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Abstract

This study investigated the importance of comprehensive genetic diagnosis in pediatric B-cell acute lymphoblastic leu-
kemia (B-ALL). We analyzed 175 B-ALL employing karyotyping, FISH, MLPA, targeted next-generation sequencing
(t-NGS), and Optical Genome Mapping (OGM). This approach achieved an 83% classification rate, identifying 17 distinct
genetic subtypes. Specifically, within B-other subtype, seven different subgroups were identified (ZNF384, IGH, DUX4,
NUTM]1 rearrangements, PAX5 alterations, PAX5 PSOR, and IKZF1 N159Y). Secondary genetic alterations were observed,
with copy number alterations (CNA) present in 60% of cases and mutations detected in 70.6%. While these alterations
exhibited specific associations with certain genetic subtypes, CNAs did not appear to significantly impact the prognosis
within these genetic groups. HeH, ETV6::RUNX1, ZNF384-r, and PAX5 PS8OR exhibited excellent outcomes, contrasting
with the poor prognoses observed in KMT2A-r, hypodiploidy, and CRLF2-r (5-year overall OS were 50%, 50%, and 52%,
respectively). These findings underscore the value of integrated genetic diagnostics for accurate subtyping, risk stratifi-
cation, and guiding personalized treatment in pediatric B-ALL. Therefore, optimizing diagnostic workflows for routine
clinical practice is crucial. Our study confirms the utility of conventional techniques (karyotyping and FISH), combined
with t-NGS and OGM, for comprehensive genetic diagnosis.

Keywords: Acute lymphoblastic leukemia - Pediatric ALL - B-other - Genetic diagnosis - Multiple-technique approach

Introduction

Acute lymphoblastic leukemia (ALL) is the most common
childhood malignancy, and its characteristic genetic profile
. plays a crucial role in determining the prognosis and treat-

< Margarita Ortega
margarita.ortega@vallhebron.cat

Hematology Service, Experimental Hematology, Vall

d’Hebron Hospital Universitari, Vall d’Hebron Institute

of Oncology (VHIO), Hospital Universitari Vall d’Hebron,
Vall d’Hebron Barcelona Hospital Campus, Passeig Vall
d’Hebron 119-129, 08035 Barcelona, Spain

Unit of Biological Anthropology, Department of Animal
Biology, Plant Biology, and Ecology, Faculty of Biosciences,
Universitat Autonoma de Barcelona, 08193 Barcelona,
Catalonia, Spain

Oncology Data Science (ODysSey) Group, Vall d’Hebron
Institute of Oncology (VHIO), Vall d’Hebron Barcelona
Hospital Campus, Passeig Vall d’Hebron 119-129,

08035 Barcelona, Spain

Pediatric Oncology and Hematology Department, Hospital
Universitari Vall d’Hebron, Vall d’Hebron Barcelona
Hospital Campus, Passeig Vall d’Hebron 119-129,

08035 Barcelona, Spain

ment stratification. Approximately 70% of B-cell precursor
ALL (B-ALL) can be categorized using standard genetic
analyses into well-established recurrent genetic abnormality
[1, 2]. The remaining 30% of pediatric B-ALL, referred to
as “B-other”, encompasses 15 distinct genetic entities [3—6].

Current diagnostic strategies require multiple techniques.
Karyotyping is the most widely used method for assessing
chromosomal abnormalities, including numerical and struc-
tural variants. Fluorescence in situ hybridization (FISH) and
reverse transcription polymerase chain reaction (RT-PCR)
detect classical fusions. Chromosomal microarrays and
multiplex ligation-dependent probe amplification (MLPA)
identify specific copy number alterations (CNA), commonly
observed in B-ALL patients [5]. Next generation sequencing
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(NGS), such as targeted NGS (t-NGS) or whole genome
sequencing (WGS), detects actionable/prognostic mutations
and fusions [7]. Optical Genome Mapping (OGM) is a new
technology that comprehensively detects CNA, structural
variants, and fusion genes [8].

Accurately defining leukemia genetics requires a com-
plex workflow utilizing diverse techniques; however, their
accessibility varies significantly among laboratories. Our
study presents a single-center cohort of ALL employing an
integrated approach, which classifies patients into 17 genetic
subtypes, elucidating their frequency and clinical signifi-
cance. Furthermore, we aim to identify the most relevant
techniques for a comprehensive genetic diagnosis.

Materials and methods

This study included 175 patients (< 18 years) with B-ALL
treated at Vall d’Hebron University Hospital from 2014 to
2023 according to the Spanish SEHOP-PETHEMA 2013
protocol [9] or a similar risk-adapted regimen. Leukemia
diagnosis was based on morphology, immunophenotype,
cytogenetics, FISH, and RT-PCR as part of routine clini-
cal diagnostics. Classification was made according to the
5th edition of the WHO Classification of Haematolymphoid
Tumours (WHO-HAEMS) [1], which categorizes "B-cell
lymphoblastic leukaemias/lymphomas" into specific genetic
entities. In our manuscript, the term "B-other" corresponds
to the WHO category "B-lymphoblastic leukaemia/lym-
phoma with other defined genetic abnormalities," includ-
ing cases with genetic alterations not assigned to specific
categories.

For this study, MLPA, t-NGS, and OGM analyses were
performed retrospectively following the standardized proto-
cols (see Supplementary File). Karyotyping and FISH stud-
ies were performed on all patients, yielding evaluable results
in 92% (n=161) and 92.6% (n=162) of cases, respectively.
A retrospective t-NGS study included 84 patients, focusing
particularly on the BCR::ABLI-like (n=16/17) and B-other
(n=37/51) subtypes. Additionally, OGM study was per-
formed on 11 undiagnosed patients with available cryopre-
served material. MLPA analysis using the P335 kit (version
C2) was conducted on 120 patients, while the P327 kit (ver-
sion B2) was specifically applied to 26 B-other patients lack-
ing a defined genetic subtype. For 12 patients, samples were
unavailable for complete genetic diagnosis. All techniques
performed for each patient are listed in Table S1.

The differences between groups were compared using
the chi-square, Fisher’s exact, and Mann—Whitney tests, as
appropriate. P-values < 0.05 were considered statistically
significant. Survival analysis focused on overall survival
(0S), event-free survival (EFS), and relapse incidence
were calculated using Kaplan—Meier methods. Materials,
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procedures and statistical analyses are detailed in the Sup-
plementary File.

This study was conducted in accordance with the Decla-
ration of Helsinki.

Results

Evaluation of diagnostic techniques for B-ALL
subtype classification

A total of 175 B-ALL patients with ALL were included in
this study; the median age at diagnosis was 4 years (inter-
quartile range [IQR] 3-10 years), the median white blood
cell count was 11.18x10%/L (IQR 4.65-34.17), and there was
a male predominance (57.7%). Five patients (2.9%) from the
total cohort had Down Syndrome (DS) (Table S2).

Using all employed techniques, we were able to classify
145 out of 175 (83%) B-ALL patients into 17 distinct genetic
subtypes (Table S1). Each technique demonstrated specific
effectiveness for identifying particular genetic subtypes:
karyotyping (39.1%), FISH (51.9%), t-NGS (59.5%), and
OGM (54.5%) (Fig. 1A). Considering the most rapid and
cost-effective approach, the combination of karyotyping and
FISH allowed us to establish a diagnosis in 73% of cases.
The addition of t-NGS and OGM further improved classifi-
cation by an additional 10% (Fig. 1B).

Although not all cases were analyzed using every tech-
nique, it is noteworthy that some genetic entities could be
diagnosed using multiple techniques in combination, while
others were defined exclusively by a single method. For
instance, in our series, aneuploidies were identified almost
exclusively through karyotyping, /GH fusions solely by
FISH, specific fusions and point mutations uniquely by
t-NGS, and NUTM1 rearrangements and ERG deletions
only by OGM. Each technique had its limitations; for exam-
ple, FISH missed certain cases, including P2RYS::CRLF?2
(4/10), ZNF 384 rearrangements (3/6), and KMT2A::AFF3
fusion (1/1), probably due to limitations in probe design and
coverage. Additionally, t-NGS failed to detect IGH::CRLF2
(1/1), KMT2A::UPS2 (1/1), and a ZNF384 rearrangement
(1/6). This underscores the added value of complementary
approaches such as OGM, which is capable of identifying
some of these alterations with greater precision.

Frequency and clinical significance
of primary recurrent genetic in B-ALL

Among the 145 patients with a defined genetic diagnosis, 124
patients (71%) harbored a classical recurrent abnormality:
high hyperdiploidy (HeH) (n=46), t(12;21)/ETV6::RUNX1
(n=36), BCR::ABLI-like (n=17), KMT2A rearrangements
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Fig. 1 Diagnostic performance of cytogenetic techniques in
pediatric B-ALL diagnosis. (A) The bar chart illustrates the num-
ber of diagnostic and non-diagnostic results obtained using kar-
yotyping, FISH, t-NGS, and OGM. (B) Proportion of patients
classified into a defined genetic subtype using different cytoge-

(KMT2A-r) (n=38), t(1;19)/TCF3::PBXI] (n=06),
t(9;22)/BCR::ABLI (n=4), iAMP21 (n=4), and hypodip-
loidy (near haploidy (n=2) and low hypodiploidy (n=1)).
The remaining patients were classified as B-other (29%)
(Table 1, Fig. 2).

High hyperdiploidy (HeH) was the most prevalent genetic
subtype, diagnosed primarily through karyotyping (39/46).
FISH using specific probes (e.g., XCE 4/10/17 from Meta-
Systems) was employed in patients without informative kar-
yotype. The median number of chromosomes was 56 (IQR
55-60). Trisomies most frequently involved chromosomes
X, 4,10, 17, 18, and 21, rarely involving chromosomes 1, 13,
16, or 20. Additionally, 43.6% of cases had structural vari-
ants, most commonly a duplication in chromosome 1. Nota-
bly, HeH patients were typically younger (1-10 years old,
p <0.001) with lower WBC counts (p <0.001) at diagnosis.

The second most prevalent genetic subtype was
ETV6::RUNXI rearrangement, detected by FISH in all 36
patients and further confirmed by NGS when available.
Among these patients, 75% presented an altered karyotype,
with a median of 2 aberrations (IQR 1-5). Common accom-
panying alterations were trisomy 21 (36%) and deletion of
12p (33%). Of particular note, one case exhibited an atypical
hyperdiploid characterized by the presence of an additional

Non-diagnostic results
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netic techniques, ordered by increasing complexity (Karyo-

type <FISH <t-NGS <OGM). K: karyotype; FISH: fluorescence
in situ hybridization; t-NGS: targeted next generation sequencing;
OGM: optical genome mapping

chromosome 15, highlighting the importance of FISH, as
without this test, the case could have been erroneously clas-
sified. Notably, patients with ETV6::RUNXI were typically
younger at diagnosis (1-10 years old, p =0.005).

Seventeen patients (10%) harbored BCR::ABLI-like
abnormalities, categorized as JAK-STAT abnormalities (7%)
and ABL-class fusions (3%) (Table 2). JAK-STAT abnor-
malities included P2RYS8::CRLF2 (n=10), IGH::CRLF2
(n=1), and PAX5::JAK2 (n=1). ABL-class fusions included
PDGFRB-rearranged (n=3) and ABLI-rearranged (n=2).
Partner genes were identified in three out of five cases
(EBF1::PDGFRB, ETV6::ABL1, and NUP214::ABLI).
Remarkably, patients with BCR::ABLI-like were typically
older at diagnosis (p=0.033) and more likely to be male
(p=0.03). Patients with CRLF2-rearranged were signifi-
cantly associated with DS (60% (n = 3) of patients with DS,
p<0.001) and presented with higher WBC at diagnosis
(p=0.018).

Eight patients harbored KMT2A-rearranged (KMT2A-r),
with the partner gene identified in all cases: AFFI (n=3),
MLLT3 (n=3), AFF3 (n=1), and USP2 (n=1). Patients
with KMT2A-r were diagnosed considerably at a younger
age than the others, with 4/8 diagnosed within the first
year of life (p <0.001). This subtype also exhibited a high
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2

number of
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*QOnly patients treated homogeneously with the SEHOP-PETHEMA 2013 protocol (144/175)

A See Table 2
NA, not applicable

risk of central nervous system (CNS) involvement (5/7,
p <0.001) and high WBC at diagnosis (5/8, p=0.003).
Notably, the KMT2A-r B-ALL immunophenotype was spe-
cific, with five patients presenting as Pro-B and three as
mature B (p <0.001). Interestingly, all three cases with
KMT2A::MLLT3 were associated with a mature B cell
phenotype, displaying particular characteristics and out-
comes [10].

TCF3::PBXI (n=6), BCR::ABLI (n=4), and iAMP21
(n=4) were detected. TCF3::PBX1 and BCR::ABLI dis-
played unbalanced translocations [der(19)t(1;19) or der(22)
t(9;22)] in 4/6 and 1/4 of cases, respectively. Remarkably,
patients with TCF3::PBXI harbored complex karyotypes
with at least three karyotypic alterations (p =0.029). None
of the cases with KMT2A-r, TCF3::PBX1, BCR::ABLI, or
hypodiploidy displayed any additional recurrent alterations
(Table 1).

B-other Subtype: Genetic and Clinical
Features

Any recurrent genetic abnormality was observed in 51
patients (29%), comprising the B-other subtype. Particu-
larly, B-other patients were diagnosed at a significantly older
age compared to the entire B-ALL cohort (»p <0.001), with
nearly half (47%) being diagnosed after age 10. This sub-
group also had a significantly higher MRD positivity rate
(p=0.04), accounting for 62.5% of all MRD-positive cases
within the study cohort (Table 2).

A specific genetic subtype was identified in 21 patients
(Fig. 2). Six patients (12% of B-other) harbored ZNF384
rearrangements (ZNF384-r), with partner genes identified in
most cases: EP300 (n=2) and TCF3 (n=23). Four patients
(8%) displayed PAX5 alterations (PAX5alt), concretely two
harbored PAX5 rearrangements and two presented a unique
clonal PAX5 mutation. Three patients (6%) displayed the
defining PAX5 PS8OR mutation and another three presented
IGH rearrangements (IGH-r). Notably, both PAX5 P8OR
and /GH-r patients were typically diagnosed at an older age
(> 10 years old, p=0.016) compared to the entire B-ALL
cohort. Additionally, patients with IGH-r exhibited a higher
prevalence of CNS involvement (p=0.001). ERG deletions
were identified in three patients (6%), being classified as
DUX4 rearrangements since the intragenic ERG deletion are
found exclusively in those cases [11, 12]. Finally, one case
with NUTM 1 rearrangement (2%) and another case with the
IKZF1 N159Y mutation (2%) were identified. Interestingly,
the IKZF 1 mutation was observed in the Pre-B ALL pheno-
type (p=0.004).
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t(1;19)/TCF3::PBX1; 3%
ZNF384-1; 3%
KMT2A-r; 5% BCR::ABL1-like
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PAX5alt; 2%
PAX5 P8OR; 2%
NUTM1-r; 1%

t(12;21)/ETV6::RUNX1
21%

High hyperdiploidy
26%

Fig.2 Genetic distribution of 175 pediatric B-ALL patients in our
series. Pie chart segments display the proportion of patients within
each genetic subtype. The B-other group is further subdivided based

Frequency of copy number alterations
in correlation with primary chromosomal
abnormalities

Copy number alterations (CNAs) affecting IKZF1,
CDKN2A/B, PAX5, BTG1, ETV6, EBF 1, RB1, and the PAR1
region were determined by P335 MLPA in 120 patients. No
detectable CNVs were observed in 26% of the patients. The
median number of deletions in the cohort was 1. Among
patients with deletions, 73 (60%) had one or more deletions,
with 26%, 17%, and 18% exhibiting 1, 2, or >3 deletions,
respectively. The most frequently deleted genes were ETV6
(26%), CDKN2A/B (25%), PAX5 (22%), and IKZF1 (18%).
Deletions in other investigated genes (BTG, EBFI, RBI,
and PAR1) were observed in less than 10% of patients.
Among patients with /KZFI deletions, the most frequent
type involved canonical intragenic deletions encompassing
exons 4—7 (42%). Notably, 53% of patients with CDKN2A/B
deletions exhibited biallelic loss, a phenomenon observed
only in this particular gene pair. Pairwise testing revealed
a non-random pattern in CNAs (Figure S1). IKZF1 dele-
tions frequently co-existed with PAR1 deletions (p =0.009).
CDKN2A/B, and PAXS5, which are co-located on chromo-
some 9p, were also frequently co-deleted (p <0.001).
According to the classification proposed by Hamadeh
et al. [13], CNA profiles could be categorized as good-risk
(CNA-GR; n=69) or poor-risk (CNA-PR; n=51). CNA-GR

B-other
30%

IKZF1 N159Y; 1%

on the specific identified subtypes. alt: alterations; r: rearrangements;
del: deletion

included cases with no deletions in any of the regions stud-
ied, isolated deletions of ETV6, PAXS, or BTG1, or dele-
tions of ETV6 combined with single deletions of BTG,
CDKNIA/B, or PAXS5. Conversely, CNA-PR comprised any
deletion of IKZFI, PARI, EBFI, RBI, or any other CNA-
profile not mentioned above. The deletion pattern varied
significantly depending on the underlying primary chro-
mosomal abnormality (Fig. 3). HeH patients frequently
presented a CNA-GR (p <0.001). ETV6::RUNXI cases
presented the majority of ETV6 deletions (representing
the 65% of all ETV6 deletions; p <0.001). Deletions were
detected in all BCR::ABLI-like cases (median 2), associ-
ated with a CNA-PR in the majority of cases (p <0.001).
The most common deletions in this subtype were IKZF1
(75%), CDKN2A/B (58%) and PAX5 (50%). IKZF1 and
PARI1 region were significantly deleted in BCR::ABLI-like
patients compared to overall B-ALL (p <0.001). All patients
with CRLF2-r exhibited deletions (median 2.5), frequently in
IKZF1, CDKN2A/B, PAXS5, and PAR1 (p <0.01). KMT2A-r
or TCF3::PBX]I subtypes were not associated with any spe-
cific deletions, and most patients had a normal CNA profile.

The B-other subgroup displayed a higher frequency of
deletions (52.8%), with a median of 1 deletion. Most patients
presented deletion of PAXS5 (30.6%), CDKN2A/B (25%),
IKZF1 and RBI (19.4% both). Patients with PAX5alt and
ZNF384-r consistently presented with multiple deletions
(median 3 and 2.5, respectively). Additionally, all patients
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with PAX5alt had deletions in CDKN2A/B and PAXYS itself

% e\;i (p<0.01), and deletions of EBFI and RBI were more fre-
quent in patients with ZNF384-r compared to the overall
cohort (p <0.05).

Frequency of mutations in correlation with primary

SR chromosomal abnormalities

: Z
Pathogenic mutations were identified in 70.6% of patients.
The most frequently mutated genes were KRAS (23.8%),

3 NRAS (15.5%), and PAX5 (8.3%). These were followed

% _ by mutations in TP53, FLT3, NF1, PTPN11, and KMT2D

g g ;5 (around 6%). Mutations in IKZF1, JAKI, NSD2, CBL, and
2 ARIDIA (around 4.8%) were also observed, along with less
< frequent mutations (1-2.5%) in 22 other genes. Overall, the
E] median number of mutations per patient was 1.5 (IQR 0-3
214 mutations).
S E S The specific chromosomal abnormalities of a patient
=le= significantly influenced their mutation profile (Fig. 4).
- Patients with HeH displayed a high number of mutations
§ (median 3) and frequently harbored concurrent muta-
R tions in NT5C2, FLT3, and PTPN11. ETV6::RUNXI
FR = cases often had mutations in KRAS, ARIDIA, and

_ KMT2D. The BCR::ABLI-like patients had the highest

E ii overall mutation frequency (63%), with mutations com-
monly involving KRAS, NRAS, CBL, JAKI, and JAK?2.

E%: < Notably, all JAK2 mutations occurred in patients with

Xz Z CRLF2-r.

N In the B-other subtype, KRAS and NRAS mutations

E _ were highly prevalent, accounting for 70% and 62% of

2 § the total mutated gene, respectively. Similarly, PAX5
and /IKZF1 mutations were also common (71.4% and

N g < 75% of mutations, respectively). Furthermore, co-occur-

8 5 =z ring mutations in TP53, FLT3, NF1, CBL, NSD2, JAKI,
and PTPNI1 were frequently observed within this sub-

% S type. The PAX5alt group displayed the highest number

= ~ of mutations (median 3.5), with all PAX5 mutations
co-occurring with MTOR mutations. Furthermore, the

ol TR PAX5 P8OR specific mutation frequently co-occurred

g2 Z with other mutations (median 2). Patients with ZNF834-

1z r harbored all the mutations found in EGFR and EZH2
2 § 5;5 genes.

E It is important to note that mutations with high variant
g % allele frequency (VAF >40%) were observed in several
5] E & cases, particularly in TP53. These cases warrant special
=N = attention during remission to determine whether the muta-

o tions are somatic or germline. This distinction is crucial

2| E N for clinical decisions regarding allogeneic transplantation,
E ;5 g § especially when considering family donors, as well as for
g o genetic counseling in cases of constitutional 7P53 muta-
= % tions [14].
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Subtype Genetic group Subtypes
EBF1 High hyperdiploid (HeH) ZNF384 -r CRLF2-r
IKZF1 ETV6::RUNX1 PAX5 alt PDGFRB -r

CDKN2A/B KMT2A -rearranged PAX5 P80R ABL1 -r
PAX5 TCF3::PBX1 DUX4r-ERG del | |[JAK2 -r
ETV6 BCR::ABL1 IGH -r
BTG1 Hypodyploid NUTM1 -r
RB1 BCR::ABL1 -like IKZF1 N159Y

PAR1 B-other B-rest
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Fig.3 Copy number alteration (CNA) pattern across the under-
lying genetic subtype in our cohort of B-ALL. Oncoplot showing
the pattern of individual copy number alterations, deletions (red)
and duplication (blue), and the risk group profile of CNA per case
according to genetic subtype. Risk groups were established based on
UKALL-CNA profile established by Hamadeh et al. [13]. CNA-GR

Genetic group

(green): do not present any deletion of the regions studied, isolated
deletions of ETV6, PAX5 or BTG, or cases with ETV6 deletions with
single additional deletion of BTG, PAX5 or CDKN2A/B; CNA-PR
(red): any deletion of /IKZF1, PARI, EBF1, RBI, or any other CNA-
profile not mentioned above

Subtype _ _ ! ! ! i Genetic group and subtypes
H H ETV6::RUNX1
il ] High hyperdiploid (HeH)
L ] KMT2A -rearranged
a H TCF3::PBX1
H H BCR::ABL1
il ] Hypodyploid
H H iAMP21
H H BCR::ABL1 -like
H H B-other
H H CRLF2 -r
H H PDGFRB -r
H \ABL1 -r
[JAK2 -r
|[ZNF384 -r
H PAXS alt
H {1 PAX5 P8OR
H _.:. DUX4 r-ERG del
H IGH -r
H NUTM1 -r
H IKZF1 N159Y
H B-rest
H Mutations
H Yes
H H No
H H+H Fusions
H HH [ L ETV6::RUNX1 fusion
H KMT2A rearragements
H HEEgEEE TCF3::PBX1 fusion
i T BCR:ABLI fusion
1 HuEl CRLF2 rearragements
H PDGFRB rearragements
H [ ABL1 rearragements
1 1 ] JAK2 rearragements
L] [T il | ZNF384 rearragements
l PAXS rearragements

[UNEENNEEENNENNEE] NN NNENNEENNNENNNENNEENNEENEEEND]

Fig.4 Distribution of Mutations and Fusions Across B-ALL Sub-
types. The oncoplot displays mutations (in green) and fusions (color-
coded in the legend) for each patient in our B-ALL cohort, organized
by genetic subtype. For genes with multiple mutations in a single

sample, the number indicates the total mutations in that gene. The
mutation frequency for each gene is also shown. Mutations marked
with { are defining for specific genetic subtypes, such as PAX5 PSOR
and IKZF1 N159Y
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Outcome of patients by genetic subtype
and prognostic impact of secondary
abnormalities

A total of 144 B-ALL patients in this study were treated
according to the SEHOP-PETHEMA 2013 treatment guide-
lines, which use risk-adapted treatment regimens (see sup-
plementary data). Patients were classified as standard (n=5),
intermediate (n=98), or high-risk (n=41). The 5-years over-
all survival (OS) rates were 100%, 97.0%, and 68.6% respec-
tively; and event-free survival (EFS) rates were 75%, 89.6%,
and 54.1% (Figure S2). The entire B-ALL cohort showed
high OS and EFS rates of 88.9% and 78.9%, respectively,
with a relapse rate of 17.4% (Table 1).

Distinct genetic subtypes of B-ALL patients exhibited
distinct survival and relapse rates (Table 1, Figure S3). HeH
patients had a significantly lower relapse rate (only 9%,
p=0.016) and all are currently alive (p=0.004). In contrast,
BCR::ABLI-like patients displayed a high relapse rate (53%,
p=0.001) and mortality rate (29%, p=0.02); specifically,
the CRLF2-r subgroup showing poorer outcomes, with a sig-
nificantly higher relapse rate (63%, p <0.001) and mortality
rate (36%, p=0.01). Similarly, KMT2A-r patients also had
high relapse rate (63%, p=0.004) and mortality rate, with all
relapses in this group resulting in death (p <0.001). Therefore,
BCR::ABLI-like and KMT2A-r, along with hypodiploid and
BCR::ABLI patients, exhibited the worst outcomes. B-other
patients demonstrated an intermediate-risk profile, with a
S5-years OS of 87.8% and an EFS of 66.8% (Table 2). Inter-
estingly, among the B-other subgroup, ZNF384-r and PAX5
P8OR patients exhibited the lowest mortality and relapse rates.
These prognostic findings should be interpreted with caution,
as they are based on data from a single-center study with a
relatively small cohort in certain subgroups, potentially limit-
ing the statistical power of some observations.

Based on cytogenetic prognosis profiles, we classified
patients into three distinct risk groups: good (CYTO-GR,
n="73, characterized by HeH and ETV6::RUNX]I), poor
(CYTO-PR, n=7, with KMT2A-r, BCR::ABLI and hypodip-
loidy), and intermediate (CYTO-IR, n =64, encompassing
other genetic subtypes). CYTO-GR, CYTO-IR, and CYTO-
PR presented at 5-years an OS rates of 98.5%, 83.0%, and
38.1%; an EFS of 94.9%, 64.1%, and 42.9%; and a relapse
incidence of 3.7%, 32.7%, and 37.5%, respectively (Fig. 5).
Despite differences in survival rates between genetic risk
groups, CYTO-IR and CYTO-PR patients exhibited simi-
lar relapse rates. Furthermore, incorporating CNAs data
with these genetic groups did not significantly affect patient
prognosis in our study (Figure S4). In the overall series, the
presence of a complex karyotype also showed no impact on
survival outcomes (Figure S5).

@ Springer

Discussion

With our comprehensive approach, which combines kar-
yotyping, FISH, t-NGS, and OGM, we classified 83% of
patients into 17 distinct genetic subtypes. Despite this,
58% of B-other cases (17% of all B-ALL) in our study
remained unclassified—a result broadly consistent with
other large studies, such as Schwab et al. [15], where even
with WGS, 53% of cases were unclassified.

Based on our experience and the classification rates
achieved by each technique in our study, we propose a
diagnostic workflow algorithm for the genetic charac-
terization of B-ALL. This algorithm begins with karyo-
typing and FISH screening for ETV6::RUNXI, KMT2A,
TCF3, and ABL-class genes (ABLI, ABL2, PDGFRB,
and CSFIR), enabling us to achieve a genetic diagnosis in
63.4% of cases. If these techniques do not yield a defini-
tive diagnosis, an extended FISH panel with probes for
CRLF2, EPOR, JAK2, PAX5, MEF2D, and ZNF384 is
performed, allowing us to diagnose an additional 9.1% of
cases. In parallel, targeted NGS (t-NGS) is applied, pro-
viding diagnoses in a further 8% of cases. For cases that
remain undiagnosed and with available material, OGM is
used as a final step, identifying an additional 2.3% of cases
(Fig. 6). This approach enables us to reach a diagnosis in
63.4% of cases with only the initial step, minimizing the
need for further testing for the majority of patients. Similar
workflows have been described in the literature, such as
the guidelines proposed by Tueur et al. [16], which empha-
size the integration of cytogenetic and advanced molecular
techniques for comprehensive characterization of B-ALL.
Therefore, karyotyping and FISH remain effective, rapid,
cost-efficient, and accessible tools for detecting chromo-
somal abnormalities, while t-NGS significantly enhances
diagnostic yield, particularly in cases with incomplete
cytogenetic results. Further research is necessary to evalu-
ate the potential of early OGM implementation in B-ALL
diagnostics, considering factors such as turnaround time
and cost.

The distribution of most identified genetic subtypes
aligned well with previous studies [17, 18]. However,
DUX4-r, ZNF384-r, and PAX5alt, were observed at a lower
frequency in our study compared to the reported range
(2%vs4-7%, 3%vs6%, and 2%vs10%, respectively) [15,
17-19]. No cases of MEF2D rearrangements were identi-
fied despite using techniques with sufficient coverage. This
difference in frequency and identification of the subtypes
could be due to variations in the studied populations, as geo-
graphic location or ethnicity might influence the prevalence
of certain subtypes. Importantly, we identified patients with
potential DUX4-r based solely on ERG deletions. Currently,
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Fig.5 Outcomes according to the genetic risk classification for
our cohort of pediatric B-ALL. (A-C) Kaplan—Meier survival
curves showing the overall survival, event-free survival and relapse

directly detecting DUX4 rearrangements remains challeng-
ing with the employed methods.

Moreover, the study acknowledges the presence of con-
current recurrent genetic alterations alongside the primary
genetic abnormalities, consistent with previous observa-
tions [19]. It is important to recognize concurrent altera-
tions to inform the prognosis of patients accurately. For
example, in cases of BCR::ABLI with hyperdiploidy, the
prognosis will be primarily driven by the presence of the
BCR::ABLI abnormality, regardless of the hyperdiploid kar-
yotype. Similarly, identifying CRLF2-r alongside iAMP21,
ETV6::RUNXI, or other BCR::ABLI1-like fusions is crucial
for proper patient classification and risk stratification accord-
ing to their primary alteration.

Regarding secondary alterations, deletions in genes
of interest were observed in 60% of our cohort. The most

2 2 2 2 1
20 14 9 5 1
41 33 18 10 5

incidence according to genetic classification. CYTO-GR: HeH and
ETV6::RUNXI; CYTO-PR: KMT2A-r, BCR::ABLI or hypodiploidy;
CYTO-IR: other genetic subtypes

common CNAs included deletions in E7'V6 and 9p (encom-
passing CDKNZ2A/B and PAX5) and IKZFI deletions, simi-
lar to previous reports [20, 21]. The association between the
deleted genes and the underlying genetic subtype is also con-
sistent with the literature [21], with IKZF1, PAX5, and PAR1
deletions observed in BCR::ABLI-like patients, PAX5 and
CDKN?2A/B deletions in B-other patients, and ETV6 deletions
in ETV6::RUNX]I patients. Interestingly, our study identified
a novel association between RB/ deletion and the ZNF384-r
subgroup, which has not been widely reported. Although RBI
deletion was observed in 33% of our ZNF384-r cohort (n=2),
it did not correlate with a poorer prognosis in these cases,
which contrasts with previous reports linking RBI deletions
to adverse outcomes in other contexts [13, 21]. These findings
underscore the need for further investigation into the potential
role of RBI deletions in ZNF384-r patients.

@ Springer
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Fig.6 Genetic Diagnostic Workflow Algorithm for B-ALL. In
suspected cases of B-ALL, our recommended diagnostic approach
for accurate genetic characterization includes: Step 1, karyotyp-
ing and FISH screening for common genetic abnormalities such as
ETV6::RUNXI, KMT2A, TCF3, and ABL-class gene fusions (ABLI,
ABL2, PDGFRB, CSFIR). Based on our findings, this initial step
achieved a genetic diagnosis in 63.4% of cases, effectively identify-
ing high hyperdiploidy (HeH), ETV6::RUNXI, KMT2A-rearranged,
TCF3::PBXI, iAMP21, BCR::ABLI, and some BCR::ABLI-like
fusions (PDGFRB, ABLI). Step 2 involves an extended FISH panel

B-ALL in our study displayed a low number of muta-
tions (median 2), which is fewer than the median of four
putative somatic driver alterations described by Brady
et al. [19]. PAX5alt, HeH, and DUX4-r showed the highest
number of mutations (median 3.5-3). The most frequent
mutations found in our B-ALL cohort were KRAS, NRAS,
and PAXS, similar to previous reports [19]. Furthermore,
we found a specific association between the genetic sub-
type and mutations, such as CRLF2-r with JAK2 and
ZNF384-r with EGFR and EZH2. TP53 and NT5C2 muta-
tions were found in 16% of relapsed patients, even though
the majority had a favorable prognosis genetic group (HeH
and ETV6::RUNXI), corroborating the association of these
mutations with resistance to chemotherapy [22, 23].

@ Springer

NUTM1-rearranged (n=1)

__________________ Not classified
cases

for additional probes (CRLF2, EPOR, JAK2, PAXS5, IGH, MEF2D,
ZNF384) and targeted NGS (t-NGS). This step helped identify
BCR::ABLI-like rearrangements, including CRLF2-r and JAK2-r,
as well as rearrangements of ZNF384, IGH, and PAXS5 alterations,
achieving a genetic diagnosis in 9.1% of cases via FISH and 8% via
t-NGS. Step 3, optical genome mapping (OGM), was applied to the
remaining undiagnosed cases, leading to the identification of DUX4r-
ERGdel and NUTM1 rearrangements in 2.3% of cases. Overall, this
stepwise approach was able to achieve a genetic diagnosis in 83% of
our cases, leaving 17% undiagnosed after applying all methods

Our analysis confirms the critical role of genetics in
prognosis. Patients with good-risk (CYTO-GR) genetics
had excellent survival rates, while poor-risk (CYTO-PR)
patients had worse outcomes. Interestingly, the intermedi-
ate risk group within SEHOP-PETHEMA?2013 protocol had
a high OS (97%), regardless of genetics, suggesting accurate
patient stratification based on response to treatment (MRD)
and age. However, within this group, the CRLF2-r subgroup
had a poorer prognosis with a lower EFS and higher relapse
rate, while ZNF384-r and PAX5 P8OR subgroups showed
favorable outcomes, differing from previously described
intermediate risk cases [15]. Despite what is described in the
literature [13, 20], CNAs did not show significant prognos-
tic differences in survival rates in our cohort, likely due to
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the small number of patients. Furthermore, unlike in adults
[24], CK presence did not exhibit independent prognostic
significance in our pediatric cohort.

In conclusion, this study reinforces the importance of
integrated genetic diagnostics for accurate subtyping and
prognostication in pediatric B-ALL. Identification of a novel
subtype and characterization of secondary abnormalities,
provide deeper insights into B-ALL biology, paving the way
for personalized treatment approaches. The development
of cost-effective strategies to incorporate comprehensive
genetic profiling into routine clinical practice is essential.
This study highlights the importance of integrating multiple
diagnostic techniques for precise genetic diagnosis in pediat-
ric B-ALL, confirming that conventional methods, combined
with t-NGS, enable a rapid and accurate diagnosis.
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