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Leukemia is one of the most common cancers in children; and its genetic
diversity in the landscape of acute lymphoblastic leukemia (ALL) is important
for diagnosis, risk assessment, and therapeutic approaches. Relapsed ALL remains
the leading cause of cancer deaths among children. Almost 20% of children who
are treated for ALL and achieve complete remission experience disease
recurrence. Relapsed ALL has a poor prognosis, and relapses are more likely
to have mutations that affect signaling pathways, chromatin patterning, tumor
suppression, and nucleoside metabolism. The identification of ALL subtypes has
been based on genomic alterations for several decades, using the molecular
landscape at relapse and its clinical significance. Next-generation sequencing
(NGS), also known as massive parallel sequencing, is a high-throughput, quick,
accurate, and sensitive method to examine the molecular landscape of cancer.
This has undoubtedly transformed the study of relapsed ALL. The implementation
of NGS has improved ALL genomic analysis, resulting in the recent identification
of various novel molecular entities and a deeper understanding of existing ones.
Thus, this review aimed to consolidate and critically evaluate the most current
information on relapsed pediatric ALL provided by NGS technology. In this phase
of targeted therapy and personalized medicine, identifying the capabilities,
benefits, and drawbacks of NGS will be essential for healthcare professionals
and researchers offering genome-driven care. This would contribute to precision
medicine to treat these patients and help improve their overall survival and
quality of life.
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1 Overview of relapsed acute lymphoblastic
leukemia (ALL)

ALL is the most prevalent hematological malignancy in children (Roy et al., 2005;
Reismüller et al., 2009). The cell/disease arises from the clonal proliferation of lymphoid
stem or progenitor cells that have been halted in their maturation, with more than 80% of
these cells coming from B-cell progenitors (Hunger and Mullighan, 2015). ALL is

OPEN ACCESS

EDITED BY

Gokce Toruner,
University of Texas MD Anderson Cancer
Center, United States

REVIEWED BY

Lisa Lansdon,
Children’s Mercy Kansas City, United States

*CORRESPONDENCE

Hamidah Alias,
midalias@ppukm.ukm.edu.my

RECEIVED 01 March 2024
ACCEPTED 17 May 2024
PUBLISHED 04 June 2024

CITATION

Mohd Nippah NF, Abu N, Ab Mutalib NS and
Alias H (2024), Advances in next-generation
sequencing for relapsed pediatric acute
lymphoblastic leukemia: current insights and
future directions.
Front. Genet. 15:1394523.
doi: 10.3389/fgene.2024.1394523

COPYRIGHT

©2024MohdNippah, Abu, AbMutalib and Alias.
This is an open-access article distributed under
the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic practice.
No use, distribution or reproduction is
permitted which does not comply with these
terms.

Frontiers in Genetics frontiersin.org01

TYPE Mini Review
PUBLISHED 04 June 2024
DOI 10.3389/fgene.2024.1394523

https://www.frontiersin.org/articles/10.3389/fgene.2024.1394523/full
https://www.frontiersin.org/articles/10.3389/fgene.2024.1394523/full
https://www.frontiersin.org/articles/10.3389/fgene.2024.1394523/full
https://www.frontiersin.org/articles/10.3389/fgene.2024.1394523/full
https://www.frontiersin.org/articles/10.3389/fgene.2024.1394523/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fgene.2024.1394523&domain=pdf&date_stamp=2024-06-04
mailto:midalias@ppukm.ukm.edu.my
mailto:midalias@ppukm.ukm.edu.my
https://doi.org/10.3389/fgene.2024.1394523
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/journals/genetics#editorial-board
https://www.frontiersin.org/journals/genetics#editorial-board
https://doi.org/10.3389/fgene.2024.1394523


characterized by recurrent structural chromosomal changes. Many
molecular markers have been found to stratify risk and determine
prognosis as cytogenetic changes or molecular abnormalities are
relatively common and play pivotal roles in ALL progression (Zhang
et al., 2020).

Patients with ALL are divided into standard- and high-risk
groups. Risk stratification facilitates the selection of treatment
regimens; however, high-risk patients continue to achieve worse
outcomes despite receiving more intense therapy (Bohannan et al.,
2022). B-precursor leukemia is highly prevalent in children aged
between 2 and 5 years, whereas T-ALL most likely occurs in older
children at 9 years old (Chan, 2002; Malard and Mohamad, 2020).
Younger children perform more effectively in terms of treatment
response than older pediatric patients. In contrast, adult patients
with ALL perform much worse than children and have a
poor prognosis.

With more than 90% long-term survival in high-income
countries, the latest advancements in pediatric ALL treatment
have significantly improved outcomes (Hunger et al., 2012; Jeha
et al., 2019). A combination of drugs and distinct mechanisms of
action is needed for effective intense chemotherapy (Malard and
Mohamad, 2020), accompanied by thorough outpatient post-
remission therapy and followed by continuous low-intensity
maintenance chemotherapy to avoid recurrence (Oshima et al.,
2020). Nevertheless, patients who experience leukemia relapse
often have poor clinical outcomes due to treatment resistance
(Ching-Hon Pui and William, 2006; Bhojwani and Pui, 2013).

Next-generation sequencing (NGS) has been recently used to
perform genomic profiling of various pediatric ALL subtypes
(Mullighan et al., 2007; Holmfeldt et al., 2013; Lindqvist et al.,
2015; Ma et al., 2015; Paulsson et al., 2015). Multiple germline
genetic variations and somatic changes have been discovered in
newly diagnosed and relapsed pediatric ALL or in particular
subtypes, which possibly have prognostic consequences
(Lindqvist et al., 2015; Paulsson et al., 2015). The
characterization of molecular landscapes will provide information
on tumor categorization, enabling the development of more efficient
treatment regimens and the improvement of patient survival rates.
Thus, NGS would be a useful tool for investigating the molecular
landscape of relapsed ALL that can lead to therapy-related insights.

2 Overview of next-generation
sequencing technology

It is important to note that NGS is a revolutionary sequencing
technology that has superseded Sanger sequencing, which was
initially described in 1977 (Sanger et al., 1977). Technical
developments in these sequencing techniques have automated the
processes and increased the capacity of sequencing to several
thousand base pairs in a single run by substituting fluorescent
dyes with radioactive dyes and gel electrophoresis with capillary
array electrophoresis (Lohmann and Klein, 2014). These features
enabled the use of NGS approaches in various fields, including
whole-genome sequencing (WGS), whole-exome sequencing (WES/
ES), variant calling (VC), targeted sequencing (TS), and
transcriptome sequencing or RNA-seq (Rabbani et al., 2012;
Xuan et al., 2013).

WGS involves an examination of the whole nucleotide sequence
of a genome (Gkazi, 2021). It has been used in cases where genotype
comparison and comprehensive analysis of the genome are
necessary, such as when investigating rare disorders (DeWitt,
2020). WGS provides a detailed overview of the cancer genome,
which includes analysis of the noncoding regions and the types of
somatic and germline mutations, nucleotide substitutions, small
insertions, and deletions, copy number variations (CNVs), and
chromosomal rearrangements (Meyerson et al., 2010). WGS
enables a more detailed analysis that can provide a fuller picture
despite the higher, though constantly declining, costs and the
associated challenges in data analysis (Gkazi, 2021).

WES is a method of TS that only focuses on the protein-coding
exons of the genome (Rabbani et al., 2014). This allows for more
specific investigation in these areas as they only make up about 2% of
the human genome (Gkazi, 2021). For the analysis of protein-coding
genes in a genome,WES is a quick and affordable method frequently
used for tumor-normal sequencing (DeWitt, 2020). WES focuses on
the roughly 30 million base pairs translated into functional proteins,
where mutations are often expected to exert a severe direct
phenotypic effect (Bertier et al., 2016). WES can be a more
affordable alternative to WGS and minimize the volume and
complexity of the sequencing data produced as a result of the
reduced sequencing burden. However, merely sequencing a
portion of the genome, can cause important information to be
overlooked and limit the chance of discoveries (Gkazi, 2021).

WES and WGS are useful approaches in genomic studies, but
each has advantages and limitations (Atha, 2023). WES is a practical
method for studying exonic regions, as the exome contains more
than 80% of disease-causing mutations, even though it is only a
relatively small section of the genome (Antonarakis et al., 1995; Choi
et al., 2009). By focusing on the exome, WES produces considerably
fewer datasets than WGS because less sequencing is required,
making the data analysis process simpler and reducing the costs
associated with data storage and sequencing. However, one
significant drawback of WES is that it cannot cover most of the
genome and some exome, which means that significant variations
may go unnoticed (Atha, 2023). In contrast, WGS covers the entire
genome, but this comprehensive coverage increases the processing
costs and may outweigh the potential cost reductions from WES’s
partial genome coverage. Moreover, the use of WES limits the ability
of researchers to reanalyze data retrospectively because notable
variations in non-coding regions can be detected over time
(Atha, 2023).

WGS is a more robust and complete technique since it includes
data from both coding and non-coding areas. Variants in non-
coding areas can impact genes that would not be detected in WES in
terms of expression or splicing. The benefits of long-read sequencers
inWGS underscore its capacity to provide supplementary regulatory
data, such as 5mC, that is not available in WES (Atha, 2023).
Compared to WES, which occasionally suffers from unequal
probe coverage, WGS provides more reliable and precise
coverage of exonic regions. WGS is more efficient and involves
fewer steps in the wet lab workflow, which may make it better suited
for validation in subsequent clinical contexts. Notwithstanding these
many benefits, WGS is more expensive than WES because it
demands more sequencing. Additionally, it generates a
significantly higher number of data, necessitating the use of

Frontiers in Genetics frontiersin.org02

Mohd Nippah et al. 10.3389/fgene.2024.1394523

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2024.1394523


TABLE 1 Latest major research on the use of next-generation sequencing (NGS) in relapsed acute lymphoblastic leukemia (ALL).

No. Authors Samples analyzed Type of NGS
approach

Main findings

1 Vesely et al. (2017) DNA or frozen viable cells from 41 significant clone
fusion-positive BCP-ALL patients with 19 matched
diagnosis/relapse pairings for WES

WES, RNA-seq • In 76% of cases at diagnosis and nearly all
relapses, a range of frequently subclonal,
extremely unstable, and JAK/STAT as well as
RTK/Ras pathway-activating mutations were
found

• IKZF1 alterations increased from 36% to 58% in
matched patients and were more prevalent in
relapsed cases (p = 0.001)

2 Ding et al. (2017) DNA samples from 240 pediatric ALL patients with their
matched remission samples

WES, TS • The RAS/receptor tyrosine kinases, epigenetic
regulators, transcriptional factors involved in
lineage commitment, and p53/cell cycle pathway
were among the groups of genes that were often
altered

• The tyrosine kinase FLT3 (K663R, N676K) and
the epigenetic regulators; WHSC1(E1099K) and
CREBBP (R1446C/H) were shown to have specific
recurring mutational hotspots

• The epigenetic regulator ARID1A and
transcriptional factor CTCF were effectively
found as potential tumor suppressors, whereas
the mutant WHSC1 was identified as a gain-of-
function oncogene

3 Kimura et al.
(2019)

30 cases of matched T-ALL and normal (samples in the
complete-remission phase) pairs, including 11 trios
comprising samples at relapse, samples at diagnosis, and
normal samples

WES • NOTCH1/FBXW7 abnormalities were found in
73.3% (diagnosis) and 72.7% (relapse) of patients

• PEST alterations were more prominent in
patients with relapse (p = .045) than in nonrelapse
patients at diagnosis

• In 2 out of 11 diagnosis–relapse paired cases
studied, NOTCH1 “switching” was found, which
is affected by unique NOTCH1 mutations in the
main clone between diagnostic and relapse
samples

4 Zhang et al. (2020) BM samples were obtained at the time of diagnosis and
matched with remission samples from 140 Chinese
pediatric ALL patients

Targeted exome
sequencing

• B-ALL patients showed the most mutated genes
of KRAS, NRAS, and FLT3 whereas T-ALL
patients enriched with NOTCH1, FBXW7, and
PHF6 mutations

• Among 18 altered genes, SETD2 and TP53
mutations were more common in female patients
(p = 0.041), NOTCH1 and SETD2 mutations had
higher initial WBC counts (p = 0.041), and JAK1
mutations had higher (MRD) levels after
induction chemotherapy

• Initial WBC counts, MLLr, and TP53 mutations
were identified as independent risk factors for 3-
year relapse-free survival (RFS) in ALL via
multivariate analysis

5 Hoell et al. (2019) Leukemic blasts (DNA) from 10 children with post-allo-
SCT relapses

WES • Genetic lesions in post-allo-SCT ALL relapses are
quite varied and typically patient-specific

• Mutational cluster analysis showed significant
clonal dynamics throughout leukemia, from the
initial diagnosis to relapse post-allo-SCT

• Detected TP53mutations in 4 of 10 patients post-
allo-SCT

• Genetic alterations were detected in 9 out of
10 children with post-allo-SCT relapse

6 Sentís et al. (2020) Samples were obtained at the time of diagnosis and
relapse from 19 adult patients with T-ALL

WGS • Before the primary T-ALL is diagnosed, the
relapse clone first appears

(Continued on following page)
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TABLE 1 (Continued) Latest major research on the use of next-generation sequencing (NGS) in relapsed acute lymphoblastic leukemia (ALL).

No. Authors Samples analyzed Type of NGS
approach

Main findings

• In at least 14 of the 19 patients, the population of
relapse leukemia established at the time of
diagnosis contained more than 1 but fewer than
108 blasts through the doubling time of the
leukemic population

7 Waanders et al.
(2020)

Tumor samples from 92 cases of relapsed pediatric ALL WGS, WES, RNA-seq • 50 Major mutational targets with unique
mutational acquisition or enrichment patterns
have been found

• CREBBP, NOTCH1, and RAS signaling mutations
developed from diagnostic subclones, whereas
NCOR2,USH2A, andNT5C2 variations were only
detected during relapse

8 Li et al. (2020) 103 Diagnosis–relapse–germline trios and ultra-deep
sequencing of 208 serial samples in 16 patients

WES • 12 Genes associated with drug response were
enriched for relapse-specific somatic changes

• Two unique relapse-specific mutational
signatures were observed in early and late
relapses, which were attributed to thiopurine
treatment

• NT5C2, PRPS1, NR3C1, and TP53 acquired
resistance mutations accounted for 46% of the
new signatures observed in 27% of relapsed ALLs

9 Yu et al. (2020) BM samples from eight matched
diagnosis–remission–relapse triplicate ALL samples

WES • Relapse-specific mutations in the gene for FPGS
were observed in one patient

• Six patients had NT5C2 mutations, two had
PRPS1 mutations, and two had three additional
FPGS mutations

• One patient had both NT5C2 and PRPS1
mutations

10 Oshima et al.
(2020)

DNA and leukemia lymphoblast samples from 175 ALL
patients were obtained at diagnosis, at remission, and
after relapse

WGS, WES, RNA-seq • JAK1 and JAK3 mutations were found to be co-
occurring in T-ALL at diagnosis and also JAK1
and WHSC1 mutations after relapse

• SETD2 mutations and ETV6 deletions, as well as
NRAS and CREBBPmutations upon relapse, were
all significantly associated with one another in
B-precursor ALL

• The well-known oncogenes and tumor
suppressors with recurring somatic mutations
detected at diagnosis were KRAS, NRAS, and
PTPN11 in B-cell precursor ALL and NOTCH1,
FBXW7, and MYC in T-ALL

• Recurrent somatic TP53, NT5C2, and CREBBP
mutations that occur mostly or exclusively during
relapse

11 Sayyab et al. (2021) BM or blood samples were collected at diagnosis,
remission, and relapse from 29 patients with ALL and
were analyzed, including 2 consecutive relapse samples
from 9 patients

WGS, RNA-seq • A higher burden of somatic mutations was
observed at relapse than at diagnosis and at the
second relapse than at the first relapse

• Discovered probable nonprotein-coding
mutations in the regulatory domains of an
additional seven genes, in addition to the
29 known ALL-driver genes, 9 of which had
recurring protein-coding mutations in the
sample set

• Three unique evolutionary paths were found
throughout the ALL progression from diagnosis
to relapse via cluster analysis of hundreds of
somatic mutations per sample

(Continued on following page)

Frontiers in Genetics frontiersin.org04

Mohd Nippah et al. 10.3389/fgene.2024.1394523

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2024.1394523


specialist bioinformatics tools. Consequently, compared toWES, the
analysis process is substantially longer and needs more storage
(Atha, 2023).

In addition, the emergence of NGS has revolutionized studies on
cancer transcriptomics (Nones and Patch, 2020). RNA sequencing
(RNA-seq) is a promising NGS tool that can concurrently detect
cryptic gene rearrangements, sequence alterations, and gene
expression profiles. Although all these findings can be detected
from bulk RNA-seq, various bioinformatics algorithms must be
used to detect each one. RNA-seq has gradually become one of the
most effective techniques for genome-wide expression profiling. It
identifies some genetic changes that can potentially exert prognostic
and therapeutic effects but can be overlooked with more
conventional approaches (Tran et al., 2022).

NGS has been used in ALL research for more than a decade. It
has facilitated and improved the identification of important
molecular abnormalities (Suhaimi et al., 2016). Therefore, we
reviewed the most recent publications in this field (Table 1).

2.1 WGS reveals genetic events that
contribute to disease development

In 2020, both Li et al. (2020) and Sentís et al. (2020) performed
WGSwhich both focused on the somatic alterations observed during

diagnosis and relapsed stage for both B-ALL and T-ALL patients.
SNVs, indels, copy number variations (CNVs), and structural
variations (SVs) were identified. Li et al. (2020) reported that
12 genes were enriched in relapse-specific alterations, including
11 known relapse-related genes. Seven of the 12 genes showed
relapse-specific alterations in both B-ALL and T-ALL, whereas
PRPS1, MSH2, FPGS, CREBBP, and WHSC1 alterations were
exclusively observed in B-ALL. Sentís et al. (2020) compared the
mutational profiles of T-ALL and B-ALL patients of varying ages
and found no significant difference. However, slight variations were
observed between pediatric and adult malignancies. The study also
revealed that NOTCH1 and FBXW7 were overrepresented in both
pediatric and adult T-ALL as compared to B-ALL (Sentís
et al., 2020).

Waanders studied the genomic patterns and mutational
pathways that cause relapse in pediatric patients with relapsed
B-ALL and T-ALL (Waanders et al., 2020). Fifty genes were
enriched as mutational targets in relapsed diseases. Epigenetic
regulators such as PRDM2, PHF19, TET3, and SIN3A, were also
enriched in the relapse samples. Mutations observed in different
gene regulation pathways showed different frequencies of relapse-
enriched genes between B- and T-ALL, implying that distinct
biological mechanisms drive the genetic alterations responsible
for disease progression (Waanders et al., 2020). Oshima et al.
(2020) analyzed paired diagnostic and relapse samples from

TABLE 1 (Continued) Latest major research on the use of next-generation sequencing (NGS) in relapsed acute lymphoblastic leukemia (ALL).

No. Authors Samples analyzed Type of NGS
approach

Main findings

12 Antić et al. (2022) Samples from diagnosis, complete-remission, and relapse
from 12 pediatric BCP-ALL patients who experienced
very early BM relapse

WGS, WES • Detected an active clonal evolution in every case,
with relapse virtually always arising from a
subclone at diagnosis

• Found several driver mutations that might have
affected a minor clone at diagnosis to develop into
a significant clone at relapse

• The E1099K WHSC1 mutation, a hotspot
mutation repeatedly observed in other very early
TCF3–PBX1-positive leukemia relapses, was
present in two patients with TCF3–PBX1-positive
leukemia who experienced a very early recurrence

13 Shirai et al. (2022) DNA was extracted from tumor specimens at diagnosis
and paired blood samples at remission for six patients,
and tumor-only analysis was conducted for one patient
whose remission sample was unavailable

WES • Frequent alterations included 6q LOH and
KMT2D variants

• Out of the seven patients, 6q LOH was found
in two

• The two patients had a 6q deletion region that
spanned 6q12–6q16.3

14 Zou et al. (2022) About 283 patients were enrolled in the study. BM
samples were obtained from 25 patients at diagnosis and/
or on relapse for WES, and RNA-seq was performed for
6 patients at relapse

WES, RNA-seq • Two patients had detectable germline mutations,
TP53 or FLT3, 14 or 15 patients had somatic
mutations identified at diagnosis or relapse, and
five patients had unfavorable mutations, TP53,
CREBBP, and IKZF1

• Six patients had molecular abnormalities, and
three had reversed molecular abnormalities
(CREBBP, TP53, and P2RY-CRLF2); other
unreported genetic abnormalities in B-ALL,
including TPM4-KLF2 or NR3C1-CDC42
transcript, were also discovered

aWhole-genome sequencing (WGS); transcriptome sequencing (RNA-seq); whole-exome sequencing (WES); B-cell precursor acute lymphoblastic leukemia (BCP-ALL); allogeneic stem cell

transplantation (allo-SCT); bone marrow (BM).
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children and adults with B precursor and T-ALL. They found an
average of 27–34 coding mutations in diagnostic and relapse
samples, respectively. Mutational signatures associated with
microsatellite instability were observed along with significant
associations between certain mutations at diagnosis and relapse.
In T-ALL, they observed a significant co-occurrence of JAK1 and
JAK3 mutations (Oshima et al., 2020), which was similarly reported
in a previous study (Sentís et al., 2020), and an association between
WT1 and NRAS mutations, and between JAK1 and WHSC1
mutations at relapse (Oshima et al., 2020). In B precursor ALL, a
significant association was observed between SETD2 mutations and
ETV6 deletions and between NRAS and CREBBP mutations at
relapse (Oshima et al., 2020).

Antic et al. performed WGS on 10 samples from 2 pediatric
BCP-ALL patients with multiple relapses (Antic et al., 2021). They
detected 8,922 and 8,759 single-base substitutions and 686 and
646 indels in patients 1 and 2, respectively. Signatures for single-
base substitutions (SBS)2 and SBS13 were established at diagnosis
and persisted throughout disease progression (Antić et al., 2022).
Sayyab et al. (2021) studied eight subtypes of BCP-ALL, the B-other
subgroup, and T-ALL. They reported that somatic mutations
differed between subtypes and individual samples. Nine ALL-
driver genes had recurrent protein-coding mutations. In addition,
copy-number aberrations and deletions of 9p21.3 remained high
from diagnosis to relapse (Sayyab et al., 2021).

In summary, several investigations utilized WGS and analyzed
samples obtained during diagnosis and relapse stages to identify
somatic changes in different subtypes of ALL. The results of these
studies varied depending on their objectives, with different somatic
mutational patterns observed in pediatric and adult patients with
ALL based on the specific subtype of the disease.

2.2 WES reveals genetic variations
associated with relapsed ALL

In 2017, Vesely et al. (2017) analyzed WES data from
41 patients with leukemic BCP-ALL and found subclonal and
unstable JAK/STAT- and RTK/Ras pathway-activating mutations
in 76% of cases at diagnosis and almost all relapses. Because the
P2RY8–CRLF2 fusion, a JAK/STAT- or RTK/Ras pathway
mutation, or all three, was lost at relapse (Vesely et al., 2017).
Ding et al. (2017) later performed WES and TS in 11 trios of
B-ALL patients with diagnoses, full remissions, and relapses.
They found the RTK-Ras signaling pathway, epigenetic
regulators, transcriptional factors, and p53/cell cycle pathway
were the most significantly mutated genes throughout the entire
cohort (Ding et al., 2017).

Kimura et al. examined 30 cases of T-ALL, encompassing both
initial diagnosis and relapse, through WES (Kimura et al., 2019).
Their findings indicated a higher mutation rate in relapsed samples
than in those at the time of diagnosis. At the outset, NOTCH1,
FBXW7, DNM2, and PHF6 mutations were common, with
NOTCH1 mutations continuing to appear frequently during
relapse. PEST-rich alterations were more prevalent in relapsed
cases than in non-relapsed cases at diagnosis (Kimura et al.,
2019). Similarly, Hoell et al. (2019) studied leukemic blasts from
10 children with post-allogeneic stem cell transplantation (SCT)

relapses and discovered that NOTCH1 was the sole recurrent gene
among the 50 genes in T-cell leukemia. In their study using targeted
exome sequencing, Zhang et al. (2020) observed distinct mutation
patterns between B-ALL and T-ALL patients. KRAS was most
frequently mutated in B-ALL, whereas T-ALL exhibited
enrichment for NOTCH1, FBXW7, PHF6, and PTEN mutations
(Zhang et al., 2020), which is consistent with the findings of Ding
et al. (2017). Both B-ALL and T-ALL frequently show mutations in
the Ras and Notch pathways (Zhang et al., 2020).

In 2020, Yu et al. (2020) employed WES and examined
299 diagnostic and 73 relapse samples from 372 ALL patients to
assess the incidence of FPGS mutations, as well as those in two
crucial thiopurine pathway genes, NT5C2 and PRPS1 which have
been previously demonstrated to be important mechanisms for
resistance in leukemia (Schroeder et al., 2019). Three additional
FPGSmutations were detected in two patients, NT5C2mutations in
six, PRPS1mutations in two, and bothNT5C2 and PRPS1mutations
in one. According to Yu et al. (2020), three children with relapsed
ALL had four acquired relapse-specific mutations in FPGS.
Unexpectedly, Schroeder et al. (2019) and Li et al. (2020)
identified a new relapse-specific mutation in the FPGS gene that
solely affected B-ALL and exhibited relapse-specific lesions and
stable losses. In addition, similar investigations concluded that
most of these changes were induced by a subclone or were
acquired during relapse (Schroeder et al., 2019; Li et al., 2020).
Therefore, FPGS relapse-specific mutations constitute a
pharmacogenetic pathway associated with pediatric ALL relapse
and should be regarded as a factor of relapse in pediatric ALL (Yu
et al., 2020).

In a study conducted by Oshima et al. (2020), WES was
performed on matched germline diagnosis and relapse DNA
samples. This study revealed diagnostic and relapse-specific
mutational mechanisms, along with genetic chemoresistance
drivers. Somatic copy number variations (CNVs) were identified,
with an average of 18 somatic CNVs per sample for 6,475 alterations
in the series. Of these, 3,589 CNVs were detected at the time of
diagnosis and 2,876 at the time of relapse, with 2,575 variants
present in both the diagnostic and relapsed samples (Oshima
et al., 2020).

In 2021, deep sequencing validation of all detected mutations
was performed by Antic et al. (2021) after conducting genomic
analysis of diagnosis–relapse paired samples of patients who
relapsed very early. Two patients with TCF3–PBX1-positive
leukemia who experienced very early relapse had E1099K
WHSC1 mutations at the time of diagnosis. This hotspot
mutation has also been frequently detected in other cases of very
early TCF3–PBX1-positive leukemia relapses. This finding suggests
that minor subclones at diagnosis typically cause early relapses in
BCP-ALL (Antic et al., 2021).

Shirai et al. reported that, in this investigation, KMT2D
mutations and 6q LOH were found to be recurring changes in
seven patients with TCF3–PBX1-positive B-LBL (Shirai et al., 2022).
Additional genetic mutations were found in the relapsed tumor that
were not present in the primary tumor, including the 6q LOH.
Analysis of recurrent cases revealed that the relapsed clone may have
originated from a minor BM clone at the time of diagnosis (Shirai
et al., 2022). According to Zou et al. (2022)’s analysis of data from
patients with BM relapse, 62.5% of patients with BM relapse had

Frontiers in Genetics frontiersin.org06

Mohd Nippah et al. 10.3389/fgene.2024.1394523

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2024.1394523


abnormalities discovered using NGS, and uncommon or previously
unreported fusion genes and/or gene mutations were detected.
Patients with adverse molecular genetic mutations, such as TP53,
CREBBP, and IKZF1 had their BMs relapsed (Forero-Castro et al.,
2017; Montaño et al., 2020).

As an outcome, using all these findings, this pharmacogenetic
knowledge and research can be very helpful in situations with
limited resources for identifying the requirements of patients
based on their genetic risk profiles; this situation is also being
resolved. Hence, Figure 1 presents the genes involved in
chemotherapy resistance that cause relapse and play various roles.

2.3 RNA-seq shows mutational patterns in
pediatric relapsed ALL

In 2017, Vesely et al. (2017) performed RNA-seq and discovered
that IKZF1 mutations result in distinct transcriptional signatures.
They studied the RNA-seq data based on IKZF1 status, as
IKZF1 alterations are strongly associated with relapses in
P2RY8–CRLF2-positive ALL cases. The 200 genes with the
highest differential expression in the IKN and IKD groups were
clustered by IKZF1 status using unsupervised hierarchical clustering.
This observation was supported by secondary RNA-seq data
collection of 20 B-other ALL cases with known IKZF1 status
(Vesely et al., 2017).

In 2020, Waanders et al. (2020) performed RNA-seq on
115 samples made up of TRIzol-extracted RNA samples from
66 patients. They discovered that the expected human leukocyte
antigen (HLA)--binding mutant peptide count per tumor increased

with disease progression due to a higher mutation burden, and
hence, notably in hypermutated samples (Waanders et al., 2020).
With increased neoepitope burden and possible immunotherapy
vulnerability, a subset of leukemia predisposed to recurring relapse
exhibits hypermutation caused by at least three different mutational
mechanisms (Waanders et al., 2020).

Oshima et al. conducted chimeric gene transcript analyses using
RNA-seq data for 85 cases (Oshima et al., 2020). These analyses
revealed the existence of oncogenic gene transcripts as well as a
possible initiating rearrangement between TBL1XR1 and JAK2.
Despite the exception of two patients who tested positive only at
relapse, one for PICALM–MLLT10 and the other for NUP214–ABL,
fusion oncogene transcripts were typically observed at both
diagnosis and relapse (Oshima et al., 2020).

In 2021, Sayyab et al. (2021) performed RNA-seq and identified
genome-wide patterns of somatic mutations in pediatric Nordic ALL
patients. RNA-seq libraries were constructed using the RNA from
22 ALL patients who were diagnosed, 25 patients who experienced
their first relapse, and 7 patients who experienced their second
relapse, as well as the control B cells (CD19+) and T cells (CD3+)
from five Swedish healthy individuals. RNA-seq data showed
evidence of the involvement of exons in gene fusion (Sayyab
et al., 2021).

Zou et al. (2022) studied pediatric B-ALL patients without
specific fusion genes for outcomes and risk factors in three
Chinese institutes. Analysis of the RNA-seq data revealed
molecular abnormalities in six patients and reversed molecular
abnormalities in three (CREBBP, TP53, and P2RY-CRLF2), as
well as previously unreported genetic mutations in B-ALL (Zou
et al., 2022).

FIGURE 1
Recurrently mutated genes and pathways in ALL and the various roles of genes that are significantly mutated in ALL. The genes were discovered
during relapse and caused treatment resistance. Red asterisks denote the genes that cause the ALL to be resistant to treatment, thus causing relapse.
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In terms of transcriptional characteristics including newly
transcribed regions, RNA editing, allele-specific expression,
variant splicing, RNA sequencing, or RNA-seq offers a
previously unheard-of accuracy. Owing to these advancements,
the transcriptome and its implications for fundamental biology
and personalized medicine may now be studied using a
powerful toolkit.

3 Conclusion

The introduction of NGS has generated an effective and widely
used approach. Moreover, the assay specificity has increased to
unprecedented levels. The application of NGS has improved the
understanding of tumor genomic heterogeneity, exhibited
significant ramifications, and made clinical decision-making for
tailored therapeutic interventions. In this review, we collected
and discussed studies on NGS-based relapsed ALL. Owing to its
capability to identify significant genome modifications, NGS has
transformed both ALL and relapsed ALL genomics. NGS holds great
promise for the future, opening up intriguing channels for research
and spurring development that will significantly influence
the understanding of genome-guided knowledge and
personalized medicine.
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