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Abstract
T-cell acute lymphoblastic leukemia (T-ALL) is an aggressive malignancy originating from T-cell precursors. The
genetic landscape of T-ALL has been largely characterized by next-generation sequencing. Yet, the transcriptome
of miRNAs (miRNome) of T-ALL has been less extensively studied. Using small RNA sequencing, we characterized
the miRNome of 34 pediatric T-ALL samples, including the expression of isomiRs and the identification of
candidate novel miRNAs (not previously annotated in miRBase). For the first time, we show that
immunophenotypic subtypes of T-ALL present different miRNA expression profiles. To extend miRNome
characteristics in T-ALL (to 82 T-ALL cases), we combined our small RNA-seq results with data available in Gene
Expression Omnibus. We report on miRNAs most abundantly expressed in pediatric T-ALL and miRNAs
differentially expressed in T-ALL versus normal mature T-lymphocytes and thymocytes, representing candidate
oncogenic and tumor suppressor miRNAs. Using eight target prediction algorithms and pathway enrichment
analysis, we identified differentially expressed miRNAs and their predicted targets implicated in processes
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(defined in Gene Ontology and Kyoto Encyclopedia of Genes and Genomes) of potential importance in
pathogenesis of T-ALL, including interleukin-6–mediated signaling, mTOR signaling, and regulation of apoptosis.
We finally focused on hsa-mir-106a-363 cluster and functionally validated direct interactions of hsa-miR-20b-5p
and hsa-miR-363-3p with 3′ untranslated regions of their predicted targets (PTEN, SOS1, LATS2), overrepresented
in regulation of apoptosis. hsa-mir-106a-363 is a paralogue of prototypic oncogenic hsa-mir-17-92 cluster with yet
unestablished role in the pathogenesis of T-ALL. Our study provides a firm basis and data resource for functional
analyses on the role of miRNA-mRNA interactions in T-ALL.

Neoplasia (2019) 21, 294–310
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iRNAs are small, nonprotein coding RNAs exerting negative
gulatory control over their mRNA targets. miRNAs induce
anslational repression and enhance mRNA degradation upon
ecific binding of the seed sequence of miRNA to the miRNA
sponse element (MRE), typically in the 3′ untranslated region (3′
TR) of mRNA [1,2]. Thus, miRNA-mRNA interactions result in
e silencing of mRNA expression and diminished level or lacking
otein expression [3].
miRNAs are important regulators of gene expression and are involved
amultitude of biological processes, e.g., cell differentiation, including
rmal hematopoiesis, cell proliferation, apoptosis, cellular stress
sponse, and many others. Aberrantly expressed miRNAs are
plicated in the pathology of diseases, including malignancies, and
e attractive candidate biomarkers and potential targets for therapy
–6]. In neoplasms, upregulated miRNAsmight serve as oncogenes by
lencing the expression of mRNAs encoding tumor suppressor
oteins. Downregulated tumor suppressor miRNAs contribute to
cogenesis by insufficient silencing of oncogenic mRNAs [7,8]. The
gulatory effect of a single miRNA might be subtle, and phenotypic
fects of miRNAs' expression result from their involvement in intricate
gulatory networks [9]. Thus, next-generation sequencing, enabling
iRNA expression profiling in the whole-transcriptomic scale,
portantly improves the possibilities to study miRNAs expression
d to explore their biological implications.
In this study, we applied small RNA sequencing to investigate
iRNA transcriptome of T-cell acute lymphoblastic leukemia (T-ALL)
d to search for novel candidate oncogenic and tumor suppressor
iRNAs and their targets.
T-ALL is an aggressive and heterogeneous malignancy originating
om T-cell precursors (thymocytes). It accounts for approximately
% of all acute lymphoblastic leukemia (ALL) cases in children and
r approximately 25% in adults [10,11]. With the advancement of
gh-throughput technologies, particularly next-generation sequenc-
g, the molecular landscape of this leukemia has been largely
aracterized. The main focus, so far, has been on the characterization
the protein coding part of the genome and on the gene expression
tterns specific for the subtypes of T-ALL. The genomic landscape
T-ALL has been widely characterized through whole exome

quencing and RNA sequencing [12–15]. Yet, the transcriptome of
iRNAs (miRNome) in T-ALL has been much less extensively
udied thus far [16].
Here we present the results of small RNA sequencing performed in
pediatric T-ALL patients and 5 normal controls. In addition to
oad characteristics of the miRNome of T-ALL, we also aimed to
in insights into the potential engagement of differentially expressed
iRNAs in biological processes that might be of significance for T-
LL pathobiology. For this reason, we performed comprehensive
rget prediction and pathway enrichment analysis. We finally
cused on selected miRNAs belonging to hsa-mir-106a-363 cluster,
d we functionally validated direct interactions of hsa-miR-20b-5p
d hsa-miR-363-3p with their targets predicted to be implicated in
e positive regulation of apoptosis, namely, PTEN, SOS1, and
TS2. Importantly, hsa-mir-106a-363 cluster is a paralogue of the
ototypic oncogenic hsa-mir-17-92 cluster, but its role in the
thogenesis of T-ALL is yet to be established.
Thus, we present a broad investigation of the landscape of miRNA
pression in pediatric T-ALL and its potential implications for the
ology of this disease. Such an approach, including miRNA-seq
llowed by target prediction, pathway enrichment analysis, and
lidation of miRNA-mRNA interactions, has not been applied in the
udy of pediatric T-ALL thus far. Our results form a firm basis and
ta resource for extended functional analyses on the role of miRNA-
RNA interactions in this disease.

aterial and Methods

atients' and Control Samples
Bone marrow samples were obtained from 34 patients with
diatric T-ALL at the time of diagnosis and from 5 healthy unrelated
ne marrow donors aged b18 years. Samples were collected at the
nters of Polish Pediatric Leukemia and Lymphoma Study Group,
ith the informed consent of the patients/legal guards, in accordance
ith Declaration of Helsinki. The study was approved by the Ethics
ommittee of the Medical University of Silesia (KNW/0022/KB1/
5/I/11/12). Detailed immunophenotyping of T-ALL was per-
rmed using multicolor flow cytometry according to EuroFlow
otocols [17,18]. Characteristics of T-ALL patients from the study
oup and from the validation cohort are presented in supplementary
ables S1 and S2.
Bone marrow samples were subjected to isolation of mononuclear
lls using density gradient centrifugation on Gradisol L (Aqua-Med),
llowed by immunomagnetic separation, with use of Human T
mphocyte Enrichment Set-DM (Becton Dickinson) to obtain T-
LL cells and normal mature T lymphocytes (controls) for RNA
olation. We used negative immunomagnetic selection to avoid
tential changes to the miRNome upon interaction of the cells with
e antibodies, which might be the case in the positive selection
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proach. T-ALL cells and normal T lymphocytes were preserved
om RNA degradation with use of Lysis Solution (miRCURY RNA
olation Kit, Exiqon) and stored in −80°C until RNA isolation.

NA Isolation and Quality Control
miRCURY RNA Isolation Kit Cell & Plant (Exiqon) was used for
e extraction of total RNA, with the recovery of small RNA fraction.
NA isolates were DNase treated and purified with use of RNA
lean and Concentrator Kit (Zymo Research). RNA concentration
as measured with Quantus Fluorometer (Promega) using Qubit HS
NA Assay Kit (Thermo Fisher Scientific). RNA integrity was
termined with 4200 Tapestation using High Sensitivity RNA
reenTape (Agilent Technologies) and 2100 Bioanalyzer using RNA
00 Nano Assay (Agilent Technologies).

mall RNA Sequencing and Bioinformatics Analyses
Next-generation sequencing of small RNAs was performed by
GS Service Exiqon (Exiqon, Denmark). Libraries were generated
ith NEBNext Multiplex Small RNA Library Prep Set for Illumina
ew England Biolabs). The quality of libraries was assesses based on

ze distribution and concentration using 2100 Bioanalyzer with
NA 1000 chip (Agilent Technologies). Small RNA-seq was
rformed using NextSeq500 Illumina and standard settings: 10
illion reads/per sample, read length: 51 bp single-end. Small RNA
quencing data from this study is available in the ArrayExpress
tabase (http://www.ebi.ac.uk/arrayexpress) under accession num-
r E-MTAB-7446.
Quality control of reads was conducted using FastQC ver. 0.11.5
ttp://www.bioinformatics.babraham.ac.uk/projects/fastqc), FastQ
reen ver. 0.5.1 [19], and a set of custom data processing and
sualization scripts. Raw sequencing reads were adapter-trimmed using
utadapt [20] (ver. 1.11) and aligned with Bowtie [21] (ver. 1.2.2) to a
odified version of miRBase (ver. 21) created according to the miRge
ecifications [22]. We used an iterative alignment of reads: first reads
ere aligned to mature miRNA sequences (miRBase21); unaligned
ads were sequentially matched against hairpin miRNA (miRBase21),
ncoding RNAs, Ensembl cDNA database, and again to mature
iRNA sequences (miRBase21) using less stringent criteria, as
eviously described [22]. Detection of candidate novel miRNAs was
sed on miRge2 for each individual sample. The results were later
mbined between samples based on genomic coordinates of identified
iRNAs (partial overlap was considered sufficient).
Both known and candidate novel miRNAs, to which at least two
ads were aligned in a single sample, were selected for further study.
ead normalization, as well as identification of differentially expressed
iRNAs, was conducted using edgeR [23], with Benjamini and
ochberg correction for multiple testing and .05 significance level.
ead counts used in the tests were normalized in edgeR using Trimmed
ean of Mvalues (TMM) algorithm. The detection of differentially
pressed miRNAs was conducted using various sample classification
ethods based on disease state, immunophenotype, maturation stage,
uropean Group for Immunological Classification of Leukemias
GIL) classification, etc. If more than two groups existed in a specific
assification method, we conducted pairwise comparisons between
em for each unique combination and additionally performed an
NOVA test independently for each miRNA with Benjamini and
ochberg correction for multiple testing.
To conduct a joint analysis with the Wallaert et al. dataset [16], we
wnloaded raw reads from the Sequence Read Archive database
der accession SRP093752 (GEO accession number GSE89978)
d processed them using identical workflow based on miRge [22].
etection of differentially expressed miRNAs was conducted again
ing edgeR [23], accounting for batch effect by specifying an
propriate model matrix. ANOVA was conducted on edgeR
rmalized data after batch effect correction based on ComBat
4]. Results of all analyses were presented as heatmaps of Z-score
rmalized miRNA expression levels with dendrograms based on
mplete-linkage hierarchical clusterization and Euclidean distances.
Analysis of isomiRs was based on the statistics provided by miRge
2], including the sequence variability of a single miRNA,
currence in each sample, and entropy values calculated for each
dividual miRNA and sample. We used t test with Benjamini and
ochberg correction for multiple testing to compare the entropy
lues between T-ALL samples and controls in order to identify
iRNAs that differ in the isomiR variability.

T-qPCR Validation of Differentially Expressed miRNAs
Differentially expressed miRNAs were validated by RT-qPCR
ing miRNAs as endogenous controls, as previously described [25].
riefly, RNA samples were reverse transcribed with TaqMan
dvanced miRNA cDNA Synthesis Kit (Thermo Fisher Scientific)
cording to the manufacturer's protocol. TaqMan Fast Advanced
aster Mix, predesigned TaqMan Advanced miRNA assays (Thermo
isher Scientific), and 7900HT Fast Real-Time PCR System
pplied Biosystems) were used. Three endogenous control miRNAs
ere selected using a strategy based on a comprehensive assessment of
pression stability in our small RNA-seq data and in RT-qPCR, as
eviously described [25]. Comparative delta CT method (ΔΔ CT)
d Data Assist Software v. 3.01 (Thermo Fisher Scientific) were used
r relative quantification of expression [26]. Two-tailed Student's
test was used to test for the significance of differences in expression
tween T-ALL samples and controls, with P b .05 for statistical
gnificance.

iRNA Targets Prediction and Pathway Analysis
Target genes for differentially expressed miRNAs were identified
ing eight target prediction tools: DIANA-microT [27], ElMMo
8], MicroCosm [29], miRanda [30], miRDB [31], PicTar [32],
ITA [33], and TargetScan [34], gathered trough the multiMiR
ioconductor library [35]. Target mRNAs were assumed to be
gulated by a particular miRNA if they were predicted by more than
e out of eight methods used. Target genes for differentially
pressed miRNAs were tested for overrepresentation among
ological processes and pathways, represented by relevant terms in
yoto Encyclopedia of Genes and Genomes (KEGG), Reactome and
anther pathways, as well as Gene Ontology (GO). Overrepresen-
tion of pathway associated genes among those regulated by
fferentially expressed miRNAs was tested using Fisher's exact test
r pathways originating from KEGG, Reactome, and Panther
tabases. Gene Ontology processes were selected using conditional
pergeometric test implemented in the Bioconductor GOstats
ckage (ver. 2.46). In all cases, Benjamini and Hochberg multiple
sting correction was applied with a significance threshold of .05.
he magnitude of overrepresentation was assessed based on odds ratio
R) values, calculated using the following formula:

R ¼ q=k

m=t

http://www.ebi.ac.uk/arrayexpress
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
ncbi-geo:GSE89978
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Table 1. miRNAs Differentially Expressed in 34 T-ALL Samples and Controls

miRNA_ID Average Read Counts log FC P adj

All Samples Control T-ALL

Raw Normalized Normalized Normalized

miRNAs overexpressed in T-ALL vs. controls
hsa-miR-548a-3p 21.2 20.1 0.0 23.0 7.674 8.27E-05
hsa-miR-128-3p 457,447.9 382,618.6 61,129.6 429,896.4 2.814 9.22E-05
hsa-miR-181b-5p 51,636.7 45,642.4 6860.0 51,345.7 2.904 1.28E-04
hsa-miR-20b-5p 3524.9 3005.6 296.2 3404.1 3.522 4.28E-04
hsa-miR-6500-3p 61.2 53.2 1.5 60.7 5.220 .002
hsa-miR-331-5p 160.5 134.1 34.7 148.7 2.100 .004
hsa-miR-363-3p 41,814.5 35,610.7 5759.5 40,000.6 2.796 .008
hsa-miR-153-3p 71.8 51.4 0.0 59.0 9.031 .008
hsa-miR-466 127.4 112.5 0.0 129.1 10.157 .009
hsa-miR-130a-3p 524.9 419.1 106.2 465.1 2.130 .009
hsa-miR-20b-3p 65.1 58.7 7.9 66.2 3.053 .010
hsa-miR-210-3p 508.4 460.4 75.8 517.0 2.766 .010
hsa-miR-181a-3p 5371.8 4663.6 851.3 5224.2 2.617 .010
hsa-miR-4421 27.9 23.9 0.0 27.4 7.928 .011
hsa-miR-18b-5p 15.8 11.9 0.0 13.6 6.937 .012
hsa-miR-181a-2-3p 7392.8 6055.4 1753.8 6687.9 1.931 .015
hsa-miR-181a-5p 159,408.7 146,775.2 31,833.1 163,678.4 2.362 .015
hsa-miR-625-3p 3238.1 2702.5 638.3 3006.1 2.236 .018
hsa-miR-130b-3p 381.5 337.0 109.9 370.4 1.753 .025
hsa-miR- 4687-5p 26.9 24.8 1.6 28.2 4.070 .035
hsa-miR-4437 98.4 90.7 15.7 101.8 2.686 .039
hsa-miR-625-5p 912.2 765.9 214.4 847.0 1.982 .039
hsa-miR-3609 993.4 1843.8 79.5 2103.2 4.723 .041

miRNAs underexpressed in T-ALL vs. controls
hsa-miR-574-5p 652.8 542.1 3554.4 99.1 −5.164 2.88E-19
hsa-miR-10a-5p 5025.9 4115.7 22,247.8 1449.2 −3.940 5.11E-13
hsa-miR-582-3p 493.6 406.7 2490.7 100.3 −4.633 4.16E-12
hsa-miR-143-3p 7581.1 6131.8 33,787.1 2064.9 −4.032 1.51E-11
hsa-miR-941 10,845.5 9357.4 34,576.7 5648.6 −2.614 2.00E-09
hsa-miR-145-5p 75.5 63.8 364.7 19.5 −4.212 2.87E-07
hsa-miR- 27a-5p 1526.9 1226.4 4706.0 714.6 −2.719 1.04E-06
hsa-miR-618 107.4 95.3 575.4 24.6 −4.543 1.11E-06
hsa-miR-24- 3p 4801.6 4038.7 12,326.8 2819.9 −2.128 2.39E-06
hsa-miR-574- 3p 75.1 65.3 325.6 27.0 −3.587 2.43E-06
hsa-miR-24-2-5p 191.9 160.0 484.9 112.2 −2.109 3.00E-06
hsa-miR-145-3p 76.8 66.7 330.4 27.9 −3.568 5.64E-06
hsa-miR-504-5p 48.6 41.1 238.1 12.2 −4.278 8.27E-05
hsa-miR- 3690 50.4 46.9 223.2 21.0 −3.409 2.45E-04
hsa-miR- 223-5p 6511.1 5472.8 18,853.6 3505.1 −2.427 2.50E-04
hsa-miR-199b-5p 1728.1 1309.1 5169.0 741.4 −2.801 .001
hsa-miR-550a-5p 132.9 111.0 411.6 66.7 −2.621 .001
hsa-miR-4695-3p 3.6 3.3 25.6 0.0 −7.824 .001
hsa-miR-30a-5p 412.6 346.1 808.7 278.1 −1.539 .001
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here q is the number of genes (predicted targets of differentially
pressed miRNAs) involved in a given biological process, k is the
tal number of differentially expressed genes, m is the number of
nes in a given process/pathway, and t is the total number of target
nes reported in a given database.
Additionally, using the multiMiR Bioconductor library [35], we
trieved data from three databases of experimentally validated
iRNA-mRNA interactions: miRecords [36], miRTarBase [37], and
IANA-TarBase [38]; two databases of diseases-related miRNAs:
iR2Disease [39] and PhenomiR [40], and PharmacomiR [41], the
iRNA Pharmacogenomics Database, enabling exploration of
iRNAs and their drug-associated target genes.

ual Luciferase Reporter Assays
Selected predicted miRNA-mRNA interactions were validated
ith Dual-Glo Luciferase Reporter Assay (Promega). HEK293T cells
ere cultured under standard conditions in Dulbecco's modified
agle's medium (Gibco, Thermo Fisher Scientific) with 10% fetal
vine serum (Gibco, Thermo Fisher Scientific) and 1% penicillin/
reptomycin solution (Sigma Aldrich). Twenty-four hours before
ansfection, cells were seeded on 24-well culture plate. Cells were
bjected to transfection at 60% to 80% confluency using JetPrime
NA/siRNA Transfection Kit (Polyplus Transfection) to enable co-
ansfection with relevant miRNA mimics or negative (scrambled)
ntrol mimics (MirVana, Thermo Fisher Scientific) and pmirGLO
asmids (Promega), containing 3′UTR fragments of the selected
rget genes. miRNA mimics in final concentration of 50 μM and
5 ng of plasmid were used per well. 3′UTR fragments cloned into
irGLO plasmid contained the predicted 6-8 nt long miRNA

sponse element (MRE), flanked with 30 nt long regions on both
des. In Dual Luciferase rescue experiments, four point mutations
ere introduced to MRE region during oligonucleotide synthesis step
abolish the miRNA-mRNA interaction. Luciferase activity was
easured with GloMax-Multi+ Detection System (Promega) after
hours from transfection. All experiments were performed in three

plicates. Significant decrease in luciferase activity relative to control
crambled miRNA) was indicative of direct interaction between seed
quence of miRNA (defined as the nucleotides at position 2-7 of the
ature miRNA sequences) and MRE in 3′UTR of target mRNA.
atistical significance of results was calculated with unpaired two-
iled t test.
hsa-miR-3909 176.9 149.9 365.8 118.2 −1.625 .002
hsa-miR-2115-3p 28.5 22.9 128.9 7.3 −4.103 .002
hsa-miR-582-5p 25.4 20.3 122.3 5.3 −4.495 .002
hsa-miR-504-3p 1.6 1.2 9.5 0.0 −6.412 .002
hsa-miR- 23a-5p 28.9 24.9 98.1 14.1 −2.784 .003
hsa-miR-10b-5p 211.4 146.8 629.1 75.9 −3.047 .006
hsa-miR-4494 1.1 0.8 6.3 0.0 −5.825 .007
hsa-miR-151a-3p 2930.2 1886.3 6696.9 1178.8 −2.506 .009
hsa-miR- 223-3p 3083.8 2647.2 7802.3 1889.1 −2.046 .011
hsa-miR-6865-3p 0.7 0.6 4.5 0.0 −5.331 .012
hsa-miR-7849-3p 2.0 1.6 12.2 0.0 −6.764 .012
hsa-miR- 1275 505.7 440.2 1198.6 328.6 −1.866 .012
hsa-miR-338-5p 38.7 32.3 128.7 18.1 −2.821 .013
hsa-miR-3150b-5p 1.1 0.9 6.3 0.1 −4.945 .016
hsa-miR-3154 74.1 62.4 242.6 35.9 −2.752 .017
hsa-miR-6823-5p 0.6 0.4 3.4 0.0 −4.956 .017
hsa-miR-10a- 3p 12.8 10.5 48.4 4.9 −3.273 .024
hsa-miR-143-5p 16.6 13.1 75.6 3.9 −4.234 .036
hsa-miR-4745-3p 1.1 1.0 7.8 0.0 −6.125 .036

Controls, normal mature T lymphocytes of bone marrow donors aged b18 years; Average Read
Counts Normalized, average TMM normalized reads; FC, fold change; P adj, Benjamini and
Hochberg correction for multiple testing and .05 significance level. miRNAs are sorted based on
increasing P adj values and decreasing log FC values.
esults

verview of miRNA-seq Performance
To investigate the spectrum of miRNAs expressed in pediatric T-
LL and to identify new candidate oncogenic and tumor suppressor
iRNAs, we performed small RNA sequencing in 34 pediatric T-ALL
mples and 5 normal controls. miRNA sequencing generated 908
illion raw sequencing reads; on average, there were 23.3 million raw
ads/sample. Prefiltering and filtering steps retained 22% (~4.3
illion) of initial raw reads/sample. In total, 169 million reads were
apped to knownmaturemiRNA sequences inmiRBase21. The Phred
ality scores for all reads, both T-ALL and control samples, were above
% (N99.9% accuracy of base calling), representing high and uniform
ality of reads. This refers to the mean Phred scores per read (per
quence quality) (Supplementary Figure S1) and to Phred scores along
l reads (per base quality) (Supplementary Figure S2). The majority of
ads were of approximate length of 22 bases, which represent the
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erage length of miRNAs, as shown by sequence length distribution
upplementary Figure S3). These data indicate high technical
rformance of miRNA sequencing and good quality of the samples.

andscape of miRNA Transcriptome in T-ALL
Known miRNAs. The number of readsmapped to knownmiRNAs
r T-ALL sample ranged from 0.7 to 9.9 million; on average, there were
35 million/T-ALL sample (Supplementary Figure S4). We identified
62 miRNAs expresse in T-ALL samples (at least 2 reads/ sample),
nging from 409 to 934 miRNAs expressed per T-ALL sample. Out of
ese 1462miRNAs, 452were identified exclusively inT-ALL and not in
e controls. The top 10 highly expressed miRNAs in T-ALL samples
clude hsa-miR-92a-3p; hsa-miR-128-3p; hsa-let-7a-5p/7c-5p; hsa-let-
-5p; hsa-miR-148a-3p; hsa-let-7i-5p; hsa-let-7 g-5p; hsa-miR-181a-
; hsa-miR-26a-5p; and hsa-miR-21-5p (Supplementary Figure S5).
To further characterize the landscape of miRNA expression in T-
LL patients, we analyzed the composition of the expression pattern
miRNA isoforms (miRNA variants deviating by a few nucleotides
length and sequence from the reference miRNA sequence, called

omiRs) [42,43]. We also characterized the miRNome of T-ALL in
rms of the identification of a spectrum of candidate novel miRNAs.
e present the results of these analyses in the Supplementary
aterials (Expression of isomiRs; Candidate novel miRNAs).
gure 1. miRNA expression levels in T-ALL vs. controls.Diagonal plot
ntrols (mature T lymphocytes of bonemarrow). Dots represent miRNA
derexpressed in T-ALL (blue), not differentially expressed (gray). The
values, are depicted with miRNA IDs.
miRNAs Differentially Expressed Between T-ALL Samples and
ontrols. To identify known miRNAs differentially expressed in T-
LL samples as compared to normal mature T lymphocytes, we applied
geR [23] with Benjamini and Hochberg correction for multiple
sting. Among 1505 known miRNAs expressed in this study, we
entified 61 differentially expressedmiRNAs: 23miRNAs upregulated
T-ALL vs. controls, and 38 miRNAs downregulated (Table 1 and

igure 1). These differentially expressed miRNAs represent known and
tential novel oncogenic and tumor suppressor miRNAs, respectively.
mong overexpressed miRNAs, we identified miRNAs with already
ported role as oncogenes inT-ALL, namely, hsa-miR-128-3p [44,45],
a-miR-181a, and hsa-miR-181b [46–48]. Remarkably, these
iRNAs are highly expressed in our cohort of T-ALL patients (Figure
and Table 1). These miRNAs were previously reported to be highly
pressed in T-ALL also in the studies using less sensitive, RT-qPCR–
sed approaches [44,46,47,49]. Additionally, among miRNAs over-
pressed in our T-ALL patients, we identified hsa-miR-153-3p and
a-miR-6500-3p, which were also found to be overexpressed in the
all RNA-seq study by Wallaert et al. [16]. These two miRNAs had
latively low expression levels in our T-ALL cohort, with mean read
unts below 100 reads (Table 1).
Among downregulated miRNAs, we found hsa-miR-30a-5p with
ready suggested role as a tumor suppressor in T-ALL [50], as well as
showing the expression levels of miRNAs in T-ALL samples vs.
s that are: significantly overexpressed in T-ALL (red), significantly
top 10 upregulated and downregulated miRNAs, according to log
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a-miR-3909 and hsa-miR-1275, reported as downregulated in the
udy by Wallaert et al. [16]. Mean read counts in T-ALL samples for
ese 3 miRNAs were below 350 reads (Table 1). Thus, these
iRNAs are not only downregulated as compared to normal controls
t additionally belong to miRNAs with relative low expression in
r cohort of T-ALL patients. Interestingly, among miRNAs
wnregulated in T-ALL vs. normal mature T lymphocytes, we
entified hsa-miR-223-5p and hsa-miR-223-3p. hsa-miR-223 has
en previously reported to be among the top 10 most highly
pressed miRNAs in the cohort of 50 T-ALL patients analyzed with
T-qPCR by Mavrakis et al. [51]. The group further showed
cogenic potential of this miRNA in a mouse model [51]. Yet, in
r cohort of 34 T-ALL patients, hsa-miR-223-5p and hsa-miR-223-
were less abundantly expressed, ranked at position 67 and 87 of

ost highly expressed miRNAs. As compared to normal mature T
mphocytes, we found hsa-miR-223-5p and miR-223-3p
wnregulated.
gure 2. Differentially expressed miRNAs in T-ALL samples and con
pression levels created for miRNAs that differentiate T-ALL samples
ows represent miRNAs; columns represent samples. Dendrograms
clidean distances. The fold changes and the abundance of miRNAs
Using unsupervised hierarchical clusterization based on Euclidean
stances and complete-linkage method (agglomerative), we showed that
e expression of 61 differentially expressed miRNAs allows to clearly
gregate T-ALL samples from normal mature T lymphocytes (Figure 2).

andscape of miRNAs Transcriptome in T-ALL: a Broader
erspective
Having characterized the landscape of miRNA expression in 34 T-
LL samples in relation to 5 samples of normal mature T
mphocytes as controls, we aimed to broaden the perspective of
e investigation of miRNome in pediatric T-ALL. To this aim, we
rformed a combined analysis of our miRNA-seq data and the
sults of small RNA sequencing of 48 samples of pediatric T-ALL
d 4 samples of normal thymocytes [16]. The work byWallaert et al.
6] represents thus far the only available miRNA-seq dataset
tained in a cohort of pediatric T-ALL patients. We used uniform
oinformatics pipeline to integrate and analyze our miRNA-seq data
trols.Heatmap and dendrograms of Z-score normalized miRNA
from normal controls (mature T lymphocytes of bone marrow).
are based on complete-linkage hierarchical clusterization and
(both in log scale) are shown on the left side of the plot.
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Figure 3. Differentially expressed miRNAs in combined analysis of 82 T-ALL samples, normal mature T lymphocytes, and thymocytes.
Heatmap and dendrograms of Z-score normalized miRNA expression levels created for miRNAs that differentiate T-ALL samples from
normal controls (mature T lymphocytes and thymocytes). Rows represent miRNAs; columns represent samples. Dendrograms are based
on complete-linkage hierarchical clusterization and Euclidean distances. The fold changes and the abundance of miRNAs (both in log
scale) are shown on the left side of the plot. IHG, Institute of Human Genetics; UG, Ghent University.
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d the dataset publically available in GEO database (accession
mber GSE89978) [16]. Before the integration of the two data sets,
e used ComBat [24] for the correction for batch effects. Thus, we
creased the potentially nonbiological variation between the two
ta sets, associated with technical differences in the studies, as
ustrated by principal component analysis plots for the two datasets,
fore and after the correction (Supplementary Figure S6).
The combined analysis of the 2 data sets enabled to characterize the
ndscape of miRNA expression in a total of 82 pediatric T-ALL
tients, the largest group analyzed by small RNA-sequencing thus far.
e identified 1628 expressed miRNAs in T-ALL samples; out of these,
5 were expressed exclusively in T-ALL and not in the controls. The
p 10 highly expressedmiRNAs in the combined dataset included: hsa-
iR-92a-3p; hsa-miR-181a-5p; hsa-let-7f-5p; hsa-miR-26a-5p; hsa-
t-7a-5p/7c-5p; hsa-miR-128-3p; hsa-miR-191-5p; hsa-miR-148a-3p;
a-miR-21-5p; and hsa-miR-30d-5p (Supplementary Figure S7).
This set of miRNAs show much overlap with the top 10 highly
pressed miRNAs in our original miRNA-seq data obtained in 34 T-
LL patients (Supplementary Figures S5, S7, S8). miRNAs not
erlapping between these 2 lists of “top 10 highly expressed
iRNAs,” namely, hsa-miR-30d-5p and hsa-miR-191-5p, were also
ghly expressed in our 34 T-ALL patients, ranked at positions 13
d 19, respectively, while hsa-let-7i-5p and hsa-let-7g-5p were
nked at positions 13 and 15 of the highly expressed miRNAs in the
mbined dataset. Of note, hsa-miR-92 and hsa-miR-26a were
eviously identified by Mavrakis et al. [51] to be among the top 10
ghly expressed miRNAs in a cohort of 50 T-ALL patients in the
T-qPCR–based study (Supplementary Figure S8).
What is more, hsa-let-7a-5p/7c-5p (among the top 10 highly
pressed miRNAs in our original miRNA-seq data and in the
mbined dataset) was also identified among the most stably
pressed miRNAs across 34 T-ALL samples, 6 T-ALL cell lines,
rmal mature T lymphocytes, and CD34+ and CD4 + CD8 +
D3+ thymocytes, as we previously reported [25]. Of note, in our
alysis of isomiRs' expression, we found that hsa-let-7a-5p/7c-5p is
pressed in T-ALL samples and in normal mature T lymphocytes
clusively in its canonical form (no isomiRs). Thus, we used this
iRNA as one of endogenous control miRNAs in our RT-qPCR
lidation of miRNA-seq results.
In the combined dataset, we also aimed to identify miRNAs
fferentially expressed in T-ALL as compared to control normal
ature T lymphocytes and thymocytes. Out of 1729 miRNAs
pressed in the analyzed samples, 103 miRNAs were differentially
pressed: 11 miRNAs were overexpressed in T-ALL vs. controls, and
miRNA were underexpressed in T-ALL as compared to controls

upplementary Table 3 and Figure 3).
Interestingly, the analysis in the combined datasets revealed a set of
iRNAs which we found differentially expressed in our original

ncbi-geo:GSE89978
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Figure 4. Differentially expressed miRNAs between T-ALL samples representing different immunophenotypic subtypes of T-ALL.
Heatmap and dendrograms of Z-score normalized miRNA expression levels created for miRNAs that differentiate T-ALL samples
representing immunophenotypic subtypes of T-ALL (according to EGIL classification) and from normal controls (mature T lymphocytes
and thymocytes). Differentially expressed miRNAs were identified using ANOVA test independently for each miRNA, with Benjamini and
Hochberg correction for multiple testing. Rows represent miRNAs; columns represent samples. Dendrograms are based on complete-
linkage hierarchical clusterization and Euclidean distances. The fold changes and the abundance of miRNAs (both in log scale) are shown
on the left side of the plot.
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alysis of 34 T-ALL patients. This included 4 upregulated miRNAs,
a-miR-20b-5p, hsa-miR-153-3p, hsa-miR-625-5p, and hsa-miR-
6, and a set of 24 downregulated miRNAs, including hsa-miR-
09 and hsa-miR-1275. We also checked the convergence of the
sults of the combined data sets analysis with differentially expressed
iRNAs reported by Wallaert et al. [16]. This analysis revealed 4
erlapping upregulated miRNAs, hsa-miR-374b-3p, hsa-miR-3913-
, hsa-miR-181d-5p, and hsa-miR-153-3p; and 13 overlapping
wnregulated miRNAs, including hsa-miR-3909 and hsa-miR-
75. Of note, the latter two miRNAs and hsa-miR-153-3p were
erlapping between our original data set and the results by Wallaert
al. [16].

iRNA Expression Profile In Relation to Immunophenotypic
ages of T-ALL Classification
We also aimed to verify whether miRNA expression profile can
parate T-ALL samples representing different immunophenotypic
btypes, according to the EGIL [52]. Three of the 4 immunophe-
typic subtypes were represented in our group of 34 T-ALL patients
upplementary Table S1). Since data on EGIL classification were not
ailable for the T-ALL samples from the UG dataset, we subtracted
em from the analysis. We retained the CD34+ and CD4 + CD8 +
D3+ thymocyte samples in the analysis since they represent very
rly immature precursors and more mature precursors of normal T
mphocytes. Using ANOVA test (independently for each miRNA
ith Benjamini and Hochberg correction for multiple testing) and
supervised hierarchical clusterization, we showed that expression
ofile of 28 miRNAs separate T-ALL samples from 3 different EGIL
btypes into 3 major clusters (Figure 4). Nearly all immature T-ALL
mples (EGIL II), 8/9 (89%), group together with the 2 samples of
rly thymocytes (CD34+). Nearly all cortical T-ALL samples (EGIL
I), 8/9 (89%), and the majority (14/16, 88%) of mature T-ALL
mples group in the second cluster with the 2 samples of
D4 + CD8 + CD3+ thymocytes. Of note, these two thymic
mples group in between the two parts of the cluster, one with the
edominance of the cortical T-ALL samples (EGIL III) and the
cond cluster containing almost exclusively mature T-ALL cases
GIL IV). Normal mature T lymphocytes group separately. Thus,
e show that distinct immunophenotypic subtypes of T-ALL present
ffering miRNA expression profiles.

arget Prediction and Pathway Enrichment Analysis: miRNA-
RNA Interactions of Potential Importance for Biology of T-
LL
To explore the potential implications of aberrant expression of
iRNAs for the biology of T-ALL, we performed a comprehensive
silico analysis aimed at the prediction of mRNA targets, regulated by
e 61miRNAs we identified as differentially expressed betweenT-ALL
d normalmature T lymphocytes.We took a comprehensive approach
ing multiple target prediction tools and retrieving data from several
tabases, as described in detail inMaterials and Methods.
In total, this analysis resulted in 117,203 miRNA-mRNA
teractions, predicted by any of the eight target prediction
gorithms; each interaction of miRNA seed sequence with MRE in
target gene was counted as 1 record. Thus, the total number of
edicted target genes was much lower, 7609 predicted targets.
dditionally, the analysis resulted in 17,143 records of miRNA-
RNA interactions validated by different experimental approaches.
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Figure 5. Number of mRNA targets for miRNAs differentially
expressed in T-ALL vs. controls related to the number of prediction
algorithms in agreement.

Figure 6. Pathway enrichment analysis for targets of miRNAs aberra
identified using conditional hypergeometric test, with Benjamini and Ho
The size of the dots (gene count) represents the number of genes (pre
given biological process; the color of the dots represents P value. The
values (from the top 10) are depicted with *.
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he total number of records retrieved from pharmacogenomics
tabase representing miRNA-mRNA associations with drugs was
. Additionally, the analysis resulted in 1466 records retrieved from
tabases of miRNAs related to diseases, including malignancies. This
abled us to gain a comprehensive overview of our 61 differentially
pressed miRNAs and their mRNA targets, with additional view on
eir involvement in diseases and drugs response.
But to further explore the implications of aberrant miRNA
pression in T-ALL and to identify novel miRNA-mRNA
teractions with oncogenic and tumor suppressor potential in this
seases, we focused on target mRNAs, uniformly predicted by five
t of eight target prediction algorithms. This reduced the number of
RNA targets of interest from 7609 to 225 (Figure 5).
To get insights into the potential pathogenic role of differentially
pressed miRNAs and their 225 selected target mRNAs, we tested
ese target genes for overrepresentation in biological processes and
thways, defined by terms in GO, KEGG, Reactome, and Panther
tabases. The targets for our differentially expressed miRNAs were
gnificantly enriched in 42 pathways from GO and in 66 terms from
EGG database (Supplementary Table S2). No significant results
ere retrieved from Reactome and Panther. Since the vast majority of
EGG terms did not seem of significance for T-ALL, we further
cused on GO terms (Figure 6). Importantly, among the top 10
thways with the highest odds ratio, we identified several processes
significance for T-ALL pathogenesis, namely, signal transduction
trans-phosphorylation, interleukin-6–mediated signaling pathway,
ntly expressed in T-ALL.Odds ratio for the selected GO terms,
chberg correction for multiple testing and .05 significance level.
dicted targets of differentially expressed miRNAs) involved in a
terms are sorted alphabetically. Processes with the highest OR
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gative regulation of TOR signaling, positive regulation of apoptotic
ocess, regulation of growth, and regulation of phosphorylation. We
en focused on the positive regulation of apoptosis due to high
sition in the OR rank (OR = 2.68, P = .018) and clear importance
r the oncogenic process.

verexpressed miRNAs from mir-106a-363 Cluster: Poten-
ally Implicated in Deregulation of Apoptosis in T-ALL
Using the results of our comprehensive analysis with multiMiR R
ckage, we searched through the differentially expressed miRNAs
d their targets, associated with the positive regulation of apoptosis,
gure 8. Validation of interaction between studied miRNAs and their
eporter Assay.WT, wild-type sequence; MUT, sequence with mutat
P b .01; ***P b .001; ns, not significant. The graphs present the decre
reference to scrambled control. Below each graph, the predicted inte
cleotides in mRNAs mutated in rescue experiment. (A) Interaction be
EN 3′UTR and hsa-miR-363-3p. (C) Interaction between SOS1 3′UTR a
iR-20b-5p.
ith the aim to identify potential novel miRNA-mRNA interactions
ith the oncogenic role in T-ALL.
Nineteen genes, predicted targets of our differentially expressed
iRNAs, were enriched in the positive regulation of apoptosis
thway. These included CDK19, FAP, FBXW7, FGD4, FNIP1,
TS2, MAP3K11, NCOA1, NET1, NEUROD1, NOX4, NSMAF,
ARG, PTEN, SERINC3, SOS1, SOS2, TXNIP, and UBC. These
nes are predicted and/or validated targets of four miRNAs
wnregulated in our cohort of T-ALL patients, hsa-miR-30a-5p,
a-miR-199b-5p, hsa-miR-145-5p, and hsa-miR-223-3p, and five
regulated miRNAs: hsa-miR-130a-3p, hsa-miR-130b-3p, hsa-
predicted target 3′UTRs in HEK293T cell line via Dual Luciferase
ions introduced within miRNA binding site in 3′UTR; *P b .05;
ase of relative luciferase activity in the presence of miRNAmimic
raction sites in miRNAs and mRNAs are shown, with indication of
tween LATS2 3′UTR and hsa-miR-363-3p. (B) Interaction between
nd hsa-miR-20b-5p. (D) Interaction between PTEN 3′UTR and hsa-



m
T

re
an
Im
36
of
lo
as
w
[5
10
m
se
re

fr
3p
us
al
al
18
m
ly
da
by
m
m

in
th
w
20
in
no
po
m
m

in
U
ce
pm
ge
lu
m
pl
ge
m
po

D

L

sa
co
F

tr
co
W
m
T
pr
th
T
by
pr
pa
re
m
st
by
id
N
id
ce
m
of

id
W
re
R

T
m
w
in
le
an
hs
ex
[5
R
m
fi
an
in
of

of
m
10
m
m
is
re
cl
re
th
po
an
th
m

or

304 miRNA-mRNA Interactions Implicated in T-ALL Dawidowska et al. Neoplasia Vol. 21, No. 3, 2019
iR-363-3p, hsa-miR-20b-5p, and hsa-miR-18b-5p (Supplementary
able S4).
We then focused on upregulatedmiRNAs since their overexpression,
sulting in the silencing of their targets, may potentially lead to an
tiapoptotic phenotype and enhanced proliferation of T-ALL cells.
portantly, three of these upregulated miRNAs, namely, hsa-miR-
3-3p, hsa-miR-20b-5p, and hsa-miR-18b-5p, belong to one cluster
miRNAs. These three miRNAs are transcribed from one genomic
cus (hsa-mir-106a-363 cluster; chrX: 134169378-chrX: 134170278)
a long noncoding transcript, further processed to mature miRNAs,
hich potentially cooperate in the regulation of genes and pathways
3]. Of note, hsa-mir-106a-363 cluster is a paralogue of the hsa-mir-
6b-25 cluster and a prototypic oncogenic hsa-mir-17-92 cluster [54].
iRNAs within these clusters share high homology of their mature
quences within the miRNA gene families (Figure 7) and thus may
gulate analogous targets and have overlapping roles [55].
Using RT-qPCR, we confirmed overexpression of two miRNAs
om hsa-mir-106a-363 cluster, hsa-miR-20b-5p and hsa-miR-363-
, in the study group and in the validation cohort of T-ALL patients
ing normal mature T lymphocytes and, in case of hsa-miR-20b-5p,
so using thymocytes as controls, as previously described [25]. We
so validated expression levels of hsa-miR-128-3p and hsa-miR-
1a-5p, both among the top 10 most highly expressed in our
iRNA-seq data and overexpressed as compared to normal T
mphocytes, and hsa-miR-1275, downregulated in our miRNA-seq
ta, in line with the downregulation in T-ALL patients in the study
Wallaert et al. [16]. The comparison of expression data from

iRNA-seq and RT-qPCR documenting positive validation of our
iRNA-seq results is presented in Supplementary Figure S9.
We then aimed at the validation of selected miRNA-mRNA
teractions with a potential role in the pathogenesis of T-ALL. From
e list of genes enriched in positive regulation of apoptosis term that
ere predicted by five of eight algorithms to be targeted by hsa-miR-
b-5p and hsa-miR-363-3p, we selected four miRNA-mRNA
teractions not previously validated in functional studies and/or
t reported in the context of T-ALL. These included SOS1
tentially targeted by hsa-miR-20b-5p, LATS2 targeted by hsa-
iR-363-3p, and PTEN targeted by both hsa-miR-20b-5p and hsa-
iR-363-3p.
Using Dual Luciferase Reporter Assay, we validated direct
teractions of hsa-miR-20b-5p and hsa-miR-363-3p with the 3′
TR regions of the selected targets. Co-transfection of HEK293T
lls with mimics of hsa-miR-20b-5p or hsa-miR-363-3p and
irGLO vectors, containing relevant 3′UTR regions of selected
nes, resulted in significant decrease in the activity of reporter
ciferase relative to controls (co-transfection with scrambled
iRNAs). This effect was not observed in case of pmiRGLO
asmids containing mutants of the relevant 3′UTR regions of target
nes (Figure 8). Thus, we in vitro validated direct interactions of hsa-
iR-20b-5p and hsa-miR-363-3p with 3′UTRs of their targets
tentially implicated in the biology of T-ALL.

iscussion

andscape of miRNA Transcriptome in T-ALL
We present the results of small RNA sequencing performed in 34
mples of T-ALL and 5 samples of normal mature T lymphocytes as
ntrols aimed at the description of miRNome in pediatric T-ALL.
or a more comprehensive insight into the landscape of miRNA
anscriptome in this leukemia, we broadened our analysis by
mbining our results with data of 48 T-ALL samples published by
allaert et al. [16], thus far the only available dataset regarding
iRNA expression profiling in T-ALL patients with small RNA-seq.
he knowledge on miRNA expression in T-ALL provided by
evious works was based on RT-qPCR approaches, which enabled
e analysis of expression of preselected sets of miRNAs [51,56,57].
he only previous study using high-throughput sequencing was that
Schotte et al. [58]. Yet, the aim of this work was to define miRNA
ofiles differing between subtypes of acute lymphoblastic leukemia;
tient samples, including 10 samples of T-ALL, were pooled to
present the subtypes. This precluded the analysis of the landscape of
iRNA expression across individual T-ALL patients. Most recently, a
udy applying small RNA-seq to eight T-ALL samples was published
Dos Santos Almeida [59]. The study was aimed at the

entification of miRNAs differing between T-ALL and B-ALL.
ormal controls were not analyzed in this study, which precluded the
entification of miRNAs differentially expressed between T-ALL
lls and normal counterparts. Since small RNA-seq data were not
ade publically available, we could not include them in our analysis
combined data sets regarding T-ALL patients.
With our study, we provide an overview of the miRNome
entified in 34 T-ALL patients, further combined with the data by
allaert et al. [16] for a total number of 82 T-ALL cases. Thus, we
port on miRNA expression in the largest cohort analyzed by small
NA-seq to date.
We observed that the sets of miRNAs of the highest expression in
-ALL samples are strongly overlapping between our original
iRNA-seq data and in the broader analysis of 82 patients. Thus,
e show that miRNAs most abundantly expressed in T-ALL samples
clude hsa-miR-92a-3p, hsa-miR-181a-5p, hsa-miR-128-3p, hsa-
t-7f-5p, hsa-let-7a-5p/7c-5p, hsa-miR-26a-5p, hsa-miR-148a-3p,
d hsa-miR-21-5p. Of note, 2 of these miRNAs, hsa-miR-92 and
a-miR-26a, were previously reported to be among the top 10 highly
pressed miRNAs in T-ALL samples in an RT-qPCR–based study
1]. Although the results of miRNA profiling with miRNA-seq and
T-qPCR cannot be directly compared due to the differing scope of
iRNAs covered by both approaches, our results confirm previous
ndings from less accurate methods. With this small RNA-seq
alysis, we extensively broaden the knowledge on miRNA expression
T-ALL and we aim to comprehensively characterize the miRNome
this disease.
We demonstrate that T-ALL samples present substantial diversity
expressed miRNA isoforms (isomiRs). The majority (80%) of
iRNAs expressed in 34 T-ALL samples was represented by up to
0 isoforms/miRNA. With more stringent criteria focusing on
iRNAs most abundantly expressed in T-ALL (at least 4 reads in
ore than 60% of T-ALL samples), we show that the diversity of
omiRs expression is still high, with nearly 70% of miRNAs
presented by up to 10 isoforms. It is now recognized that different
asses of isomiRs contribute to the intricacy of miRNA-dependent
gulation of gene expression: 5′ isomiRs affect the seed sequence and
us the targeting of mRNAs [60]; other classes of isomiRs are
stulated to change the activity and turnover of miRNAs [61]. The
alysis of the composition of different classes of isomiRs was beyond
e scope of our study. Yet, our results point to the complexity of
iRNAs' involvement in the pathogenesis of T-ALL.
Additionally, we report for the first time that T-ALL samples
iginating from T-cell precursors at various stages of maturation,
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us classified into separate immunophenotypic T-ALL subtypes,
esent with differing miRNA expression profiles. The inclusion of
ymocytes in this analysis enabled to demonstrate that immature T-
LL samples (EGIL II) show similarity of miRNA expression with
rly precursors of T-cells (CD34+ thymocytes), while cortical (EGIL
I) and mature (EGIL IV) T-ALL samples group with more mature
ecursors (CD4 + CD8 + CD3+). Thus, we demonstrate that small
NA-seq provides insights into immunophenotypic heterogeneity of
-ALL and holds potential for improved classification of this
ukemia.

ovel Candidate Oncogenic and Tumor Suppressor miRNAs
T-ALL
We also aimed at the identification of miRNAs differentially
pressed between T-ALL samples and controls, which represent
ndidate oncogenic and tumor suppressor miRNAs. With our
sults, we point to a set of miRNAs identified as differentially
pressed in our original data (34 T-ALL samples), the combined
ta sets (82 T-ALL samples), and the results by Wallaert et al.
8 T-ALL cases) [16]. These miRNAs, overlapping between at least
o of these datasets, include several overexpressed miRNAs: hsa-
iR-20b-5p, hsa-miR-153-3p, hsa-miR-625-5p, hsa-miR-466, hsa-
iR-374b-3p, hsa-miR-3913-5p, hsa-miR-181d-5p, and a set of
wnregulated miRNAs, with hsa-miR-3909 and hsa-miR-1275
entified uniformly in all three datasets. Interestingly, the isoforms of
o of these miRNAs have been previously reported to act as
cogenes in T-ALL, namely, miR-20a [51], hsa-miR-181a, and hsa-
iR-181b [46–48]. Yet the role of hsa-miR-20b-5p, hsa-miR-181d-
, and the remaining differentially expressed miRNAs in the biology
T-ALL remains to be established.
Of note, in both data sets, regarding 34 T-ALL and 82 T-ALL
tients, we observed that the number of miRNAs downregulated as
mpared to relative controls outnumbers that of the upregulated
iRNAs. This is a common trait observed in cancer cells, regardless
the type of malignancy [62]. Due to established role of miRNAs in
e regulation of differentiation processes, this global downregulation
miRNAs is hypothesized to reflect pathological condition of the
lls, possessing higher potential to proliferate than to differentiate
3], which is one of the hallmarks of cancer. This massive
wnregulation of miRNAs is hypothesized to result in the global
lease of oncogenes from the negative control exerted by tumor
ppressor miRNAs and thus contribute to oncogenesis. It is also
ssible that the increased number of downregulated miRNAs as
mpared to upregulated ones might be an artifact of the
rmalization procedure. The disproportion in the number of up-
d downregulated miRNAs found in a particular experiment might
caused by a small number of miRNAs being highly expressed in
e group of samples but not in the other. By consuming a large
oportion of the library size, the remaining miRNAs might tend to
undersampled and may falsely appear as downregulated. Yet, in
is work, we used Upper Quantile and TMM normalization
ethods designed with the aim to prevent such artifacts; they omit
e most highly expressed features before calculating scaling factors.
What is more, in our miRNA-seq analysis of 34 T-ALL patients,
e identified 254 candidate novel miRNAs (not previously reported
miRBase21). These include 10 miRNAs differentially expressed
tween T-ALL samples and controls, all 10 being underexpressed
d representing novel candidate tumor suppressors miRNAs in this
sease. Thus, our results point to a set of miRNAs, already annotated
miRBase and newly identified, which might prove of importance
r functional studies on the pathogenesis of this disease.

iRNA-mRNA Interactions Potentially Contributing to T-
LL
Comprehensive target prediction followed by pathway enrichment
alysis revealed biological processes potentially regulated by
fferentially expressed miRNAs. Among the top 10 highly enriched
ocesses, we identified several of interest for the biology of this
sease.
The term “signal transduction by trans-phosphorylation” was on
p of the enriched processes. This enrichment is due to the
volvement of two genes coding protein kinases, STK39 (serine/
reonine kinase 39) and WNK1 (lysine deficient protein kinase 1),
ing predicted targets of miRNAs we found differentially expressed
our study, hsa-miR-30a-5p and hsa-miR-130a-3p, respectively.

hus far, there are no data on the engagement of these kinases in the
thogenesis of T-ALL. Overexpression of STK39 has recently been
ported to have oncogenic potential in non–small cell lung cancer
4] and osteosarcoma [65]. STK39 was functionally demonstrated to
crease cell proliferation when overexpressed [64] and to repress cell
oliferation, migration, and invasion when knocked down [64,65].
hus, downregulation of hsa-miR-30a-5p predicted to target STK39
RNA may potentially contribute to leukemia by upregulation of
is kinase. WNK1 kinase is involved in MAPK (mitogen-activated
otein kinase) signaling as an activator of ERK5 (extracellular-signal-
gulated kinase 5), which stimulates cell proliferation but has also
oapoptotic substrates such as BAD (Bcl-2-associated death
omoter) [66,67]. WNK1 mutations were reported in patients
ith breast, lung, and ovarian cancer [68] and more recently in
ronic lymphocytic leukemia [69], but its role as either an oncogene
a tumor suppressor is yet not clear. Overexpression of hsa-miR-
0a-3p predicted to target WNK1 might potentially contribute to
-ALL pathogenesis by disruption of MAPK/ERK5 signaling.
“Interleukin-6–mediated signaling pathway” is another term we
und significantly enriched with targets of differentially expressed
iRNAs. These include IL6ST (interleukin 6 signal transducer)
edicted target of hsa-miR-223-3p, GAB1 (GRB2 associated
nding protein 1), and STAT3 (signal transducer and activator of
anscription 3), the latter two being predicted targets of hsa-miR-
b-5p. IL6ST (gp130) is a non–ligand-binding component of
nctional receptor for IL6. GAB1 is an adaptor protein recruited in
any signaling cascades of receptor tyrosine kinases, including IL6
thway [70]. Binding of IL6 to its receptor triggers JAK/STAT
gnaling, with the final activation of STAT3 transcription factor and
bsequent expression of its target genes [71]. IL6 signaling pathway
primarily known for its involvement in inflammation, but it is also
ucial for hematopoiesis, as it promotes T-cell proliferation by
evention from apoptosis [72]. Aberrant IL6/JAK/STAT signaling
s been shown to contribute to several types of malignancies
3–76]. Yet, our results indicating potential involvement of these
o miRNAs and their targets enriched in IL6/JAK/STAT signaling
em inconsistent: hsa-miR-223-3p was downregulated in T-ALL
mples in our study, thus potentially leading to the upregulation of
6-mediated signaling, while we found hsa-miR-20b-5p to be
regulated, thus potentially resulting in GAB1 and STAT3
pression. These observations might seemingly be in conflict
nsidering the involvement of miRNAs in intricate networks of
e regulation of gene expression. Moreover, the nature of the
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thway enrichment analysis is to generate hypotheses for functional
rification.
In turn, our results on the enrichment of miRNA targets in the
rm “negative regulation of TOR signaling” are very consistent and
nerate promising hypothesis. All miRNAs (hsa-miR-130a-3p, hsa-
iR-363-3p, hsa-miR-18b-5p, hsa-miR-130b-3p) which predicted
rgets (FNIP1, HIF1A, PRKAA1, SESN3, SH3BP4, TSC1) are
riched in this signaling pathway, are overexpressed in T-ALL
mples in our study. This upregulation of miRNAs and the resulting
wnregulation of the genes involved in the negative control over
TOR signaling may potentially contribute to T-ALL by enhanced
tivity of this signaling cascade. mTOR is a central regulator of cell
owth, proliferation, and survival in response to growth factors but
so signaling from PI3K, MAPK, and AMPK cascades [77]. Despite
isting data indicating the involvement of these genes: FNIP1 [78],
IF1A [79,80], PRKAA1 [81,82], SESN3 [83], SH3BP4 [84], and
SC1 [82,85–87] in various malignancies, their role in aberrant
TOR signaling as a pathogenic mechanism in T-ALL is largely
known. The activation of mTOR pathway in T-ALL might have
actical consequences because pharmacological inhibition of the
TOR signaling with sirolimus or everolimus can be considered [88].

verexpressed miRNAs from mir-106a-363 Cluster and Their
alidated Targets: Potential Contribution to T-ALL by
ysregulation of Apoptosis
Importantly, we identified “positive regulation of apoptosis”
ong the top processes highly enriched in genes, predicted to be
rgeted by miRNAs differentially expressed in T-ALL. We further
cused on upregulated miRNAs and their targets involved in this
thway since miRNA-mediated repression of these genes could
tentially contribute to T-ALL by inducing resistance to apoptosis
d thus enhancing proliferation of leukemic cells. Several of these
nes, e.g., PTEN [89], FBXW7 [90], BCL2L11 [82,91], and
DK19 [92], have already reported roles as tumor suppressors in
rious malignancies, including T-ALL. The most widely recognized
echanisms of the loss of their function are inactivating mutations
d/or deletions, as well as hypermethylation of their promoter
gions. Yet, the mechanisms causing posttranslational repression of
ese genes, including silencing by aberrantly overexpressed miRNAs,
ve been extensively studied recently.
Of note, three of the upregulated miRNAs predicted to target
nes involved in the positive regulation of apoptosis, hsa-miR-363-
, hsa-miR-20b-5p, and hsa-miR-18b-5p, belong to hsa-mir-106a-
3 cluster, a paralogue of a prototypic oncogenic hsa-mir-17-92
uster [54]. The oncogenic role of hsa-mir-106a-363 cluster has been
uch less extensively studied, specifically in the context of leukemia.
here are few reports indicating an oncogenic potential of miRNAs
om this cluster in human malignancies [93–95]. Interestingly, Dylla
d Jedlicka demonstrated the importance of the cooperative
cogenic activity of miRNAs from this cluster in Ewing sarcoma
ll lines; blockade of individual miRNAs had little or no inhibitory
fect on growth of the cells in contrast to the blockade of the whole
uster [94]. Thus, simultaneous overexpression of hsa-miR-363-3p,
a-miR-20b-5p, and hsa-miR-18b-5p we observed in T-ALL
mples and significant enrichment of their targets in the positive
gulation of apoptosis pointed our attention to these miRNAs. We
rther focused on hsa-miR-363-3p and hsa-miR-20b-5p since we
nfirmed their overexpression in the study group and in the
lidation cohort of T-ALL patients using RT-qPCR [25]. With the
m to point to novel candidate miRNA-mRNA interactions with
tential importance for T-ALL, we validated four miRNA-mRNA
teractions not yet validated and/or not reported to be implicated in
is disease. Using Dual Luciferase Reporter Assay, we showed direct
teractions of these two miRNAs with 3′UTRs of their predicted
rgets: hsa-miR-363-3p with LATS2 and PTEN; hsa-miR-20b-5p
ith SOS1 and PTEN.
PTEN (phosphatase and tensin homolog) is a tumor suppressor,
ting as a negative regulator of PI3K/AKT/mTOR pathway. PTEN
activation, due to mutations and deletions, has been reported to
ntribute to many malignancies, including T-ALL [96–98].
teraction of miR-20b-5p with 3′UTR of PTEN has been reported
the context of oncogenic mechanisms in breast cancer [99] and
lorectal cancer [100] yet not in the context of T-ALL pathogenesis.
he interaction of PTEN with hsa-miR-363-3p and the interaction
LATS2 with hsa-miR-363-3p have not been functionally validated
us far. LATS2 (large tumor suppressor 2) is a tumor suppressor,
ting as a positive regulator of p53 activity [101], shown to be
wnregulated in many types of cancer [102–104], including ALL
05]. The interaction of hsa-miR-20b-5p with SOS1 has been
ported in thyroid cancer, though it has been shown to display tumor
ppressor effects in thyroid carcinoma cells [106]. SOS1 (Son of
venless 1) is an activator of the RAS signaling pathway, crucial for
rmal thymocyte development. Knockout of Sos1 in mice was
own to cause a block in the differentiation of T-cell precursors
07–109]. Posttranscriptional silencing of these three genes by hsa-
iR-20b-5p and hsa-miR-363-3p, overexpressed in T-ALL patients,
ay contribute to the pathogenesis of this disease. Thus, we in vitro
lidated direct miRNA-mRNA interactions of potential interest for
nctional studies in T-ALL.

onclusions
e comprehensively investigated the miRNome of pediatric T-ALL
ith the aim at broad characterization of the landscape of miRNA
pression in this disease. We specifically focused on miRNAs most
undantly expressed in T-ALL and miRNAs differentially expressed
tween T-ALL samples and controls. We also point to the
mplexity of miRNA expression in T-ALL by providing data on
e expression of isomiRs, candidate novel miRNAs (not previously
notated in miRBase), and by the analysis of differential miRNA
pression in immunophenotypic classes of T-ALL. By comprehen-
ve target prediction and pathway enrichment analysis, we point to
iRNAs and their target genes potentially implicated in the processes
ucial for the biology of T-ALL, such as signaling cascades and
gulation of apoptosis. We functionally validated several of these
iRNA-mRNA interactions. With this study, we provide a firm basis
d data resource for extended functional analyses on the role of
iRNA-mRNA interactions in this disease.
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