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Abstract

Cardiovascular disease is the primary cause of mortality for individuals with type 2 diabetes 

mellitus. During the diabetic condition, cardiovascular dysfunction can be partially attributed to 

molecular changes in the tissue, including alterations in microRNA (miRNA) interactions. 

MiRNAs have been reported in the mitochondrion and their presence may influence cellular 

bioenergetics, creating decrements in functional capacity. In this study, we examined the roles of 

Argonaute 2 (Ago2), a protein associated with cytosolic and mitochondrial miRNAs, and 

Polynucleotide Phosphorylase (PNPase), a protein found in the inner membrane space of the 

mitochondrion, to determine their role in mitochondrial miRNA import. In cardiac tissue from 

human and mouse models of type 2 diabetes mellitus, Ago2 protein levels were unchanged while 

PNPase protein expression levels were increased; also, there was an increase in the association 

between both proteins in the diabetic state. MiRNA-378 was found to be significantly increased in 

db/db mice, leading to decrements in ATP6 levels and ATP synthase activity, which was also 

exhibited when overexpressing PNPase in HL-1 cardiomyocytes and in HL-1 cells with stable 

miRNA-378 overexpression (HL-1-378). To assess potential therapeutic interventions, flow 

cytometry evaluated the capacity for targeting miRNA-378 species in mitochondria through 

antimiR treatment, revealing miRNA-378 level-dependent inhibition. Our study establishes 

PNPase as a contributor to mitochondrial miRNA import through the transport of miRNA-378, 

which may regulate bioenergetics during type 2 diabetes mellitus. Further, our data provide 

evidence that manipulation of PNPase levels may enhance the delivery of antimiR therapeutics to 

mitochondria in physiological and pathological conditions.
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1. Introduction

Type 2 diabetes mellitus currently affects 29 million Americans, with an inordinate cost to 

society of $245 billion in medical bills and missed work [1,43]. Further, type 2 diabetes 

mellitus serves as a major risk factor for cardiovascular disease. During type 2 diabetes 

mellitus, when cardiac tissue becomes insulin resistant, a proteomic, transcriptomic and 

epigenomic remodeling occurs as an adaptive mechanism to the pathological insult 

[2,44,46]. Our laboratory and others have shown that the assault to the transcript can occur 

in both the cytosol and mitochondria within the cardiomyocyte [44,50]. Cardiac 

mitochondrial subpopulations have previously been shown to have distinct functional 

differences [37,47,49,87]. Our laboratory has shown that during type 1 diabetes mellitus, 

mitochondria located between the myofibrils, interfibrillar mitochondria (IFM), are 

negatively impacted to a greater extent, while the mitochondria residing directly below the 

sarcolemmal membrane, subsarcolemmal mitochondria (SSM), are predominantly affected 

during type 2 diabetes mellitus [8–10,22–25,50,88].

MicroRNAs (miRNAs) are a type of noncoding RNA that have been shown to play a vital 

role in the regulation of gene expression through degradation of target messenger RNAs 

(mRNAs) or translational repression [61]. MiRNAs exert their influence through binding to 

the 3′-untranslated region of the target mRNAs [61]. The association of a miRNA with the 

RNA-induced silencing complex (RISC) has been shown in the cytoplasm, with the 

Argonaute (AGO) family proteins functioning to help in miRNA repression through the 

inhibition of protein synthesis when bound to the 3′-untranslated region of the mRNA 

[6,39]. A variety of groups, including our own, has also indicated the presence of miRNA in 

the mitochondria [3,5,13–15,27,28,50,55,83–85, 89,98]. MiRNA species have the ability to 

target mRNA transcripts produced by the mitochondrial genome in the mitochondrion to 

control mRNA stability and degradation [27,28,33]. The electron transport chain (ETC) and 

ATP synthase are housed within the mitochondrial matrix and inner mitochondrial 

membrane; the differential expression of miRNAs in these mitochondrial locales, with the 

ability of miRNAs to target these components of cellular bioenergetics, is consequential to 

the overall functionality of the organelle.

In disease states, miRNA expression in the mitochondria can fluctuate [32,34,68]. 

Specifically, in diabetes mellitus, miRNA-378 was shown to be increased in the 

mitochondrion [50]. MiRNA-378 presence was associated with decreases in ATP synthase 

activity through binding to the ATP6 transcript encoding an essential F0 subunit of ATP 

synthase. This dynamic led to a decrease in cellular ATP content and bioenergetics [50]. 

Polynucleotide Phosphorylase (PNPase), situated in the inner mitochondrial membrane and 

extending into the intermembrane space, is known to facilitate the transport of ribosomal 

RNA (rRNA) and transfer RNA (tRNA) based on their hairpin-loop structure [3,92,93]. 

PNPase also functions to edit and degrade RNA, as well as plays a role in controlling 
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cellular senescence and cell cycle [59,76,77,80]. Interestingly, a major determining factor 

between RNA degradation or transport by PNPase seems to be the length of the RNA 

species’ 3′ overhang. Wang et al. showed that an 8 nucleotide (nt) 3′ overhang of a mRNA 

species resulted in degradation while a 0–2 nt 3′ overhang led to transport [57,84]. Other 

studies suggest that the machinery facilitating protein import into the mitochondria may also 

contribute to RNA import [3,36,54,75,78,81,82].

PNPase has been established to play an important role in the import of nuclear RNA 

[75,78,92]; however, evaluating its role in miRNA transport could provide the first 

mechanistic view of miRNA import into the mitochondria. The current manuscript focuses 

on PNPase as a key player in miRNA import into the mitochondrion, interacting with Ago2 

to shuttle miRNA from the cytosol into the mitochondrion. Specifically, we examine how 

PNPase expression can control bioenergetics through the regulation of mitochondrial 

miRNA-378 levels. The present study demonstrates that the overexpression of PNPase in the 

diseased state may have negative consequences on bioenergetics by facilitating miRNA-378 

translocation into the mitochondrion; showing, for the first time, a mitochondrial miRNA 

import pathway.

2. Materials and methods

2.1. Human tissues

The West Virginia University Institutional Review Board and Institutional Biosafety 

Committee approved all protocols. Patients undergoing cardiac valve replacement or 

coronary artery bypass graft surgery at Ruby Memorial Hospital in Morgantown, West 

Virginia, allowed the release of the right atrial appendage tissue to the West Virginia 

University School of Medicine. Patients were characterized as non-diabetic or type 2 

diabetic based on a previous medical diagnosis of type 2 diabetes mellitus. Pericardial fat 

was trimmed from right atrial appendage samples and mitochondria isolated as previously 

described [8,9,22–26,65,67,88,95].

2.2. Experimental animals

The animal experiments performed in this study conform with the National Institutes of 

Health Eighth Edition Guidelines for the Care and Use of Laboratory Animals and were 

approved by the West Virginia University Animal Care and Use Committee. Mixed gender 

db/db mice (strain FVB.BKS(D)-Leprdb/ChuaJ) and wild-type (WT) littermate controls 

(Jackson Laboratories, Bar Harbor, ME) were housed and bred in the West Virginia 

University Health Sciences Center animal facility. Microisolator cages were used to 

maintain animals with ad libitum access to food and water and housed on a 12 h light/dark 

cycle in a temperature-controlled room. All mice were aged to approximately 20–22 weeks 

old and then euthanized for experimentation.

2.3. Preparation of individual mitochondrial subpopulations

At approximately 20–22 weeks of age, db/db mice and littermate controls were euthanized, 

hearts excised and cardiac mitochondrial subpopulations were isolated for analyses as 

previously described following the methods of Palmer et al. [67] with minor modifications 
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by our laboratory [8,9,22,24–26,65,88]. After isolation of mitochondrial subpopulations 

from both animal and human cardiac tissue, SSM and IFM were further purified by percoll 

gradient (23%, 15%, 10% and 3% percoll solution). The samples were centrifuged in a 

Beckman Optima MAX-XP Ultracentrifuge (Beckman Coulter, Fullerton, CA) at 32,000 ×g 
for 8 min. Mitochondrial subpopulation pellets were resuspended in the appropriate buffer 

for each assay. Protein concentrations were determined using the Bradford method with 

bovine serum albumin as a standard [17].

2.4. Cell culture

For cell culture experiments, the mouse cardiomyocyte cell line (HL-1), which maintains a 

cardiac-specific phenotype following repeated passages, was used as previously described 

[10,21,50]. The miRNA-378 HL-1 overexpressing cell line (HL-1-378) generated by our 

laboratory was also used as previously described [50]; stably overexpressing miRNA-378 

through a pre-miRNA-378 miRNA expression plasmid (pCMV-MIRNA) (Product # 

sc401025; Origene, Rockville, MD). Cells were grown up in a humidified atmosphere of 5% 

CO2/95% air and maintained at 37 °C in Claycomb media (Sigma Aldrich, St. Louis, MO) 

with 10% fetal bovine serum and other supplements as previously described [10].

2.5. Overexpression and knockdown of PNPase

Cells were seeded and transfected at 60% to 70% confluence. PNPase transient 

overexpression, Pnpt1 (BC055826) mouse cDNA clone (Origene, Rockville, MD), and 

knockdown, Pnpt1 (ID 71701) Trilencer-27 Mouse siRNA (Origene, Rockville, MD), was 

established through transfection of HL-1 and HL-1-378 cell lines using. Efficiency of the 

siRNA was determined and transfected at 5 nM. Briefly, FuGENE 6 Transfection Reagent 

(Promega, Madison, WI) was used per manufacturer’s instructions. Forty-eight hours post 

transfection, cells were washed with PBS and harvested. In order to account for variations in 

plasmid uptake by cells, the number of samples in the cohort (n) was determined by the 

number of independent transfections. Mitochondria were isolated using a mitochondrial 

isolation kit (Biovision, Milpitas, CA) for protein, qPCR, and enzymatic analyses [50].

2.6. qPCR analyses

Total RNA was isolated from mitochondria in the HL-1 and HL-1-378 overexpression cell 

lines and FVB-db/db animals and converted to cDNA using the miRNA First Strand cDNA 

Synthesis kit (Origene) per the manufacturer’s protocol. The cDNA was used with SYBR 

Green components in a total sample volume of 25 μL: 12.5 μL 2× SYBER Green I qPCR 

Master Mix (Origene), 9.5 μL RNAse/Nuclease free H2O,1 μL of primer for the control (U6) 

or experimental group (MP300294 – miRNA-378, Origene), and 2 μL of cDNA (~500 ng/

μL). Data are expressed as fold change relative to the difference in Ct expression of the 

miRNA-378 to U6 log expression. All samples were run in duplicate for both the 

miRNA-378 and U6 primers. Standard deviation values in either primer pair exceeding a Ct 

value of 0.5 were excluded from the study. An Applied Biosystems 7900HT Fast Real-Time 

PCR System (Applied Biosystems, Foster City, CA) was used for analysis, with reaction 

conditions optimized to Origene’s qSTAR miRNA qPCR Detection System instructions.
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2.7. Immunoprecipitation analyses

Dynabeads® protein G (Life Technologies, Grand Island, NY) were used to determine 

protein associations between Ago2 and PNPase per the manufacturer’s instructions. Briefly, 

50 μL of Dynabeads® protein G were incubated with either anti-PNPT1 (PNPase; OriGene, 

Rockville, MD) or anti-AGO2 (Abcam, Cambridge, MA) primary antibody overnight. The 

beads were subsequently washed in NP-40 buffer and 150 μg of mitochondrial protein, as 

determined by the Bradford method, was resuspended with beads and NP-40 wash/binding 

buffer; this was incubated overnight. Finally, beads were washed and loading dye added to 

the samples. Western blots were performed on the eluted protein and subsequently probed 

with the protein of interest to examine the associations.

2.8. Western blot analyses

SDS-PAGE was run on 4–12% gradient gels, as previously described [8,9,24,56,65,88,95] 

with modifications. For assessment of protein content, equal amounts of protein were loaded 

as determined by the Brad-ford method using bovine serum albumin as a standard as 

previously described [17]. Further, assessment of protein loading control was done by 

utilizing the COXIV antibody and Ponceau S solution (Sigma, St. Louis, MO). Relative 

amounts of PNPase, Ago2, ATP6, GAPDH, and COXIV were assessed using the following 

primary antibodies: anti-PNPT1 (PNPase; OriGene, Rockville, MD); anti-AGO2 (Abcam, 

Cambridge, MA); anti-ATP6 (Abcam, Cambridge, MA); anti-GAPDH (Abcam, Cambridge, 

MA); and anti-COXIV (Cell Signaling Technology, Danvers, MA). The secondary 

antibodies used in the analyses were goat anti-mouse IgG horseradish peroxidase (HRP) 

conjugate (Pierce Biotechnology, Rockford, IL) for Ago2 and GAPDH and goat anti-rabbit 

IgG HRP conjugate (Cayman Chemical, Ann Arbor, MI) for the PNPase, ATP6 and CoxIV 

primary antibodies. Pierce Enhanced Chemiluminescence Western Blotting Substrate (Pierce 

Biotechnology; Rockford, IL) was used to detect signal per manufacturer’s instructions. A 

G:Box Bioimaging system (Syngene, Frederick, MD) was used to detect signals and data 

were captured using GeneSnap/GeneTools software (Syngene, Frederick, MD). 

Densitometry was analyzed using Image J Software (National Institutes of Health, Bethesda, 

MD) and expressed as arbitrary optical density units.

2.9. ETC complex activities

ETC complex activities I, III, and IV were measured in mitochondria isolated from the cells 

spectrophotometrically as previously described [24–26,48,90]. Briefly, by measuring NADH 

oxidation at 340 nm, complex I activity was determined. Complex III activity was measured 

by assessing the reduction of cytochrome c at 550 nm in the presence of 50 μM of reduced 

decylubiquinone, while complex IV activity evaluated cytochrome c oxidation at 550 nm. 

Further, ATP synthase activity was measured as oligomycin-sensitive ATPase activity using 

an assay coupled with pyruvate kinase, which converts ADP to ATP and produces pyruvate 

from phosphoenolpyruvate as described previously [24,38,70,72]. Values for complex 

activities were expressed as nanomoles substrate converted/min/mg of protein.
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2.10. miRCURY LNA™ microRNA transfections

To determine whether a therapeutic designed to competitively bind and repress miRNA-378 

in the mitochondria can be enhanced in the presence of increased PNPase levels, we 

introduced a miRNA-378 antimiR that was fluorescently labeled (product number: 

4,100,838-111, sequence: CTTCTGACTCCAAGTCCAG, miRCURY LNA™ Power 

microRNA inhibitor, 5 nmol, 5′-fluorescein labeled, Exiqon A/S, Vedbaek, Denmark). A 

scrambled sequence, Negative Control A (product number: 199,006-111, sequence: 

TAACACGTCTATACGCCCA, miRCURY LNA™ Power microRNA inhibitor control, 5 

nmol, 5′-fluorescein labeled, Exiqon A/S, Vedbaek, Denmark) was used as a control. 

Transfections were performed per manufacture’s guidelines, with some alterations. Briefly, 

cells were transfected with either the miRNA-378 antimiR or Negative Control A LNA 

construct in 12-well plates at a 20 nM concentration. Both the HL-1 and HL-1-378 cell lines 

were used for analysis (described above), with varying expression levels of PNPase 

(described above). Cells were transfected at 60% confluency and allowed to remain in the 

transfection media for at least 24 h.

2.11. Fluorescence imaging

Cells were imaged 24–48 post transfection on a Zeiss Axiovert 40 CFL Microscope 

(Thornwood, NY). The Zeiss AxioCam Icc 1 Rev. 4 Color CCD Camera (Thornwood, NY) 

was used for both phase contrast (20×/0.30 LD A-Plan Phase Contrast) and epifluorescence 

GFP imaging (X-Cite 120 Q Light Source (Lumen Dynamics, Ontario, Canada)). Images 

were captured using the Zen 2011 (Zeiss, Thornwood, NY) software. Images were processed 

using Adobe’s Photoshop CC 2017.

2.12. Flow cytometry

Total mitochondria were isolated from cells after fluorescence imaging (as described above) 

and incubated with 100 nM of Mitotracker Deep Red 633 (Product no. M22426, Invitrogen, 

Carlsbad, CA). Functionality of the mitochondria were maintained during flow cytometric 

analysis using filtered sucrose. Thesholding, using Mitotracker Deep Red 633, provided the 

basis for the number of events registered and was used to quantify the percent of GFP 

fluorescent mitochondria using the FACSDiva 8.0 software (BD Biosciences, San Jose CA) 

on the LSRFortessa equipped with a FSC PMT (BD Biosciences) in the WVU Flow 

Cytometry and Single Cell Core Facility. A GFP negative (no stain) cohort in both the HL-1 

and HL-1-378 cell lines was used for normalization of GFP expression. MiRNA-378 LNA 

and scramble LNA (Negative Control A) GFP levels was analyzed using FCS Express 5 

Flow Cytometry 32 bit software (De Novo Software, Glendale, CA). Samples were first 

gated with Mitotracker and FSC-A, followed by SSC-A and FSC-A gating.

2.13. Ingenuity pathway analyses

Conceptual illustration of the PNPase/miRNA-378 mitochondrial import pathway was 

designed using the Ingenuity Pathway Analysis (IPA) software. The “Mitochondrial 

Dysfunction Metabolic Pathway” was generated through the use of QIAGEN’s IPA 

(www.qiagen.com/ingenuity) and used as a structural model for the basic design.
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2.14. Statistics

Means ± SEMs were calculated for all data sets. Data were analyzed with a two-tailed 

Student’s t-test to compare differences between groups (GraphPad Software, La Jolla, CA) 

where a P ≤ 0.05 was considered significant.

3. Results

3.1. Ago2 expression during type 2 diabetes mellitus

Because Ago2 has been shown to have miRNA binding capacity independent of the RISC 

complex [16,19,20,31,60,62], we hypothesized that Ago2 may be supplying miRNAs to 

PNPase at the mitochondrion. We assessed the protein expression of Ago2 in both the 

mitochondrial and cytosolic fractions of the cell. When assessing the Ago2 protein content 

in human non-diabetic and type 2 diabetic patients, no change was noted in either cardiac 

mitochondrial subpopulation (Fig. 1A–B). Similarly in the db/db mouse, SSM and IFM 

displayed no alterations in Ago2 protein expression levels (Fig. 1D–E). Ago2 protein 

expression was also not significantly altered in human type 2 diabetic (Fig. 1C) and db/db 
mouse (Fig. 1F) cytosolic fractions. Though the cytosolic fraction of the human, and to a 

lesser extent the mouse, appears to have a trend to lower Ago2 levels, lack of an observable 

change in Ago2 expression in the diabetic state suggests that absolute Ago2 levels are not 

significantly altered in the heart during type 2 diabetic insult. Nevertheless, these findings do 

not eliminate the potential of an active role for Ago2 during type 2 diabetic insult, but rather, 

that a such a role is not associated with changes in its protein content.

3.2. PNPase expression during type 2 diabetes mellitus

Because PNPase has RNA binding capacity and because it is has been reported to influence 

the import or RNA into the mitochondrion, we hypothesized that this role may extend to 

miRNAs. Interestingly, PNPase protein content was increased in SSM from type 2 diabetic 

patients, (Fig. 2A); however, no changes in PNPase protein expression in the IFM was noted 

(Fig. 2B). Similarly, PNPase protein content was increased in SSM in db/db mice (Fig. 2C), 

while no changes were noted in the IFM (Fig. 2D). PNPase protein expression was also 

assessed in non-diabetic and type 2 diabetic cytosolic fractions. Unlike Ago2, cytosolic 

fractions of both the human atrial appendages (Fig. 2E) and db/db whole heart tissue (Fig. 

2F) showed no discernable signal, suggesting the localization of PNPase within the 

mitochondrion.

3.3. Ago2 and PNPase association in the mitochondrion

Because both Ago2 and PNPase have been observed in the mitochondrion, we determined 

whether an association between the two existed in the mitochondrion. We 

immunoprecipitated Ago2 from the mitochondrial pellet and found that PNPase was co-

immunoprecipitated in both the SSM and IFM subpopulations (Fig. 3A–B). Interestingly, 

the SSM showed an increased association of immunoprecipitated Ago2 with PNPase in 

db/db mice (Fig. 3A), while the IFM revealed no difference in the association of these 

proteins (Fig. 3B). We then performed the reciprocal immunoprecipitation with PNPase, 

immunoprecipitating with PNPase and looking to see if Ago2 co-immunoprecipitated with 
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the protein. Again, we found the association between the 2 proteins (Fig. 3C–D). We 

observed a trending increase in association between PNPase and Ago2 in the SSM of the 

type 2 diabetic animals as compared to their controls (Fig. 3C). Because of the much smaller 

protein quantities immunoprecipitated, protein quantification between groups becomes more 

difficult to assess [64], potentially attributing to the trending, and not significant, increase 

observed in the SSM. Though an association between PNPase and Ago2 existed in the IFM, 

no significant differences were observed between the control and db/db mice (Fig. 3D).

3.4. miRNA-378 expression in the mitochondrion

To determine whether the type 2 diabetic setting influenced mitochondrial miRNA-378 

levels, we used a qPCR approach. We found an increase in miRNA-378 levels in SSM 

isolated from db/db cardiac tissue, with no changes noted in the IFM (Fig. 4A). Since 

miRNA-378 is predicted to target ATP6 within the mitochondrion [50], we assessed ATP6 

protein levels in the SSM and IFM from control and db/db mice (Fig. 4B). Our data revealed 

a decrease in ATP6 protein expression in the type 2 diabetic SSM, with no changes in the 

IFM subpopulation (Fig. 4B). Diminished ATP6 levels in the SSM during type 2 diabetes 

mellitus should precipitate decrements in ATP synthase activity, which were observed in the 

type 1 diabetic, but in the IFM [50]. We previously assessed the ATP synthase activity form 

type 2 diabetic subpopulations and found activity was decreased in the SSM [24]. In order to 

see if this effect was subpopulation independent, we analyzed total mitochondrial ATP 

synthase activity, revealing a decrease in activity in db/db mice relative to littermate controls 

(Fig. 4C). Complexes I, III, and IV activities were also measured in animal and cell culture 

models. Complex IV was shown to be significantly decreased in cell lines overexpressing 

miRNA-378, suggestive of the predicted binding affinity of miRNA-378 with mitochondrial 

cytochrome c oxidase 3 (mtCOX3) (Table 1) [50]. Taken together, these data suggest a 

coordinated response in which miRNA-378 expression influences mitochondrial genome-

encoded ATP6 and ultimately, down-regulation of ATP synthase functionality.

3.5. PNPase overexpression and knockdown in cell culture models

We developed a stable HL-1 cell line with enhanced expression of miRNA-378 (HL-1-378) 

[50]. MiRNA-378 overexpression in the mitochondria isolated from this cell line was 

substantial (Fig. 5A) and, in previous studies, we found that both ATP6 mRNA and ATP6 

protein expression levels were decreased in these cells [50]. Compared to the HL-1 cell line, 

HL-1-378 cells also had a significantly lower ATP synthase activity, suggesting a change in 

the basal ATP synthase activity of the cell line (Fig. 5B). HL-1 cardiomyocytes were 

transfected with either a plasmid encoding PNPase, displaying increased PNPase levels in 

isolated mitochondria, or siRNA against the PNPT1 gene, displaying decreased PNPase 

levels in isolated mitochondria (Fig. 5C). Overexpression of PNPase led to a significant 

increase in miRNA-378 levels in the mitochondrion of HL-1 cells, but knockdown of the 

protein did not significantly alter mitochondrial miRNA-378 levels (Fig. 5D). In HL-1-378 

cells, overexpression of PNPase lead to a significant rise in mitochondrial miRNA-378, 

while knockdown conversely significantly diminished this effect (Fig. 5E). These findings 

support the contention that PNPase expression is linked to mitochondrial miRNA-378 

import.
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3.6. Effects of PNPase and miRNA-378 expression on cellular function

With changing dynamics of mitochondrial miRNA-378 in the presence of PNPase 

expression, we wanted to examine how cellular bioenergetics was impacted. ATP synthase 

activity was measured in HL-1 cells, with PNPase overexpression resulting in a lower ATP 

synthase activity but with no change during knockdown of the protein (Fig. 6A). In the 

HL-1-378 cell line, ATP synthase activity revealed a decrease in activity for cells 

overexpressing PNPase while also showing a significant recovery of activity after knocking 

down the protein (Fig. 6B). We also wanted to examine how treating cells with an antimiR 

for miRNA-378 could change the energetic profile. Previously, we have shown that treating 

with antimiR-378 restored function in HL-1-378 cells [50]. With the overexpression of 

PNPase, we found that antimiR-378 treatment of HL-1-378 cells restored ATP synthase 

activity to baseline and knockdown of the protein allowed for a significant increase in ATP 

synthase activity (Fig. 6C). We also wanted to verify that the change in ATP synthase 

activity was due to a change in mitochondrial ATP6 levels. Protein levels of HL-1-378 cells 

revealed a decrease in ATP6 levels when overexpressing PNPase, while no change was 

observed in the knockdown (Fig. 6D). ATP6 levels were found to increase in antimiR-378 

treated HL-1-378 cells when PNPase was overexpressed (Fig. 6E). This data continues to 

emphasize the role of PNPase in changing bioenergetics through mitochondrial miRNA-378 

import.

3.7. Mitochondrial miRNA-378 antimiR treatment

To explore the potential of therapeutic interventions on controlling mitochondrial 

miRNA-378 levels, we employed antimiR treatment to competitively inhibit miRNA-378. 

HL-1 and HL-1-378 cell lines were transfected with miRNA-378a-3p (LNA-378) or a 

scrambled LNA control (Negative Control A) and fluorometrically examined (Fig. 7A). 

Representative fluorescent images for the HL-1-378 control, PNPase overexpression, and 

PNPase knockdown treatments are included, indicating similar transfection capacity across 

groups. Mitochondria were isolated from cells and examined using flow cytometry, in order 

to determine the amount of a given LNA that was imported. Mitochondria were gated using 

Mitotracker Deep Red 633, with the population further filtered using the forward (FSC-A) 

and side (SSC-A) scattered light (Fig. 7B). The antimiR-378 and scrambled LNA control 

GFP expression were referenced to the no-GFP baseline (0.22 and 0.26% GFP for the HL-1 

and HL-1-378 no stain groups, respectively). Fig. 7C shows a representative expression 

profile for each of the groups. In the HL-1-378 cell line, transiently overexpressing PNPase 

increased antimiR-378 incorporation into the mitochondria while knocking down PNPase 

resulted in a decrease of antimiR-378 import (Fig. 7D). The HL-1 cell line showed a 

significant decrease in antimiR-378 import during PNPase knockdown, while all other 

groups, including Scramble controls, showed no significant changes. Demonstrating that 

antimiR treatment can be differently regulated by PNPase expression provides an initial look 

into the therapeutic potential of this protein.

4. Discussion

Mitochondrial dysfunction is central to the etiology of cardiovascular complications seen in 

diabetic patients [8,9,23–25,40,73,79,88,95]. Within the mitochondrion, complex functional 
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processes occur, such as oxidative phosphorylation and ATP synthesis, which are critical in 

an appropriately functioning organelle. With the mitochondrion playing a crucial role in 

providing energy and maintaining homeostasis in the cell, it is important to evaluate the 

impact that miRNAs have on mRNA and protein expression in the mitochondrion. MiRNAs 

localized to the mitochondrion have been found to target essential processes directly, such as 

energy metabolism, and indirectly such as apoptosis [27,28,50, 52,55,68]. The recent 

characterization of miRNA localization to various organelles within the cell, along with 

changes in miRNA species and levels during pathological states suggests a role in miRNA-

mediated pathologic phenotypes [3,41,69].

Das et al. found an increase in miRNA-181c in cardiomyocyte mitochondria during heart 

failure, which targets and represses mitochondrial cytochrome c oxidase 1 (mtCOX1), an 

important component of ETC complex IV [27,28,30]. Further, the role of miRNA-378 in 

controlling metabolic processes through targeting mediator complex subunit 13 (Med13) in 

the liver and insulin-like growth factor 1 (IGF-1) and ATP6 in the heart has been 

demonstrated [18,50,53]. Our laboratory previously found an increase in miRNA-378 in 

cardiac mitochondria during type 1 diabetic insult, which resulted in decreased ATP6 protein 

content and ATP synthase activity in IFM [50]. A more complete understanding of miRNAs 

on metabolic processes and translocation dynamics within the mitochondrion during disease 

states could prove imperative in fully understanding the pathology. The mechanisms of 

miRNA intercellular transport via exosomes and intracellular transport into the nucleus have 

been elucidated; including nuclear translocation of miRNAs through co-localization of the 

Ago2/miRNA complex with Importin 8 on the nuclear membrane [94]. The process of 

miRNA import into the mitochondrion, however, has proven elusive [7,29,35,94]. To date, 

there are no mechanistic pathways described for the complete mitochondrial miRNA import 

process, and it is unknown how pathological states can alter the mitochondrial miRNA 

import dynamic [66,71].

Utilizing PNPase for RNA import into the mitochondrion requires the presence of a specific 

stem-loop secondary structure in the target RNA [57,92]. Interestingly, Barrey et al. found 

that pre-miRNA-302a and pre-let-7b are predicted to fold into these stem-loop 

configurations, leading to the assumption that PNPase could be critical for the import of 

these pre-miRNAs into the mitochondrion [5]. Additionally, we propose in this study that 

Ago2 as part of the RISC serves as a mediator in the localization of miRNAs to the 

mitochondria and potentially facilitates miRNA movement into the mitochondrial matrix via 

PNPase. In this manuscript, we have shown the association of PNPase with Ago2, which is 

increased during type 2 diabetic insult, potentially allowing for additional miRNA entry into 

the mitochondrion. Interestingly, Ago2 has been shown to associate with mitochondrial 

transcripts mtCOX1 and mtCOX3, along with miRNA-181c, indicating that this protein and 

the RISC may play a key role in the association of miRNAs being imported into the 

mitochondrion [4,12,28]. However, at current, the mechanism allowing Ago2 to migrate into 

the inner mitochondrial membrane to interact with PNPase, or any other protein constituent, 

is unknown.

Structurally, PNPase is composed of four to five primary domains with the KH and S1 

domain located at the C-terminal end of the polypeptide [57,77,99]. The KH and S1 domain 
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are conserved motifs known to have RNA-binding specificity [86,96] and are likely the key 

regulators controlling recognition of miRNAs by PNPase. It has been shown that altering 

amino acids within the KH and S1 domains of PNPase can change how the protein interacts 

with RNA, decreasing the RNA binding efficiency and disrupting the synergistic role of the 

two domains [96]. In mitochondrial miRNA import, the regulation of amino acids within the 

KH and S1 domains may contribute to the diversity of miRNAs imported.

The current study shows that PNPase expression influences mitochondrial miRNA-378 

levels, but evaluating how the protein is regulated within the nuclear genome could prove 

vital in understanding the onset/progression of a pathology. In the diabetic condition, it is 

now beginning to be understood how cardiovascular complications can be linked to changes 

in the epigenome, both through DNA methylation [91,97] and histone modifications [42]. 

Studies in diabetic skeletal muscle have also demonstrated how nuclear-encoded 

mitochondrial protein expression can be regulated through DNA methylation [58,74]. 

Assessing the epigenetic regulation of PNPase during diabetes mellitus could provide a more 

complete picture of the transcriptional control of the protein and how therapeutic approaches 

can be used to alter its expression.

Other therapeutic approaches could include miRNA mimics, increasing miRNA species 

levels, or supplementation with antimiRs or antagomirs, decreasing miRNA species levels; 

this may have the potential to attenuate or reverse decrements due to pathological states. 

MiRNA therapeutic strategies are currently being used in the clinic to treat hepatitis C virus, 

with clinical trials of miRNA mimics and antagomirs underway [51]. A variety of miRNA-

based therapies to address type 2 diabetes mellitus and heart disease are in the preclinical 

trial stage, providing the need for comprehensive study on miRNA effects on different 

cellular organelles. One such biologic is antagomir-208a, which has been shown to increase 

systemic metabolism, display a lean phenotype when provided a high-fat diet, and improve 

overall cardiac function [11,45,63]. This study has begun to examine the potential use of 

antimiRs in targeting miRNA-378 within mitochondria, but it is of interest whether 

inhibition of miRNA-378 using an antimiR during type 2 diabetes mellitus will provide 

benefits to cardiac mitochondrial function and cardiac contractile function. Further, our data 

provide evidence that manipulation of PNPase levels may enhance our potential for 

delivering antimiR therapeutics to mitochondria in physiological and pathological 

conditions.

In the current study we acknowledge some limitations to the design and interpretations of 

results. The knockdown of PNPase, though shown to express significantly lower protein 

levels than control, may not be sufficient in some cases to completely diminish the effects of 

miRNA-378. Though complete knockout of PNPase is embryonic lethal [93], a conditional 

animal knockout or cell culture knockout of PNPase should be examined in the future to 

observe how this impacts miRNA import into the mitochondria.

In conclusion, our data support the concept that PNPase participates in the translocation of 

miRNA-378 into the mitochondrion (Fig. 8). In the diabetic condition, PNPase levels were 

shown to increase, correlating with increased mitochondrial miRNA-378. With transient 

overexpression of PNPase in cell culture models, the diabetic condition was mimicked, 
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showing increased mitochondrial miRNA-378 and decreased ATP synthase activity. 

Additionally, we have established the capacity of antimiR therapy to be used in targeting 

mitochondrial miRNA-378 as a potential therapeutic for restoring bioenergetic function. 

Together, these findings suggest that during type 2 diabetes mellitus, PNPase may be a 

constituent in the import mechanism of miRNAs into cardiac mitochondria. This work 

begins to elucidate the potential of PNPase as a mitochondrial miRNA import protein, 

revealing new questions about the regulation and specificity, and how to target this process 

in the future.
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Fig. 1. 
Ago2 expression levels in human and mouse models of type 2 diabetes mellitus. Ago2 

expression from non-diabetic (closed bars, n = 5) and diabetic (open bars, n = 5) human 

atrial tissue in (A) SSM and (B) IFM subpopulations. Ago2 expression levels in non-diabetic 

and db/db mice in (D) SSM and (E) IFM subpopulations. Ago2 expression levels in 

cytoplasmic fractions of both (C) human and (F) mouse cardiac tissue. Western blotting 

quantified to COXIV in the mitochondria. Values are means ± SE. † = P ≤ 0.075. Ago2 = 

Argonaute 2, SSM = subsarcolemmal mitochondria, IFM = interfibrillar mitochondria, ND = 

non-diabetic, T2DM = type 2 diabetes mellitus.
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Fig. 2. 
PNPase expression levels in human and mouse models of type 2 diabetes mellitus. PNPase 

expression from non-diabetic (closed bars, n = 5) and diabetic (open bars, n = 5) human 

atrial tissue in (A) SSM (P ≤ 0.055) and (B) IFM subpopulations. PNPase expression levels 

in non-diabetic and db/db mice in (C) SSM and (D) IFM subpopulations. PNPase expression 

levels in cytoplasmic fractions of both (E) human and (F) mouse cardiac tissue. Western 

blotting quantified to COXIV in the mitochondria. Values are means ± SE. * = P ≤ 0.05, † = 

P ≤ 0.075. PNPase = Polynucleotide Phosphorylase, SSM = subsarcolemmal mitochondria, 

IFM = interfibrillar mitochondria, ND = non-diabetic, T2DM = type 2 diabetes mellitus.
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Fig. 3. 
Evaluation of the binding of Ago2 and PNPase through immunoprecipitation in db/db and 

littermate control mice. Ago2 was immunoprecipitated then transferred and run on a SDS-

PAGE gel where the (A) SSM and (B) IFM were probed for PNPase, in both the non-

diabetic (closed bars, n = 5) and diabetic (open bars, n = 4) groups. Alternatively, PNPase 

was immunoprecipitated then transferred and run on a SDS-PAGE gel where the (C) SSM 

and (D) IFM were probed for Ago2. Values are means ± SE. * = P ≤ 0.05, † = P ≤ 0.075. 

Ago2 = Argonaute 2, PNPase = Polynucleotide Phosphorylase, SSM = subsarcolemmal 

mitochondria, IFM = interfibrillar mitochondria, ND = non-diabetic, input = 50% input 

control.
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Fig. 4. 
The relationship between miRNA-378 and bioenergetics. (A) MiRNA-378 levels in the SSM 

and IFM, in both the non-diabetic (closed bars, n = 4) and db/db (open bars, n = 4) groups. 

(B) ATP6 levels in the SSM and IFM. (C) ATP Synthase activity of mitochondria from 

control and db/db animals. qPCR Ct values were normalized to U6 expression. Western 

blotting quantified to COXIV. Values are means ± SE. * = P ≤ 0.05. SSM = subsarcolemmal 

mitochondria, IFM = interfibrillar mitochondria, ND = non-diabetic.
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Fig. 5. 
The influence of PNPase on mitochondrial miRNA-378 in cell culture models. (A) HL-1 and 

HL-1-378 miRNA-378 fold change. (B) ATP synthase activity of HL-1 and HL-1-378 cell 

lines. (C) Representative western blot of transient PNPase overexpression and knockdown in 

HL-1 cells. (D) Expression of mitochondrial miRNA-378 in HL-1 cells during normal, 

overexpressing, and knocked down expression of PNPase. (E) Expression of mitochondrial 

miRNA-378 in HL-1-378 cells during normal, overexpressing, and knocked down 

expression of PNPase. qPCR Ct values were normalized to U6 expression. N = 4 for each 

group. Values are ± SE. * = P ≤ 0.05. HL-1 PNPase = murine cardiomyocyte cell line 

transiently overexpressing or knocking down Polynucleotide Phosphorylase (PNPase), 

HL-1-378 PNPase = murine cardiomyocyte cell line stably overexpressing miRNA-378a-3p 

while transiently overexpressing or knocking down Polynucleotide Phosphorylase (PNPase).
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Fig. 6. 
The influence of PNPase and mitochondrial miRNA expression on bioenergetics. ATP 

synthase activity was measured in (A) HL-1, (B) HL-1-378, and (C) HL-1-378 with 

antimiR-378 cells with manipulations to the expression of PNPase. (D) Western blot analysis 

for mitochondrial ATP6 in HL-1-378 control, PNPase overexpressing, and PNPase 

knockdown cells. (E) Western blot analysis for mitochondrial ATP6 in HL-1-378 cells 

transfected with antimiR-378 with normal and overexpressing levels of PNPase. Western 

blotting quantified to COXIV in the mitochondria. Values are means ± SE. * = P ≤ 0.05. 

HL-1 PNPase = murine cardiomyocyte cell line transiently overexpressing or knocking 

down Polynucleotide Phosphorylase (PNPase), HL-1-378 PNPase = murine cardiomyocyte 

cell line stably overexpressing miRNA-378a-3p while transiently overexpressing or 

knocking down Polynucleotide Phosphorylase (PNPase). AntimiR PNPase = HL-1-378 cell 

line transfected with antimiR-378 while transiently overexpressing or knocking down 

Polynucleotide Phosphorylase (PNPase).
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Fig. 7. 
MiRNA-378 antimiR import into the mitochondria visualized through fluorescence imaging 

and flow cytometry. Cells were transfected with (A) miRNA-378 antimiR LNA or scramble 

LNA in both HL-1 and HL-1-378 cell lines and visualized qualitatively for transfection 

efficiency. (B) Flow cytometry was used to measure mean fluorescence of mitochondria, 

gating to Mitotracker Deep Red 633. (C) Samples were compared to respective no-stain GFP 

controls (Mean fluorescence ≤ 0.25). Control HL-1 and HL-1-378 cells, (n = 4) and PNPase 

overexpression and knockdown in each cell line (n = 4) were evaluated. (D) Observed 

changes during flow cytometric analysis. Values are means ± SE. * = P ≤ 0.05. LNA = 

locked nucleic acid for miRNA-378 antimiR LNA, scram = locked nucleic acid for Negative 

Control A, HL-1 PNPase = murine cardiomyocyte cell line transiently overexpressing or 

knocking down Polynucleotide Phosphorylase (PNPase), HL-1-378 PNPase = murine 

cardiomyocyte cell line stably overexpressing miRNA-378a-3p while transiently 

overexpressing or knocking down Polynucleotide Phosphorylase (PNPase).
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Fig. 8. 
Graphical illustration of PNPase and the changing dynamics in the mitochondrion during 

type 2 diabetes mellitus. In the non-diabetic state, fewer PNPase proteins are located within 

the intermembrane space of the mitochondria, resulting in fewer miRNA-378 transcripts 

being imported. During type 2 diabetes mellitus, an increase in PNPase expression results in 

increased associations with Ago2, which provide for additional influx of miRNA-378 into 

the mitochondrion. These miRNA-378 transcripts target mt-ATP6 mRNA, resulting in fewer 

catalytically active proteins. The lack of mt-ATP6 protein expression contributes to a 

decrease in bioenergetics through disrupting the F0 complex of ATP synthase. Ago2 = 

Argonaute 2, mt-ATP6 = mitochondrial ATP synthase F0 subunit 6, PNPase = 

Polynucleotide Phosphorylase.
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Table 1

Complex I, III, and IV activities for both animal (FVB and FVB – db/db) and cell culture groups. All groups 

are represented as an n = 4. Values are means ± SE. HL-1 PNPase = murine cardiomyocyte cell line transiently 

overexpressing or knocking down Polynucleotide Phosphorylase (PNPase), HL-1-378 PNPase = murine 

cardiomyocyte cell line stably overexpressing miRNA-378a-3p while transiently overexpressing or knocking 

down Polynucleotide Phosphorylase (PNPase). AntimiR PNPase = HL-1-378 cell line transfected with 

antimiR-378 while transiently overexpressing or knocking down Polynucleotide Phosphorylase (PNPase).

Complex I Complex III Complex IV

FVB 235.07 ± 34.05 63.01 ± 10.82 52.75 ± 12.71

FVB - db/db 339.74 ± 18.16 54.90 ± 18.96 76.36 ± 18.98

HL-1 140.39 ± 3.17 38.32 ± 4.55 38.31 ± 9.06

HL-1 PNPase OE 156.66 ± 17.96 43.37 ± 3.61 42.46 ± 10.83

HL-1 PNPase KD 131.31 ± 17.83 38.19 ± 6.13 36.65 ± 7.07

HL-1-378 143.48 ± 37.19 41.34 ± 1.66 12.46 ± 3.31

HL-1-378 PNPase OE 118.22 ± 40.61 36.29 ± 7.41 12.38 ± 2.68

HL-1-378 PNPase KD 131.76 ± 9.88 33.14 ± 5.25 11.97 ± 2.00

AntimiR 151.06 ± 13.06 45.75 ± 3.06 10.88 ± 2.19

AntimiR PNPase OE 167.07 ± 14.68 36.93 ± 3.38 14.06 ± 4.82

AntimiR PNPase KD 157.34 ± 19.57 59.56 ± 6.47 13.93 ± 1.70
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