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Abstract
Several factors support CLL cell survival in the microenvironment. Under different experi-

mental conditions, IL21 can either induce apoptosis or promote CLL cell survival. To investi-

gate mechanisms involved in the effects of IL21, we studied the ability of IL21 to modulate

gene and miRNA expressions in CD40-activated CLL cells. IL21 was a major regulator of

chemokine production in CLL cells and it modulated the expression of genes involved in cell

movement, metabolism, survival and apoptosis. In particular, IL21 down-regulated the

expression of the chemokine genes CCL4, CCL3, CCL3L1, CCL17, and CCL2, while it up-

regulated the Th1-related CXCL9 and CXCL10. In addition, IL21 down-regulated the

expression of genes encoding signaling molecules, such as CD40, DDR1 and PIK3CD.
IL21 modulated a similar set of genes in CLL and normal B-cells (e.g. chemokine genes),

whereas other genes, includingMYC, TNF, E2F1, EGR2 andGAS-6, were regulated only in

CLL cells. An integrated analysis of the miRNome and gene expression indicated that sev-

eral miRNAs were under IL21 control and these could, in turn, influence the expression of

potential target genes. We focused on hsa-miR-663b predicted to down-regulate several

relevant genes. Transfection of hsa-miR-663b or its specific antagonist showed that this

miRNA regulated CCL17, DDR1, PIK3CD and CD40 gene expression. Our data indicated

that IL21 modulates the expression of genes mediating the crosstalk between CLL cells and

their microenvironment and miRNAs may take part in this process.

Introduction
B-cell chronic lymphocytic leukemia (CLL) is a common type of leukemia, characterized by
the progressive accumulation of CD5+ monoclonal B lymphocytes in peripheral blood, bone

PLOSONE | DOI:10.1371/journal.pone.0134706 August 25, 2015 1 / 18

OPEN ACCESS

Citation: De Cecco L, Capaia M, Zupo S, Cutrona G,
Matis S, Brizzolara A, et al. (2015) Interleukin 21
Controls mRNA and MicroRNA Expression in CD40-
Activated Chronic Lymphocytic Leukemia Cells. PLoS
ONE 10(8): e0134706. doi:10.1371/journal.
pone.0134706

Editor: Matthaios Speletas, University of Thessaly,
Faculty of Medicine, GREECE

Received: April 15, 2015

Accepted: July 13, 2015

Published: August 25, 2015

Copyright: © 2015 De Cecco et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Data Availability Statement: All microarray data
were MIAME-compliant and were deposited into the
GEO (Gene Expression Omnibus) database of NCBI
(National Center for Biotechnology Expression)
(http://www.ncbi.nlm.nih.gov/geo/), with accession
numbers GSE42158 and GSE42160.

Funding: This work was funded by: AIRC (IG10492
to MF, IG13518 to SF); Special Program Molecular
Clinical Oncology—“5 per mille”, grant 9980, 2010-15
to MF; “Innovative tools for cancer risk assessment
and early diagnosis—5 per mille”, grant 12162 to SC;

http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0134706&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://www.ncbi.nlm.nih.gov/geo/


marrow and lymphoid tissues [1,2]. The expansion of the CLL clone is due to an imbalance
between cell death and proliferation [3]. Clonal expansion occurs in specific niches within the
lymphoid tissues and the bone marrow where CLL cells are protected from apoptosis [4,5]. In
this supportive microenvironment, CLL cells establish interactions with multiple cell types,
including activated CD4+ T cells expressing CD40 ligand (CD40L) [6]. In addition, antigenic
stimulation is involved in CLL cell activation and proliferation via the triggering of their B-cell
receptor (BCR) complex, and evidence from several studies indicate that CLL cells derive from
antigen-experienced B-cells [7–9]. Besides CD40L and the antigen, several other molecules reg-
ulate CLL survival and proliferation. For example, nurse-like cells and stromal endothelial cells
support the survival of CLL cells in vitro through contact-dependent stimuli, mediated by
members of the tumor necrosis factor (TNF) superfamily [10,11]. In addition, several chemo-
kines and cytokines have been reported to regulate CLL cell survival and proliferation [5]. For
example, the chemokine CXC ligand 12 (CXCL12; also known as stromal cell-derived factor-1,
SDF-1), which is produced by nurse-like cells [12], mediates anti-apoptotic effects in CLL cells
via the CXC chemokine receptor type 4 (CXCR4). Importantly, chemokines have also been
involved in orchestrating the crosstalk between CLL cells and their supportive cells within the
microenvironment. Thus, CC ligand 3 (CCL3) and CCL4 are produced by CLL cells undergo-
ing BCR stimulation or co-culture with nurse-like cells [13]. In turn, these factors attract CC
receptor type 1 (CCR1)-expressing monocytes/macrophages, which activate endothelial cells
to support CLL cell survival [14]. In addition, CLL cells produce CCL22 and CCL17 in
response to CD40L stimulation and CCL22 attracts CCR4+CD4+CD40L+ T cells, which fur-
ther stimulate CLL cells [15].

Among the cytokines, hepatocyte growth factor (HGF), which is produced by different
types of mesenchymal cells, supports CLL cell survival [16]. In addition, cytokines of the inter-
leukin (IL) 2 family, such as IL4 and IL15, mediate CLL cell survival and proliferation [17,18].
In contrast, IL21, a regulator of normal B-cell survival [19] and differentiation, [20] was shown
to induce CLL B-cell apoptosis [21–23]. These data were obtained using recombinant IL21 at
pharmacological dosages (50–100 ng/ml). However, IL21 produced by CD4+CD40L+ T cells
supported the proliferation of co-cultured CLL cells [24], acting in concert with other T-follicu-
lar helper-derived cytokines such as IL4 [25]. Another report suggested that IL21, in combina-
tion with toll-like receptor (TLR) 9 agonists, exerts differential effects on CLL cells from
progressing or non-progressing patients [26]. IL21 may also induce CLL B-cell differentiation
through the induction of B-lymphocyte-induced maturation protein-1 (Blimp-1), a regulator
of plasma cell induction [27].

Moreover, IL21 also mediates the apoptosis of various non-Hodgkin’s lymphomas, includ-
ing follicular [28], mantle cell [29] and diffuse large B-cell lymphoma [30]. The observation
that IL21 inhibits the survival of some neoplastic B-cells may have translational implications.
Indeed, a phase I dose-finding trial of IL21 and rituximab in relapsed and refractory low-grade
B-cell malignancies suggested clinical activity [31]. Several lines of evidence indicate that
IL21-mediated effects require gene transcription through the JAK3/STAT-1 and -3 pathways,
which mediate apoptosis in sensitive cells [19,21–23,28–30]. Other cytokines, such as interfer-
ons, may regulate gene expression through the modulation of specific miRNAs, which target
specific mRNAs [32,33].

To gain additional knowledge on the molecular mechanisms of IL21 activity on neoplastic
B-cells, we studied the ability of IL21 to modulate gene and miRNA expressions in CD40-acti-
vated CLL cells. An integrated analysis of miRNA and mRNA expression suggested a role of
miRNAs in the regulation of gene expression by IL21.
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Materials and Methods

CLL and normal B-cell isolation, activation and apoptosis detection
This study was approved by the institutional review board of Istituto Nazionale per la Ricerca
sul Cancro (Genoa, Italy) and by the Ethical Committee of Regione Liguria. Peripheral blood
samples were obtained from untreated CLL patients (Table 1) upon written informed consent,
according to our institutional procedure and the Declaration of Helsinki. B-cell populations
were enriched from peripheral blood mononuclear cells by negative selection with antibody-
coated magnetic beads (anti-CD2; Dynal-Invitrogen, Oslo, Norway) to consist of>95% of
CD19+/CD5+ cells. The B-cell RosetteSep kit (Stemcell Technologies, Grenoble, France) was
used to isolate normal B-cells from buffy coats of six age-matched healthy donors. CLL or nor-
mal B-cells were then pre-activated by co-culture with adherent, irradiated CD40L-expressing
murine fibroblasts for 36–48 h, collected and stimulated for an additional 18 h with either
medium only or recombinant human IL21 produced in E. coli (Biosource-Invitrogen, San
Diego, Ca) at 80 ng/ml as described [21]. The CD40L-expressing NIH-3T3 murine fibroblast
cell line, stably transfected with human CD40L cDNA, was kindly provided by Franco Fais
(Genova, Italy) and was generated as previously described [34]. A dose of 80 ng/ml was used,
based on dose—response analyses. CD40L pre-stimulation allowed the enhancement of IL21
receptor (IL21R) expression on CLL cells and their sensitization to IL21 activity [21]. Apopto-
sis was assessed by fluorescence-activated cell sorting (FACS) analysis of annexin V—fluores-
cein isothiocyanate (FITC) and propidium iodide (PI) staining (Bender, Vienna, Austria).

Microarray analysis
Total RNA was isolated from both untreated and IL21-stimulated CLL and normal B cells,
using TRIzol (Invitrogen-LifeTechnologies, Carlsbad, CA, USA). Total RNA from 13 paired
untreated and IL21-stimulated cells was then amplified in vitro, labeled with biotin and hybrid-
ized on Sentrix Bead Chip HumanRef_8_v2 (Illumina, San Diego, CA, USA). Array chips were
washed, stained with 1 mg/ml of Cy3-streptavidine (GE Healthcare, Pittsburgh, PA) and
scanned with Illumina BeadArray Reader (Illumina, San Diego, CA, USA). For each gene, a
detection threshold with a p value< 0.05 was set, and 50% of missing values were allowed as a
cutoff to filter the reliable data, yielding an expression matrix containing 12,166 probes. In
addition, nine pairs of samples were miRNA-profiled on Illumina Human miRNA_v2 chips.
Mature miRNAs were amplified, fluorescently labeled, hybridized on Illumina miRNA Bead-
Chips and analyzed by the Illumina BeadArray Reader, as described previously [35]. Primary
data were collected using BeadStudio V3.0 software (Illumina, San Diego, CA, USA). All
microarray data were compliant to MIAME (Minimum Information About a Microarray
Experiment) guidelines and were deposited into the Gene Expression Omnibus (GEO) data-
base of NCBI (National Center for Biotechnology Expression) (http://www.ncbi.nlm.nih.gov/
geo/), with accession numbers GSE42158 and GSE42160.

Quantitative reverse transcriptase polymerase chain reaction (RT-
qPCR) analysis
TaqMan gene primer sets were purchased from Life Technologies (LifeTechnologies, Carlsbad,
CA, USA). Reverse transcription and PCR amplification for gene expression assays were per-
formed with TaqMan Transcription and TaqMan Gene Expression Master Mix, respectively,
following the manufacturer’s instructions (LifeTechnologies, Carlsbad, CA, USA). RT-qPCR
data were normalized, using POL2RA as housekeeping gene.
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miRNA RT-qPCR was performed using the miRCURY LNA Universal RT microRNA PCR
system (Exiqon, Vedbaek, Denmark) according to the manufacturer’s instructions.

Total RNA (20 ng) was polyadenylated and reverse-transcribed at 42°C (60 min), in a reac-
tion volume of 20 μl using a poly-T primer containing a 50 universal tag. After heat-inactivation
at 85°C the resulting cDNA was diluted 80-fold in nuclease free water, and a volume of 8 μl
was amplified in 20 μl reaction volume as follows: 95°C for 10 min, followed by 40 cycles at
95°C for 10 s and 60°C for 60 s. Normalization was performed with SNORD48 [36].

Gene and miRNA expression levels were quantified, using a sequence detection system
(ABI Prism 7900HT; LifeTechnologies, Carlsbad, CA), and the threshold cycle (Ct) for each
sample was determined. ABI SDS 2.4 software (LifeTechnologies, Carlsbad, CA, USA) was
used to recover the data, and the relative expression was calculated, using the comparative ΔCt
method.

Table 1. Prognostic markers of CLL cases and assays performed.

Patient CD38% ZAP70% IgVH Mutations Assays

1 75.5 90 Unmutated MA, RT-qPCR, miR

2 0.8 16 Mutated MA, RT-qPCR

3 50 10 Mutated MA, RT-qPCR

4 17 31 Unmutated MA, RT-qPCR

5 20 20 Mutated MA, RT-qPCR

6 53 24 Mutated MA, RT-qPCR, miR

7 82 67 Unmutated MA, RT-qPCR, miR

8 7 35 Mutated MA, RT-qPCR, miR

9 82 47 Unmutated MA, RT-qPCR, miR

10 35 42.5 Unmutated MA, RT-qPCR, miR

11 2 19 ND MA, RT-qPCR, miR

12 1.9 1 Mutated MA, RT-qPCR, miR

13 99 6.7 Unmutated MA, RT-qPCR, miR

14 20.5 47 Unmutated ELISA, RT-qPCR

15 nd 59 Unmutated ELISA, RT-qPCR

16 28 59 Unmutated ELISA, RT-qPCR

17 0.5 39 Mutated ELISA, RT-qPCR

18 0.8 33.5 Mutated ELISA, RT-qPCR

19 nd Nd Mutated ELISA, RT-qPCR

20 1 4 Mutated ELISA, RT-qPCR

21 1 5 Mutated ELISA, RT-qPCR

22 2.5 29.2 Mutated ELISA, RT-qPCR

23 99.9 30 Unmutated ELISA, RT-qPCR

24 12.5 56.3 Mutated ELISA, RT-qPCR

25 14 30 Mutated ELISA, RT-qPCR, TR

26 nd nd Mutated ELISA, RT-qPCR, TR

27 42.6 47.1 Unmutated RT-qPCR, TR

28 40.5 49.5 Unmutated RT-qPCR, TR

29 10 50 ND RT-qPCR, TR

All patients were untreated and at diagnosis. ND = not determined; MA = microarray for gene expression profiling (training set); miR = analysis of

miRNome; ELISA = validation for chemokines by ELISA; TR = miR/antagomiR transfection assay.

doi:10.1371/journal.pone.0134706.t001
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Enzyme-linked immunosorbent assay (ELISA) for chemokines
Supernatants from either untreated or IL21-treated CLL cells were harvested 36 h post stimula-
tion and assayed by ELISA for CCL3, CCL4, CCL17, CCL22, CXCL9 and CXCL10 according
to the manufacturer’s protocol (R&D Systems, Minneapolis, MN, USA).

miRNA and antagomir transfection
Hsa-miR-663b, its specific antagonist or an irrelevant synthetic RNA (Qiagen, Milan, Italy)
were transfected, in triplicate, in CD40-activated CLL cells (106 cells) at 50 nmol/l, using the
AMAXA nucleofection system, the human B-cell kit and the U-015 program (Lonza, Cologne,
Germany). After 18 h of culture, RNA was extracted for mRNA analysis.

Statistics and bioinformatic analyses
Differentially expressed genes were defined according to the following criteria: false discovery
rate (FDR)<0.01 and a fold-change threshold>1.5 or< 0.667. The open-source MultiExperi-
ment Viewer v4.6 was used for principal component analysis (PCA), and the BrB Array-
Tools_v4.1.0-stable release (http://linus.nci.nih.gov/brb) was used for class comparison,
hierarchical clustering, global test and heat map analyses. In this study, we used weighted gene
co-expression network analysis (WGCNA) [37] to determine the gene co-expression networks
regulated by IL21 in CD40-activated CLL cells from microarray gene expression data.
WGCNA is a systems biology method that enables the description of the correlation patterns
among genes and the identification of modules of highly correlated genes across microarray
samples. As a result, WGCNA offers a meaningful data reduction scheme, focusing the analysis
on modules expected to correspond to specific biological functions. The method is based on
the computation of pair-wise Pearson correlations between each gene pair, allowing the assess-
ment of the topological overlap (TO), a measurement of the relationships of the two genes
against all other genes. A hierarchical map, using 1-TO as the distance measure, was built to
cluster the genes, and a tree-cutting algorithm was used for module assignments. The module
eigengene (ME) is a representative value of each module, which is equivalent to the first princi-
pal component and explains the largest proportion of variance of the module genes. Submap
analysis was performed, using subclass mapping [38], to assess the degree of molecular corre-
spondence among different datasets. IPA 8.5 (Ingenuity Pathway Analysis, Ingenuity Systems;
Qiagen Venlo, The Netherlands) was used to analyze the functional and network connections.
Integration of miRNA and mRNA data was performed, using the MAGIA tool [39], and visual-
ized by Cytoscape [40] miRNA, gene expression and protein levels were compared, using a
two-sample paired Student's t-test with random variance model.

Results

IL21 regulated gene expression in CD40-activated CLL cells
Under the experimental conditions used, IL21 induced a slow-rate apoptotic process, which
became clearly evident at 48–96 h, while no significant apoptosis was induced by IL21 at 18 h
when compared to untreated cells (Fig 1). IL21 induced apoptosis (>10% of induction relative
to untreated cells) in 40% of cases, and no correlation between apoptosis and CLL clinical and
biological characteristics was evident.

Then we studied how IL21 could modify gene expression by means of high-throughput
analysis of CLL cells from a first cohort of 13 patients (Table 1). A large number of genes were
modulated following IL21 treatment, as represented by the volcano plot (Fig 2A). According to
the imposed thresholds, a total of 563 differentially expressed genes (corresponding to 582
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probes) were retrieved, among which 275 genes were up-regulated and 288 down-regulated.
PCA showed that the samples were distributed in two main clusters, matching the IL21-treated
and -untreated CLL cells (Fig 2B). In this cohort, the pattern of IL-21-regulated genes was not
significantly different in subgroups stratified on the basis of IgVH mutational status or of
ZAP70 or CD38 expression.

Submap analysis [39] of four publicly available datasets of IL21-treated vs. untreated (i) human
CLL cells (GSE50572) [24] (ii) human Sezary T cells (GSE8685) [41] (iii) murine naïve CD8+ T
cells (GSE2059) [42] and (iv) murine pre-activated CD4+ T cells (GSE19198) [43] showed regula-
tion of the same or orthologous genes coherent with those identified in our dataset (S1 Fig).

The dendrogram obtained by the WGCNA method showed that the differentially expressed
genes clustered into three modules (defined as ME ‘color’module), representing correlated net-
works of genes within each module (Fig 2C). To determine potential relationships among the
modules, a set of seed “eigengenes”, one for each module, was computed. The heatmap of the
three module “eigengenes” (MEs) indicated a high level of correlation between the green and
blue modules and, to a lesser extent, to the pink module (Fig 2D). The genes entering into each
module are listed in S1 Table along with FDR and fold-change.

Functional analyses of signaling pathways and network connections were performed by
IPA. S2 Table shows the top functions (imposing a score of> 30) associated with each module.

Fig 1. Time-course of IL-21 activity. IL21 (80 ng/ml) induced apoptosis of CD40-activated CLL cells only at late time points, as detected by FACS analysis
of annexin V/PI staining. Gating and dot plots from a representative case are shown.

doi:10.1371/journal.pone.0134706.g001
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In the largest module (MEpink module) that included 272 genes, the three top functions
were: (i) lipid metabolism, small molecule biochemistry, hematological system development
and function, (ii) humoral immune response, protein synthesis, cellular development and (iii)
endocrine system disorders, gastrointestinal disease, immunological disease (S2 Table). Indeed,
several modulated genes encoded cytokine receptors (IL2RA and IL2RB up-regulated; IL13RA1
down-regulated), cytokines (IL12A and TNFSF10 up-regulated; EBI3, IL15, TNF and TNFSF4
down-regulated) and chemokines (CCL17 and CCL22 down-regulated). The three most signifi-
cant molecular pathways contain TNF, nuclear factor kappa B (NF-κB) or major histocompati-
bility complex (MHC) class II as hubs (S2 Table).

Fig 2. Bioinformatic analyses of IL21-modulated genes in activated CLL cells. (a) Volcano plot for the 12,166 genes detected by microarray analysis.
The X-axis represents the fold-change, and the Y-axis represents the −log10 p value. A total of 582 probes (blue dots) were expressed differentially in
IL21-treated, relative to untreated CLL cells, imposing an FDR < 0.01 and a fold-change > 1.5 or < 0.667. Global test: probability of obtaining at least 582
probes significant by chance if there were no real differences between the classes; p = 0.026. (b) The differentially expressed genes, as visualized by PCA,
separated the samples in two well-defined groups corresponding to IL21-treated (blue) and untreated (red) cells. (c) WGCNAwas performed on differentially
expressed genes; clusters of like-regulated genes were referred to as modules by color (pink, green and blue). Those few genes (19) not included in the
modules are in grey. In the heatmap, the intensity of red coloring indicates a high correlation of expression. (d) Eigengene dendogram and heatmap. Two
correlated eigengenes, corresponding to MEgreen and MEblue, clustered together and differed fromMEpink.

doi:10.1371/journal.pone.0134706.g002
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In the MEgreen module that included 206 genes, the four top functions were: (i) RNA post-
transcriptional modification, cellular assembly and organization, cellular function and mainte-
nance, (ii) RNA post-transcriptional modification, infectious disease, cardiovascular disease,
(iii) cell-to-cell signaling and interaction, cellular movement, hematological system develop-
ment and function, and (iv) carbohydrate, lipid and nucleic acid metabolism (S2 Table). These
networks suggest that IL21 may profoundly affect the metabolism of CLL cells. Networks 1 and
3 had the phosphoinositide 3 kinase (PI3K) and NF-kB complexes as respective hubs (S2 Table
and Fig 3). Interestingly, network 3 included the pro-inflammatory chemokines CCL3, CCL4
and CCL3L1/LOC730422, as well as the cytokine genes LTB and TNF, all down-regulated in
IL21-treated CLL cells. In contrast, CXCL9 and CXCL10 chemokine genes were among the
genes mostly up-regulated by IL21. In addition, the MEgreen module containedMYC and
MYC-associated genes, which were all up-regulated by IL21 (S2 Table).

The MEblue module included 85 genes that were mainly up-regulated (84%) by IL21. The
three top functions were: (i) DNA replication, recombination and repair, cell cycle, cancer, (ii)
cancer, lipid metabolism, molecular transport, and (iii) cellular assembly and organization, cel-
lular function and maintenance, post-translational modification (S2 Table). Network 1 con-
tained the highest number of up-regulated genes, including the transcription factor E2F1, the
MCM (minichromosome maintenance) family membersMCM-4, -5, -6, -7 and -10 and the
growth arrest (GAS)-6 gene (S2 Table).

IL21 regulated the expression of chemokine mRNA and protein
In view of the number of chemokine genes modulated by IL21 and their role in CLL biology,
the expression of these genes was confirmed in the same cohort and validated on a distinct set
of 16 CLL cases (Table 2). RT-qPCR analyses confirmed that IL21 inhibited significantly the
expression of CCL3, CCL3CL1, CCL4, CCL17 and CCL22mRNA, relative to untreated cells,

Fig 3. Functional network identified by IPA. IPA analysis identified a functional network in the MEgreen
module, corresponding to cell-to-cell signaling and interaction, cellular movement, hematological system
development and function, with NF-κB as a hub. The network is displayed graphically as nodes (genes) and
edges (the biological relationships between nodes). The node color intensity is related to the IL21-mediated
changes in gene expression levels (red, up-regulated; green, down-regulated genes).

doi:10.1371/journal.pone.0134706.g003
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while it up-regulated the Th1-related CXCL9 and CXCL10 chemokine gene expression. As a
control, the chemokine CCL20, not differentially expressed in the arrays, was also assessed by
RT-qPCR, confirming the absence of modulation by IL21. In addition, a group of biologically
relevant genes were validated using RT-qPCR and showed consistent modulation by IL21
(Table 2). We then verified whether IL21 regulated chemokine protein production in a set of
CLL cases (Table 1). The concentration of each chemokine was assessed by ELISA, in condi-
tioned media of IL21-treated or untreated CLL cells. IL21 significantly inhibited CCL3, CCL4,
CCL17 and CCL22, whereas it induced CXCL9 and CXCL10 secretion (Fig 4). Altogether,
these data indicated that IL21 is a major regulator of chemokine expression in CD40-activated
CLL cells.

Gene-expression IL21 regulation in CD40 activated normal B-cells
IL21 regulated a similar set of genes in normal CD40-activated B-cells isolated from the periph-
eral blood of age-matched healthy donors (Table 2). Most of the RT-qPCR-validated genes of
the MEpink and MEgreen modules, including chemokine genes, were regulated in a similar
fashion in CLL and normal B-cells. However, TNF andMYC genes, modulated in CLL cells,
were unchanged in normal B-cells. Intriguingly, the three validated genes of the MEblue

Table 2. Gene-expression in IL21 treated vs untreated CLL and normal B-cells, as assessed by RT-qPCR.

Gene Arrays1 Technical validation by RT-
qPCR1

Independent validation by
RT-qPCR2

Normal B cells by RT-
qPCR3

Gene symbol Module Fold change* Fold change* p-value Fold change* p-value Fold change* p-value

CCL17 MEpink 0.19 ## 0.08 ## 0.00019 0.1 ## 0.000136 0.14 ## 0.000538

CCL22 MEpink 0.35 ## 0.21 ## 0.00167 0.13 ## 0.0000026 0.36 ## 0.00226

CD40 MEpink 0.66 # 0.53 # 0.000136 0.51 # 0.00812 0.5 0.118

DDR1 MEpink 0.44 ## 0.27 ## 3.53E-05 0.39 ## 0.000558 0.46 0.9

EBI3 MEpink 0.52 # 0.4 ## 0.000153 0.36 ## 0.000108 0.73 # 0.0114

ITPKB MEpink 0.61 # 0.54 # 0.00606 0.74 # 0.0348 0.74 # 0.0348

PIK3CD MEpink 0.59 # 0.42 ## 0.000602 0.43 ## 0.000312 0.52 # 0.00791

TNF MEpink 0.61 # 0.44 ## 0.0009631 0.57 # 0.067 1.11 0.731

TNFSF4 MEpink 0.4 ## 0.34 ## 0.00903 0.5 ## 0.0013 0.37 ## 0.000215

TSPAN33 MEpink 0.43 ## 0.25 ## 1.84E-05 0.6 # 0.00832 0.62 # 0.00181

CCL3 MEgreen 0.46 ## 0.25 ## 0.0002371 0.56 # 0.0027 0.6 # 0.00625

CCL3L1 MEgreen 0.51 # 0.11 ## 3.10E-06 0.42 ## 0.000296 0.79 0.149

CCL4 MEgreen 0.51 # 0.14 ## 0.0004231 0.2 ## 0.0000307 0.67 0.0684

CXCL9 MEgreen 3.78 "" 32.5 "" 5.00E-07 2.39 "" 0.0174 10.49 "" 0.00448

CXCL10 MEgreen 2.53 "" 8.31 "" 0.00194 3.52 "" 0.00915 4.94 "" 0.000961

LTB MEgreen 0.40 ## 0.18 ## 0.0001214 0.46 ## 0.0154 0.29 ## 0.00193

MYC MEgreen 2.34 """ 6.77 "" 8.90E-06 4.97 "" 0.000315 1.31 0.15

E2F1 MEblue 1.52 "" 3.1 "" 0.000394 2.53 "" 0.00094 1.15 0.274

EGR2 MEblue 2.09 "" 2.36 "" 0.00203 3.18 "" 0.000003 1.01 0.78

GAS6 MEblue 4.55 "" 16.31 "" 1.01E-05 8.18 "" 0.00255 1.79 0.117

CCL20 not DE $ 0.98 0.926 1.29 0.351 1.03 0.614

*IL21/CTR
1: RNA from 13 samples (patient code 1 to 13 in Table 1);
2: RNA from 16 samples (patient code 14 to 29 in Table 1);
3: RNA from 6 healthy donors

doi:10.1371/journal.pone.0134706.t002
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module E2F1, EGR2 and GAS-6 also showed no changes in normal B-cells. Thus, IL21 modu-
lates the expression of several genes in both normal and CLL B-cells, although a set of genes is
uniquely regulated in CLL cells.

Integrated analysis of miRNome and gene expression profiling indicated
a potential role of miRNA in IL21-mediated gene regulation
To investigate whether IL21 could regulate gene expressions through specific miRNAs, we ana-
lyzed whether IL21 modified the miRNome in CLL cells and performed an integrated analysis
of miRNAs and gene expression profiles. Among the 565 miRNAs detected consistently in the
nine sample pairs analyzed (Table 1), 63 miRNAs were modulated significantly by IL21 treat-
ment. Thirty-nine of these miRNA were up-regulated, and 23 down-regulated, at p< 0.05, as
shown by class comparison analysis (S3 Table). Three representative miRNAs (up-regulated
hsa-miR-663b, and down-regulated hsa-miR-125b-1� and hsa-miR-708) were validated further
by RT-qPCR, which confirmed the array data (S4 Table). In normal B-cells, IL21 significantly
modulated hsa-miR-663b but not hsa-miR-125b-1� and hsa-miR-708 expression (S4 Table).

We compared the differentially expressed miRNAs to the differentially expressed genes in
the same samples using the MAGIA software [39]. Overall, 33 miRNAs (S5 Table) had a nega-
tive correlation with 290 of the 550 genes belonging to the modules. Nine miRNAs were poten-
tially master regulators of 73% of genes differentially expressed, and their potential targets were
distributed in all three modules. Among these miRNAs, hsa-miR-296-3p, hsa-miR-125b-1�,
hsa-miR-1225-5p and hsa-miR-1228� showed the largest number of potential targets (S5 Table
and Fig 5). In contrast to these miRNAs, the potential target genes (27/28) of hsa-miR-663b
clustered into the MEpink module (S5 Table).

Fig 4. Effects of IL21 on chemokine protein levels in CLL-stimulated cells. CD40-pre-activated CLL cells
were cultured for 36 h in the presence or absence of IL21, and their conditioned media were tested for
chemokine concentrations by ELISA. IL21 inhibited the secretion of CCL22, CCL17, CCL4 and CCL3 from
CLL cells in different patients (no. 13), while it up-regulated CXCL9 and CXCL10 secretion. p values were
obtained using two-tailed paired t-test.

doi:10.1371/journal.pone.0134706.g004
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The negatively correlated miRNA—mRNA interactions (S1 Table) suggested the interplay
between specific IL21-regulated miRNAs and potential target genes. The MAGIA tool clus-
tered the negatively correlated miRNA/gene interactions into two main networks (Fig 5). The
largest network included 17 IL21-up-regulated miRNAs, among which hsa-miR-296-3p, hsa-
miR-663b and hsa-miR-1228� showed the largest number of interconnected target genes. The
other network included the IL21-down-regulated miRNAs hsa-miR-125b-1�, hsa-miR-326,
hsa-miR-542-5p and hsa-miR-652 and their inversely regulated target genes.

Role of hsa-miR-663b in IL21-mediated gene regulation
The miRNA hsa-miR-663b targeted specifically a set of genes belonging to a single module and
pathway (S5 Table, S2 Fig). As this finding suggested its involvement in a functional network
encompassing cellular movement and hematological system development and function, we
investigated this miRNA further. In particular, we focused our attention on its potential effect
on CCL17, CD40 and PI3KCDmRNAs, which are biologically relevant to CLL, and on DDR1
mRNA that encodes a tyrosine kinase receptor expressed in several tumors and leukemias [44].
To verify that hsa-miR-663b can affect gene expression, CD40L-activated CLL cells from five
different patients were transfected with either hsa-miR-663b or an irrelevant RNA sequence.
Conversely, IL21-stimulated CLL cells were transfected with either the hsa-miR-663b antago-
nist or the irrelevant RNA. An experimental control using RT-qPCR, showed that both hsa-
miR-663b transfection and IL21 treatment strongly enhanced hsa-miR-663b intracellular levels
in CLL cells (S3 Fig). Transfection with the antagonist down-regulated hsa-miR-663b levels in

Fig 5. Computational integration of IL21-regulated genes andmiRNAs using the MAGIA bioinformatic tool. The network of the differentially
expressed miRNAs and their anti-correlated genes was computed. The top 250 interactions were used to generate the network using the Cytoscape tool.
Red triangles indicate IL21-up-regulated miRNAs and yellow triangles indicate IL21-down-regulated miRNAs. The negatively correlated genes are indicated
in colors referring to their related module (pink, blue and green). Light colors indicate genes down-regulated and dark colors genes up-regulated by IL21.

doi:10.1371/journal.pone.0134706.g005
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IL21-treated cells compared to cells transfected with an irrelevant RNA sequence (S3 Fig). This
finding is in agreement with the concept that antagomir/miRNA duplexes are degraded.

RT-qPCR analyses showed that transfection with hsa-miR-663b down-regulated signifi-
cantly the expression of CCL17, CD40, DDR1, and PIK3CDmRNAs in a similar fashion to
IL21 (Fig 6). However, the hsa-miR-663b antagonist inhibited the down-regulation of these
mRNAs in IL21-treated cells (Fig 6). As a control, we also tested the IL21-insensitive gene
CCL20, which was not modulated by hsa-miR-663b or its antagonist (S4 Fig). These data indi-
cated that IL21 modulated the expression of genes in CLL cells through mechanisms involving
hsa-miR-663b and identified novel potential biological functions of this miRNA.

Discussion
Our present findings indicate that IL21 can profoundly modify the mRNA and miRNA expres-
sion profiles in CD40-activated CLL cells. The gene and miRNA expression profiles were ana-
lyzed by microarray in a first cohort, and selected features were validated by qRT-PCR in the
same case material and subsequently in an independent cohort. In addition, a coherent

Fig 6. Role of hsa-miR-663b in IL21-mediated gene regulation. The box plots indicate the expression of CCL17, DDR1, CD40 and PIK3CD genes in CLL
cells from five different patients transfected with an irrelevant RNA sequence (indicated as irr) or with hsa-miR-663b (indicated as 663b). In addition,
IL21-stimulated CLL cells were transfected with the irrelevant RNA (indicated as irr IL21) or with hsa-miR-663b antagonist (indicated as a663b IL21).
Expression was tested by RT-qPCR. Statistical analysis was performed using the Kruskall—Wallis test.

doi:10.1371/journal.pone.0134706.g006
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regulation of the same or orthologous genes was identified by submap analysis of a dataset of
IL21-stimulated CLL cells [24] and three publicly available datasets of human and murine T
cells stimulated by IL21 [41–43], suggesting a relevant role of the genes identified in our data-
set. Finally, an integrated analysis of miRNA and mRNA expressions indicated that several
miRNAs and mRNAs show significant anti-correlation, suggesting that IL21-modulated miR-
NAs regulate gene expression in CLL cells. Although we used IL21 at concentration of 80 ng/
ml, which may represent a “pharmacological” dose, higher than physiological levels, our obser-
vations might be relevant considering potential therapeutic applications. In any case, the true
physiological concentrations of IL21 in the local microenvironment of secondary lymphoid
organs cannot be really established.

Genes regulated by IL21 functionally clustered into different modules. The first module
(MEpink) contained genes involved in hematological system development, humoral immune
response and immune disease. Indeed, this cluster comprised several genes encoding cytokine
receptors, cytokines and the chemokines CCL17 and CCL22. The two most significant func-
tional networks of genes within this cluster had, as highly connected nodes, NF-κB and TNF,
respectively.

The NF-κB network included several down-regulated genes such as NFKBIZ, NFKBIE and
FCER. FCER encodes FceR-II (CD23), which we reported previously as being down-regulated
by IL21 [21]. However, within the same network, STAT3 was up-regulated. IL21 induces
STAT3 phosphorylation in CLL cells [21], andMYC is a known STAT3 target gene [45].
Accordingly,MYC and other STAT3-dependent genes [46], such as STAT3, SOCS3, BCL3 and
BCL6, were up-regulated by IL21 in CD40-activated CLL cells (S1 Table). Previous findings
indicate that STAT3 up-regulates c-Myc expression in IL21-treated diffuse large B-cell lym-
phoma [30]. In this study, the STAT3/MYC pathway triggered apoptosis through the down-
regulation of the anti-apoptotic Bcl-2 and Bcl-X(L) proteins. Here, we also found that IL21
inhibited the expression of the anti-apoptotic genes BCL2 and BCL2L1 (the latter encoding
Bcl-X(L) protein) in CLL cells, whereas it up-regulated the pro-apoptotic genes GZMB and
BNIP3 (S1 Table), in agreement with a previous report [24].

In addition, a previous study reported that IL21 up-regulates granzyme-B expression in
CLL and normal B-cells, resulting in the acquisition of cytotoxic properties and the induction
of cell apoptosis [22]. In agreement with these data, GZMB was also up-regulated by IL21 in
our study. Altogether, these data indicate that IL21 induces an imbalance in the expression of
pro- and anti-apoptotic genes in CLL cells and suggest that IL21-mediated pro-apoptotic
mechanisms are common to different B-cell neoplasms.

Interestingly, not only TNF, but also the TNF-related LTB gene, which encodes lympho-
toxin-β, was down-regulated by IL21. Lymphotoxin-β is expressed highly in CLL cells and may
support CLL cell proliferation in vitro [47], suggesting that IL21 may interfere with autocrine
loops involving lymphotoxin-β in CLL cells.

The top functions of the second module (MEgreen) of IL21-modulated genes were RNA
post-translational modification, cellular assembly and function, cell-to-cell signaling, cell
movement and hematological system development. Pathway analysis showed PI3K and NF-κB
complexes as highly connected nodes of two networks of regulated genes. Both PI3K and NF-
κB are in biologically relevant pathways, which generate signals from several surface receptors,
including the BCR complex and chemokine receptors, and mediate growth, survival and
migration of CLL cells [48,49]. Importantly, we found that IL21 down-regulated the expression
of the PIK3CD gene, which encodes PI3Kδ. This PI3K isoform is activated constitutively in
CLL cells, most likely through stimuli arising from the microenvironment [48,49]. For this rea-
son, PI3Kδ plays a crucial role in CLL biology and is considered a relevant target for therapy.
Indeed, small molecule inhibitors of PI3Kδ, such as GS-1101, promote apoptosis of primary
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cells from CLL and other B-cell malignancies. In addition, CLL patients treated with GS-1101
showed a redistribution of CLL cells from the bone marrow and lymphoid organs in the
periphery, and a reduction in CCL3 and CCL4 serum levels [49].

Importantly, in the present report, we showed that IL21 down-regulated the expression of
the pro-inflammatory CCL3, CCL4 and CCL3L1 chemokine genes, and also those of CCL17
and CCL22, which are Th2-related chemokine genes. These data were confirmed further in
independent cohorts and collectively indicate that IL21 inhibits the production of chemokines
that favor the crosstalk of CLL cells with supportive cells within the microenvironment [13–
15]. In addition, IL21 up-regulated the expression of the Th1-related CXCL9 and CXCL10 che-
mokine genes, thus suggesting that IL21 mediates a shift from a Th2 to a Th1 chemokine pro-
file in CLL cells. In murine tumor models, IL21 induces a Th1 immune response and anti-
angiogenic effects mediated by CXCL9 and CXCL10 [50]. In general, most effects of IL21 on
gene expression are similar in CLL and normal B-cells, indicating a role for these genes in nor-
mal B-cell responses. However, modulation of specific genes, such as TNF,MYC, E2F1, EGR2
and GAS-6, occurred only in CLL B-cells, suggestive of a specific role of IL21 in CLL biology.
In particular, the EGR2 gene was recently found mutated in 8% of CLL cases with poor progno-
sis, suggesting a possible role of this gene in CLL pathogenesis, possibly through a deregulation
of BCR intracellular signaling [51].

It is well known that specific miRNAs play an important role in CLL pathogeny and regulate
the expression of several genes [52]. In addition, some cytokines were reported to regulate dif-
ferent miRNAs [32–33]. We therefore tested the hypothesis that specific sets of miRNAs could
be modulated by IL21 and regulate gene expression in CLL cells. Indeed, our findings indicated
that IL21 modulated significantly the expression of 63 miRNAs. To our knowledge, these miR-
NAs were not implicated previously in CLL biology, and some of them have yet unknown func-
tions. However, the present data may underestimate the number of IL21-modulated miRNAs,
as the miRBase 12 chip allowed the detection of only about 50% of the known miRNAs (miR-
Base 19). We then correlated miRNA to gene expression, using bioinformatic tools for data
integration and prediction of potential miRNA/target gene interactions. The significant inter-
actions involved 33 miRNAs, which were negatively correlated with 290 genes clustered in the
different modules. Nine of these miRNAs appeared to regulate about 73% of expressed genes
and could thus represent the main regulators of the effects of IL21 on CLL cells. In particular,
we found that miR-125b-1�, miR-1228�, miR-296-3p and miR-1225-5p showed the largest
number of potential interactions. Two of these miRNAs were ‘star’ sequences, which derive
from pre-miRNA processing and were thought to be non-functional and rapidly degraded.
However, this concept has been challenged, and several miR�, including miR-125b-1� and
miR-1228�, have been renamed as hsa-miR-125b-1-3p and hsa-miR-1228-5p, respectively.

To confirm further that miRNAs modulated by IL21 can affect gene expression, we selected
hsa-miR-663b. This miRNA is one of the miRNAs mostly up-regulated by IL21 and is also
related to a single functional cluster of genes (that is, the MEpink module). In addition, hsa-
miR-663b showed an inverse relationship with the expression of potentially relevant IL21-re-
gulated genes, suggesting its possible involvement in some IL21 effects. Indeed, CD40L-acti-
vated CLL cells transfected with hsa-miR-663b showed a significant down-regulation of
CCL17, CD40, DDR1 and PI3KCDmRNAs. Conversely, the specific antagonist of hsa-miR-
663b inhibited the down-regulation of the same genes mediated by IL21 treatment. Altogether,
these data confirmed that IL21 can modulate the expression of genes in CLL cells through
mechanisms involving the regulation of specific miRNAs and identify novel potential functions
of hsa-miR-663b.

Although hsa-miR-663b regulated the expression of four mRNA targets and had potential
binding sites in the 30 UTR sequences, its activity might either be related to a direct action or
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involve indirect mechanisms through other targets. IL21 modulated hsa-miR-663b and its
potential target genes not only in CLL, but also in normal B-cells, suggesting a general role of
this miRNA in modulating both neoplastic and normal B-cell functions.

In conclusion, our data showed that IL21 is a potent modulator of gene expression in CLL
cells. IL21 may regulate gene expression not only through specific transcription factors, such as
STAT3, but also through the regulation of several miRNAs that potentially target more than
200 genes.

Supporting Information
S1 Fig. Subclass mapping analysis. Subclass mapping (SubMap) analysis comparing genome-
wide molecular patterns identified in the current study (A1 and A2) and those identified in
publicly available microarray datasets (B1 and B2). Red color indicates high confidence for cor-
respondence; blue color indicates lack of correspondance. P values are indicated in the corre-
sponding boxes. GSE50572: IL21-treated vs untreated human CLL cells [24]; GSE8685:
IL21-treated vs untreated human Sezary cells [41]; GSE2059: IL21-treated vs untreated murine
naive CD8+ T cells [42]; GSE19198: IL21-treated vs untreated murine pre-activated CD4+ T
cells [43].
(PDF)

S2 Fig. Ingenuity Pathway Analysis (IPA) of hsa-miR-663b targeted genes. The genes found
as putative targets of hsa-miR-663b using MAGIA web-tool, identified a significant network
(Infectious Disease, Cellular Movement, Hematological System Development and Function).
Green indicates genes negatively correlated to hsa-miR-663b expression.
(PDF)

S3 Fig. hsa-miR-663b expression in transfected and/or IL21-treated CLL cells. The box-
plots indicate the relative expression of hsa-miR-663b in CLL cells from 5 different patients
transfected with an irrelevant RNA sequence (irr) or with hsa-miR-663b (indicated as 663b).
In addition, IL21-stimulated CLL cells were transfected with the irrelevant RNA (irr IL21) or
with hsa-miR-663b antagonist (a663b IL21). Expression was tested by RT-qPCR. Statistical
analysis was performed by Kruskall-Wallis test.
(PDF)

S4 Fig. CCL20 expression in miRNA or antagomir-transfected CLL cells. CLL cells were
transfected with an irrelevant RNA sequence (irr) or with hsa-miR-663b (663b). In addition,
IL21-stimulated CLL cells were transfected with the irrelevant RNA (irr IL21) or with hsa-
miR-663b antagonist (a663b IL21). Expression was tested by RT-qPCR. Statistical analysis was
performed using the Kruskall—Wallis test.
(PDF)

S1 Table. Genes differentially expressed between IL21-stimulated and paired control CCL
cells. genes belonging to modules and their anti-correlation with differentially expressed
miRNA.
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S2 Table. List of the significant networks identified by IPA analysis in ME pink, ME green,
and ME blue modules. The table summarizes the molecules present in each network (green
up-regulated in CTR cells; red up-regulated in IL21-treated cells), the score (transformed
from-logP, where P is calculated by the Fisher's exact test), the focus molecules, and the top
functions.
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IL21 Regulates mRNA and MiRNA Expression in CLL Cells

PLOS ONE | DOI:10.1371/journal.pone.0134706 August 25, 2015 15 / 18

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0134706.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0134706.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0134706.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0134706.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0134706.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0134706.s006


S3 Table. List of miRNAs differentially expressed between CLL cells stimulated with IL21
and controls.
(XLSX)

S4 Table. miRNA validation.
(PDF)

S5 Table. miRNAs potentially involved in expression regulation of genes belonging to iden-
tified modules.
(PDF)

Author Contributions
Conceived and designed the experiments: SF SC LDC. Performed the experiments: LDC EM
MC AB AMO. Analyzed the data: LDC SZ GC SM. Wrote the paper: MF SF LDC SC.

References
1. Zhang S, Kipps TJ. The Pathogenesis of Chronic Lymphocytic Leukemia. Annu. Rev. Pathol. 2014;

9:103–118. doi: 10.1146/annurev-pathol-020712-163955 PMID: 23987584

2. Chiorazzi N, Rai KR, Ferrarini M. Chronic lymphocytic leukemia. N. Engl. J. Med. 2005; 352:804–815.
PMID: 15728813

3. Messmer BT, Messmer D, Allen SL, Kolitz JE, Kudalkar P, Cesar D, et al. In vivo measurements docu-
ment the dynamic cellular kinetics of chronic lymphocytic leukemia B cells. J. Clin. Invest. 2005; 115
(3):755–64. PMID: 15711642

4. Fecteau JF, Kipps TJ. Structure and function of the hematopoietic cancer niche: focus on chronic lym-
phocytic leukemia. Front. Biosci. (Schol Ed). 2012; 4:61–73.

5. Burger JA. Chemokines and chemokine receptors in chronic lymphocytic leukemia (CLL): from under-
standing the basics towards therapeutic targeting. Semin. Cancer Biol. 2010. 20(6):424–30. doi: 10.
1016/j.semcancer.2010.09.005 PMID: 20883788

6. Granziero L, Ghia P, Circosta P, Gottardi D, Strola G, Geuna M, et al. Survivin is expressed on CD40
stimulation and interfaces proliferation and apoptosis in B-cell chronic lymphocytic leukemia. Blood.
2001; 97:2777–2783. PMID: 11313271

7. Marcatili P, Ghiotto F, Tenca C, Chailyan A, Mazzarello AN, Yan XJ, et al. Igs expressed by chronic
lymphocytic leukemia B cells show limited binding-site structure variability. J. Immunol. 2013;
190:5771–5778. doi: 10.4049/jimmunol.1300321 PMID: 23636053

8. Chiorazzi N, Ferrarini M. Cellular origin(s) of chronic lymphocytic leukemia: cautionary notes and addi-
tional considerations and possibilities. Blood. 2011; 117:178117–91.

9. Seifert M, Sellmann L, Bloehdorn J, Wein F, Stilgenbauer S, Dürig J, et al. Cellular origin and patho-
physiology of chronic lymphocytic leukemia. J. Exp. Med. 2012. 209:2183–2198. doi: 10.1084/jem.
20120833 PMID: 23091163

10. Nishio M, Endo T, Tsukada N, Ohata J, Kitada S, Reed JC, et al. Nurselike cells express BAFF and
APRIL, which can promote survival of chronic lymphocytic leukemia cells via a paracrine pathway dis-
tinct from that of SDF-1alpha. Blood. 2005; 106: 1012–1020. PMID: 15860672

11. Cols M, Barra CM, He B, Puga I, XuW, Chiu A, et al. Stromal endothelial cells establish a bidirectional
crosstalk with chronic lymphocytic leukemia cells through the TNF-related factors BAFF, APRIL, and
CD40L. J. Immunol. 2012; 188: 6071–6083. doi: 10.4049/jimmunol.1102066 PMID: 22593611

12. Burger JA, Tsukada N, Burger M, Zvaifler NJ, Dell'Aquila M, Kipps TJ. Blood-derived nurse-like cells
protect chronic lymphocytic leukemia B cells from spontaneous apoptosis through stromal cell-derived
factor-1. Blood. 2000. 96:2655–2663. PMID: 11023495

13. Burger JA, Quiroga MP, Hartmann E, Bürkle A, Weird WG, Keating MJ, et al. High-level expression of
the T-cell chemokines CCL3 and CCL4 by chronic lymphocytic leukemia B cells in nurselike cell cocul-
tures and after BCR stimulation. Blood. 2009; 113(13):3050–3058. doi: 10.1182/blood-2008-07-
170415 PMID: 19074730

14. Zucchetto A, Benedetti D, Tripodo C, Bomben R, Dal Bo M, Marconi D, et al. CD38/CD31, the CCL3
and CCL4 chemokines, and CD49d/vascular cell adhesion molecule-1 are interchained by sequential
events sustaining chronic lymphocytic leukemia cell survival. Cancer Res. 2009; 69(9):4001–4009.
doi: 10.1158/0008-5472.CAN-08-4173 PMID: 19383907

IL21 Regulates mRNA and MiRNA Expression in CLL Cells

PLOS ONE | DOI:10.1371/journal.pone.0134706 August 25, 2015 16 / 18

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0134706.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0134706.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0134706.s009
http://dx.doi.org/10.1146/annurev-pathol-020712-163955
http://www.ncbi.nlm.nih.gov/pubmed/23987584
http://www.ncbi.nlm.nih.gov/pubmed/15728813
http://www.ncbi.nlm.nih.gov/pubmed/15711642
http://dx.doi.org/10.1016/j.semcancer.2010.09.005
http://dx.doi.org/10.1016/j.semcancer.2010.09.005
http://www.ncbi.nlm.nih.gov/pubmed/20883788
http://www.ncbi.nlm.nih.gov/pubmed/11313271
http://dx.doi.org/10.4049/jimmunol.1300321
http://www.ncbi.nlm.nih.gov/pubmed/23636053
http://dx.doi.org/10.1084/jem.20120833
http://dx.doi.org/10.1084/jem.20120833
http://www.ncbi.nlm.nih.gov/pubmed/23091163
http://www.ncbi.nlm.nih.gov/pubmed/15860672
http://dx.doi.org/10.4049/jimmunol.1102066
http://www.ncbi.nlm.nih.gov/pubmed/22593611
http://www.ncbi.nlm.nih.gov/pubmed/11023495
http://dx.doi.org/10.1182/blood-2008-07-170415
http://dx.doi.org/10.1182/blood-2008-07-170415
http://www.ncbi.nlm.nih.gov/pubmed/19074730
http://dx.doi.org/10.1158/0008-5472.CAN-08-4173
http://www.ncbi.nlm.nih.gov/pubmed/19383907


15. Ghia P, Strola G, Granziero L, Geuna M, Guida G, Sallusto F, et al. Chronic lymphocytic leukemia B
cells are endowed with the capacity to attract CD4+, CD40L+ T cells by producing CCL22. Eur. J.
Immunol. 2002; 32(5):1403–1413. PMID: 11981828

16. Giannoni P, Scaglione S, Quarto R, Narcisi R, Parodi M, Balleari E, et al. An interaction between hepa-
tocyte growth factor and its receptor (c-MET) prolongs the survival of chronic lymphocytic leukemic
cells through STAT3 phosphorylation: a potential role of mesenchymal cells in the disease. Haematolo-
gica. 2011; 96(7):1015–1023. doi: 10.3324/haematol.2010.029736 PMID: 21486864

17. Trentin L, Cerutti A, Zambello R, Sancretta R, Tassinari C, Facco M, et al. Interleukin-15 promotes the
growth of leukemic cells of patients with B-cell chronic lymphoproliferative disorders. Blood. 1996;
87:3327–3335. PMID: 8605349

18. de Totero D, Meazza R, Capaia M, Fabbi M, Azzarone B, Balleari E, et al. The opposite effects of IL-15
and IL-21 on CLL B cells correlate with differential activation of the JAK/STAT and ERK1/2 pathways.
Blood. 2008; 111:517–524. PMID: 17938255

19. Konforte D, Simard N, Paige CJ. IL-21: an executor of B cell fate. J. Immunol. 2009; 182(4):1781–
1787. doi: 10.4049/jimmunol.0803009 PMID: 19201828

20. Diehl SA, Schmidlin H, NagasawaM, van Haren SD, Kwakkenbos MJ, Yasuda E, et al. STAT3-medi-
ated up-regulation of BLIMP1 Is coordinated with BCL6 down-regulation to control human plasma cell
differentiation. J. Immunol. 2008; 180:4805–4815. PMID: 18354204

21. de Totero D, Meazza R, Zupo S, Cutrona G, Matis S, Colombo M, et al. Interleukin-21 receptor (IL-21R)
is up-regulated by CD40 triggering and mediates proapoptotic signals in chronic lymphocytic leukemia
B cells. Blood. 2006; 107:3708–3715. PMID: 16391014

22. Jahrsdorfer B, Blackwell SE, Wooldridge JE, Huang J, Andreski MW, Jacobus LS, et al. B-chronic lym-
phocytic leukemia cells and other B cells can produce granzyme B and gain cytotoxic potential after
interleukin-21-based activation. Blood. 2006; 108:2712–2719. PMID: 16809616

23. Gowda A, Roda J, Hussain SR, Ramanunni A, Joshi T, Schmidt S, et al. IL-21 mediates apoptosis
through up-regulation of the BH3 family member BIM and enhances both direct and antibody-depen-
dent cellular cytotoxicity in primary chronic lymphocytic leukemia cells in vitro. Blood. 2008; 111:4723–
4730. doi: 10.1182/blood-2007-07-099531 PMID: 18182577

24. Pascutti MF, Jak M, Tromp JM, Derks IAM, Remmerswaal EBM, Thijssen R, et al. IL-21 and CD40L sig-
nals from autologous T cells can induce antigen-independent proliferation of CLL cells. Blood. 2013;
122:3010–3019. doi: 10.1182/blood-2012-11-467670 PMID: 24014238

25. Ahearne MJ, Willimott S, Piñon L, Kennedy DB, Miall F, Dyer MJS, et al. Enhancement of CD154/IL4
proliferation by the T follicular helper (Tfh) cytokine, IL21 and increased numbers of circulating cells
resembling Tfh cells in chronic lymphocytic leukaemia. Br J Haematol. 2013; 162:360–370. doi: 10.
1111/bjh.12401 PMID: 23710828

26. Ghalamfarsa G, Jadidi-Niaragh F, Hojjat-Farsangi M, Asgarian-Omran H, Yousefi M, Tahmasebi F,
et al. Differential regulation of B-cell proliferation by IL21 in different subsets of chronic lymphocytic leu-
kemia. Cytokine. 2013; 62:439–445. doi: 10.1016/j.cyto.2013.03.023 PMID: 23579027

27. Duckworth A, Glenn M, Slupsky JR, PackhamG, Kalakonda N. Variable induction of PRDM1 and differ-
entiation in chronic lymphocytic leukemia is associated with anergy. Blood. 2014; 123:3277–3285. doi:
10.1182/blood-2013-11-539049 PMID: 24637363

28. de Totero D, Capaia M, Fabbi M, Croce M, Meazza R, Cutrona G, et al. Heterogeneous expression and
function of IL-21R and susceptibility to IL-21-mediated apoptosis in follicular lymphoma cells. Exp.
Hematol. 2010; 38:373–383. doi: 10.1016/j.exphem.2010.02.008 PMID: 20193734

29. Gelebart P, Zak Z, Anand M, Dien-Bard J, Amin HM, Lai R. Interleukin-21 effectively induces apoptosis
in mantle cell lymphoma through a STAT1-dependent mechanism. Leukemia. 2009; 23:1836–1846.
doi: 10.1038/leu.2009.100 PMID: 19494838

30. Sarosiek KA, Malumbres R, Nechushtan H, Gentles AJ, Avisar E, Lossos IS. Novel IL-21 signaling
pathway up-regulates c-Myc and induces apoptosis of diffuse large B-cell lymphomas. Blood. 2010;
115:570–580. doi: 10.1182/blood-2009-08-239996 PMID: 19965678

31. Timmerman JM, Byrd JC, Andorsky DJ, Yamada RE, Kramer J, Muthusamy N, et al. A phase I dose-
finding trial of recombinant interleukin-21 and rituximab in relapsed and refractory low grade B-cell lym-
phoproliferative disorders. Clin. Cancer Res. 2012; 18:5752–5760. doi: 10.1158/1078-0432.CCR-12-
0456 PMID: 22893631

32. Pedersen IM, Cheng G, Wieland S, Volinia S, Croce CM, Chisari FV, et al. Interferon modulation of cel-
lular microRNAs as an antiviral mechanism. Nature. 2007; 449:919–922. PMID: 17943132

33. Ohno M, Natsume A, Kondo Y, Iwamizu H, Motomura K, Toda H, et al. The modulation of microRNAs
by type I IFN through the activation of signal transducers and activators of transcription 3 in human gli-
oma. Mol. Cancer Res. 2009; 7:2022–2030. doi: 10.1158/1541-7786.MCR-09-0319 PMID: 19934272

IL21 Regulates mRNA and MiRNA Expression in CLL Cells

PLOS ONE | DOI:10.1371/journal.pone.0134706 August 25, 2015 17 / 18

http://www.ncbi.nlm.nih.gov/pubmed/11981828
http://dx.doi.org/10.3324/haematol.2010.029736
http://www.ncbi.nlm.nih.gov/pubmed/21486864
http://www.ncbi.nlm.nih.gov/pubmed/8605349
http://www.ncbi.nlm.nih.gov/pubmed/17938255
http://dx.doi.org/10.4049/jimmunol.0803009
http://www.ncbi.nlm.nih.gov/pubmed/19201828
http://www.ncbi.nlm.nih.gov/pubmed/18354204
http://www.ncbi.nlm.nih.gov/pubmed/16391014
http://www.ncbi.nlm.nih.gov/pubmed/16809616
http://dx.doi.org/10.1182/blood-2007-07-099531
http://www.ncbi.nlm.nih.gov/pubmed/18182577
http://dx.doi.org/10.1182/blood-2012-11-467670
http://www.ncbi.nlm.nih.gov/pubmed/24014238
http://dx.doi.org/10.1111/bjh.12401
http://dx.doi.org/10.1111/bjh.12401
http://www.ncbi.nlm.nih.gov/pubmed/23710828
http://dx.doi.org/10.1016/j.cyto.2013.03.023
http://www.ncbi.nlm.nih.gov/pubmed/23579027
http://dx.doi.org/10.1182/blood-2013-11-539049
http://www.ncbi.nlm.nih.gov/pubmed/24637363
http://dx.doi.org/10.1016/j.exphem.2010.02.008
http://www.ncbi.nlm.nih.gov/pubmed/20193734
http://dx.doi.org/10.1038/leu.2009.100
http://www.ncbi.nlm.nih.gov/pubmed/19494838
http://dx.doi.org/10.1182/blood-2009-08-239996
http://www.ncbi.nlm.nih.gov/pubmed/19965678
http://dx.doi.org/10.1158/1078-0432.CCR-12-0456
http://dx.doi.org/10.1158/1078-0432.CCR-12-0456
http://www.ncbi.nlm.nih.gov/pubmed/22893631
http://www.ncbi.nlm.nih.gov/pubmed/17943132
http://dx.doi.org/10.1158/1541-7786.MCR-09-0319
http://www.ncbi.nlm.nih.gov/pubmed/19934272


34. Merlo A, Tenca C, Fais F, Battini L, Ciccone E, Grossi CE, et al. Inhibitory receptors CD85j, LAIR-1,
and CD152 down-regulate immunoglobulin and cytokine production by human B lymphocytes. Clin.
Diagn. Lab. Immunol. 2005; 12: 705–712. PMID: 15939744

35. Bagnoli M, De Cecco L, Granata A, Nicoletti R, Marchesi E, Alberti P, et al. Identification of a chrXq27.3
microRNA cluster associated with early relapse in advanced stage ovarian cancer patients. Oncotar-
get. 2011; 2:1265–1278. PMID: 22246208

36. Callari M, Dugo M, Musella V, Marchesi E, Chiorino G, Grand MM, et al. Comparison of microarray plat-
forms for measuring differential microRNA expression in paired normal/cancer colon tissues. PLoS
One. 2012; 7:e45105. doi: 10.1371/journal.pone.0045105 PMID: 23028787

37. Langfelder P, Horvath S. WGCNA: an R package for weighted correlation network analysis. BMC Bioin-
formatics. 2008; 9: 559. doi: 10.1186/1471-2105-9-559 PMID: 19114008

38. Hoshida Y, Brunet JP, Tamayo P, Golub TR, Mesirov JP. Subclass Mapping: Identifying Common Sub-
types in Independent Disease Data sets. PLoS ONE. 2007; 2: e1195. PMID: 18030330

39. Sales G, Coppe A, Bisognin A, Biasiolo M, Bortoluzzi S, Romualdi C. MAGIA, a web-based tool for
miRNA and Genes Integrated Analysis. Nucleic Acids Res. 2010; 38(Web Server issue):W352–359.
doi: 10.1093/nar/gkq423 PMID: 20484379

40. Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, et al. Cytoscape: A software environ-
ment for integrated models of biomolecular interaction networks. Genome Res. 2003; 13:2498–2504.
PMID: 14597658

41. Marzec M, Halasa K, Kasprzycka M, Wysocka M, Liu X, Tobias JW, et al. Differential effects of interleu-
kin-2 and interleukin-15 versus interleukin-21 on CD4+ cutaneous T-cell lymphoma cells. Cancer Res.
2008; 68:1083–1091. doi: 10.1158/0008-5472.CAN-07-2403 PMID: 18281483

42. Zeng R, Spolski R, Finkelstein SE, Oh S, Kovanen PE, Hinrichs CS, et al. Synergy of IL-21 and IL-15 in
regulating CD8+ T cell expansion and function. J. Exp. Med. 2005; 201:139–148. PMID: 15630141

43. Kwon H, Thierry-Mieg D, Thierry-Mieg J, Kim HP, Oh J, Tunyaplin C, et al. Analysis of interleukin-21-
induced Prdm1 gene regulation reveals functional cooperation of STAT3 and IRF4 transcription factors.
Immunity. 2009; 31:941–952. PMID: 20064451

44. Valiathan RR, Marco M, Leitinger B, Kleer CG, Fridman R. Discoidin domain receptor tyrosine kinases:
new players in cancer progression. Cancer Metastasis Rev. 2012; 31:295–321. doi: 10.1007/s10555-
012-9346-z PMID: 22366781

45. Kiuchi N, Nakajima K, Ichiba M, Fukada T, Narimatsu M, Mizuno K, et al. STAT3 is required for the
gp130-mediated full activation of the c-myc gene. J. Exp. Med. 1999; 189:63–73. PMID: 9874564

46. Dauer DJ, Ferraro B, Song L, Yu B, Mora L, Buettner R, et al. Stat3 regulates genes common to both
wound healing and cancer. Oncogene. 2005; 24:3397–3408. PMID: 15735721

47. Aderka D, Maor Y, Novick D, Engelmann H, Kahn Y, Levo Y, et al. Interleukin-6 inhibits the proliferation
of B-chronic lymphocytic leukemia cells that is induced by tumor necrosis factor-alpha or -beta. Blood.
1993; 81(8):2076–2084. PMID: 8386026

48. Furman RR, Asgary Z, Mascarenhas JO, Liou HC, Schattner EJ. Modulation of NF-kappa B activity
and apoptosis in chronic lymphocytic leukemia B cells. J Immunol. 2000; 164:2200–2206. PMID:
10657675

49. Burger JA, Montserrat E. Coming full circle: 70 years of chronic lymphocytic leukemia cell redistribution,
from glucocorticoids to inhibitors of B-cell receptor signaling. Blood. 2013; 121:1501–1509. doi: 10.
1182/blood-2012-08-452607 PMID: 23264597

50. Di Carlo E, Comes A, Orengo AM, Rosso O, Meazza R, Musiani P, et al. IL-21 induces tumor rejection
by specific CTL and IFN-gamma-dependent CXC chemokines in syngeneic mice. J. Immunol. 2004;:
1540–7. PMID: 14734732

51. Damm F, Mylonas E, Cosson A, Yoshida K, Della Valle V, Mouly E, et al. Acquired initiating mutations
in early hematopoietic cells of CLL patients. Cancer Discov. 2014; 4:1088–1101. doi: 10.1158/2159-
8290.CD-14-0104 PMID: 24920063

52. Calin GA, Dumitru CD, Shimizu M, Bichi R, Zupo S, Noch, et al. Frequent deletions and down-regula-
tion of micro- RNA genes miR15 and miR16 at 13q14 in chronic lymphocytic leukemia. Proc. Natl.
Acad. Sci. U S A. 2002; 99:15524–15529. PMID: 12434020

IL21 Regulates mRNA and MiRNA Expression in CLL Cells

PLOS ONE | DOI:10.1371/journal.pone.0134706 August 25, 2015 18 / 18

http://www.ncbi.nlm.nih.gov/pubmed/15939744
http://www.ncbi.nlm.nih.gov/pubmed/22246208
http://dx.doi.org/10.1371/journal.pone.0045105
http://www.ncbi.nlm.nih.gov/pubmed/23028787
http://dx.doi.org/10.1186/1471-2105-9-559
http://www.ncbi.nlm.nih.gov/pubmed/19114008
http://www.ncbi.nlm.nih.gov/pubmed/18030330
http://dx.doi.org/10.1093/nar/gkq423
http://www.ncbi.nlm.nih.gov/pubmed/20484379
http://www.ncbi.nlm.nih.gov/pubmed/14597658
http://dx.doi.org/10.1158/0008-5472.CAN-07-2403
http://www.ncbi.nlm.nih.gov/pubmed/18281483
http://www.ncbi.nlm.nih.gov/pubmed/15630141
http://www.ncbi.nlm.nih.gov/pubmed/20064451
http://dx.doi.org/10.1007/s10555-012-9346-z
http://dx.doi.org/10.1007/s10555-012-9346-z
http://www.ncbi.nlm.nih.gov/pubmed/22366781
http://www.ncbi.nlm.nih.gov/pubmed/9874564
http://www.ncbi.nlm.nih.gov/pubmed/15735721
http://www.ncbi.nlm.nih.gov/pubmed/8386026
http://www.ncbi.nlm.nih.gov/pubmed/10657675
http://dx.doi.org/10.1182/blood-2012-08-452607
http://dx.doi.org/10.1182/blood-2012-08-452607
http://www.ncbi.nlm.nih.gov/pubmed/23264597
http://www.ncbi.nlm.nih.gov/pubmed/14734732
http://dx.doi.org/10.1158/2159-8290.CD-14-0104
http://dx.doi.org/10.1158/2159-8290.CD-14-0104
http://www.ncbi.nlm.nih.gov/pubmed/24920063
http://www.ncbi.nlm.nih.gov/pubmed/12434020

