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ARTICLE INFO ABSTRACT

Background: Myocardial infarction (MI) is a life-threatening disease, often leading to heart failure. Defining ther-
apeutic targets at an early time point is important to prevent heart failure.

Methods: MicroRNA screening was performed at early time points after MI using paired samples isolated from the
infarcted and remote myocardium of pigs. We also examined the microRNA expression in plasma of MI patients
and pigs. For mechanistic studies, AAV9-mediated microRNA knockdown and overexpression were adminis-
trated in mice undergoing ML
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h/fi{‘;:)(gN Alet-7 Findings: MicroRNAs let-7a and let-7f were significantly downregulated in the infarct area within 24 h post-MI in
TGFBR3 pigs. We also observed a reduction of let-7a and let-7f in plasma of MI patients and pigs. Inhibition of let-7 exac-
Gene therapy erbated cardiomyocyte apoptosis, induced a cardiac hypertrophic phenotype, and resulted in worsened left ven-
Biomarkers tricular ejection fraction. In contrast, ectopic let-7 overexpression significantly reduced those phenotypes and

improved heart function. We then identified TGFBR3 as a target of let-7, and found that induction of Tgfbr3 in

cardiomyocytes caused apoptosis, likely through p38 MAPK activation. Finally, we showed that the plasma

TGFBR3 level was elevated after MI in plasma of MI patients and pigs.

Interpretation: Together, we conclude that the let-7-Tgfbr3-p38 MAPK signalling plays an important role in car-

diomyocyte apoptosis after MI. Furthermore, microRNA let-7 and Tgfbr3 may serve as therapeutic targets and

biomarkers for myocardial damage.
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1. Introduction from injury is extremely important for preventing progression to

heart failure. Rodent animal models of acute myocardial infarction

Cardiomyocyte apoptosis is considered a significant event during the
development of cardiomyopathy. Because the mammalian heart has
minimal regenerative capacity [1,2], protection of cardiomyocytes
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(MI) are well established for the study of the pathogenesis from MI to
heart failure. Several critical genes, microRNAs and long-noncoding
RNAs have been identified from the rodent MI model. However, little
is known about how these studies relate to clinical MI or whether
these candidates can be utilized for clinical applications. Considering
these issues, we chose pig as our experimental animal. Pigs are similar
to humans in physiology and pathophysiology after MI [3], and
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Research in Context section
Evidence before this study

MicroRNAs have been studied using rodent disease models. Given
the large burden of coronary artery disease and limited success of
pharmacological therapies to blunt myocardial infarct size and re-
modelling, we considered whether there is a research gap between
rodent animal studies and clinics. Conducting the current studies
using pigs is optimal for several reasons. In particular, there are
close similarities in Ml pathophysiology between pigs and humans;
comparative whole genome sequencing studies have shown that
compared to mice, genomic microRNA sequences in pigs are
more closely evolutionarily conserved with humans.

Added value of this study

We identified microRNAs let-7a and let-7f as novel factors that are
significantly downregulated in the infarcted myocardium in pigs
within 24 h post-MI. The plasma levels of let-7a and let-7f were
also decreased in pigs and in ST elevation Ml patients. AAV9 me-
diated let-7 inhibition or overexpression suggested that let-7a and
let-7f are cardiac protective factors after injury. In addition, we
proposed that Let-7-TGFBR3-p38 MAPK signalling regulates car-
diomyocyte apoptosis. Moreover, plasma TGFBR3 in STEMI pa-
tients also responds to cardiac injury in pigs and humans.

Implications of all the available evidence

This study provides translational potential for prevention of heart
failure after infarction. For example, administration of let-7a and
let-7f or TGFBR3 antagonist may protect STEMI patients from de-
terioration. Furthermore, the plasma levels of microRNA let-7a, let-
7f and TGFBR3 may serve as diagnosis and prognosis biomarkers
for patients with MI.

comparative whole genome sequencing studies have shown that com-
pared to mice, genomic sequences, including microRNAs, in pigs are
closely evolutionarily conserved with humans [4]. MicroRNAs are con-
sidered good targets for gene therapy because they are small enough
to be synthesized and modified. In this study, we identified microRNAs
whose expression responds to MI at the acute phase and explored their
underlying mechanisms to further evaluate their potential for gene
therapy.

The microRNA let-7 family was one of the earliest microRNA families
discovered [5]. It is evolutionarily conserved, and is required for devel-
opment in most organisms [5]. It has been widely studied in cancer
[6], pluripotency [7] and diabetes [8]. A recent study has suggested
that the let-7 family is the most up-regulated microRNA (miRNA) family
member in matured cardiomyocytes derived from human embryonic
stem cells (hESC-CMs) during one year maturation [9]. Overexpression
of let-7 family members in hESC-CMs enhances maturation mediated by
metabolic switch [9]. However, the role of let-7 in the context of Ml is
very controversial. For example, Seeger et al. reported that let-7 is up-
regulated after infarction and inhibition of let-7 protects heart function
through epithelial-mesenchymal transition of epicardial cells [10]. Con-
versely, Sun et al. demonstrated that another let-7 member, miR-98, is
downregulated after MI, and administration of miR-98 agomir protects
cardiomyocytes from apoptosis through the Fas-Caspase3 pathway
[11]. These opposite results may be due to the technical variations in
these small animal studies, such as the delivery method in both studies
being based on local injection of chemically modified nucleotides,
which requires a high level of expertise and is not applicable to the
clinic. To restart the investigation, a cardiac tropism virus, adeno-

associated virus 9 (AAV9), was used in our study to deliver let-7 inhib-
itor and expression vector by intravenous (i.v.) injection. Gene delivery
by AAVs is less invasive and has been used in clinics [12].

Transforming growth factor beta receptor Il (TGFBR3), also named
Betaglycan, is a coreceptor of the TGF-B superfamily. It can bind
TGFb1, TGFb2, TGFb3 [13], BMPs [14], inhibin [15] and bFGF [16] to
modulate signalling. TGFBR3 is important for cardiac development, es-
pecially endocardial or pericardial cell migration and proliferation.
Early in 1999, Brown et al. demonstrated that TGFBR3 is required for
endocardial cell epithelial-mesenchymal transition in the heart
responding to TGFb2 [17]. Knockout of TGFBR3 in mice led to embryonic
lethality at embryonic day 13.5 with heart and liver defects [18]. In ad-
dition to its role in signalling, TGFBR3 can also undergo ectodomain
shedding, releasing a soluble form into the extracellular space [19]. A li-
gand independent role of TGFBR3 has also been proposed to inhibit
myogenesis and promote fibrosis, through p38 MAPK signalling, and
the cytoplasmic domain of TGFBR3 is required [20]. However, its role
in cardiovascular disease is unclear.

In this study, we carefully examined the expression of microRNAs
during the acute phase of MI in the infarct and the remote regions of
pig hearts. Blood samples from ST elevation myocardial infarction
(STEMI) patients were collected to evaluate the association between
the animal studies and the clinical situation. We also re-investigated
the role of microRNA let-7 in a mouse MI model using AAV9 with i.v. in-
jection and identified the important downstream effects of let-7, includ-
ing the role of its target gene TGFBR3 in cardiomyocyte apoptosis.

2. Materials and methods

Detailed methods are available in the Supplemental Materials.

2.1. LAD ligation in a porcine model

MI was induced by permanent ligation of the left anterior descend-
ing (LAD) artery in ~22 kg Lanyu minipigs. The ligation site and subse-
quent infarct area are indicated in Fig. S1A. Success of MI surgery was
confirmed by the presence of ST-segment elevation in ECG recordings
(Fig. S1B).

2.2. LAD ligation and echocardiography

Ten-week-old mice were anesthetized by isofluorane (Halocarbon).
The left anterior descending coronary artery was visualized and oc-
cluded. Heart function was evaluated with echocardiography, when
heart rates were 400-500 bpm, LV end-systolic and end-diastolic diam-
eter were measured using M-mode in 3 short-axis views, at papillary
muscle, between papillary muscle and apex and apex, and used to calcu-
late ejection fraction. The results for each mouse were the average from
3 views. All experiments involving animals were conducted in accor-
dance with the Guide for the Use and Care of Laboratory Animals. All an-
imal protocols were approved by the Institutional Animal Care and
Use Committee of Academia Sinica (IACUC No. 106083 and 11-09-211).

2.3. Total RNA and plasma miRNA extraction

Total RNA was extracted from tissues or cells using Trizol reagent
(Invitrogen). To detect plasma miRNAs, MirVana PARIS Kit (Ambion)
and miRNeasy Serum/Plasma Kit (Qiagen) were used following the
manufacturer's protocol. In the MirVana method, small RNAs were ex-
tracted from 200 pl of plasma with five femto-moles of synthetic
microRNA, cel-mir-39, as an internal control for technical variation. In
the miRNeasy method, 100 pl of plasma were used with 40 million cop-
ies of cel-mir-39 as control.
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2.4. Preparation of adeno-associated virus 9

Let-7 Tough Decoy RNA sequence was sub-cloned from MISSION
microRNA Inhibitors (Sigma) and let-7a/f overexpressing sequence
was sub-cloned from pLKO_TRCO14-let-7 into pAAV-U6-GFP plasmid
(Vigene Biosciences). Adeno-associated viral vectors were produced ac-
cording to a previously published protocol with minor modification
[21]. Three plasmids: pHelper, pXX9 and expression plasmid (pAAV-
U6-GFP, pAAV-U6-TuD or pAAV-U6-let-7) were co-transfected into
293 T cells using calcium phosphate. Viral particles were purified by
two rounds of CsCl, gradient centrifugation and titered by real-time
PCR using AAV-EGFP primers (Table S3).

2.5. Statistics

Data are presented as means + SEM with numbers (N) indicated in
the bars or Figure legends. Differences between two groups were
analysed by unpaired or paired Student's t-test. Differences between
multiple groups were analysed by one-way ANOVA with post-hoc
Tukey HSD Test. Differences between control group and other groups
were analysed by one-way ANOVA with Dunnett's test. P values of
<0.05 are indicated by one asterisk (*), P values of less or equal than
0.01 are indicated by with two asterisks (**) and P values of less or
equal than 0.001 are indicated by three asterisks (***).

2.6. Study approval

IRB approval (AS-IRB02-06163) was granted for plasma samples ob-
tained from human samples.

3. Results

3.1. Dynamics of let-7a and let-7f expression over 24 hours following acute
myocardial infarction in pigs and humans

To characterize the changes in microRNA expression following acute
MI in pigs, myocardial samples were collected from the infarct and re-
mote areas of pigs that were sacrificed at 1, 2, or 4 h post-MI for small
RNA deep-sequencing (NGS). Remote myocardial samples were addi-
tionally utilized as internal controls to account for intra-pig variation
in baseline miRNA expression (Fig. 1A). TUNEL staining was also per-
formed in porcine hearts at 24 h post-MI (Fig. S1C) to verify that appro-
priate sampling of infarct and remote areas had been performed.

Heart enriched microRNAs were selected as shown in online Table |
for further candidate selection. Based on changes in microRNAs at 4
time points, 1, 2,4 and 24 h post M], in the infarct relative to the remote
area (I/Rratio), microRNAs let-7a, let-7f, miR-22, miR-101, miR-103 and
miR-199a-3p were selected as candidates for further validation using
stem-loop qPCR analysis. The entire panel of microRNAs showed signif-
icant downregulation at 24 h post-MI (Fig. 1B-1F). Next, we performed
the same model in mice 24 h after MI. Interestingly, only let-7a/f and
miR-101 demonstrated the same patterns in downregulation after MI,
with the other candidates showing no change in expression level
(Fig. STE—I). This suggested that microRNAs let-7a/f and miR-101 are
conserved in the regulatory response to acute MI in pigs and mice.

Given the conservation of let-7a and let-7f expression across mice
and pigs, we selected these microRNAs amongst the candidates as our
focus for further studies. To this end, we used specific TagMan probes
to specifically distinguish between the expression levels of let-7a and
let-7f, and confirmed that both showed significant downregulation in
the infarct at 24 h post-MI (Fig. 1G). In mice, such downregulation
persisted after 1 and 2 days post-MI and recovered 6 days post-MI
(Fig. S1]—K). Specifically, we observed that let-7a was downregulated
in the peri-infarct cardiomyocytes (Fig. S1L). This result contrasts with
Seeger et al. who reported that, in mice, let-7a is upregulated in the
myocardial border zone over the course of the first week after MI [10].

To verify whether the apparent decrease in let-7a and let-7f I/R ratio
in pigs was actually due to an upregulation in the remote area affecting
the I/R ratio calculation, the expression levels of let-7a and let-7f relative
to U6 in 24-h infarct and remote samples were further compared. De-
creased I/R ratio was confirmed to be due to significant downregulation
of let-7a and let-7f in the infarct area, with the remote area showing no
significant changes in the expression level (Fig. 1H and I). Thus, our re-
sults are more in-line with other studies which demonstrated that a
downregulation of let-7 occurred in early MI [11,22,23].

Previously published databases have shown that in human hearts,
the most abundant let-7 members are let-7a and let-7f [24] (Fig. 1]).
Our NGS data also showed that let-7a and let-7f were the most abun-
dant let-7 members in pig heart tissues (Fig. 1K), whilst mice show an
abundance of let-7a and let-7b, let-7c and let-7f [24] (Fig. S1D), suggest-
ing that the basal expression of microRNAs in pigs is closer to that in
humans.

Let-7a has previously been reported to be detectable within extra-
cellular vesicles in human plasma [25]. To investigate whether these
findings would be clinically relevant, we evaluated the expression of
plasma let-7a and let-7f in patients with ST elevation myocardial infarc-
tion (STEMI). Samples were collected independently from two hospi-
tals. In samples from National Taiwan University Hospital, the plasma
was collected when patients arrived in the emergency room. MiR-1,
which was reported to be upregulated upon MI [26], was used as a pos-
itive control. Accordingly, we observed an increase in plasma miR-1 in
our patient samples when compared to the healthy subjects (Fig. 1L).
In these samples, we observed that the plasma levels of let-7a and let-
7f were significantly lower in the plasma of MI patients (Fig. 1M and
N). In order to trace the dynamic changes of plasma let-7a and let-7f
in MI patients, another study was initiated at Far Eastern Memorial Hos-
pital. The plasma was collected at different time points: before percuta-
neous coronary intervention (PCI), after PCI, 1 day after MI and one
week after MI (Fig. 10). During this time course, we noticed that the
plasma let-7a was significantly downregulated one day after MI
(Fig. 1P and Q). Meanwhile, we tried to compare the concentration of
cardiac troponin T, a conventional cardiac injury biomarker, with the
expression of plasma let-7 and found there was no correlation. Cardiac
troponin T expression rose immediately after PCI (Fig. SIM), but the ex-
pression of plasma let-7 remained the same before and after PCI
(Fig. SIN—O). This suggests that their regulatory mechanism may be in-
dependent. In order to eliminate the influence of therapeutic treatment
and the variety of individuals, plasma samples were also collected from
pigs subjected to the MI model at different time points: before MI, one
day and one week post-MI (Fig. 1R). Similar to the findings in humans,
we observed that both let-7a and let-7f levels were significantly
decreased at both one day and one week post-MI (Fig. 1S and T). Inter-
estingly, both let-7a and let-7f expression levels showed a trend to-
wards correlation with left ventricular function as indicated by
echocardiography-derived ejection fraction (Fig. 1U and V). These re-
sults indicate that tissue injury after MI can lead to changes in the ex-
pression levels of circulating let-7a and let-7f, and that these changes
are conserved across mice, pigs and humans.

To gain mechanistic insight into the downregulation of let-7a/f upon
M, primary let-7a/f transcript, pre-let-7a-1, pre-let-7a-2, pre-let-7f-2
and LIN28A expression levels were also evaluated. LIN28A is an RNA
binding protein which was shown to repress let-7 maturation during
development [7] and disease [27], and is involved in several biological
processes [8,28]. Interestingly, we found that the primary let-7a and
let-7f cluster transcript was not decreased in the infarct area
(Fig. S2A). Instead, pre-let7a-1, pre-let-7a-2 and pre-let-7f-2 were all
upregulated (Fig. S2B-D). The data indicated that the biogenesis of let-
7 was impaired. Although LIN28A mRNA expression was increased
(Fig. S2E), there was no significant difference in the protein level be-
tween the infarct and remote areas (Fig. S2F-G), suggesting that let-
7a/f downregulation in the infarct area could be due to a LIN28A-
independent repression of transcript maturation rather than a
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reduction of let-7a/f transcription. Another potential regulator of let-7
maturation is the adenosine deaminase ADAR1, by adenosine-to-
inosine RNA editing [29]. Its expression was also examined in our pig
MI model. Although there was no significant difference at its mRNA
and protein expression level after infarction (Fig. S2H-J), we noticed

an alteration in post-translational modification (PTM) of ADART, a puta-
tive sumoylation band, which may inhibit the activity of ADAR1 [30].
The PTM of ADAR1 was diminished in the infarct area (Fig. S2I), which
means the enzyme activity of ADAR1 might be higher in the infarct
area and then inhibit the maturation of let-7.
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3.2. Inhibition of let-7 in vivo leads to exacerbation of cardiac dysfunction
after myocardial infarction in mice

As mentioned above, the function of let-7 is unclear; therefore, we
decided to re-evaluate its role in MI. We performed an in vivo loss-of-
function study using Tough Decoy (TuD) RNA - an artificial sequence
containing two miRNA recognition sites designed to suppress microRNA
expression [31]. It was previously shown by Xie et al. that adeno-
associated virus (AAV)-mediated TuD expression leads to superior
long-term microRNA inhibition efficiency in mice [32]. In addition,
AAV9 is myocardium tropic when systemically delivered into mice
[33]. Thus, AAV9 viruses carrying let-7 targeting TuD RNA (AAV-TuD)
were generated.

To ensure the expression of transduced plasmids, mice were intrave-
nously injected with AAV-TuD or AAV-GFP for six weeks before induc-
tion of MI, and the knockdown efficiency of cardiac let-7a and let-7f
levels were confirmed (Fig. 2A and B). We subsequently examined the
impact of let-7a and let-7f knockdown on MI-induced cardiac dysfunc-
tion. Serial echocardiography was performed before MI, one day and
one month post-MI (Fig. 2C). We found that at one month post-MI,
AAV-TuD-infected mice displayed exacerbated cardiac dysfunction
compared to the AAV-GFP control group (Fig. 2F). Although there was
a trend towards increased LV scar length in the AAV-TuD group, this
did not reach statistical significance (Fig. 2G and H). Further, TUNEL
staining showed a two-fold increase in the number of apoptotic
cardiomyocytes in the border zone of AAV-TuD-infected hearts (Fig. 2I
and ]). Unexpectedly, we found that AAV-TuD-infected cardiomyocytes
already began to display increased cell size at one day post-MI in the re-
mote area (Fig. 2K and L). We further checked atrial natriuretic factor
(ANF) expression, a marker of hypertrophy, and observed a higher ex-
pression level of ANF in the AAV-TuD mice compared to the AAV-GFP
mice (Fig. 2M). Interestingly, ANF expression was inversely correlated
with that of let-7a (Fig. 2N). To understand the role of let-7 in cardiac fi-
brosis during cardiac remodelling, fibrosis-related genes were analysed
post-MI day 1, day 6, and day 28. The result showed the fibrosis-related
genes were increased 6 days post infarction, but there was no significant
difference between AAV-GFP mice and AAV-TuD mice (Fig. S3). These
results indicate that let-7a/f inhibition leads to exacerbation of cardiac
dysfunction after M, likely through increased apoptosis and cell death
upon infarction. This was also associated with evidence of early onset
cardiomyocyte hypertrophy. Taken together, these results suggest that
let-7a/f could have cardioprotective potential following injury.

3.3. AAV9-mediated let-7 overexpression in vivo preserves heart function in
myocardial infarction

Having observed that let-7 inhibition impaired cardiac function by
increasing cell apoptosis and cardiac hypertrophy, we tested whether
let-7 overexpression could be applied to protect heart function. To this
end, let-7 overexpression was achieved using AAV9 viruses carrying a

microRNA cluster let-7a and let-7f expressing plasmid (AAV-let-7).
Mice were intravenously injected with AAV-let-7 six weeks before MI
induction and confirmed to demonstrate significant cardiac let-7a and
let-7f upregulation compared to control (Fig. 3A and B).

Serial echocardiography was performed to evaluate the heart func-
tion after MI (Fig. 3C). Surprisingly, the results revealed that mice re-
ceiving AAV-let-7 showed a significant increase in cardiac function at
one month post-MI (Fig. 3F), and such protection appeared as early as
one day post-MI (Fig. 3E). In addition, there was a significant reduction
in the scar length (Fig. 3G and H), and a reduction in degree of cardio-
myocyte hypertrophy in the remote area (Fig. 3K and L). TUNEL staining
performed one day post-Ml revealed a significant reduction in apoptotic
cells in the border zone of mice receiving AAV-let-7 (Fig. 31 and J).

Taken together, these results suggest that let-7a/f is a
cardioprotective factor and that AAV-mediated let-7 delivery can confer
therapeutic benefit. This is likely due to a reduction of cardiomyocyte
apoptosis in the acute phase of M, leading to subsequent preservation
of myocardial integrity and cardiac function going into the chronic
phase.

3.4. Hmga2, Tgfbr1, Tgfbr3 and Trappcl are potential targets of let-7 in
Cardiomyocytes

To identify the downstream targets of let-7a and let-7f, an existing
heart RISC-seq database [34] was used in combination with TargetScan
software [35]. We selected 29 candidates from 188 potential targets
(Fig. 4A) with Hmga2 as a positive control [36,37]. They were subse-
quently validated in rat neonatal cardiomyocytes to examine response
to let-7a and let-7f inhibition (Fig. S4). Following transfection of let-7a
and let-7finhibitors, we observed significant upregulation amongst sev-
eral of the candidate genes, including Hmga2, Tgfbr1, Tgfbr3 and Trappcl
(Fig. 3B-3E and Fig. S4). Based on the degree of fold-change in gene ex-
pression levels, we selected Hmga2 and Tgfbr3 to confirm the induction
of protein expression following let-7a and let-7f inhibition (Fig. 4F and
G).

Hmga2 has previously been implicated in cardiogenesis in Xenopus,
and the expression of Hmga2 in a mouse model of MI has been reported
to be upregulated one day after MI [38]. Tgfbr3, also named Betaglycan,
is a co-receptor of the TGF-p superfamily, and has been reported to have
multiple functions in a variety of cancers [39,40]. Recently, it has been
confirmed to be a direct target of let-7 through luciferase assay [41].
To detect mouse endogenous Tgfbr3, we generated anti-mouse Tgfbr3
monoclonal antibodies. Using a homemade antibody for western blot-
ting, we noticed that endogenous Tgfbr3 expression was induced in
the acute phase of MI and then subsequently downregulated (Fig. 4H).
Over the same period of time, we observed an inverse trend in let-7a
and let-7f expression relative to that of Tgfbr3 (Fig. S1] and S1K). This
contrast suggests an antagonistic relationship between the two factors.
We subsequently examined HMGA?2 and TGFBR3 expression in pig sam-
ples taken 24 h post-MI. The protein and the mRNA of HMGA2 was

Fig. 1. Expression of micro RNA let-7a and let-7f is decreased after acute myocardial infarction in experimental pigs and human patients. (A) Experimental design. Pigs were subjected to
LAD ligation and sacrificed after 1, 2 or 4 h. Next-generation sequencing was performed on RNA extracts from both infarct and remote tissues. Tissue was also collected from sham animals
and a 24-h post-MI group. (B—F) Stem-loop qPCR validation of miRNA expression in sham and infarcted hearts at different time points. I/R ratio indicates the ratio of miRNA expression
level in the infarct compared to the remote area, which was used as an internal control for each individual pig. (G) TagMan qPCR validation of let-7a and let-7f expression in sham and
infarcted hearts. (H—I) U6-normalized let-7a and let-7f expression levels in the infarct and remote area at 24 h post ML (J) Abundance of let-7 family members in human hearts based
on NGS data from Meunier, J. et al,, 2013 [25]. (K) Abundance of let-7 family members in pig hearts based on next-generation sequencing data derived from the remote area of three
individual pigs. TPM: transcripts per million. (L) Human plasma miR-1 expression levels in healthy subjects (n = 9) and acute MI patients (n = 24). (M-N) Human plasma let-7a and
let-7f expression levels in healthy subjects (n = 9) and acute MI patients (n = 24). Samples were collected by National Taiwan University Hospital (NTUH) when patients arrived in
the emergency room. Plasma microRNAs were extracted by the MirVana method with 5 f-moles of cel-mir-39 as a spike-in control. (O) Experimental design. Human plasma were collected
at different time points: before percutaneous coronary intervention (PCI), after PCI, 1 day after MI and one week after MI. (P-Q) Human plasma let-7a and let-7f expression levels at several
time points: before therapeutic intervention (Before), after therapeutic intervention (After), 1 day and 1 week post-MI (MI-1D and MI-1 W) (n = 28). Samples were collected by Far East-
ern Memorial Hospital (FEMH), Taipei, and extracted by the Qiagen method with 40 million copies of cel-mir-39 RNA used as a spike-in control. Differences between the before group and
the MI-1D group were analysed by paired Student's t-test (*, P <.05). (R) Experimental design. Pig plasma samples were collected from pigs subjected to the MI model at different time
points: before MI (Before), one day and one week post-MI (MI-24 h and MI-1w). (S-T) Pig plasma let-7a and let-7f expression levels at baseline, 1 day and 7 days post-MI. Plasma
microRNAs were extracted by the MirVana method with 5 f-moles of cel-mir-39 as a spike-in control (n = 18). (U—V) Correlation of plasma let-7a/f expression and ejection fraction
in pigs. Data are presented as means + SEM. Differences between multiple groups (B—F) were analysed by one-way ANOVA with post-hoc Tukey HSD Test. (*, P <.05; **, P<.001). Dif-
ferences between two groups (G-I, L-N) were analysed by unpaired Student's t-test. (*, P<.05; **, P<.001; ***, P<.0001). Differences between control group and other groups (P-Q, S-T)
were analysed by one-way ANOVA with Dunnett's test. (*, P <.05; **, P <.001).
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Fig. 2. AAV9-mediated let-7 knockdown increases cardiomyocyte apoptosis and reduces cardiac function after experimental myocardial infarction in mice. (A-B) Myocardial expression
levels of let-7a and let-7f 6 weeks after injection of AAV9 viruses carrying either GFP (AAV-GFP) or TuD (AAV-TuD) expressing plasmids. (C) Experimental schematic. Mice were injected
with AAV-GFP or AAV-TuD 6 weeks prior to induction of ML Serial echocardiography was performed to evaluate heart function before surgery, 1 day and 28 days after MI. (D) Ejection
fraction (EF) in AAV-TuD and AAV-GFP infected mice before MI. (E) Ejection fraction in AAV-TuD and AAV-GFP infected mice one day after MI. (F) Ejection fraction, fraction shortening
(FS), end diastolic volume (EDV) and end systolic volume (ESV) in AAV-TuD and AAV-GFP infected mice one month after MI. (G) Representative trichrome staining of LV sections
28 days post-ML. (H) Quantification of LV scar length 28 days post-ML. (I) TUNEL staining of mouse peri-infarct tissue 1 day post MI. (J) Quantification of TUNEL positive cells in AAV-
TuD and AAV-GFP hearts 1 day post-MI. (K) WGA staining for cell size quantification. (L) Quantification of cell size. (M) ANF expression level in let-7 inhibition hearts. (N) Correlation
of ANF and let-7a expression level in mouse hearts. Data are presented as means + SEM. Differences between groups were analysed by unpaired Student's t-test (*, P <.05; **, P<.01;
***, P<.001).

upregulated at 24 h post-MI (Fig. 41 and K). Although there was no sig- translational suppression and mRNA degradation [42]. In the case of
nificant change in mRNA, TGFBR3 protein was notably upregulated in TGFBR3 protein expression, post-transcriptional regulation, such as
the pig infarct (Fig. 4] and K). MicroRNAs regulate gene expression by translation, may be more preferable in vivo.
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Fig. 3. AAV9-mediated let 7 overexpression reduces cardiomyocyte apoptosis and improves cardiac function after experimental myocardial infarction in mice. (A-B) Let-7a/f
overexpression in mouse hearts after infection with either AAV-let-7a/f or AAV-GFP. (C) Experimental schematic. Mice were intravenously injected with AAV9 viruses carrying let-7
expressing plasmid for at least six weeks before LAD ligation. Heart function was evaluated by echocardiography before surgery, one day and four weeks after MI. (D) Ejection fraction
in AAV-let-7 and AAV-GFP infected mice before MI. (E) Ejection fraction in AAV-let-7 and AAV-GFP infected mice one day after MI. (F) Ejection fraction, fraction shortening, end
diastolic volume and end systolic volume in AAV-let-7 and AAV-GFP infected mice one month after MI. (G) Trichrome staining of LV sections 28 days post-MI. (H) Quantification of
scar length 28 days post-MI. (I-]) Reduction of cardiomyocyte apoptosis in the border zone following let-7a/f overexpression based on TUNEL staining. (K-L) Attenuation of
cardiomyocyte hypertrophy in the remote area 28 days post-MI following let-7a/f overexpression based on WGA staining. Data are presented as means 4 SEM. Differences between
groups were analysed by unpaired t-test (¥, P <.05; **, P<.01).

We further performed immunohistochemistry to visualize the boundary-like strip between the necrotic and intact myocardium
expression of HMGA2 and TGFBR3 in the pig infarct (Fig. 4L and (Fig. 4L). TGFBR3 was found in cardiomyocytes surrounded by im-
M). Interestingly, the expression of HMGA2 was localized to a mune infiltrate based on proximity to patches of clustered nuclei
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Fig. 4. HMGA?2 and TGFBR3 are let-7 targeted genes and are highly expressed in cardiomyocytes after acute infarction. (A) Overview of target gene identification. A heart RISC-seq database
[34] and TargetScan 6.0 prediction [35] were used to identify candidate genes from a common pool of 188. (B-E) Gene expression of Hmga2, Tgfbr1, Tgfbr3 and Trappc1 after transfection of
let-7a and let-7f inhibitors in rat neonatal cardiomyocytes. Histograms and error bars indicate mean and SEM, respectively, from four independent experiments. Differences between the
control group and other groups were analysed by one-way ANOVA with Dunnett's test. (*, P <.05; **, P<.001; **, P<.0001). (F) Western blot of Hmga2 in rat neonatal cardiomyocytes
transfected with let-7a and let-7f mimics and inhibitors. (G) Western blot of Tgfbr3 in rat neonatal cardiomyocytes transfected with let-7a and let-7f mimics and inhibitors. Quantification
of western blot is shown in the histogram. Histograms and error bars indicate mean and SEM, respectively, from two independent experiments. (H) Characterization of Tgfbr3 expression
in sham and 1, 2 and 6 day post-MI in mice. Quantification of western blot is shown in the histogram. Histograms and error bars indicate mean and SEM, respectively. (I-]) HMGA2 and
TGFBR3 RNA expression levels in pig hearts 1 day post-MI. Data are presented as means 4+ SEM. Differences between groups were analysed by unpaired Student's t-test (*, P <.05).
(K) Western blot of TGFBR3 and HMGA?2 in pig infarct and remote tissues 1 day post-MI. Quantification of western blot is shown in the histogram. Histograms and error bars indicate
mean and SEM, respectively. (L) Immunochemistry staining of HMGA?2 in pig infarct tissue 1 day post-MIL. (M) Immunochemistry staining of TGFBR3 in pig infarct tissue 1 day post-
MI. TGFBR3 positive cells were indicated by white arrows. Hematoxylin was used to stain nuclei. Clustered nuclei are indicated by black arrow heads. Scale bar: 100 pm.
(N) Immunofluorescence staining of TGFBR3 and cardiac troponin T in pig infarct tissue 1 day post-MI. DAPI was used to stain cell nuclei. Scale bar: 100 um.

(Fig. 4M and N). Taken together, these results suggest that HMGA2 3.5. Tgfbr3 activates p38 MAPK and enhances Cardiomyocyte apoptosis

and TGFBR3, two potential target genes of let-7 in the myocardium,
are expressed upon infarction, and may play roles in the progres-
sion of ischemic injury.

To further investigate let-7 downstream signalling, we infected rat
neonatal cardiomyocytes with Hmga2 and Tgfbr3 overexpressing
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adenoviruses. Markers for apoptosis and autophagy were examined be-
cause these two modalities of cell death are commonly observed during
early MI. Interestingly, overexpression of Hmga2 induced autophagy,
based on observation of LC3B cleavage, whereas overexpression of
Tgfbr3 induced apoptosis, based on observation of caspase-3 cleavage
(Fig. 5A). Further investigation revealed that Hmga2 induction of au-
tophagy was associated with downregulation of Ppargcla/b expression
(Fig. S5A) and increased AMPK signalling (Fig. S5B). These results indi-
cated that Hmga2 may regulate metabolism and autophagy in response
to cardiac injury.

Tgfbr3 mediates many different signalling cascades. Thus, to distin-
guish whether Tgbr3 signalling in cardiomyocytes follows canonical or
noncanonical TGF-p signalling, a dose-dependent Tgfbr3 overexpression
experiment was performed. Neonatal cardiomyocytes were infected
with Tgfbr3-overexpressing adenoviruses at different infection units
(MOI). We observed an obvious dose-dependent activation of non-
canonical Tgfbr3 signalling in the form of p38 MAPK activation, and a
slight dose-dependent activation of Smad2 up to 40 MOI (Fig. 5B). Addi-
tional examination of several TGF-3 downstream targets was performed
in cells infected with 20 MOI, which showed an obvious induction of
MMP9 expression - a p38 downstream target [43,44] (Fig. 5C). Activation
of p38 MAPK has been shown to play a role in cardiomyocyte apoptosis
and cardiac remodelling after MI [45]. Treatment of 20 MOI Tgfbr3-
overexpressing cardiomyocytes with a p38 MAPK inhibitor, SB239063,
partially rescued apoptosis (Fig. 5D). On the other hand, treatment with
canonical TGF- signalling inhibitor, ALK5 inhibitor II, did not influence
apoptosis despite an obvious reduction in Smad?2 activation (Fig. S5C). In-
terestingly, Tgfbr3 overexpression appeared to be associated with down-
regulation of Tgfbr1 mRNA expression (Fig. 5C), whereas inhibition of
Tgfbr1 by ALK5i enhanced Tgfbr3 expression (Fig. S5C), suggesting that
a potential negative co-regulation may exist between Tgfbr1 and Tgfbr3.
In addition, we found our homemade antibodies were able to serve as
Tgfbr3 agonists, since they activated p38 MAPK (Fig. S5D) and increased
caspase 3 cleavage (Fig. S5E) in HL-1 cells, similar to the effects by
Tgfbr3 overexpression in rat neonatal cardiomyocytes. In vivo, mice that
received the Tgfbr3 agonist (R3-9) by i.v. injection one day post-MI
showed worse cardiac function by a decrease of the LV ejection fraction
and increases of the LV end-diastolic volume (EDV) and end-systolic vol-
ume (ESV) (Fig. S5I-3 K) one month after MI. The one-month-post-MI
survival rate of R3-9 treated mice was 50% (4 out of 8 mice with LAD liga-
tion), which was lower than that of mice treated with control IgM, ~83%
(5 out of 6 mice with LAD ligation). Together these findings suggest that
Tgfbr3 activation induces cardiomyocyte apoptosis and impairs cardiac
function after MI through non-canonical TGF-3/p38 MAPK signalling.

To elaborate the results of our Tgfbr3 overexpression experiments,
we next explored whether Tgfbr3 knockdown could protect
cardiomyocytes from apoptosis. Preliminary screening was performed
in several in vitro models of various cardiac stresses associated with
acute MI such as ATP-release, ROS, hypoxia, TNFc, and serum depletion
in H9C2 or rat neonatal cardiomyocytes. We also investigated a GSK3 in-
hibition and Wnt3a activation model to mimic early events in infarction
[46,47]. Amongst these, we found that serum depletion in HIC2 cells
demonstrated the greatest suitability. We thus generated two Tgfbr3

knockdown H9C2 cell lines using shRNAs and subjected them to
serum depletion to induce apoptosis. Based on the percentage of
subG1 cells, serum depletion-induced apoptosis was significantly re-
duced in these knockdown cells (Fig. 5E). The knockdown efficiency
was confirmed under both normal and serum depleted conditions and
a significant reduction in p38 MAPK and caspase-3 activation under
serum depletion was also found in Tgfbr3 knockdown cells (Fig. 5F). In
addition, let-7 inhibition in H9C2 cells enhanced serum depletion-
induced apoptosis and Tgfbr3 knockdown rescued this enhancement
(Fig. 5G). We therefore suggest that the let-7-Tgfbr3 axis is involved in
cardiomyocyte apoptosis, primarily through p38 MAPK activation. As
we found that inhibition of Tgfbr3 expression under serum deprivation
stress could reduce apoptosis, we hypothesized that a cardioprotective
effect could also be achieved by let-7 overexpression. Thus, a let-7 over-
expressing H9C2 cell line was generated and confirmed by qPCR (Fig. 5H
and I). Ectopic let-7 overexpression reduced serum depletion-induced
apoptosis, as measured by flow cytometric quantification of the subG1
population (Fig. 5K) and expression of cleaved caspase 3 (Fig. 5L). Induc-
tion of Tgfbr3 signalling in response to serum depletion was also sup-
pressed on both the mRNA and protein levels upon let-7
overexpression (Fig. 5] and M). Whilst p38 MAPK signalling was acti-
vated at 6 h after serum depletion in the control group, overexpression
of let-7 delayed the activation of p38 MAPK (Fig. 5M). These results indi-
cate that the cardioprotective effect of let-7 may be attributed to down-
regulation of Tgfbr3 and its subsequent activation of p38 MAPK.

3.6. Acute Ml is associated with changes in circulating TGFBR3 levels

TGFBR3 is a membrane protein that can be cleaved and released into
the extracellular matrix [48,49]. As such, we hypothesized that TGFBR3
is upregulated in the infarct because the de-repression of let-7 may also
lead to an increase in the plasma TGFBR3 level. In pig plasma, we ob-
served a trend in upregulation of plasma TGFBR3 level after MI, which
reached significance at one week post-MI, and such upregulation was
not observed in the sham control (Fig. 6A). Furthermore, the plasma
concentration of TGFBR3 was inversely correlated with left ventricular
function based on ejection fraction (Fig. 6B). In humans, we also ob-
served a similar trend to that found in pigs, i in STEMI patients, the con-
centration of plasma TGFBR3 increased after MI. When comparing its
plasma concentration between the pre-therapeutic intervention group
and the 1 day post MI group, there was a significant increase (Fig. 6C).
These results demonstrate the novel potential of TGFBR3 as a biomarker
reflecting cardiac injury after MI. Nevertheless, whether it also reflects
the severity of injury or predicts the outcome of heart failure requires
further research.

4. Discussion

In this study, we identified the let-7/Tgfbr3/p38 axis as an important
mediator of cardiomyocyte apoptosis after ML In particular, we found
that the onset of ischemia leads to rapid downregulation of let-7a and
let-7f expression in the infarct. This leads to subsequent Tgfbr3 signal-
ling followed by p38-induced cardiomyocyte apoptosis (Fig. 6D). We

Fig. 5. MicroRNA let-7-Tgfbr3-p38 MAPK signalling regulates cardiomyocyte apoptosis. (A) Western blots of cleaved LC3B (marker of autophagy) and caspase 3 (marker of apoptosis) in
rat neonatal cardiomyocytes 1 day after adenovirus-mediated Hmga2 and Tgfbr3 expression. (B) Dose dependent activation of Smad2 and p38 MAPK signalling following Tgfbr3
expression. MOI: multiplicity of infection. The relative ratios of phospho-Smad2 to Smad2 and phospho-p38 to p38 are indicated by the numbers at the bottoms of the lanes.
(C) Induction of p38 downstream target gene MMP9 signalling, instead of canonical TGFp signalling, following overexpression of Tgfbr3 in rat neonatal cardiomyocytes. The
histograms and error bars indicate mean and SEM, respectively, from six independent experiments. Differences between groups were analysed by unpaired Student's t-test (**, P <.01;
*** P<.001). (D) Partial rescue of Tgfbr3 induced apoptosis in rat neonatal cardiomyocytes upon treatment with p38 MAPK inhibitor, SB239063. (E) Quantification of rescue of
apoptosis by flow cytometry. Percentage of subG1 cells from three independent experiments is shown. (F) Western blot of Tgfbr3, p38 activity and caspase 3 indicating rescue of
apoptosis following knockdown of Tgfbr3 in serum-depleted (SF) HIC2 cells. (G) Rescue of let-7 inhibition-enhanced apoptosis following shRNA knockdown of Tgfbr3 in serum-
depleted H9C2 cells. Quantification of cleaved caspase 3 is shown in the histogram from two independent experiments. (H—I) Validation of lentiviral-mediated let-7a/f
overexpression. Histograms and error bars indicate mean and SEM, respectively, from three independent experiments. (J) Tgfbr3 RNA expression level upon serum depletion (SF) and
let-7 overexpression from four independent experiments. (K) Quantification of let-7a/f overexpression rescue of serum depletion (SF)-induced apoptosis by flow cytometry from five
independent experiments. (L) Reduction of caspase 3 cleavage upon let-7 overexpression following serum depletion. (M) Effect of let-7a/f overexpression on Tgfbr3 and p38 activity at
0, 3 and 6 h serum depletion time points. Histograms and error bars indicate mean and SEM, respectively. Differences between multiple groups (E, H, [=K) were analysed by one-way

ANOVA with post-hoc Tukey HSD Test. (*, P <.05; **, P<.001; ***, P<.0001).
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Fig. 6. Plasma level of TGFBR3 is increased after acute myocardial infarction in pigs and in human patients. (A) Pig plasma TGFBR3 expression levels at baseline, 1 day and 7 days post-sham
and MI (n = 16). One-way ANOVA was performed with Dunnett's test. (**, P<.01) (B) Correlation of plasma TGFBR3 expression and ejection fraction in pigs. (C) Human plasma TGFBR3
expression levels at several time points: before therapeutic intervention (Before), after therapeutic intervention (After), 1 day and 1 week post-MI (MI-1D and MI-1 W). Differences
between the before group and the MI-1D group were analysed by paired Student's t-test (*, P <.05). (D) Graphical summary. MicroRNA let-7a and let-7f are abundant in healthy
cardiomyocytes to suppress the expression of pro-apoptosis factor TGFBR3. Meanwhile, microRNA let-7a and let-7f are enriched in the plasma and the concentration of plasma
TGFBR3 is low (left). Once infarction occurs, the expression of let-7a and let-7f are decreased and TGFBR3 is de-repressed. The expression of TGFBR3 initiates p38 MAPK signalling and
promotes myocyte apoptosis. Meanwhile, plasma let-7a and let-7f respond to the injury by reducing the amount of their expression. The concentration of plasma TGFBR3 is increased
as well. MicroRNA let-7-TGFBR3-p38 MAPK regulates cardiomyocyte apoptosis and the plasma microRNAs and TGFBR3 reflect the events of injury.

showed that compensating for these changes via AAV-mediated deliv-
ery of let-7 in a mouse model of Ml significantly reduced cardiomyocyte
apoptosis and improved cardiac function. This suggests that let-7 could
potentially be utilized as a candidate for gene therapy after MI. We also
found that changes of circulating let-7a and let-7f as well as TGFBR3
concentrations in the plasma were associated with cardiac injury both
in pigs and humans with MI (Fig. 6D), suggesting that let-7a, let-7f
and TGFBR3 have potential for use as diagnostic and prognostic bio-
markers post-MI.

The downregulation of microRNA let-7 in the myocardium may be
due to several reasons, including the change in microRNAs in specific
cell types and the change in cell population after injury because of im-
mune infiltration, cell death and fibroblast proliferation. Here, we dem-
onstrated that microRNA let-7 was dysregulated in the peri-infarct
cardiomyocytes although it does not rule out other possibilities that
may cause the overall changes in microRNA let-7 in the myocardium.
The source of circulating let-7a/f and TGFBR3 are even more elusive as
microRNA let-7 is ubiquitous in all organs and almost all cell types,
and TGFBR3 may be enriched in other tissues [50]. Here, we showed
that the changes in plasma microRNA let-7 and TGFBR3 may be due to
the change in microRNA let-7 and TGFBR3 in the myocardium. How-
ever, other possibilities may also exist. For example, after MI, the activity
of metalloproteinases (MMPs) increased, and membrane bound
TGFBR3 could be cleaved by MMPs [48]. The increase in plasma
TGFBR3 may be the result of the combination of increased MMP activity
and TGFBR3 expression itself. Notably, TargetScan prediction showed
that both MiR-101 and MiR-103 may also target Tgfbr3, which suggests
Tgfbr3 may be regulated by multiple microRNAs under injury.

In light of our results, further work in a porcine model of MI would val-
idate the therapeutic efficacy of delivering let-7 as a cardioprotective gene
therapy. An additional cardiac specific Tgfbr3 knock-out model would be
instrumental in further investigating the let-7/Tgfbr3/p38 axis, as well as
to identify other possible pathways. Furthermore, the potential of circulat-
ing let-7a/f and TGFBR3 as biomarkers should also be further investigated.
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