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Excessive reactive oxygen species (ROS) generated in mitochon-
dria is known to be a causal event in diabetic cardiomyopathy.
Recent studies suggest that microRNAs (miRNAs) are able to
translocate to mitochondria to modulate mitochondrial activ-
ities, but the roles of such miRNAs in diabetic cardiomyopathy
remain unclear. We observed a marked reduction of mitochon-
drial gene cytochrome-b (mt-Cytb) in the heart of db/db mice
compared with controls. Downregulation of mt-Cytb by small
interfering RNA (siRNA) recaptured some key features of dia-
betes, including elevated ROS production. Microarray revealed
that none of the miRNAs were upregulated, but 14 miRNAs
were downregulated in mitochondria of db/db heart. miR-92a-
2-5p and let-7b-5p targeted mt-Cytb and positively modulated
mt-Cytb expression. Re-expression of miR-92a-2-5p and let-
7b-5p into cardiomyocytes led to reduced ROS production.
Furthermore, recombinant adeno-associated virus (rAAV)-
mediated delivery of miR-92a-2-5p, but not let-7b-5p, was suffi-
cient to rescue cardiac diastolic dysfunction in db/db heart. Let-
7b-5p not only upregulated mt-Cytb in mitochondria, but also
downregulated insulin receptor substrate 1 in cytosol and finally
lead to no efficiency for improvement of diastolic dysfunction in
db/db mice. Our findings demonstrate that reduced mitochon-
drial miRNAs contribute to impaired mitochondrial gene
expression and elevated ROS production. Re-expression of
miR-92a-2-5p enhances mitochondrial translation and reduces
ROS production and lipid deposition, which finally rescues
diabetic cardiomyopathy.

INTRODUCTION
Cardiovascular complications are the leading causes of diabetes-
related morbidity and mortality.1,2 In the near future, the cardiovas-
cular complications will be able to account for 75% of deaths among
the diabetes population.3,4 Despite advances in developing anti-hy-
perglycemia therapies, the incidence of heart failure in diabetic
patients was not significantly improved,5,6 thus stressing the impor-
tance of understanding the diabetic cardiomyopathy pathogenesis
in order to develop new intervention strategies.

MicroRNAs (miRNAs) are a class of small (�22 nt) non-coding
RNAs that negatively regulate gene expression at post-transcriptional
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levels.7 Interestingly, recent data suggest that miRNAs that may also
regulate gene expression in a positive fashion.8 A recent report dem-
onstrates that miR-1, a miRNA specifically induced during myogen-
esis, not only efficiently targets to mitochondria, but also directly
enhances mitochondrial translation.9 Our previous study reveals a
positive function of miR-21 in mitochondrial translation in the
same way, which is sufficient to reduce blood pressure and alleviate
cardiac hypertrophy in spontaneously hypertensive rats.10 These
studies have raised a new regulatory pattern for miRNAs to function
in mitochondrial reactive oxygen species (ROS) production.

Mitochondrial electron respiratory chain contains complex I
(NADH:ubiquinone oxidoreductase), complex II (succinate dehydro-
genase), complex III (cytochrome bc1 complex), and complex IV
(cytochrome c oxidase).11 Complex I and complex III of the electron
transport chain (ETC) are the major sites for ROS production.12 In
fact, multiple studies suggest that complex III is more important
than complex I in generating mitochondrial ROS (mt-ROS) in the
heart.13,14 Complex III contains 11 subunits, among which Cytb is
the only mtDNA-encoded subunit of complex III.10 Emerging
evidences suggest that mitochondrial dysfunction-induced ROS
might be a central mediator of diabetic heart diseases. Therefore,
the development of therapeutic approaches targeting mitochondrial
biology holds promise for the management of heart failure in diabetic
patients.15 However, the roles of mitochondrial miRNAs in diabetic
cardiomyopathy remain unknown.
The Author(s).
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Downregulation of Mitochondrial Cytb

Was Linked to Increased ROS in db/dbMouse Heart

(A) ROS was detected by DHE probe in frozen heart

sections of db/db mice in comparison with wild-type

controls. n = 3. (B–D) Western blot was performed to

analyze the nuclear DNA encoded ETC subunits (B),

mitochondrial DNA encoded ETC subunits (C), and sta-

tistical analysis (D) in the heart of db/db mice. (E) Quanti-

tative real-time PCR was used to determine the mRNA

levels of ETC subunits in the heart of db/db mice. (F)

Mitochondrial ROS levels were detected by MitoSOX red

in H9c2 cells transfected with si-ND1, si-Cytb, si-COI,

or si-ATP6. n = 3; results from controls were set to 1;

*p < 0.05 versus si-NC.

www.moleculartherapy.org
We hypothesized that altered expression of mitochondrial miRNAs
might be causal to the initiation and/or progression of diabetic
cardiomyopathy. In the present study, we identified that the downre-
gulation of mtDNA-encoded Cytb in db/db mice heart appeared to
directly contribute to the increase of mt-ROS. We found that
miR-92a-2-5p, a key miRNA decreased in diabetic cardiomyopathy,
was able to translocate into mitochondria to counteract mt-Cytb
downregulation. Strikingly, exogenous miR-92a-2-5p delivered by
recombinant adeno-associated virus (rAAV) preserved heart function
in the db/db model, suggesting a new therapeutic strategy against
diabetic cardiomyopathy.

RESULTS
Downregulation of Mitochondrial Cytb Linked to Increased ROS

in db/db Mouse Heart

In db/db mouse heart, the amount of ROS was increased compared to
controls (Figure 1A). As mitochondria are the main source of ROS,
we next measured the expression of mitochondria-encoded subunits
Molecular Therap
by western blotting and quantitative real-time
PCR. We found that nuclear genome
(nDNA)-encoded mitochondrial ETC subunits
NDUFA8, SDHB, and UQCRC2 remained un-
changed (Figure 1B). Interestingly, Cytb, the
only mitochondrial gene-encoded subunit of
ETC III, was significantly decreased in db/db
hearts relative to controls. In contrast, other
mtDNA-encoded subunits, such as ND1 (sub-
unit of ETC I), COI (subunit of ETC IV), and
ATP6 (subunit of ETC V), remained unaltered
(Figures 1C and 1D). However, mRNA levels
of mtDNA-encoded genes remained unchanged
(Figure 1E). These data suggest a compromised
coordination of nDNA and mtDNA-encoded
ETC components in the heart of db/db mouse.

We then explored the use of specific small inter-
fering RNAs (siRNAs) against mtDNA-encoded
Cytb, ND1, COI, and ATP6 to determine their
contributions to ROS production in H9c2 cells.
We found that siRNA to cytochrome b (si-Cytb) specifically caused
elevated ROS in comparison with si-ND1, si-COI, and si-ATP6 (Fig-
ure 1F), which is consistent with our previous study.10 These data
indicate a critical role of Cytb in ROS generation. We therefore
selected Cytb for further investigation.

Global Function of Cytb in Human Cardiomyocytes

We further investigated the global roles of Cytb in cardiomyocytes by
mRNA sequencing (mRNA-seq). Cytb knockdown led to dysregula-
tion of hundreds of genes (Figures 2A and 2B; Data S1). Furthermore,
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway anal-
ysis revealed that tumor necrosis factor (TNF) signaling pathway,
cytokine-cytokine receptor interaction pathway, and nuclear
factor kB (NF-kB) signaling pathway were significantly upregulated
in si-Cytb-treated cardiomyocytes (Figure 2C). Specifically, genes in
the tumor necrosis factor (TNF) signaling pathway such as TNF,
NF-kB, interleukin-1b (IL-1b), IL6, and chemokine (C-C motif)
ligand 2 (Ccl2) were significantly upregulated in si-Cytb-treated
y: Nucleic Acids Vol. 17 September 2019 425
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Figure 2. Global Function of Cytb in Human

Cardiomyocytes Was Analyzed by mRNA-seq

(A) Heatmap of the genes dysregulated in human primary

cardiomyocytes (HCMs) treated with si-Cytb. n = 3. (B)

Volcano plot of genes expressed in control and Cytb

knockdown HCMs. (C) KEGG pathway analysis of genes

upregulated in si-Cytb-treated HCMs. (D) KEGG pathway

analysis of genes downregulated in si-Cytb treated

HCMs.
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cardiomyocytes (Figure S1). Meanwhile, cell cycle, the cyclic AMP
(cAMP) signaling pathway, and the calcium signaling pathway were
downregulated by si-Cytb (Figure 2D). Dysregulated pathways such
as the TNF signaling pathway and NF-kB signaling pathway have
been reported to be important regulators in the progression of dia-
betic cardiomyopathy.16,17 These data suggest potential roles of
Cytb in diabetic cardiomyopathy.

miRNA Profile in Cytosol and Mitochondria of db/db Mouse

Heart

Because exogenous Cytb was not able to translocate into mitochon-
dria, as evidenced by our own data (Figures S2A–S2C) and previous
study,18 the clinical potential of exogenous Cytb overexpression was
limited. Given recently reported roles of miRNAs in mitochondria,
we tested whether Cytb downregulation was mediated by a specific
miRNA in db/db mouse and whether miRNA-based therapy could
modulate mitochondrial Cytb expression. We first performed a
miRNA microarray on RNAs isolated from total lysis and mitochon-
dria from db/db and control hearts, respectively. Total RNA isolated
from heart were enriched with 18S and 28S rRNA, whereas the
absence of 18S and 28S rRNA in the RNA isolated frommitochondria
426 Molecular Therapy: Nucleic Acids Vol. 17 September 2019
indicated no measurable cytosolic RNA
contamination in the mitochondria preparation
(Figure 3A). Moreover, western blotting further
confirmed that there was no cytosolic protein
contamination in the mitochondria preparation
(Figures 3B and 3C).

Total lysis and mitochondria samples from three
control and three db/db hearts were used for
miRNA profile detection. Global miRNA profile
analysis revealed that 24 miRNAs were upregu-
lated and 24 miRNAs were downregulated in
the total lysis of db/db mouse heart (Table S1).
However, no miRNAs were upregulated and 14
were downregulated in the mitochondria from
db/db mouse heart (Table S2).

We have previously revealed a positive regulation
of miRNAs in mitochondrial translation,10 so we
hypothesize that Cytb downregulation might be
mediated by specific mitochondrial miRNAs in
db/db heart. We thus searched for potential miR-
NAs that may specifically target the Cytb transcript. The downregu-
lated miRNAs (in mitochondria and total hearts) were chosen for
miRNA-Cytb prediction. As a result, four miRNAs (miR-669c-5p,
let-7b-5p, miR-92a-2-5p, and miR-702-5p) were predicted to target
the Cytb transcript in conserved regions among human, rat, andmouse
(Figure 3D). Quantitative real-time PCR validation further confirmed
the downregulation of miR-669c-5p, let-7b-5p, and miR-92a-2-5p in
mitochondria of db/db heart (Figures 3E–3G).

To further determine the potential effects of mitochondrial miRNAs
on Cytb expression, we transfected miRNAmimic (miR-669c-5p, let-
7b-5p, miR-92a-2-5p, and miR-702-5p) in cardiomyocytes, finding
that let-7b-5p and miR-92a-2-5p increased Cytb expression in rat
H9c2, murine HL-1, and neonatal rat ventricular cardiomyocytes
(NRVCs) (Figures 3H–3J).

We then tested if overexpression of these miRNAs could protect car-
diomyocytes against palmitate-induced mt-ROS outburst. We found
that overexpression of miR-92a-2-5p or let-7b-5p decreased mt-ROS
level and apoptosis in palmitate-treated cardiomyocytes (Figures 3K
and 3L; Figure S2D). Consistently, inhibition of miR-92a-2-5p or



Figure 3. miRNA Profile Was Performed in Cytoplasmic and Mitochondrial Components of db/db Mouse Heart

(A) Gel electrophoresis was used to analyze the peak of mitochondrial RNA versus total heart. (B and C) Mitochondrial ND1 and GAPDH inmitochondria and cytosol analyzed

by western blot (B) were evaluated for significance using Student’s t test (C). (D) Sequence alignment of miR-92a-2-5p, let-7b-5p, miR-669c-5p, and miR-702 on the Cytb

mRNA from different organisms. (E) Relative expression of selected miRNAs in mitochondria in comparison with cytosol were detected by quantitative real-time PCR. 100 ng

of RNA from cytosol and mitochondria were reverse transcribed and used as template for quantitative real-time PCR. The expression of RNA in mitochondria was repre-

sented using a fold change relative to the value 1 of the cytosol. n = 3; *p < 0.05 versus cytosol. (F and G) Relative expression of selected miRNAs in cytosol (F) and

mitochondria (G) of db/db mouse heart was detected by quantitative real-time PCR. Cytoplasmic RNAs were normalized to GAPDH mRNA and mitochondrial RNAs to 12 s

(legend continued on next page)
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let-7b-5p exacerbated palmitate-induced ROS production (Figures
3K and 3L). These data strongly suggest a protective role of
miR-92a-2-5p and let-7b-5p in diabetic cardiomyopathy.

Overexpression of miR-92a-2-5p but Not let-7b-5p Alleviated

Cardiac Dysfunction in db/db Mice

We next employed the db/db model to determine whether miR-92a-
2-5p or let-7b-5p could alleviate diabetic cardiomyopathy in vivo.
Eight-week-old male db/db mice were divided into three groups
(n = 8 in each), each treated with rAAV-random, rAAV-miR-92a-
2-5p, and rAAV-let-7b-5p for 4 months (Figure 4A). We found
that rAAV-miR-92a-2-5p or rAAV-let-7b-5p treatment increased
the levels of miR-92a-2-5p or let-7b-5p transcripts in mitochondria
of db/db mouse heart as determined by quantitative real-time PCR
(Figure 4B). In accordance, Cytb expression was significantly
increased in rAAV-miR-92a-2-5p- and rAAV-let-7b-5p-treated
db/db mouse heart (Figure 4C). Interestingly, rAAV-miR-92a-2-5p
rescued cardiac diastolic dysfunction such as mitral peak velocity of
early filling to mitral peak velocity of late filling (E/A ratio)
and peak instantaneous rate of LV pressure decline (dp/dt min) in
db/db mice (Figures 4D and 4E). However, rAAV-let-7b-5p had no
effect on cardiac systolic or diastolic dysfunction in db/db mice (Fig-
ures 4D and 4E). rAAV-miR-92a-2-5p or rAAV-let-7b-5p treatments
both had no effect on echocardiography markers such as left ventricle
ejection fraction value, left ventricular internal dimension-systoles
(LVIDs) value, body weight, or blood glucose levels among various
db/db groups (Figures 4F–4K). Consistently, rAAV-miR-92a-2-5p
significantly decreased the section area of myocardial cells, heart fat
deposition, and ROS in db/db mice (Figures 4L–4M). In normal
wild-type mice, overexpression of miR-let-7b-5p and miR-92a-2-5p
had no influence on cardiac function (Figure S2E).

These data demonstrate that miR-92a-2-5p, but not let-7b-5p,
rescued cardiac diastolic dysfunction in db/db mice.

let-7b-5p Decreased IRS1 Expression in Cytosol

miR-92a-2-5p and let-7b-5p both increased Cytb and lowered ROS
level in db/dbmice. However, only miR-92a-2-5p exacerbated cardiac
diastolic dysfunction and lipid deposition in db/db heart. We next
tried to reveal the mechanisms underlying the different effects of
miR-92a-2-5p and let-7b-5p in db/db mice.

Consistent with in vivo studies, overexpression of miR-92a-2-5p, but
not let-7b-5p, decreased palmitate-induced lipid deposition in H9c2
cardiomyocytes (Figure 5A). We then tested whether miR-92a-2-5p
or let-7b-5p could regulate lipid metabolism by targeting non-mito-
chondrial genes. Pathway analysis of genes targeted by let-7b-5p
reveal that mitogen-activated protein kinase (MAPK) signaling-
related genes such as IRS1, AKT1, and IGF1 were potentially
rRNA. n = 8; *p < 0.05 versus wild-type. (H–J) Effects of miR-92a-2-5p, let-7b-5p, m

cardiomyocytes (H), HL-1 cardiomyocytes (I), and NRVCs (J) were detected by western

miR-669c-5p, and miR-702 on mitochondrial ROS under palmitate treatment were dete

incubated with palmitate (0.25 mmol/L) for 24 h; n = 3; results from controls were set t
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regulated by let-7b-5p (Figure 5B). We then performed RNA co-
immunoprecipitation with anti-Ago2, finding that Ago2 showed
increased association with the IRS1 mRNA after let-7b-5p transfec-
tion (Figure 5C). Western blotting further confirmed the downregu-
lation of let-7b-5p on IRS1 expression in cardiomyocytes (Figures 5D
and 5E). Interestingly, downregulation of IRS1 significantly increased
lipid deposition in cardiomyocytes (Figure 5F). These data suggest
that let-7b-5p might increase lipid deposition in cardiomyocytes via
cytoplasmic targets such as IRS1.

To rigorously rule out the effects of let-7b-5p via cytoplasmic targets,
we performed a diagnostic analysis on the differential requirement for
the Ago2 cofactor GW182, which is required for miRNA effects in the
cytoplasm, but not in the mitochondria.9 We have previously
confirmed the knockdown effect of siRNA on GW182 in H9c2 cardi-
omyocytes.10 As expected, GW182 knockdown prevented let-7b-5p-
mediated translational repression of its cytoplasmic target IRS1 (Fig-
ure 5G). However, GW182 RNAi-treated H9c2 cells continued to
show an enhanced Cytb translation by the let-7b-5p mimic (Fig-
ure 5G). Interestingly, after ruling out the indirect effects via
cytoplasmic targets, let-7b-5p mimic decreased lipid content in
GW182 RNAi-treated cells (Figure 5H). MiR-92a-2-5p continued
to decrease lipid deposition in GW182 RNAi-treated cardiomyocytes
(Figure 5H).

Together, these data strongly indicate that miR-92a-2-5p decreased
lipid content in cardiomyocytes via the mitochondrial pathway, while
let-7b-5p both increased and decreased lipid deposition by cytosol
IRS1 and mitochondrial Cytb, respectively (Figure 6; see further in
Discussion).

DISCUSSION
In the present study, we observed a downregulation of the mitochon-
drial genome-encoded Cytb in db/db mouse, which appeared to
directly contribute to the increase of mt-ROS. We found that miR-
92a-2-5p and let-7b-5p were able to translocate into the mitochondria
to counteract mt-Cytb downregulation. We showed that the delivery
of exogenous miR-92a-2-5p by rAAV9 completely rescued cardiac
diastolic dysfunction in the db/db model, suggesting a new therapeu-
tic strategy against diabetic cardiomyopathy. However, let-7b-5p not
only upregulated mitochondrial Cytb, but also decreased IRS1 expres-
sion in cytosol, which lead to unalleviated lipid deposition and cardiac
dysfunction in db/db mice. Our study illustrated the complex roles of
miRNAs in subcellular fractions such as mitochondria and cytosol,
which may lead to new insights into the mechanisms and treatment
strategies for diabetic cardiomyopathy in the future.

In the cardiovascular system, complex III was suggested to be the
major site for ROS production.14,19 Consistently, we found that
iR-669c-5p, and miR-702 on mitochondrial subunits at the protein levels in H9c2

blot. n = 3; *p < 0.05 versus random. (K and L) Effects of miR-92a-2-5p, let-7b-5p,

cted by MitoSOX red probe in H9c2 cardiomyocytes (K) and NRVCs (L). Cells were

o 1; *p < 0.05 versus control, #p < 0.05 versus palmitate-random.



Figure 4. Overexpression of miR-92a-2-5p but Not let-7b-5p Alleviated Cardiac Dysfunction in db/db Mice

(A) Overview of the experimental setup for rAAV-miR-92a-2-5p and rAAV-let-7b-5p treatment (n = 8). (B) Mitochondrial miR-92a-2-5p and let-7b-5p levels were determined

by quantitative real-time PCR in various groups. (C) Cytb protein in the heart of db/db mice were detected by western blot. (D–I) Comparison of echocardiographic and

hemodynamic measurements including E/A ratio (D), dp/dt (E), heart rate (F), EF value (G), LVIDd (H), and LVIDs (I) in rAAV-miR-92a-2-5p- and rAAV-let-7b-5p-treated db/db

mice were shown. (J and K) Body weight (J) and blood glucose (K) in various groups were analyzed every 4 weeks. (L and M) H&E and WGA (L) and oil red and DHE staining

(M) of myocardial tissue were detected in db/db mice. *p < 0.05 versus wild-type, #p < 0.05 versus db/db-rAAV-random.
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Figure 5. let-7b-5p Decreased IRS1 Expression in Cytosol

(A) Lipid deposition in miR-92a-2-5p- and let-7b-5p-treated H9c2 cardiomyocytes was detected by BODIPY probe. n = 3; *p < 0.05 versus control. (B) Pathway analysis was

used to explore the function of genes potentially targeted to miR-92a-2-5p and let-7b-5p by DIANA-miRPath database. (C) mRNA in association with Ago2 in H9c2 cells was

determined by quantitative real-time PCR. n = 3; results from control were set to 1. (D and E) Effects of transfectedmiR-92a-2-5p and let-7b-5p on IRS1, AKT, and IGF1 at the

protein levels were detected by western blot (D) and were repeated three times independently (E). *p < 0.05 versus control. (F) Lipid deposition in si-IRS1-treated H9c2

cardiomyocytes was detected by BODIPY probe. n = 3. (G) Effects of miR-92a-2-5p and let-7b-5p on Cytb and IRS1 protein expression were detected by BODIPY probe

with the miRNA machinery selectively inactivated by knocking down GW182 in the cytoplasm; n = 3; results from si-NC-random were set to 1. (H) Effects of miR-92a-2-5p

and let-7b-5p on lipid deposition were detected by BODIPY probe with the miRNA machinery selectively inactivated by knocking down GW182 in the cytoplasm. Cells were

incubated with palmitate (0.25 mmol/L) for 24 h. n = 3; *p < 0.05 versus si-NC-random; #p < 0.05 versus si-GW182-random.

Molecular Therapy: Nucleic Acids

430 Molecular Therapy: Nucleic Acids Vol. 17 September 2019



Figure 6. A Model Was Provided to Illustrate the Role of miR-92a-2-5p and

let-7b-5p in Diabetic Cardiomyopathy

Roles of miR-92a-2-5p and let-7b-5p in diabetic cardiomyopathy. miR-92a-2-5p

and let-7b-5p were downregulated in mitochondria of db/db mice. Re-expression

of miR-92a-2-5p increased mitochondrial Cytb expression, decreased mitochon-

drial ROS production, and eventually protected against lipid deposition and cardiac

dysfunction in db/db mice. Let-7b-5p showed a similar regulation on Cytb as

miR-92a-2-5p in the mitochondria; however, let-7b-5p also negatively regulated

IRS1 and increased palmitate deposition, leading to unimproved cardiac function in

db/db mice.
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siRNA-mediated silencing of Cytb, which is the only mtDNA-en-
coded subunit of complex III, caused elevated ROS. Mutations in
Cytb have been suggested to be responsible for decreased complex
III activity and increased ROS production and associated with cardiac
hypertrophy and heart failure.20,21 In fact, mitochondrial cardiomy-
opathy has been regarded as a distinct clinical entity in patients
who have underlying genetic defects involving mitochondrial respira-
tory chain. For clinical practice, Cytb restoration might be beneficial
for developing therapeutics against mitochondria-related diseases
such as diabetic cardiomyopathy. However, we found that exogenous
Cytb (Figures S2A and S2B) could not be efficiently imported into
mitochondria by pcDNA3.1 or rAAV vector. Consistent with this, a
previous study also demonstrated the low efficiency of transporting
exogenous Cytb into mitochondria, even when a mitochondrial tar-
geting sequence was inserted.18 In sharp contrast, multiple specific
and non-specific miRNAs were able to enter purified mitochondria
efficiently,9 which might serve as an alternative choice for upregulat-
ing mitochondrial gene expression.

miRNAs are in the spotlight as post-transcriptional regulators of gene
expression.22 They usually act as negative regulators of protein trans-
lation by affecting mRNA stability in the cytoplasm.23 Recently, the
roles of miRNAs in subcellular fractions such as nucleus and mito-
chondria were revealed. Themajority of cellular miRNAs were present
in both the nucleus and the cytoplasm. In the nucleus, miRNAs acted
to regulate the stability of nuclear transcripts and induce epigenetic
alterations that either silence or activate transcription at specific
gene promoters.24 miRNAs were also enriched in or associated with
mitochondria in various species.25,26 Functionally, a recent report
demonstrates that miR-1, a miRNA that specifically induces during
myogenesis, is not only efficiently targeted to mitochondria, but also
is able to enhance mitochondrial translation directly.9 Our previous
study also found that miR-21 was able to translocate into the mito-
chondria to counteract mitochondrial gene downregulation.10 More-
over, our previous work also did not show evidence for liver and kid-
ney toxicity of rAAV9, which implied that the rAAV9 was an ideal
vector formiRNAdelivery.Whether rAAVwas inserted into themito-
chondrial genome along with miRNAs in our system remains to be
investigated. The future studies should minimize the potential off-
target effects of rAAV-mediated mitochondrial-miRNA delivery.

In terms of the mechanism of miRNA-enhanced mitochondrial
translation, three critical requirements for converting miRNA-depen-
dent translational repression to activation have been proposed: (1)
lack of the cap at the 50 end, (2) lack of a typical poly(A) tail at the
30 end, and (3) detachment of GW182 from an Ago protein.27 Inter-
estingly, all mitochondrial transcripts fulfill these requirements,
because mt-mRNAs have no cap nor typical long poly(A) tail. More-
over, GW182 was detected only in the cytoplasm, but not mitochon-
dria.9 Consistent with this, we also found that GW182 knockdown
prevented let-7b-5p-mediated translational repression of its cyto-
plasmic target IRS1. Under these conditions, GW182 RNAi-treated
cardiomyocytes continued to show enhanced Cytb translation by
miR-92a-2-5p and let-7b-5p treatments. Based on these results, the
rearranged miRNA machinery, coupled with the prokaryotic charac-
teristics of the mitochondrial transcripts, might be responsible for
translational enhancement in the mitochondria.

Interestingly, miR-92a-2-5p rescued diastolic dysfunction in db/db
mice, independently of blood glucose and body weight, which suggests
a direct role of miR-92a-2-5p in heart. Diabetic cardiomyopathy in
human is characterized by diastolic dysfunction, which may precede
the development of systolic dysfunction.28 Myocardial steatosis
(lipid accumulation) is reported to be an independent predictor of dia-
stolic dysfunction in type 2 diabetes.29 We observed an increased
cardiac lipid accumulation in diabetic mice, which was rescued by
miR-92a-2-5p. Meanwhile, there was no difference for fibrosis among
various groups (Figure S2F). These data suggest that miR-92a-2-5p
might protect against diastolic dysfunction through decreased cardiac
lipid accumulation, but not fibrosis. However, miR-92a-2-5p had no
effect on systolic dysfunction in db/db mice. It is possible that
decreased miR-92a-2-5p is only part of the mechanisms underlying
diabetic cardiomyopathy, as overexpression of miR-92a-2-5p alone
was insufficient to rescue systolic dysfunction. In addition, rAAV-
miR-92a-2-5p may require extended periods of time to protect against
diabetic systolic dysfunction.

miR-92 (miR-92a-3p) has been extensively studied in various dis-
eases,30–32 but the role of miR-92a-2-5p was largely unknown. In
Molecular Therapy: Nucleic Acids Vol. 17 September 2019 431
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the present study, we found that miR-92a-2-5p was downregulated
in mitochondria of db/db mice heart, and re-expression of miR-
92a-2-5p increased mitochondrial gene Cytb expression. Meanwhile,
miR-92b-5p, another miRNA in the miR-92 family, was also
decreased in mitochondria of db/db mouse heart (Figure S3A). How-
ever, these miRNAs in the miR-92 family, such as miR-92b-5p, miR-
92a-1-5p, and miR-92a-3p, do not target Cytb (Figure S3B). Never-
theless, these miRNAs might still play crucial roles in the progression
of diabetic cardiomyopathy, which needs further investigation.

In terms of let-7b-5p, it is interesting that let-7b-5p acts differently in
mitochondria and cytosol. In fact, even in the cytoplasmic fraction, a
single miRNA could target multiple genes; some of the targets may be
protective, while others may be destructive in the same disease. For
example, miR-494 targeted both pro-apoptotic genes including
PTEN and CAMK2D, as well as anti-apoptotic genes such as
FGFR-2 and LIF.33 As such, the global effects of a specific miRNA
would be the network results of all its target genes. It is also the
case for let-7b-5p in our study—that let-7b-5p promoted lipid depo-
sition and suppressed lipid deposition via cytosol and mitochondrial
gene, respectively. Our study revealed a complicated and sophisti-
cated regulation of miRNAs in subcellular organelles during lipid
deposition.

In summary, our findings reveal a positive function of miR-92a-2-5p
inmitochondrial translation, and its cardiac delivery to animals is suf-
ficient to rescue diastolic dysfunction in db/db mice. These observa-
tions provide a theoretical basis for developing miRNA-based thera-
peutics against diabetic cardiomyopathy.

MATERIALS AND METHODS
Western Blotting

Cell lysate was resolved by SDS-PAGE, transferred to nitrocellulose
membrane, and blocked with 5% non-fat dry milk in Tris-buffered
saline and Tween-20 (TBS-T). The membrane was incubated with
primary antibody overnight at 4�C, followed by peroxidase-conju-
gated secondary antibody for 1–2 h, and finally developed with the
enhanced chemiluminescence (ECL) system (Beyotime Institute of
Biotechnology, Nanjing, China). Antibodies used in the present study
were listed in Table S3.

Quantification of ROS Production

Dihydroethidium (DHE; Invitrogen, Carlsbad, CA, USA) was applied
to frozen heart sections at 40 mM for 30 min. Fluorescence intensity
was measured under a Nikon DXM1200 fluorescence microscope
and analyzed with the Image-Pro software (Media Cybernetics,
Bethesda, MD, USA).

Mt-ROS was measured with MitoSOX red (Invitrogen, Carlsbad, CA,
USA) in H9c2 cells as described.10 In brief, cells were washed three
times with PBS. MitoSOX red (5 mM) was added to the media and
incubated for 30 min at 37�C in the dark. mt-ROS was quantified
by flow cytometry (BD Biosciences, CA, USA) with 510 nm excita-
tion/580 nm emission filters.
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mRNA Sequencing (mRNA-Seq)

RNA-seq and data analyses were performed by Personal Biotech-
nology (Shanghai, China). The threshold value for significance was
a fold change > 2 with a p value of p < 0.05.

Mitochondria Isolation

Mitochondria were isolated using a MACS mitochondria extraction
kit from Miltenyi Biotec (Bergisch Gladbach, Germany) as
described.26 In brief, cells were lysed and mitochondria were magnet-
ically captured with anti-TOM22 antibody-coated beads, and eluted
mitochondria were collected by centrifugation at 13,000 � g for
2 min at 4�C.

miRNA Profile

RNAs were isolated from total hearts and mitochondria of three con-
trols and three db/db mice, respectively. RNA quality and quantity
were assessed by Agilent 2200 Bioanalyzer (Agilent Technologies,
Santa Clara, CA, USA).

RNA samples were labeled and hybridized onto the surface of a
1 � 12k mouse miRNA microarray (RiboArray miDETECT mouse
array, miRbase v21.0; RiboBio, Guangzhou, China). Scanning was
performed with the GenePix 4000B microarray scanner (Molecular
Devices). Scanned images were then imported into GenePix Pro
6.0 software for grid alignment and data extraction.34 p < 0.05
was considered significant.

miRNA Target Prediction

The miRBase (http://www.mirbase.org/) and RNAhybrid (https://
bibiserv.cebitec.uni-bielefeld.de/rnahybrid/submission.html)35 web-
sites were used for miRNA-(mito)RNA prediction. A minimum
free energy of hybridization lower than �20 kcal/mol is sufficient
for formation of a miRNA/mRNA complex,36,37 and was used as a
cut-off value.

For miRNA-mRNA (cytosol) prediction, miRPath was utilized to
predict miRNA-mRNA targeting provided by experimental valida-
tion data derived from DIANA-TarBase v6.0.38,39

Cell Culture and Transfection

The H9c2 cells and 293T cells were obtained from the American Type
Culture Collection (ATCC, Manassas, VA, USA) and cultured in
DMEM supplemented with 10% fetal bovine serum (FBS) (Life Tech-
nologies, Carlsbad, CA, USA). Human primary cardiomyocytes
(HCMs) used in this experiment are from a single fetal donor, not
pooled (ScienCell research laboratories; lot# 18387). HCM cells were
maintained in cardiac myocyte medium (CMM; ScienCell research
laboratories), according to the instruction manual. CMM consists of
basal medium, FBS, cardiac myocyte growth supplement (CMGS),
and penicillin/streptomycin solution. Murine HL-1 cardiomyocytes
were cultured in Claycomb medium supplemented 100 mM norepi-
nephrine stock (consisting of 10 mM norephinephrine [Sigma, the
Netherlands] dissolved in 0.3 mM l-ascorbic acid [Sigma]), 4 mM
l-glutamine (Gibco, theNetherlands), and 10% FBS (Life Technologies,

http://www.mirbase.org/
https://bibiserv.cebitec.uni-bielefeld.de/rnahybrid/submission.html
https://bibiserv.cebitec.uni-bielefeld.de/rnahybrid/submission.html
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Gaithersburg, MD, USA) as described.40 miRNA mimics (50 nM), in-
hibitors (50 nM), siRNAs (50 nM; Smart Silencer is a mixture of three
siRNAs and three antisense oligonucleotides), and random small RNA
controls (50 nM) were transfected into cells by Lipofectamine 2000
(Life Technologies, Carlsbad, CA, USA). All of them were designed
and synthesized by Riobio (Guangzhou, China), and sequences were
listed in Table S4.

For primary cardiomyocyte NRVC isolation, hearts were removed
from newborn rats (0–3 days) and cut into pieces. The tissues were
then incubated in a balanced salt solution containing 0.2% collage-
nase type 2 (Invitrogen) for 5 min at 37�C. The digestion buffer
was replaced six times, at which point the tissues were completely di-
gested. The collected primary cells were passed through a cell strainer
(200 mesh) and then seeded onto Petri dishes and incubated for
90 min. The supernatant (cardiomyocytes) was collected and plated
in DMEM supplemented with 10% FBS, and the adherent cells
(cardiac fibroblasts) were cultured under the same conditions as
above. Primary cells were confirmed by immunofluorescence staining
with antibodies directed against cardiomyocyte-specific marker
a2-actinin (ACTN2, Sigma) and fibroblast-specific antigen prolyl-
4-hydroxylase (P4HB, Acris), as previously described.41

RNA Extraction and Quantitative Real-Time PCR

Total RNA was isolated using TRIzol and reverse transcribed with
SuperScript III first strand synthesis kit (Life Technologies, Carlsbad,
CA, USA). Real-time PCR assays were performed with the SYBR
select master mix (Life Technologies, Carlsbad, CA, USA) on a
7900HT FAST real-time PCR system (Life Technologies, Carlsbad,
CA, USA). All reactions were performed in triplicate. The data
were analyzed as described.41 Primers used in the present study
were listed in Table S5.

Fatty Acid Stain

Washed cells were incubated in PBS containing 10 nM BODIPY
(4,4-difluoro-1,3,5,7,8-pentamethyl-4-bora-3a,4a-diaza-s-indacene;
Molecular Probes, Eugene, OR, USA) for 15 min at 37�C. BODIPY
lipid probes was used as a stain for neutral lipids and a tracer for oil
and other non-polar lipids. After washing twice with ice-cold PBS,
cells were analyzed by fluorescence microscopy.

Construction and Preparation of rAAVs

rAAV vectors (type 9) were used to express miR-92a-2-5p, let-7b-5p,
and the appropriate controls in heart tissues in vivo. The rAAV-9 sys-
tem was a kind gift from Dr. Xiao Xiao (University of North Carolina
at Chapel Hill). Three plasmids used to co-transfect HEK293 cells
were purified as we described previously.34,42

Animals

The animal study was approved by the Institutional Animal Research
Committee of Tongji Medical College. For in vivo experiments, male
db/db mice generated in C57BLKS/JNju background and control
wild-type mice (Model Animal Research Center of Nanjing Univer-
sity) were used. All experiments were performed in accordance
with the ARRIVE guidelines and NIH guidelines for animal welfare.
All animals were maintained under a 12 hr light/12 hr dark photope-
riod, with free access to water and food. We randomly divided the db/
db mice into three groups (n = 8 in each group): rAAV-miR-random,
rAAV-miR-92a-2-5p, and rAAV-let-7b-5p. The mice were injected
with the corresponding rAAVs via tail vein at 8 weeks of age.
Measurement of Cardiac Echocardiography

Upon anesthetization, echocardiography was performed with a
30-MHz high-frequency scanhead (VisualSonics Vevo770, Visual-
Sonics) as described previously.43 To monitor LV catheterization, a
catheter manometer (Millar 1.4F, SPR 835, Millar Instruments) was
inserted via the right carotid artery into the left ventricle. After stabi-
lization, data were continuously recorded. Cardiac function parame-
ters were calculated with the PVAN software (Millar Instruments,
Houston, TX, USA) as described.43
Histology Staining

Formalin-fixed hearts were embedded in paraffin and sectioned into
4-mm slices. The morphology, fibrosis, and lipid deposition were
detected by H&E, wheat germ agglutinin (WGA), Sirius red, and oil
red staining, respectively. Tissue sections were visualized by micro-
scope and measured by mage-Pro Plus version 6.0 (Media Cyber-
netics, Bethesda, MD, USA).
RNA Immunoprecipitation

Lysed cell extracts were immunoprecipitated with anti-Ago2 antibody
(Abnova, Taiwan, China) or immunoglobulin G (IgG) (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) using protein G Sepharose
beads (Santa Cruz Biotechnology, Santa Cruz, CA, USA), as
described.10 After eluted from the beads, bound RNA were extracted
with TRIzol and quantified by quantitative real-time PCR.
Statistical Analysis

The data were expressed as mean values ± SEM (n noted in specific
figure legends). Differences between groups were evaluated for signif-
icance using Student’s t test of unpaired data or one-way ANOVA
with Bonferroni post-test. p < 0.05 was considered statistically
significant.
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