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The long-term outcomes and risk factors for precursor
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ABSTRACT

Specific fusion genes play important roles as risk factors in the pediatric B-cell acute lymphoblastic leukemia (B-ALL) population. In addition,
these fusion genes are used for determination of patient treatment. However, the risk factors and long term outcomes in B-ALL patients without
common fusion genes have not been well demonstrated, and thus our aim was to evaluate this patient population. We retrospectively analyzed
clinical and laboratory findings, treatment responses, and outcomes in pediatric patients with B-ALL without specific fusion genes. Moreover,
we analyzed whole-exome sequencing and/or RNA sequencing data from bone marrow (BM) relapsed patients. Overall, 283 patients were
enrolled in the study. Traditional parameters and treatment responses at different time points (TP) were evaluated to classity risk groups and
adjust treatment strategy. Statistical analysis showed that 49 (17.31%) patients relapsed, while treatment-related mortality was found in 11 (3.89%)
patients. Ten-year prospective event-free survival (pEFS) was 78.2 + 2.5%. Adverse and unreported genetic abnormalities were discovered in 25
BM relapse patients. Univariate analysis revealed that good responses of BM smears at TP1 and minimal residual disease (MRD) levels at TP2
and TP3 were strongly associated with prolonged pEFS. Moreover, multivariable analysis of outcomes and hazard ratios determined that pos-
itive MRD level was the key risk factor. The study results showed that traditional risk factors and poor prednisone response were overcome by
modified chemotherapy. Next generation sequencing has proven to be a useful technique in identifying molecular risk factors in cases without

common specific genetic alterations.
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INTRODUCTION

Acute lymphoblastic leukemia (ALL) is the most common
childhood cancer, while precursor B-cell ALL (B-ALL)
accounts for approximately 75-80% of newly diagnosed pedi-
atric ALL cases [1]. B-ALL is a heterogeneous disease, and
event-free survival (EFS) rates for this disease is more than
80% in developed countries with risk-adapted treatment strat-
egies [1-3]. Specific chromosomal translocations and their
fusion genes are detectable in approximately two-thirds of
pediatric B-ALL patients, and such fusion genes play import-
ant roles as risk factors in strategic treatment. For example,
B-ALL with E7V6-RUNX1 and B-ALL with MLL-AF4 were
both classified as B-ALL with recurrent genetic abnormalities
according to the WHO classification. However, the progno-
sis of B-ALL with £7'V6-RUNX1 is better than that of B-ALL
with MLL-AF4 [2,3]. Age at diagnosis, initial white blood
cell (WBC) count, and abnormal chromosomal karyotypes
remain the traditional risk factors for B-ALL patients with-

out specific fusion genes, and studies have shown that early
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treatment response plays a key role in treatment strategy in
these patients [2-4].

Fusion genes or mutated genes in ALL are traditionally
detected by reverse-transcriptase polymerase chain reaction
(RT-PCR). So far, more than 200 fusion genes or mutated
genes have been detected in ALL patients [5,6]. However, it is
difficult to detect all of the involved loci using RT-PCR. Next-
generation sequencing (NGS) studies have provided valuable
insights into the genomic alterations in malignancies using
whole-exome sequencing (WES) and/or RNA sequencing
(RNAseq), aiding clinicians in elaborating the rare genomic
features of B-ALL [7,8].

In the present study, we assessed the outcomes and risk
factors of pediatric B-ALL without specific fusion genes in
three Chinese institutes. Subsequently, we performed WES
and/or RNAseq in relapsed patients using the NGS tech-
nique to further evaluate risk gene mutations in pediatric
B-ALL.

MATERIALS AND METHODS

Patients

We conducted a retrospective analysis that included
283 newly diagnosed pediatric B-ALL patients at Childrens
Hospital of Chongqing Medical University (CHCMU),
Chengdu Womens and Childrens Central Hospital
(CWCCH), and Caihong Hospital of Xianyang (CHX)
between December 2009 and January 2015. The enrolled
patients were <18 years at diagnosis. Exclusion criteria
included patients with leukemia secondary to, for example,
Down syndrome or myelodysplastic syndrome; Burkitt leu-
kemia or mixed phenotype leukemia; patients with specific
genetic abnormalities and/or fusion genes; and patients who
had received chemotherapy before admission.

Patients from the cohort received bone marrow (BM)
aspiration at initial diagnosis. The diagnosis of B-ALL was
based on FAB classification and flow cytometry (FCM) [9].
Chromosomal karyotype was evaluated, and hyperdiploidy,
hypodiploidy, complex karyotype, chromosome index, as well
as other genetic abnormalities were defined according to the
International System of Human Cytogenetic Nomenclature
of 2009 (ISCN-2009) [10]. Between December 2009 and
December 2012, ETV6-RUNX1, TCF3-PBX1, BCR-ABLi,
and KMT2A-AFF: fusion genes were detected by split
RT-PCR [11]. Fluorescence in situ hybridization (FISH) of
KMT2A rearrangement (KMT2Ar) was also performed as
reported in the literature [12]. Between January 2013 and
January 2015, 43 common fusion genes were screened by mul-
tiplex nested RT-PCR, and the positive results were confirmed
by split RT-PCR [13,14]. FISH of KM T2Ar, MYC, and PDGERb
was also performed [12,14]. The criteria for central nervous
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system leukemia (CNSL) or testicular leukemia (TL) were
defined as described in the literature [2-4].

Treatment, therapeutic evaluation, and risk
strategy

The patients received chemotherapy according to the
Chinese Children Leukemia Group ALL-2008 protocol
(CCLG-ALL-2008, Table 1) [15,16], and all patients received
intrathecal injection (iT) for the prophylaxis of CNSL as the
protocol required; minimal residual disease (MRD) level mon-
itoring was performed by FCM, and 107 was considered the
limitation of MRD monitoring [15-17].

Peripheral leukemic cell counts were recorded after 7 days
of prednisone induction, and prednisone good response
(PGR) or prednisone poor response (PPR) was defined as
peripheral leukemic cell counts <1 x 10°/L or >1 x 10%/L,
respectively [15,16]. BM studies were conducted at 3 time
points (TPs): Day 15 of induction remission (TP1), day 33 of
induction remission (TP2), and before consolidation (TP3).
At all three TPs, remission status of BM smear was recorded
as follows: M1 (leukemic cells <5%), M2 (leukemic cells 5-25%),
and M3 (leukemic cells =25%) [15,16]. The MRD level was
monitored by FCM on TP2 and TP3 [15-17].

Traditional risk factors (age at diagnosis, WBC count,
chromosome number, etc.) and treatment response were
used to stratify patients into three groups [15,16]: A standard
risk (SR) group, an intermediate risk (IR) group or a high risk
(HR) group (Table 2). Details of these risk factors were listed at
Supplemental material for this article and are available online.

NGS for the relapsed patients

Tumor DNA samples of relapsed patients were obtained
from BM at initial diagnosis and/or relapsed status, and germ-
line samples were collected from the oral mucosa of patients

TABLE 1. Stratification criteria by risk group

Risk group Definition

Standard risk ~ Age 1-9 year, WBC count<50x10°/L, PGR, no CNS3 and
all of the following:
® No t(9;22), t(X;11) or t(1;19) or molecular abnormalities;
e Day 15 BM: M1 or M2; day 33 BM: remission
® MRD: day 33<10*
Intermediate  PGR, day 15 BM M1/M2 (IR) or M3 (SR), and any one of
risk the following:
o Age >10 years or age <1 year without MLLr; t(1;19) or
TCF3/PBX1;
o WBC =50x10%/L, or CNS3;
o MRD: day 33<10°
Any one of the following:
® -£(9;22) or BCR-ABLI; t(X;11) or MLLr; PPR;
o BM: IR with day 15, or day 33 M2/M3;
o -MRD: day 33>10% or day 1 of consolidation >10.

High risk
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CNS: Central nervous system; PGR: Prednisone good
response; PPR: Prednisone poor response; BM: Bone
marrow; MRD: Minimal residual disease
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TABLE 2. CCLG-2008 protocol for involved patients

ot Remission Early L Delayed Intermediate Delayed Maintenance Total
hase . . . I Consolidation . I ) . P
induction intensification intensification I maintenance intensification II treatment course
SR VDLDex CAM ID-MTXx4 VALDex+CAM 6-MP+MTX/ 2 years
VD+TiT
IR VDLDex CAM2 HD-MTXx4  VALDextCAM  6-MP+MTX  VALDex«CAM  6-MP+MTX/  Male:
VD+TiT 2.5 years
Female:
2 years
HR VDLDex CAMx2 HR1,2,3x2 VALDex+CAM 6-MP+MTX/
CA/VD+TiT

and parental peripheral blood (PB). Genomic DNA was
extracted using a QIAmp DNA Minikit (QIAGEN, China).
Genomic DNA was enriched, and sequenced acquisition
was carried out by exome probes (Agilent SureSelect Human
All Exon V6); PCR amplifications of the whole exome were
sequenced (Illumina HiSeq PE 150 bp). The original WES
data were read using lllumina pipeline software (version 1.3.4)
and searched in databases (dbSNP, 1000 Genomes Project,
ClinVar, ESP6500, ExAc, Ensembl, HGMD, UCSC, etc.).
Mutated genotypes were determined using GATK, LRT,
MutationTaster, and SamTools software. Discovered variants
were classified as described in the literature [18] through soft-
ware analysis. Pathogenic genotypes and likely pathogenic
genotypes were recorded as causal gene mutations, and causal
gene mutations of tumor samples were confirmed by Sanger
sequencing. Samples of the control group were cross-checked
and detected by Sanger sequencing to identify somatic or ger-
mline causal gene mutations.

Total RNA was extracted from BM samples at relapse
using a QIAamp RNA Blood Mini Kit (Qiagen, Cat.52304).
An enriched and captured mRNA library was constructed and
amplified by the KAPA mRNA HyperPrep Kit (KAPA/Roche,
Cat. KK8581). PCR amplicons were sequenced via RNAseq
using PEiso (Hllumina HiSeq x10), and the results were
recorded.

Ethical statement

The authors declare that there are no conflicts of inter-
est. The study was approved by the Institutional Ethics
Committee of CHCMU, and all data were fully anonymized
(IRB No. 2019-151). An informed consent form was signed by

the guardians of these patients.

Statistical analysis

Complete remission (CR), BM relapse, or extramedullary
relapse were defined as standard diagnostic criteria [15-17],
while EFS was defined as the time from diagnosis to the date
of last contact for EFS or to the first adverse event (relapse or
refractory disease, death from any cause, secondary cancer, or

loss to follow-up). Following December 2020, data about the
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clinical characteristics, laboratory findings, treatment-related
mortality (TRM), and EFS of these patients were collected
and retrospectively analyzed; NGS detection data of relapsed
patients were also collected and analyzed. SPSS 20.0 software
(SPSS Inc., Chicago, IL) was used for statistical analysis, the
impact of clinical and laboratory findings on EFS was assessed
with the Kaplan-Meier method, and comparisons were made
with the log-rank test. Multivariable analysis for prognosis and
hazard ratio was performed using the Cox regression model.
All probabilities reported were two-tailed, and p < 0.05 was
regarded as significant differences.

RESULTS

Clinical characteristics

A total of 305 B-ALL patients without specific fusion genes
were hospitalized in the study period, two patients died before
diagnosis, 15 patients refused chemotherapy, five patients
were eliminated due to errors in immunophenotyping at ini-
tial diagnosis, and 283 consecutive patients were treated with
the CCLG-ALL-2008 protocol and were enrolled in the study
(Figure 1).

The clinical and laboratory characteristics of the 283
enrolled patients, including 158 males and 125 females (1.26:1),
are shown in Table 3. The average age at diagnosis and the ini-
tial WBC count was 4.91 + 0.18 year and 17.74 + 2.13x10°/L,
respectively. Chromosomal karyotype was evaluated as fol-
lows: 147 (51.94%) patients presented with a normal karyotype

305 newly diagnosed
B-ALL without specific fusiongenes

. - 2 patients died; 15
| 5 patients eliminated <:__l l_>

283 patients enrolled
the study

|:> 11 patients died

272 patients finished
the treatment

FIGURE 1. Patients enrolled in the study.
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(46, XX/46, XY), abnormal karyotypes were detected in
97 (34.28%) patients, and 39 (13.78%) patients were not ana-
lyzed. Hypodiploidy and pseudodiploidy/diploidy with
translocation and hyperdiploidy were detected in 11 (11.34%),
13 (13.40%), and 72 (74.23%) patients, respectively; DNA index
<1 was found in 10 (2.83%) patients. Chromosome number
was ranged from 36 to 65, 4 patients with chromosome num-
ber <44, and 55 patients with chromosome number >50 were
detected, while patients with near-haploid or triploid were not
found in these patients.

Treatment response

Treatment response was evaluated as the protocol
required, and risk groups were classified [15,16]. A total of
275 patients were defined as PGR, and eight patients were
classified as PPR after 7 days of prednisone induction ther-
apy. Remission status of BM smear was evaluated as M1, M2,
or M3; at TP1, BM smears demonstrated 240 patients with
Mz, 36 patients with M2, and seven patients with M3. Two
patients died before TP2, and BM samples were tested in
281 patients, showing that 273 patients were defined as M,
8 patients were defined as M2, and the CR rate was 96.47%
in the study group. The MRD level was also monitored at
TP2; the results of 247 patients were negative and those of
34 patients (>10* 7 patients; >10*-10* 27 patients) were
positive. Two patients died before TP3, BM samples were
detected in 279 patients at TP3, and 278 patients and one

TABLE 3. Characteristics of the 283 patients in the study

Characteristics n % pEFS p
Sex 0.211
Male 158 55.83 75.9+3.4%
Female 125 82.1+3.5%
Age (month)
Median (quartile) 49.0 (34.0-75.0) 0.056*
<12 1 0.35 -
12-120 256 90.46 80.3+2.5%
=120 26 9.19 65.4+9.3%
WBC count 0.499
Median (quartile) 578 (3.23-15.97)
>50x10°/L 256 90.46 79.1+2.6%
<50x10°/L, 27 9.54 74.1+84%
Extramedullary involvement
Negative 280 98.94
CNSL 2 0.71
TL 1 0.35
Chromosomal karyotype
Normal 147 51.94  76.0+35% 0437
Abnormal 97 3428 80.4+4.0%
Failure 39 1378
DNA index 244 0.669*
<1 10 4.10 70+14.5%
>1 234 95.90 78.1+27%

*:12-120 m and =120 m; #: 244 patients with detectable
results; pEFS: Prospective event free survival; CNSL: Central nervous
system leukemia; TL: Testicular leukemia
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patient were defined as M1 and M2, respectively. The MRD
level was also monitored; 271 patients were negative and eight
patients were positive (=10 1 patient; =10 *-10% 2 patients;
>10* 4 patients), and the patient with M2 presented a nega-
tive MRD level (Table 4).

Classified by the risk strategy as required in the proto-
col [15,16], 279 measurable patients were divided into three
risk groups (SR: 205 patients; IR: 66 patients; HR: 12 patients),
and subsequent chemotherapy was continued; seven patients
died of treatment complications, and 272 patients finished
treatment.

Prognosis and risk factors

Following October 2020, 11 of 283 patients died of treat-
ment complications, and the TRM rate was 3.89%; 49 patients
relapsed, and the cumulative relapse rate was 17.31%.
The 10-year prospective EFS (pEFS) rates for the cohort
(283 patients) and 272 patients without TRM were 78.2 + 2.5%
and 81.4 + 2.4%, respectively (Figure 2).

The relationship of traditional risk factors and the prog-
noses of the study subjects are summarized in Table 3 and
Figure 3. Statistical differences were not found in the EFS of
traditional risk factors, including sex (p = 0.211), initial WBC
count (p = 0.499), chromosome status (p = 0.437), or DNA
index (p = 0.669). There was no difference of pEFS in these
cases 1-10 year compared with these =10 year (p = 0.669).
There was no differences of pEFS in these cases 1-10 year com-
pared with these >10 year (p = 0.056), but Figure 2 also shows
that the pEFS of children <1 year or =10 year is lower than
that of children between 1 and 9 years (p = 0.023); only one
patient <1 year was enrolled in the study. Four patients with

TABLE 4. Treatment responses and outcomes

Demographics 7 % pEFS P

Prednisone response 283 0.226
PGR 275 97.17 79.1+2.5%
PPR 8 2.83 62.5+17.1%

BM status at TP1 283 0.000
M1 240 84.81 82.4+2.5%
M2 or M3 43 15.19 58.1+7.5%

BM status at TP2* 281 0.675
M1 273 97.2 79.4+2.5%
M2 8 2.8 75.0+15.3%

MRD level at TP2* 281 0.001
<0.01% 247 879 82.0£2.5%
=0.01% 34 12.1 58.8+8.4%
=10 7

BM status at TP3* 279 0.641
M1 278 99.6 80.0+2.4%
M2 1 04

MRD level at TP3* 0.000
<0.01% 271 97.1 81.7+2.4%
>0.01% 8 29 25.0+15.3%

241

*

: Survival patients; TP: Time point
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EFS with TRM and Relapse rate EFS without TRM
EFS with TRM £ 100
s |
2 £
Q Z
g &
2 E 50
E 3
£
o
0 T T 1 0 T T 1
0 50 100 150 0 50 100 150
Time to Event(Months) E Time to Event(Months)

FIGURE 2. Survival of the cohort. (A) Total EFS rate and
cumulative relapse rate of 283 patients: pEFS in the total of
283 patients was 78.2 + 2.5%; the relapse rate was 17.31%.
(B) EFS rate without TRM: pEFS in the 272 patients without
TRM was 81.4 + 2.4%; that of patients with TRM was 3.89%.

Sex Age
£ 100+ £ 1004
g \t::__‘—;:d g
£ £
5 5
o 50 —— male e 50 = 19yr
g2 log-rank test € log-rank test -
z 211 — female 3 P=0.056 e
£ £
Q *]
T T 1 T T 1
[ 50 100 150 [ 50 100 150
Time to Event(Months) B Time to Event(Months)
Age Initial WBC count
£ 100 £ 1004
& &
= 3 M
- £
3 & == <50x10°/L
2 57 - 19y g %7
k] log-rank test £ log-rank test — 9
é P=0.023 ~= <lyror 210yr g P=0.499 >50x10°/L
S S
T T 1 T T 1
0 50 100 150 0 50 100 150
C Time to Event(Months) Time to Event(Months)
. Chromosome status m DNA index
2 £ 100
2 &
£ 3
: :
- >
i S 50 !
s log-rank test L g log-rank test .
3 P=0.437 abnormal 3 P=0.669 <1
H g
9] 8]
T T T 1 T T 1
0 50 100 150 0 50 100 150
Time to Event(Months) Time to Event(Months)

FIGURE 3. Relationships of traditional risk factors and progno-
sis. (A) pEFS rates between male patients and female patients
groups: pEFS rates in males and females were 75.9 + 3.4% and
82.1+ 3.5% (p = 0.211). (B) pEFS rates between different age
at diagnosis(excluding <1 year): pEFS rates in >10 year and
1-9year groups were 65.4 + 9.3% and 80.3 £ 2.5% (p = 0.056)
(C) pEFS rates between different age at diagnosis(including
<lyear): pEFS rates in <1 year + >10 year and 1-9 year groups
were 63.0 £ 9.3% and 80.3 £ 2.5% (p = 0.023). (D) pEFS rates
between different initial WBC count level: pEFS rates in WBC
count <50 x 10°%/L and =50 x 10%/L groups were 80.3 + 2.5%
and 65.4 £ 9.3% (p = 0.499). E: pEFS rates between different
chromosome status: pEFS rates in normal and abnormal chro-
mosomal karyotype groups were 76.0 £ 3.5% and 80.4 + 4.0%
(p = 0.437). F: pEFS rates between different DNA index: pEFS
rates in DNA index >1 and <1 groups were 78.1 + 2.7% and
70 + 14.5% (p = 0.669).

near-haploid or low-hypodiploid karyotypes were enrolled in
the study, and two of them relapsed. However, the data were
limited to summarize the relationships of the outcomes.

The outcomes and treatment responses of the risk groups
are shown in Figure 4 and Table 4. Statistical differences were
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Prednisone induction BM smear at TP1

£ 100 £ 100
& &
s 509 — PPR S 50 — M1
2 log-rank test 2 log-rank test — M
B P=0.226 — 3 =0
: PGR E] P=0.001 o
= =
o 1%
T T 1 T T 1
o 50 100 150 0 50 100 150
Time to Event(Months) Time to Event(Months)
MRD at TP2 B MRD at TP3

2
3
1

1004

50

- <0.01%
—= 20.01%

g
T

—— <0.01%

‘Cumulative Survival Rate
‘Cumulative Survival Rate

log-rank test
=0.000
e iad log-rank test
- >1% P=0.000
T T 1 T T 1
0 50 100 150 [ 50 100 150

Time to Event(Months) Time to Event(Months)

Risk Groups

O]

-
o
S

a
S

log-rank test
P=0.031

Cumulative Survival Rate

T T 1
0 50 100 150
Time to Event(Months)

FIGURE 4. Outcome relationships of treatment response and
risk groups. (A) pEFS rates between PGR and PPR patient
groups: pEFS rates in PGR and PPR patient groups were 79.1
+2.5% and 62.5 + 17.1% (p = 0.226). (B) pEFS rates between
M1, M2 and M3 groups at TP1: pEFS rates in M1, M2 and
M3 groups TP1 were 82.4 + 2.5%, 60.0 £+ 8.3% and 57.1 +
18.7% (p = 0.001). (C) pEFS rates between different MRD level
at TP2: pEFS rates in MRD <0.01 x 1072, 0.01-1 x 1072 and
>1 x 1072 groups at TP2 were 82.0 + 2.5%, 63.0 + 9.3% and
42.9 + 18.7% (p < 0.001). (D) pEFS rates between different
MRD level at TP3: pEFS rates in MRD <0.01 x 10~* and >0.01
x 107 groups at TP3 were 81.7 + 2.4% and 25.0 + 15.3%
(p <0.001). (E) pEFS rates between different risk groups: pEFS
rates in SR, IR and HR groups were 81.8 £ 2.7%, 72.7 £ 5.5%
and 8.3 + 14.2% (p = 0.031).

not found in the EFS of PGR and PPR patients (p = 0.226), but
only eight patients with PPR were involved in the study. The
patients with M1 at TP1 were strongly associated with pro-
longed mean survival time in comparison to the patients with
M2 or M3 (p = 0.001). Statistical differences were also found
for MRD monitoring at TP2 (p < 0.001) and TP3 (p < 0.001).
Compared with the IR or HR group, patients in the SR group
presented with longer survival times and lower relapse rates
(p=0.031).

Multivariable analysis for prognosis and hazard ratio was
performed using the Cox regression model (Table 5), and it
revealed that traditional risk factors or PPR were removed by
the modified chemotherapy strategy; however, larger samples
and multicenter studies are needed to confirm this hypothesis.
It seems that the MRD level was the key risk factor in pediatric
B-ALL patients without specific fusion genes.

Mortality occurred in 11 of 283 patients, including ten with
sepsis and one with Pneumocystis carinii pneumonia (PCP).

TRM occurred in four patients with remission induction, five
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TABLE 5. Multivariable analysis of prognoses and hazard
ratios by the Cox regression model

Multivariable analysis of prognoses and hazard ratios by the Cox regression
model

B SE Wald df Sig. Exp(B) 95%Cl
Risk group  IR+HRvs. SR -0.29 0.51 0.33 1.00 0.565 0.75 0.28-2.01
Age <lyear+>10 065 048 1.88 1.00 0.170 192 0.76-4.87
years vs. 1-9
years
Sex Femalevs.  -0.56 033 297 1.00 0.085 057 0.30-1.08
Male
WBC >50vs. <50 091 054 280 1.00 0.094 249 0.86-7.23
count
(x10°/L)
Karyotype ~ Abnormalvs. -0.19 0.34 034 1.00 0562 082 043-159
Normal
DNA <lvs.>1 086 065 173 100 0.188 235 0.66-8.39
index
Prednisone  PPRvs.PGR 041 0.69 036 1.00 0.550 151 0.39-5.86
response
TP1BMC  M2+M3vs. 095 036 7.09 100 0.008 259 1.29-523
M1
TP2BMC  M2vs. M1~ -0.02 1.03 0.00 100 0986 098 0.13-7.46
TP2MRD  Pos.vs.Neg. 081 040 398 1.00 0.046 224 1.01-4.93
TP3MRD  Pos.vs.Neg. 123 058 443 100 0.035 341 109-1066

patients with early intensification or consolidation, and two
patients on maintenance treatment.

NGS for relapsed patients

A total of 49 patients relapsed (39 with BM relapse; 7 with
CNS relapse; 1 with testicular relapse; and 1 with both CNSL
and BM relapse). BM samples were acquired from relapsed
BM patients, and NGS was performed. WES sequencing was
performed for 25 patients at diagnosis and/or on relapse, and
RNA-seq was performed for 6 patients at relapse; the data
are presented in the Supplementary Materials. Germline
mutations were detectable by WES sequencing in 2 patients
(TPs3 or FLT3); somatic mutations were confirmed in 14 or
15 patients at diagnosis or relapse; and adverse mutations,
including TPs3, CREBBP and IKZFi1, were identified in five
patients. RNAseq results were evaluated, and molecular
abnormalities were found in six patients; reversed molecular
abnormalities were found in three patients (CREBBP, TPs3,
and P2RY-CRLFz2), and unreported genetic abnormalities in
B-ALL, such as TPM4-KLF2 or NR3Ci-CDCy42 transcript,
were also detected (available in the Supplementary mate-
rial). NGS data for these BM relapsed cases were listed in the
Supplementary material.

DISCUSSION

B-ALL is the most common subtype of pediatric ALL.
Contemporary protocols using risk-adapted treatment strat-
egies have effectively improved the prognosis of pediatric
B-ALL [2,4,6]. The ten-year pEFS in the study reached 80%,
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similar to the rates reported in developed countries [6,11,17].
TRM in the study was nearly 4%, which indicated that infec-
tion remained an important adverse event in ALL populations
in developing countries. Part of the possible causal factors are
poor economic conditions and giving-up treatment in devel-
oping countries [15].

Traditional risk factors, including sex, age, WBC count,
and DNA index, were assessed in the study, but significant
differences were not found in the pEFS for these risk factors
except age (data were limited). This revealed that these tradi-
tional risk factors could be eliminated by modified intensive
chemotherapy [2,4,6]. Fifty percent of patients with near-hap-
loid or low-hypodiploid karyotypes in the study relapsed, simi-
lar to the literature reports [19,20]. Patients with hyperdiploidy
were detected in 72 of 97 (74.23%) patients with abnormal
karyotypes, we think it attributed to the fact that patients with
specific fusion genes were excluded in the study, and chromo-
somal karyotype was failure to analyze in a few patients in the
study. However, the data were limited to the number of cases,
and large-sample and multicenter studies are needed to con-
firm the inference.

Many studies have shown that early treatment response
is a strong outcome indicator for pediatric ALL [21-24]. EFS
was higher in PGR patients than in PPR patients [15,16,21,22],
and eight patients with PPR appeared in the study. However,
a similar result was not observed in patients who underwent
intensive treatment, which revealed that risk factors might be
overcome by intensive treatment, though further research is
still needed. MRD levels have been highlighted as an import-
ant predictor of survival in pediatric ALL populations, and
patients with early and continuous negative MRD levels pres-
ent with a satisfactory outcome [15,17,23]. In this study, a posi-
tive MRD level at TP2 or TP3 was related to a poor outcome,
which indicated that the MRD level is an important predictor
of survival in ALL patients without specific fusion genes.

With the development of molecular cytogenetics in
malignancies, an increasing number of specific chromosomal
translocations and their fusion genes have been discovered in
B-ALL patients. More than 200 specific fusion genes have been
discovered in pediatric B-ALL populations, and such genes
are playing an increasingly important role in strategic risk
treatment and serve as an index of MRD monitoring [3,5,25].
ETV6/RUNX1, TCF3/PBX1, KMT2Ar, and BCR/ABL: fusion
genes were frequently detectable in B-ALL patients [8,11], and
B-ALL patients with ET'V6/RUNX1 experienced favorable
prognosis, whereas those patients with KM72Ar endured
poor results. Patients with 7CF3/PBX1 who received intensive
chemotherapy had an improved prognosis [15,16]. Patients
with BCR-ABL1 continued to experience a poor outcome, but
survival improved with combination treatment with chemo-
therapy and tyrosine kinase inhibitor [14,26].
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Specific fusion genes have yet to be clarified in at least
one-third of B-ALL patients [5,7,8], and our study and the lit-
erature verified that early treatment response was the main
prognostic factor in these patients [4-6,17,21-24]. In recent
studies, NGS has been used to discover more genetic abnor-
malities in B-ALL, and advanced studies are exploring the
relationships among these genetic abnormalities, pathogen-
esis, and outcomes [25,27-29]. In this study, NGS detected
abnormalities in 62.5% of BM relapsed patients, rare or unre-
ported fusion genes and/or gene mutations were detectable,
and adverse molecular genetic abnormalities such as 7Ps3,
CREBBPR and IKZFi [30,31] were detected in BM relapsed
patients. These findings suggest that the application of NGS
will reveal more molecular genetic changes in B-ALL patients
without specific fusion genes than the use of traditional detec-
tion means, meaning the outcomes of these patients could
be further improved by a modified strategy [25,32]; NGS and
other technologies were also identified that genetic mutations
were different at initial and relapsed B-ALL samples [31], it
revealed the evolution from diagnosis to relapse and treat-
ment should be adjusted according to it. However, due to lim-
ited RNA-seq data of relapsed cases, common adverse fusion
genes including Ph-like were not detected. The detection of
molecular genetic abnormalities will serve to monitor the
MRD [33,34], and the targeting of signaling pathways will be
further researched [35,36].

CONCLUSION

In the present study, we assessed the outcomes and risk
factors for Chinese pediatric B-ALL patients without specific
fusion genes. The assessment demonstrated favorable out-
comes in the cohort. The study results show that traditional
risk factors were overcome by modified chemotherapy and
that the positive MRD level was a key risk factor in pediatric
B-ALL. NGS has proven to be a useful technique to identify
other molecular genetic risk factors in cases without common
specific genetic alterations.

ACKNOWLEDGMENTS

We thank the patients and their families. The study was
supported by the National Natural Science Foundation of
China (Project No. 81900162) and the Chongqing Science
and Technology Commission of China PR (Project No.
cstc2018jsyj-jsyjX0015).

REFERENCES

[1]  Hunger SP, Mullighan CG. Acute lymphoblastic leukemia in chil-
dren. N Engl ] Med 2015;373:1541-52.
[2] Kato M, Manabe A. Treatment and biology of pediatric acute

Bosn ] Basic Med Sci. 2022;22(2):238-246

3]

[o]

[10]

(1]

[12]

[13]

[14]

[15]

(16]

[17]

244

lymphoblastic leukemia. Pediatr Int. 2018;60(1):4-12.

lacobucci I, Mullighan CG. Genetic basis of acute lymphoblastic
leukemia. ] Clin Oncol 2017;35(9):975-83.
https://doi.org/10.1200/jc0.2016.70.7836.

Vrooman LM, Silverman LB. Treatment of childhood acute lym-
phoblastic leukemia: Prognostic factors and clinical advances. Curr
Hematol Malig Rep. 2016;11(5):385-394-
https://doi.org/10.1007/511899-016-0337-.

Shago M. Recurrent Cytogenetic Abnormalities in Acute
Lymphoblastic Leukemia. Methods Mol Biol 2017;1541:257-78.
https://doi.org/10.1007/978-1-4939-6703-2_21.

Takahashi H, Kajiwara R, Kato M, Hasegawa D, Tomizawa D,
Noguchi Y, et al. Treatment outcome of children with acute lym-
phoblastic leukemia: The Tokyo Childrens Cancer Study Group
(TCCSG) Study Log-16. Int ] Hematol 2018;108(1):98-108.
https://doi.org/10.1007/512185-018-2440-4.

Ohki K, Takahashi H, Fukushima T, Nanmoku T, Kusano S, Mori M,
et al. Impact of immunophenotypic characteristics on genetic sub-
grouping in childhood acute lymphoblastic leukemia: Tokyo chil-
dren’s cancer study group (tcesg) study log. Genes Chromosomes
Cancer 2020;59(10):551-61.

https://doi.org/10.1002/gcc.22858.

Adridan M, Maribel FC, Darnel MM, Rocio B, Jesus HR. New chal-
lenges in targeting signaling pathways in acute lymphoblastic leuke-
mia by NGS approaches: An update. Cancers (Basel) 2018;10(4):110.
https://doi.org/10.3390/cancersi0040110.

Arber DA, Orazi A, Hasserjian R, Thiele ], Borowitz MJ, Beau M,
et al. The 2016 revision to the World Health Organization clas-
sification of myeloid neoplasms and acute leukemia. Blood
2016;127(20):2391-405.
https://doi.org/10.1182/blood-2016-06-721662.

Simons A, Shaffer LG, Hastings R]. Cytogenetic nomencla-
ture: Changes in the ISCN 2013 compared to the 2009 Edition.
Cytogenet Genome Res 2013;141(1):1-6.
https://doi.org/10.1159/000353118.

Carranza C, Granados, L, Morales O, Jo W, Villagran S, Tinti D,
et al. Frequency of the ETV6-RUNX1, BCR-ABL1, TCF3-PBX1,
and MLL-AFF1 fusion genes in Guatemalan pediatric acute lym-
phoblastic leukemia patients and their ethnic associations. Cancer
Genet. 2013;206(6):227-32.
https://doi.org/10.1016/j.cancergen.2013.05.017.

Kim BR, Choi JL, Kim JE, Woo KS, Kim KH, Kim JM, et al.
Diagnostic utility of multiprobe fluorescence in situ hybridization
assay for detecting cytogenetic aberrations in acute leukemia. Ann
Lab Med 2014;34(3):198-202.
https://doi.org/10.3343/alm.2014.34.3.198.

Pallisgaard N, Hokland P, Riishej DC, Pedersen B, Jorgensen P.
Multiplex reverse transcription-polymerase chain reaction for
simultaneous screening of 29 translocations and chromosomal
aberrations in acute leukemia. Blood 1998;92(2):574-88.
https://doi.org/10.1182/blood v92.2.574.414k22_574_588.

Liao X, Guo Y, Shen Y, Xiao J. Recurrent gastrointestinal hemor-
rhage in children with Philadelphia-positive B-cell acute lympho-
blastic leukemia treated with dasatinib: Case reports. Case Rep
Hematol 2020;2020:5678210.
https://doi.org/10.1155/2020/5678210.

Cui L, Li ZG, Chai YH, Yu ], Gao ], Zhu XF, et al, Chinese Children
Leukemia Group (CCLG). Outcome of children with newly diag-
nosed acute lymphoblastic leukemia treated with CCLG-ALL
2008: The first nation-wide prospective multicenter study in China.
Am ] Hematol 2018;93(7):913-20.

https://doi.org/10.1002/ajh.25124.

Lin A, Cheng FW, Chiang AK, Luk CW, Li RC, Ling AS, et al.
Excellent outcome of acute lymphoblastic leukaemia with TCF3-
PBX1 rearrangement in Hong Kong. Pediatr Blood Cancer
2018;65(12):€27346.

https://doi.org/10.1002/pbc.27346.

Bartram ], Wade R, Vora A, Hancock ], Mitchell C, Kinsey S, et al.
Excellent outcome of minimal residual disease-defined low-risk
patients is sustained with more than 10 years follow-up: Results

www.bjbms.org



[18]

[19]

[20

[21]

[22]

(23]

[24]

25]

[26]

(27]

Pinli Zou, et al.: B cell acute lymphoblastic leukemia without specific fusion genes

of UK paediatric acute lymphoblastic leukaemia trials 1997-2003.
Arch Dis Child 2016;101(5):449-54.
https://doi.org/10.136/archdischild-2015-309617.

Roy S, Coldren C, Karunamurthy A, Kip NS, Klee EW, Lincoln SE,
et al. Standards and guidelines for validating next-generation
sequencing bioinformatics pipelines: A joint recommendation
of the association for molecular pathology and the college of
American pathologists. ] Mol Diagn 2018;20(1):4-27.
https://doi.org/10.1016/jjmoldx.2017.11.003.

Safavi S, Paulsson K. Near-haploid and low-hypodiploid acute lym-
phoblastic leukemia: Two distinct subtypes with consistently poor
prognosis. Blood 2017;129(4):420-3.
https://doi.org/10.1182/blood-2016-10-743765.

Burke MJ. Allogeneic Hematopoietic Cell Transplantation Provides
No Benefit for Patients With Hypodiploid Acute Lymphoblastic
Leukemia. ] Clin Oncol 2019;37(10):763-4.
https://doi.org/10.1200/jc0.19.00143.

Gao J, Liu WJ. Prognostic value of the response to prednisone for
children with acute lymphoblastic leukemia: A meta-analysis. Eur
Rev Med Pharmacol Sci 2018;22(22):7858-66.

Schrappe M, Bleckmann K, Zimmermann M, Biondi A, Méricke A,
Locatelli F et al. Reduced-intensity delayed intensification in
standard-risk pediatric acute lymphoblastic leukemia defined
by undetectable minimal residual disease: Results of an interna-
tional randomized trial (AIEOP-BFM ALL 2000). ] Clin Oncol
2018;36(3):244-53.

https://doi.org/10.1182/blood.v128.22.4.4.

Berry DA, Zhou S, Higley H, Mukundan L, Fu S, Reaman GH, et al.
Association of minimal residual disease with clinical outcome in
pediatric and adult acute lymphoblastic leukemia: A meta-analysis.
JAMA Oncol. 2017;3(7):e170580.
https://doi.org/10.1001/jamaoncol.2017.0580.

Campana D, Pui CH. Minimal residual disease-guided ther-
apy in childhood acute lymphoblastic leukemia. Blood.
2017;129(129):1913-8.
https://doi.org/10.182/blood-2016-12-725804.

Liu YE Wang BY, Zhang WN, Huang JY, Li BS, Zhang M, et al.
Genomic profiling of adult and pediatric B-cell acute lymphoblastic
leukemia. EBioMedicine. 2016;8:173-83.

Shen S, Chen X, Cai ], Yu ], Gao J, Hu S, et al. Effect of Dasatinib
vs Imatinib in the treatment of pediatric philadelphia chromo-
some-positive acute lymphoblastic leukemia: A randomized clini-
cal trial. JAMA Oncol 2020;6(3):358-66.
https://doi.org/10.1001/jamaoncol.2019.5868.

Brown LM, Lonsdale A, Zhu A, Davidson NM, Schmidt B,
Hawkins A, et al. The application of RNA sequencing for the diag-
nosis and genomic classification of pediatric acute lymphoblastic

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

leukemia. Blood Adv. 2020;4(5):930-42.
https://doi.org/10.1182/bloodadvances.2020001859.

Schieck M, Lentes ], Thomay K, Hofmann W, Behrens YL,
Hagedorn M, et al. Implementation of RNA sequencing and array
CGH in the diagnostic workflow of the AIEOP-BFM ALL 2017 trial
onacute lymphoblastic leukemia. Ann Hematol. 2020;99(4):809-18.
https://doi.org/10.1007/500277-020-03953-3.

Kim B, Kim E, Lee ST, Cheong JW, Lyu CJ, Min YH, et al. Detection
of recurrent, rare, and novel gene fusions in patients with acute
leukemia using next-generation sequencing approaches. Hematol
Oncol. 2020;38(1):82-8.

https://doi.org/10.1002/hon.2709.

Forero-Castro M, Robledo C, Benito R, Bodega-Mayor I, Rapad 1,
Hernandez-Sanchez M, et al. Mutations in TP53 and JAK2 are inde-
pendent prognostic biomarkers in B-cell precursor acute lympho-
blastic leukaemia. Br ] Cancer 2017;117(2):256-65.
https://doi.org/10.1038/bjc.2017.152.

Montano A, Hernandez-Sanchez |, Forero-Castro M, Matorra-
Miguel M, Lumbreras E, Miguel C, et al. Comprehensive custom
NGS panel validation for the improvement of the stratification of
B-acute lymphoblastic leukemia patients. ] Pers Med 2020;10(3):137.
https://doi.org/10.3390/jpm10030137.

Coccaro N, Anelli L, Zagaria A, Specchia G, Albano F. Next-
generation sequencing in acute lymphoblastic leukemia. Int ] Mol
Sci. 2019;20(12):2929.

https://doi.org/10.3390/ijms20122929.

Forero-Castro M, Montao A, Robledo C, Coca A, Fuster J, Heras N,
et al. Integrated genomic analysis of chromosomal alterations and
mutations in B-cell acute lymphoblastic leukemia reveals distinct
genetic profiles at relapse. Diagnostics 2020;10(7):455.
https://doi.org/10.3390/diagnostics10070455.

Della Starza I, Chiaretti S, De Propris MS, Elia L, Cavalli M, De
Novi LA, et al. Minimal residual disease in acute lymphoblastic leu-
kemia: Technical and clinical advances. Front Oncol 2019;9:726.
https://doi.org/10.3389/fonc.2019.00726.

Wang M, Xiao ], Lei X, Yang S. The application of unique molecular
identifier labeled super depth next generation sequencing in mini-
mal residential disease detection of pediatric acute leukemia. Int J
Lab Med 2019;40:920-4.

Zhang ], Mullighan CG, Harvey RC, Gang W, Hunger SP. Key
pathways are frequently mutated in high-risk childhood acute lym-
phoblastic leukemia: A report from the children’s oncology group.
Blood 2011;118(11):3080-7.
https://doi.org/10.1182/blood-2011-03-341412.

Shimada A. Hematological malignancies and molecular targeting
therapy. Eur ] Pharmacol 2019;862:172641.

Related articles published in BJBMS

1.

Bosn ] Basic Med Sci. 2022;22(2):238-246

Progress in research on childhood T-cell acute lymphocytic leukemia, Notch1 signaling pathway, and its inhibitors: A review

Zhong Fang-Fang et al., BJBMS, 2021

Cryptic t(15;17) acute promyelocytic leukemia with a karyotype of add(11)(p15) and t(13,20)- A case report with a literature

review
Siyu Gu et al., BIBMS, 2020

245

www.bjbms.org



Pinli Zou, et al.: B cell acute lymphoblastic leukemia without specific fusion genes

SUPPLEMENTARY MATERIAL

TABLE 1. Character of 25 bone marrow relapsed patients
Pt Gender Age(m) WBC(x10°/L) Chromosomal karyotype BMat TP1 MRDatTP2 ~ MRDatTP3
1 F 46 333 36-44,XX,-7,der(9)t(7:9)(q11.2;p13),+der(9)t(7;9) [cp2] /46,XX[18] M1 2.3x107° 0
2 M 20 9.55 46,XY M2 8x10* 0
3 F 57 377 52-54,XX,+5,+6,+10,+12,+14,+15,+17,+18[cpI] M2 0 0
4 F 80 717 47, XX add(2)(q22),+8,t(14;19) (q32:q13.1)[12]/46,X X [1] Ml 0 0
5 M 38 1606 45 XY,-8mar(12)[1]/46,XY [4] Ml 0 0
6 M 33 5.16 56,XYadd(1)(q42),+4,44,+6,48,+14,+18,+20,+21, rmar+mar[2]/46 M1 0 0

XY/[20]
7 F 260 10.09 N/A M2 9x10* 8.9x10°3
8§ M 154 19.86 46,XY Ml 0 0
9 M 101 1.64 46,-9p(2)/46,XY 38| M1 4.1x107 7x10*
10 F 91 16.01 46,XX M1 0 0
11 M 53 11.09 46,XY M2 0 0
12 F 68 47.69 46,XX M1 0 0
13 M 34 9.05 46,XY M1 8.2x107° 0
14 M 16 2.5 46,XY Ml 0 0
15 M 155 227 46, XY M2 0 0
16 F 52 5.03 N/A M2 0 0
17 M 37 2573 46,XY M1 0 0
18 F 133 41.02 46,XX M1 0 0
19 M 78 2.87 43-50,XY,+X,+4,+del(6)(p13),+16,+20,+21,(CP2) M2 0 0
20 M 77 24 46,XY M1 3.1x10° 1x10*
21 M 44 4.25 46,XY M1 0 0
22 M 151 10.88 46,XY M1 1.8x10°° 4x10*
23 M 24 27.1 46,XY M1 0 0
24 M 51 6.66 46,XY M1 0 0

25

46

317

46,XX

M1

0

0

TABLE 2. Next generation sequencing results of bone marrow

relapsed patients

Pt Risk Relapse WES at diagnosis WES at RNAseq at
group time (m) relapse relapse
1 SR 51 KRAS, FLT3 KRAS, -
FLT3
2 SR 35 TP53(germline), TP53, -
FATI ROBO2
3 SR 26 NRAS, CREBBP NRAS, -
CREBBP
4 SR 18 IKZF1 IKZF1 -
5 SR 57 ND ND -
6 SR 50 N/A CREBBP ~ CREBBP
7 SR 41 KRAS KRAS KRAS
8§ IR 45 ND ND HNRNPH1-
WNK2,
ST3GALI-
NDRG1
9 IR 47 ABLI, ZFHX4, ABLI -
TTN
10 SR 45 TP53, KMT2D TPS3, TP53
KMT2D
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F
BM: Bone marrow; MRD: Minimal residual disease; TP: Time point; M1: Leukemic cell <5%; M2: Leukemic cell 5-25%; N/A: Failure to detect.
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