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Abstract

Rationale: Abnormal SUMOylation has emerged as a characteristic of heart failure (HF)
pathology. Previously, we found reduced small ubiquitin-like modifier 1 (SUMO1) expression and
sarcoplasmic reticulum Ca%*-ATPase (SERCA2a) SUMOylation in human and animal HF models.
SUMOL1 gene delivery or small-molecule activation of SUMOylation restored SERCA2a
SUMOylation and cardiac function in HF models. Despite the critical role of SUMOL1 in HF, the
regulatory mechanisms underlying SUMO1 expression are largely unknown.

Objective: To examine miR-146a-mediated SUMOL regulation and its consequent effects on
cardiac morphology and function.

Methods and Results: In this study, miR-146a was identified as a SUMO1-targeting
microRNA in the heart. A strong correlation was observed between miR-146a and SUMO1
expression in failing mouse and human hearts. miR-146a was manipulated in cardiomyocytes
through adeno-associated virus serotype 9 (AAV9)-mediated gene delivery, and cardiac
morphology and function were analyzed by echocardiography and hemodynamics. Overexpression
of miR-146a reduced SUMOL expression, SERCA2a SUMOylation, and cardiac contractility in
vitro and in vivo. The effects of miR-146a inhibition on HF pathophysiology were examined by
transducing a tough decoy of miR-146a into mice subjected to transverse aortic constriction
(TAC). miR-146a inhibition improved cardiac contractile function, and normalized SUMO1
expression. The regulatory mechanisms of miR-146a upregulation were elucidated by examining
the major miR-146a-producing cell types and transfer mechanisms. Notably, trans-differentiation
of fibroblasts triggered miR-146a overexpression and secretion through extracellular vesicles

Address correspondence to: Dr. Changwon Kho, Cardiovascular Research Center, Icahn School of Medicine at Mount Sinai, Leon,
Norma Hess Center for Science and Medicine, 1470 Madison Avenue, 7th Floor, Box 1030, New York, NY 10029, USA, Tel:
212-824-8907, Fax: 212-241-4080, changwon.kho@mssm.edu. Dr. Roger J. Hajjar, Arthur & Janet C. Ross Professor of Medicine,
Director of Cardiovascular Research Center, Icahn School of Medicine at Mount Sinai, Leon and Norma Hess Center for Science and
Medicine, 1470 Madison Avenue, 7th Floor, Box, 1030, New York, NY 10029, USA., Tel: 212-824-8902, Fax, 212-241-4080,
roger.hajjar@mssm.edu.

DISCLOSURES
None.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ohetal.

Keywords

Heart failure; SERCA2a; SUMO1; microRNA; extracellular vesicle; miR-146a;
posttranscriptional regulation; gene therapy

Keywords

Page 2

(EVs), and the EV-associated miR-146a transfer was identified as the causative mechanism of
miR-146a upregulation in failing cardiomyocytes. Finally, EVs isolated from failing hearts were
shown to contain high levels of miR-146a and exerted negative effects on the SUMO1/SERCA2a
signaling axis and hence, cardiomyocyte contractility.

Conclusions: Taken together, our results show that miR-146a is a novel regulator of the
SUMOylation machinery in the heart, which can be targeted for therapeutic intervention.

Calcium Cycling/Excitation-Contraction Coupling; Gene Therapy; Heart Failure

INTRODUCTION

Ca?* cycling abnormalities in cardiomyocytes have been shown to be critical in the
pathophysiology of HF.1=3 Experimental studies have demonstrated that stabilization of
Ca?* cycling significantly rescues the HF phenotype and increases animal survival. In this
regard, the sarcoplasmic reticulum Ca2*-ATPase (SERCA2a) pump and its regulators have
been shown to be important targets for intervention.=9 Previously, our group identified
small ubiquitin-like modifier 1 (SUMOL) as a positive regulator of SERCAZ2a that exhibits
reduced levels during HF.10 SERCA2a undergoes SUMOylation at lysine sites 480 and 585
by SUMOZ, rendering it more stable and increasing its activity.19 Gene transfer of SUMO1
normalizes SUMOL1 expression, enhances SERCA2a SUMOylation, and restores cardiac
function in both mouse and swine HF models.10-12 However, the regulatory mechanisms
underlying the downregulation of SUMOL1 expression have yet to be elucidated.

MicroRNAs (miRs) are short single-stranded noncoding RNASs that evolved to fine-tune
biological networks by destabilization and/or translational inhibition of target mMRNAs.13
Alterations in the levels of several miRs (i.e., miR-1, 21, and 133) have been observed in
human failing myocardium.14 Single miRs tend to regulate multiple targets within the same
functional pathway. Furthermore, miR-targeting drugs are unlikely to be limited by
immunological issues that commonly accompany virus-mediated gene therapy.1® Therefore,
mIRs are attractive targets for human diseases including HF. For example, our group found
that miR-25 downregulates SERCA2a expression and that miR-25 inhibition enhances Ca%*
handling and cardiac function through the restoration of SERCAZ2a levels in failing mouse
hearts.16 In the present study, we discovered that miR-146a negatively regulates Ca2*
cycling by downregulating SUMOL expression.

miR-146a was initially reported to act as a negative regulator of innate immune responses by
targeting interleukin-1 receptor-associated kinase 1 (IRAK1) and TNF receptor-associated
factor 6 (TRAF6).17 Thus, downregulation of miR-146a is closely associated with
autoimmune diseases.18-20 The role of miR-146a in the heart has been shown to vary by
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heart disease model. Overexpression of miR-146a has exerted beneficial effects by
suppressing excessive immune responses in ischemia/reperfusion injury?, septic
cardiomyopathy?2, and diabetic cardiomyopathy models23. In contrast, miR-146a
overexpression has shown to have deleterious effects such as reduced cardiac function and
adverse cardiac remodeling in doxorubicin-induced cardiomyopathy?4, peripartum
cardiomyopathy?2®, and pressure overload models2® by targeting genes such as £rbb4, Nras,
or DlIst. Therefore, the conclusive role of miR-146a during HF has yet to be defined.

Here, we tested the effects of miR-146a modulation in transverse aortic constriction (TAC)-
induced HF models and validated the role of miR-146a as a SUMO1-targeting miR. We
discovered that miR-146a expression correlates inversely with SUMOL1 expression in failing
human and mouse hearts. Using genetic techniques, we demonstrated that overexpression of
miR-146a attenuates SUMOL expression, SERCA2a SUMOQylation, and cardiac contractile
function in vitro and in vivo. In contrast, inhibition of miR-146a normalizes these
alternations by the elevated miR-146a levels in the failing conditions. Furthermore, we
found that miR-146a is formed in fibroblasts, but not in cardiomyocytes, and then released
as an extracellular vesicle (EV)-associated form. The EV-associated miR-146a is transferred
into cardiomyocytes and attenuates SUMOL expression, thereby reducing contractile
function. Collectively, we demonstrate a novel mechanism underlying the regulation of
SUMOL1 expression, which provides novel insights into cardiac intercellular communication
in HF.

METHODS

All data have been made publicly available at figshare and can be accessed at 10.6084/m9.
figshare.6932888 or from the corresponding author on request. Detailed Methods section is
available in the Online Data Supplement.

EV treatment.

Our FACS and NTA analyses revealed the number of cardiac cells and EVs from normal and
failing hearts to have the ratio of 1:2000 (cells:EVs). Thus, the EVs were treated at the rate
of two thousand in EV treatment experiments. The isolated adult cardiomyocytes were
treated with purified EVs for 24hrs after which RNA and contractile properties of
cardiomyocytes were analyzed.

EV labeling and confocal analysis.

EVs were subjected to PKH26 labeling according to the manufacturer’s recommendations.
For confocal laser scanning microscopy experiments, cardiomyocytes were incubated with
PKH26-labeled EVs (2000 EVs/cell) for 24 hrs. Cardiomyocytes were washed twice with
PBS solution to remove surface associated EVs and were then fixed in 2% (wt/vol)
paraformaldehyde for 5 min on ice. Cardiomyocytes were imaged using Leica SP5 CLSM
confocal microscope.
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Statistical analysis.

Data are expressed as mean = SEM or SD as indicated. All data were analyzed using the
Student’s t-test for comparison of two groups, One-way ANOVA for three groups. Survival
testing was performed with the Kaplan-Meier analysis. To assess the correlation between
miR-146a expression and SUMOL expression, we used Spearman correlation and plotted
individual relative expressions of miR-146a and SUMOL that were normalized by 18S RNA
expression. For all in vivo experiments, the groups were randomly allocated and examined
under blind test conditions. Statistical outliers were not automatically excluded; only
technical failures or sudden death were excluded from the datasets. Differences were
considered statistically significant when the p-value was < 0.05.

RESULTS
miR-146a directly targets SUMOL1 in cardiomyocytes.

To gain a better understanding of the regulatory mechanisms underlying decreased SUMO1
expression during HF, we sought to identify miRs that affect the expression of SUMO1
using /n silico screening methods. Four different prediction programs (microRNA.org,
miRSearch, DIANA, and mirdb.org) all yielded miR-146a as a strong candidate (Figure la in
the Data Supplement). The SumoZ 3’-untranslated region (UTR) contains a putative
miR-146a binding site that is highly conserved among selected vertebrates (Figure Ib in the
Data Supplement). Intriguingly, miR-146a was previously shown to affect Ca* handling in
cardiomyocytes.18 Quantitative reverse transcription polymerase chain reaction (QRT-PCR)
analyses revealed that miR-146a levels were significantly elevated in failing human and
mouse hearts (Figure 1A and B) and that miR-146a and SUMOL levels were inversely
correlated in these hearts (Figure Id and e in the Data Supplement). miR-146b shares a seed
sequence with miR-146a28; however, its expression was not altered in failing hearts (Figure
Ic in the Data Supplement). Thus, in this study, we focused predominantly on examining the
role of miR-146a. A luciferase reporter assay was used to test whether miR-146a binds
directly to the Sumo1 3’-UTR. A miR-146a mimic suppressed the luciferase activity of a
reporter containing the Sumol mRNA 3’-UTR sequence in a dose-dependent manner
(Figure 1C). This suppressive effect was abolished when the putative miR-146a binding site
was mutated in the Sumol 3'-UTR sequence (Figure 1C), indicating that miR-146a binding
is specific. Isolated adult mouse cardiomyocytes treated with an adenovirus encoding pre-
mir-146a (Ad_pre-mir-146a) exhibited a significant dose-dependent reduction in SUMO1
and SUMO1 conjugate levels, as assessed by gRT-PCR and western blotting (Figure 1D-F
and Figure If in the Data Supplement). In striking contrast, treatment with an adenovirus
encoding a tough decoy?® for miR-146a (Ad_decoy-146a) led to a significant dose-
dependent elevation in SUMO1 and SUMOL conjugate levels (Figure 1G-1 and Figure Ig in
the Data Supplement). Taken together, these data suggest that miR-146a regulates SUMO1
expression through specific binding to the 3’-UTR of SUMOL.

miR-146a regulates Ca2* cycling in cardiomyocytes.

Reduced SUMO1 levels result in decreased SUMOylation of SERCAZ2a, which in turn leads
to abnormal Ca2* handling in failing hearts.10 Therefore, we next examined the effect of
miR-146a overexpression on SERCA2a SUMOylation and Ca2* handling in
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cardiomyocytes. Ad_pre-mir-146a reduced SERCA2a SUMOylation by 30% in
cardiomyocytes (Figure 2A). The expression levels of SUMO2, SUMO3, and other
SUMOylation-related enzymes were not affected by miR-146a (Figure lla-g in the Data
Supplement). Moreover, Ad_pre-mir-146a reduced cardiomyocyte Ca2* transient amplitude,
SR Ca?* load, and peak shortening and prolonged the time constant for Ca?* transient decay
(tau) as assessed by a dual-excitation fluorescent photomultiplier system (Figure 2B-F and
Table I in the Data Supplement). The effects of miR-146a inhibition were examined in
failing cardiomyocytes (Figure Ilh in the Data Supplement). Inhibition of miR-146a by
Ad_decoy-146a restored SUMOL1 expression and SERCA2a SUMOylation (Figure 2G,
Figure i and j in the Data Supplement) and improved Ca?* transient and contractility in
failing cardiomyocytes (Figure 2H-L and Table I in the Data Supplement). In summary,
these data suggest that miR-146a causes abnormal CaZ* handling in cardiomyocytes through
the suppression of SUMO1 expression and the inhibition of miR-146a significantly
improves Ca2* handling in failing cardiomyocytes in vitro.

Overexpression of miR-146a impairs cardiac function in vivo.

These findings led us to investigate the in vivo role of miR-146a in HF. To characterize the
physiological consequences of miR-146a overexpression, adeno-associated virus serotype 9
encoding pre-mir-146a (rAAV9_pre-mir-146a) or rAAV9-LacZ (control) were administered
to wild-type mice via the tail vein and cardiac morphology and function were monitored at
four weeks post gene delivery (Figure 3A). miR-146a levels were significantly increased in
cardiomyocytes following injection of rAAV9_pre-mir-146a in a dose-dependent manner
(Figure 3B and Figure Illa-c in the Data Supplement). Hypertrophic indices including heart
weight to body weight ratio, left ventricle (LV) wall thickness, the LV cardiomyocyte size,
and hypertrophic marker expressions (ANF, BNP) increased at four weeks post-injection of
rAAV9_pre-mir-146a, compared to mice injected with the control virus (Figure 3C, D,
Figure I11f, g and Table Il in the Data Supplement). Mice with overexpressed miR-146a also
exhibited a significant reduction in ventricular systolic function, as evidenced by the dose-
dependent reduction in fractional shortening (FS) and ejection fraction (EF) (Figure 3D, E,
Figure I11d, e and Table 11 in the Data Supplement). Moreover, hemodynamic analyses also
revealed that LV systolic function was significantly decreased in mice injected with rAAV9-
pre-mir-146a, as indicated by the reduced end systolic pressure-volume relationship
(ESPVR) and the maximum rate of pressure change (Max dP/dt) (Figure 3F, G and Table Ill
in the Data Supplement). These data suggest that miR-146a overexpression resulted in
cardiac systolic dysfunction. Furthermore, the rightward shift of pressure-volume loops
observed in mice with overexpressed miR-146a indicated that miR-146a induced ventricular
dilation (Figure 3F). SUMOL expression was significantly decreased in mice injected with
rAAV9_pre-mir-146a. SERCAZ2a expression and SUMOylation levels were also
significantly reduced (Figure 3H-K, Figure I1lh and i in the Data Supplement). Overall,
these data suggest that elevated miR-146a levels lead to dysregulation of the SUMO1/
SERCAZ?2a signaling axis and concomitant deterioration of cardiac morphology and function.

Inhibition of miR-146a is cardio-protective in vivo.

To evaluate the consequences of miR-146a inhibition, we examined the cardiac function of
wild-type and TAC mice injected with either decoy-146a (rAAV9_decoy-146a) or rAAV9-
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LacZ (control). Wild-type mice were subjected to TAC surgery to induce pressure overload.
The rAAV9_decoy-146a or control virus was injected at two weeks post-TAC and cardiac
morphology and function were monitored bi-weekly (Figure 4A). miR-146a levels were
elevated in hearts injected with the control virus at six weeks post-TAC; however, miR-146a
levels were completely normalized in hearts injected with the rAAV9_decoy-146a (Figure
4B and Figure 1Va in the Data Supplement). Various hypertrophic markers were prominently
increased in TAC mice injected with the control virus. In contrast, the hypertrophic response
was blunted in TAC mice injected with the rAAV9_decoy-146a (Figure 4C, D, Figure I\Vc-e
and Table IX in the Data Supplement). Adverse cardiac remodeling and functional
deterioration were evident in mice treated with the control virus under pressure overload, but
significantly attenuated in mice injected with the rAAV9_decoy-146a, as determined by FS
and EF (Figure 4D, E, Figure IVb and Table IV in the Data Supplement). Hemodynamic
analyses revealed that the LV systolic function index (ESPVR and Max dP/dt) was restored
to normal levels and ventricular dilation was normalized in TAC mice injected with the
rAAV9_decoy-146a (Figure 4F, G and Table V in the Data Supplement). Western blotting
showed that SUMO1, SUMOL conjugates, SERCA2a, and SERCA2a SUMOylation levels
were reduced under pressure overload, but were all normalized by rAAV9_decoy-146a under
the same conditions (Figure 4H-K and Figure 1\VVf-k in the Data Supplement). Taken
together, these results demonstrate that inhibition of miR-146a improves cardiac function
through the restoration of SUMO1 expression, which could potentially serve as a therapeutic
target for HF.

Normalization of SUMOL1 levels alleviates miR-146a-mediated cardiac dysfunction.

To confirm our hypothesis that elevated levels of miR-146a induce cardiac dysfunction by
downregulating SUMOL, we used the strategy of restoring SUMO1 expression in a
miR-146a overexpression model. Cardiac-specific Cre/loxP-conditional SumoI-transgenic
mice (SUMO1 TG) and their negative littermates (NL) were injected with rAAV9_pre-
mir-146a and tamoxifen was administrated at two weeks post-viral injection to induce
SUMOL1 transgene expression. Cardiac function was analyzed at six weeks post-tamoxifen
administration (Figure 5A). Consistent with the data shown in Figures 3 and 4, SUMO1
levels were significantly reduced in NL mice, but remained at near-normal levels in SUMO1
TG mice under conditions of miR-146a overexpression (Figure 5B, C, Figure Va and c in the
Data Supplement). The SUMOQylation assay revealed that reduced SERCA2a SUMOylation
under miR-146a overexpression was normalized in SUMO1 TG mice (Figure 5B and D).
Normalization of SUMOL levels attenuated miR-146a-mediated adverse cardiac remodeling
and dysfunction (Figure 5E, F, Figure Vb and Table V1 in the Data Supplement). Finally,
overexpression of miR-146a dramatically increased mortality in NL mice; however, this
miR-146a-mediated fatality was significantly attenuated in SUMO1 TG mice, as shown by
Kaplan-Meier analysis (Figure 5G). Collectively, these observations suggest that the
detrimental effects of miR-146a are mainly mediated through downregulation of SUMOL1 in
the heart.

Fibroblasts secrete and transfer miR-146a into cardiomyocytes via extracellular vehicles.

To further elucidate the regulatory mechanisms of miR-146a during HF, we examined
mature miR-146a and primary transcript (pri-mir-146a) levels in two different heart cell
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fractions (cardiomyocytes and non-myocytes). An approximately 2.7-fold upregulation of
miR-146a was observed in cardiomyocytes isolated from failing hearts, compared to wild-
type cardiomyocytes (Figure 6A). However, pri-mir-146a was upregulated exclusively in the
non-myocyte fraction of failing hearts (Figure 6B). These observations led us to hypothesize
that miR-146a is produced in non-myocyte cells and then delivered to the cardiomyocytes.
Intriguingly, recent studies have shown that cardiomyocytes do not induce miR-146a
expression by direct stimulation, but rather receive it from other cardiac cells via EVs.25-27
To identify the miR-146a-expressing cell type in the heart, the expression of mature
miR-146a and pri-mir-146a was analyzed in the four major cardiac cell types
(cardiomyocytes, fibroblasts, endothelial cells, and leukocytes) isolated by fluorescence-
activated cell sorting (FACS) (Figure Vla-d and Table VII in the Data Supplement).
Although mature miR-146a levels were increased in failing cardiomyocytes, pri-mir-146a
levels did not alter under failing conditions, consistent with previous findings (Figure 6A
and B). In contrast, a significant elevation in pri-mir-146a levels was observed
predominantly in the fibroblast and leukocyte fractions in HF (Figure 6C and D). To
compare the level of miR-146a secretion in fibroblasts and leukocytes, EVs were isolated
from fibroblast and leukocyte cultures and then analyzed for miR-146a expression. The level
of secreted miR-146a was approximately 4-fold higher in EVs secreted from fibroblasts than
from leukocytes (Figure 6E). Combined with the fact that fibroblasts are >14-fold more
abundant than leukocytes in the heart (Table VII in the Data Supplement), this observation
suggests that fibroblasts are the major source of secreted miR-146a in the heart. During HF,
fibroblasts trans-differentiate into myofibroblasts, which induces dynamic changes in
functional properties and gene expression.3% 31 To mimic pathogenic conditions, fibroblast
cultures were treated with transforming growth factor-p (TGF-p), which is known as the
primary factor that drives trans-differentiation of fibroblasts.32 33 miR-146a expression was
significantly increased following TGF-p treatment, paralleling the increase in trans-
differentiation markers (Figure I\Ve and f in the Data Supplement). TGF-f treatment also
enhanced EV-mediated miR-146a secretion by approximately 20-fold, suggesting that TGF-
B triggers the release of miR-146a from fibroblasts (Figure 6F). To confirm the uptake of
released miR-146a into cardiomyocytes, EVs isolated from fibroblast cultures (Fib-EV)
were labeled with a fluorescent dye (PKH-26) and added to isolated cardiomyocytes.
Confocal microscopy revealed the presence of Fib-EVs in cardiomyocytes (Figure 6G and
Figure VII in the Data Supplement). qRT-PCR analysis further confirmed that mature
miR-146a levels, but not pri-mir-146a levels, increased in cardiomyocytes following Fib-EV
treatment. These results imply that the transfer of miR-146a via EVs is the main mechanism
by which levels of miR-146a increase in cardiomyocytes and also excludes the possibility of
EV treatment in promoting miR-146a synthesis (Figure 6H). The increase of miR-146a
levels in cardiomyocytes was accompanied by a decrease in SUMOL levels and reduced
Ca?* transient amplitude and cardiac contractility (Figure 61, J and Table V111 in the Data
Supplement). These findings indicate that trans-differentiation of fibroblasts, and hence
miR-146a secretion, are the causative mechanism of miR-146a upregulation in
cardiomyocytes during HF.
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EV-mediated miR-146a transfer is a critical mechanism of SUMOL1 regulation and cardiac
function in cardiomyocytes.

To further confirm the role of EV-associated miR-146a on cardiomyocyte function, we
examined the effect of either miR-146a-enriched or -depleted EVs on cardiomyocyte
function. We generated Fib-EVs in which miR-146a was either enriched (miR-146a-
enriched EV) or depleted (miR-146a-depleted EV) by infection with either Ad_pre-mir-146a
or Ad_decoy-146a, respectively. The effect of these EVs on cardiomyocyte function was
then examined (Figure 7A and Figure Vllla in the Data Supplement). miR-146a-enriched
EVs contained an approximately 2-fold higher level of miR-146a, whereas miR-146a-
depleted EVs contained approximately 20% of the miR-146a level in wild-type Fib-EVs
(Figure 7B). Cardiomyocytes treated with miR-146a-enriched EVs exhibited increased
miR-146a levels, decreased SUMOL levels, and impaired Ca2* transients and contractility,
whereas cardiomyocytes treated with miR-146a-depleted EVs exhibited slightly decreased
miR-146a levels, increased SUMOL1 levels, and improved Ca2* transients and contractility,
compared to cells treated with wild-type Fib-EVs (Figure 7C-E and Table VIII in the Data
Supplement).

Additionally, to clarify the pivotal role of miR-146a in EV delivery in cardiomyocyte
functions, the effects of miR-146a inhibition against Fib-EVs were tested. The isolated
cardiomyocytes were pre-treated with Ad_decoy-146aand then treated with Fib-EV for 24h
after which calcium transient and cardiomyocyte contractility were measured (Figure VIIIb
in the Data Supplement). As expected, Ad_decoy-146a pre-treatment blocked the negative
inotropic effects that were brought up by upregulation of miR-146a due to Fib-EV uptake
(Figure VllIc-e in the Data Supplement).

Finally, to address the physiological relevance of EV-mediated miR-146a transfer in vivo,
isolated cardiomyocytes were treated with EVs isolated from wild-type (Sham-EV) or
failing mouse hearts (HF-EV) (Figure 7F and Figure VIIIf in the Data Supplement). The
level of miR-146a in EVs isolated from failing hearts was approximately 6-fold higher than
in the wild-type control (Figure 7G, Figure VIllg and h in the Data Supplement). Treatment
of wild-type cardiomyocytes with EVs isolated from failing hearts resulted in increased
miR-146a levels and decreased SUMO1 expression and significantly impaired Ca?*
transients and cardiac contractility, compared to cardiomyocytes treated with EVs isolated
from wild-type hearts (Figure 7H-J and Table VIII in the Data Supplement). Collectively,
these data suggest that EV-mediated delivery of miR-146a to cardiomyocytes plays a pivotal
role in SUMOL1 regulation during HF.

DISCUSSION

To the best of our knowledge, this study is the first to demonstrate that the upregulation of
miR-146a has a direct correlation with the reduction of SUMO1 levels in failing hearts. The
reduction of SUMOL expression by miR-146a overexpression resulted in decreased
SERCA2a SUMOylation and contractile function in cardiomyocytes. Moreover, inhibition
of miR-146a reversed contractile dysfunction in failing hearts by restoring SUMO1 levels.
In failing hearts, miR-146a was secreted from trans-differentiated fibroblasts and then
transferred into cardiomyocytes by EV-mediated trafficking. This intracellular

Circ Res. Author manuscript; available in PMC 2019 August 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ohetal.

Page 9

communication promoted the inhibition of SUMOL1 expression in cardiomyocytes, resulting
in cardiac dysfunction during HF. A schematic summary of our findings is shown in Figure
8.

SUMOylation is a post-translational modification process in which SUMO proteins are
conjugated to their targets via enzymatic cascade reactions.3# This process has been shown
to regulate proteins by altering their structure, enzymatic activity, stability, sub-cellular
localization, and protein-protein interactions.3* Recent studies have demonstrated that the
SUMO pathway is central in regulating heart development, with defective SUMOQylation
leading to congenital heart defects.3® Global SUMO1 knockout mice develop congenital
heart disease, including atrial and ventricular septal defects, and cardiac-specific SUMO1
knockdown mice show a progression of cardiac dysfunction and sudden death.3° The
absence of SENP2, a deSUMOylating enzyme, leads to embryonic lethality with defects in
the embryonic mouse heart.3 In addition, cardiac-specific SENP2 overexpression mice exert
dilated cardiomyopathy, further underlining the importance of maintaining proper
SUMOylation in the heart.3” Our group has previously shown that SERCA2a SUMOylation
occurring at lysine 480 and lysine 585 is essential for correct SERCA2a ATPase activity and
protein stability in human and mouse cells.1® SUMO1 and SUMOylated SERCA2a levels
are reduced in failing human and mouse hearts. However, AAV-mediated SUMO1 gene
transfer has exhibited significant beneficial effects in HF animal models.10-12 Recently, our
group showed that the small molecule N106 directly activates the SUMO-activating enzyme,
SUMO EL1 ligase, and induces intrinsic SERCA2a SUMOylation.38 Previous studies have
demonstrated that N106 improves ventricular function in HF mice models, suggesting that
SUMOL targeting could serve as the basis for the design of new therapies for countering HF.

In this study, we set out to identify miRs that target and regulate SUMOL expression in HF.
We identified miR-146a as a potential SUMO1-targeting miR using /7 silico prediction
tools. Indeed, miR-146a directly binds a site approximately 20~50 bp downstream of the 3’-
UTR of the Sumol gene, as determined by our luciferase assay. miR-146a overexpression
significantly reduced a monomeric form of SUMO1 and SUMOL conjugates in vitro and in
vivo. The reduction in global SUMOylation significantly decreased SUMOQylation of
SERCAZ2a. In contrast, miR-146a inhibition attenuated SUMOL reductions and restored
SERCA2a SUMOylation. We also tested other SUMOylation targets in the same
experimental condition, but these proteins (Spl, GATA4) were not susceptible to the changes
of SUMO1 expression as much as SERCAZ2a (Figure Il1j and 1\VVh in the Data Supplement).
The features of SERCA2a SUMOylation, that is SUMOylated only by the SUMOL1 isoform
and does not require a specific SUMO E3 enzyme, seem to determine the susceptibility of
SERCA2a SUMOylation to the levels of SUMO1 expression. The miR-146a-mediated
reduction in SERCA2a SUMOQylation certainly affected cardiac function and sudden death
in mice, which is consistent with our previous findings regarding SUMO1 reduction in the
heart.10 In contrast, miR-146a inhibition preserved adverse remodeling and dysfunction in
TAC mice. Therefore, our findings may provide another attractive therapeutic target for the
intervention of HF.

miR-146a was originally discovered as an innate immune suppressor in the THP-1 human
monocytic cell line in which it targets IRAK1 and TRAF6.17 Recent studies have reported
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that overexpression of miR-146a reduced the immune response in myocardial ischemia/
reperfusion (I/R) injury?L, septic cardiomyopathy?2, diabetic cardiomyopathy?3, and
myocardial infarction (MI).32 Another study using a human cardiac cell line (AC16) showed
that miR-146a inhibition enhanced the expression of MRNASs related to inflammation.40
Therefore, we were concerned regarding the excessive inflammation caused by miR-146a
inhibition in the present study. To test whether miR-146a inhibition affects cardiac
inflammation under pressure overload, representative inflammatory markers were quantified
by gRT-PCR and immunohistochemistry (IHC). Based on our gRT-PCR results, although
miR-146a levels were elevated, pressure overload stimulated the expression of inflammatory
markers such as TNFa, CD11c, CD19, CD3, and F4/80 (Figure 1Xa-e in the Data
Supplement). However, rAAV9_decoy-146a-mediated inhibition of miR-146a in failing
hearts abolished inflammatory responses (Figure 1Xa-e in the Data Supplement). In addition,
IHC revealed that CD45 and TNFa expression were significantly increased in failing hearts
but decreased in decoy-146a-treated failing hearts (Figure IXf-h in the Data Supplement).
These results imply that pressure overload drives the heart to induce inflammatory
responses, regardless of the increase in miR-146a levels. In contrast, normalization of
miR-146a levels exerted protective effects against inflammation under pressure overload.
Thus, although previous reports have provided important evidence that miR-146a attenuates
inflammatory response by suppressing its targets, under our HF model settings, we did not
observe excessive inflammation and miR-146a inhibition showed beneficial effects on
inflammatory responses. Further studies aimed at elucidating the reciprocal relationship
between miR-146a and cardiac inflammation are currently underway.

Currently, two conflicting views exist regarding the role of miR-146a in the heart: beneficial
versus deleterious effects. The supporting argument for the positive effect of miR-146a in
the heart is based on evidence that miR-146a can act as an innate immune suppressor. On the
contrary, reports have also shown that miR-146a suppresses the expression of critical
proteins (dihydrolipoyl succinyltransferase (DLST), Erb-B2 Receptor Tyrosine Kinase 4
(ERBB4) and neuroblastoma RAS viral oncogene homolog (NRAS)), which have been
shown to play crucial roles in cardiac metabolism or angiogenesis.24-26: 41 These studies
have demonstrated that inhibition of miR-146a results in reduced cardiac damage in
doxorubicin-induced, pressure-overload, and peripartum cardiomyopathy (PPCM) animal
models.24-26 In agreement with these reports, our current study also shows beneficial effects
of miR-146a inhibition on cardiac function. Taken together, the effects of miR-146a could
vary on different physiological settings of disease. The factors that determine if miR-146a is
beneficial or deleterious remain to be elucidated. One potential possibility to explain the
contradictory results related to miR-146a is the binary effect of an immune response in
disease states. Immunologists believe that the relative balance between pathological
inflammatory pathways and tissue reparative processes define the trajectory of HF
development.#2 Suppression of immune response could be beneficial in disease models
where pathological inflammation is strongly activated. However, if physiological
inflammation is activated in tissue reparative processes, immune suppression is not the
correct approach to protect the heart from damage. The role of miR-146a could differ
depending on the involvement of pathologic immune response. Therefore, the effects of
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miR-146a on cardiac function need further exploration in different settings of disease and
caution needs to be taken when moving this study into clinical trials.

EVs are heterogeneously sized (20-2000 nm) particles released into biological fluids
including blood, urine, tears, and pericardial fluid, as well as into conditioned media from
cultured cells.#3: 44 Recently, EVs have emerged as biological carriers, transferring their
protein, lipid, mRNA, long non-coding RNA and microRNA content to target cells.43: 44 In
the heart, EVs are known to play important roles in intercellular communication between
cardiac cells. Bang et al. suggested that cardiac fibroblast-derived EVs mediate cardiac
hypertrophy through the pro-hypertrophic microRNA, miR-21*4°, and Wang et al. showed
that diabetic cardiomyocyte-derived EVs reduce angiogenesis by transferring anti-
angiogenic miR-320 into endothelial cells.*® Recent studies have shown that miR-146a is
also secreted in an EV-associated form.25-27 miR-146a in endothelial cell-derived EVs
exerts negative effects on cardiac function in PPCM and pressure overload models.2°: 26
Intriguingly, these studies found that endothelial cell-derived EVs play a primary role in
regulating miR-146a levels in cardiomyocytes. Because these previous studies used a single
cell culture model, we examined the overall changes in miR-146a expression in four major
cardiac cell types during HF. According to our FACS analysis, cardiac fibroblasts produced
the majority of miR-146a (Figure 6C and D). Consistent with previous studies, endothelial
cells also exhibited upregulated expression of miR-146a in failing hearts; however, the level
of miR-146a production was much lower than in fibroblasts (Figure 6C and D). Globally,
however, fibroblasts seem to be the predominant source of miR-146a in the heart during HF.
Another compelling finding was that the ratio between the number of EVs and cells was
maintained at 2000:1 (EVs:cells) during HF, although the total number of EVs was doubled,
as determined by nanoparticle tracking analysis (Figure VIIIf-h in the Data Supplement). We
defined this ratio as physiologically-relevant and tested the functional consequences of
different EV to cell ratios. Therefore, our finding may serve as a standard ratio of the effects
of EVs on cardiac cells in future studies.

In this study, we demonstrate a novel regulatory mechanism of cardiac function whereby
cardiac fibroblasts influence cardiac contractility by diminishing the expression of SUMO1
via EV-associated delivery of miR-146a. In addition, the beneficial effects of miR-146a
inhibition via decoy-146a on cardiac function suggest that targeting miR-146a may provide
a novel therapeutic strategy for the treatment of HF.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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NOVELTY AND SIGNIFICANCE
What Is Known?

. Small ubiquitin-like modifier 1 (SUMOZ1) regulates the sarcoplasmic
reticulum Ca%*-ATPase (SERCA2a) pump and has emerged as a validated
molecular target for heart failure.

. SUMO1 and SUMOylated SERCAZ2a levels are reduced in failing hearts and
enhancing SUMOL1 by gene delivery or pharmacological activation rescues
the heart failure phenotype in animal models.

. The regulatory mechanisms underlying SUMOL1 expression in the heart are
unknown.

What New Information Does This Article Contribute?

. Micro RNA-146a regulates SUMO1/SERCA?2a axis in cardiomyocytes and its
upregulation contributes to the contractile dysfunction in heart failure.

. Mir-146a is secreted from trans-differentiated fibroblasts and then transferred
into cardiomyocytes through extracellular vehicles-mediated trafficking and
inhibits the SUMO1 expression.

. Inhibition of miR-146a reverses contractile dysfunction by restoring SUMO1
levels in mice with pathologic cardiac hypertrophy.

SUMOL is identified, as a new therapeutic target molecule for HF, however, its regulatory
mechanism has not been explored. For the first time, we report that miR-146a induction
plays a critical role in the abnormal regulation of SUMOL1 pathway. In addition, we
validated the delivery of miR-146a from cardiac fibroblasts into cardiomyocytes through
extracellular vehicles. The beneficial effects of miR-146a inhibition on cardiac function
suggest that targeting miR-146a may provide a novel therapeutic strategy for the
treatment of heart failure.
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Figure 1: MicroRNA-146a (miR-146a) inhibits SUMOL1 expression in cardiomyocytes.
A, Changes in SUMO1 mRNA and miR-146a levels in human hearts of non-failing (NF)

and heart failure (HF) patients (n=7-9). B, Changes in SUMO1 mRNA and miR-146a levels
in mouse hearts of sham and TAC operated mice (6 weeks after TAC) (n=8-9). C, Sequence
alignment of SUMO1 wild-type and mutant 3° UTRs with miR-146a (top) and luciferase
reporter assay (bottom). Luciferase reporters with a putative miR-146a—binding site (Luc-wt
UTR) or mutant miR-146a-binding site (Luc-mt UTR) were co-transfected into H9C2 cells
with miR-146a mimic or control (cel-miR-39) for 24h, and luciferase activity determined.
Values are presented as relative luciferase activity = s.e.m. (n=3). D and E, The expression
of miR-146a (D) and SUMO1 mRNA (E) in isolated adult mouse cardiomyocytes which
were infected with an adenovirus encoding pre-mir-146a (Ad_pre-mir-146a) for 48h (n=3).
F, Representative blot (top) and quantitative analysis (bottom) showing the expression of
SUMOL1 protein. G and H, The expression of miR-146a (G) and SUMO1 mRNA (H) in
isolated adult mouse cardiomyocytes which were infected with an adenovirus encoding
mir-146a decoy (Ad_decoy-146a) for 48h (n=3). I, Representative blot (top) and
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guantitative analysis (bottom) showing the expression of SUMOL1 protein. *, p<0.05, **,
p<0.01, ***, p<0.001, **** p<0.001 versus the respective control, as determined by One-
way ANOVA. Data are presented as mean + s.e.m.
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Figure 2: miR-146a inhibits cardiac contractility via suppression of SERCA2a SUMOylation.
Isolated mouse cardiomyocytes infected with Ad_pre-mir-146a (MOI=50) for 48h. A,

Representative blot (left) and quantitative analysis (right) showing the levels of SERCA2a
SUMOylation and SERCA2a expression (n=6). B, Representative trace of calcium transients
(top) and cardiac contractility (bottom). C and D, Averaged data of calcium transient
amplitude (C) and sarcomere length shortening (D) (n=100-150 cells/4 hearts). E, Caffeine-
induced Ca2* transient amplitude at 10 mmol/L Caffeine (n=10 cells/3 hearts). F, Rate
constant for the decay of the Ca?* transient (n=100-150 cells/4 hearts). *, p<0.05, **,
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p<0.01 versus cardiomyocytes infected with Ad_p-gal, as determined by Student’s #test.
Isolated failing cardiomyocytes from mice subjected to TAC for 6 weeks infected with
Ad_decoy-146a (MOI=50) for 48h. G, Representative blot (left) and quantitative analysis
(right) showing the levels of SERCA2a SUMOylation and SERCAZ2a expression (n=3). H,
Representative trace of calcium transients (top) and cardiac contractility (bottom). I and J,
Averaged data of calcium transient amplitude (I) and sarcomere length shortening (J)
(n=100-150 cells/4 hearts). K, Caffeine-induced Ca2* transient amplitude at 10 mmol/L
Caffeine (n=10 cells/3 hearts). L, Rate constant for the decay of the Ca2* transient (n=100-
150 cells/4 hearts). *, p<0.05, **, p<0.01, **** p<0.0001 versus the sham mouse and T,
p<0.05, 7T, p<0.01 versus the failing cardiomyocyte treated with Ad_g-gal, as determined by
one-way ANOVA. Data are represented as mean = s.e.m. in all panels.
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Figure 3: Overexpression of miR-146a promotes cardiac dysfunction in vivo.

A, Protocol for AAV9-mediated pre-mir-146a gene transfer into normal mice. Six week-old
male B6C3/F1 mice received AAV9 carrying pre-mir-146a (rAAV9_pre-mir-146a, 1x1012
vg/mouse) or control virus (rAAV9_LacZ) via tail-vein injection. After 4 weeks of gene

delivery, cardiac function was measured by echocardiography and then, further analyzed by
hemodynamic measurements. B, levels of miR-146a. C, Cross-section images of a mouse
heart (top) and quantification of heart weight/body weight ratio (bottom). Scale bars, 1 mm
D and E, Representative LV M-mode images (D) and Factional shortening (FS) (E) (n=8). F
and G, Representative pressure-volume loops (F) and ESPVR (G) (n=6). G, Representative
blot showing SERCA2a, SUMOL1 and total SUMOylation levels after infection with
rAAV9_pre-mir-146a. 1-K, The protein quantification of SUMOL (1), SERCAZ2a (J) and
SERCA2a SUMOylation (K) (n=6). *, p<0.05, **, p<0.01, ***, p<0.001 versus mouse
infected with rAAV9_LacZ, as determined by Student’s #test. Data are presented as mean +
s.e.m. in all panels.
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Figure 4: Inhibition of miR-146a prevents cardiac dysfunction under pressure overload in vivo.
A, Protocol for AAV9-decoy-146a gene transfer in mouse model of pressure overload. Six

week-old male B6C3/F1 mice were subjected to TAC and received AAV9 carrying
miR-146a decoy (rAAV9_decoy-146a, 5x1011 vg/mouse) or LacZ (rAAV9_LacZ) via tail-
vein injection 2 weeks post-TAC surgery. Cardiac function was measured by
echocardiography and analyzed by hemodynamic measurements 4 weeks after gene delivery.
B, levels of miR-146a. C, Cross-section images of a mouse heart (top) and quantification of
heart weight/body weight ratio (bottom). Scale bars, 1 mm D and E, Representative LV M-
mode images (D) and Factional shortening (FS) (E) (n=8-10). F and G, Representative
pressure-volume loops (F) and ESPVR (G) (n=6-8). H, Representative blot showing
SERCAZ2a, SUMO1 and total SUMOylation after infection of rAAV9_decoy-146a. 1-K,
Protein quantification of SUMOL (1), SERCAZ2a (J) and SERCA2a SUMOylation (K)
(n=6). *, p<0.05, ** p<0.01, *** p<0.001 versus sham operated mice and T, p<0.01, 11T,
p<0.001 versus the TAC operated mice infected with rAAV9_LacZ, as determined by one-
way ANOVA. Data are represented as mean £ s.e.m. in all panels.
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Figure 5: Complementation of SUMOL expression attenuates miR-146a-induced cardiac
dysfunction in vivo.

A, Protocol for SUMOL1 re-expression in mouse model injected with rAAV9_pre-mir-146a.
Six week-old male B6C3/F1 mice were received AAV9 carrying pre-miR-146a (rAAV9_pre-
mir-146a, 1x1012 vg/mouse) or LacZ (rAAV9_LacZ) via tail-vein injection. Tamoxifen was
administered to induce SUMO1 expression in the SUMO1 TG mice at 2 weeks post-
rAAV9_pre-mir-146a injection. Cardiac function was measured by echocardiography and
analyzed by hemodynamic measurements 8 weeks after gene delivery. B, Representative
blot showing SERCA2a, SUMOL1 and total SUMOQylation after infection of
rAAV9_decoy-146a. C and D, The protein quantification of SUMO1 (C) and SERCA2a
SUMOylation (D) protein levels (n=6). E and F, Representative LV M-mode images (E) and
Factional shortening (FS) (F) (n=5-8). G, Survival of animals after rAAV9_pre-mir-146a in
negative littermate (NL) or SUMO1 TG. The Kaplan-Meier method was used to analyze
animal lifespan (NL with rAAV9_LacZ, n=10; NL with rAAV9_pre-mir-146a, n=17; TG
with rAAV9_pre-mir-146a, n=9). *, p<0.05, **, p<0.01, ***, p<0.001 versus NL mice
injected with rAAV9_LacZ and T, p<0.01, 17T, p<0.001 versus NL mice injected with
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rAAV9 pre-mir-146a, as determined by one-way ANOVA. Data are represented as mean +
s.e.m. in all panels.
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Figure 6: miR-146a is transferred from fibroblasts into cardiomyocytes through an EV-mediated
mechanism.
A and B, Changes in miR-146a and pri-mir-146a levels in isolated cardiomyocyte (A) or

non-myocyte (B) fractions from mouse hearts of sham and TAC operated mice (TAC, 6
weeks after TAC) (n=3). The RNA levels were normalized to 18S rRNA. C and D, Copy
number of miR-146a (C) and pri-mir-146a (D) in sorted cardiac cells from sham and TAC
operated mice (6 weeks after TAC) (n=5). E, Levels of miR-146a in isolated EVs from
leukocyte (Leu) or fibroblast (Fib)-cultured media. F, Levels of miR-146a in isolated EVs
from fibroblast-cultured media with/without TGF-B. G, Representative confocal
microscopic image of isolated cardiomyocytes treated with labeled EVs for 24h. H and I,
Levels of miR-146a, pri-mir-146a (H) and SUMO1 mRNA (1) in isolated cardiomyocytes
treated with/without fibroblast-derived EVs for 24h (n=3). J, Representative trace of calcium
transient (top) and cardiac contractility (bottom) (n=60-80 cells/3 hearts). *, p<0.05, **,
p<0.01, ***, p<0.001 versus the indicated control, as determined by Student’s #test. Data
are represented as mean + s.e.m. in all panels.
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Figure 7: EV-mediated miR-146a transfer affects cardiac function.
A, Scheme depicting a protocol used for the production of miR-146a enriched or depleted

EVs. B, Levels of miR-146a in fibroblast-derived (Fib EV), miR-146a-enriched fibroblast-
derived (miR-146a enriched EV), and miR-146a-depleted fibroblast-derived (miR-146a
depleted EV) EVs. C and D, Levels of miR-146a (C) and SUMO1 mRNA (D) in isolated
cardiomyocytes non-treated or treated with Fib-EV, miR-146a-enriched EV or miR-146a-
depleted EV for 24h (n=4). E, Representative trace of calcium transients (top) and cardiac
contractility (bottom) (n=60-80 cells/3 hearts). F, Scheme depicting a protocol used for the
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isolation of EVs from normal and failing hearts. G, Levels of miR-146a in EVs from normal
(Sham-EV) and failing mouse hearts (HF-EV) (6 weeks after TAC, n=3). H and I, Levels of
miR-146a (H) and SUMO1 mRNA (1) in isolated cardiomyocytes treated with Sham-EVs or
HF-EVs for 24h (n=3). J, Representative trace of calcium transient (top) and cardiac
contractility (bottom) (n=60-80 cells/3 hearts). *, p<0.05, **, p<0.01, *** p<0.001, T,
p<0.05, TT, p<0.01 versus the indicated control, as determined by Student’s #test. Data are
represented as mean + s.e.m. in all panels.
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Figure 8: Schematic model depicting miR-146a regulation of SUMOylation in heart failure.
During heart failure, miR-146a is expressed and processed in fibroblasts. The mature miR-146a
is secreted as an EV-associated form from the activated fibroblasts and then transferred into
cardiomyocytes. The fibroblast-derived miR-146a targets SUMOL1 and attenuates SERCA2a
SUMOylation, thus reducing cardiomyocyte function.
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