of muta-

tional landscape between B-ALL and T-ALL patients.
The most frequently mutated genes were KRAS (11.4%),
NRAS (7.0%), FLT3 (7.0%), and KMT2D (5.3%) in B-
ALL, whereas NOTCH1 (23.1%), FBXW7 (23.1%), PHF6
(11.5%) and PTEN (11.5%) were enriched in T-ALL. The
most prevalent mutations were enriched in the Ras sig-
naling pathway (KRAS, NRAS, FLT3, NF1) and Notch
pathway (NOTCH1, FBXW7) in B-ALL and T-ALL, re-
spectively (Fig. 1). We also found that somatic mutations
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in the Ras signaling pathway displayed a similar pattern
in which few mutations coexisted in patients with recur-
rent translocations (i.e., ETV6-RUNX1, BCR-ABL1,
MLLr and TCF3-PBX1). However, mutations in the
Notch signaling pathway were often shown in patients
with fusions of SIL-TAL1 and MLLr (Table 1). When
further calculating the number of pathogenetic genes
within ALL subtypes, we found that two patients with
intrachromosomal amplification of chromosome 21

(iAMP21) had a higher mutation burden (11.5/patient),
however, the sample size is limited and the results need
to be verified.

Recurrently targeted pathways in pediatric ALL
Mutations in the Ras signaling pathway were more
abundant in B-ALL
The most frequently mutated genes were members of
the Ras signaling pathway, and Ras mutations were more

Fig. 1 Mutational landscape of newly diagnosed 140 pediatric ALL patients. Heatmap diagram showing genomic data of 140 ALL patients, each
of which is represented by a column, and each row represents a gene. Each color box indicates a type of mutation
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abundant in B-ALL. The well-known hotspot mutations
in the Ras genes included G12C/D/S/V (KRAS = 4;
NRAS = 5), G13D/S/V (KRAS = 2; NRAS = 3), Q61K/H
(KRAS = 1; NRAS = 1) and other mutational sites, such
as A146T/P (KRAS = 3) and K117N (KRAS = 1). Interest-
ingly, we found that one patient harbored both KRAS
(G12C) and NRAS (G12D) mutations simultaneously

with AFs less than 0.2, implying that at least two
leukemia clones existed (Figs. 1 and 2a), however the pa-
tient with primary bone marrow blasts more than 97%.
FLT3 plays a key role in hematopoietic cell growth

and survival, which codes for a cell surface tyrosine kin-
ase receptor. It was the most frequently altered gene in
HeH in our research, and somatic mutations in FLT3

Table 1 Genetic subtypes and number of pathogenetic mutations in ALL patients (n = 140)

Subtypea No. of patients No. of mutations Per patients Patients with Ras mutationsb Patients with Notch mutationsc

ETV6-RUNX1 31 2.1 (0~20) 3 (9.7%) 0 (0%)

HeH 30 1.6 (0~5) 15 (50.0%) 0 (0%)

BCR-ABL1 9 0.8 (0~2) 1 (11.1%) 0 (0%)

EVI1 6 0.7 (0~1) 1 (16.7%) 0 (0%)

SIL-TAL1 5 2.8 (0~5) 0 (0%) 2 (40%)

MLLr 4 1.8 (0~5) 0 (0%) 1 (25%)

TCF3-PBX1 3 0 0 (0%) 0 (0%)

iAMP21 2 11.5 (1~21) 1 (50.0%) 0 (0%)

Hypodiploidy 2 1.0 (0~2) 0 (0%) 0 (0%)
aHeH High-hyperdiploid (51~67 chromosomes), iAMP21 Intrachromosomal amplification of chromosome 21
b Number of significant mutations in the genes KRAS, NRAS, FLT3, NF1 and PTPN11
c Number of significant mutations in the genes NOTCH1 and FBXW7

Fig. 2 Recurrent somatic mutations in diagnostic ALL patientsSchematic of protein structures showing mutations recurrently identified in
diagnostic ALL samples. Proteins involved in the Ras pathway (a), Notch pathway (b), Epigenetic regulators (c) and cell cycle (d).
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predominantly occurred in the tyrosine kinase domain
and juxtamembrane domain, with the D835 residue as
the most frequently mutated site [24]. Here, we identi-
fied several novel recurrent mutational sites in the kin-
ase domain (D835A, Y842S, R845G) and in the
transmembrane region (V592A, V592D, V592F), which
may be involved in the regulation of FLT3 dimerization
and self-activation. No FLT3-ITD mutations were de-
tected in the entire cohort (Fig. 2a).
In addition, loss-of-function mutations in the Ras sig-

naling negative regulator (NF1) occurred in 2 patients:
R1306X (nonsense mutation) and R652 Vfs*36 (frame-
shift mutation). PTPN11 encodes a phosphatase that
modulates signaling from upstream receptor tyrosine
kinase and the Ras genes. In our cohort, we identified
only a mutation (G60S) in PTPN11 reported as patho-
genic in Noonan syndrome [25] in one patient. Janus
kinase family members were also mutated, and novel
JAK1 mutations were found in 3 patients (1 B-ALL and
2 T-ALL), S703I, D604Y and L910P.

Mutations in the notch signaling pathway were more
common in T-ALL
In our cohort, T-ALL comprised 18.6% (n = 26) of ALL
patients, and the most commonly mutated genes included
NOTCH1 (23.1%), FBXW7 (23.1%), PHF6 (11.5%), PTEN
(11.5%) and JAK1 (7.7%). The Notch signaling pathway,
with the most common abnormality in T-ALL, has im-
portant roles in hematopoiesis, angiogenesis, cell prolifera-
tion, apoptosis and T cell development. We identified 6
NOTCH1 mutations, including 4 novel missenses (l1678P,
A375G, R1598P and I1616N) and 2 frameshift mutations
(Q1455 L fs*25, V2433G fs*35), with the majority of muta-
tions in the heterodimerization domain (HD) (e.g.,
R1598P, I1616N and L1678P), which led to constitutive
activation of the Notch pathway (Fig. 2b).
Six unique mutations in FBXW7, a component of the

E3 ubiquitin ligase complex that controls protein turn-
over, occurred in 23.1% of T-ALL cases. The well-
appreciated activating hotspot mutations R505C (two
cases), D399G (one case) in the WD domain, and several
novel mutations were identified (Fig. 2b). Notably, two
cases (7.7%) included both NOTCH1 and FBXW7 muta-
tions, and two cases included both NOTCH1 and PHF6
mutations. In addition, a hot spot of the in-frame dele-
tion mutation at codon 6 in NOTCH2, another member
of the Notch family, was observed in 4 cases (3 B-ALL, 1
T-ALL) (Fig. 2b).

Alterations in epigenetic regulations
Members of the histone methyltransferase MLL family
were mutated frequently. KMT2A, known as myeloid/
lymphoid or mixed-lineage leukemia (MLL), is a well-
recognized leukemia-related gene and is rearranged in

approximately 75% of infants with B-ALL, particularly in
those less than 6 months of age [26]. However, the role
of other MLL family members in hematological malig-
nancy has not been fully established. In our cohort, we
found that KMT2D, was the most frequently mutated
epigenetic factor. Strikingly, KMT2D displayed a higher
proportion of inactivating mutations (2 nonsense muta-
tions, 4 frameshift mutations, and 2 missense mutations)
(Fig. 3a). This result implied that inactivating mutations
lead to a loss of function in a potential tumor
suppressor.
However, the function of KMT2D in leukemia pathogen-

esis remains uncharacterized. By examining the gene ex-
pression in our patients and related ONCOMINE data
(retrieved from GSE13159, the European Leukemia Net-
work), we found that the KMT2D gene was highly
expressed in both datasets (Fig. 3b, c) [27, 28]. To investi-
gate the functional consequences of the loss-of-function
mutations of KMT2D in ALL, we stably downregulated the
expression of KMT2D in Nalm-6 cells using shRNA-
mediated gene knockdown approach. We found that all 3
shRNA sequences significantly reduced the expression of
KMT2D at the mRNA transcript levels (Fig. 3d) and that
KMT2D knockdown cells exhibited a significant decrease
in the cell numbers from day 4 (Fig. 3e). Consistently,
downregulation of KMT2D promoted the apoptosis of
Nalm-6 cells (early stage and late stage, Fig. 3f) and inhib-
ited cell proliferation (significantly increased cell numbers
in G0/G1 phase fraction and concomitant decreased in S
phase fraction, Fig. 3g). Next, we performed RNA sequen-
cing in both KMT2D knockdown and control Nalm-6 cells
to examine transcriptomic changes caused by suppression
of KMT2D. Significantly, 94 genes were upregulated in the
KMT2D knockdown cells compared with the control cells,
whereas 193 genes were downregulated (Fig. 3h). Gene
ontology analysis revealed that differentially expressed
genes were enriched in immune response, cell plasma
membrane and T cell differentiation (Fig. 3i). Using quanti-
tative real-time PCR, we validated the expression changes
of several key genes involved in hematopoietic development
and immune regulation, including POU2F2, TMPRSS3,
TSPAN8, IL21R downregulated, and BCL6, ETV5, ZNF521,
HSH2D upregulated in KMT2D knockdown cells (Fig. 3g,
Table S3). Together, these findings underscored the critical
role of the KMT2D gene in lymphoid malignancy and pro-
vided a potential therapeutic target for this cancer.
SETD2 mutations occurred in 2.6% of B-ALL cases

and approximately 70% of the SETD2 lesions were likely to be
loss-of-function mutations, including the nonsense mutation
(C2525X), frameshift mutations (S165Lfs*12, A158Dfs*13,
S1572Xfs*1) and splice site mutations (c.4715(exon5),
c.4715+ 1(IVS5) ins TTTTATGAT) (Fig. 2c). Muta-
tions in CREBBP occurred in 2 B-ALL patients at 2
new mutational sites (Y1450D, A1473T) (Fig. 2c) in
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Fig. 3 (See legend on next page.)

Zhang et al. BMC Cancer          (2020) 20:211 Page 7 of 11



the HAT domain. Inactivating mutations of PHF6 oc-
curred in 3 T-ALL patients, and 2 cases with PHF6
mutations co-occurred with NOTCH1 mutations.
However, EZH2 mutations in the catalytically active
SET domain in 2 B-ALL patients, coexisting with
ETV6 mutations (Figure S2). SUZ12 mutations oc-
curred in only one T-ALL patient, with two types of
somatic mutations, and coexisted with KMT2D and
TP53 mutations, suggesting a potential interplay of
these genes in the pathogenesis.

Transcription factors and cell-cycle pathway
Transcription factors ETV6 and PAX5 are essential for
hematopoietic and lymphoid differentiation. In our co-
hort, ETV6 mutations were identified in 4 ALL cases,
and PAX5 mutations were uncovered exclusively in 2 B-
ALL cases (Table S5). Other mutated genes are mainly
involved in the cell-cycle pathway, including TP53 and
PTEN. TP53 mutations had 4 different types in its DNA-
binding domain, including well-known hotspot R273H
and other new mutations (Y205D, H179Mfs*68, S166X),
these mutations occurred in TP53 DNA-binding domain
may also inactivate TP53 by affecting its DNA-binding
ability [29]. We also found 6 different mutations in
PTEN (the tumor suppressor phosphatase and tensin
homolog) in 3 T-ALL cases (Fig. 2d), as described
tumor-associated mutations may occur in all PTEN
domains.
In addition, other mutations, including NBPF10 (n = 7),

MDC1 (n = 2) and CCND3 (n = 1), were also found in our
research (Table S5). The majority of mutations were mis-
sense mutations and could be found in other studies, sug-
gesting that these mutations also had significant meaning
in ALL.

Discussion
In this study, we performed a genetic mutational analysis
of Chinese children with ALL and identified an abun-
dance of somatic mutations in essential genes, many of
which were likely deleterious and may contribute to the
pathogenesis of ALL. Although many of the most fre-
quent mutations in pediatric ALL have been described
previously, we identified distinct mutational characteris-
tics and influenced different signaling pathways between

B-ALL (Ras pathway) and T-ALL (Notch pathway) in
this Chinese cohort. Ras pathway mutations were recur-
rent in pediatric B-ALL [24, 30, 31], and the vast major-
ity of mutations occurred in KRAS, NRAS, FLT3 and
NF1, revealing a central role of these genes in pediatric
B-ALL. Ras genes mutational sites included G12C/D/S/
V, G13D/S/V, Q61K/H, A146T/P and K117N, which
were also identified in the study by Ding LW, et al. [32],
suggesting that these mutational sites were common in
Asian. one patient occurred KRAS and NRAS mutation
simultaneously, these two mutations were close enough
to be spanned by the same read-pair allowing the deter-
mination if the mutations are on either the same or dif-
ferent alleles [32]. We also found that 75% high-
hyperdiploid possessed FLT3 mutations, which higher
than 25% incidence as previous studies [33, 34], indicat-
ing a higher incidence in the Chinese patients with ALL
associated with hyperdiploidy. Consistent with previous
reports [20, 35], we also observed a high incidence of
Ras pathway mutations in high-hyperdiploid patients
with low mutation rates in TCF3-PBX1 and MLL re-
arrangement cases. Similar research was showed that B-
ALL patients carrying any of the recurrent translocations
ETV6-RUNX1, BCR-ABL or TCF3-PBX1 harbored few
mutations compared to the other B-ALL patients [36].
Overall, this further underscores the crucial role of RAS
mutations in ALL and highlight the genetic heterogen-
eity of pediatric ALL.
In our cohort, NOTCH1 mutations occurred in 23.1%

of T-ALL cases, which was significantly lower than pre-
viously reported values [26, 29]. However, it is interest-
ing that 2 cases with PHF6 mutations co-occurred with
NOTCH1 mutations and were significantly correlated
with the NOTCH1 mutation in Chinese adult T-ALL
(PHF6 mutNOTCH1mut vs PHF6 wtNOTCH1mut,
75.0% vs 44.2%; P = 0.035) [37]. This discrepancy could
be caused by the limited number of T-ALL cases en-
rolled in this study (n = 26), or possible coverage bias
impairing ability to call gene sequence [38], and the de-
tection of sequence mutations in ALL was insufficient.
Frequently, some genes are affected by more than one
type of alterations such as point mutation, copy number
alterations (CNAs), focal aberrations/small insertions/
deletions (INDEL), or structural variations (SVs). So,

(See figure on previous page.)
Fig. 3 KMT2D is a key oncogene in pediatric ALL. a Mutational diagram of KMT2D. PHD, plant homeodomain; HMG, high mobility group domain;
SET, Su (var)3–9 Enhancer of zeste and Trithorax domain; FYR, FY-rich domain. b Increased KMT2D mRNA expression in ALL samples. **, P < 0.01. c
Higher expression levels of KMT2D in ALL data (retrieved from GSE13159). d Generation of Nalm-6 cells with stable knockdown of KMT2D. Three
shRNA sequences displayed significant suppression of KMT2D expression. ***, P < 0.001. e, f, g Evaluation of the effect of KMT2D knockdown
Nalm-6 cells on cell proliferation, cell apoptosis and cell cycle. *, P < 0.05; **, P < 0.01; ***, P < 0.001, N.S., no significance. h Volcano plot depicting
differentially expressed genes between the KMT2D knockdown and control groups. i Bubble chart depicts Gene Ontology (GO) functional
enrichment analysis of differentially expressed genes. g RT-qPCR analysis of selected genes identified as differentially expressed in RNA
sequencing. GAPDH was used as an endogenous control to normalize for RNA quality. *, P < 0.05; **, P < 0.01; ***, P < 0.001, N.S., no significance
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only one type of analysis lead to the underestimation of
the mutation frequency of NOTCH1. Similarly, we
underestimated the mutation frequencies of CDKN2A/
2B, ETV6 and PAX5, due to lack of analysis of somatic
copy number gains or losses. Copy losses of CDKN2A/
2B (9p21), PAX5 (9p13) and ETV6 (12p13) were preva-
lent in children, while copy gains of RUNX1 (21q22.3)
were more enriched in children [39]. So, large deletion,
amplification and structural variant should be warranted;
no single type of sequencing is capable of detecting the
same alterations; WES is useful for point mutation in-
vestigation, whereas WGS can reveal SVs. Besides, NGS
is increasingly being used to monitor drug response and
treatment toxicity [40], contributing to the refinement of
diagnosis and prognosis for 34% of patients with
hematologic malignancies and blood disorders [41]. In-
corporating pharmacogenomics and pharmacotranscrip-
tomics can provide an enormous of molecular markers
responsible for the efficacy, side effects, and toxicity of
the chemotherapeutic drugs to improve the treatment
protocols [42]. Then, utilizing genomic technology can
better management and potential improve the survival
rate in pediatric ALL patients.
In our findings, the most frequently mutated gene

of epigenetic regulators was KMT2D, which encodes
histone methyltransferase for methylates the Lys-4
position of histone H3, and its mutation can cause
Kabuki syndrome, an autosomal dominant disease
[43]. KMT2D is a key regulator of transcriptional en-
hancer function and plays an important role in main-
taining genomic stability [44], and it is mutated in a
large number of different cancers (e.g., diffuse large B
cell lymphoma, small cell undifferentiated lung can-
cer, and medulloblastoma) [45–47]. As KMT2D is a
predicted tumor driver gene in ALL [19] and it over-
expressed in ALL, when KMT2D is knocked down, it
significantly decreased leukemia cell growth, pro-
moted cell apoptosis, and inhibited cell proliferation.
A related study also showed that KMT2D was overex-
pressed in primary gastrointestinal diffuse large B cell
lymphoma (PGI-DLBCL) and appeared as a prognos-
tic factor for patients older than 60 years old [48].
KMT2D overexpression was observed in esophageal
squamous cell carcinoma (ESCC), predicting poor
clinical outcomes and facilitating ESCC tumor pro-
gression [49]. In addition, KMT2D can interact with
KMT2A in acute myeloid leukemia, its deletion re-
duced MLL-AF9 leukemia cell survival, and the code-
letion of both KMT2A and KMT2D resulted in more
severe reductions in survival, proliferation, and gene
expression than either individual gene deletion [50].
Hence, the KMT2D gene plays an important role in
hematological tumors and may act as a drug target in
MLL-rearranged leukemia. However, there existed

limitation in our research, the off-target effect re-
mains one of the major obstacles in KMT2D-shRNA
experiment and it is insufficient to research the func-
tion of KMT2D in ALL. So, we should generate a
KMT2D knock-out cells by CRISPR-Cas9-mediated
genome editing to demonstrate its potential molecular
pathogenesis in ALL in the future study.
As the main part of this study, we intend to show the

genomic landscape of pediatric ALL from a single center
in China, and our results provided a substantial number
of genetic variants contributing to accumulate genetic
data of Chinese children and explore molecular determi-
nants in the future. However, there are some limitations
in the present study. The number of patients enrolled in
the present study was limited, and sample selection may
be biased, which may contribute to the discrepancies in
the findings between our study and others, and collab-
orative efforts with larger sample sizes are needed.
Structural alterations may play important roles in
leukemogenesis; thus, the absence of this information
leads to incomplete understanding of the genetic basis of
ALL. More comprehensive approaches, such as WGS,
RNA-seq, pharmacogenomics and pharmacotranscrip-
tomics, and larger integrative studies, can be warranted
to dissect the underlying complexity of ALL in the fu-
ture. The frequencies and distributions of abnormalities
of ALL patients between children and adult, Chinese
and western should further be compared in a larger
cohort.

Conclusion
This study provided further insights into the genetic
basis of ALL and strengthened that Ras mutations were
predominant in childhood ALL, especially in the subtype
of high-hyperdiploid. These findings have major implica-
tions for understanding the genomic complexity of ALL
and also have direct implications for the clinical man-
agement of ALL.
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