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Abstract

MicroRNAs (miRNAs) play a critical role on biological and cellular processes; the

search for functional markers may be of importance for differential diagnosis, progno-

sis, and development of new therapeutic regimens. In this context, we evaluated the

bone marrow miRNA profile of Brazilian children exhibiting T‐ or B‐cell acute lympho-

blastic leukemia (T‐ALL or B‐ALL), using massive parallel sequencing, using the HiSeq

2500 platform (Illumina). The differential expression analysis was conducted consider-

ing a leave‐one‐out approach and FDR ≤ 0.05. Machine learning algorithms were

applied to search for the disease subset biomarkers. Target prediction, functional

enrichment, and classification of biological categories were also performed. Sixteen

miRNAs were differentially expressed between T‐ and B‐ALL, of which 10 (miR‐

708‐5p, miR‐497‐5p, miR‐151a‐5p, miR‐151b, miR‐371b‐5p, miR‐455‐5p, miR‐195‐

5p, miR‐1266‐5p, miR‐574‐5p, and miR‐425‐5p) were downregulated and six (miR‐

450b‐5p, miR‐450a‐5p, miR‐542‐5p, miR‐424‐5p, miR‐629‐5p, and miR‐29c‐5p)

were upregulated in childhood T‐ALL. These miRNAs may be used for distinguishing

childhood lymphoblastic leukemia subtypes, since it provided the clear separation of

patients in these two distinct groups. Six relevant biological pathways were identified

according to their role in leukemia, namely, viral carcinogenesis, cell cycle, and B‐cell

receptor signaling pathways for induced miRNAs and TGF‐beta signaling, apoptosis,

and NF‐kappa B signaling for the repressed miRNAs, of which several miRNA gene

targets participate in cell differentiation and hematopoiesis processes. Machine learn-

ing analysis pointed out miR‐29c‐5p expression as the best discriminator between

childhood T‐ and B‐ALL, which is involved in calcium signaling, critical for B‐cell lym-

phocyte fate. Further studies are needed to assure the role of the 16 miRNAs and

miR‐29c‐5p on acute lymphoblastic leukemia subtypes and on disease prognosis.
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1 | INTRODUCTION

MicroRNAs (miRNAs) play a critical role on biological and cellular pro-

cesses, starting from the development of an organism until the
wileyonlinelibrary.c
development of diseases of diverse origins, including malignant trans-

formation.1 The expression profile of miRNAs has been extremely use-

ful for the classification of hematological malignancies, since sets of

miRNAs have been associated with genetic subtypes defined by
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chromosomal translocations, ploidy of blasts, or both.2-4 Specific

miRNAs have also been identified as potential biomarkers of disease

severity and disease prognosis, such as miR‐155, whose expression

has been associated with complete response in patients with chronic

lymphocytic leukemia.5 Besides the availability of immunological and

genetic markers, the search for functional markers may be of impor-

tance for differential diagnosis, prognosis, and development of new

therapeutic regimen. In this context, the miRNA profile of children

exhibiting T‐ or B‐cell acute lymphoblastic leukemia (T‐ALL or B‐ALL)

was determined using massive parallel sequencing, which may disclose

previously described and novel sets of miRNAs.
2 | METHODS

2.1 | Patients

We studied eight children (aged 4‐16 y; seven boys and one girl)

exhibiting T‐ALL (one early T‐cell precursor‐ALL, four pre‐T‐ALL,

one cortical T‐ALL, and two mature T‐cell) and eight patients

(aged 3‐17 y; seven boys and one girl) presenting B‐ALL (five

pre‐pre‐B‐ALL and three pre‐B‐ALL) referred to and treated at the

Pediatric Oncology Service of the Instituto de Medicina Integral

Professor Fernando Figueira (IMIP) Hospital (Recife, Brazil). The

study protocol was approved by the local Oswaldo Cruz Founda-

tion Ethics Committee (Protocol#13296913.3.0000.5190), and

informed consent was obtained from children guardians prior to

sample collection.
2.2 | Identification and characterization of T‐ and
B‐cell leukemia

ALL diagnosis was performed evaluating bone marrow or peripheral

blood blasts that were morphologically classified according to the

French‐American‐British cooperative group.6 Samples were submitted

to cell separation using Ficoll‐Paque gradient (GE Healthcare, Little

Chalfont, UK), and the isolated mononuclear cell fraction was used

for immunophenotyping analysis. T‐cell lineage leukemia was con-

firmed by labeling mononuclear cells with fluorochrome‐conjugated

antibodies targeted to cell surface and cytoplasm antigens, including

the lineage‐specific markers CD3, CD7, CD5, CD2, CD4, CD8,

CD1a, and CD99 and the immaturity markers terminal

deoxynucleotidyl transferase (TdT), CD34, and HLA‐DR (Becton Dick-

inson Biosciences, San Jose, California). B‐cell lineage leukemia was

determined by labeling blast cells with the following markers: CD10,

CD34, CD19, CD22, CD79a, kappa and lambda light chains, and IgM

(cytoplasmic and surface) (BD Biosciences). Fluorescence signals were

acquired using FACS Calibur flow cytometer (BD Biosciences) and

analyzed with BD CellQuest ProSoftware (BD Biosciences). The pres-

ence of each of these antigens was positive when expressed in 25% or

more cells, as described previously.7

Patient bone marrow cells were also tested to detect the genetic

errors, encompassing the HOX11L2 and SIL/TAL alterations,8 common

in T‐cell leukemia, and the t(1;19), t(4;11), t(9;22), and t(12;21) genetic
alterations, described for B‐lineage leukemia. These genetic alterations

were determined according to prior study.7
2.3 | RNA extraction, quantitation, and integrity
assessment

Ficoll‐Paque (GE Healthcare, USA) isolated bone marrow or peripheral

blood (used only in quantitative real‐time PCR) cells from untreated

patients were submitted to total RNA extraction using the TRIzol

reagent (Invitrogen, Carlsbad, California), according to manufacturer's

instructions. All RNA samples were verified for purity using Nanodrop

spectrophotometer (Thermo Scientific, Waltham, Massachusetts),

choosing only RNAs without protein contamination. RNA integrity

was assessed using the Agilent 2100 Bioanalyzer (Agilent, Santa Clara,

California), considering only RNA samples with RIN ≥ 8.0. Prior to

library construction, quantitation of all samples was performed using

Qubit fluorometer (Invitrogen) and Qubit RNA BR Assay Kit

(Invitrogen).
2.4 | miRNA sequencing and data analysis

miRNA library construction was performed starting from 1 μg of each

RNA sample using theTruSeq Small RNA Library Prep kit (Illumina, San

Diego, California), following manufacturer's instructions. After library

validation, quantitative PCR was conducted using KAPA Library Quan-

tification kit (KAPA Biosystems, Foster City, California) for further

dilution of library pools. HiSeq Rapid Cluster Kit v2 (Illumina) was used

on HiSeq 2500 sequencing system (Illumina) for miRNA transcriptome

sequencing. We performed sequencing runs of 36 cycles in a single‐

end read mode.
2.5 | Bioinformatic tools for target prediction,
functional enrichment analysis, and biomarker
identification

Data from miRNA sequencing were analyzed for reads quality and

contamination using FastQC (https://www.bioinformatics.babraham.

ac.uk/projects/fastqc/) and Cutadapt9 softwares, respectively. Only

sequences exhibiting Q score ≥ 30 and length ≥ 17 nucleotides

were examined.10 Bowtie (http://bowtie‐bio.sourceforge.net/index.

shtml) was used for human reference genome indexing (hg38), avail-

able at UCSC Genome Browser (https://genome.ucsc.edu/), applying

the miRDeep2 2.0.0.8 program11 for sequence alignment. miRNA

identification was performed by miRDeep2 using data from miRBase

release 21 (http://www.mirbase.org/).12,13 A standard differential

expression analysis (DEA) was carried out to compare B‐ALL versus

T‐ALL group. This analysis was performed using edgeR14 package

in the R environment (https://cran.r‐project.org/), considering upper

quantile normalization and the presence of at least three reads

counts in a minimum of six analyzed samples, a cutoff point of

0.05 for false discovery rate (FDR), and 1 or –1 for logfold change

(logFC). In addition, another strategy was applied based on a leave‐

one‐out approach, usually employed for data mining validation pro-

cedures. All sets of differentially expressed miRNAs detected by this

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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approach were merged into a file and used to find intersections

between comparisons using R environment. To confirm the data

obtained above, machine learning algorithms were applied using

the WEKA 3.8 software (http://www.cs.waikato.ac.nz/ml/weka/)

and the random forest algorithm. miRNA target prediction was per-

formed using 11 prediction tools integrated into the miRWalk 2.0

database (http://zmf.umm.uni‐heidelberg.de/apps/zmf/mirwalk2/).

Only targets predicted by at least three algorithms or those validated

by miRTarBase 7.0 (http://mirtarbase.mbc.nctu.edu.tw/) database

were kept for analyses. DAVID v.6.8 (https://david.ncifcrf.gov/) and

KEGG pathway enrichment were used for functional annotation of

target genes, considering significant P values ≤ 0.05 after Benjamini

correction. Graphs with most significant KEGG pathways were

constructed using GraphPad Prism v.5.01 (GraphPad Software, Inc).

Venn diagram analyses with enriched KEGG pathways were also

performed using Venny v.2.1 software (http://bioinfogp.cnb.csic.es/

tools/venny/index.html) to identify exclusively pathways related to

targets of downregulated and upregulated miRNAs in T‐ALL. The

GO‐Slim biological process, included in the PANTHER classification

system v.13.0 (http://www.pantherdb.org/), was applied for sets of

genes belonging to selected biological pathways. The Cancer Gene

Census, included in the COSMIC v.83 database15 (http://cancer.

sanger.ac.uk/cosmic/), was also used for identification of miRNA gene

targets associated with genetic alterations in cancer/hematological

malignancies.
TABLE 1 miRNAs differentially expressed between childhood B‐ALL
and T‐ALL revealed as possible biomarker of disease subtype

miRNA LogFC P Value FDR

Downregulated in T‐ALL

hsa‐miR‐708‐5p −8.2108 0.0000 0.0000

hsa‐miR‐497‐5p −5.7028 0.0000 0.0000

hsa‐miR‐151a‐5p −5.3482 0.0000 0.0000

hsa‐miR‐151b −5.3477 0.0000 0.0000

hsa‐miR‐371b‐5p −4.8908 0.0000 0.0000

hsa‐miR‐455‐5p −4.3943 0.0000 0.0010

hsa‐miR‐195‐5p −4.2802 0.0000 0.0000

hsa‐miR‐1266‐5p −4.0427 0.0000 0.0000

hsa‐miR‐574‐5p −2.8515 0.0000 0.0010

hsa‐miR‐425‐5p −1.6899 0.0002 0.0051

Upregulated in T‐ALL

hsa‐miR‐450b‐5p 3.6456 0.0000 0.0011

hsa‐miR‐450a‐5p 3.6078 0.0000 0.0011

hsa‐miR‐542‐5p 3.4120 0.0000 0.0011

hsa‐miR‐424‐5p 2.9686 0.0008 0.0138

hsa‐miR‐629‐5p 2.1316 0.0003 0.0052

hsa‐miR‐29c‐5p 1.8817 0.0003 0.0051

Abbreviations: LogFC, fold change in log (base 2); FDR, false discovery
rate < 0.01.
2.6 | Validation by quantitative real‐time PCR

For confirmation of miRNA‐Seq data, the differentially expressed

miRNA with the best result for discrimination of disease subtype

according to machine learning approach was used in quantitative

real‐time PCR (qRT‐PCR) experiments. In total, 20 pediatric B‐ALL

(pre‐pre‐B‐ALL, n = 10; pre‐B‐ALL, n = 10) and 19 childhood T‐ALL

(ETP, n = 2; pre‐T, n = 4; cortical T, n = 7; mature T, n = 6) samples

were considered, all of which were derived from bone marrow (BM).

Additionally, six T‐ALL samples (one pre‐T, two cortical T, and three

mature T) derived from peripheral blood were used for comparison

with BM group. Reverse transcription reactions were performed with

10 ng of RNA in a SimpliAmp Thermal Cycler (Applied Biosystems,

Foster City, California), and TaqMan miRNA assays (rno‐miR‐29c*

assay; Life Technologies, Foster City, California) were used for qRT‐

PCR experiments considering technical duplicates. RT‐PCR reactions

were performed in a QuantStudio 5 Real‐Time System (Applied

Biosystems) according to manufacturer's instructions.

For miRNA relative quantification, the small noncoding RNA U6

was used as endogenous control. miRNA expression was estimated

based on delta cycle threshold (Ct) (CtmiRNA (target) − CtU6 RNA (control))
16

and Ct values. Since Ct and delta Ct are inversely proportional to

miRNA expression level, lower Ct and delta Ct values were associated

with higher miRNA expression. Differences in expression between T‐

and B‐ALL were evaluated by Mann‐Whitney U and Kruskal‐Wallis

tests in GraphPad Prism v.5.01 (GraphPad Software, Inc). P value-

0.05 was considered statistically significant.
3 | RESULTS

3.1 | Acute lymphoblastic leukemia patient's
characteristics

T‐ALL patients exhibited whole blood leukocyte counts between

11 000 and 423 000 (median = 135 000) cells/mm3, and none of

the eight patients presented the HOX11L2 and SIL/TAL genetic alter-

ations. Only one of the eight (12.5%) T‐ALL patients died. In B‐ALL

group, whole blood leukocyte counts ranged from 2140 to 158 640

(median = 14 510) cells/mm3. Regarding genetic errors, five B‐ALL

patients (62.5%) did not present any of the alterations studied, two

(25%) exhibited t(1;19), and one (12.5%) showed t(12;21). Two of

the eight (25%) B‐ALL patients died.
3.2 | miRNA‐Seq expression profiles in childhood
acute lymphoblastic leukemia

Bioinformatic analysis identified 1642 miRNAs, of which 1440 were

nonredundant mature miRNAs. After reads count screening, 331

miRNAs were retained based on different precursor, of which were

33 differentially expressed miRNAs exhibiting FDR ≤ 0.05. The

leave‐one‐out approach revealed 16 differentially expressed miRNAs,

potentially predictors of disease subtype, of which 10 were downreg-

ulated and six were upregulated in childhood T‐ALL compared with B‐

ALL (Table 1). The dendrogram and the heatmap shown in Figure 1

display the hierarchical clustering of T‐ALL and B‐ALL samples, based

on the 16 differentially expressed miRNAs.

http://www.cs.waikato.ac.nz/ml/weka/
http://zmf.umm.uni-heidelberg.de/apps/zmf/mirwalk2/
http://mirtarbase.mbc.nctu.edu.tw
https://david.ncifcrf.gov
http://bioinfogp.cnb.csic.es/tools/venny/index.html
http://bioinfogp.cnb.csic.es/tools/venny/index.html
http://www.pantherdb.org
http://cancer.sanger.ac.uk/cosmic/
http://cancer.sanger.ac.uk/cosmic/


FIGURE 1 Heatmap of 16 differentially
expressed miRNAs in childhood T‐ALL
compared with B‐ALL revealed by leave‐one‐
out analysis. In blue, miRNAs with positive
regulation; in green, miRNAs with negative
regulation

FIGURE 2 Most significant KEGG pathways
related to targets of 16 differentially
expressed miRNAs in T‐ALL. Pathways related
to A, downregulated and B, upregulated
miRNAs in T‐ALL
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3.3 | Target prediction and enrichment of functional
categories for selected miRNAs

Target genes obtained by in silico prediction using the miRWalk and

miRTarBase databases were submitted to enrichment analyses of bio-

logical pathways. Eighteen significant pathways were associated to

genes targeted by overexpressed miRNAs in T‐ALL, whereas 93 path-

ways were shared by targets for overexpressed and underexpressed

miRNAs and 13 were unique pathways for underexpressed miRNAs.

The most significant pathways of each analysis are illustrated in

Figure 2. Among the unique pathways in each group, some were

selected according to their well‐known role in leukemia, namely, viral

carcinogenesis, cell cycle, and B‐cell receptor signaling pathways for
FIGURE 3 Venn diagram analysis of KEGG pathways related to leukem
Pathways related to A, upregulated and B, downregulated miRNAs in T‐AL
receptor, B‐cell receptor signaling pathway, and NF‐KB signal, NF‐KB sign

TABLE 2 Targets of miRNAs differentially expressed between childhood

Gene Name

Targets of upregulated miRNAs in T‐ALL

ABL1 Tyrosine‐protein kinase ABL1

GRB2 Growth factor receptor‐bound protein 2

IL6ST Interleukin‐6 receptor subunit beta

JAK1 Tyrosine‐protein kinase JAK1

JAK3 Tyrosine‐protein kinase JAK3

JUN Transcription factor AP‐1

LYN Tyrosine‐protein kinase Lyn

SRC Proto‐oncogene tyrosine‐protein kinase Src

Targets of downregulated miRNAs in T‐ALL

BMP2 Bone morphogenetic protein 2

BMP4 Bone morphogenetic protein 4

BMP5 Bone morphogenetic protein 5

BMP6 Bone morphogenetic protein 6
induced miRNAs and TGF‐beta signaling, apoptosis, and NF‐kappa B

signaling for the repressed miRNAs. The amount of shared and spe-

cific gene targeted by the differentially expressed miRNAs is illus-

trated in Venn diagrams shown in Figure 3.

The six major selected pathways (three associated with induced

and three with repressed miRNAs in T‐ALL) encompassed 45 genes

that were shared by induced and repressed miRNAs; 210 genes were

only targeted by overexpressed miRNAs, and 143 genes were only

targeted by underexpressed miRNAs. The sets of genes exclusively

associated with induced or repressed miRNAs were classified by the

PANTHER database yielding several biological categories, of whom

we selected cell differentiation (GO: 0030154) and hemopoiesis

(GO: 0030097) processes that were related to leukemia pathogenesis.
ia and their genes targeted by different modulated miRNAs in T‐ALL.
L. Viral carcino refers to viral carcinogenesis pathway; B‐cell
aling pathway

B‐ALL and T‐ALL involved in cell differentiation and hemopoiesis

Panther Protein Class

Nonreceptor tyrosine protein kinase

Nonreceptor tyrosine protein kinase

Cytokine; defense/immunity protein

Nonreceptor tyrosine protein kinase

Nonreceptor tyrosine protein kinase

Nucleic acid binding; transcription factor

Nonreceptor tyrosine protein kinase

Nonreceptor tyrosine protein kinase

Growth factor

Growth factor

Growth factor

Growth factor

(Continues)



TABLE 2 (Continued)

Gene Name Panther Protein Class

BMP7 Bone morphogenetic protein 7 Growth factor

BMP8A Bone morphogenetic protein 8A Growth factor

BMP8B Bone morphogenetic protein 8B Growth factor

CD40LG CD40 ligand Tumor necrosis factor family member

CXCL12 Stromal cell‐derived factor 1

FASLG Tumor necrosis factor ligand superfamily member 6 Tumor necrosis factor family member

GDF5 Growth/differentiation factor 5 Growth factor

GDF6 Growth/differentiation factor 6 Growth factor

IL3RA Interleukin‐3 receptor subunit alpha Cytokine; defense/immunity protein

INHBA Inhibin beta A chain Growth factor

INHBB Inhibin beta B chain Growth factor

INHBC Inhibin beta C chain Growth factor

INHBE Inhibin beta E chain Growth factor

LCK Tyrosine‐protein kinase Lck Nonreceptor tyrosine protein kinase

LEFTY1 Left‐right determination factor 1 Growth factor

LEFTY2 Left‐right determination factor 2 Growth factor

LTB Lymphotoxin‐beta Tumor necrosis factor family member

NGF Beta‐nerve growth factor Neurotrophic factor

NODAL Nodal homolog Growth factor

TNFSF10 Tumor necrosis factor ligand superfamily member 10 Tumor necrosis factor family member

TNFSF11 Tumor necrosis factor ligand superfamily member 11 Tumor necrosis factor family member

TNFSF14 Tumor necrosis factor ligand superfamily member 14 Tumor necrosis factor family member

ZAP70 Tyrosine‐protein kinase ZAP‐70 Nonreceptor tyrosine protein kinase
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This approach revealed that eight out of 210 genes and 27 out of 143

genes were targeted by induced or repressed miRNAs, respectively, in

T‐ALL. The nonreceptor tyrosine kinase was the major class of pro-

teins modulated by the upregulated miRNAs, and growth factors and

the family of tumor necrosis factors were the major actors for

repressed miRNAs (Table 2).
3.4 | Machine learning and miRNA expression
validation

Themachine learning analysis revealed that, among the 16 differentially

expressedmiRNAs observed in the study, hsa‐miR‐29c‐5pwas the best

predictor for leukemia subtypes, exhibiting an accuracy of 95% and a

ROC area of 0.953. This miRNA participates in four enriched pathways,

namely, calcium signaling pathway, insulin resistance, dopaminergic

synapse, and transcriptional misregulation in cancer. miR‐29c‐5p

targeted 19 genes of the calcium signaling pathway, three of themwere

related to some type of cancer, and from the 17 targeted genes related

to the transcriptional misregulation in cancer, nine were previously

associated with cancer according to Cancer Gene Census, particularly,

with hematological malignancies (multiple myeloma; leukemia). These

results are demonstrated inTable 3.

Given the machine learning results, hsa‐miR‐29c‐5p was selected

for expression validation by qRT‐PCR. We confirmed miRNA‐Seq data

and bioinformatic analysis and showed that miR‐29c‐5p expression is

higher in T‐ALL than in B‐ALL (relative quantification, P = 0.0002,
Figure 4A; comparison between Cts, P = 0.0010, Figure 4B). We also

observed that miRNA expression did not differed between pre‐pre‐

B‐ and pre‐B‐ALL (P = 0.6842, Figure 4C) or between T‐ALL subtypes

(P = 0.4513, Figure 4D). We showed no differences between less and

more mature subtypes (ETP and pre‐T‐ALL versus cortical and mature

T‐ALL, P = 0.6295, Figure 4E) and also did not observe difference on

the hsa‐miR‐29c‐5p expression in bone marrow compared with

peripheral blood samples (P = 0.1713, Figure 4F). These findings con-

firmed that the miR‐29c‐5p expression predicts ALL cell lineage, but it

is not associated with a specific subtype within the cell lineage, nor

maturation stage.
4 | DISCUSSION

Considering that (1) bone marrow is the focus of cellular and immuno-

logical dysregulation in leukemias, (2) miRNAs are very informative

molecules used for the differentiation of human tumors,17 including

childhood acute leukemias,2,3,17,18 and (3) the mononuclear compo-

nent of each ALL subtype exhibits a large percentage of blasts

(>70% of transformed cells), we compared the expression profiles of

bone marrow mononuclear cell miRNAs obtained from patients with

T‐ALL and B‐ALL, before the beginning of the specific chemotherapy.

Among the 33 differentially expressed miRNAs obtained from the

comparison of the childhood T‐ and B‐ALL cells, 16 modulated

miRNAs (10 downregulated and six upregulated) inT‐ALL may be used

for distinguishing childhood lymphoblastic leukemia subtypes, since



TABLE 3 Targets of hsa‐miR‐29c‐5p that belong to two selected pathways and are associated with cancera

Gene Name Panther Protein Class Cancer

hsa05202: transcriptional misregulation in cancer

AFF1 AF4/FMR2 family member 1 Transcription factor Acute leukemia

CSF1R Macrophage colony‐
stimulating factor 1
receptor

Myelodysplastic syndrome; chronic myeloid leukemia; acute
myeloid leukemia; hemangioblastoma; clear cell renal cell
carcinoma

ELK4 ETS domain‐containing
protein Elk‐4

Nucleic acid binding; signaling
molecule; winged helix/forkhead
transcription factor

Prostate

FLI1 Friend leukemia integration
1 transcription factor

Nucleic acid binding; signaling
molecule; winged helix/forkhead
transcription factor

Ewing sarcoma

KDM6A Lysine‐specific demethylase
6A

Transcription factor Renal cell carcinoma; bladder carcinoma; esophageal squamous
cell carcinoma; multiple myeloma; medulloblastoma; T‐ALL;
other tumor types

KMT2A Histone‐lysine N‐
methyltransferase 2A

Acute myeloid leukemia; acute lymphocytic leukemia

MAX Myc associated factor X Basic helix‐loop‐helix transcription
factor; nucleic acid binding

Pheochromocytoma; endometrioid carcinoma; colon carcinoma

MYCN N‐myc proto‐oncogene
protein

Basic helix‐loop‐helix transcription
factor; nucleic acid binding

Neuroblastoma

RUNX1T1 Protein CBFA2T1 Transcription cofactor Acute myeloid leukemia

hsa04020: calcium signaling pathway

ATP2B3 ATPase; Ca++ transporting;
plasma membrane 3

Cation transporter; hydrolase; ion
channel

Adrenal aldosterone producing adenoma

CACNA1D Calcium channel; voltage‐
dependent; L type; alpha
1D subunit

Adrenal aldosterone producing adenoma

GRIN2A Glutamate receptor;
ionotropic; N‐methyl
D‐aspartate 2A

Melanoma; colorectal carcinoma; gastric carcinoma; lung
carcinoma

aHematological cancers are marked in bold.
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the hierarchical clustering of these miRNAs clearly separated patients

in two distinct groups, as shown in Figure 1. The miR‐151a‐5p and

miR‐708‐5p were modulated in childhood acute lymphoblastic leuke-

mia exhibiting several genetic subtypes of B‐ALL and T‐ALL when

compared with nonleukemic CD34+ bone marrow cells, as detected

by real‐time quantitative PCR.2 In addition, the expression of miR‐

708‐5p, as evaluated by single miRNA expression, was also downreg-

ulated in T‐ALL bone marrow compared with B‐ALL bone marrow in

Dutch children3 and in bone marrow of Brazilian children with T‐ALL

when compared with B‐ALL and to normal bone marrow.19 miR‐

195‐5p is reported to be upregulated in peripheral blood of adults

with B‐cell lymphocytic leukemia when compared with nonleukemic

CD19+ cells.20 miR‐497‐5p has been associated to a higher overall

survival in patients with diffuse large B‐cell lymphoma, and it is related

to patient's sensitivity to chemotherapy.21 Considering the set of

miRNAs that were downregulated in T‐ALL as compared with B‐ALL

and considering that the canonical miRNA‐mRNA interaction

preconizes that genes targeted by downregulated miRNAs have high

protein expression and increased activity of the miRNA‐related path-

ways, as a corollary, neoplastic B‐cell lineages may need the induction

of these miRNAs for B‐cell differentiation or to escape from the devel-

opment of malignant T‐cell lineages.

Pathways related to the downregulated miRNAs were primarily

related to TGF‐beta and NF‐κB signaling pathways and to apoptosis.
NF‐κB signaling is a well‐known pathway involved in T‐ALL leukemo-

genesis due to pathway constitutive activation as well as through its

antiapoptotic role.22,23 TGF‐beta signaling pathway is an important

network involved on the control of hematopoiesis with a suppressing

role in the growth of immune cells including T‐cells, and positive

effects on T‐cell survival.24-26 Its upregulation in T‐ALL may be related

to intracellular messages to proliferation, contributing to exacerbated

growth of T‐cells without normal apoptosis, processes that may be

more pronounced in T‐ALL. Regarding the upregulation prediction of

apoptosis‐related genes in T‐ALL, it is possible that the higher cellular

density observed inT‐ALL compared with B‐ALL is contributing to this

pathway activation. Recently, Rozovski et al27 demonstrated that cells

from chronic lymphocytic leukemia (CLL) patients with high cell counts

exhibited higher apoptosis rates than those cells from patients with

low cell counts. In our previous study, we observed a correlation

between high blood cell counts in T‐ALL and increased soluble

HLA‐G levels, an immunologic factor induced by hypoxia,28 and high

cellular density has been shown to be associated with hypoxic

environment.29,30

Many genes that present a relevant role in cell differentiation and

hemopoiesis are ligands of TGF‐beta superfamily or intracellular mole-

cules of NF‐κB signaling and seem to be overexpressed in T‐ALL, pos-

sibly due to its posttranscriptional regulation by miRNAs. TGF‐beta

and NF‐κB signaling pathways have already been reported to be



FIGURE 4 Quantitative real‐time PCR confirmation of miR‐29c‐5p differential expression between childhood T‐ and B‐ALL according to
miRNA‐Seq analysis. A and B, Differences according to delta Ct and Ct values, respectively. C and D, Comparison of miR‐29c‐5p relative

expression between different subtypes of B‐ and T‐ALL. E and F, Evaluation of miRNA expression according to T‐ALL cell maturity and sample
source. For both Ct and delta Ct, the higher the values, the lower the miRNA expression. A‐C, E, and F, Mann‐Whitney U test; D, Kruskal‐Wallis
test. ETP, early T‐cell precursor leukemia; BM, bone marrow; PB, peripheral blood
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dysregulated in hematological malignancies, including myelodysplastic

syndromes (MDSs),31,32 chronic myeloid leukemia,33 acute lympho-

blastic leukemia,34 and T‐cell leukemia.35-37

The genes targeted by upregulated miRNAs in T‐ALL are primarily

related to viral carcinogenesis, cell cycle, and B‐cell receptor. Several

lines of evidence support the role of virus infections on the pathogen-

esis of T‐ALL, particularly in association with adult T‐cell leukemia.38,39

On the other hand, the most known evidence for previous Epstein‐

Barr virus infection is associated with the childhood B‐ALL.40 Cell

cycle pathways are deregulated in both lymphocytic leukemias, but

in this study, the more prominent posttranscriptional deregulation

appeared to be in T‐ALL. The induction of miRNAs related to B‐cell

receptor signaling in T‐ALL is an interesting finding. According to the

canonical miRNA‐mRNA interaction, the upregulation of these post-

transcriptional elements in T‐ALL may promote the downregulation

of important genes responsible for B‐cell development. Indeed, several

signal transducers of B‐cell receptor have been associated with
survival and proliferation of malignant cells in chronic lymphocytic

leukemia.41-44

Interestingly, among all the differentially expressed miRNAs

observed in this study, the most prominent putative biomarker of dis-

ease subtype was miR‐29c‐5p, which was a better discriminator than

hsa‐miR‐708‐5p, a reported miRNA with differential expression

between childhood T‐ and B‐ALL.19,45 Enrichment analysis shows that

miR‐29c‐5p is involved on transcriptional dysregulation in cancer and

in pathways related to leukemia development, including T‐ALL.

Another important pathway, calcium signaling, may be upregulated in

B‐ALL due to downregulation of miR‐29c‐5p expression, which has a

critical role in B‐cell lymphocyte fate and defective signaling in chronic

lymphocytic leukemia signaling.46 miR‐29c‐5p was upregulated in

T‐ALL and does not have a defined role in leukemias; however,

another member of the miR‐29 family, miR‐29c‐3p, is modulated in

many hematological malignancies, including acute and chronic leuke-

mias,47,48 and lymphomas.49,50 On the other hand, miR‐29c‐5p has
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been modulated in solid tumors, like gallbladder carcinoma51 and

breast cancer,52 and its downregulation is associated with metastasis

and cell proliferation.51 Besides genetic abnormalities observed in B‐

and T‐cell leukemias, distinct posttranscriptional regulation of leuke-

mogenic genes may be present yielding different molecular mecha-

nisms of growth and malignant transformation. Further and larger

studies are needed to assure the role of miR‐29c‐5p on acute lympho-

blastic leukemia subtype and to clarify whether its expression is

related to a favorable leukemia prognosis, as reported in malignant

pleural mesothelioma53 and gallbladder carcinoma.51
5 | CONCLUSION

We report a set of 16 differentially expressed miRNAs that may distin-

guish childhood lymphoblastic leukemia subtypes in terms of posttran-

scriptional functional analysis and validate a novel leukemogenic

marker, miR‐29c‐5p, that discriminates T‐ALL from B‐ALL.
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