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Abstract

T-cell acute lymphoblastic leukemia (T-ALL) is a heterogeneous and aggressive malig-

nancy arising from T-cell precursors. MiRNAs are implicated in negative regulation of

gene expression and when aberrantly expressed contribute to various cancer types,

including T-ALL. Previously we demonstrated the oncogenic potential of miR-363-3p

overexpression in a subgroup of T-ALL patients. Here, using combined proteomic and

transcriptomic approaches, we show that miR-363-3p enhances cell growth of T-ALL

in vitro via inhibition of PTPRC and SOCS2, which are implicated in repression of the

JAK–STAT pathway. We propose that overexpression of miR-363-3p is a novel

mechanism potentially contributing to overactivation of JAK–STAT pathway. Addi-

tionally, by combining the transcriptomic and methylation data of T-ALL patients, we

show that promoter methylation may also contribute to downregulation of SOCS2

expression and thus potentially to JAK–STAT activation. In conclusion, we highlight

aberrant miRNA expression and aberrant promoter methylation as mechanisms, alter-

native to mutations of JAK–STAT-related genes, which might lead to the upregulation

of JAK-dependent signaling in T-ALL.
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1 | INTRODUCTION

T-cell acute lymphoblastic leukemia (T-ALL) is an aggressive hemato-

logical malignancy, characterized by high genetic and epigenetic het-

erogeneity. Several T-ALL subtypes can be identified based on the

expression of oncogenic transcription factors and the activation of

specific signaling pathways driving disease development and progres-

sion.1,2 Thus, development of novel therapeutic strategies targeting

these pathways is an attractive option for treatment improvements.

However, the identification of patients eligible for targeted therapies

based solely on the detection of genetic aberrations in genes impli-

cated in these pathways may not be sufficient. It will not reveal these

T-ALL cases, in which the activation of a particular pathway is caused

by aberrant gene expression, due to deregulation of miRNAs or meth-

ylation of CpG islands within gene promoters. Both miRNAs and DNA

methylation may act as oncogenic mechanisms, as an alternative to

mutations affecting genes encoding components of a given signaling

pathway.

Previously we have demonstrated the oncogenic properties of

miRNAs encoded in the mir-106a-363 cluster, including miR-363-3p,

which is overexpressed in pediatric T-ALL samples compared to nor-

mal T-cells.3,4 We showed its anti-apoptotic and pro-proliferative

effects in T-ALL cell lines and that these effects are mediated by the

repression of PTEN and BIM tumor suppressors.4 However, the onco-

genic potential of a given miRNA in cancer usually results from the

net effect of its action toward multiple target genes. Here, we aim at

unraveling the global transcriptomic and proteomic effect of miR-

363-3p expression in T-ALL in vitro. We demonstrate, for the first

time, that overexpression of this miRNA in T-ALL leads to downregu-

lation of the PTPRC and SOCS2 genes, the negative regulators of JAK–

STAT signaling, thus potentially contributes to activation of this path-

way. We also show that other pathways downstream from JAK might

be affected by upregulation of miR-363-3p. JAK–STAT is a ligand-

dependent signal transduction pathway involved in the regulation of

immune response, cell division, and cell death. Upregulation of this

pathway has been shown to contribute to the progression of many

cancers, including leukemias.5,6 Genetic aberrations leading to consti-

tutive activation of this pathway have been identified in almost 30%

of T-ALL cases: mutations in JAK3, interleukin-7 receptor (IL7R) and

JAK1 being the most frequent.7,8 We postulate that upregulation of

miR-363-3p may act as a complementary or alternative mechanism

contributing to overactivation of this pathway. Additionally, we identi-

fied a negative correlation between SOCS2 expression and its pro-

moter methylation in a subgroup of T-ALL patients. In conclusion, we

propose aberrant miRNA expression affecting PTPRC and SOCS2 and

aberrant SOCS2 promoter methylation as mechanisms potentially con-

tributing to upregulation of JAK-dependent signaling in T-ALL.

2 | MATERIALS AND METHODS

2.1 | Patient and control samples

Bone marrow samples were obtained from 54 patients with pediatric

T-ALL at the time of diagnosis. Samples were collected at the centers

of Polish Pediatric Leukemia and Lymphoma Study Group, with

informed consent of the patients/legal guards, in accordance with the

Declaration of Helsinki. The study was approved by the Ethics Com-

mittee of the Medical University of Silesia (KNW/0022/KB1/145/

I/11/12). The clinical characteristics of the T-ALL patients are shown

in Table S1. Thymocyte CD4+ CD8+ and CD34+ samples, obtained

from children undergoing cardiac surgery (UZ Gent), were used as

controls. Immature CD34+ thymocytes were purified based on MACS

purification using CD34 microbeads (Miltenyi Biotec) without lineage

depletion, while CD4 and CD8 labeling was used to sort the CD4+

CD8+ double-positive subset by a FACSAriaIII (BDBiosciences). The

purity of each subset was at least 98%. Human thymus samples were

used following the guidelines of, and were approved by, the Ethical

Committee of the Ghent University Hospital (Belgium).

2.2 | Cell lines and cell culture

The HEK293T cell line was a kind gift from Prof. Maciej Kurpisz

(Institute of Human Genetics, Polish Academy of Sciences). Cells were

cultured under standard conditions in Dulbecco's modified Eagle's

medium (Gibco, Thermo Fisher Scientific) with 10% fetal bovine

serum (FBS; Gibco, Thermo Fisher Scientific), and 1% penicillin/

streptomycin solution (Sigma Aldrich). The DND-41 T-cell acute lym-

phoblastic leukemia cell line was purchased from the Leibniz Institute

DSMZ—German Collection of Microorganisms and Cell Cultures. The

ALL-SIL T-cell acute lymphoblastic leukemia cell line was a kind gift

from Prof. Pieter Van Vlierberghe (Cancer Research Institute Ghent,

CRIG). Cells were cultured under standard conditions in RPMI-1640

medium (Gibco, Thermo Fisher Scientific) with 10% or 20% of FBS

(Gibco, Thermo Fisher Scientific) for DND-41 and ALL-SIL,

respectively.

2.3 | Expression vectors and oligonucleotide
design

For miR-363-3p inhibition, shRNA coding sequences were purchased

in form of DNA oligonucleotides from Genomed and cloned into a

miRZip pGreenPuro knockdown vector (System Biosciences). As a

control for shRNA experiments, a miRZip pGreenPuro scrambled
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vector was used (System Biosciences). pGreenPuro scrambled control

and empty backbone vectors were a kind gift from Prof. Anke van den

Berg and Dr. Joost Kluiver (University Medical Center Groningen).9

For the Dual-Luciferase Reporter Assay, 30UTR sequences of the

PTPRC and SOCS2 genes were amplified using primers listed in Table S2

and cloned into pmiRGLO vector (Promega). Additionally, sequences

coding a putative miRNA response element (MRE) for hsa-miR-363-3p

in PTPRC and SOCS2 30UTRs, flanked by 30 nt on each side, were cloned

into the pmiRGLO vector. For rescue experiments, four-point mutations

were introduced to the MRE region during the oligonucleotide synthesis

step to abolish the miRNA–mRNA interaction.

For miR-363-3p overexpression, the pre-miRNA sequence was

amplified and cloned into the pCDH-CMV-MCS-EF1-GreenPuro

overexpression vector (System Biosciences).

For lentiviral particles assembly, the pRSV.REV, pMSCV-VSV-G,

and pMDLg/PRRE vectors (Addgene) were used. These vectors were

a kind gift from Agnieszka Dzikiewicz-Krawczyk (Institute of Human

Genetics, Polish Academy of Sciences).

All sequences of primers and oligonucleotides are listed in

Table S2.

2.4 | Lentiviral transduction

For assembly of lentiviral particles, HEK293T cells were seeded on

six-well culture plate. Upon 70%–80% confluence, the cells were

transfected with 600 ng of each: pRSV.REV, pMSCV-VSV-G, and

pMDLg/PRRE packing vectors and 1200 ng of transfer vector. Trans-

fection was performed using the JetPrime DNA/siRNA Transfection

Kit (Polyplus Transfection). After 24 h, the transfection medium was

replaced with 1 ml fresh medium. After 48 h, the medium was col-

lected and filtered with 0.45 μm filters. For transduction of DND-41,

cells were seeded on 12-well plate in 400 μl of RPMI-1640 medium.

Then, 400 μl of filtered medium, containing lentiviral particles, was

added to each well. Additionally, 200 μl of TransDux Max Enhancer

(System Biosciences) and 2 μl TransDux Reagent (System Biosciences)

was added. For transduction of ALL-SIL, cells were seeded on six-well

plate in 1.8 ml of RPMI-1640 medium, after which 200 μl of filtered

medium containing lentiviral particles was added to each well.

Polibrene Reagent (Sigma Aldrich) was added to each well at the

final concentration of 8 μg/ml. Cells were spinfected for 90 min

(at 1500 rpm and 32�C). Antibiotic selection of transduced cells was

started 3–4 days post-transduction. For selection, puromycin dihydro-

chloride (Gibco, Thermo Fisher Scientific) was used at the concentration

of 10 μg/ml. The selection procedure was conducted for 14 days. The

effectiveness of transduction was assessed with the use of CytoFlex S

flow cytometer (Beckman Coulter) with GFP as a marker.

2.5 | GFP competition assay

DND-41 and ALL-SIL cell lines were transduced with miRZip scram-

bled control vector or miRZip miR-363-3p vector with the efficiency

30%–50% without puromycin selection. Cells were cultured on a six-

well plate. Three days post-transduction, half of the cells from each

well were harvested and the percentage of transduced (GFP+) cells

was assessed using CytoFlex S flow cytometer (Beckman Coulter).

Cells were harvested every 3 days for 18 days and the percentage of

GFP+ cells for each well was calculated as a fold change of the per-

centage of GFP+ cells in the first tested time point. The experiment

was performed in three independent biological replicates.

2.6 | Quantitative proteomic analysis

For proteomic analysis, 106 transduced DND-41 cells were lysed in

200 μl buffer containing 1% sodium dodecyl sulfate (SDS) and 30 μM

Tris–HCl (pH 8). The cells were incubated in 95�C for 5 min with shak-

ing. The amount of protein in cell lysates was quantified with the BCA

Protein Assay Kit (Pierce, Thermo Fisher Scientific). The preparation

of protein samples for TMT labeling and quantitative analysis and

mass spectrometry procedure was conducted by the Mass Spectrom-

etry Laboratory at the Institute of Biochemistry and Biophysics of Pol-

ish Academy of Sciences. The experiment was performed in five

independent biological replicates.

The protein samples were purified and digested using Filter Aided

Sample Preparation procedure. The digestion was carried out over-

night using trypsin/LysC mix (Promega) in 1:25 enzyme-to-protein

ratio at 37�C. The peptides were labeled with Tandem Mass Tag

(TMT) 10plex Set (Thermo Fisher Scientific) and the labeling efficiency

was checked before combining the samples. TMT labeled samples

were subjected to high-pH reverse-phase fractionation. Separation

was performed using the Waters Acquity UPLC H-class system. The

peptide elution was monitored at 214 nm by UV detector. Twenty-

five fractions from each TMT set were dried in Speedvac and recon-

stituted in 100 μl 0.1% trifluoroacetic acid (TFA) and 2% ACN prior to

LC–MS/MS analysis. Fractions were analyzed using the LC–MS sys-

tem composed of the ACQUITY UPLC M-Class System (Waters)

directly coupled to a QExactive mass spectrometer (Thermo Fisher

Scientific).

Offline recalibration, as well as peptides and proteins identifica-

tion, was performed in the MaxQuant/Andromeda software suite

(version 1.6.2.3) using Homo sapiens protein sequences derived from

Swissprot database (version 2020_04: 563082 total entries). The

search included tryptic and LysC-generated peptides, Metylthio

(C) set as a fixed modification and Oxidation (M) as a variable one.

Reporter MS2 quantification was specified to obtain values for quan-

titative analysis. Reverse database was used for target/decoy statisti-

cal results validation, peptide, and protein FDR was set to 0.01.

Protein groups along with quantitative data were further analyzed

in Perseus (version 1.6.2.3). Data were cleaned (hits from reversed

database and contaminants were removed) and log2 was transformed

for better data distribution. TMT reporter values were normalized

with Internal Reference Scaling (IRS) using reference channels to take

into account that data were distributed in two separate TMT experi-

ments. Missing values were replaced with data from normal
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distribution (width 0.3, down shift 1.8) separately for each column.

Subsequently, two-sample t-test with permutation-based FDR was

performed to compare expression changes between groups. Signifi-

cance threshold for resulting q-value was 0.05.

2.7 | RNA extraction and RT-qPCR

The miRNeasy RNA Isolation Kit (Qiagen) was used for the extraction

of total RNA including the recovery of the small RNA fraction. RNA

isolates were DNase treated and purified with the use of the RNA

Clean and Concentrator Kit (Zymo Research). RNA concentration was

measured with Quantus Fluorometer (Promega) using Qubit HS RNA

Assay Kit (Thermo Fisher Scientific). RNA integrity was determined

with the 4200 Tapestation using High Sensitivity RNA ScreenTape

(Agilent Technologies). For miRNA quantification, total RNA was

reverse transcribed with TaqMan Advanced miRNA cDNA Synthesis

Kit (Thermo Fisher Scientific) according to the manufacturer's proto-

col. TaqMan Fast Advanced Master Mix and predesigned TaqMan

Advanced miRNA assays (Thermo Fisher Scientific) were used. Three

endogenous control miRNAs (hsa-miR-16-5p, hsa-let-7a-5p, and hsa-

miR-25-3p) were selected using a strategy based on a comprehensive

assessment of expression stability in our miRNA-seq data and in RT-

qPCR, as previously described.10 RT-qPCR analyses were conducted

in two technical and three biological replicates with the use of the

7900HT Fast Real-Time PCR System (Applied Biosystems). The com-

parative deltaCT method (ΔΔCT) and Data Assist Software v.3.01

(Thermo Fisher Scientific) were used for relative quantification of

expression.11

2.8 | RNA sequencing and bioinformatics analysis

Library preparation and next-generation sequencing were performed

by NGS Service Macrogen. For sequencing of the T-ALL patient sam-

ples, libraries were constructed from 1 μg of total RNA, using the

TruSeq Stranded mRNA library protocol based on poly(A) enrichment,

according to the manufacturer's instruction (TruSeq Stranded mRNA

Sample Preparation Guide, Part #15031047 Rev. E; Illumina). We

introduced a modification to the protocol—reduced fragmentation

time (90�C for 2 min), as previously described.12 For sequencing of

RNA obtained from transduced DND-41 cell line, libraries were gener-

ated with the TruSeq Stranded mRNA Kit (Illumina) with a standard

protocol. The quality of all the libraries was assessed based on size

distribution and concentration using the TapeStation D1000 Screen

Tape (Agilent Technologies). Libraries were sequenced on the Illumina

NovaSeq6000 platform, using the following settings; for T-ALL

patient samples: 2x150PE (paired-end sequencing with 150 nt reads),

read depth of coverage: 150 million reads/sample; for DND-41 cell

line: 2x150PE, 60 million reads/sample.

Pre-alignment quality control was conducted using FastQC13 and

FastQ Screen.14 Sequencing adapters were removed using Trim

Galore15 and reads shorter than 20 nt after trimming were discarded.

Adapter trimmed reads were aligned to the GRCh38 reference

genome using STAR ver. 2.7.3a,16 with NCBI Reference Sequence

transcript database (GCF_000001405.39_GRCh38.p13) as suggested

in Zhao et al.17 Read counts for individual genes were obtained using

featureCounts from the Subread package.18 Post-alignment quality

control statistics were extracted from STAR reports, samtools

(stats),19 RSeQC,20 and Picard.21 Differentially expressed genes

(DEGs) were identified using edgeR,22 with Bonferroni multiple test-

ing correction.

2.9 | Overrepresentation analysis

Differentially expressed genes (DEGs) were tested for overrepresen-

tation among biological processes and pathways, represented by rele-

vant terms in Kyoto Encyclopedia of Genes and Genomes (KEGG),

Reactome, Hallmarks of Cancer, and Gene Ontology (GO). Overrepre-

sentation of pathway-associated genes among those differentially

expressed upon miR-363-3p inhibition was tested using Fisher's exact

test for pathways originating from the KEGG, Reactome, and Hall-

marks of Cancer databases. GO processes were selected using condi-

tional hypergeometric test implemented in the Bioconductor GOstats

package (ver. 2.46). In all cases, Benjamini and Hochberg's multiple

testing correction was applied with a significance threshold of 0.05.

The magnitude of overrepresentation was assessed based on odds

ratio (OR) values, calculated using the following formula:

OR¼ q=k
m=t

where q is the number of DEGs involved in a given biological process,

k is the total number of DEGs, m is the number of genes in a given

process/pathway, and t is the total number of genes reported in a

given database.

2.10 | Identification of miRNA binding sites

For the identification of putative target genes for miR-363-3p among

the list of genes encoding proteins upregulated upon miR-363-3p

inhibition, we used a Pearl script designed to search for miRNA bind-

ing sites in 30UTRs, based on the RefSeq transcripts, as described pre-

viously.9 The advantage of this analysis over the standard miR target

prediction tools is the possibility to identify all types of canonical miR

binding sites (6mer, 7mer-A1, 7mer-m8, and 8mer), including also the

weak 6mer sites.

2.11 | Dual-luciferase reporter assay

Selected predicted miRNA–mRNA interactions were validated with

the Dual-Glo Luciferase Reporter Assay (Promega) as described previ-

ously.4 Briefly, HEK 293 T cells were seeded on 24-well culture plate
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24 h before transfection. Cells were subjected to transfection at

60%–80% confluency using the JetPrime DNA/siRNA Transfection

Kit (Polyplus Transfection) to enable co-transfection with miR-363-3p

coding or empty pCDH-CMV-MCS-EF1-GreenPuro vector (System

Biosciences) and pmiRGLO plasmids (Promega), containing 30UTRs of

the selected target genes. About 250 and 50 ng of pCDH and pmiR-

GLO plasmid, respectively, were added per well. Luciferase activity

was measured with GloMax-Multi+ Detection System (Promega) after

72 h from transfection. All experiments were performed in four repli-

cates. A significant decrease in luciferase activity relative to control

(negative control miRNA) was indicative of direct interaction between

the seed sequence of the miRNA (defined as the nucleotides at posi-

tions 2–7 of the 50 end of mature miRNA sequences) and the MRE in

the 30UTR of target mRNA.

2.12 | Western blot

About 107 cells were lysed in 100 μl of RIPA buffer with a protease

inhibitor cocktail and EDTA (Thermo Fisher Scientific). Protein con-

centration was determined using Pierce BCA Protein Assay Kit

(Thermo Fisher Scientific). Proteins were separated on 4%–15% Mini-

PROTEAN TGX Stain-free Gel (Bio-Rad). After electrophoresis, pro-

teins were transferred onto a 0.45-μm PVDF Low Fluorescence mem-

brane (Bio-Rad). Membranes were blocked using 5% non-fat milk and

incubated with 1:2000 anti-CD45 antibody (610266, BD Biosciences),

1:2000 anti-SOCS2 antibody (#2779, Cell Signaling Technology), or

1:10000 anti-β-tubulin antibody (ab131205, Abcam). After washing,

membranes were incubated with horseradish peroxidase (HRP) conju-

gated with 1:10,000 anti-mouse secondary antibody (A9917, Sigma

Aldrich) or 1:40,000 anti-rabbit secondary antibody (ab97051,

Abcam). Immunoreactive protein bands were detected with Clarity

Western ECL Substrate for HRP (Bio-Rad) on Chemidoc Imaging Sys-

tem (Bio-Rad). The abundance of target protein was assessed in refer-

ence to β-tubulin loading control using Image Lab 6.0.1 software (Bio-

Rad). Each experiment was conducted in three biological replicates.

2.13 | Integrative gene expression and promoter
methylation analysis

Methylation levels (beta values) obtained using Illumina Infinium

HumanMethylation450 BeadChips23 were compared to the normal-

ized read counts obtained using RNA-seq based on Illumina TruSeq

stranded mRNA protocol (deposited in ArrayExpress under the acces-

sion number E-MTAB-11759), for a common cohort of 48 T-ALL

patients, for whom both mRNA-seq and methylation data were avail-

able. For each gene, we conducted a test for association between

paired samples, using Spearman's rho, based on normalized read

counts from RNA-seq and beta values obtained using methylation

probes that fall within the promoter region (defined as +5000 and

�500 bp from the transcription start site). Signals obtained from mul-

tiple probes per single promoter region were averaged. Correction for

multiple testing was carried out using the Benjamini–Hochberg

method.

2.14 | Statistical analysis

For the comparison of two independent means, data were analyzed

for normality with the Shapiro–Wilk test and next the two groups

were tested for equality of variances. Statistical significance of the

results was calculated with the unpaired t-test or nonparametric

Mann–Whitney test. For GFP competition assay, statistical signifi-

cance was calculated with two-way ANOVA test. These analyses and

data visualization were performed with the GraphPad Prism

8 software.

Association between relapse occurrence and patient clusters

identified based on JAK–STAT gene expression levels was evaluated

using the Pearson's χ2 test, by the use of ggstatsplot R library (v.0.9.1).

Additional association between the clusters and patient survival was

evaluated using survival curves prepared with the survminer R

library (v.0.4.9).

3 | RESULTS

3.1 | miR-363-3p inhibition contributes to loss of
growth advantage of T-ALL cells in vitro

To investigate the role of miR-363-3p, overexpressed in T-ALL

patients, we selected two T-ALL cell lines with high endogenous level

of this miRNA, DND-41, and ALL-SIL3,24 and performed stable repres-

sion of this miRNA using the miRZip miRNA inhibition system. We

showed, using the green fluorescence protein (GFP) growth competi-

tion assay, that inhibition of miR-363-3p resulted in loss of growth

advantage of both tested T-ALL cell lines. This was reflected by the

decreased percentage of GFP positive cells (transduced with miRZip

miR-363-3p vector) as compared to control cells (transduced with a

scrambled vector) upon 18 days of culture (Figure 1), observed in

both cell lines. Thus, we confirmed the oncogenic properties of miR-

363-3p in T-ALL in vitro.

3.2 | Global transcriptomic and proteomic effects
of miR-363-3p inhibition in T-ALL in vitro

To investigate the global effects of miR-363-3p on gene expression,

we applied a combined transcriptomic and proteomic approach in a T-

ALL cell line upon stable inhibition of miR-363-3p. We performed

mRNA sequencing and mass spectrometry-based quantitative proteo-

mic analysis in DND-41 cells transduced with miRZip miR-363-3p

vector as compared to DND-41 cells transduced with a scrambled

vector as a control. mRNA-seq revealed 127 upregulated and

315 downregulated transcripts upon miR-363-3p inhibition (Table S3).

In the proteomic analysis, we found 631 upregulated and
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F IGURE 1 Loss of miR-363-3p leads to decreased growth advantage in T-ALL cells with endogenous high expression of this miRNA. GFP
growth competition assay upon miR-363-3p inhibition in DND-41 (A) and ALL-SIL (B) T-ALL cell lines upon transduction with miRZip miR-363-3p
inhibitor vector or scrambled vector (Scr) as a control. The GFP percentage for each time point was calculated in reference to the GFP percentage
at the first day of measurement (Day 3 after transduction). ***p < 0.001 (p value calculated by two-way ANOVA for miR-363-3p expression as
independent variable).
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774 downregulated proteins upon inhibition of this miRNA (Table S4).

To investigate cellular functions potentially affected by miR-363-3p,

we tested the DEGs and proteins for overrepresentation in biological

processes and pathways, defined in GO, KEGG, Hallmarks of Cancer

and Reactome databases. We observed a marked overlap between

processes revealed by the analysis of transcripts and proteins over-

representation, with all processes and pathways significantly overrep-

resented in the transcriptomic analysis (Figure 2, Table S5) and also in

the proteomic analysis (Figure 3, Table S6). The importance of these

processes for oncogenesis and leukemia biology further supports our

hypothesis on the oncogenic role of miR-363-3p in T-ALL. Impor-

tantly, the number of differentially expressed proteins (Table S4) and

the number of processes revealed by the overrepresentation analysis

of genes encoding these proteins (Table S6) were higher than in case

of transcripts-based analysis (Table S5). This reflects the fact, that in

humans, miRNAs primarily act via suppression of their target tran-

scripts translation and to a lesser extent via transcript degradation.25

Thus, the effects of the negative regulation of gene expression medi-

ated by miRNAs are more often observed as decreased protein levels,

than changes in the transcript levels. Hence, to identify targets for

which expression is directly regulated by miR-363-3p, we further

focused on the results of proteomic analysis.

3.3 | Quantitative proteomic analysis reveals
PTPRC as a target of miR-363-3p

We performed in silico identification of miR-363-3p binding sites in

the 30UTR of genes encoding proteins, that were significantly upregu-

lated upon miR inhibition and identified 138 genes with at least one

binding site for miR-363-3p (Table S4). To investigate further the

potential importance of these genes in T-ALL biology, we examined

their expression in T-ALL patients using mRNA-seq data of 54 primary

T-ALL samples. We found that 19 of these genes are downregulated

in T-ALL samples as compared to controls (Table S4), pointing to their

tumor suppressor potential. Among them, we identified PTPRC, the

negative regulator of an oncogenic JAK–STAT pathway.

We hypothesized that upregulation of miR-363-3p, with conse-

quent downregulation of its target genes, acts as a mechanism (alter-

native to mutations affecting JAK–STAT signaling) potentially

contributing to overactivation of this pathway. We tested whether

PTPRC is indeed a target of miR-363-3p and demonstrated by Dual-

Luciferase Assay a direct interaction between 30UTR of this gene and

this miRNA (Figure 4A). We then tested whether miR-363-3p inhibi-

tion affects the expression of PTPRC. In DND-41 and ALL-SIL cells

(with relatively low expression of PTPRC protein as compared to

other T-ALL cell lines),26 we showed by Western blot that inhibition

of miR-363-3p led to statistically significant increase in PTPRC level

(Figure 4B,C, Figure S1).

3.4 | Repression of PTPRC and SOCS2 by miR-
363-3p might contribute to activation of JAK-
dependent pathways in T-ALL

Since PTPRC is a negative regulator of JAK kinases, we examined in

silico whether other JAK-dependent pathways are affected by the

inhibition of miR-363-3p. Again, we searched our lists of pathways

and processes revealed by mRNA-seq and proteome analysis upon

inhibition of this miRNA. Among the top processes identified by the

F IGURE 4 miR-363-3p directly inhibits the expression of PTPRC in T-ALL cell lines. (A) Dual-Luciferase Reporter Assay for detection of
interaction between miR-363-3p and full-length PTPRC 30UTR or 30UTR fragment containing predicted miRNA binding site (at the positions
828–834 in the 30UTR flanked by 30 bp on each site). The graphs present the decrease of relative luciferase activity in the presence of miRNA
overexpression vector in reference to empty vector. This interaction was diminished upon introducing mutations within the predicted 7mer-A1
miR binding site. Below the graph, the predicted interaction site is shown, with indication of nucleotides mutated in rescue experiment.
WT—wild-type sequence; MUT—sequence with mutations introduced within miRNA binding site in 30UTR; *p < 0.05; ns—not significant. (B, C)
Western blot evaluation of PTPRC protein level in DND-41 (B) and ALL-SIL (C) upon miR-363-3p inhibition (miRZip miR-363-3p) as compared to
scrambled control (miRZip Scr) in reference to Tubulin Beta Chain (TUBB) as loading control. The graphs present the mean normalized PTPRC
protein level from three biological replicates. **p < 0.01.
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proteomic overrepresentation analysis (Figure 3), we found not only

the JAK–STAT pathway but also other oncogenic pathways down-

stream from JAK-signaling (PI3K/AKT, RAS, mTOR, and FOXO). This

observation supports our hypothesis that upregulation of miR-363-3p

contributes to the activation of these pathways potentially by the

repression of PTPRC.

Since many miRNAs tend to be involved in the regulation of mul-

tiple genes from the same biological process, we further examined the

list of proteins related to JAK-dependent pathways (Table S6) and

upregulated upon miR-363-3p inhibition (Table S4). Among them, we

identified SOCS2, another negative regulator of the JAK–STAT path-

way. This protein is encoded by a gene with three 6mer binding sites

for miR-363-3p in its 30UTR. We confirmed the direct interaction

between SOCS2 30UTR and miR-363-3p via Dual-Luciferase Assay

(Figure 5A). By Western blot, we confirmed the increase of SOCS2

protein level in DND-41 and ALL-SIL cell lines upon miR-363-3p inhi-

bition (Figure 5B,C, Figure S2). These results support our hypothesis

that upregulation of miR-363-3p leads to repression of two negative

regulators of JAK–STAT pathway, the PTPRC and SOCS2, and

thus might contribute to the activation of JAK-dependent signaling in

T-ALL cells.

3.5 | Subgroups of T-ALL patients differ in the
expression of JAK–STAT related genes

To investigate further the deregulation of JAK–STAT-related genes

in T-ALL primary samples, we used our mRNA-seq data on 46 pedi-

atric T-ALL patients, for which miRNA-seq data are available.3 We

performed hierarchical clustering based on the expression of

22 genes directly involved in the regulation of JAK–STAT signaling,

selected based on the literature data. This revealed grouping of

patient samples into three main clusters (C1, C2, and C3, according

to the main arms of the dendrogram) (Figure 6A). Since there were

only two samples in C1 and they largely resemble the expression of

C2, we further analyzed these as C1_C2 cluster. Within the C3 clus-

ter, two sub-clusters could be observed (C3A—in the middle and

C3B—on the right of the heatmap). The clusters varied mostly in

the expression of genes from SOCS family (SOCS2, SOCS1, and

SOCS3) and genes encoding interleukin receptors (IL7R, IL6R, and

IL4R). Using our previously published miRNA-seq data for the same

group of T-ALL patients,3 we analyzed the expression of miR-

363-3p in the JAK–STAT related patient clusters. We observed no

statistically significant differences in the expression of this miRNA

between the clusters (Figure 6B,C) nor did we find an inverse corre-

lation between the expression of this miRNA and PTPRC or SOCS2

mRNA (data not shown). This is not surprising, since in humans,

miRNAs operate mostly via the inhibition of the translation of their

target transcripts rather than their degradation.25 Thus, the effects

of miRNA-mediated gene repression might not necessarily be

observed as changes in the transcript level and are expected to be

observed on the protein level. Interestingly, by comparing the clini-

cal course of the patients from JAK–STAT-related clusters, we

observed a clear (although not significant) trend for worse survival

probability (Figure 6D,E) and increased risk of relapse (Figure S3) in

patients belonging to C3 cluster, especially for C3A cluster. This

cluster is characterized by decreased expression of genes from SOCS

family (SOCS1–3), being known suppressors of JAK–STAT signaling.

This suggests that the worse outcome of patients from this cluster

might potentially be in relation to downregulation of the negative

regulators of the JAK–STAT pathway. However, further investiga-

tion of bigger T-ALL cohorts is necessary to confirm this notion.

F IGURE 5 miR-363-3p directly inhibits the expression of SOCS2 in T-ALL cell lines. (A) Dual-Luciferase Reporter Assay for detection of
interaction between miR-363-3p and full-length SOCS2 30UTR or 30UTR fragment containing predicted miRNA binding site (at the positions
413–418 in the 30UTR flanked by 30 bp on each site). The graphs present the decrease of relative luciferase activity in the presence of miRNA
overexpression vector in reference to empty vector. Below the graph, the predicted interaction site is shown, with indication of nucleotides
mutated in rescue experiment. WT—wild type sequence; MUT—sequence with mutations introduced within miRNA binding site in 30UTR;
*p < 0.05; ns—not significant. (B, C) Western blot evaluation of SOCS2 protein level in DND-41 (B) and ALL-SIL (C) upon miR-363-3p inhibition
(miRZip miR-363-3p) as compared to scrambled control (miRZip Scr) in reference to Tubulin Beta Chain (TUBB) as loading control. The graphs
present the mean normalized SOCS2 protein level from three biological replicates. *p < 0.05; ***p < 0.001.
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F IGURE 6 Comparison of expression of miR-363-3p between patient samples clustered based on the expression of JAK–STAT-related
genes. (A) Hierarchical clustering of T-ALL patients based on mRNA expression of genes related to JAK–STAT pathway. Rows represent mRNAs;
columns represent patient samples. JAK–STAT-related genes are marked with pink (JAK–STAT activation) or orange (JAK–STAT silencing) colors
depending on their positive or negative effect on the activity of JAK–STAT pathway, respectively. Patient group has been divided into three (CL2)
or two (CL1) major clusters. (B) The comparison of expression of miR-363-3p between CL1 patient clusters. (C) The comparison of expression of
miR-363-3p between CL2 patient clusters. ns—not significant. (D) The comparison of survival probability between CL1 patient clusters. (E) The
comparison of survival probability between CL2 patient clusters.
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3.6 | Repression of SOCS2 by promoter
methylation might contribute to JAK–STAT
overactivation in T-ALL

Finally, we investigated if promoter methylation might serve as an

additional mechanism of repression of PTPRC and SOCS2. We tested

our mRNA-seq data and EPIC methylation arrays data,23 obtained in

the same cohort of T-ALL patients, for the presence of inverse corre-

lation between the expression of PTPRC and SOCS2 and the methyla-

tion of their promoters. For PTPRC, we found no significant

correlation between promoter methylation and gene expression

(Figure 7A). Yet, in case of SOCS2, we observed statistically significant

inverse correlation (Figure 7B). Although the anticorrelation itself does

not directly implicate the mechanism, yet it suggests that the expres-

sion of this gene in T-ALL patients is dependent on the methylation

status of its promoter. Hence, we conclude that in a subgroup of T-

ALL patients, methylation of CpG islands within the promoter of

SOCS2 is a putative mechanism of its downregulation. This might

serve as an alternative mechanism to loss-of-function mutations in

this gene and may potentially contribute to activation of JAK–STAT

pathway.

4 | DISCUSSION

Excessive activation of JAK–STAT pathway and other signaling

pathways downstream of JAK signaling is a common phenomenon in

T-ALL and in several other malignancies. Frequent upregulation of

JAK–STAT signaling in cancers, makes a therapeutic targeting of this

pathway an attractive treatment option.27 Mutations in genes encod-

ing interleukin receptors, JAK kinases, and STAT proteins are consid-

ered to be the most prominent factors leading to overactivation of

this signaling pathway.7,8 Yet, it might also be deregulated due to

other mechanisms. Importantly, patients without mutations in compo-

nent genes of JAK–STAT signaling might potentially also benefit from

the treatment regimens aimed to target this pathway. Hence, it is of

great importance to unravel all molecular mechanisms that serve as

complementation or alternative to genetic aberrations in JAK–STAT-

related genes.

The main finding of this multiomic study is the involvement of

miR-363-3p in repression of PTPRC in T-ALL in vitro. PTPRC has been

previously reported as a tumor suppressor in T-ALL, implicated in neg-

ative regulation of the JAK–STAT pathway. It has been shown in a

mouse cytokine-dependent T-ALL cell line (MOHITO) with JAK1 gain-

of-function mutation, that inhibition of PTPRC contributes to

enhanced cell proliferation.26 Although the loss of the PTPRC protein

was identified in 3.7% of T-ALL pediatric patients and in 12.9% of

B-cell precursor ALL (BCP-ALL) patients,28 the loss-of-function muta-

tions in PTPRC are very rare and often co-exist with mutations in

other JAK–STAT-related genes.26 This suggests that other mecha-

nisms may be implicated in its inactivation. Therefore, we aimed to

investigate if miR-363-3p overexpression and promoter methylation

affect the expression of genes implicated in JAK-dependent signaling

and thus might serve as alternative or additional mechanisms poten-

tially contributing to oncogenic activation of this pathway in T-ALL.

Interestingly, the DND-41 cell line, used in our study, harbors a

monoallelic PTPRC mutation. Downregulation of PTPRC is one of the

mechanisms of JAK–STAT activation in this cell line, which is strongly
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dependent on the activity of this pathway. Despite the inactivation of

one PTPRC allele, the PTPRC protein is still present in DND-41 cells,

although at the much lower level as compared to other T-ALL cell

lines.26 On the other hand, the endogenous level of miR-363-3p is rel-

atively high in the DND-41 cell line.4,24 Thus, we postulate that over-

expression of miR-363-3p acts as an additional or alternative

mechanism of PTPRC repression in T-ALL cells in vitro and possibly

also in a subgroup of T-ALL patients. Our report is the first to present

PTPRC as a direct target of miR-363-3p in vitro and the first to show

that miRNA-mediated regulation results in decreased PTPRC expres-

sion in T-ALL.

Our second major finding regards SOCS2—another negative regula-

tor of the JAK/STAT pathway. SOCS2 and other proteins belonging to

the SOCS family are considered as tumor suppressors.29–32 Mutations in

SOCS genes are rarely reported in lymphoid malignancies,33–35 yet

decreased SOCS expression, together with JAK/STAT overactivation, is

commonly observed in various cancer types.31,36 It suggests the exis-

tence of additional mechanisms of its deregulation, alternative to muta-

tions. Thus far, there are only few reports about the regulatory role of

miRNAs in the repression of SOCS genes in leukemia and there is no evi-

dence of such regulation in T-ALL.37 The only miRNA described as a neg-

ative regulator of SOCS2 expression in leukemia, is miR-486, reported to

be upregulated in acute myeloid leukemia cell lines.38 Here, we present

for the first time that the expression of a gene from the SOCS family is

regulated by aberrantly expressed miRNAs in T-ALL and we show that

SOCS2 is a direct target of miR-363-3p.

Alongside with the miRNA-mediated repression of SOCS2, we

show that DNA methylation of the SOCS2 promoter might act as addi-

tional mechanism of inactivation of this putative tumor suppressor in

T-ALL. Hypermethylation of CpG islands within promoter regions of

tumor suppressor genes is a universal feature of tumorigenesis. Aber-

rant DNA methylation of SOCS2 has been reported in 14% of primary

ovarian cancers,39 25% of colorectal cancers40 and 43% of melanoma

cases.41 The only study aimed to investigate members of the SOCS

gene family in the context of aberrant promoter methylation in T-ALL

was that of Sharma et al.42 The authors found that DNA methylation

causes SOCS5 silencing and induces activation of JAK–STAT signaling

in T-ALL. They showed in vivo that inactivation of SOCS5 causes

leukemic progression in T-ALL xenograft model. Our study is the

first to report the significant inverse correlation between SOCS2

promoter methylation and its expression in T-ALL patients, sugges-

tive of the mechanism of promoter methylation-based repression

of SOCS2.

In conclusion, by integrating miRNA-seq, mRNA-seq, and methyl-

ation data from T-ALL patients and a combined proteomic and tran-

scriptomic approach applied to a T-ALL cell line upon miR-363-3p

inhibition, we provide evidence for the oncogenic role of miR-363-3p

in T-ALL via repression of PTPRC and SOCS2, genes implicated in JAK-

dependent signaling. We demonstrate that inhibition of miR-363-3p

in two T-ALL cell lines contributes to the loss of growth advantage of

T-ALL cells in vitro. We additionally indicate the potential role of pro-

moter methylation in the repression of SOCS2. We show that in a

subset of T-ALL patients, hypermethylation of promoter CpG islands

is inversely correlated with SOCS2 expression. Thus, we highlight the

existence of miRNA-mediated and methylation-based mechanisms

potentially contributing to the upregulation of JAK–STAT pathway in

T-ALL. The identification of these mechanisms, complementary or

alternative to mutations in JAK-related genes, has implications for the

development of predictive diagnostics and the identification of

patients eligible for treatment options targeting JAK–STAT pathway.
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