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Abstract:

Background - Cardiomyocytes are rich in mitochondria which are situated in spatially-distinct
subcellular regions including those under the plasma membrane, subsarcolemmal mitochondria;
and those between the myofibrils, interfibrillar mitochondria. We previously observed
subpopulation-specific differences in mitochondrial proteomes following diabetic insult. The
objective of this study was to determine whether mitochondrial genome-encoded proteins are
regulated by microRNAs inside the mitochondrion and whether subcellular spatial location or
diabetes mellitus influences the dynamics.

Methods and Results - Using microarray technology coupled with cross-linking
immunoprecipitation and next generation sequencing, we identified a pool of mitochondrial
microRNAs, termed mitomiRs that are redistributed in spatially-distinct mitochondrial
subpopulations in an inverse manner following diabetic insult. Redistributed mitomiRs
displayed distinct interactions with the mitochondrial genome requiring specific stoichiometric
associations with RISC constituents argonaute-2 (Ago2) and fragile X mental retardation—related
protein 1 (FXR1) for translational regulation. In the presence of Ago2 and FXR1, redistribution
of mitomiR-378 to the IFM following diabetic insult led to down regulation of mitochondrially-
encoded FO component ATP6. Next generation sequencing analyses identified specific
transcriptome and mitomiR sequences associated with ATP6 regulation. Overexpression of
mitomiR-378 in HL-1 cells resulted in its accumulation in the mitochondrion and down-
regulation of functional ATP6 protein, while antagomir blockade restored functional ATP6
protein and cardiac pump function.

Conclusions - We propose mitomiRs can translationally regulate mitochondrially-encoded
proteins in spatially-distinct mitochondrial subpopulations during diabetes mellitus. The results
reveal the requirement of RISC constituents in the mitochondrion for functional mitomiR
translational regulation and provide a connecting link between diabetic insult and ATP synthase

function.
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Introduction

Emerging technologies are likely to aid in the discovery of the underlying gene regulation
linking the mitochondrion to disease initiation and progression. Cardiac tissue is rich in
mitochondria with spatially-distinct subpopulations which include subsarcolemmal mitochondria
(SSM), located beneath the cell membrane, and interfibrillar mitochondria (IFM), situated
between the myofibrils 2. A wealth of studies have indicated that spatially-distinct cardiac
mitochondrial subpopulations are influenced differentially by pathological and physiological
stresses °. We have observed distinct effects on cardiac IFM following type 1 diabetic insult with
a more limited effect on SSM **. Type 1 diabetes mellitus influences cardiac contractility of

which mitochondrial dysfunction is central > *°

. The complete mitochondrial genomic sequence
has been elucidated ” with each mitochondrion possessing between two and ten copies *. The
mitochondrial genome is comprised of 37 genes, 13 of which code for proteins that form parts of
the oxidative phosphorylation machinery, while the remaining genes code for 22 transfer RNAs
and two ribosomal RNAs °. Absence of introns renders the mitochondrial DNA compact while
lack of histones influences mutation rates and DNA damage repair mechanisms ®. As such, the
development and progression of many human diseases involves regulation of the mitochondrial
genome ' ',

MicroRNAs (miRNAs) have been shown to play an integral role in regulating gene
expression through translational repression or degradation of target messenger RNAs (mRNA).
MiRNAs are non-coding RNAs, which influence post-transcriptional gene regulation by binding
to the 3'-untranslated region (3'-UTR) of target mRNAs. Regulation of gene expression at the

post-transcriptional level occurs through binding of the miRNA to complementary sites on the

target mRNA. Association with the RNA-induced silencing complex (RISC) has been shown to
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occur in the cytoplasm, thereby regulating translation and/or degradation of the target mRNA 2.
Target mRNAs can contain AU rich elements (ARE) which, in conjunction with a given miRNA,
will enhance recruitment of the RISC components, including nuclear-encoded argonaute-2
(Ago2) and fragile X mental retardation—related protein 1 (FXR1), thereby influencing
translation '*. Mature miRNAs have been observed in the nucleus and specialized processing

.14 . . . 15-19
bodies "7, as well as in the mitochondrion

though the mechanisms contributing to their
presence is limited. A recent review supporting the existence of miRNAs in the mitochondrion
have utilized the terminology mitomiR in reference to mitochondrial miRNAs .
Pharmacological inhibition of cardiac-specific miRNA enhances metabolic energy homeostasis
suggestive of a link between miRNA regulation and the mitochondrion *'. Further, mice lacking
specific miRNAs, including miR-378, exhibit enhanced mitochondrial fatty acid metabolism and
elevated oxidative capacity **. Though increasing evidence indicates that mitochondrial

subpopulations are differentially influenced by physiological stressors *

, no study has
reported specific enrichment patterns of mitomiRs in spatially-distinct subpopulations or whether
distribution patterns are influenced by pathological states, including diabetes mellitus. The
results of our studies suggest a dynamic system requiring the presence of RISC constituents in

the mitochondrion, which function to regulate the mitochondrial genome during diabetic insult in

a spatially-distinct manner.

Methods

Experimental Animals and Diabetes Induction

The experiments in this study conformed to the NIH Guide for the Care and Use of Laboratory
Animals (8" Edition) and were approved by the West Virginia University Animal Care and Use

Committee. Male FVB mice (The Jackson Laboratory, Bar Harbor, ME) were housed in the
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West Virginia University Health Sciences Center animal facility and given food and water ad
libitum. Type 1 diabetes mellitus was induced in 5 week old mice using multiple low-dose
streptozotocin (STZ; Sigma, St. Louis, MO) injections as previously described **. Mice that
served as vehicle controls were given the same volume per body weight of sodium citrate buffer.
One week post-injections, hyperglycemia was confirmed by measuring fasting blood glucose
levels using a commercially available kit (Bayer, Mishiwaka, IN). Blood glucose levels greater
than 250 mg/dL were considered diabetic.

Preparation of Individual Mitochondrial Subpopulations

At 5 weeks post-hyperglycemia onset, mice were sacrificed and their hearts excised. SSM and
IFM subpopulations were isolated as previously described ' with minor modifications > * 272,
Following isolation, SSM and IFM were further purified by percoll gradient (23%, 15%, 10%
and 3% percoll solution) and centrifuged in a Beckman Optima' MAX-XP Ultracentrifuge
(Beckman Coulter, Fullerton, CA) at 32,000 x g for 8 minutes. Mitochondrial subpopulation
pellets were resuspended in a sucrose based SEM buffer (250 mM sucrose, | mM EDTA, 10 mM
MOPS, pH 7.2) or mitochondrial extraction buffer (Biovision, Mountain View, CA) depending
upon the assay to be performed. Mitochondrial protein concentrations were determined using the
Bradford method and bovine serum albumin as a standard .

RNA Isolation and Microarray Experimentation

Total RNA was extracted from isolated mitochondrial subpopulations using a Vantage Total
RNA Purification Kit (Origene, Rockville, MD). Sample labeling and hybridization was
performed using an Agilent miRNA Complete Labeling and Hybridization Kit (Agilent
Technologies, Santa Clara, CA) following the manufacturer’s protocol. Briefly, 80 ng of total

RNA was labeled and subsequently hybridized overnight (20 hours at 55°C) to an Agilent Mouse



DOI: 10.1161/CIRCGENETICS.115.001067

microRNA Microarray 8x60K v.16 (1080 targets) using Agilent’s recommended hybridization
chamber and oven. The microarrays were washed once with Agilent Gene Expression Wash
Buffer 1 (5 minutes at room temperature) followed by a second wash with preheated Agilent
Gene Expression Wash Buffer 2 (5 minutes at 37°C). Fluorescence signals were detected using
Agilent’s Microarray Scanner System (Agilent Technologies, Santa Clara, CA). Signal
intensities from the raw data lists were normalized using the 90% percentile. To discriminate
questionable results from relevant results normalized data lists were generated and filtered only
for those mitomiRs which had at least in one sample a signal intensity > 1 light unit, a signal
intensity of > 10 light unit and a signal intensity of > 100 light unit. MiRNA expression FES
derived output data files were analyzed using Gene Spring GX software (Agilent Technologies,
Santa Clara, CA). Candidate miRNAs were identified and analyzed statistically.

QRT-PCR of Mature miRNAs

Briefly, 50 ng of total RNA was reverse transcribed into cDNA using a First-strand cDNA
Synthesis Kit for miRNA (Origene, Rockville, MD) as per the manufacturer’s protocol. Equal
amounts of cDNA from control and diabetic mouse mitochondrial subpopulations were subjected
to qRT-PCR. For HL-1 and miR-378 overexpressing HL-1 cell lines, isolated mitochondria were
subjected to qRT-PCR. Custom primers were designed for miR-378 (Origene, Rockville, MD)
and pre-miR-378 (Integrated DNA Technologies, Coralville, IA) and utilized for the
quantification of cDNA replicates using QSTAR SYBR master mix (Origene, Rockville, MD).
The sequences of the miR-378 primers were the following: forward sequence 5’-CTG ACT CCA
GGT CCT GTG-3’; reverse sequence 5°-GAA CAT GTC TGC GTA TCT C-3’. The sequences
for the pre-miR-378 primers were the following: forward sequence 5°’-CTC CAG GTC CTG

TGT GTT ACC-3’; reverse sequence 5°’-GCC TTC TGA CTC CAA GTC CA-3’. The sequences
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for the RNA polymerase II (AMA) primers were the following: forward sequence 5’-GCG CAG
AGA GTA TCC TGG AC-3"’ reverse sequence: 5’-GGA GCT CGA GTG GAT CTT CG-3".
QRT-PCR assays were performed in duplicate using an Applied Biosystems 7900HT Fast Real-
Time PCR System (Applied Biosystems, Foster City, CA). All miRNA expression levels were
normalized to U6 RNA content or AMA content for pre-miR-378 3

Western Blot Analyses

d **?, with equal amounts of

SDS-PAGE was run on 4-12% gradient gels, as previously describe
protein loaded for each study treatment. Relative amounts of subpopulation-specific
mitochondrial localized RISC complex proteins, Ago2 and FXR1, as well as biotinylated
proteins were quantified using the following primary antibodies; anti-Ago2 rabbit antibody
(product #2897, Cell Signaling, Danvers, MA), anti-FXR1 rabbit antibody (product #42648S, Cell
Signaling, Danvers, MA) and anti-biotin rabbit antibody (product #5571, Cell Signaling,
Danvers, MA). Mitochondrial loading control was assessed using an anti-COX IV rabbit
antibody (product #ab16056, Abcam, Cambridge, MA). Relative amounts of specific proteins
were quantified using the following antibodies: anti-ATP6 rabbit antibody (product #ab102573,
Abcam, Cambridge, MA), anti-GAPDH rabbit antibody (product #ab8245, Abcam, Cambridge,
MA), anti-calnexin rabbit antibody (product #ADI-SPA-860, Enzo, Farmingdale, NY), and anti-
ATPB mouse antibody (product# ab14730, Cambridge, MA). The secondary antibody used in
the analyses was a goat anti-rabbit IgG HRP conjugate (product #10004301, Cayman Chemical,
Ann Arbor, MI) or anti-mouse IgG HRP Conjugate (product #31430, Thermo Scientific,
Pittsburgh, PA). Detection and quantitation of chemiluminescent signals were performed using a

G:BOX (Syngene, Frederick, MD), and the data expressed as arbitrary optical density units

(ODU). Secondary confirmation of protein loading and equal protein transfer was performed
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using Ponceau staining.

ATP Synthase Activity

ATP synthase activity was determined by following the decrease in NADH absorption at 340 nm
as previously described % and final values expressed as micromoles consumed per minute per
milligram of protein *°.

UV Cross-Linking Immunoprecipitation (CLIP)

Mouse heart tissue was minced in a 2 ml volume of ice-cold PBS, transferred to a petri dish with
a suspension depth of approximately 1 mm. Samples were irradiated 5 times with 400 mJ/cm?
(~15 cm distance from the UV source) on ice using a CL-1000 Ultraviolet Crosslinker (UVP,
Upland, CA), and mixed between each irradiation 33| After irradiation, samples were pelleted by
centrifugation (2500 rpm for 5 minutes at 4°C) and the supernatant removed. SSM and IFM were
isolated as described above and resuspended in IP buffer (20mM Tris pH 8.0; 137mM NacCl;
10% Glycerol; 1% Nonidet P-40 (NP-40); 2mM EDTA; 1/100 protease inhibitor cocktail).
Protein concentrations were determined as above. Two hundred pg of resuspended protein was
added to IP buffer up to 1 ml and the RNA digested by addition of 10 ul of RNase I (Life
Technologies, Grand Island, NY) (1:500 dilution). The complex was incubated (3 minutes at
37°C) with constant shaking (1,100 rpm) then transferred to ice. Fifty pl of Dynabeads Protein
A (Life Technologies, Grand Island, NY) were washed 3 times with IP buffer and then
resuspended in a 100 pl of solution of IP buffer and 5 pl of a specific antibody (anti-Ago2 or
anti-FXR1). The antibody was allowed to bind to the beads by rotating the tubes (1 hour at room
temperature). The beads were then washed three times with IP buffer, and cross-linked
mitochondrial subpopulation lysates added followed by tube rotation (2 hours at 4°C). Beads

were then washed three times with IP buffer. A portion of the sample was utilized to check
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antibody specificity using high RNase I (1:50 dilution), while the other portion was used for
RNA 3'-end biotinylation labeling (Thermo Scientific, Pittsburgh, PA) using T4 RNA ligase to
attach a single biotinylated nucleotide to the 3' terminus of an RNA strand. Samples were
incubated overnight at 16°C and then washed with IP buffer. Thirty pl of loading buffer without
denaturing agent was added to both the biotinylated and high RNAse I treated beads and heated
for 10 minutes at 70°C with shaking (1000 rpm). Samples were submitted to SDS-PAGE as
described above. The biotinylated (low RNAse I) sample bands were cut with a clean scalpel and
the nitrocellulose membrane placed into a microcentrifuge tube. One hundred pl of proteinase K
solution was added to each tube, incubated for 20 minutes at 37°C with shaking (1000 rpm), and
then the RNA extracted using a Vantage Total RNA Purification Kit (Origene, Rockville, MD)
as above. To determine mitomiR and mitochondrial mRNA abundances in the mitoRISCome, we
utilized next generation sequencing (see below) as well as complementary qRT-PCR analyses on
targets that were the focus of the current study. These complementary approaches were
undertaken to provide confirmational evidence of reproducibility of the next generation
sequencing. QRT-PCR was performed using custom primers designed for targets of mouse miR-
378 as described above as well as mitochondrially-encoded genome primer duplex targets
(Origene, Rockville, MD). Data were normalized to CLIP total RNA input and RISC proteins
(Ago2 and FXR1).

Next Generation Sequencing

Four groups of pooled CLIP-RNA samples (control and diabetic; SSM and IFM; n = 5 per
group) were used for high-throughput sequencing. MRNA and miRNA library preparation was
performed using I[llumina TrueSeq mRNA Library and Illumina TrueSeq small mRNA Library

Preparation kits (Illumina, San Diego, CA), respectively. Briefly, as per the manufacturer’s
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instructions, initial RT-PCR, and barcoded products were run on a 2% agarose gel and 200- to
400-bp products purified using QiaEx II beads (Qiagen, Valencia, CA). Gel-purified material
was amplified for 12 cycles with fusion Illumina adaptor primers and the DNA was subjected to
next generation sequencing. The sequencing of CLIP tags was performed with barcoded libraries
using the Illumina Sequencing (Mi-Seq) Adaptor primers. Base calling, library sorting by
barcode, and mapping to the transcriptome were performed, subsequently.

Bioinformatic Analysis of CLIP Tags

CLIP tags were aligned to the mm10 genome with mitochondrial genome and analyzed with
Avadis NGS which is an integrated platform that provides tools for extensive workflows for
alignment, analysis, management and visualization of next-generation sequencing data

(http://www.avadis-ngs.com/). To crosscheck the Avadis NGS results, we employed several

other platforms including Galaxy (http://galaxy.psu.edu), the UCSC genome browser

(http://genome.ucsc.edu/), and miRBASE (http://microrna.sanger.ac.uk). RNA abundance from

the paired-end RNA-Seq data was expressed as Fragments Per Kilobase of transcript per Million
mapped reads (FPKM). To assess RISCome enrichment and depletion scores between the
diabetic and control SSM and IFM, diabetic RISCome FPKM values were normalized to control
RISCome FPKM values with a cut off >1.5. To estimate the false negative rate, we utilized
DESeq for identifying differentially expressed gene miRNAs. Multiple test corrections were
performed using Benjamin Hochberg FDR (cut off 0.05). Results were compared by examining
the number of Ago2-mRNA clusters with no predicted seeds in the top 20 Ago2-miRNAs
identified by next generation sequencing. To generate Ago2-mitomiR ternary maps, we
examined all mitomiR seeds in the Ago2 footprint region analysis. From these data we looked

for the greatest enrichment of miRNA seeds in the Ago2-mRNA clusters that were present

10
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within the top 20 identified miRNAs. We calculated the frequency of conserved mitomiR seed
matches observed in the Ago2-mRNA footprint regions.

Cell Culture and Stable Cell Line Development

Cell culture and stable cell line development were carried out using the mouse cardiomyocyte
cell line (HL-1) which maintains a cardiac-specific phenotype following repeated passaging **
and HEK293 cells as previously described *. Cells were grown at 37°C in a humidified
atmosphere of 5% CO,/ 95% air and maintained in either Claycomb media (HL-1) (Sigma
Aldrich, St. Louis, MO) with 10% fetal bovine serum (Sigma, St. Louis, MO) and other
supplements as previously described ** or Dulbecco’s Modified Eagle Medium (Cellgro,
Manassas, VA)(HEK293). MiRNA expression plasmid (pCMV-MIR) which contains coral GFP
for cellular tracking and assessment of transfection efficiency, housing the mouse precursor
sequence of miR-378 (pre-miR-378) was utilized for stable cell line development (Product #
sc401025; Origene, Rockville, MD). The pre-miR-378 precursor sequence was the following: 5'-
AGGGCTCCTG ACTCCAGGTC CTGTGTGTTA CCTAGAAATA GCACTGGACT

TGGAGTCAGA AGGCCT-3', where the mature sequence is underlined. The pre-miR-378

sequence was situated at the 293 bp — 358 bp of a 656 bp insert. The total 656 bp sequence was
situated in the multicloning site of the pCMV-MIR plasmid between Sgf I and Mlu I restriction
sites.

Cells were seeded at a density of ~1-3 x 10’ cells/35-mm dishes and transfected at 60—
70% confluence using an X-tremeGENE HP DNA Transfection Kit per the manufacturer’s
protocol (Roche, Indianapolis, IN). Forty-eight hours post-transfection, stable cell lines were
selected in media containing G418 (Gibco, Grand Island, NY). After, 4-5 passages, cells were

washed with PBS and harvested in either 1X RIPA Buffer (Sigma, St. Louis, MO) for total lysate

11
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or purified mitochondria isolated using a mitochondrial isolation kit (Biovision, Milpitas, CA)
for protein and enzymatic analyses. Citrate synthase activity was measured using a commercially
available kit (Sciencell, San Diego, CA).

miR Targeting Luciferase Assay

The human ATP6 gene was purchased in the pMIR-Target vector and utilized for miRNA
binding analyses (Origene, Rockville, MD). 100 ng of ATP6 pMIR-Target vector was co-
transfected as described previously ** with 100 ng of human miR-378, human miR-200c, or
empty pCMV-MIR in triplicate in 96-well culture plates. 24 hours post-transfection, luciferase
activities were assayed with the Dual-Luciferase Reporter Assay System (Promega, Madison,
WI) per manufacturer’s protocol using a Flexstation 3 Luminometer (Molecular Devices,
Sunnyvale, CA). Luciferase activity was quantified and reported as the ratio of Firefly luciferase
to Renilla luciferase.

In Vivo Antagomir Delivery in the Diabetic Heart

To determine whether manipulation of miR-378 in vivo influences ATP6 levels, ATP synthase
functionality and ultimately, cardiac function, we utilized an antagomir delivery approach.
Antagomirs are anti-sense oligonucleotide sequences conjugated with cholesterol which can be
delivered by injection, systemically ***’. Antagomirs provide sustained miRNA blockade and
are currently in Phase II trials to treat a number of pathologies ***°. Linked nucleic acid (LNA)
antagomirs are unique in that their sugar ring is locked with a methylene bridge placing the
miRNA into an optimal end conformation and creating a more stable duplex leading to greater
specificity for a given nucleic acid target. Four groups were utilized for the studies; 1) LNA-
miR-378 treatment (Seq: S’TGACTCCAAGTCCAG3’) (Exigqon, Woburn, MA) which was

injected following confirmation of hyperglycemia; 2) LNA-scrambled control (Seq:

12
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5’ACGTCTATACGCCCA3’) (Exigon, Woburn, MA) which was injected following
confirmation of hyperglycemia; 3) diabetic control which was injected with STZ; and 4) vehicle
control which was injected with 0.9% NaCl. Five week old male FVB mice were imaged by
echocardiography (described below) as a baseline after which type 1 diabetes mellitus was
induced using multiple low-dose STZ injections as described above. Antagomir and vehicle
treatment groups were intraperitoneally-injected once weekly for 4 weeks at a volume of 250 pl
per injection and a concentration of 25 mg antagomir/kg body weight. This concentration and
dosing schedule was chosen based on previous literature using similar LNA-miR compounds *.
One week following the last injection (5 weeks total treatment time; 11 weeks of age) mice were
reimaged by echocardiography. Mice were then euthanized and cardiac mitochondrial
subpopulations isolated as described above.

Cardiac Function

Transthoracic echocardiography was performed as previously described by our laboratory *! **
and others *. Briefly, mice were lightly anesthetized with inhalant isofluorane and transferred to
dorsal recumbency. Using the Vevo 2100 Imaging System (Visual Sonics, Toronto, Canada) and
a 32- to 55-MHz linear array transducer, micro-ultrasound images were acquired. M-mode
images were captured via the parasternal short axis at midpapillary level with all images acquired
at the highest possible frame rate (233-401 frames/s). Ejection fraction and fractional shortening
were obtained from the scanned images.

Statistical Analyses

Means and standard errors (SE) are reported for all data sets. A Mann-Whitney non-parametric
test was utilized when evaluating differences between two groups, and a Kruskal-Wallis analysis

of variance (ANOV A) non-parametric test followed by a Dunn’s Multiple Comparison test was

13
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utilized when evaluating differences between three or more groups (GraphPad Software Inc., La
Jolla, CA). For cardiac functional parameters, data were analyzed with a pair-wise Student’s t-

test. P<0.05 was considered significant across all testing.

Results

Mitochondrial Purity and Quality Control

Isolation of purified SSM and IFM subpopulations from control and diabetic mouse heart was
performed using a multi-step approach. Mitochondrial subpopulation isolation was followed by
percoll density gradient centrifugation to eliminate extramitochondrial contamination. This
approach has been proven to yield enriched mitochondria with a high degree of purity and
elimination of extra-organelle contamination in a number of different tissue types, including
muscle ***°. Confirmation of mitochondrial purity was assessed by gel electrophoresis and
electropherograms identifying ribosomal RNAs (18S and 28S) in whole heart which were not
identified in mitochondrial subpopulations (Figures 1a and 1b). The presence of a large peak
between 25 and 200 nt in the mitochondrial samples was reflective of small RNAs including
miRNAs (Figure 1b). Further confirmation of mitochondrial purity was carried out by assessing
the presence of the cytosolic protein GAPDH, the endoplasmic reticulum protein calnexin, and
the mitochondrial protein ATPB. Figure 1c indicates the presence of ATPB solely in
mitochondrial preparations, crude as well as percoll gradient, with the presence of GAPDH and
calnexin solely in the cytosol and crude SSM preparations. Absence of GAPDH and calnexin in
percoll gradient mitochondria confirmed mitochondrial purity. Percoll gradient mitochondria was
used for the experiments.

Redistribution of MitomiRs in the Diabetic Heart

We profiled the expression levels of miRNAs in diabetic and control mouse cardiac SSM and

14
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IFM using a high-throughput miRNA microarray. Profiling of the mitomiRs, revealed a
significantly altered inverse expression profile following diabetes mellitus insult for many of the
mitomiRs when comparing the two subpopulations. The miRNA array analyses indicated that 78
mitomiRs were differentially regulated in the two mitochondrial subpopulations following type 1
diabetic insult relative to control (Figure 2a). Confirmation of the microarray analyses was
performed by selecting a mitomiR displaying significantly increased expression levels in diabetic
IFM relative to control (mitomiR-378). Evaluation of miR-378 presence in whole heart tissue by
qRT-PCR revealed no significant differences relative to control (Figure 2b). In contrast, the
observed change in expression levels of mitomiR-378 was validated in IFM by qRT-PCR
(Figure 2c), suggesting that the increased presence of mitomiR-378 in the IFM was a function of
redistribution as opposed to an increase in mass flux to the heart. It should be pointed out the
absolute differences in fold change of mitomiR-378 differed between microarray and qRT-PCR
platforms which may be a function of the previously noted underestimation in microarray
approaches *. Pre-miR-378 was not detected at a significant level in isolated mitochondria as
reflected by similar levels to no template controls suggesting that its origination and processing
into a mature form occurs primarily in the cytosol (Figure 2d).

MitomiR Predicted Mitochondrial Targets and Sequence Specific Motifs

To determine whether resident mitomiRs were associated with the regulation of mitochondrial
genome-encoded proteins, we utilized bioinformatic tools to predict potential mitomiR
interactions with the mitochondrial genome. Using the target-prediction algorithms from various
miRNA databases (RNAhybrid, MicroCosm and miRWalk), we analyzed the seed sequences
from each identified mitomiR (7 seed nucleotides) and evaluated their probability of interacting

with sequences from the mitochondrial genome by assessing the free energy value that

15
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characterizes the stability of the miRNA/mRNA interaction (greater than -20 kcal/mol) 8,
Among the 78 mitomiRs identified, 46 were predicted to bind directly to mRNA sequences from
the mitochondrial genome suggesting potential regulation of translation and/or influence on
mRNA stability. Using Ingenuity Pathway Analysis software to analyze mitochondrial genome
targets, we observed potential interactions between all 13 mitochondrial genome-encoded
electron transport chain proteins (Supplementary Figure 1a). Of the 46 mitomiRs predicted to
bind to mRNA from the mitochondrial genome, 20 indicated potential binding to a single
mitochondrial genome target (Supplementary Figure 1a; in red with red lines), while 26
displayed the potential to bind to multiple mitochondrial genome targets (Supplementary Figure
la; in blue with black lines). Of interest was a predicted interaction between mitomiR-378 and
ATP6 (Supplementary Figure 1a; orange line). We determined whether any specific conserved
nucleotide sequence motifs existed among the 46 mitomiRs predicted to bind to mRNA from the
mitochondrial genome and identified 40 mitomiRs with specific tri-nucleotide motifs suggesting
sequence commonality among the majority of identified mitomiRs predicted to bind to the
mitochondrial transcriptome. Specific enriched motifs included AGG, UGG and CCU tri-
nucleotide sequences (Supplementary Figure 1b). Of particular interest was the observed high
enrichment of UGG and AGG motifs in the 7 nucleotide seeding region (Supplementary Figure
1b). It would be of interest to determine whether the existence of these motifs in a given miRNA
may be predictive of its potential for distribution to the mitochondrion. A similar type of
phenomenon based upon the possession of specific sequence elements has been reported for the
subcellular localization of miRNAs into other organelles *.

Functional Consequences of MitomiR-378 Targeting to the Mitochondrial Genome

Because it displayed a robust increase in diabetic IFM relative to control IFM and was identified

16
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as a potential regulator of the ATP synthase, we performed additional analyses on mitomiR-378.
MiR-378 is of nuclear origin and originates from the first intron between exons 1 and 2 of the
PPARGCI1B (PGC-1P) gene which generates a hairpin structure (Figure 3a) 0 In the type 1
diabetic heart PGC-1a mRNA expression was significantly down-regulated while PGC-1f3
remained unchanged (Figure 3b). These results are in agreement with a previous report 2.
Bioinformatic analyses indicated that mitomiR-378 was predicted to bind to the mRNA sequence
of ATP synthase FO subunit 6 (ATP6), a constituent of the FO component of the ATP synthase,
which plays a role in the translocation of protons across the inner mitochondrial membrane.
Interestingly, mitomiR-378 was indicated as potentially binding to three different regions of the
mitochondrial genome at starting positions 8,310, 8,383 and 8,515 on the ATP6 mRNA with
high affinity based upon the minimum free energy (MFE) value characterizing the interaction
between miRNA and target (Figure 3c). To confirm these prediction analyses we performed a
cell-based luciferase reporter assay in which the ATP6 full-length sequence was downstream of
the firefly luciferase gene in the pMIR-Target plasmid. To determine specificity of miR-378, the
luciferase reporter plasmid was cotransfected into HEK293 cells with either miR-378, miR-200c
which is not predicted to bind with the ATP6 mRNA, or pCMV-MIR control. MiR-378 was
capable of significantly reducing luciferase activity by 25%, whereas the control miRNA
plasmid (pCMV-MIR) and miR-200c could not (Figure 3d). These results indicate that ATP6 is a
potential target of miR-378 and recognizes the putative recognition sites. Western blot analyses
indicated significant decreases in ATP6 of diabetic IFM relative to control IFM (Figure 3e).
Evaluation of ATP synthase activities indicated a significant decrease in diabetic IFM with no
significant effect to diabetic SSM, relative to respective controls (Figure 3f). These data support

the hypothesis that enhanced mitomiR-378 expression in diabetic [IFM may account for decreases

17



DOI: 10.1161/CIRCGENETICS.115.001067

in FO ATP synthase subunits which lead ultimately to a decreased ability to drive the ATP
synthase and generate ATP for cardiac pump function.

Redistribution of RISC Components in the Mitochondrion

Small RNAs can interact with the RISC which contains proteins that include Argonautes, and
FXR1, as well as other proteins and cellular factors °">?. Assembly of the RISC and its
subsequent association with a miRNA has been implicated in its biological function including

regulation of mRNA expression > >

. MiRNA-mediated inhibition of translation depends largely
upon the degree of complementarity between a specific miRNA and its mRNA target >, RISC
components such as FXR1 and Argonautes such as Ago2 interact with miRNAs during
pathological conditions suggesting that stress-induced activation of the RISC contributes to its
assembly *°. Examination of RISC components Ago2 and FXR1 in whole heart homogenate
revealed no significant differences during diabetic insult indicating that the absolute levels of
these proteins are not changed as a result of the pathology (Figures 4a-c). Interestingly,
examination of Ago2 and FXR1 protein contents in the mitochondrion revealed that both
proteins were present within the two subpopulations (Figures 4d-g), whereas the presence of
Dicer, a RISC-loading protein, and GW182, a cytoplasmic miRNA docking protein, were not
present (Supplementary Figure 2). Following diabetic insult, both proteins displayed
redistributed patterns with Ago?2 levels decreasing in both SSM (46% decrease) and IFM (41%
decrease) while FXR1 levels were decreased only in the SSM (48% decrease) (Figures 4d-g). In
contrast, FXR1 protein contents were dramatically increased in diabetic IFM (423% increase)
(Figures 4e and 4g). It is unclear why FXR1 was increased solely in diabetic [FM. Among

FXR1’s proposed subcellular locales is the Z-disc where it colocalizes with proteins that play an

integral role in cytoskeleton maintenance in part through regulating local mRNA targets '°.
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Because IFM and FXR1 are both situated in close proximity to the contractile apparatus
(myofibril) there may be an enhanced potential for FXR1 localization to the IFM. Future studies
addressing this finding are warranted. Taken together, these results indicate that RISC
components Ago2 and FXR1 are present in both mitochondrial subpopulations. Further,
following diabetic insult, both proteins display subpopulation-specific differential distribution
patterns.

MitomiR and RISC Constituent Interactions Influence Mitochondrial Genome-Encoded
Protein Abundance

Based on our broad-scale mitomiR analyses, we determined how a particular mitomiR and
mRNA target interact. Chi et al. identified Ago2-miRNA-mRNA complexing using high-
throughput sequencing of RNAs isolated by cross-linked immunoprecipitation (HITS-CLIP)
technology in mouse brain **. Using a similar approach we determined the endogenous
interactions between mitomiRs, mRNAs and mitochondrial RISC components Ago2 and FXR1
in control and diabetic mitochondrial subpopulations. Cross-linked immunoprecipitation (CLIP)
was utilized to determine the presence of mitomiRs and mRNAs enriched with RISC
components Ago2 and FXRI1 in an effort to identify and detail the presence of a functional
regulatory complex in the mitochondrion (Supplementary Figure 3). Ago2-RNA and FXR1-
RNA complexes were identified in both control and diabetic states and displayed molecular
weight range shifts from 85 kDa to between 95 and 110 kDa indicating binding to the mitomiR-
mRNA complex (Figure 5a). To confirm the interaction between RISC components Ago2 and
FXR1, the complex was treated with high RNAse I and both RISC components
immunoprecipitated with one another revealing interaction between the two proteins which was

altered by the diabetic phenotype. Specifically, diabetic [FM displayed an increased interaction
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between Ago2 and FXRI relative to control in both immunoprecipitation experiments which was
not observed in diabetic SSM (Figure 5b). To determine the specific mitomiR and mRNAs
present in the CLIP, portions of the membrane in which the protein-RNA complex resided were
isolated and RNA extracted after which the reverse transcribed product was utilized for cDNA
synthesis. CDNA libraries were analyzed to identify enriched quantities of mitomiR-378 by
qRT-PCR analysis and its association with both Ago2 and FXR1. These analyses indicated that
in diabetic IFM, both RISC constituents Ago2 and FXR1 were highly associated with mitomiR-
378 (Figure 5c¢). In contrast, diabetic SSM displayed little association between mitomiR-378 and
Ago2 yet a strong association between mitomiR-378 and FXR1 (Figure 5c). These observations
indicate that in the diabetic IFM, mitomiR-378 is highly associated with components Ago2 and
FXR1 from the mitochondrial RISC. In contrast, diabetic SSM display low enrichment of
mitomiR-378 such that the association of Ago2 with this mitomiR is limited despite the presence
of FXR1. These data suggest that the regulation of mitochondrial genome-encoded proteins by
mitomiRs requires the presence of a given mitomiR and the appropriate amount of mitochondrial
RISC proteins Ago2 and FXRI. In the absence of either protein and/or the mitomiR, regulation
of mitochondrial gene expression by the mitomiR may be limited. Complementary analyses were
carried out by examining the interaction between RISC constituents Ago2 and FXR1 with
mitochondrially-encoded ATP6 mRNA using qRT-PCR (Figure 5d). The analyses indicated that
mitochondrially-encoded ATP6 mRNA was enriched in the diabetic IFM relative to control IFM
mitoRISCome regardless of whether immunoprecipitating with Ago2 or FXR1. In contrast, this
phenomenon was not apparent in the diabetic SSM which displayed decreases in ATP6 mRNA
in both Ago2 and FXR1 immunoprecipitated mitoRISComes (Figure 5d). These data confirm

that mitochondrial RISC constituent Ago2 interacts in a ternary complex with both the specific
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mitomiR (mitomiR-378) and targeted mitochondrial genome mRNA (ATP6) providing a
regulatory platform for the control of mitochondrial gene translation.

Next Generation Sequencing of Mitochondrial RISCome Association with Mitochondrial
mRNA and MitomiRs

Our assessment of RISC component associations with mitochondrial miRNA and mRNA
revealed differential binding patterns with Ago2 such that functional association was lost in the
complex with diabetic SSM, while a strong association existed with the diabetic IFM. Thus, our
analyses suggested that Ago2 presence was requisite for translational control of mitochondrial
genome protein expression via mitomiR regulatory mechanisms. To capture the distinct features
of the mitochondrial transcriptome functional complex, we assessed CLIP-Ago2
(mitoRISCome)/mRNA complex products utilizing true RNA-seq library preparations to
establish mitochondrial mRNA transcripts through sequencing with a high-throughput Mi-seq
platform. Total reads and uniquely matched reads are reported in Supplementary Table 1.
Specific associations between RISC component (Ago2) and each of the 13 mitochondrially-
encoded proteins under control and diabetic conditions are indicated in Figure 6¢. The presence
of mitochondrial mRNAs in the different groups varied depending upon treatment and
subpopulation type. Of particular interest was the presence of mRNA encoding ATP6 in the
mitoRISCome of diabetic IFM which was not present in the control IFM. This finding was
confirmatory of those in the mitoRISCome analyses (Figure 5d). Our analyses identified 9
mitochondrially-encoded mRNAs in the diabetic subpopulations which were differentially
expressed in the mitoRISCome relative to controls (Figure 6a). Further, 6 of the differentially
expressed mRNAs displayed opposite expression patterns from their subpopulation counterpart

(Figure 6a). Mapping of the mitochondrial mRNAs identified in the mitoRISCome next
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generation sequencing enabled identification of specific cluster regions in each of the 13 mRNA
transcripts which were present in the mitoRISCome (Figure 6b; blocks indicated in red).

To capture the distinct features of the mitomiR signatures in the mitoRISCome functional
complex we assessed mitoRISCome/mitomiR complex products utilizing small RNA-seq library
preparation to establish mitomiR transcripts through sequencing with a Mi-seq platform. High
throughput sequencing of small RNAs in the mitoRISCome identified 37 mitomiRs which were
differentially regulated as a result of diabetic insult in mitochondrial subpopulations
(Supplementary Figure 4). Of the 37 mitomiRs identified, 10 (Figure 6d) were also observed in
our initial microarray experiments (Figure 2a) and underwent prediction analyses
(Supplementary Figure 1a). Interestingly, our high throughput sequencing of small RNAs in the
mitoRISCome revealed the presence of a number of mitomiRs that were not identified in our
initial microarray analyses. Several variables may have accounted for the discrepancy including
the lack of miRNA probes on the microarray (miRNA- 3963, -5102, -5105, -5108, -5109, -5112,
-5115,-5119, and -5131). Thus, our microarray data potentially underestimate the absolute
number of mitomiRs and could be considered a limitation of the studies. As microarray
technologies continue to advance, it is probable that a greater number of miRNAs will be
identified in the mitochondrion. Further, studies suggest comparing results from microarray and
next generation sequencing shows good correlation between expression levels for a given gene
between the two platforms, and the use of both can provide complementary information.
However, issues such as sensitivity, background noise interference and hybridization saturation
can lead to differences in results >’. Among the identified mitomiRs in the mitoRISCome was
mitomiR-378 (Figure 6d). Of particular interest was the observation that the microarray and

snapshot mitoRISCome analyses, though identifying similar mitomiRs, revealed differential

22



DOI: 10.1161/CIRCGENETICS.115.001067

signature patterns, such that the relative ratio of mitomiR in the mitochondrion (Figure 2a) did
not necessarily match the data from the mitoRISCome analyses (Figure 6d). These data suggest
that the presence of the mitomiR in the mitochondrion does not necessarily reflect it as
possessing a functionally active regulatory role on the mitochondrial transcriptome at a given

time. Such a phenomenon is in agreement with other studies >* >

. Moreover, our current study
revealed that functional miRNA:mRNA interactions are not limited to the regulation of nuclear-
encoded genes, but may also play a role in the regulation of mitochondrially-encoded genes.
Diabetic IFM displayed the greatest response in terms of increased functional mitomiRs relative
to control (Figure 6d). Mapping of the mitomiRs identified in the mitoRISCome next generation
sequencing which were also identified in the microarray analyses enabled identification of
specific regions in each of the 10 mitomiRs present in the mitoRISCome (Figure 6e). As with the
mRNA analyses, we performed an unbiased search of associated sequences in the 3-22
nucleotide regions of these 10 mitomiRs to determine whether specific sequence motifs were
common. Our results revealed enriched nucleotide motifs, AGG (in red) and UGG (in yellow) in
all 10 mitomiRs, and these motifs were highly enriched in mitomiR-378 (Figures 6e and 6f). To
confirm the presence of mitomiR-378 in the mitoRISCome we determined whether the mature
mitomiR-378 was present. Mapping of the next generation sequencing indicated the presence of
mitomiR-378 solely in the diabetic I[FM of which only the mature transcript was apparent (Figure
6g). Sequence scanning analysis of the ternary complex revealed mitomiR-378 binding sites
were present within the footprint region of the ATP6 transcriptome at starting positions 8,310

with a secondary binding site at position 8,383 (Figure 6h). These results were consistent with

the previous bioinformatically-predicted targets for mitomiR-378 (Figure 3c).
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miR-378 Overexpression in an In Vitro Cellular System

To validate the regulatory activity of mitomiR-378 on ATP6, we generated a stable HL-1 cell
line overexpressing the mouse miR-378 which contained a GFP coding sequence to enable
cellular tracking. To determine whether down-regulation of ATP6 and ATP synthase functional
decrements were associated with miR-378 presence in the mitochondrion, mitochondria was
isolated from miR-378 overexpressing HL-1 cells and the presence of mitomiR-378 examined by
gRT-PCR analyses. Our data revealed an approximately 22 fold increase of mitomiR-378 in
isolated mitochondria from the stable HL-1 cell line overexpressing miR-378 as compared to
control HL-1 cells (Figure 7a). QRT-PCR analyses revealed a significant decrease in ATP6
mRNA abundance (Figure 7b) with concomitant decreases in ATP6 protein content (Figures 7¢
and 7d) and ATP synthase activity (Figure 7¢). Further, GW 182 presence was not detected in the
mitochondrion (Figure 7¢), suggesting that its presence was not required for miR-378 regulation
of ATP6 in our cellular model. It should be noted that the potential impact of GW182 on
cytosolic miR-378 targets was not assessed in our cellular system and as a result is a limitation of
the studies. With that being said, no differences were observed in citrate synthase activities (HL-
1,0.67 £ 0.21 units x mg protein™ vs. miR-378, 0.69 + 0.27 units x mg protein™') suggesting that
the decrease in ATP6 protein observed in the face of miR-378 overexpression was not a function
of changes in mitochondrial content. Taken together, these data provide complementary evidence
that in a model of enhanced miR-378 expression, translocation to the mitochondrion can occur
which is associated with a decrease in mitochondrial genome-encoded ATP6 and a concomitant
reduction in the functionality of the ATP synthase.

Manipulation of miR-378 In Vivo with Targeted Antagomir Delivery

To determine whether manipulation of miR-378 in vivo could influence ATP generating capacity
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through ATP6 preservation, we utilized an LNA-linked antagomiR delivery approach targeting
miR-378 (LNA-miR-378). Repeated injection of LNA-miR-378 over a five week period led to
preservation of ATP6 protein levels in diabetic [IFM which were similar to non-diabetic controls,
whereas diabetic and scrambled miR diabetic groups displayed significant decreases in ATP6
protein levels relative to control (Figure 8b). In contrast, no significant differences in ATP6
protein levels were observed among any group in the SSM (Figure 8a). To determine whether
preservation of ATP6 protein levels impacted ATP generating capacity, we assessed ATP
synthase activities following LNA-miR-378 intervention and diabetes mellitus. As with ATP6
protein levels, ATP synthase activities displayed similar changes in diabetic IFM, with LNA-
miR-378 treatment providing restoration of ATP synthase activity which was significantly
decreased in diabetic and scrambled miR diabetic groups (Figure 8d). Further, no significant
differences in ATP synthase activities were observed among any group in the SSM (Figure 8c).
Because preservation of ATP synthase activity ultimately influences cardiac pump function by
providing appropriate ATP levels, we assessed ejection fraction and fractional shortening
changes prior to and following LNA-miR-378 intervention and diabetes mellitus. Our results
revealed preservation of %ejection fraction (Figures 8e and 8f) and %fractional shortening
(Figure 8e and 8g) in LNA-miR-378 diabetic hearts which was significantly decreased in
diabetic and scrambled miR diabetic hearts. Taken together, these findings provide in vivo
confirmation of an LNA-miR-378 impact on diabetic IFM which manifests as preservation of

ATP6 protein content, ATP synthase levels and cardiac pump function.

Discussion
Our findings indicate for the first time that mitomiRs are differentially distributed in spatially-

distinct cardiac mitochondrial subpopulations. Upon diabetic insult, cardiac mitomiR distribution
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patterns are dramatically altered and in many cases display opposite/reciprocal arrangements.
Type 1 diabetes mellitus is associated with cardiac functional deficits, which may result from a
decreased ability for cardiac mitochondria to generate ATP. Among the genes encoded for by the
mitochondrial genome are 13 proteins of the electron transport chain that are constituents of
complexes I, III, IV, and V. Thus, regulation of the mitochondrial genome by mitomiRs may
have profound effects on the expression of key components driving ATP synthesis and
ultimately influencing cardiac function.

Using a number of bioinformatics tools, we identified 46 mitomiRs that were predicted to
bind to mitochondrial genome-encoded mRNAs. Over half of the identified mitomiRs displayed
the potential for binding multiple mitochondrial-encoded genome mRNAs. Such a finding is
intriguing and suggests the potential for an individual mitomiR to regulate the translation of
multiple mitochondrial genome products. Such a dynamic is consistent with proposed

60. 61 . . . .
""" and as a result, mitomiR manipulation for

mechanisms of action for other miRNAs
therapeutic intervention represents an attractive strategy for addressing pathological conditions,
such as diabetes mellitus, as it may offer the ability to rectify proteomic loss of multiple
mitochondrial genome-encoded proteins simultaneously. Additional bioinformatic analyses of
the nucleotide sequences in the 46 identified mitomiRs indicated that ~ 85% possessed specific
conserved tri-nucleotide motifs which included AGG, UGG, and CCU. Of particular interest was
an observed concentration of AGG and UGG motifs contained in the 2-7 nucleotide seeding
region of a number of mitomiRs. We speculate that the existence of these motifs in the mitomiR
may influence its translocation into mitochondria and that their presence may predict the

potential for a given miRNA to exist in the mitochondrion. Further investigation is needed to

determine the relative importance of these particular motifs.
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Because it displayed a dynamic change in its content following diabetic insult and a
reciprocal response in spatially-distinct mitochondrial subpopulations with an enhanced presence
solely in IFM, the mitochondrial subpopulation most negatively impacted by type 1 diabetic

2,4,28,35,41

insult , we chose to examine mitomiR-378 for our subsequent studies. MiR-378 plays

62,63
1%

an important regulatory role in cardiac remodeling, cell surviva and its complimentary pair,

miR-378*, mediates a metabolic shift to oxidative phosphorylation **>°

. The goal of the current
study was tease out specific effects on metabolism that were impacted by mitochondrial miR-378
presence. Though it displayed no significant change in the heart following diabetic insult, miR-
378 was dramatically increased in the IFM suggesting that its enhanced presence may be of
particular relevance specifically to the mitochondrion. Identification of a mitochondrial genome
target for mitomiR-378, ATP6 and the associated decrease in ATP synthase activity specifically
in the IFM, suggest a coordinated regulatory role for mitomiR-378 in type 1 diabetic IFM.
Manipulation of this axis may contribute to the development of diabetic cardiomyopathy by
compromising the generation of ATP. Indeed, overexpression of miR-378 in a cell type that
maintains a cardiac phenotype revealed increased mitochondrial presence and a concomitant
decrease in ATP6 content and function in an in vifro model. Further, utilization of an antagomir
approach directed at miR-378 demonstrated preservation of ATP6 protein content, ATP synthase
activity, and cardiac pump function confirming this axis in vivo. Taken together our findings
suggest enhanced mitomiR-378 presence in the type 1 diabetic IFM which is the mitochondrial
subpopulation most impacted by the pathology , hence contributing to bioenergetic deficits
occurring in the face of the diabetic phenotype as a result of inadequate provision of ATP for

cardiac function.

Perhaps the most interesting finding in the current study was the identification of RISC
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presence in the mitochondrion which contained key components, Ago2 and FXRI1. It appears
that the mitochondrial RISC functions similarly to its cytoplasmic counterpart, influencing
translation. Reports of changes in miRNA expression, has provided indirect evidence for
translational repression, yet evidence for a direct effect of the miRNA on the mRNA is limited.
Use of the CLIP experimental approach provides a clear means of identifying direct
miRNA/mRNA/protein interactions confirming direct association between nucleotide and
protein components >*. Following type 1 diabetes mellitus, mitochondrial RISC components
were differentially expressed in the mitochondrion relative to control and the response was
subpopulation-specific in nature. Our results indicate that translational regulation of ATP6 by
mitomiR-378 requires both Ago2 and FXR1 presence in the RISC, as well as the necessary
mitomiR (mitomiR-378) as observed in diabetic IFM. When Ago2 content is limiting and the
mitomiR (mitomiR-378) is not present, regulation via the mitochondrial RISC does not occur, as
observed in diabetic SSM (Supplementary Figure 5). Our results are in agreement with literature
suggesting the relative importance of FXR1 presence, in that its knockout is lethal in mice and in
zebrafish as a result of cardiomyopathy and muscular dystrophy **. Reports indicate a
requirement of both FXR1 and Ago2 in the RISC for translational activation '> >’ via AU-rich
elements. Our current data extend these findings by identifying a similar phenomenon within the
mitochondrion that occurs in a subpopulation-specific manner during diabetic insult and requires
specific sequence motifs (AGG and UGG) in the miRNA sequence. Thus, redistribution of
mitomiRs and the presence of specific mitochondrial RISC component stoichiometry,
contributes to the formation of a functional complex which is associated with loss of
mitochondrially-encoded proteins in the diabetic heart.

Recent crystallographic and NMR structural analyses have indicated that all three
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molecules (mRNA, miRNA and protein) require close proximity and direct interaction to

33,58, 68-70

facilitate a functional cytoplasmic ternary regulatory complex . Nevertheless,

identification of a functional RISC in the mitochondrion is highly challenging. Recent reports

suggest that RNA can be imported into the mitochondrion .72

which supports our current
findings. The use of CLIP technology coupled with next generation sequencing offers an
experimental platform for determining binding maps and sequence motifs necessary for miRNAs
to exert regulatory influence on mRNA expression/translation. Our CLIP analyses confirmed that
mitomiR-378 targets two different sites on the ATP6 mRNA, which was bioinformatically
predicted prior to sequencing analyses. These results were interesting in that miRNAs have been
identified as binding to the 3'-untranslated region of mRNA to exert regulatory activity.
Nevertheless, the mitochondrial genome does not possess 3’-untranslated regions, rather the
sequence identity from the bioinformatic and next generation sequencing analyses predicted
binding directly to the coding region. Such a finding is consistent with previous studies
demonstrating that the mouse Nanog, Oct4 and Sox2 genes were targeted by miRNA in their
amino acid coding sequence resulting in translational repression . Our results indicate that
mitomiR-378 targets the ATP6 coding region in a similar manner to control translational activity.
In summary, we propose that mitomiR translational regulation of mitochondrially-
encoded proteins occurs in spatially-distinct mitochondrial subpopulations in response to type 1
diabetic insult. Redistribution of mitomiRs and the presence of a specific mitochondrial RISC
component stoichiometry, contributes to the formation of a functional ternary complex which is
associated with loss of mitochondrially-encoded proteins in the diabetic heart. These results
suggest a dynamic system that can regulate the mitochondrial proteome during pathological

states in a spatially-distinct manner.
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Figure Legends:

Figure 1: Quality control assessment. (A) Gel electrophoresis of RNA isolated from whole heart
and RNA from mitochondrial subpopulations. The lowest migrating green band is an internal
standard. (B) Electropherograms of total RNA from whole heart and from isolated mitochondria.
Scaling of the y-axis is done automatically, relative to the strongest signal within a single run.
(C) Western blot analyses for GAPDH, calnexin, and ATPB protein content in cytosol, crude

mitochondria, and percoll gradient purified mitochondria.

Figure 2: Relative normalized mitomiR expression patterns in cardiac mitochondrial
subpopulations. (A) Hierarchical clustering heat map for the microarray analysis of mitomiR

expression profiles in cardiac mitochondrial subpopulations. CS = control SSM, DS = diabetic
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SSM, CI = control IFM, DI = diabetic IFM; n = 4. All mitomiRs reported in the heat map are
expressed as normalized intensities. (B) QRT-PCR analyses of miR-378 in control and diabetic
whole heart tissue. Values are represented as mean + SE, n = 4. U6 mRNA served as control. (C)
QRT-PCR analyses of mitomiR-378 in SSM and IFM diabetic mitochondrial subpopulations as
compared with control. Values are represented as mean + SE, n = 6. U6 mRNA served as
control. (D) QRT-PCR analyses for pre-miR-378 in SSM and IFM diabetic mitochondrial
subpopulations as compared with control. Values are represented as mean + SE, n = 6 for SSM
and [FM. AMA mRNA served as a reference control; cytoplasm served as a positive control; no

template served as a negative control.

Figure 3: MitomiR-378 and its targeting to the mitochondrial genome. (A) Schematic
representation of miR-378 location in the PPARGC1b (PGC-1b) gene. (B) QRT-PCR
quantification of PGCla and PGCI1 transcripts in control and diabetic hearts. GAPDH served
as control. Values are represented as mean = SE; n = 4 for each group. *P < 0.05 for Control vs.
Diabetic. (C) Evaluation of the minimum free energy (MFE) value that characterizes the stability
of mitomiR-378/mRNA interaction, identified by MicroCosm and RNAhybrid. (D) Relative
luciferase activities of ATP6 reporter co-expressed with miR-378, miR-200c, or plasmid
(pCMV-MIR) control in HEK293 cells 24 hours post transfection. Firefly luciferase activity was
normalized to Renilla luciferase activity. Values are represented as mean = SEM; n = 7 per
group. *p<0.05 for miR-378 vs. all other groups. (E) Western blot analysis of ATP6 in control
and diabetic SSM and IFM. Cox IV serves as a loading control. Values are represented as mean

+ SE; n = 6. *p<0.05 for Control vs. Diabetic. (F) ATP synthase activity expressed in
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activity/min/mg protein. Values are means + SE; n = 8 for each group. *P < 0.05 for Control

IFM vs. Diabetic IFM.

Figure 4: Redistribution of RISC components in the mitochondrion. (A) Western blot analyses
of Ago2 and FXR1 in control and diabetic whole heart. GAPDH serves as loading control. (B)
Quantification of Ago2 protein content in control and diabetic whole heart. Values are means +
SE; n = 3. (C) Quantification of FXR1 protein content in control and diabetic whole heart.
Values are means + SE; n = 4. GAPDH served as loading control. Western blot analyses of Ago2
and FXR1 in Control and Diabetic (D) SSM and (E) Control and Diabetic IFM. Quantification of
(F) Ago2 and (G) FXR1 protein content in control and diabetic mitochondrial subpopulations.

Values are means + SE; n = 3. COX IV serves as a loading control.

Figure 5: Crosslinked immunoprecipitation (CLIP) in cardiac mitochondrial subpopulations and
MitomiR-378 RISC constituent interactions with the mitochondrial genome. (A) Western blots
of biotinylated RNA from CLIP-Ago2 and CLIP-FXRI1 reactions illustrating crosslinked
protein/RNA and the associated gel shift from 80 kDa to 95-110 kDa. (B) Western blot analyses
of CLIP-Ago2 and CLIP-FXR1 subjected to RNAase I treatment at 1:50 dilution (high RNAase)
illustrating interaction between the two proteins in the absence of RNA. (C) CLIP-Ago2 and
CLIP-FXR1 associated enrichment analyses of mitomiR-378 analyzed by qRT-PCR in control
and diabetic cardiac mitochondrial subpopulations. Values are presented as means = SE; n =2
where each individual sample represents a pool of 5 individual animals. (D) CLIP-Ago2 and
CLIP-FXR1 associated enrichment analysis of transcripts for mitochondrial encoded ATP6

mRNA levels as assessed by qRT-PCR analysis in control and diabetic cardiac mitochondrial

38



DOI: 10.1161/CIRCGENETICS.115.001067

subpopulations. Values are presented as means = SE; n = 2 where each individual sample

represents a pool of 5 individual animals.

Figure 6: Genomic sequencing analyses of mitochondrial RISCome association with
mitochondrial mRNA and mitomiRs. (A) Mitochondrially-encoded mRNAs in the diabetic
subpopulations which were differentially expressed in the mitoRISCome relative to controls. (B)
Mapping of the footprint regions of mitochondrial mRNA sequence identified by next generation
sequencing which were present in the mitoRISCome. (C) Genome browser illustration of
mitochondrial RNA-seq reads mapping to rRNA, tRNA, mRNAs; histogram indicates RNA-seq
read distribution which includes the transcript region. (D) MitomiR heat map derived from next
generation sequencing of small RNAs identifying enrichment and depletion patterns within the
mitoRISCome of diabetic SSM and diabetic IFM, relative to respective controls. (E, F) Mapping
of the location of the footprint regions of mitomiR sequence identified by next generation
sequencing which were present in the mitoRISCome and were enriched with tri-nucleotide
motifs, AGG (red blocks) or UGG (yellow blocks). (G) Mapping of mitoRISCome associated
mitomiR-378 enrichment clusters sites in control and diabetic SSM and IFM. (H)

MitoRISCome:mitomiR378 ternary maps for the ATP6 target in the diabetic [FM.

Figure 7: Validation of miR-378 mitochondrial targeting in vitro. (A) RT-PCR analyses for
miR-378 levels in isolated mitochondria from HL-1 (Control) and miR-378 cells; n = 3. (B)
QRT-PCR analyses for ATP6 mRNA in isolated mitochondria from Control and miR-378 cells;
n = 4. (C) Representative Western blot analyses of ATP6 and GW 182 protein levels in isolated

mitochondria from Control and miR-378 cells. COX IV protein expression is utilized as a
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loading control. (D) Quantitative analysis of ATP6 protein levels in isolated mitochondria from
Control and miR-378 cells. Values are expressed per COX IV protein levels; n = 6. (e) ATP
synthase activity in control HL-1 cells and in miR-378 cells; n = 4. Values are means = SE. *P <

0.05 for Control vs. miR-378.

Figure 8: Validation of miR-378 mitochondrial targeting in vivo. Quantitative analyses by
Western blot of ATP6 protein levels following LNA-miR-378 treatment and diabetic induction
in (A) SSM and (B) IFM. COX 1V protein expression is utilized as a loading control and values
are expressed per COX IV. ATP synthase activities levels following LNA-miR-378 treatment
and diabetic induction in (C) SSM and (D) IFM. For ATP6 and ATP synthase analyses. Values
are means = SE, n = 5. *P < 0.05 for Control vs. Diabetic and Control vs. Scrambled. (E)
Representative M-mode images of Control, Diabetic, Scrambled and LNA-miR-378 treated
hearts 5 weeks following diabetes mellitus induction. (F) Quantitative summary of % ejection
fraction and (G) % fractional shortening prior to (baseline) and 5 weeks following diabetes
mellitus induction. Values are means + SE, n = 5. *P < (.05 for baseline vs. 5 weeks; #P < 0.05

for LNA-miR-378 vs. Scrambled. ScR = Scrambled; miR = LNA-miR-378.

40



Heart
U] - 185 28S “
1% ~
Mitochondria -
Mol.wt Heart Molwt SSM II'M &
| . l LA -
2% 200 W00 4000 ]
4000 B SSM
Fu) c3s
10
2000 w—
com— 2
1000 "
25 200 1000 4000 [m]
e c31
P — 20
25 ! 1.5~
1.0
05
0.0
25 200 @ 1000 4000 ]

Crude mitochondria  Percoll mitochondria
sol SSM 1FM SSM IEM

— ——— — e t— —

ATPB

s MR GEEE

GAPDH e . e
_ A

.8

~
Used for microRNA and other
downstream analysis




oy )
R
[
]

i

-
=
L

mitomirs
mmu-let-7a
mmu-ler-7¢
mmu-let-7f
mmu-mik-149
mmu-miR-149*
mmu-mik-23b T T
mmu-mift-1 i i
mmimie Control Diabetic
mmu-mik-125b-5p

[
L

whole heart mi R-378/U6
»

mmu-mik-2 9k
mimu-mik=709
mmu-miR-77
IK-24
=280
21
R-133a
H-133a C
mmu=mik=133b
R-126-3p
R-26Ga
mmu-let-7b
=234 -
R-27b 40
R-135-3 £
-139-3p
mmu-miR-375 E z u
M- o o 304
mmu-
mmu-miR-30a E E
mmu-miR-30d & 8
5 ; 20+
§ 8
g 3 10
S e
= .
| |
0- T
SSMDia IFMDia

mm,
mimu

mmu-miR-3081~
mghv-miR-M1-2-1p
mmu-miR-1895

o

mmu-mil-720

mmu-mik-189/-5p
mmu-miR-3085-3p
mmu-miR-3092
mmu-mii-2145
mmu-miR-G52*

=

[—]
)

]

mmu-miR-3095-3p
mmu-mik-193 /b
mmu-mik-466i-5p
mmu-miR-705

e
s

mmu-miR-3082-5p
mmu-miR-483
-miR-1187
mmu-mik-466h-3p
mmu-miR-574-5p
mmu-mik-3098-5p
mmu-mik-30c-17
mmu-mik-712
mmu-miR-3102*
mmu-miR-877*

)
?

)
-]
'l

Relative Expression
{normalized to C. efegans spike)
o
g

e aee

cytoplasm S5M IFM no template

)
(=]

Relative expression

=38 104



S« B i

g ¥ . *
£ 3 o ==
3 % °
&k o D =
g 0.4+ =
g .
3
@ 0.2+
8 —I“‘-—-.-l
m o.c 1 i t Y
Ctril Dia Ctrl Dia
PGC-1a PGC-1B
MFE= -21.6 kcal/mol; Position 8310
S ————————————————————————————
C - - D
ATPG ] ACUUCCACAAGGAACUCCAAUUUCAC
I Iorrreer =i
miR-378 I;‘WGA——--——CU GAGGUUCA WWAT 1.5
MFE= -20.2 kcal/ 1; Positi BIET . - -
callimo| ‘osition § -
[ o] - mE

ATPE CCAA- UGGCAUUAGCAGUCCGGC
Il F1s ) s LInlde]

SGAAGACUGAGGLU -- UCAGGUCA
miR-378 | 5 5

MEE=-23.5 kcal/mol. Position 3515

Rdio (FL/RL)
L
[
]
*

5 3
ATPE | ACUUCU- ACUC ACAAUUCUAGA 0.0 . - —
L e | .
) GGAAGACUG AG.- QUUCAGAUCA Control miR-200¢ miR-378
miR-378 § & Y
Control Diabetic Control Diabetic
ATPE = — ——— ATFS E '-— —— - _—

wx tku COX lvm

1

Optical Density (AU)
P

Optical

]% = %F? *

T T
Control Diabetic Control Diabetic




Ctrl Dia
T G
GAPDH e
N Sy, W —
B GAPDH C
1.5+ 1.5+
— == — = -
g 1.0 g 1.0 ;; i
§ 0.5 E 0.5
1 [ ]
0.0 T T 0.0 T T
Contraol Diabetic Control Diabetic
Ssmcul  _SSMDia IFM Ctrl IFM Dia

FXR| e s S s— -

COXIV i‘gié‘!f
ponc i 0 R =% % B5

%=
s

=
=
SSMj dI":I‘a'\;l <

AGOD " S o e

FXR1 " =

coxiv R S
Ponc b il 1 83 &3 B4

o

-
LS A



HEeN

CLIP AGO2: 1B ; Biotin

A

— O
s
BES

©
O

AE]
132
AEl
Eld
NSS
30
WNSS

-uuul=

-
b

AEN

I--
80

60 =
40 wam

n
duj
IE
HIEWN
Eld
HE]
43D
NE]
Eld
WSS
141D
WSS
IE

HEN

e e AGO2

-

80
60
40 =

Protein-

RNA complex
lgG

P FXR1:. 1B

IP:AGO2: IB: FXR1

B

Q

& 3S3Sh Dia
m |FM Dia

==

FXRA1

AGO2Z

i

J 1
N

=

|oJiuod 0] dAlR[B]
YNYW 941V dIMD

|

FXR1

AGO2



5
#8 SSMDia =m IFM Dia
o™ ™
o ¢
(O] [=]
<| Q
EZS
LS g
EoD
322
@ EE . . . .
x -] o o] o o] -] -] -] 5,
=z — QO - O™ & o O wm = < Z W0 = 0 [E -]

B o %--------%
I O O O
N O 5
CO2-1013 =
R
.

. O
Ma el is BN N [ U N BV
[ T
NDE-13553 14071
B | 1 ] | | |
Cytb-14146 15289
C Mitochondrial Transeripts ClAllAaA O
e ey, S At | Sy
[ ] 1 a _ —I F
“lssmcontrol
P § W Bee A A m - m A
SSMDlIetlc
& ‘ mfl M A AR = = A A m AR
IFM Control
fe.l*h ‘ A A = - A
IFM Dia betic

Mitochondrial encoded genes




et-7a ANANEEEEEEEEEEEEEEEEEN
miR-23a 1 I O O
v, 5 O O 5 5 5 5

R RN EEEEEEEaE
nik-26a_ MiRZy ANEEEEEEEEE D EEEEEEEN

O
FC [$5M Dia]
FC {[IFM Dial

miR-2137
let—7acsp mir-2sh ANEEEEEEEEEEEENeennnnE
ﬂg:ggg miR_378IIEImIIIIIHIIIIII--I-
miR-22 R.27 EEEEEEE §EFEEEEEEEEEE
ﬂg:gg: MZAEEEEEEE  §SEEEEEEEEEEN
miB-23b miR27b HHENEEEEEENEEEEEEEEEEE
miR-125h N 20 2.0

222asss miR-22

| — By L

o F- UG
G F .
Wt g 33 Wt g 3 8
#i=]=]
chr18 -I':.i S557 488 chr18 -ﬂl1 S57 500 chr18 -l".l-l S57 514 chr 10 -F‘.I-| S57 529 ahr10 I".I1 S57 5an

.Txuruulipﬂﬂdsui Ppage s

microRMA

S8M Contral

335M Diabetic

1FM Conlrol

IFM Diabetic

o| A
H

Fasbp

r T T T T
chrM:7 876 chrM:2 028 chrh:2 177 chri:2 228 chri:2 479

IFM Diabetic -

mitomiR-378 targets regions




E 20+
m

15-

L]

:Q 10=

7

0 T ¥
Control miR-378
Control miR-378

- -

nimal of NADHminfimg

Cor:trol

miR-378

amrecox v ()

Pratein Expressionin
Pure Nitochondria

ATPS mRNA fald change/US

25=
-
20+
15- %
10+ -
5 *
0 T T
Control miR-378
2.0+
1.6 *a
1.0+ I *
-
=
0.6- s ——
L
0.0 T v
Control miR-378



Con

COX Iv | —————

5

=)

=] -

= 1.0

=

a

= 0.5

=

[=]

o
o
-
<

K
__| .ﬁ
>z
X
O
&)

] i

- - o 3
(n) Ausueq eando

- - -] o

©- Control
- Diabetic

¥ scR
& miR

g
5 £
L [Tl
o
o}
o
)]
T [
&ﬂ.wu o
-l
. . L
88220 o
ugajosd Jo BuiuHQWN Jo jowu b
I
['1]
w

uiajo.d jo BuuiwHgyN Jo jouwu

Ejection Fraction

L
8 8 B8

- Diabetic

© Control

¥ scR
& miR

L'y

=

0
Baseline

r
n
@

© ©v o
o ®

(%) uorjoeld uoijoalg

n
~

(%) Buiuapoyg feuoijoeld

Weeks

Weeks

0.
Baseline



