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Background: Acute lymphoblastic leukemia (ALL) is the most common malignancy in children, while
relapse and refractory ALL remains a leading cause of death in children. However, paired ALL samples of
initial diagnosis and relapse subjected to next-generation sequencing (NGS) could construct clonal lineage
changes, and help to explore the key issues in the evolutionary process of tumor clones. Therefore, we
aim to analyze gene alterations during the initial diagnosis and relapse of ALL patients and to explore the
underlying mechanism.

Methods: Targeted exome sequencing technology was used to detect molecular characteristic of initial
diagnosis and relapse of ALL in 12 pediatric patients. Clinical features, treatment response, prognostic
factors and genetic features were analyzed.

Results: In our 12 paired samples, 75% of pre-B-cell acute lymphoblastic leukemia (B-ALL) patients
had alterations in the Ras pathway (INRAS, KRAS, NF1, and EPOR), and Ras mutation are very common
in patients with ALL relapse. 7P53 mutations mainly existed in the primary clones and occurred at the
initial diagnosis and relapse of ALL. Relapse-associated genes such as NT5C2 and CREBBP were observed
in patients with ALL relapse; however, all patients included in this study had gene abnormalities in the Ras
pathway, and NT5C2 and CREBBP genes may collaboratively promote ALL relapse.

Conclusions: Among the 12 ALL patients, Ras pathway mutations are common in ALL relapse and may
be associated with other recurrence-related genes alterations. The study with paired samples could improve

the understanding of ALL relapse.
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Introduction to the precise classification based on MICM (morphology,
Acute lymphoblastic leukemia (ALL) is the most common immunology, cytogenetics, and molecular biology), the
malignancy in children (1,2). The prognosis of children application of combined chemotherapy and the use of
with ALL has been greatly improved in recent years due molecular targeted drugs. The 5-year overall survival rate
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(OS) is approximately 90%; however, 20% of patients suffer
ALL relapse, resulting in treatment failure and even death
(2-5). The relapse of ALL remains a leading cause of death
in children.

Molecular alterations are common in ALL patients, and
some molecular features, such as abnormal chromosome
structure and number, fusion genes, and gene mutations,
have become the basis for ALL classification and prognosis
prediction. The development of next-generation sequencing
(NGS) technology has revealed more abnormal molecules
and improved the understanding of ALL. Some abnormal
molecules associated with chemotherapy resistance and
relapse were observed in patients with ALL relapse, such as
the resistance of CREBBP mutations to glucocorticoids (6-8),
NT5C2 mutations to 6-mercaptopurine (9-11), and PRPSI
mutations to 6-mercaptopurine (12). The deletion of the
NS3CI gene was observed in TEL-AMLI positive patients
with ALL relapse (13). Ras pathway mutations in genes
such as KRAS, NRAS, FLT3, and PTPN11 were observed in
more than 50% patients with ALL relapse (5,14), resulting
in chemotherapy resistance to prednisone.

Like many malignancies, ALL has clonal diversity.
Chemotherapeutic drugs can induce subclonal mutations,
leading to drug resistance. Analysis of the same patients
at the initial diagnosis and relapse revealed that relapse-
acquired mutations mainly participated in epigenetic
regulation, tumor suppression, Ras signal transduction and
drug metabolism (6-12,15). Clonal lineage changes from
initial diagnosis to relapse were constructed, indicating that
the heterogeneity of the clones was very common in ALL
patients. Primary clones at the time of ALL relapse usually
evolved from secondary clones that existed at the time of
initial diagnosis (15,16). Therefore, the analysis of clonal
evolution in the same pediatric patients from the initial
diagnosis to relapse and the exploration of the main reason
for ALL relapse can improve the understanding of the
underlying molecular characteristics, and guide the study of
the pathogenesis of ALL.

In this study, we aimed to use NGS technology to
analyze gene alterations during the initial diagnosis and
relapse of childhood ALL, and to explore the main reasons
leading to ALL relapse.

Methods
Ethical compliance

Informed consent was obtained from the patients’ legal
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guardians in accordance with the Declaration of Helsinki
and approved by the Institutional Review Board of
children’s hospital of Fudan University (No. [2015]005),
Shanghai, China.

Patients and samples

The study included 12 Chinese pediatric patients with
ALL, who had been primary diagnosed and treated in
the children’s hospital of Fudan University, and suffered
ALL relapse between January 2015 and December 2017.
The diagnosis of ALL was based on the World Health
Organization’s classification and patients were treated with
modified StJude XV protocol (17). Bone marrow samples
at the time of primary diagnosis and relapse were collected,
and matched bone marrow samples at remission were used
as germline controls.

Patients’ basic information (including age, sex, etc.),
clinical manifestations, laboratory examinations and
treatment events were retrospectively collected and
analyzed. Laboratory examinations included morphological,
immunophenotyped and cytogenetic analyses, peripheral
blood examination, cerebrospinal fluid examination, and
imaging tests for testicular invasion.

Assessment of response to treatment

Complete remission (CR) was defined as the presence of less
than 5% blasts in the bone marrow on day 46 of induction
chemotherapy, and no evidence of extramedullary disease.
Minimal residual disease (MRD) analysis was recommended
as combined risk stratification using flow cytometry. Relapse
was defined as the reappearance of leukemic cells in bone
marrow with >25% blasts. Central nervous system relapse
was defined as more than five blasts in the cerebrospinal
fluid. Testicular relapse was diagnosed clinically and
confirmed with ultrasonography. Very early relapse was
defined that overall time was less than 18 months after
initial diagnosis; early relapse was defined that overall time
was more than 18 months after initial diagnosis but less
than 6 months after chemotherapy finished; late relapse was
more than 6 months after the end of chemotherapy (18).

Targeted capture sequencing and mutation analysis

Genomic DNA was extracted from cell pellets using the
DNAeasy Blood and Tissue Kit (Qiagen, USA) according
to the experimental manipulate. DNA was quantified
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clones occurred after relapse (Figure I). Seven ALL patients
(58.3%) presented with clones of a small number of genes
at the initial diagnosis (Figure 2). Overall, the clones of the
harmful mutations in the same patient changed significantly
(with the exception of ALL-46602 and ALL-58302), and the
overall change was that during relapse, some clones were
lost, some clones were acquired, some clones increased, and
some clones decreased.

Gene alteration

At initial diagnosis, the number of mutations in the 4 T-ALL
patients was similar to that of the 8 B-ALL patients (2.25
vs. 2.13, P=0.914). However, at the time of relapse, the
number of mutations in T-ALL patients was less than that
of B-ALL patients [on average 0.75 mutations (range, 0-3)
vs. 4.25 mutations (range, 0-16)], while the difference was
not significant (P=0.213). In addition, one T-ALL patient
(ALL-58302) and one B-ALL (ALL-46002) patient did
not have any target mutations at both the time of initial
diagnosis and relapse. Moreover, at the initial diagnosis,
4 fusion gene-positive patients had an average of
1.5 harmful mutations (range, 0-4), and fusion gene-
negative patients had an average of 2.5 mutations (range,
0-6), while there was no significant difference between
them (P=0.376). One MLL# patient (ALL-46602) did not
carry any mutations, and 1 SIL-TALI positive patient (ALL-
16724) had no mutations at the time of relapse.

Gene alterations in the Ras signaling pathway

Among the 8 B-ALL patients, 6 (75%) patients obtained
gene alterations (NRAS, KRAS, NF1, and EPOR) in the
Ras pathway during relapse, including 2 cases (ALL-24202,
ALL-29360) with the NRAS p.G13V mutation, 1 case
(ALL-24210) with the KRAS p.A146P mutation, 2 cases
(ALL-15384, ALL-70052) with NFI mutations (p.R1276Q
and p.R2832H), and 1 case (ALL-46597) with the EPOR
p-R104H mutation; Among the 4 T-ALL patients, 1 patient
(ALL-29396) had the NRAS p.Q61K mutation at both the
time of initial diagnosis and relapse. Gene alterations in
the Ras pathway are more common in patients with B-ALL
than in patients with T-ALL during relapse (Figures 2,3).

Gene alterations in the Notch signaling pathway

Among the 4 T-ALL patients, 1 patient (ALL-29393)
had both the NOTCHI p.D399G and FBXW7 p.L1678P
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mutations at initial diagnosis but had neither the NOTCH1
p-D399G nor FBXW7 p.L1678P mutation or any other
gene alteration at relapse. One patient with B-ALL (ALL-
70052) acquired the NOTCH?2 ¢.74-2(IVS1)A>G mutation
at the time of relapse (Figures 2,3).

Epigenetic regulation-associated gene alterations

One ALL patient (ALL-29396) had the MLL2 p.R3082W
mutation, a newly acquired mutation site, which was
predicted to be harmful by the protein structure. Two
ALL patients had SETD2 mutations: one (ALL-29396)
had a truncating mutation (p.Q1926X) during relapse,
and the other (ALL-15384) had frameshift mutations at 2
sites (p.S165Lfs*12,p.A158Dfs*13) in SETD2, both at the
time of the initial diagnosis and relapse; the occurrence of
either frameshift mutations or truncating mutations leads
to functional loss of the SETD2 gene. One B-ALL patient
(ALL-70052) acquired the CREBBP p.C1237Y mutation
and other mutations, including the SUZI2 ¢.1875-1(IVS15)
G>A, CHDS p.R2044X, MLLTI p.A17T and NCORI
p-R350X mutation, during relapse (Figures 2,3).

Cell cycle-associated gene alterations

Two B-ALL patients (ALL-46597 and ALL-70052) had
TP53 mutations (p.H179Mfs and p.R273H) with VAFs
greater than 30%, indicating changes in the primary clones.
One T-ALL (ALL-16724) had mutations at multiple sites
in PTEN at the time of initial diagnosis but had no such
mutations at the time of relapse. Another B-ALL (ALL-
46597) acquired the NTRK3 p.R507H and PLEC p.G4456R
mutations during relapse (Figure 2,3).

Other gene alterations

NT5C2 is a relapse-associated gene, and we only observed
the NT5C2 p.K359Q mutation in 1 patient with B-ALL
(ALL-15384) (Figures 2,3).

Discussion

Like many malignancies, ALL has clonal diversity. Clones
of genes undergo major changes from the time of initial
diagnosis to the time of relapse. Approximately 58.3% of
the relapsed patients had clones from the initial diagnosis,
and the same gene could have multiple subclonal changes at
the same time, including the increase and decrease in clones
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at the time of relapse, and subclones can change to primary
clones during relapse. These results support the nonlinear
evolution in malignancies, especially in leukemia. Clones
are mainly evolved from branches in relapsed ALL. These
branches are derivatives of the ancestral subclone that are
associated with but different from other major leukemic
clones at the initial diagnosis (14). These mutations play a
driving role and may be the second event in the occurrence
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and development of leukemia. Further, chemotherapy
itself may induce drug mutations, chemotherapy-induced
resistance mutations may occur through two-step-selection
of a persister clone, which survives initial treatment and
later gives rise to the true resistant clones (20,21). Thus, in
most cases the predominant clones present at diagnosis were
eradicated by therapy, further studies should use sensitive
mutation testing to examine the relationship between
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the nature of the therapeutic regimen and the mutational
specture.

Recently, several genetic defects have been linked
to chemotherapy resistance in relapse ALL, including
CREBBP, NT5C2, TP53, PRPS1, PRPS2, WHSCI1, NR3CI,
MSH2, MSHG6, PMS2, FPGS, causing resistance to various
drugs (6,9,10,21). NT5C2 and PRPS1 were not detectable
at diagnosis even with high-depth sequencing, suggesting
these mutations were acquired after diagnosis and possibly
during treatment (21). In our cases, only one case occurred
NT5C2 or CREBBP mutation at relapse. The NT5C2 gene
encodes a cytoplasmic nucleotidase that is involved in the
clearance of cytotoxic metabolites of 6-mercaptopurine
and 6-thioguanine. Resistance to 6-mercaptopurine was
observed in 20% of T-ALL patients and 5% of B-ALL
patients (6,9,10). The NT5C2 p.K359Q site is a known
drug-resistance site. In a CCRF-CEM cell experiment,
the 6-MP IC50 was 6.47 pM while the wild type IC50 was
3.46 pM, and the 6-MP activity was significantly reduced,
affecting drug metabolism (9,10). CREBBP, which encodes
the cAMP-response element-binding protein, acts as a
transcription cofactor that participates in multiple signaling
pathways. CREBBP mutations are common in patients
with hyperdiploidy, and patients with KRAS mutations are
prone to early relapse, and acquired mutations increase
the risk of ALL relapse. The CREBBP p.C1237Y mutation
affects Histone acetyltransferase (HAT) domain, reduces
acetylation of histone and nonhistone proteins, and reduces
cell proliferation, leading to glucocorticoid resistance (7,8).
CREBBP mutations can enhance gene mutations in the Ras
pathway in ALL patients, but MEK inhibitors are effective
for ALL patients with Ras pathway mutations and with or
without CREBBP mutations (22). Thus, specific therapeutic
agents should be considered carefully, including nucleoside
metabolism analogues (NT5C2) and glucocorticoids
(CREBBP), alternative treatment approaches to avoid
mutation selection or mitigate resistance may be needed.

Our results also showed that there were 7 patients
(58%) had mutations in the Ras pathway (KRAS, NRAS,
NF1, EPOR, etc.) among the 12 patients and 75% B-ALL
patients obtained gene alterations during relapse. Previous
studies showed that Ras mutations could be observed in
30-50% of patients with relapsed ALL (4,5,8,14,23,24).
These observations confirm that Ras pathway mutations are
frequent at relapse in pediatric B-ALL. Nearly all mutations
in the Ras signaling pathway at diagnosis were acquired
after emergency of founder clone. The clonal evolution of
Ras mutations is highly heterogeneous. Some patients retain

© Translational Pediatrics. All rights reserved.

the original mutant clones during relapse, some lose original
clones, and some patients acquire or lose new mutant clones
during treatment. Remarkably, 5 out of 8 B-ALL cases
gained clonal mutations of Ras pathway at relapse (VAF
more than 25%), which is different to Jerchel’s research that
clonal mutations at initial diagnosis were retained at relapse
and subclonal mutations often expanded at relapse (24).
Ras mutations are often subclonal changes, induced by
chemotherapeutic drugs in animal experiments may lead
to drug resistance to dexamethasone but are sensitive to
vincristine, leading to positive or negative Ras mutations
during relapse (6,8). However, the prognosis of subclonal
mutations in Ras pathway was similar to wild-type cases, so
subclonal mutations should not be assigned to a higher risk
group or treatment with MEK inhibitor (24). Furthermore,
NRAS and KRAS mutations are associated with a poorer
overall survival (23,25), targeted MEK inhibition may offer
clinical benefit for a substantial proportion of children
with relapsed ALL and MEK inhibition can synergize with
prednisolone (24).

In addition, MLLr is well-recognized for its poor
prognosis and easy to occur relapse early; 7P53 mutations
mostly occur in low hypodiploid (chromosome <44) and
are observed in both newly diagnosed and relapsed ALL,
approximately 50% of which were germline mutation in
nature (6,26). Children with 7P53 variants were at a higher
risk of ALL or second cancers (27). In our previous study,
MLLy and TP53 mutations were powerful predictor for an
adverse outcome in B-ALL and pediatric ALL (19).

There are some limitations to the present study. We
noticed a few patients with high mutational burden at
diagnosis, but did not have any mutations at relapse, for
example ALL-16724 and ALL-29393, the possible reason
was low proportion of blast cells in the bone marrow
and technology limitation-based tumor purity may
cause underestimation of clonal diversity due to failure
in identifying low levels of mutations clusters. Sensitive
mutation detection strategies at multiple time points
during diagnosis-therapy-relapse are needed to detect low
levels of mutant clone and to examine the relationship
between the therapy regimen and the mutational specture
in the further study. Also, the limited number of cases in
our study lead to the analysis of the clones was limited, and
large scale sample and the optimal interval for monitoring
ALL-specific mutations before relapse by high-depth
sequencing of serial bone marrow sample are needed
to reveal the characteristics of molecular alterations in
childhood ALL, guide clinical decision-making, and
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achieve precise classification and treatment.

Conclusions

In conclusion, NGS technology, based on its characteristics
of high throughput and high sensitivity and specificity,
provides a good platform for the clinical study of ALL and
improves the understanding of molecular alterations in
ALL patients. Paired ALL samples of initial diagnosis and
relapse were subjected to NGS, not only it could reveal the
key mutations that lead to relapse, but also we can study the
evolutionary lineage and understand the key issues in the
evolutionary process of tumor clones.
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