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a b s t r a c t

Timely reperfusion in acute myocardial infarction has improved clinical outcomes but the benefits are
partially offset by ischemia-reperfusion injury (I/R). MiRNA regulates mRNA of multiple effectors within
injury and survival cell signaling pathways. We have previously reported the protective effects of miRNA-
221 in I/R injury. The purpose of this study was to explore the mechanisms underlying cardioprotection
of miR-221. Myoblast H9c2 and neonatal rat ventricular myocytes (NRVM) were subjected to 0.2% O2

hypoxia followed by 2 h of re-oxygenation (H/R). In gain-and-loss function studies through transfections
of miR-221 mimic (miR-221) and inhibitor (miR-221-i), the protective effects of miR-221 were confirmed
as assessed by increased cell metabolic activity (WST-1) and decreased LDH release. Autophagy was
assessed by GFP-LC3 labeling of autophagosome formation, LC3 and p62 measurements. Co-immuno-
precipitation and specific gene cloning and function were used to identify the pathways underpinning
miR-221 effects. MiR-221 significantly reduced H/R injury in association with inhibition of autophagy.
Underlying mechanisms include (1) down-regulation of Ddit4 (disinhibiting the mTORC1/p-4EBP1
pathway) which inhibits autophagosome formation (2) down-regulation of Tp53inp1 (with reduced
Tp53inp1/p62 complex formation) which inhibits autophagosome degradation. In conclusion, miRNA-
221 exerts cytoprotective effects in hypoxia-reoxygenation injury in association with alterations in
autophagic cell injury. Mir-221 may constitute is a novel therapeutic target in the treatment of cardiac I/R
injury.

© 2016 Elsevier Inc. All rights reserved.
1. Introduction

In acute myocardial infarction (MI), restoration of coronary
blood flow (reperfusion) offers major clinical benefits but gains are
partially offset by ischemia/reperfusion injury (I/R) which may in-
crease risks of heart failure (HF) and mortality. Thus the prevention
or amelioration of I/R injury constitutes a major unmet need.
Reperfusion-induced oxidative stress, intracellular Ca2þ overload,
mitochondrial dysfunction and inflammation may trigger cardiac
cell autophagy, apoptosis and ultimately cell death [1e3].
stitute, Department of Med-
ersity of Singapore, National
Medicine, 14 Medical Drive,
Therefore, regulation of I/R-induced autophagy and apoptosis may
offer a path to minimize reperfusion injury and optimize the
benefits.

During myocardial ischemia, ATP and nutrient depletion acti-
vates autophagy [3]. This response may beneficially replenish
metabolic substrates and remove damaged organelles [4]. How-
ever, during reperfusion up-regulated autophagy may accelerate
detrimental effects [5]. Specific molecular mechanisms underpin
the initiation, elongation and degradation of autophagy. Deactiva-
tion of mammalian target of rapamycin complex 1 (mTORC1), an
important nutrient and stress sensor, leads to the initiation of
autophagy [6]. Multiple genes regulate mTORC1 activity, including
DNA-damage inducible transcript 4 (Ddit4) [7]. Autophagosome
formation involves multiple signaling regulators, most importantly
LC3 and Beclin-1 [8,9]. Within autophagosomes engulfed proteins
or cytosolic components are degraded by the ubiquitin-proteasome
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or autophagy-lysosomal system [10]. P62/SQSMT1 (p62) plays a
central role in this process. As an autophagy adapter, multiple
binding sites on p62 interact with ubiquitinated-proteins [11], and
many cell signaling pathways including LC3, TRAF6, PKC and NF-kB
[10]. It may interact with tumor protein 53-induced nuclear protein
1 (Tp53inp1) and Tp53inp2 to regulate protein degradation be
expressed across different species [12].

The seed region of miRNA nucleotides binds to complementary
mRNA sequences in the 30-untranslated region (30-UTR) assembling
miRNA to RNA-induced silencing complexes (RISCs) through which
mRNAs expression are negatively regulated by translational
repression or post-translational target mRNA degradation [13]. Up
to 90% of mammalian genes are believed to be regulated bymiRNAs
[14]. Each miRNA potentially regulates multiple mRNAs to influ-
ence the expression of entire networks of genes. Such powerful
integrated effects from miRNAs may influence I/R injury by regu-
lating autophagy and/or apoptosis [15]. Taking a combined ap-
proaches of miRNA array to select miRNAs up-regulated by
cardioprotective agents followed by in vitro functional screening,
we previously demonstrated up-regulation of miRNA-221 is asso-
ciated with a protective effect against I/R [16]. In addition, others
have reported that miRNA-221 targeting p27 plays a role in HF
through regulation of autophagy [17]. Thus the purpose of this
study was to investigate mechanisms through which miRNA-221
regulates I/R-induced-autophagy. We undertook in vitro assess-
ments of the effects of miR-221 upon autophagy. Our data
demonstrate that up-regulation of miRNA-221 inhibits I/R-induced
autophagy through regulating the Ddit4/mTORC1 and Tp53inp1/
p62. MiRNA-221 warrants further in vivo investigation as a po-
tential target for therapeutic interventions to ameliorate I/R injury.
2. Material and methods

2.1. Neonatal rat ventricular myocyte (NRVM) isolation and culture

NRVMwere isolated from1 to 3 day old rats [16]. Minced cardiac
ventricles were digested in ~0.4 mg/ml collagenase type II
(LS004177, Worthington Biochemical) followed by Percoll (17-
0891-01, GE Healthcare) density gradient centrifugation. Car-
diomyocytes were seeded for overnight attachment; the culture
was maintained in the media containing 50 mM cytosine
arabinoside-C (C3350000, SigmaeAldrich).
2.2. Transfection of miRNA mimics or inhibitors into H9c2 and
NRVM

Following the manufacturers' protocol, 25 nM miRNA-221
mimic (miR-221) or inhibitor (miR-221-i) were incubated with
lipofectamine 2000 (11668-019, Thermo-Fisher Scientific) at a ratio
of 20 pmol: 1 ml, then incubated with cells for 24hr. Mimic control
(MC) and inhibitor control (IC) were transfected under the same
conditions.
2.3. Cell injury determination of H9c2 and NRVM

H9c2 and NRVM were subjected to a hypoxia/reoxygenation
protocol (H/R). (Details in the supplement). At the end, culture
medium was collected for the measurement of LDH release, an
indicator of cell death (TOX7, SigmaeAldrich). Cells were lysed for
the assay of WST-1 (ab155902, Abcam), a measure of cell mito-
chondrial dehydrogenase activity as an indicator of cell number and
metabolic activity.
2.4. Autophagosome formation assessed by GFP-LC3

H9c2 cells grown on cover slides were transfected with plasmid
pEGFP-LC3 (a gift from Dr. Jianghua Li) for 24 h [18]. Cells were
treated with (i) 1 mM Rapamycin (an inhibitor of mTORC1 as a
positive control for autophagy), (ii) miRNA-221, or (iii) MC for
another 24 h and then subjected to H/R. Cells were fixed with 10%
formalin and the nuclei stained with 40-6-diamidino-2-
phenylindole (DAPI; blue stain; D1306, Invitrogen). GFP-LC3 fluo-
rescence was observed under a confocal fluorescence microscope
(Olympus, Fluoview FV1000). Cells containing five ormore GFP-LC3
puncta were defined as autophagy positive cells. 100 or more cells
were counted in each sample to count percentage of GFP-positive
cells [19].
2.5. Western blot analysis

Cells were lysed and samples of 25 mg protein were loaded onto
10% SDS-PAGE gels for electrophoresis then transferred to PVDF
membranes. Membranes were probed with antibodies recognizing
LC-3, p62, Beclin-1, phosphorylated (Ser2448) and total mTOR (p-/
t-mTOR), phosphorylated and total 4EBP1 (p-/t-4EBP1), phos-
phorylated and total p70s6k (p-/t-p70s6k), (Cell Signaling Tech-
nology). b-actin (Santa Cruz) was used as a loading control.
2.6. Cloning cDNA of genes of interest and recovery study

Sequences of genes of interest were acquired by reverse
transcription-PCR and then cloned into the pCMV-Myc (631604,
Clontech Laboratories) at restriction enzyme sites EcoRI and NotI,
or the pcDNA3.1-Flag (V790-20, Invitrogen, Life Technologies) at
restriction enzyme site: EcoRI and NotI. All constructs were
confirmed by DNA sequencing (Axil Scientific Pte Ltd, Singapore).
The expression of specific proteins was confirmed by WB. For the
recovery study, plasmid of the gene of interest and miR-221 mimic
were co-transfected into H9c2. LDH release was measured
following H/R [20].
2.7. Co-immunoprecipitation to assess complex formation of p62 or
Beclin-1 with Tp53inp1

To determine LC3/p62, Tp53inp1/p62 and Tp53inp1/Beclin-1
interaction, pCMV-Myc-LC3, pCMV-Myc-Tp53inp1, pcDNA3.1-
Flag-p62 and pcDNA3.1-Flag-Beclin1 were cloned and transfected
into H9c2. After transfection for 48 h, cells were lysed. The super-
natants were incubated with protein G beads at 4 �C for 1 h. Pro-
teins were lysed from beads then LC3 and Tp53inp1 were pulled
down with an anti-Myc antibody. IgG was used as pull-down
control. Immunoprecipitates of LC3 and Tp53inp1 were co-
incubated with anti-p62 or anti-Beclin1.
2.8. Statistics

All analyses were performed using Graph Pad Prism (San Diego,
CA, USA). All values are presented as mean ± SEM. A p value of less
than 0.05 was considered statistically significant. Data were
compared for differences by one-way ANOVA followed by Bonfer-
roni post-hoc analysis or the unpaired two tail t test as appropriate.
Comparisons among multiple groups were analyzed by two-way
ANOVA followed by Bonferroni post-hoc analysis.
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3. Results

3.1. Protective effects of miR-221 in H9c2 and NRVM H/R-injury
model

The protective effects of miR-221 against H/R were confirmed as
indicated by increases of cell number and viability (WST-1) and
decrease of LDH release (p < 0.001 vs. MC) in H9c2 and NRVM.
Conversely, miR-221-i adversely affected WST and LDH release
(Fig. 1). RISC-loadedmiR-221 after mimic and inhibitor transfection
was increased for ~100 folds vs. MC and decreased to <10% vs. IC
respectively (S.1). The expressions of other miRNAs were not
affected as indicated by the measurement of miR-27a and miR-
125b (a random selection) in the same Ago-2 IP pull-down.
3.2. H/R-induced autophagosome formation was attenuated by
miR-221

Punctate structures, primarily represent autophagosomes, were
assessed by exogenously introduced GFP-LC3. Analysis of DAPI and
GFP images show that miR-221 significantly reduced H/R-induced
autophagosome formation (Fig. 2 a). MC had no such effect and
Rap treatment was used as a positive control. The percentage of
GFP-LC3 puncta positive cells was reduced from about 50% to 20%
(MC vs. miR-221, p < 0.001) (Fig. 2 b). The inhibition of autophagy
bymiR-221 was further supported by the facts that the LC3 II/I ratio
was markedly reduced and p62 was up-regulated (Fig. 2 c). MiR-
221-i shifted the expression of LC3 II/I and p62 in the opposite
direction to that induced by miR-221 (Fig. 2 d). Beclin1 expression
was unchanged. Autophagy flux was examined as well. LC3-II and
LC3-II/I ratios were significantly increased with Bafilomycin (Baf)
treatment. Interestingly, miR-221 increased both LC3-I and LC3-II
significantly in comparison with MC with and without Baf. Since
the increase of LC-I was much more than LC3-II, LC3 II/I ratio was
reduced (S. 2).
Fig. 1. Protective effects of miR-221 upregulation in H/R model of H9c2 and NRVM. 25 nM m
(miR-221-i or IC) were transfected to H9c2 or NRVM. Cells were stressed by 15 h or 6 h
morphology, WST-1 activity, LDH release following miR-221 mimic or inhibitor transfection
test. Each experiment was conducted 3 times in triplicate.
3.3. Validation of autophagy-regulated miR-221 targets by
luciferase reporter assays and assessment of autophagy flux

We have previously reported that predicted miR-221 targets
Ddit4, Tp53inp1 and Tp53inp2 were up-regulated following H/R
and reduced by miR-221 [16]. To further validate whether miR-221
directly recognize the 30UTR of these targets, we constructed
luciferase reporter. The predicted binding site(s) of Ddit4, Tp53inp1
and Tp53inp2 are shown in S. 3a. Luciferase reporter assays
confirmed miR-221 targeted Ddit4 but not Tp53inp2 (S. 3b). There
was no Tp53inp1 luciferase result acquired due to incomplete rat
Tp53inp1 30-UTR sequence information (http://www.ncbi.nlm.nih.
gov/nuccore/NM_181084.2). However, Tp53inp1 was considered
as a target of miR-221 since it was decreased by miR-221 and
increased by MiR-221-i (S. 3 c and d).
3.4. miR-221 inhibited autophagy through targeting the Ddit4/
mTORC1 pathway

To demonstrate whether miR-221 inhibits autophagy through
Ddit4/mTORC1 pathway, the activation (phosphorylation) of mTOR
and downstreams of mTORC1 were assessed in H9c2. MiR-221
increased the ratios of p-/t-mTOR and p-/t-4EBP1 but did not
affect p-/t-p70s6K. To further investigate the effects of miR-221 on
the mTORC1 pathway, cells undergoing H/R were concurrently
treated with Rapamycin (Rap, Rap þ MC, Rap þ miR-221). MiR-221
reversed Rapamycin-induced inhibition of themTORC1 pathway, as
shown by increased p-/t-mTOR, p-/t-4EBP1 and even p-/t-p70s6K
compared to Rap-MC (Fig. 3 a). MiR-221 also reduced cell injury
caused by additional Rapamycin (Fig. 3 b ***p < 0.001 vs. RapþMC,
###p < 0.001 vs. Rap). MiR-221-i induced opposite effects of re-
ductions in p-/t-mTOR and p-/t-4EBP1 (S. 4).
iR-221 mimic or mimic control (miR-221 or MC), miR-221 inhibitor or inhibitor control
of hypoxia (0.2% oxygen) respectively followed by 2 h of re-oxygenation (H/R). Cell
in H9c2 (a) and in NRVM (b). **p < 0.01 and ***p < 0.001 vs. MC by two-tail unpaired t-

http://www.ncbi.nlm.nih.gov/nuccore/NM_181084.2
http://www.ncbi.nlm.nih.gov/nuccore/NM_181084.2


Fig. 2. miR-221 mimic inhibited H/R-induced autophagosome formation. (a) Confocal microscopy showing merged Dapi and GFP image. (b) Calculations of autophagosome positive
cell. Total of 100 cells were counted for each group. Rapamycin (Rap) treated as positive control. (c) Expression of LC3, p62 and Beclin1 were detected by Western blot after miR-221
mimics and mimic control transfection and (d) after miR-221 inhibitor and inhibitor control transfection. ###p < 0.001 vs. Rap ***p < 0.001 vs. MC by two-tail unpaired t-test. Each
experiment was conducted 3 times in triplicate.

Fig. 3. miR-221 mimic reversed H/R-induced as well as Rapamycin-induced mTORC1 pathway inhibition. (a) Effects of miR-221 mimic on the pathway of p-/t-mTOR, p-/t-4EBP4, p-/
t-p70s6k measured by Western blot. (b) miR-221 mimic reduced rapamycin-induced injury (left: cell morphology; right: LDH release). Rap ¼ rapamycin. ***p < 0.001 vs. MC;
###p < 0.001 vs. Rap; yyyp < 0.001 vs. Rap-MC by two-tail unpaired t-test. N ¼ 3 in triplicate.
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3.5. miR-221 reduced autophagy in association with inhibition of
Tp53inp1/p62 complex formation

pCMV-Myc-LC3, pCMV-Myc-Tp53inp1 and pcDNA3.1-Flag-p62
and pcDNA3.1-Flag-Beclin-1 plasmids were cloned (S. 5a). pCMV-
Myc-LC3 or pCMV-Myc-Tp53inp1 were transfected into H9c2 for
co-IP studies. WB indicated that LC3 and Tp53inp1 were success-
fully pulled down by anti-Myc antibody (Fig. 4a upper). Probing
with p62 antibody indicated the formations of p62-LC3 complex
and p62-Tp53inp1 complex (Fig. 4a lower). In another Tp53inp1
anti-Myc pull-down, Beclin-1 was not detectable (Fig. 4b). This
indicated that Tp53inp1 was not complexed with Beclin-1 under
these experimental conditions.

3.6. The cytoprotective effects of miR-221 were blocked by over-
expression of Ddit4 or Tp53inp1 but not p27 or Bak1

To validate whether Ddit4 and Tp53inp1 were authentically
involved in the protection of miR-221 against H/R, we observed the
effect by restoration of the expressions of Ddit4 and Tp53inp1 in
miR-221 transfected cells. pcDNA3.1 vectors of Ddit4, Tp53inp1,
p27 and Bak1 were constructed to directly validate gene effect in H/
R (S. 5b). LDH release was reduced by miR-221 with or without
additional empty pcDNA3.1 vector transfection (Fig. 4 c). Additional
empty pcDNA3.1 vector transfection did not alter the protective
effect of miR-221. pcDNA3.1 vectors of Ddit4, Tp53inp1, p27 and
Bak1 were co-transfected with miR-221. Compared with pcDNA3.1
empty vector, the protective effect of miR-221 was blocked by over-
expression of Ddit4 and Tp53inp1, but not p27 or Bak1 (Fig. 4 d).

4. Discussion

Our data indicated that the cytoprotective effects of miR-221in
H/R injury was through attenuation of autophagy. MiR-221
directly inhibited autophagosome formation by targeting Ddit4
(thus disinhibiting the mTORC1/p-4EBP4 pathway) and autopha-
gosome degradation by targeting Tp53inp1 (reducing p62 complex
Fig. 4. Co-IP to detect complexes of LC3/p62, Tp53inp1/p62 formation and target gene recov
from anti-Myc pull-down. (b) Upper: anti-Myc pull down; lower: anti-Flag to detect Becli
pcDNA 3.1 vector transfection. (d) Decrease of LDH release caused by miR-221 was diminish
two-tail unpaired t-test. N ¼ 3 in triplicate.
formation). Therefore, miR-221 is a potential therapeutic target in
the amelioration of I/R injury.

Ddit4, also known as RTP801 and REDD1, was induced by either
HIF-1 or DNA damage [21,22]. Ddit4 is rapidly up-regulated in
response to multiple stresses and facilitates apoptosis and auto-
phagy in tumor cells and in neurodegeneration [16,23,24]. Ddit4
was found to play a role in alcoholic skeletal myopathy and muscle
atrophy due to mTORC1 regulated autophagy [25,26]. Little is
known of its role in the heart. One study reported that Ddit4 was
up-regulated in a cardiac I/R model [27], but no mechanism was
demonstrated. Our previous study linked miR-221 with Ddit4 [16].
In this study, Luciferase reporter study confirmed Ddit4 as a target
of miR-221. Since there are strong evidences indicate that Ddit4
inhibit mTORC1 in associated with cell death [7,24,28], we further
examined the effect of miR-221 on mTORC1/4EBP1 and p70s6k
signaling pathway. MiR-221 reversed inhibition of the mTORC1
signaling pathway caused by H/R and Rapamycin as indicated by
increases of p-mTOR and p-4EBP1. MiR-221 reduced Rapamycin-
induced cell injury as well. The converse decrease in p-mTOR and
p-4EBP1 by miR-221-i corroborated these findings. The overall
changes of p70s6k caused by miR-221 or miR-221-i were relatively
weaker compared to p-4EBP1. These results are consistent with a
report that mTORC1 through 4EBP1 regulates cardiac function and
myocardium survival in response to stress [29]. All together, our
data demonstrate that targeting of Ddit4 is one mechanism un-
derpinning the protective effect of miR-221 in H/R injury. A similar
mechanism has been reported in liver tumorigenesis [30].

Tp53inp1 is a tumor suppressor but it is also expressed in many
tissues and induced by various stresses [31]. Previous work has
demonstrated that stress-induced up-regulation of Tp53inp1 is
dependent upon p53 activation [32,33]. Our data suggested miR-
221 may directly target Tp53inp1. P53 was not the upstream of
Tp53inp1 but could be downstream in this setting (data not
shown). Due to limitations imposed by the incomplete rat
Tp53inp1 30-UTR sequence available, we could not construct a
plasmid to perform Luciferase reporter assay to fully validate
Tp53inp1 as a target of miR-221. However, based on reciprocal
ery study. (a) Upper: anti-Myc pull down; lower: anti-p62 indicating p62 was detected
n1. (c) miR-221 mimic inhibited H/R-induced LDH release without or with additional
ed by over-expressions of Ddit4 or Tp53inp1. **p < 0.01 vs. MC; ##p < 0.01 vs. Cont by
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down- and up-regulation of Tp53inp1 by miR-221 mimic and in-
hibitor respectively, we suspect Tp53inp1 is a target of miR-221.
Since Tp53inp2 shares 45% similarity with Tp53inp1 [34], it was
tested as well in this study. Luciferase reporter assays did not
confirm Tp53inp2 being a target of miR-221. Therefore, we focused
on Tp53inp1 to demonstrate its role in H/R, which to our knowl-
edge, has not been previously reported.

P62 is an important adapter modulating degradation of ubiq-
uitinated proteins during autophagy [10]. The level of p62 usually
correlates inversely with protein degradation in autophagy. MiR-
221 increased p62 levels consistent with inhibition of autophagy.
MiR-221-i evoked the opposite effect. The unique structure of p62
which contains six main domains, makes it an inter-player between
autophagy and multiple signaling pathways [10]. The p62 C-ter-
minal domain links to ubiquitinated protein to promote their se-
lective degradation of specific proteins. The LC3-interacting domain
links to LC3 to form an autophagosome-lysosome. The formation of
a complex of p62/LC3 was previously reported in tumorigenesis
[35]. It was re-confirmed in our study. Our identification of
Tp53inp1/p62 complex formation is novel. A similar approach was
taken to demonstrate the interaction between Tp53inp1 and
Beclin-1. With Myc-Tp53inp1 pull-down, Beclin-1 could not be
detected. In summary, by targeting Tp53inp1, miR-221 reduced
Tp53inp1/p62 complex formation resulting in inhibition of H/R-
induced autophagy.

The effects of miR-221 targeting on Ddit4 and Tp53inp1 were
well supported by our results of GFP-LC3 autophagosome detec-
tion, LC3-I, -II and ratio, and p62. LC3-I is localized in the cytoplasm
and LC3-II is associated with outer and inner membranes of auto-
phagosome [19]. They were visualized as a diffused fluorescence
(Fig. 2 a Nor) and as punctuate structures (Fig. 2 a I/R, Rap and MC)
under microscopy. I/R-induced autophagosome formation was
significantly reduced by miR-221 as shown the reduction of
puncta-positive cells from 50% to 20% (I/R or MC vs. miR-221). In
addition, the LC3-II/I ratiowas reduced. The levels of LC3-I and II are
a result of the conjugation of LC3 occurring during autophagosome
formation and the degradation of conjugated LC3 after the fusion of
autophagosome and lysosome, termed as autophagy flux [36]. The
measurement of LC3-I and eII is not sufficient to determine the
extent of functional autophagy. Bafilomycin A (Baf), an inhibitor of
lysosome degradation, was applied to measure autophagy flux.
Significant increases in LC3 II and II/I ratios indicated the inhibition
of autophagosome degradation. Greatly elevated LC3-I levels with
or without Baf further supported miR-221 inhibition of autopha-
gosome formation. Notably miR-221 increased LC3-II level with or
without Baf which was an evidence of inhibition of autophagosome
degradation. It was further supported by the increases of p62
[11,19]. Therefore miR-221 has dual effects inhibiting both auto-
phagosome formation and degradation through targeting on Ddit4
and Tp53inp1 respectively.

5. Conclusions

Through modulation of autophagy, miR-221 is a promising
therapeutic target in H/R. These cardioprotective actions may occur
through direct targeting on Ddit4 and Tp53inp1 which disinhibits
themTORC1/p-4EBP1 pathway and reduces Tp53inp1/p62 complex
formation. These results require corroboration in experimental
in vivo cardiac I/R.
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