Received: 8 October 2024 Accepted: 14 March 2025

DOI: 10.1111/bjh.20056

ORIGINAL PAPER

BRITISH JOURNAL OF HAEMATOLOGY

Biology and Translational Science

RNA-sequencing: A reliable tool to unveil transcriptional
landscape of paediatric B-other acute lymphoblastic leukaemia

Clara Vicente-Garcés">

Mercé Richarte-Franqués'

Ignacio Isola™® | Edurne Sarrate® | Esther Cuatrecasas™® | Susana Rives

José Luis Dapena™® | Mireia Camoés

'Developmental Tumors Biology Group,
Leukaemia and Paediatric Haematology
Disorders, Pediatric Cancer Center Barcelona
(PCCB), Institut de Recerca Hospital Sant
Joan de Déu (IRS]D), Esplugues de Llobregat,
Barcelona, Spain

Facultat de Medicina i Ciéncies de la Salut,
Universitat de Barcelona (UB), Barcelona,
Spain

*Department of Genetic and Molecular
Medicine-IPER, Hospital Sant Joan de
Déu, Institut de Recerca Sant Joan de Déu,
Barcelona, Spain

*Centro de Investigacion Biomédica en Red de
Enfermedades Raras (CIBERER), Instituto de
Salud Carlos III, Madrid, Spain

*Hematology Laboratory, Hospital Sant Joan
de Déu Barcelona, Esplugues de Llobregat,
Barcelona, Spain

SLeukemia and Lymphoma Department.
Pediatric Cancer Center Barcelona (PCCB),
Hospital Sant Joan de Déu Barcelona,
Barcelona, Spain

Correspondence

Nerea Vega-Garcia, Hematology Laboratory,
Hospital Sant Joan de Déu, Passeig Sant Joan
de Déu 2, Esplugues de Llobregat, Barcelona
08950, Spain.

Email: nerea.vega@sjd.es

Funding information

Instituto de Salud Carlos III, Grant/Award
Number: P121/00213

INTRODUCTION

| Guerau Fernindez> | Elena Esperanza-Cebollada' © |

| Alba Crespo-Carrasco' | Sara Montesdeoca™ |

1,4,6 |

Y3® | Nerea Vega-Garcia

Summary

B-cell precursor acute lymphoblastic leukaemia (BCP-ALL) comprises multiple
subtypes characterized by different genetic alterations. With the use of current
standard-of-care tests used in clinical practice, 20%-30% of the cases may not be
classified into the main genetic subtypes and additional approaches are needed. These
patients are grouped in the heterogeneous category B-other ALL. Transcriptome
sequencing (RNA-seq) has allowed the identification of novel fusion genes and gene
expression profiles that define new molecular subtypes. We present RNA-seq results
integrated, in a real-world scenario, with clinical routine diagnostic data to identify
new biomarkers and reclassify a cohort of 60 B-other ALL patients in the newly
described genetic subtypes. Overall, 49 rearrangements were identified, including
32 different fusion genes in 41 B-other patients (68%). Moreover, we reported six
novel rearrangements (IGK:PAXS5, PAX5:ILIRAPLI, ETV6::KRT78, IGH:HICI,
IGH::MIR100HG and NKAIN4::PNPLA?7). The integration of RNA-seq results with
standard-of-care data allowed us to classify 72% of the patients (43/60) in 11 different
subtypes, being DUX4 rearranged and PAX5alt the most represented subtypes. In
summary, RNA-seq is a reliable tool for the identification of new emerging genetic
subtypes contributing to a better genetic risk stratification of BCP-ALL paediatric
patients on the path towards a more personalized medicine.
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These features are crucial for classifying patients into dif-
ferent subgroups and guiding treatment protocols. Standard

B-cell precursor acute lymphoblastic leukaemia (BCP-ALL)is ~ diagnostic methods used in clinical practice, including
the most frequent childhood cancer,' characterized by hetero- ~ karyotyping, fluorescent in situ hybridization (FISH) and re-

geneous biology comprising different genetic alterations.
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(RT-qPCR), identify well-established leukaemia subtypes:
high hyperdiploidy (51-67 chromosomes), hypodiploidy
(<44 chromosomes), ETV6:RUNX1I, BCR::ABL1, TCF3::PBX1,
TCF3:HLF, KMT2A rearrangements and intrachromosomal
amplification of chromosome 21 (IAMP21), accounting for
70% of BCP-ALL patients. However, with conventional meth-
ods, we fail to classify into the main recurrent genetic cate-
gories around 20%-30% of cases, currently named B-other
ALL, and additional or more directed approaches are needed
to precisely identify all molecular alterations.>™®

Next-generation sequencing (NGS) has improved leu-
kaemia diagnosis by revealing genetic alterations defining
new subgroups such as DUX4, PAX5, MEF2D, ZNF384 re-
arrangements or CDX2 and UBTF:ATXN7L3 alterations,
among others.>™* Particularly, RNA-sequencing (RNA-
seq) has further identified patients with highly distinctive
gene expression profiles (GEP) such as BCR::ABLI-like and
ETV6:RUNXI-like'>'® or PAX5-P80R and IKZFI-N159Y
single mutations.'” Some of these discoveries have been in-
corporated into the latest World Health Organization (WHO)
classification of paediatric tumours'® and the International
Consensus Classification (ICC) of Myeloid Neoplasms and
Acute Leukaemia,'® highlighting the need to incorporate
genome-wide methodologies in BCP-ALL diagnosis.

We present our experience integrating RNA-seq in diag-
nostics routine, in a B-other ALL cohort, to reclassify those
patients in the newly established leukaemia subgroups.

MATERIALS AND METHODS
Patients cohort

We have studied 83 B-other ALL patients diagnosed between
2009 and 2023 at a single institution, treated with SHOP-2005
and SEHOP-PETHEMA 2013 protocols. B-other ALL diagno-
sis was achieved by discarding the presence of ETV6::RUNX1,
TCF3::PBX1, TCF3::HLF, BCR::ABL1, KMT2A rearrange-
ments, high hyperdiploidy (51-67 chromosomes), hypo-
diploidy (<44 chromosomes) and iAMP21 using karyotype,
FISH, RT-qPCR, multiplex ligation-dependent probe ampli-
fication (MLPA) and DNA Index by flow cytometry. High-
quality RNA from bone marrow or peripheral blood was
available for RNA-seq in 60 of the 83 patients.

This study strictly followed the ethical standards and the
Declaration of Helsinki and obtained a favourable report
from our Ethics Committee (PIC-215-20). All samples were
stored in our legally recognized biobank ‘Biobanco Hospital
Sant Joan de Déu (B.000059 ISCIII)’ after obtaining the cor-
responding written informed consent from patients or their
legal guardians.

RNA-seq library preparation and sequencing

RNA was extracted using Direct-zol” RNA MiniPrep
(Zymo Research, CA, USA). Quality and concentration were

assessed by TapeStation (Agilent, Santa Clara, CA, USA)
and Qubit 4.0 fluorometer (Thermo Fisher Scientific, MA,
USA). Samples with RIN >6 were included in the study. As
assessed by flow cytometry, all samples presented more than
60% leukaemic cells.

Libraries were prepared using the Illumina® TruSeq™
stranded mRNA kit following the manufacturer's instruc-
tions with an initial input of 500-700ng of total RNA.
Library quality was assessed by TapeStation D1000 reagents
and quantified using the Qubit 4.0 fluorometer. Sequencing
was performed on a NextSeq 550 using a v2 HighOutput
150cycle kit 2x75bp (Illumina, San Diego, CA, USA).
Generated data were submitted to the European Genome-
phenome Archive (EGA) (EGAD50000000981).

Fusion gene detection

Pair-end reads quality control was assessed using
FastQCv.0.11.5  (https://www.bioinformatics.babraham.
ac.uk/projects/fastqc/), followed by the removal of low-
quality reads and adapters using cutadapt v1.13. The
remaining reads were aligned to the reference human
genome GRCh38 using the STAR aligner.?’ Fusion calling
was conducted using the Fusion InPipe algorithm.*'
Overall, we selected those fusions called by three or more
algorithms, and we applied different filters, as described,"
to discard artefacts and false-positive variants. Due to the
complexity of DUX4 rearrangements these rearrangements
were kept regardless of the number of callers detecting
the fusion. If no fusion candidates were found, a second
manual inspection was done, focusing on fusion events
involving genes linked to leukaemia that might have
been missed or not detected by at least three algorithms.
The final candidates were visually verified by reviewing
supporting reads in the New Genome Browser (NGB) data
viewer.

The identified fusion genes were validated by RT-qPCR
after specific oligonucleotides and probes were designed
(Table S1), except in those cases, where more than one break-
point was identified, the rearrangement included intragenic
regions or no sample was available.

Gene expression profile analysis

Read counts per gene were calculated using gencode.
v34lift37 annotation by the HTSeq package v1.99.2.** Gene
expression levels were normalized by the DESeq2 v1.42,%
and batch effect introduced by different library preparation,
gender and sequencing strategies was corrected using limma
v.3.58.1 R package.**

A cohort of patients from St. Jude Children's
Research Hospital (SJCRH) (EGADO00001004461 and
EGADO00001004463)"” was used to generate a t-distributed
Stochastic Neighbour Embedding (t-SNE) plot and visual-
ize the different cluster subtypes. With the SJCRH cohort
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as a baseline, we individually interrogated our patients to
assign them to a specific subtype based on the patient's
GEP.

The GEP defined different groups, including BCR::ABLI1/
BCR::ABLI-like, DUX4, ETV6:RUNXI/ETV6::RUNXI-
like, hyperdiploidy, iAMP21, KMT2A, MEF2D, NUTMI,
PAX5alt, PAX5-P80R, TCF3::PBX1, ZEB2/CEBPE and
ZNF384. The PAX5alt group included patients with rear-
rangements, focal amplifications and mutations different
from P8OR.

Reclassification of B-other ALL patients and
genetic risk stratification

Patients were assigned to one of the subtypes proposed
by the WHO™ and the ICC" classifications when the
identified fusion gene and the GEP were concordant.
For discordant results, available data from conventional
methods (including karyotype, FISH, MLPA, flow
cytometry), targeted NGS (using AmpliSeq™ for Illumina®
Childhood Cancer Panel) and ALLCatchR,* were
integrated to finally reclassify the B-other ALL patients
into a specific subtype. Patients were classified when two
or more techniques provided evidence to support this new
classification (Figure 1). Finally, genetic risk was assigned
based on updated literature.'>'>*°

RESULTS
RNA-seq allows identifying new fusion genes

We identified 49 rearrangements, including 32 different
fusion genes, in 41 patients (68%). Thirty-six fusion
genes were validated by RT-qPCR, and all but two cases
were confirmed. Detailed rearrangement information
(including distinction between in-frame and out-of-frame
fusions) is included in Figure 2 and Table S2. Most of the
rearrangements (44/49, 90%) belonged to the emerging
genetic subtypes (ABL2, CRLF2, DUX4, ETV6, CEBP,
IGH, MEF2D, NUTM]1, PAX5 or ZNF384 rearrangements).
PAX5 was the most frequently rearranged gene, present
in 11 patients (11/41, 27%, including eight in-frame and
three out-of-frame rearrangements) with eight different
gene partners (NOL4L, PAN3, PML, ETV6, FOXPI, IGK,
ILIRAPLI, and ZCCHC?), followed by DUX4 (9/41, 22%,
five CDS-truncated, four out-of-frame), with IGH as a
partner. Other rearrangements were less represented:
CRLF2 (n=6, 15%, one CDS-truncated, three UTR, two
intergenic), ETV6 (n=5, 12%, three in-frame, two out-of-
frame), CEBP family (n=3, 7%, one CDS-truncated, one
out-of-frame, one UTR), IGH (n=3, 7%, one in-frame,
one CDS-truncated, one UTR), MEF2D (n=2, 5%, in-
frame), ZNF384 (n=2, 5%, in-frame) and one patient
each with ABL-class (in-frame), NUTM1 (in-frame) and
TCF3 (out-of-frame) rearrangements. Among them,
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FIGURE 1 Flowchart with the steps to assign patients into different

BCP-ALL subtypes. During the first step, results from RNA-sequencing
were obtained and analysed separately. The second step integrated results
from fusion calling and gene expression profile (GEP) and, finally,

step 3 integrated RNA-seq results with standard-of-care diagnostic

tests (karyotype, flow cytometry, MLPA), as well as targeted NGS and
ALLCatchR. BCP-ALL, B-cell precursor acute lymphoblastic leukaemia;
MLPA, multiplex ligation-dependent probe amplification; NGS, next-
generation sequencing.

two patients presented ETV6:RUNXI and TCF3::PBX1
fusions that were missed by conventional methodologies
as they presented rare breakpoints not routinely checked.
Additionally, we identified five fusion genes that do not
belong to any of the newly established subtypes (5/48, 10%)
including TFG::ADGRG7, ZEB2::CXCR4, CDKN2A::TRAC,
SPGI11::PATL2 and NKAIN4:PNPLA7 (3/5 in frame)
(Figure 2; Table S2).

Overall, we identified six new rearrangements; PAX5
fused with two novel partners resulting in out-of-frame
products (IGK:PAX5, PAXS5:ILIRAPLI), ETV6:KRT7S,
IGH::HICI, IGH::MIRI00HG and NKAIN4::PNPLA?7.

Eighty-five per cent of patients (n =35/41) presented a sin-
gle rearrangement. However, additional fusion events were
found in six cases: Three patients harboured DUX4::IGH and
additionally PAX5:ZCCHC7, IGK::PAX5 or ZEB2::CXCR4,
one patient presented P2RY8:CRLF2 and IGH::CEBPB fu-
sions, one patient had IGH::MIR100HG and ETV6::BCL2L14
and one patient presented four concomitant fusion genes:
CDKN2A:TRAC, P2RYS8:CRLF2, PAX5:ILIRAPLI and
SPGI1::PATL2 (Table S2).
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(A) GENE REARRANGEMENT FREQUENCY

= PAXS5 rearrangements

DUX4 rearrangements

(B) FUSION GENE DISTRIBUTION

DUX4::IGH
P2RY8::CRLF2
PAX5::NOL4L
IGH::CRLF2
ETV6::BCL2L14
EP300::ZNF384
PAX5::ZCCHC7

PAXS5::PAN3

= CRLF2 rearrangements PAX5::PML
PAX5::ETV6

= ETV6 rearrangements PAX5::FOXP1
t IGK::PAXS

= CEBP rearrangements } PAX5::ILRAPIL1
ETV6::RUNX1

IGH rearrangements ETV6::ABL1
MEF2D rearrangements t ETV6::KRT78

= ZNF384 rearrangements
= NUTM1 rearrangements
m ABL-class rearrangements

= TCF3 rearrangements

ZC3HAV1::ABL2
MEF2D::CSFIR
MEF2D::BCL9
IGH::CEBPA
IGH::CEBPB
IGH::CEBPE
IGH::SPIDR

t IGH::HIC1

FIGURE 2

Other genes

{ IGH::MIR100HG
ACIN1::NUTM1
TCF3::PBX1

{ NKAIN4::PNPLA7
SPG11::PATL2
CDKN2A::TRAC
ZEB2::CXCR4
TFG::ADGRG7

o

2 4 6 8 10
Number of patients

Frequency of the gene rearrangements and distribution of the fusion genes identified by RNA-seq. (A) Frequency of the different

rearrangements identified. Rearrangements were grouped according to the new emerging genetic subtypes. (B) List of the different rearrangements
and the number of patients harbouring them. Red ‘¥’ indicates not previously reported rearrangements. In-frame fusions are indicated in bold. The
percentages are shown considering the number of total rearrangements (n=48) and not the number of patients. Similarly, the number of fusion genes is
not equivalent to the number of patients with a rearrangement identified (1 =41), as some of them presented more than one alteration. RNA-seq, RNA-

sequencing.

Gene expression profile and its integration with
RNA-seq fusion calling

Considering the transcriptional profile, we found a highly
distinct GEP corresponding to one of the defined molecu-
lar subtypes in 45/60 (75%) B-other ALL patients (Figure 3).
Eleven patients were assigned to PAX5alt, nine patients to
DUX4, seven patients to BCR::ABLI-like, seven patients to
hyperdiploidy, three patients to ETV6:RUNXI-like, three
patients to PAX5-P80R, two patients to ZNF384, one patient
to ETV6:RUNXI, one patient to MEF2D and one patient to
NUTM1 subtype. The remaining 15 patients (15/60, 25%) did
not match any subtypes and remained unclassified accord-
ing to their GEP.

Of the 45 patients to whom we assigned a GEP, 29 har-
boured a fusion gene. We confirmed the subgroup by a
matching GEP and fusion gene in 26 of them (26/29, 90%).
The fusion gene and the specific GEP for these patients
are shown in Table S3. The three discordant patients pre-
sented a hyperdiploid GEP but harboured the IGH::SPIDR,

PAX5:ZCCHC7 or P2RY8:CRLF2 and IGH:CEBPB rear-
rangements (Figure 4). The six patients with multiple fusion
genes were analysed to determine which alteration poten-
tially correlated better with the GEP. Two patients with
DUX4 rearrangements grouped in the DUX4 GEP-defined
group, while the third patient with a DUX4 rearrangement
(DUX4:IGH and ZEB2:CXCR4) was placed near this sub-
group, between DUX4 and ZNF384 clusters. In contrast, for
the other three patients with more than one fusion gene, the
GEP was inconclusive.

The remaining 16 patients were grouped in a specific
BCP-ALL subtype according solely to their GEP (16/45, 36%):
Four patients belonged to the PAX5alt, three patients to the
PAX5-P8OR subgroup, four patients were clustered in the
hyperdiploid group, two patients in the BCR::ABLI-like, two
patients in the DUX4 and one patient in the ETV6::RUNXI-
like group (Figure 4).

Regarding the 15 patients who stood unclassified by the
GEP, 12 presented a rearrangement (Figure 4). However, they
did not cluster with the expected subtype.
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FIGURE 3 t-Distributed stochastic neighbour embedding (t-SNE) plot of BCP-ALL subtypes according to their gene expression profile (GEP). Each
dot represents a patient colour-coded according to their subtype (Squares=St Jude Research Hospital, triangles = Study cohort, circles=in-house controls).
Coloured circles highlight specific categories. (A) Matrix created using a validated cohort from St Jude Hospital. The 1000 most differential expressed genes
were used to differentiate the groups. Twenty-one in-house controls with hyperdiploidy, ETV6::RUNXI, BCR::ABLI1, TCF3::PBX1 and iAMP21 were included
to validate the matrix. Our study cohort (triangles) was distributed in the clusters according to their GEP. (B) Study B-other ALL cohort (1=60) and in-
house controls (n=22) distributed according to their GEP. ALL, acute lymphoblastic leukaemia; BCP-ALL, B-cell precursor acute lymphoblastic leukaemia.
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fusion gene identified with the GEP assigned. Diagonal values show the number of concordant patients. *IGH rearrangements do not have a specific GEP,
and PAX5-P80R mutation and hyperdiploid cases do not have a specific fusion gene; therefore, they were included in the unclassified group. GEP, gene

expression profiling.

RNA-seq data need integration with other
methodologies to precisely reclassify B-other
ALL patients

By integrating the biological data from standard-of-care
(SoC) methods, targeted NGS, ALLCatchR and RNA-seq
results, we could classify 43/60 (72%) B-other ALL patients
(Figure S1). A detailed description of the integrated data
is summarized in Figure 5 and Tables S4-S7. Altogether,
DUX4 (n=11) and PAX5 (n=9) were the most common
subtypes followed by BCR::ABLI-like (n=7), ZEB2/CEBP
(n=4), ETV6:RUNXI-like (n=3), PAX5-PSOR (n=3),
ZNF384 rearrangements (n=2), MEF2D rearrangements
(n=1), NUTMI fusions (n=1), ETV6:RUNXI (n=1) and
TCF3::PBX1 (n=1). Patients without driver genetic lesions
or GEP and any other supporting information were finally
classified as B-unclassified (n=17), representing 28% (17/60)

of the B-other ALL patients and 7% (17/255) of the total BCP-
ALL cohort (Figure 6).

DUX4 group

We identified 11 DUX4 cases: seven with both the
rearrangement and the GEP, two with the rearrangement
and two with the GEP (Figure 5). The two patients with
an inconclusive GEP and the two patients without a
fusion gene were finally classified as DUX4 due to other
supporting alterations such as ERG deletion and strong
CD371 cell surface expression (Table $6).” Although
half of the cases passed all the filters, five were detected
in a secondary manual analysis. Regarding the GEP, nine
patients clustered together in this molecular subtype
profile, with seven showing the rearrangement. Despite
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a subgroup. Supporting data and discordant data can be consulted in Table S5. FISH, fluorescent in situ hybridization; GEP, gene expression profiling;
MLPA, multiplex ligation-dependent probe amplification; RT-qPCR, reverse transcription (quantitative) polymerase chain reaction.

clustering together, two DUX4 subgroups were observed
(Figure 3), as previously described by Li et al.,*® based on
the presence or absence of ERG deletion.

PAX5 group

We classified 12 patients in the PAX5 group: nine patients as
PAX5alt and three as PAX5-P80R. Seven patients harboured a
PAX5rearrangement with five different partner genes (NOL4L
[n=3], ETV6, PML, FOXPI and PAN3, each one case). Most of
these rearrangements could be suspected based on the karyo-
type and supported by PAX5 deletions observed by MLPA. In
all cases, the GEP was concordant (Table S3). Additionally,
the GEP classified two more patients in this group without
detected fusion, mutation or CNV (Figure 5) and identified
three patients with a GEP corresponding to the PAX5-P8OR
subtype, confirmed by targeted NGS (Figure 5; Table S5).

Despite presenting PAX5 rearrangements (IGK:PAXS,
PAX5:ZCCHC7, PAX5:ILIRAPLI), three patients were fi-
nally classified into other subgroups (DUX4 [n=2] and
B-unclassified, respectively) due to the presence of other fu-
sion genes, other GEP assignation or insufficient supporting
evidence.

Other subtypes

Within the less represented groups, BCR::ABLI-like, ZEB2/
CEBP and ETV6::RUNXI-like patients accounted for a higher
proportion of cases.

BCR:ABLI-like related fusion genes were identified in
seven patients. Rearrangements of JAK-STAT pathway genes
were identified in four patients: IGH:CRLF2 (n=3) and
P2RY8:CRLF2 (n=1), and three patients had fusion genes in-
volving ABL-class genes (ABLI, ABL2 and CSFIR) (Table S5).
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The ZEB2/CEBP subgroup (n=4) resulted in a very het-
erogeneous group in which each patient presented IGH rear-
ranged with a different partner (CEBPA, CEBPB, CEBPE and
SPIDR), and the GEP was heterogeneous.

In the ETV6::RUNXI-like group (n=3), we identified two
patients harbouring different rearrangements: ETV6::KRT78
and ETV6::BCL2L14; one more patient was included in the
group due to the assigned GEP and the presence of a deletion
in this gene as supporting evidence.

Genetic risk stratification

RNA-seq enabled the identification of genomic abnormali-
ties, facilitating the refinement of patient stratification into
distinct risk categories in 25/60 patients (42%). According to
the new classification, 13 patients (13/60, 22%) were reclas-
sified as low-risk associated genomic group, including those
patients presenting DUX4, NUTMI and ETV6::RUNXI rear-
rangements. Twelve patients (12/60, 20%) harbouring CEBP,
MEF2D and BCR::ABLI-like rearrangements were allocated to
the group of genomic abnormalities associated with a higher

risk. The remaining 35 patients, including B-unclassified
patients among others, remained in the intermediate risk.

DISCUSSION

RNA-seq has allowed the identification of novel alterations
hitherto cryptic by conventional methods.>” In our study,
we integrated RNA-seq into clinical routine to reclassify
B-other ALL patients, combining novel insights with clas-
sical methodologies. We evidenced the RNA-seq utility in
identifying new alterations, classifying 72% of our B-other
cohort into recent genetic subtypes, significantly reducing
the B-unclassified group from 32% to 7% of the total BCP-
ALL cohort, consistent with recent studies.”” The identifi-
cation of DUX4 and IGH rearrangements is challenging,
and these subtypes may be underrepresented in our cohort.
However, the most represented subgroups were DUX4 and
PAX5, followed by BCR::ABLI-like, with frequencies similar
to those previously reported.'®!"172*%

Weidentified 32 different rearrangementsinvolving genes
previously described in leukaemia. Notably, we reported for
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the first time IGK::PAX5, PAX5:ILIRAPLI, ETV6::KRT78,
IGH::HICI, IGH::MIR100HG and NKAIN4::PNPLA?7. These
genes have been observed rearranged in other haematologi-
cal neoplasia and other tumour types,” ° suggesting a role
in malignant capacity. Functional consequences of fusions
vary by reading frame: in-frame fusions preserve the cod-
ing sequence and may produce functional chimeric proteins
driving oncogenesis. Conversely, out-of-frame fusions have
been described as contributors through mechanisms of hap-
loinsufficiency or dominant-negative effects. Functional
studies should be performed to better understand the leu-
kaemogenic role of the out-of-frame fusions.”® Additionally,
we identified a patient with an IGH::SPIDR rearrangement
exhibiting a similar GEP to the ZEB2/CEBP subgroup.
Considering the IGH oncogene-activating mechanisms, the
breakpoint within exon 19 of SPIDR would argue against
the upregulation of the entire gene and suggest instead
an SPIDR disruption and an upregulation of CEBPD via
the juxtaposed IGH regulatory elements. However, we ob-
served high expression of both SPIDR and CEBPD genes,
which could explain the similar GEP. Only one case has
been previously reported, which was also classified in this
subgroup.”’

New emerging subtypes are sometimes described as phe-
nocopies of established subtypes. These cases, together with
DUX4 or IGH rearrangements, can be missed when con-
sidering solely fusion calls. In this sense, based on GEP, we
identified five patients without rearrangements but with a
highly distinctive GEP (two PAX5alt, two DUX4, and one
ETV6::RUNXI-like) with secondary supporting alterations
that allowed their classification. This highlights the impor-
tance of integrating RNA-seq-derived GEPs into diagnostic
workflows.

While fusion calling and GEP analysis agreed in 26 pa-
tients, discrepancies arose in some cases. Secondary ge-
netic lesions influencing the gene expression can alter the
GEP, making it necessary to integrate other biological data
to refine the classification. Although RNA-seq provides
insights into the mutational landscape or CNVs, it is not
considered the gold standard technique; thus, SoC diagnos-
tic tests remain essential, providing fast, reliable data and
additional information that RNA-seq might miss.** Hence,
integrating SoC findings with RNA-seq enhances diagnos-
tic precision.

Improved genomic characterization of B-other patients
has identified new subtypes with prognosis®® and therapeu-
tic implications.”® *° Based on the literature,'>'>*® 25 pa-
tients (42%) of our cohort would have been re-categorized to
a new genetic subtype associated with specific genetic risk.
Among these, 12 out of 13 patients reclassified as low-risk
were still alive in complete remission at the last follow-up,
while 6 of the 12 reclassified into high-risk experienced
refractoriness, relapse or death. However, risk stratifica-
tion in current treatment protocols also depends on other
clinic-biological factors.*! Hence, incorporating these novel
subtypes into therapeutic protocols is a gradual process, but
recent classifications have begun to include some of them,
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underlining the importance of detecting these alterations
for future treatment protocols."®'® Although targeted NGS
has been gradually introduced into clinical practice with
excellent results and reduced costs,’® RNA-seq provides ad-
ditional information about expression profiles unavailable
through these approaches, supporting its utility in clinical
practice; it not only uncovers cryptic alterations but gives a
broad picture of the gene expression, allowing a more accu-
rate classification of patients. However, the turnaround time
(TAT) of RNA-seq is a crucial factor for its clinical imple-
mentation. Currently, results are available in 5-14 days, but
TAT for SoC methodologies is shorter, and some clinical
protocols require a faster diagnosis. A diagnostic algorithm
could be followed, including the classical techniques to
quickly classify the most clinically relevant subtypes need-
ing a fast diagnosis, followed by a second step using RNA-
seq for unclassified patients. With further standardization,
pipeline improvements and consensus on RNA-seq analysis,
a clinically acceptable TAT could be achieved. In this regard,
emerging bioinformatics approaches, such as MD-ALL,** fa-
cilitate the integration of RNA-seq data and could accelerate
patient classification.

In summary, we assessed the role of RNA-seq to refine
the genomic classification of B-other ALL patients, showing
subtype frequencies in a Spanish single-centre cohort. We
proposed a model to integrate RNA-seq in real-world clini-
cal practice, combining it with SoC methods to enhance the
robustness of novel results. We also demonstrated RNA-seq's
benefits as a reliable diagnostic tool, identifying alterations
undetectable by SoC techniques. Incorporating RNA-seq
into diagnostic algorithms can lead highly accurate B-ALL
subtype classification, paving the way to the implementation
of precision medicine and a more personalized management
of patients.
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