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Abstract

Rationale—MicroRNAs (miRs) are small, non-coding RNAs that function to post-
transcriptionally regulate target genes. First transcribed as primary miR transcripts (pri-miRs),
they are enzymatically processed by Drosha into premature miRs (pre-miRs) and further cleaved
by Dicer into mature miRs. Initially discovered to desensitize p-adrenergic receptor (BAR)
signaling, p-arrestins are now well-appreciated to modulate multiple pathways independent of G
protein signaling, a concept known as biased signaling. Using the p-arrestin-biased BAR ligand
carvedilol, we previously showed that -arrestinl (not p-arrestin2)-biased B1AR (not f2AR)
cardioprotective signaling stimulates Drosha-mediated processing of six miRs by forming a multi-
protein nuclear complex, which includes B-arrestinl, the Drosha microprocessor complex and a
single-stranded RNA binding protein hnRNPAL.
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Objective—Here, we investigate whether B-arrestin-mediated BAR signaling induced by
carvedilol could regulate Dicer-mediated miR maturation in the cytoplasm and whether this novel
mechanism promotes cardioprotective signaling.

Methods and Results—In mouse hearts, carvedilol indeed upregulates three mature miRs, but
not their pre-miRs and pri-miRs, in a p-arrestin 1- or 2-dependent manner. Interestingly,
carvedilol-mediated activation of miR-466g or miR-532-5p, and miR-674 is dependent on B2ARS
and B1ARs, respectively. Mechanistically, p-arrestin 1 or 2 regulates maturation of three newly
identified BAR/B-arrestin-responsive miRs ($-miRs) by associating with the Dicer maturation
RNase Il enzyme on three pre-miRs of p-miRs. Myocardial cell approaches uncover that despite
their distinct roles in different cell types, B-miRs act as gatekeepers of cardiac cell functions by
repressing deleterious targets.

Conclusions—Our findings indicate a novel role for BAR-mediated B-arrestin signaling
activated by carvedilol in Dicer-mediated miR maturation, which may be linked to its protective
mechanisms.
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1. Introduction

MicroRNAs (miRNAs or miRs), a class of ~22 nucleotide small non-coding RNAs, govern
post-transcriptional repression of target MRNAs. Many roles of miRs in cardiac physiology
have been reported including the regulation of cardiomyocyte growth, contractility, and the
maintenance of cardiac rhythm [1]. Furthermore, gain- and loss-of-function studies of
various miRs suggested that aberrant expression of the miRs could be necessary and
sometimes even sufficient for the pathogenesis of various heart diseases [2, 3], pointing
towards miRs as new regulatory mechanisms and potential therapeutic targets for heart
disease to complement pharmacological approaches [1].
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MiR biogenesis is regulated in a complex manner, involving numerous protein-protein and
protein-RNA interactions [4]. Both miR-regulator and miR-target availability often differ
among cell types, tissues and especially during disease initiation and progression,
responding to different upstream signaling pathways to activate distinct downstream targets.
It is understood that miRs are influenced at the transcriptional level by many transcription
factors. However, they are also regulated by two RNase 111 enzymes, Drosha and Dicer,
which play dominant roles in their expression. Multiple post-transcriptional regulatory
mechanisms of miR biogenesis have been identified. For example, several proteins including
Cyclin D1, EGFR, and MCPIP1 modulate Dicer-mediated miR maturation [5-7].
Interestingly, a proteomic analysis assessing the global cellular interactions of the G protein-
coupled receptor (GPCR) signaling mediators, B-arrestinl and p-arrestin2, identified that p-
arrestins interacted with many RNA binding proteins [8], suggesting regulatory roles of 8-
arrestins in miR biogenesis. We indeed showed that p-arrestinl (not p-arrestin2) -mediated
B1-adrenergic receptor (B1AR, not B2AR) signaling promotes the Drosha-mediated
processing of a subset of miRs via a nuclear interaction between p-arrestinl and the Drosha
microprocessor complex [9] and that these p1AR/B-arrestinl/Drosha-responsive miRs
confer cardioprotective effects [10-12].

B-arrestinl and p-arrestin2 were initially identified as key accessory proteins involved in
desensitization of GPCRs. More recent studies have shown that p-arrestins can also
transduce multiple effector pathways independent of G protein signaling when GPCRs are
stimulated by certain ligands, a concept known as biased signaling [13-17]. It has been
proposed that GPCRs respond to different ligands much like a barcode reader, which
responds to different barcodes. In this barcode hypothesis, unbiased and p-arrestin-biased
ligands impart distinct patterns of receptor phosphorylation by specific GPCR kinases
(GRKSs), thus converting ligand-induced conformation of the receptor into selective 8-
arrestin functions [18-20]. For example, ligands that promote GRK2/3-mediated receptor
phosphorylation lead to receptor internalization whereas ligands, such as the BAR antagonist
(B-blocker) carvedilol (Carv) that promote GRK5/6-mediated receptor phosphorylation,
stimulate B-arrestin signaling [18-20]. Indeed, Carv is one of three p-blockers approved for
heart failure and has many documented actions including antagonism of B1AR, B2AR and
a1AR as well as antioxidant effects [21, 22]. We and others previously showed that Carv
also stimulates p-arrestin-mediated BAR cardioprotective signaling without activating G
proteins, providing an additional mechanism for its clinical efficacy [13, 14]. In particular,
using the p-arrestin-biased ligand Carv, we recently demonstrated a function of p-arrestinl
(not B-arrestin2)-mediated B1AR (not B2AR) signaling in Drosha-mediated miR processing
via forming a nuclear complex with B-arrestinl, Drosha and hnRNPA1 on a subset of pri-
miRs [9]. However, our understanding of whether p-arrestin-biased BAR signaling regulates
other steps of miR biogenesis remains limited.

Here, we investigate whether stimulation of BARs by the p-arrestin-biased ligand Carv, can
regulate Dicer-mediated miR maturation in the heart and whether this novel mechanism
promotes cardioprotective signaling. Upon further verification analysis of our previous
microarray data in the heart [9], we found that three additional miRs (466g, 532-5p, and
674) were upregulated by Carv stimulation and that this effect was absent in mice lacking -
arrestinl, p-arrestin2, GRK5, or GRKG6. Interestingly, we observed that Carv-mediated
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activation of miR-466g and miR-532-5p is foAR-dependent, but the activation of miR-674
by Carv is p1AR-dependent. While Carv did not increase the expression of both pri-miRs
and pre-miRs, it enhanced the expression of mature miRs by promoting the interaction of p-
arrestin 1 or 2 with the Dicer maturation RNase 111 enzyme. Our cardiac cell approaches
further demonstrated that the three newly identified BAR/B-arrestin-responsive miRs (B-
miRs) act as gatekeepers of cardiac cell functions in part by repressing the predictive or
known deleterious target genes, deunld4, prss23and uspl4. Our data provide evidence that
the B-arrestin-biased ligand Carv stimulates Dicer-mediated miR maturation, which may be
an important mechanism for its cardioprotective effects.

2. Materials and Methods

2.1. Animal study approval and treatment protocol

We employed 1 to 2-day-old Sprague-Dawley rats (Envigo), 8 to 12-week-old C57BL/6
wild-type (WT; Jackson Laboratory), p-arrestinl knockout (KO), B-arrestin2 KO, GRK5
KO, GRK6 KO, pl-adrenergic receptor (B1AR) KO, B2AR KO, or B1AR/B2AR double KO
(DKO)mice, and cardiac-specific transgenic (TG) mice overexpressing WTp,ARs or mutant
B1 ARs that lack GRK phosphorylation sites (GRK B1AR TG). All animal research was
reviewed and approved by the Augusta University Institutional IACUC Committees, and
conformed to current NIH guidelines. The neonatal rats were euthanized by decapitation
under anesthesia for cardiomyocyte and cardiac fibroblast isolation. Carvedilol (Carv;
Sigma-Aldrich) was dissolved in dimethyl sulfoxide (DMSO) using sterile techniques and
then placed in micro-osmotic pumps (Alzet model 2001; DURECT) for subcutaneous
delivery into adult mice at the rate of 19mg/kg/day over a period of 7 days. In control mice,
10% (v/v) DMSO was used as vehicle. All mouse lines receiving Carv displayed no left
ventricular dysfunction, and genotypic verification of KO or TG mice has been described
previously [23-25]. After Carv administration, mice were euthanized by thoracotomy under
1-4% inhalant isoflurane anesthesia. Hearts were excised, flash frozen in liquid nitrogen,
and subjected to RNA isolation and QRT-PCR analyses as described previously [9].

2.2. Cell culture and transfection

HEK?293 cell lines stably expressing the B1AR and p2AR have been previously described
[26, 27]. The cells were transfected with cDNA of FLAG-p-arrestinl, FLAG-B-arrestin2, or
HA-Dicer with Lipofectamine™ reagent (Invitrogen). Transfected cells were incubated
overnight in serum-free MEM medium supplemented with 0.1% BSA, 10 mM HEPES (pH
7.4), and 1% penicillin before stimulation. Under serum starvation conditions, cells were
stimulated with 1uM Carv for 4 (for RNA assays) or 20 hours (for Co-IP assays) as
described previously [13].

The immortalized mouse adult atria-derived CM HL-1 cell line obtained from Dr. Claycomb
was maintained as previously described [28]. The adult mouse cardiac endothelial cell
(MCEC) line was purchased from Cedarlane (CLU510) and maintained according to the
company’s recommendation. The cell lines were established from primary cells by
transfecting SV40 T antigen and displayed normal CM or CEC characteristics and cellular
markers. We used multiple batches of the cell lines subjected to 3-5 passages in culture. The
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primary adult mouse cardiac fibroblasts (AMCFs) were purchased from Cell Biologics, Inc
(C57-6049) and maintained according to the company’s recommendation. Primary neonatal
rat ventricular cardiomyocytes (NRVCs) and neonatal rat ventricular fibroblasts (NRVFs)
were isolated by dissociation of 1- to 2-day-old Sprague-Dawley rats and were maintained
as we published [10]. Clearly striated CMs were used within 6 hours in all experiments. The
cardiac fibroblast pellet was maintained in RPMI 1640 medium with 5mM glucose, 10%
FBS and antibiotics. Non-adherent cells were removed by aspiration after 4 hours and
discarded. The purity of NRVCs and NRVFs was previously shown by cell type-dependent
gene expression patterns [10]. In order to inhibit the expression miR-466g, miR-532-5p, and
miR-674 in myocardial cells, we transfected 100nM mirVana™ miR Inhibitors (Life
Technologies) specific to miR-466g (MH12523), miR-532-5p (MH11553 for mouse and
MH12818 for rat), miR-674 (MH11743) and a miR inhibitor negative control (4464076)
using Lipofectamine™ 2000 reagent (Invitrogen) as described previously [29]. For gain-of-
function studies, we transfected the cells with a miR mimic negative control (4464058),
miR-466g mirVana™ mimic (MC12523), miR-532-5p mirVana™ mimic (MC11553 for
mouse and MC12818 for rat), and miR-674 mirVana™ mimic (MC11743) purchased from
Life Technologies. All in vitro assays were performed 60-72 hours after transfection when
maximum knockdown efficiency was reached.

2.3. In vitro simulated ischemia/reperfusion (sl/R)

Cells plated on coverslips or 6 well plates were transfected with miR inhibitors or miR
mimics as aforementioned, washed, and placed in a simulated ischemia buffer that contained
118mM NaCl, 24mM NaH,CO3, ImM NaHPQO4 2.5mM CaCly, 1.2mM MgCl,, 20mM
sodium lactate, 16mM KCI and 10mM 2-deoxyglucose (pH 6.2). Cells were then incubated
in the anoxic chamber (5% CO5, 0% O5) for 1 hour followed by replacing the ischemic
buffer with normal cell medium and incubating under normoxia conditions for 4 hours to
complete the sI/R protocol as described [30]. Coverslips or plates were processed for qRT-
PCR, immunoblotting, TUNEL staining, wound migration, BrdU staining, and tube
formation assays as mentioned below.

2.4. RNA isolation and quantitative real-time RT-PCR analysis

Total RNA from cells and mouse hearts was prepared using Trizol Reagent (Invitrogen) and
treated with RNase-free DNase | to remove genomic DNA as described [31, 32]. For
detection of mature miRs, the TagMan MiR Reverse Transcription Kit (a highly specific kit
that generates only mature miRs, not precursors; ThermoFisher Scientific) was used to
synthesize cDNA for TagMan MiR Assays. The following probes were used to amplify and
measure the amount of mature miRs by Real-Time RT-PCR: miR-467b*, 001671,
miR-669p*, 465247 mat; miR-669a-3p, 463964 mat; miR-466f-3p, 241006_mat;
miR-466¢, 241015 mat; miR-532-5p, 001518 (mouse) or 002051 (rat); miR-671-5p,
197646_mat; miR-676, 001959; miR-674-5p, 002021; miR-208-5p, 462036_mat; miR-146a,
000468; miR-322, 001059; miR-1-1*, 462049 _mat; miR-192, 000491; miR-1249, 002868;
miR-290-5p, 002590; miR-698, 001632; miR-764-5p, 002031; and U6 snRNA, 001973 for
endogenous controls.
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cDNA for detection of primary and premature miRs was synthesized using ThermoFisher
Scientific SuperScript I11 reverse transcriptase and random hexamer primers. Expression of
primary miRs was detected using TagMan Primary MiR assays that quantitate only primary
miR transcripts (mmu-pri-miR-466g, Mm04272618_pri; mmu-pri-miR-532-5p,
MmO03307612_pri; and mmu-pri-miR-674, Mm03307945_pri) and HPRT1 probe,
MmO00446969 _m1 for endogenous controls. Expression of premature miRs was detected
using Applied Biosystems Power SYBR Green PCR Master Mix with pre-miR primers that
were designed based on the miRBase database (http://microrna.sanger.ac.uk/sequences/) as
successfully used [33]. The following sense and anti-sense primers were used to amplify and
measure the amount of only premature miRs by Real-Time RT-PCR: mmu-pre-miR-466,
5 -GTGTGTGCATGTGGATGTATG-3" and 5'-GTGTGTGCATGTGTCTGTATATG-3;
mmu-pre-miR-532-5p, 5'-TTTCTCTTCCATGCCTTGAGT-3” and 5'-
TGGGTGTGGGAGGGTAAT-3"; mmu-pre-miR-674, 5’-
TAGTCATCACCCTGAGCCTT-3" and 5'-CTGTGCATACCTGAGCCTTAC-3’".

cDNA for detection of genes was synthesized using ThermoFisher Scientific SuperScript 111
reverse transcriptase and oligo-dT primers. Expression of genes was detected using Tagman
Gene expression assays for Mm00619147_m1; mouse dcunla4, MmO01972869_s1; mouse
prss23, Rn01754671_m1: rat prss23, Rn01236255 _m1; rat uspl4and Mm00446969 m1;
mouse HPRT1 or Rn01527840_m1; rat HPRT1 for endogenous controls.

The following reaction components were used for each probe for mature miRs, pri-miRs,
and genes: 2L cDNA, 10ul 2X TagMan Universal PCR Master Mix (ThermoFisher
Scientific), 1ul probe, and 7l nuclease-free water in a 20uL total volume. The following
reaction components were used for each premature miR: 2uL cDNA, 10ul 2X Power SYBR
Green PCR Master Mix and 4pl each primer (33pmole/pl), and 4ul nuclease-free water in a
20uL total volume. Real time PCR Reactions were amplified and analyzed in triplicate using
an ABI Sequence Detection System as described previously [32]. PCR reaction conditions
were as follows: Step 1: 50°C for 2 minutes, Step 2: 95°C for 10 minutes, Step 3: 40 cycles
of 95°C for 15 seconds followed by 60°C for 1 minute. Expression relative to endogenous
controls was calculated using 2722Ct and levels were normalized to control. We performed at
least six independent experiments in triplicate using different batches of RNAs each time.

2.5. Immunoprecipitation, immunoblotting, and detection

Following stimulation with Carv, cells were washed once with 1X PBS, solubilized in 1ml
of lysis buffer (5mM HEPES, 250mM NaCl, 10% glycerol, 0.5% Nonidet P-40, 2mM
EDTA, and protease inhibitors) for whole cell lysates as previously described [13]. Prior to
immunoprecipitation, 25ul of lysates was aliquoted into a separate tube for protein
estimation. Immunoprecipitation was carried out as previously described [23, 34].
Immunoprecipitates or lysate samples were resolved by SDS-PAGE and transferred to
PVDF (Bio-Rad) for immunoblotting. p-Actin, FLAG, or HA immunoblotting was carried
out using monoclonal antibodies at dilutions of 1:5,000 each (Sigma-Aldrich) as previously
described [13]. Dcunld4 (rabbit, ab75595, Abcam), and uspl14 (rabbit, ab137433, Abcam)
antibodies were purchased and were used at dilutions of 1:1,000 each. Detection was carried
out using ECL (Amersham Biosciences).
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2.6. Cell apoptosis by TUNEL staining

DNA fragmentation was detected /n sitv using TUNEL [35]. In brief, cells were incubated
with proteinase K, and DNA fragments were labeled with fluorescein-conjugated dUTP
using terminal deoxynucleotidyl transferase (Roche Diagnostics). The total number of nuclei
was determined by manual counting of DAPI-stained nuclei in 6 random fields per coverslip
(original magnification, x200). All TUNEL-positive nuclei were counted in each coverslip.
Digital photographs of fluorescence were acquired with a Zeiss microscope (ApoTome.2;
Carl Zeiss) and processed with Adobe Photoshop.

2.7. Wound migration assay

Cell migration was detected as previously described [36]. In brief, 1x10* cells were plated
onto each well of a 2-well Culture-Insert 35 mm p-Dishe (81176, Ibidi, Fitchburg, WI).
Once the cells were confluent, the silicone insert on each dish was removed to reveal a
defined cell-free gap. The medium was replaced and images were taken at 0, 8, 12 and 24
hours. Subsequently, the distance between cell fronts was quantified in three wells of each
group using Image J software. Initial open (cell free) areas (0 hour) were measured to serve
as total open area, and the percentage of open area after indicated time points was calculated
to determine the cell’s migratory potential.

2.8. Bromodeoxyuridine (BrdU) proliferation assay

Cell proliferation was detected /n situ using BrdU as described [28]. In brief, cells were
labeled with BrdU for 2 hours, and then fixed with ethanol and immunostained for BrdU
incorporation using the BrdU-Labeling and Detection kit 11 (Roche Diagnostics) according
to manufacturer’s recommendations. The total number of nuclei was determined by manual
counting of DAPI-stained nuclei in 6 random fields per coverslip (original magnification,
x200). All BrdU-positive nuclei were counted in each coverslip. Digital photographs of
fluorescence were acquired with a Zeiss microscope (ApoTome.2; Carl Zeiss) and processed
with Adobe Photoshop.

2.9. In vitro tube formation assay

Tube formation was detected using the Matrigel matrix (354230, Corning) as described [37].
In brief, cells were harvested and 2x104 cells were seeded on the top of Matrigel-coated 96
well plates. After 2 to 4 hours, images were taken for each well to observe and to quantify /n
vitro tube formation. The images were then analyzed using Wimasis software (Onimagin
Technologies SCA).

2.10. In silico miR target prediction analysis

We used several prediction algorithms including miRwalk, miRanda, DIANA-microT-CDS,
and Targetscan [38-40]. Each of these algorithms predicts hundreds of possible targets for
miR-466g, miR-532-5p, and miR-674. We focused on the targets important for deleterious
signals that were predicted by at least three prediction programs.
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2.11. Statistical analysis

Results

Data are expressed as mean = SEM from at least six independent experiments with different
biological samples or mice per group. Statistical significance was determined by using two-
way ANOVA for 2 variables, one-way ANOVA with Bonferroni correction for multiple
comparisons or Student unpaired t-tests (GraphPad Prism version 5). A Pvalue <0.05 was
considered statistically significant.

3.1. Carvedilol, a pB-arrestin-biased BAR ligand induces the expression of miR-466g,
miR-532-5p and miR-674 in mouse hearts

Our previous studies suggested that carvedilol (Carv), a p-blocker used clinically, stimulates
B-arrestin-mediated BAR signaling [13, 14, 23], and promotes the processing of six miRs
[9]. We also showed that four of these Carv-responsive miRs repress apoptotic genes and
confer cardioprotective effects [10-12]. Interestingly, others have also shown that the Carv-
responsive miRs are cardioprotective [30, 41, 42]. This led us to further examine whether
Carv can regulate different subsets of miRs in the heart with different mechanisms. Upon
further verification analysis of our microarray data [9], we identified additional three miRs
(miR-466g, miR-532-5p, and miR-674) among eighteen miRs that we validated using QRT-
PCR analyses, which were upregulated upon stimulation with Carv when compared to the
vehicle (DMSO) control (Supplementary Table 1 and Figure 1A-C).

3.2. Increased levels of three newly identified miRs elicited by B-arrestin-biased BAR
stimulation require either p-arrestin 1 or 2 and GRK 5 or 6

We next tested using knockout (KO) mouse hearts whether p-arrestin signaling and GRK5/6
phosphorylation are required for Carv-induced expression of the three newly identified
miRs. We found that the Carv-mediated activation of three miRs occurred in WT mice, but
was not observed in hearts from p-arrestinl KO or p-arrestin2 KO mice and hearts lacking
either GRK5 or GRKG6 (Figure 1A—C). In contrast with our previous study showing the p-
arrestinl specificity on nuclear regulation in Drosha-mediated miR processing [9], these /n
vivo data suggest that Carv-mediated activation of three newly identified miRs is not solely
dependent on p-arrestinl, but also dependent on B-arrestin2 (Figure 1A-C), and that
phosphorylation by GRK 5 or 6, which promotes p-arrestin-dependent signaling [43], is also
required for the activation of three newly discovered p-arrestin-responsive miRs by Carv.

3.3. Carvedilol-mediated B-arrestin-biased agonism of p1AR and B,AR induces post-
transcriptional expression of miR-674 and miR-466g/miR-532-5p in vivo, respectively by
promoting miR maturation

Because Carv is a p-arrestin-biased ligand for both 1AR and f2AR [13, 14], we then
measured the expression of three p-arrestin-responsive miRs in hearts from p1AR KO, B,AR
KO, or double receptor KO mice. Interestingly, we showed that the Carv-mediated activation
of miR-466g and miR-532-5p seen in WT mice was blunted in hearts lacking po,AR (Figure
1A-B) and that the Carv-mediated activation of miR-674 seen in WT mice was blunted in
hearts lacking 1AR (Figure 1C). While Carv stimulation of transgenic (TG) mice
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overexpressing WTR,ARs induced an increase in expression of miR-674, hearts
overexpressing a receptor that lacks GRK phosphorylation sites (GRK B1AR TG) showed no
induction of miR-674 (Supplementary Figure 1). Our data suggest that miR-674 is regulated
mainly by B;AR, while miR-466g and miR-532-5p are regulated mainly by B,AR.

To examine which step of miR biogenesis is regulated by B-arrestin, we measured the
expression of primary transcript (pri)- and premature (pre)-miRs of miR-466¢g, miR-532-5p
and miR-674. Carv did not increase the expression of pri-miRs and pre-miRs (Figure 1D-E),
although levels of mature miRs were increased upon Carv stimulation in WT (Figure 1A-C).
Taken together, these data indicate that Carv-mediated induction of the 3 mouse miRs occurs
post-transcriptionally and that p-arrestin-biased signaling of BAR stimulates the maturation
of a subset of miRs.

3.4. B-arrestin 1 or 2 interacts with the Dicer miR maturation enzyme

We next tested whether B-arrestin may regulate miR maturation by interacting with the Dicer
miR maturation RNase 1l enzyme. Because we previously showed that the -arrestin-
mediated miR regulatory mechanism exists in both mouse hearts and HEK?293 cells
overexpressing WTB1ARs (WTB1AR cells) [9], we performed co-immunoprecipitation (co-
IP) experiments with the total lysates of both WTB1AR cells and WTB,AR cells transiently
overexpressing tagged-plasmids with and without Carv treatment. We observed that Carv
induced an association of p-arrestinl or B-arrestin2 with the Dicer maturation enzyme in the
total lysates of WTPB1AR cells (Figure 2A-B) and WTB,AR cells (Figure 2C-D). Our data
suggest that Carv stimulation of the ;AR or the B2AR promotes the interaction between -
arrestin and Dicer to mature a subset of pre-miRs in the cytoplasm.

3.5. The newly identified three pAR/B-arrestin-responsive miRs (miR-466g, -532-5p, and
-674) function as protective miRs in cardiac cells

Because B-arrestin-mediated B1AR or B2AR signaling in different myocardial cells confers
cardioprotective effects [23, 44—46], and the three newly identified miRs are increased by
Carv-mediated PAR/B-arrestin cardioprotective pathways, we next hypothesized that these
miRs may function as cytoprotective miRs. Our miR sequence analyses first revealed that
miR-674 is conserved across species, while miR-532-5p is conserved between mouse and
human with 1bp mismatch in non-seed (target) sequences in the rat, suggesting that the
target genes & roles of these two miRs are evolutionally conserved. However, the sequences
between mouse miR-466g and its human and rat counterparts were not conserved despite
some homologies (Supplementary Figure 2).

To determine the importance of three newly identified p-miRs in myocardial cells under
conditions of low oxygen, we used the immortalized adult mouse CM HL-1 cell ling,
neonatal rat ventricular CMs (NRVCs), adult mouse CFs (AMCEFs), neonatal rat ventricular
CFs (NRVFs), and adult mouse CECs (MCECs) as /n vitro models [10, 11]. Loss-of-
function approaches with all three p-miRs (for mouse cells) as well as miR-532-5p and
miR-674 (for rat cells because miR-466g is mouse-specific) uncovered that knockdown of
each of the three B-miRs (Supplemental Figure 3A, 3C, 4A and 4C) does not affect the
apoptosis of CMs and CFs (Supplemental Figure 3B, 3D, 4B and 4D), while knockdown of
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miR-466g or miR-532-5p (hot miR-674) increases CEC apoptosis in both normoxic and
simulated ischemia/reperfusion (sI/R) conditions (Figure 3).

Because our results suggest that at least two p-miRs play a role in CECs, and our recent
study showed that the expression of miR-532-5p is significantly higher in CECs than other
myocardial cell types [47], we examined other functional effects of these three miRs in
CECs. Knockdown of miR-466g or miR-532-5p (not miR-674) decreased CEC proliferation
in the basal condition, but not in the sI/R condition where CEC functions such as
proliferation are decreased compared to normoxia (Figure 4A-B and data not shown). We
also observed that knockdown of miR-466g, but not miR-532-5p or miR-674, decreased
CEC migration in the basal condition (Figure 4C-D). Interestingly, knockdown of
miR-532-5p, but not the other two miRs, diminished tube formation (a model of
angiogenesis) in CECs (Supplementary Figure 5). These results, coupled with our recent
study demonstrating that knockdown of miR-532-5p in mice reduces CEC proliferation and
cardiac vascularization after acute myocardial infarction (AMI) [47] suggest that miR-466g
or miR-532-5p (not miR-674) functions as a gatekeeper of CEC function. Because we did
not identify a potential role of miR-674 in aforementioned studies, we next used NRVFs and
showed that knockdown of miR-532-5p or miR-674 decreases CF proliferation in the basal
condition, but not in the sI/R condition where CF functions such as proliferation are
decreased compared to normoxia (Figure 5A-B and data not shown). We also observed that
knockdown of miR-674 (not miR-532-5p) decreased CF migration in the basal condition
(Figure 5C-D). Together with our recent study showing that (i) the expression of
miR-532-5p was significantly downregulated in CECs isolated from ischemic myocardium
at 1 week post-Ml, and (ii) miR-532-5p protects the heart against AMI [47], our data suggest
that three newly identified B-miRs exert functional effects in myocardial cells despite their
distinct actions on different cell types (mainly CECs for miR-466g and miR-532-5p, and
mainly CFs for miR-674).

3.6. The newly identified three BAR/B-arrestin-responsive miRs (miR-466g, -532-5p, and
-674) regulate deleterious genes (dcunld4, prss23 and uspl4), respectively

In order to identify the candidate targets of three p-miRs that regulate cardiac cell functions,
we first used multiple miR target prediction algorithms [38—40] and detected a substantial
number of genes with putative binding sites for three -miRs. By focusing our attention on
potential target genes that were predicted by at least three bioinformatic tools, we identified
dcunlad4 (defective in cullin neddylation 1 domain containing 4) for miR-466g, prss23
(protease serine 23) for miR-532-5p, and wspi4 (ubiquitin specific peptidase 14:
deubiquitinating enzyme) for miR-674 as genes of interest. Interestingly, two predicted
target genes of three p-miRs, usp14[48] and prss23[47], were suggested to play deleterious
roles in cardiac function. Liu N et. al. showed that usp14 is upregulated in left ventricular
tissues following transverse aortic constriction in rats and in CMs exposed to Angll, and that
knockdown of usp14 in CMs reduces expression of cardiac hypertrophy markers [48]. We
recently showed that prss23 is a positive regulator of maladaptive endothelial-to-
mesenchymal transition (EndMT) and a direct functional target of miR-532-5p in CECs and
intact hearts [47].
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Because miR-4669 or miR-532-5p, and miR-674 have protective roles mainly in CECs and
CFs, respectively, as supported by our data (Figure 3-5 and Supplementary Figure 5), we
next performed loss- or gain-of-function studies in CECs and CFs to investigate whether the
three targets, which were predicted by multiple algorithms, are targets of these three B-miRs.
We first observed that dcuniad4 was significantly upregulated with miR-466g inhibition in
normoxia (Figure 6A), but not in sI/R (1+0.12 for antimiR control vs. 1.06+0.13 for
antimiR-466g. N=6). Interestingly, we also found downregulation of dcunid4in simulated
I/R (Figure 6B). We further observed that protein levels of dcunld4 were upregulated with
miR-466g inhibition in normoxia (Supplementary Figure 6A), and that dcunid4 was
downregulated with miR-466g overexpression in normoxia, but not in sI/R (Supplementary
Figure 6B—C and data not shown). These results suggest that dcun1d4 may be a CEC target
of miR-466g. We next showed that prss23was upregulated with both miR-532-5p inhibition
in CECs subjected to sI/R and myocardial cells subjected to sI/R (Figure 6C-D and
Supplementary Figure 7). These expression patterns of prss23 are consistent with our recent
report on loss- or gain-of-function of miR-532-5p in intact hearts subjected to M1 or CECs
subjected to TGF-B2-mediated EndMT [47]. Our previous and current findings thus indicate
that prss23 is an important direct and functional target of miR-532-5p in CECs and hearts.
We also found that usp14was upregulated with miR-674 inhibition in both normoxia and
sI/R conditions (Figure 6E and data not shown). Usp4 was also upregulated in NRVFs
subjected to sI/R (Figure 6F). We next observed that protein levels of usp14 were
downregulated with miR-674 overexpression in normoxia, and that vspZ4 was
downregulated with miR-674 overexpression in both normoxia (Supplementary Figure 8)
and sI/R conditions (1+0.09 for miR mimic control vs. 0.19+0.04 for miR-674 mimic:
F£<0.01. N=6). Along with the previous report on upregulation of usp14 in stressed hearts
[48], our results suggest that uspl4 may be a CF target of miR-674.

Because our data suggest that miR-466g and miR-532-5p mainly regulate CEC functions,
and miR-674 mainly regulates CF functions, we lastly evaluated the expression of the three
miRs and the target genes in MCECs and NRVFs treated with Carv. We found that Carv
upregulated miR-466g and miR-532-5p, but downregulated their targets dcunid4 and prss23
in MCEC:s subjected to normoxia, but not sI/R condition (Figure 7A-D and data not shown).
We also observed that Carv upregulated miR-674, but downregulated its target uspZ4in
NRVFs subjected to normoxia, but not sI/R condition (Figure 7E-F and data not shown).
These data indicate that the pairs of these three miRs and their targets are sensitive to Carv
in MCECs and NRVFs under basal conditions. Taken together, our current data along with
previous reports indicate that downregulation of deleterious dcunl1d4, prss23 and uspl14,
which are predictive and experimentally validated targets, in part contributes to the
protective actions of miR-466g, miR-532-5p and miR-674 in myocardial cells, respectively.

4. Discussion

Here, we show an essential role of cytoplasmic B-arrestinl or B-arrestin2 in Dicer-mediated
miR maturation following stimulation by the B-arrestin-biased BAR ligand carvedilol. We
demonstrate that this process results from stimulation of the 1AR or B2AR and requires p-
arrestinl or B-arrestin2 to promote Dicer-mediated maturation of three miRs (miR-466g,
miR-532-5p and miR-674) in murine hearts. The molecular mechanism for this p-arrestin-
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mediated miR maturation involves the formation of a complex between Dicer and B-arrestin
(Figure 8). Our working hypothesis for the mechanism by which p-arrestin enhances Dicer-
mediated miR maturation is that phosphorylation of the ;AR or B2AR by GRK 5 or 6
mediates the association of p-arrestin 1 or 2 with the Dicer maturation enzyme on a subset
of pre-miRs.

Our sequence motif detection analyses using RBPDB (a database of RNA binding protein
specificities) [49] suggest that the three pAR/B-arrestin-responsive miRs (B-miRs) identified
in this study do not have known conserved sequence motifs or consensus sequences for
direct binding by RNA binding proteins (RBPs) in their pre-miR regions (Supplementary
Figure 2B), although additional profiling analyses in different tissues or cells and RNA
structure analyses will be required to identify a potential secondary RNA structure for the
recruitment of the p-arrestin/Dicer complex to pre-miR regions of all B-miRs. While we
believe the direct association of -arrestin with pre-miRs bound by Dicer to be a plausible
mechanism, it is possible that activation of BAR signaling pathways downstream of -
arrestin (eg. EGFR, ERK or AKT) could regulate Dicer-mediated miR maturation via
phosphorylation and thus indirectly exert regulatory effects on the activation of miR
maturation [6, 50]. This idea is supported by the fact that p-arrestins do not have known
RNA binding motifs. It is also possible that B-arrestin could interact with other regulators in
miR biogenesis such as regulators of miR stability or components of RNA-induced silencing
complex (eg. Ago2) to increase levels of the three newly identified B-miRs. Lastly, the
regulation of Dicer by p-arrestin could be indirect through interaction with other RNA-
binding proteins. We observed that B-arrestin 1 or 2 formed a novel complex with the
general Dicer miR maturation enzyme, but how Carv promotes the maturation of the three
newly identified p-miRs remains unknown. A proteomic analysis previously identified that
B-arrestins potentially interact with many RBPs [8]. Therefore, additional studies such as
Co-IP and RNA-CHIP assays along with loss-of-function of potential p-arrestin-interacting
RBPs will be needed to further clarify the mechanism of B-arrestin in Dicer-mediated miR
maturation.

B-arrestins not only desensitize G protein signaling but also activate a number of signaling
networks by scaffolding a diverse group of signaling proteins at the GPCRs [51, 52]. The
important roles of B-arrestins in regulating cytoplasmic signaling networks are now well
recognized [53, 54]. For example, either B-arrestinl or p-arrestin2 was shown to involve in
B1AR-mediated cardioprotective signaling [13, 23], suggesting that B-arrestins form hetero-
oligomers in the cytoplasm. Interestingly, we previously reported that only p-arrestinl
regulates Drosha-mediated miR processing in the nucleus upon B1AR stimulation [9]. This
likely reflects the fact that B-arrestinl lacks a nuclear export sequence (thus allowing for its
retention in the nucleus after activation), and that p-arrestinl monomers display increased
nuclear localization [55]. Together with the possibility that B-arrestin2 could also interact
with many RBPs [8], our previous finding on p-arrestinl specificity in Drosha-mediated
miR processing [9] suggests that p-arrestin2 may regulate other miR biogenesis steps (eg.
miR degradation, nuclear export and dicing) rather than Drosha-mediated processing in the
nucleus. The current study indeed identifies p-arrestin2 like B-arrestinl (possibly in the
hetero-oligomerization) as a regulator of Dicer-mediated miR maturation after stimulation of
B1AR or BoAR, indicating that both p-arrestins play regulatory roles in miR biogenesis.
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It was previously shown that ;AR uses GRK 5 or 6 and pB-arrestin 1 or 2 to promote
cardiomyocyte survival pathways against chronic catecholamine stimulation in the absence
of G protein activation [23]. Our subsequent study suggested that Carv (known as a
nonselective BAR antagonist) functions as a p-arrestin-biased ligand to promote
cardioprotective signaling [13], providing an additional possible mechanism for some of its
clinical efficacy. Interestingly, a meta-analysis showed that Carv did not reduce patient
readmissions compared with other B-blockers despite less sudden cardiac death and all-
cause mortality in patients with M1 and those with heart failure [56]. Therefore, identifying
additional beneficial downstream signaling pathways activated by Carv should lead to a
better understanding of how biased ligands exert their cardioprotective effects. We
previously showed a new mechanism that only B1AR stimulation by Carv mediates Drosha-
mediated miR processing in the nucleus [9]. Interestingly, our current study also discovers a
novel miR regulatory mechanism by which either p-arrestinl or B-arrestin2 is recruited to
either B1AR or BAR after Carv stimulation for activating Dicer-mediated miR maturation in
the cytoplasm.

Aberrant expression of miRs has been linked to several clinical cardiovascular diseases such
as ischemia/reperfusion injury and heart failure [57-59]. Accordingly, miR mutant mice
have been generated to study their functions in cardiovascular pathophysiology [60-66].
Among the five Carv/B1AR/p-arrestinl/Drosha-regulatable miRs that we identified in the
heart [9], four miRs (miR-125b-5p, miR-150, miR-199a-3p and miR-214) were reported to
play important roles in cardiac function [10, 12, 30, 41, 42]. Interestingly, our current results
suggest that the three new Carv/BAR/B-arrestin/Dicer-responsive miRs also act as
convergent hubs for cardioprotective signaling, although they do not share any common
target genes. Our recent study indeed demonstrated that one of them, miR-532-5p protects
the heart against AMI [47]. Although miR-466g has been shown to play a role in renal
epithelial cells [67], and miR-674 has been implicated in immune responses and liver injury
[68, 69], neither of these two newly identified p-arrestin-responsive miRs have been reported
to play a functional role in either cardiac cells or heart tissues. Interestingly, we report novel
findings that (i) knockdown of miR-466g increases CEC apoptosis, but decreases migration
and proliferation of CECs, and (ii) knockdown of miR-674 decreases migration and
proliferation of CFs. Based on our recent report on identification of miR-532-5p as a
cardioprotective miR [47] and our current results (Figure 3-5 and Supplementary Figure 5),
we postulate that -miRs are cardioprotective miRs activated by BAR-mediated p-arrestin
signaling, resulting in beneficial adaptive remodeling in the failing hearts. Further in vivo
studies are warranted to investigate the function of miR-466g and miR-674 for their
potential utilities in the management of cardiac disease, and the underlying mechanisms by
which the two miRs confer protective effects in other relevant cell types.

In this study, we also show that the three B-miRs are upregulated by Carv-mediated
cardioprotective signaling and elicit protective effects in myocardial cells despite their
distinct roles in different cell types by repressing dcunld4, prss23 or uspl14. We also
demonstrate that the three targets are downregulated by Carv treatment in CECs or CFs,
suggesting that Carv may inhibit the targets by upregulating these three f-miRs.
Interestingly, two identified targets of these three B-miRs (usp14 [48] and prss23 [47]) are
known to be involved in maladaptive cardiac remodeling. We also recently demonstrated that

J Mol Cell Cardiol. Author manuscript; available in PMC 2019 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Teoh et al.

Page 14

prss23 is a direct functional target of miR-532-5p in CECs and hearts during AMI [47].
Although additional studies will be needed (i) to validate dcunl1d4 or usp14 as a direct
functional target of miR-466g or miR-674, respectively, and (ii) to establish mechanistic
relationships between the miR/target pairs in distinct cardiac cell types and the
cardioprotective effects of Carv, our bioinformatics and experimental evidences indicate that
dcunld4 is a CEC target of miR-466g, prss23 is a direct functional CEC target of
miR-532-5p (supported by our recent study [47]), and usp14 is a CF target of miR-674.
Altogether, our previously published and current data suggest that BAR/p-arrestin-mediated
miR maturation regulatory network induced by Carv has therapeutic potential and point to
the urgent need for further studies that investigate the effect of gain- or loss-of-function of
this newly identified regulatory mechanism in cardiac pathophysiology.

5. Conclusion

Our data identify p-arrestinl or p-arrestin2 as an important mediator of Dicer function to
regulate miR maturation in mouse hearts and provide new insights into our understanding of
how selective ligands for the BAR may modulate the metabolism of specific miRs. We
postulate that the development of high affinity BAR-biased ligands, which display better
efficacy for this newly discovered p-arrestin-mediated miR maturation regulatory network,
may provide a new class of drugs for the treatment of cardiovascular diseases.
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Non-Standard Abbreviations and Acronyms

BARS B-adrenergic receptors

B-blockers B-adrenergic receptor antagonists

B-miRs B-adrenergic receptor/p-arrestin-regulated miRs
Carv carvedilol

GPCR G protein-coupled receptor

GRK G protein-coupled receptor kinase
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KO knockout

MiRNAs or MiRs microRNAs

Pre-miRs hairpin intermediate microRNAs or premature microRNAs
Pri-miRs long primary microRNA transcripts

TG transgenic

WT wild-type

BAR cells HEK 293 cells stably overexpressing pArs
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Highlights
. Carvedilol promotes the Dicer-mediated miR maturation.
. Carvedilol-mediated miR maturation requires p-arrestinl or 2 and $;AR or
B2AR.
. B-arrestin 1 or 2 forms a novel complex with the Dicer maturation enzyme.
. BAR/B-arrestin-responsive miRs act as gatekeepers of myocardial cell
functions.

. BAR/B-arrestin-responsive miRs repress DCUN1D4, PRSS23, and USP14.
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Figure 1. Carvedilol-mediated in vivo activation of miR-466g, miR-532-5p and miR-674 requires
B-arrestinl or B-arrestin2 and GRK5 or GRK6. Moreover, p1-adrenergic receptor is required for
Carv-mediated post-transcriptional activation of miR-674, while po-adrenergic receptor is
required for Carv-mediated post-transcriptional activation of miR-466g or miR-532-5p

A-C, WT, B-arrestinl knockout (KO), p-arrestin2 KO, GRK5 KO, GRK6 KO, B;AR KO,
B2AR KO or B1AR/B2AR double KO (DKO) mice were infused with DMSO (vehicle
control) or Carv (19mg/Kg/day) for 7 days by using micro-osmotic pumps. QRT-PCR
experiments were performed on RNAs isolated from mouse hearts. Three mature miRs were
elevated upon Carv stimulation in WT mice. However, this induction was completely
abolished in p-arrestinl KO, B-arrestin2 KO, GRK5 KO or GRK6 KO mice, indicating an
essential role of either B-arrestin and either GRK in the synthesis of mature miRs. Moreover,
Carv-mediated activation of miR-466g and miR-532-5p, which is seen in WT and p;AR KO
mice, was abolished in B, AR KO and p;AR/B2AR DKO mice (A-B). Carv-mediated
activation of miR-674, which is seen in WT and B,AR KO mice, was abolished in B1AR KO
and B1AR/B2AR DKO mice (C). Data are shown as mean = SEM for n=6 independent mice
per group. The relative fold induction of Carv is calculated by normalizing DMSO controls
for each genotype, which is indicated by vertical lines. */£<0.05 or **/<0.01 vs. DMSO. D-
E, WT mice were infused with DMSO or Carv as above. QRT-PCR experiments were
performed on RNAs from mouse hearts. The three pri- (D) or pre- (E) miRs were not
changed significantly upon Carv stimulation in WT mice. NS: not significant. Data are
shown as mean = SEM for n=8 independent mice per group.
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Figure 2. B-arrestinl or B-arrestin2 interacts with the Dicer miR maturation enzyme in B1-

adrenergic receptor- or Bp-adrenergic receptor-overexpressing cells

A-D, WTB1AR or WTB,AR cells were transfected with Flag-p-arrestinl and HA-Dicer (A
or C) or Flag-a-arrestin2 and HA-Dicer (B or D). Transfected cells were serum-starved for
4 hours and stimulated with Carv for 20 hours. After Carv treatment, cell extracts were

prepared and subjected to immunoprecipitation (IP) with anti-Flag, anti-HA, or non-specific

1gG (control). Interaction of Dicer with B-arrestinl or p-arrestin2 was examined by

immunoblotting (IB) with anti-HA and anti-Flag.
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Figure 3. MiR-466g or miR-532-5p protects cardiac endothelial cells against apoptotic cell death
A, Mouse cardiac endothelial cells (MCECs) were transfected with anti-miR control, anti-

miR-466g, anti-miR-532-5p, or anti-miR-674. Reduced expression of three miRs is shown.
B-D, MCEC:s transfected with anti-miR control, anti-miR-466g, anti-miR-532-5p, or anti-
miR-674 were subjected to /n vitro simulation of I/R. TUNEL assays were then performed
in both normoxic (basal) (B—C) and simulated I/R conditions (sI/R) (B and D). The
percentage of TUNEL positive cells was calculated by normalizing DAPI positive cells. All
data are mean + SEM from 6 independent experiments. All images were taken in a same
magnification and were shown in a same size. Scale bars=1mm. ***P<0.001 vs. anti-miR

0O
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control (A). *P<0.05, **P<0.01, or ***P<0.001 vs. anti-miR control in basal. #/£<0.05 or
##p<0,001 vs. anti-miR control in sI/R (B).
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Figure 4. Knockdown of miR-4669 decreases proliferation and migration of cardiac endothelial
cells, and knockdown of miR-532-5p decreases cardiac endothelial cell proliferation

A-B, MCEC:s transfected with anti-miR control, anti-miR-466g, anti-miR-532-5p, or anti-
miR-674 were monitored for nuclear uptake of BrdU, as an index of cell proliferation. The
percentage of BrdU positive cells was calculated by normalizing DAPI positive cells. All
images were taken in a same magnification and were shown in a same size. C-D, MCECs
transfected with anti-miR control, anti-miR-466g, anti-miR-532-5p, or anti-miR-674 were
subjected to wound migration assays. Confluent MCEC monolayers were wounded and
wound closure was monitored by microscopy at the indicated times. Representative images
are shown in C. Quantitative analysis of relative wound size was performed. Initial open
areas (0 hour) were measured to serve as total open area, and the percentage of open area
after 8 or 12 hours was calculated to determine if MCEC’s migratory potential differed
between groups (B). Scale Scale bar=500um (A) and bar=100um (C). All data are mean +
SEM from 6 independent experiments. ***/£<0.001 vs. antimiR control (B). */<0.05 vs.
other groups (D).
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Figure 5. Knockdown of miR-674 decreases basal proliferation and migration of cardiac
fibroblasts, and knockdown of miR-532-5p decreases basal proliferation in cardiac fibroblasts

A-B, NRVFs transfected with anti-miR control, anti-miR-532-5p, or anti-miR-674 were
subjected to BrdU assays as in Figure 4. The percentage of BrdU positive cells was
calculated by normalizing to the number of DAPI positive cells. All images were taken in a
same magnification and were shown in a same size. C-D, NRVFs transfected with anti-miR
control, anti-miR-532-5p, or anti-miR-674 were subjected to wound migration assays as in
Figure 4. Confluent NRVF monolayers were wounded and wound closure was monitored by
microscopy at the indicated times. Representative images are shown in C. Quantitative
analysis of relative wound size was performed. Initial open areas (0 hour) were measured to
serve as total open area, and the percentage of open area after 12 or 24 hours was calculated
to determine NRVF’s migratory potential (B). Scale bar=500um (A) and Scale bars=100um
(C). All data are mean £ SEM from 6 independent experiments. */£<0.05 vs. antimiR control
(B) or other groups (D). Note that miR-466g is not included in this rat cell experiment
because miR-466g is mouse-specific.

J Mol Cell Cardiol. Author manuscript; available in PMC 2019 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Teoh et al.

Page 27

MCEC

e

DCUNTDM

DCUNTD4

-
=]
L

—
1
-
n
L

-
-
L]

L

Relatve Fold Change >
Relstive Fad Change [0

anamif antimiR-
control 4669

O

PRS5S523

-

kd
]

PRSS23 _

g
&

Fald Chan
-
o O O
[ [ 1
Rolatve Fad Change )
n

Ic.
oh
1

H
c.
o

m

UsSP14

o
-
=
)
1
-
-
»

s

b
1
e

Rel stive Fold Change [T1
P

=
[

Reiatve Fold Change “TI {
L=

!

antimd= antmiR-
control 674 el —

Figure 6. MiR-466g or miR-532-5p represses dcunld4 or prss23 in mouse cardiac endothelial
cells, respectively, and miR-674 represses uspl4 in neonatal rat ventricular fibroblasts

A, RNA:s isolated from MCECs transfected with 100nM mirVana™ miR-466g inhibitor or
15-mer control were analyzed by QRT-PCR. Loss-of-function of miR-466g in MCECs
resulted in increased dcunld4. B, MCECs were subjected to /n vitro simulation of I/R (sI/R).
The expression of dcunid4in basal and sI/R was shown. Results are representative of 6
independent experiments with different biological samples. */2<0.05 vs. control (antimiR
control or basal). C, RNAs isolated from MCECs transfected with 100nM mirVana™
miR-532-5p inhibitor or 15-mer control were analyzed by QRT-PCR. Loss-of-function of
miR-532-5p in MCECs resulted in increased prss23 expression. D, MCECs were subjected
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to sl/R. The expression of prss23in basal and sI/R was shown. Results are representative of
6 independent experiments with different biological samples. */<0.05 vs. antimiR control.
***P<(0.001 vs. basal. E, RNAs isolated from NRVFs transfected with miR-674 inhibitor or
15-mer control were analyzed by QRT-PCR. Loss-of-function of miR-674 in NRVFs
resulted in increased uspl4 expression. F, NRVFs were subjected to sI/R. The expression of
usp14in basal and sI/R was shown. Results are representative of 6 independent experiments
with different biological samples. *~<0.05 vs. antimiR control or basal.
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Figure 7. Carvedilol induces the expression of miR-466g and miR-532-5p, or miR-674, while
carvedilol inhibits the expression of dcun1d4 and prss23, or uspl4 in MCECs or NRVFs,
respectively

A-D, MCECs were treated with either vehicle (DMSO) or 1uM of carvedilol (Carv) for 4

hours. The expression of miR-466¢g, miR-532-5p, dcunld4and prss23 was detected using
TagMan assays. Carv elicits upregulation of miR-466g and miR-532-5p, while
downregulating dcunid4and prss23. E-F, NRVFs were treated with either vehicle (DMSO)
or 1uM of carvedilol (Carv) for 4 hours. The expression of miR-674 and uspI4 was detected
using TagMan assays. Carv elicits upregulation of miR-674, while reducing the expression
of uspI4. N=6 in each group. */<0.05 or **F<0.01 vs. DMSO.
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Figure 8. B-arrestin-biased agonism of p-adrenergic receptor stimulates the Dicer-mediated
maturation of a subset of miRs in the cytoplasm to induce cardioprotective signaling

The B-arrestin-biased ligand Carv, which was shown to stimulate p-arrestin-mediated
cardioprotective signaling in the absence of G protein activation [13], induces the expression
of three newly identified BAR/B-arrestin-responsive miRs (B-miRs) in a f1AR-, 2AR-,
GRKS5-, or GRK6-dependent manner. Our data also suggest that p-arrestinl or B-arrestin2
(possibly in the hetero-oligomerization) promotes Dicer-mediated maturation of premature
miR (pre-miR) into mature miRs of B-miRs by forming a novel cytoplasmic complex with
the Dicer maturation enzyme. Our myocardial cell approaches also uncover that despite their
distinct roles in different cell types, B-miRs act as protective miRs in part by repressing
deleterious genes, dcunld4, prss23and uspi4. P: phosphorylated; GRK: GPCR kinase.
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