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Abstract: vtRNA2-1 is a vault RNA initially classified as microRNA precursor hsa-mir-886 and
recently proposed as “nc886”, a new type of non-coding RNA involved in cancer progression
acting as an oncogene and tumor suppressor gene in different tissues. We have shown that
vtRNA2-1/nc886 is epigenetically repressed in neoplastic cells, increasing cell proliferation and
invasion in prostate tissue. Here we investigate the ability of vtRNA2-1/nc886 to produce small-RNAs
and their biological effect in prostate cells. The interrogation of public small-RNA transcriptomes
of prostate and other tissues uncovered two small RNAs, snc886-3p and snc886-5p, derived from
vtRNA2-1/nc886 (previously hsa-miR-886-3p and hsa-miR-886-5p). Re-analysis of PAR-CLIP and
knockout of microRNA biogenesis enzymes data showed that these small RNAs are products of
DICER, independent of DROSHA, and associate with Argonaute proteins, satisfying microRNA
attributes. In addition, the overexpression of snc886-3p provokes the downregulation of mRNAs
bearing sequences complementary to its “seed” in their 3′-UTRs. Microarray and in vitro functional
assays in DU145, LNCaP and PC3 cell lines revealed that snc886-3p reduced cell cycle progression
and increases apoptosis, like its precursor vtRNA2-1/nc886. Finally, we found a list of direct candidate
targets genes of snc886-3p upregulated and associated with disease condition and progression in
PRAD-TCGA data. Overall, our findings suggest that vtRNA2-1/nc886 and its processed product
snc886-3p are synthesized in prostate cells, exerting a tumor suppressor action.

Keywords: vault RNA; vtRNA2-1; nc886; hsa-miR-886-3p; cancer; prostate; small RNA; microRNA;
TCGA; PRAD

1. Introduction

Prostate cancer (PrCa) is a heterogeneous disease, the molecular mechanisms of which are still
not fully elucidated [1]. It is currently the solid tumor with the highest incidence in men in Western
countries, representing the second leading cause of male cancer death [2]. The incidence of PrCa is
increasing mainly because of population ageing, increased awareness, and the widespread introduction
of the prostate-specific antigen (PSA) test. Despite the fact that most patients can be successfully
treated, a minor proportion develop an aggressive form of the disease that is currently incurable.
Despite the remarkable progress in the development of molecular biomarker to aid disease diagnosis
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and risk stratification [3], improved biomarkers for treatment prediction and patient surveillance are
still needed. The current advance of genomic technologies has contributed to the identification of
thousands of non-coding RNAs (ncRNAs) in the human genome; nonetheless, no function has been
assigned for the majority of them [4]. NcRNAs have emerged as significant players in cancer initiation
and progression [5], therefore their clinical value is under intense investigation [6]. Pre-miR-886 was
annotated as a microRNA precursor in 2007 (hsa-mir-886) (release v10 of miRBase (08/2007)) [7] after
the identification of microRNAs derived from it in small RNA libraries from different human cell
types [8]. Due to the recognition of its sequence homology with the human vaults RNAs (vtRNAs)
vtRNA1-1/2/3 [9], pre-miR-886 was later re-classified as a vault RNA (vtRNA2-1) and therefore removed
from miRBase (release v16 (11/2011)). Although the vtRNAs were discovered for their association
with the vault particle [10], there is a large cytoplasmic fraction of vtRNAs, including vtRNA2-1,
not associated with it [11,12]. Recently, vtRNA2-1 was proposed as a new type of ncRNA functioning as a
tumor suppressor that inhibits Protein Kinase RNA-activated (PKR), and was consequently renamed as
“nc886” [12–15]. In agreement with the former result, we previously found that vtRNA2-1/nc886 (from
here on referred as nc886) is a tumor suppressor in the prostate, the expression of which is epigenetically
silenced in tumors and associated with a worse clinical behavior [16]. In addition, its overexpression
leads to a decrease in in vitro cell proliferation and invasion and a decrease in in vivo tumor growth [16].
Nevertheless, the ability of nc886 to function as a small RNA precursor by a non-canonical pathway
independent of DROSHA was recognized early [17–19]. Indeed, despite the removal of microRNAs
derived from hsa-mir-886/vtRNA2-1/nc886 from miRBase (release v16 (11/2011)) several groups
detected hsa-miR-886-3p and hsa-miR-886-5p in cells and tissues and assigned them a microRNA
function in cancer. Hsa-miR-886-3p was proposed as a tumor suppressor microRNA in several types
of cancer (prostate [20], bladder [21], breast [22], colon [23], lung [24–27] and thyroid [28,29]) and
as a microRNA involved in other diseases (hematological [30] and Friedreich ataxia [31]). In the
prostate, the loss of expression of hsa-miR-886-3p was associated with early biochemical relapse
(<1 year after radical prostatectomy) [20], but a recent study shows an increased abundance of
circulating hsa-miR-886-3p in high-grade compared to low-grade prostate cancer in plasma samples [32].
Notwithstanding, few reports showed an oncogenic action of hsa-miR-886-3p in renal cell carcinoma [33],
colorectal carcinoma [34] and esophageal squamous cell carcinoma [35]. A recent finding proposing a
nc886/PKR loss mediated doxorubicin cytotoxicity raised a novel view about its specific contribution
to chemotherapy response [36]. Overall, despite of the various reports assigning a microRNA function
to hsa-miR-886-3p, its production as a specific nc886 processed product, its dependence on DICER and
its association to Argonaute proteins has not been consistently demonstrated.

The aim of this study was to investigate the production of small RNAs with microRNA-like function
from nc886, and the biological effect and clinical significance of this small RNAs in prostate cancer.
The analysis of small-RNA-seq data from prostate cell lines and tissues demonstrated the presence of
small RNAs derived from nc886 (herein designated as snc886-3p and 5p). Snc886-3p shows DICER
processing hallmarks and associates with Argonaute proteins. Snc886-3p level decreases in tumor
compared to normal tissues, correlating with the methylation of its gene promoter and the expression
of its precursor nc886 in prostate tissue. Furthermore, we found that snc886-3p functions as a tumor
suppressor microRNA-like RNA in prostate tissue, affecting cell viability, cell cycle phases and early
apoptosis in PrCa cell lines. Through global gene expression analysis of cancer cell lines overexpressing
snc886-3p, we identified a group of transcripts that might be targets of direct repression by snc886-3p
and could explain the observed phenotype. We finally built a snc886-3p direct candidate target gene
set supported by in silico predictions of microRNA binding sites AGO-PAR-CLIP (photoactivatable
ribonucleoside-enhanced crosslinking and immunoprecipitation) and gene expression analysis in
PRAD-TCGA and cell line data. This approach led us to the identification of 106 direct snc886-3p
candidate target genes the expression of which is associated with the methylation of the nc886 promoter
and a poor prognosis of PrCa patients. Overall, these findings suggest that snc886-3p functions as a
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non-canonical tumor suppressor microRNA derived from nc886 in prostate tissue that executes an
antiproliferative effect per se, concordant with the effect of its precursor nc886.

2. Results

2.1. vtRNA2-1/nc886 Produces Small RNAs with microRNA-Like Features

To investigate the presence of small RNAs derived from nc886 in prostate tissue, we performed a
re-analysis of publicly available small-RNA-seq data sets of prostate tissues and cell lines. We pooled the
reads from normal and tumor cell lines transcriptomes (GSE26970, GSE66035 and SRP109305 [37–39]),
available at Sequence Read Archive (SRA, [40]) and Gene Expression Omnibus (GEO, [41]). This
analysis reveals that most of the reads mapping to nc886 gene piles up over the two sequences
corresponding to the previously annotated microRNAs hsa-miR-886-3p (23 nt) and hsa-miR-886-5p
(24-25 nt), both in normal (Figure 1A) and tumor (Figure 1B) cell lines. Considering the controversy of
the function of hsa-mir-886/vtRNA2-1/nc886 we named the microRNA-like fragments derived from it as
snc886-3p and snc886-5p. Genome BLAST analysis of the mature sequences of snc886-3p and snc886-5p
shows that their only possible origin is the nc886 transcript (Table S1). Remarkably, while snc886-3p is
more abundant than snc886-5p in the normal cell lines (Figure 1A), the opposite is observed in the
cancer cell lines (Figure 1B), suggesting a strand preference switch of nc886 processing upon malignant
transformation. Figure 1A,B also show that the precise distribution of reads over nc886 sequence
is consistent with a specific nuclease processing of nc886 instead of its random degradation [42].
Moreover, the pattern of mapping recalls the distinctive processing of DICER, defined by a sharp 5′

end cut and a less precise 3′ end cut [42,43], which is seen at both snc886-3p and snc886-5p in prostate.
Consistently, a similar stacking of reads over nc886 and the same strand preference is observed in cell
lines derived from different human tissues (Figure S1A,B).

A predictive secondary structure of nc886 (101 nt) obtained using RNAstructure (MFE) essentially
agrees with previous reports [45,46] (see Figure 1C, indicating the location of the two small RNAs
identified in the small-RNA-seq data). The RNA folds into a hairpin (stem loop) with a 1-3 nt
nucleotides overhangs in one end and an internal loop contiguous to the mature derived small RNAs,
thus complying to the requirements of a DICER processing substrate [19,47].

A fundamental feature of a small non-coding RNA functioning as a microRNA is its association
with Argonaute proteins [48,49]. To investigate if the snc886-3p/5p fragments satisfy this criterion, we
re-analyzed Argonaute PAR-CLIP (AGO-PAR-CLIP) small-RNA-seq data and total small-RNA-seq of
DU145 PrCa cell line (SRP075075 and SRP109305) [38,50]. We observed an enrichment of snc886-3p in
the fraction associated with Argonaute proteins, similar to that observed for canonical microRNAs
such as hsa-miR-301b, hsa-miR-130b and hsa-miR-320b (Figure 1D). Even though snc886-5p is more
expressed than snc886-3p, it is not preferentially associated with the Argonaute fraction in DU145 cell
line (Figure 1D). These findings are confirmed by a correlation analysis of AGO-PAR-CLIP versus
total RNA reads of the same cell line, which shows a lower abundance but higher association with
AGO-associate fraction of snc886-3p relative to snc886-5p, in the context of all the small RNAs detected
in the study (Figure S1C). Indeed, the association to Argonaute of snc886-3p in DU145 is above the
average of microRNAs (log2 RPM Average microRNAs AGO association = 5.56, log2 RPM snc886-3p
AGO association = 6.44), suggesting an active association of snc886-3p to the RISC (RNA-induced
silencing complex) machinery. It is worth mentioning that experiments in other PrCa cell lines analyzed
by Hamilton et al. [50] do not detect snc886-3p, probably because of its low expression (see below and
Figure 2B,C) due to the high DNA methylation of its promoter [16].
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Figure 1. nc886 derived fragments are produced in prostate cell lines and exhibit microRNA features.
(A,B) Mapping of prostate cell small RNA reads along the sequence of nc886. Reads obtained from
small-RNA transcriptomes of non-transformed prostate PrEc and PrSC (GEO id: GSE26970) (A) and
tumor DU145, PC-3 and LNCaP cell lines (SRA id: SRP109305 and GEO id: GSE66035) (B) were mapped
to nc886. A diagram of nc886 (Refseq (NR_030583.2)), plus additional 10 nt at both ends, is depicted
below the plots. Red lines in the plots represent the previously annotated hsa-miR-886-3p and -5p.
(C) Predicted secondary structure of nc886 (Refseq (NR_030583.2)) based on maximum free energy
(MFE) generated with the RNAstructure software [44]. (D) Association of small RNAs to Argonaute
in transcriptomic analysis of DU145 cell line. The graph shows the normalized expression, reads per
million (RPM), of small non-coding RNAs in total cellular RNA (TOTAL DU145) and in the Argonaute
PAR-CLIP fraction (AGO DU145). Data set available at SRA id: SRP075075. (E) Transcriptomic analysis
of small non-coding RNAs of the HCT116 cell line with knockouts for the microRNAs biogenesis
proteins DROSHA, EXPORTIN 5 and DICER. Data set available at GEO id: GSE77989. Average value
and standard error are shown.
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qRT-PCR (ΔΔCt) using RNAU6 as normalizer. The order of the cell lines is only based on the 
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RNAs from different prostate normal (GEO id: GSE26970) and tumor (SRA id: SRP109305 and GEO 
id: GSE66035) cell lines. For a better comparison of the different cell lines considering the differences 
in the depth sequencing among experiments, ranking number of appearances of snc886-3p is shown. 
(D) Correlation between nc886 and snc886-3p expression and average TSS200nt methylation on 
prostate cell lines (GSE68379: PrEc, RWPE-1, DU145, PC3, VCAP and LNCaP). Expression data is the 
same as in (B). Average values and standard deviation are shown. 
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between the expression of snc886-3p and nc886 in the cell lines (r Spearman = 0.95, Figure 2D). 
Likewise, the expression of snc886-3p correlates with the methylation status of the 200nt region 
upstream to the transcription start site (TSS200nt) of nc886 (r Spearman = 0.71, Figure 2D).  

Altogether these findings suggest that the reduction of snc886-3p levels in prostate cancer is due 
to the decreased levels of its precursor nc886, which in turn is a consequence of the increased 
methylation of the nc886 promoter. 

Figure 2. Snc886-3p is downregulated in tumor vs normal prostate tissue and cell lines. (A) Expression
of snc886-3p in paired normal and tumor tissues from patient prostatectomies. Expression of snc886-3p
in tumor relative to normal matched prostate tissue was determined by qRT-PCR (∆∆Ct) using RNAU6
as normalizer. Two-tailed paired T-test was performed. (B) Expression of snc886-3p in prostate cell
lines. Expression of snc886-3p relative to normal prostate cell line PrEc, determined by qRT-PCR (∆∆Ct)
using RNAU6 as normalizer. The order of the cell lines is only based on the expression of snc886-3p
(C) Expression of snc886-3p in transcriptomic analysis of small non-coding RNAs from different prostate
normal (GEO id: GSE26970) and tumor (SRA id: SRP109305 and GEO id: GSE66035) cell lines. For a
better comparison of the different cell lines considering the differences in the depth sequencing among
experiments, ranking number of appearances of snc886-3p is shown. (D) Correlation between nc886
and snc886-3p expression and average TSS200nt methylation on prostate cell lines (GSE68379: PrEc,
RWPE-1, DU145, PC3, VCAP and LNCaP). Expression data is the same as in (B). Average values and
standard deviation are shown.

Seeking additional evidence of the role of snc886-3p, we investigated its dependence on the
canonical microRNA biogenesis pathway through the analysis of the changes in the small-RNA-seq
transcriptome in knockouts (KO) of DROSHA, XPO5 and DICER generated in the HCT116 cell line [51].
We used a canonical microRNA (hsa-miR-130b), a Drosha-independent microRNA (hsa-miR-320b) [51]
and a small RNA fragment derived from the three prime region of RNY3 RNA (sRNY3-3p) as controls.
We reasoned that the global reduction in microRNA biogenesis would lead to the overrepresentation of
DROSHA-independent small RNAs in the transcriptome. Thus, the observed reduction in hsa-miR-130b
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and increase of snc886-3p/5p and hsa-miR-320b in the DROSHA-KO indicates that the processing of
the last three small RNAs is DROSHA-independent (Figure 1E). In addition, XPO5-KO produces a
significant reduction in hsa-miR-130b and a small decrease in snc886-3p and snc886-5p, indicating
that the two latter may be substrates of this exportin. In concordance with previous reports [12,19],
DICER-KO decreases the production of snc886-3p and snc886-5p by 96% and 93% respectively, as well
as the production of the control microRNAs (Figure 1E). As expected, no reduction of the fragment
derived from RNY3 (sRNY3-3p) was observed for all these knockouts [52].

Overall, our findings indicate that nc886 is a precursor of two small RNAs that meet key microRNA
criteria in prostate tissue.

2.2. Snc886-3p Has the Expression Profile of a Tumor Suppressor in Prostate Cells

In order to assess the relevance of snc886-3p in prostate we evaluated available microRNA
expression datasets of prostate tissues (microarray and qRT-PCR). The analysis reveals a decrease in
the expression of snc886-3p in cancer vs normal prostate tissue but no association with stage/prognosis
(Table 1).

Table 1. Analysis of snc886-3p abundance in PrCa microRNA datasets.

GEO ACC * PUBMED
ID Platform Total

Samples Benign Cancer
Fold

Change
(N/B vs T)

p-Value Analytical
Tool

GSE45604 24518785 Affymetrix 60 10 Normal 50 Cancer −1.4 0.05 GEO2R

GSE26964 21647377 Capitalbio 13 6 Primary
PrCa

7 Metastasis
Bone −2.7 N.S. GEO2R

GSE23022 21400514 Affymetrix 40 20 Normal 20 Cancer −1.3 0.03 GEO2R

GSE55323 24967583 Agilent 40 20
Non-Recurrent

20
Recurrent −1.2 N.S. GEO2R

GSE62610 25416653 Taqman
qPCR 36 14

Non-Recurrent
22

Recurrent −1.7 N.S. GEO2R

GSE21036 20579941 Agilent 140 28 Normal 112 Cancer −2.0 0.001 GEO2R

GSE36802 23233736 Affymetrix 42 21 Benign 21 Cancer −1.8 0.0002 GEO2R

TCGA data 26544944 Small-RNA-Seq 24 a 12 Normal 12 Cancer −3.2 0.03 miRDeep2

* GEO accession number; a PRAD-TCGA paired normal/tumor samples (52) with at least 2 reads for sdnc886-3p in
normal tissue (24), paired t-test; N.S. non-significant.

In addition, we analyzed the expression of snc886-3p in six paired normal and tumor samples
obtained from paraffin fixed tissues derived from radical prostatectomies [16]. Quantitative RT-PCR
confirmed a significant decrease of the expression of snc886-3p in tumor compared to normal tissues
in this cohort (Figure 2A). Similarly, the qRT-PCR quantitation of various prostate cell lines shows a
reduction in the expression of snc886-3p in tumor cell lines in comparison to the normal prostate cell
line PrEc (Figure 2B). Further analysis of publicly available small-RNA-seq data of prostate cell lines
(GSE26970, GSE66035 and SRP109305) reinforce this finding (Figure 2C). The reduced expression of
snc886-3p in malignant vs benign cells, observed in both patient tumors and prostate cancer cell lines,
is in agreement with a tumor suppressor function.

We have previously demonstrated an epigenetically driven reduction of nc886 in PrCa, thus we
wonder whether the decrease in snc886-3p is due to it. As expected, there is a positive correlation
between the expression of snc886-3p and nc886 in the cell lines (r Spearman = 0.95, Figure 2D). Likewise,
the expression of snc886-3p correlates with the methylation status of the 200nt region upstream to the
transcription start site (TSS200nt) of nc886 (r Spearman = 0.71, Figure 2D).

Altogether these findings suggest that the reduction of snc886-3p levels in prostate cancer is due to
the decreased levels of its precursor nc886, which in turn is a consequence of the increased methylation
of the nc886 promoter.



Non-coding RNA 2020, 6, 7 7 of 22

2.3. Snc886-3p Modulates Transcripts Affecting Cell Cycle and Apoptosis

Aiming to discover the snc886-3p effect on gene expression, we overexpressed the small RNA in
DU145 cell line (Figure 3A) and performed a global gene expression analysis using Affymetrix gene
microarrays 48 h after transfection. We used Sylamer algorithm [53] to estimate the enrichment of all
6-nt k-mers in the 3′ untranslated regions (3′-UTR) of transcripts of the differentially expressed genes.
A landscape plot that tracks the occurrence biases of the different k-mers on all transcripts ranked by
their differential expression is obtained. We observed that 5′ACCCGC3′, which is the complementary
sequence to the snc886-3p seed (6-mer, 2-7-nt), is the most enriched 6-nt k-mer in the 3′-UTR of the
repressed transcripts (adjusted p-value < 0.01) (Figure 3B). This finding favors a direct and sequence
specific repressive interaction of snc886-3p with the mRNA targets. Furthermore, we identified 1358
DEGs (fold change ≥ 1.5) including 704 downregulated and 654 upregulated transcripts (Table S1).
Microarray experiments were confirmed by qRT-PCR of selected transcripts (r = 0.97, p-value < 0.0003)
(Figure S2A). Independent snc886-3p overexpression experiments in DU145, LNCaP and PC3 (Figure
S2B) demonstrate a similar regulation of these genes in these cell lines (Figure S2C).
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Figure 3. Snc886-3p downregulates transcripts bearing a 5′ACCCGC3′ sequence complementary to
its putative seed in their 3′-UTR. (A) Expression of snc886-3p in DU145 cells transfected with 20nM
of mimic snc886-3p and negative control (Dharmacon) after 48 h. Quantification by qRT-PCR using
RNAU6 as a normalizer. (B) Sylamer enrichment landscape plot for 6-nt k-mer in all genes ranked
by their change in abundance after snc886-3p overexpression compared to control determined by
Affymetrix microarrays. The x-axis represents the sorted gene list (downregulated and upregulated
genes are plotted in the left and right part of the axis respectively). The y-axis shows the hypergeometric
significance for each 6-nt k-mer at each leading bin. Positive and negative values indicate enrichment or
depletion of the 6-nt k-mer sequence at the 3′-UTR of the genes. The dotted horizontal line symbolizes
an E-value threshold of 0.01 (Bonferroni corrected). The red line embodies the values obtained for the
6-nt k-mer (5′ACCCGC3′) complementary to the 6-nt seed (6-mer, 2-7-nt) of snc886-3p. The blue line
shows the average profile of 6-nt k-mer unrelated to the seed region of snc886-3p (dark blue), with
standard deviation as vertical bars.

Since canonical microRNAs are known to act mostly through complementary nucleotide pairing
at the 3′-UTR of the target gene mRNAs, we analyzed if the repressive action of snc886-3p transfection
was associated with the location of its binding site along the gene. We calculated the average fold
change in expression of the transcripts bearing 6-8-mers sequence complementary to the snc886-3p
seed in DU145 cell line transfected with snc886-3p (microarray experiments) (Figure S3A and Table S1).
As expected, snc886-3p causes an average global repression of the genes bearing its complementary
site. Most important, its action is significantly stronger when the site is located at the 3′-UTR of the
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transcript (Figure S3A). Furthermore, we confirmed this finding using most stringent direct target
genes narrowed down for their association to AGO [50]. Transcript with a snc886-3p 6-mer (2-7-nt)
binding motif at their 3′-UTR show a higher proportion of repression (39%) than those having motifs
differing in two-nucleotides (24% and 22%) (Fisher’s exact test, p-value < 0.0001 and Odds ratio 2.0
to 5′AACCCC3′ and 2.2 to 5′AGCCAC3′ for the substituted sequences) (Figure S3B and Table S1).
Overall, the evidence indicates that snc886-3p negative regulation of mRNA levels is dependent on the
seed sequence and on the location of the complementary site in the 3′-UTR of the target genes.

In order to investigate the functional consequences of snc886-3p perturbation, we performed gene
enrichment analysis of pathways and processes among the DEGs using GSEA curated gene sets [54].
The top 10 significant terms are shown in Table 2. In agreement with our previous study [16], cell cycle,
apoptosis and mitogenic pathways are enriched. Particularly, three formerly validated direct targets of
hsa-miR-886-3p, PLK1, TGFB1 and CDC6 [25,28], are downregulated upon snc886-3p overexpression.
Additionally, candidate snc886-3p direct target CDT1, which is a partner of CDC6, has been associated
with cell cycle impairment [55]. A more detailed picture of the snc886-3p responsive genes belonging
to the KEGG cell cycle pathway highlights additional downregulated genes (Figure S2D).

Table 2. Gene enrichment analysis GSEA (curated gene sets).

Gene Set Name Genes in Gene Set (K) Genes in Overlap (k) p-Value FDR
q-Value

KEGG_NEUROTROPHIN_SIGNALING_
PATHWAY 126 21 1.26 × 10−9 2.34 × 10−7

KEGG_INSULIN_SIGNALING_PATHWAY 137 18 7.63 × 10−7 6.13 × 10−5

KEGG_APOPTOSIS 88 14 1.26 × 10−6 6.13 × 10−5

KEGG_CELL_CYCLE 128 17 1.32 × 10−6 6.13 × 10−5

KEGG_PATHWAYS_IN_CANCER 328 28 6.45 × 10−6 2.40 × 10−4

KEGG_VALINE_LEUCINE_AND_
ISOLEUCINE_DEGRADATION 44 9 1.22 × 10−5 3.79 × 10−4

KEGG_TGF_BETA_SIGNALING_PATHWAY 86 12 2.81 × 10−5 6.73 × 10−4

KEGG_CHRONIC_MYELOID_LEUKEMIA 73 11 2.89 × 10−5 6.73 × 10−4

KEGG_MAPK_SIGNALING_PATHWAY 267 23 3.61 × 10−5 7.46 × 10−4

KEGG_MTOR_SIGNALING_PATHWAY 52 9 4.99 × 10−5 9.28 × 10−4

2.4. Snc886-3p Causes a Decrease in Cell Viability

We had previously shown that the forced recovery of nc886, the precursor of snc886-3p, reduced
in vitro and in vivo cell viability of PrCa cells [16]. In view of the enrichment of cell cycle related
pathways in the DEGs caused by snc886-3p overexpression (Table 2), we sought to determine if
snc886-3p affects cell viability. We found that the overexpression of snc886-3p in the prostate cell
lines DU145, LNCaP and PC3 produces a significant decrease in cell viability relative to the control
(Figure 4A). In addition, we performed cell cycle analysis with propidium iodide to determine cells
distribution in the different cell cycle phases (Figure 4B). We found an accumulation of cells in the
S and G2/M phase of the cell cycle in DU145 cell line, that could be associated with the decreased
expression of PLK1 evidenced previously (Figure S2A,C). Indeed, PLK1 was reported as a target of
hsa-miR-886-3p, the downregulation of which leads to an arrest in the anaphase stage of mitosis [25,56].
Additionally, LNCaP and PC3 showed an accumulation of cells in G1 phase of the cell cycle (Figure 4B).
These results lead us to propose an effect of snc886-3p on apoptosis. Annexin V, a marker of early
apoptosis, significantly increases in DU145 (14% of early apoptosis equivalent to an increase of 69%
relative to control) and LNCaP (24% of early apoptosis equivalent to an increase of 366% relative to
control) when snc886-3p is overexpressed (Figure 4C). On the contrary, we found no changes of early
apoptosis in PC3 cells between conditions, though we cannot completely discard earlier apoptotic
events completed at 72 h (Figure 4C). Despite the significant overall decrease in cell viability caused by
snc886-3p overexpression in the three prostate cell lines tested, the distinct contribution of proliferation
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and apoptosis may be due to the intrinsic differences of these cell lines. Globally, these analyses show
that snc886-3p decreases cell viability, due to a modulation of cell proliferation and early apoptosis.Non-Coding RNA 2020, 6, x FOR PEER REVIEW 9 of 22 
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Figure 4. Cytotoxicity, cell cycle and early apoptosis assay in prostate tumor cell lines overexpressing
snc886-3p. DU145, PC-3 and LNCaP cells transfected with 20 nM of mimic snc886-3p and negative
control (Dharmacon) were evaluated 72 h after transfection. All analyses were performed in triplicates
to determine average values and standard error. * p-value < 0.05; *** p-value < 0.001; **** p-value <

0.0001. (A) MTT assay to determine cell viability. p-values of T-test of the individual cell lines and the
three cell lines considered as replicates (all) are indicated over the horizontal brackets. (B) DNA content
analysis to determine the distribution of cell cycle stages. 10,000 cells/experiment were stained with
Propidium Iodide and evaluated by flow cytometry. (C) Early apoptosis assay. 10,000 cells/experiment
were stained with Annexin V (Annex V) and Propidium Iodide (IP) and evaluated by flow cytometry.
Viable cells are negative for Annexin V and Propidium Iodide, cells positive for Annexin V and negative
for Propidium Iodide are in early apoptosis and cells positive for Annexin V and Propidium Iodide are
necrotic cells. Two-way ANOVA Test for the cell cycle and early apoptosis assays was used to estimate
statistical significance of the observed differences.

2.5. Direct Candidate Target Genes of snc886-3p Are Associated with Clinical Worse Prognosis in Prostate
Cancer Patients

We had previously found that nc886 [16] and snc886-3p expression (Table 1) are associated to
worse clinical outcome in PrCa. We now sought to investigate if snc886-3p direct candidate target
genes are also associated with the disease. A list of 253 snc886-3p possible direct target genes was
built based on two criteria: the association to Argonaute determined by AGO-PAR-CLIP experiments
using DU145 (reads with a sequence complementary to the 6-mer (2-7-nt) snc886-3p seed sequence)
identified in Hamilton et al. [50] and the downregulation of at least 1.25 FC in DU145 after snc886-3p
overexpression (Table S1). A hierarchical clustering of the PRAD-TCGA samples in association with
clinical status (pathological, clinical, Gleason score, residual tumor, biochemical recurrence) is shown
in Figure 5. The expression of the 253 genes segregates the samples of patients with worse (red/violet)
from those with better (non-red) clinical presentation as well as the normal tissues (green). Additionally,
two major gene groups are clustered. Remarkably, the positive association of the 106 genes cluster with
worse clinical parameters suggests that they may be the relevant direct candidate targets of snc886-3p
repression in vivo (individual genes are listed in Table S1). We also found that men harboring tumors
with low expression of the 253 snc886-3p direct candidate target genes (percentile 25th) have a longer
disease-free survival compared with the high expressing ones (percentile 75th) (HR=2, p-value 0.031)
(Figure 6A). Disease-Free Survival analysis based on the expression of the 106-gene list showed a
greater statistical difference in patient survival probability (HR=3.2, p-value 0.00018) compared with
the 253-gene list (Figure 6A,B). Furthermore, the expression of the 106-genes associates with higher
methylation of nc886 TSS200nt (thus of snc886-3p) (r 0.29, p < 0.0001) (Figure S4A,B). These results
provide in vitro and in vivo support of a tumor suppressor microRNA-like role of snc886-3p in prostate,
acting through the direct repression of transcripts bearing complementary sequences at their 3′-UTR.
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Figure 5. Hierarchical clustering based on the expression of 253-snc886-3p direct candidate target
genes in prostate tissue of PRAD-TCGA. Heatmap of the expression of the 253 genes obtained by a
two-way hierarchical clustering using the Spearman rank correlation algorithm with the Morpheus
software and PRAD-TCGA data. The principal two gene clusters formed are shown (cluster of 106
genes and cluster of 147 genes). Color scale indicates the relative expression level of the genes across
the samples (red and blue represent higher and lower expression relative to the mean). Clinical status
for different parameters (Clinical T value, Pathological T value, Gleason Score, Residual Tumor and
Biochemical Recurrence) are represented by horizonal marks on the top of the heatmap. The values for
each parameter are indicated by colors in the top right legends.
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Figure 6. Disease-Free Survival analysis for PRAD-TCGA patients according to the expression of the
snc886-3p direct candidate target genes. Disease-Free Survival Kaplan–Meier curve for the expression
status of candidate target genes of snc886-3p in PRAD-TCGA was generated using GEPIA2 software [57].
(A) 253-snc886-3p direct candidate target gene list. (B) 106-snc886-3p direct candidate target gene
list. Two groups of patient tumors are compared: percentile 25th expression of the candidate target
genes (low expression: blue line) and percentile 75th expression of the candidate target genes (high
expression: red line). Hazard Ratio (HR), p(HR) and number of patients in each group are indicated.
The dotted lines represent the confidence interval of each group.
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3. Discussion

Hsa-miR-886-3p (snc886-3p) was initially classified as a microRNA derived from pre-miR-886 [8],
which was later removed from miRBase microRNA precursors (Release v16) due to its homology with
vtRNA1-1/2/3 and renamed as vtRNA2-1 [9]. Although several studies reported the dysregulation
of hsa-miR-886-3p in different pathological conditions [20–22,24–28,33,58], the specific synthesis of
fragments with microRNA-like function from nc886 has been poorly addressed.

We previously found that nc886 acts as a tumor suppressor in prostate cancer and the vector-driven
overexpression of this RNA inhibited cell proliferation and invasion [16]. Due to existing reports about
the production of small RNA with microRNA function derived from vtRNAs [59–61], we wonder
if there is a specific processing of nc886 into small RNAs in prostate cells and if it could possibly
contribute to the described nc886 induced phenotype in prostate cancer cells [16].

To assess the synthesis of vtRNA2-1/nc886 small fragments, we interrogated published
small-RNA-seq prostate datasets, revealing a pattern of small RNA read stacking over nc886 sequence
that resemble the cleavage of DICER which generates complementary 5p and 3p fragments (Figure 1A,
Figure S1A,B). Additionally, the analysis of Kim et al. dataset showed that DICER knockout impaired
the production of snc886-3p/5p in the HCT116 cell line [51]. Interestingly, although the secondary
structure of nc886 resembles a microRNA hairpin precursor, it is not fully optimized as a canonical
microRNA precursor [47,62–64]. Indeed, the 101 nt nc886 sequence of is longer than the median 83 nt of
human microRNA precursors (range 41-180 nt), generating mature small RNA fragments that are also
longer (23 nt of snc886-3p and 24-25 nt of snc886-5p) than the 22 nt median human mature microRNAs
(range 16-27 nt); this pattern was described for other DICER substrates of similar length [63,64].
Moreover, the presence of asymmetrical mismatches and bulges in the predictive nc886 secondary
structure is associated with longer mature sequences [63]. Overall, its structural divergence with the
optimized human microRNA hairpin precursor might lead to a low efficient DICER processing and
consequently a small amount of microRNAs observed in our and former studies [12,18]. Evolutionary
hypothesis of new microRNA precursor proposes their birth as non-efficiently processed precursor
RNAs, until specific target genes are evolutionary selected; this avoids the non-specific repression of
genes allowing the optimization of the hairpin structure for DICER processing [65]. The identification
of the presence of a large fraction of nc886 and a less abundant fraction of derived small RNA may be
the result of its recent evolutionary origin in eutherians [9].

To further investigate the putative microRNA-like function of snc886s we analyzed their association
with Argonaute proteins. Previously, other groups reported small RNA fragments derived from
vtRNA1 associated to Argonaute, holding microRNA function in breast and lymphoid tissue [59,60].
Here, we show that snc886-3p is also associated with Argonaute in lung cell line WI-38 (Figure S1D),
which is in agreement with the proposed microRNA identity of hsa-miR-886-3p (here snc886-3p) acting
through direct repression of PLK1 and TGFB1 in lung cancer [25,27]. Concordantly, we found proof for
the association of snc886-3p with Argonaute protein in prostate by analysis of AGO-PAR-CLIP available
small-RNA-seq data from prostate cell line DU145 [50]. Indeed, snc886-3p enrichment is above the
average of the microRNAs in these experiments, indicating a specialized microRNA-like function
for this small RNA product in comparison to the 5p. Although our study shows a low association
of snc886-5p to AGO it does not rule out the function of snc886-5p as a microRNA, which has been
shown previously in other tissues (brain [19], cervical [66,67], breast [68]). Alternatively, snc886-5p
might be involved in another pathway or be a non-functional secondary product of nc886 processing.

In view of the possible microRNA-like identity of snc886-3p, we then investigated its association
with PrCa in existing small RNA studies obtained using various techniques (qRT-PCR, microarray and
small-RNA-seq). We found that hsa-miR-886-3p/snc886-3p is globally downregulated in worsened
disease conditions in the published datasets (Table 1), as well as in our patient cohort (Figure 2A) and
laboratory stablished cell lines (Figure 2B,C). These datasets show that snc886-3p has the expression
pattern of a tumor suppressor gene the level of which in prostate cells is in the low-medium microRNAs
expression range. In addition, we found that snc886-3p expression positively correlates with nc886
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expression and negatively correlates with the methylation of nc886 TSS200nt. Furthermore, snc886-3p
has a bimodal expression in prostate cell lines (Figure 2B,D), similar to what we reported for nc886
promoter methylation in prostate cell lines and tissues. This distribution could be explained by zygotic
differences in the promoter methylation status of the gene [16]. Despite this pre-existing variation in the
methylation status of nc886 TSS200nt, both patient groups present an increased promoter methylation
in tumor compared with the normal matched tissue [16].

Different direct targets of microRNA regulation by hsa-miR-886-3p have been proposed in the
literature mostly after its removal from miRBase (PLK1, TGFB1, CDC6, CXCL12 and FXN) [25,28,30,31].
If snc886-3p functions as a microRNA in PrCa it is expected to sequence-specifically bind to target
mRNAs to repress their expression. In order to test this hypothesis, we performed a global gene
expression study of DU145 cell line overexpressing snc886-3p vs a control small RNA. Sylamer analysis
of the differentially expressed transcripts demonstrated that the sequence complementary to snc886-3p
seed is the most overrepresented 6-nt k-mer in the 3′-UTR of the downregulated transcripts by
snc886-3p overexpression, which strongly favors a microRNA mechanism of action. Furthermore, the
identification of previously validated targets PLK1, CDC6 and TGFB1, among the downregulated
transcripts of this experiment, reinforces the assumption.

To obtain an insight of the biological effect of snc886-3p, we studied the pathways enriched in
the DEGs identified by the microarray experiment, finding an enrichment in cell cycle and apoptosis
processes which predicts a proliferative inhibition. This inference was confirmed by in vitro cell
viability and cell cycle distribution determination in DU145, LNCaP and PC3 PrCa cell lines. Snc886-3p
overexpression reduces proliferation of the three cell lines and provokes a distinctive phase specific
cell cycle arrest in DU145 (G2/M) compared to LNCaP and PC3 (G1). An increase in early apoptosis
after snc886-3p transfection was validated through Annexin V determination in DU145 and LNCaP,
while no change was observed in PC3 cell line. Cell line specific effects may be due to differences in
cell cycle control. A similar effect of snc886-3p in cell viability was previously reported in thyroid,
lung and breast tissues in vitro and in vivo [22,25,27,28]. Additionally, a high-throughput analysis
of seed 6-nt k-mers RNAs exposed that the snc886-3p 6-nt seed k-mer causes a significant decrease
in cell viability in several non-prostate cancer cell lines [69]. In agreement with these findings,
the overexpression of nc886 produces a similar phenotype in tissues where is described as a tumor
suppressor (prostate [16,70], thyroid [28], gastric [71] and esophageal [72]), whereas its silencing
produces the same effect in non-malignant cells in agreement with the tumor surveillance model
proposed by Kunkeaw et al. (cholangiocarcinoma [73]). Accordingly, hsa-miR-886-3p and nc886 act
as pro-proliferative and anti-apoptotic RNAs in tissues where it is proposed as an oncogenic RNA
(renal [33], ovarian [74], thyroid [75] and endometrial [76]). Our current results together with our
previous study indicate that both snc886-3p and nc886 have an antiproliferative effect and a tumor
suppressor function in prostate cells. Nonetheless, given their different size, structure, and abundance,
they are expected to participate in different effectors pathways. The specific production of small RNAs
from nc886 is controversial in the literature, probably because of the differences in the tissue types
and methods employed for its detection (RNA-seq, northern blot, microarray, qRT-PCR). In addition,
the effect of both molecules has been studied using exclusively the nc886 or the snc886-3p, thus their
interdependence has been mostly ignored. Indeed, the overexpression and inhibition of nc886 is
expected to produce an increase/decrease of hsa-miR-886-3p/snc886-3p respectively. Meanwhile, the
inhibition of snc886-3p using anti-miRs could modify the abundance, folding or endogenous interactors
of the precursor molecule. As an example, a study in bladder cancer, where hsa-miR-886-3p expression
is associated with short patient survival, found that both hsa-miR-886-3p knock down and nc886
overexpression lead to a decrease of cell viability in half of the cell lines tested [21]. For that reason, the
effects assigned to only one of the molecules could be in fact the result of the modulation of both nc886
and its snc886 products. Indeed, the study of snc886 mimics circumvents most of these problems,
allowing the discrimination of the sole effect of hsa-miR-886-3p/snc886-3p. Nevertheless, it is worth
recalling that in vivo both molecules are synthesized and functional in the cells. To our knowledge,
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five previous reports analyzed functional effects and direct target genes of hsa-miR-886-3p/snc886-3p
using mimic molecules (lung cancer) [25,27], human marrow stromal cells [30], breast cancer [22] and
gastric cancer [71] and their findings are consistent to ours in prostate cancer cells. Remarkably, the
only study that examined the function of both nc886 (transfection) and snc886-3p (mimic) using gastric
cancer cells, found that only the transfection of nc886 (but not snc886-3p) affects cell proliferation and
viability, although they showed its ability to function as a microRNA in a reporter gene assay harboring
a complementary binding site at the 3′-UTR [71].

We and others have shown that the expression of nc886 and snc886s is associated with patient
clinical outcome [20,25,71,72,74,75]. The group of Lee also showed the clinical association of the gene
signature of nc886 knockout [71,72,74,75]. To our knowledge, there is no clinical association study of
the snc886-3p direct candidate target genes in the literature. We built 253- and 106-gene sets composed
of transcripts bearing a sequences complementary to snc886-3p seed (6-mer, 2-7-nt) protected in
AGO-PAR-CLIP experiments and downregulated in our microarray experiments, the expression of
which turned out to be significantly associated with a lower disease-free survival in PRAD-TCGA
and unfavorable clinical parameters. Furthermore, the negative association of the 106-gene set with
nc886 promoter methylation strengthens the specificity of these in vitro defined gene set. Overall,
these results are strong indicators of the validity of the snc886-3p DEGs identified in vitro in DU145
cell line and reinforce the tumor suppressor function of snc886-3p in PrCa in the clinical set.

Although RNA biomarkers are increasingly established in prostate cancer management [77],
snc886-3p does not fulfill relevant biomarker attributes, such us tissue specificity and upregulation in
the disease condition. However, small non-coding RNAs derived from nc886 have been repeatedly
detected in body fluids [78–85] and, contrary to our findings in the tumor tissue, a recent study of
circulating microRNAs in the plasma of prostate cancer patients reported an increase expression
of snc886-3p in high-grade compared to low-grade tumor biopsy [32]. In this context, the value of
snc886-3p as a cancer biomarker is still unclear. Notwithstanding, previous reports suggested that
the methylation of the nc886 promoter may be worthy of further investigation in the prostate cancer
biomarker field [16,86]. Finally, the expression of snc886-3p candidate direct target genes that associate
with prostate cancer prognosis may be valuable for future biomarker research.

4. Materials and Methods

4.1. Human Specimens

Tissue sections were obtained from paraffin fixed blocks stained with hematoxylin and eosin (H&E)
of 6 archived radical prostatectomies and were evaluated by three pathologists at the Department
of Anatomic-pathology of the Police Hospital. This study was approved by the Hospital Policial,
D.N.AA.SS., Montevideo, Uruguay (2010).

Matched normal and tumor regions, showing similar parenchyma-stroma ratio and similar
cytological findings at the stroma were selected. Unstained section of 10-micron thickness, contiguous
to the sections selected by the pathologist, were then freshly obtained to extract small RNAs using
the RNeasy FFPE (Qiagen) Kit, with the following modifications: two extra washes with xylene and
absolute ethanol were added. The RNA was resuspended in RNAse free water and stored at −20 ◦C
for further analysis.

4.2. Cell Lines

LNCaP and DU145 cell lines derive from a supraclavicular lymph node and a brain metastasis
respectively, while PC3 and VCaP derive from vertebral bone metastatic sites. In addition, LNCaP and
VCaP are androgen sensitive, whereas DU145 and PC3 are androgen independent. Cell lines PCSC-1,
PCSC-2 and PCSC-3 are highly metastatic androgen independent primary prostate cancer cell lines
enriched in CD133+ stem cells. RWPE-1/2 are non-malignant cells derived from normal adult prostate
epithelium and WPE-int is a less differentiated derivative of RWPE1.
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LNCaP, PC-3 and DU145 human prostate cancer cell lines were obtained from ATCC (Manassas,
VA, USA). LNCaP, DU145 and PC-3 were maintained in RPMI 1640 (R7755) supplemented with 10%
FBS (PAA™) and penicillin/streptomycin. Cell lines PCSC-1, PCSC-2 and PCSC-3 prostate cancer stem
cells (PCSCs) were purchased from Celprogen®; RWPE-1/2, VCaP and WPE were obtained from ATCC
(Manassas, VA, USA) and maintained following the recommendations of the vendor’s specifications.
All cell lines were maintained in a 5% carbon dioxide atmosphere at 37 ◦C.

4.3. Cell Transfection

The snc886-3p mimic (5′CGCGGGUGCUUACUGACCCUU3′) and negative controls
(5′UCACAACCUCCUAGAAAGAGUAGA3′) (NC, CN-001000-01-05) were synthesized Dharmacon
(Miridian). According to the manufacturers’ instructions, the mimic and control mimic 20nM,
were transfected into cells in 12 and 96 well plates using LipofectamineTM 3000 (Invitrogen, Carlsbad,
CA, USA). After 24 h of transfection the medium was removed and fresh medium was added and 48 h
(Affymetrix microarray and qRT-PCR analyses) or 72 h (Cytotoxicity assay, Flow Cytometry for DNA
content analysis, Annexin V Alexa Fluor 488/PI apoptosis detection assay) after transfection cells were
collected for further analysis.

4.4. RNA Extraction Reverse Transcription and Quantitative Real Time PCR

Total RNA was extracted using the QiagenTM miRNAeasy kit. Quantification by reverse
transcription and quantitative real time PCR (qRT-PCR) was performed using the Qiagen PCR
miScript II System with oligonucleotides specific for snc886-3p (hsa-miR-886-3p (MS00010675, Qiagen)),
RNAU6 (MS00033740, Qiagen) as the internal control of RNA load and the following specific gene
primers pairs:

nc886: 5′CGGGTCGGAGTTAGCTCAAGCGG3′ forward primer and 5′AAGGGTCAGTAA
GCACCCGCG3′ reverse primer, as in Lee K et al. [12], PLK1: 5′CCTTGTTAGTGGGCAAACCACC3′

forward primer and 5′CGGGGTTGATGTGCTTGGGAA3′ reverse primer; TGFB1: 5′CCGTGGAGG
GGAAATTGAGGG3′ forward primer and 5′GCCGGTAGTGAACCCGTTGAT3′ reverse primer;
CDT1: 5′CGGAGCGTCTTTGTGTCCGAA3′ forward primer and 5′GGTGCTTCTCCATTTCCCC
AGG3′ reverse primer; CDC6: 5′ATCAGGTTCTGGACAATGCTGC3′ forward primer and
5′CAATAGCTCTCCTGCAAACATCCA3′ reverse primer; C8orf82: 5′CGCGAGTATTTCTACT
ACGTGGACC3′ forward primer and 5′CTGCGGGTCTTTGAAGCAGGT3′ reverse primer;
NLPR13: 5′CATTGCACACACTTGGGTTGGC3′ forward primer and 5′CCAGGCTCTTAC
TGCTGCTGAG3′ reverse primer; MMD: 5′CACACGCATTCCTCATTGTTCCG3′ forward primer and
5′TGAAGAGGGCACAGAGTCCCA3′ reverse primer; TBP: 5′GATCAAACCCAGAATTGTTCTCC3′

forward primer and 5′ATGTGGTCTTCCTGAATCCCTTT3′ reverse primer. The relative quantification
was attained using the 2−∆∆CT method [87], in a Rotor-Gene 6000 equipment (Corbett Life Science).

4.5. Microarray Experiments

Total RNA from 3 replicates of snc886-3p (hsa-miR-886-3p) mimic and negative controls (NC,
CN-001000-01-05) was extracted after 48 h of transfection using the QiagenTM miRNAeasy kit according
to the manufacturer’s protocol. The total RNA of the three replicates was pooled and labeled according
to Affymetrix (Affymetrix, Santa Clara, CA, USA). Hybridization, staining and washing of the
Affymetrix® HG-U133 Plus 2.0 Arrays were performed with the Affymetrix Fluidics Station 450 and
Hybridization Oven 640 under standard conditions (Affymetrix, Santa Clara, CA, USA). Quality control
analysis and Pre-processing of the CEL-files microarray expression data was done using a graphical
user interface, Chipster (v1.4.3, CSC, Finland, http://chipster.csc.fi/) following the manufacturer’s
guidelines [88]. Normalization was performed using RMA algorithm [89] and annotation using
the specific Affymetrix® HG-U133 Plus 2.0 Arrays probe set library in Chipster. Normalized log2
expression values were used to determine the fold change expression of the snc886-3p (hsa-miR-886-3p)
mimic and negative controls (NC, CN-001000-01-05) (Table S1).

http://chipster.csc.fi/
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4.6. Cytotoxicity Assay

At 72 h after of transfection with snc886-3p or control RNA (60-80% cell culture confluence), 20 µL
of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) 5 mg/mL in 1X PBS was
added to the wells and cultures were incubated for 4 h at 37 ◦C in a 5% CO2 controlled atmosphere.
The medium was then aspirated and 200 µL of DMSO was added to each well and incubated at room
temperature in the dark for 15 min with moderate orbital shaking. Optical density (OD) was read on a
plate spectrophotometer (Varioskan® Flash Multimode, Thermo Scientific, Waltham, MA, USA) at
570 nm (for formazan absorbance measurement) and 690 nm (for background measurement).

4.7. Flow Cytometry for DNA Content Analysis

At 72 h after transfection with snc886-3p or control RNA (60–80% confluence) cells were harvested
by trypsinization followed by two washes and resuspension in 1X PBS with gentle vortexing. Cells
were then fixed by adding 1 mL of ice cold 70% ethanol dropwise and incubated at -20 ◦C for 30 min.
Next, cells were washed with 1X PBS, centrifuged at 1200 rpm at 4 ◦C for 5 min and the resuspended
cell pellets were incubated with 0.1 mg/mL of RNAse and 50 µg/mL propidium iodide for 15 min at
room temperature in the dark. Flow cytometry measurement of nuclear DNA content was performed
in an Accuri™ C6 flow cytometer (BD Bioscience), counting 10,000 total events per sample (BD Accuri
C6 software).

4.8. Annexin V Alexa Fluor 488/PI Apoptosis Detection Assay

Apoptosis was detected by initially staining the cells with 0.1% (v/v) Annexin V and 100 µg/mL of
propidium iodide solution, according to the Annexin V Alexa Fluor 488/PI apoptosis detection assay
kit (catalog n◦ V13241, Invitrogen, USA), followed by flow cytometry analysis in an Accuri™ C6 flow
cytometer (BD Bioscience), counting 10,000 total events per sample (BD Accuri C6 software).

4.9. Dataset Analysis

4.9.1. Analysis of microRNA Microarray Datasets

Depending on the type of study and the availability of the data, we followed different strategies.
Data deposited at GEO was analyzed using the GEO2R tool using default settings [90], selecting the
samples by clinical status definition. For all the microarray data of PrCa studies analyzed, relevant
features used in the analyses are listed in Table 1.

4.9.2. Analysis of Small RNA Transcriptomic Datasets

Data on microRNA expression from tumor and matched normal prostate patient samples generated
by the project The Cancer Genome Atlas (TCGA) were retrieved from dbGaP, miRNAseq data Level_2
Data (file names: *.bam) of 544 samples (project approved n◦ 7307). Additionally, several public
small-RNA sequencing expression data available at the repository Gene Expression Omnibus (GEO) [41]
or Sequence Read Archive (SRA) [40] were also analyzed: microRNA expression of several human
cancer cell lines (GSE16579, [91]), microRNA expression from the evaluation of the roles of DROSHA,
XPO5, and DICER in microRNA biogenesis (GSE77989, [51]), AGO-immunoprecipitation of microRNAs
in human senescent fibroblast WI-38 (GSE34494, [92]), microRNA transcriptome (normal prostate and
prostate cells, Figure S5 (GSE29904, [37])), microRNA transcriptome of DU145, LNCaP and PC3 cell lines
(Figure S6 (SRP109305, [38] and GSE66035, [39])), Human Prostate Cancer cell lines AGO-PAR-CLIP
(SRP075075, [50]). Data was downloaded with SRA Toolkit (https://www.ncbi.nlm.nih.gov/sra/docs/
toolkitsoft/) and then trimmed, mapped, annotated, counted, and normalized using miRDeep2 package
software [93]. We used the mapper module (mapper.pl) with the following parameters: -e -h -l 18 -m -k
“adapter-sequence” and quantifier module (quantifier.pl) with default parameters and miRBase fasta
files of precursor and mature sequences from Release v21 plus manually addition of RefSeq human

https://www.ncbi.nlm.nih.gov/sra/docs/toolkitsoft/
https://www.ncbi.nlm.nih.gov/sra/docs/toolkitsoft/
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vtRNAs (vtRNA1-1/2/3 and 2-1) and human RNYs (RNY1/3/4/5). Normalized (Reads Per Million Reads
(RPM)) log2 values were used in all cases for analysis. For the elaboration of the snc886-3p direct target
candidate gene list, we used DU145 AGO-PAR-CLIP (SRP075075, [50]). Total sequencing reads were
trimmed with cutadapt software [94] with the following parameters: -m 18 -q 20 and those with the
sequence: 5′ ACCCGC 3′ (complementary to snc886-3p seed (6-mer, 2-7-nt)) were aligned to human
genome (GRCh38/hg38) using Bowtie2 [95] with the following parameters: –L 6 -N 1. Total read counts
for each gene transcript were obtained with HTSeq [96] using the Ensembl GTF file, from the reference
genome sequence (GRCh38.97).

4.9.3. Analysis of Methylation Microarray Datasets

The methylation data of the PRAD-TCGA cohort, was extracted from the Illumina Infinium
Human Methylation 450 BeadChip array data of the 49-paired normal and prostate tumor samples
and additionally unmatched normal and tumor tissues (336 in total). Additionally, public methylomes
available at the repository Gene Expression Omnibus (GEO) [41] obtained using Illumina Infinium
Human Methylation 450 BeadChip arrays were also analyzed prostate cell lines PrEc, RWPE1, VCAP,
LNCaP, DU145 and PC-3 gene dataset GSE68379 [97]. The average of the normalized beta-values
for the 6 CpGs sites located at the nc886 TSS200nt promoter (cg18678645, cg06536614, cg26328633,
cg25340688, cg26896946, cg00124993) were calculated.

4.9.4. Heatmap of Hierarchical Clusterization of 253 snc886-3p Candidate Direct Target Genes

Heatmap was performed by two-way hierarchical clustering using the Spearman rank correlation
algorithm using Morpheus (https://software.broadinstitute.org/morpheus/) and gene expression values
and clinical status for different parameters (Clinical T value, Pathological T value, Gleason Score,
Residual Tumor and Biochemical Recurrence) of PRAD-TCGA dataset.

4.10. Statistical Analysis

All experiments were performed at least in triplicate and the corresponding variables are expressed
as average value ± standard deviation or standard error (referred in the figure). Statistical analyses
were done using single, two-tailed t-test, one-way and two-way ANOVA for multiple comparison
tests, including Tukey’s Honest Significant Difference test as a post-hoc tests (referred in the figure).
D’Agostino–Pearson was conducted as normality test and Pearson or nonparametric Spearman was
used to test correlation. Two-tailed Fisher exact test for difference in the proportions of genes was used.
All the analyses were done in GraphPad Prism 6. The observed differences were expressed using the
p-value (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p-value < 0.0001). Results with a p-value of < 0.05 were
considered significant.

5. Conclusions

Our study demonstrates the presence of hsa-miR-886-3p/snc886-3p in prostate tissue derived
from the DICER mediated processing of vtRNA2-1/nc886, which associates to argonautes repressing
transcripts bearing complementary seed sequences, thus functioning as a microRNA. We also found
a DNA methylation dependent downregulation of snc886-3p and a concomitant upregulation of
direct candidate targets of repression, both associated with PrCa disease condition and progression.
Snc886-3p effects on global gene expression support the modulation of cell cycle progression and
apoptosis observed in prostate cancer cell lines. Altogether, our results indicate that both nc886 and
snc886-3p are simultaneously expressed in prostate cells at different levels, exerting a tumor suppressor
action through probably different effector pathways.

Supplementary Materials: The following are available online at http://www.mdpi.com/2311-553X/6/1/7/s1, Figure
S1: nc886 derived fragments are produced in non-prostate cell lines and exhibit microRNA features, Figure
S2: Candidate target gene expression of snc886-3p in DU145, LNCaP and DU145, Figure S3: High expression
of 106-snc886-3p direct targets correlates with nc886 promoter methylation in prostate tissue, Figure S4: High

https://software.broadinstitute.org/morpheus/
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expression of 106-snc886-3p direct targets correlates with nc886 promoter methylation in prostate tissue, Figure S5:
Sequencing reads alignment to nc886 precursor of small-RNA-seq data of non-transformed prostate cell lines (PrEc
and PrSc), Figure S6: Sequencing reads alignment to nc886 precursor of small-RNA-seq data of tumor prostate
cell lines (DU145, LNCaP and PC3), Table S1: snc886-3p and 5p human transcriptome BLAST results, snc886-3p
microarray expression data, snc886-3p microRNA target activity in DU145 based on seed and AGO-association
and snc886-3p candidate target gene list for clinical associations.
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Abbreviations

ncRNA non-coding RNA
vtRNA vault RNA
3′-UTR three prime untranslated region
PrCa Prostate Cancer
PSA Prostate-Specific Antigen
nc886 non-coding RNA 886 (vtRNA2-1)
Pre-miR-886 hsa-mir-886 precursor of microRNAs hsa-miR-886-3p and 5p
snc886s small non-coding RNA derived from nc886
snc886-3p small non-coding RNA derived from nc886 at 3′ region
snc886-5p small non-coding RNA derived from nc886 at 5′ region
svtRNA2-1 small non-coding RNA derived from vtRNA2-1/nc886

PAR-CLIP
photoactivatable ribonucleoside-enhanced crosslinking and
immunoprecipitation

PRAD-TCGA Prostate Adenocarcinoma—The Cancer Genome Atlas
SRA Sequence Read Archive
GEO Gene Expression Omnibus
DEG Differentially Expressed Gene
MFE Maximum Free Energy
RISC RNA-induced silencing complex
qRT-PCR quantitative Reverse Transcription Polymerase Chain Reaction
TSS200nt 200nt region upstream to the transcription start site
GSEA Gene Set Enrichment Analysis
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide

References

1. Ceder, Y. Non-coding RNAs in prostate cancer: From discovery to clinical applications. In Advances in
Experimental Medicine and Biology; Springer: New York, NY, USA, 2016; Volume 886, pp. 155–170.

2. Ferlay, J.; Soerjomataram, I.; Dikshit, R.; Eser, S.; Mathers, C.; Rebelo, M.; Parkin, D.M.; Forman, D.; Bray, F.
Cancer incidence and mortality worldwide: Sources, methods and major patterns in GLOBOCAN 2012. Int.
J. Cancer 2015, 136, E359–E386. [CrossRef]

3. Kohaar, I.; Petrovics, G.; Srivastava, S. A Rich Array of Prostate Cancer Molecular Biomarkers: Opportunities
and Challenges. Int. J. Mol. Sci. 2019, 20, 1813. [CrossRef] [PubMed]

4. Bijnsdorp, I.V.; Van Royen, M.E.; Verhaegh, G.W.; Martens-Uzunova, E.S. The Non-Coding Transcriptome of
Prostate Cancer: Implications for Clinical Practice. Mol. Diagn. Ther. 2017, 21, 385–400. [CrossRef] [PubMed]

http://dx.doi.org/10.1002/ijc.29210
http://dx.doi.org/10.3390/ijms20081813
http://www.ncbi.nlm.nih.gov/pubmed/31013716
http://dx.doi.org/10.1007/s40291-017-0271-2
http://www.ncbi.nlm.nih.gov/pubmed/28299719


Non-coding RNA 2020, 6, 7 18 of 22

5. Bolton, E.M.; Tuzova, A.V.; Walsh, A.L.; Lynch, T.; Perry, A.S. Noncoding RNAs in prostate cancer: The long
and the short of it. Clin. Cancer Res. 2014, 20, 35–43. [CrossRef] [PubMed]

6. Mouraviev, V.; Lee, B.; Patel, V.; Albala, D.; Johansen, T.E.B.; Partin, A.; Ross, A.; Perera, R.J. Clinical prospects
of long noncoding RNAs as novel biomarkers and therapeutic targets in prostate cancer. Prostate Cancer
Prostatic Dis. 2016, 19, 14–20. [CrossRef]

7. Griffiths-Jones, S. miRBase: MicroRNA sequences, targets and gene nomenclature. Nucleic Acids Res. 2006,
34, D140–D144. [CrossRef]

8. Landgraf, P.; Rusu, M.; Sheridan, R.; Sewer, A.; Iovino, N.; Aravin, A.; Pfeffer, S.; Rice, A.; Kamphorst, A.O.;
Landthaler, M.; et al. A Mammalian microRNA Expression Atlas Based on Small RNA Library Sequencing.
Cell 2007, 129, 1401–1414. [CrossRef]

9. Stadler, P.F.; Chen, J.J.-L.; Hackermüller, J.; Hoffmann, S.; Horn, F.; Khaitovich, P.; Kretzschmar, A.K.;
Mosig, A.; Prohaska, S.J.; Qi, X.; et al. Evolution of Vault RNAs. Mol. Boil. Evol. 2009, 26, 1975–1991.
[CrossRef]

10. Kedersha, N.L.; Rome, L.H.; Krotoski, D.M.; Domingo, C.; Bronner-Fraser, M. Isolation and characterization
of a novel ribonucleoprotein particle: Large structures contain a single species of small RNA. J. Cell Boil.
1986, 103, 699–709. [CrossRef]

11. Van Zon, A.; Mossink, M.H.; Scheper, R.J.; Sonneveld, P.; Wiemer, E.A.C. The vault complex. Cell. Mol. Life
Sci. 2003, 60, 1828–1837. [CrossRef]

12. Lee, K.; Kunkeaw, N.; Jeon, S.H.; Lee, I.; Johnson, B.H.; Kang, G.-Y.; Bang, J.Y.; Park, H.S.; Leelayuwat, C.;
Lee, Y.S. Precursor miR-886, a novel noncoding RNA repressed in cancer, associates with PKR and modulates
its activity. RNA 2011, 17, 1076–1089. [CrossRef]

13. Jeon, S.H.; Johnson, B.H.; Lee, Y.S. A Tumor Surveillance Model: A Non-Coding RNA Senses Neoplastic
Cells and Its Protein Partner Signals Cell Death. Int. J. Mol. Sci. 2012, 13, 13134–13139. [CrossRef]

14. Jeon, S.H.; Lee, K.; Lee, K.S.; Kunkeaw, N.; Johnson, B.H.; Holthauzen, L.M.F.; Gong, B.; Leelayuwat, C.;
Lee, Y.S. Characterization of the direct physical interaction of nc886, a cellular non-coding RNA, and PKR.
FEBS Lett. 2012, 586, 3477–3484. [CrossRef]

15. Golec, E.; Lind, L.; Qayyum, M.; Blom, A.M.; King, B.C. The Noncoding RNA nc886 Regulates PKR Signaling
and Cytokine Production in Human Cells. J. Immunol. 2019, 202, 131–141. [CrossRef]

16. Fort, R.S.; Mathó, C.; Geraldo, M.V.; Ottati, M.C.; Yamashita, A.S.; Saito, K.C.; Leite, K.R.M.; Méndez, M.;
Maedo, N.; Méndez, L.; et al. Nc886 is epigenetically repressed in prostate cancer and acts as a tumor
suppressor through the inhibition of cell growth. BMC Cancer 2018, 18, 127. [CrossRef]

17. Cloonan, N.; Wani, S.; Xu, Q.; Gu, J.; Lea, K.; Heater, S.; Barbacioru, C.; Steptoe, A.L.; Martin, H.C.;
Nourbakhsh, E.; et al. MicroRNAs and their isomiRs function cooperatively to target common biological
pathways. Genome Boil. 2011, 12, R126. [CrossRef]

18. Treppendahl, M.B.; Qiu, X.; Søgaard, A.; Yang, X.; Nandrup-Bus, C.; Hother, C.; Andersen, M.K.; Kjeldsen, L.;
Möllgaard, L.; Hellström-Lindberg, E.; et al. Allelic methylation levels of the noncoding VTRNA2-1 located
on chromosome 5q31.1 predict outcome in AML. Blood 2012, 119, 206–216. [CrossRef]

19. Miñones-Moyano, E.; Friedländer, M.R.; Pallares, J.; Kagerbauer, B.; Porta, S.; Escaramís, G.; Ferrer, I.;
Estivill, X.; Marti, E. Upregulation of a small vault RNA (svtRNA2-1a) is an early event in Parkinson disease
and induces neuronal dysfunction. RNA Boil. 2013, 10, 1093–1106. [CrossRef]

20. Jung, K.; Fendler, A.; Stephan, C.; Honey, R.J.; Stewart, R.J.; Pace, K.T.; Erbersdobler, A.; Samaan, S.;
Yousef, G.M. miRNAs can predict prostate cancer biochemical relapse and are involved in tumor progression.
Int. J. Oncol. 2011, 39, 1183–1192. [CrossRef]

21. Nordentoft, I.K.; Birkenkamp-Demtroder, K.; Agerbæk, M.; Theodorescu, D.; Ostenfeld, M.S.; Hartmann, A.;
Borre, M.; Ørntoft, T.F.; Dyrskjøt, L. miRNAs associated with chemo-sensitivity in cell lines and in advanced
bladder cancer. BMC Med. Genom. 2012, 5, 40. [CrossRef]

22. Tahiri, A.; Leivonen, S.K.; Lüders, T.; Steinfeld, I.; Aure, M.R.; Geisler, J.; Mäkelä, R.; Nord, S.; Riis, M.L.H.;
Yakhini, Z.; et al. Deregulation of cancer-related miRNAs is a common event in both benign and malignant
human breast tumors. Carcinogenesis 2014, 35, 76–85. [CrossRef] [PubMed]

23. Yu, X.-F.; Zou, J.; Bao, Z.-J.; Dong, J. miR-93 suppresses proliferation and colony formation of human colon
cancer stem cells. World J. Gastroenterol. 2011, 17, 4711–4717. [CrossRef]

24. Gao, W.; Shen, H.; Liu, L.; Xu, J.; Xu, J.; Shu, Y. MiR-21 overexpression in human primary squamous cell lung
carcinoma is associated with poor patient prognosis. J. Cancer Res. Clin. Oncol. 2011, 137, 557–566. [CrossRef]

http://dx.doi.org/10.1158/1078-0432.CCR-13-1989
http://www.ncbi.nlm.nih.gov/pubmed/24146262
http://dx.doi.org/10.1038/pcan.2015.48
http://dx.doi.org/10.1093/nar/gkj112
http://dx.doi.org/10.1016/j.cell.2007.04.040
http://dx.doi.org/10.1093/molbev/msp112
http://dx.doi.org/10.1083/jcb.103.3.699
http://dx.doi.org/10.1007/s00018-003-3030-y
http://dx.doi.org/10.1261/rna.2701111
http://dx.doi.org/10.3390/ijms131013134
http://dx.doi.org/10.1016/j.febslet.2012.07.076
http://dx.doi.org/10.4049/jimmunol.1701234
http://dx.doi.org/10.1186/s12885-018-4049-7
http://dx.doi.org/10.1186/gb-2011-12-12-r126
http://dx.doi.org/10.1182/blood-2011-06-362541
http://dx.doi.org/10.4161/rna.24813
http://dx.doi.org/10.3892/ijo.2011.1128
http://dx.doi.org/10.1186/1755-8794-5-40
http://dx.doi.org/10.1093/carcin/bgt333
http://www.ncbi.nlm.nih.gov/pubmed/24104550
http://dx.doi.org/10.3748/wjg.v17.i42.4711
http://dx.doi.org/10.1007/s00432-010-0918-4


Non-coding RNA 2020, 6, 7 19 of 22

25. Cao, J.; Song, Y.; Bi, N.; Shen, J.; Liu, W.; Fan, J.; Sun, G.; Tong, T.; He, J.; Shi, Y.; et al. DNA
Methylation-Mediated Repression of miR-886-3p Predicts Poor Outcome of Human Small Cell Lung
Cancer. Cancer Res. 2013, 73, 3326–3335. [CrossRef]

26. Bi, N.; Cao, J.; Song, Y.; Shen, J.; Liu, W.; Fan, J.; He, J.; Shi, Y.; Zhang, X.; Lu, N.; et al. A MicroRNA Signature
Predicts Survival in Early Stage Small-Cell Lung Cancer Treated with Surgery and Adjuvant Chemotherapy.
PLoS ONE 2014, 9, e91388. [CrossRef]

27. Shen, J.; Zhou, W.; Bi, N.; Song, Y.-M.; Zhang, F.-Q.; Zhan, Q.-M.; Wang, L.-H. MicroRNA-886-3P functions as
a tumor suppressor in small cell lung cancer. Cancer Boil. Ther. 2018, 19, 1185–1192. [CrossRef]

28. Xiong, Y.; Zhang, L.; Holloway, A.K.; Wu, X.; Su, L.; Kebebew, E. MiR-886-3p Regulates Cell Proliferation
and Migration, and Is Dysregulated in Familial Non-Medullary Thyroid Cancer. PLoS ONE 2011, 6, e24717.
[CrossRef]

29. Dettmer, M.S.; Perren, A.; Moch, H.; Komminoth, P.; Nikiforov, Y.E.; Nikiforova, M.N. MicroRNA profile of
poorly differentiated thyroid carcinomas: New diagnostic and prognostic insights. J. Mol. Endocrinol. 2014,
52, 181–189. [CrossRef]

30. Pillai, M.M.; Yang, X.; Balakrishnan, I.; Bemis, L.; Torok-Storb, B. MiR-886-3p Down Regulates CXCL12
(SDF1) Expression in Human Marrow Stromal Cells. PLoS ONE 2010, 5, e14304. [CrossRef]

31. Mahishi, L.H.; Hart, R.P.; Lynch, D.R.; Ratan, R.R. miR-886-3p levels are elevated in Friedreich ataxia.
J. Neurosci. 2012, 32, 9369–9373. [CrossRef]

32. McDonald, A.C.; Vira, M.; Walter, V.; Shen, J.; Raman, J.D.; Sanda, M.G.; Patil, D.; Taioli, E. Circulating
microRNAs in plasma among men with low-grade and high-grade prostate cancer at prostate biopsy. Prostate
2019, 79, 961–968. [CrossRef] [PubMed]

33. Yu, Z.; Chen, D.; Su, Z.; Li, Y.; Yu, W.; Zhang, Q.; Yang, L.; Li, C.; Yang, S.; Ni, L.; et al. miR-886-3p upregulation
in clear cell renal cell carcinoma regulates cell migration, proliferation and apoptosis by targeting PITX1.
Int. J. Mol. Med. 2014, 34, 1409–1416. [CrossRef] [PubMed]

34. Schou, J.V.; Rossi, S.; Jensen, B.V.; Nielsen, D.L.; Pfeiffer, P.; Høgdall, E.; Yilmaz, M.; Tejpar, S.; Delorenzi, M.;
Kruhøffer, M.; et al. miR-345 in Metastatic Colorectal Cancer: A Non-Invasive Biomarker for Clinical
Outcome in Non-KRAS Mutant Patients Treated with 3rd Line Cetuximab and Irinotecan. PLoS ONE 2014, 9,
e99886. [CrossRef]

35. Okumura, T.; Kojima, H.; Miwa, T.; Sekine, S.; Hashimoto, I.; Hojo, S.; Nagata, T.; Shimada, Y. The expression
of microRNA 574-3p as a predictor of postoperative outcome in patients with esophageal squamous cell
carcinoma. World J. Surg. Oncol. 2016, 14, 228. [CrossRef]

36. Kunkeaw, N.; Lee, Y.-S.; Im, W.R.; Jang, J.J.; Song, M.-J.; Yang, B.; Park, J.-L.; Kim, S.-Y.; Ku, Y.; Kim, Y.;
et al. Mechanism mediated by a noncoding RNA, nc886, in the cytotoxicity of a DNA-reactive compound.
Proc. Natl. Acad. Sci. USA 2019, 116, 8289–8294. [CrossRef]

37. Wyman, S.K.; Knouf, E.C.; Parkin, R.K.; Fritz, B.R.; Lin, D.W.; Dennis, L.M.; Krouse, M.A.; Webster, P.J.;
Tewari, M. Post-transcriptional generation of miRNA variants by multiple nucleotidyl transferases contributes
to miRNA transcriptome complexity. Genome Res. 2011, 21, 1450–1461. [CrossRef]

38. Marshall, E.A.; Sage, A.P.; Ng, K.W.; Martinez, V.D.; Firmino, N.S.; Bennewith, K.L.; Lam, W.L. Small
non-coding RNA transcriptome of the NCI-60 cell line panel. Sci. Data 2017, 4, 170157. [CrossRef]

39. Takayama, K.-I.; Misawa, A.; Suzuki, T.; Takagi, K.; Hayashizaki, Y.; Fujimura, T.; Homma, Y.; Takahashi, S.;
Urano, T.; Inoue, S. TET2 repression by androgen hormone regulates global hydroxymethylation status and
prostate cancer progression. Nat. Commun. 2015, 6, 8219. [CrossRef]

40. Kodama, Y.; Shumway, M.; Leinonen, R. International Nucleotide Sequence Database Collaboration The
Sequence Read Archive: Explosive growth of sequencing data. Nucleic Acids Res. 2011, 40, D54–D56.
[CrossRef]

41. Clough, E.; Barrett, T. The Gene Expression Omnibus Database. In Breast Cancer; Springer Science and
Business Media LLC: New York, NY, USA, 2016; Volume 1418, pp. 93–110.

42. Berezikov, E.; Robine, N.; Samsonova, A.; Westholm, J.O.; Naqvi, A.; Hung, J.H.; Okamura, K.; Dai, Q.;
Bortolamiol-Becet, D.; Martin, R.; et al. Deep annotation of Drosophila melanogaster microRNAs yields
insights into their processing, modification, and emergence. Genome Res. 2011, 21, 203–215. [CrossRef]

43. Park, J.-E.; Heo, I.; Tian, Y.; Simanshu, D.K.; Chang, H.; Jee, D.; Patel, D.J.; Kim, V.N. Dicer recognizes the 5′

end of RNA for efficient and accurate processing. Nature 2011, 475, 201–205. [CrossRef] [PubMed]

http://dx.doi.org/10.1158/0008-5472.CAN-12-3055
http://dx.doi.org/10.1371/journal.pone.0091388
http://dx.doi.org/10.1080/15384047.2018.1491505
http://dx.doi.org/10.1371/journal.pone.0024717
http://dx.doi.org/10.1530/JME-13-0266
http://dx.doi.org/10.1371/journal.pone.0014304
http://dx.doi.org/10.1523/JNEUROSCI.0059-12.2012
http://dx.doi.org/10.1002/pros.23803
http://www.ncbi.nlm.nih.gov/pubmed/30958910
http://dx.doi.org/10.3892/ijmm.2014.1923
http://www.ncbi.nlm.nih.gov/pubmed/25190136
http://dx.doi.org/10.1371/journal.pone.0099886
http://dx.doi.org/10.1186/s12957-016-0985-3
http://dx.doi.org/10.1073/pnas.1814510116
http://dx.doi.org/10.1101/gr.118059.110
http://dx.doi.org/10.1038/sdata.2017.157
http://dx.doi.org/10.1038/ncomms9219
http://dx.doi.org/10.1093/nar/gkr854
http://dx.doi.org/10.1101/gr.116657.110
http://dx.doi.org/10.1038/nature10198
http://www.ncbi.nlm.nih.gov/pubmed/21753850


Non-coding RNA 2020, 6, 7 20 of 22

44. Bellaousov, S.; Reuter, J.S.; Seetin, M.G.; Mathews, D.H. RNAstructure: Web servers for RNA secondary
structure prediction and analysis. Nucleic Acids Res. 2013, 41, W471–W474. [CrossRef] [PubMed]

45. Calderon, B.M.; Conn, G.L. Human noncoding RNA 886 (nc886) adopts two structurally distinct conformers
that are functionally opposing regulators of PKR. RNA 2017, 23, 557–566. [PubMed]

46. Calderon, B.M.; Conn, G.L. A human cellular noncoding RNA activates the antiviral protein
2′–5′-oligoadenylate synthetase 1. J. Boil. Chem. 2018, 293, 16115–16124. [CrossRef]

47. Starega-Roslan, J.; Koscianska, E.; Kozlowski, P.; Krzyzosiak, W.J. The role of the precursor structure in the
biogenesis of microRNA. Cell. Mol. Life Sci. 2011, 68, 2859–2871. [CrossRef] [PubMed]

48. Finnegan, E.F.; Pasquinelli, A.E. MicroRNA biogenesis: Regulating the regulators. Crit. Rev. Biochem. Mol.
Biol. 2013, 48, 51–68. [CrossRef]

49. Kim, V.N.; Han, J.; Siomi, M.C. Biogenesis of small RNAs in animals. Nat. Rev. Mol. Cell Boil. 2009, 10,
126–139. [CrossRef]

50. Hamilton, M.P.; Rajapakshe, K.I.; Bader, D.A.; Cerne, J.Z.; Smith, E.A.; Coarfa, C.; Hartig, S.M.; McGuire, S.E.
The Landscape of microRNA Targeting in Prostate Cancer Defined by AGO-PAR-CLIP. Neoplasia 2016, 18,
356–370. [CrossRef]

51. Kim, Y.-K.; Kim, B.; Kim, V.N. Re-evaluation of the roles of DROSHA, Export in 5, and DICER in microRNA
biogenesis. Proc. Natl. Acad. Sci. USA 2016, 113, E1881–E1889. [CrossRef]

52. Chen, C.-J.; Heard, E. Small RNAs derived from structural non-coding RNAs. Methods 2013, 63, 76–84.
[CrossRef]

53. Van Dongen, S.; Abreu-Goodger, C.; Enright, A.J. Detecting microRNA binding and siRNA off-target effects
from expression data. Nat. Methods 2008, 5, 1023–1025. [CrossRef] [PubMed]

54. Subramanian, A.; Tamayo, P.; Mootha, V.K.; Mukherjee, S.; Ebert, B.L.; Gillette, M.A.; Paulovich, A.;
Pomeroy, S.L.; Golub, T.R.; Lander, E.S.; et al. Gene set enrichment analysis: A knowledge-based approach for
interpreting genome-wide expression profiles. Proc. Natl. Acad. Sci. USA 2005, 102, 15545–15550. [CrossRef]

55. Mahadevappa, R.; Neves, H.; Yuen, S.M.; Bai, Y.; McCrudden, C.M.; Yuen, H.F.; Wen, Q.; Zhang, S.D.;
Kwok, H.F. The prognostic significance of Cdc6 and Cdt1 in breast cancer. Sci. Rep. 2017, 7, 985. [CrossRef]

56. Li, C.; Zhou, X.; Wang, Y.; Jing, S.; Yang, C.; Sun, G.; Liu, Q.; Cheng, Y.; Wang, L. miR-210 regulates esophageal
cancer cell proliferation by inducing G2/M phase cell cycle arrest through targeting PLK1. Mol. Med. Rep.
2014, 10, 2099–2104. [CrossRef] [PubMed]

57. Tang, Z.; Kang, B.; Li, C.; Chen, T.; Zhang, Z. GEPIA2: An enhanced web server for large-scale expression
profiling and interactive analysis. Nucleic Acids Res. 2019, 47, W556–W560. [CrossRef] [PubMed]

58. Shaoqing, Y.; Ruxin, Z.; Guojun, L.; Zhiqiang, Y.; Hua, H.; Shudong, Y.; Jie, Z. Microarray Analysis of
Differentially Expressed microRNAs in Allergic Rhinitis. Am. J. Rhinol. Allergy 2011, 25, e242–e246. [CrossRef]
[PubMed]

59. Amort, M.; Nachbauer, B.; Tuzlak, S.; Kieser, A.; Schepers, A.; Villunger, A.; Polacek, N. Expression of the
vault RNA protects cells from undergoing apoptosis. Nat. Commun. 2015, 6, 7030. [CrossRef]

60. Persson, H.; Kvist, A.; Vallon-Christersson, J.; Medstrand, P.; Borg, A.; Rovira, C. The non-coding RNA of
the multidrug resistance-linked vault particle encodes multiple regulatory small RNAs. Nature 2009, 11,
1268–1271. [CrossRef]

61. Hussain, S.; Sajini, A.A.; Blanco, S.; Dietmann, S.; Lombard, P.; Sugimoto, Y.; Paramor, M.; Gleeson, J.G.;
Odom, D.T.; Ule, J.; et al. NSun2-Mediated Cytosine-5 Methylation of Vault Noncoding RNA Determines Its
Processing into Regulatory Small RNAs. Cell Rep. 2013, 4, 255–261. [CrossRef]

62. Vermeulen, A.; Behlen, L.; Reynolds, A.; Wolfson, A.; Marshall, W.S.; Karpilow, J.; Khvorova, A. The
contributions of dsRNA structure to Dicer specificity and efficiency. RNA 2005, 11, 674–682. [CrossRef]

63. Starega-Roslan, J.; Krol, J.; Koscianska, E.; Kozlowski, P.; Szlachcic, W.J.; Sobczak, K.; Krzyzosiak, W.J.
Structural basis of microRNA length variety. Nucleic Acids Res. 2011, 39, 257–268. [CrossRef] [PubMed]

64. Fang, Z.; Du, R.; Edwards, A.; Flemington, E.K.; Zhang, K. The Sequence Structures of Human MicroRNA
Molecules and Their Implications. PLoS ONE 2013, 8, e54215. [CrossRef] [PubMed]

65. Berezikov, E. Evolution of microRNA diversity and regulation in animals. Nat. Rev. Genet. 2011, 12, 846–860.
[CrossRef] [PubMed]

66. Kong, L.; Hao, Q.; Wang, Y.; Zhou, P.; Zou, B.; Zhang, Y.-X. Regulation of p53 expression and apoptosis by
vault RNA2-1-5p in cervical cancer cells. Oncotarget 2015, 6, 28371–28388. [CrossRef] [PubMed]

http://dx.doi.org/10.1093/nar/gkt290
http://www.ncbi.nlm.nih.gov/pubmed/23620284
http://www.ncbi.nlm.nih.gov/pubmed/28069888
http://dx.doi.org/10.1074/jbc.RA118.004747
http://dx.doi.org/10.1007/s00018-011-0726-2
http://www.ncbi.nlm.nih.gov/pubmed/21607569
http://dx.doi.org/10.3109/10409238.2012.738643
http://dx.doi.org/10.1038/nrm2632
http://dx.doi.org/10.1016/j.neo.2016.04.008
http://dx.doi.org/10.1073/pnas.1602532113
http://dx.doi.org/10.1016/j.ymeth.2013.05.001
http://dx.doi.org/10.1038/nmeth.1267
http://www.ncbi.nlm.nih.gov/pubmed/18978784
http://dx.doi.org/10.1073/pnas.0506580102
http://dx.doi.org/10.1038/s41598-017-00998-9
http://dx.doi.org/10.3892/mmr.2014.2416
http://www.ncbi.nlm.nih.gov/pubmed/25069478
http://dx.doi.org/10.1093/nar/gkz430
http://www.ncbi.nlm.nih.gov/pubmed/31114875
http://dx.doi.org/10.2500/ajra.2011.25.3682
http://www.ncbi.nlm.nih.gov/pubmed/22185732
http://dx.doi.org/10.1038/ncomms8030
http://dx.doi.org/10.1038/ncb1972
http://dx.doi.org/10.1016/j.celrep.2013.06.029
http://dx.doi.org/10.1261/rna.7272305
http://dx.doi.org/10.1093/nar/gkq727
http://www.ncbi.nlm.nih.gov/pubmed/20739353
http://dx.doi.org/10.1371/journal.pone.0054215
http://www.ncbi.nlm.nih.gov/pubmed/23349828
http://dx.doi.org/10.1038/nrg3079
http://www.ncbi.nlm.nih.gov/pubmed/22094948
http://dx.doi.org/10.18632/oncotarget.4948
http://www.ncbi.nlm.nih.gov/pubmed/26318295


Non-coding RNA 2020, 6, 7 21 of 22

67. Li, J.-H.; Xiao, X.; Zhang, Y.-N.; Wang, Y.-M.; Feng, L.-M.; Wu, Y.-M.; Zhang, Y.-X. MicroRNA miR-886-5p
inhibits apoptosis by down-regulating Bax expression in human cervical carcinoma cells. Gynecol. Oncol.
2011, 120, 145–151. [CrossRef] [PubMed]

68. Zhang, L.-L.; Wu, J.; Liu, Q.; Zhang, Y.; Sun, Z.-L.; Jing, H. MiR-886-5p inhibition inhibits growth and induces
apoptosis of MCF7 cells. Asian Pac. J. Cancer Prev. 2014, 15, 1511–1515. [CrossRef]

69. Gao, Q.Q.; Putzbach, W.E.; Murmann, A.E.; Chen, S.; Sarshad, A.A.; Peter, J.M.; Bartom, E.T.; Hafner, M.;
Peter, M.E. 6mer seed toxicity in tumor suppressive microRNAs. Nat. Commun. 2018, 9, 4504. [CrossRef]

70. Aakula, A.; Kohonen, P.; Leivonen, S.K.; Mäkelä, R.; Hintsanen, P.; Mpindi, J.P.; Martens-Uzunova, E.;
Aittokallio, T.; Jenster, G.; Perälä, M.; et al. Systematic Identification of MicroRNAs That Impact on
Proliferation of Prostate Cancer Cells and Display Changed Expression in Tumor Tissue. Eur. Urol. 2015, 69,
1120–1128. [CrossRef]

71. Lee, K.-S.; Park, J.-L.; Lee, K.; Richardson, L.E.; Johnson, B.H.; Lee, H.-S.; Lee, J.-S.; Kim, S.-B.; Kwon, O.-H.;
Song, K.S.; et al. nc886, a non-coding RNA of anti-proliferative role, is suppressed by CpG DNA methylation
in human gastric cancer. Oncotarget 2014, 5, 3944–3955. [CrossRef]

72. Lee, H.-S.; Lee, K.; Jang, H.-J.; Lee, G.K.; Park, J.-L.; Kim, S.-Y.; Kim, S.-B.; Johnson, B.H.; Zo, J.I.; Lee, J.-S.;
et al. Epigenetic silencing of the non-coding RNA nc886 provokes oncogenes during human esophageal
tumorigenesis. Oncotarget 2014, 5, 3472–3481. [CrossRef]

73. Kunkeaw, N.; Jeon, S.H.; Lee, K.; Johnson, B.H.; Tanasanvimon, S.; Javle, M.; Pairojkul, C.; Chamgramol, Y.;
Wongfieng, W.; Gong, B.; et al. Cell death/proliferation roles for nc886, a non-coding RNA, in the protein
kinase R pathway in cholangiocarcinoma. Oncogene 2012, 32, 3722–3731. [CrossRef] [PubMed]

74. Ahn, J.-H.; Lee, H.-S.; Lee, J.-S.; Lee, Y.-S.; Park, J.-L.; Kim, S.-Y.; Hwang, J.-A.; Kunkeaw, N.; Jung, S.Y.;
Kim, T.J.; et al. nc886 is induced by TGF-β and suppresses the microRNA pathway in ovarian cancer. Nat.
Commun. 2018, 9, 1166. [CrossRef] [PubMed]

75. Lee, E.K.; Hong, S.-H.; Shin, S.; Lee, H.-S.; Lee, J.-S.; Park, E.J.; Choi, S.S.; Min, J.W.; Park, D.; Hwang, J.-A.;
et al. nc886, a non-coding RNA and suppressor of PKR, exerts an oncogenic function in thyroid cancer.
Oncotarget 2016, 7, 75000–75012. [CrossRef] [PubMed]

76. Hu, Z.; Zhang, H.; Tang, L.; Lou, M.; Geng, Y. Silencing nc886, a Non-Coding RNA, Induces Apoptosis of
Human Endometrial Cancer Cells-1A In Vitro. Med. Sci. Monit. 2017, 23, 1317–1324. [CrossRef]

77. Xi, X.; Li, T.; Huang, Y.; Sun, J.; Zhu, Y.; Yang, Y.; Lu, Z.J. RNA Biomarkers: Frontier of Precision Medicine for
Cancer. Non-Coding RNA 2017, 3, 9. [CrossRef]

78. Xiang, P.; Liu, Y.; Liu, L.; Lin, Q.; Liu, X.; Zhang, H.; Xu, J.; Fang, B. The Biological Function and Clinical
Significance of miR-886-5p in Multiple Myeloma. Acta Haematol. 2019, 142, 208–216. [CrossRef]

79. Perfetti, A.; Greco, S.; Bugiardini, E.; Cardani, R.; Gaia, P.; Gaetano, C.; Meola, G.; Martelli, F. Plasma
microRNAs as biomarkers for myotonic dystrophy type 1. Neuromuscul. Disord. 2014, 24, 509–515. [CrossRef]

80. Arroyo, J.D.; Chevillet, J.R.; Kroh, E.M.; Ruf, I.K.; Pritchard, C.C.; Gibson, D.F.; Mitchell, P.S.; Bennett, C.F.;
Pogosova-Agadjanyan, E.L.; Stirewalt, D.L.; et al. Argonaute2 complexes carry a population of circulating
microRNAs independent of vesicles in human plasma. Proc. Natl. Acad. Sci. USA 2011, 108, 5003–5008.
[CrossRef]

81. Tosar, J.P.; Gámbaro, F.; Sanguinetti, J.; Bonilla, B.; Witwer, K.W.; Cayota, A. Assessment of small RNA sorting
into different extracellular fractions revealed by high-throughput sequencing of breast cell lines. Nucleic
Acids Res. 2015, 43, 5601–5616. [CrossRef]

82. Van Balkom, B.W.M.; Eisele, A.S.; Pegtel, D.M.; Bervoets, S.; Verhaar, M.C. Quantitative and qualitative
analysis of small RNAs in human endothelial cells and exosomes provides insights into localized RNA
processing, degradation and sorting. J. Extracell. Vesicles 2015, 4, 26760. [CrossRef]

83. Nolte’T Hoen, E.N.M.; Buermans, H.P.J.; Waasdorp, M.; Stoorvogel, W.; Wauben, M.H.M.; Hoen, P.A.C.
’T Deep sequencing of RNA from immune cell-derived vesicles uncovers the selective incorporation of
small non-coding RNA biotypes with potential regulatory functions. Nucleic Acids Res. 2012, 40, 9272–9285.
[CrossRef] [PubMed]

84. Lunavat, T.R.; Cheng, L.; Kim, D.-K.; Bhadury, J.; Jang, S.C.; Lässer, C.; Sharples, R.A.; López, M.D.; Nilsson, J.;
Gho, Y.S.; et al. Small RNA deep sequencing discriminates subsets of extracellular vesicles released by
melanoma cells—Evidence of unique microRNA cargos. RNA Boil. 2015, 12, 810–823. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.ygyno.2010.09.009
http://www.ncbi.nlm.nih.gov/pubmed/20947150
http://dx.doi.org/10.7314/APJCP.2014.15.4.1511
http://dx.doi.org/10.1038/s41467-018-06526-1
http://dx.doi.org/10.1016/j.eururo.2015.09.019
http://dx.doi.org/10.18632/oncotarget.2047
http://dx.doi.org/10.18632/oncotarget.1927
http://dx.doi.org/10.1038/onc.2012.382
http://www.ncbi.nlm.nih.gov/pubmed/22926522
http://dx.doi.org/10.1038/s41467-018-03556-7
http://www.ncbi.nlm.nih.gov/pubmed/29563500
http://dx.doi.org/10.18632/oncotarget.11852
http://www.ncbi.nlm.nih.gov/pubmed/27612419
http://dx.doi.org/10.12659/MSM.900320
http://dx.doi.org/10.3390/ncrna3010009
http://dx.doi.org/10.1159/000499620
http://dx.doi.org/10.1016/j.nmd.2014.02.005
http://dx.doi.org/10.1073/pnas.1019055108
http://dx.doi.org/10.1093/nar/gkv432
http://dx.doi.org/10.3402/jev.v4.26760
http://dx.doi.org/10.1093/nar/gks658
http://www.ncbi.nlm.nih.gov/pubmed/22821563
http://dx.doi.org/10.1080/15476286.2015.1056975
http://www.ncbi.nlm.nih.gov/pubmed/26176991


Non-coding RNA 2020, 6, 7 22 of 22

85. Li, C.C.Y.; Eaton, S.A.; Young, P.E.; Lee, M.; Shuttleworth, R.; Humphreys, D.T.; Grau, G.E.; Combes, V.;
Bebawy, M.; Gong, J.; et al. Glioma microvesicles carry selectively packaged coding and non-coding RNAs
which alter gene expression in recipient cells. RNA Boil. 2013, 10, 1333–1344. [CrossRef]

86. Dugué, P.-A.; Dowty, J.G.; Joo, J.E.; Wong, E.M.; Makalic, E.; Schmidt, D.F.; English, D.R.; Hopper, J.L.;
Pedersen, J.; Severi, G.; et al. Heritable methylation marks associated with breast and prostate cancer risk.
Prostate 2018, 78, 962–969. [CrossRef] [PubMed]

87. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and
the 2−∆∆CT method. Methods 2001, 25, 402–408. [CrossRef] [PubMed]

88. Kallio, M.A.; Tuimala, J.T.; Hupponen, T.; Klemelä, P.; Gentile, M.; Scheinin, I.; Koski, M.; Käki, J.;
Korpelainen, E.I. Chipster: User-friendly analysis software for microarray and other high-throughput data.
BMC Genom. 2011, 12, 507. [CrossRef]

89. Irizarry, R.A.; Hobbs, B.; Collin, F.; Beazer-Barclay, Y.D.; Antonellis, K.J.; Scherf, U.; Speed, T.P. Exploration,
normalization, and summaries of high density oligonucleotide array probe level data. Biostatistics 2003, 4,
249–264. [CrossRef]

90. Davis, S.; Meltzer, P.S. GEOquery: A bridge between the Gene Expression Omnibus (GEO) and BioConductor.
Bioinformatics 2007, 23, 1846–1847. [CrossRef]

91. Mayr, C.; Bartel, D.P. Widespread Shortening of 3′UTRs by Alternative Cleavage and Polyadenylation
Activates Oncogenes in Cancer Cells. Cell 2009, 138, 673–684. [CrossRef]

92. Benhamed, M.; Herbig, U.; Ye, T.; Dejean, A.; Bischof, O. Senescence is an endogenous trigger for
microRNA-directed transcriptional gene silencing in human cells. Nature 2012, 14, 266–275. [CrossRef]

93. Friedländer, M.R.; Mackowiak, S.D.; Li, N.; Chen, W.; Rajewsky, N. miRDeep2 accurately identifies known
and hundreds of novel microRNA genes in seven animal clades. Nucleic Acids Res. 2012, 40, 37–52. [CrossRef]
[PubMed]

94. Martin, M. Cutadapt removes adapter sequences from high-throughput sequencing reads. EMBnet J. 2011,
17, 10. [CrossRef]

95. Langmead, B.; Salzberg, S.L. Fast gapped-read alignment with Bowtie 2. Nat. Methods 2012, 9, 357–359.
[CrossRef] [PubMed]

96. Anders, S.; Pyl, P.T.; Huber, W. HTSeq-A Python framework to work with high-throughput sequencing data.
Bioinformatics 2015, 31, 166–169. [CrossRef]

97. Iorio, F.; Knijnenburg, T.A.; Vis, D.J.; Bignell, G.R.; Menden, M.P.; Schubert, M.; Aben, N.; Gonçalves, E.;
Barthorpe, S.; Lightfoot, H.; et al. A Landscape of Pharmacogenomic Interactions in Cancer. Cell 2016, 166,
740–754. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.4161/rna.25281
http://dx.doi.org/10.1002/pros.23654
http://www.ncbi.nlm.nih.gov/pubmed/30133758
http://dx.doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
http://dx.doi.org/10.1186/1471-2164-12-507
http://dx.doi.org/10.1093/biostatistics/4.2.249
http://dx.doi.org/10.1093/bioinformatics/btm254
http://dx.doi.org/10.1016/j.cell.2009.06.016
http://dx.doi.org/10.1038/ncb2443
http://dx.doi.org/10.1093/nar/gkr688
http://www.ncbi.nlm.nih.gov/pubmed/21911355
http://dx.doi.org/10.14806/ej.17.1.200
http://dx.doi.org/10.1038/nmeth.1923
http://www.ncbi.nlm.nih.gov/pubmed/22388286
http://dx.doi.org/10.1093/bioinformatics/btu638
http://dx.doi.org/10.1016/j.cell.2016.06.017
http://www.ncbi.nlm.nih.gov/pubmed/27397505
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	vtRNA2-1/nc886 Produces Small RNAs with microRNA-Like Features 
	Snc886-3p Has the Expression Profile of a Tumor Suppressor in Prostate Cells 
	Snc886-3p Modulates Transcripts Affecting Cell Cycle and Apoptosis 
	Snc886-3p Causes a Decrease in Cell Viability 
	Direct Candidate Target Genes of snc886-3p Are Associated with Clinical Worse Prognosis in Prostate Cancer Patients 

	Discussion 
	Materials and Methods 
	Human Specimens 
	Cell Lines 
	Cell Transfection 
	RNA Extraction Reverse Transcription and Quantitative Real Time PCR 
	Microarray Experiments 
	Cytotoxicity Assay 
	Flow Cytometry for DNA Content Analysis 
	Annexin V Alexa Fluor 488/PI Apoptosis Detection Assay 
	Dataset Analysis 
	Analysis of microRNA Microarray Datasets 
	Analysis of Small RNA Transcriptomic Datasets 
	Analysis of Methylation Microarray Datasets 
	Heatmap of Hierarchical Clusterization of 253 snc886-3p Candidate Direct Target Genes 

	Statistical Analysis 

	Conclusions 
	References

