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1.  INTRODUCTION 

1.1 Epidemiology and pathophysiology of pediatric acute lymphoblastic leukemia 

Leukemias are responsible for over one third of disability-adjusted life-years among 

children with cancer, thus representing the most significant burden in the field of pediatric 

oncology (1). Acute lymphoblastic leukemia (ALL) is the most prevalent form of 

malignancy in childhood. In Hungary, an estimated 60 to 70 children are diagnosed with 

ALL annually (2). Due to considerable advances in therapeutic strategies and patient 

stratification, the 5-year survival rates have remarkably improved during the past few 

decades, reaching 85-90 % in developed countries (3). Consequently, an increasing 

emphasis is being put on the scrutiny of potentially less intensive treatment options in 

order to alleviate long-term adverse effects. Of note, disease progression and relapse still 

pose a significant challenge to the clinical management of ALL. Deeper understanding of 

the underlying molecular mechanisms driving leukemia development, progression and 

relapse may greatly help achieve a fine balance with sufficient treatment preventing 

relapse and with reduced amount of cytotoxic agent alleviating potential long-term, 

harmful consequences. 

Extensive research has been devoted in recent decades to comprehend the genetic 

mechanisms characterizing the various subtypes of ALL. The emergence of next-

generation sequencing (NGS) has facilitated the discovery of previously unknown 

recurrent genetic alterations and transcriptional patterns, resulting in the establishment of 

novel disease subgroups (4–7). Accurate risk assessment indeed appears to depend on 

thorough molecular characterisation, as survival rates in certain genetically defined 

patient groups fall considerably below the average. Hence, the use of cutting-edge high-

throughput molecular methods seems inevitable even in the diagnostic context (8). In 

addition, comprehensive genomic and transcriptomic characterization of leukemic blasts 

may aid the identification of prognostic indicators and/or potentially actionable 

alterations, paving the way for precision medicine.  
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The clinical presentation of pediatric ALL is usually preceded by a latent pre-

leukemic state, commonly initiated by an early genomic aberration, often occurring 

prenatally, as evidenced in major genetic subgroups of the disease. Subsequent 

emergence of secondary alterations, required for the clinically manifest leukemia, 

typically confer a branching subclonal architecture(9,10). The genomic heterogeneity of 

ALL is represented by the current (5th) WHO classification, including 13 subgroups of B-

cell precursor ALL (B-ALL), determined by either copy number changes on 

chromosomal (B-ALL with high hyperdiploidy / hypodiploidy) or subchromosomal level 

(B-ALL with iAMP21), gene fusions (B-ALL with BCR::ABL1, ETV6::RUNX1, 

TCF3::PBX1, IGH::IL3, TCF3::HLF fusion, KMT2A rearrangements), or gene 

expression profiles (B-ALL with BCR::ABL1-like / ETV6::RUNX1-like features)(11). Of 

note, the International Consensus Classification (ICC) recognizes additional distinct 

subgroups not included in the current WHO classification, such as patients characterized 

by MYC, DUX4, MEF2D or ZNF384-rearrangement, or harbouring IKZF1 N159Y and 

PAX5 P80R mutations (12). The current classification of ALL subtypes according to the 

5th WHO and ICC is presented in Supplementary Table 1 (see: Appendix). 

 

1.2 Molecular methods aiding the diagnostics of pediatric ALL 

Due to the broad spectrum of genomic and transcriptomic changes in ALL, a wide range 

of molecular methods are employed across clinical laboratories, mainly for screening for 

subtype-defining alterations. In the diagnostics of ALL, identification of gene fusions is 

also crucial for risk assessment and patient stratification (13–15). While fluorescence in 

situ hybridization (FISH) and real-time PCR (RT-PCR) are commonly used for this 

purpose in routine diagnostics, those only allow for the analysis of a limited number of 

genomic loci. RNA sequencing offers a valuable alternative to these techniques by 

allowing for the simultaneous interrogation of a high number of genes recurrently affected 

by disease associated alterations, thus enabling the specific detection of rare fusions, in 

addition to all translocations commonly analyzed by more conventional methods (16–

18). 

Besides genetic subtype defining whole chromosome gains and losses conferring 

ploidy changes such as hyper- and hypodiploidy, the clinical importance of 

subchromosomal copy number alterations (CNAs) has been the subject of numerous 
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research studies, which identified a variety of prognostic biomarkers in pediatric ALL 

(19). Digital multiplex ligation-dependent probe amplification (digitalMLPA), a method 

primarily developed for CNA detection allows for a comprehensive, at the same time 

targeted, thus resource rationalized identification of whole chromosome aberrations and 

large CNAs, as well as for the exon-level investigation of specific genes playing driving 

roles in ALL development, progression and treatment resistance (20). digitalMLPA 

streamlines the identification of patients with IKZF1plus genotype, which is characterized 

by the co-deletion of CDKN2A/B, PAX5 or PAR1 in the absence of ERG deletion, and 

associated with very poor prognosis in an MRD-dependent manner (21). While standard 

MLPA requires two reactions – one with the P335 probemix, and another one with a 

different probemix covering ERG (P202 or P327) - the respective D007 digitalMLPA 

assay interrogates all genomic regions of interest simultaneously, hence enabling a rapid 

screening of IKZF1plus status in a single reaction. 

Currently, several combined prognostic scores exist based on the integration of 

cytogenetic alterations and CNAs into risk classification systems (5,20,22–24). Utilizing 

digitalMLPA and targeted RNA sequencing, all aberrations required for the patient-

specific establishment of these integrative risk scores are detectable, without a need for 

orchestrating several labor-intensive conventional techniques such as karyotyping, FISH 

with numerous probes and conventional MLPA with multiple probemixes.  

Deep mutational profiling by targeted DNA-seq is a well-suited technique for the 

identification of point mutations and small insertions/deletions with potential prognostic 

and/or therapeutic significance. Deep NGS analysis also enables the detection of 

mutations that are present with low variant allele frequencies (VAF) at the time of 

diagnosis, facilitating the early identification of subclones prone to drive relapse, and 

aiding the early adjustment of treatment strategies. 

Since the identification of all aforementioned aberration classes is of high 

importance in the clinical management of pediatric ALL, the use and optimized 

integration of advanced methods in the diagnostic workflow is indispensable for a 

contemporary, state-of-the-art patient care. 
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1.3 Challenges in the clinical management of pediatric ALL 

Relapse is the primary reason for treatment failure in pediatric ALL, and it is associated 

with the emergence or enrichment of certain genetic alterations harbored by the leukemic 

blasts (25,26). Deepening our insight on complex processes driving leukemia evolution, 

and on the mutational repertoire contributing to relapse, may translate directly into the 

advancement of clinical care, facilitating a fine-tuned, personalized therapy planning and 

patient management. Early identification of alterations conferring disease progression can 

help assess the likelihood of relapse and inform treatment focused clinical decisions. It 

may even enable a target specific eradication of subclones that are destined to relapse, 

prior to clonal re-diversification and occurrence of secondary resistance. 

Another immensely challenging area of modern ALL diagnostics and therapy 

includes the sensitive detection, monitoring and clinical management of leukemic 

invasion affecting the central nervous system (CNS). Prior to the incorporation of CNS-

directed therapy into ALL treatment, relapse rate involving the CNS had been as high as 

80%. Early studies unraveled that CNS-directed therapy is indispensable even in cases 

without any clinical or cytological sign of CNS-involvement (27,28). Due to its 

detrimental side effects, craniospinal irradiation has largely been removed from 

contemporary treatment protocols, and replaced with intrathecal and high dose systemic 

chemotherapy (29,30). Finding a balance between sufficient treatment to prevent relapse 

and reduction of cytotoxic therapy to alleviate long-term harmful consequences is a 

pivotal challenge of modern ALL therapy. Despite considerable efforts made in the 

clinical management to eliminate leukemic blasts from the CNS, approximately 30-40% 

of relapses still include this compartment (31,32). The lack of sensitive diagnostic tools 

and biomarkers for interrogating the cerebrospinal fluid (CSF) is a major hurdle, 

preventing the precise identification of patients with clinically significant CNS 

involvement and a high risk of relapse in the CNS. In fact, the gap is evident, considering 

the 10-3-10-5 (<0.001%) sensitivity level reachable with measurable residual disease 

(MRD) monitoring in the bone marrow, compared to the corresponding value of 10-1-10-

2 in the CSF (33–35). 

The mechanism underlying the transendothelial migration of leukemic blasts into 

the central nervous system is still unclear. VEGFA, ITGA6, IL7R, and CXCL12/CXCR4 

proteins are suggested to play a crucial role in the process of CNS invasion (36–39). 
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Anatomically, it has been established that the blood-CSF barrier, the Virchow-Robin 

spaces, and their outflow into the CSF are cardinal components in CNS invasion 

(32,38,40). Leukemic blast cells from the circulating CSF can adhere to the arachnoid 

mater, as evidenced by the significant leptomeningeal deposits found in patients with 

CNS leukemia (CNSL) in early autopsy investigations (40,41). It is important to note, 

that many individuals with negative CSF cytology have evident occult leptomeningeal 

illness or CNS relapse, indicating a very limited predictive power of CNS cytology for 

meningeal involvement (42,43). Nevertheless, the most commonly used contemporary 

methods such as cytospin-based cytology and flow cytometry (FCM) are still based on 

the detection of circulating blasts in the cerebrospinal fluid. For these techniques, it is 

essential to stabilize and process the leukemic blasts, due to the rapid ex vivo degradation 

of cells (44,45). The most widely recognized theory nowadays is that virtually all ALL 

patients present with some degree of CNS manifestation at the time of diagnosis (41). 

Accordingly, there appears to be a strong need for more sensitive molecular approaches, 

interrogating the cell-free fraction of the CSF and thus guiding CNS directed therapies 

more efficiently.  

According to recent findings, circulating tumor DNA (ctDNA), isolated from the 

CSF could serve as an informative biomarker for CNSL. ctDNA comprises short 

extracellular double-stranded DNA fragments originating specifically from tumor cells 

and representing a fraction of cell-free DNA (cfDNA). Identification and longitudinal 

screening of leukemia associated genetic markers, for example specific immunoglobulin 

or T-cell receptor rearrangements may be suitable for CNSL diagnostics and monitoring 

using the cell-free phase of the CSF (46). 

Another promising approach is the detection of microRNAs (miRs) in the CSF. 

These short non-coding RNA molecules have a broad regulatory impact on tumor growth, 

also facilitating the extramedullary dissemination of ALL (47). In a previous study, our 

colleagues suggested that members of the microRNA-181 (miR-181) family can be used 

as MRD markers for monitoring ALL in the peripheral blood (48). In addition, another 

previous study demonstrated the association between ALL burden and levels of miR-181 

family, assessed by qPCR in the bone marrow and in CSF samples (49).  

 As evidenced by the aforementioned genetic heterogeneity of ALL, incorporating 

advanced molecular methods into the technological repertoire of clinicopathological 
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diagnostics is inevitable to efficiently address major challenges in the contemporary 

treatment of ALL. Since high-risk genetic alterations and/or CNS involvement are 

prominent obstacles yet to overcome in the clinical management of patients, my doctoral 

research seeks to address these challenging areas, by investigating alterations with 

potential prognostic and/or predictive relevance and discovering biomarkers for the early 

detection of leukemic CNS involvement. Identifying patients with a higher risk of CNS 

involvement or relapse based on genomic and transcriptomic features could aid clinical 

decision-making and enhance a more sophisticated, risk-adapted therapy selection. 
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2. OBJECTIVES 

In my PhD work, we aimed: 

 

 To interrogate the genomic and transcriptomic landscape of Hungarian children 

with ALL. 

 To develop a targeted panel, specifically for the detection of mutations with 

clinical significance in ALL. 

 To identify genetic alterations with therapeutic and/or prognostic relevance. 

 To compare the landscape of genetic alterations in matching samples obtained at 

the time of diagnosis and relapse. 

 To investigate hsa-miR-181a-5p as a potential biomarker for the diagnosis and 

monitoring of leukemic infiltration in the CNS. 

 To investigate the associations between genetic alterations of the leukemic blasts, 

miR-181a expression and CNS involvement. 

 To assess the diagnostic value and feasibility of miR-181a quantification by 

droplet digital PCR in CNSL diagnostics. 
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3. METHODS 

3.1 Patients and samples 

In the frame of the Hungarian Pediatric Leukemia Molecular Profiling Program, 192 

patients diagnosed with B-cell precursor lymphoblastic leukemia (B-ALL, n=150) or 

lymphoblastic lymphoma (B-LBL, n=3), and T-cell precursor ALL (T-ALL, n=30) or 

lymphoblastic lymphoma (T-LBL, n=9) were analysed by combined genomic and 

transcriptomic profiling. Female to male ratio was 1.4:1, and the median age at the time 

of diagnosis was 5 years (range: 1-17 years, interquartile range: 9.46). Blast ratio of the 

diagnostic samples (bone marrow n=171, peripheral blood n=12, lymph node n=5, pleural 

fluid n=2, skin n=2) was assessed by flow cytometry and presented between 20 and 99% 

(mean±standard deviation: 78% ± 19.9%). Patients were diagnosed between 2018 and 

2021 in the Department of Pathology and Experimental Cancer Research - Semmelweis 

University, in the Department of Pathology - University of Pécs, or in the Department of 

Laboratory Medicine - University of Debrecen according to standard morphological, 

immunophenotypical and genotypical criteria (50). Risk stratification and treatment 

selection were based on ALL IC-BFM 2002, ALL IC-BFM 2009, I-BFM NHL LL 2009, 

LBL 2018 and Interfant-06  protocols (51,52). Follow-up time ranged from 0 to 135 

months, with an average of 29 months. Furthermore, samples of 19 patients (15 B-ALL 

and 4 T-ALL patients) drawn at the time of first, second or third relapse were collected 

in addition to the respective diagnostic samples. Measurable residual disease assessment 

on days 15 (n=177), 33 (n=180) and 78 (n=180) of therapy was performed on bone 

marrow samples using a 10-color BD FACSLyricTM or an 8-color BD FACSCanto II flow 

cytometer (BD Bioscience, Franklin Lakes, New Jersey, USA) and Kaluza 2.1.1 

(Beckman Coulter, Brea, California, USA), with a minimum of 500,000 events measured 

at each time point (53,54).   

Density-gradient centrifugation was performed for enrichment of the 

mononuclear cells, using Lymphoprep density gradient medium (Stemcell Technologies, 

Vancouver, Canada). DNA and RNA extraction was carried out with Allprep 

DNA/RNA/miRNA Universal Kit (Qiagene, Hilden, Germany), following the 

manufacturer’s instructions. 

For the investigation of CNSL, diagnostic bone marrow (BM) and CSF samples 

of 35 children with B-ALL (n=28) or T-ALL/LBL (n=7) were collected and analyzed. 



15 

 

Blast ratio of diagnostic samples ranged between 25 and 98% (average 85%). Serial 

follow-up CSF samples were collected on day 15, day 33 and around day 100 of 

treatment. Altogether, 92 CSF samples and 36 BM samples were analyzed. CSF samples 

were processed within 2 hours and frozen at -80 °C until further use, after separating the 

cell-free fraction by centrifugation (300g; 5 minutes). Conventional cell counting, 

microscopic cytology, and flow cytometry were performed for analyzing the cell fraction 

of the CSF samples following the ALL IC-BFM protocols. 

The study was conducted in accordance with the Declaration of Helsinki, and was 

approved by the Ethical Committee (ETT-TUKEB approval numbers: 45563-

2/2019/EKU, 60106-1/2015/EKU and 6886/2019/EKU), and informed consent from the 

parents or guardians of the patients were obtained. 

 

3.2 DNA copy number analysis 

DNA copy number aberrations were screened using the SALSA® MLPA® P335-C1, 

P383-A2, and P202-B2 probemixes (MRC Holland, Amsterdam, The Netherlands). The 

P335 probemix contains probes specific for genes recurrently altered in B-cell precursor 

ALL, such as EBF1, IKZF1, PAX5, CDKN2A/B, ETV6, BTG1, RB1 and the PAR1 region. 

In case of IKZF1 deletion, subsequent analysis with the P202 probemix was also 

performed, in order to determine the copy number status of ERG. STIL::TAL1 fusion, 

LEF1, CASP8AP2, MYB, EZH2, CDKN2A/B, MTAP, MLLT3, NUP214::ABL1 fusion-

amplification, PTEN, LMO1, LMO2, NF1, SUZ12, PTPN2 and PHF6 alterations were 

investigated in samples of T-ALL patients. Each MLPA reaction was carried out using 

50-100 ng of genomic DNA according to the manufacturer’s instructions. Following 

probe amplification, fluorescent signals were quantified with ABI 3500 Genetic Analyser 

(Life Technologies, Bleiswijk, the Netherlands), and evaluated using the Coffalyser.Net 

Software (MRC Holland). After normalization against non-malignant controls, copy 

number status of each region was determined, also considering the leukemic blast purity 

measured by flow cytometry, as well as the cytogenetic data. 

digitalMLPA reactions were performed using an in-development version of the 

D007 ALL probemix (version D007-X7, MRC Holland). The probemix included (i) 

target probes for regions recurrently affected by copy number alterations in B-cell or T-

cell ALL; (ii) digital karyotyping probes covering all chromosome arms to identify gross 
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chromosomal alterations and functioning as reference probes for data normalization, and 

(iii) internal control probes for quality control and sample assessment.  

Reactions were carried out according to previously published protocols (20,55).  

After mixing each sample with a unique barcode solution, those were denatured, followed 

by the addition of digitalMLPA probemix and buffer. Each probe constituted two or three 

oligonucleotides with a locus specific 25-30 bp hybridizing sequence. The matching 

oligonucleotides were designed to hybridize adjacently, and in case of an intact genomic 

locus, the ligase-65 enzyme ligated those into a single, complete probe. Ligation was 

followed by amplification using a universal primer pair compatible with Illumina 

sequencing platforms. Polymerase chain reaction products serving as NGS libraries were 

then pooled, and sequenced on a MiSeq platform (Illumina, San Diego, CA, USA) with 

MiSeq v.3 reagent kit and 115 bp single-read configuration. Data analysis was performed 

in two consecutive steps, using the Coffalyser digitalMLPA software v.004 (MRC 

Holland). First, intra-sample normalization was carried out by normalizing the read count 

for each individual probe by the read count of reference probes hybridizing to regions that 

are typically unaffected by copy number alterations. Subsequently, inter-sample 

normalization was performed by comparing the relative read count calculated for each 

probe with the corresponding values of all reference samples. If a region was not altered 

by CNA, the final probe ratio (dosage quotient) was around 1.0, while an increase or 

decrease in the final probe ratio indicated gain or loss of the respective locus. The 

proportion of leukemic blasts assessed by flow cytometry was also taken into account at 

the interpretation. If the dosage quotient of multiple consecutive probes fell outside the 

average±3SD range, at the same time did not reach the predicted level of monoallelic 

alteration as calculated based on the leukemic cell fraction, the aberration was considered 

subclonal. 

 

3.3 Mutational profiling by deep DNA sequencing 

Targeted NGS was performed using a QIASeq Targeted DNA Custom Panel (Qiagen) 

covering 103 disease-relevant genes frequently (>2%) altered in ALL (Table 1). Libraries 

were prepared using 40ng genomic DNA (FFPE samples: 100ng) according to the 

manufacturer’s recommendations, including fragmentation, unique molecular index 

assignment and target enrichment using region-specific primers. After equimolar pooling, 
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libraries were sequenced on MiSeq platform (Illumina) using v.2 chemistry with 150bp 

paired-end configuration. Data processing and analysis were performed with the QIAseq 

Targeted DNA Panel Analysis pipeline (Qiagen) using the smCounter2 workflow 

utilizing unique molecular identifier-based variant calling which facilitates the accurate 

detection of low-frequency variants (56). For reliable detection of high-confidence 

mutations, called variants were filtered and excluded if did not pass the predefined quality 

criteria of smCounter2, occurred with a variant allele frequency (VAF) of <2% or the 

coverage at the affected locus did not reach 100x. Furthermore, we excluded synonymous 

variants, intronic variants, variants present with a minor allele frequency of >1% in The 

Genome Aggregation Database (gnomAD 2.1) or in the 1000Genomes database (Phase 3 

v5a), as well as novel variants classified as benign or likely benign based on the 

aggregated prediction by in silico pathogenicity predictors such as VarSome and 

Franklin(57) (https://franklin.genoox.com). Putative germline variants detected with a 

variant allele frequency of 45-55% and confirmed in available samples of remission were 

not reported. SnpSift version 4.3t was used for annotating variants with dbSNP (v151), 

ClinVar (2019-02-04) and COSMIC (v84) coding mutations, and variant consequence / 

impact was analyzed using Ensembl VEP (build 91).  

 

Table 1. List of genes covered by the QIASeq Targeted DNA Custom Panel. 

 

ABL1 BCL9 DDX3X GATA3 KIT NOTCH2 PRPS1 STAT2 USP7 

ABL2 BCL9L DNM2 GNAO1 KMT2A NOTCH3 PTEN STAT3 USP9X 

ARID1A BCORL1 DNMT1 IDH1 KMT2C NR3C1 PTPN11 STAT5A VPREB1 

ASMTL BRAF DNMT3A IDH2 KMT2D NRAS RB1 STAT5B WHSC1 

ASXL2 BTK DOT1L IKZF1 KRAS NSD2 RPL10 TBL1XR1 WT1 

ASXL3 CBL EBF1 IKZF2 LEF1 NT5C2 RPL22 TCF3 ZEB2 

ATRX CCND3 EP300 IKZF3 MPL NTRK3 RUNX1 TP53 ZFP36L2 

BCL11B CDKN2A ETV6 IL7R MSH6 PAG1 SETD2 TUSC3  

BCL2 CDKN2B EZH2 JAK1 MYC PAX5 SH2B3 TYK2  

BCL2A1 CREBBP FBXW7 JAK2 NCOR1 PDGFRA SMARCA4 U2AF1  

BCL2L2 CRLF2 FLT3 JAK3 NF1 PHF6 SMARCC2 UBA2  

BCL6B CTCF GATA1 KDM6A NOTCH1 PIK3R1 STAT1 USH2A  
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3.4 Gene fusion screening by targeted RNA sequencing 

Gene fusions were analyzed using the TruSight RNA Pan-Cancer Panel (Illumina) 

covering 1,385 genes recurrently altered in various malignancies. Libraries were prepared 

following the manufacturer’s instructions. After RNA fragmentation, reverse 

transcription and adapter ligation, ligated cDNA products were amplified. Targeted 

regions of interest were hybridized with sequence-specific baits and captured using 

Streptavidin magnetic beads, followed by amplification of the enriched libraries. 

Normalized libraries were pooled equimolarly and sequenced on a MiSeq platform using 

v.3 chemistry with 75bp paired-end configuration. Fusion transcripts were called with 

STAR-Fusion v1.9.0, FusionCatcher v1.20 and Pizzly v.0.37.3 software tools (58–60). 

Identified gene fusions were validated by FISH, quantitative RT-PCR or Sanger 

sequencing. 

 

3.4 Droplet digital PCR 

Reverse transcription and cDNA amplification were performed on total RNA samples, 

isolated from CSF, using TaqMan Advanced miRNA cDNA Synthesis Kit (Thermo 

Fisher Scientific, Waltham, MA, USA), enabling the non-biased amplification of the 

targets. The copy numbers of miR-181a, miR-532, and miR-16 were determined with a 

QX200 ddPCR system (Bio-Rad Laboratories, USA), using assays specific for the target 

miRNAs (TaqMan Advanced miRNA assay, 477857_mir, 478151_mir, 477860_mir; 

Thermo Fisher Scientific). ddPCR Supermix for probes (without dUTP) (Bio-Rad 

Laboratories) was used to carry out each PCR reaction. The results obtained were 

analysed and copy numbers determined using QuantaSoft software v1.7 (Bio-Rad 

Laboratories). Each sample was measured in duplicate, and the mean value of the two 

measurements was used in subsequent analyses. 

 

3.5 Statistical analysis 

The co-occurrence of genetic alterations and MRD positivity was evaluated using 

Fisher’s exact test. Overall survival (OS) and event-free survival (EFS, defined as the 

time to relapse or death) were estimated using the Kaplan-Meier method and statistically 

compared with log-rank test. Analyses were performed and figures were prepared using 

SPSS Statistics 28.0.1.0 (IBM Corporation, Armonk, NY, USA) and GraphPad Prism 
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version 8.0.2 (GraphPad Software Inc., San Diego, CA, USA). Oncoplots were created 

using the PeCan ProteinPaint tool  (61). 

For statistical analysis of ddPCR results, the R language and environment was 

used (R Foundation for Statistical Computing, Vienna, Austria, version 4.2.1; 

accompanied by RStudio, Posit, PBC, USA, version 2023.06.1+524). As miR-532-5p 

showed reproducibly stable expression in CSF samples from patients with ALL in our 

previous experiments (49), we treated miR-532-5p as a background in miR expression 

data analysis. This way, as a normalization step, miR-532-5p copy numbers were 

subtracted from hsa-miR-181a-5p. The miR-16-5p expression was used for quality 

control of pre-analytical sample processing: if miR-16-5p copy number was under 

100/well, the sample was considered non-informative and excluded from further analysis.  

Outliers above three standard deviations of the mean of the logarithm of miR-16-5p copy 

number were also subsequently discarded. Samples from patients who underwent 

traumatic lumbar puncture (TLP) were also removed from the analysis. CSF samples 

collected on the day of diagnosis were sorted by hierarchical cluster analysis based on 

Ward2 algorithm. The Euclidean distance was computed by taking the logarithm of hsa-

miR-181a-5p copy numbers and correcting for miR-532-5p copy numbers. Three groups 

were further compared, based on the results of hierarchical cluster analysis. A 

multivariate linear regression model adjusted for gender and immunophenotype, and 

ANOVA were used to compare hsa-miR-181a-5p expression between the three groups. 

Diagnostic value of hsa-miR-181a-5p was determined using receiver operating 

characteristic (ROC) curve analysis (pROC package in R, version 1.18.0). For the binary 

transformation, a cut-off point was statistically defined for hsa-miR-181a-5p copy 

numbers based on the Youden index, and a blast rate of >0.1% was considered positive 

for FCM. Cytospin data were binary by nature. 
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4. RESULTS 

 

4.1 Comprehensive genomic and transcriptomic profiling in the frame of the 

Hungarian Pediatric Leukemia Molecular Profiling Program 

Comprehensive genomic and transcriptomic profiling was performed on the diagnostic 

samples of 180 patients diagnosed with B-ALL (n=150) or T-ALL (n=30) and 12 patients 

with B-LBL (n=3) or T-LBL (n=9). In total, targeted DNA- and RNA sequencing, as well 

as copy number analysis by MLPA was performed on the diagnostic samples of 165 

patients (B-ALL: n=134; T-ALL: n=27; T-LBL: n=4), while in 27 cases (B-ALL: n=16; 

T-ALL: n=3; B-LBL: n=3; T-LBL: n=5) either NGS (DNA-seq or RNA-seq) or MLPA 

results were not available due to the paucity of samples or sample quality (Figure 1). 

Additionally, 114 samples (B-ALL: n=90; T-ALL: n=22; T-LBL: n=2) were also 

analyzed by digitalMLPA. Figure 2 depicts the distribution of WHO subtypes in the 

whole patient cohort (Figure 2.A) and across different age groups (Figure 2.B). 

 

Figure 1.A 
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Figure 1. Molecular profiling strategy (62). A Summary of the number of samples, and 

molecular methods used in this study. B Venn diagram depicting the number of diagnostic 

samples analyzed, and methods used for a combined genomic and transcriptomic 

characterization of 192 patients diagnosed with pediatric acute lymphoblastic 

leukemia/lymphoma.  

 

Figure 1.B 
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Figure 2.A 

Figure 2.B 
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Figure 2. Distribution of molecular subtypes in our cohort (62). A Distribution of 

WHO molecular subtypes among the 192 patients involved in the study. B Incidence of 

WHO categories in different age groups. Frequency of KMT2A-rearranged ALL was the 

most prominent in infants / young children (0-2 years), hyperdiploidy and ETV6::RUNX1 

fusion had the highest prevalence in the age group representing the peak incidence of 

pediatric ALL, while high-risk molecular alterations, such as BCR::ABL1 fusion and 

iAMP21 presented predominantly in older children / teenagers. 

 

4.2 Genetic aberrations unveiled by comprehensive profiling 

Altogether, 401 single nucleotide variants and short insertions/deletions were detected in 

187 samples interrogated (Figure 3). Seventy-five percent (74.9%, 140/187) of the 

patients harbored at least one mutation in 58 of the analyzed 103 genes, with an average 

of 1.78 mutations detected per sample (range: 0-10). In T-ALL/LBL patients, the average 

number of mutations was higher in comparison with that of B-ALL/LBL patients (1.5±1.4 

vs 2.7±2.2; p<0.001, Figure 4.A). Mutations were most frequently identified in RAS-

pathway genes (KRAS (18.5%; 27/146), NRAS (17.8%; 26/146), FLT3 (10.3%; 15/146)), 

in B-ALL patients. In T-ALL patients, on the other hand, mutations in NOTCH1 (58.6%; 

17/29), PHF6 (27.6%; 8/29), PTEN (17.2%; 5/29) and WT1 (17.2%; 5/29) were the most 

prevalent. Missense mutations were the predominant mutation class in the interrogated 

genes (64.1%; 257/401), followed by frameshift alterations (15.2%; 61/401). Distribution 

of variant allele frequency of each alteration detected, broken down by genes, is presented 

in Figure 4.B. 
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Figure 3. Oncoplot displaying the mutational profile of patients analyzed by targeted sequencing (62). Mutations and short 

insertions/deletions identified by targeted DNA sequencing in diagnostic samples of 187 patients with pediatric ALL/LBL. 

Immunophenotype, WHO classification, measurable residual disease (MRD) status on days 15, 33 and 78 of therapy, mutation type and 

abundance of altered genes are also depicted. Genes affected in more than two patients are illustrated 

B-ALL with other defined 

genetic abnormalities 
B-ALL/LBL, NOS BCR::ABL1-like ETV6::RUNX1 Hyperdiploid BCR::ABL1 Hypodiploid KMT2A-rearranged TCF3::HLF TCF3::PBX1 iAMP21 

MRD negative 

MRD positive 

NA 

Missense 

Frameshift 

Nonsense 

Deletion 

Insertion 

Splice 

T-ALL/LBL, NOS Early T-ALL/LBL 

Figure 3 
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Figure 4. Distribution of mutation number across subtypes, and variant allele 

frequencies by genes (62). A Number of mutations identified per patient at the time of 

diagnosis across different ALL subgroups. In T-ALL, higher mutation rate was observed 

compared to B-ALL subtypes. B Distribution of variant allele frequencies in the 58 

mutated genes analyzed by targeted DNA-seq.

Figure 4.A 

Figure 4.B 
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Figure 5. Short somatic variants in the IKZF1 (A), ZEB2 (B) and TP53 (C) genes, 

identified by deep sequencing (62). 

Figure 5.A 

Figure 5.B 

Figure 5.C 
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MLPA revealed copy number alterations in 55.5% (81/146) of B-ALL and 66.7% 

(20/30) of T-ALL patients. In B-ALL, CDKN2B (20.5%; 30/146), CDKN2A (19.9%; 

29/146), PAX5 (16.4%; 24/146) and ETV6 (16.4%; 24/146) genes were most frequently 

affected by deletions (Figure 6.A). IKZF1 deletion was present in 15.8% (23/146) of B-

ALL patients, while seven of them displayed the IKZF1plus (4.8%, 7/146) genotype. Most 

commonly identified alterations in T-ALL involved CDKN2A (56.7%; 17/30), CDKN2B 

(53.3%; 16/30) and MTAP (30.0%; 9/30) deletions, indicating the prevalent deletion of 

the 9p21 region in this subset of patients (Figure 6.B). 

In 30 patients (24 B-ALL, 6 T-ALL), digitalMLPA unveiled CNAs in areas not 

covered by MLPA probemixes. This more comprehensive method identified CNAs in 

95.6% (86/90) of B-ALL and 91.7% (22/24) of T-ALL patients. On average, 12.6 CNAs 

were identified per patient (mean subchromosomal alteration: 10.6, mean whole 

chromosome gain/loss: 2.0). Patients with hyperdiploid karyotype accounted for the 

majority (79.8%) of whole chromosome gains, with the most prevalent alterations being 

the gain of 14, 21, X, 6, 17, and 18 chromosomes. The modal chromosome number of 

twenty-two patients with a high hyperdiploid karyotype ranged from 51 to 58. One patient 

(PEDXALL113) exhibited near-triploid karyotype with 70 chromosomes. The most 

common subchromosomal aberrations in B-ALL patients were (37.8%; 34/90), VPREB1 

(25.6%; 23/90), CDKN2A (23.3%; 21/90), and CDKN2B (22.2%; 20/90), whereas 

CDKN2A (66.7%; 16/24), CDKN2B (62.5%; 15/24), MTAP (62.5%; 15/24) and MLLT3 

(29.2%; 7/24) were altered the most often in T-ALL patients. Biallelic losses primarily 

affected CDKN2A (31/121; 16 B-ALL, 15 T-ALL), CDKN2B (25/121; 12 B-ALL, 13 T-

ALL) and MTAP (19/121; 7 B-ALL, 12 T-ALL) genes. Furthermore, subclonal 

alterations were uncovered in 42.1% (48/114) of the samples.
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Figure 6. A Copy number aberrations detected by MLPA in diagnostic samples of 81/146 patients with B-ALL. B Copy number alterations 

detected in 20 samples of 30 T-ALL and 6 T-LBL patients, analyzed (62).

B-ALL with other defined 

genetic abnormalities 
B-ALL/LBL, NOS BCR::ABL1-like ETV6::RUNX1 Hyperdiploid BCR::ABL1 Hypodiploid KMT2A-rearraged TCF3::HLF TCF3::PBX1 iAMP21 

Figure 6.A 
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Figure 6.B 
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Figure 7. Short somatic variations, copy number aberrations, and gene fusions identified 

in diagnostic samples of 165 pediatric ALL/LBL patients by deep targeted DNA 

sequencing, RNA sequencing, and MLPA. Immunophenotype, WHO classification, and 

MRD status on days 15, 33, and 78 of therapy, as well as mutation types are also listed. 

Genes altered in at least 3 patients are depicted (62). 

Targeted RNA sequencing revealed gene fusions in 34.9% (59/169) of B-ALL 

and 46.4% (13/28) of T-ALL patients. The most common changes found were 

ETV6::RUNX1, STIL::TAL1, P2RY8::CRLF2, and TCF3::PBX1. Less common chimeric 

genes with established clinical significance were also identified. Rearrangements 

involving ABL1, ABL2, CRLF2, EPOR and JAK2 genes with a variety of different partner 

genes, indicated BCR::ABL1-like phenotype in 7.7% (13/169) of B-ALL patients. 

Additionally, rare fusions including DUX4 (DUX4::IGH, n=2), MEF2D 

(MEF2D::BCL9, n=1), NUTM1 (ACIN1::NUTM1, n=1) and ZNF384 (EP300::ZNF384, 

n=1) genes were also discovered.  Moreover, targeted RNAseq enabled the swift and 

specific identification of KMT2A fusion partners, such as AFF1, AFDN, USP2 and 

MLLT1, which were previously either not detected by FISH or required labor-intensive 

karyotyping or multiple target-specific PCR tests for clinical diagnostics, prolonging the 

diagnostic process. Novel, formerly not reported fusions, affecting JAK2 

(KDM4C::JAK2), KMT2A (KMT2A::KNSTRN), PAX5 (PAX5::MLLT10), RUNX1 

(RUNX1::DNAJC15, RUNX1::SOX5::AS1) and NOTCH1 (NOTCH1::IKZF2) genes 

were also observed. Each gene affected by mutations, deletions, amplifications or gene 

fusions in at least three patients, is depicted in Figure 7. 

 

4.3 Co-segregation of molecular alterations 

Examining the relationship between distinct genetic alterations showed frequent co-

occurrence or mutual exclusivity of several abnormalities. Altogether, 51 associations 

were revealed in the whole patient cohort. Frequent co-occurrence of KRAS mutations 

with NRAS, BRAF, FLT3 and CREBBP mutations were observed in B-ALL (Figure 8.A), 

while in T-ALL the association of STAT5B mutations with JAK1 mutations, or NOTCH1 

mutations with PHF6 mutations were uncovered (Figure 8.B). These findings suggest 

that recurrent clonal selection mechanisms commonly converge on the same or 

interconnected pathways in individual patients. The frequency of RAS pathway mutations 
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(67.5%), such as NRAS, KRAS, PTPN11, and FLT3 mutations were prominent in patients 

with hyperdiploidy. On the other hand, patients in this subgroup almost never harbored 

CDKN2A/B, PAX5, ETV6, BTG1 and RB1 deletions. UBA2 mutations (85.7%) and ETV6 

deletion (66.7%) occurred primarily in the ETV6::RUNX1 subgroup. All except for one 

patient with BCR::ABL1 fusion carried IKZF1 deletion, while in BCR::ABL1-like 

patients, IKZF1, EBF1, PAX5 and PAR1 deletions,  as well as JAK2  and ZEB2 mutations 

were enriched. In T-ALL, CASP8AP2 deletion was only observed in the presence of 

STIL::TAL1 fusion. In addition to the numerous concurrent deletion of genes located in 

chromosome region 9p21, several positive associations between NOTCH1, PHF6, WT1, 

FBXW7, MLLT3 and MTAP alterations were present. Simultaneous or mutually exclusive 

presence of genetic events uncovered in B-ALL (Figure 8.A), or in T-ALL patients 

(Figure 8.B) is presented in Figure 8. 

Figure 8.A 
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Figure 8. A Co-occurrence and mutual exclusivity of short somatic mutations and 

subchromosomal copy number aberrations in diagnostic samples of patients with B-ALL.  

B Co-occurrence and mutual exclusivity of short somatic mutations and subchromosomal 

copy number aberrations in B-ALL (62).  

 

4.4 Genetic aberrations at relapse 

Comprehensive molecular profiling was performed on paired samples of 19 patients (B-

ALL: n=15, T-ALL: n=4), taken at the time of diagnosis and relapse. The duration 

between diagnosis and the first relapse ranged from 5 to 109 months, with an average of 

31 months (Figure 9.A). Seventeen samples underwent targeted DNA and RNA 

sequencing combined with MLPA; while in the remaining cases, RNA-seq or MLPA 

analysis was impeded by sample quantity or quality. The average number of detected 

mutations was 2.4 (range: 0-5) in relapse samples, moderately surpassing the value 

observed in diagnostic samples (average: 2.0, range: 0-7). Twenty-seven percent (17/64) 

Figure 8.B 
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of the somatic mutations detected at the time of diagnosis were absent from the relapse 

samples, 33% (21/64) persisted at the time of relapse, and 41% (26/64) emerged during 

the progression of the disease. NT5C2 and CDKN2A mutations were solely identified, 

and the incidence of TP53 and CREBBP mutations was increased in relapse samples. 

TP53 and CREBBP exhibited the highest prevalence of alterations at relapse, both 

affecting 21% (4/19) of the patients (Figure 9.B). Somatic variants and copy number 

aberrations observed in the 19 relapsed patients at each time point analyzed, are presented 

in Figure 9.C. Higher variant allele frequencies at the time of relapse (VAF: 59% vs 74% 

and 4% vs 63%) indicated that both TP53 mutant clones, which were present in two 

instances at the time of diagnosis, acquired selective survival advantage (Figure 9.D). 

Two patients developed TP53 mutant clones during relapse, with one patient 

(PEDXALL0162) at the time of the second relapse, seven years after the initial diagnosis. 

In most of the cases (13/19), at least one mutation prevailed from diagnosis to relapse, 

the treatment eradicated additional variants in nine patients (9/19), and novel alterations 

arose at relapse in 8/19 patients (Figure 9.D). Four patients (PEDXALL0012, 

PEDXALL045, PEDXALL115, PEDXALL0136) presented with an entirely distinct 

mutational profile at the time of relapse. Further interrogation of the development of 

observed alterations over the course of the disease indicated perplexed clonal dynamics, 

with concurrently rising and declining subclones in two-thirds of the cases 

(Supplementary Figure S1, see: Appendix). 
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Figure 9.A 
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Figure 9.B 
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Figure 9.C 
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Figure 9. Comprehensive molecular profiling of diagnosis-relapse pairs (62). A 

Timeline and WHO category of 19 relapsed patients. Red circles indicate the time of 

relapse. B Comparison of the mutation frequency in 35 altered genes between diagnostic 

and relapse samples. C Oncoplot displaying short somatic variants and copy number 

aberrations in 19 patients at the time of diagnosis and relapse. Distinctive colors are used 

for representing stable mutations (dark blue), which are present both at diagnosis and 

relapse, and unstable mutations, which are only present either at diagnosis (yellow) or at 

relapse (red). D Clonal dynamics and composition of mutations over the disease course 

in four selected patients harboring TP53 mutation. (VAF: variant allele frequency). 

Figure 9.D 
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4.5 Genetic alterations associated with therapeutic response and prognosis 

Scrutinizing genetic aberrations in relation to MRD positivity evaluated by FCM, we 

found a strong positive association between IKZF1 deletion and MRD positivity at days 

33 and 78 of treatment (p=0.021 and p<0.001, respectively). Day 33 and day 78 MRD 

positivity was also more prevalent in BCR::ABL1-like subtype (p=0.014 and p=0.005, 

respectively). Conversely, all but one patients with CCND3 mutation presented with 

MRD negative FCM results on days 33 and 78.  

Patients with KMT2A rearrangement exhibited the most adverse prognosis across 

all B-ALL subtypes (3-year EFS, presence vs absence of KMT2A rearrangement; 

p=0.019).  In addition, survival analysis of B-ALL patients indicated substantially shorter 

3-year EFS in the presence of TP53 mutation (mutant vs wild-type EFS; p=0.008; Figure 

10.A) or CREBBP mutations (mutant vs wild-type EFS; p=0.010; Figure 10.B). On the 

other hand, there was no correlation between EFS or OS and the presence of other 

common alterations, including RAS pathway mutations, regardless of their clonal or 

subclonal nature. Interestingly, additional subgroup analyses revealed the negative 

prognostic impact of TP53 mutations, even in patients with favorable clinical response to 

treatment. Patients with mutation and MRD negative FCM results on day 33 still showed 

unfavorable outcome (mutant vs wild-type EFS; p=0.0004; Figure 10.C).  

Owing to the small number of TP53 and CREBBP mutant cases in the original 

cohort, we used a combined dataset of 411 patients – including 265 patients from the 

TARGET ALL Phase 2 study – to conduct a second focused analysis of 3-year EFS on 

an expanded cohort. Survival analysis confirmed the poor prognosis of TP53 and 

CREBBP mutant B-ALL patients in this larger cohort, in accordance with our previous 

findings (3-year EFS; TP53 mutant vs wild-type: p=0.0009, Figure 10.D; CREBBP 

mutant vs wild-type p=0.013, Figure 10.E). Additionally, B-ALL patients displaying 

MRD negativity at the end of induction showed inferior survival in the presence of TP53 

mutation in the expanded dataset (3-year EFS, TP53 mutant vs wild-type; p=0.009; Figure 

10.F). 
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Figure 10.A 

Figure 10.B 

Figure 10.C 
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Figure 10.D 

Figure 10.E 

Figure 10.F 
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Figure 10. Event-free survival of our in-house cohort, and validation cohort, in the 

presence or absence of TP53 or CREBBP mutation (62). A Three-year event-free 

survival of B-ALL patients subclassified based on TP53 mutation status. B Three-year 

event-free survival of B-ALL patients categorized based on CREBBP mutation status. C 

Three-year event-free survival of B-ALL patients MRD negative on day 33 and 

categorized based on TP53 mutation status. D Three-year event-free survival of B-ALL 

patients with or without TP53 mutation in the expanded cohort, including 265 patients 

from the TARGET ALL Phase 2 study. E Three-year event-free survival of B-ALL 

patients divided based CREBBP mutation status in the expanded cohort. F Three-year 

event-free survival of B-ALL patients showing MRD negativity at the end of induction 

and subclassified based on TP53 mutation status in the expanded cohort. TP53 mutations 

associated with dismal outcome, even in case of MRD negativity on day 33.  

 

Further interrogation of the subset of patients with very early or early events 

(EFS<24 months) uncovered that 7 out of 13 B-ALL patients were stratified to the 

intermediate risk (IR) arm of the ALL IC-BFM 2009 protocol and treated accordingly. 

Four out of these seven IR patients carried either TP53 (n=2) or CREBBP (n=3) mutation. 

Notably, in our in-house cohort, three of the five mutations presented subclonally with a 

VAF of 3-5%, which range is often precarious in terms of interpretation using 

conventional sequencing coverage instead of deep sequencing. Mutations with a VAF 

≥10%, and fusions involving putatively targetable genes, including  NRAS, KRAS, 

PTPN11, NF1, FLT3, JAK2, IL7R, SH2B3, CRLF2, EPOR, ABL1, ABL2, KMT2A and 

NUP98 were identified in 55.9% (33/59) of ALL IC-BFM 2009 high-risk patients, and 

31.6% (36/114) of standard/intermediate-risk patients (Figure 11, Supplementary figure 

2; See: Appendix). Furthermore, deep sequencing allowed us to confidently detect 39 

mutations in targetable genes with a VAF≤10%, affecting a total of 11 individuals. 
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Figure 11 
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Figure 11. Targetable signaling pathways affected by short somatic variants or gene 

fusions in B-ALL and T-ALL patients, treated according to ALL IC-BFM 2009 protocol.  

Risk group, immunophenotype, and pathways affected by mutations with VAF ≥10% or 

<10% are also illustrated with distinctive colors (62). SR: standard risk, IR: intermediate 

risk, HR: high risk, VAF: variant allele frequency 

 

4.6 Reclassification of the level of CNS involvement based on the quantification of 

hsa-miR-181a-5p copy numbers 

Most BFM treatment guidelines for childhood ALL suggest the classification of CNSL 

based on the white blood cell (WBC), blast cell and red blood cell counts in the initial 

CSF sample: CNS-1 refers to blast-free CSF with WBC≤5/µl, CNS-2 is used for cases 

with WBC≤5/µl and ≥2/µl unambiguous blast cells identified in CSF, while CNS-3 stands 

for WBC>5/µl with the majority of blasts. Instead of this conventional classification, we 

classified patients into newly established CNS-negative (CNSneg), CNS-ambivalent 

(CNSamb) and CNS-positive (CNSpos) groups. In this setting, CNSpos corresponded to 

CNS-3 status. The CNSneg group consisted of patients with CNS-1 status, restricted to 

patients clearly not containing blasts in the CSF based on classical cell-based methods. 

The CNSamb category included all patients classified as CNS-2 originally and those 

patients with CNS-1 status determined during the clinical care whose classification was 

uncertain due to inconclusive results of cytological methods, such as a negative cytospin 

along with unambiguous blast cells identified with insufficient sensitivity using FCM. All 

patients with traumatic lumbar puncture fulfilling the criterion that WBC/RBC ratio in 

the peripheral blood is at least two times higher than WBC/RBC ratio in the CSF were 

also included in the CNSamb group. Our classification aimed to address the clinical 

uncertainty originating from the inadequate sensitivity of existing cytological diagnostic 

methods.  

This study examined the copy numbers of hsa-miR-181a-5p in 92 CSF samples 

collected at diagnosis or different follow-up time points. Based on previously outlined 

criteria, such as TLP or failure to meet quality requirements, 16 samples of 10 patients 

were excluded from further analysis. Normalized copy numbers of hsa-miR-181a-5p in 

samples obtained at the time of diagnosis from 28 patients were used for generating a 

hierarchical cluster dendrogram which yielded two primary branches (Figure 12.A). A 
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total of 13 patients were grouped in the left-hand branch, while 15 patients were grouped 

in the right-hand branch. Seven CNAamb samples and, notably, three CNSneg samples 

clustered together with all three CNSpos diagnostic samples. The samples in the left-hand 

branch were classified as ‘miRsign’, indicating ‘significant’ hsa-miR-181a-5p 

expression. The right-hand branch, consisting of 3 CNSamb and 12 CNSneg samples 

were labelled as ‘miRmin’, referring to minimal hsa-miR-181a-5p expression.  

By integrating the miR-based CNSL classification with the routinely applied 

cellular methods, we reclassified the patients into three distinct groups indicative of initial 

CNS involvement: CNSneg or CNSamb samples on the right-hand branch (CNSmin & 

miRmin), CNSneg or CNSamb samples on the left branch (CNSmin & miRsign), and 

CNSpos samples (CNSpos & miRsign). The CNSneg and CNSamb samples were 

grouped together as the therapeutic consequence of CNS-2 category compared to CNS-

1, with two additional intrathecal courses, is substantially less than the CNS-directed 

therapy escalation for the CNS-3 group. Composition of the novel, combined groups is 

summarized in Supplementary Table 2 (see: Appendix), the two-step reclassification 

process is depicted in Figure 12.B. 

 

 

 

 

 

 

 

Figure 12.A 
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Figure 12. Classification applied in this study regarding CNS status (63). A 

Dendogram, displaying the two main subgroups based on hsa-miR-181a-5p expression in 

the CSF, defined by hierarchical clustering. Each spike represents a patient. CNS status 

determined by cell-based methods is presented at the bottom. B Sankey diagram depicting 

the classification of patients according to current BFM guidelines applied in clinical 

setting (column on the left), newly established categories used in this study and reflecting 

the uncertainty of cell-based methods (column in the middle), and a proposed re-

classification, implementing hsa-miR-181a-5p expression (column on the right) 

 

4.7 Elevated hsa-miR-181a-5p copy numbers suggest latent CNSL and aid the 

classification of patients with ambiguous CNS status 

Using linear regression, hsa-miR-181a-5p copy numbers of samples obtained at diagnosis 

were compared. Higher levels of hsa-miR-181a-5p were found in the CNSmin/miRsign 

Figure 12.B 
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group and the CNSpos/miRsign group, as opposed to the CNSmin/miRmin group (mean 

copy number ± standard error (SE): 2503.50±275.89, 3300.70±809.69 and 744.02±86.81, 

respectively; p=1.13E-6 and p=2.16E-5 when comparing miRsign groups to 

CNSmin/miRmin group), as seen in Figure 13.A. Conversely, when the hsa-miR-181a-

5p copy levels on days 15 and 33 were compared across the three groups, no discernible 

difference was found. The linear models revealed no statistically significant effect of the 

patients’ gender or the leukemic blasts’ immunophenotype. Analysing separately hsa-

miR-181a-5p copy numbers at diagnosis in patients with ambiguous CNS status 

(CNSamb), we identified a higher mean copy number among CNSamb/miRsign 

compared to CNSamb/miRneg (mean copy number ± SE: 2729.06±362.87; 

749.70±177.72; respectively; p=4.72E-3, Figure 13.B). Patients with FCM positivity (a 

minimum of 8 identified blast cells in the CSF) exhibited significantly elevated hsa-miR-

181a-5p expression relative to those with negative CSF flow cytometry findings 

(p=0.016; Figure 13.C). However, there was no substantial difference in terms of hsa-

miR-181a-5p copy number between cytospin-negative and positive cases (Figure 13.D). 

Various non-congruent trends were observed across the three novel CNS groups when 

analyzing the longitudinal dynamics of hsa-miR-181a-5p expression during the first 100 

days of treatment, which impeded any conclusion about MRD and hsa-miR-181a-5p 

levels (Figure 14). 
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Figure 13.A 

Figure 13.C 

Figure 13.B 

Figure 13.D 
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Figure 13. A Violin plot displaying the distribution of the logarithm of miR181-a-5p 

copy numbers of CSF samples collected at the time of diagnosis, measured by ddPCR. 

CNSmin/miRmin: green, CNSmin/miRsign: orange, CNSpos/miRsign: red; * p=1.13E-

6; # p=2.16E-5 B Violin plot presenting the distribution of the logarithm of miR181-a-5p 

copy numbers in CSF samples collected at the time of the diagnosis, measured by ddPCR 

in CNSamb patients. CNSamb/miRmin: green, CNSamb/miRsign: orange; * p=0.0047. 

C Violin plot illustrating the distribution of the logarithm of miR181-a-5p copy numbers 

of CSF samples collected at the time of diagnosis in patients with either negative or 

positive CSF flow cytometry. FCM negative: green, FCM positive: orange; * p=0.016. D 

Violin plot showing the distribution of the logarithm of hsa-miR-181a-5p copy numbers 

in CSF samples collected at the time of diagnosis from patients with negative or positive 

cytospin findings. Cytospin negative: green, cytospin positive: orange. The contours in 

the figure show the distribution of data points.  Dashed line represents the median, dotted 

lines represent upper and lower quartiles (63). 

 

Figure 14. Mean expression of hsa-miR-181a-5p in miR-based groups per day, presented 

longitudinally. CNSmin/miRmin: green; CNSmin/miRsign: orange; CNSpos/miRsign: 

red. Sampling days were selected in accordance with the ALL IC-BFM 2009 guidelines. 

Whiskers indicate standard error of the mean (63). 

Figure 14 
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4.8 Diagnostic value of ddPCR-based hsa-miR-181a-5p quantification 

To evaluate the diagnostic value of hsa-miR-181a-5p copy number assessment by ddPCR, 

ROC analysis was conducted, comparing the feasibility of the novel biomarker with cell-

based techniques, such as cytospin and flow cytometry. A cut-off value for hsa-miR-

181a-5p copies was determined statistically, and as a result, copy numbers above 1,454 

copies were considered positive in the consecutive binary transformation. 

Correspondingly, at least 8 blast cells detected by FCM was considered as CNSL positive 

for binary transformation of the FCM data. As the result of ROC analysis, the following 

area under the curve (AUC) values were assigned to the cytopsin, FCM and hsa-miR-

181a-5p-based method, respectively: 0.6818, 0.8564, 0.8490 (Figure 15). Analysis of the 

curves indicates that our innovative hsa-miR-181a-5p copy number-based methodology 

outperformed cytospin and was non-inferior to FCM. 

 

 

Figure 15. Receiver operating characteristic (ROC) curve illustrating the performance of 

the classification model predicated on hsa-miR-181a-5p quantification by ddPCR, in 

comparison with cytospin and flow cytometry. Blue line: hsa-miR-181a-5p 

quantification; red line: cytospin; green line: flow cytometry. Numbers indicate AUC 

values (63). 

Figure 15 
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4.9 SH2B3 alteration identified as CNSL-associated genetic feature 

We also investigated the possible relations between hsa-miR-181a-5p copy numbers, 

molecular subtypes and small sequence variations (single nucleotide variants and small 

insertions/deletions) in disease-relevant genes detected in blast-rich BM samples. None 

of the patients with high hyperdiploid karyotype, hence associated with favorable 

outcome, were categorized as CNSpos/miRsign, while all patients harboring the high-risk 

iAMP21 alteration were classified in the miRsign groups (Figure 16.A).  Twelve out of 

the 103 leukemia-relevant genes were mutated in at least 2 patients (Figure 16.B). There 

was no observable association between CNS or miR status and prognostically 

unfavorable clonal mutations in TP53, NRAS, KRAS or CREBBP genes. Strikingly, 

SH2B3 mutations solely affected patients classified in miRsign groups (CNSmin/miRsign 

or CNSpos/miRsign), with no SH2B3 mutation found in the miRmin group.  

 

 

 

 

 

Figure 16.A 
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Figure 16. A Heatmap illustrating the logarithm of hsa-miR-181a-5p copy numbers and 

genetic subtypes of ALL. Only subtypes with at least two patients are shown.  If no patient 

belonged to the subtype of interest, the field is presented in grey. B Heatmap, displaying 

the logarithm of hsa-miR-181a-5p copy numbers and genes altered in a minimum of two 

patients, illustrated by groups. Grey shaded fields indicate, that no mutation in the gene 

of interest was identified in the respective groups. The mean logarithm of hsa-miR-181a-

5p copy number is presented for genes altered in several patients within a certain field 

(63). 

Figure 16.B 
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5. DISCUSSION 

The remarkable improvement in the survival rates of pediatric ALL is partially due to the 

continuously refined risk stratification of patients, and the implementation of 

personalized approaches, optimizing and carefully tailoring therapy selection(64,65). The 

swift advancement of next generation sequencing technologies revolutionized the 

molecular profiling of patients and enhanced our comprehension of the disease, laying 

the groundwork for personalized medicine(66,67). 

We conducted a detailed genomic and transcriptomic analysis of pediatric ALL, 

as a part of a nationwide cooperation in the framework of the Hungarian Pediatric 

Leukemia Molecular Profiling Program. Aiming to identify subtype-defining aberrations, 

prognostic biomarkers, and putative therapeutic targets, we developed a targeted NGS 

panel, tailored for the deep genomic profiling of ALL, and present a suitable approach 

even for the routine diagnostic setting. Our findings indicate that the combination of 

targeted NGS and (digital)MLPA can be a powerful and beneficial tool to distinguish 

molecular subtypes, pinpoint putative therapeutic targets, and consequently contribute to 

further refinement of patient care. 

A smaller subset of patients was also interrogated by digitalMLPA, enabling the 

determination of the modal chromosome number, the detection of CNAs in a genome 

wide manner, and the identification of IKZF1plus subtype in a single reaction. IKZF1 

deletions were highly prevalent in BCR::ABL-like cases in our cohort, besides all but one 

BCR::ABL1-positive cases harboring IKZF1 deletion. The high occurrence of Ikaros loss 

in these ALL subtypes is well-established(14,68–71). The prognostic significance of 

IKZF1 status has also been in the spotlight of numerous studies, and IKZF1 deletion is 

considered as an unfavorable prognostic indicator(72–75). Although patients with 

different IKZF1 status had similar prognosis in our cohort with relatively a short follow-

up period, a higher proportion of patients were found to be MRD positive on day 33 and 

78 in the presence of IKZF1 deletion, indicating unfavorable response to therapy.  

We applied a commercially available targeted RNA sequencing kit to detect gene 

fusions, including subtype-defining, rare but of prognostic significance, potentially 

targetable or even novel, previously not described alterations. Besides observing 

alterations detectable by commonly used FISH and RT-PCR assays, we identified 

clinically relevant fusions that previously were not routinely tested for. Based on our 
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results, targeted RNA-seq may serve as an alternative for some of the standard tests. In 

line with our finding, the applicability and reliability of the TruSight RNA Pan-Cancer 

Panel in hematological malignancies has been demonstrated by others(17,76–78). Rare 

fusions in ‘B-other’ cases, involving DUX4, MEF2D, NUTM1 and ZNF384 genes have 

been unveiled, enabling the refinement of these patients’ classification into recently 

described subgroups(15,79–82). As KMT2A rearrangements are usually screened by 

break-apart FISH probes - only used for indicating the presence of the rearrangement of 

KTM2A gene, but not the fusion partner - the detection of the partner genes with RNA 

sequencing allows for MRD monitoring in these cases, as KMT2A fusions are reliable 

MRD markers(83–85). The outstandingly dismal prognosis seen in KMT2A-rearranged 

cases in our cohort calls for novel therapeutic options, that menin inhibitors may 

putatively offer(85). Potentially actionable kinase fusions were also revealed, involving 

ABL1, ABL2, JAK2 and CRLF2, paving the way for targeted therapy(13,14). 

As anticipated, we observed substantially different mutation patterns across 

various ALL subtypes. Even though RAS pathway mutations were prevalent in all 

molecular subgroups of B-ALL, hyperdiploid patients showed the highest incidence of 

NRAS, KRAS, PTPN11 and FLT3 alterations. The relationship between hyperdiploidy and 

RAS pathway mutations has been described(86). Some studies associate RAS pathway 

mutations with therapy resistance and relapse(87,88). Jerchel et al. discovered that only 

clonal mutations are linked to dismal outcome, and Antić et al. also arrived to the 

conclusion that subclonal mutations do not serve as a prognostic indicator at the time of 

diagnosis(89,90). Mutations of the RAS pathway did not have an impact on outcome in 

our cohort, irrespective of the clonal or subclonal nature of the alteration. UBA2 mutations 

were observed primarily in patients with ETV6::RUNX1 fusion(91,92). Although 

previous studies have noted the occurrence of UBA2 mutations in this subgroup(93), 

based on our  findings, the frequency of these alterations appears to be significantly higher 

than formerly reported, almost exclusively detected in combination with ETV6::RUNX1 

fusion.  

Mutational profiling with targeted sequencing specifically tailored to disease-

relevant genes in ALL provides significant advantages by facilitating the identification of 

even infrequent variants with putative prognostic importance, such as PAX5 p.P80R, 

IKZF1 p.N159Y, or ZEB2 p.H1038 and p.Q1072(6,94–96). ZEB2 p.Q1072 hotspot 
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mutation was detected in four, and IKZF1 p.N159Y in two patients, while PAX5 p.P80R, 

and ZEB2 p.H1038 variants were absent in our cohort. The limited number of mutant 

cases and the brief follow-up period precluded definitive conclusions about outcomes 

related to these hotspot mutations. On the other hand, existing literature data indicates 

that patients with ZEB2 mutations are prone to relapse and are associated with shorter 

event-free survival, emphasizing the significance of early detection of these 

alterations(96).  Accordingly, one patient with ZEB2 mutation from our cohort went 

through a relapse as early as seven months after treatment initiation, and eventually 

succumbed to their disease at month 8 after diagnosis. 

Notably, more than fifty percent of high-risk and over thirty percent of 

standard/intermediate risk patients exhibited putatively druggable mutations with a VAF 

above 10%, or actionable fusions, hence setting stage for targeted therapy for a substantial 

proportion of patients across all risk groups(14,97). Moreover, an additional 11 patients 

harbored potentially targetable mutations with a low VAF, as revealed by deep 

sequencing, further expanding the number of patients who may be stratified for targeted 

therapy in the future. 

Survival analysis of the B-ALL subcohort indicated that event-free survival of 

TP53 mutant patients was considerably shorter compared to wild-type cases. TP53 

mutations are present in approximately 10-15% of ALL patients, and have been linked to 

resistance to treatment, increased rate of relapse, and adverse prognosis (98–100). 

Furthermore, it is commonly acknowledged that TP53 mutations affect approximately 

90% of patients with low hypodiploidy(101,102). Despite the very small number of 

patients with low hypodiploidy in our dataset (n=2), TP53 mutation was detected in both 

of them, accordingly. In addition, inferior outcome was observed in the presence of TP53 

mutation, even among patients with MRD negative FCM on day 33 of therapy. Taking 

into consideration that the evaluation of end-of-induction MRD is widely acknowledged 

as a strong prognostic predictor(103–105), yet, this specific genetic alteration further 

stratified patients within this subcohort with expected favorable outcome, makes our 

finding especially noteworthy. This discovery warrants additional exploration in larger 

patient cohorts, thus as a first step, we conducted a successful validation by augmenting 

our results with data from the TARGET ALL Phase 2 study. 
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Roughly 50% of those patients who experienced relapse or passed away within 

the first two years of therapy were stratified in the intermediate-risk arm. Four of these 

IR patients harbored TP53 and/or CREBBP mutations, prompting the query, whether 

therapy intensification would have been advantageous for them. Three of these mutations 

presented with a low VAF (3-5%), highlighting the benefits of deep sequencing, and its 

widespread, unrestricted use, irrespective of risk groups. Notably, in chronic lymphocytic 

leukemia, it has already been demonstrated that low-burden TP53 mutations are 

associated with dismal prognosis; hence, identifying low-burden variants at diagnosis 

may also carry clinical significance in acute leukemias(106–110). 

We also compared the genetic alterations detected in matching paired samples of 

patients experiencing relapse. Of note, in relapsed cases, the most commonly mutated 

genes were the ones mentioned earlier, such as TP53 and CREBBP. Studies have linked 

CREBBP mutations to glucocorticoid resistance and relapse(111–113). TP53 are known 

to be enriched in relapse samples, and to frequently appear as progression related novel 

alteration, similar to what was seen at two patients in our cohort(114–116). Detectable 

TP53 mutant clone did not appear until the second relapse, several years post-treatment 

of the first relapse, indicating a possible impact of prior administration of cytotoxic drugs 

on the course of the disease(117). The expansion of an initially smaller subclone at the 

time of relapse in two other TP53 mutation positive patients suggests that the 

corresponding leukemic clone was not fully eradicated by the primary treatment, 

providing additional evidence of the association between TP53 mutations and 

chemotherapy resistance(99,116). NT5C2 mutations occurred exclusively at the time of 

relapse, consistent with prior research identifying these mutations as prevalent alterations 

specific to relapse and accountable for 6-merkaptopurin resistance(118–121).  Based on 

the results of temporal mutational profiling, most cases showed branching clonal 

evolution, characterized by the concurrent emerging and vanishing subclones, shedding 

light to intricate evolutionary hierarchies with rivaling tumor cells, substantially 

complicating therapeutic considerations. 

 

Even though extraordinary advances have been achieved in the survival of 

pediatric ALL, leukemic involvement of the CNS and meningeal relapse continues to be 

a prevalent cause of therapy failure, presenting as a leading therapeutic obstacle(41,122). 
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One of the key components of treatment-improvement is the accurate identification of 

children susceptible to CNS relapse, and sensitive monitoring of treatment-response. 

Nevertheless, currently used methods rely primarily on cell-based techniques, lacking the 

sensitivity and reproducibility needed for the refinement of risk-adapted CNS-directed 

treatment. Taking into account the generally accepted theory, that virtually all acute 

leukemia patients have sub-microscopic CNS involvement, already at the time of 

diagnosis, which conventional methods fail to identify, the introduction of more sensitive 

molecular techniques, analysing the cell-free component of the CSF seems 

indispensable(32,46,49,123).  

In my PhD work, we evaluated hsa-miR-181a-5p as a potential novel biomarker 

for the assessment of CNS status, and for monitoring therapeutic response in ALL.  We 

confirmed the prior discovery of the working group, that hsa-miR-181a-5p expression is 

elevated in patients with leukemic involvement of the CNS(49). Additionally, we 

proposed a novel classification, with complementary application of conventionally used 

methods (cytospin and FCM), and hsa-miR-181a-5p copy number quantification by 

ddPCR. For normalization and quality assurance of the measurements, miR-532 and miR-

16 microRNAs were used as references, as the expression of these miRs is stable 

according to literature data(49,124–126). Incorporating hsa-miR-181a-5p expression into 

the patient assessment procedure allowed for the identification of a number of patients 

with initially unclear CNS status, with elevated level of hsa-miR-181a-5p. Interestingly, 

the highest average hsa-miR-181a-5p copy number on day 100 of the therapy was 

measured in the CNSmin/miRsign group. In the light of this result, the question arises as 

to whether or not the aforementioned patients would have profited from intensified CNS-

directed therapy. This question, however, can only be resolved by meticulously designed 

prospective trials, including long-term follow-up surveillance of CNS relapses. 

The role of hsa-miR-181a-5p has been investigated in solid tumors and 

hematological malignances(127–129), and shown to regulate the activation and 

development of lymphocytes(130–132). While the precise role of hsa-miR-181a-5p plays 

in hematological malignancies is currently unclear(133–135), recent studies indicate its 

involvement in the adaptation of leukemic cells to hypoxic environments, thereby 

promoting the chance of their survival in the CNS(136). 
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The connection that exists between hsa-miR-181a-5p and vascular endothelial 

growth factor A (VEGFA) is of particular interest. Overexpression of hsa-miR-181a-5p 

enhances angiogenesis in the tumor microenvironment by positively regulating VEGFA 

through the SRC Kinase Inhibitor 1 (SRCIN1) protein, as described in detail in colorectal 

carcinoma by Sun et al(137). Our workgroup has previously confirmed this relationship 

in ALL, by finding elevated VEGFA expression in CNS-positive ALL patients, along 

with high hsa-miR-181a-5p expression in the bone marrow as well as in the CSF(138). 

Elevated VEGFA expression also facilitates the transendothelial migration of 

lymphoblasts, as demonstrated in animal models, implying a mediator function in CNS 

invasion(139). In addition, bevacizumab, a VEGF inhibitor, was shown to diminish 

CNSL burden in rodents(37,136,139). All things considered, these findings raise the 

possibility of therapeutic intervention in the process of blast migration and survival in the 

CNS by targeting members of the hsa-miR-181a-5p-VEGFA axis(140). 

Furthermore, we observed that all patients with SH2B3 mutations were classified 

as miRsign, with identifiable CNS involvement. The SH2B3 gene is responsible for the 

encoding of a lymphocyte adaptor protein (LNK), that has multiple functions, including 

participation in cell adhesion and migration processes, and modulation of integrin-

cytokine interaction(141,142). Given the potential role of this protein in the 

transmigration of leukemic cells into the CNS, further studies are required to elucidate its 

specific role in CNS invasion. Publicly available miR target predictions, including 

TargetScan, miRDB and miRDIP indicate a highly likely interaction between SH2B3 and 

hsa-miR-181a-5p. In fact, miRDIP assigns a high combined confidence score to the 

interaction, placing it in the top 5%(143).  

From a clinical point of view, the primary concern is the diagnostic feasibility and 

performance of hsa-miR-181a-5p quantification from the CSF, with special regard to the 

classification of ambiguous cases. A limitation of the routinely employed cell-based 

methods is the insufficient sensitivity for revealing latent CNSL, thus the lack of a high-

sensitivity gold standard approach for the affirmation of cases with high hsa-miR-181a-

5p expression(144). In this study, with limited number of eligible samples, no CNS 

relapse was observed during the follow-up period. Nevertheless, the long-term relapse 

rate would be of particular interest in miRsign cases, with a special regard to 

CNSmin/miRsign cases, receiving CNS-directed therapy without intensification. 

https://www.targetscan.org/vert_80/
https://mirdb.org/
https://ophid.utoronto.ca/mirDIP/
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Integrating molecular methods into CNSL diagnostics, with a focus on hsa-miR-181a-5p 

quantification from the CSF, may enhance the identification of patients who could 

potentially profit from closer monitoring and fine-tuning of CNS-directed therapy.  

To the best of our knowledge, we were the first to conduct ddPCR-based 

quantification of hsa-miR-181a-5p from CSF of pediatric ALL patients, determined the 

diagnostic value of our measurements, and discovered that its diagnostic power is 

comparable to that of flow cytometry, while cytospin underperforms both methods. Our 

results align with a prior observation by Schwinghammer et al, who highlighted the 

absolute quantitative nature of ddPCR and FCM, and revealed a higher level of 

concordance between MRD values assessed by FCM and ddPCR, than between FCM and 

qPCR results(145). Thus, ddPCR may complement FCM in CNSL diagnostics as a novel 

sensitive alternative.  

 After validation in an independent patient population, miR-181a expression may 

serve as a suitable diagnostic marker for leukemic infiltration of the CNS. We propose a 

method that could complement conventionally used cell-based techniques in the 

diagnostic workflow, since the diagnostic value of the approach is nearly identical to that 

of flow cytometry. Understanding the impact of SH2B3 gene on CNS invasion may merit 

further investigation. 

Two immensely challenging areas of the clinical management of ALL are relapse 

and the leukemic involvement of the CNS. Relapse represents a significant obstacle in 

modern ALL therapy, as it remains the primary reason for treatment failure and adverse 

clinical outcome. Furthermore, leukemic infiltration of the CNS presents substantial 

impediment, often complicating treatment and increasing the risk of relapse. We aimed 

to examine the molecular background of these two critical conditions - relapse and CNSL 

- besides establishing the genomic and transcriptomic profiles in a nationwide cohort of 

pediatric ALL patients using a range of advanced molecular methods. We have uncovered 

biomarkers with prognostic significance, explored the landscape of potentially targetable 

alterations, revealed novel gene fusions, and investigated the diagnostic value of a novel 

biomarker that can potentially facilitate the refinement of patient stratification based on 

CNSL status. We genuinely hope that our findings will contribute to the advancement of 

acute leukemia diagnostics and help overcome some of the remaining obstacles in the 

clinical management of ALL.  
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6. CONCLUSIONS 

Novel findings of my thesis are the following: 

 

 We present a systematic comprehensive molecular profiling approach as part of 

the diagnostic workflow for the molecular characterization of a nationwide 

consecutive cohort of children with ALL.  

 We demonstrated that targeted RNA sequencing complemented by 

(digital)MLPA is a powerful diagnostic method for identifying recently 

introduced genetic subtypes of ALL and offers a viable alternative to existing 

diagnostic techniques. 

 We conducted mutational screening, using targeted deep DNA sequencing with a 

self-developed panel, designed specifically to detect small genomic variants in 

ALL, even if they are present with a low variant allele frequency, witch may carry 

potential clinical relevance, as exemplified in other hematological malignancies. 

 We observed inferior outcome among B-ALL patients harboring TP53 or 

CREBBP mutation. 

 We found shorter event-free survival in TP53 mutant B-ALL patients, even 

among patients with favorable therapeutic response, testing negative for MRD by 

flow cytometry on day 33 of therapy. 

 We compared the genomic profile of matched diagnostic and relapse samples of 

19 ALL patients and shed light to the manifold evolutionary process and entangled 

clonal selection mechanisms. 

 We propose hsa-miR-181a-5p as a novel biomarker in the cerebrospinal fluid for 

the diagnosis of CNSL and demonstrate a feasible quantification method by 

ddPCR. 

 We tested the diagnostic power of hsa-miR-181a-5p quantification by ddPCR, and 

found that it is non-inferior to flow cytometry, and overperforms cytospin in 

identifying CNSL. 

 We discovered an association between SH2B3 mutations and hsa-miR-181a-5p 

expression, which might indicate a potential role of SH2B3 mutations in the 

leukemic invasion of the CNS. 
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7. SUMMARY 

Disease progression, relapse, and the detection of leukemic involvement of the central 

nervous system still raise prominent obstacles in the clinical management of ALL. The 

revolution of molecular genetics reshaped the field of diagnostics and risk assessment, 

and paved the way for targeted therapies, hence it was placed in the center of my PhD 

research.  

Diagnostic bone marrow samples from 192 patients diagnosed with B-ALL/LBL 

(n=153) or T-ALL/LBL (n=39), and 92 CSF samples of 35 children with B-ALL/LBL 

(n=28) or T-ALL/LBL (n=7) were investigated. Additionally, samples drawn at the time 

of relapse were analysed from 19 patients. Comprehensive genomic and transcriptomic 

profiling was performed using TruSight RNA Pan-Cancer Panel targeting 1,385 genes, 

QIASeq Targeted DNA Custom Panel covering 103 disease-relevant genes, and MLPA 

or digitalMLPA, using the D007 ALL probemix. Copy numbers of miR-181a, miR-532 

and miR-16 were quantified in the CSF using digital droplet PCR. 

Novel fusions, involving JAK2, PAX5, KMT2A and RUNX1 genes were observed, 

with KMT2A-rearranged patients showing the worst prognosis (3-year EFS: 24 months, 

p=0.013). Targeted deep sequencing revealed somatic mutations in 74.9% of the patients. 

B-ALL patients harboring TP53 (p=0.008) or CREBBP (p=0.010) mutation displayed 

inferior EFS, and B-ALL patients with negative MRD at day 33 of therapy exhibited 

shorter EFS in the presence of TP53 (p<0.001) mutation.  

By combining the cytospin- and flow cytometry (FCM)-derived data with the 

miR-181a expression, we were able to reclassify patients into three novel groups 

representing CNSL status, and assign previously ambiguous cases. CNSpos/miRsign 

patients had overt CNS infiltration, CNSmin/miRsign patients had potentially clinically 

significant, but latent CNSL, while CNSmin/miRmin group had no sign of CNS 

involvement. ROC analysis revealed a diagnostic value of miR-181a quantification 

surpassing cytospin and comparable to FCM. SH2B3 mutations were solely present in 

patients classified as miRsign. 

Our work uncovers novel gene fusions and the prognostic importance of TP53 and 

CREBBP mutations and demonstrates a novel biomarker in the field of CNSL diagnostics, 

offering valuable, therapeutically relevant insight into the genomic and transcriptomic 

landscape of children diagnosed with ALL. 
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Supplementary Table 1. Comparison of the 5th edition of WHO Classification and 

the latest International Consensus Classification in acute lymphoblastic 

leukemia(11,12).  

WHO Classification, 5th edition International Consensus Classification 

B-lymphoblastic leukemia/lymphoma 

B-ALL/LBL with BCR::ABL1 fusion 

B-ALL with t(9;22)(q34.1;q11.2)/BCR::ABL1  with 

lymphoid only involvement /with multilineage 

involvement 

B-ALL/LBL with KMT2A rearrangement B-ALL with t(v;11q23.3)/KMT2A rearranged 

B-ALL/LBL with ETV6::RUNX1 fusion B-ALL with t(12;21)(p13.2;q22.1)/ETV6::RUNX1 

B-ALL/LBL with high hyperdiploidy B-ALL, hyperdiploid 

B-ALL/LBL with hypodiploidy 
B-ALL, low hypodiploid 

B-ALL, near haploid 

B-ALL/LBL with IGH::IL3 fusion B-ALL with t(5;14)(q31.1;q32.3)/IL3::IGH 

B-ALL/LBL with TCF3::PBX1 fusion B-ALL with t(1;19)(q23.3;p13.3)/TCF3::PBX1  

B-ALL/LBL with TCF3::HLF fusion B-ALL with HLF rearrangement  

B-ALL/LBL with BCR::ABL1-like 

features 

B-ALL, BCR::ABL1–like, ABL-1 class rearranged  

B-ALL, BCR::ABL1–like, JAK-STAT activated  

B-ALL, BCR::ABL1–like, NOS  

B-ALL/LBL with iAMP21  B-ALL with iAMP21  

B-ALL/LBL with other defined genetic 

abnormalitites 

B-ALL with MYC rearrangement 

B-ALL with DUX4 rearrangement  

B-ALL with MEF2D rearrangement  

B-ALL with ZNF384(362) rearrangement 

B-ALL with NUTM1 rearrangement  

B-ALL 

with UBTF::ATXN7L3/PAN3,CDX2 (“CDX2/UBTF”) 
B-ALL with mutated IKZF1 N159Y 

B-ALL with mutated PAX5 P80R 

B-ALL with recurrent genetic abnormalitites 

B-ALL/LBL with ETV6::RUNX1-like 

features 

Provisional entity: B-ALL, ETV6::RUNX1-like 

B-ALL/LBL, NOS B-ALL, NOS 

T-lymphoblastic leukemia/lymphoma 

Early T-precursor ALL/LBL Early T-cell precursor ALL with  

rearrangement 

Early T-cell precursor ALL, NOS  

T-ALL/LBL, NOS T-ALL, NOS  
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Supplementary Table 2. Composition and clinical characteristics of the novel groups after 

reclassification of patients by considering hsa-miR-181a-5p expression. At categorical 

variables, the Fisher-Freeman-Halton test was used, while for continuous variables, the 

Kruskal-Wallis test was applied (63). 

 CNSmin/miRmin  CNSmin/miRsign  CNSpos/miRsign  p 

Patients, n  17  12  4  - 

Excluded from 

further analysis, n 

(reason) 

2 

(TLP) 

3 

(2 TLP, 1 not 

fulfilling QC 

criteria) 

1 

(outlier, over 

+3SD) 

- 

Male % 67% 60% 100% 0.621 

Immunophenotype: 

B-cell, %  
87% 80% 67% 0.792 

Initial diagnosis: 

LBL, % 
7% 0% 0% 1.000 

% of positive 

cytospins at Dx 
0% 33% 100% 0.007 

% of positive CSF 

FCM results at Dx 
13% 60% 67% 0.026 

Mean normalized 

hsa-miR-181a-5p 

copy number; Day 

0 

744.02±86.81 2503.50±275.89 3300.70±809.69 <0.001 

Mean normalized 

hsa-miR-181a-5p 

copy number, log; 

Day 0 

2.81±0.064 3.37±0.05 3.49±0.11 <0.001 

EOI MRD 

positivity (BM), % 
57% 40% 33% 0.650 
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End of 2nd 

induction cycle 

MRD positivity 

(BM), % 

14% 20% 33% 0.797 

Sample numbers at different time points of sample collection:  

At Dx (day 0), n  15  10  3  - 

During the 

induction cycle 

(day 1 - day 33), n 

25 16 7 - 

 

Follow-up after the 

induction cycle 

(day 33 – day 100), 

n  

3 2 2 - 

Molecular profiling of the BM sample at diagnosis:  

DNAseq was 

performed, % 
100% 100% 100% - 

Genes affected by 

clonal mutations 

(list) 

ASMTL, ASXL2, 

BCL11B, BRAF, 

CDKN2A, 

CREBBP, ETV6, 

EZH2, KRAS, 

NOTCH1, NRAS, 

PHF6, VPREB1, 

WHSC1 

FLT3, IL7R, 

NOTCH1, NRAS, 

PDGFRA, RPL10, 

SETD2, TP53, 

VPREB1, ZEB2 

ASMTL, CDKN2A, 

DNMT3A, EBF1, 

PIK3R1, SH2B3 

- 

Abbreviations: BM: bone marrow; CSF: cerebrospinal fluid; Dx: diagnosis; EOC: end of 

consolidation; EOI: end of induction; FCM: flow cytometry; LBL: lymphoblastic 

lymphoma; MRD: measurable residual disease; QC: quality control; TLP: traumatic 

lumbar puncture 
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Supplementary Figure 1.A 

Supplementary Figure 1.B 

Supplementary Figure 1.C 



92 

 

 

  
Supplementary Figure 1.D 

Supplementary Figure 1.E 

Supplementary Figure 1.F 
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Supplementary Figure 1.G 

Supplementary Figure 1.H Supplementary Figure 1.H 

Supplementary Figure 1.I 
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Supplementary Figure 1.J 

Supplementary Figure 1.K 

Supplementary Figure 1.L 
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Supplementary Figure 1.M 

Supplementary Figure 1.N 

Supplementary Figure 1.O 
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Supplementary Figure 1. Clonal dynamics and composition of mutations at the time of 

diagnosis and relapse in 17 patients experiencing relapse (62). VAF: variant allele 

frequency  

  

Supplementary Figure 1.P 

Supplementary Figure 1.Q 
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Supplementary Figure 2.A 

Supplementary Figure 2.B 
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Supplementary Figure 2.C 

Supplementary Figure 2.D 
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Supplementary Figure 2.E 

Supplementary Figure 2.F 
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Supplementary Figure 2.G 

Supplementary Figure 2.H 
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Supplementary Figure 2. A-I Short somatic variants identified in putatively targetable 

genes, such as NRAS, KRAS, PTPN11, NF1, FLT3, JAK2, IL7R, SH2B3 and CRLF2.  

J Gene fusions affecting potentially targetable genes (62). 

Supplementary Figure 2.I 

Supplementary Figure 2.J 


