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Abstract

MicroRNA-offset RNAs (moRs) were first identified in simple chordates and subsequently in
mouse and human cells by deep sequencing of short RNAs. MoRs are derived from
sequences located immediately adjacent to microRNAs (miRs) in the primary miR (pri-miR).
Currently moRs are considered to be simply a by-product of miR biosynthesis that lack bio-
logical activity. Here we show for the first time that a moR is biologically active. We demon-
strate that endogenous or over-expressed moR-21 significantly alters gene expression and
inhibits the proliferation of vascular smooth muscle cells (VSMC). In addition, we find that
miR-21 and moR-21 may regulate different genes in a given pathway and can oppose each
other in regulating certain genes. We report that there is a “seed region” of moR-21 as well
as a “seed match region” in the target gene 3’'UTR that are indispensable for moR-21-medi-
ated gene down-regulation. We further demonstrate that moR-21-mediated gene repres-
sion is Argonaute 2 (Ago2) dependent. Taken together, these findings provide the first
evidence that microRNA offset RNA alters gene expression and is biologically active.

Introduction

MicroRNA offset RN As (moRs) were first reported in 2009 in a simple chordate ascidian
Ciona intestinalis as approximately 20-nt-long RNAs that are derived from sequences located
immediately adjacent to microRNAs (miRs) in the primary miRs (pri-miRs) by sequencing
small RNA [1]. The discovery of moRs was unexpected since originally the investigators sought
to identify novel miRs from the simple chordate through comprehensive sequencing. Subse-
quently, moRs were identified in mouse and human tissues as well as in several viruses [2-8].
The expression levels of moRs seem to be developmentally regulated in the simple chordate,
and their abundance can exceed the corresponding mature miR. Pri-miRs are transcribed from
miR genes by RNA polymerase II and sequentially processed by the enzymes Drosha and Dicer
into a ~20-25 nucleotide mature miR duplex [9]. Bioinformatic analysis indicated that moRs
predominantly originate from the 5’- arm of the pri-miR, though some moRs derived from the
3’ arm have also been reported. Though miRs are known to play a critical role in regulating
gene expression, moRs are currently considered to be simply a byproduct of miR biogenesis
with no known function. Umbach et al recently demonstrated that a viral moR (moR-rR1-3-
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5p) has a moderate inhibitory effect on the expression of an artificial mRNA, suggesting that
moR could theoretically regulate endogenous target mRNAs [7]. Previous studies demon-
strated that moRs maintain high sequence conservation across species, and that miR precursors
containing moRs are generally old from an evolutionary perspective [2]. All these findings
together with observations that miR and moR expression are often not highly correlated [2],
have led us to hypothesize that moRs may be functional transcripts. In this study, we character-
ized moR expression in mouse vascular smooth muscle cell (VSMC) using small RNA sequenc-
ing and showed for the first time that moR-21 alters endogenous target gene expression and is
biologically active.

Materials and Methods
Carotid Artery Injury Model

Mice were handled in accordance with US National Institutes of Health standards, and all pro-
cedures were approved by Tufts University/Tufts Medical Center Institutional Animal Care
and Use Committee (IACUC). Wild type C57/Bl6 mice were purchased from Jackson Labora-
tory. Mice were housed in a temperature and light-controlled colony room (12 h light/dark
cycle) in groups of 4 with chow diet and water provided ad libitum. The mouse carotid injury
model used in this study was performed as described previously [10]. Briefly, 19-22 gram male
C57BL/6 mice were anesthetized with inhaled isoflurane (3-5% induction then 1-3% mainte-
nance to effect via nosecone). Buprenorphine was given during the opening incision (0.05-0.1
mg/kg, SC). The left common carotid artery was denuded of its endothelium by intraluminal
passage of a wire. Postoperatively, mice were housed in individual cages and given buprenor-
phine (0.05 mg/kg, SC, PRN) for pain control. At post injury day 3, mice were euthanized and
both carotid arteries were harvested. For euthanasia, mice were deeply anesthetized with 3.5%
isoflurane followed by thoracotomy and organ harvest. None of the mice died prior to carotid
harvest.

Cell lines

Mouse aortic smooth muscle cell (MAoSMC) harvest and culture: MAoSMC were obtained
using the explants procedure as previously published [11]. Briefly, several mouse aortas were
obtained sterilely and placed into 100mm dish containing media. The adventia was cleaned off
and the aorta was cut horizontally into 10-15 pieces. Each piece was placed into a 6 or 12 well
collagen Biocoat plate (Fisher). Explants were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) containing antibiotics and 10% bovine growth serum (BGS) for 3-7 days. When the
well was 50-75% confluent, the explants were removed, and the MAoSMC were cultured in
low glucose phenol red-free DMEM containing antibiotics and 10% fetal bovine serum (FBS).
Before experimental use, MAoSMC were grown in low glucose DMEM supplemented with 5%
dextran-coated charcoal-treated fetal bovine serum.

Human embryonic kidney 293 (HEK293), MCF-7, NIH3T3, and mouse cardiac fibroblast
(MCEFB) cells were cultured in DMEM medium supplemented with 10% FBS. All cells were
incubated at 37°C in humidified air containing 5% CO2.

Cell transfection

Plasmid transfection was performed with Lipofectamine LTX or Lipofectamine 2000 (Life
Technologies) following the manufacturer’s protocol. Transfection with miR and moR
mimetics and antisense moRs (Exiqon) was performed using RNAiMAX (Life Technologies)
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according to the supplier’s instructions. The final concentrations of miR/moR mimetics and
antisense moRs in the Western blot experiments were 20nM and 50nM, respectively.

Cell proliferation assay

MAo0SMC were transiently transfected with miR-21, moR-21, and scrambled miR control
mimetics (Life technologies) at 20nM final concentration. Cells were seeded in 96-well plates at
2000 cells/well density. Cell proliferation was measured at 0, 1, 2, 3 days post seeding using Cell
TiterGlo Luminescent Cell Viability assay (Promega) following the manufacturer’s protocol.
Each assay was performed in quaduplicate.

RNA extraction and real-time quantitative PCR (RT-qPCR)

Total RNA was extracted from MAoSMC using the miRNeasy kit as described in the manufac-
ture’s protocol (Qiagen). Concentration of the isolated RNA was quantified using a spectro-
photometer. The expression levels of miR-21 and moR-21 were measured by RT-qPCR using
TagMan MicroRNA Reverse Transcription Kit and Tagqman® MicroRNA Assay (Life technol-
ogies). Endogenous small nucleolar RNA 202 (snoRNA202) and U6 were used as an internal
control for the amount of input RNA. Each assay was performed in duplicate. The relative
expression of miR-21/moR-21 was calculated using the 27**“* method. The expression levels
of target genes were measured by RT-qPCR using SuperScript III First-Strand Synthesis System
(Life Technologies) and SsoFast™ EvaGreen Supermix (Bio-Rad) according to manufacturer’s
instructions. The primers for each target are: Cd164: forward GTGTTCTGTAATACCTCCTA
CC, reverse CTGCTGATGTGACAACTGAG; Fnip1: forward TCCAACCTGCTTCATTCCA
CTC, reverse GAACCACTCCTAGCTCCTTGAC; Mat2a: forward TTCTCATCCATTGTCG
ATCTC, reverse CCTCTGATAAATTGGCTTCTTC; Rassf3: forward GGCTCTGCTCAGG
AAGTTTC, reverse ACTAAGGGTGTCGGTTCTGG; Mgrnl: forward CCTCTATTGATG
ATGTCCTG, reverse CTTACTCCTCTATACCAACAG; Trp53inplI: forward GTCACTAC
TTCTTCCAGCCAAG, reverse CTGAGGACTCTTCACCAATGTC; Txndc5: forward
TGAGCCCACGGGTGACAAGG, reverse GCCACACCACGGAGCATAGAAG; Vps54: for-
ward GCTCACTCGCCTGACAGATC, reverse GCAGACACCGTGAAGAGAGG; Bmf: for-
ward ACAACTCGGAGGCTGAGAC, reverse TCTGACTGGAACACATCATCTTG; Lrigl:
forward TGTTGGATACACTAGAGAGOC, reverse AGTCACTACATACAGCAGAG; Stt3b:
forward AGAGTTCCGAGTAGACAAAGC, reverse CCAATCTCAGCATTACGTGTTCG;
B2M: forward TTCTGGTGCTTGTCTCACTGA, reverse CAGTATGTTCGGCTTCCCATTGC;
Gapdh: forward GCCGGTGCTGAGTATGTCGT, reverse GGCGGAGATGATGACCCTTT.
All the RT-qPCR experiments were done in biological replicates (n>3). Duplicate technical
replicates were done for each biological sample. Expression of each target gene was measured
in duplicate and B2M or Gapdh was used as internal controls for input RNA. The relative
expression of each gene was calculated using 27**“* method. RT-qPCR was performed using a
Taqman 7900HT instrument (Life Technologies).

Small RNA sequencing

Total RNA including small RN'As was extracted from cultured mAoSMC using miReasy kit
(Qiagen) according to the manufacturer’s instructions. Triplicate samples were prepared. Small
RNA library construction and illumina HiSeq 75bp single read sequencing were performed at
the Yale Center for Genome Analysis (YCGA, http://ycga.yale.edu/). moR quantitation was
performed essentially as previously described [1]. Briefly, reads were trimmed to remove adap-
tor sequence, and inserts longer than 13 bases were mapped to the mouse mm10 genome using
Bowtie [12] (with settings—n 0 -m 5—best—strata, allowing 0 mismatches and up to 5 genomic
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loci with a perfect match). Reads that mapped to within 50 bp of more than one annotated
mouse pri-miR (from mirBase [13]) were allotted evenly between these locations. Reads that
fell entirely within established miRbase 3p or 5p miR coordinates, plus or minus 3 bp, were
counted as 3p or 5p miRs, respectively. Reads that fell entirely within the range of 35 bp 3’ to 3
bp 5 of the last base of a 3p miR were counted as 3p moR reads. Those that fell entirely
between 3 bp 3’ and 35 bp 5’ of the first base of a 5p miR were counted as 5p moR reads. On
average each library contained 17.4 million qualifying inserts, of which 13.8 million (79.3%)
mapped to one of these four regions, indicating that the large majority of inserts represented
miR or moR sequences. Reads were divided by the number of million reads mapping to these
regions in each library to give normalized reads per million reads (RPMR) values. Raw and
processed data is available through GEO under the accession number GSE75114.

Microarray Expression Analysis

MAO0SMC were transfected with scrambled control or moR-21 mimetics at 5nM final concen-
tration. Triplicate samples were prepared for each treatment. Total RNA was isolated at 48hr
post-transfection. Labeling and hybridization to MouseWG-6 v2.0 Expression BeadChip arrays
(llumina) were performed according to the YCGA protocol. The gene expression studies were
carried out using the standard protocols for MouseRef-8 v2.0 Expression BeadChip at YCGA.
Briefly, the Beadstudio suite of programs were used to calculate the quantile normalized
expression values for all probe sets. Bioconductor packages Lumi [14] and Limma Linear mod-
els and empirical Bayes methods [15] for assessing differential expression in microarray experi-
ments were used to process and annotate the expression values and calculate the fold changes
and P-values. Raw and processed data is available at GEO under accession number GSE75114.

Plasmid constructions

The luciferase reporter pISO was a gift from Dr. David Bartel (Addgene plasmid #12178) [16].
To generate luciferase reporter pISO-Txndc5, the 1.3kb sequence containing the 3’UTR of
Txndc5 was generated by PCR using primers 5- CTGAGCTCGAGACCCCGGGGAAGTC
AT-3’ (SacI site underlined), 5- CATCTAGA CATTTAAGCAAAGACCAGAC (Xbal site
underlined), with mouse genomic DNA as template. The PCR fragments were cloned into pISO
using Sacl/Xbal sites. To generate pISO-Txndc5-mutl and mut2, overlap extension PCR was
performed as previously described [17]. The flanking primers are 5’-CCCAAATACTCAT
GCTGTTC-3’, located in the Txndc5 3’UTR, and 5°- TCTCAAGGGCATCGGTCGAC-3’,
located in pISO backbone. The 2 sets of internal mutagenic primers are Mut1F: 5-TGAAAAG
AAAACTCAAGTGGTTGAATTTGGTTTATACTTTCTAA-3’, MutlR: 5-TTAGAAAGTAT
AAACCAAATTCAACCACTTGAGTTTTCTTTTCA-3’ and Mut2F: 5-TATGAAAAGAA
AACTCAAGTGACACAATTTGGTTTATACTTTCT -3°, Mut2R: 5-AGAAAGTATAAACC
AAATTGTGTCACTTGAGTTTTCTTTTCATA -3’. The resulting extended fragment was
digested by BamHI and inserted between the two BamHI sites of pISO-Txndc5. DNA sequenc-
ing was performed to confirm the mutagenesis.

Design of the moR-21 sponge

The moR-21 sponge oligonucleotide and reverse complement strand were synthesized at IDT
(Coralville, Iowa, USA) as a gBlocks Gene Fragment. The sequence was as follows: 5’- actagca
CTCGAGccgaTCCGACTCCTGGTACAGEcgtTCCGACGTATGGTACAGacgcTCCGACCA
TTGGTACAGtcgaTCCGACGTCTGGTACAGaccgTCCGACGCATGGTACAGccggTCCGA
CCGCTGGTACAGacgaTCCGACCTCTGGTACAGacggatcgcGGGCCCtaatatc-3". Xhol and
Apal sites were introduced for cloning. The moR-21 sponge DNA fragment was then cloned into

PLOS ONE | DOI:10.1371/journal.pone.0156772 June 8,2016 4/16



@’PLOS ‘ ONE

MicroRNA-Offset RNA Is Biologically Active

pCMV-d2eGFP-21 (a gift from Dr. Phil Sharp, Addgene plasmid #21972), which is a miR-21
sponge plasmid [18], using the same cloning sites (XhoI and Apal). The control sponge plasmid,
pCMV-d2eGFP-CXCR4, was a gift from Dr. Phil Sharp (Addgene plasmid #21967) [18].

Luciferase assays

HEK?293 were transiently co-transfected with the pISO luciferase reporters, a B-galactosidase
reporter, and wild type or mutated moR-21 mimetics. 24hrs after transfection, a firefly lucifer-
ase assay was carried out as follows: 20pl cell lysate was added to 100yl of firefly luciferase assay
buffer (Promega). The samples were placed in a luminometer (Luminoscan Ascent, Labsys-
tems) and light output was determined over a 10 second interval. B-galactosidase activity was
measured with a Tropix Galacto-Light Plus kit (Applied biosystems) following the manufactur-
er’s instruction. Firefly luciferase activity was normalized to -galactosidase activity.

RNA-Binding protein immunoprecipitation (RIP)-RT-PCR

RIP was performed using HEK293 cell lysate (2 X 107 cell equivalents per IP), 5uL of either a
normal mouse IgG (Millipore, CS200621) or Anti-Ago2 antibody (Millipore, cs204386), were
used together with the Magna RIP RNA-binding protein immunoprecipitation kit, as per man-
ufacture’s protocol (Millipore). Purified Ago2 associated RNA was subjected to qRT-PCR for
detection of miR-21, moR-21 and Txndc-5.

Results and Discussion

moR-21 is the most abundant moR in VSMC and plays a functional role
in regulating cell proliferation

We performed small RNA sequencing in mouse aortic smooth muscle cells (mAoSMC). We
detected the expression of 34 moRs coming from 32 precursors (at an expression level of >1
read per million reads (RPMR), SI Table). moR-21L (also called moR-21a-5p) was identified
as the most abundant moR (expression level 176 RPMR). Because of its high abundance and its
close connection to miR-21, known to regulate many important processes in VSMC [19-21],
we chose to further study moR-21. The schematic structure of pri-miR-21 is shown in Fig 1A.
As a first step to determine whether moR-21 is functional, we measured moR-21 and miR-21
abundance in wire-injured mouse carotid arteries. The relative abundance of both moR-21 and
miR-21 was significantly increased in injured carotid arteries (Fig 1B). Given that the prolifera-
tion of VSMC, the major component of blood vessel walls, contributes to the pathogenesis of a
wide variety of vascular diseases, we next studied the changes of moR-21 and miR-21 abun-
dance in non-proliferative versus proliferative VSMC. We found that the expression of moR-
21 was significantly increased in cells cultured in medium containing 10%FBS or platelet-
derived growth factor (PDGF), a known VSMC proliferation agonist [22] (Fig 1C left panel).
In contrast, no change was observed in miR-21 expression (Fig 1C right panel). These findings
suggest that in different physiological states, the expression pattern of moR-21 is different from
that of miR-21. We compared the levels of moR-21 and miR-21 in mAoSMC to those in three
other cell lines, by qRT-PCR. We found that the U6-normalized levels of both miR-21 and
moR-21 were highest in mAoSMC, relative to mouse cardiac fibroblasts (MCFBs), NIH3T3 or
HEK?293 cells, indicating that moR-21 and miR-21 levels vary widely between cell types (S1A &
S1B Fig). We also observed that the miR-21 and moR-21 ratio varies by 20 fold between cells
lines, from 64 in NIH3T?3 cells to 1253 to HEK293 cells, supporting that the relative abundance
of miR-21 and moR-21 also varies widely by cell type (S1C Fig). Next we measured the effect of
moR-21 and miR-21 over-expression on VSMC proliferation. Though miR-21 over-expression
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Fig 1. MoR-21L plays a functional role in VSMC. (a) Location of moRs and miRs sequences on the predicted secondary structure
surrounding the pre-miR-21 hairpin. The RNA structure prediction software mFold was used to predict pre-miR-21 secondary structure. (b)
Increased expression of moR-21 and miR-21 in injured mouse carotid artery. Data are shown as mean + SEM and are from 3 independent
experiments. (c) Abundance of moR-21 and miR-21 in VSMC cultured under different conditions. VSMC were cultured in serum free
medium (SFM) and medium containing 10% fetal bovine serum (FBS) or PDGF. BSA is the control for PDGF. Data are shown as

mean + SEM and are from 4 independent experiments. (d) Effects of over-expression of moR-21, miR-21, and scrambled mimetics on
VSMC proliferation. VSMC were transfected with 20nM scrambled control, moR-21, and or miR-21 mimetics. Cell proliferation was
measured at 0, 1, 2, and 3 days using Cell TiterGlo. Data are presented as relative proliferation, compared with scrambled mimetic-
transfected cells on day 0. Data are shown as mean + SEM and are from 5 independent experiments. P values were determined by one
way repeated measure ANOVA. NS: nonsignificant, *: P<0.05, ***: P<0.001.

doi:10.1371/journal.pone.0156772.g001
enhances VSMC proliferation (consistent with prior publications [19,20]), strikingly, we found

that moR-21 significantly decreases VSMC growth (Fig 1D). These findings indicate that moR-
21 and miR-21 exert opposing effects on VSMC proliferation.
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moR-21 plays a role in gene regulation and has a different target gene
set from miR-21

To determine whether moR-21 plays a role in gene regulation, we performed gene profiling
analysis in VSMC treated with moR-21 mimetics (synthetic small RNAs which contain the
exact sequence of the endogenous miR or moR). As a negative control, cells were transfected
with a random sequence miR mimetic. 838 transcripts were differentially expressed, including
460 that were down-regulated and 378 that were up-regulated (fold-change cutoff >1.3 and
adjusted p-value < 0.002) (Fig 2A, S2 Table). To identify molecular pathways that these differ-
entially expressed genes are involved in, we performed Ingenuity Pathway Analysis (IPA).
Interestingly, the top molecular networks and biological functions included entries for cell sur-
vival, cell cycle, and cell proliferation, suggesting that the observed effects of moR-21 on VSMC
proliferation could arise from its effects on gene regulation (S3 and S4 Tables).

For miR-mediated regulation of gene expression, complementary binding of the miR “seed”
region, nucleotides 2-8 from the 5’ end of the miR, to the “seed match” region in the mRNA
3'UTR is essential for target recognition and binding [23]. To investigate whether a seed region
is also important for moR-21-mediated gene regulation, we performed target gene prediction
analysis for moR-21 using Targetscan 5.2 Custom (http://www.targetscan.org). We scanned
mouse gene 3’'UTRs for potential “seed match” sequences to nucleotides 2-8 of moR-21. 97
conserved targets with 99 conserved sites were predicted for moR-21 and 50 of these predicted
targets were detected in the VSMC gene array with a signal above background noise. Among
these predicted 50 targets, 24 were down-regulated in moR-21 treated cells, and 26 were
unchanged in the microarray (Fig 2B). The probability of 24 or more of the 50 predicted target
genes also being down-regulated by moR-21, by chance, is p. < 3e-16 (by Binomial test). To
determine whether there is an overlap between predicted miR and moR-21 targets expressed in
VSMC, we performed target prediction analysis for miR-21. 204 targets with 210 conserved
sites were predicted for miR-21. 107 of the predicted targets were detected in VSMC with a sig-
nal above background noise, and only 7 were altered in moR-21 treated cells. Next we com-
pared the down-regulated predicted targets of miR-21 and moR-21 and found only 1 gene was
a predicted target of both moR-21 and miR-21 (Fig 2B). These results indicate that moR-21
and miR-21 have largely different target gene sets. Given the opposing effects of miR-21 and
moR-21 on VSMC proliferation and the minimal overlap in predicted target genes, we hypoth-
esized that miR-21 and moR-21 might regulate different genes that are involved in the same
molecular pathway. To test this hypothesis, we performed pathway analysis for predicted
moR-21 and miR-21 targets that are expressed in VSMC. IPA analysis showed that the 107 pre-
dicted targets of miR-21 participate in 91 canonical pathways, whereas the 50 predicted targets
of moR-21 are involved in 10 pathways (P value cutoff <0.05). We further compared these
pathways and found that 4 pathways are shared by miR-21 and moR-21 predicted targets (Fig
2C). The shared pathways and predicted targets are shown in S5 Table. We then studied the
effects of over-expression of moR or miR-21 on genes that participate in several shared path-
ways. As shown in Fig 2D, for Igflr, moR-21 significantly decreased its protein abundance,
whereas miR-21 significantly increased its protein abundance, suggesting that miR and moR-
21 may have opposite effects on certain genes. In contrast, the protein abundance of Pik3r1
was significantly decreased by miR-21 but not moR-21, while the protein abundance of
Txndc5, one of the most highly moR-21 down-regulated genes (shown in Fig 2A heatmap),
was significantly decreased by moR-21 but not miR-21, indicating that some genes are specifi-
cally regulated only by miR or moR-21. No change was observed in the protein abundance of
Stat3 and Ywhaz in either miR or moR-21 mimetic treated cells (Data not shown). To deter-
mine whether moR-21 regulates the same targets in a different cell type, we measured Igflr and
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Fig 2. moR-21 plays a role in gene regulation and has a different target gene set from miR-21. (a)
Differentially expressed transcripts in moR-21 over-expressed VSMC compared with scrambled control-treated
cells. In moR-21-treated cells, 460 and 378 transcripts were down- or up-regulated, respectively. Fold change
cutoff is 1.3 and adjusted P< 0.002. Right panel: a differential expression heatmap for all 838 genes that were
significantly regulated by moR-21 showing the log base 2 expression value for each sample minus the average
log base 2 expression value for all samples (three control and three moR-21 treated). (b) Comparison between
miR-21 and moR-21 targets predicted by TargetScan and their regulation by moR-21, as detected by
microarray in VSMC. (c) Comparison of molecular pathways that predicted miR-21 and moR-21 targets
participate in. The analysis was performed using IPA with a P-value cutoff < 0.05. d, Pik3r1, Igfir, and Txndc5
protein abundance in scrambled control, moR-21, or miR-21 mimetic treated mAoSMC cells. Representative
western blots are presented. Densitometry analysis for western blots is shown at the bottom. e. Conserved
moR-21 binding sites in the 3'UTR of Txndc-5 and Igf1r. Data are from at least 4 independent experiments and
presented as fold change. Values are mean + SEM. The significance of differences between different
treatments was determined by Student’s t-test. NS: non-significant, **: P<0.01, ***: £<0.001.

doi:10.1371/journal.pone.0156772.g002

Txndc5 protein abundance in moR-21 mimetic transfected MCF-7 cells. A pattern similar to
that observed in VSMC, of moR-21-mediated down-regulation, was observed (S1 Fig). We
examined the 3’'UTR of Txndc-5 and Igflr and found a highly conserved binding site for moR-
21, which perfectly matched nucleotides 2 through 8 of moR-21 (Fig 2E).

To confirm that the gene expression changes we observed in moR-21 mimetic over-express-
ing cells are not due to nonspecific or off-target effects, we examined the effect of antisense
moR-21 on the abundance of Txndc5. As shown in Fig 3A, moR-21 mimetic decreased Txndc5
protein abundance, and this effect was reversed by anti-moR-21. Importantly, anti-moR-21
also increased Txndc5 protein abundance in cells transfected with scrambled moR-21 control
mimetic, demonstrating reversal of the inhibitory effect of endogenous moR-21 on Txndc5
expression. To further confirm that endogenous moR-21 is functional, we performed another
loss-of-function study using a ‘moR-21 sponge’. Sponges are artificial nucleotide sequences
which are complementary to a miR of interest, that have been previously used as an alternative
way to inhibit the function of endogenous miRs [18]. The moR-21 sponge we designed con-
tains 7 copies of bulged moR-21 binding sites in the 3’'UTR of a reporter gene (Fig 3B). As a
control, we used a sponge with repeated binding sites complementary to an artificial miR (but
not complementary to any known miR) '®. As shown in Fig 3C and 3D, both mRNA and pro-
tein abundance of Txndc5 was significantly increased in moR-21 sponge-transfected HEK293
cells (with only endogenous moR-21 expression), supporting further that the endogenous
moR-21 downregulates Txndc5 expression.

Seed region plays a key role in moR-21-mediated gene down-regulation

Our initial target gene prediction analysis for moR-21 suggested that a seed region may also
exist in moR-21 and play a critical role in moR-21-mediated gene regulation. Nucleotides 2-8
represent the classic seed region for miRs. To determine whether sequences other than 5" end
2-8 might serve as a seed region for moR-21, we performed target prediction analysis for all
potential seed sequences in moR-21 using Targetscan (Fig 4A). We then examined the changes
of these genes in the gene profiling data. Targets predicted by nucleotides 2-8 have the highest
number of regulated targets (all of them are down-regulated genes), suggesting that nucleotides
2-8 may be the most relevant seed region of moR-21. However, targets predicted for the poten-
tial seed sequences 1-7 and 3-9 also included many more down-regulated genes than targets
predicted for the other potential seed sequences. To explore this observation further, we com-
pared the down-regulated targets that were predicted by the first three seed sequences. Overlap
of predicted targets amongst these three seed sequences is shown in Fig 4B. Four genes were
predicted by all three seed sequences and seven more genes were predicted by two seed
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Fig 3. Endogenous moR-21 downregulates Txndc5 expression. (a) Txndc5 protein abundance in
scrambled or moR-21 mimetic and scrambled or anti-moR-21 treated cells. Representative western blots are
presented. Densitometry analysis for western blots is shown in the lower panel. Data are from at least 4
independent experiments and presented as fold change, compared with scrambled mimetic and scrambled
anti-moR treated cells. (b) Upper panel: the moR-21 sponge was designed with bulged binding sites to avoid
endonucleolytic cleavage by Ago2. Lower panel: the moR-21 sponge was constructed by inserting 7 copies
of bulged moR-21 binding sites into the 3'UTR of a destabilized GFP reporter gene. (c) gRT-PCR analysis of
Txndc5 mRNA in control or moR-21 sponge transfected HEK293 cells. Gapdh was used as an internal
control for RT-gPCR. (d) immunoblot analysis of Txndc5 protein abundance in control or moR-21 sponge
transfected HEK293 cells. Data are from 4 independent experiments. Values are mean + SEM. The
significance of differences between different treatments was determined by Student’s t-test. NS: non-
significant, *: P<0.05, **: P<0.01, ***: P<0.001.

doi:10.1371/journal.pone.0156772.g003

sequences (including Txndc5). Since these 11 genes are most likely to be direct targets of moR-
21, we used these genes as candidate targets of moR-21 in the following studies. Detailed infor-
mation regarding these targets is listed in the S6 Table.

To confirm the seed sequence plays a key role in moR-21-mediated gene regulation, we
designed two synthetic moR-21 mutants each with two nucleotide substitutions in the common
region of the first three seed sequences (Fig 4C). We then determined the effect of over-
expressing the wild-type and mutated moR-21s in VSMC on the abundance of the 11 gene tar-
gets that were predicted by at least two of the first three seed sequences. MoR-21 significantly
decreased the mRNA level of all 11 genes in VSMC (Fig 4D). Among the four target genes that
were predicted by all three seed sequences, none were down-regulated by mutant 1 (moR21-
Mutl), and only one was decreased by mutant 2 (moR21Mut2) (Fig 4D). Among the seven
genes that were predicted by two seed sequences, only two were regulated by moR21Mut1 and
only one was regulated by moR21Mut2 (Fig 4D). These findings indicate that the seed
sequence is indispensable for moR-21-mediated down-regulation of mRNA. To determine
whether there are changes in abundance of the corresponding protein of the target genes, we
measured protein expression of Txndc5 gene, the most down-regulated target among the 11
genes. We found wild-type, but not mutated moR-21, significantly decreases Txndc5 protein
abundance (Fig 4E).
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Fig 4. “Seed” region plays a key role in moR-21-mediated gene down-regulation. (a) Target prediction analysis for all potential “seed”
sequences (highlighted in red). Numbers of predicted targets that were significantly down-regulated, up-regulated or unchanged in the
microarray are represented by blue, red, and grey bars, respectively. (b) Overlap among down-regulated targets predicted by the first 3
“seed” sequences. (c) The common region of the first 3 “seed” sequences is GUACC. Each moR-21 mutant (Mut1 and Mut2) carries 2
nucleotide substitutions in the common region, which are highlighted in red. (d) Effects of wild-type and mutated moR-21 mimetics on the
mRNA levels of the 11 targets genes predicted by 2 or 3 potential “seed” sequences. Each gene expression level was calculated as relative
fold change compared to the scrambled control-treated sample. B2M was used as an internal control for RT-gPCR. Data are shown as

mean + SEM and are from at least 5 independent experiments. (e€) Txndc5 protein abundance in scrambled control, wild type moR-21, and
mutated moR-21 treated cells. Representative western blot is presented. Densitometry analysis for western blots is shown at the bottom.
Data are shown as mean + SEM and are from at least 3 independent experiments. (f) (g) Schematic presentation of Txndc5 3'UTR luciferase
reporter and luciferase assay. A perfect match between the “seed” region in moR-21 and the “seed match” region in Txndc5 3'UTR is
represented by short vertical lines. Nucleotide substitutions in moR-21 “seed” region (f) and Txndc5 3'UTR “seed match” region (g) are
highlighted in red. Luciferase activity was normalized to beta-gal activity. Data are presented as fold change, compared with scrambled
control-treated cells. Values shown are mean + SEM of at least 3 independent experiments. The significance of differences between different
treatments was determined by one-way analysis of variance (ANOVA), followed by Tukey’s test (b) or Student’s t-test (c), and Student’s t-test
(d,e). NS: non-significant, *: P<0.05, **: P<0.01, ***: P<0.001.

doi:10.1371/journal.pone.0156772.g004

To further investigate the mechanism by which moR-21 regulates gene expression, we
cloned the 3 UTR of the Txndc5 gene into a luciferase reporter. We then measured luciferase
activity in cells transfected with the luciferase reporter along with wild type or mutated moR-
21 mimetics. Wild type moR-21 significantly reduced luciferase activity, whereas neither of the
mutants had any significant effect (Fig 4F). These results suggest that moR-21 down-regulates
Txndc5 expression by binding to its 3’UTR through its seed region. In addition, we mutated
the corresponding bases in the seed match sequence located in the Txndc5 3° UTR luciferase
reporter and generated two seed match mutants (pISO-Txndc5-mutl and mut2) (Fig 4G). We
then measured luciferase activity in the cells transfected with the wild type and mutated report-
ers along with moR-21. Consistent with data presented above, mutations in 3° UTR seed match
sequence abolished moR-21-mediated decrease in luciferase activity (Fig 4G). These findings
support that the seed match sequence in the target 3’'UTR is also indispensable for moR-
21-mediated gene down-regulation.

Ago2 is required for moR-21-mediated gene repression

After generation in the cytoplasm, mature single-stranded miRs are incorporated into the RNA-
induced silencing complex (RISC) [24]. Within RISC, miRs bind to a member of the Argonaute
(Ago) protein family, which direct them to the 3’'UTR of target genes [25]. In mammals, the Ago
family has four members, Agol-4. All four Ago proteins interact with miRs [26,27]. Only Ago2
exhibits endoribonuclease activity and is capable of target mRNA cleavage. To determine whether
Ago proteins are involved in moR-21-mediated gene repression, we studied the effects of Ago 1-4
knock-down on moR-21-mediated regulation of Igfrl and Txndc5 in mAoSMC. As shown in Fig
5A,in Agol, Ago3, and Ago4 siRNA transfected cells, similar to scrambled siRNA transfected
cells, moR-21 decreases Igfrl and Txndc5 protein abundance, whereas in Ago2 siRNA transfected
cells, moR-21 has no effect, suggesting that Ago2 is required for moR-21-mediated gene repres-
sion. To further explore whether moR-21 associates with Ago2 in vivo, we performed anti-Ago2
RNA immunoprecipitation (RIP) in HEK293 cells and compared miR-21 and moR-21 abundance
in IgG control RIP and Ago2 RIP using qRT-PCR. We found that both miR-21 and moR-21 were
significantly enriched in Ago2 RIP compared with IgG RIP (Fig 5B), indicating that both miR-21
and moR-21 are Ago2-associated small RNAs. We then measured Txndc5 mRNA abundance in
IgG RIP and Ago2 RIP and found that Txndc5 mRNA was significantly enriched in Ago2 RIP,
indicating that Txndc5 mRNA is associated with Ago2 (Fig 5C).

MoRs are small RN As that were previously known to be created from the same pri-miRs as
mature miRs. However, there was no prior experimental evidence that moRs had any biological
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Fig 5. Ago2 is required for moR-21-mediated gene repression. (a) Immunoblot analysis showing the effects of knocking-down
Ago1-4 on Igfr1 and Txndc5 protein abundance in moR-21 over-expressing cells. Scr: transfection control with scrambled siRNA or
small RNA mimetic. Gapdh: loading control. Lower bar graphs show densitometry results in line with the representative blots. Data
are from 3-5 independent experiments and presented as fold change. Values are mean + SEM. b,c RIP analysis of HEK293 cell
lysates to measure the interaction of Ago2 with endogenous miR-21 or moR-21 (b), and Txndc5 (c). Normal mouse IgG served as
IP control. MoR-21, miR-21, or Txndc5 abundance was quantified using RT-qPCR and represented as fold enrichment in Ago2 RIP
compared with IgG RIP. Data are from 4 independent experiments. Values are mean + SEM. The significance of differences
between different treatments was determined by Student’s t-test. NS: non-significant, *: P<0.05, **: P<0.01, ***: P <0.001.

doi:10.1371/journal.pone.0156772.g005

functions. Our results show, for the first time, that moR-21 plays a role in post-transcriptional
gene regulation and inhibits VSMC proliferation. Our findings also indicate that miR-21 and
moR-21 may regulate different genes in the same pathway and may oppose each other on regula-
tion of certain genes, such as Igflr. MoR-21 may regulate genes through several mechanisms. For
Txndc5, moR-21 may induce mRNA degradation. For Igflr, moR-21 may play a role in transla-
tional repression (as Igflr mRNA was unchanged by moR-21 in the VSMC microarray study).
Importantly, since miRs and moRs are derived from the same precursor and are physically
located next to each other, our findings also highlight the need for reinterpretation of previous
miR functional studies in which the expression of miRs was manipulated through disruption of
miR loci or through over-expression of complete pri-miR sequences. In these cases, expression of
moRs were also likely altered and thus the observed phenotype may have resulted from changes
in both miR and moR expression. Though the current findings identify moR-21 as a previously
unrecognized regulator of gene expression, they also leave many important questions unan-
swered. Future studies are needed to confirm whether the gene regulation mechanisms described
here are also utilized by other moRs. In addition, moR-mediated gene regulation may be much
more complicated than described here. In the current study, we predicted moR-21 targets by
searching for “seed match” sequences only in the 3’UTR. It will be of great interest to study
whether moRs could base pair with other regions of mRNA, or even noncoding RNAs, and regu-
late their expression. Furthermore, in the current study, although Txndc-5 was verified as a direct
target of moR-21 by extensive functional studies, additional detailed molecular analyses of other
potential moR-21 target genes will be important, in future studies, to further explore the func-
tional significance of moR-21. Note also, that while the current study suggests that moR-21 pro-
motes Txndc-5 mRNA degradation through interaction with Ago2 (in a mechanism similar to
that used by miRs), future studies will be necessary to provide further details of moR-21 gene reg-
ulatory mechanisms. Our study also raises unanswered questions such as why the expression lev-
els of moRs and miRs can be so different, and how their biogenesis and degradation are
regulated. Despite these limitations and unanswered questions, taken together, the current find-
ings reveal a new level of intricacy in the regulation of gene expression by identifying moRs as
biologically active participants in the regulation of gene expression.

Supporting Information

S1 Fig. Relative expression levels of moR-21 and miR-21 in different cell types. Expression
levels of moR-21 (A) and miR-21 (B) in mAoSMC, HEK293, NIH3T3, MCFB were measured
by qRT-PCR and normalized to the ubiquitously expressed U6 small RNA. (C) The ratio of
miR-21 expression to moR-21 expression also varied by cell type. Data are from at least 3 inde-
pendent experiments. Values are mean + SEM. The significance of differences between differ-
ent treatments was determined by Student’s t-test. NS: non-significant, * P<0.05; **: P<0.01.
(TIF)

S2 Fig. Igflr and Txndc5 protein abundance in scrambled, moR-21, or miR-21 mimetic
treated MCF-7 cells. Representative western blots are presented. Densitometry analysis for
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value is the Benjamini-Hochberg adjusted p. value.
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$3 Table. Top 5 molecular networks predicted by IPA analysis of moR-21 targets. The p.
value is determined as the chance of finding F or more of genes in the experimental gene set
(which are called “focus genes”) in a network of size N, by chance, if N genes were drawn ran-
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$4 Table. Top biological functions of moR-21 regulated genes, predicted by IPA analysis.
The p. value is the probability that there would be an equal or higher overlap of the experimen-
tal gene set with the functions annotation gene set by chance, as determined by the Fisher’s
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