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miR-221 is regarded as an oncogene in many malignancies, and miR-221-mediated resistance towards TRAIL was one of the first 
oncogenic roles shown for this small noncoding RNA. In contrast, miR-221 is downregulated in prostate cancer (PCa), thereby 
implying a tumour suppressive function. By using proliferation and apoptosis assays, we show a novel feature of miR-221 in 
PCa cells: instead of inducing TRAIL resistance, miR-221 sensitized cells towards TRAIL-induced proliferation inhibition and 
apoptosis induction. Partially responsible for this effect was the interferon-mediated gene signature, which among other things 
contained an endogenous overexpression of the TRAIL encoding gene TNFSF10. �is TRAIL-friendly environment was provoked 
by downregulation of the established miR-221 target gene SOCS3. Moreover, we introduced PIK3R1 as a target gene of miR-221 in 
PCa cells. Proliferation assays showed that siRNA-mediated downregulation of SOCS3 and PIK3R1 mimicked the effect of miR-
221 on TRAIL sensitivity. Finally, Western blotting experiments confirmed lower amounts of phospho-Akt a�er siRNA-mediated 
downregulation of PIK3R1 in PC3 cells. Our results further support the tumour suppressing role of miR-221 in PCa, since it sensitises 
PCa cells towards TRAIL by regulating the expression of the oncogenes SOCS3 and PIK3R1. Given the TRAIL-inhibiting effect 
of miR-221 in various cancer entities, our results suggest that the influence of miR-221 on TRAIL-mediated apoptosis is highly 
context- and entity-dependent.

1. Introduction

Tumour Necrosis Factor Related Apoptosis Inducing Ligand 
(TRAIL) is a promising target in cancer therapy, since activa-
tion of TRAIL receptors (also called death receptors) located 
specifically at the surface of tumour cells induces apoptosis, 
whereas surrounding benign tissue stays unaffected [1]. �is 
potential has led to a plethora of TRAIL-based cancer thera-
pies currently being tested in (pre-)clinical studies [2]. 

However, evolving resistance of cancer cells towards TRAIL 
is a serious limitation for these therapeutic strategies. To over-
come resistance, combining TRAIL with other compounds 
like cisplatin or Tyrosine Kinase inhibitors (TKI) has been 
evaluated [3, 4]. In this context, the influence of microRNAs 
(miRs) on TRAIL-mediated apoptosis has been studied in 
several cancer entities [5]. miRs are RNA strands consisting 
of 20–25 nucleotides, which negatively regulate gene 
expression of hundreds of target genes by binding to their 
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corresponding mRNA strand, thereby stopping further 
translation.

One miR candidate well known for inhibiting TRAIL 
effects in cancer cells is miR-221. �is feature has been shown 
in hepatocellular carcinoma (HCC), non-small cell lung cancer 
(NSCLC) and bladder cancer cells [6, 7] and seems to be in line 
with publications claiming an oncogenic role for miR-221 in 
many malignancies [8]. In contrast, studies by others and our 
group [9, 10] were able to show a significant downregulation 
of miR-221 in PCa tissue, thus suggesting a role as a tumour 
suppressor and a potential biomarker predicting overall and 
cancer-specific survival of PCa patients. We also demonstrated 
that a restoration of cellular miR-221 expression levels in PCa 
cells induced an interferon-mediated gene signature [11]. �is 
effect was at least partly caused by miR-221 targeting IRF2 and 
SOCS3, two repressors of JAK-STAT-mediated pathways. As 
TRAIL and interferon signalling frequently act concordantly 
and TRAIL itself belongs to the group of interferon-induced 
genes [12, 13], we wanted to investigate the influence of miR-
221 on TRAIL effects in PCa and to evaluate the role of 
miR-221-mediated regulation of TRAIL signalling regarding 
the tumour suppressive function of miR-221.

2. Materials and Methods

2.1. Cell Culture and Chemicals.  We obtained the human 
cancer cell lines PC3, DU145, LNCaP, and RWPE cells from 
American Tissue Collection Center (ATCC) and cultured 
them according to the recommended protocols. All media 
were supplemented with 10% fetal calf serum, and 1% 
penicillin/streptomycin. Unless stated otherwise, TRAIL 
(PeproTech) was administered 48 h a�er plating cells in a final 
concentration of 10 ng/ml.

2.2. Proliferation Assays/MTS Assays and Transfection.  
Proliferation of PC3, DU145, LNCaP, and RWPE cells was 
examined in triplicates in 96-well plates. Transient transfections 
of pre-miR-221 or siRNA SOCS3 with the respective controls 
were carried out as published previously [11]. �e following 
short interfering RNA sequence was used for targeting human 
PIK3R1: 5′-CCCAGUGUAGCAUCCUAAATT-3′ obtained 
from Qiagen (FlexiTube siRNA). Efficient downregulation of 
PIK3R1 in PIK3R1 siRNA-transfected cells was confirmed 
by qRT-PCR and Western blotting. Scrambled, nontargeting 
control-siRNA or control-pre-miRNA were purchased from 
Qiagen. Cells were transfected either with human precursor 
miR-221 (pre-miR-221, 50 nmol/l, Ambion), siRNA (50 nmol/l, 
Qiagen), or respective controls using the Lipofectamine 2000 
reagent (Invitrogen) 24 h a�er plating. 48 h and/or 120 h 
a�er transient transfection and TRAIL treatment, cells were 
examined with MTS Cell Titer 96 Proliferation Assay (Promega) 
at 490 nm with a monochromator (Biorad). All experiments 
were analysed as triplicates. Each result consisted of at least five 
independent experiments.

2.3. Apoptosis Assays.  We analysed Caspase-3/7 activity using 
the Caspase-GLO 3/7 Kit (Promega) as previously described 
[11]. Cells were transfected with pre-miR-221, siRNAs, and 

corresponding ctr-RNAs as described above. A�er indicated 
timepoints, cells were incubated with medium supplemented 
with Caspase-3/7 reagent for 4 h at room temperature. 
Cells were lysated as recommended by the manufacturer’s 
instructions and transferred to a white-walled 96-well plate 
for measurement of luminescence. Data were expressed as 
OD values and normalised to the control-transfected cells. 
Experiments were performed as triplicates. Each result 
consisted of five independent experiments.

2.4. RNA Extraction, Reverse Transcription and qRT-PCR.  
Total RNA was extracted from the cells using TRIzol reagent 
(Life Technologies). �e RNA concentration and integrity 
was determined with a bioanalyzer (Agilent). Reverse 
transcriptions were performed as described previously [11]. 
mRNA expression analyses of XAF1, TNFSF10, STAT1, 
SOCS3, and PIK3R1 were performed according to standard 
qRT-PCR procedures. All primer sequences are available upon 
request. Primers were obtained from Qiagen and analysed 
by the QuantiTect primer system as recommended by the 
manufacturer. Mean �� was determined from duplicate PCR 
runs. Values showing a standard deviation higher than 0.5 
were excluded from further analysis. �e expression of β-Actin 
was used for normalisation. �e 2–∆∆Ct method was used to 
assess fold changes in mRNA expression between samples 
and controls. Each result consisted of at least five independent 
experiments.

2.5. Western Blotting Experiments.  Harvested cells were 
washed with PBS and lysed in PhosphoSafe (Novagen) 
following the instructions of the manufacturer. Total protein 
concentrations were quantified (Bradford reagent) and 
protein isolates were loaded on 12.5% SDS-PAGE gels and 
later transferred to nitrocellulose membranes (Bio-Rad). �e 
membranes were blocked using block-buffer (Invitrogen) 
and incubated at 4°C with the primary antibody. We used the 
following antibodies: PIK3R1 (N-term L11, anti-Rabbit, Sigma 
Aldrich), Akt 1/2/3 (5C10, anti-Mouse, Santa Cruz), p-Akt 
(D9E, anti-Rabbit, Cell Signaling), STAT3 (EPR787Y, anti-
Rabbit, Abcam), p-STAT3 (EP2147Y, anti-Rabbit, Abcam), 
cleaved PARP1 (E51, anti-Rabbit, Abcam). ERK-2 (C14, anti-
Rabbit, Santa Cruz) was used as loading control. We utilised 
horseradish peroxidase–coupled secondary antibodies and 
the ECL Plus system (GE Healthcare) to visualize the protein 
expression. All experiments were repeated at least three times.

2.6. Luciferase Reporter Assays.  Cloning procedure and 
plasmid use were described previously [11]. Human PIK3R1 
3′-UTR construct containing the putative miR-221 binding 
site was PCR-amplified using the following primers that 
contained additional Hind III I sites: piK3r1Hindfor: 
5′-GATCAAGCTTTCTGAAGCTTTACCAGCTG-3′; 
pik3r1Hind rev: 5′-CAAT AAGCTTGTGGG GAAGCTTA
TTCTG-3′. �e resulting PIK3R1 PCR fragment containing 
the miR-221 complementary site to pik3r1 was cloned into 
a luciferase reporter plasmid (pMIR- REPORT-Luciferase, 
Applied Biosystems) downstream of the Renilla luciferase 
stop codon using Hind III sites. �e resulting reporter vector 
(50 ng/well) was co-transfected with a control nontargeting 
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RNA oligonucleotide (ctrl) or pre-miR-221 (50 nmol/l). 
Lipofectamine-TM reagent (Invitrogen) was used for transient 
transfection. To perform luciferase assays, LNCaP cells or 
PC3 cells were plated in 6-well plates (3.5 × 105 or 2 × 105 cells 
per well) and incubated for 24 h before transfection. 48 h 
a�er transfection, the Firefly- and Renilla-Luciferase activity 
was analysed using the Dual-Luciferase® Reporter Assay 
System (Promega) as recommended by the manufacturer’s 
protocols. Renilla activity was used for normalisation and as 
a control for transfection efficiency in each individual analysis. 
Using the Site-Directed Mutagenesis Kit (QuickChange, 
Agilent Technologies), we introduced a mutation into 
the miR-221 binding site of PIK3R1. An additional Mlu 
restriction site was introduced for screening. Primers for 
mutagenesis are as follows: pik3r1Mutfor: 5′-TGACTCGT
TCATTTGTTACAAAATGAAATAATC3′, pik3r1Mutrev: 
5′-CGCGTGAAAGGCACGTCCACTCA3′. �e resulting 
pik3r1Mut reporter vector was used to confirm specific 
binding of miR-221 at the putative binding site. All cloning 
steps were verified by sequencing of resulting constructs. 
All reporter assays transfected with the mutant or wildtype 
PIK3R1-3′UTR were repeated at least four times.

2.7. Statistical and Bioinformatical Analyses.  Student’s unpaired 
t-tests were applied to discriminate significant differences 
in two groups of normally distributed data. For multiple 
groups, we applied ANOVA with subsequent Bonferroni 
post hoc testing (correcting for multiple tests). Significance 
levels were determined as α = 95% and α = 99%. Statistically 
significant associations were set as *�푝 < 0.05 and **�푝 < 0.01,  
respectively. We used R build 3.2.2 (https://www.r-project.
org/) for statistical evaluation.

For bioinformatical analysis of TCGA data, we utilised the 
freely accessible UALCAN web resource for determining genes 
co-expressed with TNFSF10/TRAIL in PCa tissue [14]. �e 
TNFSF10/TRAIL-associated signature (top 50 co-expressed 
genes in PCa) was further examined via Reactome Pathway 
analysis [15, 16]. New functional annotation analyses of 
expression data from microarray experiments earlier per-
formed by our group [11] were conducted using DAVID 
Functional Annotation [17, 18]. Targetscan.com was used as a 
tool for predicting miR-mRNA targeting, specifically to detect 
the miR-221 binding sequence at the 3′UTR of PIK3R1 [19].

3. Results

3.1. miR-221 Sensitised PCa Cells towards TRAIL-Mediated 
Effects on Cell Viability and Apoptosis Induction.  (Figure 1(a)) 
illustrates the effects of TRAIL administration (10 ng/ml) on 
survival of PC3, DU145 and LNCaP cells as well as RWPE cells. 
Whereas TRAIL caused a significant reduction of cell viability 
in PC3 (76.1 ± 9.4% cells compared to control, �푝 = 0.011) and 
DU145 cells (76.6 ± 6.8% viable cells, �푝 = 0.006), no significant 
effect of 10 ng/ml TRAIL administration could be detected in 
LNCaP cells (96.8 ± 8.8%, �푝 = 0.52) or in nonmalignant RWPE 
cells (95.8 ± 12.9%, p=0.64).

We also looked at potential additional effects of miR-221 
overexpression on TRAIL-treated PC3 and DU145 cells 

(Figures 1(b) and 1(c)). Compared to control transfected cells, 
TRAIL administration a�er transfection with pre-miR-221 
caused a significant further reduction in cell viability of PC3 
(26.5 ± 7.9% in comparison to 76.1 ± 9.4% viable cells, �푝 < 0.01
) and DU145 cells (58.6 ± 10.9% compared to 76.6 ± 6.8% via-
ble cells, �푝 < 0.01). As shown before, pre-mir-221 transfection 
in comparison to control transfections led to a significant 
reduction in cell viability of PC3 (48.6 ± 12.1%, �푝 < 0.01) and 
DU145 cells (77.5 ± 4.4%, �푝 < 0.01). Although higher doses of 
TRAIL (50 ng/ml) led to a decrease in cell viability of LNCaP 
cells (Figure 1(d)), this decline did not meet statistical signif-
icance criteria. Whereas miR-221 overexpressing LNCaP cells 
showed a trend towards higher cell viability (�푝 = 0.054), the 
comparison between TRAIL-treated LNCaP cells a�er pre-
miR-221 or control transfections was statistically significant 
(119.5 ± 19.7% vs. 84.8 ± 5.6%, �푝 = 0.013). As shown for PC3 
cells by Caspase 3/7 assays (Figure 1(e)), TRAIL administra-
tion compared to control strengthened relative apoptosis in a 
highly significant manner (188.6 ± 34.4%, �푝 < 0.01). 
Comparable results could be seen a�er pre-miR-221 transfec-
tions (187.8 ± 42.9%, �푝 < 0.01). Co-treatment with pre-
miR-221 transfection and TRAIL administration resulted in 
a highly significant additional effect on apoptosis induction 
(266 ± 24.8%, �푝 < 0.01). To confirm this increased apoptotic 
death rate observed in TRAIL-treated and miR-221 overex-
pressing PC3 cells, we additionally analysed the expression of 
cleaved PARP1 (Figure 1(f)). We found an increased expres-
sion of cleaved PARP1 in TRAIL-treated, control-transfected 
cells and a strengthened expression of cleaved PARP1 in miR-
221 overexpressing cells, indicating that miR-221 increased 
the sensitivity of PC3 cells towards TRAIL-induced 
apoptosis.

3.2. miR-221 Induced Endogenous TRAIL Expression and a 
TRAIL-Friendly Milieu of Interferon-Related Genes.  Based 
on the observed sensitisation of miR-221 overexpressing PC3 
and DU145 cells towards TRAIL-induced cell death, we were 
interested in understanding the molecular changes induced 
by miR-221. As illustrated in (Figure 2(a)), we performed a 
DAVID Functional Annotation analysis using gene expression 
signatures of pre-miR-221 transfected PC3 cells (48 h p. t.) 
detected by microarray experiments. We identified immune 
and interferon-related pathways as significantly enriched in 
PC3 cells with high miR-221 expression levels. Among the 
top ranked genes within these microarray analyses, we saw 
XAF1, TNFSF10, and STAT1 (Figure 2(b)). Additionally, we 
confirmed these results by qRT-PCR experiments (Figures 
2(c) and 2(d)) showing significant overexpression for XAF1, 
the TRAIL encoding gene TNFSF10 and STAT1 along with 
a downregulation of SOCS3 in miR-221 overexpressing 
PCa cells. Since we know that miR-221 overexpression 
is linked to a signature of interferon-induced genes, we 
examined whether TRAIL signalling is linked to interferon 
signalling also in PCa specimen. �erefore, we determined 
the top 50 genes co-expressed with TNFSF10 in PCa tissue 
(TCGA dataset, Prostate Adenocarcinoma, PanCancer 
Atlas). Further Reactome pathway analysis (Figure 2(e)) 
confirmed a significant association of this gene set with 
cytokine and interferon-related pathways, indicating a tight 
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Figure 1: Overexpression of miR-221 augmented TRAIL effects in terms of cell viability and apoptosis induction in PCa cells. (a) TRAIL 
administration (final concentration of 10 ng/ml) led to a significantly lower proportion of proliferating PC3 and DU145 cells. In contrast, 
LNCaP cells and nonmalignant RWPE cells did not show a significant change in viability a�er TRAIL administration. Relative cell viability 
was normalised to the viability of untreated control cell lines, which was arbitrarily set as 100% (b, c). Transient transfection with pre-miR-221 
significantly augmented TRAIL sensitivity in terms of cell viability in (b) PC3 and (c) DU145 cells (120 h p. t.). (d) Higher doses of TRAIL 
(50 ng/ml) led to a decrease in cell viability of LNCaP cells. Overexpression of miR-221 caused increased cell viability. In combination, pre-
miR-221 transfected LNCaP cells were significantly less susceptible towards TRAIL effects compared to control transfections. (b, c, d) Relative 
cell viability was normalised to the viability of control cells, which was arbitrarily set as 100%. Control cells (Ctr) were transfected with a 
scrambled, non targeting pre-miRNA. (e) miR-221 overexpression significantly augmented Caspase 3/7 activity in PC3 cells. 10 ng/ml TRAIL 
was administered 24 h p. t. Experiments took place 48 h p. t. Caspase positivity was normalized to the Caspase activity of control cells, which 
was arbitrarily set as 100%. Control cells (Ctr) were transfected with a scrambled, non targeting pre-miRNA . (a, b, c, d, e) Data represent 
mean + SD from five independent experiments, *�푝 < 0.05; **�푝 < 0.01. (b, c, d, e) ANOVA with Bonferroni post hoc testing. (f) Western 
blotting experiments confirmed higher expression levels of cleaved PARP1 in pre-miR-221 transfected PC3 cells compared to pre-miR-control 
transfections (48 h p. t.). TRAIL treatment in doses of 10 ng/ml and 50 ng/ml caused higher expression levels of cleaved PARP1 in pre-miR-
Control and pre-miR-221 transfected PC3 cells compared to untreated cells–with higher levels in TRAIL-treated cells overexpressing miR-221.
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protein amount of phospho-Akt, while no significant changes 
of Akt protein expression could be seen in any transfection. 
�ese results indicate that the activation of Akt in miR-221 
overexpressing cells might be regulated by a miR-221-medi-
ated inhibition of both PIK3R1 and SOCS3. In DU145 cells–
with generally very low Akt levels–the phospho-Akt expression 
nearly vanished a�er siSOCS3 transfection Figure 4(e). Since 
we previously have observed a strong activation of STAT3 in 
miR-221 overexpressing DU145 cells, we finally analysed the 
role of SOCS3 in STAT3 activation by miR-221. Figure 4(e) 
shows that siRNA-mediated knockdown of SOCS3 reduced 
phospho-STAT3 expression levels–whereas STAT3 expression 
remained unchanged. Based on these results, we concluded 
that STAT3 activation in miR-221 overexpressing PCa cells 
was at least partially caused by miR-221-mediated SOCS3 
inhibition.

4. Discussion

miR-221 is overexpressed in many malignancies including 
colorectal and pancreatic cancer [20, 21]. One reason for the 
oncogenic branding across various cancer entities was the 
miR-221-mediated resistance towards the cytokine TRAIL [6]. 
However, miR-221 is downregulated in malignancies such as 
Gastrointestinal Stromal Tumours (GIST) [22] and NSCLC 
[23] and a meta-analysis of several independent studies 
demonstrated a strong and frequent downregulation of miR-
221 in PCa tissue [10]. Moreover, our study group described 
downregulation of miR-221 in high risk PCa [9] and showed 
that miR-221 expression levels in prostatectomy specimen had 
a significant prognostic impact on overall and cancer-specific 
survival in two independent high risk PCa cohorts [11]. �is 
led us to take a closer look at the potential interaction of miR-
221 and TRAIL in PCa cells.

4.1. A Novel Role for miR-221 in TRAIL Signalling.  Instead 
of inducing TRAIL resistance as shown in other malig-
nancies, miR-221 played the opposite role in our setting: 
restoring miR-221 expression sensitized PC3 and DU145 
cells towards TRAIL in terms of decreased viability and in 
terms of stronger induction of apoptosis. �is novel trait 
of miR-221 seemed to fit well with the miR-221-mediated 
augmentation of interferon signalling in PCa demonstrat-
ed by our group [11], as interferon and TRAIL signalling 
were shown to act synergistically [12, 13]. Of note, this close 
link to interferon could be one reason, why LNCaP cells 
could not be sensitized towards TRAIL by higher miR-221 
expression levels , as this cell line is reported to be interferon 
unresponsive [11, 24].

Apart from reported TRAIL/interferon synergisms in 
other malignancies, we examined a potential interaction of 
these pathways in PCa in silico. We found that genes strongly 
co-expressed with TNFSF10 in PCa tissue also were fre-
quently and significantly associated with JAK-STAT-mediated 
interferon signalling. Depending on this observation, we 
decided to further analyse the molecular changes leading to 
the modified TRAIL sensitivity in miR-221 overexpressing 
PCa cells.

relationship between TRAIL and interferon signalling in 
PCa tissue. While XAF1 was significantly overexpressed 
in our microarray analyses, the expression of XIAP, a 
functional opponent of XAF1, was not significantly altered in  
miR-221 overexpressing PC3 cells (Supplementary Material, 
Table S1).

3.3. PIK3R1 as Direct Target Gene of miR-221 in PCa Cells.  To 
further characterise the role of miR-221 in TRAIL sensitivity, 
we searched for potential miR-221 target genes involved in 
TRAIL signalling. As illustrated in (Figure 3(a)), PIK3R1 is 
bioinformatically predicted as miR-221 target gene by the 
TargetScan web resource. To verify this targeting in vitro, 
we performed Luciferase reporter assays in LNCaP and 
PC3 cells (Figure 3(b), Supplementary Material Figure S1) 
and saw a highly significant decrease in relative Luciferase 
activity (from 93.9 to 31.3 RLU, �푝 < 0.01) in pre-miR-221 co-
transfected LNCaP cells compared to control transfections. 
Mutation of the predicted miR-221 binding site nearly 
restored the initial luciferase activity in the pre-miR-221 
treated LNCaP cells (31.1–68.2 RLU, �푝 < 0.01). We analysed 
the miR-221-mediated regulation of PIK3R1 by qRT-PCR 
(Figure 3(c)), finding no significant expression change of 
PIK3R1 on RNA level (6.12 ± 1.61ΔCt in pre-miR-221-
transfected cells vs. 6.35 ± 1.31ΔCt in control transfected 
cells, �푝 = 0.85). Instead, Western blotting experiments 
confirmed a robust reduction of PIK3R1 protein expression 
in pre-miR-221 transfected PC3 cells compared to control 
(Figure 3(d)).

3.4. Knockdown of SOCS3 and PIK3R1 Significantly Augmented 
TRAIL Effects in PC3 Cells.  Next, we examined the effect of the 
miR-221 target genes SOCS3 and PIK3R1 on TRAIL signalling 
by performing MTS assays of PCa cells with/without TRAIL 
administration a�er siRNA-mediated downregulation of both 
miR-221 target genes (Figures 4(a) and 4(b)). As illustrated 
in (Figure 4(c)), siRNA treatment led to a highly significant 
decrease in expression for both genes.

With 69.1 ± 10.6% viable cells compared to control 
(�푝 < 0.01), siSOCS3 transfection induced a significant prolif-
eration inhibition in PC3 cells. Moreover, siSOCS3 transfec-
tion induced a significant rise in TRAIL sensitivity–from 
77 ± 9% viable cells in TRAIL-treated cells a�er control trans-
fection to 39.4 ± 9.9% viable cells a�er TRAIL treatment in 
siSOCS3-transfected PC3 cells (�푝 < 0.01).

Regarding PIK3R1 downregulation (Figure 4(b)), PC3 cells 
also showed a significant decrease in survival a�er siPIK3R1 
transfection compared to control (70.3 ± 12.5%, �푝 < 0.01). As 
seen for siSOCS3 transfection, siRNA-mediated downregula-
tion of PIK3R1 also had a highly significant effect on TRAIL 
sensitivity (75.5 ± 4.7%–44.3 ± 4% viable cells, �푝 < 0.01).

Figures 4(d) and 4(e) shows Western blotting experiments 
with siPIK3R1, siSOCS3, and pre-miR-221. First, transfection 
with siPIK3R1 sufficiently reduced the amount of PIK3R1 
protein in PC3 cells, indicating an efficient siRNA-mediated 
downregulation of PIK3R1. Besides, as already shown in 
Figure 3(d), pre-miR-221 transfection also reduced the protein 
level of PIK3R1. siRNA-mediated downregulation of PIK3R1 
or SOCS3 as well as pre-miR-221 transfection lowered the 
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TNFSF10, XAF1, and STAT1 among the most upregulated 
genes. Noteworthy, restoration of cellular miR-221, causing a 
reduced SOCS3 expression, strengthened endogenous TRAIL 
expression in PC3 cells by significantly inducing the TRAIL 
encoding gene TNFSF10. Additionally, XAF1 is regarded as a 
crucial regulator of TRAIL sensitivity by linking interferon and 
TRAIL signalling [25] and by neutralizing TRAIL resistance 
induced by its functional competitor XIAP (X-linked inhibitor 
of apoptosis). �is anti-apoptotic factor works by directly 
blocking the caspase cascade and preventing subsequent cell 
death [26, 27]. Further analysis of XAF1 together with XIAP 

4.2. �e miR-221 Target Gene SOCS3 as Inhibitor of TRAIL 
Signalling in PCa Cells.  Our study group demonstrated that 
SOCS3 is a target gene of miR-221 and that its downregulation 
provoked a broad gene signature of interferon-induced genes 
[11]. We now confirmed the miR-221-mediated augmentation 
of interferon signalling by DAVID Functional Annotation 
analyses of microarray data showing immune-related and 
specifically interferon-associated pathways significantly 
overrepresented in miR-221 overexpressing PC3 cells. 
Within these microarray experiments, we searched for genes 
involved in interferon and TRAIL signalling and found 
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expression enhanced the IFNγ responsiveness, indicating a 
regulation of IFNγ sensitivity in PCa cells by SOCS3 [11]. 
�erefore, we suggest that the regulation of both Akt and 
STAT3 activation by SOCS3 might explain at least partially 
the anti-proliferative and pro-apoptotic activity of miR-221 
and the modulation of sensitivity against TRAIL-mediated 
apoptosis in PCa cells.

Regarding the contradictory effects of miR-221 in LNCaP 
cells, it was shown that SOCS3 expression levels were negligi-
ble in Androgen-dependent LNCaP cells compared to mark-
edly higher SOCS3 levels in the androgen-independent cell 
lines PC3 and DU145 [30]. �is observation might at least 
partially explain the differing effects of TRAIL and miR-221 
overexpression in LNCaP cells, thereby highlighting the 
importance of the molecular microenvironment for the func-
tion of miR-221 in PCa.

4.3. PIK3R1 as Target Gene of miR-221 and Its Role as Inhibitor 
of TRAIL Signalling in PCa Cells.  We further looked for 
additional miR-221 target genes with a putative role in TRAIL 
signalling and identified PIK3R1 as an interesting candidate. 
�is gene is reported to be regulated by miR-221 in endothelial 
cells during embryogenesis [31] and has a miR-221 binding site 
in its 3′ UTR. Luciferase reporter assays and Western blotting 
experiments confirmed a miR-221 targeting of PIK3R1. We 
then examined the effect of siRNA-mediated downregulation 
of PIK3R1 on TRAIL sensitivity in PC3 cells. Downregulation 

expression within our microarray experiments revealed stable 
levels of XIAP accompanied by a strong induction of XAF1 
expression.

In concordance with our results, it was also shown that 
SOCS3 counteracts TRAIL effects in PCa cells by directly 
binding DR 4 (death receptor 4), thereby inhibiting the down-
stream apoptotic cascade [28]. Additionally, we examined the 
effect of siRNA-mediated downregulation of SOCS3 on TRAIL 
sensitivity and observed that downregulation of SOCS3 sig-
nificantly sensitized PC3 cells towards a TRAIL-induced 
reduction in cell viability, thereby mimicking the effect of high 
miR-221 expression levels. Our results indicate that miR-221 
effects on TRAIL sensitivity are at least partly caused by miR-
221 targeting SOCS3.

We previously detected phospho-Akt downregulation and 
STAT3 phosphorylation in miR-221 overexpressing cells. 
Here, we show decreased Akt activation and increased STAT3 
activation in SOCS3-downregulated PCa cells—thereby indi-
cating a critical role of SOCS3 for miR-221 function in PCa 
cells. Nevertheless, an anti-tumorigenic role of phos-
pho-STAT3 is conflicting, because of its reported oncogenic 
function. However, STAT3 activation can induce apoptosis 
under certain conditions in various cancer types including 
PCa. Moreover, SOCS3 downregulation determined reduced 
proliferation rates and an increased apoptotic response by 
converting the anti-apoptotic STAT3 function into pro-apop-
totic [29]. In addition, it was shown that reduced SOCS3 
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shown to serve as the regulatory subunit of PI3K. However, 
proliferation inhibition a�er siRNA-mediated downregulation 
of PIK3R1 as well as sensitization towards the effects of TRAIL 
in PC3 cells demonstrated an oncogenic function of PIK3R1 
in vitro. Given the prognostic potential of a miR-221 down-
regulation in PCa, our results suggest, that high risk stages in 
PCa could be linked to enhanced TRAIL resistance. Moreover, 
miR-221 in combination with SOCS3 and PIK3R1 expression 
could serve as a potential predictive biomarker model for 
TRAIL response in aggressive PCa.
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