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ABsTRACT
In this study, we set out to investigate miR-21 target genes related to its anti-apoptotic 
function in T-cells. We determined whether Jurkat T-cells are a suitable model to study 
T-cell specific targets of miR-21. We first assessed miR-21 expression in resting, and 
αCD3/CD28 activated Jurkat T-cells, using a qRT-PCR. Next, we tested the influence of 
miR-21 inhibition on Jurkat T-cells using a lentiviral-based antisense miR-21 expression 
system. Activation of Jurkat T-cells resulted in a rapid miR-21 upregulation, while 
inhibition of miR-21 resulted in pronounced apoptosis induction, indicating that Jurkat 
T-cells are a suitable model to study T-cell-specific miR-21 target genes. Application of 
a high throughput experimental Ribonucleoprotein ImmunoPrecipitation – gene Chip 
(RIP-Chip) approach, in Jurkat T-cells transduced with empty vector and Jurkat T-cells 
transduced with miR-21, resulted in identification of 71 putative miR-21 genes. These 
targets were enriched ≥2 fold more in the Jurkat-miR-21 condition. Among these, we 
found several genes involved in the regulation of apoptosis, cell cycle and immune 
function. Using a dual luciferase reporter construct we validated that phosphoinositide-
3-kinase, regulatory subunit 1 (PIK3R1) is a target gene of miR-21. In this study we 
defined a list of endogenous miR-21 target genes in Jurkat T-cells, which can serve as 
a starting point to identify miR-21 target genes, relevant to the function of activation 
induced miR-21 expression in primary T-cells. 
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INTRoDUCTIoN
MiR-21 has been extensively studied in various pathological conditions, with increased 
expression levels in numerous types of solid tumors like breast cancer or colorectal 
cancer [1,2]. Elevated miR-21 levels were also detected in hematological malignancies, 
including diffuse large B-cell lymphoma, Hodgkin lymphoma [3,4], and cutaneous T-cell 
lymphoma [5]. In addition to the marked overexpression, several studies have clearly 
established a potent oncogenic effect of miR-21. Experiments employing knockdown 
of miR-21 showed an increased apoptosis and reduced invasiveness of glioblastoma, 
and reduced proliferation of breast cancer [1,6], while experiments employing miR-21 
overexpression revealed an increased tumor cell proliferation, migration and invasion 
in hepatocellular carcinoma [7]. A relatively large number of confirmed miR-21 
target genes have been established so far. Many of these target genes are known tumor 
suppressors, and have been identified in cancer cells (Table 1). MiR-21 function in 
T-cells has been also studied recently [8,9]. However, the functional knowledge of 
relevant miR-21 target genes is still limited and only few T-cell specific target genes 
have been described so far (Table 1). We have shown that activation-induced miR-21 
regulates T-cell function in a dual way. In naive T-cells, miR-21 regulates the level 
of CCR7 expression and as such affects potential T-cell migration characteristics.  
In contrast, in memory T cells miR-21 provides anti-apoptotic signals allowing long-term 
survival of memory T-cells (Chapter 4). Moreover, memory Tregs isolated from synovial 
fluid of rheumatoid arthritis patients express elevated levels of miR-21, which correlates 
with their enhanced proliferation and survival in the rheumatoid joint (Chapter 5).
 In this study we set out to investigate T-cell specific miR-21 target genes related 
to its anti-apoptotic signaling. To that end we employed a high throughput experimental 
Ribonucleoprotein ImmunoPrecipitation – gene Chip (RIP-Chip) approach [10] in 
Jurkat T-cells, which are a frequently used model cell line to study regulatory pathways 
involved in T-cell activation and apoptosis.

ResULTs AND DIsCUssIoN
To assess if Jurkat T-cells are a suitable model to study miR-21 function, we first 
determined the baseline miR-21 expression level. In comparison to other T-cell specific 
miRNAs (i.e. miR-17, miR-146a) mir-21 levels were moderate (Fig.1A). We next 
studied if miR-21 expression in Jurkat T-cells is regulated in a similar manner as in 
primary CD4+ T-cells. To this end we activated Jurkat T-cells with αCD3/CD28 mAbs 
for 3 days. Similar to primary CD4+ T-cells we observed a rapid miR-21 upregulation 
upon activation (30 fold induction at day 3, p<0.001, Friedman test) (Fig. 1B). This 
indicates that analogous regulatory mechanisms are involved in miR-21 induction in 
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Table 1. miR-21 target genes

Cell type Target gene Ref.
Breast cancer TPM1 [19]
  SERPINB5 [20]
  PDCD4 [20]
Prostate cancer PDCD4 [21]
  ANP32A [21]
  SMARCA4 [21]
  MARCKS [22]

Glioma RECK [23]
TIMP3 [23]

Glioblastoma
HNRNPK [24]
TP63 [24]
LRRFIP1 [25]

Hepatocellular cancer PTEN [7]
Non-small cell lung cancer PTEN [15]
Laryngeal carcinoma BTG2 [26]

Colon cancer

CDC25A [27]
MSH2 [28]
TIAM1 [29]
TGFbR2 [30]

Pulmonary artery smooth muscle cells
PPARα [31]
PDCD4 [31]
SPRY2 [31]

Cardiocytes SPRY2 [32]
Endothelial Cells RhoB [33]
Neurons MEF2C [34]
Liver cells PELI1 [35]
Lung cells IL-12p35 [36]
Dendritic cells JAG1 [37]
T-cells PDCD4  [9]

CCR7  Chapter 4

primary and Jurkat T-cells. Next, we tested whether the function of miR-21 in Jurkat 
T-cells is similar to the function observed in primary T-cells, i.e. regulation of CCR7 
expression and regulation of apoptosis. Flow cytometric analysis revealed that Jurkat 
T-cells do not express CCR7 (Fig. 1C), and as such cannot serve as a model to further 
study targeting of CCR7 by miR-21. Transduction of Jurkat T-cells with a lentiviral-
based antisense miR-21 construct (miR-21 inhibitor) resulted in a significant decrease 
in the percentage of live cells (Fig. 1D), similar to the effect observed in primary 
memory T-cells. The decreased percentage of live cells was paralleled by a concomitant 
increased percentage of apoptotic cells, reaching 80% by day six after transduction  
(Fig. 1E, F) indicating that endogenous levels of miR-21 in Jurkat T-cells provide 
essential anti-apoptotic signals. Together, these data show that the Jurkat T-cell line is  
a suitable model to study the anti-apoptotic properties of miR-21.
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Figure 1.  Jurkat T-cells as a model to study miR-21 function. A Relative expression of miR-17, miR-
21, and miR-146a was analyzed by qRT-PCR in Jurkat T-cells. MiRNA expression was normalized to the 
expression of RNU48 (n=1, error bars are derived from triplicate measurment, data are represented as 
mean +/- SD). B MiR-21 expression was analyzed by qRT-PCR before and after αCD3/CD28 activation 
of Jurkat T-cells. MiR-21 expression was normalized to RNU48, and baseline levels before the start of 
activation (day 0) was set to 1 (n=4 independent experiments, Friedman test). Data are represented as 
median with interquartile range (dashed lines). C Representative FACS plot depicting CCR7 expression 
by Jurkat T-cells. Isotype staining is depicted. D Percentage of viable Jurkat T-cells upon transduction with 
control (n=3 independent experiments) or miR-21 inhibitor (n=4 independent experiments) based on 
the forward and side scatter pattern obtained by FACS. e Percentage of apoptotic Jurkat T-cells in culture 
upon transduction with control (n=2 independent experiments) or miR-21 inhibitor (n=2 independent 
experiments). Apoptotic cells were defined by the loss of mitochondrial trans-membrane potential as 
assessed by FACS analysis using DilC compound (50nM). Median values with range are depicted (two-
way repeated measures ANOVA with a Bonferroni posttests). F Representative FACS plot depicting the 
increase of apoptotic cells upon miR-21 inhibition. *p<0.05, **p<0.01, ***p<0.001.

To determine miR-21 target genes that might be related to the marked 
effect on apoptosis, we performed a RIP-Chip technique [10] in Jurkat T-cells 
overexpressing miR-21 (Jurkat-miR-21) and in Jurkat T-cells transduced with an 
empty vector construct (Jurkat-EV) (Fig. 2A). MiRNA target transcripts were co-
immunoprecipitated from cell lysates using an antibody directed against Ago2 
protein, which is an integral component of RISC (Fig. 2B). The efficiency of the 
Ago2 immunoprecipitation (αAgo2-IP) was similar for Jurkat-EV and Jurkat-
miR-21 cells (Fig. 2C). A marked enrichment of miR-21 was observed in αAgo2-
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Figure 2. efficiency of Ago2-RIsC immunoprecipitation in Jurkat-eV and Jurkat-miR-21. A 
qRT-PCR analysis of miR-21 in Jurkat T-cells transduced with empty vector (EV) or miR-21. MiR-
21 expression was normalized to RNU48, and the level detected in Jurkat-EV was set to 1 (n=3 
independent experiments). B Schematic representation of RISC immunoprecipitation using an antibody 
against endogenous Ago2 protein. C Western blot analysis of Ago2 to determine the efficiency of the 
immunoprecipitation (α-Ago2 IP) in Jurkat-EV and Jurkat miR-21. Immunoprecipitation with mouse 
IgG1 served as a negative control. T - total cell lysate, FT - flow through, IP  - immunoprecipitation. 
D qRT-PCR analysis of miR-21 levels in RNA isolated from T, FT and IP fractions of α-Ago2 and 
control mouse IgG1 immunoprecipitation experiments of Jurkat-EV and Jurkat-miR-21 cells. MiR-21 
expression was normalized to RNU48, and the level detected in the total cell lysate of Jurkat-EV was set 
to 1. MiR-21 expression was enriched in the α-Ago2 IP fractions of Jurkat-EV and Jurkat-miR-21, and 
was 86 fold higher in IP fraction of Jurkat-miR-21 as compared to IP fraction of Jurkat-EV.

IP fractions of both Jurkat cell types, with 86 times higher levels detected in the 
Jurkat-miR-21 IP fraction (Fig. 2D). Enrichments of genes in the IP fractions in 
comparison to the total cell lysates were assessed by gene expression arrays. 20,312 
probes, corresponding to 14,514 unique protein coding genes, were expressed in 
at least 2 out of 4 conditions (Jurkat-EV Total and IP, Jurkat-miR-21 Total and 
IP). Among these 14,514 unique genes we identified 209 predicted miR-21 targets. 
As a control we also determined the number of predicted targets of the highly 
abundant miR-17 (n=929) and of miR-146a (n=162). There was a marked overlap 
between the predicted miR-21 and miR-17 target genes, i.e. 62 shared targets, 
whereas the overlap with the predicted miR-146a targets included only seven genes.
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Figure 3. MiR-21 overexpression influences the expression of miR-21 predicted target genes in 
Jurkat T-cells. A Bland-Altman plots comparing the expression levels of miR-21, miR-146a and miR-17 
predicted target genes in total cell lysates of Jurkat-EV and Jurkat-miR-21. The expression difference of 
each gene is plotted against its mean expression. Red lines represent the best fit to the data. B Percentage 
of predicted miR-21, miR-146a, and miR-17 target genes among all 14,514 expressed genes, and among 
genes enriched at least 2 fold in the IP fraction of Jurkat-EV and Jurkat-miR-21.

Comparison of the expression levels of miR-21 predicted target genes in the total 
cell lysate of Jurkat-EV and Jurkat-miR-21 revealed decreased levels in Jurkat-
miR-21, indicating that several genes were affected by miR-21 overexpression at 
the transcript level. No difference was observed for the predicted miR-146a target
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Table 2. Gene set enrichment analysis    

Gene set
Position in GSEA

eV miR-21

GCACTTT,MIR-17-5P,MIR-20A,MIR-106A,MIR-106B,MIR-20B,MIR-519D 1 3

AGCACTT,MIR-93,MIR-302A,MIR-302B,MIR-302C,MIR-302D,MIR-372, 
MIR-373,MIR-520E,MIR-520A,MIR-526B,MIR-520B,MIR-520C,MIR-520D 2 1

BROCKE_APOPTOSIS_REVERSED_BY_IL6 3 258

ACACTAC,MIR-142-3P 4 5

ACTTTAT,MIR-142-5P 5 17

GTGCAAT,MIR-25,MIR-32,MIR-92,MIR-363,MIR-367 6 6

TGCACTT,MIR-519C,MIR-519B,MIR-519A 7 7

TTTGCAC,MIR-19A,MIR-19B 8 4

TGAATGT,MIR-181A,MIR-181B,MIR-181C,MIR-181D 9 2

TTGCACT,MIR-130A,MIR-301,MIR-130B 10 8

HAMAI_APOPTOSIS_VIA_TRAIL_UP 1237 9

SENGUPTA_NASOPHARYNGEAL_CARCINOMA_WITH_LMP1_UP 106 10

ATAAGCT,MIR-21 46 28

genes, while a small difference was detected for predicted miR-17 target genes  
(Fig. 3A). This latter observation can be explained by the marked overlap between 
the miR-21 and miR-17 predicted target genes.

To investigate the overall miRNA-targetome of Jurkat T-cells, we selected 
genes enriched in the IP fraction, as determined by the IP/Total ratio. Approximately 
1800 genes showed a ratio of more than 2 fold in Jurkat-EV and were considered 
to be regulated by miRNAs. To assess which miRNAs contributed the most to the 
general targetome of Jurkat T-cells, we performed a gene set enrichment analysis 
(GSEA) [11]. Among the top ten most enriched gene sets in Jurkat-EV, we found 
binding motifs for, among others, miR-17, miR-93, miR-142-3p and miR-181a family 
members (Table 2), indicating that target genes of these miRNAs are most prominently 
regulated in Jurkat T-cells. A similar analysis was performed for Jurkat-miR-21 cells, 
and a clear overlap was found between the top 10 most enriched gene sets (Table 2). 
Interestingly we found marked differences in the position of 2 gene sets involved in 
the apoptosis regulation. A set of genes induced upon IL-6 treatment was among top 
10 most enriched gene sets in Jurkat-EV but not in Jurkat-miR-21. In contrast, a set 
of genes involved in the apoptosis induction upon treatment with TRAIL was found 
among the top 10 most enriched in Jurkat-miR-21 but not in Jurkat-EV. In parallel, 
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we observed that expression of the latter gene set was downregulated in the total 
cell lysate of Jurkat-miR-21 (Supplementary Figure 1). These observations might be 
explained by either direct or indirect effects of miR-21 and fit with the observed anti-
apoptotic role of miR-21 in the Jurkat cells. The miR-21-binding motif was at the 
46th position of most enriched gene sets in Jurkat-EV (false discovery rate (FDR) = 
0.0013), and at the 28th position in Jurkat-miR-21 (FDR<0.001). 

 In line with these observations we indeed noted a specific enrichment 
of predicted miR-21 target genes among the top 1800 genes enriched in the IP of 
Jurkat-miR-21 (n=84) as compared to Jurkat-EV (n=57). The enrichment was most 
pronounced among the top 250 IP/Total enriched genes (Fig 3B). As a control, we also 
analyzed enrichment of the predicted target genes of miR-146a and miR-17, which 
revealed no differences between Jurkat-EV and Jurkat-miR-21 (Fig. 3B). Together 
these data show that miR-21 overexpression in Jurkat T-cells led to an increased post-
transcriptional regulation of its predicted target genes.
 We next set out to determine which of the predicted miR-21 target genes 
from our analysis might be relevant for the observed effect on apoptosis in Jurkat 
T-cells. 45 of the predicted miR-21 targets were enriched in the IP of Jurkat-EV 
and Jurkat-miR-21, 12 were only enriched in the Jurkat-EV IP fraction and 39 only 
enriched in the Jurkat-miR-21 IP fraction (Fig. 4A). Out of these 96 predicted miR-
21 target genes, 71 genes were enriched at least 2-fold more in the Jurkat-miR-21 
IP (Fig. 4A) as compared to Jurkat-EV, and as such could be true miR-21 targets. 
Of these, 32 genes were present in both Jurkat-EV and Jurkat-miR-21, and 39 genes 
were unique for Jurkat-miR-21. Using the gene ontology databases, we indicated 
the annotation of these 71 genes (Table 3) and identified which genes were related 
to “apoptosis regulation (positive)” (4 genes), “cell cycle” (6 genes), and “immune” 
(6 genes). Eight genes showed a >5 fold enrichment in Jurkat-miR-21 over Jurkat-
EV (Fig. 4B). For programmed cell death 4 (PDCD4), a known miR-21 target gene 
involved in the regulation of apoptosis [2,9] (Fig. 4B), we confirmed upregulation 
of PDCD4 protein upon miR-21 inhibition in Jurkat T-cells (Fig. 4C). We next 
selected PAG1, and PIK3R1for a further validation. Phosphoprotein associated with 
glycosphingolipid-enriched microdomains (PAG1) encodes a lipid raft-associated 
transmembrane adaptor protein, also known as Cbp, which is involved in negative 
regulation of TCR signaling [12]. PIK3R1 (phosphoinositide-3-kinase, regulatory 
subunit 1) encodes p85α, p55α, and p50α regulatory subunits of PI3 kinase (PI3K), 
which regulates multiple aspects of T-cell biology including cell survival, and 
proliferation [13]. Co-transfection of a dual luciferase reporter constructs harboring 
the 3’UTR of PIK3R1 and PAG1 together with miR-21 precursor molecules resulted 
in a significant decrease of the relative luciferase levels of the construct containing 
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the 3’UTR of PIK3R1 but not of PAG1. This indicates that PIK3R1 is indeed a direct 
target of miR-21 (Fig.4D). P85α, the most studied isoform of PIK3R1, regulates PI3K 
signaling by interaction with the catalytic subunit of PI3K as well as with phosphatase 
and tensin homolog (PTEN) [14]. Interestingly, PTEN, a negative regulator of PI3K 
signaling, is a known direct target of miR-21 [15]. Thus, miR-21 seems to regulate 
PI3K signaling at multiple levels. Jurkat T-cells are PTEN deficient [16], therefore we 
were not able to assess PTEN regulation in our analysis.

In summary, we show that Jurkat is a suitable model cell line to study miR-21 
function in T cells and we present preliminary results indicating that miR-21 regulates 
PI3K signaling, via targeting of p85α regulatory subunit.

Figure 4. Identification of miR-21 target genes relevant for the apoptosis induction observed in 
Jurkat T-cells upon miR-21 inhibition. A Venn diagram showing the overlap between predicted miR-
21 target genes enriched in the IP of Jurkat-EV and Jurkat-miR-21. 71 genes enriched at least 2 fold 
more in IP of Jurkat-miR-21 as compared to Jurkat-EV were selected for functional analysis (miR-21/
EV=(IP/T)Jurkat-miR-21 / (IP/T)Jurkat-EV). B List of the most strongly enriched genes within the 3 selected 
functional categories ( >5 fold more in miR-21/EV. C Western blot depicting PDCD4 protein expression 
in Jurkat T-cells transduced with control or miR-21 inhibitor. Two independent miR-21 inhibition 
experiments are depicted. PDCD4 to β-actin ratio in wild type, non-transduced cells was set to one. D 
Schematic indication of the miR-21 binding site in the 3’UTR of PIK3R1, and PAG1 genes, and the ratio 
of Renilla luciferase (RL) to firefly luciferase (FL) signal detected in lysates of Cos-7 cells transfected 
with psiCHECK-2 construct harboring PIK3R1, and PAG1 3’UTR and co-transfected with synthetic 
miR-21 precursor or negative precursor. Transfection was performed in triplicate (n=1, error bars are 
derived from triplicate transfection/measurment, data are represented as mean +/- SD).
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Table 3. Functional annotation of 71 predicted miR-21 target genes enriched ≥ 2 fold in miR-21 IP

GeneSymbol EV IP/T miR-21 IP/T miR-21/EV Annotation

PDCD4 0,9 5,3 5,7 apoptosis regulation (positive), cell cycle regulation (negative), negative regulation of kinase activity
RHOB 1,9 4,8 2,5 apoptosis regulation (positive), cell cycle regulation (negative), GTPase activity
MAP3K1 1,5 3,4 2,3 apoptosis regulation (positive), stress-activated protein kinase signaling pathway, MAPK signaling pathway
PRKCE 2,1 4,1 2,0 apoptosis regulation (positive), calcium-independent protein kinase C activity
RASA1 1,6 6,2 3,9 apoptosis regulation (negative), GTPase activator activity, MAPK signaling pathway
LATS1 4,8 126,9 26,6 cell cycle regulation (negative), serine/threonine kinase activity
CDK6 0,8 7,8 9,7 cell cycle regulation, cyclin-dependent protein kinase activity, p53 signaling pathway
STAG2 0,9 6,5 7,4 cell cycle regulation, chromosome segregation, mitosis, meiosis
PBRM1 0,7 3,7 5,2 cell cycle regulation, chromatin regulator
FRS2 5,4 20,6 3,8 cell-cell signaling, phosphorylation regulation, phosphatase regulator activity
MSL1 0,9 5,3 5,6 chromatin organization
FAM3C 4,7 20,3 4,3 cytokine activity
CHIC1 3,2 13,5 4,2 cytoplasmic membrane-bounded vesicle
PLEKHA1 6,0 31,3 5,3 enzyme linked receptor protein signaling pathway
PAG1 0,9 7,0 7,8 immune system, lymphocyte activation (negative), molecular adaptor activity
PIK3R1 1,3 9,3 6,9 immune system development, lymphocyte activation, kinase regulator activity, T cell receptor signaling 
NFAT5 2,0 12,7 6,4 immune system, transcription regulation (positive), transcription factor activity, T cell receptor signaling 
RASGRP1 1,0 4,6 4,7 immune system, intracellular signaling cascade, T cell receptor signaling pathway
BCL11A 2,8 12,2 4,3 immune system development, lymphocyte activation, transcription repressor activity
CHD7 1,0 3,6 3,5 immune system development, lymphocyte activation, helicase activity
PPP1R3B 2,0 4,8 2,4 insulin signaling pathway, glucose metabolic process
RAB22A 0,8 6,4 7,9 intracellular signaling cascade, GTPase activity
AP4E1 1,0 5,1 5,3 intracellular protein transport
PIKFYVE 0,8 3,9 4,9 intracellular signaling cascade, phosphatidylinositol signaling system
AP3M1 1,4 3,6 2,5 intracellular protein transport
SLC10A7 2,5 10,2 4,1 ion transport, organic acid:sodium symporter activity
PAN3 4,1 23,5 5,7 mRNA catabolic process, protein kinase activity
ZFP36L2 2,5 6,0 2,4 mRNA stability regulation, transcription factor activity
KLHL15 3,4 17,8 5,3 na
C17orf39 2,7 6,3 2,3 na
SLC7A6 1,8 3,7 2,0 organic acid transport, amino acid transmembrane transporter activity
TET1 1,7 13,4 7,8 oxidoreductase activity
FAM63B 1,2 19,3 16,5 phosphoprotein
BMPR2 2,5 19,8 7,8 phosphorylation regulation (positive), serine/threonine kinase activity, TGF-beta signaling pathway
FAM126B 2,4 17,2 7,2 phosphoprotein
UBN2 1,7 11,8 7,0 phosphoprotein
C10orf12 0,8 3,5 4,3 phosphoprotein
SECISBP2L 1,7 6,4 3,9 phosphoprotein
YOD1 2,8 19,6 6,9 proteolysis, peptidase activity
FBXO28 3,0 18,1 6,1 proteolysis
ZYG11B 0,8 4,1 5,1 proteolysis
FBXO11 1,2 5,6 4,6 proteolysis, ubiquitin ligase complex
WWP1 2,0 9,0 4,4 proteolysis, ubiquitin ligase complex
TOPORS 0,9 3,8 4,4 proteolysis, response to DNA damage stimulus
MARCH5 2,9 7,5 2,6 proteolysis
ATPAF1 2,1 5,2 2,5 protein complex assembly, mitochondrion
KBTBD6 1,9 4,7 2,5 proteolysis
MBNL1 2,2 34,7 15,8 RNA splicing regulation
CPEB3 4,2 20,9 5,0 RNA binding
PRPF4B 1,0 4,8 5,0 RNA processing, serine/threonine kinase activity
RPS6KA3 0,6 4,1 6,5 serine/threonine kinase activity, MAPK signaling pathway
PLAG1 7,8 61,2 7,8 transcription regulation, transcription factor activity
LCORL 1,3 7,7 6,1 transcription regulation
SATB1 1,5 7,3 4,8 transcription regulation (negative), chromatin organization
PURB 1,5 6,9 4,6 transcription regulation (negative), transcription factor activity
KLF12 1,0 4,1 4,3 transcription regulation, transcription factor activity
TRIM33 1,0 3,9 3,7 transcription regulation (negative)
ZNF217 3,3 12,0 3,6 transcription regulation, transcription factor activity
NFIA 1,1 3,9 3,4 transcription regulation, transcription factor activity
SKI 2,5 8,1 3,3 transcription regulation (negative),  transcription factor activity
C5orf41 7,5 24,5 3,3 transcription regulation, transcription factor activity
ZNF367 13,7 38,5 2,8 transcription regulation, transcription factor activity
BCL7A 2,7 6,5 2,4 transcription regulation (negative)
CNOT6 1,8 4,2 2,3 transcription regulation, nuclease activity
KLF3 2,1 4,4 2,1 transcription regulation, transcription factor activity
EIF2C4 1,1 4,2 3,7 translation regulation (negative), ribonucleoprotein complex
EIF4EBP2 3,3 9,3 2,8 translation regulation (negative)
TNRC6B 1,4 3,6 2,6 translation regulation (negative), ribonucleoprotein complex
CD69 31,9 72,6 2,3 transmembrane protein
TRPM7 1,9 21,8 11,3 transmembrane protein, cation channel activity
RECK 2,7 7,5 2,8 vasculature development, peptidase inhibitor activity

genes enriched ≥2 fold in IP/T of miR-21 but not in IP/T of EVgenes enriched ≥2 fold in IP/T of EV and miR-21
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MATeRIALs AND MeThoDs
Cell lines 

Jurkat (a human acute leukemic T-cell line) was cultured in RPMI 1640 supplemented 
with 10% fetal bovine serum (FBS), 200mM L-glutamine, 100mM Na-pyruvate, 
10mg/ml gentamycin (Lonza), 0.05M β-mercapto-ethanol (Merck, Darmstadt, 
Germany) at 37°C in 5% CO2 (complete media). HEK293T cells (SV40 Large 
T-antigen-transformed human embryonic kidney cell line), and Phoenix-Ampho 
(Swift) were cultured in Dulbecco modified Eagle medium (DMEM) supplemented 
with 10% FBS, 200mM L-glutamine and 10mg/ml gentamycin (Lonza) at 37°C in 5% 
CO2. Cell lines were obtained from ATCC.

T-cell activation with αCD3/CD28 mAbs 

TCR stimulation of Jurkat T-cells was performed with plate-bound anti-human-CD3 
and soluble anti-human-CD28 mAbs. Briefly, culture plates were incubated with 
goat-anti-mouse-IgG2a Ab (Cat. No. 1080-01, Southern Biotechnology) overnight 
at 4°C, followed by washing with PBS and 1h incubation with hybridoma-culture 
supernatant, containing anti-human-CD3 IgG2a mAb (clone WT32, approx. conc. 
1µg IgG/mL) at RT. Unbound anti-CD3 antibody was removed by washing 4 times 
with excess PBS. Cells were seeded at the density of 0.25x106 cells/mL in complete 
medium supplemented with 5% V/V hybridoma-culture supernatant containing 
anti-human CD28 IgG1 mAb (clone 20-4669), giving about 0.1µg IgG/mL end 
concentration. At the indicated time points, cells were harvested, lysed with the 
Qiazol reagent (Qiagen) and stored at -20°C until RNA extraction procedure. 

FACs analysis of CCR7 expression

Expression of CCR7 was assessed by FACS using anti-human-CCR7-PE-Cy7 (3D12) 
monoclonal antibody (mAb). Rat-IgG2a-PE-Cy7 (R35-9, both from BD Biosciences) 
was used as isotype control. Cells were incubated with mAb for 30min at RT, and 
measured on a BD LSR-II Flow Cytometer using Diva software (BD Biosciences). 
Data were analyzed using Kaluza Flow Analysis Software (Beckman Coulter).

Viral constructs

To stably overexpress miR-21, the pre-miR-21, and ~150nt flanking sequences 
were amplified from genomic DNA using Taq polymerase and primers: forward 
5’gtcagaatagaatagaattgggg 3’, and reverse 5’gctgcattatggcacaaaag 3’. A NheI and Xho1 
restriction sites were added to the forward primer and an EcoRI site was added 
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to the reverse primer to allow directional cloning into the retroviral MXW-PGK-
IRES-GFP vector (Mao and Chen, 2007) using standard laboratory procedures. The 
MXW-PGK-IRES-GFP vector was a kind gift from C. Z. Chen (Stanford University, 
CA, USA). To stably inhibit miR-21 function we used the pmiRZip-21, a lentiviral 
miR-21 inhibition vector (miR-21 inhibitor) (Cat. Nr: MZIP21-PA-1), or pmiRZip-
scrambled hairpin, a lentiviral control inhibitor vector (control-inhibitor) (Cat. Nr: 
MZIP000-PA-1, both from Systems Biosciences, Mountain View, USA).

Viral transduction

Lentiviral particles were produced by calcium phosphate (CaPO4)-mediated 
transfection of HEK293T packaging cells with pmiRZip-21 (miR-21 inhibitor), or 
pmiRZip-scrambled hairpin (control-inhibitor) (Systems Biosciences) together with 
pCMV-Δ8.91 and pMD2.G expression vectors in ratio of 4:4:1. Lentiviral particles 
were collected 48h after transfection and passed through a 0.45µm Millex-HV filter 
(Millipore, Billerica, USA). Lentiviral transduction of Jurkat T-cells was carried out 
for 24h in the presence of 4µg/ml polybrene (Sigma-Aldrich, St. Louis, USA). 
 Retroviral particles were produced by calcium phosphate (CaPO4)-mediated 
transfection of Phoenix-Ampho packaging cells with 10µg p633-miR-21 (miR-21 
overexpression) or p633-EV (control) and 0,63µg of pSuper-DGCR8 in T25 flask. 
Retroviral particles were collected 48h after transfection, passed through a 0.45µm 
Millex-HV filter (Millipore) and concentrated with Retro-X concentrator (Clontech, 
Saint-Germain-en-Laye, France) according to the manufacturer’s protocol. Jurkat 
T-cells were transduced with the virus by spinning at 2,000rpm for 2hrs. Transduced 
cells were sorted based on the green fluorescent protein (GFP) expression using 
MoFlo sorter (Beckman Coulter).

Apoptosis measurement

Jurkat T-cells were transduced with miR-21 or control inhibitor to an efficiency of 
at least 95%. Percentage of apoptotic cells was assessed at the indicated time points 
after transduction by FACS-based measurement of mitochondrial transmembrane 
potential loss. Briefly, cells were stained for 20min at 37°C in cell culture medium 
containing 50nM DilC1(5) compound (Enzo Life Sciences, NY,USA), followed by 
washing with PBS. Cells were kept on ice and measured directly at the FACS Calibur 
flow cytometer using Cell Quest software (BD Biosciences). Data were analyzed 
using Kaluza Flow Analysis Software (Beckman Coulter).
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Quantitative RT-PCR

Total cellular RNA was extracted using the miRNeasy Mini Kit (Qiagen, Venlo, 
The Netherlands) following the manufacturer’s instructions. The RNA quantity was 
measured on a NanoDrop ND-1000 Spectrophotometer (NanoDrop Technologies, 
Wilmington, DE). Gene expression levels were analyzed by quantitative reverse-
transcription-polymerase chain reaction (qRT-PCR). RNA was reverse transcribed 
using the Taqman MicroRNA Reverse Transcription kit in combination with 
multiplexed reverse transcription primers of TaqMan microRNA assays (Life 
Technologies, Carlsbad, USA): for miR-21 (ID: 000397) and RNU48 (ID: 001006). 
The qPCR reaction was performed using qPCR MasterMix Plus (Eurogentec, Liege, 
Belgium), and Taqman Gene expression assays. RNU48 served as endogenous control 
for miR-21. Mean cycle threshold (Ct) values were quantified with the Sequence 
Detection Software (SDS, version 2.3, Life Technologies), using ABI7900HT thermo 
cycler (Life Technologies). Relative expression levels were determined using the 2-ΔCt 
formula, where ΔCt = Ctgene – Ctref.gene.  

Ago2-RIP-Chip procedure

Immunoprecipitation of Ago2-containing RISC complexes was performed as 
described previously by Tan et al. [10], and Slezak-Prochazka et.al. Briefly, cleared 
lysates of 40 million cells were incubated with protein G Sepharose beads (GE 
Healthcare) coated with anti-Ago2 antibody (Clone 2E12-1C9, Abnova, Taiwan) 
at 4°C overnight. Anti-IgG antibody was used as a negative control (Millipore BV, 
Amsterdam, The Netherlands). After washing the beads, RNA was harvested for 
microarray and qRT-PCR analysis and protein lysates were made for Western blot. 
Western blot for Ago2 was performed as described previously [17]. RNA from total 
(sample taken before start of the IP procedure), flow through (sample taken of the 
supernatant after collection of the IP fraction) and IP fractions were isolated with 
miRNeasy Mini kit (Qiagen) according to manufacturer’s protocol. RNA from total 
and Ago2-IP fractions of Jurkat-miR-21 and Jurkat-EV cells was used for microarray 
analysis. Labeling and hybridization was performed using two-color Low Input 
Quick Amp Labeling Kit, according to manufacturer’s protocol (Agilent, Santa Clara, 
USA). Briefly, 40-100ng of RNA from total cell lysate and Ago2-IP samples was used 
for cDNA synthesis, followed by cRNA amplification and Cy-3 and Cy-5 labeling. 
cRNA was purified with RNeasy Kit (Qiagen) and quantified on NanoDropTM 1000 
Spectrophotometer (Thermo Fisher Scientific Inc.). Equal amounts of cRNA Cy-3 
and Cy-5-labelled samples were combined and hybridized at 65°C for 17hrs on the 
60k SurePrint G3Human Whole Genome Oligo Microarray (Agilent). Next, slides 
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were washed and scanned with SureScan Dx Microarray Scanner (Agilent). Scanned 
images were used for Agilent Feature Extraction software version 10.5., converted 
into Linear and Lowess normalized data. Quality control report was generated for 
each array. Using GeneSpring GX version 12.5 (Agilent), quantile normalization 
of the signals was performed. Next, probes not detected in more than half of the 
samples and probes that are inconsistent (more than 2 fold different) in Cy-3 and 
Cy-5 replicates of the same sample were filtered out. The averaged signals for Cy-3 
and Cy-5 replicates were used to calculate the IP/T ratio for each sample. 

Western blotting

Cells were lysed in RIPA lysis buffer (Millipore) supplemented with protease inhibitor 
cocktail (PIC, Sigma-Aldrich). Lysates were sonicated twice on ice for 5 sec. (Bandelin 
sonopuls HD, Berlin, Germany), centrifuged at 12.000rpm for 15min at 4°C, and 
supernatant was collected. Protein concentration was determined using DC Protein 
Assay following the manufacturer’s instructions (Bio-Rad Laboratories, Hercules, 
USA). Samples were separated on 10% polyacrylamide gels and transferred onto 
nitrocellulose membranes. Membranes were blocked using Odyssey blocking buffer 
(LI-COR Biosciences, Nebraska, USA). Rabbit polyclonal anti-human-PDCD4 
antibody (ab51495, Abcam, Cambridge, UK) and mouse anti-human-β-actin antibody 
(C4, Santa Cruz Biotechnology, Santa Cruz, USA) were diluted 1000x in Odyssey 
blocking buffer supplemented with 0.1% Tween-20. Immunoblots were incubated with 
primary antibodies at 4ºC overnight. Secondary polyclonal goat anti-mouse antibody 
conjugated with IRdye 680, and polyclonal goat anti-rabbit antibody conjugated with 
IRdye 800 (both from LI-COR Biosciences) were used. Signal was detected with the 
Odyssey Infrared Imaging System, Odyssey CLx, and protein bands were visualized and 
quantified with Image studio software version 2.0.38 (both from LI-COR Biosciences). 
Western blot for Ago2 was performed as described previously [10].

Cloning of 3’-UTRs in reporter constructs, transient transfection and luciferase 
assays

The 3’UTR sequences harboring the putative miR-21 binding sites and a part of the 
open reading frame of the human PIK3R1, and PAG1 transcripts were PCR-amplified 
from genomic DNA using primers harboring an XhoI (5’) or NotI (3’) restriction 
site. Primers for PIK3R1 5’- TTGCTCGAGAAGAACTGGTGCTACATTAC-3’ 
(forward) and 5’- TGGCGGCCGCCATTGTTGGACTCAGCAATA -3’ (reverse), 
PAG1 5’- TTGCTCGAGCAGTGTGGCATCTCATAAGT -3’ (forward) and 5’- 
TGGCGGCCGCCCTGTGCTACCATCTATTCT-3’ (reverse) and cloned into 
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psiCHECK2 vector (Promega, Madison, USA), as described previously (Gibcus). 
The inserts were sequence verified (BaseClear, Leiden, The Netherlands). 1,2 x104 
Cos-7 cells were transfected with 125ng of the psiCHECK2 construct and 50nM Pre-
miR-21 miRNA Precursor Molecule ID: PM10206 or Pre-miR miRNA Precursor 
Negative Control #1 (Life Technologies), using the Saint-MIX compound (Synvolux 
Therapeutics B.V., Groningen, The Netherlands), in 250µl serum-free medium. Four 
hours following the transfection, 500µl of medium supplemented with 10% FBS 
was added. Cells were lysed 24h after transfection and Renilla and Firefly luciferase 
activity was measured using the Dual-Luciferase Reporter Assay System (Promega) 
according to manufacturer’s instructions. For each transfection, luciferase activity 
was measured in duplicate with the Luminoskan Ascent Microplate Luminometer 
(Thermo Scientific). The Renilla over Firefly (RL/FF) luciferase ratio for miR-21 
precursor was calculated. The RL/FF ratio of negative control was set to value of one. 
Transfections were performed in triplicate and standard deviations were calculated.

Prediction of miRNA target genes

The miRNA target prediction program TargetScan (http://www.targetscan.org/, 
Garcia) was used to determine predicted target genes of miR-21 (307 conserved 
genes), miR-146a (224 conserved genes), and miR-17 (1.220 conserved genes). Only 
part of these predicted target genes were expressed in at least 2 out of 4 conditions 
(see above). 

Functional annotation analysis

The functional annotation of genes was performed using the DAVID Bioinformatic 
Resources 6.7 (http://david.abcc.ncifcrf.gov/home.jsp, Huang), based on the 
following GO categories: GOTERM_BP_FAT, GOTERM_CC_FAT, GOTERM_MF_
FAT, KEGG_PATHWAY, SP_PIR_KEYWORDS.  One to 4 GO terms were chosen for 
description of each gene.

Gene set enrichment analysis

Gene sets significantly enriched in the αAgo2-IP in comparison to total cell lysate 
fraction of Jurkat-EV and Jurkat-miR-21 were determined by the Gene Set Enrichment 
Analysis using The Molecular Signatures Database (GSEA; http://www.broad.mit.
edu/gsea, [18]. Lists containing the expression values of 14,415 genes detected in IP 
and Total fractions of Jurkat-EV or Jurkat-miR-21 were uploaded for the analysis.
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supplementary Figure 1. Bland-Altman plots comparing the expression levels of apoptosis related gene 
sets in total cell lysates of Jurkat-EV and Jurkat-miR-21. The expression difference of each gene is plotted 
against its mean expression. Red lines represent the best fit to the data.
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