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Abstract

Dysregulated autophagy is associated with many pathological disorders such as cardiovascular diseases. Emerging evidence
has suggested that circular RNAs (circRNAs) have important roles in some biological processes. However, it remains
unclear whether circRNAs participate in the regulation of autophagy. Here we report that a circRNA, termed autophagy-
related circular RNA (ACR), represses autophagy and myocardial infarction by targeting Pink1-mediated phosphorylation of
FAMG65B. ACR attenuates autophagy and cell death in cardiomyocytes. Moreover, ACR protects the heart from ischemia/
reperfusion (I/R) injury and reduces myocardial infarct sizes. We identify Pink1 as an ACR target to mediate the function of
ACR in cardiomyocyte autophagy. ACR activates Pinkl expression through directly binding to Dnmt3B and blocking
Dnmt3B-mediated DNA methylation of Pinkl promoter. Pinkl suppresses autophagy and Pinkl transgenic mice show
reduced myocardial infarction sizes. Further, we find that FAM65B is a downstream target of Pinkl and Pinkl
phosphorylates FAM65B at serine 46. Phosphorylated FAM65B inhibits autophagy and cell death in the heart. Our findings
reveal a novel role for the circRNA in regulating autophagy and ACR-Pink1-FAMG65B axis as a regulator of autophagy in
the heart will be potential therapeutic targets in treatment of cardiovascular diseases.

Introduction

Autophagy is a well-established conserved mechanism that
delivers the intracellular constituents and organelles to lyso-
somes for degradation [1]. More and more studies suggest that
autophagic death is an important process that is distinct from
apoptosis [2]. Autophagy has been demonstrated to have a
critical role in many physiological and pathological processes.
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been identified in several cell lines and exert important
functions. Deletion of the circular transcripts while main-
taining the expression of the linear RNA isoforms results in
renal aplasia [9]. CDRI1as, also called CiRS-7, is a highly
stable and conserved circRNA that is expressed in both
human and mouse brain [6, 10]. The overexpression of
CDRlas results in impairment of midbrain development
[10]. The circRNA that derived from sex-determining
region Y functions as a molecular sponge that contains 16
binding sites for miR-138 and inhibits the activity of miR-
138 [10]. The circRNA c¢ZNF292 contains no binding site
for miRNA, is abundantly expressed in endothelial cells,
and has proangiogenic functions [11]. Besides, the circRNA
of the virusoid contains internal ribosome entry site and
exhibits coding potential [12]. Hitherto, some studies sug-
gest that circRNAs have important functions in many cel-
lular processes. However, the role of circRNA in autophagy
remains unclear and awaits future studies.

Phosphatase and tensin homolog-induced putative kinase 1
(Pink1) is a conserved mitochondrial serine/threonine protein
kinase that localizes throughout the cytosol [13]. Pink1 targets
to the outer membrane of mitochondria and can be imported
into mitochondrial matrix as well [13—15]. Pink1 ensures the
quality control of mitochondria and is indispensable for
maintaining the normal morphology of mitochondria [16].
The serine/threonine kinase domain of Pink1 has a key role in
regulating its downstream targets through phosphorylation
[17]. Miro, ubiquitin, and Rab GTPases are phosphorylated
by Pink1 [18-21]. In addition, The tumor necrosis factor type-
1 receptor-associated protein, the serine protease HtrA2/Omi,
PGCla regulator PARIS, and mitochondrial complex I sub-
unit NdufA10 are also potential Pinkl substrates [22-25].
Mutations in PINKI1 kinase domain are found in a number of
Parkinson’s disease patients [26]. Pinkl is expressed in the
heart, muscles, and testes [27]. It is of note that Pinkl is
downregulated during human end-stage heart failure, which
suggests that Pink1 is essential for normal heart function [28].
Previous studies suggest that Pinkl is involved in many
pathological and physiological processes. However, it
remains largely unknown whether Pink1 can regulate autop-
hagy in the heart and its downstream targets need to be further
identified.

Family with sequence similarity 65 member B
(FAMG65B) is an atypical inhibitor of the small G protein
RhoA and is transcriptionally regulated by FOXO1 [29].
FAMBG65B is involved in many cellular processes, including
cell adhesion, polarization, migration, and differentiation
[30-32]. FAM65B overexpression blocks mitosis in the
transformed T cells and decrease of FAM65B expression is
required for proliferation [33]. Fam65B functions in neu-
trophil polarization and abnormalities in FAM65B results in
deficiency in directional chemotaxis [34]. Although these
studies suggest that FAM65B has a pivotal role in some
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biological processes, the function of FAM65B in cardio-
myocytes remains unclear. Furthermore, it is not yet clear
whether FAM65B can regulate autophagic program.

Our present study reveals that circRNA ACR (autop-
hagy-related circRNA) participates in the regulation of
cardiomyocyte autophagy and myocardial infarction (INF).
ACR represses autophagic cell death and attenuates myo-
cardial INF sizes. Next, we find that Pinkl can act as a
downstream target of ACR to mediate autophagy and
myocardial INF. ACR regulates Pinkl expression through
directly binding to Dnmt3B and affecting Dnmt3B-
mediated DNA methylation of Pinkl promoter. Moreover,
our study further demonstrates that FAM65B can be
phosphorylated by Pinkl at serine 46, and phosphorylated
FAMG65B exerts an inhibitory effect on autophagy and cell
death in the heart. Our findings reveal a novel regulation
function of circRNA in autophagy and also identify a new
molecular mechanism of circRNA in the treatment of car-
diovascular diseases.

Methods
Cardiomyocytes culture and treatment

Cardiomyocytes were isolated from 1 to 2 days old mice
as we described [35]. Briefly, after dissection hearts were
washed and minced in HEPES-buffered saline solution.
Tissues were then dispersed in a series of incubations at
37 °C in HEPES-buffered saline solution containing 1.2
mg/ml pancreatin and 0.14 mg/ml collagenase. Sub-
sequent supernatants were collected and centrifuged at
200 x g for Smin. After centrifugation, cells were re-
suspended in Dulbecco’s modified Eagle’s medium/F-12
(GIBCO) containing 5% heat-inactivated Fetal bovine
serum, 0.1 mM ascorbate, insulin-transferring-sodium
selenite media supplement (Sigma, St. Louis, MO), 100
U/ml penicillin, 100 uyg/ml streptomycin, and 0.1 mM
bromodeoxyuridine. The dissociated cells were pre-plated
at 37°C for 1h. The cells were then diluted to 1x 10°
cells/ml and plated in 10 pg/ml laminin-coated different
culture dishes according to the specific experimental
requirements. For anoxia/re-oxygenation (A/R) perfor-
mance, cardiomyocytes were placed in an anoxic chamber
with a water-saturated atmosphere comprising 5% CO,
and 95% N,. After anoxia, the cells were subjected to re-
oxygenation (95% O, and 5% CO,).

Cell death assay
Cell death was determined by Trypan Blue exclusion, and

the numbers of Trypan Blue-positive and Trypan Blue-
negative cells were counted on a hemocytometer.
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siRNA constructions of ACR, Pink1, and FAM65B

ACR is knocked down using customdesigned small inter-
fering RNA (siRNA) oligonucleotides. ACR RNA inter-
ference (RNAi) target sequence is 5'-AGAAAAAATAG
GATAGCAGCAG-3'. A non-related, scrambled RNAi
sequence is used as a control (5'-AAGAAGTCAAGTAC
AGAGAAGA-3’). The mouse Pinkl RNAI target sequence
is 5'-CCAAGCGCGTGTCTGACCC-3'. A scramble form
was used as a control (5'-AGCCGTCGACTGCACTCGC-
3"). The mouse FAM65B RNAI target sequence is 5'-GG
ACAAATTGACTGCTCAA-3’. A non-related, scrambled
RNAIi sequence is used as a control (5'-GCACCTAGGC
GAATTATAA-3’). The adenoviruses harboring these
RNAI constructs are generated using the pSilencer™ adeno
1.0-CMV System (Ambion) according to the manu-
facturer’s instructions.

Adenoviral constructions and infection

CircRNA ACR vector was synthesized as previous studies
described [10, 36]. We inserted the ACR exon along with
the endogenous flanking sequence (1kb upstream) into
pcDNA3.1. Then we copied part of the upstream flanking
sequence and inserted it in an inverted orientation down-
stream. ACR-ir without the downstream reverse sequence
was used as negative control. The mouse coding sequences
of Pinkl, FAM65B-wt, and FAM65B-46A were synthe-
sized by PCR using mouse cDNA as the template. The
adenoviral constructs were prepared using the Adeno-X™
Expression System (Clontech) according to the manu-
facturer’s instructions.

Immunoblotting

Immunoblotting was performed as we described [37]. The
cells were lysed for 1 h at 4 °C in a lysis buffer (20 mmol/L
Tris pH 7.5, 2 mmol/L EDTA, 3 mmol/L EGTA, 2 mmol/L
dithiothreitol (DTT), 250 mmol/L sucrose, 0.1 mmol/L
phenylmethylsulfonyl fluoride, 1% Triton X-100) contain-
ing a protease inhibitor cocktail. The samples were sub-
jected to 10% or 12% SDS-polyacrylamide gel
electrophoresis (PAGE) and transferred to nitrocellulose
membranes. Equal protein loading was controlled by Pon-
ceau Red staining of membranes. Blots were probed using
the primary antibodies. The anti-Pinkl antibody (1:500),
anti-LC3 antibody (1:500), and anti-Actin antibody
(1:2000) were from Abcam. The anti-FAM65B (1:500)
antibody was from Mybiosource. After four times washing
with phosphate-buffered saline (PBS), the horseradish
peroxidase-conjugated secondary antibodies were added.
Antigen—antibody complexes were visualized by enhanced
chemiluminescence.

Quantitative reverse transcription-PCR

Divergent primers were designed for ACR. The sequences
of ACR primers were forward 5'-GAAGTTGCTTTATG
TTCTGG-3" and reverse 5'-TGTCTGGAGTTCTTCAA
AGG-3'. The sequences of Pinkl primers were forward 5'-
ATCCAGAGATGGTCCCAAGCA-3" and reverse 5'-
CATGGTAGCCAGGCGAGAA-3'. The results were stan-
dardized to control values of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). The sequences of GAPDH pri-
mers were forward 5'-TGTGTCCGTCGTGGATCTG
A-3" and reverse 5-CCTGCTTCACCACCTTCTTG
A-3'. The specificity of the PCR amplification was con-
firmed by agarose gel electrophoresis.

RNA-binding protein immunoprecipitation assay

RNA-binding protein immunoprecipitation (RIP) was per-
formed using a Magna RIP RNA-Binding Protein Immu-
noprecipitation Kit (Millipore). Briefly, cardiomyocytes
were collected by adding RIP lysis buffer and incubated
with protein beads and antibody complex overnight at 4 °C.
After washing, RNAs binding to protein were eluted and
quantified. Quantitative reverse transcription-PCR (qRT-
PCR) was performed to examine certain RNAs co-
immunoprecipitated with the antibody.

Pull-down assay with biotinylated DNA probe

The biotinylated DNA probe complementary to ACR RNA
was synthesized and dissolved in 500 ul of wash/binding
buffer (0.5M NaCl, 20 mM Tris-HCI pH 7.5, and 1 mM
EDTA). The probes were incubated with streptavidin-
coated magnetic beads (Sigma) at 25 °C for 2 h to generate
probe-coated magnetic beads. Cardiomyocytes protein
extract were incubated with probe-coated beads for 2h.
After washing with the wash/binding buffer, the retrieved
protein was subjected to western blot analysis. The fol-
lowing probe sequences were used: ACR pull-down probe
5'-CTGCTGCTGCTATCCTATTTTTTCTTGCCC-3" and
random pull-down probe 5'-TGATGTCTAGCGCTTGGG
CTTTG-3'".

Chromatin immunoprecipitation assay

Chromatin immunoprecipitation (ChIP) assay was per-
formed as we described [38]. In brief, cells were washed
with PBS and incubated for 10 min with 1% formaldehyde
at room temperature. The cross-linking was quenched with
0.1 M glycine for 5 min. Cells were washed twice with PBS
and lysed for 1 h at 4 °C in a lysis buffer. The cell lysates
were sonicated into chromatin fragments with an average
length of 500-800bp as assessed by agarose gel
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electrophoresis. The samples were precleared with Protein-
A agarose (Roche) for 1 h at 4 °C on a rocking platform and
5 ug specific antibodies were added and rocked for over-
night at 4 °C. Immunoprecipitates were captured with 10%
(vol/vol) Protein-A agarose for 4 h. Before use, Protein-A
agarose was blocked twice at 4 °C with salmon sperm DNA
(2 pg/ml) overnight. DNA fragments were purified with a
QIAquick Spin Kit (Qiagen). The purified DNA was used
as a template and amplified with the following primer sets:
5'-ACCATGAACTGCCTCTGGAT-3" and 5'-TTGTTGT
CCCAGACGTTTGTG-3".

Methylation detection

Bisulfite conversion reactions were performed using an EZ
DNA Methylation-Gold kit (ZYMO Research, Orange, CA)
according to the manufacturer’s instructions. Bisulfite-
treated DNA was cloned into pGEM-T (Promega) and,
for each group, 20 clones were sequenced to analyze the
Pinkl promoter from — 61 to + 546 relative to the tran-
scription start site.

In vitro kinase assay

FAM65B cDNA was constructed into pet-28a vector
(Novagen) and expressed in Rosetta bacteria (Novagen).
Recombinant FAM65B-His protein was purified by Ni-
NTA HiseBind ® Resin (Merck Millipore) using the man-
ufacturer’s protocol. Pinkl-cMyc was immunoprecipitated
by the anti-cMyc antibody from cells and added to the
FAMG65B-His protein with modified kinase buffer
[21] (50 mM Tris-HCI, 10 mM MgCl,, 5 mM DTT, 400 uM
ATP, 5mM NaF, 0.5 mM Na3;VO, pH 7.5). The reaction
was for 2h at 30 °C and analyzed by immunoblotting.

Generation of phospho-antibodies

The phospho-Serine-46 (S46) antibody was produced by
SBS Genetech Co., Ltd. The phospho-T119 antibody and
phospho-S558 antibody were produced by BeiJing Cowin
Biotech Co., Ltd. The phosphopeptides SQSpFAGFSGL-
QER (amino acids 44-53), DEYLEFHQTpELDKLC
(amino acids 111-124), and LQESDEASpELKPVEC
(amino acids 551-564) were used to immunize the rabbits
to prepare polyclonal antibodies against FAM65B. The
antiserum was purified to deplete antibodies that recognize
nonphosphorylated FAM65B.

Reticulocytes lysate system
Pink1, FAM65B-wt, and its mutants were translated using
the TNT® T7 coupled reticulocytes lysate system (Promega)

according to the manufacturer’s instructions. pcDNA3.1 is
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the control empty plasmid. FAM65B mutants were gener-
ated using the QuikChange® Site-Directed Mutagenesis Kit
(Invitrogen).

Samples preparation for mass spectrometry

Protein samples were separated by 6% SDS-PAGE and
staining with Coomassie Brilliant Blue. The gel bands of
interest were manually excised. Each of the protein bands
was digested separately. Then the sliced gels were cut into
small plugs, washed twice in 200 pl of distilled water for 10
min, and destained as previously described [39]. The gel
bands were dehydrated in 100% acetonitrile for 10 min and
dried in the Speedvac (Labconco) for approximately 15
min. Reduction and alkylation were performed as pre-
viously reported [40], followed by washing of the gel plugs
with 50% acetonitrile in 25 mM ammonium bicarbonate
twice. The gel plugs were then dried using the speedvac and
digested with sequence-grade modified trypsin (40 ng for
each band) in 25 mM NH4HCOj; overnight at 37 °C. The
enzymatic reaction was stopped by adding 1% formic acid.
The solution was then transferred to a sample vial for liquid
chromatography/tandem mass spectrometry (LC-MS/MS)
analysis.

Electrospray ionization ion trap MS analysis

LC-MS/MS analysis was performed using a Thermo Fisher
Finnigan LTQ linear ion trap mass spectrometer in line with
a Thermo Fisher Finnigan Surveyor MS Pump Plus HPLC
system. Tryptic peptides generated above were loaded onto
a trap column (300SB-C18, 5x0.3mm, 5pum particle)
(Agilent Technologies, Santa Clara CA), which was con-
nected through a zero dead volume union to the self-packed
analytical column (C18, 100 pm i.d. x 100 mm, 3 pm par-
ticle) (SunChrom, Germany). The peptides were then eluted
over a gradient (0—45% B in 55 min, 45-100% B in 10 min,
where B = 80% acetonitrile, 0.1% formic acid) at a flow rate
of 500 nL/min and introduced online into the linear ion trap
mass spectrometer (Thermo Fisher Corporation, San Jose,
CA) using nanoelectrospray ionization. Data-dependent
scanning was incorporated to select the five most abun-
dant ions (one microscan per spectra; precursor isolation
width 1.0 m/z, 35% collision energy, 30 ms ion activation,
exclusion duration: 90 s; repeat count: 1) from a full-scan
mass spectrum for fragmentation by collision-induced
dissociation.

Microarray analysis
For circRNA microarrays, total RNAs were extracted from

the sham-treated mice and I/R-treated mouse heart tissues.
The fluorescent cRNA was obtained using random primers
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according to Arraystar Super RNA Labeling protocol
(Arraystar Super RNA Labeling Kit; Arraystar). Then the
labeled cDNA was hybridized to Arraystar mouse circRNA
Array. The microarray hybridization and the collection of
data were performed by Kang Chen Bio-tech, Shanghai,
China. For the transcriptome microarray, total RNA was
extracted from cardiomyocytes by using Trizol reagent and
then the isolated mRNAs were reverse transcribed and
hybridized to mouse Genome Array (CapitalBio Corp.).

Transmission electron microscopy

Conventional electron microscopy was performed as
described previously [41]. In brief, cells were fixed with
2.5% glutaraldehyde and then postfixed with 1% osmium
tetraoxide, dehydrated in a graded series of ethanol con-
centrations, and embedded in Embed812 resin. The ultra-
thin sections were mounted on copper grids and then
double-stained with uranyl acetate and lead citrate. The
number of autophagic vacuoles was determined for a
minimum of 100 cells. Heart ultrastructural analysis was
also performed. The samples were examined and photo-
graphed with a FEI Tecnai spirit transmission electron
microscope.

Echocardiographic assessment

Transthoracic echocardiographic analysis was performed on
mice after the sham or I/R surgery as we described [42].
Echocardiographic parameters were measured. Fractional
shortening of left ventricular diameter was calculated as
[(LVIDd — LVIDs)/LVIDd] x 100. After in vivo evaluation
of cardiac function, the mice were killed and the hearts were
collected, weighted, and used for histological examination.

Animal experiments

Male adult C57BL/6 mice (10 weeks old) were obtained
from Institute of Laboratory Animal Science of Chinese
Academy of Medical Sciences (Beijing, China). All
experiments were performed according to the protocols
approved by the Animal Care Committee, Qingdao Uni-
versity. For intracoronary delivery of adenoviruses, the
mice were anesthetized and ventilated with a HX-300S
animal ventilator. The chest was entered through a small left
anterior thoracotomy, the pericardial sac was then removed,
and 2x 10! adenoviruses of ACR-siRNA were injected
with a catheter from the apex of the left ventricle (LV) into
the aortic root, while the aorta and pulmonary arteries were
cross-clamped. The clamp was maintained for 20 s when the
heart pumped against a closed system. After removal of air
and blood, the chest was then closed and the mice were
returned back to cage for recovery. Five days after the

injection of adenoviruses, the mice were subjected to I/R
surgery.

For I/R injury model, Pinkl transgenic mice and wild-
type (WT) mice were subjected to 60 min ischemia, then 3 h
or 1 week reperfusion as we described [43]. Sham-operated
group experienced the same procedure, except the snare was
left untied. After 3 h of reperfusion, Evans Blue dye (1 ml of
a 2.0% solution; Sigma-Aldrich) was injected into the
jugular vein into the heart for delineation of the ischemic
zone from the non-ischemic zone. The heart was rapidly
excised. The heart slices were incubated in 1.0% 2,3,5-tri-
phenyltetrazolium chloride (Sigma-Aldrich) for 15 min at
37 °C for demarcation of the viable and non-viable myo-
cardium within the risk zone. The staining was stopped by
ice-cold sterile saline and the slices were fixed in 10%
neutral buffered formaldehyde and individually weighed.
Both sides of each slice were photographed. The areas of
INF and non-ischemic LV were assessed with computer-
assisted planimetry (NIH Image 1.57) by an observer blin-
ded to the sample identity.

Statistical analysis

Data are expressed as the mean+SEM of at least three
independent experiments for each cellular experimental
group and at least five independent experiments for each
animal group. We evaluated the data with Student’s r-test.
We used a one-way analysis of variance for multiple
comparisons. A value of p<0.05 was -considered
significant.

Results

ACR participates in the regulation of autophagy
in vivo

To investigate the potential involvement of circRNA in
autophagy in the heart, we performed circRNA microarray
analysis in mouse hearts with autophagy induced by I/R
injury (Fig. 1a). Among them, mmu_circRNA_006636 as
indicated arrow, which we named ACR was markedly
decreased after I/R injury (Fig. 1b, c). This suggests that
ACR is associated with the regulation of cardiac autophagy.
We further confirmed the circular nature of ARC by RNase
R digestion (Fig. 1d). To study the effect of ACR on
autophagy, we constructed a vector-based system expres-
sing ACR as described previously [10]. The adenovirus
harboring ACR resulted in an enforced expression of ACR
as analyzed by northern blotting (Supplementary Fig-
ure 1A) and qRT-PCR (Supplementary Figure 1B). In vivo,
delivery of ACR (Supplementary Figure 1C) attenuated the
augmentation of LC3-II levels upon I/R injury (Fig. le). In

SPRINGER NATURE
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Fig. 1 ACR inhibits autophagy under the pathological condition in the
heart. a Mice were subjected to 60 min ischemia and 3 h reperfusion (I/
R). Representative electron micrographs (EM) of hearts show the
presence of autophagosomes (arrow). Bar = 1 um. Quantification of
autophagic vacuoles is shown in the right panel. *p <0.05. b Micro-
array results depicting the scatter plot of intensity of circRNA
expression from Sham vs. I/R-treated mice. CircRNAs are detected by
microarray. The green lines are fold-change lines. The CircRNAs
above the top green line and below the bottom green line indicated
more than 1.5-fold change of circRNAs between I/R and Sham. ¢
CircRNA ACR expression in heart samples is confirmed by qRT-PCR
analysis from mice subjected to I/R or to sham treatment. n=6.
*p <0.05 vs. sham. d Real-time PCR showing resistance of ACR to
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RNase R digestion. GAPDH was used as negative control. e ACR
suppresses autophagy in vivo. Mice were injected with ACR or ACR-
ir as described in Methods and then were subjected to 60 min ischemia
and 3 h reperfusion (I/R). Representative immunoblot for conversion
of LC3-I to LC3-II. The positions of LC3-1 and LC3-II are indicated.
f, g Mice were treated as described in e. Quantification of autophagic
vacuoles in the heart was analyzed by EM. n=_8. Bar =500 nm.
h ACR reduces myocardial infarction upon I/R injury in vivo.
Mice were treated as described in e. The upper panels are repre-
sentative photos of midventricular myocardial slices. The low
panel shows infarct sizes. Left ventricle (LV), infarct area (INF). n = 8.
Bar =2 mm. *p <0.05
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Fig. 2 ACR regulates autophagy and cell death in cardiomyocytes.
a Cardiomyocytes were exposed to A/R and ACR levels were ana-
lyzed by gRT-PCR. *p <0.05 vs. control. b Cardiomyocytes cells
were infected with adenovirus harboring ACR or ACR-ir. Twenty-four
hours after infection, cells were exposed to A/R. ACR levels are
analyzed by qRT-PCR. ¢ ACR inhibits punctate accumulations of
GFP-LC3 induced by A/R. Cardiomyocytes were infected with ade-
novirus harboring ACR or ACR-ir, then infected with GFP-LC3.
Twenty-four hours after infection, cells were exposed to A/R. Repre-
sentative photos of GFP-LC3 cells were shown in the left panel and the

addition, the overexpression of ACR reduced I/R-induced
extensive vacuolization in ventricular tissues, which was
observed by the electron micrographic (EM) analysis
(Fig. 1f and Fig. 1g). The mice treated with ACR exhibited
a significant reduction of myocardial INF sizes in response
to I/R injury (Fig. 1h). In addition, I/R injury induced
abnormalities in myocardial function was ameliorated in the
mice treated with ACR (Supplementary Figures 2A
and 2B). These data suggest that ACR participates in
the regulation of autophagy signal and cell death in the
heart.

percentage of cells with GFP-LC3 puncta was quantified in the right
panel. Bar =20 um. d Representative immunoblot for conversion of
LC3-I to LC3-II. Cells were treated as described in b. The positions of
LC3-I and LC3-II are indicated. e ACR reduces autophagic vacuoles.
Cardiomyocytes were treated as described in b. Representative EM
images were shown in the left panel. Bar =2 uM. The arrows depict
autophagosomes and the nucleus is denoted by N. Quantification of
autophagic vacuoles was shown in the right panel. f ACR attenuates A/
R-induced cell death. Cells were treated as described in e. Quantifi-
cation of cell death was shown

ACR inhibits autophagy and cell death in
cardiomyocytes

Next, we examined the role of ACR in autophagy in car-
diomyocytes. The accumulation of GFP-LC3 puncta is an
indicator of increased autophagosomes and autophagy. We
observed that A/R increased GFP-LC3 punctuate structures
(Supplementary Figure 2C) and caused a decreased
expression of ACR in cardiomyocytes (Fig. 2a). The
enforced expression of ACR (Fig. 2b) significantly reduced
the punctate accumulations as indicated by reduced GFP-
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Fig. 3 ACR participates in the
regulation of Pinkl expression.
a Knockdown of ACR reduces
the ACR expression.
Cardiomyocytes were infected
with adenoviral ACR-siRNA or
ACR-sc. ACR levels were
analyzed by qRT-PCR.

b Volcano plot of the microarray
results. Cardiomyocytes were
treated as described in a.
Volcano plot of the fold changes
of the genes (log2 scale) vs. the
P-values of the genes (—

log10 scale). The dots in the plot
represent an average of three
microarray slides results.

¢ Autophagy-related genes
Irgml and Pinkl from
microarray are confirmed by
qRT-PCR. d, e Cardiomyocytes
were infected with adenoviral
ACR-siRNA or ACR-sc. Irgm1
levels (d) and Pinkl levels

(e) were analyzed by
immunoblot. f ACR induces the
increase of Pinkl expression
levels. Cardiomyocytes were
infected with adenoviral ACR-ir
or ACR. Pinkl expression was
analyzed by qRT-PCR (upper
panel) and immunoblot (low
panel). g, h ACR has no effect
on Irgml expression.
Cardiomyocytes were infected
with adenoviral ACR-ir or ACR.
Irgm1 expression was analyzed
by qRT-PCR (g) and
immunoblot (h)
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LC3 (Fig. 2c) and LC3-II expression in A/R-treated cells
(Fig. 2d). The EM analysis showed that ACR reduced
autophagic vesicles in cardiomyocytes with A/R (Fig. 2e)
and it also attenuated cell death induced by A/R (Fig. 2f).
Mitophagy is a specific and selective form of autophagy and
thus we also investigated the effect of ACR on mitophagy.
The mitophagy was upregulated after I/R injury (Supple-
mentary Figure 3A) and A/R (Supplementary Figures 3B
and 3C), and overexpression of ACR attenuated A/R-
induced mitophagy as evidenced by decreased colocaliza-
tion of LC3 with mitochondria (Supplementary Figures 3B
and 3C), whereas knockdown of ACR with siRNA
remarkably upregulated mitophagy activity (Supplementary
Figures 3D and 3E). Taken together, these results suggest
that ACR inhibits A/R-induced autophagy, mitophagy, and
cell death in cardiomyocytes.
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ACR regulates Pink1 expression

To further investigate the function of ACR, we searched its
downstream targets by performing the transcriptome micro-
array. We found that the expression of a variety of genes were
altered upon ACR knockdown (Fig. 3a and Supplementary
Figure 4A). Gene Ontology functional enrichment analysis
was performed for differentially expressed genes (Supple-
mentary Figure 4B). The functional enrichment analysis
showed that the differentially expressed genes could be
involved in biological processes, such as cellular response to
starvation, positive regulation of fibroblast growth factor
receptor signaling pathway, and regulation of autophagy.
Among those genes, we focused on autophagy-related genes
Irgm1 and Pinkl, which were dramatically altered in ACR
knockdown cardiomyocytes (Fig. 3b).
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We analyzed the expression of Irgml and Pinkl by
quantitative PCR (qPCR) and found that Pinkl was dra-
matically decreased in ACR knockdown cardiomyocytes,
whereas it had little effect on the expression of Irgml
(Fig. 3c-e). In contrast, ACR-overexpressing cells showed a
marked elevation in the level of Pinkl expression (Fig. 3f)
compared with Irgm1 expression (Fig. 3g, h). These results
indicate that ACR is able to regulate the expression of
Pinkl1, and Pinkl may act as a potential downstream target
in ACR-mediated autophagy process.

ACR inhibits DNA methylation of Pink1 by binding
to DNMT3B

We sought to gain further mechanistic insight into the
regulatory role of ACR in Pinkl expression. DNA methy-
lation has been demonstrated to control the local gene
expression. The presence of a strong CpG island at the
Pink1-associated promoter (Supplementary Figure 5A)
suggests that Pinkl may be under control by DNA methy-
lation and ACR likely modulates its expression through
regulating the promoter methylation. To test whether that
Pink1 transcription can be regulated by DNA methylation,
we treated cardiomyocytes with methylation inhibitor 5’-
Aza-2'-deoxycytidine (5-Aza). As expected, 5-Aza treat-
ment induced an increase in Pinkl expression (Supple-
mentary Figure 5B). We performed bisulfite sequence
analysis to explore whether ACR regulates Pinkl expres-
sion through promoter DNA methylation. The analysis of
CpG methylation by bisulfite sequencing demonstrated that
ACR knockdown in cardiomyocytes increased the degree of
methylation of the Pinkl promoter (Fig. 4a).

The regulation of ACR on Pinkl promoter methylation
prompted us to speculate whether ACR could recruit or
associate the members of the DNA methyltransferases
(DNMTs) family. To test whether ACR physically associ-
ates with DNMTs, we performed RNA immunoprecipita-
tion (RIP) using antibodies against maintenance enzyme
Dnmtl and de novo enzymes Dnmt3A or Dnmt3B. We
observed ACR enrichment in DNMT3B-RNA precipitates,
whereas Dnmtl RNAs and Dnmt3A RNAs were not
retrieved, which indicates a physical interaction between
ACR and Dnmt3B (Fig. 4b). Next, we performed RNA
pull-down assay using biotinylated ACR probe and found
that a substantial amount of Dnmt3B was pulled down with
ACR probe (Fig. 4c). We further explored the mechanism
by which ACR inhibits Pinkl promoter methylation. RNA
pull-down followed by western blot analysis showed that
ACR knockdown caused a significant decrease in the
binding of Dnmt3B (Fig. 4d). The results of quantitative
ChIP (qChIP) experiments showed that ACR knockdown
enhanced the binding of DNMT3B to the CpG region of
Pink1 promoter (Fig. 4e), which indicates that ACR blocks

the association of Dnmt3B with Pinkl promoter. In addi-
tion, we found that Dnmt3B knockdown (Supplementary
Figure 5C) increased PINK1 expression (Fig. 4f), whereas
enforced expression of ACR counteracted the inhibitory
effect of Dnmt3B on Pinkl expression (Fig. 4g). Further-
more, the increased binding between Dnmt3B and PINK1
promoter was observed in response to A/R treatment
(Fig. 4h) or I/R injury (Fig. 4i). Collectively, these data
suggest that ACR binds to Dnmt3B in vivo and, therefore,
block Dnmt3B-mediated DNA methylation of Pinkl.

Pink1 regulates the autophagy in cardiomyocytes

Next, we tested whether Pinkl plays a functional role in
autophagy. Enforced expression of Pinkl (Fig. 5a and Sup-
plementary Figure 5D) reduced GFP-LC3-II punctate accu-
mulations (Fig. 5b) in A/R-treated cells (Supplementary
Figure 5E). Pinkl overexpression also attenuated autophagic
vesicles (Fig. 5¢) upon A/R treatment. Pink1 reduced the levels
of LC3-II (Fig. 5d, upper panel) and cell death (Fig. 5d, low
panel) in A/R-treated cells. These results suggest that Pinkl
mediates the autophagy and cell death in cardiomyocytes.

Pink1 regulates the autophagic signal in vivo

To confirm this phenomenon in vivo condition, we generated
transgenic mice with cardiac-specific expression of Pinkl by
constructing Pinkl sequence under the control of a-myosin
heavy chain promoter (Fig. 6a). These mice developed nor-
mally to adulthood without significant alterations in terms of
phenotype and cardiac function under physiological condi-
tion. For this study, we generated five independent transgenic
mice founder lines (Line#1 to Line#5). All the lines stably
expressed Pinkl in adult hearts in which the expression of
Pinkl was about two to fivefold higher than that of in WT
hearts (Supplementary Figure S5F). For our study, we ran-
domly chose Pinkl transgenic mice generated from Line#l,
which showed about fourfold increase of Pinkl in adult
mouse hearts, and these mice exhibited an increase in the
level of Pinkl compared with WT group following I/R injury
(Fig. 6b). Pinkl transgenic mice showed a reduction in
autophagy, which was revealed by EM analysis of ventricular
tissue (Fig. 6c, d). The I/R injury induced increase of myo-
cardial INF was significantly reduced (Fig. 6e) and myo-
cardial function was significantly improved (Fig. 6f) in Pink1
transgenic mice. These data suggest that Pinkl contributes to
the regulation of autophagy signal and cell death in the heart.

Pink1 targets and phosphorylates FAM65B
To investigate the underlying mechanism by which Pinkl
regulates autophagy, we made attempt to identify the

downstream target of Pinkl. Pinkl has a highly conserved

SPRINGER NATURE
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Fig. 4 ACR interacts with DNMT3B to block Pinkl promoter
methylation. a Bisulfite sequencing analysis of the Pinkl promoter.
Cardiomyocytes were infected with adenoviral ACR-siRNA or ACR-
sc. The degree of methylation was increased in ACR knockdown
cardiomyocytes as showed by percentage of the increased methylated
cytosines. n=6. b RNA immunoprecipitation (RIP) was performed
using antibodies against DNMT1, DNMT3A, or DNMT3B in cardi-
omyocytes. ACR bound to DNMT3B as revealed by RIP assay. n = 3.
¢ RNA pull-down assay: cardiomyocytes were collected and mixed
with biotinylated ACR probe or random probe-coated magnetic bead
to perform biotin-based pull-down assay. DNMTs levels were ana-
lyzed by western blotting. n = 4. d Knockdown of ACR decreases its
interaction with DNMT3B. Cardiomyocytes were infected with ade-
novirus ACR-siRNA or ACR-sc. Forty-eight hours after infection,
RNA pull-down assay was performed and DNMT3B protein was

protein kinase domain [44] and its kinase activity is poorly
described. FAM65B can promote myogenic cell differ-
entiation. It is highly conserved among species [45] and it
can be phosphorylated [46]. Co-immunoprecipitation result
showed that Pinkl could bind to FAM65B (Fig. 7a). The
protein sequence of FAM65B was screened by MS and we
identified that S46 was phosphorylated (Fig. 7b). S46 is
conserved among mouse, rat, and human (Fig. 7c). To
confirm the phosphorylation site at S46, we raised anti-
bodies against FAM65B phosphorylation at sites S46,

SPRINGER NATURE

detected by western blotting. e ACR knockdown enhances the
enrichment of DNMT3B on Pinkl promoter. Cardiomyocytes were
infected with adenovirus ACR-siRNA or ACR-sc. Forty-eight hours
after infection, ChIP-qPCR was performed. f Cardiomyocytes were
infected with adenoviral Dnmt3B-sc or Dnmt3B-siRNA. Pinkl
expression was analyzed by immunoblotting. g ACR counteracts the
inhibitory effect of DNMT3B on Pinkl expression. Cardiomyocytes
are infected with adenoviral DNMT3B, f-gal, or ACR. Pink1 levels
are analyzed by qRT-PCR. h A/R treatment enhances the enrichment
of DNMT3B on Pinkl promoter. Cardiomyocytes were exposed to A/
R. Forty-eight hours after treatment, ChIP-qPCR was performed. i I/R
injury enhances the enrichment of DNMT3B on Pink1 promoter. Mice
were subjected to I/R as described in Methods. ChIP-qPCR was
performed

T119, and S558, and the latter two used as a control. Only
S46 is phosphorylated (Fig. 7d). We generated two mutants:
one converts S46 to A46 and another one converts S44 to
A44, which served as a control. Using transcription- and
translation-coupled rabbit raticulocytes, we found that the
S46A mutant could not be phosphorylated (Fig. 7e). The
knockdown of Pinkl (Fig. 7f) led to a decrease in S46
phosphorylation, whereas the total expression level of
FAMG65B remained unchanged (Fig. 7g). We also generated
the Pinkl kinase dead mutant (K219A/D362A/D384A) to
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Fig. 5 Pinkl suppresses autophagy and cell death in cardiomyocytes.
a Cardiomyocytes cells were infected with adenovirus harboring Pink1
or B-gal. Twenty-four hours after infection, cells were exposed to A/R.
Pinkl levels are analyzed by qRT-PCR. b Pinkl inhibits punctate
accumulations of GFP-LC3 induced by A/R. Cardiomyocytes were
infected with adenovirus harboring Pink1 or p-gal, then infected with
GFP-LC3. Twenty-four hours after infection, cells were exposed to
A/R. Representative photos of GFP-LC3 cells were shown in the left
panel, and the percentage of cells with GFP-LC3 puncta was

study the kinase activity of Pinkl1 [21, 47]. The kinase dead
mutation of Pinkl resulted in reduced S46 phosphorylation
(Fig. 7h). These data indicate that FAM65B can be phos-
phorylated at S46 by Pinkl.

ACR exerts its autophagic effect through Pink1 and
FAM65B

Then, we investigated whether Pink-dependent phosphor-
ylation of FAM65B has a role in autophagy. The phos-
phorylated FAM65B but not total FAM65B level was
decreased upon A/R treatment (Fig. 8a), and this decrease
was rescued by the expression of Pinkl wt but not KDD
mutant (Supplementary Figure 6A). The overexpression of
FAMG65B mutant with the conversion of residue S46 into an
alanine (FAM65B-46A) did not increase FAM65B phos-
phorylation level when compared with its phosphorylation
level in WT FAM65B (FAM65B-wt) overexpressed cells
(Fig. 8b). These results suggest that phosphorylation of
Serine 46 may account for the activity of FAM65B. In
addition, FAM65B-wt but not FAM65B-46A significantly

quantified in the right panel. Bar =20 um. ¢ Cardiomyocytes were
treated as described in a. Representative EM images were shown in the
left panel. Bar =2 uM. The arrows depict autophagosomes and the
nucleus is denoted by N. Quantification of autophagic vacuoles was
shown in the right panel. d Cells were treated as described in a.
Representative immunoblot for conversion of LC3-I to LC3-II and
Pink1 expression were shown in the upper panel. Quantification of cell
death was shown in the low panel

attenuated A/R-induced cardiomyocytes autophagy (Fig. 8c
and Fig. 8d) and cell death (Fig. 8e).

Next, we tested whether phosphorylated FAM65B is
involved in ACR-mediated regulation of autophagy. We
detected the effect of ACR on the phosphorylation of
FAMG65B. Knockdown of ACR significantly reduced the
phosphorylation of FAM65B (Fig. 8f), which was res-
cued by the expression of Pinkl wt but not KDD mutant
(Supplementary Figure 6B). Overexpression of ACR
increased the level of phosphorylated FAM65B (Fig. 8g)
and knockdown of Pinkl attenuated ACR-induced
increase of phosphorylated FAM65B (Fig. 8h). In addi-
tion, the overexpression of ACR inhibited A/R-induced
decrease of phosphorylated FAMG65B level and
the increase of autophagy, whereas the knockdown
of Pinkl counteracted the ACR-induced increase of
FAMG65B phosphorylation (Fig. 8i) and decrease of
autophagy (Fig. 8j). Together, these data suggest that
ACR exerts its inhibitory effect on autophagy and cell
death through Pinkl-dependent phosphorylation of
FAMO65B.

SPRINGER NATURE
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Fig. 6 Pinkl suppresses
autophagy and myocardial
infarction in vivo. a qRT-PCR
analyses the expression of Pinkl
in different tissues isolated from
Pink1 transgenic mice (Tg) and
wild-type mice (WT). b WT and
Pink1 transgenic mice were 2
subjected to I/R as described in

Methods. Pinkl levels were 0
detected by immunoblot.

¢, d Autophagy was reduced in

Pink1 transgenic mice upon I/R.
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Discussion

Hitherto, it is generally considered that maintenance of
autophagy below physiological level is usually beneficial
for cell survival, while uncontrolled excessive induction of
autophagy is detrimental and it inevitably leads to cell
death. Accumulating evidences suggest that the inhibition
of autophagic cell death protects cardiomyocytes during
ischemia/reperfusion [48]. It is well known that autophagy
is the most prominent mechanism that results in the death of
cardiomyocytes in end-stage heart failure [49]. In addition,
the inhibition of autophagy ameliorates the pathological
remodeling of the LV [50]. In accordance with these stu-
dies, our current findings demonstrate that A/R and I/R
injury induce autophagy and cardiomyocytes death. The
inhibition of autophagy attenuates A/R-induced cardio-
myocytes cell death and I/R-induced myocardial INF.
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Currently, the beneficial and detrimental features of autop-
hagy remain obscure and more detailed investigations are
needed to further clarify the role of autophagy during I/R-
induced myocardial injury.

In the present study, we identified a circRNA-mediated
regulation of autophagy pathway involving Pinkl and
FAMG65B. Emerging evidences have shown that circRNAs
have important roles in many biological processes including
the regulation of atherosclerosis [51], cell growth [52], and
proliferation and invasion of cancer cells [53, 54]. However,
there is no report available to depict the functional role of
circRNAs on autophagy. Here we, for the first time,
demonstrate that a new circRNA (ACR) is able to mediate
autophagy in cardiomyocytes. ACR inhibits autophagy and
cell death in cardiomyocytes and it protects heart from I/R
injury by attenuating I/R-induced increase of myocardial
INF sizes. Our results provide new insights for
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Fig. 7 FAM65B is phosphorylated at S46 by Pinkl. a Pink] is asso-
ciated with FAM65B. The lysates of cardiomyocytes were immuno-
precipitated with the anti-Pinkl antibody or anti-IgG antibody. The
immunoprecipitates were analyzed by immunoblot using the anti-
FAMG65B antibody and Pinkl antibody. b FAM65B phosphorylation
detected by mass spectrometry. 46SQSpFAGFSGLQER (Sp-phos-
phoserine residue) with m/z =747.38483 Da, MH + = 1493.76238
Da. The mass of the y-ions corresponds to the nonphosphorylated C-
terminal part, whereas the b-ions confirm the phosphorylation site.
¢ The potential phosphopeptide identified in FAM65B is highly con-
served between species. The identified phosphorylation site is marked
(*). d In vitro phosphorylation of FAM65B by Pinkl. Purified
FAMG65B (0.7 ug) was tagged by Histidine. The cMyc-tagged Pinkl
was expressed in HEK293T cells and immunoprecipitated by the anti-
cMyc antibody. The immunoprecipitated Pink1-cMyc was incubated
with recombinant-purified FAM65B-His protein in kinase buffer w/o
ATP (400 uM). The levels of FAM65B phosphorylation were analyzed
by immunoblot using the antibody against phospho-S46, phospho-

understanding the function of circRNAs in cardiomyocyte
autophagy and offer a new strategy to treat myocardial INF
and heart failure.

Previous studies have shown that circRNAs can reg-
ulate gene exrpression through several molecular
mechanisms. For example, circRNAs act as miRNA
sponge and influence the expression of miRNA target
genes [0, 10, 55]. CircANRIL modulates ribosomal RNA

T119, and phospho-S558. Total FAM65B and Pinkl levels were also
analyzed by immunoblotting. e FAM65B is phosphorylated at S46 in
the in vitro translation reticulocyte lysate system. Pink1 was produced
in the in vitro translation reticulocyte lysate system together with
FAMG65B and its mutants. pcDNA3.1 is the control empty plasmid.
The products were analyzed by immunoblot using the antibody against
phospho-S46 and Pinkl. f Knockdown of Pinkl reduces the Pinkl
expression. Cardiomyocytes were infected with adenoviral Pinkl-
siRNA or Pinkl-sc. Pinkl levels were analyzed by immunoblot.
g Knockdown of Pinkl reduces FAM65B phosphorylation at S46.
Cardiomyocytes were treated with Pink1-siRNA constructs or Pink1-
sc, and harvested for immunoblot. h Pink1 kinase activity is essential
for FAM65B phosphorylation. Cardiomyocytes were infected with
adenovirus harboring Pinkl-wt, Pinkl-mut, or p-gal, and then the
levels of FAM65B phosphorylation and total FAM65B were analyzed
by immunoblot. Pinkl-mut(KDD) is a triple mutant without kinase
activity (K219A/D362A/D384A)

maturation by circRNA—protein interaction [51]. EIciR-
NAs localizes in the nucleus in which it interacts with
U1l snRNP and promotes transcription of their parental
genes [56]. In our current study, we for the first time
demonstrate that circRNA regulates gene expression
through affecting the DNA methylation of its down-
stream gene. Our results show that circRNA ACR acti-
vates Pinkl expression through directly binding to
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Fig. 8 ACR exerts its autophagic effect through Pinkl and phos-
phorylated FAM65B. a Phosphorylated FAM65B level was decreased
upon A/R treatment. Levels of phosphorylated FAM65B and total
FAMG65B were detected by immunoblot. b Cardiomyocytes were
infected with adenovirus harboring FAM65B-wt, FAM65B-46A, or -
gal, and then the levels of FAMG65B phosphorylation and total
FAMG65B were analyzed by immunoblot. ¢ FAM65B-wt attenuates
punctate accumulations of GFP-LC3 induced by A/R. Cardiomyocytes
were infected with adenovirus harboring FAM65B-wt, FAM65B-46A,
or P-gal, then infected with GFP-LC3. Twenty-four hours after
infection, cells were exposed to A/R. The percentage of cells with
GFP-LC3 puncta was quantified. d Cardiomyocytes were infected with
adenovirus harboring FAM65B-wt, FAM65B-46A, or p-gal, then were
exposed to A/R. Quantification of autophagic vacuoles was shown.
e Cells were treated as described in d. Quantification of cell death was

Dnmt3B and this interaction blocks Dnmt3B-mediated
DNA methylation of Pink1 promoter. This study extends
our knowledge about the mechanisms  of
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shown. f Knockdown of ACR reduces the expression levels of phos-
phorylated FAM65B. Cardiomyocytes were infected with adenoviral
ACR-siRNA or ACR-sc. Forty-eight hours after infection, phos-
phorylated FAMG6G5B levels were analyzed by immunoblotting.
g Enforced expression of ACR induces an increase in phosphorylated
FAMG65B levels. Cardiomyocytes are infected with adenoviral ACR or
ACR-ir, and phosphorylated FAM65B levels are analyzed by immu-
noblotting. h Knockdown of Pinkl counteracts the effect of ACR on
phosphorylated FAM65B expression. Cardiomyocytes are infected
with adenoviral ACR, Pinkl-siRNA or Pinkl-sc. Phosphorylated
FAMG65B levels were analyzed by immunoblot. i, j Cardiomyocytes
are infected with adenoviral ACR, Pink1-siRNA, or Pink1-sc. Twenty-
four hours after infection, cells were exposed to A/R. Phosphorylated
FAMBG65B levels were analyzed by immunoblotting (i). The percentage
of cells with GFP-LC3 puncta was quantified (j)

circRNA-protein interaction and the involvement of
circRNAs in the regulation of DNA methylation. This
newly identified regulatory mechanisms of circRNAs
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will provide a better understanding of circRNA-mediated
gene regulation.

Numerous studies show that PINK1 is associated with the
induction of mitophagy and clearance of damaged mito-
chondria through autophagy. In recent years, emerging
evidences indicate that PINKI1 has differential impact on
mitophagy/autophagy depending on the stimulus and cel-
lular environment. Interestingly, PINK1- and/or Parkin (a
direct downstream of PINK1)-dependent mitophagy differs
between neural cells and non-neural cells [57]. A study by
Rakovic found that the endogenous PINKI1 can attenuate
mitophagy by ubiquitin proteosome system-dependent
degradation of Parkin, which results in decreased level of
Parkin and subsequently attenuates mitophagy [57]. Another
research group also found that the overexpression (transient
and stable) of PINK1 suppresses the mitophagic response
and autophagy caused by toxins or other stresses in human
neuroblast cells (SY-SYSY cells) [58]. Likewise, the silen-
cing of PINKI1 induces activation of mitochondrial degra-
dation process and promotes autophagy in mouse embryonic
fibroblasts [59] and dopaminergic MNOD cells [60]. Qi et al.
[61] also confirmed this phenomenon in dopaminergic
MNOID cells in which knockdown of PINK1 promotes
autophagosome formation and autophagic process. In fact,
the native PINK1 has the capability to inhibit basal and toxic
substances-inducible apoptotic cell death in neural cells by
preserving mitochondrial integrity and attenuating the
release of pro-apoptotic factors such as cytochrome C [62].

There are several mechanisms proposed for the PINKI-
mediated suppression of mitophagy. A recent study indicates
that the cytoplasmic level of cleaved products of PINK1 has
important role in suppressing mitophagy. PINK152 is a major
cleaved product of PINKI that directly interacts with Parkin
and it interferes Parkin translocation to mitochondria, which
results in decline in the level of mitophagy [63]. In addition,
PINK1 tightly controls mitochondrial integrity and generation
of reactive oxygen species and thereby it stabilizes mitochon-
drial network, prevents the loss of mitochondrial membrane
potential, suppresses the mitochondrial fragmentation, and
ultimately attenuates mitophagy/autophagy [58, 60]. In fact, the
endogenous PINK1/Parkin-dependent mitophagy occurs at
much lower level under normal physiological conditions.
However, any impairment in PINKI function/expression
accelerates mitophagy due to increased level of Parkin. In
addition, if the loss of mitochondrial membrane potential and
mitochondrial damage is excessive beyond the limit, PINK1
guides the translocation of Parkin to the mitochondrion and
promotes mitophagy [57] as observed in the majority of stu-
dies. This study clearly indicates the dual state of PINK1 in the
induction of mitophagy. Despite the mechanisms of PINK1-
dependent inhibition and activation of autophagy is currently
unclear, the available reports indicate that the distinct functions
of PINKI1 in mitophagy/autophagy rely on the cellular

environment, as well as the stability, different subcellular pools,
and downstream partners of PINKI1. In this context, we found
that PINK1 acts as a negative regulator of autophagy in car-
diomyocytes. In addition, we found that FAM65B acts as a
downstream of PINKI1, which activates FAM65B by phos-
phorylation at serine 46 to suppress the autophagy in cardio-
myocytes. Thus, our finding not only reveals the new
mechanism of PINKI1 function, but also indicates that PINK1
could have many non-classical downstream effectors, which
might be responsible for the differential functions of PINKI.
Further detailed studies are warranted to address this
phenomenon.

Until now, there is no study available to show the role of
FAMG65B in cardiomyocytes as well as its role in autophagy.
Our work for the first time demonstrates the function role of
FAMG65B in autophagy in cardiomyocytes. In addition, we
also identified that FAM65B is a downstream target of Pinkl
and it is phosphorylated at serine 46 by Pinkl. Phosphory-
lated Fam65B can interact with HDAC6 and 14.3.3 protein,
and has important cellular function [33, 34]. Our data show
that the phosphorylated FAM65B has capability to suppress
autophagy and cell death in the heart. Fam65B can also be
phosphorylated by other factors, such as chemokine and
chemokine stimulates Fam65B phosphorylation in T lym-
phocytes [64]. In our study, the overexpression of Pink1 only
causes partial rescue of Fam65B phosphorylation during A/R,
which suggests that other factors might also participate in
regulating Fam65B phosphorylation during autophagy. It
would be interesting to investigate whether chemokine and/or
other regulators are involved in the A/R-induced regulation of
autophagy in the future. Furthermore, further studies are
warranted to unveil whether there is a relationship between
FAMG65B and expression and/or activities of autophagy
components, such as Beclin 1, Atg5, Atg7, etc.
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