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MicroRNAs (miRNAs) control the expression of diverse sub-
sets of target mRNAs, and studies have found miRNA dysregu-
lation in failing hearts. Expression of miR-29 is abundant in
heart, increases with aging, and is altered in cardiomyopathies.
Prior studies demonstrate that miR-29 reduction via genetic
knockout or pharmacologic blockade can blunt cardiac hyper-
trophy and fibrosis in mice. Surprisingly, this depended on spe-
cifically blunting miR-29 actions in cardiomyocytes versus
fibroblasts. To begin developing more translationally relevant
vectors, we generated a novel transgene-encoded miR-29 inhib-
itor (TuD-29) that can be incorporated into a viral-mediated
gene therapy for cardioprotection. Here, we corroborate that
miR-29 expression and activity is higher in cardiomyocytes
versus fibroblasts and demonstrate that TuD-29 effectively
blunts hypertrophic responses in cultured cardiomyocytes
and mouse hearts. Furthermore, we found that adeno-
associated virus (AAV)–mediated miR-29 overexpression in
mouse hearts induces early diastolic dysfunction, whereas
AAV:TuD-29 treatment improves cardiac output by increasing
end-diastolic and stroke volumes. The integration of RNA
sequencing and miRNA-target interactomes reveals that miR-
29 regulates genes involved in calcium handling, cell stress
and hypertrophy, metabolism, ion transport, and extracellular
matrix remodeling. These investigations support a likely versa-
tile role for miR-29 in influencing myocardial compliance and
relaxation, potentially providing a unique therapeutic avenue
to improve diastolic function in heart failure patients.

INTRODUCTION
Heart failure (HF) is a leading cause of death, affecting�2%of theworld
population.1,2 Despite clinical advances, mortality rates remain high,
with �50% of patients dying within 4 years of disease onset; hence,
studies to advance our insight into disease pathogenesis, risk factors
for HF, and potential therapeutic targets remain essential. HF is a car-
diomyopathy resulting from structural and functional deficits that
impair the ability of the heart to output adequate blood supply to sup-
port the metabolic demands of the body. HF classifications primarily
include HF with reduced ejection fraction (HFrEF; EF %40%) and
HFwithpreservedEF (HFpEF; EFR50%).AlthoughHFrEF is typically
caused by ischemic or dilated cardiomyopathies, resulting in decreased
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contractility (i.e., impaired systolic function), HFpEF is associated with
various risk factors and comorbidities, including hypertension, obesity/
diabetes, and aging. These promote adverse myocardial remodeling
(e.g., fibrosis, concentric myocyte hypertrophy), leading to ventricular
stiffness and impaired relaxation and filling during diastole, thus
decreasing stroke volume (SV) and cardiac output (CO). Given the
increased incidence of these risk factors around the world, the incidence
of HFpEF is rising and expected to soon surpass HFrEF. 2

Mechanistic studies have unveiled several important biological path-
ways in HF pathogenesis, including perturbations in cardiomyocyte
sarcomere structure/function, calcium handling, metabolism, electro-
physiologic activity, and cell viability, as well as activation of proinflam-
matory and profibrotic signaling cascades, ultimately leading to
myocardial demise.3,4 These diverse disease processes coincide with sig-
nificant alterations in myocardial gene expression patterns influenced
by transcriptional and posttranscriptional regulatory controls, with
many shared changes observed in hearts from human HF patients
(e.g., explants) and animal models of HF.5,6 Several groups have exam-
ined the potential roles for altered microRNA (miRNA) expressions
and/or activities in HF,7–9 since miRNAs serve as master regulators of
the transcriptome and play critical roles in cardiac biology.10 Mamma-
lian genomes encode for �2,000 unique miRNAs, which can incorpo-
rate into Argonaute (Ago)-RNA-induced silencing complexes
(RISCs) to guide targeted mRNA destabilization through miRNA-
mRNA base pairing, typically via the seed region (positions 2–8 of the
miRNA) or other noncanonical base pairing modes.11,12 These small
RNAs are capable of regulating a diverse set of target mRNAs to
uniquely coordinate a biological response, and their potential to serve
as therapeutic targets is being investigated for a broad range of
diseases.13,14

For example, expressions of miR-29 family members (miR-29a/b/c)
are abundant in heart, altered in various cardiomyopathies, elevated
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Figure 1. miR-29 target mRNAs are broadly reduced

in aging human and mouse hearts

Publicly available transcriptome-wide gene expression

data from studies, including cardiac tissue samples

collected form young and old humans or mice, were

analyzed to assess levels of miR-29 target mRNAs (blue,

genes harboring empirically determined binding sites

by Ago2 HITS-CLIP [high-throughput sequencing of

crosslinked immunoprecipitates; Ago2-bound mRNA

fragments]25), relative to all other genes (red). For each

dataset, cumulative fraction curves for miR-29 targets

show clear leftward shifts, indicative of broad

downregulation in aging hearts (for humans, ages 18–34

years versus 62–80 years, n = 21/group, and for rats,

ages 4 months versus 22 months, n R 5/group). GEO

accessions (GSE no.) and Kolmogorov-Smirnov test

p values are shown.

Molecular Therapy: Nucleic Acids
in diabetic/obese subjects, and increased in aging.15–20 The miR-29
family is highly conserved across species, including humans and ro-
dents, and is predicted to engage many of the same target sites within
shared genes across vertebrates; for example, of 1,012 miR-29a/b/c
target genes predicted in mice, 952 are also predicted targets in hu-
mans (per the TargetScan database11). Many of these shared targets
are involved in extracellular matrix (ECM) remodeling, and much
of the published work on miR-29 biology has focused on its antifi-
brotic functions with therapeutic implications.15,21,22 However, recent
studies have demonstrated that miR-29 reduction via cardiomyocyte-
targeted genetic knockout or systemic pharmacologic blockade with
anti-miRNA (anti-miR) oligonucleotides is sufficient to prevent
stress-induced cardiac hypertrophy and fibrosis in mice.23 Given
that cell-targeted gene knockout is not readily translatable toward
therapies and that chronic whole-body delivery of miR-29 anti-miR-
NAs would be expensive and likely to elicit other adverse peripheral
consequences, there remains a need to begin generating more trans-
lational viral-based gene therapy vectors to inhibit miR-29 and assess
their potential to improve heart function. Furthermore, although
miR-29 is an established key player in cardiac biology and disease,
the breadth of mRNAs that are functionally regulated (beyond pre-
diction) by miR-29 in the heart have not been interrogated with
adequate transcriptomic investigations. Here, we corroborate that
myocardial miR-29 is more abundantly expressed and active in cardi-
omyocytes relative to fibroblasts and demonstrate that a transgene-
encoded miR-29 inhibitor (Tough Decoy24 [TuD-29]) is capable of
blunting hypertrophic responses in cultured cardiomyocytes and
mouse hearts subjected to pressure overload. In addition, we found
that adeno-associated virus (AAV)–mediated miR-29 overexpression
in mouse hearts induces signs of diastolic dysfunction and reduced
CO, whereas AAV:TuD-29 treatment improves CO by increasing
end-diastolic volume (EDV) and SV. Integration of RNA sequencing
(RNA-seq) with miR-target interactome data reveals that miR-29 reg-
ulates genes involved in several key pathways relevant to HF—for
example, calcium handling, lipid and ketone metabolism, cell stress,
and ECM remodeling. Altogether, our findings highlight a potential
role for miR-29 in regulating myocardial compliance and relaxation,
supporting the notion that miR-29 may serve as an attractive thera-
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peutic target to be considered further for the treatment of diastolic
dysfunction and/or HFpEF.

RESULTS
miR-29 target genes are broadly downregulated in aged rodent

and human heart tissues

Advanced age is a key recognized risk factor provoking HFpEF onset
and progression. Several published reports indicate that miR-29 family
member expressions in myocardial tissues increase with age18,19; how-
ever, there have been no published efforts to correlate these changes
with broad decreases in miR-29 target genes in aged hearts. To address
this, we reanalyzed publicly available data from previous studies that
profiled transcriptomic alterations in hearts collected from humans
and rodents of various ages. Cumulative fraction analyses were
performed to compare fold change distributions of miR-29 targets,
specifically those that we previously empirically identified in our bio-
chemically determined human cardiac miR-mRNA target interactome
dataset (obtained via Ago2 HITS-CLIP, high-throughput sequencing
of crosslinked immunopreciptates).25 Notably, in both humans and
rats, we found that miR-29 target mRNAs overall are significantly
shifted toward lower expression in aged heart tissues (for humans,
ages 18–34 years versus 62–80 years, n = 21/group, GEO: GSE57338,
and for rats, ages 4 months versus 22 months, n R 5 each, GEO:
GSE421; Figure 1).

miR-29 family members exhibit enriched expression in cardiac

myocytes and provoke hypertrophy

Initial studies onmiR-29 in the heart focused onmiR-29 family mem-
ber expressions in cardiac fibroblasts and antifibrotic roles through
the suppression of several collagen genes.15,26 However, our previous
miRNA-target interactome studies in human heart tissues revealed
that miR-29 engages several cardiomyocyte-enriched mRNA tran-
scripts (e.g., those encoding Serca2a, Ryr2, and S100a1),25 and more
recent reports indicate that miR-29 expression levels are higher in
cardiac myocytes, relative to fibroblasts.23 We previously obtained
similar findings when quantifying miRNA expressions in cardiomyo-
cytes versus nonmyocytes (i.e., predominantly fibroblasts and endo-
thelial cells) isolated from mouse hearts. The integrity of our cell



Figure 2. miR-29 expression is enriched in cardiomyocytes and promotes hypertrophy in NRCMs

Cardiomyocytes (CM) and non-CM cardiac cells (predominantly fibroblasts and endothelial cells) were harvested from adult mouse hearts (n = 3), and qPCR was performed

to first quantify miRNA expressions for miR-133b (a known CM-enriched miRNA) andmiR-21 (a known fibroblast-enriched miRNA) to assess integrity of the cell isolations (A).

qPCR was then performed to quantify the expression levels of miR-29 family members a/b/c in the cell fractions (B). (A and B) Data were normalized to total RNA and plotted

as mean ± SEM relative to the CM group. (C) NRCM cultures were cotransfected with GFP-expression plasmid and either miR-Neg or pre-miR-29a, and cell size of GFP+

transfected NRCMs was assessed 72 h later and plotted as a violin plot (n R 50/group). (D and E) NRCMs were transfected with GFP-expression plasmid with or without

miR-Neg (Control) or with pre-miR-29a, and live-cell confocal imaging of GFP+ was done to assess steady-state Ca2+ transients with 30-s pacing at 1-Hz field stimulation. (D)

Representative line scan images and traces are shown. (E) Quantitative data for Ca2+ transient peak amplitudes are plotted (n > 50/group). p values were determined by

2-tailed unpaired t tests. **p < 0.01; ***p < 0.001; ****p < 0.0001.
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isolations was verified by quantifying miR-133b and miR-21 levels,
which are almost exclusively expressed in myocytes and fibroblasts
respectively (Figure 2A). Quantification of miR-29 family members
indicated that miR-29a/b/c each exhibit �2- to 4-fold higher expres-
sion in cardiomyocytes, relative to nonmyocytes (Figure 2A), corrob-
orating the findings by Sassi et al..23 This was further supported by a
reanalysis of our human cardiac miRNA-target interactome data,
which showed that biochemically isolated miR-29 targets favored car-
diomyocyte versus fibroblast-enriched mRNAs by a factor of 2- to
4-fold, based both on the number of target sites identified and bulk
miR-29 binding signal (i.e., summed peak heights) within genes
that exhibit cell-enriched expression (defined as those with >5-fold
differential mRNA expression in cardiomyocytes versus fibroblasts,
based on available RNA-seq data from myocardial cell isolates,
GEO: GSE58453) (Figure S1).27

In addition to calcium targeting genes, our previous miRNA-target in-
teractome data also hinted at a role for miR-29 in cardiomyocyte hy-
pertrophy (e.g., through targeting of PIK3R1 and GSK3B).25 To test
this, we transfected neonatal rat cardiomyocytes (NRCMs) with syn-
thetic pre-miR-29a and observed a >2-fold increase in NRCM cell
size at 48 h posttreatment, relative to scrambled miRNA negative con-
trol (miR-Neg) (Figure 2B). In parallel, we evaluated beat-by-beat cal-
cium transients in NRCMs using live-cell confocal imaging. We found
that miR-29a transfected NRCMs displayed substantially higher cal-
cium transient peak amplitudes compared with controls (GFP and
miR-Neg, p < 0.001), whereas Tpeak (time to peak) and T50 (time to
50% from peak) were not significantly different between two groups
(Figure 2C). These data are consistent with prohypertrophic and pos-
itive ionotropic effects mediated by miR-29, further corroborating and
complementing findings from Sassi et al.,.23 who previously observed
prohypertrophic effects induced by miR-29 in cardiomyocytes and
mouse hearts.

Generation and functional validation of transgenic miR-29

inhibition vectors

Given that miR-29 inhibition through both genetic manipulation (i.e.,
knockout) and pharmacologic blockade (anti-miRs) conferred protec-
tion against cardiac hypertrophy in mice subjected to cardiac pressure
overload,23 we sought to develop a transgenic-encoded miR-29
Molecular Therapy: Nucleic Acids Vol. 34 December 2023 3
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Figure 3. Overview and validation of miR-29 inhibitor

expression construct

(A) Schematic of a custom plasmid expressing a Tough

Decoy miR-29 inhibitor (TuD-29) under control of the U6

promoter and a cytomegalovirus (CMV)-driven GFP re-

porter. TuD-29 contains 2 high-affinity miR-29 binding sites

capable of sequestering miR-29 family members and

impeding their natural functions. (B) In vitro testing of the

TuD-29 vector was done by cotransfecting N2a cells with a

luciferase-based miR-29 target reporter plasmid (contains

miR-29 seed binding sites in the 30 UTR of R luciferase and

coexpresses FF luciferase for normalization), synthetic

miRNAs (miR-29a or scrambled negative control, miR-Neg),

and plasmids expressing either TuD-29 or a scrambled

control, TuD-Ctrl. Luciferase activities were measured at

48 h posttransfection and plotted as R/FF ratios (n =

4/group), indicating that TuD-29 almost completely blocks

the ability of synthetic miR-29a to suppress the miR-29

target reporter. (C) NRCM cultures were co-transfected

with luciferase expression plasmids and either TuD-Ctrl,

miR-29a, or TuD-29 vectors and subsequently treated

with PE (+PE) or not (�PE) to induce protein synthesis

(a hallmark hypertrophic response). Luciferase activities

were determined at 48 h posttreatment and plotted. Bar

graphs represent mean ± SEM. p values were obtained

using 1-way ANOVA with Sidak’s test for multiple comparisons, miR-29a + TuD-Ctrl versus other groups (A) and miR-29a + PE or TuD-29 + PE versus TuD-Ctrl + PE

(B). *p < 0.05; ***p < 0.001.
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inhibitor for potential gene therapy application. For this, we generated
a U6-driven TuD RNA that forms a highly stable stem-loop structure
capable of sequestering two miR-29 molecules via high-affinity anti-
sense binding sites (Figure 3A).24 In initial cell transfection studies,
the TuD-29 plasmid construct completely blunted the silencing of a
miR-29 target luciferase reporter construct, relative to a scrambled
control (TuD-Ctrl) in the presence of elevated miR-29 levels achieved
via cotransfection of synthetic miR-29a mimic oligonucleotides (Fig-
ure 3B).We next tested whether our TuD-29 vector could block hyper-
trophic responses in NRCMs. For this, we used a straightforward assay
to assess phenylephrine (PE)-induced increases in NRCMprotein pro-
duction, inferred from the synthesis and activity of two luciferase
transgene reporters (Firefly [FF] and Renilla [R]) bicistronically en-
coded on a cotransfected plasmid. In control NRCMs, PE treatment
induced a near 3-fold increase in luciferase activities, andmiR-29 treat-
ment alone led to a similar increase at baseline (i.e., no PE), which was
further exacerbated following the addition of PE, providing added ev-
idence supporting the prohypertrophic effects of miR-29 (Figure 3C).
Most notably, miR-29 inhibition via TuD-29 plasmid cotransfection
robustly blunted the PE-induced increases in reporter activities.
Together, these data demonstrate the effectiveness of our custom
TuD-29 expression vector in inhibiting miR-29 function and eliciting
antihypertrophic effects in cultured cardiomyocytes.

TuD-29 transgenic mice resist pressure overload–induced

cardiac hypertrophy and maintain calcium handling gene

expressions

Genetic reduction of miR-29 family expression in multiallele
knockout mice was previously shown to confer antihypertrophic ef-
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fects in the setting of cardiac pressure overload, which was surgically
induced by transverse aortic constriction (TAC).23 To first test the
effectiveness of our TuD-29 vector in vivo, we generated transgenic
TuD-29-expressing mice (TuD-29-tg, backcrossed to C57BL/6J
mice), which were viable with no overt phenotype, and subjected
them to TAC surgeries, performed on �8-week-old TuD-29-tg and
wild-type (WT) littermate control mice. At �10 weeks post-TAC,
echocardiographic measures indicated that, as expected, WT mice
showed clear signs of cardiac hypertrophy (increased heart size and
mass, p < 0.05; Figure 4A; Table S1) and some mild dysfunction
(trend toward decreased EF, which is typical of C57BL mice on the
6J background,28,29; Figure 4B) by echocardiography, relative to
normal ranges established from echocardiographic data collected
on >30 sham-surgery control C57BL/6J mice of similar age. Notably,
TuD-29-tg mice showed a blunted response to TAC, relative to WT
littermates, with significantly reduced hypertrophy (based on heart
size and mass; p < 0.05, TuD-29-tg versus WT) and preserved heart
function (Figures 4A and 4B). These findings were further supported
by subsequent gravimetric measures collected postsacrifice, which
showed that TuD-29-tg mice had significantly lower heart weights
(normalized to tibia length, HW/TL), relative to WT littermates at
�12 weeks post-TAC (p < 0.01; Figure 4C). This was also reflected
in histological assessments, in which TuD-29-tg hearts showed
reduced mean cardiomyocyte cross-sectional areas (CSAs; Figure 4D)
with a clear distributional shift toward lower fiber size (Figure 4E)
compared to WT hearts (Kolmogorov-Smirnov test p < 2.2e�16).

To assess for potential modulation of miR-29 targets related to car-
diac hypertrophy and function, we performed western blot for



Figure 4. TuD-29 transgenic mice resist TAC-induced cardiac hypertrophy and maintain calcium handling gene expressions

Eight-week-old TuD-29-tg and WT littermate control mice (nR 8/group) were subjected to surgically induced TAC to induce cardiac pressure overload and ensuing cardiac

hypertrophy and dysfunction. At 10 weeks post-TAC, heart mass (A) and fractional shortening (B) were determined by echocardiography. Mice were subsequently

euthanized, and HW/TL ratios were determined (C). (A–C) Normal ranges established from >30 sham-surgery control mice of similar age are indicated by the shaded box for

each respective measure. (D and E) Mean cardiomyocyte CSA (D) and fiber size distributions (E) determined by histological measures are plotted (�500 fibers per mouse

heart, n = 4/group). (F and G)Western blot (F) and (G) densitometry analyses were done on post-TAC tissue lysates (nR 3/group) to quantify themyocardial expression levels

of calcium handling proteins that are known gene targets of miR-29. All of the data are plotted as mean ± SEM. p values were determined by 2-tailed unpaired t tests.

*p < 0.05; **p < 0.01; ***p < 0.001.
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Serca2a, Ryr2, and Junctin, which are Ca2+�related cardiomyocyte-
enriched proteins (mRNAs) that we previously identified and vali-
dated as miR-29 targets.25 Western blot data revealed a clear �2- to
6-fold elevation in these Ca2+ handling proteins in TuD-29-tg mouse
hearts, relative to WT hearts (Figures 4F and 4G), supporting that
miR-29 is functionally inhibited in TuD-29-tg mice. Overall, these
data corroborate prior findings from Sassi et al.23 showing that
miR-29 inhibition blunts the hypertrophic response in the setting
of cardiac pressure overload and demonstrate the in vivo efficacy of
our TuD-29 construct to modulate cardiac structure/function and
calcium handling gene expression.

miR-29 inhibition improves cardiac filling during diastole and

increases CO

To begin translating TuD-29 toward potential gene therapy applica-
tions, we assessed the effects of viral-mediated miR-29 inhibition in
mice by generating and testing a cardiotropic AAV9 vector encoding
the TuD-29 transgene and GFP to monitor myocardial transduction
efficiency (Figure 3A). Male C57BL/6J mice (3–5 weeks old) were in-
jected intrajugularly with either AAV:TuD-29 or control vectors
(AAV:TuD-Ctrl, a scramble control TuD, or AAV:GFP) and assessed
by echocardiography at 3 weeks postinjection. Mice treated with
AAV:TuD-29 showed an �20% increase in EDV and corresponding
increases in SV and CO, relative to control mice treated with
AAV:TuD-Ctrl and AAV:GFP (Figure 5A; Table S2). Mice were sub-
sequently euthanized to assess the degree of AAV transduction and
miR-29 inhibition. Gross immunohistological examination revealed
very high AAV transduction (>90% of cardiomyocytes were GFP+)
across the treatment groups (Figure 5B). qRT-PCR revealed that
miR-29a levels were reduced by �20% in AAV-TuD-29-treated
hearts, relative to controls (Figure 5C); notably, among the miR-29
family, miR-29a is the most abundantly expressed member in cardi-
omyocytes (>5-fold over miR-29b/c, based on publicly available data
for miRNA-seq done on isolated adult mouse cardiomyocytes27). It is
also important to note that that the degree of miR-29 inhibition medi-
ated by TuD-29 is likely even greater than detected by miRNA quan-
titation, given that TuD RNAs primarily act via miRNA sequestra-
tion, not degradation. Overall, these findings suggest that miR-29
inhibition by AAV:TuD-29 treatment may acutely influence myocar-
dial compliance and relaxation to improve diastolic function, pre-
sumably through modulating the expression of ECM and Ca2+

handling proteins.

Acute miR-29 overexpression in mice induces signs of diastolic

dysfunction

Previous independent reports show that miR-29 levels are increased
in aging tissues (including heart) in humans and rodents, and our re-
analysis of available datasets indicate that miR-29 target genes are
coincidentally downregulated (Figure 1). However, the biological ef-
fects of elevated miR-29 levels on cardiac structure/function and
myocardial gene expression remain understudied. To address this,
we treated mice with cardiotropic AAV9 that coexpresses the primary
Molecular Therapy: Nucleic Acids Vol. 34 December 2023 5
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Figure 5. miR-29 inhibition improves cardiac filling during diastole and increases CO

Three-week-oldmale C57BL/6Jmice were injected (intrajugular) with either AAV:TuD-29 (coexpresses GFP, see Figure 3A) or control (Ctrl) AAVs (AAV:TuD-Ctrl or AAV:GFP,

combined into 1 group) (nR 10mice per virus). At 3 weeks postinjection, EDV, SV, and COwere determined by echocardiography (A). Mice were subsequently euthanized to

assess the degree of AAV transduction by immunostaining heart tissue sections for GFP reporter expression (B, representative image shown), and miR-29 inhibition was

assessed by performing qRT-PCR tomeasure levels of mature miR-29a in small RNA fractions isolated from the hearts (C). Plotted data are represented as the mean ± SEM;

p values were obtained using 2-tailed t tests. *p < 0.05; **p < 0.01.
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miR-29a transcript and GFP (Figure 6A). At 3 weeks posttreatment,
echocardiography showed that AAV:miR-29a mice had an �25%
decreased EDV and corresponding decreases in SV and CO, relative
to control mice treated with AAV:GFP (Figure 6B; Table S3). Mice
were subsequently euthanized to assess the magnitude of mature
miRNA overexpression by qRT-PCR, which revealed an �8-fold in-
crease in miR-29a levels, in AAV:miR-29a-treated versus AAV:GFP
control hearts (Figure 6C). Notably, these overall findings mirror
our observations with AAV-mediated miR-29 inhibition (Figure 5),
providing complementary data from gain- and loss-of-function
studies in mice that support a role for miR-29 in regulating diastolic
function and ultimately CO.

Acute miR-29a overexpression leads to repression of a diverse

set of gene targets and pathways

To gather further insight into how miR-29 may influence cardiac
structure/function, we performed mRNA-seq on myocardial RNA
samples collected from mice at 3 weeks postinjection with either
AAV:miR-29a or AAV:GFP control. Differential expression analyses
revealed many significantly altered genes between treatment groups,
with an obvious broad downregulation of miR-29 targets in mice
injected with AAV:miR-29a (Table S4). Cumulative distribution
analyses show that miR-29 mRNA targets were significantly shifted
toward reduced expression levels (Figure 6D). Furthermore, unbiased
assessment of heptamer sequence frequencies across mRNAs indi-
cated that heptamers matching miR-29 seed target sequences were
the most significantly enriched heptamers among downregulated
mRNAs (across both coding and 30 UTRs30) in miR-29a overexpres-
sion mice (Figure 6E). Together, these findings provide strong sup-
port that the level of miR-29a overexpression achieved was capable
of functionally downregulating a vast set of miR-29 target mRNAs.
Gene set enrichment and pathway analyses (using ToppFun,
ToppGene Suite31) performed on genes that were significantly down-
regulated in AAV:miR-29a samples (p < 0.01, >0.15 log2 fold change
versus AAV:GFP samples) indicated that miR-29a overexpression
broadly coordinated the repression of genes involved in responses
to isoproterenol (a prohypertrophic b2-adrenergic receptor agonist),
extracellular stimuli, nutrients, and endoplasmic reticulum (ER)
6 Molecular Therapy: Nucleic Acids Vol. 34 December 2023
stress, as well as lipid and ketone metabolism and ECM remodeling
(Figure 6F and Table S5). Notably, genes that were significantly
upregulated in AAV:miR-29a samples (p < 0.01, >0.15 log2 fold
change versus AAV:GFP) were enriched for genes related to mito-
chondrial biogenesis and energy production, hypertrophic cardiomy-
opathy, contractility, and protein synthesis (translation and ribosome
biogenesis), likely reflecting the prohypertrophic effects of miR-29
(Table S6).

We next examined the mRNA-seq data at the gene level and noted
that the most significantly downregulated gene (based on p value,
AAV:miR-29a versus AAV:GFP) was Col4a5, which encodes a flex-
ible type IV collagen and is among the top 5 predicted miR-29 targets
per the TargetScan algorithm.11 Oddly, the reduction in Col4a5
mRNA was not reflected at the protein level by western blot (only a
trend toward slight reduction was found; data not shown), perhaps
due to longer protein half-life. With respect to Ca2+ handling genes
that we previously examined, we found that Junctin (Asph) was
significantly downregulated at the mRNA level in AAV:miR-29a-
treated hearts versus AAV:GFP, and this was corroborated at the pro-
tein level by western blot (Figures 6G and 6H). We also selected
various other targets from the mRNA-seq data to examine miR-
29a-mediated target suppression more broadly at the protein level.
We focused on genes with miR-29 binding sites (computationally
predicted and/or sites physically bound by Ago2-RISC complexes
in human cardiac tissues11,25) and further narrowed our selection
based on mRNA expression in cardiomyocytes and potential rele-
vance to cardiac structure/function, electrical remodeling, meta-
bolism, and cell stress. These included Kcnip2 (KChIP2; responsible
for Ito current) and Bdh1 (major rate-limiting enzyme in ketone
metabolism), which were among the 40 most significantly downregu-
lated genes at the mRNA level (AAV:miR-29a versus AAV:GFP), as
well as p62/Sqstm1 and Ireb2, which have implicated roles in
HFrEF- and HFpEF-related pathogenic pathways (autophagic, oxida-
tive and ER stress, and iron deficiency and ferroptosis).32–35 Notably,
western blotting for these miR-29a target genes revealed clear reduc-
tions in their protein levels (generally �30%–40%, p < 0.05), with
Bdh1 levels strikingly reduced by >90% (p < 0.01). Together, these



Figure 6. Acute miR-29 overexpression in mouse heart induces signs of diastolic dysfunction and downregulates a diverse array of gene targets and

pathways

(A) Schematic of AAV:miR-29a vector that coexpresses primarymiR-29a transcript andGFP reporter under control of the CMV promoter. (B) Three-week-oldmale C57BL/6J

mice were injected (intrajugular) with either AAV:miR-29a or AAV:GFP control. At 3 weeks postinjection, EDV, SV, and CO were determined by echocardiography. (C) Mice

were subsequently euthanized to assess the degree of and miR-29a overexpression by qRT-PCR to measure levels of mature miR-29a in small RNA fractions isolated from

the hearts (C). (D–F) mRNA-seq was performed on myocardial RNA samples collected from these mice, and differential gene expression analyses were done to compare

(legend continued on next page)
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data demonstrate that miR-29a is versatile in functionally repressing
mRNA levels for hundreds of gene targets with diverse functions and
potential relevance to HFpEF (e.g., myocardial wall stiffness, meta-
bolic rewiring, cell stress) and provide general support that the
observed mRNA decreases in AAV:miR-29a-treated hearts are also
reflected at the protein level.

Given that miR-29 caused such a profound reduction in Bdh1 and
that Bdh1 is upregulated in TAC hearts and its overexpression is
cardioprotective,36 we considered Bdh1 as one particular target of
interest that may have contributed, in part, to blunted TAC re-
sponses in TuD-29-tg mice. Thus, we performed western blot on
our previous TAC heart lysates and found that TuD-29-tg mice
had �4-fold higher Bdh1 levels versus WT littermates (Figures 4F
and 4G; p < 0.05). In addition to maintained Ca2+ handling protein
expressions in TuD-29-tg mouse hearts, elevated Bdh1 may also be
biologically significant, and future investigations are needed to
further assess how this newfound miR-29:Bdh1 axis influences car-
diac biology and disease.

DISCUSSION
This study began with our interest in understanding the biological
relevance of miR-29 activity in the heart, which was inspired by
observations that cardiac miR-29 expressions are high in cardiomyo-
cytes and increased with aging.18,19,23 Here, we provide complemen-
tary data indicating that miR-29 target gene mRNAs are broadly
decreased in hearts collected from aged (versus young) humans and
rodents. One noteworthy limitation is that the public data used for
these analyses lack information on actual miR-29 levels in each of
the samples, and thus these analyses only correlatively, not directly,
link prior published observations of miR-29 elevations in aging hearts
(and other tissues) to decreases in miR-29 target gene expressions, as
shown in Figure 1. To further investigate the role of miR-29 in cardiac
biology, we focused on miR-29 functions primarily in cardiomyo-
cytes, which we and others found to express miR-29 family members
at higher levels compared to nonmyocyte cardiac cells (e.g., endothe-
lial and fibroblasts).23 In NRCM studies, we demonstrate that miR-29
overexpression robustly induces cell hypertrophy, whereas miR-29
inhibition blunts hypertrophic responses after PE treatment. The
latter was further complemented with data from our in vivo studies,
in which we found that miR-29 inhibition in TuD-29-tg mice blunts
TAC-induced hypertrophic responses. Together, these findings
corroborate and complement previously published data by Sassi
et al., who made similar observations in genetic models of reduced
miR-29 expression in multiloci partial knockout mice.23
treatment groups, AAV:miR-29a versus AAV:GFP. (D) Cumulative fraction analysis of t

broadly downregulated (i.e., leftward shifted), relative to nontarget genes, red) in AAV:m

provided. (E) Plot showing the most significantly enriched heptamer sequences present

cWords algorithm Z scores.30 Sequences complementary to miR-29a are highlighte
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formed on myocardial protein lysates harvested from mice 3 weeks postinjection with ei

also downregulated at the protein level. Densitometry analysis was performed to quant

represented as the mean ± SEM (n = 4/group) and p values were obtained by 2-tailed
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Moving beyond genetically engineered mice, we adapted and com-
bined AAV9 and Tough Decoy technologies to develop viral-based
miR-29 inhibition vectors to be used for biological and potentially
therapeutic applications. We demonstrate the effectiveness of these
vectors in repressing miR-29 expression in mouse hearts, which sur-
prisingly led to increased diastolic filling and CO after just 3 weeks
posttreatment. These findings have potential significance to clinical
conditions hallmarked by diastolic dysfunction (e.g., HFpEF), typi-
cally resulting from increased myocardial wall stiffness and impaired
relaxation, which may be caused by adverse ECM remodeling and
improper Ca2+ handling, respectively, both of which are notable path-
ways influenced by miR-29. Although these findings are encouraging,
some limitations exist. For example, in this first-generation vector, we
used the constitutively active U6 promoter, which likely drives
TuD-29 expression and miR-29 inhibition in other tissues targeted
by AAV9; however, the biological impact of this on the observed
cardiac phenotypes remains unknown. Moving forward, efforts are
needed to generate and test cardiac-specific TuD-29 expression cas-
settes to improve specificity, because suppressing miR-29 activity in
other cell types could have adverse consequences (e.g., miR-29 reduc-
tion or inhibition in fibroblast may promote tissue fibrosis15,16 or
contribute to endothelial cell dysfunction37).

Despite several studies supporting that miR-29 plays important
roles in cardiac biology and disease, the mechanisms by which
this occurs remain largely unclear due to the lack of empirical
data for miR-29 functional targeting at the transcriptome-wide level
in the heart. Prior studies evaluate myocardial transcriptome
changes in mice with genetic reduction in miR-2938; however, the
chronic nature of these models makes it challenging to discern direct
versus indirect (i.e., downstream) effects. Here, we describe the first
comprehensive mRNA-seq dataset characterizing the acute effects
of miR-29 overexpression in mouse heart. These data reveal that
miR-29 operates by repressing a diverse array of gene targets, the
vast majority of which are conserved between mice and humans
(per TargetScan). Although others have focused on the role of
miR-29 in the regulation of the ECM through the regulation of col-
lagens and Wnt signaling,15,23,26 our data also point to broad and
robust effects on hypertrophic signaling, aging, ion transport, cal-
cium handling, unfolded protein response, ER and oxidative stress,
and ketone/lipid metabolism, all of which can contribute to influ-
encing cardiac function and shaping the course of HFpEF onset
and progression.32–35,39 Bdh1 was one of the most notably downre-
gulated genes following miR-29 overexpression in mouse hearts,
and Bdh1 overexpression has been shown to be cardioprotective
he gene expression data show that levels of miR-29 target gene mRNAs (blue) are

iR-29a-treated hearts relative to AAV:GFP. Kolmogorov-Smirnov test p values are

in downregulated mRNAs (in both 30 UTR and coding sequences [CDS]), based on

d in green and blue. (F) Gene Ontology analyses performed on genes that were

fold change versus AAV:GFP samples). (G and H) Western blot analyses were per-
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ify expression levels, normalized to b-catenin or GAPDH loading controls. Data are
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in mice subjected to TAC.36 Bdh1mRNA contains several conserved
(in humans and mice) miR-29 binding sites in its 30 UTR, which are
engaged by Ago2 in human hearts (unpublished HITS-CLIP data
from our lab). Bdh1 plays an essential role in ketone body oxidation,
which is activated in failing hearts40,41 and is being considered as a
therapeutic target; thus, it is interesting to speculate that miR-
29:Bdh1 interaction could serve as a potential avenue for interven-
tion. In our studies, whether decreased Bdh1 contributed to
impaired diastolic filling after miR-29 overexpression remains un-
clear; follow-up studies to tease this out are warranted given that ke-
tone metabolism is thought to protect against diastolic
dysfunction.42

Although our mRNA-seq data provide an initial useful resource to
better understand miR-29 functions in cardiomyocytes, it provides
only a snapshot of gene expression after 3 weeks of miR-29 overex-
pression. To better discern potential mechanisms related to therapeu-
tic manipulation of miR-29, a more comprehensive mRNA-seq study
is needed to further define miR-29 target gene fluctuations in mouse
models of HF. Nevertheless, our current dataset can be further
explored for additional miR-29 target interactions related to cardiac
dysfunction and arrhythmias, and likely beyond. For example,
miR-29 has been implicated in atrial fibrillation and general aging.
Of note, our gene enrichment and pathway analyses identified
“aging”-related genes among the top hits, as well as a strong signal
for genes that change after isoproterenol treatment. The latter is inter-
esting given the strong prohypertrophic effects of miR-29 in cardio-
myocytes, and the underlying mechanisms are not completely
resolved, warranting further investigations.

In summary, our studies demonstrate that viral-mediated miR-29
inhibition improves CO, whereas miR-29 overexpression impedes
it. More important, this work corroborates several findings from
previous studies using genetic (partial knockout) models of
miR-29 reduction.23 These results have implications for cardiac
aging and heart failure, with a potential stronger relevance to
HFpEF based on our gain- and loss-of-function data from mouse
studies, which showed inverse effects on diastolic filling. It is clear
that miR-29 plays many biological roles (in cardiomyocytes and
other cell types) well beyond its established role in ECM remodeling,
which has been mostly studied in fibroblasts. This is supported in
particular by unpublished human heart Ago2 CLIP data recently
obtained in our lab, which unveiled >100 new cardiomyocyte-en-
riched gene targets of miR-29, including FNDC5/Irisin, SPEG,
and SCN5A/NaV1.5, which have been implicated in cardiac meta-
bolism, oxidative stress, Ca2+ handling, arrhythmias, and heart fail-
ure.43–45 It is interesting that our data here suggest that miR-29
action in cardiomyocytes also likely contributes to ECM remodeling
(e.g., through regulation of flexible type IV collagens Col4a5 and
Col4a2, which were downregulated after miR-29 overexpression
per our mRNA-seq data) and that miR-29-mediated co-regulation
of Ca2+ handling (and perhaps metabolic) genes in parallel may
coordinately couple contraction/relaxation dynamics with myocar-
dial compliance. Further experimentation and efforts will be needed
to more firmly establish this and to develop and test cardiomyocyte-
specific miR-29 inhibition vectors and assess their long-term effects
on cardiac structure and function in normal mice and models of
heart failure.

MATERIALS AND METHODS
Plasmids

To create the miR-29 target reporter plasmid, a synthetic DNA oligo
with the sequence 50- CTCGAGGAAGGTGCTACCTCGAAATGCT
GCAACCAAGGTGCTAGGTTGCCCGCAAGGTGCTAGCGGCCG
C-30 containing three miR-29 binding sites (Integrated DNA Technol-
ogies, Coralville, IA) was introduced downstream of the Renilla lucif-
erase expression cassette (using XhoI andNotI restriction enzyme sites)
in the psiCheck2 dual luciferase plasmid (Promega, Madison,WI). The
pAAV2/5:U6-TuD-Ctrl (TuD-Ctrl, scrambled Tough Decoy control)
construct was previously described.46 pAAV2/5:U6-TuD-29 (TuD-
29) shuttle plasmid was constructed by inserting DNA oligo sequences
(Integrated DNA Technologies) to express the following TuD stem-
loop sequence from the U6 promoter: GACGGCCTCGAGACT
GGCAATAATTGATTCGCGATGGTGCTACAAGTATTCTGGTC
ACAGAATACCAATAATTGATTCGTGATGGTGCTACAACTAG
TCTCGGGGCCGTCTT, cloned into a custom version of pFBAAV-
mU6mcsCMVeGFPSV40pA (ID G0347 University of Iowa Viral
Vector Core [UIOWA VVC] Facility, Iowa City, IA).

AAV2/9 vectors

AAV TuD (�29 and -Ctrl) and GFP control vectors were generated
at the UIOWA VVC and contain vector genomes flanked by AAV2-
type inverted terminal repeat sequences, packaged into AAV
serotype 9 capsids, using the baculovirus-based method. Shuttle
plasmids pAAV2/5:U6-TuD-29 and pAAV2/5:U6-TuD-Ctrl,
described above, were supplied to the UIOWA VVC to generate
custom AAV preparations. AAVs were purified by iodixanol
gradient and subsequent ion exchange using MustangQ Acrodisc
membranes (Pall, East Hills, NY). Titers of purified AAV prepara-
tions (vector genomes per milliliter [vg/mL]) were quantified by
qPCR. AAV2/9-CMVeGFP-pri-miR29a aliquots were a gift from
Dr. Ayotunde Dokun, who purchased the custom AAV preparation
from Vigene (Rockville, MD) and had the titering done in-house at
the UIOWA VVC.

Test of TuD-29 construct in N2a cells

Mouse Neuro2a (N2a) cells (CCL-131; American Type Culture
Collection, Manassas, VA) were plated at 80,000 cells/well in
24-well tissue culture dishes and, 24 h later, were cotransfected with
100 ng miR-29 target reporter plasmid plus 10 nM either control
miR-Neg or miR-29a pre-miRNA synthetic oligos (Ambion, Austin,
TX), along with 100 ng either TuD-Ctrl plasmid or TuD-29 expres-
sion plasmids, using Lipofectamine 2000 (Thermo Fisher Scientific,
Waltham, MA), completed in triplicate for each treatment combina-
tion. At 48 h posttransfection, FF and R luciferase activities were
measured using a GloMax Microplate Reader and Dual Luciferase
Kit reagents (Promega). Briefly, culture media was removed and
200 mL Passive Lysis Buffer was pipetted into each well, and the plate
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placed on a shaker for 15 min at room temperature. Then, 10-mL
lysate was transferred to duplicate wells of a 96-well white plate.
Luminescence from FF and R was determined from 5-s reads after
the injection of respective substrates to each well. The R/FF ratio
was calculated and adjusted relative to the control (set to “1”), and re-
sults are expressed as the mean ± SEM (n = 4/group).

Rodent studies

All of the animal studies were approved by the Institutional Animal
Care and Use Committees at UIOWA, and all of the experiments
conform to the appropriate regulatory standards. Rodents were
housed in a controlled-temperature environment on a 12-h light/
dark cycle, with food and water provided ad libitum. Animal age
and sex are noted within the paper where appropriate. For all
AAV studies, C57BL/6J mice were purchased from Jackson Labora-
tories (stock no. 000664). TuD-29-tg mice were generated by the
UIOWA Genome Editing Facility using standard methods. In brief,
zygotes from 4-week-old B6SJLF1/J mice (Jackson Laboratory, stock
no. 100012) were harvested, subjected to pronuclear injection
with purified plasmid-derived DNA fragments encompassing a
U6-driven TuD-29 expression cassette, and then implanted into
pseudopregnant female mice. The resulting offspring were geno-
typed to identify mice carrying the transgene, and positive mice
were subsequently backcrossed to the C57BL/6J strain (Jackson Lab-
oratory, stock no. 000664) for more than three generations before
experiments.

TAC

Minimally invasive TAC was performed as previously described, with
few changes.47 At the level of the suprasternal notch, a thyroid retrac-
tion and partial sternotomy was used to visualize the aortic arch on
8-week-old TUD-29 or WT male mice anesthetized with ketamine/
xylazine (100/10 mg/kg, intraperitoneally). The aorta was isolated
and then constricted with a titanium ligating clip (Teleflex, Wayne,
PA; catalog no. 005200) gapped on 38G acupuncture needles and
placed between the right innominate and left common carotid ar-
teries. Heart structure and function was evaluated by echocardiogra-
phy. Mice were euthanized and hearts were harvested and measured
10 weeks after TAC.

Echocardiography

Echocardiography was performed on conscious mice, with mild seda-
tion (midazolam, 5 mg/kg, subcutaneously) restrained in the opera-
tor’s hand, using a Vevo2100 imaging system (VisualSonics, Toronto,
ON, Canada). Two-dimensional cine loops were acquired in both
long- and short-axis planes to measure standard parameters of car-
diac structure and function, according to the endocardial and epicar-
dial area protocol.

Cardiomyocyte cross-sectional area measures

Cardiomyocyte area (i.e., fiber size) was determined as described.23

Tissue sections (10 mm) were cut from mouse hearts embedded in
optimal cutting temperature (OCT) compound and then fixed
with 4% paraformaldehyde (PFA) in PBS for 10 min at room tem-
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perature. Tissue sections were subsequently stained with Alexa
Fluor 488-conjugated wheat-germ agglutinin (Life Technologies,
Carlsbad, CA; 1:200 dilution) for cell border determination. Micro-
scopy images were taken from areas of transversely cut muscle fibers
and the area of each cardiomyocyte (�500 fibers per mouse sample)
was measured manually using ImageJ (NIH).

Virus jugular vein injection

C57BL/6J mice (3–5 weeks old) were anesthetized using 1.5%–2%
isoflurane inhalation. The appropriate plane of anesthesia was deter-
mined based on observations of spontaneous respiration and pain re-
flexes. Hair was removed from the surgical site. Preincision, 2.5 mg/kg
of flunixin meglumine was subcutaneously injected. A small incision
was made through the skin to expose the jugular vein. Recombinant
AAV or vehicle was injected into the jugular vein using a 30G needle,
delivering�3e�11 to 3e�12 vg/mL of AAV per mouse depending on
mouse weight. The incision was subsequently sutured with 6-0 pro-
lene suture.

Cardiomyocyte isolation

NRCMs were isolated from 1- to 3-day-old pups from Sprague-Daw-
ley rats (Charles River, Wilmington, MA; stock no. 001) as previously
described,48 using the Worthington Neonatal Cardiomyocyte Isola-
tion System (Worthington Biochemical, Lakewood, NJ; catalog no.
LK003300) followed by a two-step Percoll density gradient, and
cultured in cardiomyocyte growth media (DMEM/F12 media supple-
mented with 5% horse serum, 10 mM HEPES, 1% Insulin-Trans-
ferrin-Selenium (ITS), 15 mg/mL gentamycin, and 100 mM
bromodeoxyuridine).

NRCM surface area measurement and live-cell calcium imaging

NRCMs were cotransfected with synthetic pre-miRNAs (10–25 nM)
along with 100 ng of an EGFP expression plasmid, using Lipofect-
amine 2000 (Life Technologies). The transfected cells were incubated
for 4 h before the transfection medium was removed and replaced
with a growth medium. The cells were incubated at 37�C in a 5%
CO2 incubator for 48–72 h with daily medium exchanges before ex-
periments. Transfected (GFP+) NRCMs were examined with an
Olympus IX70 inverted fluorescence microscope with a DP70 camera
and DP Controller 2.1 software. The cell surface area was determined
for 50 cardiomyocytes from at least 5 random fields. All images were
analyzed by ImageJ.

For calcium imaging, NRCMs were loaded with Rhod-2 AM (AAT
Bioquest, Pleasanton, CA, catalog no. 21062) at room temperature
for 30 min, followed by deesterification in Tyrode’s solution (contain-
ing NaCl 140 mM, NaH2PO4 0.33 mM, KCl 5.4 mM, HEPES 10 mM,
1.8 mMCa2+, pH 7.4, with NaOH) for 15 min. Line scan confocal im-
ages were acquired at a sampling rate of 1.93 ms per line using a 63�,
1.3 NA oil immersion objective mounted on a Zeiss LSM 510 confocal
microscope (Carl Zeiss MicroImaging GmbH, Oberkochen, Ger-
many). Steady-state Ca2+ transients were achieved by a 30-s pacing
at 1-Hz field stimulation. All of the digital images were processed us-
ing IDL 8.0.
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Luciferase-based protein synthesis assay

NRCMs were plated in growth media at 250,000 cells per well in
48-well plates. The following day, NRCMs were cotransfected using
Lipofectamine 2000 (0.5% v/v, final) with psiCHECK2 (dual lucif-
erase; FF and R) plasmid (20 ng), TuD plasmid (200 ng), and pre-
miRs (25 nM)) diluted in Optimem media at a final volume of
100 mL per well. The transfected cells were incubated for 4 h and
then 150 mL of growth media was added per well. The next day, the
media was removed and replaced with serum-free cardiomyocyte me-
dia. After at least 4 h, PE was added (100 mM, final concentration in
serum-free media) and cells were incubated for�48 h, with media ex-
change after 24 h. After 48 h, media was removed and NRCMs were
lysed/scraped in 100 mL per well of passive lysis buffer (Promega
E1941, diluted 1:5 with water). Dual-Glo Luciferase assays were per-
formed to measure FF and R luciferase activities (Promega E2940).
Lysates (10 mL per well) were loaded into white, opaque 96-well plates
in duplicate, and analyzed on a GloMAX 96-well reader with dual in-
jectors using a dual injector protocol; where 45 mL of FF buffer and
45 mL of R buffer were sequential added with a 2-s delay and a 3-s
read time per addition. Raw luciferase data for FF and R were
analyzed separately and normalized to the untreated control group.
PE-induced luciferase was calculated as PE treated normalized to con-
trol treated, and finally, normalized FF and R values were averaged
together.

Western blotting

Tissue lysates were generated by suspending fresh-frozen tissue
pieces in lysis buffer (in millimolar amounts, 150 NaCl, 10 NaF,
5 EGTA, 5 EDTA, and 50 Tris-HCl pH 7.5 with 1.0% Triton
X-100, 0.5% deoxycholate, and 0.1% SDS) with freshly added 1�
protease inhibitor (Roche, Indianapolis, IN), 1 mM PMSF, and
1 mM sodium orthoavanadate, and shaking in a TissueLyser (Qia-
gen, Germantown, MD). After 20 min on ice, lysates were clarified
by centrifugation for 10 min at 10,000 � g at 4�C. Protein concen-
tration was measured in clarified lysates using a BCA Protein Assay
kit (Thermo Fisher) and proteins were resolved by standard SDS-
PAGE (Invitrogen NuPAGE system, Invitrogen, Carlsbad, CA)
before being transferred to a 0.2-mm polyvinylidene fluoride mem-
brane (Millipore, Burlington, MA) using NuPAGE transfer buffer
(Invitrogen). The membrane was blocked with 2%–5% milk in 1�
Tris-buffered saline with 0.1% Tween 20 detergent (TBS-T), after
which anti-Serca2 antibody (1:1,000; Thermo Fisher, catalog no.
MA3-919), anti-RyR2 (1:1,000, Thermo Fisher, catalog no. MA3-
916), anti-ASPH/Junctin (1:500, LifeSpan BioSciences, Lynnwood,
WA; catalog no. LS-C81640), anti-Kcnip2 (1:1,000, ABclonal Tech-
nology, Woburn, MA; catalog no. A7100), anti-Bdh1 (1:2,000, AB-
clonal Technology, catalog no. A3763), anti-Sqstm1/p62 (1:2,000,
ABclonal Technology, catalog no. A19700), anti-Ireb2 (1:2,000, AB-
clonal Technology, catalog no. A6382), anti-glyceraldehyde
3-phosphate dehydrogenase (GAPDH) (1:3,000, Santa Cruz
Biotechnology, Dallas, TX; catalog no. sc-25778), or anti-b-catenin
(1:2,000; Sigma-Aldrich, St. Louis, MO; catalog no. PLA0230),
diluted in blocking buffer was added and incubated overnight at
4�C with rocking. Membranes were washed with 1� TBS-T, incu-
bated for 1 h with horseradish peroxidase–conjugated goat anti-
mouse or anti-rabbit antibody (Jackson ImmunoResearch, West
Grove, PA; catalog nos. 115–035–146 and 111–035–144) diluted
1:50,000 in blocking buffer, and then washed again. Chemilumines-
cence detection was performed using West Femto Maximum Sensi-
tivity Substrate (Thermo Fisher), followed by imaging on a BioRad
(Hercules, CA) Versadoc (Quantity One software used for acquisi-
tion and densitometry analyses).

Quantitative real-time PCR

Total RNA was isolated from TRIzol according to the manufacturer’s
instructions (Thermo Fisher) and dissolved in nuclease-free water
and quantified on a Nanodrop Spectrophotometer. RNA was DNase-
treated using a DNA-free kit (Thermo Fisher). RT and qPCR reac-
tions for miRNA were performed according to the TaqMan Small
RNA Assays protocol using TaqMan MicroRNA Assays for 2-step
qRT-PCR (hsa-miR-29a, ID no. 002112; snoRNA135, ID no.
001230, Applied Biosystems, Thermo Fisher). Briefly, 20-mL RT reac-
tions were set up containing 10�MultiScribe RT buffer, 2 mM deox-
ynucleotide triphosphate (0.5 mM each), 50 U Multiscribe Reverse
Transcriptase, 6 U RNase inhibitor, 30 ng total RNA, and 1� concen-
trations of each TaqMan assay RT primer in the pool, on ice. The
pools for RT primers were miR-29a + snoRNA135. The thermocycler
conditions for RT were 16�C for 30 min, 42�C for 30 min, 85�C for
5 min, and 4�C hold. After RT, cDNA samples were diluted 3-fold
by the addition of nuclease-free water. For qPCR, 10-mL reactions
were set up in TaqMan Universal Master Mix II with 4 mL of diluted
cDNA and a 1� concentration of the appropriate TaqMan miRNA
primer/probe set, in a 384-well plate in triplicate. qPCR reactions
were performed on a ViiA 7 real-time PCR system with
QuantStudio software (Thermo Fisher Scientific). Relative quantifica-
tion (DDCt) was used to analyze results, using SnoRNA135 as the
reference gene (endogenous control).

Immunohistology and fluorescence microscopy

Mouse hearts were fixed with 4% PFA in PBS, embedded in OCT, and
frozen in a dry ice/ethanol bath. Cryostat sections (16 mm thick) were
affixed to glass slides and permeabilized with 0.2% (v/v) Triton X-100.
Slides were blocked, washed, and incubated overnight at room tem-
perature in a humidified chamber with anti-GFP antibody diluted
in blocking buffer (1:1,000, Thermo Fisher, catalog no. A-6455). After
washing, sections were incubated for 4 h at room temperature with
Alexa Fluor 488 conjugated secondary antibody (1:500, Thermo
Fisher, catalog no. A32731). After washing, slides were mounted
with a coverslip and imaged using an Olympus IX70 inverted fluores-
cence microscope with a DP70 camera and DP Controller 2.1
software.

mRNA-seq

Total RNA samples were isolated as described above from cardiac tis-
sue samples collected from mice treated with either AAV:miR-29a or
AAV:GFP. RNA quality assessment and sequencing were performed
by the Iowa Institute of Human Genetics, Genomics Division, at
UIOWA. RNA quality and concentrations were determined with the
Molecular Therapy: Nucleic Acids Vol. 34 December 2023 11

http://www.moleculartherapy.org


Molecular Therapy: Nucleic Acids
Agilent 2100 Bioanalyzer and DropSense or Little Lunatic (Unchained
Labs, Pleasanton, CA) reads. The RNA integrity number values for
samples were >7.5. Illumina TruSeq Stranded mRNA Library Prep
kits (Illumina, San Diego, CA) were used to prepare sequencing li-
braries from mRNA, followed by RT to cDNA, fragment purification,
and ligation to indexed (barcoded) adaptors. Indexed libraries were
pooled for multiplex sequencing and run on an SP flow cell on the
Illumina NovaSeq 6000 sequencer for 100 cycles with 50-bp end reads.
RNA-seq data were analyzed according to the Kallisto/Sleuth pipe-
line.49,50 Reads were aligned using Kallisto version 0.43.1, to Ensemble
transcriptome release 98 (119,215 transcript targets). The transcrip-
tome was acquired on March 30, 2020 from ftp://ftp.ensembl.org/
pub/release-98/fasta/mus_musculus/cdna/Mus_musculus.GRCm38.
cdna.all.fa.gz. Kallisto index and Kallisto quant were run using default
settings, with specific input parameters of 100 bootstraps and 16
threads. Differential gene expression was quantified using Sleuth
version 0.30.0, aggregating abundance on Ensemble genes, with a
two-step likelihood ratio test and Wald test. Other packages include
base R version 3.6.1, biomaRt version 2.42.1, dplyr version 0.8.5,
and ggplot2 version 3.2.1.

Gene Ontology analyses were performed by inputting the indicated
gene sets into the using ToppFun web server tool ToppGene Suite31

and using default settings. Results were exported, and up to the top
50 enriched terms in each “category” were tabulated in Tables S5
and S6.
Statistical analyses

Statistical analyses were performed using available software and tools
(e.g., Prism GraphPad and R package), with guidance from the Uni-
versity of Iowa Department of Biostatistics.
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