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Abstract

Background: T-cell lymphoblastic lymphoma (T-LBL) is an aggressive neoplasm closely

related to T-cell acute lymphoblastic leukaemia (T-ALL). Despite their similarities, and

contrary to T-ALL, studies on paediatric T-LBL are scarce and, therefore, its molecular

landscape has not yet been fully elucidated. Thus, the aims of this study were to char-

acterize the genetic and molecular heterogeneity of paediatric T-LBL and to evaluate

novel molecular markers differentiating this entity from T-ALL.

Procedure: Thirty-three paediatric T-LBL patients were analyzed using an inte-

grated approach, including targeted next-generation sequencing, RNA-sequencing

transcriptome analysis and copy-number arrays.

Results: Copy number and mutational analyses allowed the detection of recurrent

homozygous deletions of 9p/CDKN2A (78%), trisomy20 (19%) and gains of 17q24-q25

(16%), as well as frequent mutations ofNOTCH1 (62%), followed by the BCL11B (23%),

WT1 (19%) and FBXW7,PHF6 andRPL10 genes (15%, respectively). This genetic profile

did not differ from that described in T-ALL in terms of mutation incidence and global

genomic complexity level, but unveiled virtually exclusive 17q25 gains and trisomy 20

in T-LBL. Additionally, we identified novel gene fusions in paediatric T-LBL, including

NOTCH1–IKZF2, RNGTT–SNAP91 andDDX3X–MLLT10, the last being the only one pre-

viously described in T-ALL. Moreover, clinical correlations highlighted the presence of

Notch pathway alterations as a factor related to favourable outcome.

Conclusions: In summary, the genomic landscape of paediatric T-LBL is similar to that

observed in T-ALL, andNotch signaling pathway deregulation remains the cornerstone

in its pathogenesis, including not only mutations but fusion genes targetingNOTCH1.

KEYWORDS

molecular genetics, Notch, paediatric, T-cell lymphoblastic lymphoma, T-LBL

1 INTRODUCTION

Non-Hodgkin lymphoma (NHL) represents the fourth most frequent

malignancy in children and adolescents. Among the different NHL

entities, T-cell lymphoblastic lymphoma (T-LBL) accounts for 20% of

cases and shares biological, clinical and therapeutic features with T-

cell acute lymphoblastic leukaemia (T-ALL).1,2 Although considered

the same disease, it is still unclear if the different presentations are

associatedwith biological differences.3 However, studies exploring the

molecular landscape of paediatric T-LBL are scarce in comparison to

T-ALL.

Paediatric T-LBL presents a heterogeneous copy number (CN) pro-

file, being loss of 9p21.3, targeting CDKN2A gene, the most recurrent

copy number alteration (CNA) (25%–90%), as in T-ALL.4–7 Regarding

the mutational profile, paediatric T-LBL is characterized by frequent

mutations ofNOTCH1, FBXW7,PTEN, STAT5B andBCL11B genes. These

alterations, similarly to T-ALL, affect Notch, PI3K/AKT and JAK/STAT

signaling pathways and epigenetic modifiers.6,8–11

Survival of LBL has improved over the last decades (event-free

survival [EFS] rates: 80%–90%),12,13 but there is no salvage strategy

stablished for relapsed/refractory (r/r) patients so far.14 Therefore, the

identification of biological prognostic factors is required for the design

of individualized therapy strategies in high-risk and/or r/r cases. Ret-

rospective molecular studies in T-LBL have shown some markers with

prognostic impact: NOTCH1 and FBXW7 mutations (favourable),8,15,16

6q loss of heterozygosity (LOH),8,17,18 mutations targeting the tumour

suppressor PTEN, absence of biallelic deletion (ABD) of T-cell recep-

tor (TCR) gamma (TRG) at chr7p14.1 locus and mutations in KMT2D

(unfavourable).6,10,15,19

Cytogenetic and RNA-sequencing (RNA-seq) studies in pae-

diatric and young adult T-ALL have identified recurrent driving

rearrangements and fusion genes involving TCR genes and onco-

genes, such as HOXA, TLX1/3, NKX2-1/2-2, TAL1/2, LYL1, LMO1/2/3,

MLLT10, KMT2A.11,20,21 Those rearrangements have also been iden-

tified by karyotype in paediatric T-LBL,22 with higher incidence of

t(9;17)(q34;q22-23) involving NOTCH1 gene, in comparison with

T-ALL.23,24

Moreover, transcriptome analysis of nine adult T-LBL has identified

NFYG–TAL1, RIC3–TCRBC2, SLC35A3–HIAT1 and PICALM–MLLT10 as

possible pathogenic gene fusions.25 Differently, no RNA-seq has yet
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TABLE 1 Clinical characteristics of 32 paediatric T-LBL patients
with primary tumour samples and one additional case with only
relapse sample available

Gender n= 33 %

Male 26 78.8

Female 7 21.2

Age (years)

Median (range) 11 (1–16)

<10 15 45.5

10–14 14 42.4

≥15 4 12.1

General condition (Lansky) 32

Good (80%–100%) 28 84.8

Intermediate (50%–70%) 4 12.1

Poor (≤40%) 0

LDH

<2×UNL 15 45.5

≥2×UNL 18 55.5

Stage (St. Jude)

Stage I/II 0

Stage III 25 75.8

Stage IV 8 24.2

BM involvementa

Yes 5 15.2

No 28 84.8

CNS involvement

Yes 3 9.1

No 30 90.9

Nodal presentation 33 100

Extranodal presentation 13 39.4

Pleural effusion 9 69.2

Other 4 30.8

Events

Relapse 9 27.3

Exitus 9 27.3

Secondmalignancy 0

Relapse (n= 9)

Local 3 33.3

BM 2 22.2

CNS 2 22.2

Combined 2 22.2

Time from diagnosis to relapse (n= 9)

Intra-treatment 8 88.9

Unknown 1 11.1

Median time (range) (months) 9 (2–15)

Disease as cause of death (n= 9) 9 100

(Continues)

TABLE 1 (Continued)

Gender n= 33 %

Time from relapse to exitus (months)

Median (range) 5 (0–8)

5-year EFS rate 71%

5-year OS rate 71%

Abbreviations: BM, bonemarrow; CNS, central nervous system; EFS, event-

free survival; LDH, lactate dehydrogenase; OS, overall survival; UNL, upper

normal limit.
aBM involvement was defined by≥5% blasts in aspiration smears.

been performed in paediatric T-LBL for the identification of additional

cryptic structural variants.

The present study aims to molecularly characterize a paediatric

series of T-LBL using different next-generation sequencing (NGS)

techniques, to elucidate the relevance of the current known and

novel prognostic markers and to evaluate novel molecular markers

differentiating this entity from T-ALL.

2 METHODS

2.1 Patients and samples

Thirty-three paediatric patients (<18 years) with T-LBL diagnosis,

included in the national NHL registry of the Sociedad Española de

Hematología y Oncología Pediátricas (SEHOP), and with biological

material available for research, were retrospectively selected (diag-

nosed between 2002 and 2020). All samples were centrally reviewed

by two hematopathologists (Olga Balagué and BlancaGonzalez-Farré).

All patients showed a bone marrow involvement inferior to 25%

according to the internationally accepted definition for LBL versus

ALL.26 In two patients (cases #12 and #17), both primary tumour and

relapsewere collected and case #38Rwas includedwith only sample at

relapse.

Twenty-six out of the 33 patients were male (78.8%) and 29 cases

(87.9%) were younger than 15 years old at diagnosis. All patients pre-

sented an advanced disease according to St. Jude classification (stage

III: 75.8%; stage IV: 24.2%) (Table 1). Most patients (31/33, 93.9%)

received first-line treatment according to local standards, in line to the

Euro-LB02 strategy.13

This study was approved by the institutional review boards of

collaborating institutions in accordance with the Declaration of

Helsinki.

2.2 Immunohistochemistry and clonality analysis

Immunohistochemistry analyses were performed using standard pro-

tocols. The morphology, growth pattern, cytology, and immunohis-

tochemical stains were evaluated as part of the diagnostic workup
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according to WHO criteria (Table S1).26 TRG clonal rearrangement

detection was performed using the polymerase chain reaction (PCR)

BIOMED-2 protocols.27 Selected cases were further analyzed for

clonal rearrangements in the TCR beta gene using the BIOMED-2

protocol.27

2.3 DNA copy number alterations analysis

CNA were examined in 35 samples (32 primary samples and three

relapse samples) from 33 patients using Oncoscan CNV (12 sam-

ples) and Cytoscan (23 samples) platforms (ThermoFisher Scientific,

Waltham, MA, USA) following standard protocols (Supporting Infor-

mation; Figure S1). Gains and losses and CN neutral LOH (CNN-LOH)

regions were evaluated using Nexus Biodiscovery v9.0 software

(Biodiscovery, Hawthorne, CA, USA). Previously published paediatric

T-ALL and T-LBL CN data were used for comparison.4–6,28

2.4 Targeted NGS and mutational analysis

Twenty-six samples at diagnosis, 20 frozen tissue (FT) and six formalin-

fixed paraffin-embedded (FFPE) tissue, and three samples at relapse

(two FT and one FFPE) were available for interrogation of the muta-

tional status of 43 T-cell lymphoma and leukaemia-related genes

(Figure S1 and Table S2) using a SureSelectXT Target Enrichment Sys-

tem Capture NGS strategy library (Agilent Technologies, Santa Clara,

CA,USA) before sequencing in aMiSeqequipment (Illumina, SanDiego,

CA, USA) (Supporting Information).

As no germline DNA was available and in order to select somatic

variants, potential driver mutations were predicted according to pre-

viously published criteria29 in which 90% of the mutations classified

as functional were demonstrated to be somatic. Inclusion criteria

were (a) variants described previously as somatic or functional on

previous reports or COSMIC (v84); (b) all truncating variants (non-

sense, frameshift, splice donor or acceptor mutations); and (c) the

remaining missense variants that were predicted to be functionally

deleterious using Mutation Assessor30 or SIFT predictor31 if a score

was not provided by Mutation Assessor. Other functional predictors

as Polyphen-2 (Polymorphism Phenotyping-2)32 were also applied

(Figure S2).

The contribution of each gene to previously defined pathways was

investigated considering information extracted from either databases

www.genecards.org and https://www.ncbi.nlm.nih.gov/gene/ or from

previously published literature (Supporting Information; Table S2).

Variant verification was performed on 19 cases using Nextera XT

NGS method (Illumina, San Diego, CA, USA) (Figure S1 and Table S3),

RNA-seq and Sanger sequencing (Table S4; Supporting Information).

Previously published mutational profiles of paediatric T-ALL11 and

T-LBL6 were used for comparisons.

2.5 RNA-seq

Whole transcriptome analysis of nine T-LBL with high-quality RNA

available (Figure S1) and three controls (T cells isolated from periph-

eral blood from non-cancer paediatric donors) was performed. RNA

libraries were generated using TruSeq Stranded Total RNA Library

Prep Kit and sequenced on the NovaSeq 6000 System (Illumina, San

Diego, CA, USA) (Supporting Information). Gene expression analy-

sis was performed with DESeq2 (R package). Variants were iden-

tified using VarScan and Haplotype Caller (GATK). Fusion genes

variants were detected with the FusionCatcher software (Support-

ing Information).33 Variant verifications were performed using real-

time polymerase chain reaction (RT-PCR) (Table S4) and fluorescence

in situ hybridization (FISH) on cryo slides (Supporting Information;

Table S5).

2.6 Statistical methods

Survival probabilities were estimated with the Kaplan–Meier method

and differences assessed by the log-rank test for variables present in

at least three cases. EFS was calculated as previously described.34 Dif-

ferences in the distribution of individual parameters among patient

subsets were analyzed by Fisher’s exact test for categorized variables,

and the Student’s t-test for continuous variables. Non-parametric tests

were applied when necessary. The p-values for multiple comparisons

were adjusted using the Benjamini–Hochberg correction false dis-

covery rate (FDR). A cutoff of p = .05 was considered significant

unless otherwise indicated. Statistical analyses were carried out using

R software v3.5.0.

3 RESULTS

3.1 Clinicopathological characteristics

Morphological and immunohistochemical studies confirmed the diag-

nosis of T-LBL. In detail, all cases studied expressed CD3, CD5 and/or

CD7. TdT expression was detected in 86.2% (25/29) of the samples.

CD20 was negative in 92.8% (26/28), with two samples showing pos-

itivity in focal areas. Monoclonality for TCR gene rearrangements was

demonstrated in 80% (24/30) (Table S1 and Figure S3).

Nine patients suffered relapse (27%) during treatment, with a

median time from diagnosis to relapse of 9 months (range 2–

15 months). Four patients presented central nervous system involve-

ment in their relapse (two isolated and two combined with other

locations), with a median time of relapse of 3 months (range 2–

10 months). None of the relapsed patients survived despite different

salvage approaches. The 5-year overall survival (OS) and EFS rates

were 71% (Figure 1A).
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SALMERÓN-VILLALOBOS ET AL. 5 of 12

F IGURE 1 (A) Event-free survival (EFS) probability of 32 T-LBL patients for (B) Notch pathway alteration, (C) PTEN deletion and (D) PTEN
alteration (either CN loss and/or mutation). EFS probability is represented in the vertical axis, while the horizontal axis depicts the time inmonths.

3.2 Copy number profile

Copy number array analysis identified 188 CNA in all 32 pri-

mary tumour samples (5.8 alterations/case; range 1–41) (Table S6;

Figure 2A). Recurrent alterations were losses of 9p21/CDKN2A in 25

out of 32 cases (78%), with 92% (23/25) showing homozygous dele-

tions, mainly in the context of 9p CNN-LOH, followed by trisomy 20

in six cases and gains of 17q24-q25 in five cases. Two out of four

cases with 17q gains showed concurrent 17p deletion, including TP53

gene, suggestive of isochromosome 17. Of note, three cases displayed

focal deletion of 10q23.31/PTEN locus, one of them with concomitant

mutation of the gene.

Alterations associated with unfavourable prognosis as 6q deletions

and ABD of the TRG locus were observed in two (both relapsed)

and eight cases, respectively. Furthermore, two cases showed sug-

gestive patterns of chromothripsis with recurrent alterations on

chromosome 9 involving loss of first exons of PTPRD gene in both

cases.

Paired sample analysis of diagnosis-relapse case #12 displayed

acquisition of two genetic events at relapse (CNN-LOH in 1q21.2-

1q44 and loss in 9p21.2-p21.1) (Figure S4A). Relapse sample of case

#17 acquired five CNA (losses of 5q23.1-5q32, 12p13.31-12p13.1,

12q12, 15q21.3 and 15q24.3-q25.1) and had absence of two pre-

viously identified gains at 10p12.31-q26.3 and 11q14.2-q25 (Figure

S4B). Additionally, CN analysis of case #38R, which had only relapse

sample analyzed, showed 9p21.3-p21.2 homozygous deletion and

several CNN-LOH regions (Table S6).

CN profile comparison of this T-LBL cohort with previously pub-

lished CN data of T-ALL28 showed no significant differences in

global genomic complexity (6.6 in T-LBL vs. 3.5 alterations/case in T-

ALL) (Figure 2B). Comparative analysis also revealed that losses of

9p21.3/CDKN2A were highly present in both diseases. Nevertheless,

trisomy 20 and gains of 17q25 were virtually exclusive of T-LBL (22%

vs. 0% and 16% vs. 5%, respectively; Fisher test p-adj < .05). Higher

frequency of 6q16-q23 loss was also observed in T-ALL (6% vs. 17%),

although not significant. However, due to the different resolution of

both CN platforms (T-ALL were analyzed by Human Genome CGH

244A array), results must be taken cautiously.

3.3 Identification of mutational profiles by
targeted NGS

Targeted sequencing of 25 T-LBL at diagnosis, combined with muta-

tional information obtained from RNA-seq of one case, identified

a total of 84 variants in 24 cases. Of these variants, seventy-three

(87%) were predicted as drivers (mean 2.8 alterations/case; range

1–5) (Figure 3). A verification rate of 100% of the selected variants

was achieved with different techniques (Table S7). The most recur-

rently affected gene was NOTCH1, with 20 mutations (12 truncating
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6 of 12 SALMERÓN-VILLALOBOS ET AL.

F IGURE 2 Copy number profile paediatric of T-LBL cases. (A) Global copy number profile of 32 T-LBL. The X-axis indicates chromosomes from
1 to Y and p to q. The vertical axis indicates frequency of each genomic aberration among the analyzed cases. Gains are depicted in blue while
losses in red.Most frequently recurrent regions are indicated. (B) Comparative plot of copy number data between current series of 32 paediatric
T-LBL and data from 40 T-ALL cases.28 Purple colour identifies T-LBL, and green T-ALL cases. Asterisks indicate significant differences between
both groups according to Fisher test p-adj< .05, considering aminimum number of altered cases n= 5.

F IGURE 3 Mutational landscape of 26 paediatric T-LBL cases. The figure depicts driver mutations identified in 26 pediatric T-LBL cases, with
variants verified by Nextera XT technology or Sanger sequencing represented in dark blue, whereas grey represents absence of mutation. Asterisk
marks case withmutational information obtained fromRNA-seq data.
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F IGURE 4 Fusion genes in two T-LBL cases detected fromRNA-seq. (A) Circos plot of cases TLBL5 and TLBL18 including fusion genes
detected by RNA-seq (lines) and CN alterations (outer circle) and copy number neutral-loss of heterozygosity (CNN-LOH) (inner circle) detected
by CN arrays. CN colours indicate gains (blue), losses (red) and CNN-LOH (yellow). (B) Schematic representation ofDDX3X–MLLT10 fusion
breakpoints and putative fusion protein structure in TLBL18. GenBank accession numbers are indicated for both genes. (C) Gene expression levels
by RNA-seq of the fused genes. Y-axis represents log2 levels. Pink dots represent T-cell controls, green dots T-LBL cases with the fused gene and
grey dots T-LBLwithout the rearrangement. Gln-rich: glutamine-enriched domain; LAP: leukaemia-associated protein; NLS: nuclear localization
signal; OM-LZ: octapeptidemotif-leucine-zipper; wt: wild-type. (D) FISH showed separated green and red signals in TLBL18, indicating aMLLT10
break (arrows).

clustering within the PEST domain and eight missense grouped in

the HD domain) in 16 (62%) cases. Second most mutated gene was

BCL11B, with seven mutations (five truncating and two missense) in

six (23%) cases, and variants clustering in the zinc finger structures

coded by the exon 4 of the gene. Comparison of the mutational profile

of these 26 T-LBL with previously published data on 121 paediatric

T-LBL6 and 264 paediatric T-ALL11 showed similar mutational profiles

with no significant differences (Table S8).

Interestingly, paired primary tumour relapse (#17) showed reten-

tion of the mutations present in the diagnosis sample, affecting NRAS

and WT1 genes (Figure S4C), and one additional mutation in PAPPA.

Additionally, relapsed sample from case #12R harboured mutations in

FLT3 and TP53. Mutations in PIK3R1 and PTPN2were detected in case

#38R.

3.4 Fusion transcript discovery

RNA-seq transcriptome data on nine paediatric T-LBL primary sam-

ples were investigated for the presence of fusion transcripts rendering

nine fusion genes. After applying stringent inclusion and exclusion

criteria (Supporting Information), three high-confidence fusion tran-

scripts in two patients were considered bonafide variants and were

verified using ortholog techniques detailed in Table S9. In case #5,

two fusion genes were detected, including NOTCH1–IKZF2, result-

ing from rearrangement t(2;9)(q34;q34.3), and RNGTT–SNAP91, as a

product of a 6q14.2-q15 deletion. In case #18, a reciprocal translo-

cation t(10;X)(p12.31;p11.4), leading to DDX3X–MLLT10 fusion gene,

was identified (Figure 4A). In detail, NOTCH1–IKZF2 fusion transcript

binds IKZF2 exon 6 to NOTCH1 exon 27, resulting in a chimeric protein
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F IGURE 5 Pathway enrichment analysis. The frequency of cases presenting alteration of each pathway is represented in the vertical axis.
Contribution of each gene to previously defined pathways has been assigned according to either databases www.genecards.org and
https://www.ncbi.nlm.nih.gov/gene or to previously published literature (Table S2).45–74

containing theDNA-binding domains of IKZF2 and the transmembrane

and intracellular subunit of NOTCH1, which acts as a transcription

factor. RNA-seq expression data confirmed similar levels of NOTCH1

expression than in the NOTCH1 mutated cases (Figure S5). IKZF2

expression levels of the case with the translocation were like those

detected in cases without it (Figure 4C). We also detected RNGTT–

SNAP91 fusion gene, where SNAP91 exon 12was juxtaposed to RNGTT

exon 13, resulting in a deletion of 6q14.2-q15. Case #5 presented

expression levels of RNGTT in line with cases lacking this rearrange-

ment, whereas SNAP91 expression was higher than in those cases

without the translocation (Figure 4C).

Finally, DDX3X–MLLT10 rearrangement fused DDX3X exon 6 to

MLLT10 exon 4, as previously described in paediatric and adult T-

ALL.11,35,36 This structural variant produces a fusion transcript that

retains theMLLT10 octapeptide motif-leucine-zipper (OM-LZ) domain

(Figure 4B). This fusion gene led to an overexpression of MLLT10

and downregulation of DDX3X according to RNA-seq expression data

(Figure 4C). This alteration was verified using MLLT10 break-apart

probe (Figure 4D) and RT-PCR.

3.5 Pathway enrichment analysis on paediatric
T-LBL

To identify possible enrichments of key pathways, CN and NGS data

of 26 paediatric T-LBL were integrated. The analysis showed that all

cases were affected by genes involved in cell cycle signaling (TP53 and

CDKN2A losses) (27/30 cases, 90%) and/or Notch pathway (NOTCH1,

FBXW7 and SPENmutations) (23/26 cases each, 88%) (Figure 5).

Additionally, we performed differential expression analysis of tran-

scriptomic data and identified 3583 out of 17,805 protein-coding

genes (15%) differentially expressed, from which 2480 were upregu-

lated and 1103 downregulated in the T-LBL group (p-adj < .01; log2

fold change ≥2/≤−2). Pathway enrichment analysis of these differ-

entially expressed genes showed enrichment in genes related to cell

communication (GO:0007154; q-value = 1.65E-45), and cell migration

(GO:0016477; q-value = 1.83E-40), in addition to previously men-

tioned cell cycle signaling (GO:0007049; q-value = 0.0046) and Notch

signaling pathway (GO:0007219; q-value = 0.0025), among others

(Table S10).

3.6 Prognostic correlations

Prognostic correlations were performed on clinical and recurrent

genetic alterations. These analyses revealed that only alterations of

genes involved in Notch pathway were significantly associated with

favourable outcome (5-year EFS 86%vs. 25%; p= .012) (Figure 1B) and

PTEN alterations (loss and/or mutation) associated with unfavourable

outcome (5-year EFS 40% vs. 78%; p = .027) (Figure 1C,D). This same

tendency towards aworse clinical outcomewas observed in relation to

previously publishedmarkers such as high LDH levels (5-year EFS 73%

vs. 100%; p= .35) and ABD of TRG (5-year EFS 52% vs. 78%; p= .13).
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4 DISCUSSION

The genetic landscape of paediatric T-LBL has been poorly investi-

gated, and differences and similarities with the leukaemic counterpart

T-ALL have not been well defined. In the present study, we have per-

formed a high-resolution analysis of the genomic landscape of 33

paediatric T-LBL, combining for the first time data derived from CN

study, mutational and gene expression profiling.

The genetic profile observed showed genetic alterations mainly

affecting cell cycle genes, Notch and JAK/STAT signaling pathways and

epigenetic modifiers including loss of 9p21.3 targeting CDKN2A gene

and frequent mutations of NOTCH1, BCL11B,WT1, FBXW7, PHF6 and

RPL10 genes. In terms of CN, paediatric T-LBL displayed a CN profile

similar to T-ALL28 butwith higher incidence of trisomy20andCNgains

of 17q.25. Our data are also in line with previously published CN data

on paediatric T-LBL series (Figure S6),4–6 although we could not iden-

tify 13q14.2 deletions as described in previous studies.5,7 Interestingly,

we observed chromothripsis-like patterns in two cases affecting chro-

mosome9. Both patients presented alteration of the cell cycle signaling

due to 9p21/CDKN2A deletion, JAK/STAT pathway, because of 9p24.1-

p23/PTPRD loss, and mutations in epigenetic modifiers. The PTPRD

gene encodes the receptor-type-protein-tyrosine-phosphatase-δ, a
tumour suppressor gene that, in addition to CDKN2A, is involved in cell

growth regulation, which has been described to be frequently mutated

in nodal marginal zone lymphoma, among other cancers.37

Regarding the mutational landscape, comparison with 264 paedi-

atric T-ALL11 showed similar mutational profiles in which most of

the identified mutations could be assigned to Notch, PI3K/AKT and

JAK/STAT signaling pathways and epigenetic modifiers. These results

were in line with previously analyzed series of 121 paediatric and

adolescent T-LBL6 (Table S8), with NOTCH1 being the most recur-

rently mutated gene in both sets. However, we were not able to

identify previously reported KMT2D poor prognostic mutations in

any of the nine cases analyzed by RNA-seq nor PIK3CA mutations

associated to relapse, probably due to the limited number of cases

analyzed.6,38

Globally, integration of mutational information with CN results

revealed cell cycle andNotch signaling as themain oncogenic pathways

in T-LBL, as previously reported.6 Gene expression pathway enrich-

ment analysis also showed cell cycle and Notch signaling overrepre-

sented in our series, reinforcing the importance of these pathways in

the disease. This genomic landscape matches with that described in

T-ALL.39

Interestingly, in paired tumour-relapse samples, we observed that

relapse samples were more complex that diagnosis due to the acquisi-

tion of genetic alterations and lack of specific recurrent alterations.

Our RNA-seq data analysis identified three bonafide fusion genes

not described so far in paediatric T-LBL patients.We detectedDDX3X–

MLLT10 fusion, which has been reported in paediatric T-ALL cases36

and approximately 3% of adult T-ALL, characterizing a subgroup

of NOTCH1-positive leukaemias.35 This fusion has been described

to retain MLLT10 OM-LZ domain, necessary to induce leukaemia.40

Despite the low number of our cases, RNA-seq expression data

confirmed higher expression of the fused MLLT10 in comparison to

additional T-LBL and T-cell controls analyzed (Figure 4C). Of note,

MLLT10 gene has been reported to be translocated with other part-

ners in paediatric and young adult T-ALL11 and adult T-LBL,25 and

has been associated with upregulation and overexpression of home-

obox A (HOXA) genes.35,41 In line with these reports, the case with

DDX3X–MLLT10 fusion presented higher HOXA9 expression levels

in comparison with T-cell controls and T-LBL cases without the

rearrangement. Additionally, two novel fusion genes not previously

reported in T-LBL/ALL could be identified for the first time. NOTCH1–

IKZF2 translocation fused IKZF2 exon6 toNOTCH1 exon27.As a result,

NOTCH1 losses its C-terminal PEST domain which, similarly to acti-

vating mutations altering this region, interferes with ubiquitination-

mediated downregulation and leads to prolonged half-life of intracel-

lular NOTCH1 fragment. In fact, RNA-seq expression data confirmed

similar expression levels of the fused NOTCH1 when compared to the

rest of cases affected by other Notch pathway alterations (Figure

S5). Therefore, this fusion gene could act as an alternative activation

mechanism of the Notch pathway. Interestingly, different rearrange-

ments of the 9q34/NOTCH1 locus have been reported in ∼10% of

paediatric T-LBL patients.23,24 Besides, IZKF2, a chromatin remodeler

highly expressed in leukaemic stem cells, has been described to be

mutated in 2% of T-ALL and translocated with BCL11B in the con-

text of the t(2;14)(q34;q32)/IKZF2-BCL11B rearrangement.11,42 The

other fusion gene observed was RNGTT–SNAP91. The significance of

this fusion is uncertain, although it led to 6q14.2-q15 deletion, an

alteration frequently observed in lymphomas29,43,44 and associated

with bad prognosis in T-LBL.8,17,18 Interestingly, patient carrying this

fusion relapsed 8 months after diagnosis and eventually deceased in

the following 5months.

In our study, EFS was inferior than the one described in the Euro-

pean Intergroup Euro-LB02 trial (71%vs. 82%).13 This difference could

be explained by the retrospective nature of our study and the low

number of patients included. However, survival analyses confirmed

the importance of Notch pathway alterations as favourable prognos-

tic markers.8,15,16 Interestingly, alterations of tumour suppressor gene

PTEN, including deletions and mutations, were associated with poor

prognosis. Differently to previous studies where mutations alone of

the gene have been associated with worse prognosis,10,19 only muta-

tions did not confer any different outcome in our T-LBL series. The

prognostic impact of 6q LOH could not be demonstrated due to

the low number of cases with this alteration, but the two identified

cases with this alteration relapsed, suggesting its association with an

unfavourable outcome.8,17,18 On the other hand, ABD associations

with worse prognosis could not be demonstrated, although a tendency

was observed.15

Our integrative approach including morphological, CN and NGS

sequencing analyses in a large series of paediatric T-LBL confirms

that this disease is genetically heterogeneous, with CDKN2A dele-

tions and NOTCH1 mutations as the most recurrent genetic features,

with high degree of genomic complexity including chromothripsis-

like patterns and presence of novel fusion transcripts. Globally,

our results reinforce the implication of key pathways like cell cycle
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regulation and Notch signaling in the pathogenesis of the disease

and highlight its similarities with T-ALL. These insights into T-LBL

biology should contribute to future drug development strategies in

relapsed-refractory patients with currently unsatisfactory salvage

options.
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